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Introduction to the 
Proceedings of PLEA 2017

The question we all too often forget to ask is Why? Why, for instance did we in Edinburgh set 
out on the PLEA 2017 journey to give ourselves all the very hard work of creating a huge 

conference in which people from all over the world were invited to discuss and develop ideas 
of Passive and Low Energy Buildings (PLEA)?  Well the answer is that we believe the issue of 
good building design, embraced for thirty five years by the PLEA movement is simply one of 

the most important there is in the evolution of a safer world in which people will be able to live 
comfortable and affordable lives in a rapidly changing world. 

The PLEA organisation started in 1982 as a small group of international friends dedicated to the 
ideal of sharing knowledge on how to design and operate minimal and renewable energy 

buildings. The development of solar buildings lay at the core of its ethos in those early days and 
still does.  PLEA now has a membership of several thousand professionals, academics and 

students from over forty countries (www.plea-arch.org). Having expected three to five hundred 
abstracts for the 2017 PLEA conference we were overwhelmed by more than fourteen hundred.

 It is obvious that the time for PLEA thinking has come.  

Where better to share these important ideas than in Edinburgh, the 18th Century capital of the 
European ‘Age of Enlightenment’? It is here we set about creating our Team Scotland to 

organise the conference, held on the 2nd – 5th July 2017 and including 665 papers published in 
these Proceedings. The impressive list of people who helped us included: the Scottish schools 

of architecture and engineering, the City of Edinburgh, the Scottish Government, Historic 
Environment Scotland, the Royal Incorporation of Architects in Scotland, the Chartered 

Institution of Building Services Engineers and a host of related professional companies and 
organisations.

Reflecting the diverse interests of the team involved, the subject matter of the conference is 
separated in the following proceedings into papers sorted according to the thirty-one Forums in 

which they were presented at the conference. Readers should first review the contents lists to 
see which subject areas are of particular interest to them and then browse through the varied 

papers by selected Forums.  Separation of the papers into these various fields enabled authors 
to present their ideas at the conference to smaller groups with whom they could expertly 

explore and discuss their own results while learning from other related studies that might lend 
light to their own thinking.
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Introduction to the 
Proceedings of PLEA 2017

In discussions at one of our Forum Leader meetings we decided that in reality many of the the 
larger challenges we face could be distilled down into five different themes:

• Building Better, Safer Places for All (inclusion and resilience)

• Designing to Thrive in a Changing world 
(affordability and well-being in good buildings)

• Learning from, and building on, the Lessons of the 
Past (evidence based design evolution)

• Powering our Lives with Sustainable Energy
(clear, durable and affordable futures)

• Empowering Current Generations (Education for change)

These themes run through in the pages of these proceedings, and were accompanied at the 
conference itself by a fascinating exchange of ideas, interpretations and assumptions and their 

attendant design solutions. 

The conference was also accompanied by a simple Enlightenment message, presented in four 
flanking banners in the Ballroom of the Assembly Rooms where generations have 

deliberated since it was first opened at the height of the original Age of Enlightenmenttwo 
hundred and thirty ago: 

Sun – Light – Wind – Natural Energy Buildings

The Editors :  
Luisa Brotas

Sue Roaf 
Fergus Nicol 
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Rethinking	a	classic	technique	of	assessing	the	success	of	urban	outdoor	
spaces 

Mary	Myla	Andamon1	and	Andrew	Stephen	Carre1	

1 School of Property, Construction and Project Management, RMIT University,  
Melbourne, Australia, mary.andamon@rmit.edu.au; andrew.carre@rmit.edu.au 

Abstract: The public realm is a key feature which is transforming cities. What makes outdoor spaces successful? 
This paper describes the adoption of the anthropological observation method of William ‘Holly’ Whyte to 
extend the environmental assessment method used in outdoor comfort studies. Conventional outdoor 
comfort and environmental assessments do not include human interactions within spaces. In the same vein, 
human behaviour studies in spaces generally do not consider microclimate conditions. In the investigation of 
the success of New York City urban spaces, Whyte used the technique of time-lapse filming to construct a 
chronological chart indicating how people used outside spaces. This classic time-lapse/piano roll technique 
was the inspiration in analysing the space utilisation of a university lawn courtyard in Melbourne CBD, 
Australia, to evaluate the impacts of microclimate conditions on spatial usage pattern in small urban spaces. 
Photographic observations taken for a period of one year were processed and analysed using the program 
Image	J/	MTrackJ to track the users’ movements within the open space. The analysis of occupancy rate, where 
the space users stayed and the dwell time in the open space, have thrown some new light on the influence of 
‘bespoke’ microclimate conditions on comfort, adaptation and preferences. 

Keywords: Urban outdoor spaces, urban microclimates, outdoor thermal comfort assessment 

Introduction:	Urban	outdoor	spaces		

A people-oriented focus within the built environment and city planning disciplines have 
been gaining ground (Gehl et al., 2011). There has been a resurgence of viewing cities as not 
merely defined by its built structures and amenities but by the people that occupy and 
activate them. This urban renaissance is manifested through the transformation particularly 
of urban ancillary open spaces (refers to open spaces such as between buildings and 
streetscapes) as places which have emerged as key considerations in city urban planning 
and design. The City of Melbourne in Australia, has experienced urban revitalization since 
the 1980s from a city design of “mono-functional and homogenous character of the central 
business district” (Gehl, et al., 2011) through the transformation of its street precincts, 
laneways, arcades, promenades and micro open spaces (City of Melbourne & Gehl 
Architects Urban Quality Consultants Copenhagen, 2004). These improvements to 
Melbourne’s public spaces and precincts between buildings where much social interaction 
take place have profound social, cultural and economic significance. But what makes 
outdoor spaces in cities successful? 
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Assessment	of	successful	outdoor	spaces	

An initial orientation of the literature on the assessment of urban outdoor spaces suggests a 
dichotomy of approaches: (1) evaluation of environmental comfort conditions with limited 
consideration of human interactions with the tangible physical built environment, and (2) 
the human behaviour studies in spaces with restricted thought to the intangible 
microclimatic conditions. Although the consideration that outdoor spaces should offer good 
comfort with opportunities to enjoy the positive effects of the microclimate forms part of 
the quality criteria in the design of public open spaces (Gehl & Svarre, 2013), the assessment 
of microclimate design strategies is not as straightforward as implementing the physical 
design and site planning features (DeKay & Brown, 2013).  

For the first approach, a key feature in the design of urban ancillary open spaces is 
microclimate. A more complete understanding of microclimate will help designers and 
planners produce more successful outdoor spaces with better environments for users (Erell 
et al., 2011). Microclimate conditions in open spaces are affected by parameters such as 
surrounding building form and geometry, vegetation and design features, and properties of 
the surfaces. Perhaps the largest field assessment of urban spaces was the EU-funded 
RUROS project 1998-2002 (Rediscovering	 the	 Urban	 Realm	 of	 Open	 Spaces) aimed at 
producing a guideline for urban design that provides appropriate means for thermal 
comfort conditions and the project covered an extensive survey of urban spaces in seven 
cities across five countries in Europe (Nikolopoulou, 2004). The RUROS project employed a 
transverse thermal comfort survey, typically used in outdoor thermal comfort studies, 
where large numbers of users of spaces were surveyed in various environmental conditions. 
Ambient microclimatic conditions at the immediate surroundings of the users were 
physically measured in parallel. The European studies also show that users’ behaviour are 
very much dependent on the outside thermal conditions but is influenced by the 
expectation of weather and the activities why the open spaces are used (Katzschner, 2006). 

The second approach, takes on a qualitative assessment of public life in city spaces, 
where the main objective is to examine how the public realm is used and how the use has 
changed over a period. The public life method for collecting information has been 
developed by Gehl Architects (Gehl & Svarre, 2013) and used extensively in studies of cities 
such as Melbourne, Adelaide, Perth, Sydney, London, New York, Copenhagen, Stockholm 
and Moscow (Gehl, 2011). Direct observation is the primary tool used in public life studies 
and users are not actively involved, but are observed, their activities and behaviour mapped 
to better understand the needs of users and how city spaces are used. The direct 
observations help to understand why some spaces are used and others are not. Techniques 
often used are pedestrian traffic counts and stationary activity surveys.  

Integrating	a	public	life	study	technique	with	thermal	comfort	evaluation	

A key objective of this pilot study is to assess the behaviour of the users of an outdoor open 
space and to explore the pioneering anthropological observation methods of William ‘Holly’ 
Whyte (1980) in conjunction with the conventional methodology for outdoor thermal 
comfort studies. In 1970, Whyte in his Street	Life	Project, investigated the curious dynamics 
of urban spaces and sought to determine why some urban plazas in New York City are 
successful as public spaces while others were not. Whyte and his team began by looking at 
New York City’s parks, plazas, and various informal recreational areas like city blocks to 
figure out why some city spaces work for people while others don’t. Whyte’s analysis of the 

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 1630



success and failures of the public spaces in New York City was based on the direct 
observation of human behaviour in urban settings. In studying people’s behaviour in public 
spaces, he adopted the technique of time-lapse filming and using a 10-second interval film 
recording to construct a chronological chart (akin to a piano roll), where space users were 
represented by a line on the chart as a function of time. The length of the line represents 
the time spent on the space.  

Pilot	study	in	Melbourne,	Australia	

The principal aim of this outdoor comfort study is to examine the connections between the 
immediate microclimate and usage patterns of a restorative open space located within a 
university campus grounds in the inner CBD of Melbourne, observed to be a popular ‘hang-
out’ space within the university. 

Figure 1: Pilot case study – courtyard lawn precinct located with university grounds in Melbourne CBD 
(Sources: Peter Elliott Architecture + Urban Design, Images: Mary Myla Andamon). 

The selected site, University Lawn Precinct (ULP), is a passive lawn courtyard space 
located within the university grounds surrounded by buildings and remnant historic 
structures and although sheltered from the city, it is accessible to the public (Figure 1). The 
space has three main components – a 250m2 central lawn, north facing courtyard which 
connects a café to the central lawn and a perimeter of gardens and linear water feature 
with an understory provided with tree-shaded area (Peter Elliott Architecture + Urban 
Design, 2013). The variety of surfaces, ground cover materials, site features and vegetation 
include: bluestone paving, timber deck and timber seating, artificial turf, concrete seating 
and walls, garden beds with low-scale planting and a strip water feature. 

Microclimate	measurement	and	monitoring	of	space	use	

Climate measurements of the lawn courtyard are taken by a microclimate monitoring 
system assembled using Vaisala WXT520 weather sensor coupled to a Campbell Scientific 
CR800 datalogger. The microclimate instrument is installed at the northern end of the 
courtyard at a height of 3.50 metres. The WXT520 measures air temperature, relative 
humidity, wind speed and direction, precipitation and barometric pressure. All outputs are 
measured by the CR800 datalogger programmed to record at a 1-minute sampling interval 
and downloaded via secure wireless data transmission. Measurements from this 
microclimate station have been validated with concurrent meteorological observations from 
the Bureau of Meteorology Melbourne Olympic Park station (ID 086338, 3 kms south east of 
the university campus). 
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Still-image recording is via a Raspberry Pi micro-controller and camera module 
programmed to capture a still photo at a time interval of 1-minute, daily from 7am to 6pm. 
The camera set-up is powered by solar PV panels and mounted on the roof ledge of the 
corner south-east building of the lawn courtyard at a height of 21.0 metres above ground 
level. The still-images are transmitted and downloaded via a secure wireless network. Both 
the microclimate monitoring datalogger and time-lapse image recording system are time-
synchronised. 

Studying	the	university	lawn	courtyard	

Whyte’s time-lapse/piano roll technique was the inspiration in analysing the space 
utilisation of the university lawn courtyard. For this pilot study a Java image processing and 
analysis program, ImageJ developed for biological image analysis by the U.S. National 
Institutes of Health (Schneider et al., 2012) was used to process the still images. The 
program can process a series of still images of various formats that share a single window 
(stacks) and calculate the area and pixel value statistics of user-defined selections. A plugin 
– MTrackJ was used to facilitate tracking of the users’ movements in the image sequence
and the measurement of tracking statistics. MTrackJ was developed for cell and particle
tracking in time-lapse microscopy images using tracking algorithms compared to manual
tracking by human observers (Meijering et al., 2012).

For the pilot autumn season study, the still images recorded for May 2015 were 
reviewed to identify the days when the lawn courtyard was busy and occupied the most. 
Based on a cursory analysis of recorded still images, five (5) days were identified as the 
busiest: 01/05 (Friday), 04/05 (Monday), 18/05 (Monday), 25/05 (Monday) and 28/05 
(Thursday) and confined between 11am to 5.30pm. The review of the still images included 
noting the pattern of use and where the users stay within the lawn courtyard. Of the five 
sample days, 18 May was selected for a further image processing and space users tracking 
measurement using ImageJ and MTrackJ. The key objectives for the analyses were: (1) to 
identify the zones within the university lawn courtyard frequently used and occupied, (2) to 
qualify the key physical features and conditions of the areas within the zones at the time of 
occupancy, and (3) to observe and generally characterise how long the space users stayed – 
where they cluster, the behaviour and activity mainly posture – standing, sitting (ledge, 
ground), reclined, lying down. 

The approach adopted was to initially monitor the microclimate conditions of the lawn 
courtyard and the occupancy rate of the space to identify the days, period of the day in 
autumn (May 2015) and evaluate the outdoor conditions when the courtyard is busiest. A 
limitation of this observation is the consideration of the campus setting where population 
numbers depend on the university activities around the academic calendar. The preliminary 
results reported in this paper will mainly be on the microclimate conditions for the 
transitional autumn season (May 2015). Patterns of usage (number of users in the space, 
activity, movement, behaviour – if they stay in the sun or in the shade, posture/position – 
standing, sitting, reclined) will only be visual observations which are qualitatively correlated 
with the environmental conditions and site features. 

Microclimate	conditions	

The microclimate observations from the on-site station (air temperature and relative 
humidity) compared well to those observed from the BoM Melbourne Olympic Park Station. 
The average daytime temperature (8am-6pm) and relative humidity observed at the lawn 
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courtyard and BoM station for the autumn month of May were 14.6°C and 63%, and 14.5°C 
and 66%, respectively. The average daytime temperatures (8am to 6pm) for each of the 5 
sample days ranged from 17-18°C (early May) and 13-17°C (late May) with relative humidity 
of 50-62%. Except for the elevated wind speeds of 1.6-1.8 ms-1 for 04/05, the day time wind 
speeds were observed to be in the range 1.0-1.2 ms-1. The close correlation of the observed 
environmental conditions on-site with those from the closest BoM station was taken as a 
validation of the on-site measurements. 

Figure 2: Use-pattern zones. 

Observed	patterns	of	space	use	

A review and preliminary analysis of the still-images taken during the selected 5 sample days 
and from the timeframe of 9am to 6pm show that the university lawn courtyard is busiest 
between 11am to 4pm. It is interesting to note that these five ‘busy’ days were generally 
preceded by a run of days with wet conditions and lower temperatures, weather 
fluctuations (precipitation, temperature and wind chill) typical of Melbourne autumn season. 

During the time period of 11am to 4pm, it was observed that the high-density zones 
within the lawn courtyard, as shown in Figure 2, are the artificial turf covered central lawn 
(Zone A), west timber perimeter seating (Zone B1), south corner timber seating (Zone B2) 
and the east corner timber seating (Zone B3). These zones can be typically described as 
having random areas with available shade (due to trees lining the timber deck at the west 
perimeter, the wall at the north-east corner of the lawn courtyard and the 3-storey building 
at the west) and as well as sections with opportunity to have unobstructed solar exposure. 
The patterns of space use and activity are relatively similar across the five sample days and 
observed to be typical between 11am to 3.30pm. At mid-day to mid-afternoon (12-3pm), 
there seems to be the same tendency to stay in and occupy the areas of both unobstructed 
solar exposure (open) as well as in the shade within the high-density zones. These areas 
would generally be the central lawn (Zone A, ZA) and the west timber deck seating (Zone B1, 
ZB1) (Figure 3). 

Having observed that the space use patterns and activities are similar across the 5 
sample days, 18 May (Monday) was selected for further analysis using Image	J/Mtrack	J to 
track space users. Analysing the sequence of images for 18/05, 246 individual tracks (users, 
NT	= 246) occupied the lawn courtyard between 9-6pm. These tracks correspond to a total 
of 2627 points across 327 sequential still images. As occupancy of the space is tracked 
according to each image frame, these points would show the number of occupants and the 

N 
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time periods these space users stayed in the open space, i.e. tracked in several sequential 
frames. Over 60% (N = 151) of the total day occupants were in the lawn courtyard between 
the busy period of 12-3pm (Figure 3). 

Figure 3: Occupancy distribution (18 May). 

Figure 4: Pattern of space use – tracking and tracing lines of movement (18 May, 12pm). 

The length of period of stay (dwell time) for each user can be deduced from the 
number of images the user was tracked and deriving the length of time using the image 
time stamp. Binning the dwell time of the space users in 10 minute-intervals between 9-
6pm show that over 79% (N = 194) stayed in the lawn courtyard for up to 40 minutes of 
which 41% (N = 100) used the space for 10 minutes. Analysis further shows that 10 minutes 
seem to be the time period in which most users would spend on the courtyard suggesting 
that predominantly short times are spent in the open space. Long term use of the space was 
arbitrarily defined solely for this preliminary analysis as staying in the courtyard for more 

N 
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than 40 minutes. For this autumn day, approximately only 21% (N = 52) spent more than 40 
minutes in the outdoor space. 

Further to the evaluation of dwell times, a notable aspect, relative to the pattern of 
space use, is the observable preference to occupy areas within the very high-density zones, 
however, staying along the ‘edge’ hovering between open to sun exposure and under the 
shade (Figure 4). The combination of available shading opportunities (availability of trees 
not yet completely bare of leaves, the wall at the north-east corner and the 3-storey 
building at the west side) and the low altitude of the autumn sun provides quick changing 
patterns of open and shaded areas. 

The behaviour and postures of the users were also found to vary: users elected to lie 
down on the artificial turf with half of the body under the shade and under the sun, 
reclining in the courtyard using the concrete wall as backrest, lying down on the timber deck 
and timber seating, reclining on the timber deck with the seating as backrest, sitting around 
in clusters either under the shade offered by the trees and surrounding walls or completely 
under the sun. The environmental conditions from 12-3pm ranged from steady 
temperatures of 19.4-19.8°C and relative humidity dropping from 55% to 43%. The wind 
speeds fluctuated between 1.0-1.4 ms-1. The interplay of these mild autumn microclimate 
conditions and physical features of the lawn courtyard seem to influence the use of space 
beyond its effect on people’s perception of thermal comfort. 

Assessing	the	quality	of	outdoor	spaces		

The observations and analysis of the usage patterns of the lawn courtyard suggest that the 
physical features of the space and the combined and/or individual effects of the 
microclimate conditions lend much to the preference to use the space and how to stay 
within the space. This also underpins this study on outdoor comfort, where the interplay of 
the site features and combined and separate effects of solar access and wind movement in 
a restorative open space will be investigated. To extend the analysis on the observed 
patterns of use and activity for this pilot study on an outdoor restorative and transition 
space, the next phase of the study would include a comfort assessment following a 
transverse survey method, where a whole or substantial proportion of the lawn space users 
will give a small number of comfort assessments during the monitoring period which can 
range from a whole day to a full week covering different seasons to obtain the perception of 
comfort in the use of the space. 

The preliminary observations and analysis of the usage patterns of the university 
outdoor space point to a relationship between the thermal sense of people using the space 
and the environmental elements of thermal radiation, convection, contact thermal 
conductivity and humidity level not considered by the widely used outdoor thermal comfort 
indices. Widely used thermal comfort indices for outdoor comfort such as the physiological	
equivalent	 temperature, PET (Höppe, 1999), the outdoor	 standard	 effective	 temperature, 
OUT_SET* (Spagnolo & De Dear, 2003) and the universal	 thermal	 climate	 index, UTCI 
(Jendritzky et al., 2012) are underpinned by steady state models taking into consideration 
the combined effect of six thermal parameters: air temperature, humidity, air velocity, 
radiant temperature, metabolic rate and clothing insulation. Although solar radiation is also 
considered, these indices quantify only the universal effect of the environmental factors on 
human thermal comfort. These do not express the separate thermal effects of factors such 
as solar radiation, air velocity and humidity. The combination, for example of wind 
amplification and shading effects seems to generate thermally comfortable (or acceptable) 
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outdoor conditions. Furthermore, with the relatively short times spent in outdoor spaces, 
thermal steady state is hardly reached by the users (Höppe, 2002). 

In a recent study by Nagano and Horikoshi (2011), a new thermal index, universal	
effective	temperature (ETU) was proposed for outdoor and non-uniform environments with 
heat conduction. ETU can also express the universal effect of the environment as well as the 
separate thermal effects of air velocity, longwave and shortwave radiation and humidity. 
Results of the limited studies to date show that the ETU model can provide a more detailed 
understanding of the various parameters affecting thermal comfort in outdoor spaces. 
As part of the further analysis of this study and to adopt the ETU model, additional 
parameters will be measured such as sky obstruction by way of measuring the openness of 
the sky (sky view factor) in winter (no leaves) and in summer (with leaves); and the solar 
radiation (shortwave and longwave) with the installation of pyranometer and pyrgeometer 
on site. With the observed behaviour and postures of the space users in the lawn courtyard, 
the surface temperatures of the diverse surfaces in the open space will also be monitored. 
The visual observations and analysis of the still images will also inform the design of the 
comfort assessment survey for the next stage of the pilot study where a comfort perception 
survey and monitoring will be conducted. 
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Abstract: In this study the microclimatic conditions of a vegetated courtyard located in an urban cluster of the 
city of Athens were measured and evaluated on a seasonal basis. The analysis is based on seasonal patterns of 
rates of change in air temperature (∆Ta/∆t) along with the use of pirate plots. Continuous measurements of air 
temperature were carried out in totally four different design/configurations inside the area during a time 
period longer than two years under both cool and warm conditions. Hourly values of ∆Ta/∆t were used 
integrated into pirate plots. Results under the cool conditions reveal slightly and moderately higher heating 
ability compared to cooling which is more evident for the unobstructed site whereas the opposite occurs for 
most sites during the diurnal warm period. High range of ΔTa/Δt at the shaded locations is shown mainly for 
the warm period whereas the mostly shaded site shows minimum range and high “buffering potential” for 
both periods on a daily basis. The implications of the study’s results for Athens are mainly associated with 
propositions to have residential buildings with backyard vegetated areas to moderate the extremely high or 
low air temperature values with the potential to ameliorate, to a certain degree, comfort conditions of 
occupants. 

Keywords: urban courtyard, pirate plots, urban microclimate, vegetation cooling effect, thermal environment 

Introduction	

Appropriately designed open and semi-open spaces may function effectively as positive 
bioclimatic elements in the urban environment according to micro scale recent studies of 
Xuan et al (2016), Hong and Lin (2014), Christopoulou and Tsiros (2014),Tsiros and Hoffman 
(2014), Charalampopoulos et al (2013), Cohen et al (2012), Oliveira et al (2011) and Hong et 
al (2011). All these studies examined the combined influence of different patterns of 
buildings and green spaces on micro-scale climate and thermal conditions. Courtyards are 
common but characteristic architectural solutions inside the urban fabric and, depending on 
their detailed design (geometry, vegetation presence and materials), they can be positive or 
negative climatic elements in the urban environment, e.g. Potchter and Tepper (2002). 
Although their qualitative effects are quite well known, in general, a rather limited number 
of studies have dealt with their effects on quantitative terms during the years (e.g. recent 
studies of Ernest and Ford, 2012 and Canton et al, 2011 and early studies of Pérez de Lama 
and Cabeza, 1998 and Cadima, 1998).  

In the present study, the microclimatic conditions of a vegetated courtyard area 
located in an urban cluster of the city of Athens were recorded and evaluated on a seasonal 
basis. Although studies on passive cooling options (vegetation, cool materials) do exist for 
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Athens streets (e.g. Shashua-Bar et al, 2012; Santamouris et al, 2011; Shashua-Bar et al, 
2010) there is a lack of studies on small-scale clusters such as courtyards that might have a 
potential for passive cooling inside the urban fabric. An earlier study examined the benefits 
of small backyards that may have on the improvement of thermal conditions of the street 
side building rooms (Tsianaka, 2006). The more recent study of Tsiros and Hoffman (2014) 
focused on the thermal behaviour of a vegetated courtyard during a heat wave period in the 
year of 2007, an exceptionally hot year for the entire South-eastern Europe including 
Greece. It was found that inside the courtyard the cooling effect had a maximum value close 
to 7 K and led to differences in thermal comfort conditions on the order of 13 oC in terms of 
the thermal bioclimatic index PET. In the present research, we extend the work of Tsiros and 
Hoffman (2014) to evaluate seasonal (warm and cool seasons) microclimatic patterns (years 
2015 and 2016). In addition, in this work, to better quantitatively evaluate the effect of site 
configuration and vegetation on thermal regime, we introduce the application of pirate 
plots as the most recent, usable and informative tool for data results’ presentation and 
analysis. 

Study	site	and	data	

Athens (37º 58΄ N, 23º 43΄ E, 107 m a.s.l.), according to Köppen climatic classification, is 
characterized by a Mediterranean, mild humid climate with dry - warm hot - summer. 
Precipitation averages to be just above 400 mm annually with the rainy season to be 
between October and March. The average daily winter temperature is 9.4 °C. Summers can 
be particularly hot with a mean maximum temperature of 32.5 °C and 32.6 °C for the 
months of July and August, respectively (Droulia et al, 2009;Kotini-Zambaka, 1983). Heat 
waves are common during the months of July and August along with high thermal stress 
conditions whereas an extended summer period also is not a rare phenomenon in Athens 
(Shashua-Bar et al, 2010; Katsouyanni et al, 1988). The urban heat island in Athens is well 
documented (e.g. Nastos and Matzarakis, 2013; Pantavou et al, 2011; Theoharatos et al, 
2010) and the most recent studies indicated that the existing urban environment does not 
provide the acceptable thermal conditions for occupants as it has been defined for the 
Mediterranean climate of Athens (Tseliou et al, 2015; Charalampopoulos et al, 2014; 
Pantavou et al, 2013).  

The monitored site in the present study is a vegetated courtyard that has NNE 
orientation since it is attached to the NNE side of a two-storey building in downtown Athens. 
The site is a densely-wooded area of about 250 m2 with high coverage of irrigated 
vegetation (more than 85% of the floor area). A detailed description is given in Tsiros and 
Hoffman (2014). For the purposes of the present study, meteorological measurements were 
carried out during summer and winter period of the years 2015 and 2016. Inside the 
courtyard 3 locations were selected and monitored:a location with maximum shading by 
trees and the surrounding buildings, thereafter site 1 (s1); a location below a relatively 
sparse vegetation canopy, thereafter site 2 (s2); and a location below a dense vegetation 
canopy, thereafter site 3 (s3). Continuous measurements of air temperature were carried 
out using "Hobo Pro" that are combined sensors of air temperature/relative humidity and 
data loggers. The accuracy of the Hobo Pro sensors, in an environment where there are no 
errors caused by solar or thermal radiation, is ±0.2 oC at 25 oC and ± 3% RH over 0 to 50 oC. 
The sensors were appropriately housed in mini meteorological shelters consisting of six, 165 
mm diameter, white painted aluminium reflective radiation shields (plates) allowing 
sufficient natural ventilation. For a detailed description of the instrumentation used, the 
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reader should refer to the work of Tsiros and Hoffman (2014). Finally, ambient 
meteorological data were obtained from the meteorological station of the Agricultural 
University of Athens located inside the university campus close to the examined site and 
were used in the present study as the Reference meteorological station (Ref)characterized 
as unobstructed site. 

Method	of	analysis	

The recorded meteorological data were averaged in hourly basis before the calculations of 
the temperature change rates. Data were analyzed with r language scripts and the 
pirateplots were constructed with the yaRrr package (Phillips, 2016). A pirateplot is a recent 
plotting choice that can easily present complete raw data, descriptive statistics and 
inferential statistics, together in one plot (RDI plot). A pirateplot displays the relationship 
between one to three categorical independent variables and one continuous dependent 
variable. Therefore, the pirateplot includes four main key elements (Kampstra, 2008): points 
representing the raw data (1), a vertical bar showing the central tendency; e.g. means and 
medians (2), the bean which represents a smoothed density (3) and a rectangle 
corresponding to the inference interval; e.g. Bayesian 95% Highest Density Interval or 
frequentist confidence interval. We have applied this method of analysis on air temperature 
rate (ΔTa/Δt) values calculated for the diurnal (from 08:00 am to 20:00 pm Local Standard 
Time: LST) and nocturnal (from 21:00 pm to 07:00 am Local Standard Time: LST) period of 
both cool (from November to February 2015) and warm (from May 2015 to September 2015) 
periods. 

Results	

Cool	period	

The pirate plots, shown in Fig. 1, illustrate the distribution of the air temperature change 
rate (ΔTa/Δt) values during the Diurnal Cold Period (DCP) from 08:00 am to 20:00 pm LST 
and the Nocturnal Cold Period (NCP) from 21:00 pm to 07:00 am LST, respectively. Results 
of the analysis of the aforementioned data are also depicted in Table 1. As shown in both 
Figure 1 and Table 1 the minimum rate range during the DCP is recorded at s1 with a 
measured value of 3.8 oC/h whereas the maximum is at the Ref site with a value of 10.3 oC/h. 
This is also the case for the NCP with a minimum value of 2.4 oC/h at s1 and a maximum 
value of 7.2 oC/h at Ref. Furthermore, a zero mean rate results for the s1 site on a daily (24 h) 
basis whereas negative values of -0.2 oC/h are calculated for the NCP and a positive value of 
0.2 oC/h for the DCP for sites Ref, s2 and s3. The inference bands showing 95% highest 
density intervals depicted in Fig. 1 clearly show that s1 is characterized by significantly 
smaller mean rate in temperature change during the DCP and by significantly higher mean 
rate in temperature change during the NCP compared to the respective values for the rest 
of the sites (Ref, s2 and s3) for which an overlap of intervals is depicted. The distribution of 
the ΔTa/Δt data is approximately symmetrical in most cases given that skewness (Sk) values 
vary between 0 and ±0.5 (Table 1) indicating thus that the rate of the heating process could 
be almost equal and of similar frequency to the cooling rate. Moderate differences between 
heating and cooling rate processes (Fig.1) seem to occur at s3for the DCPand at s2on a daily 
basis. The distribution is highly right-skewed only at the Ref site (Sk of 1.8 > 1.0) and is 
clearly illustrated by the longer positive tail compared with the negative tail during NCP. 
Furthermore, the pirateplots shown in Fig. 1 reveal that distributions of ΔTa/Δt at s2 and s3 
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are slightly bimodal for both the DCP and NCP with the second mode close to 1.5 oC/h and 
to 0.0 oC/h, respectively. Given that pirate plot diagrams for the DCP present the 
distributions to have a slightly longer positive tail along with a relatively shorter negative tail, 
it seems that the studied sites show a slightly lower cooling ability compared to the ability 
for heating. This is far more evident in the case of the Ref unobstructed reference site 
followed by the sites with differentiated shading in the order of s2 > s3 > s1 which are 
locations bellow a relatively sparse vegetation canopy (s2), a dense vegetation canopy (s3) 
and maximum shading by trees and surrounding buildings (s1). 

 

 
Figure 1. Pirate plots of the air temperature rate (ΔTa/Δt) data for the selected sites (Ref, S1, S2 and S3) during 

the Diurnal and Nocturnal Cool Period. 
 
Furthermore, higher positive or negative values of ΔTa/Δt indicate that the sites with 

reduced shading seem unable to act as thermal buffers. Thus, the higher positive (heating) 
and negative (cooling) value was recorded for Ref whereas the respective smaller values 
were recorded at s1. 

 
Table 1. Results of the analysis of the air temperature rate (ΔTa/Δt) data for the selected sites (REF, S1, S2 and 

S3) during the Diurnal Cool Period (DCP) and the Nocturnal Cool Period (NCP). 
DATA	
ANALYSIS 

Ref	 s1	 s2	 s3	

DCP NCP DCP NCP DCP NCP DCP NCP 

Mean 0.2 -0.2 0.0 0.0 0.2 -0.2 0.2 -0.2 
Skewness 0.3 1.8 0.2 0.3 0.5 -0.5 0.7 -0.3 
Range 10.3 7.2 3.8 2.4 9.1 4.7 7.7 4.6 
Minimum -4.8 -2.7 -2.4 -1.1 o-4.0 -3.2 -3.3 -2.8 
Maximum 5.5 4.5 1.4 1.3 5.1 1.5 4.4 1.8 

 
The lowest ΔTa/Δt range between the selected sites was recorded at s1 as a 

consequence of the site’s reduced ventilation caused by trees and the surrounding buildings. 
A similar temporal behaviour of the ΔTa/Δt occurs for the nocturnal period except for s2 and 
s3 where pirate plot distributions show moderately higher and slightly higher cooling ability 
compared to heating, respectively. In addition, the absorbance of heat during the diurnal 
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period and its slow release during the nocturnal cooling process results in smaller ranges of 
ΔTa/Δt during the latter period and are more evident at the mostly shaded sites. 

 

Warm	period	

Pirate plots are displayed in Fig.2 and show ΔTa/Δt values during the Diurnal Warm Period 
(DWP) and the Nocturnal Warm Period (NWP) for the respective time lengths studied for 
the cool period. Diurnal, from 08:00 am to 20:00 pm LST, and nocturnal, from 21:00 pm to 
07:00 am LST, are also depicted in Table 2. Pirate plots of ΔTa/Δt rate during the DWP 
present a minimum rate range for s1 with a measured value of 7.5 oC/h whereas the 
maximum rate occurs for Ref with a value of 12.3 oC/h. A high rate range is also depicted 
consecutively for s3 and s2 sites with respective values of 11.9 oC/h and 9.8 oC/h. This is also 
the case for the NWP where the minimum value is 3.8 oC/h at s1 (close to the respective 
range for s3 and s2) and the maximum value is 11.6 oC/h at Ref site. 

 

 
Figure 2. Pirate plots of the air temperature rate (ΔTa/Δt) data for the selected sites (Ref, s1, s2 and s3) during 

the Diurnal and Nocturnal Warm Period. 
 

During the warm period, mean temperature rates show absolute values of 0.1 to 0.2 
with the positive values resulting for the DWP and the negative values for the NWP (Fig. 2, 
Table 2). The overlapping of the pirate plot inference bands depicted for both the DWP and 
the NWP shows that no significant differences result for the mean temperature rate 
between all sites. The majority of bean densities correspond to approximately symmetrical 
distributions of ΔTa/Δt during the DWP (Sk of 0.2 - 0.4) with the exception of s2 (Sk of 0.0) 
which demonstrates thermal processes of equal rates (both sides of the mean practically 
balance out overall). Moderately skewed to the right distributions (Sk of 0.5 - 0.8) occur for 
most sites during the NWP, indicating thus moderate differences between processes 
whereas the longer positive bean density tale is more evident in the highly skewed to the 
right distribution (Sk of 1.5 > 1) at Ref. Moreover, pirate plots of the DWP reveal that 
distributions at s1 and s2 are slightly bimodal with the second mode respectively close to 
1.0oC/h and 1.5oC/h. The pirate plot diagrams reveal slightly higher cooling abilities 
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compared to the respective heating for most sites during the DWP except for s3 for which a 
slightly lower cooling ability is depicted. Additionally, the highest rate range is presented for 
Ref and the lowest for s1 due its maximum shading by trees and surrounding buildings. 
Furthermore, the negative ΔTa/Δt value corresponding to the cooling rate is lower at s1 
followed by the vegetated sites s2 and s3 which demonstrate similar cooling (thermal 
buffering) potential. The shaded sites, in general, seem to have lower values and shorter 
range of ΔTa/Δt compared to Ref. As for the NWP, a similar temporal behaviour of the 
ΔTa/Δt is depicted for s2 and s3 whereas the highest rate range is presented for Ref and the 
lowest for s1. As mentioned for the cool period, the difference between absorbance and 
release of heat during the diurnal and the nocturnal period, respectively, results to smaller 
range of ΔTa/Δt during the nocturnal period and which are more evident at the mostly 
shaded sites. 

 
Table 2.Results of the analysis of the air temperature rate (ΔTa/Δt) data for the selected sites (Ref, s1, s2 and 

s3) during the Diurnal Warm Period (DWP) and the Nocturnal Warm Period (NWP). 
DATA	
ANALYSIS 

Ref	 s1	 s2	 s3	

DWP NWP DWP NWP DWP NWP DWP NWP 

Mean 0.1 -0.1 0.2 -0.2 0.2 -0.2 0.2 -0.2 
Skewness 0.3 1.5 0.2 0.8 0.0 0.7 0.4 0.5 
Range 12.3 11.6 7.5 3.8 9.8 4.4 11.9 4.7 
Minimum -6.6 -4.6 -4.3 -2.1 -5.2 -2.7 -5.4 -2.5 
Maximum 5.7 7.0 3.2 1.7 4.6 1.7 6.5 2.2 

 
It is of importance to note that the higher ranges of ΔTa/Δt which characterize shaded 

locations are more evident during the warm period. 

Conclusions	

From the results of the present study the following conclusions may be withdrawn: most 
studied sites show a slightly lower cooling ability compared to the heating ability during 
both the diurnal and nocturnal cool period which is more evident for the unobstructed site. 
The opposite occurs for most sites during the diurnal warm period except for the densely-
vegetated site for which a slightly lower cooling ability is depicted. Moderately higher 
heating ability is shown for all sites only during the nocturnal warm period in comparison to 
the nocturnal cold period. The vegetated sites (s2 and s3) demonstrate similar cooling 
potential during the diurnal and nocturnal warm period, indicating also their potential as 
thermal buffers during both the diurnal and nocturnal cool period. Lower range of ΔTa/Δt 
occurs during the nocturnal period compared with the diurnal period and is more evident at 
the mostly shaded sites, for both the cool and warm periods. High range of ΔTa/Δt (high low 
“buffering” potential) at the shaded locations is more evident during the warm period. The 
lowest ΔTa/Δt range between the selected sites was recorded on a daily basis at the site 
with maximum shading for both the cold and warm periods. 
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Abstract:	 An	 urban	 redevelopment	 project	 in	 Thessaloniki,	 Greece,	 aiming	 on	microclimate	 and	 pedestrian	
comfort	improvement	has	been	completed	and	evaluated	to	ensure	achievement	of	initial	goals	set	at	design	
stage.	The	project	 interventions	consist	of	pavement	replacement,	 tree	planting,	water	elements	 installation	
and	 addition	 of	 external	 fans	 at	 a	 dense	 urban	 site	 of	 approximately	 110000m2.	 Preliminary	 microclimate	
simulations	anticipated	reduction	of	ambient	temperature,	surface	temperatures	and	thermal	comfort	indices	
PET	 by	 1.9oC,	 9.7oC	 and	 7.6oC	 respectively	 at	 summer	 noon.	 After	 construction	 evaluation,	 is	 based	 on	
monitoring	and	simulations	of	the	completed	project	with	ENVI-met	v4	considering	vegetation	at	fully	grown	
state.	 The	 final	 simulations	 resulted	 in	 area	 averaged	 reductions	 of	 ambient	 and	 surface	 temperatures	 of	
approximately	2oC	and	10oC	respectively	at	summer	noon	and	comfort	indices	reduction	of	6.5oC.	Consideration	
of	external	fans	effect	at	spotted	areas	revealed	further	comfort	improvement.	Summertime	data	from	two	on	
site	 meteorological	 stations	 show	 more	 than	 3oC	 lower	 air	 temperatures	 at	 afternoon	 hours.	 The	 project	
presents	effective	design	measures	 to	upgrade	microclimate	and	comfort	conditions	outdoors,	applicable	as	
redevelopment	strategies	in	similar	cases	and	climates.	
	
Keywords:	Urban	redevelopment,	open	spaces,	microclimate,	monitoring,	simulations	

Introduction		

The	microclimate	in	dense	urban	environments	often	presents	elevated	air	temperature	and	
uncomfortable	 outdoor	 conditions	 for	 pedestrians	 in	 the	 summer	 period	 along	 with	
increasingly	 high	 intensity	 of	 the	 urban	 heat	 island	 effect.	 The	 influence	 of	 urban	 design	
features	such	as	morphology,	materials,	vegetation	and	water	elements	on	the	microclimate	
conditions	that	develop	in	open	spaces	has	been	widely	documented	and	many	researchers	
have	 reported	on	 improvement	potential	by	urban	 redevelopment	strategies	 (Akbari	et	al	
2001,	Yannas	2001,	Nikolopoulou	et	al	2004,	Doulos	et	al	2004,	Alexandri	and	Jones	2006,	Ng	
2009,	Altinisik	et	al	2014,	Tsitoura	et	al	2016).		

This	study	presents	a	redevelopment	project	for	a	downgraded	area	in	the	centre	of	
Thessaloniki,	in	Greece.	The	project	was	initiated	and	constructed	by	the	municipality	in	the	
framework	of	the	“Bioclimatic	improvement	program	for	public	open	spaces”,	a	national	level	
program	aiming	on	sustainable	refurbishment	of	open	spaces	in	Greek	cities	with	focus	on	
microclimate	amelioration	in	summer	period.	The	project	goals	were	substantial	reduction	of	
air	 and	 surface	 temperatures	 and	 improvement	 of	 pedestrian	 comfort	 indices	 at	 warm	
summer	daytime	conditions;	goals	difficult	to	achieve	in	the	narrow	and	shaded	canyons	and	
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the	two	small	confined	squares	of	the	densely-built	site.	Cooling	degree	hours	reduction	for	
building	energy	savings	was	also	expected	as	a	consequence	of	microclimate	improvement.		

Design	 strategies,	 proposed	 and	 implemented	 at	 the	 site,	 included	 pavement	
replacement,	 additional	 trees	 and	 vegetation,	 installation	of	water	 elements	 and	external	
fans	at	specific	spots.	The	project	interventions	were	evaluated,	both	at	design	stage	and	after	
construction	considering	 initial	and	 future	 stages	of	 the	 redeveloped	area.	Evaluation	was	
attempted	through	monitored	data	from	meteorological	stations	within	the	site	compared	to	
the	airport	station	outside	the	city	and	through	microclimate	simulations	with	the	analytic	
software	 ENVI-met	 v4	 (Huttner	 and	 Bruse	 2009).	 The	 final	 assessment	 highlights	 the	
effectiveness	 of	 the	 applied	 design	 measures	 to	 improve	 microclimate	 and	 comfort	 in	
summer	conditions	and	their	potential	applicability	to	similar	cases	and	climates.		

Urban	redevelopment	project		

The	project	site	is	a	dense	urban	area	in	the	city	centre	of	Thessaloniki	(Lat.	40.5N,	Long.	23E)	
covering	approximately	110000m2	which	include	several	building	blocks,	various	open	spaces,	
relatively	deep	street	canyons	and	two	small	squares.	The	temperate	climate	of	the	city	 is	
characterised	by	cold	winter	periods	with	high	humidity	and	strong	winds	and	warm	summer	
periods	with	intense	insolation	and	frequent	heat	waves.	Studies	have	reported	a	heat	island	
in	the	city	centre	(Stathopoulou	et	al	2004)	around	the	project	site	which	has	been	considered	
a	downgraded	area	regarding	the	built	environment	and	the	microclimate	conditions.	

Microclimate	improvement	strategy	included	cool	materials	on	streets	and	pavements,	
new	trees,	fountains,	sprinklers,	and	water	curtains	as	well	as	installation	of	external	fans.	A	
preliminary	evaluation	of	the	project	has	been	made	at	design	stage,	through	simulations,	to	
estimate	the	extent	of	expected	improvement	by	the	proposed	interventions	(Chatzidimitriou	
et	al	2013).	Initial	simulation	results	revealed	microclimate	amelioration	in	terms	of	air	and	
surface	 temperatures,	 comfort	 indices	 and	 cooling	 degree	 hours	 and	 set	 the	 goals	 to	 be	
achieved	 after	 construction;	 potential	 improvement	 was	 1.9oC	 or	 5%	 lower	 ambient	
temperature,	9.7oC	or	17.5%	lower	surface	temperature	and	7.6oC	or	15.3%	lower	comfort	
indices	 PET,	 in	 terms	 of	 area	 averaged	 values	 at	 very	 hot	 midsummer	 noon	 conditions.	
Simulation	results	also	revealed	30.9%	lower	cooling	degree	hours	(26oC	base	temperature	
set	by	project	specifications)	in	terms	of	area	averaged	mean	daily	values	in	typically	warm	
summer	conditions.		

The	 proposed	 interventions	were	 implemented	 as	 planned	 in	 the	 final	 construction	
stage	 except	 for	 a	 few	 minor	 changes	 due	 to	 technical	 impediments	 and	 complications.	
Figures	1	and	2	present	photos	of	the	area	at	initial	state	and	after	the	project	construction.	

	

a b c	
Figure	1:	Site	images	in	square	A	before	(a)	and	after	(b,c)	the	project	implementation.		
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a b c	
Figure	2:	Site	images	in	square	B	before	(a)	and	after	(b,c)	the	project	implementation.		

Monitoring	and	simulations		

Spot	measurements	

Twelve	spots	evenly	distributed	in	the	site	were	selected	for	monitoring	to	include	the	entire	
project	area	(Figure	3)	and	monitoring	took	place	during	construction	and	after	the	project	
completion,	 in	 winter	 period.	 Air	 temperature,	 relative	 humidity	 and	 wind	 velocity	 and	
direction	were	measured	at	1.80m	above	ground	level.	Surface	temperatures	were	measured	
at	the	street	surfaces	and	the	side	pavements.	Air	temperature	and	relative	humidity	were	
measured	with	HOBO	Pro	v2	U23-002	thermistor	and	capacitance	sensors,	placed	within	a	
solar	 radiation	 shield	RS3	of	102mm	diameter.	A	portable	Kestrel	4600	anemometer	with	
25mm	impeller	and	 internal	compass,	mounted	on	a	vane	was	used	for	wind	velocity	and	
direction	 readings.	 Surface	 temperature	 readings	 were	 taken	 with	 an	 Extech	 42530	 IR	
thermometer.	Data	at	the	12	monitoring	points	were	tested	against	simulations	results	and	
revealed	good	agreement	for	ambient	and	surface	temperatures	with	mean	daily	differences	
up	to	1oC	for	most	cases.		

On	site	meteorological	stations	

Two	meteorological	stations	were	set	 in	the	small	squares,	after	the	project	completion	in	
early	 spring,	 recording	 continuously	 air	 temperature,	 relative	 humidity,	 and	 barometric	
pressure	at	1.8m	height	and	wind	velocity	and	direction	at	6m	height	above	ground	 level.	
Summer	period	monitoring	data	from	the	meteorological	stations	are	used	for	a	preliminary	
evaluation	of	the	project	regarding	microclimate	improvement.			

	

	
Figure	3:	Site	plan	with	indication	of	the	spot	measurements	points	and	meteorological	stations	location.	
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Figure	4:	Portable	on	site	monitoring	equipment	and	meteorological	stations	in	squares	A	and	B.		

Microclimate	simulations		

Both	the	initial	and	the	final	evaluation	of	the	project	were	based	on	microclimate	simulations	
of	 the	 area	 before	 and	 after	 implementation	 of	 proposed	 interventions.	 Microclimate	
simulations	were	performed	with	Envimet	v4	software	specially	edited	to	include	the	water	
droplets	evaporation	effects.	The	simulation	model	contained	the	entire	project	site	and	the	
surrounding	 streets,	 and	 included	 buildings,	 vegetation,	 pavement	 materials	 and	 water	
elements.	The	size	of	model	area	was	460m	X	460m	and	75m	high	with	3m	grid	resolution.	
Simulations	were	 performed	 in	 daily	 cycles	 using,	 according	 to	 the	 project	 requirements,	
climate	data	of	a	 typically	warm	summer	day	and	of	 the	hottest	day	of	 the	year.	Figure	5	
presents	the	area	models	at	the	two	different	simulation	stages.			

a		 	b	
Figure	5	Models	of	the	site	(a)	at	the	original	state	and	(b)	after	full	implementation	of	the	project	

interventions	including	full	growth	of	vegetation	for	the	microclimate	improvement	evaluation	with	ENVI-met	
simulations		

	
Table	1.	Simulation	input	data	for	a	typical	warm	summer	day	(21	July)	and	the	hottest	day	of	the	year	(25	July)		
Simulation	input	parameters	 project	evaluation	cases	
Simulation	dates		 21	July	 25	July	
Start	time	and	duration		 06:00	|	6h	 06:00	|	14h	
Initial	wind	velocity	and	direction	(10m)	 3.30	m/s,		225ο		(NW)	 2.30	m/s,		225ο		(NW)	
Roughness	length	 0.1	 0.1	
Air	temperature	range	 24.98οC-	29.30οC			 33.20οC-	42.60οC	
Relative	humidity	range	 33%	-	73%		 30%	-	60%	
Specific	humidity	(gwater	/kgair)	 11.5			 15.0			
Soil	 temperature	&	 humidity	 (depth	 0-20cm,	
20-50cm,	50-200cm)		

31.75οC,20%,	30.07οC,30%,	
27.11οC,30%		

31.75οC,20%,30.07οC,30%,	
27.11οC,30%	

Building	surface	albedo		 0.3	 0.3	
Cool	pavements	albedo	(asphalt	|	concrete)	 0.37	|	0.67	 0.37	|	0.67	
Solar	adjustment	factor		 1.0	 1.0	
Cloud	cover	 0/8	 0/8	
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Results	and	project	evaluation	

Project	evaluation	is	presented	in	two	stages.	An	initial	evaluation,	in	summer	conditions	after	
the	 construction	 completion,	 is	 based	 on	monitored	 climate	 data	 by	 two	meteorological	
stations	located	in	the	site,	at	the	two	redeveloped	squares	compared	to	data	from	the	airport	
meteorological	station	located	outside	the	city.	A	further	evaluation	of	the	future	stage	of	the	
project	 is	 attempted	 through	 simulations	 of	 the	 site	 taking	 into	 account	 the	 effects	 of	
vegetation	in	fully	grown	state,	which	is	considered	of	major	significance	for	the	microclimate	
improvement.			 	

After	construction	evaluation	

Monitored	data	by	meteorological	stations	located	at	the	two	squares	of	the	refurbished	area	
indicate	the	improvement	in	terms	of	air	temperature	reduction	due	to	the	redevelopment,	
in	 the	summer	period	right	after	 the	project	completion.	The	data	 in	 the	 two	squares	are	
compared	 with	 measurements	 at	 the	 airport	 meteorological	 station	
(https://www.wunderground.com/gr/thessaloniki).	 Air	 temperature	 improvement	 is	
observed	during	daytime	and	mainly	from	midday	to	evening	hours.	Readings	from	the	three	
stations	during	a	week	in	July	2016	are	presented	in	Figure	6	and	indicate	lower	midday	air	
temperatures	at	the	two	squares	and	higher	night	time	temperatures	compared	to	the	airport	
station	outside	the	city,	except	for	two	cloudy	days	(26th	-	27th)	in	which	a	storm	and	showers	
occurred	briefly.	In	general,	from	midday	to	evening	hours	during	a	week,	the	two	squares	
were	cooler	that	the	suburban	airport	area	with	maximum	daily	differences	between	1.8oC	
and	4.3oC	in	the	first	square	(A)	and	between	2.3oC	and	3.4oC	in	the	second	(B).	In	particular,	
on	the	25th	of	July	from	13:00	to	19:00,	air	temperature	at	the	first	square	(A)	was	between	
0.2oC	and	2.5oC	 lower	and	at	the	second	square	(B)	 it	was	between	1.3oC	and	3.3oC	 lower	
compared	to	the	airport	station	while	at	night	air	temperature	was	higher	up	to	2.7oC	and	
2.6oC	respectively.		

The	recently	planted	new	trees	were	not	yet	sufficiently	large	to	provide	the	expected	
improvement.	Street	and	sidewalks	pavement	 replacement	with	cool	materials	and	 traffic	
load	 decrease	 are	 significant	 cooling	 factors,	 however,	 the	 highest	 influence	 in	 air	
temperature	reduction	is	attributed	to	the	water	elements	introduced	in	the	two	squares,	i.e.	
the	water	curtains	in	the	first	square	and	the	large	number	of	fountains	in	the	second.	The	
extensive	 effect	 of	 water	 evaporation,	 on	 air	 temperature	 drop,	 compared	 to	 other	
interventions,	was	confirmed	in	previous	project	stages	(Chatzidimitriou	et	al	2013).		

	

	
Figure	6:	Air	temperature	data	for	July	2016	from	meteorological	stations	in	the	two	squares	of	the	

project	area	and	from	the	airport	station	outside	the	city.	
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Future	stage	expectations	

The	microclimate	 improvement	expected	after	vegetation	has	reached	fully	grown	state	 is	
examined	 through	 simulation	 results	 by	 ENVI-met	 model,	 in	 summer	 daytime	 conditions	
which	 is	 the	 focus	of	 the	project	 strategy.	 The	 simulations	of	 the	 area	before	 the	project	
initiation	 and	 after	 the	 full	 implementation	 of	 the	 all	 interventions	 including	 water	
evaporation	elements	and	full	growth	of	the	newly	planted	trees	are	compared	to	examine	
future	 stage	 development	 of	 the	microclimate	 and	 comfort	 conditions.	 Figure	 7	 presents	
simulation	results	of	air	temperature,	surface	temperatures	and	PET	comfort	indices	in	very	
warm	midsummer	noon	conditions	at	the	site,	before	and	after	implementation	of	the	project.		

Taking	into	account	area	average	results,	calculated	from	60	spots	evenly	distributed	
in	the	site,	microclimate	amelioration	was	observed	with	air	temperature	reduction	by	2oC	or	
5.1%,	surface	temperature	reduction	by	9.4oC	or	18.8%	and	comfort	indices	PET	reduction	by	
6.5oC	or	15.3%	at	summer	noon	conditions.	In	terms	of	mean	daytime	PET	values,	between	
10:00	and	18:00,	the	results	show	a	reduction	by	5.8oC	or	15%	in	a	typical	summer	day.	In	
terms	 of	 cooling	 degree	 hours	 (CDH	 with	 base	 temperature	 26oC)	 calculated	 by	 air	
temperatures	between	06:00	and	20:00	on	a	typically	warm	summer	day,	the	reduction	was	
estimated	at	43.9%.	

More	specifically	in	the	two	small	squares	of	the	site,	expected	mean	reduction	of	air	
and	surface	temperatures	at	summer	noon	is	2.5oC	and	22.3oC	respectively	in	the	first	square	
(A)	 and	4.3oC	and	11.8oC	 respectively	 in	 the	 second	 (B).	Regarding	 comfort	 indices	PET	 in	
spotted	areas	within	the	squares,	when	the	effect	of	the	external	fans	is	taken	into	account,	
as	wind	velocity	increase	by	1m/s	in	calculations	by	RayMan	software	(Matzarakis	et	al	2010),	
the	expected	spot	reduction	of	PET	indices	at	noon	is	7.3oC	or	19.8%	in	the	first	square	and	
15.2oC	or	32.6%	in	the	second	while	the	respective	daily	average	reduction	is	7.9oC	or	18.7%	
in	the	first	square	and	13.1oC	or	27%	in	the	second	(Table	2).	

It	should	be	noted	that	air	temperature	and	cooling	degree	hours	reduction	were	used	
to	examine	cooling	loads	and	energy	savings	for	two	typical	buildings	at	the	project	site,	a	
residential	and	a	commercial	building.	According	to	the	specific	program	requirements	the	
buildings’	 thermal	 performance	 was	 simulated	 using	 two	 different	 climate	 data	 sets;	 the	
original	local	climate	data	file	and	a	modified	data	set	featuring	the	air	temperature	reduction	
caused	 by	 the	 project	 interventions.	 Thermal	 simulation	 results	 indicated	 cooling	 energy	
savings	of	7.2%	for	the	two	buildings	and	approximately	99tn	reduction	of	CO2	emissions	for	
the	entire	project	area	in	the	summer	period.	
	

Table	2.	Microclimate	simulation	results	before	and	after	implementation	of	the	interventions	
Microclimate	parameter	|	date	|	time	 Final	evaluation	|	before	

project	implementation	
Final	evaluation	|	after	
project	implementation	

Air	Temperature	(oC)	25	July	1200	 38.7	 36.7	
Surface	Temperature	(oC)	25	July	1200	 46.3	 36.9	
PET	(oC)	21	July	1200	 39.5	 33.0	
PET	(oC)	21	July	daily	average	 37.5	 31.8	
PET	in	square	A	(oC)	21	July	1200	(+fans)	 36.8	 29.5	
PET	in	square	B	(oC)	21	July	1200	(+fans)	 46.6	 31.4	
PET	in	square	A	(oC)	21	July	daily	average	(+fans)	 38.3	 30.4	
PET	in	square	B	(oC)	21	July	daily	average	(+fans)	 43.3	 30.4	
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a b	

c	 d	

e	 f	
Figure	7:	Summer	noon	simulation	results	of	the	area	before	and	after	implementation	of	the	project	
interventions	(a,b)	air	temperature,	(c,d)	surface	temperature,	(e,f)	thermal	comfort	indices	PET.		

Conclusions	

A	redevelopment	project	for	a	downgraded	urban	area	in	Thessaloniki	has	been	completed	
and	evaluated	based	on	microclimate	amelioration	criteria.	Evaluation	by	means	of	on	site	
monitoring	by	meteorological	stations	in	the	summer	period	revealed	2-4oC	lower	daytime	
ambient	temperatures	in	two	small	squares	of	the	site	compared	to	the	airport	station	data,	
but	higher	nighttime	temperatures.	Further	evaluation	of	the	future	state	of	the	project	by	
means	 of	 microclimate	 simulations,	 considering	 the	 new	 trees	 fully	 grown,	 present	 area	
averaged	 improvement	 of	 approximately	 2oC	 for	 air	 temperature,	 10oC	 for	 surface	
temperatures	and	6.5oC	for	comfort	 indices	PET	at	very	warm	summer	midday	conditions.	
These	results	 indicate	that	 the	project	 interventions	which	 include	pavement	replacement	
with	cool	materials,	increase	of	trees	and	vegetation	canopies	and	addition	of	multiple	water	
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elements	such	as	fountains	and	sprinklers	can	sufficiently	improve	summertime	microclimate	
conditions	in	the	open	spaces	of	a	dense	urban	area.	Moreover,	the	installation	of	external	
fans	 at	 specific	 parts	 of	 the	 area	 assist	 in	 airflow	 increase	 and	 pedestrian	 comfort	
improvement.	Besides	the	outdoor	thermal	comfort	benefits,	the	microclimate	amelioration	
also	 enhances	 energy	 savings	 by	 reducing	 building	 cooling	 loads	 and	 presents	 an	 overall	
upgrading	effect	of	the	project	in	terms	sustainable	urban	development.		
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Abstract:	 Weather,	 climate,	 and	 air	 quality	 models	 are	 powerful	 tools	 to	 addressing	 issues	 and	 concerns	
associated	 with	 climate	 changes	 and	 rapid	 urbanization.	 The	 World	 Urban	 Database	 Access	 Portal	 Tools	
(WUDAPT)	 project	 makes	 possible	 running	 such	 models	 for	 urban	 applications	 worldwide.	 Model	 relevant	
input	parameters	 from	actual	building	data	are	needed	but	are	unfortunately	available	 for	only	a	handful	of	
urban	areas.	In	WUDAPT,	parameters	are	provided	as	ranges	of	values	associated	with	the	well-accepted	Local	
Climate	 Zone	 classification	 scheme	 http://www.wudapt.org/lcz/.	 	 Assigned	 specific	 values	 from	 this	 range	
allows	model	application	studies	a	capability	now	available	through	the	WUDAPT	Portal	for	running	the	WRF	
model.	Provisions	for	generating	data	with	greater	precision	of	model	input	data	for	enhanced	applications	is	
currently	 underway	 based	 on	 MaPUCE	 method	 https://hal.archives-ouvertes.fr/hal01252761/document,	
requiring	 knowledge	 of	 the	 form	 and	 functional	 properties	 of	 morphological	 structures	 based	 on	 building	
typology.	There	is	the	need	to	understand	the	underlying	spatial	diversity	and	temporal	trends	of	BTs	within	
and	 between	 urban	 area	within	 regions	 and	 between	 different	 regions	 and	 countries.	 This	 paper	 describes	
several	 model	 applications	 using	 model	 inputs	 based	 on	 LCZ,	 and	 provides	 an	 outline	 for	 advanced	 data	
gathering	methodology	that	includes	crowdsourcing	approaches	applied	to	the	BT	paradigm.		

	
Keywords:	Urban	modelling,	WRF,	Local	Climate	Zones,	building	typology,	urban	morphology	

Introduction		

Urban	environmental	models	are	state-of-science	based	tools	capable	of	addressing	societal	
issues	 associated	 with	 population	 growth,	 urbanization	 and	 climate	 changes.	 However,	 a	
major	 impediment	 to	 the	 widespread	 application	 of	 these	 models	 is	 the	 acquisition	 of	
suitable,	model	 pertinent	 climate	 relevant	urban	morphological	 and	activity	 data	 that	 are	
not	routinely	gathered	or	are	incomplete	or	are	costly	to	procure.	Large	urban	areas	create	
conditions	 for	 the	 multiscale	 flows	 and	 structural	 aspects	 of	 the	 urban	 boundary	 layer,	
controlling	 its	 meteorology	 and	 climate	 Fig.	 1a.	 Important	 physical	 descriptors	 as	
parameters	provide	 a	 framework	of	 information	needed	by	 these	models	 (Fig.	 1b).	 These	
parameters	 are	 further	 controlled	 by	 architectural	 and	 building	 typologies.	 It	 is	 therefore	
understandable	 that	 the	 modeling	 community	 seeks	 active	 engagement	 with	 architects	
towards	 the	goal	of	urban	database	 for	environmental	models.	Here,	we	seek	 to	describe	
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and	 clarify	 mutual	 synergisms	 between	 modellers	 and	 architects,	 soas	 to	 build	 mutually	
beneficial	collaborations.		
	

	
Fig	1.	a)	Multiscale	structure	of	the	urban	boundary	layer.	b)	Example	of	urban	canopy		“form”	parameters	

used	in	environmental	modelling	(From	Oke	et	al.,	2017).	
	

								 	
	Fig	2.	Schematic	of	WUDAPT,	a)	Database,	Portal	 Fig	3.	Strategy	for	acquisition	of	WUDAPT	Database		
and	applications.	Portal	tools:	a)	W2W,	b)	SCALAR.	

WUDAPT	Level	0	

By	design,	 the	WUDAPT	 is	a	community-modeling	database	and	a	portal	 system	providing	
an	 information	 infrastructure	 that	 facilitates	 running	 such	 models	 (Fig.	 2).	 The	 WUDAPT	
design	 requirements	 (www.WUDAPT.org)	 are	 for	 timely	 generation	 of	 the	 database	 of	 all	
major	 cities	 in	 the	 world	 collected	 in	 a	 universally	 consistent	 manner,	 which	 utilizes	
publically	available	inputs	and	where	the	outcomes	are	unrestricted	and	fully	accessible	to	
the	world	community	 (Ching,	2013;	Ching	et	al.,	2017;	Mills	et	al.,	2015;	See	et	al.,	2015).	
WUDAPT	 is	 a	 strategically	 designed,	 multi-level,	 universally	 consistent,	 and	 community-
based	 approach	 that	 describes	 the	 physical	 geography	 of	 cities	 capturing	 information	 on	
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urban	form,	material	content	and	function	(energy	demand)	for	climate	studies	and	model	
applications	and	implemented	in	a	three-tiered	structure	(Fig.	3).		At	Level	0,	(hereafter	“L0”)	
the	basic	structure	of	urban	areas	are	characterized	using	the	10	Local	Climate	Zone	(LCZ)	
scheme	of	Stewart	and	Oke	 (2012),	an	 innovative	methodology	based	on	readily	available	
Landsat	imagery	and	the	expertise	of	urban	experts	(Bechtel	and	Daneke,	2012;	Bechtel	et	
al.,	 2015).		 For	 each	 LCZ	 there	 is	 an	 associated	 table	 providing	 nominal	 ranges	 and	
representative	values	of	urban	canopy	parameters	 (UCP)	 that	capture	essential	aspects	of	
urban	 form	and	 functions	 that	 regulate	 its	microclimate.	Refinements	 to	 the	methodology	
have	occurred	since	 its	 inception	 in	2011.	A	protocol	 requires	data	 to	exceed	high	quality	
criteria	before	official	acceptance	of	the	LCZ	maps	into	the	database.	Fig.	4	shows	example	
LCZ	 maps	 for	 a	 subset	 of	 the	 more	 than	 100	 cities	 that	 currently	 fulfil	 this	 level	 of	
acceptance.	Clearly,	each	city	will	have	 its	own	LCZ	DNA	signature.	The	goal	of	generating	
data	at	L1and	L2	 is	 to	enhance	the	L0	data	 in	terms	of	 information	content,	spatial	detail,	
precision	and	resolution	of	L0	data	for	advanced	applications.		To	develop	this	enriched	set,	
we	 are	 proposing	 to	 build	 upon	 the	 experience	 and	 paradigm	 of	 the	 MApUCE	 project	
(Masson	et	al.,	2015;	2017).	MApUCE	was	developed	for	cities	 in	France	and	 fills	a	critical	
gap	on	building	 features	 through	 the	use	of	architectural	 typologies.	We	will	describe	 the	
extension	 of	 the	 building	 typology	 paradigm	 to	 other	 cities	 around	 the	world	 following	 a	
brief	highlight	of	WUDAPT’s	modeling	capabilities.	

	

	
	
Fig	4.	Left,	Local	Climate	Zones.		Right,	A	comparison	of	LCZ	maps	for	four	cities:	Sao	Paulo,	Brazil	(top	left),	

Milan,	Italy	(top	right),	Shanghai	(China)	(bottom	left)	and	Vancouver,	Canada.	In	each	case	the	administrative	
boundaries	of	the	city	or	municipality	is	shown.	

	
Buildings,	 their	 distribution,	 geometric	 form	 and	 typology,	material	 content	 are	 the	

dominant	 morphological	 feature	 in	 cities;	 they	 play	 a	 critical	 role	 in	 the	 surface	 energy	
balance	 and	 wind	 patterns	 thus	 impacting	 and	 creating	 unique	 flow,	 temperature	 and	
moisture	patterns	across	the	city.	Various	environmental	models	in	a	variety	of	application	
that	 can	 now	be	 run	 using	WUDAPT	 data,	 facilitated	 through	 its	 Portal.	 Such	models	 can	
elucidate	impacts	of	architectural	design	on	UHI,	weather	and	climate.		The	WUDAPT	Portal	
is	being	developed	to	provide	means	to	facilitate	modeling	applications	of	it	database.	Two	
such	 tools	 are	 available,	 the	W2W	 and	 SCALAR	 shown	 in	 Fig	 2.	 	 Recognizing	 that	 urban	
applications	are	now	possible	worldwide	with	the	publically	available,	open	community	WRF	
(Weather	Research	and	Forecast	modelling	system	(Chen	et	al.	2010),	the	W2W	(WUDAPT	
to	WRF)	 tool	 (Martilli	 et	 al.,	 2016;	 Brousse	 et	 al.,	 2016)	 prepares	 gridded	 urban	 canopy	
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parameter	for	use	 in	performing	WRF	mesoscale	model	simulations	(Brousse	et	al.,	2016).	
The	tool	is	based	on	the	associated	lookup	tables	of	UCPs	for	each	LCZ	are	prepared	for	such	
applications.	 The	 SCALER	 is	 a	 tool	 in	 Portal	 that	 is	 designed	 to	 prepare	 analyses	 and	
modeling	 at	 user	 selected	 grid	 sizes	with	 the	unique	 attribute	of	 retaining	 information	of	
sub	grid	content	for	interpretive	purposes	(Mouzourides	et	al.,	2013)	and	can	be	used	ahead	
of	W2W	or	stand	alone	for	analyses	purposes.		Other	Portal	applications	allow	computing	of	
urban	energy	budgets	(Alexander	et	al.,	2014;	2016)	useful	for	assessing	UHI	of	current	and	
planned	urban	growth	for	decision	support	purposes.		

	
Fig	5.	The	LCZ	map	for	Madrid	(a)	and	simulated	2m	air	temperatures	(K)	on	13th	July	2015	at	0300	h	(b),	during	
a	heat	wave	event.	The	outline	area	is	the	Comunidad	de	Madrid,	which	has	a	station	network	of	24	stations.	
	

The	Urban	Heat	Island,	UHI,	is	understood	to	mean	the	impact	of	the	alteration	of	the	
surface	 heat	 exchange	with	 the	 atmosphere	 on	 the	 bases	 of	 the	 urban	 footprints	 on	 the	
surface	 energy	 balance,	 resulting	 in	 overlying	 temperature	 and	 humidity	 differences.	 	 Of	
course	 this	 is	 a	 feature	 that	 can	be	captured	by	environmental	models;	 the	precision	and	
accuracy	of	model	predictions	are	fully	dependent	on	the	characteristics	and	details	of	the	
urban	footprint,	the	objective	of	WUDAPT.		Fig.	5	shows	the	results	of	a	study	on	the	Madrid	
UHI	 using	 the	 LCZ	 scheme	 to	 generate	 UCPs	 to	 run	 the	 WRF	 model	 with	 the	 BEP-BEM	
urbanization	 scheme	 (Brousse	 et	 al.,	 2016).	 The	 adjacent	map	 shows	 the	 simulated	 near-
surface	air	temperature	under	ideal	UHI	conditions.	Comparisons	were	made	with	another	
system	 (CORINE)	 that	 generates	more	 limited	descriptions	 of	 urban	morphology	 available	
for	 European	 cities.	 Based	 on	 weather	 station	 network	 observations,	 the	 results	 showed	
that	the	WUDAPT	scheme	improved	model	performance	by	~10%	based	on	RMSE	and	Mean	
Bias	indicators.	By	extension,	having	the	ability	to	perform	accurate	urban	simulations	such	
as	using	W2W	in	WRF	a	powerful	community	based	modeling	tool	for	myriad	of	applications	
including	local	advisories	during	heat	stress	episodes,	and	as	a	meteorological	pre-processor	
for	science-based	urban	air	quality	modeling	simulations	such	as	with	the	CMAQ	modeling	
systems,	 for	 example	 (https://www.cmascenter.org.	 An	 example	 of	 AQ	 modeling	 using	
W2W	is	shown	in	Fig	6	for	Guangzhou,	China.			
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Fig	6.	Example	of	air	quality	modeling	(PM2.5)	using	W2W-CHEM	for	(a)	standard	physics	vs	(b)	urban	canopy	
parameterization	modeling.	The	arrows	(c)	refer	to	the	difference	of	vertical	velocity	simulations.			

	
With	 respect	 to	 SCALAR,	 recently,	 (Mouzourides	 et	 al.,	 2017,	 and	Neophytou	 et	 al.,	

2017)	have	used	 it	 to	conduct	a	multi-scale	analysis	of	high-resolution	dynamic	simulation	
output	data	of	the	energy	demands	available	for	the	London	Westminster	Borough.	 	With	
this	 capability,	 study	 of	 24-hour	 evolution	 of	 the	 urban	 energy	 demands	 for	 heating	 and	
cooling	 of	 the	 Westminster	 City	 building	 stock	 over	 different	 seasons	 was	 performed.		
SCALAR	 made	 possible	 the	 scale	 dependency	 of	 energy	 demands	 with	 city	 breathability	
capacity	 (here	 linked	 to	 the	 UCP	 called	 local	 building	 packing	 density).	 Clearly,	 this	 is	 an	
appropriate	example	of	relevance	of	applications	from	an	architectural	perspective	to	PLEA	
with	WUDAPT.	

WUDAPT,	Level	1&2	

Modeling	using	W2W	and	L0	data	assumes	UCP	parameter	values	from	a	range	of	probable	
values	 based	 on	 the	 LCZ	 lookup	 tables.	 	 L1	 and	 L2	 data	 (Fig.	 3)	 provide	 the	 mean	 for	
modeling	applications	requiring	greater	input	precision.	Here,	collaboration	and	synergisms	
between	 WUDAPT	 and	 Architects	 is	 being	 sought	 to	 generate	 Level	 1&2	 data.	 Where	
architecture	 and	building	 typology	 is	 envisioned	 in	 this	 implementation.	We	envision	 that	
existing	 LCZ	maps	will	 be	 used	 to	 provide	 a	 context	 for	 the	 data	 gathering	 and	 sampling	
across	the	urban	landscape	by	extending	the	MApUCE	paradigm	presented	in	Masson	et	al.,	
2017.	 	The	challenge	 is	 to	address	 city-to-city,	and	 regional	 (between	country	differences)	
and	 variations	 in	 BTs	 and	 their	 properties	 that	 will	 be	 exhibited	 between	 different	 cities	
around	the	world	(Fig.7).	Currently,	an	implementation	prototype	is	being	tested	consisting	
of	a	crowdsourcing	data	deployment	and	gathering	strategy	and	a	data	processing	system	
based	on	algorithms	and	tools	designed	to	generate	the	desired	building	parameter	fields.	
Crowdsourcing	 APPS	 (CSAPPS)	 include	 desktop-based	 applications	 (which	 utilize	 Google	
Earth	and	Bing	imagery	as	well	as	OpenStreetMap	layers)	to	sample	area-based	parameters	
or	examine	photographs	from	Google	StreetView	for	individual	building	parameters	or	BTs,	
as	well	as	mobile	applications	based	on	smart	phone	technology	that	provide	sampling	on	
the	ground	(See	et	al.,	2015).	The	latter	can	be	used	to	provide	geotagged	photographs	that	
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provide	specific	details	of	individual	buildings	and	groups	of	buildings	according	to	their	use,	
age,	HVAC,	materials,	 color,	 number	of	 floors,	 roof	 type,	wall	 type,	 landscaping	or	 BTs	 of	
interest	determined	from	prior	desktop	queries	(Fig.	8).	We	envision	this	community	effort	
to	be	implemented	utilizing	and	deploying	CSAPPS	with	data	entry	and	processing	base	on	
the	WUDAPT	 Portal	 system	 by	 collaborations	 between	WUDAPT	 and	 other	 international	
urban	climate,	modelling	and	architectural	communities	such	as	PLEA		(Ching	et	al.,	2017)	as	
shown	in	Fig.	9).	
	

	
	
Fig	7.	Aspects	and	challenges	towards	implementing	the	MApUCE	paradigm	to	Level	1&2	given	variations	in	
architecture	and	building	typology	features	in	different	localities	(shown	here	for	houses	and	mid	rises).	

	
Other	 complimentary	 approaches	 are	 being	 pursued;	 a	 research	 team	 at	 the	 Chinese	
University	 of	 Hong	 Kong	 is	 using	 multi-source	 remote	 sensing	 technology	 to	 extract	 and	
detect	3-D	urban	morphological	information	including	building	height	and	footprints	(Xu,	et	
al.,	2017).	These	data	can	be	used	to	calculate	other	UCPs,	such	as	building	volume	density,	
ground	 coverage	 ratio,	 frontal	 area	 density,	 open	 spaces	 and	 greenery	 coverage	 ratio.		
Other	 tools	 under	 consideration	 include	 generating	 Sky	 View	 Factors	 (SVF)	 using	 a	 web	
based	tool	that	automatically	generates	synthetic	hemispherical	fisheye	views	from	Google	
Earth	 at	 arbitrary	 (high)	 spatial	 resolution	 and	 calculates	 the	 corresponding	 SVFs	 through	
equiangular	 projection	 (Middel	 et	 al.,	 2017);	 archetypical	 typologies	 clearly	 control	 the	
distribution	 of	 SVF.	 Such	 data	 will	 provide	 a	 bases	 for	 comfort	 analyses,	 and	 can	 help	
planners	 and	 architects	 assess	 urban	 design	 strategies	 to	 maximize	 thermal	 comfort	
outcomes	and	can	support	heat	hazard	mitigation	in	urban	areas	(Hanna	et	al.,	2015).			
	
	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 1658



							 	
				
		Fig	8:	City	(or	regional)	specific	Crowdsourcing	APP	for						 Fig	9.	WorkGroup	Level	1	&	2	implementation		
	 gathering	specific	building	data	per	typology	 activities		 	 	
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Abstract:	This	aim	of	this	research	is	to	verify	the	thermal	environment	of	a	university	campus	by	evaluating	the	
relative	contribution	of	urban	elements	in	relation	to	the	modification	caused	in	the	air	temperature.		For	this	
purpose,	real	data	of	air	temperature	were	collected	at	several	points	at	the	Federal	University	of	São	Carlos.	
These	were	then	related	to	the	local	urban	indexes	using	Artificial	Neural	Networks	(ANN)	in	order	to	develop	a	
prediction	model.	This	analysis	considered	three	scales	of	different	approaches,	taking	into	account	the	radii	of	
25,	50	and	100	meters.	Within	the	areas	of	these	radii,	the	Occupation	Coefficient	(OC),	the	Urban	Vegetation	
Coefficient	(UVC),	the	Sky	View	Factor	(SVF)	and	the	Ground	Cover	Coefficient	(GCC)	were	estimated.	The	ANN	
model	 was	 incorporated	 into	 a	 Geographical	 Information	 System	 and	 thematic	 maps	 were	 developed.	
Furthermore,	a	map	classifying	the	potential	cooling	of	the	campus	was	also	created.		The	results	pointed	out	
that	the	urban	 indexes	under	 investigation	presented	different	relative	 importance	according	to	the	scale	of	
analysis.	Furthermore,	the	25	meter-radius	model	presented	the	highest	performance	considering	the	influence	
of	urban	indexes	on	the	air	temperature.	

Keywords:	Urban	climate,	Urban	Indexes,	Artificial	Neural	Networks,	GIS,	Thermal	Maps	

Introduction	

Decision	makers	usually	rely	on	urban	indexes,	such	as	the	Occupation	Coefficient	(OC),	the	
Urban	Vegetation	Coefficient	(UVC)	or	the	Ground	Cover	Coefficient	(GCC)	to	support	urban	
planning.	However,	there	is	a	lack	of	information	about	the	thermal	impact	these	indexes	may	
cause	on	the	surroundings.	Stewart	and	Oke	(2012)	show	that	building	configurations	assume	
patterns	 that	 lead	 to	 thermal	 differences	 in	 microclimates,	 and	 therefore,	 should	 be	
considered	for	a	climate	oriented	urban	design.	

Recognising	the	thermal	environment	of	cities	is	the	first	step	towards	the	development	
of	 planning	 actions	 and	 policies	 to	 achieve	 city	 resilience	 and	 impact	mitigation.	 For	 this	
purpose,	the	development	of	thermal	maps	is	a	basic	tool	for	translating	climatic	data	into	a	
graphic	and	visual	tool	for	applicable	to	urban	planning.	

As	pointed	out	by	Stewart	and	Janssen	(2014),	multicriteria	methods	can	be	used	to	
develop	thematic	maps,	making	them	useful	resources	for	planning	actions	and	strategies.	
Climate	urban	maps	pose	new	technological	challenges	(Xiaodong,	2015)	and,	as	pointed	out	
by	Martins	et	al.	(2013),	creating	planning	and	control	tools	should	be	based	on	local	reality.	
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On	this	matter,	Geographical	Information	Systems	(GIS)	are	able	to	store	and	process	
spatial	data	and	attributes,	supporting	many	possibilities	of	urban	planning	methods	and	the	
development	of	thematic	maps.	Using	GIS	helps	us	to	recognise	local	and	regional	parameters,	
as	well	as	in	the	acquisition,	integration,	transformation	and	emission	of	data	(Steiniger	and	
Hunter,	2013;	Silva	et.	al.,	2008).	

In	addition,	GIS	allow	for	the	incorporation	of	prediction	models	and	can	be	combined	
with	Artificial	Neural	Network	(ANN)	applications.		ANNs	are	used	worldwide	because	they	
are	able	to	establish	non-linear	relationships	among	previously	known	or	unknown	variables	
involved	 in	 the	 processes	 (Yassin	 et	 al.,	 2016).	Mathematical	models	 resulting	 from	 ANN	
application	may	perform	better	than	the	traditional	regression	models	(Patel	and	Jha,	2014;	
El-Shafie	et	al,	2014).	

This	paper	 investigates	the	role	of	urban	indexes	on	the	thermal	environment	at	the	
Federal	University	of	São	Carlos	campus	in	São	Carlos-SP,	Brazil.	For	this	purpose,	ANN	models	
were	developed	and	incorporated	into	a	GIS	so	that	thematic	maps	could	be	developed.	

Materials	and	method	

The	research	consisted	of	the	following	steps:	characterizing	the	urban	indexes	at	the	Federal	
University	 of	 São	 Carlos	 campus;	 collecting	 air	 temperature	 data	 in	 the	 field	 campaigns;		
developing	Artificial	Neural	Networks;	and	creating	maps	in	a	GIS.	

	

	
Figure	1.	The	Campus	map	and	the	data	collection	points	

	
	

The	University	campus	is	located	on	the	outskirts	of	the	city	of	São	Carlos,	which	is	sited	
between	the	geographical	coordinates	of	21o30’	and	22o30’	South	Latitude	and	47o30’	and	
48o30’	West	 longitude,	with	an	average	altitude	of	856	meters.	 In	 this	campus,	 the	urban	
indexes	of	 Sky	View	Factors	 (SVF),	 the	Occupation	Coefficient	 (OC),	 the	Urban	Vegetation	
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Coefficient	(UVC),	the	Pervious	Ground	Cover	Coefficient	(P-GCC)	and	the	Impervious	Ground	
Cover	Coefficient	(I-GCC)	were	estimated	at	22	points	(Figure	1)	and	calculated	within	an	area	
of	three	different	radii	around	these	points:	25	meters,	50	meters	and	100	meters.	The	SVF	
was	 determined	 by	 photographs	 taken	 with	 a	 camera	 equipped	 with	 a	 fisheye-lens	 and	
treated	inside	the	software	Rayman	1.2	(Matzarakis	et	al.,	2009).	

These	points	are	coincident	with	the	points	where	field	campaigns	were	carried	out	in	
order	to	collect	air	temperature	data	(urban	area).	The	field	campaigns	were	divided	into	2	
data	collection	periods:	from	May	to	July,	2014;	and	from	July	to	August,	2015.	Within	these	
periods,	only	the	days	corresponding	to	clear	sky	(lower	than	0.5)	and	calm	winds	(0.3	m/s)	
were	 taken	 into	 account.	 Furthermore,	 only	 data	 from	6	 a.m.	 to	 5	 p.m.	were	 selected	 to	
guarantee	the	periods	subjected	to	sunlight.	These	data	were	collected	using	data-loggers	
HOBO	Pro	V2	U23-001,	located	at	2.5	meters	above	ground	level	and	protected	with	a	sun-
shield.	Meanwhile,	the	data	made	available	by	the	Meteorological	Station	(rural	area)	located	
inside	the	campus	were	also	registered	during	the	same	data	collection	periods.	

Considering	 the	 differences	 of	 urban-rural	 air	 temperature	 as	 output	 data	 and	 the	
variables	SVF,	OC,	UVC,	P-GCC	and	I-GCC	as	input	data,	ANNs	were	developed	by	using	the	
Easy-NN	Plus	software.	For	this	purpose,	after	random	distribution	of	data	in	an	electronic	
spreadsheet,	50%	of	them	were	applied	for	training	the	networks,	25%	were	designated	for	
the	model	validation	and	25%	were	separated	for	query	and	analysis.	Three	networks	were	
developed	for	each	one	of	 the	radius	studied	(25,	50	and	100	meters).	The	determination	
coefficient,		the	relative	errors	and	absolute	errors	were	the	parameters	used	to	identify	the	
networks	that	presented	the	best	performance.	After	this	analysis,	the	network	showing	the	
best	results	and	sensibility	to	the	urban	indexes	was	selected	to	be	incorporated	inside	a	GIS.	

In	order	to	achieve	this	last	step,	the	network	had	to	be	reconstructed	in	an	electronic	
spreadsheet	and	then	inserted	into	the	GIS.	The	"graphical	modeler	resource"	tool,	available	
within	the	Quantum-GIS,	was	used	to	automate	a	thematic	map	creation	routine.	

Afterwards,	we	 proposed	 to	 classify	 the	 campus	 creating	 octagonal	 cells	 that	 could	
show	 the	 potential	 of	 the	 air	 temperature	 cooling	 presented	 by	 the	 area,	 based	 on	 the	
maximum	differences	of	urban-rural	air	temperatures.	

Results	and	analysis	

Among	the	models	generated,	the	three	best	models	were	selected	to	represent	each	one	of	
the	radius	studied.	Their	parameters	are	shown	in	Table	1.	

	
Table	1.	Parameters	of	performance	for	the	best	models.	

Radius	(m)	 R	value	 Relative	
error	(%)	

Maximum	
relative	
error	(%)	

Absolute	
average	
error	(oC)	

Absolute	
maximum	error	

(oC)	
25	 0.92	 8	 43	 1.59	 6.14	
50	 0.91	 9	 51	 1.23	 5.8	
100		 0.92	 8	 63	 1.53	 6.34	

	
An	 analysis	 of	 the	 sensibility	 of	 these	models,	 for	 each	 urban	 index,	 generated	 the	

results	presented	in	Table	2.		
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Table	2.	Sensitivity	of	the	models	to	each	urban	index.	

Urban	Index	 Radius	(m)	 Influencing	Range	of	the	index	
SVF	 25	 -	

50	 from	0.0	to	0.4	
100		 from	0.0	to	0.6	

OC	 25	 above	0.41	
50	 from	0.11	to	0.31	
100		 -	

UVC	 25	 above	0.41	
50	 -	
100	 -	

P-GCC	 25	 above	0.46	
50	 -	
100	 -	

I-GCC	 25	 above	0.31	
50	 -	
100	 -	

	
As	can	be	seen	in	Table	2,	the	urban	indexes	have	different	behavior	depending	on	the	

radius	considered	to	estimate	their	values.	For	the	25	meter-radius	model,	the	SVF	seems	to	
have	no	significant	importance,	but	it	has	a	greater	influence	when	the	50	and	the	100	meter-
radius	models	are	considered.	In	addition,	the	OC	revealed	its	importance	for	the	25	and	50	
meter-radius	model,	 but	 did	 not	 influence	 the	 air	 temperature	 simulated	with	 the	 100m	
radius-model.	The	other	urban	indexes,	such	as	UVC,	P-GCC	and	I-GCC,	are	relevant	in	the	air	
temperature	patterns	only	for	the	25	meter-radius	model.	

In	 general,	 the	model	most	 capable	 of	 showing	 the	 highest	 sensitivity	 to	 the	 urban	
indexes	studied	was	the	one	 in	which	the	values	were	obtained	within	a	25	meter-radius.	
Therefore,	 considering	 the	 parameters	 of	 performance	 and	 the	 sensibility	 to	 the	 urban	
indexes,	this	25-meter	radius	model	was	selected	to	be	incorporated	in	a	GIS.	However,	as	in	
this	model	the	SVF	had	a	very	low	influence	(7%	as	in	Table	1)	and	the	model	has	shown	no	
sensibility	to	the	SVF	(as	shown	in	Table	2),	this	last	variable	was	removed	from	the	model	
and	another	network	of	a	25	meter-radius	was	constructed	only	with	the	variables	of	OC,	UCV,	
P-GCC	and	I-GCC.		

The	result	of	the	performance	of	this	new	network	is	illustrated	in	Figure	2,	showing	the	
determination	coefficient	(R2)	of	0.83	when	relating	the	simulated	values	to	the	real	values.	

	

	
Figure	2.	Real	Values	X	Simulated	values	
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The	 urban	 indexes	 in	 the	 new	model	 achieved	 the	 relative	 importance	 described	 in	
Table	3.	Furthermore,	the	influence	of	each	of	these	urban	indexes	on	the	air	temperature	is	
shown	 in	 Figure	 3.	 Therefore,	 Table	 3	 and	 Figure	 3	 are	 complementary	 information	 and	
analyze	the	influence	of	urban	indexes	on	the	air	temperature	during	the	day.		

	
Table	3.	Relative	contribution	of	Urban	Indexes	within	a	radius	of	25	meters.	

Urban	Index	 Relative	Importance	for	
the	selected	model	(%)	

UVC	 22	
OC	 23	
P-GCC		 21	
I-GCC		 34	

	 	

	
	

Figure	3.	Influence	of	each	urban	index	on	the	air	temperature	
	
Despite	 being	 the	 most	 important	 variable	 in	 the	 model	 and	 having	 reached	 the	

relevance	of	34%,	the	I-GCC	showed	periods	of	stability	(or	non-influence)	and	showed	limited	
influence	in	the	air	temperature	only	when	its	values	are	between	0.31	and	0.51.		For	the	last	
value,	 the	 cooling	 reached	 1oC.	On	 the	 other	 hand,	 the	UVC,	which	 achieved	 the	 relative	
importance	of	22%,	was	able	to	promote	a	cooling	of	2oC,	however	the	cooling	action	began	
only	after	the	value	of	0.41.	

The	P-GCC	developed	a	curve	similar	to	the	UVC,	which	was	expected,	as	this	index	is	
related	to	the	natural	ground	cover	(including	grass).	Nevertheless,	the	influence	of	this	index	
was	lower	than	the	UVC,	beginning	to	mitigate	the	air	temperature	only	after	reaching	the	
value	of	0.61.	The	UVC	had	the	ability	to	cool	1oC	in	the	air	temperature	when	its	value	went	
up	to	0.81.	

The	OC	was	 the	 least	 responsible	 index	 for	 the	 temperature	 patterns	 in	 the	model,	
despite	having	a	relative	importance	of	23%.	The	OC	curve	is	almost	flat	with	a	slight	decrease	
in	 the	 air	 temperature	 for	 values	 higher	 than	 0.51.	 This	 decrease	must	 be	 related	 to	 the	
shadowing	effect	of	the	buildings,	because	the	larger	the	building	occupation,	the	bigger	the	
areas	of	shadows.	These	results	show	that	the	OC	was	not	as	efficient	for	cooling	the	campus	
environment	as	the	other	indexes	were.	

After	 these	 analyses,	 this	 new	 ANN	model	 developed	 for	 the	 25-meter	 radius	 was	
identified	and	reconstructed	based	on	the	steps	suggested	by	Silva	et	al.	(2008),	where	the	
weights	of	each	node	and	layer	are	extracted	by	considering	the	ANN	architecture.	Figure	4	
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shows	 an	 example	 of	 the	 reconstruction	 of	 the	 network	 architecture	 in	 an	 electronic	
spreadsheet,	where	the	columns	sequentially	correspond	to	the:	input;	node	weights	of	each	
layer;	hidden	layers;	weights	of	hidden	layers;	output.	

Figure	4.	Reconstruction	of	the	ANN	in	an	electronic	spreadsheet	

This	 reconstruction	 was	 able	 to	 incorporate	 the	 model	 in	 the	 Q-GIS,	 in	 which	 the	
thematic	maps	were	developed	using	 the	ordinary	kriging	method.	A	 thematic	map	and	a	
proposal	of	a	map	to	show	the	thermal	potential	of	the	campus	is	shown	in	Figure	5.	

The	 thematic	 map	 (a)	 in	 Figure	 5	 shows	 the	 average	 maximum	 difference	 of	 air	
temperature	between	any	specific	point	and	the	meteorological	station.	The	map	shows	that	
there	is	a	tendency	for	low	temperatures	to	occur	in	the	immediate	vicinity	of	the	lake	and	in	
the	vegetated	mass	area	preserved	around	the	lake.		However,	these	influences	of	the	body	
of	water	and	trees	also	sprawl	to	some	parts	north	of	the	campus.			Probably	this	sprawl	is	a	
response	to	the	direction	of	the	predominant	north-eastern	wind	combined	with	the	effect	
of	shade	provided	by	the	constructed	areas.	As	the	buildings	occupy	the	campus	in	a	way	that	
offers	good	permeability	for	the	wind	flow,	the	mitigation	of	air	temperature	around	some	of	
them	is	possible.	Moreover,	there	are	many	trees	around	buildings,	which	also	provide	shade	
and	cool	the	air.	

Afterwards,	 as	 can	 be	 seen	 in	 the	 thematic	 map	 (b)	 in	 Figure	 5,	 we	 proposed	 a	
microclimatic	 classification	 of	 the	 thermal	 potential	 of	 the	 whole	 campus,	 considering	 a	
division	of	the	areas	into	octagonal	cells.	Inside	each	cell,	the	difference	of	air	temperature	
between	 the	 points	 and	 the	meteorological	 station	 is	 highlighted.	 Therefore,	 the	 cooling	
potential	 of	 the	 campus	 is	 quantitatively	 shown	 in	 a	 user	 friendly	 map,	 helping	 decision	
makers	in	proposing	guidelines	that	are	based	on	thermal	information.	
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(a) (b)	
Figure	5.	Maps	showing	thermal	differences	

(a) Average	thermal	differences	(b)	Graphical	representation	of	the	thermal	potential	by	cells

Conclusions	

The	 campus	 has	 a	 cooling	 potential	 due	 to	 the	 lake	 and	 the	 vegetative	 mass	 of	 its	
surroundings,	which	could	be	enhanced	by	the	adequate	control	of	the	urban	indexes.	The	
latter	 showed	 an	 influence	 on	 the	 air	 temperature,	 mainly	 during	 the	 daytime,	 however	
assuming	different	relative	importance	according	to	the	radius	under	consideration.	The	25	
meter-radius	was	the	most	adequate	model	to	show	the	influence	of	the	urban	indexes	on	
the	air	temperature	of	the	campus.	

The	algorithm	developed	using	the	ANN	method	was	feasible	to	be	incorporated	into	
the	GIS,	allowing	 for	 the	estimation	of	 the	potential	of	 the	air	 temperature	differences	 in	
relation	to	the	temperature	of	the	meteorological	station.	Furthermore,	it	represents	a	tool	
that	 can	be	used	 to	generate	 thermal	maps	of	 the	whole	campus.	These	maps	 serve	as	a	
predictive	 instrument	 for	 future	 scenarios,	 contributing	 to	 the	 thermal	 planning	 of	 the	
campus.	
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Abstract:	This	paper	reports	phase	1	results	from	a	project	to	develop	design	guidance	for	urban	wind	fields.	
Phase	 one	 assesses	 “super-block”	 developments;	 Phase	 2	 redesigns	 neighborhoods	 using	 Transit-Oriented	
Design	(TOD)	guidelines	for	China	and	draws	comparisons.	The	project	addresses	urban	form	for	three	major	
criteria:	pedestrian	comfort,	air	quality,	and	building	ventilation	potential.	 Five	super-block	developments	 in	
Wuhan,	China,	were	studied,	each	with	500-700	m	(1650–2300	ft)	blocks	and	100-140	m	(330–460	ft)	“towers-
in-a-park.”	Computational	Fluid	Dynamics	(CFD)	software	was	used	to	model	velocity,	PMV	comfort,	pressure	
and	 air	 age	 patterns	 for	 summer	 and	winter	 conditions.	 Air	 quality	 is	 approximated	 by	 air	 age	 distribution.	
Building	ventilation	potential	 is	assessed	by	pressure	differentials	at	multiple	points	across	building	sections.	
Super-blocks	with	isolated	towers	have	poor	urban	quality	on	many	measures,	while	residents	drive	more	and	
use	much	more	energy	than	in	traditional	housing.	We	hypothesized	that	the	super-block	tower	pattern	would	
perform	well	on	all	 three	criteria.	Results	show	differently:	1)	Building	ventilation	potential	 is	below	Chinese	
standard	for	a	high	fraction	of	building	facade	areas,	2)	Air	age,	poorer	than	expected,	and	3)	Pedestrian	comfort,	
highly	varied.		
	
Keywords:	Pedestrian	comfort,	air	quality,	natural	ventilation	potential,	urban	form,	China	

Introduction	

The	purpose	of	this	research	it	to	develop	design	guidance	on	urban	wind	fields	for	a	range	
of	climates.	Existing	wind	field	research	typically,	though	not	always,	focuses	on	one	or	two	
variables	or	strategies	in	abstract	and	idealized	environments,	characterized	by	repetitive	and	
simplified	urban	 forms,	 free	of	 culture,	 using	 science-based	methods	 to	produce	portable	
knowledge	that	informs	the	“building	blocks”	of	urban	form	(Grimmond	&	Oke,	1999;	Zhang,	
et	 al,	 2005;	 etc.).	 This	 works	 well	 to	 isolate	 performance	 variables.	 Often	 studies	 are	
interested	in	pedestrian	comfort,	pollution	or	building	ventilation,	but	not	all	three.	In	real	
urban	design	 situations,	 sites	are	unique	and	building	 form,	 less	 repetitive.	Real	 cities	are	
composed	of	complex	and	differentiated	forms	set	in	local	cultures	with	local	development	
regulation	and	economics.	Therefore,	the	project	takes	real	sites	as	its	subject	and	examines	
three	criteria.	

We	 selected	 a	 rapidly	 growing	 Chinese	 context	 in	 Wuhan	 where	 the	 typical	 new	
construction	for	housing	districts	is	“super-blocks,”	with	large	tracts	of	500-700	m	(1650–2300	
ft)	across,	few	internal	roads,	low	street	connectivity,	and	tall	buildings	spaced	widely	apart	
to	meet	the	Chinese	sunlight	and	overshadowing	requirements.	This	approach	follows	the	
20th	 century	Modernist	 tenets	 of	 “towers	 in	 a	 park”	 (Le	 Corbusier,	 1933).	 In	 contrast	 to	
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previous	Chinese	urban	patterns,	the	Super-block	type	shifts	from	mixed	use	to	single	use,	
from	street-oriented	and	courtyard	types	to	slabs	with	setbacks,	from	small	interconnected	
blocks	on	narrow	streets	to	hierarchical	wide	auto-dominated	streets,	from	a	dependence	on	
walking,	bicycles,	and	public	transit	to	car-dominance	and	underground	parking.	Residents	of	
are	more	affluent,	drive	many	more	annual	kilometers,	and	use	much	more	energy	than	those	
in	traditional	neighborhoods	(Calthorpe,	et	al,	2012).		

In	 contrast,	 Peter	 Calthorpe,	 et	 al,	 (2012)	 have	 proposed	 guidelines	 for	 “Transit-
Oriented	 Development”	 (TOD)	 on	 small	 bocks	 as	 a	 model	 that	 supports	 mixed	 mode	
transportation,	 reduces	 energy	 use	 and	 personal	 expense	 for	 housing,	 cars	 and	 fuel,	 and	
improves	 quality	 of	 life	 by	making	 shopping,	 school	 and	work	more	 convenient	 to	 home.	
However,	 in	 reviewing	 the	 TOD/small	 block	 guidelines	 we	 found	 no	 discussion	 of	 urban	
climate,	wind	patterns,	air	pollution,	pedestrian	comfort,	or	building	ventilation.	Variations	in	
the	suggested	building	form	for	different	climates	seem	absent,	preferring	a	standard	spacing	
angle,	rather	than	solar	access	angle	adjustments	by	latitude	as	found	in	Chinese	codes.	

Methods	

Our	 hypothesis	 for	 the	 larger	 project,	 to	 be	 fully	 evaluated	 in	 Phase	 2,	 is	 that	 the	more	
compact	 and	 enclosed	 TOD	 development	 will	 perform	 rather	 poorly	 on	 wind	 criteria,	 as	
compared	to	super-blocks	at	equivalent	density.	The	general	method	of	the	larger	project	is	
in	six	parts;	the	first	two	are	covered	herein:	1)	Assess	five	existing	super-block	designs	for	
wind	performance	and	characterize	three	performance	metrics;	2)	Draw	conclusions	about	
performance.	 Select	 one	 site	 for	 redesign;	 3)	 Using	 TOD	 guidelines,	 design	 a	 new	
neighborhood	at	the	same	density	on	the	selected	site;	4)	Evaluate	wind	performance	of	the	
new	design;	5)	Select	wind	design	strategies	to	improve	performance	and	redesign	the	TOD	
neighborhood;	6)	Compare	wind	performance	of	TOD	neighborhood	and	super-block.		

Assessing	Existing	Sites	

Lying	in	a	sub-tropical	monsoon	climate,	in	IECC	warm-humid	zone	3B	(similar	to	Memphis,	
Tennessee,	USA),	the	four	seasons	in	Wuhan	are	clearly	marked.	Winter	in	Wuhan	is	cool	with	
significant	wind-chill	from	river	winds	and	high	humidity.	With	its	reputation	as	one	of	China's	
three	summer	"furnace	cities,"	summer	is	hot	and	humid,	continuing	for	about	130	days	with	
mean	high	temperatures	of	30–34°C	(86–93°F)	and	summer	design	temperatures	of	34–38°C	
(93–100°F).	

We	 examine	 common	 contemporary	 development	 patterns	 in	 rapidly	 developing	
Wuhan	City,	Hubei	Province,	China.	Five	sites	and	their	existing	or	proposed	development	
patterns	were	evaluated	for	their	wind	field	patterns	and	assessed	for:	1)	Pedestrian	comfort	
(based	on	PMV);	2)	Air	quality	(based	on	air	age);	3)	Cross-ventilation	potential	of	buildings	
(based	on	pressure	differences	on	facades).	The	five	sites	(see	Fig.	2)	are	Fudidonghu	(Fudi),	
Quingshan,	Ten	Mile,	Wuhan	Business	Center	(WHBC),	and	Wu	Tong	Yuan	(WTY).		

These	were	assessed	for	the	following	site	characteristics,	with	results	shown	in	Table	
1:	1)	Gross	Floor	Area	Ratio	(FAR),	also	called	“Plot	Ratio”,	as	total	built	floor	area	of	all	floors	
divided	by	site	area;	2)	Net	Floor	Area	Ratio,	as	total	built	floor	area	of	all	floors	divided	by	
site	area,	with	areas	of	 internal	roads	subtracted;	3)	Gross	Open	Space	%,	as	area	unbuilt,	
including	internal	roads,	divided	by	site	area;	4)	Gross	Site	Cover	%,	as	building	footprint	area	
divided	by	site	area,	including	internal	roads;	5)	Net	Site	Cover	%,	as	building	footprint	area	
divided	by	site	area,	where	internal	roads	are	subtracted.	Buildings	were	traced	in	CAD	from	
site	plans.	3-D	models	were	built	 in	Ansys	AirPak	(Fluent,	2007)	with	heights	estimated	by	
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typical	Chinese	floor-to-floor	dimensions	of	3	m	(10	ft).	CFD	analysis	in	AirPak	was	conducted	
for	two	wind	directions:	North-Northeast	(NNE),	which	is	the	most	common	direction	for	10	
months,	from	August	to	May,	and	Southeast	(SE),	the	most	common	direction	in	June	and	the	
required	 direction	 for	 summer	 analysis	 by	 government	 standard	(MOHURD,	 2013).	 Initial	
airport	wind	speed	used	was	2.6	m/s	(5.8	mph),	a	rate	representative	of	afternoon	winds,	
slightly	higher	than	the	daily	average,	but	more	likely	to	be	coincident	with	high	afternoon	
temperatures.	 For	 comparison,	 the	 same	speed	was	used	 for	both	directions.	 This	airport	
speed	was	reduced	by	AirPak	to	1.3	m/s	(2.9	mph),	accounting	for	urban	terrain.		

Table	1			Site	metrics	of	Wuhan	superblock	developments	

	
	

Basic	set-up	parameters	included	modeling,	of	climate	conditions	for	Wuhan	(31	N,	114	
E)	on	a	typical	summer	(June	22)	and	winter	(Jan	20)	day,	including	solar	loading	for	12	noon,	
radiant	effects	between	buildings,	 IAQ,	and	air	flows	for	velocity	and	pressure.	Turbulence	
flow	regime	used	was	RNG	k-e	turbulence	model.	Boundary	layer	thickness	was	set	at	300	m	
(984	 ft)	 at	meteorological	 station	and	450	m	 (1476	 ft)	 in	Wuhan	city	with	 “urban”	as	 the	
surrounding	terrain	type.	The	surrounding	flow	field	context	in	AirPak,	called	the	“room,”	was	
defined	at	300	m	(984	ft),	3	times	the	tallest	building	height,	with	upwind	dimensions	at	least	
two	times	the	height	and	downwind,	at	least	six	times.	For	visual	analysis,	CFD	contour	plots	
were	printed	at	the	same	scale	with	the	same	intervals	for	all	sites	for	visual	comparison	of	
air	age,	air	speed,	velocity	vectors.	

	

		 	
Figure	1			CAD	model	and	plan	of	original	Fudidonghu	super-block	in	Wuhan	

Results	

Pedestrian	Comfort	

PMV	 (predicted	mean	 vote)	was	 calculated	 in	AirPak	 for	 pedestrians,	 assuming	moderate	
walking	 (MET	 =	 2.4)	 and	 summer	 conditions	 of	 30˚C	 (86	 ˚F)	with	 CLO	 =	 0.57,	 and	winter	
conditions	of	5˚C	(41	˚F)	with	CLO	=	1.12.	We	generated	contour	maps	from	the	CFD	software		

Fudi Quishan Ten Mile WHBC WTY

Gross FAR 3.03 3.64 4.10 2.94 5.43

Net FAR 3.22 4.38 7.34 4.35 6.61

Gross Open Space % 88% 86% 88% 86% 84%

Gross Site Cover % 12% 14% 12% 14% 16%

Net Site Cover % 13% 17% 21% 21% 20%
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Figure	2			Predicted	mean	vote	(PMV)	in	five	super-block	neighborhoods	with	NNE	wind	

(See	Table	2	for	statistics)	

at	intervals	on	the	PMV	scale.	Output	was	an	indexed	eight-color	raster	format,	which	isolated	
contour	zones	to	specific	single-color	bands,	shown	in	Table	3.	The	specific	site	areas	within	
bounding	streets	were	excerpted	graphically	and	analyzed	by	color	range	in	Photoshop®	using	
the	histogram	function	to	count	pixels	and	determine	the	percentage	of	site	area	outdoors	
within	each	PMV	band.	Due	to	space	limits,	Figure	2	shows	results	for	the	NNE	direction	only.	
The	distribution	percentages	are	graphed.	Comparative	PMV	statistical	analysis	is	shown	in	
Table	3.		
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Table	2			Statistics	for	pedestrian	comfort	near	the	ground	from	two	directions	in	five	superblocks,	
PMV	score	(NNE	is	winter,	SE	is	summer	condition)	

	
Air	Quality	

Contour	plots	for	air	age	were	output	in	post-processing	with	contour	bands	set	for	a	range	
of	 time	 in	 seconds.	 The	 same	 analysis	 method	 described	 above	 for	 PMV	 was	 used	 to	
determine	 the	 percentage	 distribution	 on	 the	 site	 in	 each	 time	 band.	 Results	 are	 shown	
graphically	in	Figure	3,	which,	due	to	space	limits,	shows	results	for	the	NNE	direction	only.	
Results	 of	 comparative	 statistical	 analysis	 are	 shown	 in	 Table	 3.	 A	 common	 standard	 for	
indoor	air	age	as	an	 indicator	of	air	quality	 is	a	maximum	of	300	seconds	(5	minutes).	For	
outdoor	air,	there	is	no	similar	standard,	but	healthy	air	can	likely	be	present	at	longer	ages	
than	indoors,	assuming	the	city	is	being	supplied	with	fresh	air,	as	the	ratio	of	air	volume	per	
person	is	much	greater	outdoors.	In	general,	air	age	can	be	used	as	a	relative	indicator	for	
outdoor	 air	 quality	 (Ramponi,	 et	 al,	 2015).	 The	 results	 do	 not	 represent	 the	 age	 air	 at	 a	
particular	point,	that	 is	how	long	that	 local	volume	of	air	has	been	in	one	place.	Rather,	 it	
measures	“the	average	lifetime	of	air	at	a	particular	location	in	the	[site]	relative	to	the	time	
when	 it	 first	 entered	 the	 [analysis	 boundary].	 It	 gives	 an	 indication	 of	 the	 air	 freshness.”	
(Fluent,	2007).	Because	the	distances	are	much	greater	than	for	an	indoor	room,	mean	air	
age	values	are	longer	than	for	indoors.	Air	age	is	therefore	an	imperfect	freshness	indicator.		
	

	
Figure	3			Predicted	mean	air	age	in	five	super-block	neighborhoods	for	NNE	wind	direction	

(See	Figure	2	for	3-D	illustrations	of	each	site.	See	Table	3	for	statistics)	

	

Mean Median Variance Std Dev 1st Quart 4th Quart IQR

NNE SE NNE SE NNE SE NNE SE NNE SE NNE SE NNE SE

Fudi -1.36 1.85 -1.36 1.89 0.06 0 0.24 0.05 -1.57 1.82 -1.18 1.95 0.39 0.13

Quishan -1.27 1.87 -1.3 1.87 0.08 0 0.28 0.04 -1.5 1.81 -1.07 1.94 0.43 0.13

Ten Mile -1.01 1.82 -0.98 1.84 0.14 0.01 0.37 0.11 -1.21 1.75 -0.76 1.92 0.45 0.16

WHBC -1.33 1.82 -0.85 1.84 0.06 0.01 0.24 0.11 -1.54 1.75 -1.14 1.92 0.4 0.16

WTY -1.39 1.84 -1.42 1.85 0.05 0.01 0.23 0.09 -1.59 1.78 -1.24 1.93 0.35 0.15
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Table	3			Statistics	for	air	age	near	the	ground	from	two	wind	directions	in	five	superblocks,	seconds	

	
Ventilation	Potential	

Most	Chinese	residential	buildings	are	one	unit	thick	to	promote	cross-ventilation	through	
the	home.	To	assess	cross-ventilation	potential	for	buildings,	we	examined	wind	pressures	at	
points	on	opposite	building	faces	and	calculated	pressure	differences	between	point	pairs.	
The	CFD	software	allows	for	export	of	a	grid	of	data	points	for	each	building	face.	The	vertical	
grid	was	 in	2	m	(6.6	ft)	 increments	and	the	horizontal	grid,	at	 least	ten	points	per	face,	as	
required	 under	 Chinese	 stands	 for	 ventilation	 potential	 assessment.	 After	 the	 pressure	
differences	were	calculated,	data	was	grouped	and	analyzed	within	vertical	facade	zones	of	
33	m	height	(108	ft).	For	example,	a	100	m	(328	ft)	tower	has	Low	(L),	Middle	(M)	and	High	
(H)	zones.	Shorter	buildings	have	one	or	two	zones	and	very	tall	towers	have	an	additional	
Tower	(T)	zone.		

Figure	4			Wind-driven	pressure	differences	between	facades	in	Fudi	superblock	buildings	
(See	Table	4	for	statistics)	

Figure	4	 shows	 results	 for	 the	 Fudi	 site	 from	 two	wind	directions.	 Table	4	 gives	 the	
percentage	of	buildings	with	pressure	difference	less	than	the	1.5	Pa	Chinese	standard.	

Table	4			Percentage	of	buildings	not	meeting	Chinese	natural	ventilation	standard	of	∆p	>	1.5	Pa	

	

Mean Median Variance Std Dev 1st Quart 4th Quart IQR

NNE SE NNE SE NNE SE NNE SE NNE SE NNE SE NNE SE

Fudi 455 363 431 356 13183 5107 115 71 361 317 526 394 166 77

Quishan 448 431 398 416 27222 19902 165 141 339 311 479 540 140 229

Ten Mile 466 492 440 448 20816 24342 144 156 359 376 539 562 180 186

WHBC 502 369 502 356 33618 7290 183 85 359 317 595 396 236 79

WTY 451 511 431 455 18467 35365 136 188 345 358 543 646 198 288

Site Height NNE SE Site Height NNE SE Site Height NNE SE
Fudihu L 33 67 Ten Mile L 71 46 WHBC L 57 57

M 44 56 M 75 54 M 35 35
H 22 56 H 75 50 H 47 41

Ave 33 60 Ave 74 50 T 0 17
Qingshan L 56 78 WTY L 72 67 Ave 35 43

M 44 67 M 67 61 L= Low facade zone (0-33m) 
M=Medium (33-67m); H= High (67-100m);  
T = Tall (100-140m)

H 33 67 H 56 67
Ave 44 71 Ave 65 65

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 1674



	

Analysis	of	Results		

Pedestrian	Comfort	PMV	

Winter	conditions	used	in	this	analysis	were	5˚C	(41	˚F),	70%	RH,	300	W/m2	global	horizontal	
radiation	in	January.	With	a	1.3	m/s	wind,	a	baseline	PMV	in	an	open	field	can	be	expected	as	
–1.4	(slightly	cool)	or	–0.6	(slightly	cool)	with	no	wind.	Being	in	the	direct	sun	without	wind	
moves	the	PMV	to	neutral.	Winter	median	PMVs	(the	NNE	direction	in	Table	2)	range	from	–
0.85	(slightly	cool)	in	WHBC	to	–1.42	(cool)	at	WTY.	Median	comfort	conditions	are	generally	
better	than	the	baseline	PMV,	as	expected	in	a	more	sheltered	environment.	

Summer	conditions	used	were	30˚C	(86	˚F)	for	June,	70%	RH,	and	540	W/m2	radiation.	
Under	these	conditions,	baseline	PMV	in	an	open	field	can	be	expected	to	be	about	+2.5	(hot)	
in	June	with	1.3	m/s	wind	and	+2.6	(hot)	without	wind,	according	to	the	PMV	formula.	The	
authors	note	that	this	very	slight	improvement	with	a	breeze	does	not	align	with	our	lived	
experience	under	such	warm-humid	conditions.	Being	in	the	sun	raises	the	PMV	to	3.0	(very	
hot).	Summer	median	PMV	(the	SE	direction	in	Table	2)	show	a	tight	range	from	+1.84	(warm)	
at	Ten	Mile	and	WHBC	 to	+1.89	 (warm)	 at	 Fudi.	Median	comfort	 conditions	are	generally	
better	 than	 the	 baseline	 PMV,	 due	 to	 shading	 and	 radiant	 effects	 from	 buildings,	 one	
presumes,	 as	 increased	wind	 speed	makes	 little	 difference	 in	 the	 PMV	 improvement.	 For	
example,	doubling	the	wind	speed	from	1.3	to	2.6	m/s	(2.9	to	5.8	mph)	surprisingly	improves	
PMV	by	only	0.1,	suggesting	a	somewhat	limited	utility	for	outdoor	hot	climates.		

Air	Quality	

Median	site	air	ages	with	NNE	wind	show	a	relatively	small	range	from	398	to	502	seconds	(s),	
with	Qinshan	having	the	freshest	air.	From	the	SE,	median	air	ages	range	from	356	to	455	s,	
with	Fudi	and	WHBC	both	having	the	lowest	air	age.	The	results	show	that	a	combination	of	
density,	wind	direction,	building	type	and	building	layout	appear	to	have	an	influence	on	air	
age.	The	densest	scheme,	Ten	Mile,	at	FAR	7.34,	has	a	lower	median	air	age	than	WHBC,	with	
FAR	of	4.35.	Ten	Mile	uses	tall	point	blocks,	whereas	WHBC	is	configured	in	rows	of	more	
slab-like	towers.	For	such	an	aligned	arrangement,	wind	direction	makes	a	big	difference	in	
air	age.	In	WHBC,	NNE	wind,	which	is	perpendicular	to	the	slab	facades,	gives	an	average	air	
age	of	502	s,	while	the	SE	wind,	arriving	at	an	angle	to	the	building	faces,	drops	air	age	to	369s.	
It	is,	rather	obviously,	important	to	consider	multiple	primary	wind	directions	in	a	city	where	
each	of	the	hottest	three	months	has	a	different	predominant	direction	(SE,	SW,	and	NNE).		

Building	Ventilation	

Pressure	difference	analysis	showed	some	surprising	results,	including	large	differences	based	
on	wind	 direction.	 Summer	 analysis	 is	mandated	 from	 the	 SE,	 yet,	 three	 of	 the	 five	 sites	
performed	better	with	a	NNE	wind.	When	wind	is	from	NNE,	the	best	overall	performance	is	
in	Fudi,	where	33%	of	building	façade	areas	do	not	meet	the	standard.	In	some	cases,	such	as	
Ten	Mile,	74%	fall	short.	According	to	the	SE	wind	analysis,	WHBC	is	best	at	43%	not	meeting	
the	ventilation	 criteria,	while	71%	of	Quinshan’s	units	 fail.	 The	ventilation	effectiveness	 is	
below	 anticipated,	 and	 we	 believe	 the	methods	 used	 were	 rigorous,	 so	 the	 poor	 results	
suggest	questioning	either	the	CFD	accuracy	or	the	ventilation	standard	itself.		

Results	 showed	 that	 higher	 floors	 (H)	 of	 tall	 buildings	 do	 not	 always	 get	 better	
ventilation.	Although	wind	pressures	may	be	higher,	pressures	are	higher	on	both	sides	of	
buildings,	 so	 pressure	 difference	 is	 not	 always	 greater	 than	 on	 lower	 (L)	 floors.	 Flow	
disturbances	in	a	complex	arrangement	change	the	wind	directions,	such	as	with	downwash,	
The	mid-height	(M)	sections	sometimes	have	poorer	ventilation	potential	than	the	lower	(L)	
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floors,	such	as	at	Ten	Mile.	We	expected	greater	difference	between	low	and	high	floors,	but	
the	range	in	many	cases	is	relatively	small	(11%	for	SE	in	Fudi,	10%	for	SE	in	WHBC,	etc.).	

Site	Redesign		

The	 project	 objective	 is	 to	 determine	 whether	 or	 not	 TOD	 could	 meet	 the	 wind-related	
performance	 of	 the	 super-block	 schemes.	 The	 TOD	 “high-rise	 residential”	 zone	 has	 a	
maximum	FAR	=	3.5	and	20	stories,	while	the	“Tower	Residential”	zone	allows	up	to	FAR	=	4.0	
and	33	stories.	All	of	the	super-blocks	except	Fudi	have	net	FARs	over	3.5	and	towers	of	33	or	
more	stories.	For	this	reason	we	chose	the	Fudi	site	for	redesign	to	TOD	standards.	Figure	5	
shows	our	site	design	following	TOD	rules	with	the	same	floor	space	as	Fudi.	The	superblock	
is	subdivided	into	four	bocks	with	street-facing	buildings	and	internal	courts	and	each	housing	
unit	provided	with	sun	and	through-ventilation.		

	
Figure	5.		Fudi	site	redesign	using	TOD	guidelines	for	“Tower	Residential	Zone.”	Floor	area	=	200,000	m2	

Conclusions	

In	 analysing	 five	 Wuhan	 superblock	 schemes,	 we	 established	 the	 range	 of	 comparative	
performance	 against	which	new	TOD	or	 other	 designs	 can	be	 assessed	 and	 reported	 in	 a	
future	paper.	Based	on	the	PMV’s	weak	distinctions	for	hot	conditions	and	the	tight	range	
found,	we	are	left	with	an	ambiguous	result	for	relative	pedestrian	comfort	based	on	PMV	
and	will	investigate	other	metrics	and	analysis	tools.	Air	age	as	an	indicator	of	air	quality	gives	
us	a	basis	for	TOD	comparisons,	with	temperance	warranted	as	previously	discussed.	Despite	
some	questions	about	accuracy,	including	our	surprise	at	how	many	buildings	do	not	meet	
the	 Chinese	 ventilation	 criteria,	 the	 ventilation	 potential	 results	 should	 also	 serve	 as	 a	
comparative	base	for	urban	design.	Towers	and	slab	types	were	promoted	in	the	20th	century	
as	good	for	providing	light	and	air.	If	pedestrian-,	urban-	and	energy-friendly	TOD	can	provide	
equal	or	better	light	and	air	at	similar	density,	then	it	will	be	another	positive	argument	for	
its	emergence	as	a	model	for	rapidly	expanding	cities	in	China	and	elsewhere.	
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Abstract: Quantifying urban heat island effect often requires the observation of air temperature distribution
over the whole city. Satellite or aircraft mounted radiometers, car mounted temperature sensors and GPS
loggers or fixed point monitoring have been employed in previous studies for urban heat island effect analysis.
Above methods often are very expensive, labour intensive and have its own limitations. This paper proposes a
novel approach to measure in real-time, and most importantly to predict urban heat island effect and indoor
overheating through weather forecast data feeds services, such as the UK Met Office DataPoint service, which
releases 3-hourly site-specific forecast for nearly 6,000 locations in the UK. The geographic high resolution
weather forecasts are made available for over 300 locations around London, which provides rich dataset for
urban heat island effect study and indoor overheating study. In this paper, authors have compared the observed
temperatures with next 24-hour forecasts from 7 difference forecast providers. The relatively small difference
(often less than 1oC) provides us confidence in creating ‘true’ temperatures for locations that do not have 
weather observation stations. This enables built environment researchers and industrial partners to predict
indoor temperature and mitigate indoor overheating risks effectively.

Keywords: weather forecast, urban heat island, prediction, overheating, modelling

Introduction 

Overheating risks under changing climate has been identified by a number of research
projects in the UK.  Since 2009, the Adaptation and Resilience in the Context of Change
network (hosted at ECI, Oxford) has facilitated the networking and synthesis of research in
adaptation and resilience of buildings and infrastructure to climate change.  The network
integrated the findings from a number of EPSRC research projects to help ensure that policy
and practice have the best available evidence. These EPSRC projects include DeDeRHECC
(EP/G061327, Prof Short, Cambridge), LUCID (EP/E016375, Prof Davies, UCL), SNACC
(EP/G060959, Prof Gupta, Oxford Brookes), COPSE (EP/F038178) and SCORCHIO (EP/E017398,
Professor Levermore, Manchester), PROMETHEUS (EP/F038305, Prof Coley, Bath),
PROCLIMATION (EP/F038151, Prof Hanby, Loughborough), Decision support for building
adaptation in a low-carbon climate change future (EP/F038240, Prof Banfill, Heriot-Watt).

These projects provided the growing evidence of overheating occurring more
frequently in hospital, homes(both new and existing), and especially in smaller, single-aspect
dwellings where cross ventilation is more difficult to achieve. The Good Homes Alliance report
highlighted 30% of flats and elderly care homes built after 2000 overheated. In hospital,
medium-rise ward block built in late 1960s would be deemed too hot by 2030s based on
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HTM03-01 criterion (Short et al., 2012). Rodrigues et al. (2012) studied summer overheating
potential in a low-energy steel frame house in future climate scenarios, and Adekunle and
Nikolopoulou (2016) did similar study for a prefabricated timber housing. At national scale,
Beizaee et al. (2013) conducted the survey of summer temperatures and overheating risk in
English homes. Taylor et al. (2016) mapped indoor overheating risk modification across the
UK using historical design summer year and data from CIBSE.

Jenkins et al. (2014), Liu et al. (2016) and Du et al. (2012) developed future weather
data tools for assessing the long term risk of overheating in buildings for future climates. The
building performance modelling using future weather data (Ji et al., 2014) shows that
overheating could occur in pre-1919 Victorian property as early as 2020s based on CIBSE
Guide A and adaptive comfort criteria BS EN 15251.

The Joseph Rowntree Foundation report (Gupta et al., 2016) highlighted that there was
a mismatch between long term overheating prediction in climate modelling and those
measured through environmental monitoring. Researchers at UCL modelled (Oikonomou et
al., 2012) and monitored (Pathan et al., 2017) indoor overheating in London domestic building
stock. These are clear evidences showing the link between indoor overheating and urban heat
island effect. The urban heat island intensity in Manchester has a highly significant rising trend
which by the end of the century could add 2.4 oC to the average annual urban temperature,
on top of the predicted climate change increase (Levermore et al., 2017). A framework is
proposed (Lazos et al., 2014) to utilise a range of weather variable predictions in order to
optimise certain commercial building systems.

Opportunities and novelty 

All previous studies mentioned above required the observation of air temperature
distribution over the whole city to quantify urban heat island effect. Satellite or aircraft
mounted radiometers, car mounted temperature sensors and GPS loggers or fixed point
monitoring have been employed in previous projects for urban heat island effect analysis.

Above methods often are time consuming, expensive, labour intensive and have their
own limitations. Satellite imaging needs to be conducted at clear sky condition, however
urban heat island effect tends to occur at night when the city were covered by stable cloud
and still air. Car mounted data collections require a certain number of personnel at the same
time to perform a transect measurement and are not suitable for longer term measurement.
Fixed point monitoring has been seen the most accurate method, however it needs to install
significant number of temperature sensors and data loggers or data acquisition system
around urban environment. This often involves high capital/labour cost and difficulties of
getting permissions to install monitoring equipment in desirable locations. The study for
Great Manchester (where 59 temperature data loggers were installed) had involved 8
different local councils which took almost a year to negotiate with.

Since 1973, researchers (Corpening et al., 1973) have begun to develop statistic models
to predict summer peak energy load. The accuracy of weather data has always been a weak
point for many years. However the accuracy of weather forecasts has been improving
significantly over the past 3 decades. A four-day forecast today is more accurate than a one-
day forecast in 1980 (Met Office, 2016). This paper proposed a novel approach to measure in
real-time, and most importantly to predict urban heat island effect and indoor overheating
risks through weather forecast Application Programming Interfaces (APIs) service. The UK
Met Office DataPoint API service releases 3-hourly site-specific forecast data feeds for nearly
6,000 locations in the UK which covers population centres, sporting venues and tourist
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attractions in all cities. For London, the geographic high resolution weather forecasts are
made available for over 300 locations (yellow dots in figure 1), which provides rich datasets
for urban heat island effect study and indoor overheating study.

Figure 1 Weather observation stations (red dots) and locations with weather forecast available (yellow dots) 
The method reduces the distance between the location of building and the location of

weather data from hundreds/tens of kilometres to hundreds of meters or few meters,
therefore it increases the accuracy of building performance prediction, and most importantly,
its geographic high resolution next 5-day 3-hourly forecasts can be used for predicting
building indoor environmental condition, energy demands and renewable generations for
next few days at individual building, urban and national scale.

A number of weather forecast APIs currently available for public to use around the
world due to the popularity of smart phone and weather forecast APPs.  There are at least 7
API providers (listed in table 1) offering cost free service for the public. However there are
often restrictions attached, such as the total number requests, and/or maximum frequency
of requests (see table 1). These APIs offer worldwide opportunities for researchers and
industrial partners to explore weather adaptation solutions in built environment.

Table 1. Cost free weather forecast API providers and their limitations
API provider Calls limit Max call frequency Forecast Data source

datapoint.metoffice.gov.uk 5000/day 100/minute 5-day 3-hourly XML/ JSON
api.openweathermap.org None 60/minute 5-day 3-hourly XML/ JSON
api.weatherbit.io None 45/minute 5-day 3-hourly JSON
api.darksky.net 1000/day None 7-day hourly JSON
api.wunderground.com 500/day 10/minute 10-day hourly XML/ JSON
api.apixu.com 5000/month None 10-day hourly XML/ JSON
api.met.no None None 10-day 3-hourly XML

Method 

The main aim of the paper is to demonstrate the novel approach of predicting urban heat
island effect and its impact on indoor overheating through linking near future weather
forecasting and building performance simulation. To achieve this aim, following eight working
tasks were conducted in sequence by using numerical programming tool Matlab, building
energy simulation tool EnergyPlus and geographic information system tool QGIS.

Task 1: Regularly capture next 24-hour forecasts and observations for the locations
interested in this study from different weather forecast API providers. This was achieved
through scheduling Matlab tasks 4 times a day to download the latest next 24-hour forecasts
and past 24-hour observation in the file format of .xml or .json over 7 months period starting
from April 2016. In this study, the rolling next 24-hour forecasts for 302 locations in London
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and forecasts for Cardiff, Belfast, Edinburgh and Heathrow airports were recorded. The
observations from weather stations at Cardiff, Belfast, Edinburgh and Heathrow airports and
other 8 locations around London (red dots in figure 1) were also recorded 4 times a day for
the same period. This involves sending over 1.8 million requests to different API providers
and saving the corresponding data files.

Task 2: Convert the received data files into a Matlab data file. The files returned from
APIs are normally in .xml or .json format. A bespoke Matlab script was developed to combine
the individual observation or forecast files into time series data matrix, and cubic spline
interpolate data for any gap shorter than 3 hours.

Task 3: Compare the weather observation at four UK capital cities with next 24-hour
forecasts made for the same location, and identify the best forecast provider for the UK. This
study is essential to understand the data quality of forecasts from different API providers.
Note that each data provider may have strength in creating forecasts for a particular region.
For example, the UK Met Office has better understanding of UK weather, whereas the
Norwegian Meteorological Institute might do better job in their geographical coverage area.

Task 4: Understand the distribution of the difference between next 24-hour forecast
and observations obtained from weather stations. This was based on the statistical analysis
of a relative long term dataset (7 months period in this study). It provides evidence for
quantifying the forecast accuracy of the particular weather forecast provider.

Task 5: Once the confidence of weather forecast was established, the sensitivity of
forecast in relation to geographical distribution was tested through comparing the forecasts
made available for a number of locations in the same city. In this paper, the forecasts for 302
locations around London were studied.

Task 6: Above testing and comparisons with observation provide qualitative evidences
in creating the next 24-hour temperature mapping for a city, in this paper, London. This
enables researcher and industrial partners to predict outdoor temperature at city centre and
fringe, to map urban heat island effect and qualify urban heat island intensity numerically.

Task 7: Outdoor temperature forecasts for different parts of the city were translated
into indoor warmness through building performance modelling in this task. EnergyPlus
Version 8.6 were used in this task. It has been tested against ANSI/ASHRAE Standard 140-
2001 and are widely used by both practitioners and researchers internationally. A single zone
high mass building for free floating temperature test - Case 900FF in ANSI/ASHRAE Standard
140-2001(ASHRAE, 2001) was chosen as the case study building due to its simplicity and it has
been widely used for overheating studies. The building is a rectangular single zone (8 m wide
x 6 m long x 2.7 m high) with no interior partitions and 12 m2 of south facing windows. The
building is of heavy weight construction with wall U-value of 0.512, roof U-value of 0.318 and
floor U-value of 0.039 W/m2K. There is no mechanical heating or cooling system. Please refer
ANSI/ASHRAE Standard 140-2001 for further details of model drawing and settings.

Task 8: The indoor temperatures for the 2 identical case study buildings located at city
centre and fringe were compared against CIBSE overheating benchmarks CIBSE Guide A 2006
and CIBSE TM52/BS EN 15251 adaptive thermal comfort standard. Results of comparison
studies and modelling results of case study buildings were reported in the following section.

Results and discussions 

The task 1 and 2 are the designed for generating raw data for the following study, and there
are no statistical or graphic outputs. This section illustrated the results from task 3-8 and the
subheadings are named accordingly.
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Results – Task 3: Selection of weather APIs 

The Root Mean Square Errors (RMSEs) between observation and forecasts from 7 difference 
weather APIs were calculated to quantify how close these forecasts are to observations from 
weather stations. Figure 2 shows that the UK Met Office has the best forecast for the UK over 
the testing period. In general, the difference between UK Met Office forecasts are less than 1 
oC.  The relatively small difference provides us confidence in creating ‘true’ temperatures for 
locations that do not have weather observation stations. Hence, all the following studies used 
the UK Met Office forecasts. 

 
Figure 2. RMSE between observation and forecasts from 7 difference weather APIs (1st to 6th April) 

Results – Task 4: Comparison between observation and forecast 

The observed temperature and 24-hour ahead forecast at London Heathrow from the UK Met 
Office during the period of 1st May to 31st December 2016 was shown in figure 3. It confirms 
that the forecast is very close to observation. The blue line in late July, early September and 
early October was due to missing forecast data which was caused by shutdown of data 
collection computer. Figure 4 illustrates the distribution of the difference between forecasts 
and observations for additional 8 locations in London. The central red line indicates the 
median of difference which are very close to zero. The bottom and top edges of the box 
indicate the 25th and 75th percentiles of difference distribution, respectively. This means that, 
for over half of testing period, the difference between forecast and observation are less than 
0.5 oC for most of sites. Occasionally the difference could reach 2-3 oC. 

 

Figure 3. Observed temperature and 24-hour ahead forecast at London Heathrow (1st May to 31st Dec 2016) 

 

Figure 4. The distribution of the difference between observed temperatures and forecasts at the eight weather 
stations around the London 
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Results – Task 5: Weather forecast sensitivity testing 

The Met Office forecast claims that their UK Site Forecasts are generated through the UK High 
Resolution Unified Model on Met Office’s Cray Supercomputer that is capable to do 16000 
trillion calculations a second.  The High Resolution Unified Model has a fine grid of 1.5km by 
1.5km horizontally and 70 layers vertically for about 40km high. In order to understand 
whether the forecasts are location sensitive enough to capture urban heat island effect, the 
average forecasted temperature for 302 locations around London during the period of 1st May 
to 31st December 2016 was shown in figure 5 Left. It shows that the difference of average 
temperature could be up to 3 oC over the 7 months period. 

 

Figure 5. Left: Average temperatures at 302 locations around London over the period of 1st May to 31st Dec 
2016; Right: Forecasted urban heat island effect in London at 9pm on 18th July 2016 

Results – Task 6: Urban Heat Island Intensity 

 The predicted temperatures distribution (at 21:00 18th July 2016) around London were 
mapped using forecasts (made at 23:00 17th July) from 302 data points around London in QGIS 
2.18 software. The software’s Inverse Distance Weighting (IDW) interpolation method 
calculates the temperature values for locations do not have forecast data. The results (figure 
5 Right) shows the central London is general 3-5 oC warmer than its boundary area.  

The calculation method of UHI Intensity (UHII) in this paper has been defined in authors’ 
previous study (reference omitted for blind review). In short, it is the temperature difference 
between the average temperature of the central cluster (red dots in figure 5 Right) and the 
average temperature of boundary at each specific time step (green dots in figure 5 Right). The 
UHIIs over the period of 1st May to 31st December 2016 were illustrated in figure 6. In general, 
it ranges from 1 oC to 4 oC and tends to reach the peak at night. 

 

Figure 6. 24-hour ahead UHI Intensity forecast over the period of 1st May to 31st December 2016 

Results – Task 7: Indoor temperature modelling 
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To explore the impact of UHI on indoor overheating, 2 identical buildings (Case 900FF) located 
in city centre (Westminster) and city boundary (Tanners Hatch YHA, southwest outside 
London M25) were selected to conduct building performance modelling in EnergyPlus for the 
week starting from 13th July 2016. The results (figure 7) shows that rooms in city centre is 
always warmer than the same room at city boundary, however outdoor temperature is only 
one of factors influencing indoor temperature.  

 

Figure 7. Predicted indoor (solid line) and outdoor temperature (dot line) at city centre (red) &boundary (blue) 

Results – Task 8: Indoor overheating benchmarking 

The indoor temperatures for the 2 identical case study buildings located at city centre and 
fringe over the 7 months period were compared against CIBSE overheating benchmarks CIBSE 
Guide A 2006 and CIBSE TM52/BS EN 15251 adaptive thermal comfort standard. The results 
in table 2 shows that rooms in city centre is significant warmer than rooms at city fringe. 
Therefore, the mitigation of the urban heat island in city centre is the key. Different strategies 
to reduce UHI effects can be adopted, based on properly designing the urban texture in order 
to obtain the health benefits, examples including, the increase of urban surface reflectivity 
and urban vegetation (green roofs, street trees, and green spaces). 

Table 2. Indoor overheating risks comparing against CIBSE 2006 and CIBSE TM52/BS EN 15251 

Benchmark CIBSE 2006 CIBSE TM52/BS EN 15251 

Criteria 
Number 
of hours 
> 26 oC 

Number 
of hours 
>28 oC 

Criterion 1 
Hours of 

Exceedance 

Criterion 2: Number of 
days Daily Weighted 
Exceedance over 6 

Criterion 3: Upper 
Limit Temperature 
shall not exceed 4K 

Tanners Hatch YHA 270 131 101 15 7.18 

Westminster 510 279 187 24 8.87 

Conclusion 

The paper demonstrated a novel approach to predict real-time urban heat island effect and 
indoor overheating using near future weather forecast. The Met Office DataPoint API service 
provides a great opportunity for building and industrial partners to predict short term building 
performance. Authors’ research shows that the DataPoint API provides accurate real-time 
weather data for the locations in the UK that do not have weather stations, and most 
importantly, its next 5-day 3-hourly forecasts can be used for predicting indoor temperature 
at individual building, urban and national scale.  

In this paper, authors have compared the observed temperatures and next 24-hour 
forecasts from 7 difference data providers. The UK Met Office has better forecast of UK 
weather, whereas the Norwegian Meteorological Institute might have better estimations of 
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the weather in their geographical coverage area. Authors identified a number of equivalent 
weather forecast API providers outside the UK, such as openweathermap.org, weatherbit.io, 
darksky.net, AerisWeather API, wunderground.com, apixu.com. They offer the access of 
current and next 5-day 3-hourly forecasts weather data for over 200,000 cities around world.  

The immediate beneficiary of this research will be building management system 
providers, who could get free access to forecast data and prediction algorithm. For example, 
Google Nest Thermostat will be able to decide when to pre-cooling the building to avoid 
overheating by considering tomorrow’s weather in your area. Building integrated renewables 
system, such as solar air conditioning will be able to forecast their generation and demand 
from buildings, therefore optimise system performance. 
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Abstract: Glasgow’s local warming continues to rise despite slower urban growth, and overheating is expected 
to be as problematic in 2050 as it currently is in London.  In light of the slow rate of urban transformation, 
strategies to mitigate the heat island phenomenon are needed to be in place now to tackle this emerging 
problem.  Green infrastructure and the careful management of urban form appear to be the most promising 
approaches to managing local heat islands.  However, the background climate itself has considerable local 
variations and disentangling the urban effects from variations caused by atmospheric conditions is not easy. 
 
In this work, we provide a detailed view of the local cooling effects of urban form under different atmospheric 
stability conditions.  Atmospheric stability is estimated from a reference weather station set up for the 
purpose.  Urban sites were chosen to be representative of the variations in vegetation and building geometry 
in the city and were measured using fixed- and traverse-type data collection.  Based on the analysis of the 
intra-urban differences and land cover / building geometry attributes, we postulate a likely relationship 
between atmospheric conditions and local urban form in determining local microclimate in cold climate cities 
	
Keywords: Urban heat island, cold climate cities, urban form, Pasquill-Gifford-Turner classification 

Introduction	

The problem of overheating due to urban heat island (UHI) in warm climates is well 
recognised, but the UHI effect in cold climate cities is counterintuitive and sometimes 
thought of as a positive, although this could change within a short span of time.  For 
example, London’s urban heat island phenomenon had many positive connotations in the 
1960’s (including longer growing season, lower heating requirement, less de-icing on railway 
tracks, etc – Chandler, 1965).  Yet, in less than 40 years the overheating caused by the heat 
island effect has been recognised as a problem (GLA, 2006; Kolokotroni et al., 2006) and 
policies to mitigate or adapt to it have been put in place (GLA, 2011). 

Appropriate urban planning options could help ameliorate the UHI problem and help 
climate proof cities for future climate change-related risks (Kleerekoper et al., 2012).  In the 
context of cool climate cities, heat management (Stone et al., 2012) – both in terms of using 
the heat as a resource in winter and ameliorating its negative consequences in the summer 
– will be needed, in addition to climate change mitigation via greenhouse gas emission 
reduction.  Such heat management could benefit from urban form manipulation but, it is 
necessary to explore the effectiveness of certain urban forms to clearly untangle the urban 
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effect from the effect caused by atmospheric conditions.  Given the increasing interest in 
climate change adaptation as well as the increasing use of models to evaluate the efficacy of 
various adaptation actions (cf. Tomlinson et al., 2012) such assessment should account for 
both the urban as well as background atmospheric effects on microclimates.  

The present paper presents the effect of atmospheric conditions as exemplified by 
atmospheric stability and urban morphology as measured by the Sky View Factor (SVF) on 
intra-urban variations in air temperature in Glasgow, UK, a cold climate city.  The aim is to 
highlight their relative importance and to make preliminary explorations of the local 
warming effect of urban morphology under specific atmospheric stability classes. 

Background	

The comfort, energy and health implications of UHI in a cold climate city (London) are well 
described by Mavrogianni et al. (Mavrogianni et al., 2011).  Kershaw et al. (Kershaw et al., 
2010) provide a methodology to extract the UHI effect from future climate projections for 
the UK. 

In recent years the need for more careful analysis of the background atmospheric 
conditions (Lee et al., 2009; Holmer et al., 2012) and synoptic weather patterns associated 
with UHI measurements (Kolokotsa et al., 2009; Lai and Cheng 2009) is increasingly being 
recognised.  Kolokotsa et al. (2009) indicate anti-cyclonic conditions greatly contribute to 
the development of UHI during summer and have used a classification scheme of synoptic 
conditions developed by Kassomenos (2003) to investigate and report on the UHI effect in 
Hania, Greece.  

Kruger and Emmanuel (2013) estimated the background atmospheric effects on UHI 
as well as the intra-urban differences in air temperature.  They found that Intra-urban air 
temperature differences as well as the relative warming at specific urban locations were 
accentuated when accounting for atmospheric stability.  Furthermore, the relationship 
between SVF and local warming was more pronounced under stable atmospheric conditions.  

On the other hand, a review of the relationship between SVF and urban air 
temperature found it to be rather poor and contradictory (Unger, 2009).  Stronger 
relationships have been reported in specific parts of a city (such as city centre) during given 
measurement campaigns – such as Göteborg, Sweden – (Svensson, 2004) where the 
reported R2 = 0.78.  Longer term (1 year) averaged measurements over a larger area (such 
as the whole urbanised area of Szeged – Unger, 2004) showed weaker relationship (R2 = 
0.47).  Unger (2009) thus emphasised the importance of scale and called for either a 
delimited area of study (for improved correlation) or select the appropriate scale to derive 
meaningful relationship. 

Examining the effect of urban setting (height of buildings, width of street, building 
plan form) on the cooling and heating loads in London, Futcher et al. (2013) found that the 
largest effect of the urban setting was a reduction in cooling load (or overheating risk) for 
office buildings and dwellings, although the effect was stronger in office buildings (due to 
the differences in occupation between the two types).  Similar results were also reported by 
others in London (e.g.: Kolokotroni et al., 2006).  While the UHI effect is small when 
compared with the effect of shading by surrounding buildings, it nevertheless points to the 
importance of urban morphology to the management of energy consumption.  

The effect of climate change is likely to accentuate these patterns.  While the effect of 
overheating in non-domestic buildings in the UK is well known the effect on domestic 
buildings is not well studied (Jenkins et al., 2013).  There is evidence that the effect of future 
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climate change on building (cooling) energy consumption as well as thermal discomfort risk 
(overheating) is considerable for all types of buildings (Jenkins et al., 2013).  UHI anomaly 
could exacerbate the overheating induced by future climate change even in cold climates 
(Kleerekopper et al., 2013). 

Methods	and	materials	

The work measured urban microclimates at fixed locations within the city core of Glasgow 
as well as using a mobile traverse method.  Days of measurement were then grouped 
according to their class of atmospheric stability.  The measured climate data were compared 
to urban morphology (as defined by the SVF) of the measurement locations. 

Determination	of	atmospheric	stability	

We used the modified Pasquill-Gifford-Turner (PGT) (Table 1) classification system (Mohan 
and Siddiqui, 1998) using data from a weather station in the Glasgow city centre (55° 51' 
57.294"N, 4° 15' 0.2628"W, 138m amsl) to classify atmospheric stability. 

 
Table 1. Modified PGT atmospheric stability classes 

WS 
(m/s) Daytime SR (W/m²)  Night time CC (octas) 

 High1  Mod2  Low3  Cloudy  Low4  Mod5  High6 
≤2 A A-B B C  G-F F D 
2-3 A-B B C C  F E D 
3-5 B B-C C C  E D D 
5-6 C C-D D D  D D D 
>6 C D D D  D D D 

Legend: WS wind speed, SR global solar radiation, CC cloud cover, 1 (>600), 2 (300-600), 3 (<300), 4 (0-3), 5 (4-7), 
6 (8), A (highly unstable or convective), B (moderately unstable), C (slightly unstable), D (neutral), E 
(moderately stable), and F (extremely stable), G (extremely stable, low wind). 

 

Urban	morphology	

The determination of urban morphology was based on SVF as measured by Fisheye-lenses 
photographs (SIGMA 4.5mm f 2.8 EX) and computed by Rayman-pro (Matzarakis, 2013).  A 
total of 49 locations representing a wide variety of urban morphologies (narrow streets, 
neighbourhood greenspaces, urban parks, uniform and non-uniform street canyons and 
public squares) were selected on the basis of SVF and seven of these were assigned as 
locations for fixed weather stations.  Figure 1 shows the location of all selected 
measurement points. 

Mobile	temperature	measurement	protocol	

Thirty one temperature measurement campaigns were made during the Spring and Summer 
of 2013.  In order to cover a large area of city centre within a relatively short time we used 
the traverse method on three pre-determined routes, using a bicycle fitted with weather 
equipment. 
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Figure 1. Measurement point locations in Glasgow City Centre 

 
All three routes started at Point 25 and ended at Point 10 (Figure 1) and spent two 

minutes at each measurement point.  The first four temperature measurements at each 
point were discarded to allow the logger to stabilise.  At a measurement interval of 10 
seconds this gave eight measurements for each point which were then averaged.  
Measurement campaigns began at 2:30 p.m. local time (to be closer to the daily maximum 
temperature which typically occurred at 3:00 p.m. local time) and lasted approximately an 
hour.  The loggers were covered with radiation shields to prevent direct solar radiation 
affecting the measurements. 

Temperature data are reported for individual measurement dates, monthly average 
(average of all measurements obtained in a month) and intra-urban temperature 
differences (difference between traverse point temperature and the lowest temperature 
obtained during a particular measurement). 

Measurement points were geo-referenced using a handheld GPS (GPS Garmin MAP).  
These were then transferred to a GIS map (ArcGIS v. 10.1) which itself was a combination of 
2D (Lidar map) and 3D (Vector map).  The visualization of local temperature variations was 
accomplished using Arc-Map tool from Arc-GIS (v. 10.1) package.   

Results	

An initial comparison of temperature differences against urban morphology (as measured 
by SVF) on measurement days grouped by their atmospheric stability classes (as defined in 
Table 1) yielded poor results.  The list below shows the R2 value of exponential fits between 
SVF and urban temperatures: 

 
Atmospheric Stability Class ‘A’  = 0.1571; Atmospheric Stability Class ‘A-B’  = 0.2279 
Atmospheric Stability Class ‘B’   = 0.3566; Atmospheric Stability Class ‘C’  = 0.1538 
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However, the relationship between maximum intra-urban temperature differences (oC) 
and atmospheric stability appears to have a strong correlation.  Figure 2 shows that the 
presence of a highly unstable class (‘A’) is associated with the largest intra-urban 
temperature differences in Glasgow city centre.  The more unstable the atmosphere the 
larger the intra-urban temperature variation is. 

 
Figure 2. Maximum intra-urban temperatures vs. atmospheric stability 

 
Table 2 presents average intra-urban temperature differences by atmospheric stability 

classes in three formats: spatial plot, histogram and scatter plot.  All spatial plots are 
presented on the same temperature scale (light blue = 0oC to purple = 7.5oC).  Three 
observations are visible: Intra-urban temperature variations are clearly correlated to 
atmospheric stability (with the ‘slightly unstable’ class having the coolest and the most 
uniform temperatures and the ‘most unstable’ the warmest but with wider variation).  
Histograms indicate the most concentrated temperature variations occurred under Class C 
(slightly unstable).  Relationship between SVF and intra-urban temperature differences are 
similar across all atmospheric stability classes (Range of R2 = 0.4031 – 0.4308). 

Table 3 shows a matrix relating the following variables: intra-urban temperature 
differences, solar radiation, wind, minimum and maximum temperatures.  Intra-urban 
temperature differences have higher correlations (R2 >0.4) with to solar radiation and 
maximum temperatures, but weakly correlated (< 0.2) to minimum temperature and wind 
velocity.  Solar radiation has strong correlation with the maximum and minimum 
temperatures and the temperature difference.  Wind velocity has the least predictive power. 

Implications	and	Conclusions	

Both the background atmospheric conditions as well as the urban morphology influence the 
variations in local temperatures in cities.  Knowing their relative contributions to local 
temperatures variations will be useful in devising planning and design strategies to 
effectively manage the urban overheating problem. 

The present work suggests that the maximum intra-urban temperature differences (i.e. 
temperature difference between the coolest and the warmest spots) in Glasgow city centre 
is strongly correlated with atmospheric stability.  The relationship between urban 
morphology (as measured by the SVF) and urban temperature variations, while being one of 
the most well studied aspects of UHI phenomenon, is not so clear.  Atmospheric stability – 
as defined by the PGT system – has an effect on the relationship between SVF and 
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temperature but this relationship needs additional clarification.  SVF appears to have a 
‘parabolic’ relationship with air temperature during daytime (both very open – green sites 
as well as heavily built up – shaded sites show lower temperatures), but this explains only 
about half of the temperature variations.  The more unstable atmospheric stability classes 
have the largest variations in urban temperatures while the least unstable class exhibits 
smaller variations.  All of the classes explain about half of the variations in urban 
temperatures.  The spatial patterns in local temperature variations consistently show that 
water bodies and urban parks have consistently lower temperature variations.  Thus, 
greenery and urban materials could play a role in influencing the local climate in cold cities. 

 
Table 2. Distribution of temperature differences according to atmospheric stability classes 

Atmospheric 
Stability Class 

(PGT) 

Spatial plots of (average) 
temperature difference (oC) 

Histogram 
Average temperature difference 

(oC) vs. Sky View Factor 

A 

    

A-B 

   

B 

   

C 

   
 

 
 

y = -13.659x2 + 
12.192x + 1.5356

R² = 0.41487
0

2

4

6

0 0.5 1

y = -10.517x2 + 
9.5457x + 0.8836

R² = 0.43080

2

4

6

0 0.5 1

y = -5.9149x2 + 
5.2768x + 0.404

R² = 0.411820

1

2

3

0 0.5 1
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Table3. Influencing factors on intra-urban temperature differences 

 Intra urban temperature 
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Solar radiation Wind velocity Minimum temperature Maximum 
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It appears atmospheric stability has the largest effect on intra-urban temperatures, followed 
by SVF, and the latter relationship itself is mildly influenced by atmospheric stability.  
Knowing the inter-dependencies of urban morphology’s influence on local temperature 
variations could be useful in devising realistic urban planning/design strategies to 
ameliorate future urban overheating as the background climate continues to warm. 
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Abstract: It has become an article of faith that a primary objective of applied urban climatology is to mitigate 
urban  heat  islands.  There  is  irrefutable  evidence  for  correlation  between  increasing  air  temperature  and 
several negative outcomes, including increased energy consumption in buildings; impaired pedestrian thermal 
comfort;  excess  mortality  during  summer  heat  waves;  and  reduced  urban  air  quality.  Policies  for  UHI 
mitigation are promoted all over the world by bodies as diverse as the US EPA and the EU, with an urgency 
that  is  further  justified  by  concerns  about  global  warming.  However,  a  policy  focused  on  air  temperature 
reduction as the objective of UHI mitigation measures may ‐  in some cases ‐  lead to policies that are at best 
ineffective or even  counter‐productive  in  terms of  their practical outcomes.  In  contrast,  improving  thermal 
comfort or  conserving energy  can be  achieved even with no  substantial  reduction of  air  temperature. This 
requires an understanding of the inter‐related effects on the urban microclimate of street canyon dimensions, 
building density, paving materials and the effects of vegetation, as they relate to the local climate. 
 
Keywords: energy conservation, thermal comfort, urban microclimate, vegetation 

Introduction  

Urban construction results  in changes to the  local meteorological conditions, among them 
air  temperature. The  increase  in urban  air  temperatures was probably  first noted by  the 
famous American lexicographer, Noah Webster, who reported in 1799 that air temperatures 
in  central  New  York  City  were  higher  than  in  neighbouring  rural  areas  (Cerveny,  2009). 
However, it was the English meteorologist Luke Howard who assembled an extended record 
of urban‐rural differences, and his book The Climate of London (1820) is the corner stone of 
urban climate research. 

Urban‐rural  temperature differences may be observed by  three metrics  (Erell et  al, 
2011). First, the surface temperature, as observed in remote sensing imagery from satellites, 
is higher  in buildings or paved  areas  than  in  surfaces  covered by  vegetation.  Second,  air 
temperature in the urban boundary layer, which is the lowest part of the atmosphere (from 
the ground to a height of about 200‐1,000 meters, depending on atmospheric stability and 
building heights) is often higher than in the rural boundary layer. Finally, air temperature in 
the  urban  canopy  layer,  which  is  the  lowest  part  of  the  atmospheric  boundary  layer, 
extending  up  to  roof  height,  may  also  be  elevated.  It  is  this  last  metric  which  is  most 
relevant in this context. 

Numerous studies have been carried out to establish the origins of what has come to 
be  known  as  the  urban  heat  island.  The  following  mechanisms  have  been  proposed: 
increased absorption of solar radiation in the course of multiple reflections between street 
canyon  surfaces;  increased  infra‐red  emission  from  the  polluted  urban  atmosphere; 
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anthropogenic emissions from automobiles and buildings; reduced evapotranspiration due 
to lack of vegetation; and trapping of heat due to interference with wind flow. The accepted 
explanations, proposed by Oke (1981; 1982) link the formation of the urban heat island (UHI) 
to  reduced  long wave  cooling of  the  city during  the early hours of  the night,  and  to  the 
increased  thermal storage capacity  in building surfaces and pavements. Both mechanisms 
depend on the geometry of the city, which is described by means of the aspect ratio (H/W) 
of urban street canyons. A high aspect ratio (deeper street canyons) results  in elevated air 
temperature. 

It must be emphasized that the intensity of the UHI, which is commonly described by 
the urban‐rural temperature difference (∆Tu‐r), is not constant, either in time or in space. It 
increases in the evening, and reaches a maximum several hours after sunset. The nocturnal 
temperature  difference  is  often  as  much  as  5oC,  and  several  studies  have  recorded 
temperature differences of 10 degrees or more. Nevertheless, during the daytime urban air 
temperature may even be a little lower than in adjacent rural areas, a phenomenon that is 
often overlooked (Erell and Williamson, 2007). The UHI is most marked in clear nights with 
no  wind,  because  its  formation  is  primarily  the  result  of  differences  between  the  rapid 
radiant cooling of exposed rural sites compared with slower heat  loss from street canyons 
with a low sky view factor.  

Negative impacts of the UHI 

Recent  years  have  seen  growing  public  interest  in  the  consequences  of  global  climate 
change. This became especially evident as a consequence of  the extreme heat wave  that 
affected much of Europe in the summer of 2003, which led to an excess mortality of tens of 
thousands of people (Laadi et al, 2012). The increase in mortality was noted mostly among 
the elderly population that spent most of the time  indoors. However,  it was attributed to 
elevated nocturnal  temperatures, exacerbated by  the UHI, which  limited  the potential  for 
passive cooling by ventilation of apartments with no air conditioning, especially in the upper 
floors. An excess of mortality related to heat episodes has also been recorded in other cities 
in  recent years,  such as New York City  (Klein‐Rosenthal et al, 2014). However,  it  is often 
overlooked that most of the deaths do not occur due to extreme thermal exposure, nor do 
they occur when temperatures exceed a certain threshold. Rather, the increase in mortality 
is related to departures from the normal temperature conditions for each location, so that 
the  lowest death rates occur when the mean daily temperature  is approximately equal to 
the 75th percentile of the annual temperature (Guo et al, 2014). 

Numerous studies have demonstrated  that  the urban heat  island  leads  to  increased 
energy consumption for air conditioning. Akbari et al (2001), for example, reported that the 
increase  in  air  temperature  in  US  cities  since  1940,  which  was  between  0.5‐3  degrees, 
resulted  in an  increase of 5‐15%  in electricity consumption. The UHI may not only  lead to 
increased  total  demand,  but  also  cause  increases  in  summer  peak  demand  during  the 
afternoon and early evening (Hassid et al, 2000). 

Elevated  air  temperature  also  accelerates  chemical  processes  in  the  atmosphere, 
particularly the formation of ozone in reactions between volatile organic compounds (VOCs) 
and nitrogen oxides  (NOx) originating  from air pollution  (Jacob and Winner, 2009). While 
ozone in the upper atmosphere provides essential screening of UV radiation, its presence in 
high concentrations in the air we breathe may result in respiratory illness. 

Finally ‐ all else being equal ‐ any increase in air temperature on already hot days will 
result in increased thermal stress on pedestrians outdoors. 
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Strategies for mitigating the urban heat island 

The  negative  impacts  of  increased  air  temperature  have  led  the  US  EPA  to  recommend 
several strategies for UHI mitigation (Ferguson et al, 2008). These include: 

 
Cool  roofs: Cool  roofs may be classified  into  two categories. High‐albedo  roofs  (0.6‐

0.8), which maintain a relatively low surface temperature by reflecting most of the incident 
solar  radiation, were a  common  feature of  traditional architecture  in  the Mediterranean, 
where  roofs  were  whitewashed  every  spring.  Modern  cool  roofs  include  the 
implementation of so‐called ‘cool paints’, which are not necessarily white but which have a 
particularly high reflectance in the near infrared part of the solar spectrum (0.75‐3 micron) 
(Levinson  et  al,  2007).  Planted  roofs,  often  called  ‘green  roofs’,  remain  cool  by 
evapotranspiration, even though they have a very low albedo and absorb about 80% of the 
incident sunlight. Green roofs are becoming very popular, but their contribution to  indoor 
cooling may be too small to justify their installation if they require frequent irrigation, which 
is the case  in many Mediterranean locations (Schweitzer and Erell, 2014). The contribution 
of  both  types  of  cool  roofs  to  reducing  the  urban  heat  island  depends  on  widespread 
implementation all over the city, but in the absence of urban‐scale experimental studies, it 
may be useful to examine the results of thermal simulation. Li et al (2014), using the WRF 
model to evaluate potential UHI mitigation strategies for the Washington‐Baltimore urban 
area,  found that replacing 50% of existing roofs with green roofs could reduce peak near‐
surface  air  temperatures  during  a  heat  wave  by  0.26K.  Botham‐Myint  et  al,  (2015)  also 
report  that  the effect on  local air  temperature of cool  roofs  is  rather modest, and almost 
imperceptible at street level, especially where roofs are several stories above the ground.  

Cool paving: Like cool  roofs, cool paving may be created by  installing  light coloured 
tiles or by integrating vegetation. Unlike cool roofs, though, cool paving may have a greater 
impact on air temperature at street level, especially if the street is exposed to the sun. The 
temperature of  light  coloured  tiles may be  20 degrees or more  lower  than  that of  fresh 
asphalt  in direct sunlight,  resulting  in smaller sensible heat  fluxes at  the surface and  thus 
lower near‐surface air temperature (Synnefa et al, 2008). 

 Vegetation: The effect of vegetation on air temperature has been studied more than 
any other means of mitigating the urban heat  island – yet conclusions remain  inconclusive 
and display a  large variance. There are  several explanations  for  this: Measurement of air 
temperature is affected by exposure to direct sunlight, and many of the sensor shields offer 
incomplete protection  (Erell et  al, 2005);  there  are different  types of  vegetation,  so  that 
some urban parks are  cooler during daytime while others are  cooler by night  (Spronken‐
Smith and Oke, 1998); wind direction affects the temperature gradient, so that vegetation 
effects are noticeable downwind but negligible upwind of  the planted area  (Upmanis and 
Chen,  1999).  An  extensive  meta‐study  of  the  effects  of  vegetation  concluded  that  "the 
impact of specific greening interventions on the wider urban area, and whether the effects 
are due to greening alone, has yet to be demonstrated. The current evidence base does not 
allow specific  recommendations  to be made on how best  to  incorporate greening  into an 
urban area." (Bowler et al, 2010). 

Is air temperature really so important? 

A policy implemented to mitigate the urban heat island, such as the one proposed by the US 
EPA,  is  framed  under  the  implicit  assumption  that  a  reduction  in  air  temperature  will 
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necessarily  lead to the attainment of more practical goals, such as energy conservation  in 
buildings  or  reducing  thermal  stress  on  pedestrians.  Consequently,  the  success  of  the 
recommended interventions is measured in terms of their effect on air temperature. Several 
recent studies raise some doubt about this assumption. 

The use of  light‐coloured paving blocks,  independently or  in  conjunction with high‐
albedo wall surfaces, will most  likely  lead  to a  reduction of canopy  layer air  temperature. 
The  reflective  paving  absorbs  less  solar  radiation,  has  a  lower  surface  temperature  and 
consequently  gives  off  less  sensible  heat  through  convection.  Pedestrians  are  therefore 
claimed to benefit from a reduction in thermal stress. However, the thermal stress affecting 
a pedestrian  is not simply a function of air temperature. Rather,  it depends on the overall 
energy balance with the environment, which is also affected by radiant exchange (short and 
long‐wave) as well as by wind speed and humidity, which affect the efficiency of cooling by 
sweat (Pearlmutter et al, 2007). Cool paving does in fact lead to lower air temperature, and 
also emits  less  long wave  radiation – but  the  increase  in  reflection of  sunlight  that  is  the 
result of a higher albedo imposes a greater radiant load on the pedestrian. As Fig. 1 shows, 
this increase in the short wave radiant flux more than offsets gains from a modest reduction 
in air temperature and slightly lower long wave emission from the ground surface (Erell et al, 
2014). Thus, the high‐albedo paving does not in fact lead to a reduction in the thermal stress 
upon a pedestrian, but  instead may have a modest negative effect – despite the reduction 
in  air  temperature.  Furthermore,  separate  studies  have  demonstrated  that  high  albedo 
paving may also  lead  to an  increase  in cooling demand  in certain building configurations, 
because  the  reflected  radiation  from  the  pavement  may  result  in  higher  wall  surface 
temperatures  in  adjacent  buildings  as  well  as  imposing  an  increased  radiant  load  on 
windows and other glazed surfaces (Yaghoobian and Kleissl, 2012).  

 

 
 

Figure 1.  The effect of ground surface albedo on the external energy fluxes calculated for a pedestrian at the 
middle of a square (approximated by an E‐W street canyon with H/W=0.1) at noon on a typical summer day 

(Erell et al, 2014). The effects of albedo on air temperature modelled by CAT (Erell and Williamson, 2006), and 
the pedestrian energy balance by ITS (Pearlmutter et al, 2007). Reference weather data for Eilat, Israel: air DBT 

= 38.7 deg C, RH = 15%, global solar radiation 990 w/m2. 
 
There is no doubt that increasing the street canyon aspect ratio (H/W) results in more 

intense  nocturnal  heat  islands.  It  may  therefore  be  expected  that  urban  redevelopment 
involving the addition of several floors to existing low‐rise building will result in an increase 
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in  cooling  energy  demand  in  summer,  offset  to  some  degree  by  a  reduction  in  winter 
heating demands. A  computer  simulation  study of  several development  scenarios  for  the 
city  of  Tel  Aviv,  up  to  a  height  of  8  floors,  in  fact  predicts  a  substantial  increase  in  the 
intensity of  the UHI  (Erell and Kalman, 2015). However, as Fig. 2  (left)  shows,  the annual 
energy use  intensity  (EUI)  for heating and cooling a typical residential building will remain 
almost  unchanged,  and  may  even  exhibit  a  minor  decline:  This  is  not  only  because  the 
increase in cooling is offset by a reduction in winter demand; or because mutual shading by 
the  taller  buildings  reduces  the  impact  of  direct  solar  radiation.  The  main  effect  is  the 
reduction  in  the  relative  contribution  of  exposed  upper  floor  apartments  to  the  energy 
demand of the multi‐story building: such apartments require more energy to heat in winter 
as  well  as  to  air  condition  in  summer  than  do  less  exposed  apartments  in  intermediate 
floors.  It should, however, be emphasized that the simulation assumes that occupants will 
run the air conditioning at night if air temperature exceeds the comfort level during summer 
nights.  Many  Tel  Aviv  dwellers  already  do  so,  but  if  more  floors  are  added  to  existing 
buildings and the UHI will as a result become more  intense, the potential for night cooling 
will be almost entirely eliminated (Fig. 2 right), so this behaviour may be expected to be far 
more widespread. 

 

Figure 2. The effect of adding floors to existing buildings in a N‐S street in Tel Aviv, Israel. Left:  annual energy 
demand for heating and cooling, simulated using EnergyPlus with TMY files adapted by the CAT model to 
account for microclimatic modification. Right: the potential for cooling the building by night ventilation, 

calculated following Artmann et al, 2007. Bet Dagan is the reference weather station. Numbers refer to the 
total number of floors, from 2 to 8. (Figure adapted from Erell and Kalman, 2015). 

 
There  is a broad  consensus on  the  contribution of plants  to a  reduction of  thermal 

stress in hot weather. However, many studies focus on the reduction in air temperature due 
to the presence of vegetation, whereas their main contribution to thermal comfort is more 
often achieved by altering the radiant balance between a person and the environment. This 
was demonstrated  in a  field  study carried out at Sde Boqer,  Israel, where measurements 
were made in two courtyards that were identical in their dimensions and the properties of 
the  adjacent  buildings,  but  differed  in  their  plant  cover.  Six  different  scenarios  were 
monitored over the course of several weeks in summer, in which different combinations of 
two parameters were evaluated: shading (by means of a shading mesh, trees, or none) and 
ground  cover  (grass  or  a  combination  of  bare  soil  and  concrete  pavers).  Measurements 
showed that the presence of trees does in fact lower air temperature during the hot midday 
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hours (Shashua‐Bar et al, 2009). However, the temperature drop was modest, and as Figure 
3 shows, the contribution of trees to thermal comfort was only marginally greater than that 
of  the shade mesh, which had no measurable effect on air  temperature. The reduction  in 
thermal stress was in both scenarios due to the protection from the blazing summer sun, or 
in other words – to shading. The presence of grass had little effect on air temperature at a 
height  of  1m  above  the  ground,  despite  it  being  well  irrigated.  Yet  its  contribution  to 
thermal comfort was very real, because it absorbed nearly all of the incident solar radiation 
(grass has an albedo of about 0.2, similar to weathered asphalt), but being cooler than the 
soil or concrete emitted far less long wave radiation (Shashua‐Bar et al, 2011). 

 

 
Figure 3. Normalized Index of Thermal Stress (ITS) values during summer daytime hours for non‐shaded spaces 
(left), with either bare soil or grass; and for courtyard configurations with overhead shading by either trees or 

mesh (right), with corresponding levels of thermal sensation (Shashua‐Bar et al, 2011). 
 
Where  rain  is  plentiful,  maintaining  rich  urban  vegetation  requires  little  or  no 

irrigation. However, if the climate is dry and the supply of water is limited, as is the case in 
may Mediterranean countries as well as the drylands of the world, the most effective means 
of  improving thermal comfort  is to plant trees. Unshaded  lawns,  if they are well‐irrigated, 
may also improve thermal comfort – but require more water. Several other types of ground 
cover plants, especially succulents, need less irrigation but may nevertheless provide similar 
contributions  to  thermal  comfort  –  even  if  like  grass  their  effect  on  air  temperature  is 
negligible (Snir et al, 2016).  

Conclusion 

As  this  paper  has  demonstrated,  using  empirical  evidence  and  computer  simulation,  a 
narrow  focus  on  reduction  of  air  temperature  may  have  unintended  and  undesirable 
consequences. High‐albedo  paving may  lower  air  temperature,  but  instead  of  promoting 
thermal comfort and energy conservation  in buildings  it may  in some circumstances have 
the  opposite  effects.  Low‐rise,  low‐density  urban  layouts  will  certainly  moderate  the 
nocturnal urban heat island. Yet such neighbourhoods are less likely to promote walking and 
entail  increased use of  the automobile – while not necessarily yielding savings  in building 
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energy  consumption  for  cooling, even  in warm  climates. Even  the use of  vegetation as a 
means of ameliorating the urban climate should be done with care, to conserve resources of 
water and land and to achieve the most benefit for pedestrians.  

Effective implementation of urban climatology therefore requires that we first define 
the objectives of the intervention in a meaningful manner. Reports of substantial reduction 
of air  temperature by various measures are sometimes offered as demonstration of good 
practice,  yet  several  recent  studies  suggest  that  such  reports  are  exaggerated,  so  that 
modification of air temperature is in reality likely to be small. This does not mean that urban 
climatology  has  no  role  –  only  that  focusing  on  air  temperature  modification  per  se  is 
probably not be a useful end  in  itself.   Thermal comfort, energy conservation and good air 
quality,  on  the  other  hand,  are  worthy  objectives.  Air  temperature  is  often  but  one  of 
several  factors  acting  in  conjunction  to  affect  them. More  complex metrics,  such  as  the 
Index  of  Thermal  Stress  (for  pedestrian  comfort)  and  Energy  Use  Intensity  (for  building 
energy  efficiency)  are  required  to  evaluate  the  success  of  proposed  or  implemented 
measures.  
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Abstract: The mitigating effect of vegetation on heat stress is well known and documented. Vegetation can 
provide shade and evapotranspiration, lowering outdoor temperatures. However, vegetation can also hamper 
ventilation and long-wave radiation heat loss. Therefore, a careful design of urban green spaces is crucial. To 
achieve this, not only designers need to be well informed, but decision makers as well, as they have a key role 
in the tendering process of urban designs and projects and their eventual use and maintenance.  
This paper describes the tendering process of the conceptual design of the Van Leeuwenhoek Park in Delft, the 
Netherlands. The statement of requirements included the demand for climate adaptation in general and the 
minimization of heat stress in particular. Furthermore, the design had to integrate a long term sensing network 
of local weather stations, serving multiple purposes: measuring the performance of the park, providing data 
for the validation of climate simulations and providing feedback for possible alterations and maintenance 
when the park is realized. 
This process resulted in three designs in which the microclimate was considered thoroughly, but with a distinct 
identity. It shows that considering the microclimate does not restrict the freedom of design, but rather adds 
extra quality. 
	
Keywords: Urban Heat Island effect, park, landscape design, climate monitoring 

Introduction		

The urban microclimate is influenced to a large extent by the city’s morphology, 
materialization and landscaping. Urban canyons limit long-wave radiation heat loss to the 
sky and generally reduce wind speed. Building and paving materials with low albedos and 
large thermal admittance increase heat storage. Impervious surfaces and less vegetative 
cover compared to rural areas decrease evapotranspiration from urban areas, resulting in 
more energy being put into sensible heat, resulting in urban areas which are warmer than 
their rural surrounding. This urban heat island (UHI) effect is most noticeable at night (Oke, 
1987; Santamouris, 2001). The temperature also varies significantly within cities, as among 
others van der Hoeven & Wandl (2014 and 2015) showed for the two largest Dutch cities. 

The UHI effect causes heat stress with related mortality and morbidity, especially in 
summer. Furthermore, higher temperatures stimulate the formation of ground-level ozone 
in urban areas, which can lead to or aggravate cardio-respiratory diseases such as lung 
inflammation and decreased lung function. These adverse health effects are most notable 
during heat waves; e.g. during a series of heat waves in August 2003, approximately 22.000 
to 45.000 people died across Europe as a direct consequence of a prolonged exposure to 
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elevated temperatures (IFRC, 2004; Robine et al., 2007). As a consequence of climate 
change, heat waves are expected to become more frequent, more intense and longer 
lasting (Meehl and Tebaldi, 2004; IPCC, 2007, Fischer and Schar, 2010). The related impact 
on health is presumed to be large, especially in urban areas, as the urban heat island effect 
exacerbates heat waves (Patz et al., 2005). 

The heat waves of the past decades and predictions for the future have raised the 
awareness that urban areas need to adapt to climate change in order prevent public health 
crises. Cities around the world are developing policies and starting projects to mitigate heat 
stress. This paper describes the selective tendering process for a new urban park in the city 
of Delft, The Netherlands, that specifically addressed climate adaptation in general and the 
minimization of heat stress in particular. 

 

The	Van	Leeuwenhoekpark	-	context	

In the city of Delft, 24 hectares of land in a central location were made available for 
the development of about 800 dwellings, 40.000 m2 of commercial space, a new railway 
station with municipal offices and a city park, named ‘Van Leeuwenhoekpark’ (Palmbout 
Urban Landscapes, 2012), as a result of of the substitution of a rail-viaduct by a tunnel. 

The area, called ‘Nieuw Delft’ is developed by ‘Ontwikkelingsbedrijf Spoorzone Delft’ 
(OBS), a development company established and owned by the municipality of Delft.  The 
Van Leeuwenhoekpark is the largest public space in the area and has a strategic location 
and potential future role. It is centrally positioned and connects directly to the train station. 
Therefore, it can on the on hand become the ‘living room’ for the new city district and on 
the other hand the figure head for the city of Delft for visitors arriving by public transport. 
Expectations and ambitions set for the park are therefore high, which was reflected in the 
the statement of requirements. 

The statement of requirements was based on three core themes: technology and 
maintenance (mainly having to do with building on top of a tunnel), innovation, and 
function and quality. OBS asked input for the last two themes from several stakeholders, 
including citizens, companies and research institutes.  

For the theme of function and quality, the most important requirements were related 
to the character of the park: high-end, public and urban, with a strong identity related to 
the “DNA” of Delft, and to the park’s imbedding into its context: its relation to the 
surrounding buildings, the residential street on the east side, the main road dividing the 
park in two, and the train station. 

Climate adaptation was formulated as the most important requirement regarding 
innovation. The park should minimize heat stress and prevent water problems – in the park 
itself, but also in its direct surroundings. To help meet this requirement, a team of 
researchers from the Delft University of Technology was commissioned to advise the 
selected landscape architect, model the microclimate and its components, and monitor the 
microclimate before, during and after realization of the park with a network of weather 
stations. Furthermore, one of the researchers participated in the selection procedure of the 
landscape architecture firm. 

Tendering	process	

The selection committee consisted of the manager area development from OBS, the city 
architect, the urban design supervisor, a member of the city’s aesthetics advisory 
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committee, an independent cultural program manager and the before mentioned 
researcher on urban microclimate design. The selection committee (SC) had several 
responsibilities: 	

• formulation of the design brief, based on the statement of requirements; 
• making a shortlist of eligible landscape architecture firms;  
• interviewing the landscape architecture firms; 
• providing feedback and information to the selected landscape architecture firms 

during the design process; 
• selecting the best design proposal 

 
The SC first made a shortlist of landscape architecture firms that were thought to be 

equipped with the necessary experience and/or (specific) expertise. These firms – five in 
total – were invited for an interview in which their envisioned approach to the design brief 
was discussed. Based on the interviews, three firms were invited to make a concept design 
for the park: LODEWIJK BALJON landschapsarchitecten, Buro Sant en Co 
Landschapsarchitectuur and LANDLAB studio voor landschapsarchitectuur.   

The selected landscape architecture firms and SC had three meetings during the 
concept design phase: an initial meeting with all participants, an intermediate meeting for 
feedback to each of the design firms separately, and a final presentation. The final 
presentation was also attended by a number of civil servants from municipal departments 
with a (future) responsibility for the park and other OBS representatives, who were asked to 
advise the SC based on their specific expertise. At the initial meeting, the statement of 
requirements and design brief were explained and discussed. A short presentation on the 
research project on microclimate was given, highlighting the societal relevance, and 
explaining the modelling and sensoring procedures. This presentation seems to have had 
effect; before the presentation, some of the designers questioned the severity of the 
problems related to the urban heat island effect - at the intermediary meeting, however, all 
three firms specifically addressed the microclimate and proposed measures to improve it. 
During the intermediate meeting, it became clear that the three firms differed in their 
approach to the microclimate, as will be described in the next sections, but also in the level 
of detail and the priority they gave to the subject. This distinction remained until the end of 
the selection process.  

 

The	designs	

LODEWIJK	BALJON	landschapsarchitecten	

The concept design of Lodewijk Baljon consists of an undulating meadow landscape with a 
sculpted concrete path of varying width running through its centre (Figures 1 and 2). The 
designers relate several design measures to the microclimate. The first is the relocation of 
the double row of trees to the east side of the park – the urban design vision plan proposed 
a double row of trees on the west side – to open up the park to the afternoon sun and at 
the same time shade the neighbouring street and buildings when most necessary.  
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Figure 1. Concept design by LODEWIJK BALJON landschapsarchitecten, top view. 

 

 
Figure 2. Concept design by LODEWIJK BALJON landschapsarchitecten, birds eye view from south side. 

 
The double row of trees should also function as a windbreak for the downwash of 

winds from the higher buildings along the east side of the park (prevailing wind direction is 
south-west). The multi-stemmed trees with a low and wide crown on the west side should 
provide wind comfort on pedestrian level while enabling vertical mixing of air at a higher 
level.  

Rainwater falling on the concrete pavement can infiltrate into the ground gradually via 
a porous strip running along the centre of the path and a drainage layer extending 
underneath the lawn on both sides of the path (Figure 3). This should provide the parks 
vegetation with a sufficient ground water buffer for vegetation growth and 
evapotranspiration. 

Finally, the mounds should contribute to the thermal comfort of people visiting the 
park as they provide different orientations and therewith shade as well as exposure to the 
sun. 

 
Figure 3. The water system as proposed by LODEWIJK BALJON landschapsarchitecten; infiltration of 

stormwater is regulated through a strip of porous paving material and a drainage layer.  
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Buro	Sant	en	Co	Landschapsarchitectuur	

The concept design of Sant en Co proposes a series of open and densely vegetated gardens 
to achieve respectively nocturnal cooling through radiative heat loss to the sky and cooling 
during the day through shading and evapotranspiration (Figure 4). The densely vegetated 
gardens are planted with a variety of vegetation: evergreens, shrubs, multi-stemmed and 
solitary trees, all with substantial leaf mass. These dense gardens are placed at locations 
where wind discomfort can be expected; near the tallest buildings, the open bus terminal 
and next to the main road intersecting the park (Figure 5), fulfilling a double function. 

 
Figure 4. Measures for nocturnal (left) and day (right) cooling. (Buro Sant en Co Landschapsarchitectuur) 

	

 
 

Figure 5. Concept design by Buro Sant en Co Landschapsarchitectuur, top view. 
 

Sant en Co further proposes to store rainwater falling on site as well as on the roofs of 
the buildings bordering the park in an underground crate system with a connection to the 
nearest canal, providing a solution for storm events as well as periods of drought (Figure 7). 
Finally, Sant en Co proposes to keep the soil free from clay to minimize heat absorption. 
 

  
Figure 6. The water system as proposed by Buro Sant en Co Landschapsarchitectuur; a circular system of 

rainwater stored in crates connected to the surface water. 
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LANDLAB	studio	voor	landschapsarchitectuur	

LANDLAB proposes to make the park a contemporary “polder machine” that delivers various 
ecosystem services to the city (Figure 8). An essential element is the introduction of an 
innovative water buffering system, with drainage crates and a capillary geotextile, together 
creating an artificial water table. Helophyte filters in the parks surface water purify the 
water, making it suitable for use as irrigation or water for laundry or toilet flushing in the 
houses. The whole system is controlled by an ICT application, anticipating (heavy) rainfall or 
drought. As such, the system helps preventing water capacity problems – and flooding – as 
well as providing the water necessary for optimal plant growth and evapotranspiration. 
Furthermore, the ICT solution allows for measuring and monitoring, making the park a living 
laboratory. 
 

 
Figure 7. LANDLAB studio voor landschapsarchitectuur’s concept for a modern "city polder machine". 

 

 
Figure 8. An innovative system of drainage crates covered with a capillary geotextile creates an artificial 

ground water table on top of the tunnel (LANDLAB studio voor landschapsarchitectuur). 
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Other measures that LANDLAB proposes are the placement of windbreaks near tall buildings 
to counter downwash effects and at other places for shading, evapotranspiration and the 
directing of wind flow for cooling purposes, use of fountains near the bus terminal for 
cooling and wooden decks and furniture to reduce heat absorption and improve thermal 
comfort. 
 

 
Figure 9. Concept design by LANDLAB studio voor landschapsarchitectuur, top view. 

	

Selection		

The main criteria for the design assessment were based on the statement of requirements: 
1. design: a high-end, public & urban park, with an identity related to the “DNA” of 

Delft; 
2. innovation: design with an important role for microclimate, water management and 

the load bearing capacity of the soil; 
3. sensitivity to context, urban design and architecture: good relation with 

surroundings.  
Furthermore, the municipality introduced maintenance as an influential factor. The budget 
for the final design and realization of the park was communicated to the designers 
beforehand; so the quality of the design would be a conclusive factor rather than costs.  

There was no quantitative rating or scoring system for the assessment, nor a (explicit) 
method for weighing the different aspects; the criteria rather functioned as a guide for 
discussion. 
 
The design of LODEWIJK BALJON landschapsarchitecten mainly scored high on ‘design’; the 
SC valued the classic and simple character and the flexibility and space the design offers 
with respect to different functions and activities. The measures for climate adaptation were 
judged as simple but effective, with practicalities like sufficient soil for full growth of trees. 

The design of Sant en Co Landschapsarchitectuur was thought to be highly imaginative 
and well related to the surrounding buildings. Climate measures were well thought-through 
and comprehensive. However, high costs for realization and/or maintenance regarding the 
intricate planting scheme, the large play/art structures and the pedestrian bridge were a 
significant concern as well as the vulnerability of the park with regard to intense use and 
vandalism. 

The design of LANDLAB studio voor landschapsarchitectuur scored highest on 
innovation. At the same time, the technical aspect of the water system was reason for 
concern for some of the SC members as well as the municipality; they feared the system to 
be fragile, sensitive to frost and high-maintenance – especially the large open water bodies, 
fountains and ICT system.  

Although the committee largely agreed on strong and weak points of the designs, the 
weighing of the criteria differed among the members. As a result, the committee were 
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initially divided in their preference for a design. As the design of LODEWIJK BALJON 
landschapsarchitecten was thought to be easiest to improve without compromising its 
identity, it was finally selected as the winner. 

 

Conclusion	and	discussion	

This paper described the tendering process of a concept design for an urban park in which 
climate adaptation in general and mitigation of heat stress in particular played an important 
role. The mentioning of microclimate in the statement of requirements and that it was one 
of the main assessment criteria ensured that the designers addressed it. Main stimulus for 
the designers to really study the topic and make it an integral part of their design, however, 
was the open tendering process with multiple moments for feedback and dialogue between 
them and the SC. The process promoted knowledge transfer. In particular, the presentation 
on microclimate and related research project at the start turned out to be a crucial moment.  

In the end, the design that integrated microclimate most comprehensively did not win 
the tender, as other criteria were more decisive. However, the winning design is robust in its 
approach and can easily incorporate improvements and changes – now and in the future – 
without compromising its identity; a quality befitting an enduring sustainable design.  
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Abstract: Rapid urbanization, industrial actions and global warming lead to climate change and development 
of urban heat islands “UHI”. This paper presents a numerical study of the “UHI” in a Mediterranean city, Beirut 
Lebanon. “Envi-met” software is used for the microclimate simulations of an existing compact district of Beirut, 
called “Dora”. The maps of different microclimate parameters have been extracted, such outdoor air 
temperature Ta, relative humidity RH, mean radiant temperature Tmrt, during a summer day. The outdoor 
thermal comfort is also evaluated by the physiologically equivalent temperature PET. The work shows a 
comparison between the simulations results and the data measurements from weather stations. The 
relationship between the sky view factor “SVF” and respectively Ta and Tmrt is also considered. The results 
illustrate that Tmrt is greatly affected by the SVF especially during the day. Therefore the urban thermal 
comfort which is dependent of the Tmrt, is directly influenced by the urban form. Since it is impossible to build 
a new urban form, several mitigations strategies are proposed and simulated to decrease the effect of the 
“UHI” under this climate, such increasing albedo of district materials, and increasing vegetation area. The 
impact of each mitigation strategy on PET is evaluated.

Keywords: Urban heat island, Lebanese climate, Envi-met simulation, Thermal comfort.

Introduction 

Urban heat island “UHI” describes the phenomenon in which the cities and urban regions 
are mostly warmer than their surrounding rural and suburban areas. Luke Howard (Howard, 
1833) was the first who mentioned that the temperature in the urban zones is higher than 
the rural regions. According to Oke (Oke, 1988), the temperature difference can reach 2°C 
for a small city of 1000 inhabitants, and 12°C for a megacity of millions of inhabitants. The 
UHI phenomenon is not observed only in the hot climates, but also in the cold countries, 
such as Canada. In June 2005, the temperature at an industrial district at Saint Lawrence 
Montreal was 17°C higher than a surrounding park, and 9°C higher than the temperature of 
an adjacent residential area (Marthins, 2008). The heat islands have already shown many 
complications affecting human health, thermal comfort, energy demand, higher air 
conditioning costs, and greenhouse gas emission. The UHI intensity in a city depends on 
main factors: the geometry of the buildings, the density of the built area, the width of the 
streets, the characteristics of the construction materials, the vegetation area, the heat 
pumps and HVAC systems, and the anthropogenic activities. It is evident that “UHI” theme is 
very critical and important. All designers and urban planners around the world, work to 
reduce the effect of the UHI in order to protect the environment and to provide human 
comfort. For example, “UCI” (Urban Cool Urban) project, is a French research project that
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proposes different scenarios to mitigate the effect of the heat islands in the “Montaudran 
district”, in Toulouse (Martins, et al., 2016) .This paper studies the UHI of a Lebanese district, 
“Dora district”, Beirut. 

Literature review on UHI in Mediterranean climates 

Many studies on UHI in Mediterranean cities have revealed the effect of the heat islands 
and presented different mitigations strategies. The UHI effect in Barcelona was studied by 
Carmen Moreno-Garcia (Carmen Moreno-Garcia, 1993). The results showed that during the 
night, the city centre was 2.9°C warmer than the airport. Robitu et al, studied the effect of 
water pond and trees on the outdoor thermal comfort in a courtyard in France (Robitu, et 
al., 2006). They found that PMV index can be reduced from 3.4 to 0.54. The UHI in Italy was 
analysed through different studies. Bonacquisti et al developed an urban canopy layer 
model to simulate the urban climate in Rome (Bonacquisti, et al., 2005). The results showed 
that the UHI phenomenon is nocturnal and is present both during winter and summer; the 
UHI intensity reaches 2°C in winter and 5°C in summer. In 2015, Peron et al, analysed the 
urban heat island in Venice mainland, using Envi-met software (Peron, et al., 2015). The 
results demonstrate that replacing the existing pavements and roofs by cool materials and 
green permeable surfaces, led to decrease the temperature by around 4°C. The effect of the 
heat islands have been also studied in Greece. Chatzidimitriou and Yannas (Chatzidimitriou 
& Yannas, 2004) studied the human comfort in courtyards in Thessaloniki, Greece. They 
found that the addition of the vegetation and water pools have a cooling effect in the 
summer and a warming effect in the winter. They concluded also that opening at ground 
floor led to increase wind velocity and decrease air temperature in summer, but conducted 
to a negative effect in the winter and need to be closed. Vardoulakis et al, studied the effect 
of the UHI in a small city of western Greece (Vardoulakis, et al., 2013). It was found that UHI 
was dominating at night. The maximum mean monthly UHI intensity reached 3.8°C during 
nights of august 2010, and the highest instantaneous hourly intensity was 5.6°C. 

UHI in Lebanon 

Lebanon is a small country in the continent of Asia with total surface area of 10452 km2. The 
population of Lebanon was 4,223,553 according to the World Bank 2013, while the number 
increase in the last years to reach 6039277 in 2017 according to UN data. Around 87% of the 
population, live in the cities and the urban areas (Kaloustian & Diab, 2015). Beirut city, the 
Lebanese capital is one of the highest population density city in the Middle East around 
21000 inhabitant/km2. Beirut is considered as an artificial city (DAR-IAURIF, 2005) since the 
majority of the roads are asphalted roads, the roofs material is mainly concrete and the 
vegetation zone constitute a very small area from the city. Therefore, the UHI phenomenon 
in Beirut will be considered as an important study. 

There is little researches regarding the UHI in Lebanon. Idso & Singer (Idso & Singer, 
2009) exposed the work of Hasanean (Hasanean, 2001) about the variation of the surface 
air temperature in 8 different Mediterranean regions: Malta, Athens, Tripoli, Alexandria, 
Amman, Beirut, Jerusalem, and Latakia. The analysis of the temperature data from the cities 
stations, shown an important warming around 1910, and a second warming in the 1970s. 
The latter warming was not uniform, and could be the result of the UHI and the accentuated 
city urbanization in the 1970s (Idso & Singer, 2009). In 2009, McCarthy (McCarthy, 2009) 
studied the UHI in three cities: Athens, Alexandria and Beirut. The model RCM (Met Office 
Hadley Centre regional climate model) is used for the simulations of the UHI phenomenon 
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in order to compare the intensity of the heat islands between the three cities. McCarthy 
found that the highest UHI intensity is in Beirut with a maximum value of 7.5°C in August. 
Recently, the effects of urbanization on the urban heat island in Beirut was studied by 
Kaloustian et al (Kaloustian & Diab, 2015). They used the Town Energy Balance “TEB” model 
to compare 5 different regions of Beirut. The results showed that areas with large 
vegetation density are 6°C cooler than surrounding dense artificial areas in the summer. 
They found also that the energy demand in the areas with large garden fractions is around 
80W/m2 while in the dense zones the demand is about 350W/m2. 

 
Figure 1:  Satellite image of the district selected. Source: Google Earth 

Case study 

Selected district 

The area selected for the study is “Dora”, a suburban region in the north east of Beirut. Dora 
is a dense city, having commercial, residential and industrial zones. A district 210x110 m in 
the Dora was selected to study the microclimate and the UHI effects. The satellite photo of 
the selected district, showing the building area and the urban morphology is shown in figure 
1. The district contains a diesel station with 5 m height, and a mix of residential and office 
buildings with variable heights from six to nine floors, as shown in the figure 2. The width of 
the streets are very small, all road are typically asphalted and no vegetation cover or 
gardens are reflected in the area. Table 1 lists the land surface cover of the area studied. 
The albedo and the emissivity of the surface materials used in the simulations are shown in 
the table 2. 

Table 1: Percentage of land surface coverage 
Case of study, 
district Dora 

Buildings Road asphalt Concrete 
pavement 

Vegetation 
coverage 

Total 

Surface (m2) 8028 14075 997 0 23100 
Percentage (%) 34.8 60.9 4.3 0 100 

 

Table 2: Characteristics of the roads, pavement, walls and roof 
Surface Exterior walls Concrete Roof Road asphalt Concrete pavement 

Albedo 0.3 0.3 0.2 0.4 

Emissivity 0.9 0.9 0.9 0.9 

 

Simulations 

The urban microclimate of the Dora district was simulated using Envi-met software, a three 
dimensional microscale model (Huttner, 2012) that simulates the interaction between 
atmosphere, soil, urban surfaces and vegetation. The software is developed by M. Bruse 
(Bruse, 2004), allows to calculate several prognostic variables such wind speed and direction, 
air and soil temperature, air and soil humidity, turbulence, short wave and long-wave 
radiation fluxes, evapotranspiration and gas dispersion. Envi-met has a temporal resolution 
of 1 to 10 s, and a typical resolution of 0.5 to 10 m in space. Envi-met requires main input 
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parameters: weather conditions, temperature profiles, physical properties of urban surfaces 
and vegetation, initial soil conditions and total simulations time. 
 

 
Figure 2: Photo of the Dora District (left), 2D Model of Dora district with Envi-met (right). 

 
The domain grid dimensions (x, y, z) is 110x55x30, with dx=2, dy=2 and dz=1. Figure 2 
illustrates the base model developed with Envi-met, showing the nine receptors installed in 
different zones with different sky view factors. A typical summer days, 9th and 10th of July 
were selected for the simulations. The anthropogenic heat emissions are not considered in 
the calculation, and the heat emission du to heat pumps and HVAC systems are also not 
considered in the simulations. The total simulation time is 24 hours, and the initial input 
parameters considered in Envi-met are: Starting time for simulations: 7:00 am, Wind 
speed=1m/s, Wind direction: 245° from north direction, Temperature: 300 K (26.85°C), 
Relative humidity at 2 m: 65%. 

Comparison of Envi-met results with meteorological data  

Figure 3 shows a comparison of air temperature between simulation results (for receptor 
number 6 with higher temperature) and meteorological data. The weather data were 
derived from American university of Beirut “AUB” station for the years 1996 and 1997, and 
Beirut golf station for the year 2015. The maximum Ta difference between Envi-met results 
and Beirut golf station is about 6.15°C at 4 pm of the 9th of July. In the AUB station, the 
maximum Ta difference between the simulation and the measurement data, is about 5.89°C 
and 4.69°C at 3 pm respectively for the year 1996 and 1997. The main reason for this 
deviation between simulation and weather data is the urban morphology of the studied 
area; Dora district is a dense area, while AUB is a university campus and Beirut golf station is 
installed in a green area near the airport. The inaccuracies in the simulation input data for 
the sky condition (no clouds) and the soil and surface material, could also explained the 
observed difference. 

The effect of the Sky View factor SVF 

The relationship between SVF of receptors and the microclimate parameters Ta and Tmrt in 
the mid-day and mid-night, is shown in the figure 4. The coefficient of determination R2 is 
used to show how SVF affect Ta and Tmrt. During the day, the R2 between SVF and TMrt (R2 
= 0.8032) is higher than the one between SVF and Ta (R2 = 0.3456); therefore the mean 
radiant temperature is more affected by the SVF than the air temperature. At mid-night, the 
SVF does not affect significantly the air temperature since R2 is low (R2 = 0.1862), while the 
relationship between SVF and Tmrt is stronger (R2 = 0.5468). The results show that an urban 
zone with lower SVF reduce the direct solar radiation and the heat storage, therefore lead 
to a cooler and more comfortable environment during night and day. 
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Figure 3: Comparison of Envi-met results with measurement data. 

 

 
Figure 4: Relationship between SVF and microclimate parameters Ta and Tmrt at 1:00 am and 13:00 pm 

The effect of the heat mitigation strategies 

In order to decrease the effect of the UHI, three mitigation scenarios were considered: 
 Green model: Addition of 18% of vegetation zones and trees to the initial model. 
 Semi-white model: Concrete pavements and asphalt roads are replaced by light 

concrete pavements (albedo 0.8) and asphalt road with red coating (albedo 0.5). In 

this model, building represent 34.8% from total surface, red asphalt 19.3% and light 

pavement 45.9%.   
 White model: In addition to semi-white model, the roof albedo is modified (0.7 

instead of 0.3) and façade building material are replaced by PVC (albedo 0.5). 
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Figure 5 shows the absolute difference air temperature between the initial case and the 
three scenarios. In the green case, a reduction in air temperature was observed during day 
and night. At 13:00, Ta reduction reached 1.6°C near the green zone, while at 1:00 Ta is 
reduced by 1.2°C. At night, an extension of freshness effect is observed between the 
buildings; Ta was reduced by 0.5°C. The maximum temperature difference is observed at 
15:00 with a value of 2.5°C. The Tmrt is also reduced during the day. For example at 14:00, 
around 20°C Tmrt reduction was observed under the trees, figure 7. At night, it is notable 
that Tmrt is slightly increased (max 1°C) near the vegetation coverage. The green model 
affects also the relative humidity due to the evapotranspiration phenomena. The specific 
humidity of all studied area is increased during the day and night. At 13:00, the maximum 
difference in specific humidity is observed near the green area with a value of 1g/kg, while 
at 1:00 the highest difference is around 0.7g/kg. 

In the white and the semi-white cases, Ta decreased during the night. At 1:00, in some 
areas of the white model, the maximum temperature reduction reaches 0.75°C. This is 
because the high albedo material leads to more radiation reflection and therefore less heat 
storage. In the mid-day, the results show that Ta increased near the buildings, and in the 
streets between the buildings where the SVF is low. However an increasing in the Ta is 
observed in some zones of the principle roads. Regarding the Tmrt, figure 6 shows a slightly 
reduction during the night: at 1:00 maximum Tmrt reduction is around 1.6°C in the semi-
white model and 1.8°C in the white model. At 13:00 during the day, Tmrt is highly increased 
to reach a maximum difference of 41°C in the semi-white case and 52°C in the white case. 
This huge difference could be explained by the fact that the percentage of modified roads 
and pavements areas is around 61.2% of the total model. The specific humidity is not 
affected by the white and semi-white scenarios. 

 

   

   

   
Figure 5: Difference air temperature between initial model and the three models at 1.5 m above ground. 
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In order to evaluate the outdoor thermal comfort, the PET maps was extracted. 
Results show that the green model contributes to the reduction of the PET during the day. 
At 15:00, the higher PET local reduction (around 14°C) was observed directly near the trees. 
The figure 7, shows that higher effect of vegetation on PET, is only localized under the trees 
and near the vegetation zones. In the streets between the buildings, PET is only reduced by 
0.7°C. At night, the PET is slightly decreased in the whole model except near the trees where 
the PET is increased (maximum difference around 0.6°C). 
 In the white and the semi-white scenarios, as expected, the PET was highly increased 
during the day. At 15:00, the PET on the main road is increased by around 25°C in both 
scenarios. During the night, a slightly reduction in the PET was observed with a maximum 
local difference of 1°C. The usage of high albedo materials reflect more solar radiation 
especially at ground level and thereby contribute to a higher value of heat stress and can 
cause glare. Therefore, in terms of pedestrian’s thermal comfort, the proposed high albedo 
models lead to an extremely heat stress and discomfort of pedestrians in the case of Dora 
district.  
 

 
Figure 6: Difference Tmrt between initial model and the three models at 1.5 m above ground. 

Conclusion 

The simulations have shown that between the three scenarios, the green model was the 
better strategy to mitigate the heat island in the Dora district. Increasing albedo of the 
district materials, was not efficient especially during the day and contribute to a warmer 
environment and an outdoor thermal discomfort. The results of this study showed that high 
albedo materials, highly increased the Tmrt and the pedestrian heat stress due to the 
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increase in reflected radiation, the urban morphology of Dora district and climate conditions. 
Consequently, the UHI mitigation potential of high albedo could be better in other cities.   
Therefore it is necessary to combine other solutions (vegetation, water source …) to the 
white and semi-white models in order to ameliorate the thermal comfort during the day. 
The percentage of the modified albedo surfaces should be also reviewed and optimized in 
order to ameliorate the thermal comfort and avoiding the increase of the Tmrt during the 
day. The other advantage of the usage of cool material is the reduction of the buildings 
cooling energy demand during the summer. The UHI is observed in many regions in Lebanon, 
and technical measurement should be optimized by the Lebanese urban planners in order 
to improve the better mitigation strategies. 

   
Figure 7: Absolute difference PET between initial case and green case, at 1.5 m above the ground. 
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Abstract: World population is predicted to reach 8.5 billion in 2030, 9.7 billion in 2050 and about 
66% of them will be living in urban areas according to the UN world population prospects, revision 
report 2015. It is argued that urban environment causes the many difficulties that globe faces; 
global warming, ozone depletion, energy crisis, outdoor and indoor thermal discomfort, urban heat 
island ecological imbalance, and many other issues. Consequently, rating systems for green 
buildings and communities were one of the recently rising methods to assess how far they are 
friendly to their environments. In this concern, compact urban forms plays a role in ameliorating 
outdoor thermal conditions, saving energy consumption and mitigation of UHI where surfaces 
receive a great amount of solar radiation especially in hot arid regions. When constructing new 
developments, it is controllable to follow green rating credit details for neighbourhood and apply it, 
but with respect to already existing urban neighbourhoods, there are limited credit points to gain in 
order to upgrade the total accreditation. In this paper, four case studies for the same urban 
neighbourhood site in different climate change scenarios were numerically simulated to assess how 
urban trees lines, roof gardens, shading structure and albedo as adaptation methods can improve 
outdoor conditions, mitigate UHI and in turn increase energy efficiency. Initially, both cases were 
rated as non-green neighbourhoods, but adaptation methods used, upgraded the credit points 
gained and pushed the rating into the green zone. 
	
Keywords: UHI, climate change, ENVI-met, LEED-ND 

Introduction	

Cities are predicted to accommodate about 66% of the world's population by 2050 (UN, 
2014; 2015). Urban environments, with their replaced paving surfaces and reduced 
vegetation were reported to have higher air and surface temperature than their rural 
surroundings, especially at night, the phenomenon known as Urban Heat Island (UHI) 
(Golden, 2004; Kong et al., 2017). Although the first documentation dates back to over a 
century (Howard, 1833), UHI started to raise the awareness of the academia about three 
decades ago (Oke, 1987). Numerous studies investigated other factors affecting UHI, for 
instance, not limited to, local topography (Sofer et al., 2006), urban geometry (Ali-Toudert 
et al., 2005), wind speed and cloud cover (Arnfield, 2003; Taleb et al., 2013), and advection 
from large water bodies (Alcoforado et al., 2006). Others claimed that the impact of UHI 
includes affecting water resources (Baker et al., 2004), energy consumption (Akbari et al., 
2005), human comfort and health (Zaitchik et al., 2006), clouds, precipitation and humidity 
(Changnon, 2003). Notwithstanding the fact that sky view factor (SVF), street design and 
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orientation can play a key role in affecting urban microclimate and alleviating UHI (Bourbia 
et al., 2010; Shishegar, 2013), their role remains limited when acclimatizing existing urban 
environments without affecting the city planning (Che-Ani et al., 2009). In this concern, The 
US Environmental Protection Agency (USEPA, 2008) has evidenced five main strategies for 
mitigating the UHI; Trees and vegetation cover (Kong et al., 2017); green and cool roofs 
(Santamouris, 2014); cool pavements (Qin, 2015) and; smart growth practices (Kikegawa et 
al., 2006). 

On the other hand, many researchers argued that global warming and the stressful 
heat waves induced by future climate change will has the ability to intensify the UHI and 
worsen its effect (Rosenzweig et al., 2005). According to the fifth assessment report of the 
IPCC, the increase of global mean surface temperature by 2100 is likely to be 4.8°C under its 
worst scenario (IPCC, 2014). It's worth mentioning here that most of the aforementioned 
mitigation strategies for UHI were either studied individually or grouped in a multi-based set 
of criteria (Salata et al., 2017). Nonetheless, based on the conducted survey for this study, 
there is still a lack of knowledge for to what extent are these strategies effective to 
ameliorating the urban microclimate in such a future facing severe climate change. The 
study of O’Malley et al. (2015) is noteworthy as they used the Urban Future Assessment 
Method (UFAM) to investigate the resilience of UHI mitigation strategies included within the 
neighbourhood sustainability assessment (NSA) tools, namely rating systems for 
communities as key tools for assessing and/or rating the performance of a given 
neighbourhood against a set of criteria and themes, to specify to what extent a 
neighbourhood achieved sustainability goals (Sharifi et al., 2013) both theoretically (Haapio, 
2012) and empirically (Garde, 2009). However, their study was based solely on integrating 
three strategies into the site. Their results showed that using such strategies is ineffective 
unless building form and layout design lead these strategies to achieve their best results. 

This paper uses the 3D microclimatic simulation tool, ENVI-met v.4 to integrate all the 
mitigation strategies defined within a rating system with their specific thresholds to a case 
study and examine how they are efficacious to improve the urban microclimate and 
mitigate the UHI effect, at present and among future scenarios. Future weather data were 
generated using the world weather generator (Jentsch et al., 2013). 

Methodology	

The study was implemented through four steps. First, a comprehensive literature review 
was studied to figure out the reasons, impacts, and mitigation strategies for UHI effect. 
Second, a numerical modelling and simulation for the case study is conducted to measure 
both air temperature (Ta), and Mean Radiant Temperature (Tmrt) as key indicator for human 
thermal comfort (Base Case (BC)) as shown in (figure 1-b).The third step is applying the 
specified criteria for UHI mitigation within the Leadership for Energy and Environmental 
Design for Neighbourhood Developments (LEED-ND) and putting this adapted case into 
simulation to measure its effectiveness in reducing UHI (Adapted Case (AC)). The latter one 
is measuring the performance of such strategies when the model is subjected to generated 
weather data files representing the microclimatic conditions for the years 2050 and 2080 
(AC2050 and AC2080). Simulations were made on July, 1st as a typical summer day analysed 
by ECOTECT weather tool (AutoDesk, 2010) 

Case	study	
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The site studied in this paper is located at 30° 09'N and 31° 32'E (figure 1-a), in a desert hot 
arid climate, according to Köppen-Geiger’s climate classification (Kottek et al., 2006). The 
case study is a sector of a future community, one of the projects that lies within a 
governmental territory for strategic urban developments. So, one main objective of this 
study is work as a base for further researches, provide implications for architects, urban 
planners, stakeholders, and decision makers. The site is a compact development containing 
multi-unit medium residential housing with a ground floor and six typical floors at a 
residential density of 98 DU/hectare, in addition to two non-residential buildings at a floor 
area ratio (FAR) of 0.4. The total area of the site is 14.84 hectares. Street orientation is +8° 
from the east-to-west axis with an aspect ratio of 1:3 for more than 60% of the block 
lengths. 

 
Figure 1.(a) location of site, (b) base case modelling and receptors location, (c) adapted case. 

Integration	of	mitigation	strategies	

The two assigned credits for UHI mitigation in LEED-ND, are namely Neighbourhood Pattern 
and Design, Tree-lined and shaded streetscape (NPD14), and Green Infrastructure and 
Buildings, Urban Heat Island Reduction (GIB09), have combined four strategies as follows. 

Trees	lines	
To cope with the Egyptian environment, the shade production trees used were Cassia 
Nodosa (Pink	 Shower), and Cassia Leptofylla (Gold Medallion),which are modelled 
empirically using Leaf Area Index (LAI) of 1.0 (Fahmy et al., 2010). LAI was recomputed for 
both trees as 1.61 and 4.79 respectively. Trees were integrated along over 90% of the total 
block length at distances of less than 12m, which were supposed to provide shade over 
more than 95% of existing sidewalks (figure1-c). 

Shading	structures	
Since the implementation of this strategy is not readily applicable to all existing roads and 
driveways, the study has integrated shading structures with initial solar reflectance (SR) of 
0.8 into all parking lots (figure1-c). 

Higher	albedo	Pavement	(HAP)	
Following (Kinouchi et al. (2004)), this work has replaced the existing pavements (albedo = 
0.33) with others coated with near-infrared light reflectance paint of higher albedo of 0.7. 

Green	roofs	
In this concern, LEED-ND specifies the threshold of installing green roofs as 75% of all new 
buildings. However, the study has installed green roofs to all residential units (about 97% of 
all buildings) to harvest the maximum benefit of using such strategy. 
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Results	and	discussion	

For a better illustration for the results of this study, four receptors R1, R2, R3, and R4 were 
pinned to an asphalt road bordering the site, within street canyon close to a shading 
structure, middle of four urban parks, and at a reasonable distance to building entrance, 
respectively (figure 1-b,c). Results show that, regarding air temperature, R1 has recorded 
the highest among all scenarios followed by R2,R3, and R4 has recorded the lowest (figure 
2-a). The difference is quite noticed though the hours with maximum incident solar 
radiation (ISRmax). For the Base case (BC), the Ta maximum difference from average 
temperature of the site (Tav) has reached 1.42, 1.1, and 0.09 °C for R1, R2, and R3 
respectively, whereas R4 has recorded 0.56 °C lower than Tav. This is most likely attributed 
to the low albedo of the dark asphalt which has absorbed the solar energy and caused the 
ambient Ta to be higher for R1 and R2. However Ta in R2 was lower due to the shading 
structure effect. On the other hand, being R3, and R4 located on pavements with quite 
higher albedo has caused their Ta to remain lower, whereas building shade over R4 kept its 
Ta the lowest (figure 2-a, 3). 

Furthermore, for the adapted case (AC), it was found that using UHI mitigation 
strategies had a crucial role in reducing Ta. Maximum Ta (Tmax) for all receptors has been 
lowered to 41.98, 41.36, 41.13, and 40.38 °C instead of 43.21, 42.55, 42.05, and 41.53°C for 
BC R1-4 respectively. That can be referred to benefiting from the trees for its 
evapotranspiration process, wind blockage and shading, in addition to the capability of HAP 
to reflect the ISR and keep the surface temperature low. Nonetheless, for the adapted cases 
(AC2050 and AC2080), as shown in (figure 2-a), such mitigation strategies were insufficient 
to acclimatize the urban microclimate. AC2050 Ta maximum difference has reached 1.87, 
1.79, 1.77, and 1.8 °C for R1-4 higher than their BC temperatures respectively. Moreover, 
Tmax for R1-4, in AC2080, have recorded 47.09, 46.4, 45.9, and 45.39°C with a Ta maximum 
difference of 3.88 °C among all receptors (figure 2-a, 3). Similar results were obtained 
regarding Tmrt as the mitigation strategies were able to keep temperatures lower merely in 
AC with a Tmrt maximum difference of 3.71, 3.1, 2.88, and 2.62 °C, while for AC2050 and 
AC2080, maximum Tmrt has recorded higher values for maximum difference of 0.24 and 
1.93 °C for all receptors respectively (figure 2-b,4). 

Results are shown in (figure 2-c).Tav is reduced by 2.71 °C maximum difference for AC, 
while remained higher for AC2050 and AC2080 by 1.8 and 3.85 °C. Average Tmrt was lower 
for the AC by 1.8 °C, while for AC2050 and AC2080, though was lower at the early hours, 
maximum values has recorded 76.62 and 78.08 °C compared to 76.48 for BC at the peak 
hours. 

The calculation of rating credits has revealed that the case study would, theoretically, 
earn 3 points and gain a "Certified" LEED-ND accreditation by applying UHI mitigation 
strategies to BC. However, regarding the simulation results for both AC2050 and AC2080, it 
would hold on to 38 points and remain "Uncertified" because of the expected increase in air 
temperature due to climate change that neglected the mitigation effect generated by 
greenery in the future and suggests that urban greenery has to be sensitively designed to 
adapt urban form for future.  

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 1720



 
Figure 2. (a) Receptors Ta compared Tav, (b) Receptors Tmrt compared to average Tmrt, 

(c) Comparison of Tav and average Tmrt. 

Conclusion		

The study has shed some light on strategies to mitigate UHI effect at present and in future 
scenarios using ENVI-met three-dimensional microclimate simulation tool. Four scenarios 
were simulated; base case at present; adapted case at present; adapted case in 2050; and 
adapted case 2080. Results have shown that using LEED-ND all-together strategies; trees 
lines, shading structures, high albedo pavements, and green roofs, although to some extent, 
managed to improve the microclimate and thermal comfort at the present, were not 
effective at future scenarios. It was noticed that the minimum air temperatures were 
recorded at shaded spots with higher albedo. Thus, using reflective pavements is most likely 
to achieve better results when integrated into more shaded street canyons with higher H/W 
aspect ratios. 
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Figure 3.Tacomparison for BC, AC, AC2050 and AC2080. 

 

	
Figure 4.Tmrt comparison for BC, AC, AC2050 and AC2080. 
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Abstract: In this paper the World Urban Database and Access Portal Tools - WUDAPT methodology for Local 
Climate Zone (LCZ) classification was applied to the São Paulo Metropolitan Region (SPMR) and the results 
were compared with two other existing land use/ land cover (LULC) maps, one produced by the São Paulo 
Metropolitan Planning Company (EMPLASA), and the other produced by the QUAPA Laboratory from the 
Faculty of Architecture and Urbanism from the University of São Paulo. An accuracy assessment was 
conducted in order to verify the level of confidence of the LCZ map. The visual comparison between the three 
maps showed the limitations and potentialities of the WUDAPT methodology. Despite the misclassification of a 
few zones, the WUDAPT method for LCZ classification was considered a satisfactory combination of accuracy 
and low time consuming mapping method, especially for cities without land cover maps.

Keywords: Local Climate Zone (LCZ) Classification, World Urban Database and Access Portal Tools (WUDAPT).

Introduction 

São Paulo Metropolitan Region (SPMR) is one of the biggest metropolitan areas in the world, 
with 753,978.27ha, 39 municipalities and around 22 million inhabitants (IBGE, 2010).The 
centre of the SPMR is located at 23°597S, 46°536W, approximately 50 km far from the sea. 
The altitude varies between 720m and 850m above sea level. According to Köppen 
classification it presents a subtropical climate with mild temperatures (Cfa). The region 
experiences hot, humid summers with air temperatures varying between 22°C and 30°C and 
mild winters with temperatures between 10°C and 22°C. Precipitation shows periods with 
more and less rainfall amounts, represented by the rainy months of December, January, 
February and March and the dry months of June, July and August (Duarte, 2016; Gusson and 
Duarte, 2016).

The 39 municipalities of the SPMR are very different in many aspects: urban 
morphology, social and economic characteristics, institutional organization and territorial 
information. As an example, the difference between the highest and the lowest GDP is more 
than 3,000 times (EMPLASA, 2017). The level of geographic and climatic information 
available for each municipality is also very different, which makes the comparison between 
them a difficult task, sometimes impossible due to the lack of information.
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Figure 1. SPMR. Population and meteorological station locations (CETESB, CGE, IAG/USP, INMET, METAR). 

Lack of information about the form and function of cities restrict the progress in urban 
climate science (Bechtel et al., 2015a). The World Urban Database and Access Portal Tool 
(WUDAPT) is an international collaborative project for the acquisition, storage and 
dissemination of climate data of cities worldwide, conceived to fill the dearth of information 
on urban areas (Mills et al., 2015). To develop this world urban database, the first step is to 
describe cities on a common scheme, using a standardized classification. For WUDAPT, the 
Local Climate Zone (LCZ) framework is adopted. LCZs are defined as “regions of uniform 
surface cover, structure, material, and human activity that span hundreds of meters to 
several kilometers in horizontal scale” (Stewart; Oke, 2012). As LCZ classification allows the 
visual comparison of different urban patterns, based on free data and free software, it has a 
great potential for application on urban planning studies. 

In this paper the WUDAPT methodology for acquiring Level 0 data collection was 
applied to the SPMR and the results were compared with two different existing LULC maps, 
one produced by the São Paulo Metropolitan Planning Company (EMPLASA), and the other 
produced by the QUAPA Laboratory from the Faculty of Architecture and Urbanism from the 
University of São Paulo.  

Methodology 

WUDAPT Method 

The classification of São Paulo city was first presented by Bechtel et al. (2015b). The results 
were updated by Ferreira et al. (2016) and presented at the WUDAPT workshop held in 
Hong Kong in December 2016, when some issues concerning the classification and 
misclassification problems were discussed.  

One main issue was the classification of the favelas. The first approach considered this 
type of land occupation as LCZ 7 (lightweight low-rise). However, the results showed 
misunderstandings between LCZ 7 and LCZ 3 (compact low-rise). Since most favelas in São 
Paulo have a dense mix of low-rise buildings, made with concrete blocks and bricks, it was 
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considered more accurate to classify them as LCZ 3, even though LCZ 7 exists in the SPMR 
but in few spots smaller than the minimum size required by the classification. In this sense, 
all LCZ classes with less than five examples, each of them with at least 200m², were 
excluded in the training area selection process. In addition to LCZ 7, LCZs 2 (compact mid-
rise) and E (bare rock or paved) were also excluded, since no training areas fit the minimum 
size criteria, although this does not mean that these typologies do not exist in the SPMR.  

Another issue discussed in Hong Kong was the misclassification between LCZ 1 
(compact high-rise) and LCZ G (water) in the two main rivers of the city, Pinheiros and Tietê, 
which can be explained by the extreme levels of water pollution and the wide expressways 
flanking the rivers.  

Four Landsat 8 scenes were used in the classification. Due to the maximum cloud 
cover required (10% of clouds) there were only two scenes available for 2016 (April 18th and 
July 07th) and two scenes for 2015 (January 10th and September 23th). All the training areas 
were selected within the region of interest (ROI) determined by the WUDAPT team. The 
classification was performed for the entire SPMR, which is a little bigger than the ROI 
initially determined. 

Figure 2. WUDAPT ROI and SPMR limits 

QUAPA Mapping Method 

The QUAPA laboratory is based at the Faculty of Architecture and Urbanism from the 
University of São Paulo (FAUUSP). It coordinates a national research group, entitle QUAPA – 
SEL (System of open spaces and the Brazilian contemporary urban form) encompassing 
researchers from different Brazilians universities. The QUAPA-SEL aims to analyze Brazilian 
cities, focusing on the relationship between open spaces and urban form (Donoso; Queiroga, 
2015), being the production of several maps from all the cities studied an important 
outcome. Variables such as urban form, vegetation cover, impervious surface fraction etc. 
are mapped for all cities’ blocks by its predominance. The blocks are analysed one by one in 
Google Earth by local experts and the map is then produced in a GIS software. This process 
is very precise but extremely time consuming, and its continuous update is quite unlikely. 

In this paper two QUAPA maps were used, the built-up map and the open space map. 
The 17 built-up classes and the 12 open spaces’ classes were compared with the LCZ classes. 
LCZ colour scheme were applied to the QUAPA map in order to facilitate visual comparison. 
The QUAPA map scale considers only part of the SPMR and dates back to 2015. 

EMPLASA Mapping Method  
The São Paulo Metropolitan Planning Company - EMPLASA is a public institution linked to 
the State Government. It is responsible for the regional and metropolitan planning of the 
State of São Paulo and also concentrates the state cartographic production (EMPLASA, 

ROI 

SPMR limits 

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 1727



2017). The EMPLASA LULC map was produced through the visual interpretation of Ikonos 
satellite images and aerial photographs from 2002 and 2003 (EMPLASA, 2005). 

Despite encompassing 18 classes, the EMPLASA LULC map has only 4 classes to 
describe the built-up area: urbanized area, urban equipment, favela and industry. Although 
it provides little information about the urban form, the EMPLASA LULC map is the only 
official map available for the entire SPMR considering both urban and non-urban areas, and 
this is the reason for its inclusion in this study. The city of São Paulo has a more recent and 
detailed LULC map and also a 3D model of the city, but as previously mentioned, the other 
municipalities don´t have the same detailed information. 

Comparison process 
The comparison between the tree maps was visual, since the number of classes, their 
typology and precision level are very different. In order to better compare the maps, LCZ 
color scheme was applied to all and an equivalence of classes was required. As an example 
of the equivalence process, the low-rise mixed use class in the QUAPA map and the 
urbanized area in the EMPLASA map were both considered as LCZ 3. 

Results and discussion 

Figure 3 shows the LCZ map for the SPMR. It can be seen to capture the main characteristics 
of the urban morphology, and also enhance details to the two previous LCZ maps available 
for the region. So far it was not possible to solve the misclassification of the rivers and 
additional research is needed. The others misclassifications presented by Ferreira et al. 
(2016) were substantially improved. 

Figure 3. Proposed LCZ map for the SPMR and LCZ distribution. 

An accuracy assessment has been conducted to check the performance of the 
classification. The .kmz file resulting from the classification in SAGA GIS was converted in a 
polygon map using the QGiS 2.18 software. According to Congalton and Green (2009) for a 
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polygon map the accuracy assessment sample units should also be polygons. A minimum of 
50 samples for each class is recommended by Congalton (1991) but the author also states 
that a balance between what is statistically sound and what is practically attainable must be 
pursued. 

In order to calculate the accuracy assessment of the LCZ classification, a new set of 
polygons for all LCZs, different from those used as training areas and chosen randomly, was 
collected in Google Earth as reference data and confirmed by the Street View function 
where available. 

The results of the accuracy assessment are represented in the confusion matrix in 
Table 1. The overall accuracy of the LCZ Map is 68% and the Kappa coefficient is 0.65, which 
is considered to be a substantial strength of agreement, according to Landis and Koch 
(1977). Some zones were very accurately classified, such as zones 3, 6, A and G; on the other 
hand, some were improperly classified, such as zones 5, C and D. The accuracy for LCZ 10 
and F cannot be well evaluated since the number of ground truth polygons is small, due to 
the low occurrence of these classes in the SPMR (0.26% and 0.44%, respectively). 

Table 1. Confusion Matrix of the LCZ map 

Figure 4 shows the QUAPA map with LCZ color scheme. Although its better spatial 
resolution, the urban vegetation spread by the city in the streets and private gardens are 
not captured. 

LCZ 1 2 3 4 5 6 7 8 9 10 A B C D E F G

No. of 

classified 

polygons

User 

accuracy

1 28 0 2 6 0 6 0 4 0 3 0 0 0 0 0 2 0 51 0,55
2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 __
3 0 0 49 0 2 1 0 4 0 1 0 0 0 0 0 0 0 57 0,86
4 5 0 0 35 2 15 0 0 0 1 0 0 0 0 0 0 0 58 0,60
5 2 0 11 2 4 9 0 4 0 0 0 0 0 0 0 0 0 32 0,13
6 0 0 0 0 1 39 0 0 1 0 0 1 0 0 0 0 0 42 0,93
7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 __
8 0 0 10 0 0 1 0 29 0 1 0 0 0 0 0 0 0 41 0,71
9 0 0 0 0 0 2 0 0 20 0 0 2 0 0 0 0 0 24 0,83

10 0 0 1 0 0 2 0 0 0 8 0 0 0 0 0 0 0 11 0,73
A 0 0 0 2 0 1 0 0 0 0 45 2 1 0 0 0 0 51 0,88
B 0 0 0 0 0 0 0 0 4 0 2 15 1 3 0 0 0 25 0,60
C 0 0 0 1 0 1 0 0 9 0 3 2 10 2 0 0 0 28 0,36
D 0 0 0 0 2 1 0 0 3 0 0 5 4 6 0 0 0 21 0,29
E 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 __
F 0 0 0 0 1 1 0 0 0 1 0 0 0 0 0 11 0 14 0,79
G 3 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 47 52 0,90

No. ground truth 

polygons
38 0 73 48 12 79 0 41 37 15 50 27 16 11 0 13 47 507

Producer accuracy 0,74 __ 0,67 0,73 0,33 0,49 __ 0,71 0,54 0,53 0,90 0,56 0,63 0,55 __ 0,85 1,00

Overall accuracy

Kappa coefficient

0,68

0,65

 Classified 
data 

Reference 
data 
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Figure 4. QUAPA map for the SPMR. 

 

Figure 5 shows the EMPLASA map with LCZ color scheme. The detailing level of the 
built-up classes is smaller when compared with the other two maps; on the other hand, the 
detailed level of the vegetation classes is higher. 

 
Figure 5. EMPLASA map for the SPMR. 

 

The visual comparison between the tree maps considered two scales: regional and 
local. The regional scale encompasses the entire SPMR and the local scale, some case 
studies neighborhoods, examined at the scale 1:15,000. 
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Figure 6. Map comparison at regional scale. [1] LCZ map [2] QUAPA map [3] EMPLASA map. 

[3] QUAPA map [4] EMPLASA map. 

Google Earth image [2] LCZ map [3] QUAPA map [4] EMPLASA map. 

Figure 9. Map comparison at neighbourhood scale. Suzano city. Outskirts of SPMR. [1] Google Earth image [2] LCZ 
map [3] QUAPA map [4] EMPLASA map. 

At the regional scale the EMPLASA Map is the only one to capture the entire 
metropolitan region, since the Landsat scenes used in the WUDAPT method do not cover 
the entire area. However, this does not represent a significant loss of information since the 
missing area is small and not densely occupied. At this scale both the LCZ map and the 
QUAPA map can capture the main aspects of the urban built-up form, while the LCZ map 
and the EMPLASA map both can capture the main aspects of the non-urban land cover. 
Therefore, the LCZ map can be considered to be the best combination of urban and non-
urban classification at regional scale. 

At local scale, the different level of detail between the tree maps is highlighted. 
Central neighborhoods are better represented in the QUAPA map, while the outskirts of the 
urban area and the rural areas are better represented in the LCZ map and the EMPLASA 
map. 

Conclusions 

In this paper the WUDAPT methodology for acquiring Level 0 data collection was applied to 
the SPMR and the results were compared with two different existing LULC maps, one 
produced by the São Paulo Metropolitan Planning Company (EMPLASA), and the other 
produced by the QUAPA Laboratory. 

[2] [3] 

Figure 7. Map comparison at neighbourhood scale. Pacaembu neighbourhood. [1] Google Earth image [2] LCZ map 

Figure 8. Map comparison at neighbourhood scale. Pinheiros neighbourhood. West zone of São Paulo city. [1] 

[1]                                                           [2]                                                          [3]                                                          [4]

[1]                                                           [2]                                                          [3]                                                          [4]

[1]                                                           [2]                                                          [3]                                                          [4]

[1] 
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Despite the misclassification of some zones, the WUDAPT method for LCZ 
classification was considered to be a satisfactory combination of accuracy, low-time 
consuming and low- cost mapping method, especially for cities without LULC maps. 

Future work in applying LCZ for SPMR will focus on improving the accuracy for those 
zones with the lowest accuracy levels showed in table 1 and will consider the combination 
of LCZ classes to better describe the local land cover situation in the SPMR. The application 
for other cities in Brazil is also under development. 
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Abstract:	Urban heat island (UHI) effect, the temperature increase of an urban environment over its rural 
surroundings, affects cities like London. Increased density of development and climate change are both likely 
to exacerbate these conditions in the future, resulting in elevated levels of heat-related stress and mortality 
during summer months and greater energy use for cooling.  Strategies for mitigating the UHI include increasing 
green infrastructure. Literature from the past decade supports the premise that cooling effects of green 
infrastructure are a function of size, i.e. larger parks provide greater cooling benefits.  Performance of small 
urban green spaces within the urban heat island is less well documented. As a result, the contribution of 
established small parks is overlooked and guidance for planning new green infrastructure to optimise cooling is 
scarce. 
This research compares compact, mature urban green spaces in a London neighbourhood to surrounding 
street canyons and an open space without vegetation to establish the cooling effects of green infrastructure 
relative to the urban background. Air and globe temperatures are assessed in relation to sky view factor (SVF), 
which quantifies the exposure of the site to solar radiation. Results indicate that small urban green spaces do 
function as cool islands. During the heat of the day mean cooling effects of -2.6°C and -7.4°C for air and globe 
temperatures were recorded for green spaces relative to a reference point without vegetation, and -1.5°C and 
-4.2°C relative to street canyons. Daytime cooling performance of green spaces correlates strongly with SVF,
and SVF is a more important influence on cooling performance than size of green space in this study.  Small
urban green spaces like London's garden squares are valuable resources for UHI mitigation, and present a
useful precedent for adaptation of urban environments to reduce climate change risks faced by urban
populations.

Keywords:	urban heat island, cooling effect, green infrastructure 

Introduction	

Approximately 40% of the UK population is concentrated in London and other major cities, 
and planning policy, particularly in respect of meeting the needs for housing, has promoted 
development at increased density to restrict urban sprawl and protect green belt areas 
(Mell, 2009). Urban environments have characteristics that distinguish them from rural or 
less developed surroundings. These include the urban heat island effect (UHI), whereby 
temperatures in cities are raised due to absorption and re-radiation of heat by buildings and 
paved surfaces (Akbari et al, 2001). With warmer summers, climate change in the UK will 
exacerbate these features having a direct impact on everyday quality of life for urban 
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populations particularly in the south east, leading to heat stress and higher mortality rates 
during heat waves (Hajat et al, 2014).	

Urban green infrastructure encompasses parks, public and private gardens, urban 
forests, street trees, green roofs and facades. These fulfil multiple roles in adaptation of 
urban environments to the UHI and mitigating impacts of future climate change (Gill et al, 
2007).  The mean cooling by urban green space in meta-analysis of 26 park studies (Bowler 
et al, 2010) is 0.94°C reduction in air temperature relative to urban surroundings, with parks 
> 3ha delivering greater cooling benefits. The performance of small urban parks tends to be 
variable, depending on proportions of hard landscaping and vegetation e.g. Chang and 
Chang (2007). In contrast Shashua-Bar and Hoffman (2000) examined daytime performance 
of 11 small urban green spaces in Tel Aviv, Israel, concluding a mean cooling effect of green 
spaces on air temperature -2.8°C relative to unshaded reference points, with 80% of cooling 
derived from shading and 20% from evapotranspiration. Armson et al (2012) similarly 
attribute reduction in air temperature of 1-2°C, but also consider the issue of thermal 
comfort by evaluating globe temperatures which are 5-7 °C cooler in tree shade.  

In London Lindberg and Grimmond (2011) examine building morphology effects and 
the role of vegetation in the UHI at 19 sites on a north-south transect, concluding that 
shadows cast by buildings and vegetation contribute to thermal comfort in summer as low 
sky view factor (SVF) reduces surface and mean radiant temperatures (Tmrt). Tmrt is lowest in 
central, high density environments because of shading, primarily by buildings and enhanced 
by trees.  

However simply increasing urban green infrastructure globally by a target value such 
as 10% proposed by Gill et al (2007) for Greater Manchester is likely to be impracticable 
across the board and extremely difficult to achieve in high density neighbourhoods which 
are most vulnerable. Consequently, approaches are now shifting to work across scales from 
urban to local to provide criteria for targeted interventions e.g. Arup (2014) where UHI 
intensity and risk profiles of populations are assessed at borough and neighbourhood scale 
to prioritise locations, resources and interventions to mitigate UHI. In this context, the value 
of small urban green spaces in London as a cooling resource at neighbourhood scale for 
addressing UHI has yet to be quantified.  

The absence of design guidelines for green infrastructure for UHI mitigation has been 
identified by Bowler et al (2010), proposing that this should be addressed by monitoring 
new green space installations to better understand their performance. This implies both 
long term commitment to research, and considerable uncertainty in the interim for policy 
and practice. In contrast, cities like London, with a legacy of established green spaces with a 
variety of shapes and sizes and mature trees, offer a living laboratory to explore this subject.   

The research presented here examines whether small urban green spaces in London 
act as "cool islands" within the UHI. The purpose of this research is to establish how mature, 
compact green spaces function relative to their urban surroundings without vegetation. 

Methods	

The field study area is located in Westminster, central London, falling within a rectangle of 
0.27 km² defined by Gloucester Place, Oxford Street, Marylebone High Street and Euston 
Road. Ten sites were selected comprising three green spaces, a car park to serve as a proxy 
for a park without vegetation, and nearby street canyons to record urban background with 
little vegetation. The centre of the car park was used as a reference point. Green spaces 
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were selected for the dominance of large shade trees and extensive lawn and under storey 
planting of shrubs, and proximity to one another and the reference point. 

From observation of local open source meteorological stations (LGFL, 2014) it was 
established that minimum air temperature during the study period occurred between 05h00 
and 07h00, and maximum air temperature occurred at around 15h00. Field measurements 
were recorded three times daily: morning (AM) from 06h00 to 08h00, afternoon (PM1) from 
14h00 to 15h30, and evening (PM2) from 18h30 to 20h30. Measurements were taken on 10 
days during July - September 2014 with stable weather conditions, when London UHI 
conditions are most pronounced i.e. wind speed below 5 ms-1 and little or no rain 
(Kolokotroni and Gridharan, 2008). A handheld Kestrel 4400 Heat Stress Tracker was used to 
record air temperature and globe temperature. Measurements were recorded at 1200mm 
above ground level, and a minimum distance of 1500mm away from building elevations.  

Fisheye photographs were taken to determine sky view factors at each observation 
point.  A Canon EOS 5D Mk III camera and Canon EF 8-15mm f/4L Fisheye USM lens were 
used to obtain 180° view images, positioned at 1200mm above ground level, corresponding 
to the height at which temperature measurements were collected, with the lens directed 
vertically. Fisheye photographs were imported into Sky View Factor Calculator (Lindberg and 
Holmer, 2010) and adjusted to distinguish sky from "non-sky" elements, generally buildings 
and trees, to derive Sky View Factor (SVF).  

 
Table 1. Summary of observation points and local characteristics. 

Type	 Location	 Vegetation	 Vehicle	
traffic	
intensity	

Park	
area	
(ha)	

Building	
height	
(m)	

Canyon	
width	
(m)	

Observation	
stations	
number/	
location	

Mean	
SVF	

Green 
space 

Manchester 
Square (MSG) 

Mature 
trees, 
shrubs, grass 

Low 0.31 17.5 - 4 inner 0.264 

4 outer 0.455 

Portman 
Square (PS) 

Mature 
trees, 
shrubs, grass 

High 1.07 31.5 - 4 inner 0.229 

4 outer 0.418 

Paddington 
Street 
Gardens (PSG) 

Mature 
trees, 
shrubs, grass 

Low 0.93 16 - 3 0.118 

Street 
canyon 

George Street 
(GS) 

None Medium - 
 

14 16.5 2 0.517 

Manchester 
Street (MS) 

None Low - 14 18.2 2 0.535 

Wigmore 
Street (WS) 

None High - 28 21.7 2 0.436 

Duke Street 
(DS) 

None High - 30 17.6 2 0.417 

Baker Street 
(BS) 

Small street 
tree 

High - 26.5 20.8 2 0.367 

Robert Adam 
Street (RAS) 

Small street 
tree 

Low - 26.5 13.6 2 0.390 

Car 
park  

Aybrook 
Street/Moxon 
Street 

Small street 
tree 

Low 0.60 17.5 - 4 inner 0.730 
4 outer 0.576 
Ref. point 
(centre) 

0.865 
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Ordnance Survey maps (Digimap, 2014) for the study area were used in AutoCAD .dwg 
format to measure the site areas and street canyon widths. Canyon heights were estimated 
at 3.6m per storey for the surrounding buildings. 

Results	

The green spaces were consistently cooler than the reference point during AM and PM1 
sessions, and cooler than the mean urban background during all three sessions (Figure 1). 
ΔTa and ΔTg for the green spaces were also more stable than for the urban background 
locations and the reference point. The green spaces delivered a mean cooling of ΔTa = -
0.5°C and ΔTg = -1°C in the AM session. The greatest cooling effects were in the early 
afternoon (PM1), where mean cooling effects of the green spaces were ΔTa = -1.9°C and 
ΔTg = -7°C relative to the reference point and ΔTa = -1.1°C and ΔTg = -3.9°C relative to the 
urban surroundings. 

 
Figure 1. Mean and standard deviation for air (ΔTa) and globe (ΔTg) cooling effects for green spaces and urban 

surroundings relative to the reference point for AM, PM1 and PM2 sessions. 
 

 
Figure 2. Mean and standard deviation for air and globe temperatures at the reference point, green spaces 

and urban surroundings for PM1. 
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Green	space	size	and	cooling	effects	

Cooling effects do not relate to green space size in a clear-cut manner.  At 1.07ha 
Portman Square, the largest green space, was a less effective cool island than Manchester 
Square Gardens (MSG) at 0.31ha and Paddington Square Gardens (PSG) at 0.93ha, although 
it did provide substantial Ta and Tg cooling relative to the reference point in the car park. 
During PM1 daytime peak (Figure 2) the reference point at the centre of the car park 
(unvegetated open space) was the warmest location. All green spaces were cooler than the 
urban surroundings without vegetation, and the coolest location was Paddington Street 
Gardens (PSG). On the warmest day in the study, 26th July 2014, PM1 mean cooling effects 
of the green spaces were ΔTa = -3.1°C and ΔTg = -13.9°C in relation to the reference point 
and ΔTa = -1.7°C and ΔTg = -5.1°C relative to the urban surroundings. The greatest cooling 
was afforded by Paddington Street Gardens (ΔTa = -4.5°C, ΔTg = -16.2°C).  

Cooling	and	sky	view	factor	(SVF)	

The range for SVF was 0.094 in PSG to 0.865 at the reference point. SVF for urban 
surroundings, street canyons and car park, ranged from 0.355 to 0.810 (mean SVF = 0.527), 
and green space SVF ranged from 0.094 to 0.505 (mean SVF = 0.306). Some 20 stations, 8 
urban and 12 green, overlap in the range 0.3 to 0.5. Linear regression of cooling effects for 
all observation points relative to the reference point (Figure 3) showed strong positive 
correlation r = 0.705 (Ta) and r = 0.768 (Tg) for the PM1 data. In contrast AM data displayed 
moderate positive correlation for Ta (r = 0.468) and Tg (r = 0.641), and the correlation for 
PM2 was low for Ta (r = 0.163) and Tg (r = -0.004).  
 

 
Figure 3. Linear regression for mean ΔTa and ΔTg cooling effects for all observation points relative to the 

reference point for PM1 session. 
 
Data were separated to compare trends from green spaces and urban surroundings 

without vegetation (Figure 4) revealing diversity in their behaviour. There was no 
correlation in the AM session between SVF and cooling in green spaces, whereas Tg in the 
urban surroundings showed moderately strong correlation with SVF. In the PM1 session Ta 
and Tg cooling effects correlated more strongly with SVF in green spaces than urban 
surroundings. In PM2 session opposing trends were observed: urban locations with higher  
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Figure 4. Linear regression for mean ΔTa and ΔTg cooling effects for green spaces and urban surroundings 

relative to the reference point for AM, PM1 and PM2 sessions.  

SVF were relatively cool compared to low SVF street canyons, with a moderately strong, 
negative correlation with SVF indicating that sites with obstructions reducing SVF cool more 
slowly than sites with open, less obstructed SVF. In contrast, green spaces displayed a 
moderate positive correlation with SVF in the PM2 session. Relatively low R²-values imply 
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that other factors are at work, particularly in the case of green spaces in AM session. These 
are likely to include specific heat capacity and surface characteristics of the urban fabric, 
cooling from irrigation and evapotranspiration in green spaces, and intensity of 
anthropogenic heat sources e.g. traffic. 

Discussion	

Results indicate that small urban green spaces are effective cool islands within the London 
UHI. The examples in this study showed green spaces resisted warming in the early morning, 
showed substantial cooling benefits at daytime peak, and remained slightly cooler than 
surrounding canyons in the early evening.  Green spaces deliver cooler air temperatures 
than the urban background with a mean cooling effect of -1.9°C. More importantly, as an 
indicator of thermal comfort, the mean globe (radiant) temperature shows -7.0°C cooling 
effect. These results concur with findings of Armson et al (2012), who recorded similar air 
and globe cooling effects in a larger Manchester park relative to an urban reference point. 
The impact of SVF on globe temperatures in urban and small green spaces in this study is 
consistent with the mean radiant temperature observations made by Lindberg and 
Grimmond (2010). 

Green space size is not a clear indicator of performance; Manchester Square Gardens, 
at approximately one third of the area of Portman Square, shows greater cooling effects for 
air and globe temperatures. SVF is a reasonable indicator for cooling at daytime peak for the 
small urban green spaces considered here through a combination of high density 
development, consistency of building heights and a substantial population of mature shade 
trees. The nature of boundaries around green space is also a factor requiring consideration, 
contributing to the difference in performance between Portman Square and Paddington 
Street Gardens, which are similar in size but differ in terms of surrounding built 
environment and street canyons which define their shape and margins. The presence of 
heavy vehicle traffic may inhibit cooling effects, as observed in the case of Portman Square.  

Paddington Street Gardens provides a useful example of high performance cooling, 
being heavily wooded, an irregular shape, a high degree of enclosure by surrounding 
buildings and absence of surrounding road infrastructure that is present in Portman Square 
and Manchester Square Gardens. A further important lesson here is illustrated by the car 
park, demonstrating that open spaces with little or no tree shade are potential hotspots 
within the UHI. 

Conclusion	

This research indicates that small urban green spaces do function as cool islands within the 
urban heat island, and exceed mean air cooling effects analysed across a range of research 
into the performance of urban parks by Bowler et al (2010). The combination of mature, 
closely spaced trees enclosed by high density built environment restricts SVF, and therefore 
limits penetration of solar radiation to ground level. The small urban green spaces examined 
here benefit from these characteristics and provide substantial reductions in both air and 
globe temperatures when compared to an open space without vegetation and the urban 
background during daytime peak temperatures. However cool island performance cannot 
necessarily be defined by size of green space. Further work is required to identify optimal 
small green space configurations to maximise cool island performance. 

Findings for small green spaces in this study compare favourably with similar research, 
and will provide a useful inventory for local UHI mitigation and risk management if 
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replicated more widely. Mature small green spaces in London like the examples in this study 
are a valuable resource which must be maintained in a manner that promotes growth and 
health of the tree population optimise cool island potential.  

 The key to future cool island provision is for small green spaces to be located where 
they address the local need i.e. in urban locations that are prone to higher temperatures 
and where local populations are at risk during hot weather.  In a complex, pre-existing urban 
fabric, a network of small green spaces located at frequent intervals will provide easily 
accessible refuges during warm weather in addition to contributing to wider UHI mitigation. 
Mature trees reduce SVF to low levels in small green spaces and therefore cooling potential 
of new green spaces needs to be achieved in a way that reduces as far as possible the time 
required to achieve optimum tree size. 
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Abstract: Tropical high-density urban areas, like Singapore’s central area, faces serious challenges to counter 
thermal discomfort and other negative impacts of urban heat island effects. Natural ventilation is one of the 
crucial cooling strategies for pedestrian areas, however, compact building arrangements inside plots especially 
at podium level usually weaken its effects. Therefore, the proper arrangement of roads is one promising solution 
to pursuit sufficient wind flow without sacrificing building densities. This paper specifically focuses on the 
angular orientations of roads. For this purpose, nine road patterns are tested by computational fluid dynamics 
(CFD) simulations. Amongst them, all road segments run at right angles in the baseline pattern while a portion 
of these segments are 15° or 25° rotated anticlockwise in the remaining patterns. Each plot in the models 
contains an office tower with a bulk podium. Both normal and oblique (θ = 0° and 45°) wind directions are 
considered. Pedestrian wind velocities are evaluated along centrelines of roads and walkways inside plots. The 
results show that, in angular patterns, the overall pedestrian ventilation is benefited when all road segments are 
≥ 45°oriented to the wind direction while it is worsened when only a portion of segments are ≥ 45° oriented. 

Keywords: Pedestrian ventilation, urban planning, road pattern, angular orientation, CFD 

Introduction		

In tropical high-density urban areas, the urban heat island effect is detrimental to human 
thermal comfort and to the needed reduction of energy and resources. Singapore has a 
narrow yearly variation of high temperatures while its central area, including the central 
business district (CBD), suffers from even 4°C (Wong et al., 2005) higher temperatures than 
the well planted areas during night time. Urban ventilation is one of the effective methods to 
cool down the outdoor space of city centre. However, the natural wind recourse tends to be 
inefficiently-used because of the blockage of high-density and unthoughtful arrangements of 
artificial constructions.  

The planning of urban road patterns is one of the potential solutions to pursuit sufficient 
wind flow at pedestrian level. Roads usually act as the main corridors for wind in high-density 
CBD considering that plots’ coverage ratio is maximised for economic reasons. However, 
currently, insufficient studies are conducted to explore the relation between pedestrian wind 
behaviours and morphological characteristics of road patterns, especially the angular ones. 
In fact, the fluid properties of water have been studied in curve channels or pipes. These curve 
water paths significantly affect the flow patterns, which change the movements of sediments 
(Straub et al., 2011) and water pressure distributions (Xia et al., 2016). However, the 
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insufficient understanding of the effect of urban morphology and road patterns on wind 
behaviour at city scale leads to the non-unified or absence of relevant standards in existing 
planning guidelines and codes. For instance, the Hong Kong government published the 
sustainable building design guidelines and air ventilation assessment guidelines, where 
recommendations are given to the orientation of wind paths. The former gives the upper limit 
of the rotation angle of wind paths is 15° (Building Department, 2016) without considering 
the wind direction while the latter suggests the angle between the orientation of wind paths 
and the wind direction should not be more than 30° (Ng, 2009). In Singapore, so far, no 
guideline is developed to control the orientation of road segments.  

Therefore, this study explores the influence of angular road patterns on wind velocities 
at pedestrian level. Specifically, the effects of rotating the angles of the segments of straight 
roads is assessed in two wind directions. Then, it analyses the general relation between 
orientations of road segments and wind direction. 

Methodology		

The results of this study are based on computational fluent dynamics (CFD) simulations. 
Generic urban models with variations of the testing parameter were designed. Computational 
settings follow the guidelines of the Architecture Institution of Japan (AIJ) (Tominaga et al., 
2008). Details are described in the following sections. 
 

 
Figure 1. Three plot types, namely, commercial, mixed-use and residential, arranged in the baseline road 

pattern (this study only considers commercial plot type). 
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Plot	types	and	road	patterns		

The generic urban models consist of plots and roads, which were designed according to the 
master plan (URA, 2017) of Singapore’s central area. Plots in this area contain high-density 
commercial, residential or mixed-use buildings. As shown in Figure 1, only the commercial 
plot type was considered in this study. Each plot has the area of 90 × 90 m-2 and gross plot 
ratio (GPR) of 12. In detail, it contains an office tower with the volume of 50 × 50 × 120 m-3 
on top of a podium with the volume of 75 × 75 × 16 m-3. 

Based on the same plot type, nine road patterns were designed. As shown in Figure 2, 
the baseline road pattern (Pattern 1) follows an orthogonal grid plan with x-axis and y-axis. 
Each road is formed by four segments and has a width of 20 m. The rest eight patterns rotate 
the road segments with respect to the baseline pattern. Specifically, Pattern 2 and 3 rotate 
two segments of each road parallel to y-axis (hereafter y-segments) in Pattern 1 with 
anticlockwise angles of 15° and 25°, respectively. Pattern 4 - 6 and Pattern 7 - 9 rotate two 
segments of each road parallel to x-axis (hereafter x-segments) in Pattern 1 - 3 with 
anticlockwise angles of 15° and 25°, respectively. Meanwhile, the shape of each plot is 
adjusted according to the orientation of adjacent road segments. Buildings are always placed 
at the centroid of each plot. 

Computational	settings	in	CFD	simulations		

The CFD software scSTREAM (version 13) was used in this study. A validation was conducted 
by comparing simulation results (He et al., 2017) with data obtained from wind tunnel 
experiments of point blocks with sharp edges at pedestrian level (Yoshie et al., 2007). In the 
computational domain, air flow near the podiums of urban models was simulated with finer 
meshes while coarser meshes were applied at their surroundings. The inflow wind directions 
are normal (θ = 0°) or oblique (θ = 45°) to the x-axis (Figure 2), which represent the prevalent 
winds from around the northeast in Singapore (MSS, 2017). Other computational condition 
details are listed in Table 1. 
 

Table 1. Computational conditions in CFD simulations.	
Computational domain X × Y × Z = 3320 × 3320 × 650 m-3 
Number of cells 7 to 9 million 
Inflow boundary condition Inflow mean wind profile estimated by logarithmic 

law with the reference wind velocity of 2.7m/s at 
15m’s height 

Outflow boundary condition Natural outflow condition 
Lateral and top boundary condition Free slip wall condition 
Ground boundary condition Rough wall condition with roughness length of 0.03m 

at the model area and 0.4m at the surrounding area 
Turbulence model Standard κ-ε model 
Convection scheme QUICK (3rd order upwind scheme) 
Convergence criteria 1.0E-6 

 

Positions	for	wind	assessments	

Wind velocities were obtained at the central area of each urban model at pedestrian level (2 
m), as shown in Figure 2. The assessment positions are along centrelines of either roads or 
walkways surrounding each building inside plots. Their spatially-averaged wind velocities are 
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marked as Ur and Up, respectively. The assessments can provide individual wind data at areas 
of specific zoning functions. 
 

 
Figure 2. Baseline road pattern (Pattern 1) and the other analysed road patterns with various rotations of road 

segments along x-axis (x-segments) and y-axis (y-segments). 
 

Results	and	analysis	

The influences of rotating the y-segments of roads in the baseline pattern (Pattern 1) on 
pedestrian wind velocities were explored by maintaining the x-segments of roads. Individual 
results are firstly shown for two inflow wind directions, namely, wind direction normal (θ = 
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0°) and oblique (θ = 45°) to the x-axis. Then, general relations between the orientation of road 
segments and pedestrian wind velocities are analysed. 

Results	with	a	normal	wind	direction		

When θ = 0°, generally, both Ur and Up decrease with rotating the y-segments of roads from 
0° to 25° anticlockwise. As shown in Figure 3, the largest reduction is seen when x-segments 
of roads have no rotation. From Pattern 1 to 3, the reduction of Ur and Up is around 0.3m/s 
and 0.15m/s, respectively.  

In comparison, the effects of rotating the x-segments of roads are relatively small. The 
largest reduction of Ur and Up is around 0.1m/s when y-segments of roads are oriented to the 
wind direction while the effects in other scenarios are negligible.  

Furthermore, wind velocities inside plots are less sensitive to the rotation of the y-
segments of roads from 15° to 25° than those inside roads. This is mainly because plots have 
narrower open space or breezeways than roads, making the air be more easily stagnated 
disregarding the angle of rotation. 
 

 
Figure 3. Spatially-averaged wind velocities at ground open-spaces of a) roads (Ur); and b) plots (Up) for road 

patterns with various anticlockwise rotations of y-segments when wind direction θ = 0°. 
 

Results	with	an	oblique	wind	direction		

When θ = 45°, road segments are all oblique to the wind direction. In this situation, as shown 
in Figure 4, wind velocities still obviously decrease when the y-segments of roads are rotated 
anticlockwise. However, the largest wind reduction is obtained when the rotation angle of 
the x-segments of roads is 25° instead of 0°, reaching a difference over 0.3m/s for both Ur and 
Up. 

Besides, the effects of rotating the x-segments of roads are clearer on Ur than Up. In the 
case of roads, by maintaining the rotation of y-segments of roads as 0°, Ur increases from 
1.25m/s in Pattern 1 to 1.48m/s in Pattern 7. It should be noted that these effects are 
weakened with the increasing rotation angle of the y-segments of roads. 
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Figure 4. Spatially-averaged wind velocities at ground open-spaces of a) roads (Ur); and b) plots (Up) for road 

patterns with various anticlockwise rotations of y-segments when wind direction θ = 45°. 
 

General	effects	of	the	orientation	of	road	segments	

The above results indicate that the pedestrian wind velocity is affected by both the rotation 
angle of road segments and inflow wind direction. Therefore, it is necessary to explore the 
relation between the orientation of road segments and wind direction. In this study, three 
general effects are found.  

Firstly, road segments parallel to the inflow direction maximally channel the wind into 
the deep urban area due to the lack of obstructions. However, road segments perpendicular 
to the inflow direction most seriously stagnate the wind since air flow hardly enters from the 
lateral direction, as shown in Figure 5a.  

Secondly, when oblique road segments are introduced, the assessment areas with the 
best ventilation are negatively affected while the worst areas are improved, as shown in 
Figure 5b. In most of the scenarios in this study, road segments contain mixed oblique 
orientations, where a portion of them are ≥ 45° oriented to the inflow wind direction while 
the reminders are < 45°. As shown in Figure 5c, they all generate worse average wind 
velocities than those in the patterns without oblique road segments.  

Thirdly, an exception is found. When road segments are all ≥ 45° oriented to the inflow 
wind direction, the average wind velocities are as high as those in the patterns without 
oblique road segments. The best scenario, Pattern 7 (θ = 45°) as shown in Figure 5d, generates 
Ur = 1.48 and Up = 1.11, exceeding those (Ur = 1.39 and Up = 0.95) in Pattern 1 (θ = 0°). This 
phenomenon indicates that angular road patterns can also benefit the pedestrian ventilation 
as long as they are properly oriented toward the wind direction. 
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Figure 5. CFD results of a) Pattern 1 when θ = 0°; b) Pattern 3 when θ = 0°; c) Pattern 9 when θ = 45°; and d) 

Pattern 7 when θ = 45°. 
 

Conclusion		

This study explores the influence of angular road patterns on pedestrian wind velocities in 
Singapore’s central area. Nine road patterns with the same plot type were tested in CFD 
simulations. The baseline pattern is orthogonal while the others are angular containing road 
segments with 15° or 25° rotations anticlockwise. The results show that the pedestrian wind 
velocity is both related to the rotation angles of road segments and inflow wind direction. 
Therefore, three general relations between the orientation of road segments and wind 
direction are found: 

1) Roads parallel to inflow wind direction maximize the channelling of pedestrian air 
flow while those perpendicular to inflow wind direction almost completely stagnate the air 
flow. 
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2) Angular patterns with all segments ≥ 45°oriented to inflow wind direction can 
generate wind velocities at pedestrian level even higher than those in orthogonal pattern, 
where road orientation angles are 0° or 90°. The best scenario contains road segments with 
45° and 70° oriented to inflow wind direction. 

3) Angular patterns with only a portion of road segments ≥ 45° oriented to inflow wind 
direction are less effective for pedestrian ventilation than orthogonal patterns. 

The physical mechanism behind the influence of angular road patterns should be 
further studied. However, the results in this study reveal that the road orientation has crucial 
impacts on pedestrian ventilation. Therefore, it should be considered as part of road planning 
especially in high-density urban areas in order to maximise the positive effects of urban 
ventilation. 
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Abstract: This paper proposes a first approach to decision support in the design of passive cooling solutions for
buildings in dense urban contexts. The problem of summer discomfort in these buildings must then take into
account the effects associated with urban heat islands. The absence of objective criteria constitutes a barrier on
the development of solutions such as the radiative treatment of roofs and natural ventilation envisaged here. A
simple representation methodology, based on the Sankey diagram and indicators, is proposed and applicated
on a typical commercial building. Nocturnal Natural ventilation contributes to a great reduction in summer
thermal discomfort compared to the "cool roof". Reflective coatings reduce the anthropogenic heat transferred
to the external environment. The cooling potential of the building and the urban environment, thus obtained
for different temperate climates shows the prospects for the design of efficient solutions with controlled
environmental impacts.
Keywords: Thermal comfort, Natural ventilation, Cool roof, Building Envelope, Urban Heat Island.

Nomenclature 

DH degree-hour, °Ch
h heat transfer coefficient, Wm-2K-1

Q energy, kWh/m2

S area, m2

t time, s
T temperature, °C
U U value of floor., Wm-2K-1

Greek symbol 

ηFRin  thermal discomfort indicator
ηFRout   indicator of the external environment
Subscripts 
A related to air
C  related to heat transferred by convection
I related to infiltration
g related to ground
LW related to LongWave heat transfer

sky related to LW heat transfer with sky
SW related to ShortWave heat transfer
T related to heat transmitted by conduction
V related to ventilation
Wi related to wall indoor surface
Wo related to wall outdoor surface
(+) related to positive value
(-) related to negative value
Exponents 
heat  related to heating system
i related to indoor
o related to outdoor
other related to internal loads
refl related to reflected solar radiation
win related to opennings

Introduction 

According to the IPCC, global warming could increase from 1.1 to 6.4 °C by the end of the 21st
century according to scenarios (Guivarch and Cassen, 2015). The consequences will be
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particularly significant in urban areas where the building and its immediate surroundings are 
the source of multiple microclimate disruptions. The perceptible manifestation of these 
disruptions is the well-known phenomenon of Urban Heat Island (UHI), which is characterized 
by an increase in the temperatures of urban sites higher than those of the surrounding 
countryside. The urban heat island is the mutual response of several factors related to the 
climate and the specificities of the sites, the design and construction materials of the urban 
spaces and the way of life of the population (transport). These critical situations are observed 
during the summer period, with consequences on thermal comfort (indoor and outdoor 
environments), energy consumption, pollution and more dramatic heat-related health 
problems particularly in middle latitude countries. The reduction of this vulnerability requires 
the establishment, as far as possible, of an urbanism and a built environment adapted to high 
temperature. Mitigation and adaptation solutions are relatively well known (Akbari et al. 
2016). They are based on the use of passive cooling technologies at the scale of the building 
and the restoration of natural cooling at scale of district and city. So building design processes 
which are focused on indoor environment quality, have to deal also with the issues of UHI 
and climate change by taking into account the outdoor environment quality. Building 
Performance Simulation (BPS) tools have become essential in building design processes. 
However, one of the main barriers to the use of BPS tools is the use of the output data and 
their complex representation. Decision-makers need simple tools and indicators to which 
they can refer to evaluate and choose the most effective solutions. These tools and indicators 
are indispensable for the construction stakeholders and policy key actors. The Sankey 
diagrams, which are typically used to represent flows of materials or energies, have been 
developed and used for more than 100 years (Schmidt, 2008) and allow to have an easier 
representation of the phenomena. However, there are very few cases for building design 
(Singer and Simon, 2013; O’Brien, 2012; Schmidt, 2008). We are developing this approach in 
this paper for a typical commercial building with large ground footprint. Commercial buildings 
account for 7 % of the total world energy consumption (Pérez-Lombard et al., 2008), mostly 
for heating and cooling systems with more than 60 % of the consumption (Carvalho et al., 
2010). Here investigations are conducted on the interaction between the envelope and its 
surrounding environment as well as the quality of the indoor environment during hot periods 
by proposing an urban cooling indicator. This indicator makes it possible to evaluate the 
performance of cooling solutions with regard to the indoor and outdoor environments and 
compare them. Passive cooling solutions such as cool roofing and natural ventilation are then 
qualified and compared for different climates. 

Methodology 

Description of the case study 

The building (Figure 1), 6 m high, consists of a steel structure with a floor area of 36 × 36 m2. 
This building is located in an urban area subject to temperate climates (Strasbourg, Paris and 
Marseille). The vertical walls are composed of 1.3 cm of plaster, 14 cm of mineral wool, and 
a 2 mm steel sheet. The windows consist of 30 m² glass surfaces located on the east, west 
and south facades. The 13.5 cm thick roof (1.3 cm of plaster, 12 cm of glass wool, 2 mm of 
steel cladding) has skylights (8 % of the surface area of the roof). The floor is made up to 16 
cm of concrete (0.5 m2K/W) and the soil is sandy. The inertia of the shelves and partitions is 
considered as an internal mass. For this reference building, the roof has a solar reflectance of 
0.3 and the thermal emissivity is 0.9. The building air permeability level is equivalent to 
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2 cm2/m2 which is representative of a common steelconstruction building (Persily, 1998). An 
occupation density of 11.6 m2/person is considered here (Deru et al., 2011). The occupancy 
period is 07:00 AM - 10:00 PM every day except on Sundays (empty building). Artificial lighting 
is turned off if natural daylighting exceeds 300 lux. A heating system is set to maintain the 
indoor temperature to a minimum of 19 °C when the building is occupied and 5 C otherwise. 
No cooling system is present in this prototypical building. A heat recovery ventilation (HRV) 
system provides 0.5 air changes per hour (ACH) when the occupants are present.  

Building thermal model 

The thermal simulations of the building were carried out by coupling thermal model 
(TRNSYS©) to airflow model (CONTAM©). The rates of infiltration and natural ventilation are 
induced by wind and thermal effects. The wind pressure coefficient on the envelope is 
determined by the model proposed by (Swami and Chandra, 1988). The heat transfer with 
the ground is modeled according to a three-dimensional approach (Lapisa, Bozonnet, Abadie 
and Salagnac, 2013). An additional complete year is used to initialize each calculation. 

 
Figure 1: Mock-up of the studied building (A); Control of heating system and night ventilation (B) 

Modeling of cooling techniques 

Passive cooling techniques have been used to cool the building in summer: cool roof (CR), 
nocturnal natural ventilation (NNV) and the combination of both (CR + NNV). A "cool roof" is 
a roof covering layer that limits the absorption of solar irradiance by a high solar reflectivity; 
while emitting the accumulated heat towards the sky due to its high thermal emissivity. Here, 
a solar reflectivity of 0.7 was considered while maintaining the emissivity of the reference 
case (0.9). Nocturnal natural ventilation (NNV) is ensured by opening ad-hoc vents in the 
lower part of the building and the skylights located on the roof during the warm periods from 
11 pm to 6 am (periods of unoccupancy and without additional mechanical ventilation) and 
when the indoor temperature is above outside temperature (deviation of 2 °C). The 
mechanical ventilation operates during the summer and can be adjusted according to 
ventilation needs. The control of the opening for the natural ventilation must be done outside 
the heating periods and thus determined by the control diagram (Figure 1.B). During periods 
of non-heating (mainly summer), skylights are operated according to outdoor and indoor air 
temperatures (Tao and Tai). The choice of the limits for heating and natural ventilation periods 
Tclose and Topen are decisive for both the annual potential of passive cooling and heating needs. 

Results 

Sankey diagram of the reference case 

In this first part, energy flows (Figure 2.A) between the building and its environment are 
represented by a Sankey diagram (Figure 2.B). This synthetic representation makes it possible 
to quickly identify the strengths and weaknesses of the components of the energy systems 
and their integration. Two thermal balances were carried out. The first balance concerns the 
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building envelope (windows, walls and roof), the floot and the internal walls. 
𝑄𝑆𝑊⏟
1

+ 𝜎𝜖𝑆(𝑇𝑠𝑘𝑦
4 − 𝑇𝑊𝑜

4 )∆𝑡⏟            
2

+ ℎ𝐶
𝑜𝑆(𝑇𝑎𝑜 − 𝑇Wo)∆𝑡⏟            

3

+𝑈𝑆 (𝑇Wi − 𝑇g)∆𝑡⏟          
4

+ 𝑄SW
𝑤𝑖𝑛 +𝑄𝐿𝑊

𝑜𝑡ℎ𝑒𝑟𝑠
⏟          

5

+ 𝑄𝐿𝑊+
𝑖 − 𝑄𝐿𝑊−

𝑖
⏟        

6

+ ℎ𝐶
𝑖 𝑆(𝑇Sky − 𝑇Wo)∆𝑡⏟            

7

+ ∆𝑄𝑊⏟
8

= 0  

(1) 

Where (1) represents the solar radiation towards the building envelope (𝑄SW − 𝑄SW
refl); 

(2) corresponds to longwave (LW) heat transfer between the building skin and the sky (Qsky); 
(3) is the convective heat transfer between the skin and outdoor air (𝑄𝐶+

𝑜 − 𝑄𝐶−
𝑜 ); 

 
Figure 2: A. Heat transfer in the building and between the building and its environment; B. Sankey diagram 

(kWh/m²) of the entire year 

 
 (4) is the heat transfer by conduction with the ground (𝑄T); (5) are the short-wave 

radiation heat gain through windows and skylights (𝑄SW
win) and the radiative part the building 

internal loads (𝑄LW
others) ; (6) is longwave heat transfer of indoor surfaces (𝑄𝐿𝑊+

𝑖 − 𝑄𝐿𝑊−
𝑖 ); (7) 

is the convective heat transfer between indoor surfaces and the zone air (𝑄𝐶+
𝑖 − 𝑄𝐶−

𝑖 ) and (8) 
is a variation of stored energy by the skin, the floor and internal partitions ∆QW. Equation (1) 
can take the following form (by separating the positive (+) and the negative (-) inputs) and 
showing the various terms necessary for the Sankey diagram: 

𝑄SW − 𝑄SW
𝑟𝑒𝑓𝑙

− 𝑄LW
𝑜 + 𝑄C+

𝑜 + 𝑄T − 𝑄C−
𝑜 + ∆𝑄W+

= 𝑄SW
𝑤𝑖𝑛 + 𝑄LW

𝑜𝑡ℎ𝑒𝑟𝑠 + 𝑄LW+
𝑖 − 𝑄L−

𝑖 + 𝑄C+
𝑖 − 𝑄C−

𝑖 + ∆𝑄W−  

(2) 

The second balance concerns the air node:  
(�̇�𝑉 + �̇�𝐼)𝐶𝑝(𝑇ai − 𝑇ao)∆𝑡⏟                

1

+ ℎ𝐶
𝑖 𝑆(𝑇ai − 𝑇Wi)⏟          

2

∆𝑡 + 𝑄C
ℎ𝑒𝑎𝑡 + 𝑄C

𝑜𝑡ℎ𝑒𝑟𝑠
⏟          

3

= 0 (3) 

Where (1) shows the heat gain by ventilation and infiltration (𝑄V+ + 𝑄I+ − 𝑄I− − 𝑄V−); 
(2) is the convective heat transfer with indoor surface of walls, floor, roof, windows and 

partitions (𝑄C+
i − 𝑄C−

i ); (3) is the convective heat gain due to the heating system (𝑄C
heat), to 

occupants and lighting (𝑄C
others). So this balance becomes: 

Ts

+ 

LW heat transfer
SW solar heat gain
Convective heat transferTsky

A. B.
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𝑄𝑉+ + 𝑄𝐼+ + 𝑄𝐶+
𝑖 + 𝑄𝐶

ℎ𝑒𝑎𝑡+𝑄𝐶
𝑜𝑡ℎ𝑒𝑟𝑠 − 𝑄𝐼− − 𝑄𝑉− − 𝑄𝐶−

𝑖 = 0 (4) 

Figure 2.B shows the Sankey diagram from the annual simulation of the built 
environment in interaction with the external environment (Marseille climate). All the energies 
are related to floor area. This diagram makes it possible to analyze the specificities of the 
dynamic transfers of this building typology (Bozonnet et al., 2016; Lapisa, Bozonnet, Abadie 
and Salagnac, 2013; Lapisa, Bozonnet, Abadie, Salagnac, et al., 2013). On the other hand, the 
inertia of the envelope, shelves and the ground which contributes to regulate the 
temperature in the building is highlighted ( ∆𝑄W− = ∆𝑄W+ = 122.8 kWh/m2). We can 
observed that the convective heat transferred to the nearby environment air (𝑄C+

𝑜 + 𝑄C−
𝑜 ) 

and is worth 702 kWh/m2 a year. This heat transferred to the external environment is 
detrimental in summer and contributes to the appearance of UHI phenomena. In the 
following, we will therefore restrict the study of the cooling potential from the Sankey 
diagram to the cooling needs period of the building. 

Cooling indicator for UHI and indoor comfort – definitions and results 

In order to characterize the performance of the building with respect to the occupied zone 
and the surrounding environment, two quantities are used: 
- Summer thermal comfort can be evaluated by calculating the degree-hours of discomfort 

(DH) using the maximum adaptive comfort temperature (EN-ISO-15251) as reference. 
- During the period when the building needs to be cooled, thermal exchanges between the 

building and the external surrounding modify the urban microclimate and are 
represented by the amount of energy (Qo) exchanged with the outside air.  

𝑄𝑜 = 𝑄𝐶+
𝑜 − 𝑄𝐶−

𝑜 − 𝑄𝐼− − 𝑄𝑉− (5) 

In the case of Marseille, the cooling needs period corresponds to 6159 hours (70% of 
a year) for this building. The energy (𝑄𝑜)  transferred to the surrounding environment 
represents 670 kWh/m² (Figure 3.A) during the cooling period, compared with 757 kWh/m² 
for the whole year. The number of degree-hours is 10114.2 °Ch. In this case, the ground 
(27 kWh/m2) contributes strongly in dissipating heat in the zone. In order to compare the 
performances of the various cooling techniques, a cooling indicator of the external 
environment ηFRout and thermal discomfort indicator ηFRin are calculated by equations (6). 

 

𝜂𝐹𝑅𝑜𝑢𝑡 = 100 
𝑄𝑟𝑒𝑓−𝑄𝑜 

𝑄𝑜,𝑟𝑒𝑓
; 𝜂𝐹𝑅𝑖𝑛 = 100 

𝐷𝐻𝑟𝑒𝑓−𝐷𝐻

𝐷𝐻𝑟𝑒𝑓
; Δ𝐶𝐸𝑃 = 100 

𝐶𝐸𝑃,𝑟𝑒𝑓−𝐶𝐸𝑃

𝐶𝐸𝑃,𝑟𝑒𝑓
 (6) 

The passive cooling scenarios are compared to the reference case without cooling 
solution. ηFRout is the rate of change of the heat transmitted outwards (𝑄𝑜). This is the 
anthropogenic contribution of the building to the local microclimate. ηFRin is the rate of 
change of discomfort’s degree-hours. It characterizes the cooling needs of the building. The 
rate of change in primary energy consumption (ΔCEP) is also calculated in order to evaluate 
the impact of cooling technology on the energy requirements of the building throughout the 
year.  

Figure 3.B shows a graphical representation of the thermal exchanges for the "Cool 
Roof" case during the summer period in Marseille. The passive cooling scenarios are 
compared to the reference case without cooling solution. The presence of this reflective 
coating decreases the heat absorbed by the roof. This results in a decrease of the surface and 
air temperatures of the surrounding. The overheating period is reduced for this case and this 
is reflected in the different integrated flows over this period. A reduction of the discomfort 
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period is thus obtained with an internal cooling potential ηFRin of 4.3 %. The heat transmitted 
to the nearby environment also decreases to 314.6 vs. 670 kWh/m2 for the reference case, 
i.e. ηFRout = 53.1 %.  

 

 
Figure 3 A. Sankey diagram (kWh/m²) during the summer period in Marseille; B. Sankey diagram (in kWh / m²) 

- Case of Cool Roof (CR) 
 

 
Figure 4: A. Sankey diagram (in kWh/m²) - Case of the NNV; B. Sankey diagram (in kWh/m²) - Case of CR+ NNV 

 
Figure 4.A shows for the detailed sankey obtained in the case of nocturnal natural 

ventilation as passive a cooling technique. The nocturnal ventilation (QI-) makes it possible to 

A. B.

A. B.
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cool down the building surfaces (𝑄C+
i ) thus putting the inertia of the envelope and internal 

mass (ΔQw+= 103.8 vs 94.6 kWh/m² for the reference case) to contribution during daytime. It 
can be observed that the energy dissipated through the ground is lower compared to the 
reference case. The degree-hours of discomfort falls to 5709,5 °Ch, which represents a cooling 
potential ηFRin of 43.6 % for Marseille. Heat transfer to the outdoor environment increases 
slightly with ηFRout equal to -0.6 %. The results obtained when combining the two previous 
solutions (NNV + CR) are shown in Figure 4.B. This combination offers best performances both 
for the indoor and the surrounding external by addind the effects of each passive solution 
taken standalone. The cooling potentials are ηFRin = 46.3 % and ηFRout = 52.22 % respectively 
for the indoor and outdoor. 

Climate Impact 

In this section, we present the results obtained under other climates (Paris, Strasbourg). Table 
1 shows the indicators ηFRin, ηFRout and ΔCEP. Concerning outdoor cooling, the trends are the 
same for all the studied climates. The impact of natural ventilation on the energy exchanged 
with the environment is negligible compared to the cool roof solution. Whatever the 
temperate climates studied, increasing the albedo of the roof by 0.4, a reduction in the 
overheating of the environment is achieved, close to 50 %. The performance of the cool roof 
is low because the roof is isolated. ηFRin is low in Marseille because the discomfort degree-
hours is higher than the other climates. For the building cooling indicator, natural ventilation 
allows a higher reduction of the discomfort compared to the "cool roof". However, the use of 
"cool roof" leads to a slight increase in CEP, mainly due to lower solar heat gain.  

 
Table 1: ηFRin, ΔCEP, and ηFRout for different climates 

 Marseille Paris Strasbourg 

  ηFRin 
ΔCEP 

(%) 
ηFRout 

ηFRin 
ΔCEP 

(%) 
ηFRout 

ηFRin 
ΔCEP 

(%) 
ηFRout 

CR 4.3 -0.6 53.1 9.7 -0.4 51.2 8.0 -3.7 49.5 
NNV 43.6 -1.3 -0.6 81.9 0.4 8.0 68.4 -4.3 2.7 

NNV+CR 46.3 -2.3 52.2 85.1 -0.2 53.2 72.2 -4.9 50.6 

Conclusion 

In this study based on thermal simulations of the building, the passive cooling potential was 
evaluated both from the point of view of the building indoor environment and also its 
anthropogenic heat transferred to the environment. The integrated analysis over a full year 
was presented using the Sankey diagram to visualize the energy flows especially during the 
cooling needs period. We focused on thermal exchanges in the summer period between the 
building and its external surrounding and also summer comfort through the implementation 
of indicators. Through the study of a commercial building, located in temperate climates using 
this methodology, we have shown the interest of the "cool roof" and natural night ventilation 
as passive cooling strategies for indoor and outdoor environments. The increase of the cool 
roof is complementary to the nocturnal ventilation through the skylights. Nocturnal natural 
ventilation contributes to a great reduction in summer thermal discomfort compared to the 
"cool roof" (81.9 % instead of 9.7 % for Paris) due to the fact that buildings are insulated in 
these heating needs climates. Reflective coatings reduce the overheating of the external 
environment (50 %). For a better efficiency, the combination of these techniques is 
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advantageous. On the other hand, inertia in general and that of the ground in particular 
constitutes a significant passive cooling sink in temperate climates for this type of building. 
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Abstract:	 One	 of	 the	 greatest	 environmental	 challenges	 for	 the	 sustainability	 of	 future	 cities	 is	 the	
improvement	of	 thermal	 comfort	 conditions	 in	outdoor	urban	 spaces.	 Especially,	 cities	which	are	 located	 in	
hot	climates	will	confronted	with	overheating	phenomena,	so	urban	design	is	very	important	for	their	livability.	
In	this	work,	the	quantitative	differentiation	of	outdoor	thermal	comfort	conditions	through	bioclimatic	urban	
redevelopment	 for	 a	 large	 area	 in	 the	 city	 centre	 of	 Serres	 in	 Greece	 is	 investigated.	 The	main	 bioclimatic	
interventions	 concern	 the	 application	 of	 cool	 paving	 materials,	 the	 increase	 of	 vegetated	 areas	 and	 the	
creation	of	water	surfaces.	The	analysis	and	comparison	are	performed	for	a	hot	summer	day	with	the	ENVI-
met	 model.	 Software	 simulations	 regarding	 microclimatic	 and	 outdoor	 thermal	 comfort	 conditions	 are	
performed	 for	 the	 daytime	 period	 06.00	 to	 20.00	 (14	 hours)	 at	 the	 height	 of	 1.8m	 from	 the	 ground.	 The	
examined	parameters	 are	 air	 temperature,	 surface	 temperature	 and	mean	 radiant	 temperature	 (Tmrt).	 The	
evaluation	 of	 outdoor	 thermal	 comfort	 conditions	 is	 conducted	 using	 the	 index	 PMV,	 adapted	 for	 outdoor	
conditions.	Results	show	that	air	temperature	and	surface	temperatures	are	decreased	in	the	biggest	part	of	
the	area.	Tmrt	and	PMV	show	spatial	fluctuation	in	the	area.	The	results	of	simulations	are	discussed	regarding	
the	assessment	of	bioclimatic	interventions.	
	
Keywords:	bioclimatic	design,	CFD	simulation,	urban	microclimate,	outdoor	thermal	comfort	

Introduction		

The	population	of	people	living	in	urban	areas	is	estimated	at	50%	(3.4	billion)	of	the	world	
population	and	it	is	predicted	to	reach	60%	(5	billion)	by	2030,	according	to	the	Population	
Reference	 Bureau	 (Mirzaei	 &	 Haghighat,	 2010).	 As	 the	 largest	 cities	 of	 the	 world	 are	
confronted	with	serious	environmental	problems	(high	concentrations	of	gaseous	pollutants,	
urban	 centers	 overheating	 etc.),	 it	 is	 imperative	 that	 environmental	 conditions	 of	 urban	
areas	 be	 improved.	 According	 to	 the	 Intergovernmental	 Panel	 on	 Climate	 Change	 (IPCC,	
2014),	 the	 greatest	 threats	 for	 urban	 areas	 are	 heat	 stress,	 extreme	 precipitation,	 inland	
and	coastal	flooding,	landslides,	air	pollution,	drought	and	water	scarcity.	

Climate	 change	 has	 created	 multiple	 problems	 in	 the	 urban	 environment.	 High	
temperatures,	poor	air	quality	and	strong	winds	can	cause	heatstroke,	dyspnea	and	injuries,	
respectively.	 One	 of	 the	 most	 important	 challenges	 for	 modern	 cities	 and	 especially	 for	
those	with	hot	climate	is	the	mitigation	of	the	urban	heat	island	phenomenon.	Urban	heat	
island	refers	to	the	higher	temperatures	of	densely	built	urban	areas	compared	to	the	rest	
urban	 space	 and	outlying	 rural	 surroundings.	 The	United	 States	 Environmental	 Protection	
Agency	(EPA)	classifies	the	phenomenon	into	two	categories:	surface	and	air.	Temperature	
differences	of	surfaces	can	reach	up	to	15	°C	and	air	 temperature	differences	up	to	12	°C	
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(EPA,	2008).	These	high	 temperatures	 lead	to	heat	stress	of	 residents	and,	 in	some	cases,	
increase	energy	demand	of	buildings.	Studies	have	shown	that	an	air	temperature	increase	
of	 1	 °C	 for	 an	 urban	 area	 could	 lead	 to	 an	 electricity	 consumption	 increase	 up	 to	 8.5%	
(Santamouris	et	al.,	2015).	

Thermal	sensation	of	residents	can	be	evaluated	by	outdoor	thermal	comfort	indices.	
Thermal	comfort	is	defined	as	‘that	condition	of	mind	which	expresses	satisfaction	with	the	
thermal	 environment	 and	 is	 assessed	 by	 subjective	 evaluation’	 (ASHRAE,	 2013).	 A	 more	
analytical	approach	by	Fanger	(1982),	mentions	that	thermal	comfort	is	achieved	when	the	
rate	of	metabolic	heat	generation	and	the	heat	loss	of	the	body	are	balanced.	Many	indices	
have	 been	 developed	 to	 estimate	 outdoor	 thermal	 comfort	 conditions	 in	 the	 last	 years.	
PMV-PPD	(Predicted	Mean	Vote	 -	Predicted	Percentage	Dissatisfied)	model	 (Fanger,	1972)	
was	developed	 for	 indoor	 spaces	and	 it	was	adapted	 for	outdoor	 climate	by	 Jendritzky	 in	
1993	(http://www.model.envi-met.com).	PET	index	(Physiological	Equivalent	Temperature),	
developed	by	Hoppe	in	1999,	has	been	used	in	many	outdoor	thermal	comfort	studies	and	
assessment	of	 the	urban	heat	 island	phenomenon	 (Ketterer	&	Matzarakis,	2014).	Another	
important	index,	developed	by	the	International	Society	of	Biometeorology	in	2011,	is	UTCI	
(Universal	Thermal	Climate	Index),	which	has	been	used	to	assess	urban	microclimate	and	
outdoor	thermal	comfort	(Park	et	al.,	2014).	

The	purpose	of	this	work	is	to	focus	on	the	problem	of	heat	stress	of	urban	population	
and	 examine	 the	 quantitative	 differentiation	 of	 urban	 microclimate	 through	 bioclimatic	
urban	 redevelopment.	 There	 are	 many	 bioclimatic	 interventions	 that	 could	 improve	
microclimatic	 conditions	 (e.g.	 planting	 trees	 in	 an	 urban	 area	 with	 hot	 climate).	 The	
microclimatic	 variations	 caused	 by	 bioclimatic	 interventions	 should	 be	 analysed	
quantitatively	in	order	to	reach	valid	scientific	results.	This	quantitative	analysis	can	lead	to	
the	computation	of	 thermal	comfort	 indices	that	combine	many	microclimatic	parameters	
to	 estimate	 the	 thermal	 sensation	 of	man.	 The	 emphasis	 of	 this	 work	 is	 to	 analyse	 how	
mitigation	 techniques	 in	 a	 dense	 urban	 environment	 affect	microclimate	 parameters	 and	
outdoor	 thermal	 comfort.	 A	 microclimate	 simulation	 tool	 was	 employed	 in	 this	 study	 to	
analyse	the	studied	area.	

Bioclimatic	design	methods	

In	 the	 case	 study,	 the	 quantitative	 differentiation	 of	 outdoor	 thermal	 comfort	 conditions	
through	 bioclimatic	 urban	 redevelopment	 for	 an	 area	 in	 the	 city	 of	 Serres	 in	 Greece	 is	
investigated.	A	section	of	the	urban	area	of	the	city	was	simulated	for	the	summer	period	
for	the	existing	condition	and	after	bioclimatic	interventions.	

Site	description	

The	 study	 area	 is	 located	 at	 the	 city	 of	 Serres,	 in	 northern	 Greece	 (longitude	 23ο33ʹ05ʹʹ,	
latitude	41ο05ʹ14ʹʹ),	 at	 an	 altitude	of	 55m.	 It	 is	 an	 area	of	 13	hectares	 and	 consists	 of	 17	
blocks	(fig.	1).	The	main	streets	of	the	area	are	Thrakis	and	Nikou	Nikolaou.	The	width	of	the	
streets	ranges	from	8	to	12	meters.	The	height	of	buildings	ranges	from	8	to	26	meters	and	
most	buildings	have	been	built	at	the	decade	1970-1980.	The	ground	floor	of	the	buildings	
are	commercial	shops	and	the	rest	floors	are	residences.	There	is	 limited	urban	green	and	
vegetation	 is	 mainly	 located	 along	 the	 streets.	 The	 main	 structural	 materials	 of	 outdoor	
spaces	are	asphalt	and	concrete	tiles.	
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Fig.	1.	Study	area	in	Serres,	Greece	

Serres	 is	 one	 of	 the	 warmest	 cities	 of	 northern	 Greece,	 characterized	 by	 very	 high	
ambient	 temperatures	 in	 summer	period	 that	 can	 exceed	 40°C.	 In	winter,	 there	 is	 a	 high	
percentage	of	 relative	humidity	 (mean	value	76.9%)	and	 temperature	can	 reach	 -7°C.	The	
value	 of	 incident	 solar	 radiation	 is	 high	 throughout	 the	 year	 and	 it	 can	 reach	 6.76	
kWh/m2/day	in	summer	period.	Τhe	mean	annual	wind	speed	is	1.5	m/s.	

Simulation	procedure	

The	 calculation	 of	 outdoor	 thermal	 comfort	 conditions	 of	 the	 study	 area	 was	 conducted	
both	for	the	existing	and	proposed	design	through	software	simulations	with	ENVI-met	3.1	
model.	ENVI-met	is	a	three-dimensional	non-hydrostatic	microclimate	model	and	is	able	to	
calculate	 and	 simulate	 climate	 in	 urban	 areas	 with	 a	 typical	 grid	 resolution	 of	 0.5	 to	 10	
meters	in	space	and	10	seconds	in	time	(Ozkeresteci	et	al.,	2008).	It	uses	fundamental	laws	
of	 fluid	dynamics	and	 thermodynamics	 to	calculate	microclimatic	parameters	and	 thermal	
comfort	indices.	Simulation	is	performed	at	three	main	levels.	Firstly	(Area	Input	File	Editor),	
the	 urban	 environment	 is	 designed	 (building	masses,	 vegetation	 etc.)	 and	 the	 respective	
structural	 materials	 with	 their	 thermophysical	 properties	 are	 defined.	 Secondly	
(Configuration	File	Editor),	 climatic	data	 is	 inputted	and	simulation	 limitations	are	defined	
(wind	speed	and	direction,	turbulence	model,	time	steps,	etc.).	Finally	(Start	ENVI-met),	the	
calculations	 are	 conducted	 based	 on	 the	 two	 aforesaid	 data	 files.	 Interpretation	 and	
visualization	of	the	results	are	carried	out	using	LEONARDO	application.	

Existing	situation	
The	dimensions	of	the	study	area	are	400	x	420	meters,	while	the	highest	building	is	26	m.	
As	a	result,	grid	dimensions	were	defined	at	225	x	225	x	30	cells,	while	cell	dimensions	were	
defined	 at	 2	 x	 2	 x	 2	 meters	 (grid	 dimensions:	 450	 x	 450	 x	 60	 meters).	 Furthermore,	 10	
nesting	grids	were	added	(20m),	around	the	study	area,	in	order	to	mitigate	the	interactions	
of	boundaries	with	the	study	area.	The	urban	environment	was	designed	based	on	a	three-
dimensional	geometry	file	(Dimoudi	et	al.,	2014)	and	field	observation.	Database	regarding	
thermophysical	 properties	 of	 the	 existing	 materials	 was	 configured	 according	 to	 the	
Technical	Guideline	20701-2	of	Technical	Chamber	of	Greece	(TOTEE,	2010).	Subsequently,	
conditions	and	limitations	of	the	simulation	were	selected.	Based	on	monitored	data	of	the	
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outdoor	 thermal	 conditions	 in	 the	 area,	 the	 19th	 of	 July	 was	 selected	 as	 the	 day	 of	
simulation,	because	it	was	one	of	the	warmest	days	of	June	and	July	2011	(Dimoudi	et	al.,	
2014).	Start	time	was	defined	at	06.00	am	and	time	duration	at	14	hours	in	order	to	follow	
the	atmospheric	processes.	Output	data	was	 regulated	 to	be	 saved	every	2	hours	 (06.00,	
08.00,	10.00	etc.).	Wind	speed	in	10m	above	the	ground	was	defined	at	2	m/s,	based	on	the	
mean	 value	 of	 July	 and	wind	 direction	was	 selected	west,	 according	 to	 Hellenic	 National	
Meteorological	 Service	 (www.emy.gr,	 2016).	All	 climatic	data	 (initial	 temperature,	 specific	
humidity,	 etc.)	 was	 inputted	 according	 to	 HNMS	 mean	 values	 for	 July.	 Aerodynamic	
roughness	 length	 was	 estimated	 at	 1.5,	 based	 on	 Davenport’s	 roughness	 classification	
(Wieringa,	 1992).	 Regarding	 turbulence	 settings	 in	 the	 atmospheric	 boundary	 layer,	 E-
epsilon	model	was	selected.	

Output	 files	 of	 the	 simulation	 were	 imported	 in	 BIOMET	 application,	 in	 order	 to	
calculate	 the	 thermal	 comfort	 index	 PMV.	 Body	 parameters	 were	 defined	 according	 to	
standard	human	 (ISO	7730,	2005).	The	only	change	was	made	 in	 static	clothing	 insulation	
(0.5	clo	instead	of	0.9	clo),	because	simulation	was	conducted	for	a	day	of	July	(hot	summer	
conditions).	The	selected	height	for	the	calculations	was	defined	at	1.8m.	The	visualization	
of	results	was	carried	out	with	QGIS	2.10.1	software	(fig.	2).	

	
Fig.	2.	Existing	situation	-	simulation	results	for	time	period	06.00	to	20.00:	

(a)	Mean	values	for	air	temperature	at	1.8m,	(b)	Mean	values	for	surface	temperature,	
(c)	Mean	values	for	Tmrt	at	1.8m,	(d)	Mean	values	for	PMV	index	at	1.8m	
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Mean	values	for	PMV	index	for	the	existing	urban	area	range	from	0.5	(slightly	warm)	
to	 2.9	 (quite	 hot).	 Simulation	 is	 based	 on	 the	German	Guideline	 VDI	 3787	 (2008),	where	
PMV	is	adapted	to	outdoor	conditions,	at	a	thermal	sensation	scale	from	-4	(very	cold)	to	+4	
(very	hot).	 It	 should	be	noted	 that	PMV	 index	 can	exceed	+4	 value	 for	outdoor	 spaces	 in	
summer	heat	 stress	 situations	 and	 reach	 values	 up	 to	 +8.	Developers	mention	 that	while	
this	 result	 is	 numerically	 correct,	 it	 violates	 the	 range	 of	 the	 original	 PMV	 system	
(http://www.model.envi-met.com,	2016).	

Proposed	bioclimatic	interventions	
Replacement	of	conventional	paving	materials	(asphalt,	concrete	tiles)	with	cool	materials,	
increase	of	vegetation	and	addition	of	water	surfaces	are	the	main	proposals	of	bioclimatic	
redevelopment	(Dimoudi	et	al.,	2014).	Design	 Interventions	 include	traffic	calming	streets,	
sidewalk	 widening	 and	 linear	 tree	 planting	 along	 the	 streets	 (fig.	 3).	 Photocatalytic	 cool	
asphalt	 and	cool	pavement	 tiles	with	high	values	of	 solar	 reflectance	are	 selected	as	 cool	
materials,	which	cover	the	86%	of	open	areas.	Water	permeable	materials	(special	pressed	
soil,	 low	 height	 vegetation,	water	 surfaces)	 cover	 the	 7%	of	 the	 open	 areas.	 The	 existing	
situation	is	characterized	by	95.5%	cover	of	conventional	paving	materials	and	4.5%	cover	of	
water	permeable	materials	(Dimoudi	et	al.,	2014).	

The	 urban	 environment	 (Area	 Input	 File)	 was	 created	 in	 ENVI-met	 based	 on	 the	
aforesaid	 interventions.	 Three	new	materials	 (Photocatalytic	 asphalt,	 cool	 pavement	 tiles,	
street	 block	 pavement)	 were	 added	 to	 ENVI-met	 database	 and	 their	 thermophysical	
properties	were	defined	(Dimoudi	et	al.,	2014).	Conditions	and	limitations	of	the	simulation	
were	defined	the	same	with	the	existing	situation	in	order	to	get	comparable	results.	

	
Fig.	3.	Proposed	bioclimatic	design	of	the	study	area	–	interventions	(a)	and	materials	(b)	

The	 main	 observations	 regarding	 simulation	 results	 are	 the	 slight	 decrease	 in	 air	
temperature	and	the	considerable	decrease	in	surface	temperatures	(fig.	4).	PMV	and	Tmrt	
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values	show	spatial	fluctuation	compared	to	the	existing	situation.	Further	discussing	on	the	
comparison	of	the	results	is	conducted	in	the	following	section.	

	
Fig.	4.	Proposed	bioclimatic	design	-	simulation	results	for	time	period	06.00	to	20.00:																			
(a)	Mean	values	for	air	temperature	at	1.8m,	(b)	Mean	values	for	surface	temperature,																		

(c)	Mean	values	for	Tmrt	at	1.8m,	(d)	Mean	values	for	PMV	index	at	1.8m	

Discussion	and	Conclusions	

Results	 show	that	air	 temperature	and	surface	 temperatures	are	considerably	affected	by	
the	proposed	bioclimatic	redevelopment.	This	 is	mainly	due	to	the	fact	that	cool	materials	
cause	 a	 significant	 reduction	on	 the	 values	of	 these	 two	parameters	 under	 the	 examined	
conditions	(fig.	4).	Similar	 impact	of	cool	materials	on	the	aforesaid	parameters	under	hot	
summer	 conditions	 is	 also	 supported	 by	 many	 other	 studies	 (Synnefa	 et	 al.,	 2011;	
Santamouris	et	al.,	2012;	Carnielo	&	Zinzi,	2013;	Georgakis	et	al.,	2014).	Regarding	outdoor	
thermal	 comfort	 conditions,	 spatial	 fluctuation	 of	 values	 is	 observed,	 which	 is	 correlated	
with	Mean	Radiant	Temperature	(Tmrt)	and	Sky	View	Factor	(SVF).	In	some	areas,	where	cool	
materials	 are	 applied,	 an	 increase	 in	 Tmrt	 is	 noticed	 (mean	 value	 from	 06.00	 to	 20.00),	
which	 is	mainly	caused	by	the	 increase	of	the	material’s	solar	reflectance.	This	 increase	of	
Tmrt	may	lead	to	an	increase	of	heat	stress	despite	the	air	temperature	reduction.	This	has	
been	also	deduced	by	other	studies	 (Lynn	et	al,	2009,	Erell	et	al.,	2014;	Yang	et	al.,	2016;	
Taleghani	 et	 al.,	 2016;	 Schrijvers	 et	 al.,	 2016)	 and	 has	 been	 examined	 through	 different	
thermal	 comfort	 indices	 (ITS,	 PET,	 UTCI).	 Regarding	 the	 effect	 of	 the	 bioclimatic	
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redevelopment	on	the	energy	consumption	of	adjacent	buildings,	outdoor	air	temperature	
is	 decreasing,	 but	 Tmrt	 is	 increasing	 in	 some	 areas,	 which	 means	 that	 there	 might	 be	 a	
radiant	load	on	the	facades	of	the	buildings.	This	might	result	to	a	higher	cooling	demand.	
Yaghoobian	&	Kleissl	(2012)	reported	that	an	increase	in	pavement	solar	reflectance	by	0.4	
(from	0.1	to	0.5)	in	Phoenix,	Arizona,	led	to	an	increase	in	annual	cooling	loads	of	an	office	
building	 by	 11%	 and	 the	 impact	 on	 annual	 heating	 loads	 was	 small.	 Li	 (2012),	 also	
mentioned	that	the	reflected	radiation	on	building	surfaces	might	have	an	impact	in	terms	
of	building	energy	use.	However,	Rosenfeld	et	al.	(1998)	supported	that	an	albedo	increase	
of	roofs	and	pavements	by	0.35	and	0.25	respectively,	in	an	area	of	1250	km2	in	the	city	of	
Los	Angeles,	could	 lead	to	air	temperature	reduction	of	1.5	°C	during	the	peak	period	and	
annual	peak	power	reduction	up	to	0.7	GW	(0.6	from	roofs	and	0.1	from	pavements).	Qin	
(2015)	mentioned	that	aspect	ratio	(ratio	of	building’s	height	to	the	road’s	width)	is	a	basic	
factor	 for	 the	 application	 of	 reflective	 pavements	 in	 an	 urban	 canyon	 regarding	 energy	
absorption	 of	 the	 building	 walls	 and	 recommended	 an	 aspect	 ratio	 no	 greater	 than	 1.0.	
Additionally,	Zoras	et	al.	(2015),	studying	the	same	area	in	Serres	with	the	same	parameters,	
estimated	 that	 the	 cooling	 load	 of	 the	 buildings	 could	 be	 reduced	 to	 by	 6.88	 %,	 due	 to	
external	air	temperature	improvement	of	1	°C.	The	reduction	was	more	significant	in	lower	
floors,	old	buildings	and	 in	north	 facing	zones	of	 the	building	blocks.	Despite	 the	progress	
made	in	this	research	field,	there	are	not	general	conclusions	for	the	influence	of	reflective	
pavements	 on	 buildings	 energy	 consumption	 and	 this	 should	 always	 be	 examined	 in	
combination	with	urban	morphology,	buildings’	materials	and	climate	characteristics.	

Improvement	of	outdoor	thermal	comfort	conditions	will	be	a	crucial	challenge	in	the	
near	future,	since	temperature	rise	will	intensify	overheating	in	cities.	The	matters	that	have	
been	 investigated	 are	 basic	 factors	 for	 quality	 of	 life	 in	 cities.	 By	 virtue	 of	 global	 climate	
change,	the	necessity	of	internationalization	of	these	matters	and	finding	solutions	for	many	
climatic	 zones	 has	 arised.	 The	 future	 of	 urban	 areas	 depends	 on	 the	 research	 of	 the	
characteristics	that	make	cities	sustainable.				
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Abstract:	 The	excessive	population	of	Dhaka	 increased	 the	accommodation	demand	of	 this	 city	 for	 last	 few	
decades.	The	high	rate	of	building	construction	tends	to	alter	 the	green/vegetation	areas	to	the	brown	field	
and	acute	the	urban	heat	 island	effect	 in	the	city.	 In	a	tropical	city	 like	Dhaka,	 it	 is	hard	to	maintain	thermal	
comfort	at	outdoor	areas	due	to	excessive	temperature.	This	research	tried	to	investigate	the	impact	of	urban	
green	open	space/playfield	in	the	street	level	thermal	comfort	of	residential	areas	of	Dhaka	city.		
Two	 adjacent	 residential	 areas	 were	 selected	 for	 the	 study.	 Study	 area	 one	 is	 characterized	 with	 a	 large	
playfield	 inside,	covered	with	grass	and	surrounded	by	rows	of	trees.	 	Whereas	study	area	two	doesn’t	have	
such	open	space	but	have	some	scattered	vegetation	all	over.	The	thermal	comfort	was	evaluated	with	both	
field	survey	and	simulation	study.	Dry	Bulb	Temperature	(DBT)	and	Relative	Humidity	(RH)	was	recorded	with	
temperature/humidity	meter	 (Lutron	HT-306)	 and	 then	 analysed.	 A	 three-dimensional	model	 of	 both	 study	
areas	was	 created	 and	 simulated	with	 ENVImet	 4.0	 during	 the	 extreme	 summer	 day	 of	 Dhaka.	 DBT,	mean	
radiant	 temperature,	wind	 speed,	 and	 relative	humidity	were	extracted	and	analysed	 to	determine	 thermal	
comfort.	 The	 result	 of	 the	 research	 showed	 the	positive	 impact	 of	 urban	 green	open	 space/playfield	 in	 the	
case	of	pedestrian	comfort	at	the	street	level.	The	result	of	this	research	may	assist	to	develop	urban	design	
guideline	for	designing	urban	areas	in	similar	context.	
	
Keywords:	thermal	comfort,	street	level,	open	space,	residential	area	

Introduction		

Being	one	of	the	fastest	growing	cities	in	Asia,	Dhaka	faced	population	explosion	in	the	last	
10	years.		(12.43million	to	14.4	million,	United	States).	It	has	been	growing	both	horizontally	
and	 vertically	 to	 accommodate	 its	 increased	 population.	 Both	 planned	 &	 unplanned	
residential	areas	have	been	accommodating	this	population	at	its	very	best.	As	a	result	the	
previous	 green	 spaces	 have	 been	 replaced	 by	 the	 built-up	 areas	 at	 an	 unmatched	 pace.	
(from	 8.4%	 to	 46%	 between	 1989	 and	 2009)	 (Ahmed,	 2013).	 This	 leads	 to	 decrease	 of	
green/vegetation	areas	and	increase	of	brown	resulting	 in	 increased	heat	storage	capacity	
and	 in	 the	 reduction	 of	 evapotranspiration.(Oke,	 1982).	 As	 a	 result	 of	 this,	 outdoor	
temperature	 of	 densely	 built	 up	 areas	 in	Dhaka	 is	 1.0˚C-1.5˚C	 higher	 than	 the	 immediate	
urban	zones,	and	0.5-1.0˚C	higher	 than	 the	average	meteorological	 record.	 (Sharmin)	This	
affects	the	energy	consumption	behaviour	and	quality	of	urban	life(Noel Kingsbury, 2008). 
Besides	 being	 in	 the	 tropical	 climate,	 the	 outdoor	 thermal	 comfort	 conditions	 during	
daytime	 are	 often	 far	 above	 acceptable	 comfort	 standards	 due	 to	 intense	 solar	 radiation	
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and	high	solar	elevations(Ali-Toudert	and	Mayer,	2005).	Vegetation	 is	an	 important	design	
element	in	improving	urban	microclimate	and	outdoor	thermal	comfort	 in	urban	spaces	in	
hot	climates(Spangenberg,	2004).	In	this	paper	we	have	categorized	the	vegetation	area	of	
Dhaka	by	having	a	big	playfield	or	not.	The	effect	of	this	field	may	have	a	passive	impact	on	
achieving	better	situation	considering	the	pedestrian	comfort	area	in	street	level	of	the	city.	

Background	of	the	study	

Dhaka,	 one	 of	 the	 major	 metropolitans	 of	 South	 Asia,	 has	 a	 population	 over	 15	
million.(Bureau	 and	 (BBS),	 2012)	 This	 makes	 Dhaka	 the	 9th	 largest	 and	 one	 of	 the	most	
densely	 populated	 cities	 in	 the	 world.	 Dhaka	 has	 been	 growing	 and	 adapting	 different	
measures	to	accommodate	this	huge	number	of	population.	 Its	 rapid	growth	made	Dhaka	
city	 full	 of	 heterogeneous	 urban	 structures.	 All	 these	 structures	 are	 built	 in	 the	 prior	
vegetation	 areas.	 These	 vegetation	 areas	 are	 reducing	 by	 this	 accommodation	 tendency.	
The	 present	 residential	 areas	 of	 Dhaka	 are	 losing	 green	 areas	 at	 an	 alarming	 rate.	 This	
vegetation	 areas	 are	 also	 distributed	 in	 a	 non-uniform	manner(Al	 Jaber	 et	 al.,	 2014).	 The	
non-uniform	distribution	 of	 vegetation	 areas	 are	 categorized	 in	 the	 aspect	 of	 having	 of	 a	
green	 field	or	not.	Different	 residential	areas	 in	Dhaka	city	show	their	distinctive	planning	
aspects	but	sometimes	tend	to	omit	the	green	field	due	to	the	lack	of	spaces.		

Thermal	comfort	is	the	condition	of	mind	that	expresses	satisfaction	with	the	thermal	
environment	 and	 is	 assessed	 by	 subjective	 evaluation.(Ashrae,	 2004)	 Main	 factors	
influencing	 the	 thermal	 comfort	 are	 heat	 gain	 and	 loss,	 namely	 metabolic	 rate,	 clothing	
insulation,	 air	 temperature,	 mean	 radiant	 temperature,	 air	 speed	 and	 relative	 humidity.	
Psychological	 parameters.(De	 Dear	 et	 al.,	 1998).	 In	 this	 study	 the	 air	 temperature,	mean	
radiant	 temperature,	 air	 speed	 and	 relative	 humidity	 are	 being	 considered	 for	 our	 study	
areas	

Materials	&	method	

Step	 1:	 Literature	 Review	 and	 Theoretical	 Basis:	 Study	 the	 relationship	 between	
vegetation	and	basic	four	environmental	components	and	the	impact	of	vegetation	on	the	
open	spaces	from	different	paper,	journal,	books,	articles	etc.	

Step	2:	Study	area	selection:	The	study	focuses	on	the	residential	areas	of	Dhaka	city.	
Two	different	residential	areas	were	selected	for	this	study.	The	first	study	area,	site	1	is	at	
Dhanmondi,	 with	 a	 large	 open	 space	 having	 its	 most	 streets	 covered	 with	 vegetation	
shading.	 The	 second	area,	 site	 two	has	 similar	 type	of	 roads	having	 some	streets	without	
any	vegetation	coverage.	Each	area	has	similar	size	of	300mX300m.	Each	of	these	residential	
areas	has	almost	same	height	of	buildings,	approximately	6	storied.	For	simulation	of	these	
areas,	 two	 types	of	 street	were	considered	 in	 site	2	one	covered	with	vegetation	 shading	
and	the	other	exposed	to	direct	solar	radiation	without	any	vegetation	shading.	One	type	of	
street	 having	 the	 vegetation	 shading	was	 considered	 in	 site	 1.	 Both	of	 these	 street	 types	
were	north	south	elongated.	

Step	3:	Simulation&	Field	Survey:	The	work	phases	software	simulation	through	three	
dimensional	 model	 in	 “ENVI-met®”	 version	 4.	 The	 research	 was	 done	 in	 experimental	
method.	This	study	explores	the	extent	and	direction	of	the	impact	of	green	field	on	urban	
canopy	layers.	Urban	microclimate	data	from	the	simulation	were	collected	from	Envi-Met®.		
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Fig1:	Site	1	(left)	&	Site	2(right)	

	
The	 simulation	 was	 done	 in	 the	 extreme	 days	 of	 summer,	 April	 20th,2016,	 in	 the	

daytime	 from	8am	to	6pm.	For	better	 reliability	 the	 first	 two	hours	of	 the	simulation	was	
omitted.	 The	 simulation	 results	were	observed	 for	 street	 level	of	 those	areas.	 The	 results	
were	 collected	 from	 Leonardo.	 Then	 the	 data	 was	 put	 in	 the	 Excel	 file	 to	 make	 the	
comparison	charts.	Dry	Bulb	Temperature	 (DBT)	and	Relative	Humidity	 (RH)	was	 recorded	
with	temperature/humidity	meter	(Lutron	HT-306)	and	then	compared	to	simulation	data.	

Simulation	in	Envi-Met®	

ENVI-met®	is	three	dimensional	microclimate	modelling	software	for	simulating	the	surface,	
plant,	air	 interactions	 in	an	urban	environment	with	a	 typical	 resolution	of	0.5	 to	54	m	 in	
space	and	10	Sec	 in	 time.	 ENVI-met®	uses	 a	prognostic	model	based	on	 the	 fundamental	
laws	of	fluid	dynamics	and	thermodynamics.	ENVI-met®	outputs	binary	files	which	have	to	
be	imported	into	the	visualization	program	LEONARDO	(version	2014),	a	graphical	interface	
for	 displaying	 and	 analysing	numerical	 data.	 The	output	 file	 displays	 the	data	with	 colour	
coding.	Table-1	shows	the	input	configuration	of	simulation.	Meteorology	setup	was	simple	
forcing.	

	
Table	1:	Simulation	Configuration	Settings	of	Envi-met®	

Start	Simulation	at	Day	(DD.MM.YYYY):	 21.04.2016	
Start	Simulation	of	Time	(HH:	MM:	SS)	 8.00.00	
Total	Simulation	Time	in	Hours	 11	
Wind	Speed	in	10	m	ab.	Ground	(m/s)		 3	
Wind	direction	 90(0:N..90:E..180:S..270:W..)	
Initial	Temperature	of	atmosphere	 21.85°C	
Specific	humidity	at	model	top	(2500m)	 7.0	
Longitude	(+:	east	-:	west)	in	degree	 +90	
Latitude	(+:	north-:	south)	in	degree	 +23.5	
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Result	&	findings	

The	 By	 analysing	 the	 result	 of	 Envi-Met®	 Simulation	 of	 existing	 site	 models	 we	 found	
following	observations.	In	these	charts	the	values	taken	from	the	type	of	street	having	the	
vegetation	 shading	 in	 site	 1	 is	 shown	 as	 site	 1.	 The	 values	 were	 taken	 for	 two	 types	 of	
streets	in	site	2.	The	street	in	site	2	is	covered	with	vegetation	shading	and	its	values	were	
shown	 as	 Site2A	 and	 the	 other	 street	 exposed	 to	 direct	 solar	 radiation	 without	 any	
vegetation	shading	and	its	values	were	shown	in	the	chart	as	Site	2B.	All	these	values	were	
extracted	at	the	street	level	(1.5m	from	ground)	in	“Leonardo”.	

Mean	Radiant	Temperature	comparison	

The	Chart	1	shows	the	mean	radiant	temperature	(MRT)	of	site	1,	site	2A	and	site	2B.	The	
MRT	is	value	of	the	street	areas	are	shown	in	the	chart.	The	site	2B	having	less	vegetation	
shows	higher	MRT	values	in	than	site1	and	site	2A.	Site	1	&	site	2A	shows	almost	same	kind	
of	deviation	in	MRT	values	in	the	street	areas	at	1.5m	level.	But	Site	2B	shows	the	deviation	
in	a	different	manner.	Site	2B	and	Site	1	 shows	almost	 same	MRT	value	and	 these	values	
tend	to	 increase	at	 the	same	rate	reaching	 their	peak	value	 in	between	1pm	to	2pm.	The	
MRT	value	of	Site	2A	shows	extreme	MRT	values	in	the	morning	9.00am	and	drops	down	at	
the	last	hour	of	the	day,	5.00pm.		

	

	
Chart	1.	Mean	Radiant	Temperature	in	Site	1	&	Sit2	(2A,	2B)	

Wind	speed	comparison	

The	simulation	result	of	the	areas	shows	that	site	1	has	a	little	more	wind	speed	around	the	
streets	nearby	the	field.	Except	that	both	Site	1	&	Site	2	shows	the	same	tendency	in	wind	
speed.	The	wind	speed	is	a	bit	lower	in	a	street	when	it	has	green	playfield	nearby.	The	wind	
speed	of	both	Site	A	&	Site	B	is	shown	below:	
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Fig	2:	Wind	speed	in	Site	1	

	

	
Fig	3:	Wind	speed	in	Site	2	

Comparison	of	Relative	Humidity	

The	Relative	humidity	of	Site	1	is	higher	than	Site	2	and	relative	humidity	of	both	these	sites	
tend	to	decrease	until	4pm	and	gets	a	little	bit	high	around	4.00	to	5.00	pm.	The	RH	of	these	
two	areas	are	shown	in	this	chart	below.	Site	1	and	Site	2A	and	Site	2B	is	being	specified	in	
first	section	of	result	and	findings.	
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Chart	2.	RH	value	of	Site1	&	Site2	

Air	temperature	comparison	

Air	Temperature	of	Site1	&	Site	2	is	shown	in	the	Chart	3.	The	air	temperature	is	high	when	
there	 is	 not	 much	 vegetation	 coverage.	 The	 presence	 of	 the	 field	 doesn’t	 show	 any	
deviations	in	the	air	temperature	of	these	vegetation	areas.		

	

	
Chart	3	Air	Temperature	comparisons	in	streets	of	site	1	&	site	2	

	
The	simulation	results	show	vegetation	areas	reduce	overall	temperature	in	the	street	

level	of	those	areas.	Areas	with	less	vegetation	coverage	and	more	paved	surfaces	tend	to	
have	excessive	temperature	especially	during	the	warmest	part	of	the	day	(11:00	am	to	3:00	
pm).	 The	 street	 areas	 of	 site	 2	with	 vegetation	 and	 site	 1	 shows	 almost	 same	 	 values	 of	
MRT(mean	radiant	temperature),	air	temperature	and	relative	humidity	but	the	wind	speed	
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variation	 in	 between	 the	 areas	 is	 notable.	 The	 higher	 temperature	 and	 relative	 humidity	
value	 in	 this	 climate	 requires	 adequate	 wind	 flow	 for	 ensuring	 thermal	 comfort	 for	
pedestrian.	The	wind	speed	simulation	shows	that	the	area	(site2A)	near	the	green	playfield	
in	Site	2	has	better	wind	flow	than	others.	The	presence	of	the	field	seems	to	create	more	
favourable	situation	in	achieving	thermal	comfort	in	the	street	level	of	these	both	area.	The	
Rh	value	measured	at	site	showed	negligible	deviation	from	simulated	values.	The	Rh	value	
and	DBT	measured	at	the	site	also	in	the	extreme	hot	days	of	Dhaka	(18th	April,	2016).		

Limitation	

The	 simulation	 doesn’t	 record	 nocturnal	 release	 of	 this	 area.	 For	 better	 reliability	 of	 the	
simulation	result	a	24	hour	simulation	could	have	been	used.	Further	study	will	be	required	
for	better	reliability	of	the	result.	For	better	prediction	only	the	north-south	elongated	roads	
were	considered	of	this	simulation	values	for	comparison.		

The	 study	 focuses	 on	 the	 microclimate	 of	 urban	 canopy	 layer	 on	 two	 planned	
residential	areas	of	Dhaka	city	 in	a	particular	day	of	summer.	All	residential	areas	 in	every	
month	of	a	 year	are	not	being	 considered.	There	are	many	variables	which	are	not	being	
considered	to	avoid	the	complexity	of	the	study	like	anthropological	heat,	air	pollution,	dust,	
special	considerations,	motor	vehicle,	etc.	The	software	used	for	simulation	work	has	some	
limitations.	It	could	not	consider	many	issues	like	vehicle,	anthropogenic	heat,	the	presence	
of	 human	 at	 site,	 complex	 three	 dimensional	 models	 of	 buildings	 and	 objects	 during	
simulation	studies.	

Conclusion	

From	this	simulation	result,	we	can	say	that	the	 importance	of	ground	vegetation	areas	 in	
residential	areas	for	achieving	thermal	comfort	situation	is	obvious.	 In	the	aspect	of	street	
level	comfort	we	find	the	advantage	of	wind	flow	for	the	presence	of	larger	green	coverage	
areas	 including	 a	 field.	 Hence	 for	 achieving	 thermal	 comfort	 in	 the	 street	 level	 for	 these	
residential	 areas	 a	 green	 playfield	 is	 necessary.	 This	 result	 can	 help	 a	 lot	 to	 decide	 the	
density	 and	 scope	 of	 ground	 vegetation	 in	 residential	 areas.	 For	 maintaining	 a	 better	
comfort	level	in	the	streets	smaller	vegetation	coverage	can	be	used	when	there	is	absence	
of	a	field	 in	the	neighbourhood.	Otherwise	 it	would	be	beneficial	 if	 the	provision	of	 larger	
green	field	is	ensured.		
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Abstract:	 Jakarta,	 the	 city	 with	 more	 than	 eight	 million	 inhabitants,	 has	 grown	 faster	 than	 Kuala	 Lumpur,	
Beijing,	and	Bangkok.	 Like	other	 cities	 in	 the	world,	not	only	urbanization	and	 rapid	population	growth,	but	
also	global	warming	 takes	effects	 in	 Indonesia	cities,	especially	 Jakarta.	 Increasing	 temperature	 in	 the	urban	
area	is	the	proper	indicator	for	that.		In	terms	of	the	Urban	Heat	Island	phenomenon,	heat	in	the	city	needs	to	
be	released	quickly.	One	of	the	policies	that	can	mitigate	urban	heat	islands	in	Jakarta	is	developing	superblock.	
Superblock	is	developed	to	comprehend	the	explosive	population	growth,	build	in	the	centre	of	the	city	using	
available	land	efficiently	with	integrating	groups	of	buildings.	Developing	high	rise	building	with	mix	function	
becomes	the	solution	to	use	land	efficiently	in	the	rapid	population	growth	city.		On	the	other	hand,	high	rise	
building	can	hinder	the	wind	flow	and	velocity	to	be	use	to	release	the	heat	in	the	city.	This	research	tries	to	
know	using	the	CFD	program	the	effect	of	the	roof	garden	placement	in	the	building	toward	wind	distribution	
in	the	city	environment	to	mitigate	urban	heat	island.	
	
Keywords:	roof-garden,	wind	effect,	CFD,	Thermal	Comfort,	urban	microclimate	

Introduction	

Jakarta	that	located	in	Java	Island	is	the	capital	city	of	Indonesia	located	at	6°	13'	S,	106°	50'	
E,	in	the	north-west	coast	of	Java.	The	city	is	at	7	meters	above	sea	level,	have	two	seasons	
when	 wet	 season	 peak	 on	 January	 and	 hot/dry	 season	 peak	 on	 September.	 Jakarta	 has	
urbanization	problems	since	1980	when	Indonesia	got	economy	booming.	The	urbanization	
affects	the	growing	number	of	buildings	and	Jakarta	need	to	start	changing	its	development	
dealings	from	horizontally	into	vertical	development.	The	numbers	of	superblock	have	being	
developed	by	bringing	high	rise	buildings	which	is	assigned	a	variety	of	functions,	vary	from	
the	function	of	housing,	trade	and	services,	commercial,	until	the	government	office.		

Jakarta	has	felt	increasing	temperature	and	microclimate	changed.	Koerniawan,	2014,	
2016,	 in	his	research	about	thermal	comfort	 in	the	pedestrian	level	states	that	 it	was	very	
difficult	to	achieve	thermal	comfort	in	whole	day.	The	hot	air	was	trapped	amongst	the	high	
rise	buildings.	In	the	night,	temperature	showed	still	high,	wind	could	not	release	the	hot	air	
amongst	the	buildings	that	affect	thermal	comfort	 in	the	morning.	 In	his	research	showed	
only	10%	we	will	get	comfortable	 feeling	 in	a	whole	day,	 it	was	mean	only	2	hours	 in	 the	
morning	people	in	Jakarta	feel	comfortable.		

In	the	other	research,	Koerniawan,	2013,	states	that	the	trend	of	high-rise	building	in	
Jakarta	is	to	build	roof	garden.	A	roof	garden	is	any	garden	on	the	roof	of	a	building.	Besides	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 1773



the	decorative	benefit,	roof	plantings	may	provide	food,	temperature	control,	hydrological	
benefits,	 architectural	 enhancement,	 habitats	 or	 corridors	 for	 wildlife,	 and	 recreational	
opportunities.	 The	 practice	 of	 cultivating	 food	 on	 the	 rooftop	 of	 buildings	 is	 sometimes	
referred	 to	as	 rooftop	 farming.	Besides	using	 the	already	present	 space	at	 the	 roof	 itself,	
additional	platforms	could	possibly	be	created	in	the	middle	of	building	high.		

The	 high-rise	 buildings	 need	 to	 be	 considered	 in	 saving	 energy	 and	 urban	 climatic	
improvements.	One	of	the	strategies	is	to	develop	the	vertical	building	more	green	with	roof	
garden	 (Wong	 et	 al.,	 2003;	 Santamouris,	 2014).	 Varying	 roof	 garden	 placement	 does	 not	
only	 affect	 the	 wind	 distribution	 on	 building	 envelope	 itself,	 but	 with	 the	 varying	 of	 the	
height,	 floor	 to	ceiling	of	 roof	garden	also	affect	wind	distribution	 in	 the	pedestrian	 level.	
This	 research	 simulated	 just	 in	 single	 high-rise	 building	 (Koerniawan,	 2013).	 Also,	 other	
benefits	 of	 roof	 garden	 for	 urban	 climate	 such	 as	 reducing	 cooling	 loads	 of	 a	 building,	
reducing	sensible	heat	flux,	and	may	benefits	 in	economic	terms	(Scherba	et	al.,	2011;	Jim	
and	Peng,	2012;	Peng	and	Jim,	2015).	

Beside	 the	 high-rise	 buildings	 has	 benefit	 to	 make	 the	 city	 more	 compact	 they	
increase	the	roughness	of	 the	surface	underlying	the	atmosphere	and	exert	a	drag	on	the	
low-level	winds.	The	tendency,	therefore,	is	to	see	wind	speed	near	the	ground	decreasing	
in	the	long	run.	This	research	tries	to	know	the	effect	of	roof	garden	placement	in	the	high	
rise	buildings	toward	wind	distribution	and	flowing	on	the	street	level	in	Jakarta.	In	the	hot-
humid	city	like	Jakarta,	wind	is	very	important	not	only	for	releasing	hot	air	but	also	creating	
wind	 flow	 is	 one	 of	 the	 difficulty	 part.	 Wind	 can	 accelerate	 evaporation	 rate	 from	 the	
human	skin,	as	evaporation	 is	 important	 in	 this	climate	 (Szokolay,	2004).	However,	Givoni	
(2011)	mentions	hot	and	humid	climate	only	has	low	wind	speed	in	the	environment.	Wind	
flow	 above	 0.5	 m/s	 is	 just	 about	 10%	 remaining	 is	 under	 0.2	 m/s	 in	 a	 year.	 Hence,	 air	
movement	 provided	 by	 building	 ventilation	 is	 needed	 to	 accelerate	 the	 evaporation.	 This	
research	wants	to	know	the	possibility	of	roof	garden	placement	 in	the	high-rise	buildings	
effects	toward	wind	distribution	and	speed	near	the	ground	level. 

Methodology	

This	 research	employs	numerical	method	 through	Computational	 Fluid	Dynamics	 (CFD)	 to	
simulate	 the	 effect	 of	 roof	 garden	 on	 the	 high	 rise	 building	 to	 the	 wind	 speed	 and	
distribution	in	urban	area.	It	is	widely	been	used	for	macroclimate	or	microclimate	of	urban	
area	(Blocken,	2015).	In	order	to	model	the	air	movement	of	the	real	scale	urban	area,	the	
CFD	 simulations	use	a	 scaled	model,	 scaled	 to	1:100.	The	buildings	are	arranged	 in	a	grid	
pattern,	and	the	high	rise	buildings	are	placed	at	the	centre	of	the	grid.	Measurement	grid	is	
made	1.5	m	above	the	ground,	or	at	pedestrian	level.	

					 		
Figure	1	The	scaled	model,	and	the	measurement	grid	

Inlet wind direction 
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Nonetheless,	 because	 of	 the	 simulation	 is	 done	 in	 a	 scaled	 model,	 an	 adjustment	
should	 be	 done	 in	 the	 boundary	 conditions,	 especially	 the	 wind	 speed.	 Similarity	 of	 the	
simulation	on	 the	scaled	model	 to	 the	 real	 scale	model	depends	of	 the	Reynolds	Number	
(Equation	1)	(Petrila	and	Trif,	2004).	Reynolds	number	of	both	cases	must	be	similar	in	order	
to	get	a	comparable	fluid	flows.	In	this	study,	the	wind	speed	of	the	real	scale	is	assumed	as	
0.2	m/s.	 Then,	by	using	 substitution	of	 the	Reynolds	Number	 formula	 for	both	 cases,	 the	
wind	speed	in	the	1:100	scaled	models	should	be	stated	as	20	m/s.	
	
	  Equation	(1) 

	
where:	
ρ:	the	density	of	the	fluid	(kg/m3)	
u:	the	velocity	of	the	fluid	with	respect	to	the	object	(m/s)	
L:	the	length	of	the	object	(m)	
μ:	the	dynamic	viscosity	of	the	fluid	(kg/m·s)	

There	are	three	cases	simulated	in	this	study.	The	first	case	is	the	condition	in	which	
there	is	no	roof	garden.	Then,	the	second	case	places	roof	garden	right	on	the	podium	level,	
so	it	is	similar	to	the	height	of	other	buildings	in	the	model.	For	the	last	one,	the	roof	garden	
is	positioned	at	the	middle	of	the	high	rise	buildings.	The	cases	are	shown	by	Figure	2	below.	

Case	1	 Case	2	 Case	3	

	 	 	
Figure	2	Three	different	condition	of	roof	garden	positioning	as	the	cases	 	

Results	and	Discussion	

	
	 Without	roof	garden	 Roof	Garden	on	the	podium	 Roof	Garden	at	the	middle	of	the	high	rise	

	 	 	 		
		

Figure	3	Wind	speed	distribution	at	pedestrian	level	
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Figure	4	Section	of	the	case	along	the	direction	of	the	wind	
	

Wind	speed	data	are	taken	at	standing	level,	1.5	m	above	the	ground,	along	the	aisles	
between	the	buildings.	The	wind	hit	the	city	models	 in	the	direction	of	z-axis	as	shown	by	
Figure	1.	The	general	results	for	the	three	cases	are	shown	by	contour	image	of	wind	speed	
(Figure	3).	At	a	glance,	the	contour	images	show	that	there	are	no	significant	differences	of	
wind	speed	at	the	measurement	level	in	the	space	between	buildings.	But,	there	are	quite	
distinct	differences	at	the	boundary	of	the	city	models,	the	wind	speed	of	the	second	and	
third	models	are	higher	 than	the	condition	without	 roof	garden.	More	qualitative	analysis	
on	 the	 contour	 image	 is	 done	 for	 the	 sections	 part	 as	 displayed	 by	 Figure	 4.	 The	 figures	
above	reveals	that	the	existence	of	roof	garden	creates	air	movement	surround	the	high	rise	
buildings.	 The	 third	 condition	 has	 more	 air	 movement	 near	 the	 high	 rise	 buildings	 than	
others.	

Nevertheless,	 it	 still	 needs	 to	 be	 more	 quantitative	 in	 order	 to	 get	 a	 holistic	
understanding	of	the	data.	The	following	figures	display	the	simulation	data	from	without-
roof-garden	condition.	They	show	the	average	wind	speed	 in	 the	aisles	between	buildings	
along	the	z-axis	and	x-axis	(Figure	5a).	It	can	be	seen	that,	along	the	z-axis,	the	average	wind	
speed	is	getting	lower	as	it	gets	farther	from	the	inlet.	It	goes	from	about	12	m/s	at	the	near	
edge	of	the	models	to	about	4	m/s	at	the	far	side.		

Moreover,	 along	 the	 x-axis,	 high	 average	wind	 speed	happens	near	 the	edge	of	 the	
models.	 But,	 the	 highest	 average	wind	 speed	 is	 in	 fact	 lies	 near	 the	 high	 rise	 building.	 If	
those	data	are	combined,	as	shown	by	Figure	6a,	a	more	comprehensive	understanding	of	
the	air	movement	can	be	viewed.	The	figure	really	shows	the	area	of	the	high	wind	speed,	at	
it	confirms	the	data	of	x-axis	that	the	wind	speed	is	higher	near	the	high	rise	buildings	about	
10	m/s	compare	to	8	m/2	on	average.	

	
	
	
	
	
	
	
	
	
	

c.	Roof	garden	at	the	middle	of	the	building	
	

a.	Without	roof	garden	 a.	Without	roof	garden	
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a.	Case	1:	Without	roof	garden	

	 		
b.	Case	2:	Roof	garden	on	the	podium	

	 		
c.	Case	3:	Roof	garden	at	the	middle	of	the	high	rise	building	

Figure	5	Wind	speed	data	along	the	x-axis	and	z-axis	for	each	case	
		

For	the	other	two	cases,	if	the	measurement	along	the	z-axis	and	x-axis	are	analysed	
separately	(Figure	5b	and	5c),	the	behaviour	of	the	air	movement	is	quite	similar	between	
the	three	cases.	The	high	average	wind	speed	areas	along	the	z-axis	are	the	near	edge	of	the	
models,	and	getting	lower	as	it	gets	farther.	Meanwhile,	the	distributions	of	the	wind	speed	
along	 the	 x-axis	 are	higher	near	 the	edge	of	 the	models	 and	near	 the	high	 rise	buildings.	
However,	there	are	differences	for	the	wind	speed	near	the	high	rise	buildings.	 In	analysis	
along	the	x-axis,	 they	are	not	the	highest	average	wind	speed	anymore	for	the	two	cases,	
and	it	even	lower	for	the	third	case	(Figure	5c).	Also,	it	is	not	smoothly	decrease	along	the	z-
axis	as	it	gets	farther	away	from	the	inlet,	like	the	first	case.	It	fluctuates	at	the	position	of	
the	high	rise	buildings	(Figure	5b	and	5c).	

	Combinations	of	the	z-axis	and	x-axis	data	for	the	second	and	third	cases	are	figured	
by	Figure	6	below.	The	figures	reveal	that	similar	pattern	to	the	first	case	occur	in	the	third	

Distance	along	the	z-axis	

Distance	along	the	z-axis	

Distance	along	the	z-axis	
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case.	 Meanwhile,	 the	 second	 case	 distributed	 the	 wind	 speed	 more	 uniformly	 than	 the	
other	 cases.	 However,	 among	 the	 three	 settings,	 the	 condition	 of	 roof	 garden	 on	 the	
podium	 has	 the	 lowest	 average	 wind	 speed,	 about	 6.49	 m/s	 (Figure	 6),	 and	 the	 highest	
average	wind	speed	happened	in	the	first	case,	about	7.74	m/s.	

	

	 	
	 a.	Case	1	 b.	Case	2	

	 	
	 c.	Case	3	 d.	Comparison	

Figure	6	Distribution	of	the	average	wind	speed	at	pedestrian	level	for	each	case	
	

At	this	point,	 it	 is	clear	that	the	wind	speed	is	 lower	at	the	area	behind	the	high	rise	
buildings.	Also,	 it	 is	known	that	the	 locations	of	the	high	wind	speed	are	near	the	edge	of	
the	city	and	beside	the	high	rise	buildings.	Additionally,	in	advance,	it	is	known	that	the	roof	
garden	 on	 the	 podium	 gives	 the	 lowest	 average	wind	 speed	 at	 the	 pedestrian	 level.	 It	 is	
followed	by	the	roof	garden	at	the	middle	of	the	high	rise	building	at	the	second	place.		

Figure	7	aids	to	have	a	better	view	of	the	effect	of	the	roof	garden.	Figure	7a	shows	
that	 the	 trend	 of	 wind	 speed	 along	 the	 z-axis	 is	 decreasing,	 but	 the	 roof	 garden	 at	 the	
middle	of	the	high	rise	building	can	increase	the	wind	speed	around	it.	As	well	as	the	x-axis	
wind	distribution	in	Figure	7b,	like	the	without	roof	garden	setting,	the	high	rise,	with	roof	
garden	at	the	middle	of	it,	have	a	possibility	to	increase	the	wind	speed	at	the	centre	of	the	
city.	Hence,	although	the	first	case	gives	the	highest	wind	speed	of	all,	but	the	roof	garden	
at	 the	 middle	 of	 the	 high	 rise	 building	 distributes	 the	 wind	 speed	 more	 uniformly	 than	
others.	

m/s	

m/s	

m/s	m/s	

z	x	

z	x	 z	x	
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Figure	7	Comparison	of	wind	speed	distribution	along	the	x-and	z-axis	

Conclusion	

Common	air	movement	occur	in	all	the	three	cases.	Wind	speed	on	pedestrian	level	tends	
to	be	higher	at	the	edge	of	the	models	and	near	the	high-rise	buildings.	It	indicates	that	the	
existence	of	high-rise	building	does	create	air	movement	that	may	benefit	the	pedestrians.	
From	the	three	cases,	high-rise	without	roof	garden	makes	the	highest	wind	speed	than	the	
other	cases.	It	means	the	Case	1	is	more	preferable	than	the	other	two.		

Moreover,	area	behind	the	high	rise	buildings	tends	to	have	lower	wind	speed	than	
the	other	sides	of	them.	The	effect	is	higher	in	the	Case	1	and	Case	2	than	in	Case	3.	Roof	
gardens	in	Case	3	allow	air	to	move	between	the	high-rise	buildings,	and	thus	still	drive	wind	
behind	 the	 buildings.	 However,	 the	 positive	 impact	 of	 roof	 garden	 for	 air	 movement	 in	
pedestrian	level	does	not	occur	in	the	Case	2.	Placing	the	roof	garden	right	on	the	podium	
level	is	like	opening	a	way	for	the	wind	to	flow	in	a	flat	surface.	Hence,	it	is	harder	for	the	
wind	to	penetrate	to	the	pedestrian	level.	To	sum	up,	the	study	shows	the	potential	of	roof	
garden	to	generate	air	movement	around	the	centre	of	an	urban	area	as	long	as	it	is	located	
properly.	
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Abstract: The study presents  how numerical  simulations can be used and complexity to define key indicators for
microclimate in eco-district modelling. For eco-district design, policy makers  require decision support tools  for 
integration of local  environment issues  with building design. In a first approach we analyse main environmental
parameters  that impact building energy performances  and open-space thermal  comfort. This  is  a key issue 
considering the local  urban heat island impacts on energy and health. The urban area Cité Descartes  is  located
in Paris  suburbs (France) and has  been selected in the French eco-district program. One objective is  to renew 

the surroundings  of a local train station that separates  a low-income residential area and a business district. The 
study focuses  on the central  block of buildings  covering a total  area of 120,200  m2. The objective of the study is
to evaluate main micrometeorological  parameters  influencing thermal  comfort and building energy efficiency in
the selected urban scenes; e.g. the wind flow patterns  highlight discomfort zones  for winter and summer periods.
Finally, numerical simulations tools  are used to underline the spatial and temporal  variability of urban states
which makes  both difficult the analysis of one urban design and the decision process  between several  urban
cooling strategies. The perspectives  to develop new decision support indicators for energy and environmental

performance are reviewed and proposed to develop both necessary simulation tools  and decision support 
systems. 

Keywords: Coupled simulation platforms, UHI mitigation, Cool  materials, Passive Cooling, Urban Indicators

Introduction  

In an emerging plan of sustainable and resilient development of urban landscape,

stakeholders, urban planners and building physicists have to collaborate to produce the
optimum results for decision processing with respect to roadmap for a competitive low
carbon economy. Buildings, outdoor spaces, energy systems and networks interact with the
ambient environment and this bidirectional process leads to a holistic perspective of
evaluating the total footprint of each renovated or newly built area. Furthermore, local
climate change, resulting from Urban Heat Island (UHI) effect constitutes a significant threat
to the thermal balance of the cities which has to be properly addressed (Santamouris et al.,
2015).

Ongoing trends in rehabilitation projects and computational platforms require
simulations at urban-quarter level in order to take into account all the important physical
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interactions of the urban microclimate as well as to produce robust and accurate results for 
entire districts. Previous studies of coupled heat and mass transfer simulations indicate that 
energy demand could rise from 100% to 140% for a typical summer month, when the 

produced heat of a typical air conditioner system is taken into account (Bozonnet et al., 2007).  
To this end, simulation tools are identified to take into account coupled effects of local 

microclimate and building energy, as in EnviBatE platform (Gros et al., 2014), and district 
energy systems and networks, as in DIMOSIM (Riederer et al., 2015). Coupling methodology 

is discussed regarding common physical parameters and outputs in terms of environmental  
parameters and energy systems  concurrently. The conceptual design of NZEB or ZEB 

communities becomes tangible and a zero carbon emission development is looming. Then, 
main simulation outputs have to be consistent with quantitative Key Performance Indicators 

for district level regarding environmental, social and economic performance. As a matter of 
urgency the general objectives of this complex system in decision processing, arising from 

changes in the simulation field, have to be established.  
In the case study of this paper, one key issue is to determine the optimum retrofitted 

solution concerning the energy demand of buildings with respect to indoor and outdoor 
environmental comfort of the urban area. This district has been selected in the framework of 
the national eco-district program. Cité Descartes is located in Paris suburbs, and this 

development of new quantitative indicators for energy and environmental performance will 
be integrated with other design parameters by urban planners. 

Coupled simulation tools and parameters 

The methodology and the different steps that will be taken to couple the simulation platforms 
and to prioritize the necessary parameters for designing an optimum Decision Support System  
architecture is presented analytically in this section.  

Environmental and building energy tools are assessed through EnviBatE (Figure 1-left 
part). This modelling approach is based on a zonal model for the urban canopy layer around 
buildings which is meshed consistently with the building multizone approach (Gros et al., 
2014). This allows us to assess UHI effect and its impact on building energy consumption. The 
necessary inputs correspond to weather data, geometrical and thermophysical properties of 
urban structures, activity schedules including occupancy. External weather phenomena are 

pre-processed: solar radiation with SOLENE (Miguet and Groleau, 2007) and prevailing wind 
airflows with QUIC (Singh et al., 2008). Annual simulations perform both indoor and outdoor 

thermal conditions for an hourly time step, while energy loads are also computed. These 
detailed results have to be compared in order to support the decision process and to assess 
the passive cooling strategies at a district scale. In parallel the simulation platform DIMOSIM 
(Riederer et al., 2015) consists of a building model (grey R7C4 model), a thermal network 
model and a local/central generator model. This has been developed to simulate the key 
phenomena for the dynamic analysis of energy systems  and networks in districts (Figure 1-
right part). The definition of the district (building and occupants typologies, appliances) is 
defined by a top-down approach from statistical data. The housing and district load curves 
are built through a bottom up approach based on stochastic triggering appliances scenarios 
(Gay and Schetelat, 2013). Generation of abovementioned data is required, as well as 
necessary geometrical data, to perform an annual simulation and obtain results regarding 
energy consumption, loads and renewable production. Moreover it is capable to simulate 
efficiently the implementation of district networks. The modular approach of the tool could 
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allow the user to apply an alternate level of detail model, depending on the objectives of the 

study. 
As a compromise between the triptych of accuracy, robustness and speed the main 

calculation cores and physical simplification are kept on both platforms. Coupling the 
abovementioned platforms is possible through the common building envelope and thermal  
zones. The main outputs given for a whole year or season with an hourly time step will allow 
the optimisation of district energy concepts (building retrofit, smart grids, local/district 
systems) as well as the possible UHI mitigation strategies. Nevertheless, these results given 
at a detailed spatial and temporal scale, as illustrated in the next part, require a substantive 

and comprehensive performance analysis.  
 

 
Figure 1: Concise presentation of the referenced models. 

 

Environmental impacts - case study 

The ecodistrict Cité Descartes 

The refurbished urban area Cité Descartes is located in Paris suburbs  (France) and intends to 
develop the surroundings of a local train station with residential and office buildings (Figure 

2). The first sketch data were processed to build the numerical mock-up for our 
thermophysical study. Three building blocks are organized north and south of the suburban 

train station network and perpendicular to main boulevards of road traffic. A vegetated 
corridor crosses the built environment and participates to the mitigation of urban heat island 

effect. The study focuses on the central building block which includes dwellings (15,000 m²), 
offices (85,000 m²), commercial buildings (3,200 m²) and underground parking lots  (17,000 

m²). The higher buildings are 50m high and the pedestrian area is decomposed in several 
height levels between 6 and 15 meter above the rails.  The composition of building envelopes 

and other necessary parameters including occupancy schedules, infiltration rate, electrical 
equipment, heating and cooling set-points have been imported to the simulation platform 
respecting  national standards and regulations, as described in (RT2012, 2010). The existing 
building (residential, offices or commercial premises) were represented as made of 
conventional building materials (Table 1) and are not insulated. The in-work building and 
future buildings were also made of conventional building materials and insulated according 
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to current energy regulations, without presenting any innovative UHI mitigation technique 

including smart coatings or PCM. Thus, simulations are prepared covering three additional  
case studies.  

 

 
Figure 2: A satell ite image (left) and the respective architectural  design (right) of the referenced area, Cite 

Descartes. 
 

Table 1: Thermophysical  properties  of building materials. 

Construction 
Components 

Thickness 
Thermal 

Conductivity Density 
Sp. Thermal   

Capacity Reflectance Emissivity 

[m] [W/m K] [kg/m3] [J/kg K] - - 

Traffic Axis 
  Asphalt 0.100 0.75 2100 950 0.10 0.9 

  Concrete 0.500 1.75 2300 1000 0.25 0.9 
Building Envelope 

  Concrete 0.150 1.75 2300 1000 0.25 0.9 
Building roof 

  Concrete 0.200 1.75 2300 1000 0.30 0.9 
Glazing 

  Glass  0.060 1.00 2100 750 0.60 0.9 
  Air 0.012 0.04 1.25 1000 - - 
  Glass  0.060 1.00 2100 750 - - 

 
The meteorological data were imported from Meteonorm closest station (Marne la 

Vallée) and were interpolated to 2030 according to the A1B future scenario of forcing agents 
given in the IPCC Special Report, describing a future world of very rapid economic growth, 
global population that peaks in mid-century and declines thereafter, and the rapid 
introduction of new and more efficient technologies.  

The average ambient temperature during the entire cooling period was 18.97oC while 
the warmest month (July) presented a value of 21.03oC respectively. The peak ambient 
temperature is monitored at 21st of July reaching 33.9oC (Figure 3), while the corresponding  
relative humidity presented a value of 43%. In addition, wind speed presented a local 
minimum value of 0.7m/s enhancing buoyancy phenomena and the impact of building 

materials into the thermal regime of the area. 
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Figure 3: Air Temperature variations  of the implemented meteorological  scenario  for an annual  period (x: day 

of the year, y: hour of the day). 
 

Furthermore, the dominant wind speed and direction for the entire cooling season 

(May-September) is depicted in Figure 4 (left part). A leading west wind of up to 10.9 m/s is 
observed with a frequency of 11.1%, while NWW (292.5o) and SWW (247.5o) were also 

significant presenting a range of  up to 10.9 m/s (10%) and 10.9 m/s (9.8%) respectively. In 
parallel the Global Solar radiation presented a maximum value of 950 W/m2 in early June 

while the average monthly values during the entire cooling season are shown in Figure 4 (right 
part). 

 

 
Figure 4: Wind distribution (left) and monthly average Global  Solar Radiation (right) during the summer period.  

Spatially detailed microclimate parameters 

Microclimate, local UHI effects and district energy performance outputs are directly 

dependent on radiative (longwave and shortwave) and prevailing wind distributions as 
underlined in the simulation method (Figure 1). Urban albedo is one of the prevailing 

parameter. The overall reflectivity index is depicted in Figure 5. It is observed a poor albedo 
performance, as most of the surface values ranging between 0.10-0.30. The central block 

exhibits also clear mineral pavement with albedo 0.4 and accessible rooftop with albedo 0.5. 
Several publications report that the average and maximum air temperature drops per 10% 

increase of the albedo are 0.23K and 0.62K for the cool roofs, 0.27K and 0.94K for the cool 
pavements and 0.35K and 0.91K for their combination, with respect to the specific 
technologies (Santamouris et al., 2016).  
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Figure 5: Albedo variations  of the referenced district. 

 
Furthermore, building roofs are totally exposed to solar radiation gains (Figure 6-Plain). 

Due to this fact the overheating of the adjacent floors is ineluctable, leading to higher indoor 
air temperatures, significant indoor discomfort and increased energy loads. In parallel, Figure 
6 (East and West view) could provide some crucial outcomes regarding the pedestrian area  
by choosing the best option of where the shading objects (trees/overhangs) could be installed 
to enhance the outdoor thermal comfort. 

 

 
Figure 6: Global  Solar Radiation distribution during the hour of maximum exposition for a Plain (left), East and 

West view. 
 

Concerning wind speed and direction, numerical assessment of the prevailing wind at 
the entire district has shown that a leading NNE’n or a WWS’n wind (20o/240o) could affect 
mainly the centre block of the referenced study on cooling period (Figure 7). Specifically, at a 

height of 7.5m, which corresponds to the pedestrian height, the predicted wind speed could 
reach 4m/s, approximately 25% more intense than that observed in the remain domain. 
Moreover, for the East or West wind scenarios (80o/280o) it is possible the canalization of the 
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air through the traffic axis, as advection phenomena dominate, assisting the passive cooling 

mitigation potential and protecting the pedestrian area from overheating. 
 

 
Figure 7: Predicted wind speed at a height of 7.5m for wind orientations  equal  to 20 o (left) and 240o (right). 

Indicators for decision process and perspectives 

From previous results, some interesting tendencies can be highlighted but those key 

environmental parameters are strongly variable (spatially and temporally) and not simple 
enough to facilitate the decision process. Considering other KPI, well-known rating schemes 

(HQE, LEED, BREAM, etc.) settle the thresholds while the link between the Indicators and the 
objectives are established from collection criteria. In this perspective, further work has to be 
developed with sensitivity analysis in order to determine the desired indicator weights, 
suitable for each objective.  

Moreover, the possible indicators depend strongly on the capability of platforms to 
produce outputs. As reported in (Mittermeier et al., 2014) a first classification between 
building and district scale could be taken as acceptable. The literature on various studies 
(Chrysoulakis et al., 2013; Gros et al., 2016; Mittermeier et al., 2014)  shows a variety of 
approaches depending on the objectives and the available simulation platforms. The issue of 
promiscuous microclimatic conditions in each district should be addressed efficiently. As an 
example, the overall possible ambient temperature reduction through passive cooling 

mitigation techniques could not describe properly the thermal sensation in a certain place.  
Our target is to eliminate the depended parameters such as climatic conditions, spatial 
alterations, etc., thus data normalization will has a dominant role. Our method is possible to 
cover the requirements of all possible actors, from a macroscale point of view, consisting of 
urban planners, energy providers and eco-district planners to a microscale one depicting 
building owners and constructors, users and occupants. All of the abovementioned could take 

advantage and facilitate from the coupled district energy and microclimate perspective. 
Further study of the issue is required after the completion and the analysis procedure of the 
on-going simulations. 

The rehabilitation projects of large districts should be designed properly taking into 
account the important interactions between buildings, systems, networks and the local 
microclimate. A holistic evaluation should be conducted in terms of energy and 
environmental parameters, providing the necessary outcomes and assisting stakeholders, 
urban planners and energy providers to choose the optimum renovating scenario. Thus, a 
substantive and comprehensive performance analysis  is required through the 
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implementation of appropriate Indicators which will address properly the results obtained 

from such interoperable platforms. 
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Abstract: A fine description of the urban tissue is necessary in order to perform accurate urban climate 
simulations or analysis of risks in urban areas. However, global land use and land cover databases only 
describe the urban areas as 'urban'. The WUDAPT (World Urban Database and Access Portal Tools; 
http://www.wudapt.org/) initiative offers a unified methodology to improve dramatically the description of 
the urban areas. WUDAPT uses the Local Climate Zones (LCZ) classification, newly and widely adopted by the 
urban climate community. The WUDAPT methodology is to use satellite images in order to classify the LCZ with 
pixels at a 100m resolution. Each city would be processed and validated by a scientist with local knowledge. 
This is a very promising way to acquire urban data for urban climate modelling anywhere in the world. 
However, there is no description of the morphological or architectural parameters yet. These parameters are 
still uniform for each class (so-called WUDAPT level '0'). The ambition of the present contribution is to propose 
a way to describe the specific architectural characteristics of each LCZ for a given city (Paris buildings are not 
built as New York or Niamey) or even the variability of these architectural characteristics inside each city. Our 
methodology is based on building architectural archetypes. These are used to define, in each region of the 
world (a region, a country, a part of a country), how the buildings and houses have been built in the past. This 
approach requires expertise from local architects, who will have to provide a description of the construction 
methods and materials for their geographical area of expertise. The methodology, presented in the picture 
below, is done in three steps, the 4th step being essentially a validation phase. Note that in the example below, 
the use of the TEB-BEM model can be replaced by other urban canopy models. The building archetypes are 
based on four inputs: urban types (LCZ, whose maps are provided by the WUDAPT level 0 methodology), 
information on geographical location (the city or country under consideration), and two other inputs that are 
variable within the city: date of construction of the building and the building use. These two are important 
because old buildings use different materials, architectural forms (e.g. glazing ratio) and insulation than newer 
ones; commercial, offices or residential buildings are also different. For each possible combination of these 4 
parameters, several material and physical properties of the buildings are defined (e.g. thickness of wall 
insulation layer, albedo and material of roof, use or not of air-conditioning, glazing ratio, etc...). Then, once 
these building archetypes are described this way, this description is used to map the urban characteristics for 
the urban canopy model. Mapping of building use and age would be the best, as it will allow us to produce the 
variability of the building architectural characteristics between the different areas of the city (WUDAPT level 2 

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 1789



information). If such information is not available, one should assign the building use and age to the LCZ classes, 
and this would still produce refined information (level 1) compared to level 0 WUDAPT, as the physical and 
architectural parameters will still be region dependent, and specific to the urban area of interest (i.e. the Paris 
description will be different from New York or Niamey). 
	
Keywords: Local Climate Zones, urban climate modelling, architectural archetypes, morphology, energy 
modelling 

Introduction	

The World Urban Database and Access Portal Tools or WUDAPT (www.WUDAPT.org, Ching 
et al 2017) is an initiative of the urban climate research community to describe cities 
globally for applications in modelling urban climate and related impacts (such as human 
thermal comfort in cities or the energy consumption of buildings at city and neighbourhood 
scales). WUDAPT is based on the concept of Local Climate Zones (Stewart and Oke, 2012). 
This mainly consists of an urban morphology classification, with additional classes that 
describe the rural landscape (Figure 1). The urban classes are mostly representative of the 
urban morphology (general shape and density of buildings). The aim of the WUDAPT 
methodology is to build maps of cities using the LCZ classification, for as many cities as 
possible globally, at a resolution of 100m x 100m. Then, the morphological and physical 
parameters needed for modelling will be associated with these LCZ maps.  
 

 
Figure 1. Local Climate Zone classification (from Stewart et al 2014) 
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The parameters can be distinguished by four main categories (where the exact 
parameters needed depend on the model used):  

• morphological parameters (building height, total surface of wall, sky view factor, ...) 
• land-use (e.g. vegetation and impervious surfaces, building density) 
• anthropogenic heat fluxes (traffic, buildings…) 
• architecture (albedos, emissivities, thermal properties, amount of windows, etc...)  

The WUDAPT level 0 option provides uniform values over the globe for these 
parameters for each LCZ. This is, of course, a very large approximation, and only 
distinguishes the main urban forms in the simulation. In order to have a more precise 
description of the cities, it is possible to adopt WUDAPT levels 1 and 2, at least for some 
parameters if not all: 

1. WUDAPT level 1: in addition to the LCZ map, the values of the parameters are still 
assigned to each LCZ, but these values differ from one location to another. The 
information can typically be provided by a sampling approach. 

2. WUDAPT level 2: in addition to the LCZ map, independent maps of some parameters 
are provided. 
Note that levels 1 & 2 can be mixed, i.e. some parameters can be provided through 

the level 2 option, while others are determined through level 1, and those without 
additional inputs through local expertise will be dependent on the LCZ class (level 0). The 
question is now: how can we define the parameters in these four main categories?  

• Morphological parameters can be derived from either 3D building inventories or from 
satellite images (radar or stereographic) or LIDAR (the latter is more precise but also 
more expensive).   

• Land-use parameters can be deduced from building inventories (for building fraction, 
for example), or from satellite images (for vegetation typically, even with the 
possibility to follow the evolution of the state of the vegetation throughout the year). 

• Anthropogenic heat fluxes can be either provided by existing inventories (traffic, 
building heat release data) or, if the scientific question and model capabilities allow it, 
modelled building heat release. In the latter case, parameters are needed for the 
building energy model, which are unknown and linked to architectural and use 
information. 

• Architectural information is crucial for energy balance computations in urban canopy 
models (because these explicitly simulate the energy partitions of the energy and 
water fluxes at the urban surface). For example, the albedo of the building surfaces 
are needed for the building’s radiative exchanges with the rest of the urban canopy. 
However, there is no existing database or generalized methodology to define these 
architectural parameters. 

Hence, this is the scientific question addressed in this paper: how to define the 
architectural information for urban climate models. 

Methodology	

The objective is then to build an architectural database usable for urban climate and city 
adaptation to climate change studies. This has been done for France, within the MAPUCE 
project framework (Tornay et al 2017).  In order to characterise the buildings for urban 
climate modelling, the proposed methodology is based on a 3-step methodology (Figure 2).  
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The first step is based on the hypothesis that the buildings are ‘architecturally 
homogeneous’ if they are grouped according to the combination of four inputs:  

1. building typology 
2. building use 
3. construction date  
4. geographical location.  

In order to obtain a complete building characterisation, we need to determine the 
variety of building typologies and building uses. This was done for the French territory, using 
expert knowledge from architects. The construction dates need to be classified into periods 
suitable for distinguishing key changes in architectural practices (e.g. due to changing 
thermal regulations). 

 
Figure 2. Overview of the methodology to define the architectural building archetypes (Tornay et al 2017) 

 
Step 2 consists of the characterization of typical architectural materials and 

constructive methods of typical buildings for each existing combination of building type, use 
and age for each location under study.  The needed architectural information covers walls 
and roofs (covering and structural materials, insulation) and window information.  

In step 3, after this architectural database is constructed, the link to urban canopy 
models must be made. As these models are usually physically-based, i.e. at least radiative, 
convection and conduction equations must be solved, this requires physical values to be 
assigned to the architectural description of the buildings. For example, an albedo must be 
set depending on the wall covering or the thermal properties (e.g. heat capacity, thermal 
conductivity) and be evaluated for the buildings present in several locations where the 
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urban climate is evaluated. Usually, this is done on the grid points initialized from the LCZ 
maps. 

Lastly, step 4 is an optional step of evaluation and sensitivity analysis in order to 
determine what the most sensitive parameters are (and then those to which the most 
attention should be directed). In the MAPUCE study on France, for mid-rise buildings, roof 
albedo and wall insulation were found to be critical parameters for the surface energy 
balance simulation. However, this may be different in other parts of the world. For example, 
the albedo and thermal conductivity of the wall might become more important in more 
northern regions with colder winters, a lower solar elevation angle and wider street canyons. 
For high-rise buildings, the characteristics of the wall are more important, which is plausible 
since the wall surface area dominates over the roof surface area for these buildings.  

The question is then to how to describe the building typologies. A survey to urban 
planning agencies was done by Tornay et al (2017) in order to define the pertinent 
typologies in France. While 10 typologies were first identified, the architectural analysis 
revealed that it could be simplified into only four	 typologies: low-rise, mid-rise, high-rise, 
and extended or lightweight low-rise. This reduces the amount of information needed for 
the description of typical buildings. One additional reason for referring to these four 
typologies is that they are uniquely linked to the LCZ (Table 1). 

 
Table Error!	No	sequence	specified.. Link between LCZ and building’s architectural typology 

 
LCZ Building’s architectural typology 

   Low-rise (houses) 

   Mid-rise buildings 

  
High-rise buildings 

    Extended or lightweight low-rise buildings 
  

As an example, in Figure 3, we display the temporal evolution of typical mid-rise 
buildings for France, as a function of date of construction, and of use (only residential and 
office buildings are displayed). From World War 2, construction techniques and materials 
tended to become homogenized over all of France, so one could consider that these typical 
buildings are representative of their use and date of construction. The associated 
architectural characteristics can then be applied to any of these buildings in France (from 
the modelling point of view). For older buildings, however, the spatial variation of 
construction materials within France is much more heterogeneous. For example, the 
following wall construction materials have been identified in historical and XIXth century 
French houses: wood, brick, gneiss, granite, schist, earth, limestone, pebble, sandstone, 
‘meulière ‘stone, volcanic stone. 

Furthermore, for a given combination of simplified urban typology, building use, date 
of construction and geographical location, there is not one single construction system for 
walls and roofs but several might coexist. As a consequence, it has been considered 
pertinent that the database provides one to three (two) options for the wall (roof) 
construction system. The options are ranked from the most to the least frequent. However, 
up to now, only the most frequent is kept for urban climate modelling. 
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Figure 3. Example of the architectural variability of one building’s architectural type (mid-rise) as a result of the 

building’s age and use (Tornay et al 2017) 

Generalization	for	a	worldwide	architectural	database	

While our work allows us to describe building architecture rather precisely for the whole 
French territory, the proposed methodology is general and can serve to enrich other 
databases worldwide (e.g. Jackson et al., 2010) in the follow-up of the WUDAPT project. 

The use of four simplified building typologies (Low-rise, Mid-Rise, High-Rise, Extended 
Low-Rise; Table 2) reduces the requirements for morphological input data and could allow 
us to identify easily the building characteristics based on the LCZ classification. This 
facilitates a worldwide application of the proposed methodology. For a study over a given 
geographic area, an architectural analysis of the typical construction materials of each of 
these four building typologies allows us to estimate the building materials most frequently 
used, and the associated physical parameters required by the models. Given the scale at 
which this analysis is done (country, region, city, neighbourhood), the detail of 
representation of the spatial variability of building architecture would vary. For example, 
our study is done at the scale of approximately 100 administrative regions within France. 
This is a fine scale, but still implies that all buildings of the same use and built during the 
same construction period within a city are characterised by the same architecture, which is 
only a simplified representation of reality. 

For the building construction period, the GENIUS approach is mainly driven by thermal 
regulations. That method could be applicable in Europe and other industrialised regions. For 
instance, the TABULA project, which involved thirteen European countries, has based the 
definition of construction periods on each country's thermal regulations and historical 
context (Ballarini et al., 2014). However, local expertise is always required to identify if this 
approach is relevant and, if so, which periods are the most representative of national or 
regional thermal regulations. Other drivers than thermal regulations might have influenced 
the evolution of building architecture and construction materials. For instance, massive 
economic or demographic changes can lead to a fast densification of a city with very specific 
architectures (e.g. this phenomenon can be observed in Vietnam or China). Political factors 
can also influence architecture and construction regulations. For old buildings, an influential 
factor could be the beginning and the end of a colonisation period. Another vivid example of 
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political factors is the evolution of East Berlin buildings after the fall of the Berlin Wall in 
1989. 

As described above, the building use is also an important driver for the building 
architecture. While a building can shift from one use to another during its lifetime (for 
example, from residential to offices for some old city centres), more recent constructions 
are likely to display an architecture specific to a given use. For residential buildings, it might 
be necessary to distinguish between different socio-economic classes (e.g. slum, middle 
class, rich) in countries with a large spread in income. Given their different architectures, the 
uses office, commercial and industrial should be treated separately.  

However, in the absence of specific data on the actual building use, a first-order-
approximation could be to distinguish five uses: residential, commercial, industrial, office 
and other. These could be directly linked to the LCZ classification: industrial for LCZ10 
(Heavy Industry), commercial for LCZ8 (large low-rise), offices for LCZ1 and LCZ4 (compact 
and open high-rise), and residential for all other LCZs. However, this first-order-
approximation will have to be critically evaluated given that it will not be valid for all cities. 
For example, in Hong Kong, high rise buildings can be both of residential and office use.  

Ways	of	implementation	

To summarize, we recommend to define building archetypes for a region or city of 
investigation for at least the combinations of simplified urban typologies (low rise, mid rise, 
high rise, extended low rise) and the simplified uses (residential, industrial, commercial, 
offices, other).  A dependency on the date of construction or other factors should also be 
considered. With this approach, the architectural classification could become relevant when 
maps on building use or age become available in addition to the LCZ maps. 

The way to acquire the architectural information may be challenging. Several options 
are possible, each complementary of the others including: 

• from bibliography analyses 
• from architect’s expertise, such as those from the PLEA scientific community 
• from crowdsourcing. 

The latter is one of the options being followed by WUDAPT. A mobile phone app is 
being developed, in order to enable on-site architectural information collection in any (and 
many) cities. This could be organized, as for example within geographic student courses, or 
could just be used by any citizen. In the app, the following, relatively simple and accessible, 
questions have been selected by the WUDAPT community in order to provide this 
architectural information for georeferenced buildings: 

1. What is the roof made of? (clay	 tiles,	 slate	 tiles,	 metal,	 concrete	 terrace	 or	 gravel,	
membrane,	concrete	tiles,	wood	tiles,	mud,	thatch,	vegetated	roof)	

2. What is the wall made of? (concrete	or	cement,	brick,	stone,	metal,	wood,	mud	or	raw	
earth)	

3. What is the wall colour? (not	painted;	painted:	bright	white,	light,	coloured,	dark)	
4. What is the window coverage? (all	 windows,	 plate	 glass	 windows,	 a	 lot	 of	 regular	

windows,	a	few	regular	windows,	no	window)	
5. What is the use of the building? (residential,	 industrial,	 offices,	 commercial,	 mixed,	

other)	
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6. What is the age of the building? (historical,	from	XIXth	century	to	WW2,	1945	to	1970s,	
1970s	to	2000s,	modern	building,	I	do	not	know)	

7. Is there a HVAC system? (Heating	and	Air	Conditioning,	Heating	only	(probably	gas	or	
fuel),	Heating	only	(probably	other	source,	including	electricity),	Air	Conditioning	only,	
None)	

8. What is the number of floors? 

The completion of such a database globally, in many countries, regions or even cities, 
would render the use of urban climate models more precise than the usual general, 
worldwide uniform, look-up table parameters. This would allow us to describe the 
geographic variability of the architecture and building materials of the urban fabric. 
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Abstract:	 The	 World	 Urban	 Database	 Access	 Portal	 Tools	 (WUDAPT)	 project	 acquires,	 stores	 and	 makes	
available	climate-relevant	data	on	cities	globally.	This	urban	information	is	organised	into	three	levels	of	detail	
(L0,	L1	and	L2),	each	representing	progressively	more	precise	information	on	the	form	and	function	of	cities.	L0	
data	 is	based	on	 the	 Local	Climate	Zone	 (LCZ)	 classification	 scheme,	which	 is	used	 to	 categorise	urban	 (and	
surrounding	non-urban)	 landscapes	 into	types	using	publicly	available	data	and	software	and	the	knowledge	
provided	by	a	network	of	urban	experts.	Each	LCZ	type	is	linked	with	ranges	of	values	that	describe	properties	
of	the	urban	landscape,	such	as	the	green	proportion,	mean	building	height,	impervious	fraction	etc.	In	other	
words,	a	LCZ	map	of	a	city	and	its	surroundings	is	also	a	framework	for	assigning	parameter	values	that	can	be	
used	to	assess	urban	exposure	and	run	climate	models	to	examine	urban	impacts.	Currently,	L0	data	exists	for	
cities	 located	 across	 a	 range	 of	 latitudes,	 climates	 and	 topographies.	 The	 WUDAPT	 data	 provides	 a	
geographical	framework	for	examining	both	the	impact	of	the	urban	landscape	on	local	climate	and	the	impact	
of	global	and	regional	climate	changes	on	the	urban	landscape.	In	this	paper	we	use	this	WUDAPT	L0	data	to	
examine	exposure	 to	natural	 hazards	 for	 three	 cities:	Mumbai,	 Sao	Paulo	 and	Beijing.	 The	 results	 show	 the	
value	of	a	detailed	and	consistent	description	of	urban	landscapes	for	assessing	and	managing	aspects	of	risk.				

Keywords:	WUDAPT,	local	climate	zone,	climate	hazard,	urban	exposure.	

Introduction		

The	World	Urban	Database	and	Access	Portal	Tools	(WUDAPT)	project	is	gathering	climate-
relevant	 data	 for	 the	world’s	 largest	 cities;	 its	 aim	 is	 to	 fill	 a	well-recognised	 data	 gap	 in	
climate	 science	 (e.g.	 Seto	 et	 al.,	 2014)	 that	 is	 impeding	 progress.	 For	 example,	 climate	
science	now	has	 sufficient	understanding	across	a	 range	of	 scales	 to	model	 the	 impact	of	
cities	 on	 global	 climate	 and	 vice	 versa	 however	 the	 urban	 data	 needed	 to	 support	 this	
science	is	deficient.	In	the	absence	of	a	consistent	and	sufficiently	detailed	urban	database,	
comparison	between	cities	and	effective	knowledge	transfer	is	not	possible.	Existing	global	
databases	 provide	 the	 urban	 footprint	 without	 providing	 any	 details	 on	 the	 internal	
structure	 while	 locally-based	 systems	 use	 different	 classifications	 of	 the	 urban	 landscape	
and	have	variable	spatial	resolution.	The	WUDAPT	design	concept	 is	to:	acquire	and	make	
accessible	database	that	comprises	a	consistent	description	of	the	internal	makeup	of	cities	
worldwide	and;	provide	portal	 tools	 to	enable	 the	extraction	of	 raw	and	processed	urban	
data	relevant	to	climate	studies.	Its	guiding	principle	is	to	generate	these	data	in	a	common	
format	 utilizing	 readily	 available	 and	 publicly	 accessible	 input	 data	 and	 tools	 and	 the	
knowledge	of	urban	experts.		
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The	 WUDAPT	 data	 is	 organised	 by	 level	 of	 detail	 (L)	 into	 three	 categories,	 each	
representing	progressively	higher	precision	(Mills	et	al.,	2015).	Here	we	will	use	the	lowest	
level	(L0)	data,	which	provides	a	basic	physical	geography	of	cities;	it	decomposes	the	urban	
landscape	(and	the	surrounding	natural	area)	for	a	region	of	interest	(ROI)	into	Local	Climate	
Zone	 (LCZ)	 types	 (see	 Table	 1).	 The	 LCZ	 scheme	 was	 designed	 originally	 to	 provide	 a	
consistent	basis	for	comparative	urban	heat	island	studies	(Stewart,	2011)	but	its	systematic	
description	of	the	physical	properties	of	urban	landscape	types	that	are	linked	to	ranges	of	
parameter	 values	 expands	 its	 potential	 value	 to	 a	 host	 of	 other	 applications.	 The	
methodology	for	generating	L0	data	is	now	well	established	and	these	data	exist	for	a	range	
of	cities	in	different	culures,	climates	and	topographic	settings.		

	
Table	1.	Local	Climate	Zone	(LCZ)	types	and	ranges	of	some	associated	properties:	mean	building	height	(H)	in	
m;	fractional	area	of	buildings	(lb),	impervious	surface	cover	(li)	and	vegetation	(lv)	and	anthropogenic	heat	

flux	(QF)	in	Wm-2.	

LCZ	Type	 H	 lb	 li	 lv	 QF	
1.	Compact	high-rise	 >25	 40-60%	 40-60%	 <10%	 50-300	
2.	Compact	mid-rise	 10-25	 40-70%	 30-50%	 <20%	 <75	
3.	Compact	low-rise	 3-10	 40-70%	 20-50%	 <30%	 <75	
4.	Open	high-rise	 >25	 20-40%	 30-40%	 30-40%	 <50	
5.	Open	mid-rise	 10-25	 20-40%	 30-50%	 20-40%	 <25	
6.	Open	low-rise	 3-10	 20-40%	 20-50%	 30-60%	 <25	
7.	Lightweight	low-rise	 2-4	 60-90%	 <20%	 <30%	 <35	
8.	Large	low-rise	 3-10	 30-50%	 40-50%	 <20%	 <50	
9	.	Sparsely	built	 3-10	 10-20%	 <20%	 60-80%	 <10	
10.	Heavy	industry	 5-15	 20-30%	 20-40%	 40-50%	 >300	
A.	Dense	trees	 3-30	 <10%	 <10%	 >90%	 0	
B.	Scattered	trees	 3-15	 <10%	 <10%	 >90%	 0	
C.	Bush	and	scrub	 <2	 <10%	 <10%	 >90%	 0	
D.	Low	plants	 1	 <10%	 <10%	 >90%	 0	
E.	Bare	rock	or	paved	 <0.25	 <10%	 >90%	 <10%	 0	
F.	Bare	soil	or	sand	 <0.25	 <10%	 <10%	 >90%	 0	
G.	Water	 N/A	 <10%	 <10%	 >90%	 0	

	
In	WUDAPT	the	protocol	 for	generating	L0	data	uses	Landsat	8	satellite	data	 for	 the	

ROI,	which	is	automatically	classified	into	LCZ	types	using	training	areas	(TAs)	within	SAGA	
software.	 	 	 These	 TAs	 are	digitised	 areas	 identified	by	urban	experts	 as	 exemplars	 of	 LCZ	
types	 and	 are	 used	 to	 train	 the	 system	 to	 complete	 the	 classification.	 The	 results	 of	 this	
workflow	is	a	map	of	the	entire	ROI,	consisting	of	gridded	LCZ	values	at	a	resolution	of	100	
m;	these	maps	encode	the	physical	parameters	(e.g.	impervious	surface	cover	and	building	
density)	associated	with	each	LCZ	type	(Table	1).	The	methodologies	for	generating	L0	data	
are	discussed	elsewhere	(Bechtel	et	al.,	2015).		

In	this	paper	an	initial	evaluation	of	urban	exposure	to	natural	hazards	is	examined	for	
three	 cities	 Beijing,	Mumbai	 and	 Sao	 Paulo	 which	 together	 are	 home	 to	 over	 50	million	
people.	
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Methodology	

The	approach	taken	here	 is	a	 ‘first	pass’	at	evaluating	urban	exposure	to	hazards.	 Initially,	
we	link	L0	coverage	with	topographic	data	to	evaluate:	the	impact	of	projected	sea-level	rise	
on	urban	land	(Mumbai)	and;	the	contribution	of	urbanisation	to	enhanced	pluvial	flooding	
(Sao	Paulo).	Then,	we	integrate	L0	data	with	the	Urban	Multi-scale	Environmental	Predictor	
(UMEP),	which	 includes	a	variety	of	models	 that	can	simulate	urban	effects,	 including	 the	
processes	responsible	for	the	formation	of	the	urban	heat	island	(Beijing).		

	
Figure	1.	The	WUDAPT	L0	(LCZ)	maps	for	each	case-study	city.	

	
Figure	 1	 shows	 the	WUDAPT	 L0	maps	 for	 these	 cities	 and	 Table	 2	 shows	 the	 area	

occupied	 by	 each	 LCZ	 within	 the	 ROI;	 note	 that	 each	 city	 has	 a	 distinct	 make-up	 and	
topographic	 setting.	 	 Beijing	 and	 Sao	 Paulo	 have	 extensive	 tracts	 of	 dense	 trees	 in	 the	
surrounding	 environment,	 while	 water	 is	 the	 dominant	 feature	 for	Mumbai.	 In	 addition,	
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nearly	half	of	the	urbanised	area	of	Mumbai	is	compact	(that	is	closely	spaced	buildings)	but	
just	12%	of	Sao	Paulo	is.	
	

Table	2.	The	proportion	of	the	ROI	occupied	by	LCZ	types.	
LCZ	 Beijing	 Mumbai	 Sao	Paulo	
Compact	(1-3)	 11.26	 8.69	 6.42	
Open	(4-6)	 10.64	 3.44	 11.83	
Urban	 32.6	 15.98	 44.44	
Dense	trees	 33.58	 16.04	 36.55	
Low	plants	 30.66	 6.84	 6.8	
Water	 0.87	 47.82	 4.52	
Area	(km2)	 10330	 5519	 9295	

	

Mumbai	

Mumbai	occupies	an	island	off	the	west	coast	of	India	and	is	the	most	populous	city	in	India	
at	over	20	million.	It	is	also	the	most	densely	occupied	city	in	the	world	with	parts	exceeding	
50,000	 per	 sq.	 km,	 which	 is	 revealed	 in	 its	 compact	 form.	 	 In	 this	 case,	 we	 have	 simply	
identified	the	parts	of	the	landscape	that	are	exposed	to	sea-level	rise;	Figure	2	shows	the	
area	of	the	city	that	lies	£5	m	above	sea	level	based	on	Japan	Aerospace	Exploration	Agency	
(JAXA)	 global	 elevation	 data.	Whereas,	much	 of	 the	 city	 lies	 on	 higher	 ground	 significant	
patches	exists	at	low	elevation	and	are	at	risk	from	even	moderate	changes	in	sea	levels.	

	
	

		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Figure	2.	The	area	£5m	above	sea-level	marked	in	light	blue	superimposed	on	the	LCZ	map	of	Mumbai.	
	

Sao	Paulo	

The	Sao	Paulo	Metropolitan	area	is	located	in	the	Upper	Tietê	River	basin	and	experiences	
significant	 flood	 events	 and	 landslides	 associated	 with	 heavy	 precipitation	 events.	 We	
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evaluated	the	impact	of	urbanisation	on	flooding	associated	with	rain	events	by	creating	a	
simple	 ranking	 system	 that	 combines	 the	 dual	 impact	 of	 natural	 slope	 (derived	 from	 the	
Shuttle	Radar	Topographic	Mission	topographic	data)	and	impervious	surface	cover	derived	
from	the	L0	data.	For	each,	a	rank	was	assigned	to	categories	to	represent	 level	of	hazard	
(Table	 3)	 and	 overall	 exposure	 was	 calculated	 simply	 as	 the	 average	 of	 the	 ranks	 for	
impervious	and	slope	cover.		

	
Table	3.	Categories	of	hazard	associated	with	(a)	impervious	surface	cover	obtained	from	LCZ	type	and	(b)	

slope	(obtained	from	SRTM	data).	
Impervious	surface	cover	 	 Slope	
Rank Hazard Fraction 	 Rank Hazard Percent 
1 Very	Low <	20	% 	 1 Very	Low <	5	% 
2 Low 20	-39	% 	 2 Low 	5-10	% 
3 Medium 40-50	% 	 3 Medium 10-15	% 
4 High 50-75	% 	 4 High 15-20	% 
5 Very	High >75% 	 5 Very	High >	25	% 

	
Figure	3	shows	the	result	of	this	map	algebra	and	focusses	attention	on	the	built-up	

area,	which	occupies	 the	 river	 valley	 system.	 The	net	 impact	 of	 urbanisation	has	 been	 to	
increase	the	hazard	on	valley	sides	where	settlement	has	increased	the	potential	runoff	into	
occupied	valley	floors	at	lower	elevation.		
		

	
Figure	3.	The	top	two	maps	show	the	distribution	of	slope	and	impervious	hazard	for	the	Sao	Paulo	ROI;	the	

lower	map	shows	the	combined	hazard	for	the	built-up	area	(box	area).	
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Beijing	

In	 addition	 to	 these	 GIS	 analyses,	 WUDAPT	 data	 can	 be	 integrated	 within	 modelling	
schemes	 to	 test	hypothesis	 and	explore	 the	 consequences	of	different	urbanisation	paths	
(e.g.	 Brousse	 et	 al.,	 2016).	 UMEP	 is	 described	 as	 ‘a	 climate	 services	 tool,	 designed	 for	
researchers,	architects,	urban	planners,	climatologists,	and	meteorologists.	This	tool	can	be	
used	 for	 a	 variety	 of	 applications	 related	 to	 outdoor	 thermal	 comfort,	 urban	 energy	
consumption,	climate	change	mitigation	etc.	UMEP	consists	of	a	coupled	modelling	system	
which	combines	“state	of	the	art”	1D	and	2D	models	related	to	the	processes	essential	for	
urban	climate	interactions’	(Lindberg	et	al.,	2016).	One	of	the	suite	of	models	within	UMEP	
is	the	Surface	Urban	Energy	and	Water	Balance	Scheme	(SUEWS),	which	simulates	the	urban	
radiation,	 energy	 and	 water	 balances	 using	 only	 commonly	 measured	 meteorological	
variables	and	information	about	the	surface	cover.	The	simulations	of	SUEWS	correspond	to	
the	top	of	the	surface	canopy,	that	is,	above	roof	level.		Figure	4	shows	the	logic	sequence	
within	 SUEWS	 that	 incorporates	 the	 LCZ	 converter,	 which	 translates	 LCZ	 categories	 into	
appropriate	surface	cover	information.	This	integrated	modelling	system	can	access	relevant	
meteorological	 data	 (WATCH	meteo	 data)	 and	 estimate	 anthropogenic	 heat	 flux	 (LQF)	 as	
further	inputs;	SUEWS	estimates	net	radiation	and	the	fluxes	of	sensible	and	latent	heat	in	
addition	to	runoff.		

	
	

		
	
	
	
	
	
	
	
	
	
	

Figure	4.	The	logic	flow	in	the	SUEWS	component	of	UMEP.	
	

One	 of	 the	 best	 known	 urban	 effect	 is	 on	 the	 surface,	 sub-surface	 and	 air	
temperatures,	 which	 are	 each	 a	 type	 of	 urban	 heat	 island	 (UHI)	 with	 a	 distinct	 set	 of	
processes.	 The	UHI	 is	measured	 as	 the	difference	between	 the	 temperatures	 recorded	 in	
the	city	and	that	in	the	surrounding	non-urban	landscape.	A	common	observation	platform	
are	satellites,	which	measure	long-wave	radiation	emitted	by	the	Earth’s	surface.	For	most	
cities,	 the	 UHI	 is	 generally	 strongest	 in	 daytime	 under	 clear	 skies	 and	 calm	 conditions	
following	a	dry	spell	and	the	intensity	of	the	UHI	is	inversely	related	to	vegetative	cover.	It	
follows	then	that	the	magnitude	and	pattern	of	the	UHI	is	related	to	both	the	character	of	
the	urbanised	 landscape	and	 the	surrounding	 topographic	environment	–	 the	LCZ	scheme	
was	 designed	 primarily	 to	 provide	 a	 rational	 framework	 for	 studying	 the	 air	 temperature	
UHI	 (e.g.	 Alexander	 and	Mills,	 2014).	 For	many	 cities,	 the	 UHI	 represents	 an	 undesirable	
heat	burden	that	has	consequences	for	energy	use,	pollution	and	public	health.	Moreover,	
projected	warming	associated	with	global	climate	change	will	add	and	may	accentuate	the	
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UHI	 in	 some	 cities.	 As	 a	 result,	 understanding	 the	 UHI	 can	 guide	 policies	 designed	 to	
mitigate/adapt	to	local,	regional	and	global	climate	change.				

Figure	5	shows	the	satellite	based	UHI	for	Beijing	derived	from	satellite	(Bechtel,	2015).	
Note	 the	 spatial	 correspondence	 between	 the	 extent	 and	 intensity	 of	 the	 urbanised	
landscape	shown	in	Figure	1,	which	illustrates	the	value	of	the	LCZ	discrimination.		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Figure	5.	Satellite	derived	mean	annual	surface	temperature	(MAST)	at	22:30	local	time	for	Beijing.	
	

Physically-based	 models	 can	 provide	 insight	 into	 the	 processes	 responsible	 for	
creating	 the	 UHI	 and	 permit	 the	 evaluation	 of	 planning	 scenarios	 to	 gauge	 their	 impact.	
Here,	we	have	used	SUEWS	to	simulate	UHI	processes	for	the	period	over	June-July,	2006	
when	Beijing	experienced	a	heatwave.	Although	these	events	are	triggered	by	regional-scale	
circulation,	the	impact	of	the	city	is	to	enhance	the	health	impact	of	background	climate	by	
raising	 air	 temperature,	 obstructing	 airflow	 and	 reducing	 air	 quality.	 Figure	 6	 shows	 the	
urban	 effect	 on	 the	 direct	 heating	 of	 the	 atmosphere	 by	 comparison	 with	 a	 forested	
landscape	to	the	west	of	the	city.	Although	the	net	radiation	in	both	places	is	comparable,	
the	 forest	 expends	 much	 of	 this	 energy	 by	 evaporation	 and	 as	 a	 result	 the	 surface	 is	
relatively	cool	–	by	comparison,	 the	city	 surface	 is	dry	and	warms,	generating	 the	surface	
UHI.	Managing	the	UHI	 in	Beijing	would	focus	on	strategies	to	 increase	greening	and	alter	
aspects	of	the	urban	cover.	

Conclusion	

In	the	literature,	evaluation	of	urban	exposures	was	either	based	on	city-specific	databases	
(that	do	not	readily	allow	comparison	between	cities)	or	global	databases	that	provide	the	
urban	mask	 (that	 cannot	 discriminate	 between	 types	 of	 urban	 landscapes).	 The	WUDAPT	
fills	this	gap	by	providing	comparable	data	on	the	physical	character	of	cities.	Here,	we	have	
conducted	an	initial	assessment	of	the	value	of	WUDAPT	data	to	assess	exposure	to	current	
and	future	hazards,	using	GIS	to	overlay	databases	and	the	SUEWS	model.	The	next	step	is	
to	link	these	data	to	census	data	that	would	allow	a	first	assessment	of	vulnerability	and	of	
risk.		
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	Figure	6.	The	simulated	sensible	heat	flux	over	Beijing	city	centre	(red)	and	over	the	forested	area	west	of	the	

city	(blue)	for	June-July,	2006.	
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Abstract:	 The	 aim	 of	 this	 paper	 is	 to	 contribute	 to	 the	 discussion	 of	 the	Urban	 Climate	Maps	 as	 important	
bases	 for	Urban	Planning.	This	became	 increasingly	 important	 in	 the	context	of	global	climate	change.	Since	
2008,	the	City	of	Salvador's	Master	Plan	has	addressed	the	issues	of	Environmental	Comfort	showing	concern	
over	heat	island	effect	in	the	city,	albeit	including	rules	and	regulations	not	easy	to	apply	in	practice.	However,	
the	 2016	 surface	 thermal	 map,	 derived	 from	 Landsat	 8	 imagery,	 shows	 areas	 across	 the	 whole	 city	 with	
considerable	 problems.	 	 The	 overheating	 has	 increased	 considerably	 in	 the	 last	 decades,	 and	 today	 it	 only	
ceases	 to	occur	 in	 the	 remaining	 vegetated	areas,	 all	 subject	 to	 great	pressure	by	 informal	 and	 formal	 land	
occupations.	 Furthermore,	 our	 studies	 have	 shown	 thermal	 stress	 on	 microclimate	 areas	 using	 a	 thermal	
comfort	 index.	 The	 recently	 approved	 Master	 Plan	 (2016)	 was	 reviewed	 and	 the	 Environmental	 Comfort	
Section	expanded.	We	contributed	articles	 that	presented	a	methodology	 to	 incorporate	 the	Urban	Climate	
Map	as	a	tool	for	urban	planning,	aiming	at	 improving	urban	climate.	 In	spite	of	our	efforts,	these	proposals	
were	not	considered	by	local	legislators.		

Keywords:	Urban	Climate	maps,	Master	Plan,	Surface	Thermal	Map,	Thermal	Comfort	

Introduction	

Since	 the	mid-twentieth	 century,	 the	 relationship	 between	urbanisation	 and	 local	 climate	
change	 has	 been	 evident.	 This	 became	 increasingly	 important	 in	 the	 context	 of	 global	
climate	change	because	it	 intensifies	the	overheating	urban	climate.	By	understanding	this	
relation,	 it	 makes	 possible	 to	 adopt	 an	 urban	 planning	 based	 on	 urban	 climate	
investigations,	whose	objective	 is	 to	minimize	 the	negative	 effects	of	 urbanisation	on	 the	
local	climate	and,	hence,	attain	a	"design	to	thrive".	

Salvador	City	occupies	the	third	position	in	the	ranking	of	the	great	Brazilian	cities	with	
about	 3	 million	 inhabitants,	 contrasting	 with	 the	 tenth	 place	 position	 of	 its	 GDP	 (Brasil,	
2005).	 Salvador	 is	 located	 on	 the	 coast	 of	 the	 Northeast	 Region	 of	 Brazil.	 It	 occupies	 a	
peninsular	territory	of	361	km2,	punctuated	by	hills	up	to	100m	high,	already	reaching	70%	
occupancy.	In	the	last	fifty	years	the	city	has	undergone	an	accelerated	urbanization,	a	five-
fold	increase	in	the	area	occupied	in	this	period.	In	1967	it	occupied	only	20%	of	its	territory	
with	a	population	of	900,000	 inhabitants	 (Scheinowitz,	1998).	This	process	 resulted	 in	 the	
predominance	of	informal	or	precarious	dwellings	that	in	1991	corresponded	to	60%	of	the	
buildings,	 according	 to	 Gordilho-Souza	 (2008),	 remaining	 approximately	 the	 same	 to	 this	
day.	
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Salvador’s	 proximity	 to	 the	 equator	 line,	 at	 latitude	 13°	 S,	 and	 its	 geographical	
position,	renders	it	a	warm	and	humid	climate.	With	a	small	annual	and	daily	variation,	 its	
climate	 results	 in	positive	 thermal	 stress	 all	 year	 round,	mainly	between	10:00	and	16:00	
hours	 (Nery	 et	 al.,	 2006).	 Under	 these	 climatic	 conditions,	 overheating	 and	 reduction	 of	
ventilation	 ─	 negative	 effects	 of	 the	 urbanization	 process,	 penalize	 the	 population,	
especially	 low	 income	 people,	 doubly	 submitted	 to	 the	 precarious	 environmental	 quality,	
associated	to	areas	of	informal	occupation,	and	worse	climatic	conditions	that	also	occur	in	
these	areas.	

The	relationship	between	urban	climate	and	urbanization,	or	between	urban	climate	
and	 urban	 environmental	 quality,	 requires	 urban	 planning	 to	 be	 based	 on	 urban	 climate	
investigations,	a	subject	discussed	in	this	paper	for	the	case	of	the	City	of	Salvador.	

Salvador	Urban	Planning	

Practically	 stagnant	 since	 it	 ceased	 to	be	 the	 capital	of	Brazil	 in	1763,	 Salvador	 continued	
with	 slow	 rate	of	 economic	 growth	and	population	until	 the	mid-twentieth	 century	when	
city	 planning	was	 resumed	 in	 the	 1940’s	with	 the	Office	 of	Urban	Planning	of	 the	City	 of	
Salvador	 (EPUCS),	and	 in	 the	second	half	of	 the	1970's	with	Office	of	Urban	Development	
Plan	of	the	City	of	Salvador	(PLANDURB)	(Sampaio,	2015).	These	documents	address	a	wide	
range	of	physical	aspects,	including	local	climate,	although	the	latter	has	not	been	included	
as	a	principle	for	urban	planning	proposals.	

Only	 from	 the	 2004	master	 plan,	 followed	 by	 those	 in	 2008	 and	 2016,	we	 can	 find	
more	 direct	 and	 explicit	 references	 to	 issues	 that	 could	 be	 qualified	 as	 an	 environmental	
approach.	Yet,	even	in	the	2004	Urban	Development	Master	Plan	-	PDDU	(Salvador,	2004),	
there	is	no	specific	reference	to	urban	climate.	Its	Chapter	2	deals	with	Environmental	Policy	
and	 addresses	 physical-environmental	 aspects	 that	 generally	 interfere	 with	 urban	
environment	quality.		

The	 2008	 PDDU	 (Salvador,	 2008)	 dedicates	 Title	 IV	 to	 the	 Environment.	 Its	 first	
Chapter	 provides	 generic	 references	 to	 the	 need	 for	 preservation	 of	 vegetation	with	 the	
objective	 of	 climate	 mitigation	 (Article	 20).	 This	 document	 presents	 a	 specific	 section	
(Chapter	II)	on	Urban	Environmental	Comfort	which	refers	to	the	need	to	maintain	climatic	
conditions,	lighting	and	natural	ventilation	and	soil	permeability;	prevent	and	control	noise	
pollution,		and	visual	and	air	quality.	Whereas	Article	25	indicates	guidelines	for	maintaining	
these	conditions,	namely:	prevention	of	heat	islands,	guarantee	of	minimum	percentage	of	
soil	 permeability,	 improvement	 of	 afforestation	 actions	 and	 elaboration	 of	 studies	 on	
natural	circulation	of	air	in	the	urban	environment.	Although	the	2008	PDDU	has	addressed	
these	 environmental	 comfort	 issues	 indicating	 some	 concern	 over	 heat	 island	 effects,	
guidelines	were	not	applicable	in	practice.	

In	 the	 2016	 PDDU	 (Salvador,	 2016),	 urban	 climate	 is	 treated	 in	 a	 more	 direct	 and	
detailed	fashion,	and	the	theme	is	addressed	in	Title	IV	─	Of	the	Environment,	Chapter	I	─	Of	
the	Municipal	Policy	on	Environment	and	Sustainable	Development,	Section	 III	─	Of	Urban	
Environmental	Comfort.	This	Section	considers	that	environmental	comfort	"relates,	among	
other	 factors,	 to	 the	 climatic	 conditions,	 natural	 lighting	 and	 ventilation,	 and	 should	 be	
considered	as	a	priority	in	the	environmental	conditions	of	urban	spaces	subject	to	thermal	
radiation	and	ventilation".	

Articles	 24	 to	 28	 (Salvador,	 2016)	 discuss	 issues	 related	 to	 ventilation	 and	 thermal	
radiation	 control	 aiming	 at	 ‘minimizing	 heat	 gains	 of	 urban	 spaces’;	 ‘blocking	 solar	
radiation’;	 	 ‘maximizing	of	thermal	energy	losses	of	the	built	environment’;	 ‘reducing	solar	
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radiation	on	 surfaces	 and	maximizing	 ventilation’,	 to	mitigate	 ‘heat	 island	effects’,	 and	 to	
provide	 incentives	 for	 implementing	 shading	 of	 glazed	 areas	 of	 façades,	 pedestrian	ways,	
and	 building	 design	 favouring	 cross	 ventilation	 and	 open	 balconies,	 among	 other	
decontextualized	details.	

In	 the	 2016	 PDDU	 (Salvador	 2016),	 urban	 climate	 was	 treated	 more	 thoroughly;	
however	 their	 recommendations	were	not	 the	 result	 of	 urban	 climate	 research.	 They	 are	
prescriptively	standardized	rather	than	directed	towards	performance	guidelines	according	
the	concept	of	a	master	plan.		Some	details,	at	the	building	scale,	cannot	be	generalized	to	
the	whole	city,	because	a	master	plan	should	submit	detailing	to	specific	studies	to	land	use	
planning	laws	or	to	building	codes.	

Salvador	Urban	Development	without	urban	climate	investigations		

From	 the	 1970s	 onwards,	 urban	 sprawl	 and	 urban	 planning	 which	 characteristically	
disregarded	 climatic	 aspects,	 degraded	 increasingly	 and	 irreversibly	 local	 climate	 and	 the	
city’s	 peculiar	 topographic	 configuration	 by	 removing	 large	 areas	 of	 vegetation,	 including	
areas	of	Atlantic	Forest,	sealing	large	plots	of	urban	land	and	spreading	occupancy	towards	
outskirt	municipal	areas.	These	changes	have	generated	overheating	 in	 the	city,	 increased	
air	 temperatures,	 reduced	urban	ventilation	and	created	heat	 islands	across	 the	 territory.	
Consequently,	 positive	 thermal	 stress	 or	 heat	 discomfort	 increased	 both	 in	 intensity	 and	
frequency	 in	a	naturally	hot	city.	Our	urban	climate	studies	 in	Salvador	have	evidenced	as	
much	over	nearly	three	decades	of	investigations	(Andrade	et	al.,	2015).	
	
	
	 Table	1	–	Land	Occupation	Patterns,	Salvador	

	
	
	
	
	
	
	
	
	
	
	
	
	

Figure	1-	Urban	occupation	in	Salvador	with	
predominance	of	the	Pattern	P4.			

Photography:	Manu	Dias	
	
	
	
	

PATTERNS	
P	1:	Tall	buildings	(>	10	storeys)	and	
High	density	
P	2:	Tall	buildings	(>	10	storeys)	and	
Medium	density	
P	3:	Medium-height	buildings	(1-4	
storeys)	and	Medium	density	
P	4:	Small	buildings	(<	4	storeys),	Very	
high	density	and	no	vegetation	
P	5:	Small	buildings	(<	4	storeys)	and	
Medium	density	
P	6:	Small	buildings	(<	4	storeys),	Low	
density	and	vegetation	
P	7:	Small	buildings	(<	4	storeys),	Low	
density	and	no	vegetation	
P	8:	Specially	large	structures	:	
industries,	shopping	centres,	hospitals	
P	9:	Parks	and/or	very	low	density	with	
scattered	vegetation	
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Urban	occupation	occurred	 in	an	 inhomogeneous	way,	generating	different	patterns	
of	 land	occupation,	associated	with	different	microclimates.	Nery	et	al.	 (2003)	established	
nine	 patterns	 of	 land	 occupation,	 still	 observed	 today,	 determined	 by	 building	 heights,	
densities,	vegetation,	and	special	building	areas.	Table	1	shows	the	criteria	for	each	pattern,	
mapped	 in	 Figure	 1a.	 Results,	 discussed	 in	 "Air	 Temperature	 and	 Occupation	 Patterns	 in	
Salvador"	 (Nery	 et	 al.,	 2003),	 underpinned	 the	 expected	 conclusion	 that	 the	 higher	 the	
density	rate	in	the	land	occupation	patterns,	the	higher	the	air	temperatures	and	vice	versa.	
The	predominant	informal	occupation	was	classified	by	Pattern	P4,	which	is	associated	with	
low	income	classes	and	precarious	housing.	 In	our	 investigations,	this	pattern	 is	related	to	
worst	thermal	conditions,	overloading	the	most	destitute	population.	

Figures	 1a	 and	 1b	 show	 the	 areas	 with	 remaining	 vegetation	 represented	 by	 the	
colour	 green.	 The	 remaining	 municipal	 area	 corresponds	 to	 areas	 built	 according	 to	
occupancy	 patterns	 presented	 in	 Table	 1.	 Figure	 1a	was	 elaborated	 by	 our	 team	 in	 2002	
(Nery	 et	 al.	 2006	 ICUC)	 from	 the	 City	 of	 Salvador’s	 1:2,000	 scale	 model	 and	 from	 aerial	
photos.	Figure	1b	was	obtained	from	a	Landsat	8	satellite	image,	taken	on	September	13th	
2016,	therefore,	presenting	higher	accuracy.	Comparing	both	images,	it	 is	observed	that	in	
the	last	25	years,	city	expansion	continued	to	spread	over	its	green	areas,	keeping	the	same	
system	of	 patterns	 identified	 in	 Table	 1.	 In	 2016	 (Figure	 1b),	 the	 percentage	 of	 occupied	
area	corresponds	to	70%	of	the	municipal	area,	calculated	from	the	image	itself.	

Figures	1c	and	1d	show	the	hottest	areas	in	orange,	red	and	brown	colours.	Figure	1c	
represents	 the	 first	 approach	 to	 Urban	 Climate	 Map	 of	 the	 City	 of	 Salvador.	 It	 was	
developed	based	on	principles	of	urban	climatology	specifically	regarding	heat	storage	and	
urban	 ventilation	 through	 thematic	 charts	 separately	 elaborated	 and	 later	 superimposed	
(Nery	 et	 al.,	 2006	 ICUC).	 This	 was	 an	 empirical	 work	 derived	 from	 topography,	 land	
occupation,	dated	1992	(Figure	1a),	and	prevailing	winds,	interpreted	according	to	criteria	of	
urban	 ventilation	 and	 solar	 radiation	 exposure.	 The	 Urban	 Climate	 Map,	 thus	 produced,	
represents	a	theoretical-qualitative	analysis	of	the	potential	conditions	of	thermal	comfort	
of	 the	city	as	a	whole.	The	Map	shows	scattered	hot	areas,	distributed	across	 the	central	
and	some	coastal	areas,	characterized	by	‘maximum	heat	island’,	‘heat	island’	and	‘reduced	
ventilation’.	 It	also	displays,	 in	 light	blue,	air	paths	in	the	direction	of	the	prevailing	winds,	
entering	the	interior	of	the	city	and	defined	as	‘strongly	ventilated’.	These	air	paths	should	
have	been	preserved	as	they	are	responsible	for	urban	cooling.	

Figure	1d,	the	Thermal	Map,	presents	the	mapping	of	the	SAT	values	in	the	territory	of	
the	city.	 It	was	derived	from	the	Landsat	8	satellite	 image,	taken	on	September	13th	2016,	
whose	 processing	 methodology	 has	 been	 described	 in	 “Air	 Temperature	 and	 Superficial	
Apparent	Temperature	in	a	Tropical	City:	Salvador,	Bahia,	Brazil”	(Paper	0921	submitted	for	
PLEA	2017).	 SAT	differences	of	 the	order	of	 10	 °C,	 are	observed,	with	 the	highest	 values,	
38°C,	corresponding	 to	Pattern	P4	areas,	whereas	SAT	 is	28°C	 in	 the	vegetated	areas.	The	
Thermal	Map	shows	areas	with	considerable	thermal	problems	because	green	areas	related	
to	fresh	air	production	are	few	and	not	well	distributed	across	the	municipal	area.	

Even	considering	the	conceptual	and	methodological	differences	between	the	maps	of	
Figures	 1c	 and	 1d,	 we	 can	 infer	 that	 overheating	 has	 increased	 considerably	 in	 the	 last	
decades,	and	today	it	only	ceases	to	occur	in	the	remaining	vegetated	areas,	all	subject	to	
great	 pressure	 by	 informal	 and	 formal	 occupations.	 The	 Thermal	 Map	 shows	 air	 paths	
compromised,	 especially	 in	 the	 coastal	 zone,	 where	 buildings	 block	 wind	 penetration	
contributing	to	overheating	the	innermost	areas.		

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 1808



For	example,	Moraes	(2011)	measuring	thermal	comfort	variables	between	formal		─	
Pattern	P2,	and	informal	occupation	─	Pattern	P4,	both	in	coastal	area,	on	April,	26th	2011,	
verified	a	difference	of	around	2°C	between	averages	of	air	temperatures	─	Ta	(°C),	with	the	
highest	 values	 occurring	 in	 the	 Pattern	 P4.	 The	 values	 of	 Ta	 (°C)	measured	 in	 Pattern	 P4	
remained	above	 those	 in	Pattern	P2,	which	 in	 turn	were	above	 the	simultaneous	 regional	
climatic	values	obtained	from	the	National	Institute	of	Meteorology	─	INMET.		
	

	 	

	

Green	areas	(30%) Occupied	land	(70%)	

Figure	1a	-		Areas	built	according	to	occupancy	
patterns	presented	in	Table	1		dated	1992	(Nery	et	

al,	2006)	

Figure	1b	-	Green	and	occupied	area	derived	from		
Landsat	8	image	September,	13th	2016.	

	 	

	
	

Figure	1c	–	Urban	Climate	Map	dated	1992	(Nery	et	
al,	2006)	

Figure	1d	-	Surface	Thermal	Map	derived	from	Landsat	
8	image	on	September,	13th	2016,	12:37:04	(-3UTC)	
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Proposal	for	insertion	of	Urban	Climate	Investigations	on	Salvador	Urban	Planning	

Since	 the	 1960s,	 despite	 the	 economic	 and	 formal	 concepts	 guiding	 urban	 or	 territorial	
planning	proposals,	McHarg	 (1992)	proposed	that	 territorial	planning	should	result	 from	a	
"Design	with	Nature",	title	of	his	book.	McHarg´s	premises	anticipated	current	principles	of	
sustainability	 and	 the	 fundamental	 need	 to	preserve	 the	ecosystem	balance	 for	 achieving	
quality	 of	 life	 and	 development	 as	 a	 society.	 Within	 this	 perspective,	 local	 climate	 is	 a	
priority	 factor.	 McHarg's	 method	 of	 multidisciplinary-based	 suitability	 and	 restriction	
analysis,	 today	 performed	 with	 GIS	 layers	 calculations,	 is	 fundamental	 to	 elaborate	 the	
urban	climate	map	and	incorporate	urban	climate	investigations	in	territorial	planning.	Thus,	
this	 map	 is	 as	 much	 information	 as	 an	 evaluation	 tool	 able	 to	 integrate	 urban	 climatic	
factors	and	municipal	planning	variables.	

Aware	 of	 a	 half-a-century	 delay	 to	 adopt	 climate	 as	 a	 necessary	 and	 effective	
condition	 for	planning,	and	observing	 the	consequences	and	 impacts	of	 its	absence	 in	 the	
City	of	Salvador,	our	research	team	outlined	a	structured	approach	to	include	urban	climate	
map	methodology	into	the	under-revision	and	proposed	articles	for	the	current	PDDU.	The	
aim	was	 to	 insert	 the	urban	climate	as	a	process	of	 continuous	 investigations,	permanent	
updating	and	management.	Here,	our	main	proposed	articles	are	transcribed.	

	
Proposed	 Article.	 The	 Urban	 Climate	 Map	 is	 a	 fundamental	 planning	 instrument	 for	

evaluating	 climate-environmental	 information,	 on	 a	 cartographic	 basis,	 using	 the	
Geographic	Information	System	(GIS).	It	generates	guidelines	for	territorial	planning.	

I.	 The	 Urban	 Climate	Map	 represents	 the	 integrated	 evaluations	 from	 Thematic	Maps:	
thermo-hygrometric,	acoustic,	lighting,	visual	and	air	qualities;	

II.	The	Urban	Climate	Map	should	be	elaborated	at	the	regional	climatic	scale	(1:	25,000)	
to	provide	general	guidelines	for	urban	macro-zoning,	and	detailed	at	the	microclimatic	
scale	(1:2,000),	to	provide	outputs	for	law	of	land	use	planning	and	the	buildings	code.	

III.	 Inputs	to	elaborate	the	Urban	Climate	Map	at	the	microclimatic	scale	require	specific	
studies	based	on	the	general	principles	of	Urban	Environmental	Comfort.	

	
Drawing	from	Berlin´s	state	government	 initiatives,	which	 institutionalized	the	urban	

climate	studies	for	urban	planning	and	building	constructions	projects	since	the	1970s,	we	
proposed	an	article	declaring	municipal	power	responsible	for	urban	environmental	quality	
and	other	article	establishing	a	permanent	working	group	of	urban	climate	management	at	
the	office	of	the	City	of	Salvador's	urban	planning.	

	
	Proposed	 Article.	 It	 is	 the	 attribution	 of	 municipal	 power	 through	 territorial	 physical	

planning	 to	 promote	 the	 Urban	 Environmental	 Comfort,	 in	 order	 to	 ensure	 the	
adequate	 quality	 of	 life	 for	 the	 inhabitants	 and,	 therefore,	 the	 Urban	 Environmental	
Quality	(QAU)	and	mitigate	the	effects	of	climate	changes.	

	
Proposed	Article.	From	Management:	
I.	 A	 technical	 sector	 responsible	 for	 the	 elaboration	 of	 the	Urban	 Climate	Map	must	 be	

created	by	the	municipal	authorities.		
II. The	Urban	Climate	Map,	based	on	thematic	maps,	must	be	updated	systematically,	as	

well	 as	 climatic	 and	 environmental	 conditions	 which	 must	 also	 be	 systematically	
monitored.		

III.	 A	 network	 of	 environmental	 stations,	 appropriately	 distributed	 in	 the	 urban	 fabric,	
must	be	established	for	the	collection	of	climatic	and	environmental	data.	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 1810



IV.	Climatic	and	environmental	information	and	updates	of	the	Urban	Climate	Map	should	
be	systematically	made	available	to	the	public.	

	
In	 spite	 of	 our	 efforts,	 the	 core	 of	 our	 proposals	 and	 recommendations	 were	 not	

considered	 in	the	2016	PDDU.	Title	 IV	─	Of	the	Environment,	Chapter	 I	─	Of	the	Municipal	
Policy	on	Environment	and	Sustainable	Development,	Section	III	─	Of	Urban	Environmental	
Comfort	 has	 remained	 a	 series	 of	 prescriptions	 disassociated	 from	 reality	 and	 with	 little	
operability.		

Final	considerations	

This	paper	discusses	the	relationship	between	urbanisation	and	the	urban	climate	in	the	City	
of	 Salvador,	 Brazil,	 linking	 the	 urban	 land	 occupation	 process	 to	 a	 territorial	 planning	
disassociated	from	climate	considerations,	which	as	a	consequence,	generated	overheating	
throughout	the	urban	area.		This	phenomenon	was	observed	in	the	last	twenty-five	years	of	
our	investigations.		

Land	occupation	 in	 Salvador	 increased	 from	20%	 in	1967	 to	 its	 current	 level	of	70%	
over	the	municipal	area.	It	occurred	with	replacement	of	green	areas	responsible	for	urban	
cooling	 and	 lowering	 of	 surface	 temperatures.	 Hence,	 ground	 sealing,	 air	 pathway	
obstruction	 and	 heat	 stored	 in	 urban	 built	 structures	 resulted	 in	 a	 surface	 temperature	
difference	of	 10°C	between	green	areas	 and	 those	occupied	by	 the	Pattern	P4,	with	high	
constructive	density,	without	vegetation	and	associated	with	precarious	housing.	

Clearly,	 urbanization	 has	 been	 changing	 local	 climatic	 conditions	 in	 Salvador,	
intensifying	overheating,	also	 in	 coastal	 sites	exposed	 to	prevailing	winds.	Urban	planning	
based	 on	 urban	 climate	 investigations	 could	 have	 minimised	 the	 negative	 impacts	 of	
urbanisation	 on	 local	 climate.	 Especially,	 it	 could	 have	 had	 a	 lesser	 impact	 on	 Pattern	 P4	
areas,	 corresponding	 to	 60%	 of	 the	 city´s	 area,	 where	 low-income	 population	 lives	 with	
limited	individual	resources	to	mitigate	unfavourable	thermal	conditions.	

As	 stated,	 urban	 climate	 as	 a	 social	 and	 environmental	 construction	 can	 easily	 be	
deteriorated	 by	 individual,	 collective	 and	 public	 interventions,	 but	 only	 adequate	 public	
management	 has	 the	 capability	 to	 ensure	 its	 improvement,	 that	 is,	 urban	 environmental	
quality.	The	loss	of	urban	environmental	quality,	while	impacting	more	on	the	poor,	it	does	
also	impact	the	whole	population.	Last,	but	not	least,	this	impact	also	generates	direct	and	
indirect	economic	losses	that	hamper	prosperity	of	the	city	as	a	whole.		

References	
Andrade,	T.,	Nery,	J.,	Moura,	T.,	Katzschner,	L.	(2015).	Urban	climatic	map	studies	in	Brazil	Salvador.	In:	

E.	Ng.	and	C.	Ren,	ed.,	The	urban	climatic	map	for	sustainable	urban	planning,	1st	ed.	New	York:	Routledge,	pp.	
152-163.	

Brasil	 (2015).	 Produto	 interno	 bruto	 dos	 municípios:	 2010-2013.	 [online].	 Instituto	 Brasileiro	 de	
Geografia	 e	 Estatística,	 IBGE.	 Contas	 nacionais,	 n.	 49.	 Available	 at:	 	 http://loja.ibge.gov.br/produto-interno-
bruto-dos-municipios-2010-2013.html	[Acessed	25	Oct.	2016].		

Gordilho-Souza,	 A.	 (2008).	 Limites	 do	 Habitar:	 Segregação	 e	 exclusão	 na	 configuração	 urbana	
contemporânea	de	Salvador	e	perspectivas	no	final	do	século	XX.	2th	Ed.	Salvador:	EDFUBA,	p.452.	

Moraes,	 J.	 (2011).	 Análise	 exploratória	 de	 diferenças	 de	 conforto	 térmico	 entre	 dois	 padrões	 de	
ocupação	urbana	representados	por	ocupação	espontânea	e	por	ocupação	planejada,	[online]	p.184.	Available	
at:	 http://www.ppec.ufba.br/site/publicacoes/analise-exploratoria-de-diferencas-de-conforto-termico-entre-
dois-padroes-de-ocupacao-ur.	[Accessed	21	Sep.	2016]	

McHarg,	I	(1992).	Design	with	Nature.	New	York:	John	Wiley	&	Son	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 1811



Moura,	T.,	Nery,	 J.	and	Andrade,	T.	 (2016).	Revisão	dos	Autores	da	proposta	da	Câmara	Municipal	de	
Salvador	 feita	 com	base	na	 contribuição	original	de	Dez.	2015	para	a	Minuta	do	PDDU	2015,	 Seção	 III	 –	Do	
Conforto	 Ambiental	 Urbano.	 Participa	 Salvador.	 [online].	 Available	 at:	
http://participasalvador.com.br/arquivos/analises/2016.05.17%20Rev%20TITULO%20IV%20-
%20Sec%20III%20TeresaMoura%20JussaraNery%20TelmaAndrade.pdf.	[Accessed	10	Sep.	2016]	

Nery,	 J.,	 Andrade,	 T.,	 Lira,	 I.	 (2003).	 Temperatura	 do	 ar	 e	 padrões	 de	 ocupação	 em	 Salvador.	 VII	
Encontro	 Nacional	 de	 Conforto	 no	 Ambiente	 Construído	 -	 ENCAC	 /	 III	 Conferência	 Latino	 Americana	 sobre	
Conforto	e	Desempenho	Energético	de	Edificações	–	COTEDI.	Anais	do	ENCAC	COTEDI,	p.	624-631.	

Nery,	J.,	Andrade,	T.,	Moura,	T.	 (2006).	Conforto	Térmico	em	Salvador:	o	 Índice	PET	e	sua	abordagem	
projetual.	Rua	–	Revista	de	Urbanismo	e	Arquitetura,	Salvador,	1(9),	p.	71-77.	

Nery,	J.,	Freire,	T.,	Andrade,	T.,	Katzschner,	L.	(2006).	Thermal	comfort	studies	in	a	humid	tropical	city.	
International	Association	for	Urban	Climate,	ICUC	–	6.	P.4.	

Salvador	 (2004).	 LEI	 N.º	 6.586/2004.	 Prefeitura	 Municipal	 de	 Salvador,	 PMS.	 Available	 at:	
http://www.portal.educacao.salvador.ba.gov.br/site/documentos/espaco-virtual/espaco-
legislacao/GERAL/LOCAL/lei%20%20n%C2%BA%206586-2004%20pddu.pdf	[Accessed	3	Mar.	2016].	

Salvador	 (2008).	 LEI	 Nº	 7.400/2008.	 Prefeitura	 Municipal	 de	 Salvador,	 PMS.	 Available	 at:		
http://www.gestaopublica.salvador.ba.gov.br/leis_estruturas_organizacionais/documentos/Lei%207.400-
08.pdf	[Accessed	3	Mar.	2016].	

Salvador	 (2016).	 LEI	 Nº	 9.069/2016.	 Prefeitura	 Municipal	 de	 Salvador,	 PMS.	 Available	 at:	
http://www.cms.ba.gov.br/updiv/pddu-2016/index.html#4/z.	[Accessed	3	Mar.	2016].	

Sampaio,	H.	(2015)	Formas	Urbanas:	cidade-real	&	cidade-ideal;	contribuição	ao	estudo	urbanístico	de	
Salvador:	Quarteto,	PPGAU-FAUFBA.	

Scheinowitz,	 A.	 (1998).	 O	 macroplanejamento	 da	 aglomeração	 de	 Salvador.	 Salvador:	 Secretaria	 da	
Cultura	e	Turismo,	EGBA,	p.314.	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 1812



Cooling Load Mapping by Using the Summer Temperature and Humidity 
Distributions in Hiroshima

Shuhei Ota1, Kaoru Matsuo2, Makoto Yokoyama3, Yui Sasaki4 and Takahiro Tanaka5 

1Graduate school of engineering, Hiroshima University, Higashi-Hiroshima, Japan,
m176035@hiroshima-u.ac.jp
2Graduate school of engineering, Tokyo University, Tokyo, Japan, kmatsuo@epd.t.u-
tokyo.ac.jp
3Graduate school of engineering, Hiroshima University, Higashi-Hiroshima, Japan,
d165318@hiroshima-u.ac.jp
4Graduate school of engineering, Hiroshima University, Higashi-Hiroshima, Japan,
m164625@hiroshima-u.ac.jp
5Graduate school of engineering, Hiroshima University, Higashi-Hiroshima, Japan,
ttanaka@hiroshima-u.ac.jp

Abstract: In recen t yea rs , temperatures  in urban area rise because of climate change and urban heat

is land. As  one  of measures , cooling effec t of sea  bree ze has  attrac ted attentions . On the other, sea
bree ze causes  high  humidity in coas tal area . Co nsequently, this  s tudy aims  at mapping  the potential
cooling  load  of the office and res idential buildings  by us ing  summer temperature and humidity
dis tribution maps  in Hiroshima. The  potential cooling load  map  repres ents a cooling load dis tribution in
the urban  area . Bas ed  on the  map , the area of lower load and higher load can  be cons idered  in the
arc hitectural des ign  and urban planning  proces s . Actually, a t firs t, summer temperature and humidity
dis tributions  are es timated by us ing the  mes o-scale meteorological model WRF . In this  res ea rch, land
use da ta in the  city area which is  an input condition is  clas s ified  from the concep t of the local climate
zone (LCZ) . The  L CZ  is  spatial lands cape units which can  be clas s ified by the  climatic conditions . Then,
summer temperature and humidity dis tributions  are es timated us ing  L CZ  as  input conditions . F ina lly,
the cooling load  dis tributions  are calculated for the office and res idential buildings  with us ing  the
summer temperature and humidity dis tribution above and the building  energ y model.

Keywords: urban heat island, WRF, cooling enthalpy hour, absolute humidity

Introduction 

Recently, in many Japanese cities, the urban warming caused by the urban heat island 
phenomenon and climate change has occurred. Especially in the summer season, it is said 
that urban warming causes the problems such as an uncomfortable outdoor environment and 
increase of energy consumption for cooling. Therefore the mitigation is required (The 
Architectural Institute of Japan, 2007). Also in Hiroshima City, temperature is rising caused by 
urbanization, so it is necessary to create urban development considering the mitigation of 
urban warming. The authors conducted summer temperature measurements and found the 
cooling effect of sea breeze in the coastal area of Hiroshima for making urban environmental 
climate map as the final objective (Matsuo et al.,  2015 , 2016). On the other hand, sea breeze
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seems to cause an increase in absolute humidity (Sato et al., 2008), and the outdoor air load 
(sensible heat and latent heat) for air conditioning is expected to be increased in the coastal 
area. Consequently, it seems to be necessary to consider not only the temperature 
distribution but also the humidity distribution when using the sea breeze for mitigating the 
urban warming in the summer season. Therefore, in this research, the spatial distribution 
patterns of wind, temperature and absolute humidity in summer are estimated by using 
meso-scale meteorological model WRF. And the cooling enthalpy hour distribution is also 
calculated by using the results.

Research outline 

Target area 

For this study, Hiroshima is selected as a targeted area (Fig. 1). Target area includes the delta 
plain that is surrounded by the hilly areas spreading to the east, west, and north, and this area 
is faces the Seto Inland Sea in South. In addition, it is said that this area is a region where the 
synoptic wind is smaller and the local wind such as the land and sea breezes often blow 
because it is surrounded by Chugoku Mountains and Shikoku Mountains. Figure 2 shows the 
wind rose of the Hiroshima Local Meteorological Observatory in summer sunny days. It can 
be seen that sea breeze from the southwest direction is prevailing.

Basic information related to Hiroshima is given below.

・Total population: 1,174.209 (2012)
・Population density: 1,310[persons/km2]
・Area: 905.41 [km2]
・Th e number of households: 535,241 [household]

Elevation(m) 
1128 

0 

・Observation points

Figure 2: The wind rose of summer sunny day  
(the Hiroshima Local Meteorological Observatory) 

Figure 1: Target area and around topography 
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Numerical simulation overview 

WRF (Weather Research & Forecasting) (Skamarock et al., 2008) is a mesoscale
meteorological model developed by research institutes such as the National Center for
Atmospheric Research (NCAR). In this research, WRF-ARW version 3.7.1 is used. The
calculation target area is shown in Fig.2. Domain1 is set as 3km resolution (120×120
grids) and Domain2 is set as 1km resolution (103×103 grids) for using the nesting method.

Table1 shows the calculation conditions. The calculation period is 13 days from the 4th 
to the 17th in August 2013. During the period, typical summer sunny day continues. Land use 
data is created using the national land numerical information. Since Urban Canopy Model 
(UCM) is used for the surface process, “Urban” area is classified into three categories. The 
details of classification method are described in the next chapter.

Flow of this study 

The steps of this study are as follow.
1) Creating input data for numerical simulation
2) Performing numerical simulation by using WRF
3) Analysing numerical simulation results (temperature and humidity distribution)
4) Calculating the cooling enthalpy hour distribution

Table 1: Calculation condition 
August 4-17, 2013
30 layers(surface ～ 100hPa)
Domain1:3km(120×120 grids)、Domain2:1km(103×103 grid)
JMA Meso-scale Analysis(every 3 hour, 10km Grid, 20 layers)
NCEP Re-analysis global objective analysis data (every 6 hour 1°Grid, 17 layers)

Elevation Digital map(50m grid)
Digital national land information (100m grid)
Basic survey of city planning Master plan of Hiroshima Prefecture
ArcGIS data collection
Existing vegetation map
Purdue Lin scheme

Long wave Rapid Radiative Transfer Model (RRTM) Longwave
Short wave MM5(Dudhia) Shortwave

Mellor-Yamada-Janjic PBL
Urban area Single Layer Urban Canopy Model (UCM)

Non-urba area Noah LSM
none
noneFDDA

Land data Land use

Microphisics

PBL scheme

Cumulus parameterization

Period
Vertical grid

Horizontalgrid
Meteorological data

Surface scheme

Radiation

Figure 3: Land use 

Urban<high-rise>(66)
Urban<low-rise high-density>(83)
Urban<low-rise density>(296)
Mixed forest (7731)
Barren vegetation (4)
Water (1905)
Grassland (9)
Irrigated cropland (225)
Dry cropland (85)
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Creating input data for numerical simulation 

First section shows the method for classifying “Urban” area, and second and final section 
show the results of the classification.

Outline of LCZ and examination of classification method 

In the previous study (Matsuo et al., 2016), the average of the building heights (high rise, low 
rise) for each mesh are used for classifying the “Urban” meshes. However, it is considered 
that the local climate seems to be formed by various factors.

Therefore, in this study, following steps are used for the classification with using the 
concept of Local Climate Zone (LCZ) which is “Smallest area in which climate 
characteristics can be regarded as uniform” (Stewart et el., 2012), which is considered 
to be almost the same concept as "Klimatope" (Moriyama et al., 1999). Furthermore, 
Brousse et al., 2016 clarified that the precision of numerical calculation results using 
data created with the concept of LCZ was improved compared with conventional land 
use data. The classification method based on the concept of LCZ is shown below.
(A). Extracting 455 “Urban” meshes in the land use map (Fig.3) and calculating the area

of the detailed land use types (national land use digital information) for each mesh.
(B). Extracting 48 meshes in which the temperature observation points (48 points, Fig. 

1) are located. The temperature observation points used the points actually measured by the
previous study (Matsuo et al., 2015).

(C). Performing multiple regression analysis with using each land use type area in the 
meshes extracted from B as explanatory variables and hourly average temperatures (48 
points) in summer fine days as objective variables. And extracting three land use types that 
have larger correlation with the air temperature.

(D). Performing cluster analysis with using the area of three land use types above for 
classifying all “Urban” meshes into three.

Results of multiple regression analysis 

The multiple regression analysis (C) with the stepwise method is performed. 12 land use 
categories, such as “lawn/green space”, “water surface”, "forest", are used as explanatory 
variables. Fig.4 shows the hourly multiple correlation coefficients. Since the multiple 
correlation coefficients in night time are higher (about 0.7), they seem to have effects on the 
temperature distribution at night. On the other hand, the multiple correlation coefficients 
from 17 to 18 are relatively lower (about 0.3). This seems to be because the relationship 
between temperature and sea breeze is larger. Based on the results, “bare land”, “forest”, 
and “low-rise building” are extracted as land use categories that relate with temperature.

Cluster analysis 

Cluster analysis (D) is performed with the Ward’s Method for classifying “Urban” meshes (455) 
into three groups. Fig.5 shows the “Urban” meshes (189) in Hiroshima. Based on this result, 
the name of each group is set as follows.

・ High-rise building: Many “High-rise buildings” are built.
・ Low-rise high-density: “Low-rise building” is crowded.
・ Low-rise density: “Low-rise building”, “bare land”, “forest” are mixed.
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Numerical simulation results 

Fig.6, 7 and 8 show the horizontal distributions of wind direction/speed (10m above the 
ground), temperature (2m above the ground), and absolute humidity (2m above the ground) 
at 14:00 on August 13 which are example of the calculation results. Major tendency is 
described below. 

･Wind direction/speed (Fig.6):The wind speed in the coastal area is larger, and the wind from 
the southwest prevails. In the coastal area of the west part of Hiroshima, the wind from the 
southeast direction is prevailing. 

･Temperature (Fig.7):The temperature in the coastal area is lower, and gradually increases to 
the inland area. 

･Absolute Humidity (Fig.8):The absolute humidity in the coastal area is higher and is gradually 
lower in the inland area. However, the absolute humidity is higher in the “Urban” meshes 
located in the marginal part of the plain, especially in the west part.  

重相関係数

multiple correlation 
coefficient重相関係数

Figure.4 Multiple correlation coefficient 

Figure.5 Urban classification based on LCZ 

High(m) 
1185 

0 

High-rise 
building

Low-rise 
high-density

Low-rise 
density
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Cooling enthalpy hour distribution 

In this study, enthalpy hours are calculated by the following equation (Taka et al., 2010). The
base enthalpy is set to air enthalpy of 0.053 [MJ/kg'] at air temperature of 26 [°C] and relative
humidity of 50 [%].

h= ∑ {1.006Tt + (1.805Tt + 2501)Xt − 0.053} [MJ･h/kg′]n
t=1   (1) 

(h: cooling enthalpy hour [MJ·h/kg'], Tt: temperature at each time [°C], Xt: absolute humidity
[kg/kg'])

The integration of the cooling enthalpy hour distribution of the urban mesh is calculated
using the calculation results (temperature and absolute humidity) from August 10 to 16 (Fig.
8). Moreover, meshes of average elevation 50 m or less as the plain part are extracted and
the cooling enthalpy hour distribution is created to remove the climate effect due to
topography.

From the result, it can be seen that the cooling enthalpy hour is relatively higher in the
coastal area and lower in the inland area. This seems to be because the influence of sea
breeze including water vapor is larger in the coastal area. However, as for the coastal area, it
is relatively lower around the center (the red frame in Fig.8). This seems to be due to lower
temperature and lower humidity in this area throughout the day.

Figure 7: Temperature Figure 8: Absolute humidity 

Figure 6: Wind direction/speed 

E wind direction
wind power
(m/s)

4.70

0.06
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Conclusion 

In this research, by using the numerical simulation results from the mesoscale meteorological
model WRF, wind, temperature and absolute humidity distributions in summer are estimated
and the cooling enthalpy hour distribution is also estimated. The major findings are shown
below.
・Land use categories, which are greatly related to night time temperature, are “bare land”,
“forest”, “low-rise building”.
・In the daytime sea breeze from the southwest direction prevails in the coastal area, and
the temperature is lower and the humidity is higher. On the other, in the inland area, the
temperature is higher and the humidity is lower.
・The cooling enthalpy hour is relatively higher in the coastal area, and lower in the inland
area. However, as for the coastal area, the central part is relatively lower, because the
temperature is lower and the humidity is also lower throughout the day. On the other hand,
the cooling enthalpy hour cannot consider the appliance efficiency and the air conditioning
schedule, it can consider only the cooling load potential. Also, because the base enthalpy is
set to air enthalpy of 0.053 [MJ/kg'] at air temperature of 26 [°C] and relative humidity of 50
[%], the result may change if the set is different.

As future work, authors will calculate the cooling load of houses, office buildings and
some types of buildings by using the calculated cooling enthalpy hour and grasp each cooling
load distribution characteristic. And future land use proposing based on the results is also
intended from the viewpoint of reducing the cooling load.
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Diamond	Bazaars	in	Mumbai	-	User	adaptability	and	comfort	in	urban	
outdoor	spaces	in	a	hot	and	humid	climate	
	

Saachi	Padubidri	
	
Abstract:	The	rapid	urbanization	of	Mumbai	has	resulted	in	the	loss	of	traditional	and	cultural	philosophy	of	an	
open	bazaar.	The	proposal	aims	to	enhance	an	existing	diamond	bazaar	in	the	city	of	Mumbai,	by	improving	the	
conditions	 of	 the	 space	 environmentally	 as	well	 as	 architecturally.	 Protection	 from	 direct	 sun	 and	 rain	 and	
sufficient	daylight	are	important	considerations	for	the	functioning	of	the	diamond	bazaars.	The	design	strategy	
caters	for	these	requirements	with	its	shaded	bazaar	streets	and	movable	fabric	members	that	can	be	adapted	
to	the	users’	 individual	requirements.	For	this	climate,	airflow	being	another	 important	factor	for	pedestrian	
comfort	has	been	incorporated	into	the	design.	The	diamond	merchants	are	the	key	actors	on	whom	the	effect	
of	each	design	strategy	was	considered.	Materials	were	studied	 in	detail	 in	relation	to	environmental	design	
requirements,	flexibility	and	architectural	quality.	The	focus	was	to	develop	a	design	module	based	on	which	
diverse	 outdoor	 spaces	 attain	 comfortable	 and	 improved	 conditions	 in	 hot	 and	 humid	 climates.	 The	 paper	
assesses	the	analytical	and	design	work	done	in	an	existing	diamond	bazaar	in	Mumbai	while	studying	climatic	
and	environmental	parameters	which	affect	outdoor	comfort.	It	concludes	by	understanding	interrelationship	
between	quantitative	 limits,	physiological	adaptation	by	users,	climatic	conditions	and	their	effect	on	design	
parameters.	
Keywords:	outdoor	comfort,	user	adaptability,	interrelationship,	design	module	

Introduction	

“Mumbai	has	been	fighting	a	losing	battle	for	open	spaces	for	the	last	few	years	thanks	to	a	
burgeoning	population	on	one	hand	and	encroachments	on	the	other”	(Times	of	India,	2012).	
As	a	commercial	capital,	Mumbai	contributes	more	than	6%	of	India’s	GDP.	The	availability	of	
open	spaces	 is	scarce	 in	Mumbai	 in	comparison	with	other	 international	cities.	Hence	 it	 is	
fundamentally	 important	 to	 safeguard	 existing	 open	 spaces	 from	being	 engulfed	 into	 the	
concrete	 jungle.	 Change	 in	 climatic	 and	 environmental	 conditions	 as	 well	 as	 increase	 in	
demographics	 have	 resulted	 in	 a	 drastic	 overturn	 of	 outdoor	 bazaar	 activities	 into	 closed	
indoor	spaces.	These	spaces	are	specifically	important	in	Mumbai	for	small	entrepreneurs	and	
travelling	 salesman.	 The	 key	 objective	 of	 the	 design	 strategy	 was	 to	 improve	 the	 spatial	
quality	of	 the	bazaars	and	their	unsystematic	working	by	creating	designated	work	spaces	
‘enclaves’	at	regular	 intervals	 throughout	the	site.	The	paper	explains	the	design	 intent	to	
achieve	a	balance	between	the	traditional	bazaar	philosophy	and	the	urban	fabric	of	the	city	
keeping	the	emphasis	on	outdoor	comfort	and	user	adaptability.	

Factors	Affecting	Outdoor	Comfort	

The	parameters	required	to	define	outdoor	comfort	are	extremely	challenging	as	they	are	
varied	and	influence	each	other	on	a	large	scale.	They	range	from	direct	impacts	like	climate,	
geometry	of	the	spaces,	surface	materials	and	vegetation	to	indirect	impacts	such	as	social,	
personal,	 spatial	 and	 visual	 comfort.	 The	 comfort	 range	 for	 an	 outdoor	 space	 cannot	 be	
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specific	 or	 user	 defined	 due	 to	 its	 complexity,	 various	 scenarios,	 user	 adaptations	 and	
assumptions.	Hence	it	was	imperative	to	understand	all	the	factors	affecting	outdoor	comfort	
to	predict	a	comfort	range	suitable	for	the	project.	

The	 paper	 looks	 at	 outdoor	 comfort	 specifically	 for	 diamond	 bazaars	 in	 an	 urban	
context	 during	 the	 summer	 and	monsoon	 periods	 and	 hence	 emphasises	 greatly	 on	 user	
adaptability	for	sufficient	daylight,	rainfall	protection	and	enhancing	cooling,	(Figure	1).	

    
Figure	1.	Environmental,	Physiological	and	Psychological	factors	affecting	a	person.	

Source:	Modified	after	Group	presentation	by	C.Agarwal,	P.Mpotokwane	and	S.Padubidri	[2012]	

Climate	and	Outdoor	Comfort	

Mumbai	 is	 located	on	the	western	coast	of	 India	at	18.96°N,	72.85°E	and	 is	classified	as	a	
tropical	 monsoon	 city	 by	 the	 Indian	Meteorological	 Department.	Mumbai	 does	 not	 have	
major	 temperature	 difference	 between	 specific	 seasons	 of	 the	 year	 i.e.	 Summer	 (March-
May),	Monsoons	(June-September)	and	the	month	of	October	(known	for	its	October	heat),	
in	spite	of	four	months	of	very	heavy	rainfall	reaching	almost	700mm	in	the	month	of	July.		

Outdoor	comfort	limits	

The	psychrometric	chart	illustrated	in	figure	2	is	based	on	the	limits	described	by	Arans.E	et	
al,	1986.	The	chart	is	plotted	considering	a	clo	value	of	0.4	clo	(summer	clothing)	and	1.3	MET	
which	represents	slow	walking.	These	parameters	considered	were	based	on	the	diamond	
bazaars	 in	Mumbai.	 The	 hourly	 values	 of	 DBT	 and	 RH	 for	 the	 two	 seasons,	 summer	 and	
monsoon	 are	 represented	 by	 the	 yellow	 and	 blue	 dots	 respectively.	 (Meteonorm	 Global	
database	6.1)	

The	 assumption	 considered	 to	 formulate	 the	 psychrometric	 chart	 was,	 the	 air	
temperature	is	equal	to	the	mean	radiant	temperature.	All	the	factors	defined	to	extend	the	
comfort	 limits	are	for	outdoor	spaces	 in	the	summer	periods	where	the	wind	velocity	and	
radiation	are	above	indoor	conditions.	Lastly,	the	comfort/discomfort	measured	is	based	on	
skin	wetness	 for	 the	hot	periods	 and	 skin	 temperature	 for	 the	 cold	periods	 (1).	 Extending	
comfort	 limits	 by	 increasing	 wind	 velocity	 and	 shading	 for	 outdoor	 spaces	 are	 suitable	
criterions	considered	due	to	the	high	levels	of	humidity	in	the	city	of	Mumbai.	

Comfort	limits	for	air	temperature		
The	psychrometric	chart	plotted	(figure	2)	indicates	a	shading	line	at	DBT	of	25°	C.	The	left	of	
the	line	is	the	comfort	zone	achieved	without	any	external	shade	and	to	the	right	from	DBT	
at	 25°C	 to	 32°C	 defines	 the	 comfort	 zone	 underneath	 shading	 in	 still	 air	 conditions.	 This	
comfort	zone	can	be	extended	to	DBT	35°C	and	40°C	by	increasing	the	wind	speed	to	0.5m/s	
and	2m/s	under	external	shade	respectively.		

ENVIRONMENTAL	FACTORS	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 1822



Comfort	limits	for	air	movement		
The	comfort	limits	plotted	on	the	chart	can	be	further	stretched	to	42°C	with	an	increase	in	
air	velocity	to	4m/s.	Velocity	up	to	a	mean	maximum	of	6m/s	is	beneficial	beyond	which	it	
loses	any	of	its	positive	effects	on	comfort	outdoors	(Erell	et	al,	2011).		
Comfort	limits	for	humidity		
The	 limits	of	humidity	 for	 thermal	comfort	have	not	been	defined.	Vapour	pressure	of	air	
above	37	mm	Hg	corresponds	to	the	vapour	pressure	of	skin	and	hence	indicates	the	highest	
level	of	discomfort	(Givoni,	1998)	making	it	a	possible	upper	limit	for	humidity.		

Comfort	based	on	physiological	factors		
Based	on	(Oke	T.R,	1987),	 thermal	comfort	can	be	achieved	through	physiological	cooling.	
Heat	exchanges	from	the	body	mainly	take	place	through	sweating	above	28°C	when	water	is	
exuded	 on	 the	 skin.	 All	 heat	 gains	 from	 the	 body	 are	 expended	 by	 evaporative	 losses	 at	
temperatures	above	35°C.		

 
Figure	2.	Psychrometric	chart	plotted	to	classify	with	extended	limits	for	summer	and	monsoon	comfort	for	

outdoor	spaces	in	Mumbai	

Fieldwork	

The	fieldwork	was	conducted	at	the	selected	diamond	bazaar	in	the	month	of	August	when	
the	average	temperature	and	humidity	are	29°C	and	80%	respectively.	With	the	restructuring	
of	 the	existing	bazaars,	 the	site	specifically	housed	only	small	and	medium	sized	diamond	
traders.	It	was	imperative	to	study	this	particular	site	because	if	redeveloped	the	existence	of	
outdoor	diamond	bazaars	would	completely	be	eradicated	from	the	city. The	bazaar	carries	
out	 its	main	activities	on	the	streets	whilst	performing	some	specific	functions	in	enclosed	
spaces.	It	accommodates	4000-5000	people	on	an	average	per	day.	

Largely	the	fieldwork	was	done	through	spot	measurements	and	using	data	loggers.	
The	 data	 loggers	 were	 located	 at	 specific	 spots	 in	 the	 bazaar	 which	 helped	 analyse	 the	
environmental	 parameters	 affecting	 the	 space,	 (Figure	 3).	 Observations	 of	 the	 Bazaar	
activities	 and	 functions,	 as	 well	 as	 answers	 to	 questionnaires	 from	 different	 users	 both	
transient	and	permanent	were	part	of	the	methodology	to	understand	the	outdoor	space	in	
an	urban	city	like	Mumbai.	

	

Wet-	bulb	(sling)	
temperature,	°C	
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Figure	3:	Graph	showing	air	temperature,	surface	temperature,	relative	humidity	obtained	by	data	loggers	on	

site	and	MET	data	temperature	from	the	weather	station	
																																																																																																																																																																																																																					

Analysis	based	on	fieldwork		

Variation	 in	 temperatures	 between	data	 loggers	 and	 the	meteorological	 station	 data	was	
approximately	 4°C	 on	 the	 15th	 of	 August.	 Temperature	 difference	 between	 global	
temperature	and	air	temperature	was	≈2°C	on	all	days	recorded	for	the	study.	Exception	was	
observed	on	 the	 16th	 of	 August	when	once	 the	 air	 temperature	 crossed	 35°C	 the	 surface	
temperature	remained	the	same	as	the	air	temperature.	Peak	in	air	and	surface	temperature	
was	seen	mainly	between	15:00	–	16:00	each	day.	The	drop	in	the	surface	temperature	seen	
on	the	17th	of	August	was	mainly	due	to	increase	in	humidity	due	to	rainfall,	i.e.	humidity	of	
86.3%	 in	comparison	with	75%	on	the	other	days.	 It	was	observed	that	 the	density	of	 the	
people	in	the	bazaars	was	low	due	to	heavy	rainfall	at	the	given	time	thereby	reducing	the	
surface	temperature	even	further.	

Conclusions	based	on	analysis	of	the	fieldwork	at	the	bazaar	

Temperature	rise	of	2°C	-	4°C	between	the	urban	environment	and	the	weather	station	needs	
to	be	deliberated	during	design	strategies.	The	increase	in	temperatures	was	seen	during	the	
monsoon	 season	 on	 both	 cloudy	 and	 sunny	 days	 indicating	 a	 substantial	 increase	 in	
temperature	during	the	summer	season.	Material	study	is	imperative	considering	difference	
in	air	and	surface	temperatures.	

Understanding	user	stress		

A	specific	trajectory	at	the	diamond	bazaar	was	selected	to	understand	the	user’s	adaptability	
and	thermal	stress	while	performing	their	activities.	In	case	of	a	walk,	which	is	not	specific	as	
a	 daily	 activity,	 the	discomfort	 levels	 could	 be	 different	 from	 the	permanent	 users	 in	 the	
bazaars.	The	 stress	was	measured	based	on	 the	 skin	 temperature	of	a	permanent	user	 in	
comparison	 with	 the	 ambient	 temperature	 and	 humidity	 along	 with	 effect	 of	 crowds	
measured	 through	 spot	 measurements	 and	 observation	 of	 sweating.	 Three	 candidates	
volunteered	 for	 the	 fieldwork.	Permanent	users	were	well	acclimatised	with	 the	 functions	
and	climate	of	the	area	while	one	transient	user	performed	the	same	trajectory	but	with	little	
experience	of	the	existing	environmental	parameters.		
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Trajectory	A	–	Walk	through	the	ac@vi@es	of	a	diamond	merchant	in	the	bazaar	(Figure	4)	

The	walk	was	carried	out	on	 the	13th	of	August	2012	which	was	an	overcast	day.	August	
experiences	air	temperature	as	high	as	31°C	and	humidity	of	77%	which	makes	it	an	extremely	
uncomfortable	month	to	perform	any	outdoor	activities.	The	walk	spanned	25	minutes	and	
the	 users	were	 allowed	 to	 perform	 their	 activities	 and	 take	 intervals	 of	 rest	 as	 per	 their	
discomfort/comfort	levels.		
	

 
Figure	4:	Graph	showing	measured	skin	temperature	during	trajectory	A	

	
Table	1:	Notes	corresponding	to	the	spots	shown	in	figure	4;	AT—	air	temperature					CT—	skin	temperature	

Spot	 measurements	 corresponding	 to	
specific	areas	during	the	trajectory		

Notes	 corresponding	 to	 specific	 areas	
during	the	trajectory	walk	

A	
Time	-	15:50	
Wind	speed	0	–	0.8	m/s	
Temperature	–	30.3°C		
Humidity	78.5%	

• In	mechanically	ventilated	indoors	the	skin	
temperature	on	an	average	remained	at	31.5°C		

• During	the	7-minute	walk	with	no	wind	the	
candidate	felt	uncomfortable	and	showed	signs	
of	sweating	almost	instantly		

• AT	recorded	@30.3°C	corresponds	to	32.1°C	CT		
• The	CT	fluctuated	from	32.1°C	to	32.9°C	on	

eating	a	hot	sandwich		
B	
Time	-	15:55	
Wind	speed	0.5	–	1.2	m/s	
Temperature	–	30.7°C		
Humidity	67.5%	

• Candidate	needed	to	stand	under	shade	after	
walking	at	a	medium	pace	under	the	sun	for					
1-minute			

• The	CT	increased	to	33.1°C	from	31.5°C	within	
10	minutes.	Candidate	felt	relief	with	movement	
of	wind		

• AT	recorded	@	30.7°C	corresponds	to	33.1°C	CT.	
3	minutes	in	the	shade	CT	dropped	by	0.15°C.	
Forehead	was	dry	within	this	time	
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C	
Time	-	16:00	
Wind	speed	0.6m/s	
Temperature	–	31.5°C	
Humidity	67.5%	

• Walking	under	the	sun	candidate	reached	spot	C	
which	was	very	crowded	as	is	the	main	area	of	
the	bazaar.		

• The	CT	increased	to	33.4°C	within	4	minutes.	
Discomfort	and	rate	of	sweating	increased,	
resulting	in	the	need	to	have	a	cold	beverage.		

D	
Time	-	16:06	
Wind	speed	0.4	–	2.1	m/s	
Temperature	–	31.2°C		
Humidity	66%	

• AT	recorded	@31.2°C	corresponds	to	32.75°C	CT		
• The	CT	reduced	considerably	with	increase	in	

wind	speed	even	in	a	crowded	space	with	no	
shade	

E	
Time	-	16:10	
Wind	speed	0.8m/s	
Temperature	–	30.7°C	
Humidity	68.5%	

• AT	recorded	@30.7°C	corresponds	to	32.9°C	CT	
• CT	increased	within	4	minutes	due	to	reduced	

wind	speed	and	no	shade	

	

	 Furthermore,	 surface	 temperatures	 of	 various	 materials	 were	 measured	
corresponding	 to	 the	 surrounding	 air	 temperatures.	 Diverse	 shading	 materials	 and	
techniques	 used	 throughout	 the	 city	 were	 also	 studied	 whilst	 measuring	 the	 ambient	
temperatures.	The	intensive	fieldwork	conducted	helped	strategize	the	design	intent	for	the	
the	bazaars	in	the	city.	

Observa@ons		

Availability	 of	 wind	 and	 shade	 from	 direct	 radiation	 improved	 the	 thermal	 stress	 and	
discomfort	of	the	users	in	the	bazaar.	Variation	of	≈5°C	was	observed	between	the	surface	
and	 the	 ambient	 air	 temperature	when	 the	 ground	 cover	was	wet	 and	 shaded.	 The	 semi	
enclosed	spaces	use	corrugated	and	tarpaulin	sheets	as	roofing.	The	insulation	provided	had	
a	 ∆T=2.7°C	 than	 the	 ambient	 air	 temperature.	 PVC	 and	 tensile	 fabric	 roofing	 provide	
insulation	resulting	∆T	=	2.2°C	and	1.5°C	respectively.	Vertical	shading	used	was	more	of	a	
hindrance	as	it	blocked	the	wind,	thus	fans	were	used	for	ventilation.	 	

Design	Development	

Key	 factors	were	 identified	based	on	 research	 that	 could	 potentially	 improve	 the	 level	 of	
comfort	in	bazaars	especially	during	the	hot	and	wet	months	of	the	year.	
	
Providing	shade	and	sufficient	daylight	in	the	Bazaar	–	The	fundamental	shape	used	was	a	
triangle,	which	is	structurally	very	strong	while	allowing	various	possibilities	to	construct	the	
roof	membrane.	The	structure	 for	 the	open	bazaar	was	 integrated	with	 the	existing	semi-
enclosed	spaces	and	opaque	wall	to	achieve	a	cohesive	entity.		

A	section	of	the	bazaar	was	selected	to	strategize	different	design	elements	for	the	
roof	design.	The	roof	comprised	of	two	layers	of	fabric	elements,	fixed	and	adaptable	with	
different	light	transmission	in	order	to	improve	the	spatial	quality	of	the	bazaars.	The	fixed	
elements	created	‘enclaves’	to	improve	connectivity	between	the	users	and	the	bazaar.	

	
Enhancing	flow	of	wind	–	Wind	speed	of	minimum	1.2	m/s	and	maximum	of	3	m/s	as	per	
fieldwork	and	minimum	of	2	m/s	and	maximum	of	4	m/s	as	per	theory.	The	design	created	
porosity	in	the	existing	wall	in	order	to	allow	the	wind	to	flow	within	the	bazaar	streets.	
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Vertical	shading	 -	The	city	experiences	 low	sun	angles	throughout	the	critical	period	from	
April	–	September	post	1400	hours.	As	porosity	was	introduced	in	the	opaque	wall,	the	low	
sun	angles	were	considered	to	protect	the	users	and	the	streets	from	direct	radiation.	The	
factors	to	provide	both	shade	and	wind	flow	in	the	bazaars	was	imperative,	thus	using	vertical	
shading	as	a	secondary	fabric	structure	in	the	design	proposal.	They	were	also	designed	based	
on	triangular	modules.		

	
Material	 study	 -	 was	 an	 essential	 part	 in	 the	 design	 proposal	 as	 it	 helped	 control	 the	
environmental	 factors	 to	 influence	 the	 comfort	 levels	 while	 structurally	 and	 aesthetically	
helping	in	the	adaptive	strategies.		

Various	materials	were	identified	to	study	their	solar	performance,	light	transmission,	
availability	of	colours	and	strength.	Based	on	the	material	study	and	the	workability	of	the	
design	proposal	a	comprehensive	range	of	materials	were	identified.	Figure	5	shows	the	detail	
plan	 representing	 the	 design	 strategy.	 The	 colours	 used	 are	 indicative	 to	 categorize	 the	
respective	assigned	materials.	Figure	6	illustrates	the	technique	to	fix	the	roof	fabric	to	the	
structure	and	the	porous	wall.		
	
The	design	of	the	diamond	bazaar	addressed	the	environmental	factors	affecting	the	urban	
context	as	well	as	the	physiological	factors	affecting	at	the	user	level.	To	integrate	all	the	key	
factors	established,	user	adaptability	was	made	the	fundamental	design	element	to	achieve	
a	cohesive	design	proposal	for	the	diamond	bazaar.	

The	design	strategies	implemented	were	considered	at	the	PET	levels	of	the	users	in	
the	bazaars	in	order	to	comprehend	their	effects	on	the	individual	in	the	designed	space.	It	
was	 essential	 to	 evaluate	 this	 as	 outdoor	 comfort	 is	 mainly	 dependant	 on	 the	 user’s	
comfort/discomfort	than	the	given	space	itself.	
	

							 	

Figure	5:	Detail	Plan	 	 	 	 								Figure	6:	Detail	Working	Section	

	

	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 1827



Conclusions	and	Assessments	 

	

Figure	7:	Illustration	showing	summary	of	the	environmental	and	architectural	conditions	provided	by	the	
proposed	design	for	a	typical	sunny	day	at	the	studied	site 

					 	 														 	
Figure	8:	Effect	of	the	design	on	the	PET	of	an	individual	(diamond	merchant),	using	Rayman	1.2	

The	main	conclusions	drawn	were	(Figure	7	and	8):		
• Implementation	 of	 the	 design	 strategy	 obstructed	 direct	 radiation	 by	 the	 roof	

membrane	whilst	still	allowing	sufficient	daylight	(1000-2000	lux) 	
• Amalgamation	of	fixed	and	adaptable	members	makes	it	convenient	to	modulate	the	

structure	as	per	specific	site	and	user	requirements	 	
• Being	 an	 adaptive	 design	 strategy	 the	 proposal	 could	 be	 implemented	 to	 improve	

open	spaces	while	increasing	their	usage	in	hot	and	humid	cities	globally.	
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Abstract: Urban villages are one of the most dominating urban residential patterns in China, which possess 
diverse morphological characteristics. These urban enclaves not only offer adequate affordable housing for 
migrant workers, but also provide insights for establishing climate-adaptive urban neighbourhoods. Through 
choosing Hubei Village (Shenzhen) as the case-study area, and focusing on density factors, the research aims to 
explore the correlation between urban density and the characteristics of outdoor thermal environment in urban 
villages. In this paper, a total of 28 outdoor spaces with different morphologies in Hubei were analysed and 
compared. Air temperature, relative humidity, air velocity, and globe temperature were monitored for three 
days during typical summertime. The research examines urban heat island intensity (UHII) and universal thermal 
climate index (UTCI) to present the thermal environment in urban villages. The implications of the results on 1) 
the most critical density factors that influence outdoor thermal environment, and 2) strategies learned from 
diverse environmental patterns in Hubei for early urban design and later urban rehabilitation. The results 
demonstrate that sky view factor (SVF) plays a leading role in influencing UHII and UTCI, and urban villages with 
high density mid-rise pattern have better outdoor thermal environment than modern high-rise building blocks. 
	
Keywords: Urban density, Urban village, Outdoor thermal environment, Sky view factor (SVF) 

Introduction		

Urban Village is a unique urban phenomenon in China that previous natural villages were 
surrounded by urban built-up areas during rapid urbanization. The most widely accepted 
public opinion, supported by government and developers, refers to that urban villages should 
be demolished and replaced by modern high-rise blocks due to their “bad” environmental 
quality and “chaotic” spatial pattern. Previous studies uniformly concluded that urban villages 
had “poor” thermal environment in summer (Li et al, 2014; Wu et al, 2015; Liu et al, 2017). 
However, as a dominating urban residential pattern in China, urban villages have contributed 
a lot to urban affordability through offering adequate low-rent housing for low-income 
migrants (Lan, 2006). As China’s pioneering Special Economic Zone, the city of Shenzhen is 
currently confronting with a conundrum that whether its urban villages, whose housing nearly 
accounts for 50% of the city’s population (9 million) in mostly illegally built houses, should be 
demolished and replaced by typical high-rise and high-end development  (Zhang, 2016). There 
are 320 urban villages throughout Shenzhen (Hao et al, 2011), and informal housing in urban 
villages has been occupied 70% of Shenzhen’s rental market (Zhang, 2011). In the recent 
decades, rapid urbanization has forced Shenzhen to enter an era of massive urban renewal of 
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the relatively new city. Accordingly, those urban villages located in urban core have become 
the main target for profit-led urban redevelopment. However, a few studies show that urban 
heat island (UHI) effect in inner city Shenzhen has been intensified during past decade when 
large numbers of high-rise big-scale buildings were built in the city, further resulting in poor 
outdoor thermal comfort during summertime (Zhang et al, 2008; Zhang et al, 2011; Pan et al, 
2014). Therefore, this research speculates that wholesale demolition of urban villages located 
in Shenzhen’s urban core crucially contributes to increasing UHI effect in Shenzhen. This 
paper presents a correlation analysis between urban density factors and thermal 
environment characteristics of outdoor spaces in Shenzhen’s urban villages, which argues 
that the urban villages with high density mid-rise pattern provide many insights for 
establishing climate-adaptive urban neighbourhoods in a subtropical context. 

Literature	Survey	and	Problem	Definition	

In order to identify the critical environmental issues of urban villages, this research conducted 
a systematic literature survey to analyse and compare the descriptions of urban villages from 
academic articles and media reports. Through keyword searching of “Chengzhongcun-
Huanjing” (literally urban village environment) via China National Knowledge Infrastructure 
(CNKI), 83 academic articles and 44 newspaper reports were involved in this survey. All of the 
key items and phrases mentioned in the literature were recorded and organized by six themes 
to sort out the common points and variations between different communities and dimensions, 
including Environment and Ecology, Society and Culture, Infrastructure, Managements, 
Architectural and Urban Design, as well as Economy and Investment.  

The survey proves that absence of governmental management, garbage pollution, poor 
infrastructure, chaotic spatial pattern, and high building density are the top criticized 
environmental issues of urban villages. While “high density” has been frequently used to 
describe the urban villages’ environmental qualities in academic literature, there were only 
two newspaper reports which have emphasized the problem of extremely high density 
pattern in the urban villages. It reveals that “high density” has been deemed as a critical driver 
of many environmental problems in urban villages in the academic articles such as weak wind 
environment, sultry outdoor environment, poor air quality, as well as dark and damp living 
condition. Compared with the academic literature, the newspaper reports tended to depict 
the urban villages as “backward” places in the cities, and encouraged demolition & 
reconstruction as the effective approach to address the so-called environmental problems in 
these urban villages. In addition, some academic articles called for long-term preservation of 
the urban villages as the material carrier of urban memory and indigenous culture. Besides, 
they also highlighted the issue of absence of public open spaces in the urban villages, and 
advocated reducing density through demolishing a few selected buildings to release spaces 
for outdoor public activities, and then improve outdoor microclimate conditions. Through 
sorting out these issues, the research focuses on density factors, and aims to explore the 
effects on outdoor thermal environment in the urban villages. 

Study	Area	

Shenzhen is located on the eastern bank of Pearl River in China and lies between E113°46’ to 
E114°37’ longitude and N22°27’ to N22°52’ latitude, sharing the border with Hong Kong. 
Shenzhen falls under subtropical monsoon climate with relatively long summer and short 
winter. With an annual range between 14.8°C-38.7°C, the average annual temperature is 
23.0 °C. The duration of summer in Shenzhen is over 6 months (from mid-April to early 
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November). As a typical urban village located in Shenzhen’s urban core (Luohu), Hubei was 
chosen as the case-study area due to its diverse morphological characteristics and fruitful 
sociocultural components. Actually, Hubei was originally built by Zhang Families in Ming 
Dynasty with nearly 550-year history. Hubei Village Neighbourhood covers an area of 54.5 ha 
including ancient village (high density low-rise, built in Qing Dynasty), old village (high density 
mid-rise, built in early 1980s), new village (high density mid-rise, built in mid-1980s), newer 
residential areas (mid-density mid-rise, built in 1990s-2000), modern high-rise building blocks 
(low density, built in 2000s), and several open spaces and urban parks (Figure 1). 
 

  
Figure 1.	Left: Map of Hubei village neighbourhood and the distribution of the 28 outdoor spaces; Right: Spatial 
pattern of the 28 outdoor spaces (black: spaces, white: buildings, red dots: monitoring points) (by the authors) 

Methodology	

In this paper, six factors were selected to define the densities of Hubei. Building coverage 
ratio (BCR), mean building height (MBH) and mean nearest neighbourhood distance (MNN) 
were utilized to present the intensity of development, while aspect ratio (H/W), sky view 
factor (SVF), and total site factor (TSF) were used to describe morphological characteristics of 
the spaces (Table 1). A digital camera with fisheye lens was employed to take sky view images 
at the geometry centre of the space pointed upward at a height of 1.1 m. Values of SVF and 
TSF were measured by WinSCANOPY-2016. Several portable intelligent environmental testing 
instruments were employed for on-site measurement (Figure 2). Accuracy and resolution of 
the employed instruments should meet the minimum requirements of standards of ISO 7726. 
Kestrel 5500 weather meter automatically recorded outdoor air temperature (Ta), relative 
humidity (RH), and air velocity (v) during different time periods. Outdoor thermal index meter 
TM-188D (with a blacked painted globe, d=50mm, ε=emissivity=0.95) automatically recorded 
globe temperature (Tg). Subsequently, mean radiant temperature (MRT) was calculated 
according to the following formula: 

 
All of the instruments should be placed at the height of 1.5m above the ground (at a 

pedestrian level). The measurement of average urban heat island intensity (UHIIavg) was based 
on the real-time air temperature of the nearest suburb area (Shenzhen Reservoir), which was 
recorded by municipal meteorological bureau (UHIIavg = avg. Ta – avg. Tsuburb). It should be 
pointed out that, the outdoor spaces between the buildings in urban villages are highly 
occupied by the residents in the urban villages for businesses, communication, and 
entertainment during day and night. Therefore, the research mainly focused on the scope of 
urban street canyon at the ground level in Hubei. Based on site survey and observation, 28 
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outdoor spaces with different morphological characteristics in Hubei that most people 
gathered within a day were selected for the measurement (Figure 1 & Table 1). A pilot 
measurement was conducted on Sept. 27, 2016 (partly cloudy day, 28-34oC) in order to test 
the operation of instruments and calibrate the relevant parameters. On-site mobile 
measurement was conducted four rounds per day (10 am-12 pm, 14 pm-16 pm, 16 pm-18 pm, 
20 pm-22 pm), and conducted from Oct. 5, 2016 to Oct. 7, 2016 under sunny and partly cloudy 
weather conditions. Each round’s measurement was completed within 2 hours to minimize 
time variation, and each space was measured for 3 minutes during each time period.  

Table 1.	Geometries and morphological characteristics of the 28 outdoor spaces in Hubei (made by authors)  
No. Categories	 Year	Built Morphological	Characteristics	 Orientation BCR	(%) MBH	(m) MNN	(m) H/W SVF	 TSF 
S-01	 Open space 2000s Open space -- 7.6 3.0 24.1 0.14 0.42 0.64 
S-02	 Modern form 2000s Low to mid-density high-rise WNW-ESE 48.6 41.3  11.5  1.61 0.15 0.22 
S-03	 Ancient village 1800s High density low-rise (linear) NNW-SSE  92.8 4.2  1.8  2.08 0.24 0.41 
S-04	 Ancient village 1800s High density low-rise (linear) WSW-ENE 92.8 4.2  1.8  4.09 0.08 0.57 
S-05	 Ancient village 1800s High density low-rise (linear) WSW-ENE 83.4 4.4  2.4  0.99 0.23 0.77 
S-06	 Open space 1980s Open space -- 35.2 17.4 25.2 0.28 0.50 0.96 
S-07	 Residential area 1990s Mid-density mid-rise N-S 48.1 19.5  13.4  1.72 0.22 0.57 
S-08	 Residential area 1990s Mid-density mid-rise W-E 35.8 21.9  12.2  1.31 0.11 0.34 
S-09	 Urban park 1990s Urban park -- 18.0 11.0 12.0 0.82 0.12 0.08 
S-10	 Modern form 2000s Low to mid-density high-rise NNE-WSW 48.1 22.4  15.2  2.66 0.22 0.49 
S-11	 Old village 1980s Open space in old village W-E 34.7 9.3  12.6  1.02 0.26 0.72 
S-12	 Residential area 1990s Mid-density mid-rise W-E 40.7 20.4  9.5  1.44 0.07 0.45 
S-13	 Old village 1980s Open space in old village -- 41.3 20.1  6.0  1.04 0.27 0.71 
S-14	 Old village 1980s High density mid-rise (random) NNE-SSW 62.0 20.3  2.3  4.51 0.09 0.06 
S-15	 Old village 1980s High density mid-rise (random) NW-SE 73.9 18.5  1.7  2.04 0.07 0.15 
S-16	 Old village 1980s High density mid-rise (random) NE-SW 77.0 18.5  1.7  10.58 0.06 0.26 
S-17	 Old village 1980s High density mid-rise (random) WSW-ENE 54.9 17.7  4.6  1.84 0.19 0.42 
S-18	 Urban park 1986 Urban park -- 16.9 8.3 26.5 0.41 0.10 0.23 
S-19	 Open space 1986 Open space -- 10.1 8.3 26.5 0.15 0.56 0.92 
S-20	 Modern form 2000s Low to mid-density high-rise NNW-SSE 31.2 14.0  11.2  0.90 0.45 0.86 
S-21	 New village 1986 Open space in new village -- 48.9 21.1  2.7  0.66 0.29 0.68 
S-22	 New village 1986 High density mid-rise (uniform) WSW-ENE 73.7 21.6  3.8  3.23 0.09 0.43 
S-23	 New village 1986 High density mid-rise (uniform) WSW-ENE 79.6 21.4  1.8  8.81 0.06 0.29 
S-24	 New village 1986 High density mid-rise (uniform) NNW-SSE 79.6 21.4  1.8  14.00 0.02 0.07 
S-25	 New village 1986 High density mid-rise (uniform) NNW-SSE 72.0 20.5  3.8  2.47 0.13 0.35 
S-26	 Modern form 2000s Low to mid-density high-rise W-E 31.0 23.8  5.6  1.92 0.32 0.76 
S-27	 Open space 2000s Open space -- 14.5 19.5 8.4 0.77 0.45 0.93 
S-28	 Modern form 2000s Low to mid-density high-rise -- 26.5 22.9  13.1  1.41 0.31 0.81 

 

   
 Figure 2. Images of the employed instruments. (a): digital camera with fisheye lens, (b): Kestrel 5500 weather 
station, (c): Outdoor thermal index meter TM-188D (Source: by the authors) 

Results	and	Analysis	

Geometries	and	Morphological	Characteristics	

Site survey illustrates that high density low-rise ancient village, high density mid-rise old and 
new villages have higher BCR (55-90%) than other newer built sections in Hubei (25-50%). 
Although old and new villages share a high density and mid-rise morphological pattern, the 
building form in new village has been regularized into a uniform pattern with a lower porosity. 
To compare the ancient village and old village, they all share very low MNN (2-6m), but MBH 
in the old village (18-21m) is much higher than the ancient village (4-8m). The variations of 
MBH between ancient, old and new villages lead to their different aspect ratios and degrees 
of openness. In most cases, aspect ratio negatively relates to SVF. However, SVF is a factor 
that can define the openness of a given space considering the impacts of multiple elements 
surrounded the space such as vegetation and incidental constructs. Therefore, it is necessary 
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to use SVF to measure the openness of a given space. Relevantly, TSF indicates the solar 
admittance, but sometimes it does not positively relate to SVF, yet significantly affected by 
orientations of the spaces such as the situations in S-14 and S-22, which are all embedded in 
high density mid-rise sections of Hubei with very low degrees of openness (SVFS-14 =SVFS-

22=0.09). However, the former is an NNE-SSW orientation canyon and the latter is WSW-ENE 
(nearly W-E), resulting in their dramatic differences of solar admittance (TSFS-14=0.06, TSFS-

22=0.43). The space with an orientation of near W-E has a better agreement with the 
trajectory of direct solar radiation in a subtropical context (Table 1 & Figure 3). 

 
Figure 3. Selected sky view images of outdoor spaces in Hubei with critical values of SVF and TSF (by the authors) 

Air	Temperature,	Relative	Humidity,	MRT	and	Air	Velocity	

Results of on-site measurement demonstrated that daytime air temperature (Ta) in Hubei was 
higher than the night by 0.4-2.9oC. The highest Ta occurred in afternoon (14:00-16:00, avg. 
Ta=31.6oC). Open spaces and the ancient village with a WSW-ENE linear form presented a 
dramatic diurnal air temperature difference with the difference reaching 1.7-2.2oC, while the 
old village with high density mid-rise pattern had a more stable Ta between day and night. In 
addition, spaces located in old and new villages with low SVF were cooler in the daytime but 
hotter during the night (e.g. S-14, S-15). Although most areas in Luohu Cultural Park (S-18) 
have a high degree of openness, the high vegetation coverage rate contributed to decreasing 
its Ta by transpiration in the daytime, and waterscape made the park be cooler in the night. 
Moreover, the average Ta in the mid-density mid-rise residential areas was higher than the 
new village by 0.4oC (Figure 4-a). In terms of relative humidity (RH), the average value during 
the night (70%) were generally higher than the daytime (63%) by 7%, influenced by spatial 
patterns, vegetation coverage, and occupants’ behaviours. In the afternoon hours, when Ta 
and solar radiation reached a maximum, the old village and new village still presented higher 
values of RH (61-65%) than other spaces (57-61%), due to the high density mid-rise pattern 
with good shading effect and frequent water use by residents in these spaces (Figure 4-b).  

Mean radiant temperature (MRT) is significantly influenced by direct solar radiation. 
During the measurement, remarkable variations of average MRT between these 28 spaces 
were observed during different time periods with a maximum difference of 8.8oC (30.2-39oC) 
because of their different degrees of openness and the shift of elevation angle of the sun 
(Figure 4-c). The measurement revealed a weak wind environment in Hubei and no 
continuous airflow was recorded. The values of average air velocity in the 28 spaces were 
rather low (0-1.1m/s), and spaces located on the edge of block with high degree of openness 
had stronger wind environment (e.g. S-26, S-28) due to a smaller drag from lesser ambient 
buildings. While situations in the high density sections (ancient, old and new villages) 
presented the opposite performance (v=0 m/s) (Figure 4-d). Previous studies demonstrated 
that airflow with an appropriate velocity (v=1.5m/s) makes contribution to improving outdoor 
thermal comfort, but MRT still plays a more dominant role (Cheng et al, 2010). 

Urban	Heat	Island	Intensity	(UHII)	

This research chooses urban heat island intensity (UHII) as the index to examine the local 
climate conditions in Hubei Village Neighbourhood. The results show that UHII in the night 
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time (UHIInight=1.7oC) was slightly stronger than the daytime (UHIIdaytime=1.4oC). UHII in old 
village, new village and urban parks generally presented lower values than other spaces by 
0.2-0.9oC. Obviously, the strongest average UHII was observed in ancient village (avg. UHIIS-

03=2.0oC), while the weakest occurred in the new village which generally possesses very low 
SVF and high aspect ratio (avg. UHIIS-24=0.8oC) (Figure 4-e). 	

Universal	Thermal	Climate	Index	(UTCI)	

In terms of outdoor thermal comfort, the 28 tested spaces generally showed a “hot” thermal 
perception in the daytime (10:00-18:00) with the UTCI range of 31.5-39.1oC, while situation 
during the night (20:00-22:00) exhibited a “warm” thermal perception with the UTCI range of 
30.4-32.0oC (Figure 5). With the range of 32.1-33.0oC, the old village and new village with high 
density mid-rise pattern had relatively low average values of UTCI. However, the newer 
residential areas with mid-density mid-rise pattern had a little higher average values of UTCI 
than the old and new villages by 0.4-0.5oC. In addition, urban parks (S-09, S-18) also presented 
a relatively low average UTCI (UTCIS-09=32.4oC, UTCIS-18=32.3oC), which can be described as 
slightly “hot” thermal perception according to UTCI scale (Figure 4-f & Figure 5). Briefly, old 
village, new village and urban parks all presented better thermal comfort conditions than 
other sections in Hubei through examining the indicator of UTCI due to the good shading 
effect of high density mid-rise pattern, transpiration of vegetation, and cooling effect of 
waterscape. To identify the critical density factors that influence outdoor thermal 
environmental performance, correlation analysis was conducted in next step. 
 

 
Figure 4. Variations of thermal environmental conditions between the 28 spaces: (a) avg. air temperature, (b) 
avg. RH, (c) avg. MRT, (d) avg. air velocity; (e) avg. UHII; (f) SVF and TSF, and the relations with avg. UTCI. 

 
Figure 5. UTCI scale (oC) and thermal perceptions (drawn by the authors) 
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Correlation	Analysis	and	Regression	Model	  

Correlation analysis shows that MBH and aspect ratio have negative correlations with UHII, 
and SVF and TSF have a positive correlation with UHII. However, BCR and MNN have no 
significant impacts on UHII. Most of the density factors possess correlations with MRT under 
different degrees of influence except for MBH. MNN, SVF and TSF positively relate to MRT, 
while BCR and aspect ratio negatively associate with MRT. Obviously, the analysis 
demonstrates that SVF and TSF dominantly affect MRT. All of the six density factors have 
significant correlation with the thermal comfort indicator of UTCI. MNN, SVF and TSF have 
positive correlation with UTCI, while BCR, MBH and aspect ratio have negative correlation 
with UTCI. It is worthwhile of pointing out that SVF and TSF present remarkable impacts on 
UTCI with very high correlation coefficients (rs=0.801, P=0.000; rs=0.730, P=0.000) (Table 2).  

The above analysis reveals that SVF and TSF are the most critical factors influencing 
outdoor thermal environmental performance in Hubei. However, the scatter plots and results 
of analysis also demonstrate that these factors have their interrelations, and possess quite 
different effects on UHII and UTCI in different degrees (Table 2). Due to the variations of 
correlation coefficients and impact trends, outdoor thermal environment characteristic in 
Hubei should not be defined by single factor but the combined effect of multiple density 
factors. To further clarify the most critical factors, a multiple linear stepwise regression 
analysis was conducted. Through rejecting the factors with less marked degree, the clearer 
equations to define UHII and UTCI in Hubei were established. The equations prove that SVF 
plays a dominant role in influencing both UHII and UTCI. A higher value of SVF leads to hotter 
outdoor thermal environment in Hubei during summertime. In addition, a higher value of 
MBH contributes to decreasing UHII with a modest impact (Table 3). 

Table 2. Correlation analysis between density factors and Ta, UHII, MRT and UTCI (made by the authors) 
	 	 BCR	 MBH	 MNN	 H/W	 SVF	 TSF	
--	 Ta	     - 0.082 - 0.462*      0.179   - 0.486**    0.513**    0.506** 

Urban	Climate	 UHII	     - 0.081 - 0.467*      0.179   - 0.492**      0.532**       0.520** 
--	 MRT	   - 0.590**     - 0.173    0.505**   - 0.534**    0.848**    0.792** 

Thermal	Comfort	 UTCI	     - 0.424*     - 0.403*  0.484*   - 0.520**    0.801**    0.730** 
**. Correlation is significant at the 0.01 level (2-tailed); *. Correlation is significant at the 0.05 level (2-tailed). 

 
Table 3. Multiple linear regression analysis to define Ta, UHII, MRT and UTCI in Hubei (made by the authors) 

	 Multivariate	Linear	Fitting	Equations	 adj.	R2	 F	 Sig	 n	
--	 avg.	Ta = 30.570 + 0.124 SVF  –  0.103 MBH 0.443 4.581 0.004 28 

Urban	Climate	 avg.	UHII = 1.417 + 0.126 SVF  –  0.105 MBH 0.354 8.411 0.002 28 
--	 avg.	MRT = 33.183 + 1.970 SVF 0.709 66.668 0.000 28 

Thermal	Comfort	 avg.	UTCI = 32.265 + 3.927 SVF 0.641 46.437 0.000 28 

Conclusion	

To conclude, this paper presents the correlation analysis between density factors and outdoor 
thermal environment characteristics in Hubei Village Neighbourhood through measuring 28 
outdoor spaces with different morphologies. The results illustrate that UHII in high density 
mid-rise sections (old and new villages) and urban parks presented lower values than the low 
density modern high-rise building blocks and mid-density mid-rise residential areas by 0.3-
0.6oC. The strongest average UHII was observed in the high density low-rise section (ancient 
village) due to its low MBH and linear built form with a near W-E orientation. In terms of 
outdoor thermal comfort, the range of average UTCI within a day was 31.5-39.1oC, showing 
“warm” to “hot” thermal perception. Beyond urban parks, high density mid-rise sections (old 
and new villages) generally presented better outdoor thermal comfort conditions compared 
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with the low density modern high-rise building blocks and those mid-density mid-rise 
residential areas. Order of UTCI values in different sections of Hubei: open space (34.3oC) > 
high density low-rise ancient village (33.2oC) > modern high-rise building block (33.1oC) > mid-
density mid-rise residential area (32.9oC) > high density mid-rise old village (32.6oC)> high 
density mid-rise new village (32.5oC)> urban park (32.4oC). The above findings question the 
conclusions of previous studies on urban villages’ environmental qualities, which uniformly 
described that urban villages had poorer thermal environment during summertime (such as 
Li et al, 2014; Wu et al, 2015 and Liu et al, 2017). Regarding the density factors, SVF has 
exerted the most remarkable impact on UHII and UTCI, followed by TSF, aspect ratio, MNN, 
MBH and BCR. A lower value of SVF in urban villages crucially contributes to establishing 
thermally comfortable outdoor spaces in Shenzhen’s summertime. It is obvious that although 
the results do not show a significant correlation between MBH and most microclimate 
parameters, multiple linear regression analysis demonstrates that a higher MBH contributes 
to decreasing Ta and UHII. Moreover, the research indicates a combined consideration of 
multiple density factors to establish comfortable outdoor spaces in urban design and the 
rehabilitation of urban villages, such as lowering SVF through increasing vegetation coverage 
and widening eaves of the buildings, and increasing canyon aspect ratio through controlling 
MBH and MNN. Taking Hubei as an integral urban neighbourhood with diverse environmental 
qualities, the research project will further evaluate its overall environmental performance 
through conducting mathematical analysis, and compare with the newer low density high-
rise urban blocks to obtain more in-depth insights for urban design and urban redevelopment. 
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Abstract:	This	study	examines	the	effects	of	tree	shading	and	ground	material	properties	on	thermal	comfort	
in	an	urban	park	in	Florence	Italy,	using	the	Index	of	Thermal	Stress	(ITS)	and	Universal	Thermal	Climate	Index	
(UTCI)	 to	 represent	 the	energy	balance	between	 the	human	body	and	 the	environment.	 ITS	 and	UTCI	were	
evaluated	 over	 exposed	 gravel,	 asphalt	 and	 grass	 as	 well	 as	 tree-shaded	 paving.	 Findings	 indicate	 clear	
differences	in	thermal	stress	induced	by	each	landscape	treatment.	A	pedestrian	in	the	unshaded	gravel	area	
would	 experience	 the	 most	 stressful	 conditions,	 while	 a	 person	 standing	 on	 the	 unshaded	 asphalt	 paving	
would	be	exposed	to	slightly	lower	thermal	stress	–	highlighting	the	effect	of	reflected	solar	radiation	on	the	
body	from	the	higher-albedo	gravel	surface,	which	more	than	compensates	for	the	higher	surface	temperature	
and	long-wave	radiation	emitted	from	the	asphalt.	The	low	surface	temperature	of	the	transpiring	grass	lawn	
affords	 conditions	 defined	 as	 "hot"	 for	 only	 a	 short	 time	 in	 the	 afternoon,	 with	 most	 daytime	 hours	
characterized	as	"warm".	The	most	dramatic	reduction	 in	thermal	stress	occurs	 in	the	area	shaded	by	trees:	
here	a	pedestrian	would	be	exposed	 to	conditions	defined	as	 "comfortable"	 for	nearly	all	hours	of	a	 typical	
summer	day.		
	
	
Keywords:	Urban	design,	microclimate,	thermal	stress,	landscape	treatments	

Introduction		

This	study	examines	human	thermal	comfort	in	a	series	of	open	spaces	in	Cascine	Park,	the	
largest	urban	park	in	Florence,	Italy	(Figure	1).	Based	on	microclimatic	measurements	in	the	
park,	 we	 calculated	 the	 Index	 of	 Thermal	 Stress	 (ITS)	 and	 the	 Universal	 Thermal	 Climate	
Index	(UTCI)	for	open	spaces	with	different	ground	cover	materials	and	shading	treatments.		

The	two	thermal	indices	were	evaluated	over	exposed	gravel,	asphalt	and	grass	as	well	
as	tree-shaded	asphalt	(Figure	2)	in	order	to	investigate	the	effect	of	these	different	surface	
materials	 and	 levels	 of	 solar	 exposure	 on	 pedestrian	 thermal	 stress.	 Field	 data	 were	
collected	 during	 summer	 2014	 and	 included	 air	 temperature,	 global	 radiation,	 relative	
humidity,	wind	speed	and	albedo.	 In	addition,	ground	surface	temperature	was	measured	
for	 the	 calculation	 of	 long-wave	 radiation	 fluxes	 in	 ITS	 (which	 is	 expressed	 in	watts)	 and	
black-globe	 thermometer	 measurements	 were	 made	 for	 the	 estimation	 of	 Tmrt	 in	 UTCI	
(expressed	as	an	equivalent	temperature).			
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Figure	1.	View	of	Florence	showing	Cascine	Park	(left	foreground),	which	is	located	along	the	north	bank	of	the	

Arno	River	and	west	of	the	historical	city	center.	
	

					 	
(a)	 	 	 																																																								(b)	

					 										
(c)	 	 	 																																																								(d)	

Figure	2.	Views	of	the	four	landscape	treatments:	(a)	exposed	gravel,	(b)	exposed	asphalt,	(c)	exposed	grass	
and	(d)	tree-shaded	asphalt.	
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Findings		

Clear	 differences	 in	 thermal	 stress	 were	 induced	 by	 the	 characteristics	 of	 each	
landscape	treatment,	and	these	differences	in	thermal	stress	may	be	expressed	in	terms	of	
the	 thermal	 sensation	 of	 a	 pedestrian	 for	 each	 of	 the	 indices	 (Pearlmutter	 et	 al,	 2014;	
Jendritzky	et	al,	2012).	According	to	ITS	(Figure	3),	a	pedestrian	in	the	unshaded	gravel	area	
would	 experience	 the	 most	 stressful	 conditions,	 reaching	 the	 highest	 level	 of	 thermal	
sensation	 in	 the	early	afternoon,	while	a	person	standing	on	the	unshaded	asphalt	paving	
would	be	exposed	to	slightly	 lower	thermal	stress	(still	with	a	"hot"	sensation	during	most	
daytime	hours).	This	distinction	highlights	the	effect	of	reflected	solar	radiation	on	the	body	
from	the	higher-albedo	gravel	surface,	which	more	than	compensates	for	the	higher	surface	
temperature	and	long-wave	radiation	emitted	from	the	asphalt.	

The	 low	 surface	 temperature	 of	 the	 transpiring	 grass	 lawn,	 meanwhile,	 affords	
conditions	defined	as	"hot"	for	only	a	short	time	in	the	afternoon,	with	most	daytime	hours	
characterized	as	"warm."	The	most	dramatic	reduction	in	thermal	stress,	however,	occurs	in	
the	area	shaded	by	trees.	 

According	 to	UTCI,	 both	 the	 exposed	 gravel	 and	 asphalt	 produced	 very	 strong	 heat	
stress	during	daytime	hours	 (reaching	over	42oC),	with	 the	distinction	between	 these	 two	
surfaces	 less	 pronounced	 than	with	 ITS.	 This	 is	 likely	 due	 to	 the	 lack	 of	 sensitivity	 by	 the	
globe	thermometer	to	the	effects	of	reflected	solar	radiation	on	the	human	body,	especially	
since	 the	 gravel	was	 interspersed	with	 other	materials.	 As	with	 ITS,	 however,	 a	 dramatic	
reduction	in	UTCI	was	seen	for	the	tree-shaded	asphalt	–	with	heat	stress	in	this	case	limited	
to	 “moderate”	 throughout	 the	daytime	hours.	 These	differences	 resulted	despite	 the	 fact	
that	air	temperature	was	virtually	identical	in	all	of	the	spaces.	

	

	
Figure	3.	Hourly	values	of	the	Index	of	Thermal	Stress	(ITS)	and	corresponding	levels	of	thermal	sensation	for	

pedestrians	in	each	of	the	four	locations.	
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Figure	4.	Hourly	values	of	the	Universal	Thermal	Climate	Index	(UTCI)	and	corresponding	levels	of	thermal	

sensation	for	pedestrians	in	each	of	the	four	locations.	
	

Conclusions		

The	findings	of	this	experimental	case	study	show	that	urban	green	infrastructure	can	
have	 a	 significant	 impact	 on	microclimate	 and	 pedestrian	 comfort.	 This	 impact	 is	 clearly	
revealed	 using	 thermal	 indices	 that	 are	 based	 on	 a	 full	 accounting	 of	 the	 energy	 balance	
between	a	person	and	the	urban	environment.	

Acknowledgements	

This	study	was	supported	by	the	“MeteoSalute”	project	of	the	Regional	Health	System	
of	Tuscany.	

References	
Jendritzky,	G.,	De	Dear,	 R.	 and	Havenith,	G.	 (2012).	UTCI	 -	why	another	 thermal	 index?	 International	

Journal	of	Biometeorology,	56	(3),	pp.	421	-	428	
Pearlmutter,	D.,	 Jiao,	D.	and	Garb,	Y.	 (2014).	The	relationship	between	bioclimatic	 thermal	stress	and	

subjective	 thermal	 sensation	 in	 pedestrian	 spaces.	 International	 Journal	 of	 Biometeorology	 pp.	 1-17	 (DOI	
10.1007/s00484-014-0812-x)		

	

	
	
	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 1840



	
 

Sensitivity	 analysis	 of	 ‘Local	 Climate	 Zone’	 based	 urban	 morphology	
parameters	for	outdoor	thermal	comfort	in	the	tropics		
	
Narein	Perera1	and	Rohinton	Emmanuel2		
	
1	Department	of	Architecture,	University	of	Moratuwa,	Sri	Lanka,	nareinperera@gmail.com	
2	School	of	Engineering	and	Built	Environment,	Glasgow	Caledonian	University,	UK,	
Rohinton.Emmanuel@gcu.ac.uk		

	
Abstract:	 The	 Local	 Climate	 Zone	 (LCZ)	 classification	 system	 encompasses	 climate-critical	 urban	 parameters	
(such	as	 land	cover,	 land	use	and	urban	morphology)	 in	 its	definition.	A	sensitivity	analysis	of	geometric	and	
surface	cover	characteristics,	could	allow	an	in-depth	understanding	of	which	parameters	are	critical	to	climate	
sensitive	urban	spaces	in	the	warm	humid	tropics.	In	this	work	we	examine	the	sensitivity	of	these	variables	to	
local	warming	 in	Colombo,	Sri	Lanka.	Mean	Radiant	Temperature	 (MRT)	–	a	key	variable	 in	outdoor	thermal	
comfort	at	street	level	–	is	linked	to	urban	indicators	in	the	LCZ	classification,	together	with	climate	variables	
generated	 by	 the	 microclimate	 simulation	 model	 ENVI-met.	 The	 simulations	 include	 a	 series	 of	 LCZ-based	
morphology	options	to	reduce	MRT	in	the	urban	outdoors	at	present	and	in	a	future	climate	change	scenario.	
Statistical	 analysis	 of	 results	 show	 stronger	 relationships	with	 geometric	 and	 surface	 cover	 variables	 in	 the	
globally	warmed	background	scenario,	while	the	geometric	variables	are	more	important	to	local	warming	than	
surface	cover	variables.	The	sky	view	factor	(SVF)	showed	the	strongest	relationship	to	MRT.	Based	on	these	
results	the	work	presents	ways	in	which	the	utilisation	of	geometric	and	surface	cover	parameters	could	enhance	
planning	and	policy	for	a	climate	sensitive	city.		
	
Keywords:	Local	Climate	Zones,	Urban	Morphology,	Outdoor	Thermal	Comfort,	Tropics,	ENVI-met	

Introduction	

An	 in-depth	 understanding	 of	 urban	 design-climate	 links	 are	 essential	 in	 mitigating	 the	
negative	 effects	 of	 the	 Urban	 Heat	 Island	 (UHI)	 phenomenon	 and	 its	 impact	 on	 outdoor	
thermal	 comfort.	 A	 primary	 task	 in	 any	 approach	 to	mitigate	 local	warming	 is	 to	 identify	
critical	areas	(‘hot	spots’)	in	an	urban	context	and	focus	the	limited	urban	planning	resources	
on	their	amelioration.	In	this	perspective,	a	simple	protocol	for	climatic	classification	of	urban	
sites	is	crucial.		

The	well-known	LCZ	classification	system	provides	a	selection	and	reporting	framework	
for	UHI	studies	and	standardises	the	worldwide	exchange	of	urban	temperature	observations	
(Stewart	and	Oke,	2012).	The	LCZ	system	defines	each	individually	named	zone	by	one	(or	
more)	distinguishing	surface	property,	which	in	most	cases	is	the	height/packing	of	roughness	
objects	or	the	dominant	land	cover.	It	further	defines	value	ranges	of	geometric,	surface	cover,	
thermal,	 radiative,	 and	 metabolic	 properties.	 These	 parameters	 -	 Sky	 View	 Factor	 (SVF);	
Aspect	 ratio;	 Building	 Surface	 Fraction	 (BSF);	 Impervious	 Surface	 Fraction	 (ISF);	 Pervious	
Surface	 Fraction	 (PSF);	 Height	 of	 Roughness	 Elements	 (HRE);	 Surface	 admittance;	 Surface	
albedo;	and	Anthropogenic	heat	output	-	are	deemed	measurable	and	nonspecific	as	to	place	
or	time.	In	this	work	we	focus	on	the	morphology	variables	–	geometric	and	surface	cover	–	
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those	that	are	considered	to	be	easily	translated	into	urban	planning	strategy,	in	the	tropical	
context	of	Colombo,	Sri	Lanka.		

The	objective	of	the	study	is	to	ascertain	the	sensitivity	of	variables	to	local	warming,	
both	under	existing	background	climate	as	well	as	a	microclimate	affected	by	global	warming.	
We	link	MRT	in	the	urban	outdoors	to	indicators	encompassed	in	the	LCZ	system	to	explore	
parameters	that	will	enhance	planning	and	policy	for	a	climate	sensitive	city.		

Background	

The	Local	Climate	Zone	classification	system	

The	LCZ	system	has	evolved	 into	wide	 ranging	applications	 in	 research,	given	 its	ability	 to	
simply	and	effectively	communicate	the	links	between	the	urban	fabric	and	the	microclimate.	
Its	applications	include	mapping	and	UHI	studies	(Emmanuel	and	Loconsole,	2015;	Alexander	
and	Mills,	2014;	Perera	et	al,	2012);	siting	of	weather	stations	(Siu	and	Hart,	2013;	Thomas	et	
al,	2014);	historical/comparative	studies	(Hebbert,	2014);	thermal	comfort	/	climate	change	
/	vulnerability	impact	studies	(Puliafito	et	al,	2013;	Perera,	2015)	among	other	applications.	
The	climatic	contexts	of	its	application	are	wide	ranging	with	significant	contributions	from	
the	tropics.		

Definitions	and	physical	properties	of	all	LCZs	are	given	in	17	illustrative	datasheets	and	
as	summarised	value	ranges	(presented	as	Table	3	&	4),	in	Stewart	and	Oke,	2012.	We	utilise	
geometric	and	surface	cover	value	ranges	for	the	scope	of	this	study.		

LCZ	classification	–	the	case	of	Colombo,	Sri	Lanka	

	
	

Figure	1.	Existing	and	projected	LCZ	classification	patterns	for	Colombo	(Source:	Perera	and	Emmanuel,	2016)	 	
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Perera	et	al.,	2012,	completed	a	LCZ	map	of	Colombo,	and	 thereafter	advanced	the	same	
mapping	to	explore	the	impacts	of	the	City’s	future	development	goals	(Perera	et	al,	2013;	
Perera	and	Emmanuel,	2016).	The	results	showed	that	the	city	is	predominantly	LCZ3,	LCZ2	
and	LCZ8.	Projected	development	and	its	effect	on	local	warming	showed	that	a	LCZ	change	
from	lower	density	classification	to	higher	density,	will	drive	the	UHI	intensity	to	a	higher	level.	
It	also	highlighted	the	dangers	posed	by	the	current	development	goals,	where	the	possibility	
of	most	 LCZs	 to	be	 transformed	 into	 LCZ1	does	not	 bode	well	 for	 a	 climate	 sensitive	 city	
(Perera	 and	 Emmanuel,	 2016).	 The	 existing	 and	 the	 projected	 land-use/land	 cover	
transformation	of	Colombo	are	shown	in	Figure	1	in	terms	of	LCZ	classes.	

Method	

From	among	the	value	ranges	specified	by	Stewart	and	Oke	(2012)	 for	the	LCZ	system	we	
focus	on	the	morphology	aspects	of	the	urban	fabric	–	the	geometric	and	the	surface	cover	–	
to	test	the	sensitivity	and	adaptability	of	these	variables	in	a	tropical	context.	The	dependent	
variable	is	Mean	Radiant	Temperature	(MRT)	as	simulated	by	the	ENVI-met	software	(Bruse,	
2014).	 MRT	 is	 the	 key	 variable	 in	 evaluating	 thermal	 sensation	 outdoors	 under	 sunny	
conditions	 regardless	 of	 the	 comfort	 index	 used	 (Ali-Toudert,	 2005).	 Table	 1	 explains	 the	
model	output	variables	and	the	morphology	variables	simulated.	The	simulation	cases	are	
detailed	in	Table	2.	

	
Table	1.	ENVI-met	output	variables,	LCZ	geometric	and	surface	cover	variables:	definitions	and	description	

Climatic	Variables	(ENVI-met	output	variables)	
Variable	 Unit	 Definition	 Description	
u	 m/s		 Wind	speed	u-component	(west	to	east)	 A	positive	U	component	would	mean	that	the	wind	

is	blowing	from	west	to	east.	
v	 m/s			 Wind	speed	v-component	(south	to	north)	 The	positive	V	component	answer	indicates	a	

southerly	component	to	the	wind	
w	 m/s		 Wind	speed	w-component	(vertical)	 	
wSpeed	 m/s		 Total	wind	speed	 	
wDir	 	 Wind	direction	 0=North,	Rotation	corrected	
T	 K	 Air	temperature	 	
q	 g/kg		 Specific	Humidity	Air	 	
q.rel	 	 %	Relative	Humidity	Air	 	
MRT	 K	 Mean	Radiant	Temperature		 	
Urban	morphology	variables	(LCZ	geometric	and	surface	cover	variables)	
SVF.bldg	 	 Sky-View	factor	(only	buildings)	

Ratio	of	the	amount	of	sky	hemisphere	visible	from	
ground	level	to	that	of	an	unobstructed	hemisphere	

The	SVF	is	considered	for	buildings	only.	The	models	
exclude	street	trees	in	the	simulation,	as	the	focus	is	
only	on	the	morphology	aspects	of	the	fabric.	

Building	surface	
fraction	(BSF)	

	 Ratio	of	building	plan	area	to	total	plan	area	(%)	 Remains	constant	for	all	simulations	

Impervious	surface	
fraction	(ISF)	

	 Ratio	of	impervious	plan	area	(paved,	rock)	to	total	plan	
area	(%)	

	

Pervious	surface	
fraction	(PSF)	

	 Ratio	of	pervious	plan	area	(bare	soil,	vegetation,	
water)	to	total	plan	area	(%)	

	

Green	surface	
fraction	(GSF)	

	 Ratio	of	pervious	plan	area	(bare	soil,	vegetation,	
water)	to	total	plan	area	(%)	

PSF	is	replaced	by	GSF	where	the	simulation	models	
adopt	'grass	cover'	in		place	of	'open	soil'	

Height	of	roughness	
elements	(HRE)	

m	 Geometric	average	of	building	heights	(LCZs	1–10)	and	
tree/plant	heights	(LCZs	A–F)	(m)	

	

Floor	Area	Ratio	
(FAR)	

	 Floor	area	ratio	(FAR)	is	the	ratio	of	a	building's	total	
floor	area	to	the	size	of	the	land	plot	upon	which	it	is	
built.	

	

	
The	 analyses	 is	 carried	 out	 under	 two	 climate	 scenarios;	 the	 existing	 and	 globally	

warmed	background	climate	(projected	for	2100,	Colombo).	The	projected	climate	at	the	end	
of	21st	Century	–	as	stated	in	Samarasinghe	(2009),	suggests	that,	under	an	A2	climate	change	
scenario,	Sri	Lanka’s	Mean	Temperature	would	rise	as	much	as	2.4oC.	
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Site	selection	

Having	restricted	the	study	to	two	each	of	urban	form	variables	(geometry	and	surface	cover)	
and	climate	backgrounds	(current	and	2100),	we	then	selected	a	representative	area	in	the	
context	of	Colombo.	The	selected	area	encompasses	a	cross	section	of	the	city	spanning	key	
natural	(Indian	Ocean,	open	green	spaces)	and	man-made	(major	vehicular	arteries)	elements	
in	the	city.	 It	also	represents	the	currently	predominant	LCZ	typology	in	the	city	(LCZ2	and	
LCZ3).	

Simulation	and	case	study	matrix	

We	use	ENVI-met	for	the	simulation	of	existing	and	projected	urban	morphology	scenarios.	
ENVI-met	is	a	three-dimensional	microclimate	model	designed	to	simulate	the	surface-plant-
air	interactions	in	urban	environment	with	a	typical	resolution	down	to	0.5	m	in	space	and	1-	
5	sec	in	time.	(www.envi-met.info)		

With	a	view	to	ascertaining	the	sensitivity	of	urban	morphological	factors	in	controlling	
/	adapting	to	local	warming,	we	explore	several	morphology	scenarios,	as	defined	in	Table	2.		

	
Table	2.	ENVI-met	Simulation	Matrix	

Cases		 Sites		 Models	 Receptor	points		 Streets		
Case	
1	
	

Models	
existing	
background	
microclimate	
conditions.	
Pervious	
surfaces	are	
open	soil	

Site	
1	
	

Site	
between	
marine	
drive	/	
Galle	road	

Base	
case	
	
	

urban	blocks	and	buildings	are	
as	existing	

centre	 Receptor	point	
-	a	term	generic	
to	ENVI-met,	
denotes	a	
measurement	
site	in	the	
simulation	
model.	The	
simulation	
software	
generates	
specific	data	for	
each	receptor	
point	included.	
The	rest	of	the	
output	remains	
a	part	of	the	
whole.	
	
The	receptor	
points	for	each	
simulation	
model	are	in	
the	cardinal	
directions	as	
well	as	at	the	
centre	of	the	
urban	block.	`	

centre	 Receptor	points	
are	
amalgamated	
to	create	street	
profiles	that	
bound	a	
particular	
urban	block.	
	
The	street	
nomenclature	
depicts	the	
boundaries	of	
the	block,	
together	with	
the	centre	of	
the	block.	
	
	

Case	
2	
	

Models	
existing	
background	
microclimate	
conditions.	
Pervious	
surfaces	are	
50mm	
average	
density	grass	

Site	
2	
	

Site	
between	
Galle	road	
/	R	A	de	
Mel	Mw	
(Galle	
road	
edge)	

High	
centre	
	

Blocks	simplified	as	9m	street	
edges	with	27m	centre	of	the	
blocks.	The	models	assume	
15m	of	the	block	edge	to	be	
9m.	

East	
	

North-
South	East	
facing	

Case	
3	

Models	
'warmed'	
background	
microclimate	
conditions.	
Pervious	
surfaces	are	
open	soil	

Site	
3	
	

Site	
between	
Galle	road	
/	R	A	de	
Mel	Mw	
(R	A	de	
Mel	Mw	
edge)	

High	
edge	
	

Blocks	simplified	as	27m	street	
edges	with	9m	centre	of	the	
blocks.	The	models	assume	
15m	of	the	block	edge	to	be	
27m.	

North	 North-
South	West	
facing	

Case	
4	
	

Models	
'warmed'	
background	
microclimate	
conditions.	
Pervious	
surfaces	are	
50mm	
average	
density	grass	

Site	
4	
	

Site	
between	R	
A	de	Mel	
Mw	/	
Havelock	
road	
(Havelock	
road	
edge)	

Lcz2	
	

Simplified	Blocks	assume	
maximum	and	uniform	
building	height	of	27m.	

West	
	

East-West	
North	facing	

Lcz3	
	

Simplified	Blocks	assume	
minimum	and	uniform	
building	height	of	9m.	

South	 East-West	
South	facing	

Shadow	
umbrella	
	

Blocks	assume	a	simplified	
shadow	umbrella	form.	The	
blocks	assume	4	distinct	zones	
as	follows;	
Southwest	-	3m	
Northwest	-	9m	
Northeast	-	27m	
Southeast	-	24m	

Northeast	
Northwest	
Southeast	
Southwest	
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The	 morphology	 changes	 draw	 on	 previous	 work	 relating	 to	 canyon	 geometry	 and	
urban	block	shape	(Perera	2015).	These	concepts	are	simplified	to	examine	their	overall	effect.	
The	objective	 is	 to	explore	a	systematic	variation	 in	morphology	to	ascertain	 the	effect	of	
individual	urban	morphology	variables	on	the	MRT.		
o Variation	 is	 limited	 to	 the	 range	 between	 the	 maximum	 LCZ3	 to	 the	 maximum	

allowable	for	LCZ2	
o They	explore	a	change	in	the	surface	cover	of	the	non-built	areas	of	an	urban	block.	

Where,	the	open	surfaces	are	simulated	in	two	cases,	one	with	open	soil	and	the	other	
with	a	'grass'	or	green	cover.		

o The	BSF	is	kept	constant	for	all	morphology	options.	
o Tree	cover	and	vegetation	in	the	urban	environment	is	recognised	as	important,	yet,	

it	is	not	explored.	This	is	due	to	the	fact	that	the	research	focuses	on	the	morphology	
changes,	which	can	be	used	to	ameliorate	the	urban	outdoors	and	can	be	controlled	
by	urban	design.		

As	shown	in	Table	2,	96	individual	ENVI-met	models	encompassing	4	cases	x	4	sites	x	6	
models	are	simulated.	(Figure	2.)	Each	model	had	9	receptor	points	to	explore	temperature	
variations	 within	 the	 model,	 thus	 generating	 864	 data	 sets	 for	 analysis.	 Morphological	
influence	on	 receptor	points	was	assumed	to	be	circle	of	100m	diameter,	 in	 line	with	 the	
assumption	by	Ignatius	et	al.,	(2016).	

	

Figure	2.	Morphology	variations;	high	centre,	high	edge,	LCZ2,	LCZ3,	shadow	umbrella	

Analysis	protocol	

The	analysis	protocol	utilises	IBM	SPSS	(Statistical	Package	for	the	Social	Sciences)	-	Statistics	
–	 Version	 22	 for	 Bivariate	 and	 Linear	 Regression	 statistical	 analysis,	 with	 MRT	 as	 the	
dependent	variable.	The	data	generated	is	analysed	in	a	series	of	cases	to	better	understand	
the	sensitivity	of	variables	to	the	changing	morphology.	Table	3	demonstrates	the	objectives	
of	each	analysis	series.				

	
Table	3.	Data	analysis	protocols	–	description	and	objectives	

Series	 Description	 Relationship	to	study	objective	
Total	Case	
series	
	

Total	
(24	hrs.)	

The	series	analyses	variables	for	all	sites,	models	and	
receptor	points,	under	specific	climatic	background	
conditions.	

The	objective	is	to	ascertain	the	overall	sensitivity	of	
the	variables,	within	a	varied	combination	of	patterns.	

Day	 As	above.	The	data	included	is	for	the	daytime	hours	
between	6.00	to	18.00hrs.	

As	above.	Explores	the	sensitivity	of	variables	for	the	
sunshine	hours	of	the	day.	

Night	 As	above.	The	data	included	is	for	the	daytime	hours	
between	0.00	to	6.00hrs	and	18.00	to	0.00hrs.	

As	above.	Explores	the	sensitivity	of	variables	when	the	
sun's	influence	is	not	present.	

Peak	
(13.00hrs)	

As	above.		 As	above.	Explores	the	sensitivity	of	variables	for	the	
warmest	hour	of	the	day.	
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Site	Case	
series	

		 The	series	analyses	variables	for	specific	sites.	
Includes	all	models	and	receptor	points,	under	
specific	climatic	background	conditions.	

The	objective	is	to	see	if	the	correlations	of	the	
variables	change	for	different	sites	in	the	urban	
context.	

Model	Case	
Series	

		 The	series	analyses	differing	morphology	models	and	
their	correlation	to	MRT	change.	Includes	all	sites	and	
receptor	points.	

The	objective	to	see	'if'	and	therefore	'how'	the	
changing	background	conditions	effect	the	correlation	
between	the	morphology	variables	and	MRT.	

Receptor	
case	series	

As	Individual	
receptors	

Explores	the	variable	correlation	for	individual	
receptor	points.	The	analyses	include	all	sites.	

How	do	individual	receptors	for	a	simulated	urban	
block	compare,	under	varying	background	conditions.	

As	Street	
orientation	

As	above.	Simplifies	/	amalgamates	the	receptors	to	
represent	a	certain	street	/	urban	canyon	
characteristic.	
Explores	the	variable	correlation	for	the	center	of	the	
block	and	street	orientation.	
The	analyses	include	all	sites.	

As	above.	How	do	the	differently	oriented	streets	
compare	in	their	correlation	of	variables	with	MRT?	

Results	and	discussions	

Comparison	of	MRT	against	the	geometric	and	surface	cover	variables	show	relationships	that	
can	be	focused	upon	in	future	adaptive	strategies.		

The	geometry	and	surface	cover	variables	showed	stronger	relationships	in	the	globally	
warmed	 background	 scenario	 (case3	 and	 case4),	 thereby	 enhancing	 the	 capacity	 for	
morphology	 based	 prediction.	 Correlation	 was	 strongest	 for	 the	 'green	 global	 warming'	
climatic	 background	 scenario	 (case4)	 among	 all	 analysis	 series	 considered.	 (Table	 4.)	 This	
confirms	Oke’s	(1987)	finding	that	urban	geometry	is	“a	fundamental	control	on	the	urban	
heat	island.”	This	was	true	for	a	future,	warmed	climate	too.		

	
Table	4.	Total	Case	Series	-	Correlation	of	Variables	to	Mean	Radiant	Temperature	

case	 	 u	 v	 w	 wSpeed	 wDir	 T	 q	 q.rel	 SVF	 BSF	 ISF	 PSF	 GSF	 HRE	 FAR	
case1	
	

Correlation	 -.022	 -.046**	 .035**	 .039**	 -.018	 .843**	 .729**	 -.614**	 .145**	 -.074**	 .073**	 -.018	 	 -.100**	 -.123**	
Significance	 .054	 .001	 .006	 .002	 .094	 0.000	 0.000	 0.000	 .000	 .000	 .000	 .102	 	 .000	 .000	

case2	 Correlation	 -.025*	 -.047**	 .030*	 .040**	 -.015	 .842**	 .728**	 -.607**	 .145**	 -.074**	 .074**	 -.018	 -.050**	 -.100**	 -.124**	
Significance	 .037	 .000	 .016	 .002	 .137	 0.000	 0.000	 0.000	 .000	 .000	 .000	 .102	 .000	 .000	 .000	

case3	
	

Correlation	 -.021	 -.050**	 .041**	 .044**	 -.018	 .844**	 .730**	 -.536**	 .159**	 -.083**	 .082**	 -.019	 	 -.111**	 -.136**	
Significance	 .063	 .000	 .002	 .001	 .094	 0.000	 0.000	 0.000	 .000	 .000	 .000	 .087	 	 .000	 .000	

case4	
	

Correlation	 -.024*	 -.051**	 .039**	 .045**	 -.012	 .843**	 .728**	 -.524**	 .160**	 -.084**	 .083**	 -.019	 -.056**	 -.110**	 -.137**	
Significance	 .041	 .000	 .003	 .001	 .187	 0.000	 0.000	 0.000	 .000	 .000	 .000	 .086	 .000	 .000	 .000	

**.	Correlation	is	significant	at	the	0.01	level	(1-tailed).	
*.	Correlation	is	significant	at	the	0.05	level	(1-tailed).	

	

Figure	3.	case1	(m1)	to	case4	(all	models)	comparison	–	MRT	to	Time	relationship	
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The	influence	of	geometry	and	surface	cover	variables	in	the	night-time	was	significant	
for	both	the	existing	and	the	future	warmed	climate.	Thus,	although	an	urban	context	utilising	
modified	morphology	options	(m1	to	m6	shown	in	Figure	3.)	can	adopt	to	local	warming	in	
the	daytime,	the	influence	was	found	to	be	inadequate	in	the	night-time	hours.	Therefore,	
the	microclimate	 remains	 warmer	 than	 that	 of	 the	 existing	 climate	 background	 (case1	 –	
signified	by	the	black	line	in	Figure	3.)	conditions,	necessitating	strategies	beyond	morphology	
control.		

The	 sky	 view	 factor	 (SVF)	 showed	 the	 strongest	 relationship	 to	 MRT,	 confirming	
established	knowledge	for	the	tropics,	where	daytime	shade	and	night-time	radiation	loss	are	
deemed	 important	 (Emmanuel,	 1993).	 The	 implications	of	using	higher	density	edges	and	
blocks	–	with	lower	SVF	–	for	shading	during	the	daytime	hours,	are	its	enhancement	of	the	
cooling	capacity	of	the	fabric	in	the	night-time.		

The	geometric	variables	(SVF,	FAR,	and	HRE)	take	precedence	over	the	surface	cover	
variables	(PSF,	ISF,	GSF).	In	fact,	whether	the	ground	cover	included	vegetation	or	open	soil	
had	little	or	no	effect.	A	similar	position	was	taken	by	Todhunter	in	1990,	who	stated	that	at	
the	 micro-scale,	 explicit	 considerations	 of	 urban	 geometry	 are	 more	 important.	 At	 the	
mesoscale,	however,	he	argues	that	both	the	geometry	and	surface	thermal	characteristics	
play	an	equal	role.		

Analysis	 also	 showed	 that	 although	 within	 site	 variations	 with	 morphology	 and	
orientation	was	clear,	there	was	no	pattern	evident	in	comparative	sites	in	the	study	area.	
Thus,	the	findings	bode	well	for	a	LCZ	based	approach	in	the	tropics,	where	morphology	of	
the	zones	are	shown	to	be	a	key	influence.	

Conclusion	

The	research	highlights	the	sensitivity	of	morphology	variables	in	a	future	globally	warmed	
climate.	Of	these	variables	the	Sky	View	Factor	(SVF)	is	distinguished	as	the	most	significant	
morphology	variable	for	mitigating	and	adapting	to	local	level	warming	in	the	warm	humid	
climate	of	Colombo,	Sri	Lanka.	Therefore,	any	approach	to	creating	climate	sensitive	public	
spaces,	should	be	based	on	SVF	thresholds.	

The	suggested	approach	then	 is	 to	utilise	LCZs	as	zoning	precincts,	by	defining	a	LCZ	
specific	morphology	and	future	maximum	development.	Initially,	LCZ	classification	could	help	
identify	climate-critical	areas	within	the	city	where	more	specific	and	stricter	morphological	
controls	may	be	necessary,	while	development	in	other	areas	could	be	more	relaxed.	Such	
relaxation	could	take	the	form	of	LCZ	specific	density	‘value	ranges’	and	building	regulations.	

Composite	density	urban	blocks	are	encouraged	within	a	precinct	 to	ensure	building	
height	 variation	and	 therefore,	 shading	enhancement	 and	SVF	differentiation,	 resulting	 in	
better	daytime	shade	and	night	time	radiation	loss.	An	exemplar	of	this	approach	to	shaping	
of	urban	block	morphology	is	seen	in	the	‘shadow	umbrella’	concept	originally	proposed	by	
Emmanuel	(1993).	Similarly,	it	is	also	recommended	to	return	to	the	'standard	light	plane	'	
(Gazette	of	Democratic	Socialist	Republic	of	Sri	Lanka	Extraordinary	No	392/9	of	10th	March	
1986)	option	adopted	in	early	iterations	of	the	building	regulations	in	Colombo.	This	allowed	
the	conscious	shaping	of	the	canyons,	while	ensuring	habitable	spaces	within	free	running	
buildings.	

However,	there	are	some	caveats	in	order.	While	the	development	of	LCZ-based	urban	
form/material	thresholds	is	technically	possible,	the	interpretation	of	these	in	the	context	of	
a	 specific	 city	 could	 create	 many	 issues.	 LCZ	 datasets	 are	 developed	 from	 generalized	
knowledge	 of	 built	 forms	 and	 land	 cover	 types	 that	 are	 universally	 recognized,	 not	 from	
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specialized	 knowledge	 of	 local	 topography	 and	 climatology	 in	 individual	 cities,	 as	
acknowledged	by	its	originators	(Stewart	and	Oke,	2012).	When	LCZ-based	‘value	ranges’	are	
embedded	 in	 urban	 planning	 policy	 and	 guidelines,	 there	 could	 be	 issues	 related	 to	 the	
‘acceptability’	 of	 the	 defined	 value	 ranges	 in	 the	 context	 of	 a	 particular	 city.	 Even	 if	 it	 is	
technically	possible	to	define	these	value	ranges,	there	may	also	be	issues	related	to	their	
appropriateness	under	a	changed	climate	scenario.	Ultimately	however,	the	process	by	which	
the	planning	policy	come	to	be	embedded	with	these	zone-specific	value	ranges	and	how	(or	
if)	 any	 variation	 is	 permitted	 (such	 as	 sub-categorisation)	 is	 the	 key	 to	 the	 successful	
implementation	of	an	LCZ-based	approach	to	climate	sensitive	urban	design.	This	is	a	question	
of	equity	(Perera,	2015)	that	 is	beyond	the	scope	of	the	present	exercise;	nevertheless	an	
important	 consideration	 in	 the	 further	 development	 and	 deployment	 of	 the	 approach	
advocated	in	the	present	study.	
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Abstract:	Changes	in	microclimate	due	to	urban	morphology	tend	to	affect	directly	outdoor	thermal	comfort,	
thereby	 influencing	 people´s	 behavior.	 This	 study	 analyzed	 preferences	 for	 specific	 resting	 areas	 within	 an	
urban	 square	 surrounded	by	high-rise	 buildings	 in	 a	 subtropical	 location.	 In	 order	 to	 understand	behavioral	
adaptations	 as	 regards	 sunlight	 availability	 (direct	 or	 reflected)	 or	 shaded	 situations	 (partly,	 fully)	 in	 resting	
areas,	the	analysis	was	conducted	according	to	an	observational	method	during	winter	and	summer.	Two	high-
definition	 cameras	 with	 time-lapse	 function	 were	 positioned	 at	 vantage	 points	 facing	 distinct	 benches,	
shooting	in	1.5-minute	intervals.	Altogether	39,634	scenes	were	analyzed.	As	a	comfort	parameter	the	thermal	
index	‘PET’	(Physiological	Equivalent	Temperature)	was	used,	by	post-processing	meteorological	data	from	the	
local	meteorological	station.	The	availability	of	situations	(sun-lit,	shaded	–partly	or	fully,	reflected	sunlight)	in	
each	scene	and	per	bench	and	the	preference	of	visitors	for	such	areas	were	considered	in	the	analysis.	During	
winter,	 there	was	a	prevalence	of	shaded	situations,	mostly	due	to	adjacent	buildings.	 In	summer,	 the	most	
common	condition	was	partly	shaded	by	trees.	The	choice	for	a	given	resting	condition	was	found	to	be	closely	
related	to	PET	index	values	and	thermal	comfort/stress	classes.	
	
Keywords:	shading,	solar	access,	time-lapse	footage,	visitor	behavior,	urban	squares.	

Introduction		

In	 cities,	 vertical	 growth	 is	 important	 for	 accommodating	 a	 growing	 number	 of	 urbanites	
with	 reduced	 need	 for	 investments	 in	 infrastructure.	 Indeed,	Miana	 (2010)	 suggests	 that	
urban	densification	is	relevant	for	promoting	more	sustainable	cities.	Unger	(1999),	on	the	
other	hand,	 reports	 that	 the	accelerated	 (vertical)	 growth	of	urban	centers	along	with	air	
pollution,	noise	pollution,	light	pollution	and	thermal	stress	is	one	of	the	main	causes	for	a	
decrease	 in	 life	 quality	 in	 cities.	 Alva	 (1997)	 suggests	 a	 set	 of	 psychological,	 social,	
architectural	 conditions	 that,	 along	 with	 urban	 morphology	 will	 affect	 the	 urban	
environmental	 quality	 as	 well	 as	 thermal	 comfort	 conditions	 in	 open	 spaces.	 The	 same	
author	points	to	the	need	for	urban	interventions	with	an	eye	on	possible	impacts	on	local	
microclimate.	 Miana	 (2010)	 reinforces	 that	 it	 is	 essential	 to	 assess	 the	 environmental	
impacts	of	a	given	building	(or	a	cluster	of	buildings)	on	ventilation	and	solar	access.	

Comfort	 conditions	 in	 outdoor	 environments	 are	 directly	 related	 to	 the	 way	
architecture	shapes	and	defines	the	space.	Conditions	such	as	topography,	vegetation,	soil	
permeability,	 surface	 water	 and	 groundwater	 can	 be	 altered	 by	 human	 action	 and,	
combined	 with	 thermal	 comfort	 variables	 such	 as	 ventilation,	 incident	 solar	 radiation,	
humidity	and	air	velocity,	can	generate	thermal	stress	(Frota	and	Schiffer	2001).	
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According	 to	 Nikolopoulou	 and	 Lykoudis	 (2006),	 microclimatic	 conditions	 are	
essential	 for	 ensuring	 the	 attractiveness	 of	 open	 spaces	 and,	 indirectly,	 for	 their	 usage.	
Nikolopoulou	 (2004)	 points	 out	 that	 when	 outdoor	 areas	 are	 well	 planned,	 they	 attract	
more	people,	tourism,	commerce,	workers	and	residents,	making	them	more	economically	
attractive.		

The	 main	 urban	 leisure	 areas	 in	 cities	 are	 parks	 and	 squares.	 Those	 spaces	 can	
contribute	 to	 the	 minimization	 of	 deleterious	 effects	 on	 the	 quality	 of	 life	 of	 the	 urban	
population,	since	they	offer	recreation	and	relaxation	opportunities	acting	as	green	islands	
within	 the	 city	 (Nikolopoulou	 et	 al.	 2001,	 Knez	 and	 Thorsson	 2006,	Oliveira	 and	 Andrade	
2007,	Mayer	2008,	Lin	2009).	

In	Curitiba,	vertical	growth	along	its	so-called	structural	axes	forms	corridors	of	tall	
buildings	 in	 sequence,	 known	 as	 urban	 canyons	 which	 have	 an	 impact	 on	 indoor	
environments	as	well	as	on	adjacent	outdoor	areas.	Particularly	with	respect	to	solar	access	
in	 subtropical	 locations,	 urban	 canyons	 can	 generate	 negative	 microclimate	 impacts	 and	
thus	affect	open	spaces	such	as	parks	and	squares.	The	purpose	of	the	research	is	to	analyze	
microclimate-driven	 human	 behavior	 in	 a	 square	 in	 Curitiba,	 looking	 at	 possible	 impacts	
from	adjacent	high-rise	buildings	which	cast	shadows	during	the	coldest	part	of	the	year.		

Materials	and	methods	

Japan	Square	(Praça	do	Japão	–	Figure	1)	 is	 located	 in	a	structural	sector	 (i.e.	special	axes	
within	Curitiba’s	urban	area	destined	to	mass	 transportation	and	where	vertical	growth	 is	
permitted)	and	is	surrounded	by	tall	buildings	which	cast	undesirable	shadows	during	winter.	
For	the	evaluation	of	square	attendance	as	regards	solar	access	and	 in	order	to	avoid	any	
influence	 on	 visitors’	 behavior,	 a	 non-invasive,	 observational	 study	 was	 carried	 out.	 Two	
time-lapse,	digital	cameras	were	placed	inconspicuously	in	the	porch	of	the	second	floor	of	
the	Japanese	Memorial.	Only	obtained	footage	was	used	for	analysis,	not	supported	by	on-
site	interviews.	

	
Figure	1:	Google	Earth	aerial	photograph	of	Japan	Square	location	on	May	21st		

	
Footage	was	carried	out	during	four	days	in	two	seasons	of	the	year	2016,	typically	

from	10:30am	to	04:00pm,	using	a	Nikon	D80	and	a	Nikon	D5200.	Frames	were	taken	in	1.5-
minute	 intervals.	 Obtained	 photos	 were	 edited	 in	 order	 to	 clearly	 depict	 bench	 niches,	
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whose	 shading	 profile	 was	 identified	 in	 each	 frame.	 A	 total	 of	 105,550	 frames	 were	
obtained	over	four	seasons	of	2016	and	during	the	pilot	study	in	2015.	Summer	analysis	was	
based	on	15,914	frames,	and	winter	analysis	used	23,720	frames.	The	different	number	of	
frames	per	season	is	due	to	the	amount	of	benches	analyzed.		

The	 thermal	 index	 ‘Physiological	 Equivalent	 Temperature’	 (PET)	 was	 used	 as	
reference	 for	 understanding	 the	 relationship	 between	 overall	 climatic	 conditions	 during	
footage	 and	 human	 behavior.	Meteorological	 data	were	 converted	 to	 PET	 units	with	 the	
Rayman	model	for	a	standard	person	(ISO	8996:	a	30-year	old	man	weighing	70	kg	and	1.75	
m	 tall)	 with	 a	 low	 metabolic	 rate	 of115	W.	 Clothing	 insulation	 was	 estimated	 based	 on	
standard	values	of	 ISO	9920,	adapted	to	 local	dressing	habits	as	assessed	by	Broede	et	al.	
(2012).	Relevant	comfort	variables	such	as	air	temperature,	relative	humidity,	wind	velocity	
and	global	 radiation	data	were	obtained	 from	an	official	meteorological	 station	 (from	 the	
Paraná	 Meteorological	 System	 -	 SIMEPAR),	 located	 at	 approximately	 6	 km	 from	 the	
evaluated	square.	Mean	PET	values	for	the	periods	of	observation/footage	serve	in	this	case	
as	background	information	as	regards	estimated	thermal	comfort/stress	levels	people	were	
exposed	to.	The	estimated	thermal	sensation	categories	according	to	PET	ranges	are	given	
in	Table	1	 (given	by	Matzarakis	and	Mayer	1996).	 Figure	2	 represents	 the	 square	and	 the	
range	view	of	each	camera;	Figure	3	shows	some	of	the	benches	evaluated	in	summer.	

	
	

	

	
	

	

	

Table	1:	Thermal	sensation	
categories	for	PET	

Figure	2:	Camera	locations	and	corresponding	views			
	

	

Local	climate	

Curitiba	(25.5°S,	49°W,	910	amsl)	is	located	in	a	subtropical	climate	zone	in	a	relatively	high-
altitude	region	of	Brazil,	and	is	classified	as	a	Cfb	climatic	type	according	to	Köppen-Geiger’s	
climate	 classification.	 For	 Brazilian	 standards	 its	 climate	 is	 quite	 unique;	 Curitiba	 is	 the	
coldest	capital	city	in	Brazil	–	with	frequent	night-frost	episodes	in	winter	and	more	clearly	
defined	 seasons	 than	 in	 most	 parts	 of	 the	 country.	 It	 often	 experiences	 unstable	
meteorological	conditions	with	large	daily	and	annual	air	temperature	fluctuations.	Average	
air	temperature	in	summer	is	approximately	20°C,	though	average	air	temperature	in	winter	
is	quite	low	for	tropical	standards,	averaging	13°C	in	June/July.	

	

PET Thermal sensation 
< Very cold 

4°C -------------------- 
 Cold 

8°C -------------------- 
 Cool 

13°C -------------------- 
 Slightly cool 

18°C -------------------- 
 Neutral 

23°C -------------------- 
 Slightly warm 

29°C -------------------- 
 Warm 

35°C -------------------- 
 Hot 

41°C -------------------- 
> Very hot 
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Results	

Results	 presented	here	 are	 only	 for	 summer	 and	winter,	with	 four	 different	 days	 in	 each	
season.		We	analyze	the	amount	of	available	situations	in	each	bench	and	the	preference	of	
visitors	in	terms	of	solar	access/shading;	length	of	stay	of	visitors	in	a	given	situation	is	not	
included	in	the	analysis.	

Summer	

The	 normally	 mild	 summer	 conditions	 of	 Curitiba	 were	 well	 captured	 in	 the	 four	 days	
analyzed,	with	PET	ranging	from	‘slightly	warm’	to	‘hot’.	Table	2	shows	meteorological	data	
for	 the	 four	 days	with	 the	 calculated	 PET	 and	 corresponding	 thermal	 comfort/discomfort	
classes.	 The	 number	 of	 visitors	 of	 the	 benches	 during	 the	 typically	 5-h	 exposure	 is	 also	
presented	in	the	table.	In	summer,	five	niches	were	observed	each	day.	

	
Table	2:	Meteorological	data,	corresponding	mean	value	and	thermal	sensation	assessment	class	for	PET,	on	

the	four	summer	days	

 N Ta (°C) UR (%) v (m/s) Ig (W/m²) Trm (°C) PET (°C) PET class 
Jan 20 114 23.6 50 3.6 962 56.3 28.1 slightly warm 
Jan 23 118 25.6 40 1.2 939 60.2 38.9 hot 
Jan 26 112 28.4 56 2.6 755 53.0 34.8 warm 
Feb 29 88 22.1 61 1.6 699 48.3 28.0 slightly warm 

	
The	 following	 graphs	 (Figure	4)	 show	a	 sequence	of	 situations	of	 full	 shading	 (FS),	

partial	shading	(PS)	and	sun-lit	situations	(SL),	as	available	in	the	benches	observed,	ordered	
according	to	the	amount	of	visitors	i.e.	attendance	on	a	given	day.	Percentages	are	relative	
to	 the	 total	 amount	 of	 frames	 in	 each	 bench.	 No	 reflected	 sunlight	 (RS)	 situations	 were	
verified	during	the	summer	sessions.	

	

  
	

  
	

Figure	4:	Available	situations	(SL,	PS,	FS)	in	percentage	of	time	and	attendance,	ranked	by	attendance	–first	to	
the	last	summer	day,	clockwise	from	upper	left	
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Figure	5	 shows	 the	 corresponding	daily	percentages	of	 visitors	 in	 a	 given	 situation	
(FS,	PS,	or	SL),	per	bench,	ordered	by	the	amount	of	visitors.	The	graphs	suggest	the	most	
favorite	conditions	as	chosen	by	the	visitors	on	a	given	day.	

	

  
	

  
	

Figure	5:	Preferred	situations	(SL,	PS,	FS)	in	percentage	of	time	and	attendance,	ranked	by	attendance	–first	to	
the	last	summer	day,	clockwise	from	upper	left	

	
Careful	 analysis	 of	 the	 graphs	 lead	 us	 to	 conclude	 that	 despite	 available	 situations	
(opportunities	 for	 either	 having	 shade	 or	 sun-lit	 spaces	 in	 summer)	 there	 is	 a	 slight	
preference	for	places	with	higher	shading	opportunities.	Take	the	less	visited	bench	(B2)	on	
the	hottest	day	 (PET=38.9°C),	 for	example:	even	though	that	bench	 is	most	of	 the	time	 in	
the	sun,	it	is	more	frequented	in	the	rare	FS	conditions.	The	higher	concentration	of	visitors	
chose	the	most	shaded	benches.	In	this	respect	B8,	B9	and	in	part	B10	are	the	most	favorite	
locations	with	high	percentage	of	PS	conditions.	It	should	be	stressed	that	in	summer	there	
are	only	a	few	locations	in	the	square	that	are	fully	shaded	by	adjacent	buildings.	

Winter	

A	total	of	seven	niches	were	surveyed	in	winter.	Attendance	is	higher	in	this	season	possibly	
due	to	the	need	of	sunlight	during	cold	periods	of	the	year	as	noticed	also	by	Lin	et	al.	(2012)	
in	a	 similar	 study	 in	Taiwan.	 In	 contrast	with	 the	availability	of	benches	 in	 summer,	 there	
were	 now	 more	 benches	 and	 areas	 of	 rest	 after	 refurbishment	 of	 the	 square.	 Climatic	
conditions	were	varied	and	mostly	on	the	cool	side	(Table	3).	

	
Table	3:	Meteorological	data,	corresponding	mean	value	and	thermal	sensation	assessment	class	for	PET,	on	

the	four	winter	days	

 N Ta (°C) UR (%) v (m/s) Ig (W/m²) Trm (°C) PET (°C) PET class 
Jul 7 180 14,0 47,8 3,7 498,8 32,7 11,0 cool 

Aug 22 304 12,8 49,5 1,1 619,4 38,8 17,9 slightly cool 
Aug 23 296 14,8 52,8 2,2 645,0 40,7 17,7 slightly cool 
Aug 26 304 16,7 48,6 2,1 595,1 40,2 19,7 neutral 
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The	ensemble	of	days	shown	in	Figures	6	and	7	show	availability	of	sun/shade	and	
preferred	situations	per	bench,	respectively.	

	

  
	

  
	

Figure	6:	Available	situations	(SL,	PS,	FS,	RS)	in	percentage	of	time	and	attendance,	ranked	by	attendance	–first	
to	the	last	winter	day,	clockwise	from	upper	left	

	

  
	

 
	

 
	

Figure	7:	Preferred	situations	(SL,	PS,	FS,	RS)	in	percentage	of	time	and	attendance,	ranked	by	attendance	–
first	to	the	last	winter	day,	clockwise	from	upper	left	

	
As	in	the	case	of	the	summer	days,	there	is	not	a	full	match	between	availability	of	a	

given	 condition	 and	 preference	 towards	 it.	 It	 is	 noticed	 that	 shaded	 situations	 are	 very	
common	during	this	time	of	year,	which	reflects	the	high	building	density	around	the	square,	
with	significant	 impacts	on	sunlight	availability	 in	 the	square	as	a	whole.	The	most	visited	
benches	 usually	 provide	 opportunities	 for	 solar	 access,	 in	 particular	 on	 the	 coldest	 day	
surveyed.	On	that	particular	day	(with	PET	averaging	11°C	‘cool’),	the	amount	of	time	spent	
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in	 sun-lit	 benches	was	higher	 than	 the	availability	of	direct	 solar	 access	 in	 a	 given	bench.	
Percentages	of	usage	in	the	four	benches	with	any	solar	access	at	all	are	all	higher	than	the	
availability	of	SL	situations	(benches	B1,	B2,	B5,	B16).	

Establishing	a	relationship	between	PET	ranges	and	attendance	

Table	 4	 is	 an	 attempt	 to	 compare	 behavioral	 changes	 in	 terms	 of	 choice	 for	 sun/shade	
against	PET	thermal	sensation	classes.	As	a	result	from	the	day’s	meteorological	conditions,	
there	is	a	decreasing	proportion	of	sun-lit	situations	sought	by	the	visitors	relative	to	their	
availability	for	increasing	PET	values,	with	an	opposite	trend	as	regards	PS	and	FS.	

	
Table	4:	Relationship	between	preference	for	a	given	situation	and	its	availability	(RS	situations	not	included)	

Situation	 PETavg	
(°C)	

PET		
(TS	category)	

Availability	
(%)	

Preference	
(%)	

Relationship	
Preference/Availability	

sun-lit	situations	
(SL)	

11.0 cool 6% 17% 2,8 
17.7 slightly cool 24% 36% 1,5 
17.9 slightly cool 23% 31% 1,3 
19.7 neutral 21% 10% 0,5 
28.0 slightly warm 49% 25% 0,5 
28.1 slightly warm 41% 9% 0,2 
34.8 warm 46% 10% 0,2 
38.9 hot 44% 7% 0,2 

partial	shading	
(PS)	

11.0 cool 19% 22% 1,2 
17.7 slightly cool 26% 26% 1,0 
17.9 slightly cool 29% 28% 1,0 
19.7 neutral 28% 31% 1,1 
28.0 slightly warm 48% 50% 1,0 
28.1 slightly warm 58% 90% 1,6 
34.8 warm 54% 90% 1,7 
38.9 hot 55% 91% 1,7 

full	shading	(FS)	

11.0 cool 73% 60% 0,8 
17.7 slightly cool 50% 38% 0,8 
17.9 slightly cool 46% 40% 0,9 
19.7 neutral 50% 58% 1,2 
28.0 slightly warm 3% 4% 1,3 
28.1 slightly warm 1% 1% 1,0 
34.8 warm 1% 1% 1,0 
38.9 hot 1% 1% 1,0 

	

Conclusions	

The	 study	 so	 far	has	helped	us	 identifying	possible	 relationships	between	visitor	behavior	
and	aspects	 concerning	 solar	access	 in	 the	 square.	 In	 some	cases	 it	 is	 surprising	 to	notice	
that	 those	 patterns	 of	 behavior	 are	 strongly	 driven	 by	 climatic	 conditions	 on	 the	 day	 of	
observation	with	noticeable	 changes	even	within	a	 relatively	narrow	spectrum	of	 thermal	
sensation	near	neutrality	 (cf.	 Table	4),	 since	behavioral	 changes	 can	also	be	a	 result	 from	
expectations	 (previous	 days’	 thermal	 conditions),	 thermal	 history,	 social	 activities	 etc.	
Factors	not	evaluated	 in	 this	paper	concern	the	 length	of	stay	and	changes	of	seat	during	
the	periods	of	observation.	In	addition,	measured	meteorological	variables	in	open-air	and	
under	 shade/trees	 were	 carried	 out	 and	 are	 not	 discussed	 in	 the	 paper.	 The	 footage	
obtained,	with	just	over	100,000	images	over	four	seasons	including	pilot	study	will	allow	us	
to	explore	more	patterns	of	behavior	in	future	steps	of	the	research.	
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Abstract:	 The	 use	 of	 urban	 greenery	 to	mitigate	 heat	 island	 intensity	 is	 significant	 as	 a	means	 to	 improve	
human	 comfort	 in	 hot	 climates.	Many	 studies	 have	 concentrated	 on	 the	 positive	 effect	 of	 green	 areas	 on	
urban	climate	showing	that	green	areas	in	cities	can	create	a	cool	island.	However,	few	studies	have	suggested	
that	certain	types	of	vegetated	areas	can	create	unpleasant	micro-climatic	conditions	in	the	surrounding	built-
up	 environment.	 Maximizing	 the	 potential	 cooling	 effect	 of	 vegetation	 without	 creating	 negative	 climatic	
effects	 is	 particularly	 important	 in	 urban	 areas	 located	 in	 hot	 climates,	 where	 shade	 and	 ventilation	 are	
significant	for	creating	thermal	comfort.	This	study	presents	a	set	of	field	measurements	conducted	in	Israel,	in	
three	different	climatic	zones;	Mediterranean,	hot-arid	and	hyper	arid	climates.	The	cooling	effect	of	certain	
vegetation	types;	Ficus	retusa,	Tipuana	Tipu,	Prosopis	and	Date	Palm	trees	and	lawns,	were	investigated	in	the	
three	 climatic	 zones.	 Integrative	 analysis	 was	 performed	 on	 the	 field	measurements	 using	 the	 Green	 CTTC	
model	and	PET	index.	The	maximum	potential	cooling	effect	was	found	in	the	arid	climates	and	can	reach	up	
to	 6°C.	 It	 was	 also	 found	 that	 each	 type	 of	 vegetation	 has	 a	 different	 climatic	 effect	 in	 the	 different										
climatic	zones.	
	
Keywords:	vegetation	cooling	effect;	microclimate	modelling;	Green	CTTC	model,	Thermal	comfort	

Introduction		

The	 urban	 climate	 is	 characterized	 by	 amplification	 of	 air	 temperature	 values,	 lower	 air	
humidity	values,	and	moderation	of	wind	velocity	(Landsberg,	1981;	Oke	1987),	which	have	
the	potential	 to	create	unpleasant	micro-climatic	conditions	 for	people,	mainly	during	 the	
hot	season	(Baker	et	al,	2002:	Golden,	2004).	The	increase	of	urban	air	temperature	known	
as	Urban	Heat	Island	(UHI)	is	defined	as	the	difference	between	temperatures	measured	in	
the	 urban	 space	 and	 those	measured	 in	 the	 nonurban	 space	 surrounding	 it	 (Oke,	 1987).	
Green	 open	 spaces	 within	 the	 urban	 tissue	 can	 create	 cool	 islands	 by	 lowering	 air	
temperature	values	(Shasua-Bar	&	Hoffman,	2000).	The	cooling	effect	of	urban	parks	is	most	
pronounced	in	an	urban	area	that	has	developed	a	UHI	(Spronken-Smith	&	Oke,	1998).		

The	 use	 of	 urban	 greenery	 for	 sustainable	 passive	 cooling	 to	 mitigate	 heat	 island	
intensity	 is	 becoming	 an	 important	 policy	 both	 for	 energy	 saving	 and	 improved	 human	
comfort	in	various	climatic	zones	(e.g.	Grimmond,	2007;	Shashua-Bar	et	al,	2010a;	Kong	et	al,	
2017).	This	policy	has	been	adopted	by	the	Israeli	Ministry	of	Construction	(Trup	and	Sarig	
2012).	 The	 study	 of	 the	 climatic	 role	 of	 urban	 green	 areas	 such	 as	 parks,	 gardens,	 street	
trees	and	avenues	has	therefore	been	the	focus	of		interest	in	recent	decades	among	urban	
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climatologists,	architects,	town	planners	and	ecologists	 in	Israel	(Shashua-Bar	et	al,	2010b;	
Cohen	et	 al,	 2012).	Most	 of	 these	 studies	 have	 investigated	 the	 vegetation	 cooling	 effect	
and	have	concentrated	on	one	or	very	few	case	studies,	limited	to	a	particular	site,	area	and	
climatic	zone	(Bowler	et	al,	2010;	Potchter	et	al,	2011;	Cohen	et	al,	2014),	focusing	mainly		
on	the	positive	effect	of	urban	greenery.	Few	studies	have	suggested	that	vegetated	urban	
areas	can	create	unpleasant	micro-climatic	conditions	(Potchter	et	al.,	2006;	Potchter	et	al.,	
2008;	Cohen	et	al.,	2012).		

Despite	the	numerous	studies	dealing	with	the	climatic	effect	of	vegetation	on	urban	
climate,	the	number	of	studies	that	have	investigated	the	relative	effectiveness	of	different	
tree	species	on	urban	climate	is	limited	(Shashua-Bar	et	al.,	2010;	Rahman	et	al,	2014;	Kong	
et	al,	2017;	Sansusi	at	al,	2017).	Since	2010,	studies	on	the	effect	of	different	tree	species	on	
urban	 micro	 climate	 have	 been	 carried	 out	 but	 they	 have	 concentrated	 on	 one	 specific	
climate	type.	Therefore,	 there	 is	a	dearth	of	studies	that	assess	the	 influence	of	the	same	
vegetation	cover	and	tree	species	on	urban	micro-climate	in	different	climatic	zones.		

The	 potential	 cooling	 effect,	 as	 well	 as	 the	 negative	 one	 of	 urban	 vegetation	 and	
understanding	 how	 different	 trees	 regulate	 micro	 climate	 and	 affect	 human	 thermal	
comfort	 is	 particularly	 important	 in	 urban	 areas	 located	 in	 hot	 climates,	where	 an	 urban	
heat	island	develops.	The	aims	of	the	study	were:	(a)	to	examine	empirically	the	vegetation	
climatic	effect	in	different	climatic	zones	and	different	climate	conditions.	(b)	to	quantify	by	
modelling	 the	 impact	 of	 different	 types	 of	 vegetation	 on	 the	 urban	 climate	 in	 different	
climatic	 zones.	 (c)	 To	 provide	 a	 data	 bank	 which	 could	 help	 determine	 the	 ideal	 use	 of	
different	 plant	 species	 for	 maximum	 improvement	 of	 the	 local	 micro-climate	 and	 define	
what	factors	make	for	a	“good	street	tree”.	 

Methodology		

Methodological	approach	

The	 study	 comprises	 two	 stages:	 (1)	 Data	 analysis	 of	 selected	 field	 measurements	
investigating	 the	microclimatic	 effect	 of	 various	 vegetation	 species	within	 urban	 tissue	 in	
different	climatic	zones	and	its	impact	on	human	thermal	sensation,	using	the	PET	index.	(2)	
Estimations	of	the	potential	cooling	effect	of	the	studied	vegetation	species	in	the	different	
climatic	zones	using	the	Green	CTTC	model	and	their	impact	on	the	human	thermal	comfort	
using	the	PET	index.	

Sites	and	observations	

Data	collected	from	a	set	of	field	measurements	taken	in	urban	vegetation	patches	in	three	
climatic	zones	 in	 Israel	 (fig	1):	 (1)	Parks	 in	 the	city	of	Tel-Aviv,	 located	 in	a	Mediterranean	
climate	(Cas)	 in	the	eastern	basin	of	the	Mediterranean	Sea	(340E	320N)	with	a	hot	humid	
summer	and	a	mild	wet	winter	with	stable	weather	episodes,	 (2)	Parks	 in	the	city	of	Beer	
Sheva,	 located	 in	a	hot-arid	climate	zone	 (BWh)	of	 the	Negev,	 in	 the	northern	part	of	 the	
world	desert	belt	 (31o	E34o	N)	with	a	hot	dry	 summer	and	a	mild	winter,	 (3)	Gardens	and	
parks	 in	 the	 city	 of	 Eilat	 and	 Ein	 Yahav	 	 community	 settlement,	 located	 in	 a	 hyper	 arid	
climate	zone	(BWh)	in	the	southern	part	of	the	Negev	(290N	340E)	with	an	extreme	hot	dry	
summer	and	a	warm	winter	in	Eilat	and		a	cold	winter	in	Ein	Yahav.				
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Figure	1.	Study	area	in	three	different	climatic	zones	in	Israel		

The	study	used	field	measurements	conducted	by	the	authors	during	the	years	2006	-	
2012.	 The	 summer	measurements	were	 taken	 in	 the	period	of	 June	15	 -	 July	 15th,	when	
climatic	conditions	are	generally	stable	and	hot	with	clear	skies,	moderate	wind	speed	and	
sun	radiation	at	 its	peak.	The	winter	measurements	were	taken	in	January	-	February	that	
are	 considered	 the	 coldest	 months	 of	 the	 year,	 with	 solar	 radiation	 at	 its	 lowest.	 The	
weather	conditions	during	the	winter	are	unstable,	and	the	measurements	were	conducted	
under	 different	 conditions:	 stable	 and	 unstable.	 In	 situ	 meteorological	 measurements	
included;	 global	 and	 net	 radiation,	 air	 temperature,	 relative	 humidity,	 wind	 speed	 and	
direction,	by	fixed	meteorological	stations.	Built	and	vegetated	parameters	were	collected	
at	 each	 studied	 site	 including	 geometric	 ratios	 of	 the	 investigated	 urban	 tissue,	 thermal	
properties	 of	 the	 different	 surfaces,	 trees	 canopy	 attributes	 including	 shade	 coverage,	
canopy	solar	absorptivity	and	transmissivity,	thermal	time	constant	and	transpiration	rates.	
Calculation	of	the	PET	Index	

The	PET	 index	was	calculated	by	 the	RayMan	model	 (Matzarakis	et	al.,	2007,	2010).	
The	RayMan	model,	was	developed	according	to	Guideline	3787	of	the	German	Engineering	
Society	(VDI,	1998),	can	estimates	the	radiation	flux	in	simple	and	complex	environments	on	
the	 basis	 of	 several	 climatic	 variables	 at	 the	 time	 of	 the	 measurements,	 such	 as	 global	
radiation,	air	temperature,	surface	temperature,	air	humidity,	wind	velocity,	degree	of	cloud	
cover.	According	to	the	model,	the	calculation	of	thermal	sensation	required	adjustment	of	
the	 following	 constants:	body	 surface	has	been	 standardized	 to	1.9m2,which	 represents	 a	
human	with	a	height	of	1.75	Meter,	a	body	weight	of	75	kg;	 the	rate	of	metabolic	energy	
transformation	(work	metabolism)	based	on	80W	for	standing	person	and	insulation	factor	
of	clothing	(Icl)	of	0.9	for	an	indoor	business	suite.		
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Results	

Data	analysis	of	field	measurements	in	different	climatic	zones	

Data	 analysis	 was	 based	 on	 field	 measurement	 observation	 by	 fixed	 automatic	
meteorological	 stations	 (Campbell),	 set	up	at	 chosen	 sites.	 In	each	 field	 survey	 campaign,	
measurements	 of	 climatic	 parameters	 (solar	 radiation,	 air	 temperature,	 surface	
temperature,	 relative	humidity,	wind	direction	and	velocity)	were	 taken	simultaneously	 in	
the	vegetation	patch	 (parks	and	gardens)	 in	 the	built	up	area,	as	well	 as	at	 the	 reference	
point	 for	 further	 comparison	 and	 analysis.	 In	 order	 to	 demonstrate	 the	 seasonal	 climatic	
effect	in	urban	green	open	spaces	two	methods	were	used:	averaging	of	the	measured	data,	
and	calculation	of	human	thermal	comfort	according	to	the	PET	index.	

Table	 1	 summarises	 the	 results	 of	 the	 field	 studies	 in	 Israel	 on	 the	 effect	 of	 urban	
parks	with	different	vegetation	types	in	different	climatic	zones	and	presents	the	maximum	
cooling	effect	and	the	maximum	human	thermal	sensation	reduction	in	comparison	to	the	
surrounding	built	up	area.	The	results	were	presented	according	to	the	different	vegetation	
cover:	 mature	 evergreen	 tropical	 trees	 (Ficus	 retusa)	 characterized	 by	 a	 high	 and	 wide	
canopy,	deciduous	trees	(Tipuana	Tipu)	characterized	by	a	medium	and	wide	canopy,	desert	
trees	 (Tamarix	 and	 prosopis)	 characterized	 by	 a	 medium	 canopy	 and	 Date	 Palm	
characterized	by	a	high	and	small	canopy.	The	main	results	were:		

The	 cooling	 effect	 of	 vegetation	 depends	 on	 the	 type	 and	 size	 of	 the	 vegetation	
canopy	 as	 well	 as	 on	 the	 specific	 climate	 conditions	 and	 climatic	 zone.	 High	 and	 wide-
canopy	trees	have	maximum	cooling	effect	during	 the	day.	The	potential	cooling	effect	of	
tropical	 trees	 is	 higher	 than	 sub-tropical	 or	 desert	 tree	 species.	 For	 example	 in	 the	
Mediterranean	climate	the	Ficus	Retusa	trees	can	reduce	the	temperature	values	during	the	
summer	by	4ºC,	Tipuana	Tipu	trees		by	2.5	ºC	and	Date	Palm	only	by	1.5ºC.		The	vegetation	
cooling	effect	at	midday	is	higher	than	at	night	and	in	the	summer	than	in	the	winter.		

A	comparison	of	the	cooling	effect	of	the	same	trees	species	in	different	climatic	zones	
showed	that	 the	cooling	effect	 is	higher	 in	hot	climate	than	 in	the	temperate	climate.	For	
example	 the	 cooling	 effect	 of	 Tipuana	 Tipu	 trees	 in	 the	Mediterranean	 climate	 during	 a	
summer	 day	 was	 2.5	 ºC	 and	 in	 a	 hyper	 hot-arid	 climate	 3.5	 ºC.	 The	 most	 pronounced	
example	of	this	phenomenon	are	lawns	that	create	a	cooling	effect	in	arid	climates	whereas	
their	impact	on	Mediterranean	climates	is	minor	and	can	sometimes	create	a	small	warming	
effect.	

The	 micro-climatic	 effect	 of	 vegetation	 species	 in	 the	 continental	 hyper	 hot-arid	
climate	during	the	summer	was	different	than	that	during	the	winter.	During	the	summer,	
the	 main	 effect	 was	 cooling.	 In	 contrast,	 during	 the	 winter,	 the	 major	 effect	 of	 the	
vegetation	was	a	warming	effect	during	the	night	time	while	cooling	was	small	and	limited	
to	daytime.	

An	examination	of	the	effect	of	different	vegetation	types	on	human	comfort	showed	
that	this	effect	is	more	significant	than	the	vegetation	cooling	due	to	a	severe	decrease	of	
the	Mean	Radiant	Temperature	(Tmrt)	in	comparison	to	the	open	spaces	that	are	exposed	
to	the	sun.		
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Table	1.	Maximum	cooling	effect	of	urban	parks	(Turban	–Tpark	◦C)	according	to	vegetation	types	in	different	
climatic	zones	in	Israel	(Positive	value	indicates	warming	effect)	

	
Climatic	Zone	 Site	Name	 Vegetation	

Type	
Season	of	
the	year	

Maximum	Cooling	
Effect	(ºC)	

Thermal	Sensation	
Reduction	(ºC	PET)	

Day	
time	

Night	
time	

Day	
time	

Night	
time	

Mediterranean	
(Csa)	

Gan	Meir,	
Tel	Aviv	

Ficus	
Retusa	

Summer	 4ºC	 1	ºC	 18	ºC	 4	ºC	
Winter	 2	ºC	 1	ºC	 12	ºC	 2	ºC	

Reding	Park	
Tel	Aviv 

Tipuana	
Tipu	

Summer	 2.5	ºC	 1	ºC	 15	ºC	 3	ºC	
Winter	 1	ºC	 4	ºC	 6	ºC	 3	ºC	

Tel	Aviv	
University	

Date	
Palm*	

Summer	 1.5	ºC	 1.1ºC	 10	ºC	 1	ºC	
Winter	 N/D	 N/D	 N/D	 N/D	

Alfred	Bir	
Park,	Tel	Aviv	

Lawn	 Summer	 +1	ºC	 1.5	ºC	 +4	ºC	 2ºC	
Winter	 1	ºC	 1.5	ºC	 2	ºC	 1	ºC	

Hot-
Arid	

(BSh)	

Gan	Israel,	
Beer	Sheva	

Prosopis	
	

Summer	 2.3ºC	 1ºC	 18ºC	 2ºC	
Winter	 N/D	 N/D	 N/D	 N/D	

Tamarix	 Summer	 3ºC	 1ºC	 15ºC	 2ºC	
Winter	 N/D	 N/D	 N/D	 N/D	

Lawn	 Summer	 2ºC	 1ºC	 4ºC	 2ºC	
Winter	 1ºC	 1ºC	 2ºC	 1ºC	

Hyper	Hot-Arid	
(BWh)	
	

Binyamin	Park,	
Eilat 

Lawn	 Summer	 2ºC	 1ºC	 4ºC	 1ºC	
Winter	 1.3ºC	 0.5	ºC	 1ºC	 2ºC	

Canada	Park;	
Eilat	

Tipuana	
Tipu	

Summer	 3.5ºC	 1.5	ºC	 17ºC	 3	ºC	
Winter	 N/D	 N/D	 N/D	 N/D	

Ein	Yahav	 Ficus	
retusa	

Summer	 2ºC	 3.4ºC	 13ºC	 +4	ºC	
Winter	 2ºC	 +2ºC	 +5	ºC	 +10	ºC	

Tamarix	 Summer	 1.5	ºC	 3ºC	 8	ºC	 +4	ºC	
Winter	 1.5	ºC	 +1ºC	 +2	ºC	 +8	ºC	

Date	Palm	 Summer	 0.5	ºC	 +0.5	ºC	 +5	ºC	 +5	ºC	
Winter	 1	ºC	 +1.5	ºC	 +3	ºC	 +8	ºC	

Lawn	 Summer	 +1.5ºC	 4	ºC	 +7ºC	 +3	ºC	
Winter	 2.5	ºC	 +1.5ºC	 +5	ºC	 +3	ºC	

∗		The	trees	are	planted	over	lawns.	
	

Estimations	of	the	potential	cooling	effect		

The	data	 collected	by	 the	 field	measurements	was	used	 to	estimate	 the	potential	 cooling	
effect	 of	 the	 different	 vegetation	 types	 and	 their	 impact	 on	 human	 thermal	 comfort	 in	
different	climatic	zones.	The	Green	CTTC	model	was	used	to	predict	air	temperatures	of	the	
urban	 sites	 and	 tissues	 taking	 into	 account	 the	 contribution	 of	 the	 heat	 received	 from	
external	sources,	mainly	the	net	solar	radiation,	anthropogenic	heat	release	and	vegetation	
effects	(Shashua-Bar	and	Hoffman,	2002).	The	model	was	set	up	to	calculate	the	following	
vegetation	covers:	high	and	wide	canopy	trees	such	as	Ficus	retusa	trees,	medium	and	wide	
canopy	trees	such	as	Tipuana	Tipu,	Tamarix	and	Prosopis	trees,	high	and	small	canopy	trees	
such	as	Date	Palm	trees,	lawn	and		medium	trees	planted	in	the	lawn.		
	Figure	 2	 and	 Table	 2	 demonstrate	 the	 potential	 cooling	 effect	 and	 its	 effect	 on	 the	
physiological	 equivalent	 temperature	 (PET)	 using	 the	 Rayman	 model	 (Matzarakis	 et	 al.,	
2010).		Estimations	of	the	potential	cooling	effect	showed	the	following:	
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●●●	Meteorological	station,	▬	Bare	open	patch, ▬	Lawn,		▬	High	small	canopy	trees,
▬ Medium	and	wide	canopy	trees,	▬	High	and	wide	canopy	trees,	▬	Trees	with	Lawn

Figure	2:	Simulated	summer	diurnal	cooling	effect	in	terms	of	air	temperature	and	PET	values	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 1862



Table	2.	Simulated	Maximum	cooling	effect	of	vegetation	patch	in	summer	and	in	winter	
Vegetation	type	of	High	and	wide	canopy	trees	

	
Climatic	Zone	 Season	of	

the	year	
Maximum	Cooling	

Effect	(ºC)	
Thermal	Sensation	
Reduction	(ºC	PET)	

Day	
time	

Night	
time	

Day	
time	

Night	
time	

Mediterranean	
(Csa)	

Summer	 3.7ºC	 1.2	ºC	 13.1	ºC	 3.9	ºC	
Winter	 1.9	ºC	 +0.5	ºC	 5.1	ºC	 +0.7	ºC	

Hot-
Arid	

(BSh)	

Summer	 5.2ºC	 1.1	ºC	 15.4	ºC	 3.3	ºC	
Winter	 2.3ºC	 +1.2	ºC	 7.0	ºC	 +1.0	ºC	

Hyper	Hot-Arid	
(BWh)	

Summer	 6.1ºC	 1.1	ºC	 19.6	ºC	 2.7	ºC	
Winter	 3.8ºC	 +1.3	ºC	 7.0	ºC	 +1.5	ºC	

	
The	 simulations	 confirm	 the	 results	 of	 the	 analysis	 of	 the	 field	 measurements	 and	

show	 that	 the	 potential	 cooling	 effect	 increases	 with	 the	 increase	 of	 the	 ambient	
temperatures.	It	was	found	that	the	same	type	of	vegetation	has	a	different	cooling	effect	in	
the	different	 studied	 climatic	 zones.	 The	potential	maximum	cooling	effect	was	 found	 for	
high	and	wide	canopy	trees	ranging	between	4°C	in	the	Mediterranean	climate	up	to	6°C	in	
the	 hyper	 hot–arid	 climate.	 The	Date	 Palm	 trees	 have	 the	 lowest	 potential	 cooling	 effect	
ranging	between	1.5°C	in	the	Mediterranean	climate	and	up	to	2.5°C	in	the	hyper	hot-arid	
climate.	 Simulation	 of	 the	 cooling	 effect	 of	 vegetation	 patch	 in	 summer	 and	 in	winter	 as	
demonstrated	 on	 high	 and	wide	 canopy	 trees	 (Table	 2),	 shows	 that	 the	 cooling	 effect	 of	
treed	urban	space	in	summer	far	outweighs	its	disadvantages	during	the	winter.	Moreover,	
in	winter,	the	small	warm	effect	of	high	wide	trees	at	night	time	(up	to	1.3°C)	is	beneficial	in	
arid	climates	than	in	temperate	climate	due	to	colder	conditions.			

Planting	lawn	has	a	negligible	effect	on	air	temperature	in	the	Mediterranean	climate	
and	a	small	temperature	reduction	in	the	hot-arid	and	hyper	arid	climates.	Shading	the	grass	
with	medium	 and	wide	 canopy	 trees	 increases	 the	 cooling	 effect	 by	 between	 5°C	 in	 the	
Mediterranean	climate	up	to	7°C	in	the	hyper	hot–arid	climate	and	is	therefore	an	effective	
cooling	 strategy.	 The	effect	of	 vegetation	on	 improving	human	 thermal	 sensation	 is	more	
significant	than	the	vegetation	cooling	itself	in	terms	of	air	temperature.	

Conclusions	

Most	of	the	studies	on	the	micro-climatic	effect	of	urban	vegetation	focused	on	the	cooling	
effect	of	urban	green	spaces	during	 the	hot	hours	of	 the	hot	season.	Recent	studies	have	
started	to	investigate	the	effect	of	different	vegetation	types	on	micro-climate	in	a	specific	
climatic	zone.	This	study	presents	a	new	concept	for	comparative	analysis	and	investigated	
the	effect	of	various	urban	vegetation	types	on	the	urban	micro-climate	in	different	climatic	
zones.	 The	 notable	 results	 of	 this	 study	 are:	 high	 and	 wide	 canopy	 trees	 have	 the	most	
pronounced	 cooling	 effect	 in	 comparison	 to	 the	other	 vegetation	 types	 and	 the	potential	
cooling	effect	is	more	pronounced	as	the	ambient	temperature	raises.	Planting	lawn	shaded	
by	medium	wide	canopy	trees	acts	is	an	effective	strategy	for	increasing	the	cooling	effect	
which	is	necessary	in	hot	climates.			

These	results	highlight	the	importance	of	planting	suitable	vegetation	in	each	climatic	
zone	 so	 that	 it	 can	 serve	as	a	 tool	 for	urban	heat	 island	mitigation	and	 improving	human	
thermal	comfort.	
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Abstract:	 Climate	 influences	a	building’s	performance	 to	an	 important	extent.	 In	order	 to	obtain	accurate	
estimates	 of	 energy	 consumption	 and	 thermal	 comfort	 in	 buildings,	 climate	 data	 should	 be	 accurately	
represented	 in	 building	 energy	models	 (BEM).	 Recent	 research	 proved	 that	 regional	 climate	models	 (RCM)	
better	represent	the	local	climate	than	coarser	global	climate	models	(GCM);	and	that	longer	periods	of	weather	
data	better	reflect	the	actual	situation	in	a	building	than	a	test	reference	year	(TRY).	This	paper	focuses	on	the	
comparison	between	30	year	high-resolution	climate	model	data	and	a	TRY	for	three	locations	in	Belgium.	The	
study	uses	recently	developed	high	resolution	(spatial	and	temporal)	climate	model	data	for	Flanders	for	the	
period	1975-2004.	The	comparison	highlights	the	differences	between	both	datasets	and	reveals	that	additional	
comparison	with	other	observational	data	is	needed.	The	analysis	presented	in	this	paper	is	part	of	a	broader	
study,	focussing	on	integrating	climate	change	models	in	energy	simulations	of	buildings.		

Keywords:	Building	energy	simulation,	Weather	data,	Climate	model	data,	Climate	resilient	building,	Extreme	
weather	events	

Introduction	

In	order	to	include	future	climate	projections	in	the	energy	and	comfort	analysis	of	buildings,	
in	the	overall	aim	to	support	climate	resilient	building,	a	good	representation	of	the	weather	
variation	over	the	life	span	of	a	building	is	required.	To	date,	building	energy	models	use	one-
year	weather	data	composed	of	the	most	representative	months	out	of	at	least	a	decade	of	
observational	data	(e.g.	Test	Reference	Year	or	Typical	Meteorological	Year)	(Levermore	et	
al.,	2002;	Lee	et	al.,	2010).	This	paper	focuses	on	the	Belgian	climate,	for	which	European	test	
reference	years	(further	abbreviated	as	TRY)	are	typically	used	(EC,	1985).	To	compose	a	TRY,	
the	most	representative	months	are	selected	from	the	available	observational	data	based	on	
the	 following	 parameters:	 temperature,	 radiation	 and	 relative	 humidity	 as	 primary	
parameters	and	wind	velocity	as	a	secondary	parameter	(Lee	et	al.,	2010).	The	approach	for	
composing	a	TRY	has	some	limitations.	Firstly,	only	a	few	meteorological	parameters	are	used	
to	select	the	representative	months	in	a	TRY	and	hence	inconsistencies	with	long-term	data	
might	occur	for	the	excluded	parameters.	Secondly,	in	the	observed	years	data	gaps	might	
exist	for	some	variables	or	periods	which	influence	the	overall	composition	of	the	TRY.		

In	the	context	of	climate	resilient	buildings,	it	is	furthermore	important	to	note	that	TRY	
data	 represent	 the	 long-term	datasets	 it	 is	 based	on.	 TRY	 are	hence	 suited	 to	be	used	 in	
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building	energy	simulations	(further	abbreviated	as	BEM)	to	obtain	the	average	performance	
of	 the	 building	 over	 longer	 periods.	 A	 TRY	 does	 not	 intend	 to	 represent	 the	 variation	 in	
weather	events	and	hence	other	weather	data	are	required	if	the	aim	is	to	investigate	the	
influence	of	weather	variation	on	the	building	performance.	Promising	in	this	context,	are	the	
convection	 permitting	 models	 (further	 abbreviated	 as	 CPM)	 which	 have	 been	 recently	
developed	based	on	the	approach	of	Brisson	et	al.	(2016)	and	Wouters	et	al.	(2016).	CPMs	are	
available	for	longer	periods	of	time	representing	the	meteorological	events	for	that	period	
and	 are	 extractable	 at	 a	 high-resolution	 both	 temporal	 and	 spatial.	 These	 models	 are	
dynamically	 downscaled	 from	 General	 Circulation	Models	 (GCMs),	 which	 provide	 climate	
information	on	the	global	scale.	The	advantages	of	this	downscaling	are:	(1)	a	more	detailed	
representation	of	the	climate	change	signal;	(2)	an	improvement	in	the	model	performance	
(Prein	et	al.,	2015),	e.g.	clouds	and	heavy	precipitation	are	better	represented	(van	Lipzig	et	
al.,	2006;	Brisson	et	al.,	2016);	and	 (3)	an	explicit	 representation	of	 the	urban	heat	 island	
effect.	The	latter	is	crucial	for	the	analysis	of	heat	stress	in	buildings	located	in	urban	areas	
(Wouters	 et	 al.,	 2013,	 2016).	 The	 CPM	 model	 is	 optimised	 regarding	 temperature	 and	
precipitation.	 Therefore	 it	 could	 be	 possible	 that	 additional	 corrections	 for	 other	
climatological	 variables	 are	 needed	 based	 on	 observational	 data	 for	 different	 weather	
stations	in	Belgium	to	correct	biases.	

This	paper	reports	a	first	attempt	to	couple	high-resolution	CPM	and	BEMs.	The	main	
focus	lies	on	the	calculations	needed	to	convert	the	CPM	to	the	weather	data	files	used	in	
BEMs.	In	order	to	gain	insight	in	the	quality	of	the	data,	the	30	year	CPM	data	are	compared	
with	the	TRYs	used	in	Belgium	(respectively	Ostend,	Brussels	and	Saint	Hubert).	

Methodology	

Sources	of	meteorological	data	

For	Belgium	three	European	TRY	are	available.	A	first	one	is	representative	for	the	sea	side	
(Ostend),	one	for	the	central	part	of	the	country	(Brussels)	and	one	for	the	southern	part	of	
the	country	(Saint	Hubert).	Based	on	the	TRY	files,	the	TRY	for	Ostend	and	Brussels	are	at	least	
based	on	observations	between	1983	and	1999.	For	Saint	Hubert	the	data	are	at	least	based	
on	observations	between	1982	and	1992.	It	is	expected	that	a	longer	period	of	observations	
is	used	to	compose	the	TRY,	but	based	on	the	available	information	the	exact	period	is	not	
known.	

Secondly,	 a	 CPM	 set	 with	 a	 horizontal	 grid	 spacing	 of	 2.8	 km	 is	 available	 from	 the	
Regional	Climate	Studies	Group.	This	dataset	is	a	COSMO-CLM1	model	driven	by	a	scenario	of	
the	KNMI2	(resolution	of	125	km)	which	is	dynamically	downscaled	to	a	regional	scale	(12	km	
resolution)	 in	 a	 first	 step	 and	 in	 a	 second	 step	 to	 a	 convection-permitting	 scale	 (2.8	 km	
resolution)	(IPCC,	2014;	Jacob	et	al.,	2014;	Prein	et	al.,	2015;	Brisson	et	al.,	2016).	The	scenario	
chosen	is	one	of	the	16	EC-Earth	members	specified	for	the	RCP8.5	scenario	which	has	the	
most	median	 climate	 change	 signal	 regarding	 temperature,	 precipitation	 and	widespread	
circulation	patterns	for	Belgium	(Hazeleger	et	al.,	2010;	IPCC,	2013).	Model	simulations	have	
been	carried	out	for	the	present-day	(1975-2004)	and	for	the	end-of-the-century	(2069-2099)	
representing	the	meteorological	events	for	that	period.	As	the	aim	of	this	paper	is	to	explore	
how	to	couple	these	CPMs	with	BEMs,	only	the	present-day	dataset	is	used	in	this	study.	A	
similar	approach	can	however	be	used	for	the	end-of-the-century	dataset.	To	explore	how	

1	COnsortium	of	Small	Scale	MOdelling-	Community	Land	Model	
2	Royal	Netherlands	Meteorological	Institute	
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CPMs	can	be	coupled	with	BEMs,	the	CPM	is	compared	with	the	TRY	(as	the	latter	is	typically	
used	in	BEMs).	For	this	comparison,	thirty	year	hourly	data	are	extracted	from	the	CPM	for	
the	three	locations	in	Belgium	for	which	a	TRY	is	available.	Before	the	comparison	of	weather	
data	was	possible,	some	adaptations	to	the	CPM	were	needed.	This	is	further	explained	in	the	
subsequent	section.	

Calculation	method	 for	 the	 integration	 of	 high-resolution	 climate	model	 data	 in	 energy	
simulations	

Some	of	the	meteorological	variables	used	in	the	CPM	and	the	TRY	differ	from	each	other	(see	
Table	1).	Firstly,	units	often	differ	between	both	sources.	Secondly,	some	of	the	variables	used	
in	the	energy	simulations	(TRY)	are	not	included	as	such	in	the	variables	in	the	CPM	and	need	
additional	calculation	steps.	These	calculations	are	discussed	in	the	following	paragraphs.	

	
Table	1:	Weather	variables	used	in	the	CPM	(climate	model)	and	TRY	(for	Building	Energy	Simulations)	

	
	 CPM	 TRY	
Temperature	 • 2-meter	temperature	[K]	

	
• Dry	bulb	temperature	[°C]	
• Dew	point	temperature	[°C]	

Humidity	 • 2-meter	specific	humidity	[-]	 • Relative	humidity	[%]	
• Dew	point	temperature	[°C]	

Pressure	 • Surface	pressure	[Pa]	 • Atmospheric	pressure	[Pa]	
Radiation	 • Downward	 long	 wave	 surface	

radiation	[W/m²]	
• Downward	 short	 wave	 surface	

radiation	 (direct	 &	 diffuse)	
[W/m²]	

	

• Horizontal	 infrared	 radiation	
intensity	from	sky	[Wh/m²]	

• Direct	 normal	 radiation	
[Wh/m²]	

• Diffuse	 horizontal	 radiation	
[Wh/m²]	

Precipitation	 • Precipitation	[kg/m²s]	 • Present	weather	code	[-]	or	
the	Liquid	precipitation	depth	
[mm]	

Wind	 • 10-meter	U	(East)	wind	[m/s]	
• 10	meter	V	(North)	wind	[m/s]	

• Wind	speed	[m/s]	
• Wind	direction	[degrees]	

	 	 	
	

Humidity	and	temperature	related	calculations	
For	 the	energy	simulations	 the	dew	point	 temperature	should	be	calculated	based	on	 the	
available	variables	in	the	climate	model.	To	calculate	the	dew	point	temperature,	the	relative	
humidity	 should	be	 calculated	based	on	 the	 temperature,	 pressure	 and	 specific	 humidity.	
These	calculations	are	shown	in	equation	(1)	and	(2)	(Lawrence,	2005).	
	

𝑇" = 𝑇 1 −
𝑇 ln 𝑅𝐻

100
𝐿
𝑅,

	 (1)	

	 𝑅𝐻 =
𝑒
𝑒.
=

𝑝 ∗ 𝑆𝐻	

0,622 ∗ 𝑒.,6 ∗ 𝑒𝑥𝑝 − 𝐿
𝑅,
	 1𝑇 −

1
𝑇6

	 (2)	

With	
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𝑇" 	 Dew	point	temperature	 K	
T	 Dry-bulb	temperature	 K	
RH	 Relative	humidity	 -	
L	 The	condensation	heat	 2.5	 ∙ 10;	J/kg	
𝑅,	 Specific	gas	constant	for	water	vapour	 461.5	J/kg	K	
e	 Vapour	pressure	 Pa	
𝑒.	 Saturated	vapour	pressure	 Pa	
𝑒.,6	 Saturated	vapour	pressure	at	𝑇6	 611	Pa	
SH	 Specific	humidity	 -	
𝑇6	 	 273.16	K	

	

Radiation	related	calculations	
The	CPM	gives	the	downward	long	wave	surface	radiation	and	downward	short	wave	surface	
radiation	 as	 output.	 The	 latter	 can	 be	 divided	 into	 direct	 and	 diffuse	 radiation.	 A	 first	
parameter	needed	in	the	TRY	is	the	horizontal	infrared	radiation	intensity	from	the	sky	which	
can	be	obtained	from	the	downward	long	wave	surface	radiation	by	a	unit	conversion	([W/m²]	
to	 [Wh/m²]).	 A	 similar	 unit	 conversion	 is	 needed	 between	 the	 diffuse	 component	 of	 the	
downward	short	wave	surface	radiation	and	the	diffuse	horizontal	radiation.	To	calculate	the	
direct	normal	 radiation	 (DNR)	 the	direct	 component	of	 the	downward	 short	wave	surface	
radiation	(DSWR)	from	the	CPM	and	the	zenith	angle	(see	equation	(4))	are	needed	(Goswami	
et	 al.,	 2015).	 To	 calculate	 the	 latter,	 some	 additional	 variables	 such	 as	 the	 declination	
(equation	(5))	and	solar	hour	angle	(equation	(6))	are	needed.	
	 𝐷𝑁𝑅 = 𝐷𝑆𝑊𝑅/ cos 𝜗	 (3)	
with	 cos 𝜗 = sin𝜑 sin 𝛿 + cos𝜑 cos 𝛿 cos ℎ.	 (4)	
with	 𝛿 = −23.45 ∗ cos	(360 ∗ ((10 + 𝑛))/365)	 (5)	
	 ℎ. = 15°/ℎ ∗ ℎ𝑜𝑢𝑟𝑠	𝑓𝑟𝑜𝑚	𝑙𝑜𝑐𝑎𝑙	𝑠𝑜𝑙𝑎𝑟	𝑛𝑜𝑜𝑛 	 (6)	
With	

𝜗	 Zenith	angle	 °	
𝜑	 Latitude	 °	
𝛿	 Declination	 °	
h	 Solar	hour	angle	 °	
𝑛	 Day	of	the	year	 -	

ℎ𝑜𝑢𝑟	 Hour	of	the	day	 h	
	

Precipitation	related	calculations	
The	TRY	provides	a	code	for	the	present	weather	code	consisting	of	nine	numbers	(EnergyPlus,	
2016).	The	second	and	third	number	provide	information	about	the	occurrence	of	rain	and	
gives	a	range	of	the	expected	rain	intensity	for	each	category	(light,	moderate	or	heavy).	The	
CPM	provides	more	detailed	information,	i.e.	the	amount	of	precipitation	per	hour.	As	the	
CPM	data	are	more	accurate,	these	will	be	converted	regarding	units	([kg/m²s]	to	[mm])	and	
will	be	incorporated	in	the	weather	data	files	as	liquid	precipitation	depth.	
	

Wind	related	calculations	
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Within	the	climate	models,	the	wind	speed	is	divided	into	two	variables,	i.e.	the	U	(eastward)	
and	V	(northward)	direction.	Based	on	their	sign	and	value,	the	total	wind	velocity	and	wind	
direction	is	calculated	using	elementary	geometry.	
	

Results	and	Discussion	

After	the	above	necessary	translations,	the	30	year	CPM	dataset	can	be	compared	with	the	
TRY	 on	 monthly	 basis	 for	 the	 three	 locations.	 This	 comparison	 provides	 insight	 in	 the	
(in)differences	 between	 both	 datasets	 for	 the	 various	 meteorological	 variables.	 The	
comparison	moreover	investigates	if	similar	conclusions	can	be	drawn	for	the	three	locations.	
For	both	the	CPM	and	TRY	the	monthly	mean	values	are	calculated	for	each	variable	based	
on	the	NBN	EN	ISO15927-1:	2005.	From	these	monthly	mean	values,	the	average	monthly	
mean	is	calculated	for	the	30	year	dataset	as	well	as	the	maximum	and	minimum	values	to	
study	the	variation.	The	following	weather	parameters	are	discussed:	temperature,	relative	
humidity,	dew	point	temperature,	radiation,	wind	velocity,	pressure	and	precipitation.		

Temperature	

The	monthly	mean	temperature	of	the	TRY	and	CPM	reveal	a	good	fit	(see	Figure	1	for	Ostend).	
A	 good	 fit	was	 expected	 as	 temperature	 is	 one	 of	 the	 primary	 parameters	 considered	 to	
determine	the	TRY.	Some	deviations	between	both	datasets	are	nevertheless	noticed.	For	
Ostend,	inconsistencies	are	noticed	for	January	and	December,	with	higher	temperatures	in	
the	TRY.	For	Saint-Hubert,	the	temperature	is	lower	in	the	TRY	for	April	while	for	Brussels,	a	
small	peak	is	noticed	for	July	in	the	TRY	which	is	not	the	case	in	the	CPM.	These	inconsistencies	
should	be	further	compared	with	additional	observational	data	from	the	weather	stations	to	
define	the	underlying	reason.	As	temperature	is	a	primary	parameter	for	the	TRY,	also	the	
effect	of	a	bias	correction	on	the	CPM	dataset	needs	to	be	further	investigated	as	well	as	the	
influence	of	such	a	correction	on	the	BEMs.	

The	range	of	the	30	year	CPM	dataset	furthermore	show	the	variation	on	the	monthly	
mean	 temperatures	 over	 30	 years.	 As	 this	 range	 is	 quite	 large,	 this	 confirms	 that	 such	 a	
weather	variation	over	the	years	is	important	to	consider	when	aiming	at	designing	robust	
buildings.	

	
Figure	1	Monthly	mean	temperatures	for	TRY	and	30	year	CPM	for	Ostend	
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Radiation	

Although	radiation	is	one	of	the	primary	parameters	for	the	composition	of	the	TRY,	the	direct	
radiation	in	the	30	year	CPM	and	the	TRY	correspond	poorly.	For	Brussels	(see	Figure	2),	the	
TRY	however	falls	for	the	majority	of	the	months	-	except	from	winter	-	within	the	range	of	
the	30	year	CPM.	The	direct	radiation	in	the	TRY	shows	a	plunge	in	June.	For	Ostend,	the	TRY	
rather	follows	the	upper	 limit	of	the	30	year	CPM	and	has	a	dip	 in	March.	 In	case	of	Saint	
Hubert,	the	yearly	evolution	is	rather	erratic	and	the	exceedance	of	the	30	year	CPM	by	the	
TRY	is	higher	than	for	Ostend	or	Brussels.	

Two	remarks	are	made	for	these	observations.	Firstly,	the	plunges	identified	were	not	
expected	 to	 this	extent	as	 radiation	 is	a	primary	parameter	 in	TRY	approach.	 It	 should	be	
further	investigated	whether	the	TRY	method	could	be	optimised	to	exclude	these	plunges.	
The	use	of	a	CPM	dataset	might	be	a	potential	way.	Secondly,	 further	 research	about	 the	
optimization	of	the	30	year	CPM	dataset	regarding	radiation	is	needed	as	a	bias	error	could	
explain	why	the	TRY	exceeds	the	CPM	range	during	winter.	Therefore	additional	observations	
of	different	weather	stations	will	be	used.	Nevertheless,	it	is	expected	that	even	with	a	model	
correction,	the	TRY	for	Saint	Hubert	will	still	exceed	the	30	year	range.	

Regarding	long	wave	radiation	and	short	wave	diffuse	radiation	a	good	correspondence	
is	noticed.	However	the	short	wave	diffuse	radiation	in	the	TRY	slightly	exceeds	the	30	year	
CPM	during	summer.	Further	comparison	with	additional	observational	data	is	required.	

	
Figure	2	Monthly	mean	direct	normal	radiation	for	TRY	and	30	year	CPM	for	Brussels	

	

Humidity	related	parameters	

Relative	 humidity	 is	 the	 third	 and	 last	 primary	 parameter	 used	 when	 composing	 a	 TRY.	
Deviations	are	identified	between	the	mean	values	in	the	TRY	and	average	30	year	CPM.	This	
could	be	caused	by	the	fact	that	TRY	is	not	solely	based	on	relative	humidity	but	on	various	
parameters	and	by	the	fact	that	a	representative	year	does	not	necessarily	equal	a	30	year	
average.	Nevertheless,	it	was	expected	that	the	monthly	mean	relative	humidity	of	the	TRY	
would	fall	within	the	range	of	the	30	year	CPM	dataset.	This	is	the	case	for	Brussels,	while	for	
Saint	Hubert	the	TRY	exceeds	the	range	partially	and	for	Ostend	it	even	completely	exceeds	
the	30	year	range.	Furthermore	the	CPM	shows	 less	variability	 than	the	TRY	 in	the	spatial	
pattern.	It	is	important	to	note	that	the	CPM	dataset	is	only	optimised	for	temperature	and	
precipitation	and	might	not	be	well	representing	humidity.	From	the	information	available	it	
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is	not	clear	how	the	relative	humidity	values	for	the	TRY	are	obtained	(calculated	or	measured)	
and	hence	also	these	values	might	not	be	well	representing	reality.	

Similar	conclusions	can	be	drawn	for	the	dew	point	temperature	as	this	 is	calculated	
based	on	the	relative	humidity.		

Wind	velocity	

Wind	velocity	is	a	secondary	parameter	for	the	selection	of	a	representative	month	in	the	TRY.	
Only	the	third	best	ranked	months	for	temperature,	radiation	and	humidity	are	compared	
with	the	mean	value	for	wind	speed	in	the	TRY	(Lee	et	al.,	2010).	It	is	therefore	expected	that	
the	wind	velocity	in	the	TRY	is	rather	erratic.	Rather	aberrant	are	the	values	exceeding	the	30	
year	 CPM	 range.	 The	 small	 exceedances	 of	 0.5	 m/s	 in	 Saint	 Hubert	 during	 summer	 will	
probably	fit	in	the	range	of	the	CPM	when	a	correction	based	on	observational	data	would	be	
applied	to	CPM.	However	a	plunge	is	noticed	for	Brussels	in	May,	with	a	difference	of	1.5m/s	
to	the	 lower	 limit	of	the	30	year	CPM	range.	Comparison	between	the	TRY	and	additional	
observational	data	are	needed	to	conclude	whether	there	are	could	have	been	problems	with	
the	measurement	devices.	

Precipitation	

As	the	TRY	only	has	a	code	for	precipitation,	a	conversion	into	an	amount	of	precipitation	is	
needed	 based	 on	 the	 ranges	 given	 in	 EnergyPlus	 documentation	 (EnergyPlus,	 2016).	 In	
consequence	of	the	ranges	given,	an	average,	minimum	and	maximum	monthly	precipitation	
were	generated.	 In	this	way	 it	seems	that	the	TRY	 is	able	to	account	for	more	but	smaller	
events,	but	that	the	code	is	not	able	to	represent	heavy	rain	events	while	the	30	year	CPM	
dataset	does	allow	this.	The	importance	of	these	extreme	rain	events	on	a	building	level	needs	
to	be	further	investigated	with	the	outlook	to	the	importance	of	rain	towards	urban	climate	
change	adaptation.	

Pressure	

The	TRY	fits	for	most	of	the	cities	and	months	in	the	range	of	the	30	year	CPM	dataset	with	
exception	 from	 Saint	 Hubert	 during	 the	 summer	 months	 even	 though	 pressure	 is	 not	 a	
parameter	considered	in	the	TRY	approach.	The	TRY	needs	to	be	compared	with	observational	
data	as	well	as	should	the	CPM	dataset	be	compared	with	it.	

	

Conclusion	

In	this	paper	a	comparison	is	made	between	the	TRY	and	a	30	year	CPM	dataset	for	three	
locations	 in	 Belgium	 (Brussels,	 Ostend	 and	 Saint	 Hubert).	 Overall,	 the	 TRY	 approach	
represents	 well	 the	 mean	 trends.	 Based	 on	 this	 comparison,	 it	 is	 described	 for	 which	
parameters	the	TRY	is	questionable	and	where	further	comparison	with	observational	data	
are	needed	as	well	as	where	the	30	year	CPM	dataset	needs	this	comparison.	This	is	mainly	
needed	 for	 direct	 radiation	 and	 humidity.	 This	 study	 moreover	 showed	 the	 range	 of	
meteorological	parameters	over	a	30	year	period,	which	is	not	possible	with	a	TRY.	

Concerning	 future	 research,	on	 the	 short-term	both	datasets	will	 be	 compared	with	
observational	data.	Furthermore	the	discrepancies	identified	will	be	further	investigated	and	
suggestions	for	model	adaptations	will	be	formulated.	On	the	long-term	it	will	be	investigated	
how	the	TRY	approach	could	be	improved	to	use	in	BEMs	considering	the	current	and	future	
climate	prospective.	
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Abstract:	By	the	end	of	2017,	more	than	300	cities	in	China	are	required	to	develop	and	finish	their	urban	wind	
corridor	plan	assigned	by	the	central	government.	However,	given	the	limited	time	and	resources,	this	turns	out	
to	be	a	big	challenge	for	city	governments.	Firstly,	the	paper	reviews	the	environmental	problems	caused	by	fast	
urbanization	in	the	past	half	a	century	to	understand	urbanization’s	impact	on	local	urban	climatic	conditions.	
Secondly,	 for	 a	 better	 understanding	of	 the	public’s	 concerns	 and	 social	 needs,	 relevant	 news	 articles	 from	
Wisenews	Database	are	investigated	and	analyzed.	Thirdly,	a	review	on	relevant	policy	documents,	action	plan,	
and	guidelines	is	conducted	to	understand	the	political	task	and	practice	requirement,	which	is	the	basis	of	the	
implementation	 mechanism	 of	 wind	 corridor	 plan.	 Fourthly,	 both	 governmental	 consultancy	 projects	 and	
research	projects	are	reviewed	to	summarize	the	methods	and	implementation	of	urban	wind	corridors	into	the	
urban	planning	systems	in	Chinese	cities.	Finally,	learnt	lessons	and	existing	implementation	problems	will	be	
discussed	and	summarized.	The	paper	will	provide	an	insight	into	China’s	urban	wind	corridor	plan	for	a	more	
comprehensive	understanding	of	the	limitations	and	problems	of	current	projects	and	studies	in	Chinese	cities.		

Keywords:	urban	ventilation	assessment,	wind	corridor,	urban	planning,	Chinese	cities	

Introduction	

Since	 1978,	 China	 has	 been	 dramatically	 developed	 and	 urbanized.	 It	 is	 not	 doubt	 that	
Chinese	people’s	living	standard	have	been	improved	a	lot.	However,	behind	a	mythic	high-
speed	economic	growth	over	last	30	years,	her	environmental	conditions	have	been	changed	
a	lot	or	even	deteriorated.	According	to	the	report	published	by	Asian	Development	Bank	in	
2012,	one-seventh	of	China	suffers	haze	events,	heavy	air	pollution	and	intensified	urban	heat	
island	problems	(Zhang	and	Crooks,	2012).	Thus,	urban	ventilation	assessment	has	become	a	
matter	of	great	concern	among	the	general	public,	planners	and	both	the	central	and	local	
governments	 in	 China.	 Urban	 wind	 corridor	 plan	 is	 considered	 an	 effective	 measure	 for	
climate	change	adaptation	and	eco-planning	by	the	Central	Government	of	China.	By	the	end	
of	2017,	more	than	300	cities	in	China	are	required	to	develop	and	finish	their	urban	wind	
corridor	 plan	 assigned	 by	 the	 central	 government.	 However,	 given	 the	 limited	 time	 and	
resources,	this	turns	out	to	be	a	big	challenge	for	city	governments.		Thus,	there	is	an	urgent	
need	for	a	critical	overview	of	the	problem	and	challenges	in	Chinese		
cities’	 urban	 ventilation	 assessment	 and	 their	 urban	 wind	 corridor	 plan,	 so	 the	 feasible	
strategies	of	science-policy	implications	can	be	developed	accordingly.		
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Current	Environmental	Issues	

Generally,	 air	 temperature	 has	 gradually	 increased,	 urban	 wind	 speed	 in	 general	 has	
decreased.	It	cause	more	calm	wind	situations.	Due	to	high	air	pollution	emission	from	heavy	
industry	and	also	coal	burning,	especially	in	winter	time,	heavy	air	pollution	and	haze	events	
turns	to	be	more	often.	All	these	affects	public	health	directly	and	indirectly.	

Temperature	

According	 to	 local	weather	 records,	Figure	1a	shows	a	spatial	distribution	map	of	average	
annual	temperature	anomaly	of	China	between	1951	and	2001	(Ren	et	al,	2005).	A	prominent	
temperature	rise	can	be	found	from	the	mid-1980s	(Ren	et	al,	2005).	Latest	research	results	
show	that	actually	44%	of	temperature	rise	is	contributed	by	urban	heat	island	(Yang	et	al,	
2011).	

Wind	environment	

Figure	1b	shows	a	spatial	distribution	map	of	annual	wind	speed	anomaly	of	China	between	
1951	and	2001	(Ren	et	al,	2005).	Apart	from	some	minor	parts,	especially	major	northwest	
areas,	 Inner	Mongolia	areas,	 central	 and	 southern	part	of	northeast	areas,	 and	as	well	 as	
central	part	of	mainland	China	experienced	decreasing	wind	speed	situation	between	1956	
to	2002	(Ren	et	al,	2005).	It	can	expected	that	wind	environment	of	urbanized	areas	is	getting	
worse	in	these	parts	of	China.	

	

	 	
Figure	1a.	Average	annual	temperature	anomaly	of	

China	(1951-2001)	(Ren	et	al,	2005)	
Figure	1b.	Annual	wind	speed	anomaly	of	China	

(1956-2001)	(Ren	et	al,	2005)	
	

	
Figure	2a.	Numbers	of	haze	events	per	year	(1960–2010)	(pink	line:	numbers	of	haze	events	per	year	(1960–2010);	
black	thick	dash	line:	average	value	(1981–2010);	pink	dash	link:	linear	trend	over	1960–2010	(Sun	et	al,	2014)	
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Figure	2b.	Spatial	distribution	maps	of	visibility	distance	in	Chinese	cities	for	4	periods	(1961–1965,	1971–

1975,	1991–1995,	2001–2005)	(CAE	and	MEP,	2011)	

Haze	events	

Due	 to	 fast	 urbanization,	 apart	 from	 the	 landscape	 transformation,	 the	 associate	 human	
activities	 especially	 industry	 have	 modified	 cities’	 urban	 meteorological	 and	 climatic	
conditions.	From	Figure	2a,	it	shows	a	linear	trend	of	increasing	numbers	of	haze	events	per	
year	from	1960	to	2010	(Sun	et	al,	2014).	Recent	studies	also	demonstrate	that	haze	events	
happen	 mostly	 in	 winter	 and	 spring	 seasons,	 especially	 from	 2000,	 there	 has	 been	 an	
explosive	growth.	For	some	extreme	haze	cases,	affected	areas	was	about	up	to	15%	of	land	
areas	in	China	(Wu	et	al,	2014)	and	the	visibility	distance	can	be	reduced	to	less	than	1km	
(Wu,	2011).	

Visibility	Distance	

According	 to	 the	 report	 by	 China	 Academy	 of	 Engineering	 and	Ministry	 of	 Environmental	
Protection	of	China,	it	concluded	there	is	a	worsen	trend	of	mixed	air	pollution	situation	in	
Chinese	cities	and	regions	over	past	half	century	based	on	local	weather	records	(Figure	2b)	
(CAE	and	MEP,	2011).	From	Figure	2b,	it	seems	that	higher	urbanized	areas	are	coincidently	
associated	with	a	shorter	visibility	distance.		

Review	on	Media	and	News	Articles	

Since	people	in	mainland	China	breathe	such	heavy	polluted	air,	what	is	public	concern	and	
is	there	any	social	engagement?	It	is	needed	to	explore	through	reviewing	historical	media	
reports	 and	 news	 articles.	 According	 to	 the	 database	 of	 Wisenews	 (01/01/1998	 to	
01/04/2016),	Chinese	news	articles	relevant	to	wind	corridor	have	been	searched.		
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Figure	3a.	Annual	numbers	of	relevant	news	
articles	(01/01/2000-01/04/2016)	

Figure	3b.	Numbers	of	new	articles	on	4	main	thematic	
topics	(Column	1:	haze/air	pollution;	Column	2:	urban	

heat	island;	Column	3:	green	belt/green	
corridor/artificial	woodland;	Column	4:	ecological	

corridor/ecological	pathway)	
	

Figure	3a	shows	annual	numbers	of	relevant	news	articles	(01/01/2000-01/04/2016).	It	
found	that	from	2000	to	2012	yearly	numbers	are	stable	and	relatively	small	and	turning	point	
is	happened	in	2013.	Probably	there	are	two	reasons:	1)	 in	Jan	2013,	there	was	a	national	
heavy	air	pollution	event	heavily	 reported	by	mainland	media	which	 caused	a	high	public	
attention;	2)	from	2013,	the	updated	air	quality	index	calculation	includes	PM2.5	data	and	
also	both	2013	and	2014	Report	on	the	State	of	the	Environment	in	China	introduce	haze,	
urban	 air	 quality	 and	 also	 officially	 release	 various	 air	 pollutants’	 concentration	 data	 and	
other	relevant	information	to	the	public.	

However,	in	those	news	articles	about	wind	corridor	there	are	four	main	thematic	topics:	
1)	haze/air	pollution;	2)	urban	heat	island;	3)	green	belt/green	corridor/artificial	woodland;	
and	4)	ecological	 corridor/ecological	pathway.	 It	 found	 that	due	 to	 frequent	 reprints,	one	
news	article	or	similar	content	can	be	repeated	again	and	again	not	only	in	different	media,	
but	also	in	different	years.	This	also	potentially	cause	public	misunderstandings	about	urban	
ventilation	 and	 air	 pollution,	 and	 as	 well	 as	 about	 wrong	 concept	 and	 function	 of	 wind	
corridor.	Consequently	these	 lead	to	a	social	argument	among	the	public,	researchers	and	
government	on	wind	corridor	and	relevant	implementation	strategies.		

Review	on	Policy	and	Official	Documents		

Premier	Xi	 Jinping	 in	his	opening	address	at	 the	Asia-Pacific	Economic	Cooperation	 (APEC)	
November	2014	meeting	in	Beijing	reminded	delegates	of	Beijing’s	air	pollution	and	urban	
climate	problems.	He	hoped	that,	as	part	of	his	“Chinese	dream”,	one	day	China	will	see	“blue	
sky,	green	mountains	and	clean	water”.	The	directive	set	off	a	chain	reaction.			

The	 address	 was	 preceded	 by	 the	 National	 Plan	 on	 Climate	 Change	 2014–2020	
published	in	September	2014	(NDRC,	2014).	The	paper	mentions,	for	the	first	time,	policies	
related	to	urban	climate	and	urban	living.	Keywords	such	as	urban	heat	 island,	heat	stress	
prevention,	building	design,	transportation	planning,	open	space	provision,	urban	greenery,	
and	water	body	have	been	included.	

Almost	 immediately	 after	 Xi’s	 address,	 China	 finally	 passed	 its	 2009	 draft	 Design	
Standard	 for	 Thermal	 Environment	 of	 Urban	 Residential	 Areas	 (Ministry	 of	 Housing	 and	
Urban-Rural	Development	[MOHURD],	2013).	It	specifies	that	the	urban	heat	island	effect	will	
be	limited	to	1.5°C.	

In	 May	 2015,	 the	 2011	 draft	 Technical	 Specifications	 for	 Climatic	 Feasibility	
Demonstration	in	Urban	Master	Plan	by	the	China	Meteorological	Administration	was	passed	
(CMA,	2015).	As	a	major	basis	of	city	planning,	the	document	mentions	the	need	to	calculate	
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and	quantify	human	thermal	comfort,	air	pollution	index,	urban	heat	island	intensity,	mixing	
height,	and	so	on.	

In	 June	 2015,	 the	 Ministry	 of	 Housing	 and	 Urban–Rural	 Development	 (MOHURD)	
published	a	draft	policy	paper	titled	National	City	Environmental	Protection	and	Development	
Policies	(MOHURD,	2015).		It	highlights	the	importance	of	Xi’s	“blue	sky,	green	mountains	and	
clean	 water”.	 The	 key	 strategies	 are	 “urban	 wind	 corridors”	 and	 “urban	 greening”.	 It	
recommends	that	China’s	major	cities	–	and	there	are	291	of	them	–	need	to	complete	their	
Greening	Masterplan	and	Air	Corridor	Masterplan	by	2017.	 	Dovetailing	urban	climate	and	
climate	change	considerations,	the	MOHURD’s	paper	was	followed	by	a	joint	MOHURD/NDRC	
paper	in	February	2016	on	Climate	Change	Adaptation	Action	Plan	for	Cities	(MOHURD	and	
NDRC,	2016).	It	requires	results	to	be	realised	by	the	local	governments	of	30	key	cities.	

National	 City	 Environmental	 Protection	 and	 Development	 Policies	 (MOHURD,	
2015)stipulates	 that	 city	 officials	 and	 planners	 need	 to	 take	 on	 the	 city’s	 air	 ventilation	
corridor	planning	 seriously.	 	Work	must	 include	 (A)	 an	 investigation	of	 the	 city’s	 air	mass	
movement	and	its	clean	air	sources,	(B)	a	mapping	of	the	air	ventilation	functions	of	its	green	
spaces,	 (C)	 an	 understanding	 of	 the	 city’s	 urban	 heat	 island	 characteristics,	 (D)	 an	
understanding	 of	 the	 city’s	 urban	 air	 temperatures,	 and	 so	 on.	 Based	 on	 the	 above	
understandings,	the	city	officials	and	planners	must	develop	a	strategic	plan	for	the	layout	of	
the	city’s	air	corridors	and	a	conservation	plan	of	its	green	spaces.	

The	MOHURD	policy	document	requires	the	above	to	be	achieved	by	all	district	level	
cities	by	2017.	The	document	highlights	three	mega-areas:	the	Beijing	region,	the	Shanghai	
region	 and	 the	 Pearl	 River	Delta	 region.	 The	 cities	within	 these	 three	 regions	 need	 to	 be	
considered	 together.	 To	 do	 that,	 mesoscale	 studies	 covering	 an	 area	 with	 a	 radius	 of	 a	
hundred	kilometers	must	first	be	needed.	Initial	studies	have	been	conducted	(Meng	et	al,	
2011;	Miao	et	al,	2009;	Sang,	2012;	Zhang	et	al,	2010).	 	These	and	many	others	 to	 follow	
would	provide	the	needed	atmospheric	boundary	conditions	for	further	fine	scale	studies	that	
would	provide	useful	data	for	policy	makers	and	planners	operating	at	the	city,	district	urban	
and	neighbourhood	scales	of	development	planning	(Wang	et	al,	2013a;	Wang	et	al,	2013b).	

The	initiative	for	the	Chinese	Government	moving	towards	planning	its	cities	based	on	
climate	and	urban	climatic	knowledge	is	further	demonstrated	by	the	publication	of	Technical	
specifications	 for	 climatic	 feasibility	 demonstration	 in	 urban	 master	 plan	 (Beijing	
Meteorological	 Office,	 2015).	 The	 guideline	 highlights	 a	 number	 of	 considerations	 for	
planners	at	the	master	planning	and	urban	planning	scales	of	development.	Meteorological	
data	needed	includes	wind	speeds	and	directions,	air	temperature,	humidity,	short	wave	and	
longwave	 radiations.	 Demographical	 data,	 planning	 and	 urban	 morphological	 data,	
anthropogenic	heat	data,	as	well	as	air	pollution	data	are	also	needed.	The	human	thermal	
comfort	model	is	used	to	evaluate	the	model	simulation	results,	and	various	planning	options	
would	then	be	compared.	

Another	yet-to-be	drafted	guideline	by	MOHURD,	which	is	still	at	the	consultation	stage	
(as	of	June	2016),	tentatively	titled	“Green	Eco-city	and	Building	Design	Guideline”	provides	
further	guidance	to	planners	and	architects.	The	guidelines	hope	to	bridge	understandings	of	
urban	heat	 island	 at	 the	urban	 scale	 and	 the	building	design	 and	 system	design	 scales	 of	
property	development.	

Local	Government	Reports	and	Academic	Research	Projects		

Based	 on	 the	 collection	 of	 local	 governmental	 reports,	 academic	 papers	 and	 published	
Chinese	journal	papers	from	2002	to	2016,	it	found	that	there	are	about	63	urban	ventilation	
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projects	for	36	cities	and	regions	and	17	provinces	in	China.	About	2/3	is	academic	studies	
and	the	rest	are	governmental	consultancy	projects.	Since	2013,	numbers	of	studies	has	been	
increased	dramatically	(Figure	4a).	At	the	same	time,	cities	or	regions	with	higher	economic	
condition	are	more	eager	to	conduct	such	kind	of	projects	and	very	often	initiated	by	local	
government.		
	

	 	
Figure	4a.	Annual	numbers	of	projects	on	wind	corridor	

in	China	(01/01/2000-31/12/2015)	

Figure	4b.	The	distribution	map	of	urban	wind	
corridor	studies	

	

Discussion	and	Conclusion	

Although	literature	shows	around	the	late	1970s	to	the	early	1980s,	some	meteorologists	and	
geographers	called	for	an	implementation	of	wind	direction	and	air	pollution	consideration	
into	urban	planning,	with	fast	urbanization,	in	fact	real	applications	and	considerations	are	
limited	 and	 very	 often	 planners	 and	 government	 officials	 totally	 ignored	 urban	 climatic	
elements	and	environmental	factors	in	urban	development.	Thus,	for	future	studies	on	urban	
ventilation	assessment	and	implementation	of	wind	corridor	plan,	it	is	suggested:		

1)	scientific-based	and	data-supported	planning	is	needed;		
2)	cross-disciplinary	collaboration	is	encouraged	inter	government;	and		
3)	Mind-set	change	is	required	to	deal	with	air	pollution	and	environment	problems	in	
near	future.	

The	 paper	will	 provide	 an	 insight	 into	 China’s	 urban	wind	 corridor	 plan	 for	 a	more	
comprehensive	understanding	of	the	limitations	and	problems	of	current	projects	and	studies	
in	Chinese	cities.	 It	will	address	 the	call	 for	a	healthy	 living	environment	 from	the	Central	
Government	of	China	and	will	enable	more	realistic	implementation	strategies.	
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Green spaces, proposal for the improvement of the climate in tropical cities 
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Abstract: The collection of data and temperature records in different sectors of the urban spot were used to 

determine the islands of heat in Southern Tamaulipas. This compilation of thermal data was taken as the basis 
for the proposed green urban infrastructure development. The climatic modification of the urban space and its 
territory is characterized by its contact with abundant bodies of water and tropical vegetation generating 
temperature differences of 3°C. The maximum temperatures recorded in the western part of Tampico have a 
value of 31° C, in contrast to the eastern part in Madero with a record of 28° C; the proposal of nuclei, nodes 
and connections diminish the heat islands in Southern Tamaulipas. The present work is part of the project, 
“Sistema Integral para la Interrelación de los Espacios Naturales y Parques Públicos Metropolitanos. Zona 
Conurbada de la Desembocadura del río Pánuco", financiad by the Universidad Autónoma de Tamaulipas. 
2015-2016. 

Keywords: Urban sustainability, heat islands, blue and green ring, nuclei, nodes. 

Introduction 

The phenomenon of heat island is due to the climatic change induced by the density of 
construction in certain sectors of the city. This effect is exerted by densely populated urban 
areas with a high rate of land occupation, increasing the air temperature of the cities 
compared to the surrounding area. This phenomenon envisioned by Luke Howard, in the last 
century. 

Heat islands occur on a variety of scales, as described by Ochoa (2009). The 
microscale which characteristics change rapidly when moving from one zone to another due 
to the type of soil, tree cover orientation and inclination of the surface. The zonal 
climate, which corresponds to a specific area of a city with characteristics, such as the 
type of urban plot, density of construction, presence of green areas, bodies of water, 
among others. The local climate refers to a locality that is defined by changes in the 
surface in a large space, the distribution of land, natural spaces (forests, mangroves, jungle) 
and bodies of water (rivers, lagoons, sea).

Cities consume large amounts of energy to reduce thermal discomfort. The 
geographic location of the urban area, bodies of water and vegetation directly affect the 
climatic conditions, which can be used to reduce the consumption of electric energy by the 
population.
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The influence of green areas on urban climate moderation 
Groves modifies air velocity, solar radiation and the water and thermal properties of the 
urban environment, according to the comments of Lambert-Habib et. Al (2012). Green areas 
humidify the city's atmosphere, creating an oasis effect (Oke et al., 1987). During the day, soil 
evaporation and evapotranspiration of trees significantly reduce the heat of air temperature 
and the storage of heat in urban space. Therefore, by reducing the energy consumption 
needed to reduce air temperature at night, it is one of the contributing factors of the 
formation of heat islands in summer. 

In previous studies, it has been corroborated that the areas surrounding urban parks 
record lower air temperatures than the rest of the city (Jauregui, 1991, Eliasson, Spronken-
Smith and Oke, 1998, Potchter et al., 2006). The temperature differential between a park 
and the city usually tends to be lower during the afternoons or summer nights. The 
differences can reach 3° to 4°C, but they are very variable and depend on a number of 
factors such as topography, plant cover, tree density and proximity to bodies of water, 
among others. Several studies, such as that carried out by Barradas, (1991) have shown 
that the size of the park influences the cooling effect. Bowler et al. (2010) in their research 
have asserted that urban parks larger than 3 ha are cooler than the rest of the city, but no 
significant changes are seen with smaller parks. The amount and density of groves are 
important aspects to reduce the temperature of the air where the effect is greater in parks 
with many trees (Potchter et al., 2006). 

It can be inferred that the forestation of cities is revealed as a strategy to mitigate 
urban thermal effects and adapt to climatic change. Urban parks have a major impact on 
urban planning, especially because the cooling they generate can extend beyond their 
geographical boundaries and reduce heat islands in the city. Several studies have shown that 
the urban space is influenced by the size of the parks, the small ones of 35 ha (Ca et al., 
1998) have an influence up to 1 km and the large ones of 500 ha (Jáuregui, 1991) extend 
over 2 km. 

The influence of water bodies on the moderation of the urban climate 
The water bodies have a high thermal inertia and heat capacity, low thermal conductivity and 
radiation (Wilson et al., 2003). They absorb less heat than waterproof buildings and have 
fewer surfaces that absorb and store energies under solar radiation (Zhou and Shu, 1994). 
The bodies of water have the relatively lower surface temperature, and influence the air 
temperature of the surrounding environment. 

Adams and Dove (1989) found that a river of 35 meters wide caused a decrease in the 
temperature of the air from 1° to 1.5°C stating that a lower temperature can be achieved if 
the river was surrounded by green spaces. Sun et al. (2012) concluded that the effects of 
heat islands are related to the density of vegetation, position and shape of the landscape. 

Research on the influence of groves on thermal comfort can provide adequate 
premises for urban landscape planning through the efficient distribution of green areas and 
the design of water bodies to maintain their maximum value of microclimate adjustment. 
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Methodology 

The study was developed in four stages: 

1. For the study of heat islands a documentary base was developed as well as the
description of natural and public spaces in the metropolitan area: different river, lake and 
coastal ecosystems were studied. 

2. The elaboration of field work was generated from tracing the routes, after the
analysis of the urban plan and roads of the municipalities of Altamira, Tampico, Madero and 
Pueblo Viejo. For the design of transects it was considered that they should cross the city in 
several directions so as to cover a large surface of the study area. The most heavily populated 
clear zones, bodies of water and abundant groves and the directions of streets and avenues 
were taken into account for circulation. Nine transects were designed with different paths 
with the names of T.1-Moralillo, T.2-Pueblo Viejo, T.3-Carpenter, T.4-Madero, T.5-Miramar, 
T6-UAT, T.7- Divisoria, T.8-Altamira T.9-Altamira2; can be observe in figure 1. 
A total of 227 measurement points were distributed in transects which reach a length of 204.6 
km, an amount that allows to have a wide mesh of points sufficiently dense counting on 
average with a thermal observation every 757 m.  

In the field survey the air temperature and humidity were measured in the established 
transects using the Onset Hobo U-12 Dataloggers with an interval of 10 seconds, starting all 
at 20 hours. 

The tours were made during the warm summer season (August 22, 2016) during night 

Figure 1. Routes of the study. 
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time, started at 20 hours in the summer and ending at approximately 22 hours, this schedule 
was use because it is the time the sun is hidden and occurs the phenomenon of the heat 
islands. 

3. Information was collected on the nine measuring devices, and was subsequently
analyzed and classified. Based on these data the different points and their temperatures were 
located and the isotherms were performed with the QGIS program, which served as the basis 
for the heat islands found. 

4. A system of open spaces configured by the blue and green ring, the urban parks and
their green connections was proposed. 

Within the metropolitan area of southern Tamaulipas, the city of Tampico was the one 
that presented the heat islands with higher temperatures, it is the municipality that has a 
population of 297,284 inhabitants. The temperatures recorded fluctuated between 29.5 to 
31 °C. In Madero, with a population of 197,216 inhabitants, it is the municipality that 
presented greater fluctuation in its temperatures from 28 to 31 ° C, it is remarkable the 
influence of the breeze in the eastern part of the sea.  

Figure 2. Graph of temperatures recorded in Tampico, Madero, Altamira and Pueblo Viejo. 

In figure 3 the direction of the winds in the zone can be observed generally from the 
east-southeast during the majority of the months, except in winter time in which the direction 
of the wind is from the north. The most frequent wind directions are those of sectors E, ESE, 
SE, N and NNE, which together have a period of occurrence of 46.53%. The prevailing 
directions are SE at 13.72% and ESE at 9.73%.  

The most frequent velocity ranges recorded in this zone correspond to the interval 
between 2.06 and 3.60 m/s with a 37.05% occurrence, followed by the range of 0.51-2.06 m/s 

Figure 3. Wind Rose from Southern Tamaulipas. 
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with a 26.48%. The calm period represents 19.61% of the total. The dominant winds 
correspond to the N and NNE with an occurrence frequency of 2.7% and with a speed range 
between 5.66-8.75 m/s. 

The lowest recorded temperature is 23.5°C located in the Independence and 
Recreational sectors in Madero, these two sectors are the highest in the municipality, it is 
possible to find abundant groves in a large part of the territory. Another characteristic that is 
present in this area is that it has little presence of housing which allows air circulation 
combined with its proximity to the sea. 

 The highest temperature recorded was 31°C in the area where El Charro sector is 
located and the sectors near University Avenue in the western part of the area passing 
through important roads such as Ayuntamiento Avenue, Rosalío Bustamante and Adolfo 
López Mateos Boulevard. The presence of the temperature recorded in this area is attributed 
the existence of large parking lots of concrete, buildings and very dense housing.  

Figure 4: Map of heat islands in Southern Tamaulipas. 

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 1884



Temperatures higher than 30°C impact mainly in Tampico on 98% of its surface area, 
followed by Altamira with 68% of its area, next is Madero with 33% and Pueblo Viejo with 
12%. To diminish the heat islands the green spaces systems was proposed. 

Figure 5. Temperature relationship with surface area per hectare. 

Green spaces and urban voids
The percentage of green spaces in Southern Tamaulipas is 0.4% and 8.5% of urban 
voids have been located or defined. For this proposal, several Territorial Plans were 
consulted, describing as a fundamental basis the location and existence of green 
spaces such as: Urban Parks and plazas, with a total of 95.76 ha, corresponding to the 
sectors of Tampico, Madero, Altamira and Pueblo Viejo. Also, the empty spaces were 
located with a total of 46.95 ha. Considering the perimeters of the urban space, it is 
considered a blue and green ring shaped by large water surfaces and territorial parks, 
both are constituted by nuclei of aquatic and terrestrial ecosystems. The open spaces 
(parks) located in the interior of the urban area, constitute new urban nodes and together 
with the proposed connections form a powerful system of green infrastructure 
contributing an important forest volume that improves urban comfort. 

The nuclei that make up the ring work as a peri-urban green filter and regulator of 
temperatures. The green nodes and connections form a system for the conservation of the 
territory's biodiversity, which in turn allows every citizen to have access to different types of 
green areas, such as parks, gardens and interstitial spaces, forming an integral green mosaic 
that improves the quality of public space. Next, the proposal is described through the three 
elements of urban green infrastructure. 

Infrastructure green 1: Blue and green ring linking the cores

As a strategy to delimit the expansion of the urban area, a blue and green ring formed by 10 
nuclei was proposed. The nuclei elements occupy an area of approximately 37,135 hectares. 
The proposed ring is based on two existing elements, the Natural Protected Area "La Vega 
Escondida", located in Tampico (2003) and the Ecological and coastal Cord of the Industrial 
Port of Altamira (1985), which together form a total of 4,252 ha. The ring was completed 
with four territorial parks of 9,066 ha and four natural spaces in aquatic ecosystems in 
23,817 ha composed of rivers and wetlands. 

Green infrastructure 2: Nodes as a system of parks 
The nodes are the green spaces located in the interior of the city that, by size and/or location, 
are formed by native groves, shrub and herbaceous. They act as landscape reserves located 
in the urban area, which can be easily reached.

In the urban area of study there are 96 ha of parks and 2,242 ha have been proposed. 
Six nodes stand out, distributed evenly in the four municipalities as described below: one 
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comprising three municipalities; Tampico, Madero and Pueblo Viejo; Two are in 
Altamira, called Central Park Altamira and Encinos Park; one more in Tampico, called 
CFE Park, in Madero the Dunas Park and another one in Pueblo Viejo, Veracruz, known as 
Mountain Park.

Green infrastructure 3: The network of environmental connections
As a strategy for the creation of the "System of public parks and natural spaces" in the area, 
25 connections were proposed with 40.13 km of length. These pedestrian 
communications are in avenues, boulevards, rights of way and along storm channels and 
empty spaces. 

Figure 6. Plan of open space systems. 
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Conclusions 

The proposal of incorporation into the open space system, with important permeable areas 
and grove cover in the higher temperature zones, is of utmost importance to reduce the heat 
islands in tropical cities. 

The greatest impact was recorded in the southwestern part of the study area, 
presenting temperatures that fluctuated between 29.5 and 31°C. This is because it receives 
solar radiation from the west during the afternoon. It is far from the sea breeze. Most of the 
sector has paved areas and a high population density. 

Temperatures higher than 30°C are distributed in 98% of Tampico, 68% in Altamira, 
33% in Madero and 12% in Pueblo Viejo. The green spaces system was proposed to diminish 
the heat islands. The ring in Tampico is integrated by the Tamesí lagoon system and in Madero 
by the coast of the Gulf of Mexico, it is of the utmost importance to legislate to the north in 
the municipality of Altamira and to the south in the municipality of Pueblo Viejo to avoid the 
urban expansion generating territorial parks that would minimize the heat islands. 
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Abstract: There are scientific evidences that the vegetation removal due the urbanization has contributed to 
the rise of temperatures in the cities. This paper analyses the relationship between vegetation cover and 
surface temperatures using Geographic Information Systems and Remote Sensing in Salvador, Brazil, from 
March to October 2016. The free access images captured by Sentinel-2 satellite sensors (European Space 
Agency) allowed the vegetation and land use mapping in the study area. The map classes were defined as 
continuous and fragmented vegetation, permeable surface, water and built up surface. To obtain the 
Terrestrial Surface Temperatures, Landsat-8 satellite images were selected from U.S. Geological Survey web 
portal, which after processed resulted in the Thermal Maps generated from band 10, thermal infrared - TIR. 
The 2016 images processing was carried out in the software SPRING for land use and vegetation coverage 
classification and QGIS for surface temperatures conversion of the Landsat-8 thermal band. The results 
indicated the predominance of the built-up surface. The thermal maps showed that the lower temperature, 
26°C, correspond to vegetation cover areas while the higher temperature, 41°C, to areas without vegetation, 
corroborating the hypothesis that the apparent surface temperatures behavior is related to the vegetation 
amount in urban areas. 

Keywords: Vegetation cover, surface temperature, remote sensing, urban climate, urban planning 

Introduction 

The territorial expansion of the Brazilian cities has contributed to environmental 
degradation, with deforestation of native vegetation and the compromising of the water 
catchments, among other factors that have affected negatively the quality of the urban 
environment. The city of Salvador, located in the Atlantic coastline in the Northeast region 
of Brazil, with 692.82 km² of total area, including continental, insular and maritime area, 
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holds the fourth largest population in the country, approximately 3 million inhabitants 
(Brazil, 2010), distributed primarily on the continental portion of the city, which owns about 
278 km². The rest of its territory includes three islands predominantly covered by vegetation. 

Processes of formal and informal land occupation, accelerated from the 1970 
(Sampaio, 2015), have significantly suppressed the original vegetation coverage of the city, 
native to Atlantic Forest biome. Such effects produced by the urbanization in Salvador have 
contributed to the temperature increase of the urban environment. 

The use of Geo Technologies such as Geographic Information Systems (GIS) and 
Remote Sensing (RS), especially orbital imaging, has presented itself as a valuable tool in 
getting the spatial distribution of the land use patterns as well as in obtaining the Territorial 
Surface Temperature - TST. The multispectral satellite sensors imaging the Earth daily 
capture the different bands of the electromagnetic spectrum, being more suitable for the 
vegetation monitoring the near-infrared - NIR spectral range (0.7 - 0.9 µm), which 
correspond to the radiation emitted by photosynthesis. For the TST studies the thermal 
infrared spectral range of 10.4 - 12.5 μm is used (Steffen, 2015). However, there are some 
limitations on the use of RS, considering: the local weather conditions at the time the 
imaging process, interference in the sensor system, which jeopardize both radiometric 
resolution and the dynamics of data, and also, the emissivity effects relative to the material 
composition on the surface. Therefore, the TST values obtained are considered as surface 
temperature estimates of the targets. 

The use of RS to perceive the various microclimates of the city requires at least one 
year of carried out data to cover the four distinct thermal seasons. This tool allows to obtain 
the maxima and minima TSTs and to understand the thermal behavior in the urban fabric in 
the complete seasonal cycle. For intra-urban analysis of TST and land use/land cover, it 
takes about a month to systematize data from each season presented in maps and tables in 
this study.  

This article aimed to map the vegetation cover and TST in the city of Salvador in 2016, 
with the use of Geo Technologies as GIS and RS, to obtain information about the land 
use/land cover in the intra-urban space. Besides that, it searches to correlate the spatial 
distribution of the vegetation cover and the patterns of land use detected with the TST data. 

Study area characterization 

The city of Salvador has about 303 km² of territorial area including the islands, and is located 
at 12°47'19'' - 13°01'06'' South latitude and 38°11'51" - 38°33'53'' West longitude of 
Greenwich. The coastal peninsular configuration of the city has great influence from the 
extensive surrounding water mass, demarcated to three edges which correspond of a bay 
called baía de Todos os Santos at West, and by the Atlantic Ocean at South and Northwest. 
In the climatological normal’s that comprise the period 1961 and 1990 obtained from 
National Institute of Meteorology, the monthly average of maxima temperatures recorded a 
variation 26°C (July) and 30°C (February and March), whereas the minima ranged from 21°C 
(August) to 24°C (March). The predominant wind pattern is southeast, followed by the east 
direction with average speed between 2.6 m/s (winter) and 3.3 m/s (spring) (Andrade et al., 
2015). Such climatic conditions promote an environment with high temperatures and low 
amplitudes in most of the year, with average temperature of the sea water about 26°C, 
providing cloudiness confluence, monthly rate above 50% (INMET, 2016).  

Salvador is located in the region of Dense Ombrophylous Forest, thus the existent 
vegetation cover is formed by Atlantic Forest biome currently quite featureless as to its 
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original vegetation and constituted in enclaves inserted in the urban spot, ranging from 
parcels from one hectare in the continental portion to 900 hectares on the insular portion of 
the city (Bahia, 2013).  

Methodological procedures 

Regarding the methodological procedures, three distinct steps were conducted, namely: 
Step 1 – Distribution and quantification of vegetation cover: it was used free Sentinel-

2 scene obtained in the European Space Agency - ESA, data portal public domain footage of 
the satellite, with maximum 10% cloud presence. Two combinations were applied: a True 
Color composition in the visible spectrum (425 – 707 µm), from the 4R3G2B combination, 
and a False Color composition putting the NIR band (752-927 µm) in the red channel 
resulting in the 8R4G3B bands combination. The spatial resolution for all the bands is 10 m. 
In the pre-processing phase, the scene was geometrically adjusted. The processing for the 
extraction of the vegetation cover started with the images linear stretching followed by the 
5-50 segmentation by regions and finally conducted the supervised classification, which 
identifies and classify the natural and anthropic elements in the urban environment for that 
scene. The mapping classes were defined as: continuous vegetation, fragmented vegetation, 
superficial water, permeable soil and built up surfaces. In the image processing it was used 
the free software SPRING version 5.4.2 (INPE, 2015). 

Step 2 - Getting TST values: images were selected from the thermal sensors - TIRS of 
the Landsat-8 satellite, available from the USGS (U.S. Geological Survey) website (Earth 
Explorer), with maximum cloud cover between 10% and 20%. The selected scenes were 
imaged in the thermal infrared band 10 of the sensor which corresponds to the 
electromagnetic spectrum range from 10.6 to 11.19 µm. The scene has an original spatial 
resolution of 100 m, processed and made available for 30 m by USGS, Datum WGS 1984, 
south UTM re-projected.  The data were processed in the free software QGIS, version 2.18.3 
(OsGeo, 2015). For the conversion of gray levels (DN) to radiance, equation 1 was used: 

 

     
               

               
                            

 

Where Lλ is the spectral radiance, Lmax and Lmin the maximum and minimum 
irradiances detected by the sensor in the infrared wavelength, Qcalmax and Qcalmin the 
maximum and minimum quantization of the sensor, which refer to the possible values to be 
recorded in each pixel. 

Next the band 10 radiance image was converted to temperature values in Kelvin by 
the inversion of Plank equation applied to selective radiators bodies (USGS, 2016), and 
finally the target temperature conversion from Kelvin to Celsius (°C) as shows the equation 2: 

 

   
  

    
   

    
                             

 

Where k1 = 774.89 W/m2*sr*µm and k2 = 1321.08 W/m2*sr*µm are the calibration 
constants inherent to the Landsat-8 thermal band, and ε = 0.95 is the average emissivity of 
the area adopted in this research considering cities built up areas characteristics. 

Step 3 - From the processed satellite images, fifteen points were identified as 
representative of diverse urban land use patterns and coverage of urban ground, aiming to 
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obtain data to analyze the TST identified for each point, associating this value to the 
respective standard. 

Vegetation cover distribution and TST in Salvador 

The acquisition of the Sentinel-2 scene, captured on 08/09/2016, path 52, at center time 
12:53 UTC (Universal Time Coordinated), corresponding to the local time of 9:53 UTC-3:00, 
according to the criteria adopted in the methodological description, allowed the 
composition of the False Color image 8R4G3B. In the map the red colour shows the radiance 
of the process of photosynthesis in the vegetation of the cover of urban ground (Figure 1a). 

 

 
Figure 1. (a) False Color Composition Map - Sentinel-2 - 08/09/2016. 

 
The processing of supervised classification was applied (segmentation and sampling) 

using the False Color composition as source, described in the methodology. This step has 
made possible the spatial distribution and the quantification of the five classes presented in 
the thematic map of Land use/Land cover Classification (Figure 1b). 

The spatial distribution of land cover in the urban environment considering the total 
area of 278 km2 of continental area detected by the supervised classification, showed the 
following territorial distribution: 29% continuous vegetation cover, 9% fragmented 
vegetation cover, 2% superficial water (or shadows, low albedo targets), 4% permeable soil 
(sand dunes and exposed/bare soil) and 55% built up areas (Table 1). This distribution 
results from the high anthropization of the analyzed environment, remaining an insignificant 
area identified as clouds, cloud shadows and unclassified. Some areas identified as water 
are indefinite, because the shaded spaces also absorb energy without subsequent emission. 
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Figure 1. (b) Land use/Land cover Classification Map, Salvador city, 2016. 

 
Table 1. Land Use Classification results in the city of Salvador, 2016.  

DN LAND COVER CLASS Area (m
2
) (%) 

1 Continuous vegetation 81,859,925 29,4 

2 Fragmented vegetation 24,883,083 8,9 

3 Permeable surfaces (sand dunes and bare soil) 12,029,086 4,3 

4 Built up surface 152,172,995 54,7 

5 Superficial Water (or shadows) 6,798,717 2,4 

 
Cloud shadow 46,884 0 

 
Cloud 100,365 0 

  Total 277,891,055 99,8 

  Unclassified 532,308 0,2 

 Total continental area of Salvador  278,423,363 100 
Elaborated by Santos (2017) 

 
According to the described procedure to calculate the TST’s, four scenes of the 

Landsat-8 were acquired on path 215/row 69, central time 12:37 UTC, local time of 9:37 
UTC -3:00, on the following dates: March 21, July 11, September 13, and October 15, 2016. 
The scenes correspond to autumn, winter, late winter to early spring and mid-spring, 
respectively, in the southern hemisphere, with the solar angle sequence of 57, 44, 57, and 
65 degrees, completing seasonal cycle of observation. An analysis of the data and its 
refinement to understand the seasonal behavior of the TSTs for a city of the dimension of 
Salvador is perfectly executable in six months, allowing to present the different 
microclimates distributed in the city for a period of one year. In a research for Italian cities, 
Morabito et al. (2016) consider this tool adequate for a better understanding of the complex 
dynamics of the urban microclimate, correlating the TST with the built up surface. 
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The image processing resulted in TST raster’s in Celsius degrees (°C) projected on four 
representative thematic maps. Figures 2a and 2b correspond to the maps for July and 
September of 2016. 

 

 
Figure 2. (a) Surface Temperature Map - Salvador City, L8-TIRS, 07/11/2016. Elaborated by Santos and Vale. 

 

 
Figure 2. (b) Surface Temperature Map - Salvador City, L8-TIRS, 09/13/2016. Elaborated by Santos and Vale. 
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Distribution analysis of vegetation cover and TST in the urban space 

To study the relationship between the vegetation cover distribution and TST, fifteen points 
of the supervised classification were selected, centralizing circular buffers with a diameter 
of 100 m, corresponding to an area of 7,725 m². The samples have the following distribution 
type of land use: six points in fully vegetated areas located in urban parks (P2, P5, P8, P9, 
P10, P11), two points in the planned occupancy area (P1, P4), five points in precarious 
occupancy area without vegetation (P6, P7, P12, P13, P14), a point on the airport located in 
an urban park of dunes (P3) and a precarious occupancy in the urban industrial center (P15). 
The selected points were analyzed in the thermal images of March, July, September and 
October 2016 (Table 2). It was detected that the TST values are higher in the precarious 
occupancy areas, ranging from 30 to 39 °C, presenting the greater thermal amplitude 
observed in all periods. In the urban parks the variation was of 26 to 30 °C, showing the 
lower temperatures and amplitude. An intermediate range was identified in the areas of 
planned vegetated occupancy, with the amplitude of 5 °C. It was followed by the urban park 
of dunes, where the runways of the airport are located, with 6 °C. The results observed in 
the precarious occupation at the urban industrial areas was considered an exception, which 
determined the maxima temperatures observed, reaching up to 41 °C and 9 °C amplitude. 

The TST values on the fifteen points in March and September showed almost no 
difference, in function of the same solar angle, recording 57 degrees. In the urban parks the 
temperature varied only 1 °C in a single point among the six observed. In the areas of 
vegetated planned occupancy, the variation was up to 2 °C, whereas in the areas of 
precarious occupancy without the vegetation the variation was up to 5 °C, always 
registering the highest thermal amplitude among the other typologies (Table 2). The 
exception was the mixed area of precarious occupancy and urban industrial. In these cases, 
the maximum surface temperature registered in July were about 32°C to a 44 degrees’ solar 
angle whereas in March and September were recorded 36°C and 41°C respectively, for a 57 
degrees’ solar angle, and in October it was found 41°C  for 65 degrees’ solar angle. It was 
not considered the values recorded in proximity of clouds. 

 
Table 2. Land Cover and Territorial Surface Temperature – TST 

 
Elaborated by Santos (2017) 

 

LANDSAT-8 LANDSAT-8 LANDSAT-8 LANDSAT-8
03/21/2016 07/11/2016 09/13/2016 10/15/2016

Altitude Land use/land cover Solar ang: 57 dg Solar ang: 44 dg Solar ang: 57 dg Solar ang: 65 dg

 (m) (sample area 7,725 m²) % m² TST (°C) TST (°C) TST (°C) TST (°C)

P2 48 - 51 Urban park 100 7725 28 26 28 30

P5 40 Urban park 100 7725 28 26 29 30

P8 32 Urban park 100 7725 28 26 28 30

P9 106 Urban park 100 7725 28 25 (near cloud) 28 27 (near cloud)

P10 68 Urban park 100 7725 27 (near cloud) cloud 28 29

P11 40 Urban park 100 7725 28 cloud 29 26 (near cloud)

P1 35 Planned occupancy 31 2425 30 27 32 35

P4 23 Planned occupancy 23 1763 31 27 32 35

P3 6 - 13 Urban park of dunes 33 2517 cloud 30 36 36

P6 25 Precarious occupancy 0 0 32 30 35 37

P7 07 Precarious occupancy 0 0 30 (near cloud) 31 37 38

P12 20 Precarious occupancy 0 0 34 31 37 38

P13 29 Precarious occupancy 0 0 cloud 31 36 39

P14 62 Precarious occupancy 0 0 32 31 36 38

P15 93 Precarious occupancy/indust. 0 0 36 cloud 40 40

Urban park

Planned occupancy (wooded)

SAMPLE SENTINEL-2
08/09/2016

Vegetal cover

Urban park of dunes

Precarious occupancy and Precarious occupancy with industry
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The results clearly indicate that there is a relationship between the behavior of the 
TST in intra-urban areas with land use patterns and coverage of urban ground. The values of 
TST and thermal amplitude increase are proportional to the decrease of vegetated area, 
compromising the thermal quality of the city independent of the analyzed period. 

Conclusions 

It is noticeable that the percentage distribution of the vegetation cover is quite distinct in 
the city of Salvador, concentrated in the urban parks and mainly in the three islands, where 
the lowest TSTs and thermal amplitudes were recorded in the four observed periods. It was 
observed that in the six samples in areas with extensive vegetation cover, the TST values 
ranged from approximately 26 to 30°C, whereas in the five samples of precarious 
occupation with no vegetation it ranged between 30 to 39 °C for the entire period studied, 
except for mixed occupation areas with industries. Throughout the city, the maximum TST 
recorded was 41°C, located in a precarious occupancy with no vegetation in the middle of 
the urban industrial center. 

These results obtained by remote sensing, for 2016, corroborated with the expected 
behavior of increase, both the surface temperatures and thermal amplitudes in urban areas, 
in relation to the amount of vegetation cover, compromising significantly the thermal 
quality of the city in the periods examined. 

The analysis was performed in this work for the whole city, completing the period of 
one year. Spatialized results may provide urban planners tools to develop efficient 
strategies to minimize warming, especially in precarious occupancy. 
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Abstract:	 Berlin`s	 built	 environment	 is	 changing	 due	 to	 urban	 growth,	 whilst	 the	 impact	 on	 the	 urban	
microclimate	is	widely	neglected.	The	Urban	Heat	Island	(UHI)	effect	challenges	the	city	by	compromising	human	
health.	Climate	Change	and	increasing	urban	density	will	exacerbate	these	challenges	in	future	years.	Hence,	
this	paper	investigates	environmental	densification	approaches	for	Berlin	from	a	climatic	point	of	view.	This	aims	
to	 investigate	preventative	measures	 for	urban	sprawl,	densification	of	 the	city	 centre	and	mitigation	of	 the	
urban	heat.	The	analysis	focused	on	the	Berlin	block	which	accommodates	the	majority	of	the	city´s	population	
and	occurs	within	the	area	mostly	affected	by	the	UHI.	One	typical	block	was	analysed	through	fieldwork.	Based	
on	that,	the	environmental	performance	of	different	notional	block	configurations	with	horizontal	and	vertical	
extensions	was	computationally	simulated.	Generally,	a	vertical	extension	approach	provides	centrally-located	
living	space	while	reducing	heat	during	the	summer.	However,	the	paper	highlights	the	importance	of	a	sensitive	
insertion	of	additional	vertical	volumes	to	preserve	initial	sky	view	factors,	especially	for	narrow	outdoor	spaces.	
This	 maintains	 outdoor	 microclimate	 conditions	 throughout	 the	 year.	 To	 successfully	 mitigate	 UHI,	 it	 is	
important	to	strengthen	evaporative	surfaces	combined	with	urban	form	considerations	on	an	urban	scale.		

Keywords:	Outdoor	Microclimates,	Urban	Heat	Island,	Densification,	Urban	Form	

Introduction		

Cities	are	a	main	contributor	to	Climate	Change	(CC)	because	they	host	a	concentration	of	
human	activities,	which	cause	greenhouse	gas	 (GHG)	emissions	 leading	 to	global	warming	
(Houghton,	1990)	with	irreversible	environmental	effects	and	extreme	weather	events.		

Considering	 Berlin	 (52	̊30’N,	 13	̊25’W)	 as	 a	 case	 study,	 it	 has	 been	 identified	 by	 the	
Senate	of	Berlin	that	“dealing	with	urban	heat	(hot	days/tropical	nights)”	(Senate,	2016,	p.	9)	
is	one	of	two	most	urgent	tasks	in	terms	of	extreme	weather	events	related	to	CC.	In	1990	
and	2006,	urban	heat	waves	have	led	to	 increased	mortality	rates	67%	higher	than	typical	
(Gabriel	 and	Endlicher,	 211,	 p.	 2044-2050).	 The	 figures	 for	2010	are	 illustrated	 in	 the	 line	
graph	(fig.1)	and	prove	that	extreme	temperatures	in	the	summer	cause	detrimental	effects	
in	the	human	thermoregulatory	system	causing	diseases	 (O’Malley	et	al,	2014).	Especially,	
elderly	people	are	suffering	due	to	heat,	which	primarily	occurs	in	Berlin´s	city	centre	evoked	
by	a	growing	thermal	load	towards	the	densely	built-up	areas,	which	is	clearly	visible	at	night	
(fig	1).	In	these	areas,	about	8	to	12	tropical	nights	occur	with	temperatures	higher	than	20°C.	
This	phenomenon	is	linked	to	the	urban	heat	island	(UHI)	effect,	which	describes	a	substantial	
temperature	difference	between	a	city	and	its	suburban	areas	and	will	 intensify	due	to	CC	
and	urban	growth	in	the	future.	Beside	health	issues,	local	climate	and	ecosystem	alterations,	
UHI	also	causes	a	higher	energy	demand	for	cooling	which	leads	to	heat	emissions	and	ozone	
concentration	into	the	atmosphere	and	contributes	to	global	warming.	(O´Malley	et	al,	2014)	
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Figure	1.	(left)	Number	of	tropical	nights	with	a	min.	air	temperature	>=	20°C	in	Berlin;		
(right)	Daily	deaths	(all	causes)	and	daily	maxima	of	the	Universal	Thermal	Climate	Index	UTCI		

in	Berlin	in	2010	compared	to	mean	values	based	on	2000-2010	(source:	edited	from	FIS-Broker)	

Furthermore,	cities	are	growing	at	a	very	rapid	rate	with	66%	of	the	world`s	population	
predicted	to	be	urban	by	2050	(United	Nations,	2014).	Thus,	the	urban	impact	on	CC	is	likely	
to	grow	as	well.	On	the	other	hand,	cities	are	places	of	innovations	with	a	high	potential	to	
mitigate	 CC	 (UN-HABITAT,	 2011)	 and	 Berlin	 could	 be	 a	 good	 practice	 example	 for	 the	
sustainable	development	of	urban	areas.		

Berlin`s	population	is	predicted	to	grow	by	7.5%	from	2014	till	2030	(Senate	of	Berlin,	
2016).	The	city	promotes	the	concept	to	maintain	their	urban	compactness	while	coping	with	
the	huge	demand	for	new	living	space,	because	compact	cities	are	considered	to	be	more	
resource	efficient	than	sprawling	cities.	They	use	existing	infrastructures	and	rely	on	compact	
urban	 forms	to	decrease	the	energy	consumption	of	buildings.	Thus,	density	 is	one	of	 the	
most	 important	 factors	 to	 tackle	 GHG	 emissions	 (UN-Habitat,	 2011).	 This	 implies	 a	
densification	 of	 the	 present	 urban	 structures	 within	 the	 inner	 city,	 such	 as	 gap	 closures,	
transformations	 and	 vertical	 extensions	 of	 buildings.	 In	 addition,	 a	 sensible	 densification	
enhances	existing	qualities	and	maintains	historical	valuable	buildings.	

However,	a	growing	density	also	tends	to	displace	urban	greenery	and	could	exacerbate	
or	 expand	 the	 present	 urban	 heat	 patterns	 in	 Berlin.	 Also,	 a	 changing	 built	 environment	
changes	microclimatic	conditions,	as	it	has	been	proven	that	urban	structures	influence	urban	
microclimates	 (Baruch	 Givoni,	 1998)	 and	 the	 atmosphere	 (Mills,	 2014,	 p.	 479).	 Urban	
structures	are	characterised	by	geometrical	features,	orientations,	density	and	substantially	
define	the	micro-scale	climate.	This	happens	due	to	control	of	wind	and	solar	access,	which	
influences	 the	 thermal	 performance	 of	 buildings	 as	 well	 as	 the	 comfort	 conditions	 of	
inhabitants	(Erell	et	al,	2011).		

So	far	the	impact	of	Berlin’s	changing	built	environment	on	the	microclimate	has	been	
widely	neglected.	This	happens	mainly	due	to	the	urgent	housing	demand	and	market-driven	
construction	 projects,	 but	 it	 is	 of	 growing	 importance	 to	 strive	 for	 climate-responsive	
approaches	 while	 designing	 urban	 areas	 in	 exacerbating	 global	 warming	 conditions.	 The	
potential	of	urban	environments	to	mitigate	microclimates	and	outdoor	environments	is	still	
underexplored,	but	 it	should	be	considered	before	going	 into	detailed	building	and	 indoor	
design	 (Schiano-Phan	et	 al,	 2015).	 This	paper	 aims	 to	 identify	mitigative	 strategies,	which	
address	 the	 apparent	 contradiction	of	 densifying	Berlin	 and	 reduce	 the	urban	heat	 island	
effect	 of	 its	 center,	 through	 an	 analytic	 approach	 based	 on	 UHI	 mitigation	 strategies	 in	
combination	with	urban	form	considerations.	
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Hypotheses	

The	core	suggestion	of	this	work	implies	a	densification	of	the	urban	block	typology	to	provide	
new	 living	space.	Serval	 reasons	occur	 for	 that:	 (1)	 it	 is	 the	predominant	central	 typology,	
densifying	them	would	be	a	sustainable	approach	to	prevent	urban	sprawl,	(2)	this	historical	
typology	shows	a	high	overlap	with	the	heat	patterns,	thus	it´s	thermal	performance	could	be	
enhanced	as	part	of	the	densification,	(3)	the	blocks	accommodate	the	majority	of	Berlin´s	
population	influenced	by	heat	stress,	which	indicates	the	necessity	to	develop	them,	as	they	
(4) also	offer	potential	for	further	extension.	According	to	the	LSE	city	report	(2010),	Berlin	is
on	average	the	 lowest	dense	city	compared	to	Paris,	London	and	 Istanbul	with	only	6,500
people/km2	 (Rode	et	 al,	 2014),	 therefore	 implying	 that	 an	 increase	of	 density	 is	 not	only
desirable	but	possible.

Figure	2.	(left)	Extraction	of	Berlin`s	dense	block	typologies	characterised	by	the	Senate	of	Berlin;	
(right)	Berlin´s	population	inhabitants/ha	(source:	edited	from	FIS-Broker)	

Methodology	

First	 of	 all,	 intensive	 research	 has	 been	 done	 on	 theoretical	 background	 knowledge	 to	
understand	urban	climatology:	“the	field	concerned	with	the	study	of	the	urban	effect	on	the	
atmosphere	and	the	application	of	this	knowledge	to	the	better	design	and	planning	of	cities”	
(Mills,	2014,	p.	479).	Secondly,	the	methodology	included	a	summary	of	published	scientific	
analyses	on	cooling	strategies	and	their	application	in	international	urban	areas	including	a	
key	study	by	GEOnet	in	Berlin.	This	has	been	followed	by	a	comprehensive	examination	of	the	
overall	context,	looking	at	the	historical	and	latest	urban	developments,	understanding	the	
block	typology	in	details	as	well	as	the	future	climate	conditions.	Within	the	scope	of	a	master	
dissertation,	which	 the	 paper	 is	 based	 on,	 fieldwork	 has	 been	 carried	 out	 to	 analyse	 the	
microclimate	conditions	created	by	 the	block	 typology	and	 to	prepare	 for	 the	subsequent	
analytical	work.	The	strict	Berlin	building	regulations	have	been	neglected	 in	the	following	
analytical	 analysis,	 to	 explore	 the	 densification	 potential	 of	 the	 Berlin	 block	 from	 a	 pure	
climatically	point	of	view.	Primarily,	the	eaves	height	regulation	would	have	limited	a	vertical	
extension	due	to	fire	security	reasons	and	a	costly	second	escape	route	by	exceeding	a	22m	
building	height.		

The	analysis	included	a	two-step	approach	comprehensive	computational	modelling	
and	simulation.	Generally,	those	simulations	relied	upon	an	abstract	and	simplified	version	of	
a	typical	existing	block	identified	through	fieldwork	with	one	of	the	narrowest	canyon.	Hence,	
its	dimensions	and	environmental	factors	have	been	adapted.	This	highly	abstract	situation	
delivered	the	possibility	to	apply	certain	design	approaches	on	a	wider	range	of	block	types	
enabling	the	applicability	of	heat	mitigation	and	densification	strategies	on	an	urban	scale.		
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The	first	step	was	to	evaluate	different	densification	configurations	of	one	ensemble	
of	 nine	 abstract	 and	 identical	 blocks	 (instead	 of	 one	 block),	 comparing	 the	 temperature	
reduction	potential	for	one	typical	summer	day	at	2a.m.	and	4p.m.	The	abstract	blocks	were	
simplified	by	extracting	all	greenery,	to	clearly	isolate	the	performance	of	the	urban	form.	The	
final	results	were	always	obtained	from	the	one	block	in	the	middle	of	the	ensemble	(fig.	4).	
The	main	simulations	were	made	in	ENVImet,	a	prognostic	three-dimensional	microclimate	
model,	which	simulates	surface-plant-air	interactions	in	an	urban	environment	based	on	the	
fundamental	laws	of	fluid	dynamics	and	thermodynamics	(O’Malley	et	al,	2014,	p72–80).	The	
ENVImet	results	were	illustrated	through	the	programme	LEONARDO.		

In	the	second	step,	solar,	light	and	wind	studies	were	undertaken	in	DIVA-for	Rhino,	
Autodesk-CFD	 and	 Ladybug	 (plugin	 for	 Rhino)	 in	 order	 to	 specify	 the	 environmental	
performance	in	summer	and	winter	of	the	chosen	narrow	and	therefore	problematic	urban	
canyon.	The	future	climate	data	for	2050	used	for	the	climate	analysis	was	based	on	the	IPCC	
intermediate	 A1B	 scenario	 and	 derived	 through	Meteonorm	 7.0	 at	 the	 centrally	 located	
weather	station	“Alexanderplatz”	in	Berlin.		

Mitigative	Measures	

Overall,	 Berlin`s	 environmental	 qualities	 stem	 from	 being	 a	 green	 city.	 Trees	 play	 an	
important	 part	 by	 mitigating	 extreme	 weather	 events,	 because	 they	 provide	 shade	 and	
increase	evaporation	for	cooling.	Experts	in	the	municipality	of	Berlin	seem	to	be	partly	aware	
of	the	growing	CC	challenges	and	have	introduced	certain	sustainable	approaches,	such	as	
the	biotope	area	factor	and	UHI	mitigation	strategies	(Senate,	2016).		

One	key	study	for	a	high	density	block	is	the	GEOnet	analysis	initiated	by	the	Senate.	
Through	computational	simulations	with	the	model	ASMUS	for	one	typical	summer	day,	 it	
was	proved	that	trees	reduce	the	temperature	on	the	average	by	1-3°C	and	by	a	maximum	of	
10°C	close	to	the	ground	level	at	12	a.m.	Similarly	large	effects	with	a	maximum	of	8°C	can	be	
achieved	by	using	high	albedos	 for	 all	 surfaces.	 In	 comparison	 to	 that,	 green	 facades	and	
green	roofs	play	a	less	important	role.	Further,	a	completely	permeable	courtyard	can	achieve	
a	maximum	reduction	of	11°C.	 This	 is	 even	more	effective	 than	 increasing	 the	amount	of	
insulation	at	the	buildings.	Overall,	the	study	states	that	trees	and	high	albedos	could	reduce	
the	temperature	the	most	as	single	measures.	(Hermann	et	al,	2011).		

These	 are	 promising	 findings,	 but	 do	 not	 address	 the	 impact	 of	 changes	 in	 urban	
morphology	and	density	on	the	urban	microclimate,	as	it	is	happening	in	Berlin.	O’Malley	et	
al.’s	 stated	 that	 UHI	 mitigating	 strategies	 highly	 depend	 on	 the	 building	 orientation	 and	
arrangement.	 He	 described	 for	 instance	 that	 the	 effectiveness	 of	 using	 high	 albedos	 on	
building	surfaces	depends	on	the	building	geometry	 itself	 (O’Malley	et	al,	2014).	Likewise,	
Oke	says	that	with	little	changes	within	canyon	H/W	ratios,	it	is	possible	to	mitigate	UHI	(Oke,	
1988,	p.	109).		Hence,	the	following	investigation	addresses	the	effect	of	a	growing	density	
on	the	future	urban	microclimate.		

Field	Work	

One	representative	block	was	chosen	and	analysed	out	of	a	block	categorization	conducted	
by	the	Senate	(fig.	2).	The	fieldwork	concluded	that	the	private	courtyard	has	a	protected	and	
comfortable	environment	with	permeable	ground	surfaces	and	shady	trees.	In	contrast,	the	
narrow	urban	canyon	tends	to	overheat	more	easily	due	to	the	high	amount	of	asphalt,	public	
life,	parking	cars	and	a	low	sky	view	factor	(SVF).	That	is	why	this	urban	canyon	is	more	likely	
to	 capture	 the	 long-wave	 radiation	during	 the	night,	 although	 the	 façade	has	high	albedo	
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reflectance.	“The	SVF	is	the	proportion	of	the	sky	dome	that	is	̀ seen`	by	a	surface,	either	from	
a	particular	point	on	that	surface	or	integrated	over	its	entire	area.”	(Erell	et	al,	2011,	p.	20).	
The	chosen	block	(fig	3.)	belongs	to	a	less	dense	block	type	as	it	got	highly	destroyed	during	
the	 Second	 World	 War,	 which	 makes	 it	 possible	 to	 investigate	 in	 further	 densification	
approaches.	

Figure	3.	(left)	South-west-facing	facade	and	(middle)	narrow	urban	canyon	of	the	(right)	chosen	urban	block	

Analytic	Work	

The	 analysis	 investigated	 the	 density	 increase	 of	 the	 blocks	 while	 reducing	 the	 outdoor	
temperature	 for	 the	 summer	 case.	 The	 first	 step	 includes	 six	mass	 configurations	 simply	
comparing	vertical	and	horizontal	extensions	(fig.	4.)	neglecting	greenery.	The	results	show	
that	the	vertical	densification	approach	reduce	the	amount	of	heat	received	during	the	day	
in	all	cases.	This	always	results	in	an	air	temperature	reduction	of	1	to	2	K	at	the	pedestrian	
level	at	2	p.m	compared	to	the	initial	case.		

Figure	4.	Horizontal	and	vertical	mass	configurations	of	the	abstract	block	ensemble	analysed	in	step	one	

On	the	other	hand,	the	first	step	also	proved	that	higher	buildings	allow	less	wind	to	enter	
the	problematic	canyon,	which	declines	 the	ventilation	potential	 for	cooling.	Moreover,	 the	
daylight	factor	drops	down	with	essential	drawbacks	for	the	comfort	conditions	of	pedestrians	
at	the	public	streets.	Thus,	the	second	step	in	the	analytical	part	investigates	in	more	details	
how	the	Berlin	block	can	be	vertically	extended	while	considering	these	disadvantages,	as	well	
as	the	winter	case	and	different	orientations.		

A	one-side	vertical	extension	with	an	offset	for	the	newly	added	storeys	on	top	of	the	
existing	building	has	been	suggested	in	step	two.	Through	this	“vertical	offset	approach”,	the	
initial	sky	view	factor	for	the	problematic	urban	canyon	do	not	decline	through	densification,	
which	maintains	the	air	and	light	conditions	at	the	pedestrian	level.	As	the	main	global	vertical	
radiation	comes	from	the	south	and	east	direction	during	the	summer	in	Berlin,	the	one-side	
extension	in	the	canyon	was	chosen	for	south	and	east	(fig.	5).			
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Figure	5.	(left)	Monthly	average	global	vertical	radiation	(Meteonorm);	(right)	the	“vertical	offset	approach”	

The	vertical-offset	approach	was	tested	in	Ladybug	(fig.6)	and	ENVImet	(fig.7).	The	daily	
average	global	solar	radiation	simulations	determine	the	whole	amount	of	radiation	for	the	
initial	and	proposed	situation	for	July	and	December.	 It	can	be	clearly	seen	that	the	offset	
choice	 does	 not	 detrimentally	 influence	 the	 canyons	 for	 both	 orientations.	 This	 is	 also	
beneficial	for	the	winter	season	where	solar	gain	is	desirable	to	reduce	the	heat	demand	and	
to	feel	comfortable.		

Figure	6.	Daily	average	global	radiation	for	the	initial	case	and	suggested	approach	in	Ladybug	for	Rhino	

Figure	7.	ENVImet	simulations	testing	the	“vertical	offset	approach”	

Results		

The	 results	 obtained	 through	 the	 final	 ENVImet	 simulation	 (fig.7)	 and	 Diva-for	 Rhino	 are	
summarised	in	the	table	below,	comparing	the	light,	wind	and	thermal	conditions.	It	shows	
that	there	 is	a	slight	difference	for	the	mean	radiant	temperature,	which	drops	from	70°C	
down	to	68°C	and	45°C	(overshadowed	part)	in	the	courtyard	at	2	p.m.	In	general,	the	results	
are	highly	similar	to	those	from	the	initial	situation	after	adding	new	storeys	on	the	existing,	
which	 prove	 that	 densification	 can	 be	 achieved	 without	 a	 detrimental	 effect	 on	 the	
surrounding	microclimate.	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 1901



Figure	8.	Final	and	initial	ENVImet	results	focussing	on	two	spots	in	the	canyon	and	courtyard	

Conclusion		

The	analysis	proves	 that	 through	a	 sensible	new	placement	of	building	mass	at	 the	Berlin	
block	typology,	the	city	can	provide	central	living	space	without	detrimental	changes	on	the	
outdoor	microclimate.	This	primarily	includes	the	maintenance	of	sky	view	factors	for	narrow	
outdoor	 spaces	 to	 ensure	 initial	 daylight,	 wind	 conditions	 at	 the	 pedestrian	 level	 and	
encourages	night-time	cooling.	That	can	be	achieved	through	an	offset	for	the	newly	added	
storeys.	 Moreover,	 a	 vertical	 densification	 approach	 indirectly	 mitigates	 the	 UHI	 effect,	
because	it	can	offer	two	of	the	most	efficient	cooling	measures	to	take	place,	which	are	trees	
and	permeable	surfaces.	Both	can	reach	a	maximum	of	10-11°C	air	temperature	difference	at	
the	 pedestrian	 level	 to	 prevent	 heat	 stress	 and	 health	 issues.	 Hence,	 ecological	 effective	
surfaces,	trees	and	high	albedos	should	be	maintained	and	strengthened,	especially	in	terms	
of	 a	 growing	 urban	 density	 and	 CC.	 Following	 a	 vertical	 densification	 approach,	 a	 further	
horizontal	 expansion	of	 sealed	 surfaces	 through	a	 compressed	 courtyards	or	 the	 filling	of	
open	gaps	can	be	bend	forward.	Horizontal	open	gaps	also	encourage	air	movement	through	
the	ground	level	to	balance	temperature	differences	between	the	problematic	canyon	and	
courtyard.		

Figure	9.	(left)	Overview	showing	cooling	measures	and	densification	approach;	future	vision	(right)	

Considering	a	one-site	extension	of	a	narrow	canyon	towards	south	and	east,	slightly	
declines	the	perceived	direct	solar	radiation	during	the	summer.	Thus,	the	existing	building	
underneath	 and	 the	 urban	 canyon	 behind	 receives	 both	 less	 thermal	 load	 than	 before	
resulting	in	a	mean	radiant	temperature	reduction	of	2-3°C.	However,	newly	added	storeys	
should	not	completely	block	the	 incoming	radiation	as	 it	 is	desired	for	the	mid	and	winter	
seasons.	 The	 UHI	 mitigation	 strategies	 can	 effectively	 rely	 on	 passively	 adapting	 green	
infrastructure.	 The	 private	 courtyard	 can	 offer	 a	 sunnier	 place	 as	 well	 as	 a	 block	 corner	
compared	to	the	canyons	itself	due	to	higher	sky	view	factors.	Hence,	for	all	seasons	there	
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can	be	a	variety	of	comfortable	microclimates	created.	This	paper	contributes	to	the	on-going	
discussion	 in	Berlin	 about	 the	new	 living	 space	 creation	 from	a	 climatically	point	of	 view.	
Emphasising	on	the	potential	to	interlink	scientific	knowledge	about	urban	climatology	and	
environmental	design	principles	into	the	sustainable	development	of	urban	areas.	Adapting	
to	 CC	 related	 challenges	 for	 the	 sustainable	 development	 of	 urban	 areas,	 also	means	 to	
rethink	historically	developed	building	regulations.	

Limitation	

It	 should	 be	 stressed	 that	 the	 ENVImet	 simulations	 do	 not	 take	 anthropogenic	 heat	 into	
account,	which	would	have	led	to	even	higher	temperature	results	at	the	pedestrian	level	at	
the	horizontal	extension	approach	than	in	the	vertical	ones.	Anthropogenic	heat	is	related	to	
human	activities,	such	as	pollution,	heat	 loss	 in	buildings,	energy	consumption	and	people	
themselves	(Oke	et	al,	1991).	Besides	this,	 the	study	 is	based	on	a	very	abstract	situation,	
concentrated	on	the	outdoor	environment	and	on	the	urban	scale	and	should	be	continued	
with	further	investigations	e.g.	the	densification	impact	on	the	indoor	performance.		
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Abstract:	Climate	Change	have	caused	severe	impacts	on	natural	systems	resulting	in	climatic	extremes,	among	
many	heat	waves	pose	a	particular	challenge	for	urban	areas	by	exacerbating	Urban	Heat	Island	(UHI).	In	this	
context,	urban	wetlands	that	include	reservoirs,	lakes,	and	rivers	may	play	mitigating	role	towards	a	desirable	
climatic	scenario	at	Urban	Canopy	Layer	(UCL)	by	forming	many	‘Urban	Cooling	Island’	(UCI).	Two	urban	wetlands	
with	variable	riparian	shading	in	Dhaka	city	were	part	of	this	study	to	investigate	the	effect	of	these	factors	on	
intensity	 and	 extent	 of	 UCI.	 The	 study	 has	 been	 conducted	 using	 Remote	 sensing,	 Field	measurement	 and	
multiphysics	 simulation	 software.	 Field	 measurements	 were	 conducted	 to	 obtain	 relative	 humidity	 and	 air	
temperature,	 using	 fixed	 point	 data	 logging	 during	Hot-humid,	 Cold-dry	 and	Hot-dry	 seasons	 of	 the	 year.	 A	
simulation	model	was	built	using	the	field	data	to	test	different	advective	effects	that	take	place	in	the	vicinity	
of	water	 bodies:	 ‘fetch	 effect’	 and	 ‘oasis	 effect’.	 One	 of	 the	 findings	 of	 this	work,	which	 is	 contrary	 to	 the	
common	 assumption	 that	 humidity	 remains	 somewhat	 lower	 in	 the	 air	 layer	 near	 the	 water	 than	 at	 the	
neighbouring	shore.	Riparian	shading	increase	the	UCI	intensity	besides	showing	seasonal	variation	in	cooling	
effect.	
	
Keywords:	Urban	Cooling	Island	(UCI),	Advection,	Riparian	Shading,	Land	Surface	Temperature	

Introduction	

Recent	reports	of	Intergovernmental	Panel	on	Climate	Change	(IPCC)	stated	with	significant	
importance	that	Climate	Change	due	to	anthropogenic	activities	have	caused	severe	impacts	
on	natural	and	human	systems	on	all	continents,	resulting	in	climate-related	extremes,	such	
as	heat	waves,	droughts,	floods,	cyclones,	and	wildfires	[Revi	et	al,	2014].	In	1948,	Dhaka,	the	
capital	of	Bangladesh	was	a	city	with	an	area	of	approximately	50	sq.km	and	with	a	population	
of	250,000	and	at	present	the	population	is	more	than	14	million	[Ahmed,	1993].	Within	a	
span	of	20	years	(1989-2009),	urban	wetlands	in	Dhaka	metropolitan	area	has	been	reduced	
from	26.68%	of	the	total	area	to	9.27%	of	the	total	city	area,	which	is	approximately	a	65%	
reduction,	due	to	unprecedented	and	often	unplanned	urbanization	[Ahmed,	2013].	One	of	
the	environmental	manifestations	of	such	an	 increase	 in	urbanization	 is	 formation	of	heat	
islands	in	urban	domain	commonly	known	as	Urban	Heat	Island	(UHI).	It	develops	when	cities	
replace	their	natural	land	cover	such	as	vegetative	land	cover	and	wetlands	with	impervious	
surfaces	causing	heat-related	health	problems,	increased	air	pollution,	as	well	as	an	increase	
in	energy	demand	for	warm	season	cooling	of	the	buildings	in	a	variety	of	cities	in	subtropical,	
semiarid,	and	temperate	sites	[Sun	et	al	2012;	Steeneveld,	2014].	In	case	of	Dhaka,	it	has	been	
observed	 that	 Land	 Surface	 Temperature	 (LST)	 increased	 in	 areas	 with	 growing	 urban	
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development	 where	 natural	 Land	 Cover	 (LC)	 like	 wetlands,	 although	 protected	 by	
environmental	protection	law,	replaced	by	hard,	impermeable	pavement	and	dark	surface,	
which	is	exacerbating	Urban	Heat	Island	Effect	[Ahmed,	1995;	Raja,	et	al	2013].	UHI	studies	
in	Dhaka	city	revealed	the	maximum	intensity	of	heat	island	at	densely	populated	Old	Dhaka	
and	Motijheel	Commercial	areas	where	as	Dhanmondi	residential	area	was	under	the	grip	of	
cool	 pools	 due	 to	 the	 presence	 of	 large	 water	 body	 within	 the	 area	 and	more	 greenery	
[Hossain	et	al;	Khaleque	et	al,	1993].	

Urban	Adaptation	Measure	for	Climate	Change:	Urban	Cooling	Islands	(UCIs)	

Wetlands	of	Urban	areas	can	have	a	profound	impact	on	Urban	Canopy	Layer	(UCL)	climate	
levels.	Wetlands	lower	temperature,	increases	RH	and	lower	Heat	Stress	Index	(HIS)	at	the	
downwind	side,	which	is	also	known	as	“Lake	Effect”	(Error!	Reference	source	not	found.).	
Wetlands	include	reservoirs,	lakes,	and	rivers,	and	form	many	“Urban	Cooling	Islands”	(UCIs)	
(Sun	et	al,	2012).	This	UCI	could	be	an	effective	adaptation	measure	against	UHI	in	the	urban	
areas.	 The	 presence	 of	 wetland	 with	 riparian	 shade	 in	 cities	 modify	 the	 energy	 balance,	
inducing	 variations	 in	 the	 amount	 of	 solar	 radiation	 reaching	 the	 surface,	 wind	 speeds,	
ambient	temperature	and	air	humidity	and	thus	can	modify	the	comfort	conditions	in	urban	
environment	 [Robitu	 et	 al,	 2006,	 Taleghani	 et	 al,	 2014]. Several	 studies	 identified	 cooling	
effect	of	wetland	can	decrease	temperature	significantly	at	the	pedestrian	level	and	can	save	
up	 to	 2%	 in	 summer	 cooling	 [Mitchell	 et	 al,	 2008;	 Tominaga	 et	 al,	 2015]. In	 a	 study	 of	 a	
residential	 neighbourhood	 pond	 in	 Japan	 it	 has	 been	 observed	 that	 the	 maximum	
temperature	decrease	induced	by	the	water	surface	was	approximately	2◦C	at	the	pedestrian	
level.	 For	 a	 wind	 velocity	 of	 approximately	 3m/s	 at	 a	 height	 of	 10m,	 the	 effect	 of	 the	
evaporative	cooling	propagates	downwind	over	an	unobstructed	distance	of	100m	(Tominaga	
et	 al,	 2015).	 The	 cooling	 effect	 of	wetlands	may	 be	 intensified	 by	 constructing	 them	 in	 a	
relatively	 regular	 shape	 and	 small	 size	 due	 to	 the	 scarcity	 urban	 land	 although	 shape	
complexity	can	considerably	relieve	the	negative	impacts	on	water	quality	induced	by	urban	
land	use	and	high	urban	temperature	in	areas	adjacent	to	wetlands	[Sun	et	al	2012;	Shahjahan	
et	al	2016].	It	has	been	reported	in	various	studies	that	wetland	water	temperature	which	is	
positively	 correlated	with	 air	 temperature	 decrease	 up	 to	 6-7	 °C	 due	 to	 riparian	 shading	
[Rutherford	 et	 al	 1997,2004,	 Johnson	 et	 al	 2015,	 Bowler	 et	 al	 2012,	 Ficklin	 et	 al	 2013].	
Furthermore,	 it	 has	 been	 found	 that	 the	 ability	 of	 woody	 vegetation	 to	 shade	 a	 stream	
depends	on	its	orientation	and	shading	decreases	with	increasing	stream	width,	which	could	
be	moderated	by	using	wetland	plant	 species	 [Larson	et	al	1996].	A	 review	of	 the	several	
studies	 concluded	 that	 Riparian	 Buffer	 widths	 of	 ≥30	 m	 with	 appropriate	 Urban	 Solar	
Envelope	for	continuous	shading,	it	is	possible	cooling	the	urban	water	to	even	below	the	air	
temperature	[Sweeney	et	al	2014,	Asadi	et	al	2012,	Knowles	et	al	1980].		

The	cooling	effect	produced	by	an	Urban	wetland	could	be	carried	towards	down	wind	
direction	due	 to	 the	Advective	effect	known	as	 ‘leading-edge	or	 fetch	effect’	 (OKE,	1988).	
Contrary	to	the	existing	point	of	view,	humidity	over	the	surface	of	small	areas	of	water	are	
lower	 than	 its	 surroundings.	Due	 to	 the	 larger	evaporating	 surface	area,	 trees	around	 the	
water	body,	help	to	increase	humidity	through	evapotranspiration	(Geiger	et	al,	2009).	Based	
on	the	study	of	related	literature,	it	can	be	concurred	that	urban	wetland	can	play	an	effective	
role	in	microclimatic	cooling	of	the	urban	area	by	creating	“urban	cooling	island”	(UCI)	with	
the	help	of	Riparian	shade.		
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Methodology		

The	research	has	been	conducted	through	the	combination	of	multiple	methods	which	are:	
Remote	Sensing,	Field	measurement	and	Simulation	method.		

Remote	Sensing		

Through	the	study,	the	existence	and	intensity	of	potential	Urban	Cooling	Island	(UCI)	formed	
by	 the	 wetland	 is	 identified.	 Spatial	 information	 on	 the	 land	 cover	 and	 Land	 Surface	
Temperature	(LST)	has	been	extracted	using	Landsat	-	a	collection	of	space-based	moderate-
resolution	land	remote	sensing	data,	which	is	a	joint	initiative	between	the	U.S.	Geological	
Survey	 (USGS)	 and	 NASA.	 Data	 from	 the	 Landsat-5	 and	 Landsat-8	 of	 selected	 dates	 are	
downloaded	and	processed	to	find	the	Normalized	Difference	Vegetation	Index	(NDVI)	and	
Land	Surface	Temperature	(LST).	Using	ArcGIS	10.2.1	software,	at	first	the	Landsat	images	are	
atmospherically	corrected	and	the	NDVI	is	calculated.	Then	following	several	steps	explained	
by	Sobrino	et	al,	2004;	Carlson	et	al,	1997;	the	following	equation	is	used	to	calculate	Land	
Surface	Temperature.	

Land	Surface	Temperature	(LST)	(Weng	et	al.	2004)	
 

𝐿𝑆𝑇 =
𝑇

1 + λ× )
*
× ln 𝜀

 

Where,	 λ	 =	 wavelength	 of	 emitted	 radiance	 (for	 which	 the	 peak	 response	 and	 the	
average	of	the	limiting	wavelengths	(λ=	11.5	Am)	(Markham	et	al,	1985)	will	be	used),		
𝜌 = ℎ× 0

1
(1.438×10-2	m	K),	σ	=	Boltzmann	constant	(1.38	×	10-23	J/K),	h	=	Planck’s	constant	

(6.626×10-34	J	s),	and	c	=	velocity	of	light	(2.998×108	m/s).	

Once	the	Landsat	data	is	processed	following	the	above	steps,	LST	of	selected	points	in	
both	the	wetland	area,	including	the	point	(Urban	Stations)	of	continuous	data	logging	are	
extracted	 from	the	LST	map,	 for	correlational	analysis.	Two	sets	of	points	are	selected	 for	
both	the	wetlands	to	extract	LST	data,	the	first	set	is	at	the	Upwind	side	of	the	wetland	and	
second	set	of	points	are	at	 the	Down-wind	side	of	 the	wetland	based	on	the	Hot-Dry	and	
Warm-Humid	wind	direction	in	Dhaka	urban	area.	All	the	points	chosen	are	nearer	to	100m	
apart	 from	each	other	 to	avoid	 the	possibilities	of	 them	being	 into	 the	same	pixel,	as	 the	
Landsat	TIR	image	(Band	10	and	11	in	case	of	Landsat	8)	has	90m	resolution.	Distance	from	
those	points	to	the	edge	of	the	wetlands	are	measured.	Then	Correlational	analysis	between	
the	distance	and	LST	has	been	done	using	Microsoft	excel.	

Field	measurement		

Based	on	the	previous	study,	two	wetlands,	Dhanmondi	and	Hatirjheel	lake	of	Urban	Dhaka	
have	been	selected	for	the	field	study.	Main	rationale	for	selecting	the	wetlands	sites	is	to	
enable	the	analysis	of	the	effect	of	riparian	shade	as	Dhanmondi	Lake	has	been	chosen	for	its	
visible	riparian	shade	and	Hatirjheel	lake	is	chosen	for	its	absence	of	visible	riparian	shade.	As	
per	the	Urban	Climate	Zone	(UCZ)	classification	by	Oke,	the	surrounding	urban	area	of	the	
selected	Urban	Wetland	belongs	 to	zone	2.	A	buffer	zone	of	0.5	km	from	the	edge	of	 the	
wetland	had	been	 taken	 into	 consideration	 for	 the	 field	measurement	 as	well	 as	 Remote	
sensing.	 Air	 Temperature,	 Relative	 Humidity	 (RH)	 and	wind	 speed	 inside	 and	 around	 the	
selected	Urban	Wetlands	had	been	measured	at	selected	Urban	Stations	(Data	logging	points)	
by	 continuous	 data	 logging	 using	 Fixed	 data	 logger.	 Dates	 for	 the	 field	measurement	 are	
selected	from	three	design	seasons	of	Dhaka,	which	are	Hot	Dry	(March-May),	Warm	Humid	
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(June-November)	and	Cold	Dry	(December-February).	For	all	the	measurement,	the	sky	was	
mostly	free	of	cloud	with	bright	sunlight.	Data	logging	was	done	from	morning	to	sunset	on	
the	following	dates,	at	Dhanmondi	Lake	site	on	10	Oct	2016	and	24	Feb	2017;	at	Hatirjheel	
lake	side	on	11	Nov	2016	and	10	Feb	2017.	One	additional	Data	logging	was	done	on	13	Dec	
2016	at	Hatirjheel	lake	side	where	one	data	logger	was	placed	inside	Stevenson	Screen	at	the	
measurement	 point	 of	 Bangladesh	 Meteorological	 Department	 (BMD)	 together	 with	
instruments	of	BMD	for	calibration	purpose.	The	instruments	used	for	data	collections	are	EL-
USB-2-LCD	 Temp	 &	 RH	 Data	 Logger	 of	 Lascar	 Electronics,	 Extech	 445713:	 Big	 Digit	
Indoor/Outdoor	Hygro-Thermometer	and	Extech	AN400	Rotating	Cup	Thermo-Anemometer.	
All	the	measurements	were	done	at	pedestrian	level	in	between	a	height	of	1.5m-2m.	During	
the	 first	 two	measurement	 in	 both	 the	 study	 area,	 the	 Lascar	 instruments	were	 Bamboo	
tripod	mounted	in	a	partly	grass	covered	ground	or	paved	surface	under	the	shade	of	tree.	In	
The	second	two	measurements	Lascar	instruments	were	Ventilated	Box	mounted	under	the	
shade	of	tree.	In	case	of	both	the	wetland	all	the	data	logging	stations	are	selected	on	the	
downwind	side	of	the	wetland	except	Dhanmondi	lake,	where	one	station	is	chosen	on	the	
upwind	side.	

Simulation	and	modelling	

An	area	 (approx.	750m	 length)	adjacent	 to	 the	Dhanmondi	Lake	bounded	by	road	12A	on	
North-west,	Satmasjid	road	on	South-west	and	road	6A	on	the	south-east	selected	for	the	
simulation	study	as	all	the	data	logger	except	one	in	one	occasion,	was	placed	in	this	zone	to	
collect	microclimatic	data.	Due	to	limited	computational	power	of	the	computer	available	for	
simulation	study,	this	area	is	scaled	down	at	a	scale	of	1:7500.	Data	obtained	from	the	field	
measurement	 of	 this	 wetlands	 were	 used	 as	 an	 initial	 condition	 into	 the	 COMSOL–
Multiphysics	 software	 as	 a	 part	 of	 problem	modelling	 study.	Water	 and	Air	 temperature,	
Relative	 humidity	 and	Wind	 speed	 are	 primary	 inputs	 for	 the	 simulation	besides	 types	 of	
ground	cover	and	the	built	form.	Although	all	the	buildings	in	each	block	are	detached	type,	
the	gaps	between	the	buildings	in	most	of	the	case	not	more	than	2	m.	So,	for	the	simplicity	
of	the	model	all	the	buildings	in	a	single	block	are	safely	considered	as	a	single	building	mass.	
Also,	 only	 the	 part	 of	 the	 lake	 in	 the	 line	 of	 prevailing	wind	 direction	 are	modelled.	 The	
principal	assumption	which	has	been	tested	in	the	simulation	model	is	that	the	water	in	the	
wetland	will	be	cooled	down	with	the	help	of	continuous	riparian	shading	to	act	as	UCI,	this	
cooling	effect	will	then	be	transferred	to	the	urban	fabric	through	advective	process.	One	of	
the	day	of	field	measurement	in	this	area,	24	Feb	2017	used	for	the	position	of	the	sun	in	the	
simulation	model.	The	simulation	time	was	fixed	from	9	AM	to	16:00	PM	of	that	day.	The	
whole	simulation	ran	twice,	once	for	the	water	body	completely	under	solar	radiation	and	the	
other	study	was	for	the	water	body	completely	shaded	from	solar	radiation.	The	modules	of	
the	COMSOL-Multiphysics	that	are	combined	to	model	the	Urban	Cooling	Island	Effect	of	the	
urban	wetland	are:	 (1)	CFD	module:	Fluid	Flow-Single	phase	flow,	Turbulent	Flow,	k-w.	 (2)	
Heat	 Transfer	Module:	 Heat	 Transfer	 in	 Fluids	 and	Heat	 Transfer	with	 Surface	 to	 Surface	
Radiation	(ht).	(3)	Chemical	Species	Transport:	Transport	of	Diluted	species	(tds)	
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Results	and	Discussion	

Cool	spots	in	the	Urban	Area	due	to	riparian	shading	

Land	 surface	 temperature	 (LST)	 of	 eight	 date	 has	 been	 derived	 from	 the	 Landsat	 data	
obtained	from	USGS	and	Nasa.	The	first	date	to	derive	LST	is	12	Dec	1991	which	is	nearer	and	
similar	 (typical	winter	day)	 to	 the	date	3rd	 January	1992	when	Bangladesh	Meteorological	
Department	(BMD)	carried	out	field	measurement	at	ten	locations	in	the	city	to	determine	
Urban	Heat	Island	effect	of	Dhaka.		The	other	dates	as	shown	in	Figure	1	are	chosen	from	the	
year	2015	and	2016	to	represent	the	typical	day	of	the	three	seasons.	

Figure	1.	LST	of	Urban	Dhaka	derived	from	Landsat	data	showing	cool	spots	and	seasonal	variations.	
As	consistent	with	the	studies	of	BMD	Land	Surface	Temperature	derived	from	the	Landsat	
data	(Fig.1)	is	also	showing	that	Dhanmondi	Lake	area	are	cooler	than	the	rest	of	the	spots,	
which	acts	as	a	cool	spot	in	all	seasons	of	the	year.	Tejgaon	area	which	is	an	industrial	area	
located	beside	Hatirjheel	 Lake	 are	warmer	 than	Dhanmondi	 area	despite	 the	presence	of	
water	body	due	to	difference	in	Riparian	shading	(Fig.2).	Also,	topographical	and	shading	by	
built-form	are	more	prominent	in	Dhanmondi	lake	than	Hatirjheel	lake.		

Figure	2.	Comparison	of	Land	Surface	Temperature	of	different	season	of	selected	spots	in	Dhaka.	

Relationship	between	the	LST	and	Distance	from	the	wetland	in	different	season:	

Results	of	Correlational	analysis	between	Land	Surface	Temperature	(LST)	at	selected	points	
and	their	distance	from	water	edge	for	both	the	Dhanmondi	and	Hatirjheel	for	the	selected	
dates	(representing	three	seasons)	of	2015	and	2016	are	presented	in	table	1.	The	result	of	
the	 correlation	 analysis	 (Table	 1)	 shows	 that	 the	 LST	 strongly	 positively	 correlated	 with	
distance	from	the	edge	of	wetland.	In	case	of	Hatirjheel	the	correlation	is	strongest	in	April,	
which	 is	 Hot	 dry	 season	 and	 in	 case	 of	 Dhanmondi	 Lake	 the	 correlation	 is	 strongest	 in	
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September	which	is	Warm-Humid	season.	The	possible	explanation	is	that	during	the	hot	dry	
season	Hatirjheel	lake	get	more	topographical	shading	due	to	low	water	level	and	hence	the	
water	temperature	stays	comparatively	low	to	produce	more	cooling	which	in	turn	increases	
the	difference	of	the	cooling	effect	with	the	distance.	

Table	1.	Correlation	coefficient	(r)	between	LST	and	Distance	from	the	edge	of	the	wetland.	
HatirJheel_Downwind	 HatirJheel_Upwind	 Dhanmondi_Downwind	 Dhanmondi_Upwind		

LST	28JAN2015	 0.64	 0.59	 0.72	 0.72	
LST	18APR2015	 0.88	 0.54	 0.70	 0.76	
LST	4MAY2015	 0.76	 0.51	 0.74	 0.70	
LST	25SEPT2015	 0.73	 0.41	 0.77	 0.73	
LST	3MAR2016	 0.80	 0.47	 0.68	 0.69	
LST	14NOV2016	 0.73	 0.53	 0.81	 0.66	
LST	18FEB2017	 0.71	 0.60	 0.70	 0.66	

On	the	other	hand,	Dhanmondi	lake	stays	under	shading	around	the	year	due	shading	
by	large	tree	canopy	and	built	form.	So,	the	increase	of	water	volume	in	hot	humid	season	
works	in	favour	of	producing	more	cooling	effect	by	lowering	the	temperature	of	large	volume	
of	water	with	its	Riparian	shading.		

Effect	of	temperature	on	Relative	Humidity:	

Several	important	observations	could	me	made	from	the	humidity	data	obtained	from	
the	selected	urban	stations	on	both	the	wetland	given	in	Fig.3.	Firstly,	RH	near	the	edge	of	
the	 water	 and	 over	 the	 water	 are	 lower	 than	 the	 park	 and	 vegetated	 area,	 which	 is	
consistence	with	the	findings	of	Geiger	R.	(2009).	Another	important	observation	is	as	the	day	
progress	humidity	decreases	from	the	mid-day	to	afternoon,	which	increases	the	evaporative	
cooling	potential.	It	is	also	observed	that	air	temperature	of	the	point	along	the	line	of	wind	
direction	from	the	lake	are	lower	than	those	points	located	in	the	road	perpendicular	to	that	
and	also	the	air	temperature	increases	with	the	distance	from	the	edge	of	water.	In	case	of	
HatirJheel	 lake,	which	 is	 almost	 devoid	 of	 riparian	 shading,	 the	 park	 adjacent	 to	 the	 lake	
clearly	shows	the	advective	effect	‘Oasis	effect’	with	lower	air	temperature	and	higher	RH.	

Figure	3.	Air	Temperature	and	RH	of	the	Dhanmondi	and	Hatijheel	Lake	area	at	selected	urban	stations.	
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Shading	and	the	Temperature	of	the	water	of	wetland	

From	the	simulated	water	temperature	of	the	wetland	in	Fig.	4(a)	it	could	be	observed	that	
water	of	the	wetland	without	riparian	and	topographic	shading	has	higher	temperature	which	
correspond	with	the	findings	of	the	literature	about	the	effects	of	shading	on	wetlands.	Also,	
it	is	important	to	note	that	simulation	results	show	that	the	amount	of	temperature	increase	
due	to	solar	radiation	is	less	in	the	big	water	mass	than	the	smaller	water	body.	Fig	(b)	shows	
the	simulated	advection,	carrying	cooling	effect	inside	the	urban	fabric.	

Figure	4.	(a)	Simulated	water	temperature	of	wetlands	(b)	Advection:	Leading	edge/	Fetch	effect	

Limitation	of	the	simulation	study	

Due	to	high	computing	resource	demand	by	COMSOL-Multiphysics,	the	simulation	model	has	
been	scaled	down,	which	reduces	the	accuracy	of	the	result.	

Conclusions

The	study	demonstrate	that	a	wetland	must	have	vegetative	buffer	for	Riparian	shading	to	
produce	 cooling	effect	 to	 counter	Urban	Heat	 Island	effect.	Among	 the	advective	process	
leading	 edge	 or	 fetch	 effect	 is	 important	 mechanism	 to	 carry	 this	 cooling	 effect	 to	 the	
downwind	side	of	wetland.	If	the	wetland	is	shaded	radiative	and	conductive	heat	exchange	
rather	than	evaporation	becomes	the	prominent	heat	exchange	process	between	water	of	
the	wetland	and	the	air	layer	above	it.	Large	shaded	water	body	can	produce	more	cooling	
effect	 than	 the	 smaller	 one	 if	 they	 are	 significantly	 shaded.	 Besides	 increasing	 relative	
humidity	 and	 lowering	 air	 temperature,	 Riparian	 shading	 is	 also	 responsible	 for	 Seasonal	
variation	in	UCI	effect.	
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Abstract:	The	use	of	 trees	 in	cities	 is	an	 important	strategy	 for	beauty	and	health	 in	 the	urban	context.	The	
shading	strategy	provoked	by	the	trees,	in	turn,	promotes	besides	the	beauty,	thermal	gains	important	for	the	
increase	of	the	sensation	of	comfort	of	the	user,	and	the	quality	of	the	air	of	the	city.	In	the	city	of	Lisbon,	an	
important	 avenue	 -	 Republic	 Avenue	 will	 undergo	 urban	 intervention,	 with	 an	 increase	 in	 the	 area	 of	
afforestation	 and	 expansion	 of	 mobility	 corridors	 (bike	 path	 and	 pedestrian	 sidewalks).	 In	 this	 sense,	 the	
objective	of	this	article	is	to	evaluate	the	thermal	gain	of	the	increase	of	afforestation	along	the	Republic	avenue.	
For	this,	the	research	method	uses	the	ENVI-met	microclimatic	modeling	software,	through	the	tool	it	is	possible	
to	compare	the	current	situation	of	the	road	with	the	urban	afforestation	increment	project	-	where	double	the	
number	of	trees	in	the	avenue.	The	results	show	that	the	intervention	in	the	avenue	provided	an	increase	in	the	
level	 of	 comfort	 by	 reducing	 the	PMV	 index	 and	 reducing	 the	 air	 temperature	 in	 addition	 to	 increasing	 the	
relative	humidity	 rate	of	 the	air.	 The	article	 concludes	 that	other	places	 around	Republic	Avenue	were	also	
benefited	by	the	reduction	of	air	temperature	values	??and	increase	of	humidity.	The	research	proves	that	the	
alteration	of	the	urban	design	of	a	road	can	positively	influence	the	comfort	of	the	surroundings.	With	the	new	
avenue	project	there	was	a	reduction	of	up	to	3	degrees	celcius	in	the	afternoon	hours.	There	was	an	increase	
in	humidity	from	50	to	70%	in	the	morning	and	from	40	to	50%	in	the	afternoon.	This	article	show	that	the	use	
of	trees	in	this	climatic	type	creates	more	comfortable	areas	and	mitigating	the	negative	effects	of	the	urban	
heat	island.	
	
Keywords:	envi-met,	urban	climate,	simulation,	greenroof	

Introduction	

There	are	many	ways	of	assessing	the	quality	of	the	urban	climate.	For	example,	changing	
the	surface	of	materials	can	be	one	of	the	most	impacting	factors	for	user	comfort.	In	this	
sense,	 surfaces	with	 higher	 albedo	 tend	 to	 reflect	more	 solar	 energy,	 therefore,	 create	 a	
worse	thermal	discomfort	condition.	

The	studies	by	Conry,	Sharna	and	Potosnak	(2015)	assess	the	impact	of	the	urban	heat	
island	in	the	Chicago	metropolitan	area.	In	this	area,	impacts	were	observed	in	the	Chicago	
Climate	Masterplan.	The	study	evaluated	the	meso	and	microclimatic	scales	in	the	ENVI-met	
3.1	software.	The	study	used	the	PMV	Fanger	indicators	and	the	PPD	to	assess	the	number	
of	people	dissatisfied.	
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The	other	parameter	can	be	measured	the	urban	quality	in	terms	of	thermal	comfort	
is	 the	 surface	 temperature	 and	 albedo.	 The	 albedo	 is	 the	 ratio	 of	 reflected	 radiation	 to	
incident	radiation	from	at	a	surface.	The	use	of	heat	absorbing	materials,	the	reduction	 in	
vegetated	 or	 green	 spaces,	 the	 characteristics	 of	 urban	 canyons	 and	 the	 production	 of	
anthropogenic	 heat	 have	 caused	 the	 UHI	 potential	 to	markedly	 increase	 in	metropolitan	
areas	(Razzaghmanesh	et	all,	2016;	Santamouris	et	all,	2011,	2014).	

In	this	study	(Razzaghmanesh	et	all,	2016)	the	heat	potential	of	three	common	urban	
environmental	materials	was	 investigated.	The	results	show	that	 low	albedo	materials	are	
one	of	the	main	causes	of	increased	temperature	in	cities.	Furthermore,	urban	development	
and	the	reduction	of	vegetated	green	spaces	also	contribute	to	increasing	temperatures.	

Furthermore,	the	results	show	that	the	thermal	distribution	is	quite	stable	at	deeper	
layers	within	the	growing	media	but	 it	 fluctuated	more	 in	the	upper	substrate	 layers.	This	
UHI	mitigation	potential	of	green	roofs	was	used	in	the	development	of	a	numerical	model	
to	 investigate	the	effects	of	adding	green	roofs	to	the	top	of	buildings	(Razzaghmanesh	et	
all,	2016).	

In	 this	 sense,	 it	 is	 possible	 to	 demonstrate	 how	 cities	 have	 been	 concerned	 with	
assessing	 their	 degree	 of	 comfort	 in	 open	 spaces.	 This	 research	 therefore	 intends	 to	
evaluate	 the	 degree	 of	 thermal	 comfort	 and	 the	 consequent	 reduction	 of	 areas	 of	 heat	
islands	with	the	new	proposal	of	avenue	forestation	in	the	Lisbon	city.	

Method	and	Lisbon	Climate	

Lisbon	 has	 a	 Mediterranean	 climate,	 with	 mild	 winters	 and	 hot	 and	 dry	 summers,	
classified	as	Csa	according	to	Köppen	system.	According	to	the	climatological	normal	for	the	
period	1970-2000,	August	was	the	hottest	month,	with	an	average	temperature	of	22.5ºC.	

The	study	area	is	located	in	Avenidas	Novas	neighbourhood,	and	includes	part	of	the	
Central	Business	District	of	Lisbon,	thus	concentrating	commercial	and	tertiary	activities.	

The	 urban	 requalification	 project	 impact	 in	 the	 thermal	 comfort	 of	 the	 zone	 was	
evaluated	in	an	area	of	11,4	ha	(Figure	1),	including	part	of	the	square	area	and	the	two	first	
blocks	of	Republic	Avenue.	

It	 presents	 different	 pictures	 about	 the	 changes	 of	 avenue.	 In	 the	 first	 column,	we	
show	the	current	situation,	and	in	the	second	column	we	show	the	hypothetical	project.	The	
main	changes	between	the	two	scenarios	were:	increase	in	number	of	trees	and	reduction	
of	impermeable	low	albedo	surfaces	(Figure	2).	

	 	
Figure	1.	Lisbon	and	the	study	area	
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Scenario	1	–	Avenue	in	Current	situation	 Scenario	2	–	Avenue	with	trees	

Figure	2.	Current	and	projected	scenario.	Source:	Costa,	2015	
	

For	 this	 month,	 the	 parameters	 air	 temperature,	 wind	 speed	 and	 direction,	 and	
relative	humidity	in	2	m	above	ground	were	retrieved	from	www.portalclima.pt.	And	about	
the	 value	 for	 the	 roughness	 length	 was	 retrived	 from	 the	 Wyoming	 University	 site	 was	
consulted	(http://weather.uwyo.edu/upperair/sounding.html).	

Table	1.	Parameters	about	Lisbon	climate	archive	
Parameter	 Value	
Initial	atmospheric	temperature	(K)	 295.65	
Wind	speed	measured	at	10m	height	(m/s)	 4.27	

Wind	direction	(deg)	 315	
Roughness	length	of	study	area	(m)	 1	
Specific	humidity	at	2500	m	(g/kg)	 3.28	
Relative	humidity	at	2m	(%)	 62	

Source:	Santos,	T,	Silva,	C,	Tenedorio,	A.	(2017)	
	

Table	2.	PMV	Parameters	by	thermal	perception	

	
Source:	Hirashima	(2010,	p.	455)	

PMV	Analysis	

The	PMV	index	of	Fanger	was	developed	from	statistical	analysis	of	the	thermal	conditions	
preferred	 by	 most	 people	 (BITTENCOURT	 and	 CÂNDIDO,	 2008).	 The	 index	 is	 based	 on	
international	standardization.	One	can	cite,	for	example,	the	reference	in	the	standard	ISO1	
-	7730	"Moderate	thermal	environments	-	Determination	of	the	PMV	and	PPD	indices	and	
specification	of	the	conditions	for	thermal	comfort".	

In	 this	 sense,	 Águas	 (2001)	 discusses	 this	 norm,	 stating	 about	 the	 standard	 has	 the	
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general	principles	been	adapted	by	ASHRAE	in	the	standard	55-1981	"Thermal	environment	
conditions	 for	human	occupancy".	 The	verification	of	 ISO-7730	 requires	measurements	of	
thermal	parameters.	The	definition	of	 the	quantities	 to	be	measured	and	 the	 instruments	
were	 subject	 to	 ISO-7726	 "Thermal	 environments	 -	 Specifications	 relating	 to	 instruments	
and	methods	for	measuring	physical	characteristics	of	the	environment"	published	in	1985.	
Finally	 a	 third	 standard,	 ISO-7243	 "(1982),	 defines	 the	 level	 of	 environmental	 discomfort	
and	 applies	 in	 situations	where	 for	 technical-economic	 reasons	 it	 becomes	 impossible	 to	
apply	the	standard	ISO-7730	(Águas,	2001,	p.17).	

The	 Fanger	 index	 represents	 one	 of	 the	 most	 used	 indices	 in	 the	 thermal	 comfort	
literature.	 It	 was	 used	 in	 a	 survey	 conducted	 in	 the	 city	 of	 Cambridge,	 where	 about	 a	
thousand	 people	 were	 analyzed.	 The	 results	 indicated	 that	 in	 addition	 to	 the	
thermophysiological	 response,	 people	 respond	 subjectively	 to	 the	 election	 of	 the	 places	
where	they	walk	and	usually	stay.	

Results	and	Discussion	

Three	pictures	and	graphs	are	presented	as	results	of	this	research:	air	temperature,	relative	
humidity	and	PMV	index	(Figure	3,	Figure	4,	Figure	5,	Figure	6,	Figure	7	and	Figure	8).	The	
values	recorded	in	the	graphs	were	the	maximum	and	minimum	values	in	the	central	area	
of	the	sidewalks	of	the	avenue.	

About	the	air	temperature	(Figure	3	and	Figure	4),	the	pictures	show	the	temperature	
reduction	along	the	day,	especially	during	the	morning	and	afternoon,	about	2	degrees	less	
than	current	scenario.	

Figure	3.	Air	Temperature	maps	along	of	day	
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Figure	4.	Air	Temperature	along	of	typical	summer	day	

About	the	specific	humidity	(Figure	5	and	Figure	6),	we	can	see	the	humidity	increase	
along	the	day,	especially	at	night,	about	10	percent	more	than	current	scenario.	

Figure	5.	Specific	Humidity	maps	along	of	day	
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Figure	6.	Specific	Humidity	along	of	typical	summer	day	

We	can	see	that	the	projected	scenario	(with	more	trees)	was	more	comfortable	than	
the	current	scenario.	At	morning,	the	difference	is	bigger	(Figure	7	and	Figure	8).	

Figure	7.	PMV	Index	maps	along	of	typical	summer	day	
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Figure	8.	PMV	Index	along	of	day	

Conclusions	

Planting	 trees	 is	 critical	 to	 reducing	 environmental	 extremes,	mainly	 during	morning	 and	
afternoon.	At	night,	 the	powder	of	plants	can	be	support	 the	humidity	parameters	 for	air	
quality	and	preserved	the	environmental	systems.	

In	 the	 case,	 it	 was	 concluded	 that	 the	 planting	 of	 trees	 reduced	 the	 maximum	 air	
temperature	along	the	day	and	increase	the	humidity	parameter	along	the	night.	About	the	
urban	 form,	we	 can	proven	 the	 east	 side	 of	 the	 avenue	had	better	 thermal	 performance	
than	 the	 west	 side,	 which	 shows	 the	 influence	 of	 the	 shading	 of	 the	 buildings	 on	 the	
sidewalk.	

Regarding	the	 level	of	 thermal	stress,	 it	 is	stated	that	the	design	of	 the	avenue	with	
more	trees	made	the	environment	more	comfortable	all	day.	The	projected	scenario	made	
the	avenue	with	more	humidity	of	the	air	at	night	proving	the	reduction	of	the	effect	of	the	
urban	heat	island.	

It	is	recommended	that	the	government	implement	further	improvements	in	order	to	
assess	the	gains	after	the	actual	implementation	of	afforestation	in	the	area.	

It	 is	 also	 worth	 noting	 that	 other	 studies	 of	 urban	 simulations	 have	 made	 this	
assessment	for	other	climatic	periods	in	the	city	of	Lisbon,	making	it	possible	to	overcome	
the	comfort	gains	for	other	periods	that	characterize	the	city's	climate.	
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Abstract:	Urban	water	bodies	arguably	has	the	potential	to	mitigate	many	urban	problem	related	to	thermal	
environment	while	also	 improve	 the	pedestrian	 thermal	comfort.	Numbers	of	 research	have	 found	 that	 this	
cooling	effect	 is	 influenced	not	only	by	 the	prevailing	microclimate	 (i.e:	air	 temperature,	humidity	and	wind	
condition)	but	also	its	physical	properties,	such	as	surface	area,	orientation	and	water	temperature.	Artificial	
urban	 water	 bodies,	 furthermore,	 have	 the	 advantage	 to	 properly	 control	 and	 to	 adjust	 these	 physical	
parameter.	 Thus	 to	 find	 an	 optimum	 and	 effective	 design	 solution	 of	 water	 bodies	 in	 an	 urban	 area,	 an	
experimental	study	was	conducted	inside	an	outdoor	urban	scaled	model,	in	Saitama,	Japan.	In	this	paper,	the	
author	 presents	 initial	 finding	 on	 experimental	 studies	 of	 urban	 water	 pond	 mitigating	 capacity	 to	 its	
surrounding	 thermal	 environment	 by	 changing	 its	 physical	 properties	 (i.e,	 modification	 of	 orientation	 and	
adjusting	 the	water	 temperature).	 The	measured	 air	 temperatures	 show	 clear	 evidence	 of	 the	water	 pond	
ability	to	 improve	the	thermal	environment,	while	also	show	a	distinctive	diurnal	pattern	with	chilled	water.	
The	air	temperature	around	chilled	water	pond	was	found	lower,	on	average,	by	0.3	˚C	and	0.5	˚C	as	compared	
to	normal	water	pond	and	no	pond	condition,	respectively.	The	modification	of	water	temperature	seems	to	
affect	 the	thermal	environment	around	the	water	pond.	One	possible	reason	 is	 that	 the	thermal	capacity	of	
chilled	water	pond	was	increase	greatly;	in	which	there	were	less	energy	utilize	to	warm	the	air.	
	
Keywords:	Urban	Water	bodies;	cooling	effect;	field	measurement;	outdoor;	scale	model	

Introduction		

Water	bodies	 in	urban	area	have	an	 important	 role	on	modifying	 the	urban	microclimate.	
Mainly	 through	 evaporation,	 these	 water	 bodies	 improve	 its	 surrounding	 thermal	
environment	by	maintaining	cooler	air	temperature	(Oke,	1987).	Currently,	although	it	still	
limited,	researchers	have	conducted	many	study	on	the	water	body’s	ability	to	ameliorate	
the	 urban	 microclimate.	 Generally,	 these	 studies	 have	 found	 that	 air	 temperature	 near	
bodies	 of	 water	 (e.g.	 lake,	 river	 and	 ponds)	 is	 found	 1-5°C	 lower	 as	 compared	 to	 the	
adjacent	 built	 up	 area,	 particularly	 during	 the	 day	 (Murakawa	 et	 al.,	 1991;	 Hatway	 and	
Sharples,	2012;	Chen	et	al.,	2006;	Jusuf	et	al.,	2009).	In	urban	context	where	un-built	lands	
are	 limited,	 however,	 a	 proper	water	 body’s	 design	 and	 placement	 is	 important.	 Thus,	 a	
good	understanding	of	the	current	status	and	issues	of	thermal	environment	influenced	by	
water	 bodies	 in	 urban	 area	 and	 its	 association	 with	 the	microclimate	 is	 needed	 to	 have	
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better	 urban	 thermal	 environment.	 By	 utilizing	 an	 outdoor	 scale	 model,	 the	 present	
research	aim	to	assess	the	role	of	urban	water	body	(in	form	of	artificial	water	pond)	on	the	
thermal	 environment	 and	 pedestrian	 thermal	 comfort.	 The	 outdoor	 scale	model,	 namely	
COSMO	 (Comprehensive	Outdoor	 Scale	Model),	 is	 a	 cubical	 array	 of	 512	 concrete	 cubes,	
each	 1.5m	 in	 size,	 located	 in	 Saitama	 Prefecture,	 Japan	 (figure	 1).	 The	 cubes	 are	 painted	
grey	and	hollow	 inside.	 The	 scale	model	was	designed	 to	be	 scaled	down	at	1/5,	with	an	
objective	to	resemble	low-rise	urban	setting	(Kanda	et	al,	2006).		The	outdoor	scale	model	
ability	to	recreate	similar	thermal	pattern	to	actual	urban	condition	(Kawai	&	Kanda,	2010a;	
Kawai	&	Kanda	2010b)	has	 the	advantages	of	observing	various	experimental	study	under	
real	urban	climate	condition.	Furthermore,	considering	its	generic	form,	such	a	scale	model	
has	the	potential	to	systematically	alter	physical	features	while	having	result	that	are	easier	
to	interpret.	By	evaluating	the	measured	data	inside	the	scale	model,	the	present	research	
illustrates	 the	 notable	 benefits	 of	 artificial	 water	 body,	 in	 form	 of	 water	 pond,	 on	 its	
surrounding	 thermal	 environment.	 As	 presented	 on	 earlier	 report,	 the	 presence	 of	water	
bodies	 was	 able	 to	 maintain	 lower	 air	 temperature	 as	 compared	 to	 a	 no-pond	 (dry)	
condition	(Syafii,	2015).	 	 In	this	following	analysis,	however,	the	discussion	will	focus	more	
on	 comparison	 of	 different	 water	 pond	 size	 in	 regards	 to	 the	 surrounding	 thermal	
environment	and	on	the	factors	influencing	the	cooling	capacity.	Additionally,	further	study	
on	how	 to	optimize	 the	cooling	benefits	and	 its	 immediate	 impact	on	pedestrian	comfort	
will	also	be	presented.	

Figure	1.	COSMO	and	footage	of	the	measurement	

Methodology		

Experimental	Design		

A	series	of	experimental	study	was	conducted	during	summer	in	year	2015	and	year	2016,	
inside	the	COSMO	canopy.	With	the	purpose	of	finding	the	general	influence	of	water	pond,	
in	 summer	2015	 two	adjoining	 street	 canyons	were	exposed	 to	 two	different	water	pond	
conditions	(figure	2a).	Subsequently,	in	summer	2016,	with	the	aims	to	further	optimize	the	
cooling	 effect	 and	 to	 assess	 its	 immediate	 impact	 on	 pedestrian	 comfort,	 two	 distinguish	
experimental	studies	were	examined	(figure	2b).		On	each	canyon,	one	measurement	point	
was	installed	in	the	middle	of	the	canyon,	representing	the	street	canyon	average	condition.	
Each	measurement	point	consists	of	air	temperature	and	radiant	temperature	sensor,	while	
water	temperature	was	measured	at	the	middle	of	the	pond.	The	details	of	the	experiment	
setup	and	all	the	equipment	being	used	are	presented	in	table	1	and	table	2,	respectively.	
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Figure	2.	Experiment	study	1	–	2015	and	experiment	study	2	-	2016	plan	view	and	footage	of	the	measurement		

Table	1:	cases	
Cases	 Pond	size	(length,	width,	tall)	 Water	condition	

Case	big	pond	 6m	x	1.5m	x	0.15m	 natural	

Case	small	pond	 1.5m	x	1.5m	x	0.15m	 natural	

Case	1	 1.5m	x	0.5m	x	0.15m	 natural	

Case	2	 1.5m	x	0.5m	x	0.15m	 chilled	

Table	2:	equipment	detail	
Measured	parameter	 Equipment	detail		

Air	temperature	 TC*	Ф0.025mm		
Humidity	 Thermistor	type	TDK	RH	sensor	(5%	-	95%)	
Water	temperature	 TC*	Ф0.05mm		
Globe	temperature	 TC*	Ф	0.05mm	inside	a	grey	painted	40mm	celluloid	globe		
Global	solar	radiation	 Pyranometer	-	EKO	ML-01	(50	µV/W/m²)	
Background	climate	 Vaisala	WXT520		

*TC:	Thermocouple,	T-type,	copper	–	constant	

Analysis	method	and	selected	day	data	

For	 the	 following	 analysis	 and	 discussion	 the	 measured	 data	 was	 presented	 in	 hourly	
average	 and	 only	 relatively	 hot	 day	 data	was	 used.	 For	 2015	 data,	 the	 selected	 day	 data	
were	31	July,	1	Aug,	4	Aug	and	5	Aug;	while	for	2016	data,	the	selected	day	data	were	4	and	
6	Oct.		

Findings	and	Discussion		

Among	the	selected	day	data,	the	measured	air	temperature	(Ta)	shows	relative	consistent	
trend	 (figure	 3).	 The	 bigger	water	 surface	 seems	 to	 contribute	more	 on	 lowering	 the	 air	
temperature	 as	 compared	 to	 the	 smaller	 pond,	 particularly	 at	 late	 afternoon.	 As	may	 be	
expected,	 in	the	early	part	of	the	day,	the	Ta	at	both	canyons	shows	similar	value.	Due	to	
relatively	 low	wind	speed	and	low	incident	solar	radiation	(blocked	by	the	COSMO	cubes),	
the	 cooling	 effect	 by	 both	 ponds	 seems	 to	 be	 limited.	 The	 availability	 of	 wind	 and	 solar	
radiation	 are	 important	 factor	 for	 initiating	 evaporative	 cooling,	 as	 found	 by	 other	 (Oke,	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 1922



1987;	 Tang	 and	 Etzion,	 2004).	 Naturally,	 winds	 carry	 drier	 air	 and	 enhance	 convection	
process	while	 solar	 radiation	provides	energy	 for	evaporation.	During	 the	night,	however,	
the	 opposite	 trend	was	 happening.	 The	 Ta	 in	 the	 canyon	 exposed	 to	 the	 big	 pond	 show	
slightly	warmer	condition.	Due	to	larger	surface	area	and	bigger	heat	capacity,	the	big	pond	
will	 theoretically	have	more	evaporation	surface	and	absorb	more	heat	during	the	day.	 In	
which	 translate	 into	more	 daytime	 latent	 heat	 transformation	 and	more	 night	 time	 heat	
release,	 as	 shown	 on	 the	 measured	 water	 temperature,	 Tw	 (figure	 4).	 The	 Tw	 profile	
suggests	that	different	pond	size	have	different	warming	rate.	On	the	early	hour	of	the	day,	
the	big	pond	tends	to	warms	up	relatively	slower	as	compared	to	the	small	pond,	due	to	its	
larger	 thermal	 capacity.	 These	 Tw	 diurnal	 trend	 also	 further	 indicate	 that	 bigger	 pond	
actually	 absorbs	 and	 eventually,	 release	 more	 heat,	 in	 which	 translate	 into	 higher	 Ta,	
particularly	during	night	time.		
	
	
	
	
	
	
	
	
Figure	3:	Hourly	average	profile	of	air	temperature	(Ta)	and	air	temperature	difference	(ΔTa)	of	big	pond	case	

and	small	pond	case	on	summer	2016	experiment	study	
		

	
	
	
	
	
	
	

	
Figure	4:	Hourly	average	profile	of	water	temperature	(Tw)	and	water	temperature	difference	(ΔTw)	of	big	

pond	case	and	small	pond	case	on	summer	2016	experiment	study	
	
Figure	5,	shows	the	globe	temperature	(Tg)	diurnal	profile	and	the	globe	temperature	

difference	(ΔTg)	of	big	pond	relative	to	small	pond.	As	was	expected,	negative	value	on	ΔTg	
means	 that	 the	 canyon	exposed	 to	bigger	pond	has	 lower	Tg	 as	 compared	 to	 the	 canyon	
exposed	to	smaller	pond.	Owe	to	its	larger	thermal	capacity	and	larger	evaporation	surface,	
bigger	pond	will	absorb	more	radiation	energy	in	the	canyon,	while	also	maintaining	lower	
energy	 to	 warm	 the	 air	 by	 evaporation	 process.	 During	 the	 night,	 however,	 more	 heat	
absorbed	 means	 there	 will	 be	 more	 heat	 release,	 thus	 the	 slightly	 stronger	 radiation	
condition	was	 found	around	the	big	pond	case.	 In	addition,	 the	ΔTg	profile	appears	 to	be	
strongly	correlated	 to	 the	availability	of	 solar	 radiation,	 in	which	 further	 suggest,	 that	 the	
radiant	 temperature	 inside	 the	 canyon	 is	 not	 affected	 only	 by	 the	 ponds.	 Although,	 the	
thermal	 capacities	 of	 the	 ponds	 have	 greater	 influence	 on	 the	Tg,	 other	 canyon	 surfaces	
seems	to	also	contribute	to	the	changes	in	ΔTg	daily	trend.	
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Figure	5:	Hourly	average	profile	of	globe	temperature	(Tg)	and	globe	temperature	difference	(ΔTg)	of	big	pond	

case	and	small	pond	case	on	summer	2016	experiment	study	
	

Thus,	 to	 better	 understand	 the	 influence	 of	 water	 temperature	 (Tw)	 on	 the	 air	
temperature	 (Ta)	 and	 the	 radiant	 temperature	 (Tg)	 inside	 the	 COSMO	 canyon,	 additional	
experiment	studies	with	smaller	pond	was	conducted	during	summer	2016.	Smaller	ponds	
have	the	advantage	of	creating	more	focus	experimental	study,	while	also	easier	to	modify	
and	maintain	its	physical	condition.	Furthermore,	by	mechanically	modified	the	Tw	(chilled	
the	water),	 the	2016	experimental	study	main	purpose	 is	to	further	understand	the	water	
body’s	 thermal	 capacity	 as	 one	 of	 important	 influential	 factor	 on	 the	 canyon	 thermal	
environment.	The	hourly	distribution	of	Ta	and	Tg	of	both	cases	are	shown	on	figure	10a,	
together	 with	 its	 difference	 value	 relatives	 to	 the	 reference.	 Generally,	 the	 diurnal	 air	
temperature	difference	(ΔTa)	and	globe	temperature	(ΔTg)	shows	positive	value	on	all	case	
throughout	 the	 day,	 in	 which	 shows	 that	 given	 the	 configuration,	 the	 presence	 of	 water	
ponds	are	arguably	able	 to	maintain	 lower	Ta	 and	Tg.	 Compared	 to	a	no-pond	condition,	
with	natural	water	condition	the	Ta	and	Tg	was	found	improved	by	up	to	0.4˚C	and	0.8˚C,	
respectively.	While	on	chilled	water	condition	 (Case	2)	 interestingly,	 the	ΔTa	and	ΔTg	was	
found	increase	by	up	to	0.3˚C	and	0.5˚C	as	compared	to	the	natural	water	condition	(Figure	
6a).	The	heat	absorbed	by	the	water	pond	was	mechanically	removed	by	the	chiller	machine,	
in	which	greatly	 limits	 the	heat	 release	 from	the	water	pond.	Therefore,	 lower	canyon	Ta	
and	Tg	was	observed	around	the	chilled	water	case	as	compared	to	natural	water	case.	The	
fluctuation	 of	 ΔTa	 and	 ΔTg,	 however,	 seems	 to	 be	 affected	 by	 the	 surrounding	 COSMO	
cubes.	Particularly	on	ΔTg	profile,	short	after	the	sunshine,	the	cooling	effect	seems	to	be	
offset	by	 radiation	 reflection	 from	the	water	 surface.	The	condition	seems	 to	correlate	 to	
the	first	hour	of	shadowing	effect	by	the	COSMO	cubes.	Although,	part	of	the	morning	time	
incident	 solar	 radiation	was	 absorbed	 by	 the	water	 pond	 or	 block	 by	 the	 COSMO	 cubes,	
most	 of	 them	 seem	 to	 be	 reflected	 by	 the	 water	 surface.	 Theoretically,	 the	 situation	 is	
worsening	by	the	low	evaporation	process	due	to	low	solar	radiation,	 in	which	there	were	
low	developments	of	latent	heat.	Not	until	 later	of	the	day,	when	the	evaporation	process	
was	on	its	peak	and	the	water	pond	absorbs	more	heat	than	the	concrete	surface	the	ΔTg	
was	 increase	 significantly,	 showing	 the	 unique	 ability	 of	 water	 pond	 to	 maintain	 lower	
radiant	temperature.	Consequently,	similar	trend	happen	to	the	calculated	Tmrt	(figure	6b).	
Tmrt,	as	an	important	parameter	for	thermal	environment	assessment,	add	up	all	radiation	
properties	 (long	 wave	 and	 short	 wave)	 absorbed	 by	 human	 body	 defining	 the	 thermal	
sensation.	The	Tmrt	was	calculated	from	the	measurement	of	the	globe	temperature,	wind	
speed	 and	 air	 temperature	 according	 to	 formula	 developed	 by	 Thorson	 et	 al,	 2007a	 as	
follows;		

Tmrt = [ 𝑇𝑔 + 273.15 0 + 1.223×156789.:;

<=9.>
× 𝑇𝑔 − 𝑇𝑎 ]5.B3 − 273.15,                                         
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The	graph	further	highlight	that,	naturally,	the	presence	of	water	bodies	was	able	to	
provide	better	 thermal	 sensation,	by	keeping	 the	Tmrt	 lower.	But,	with	 chilled	water,	 the	
thermal	benefit	 is	strengthened	quit	significantly.	The	ΔTmrt	gap	was	widened	particularly	
during	the	early	morning	and	evening.	These	findings,	may	open	the	possibility	of	modifying	
thermal	capacity	of	water	bodies	for	better	thermal	environment	and	pedestrian	comfort.		

Figure	6:	Hourly	average	profile	of	air	temperature	-	Ta	and	globe	temperature	–	Tg	(a);	and	mean	radiant	
temperature	(b)	of	Case	1	(chilled	water	condition)	and	Case	2	(natural	water	condition),	in	addition	with	its	

difference	relative	to	reference	point	on	summer	2016	experiment	study	

Conclusion		

In	this	study,	an	experimental	urban	canyon	was	exposed	to	various	water	pond	conditions.	
The	 magnitude	 of	 the	 cooling	 effect	 and	 other	 related	 microclimate	 parameters	 were	
measured	 and	 evaluated.	 The	 results	 illustrate	 that	 larger	 water	 pond	 will	 generally	
generate	 better	 canyon	 thermal	 environment.	 These	 temperature	 differences	most	 likely	
due	 to	 the	 fact	 that	 bigger	 pond	 tends	 to	 absorb	more	 heat	 in	 addition	 to	 having	more	
evaporation	 surface.	 As	 shown	 in	 the	 air	 temperature	 (Ta),	 water	 temperature	 (Tw)	 and	
globe	 temperature	 (Tg)	 profile,	 larger	 portion	of	 the	 radiant	 energy	 that	 absorbed	within	
the	canyon,	are	dissipated	by	evaporation	rather	than	being	converted	into	sensible	heat.	In	
which	 shows	 the	 important	 role	 of	 water	 body’s	 thermal	 capacity,	 while	 also	 open	 the	
possibility	to	manipulate	these	parameter	for	better	thermal	environment.	Thus,	additional	
experiment	 study	 with	 chilled	 water	 was	 conducted.	 The	 results	 show	 cooling	 benefit	
improvement	 with	 the	 introduction	 of	 chilled	 water,	 particularly	 affecting	 radiant	
temperature.	 As	 compared	 to	 natural	water	 condition,	 the	Ta	 and	Tg	 improvement	were	
found	 increase	 by	 up	 to	 0.3˚C	 and	 0.5˚C,	 respectively.	 Following	 earlier	 findings,	 by	
maintaining	the	water	temperature	low,	the	heat	absorb	by	the	water	pond	was	technically	
eliminate.	 These	 conditions	 limit	 the	 heat	 release	 and	 further	 cool	 down	 the	 air	
temperature.	Consequently,	with	lower	Ta	and	Tg,	the	chilled	water	pond	further	improve	
the	pedestrian	comfort	(shown	as	lower	Tmrt	value).		
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Abstract: Recently, thermal environment events in urban areas, caused by global warming and the heat island 
phenomenon, are more frequently covered by the media. Much research, including both actual measurements 
and numerical simulations, is being conducted on urban thermal environments. However, urban-scale 
research regarding human awareness of thermal sensation is less common. In this study, we analysed 
geotagged twitter data as a measure of human reaction to the thermal environment, including photos and 
words indicating ‘hot’ and ‘cool.’ We gathered tweets from July 10 to August 24, 2015 in Tokyo. The number of 
tweets including references to ‘hot’ and ‘cool’ were 6,001. First, we analysed the data for each tweet’s location 
feature and its relation with weather data. Next, we compared urban elements, such as buildings and greenery, 
in the posted photos with the ‘hot’ and ‘cool’ tweets. The analysis results show that ‘hot’ tweets are related to 
the outside air temperature, particularly when this temperature exceeds 30°C. From the analysis of the photos, 
we determined that the urban elements in posted photos differ in ‘hot’ and ‘cool’ tweets.  

Keywords: Social networking service, Urban thermal environment, Thermal sensation, GIS, Image analysis 

Introduction 

In recent years, owing to global warming and the heat island phenomenon, information 
regarding problems in the thermal environment during summer is frequently presented by 
the media. In addition, problems such as heat stroke are also addressed. Numerous studies 
have measured the urban thermal environment (Ohashi et al, 2016) and proposed 
countermeasures such as mitigation of heat island phenomenon by rooftop greening 
(Bureau of Environment Tokyo Metropolitan Government, 2017); however, only few studies 
on human awareness of the urban thermal environment have been conducted. In this study, 
we use Twitter data in which people freely transmit and share words and photos through 
the Internet in real time. Previous Twitter research has addressed the relation between the 
temporal and spatial characteristics of human mobility(Luo et al, 2016) and the visual 
regional language changes in geographically differing photographs (Huang et al, 2016) and 
events to analyse urban-scale survey data of people's behaviour and consciousness (Kaneko 
& Yanai, 2016). In this study, we analyse geotagged tweet data including keywords related 
to human thermal sensations posted in Tokyo. Then, we consider the variations in the 
number of posts and the urban constituent elements of the associated photographs to 
identify people's awareness of the urban thermal environment. 
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Materials and methods 

Tweet data 

We used geotagged tweet data, which is limited in number by the public Application 
Program Interface. The data was posted in Tokyo in Japanese during the period from July 10 
to August 24, 2015. We chose this period based on the weather conditions reported by the 
Automated Meteorological Data Acquisition System by the Meteorological Agency in 
Otemachi, Tokyo. This data includes keywords related to human thermal sensations, such as 
hot and cool, that we chose for use in this analysis. Table 1 shows the number of tweets and 
extracted keywords related to thermal sensation. We excluded the tweets that were not 
related to thermal sensation. In this study, we defined a day with more than six hours of 
sunshine as a ‘sunny day’, a day with precipitation of 0.5 mm or more as a ‘rainy day’, and 
others as a ‘cloudy day’. 
 

Table 1. Tweet data and keywords. 

 

Photos with tweets 

Tweets can include pictures along with text. In some of the pictures, we can determine the 
events in the environmental surrounding and how the person has tried to convey it. In this 
study, we also analyse the heat or coolness expressed by the contributors from the urban 
constituent elements shown in the photograph in combination with the ‘hot’ and ‘cool’ 
tweet.  

Results 

Trend of hourly average tweets  

Figure 1 shows the hourly average tweets on weekdays and holidays, which have different 
trends. On weekdays, three peak times occur at 8:00, 12:00 and 18:00 hours. These times 
likely reflect commuting and meal times. On holidays, there is a broad peak during the day. 
The total number of tweets during holidays is greater than on weekdays. It seems that 
tweets are most frequently posted during times when people are free from work, such as 
when commuting or during the lunch hour on weekdays, and during holidays. Tweets are 
affected by people's lifestyles; therefore, in this study, we separately analysed tweets on 
weekdays and holidays. 

Period 10.July.2015.　～　24.Augst.2015.

Total Tweet 684,032

"Hot" keyword

(Japanese)

Atsu,Atsui,Atsu-,Atsusugi,

Achi,Achii,Achi-,Atti,Attu,

Agi,Agi-,A-tu,A-ti,
Tweet including "Hot" keyword 4,941

Photo with Hot tweet 1,007

"Cool" keyword

(Japanese)
Suzu,Suzusii,Suzusi-,Atsukunai,

Tweet including "Cool" keyword 1,060

Photo with Cool tweet 237
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Figure 1. Average number of tweets (weekdays and holidays). 

 

Relation between air temperature and tweets related to human thermal sensation 

Figure 2 shows the relation between the rate of ‘hot’ tweets per hour and the hourly air 
temperature on weekdays and holidays. The number of tweets between 0 and 6:00 hours 
was very small and thus excluded. During weekdays and holidays, the number of tweets 
increased with increase in temperature and rapidly increased for temperatures over 30°C. 
We found that the frequency of tweets was highest between 12:00 and 15:00 hours and 
lowest at night. The tweets on holidays correlate more strongly than those on weekdays. 
This shows that the number of tweets on weekdays varies more with respect to time than 
those on holidays. Despite high air temperatures on weekdays, the number of tweets did 
not increase during 15:00–18:00. On the other hand, although the air temperature was less 
than 30°C, the number of tweets during 6:00–9:00 and 18:00–21:00 increased. These results 
show that countermeasures for the urban thermal environment should consider peoples’ 
location and time.  
 

 
Figure 2. Relation between air temperature and ‘Hot’ tweet. 

(Left; Weekday, Right; Holiday) 

Kernel density estimations of ‘hot’ tweets 

Using the Arc Geographic Information System software, we plotted the geotagged ‘hot’ 
tweets on weekdays and holidays. From these data, we estimated and visualized the kernel 
density every 3 h, as shown in Figure 3. In this analysis, we set the search range to 0.005 for 
the kernel density estimation (the bandwidth value in the 2D kernel function). From 6:00 to 
9:00 hours on weekdays, the spot density was high at many stations along the main train 
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line used for commuting or at transfer stations. The spot included the centre of Tokyo as 
well as commuter towns such as ‘Hachiouji’, ‘Chofu’ and ‘Machida’. The tweets during 
holidays were concentrated only in ‘Odaiba’, which is a famous for tourism. For the time 
period of 12:00–15:00, the posting locations were concentrated inside the ‘Yamanote Line’ 
(Tokyo Loop Line), which is the city’s business district. On holidays, the posting locations 
exhibited different trends than on weekdays. Most tweets were posted at sightseeing spots 
such as ‘Asakusa (a)’ and ‘Odaiba (b)’. In addition, at the main stations including ‘Ikebukuro 
(c)’‘Akihabara (d)’‘Shinjuku (e)’ and ‘Tokyo (f)’, the postings were conspicuous on holidays. 
From 18:00 to 21:00 hours on weekdays, the posting locations were spread around the 
business districts inside the ‘Yamanote Line’ and other main stations. On holidays, the 
number of tweets was lower than that on weekdays, but the posting locations exhibited a 
similar tendency. 
 

 
Figure 3. Kernel density estimation of ‘hot’ tweets in Tokyo. 
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Point locations of ‘cool’ tweets 

Figure 4 shows the posting locations of ‘cool’ tweets. The colour indicates the weather 
when the tweets were posted. We examined and categorized each posting location on the 
map. The number of tweets in stores was the greatest and the proportion of tweets was 
particularly high on sunny days. People feel cooler when entering an air-conditioned store 
on a hot sunny day. Many tweets were posted in parks and other leisure places, such as 
mountains and waterfalls, during holidays more frequently than on weekdays. 
 

 
Figure 4. ‘Cool’ tweet posting locations. 

 
   However, because we found that ‘cool’ tweets are posted in the same places as many 
‘hot’ tweets, such as train stations and outdoors, we considered that there are certain 
places where people feel cool either locally or sensually. Next, based on the photos posted 
with ‘hot’ and ‘cool’ tweets, we analysed the urban components related to hot and cool 
expressions by the contributors. 

Analysis method of photos geotagged with ‘hot’ and ‘cool’ tweets 

In this section, based on the photos posted with ‘hot’ and ‘cool’ tweets, we determined the 
composition of the environment in which the contributor was located when feeling hot or 
cool and how they expressed these feeling. In particular, we compared the differences in 
the urban constituent elements shown in the photos and the proportions they occupied in 
the hot and cool tweets. 
  For 1244 photos posted with the ‘hot’ and ‘cool’ tweets, we analysed the urban 
constituent elements of the photos affecting the human thermal sensation. We categorized 
the urban constituent elements as ‘building’, ‘ground surface’, ‘plant and water areas,’ 
‘reflection from the sun and building’ and ‘exhaust heat factor (vehicle and crowd)’. We 
then classified them by attribute and shape. For ‘building’, we used Google Earth to confirm 
the height of buildings shown in the posted photographs, with high rises defined as having a 
height of 31 m or more and low rises as less than 31 m. We examined all the pictures and 
counted the number of times in which each item appeared in the photograph. Figure 5 
shows examples of the locations of posted photos.  
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Figure 5. Examples of geotagged photos with ‘hot’ or ‘cool’ tweets and categorized urban constituent elements. 

Comparison of photos for ‘hot’ and ‘cool’ tweets  

Figure 6 shows the occurrence rate of each urban constituent element for each ‘hot’ and 
‘cool’ tweet. In ‘hot’ tweets, there are relatively many photographs of low-rise buildings, 
with elements radiating heat such as asphalt roads, cars, crowds and the sun as subjects. In 
‘cool’ tweets, there is a high appearance rate of elements that alleviate the thermal 
environment such as turf, trees and water. In particular, the ratio of shrines, mountain trees 
and forests such as hydrophilic and cooling elements is greater than in ‘hot’ tweet. 

 

 
Figure 6. The appearance frequency of urban component factors in photos 

 

Comparison of combinations of urban constituent elements 

Next, we compared the differences between the combinations of the extracted urban 
constituent elements included in one picture with the ‘hot’ and ‘cool’ tweets. Figure 7 
shows the results of our clustering of urban constituent by cluster analysis and the number 
of occurrences. Focusing on items with a relatively large number of occurrences and a high 
probability of appearing at the same time, many ‘hot’ tweets are posted on the high-rise 
and low-rise buildings. ‘High-rise building’ is closely related to ‘high-rise building with glass’ 
as shown in (A) in the figure. With respect to ‘cool’ tweets, although the high-rise building 
appeared, it is closely related to a cooling device such as a green area and mist shown as (B) 
in the figure. Besides, many pictures are posted from open areas in which there is some 
greenery on streets housing office buildings. In addition, we found a high probability that 
trees and rivers appeared at the same time, thus conveying a feeling of being cool in a place 
surrounded by nature(C). In both tweets, the combination of asphalt, sidewalks, vehicles, 
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trees (street trees or on-site trees) and low-rise buildings (D, D’) ,park trees and turf in (E, E’) 
are common and have a high probability of appearing simultaneously and frequently. In 
addition, we can expect differences in the shapes of trees along streets even for the same 
urban constituent elements. Therefore, we next compared the proportion of the area of the 
common elements occupying the images. 

 
 

Figure 7. Relation between each urban component factor (‘hot’ tweet and ‘cool’ tweet). 

Comparison of the area of urban constituent elements in photos  

From the cluster analysis results, we found each element (building, greenery, sky and 
artificial pavement) occupying the posted images and selected 113 photos, including the 
element group in Fig. 7 (D, D’), which had posted both ‘hot’ and ‘cool’ tweets. We calculated 
the ratio of the area using image processing software and the results are shown in Figure 8. 
The differences in the area occupied by buildings is greatest, with area in ‘hot’ tweets being 
more than three times the area in ‘cool’ tweets and buildings occupying about 25% of the 
photo. The area occupied by trees also differ considerably, with ‘hot’ tweets occupying less 
than 15% area and ‘cool’ tweets occupying a relatively large area of about 28%. In ‘hot’ 
tweets, the proportion of area is higher for artificial pavement and sky. In ‘cool’ tweets, 
instead of the artificial pavement and sky, it has the tendency to cover with trees, turf, and 
soil.  

      
Figure 8. Average areas of each urban constituent elements in photos. 
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Conclusions 

In this study, we used tweet data and photos with location information, including keywords 
related to thermal sensation, to analyse the awareness of residents in the metropolitan area 
of the outdoor urban thermal environment. From the above analysis, we can draw the 
following main conclusions: 
1) The number of hourly ‘hot’ tweets correlates well with hourly outdoor air temperature 
during both weekdays and holidays. The numbers of tweets increase sharply from 30°C. The 
holidays have more strong correlation than the weekdays. However, the number of tweets 
in weekdays related to resident’s lifestyle, such as commuting and meal.  
2) On weekdays and holidays, the posting time zones and locations differ. ‘Hot’ tweets vary 
widely between major stations on weekdays and at sightseeing spots such as Odaiba on 
holidays. Moreover, more ‘cool’ tweets are posted at leisure locations on holidays than on 
weekdays.  
3) Many urban constituent elements that radiate heat, such as buildings and asphalt roads, 
were posted in many photos with ‘hot’ tweets. In ‘cool’ tweets, there were many pictures of 
elements such as trees and water that absorb heat. Furthermore, we compared each area in 
the photograph with the same urban constituent elements and found that in ‘hot’ tweets, 
buildings occupy about three times the area they do in the ‘cool’ tweets, whereas in ‘cool’ 
tweets, the area occupied by trees is about twice that in ‘hot’ tweets. These findings reveal 
that the consciousness tendencies of people when they have a thermal sensation in urban 
areas influences the urban constituent elements in their posted tweets, as well as their 
combination and sizes in the space. 
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Urban Geometry Design Guidelines for Heat Mitigation and Airflow in 
Bangkok 

Pattaranan Takkanon1 
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Abstract: Located in a hot and humid region, Bangkok suffers from overheating and additional Urban Heat 
Island (UHI) effect as a result of its increasing density and changing geometry. Urban geometry is formed by 
the relationship between building height and street width or height-to-width ratio (H/W ratio) and it 
influences wind distribution in the city. The research is aimed to establish urban geometry design guidelines to 
reduce urban heat and promote airflow for cooling effect and people’s comfort. The research adopts CFD 
simulation method to study effects of H/W ratios on airflow at pedestrian level. More than a hundred cases of 
simulation lead to setting urban geometry design guidelines. The guidelines are proposed for 7 conditions 
based on H/W ratios and actual road widths. Results show that moderate H/W ratios ranging from 0.5-1.1 
potentially promote wind distribution in wider area especially when associated with wide roads: 34, 64, and 94 
meters. However, deep canyon should be avoided since it could trap heat during the night while vortices 
steadily occur with poor ventilation. Stagnant conditions in the canyon can be improved by providing wind 
channel on ground level of buildings especially those that are situated along narrow roads. Results suggest 
that the city has potential to serve high-density living by growing vertically whilst providing 30-64% open 
spaces, Open Space Ratio (OSR) can range from 3% to 125%. The possible Floor Area Ratio (FAR) limit is 17:1. 
When FAR is calculated along with OSR, the result is 43% of open space could be achieved while the existing 
minimum allowed by law is only 30%. The FAR ratios higher than 10:1 are commonly found in many big cities 
in the world. 

Keywords: Urban Heat Island, Urban Geometry, Computational Fluid Dynamics (CFD) 

Introduction 

In recent years, there has been a drastic increase in the world population (United Nations, 
2014). Besides dealing with economic and social issues in highly populated cities, reducing 
an impact of urban climatic condition is a big challenge. Urban areas become warmer than 
their surroundings especially during the night-time. This phenomenon is known as Urban 
Heat Island (UHI) (Oke, 1988). It is a result of more released anthropogenic heat, a higher 
blockage effect of buildings against urban ventilation, a higher absorption of solar radiation 
due to thermal properties of man-made materials, and a reduced long-wave emission to sky 
due to the blockage effect of buildings (Mirzaei et al, 2010). 

The building blocks create canyon geometry that plays a significant role in controlling 
thermal condition in the city. It is formed by the relationship between building height and 
street width or height-to-width ratio (H/W ratio). It influences amount of accumulative heat 
as well as wind distribution in the canyon. Urban dwellers can experience discomfort due to 
low-speed wind especially at pedestrian level. It is therefore important to promote urban 
wind circulation as its cooling effect helps to mitigate the adverse effects of heat island on 
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the micro climate and human thermal comfort. A wind velocity of 1–1.5 m/s can create 
cooling effect equivalent to a 2 oC drop in temperature as found in tropical regions such as 
Singapore (Erell et al, 2015). 

Bangkok is one of the fast-growing cities that suffer from overheating condition. Even 
though there exist the comprehensive plan and building regulations that control setback 
distance and building height limit, they are not based on any studies of urban geometry and 
its effect on UHI. Therefore, the current research is the first attempt supported by the 
National Research Council of Thailand (NRCT) and the Department of City Planning to 
establish urban geometry design guidelines for heat mitigation and airflow in Bangkok. It 
focuses on effect of H/W ratios on airflow at pedestrian level. 

The research is divided into 2 main parts utilising different approaches for UHI study. 
The first part is conducted using observation approach to study the effect of H/W ratios of 
street canyon on UHI intensities (UHII) in different areas of Bangkok. The second part 
selectively presented in this paper uses simulation approach to study airflow conditions in 
relation to H/W ratios of street canyon.  

Bangkok’s Climate and UHI Intensity  

Bangkok is located at approximately 13.44 oN and 100.5 oE covering total area of 1568.74 
sq.km. It has a diurnal temperature range of minimum 22.5 oC to 26.9 oC and maximum 32.1 
oC to 36.3 oC. A mean annual temperature is 27.8 oC and a mean annual RH is 79.9%. The 
minimum RH is 74% in January and the maximum RH is 85% in September. Bangkok 
experiences only moderate wind speed. The average wind velocity at 10 meters above 
ground is 1.7 m/s.  

Recent studies reveal the presence of UHI in Bangkok and its increasing intensity. A 
study based on five-year meteorological data indicates that the maximum intensity of 
around 6-7 oC is detected during the dry season. The mean annual air temperature in 
Bangkok city is 0.8 oC higher than outside the city (Arifwidodo, 2015). Another research 
shows the presence of UHII in Bangkok during wet and cool seasons. There are 6 selected 
areas representing medium and high densities with varied H/W ratios. The air temperatures 
obtained from the field measurement tend to increase with increasing H/W ratios. 
(Takkanon, 2016). 

Literature Review 

Air Movement and Cooling Effect 

For hot-humid climate, air movement is very important for producing physiological cooling 
effect since it increases evaporation from the skin. The desirable wind speed at body’s skin 
is 1-1.5 m/s or within the limit of 2 m/s (Szokolay, 2004). Results from field studies in the 
sub-tropical climate of Hong Kong under summer condition also indicate that air velocity of 
1.0-1.5 m/s would likely satisfy 80% of building occupants thermally (Ng, 2009). Even little 
air velocity can increase comfort temperature as air velocities greater than 0.3 m/s is 
suggested from field studies in the warm and humid climate of Bangladesh (Mallick, 1996).  

By providing channels for airflow distribution, thermal comfort can be promoted in the 
city. Urban design requires Air Ventilation Assessment (AVA) (Ng, 2009). The assessment 
height for pedestrian level is 1.5-2 meter above ground. In order to evaluate the effect of 
wind speed on outdoor thermal comfort, wind speed classification is derived based on 
Physiological Equivalent Temperature (PET) (Yuan et al, 2012). 
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H/W Ratio and Urban Wind Circulation  

Densely built-up areas tend to have street canyons with high aspect ratios. A canyon with 
aspect ratio approximately equal to 1 and without major openings on the walls is called 
regular. An avenue canyon that has aspect ratio below 0.5 is defined shallow while a value 
of 2 represents the deep one (Vardoulakis et al, 2003). 

Urban wind flow conditions can be improved by providing ventilation paths, mixing 
building heights, and increasing building height while decreasing land coverage. The latter 
strategy was found most efficient as it can increase wind velocities by up to 2.4 times of the 
real case (Guo et al, 2015). An investigation in Singapore shows that placing a few high-rise 
towers will enhance the airflow inside the canyon thereby reducing the air temperature. An 
optimum H/W ratio for the canyons can increase the velocity by up to 35% and reduce the 
corresponding PET by up to 0.7oC (Priyadarsini et al, 2008). 

CFD Numerical Simulation  

Over the past two decades computational techniques have advanced and become more 
popular for solving mathematical models especially for large scale problems. Computational 
Fluid Dynamics (CFD) can simultaneously solve governing equations of fluid inside the urban 
areas including conservation of mass, potential temperature, momentum, and species 
(water vapour and chemical reaction) (Mirzaei et al, 2010). Air modeling using CFD is widely 
used for parametric studies in order to determine cause and effect from individual and 
combined parameters influencing airflow conditions (Builtjes, 2003).  

Methodology 

The research uses CFD simulations for micro-scale (urban-scale) which allows to study 
geometry and details of street canyon. The domain is however limited in a small block of 
buildings as shown in Figure 1 because it is not feasible to apply micro-scale models for an 
entire city. Since uniform modeling is generally used to study effect of individual parameter 
as it is more controllable, two-dimensional and three-dimensional uniform models are 
produced for this study.  

The work adopts numerical method to study effect of H/W Ratio on airflow pattern in 
urban canyon. There are 3 series of CFD simulation. The first series consists of 95 simulation 
cases possible for H/W ratios allowed by Thai building regulations. The second series 
consists of 8 cases of road with and without sky train station as the elevated structure of the 
station is a unique character of Bangkok’s urban canyon worth studying. The third series 
suggests 3 cases to improve airflow conditions in the urban canyon. 

H/W ratios or aspect ratios for testing range from 0.1 to 2 as the maximum permitted 
by Thai regulation. Road widths are 12, 18, 24, 34, 64, and 94 meters, respectively. These 
widths include the actual road width and possible 2 to 6-meter setback distance. Building 
heights are then calculated according to the relationship between H/W ratios and road 
widths. The simple geometry with aspect ratios above 1 are expected to produce a 
skimming flow regime in the street canyon. 
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Table 1. 1st Series Simulation cases 

 Road width 

 12 18 24 34 64 94 

H/W Building height 

0.1 - - - - 6.4 9.4 

0.2 - - - 6.8 12.8 18.8 

0.3 - - 7.2 10.2 19.2 28.2 

0.4 - 7.2 9.6 13.6 25.6 37.6 

0.5 6 9 12 17 32 47 

0.6 7.2 10.8 14.4 20.4 38.4 56.4 

0.7 8.4 12.6 16.8 23.8 44.8 65.8 

0.8 9.6 14.4 19.2 27.2 51.2 75.2 

0.9 10.8 16.2 21.6 30.6 57.6 84.6 

1 12 18 24 34 64 94 

1.1 13.2 19.8 26.4 37.4 70.4 - 

1.2 14.4 21.6 28.8 40.8 76.8 - 

1.3 15.6 23.4 31.2 44.2 83.2 - 

1.4 16.8 25.2 33.6 47.6 89.6 - 

1.5 18 27 36 51 96 - 

1.6 19.2 28.8 38.4 54.4 - - 

1.7 20.4 30.6 40.8 57.8 - - 

1.8 21.6 32.4 43.2 61.2 - - 

1.9 22.8 34.2 45.6 64.6 - - 

2 24 36 48 68 - - 

 
 

 
 

Figure 1. Building block and parameters 
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The commercial CFD simulation programs, DesignBuilder and Ansys Fluent are 
employed for calculation. The numerical models are uniform within 1000 m × 1000 m 
domain. All buildings are square shape to avoid effect of building’s length and width. Areas 
considered are at intersection providing identical street canyons on the direction parallel 
and perpendicular to prevailing wind. The wind direction is set to come from the south. The 
reference wind velocity is 1.7 m/s as it is the average wind velocity at 10 meters above 
ground in Bangkok. Wind profile is specified for urban area. The computational domain is k-

 which is for turbulence modeling. Area for consideration on horizontal plane is 1.5 meters 
above ground to investigate airflow at pedestrian level while sectional area across the 
canyon is made vertically to investigate air velocities, characteristics of vortices and 
turbulence on leeward and windward sides as specified in Figure 2. 
 

 
Figure 2. Areas for investigation 

Results 

Turbulence and wind speed not less than 0.3 m/s are expected for mixing air, promoting air 
pollution dispersion as well as enhancing cooling effect. Results from CFD show that 
medium to high H/W ratios tend to increase air velocities and create turbulence in the 
canyon, thus promoting cooling effect at pedestrian level. From 95 simulation cases, it is 
found that wind velocities in the canyon perpendicular to the wind direction are low at 0-
0.18 m/s while those in the canyon parallel to the wind direction are 0.73-0.91 m/s 
sufficient to enhance cooling effect at pedestrian level. Turbulences on building’s edges and 
vortices in downwind area are more evident in all cases with H/W ratios above 0.2 and 
building height not less than 9 m. Results also suggest that minimum building height should 
be 9 m since all cases with narrow roads and building heights less than 9 m show still air in 
the canyon. 

Regardless of H/W ratio and road width, windward side always shows wind 
distribution better than leeward side which tends to have low wind speed, therefore it is 
likely to collect polluted air on this side. Moderate H/W ratios ranging from 0.5-1.1 
potentially promote wind distribution in wider area especially when associated with wide 
roads: 34, 64, and 94-meter. However, deep canyon should be avoided since it could trap 
heat during the night while vortices steadily occur with poor ventilation. Recommended 
H/W ratios for the street canyon range from 0.5-2 while road width should not be less than 
12 meter and the width of not less than 34 meter is the optimum. Examples of simulation 
results from the 1st series are shown in Table 2.  
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Table 2. Examples of Simulation Results 

 Plan Section 
H/W Ratio = 0.1;  
H = 6.4 m.;  
W = 64 m. 

 

 
 
 
 

 

H/W Ratio = 0.5;  
H = 74 m.;  
W = 47 m. 

 

 
 
 

 
 

H/W Ratio = 1.5;  
H = 96 m.;  
W =64 m 

 

 
 

 

 
 

After simulating airflow in cases of road with and without elevated sky train station in 
the 2nd series of simulation and found stagnant condition under the station, the 3rd series 
are then proposed to improve the wind circulation at pedestrian level as shown in Figure 3. 
Buildings that are situated along narrow roads are suggested to be on stilts or provide some 
wind channels on ground level. 

 
Figure 3. Before and after improvement for airflow at pedestrian level 

Proposed Urban Geometry Design Guidelines for Heat Mitigation and Airflow in Bangkok 

Results from the study can be applied with 2 major relevant categories of law namely 
Bangkok comprehensive plan which controls Floor Area Ratio (FAR) and Open Space Ratio 
(OSR) and building code as well as Bangkok municipal law which controls open spaces and 
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setbacks. It is important to control percentage of open space which is the result of FAR 
multiplied by OSR. The minimum result value is 30%. 

 
Figure 4. Urban geometry design parameters 

 
Based on the parameters specified in Figure 4, urban geometry design guidelines for 

heat mitigation and airflow are proposed by giving values of all parameters that shape 
urban geometry as shown in Table 3. There are 7 conditions possible in total.  
 

Table 3. Proposed value parameters for design guidelines 

Condition Road width (RW) Setback distance FAR Building Height Suggested H/W ratio 

1 Less than 6.00 m Min 3.00 m Max 2:1 Max 12.00 m Max 1.1 

   Max 2.5:1 Max 16.00 m Max 1.4 

   Max 3:1 Max 20.00 m Max 1.7 

   Max 3.5:1 Max 23.00 m Max 2 

2 Less than 6.00 m Min 6.00 m Max 2.5:1 Max 20.00 m Max 1.2 

   Max 3:1 Max 25.00 m Max 1.4 

   Max 3.5:1 Max 28.00 m Max 1.6 

   Max 4:1 Max 30.00 m Max 1.8 

   Max 4.5:1 Max 36.00 m Max 2 

3 6.00-12.00 m 0 m Max 4:1 Max 12.00 m Max 1.1 

4 6.00-10.00 m Min 6.00 m Max 8:1 Max 48.00 m Max 2 

5 10.00-20.00 m Min 6.00 m Max 12:1 Max 68.00 m Max 2 

6 20.00-50.00 m Min 6.00 m Max 17:1 

Max 75.00 m 
and H at any 
location of 

building = 1.5W 

Max 1.5 

7 More than 50 m Min 6.00 m Max 17:1 
H at any 

location of 
building = 1.5W 

Max 1.5 

Conclusion 

Even though the current Bangkok comprehensive plan limits the maximum FAR at 10:1, 
results from the heat and ventilation studies suggest that the city has potential to serve 
high-density living by growing vertically whilst providing open spaces 30-64%. OSR can range 
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from 3% to 125%. The possible FAR limit is 17:1. When FAR is calculated along with OSR, the 
result is 43% of open space could be achieved while the existing minimum allowed by law is 
only 30%. The FAR ratios higher than 10:1 are commonly found in many big cities in the 
world. 
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Abstract:	Outdoor	thermal	condition	within	the	campus	of	Delft	University	of	Technology	in	the	Netherlands	is	
studied.	 The	 aim	was	 to	 see	 the	 impact	 of	 different	 surface	 albedos	 on	 outdoor	 thermal	 comfort.	 Through	
perturbation	 scenarios,	 the	 albedo	 (reflectivity)	 of	 wall	 surfaces	 are	 increased	 from	 0.2	 to	 0.6.	 The	 micro-
meteorological	 parameters	 like	 air	 temperature	 and	wind	 speed	 are	 used	 to	 calculate	 pedestrians’	 thermal	
comfort	 within	 the	 campus.	 The	 results	 showed	 that	 increasing	 the	 albedo	 of	 walls	 decreased	 the	 air	
temperature	close	to	the	buildings.	However,	mean	radiant	temperature	was	increased,	and	it	led	to	higher	PET	
(lower	 thermal	 comfort	 level).	 This	was	 due	 to	 the	higher	 re-radiation	of	 sun	 to	 the	environment	 by	 highly	
reflective	walls.	This	study	showed	that	although	several	studies	state	that	using	reflective	materials	keep	an	
environment	cooler,	these	materials	should	be	used	with	caution	in	the	environment.	The	paper	suggests	that	
reflective	materials	should	preferably	not	to	be	used	in	pedestrian	levels	(or	facing	pedestrians).	
	
Keywords:	Heat	mitigation	strategies,	high	albedo	materials,	UHI,	Outdoor	thermal	comfort	

Introduction		

City	centres	have	higher	air	temperatures	compared	to	their	suburbs.	This	is	called	urban	heat	
island	effect	of	cities	(Oke,	2002).	One	of	the	main	drivers	of	this	effect	is	the	dark	surfaces	
used	in	roads	(like	asphalt	pavements)	and	on	rooftops.	A	recent	study	has	shown	that	the	
urban	heat	island	reaches	to	8	°C	in	Rotterdam,	as	a	large	city	in	the	Netherlands	(van	Hove	
et	al.,	2015).	Several	cities	have	decided	to	implement	different	heat	mitigation	strategies.	
This	can	help	cities	reduce	global	warming,	and	adapt	with	future	climate	changes.	

One	 strategy	 to	mitigate	heat	 in	urban	 spaces	 is	 to	use	 reflective	pavements.	These	
pavements	 absorb	 less	 sun	 and	 can	 keep	 the	 indoor	 environment	 of	 buildings	 cool.	
Traditionally,	white	plaster	and	marbles	have	been	used	in	North	African	and	Mediterranean	
cities	 to	 avoid	 extreme	heat.	 As	 an	 example,	 Almeria	 in	 Spain	 is	 fully	 covered	with	white	
pavements	(on	ways	and	rooftops).	This	city	has	0.3	°C	lower	air	temperature	compared	to	its	
surrounding	 (Campra,	 Garcia,	 Canton,	 &	 Palacios-Orueta,	 2008).	 This	 is	 called	 urban	 cool	
island.	

In	this	paper,	the	outdoor	thermal	comfort	is	studied	in	an	educational	neighbourhood	
scale.	A	part	of	the	campus	of	Delft	University	of	Technology	is	simulated	to	see	the	impact	
of	surface	albedo	on	outdoor	thermal	comfort.	Through	perturbation	scenarios,	the	albedo	
of	wall	surfaces	are	increased.	The	micro-meteorological	parameters	like	air	temperature	and	
wind	speed	are	used	to	calculate	pedestrians’	thermal	comfort	within	the	campus.	
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Methodology	

In	this	paper,	the	outdoor	thermal	condition	within	a	university	campus	is	investigated.	The	
location	is	a	part	of	Delft	University	of	Technology	in	the	Netherlands.	As	Figure	1	shows,	this	
part	of	the	campus	has	a	fully	vegetated	park	and	a	building	with	two	courtyards.	This	building	
was	 important	 for	 this	 research	 because	 we	 could	 see	 the	 indoor	 and	 outdoor	 thermal	
environments	simultaneously.		

The	outdoor	thermal	condition	is	simulated	with	a	CFD	model	called	ENVI-met	(Michael	
Bruse,	1999;	M.	Bruse,	2004).	ENVI-met	has	been	developed	at	the	Institute	for	Geography	in	
Ruhr-University	 in	 Germany,	 since	 late	 1990s.	 This	 CFD	model	 can	 handle	 the	 impact	 of	
vegetation	(evapotranspiration	effect),	and	water	bodies.	The	main	input	files	of	this	program	
are	configuration	file,	and	area	input	file.	The	first	one	is	the	initial	weather	condition	which	
is	 used	 as	 the	 boundary	 conditions	 of	 the	 CFD	 simulations.	 This	 information	 are	 briefly	
explained	 in	 Table	 1.	 The	 area	 input	 file	 describes	 the	 physical	model	 of	 the	 area,	 and	 it	
includes	buildings,	roads,	vegetation,	water	bodies	and	all	other	urban	components.	For	the	
simulation	date,	19th	of	September	2013	is	chosen.	The	simulation	started	at	4:00	am	when	it	
is	before	sunrise.	Simulation	is	done	for	hourly	outputs	(22	hours	in	total).	

To	calculate	the	human	thermal	comfort	in	the	outdoor	environments,	BioMet	which	is	
a	 component	 of	 ENVI-met	 has	 been	 used.	 This	 tool	 generates	 Physiological	 Equivalent	
Temperature	(PET)	(Höppe,	1999).	PET	has	been	used	in	a	large	body	of	biological	and	bio-
climatological	studies	to	address	human	thermal	comfort.	For	the	PET	simulations,	a	physical	
condition	 of	 a	 typical	 pedestrian	 is	 used	 (age	 35	 years,	 height	 1.75m,	male,	weight	 75kg,	
clothing	rate	0.6,	walking	(80W	metabolism)).	

	
	

	
Figure	1.	The	simulated	area	within	the	campus	of	Delft	University	of	Technology,	Delft,	the	Netherlands.	
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Table	1:	Simulation	conditions	used	in	ENVI-met.	
Main	model	area	(x*y*z	grids)	 153	*	107	*	30	

Simulation	day,	and	period	 19.Sep.2013;	for	22	h	(04:00–02:00)	

Initial	air	temperature	 18.8	°C	

Initial	Wind	speed	 2.7	m/s	

Initial	Wind	direction	 90°	(East)	

Initial	Relative	humidity	(in	2m)	 70.0	%	

Thermal	conductance	 Walls	1.2	(W/m2K);	Roofs	1.6	(W/m2K)	

Surface	albedos	 Walls	0.2;	Roofs	0.2	

Spatial	resolution	(x*y*z)	 3.0m	*	3.0m	*	5.0m	

	

Results	

Figure	 2	 illustrates	 an	 aerial	 view	 of	 the	 simulated	 part	 of	 the	 campus	 (left)	 and	 the	
distribution	 of	 air	 temperature	 at	 16:00	 (right).	 The	 air	 temperature	 map	 shows	 the	
accumulation	of	heat	in	the	east	side	where	there	is	a	crossroad.	Here	there	is	more	asphalt	
pavement	 compared	 to	 the	 other	 areas	 of	 the	 domain.	 The	 air	 temperature	 at	 this	 spot	
reaches	to	23.7	°C,	while	the	vegetated	areas	close	to	the	canal	(north	west)	is	21.5	°C.	This	
comparison	shows	how	surface	properties	determine	the	different	air	temperatures	within	a	
local	microclimate.	

	

	
Figure	2.	An	aerial	view	of	the	campus	(left);	the	distribution	of	air	temperature	at	the	height	of	1.5m.	

	
Figure	3	shows	the	distribution	of	air	temepratrue	differences	when	the	albedo	of	the	

walls	are	increased	(from	0.2	to	0.6).	This	figure	shows	the	differences	at	the	height	of	1.5m	
at	16:00h.	The	increase	of	albedo	reduced	the	air	temperature	close	to	the	walls	(where	the	
modification	has	been	done).	The	maximum	reduction	is	0.61	K.	The	areas	far	from	the	
building	walls	show	no	redution	in	air	temperature.	
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Figure	3.	Air	temperature	difference	when	the	albedo	is	increased	from	0.2	to	0.6,	at	the	height	of	1.5m.	

	
Figure	4	shows	the	difference	of	PET	while	the	albedo	of	the	walls	are	increased.	This	

figure	also	 shows	 the	difference	at	 the	height	of	1.5m	at	16:00h.	The	 figure	 illustrates	an	
increase	of	PET	while	the	albedo	has	been	increased.	PET	is	increased	in	the	areas	close	to	
the	walls,	and	this	is	because	of	the	higher	albedo	of	the	surface	materials	that	reflects	more	
sun	to	the	environment.	In	other	words,	dark	surfaces	(with	low	albedos)	absorb	most	of	the	
sun,	and	reflect	less	solar	radiation	to	the	environment.	However,	in	this	case,	most	of	the	
sun	is	re-radiated	to	the	environment,	at	the	height	of	pedestrians	(1.5m).	

	

	
Figure	4.	PET	difference	when	the	albedo	is	increased	from	0.2	to	0.6,	at	the	height	of	1.5m.	
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Conclusions	

This	 paper	 looked	 at	 the	 outdoor	 thermal	 condition	 within	 a	 university	 campus	 in	 the	
temperate	climate	of	the	Netherlands.	The	aim	was	to	see	the	 impact	of	different	surface	
albedos	 on	 pedestrians’	 thermal	 comfort.	 Through	 perturbation	 scenarios,	 the	 albedo	
(reflectivity)	 of	 building	 walls	 were	 increased	 from	 0.2	 to	 0.6.	 The	 micro-meteorological	
parameters	like	air	temperature	and	wind	speed	were	used	to	calculate	PET	as	pedestrians’	
thermal	comfort	unit.	The	results	showed	that	increasing	the	albedo	of	walls	decreased	the	
air	temperature	close	to	the	buildings.	However,	mean	radiant	temperature	was	increased,	
and	it	led	to	higher	PET	(lower	thermal	comfort	level).	This	was	due	to	the	higher	re-radiation	
of	sun	to	the	environment	through	the	highly	reflective	walls.	Although	several	studies	state	
using	reflective	materials	keep	an	environment	cooler;	however,	these	materials	should	be	
used	properly	for	pedestrians.		
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Abstract:	 The	 Pearl	 River	 Delta	 (PRD)	 region	 has	 experienced	 significant	 land	 use	 change	 since	 the	 putting	
forward	of	 reform	and	opening	policy	 in	1978.	This	paper	analyses	 the	 spatial-temporal	pattern	of	 land	use	
change	in	the	PRD	region	with	the	help	of	a	remote	sensing	based	land	use	classification	method—the	World	
Urban	 Database	 and	 Access	 Portal	 Tool	 (WUDAPT),	 in	 the	 selected	 year	 1988,	 1999	 and	 2009.	 Land	 use	
transformation	matrix	was	used	to	specify	the	quantity	and	transferring	direction	of	each	land	use	type	in	the	
PRD	region.	Moran’	I	was	used	to	detect	the	spatial	correlation	of	different	land	use	types	in	this	region.	The	
results	show	that	the	area	of	urban	built-up	types	is	continuously	increasing	and	natural	land	cover	types	(such	
as	mixed	forest,	wetland/	fish	pond	and	water	bodies)	is	decreasing	from	1988	to	2009.	Moreover,	cropland/	
grassland,	mixed	forest	and	water	bodies	are	the	dominate	 land	use	types	which	were	converted	into	urban	
built-up	 types	 in	 this	 period.	 Last	 but	 not	 least,	 the	 spatial	 distribution	 pattern	 of	 land	 use	 types	 has	 a	
decreasing	 gathering	 trend	 from	 1988	 to	 2009.	 This	 paper	 also	 examines	 that	 WUDAPT	 is	 efficient	 and	
effective	for	analysing	land	use	changing	issue.			

Keywords:	 Land	 Use	 Change,	 World	 Urban	 Database	 and	 Access	 Portal	 Tool	 (WUDAPT),	 Land	 Use	
Transformation	Matrix,	Spatial	Autocorrelation	Analysis	

Introduction		

Researches	on	Land	Use	and	Land	Cover	(LULC)	change	have	become	an	important	scope	of	
studying	global	climate	change	 in	recent	decades,	since	the	 issue	of	LULC	change	not	only	
affects	 the	 local	 urban	 environment	 and	 life	 quality	 of	 local	 residents,	 but	 also	 inevitably	
influences	environmental	problems	of	the	rest	of	the	world	(López	et	al.,	2001,	Aguilar	et	al.,	
2003).	The	Pearl	River	Delta	(PRD)	region	in	China	has	been	experiencing	fast	urbanization	
and	 land	 use	 changing	 since	 the	 early	 1980’s.	 Looking	 into	 the	 spatial-temporal	 changing	
pattern	of	land	use	in	the	PRD	region	will	help	local	urban	planners	and	government	officials	
obtain	 in-depth	 understanding	 of	 land	 use	 changing	 issue	 and	 make	 scientific	 planning	
decisions	in	this	region	for	future	development.	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 1948



However,	land	use	data,	especially	the	historical	one	are	not	easily	accessible	in	China	
and	 usually	 with	 rough	 categories	 as	 well	 as	 unsatisfied	 resolution.	 The	 World	 Urban	
Database	 and	 Access	 Portal	 Tool	 (WUDAPT)	 is	 a	 global	 initiative	 to	 generate	 urban	
morphology	data	and	land	use	data	for	various	applications	(Bechtel	et	al.,	2015).	It	is	based	
on	 the	 Local	 Climate	 Zone	 (LCZ)	 classification	 system,	 which	 aims	 to	 connect	 urban	
climatology	 and	 urban	 morphology	 together	 (Stewart	 and	 Oke,	 2012).	 It	 provides	 a	
standardized	 and	 quantitative	 way	 to	 describe	 different	 land	 use	 types	 and	 reveals	 their	
corresponding	 thermal	 properties	 (Stewart	 and	 Oke,	 2012).	 Taking	 advantages	 of	 free	
satellite	 images	 and	 standardized	 classification	 procedure,	WUDAPT	 can	 provide	 land	 use	
data	to	look	into	urban	development.			

Study	area	

Geographically,	the	Pearl	River	Delta	(PRD)	located	within	Guangdong	province,	which	is	at	
the	 southeast	 of	 China,	 close	 to	 the	 South	 China	 Sea	 (Fig.	 1).	 The	 PRD	 region	 was	 put	
forward	 as	 economic	 and	 industrial	 zone	which	 had	 attracted	 a	 large	 population	 of	 new	
immigrants	 to	 move	 in	 during	 the	 twentieth	 century.	 This	 region	 includes	 Guangzhou,	
Shenzhen,	Zhuhai,	Dongguan,	Zhongshan,	Jiangmen,	Foshan,	Huizhou	and	Zhaoqing	(Fig.	1).	
The	total	areas	are	about	55,000	km2,	covering	one	third	of	the	whole	Guangdong	province	
(Liang	and	Chen,	2012).	At	the	end	of	2008,	permanent	residents	of	 the	PRD	are	a	half	of	
that	of	the	whole	Guangdong	province	(Statistics	Bureau	of	Guangdong	Government,	2009).	
Economically,	 the	PRD	region	has	become	one	of	 the	most	prosperous	economic	zones	 in	
China	 after	 the	 putting	 forward	 of	 reform	 and	 opening	 policy	 in	 1978.	 With	 economic	
development,	 urban	 expansion	 was	 an	 on-going	 phenomenon.	 In	 2008,	 the	 urbanization	
rate	 of	 the	 PRD	 region	 was	 up	 to	 80.5%,	 the	 average	 population	 density	 was	 863	
people/km2;	the	coverage	of	built-up	types	reached	8790	km2,	taking	up	16%	of	the	entire	
area	of	the	PRD	region	(Government	of	Guangdong	Province,	2010).	From	2000	to	2010,	the	
urban	expansion	area	increased	by	2615	km2	(Statistics	Bureau	of	Guangdong	Government,	
2001;	Statistics	Bureau	of	Guangdong	Government,	2011).	

Fig.	1	Location	and	Main	Cities	Included	in	Pearl	River	Delta	(PRD)	Region	

Method	

Land	use	classification	

Data	
Landsat	satellite	images	were	used	as	input	data	to	produce	land	use	classification	data	by	
using	WUDAPT	(Mills	et	al.,	2015),	because	of	 its	 free	accessibility	and	satisfied	resolution	
(30m).	To	check	the	urbanization	procedure	in	the	PRD	region,	selected	Landsat-5	images	in	
different	 times	 (1988,	 1999	 and	 2009)	 were	 collected	 as	 origin	 input	 to	 develop	 and	
mapping	 out	 LCZs.	 The	 reasons	why	 chose	 these	 three	 years	were	 because	 that,	 on	 one	
hand,	 data	 availability	 of	 Landsat	 images	 limits	 the	 earliest	 year,	 since	 the	 first	 Landsat	
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satellite	was	 launched	 in	 1972	 (Belward	 et	 al.,	 2008);	 on	 the	other	 hand,	 the	 reform	and	
opening	policy	took	effect	from	the	year	1978	and	the	fast	urbanization	also	started	around	
the	 same	year.	 Therefore,	 images	of	 every	 ten-year	beginning	 from	1988	were	 chosen	 to	
analyse	land	use	changing	pattern	of	the	PRD.	

Research	steps	
WUDAPT	 follows	 a	 standardized	workflow	 to	 generate	 LCZ	 classes	 to	 represent	 different	
land	use	 and	 land	 cover	 types	 (Bechtel	 et	 al.,	 2015).	 The	whole	 classification	 algorithm	 is	
developed	as	a	tool	in	an	open-source	GIS	software,	called	SAGA	GIS.	It	contains	three	major	
steps:		

Firstly,	 pre-processing	 of	 Landsat	 images:	 Landsat	 images	were	mosaicked	 into	 one	
image	 to	 cover	 the	 study	 area.	 Next,	 this	 image	 was	 resampled	 from	 30m	 to	 100m	
resolution	and	clipped	to	fit	the	range	of	the	PRD	region.	

Secondly,	selection	of	training	samples:	training	samples	acted	as	learning	samples	for	
random	 forest	 classifier	 to	 classify	 LCZs.	 They	were	 polygons	 digitized	 from	Google	 Earth	
based	 on	 local	 expertise.	 In	 this	 paper,	 each	 type	 of	 LCZ	 contains	 around	 100	 training	
samples,	 selected	 from	 Guangzhou,	 Shenzhen,	 Zhaoqing,	 Jiangmen,	 Zhongshan,	 Foshan,	
Dongguan,	Zhuhai,	Huizhou,	Hong	Kong	and	Macau.	

Thirdly,	classification	by	LCZ	Classification	tool	in	SAGA	GIS:	the	pre-processed	Landsat	
image	and	selected	training	samples	were	input	LCZ	classification	tool	in	SAGA	GIS.	The	core	
of	LCZ	classification	 is	 the	 random	forest	algorithm,	a	kind	of	machine	 learning	algorithm.	
Taking	advantages	of	spectral	features	contained	in	each	training	sample,	the	random	forest	
classifier	generated	the	classification	rule	and	applied	it	to	identify	each	LCZ	type.	

Land	use	transformation	matrix	

In	 this	 study,	 land	 use	 transformation	matrix	 was	 selected	 to	 analyse	 land	 use	 and	 land	
cover	 changes	 in	 the	 PRD	 region	 in	 selected	 year	 1988,	 1999	 and	 2009.	 Land	 use	
transformation	matrix	was	developed	from	system	analysis	(Xu	and	Zhao,	1993).	 It	reveals	
the	mutual	 conversion	 area	 of	 different	 land	 use	 types	 during	 a	 certain	 period.	 Land	 use	
transformation	matrix	can	analyse	the	quantity	and	direction	of	regional	land	use	changing	
systematically	and	comprehensively	(Deng	et	al.,	2009).	Thus,	such	kind	of	matrix	has	been	
used	commonly	in	the	field	of	land	use	changing	analysis	(Liu	et	al.,	2003,	Li	and	Yeh,	2004,	
Li	and	Yeh,	2002,	Verburg	and	Overmars,	2009).	The	form	of	land	use	transformation	matrix	
is	shown	as	below	(Deng	et	al.,	2009).	

S	represents	the	area	of	certain	land	use	type,	n	represents	total	number	of	land	use	
types,	i	is	the	land	use	type	at	the	beginning	and	j	represents	the	land	use	type	at	the	end	of	
transformation;	Sij	shows	the	change	area	from	land	use	type	‘i’	to	 land	use	type	‘j’.	Apart	
from	the	changing	quantity	between	different	land	use	types,	this	matrix	also	illustrates	the	
changing	directions.	Values	in	every	row	show	the	transferring	information	of	land	use	type	
‘i’	to	different	land	use	types	during	the	land	use	changing	period,	on	the	other	hand,	values	
in	every	column	show,	at	the	end	of	the	study	period,	the	transferring	direction	of	different	
land	use	types	to	land	use	type	‘j’.	
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Moran’s	I	index		

Moran’s	I	index	was	also	employed	to	examine	the	spatial	autocorrelation	of	land	use	types	
in	the	PRD	region.	According	to	the	first	law	of	geography	put	forward	by	Tobler,	it	is	noted	
that	everything	is	related	to	each	other,	but	much	more	related	to	things	nearby	than	things	
in	distant	locations	(Tobler,	1970).	Spatial	autocorrelation	usually	examines	the	correlation	
of	 spatial	 variables	 in	 different	 geographical	 locations	 (Overmars	 et	 al.,	 2003,	 Seto	 and	
Kaufmann,	2003).	Moran’	I	is	the	mostly	common	index	to	describe	spatial	autocorrelation.	
Its	expression	is	as	follows	(Cliff	and	Ord,	1981):	

Xi	 and	 Xj	 refers	 to	 the	 attribute	 value	 of	 spatial	 variable	 X	 at	 location	 i	 and	 j,	 `X	
represents	the	average	value	of	X,	Wij	is	the	spatial	weight	function,	n	is	the	total	number	of	
geographical	locations.		

The	 range	 of	 Moran’s	 I	 is	 between	 -1	 and	 1.	 When	 Moran’s	 I	 is	 smaller	 than	 0,	 it	
indicates	 that	 the	 spatial	 variable	 has	 a	 negative	 spatial	 correlation,	 showing	 a	 dispersed	
pattern;	when	Moran’s	I	equals	to	0,	it	indicates	that	there	is	no	spatial	correlation	among	the	
spatial	variables,	the	variables	are	distributed	randomly;	when	Moran’	I	is	between	0	and	1,	it	
illustrates	that	the	spatial	variable	has	a	positive	spatial	correlation,	showing	a	cluster	pattern.		

This	paper	chose	Moran’s	I	to	analyse	the	spatial	autocorrelation	among	different	
land	use	types	in	the	PRD	region	in	selected	year	1988,	1999	and	2009.		

Result	and	Discussion	

Overall	analysis	of	Land	use	change	

After	 obtaining	 the	 LCZ	 classes	 of	 the	 PRD	 region	 (Fig.	 2)	 generated	 by	 using	 WUDAPT	
method,	 the	original	 seventeen	 LCZ	 classes	with	 the	added	 subclass	 ‘Wetland/	 Fish	Pond’	
were	 converted	 into	 land	use	 types	 defined	by	U.	 S.	Geological	 Survey	 (USGS)	with	 1	 km	
resolution	(Table	1).	Table	2	shows	the	overall	changing	trend	of	each	land	use	type	in	the	
PRD	region	from	1988	to	2009.	It	is	found	that	the	area	of	urban	built-up	types	in	2009	is	3.4	
times	than	that	of	1988.	During	this	period,	all	three	types	of	urban	built-up	types	have	an	
increasing	trend.	While,	the	areas	of	cropland/	grassland,	mixed	forest,	wetland/	fish	pond	
and	water	bodies	shrink.	

Fig.	2	LCZ	Maps	of	the	PRD	Region	in	the	Year	of	1988,	1999	and	2009	

Table	1.	Conversion	between	Local	Climate	Zone	Classes	and	USGS	Land	Use	Categories	
Local	Climate	Zone	Categories	 USGS	Land	Use	Categories	

Urban	
Types	

LCZ	Category	 Land	Use	Description	 Land	Use	Description	
LCZ	1	 Compact	High-rise	

Urban	(High-rise)	LCZ	4	 Open	High-rise	
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LCZ	2	 Compact	Mid-rise	
Urban	(Mid-rise)	LCZ	5	 Open	Mid-rise	

LCZ	3	 Compact	Low-rise	

Urban	(Low-rise)	

LCZ	6	 Open	Low-rise	
LCZ	7	 Lightweight	Low-rise	
LCZ	8	 Large	Low-rise	
LCZ	9	 Sparsely	Built	
LCZ	10	 Heavy	Industry	

Land	Covers	

LCZ	A	 Dense	Trees	 Mixed	Forest	
LCZ	B	 Scattered	Trees	
LCZ	C	 Bush,	Scrub	 Shrub	land	

LCZ	D	 Low	Plant	 Cropland/Grassland	
Mosaic	

LCZ	E	 Bare	Rock	or	Paved	 Barren	or	Sparsely	
Vegetated	LCZ	F	 Bare	Soil	or	Sand	

LCZ	G	 Water	 Water	Bodies	
Wetland/	Fish	Pond	 Wetland/	Fish	Pond	

Table	2.	Change	of	Different	Land	Use	Types	in	PRD	Region	from	1988	to	2009	
Urban	
(Low-
rise)	

Urban	
(Mid-
rise)	

Urban	
(High-
rise)	

Cropland	
/Grassland	

Shrub	
land	

Mixed	
Forest	

Barren/	
Sparsely	
Vegetated	

Wetland/	
Fish	Pond	

Water	
Bodies	

1988	 3.45%	 0.31%	 0.30%	 19.72%	 2.96%	 21.25%	 0.42%	 1.79%	 49.81
%	

1999	 7.05%	 0.49%	 0.65%	 23.46%	 1.94%	 18.80%	 0.33%	 0.88%	 46.38
%	

2009	 13.46%	 0.74%	 3.61%	 18.50%	 3.28%	 17.28%	 0.56%	 0.77%	 41.80
%	

Land	use	transferring	analysis		
Table	3.	Land	Use	Transformation	Matrix	of	PRD	Region	during	1998	to	1999	(km2)	

Land	Use	Type	

1999	

Urban	
(Low-
rise)	

Urban	
(Mid-
rise)	

Urban	
(High-
rise)	

Cropland/	
Grassland	

Shrub	
land	

Mixed	
Forest	

Barren	or	
Sparsely	
Vegetated	

Wetland/	
Fish	Pond	

Water	
Bodies	

Total	
Area	
(1998)	

1988	

Urban	
(Low-rise)	 1142	 35	 12	 1189	

Urban	
(Mid-rise)	 95	 13	 108	

Urban	
(High-rise)	 103	 103	

Cropland/	
Grassland	 494	 7	 23	 4939	 78	 530	 43	 55	 636	 6805	

Shrub	land	 23	 2	 5	 363	 178	 394	 13	 2	 40	 1020	
Mixed	
Forest	 342	 8	 19	 1209	 331	 5141	 19	 8	 257	 7334	

Barren	or	
Sparsely	
Vegetated	

6	 59	 14	 31	 15	 2	 18	 145	

Wetland/	
Fish	Pond	 71	 1	 3	 316	 12	 141	 72	 616	

Water	
Bodies	 356	 22	 46	 1210	 70	 380	 24	 96	 14982	 17186	

Total	Area	
(1999)	 2434	 170	 224	 8096	 671	 6488	 114	 304	 16005	 34506	

From	Table	 3,	 it	 is	 noted	 that	 the	 added	areas	of	 urban	 low-rise	 types	were	mainly	
converted	 from	 cropland/	 grassland,	 mixed	 forest	 and	 water	 bodies.	 For	 urban	 mid-rise	
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types,	 its	 area	 increased	mostly	 due	 to	 the	 transformation	 from	urban	 low-rise	 type.	 For	
urban	high-rise	type,	its	total	area	increased	by	117%	from	1988	to	1999.	Transformation	of	
cropland/	grassland,	mixed	forest	and	water	bodies	contributed	to	40%	of	the	urban	high-
rise	area	in	1999.	The	area	of	cropland/	grassland	increased	by	19%	in	the	PRD	region	from	
1988	 to	 1999.	 The	 reason	 behind	 it	 was	 that	 mixed	 forest	 and	 water	 bodies	 of	 1988	
transferred	 into	cropland/	grassland	 in	1999.	For	mixed	 forest,	 its	area	decreased	by	12%	
during	1988	to	1999.	The	decreased	area	is	mainly	converted	into	the	area	of	urban	low-rise	
type	 and	 cropland/	 grassland.	 For	 wetland/	 fish	 pond,	 during	 1988	 to	 1999,	 its	 area	
decreased	by	a	half.	Its	decreased	area	is	mainly	converted	into	the	area	of	urban	low-rise	
and	 cropland/	 grassland.	 The	 area	 of	 water	 bodies	 also	 went	 down	 from	 1988	 to	 1999	
because	of	the	increasing	construction	area	and	enlargement	of	cropland/	grassland.		

Table	4.	Land	Use	Transformation	Matrix	of	PRD	Region	during	1999	to	2009	(km2)	

Land	Use	Type	

2009	 	

Urban	
(Low-
rise)	

Urban	
(Mid-
rise)	

Urban	
(High-
rise)	

Cropland/	
Grassland	

Shrub	
land	

Mixed	
Forest	

Barren	or	
Sparsely	
Vegetated	

Wetland/	
Fish	Pond	

Water	
Bodies	

Total	
Area	
(1999)	

1999	

Urban	
(Low-rise)	 2188	 60	 186	 	 	 	 	 	 	 2434	

Urban	
(Mid-rise)	 	 151	 19	 	 	 	 	 	 	 170	

Urban	
(High-rise)	 	 	 224	 	 	 	 	 	 	 224	

Cropland/	
Grassland	 1610	 17	 561	 4845	 221	 704	 65	 73	 	 8096	

Shrub	land	 14	 5	 5	 68	 361	 216	 2	 	 	 671	
Mixed	
Forest	 302	 5	 76	 785	 464	 4839	 13	 4	 	 6488	

Barren	or	
Sparsely	
Vegetated	

9	 4	 1	 28	 7	 34	 30	 1	 	 114	

Wetland/	
Fish	Pond	 58	 	 46	 58	 1	 	 	 141	 	 304	

Water	
Bodies	 463	 12	 128	 599	 78	 171	 84	 47	 14423	 16005	

	 Total	Area	
(2009)	 4644	 254	 1246	 6383	 1132	 5964	 194	 266	 14423	 34506	

From	Table	4,	in	2009,	the	areas	of	urban	low-rise	types	were	mainly	converted	from	
cropland/	grassland,	mixed	 forest	and	water	bodies.	For	urban	mid-rise	 type,	 its	area	was	
mainly	 converted	 from	 low-rise	 types.	 For	 urban	 high-rise,	 the	 sprawling	 was	 converted	
from	 cropland/	 grassland,	mixed	 forest	 and	water	 bodies.	 During	 this	 period,	 the	 area	 of	
cropland/	grassland	had	decreased	by	21%.	Around	27%	of	cropland/	grassland	in	1999	had	
been	 converted	 into	 urban	 types.	 Total	 area	 of	mixed	 forest	 in	 the	 PRD	 region	 had	 also	
decreased.	 The	 transferring	 directions	 of	mixed	 forest	 consisted	 of	 three	 ways.	 One	was	
transferring	 from	mixed	 forest	 to	 urban	 low-rise	 type,	 covering	 approximately	 5%	 of	 the	
total	 area	 of	mixed	 forest	 in	 1999;	 the	 second	was	 around	 12%	 of	mixed	 forest	 in	 1999	
transferred	 into	 cropland/	 grassland;	 the	 third	one	was	 converting	 into	 shrub	 land	with	a	
coverage	of	7%	of	the	total	area	for	the	original	mixed	forest.	During	1999	to	2009,	areas	of	
wetland/	 fish	 pond	 and	water	 bodies	 decreased	mainly	 due	 to	 the	 construction	 of	 urban	
built-up	types.	

To	 conclude,	 from	 Table	 3	 and	 Table	 4,	 the	main	 reason	 of	 continuously	 increasing	
areas	 for	 urban	 built-up	 types	 is	 the	 construction	 projects	 on	 the	 previous	 cropland/	
grassland,	mixed	forest	and	water	bodies	from	1988	to	2009.	After	the	putting	forward	of	
reform	and	opening	policy,	the	PRD	region	has	a	tremendous	economic	growth,	therefore	
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the	demand	for	building	construction	keeps	increasing.	Correspondingly,	a	large	number	of	
natural	 land	 covers	 are	 occupied	 for	 construction	 projects	 during	 1988	 to	 2009.	 The	
increasing	rate	of	urban	types	during	1999	to	2009	is	much	higher	than	that	from	1988	to	
1999,	 especially	 for	 urban	 high-rise	 type.	 This	 is	 because,	 with	 much	 rapid	 economic	
development	 and	 urbanization	 rate	 from	 1999	 to	 2009,	 the	 demand	 for	 transportation	
facilities	and	residential	buildings	increases	a	lot.	At	the	same	time,	soaring	population	into	
the	PRD	region	intensifies	the	development	of	real	estates,	contributing	to	enlargement	of	
urban	built-up	types’	area.	This	indicates	that	the	demand	for	urban	built-up	types	enlarges	
with	the	rapid	economic	development	and	urbanization.		

For	mixed	forest,	its	area	keeps	decreasing	during	1988	to	1999.	The	reduced	area	is	
mainly	converted	into	urban	low-rise	type	and	cropland/	grassland.	For	wetland/	fish	pond	
and	water	 bodies,	 they	mainly	 transfer	 into	 urban	 built-up	 types.	 The	 reason	 behind	 the	
decreasing	 area	 of	mixed	 forest,	wetland/	 fish	 pond	 and	water	 bodies	 is	 the	 rapid	 urban	
construction.	

Spatial	autocorrelation	analysis	of	land	use	change	

The	value	of	Moran’s	 I	 indicates	the	spatial	convergence	of	different	 land	use	types.	After	
calculation,	the	value	of	Moran’	I	of	1988,	1999,	2009	is	0.477,	0.482	and	0.452	respectively.	
It	 is	 noted	 that	 Moran’s	 I	 of	 each	 year	 is	 a	 positive	 value,	 revealing	 that	 the	 land	 use	
distribution	 pattern	 of	 the	 PRD	 region	 has	 a	 significantly	 positive	 spatial	 autocorrelation.	
Different	land	use	types	are	not	distributed	randomly	in	the	PRD	region,	instead,	they	have	
an	apparent	spatial	cluster.	More	specifically,	each	land	use	type	tends	to	gather	around	the	
same	type—urban	types	are	clustered	in	their	own	group	and	non-urban	types	tend	to	form	
different	clusters.	However,	 looking	 into	 the	value	of	Moran’	 I	 for	each	selected	year,	 the	
spatial	 clustering	 pattern	 of	 different	 land	 use	 types	 is	 not	 a	 continuous	 trend.	 From	 the	
year	1988	to	1999,	the	value	of	Moran’	I	increased,	indicating	that	the	spatial	convergence	
of	 land	 use	 types	 was	 strengthened.	 While,	 the	 value	 decreased	 from	 2009.	 Spatial	
convergence	of	 land	use	 types	 in	 the	 PRD	 region	become	weaker	 compared	 to	 1988	 and	
1999.	The	reason	behind	it	might	be	urban	sprawl	in	this	region.	The	sprawling	development	
mode	 in	 the	PRD	 region	contributes	 to	 increasing	area	of	mixed	urban	built-up	 types	and	
rural	types,	which	weakens	the	clustering	of	the	same	land	use	type.	

Conclusion	

This	paper	analyses	the	spatial-temporal	land	use	changing	pattern	of	the	PRD	region	from	
1988	 to	 2009	 with	 the	 help	 of	 the	 popular	 land	 use	 classification	 method	 WUDAPT.	
WUDAPT	 has	 the	 advantages	 of	 free	 data	 source,	 standardized	 procedure	 and	 easy	
comparison	among	different	cities.	It	accuracy	was	proved	to	achieve	around	80%	in	some	
Chinese	cities	(Cai	et	al.,	2016).	Results	of	this	study	reveal	that,	during	1988	to	2009,	the	
area	of	urban	built-up	types	 increased	significantly,	while	 the	area	of	cropland/	grassland,	
mixed	forest,	wetland/	fishpond	and	water	bodies	decreased	a	lot.	Urban	expansion	of	the	
PRD	region	mainly	relies	on	occupying	rural	areas	to	construct	residential	buildings,	offices,	
factories	 and	public	 facilities.	 At	 the	 same	 time,	 although	 there	 are	 significant	 clusters	 of	
different	 land	 use	 types,	 the	 clustering	 trend	 has	 been	 weakened	 due	 to	 the	 extensive	
urban	 sprawl	mode.	This	paper	examines	 the	application	of	WUDAPT	product	 in	 land	use	
changing	analysis,	 illustrating	the	potentials	of	WUDAPT	product	for	different	applications,	
apart	from	urban	heat	island	studies.	 In	next	study	step,	based	on	the	developed	land	use	
and	land	cover	data	in	this	study,	future	land	use	change	detection	will	be	conducted.	
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Microclimate	on	outdoor	spaces	in	the	context	of	tropical	climate:	a	case	
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Abstract:	In	recent	years,	several	studies	have	drawn	attention	towards	the	designing	of	thermally	comfortable	
outdoor	spaces	and	the	understanding	of	urban	heat	island.	This	study	investigates	the	design	of	public	spaces	
with	focus	on	surface	urban	heat	islands	phenomenon	and	its	effect	on	microclimatic	aspects	into	a	selected	
study	area	in	Brasilia,	Brazil.	These	environments	are	intermediary	between	internal	and	external	areas	of	the	
building,	articulating	them	and	under	the	influence	of	both.	Users	are	subject	to	variations	of	thermal	comfort,	
without	the	availability	of	artificial	conditioning	systems	or	environmental	parameters	control.	Delimitation	of	
study	areas	was	determined	by	a	macro	evaluation	supported	by	satellite	imagery	Landsat	8	(thermal	band).	
Subsequently,	for	a	closer	view,	an	analysis	was	performed	investigating	elements	that	configure	both	sensorial	
perceptions	as	well	as	bioclimatic	elements	of	the	area.	In	addition,	computer	simulation	with	the	ENVI-met	4	
was	conducted.	Different	scenarios	were	simulated	with	application	of	alternative	materials	on	surfaces	and	
shading	 for	 effect	analysis	 on	 temperature	 and	 air	 humidity	 variation.	 The	 results	 suggested	 modifications	
integrating	 cool	pavements	and	vegetation	are	more	effective	 in	 influencing	 the	microclimatic	 conditions	at	
pedestrian	level	than	those	implemented	to	the	roof	levels	in	the	analysed	context	of	Brasilia.	
	
Keywords:	urban	microclimate,	urban	heat	 island,	 computer	 simulation	with	Envi-met	4,	 Landsat	8,	Brasilia-
Brazil	

Introduction		

The	complex	relationship	between	architecture,	climate	and	people	is	discussed	by	several	
authors	 in	 the	 field	 of	 sustainable	 urbanism,	 building	 energy	 saving,	 health	 and	 thermal	
comfort,	 etc.,	 highlighting	 the	 importance	 of	 considering	 the	 production	 of	 the	 built	
environment	 in	 its	urban,	 social	 and	 climate	 context	 (Romero,	2015;	Vianna	and	Romero,	
2016;	Calthorpe,	2010;	Olgyay,	1998).	The	growing	cities	are	creating	more	pressure	for	space,	
production	of	goods,	 infrastructure	and	energy	 resulting	 in	more	carbon	emissions,	urban	
ventilation	 and	 surface	material	 alteration	 and	 great	modification	 of	 urban	microclimates	
toward	a	warmer	climatic	condition.	

The	urban	heat	island	(UHI)	has	been	observed	in	the	urban	surfaces	and	in	the	urban	
atmosphere	(Oke,	1987).	The	surface	heat	islands	(SUHI)	mostly	form	in	the	cities	which	are	
surrounded	 by	 moist	 soil	 or	 vegetation,	 cooled	 by	 the	 evaporation	 compared	 to	 the	
impervious	urban	surfaces	(Maleki	and	Mahdavi,	2016).	Mitigative	and	adaptation	initiatives	
focusing	in	energy	efficiency	are	frequently	addressed	for	building	scale	by	the	urban	polices,	
forgetting	the	“building	thermal	performance	will	be	influenced	by	and	influencing	the	urban	
surrounding,	thinking	of	the	different	components	of	a	city	as	disjoined	elements	(Shiano-
Phan	et	al.,	2015).”	Cool	roofs	and	pavements	decreases	solar	gain	of	a	buildings	and	urban	
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surfaces,	 implying	 in	moderation	of	UHI	 (Synnefa	and	Santamouris,	2016).	Also,	 the	street	
design,	orientation,	H/W	ratio,	pedestrian	sidewalk,	shape	of	a	building,	green	spaces,	and	air	
flow	etc.,	are	parameters	that	impact	the	heat	removal	from	the	surfaces	(Mirzaei,	2015).			

In	this	regard,	the	present	parametric	study	aims	to	explore	the	thermal	interactions	
within	a	local	commercial	area,	part	of	the	neighbourhood	unit.	The	case	study	is	located	in	
north	side	of	Brasilia	named	CLN,	blocks	402/403.	The	focus	is	investigated	the	effectiveness	
of	 heat	 mitigation	 strategies	 to	 create	 a	 positive	 contribution	 to	 the	 microclimate	
environmental.		

Brasilia	background	

The	capital	city	of	Brazil	was	inaugurated	in	1960	and	became	a	landmark	in	the	history	of	
urban	 planning.	 Brasília	 currently	 is	 the	 largest	 city	 in	 the	world	 that	 did	 not	 exist	 at	 the	
beginning	of	the	20th	century	(UN-HABITAT,	2013)	with	2.570.160	inhabitants	(IBGE,	2017).	
Its	pilot	plan	is	an	Unesco	World	Heritage	site	designed	by	Lucio	Costa	based	on	principles	of	
modernist	 movement.	 The	 urban	 conception	 translates	 four	 distinct	 scales	 based	 on	
separation	of	functions:	monumental,	residential,	gregarious	and	bucolic.	

The	monumental	 scale	 is	 represented	by	 the	East-West	axis	which	 concentrates	 the	
most	 important	 administrative	 activities,	 visual	 landmarks	 and	 some	 Oscar	 Niemeyer´s	
buildings	producing	a	monumental	landscape.	The	residential	scale,	located	in	the	north	and	
south	areas	along	North-South	axis,	consist	in	blocks	with	residential	buildings	(maximum	six	
floors	and	pilotis),	 local	commerce,	schools	and	public	green	areas.	The	gregarious	scale	 is	
located	around	the	 intersection	of	East-West	and	North-South	axes	and	 is	configurated	 in	
sectors:	financial,	commercial,	hotel,	hospital,	radio	and	TV.	The	last,	bucolic	scale	was	guided	
by	the	incorporation	of	natural	spaces	(Figure	1).	

Climate	context	of	Brasília	

Brasília	is	located	at	15°	47’S,	47°	56’W	and	1070	m	above	the	sea	level.	According	to	Köppen	
and	Geiger,	its	climate	is	classified	as	Aw	(tropical).	It	presents	two	distinct	seasons:	(a)	hot	
and	humid	season:	rainy	summer	from	October	to	April;	(b)	hot	and	dry	season:	dry	winter	
from	May	to	September.	The	average	temperatures	range	from	17°C	to	27°C	during	summer	
and	from	14°C	to	28°C	during	winter	according	with	INMET	-	National	Meteorological	Institute.	

Figure	1.	Location	of	Brasilia	and	its	four	scales:	(1)	Monumental,	(2)	Bucolic,	(3)	Residential	and	(4)	
Gregarious.	Source:	produced	by	the	authors.	
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The	 air	 relative	 humidity	 decreases	 in	 winter	 reaching	 a	 level	 below	 50%.	 The	 average	
precipitation	is	the	lowest	in	June,	about	7	mm.	The	greatest	amount	occurs	in	January,	with	
an	average	of	250	mm.	

In	September	of	2016	the	temperature	reached	34.2°C	and	up	to	35.8°C	in	2015,	the	
highest	of	the	history	for	that	time	of	the	year	since	1961,	when	climatic	data	started	to	be	
recorded	in	the	city	(INMET).	The	historical	climatological	average	for	that	month	was	28ºC.	
Also	 in	 September	 2015,	 a	 relative	 air	 humidity	 rate	 of	 13%	 was	 recorded	 by	 the	 same	
institute.		Thus,	for	this	study,	the	incorporation	of	September	in	the	simulation	is	intended	
to	be	representative	of	a	peculiar	season,	characterized	by	higher	temperatures	and	lower	
humidity	rates.	

Methods	

Due	 to	 limitation	 of	 empirical	 studies	 in	 microclimatic	 conditions,	 computer	 tool	 was	
implemented	to	deal	with	the	complexities	of	urban	climate.	Delimitation	of	study	areas	was	
determined	by	a	macro	evaluation	supported	by	satellite	imagery	Landsat	8,	available	online	
by	the	US	Geological	Survey.	The	use	of	satellites	thermal	images	is	a	technique	of	growing	
use	for	detection	of	surface	temperature	of	urban	area.	Its	use,	combined	with	high	spatial	
resolution	images,	can	contribute	to	urban	planning	in	terms	of	understanding	the	surface	
temperature	variation	and	its	relation	with	the	urban	land	uses.	The	software	ArcGIS	10.3	was	
used	and	the	thermal	data	band	(digital	numbers)	converted	to	top	of	atmosphere	spectral	
radiance	(TOA),	conversion	of	spectral	radiance	to	brightness	temperature	in	Kelvin	(k)	and	
the	conversion	to	temperature	in	degrees	Celsius	(Figure	2).		

Figure	2.	Surface	temperature	of	Brasilia	derived	from	Landsat	8	data	–	09/20/2015	at	01:14	pm.	Study	area	
marked	in	blue.	Source:	produced	by	the	authors.	

The	predominance	of	higher	surface	temperature	ranges	on	urban	areas	(above	34°C)	
and	lower	temperature	occurrences	in	both	water	bodies	(below	<22°C)	and	dense	vegetation	
areas	(between	24ºC	and	26ºC)	were	observed.	Small	fractions	of	the	urban	fabric	presented	
milder	ranges	of	surface	temperatures	between	28°C	and	30°C,	highlighting	areas	near	the	
Paranoa	Lake	and	the	residential	areas	of	the	Pilot	Plan.	The	surrounding	areas,	more	densely	
populated,	are	potentially	warmer.	Also,	areas	of	exposed	soil	present	 thermal	variations,	
reaching	temperatures	above	40°C.	One	hypothesis	is	that	this	intense	temperature	increase	
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constitutes	the	occurrence	of	dry	vegetation	or	burnings,	caused	by	the	lack	of	rain	and	low	
relative	humidity	of	the	air,	typical	of	this	time	of	year.	Subsequently,	for	a	closer	view,	an	
analysis	was	conducted	to	represent	the	synthesis	of	several	elements	that	configure	both	
sensorial	perceptions	as	well	as	bioclimatic	elements	of	the	study	area.	In	addition,	computer	
simulation	with	the	ENVI-met	4	software	was	performed.	Different	scenarios	were	simulated	
with	application	of	alternative	materials	on	surfaces	and	shading	for	comparative	analysis	on	
temperature	and	air	humidity	variation.	

Study	area	

The	architectural	concept	of	the	local	commercial	blocks	in	the	North	side	of	the	city	(CLN)	
was	 quite	 different	 from	 that	 of	 the	 South	 side	 (CLS).	 CLS	 blocks	were	 built	 first	 and	 are	
characterized	by	 a	 single	 low	 rise	building	with	one	 front	 store	 and	 a	 covered	pedestrian	
walkway	(Figure	3).	The	CLN	blocks	402/403	are	composed	by	isolated	buildings	of	26	x	26	m	
each,	up	to	nine	meters	high	creating	a	cavity	geometry	with	W/H	ratio	of	3.1	(Figure	4).	The	
concept	configures	a	commercial	ground	floor	with	four	front	stores,	mezzanine,	a	residential	
floor,	underground	and	an	open	adjacent	space.	In	some	cases,	the	residential	floor	does	not	
exist.	The	study	area	domain	covers	distinct	types	of	outdoor	spaces	and	urban	materials,	
including:	pedestrian	walkways,	wide	streets	covered	by	asphalt,	open	parking	lot,	vegetated	
areas	and	buildings	(commercial	and	residential	mixed	uses).		

Figure	4.	Street	section	of	the	study	area:	CLN	402/403	(W/H	=	3.1).	

(a)	 (b)	 (c)	

Figure	3.	(a)	Lucio	Costa	design	for	local	commercial	blocks	(CLS),	(b)	picture	from	the	simulated	area	and	(c)	
study	area	current	land	covers	(CLN402/403).	Source:	(a)	

http://www.itaucultural.org.br/explore/blogs/rumos-2/rumos-2013-2014-lucio-costa-o-pai-da-moderna-
arquitetura-brasileira-e-sua-confianca-inabalavel-no-pais/,	(b)	Google	Maps.	
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Microscale	modelling	

The	simulation	model	was	generated	using	ENVI-met	4,	developed	for	the	analysis	of	urban	
microclimates	from	three-dimensional	holistic	modeling.	The	prognosis	is	based	on	laws	of	
thermodynamics	 and	 fluid	 dynamics	 and	 allows	 simulations	 for	 bioclimatology,	 impact	 of	
vegetation	on	the	local	microclimate,	processes	of	thermal	changes	between	walls	and	floors	
surfaces	 and	many	 other	 parameters	 (Bruse,	 2016).	 This	 tool	was	 selected	 because	 of	 its	
potential	 of	modeling	 the	 urban	microclimate	 considering	 building	 geometry,	 vegetation,	
urban	materials	and	results	in	high-resolution	outputs.		

For	this	parametric	study,	the	grid	proportion	chosen	in	the	three	axes	was	3	m	x	3	m	x	
3	m,	following	the	local	galleries	width	and	floor	height	of	3	meters.	The	size	of	the	model	
domain	is	about	32400	m²	(270	m	x	120	m).	The	main	input	configuration	including	building,	
soil	 and	meteorological	 data	 are	 demonstrated	 in	 Table	 1.	 A	 representative	 hot	 day	with	
elevated	level	of	solar	radiation,	low	humidity	rate	and	clear	sky	was	selected	(08	September)	
based	in	climatic	analyses	and	related	studies	in	previous	years	that	have	assumed	the	same	
month	as	part	of	their	investigations	(Castelo	Branco,	2009;	Silva,	2013).	For	calibration,	was	
considered	 the	 meteorological	 data	 validated	 by	 Castelo	 Branco	 (2009)	 to	 a	 residential	
neighborhood	comparing	measured	data	at	1.5	m	above	the	ground	and	simulated	data	with	
ENVI-met	 3.1.	 The	 same	 experiment	 was	 conducted	 with	 ENVI-met	 4	 in	 this	 study	 for	
calibration	process	to	prepare	an	appropriate	input	data	for	the	simulation.	The	simple	forcing	
tool	was	adopted	to	air	temperature	and	relative	humidity	provided	by	the	meteorological	
station	of	INMET	located	in	the	southwest	part	of	the	city.	With	the	optimized	input	data,	a	
better	fit	between	simulated	and	measured	air	temperature	and	humidity	could	be	achieved.	

Table	1.	Input	configuration	data	in	the	ENVI-met	4	simulation	models.	
Meteorological	data	
			Wind	speed	10m	height	(m/s)	 1.4	
			Wind	direction	(0:	N/90:	E/180:	S/270:	W)	 90	
			Roughness	 0.1	
			Specific	humidity	at	model	top	(2500	mg/kg)	 5.05	
			Adjustment	factor	for	solar	radiation	 1.1	
			Cover	of	low	clouds	(octas)/medium/high	 1.00/0.00/0.00	
Soil	data	
			Initial	temperature	in	all	layers	 293K	
			Relative	humidity	upper	layer	(0-20	cm)	 50	%	
			Relative	humidity	middle	layer	(20-50	cm)/(below	50	cm)	 60	%	
Building	data	(base	case):	albedo	walls	/	roofs	 0.50	/	0.30	

Comparative	investigation	

In	this	study	three	parameters	were	calculated	to	evaluate	the	effect	of	every	strategy:	(1)	air	
temperature;	(2)	relative	humidity	and	(3)	mean	radiant	temperature	(MRT).	The	base	case	
scenario	was	simulated	assuming	current	land	cover	and	its	results	is	showed	in	Figure	3.	For	
this	 purpose,	 mean	 value	 of	 the	 outputs	 of	 all	 grids	 were	 calculated.	 Next,	 suggested	
mitigation	measures	defined	in	four	scenarios	were	implemented	to	the	model	as	described	
in	Table	2.	The	results	 for	each	scenario	were	compared	with	base	case	to	 investigate	the	
impact	of	every	changed	configuration.	
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Table	2.	Scenarios	descriptions.	
Scenario	 Implementation	
S0	–	base	case	 Current	land	cover	characteristics	
S1	–	cool	roof	 Rooftop	characteristics:	R=73%	and	Ɛ=93%	
S2	–	cool	pavement	 Increase	albedo	-	walkway:	from	0.30	to	0.80/	street:	from	0.20	to	0.50	
S3	–	cool	pavement	 Increase	albedo	-	walkway:	same	as	S2/	street:	from	0.50	to	0.60	
S4	–	cool	pavement	and	
trees	

Combination	S3	and	increase	street	trees	adjacent	to	walkways	

Results	and	discussion	

The	simulated	results	for	each	modification	scenario	were	deducted	from	the	result	of	base	
case	to	evaluate	the	impact	of	every	changed	configuration.	The	surface	temperature	above	
asphalt	pavements	are	higher	 than	other	parts	of	 the	model.	 Lower	surface	 temperatures	
occur	in	shading	areas,	which	is	expected	(Figure	6).	Also,	a	decrease	in	surface	temperature	
could	 be	 observed	 in	 regions	 with	 cool	 pavements	 in	 Figure	 6	 (S4),	 about	 4°C.	 The	 air	
temperature	parameter	(Figure	7)	shows	the	cooling	effect	of	pavement	when	albedo	was	
increased	(S2	and	S3)	but	the	most	expressive	result	is	achieved	with	vegetation	combination	
(S4)	in	diurnal	period	presenting	a	maximum	reduction	nearly	1.08	°C	versus	base	case.	This	
simulation	suggests	that	cool	roof	strategy	(S1)	is	less	effective	at	street	level,	with	a	reduction	
about	0.06°C.	

Figure	5.	Average	air	temperature,	MRT	and	relative	humidity	
simulated	for	the	base	case.	Values	are	at	a	height	of	1.5	m.	

Figure	7.	Average	air	temperature	differences	simulated.	Values	are	at	a	height	of	1.5	m.	

Figure	6.	Surface	temperature	in	S0	and	S4	scenarios	at	15:00	h.	
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Figure	 8	 shows	 the	 correlation	 between	 relative	 humidity	 and	 changes	 in	 air	
temperature.	The	impact	in	day-time	is	greater	than	that	in	night-time	in	all	scenarios	and	the	
role	of	green	could	be	observed	in	S4	with	increase	in	relative	humidity	and	reduction	in	the	
air	temperature	supposed	because	of	evapotranspiration	effect.	A	decrease	up	to	2.9%	was	
observed	in	the	other	scenarios	where	there	is	no	source	for	evaporation.		

Changes	 in	mean	 radiant	 temperature	 (Figure	 9)	 suggests	 again	 that	 S4	 had	 better	
performance	than	S3	and	S2.	Added	street	trees	reduce	MRT	up	to	30°C	in	day-time,	possibly	
due	 to	 shading	 effect.	 In	 contrast,	 cool	 pavements	 increase	MRT	 up	 to	 3.7°C	 caused	 by	
reflected	shortwave	radiation	from	the	surfaces.	Scenario	S1	did	not	have	influence	in	this	
parameter	in	pedestrian	level.	

Conclusion	

During	the	simulation	phase,	the	study	explored	the	thermal	interactions	within	the	selected	
area	with	focus	on	investigating	the	effectiveness	of	heat	mitigation	strategies	motivated	by	
the	importance	of	urban	open	space	as	component	of	urban	fabric	 in	Brasilia.	Comparison	
results	of	the	modelled	scenarios	showed	that	cool	pavements	could	be	used	to	reduce	air	
temperatures	in	the	study	area.	The	best	performance	was	achieved	with	addition	of	street	
trees.	Cool	roofs	in	this	model	configurations	(three	stories	building)	are	supposed	have	slight	
impact	 at	 1,5	 m	 height	 above	 ground	 but	 studies	 could	 be	 conducted	 to	 evaluate	 their	
potential	in	energy	savings.	Subsequently	other	studies	also	could	be	conducted	to	investigate	

Figure	8.	Average	relative	humidity	differences	simulated.	Values	are	at	a	height	of	1.5	m.	

Figure	9.	Average	mean	radiant	temperature	(MRT)	differences	simulated.	
Values	are	at	a	height	of	1.5	m.	
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wind	 speed	parameters	 and	mean	 radiant	 temperature,	which	 is	 an	 important	parameter	
driven	 to	 human	 energy	 balance	 and	 has	 a	 strong	 influence	 on	 thermal	 sensation	 of	 the	
pedestrians	in	open	spaces.	

Finally,	the	results	suggested	modifications	integrating	cool	pavements	and	vegetation	
are	more	effective	in	influencing	the	microclimatic	conditions	at	pedestrian	level	than	those	
implemented	 to	 the	 roof	 levels	 in	 the	 examined	 context	 of	 Brasilia.	 Additionally,	 holistic	
simulation	 as	 ENVI-met	 provide	 can	 be	 a	 very	 useful	 tool	 for	 predicting	 microclimate	
conditions	 and	 have	 a	 great	 potential	 to	 integrate	 simulations	 into	 outdoor	 space	 design	
processes.	
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Abstract: Although countermeasures against urban warming and its effects have been studied in recent years, 
these countermeasures must be  introduced  into a suitable place for effective urban environmental planning. 
Therefore, classification of urban areas in zoning maps must be done in terms of climatic environments to find 
necessary  and  effective  countermeasures  for  respective  zones.  Numerical  calculations  using  a meso‐scale 
meteorological model are often used to produce such maps. This study calculated the climatic environment in 
Yokohama at 500 m  resolution and at 100 m  resolution,  respectively, using a WRF  (Weather Research and 
Forecasting) model and an MSSG  (Multi‐Scale  Simulator  for  the Geoenvironment) model. These  calculation 
results  were  then  compared  with  observations.  Characteristics  of  these  calculations  were  analyzed. 
Furthermore, climatic zoning maps were produced from these calculation results and cluster analyses. Results 
show  that urban areas  in Yokohama are  classifiable  into  five  zones  in  terms of patterns of air  temperature 
change.  Additionally,  more  detailed  effects  can  be  incorporated  into  climatic  zoning  maps  using  high‐
resolution calculations with an MSSG model. 

Keywords: Climatic zoning map, Air temperature, Numerical calculation, Cluster analysis 

Introduction 

In  recent  years,  the  thermal  environment  in  urbanized  areas  is  becoming  increasingly 
inhospitable  for  residents because of urban heat  island effect and global warming. These 
phenomena  are  collectively  regarded  as  urban warming. Many  countermeasures  against 
urban warming such as  improving wind ventilation and  increasing the green ratio  in urban 
areas  and  its  effects  have  been  studied.  However,  these  countermeasures  should  be 
introduced into suitable places for effective urban environmental planning. 

From  this background, urban environmental climate maps are proposed as effective 
tools  to  inform  urban  planning  stakeholders  such  as  urban  planners,  architects,  and 
residents about the urban environment. As one layer of urban environmental climate maps, 
zoning maps classifying urban areas in terms of urban climate are necessary for presenting 
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and considering effective countermeasures  for each zone. Making such maps necessitates 
classification of target areas into some zones in terms of urban climate. 

Using  results  of  numerical  calculation  is  apparently  effective  for  such  classification. 
Meso‐scale meteorological models  are  often  used  to  elucidate  spatial  characteristics  of 
urban climatic environments. Such models are regarded as useful to produce climatic zoning 
maps. Generally,  the  spatial  resolution  is  rough  in  such models because of  constraints of 
computation  time,  and  other  restrictions.  Therefore,  it  is  difficult  for  maps  to  reflect 
detailed effects such as topography and land use. However, high‐resolution calculations for 
wider areas can be executed using supercomputers in recent years. A Multi‐Scale Simulator 
for the Geoenvironment (MSSG) model can be developed for multi‐scale calculation  in the 
Earth Simulator. This model can execute such high‐resolution calculations for a wider area. 
Therefore, more detailed climatic zoning maps can be anticipated using this model. 

For  this  study,  calculations  of  two  kinds were  executed  respectively using Weather 
Research  and  Forecasting  (WRF) model  and MSSG model.  These  calculation  results  are 
compared  with  observation  results.  Then  characteristics  of  respective  calculations  are 
analyzed. Additionally,  climatic  zoning maps  are produced  from  these  calculation  results. 
Urban areas  in Yokohama are classified  into five zones  in terms of air temperature change 
patterns using cluster analysis. 
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For  this study, Yokohama was selected as  the  target area. Figure 1 portrays  locations and 
topographical  characteristics  of  the  target  area.  Yokohama,  a  hilly  city,  has many  small 
valleys  called  “yato”  throughout  the whole  city area. Urban areas extend  throughout  the 
whole  city  area;  urban  heat  island  effect  has  been  reported  there  (YOKOHAMA WMO 
Station). However, Yokohama faces Tokyo Bay and is located near Sagami Bay. Therefore, it 
is  considered  that  the  sea  breeze  effect  mitigates  urban  warming  in  this  area.  Basic 
information related to Yokohama is given as shown below:  

・Area: 437.4 [km2]  

・Population: 3,728,124 [persons] (2015) 
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Meteorological observation 

For  this  study,  59  air  temperature  sensors  were  set  in  and  around  Yokohama  for  the 
observation period of July 24 through August 31 in 2015. Observations were recorded at 10 
min  intervals.  All  sensors  were  set  in  Stevenson  screens  located  at  elementary  schools 
throughout  Yokohama.  Figure  2  shows  the  air  temperature  distribution  at  5:00  JST  and 
12:00 JST on August 7. In the daytime, the southern part of the city is cooler; the northern 
part  is  hotter.  Furthermore,  the maximum  air  temperature  in  that  time  reaches  to  over 
37 °C. According to YLMO, this day  is a sunny day. Two sea breezes blow  from Tokyo Bay 
and  Sagami  Bay.  Therefore,  it  seems  that  the  air  temperature  distribution  during  the 
daytime  is  affected by  the  air  temperature  reduction effect of  the  sea breeze, especially 
from Sagami Bay in this area. In the nighttime, the eastern part is hotter; the inland area is 
cooler. This distribution pattern  is apparently affected by  the seawater  temperature,  land 
cover, and anthropogenic heat from factory areas in the coastal area of Tokyo Bay. 
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Figure 2: Air temperature distribution of August 7 (Left: 5:00, Right: 12:00) 

 

Calculation conditions 

In this study, two cases were calculated. Case A was calculated using a Weather Research & 
Forecasting  (WRF) model with 500 m  resolution. The WRF model  is a popular meso‐scale 
meteorological model used worldwide (Skamarock et al., 2008); WRF ver. 3.7.1 was used for 
this  study. Case B was  calculated using an MSSG model with 100 m  resolution. An MSSG 
model  is multiscale atmospheric‐ocean coupled model developed by  the Center  for Earth 
Information  Science  and  Technology,  Japan  Agency  for  Marine–Earth  Science  and 
Technology  (JAMSTEC)  (Takahashi et  al., 2013).  The  calculation period of both  cases was 
from 0:00 JST on August 4 to 0:00 JST August 8. Numbers of domains differ between the two 
calculations. Case A has three domains with one‐way nesting and horizontal resolutions of 
4500 m, 1500 m  and 500 m. Case B has only one domain:  the whole  calculation  area  is 
smaller than Case A. The input dataset is mainly land use, elevation, and the green fraction 
(only  in the WRF model). Figure 3 shows  land use maps of two cases. Both  land use maps 
are made from National Land Numerical Information. Land use categories of National Land 
Numerical  Information  reclassified  into  land  use  categories  of  USGS  (United  States 
Geological Survey) classification in Case A and normal land use classification of MSSG model 
in Case B. USGS classification is normally used for calculation input of land use in WRF model. 
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In addition, a single‐layer urban canopy model (Tewari et al., 2007) is introduced for Case A 
and Case B. Therefore, building effects such as anthropogenic heat and reduction of wind 
speed  in  the urban area are considered.  In Case A, anthropogenic heat  is emitted equally 
from  urban  meshes.  However,  anthropogenic  heat  is  defined  for  every  urban  meshes 
including  from housing, roads, and  factories  in Yokohama  in Case B. Therefore, we should 
take care when analyzing results outside of Yokohama in Case B. 
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Figure 3: Land use of each calculations (Left: Case A (500m resolution) Right: Case B (100m resolution)) 

 

Results and discussion 

Comparison with observation result 

Here,  calculation  results  are  compared  with  observation  results.  We  analyzed  the 
calculation  accuracy of each  result  and  characteristics of high‐resolution  calculations.  For 
this comparison, only 45 observation points located in Yokohama and calculation results of 
45 meshes  located  at  respective  observation  points were  used.  Figure  4  presents  hourly 
correlation coefficients  for August 7.  In  this  figure,  three additional  results were obtained 
made using smoothed values of Case B are also shown. Here, Case B focal (3×3) represents 
the  averaged  values  by  surrounding  nine  meshes  using  results  of  Case  B  are  used.  In 
addition, Case B focal (4×4) and Case B focal (5×5) respectively use values averaged by the 
surrounding 16 and 25 meshes. 

Figure 4 shows that correlation coefficients are higher during daytime than nighttime 
in all cases.  In addition, correlation coefficients are  lower  in Case B  than  in Case A during 
daytime.  Air  temperatures  are  sparsely  distributed  because  of  detailed  temperature 
reduction effects by sea breezes and  land use effects  in Case B.  In  three smoothed cases, 
correlation  coefficients  are  generally higher  than  in Case B during daytime. However,  an 
increase  of  correlation  coefficients  is  independent  of  the  number  of  meshes  used  for 
smoothing.  Figure  5  depicts  a  scatter  plot  of  air  temperatures  at  12:00  JST  on August  7 
made  using  calculations  and  observation  results  at  45  points.  From  this  Figure,  the 
coefficient of determination was  found  to be higher  in Case A  than  in Case B and Case B 
focal (3×3) at 12:00 JST on August 7. The plots are sparsely distributed in Case B compared 
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with Case A. However, most of plots are concentrated along the dotted line in Case B focal 
(3×3). This result shows that the air temperature calculated using the high‐resolution case 
has  some  dispersion,  but  relative  tendency  is  calculable  correctly  during  daytime  using 
average values with surrounding meshes. 

Correlation coefficients are smaller during nighttime according to Figure 4. Especially, 
correlation  coefficients  are  negative  in  Case  A  from  midnight  to  morning.  However, 
correlation coefficients are higher  in Case B than  in Case A at that time. During nighttime, 
effects of land use and topography on air temperatures are generally more remarkable than 
during  daytime.  Therefore,  Case  B  seems  to  reflect  nighttime  air  temperatures  more 
correctly than Case A. 
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Figure 4: Hourly correlation coefficient of each calculation (August 7) 
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Figure 5: Scatter plot of air temperatures between calculation and observation results 

 

Air Temperature Distribution 

Figure 6 shows horizontal air temperature distributions at 12:00 JST on August 7 (2 m above 
the  ground).  In  both  cases,  the  air  temperature  is  lower  in  the  coastal  area,  becoming 
gradually higher toward inland areas. Additionally, air temperatures are highest around the 
northwestern part of Yokohama, reaching over 36°C. From comparison among two cases, air 
temperature was mostly higher in Case B than in Case A. Furthermore, the shapes of high air 
temperature  areas  differed  among  these  cases.  In  Case  A,  air  temperatures  gradually 
became higher not only from Sagami and but also from Tokyo Bay. However, in Case B, part 
of the high air temperature area extends near the coastline of Tokyo Bay. The cooler area 
along  Tokyo  bay  is  smaller  than  that  in  Case  A.  This  difference  seems  to  derive  from 
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differences of sea breeze effects from Tokyo Bay between the two calculations. Actually, the 
wind direction from Tokyo Bay in Case B is not east, but almost south, which seems to result 
from  the  single  domain  setting  in  Case  B.  This  case  cannot  reflect  the  local  wind 
environment adequately. Consequently,  increasing  the number of domains and  improving 
calculations using MSSG model is a subject for future work. 
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Figure 6: Horizontal distribution of air temperature at 2m height (12:00, August 7) 

 

Climatic Zoning in Yokohama 

Cluster  analysis  is  performed  to  classify  urban  area  in  terms  of  urban  climate  using  two 
calculation results. Samples are urban meshes (i.e. Urban & Built‐up in Case A and Building, 
building  lot and Road  in Case B)  located  in Yokohama. Actually, 1,657 meshes are used for 
Case A; 46,615 meshes are used for Case B focal (3×3). For these analyses, we used data of 
Case B focal (3×3) as the 100 m resolution case. This is because that Case B focal (3×3) has 
higher correlation coefficients than those  in Case B. Also, this case uses smaller number of 
surrounding meshes  than  other  focal  cases  and  has  almost  same  correlation  coefficients 
compared to other focal cases. Cluster analysis used variables of 24 hourly air temperatures 
of August 7, 2015. As a classification method, Ward method is used.  

Results show that all urban meshes are classifiable into five zones in this study. Figure 
7  shows  a  horizontal  distribution  of  each  zone.  Figure  8  presents  the  hourly  average  air 
temperature of each zone. From Figure 7, the distribution of each zone  is classified mainly 
based on the distance from coastal  line of Sagami and Tokyo Bay  in both cases. The urban 
climate  in  Yokohama  is  affected  strongly  by  sea  breezes  during  daytime.  Additionally, 
distribution  patterns  of  the  respective  zones  are  similar  between  Case  A  and  Case  B. 
Nevertheless,  the  shapes of  respective  zones  are partly defined  according  to  topography 
and natural areas such as valleys and downward slopes of green areas in Case B focal (3×3). 
Therefore, more detailed climatic zoning will be possible using high resolution for wide‐area 
numerical calculations with a MSSG model. 

Figure 8 shows that the maximum air temperature is highest in Zone 5 an inland area 
in both cases. The maximum air temperature is the lowest in Zone 3, a coastal area of Tokyo 
Bay. As  shown  in Figure 8,  the  times of maximum air  temperature differ among  zones  in 
Case A. This time is defined as that when a sea breeze from Sagami Bay arrives at each zone. 
Therefore, such times of Zone 1 and Zone 2 locating near Sagami Bay are earlier than those 
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other  zones.  In  addition,  air  temperatures  in  the morning  are  lower  than  those  in  other 
areas in Zone 3 and Zone 4 located in coastal areas of Tokyo Bay because sea breezes from 
Tokyo  Bay  blow  in  the  morning.  However,  temporal  differences  of  maximum  air 
temperature times among zones do not exist in Case B focal (3×3). Apparently, the temporal 
change  of  sea  breezes  from  Sagami  Bay  and  Tokyo  Bay  are  not  reflected  in  this  case 
compared to Case A.  
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Figure 7: Horizontal distribution of each zones (Left: Case‐A (500m resolution) Right: Case‐B (100m resolution)) 
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Figure 8: Hourly average air temperature of each zone (Left: Case‐A (500m resolution) Right: Case‐B (100m 

resolution)) 

 

Summary 

For  this  study,  calculations  of  two  kinds were  executed  using  a WRF model with  500 m 
resolution and an MSSG model with 100 m resolution. Furthermore, each calculation result 
was compared with observation results. Characteristics of high‐resolution calculations were 
analyzed. In addition, climatic zoning maps were produced from calculation results obtained 
using cluster analysis. The major findings are presented below. 
1) Comparison of  calculation  results and observation  results  shows  that a high‐resolution 
case can reflect detailed effects of topography and land use. The correlation coefficient with 
observation is higher during nighttime. 
2)  Temperature  distribution  patterns  of  respective  classified  zones  are mostly  the  same 
among  two  climatic  zoning  maps.  However,  some  zones  were  partly  distributed  along 
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topography and natural areas in the high‐resolution case. Therefore, using a high resolution 
case is apparently effective to produce more detailed climatic zoning maps. 

Future works will address the following objectives. 
1) Increasing the number of domains and expanding the calculation areas of high resolution 
calculations using the MSSG model are necessary to reflect local wind environments such as 
sea breezes from Tokyo Bay in the morning. 
2)  Expansion  of  the  calculation  period  and  use  of  the  average  of  some  sunny  days  are 
necessary for each analysis. 
3) Consideration of suitable countermeasures  is necessary for each zone to mitigate urban 
warning effects. 
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Abstract:	This	study	develops	an	approach	to	model	the	pedestrian-level	wind	speed	at	high	spatial	resolution	
within	urban	areas.	The	aerodynamic	properties	of	urban	areas	are	a	necessary	component	 in	current	urban	
planning	and	design.	However	current	numerical	modelling	methods,	 such	as	Computational	Fluid	Dynamics	
(CFD),	cannot	balance	modelling	cost	with	result	accuracy	to	satisfy	the	requirements	of	urban	design	at	the	
neighbourhood	scale.	Alternatively,	current	morphological	models,	algorithms	that	correlate	urban	geometries	
with	aerodynamic	properties,	are	inexpensive	but	can	only	provide	results	with	low	spatial	resolution.	This	study	
describes	the	balance	between	the	momentum	transfer	and	drag	force	in	both	an	averaged	sense	over	an	area	
and	a	moving	air	particle	 to	extend	conventional	 frontal	area	density	to	a	point-specific	parameter.	Through	
correlation	 with	 data	 from	 wind	 tunnel	 experiments,	 𝜆"_$%&'( ,	 the	 point-specific	 frontal	 area	 density	is	
determined	to	be	a	good	index	to	assess	the	pedestrian-level	wind	speed	at	a	test	point	with	multiple	input	wind	
directions.	Regression	equations	are	developed	to	map	the	pedestrian-level	wind	environment	at	1m	×	1m	pixel	
resolution.	This	modelling-mapping	approach	requires	 less	computational	 time	and	support	 technology	 than	
CFD	simulations.	Meanwhile,	from	a	practical	point	of	view,	the	modelling	method	provides	accurate	results	at	
high	resolution.	Therefore,	the	modelling	results	of	the	urban	wind	environment	can	be	well	integrated	into	the	
neighbourhood-scale	 design.	 Using	 this	 approach,	 urban	 planners	 can	 estimate	 the	 neighbourhood-scale	
pedestrian-level	wind	speed	and	optimize	proposed	planning	at	the	onset	of	the	planning	procedure.	

Keywords:	Fine-scale	wind	estimation,	Momentum	transfer,	Urban	design	and	planning	

Introduction	

Due	to	rapid	urbanization	and	depletion	of	natural	resources,	high-density	urban	living	that	
better	use	natural	resources	is	an	inevitable	growing	trend.	However,	closely	packed	high-rise	
buildings	 often	 result	 in	 stagnant	 airflow	 in	 high-density	 urban	 areas,	 which	 has	 been	
associated	with	increased	exposure	to	ambient	air	pollution	and	outdoor	thermal	discomfort	
(Tominaga	and	Stathopoulos	2009,	Cheng	et	al.	2011).	Therefore,	improvement	of	the	urban	
environment	using	wind	flow	and	dispersion	information	is	among	the	fundamental	tasks	of	
high-density	urban	planning.	In	this	study,	we	aimed	to	develop	a	fine-scale	semi-empirical	
modelling-mapping	 approach	 to	 provide	 pedestrian-level	 wind	 information	 between	
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buildings,	which	could	enable	more	efficient	decision-making	in	urban	planning	and	design.	
This	 approach	 not	 only	 could	 avoid	 high	 computational	 costs	 as	 opposed	 to	 what	
Computational	Fluid	Dynamics	(CFD)	simulation	requires,	it	could	also	increase	the	resolution	
of	 the	 wind	 environment	 map	 to	 several	 meters,	 compared	 with	 the	 hundred	 meters	
resolution	in	the	conventional	morphological	models	(Gál	and	Unger	2009,	Ng	et	al.	2011).	
Consequently,	 our	 new	 approach	 could	 bridge	 the	 gap	 between	 the	 current	 modelling	
methods	and	requirements	of	practical	planning	and	design.		

Literature	Review	

Compared	with	numerical	models	which	 require	high	computational	cost,	Ng	et	al.	 (2011)	
suggested	that	semi-empirical	morphological	modelling	(Grimmond	and	Oke	1999)	may	be	a	
more	practical	tool.	Semi-empirical	morphological	methods	were	developed	by	correlating	
geometric	indices,	such	as	frontal	area	density	(the	ratio	between	frontal	area	and	site	area,	
𝜆"),	with	experimental	wind	data,	so	that	the	algorithms	of	geometric	indices	can	be	used	to	
estimate	the	wind	environment.	Therefore,	the	complicated	calculations	of	fluid	mechanics	
can	be	avoided,	significantly	reducing	the	computational	costs.	

Bentham	and	Britter	(2003)	developed	a	practical	and	comprehensive	morphological	
model	to	estimate	the	uniform	wind	speed	(𝑈*)	at	the	urban	canopy	layer.	The	experiment	
data	of	𝑈* 	normalized	by	frictional	velocity	𝑢∗	is	well	related	with	modelling	result,	as	shown	
in	Figure	1.	We	plotted	Hong	Kong	data	 (Ng	et	al.	2011),	using	 the	 local	values	of	𝜆"		 and		
𝑈*/𝑢∗	which	was	estimated	by	the	wind	speed	data	 from	wind	tunnel	experiment	with	𝜆"	
=1.4	and	VR	=0.15.	The	result	indicated	that	Bentham	and	Britter’s	model	is	still	valid	at	the	
high	density	areas	with	𝜆"	equal	to	1.4.		

	
Figure	1:	Comparison	of	morphological	modelling	 results	 for	𝑈*	with	experiment	data	 (Bentham	and	Britter,	
2003,	edited	by	authors).	The	results	for	the	high	density	area	are	included	as	red	plots.		

However,	the	conventional	models	are	not	suitable	for	estimating	wind	speed	at	the	
neighbourhood-scale,	i.e.,	the	order	of	1	km	horizontal	spacing		(Belcher	et	al.	2003).	Since	
these	models	are	developed	based	on	the	balance	between	spatially	averaged	momentum	
flux	 and	 drag	 force,	 they	 can	 only	 provide	 spatially	 averaged	 wind	 information,	 with	
resolutions	 ranging	 from	 several	 hundred	 to	 thousand	meters.	 However,	 the	mean	wind	
speed	 between	 buildings	 significantly	 varies	 at	 the	 neighbourhood	 scale	 due	 to	 spatial	
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heterogeneity,	and	is	important	for	evaluations	of	outdoor	thermal	comfort	and	air	quality	
(Coceal	and	Belcher	2005).	As	a	result,	a	more	refined	morphological	model	 is	needed	for	
applications	at	the	neighbourhood	scale.		

Model	Development	

Relating	𝝀𝒇	to	the	pedestrian-level	wind	speed	at	high	density	areas	

Given	the	steady	and	uniform	air	flow,	there	is	a	balance	between	the	drag	force	of	buildings	
on	the	air	flow	and	turbulent	momentum	transfer	downward	from	above	as:	

𝜌𝐷 = −ρ 5
56

𝑢7𝑤7 								(1)	

where	𝜌𝐷	is	 the	 canopy	drag	 force,	 the	body	 force	per	unit	 volume	on	 the	 spatially	
averaged	 flow,	 and	 ρ 𝑢7𝑤7 	is	 the	 momentum	 flux	 caused	 by	 turbulent	 mixing.	 The	
momentum	flux	by	turbulent	mixing	can	be	considered	as	shear	stress	(𝜏:)	that	is	given	by	
Zhang	et	al.	(2014):	

5
56
𝜏: = −	𝜌 5

56
𝑢7𝑤7 (2)	

The	total	canopy	drag	force	(ρD)	is	given	by	(Bentham	and	Britter	2003):	

𝜌𝐷 = =
>
𝜌𝑈*>

(@ABCDEFG)EIJGKLMN

OBJPGN(=QRS)
		(3)	

where	𝐴"U%'(	is	the	frontal	area,	𝑈* 	is	the	averaged	wind	speed	in	the	canopy	layer,	and	
𝐶W	is	the	drag	coefficient.	The	air	volume	is	given	by	ℎ𝐴Y&(Z(1 − 𝜆$),	where	𝐴Y&(Z 	is	the	site	
area,	h	is	the	canopy	height,	and	𝜆$	is	the	site	coverage	ratio.	Substituting	the	expression	for	
𝜌 5
56

𝑢7𝑤7 	(equation	2)	and	ρD	(equation	3)	 into	equation	 (1)	yields	another	statement	of	
the	balance	between	canopy	drag	and	vertical	transfer	of	horizontal	momentum	in	height	z:	

5
56
𝜏: = 	

=
>
𝜌𝑈(6)> (𝐶W(6)%\Y(]*^Z

_BCDEFG
_6

)/𝐴Y&(Z(1 − 𝜆$)								(4)	

It	should	be	noted	that	the	right	side	of	equation	(4)	is	the	sectional	drag	acting	only	at	
height	z,	where	𝑈6	is	 the	wind	speed	at	height	z	and	𝐶W(6)	is	 the	sectional	drag	coefficient	
(Coceal	and	Belcher	2004).	Cheng	and	Castro	(2002)	found	that	𝐶W(6)	is	equal	to	2.0	near	the	
top	because	air	can	flow	over	and	around	roughness	elements	at	the	top,	and	𝐶W(6)	increases	
to	3.0	over	the	remaining	depth,	since	the	air	only	can	flow	around	roughness	elements	in	the	
remaining	depth,	i.e.	the	sectional	drag	is	enhanced.	Given	the	deep	street	canyon,	we	set	
𝐶W(6)	equal	to	3.0	in	this	study.	Consequently,	the	wind	speed	(𝑈&)	in	the	ith	layer	of	the	street	
canyon	is	given	by	re-arranging	equation	(4)	as:		

𝑈& = (	`a,P
cd
∙ >	(=QRS)

RC,P
)f.h,			(where	𝜆",& = 	

BCDEFG,P
BJPGN

) (5)	

Bentham	and	Britter	(2003)	ignored	the	vertical	variation	of	𝜏:,& 	by	using	the	equivalent	
surface	 shear	 stress	 (𝜏: )	 and	 considered	𝐶W 	is	 equal	 to	 1.0.	 They	 treated	 the	 air	 volume	
between	two	rows	of	buildings	as	the	control	volume,	therefore	𝜆$	in	equation	5	is	equal	to	
0. Consequently,	they	provided	a	practical	method	to	estimate	the	averaged	velocity	in	the
urban	canopy	𝑈* 	as:
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= (RC

>
)Qf.h, (where	𝑢∗	is	equal	to	

`a
d

f.h
)																							(6)	

Equation	(5)	relates	the	wind	speed	(𝑈&)	to	the	corresponding	values	of	𝜆",&,	 ignoring	
the	 vertical	 variation	 of	 𝜏:,& 	as	 Bentham	 and	 Britter	 (2003)	 did.	 This	 understanding	 is	
consistent	with	MacDonald	et	al.	 (1998):	 the	 frontal	 area	density	above	 the	displacement	
height	(𝑧_),	𝜆"∗

	,	can	better	estimate	the	wind	profile	than	𝜆";	on	the	other	hand,	the	near-
ground	wind	speed	is	postulated	to	depend	on	𝜆"7 	,	the	frontal	area	density	below	𝑧_,	instead	
of	𝜆"∗ .	Ng	et	al.	(2011)	defined	the	podium	layer	(0m	-	15m)	in	Hong	Kong	due	to	the	podium	
morphological	characteristic,	and	considered	that	the	air	is	impeded	at	the	podium	layer	as	
much	 as	 if	 it	 is	 under	𝑧_ .	 The	 wind	 velocity	 ratio	 (VR)	 is	 well	 correlated	 to	𝜆"7 ,	 which	 is	
represented	by	𝜆"	(fQ=h	y),	 rather	than	conventional	𝜆",	as	shown	 in	Figure	2.	 It	should	be	
mentioned	that	the	averaged	results	for	the	conventional	𝜆"	at	Hong	Kong	(Ng,	et	al.,	2011),	
𝜆"	=	1.4	and	VR	=	0.15,	are	consistent	with	the	Bentham	and	Britter	(2003)’s	modelling	result,	
as	shown	in	Figure	1.	Since	we	chose	Hong	Kong	as	the	target	city	and	focus	on	the	estimation	
of	pedestrian-level	wind	speed,	we	applied	𝜆"7 		calculated	from	0m	to	15m	in	this	study.	

 
Figure	2:	Comparison	of	conventional	and	sectional	𝜆"	with	experiment	data.	The	VR	and	𝜆"	are	the	spatially	
averaged	results	in	300m	×	300m	grid	(Ng,	et	al,	2011,	edited	by	authors).		

Adjustment	of	𝝀𝒇7 	to	the	fine-scale	wind	estimation	

We	estimated	the	fine-scale	wind	speed	by	adjusting	the	morphological	index	𝜆"7 	using	
the	distance	from	buildings	to	target	points.	As	mentioned	before,	the	momentum	transfer	
and	drag	force	balance	is	spatially	averaged	for	the	whole	control	volume,	and	each	building,	
i.e.	roughness	element,	is	treated	equally	to	calculate	the	spatially	averaged	indices.	Here,	we	
illustrated	how	air	flows	through	urban	areas	by	describing	the	momentum	transfer	and	drag	
force	balance	in	a	moving	air	particle.	The	air	particle	is	impeded	by	the	drag	force	of	buildings,	
and	is	accelerated	by	the	downward	transfer	of	horizontal	momentum.	This	means	that	the	
air	particle	will	stop	without	vertical	transfer	of	horizontal	momentum	(Belcher	et	al.	2003,	
Hall	2010).	The	speed	of	the	air	particle	can	be	recovered	after	traveling	further	away	from	
the	 building.	 It	 indicates	 that,	 when	 the	 wind	 speed	 at	 test	 points	 is	 affected	 by	 the	
surrounding	area,	the	effects	of	frontal	area	units	are	different,	given	that	the	distances	from	
the	 target	point	 to	 individual	 frontal	 area	units	 are	different.	Consequently,	we	 created	a	
distance	index	(L)	and	calculated	the	point-specific	frontal	area	density	(𝜆"_$%&'()	by	adjusting	
𝜆"7 	using	the	distance	index	(L).	This	adjustment	of	calculation	means	that	lf-point	is	not	only	
spatially	 and	annually	 averaged	but	 also	point-specific.	 As	 shown	 in	 Figure	3,	 frontal	 area	
pixels	 in	 Δz	 (0m	 -15m)	 (𝐴	∆6,& ),	 weighted	 by	 the	 distance	 coefficient	 (l)	 and	 annual	 wind	
frequency	(𝑃& 	)	in	the	ith	wind	direction,	were	added	up	and	normalized	by	the	scanned	area	
to	calculate	the	point-specific	frontal	area	density	(𝜆"_$%&'()	as:	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 1975



λ}_~���� =
��,�� (�∆�,�,�/��)����A

��
, D = {x> + y> ≤ r>}															(7)	

𝐴∆6,�,� = 	 𝐴	∆6,&𝑝���=�
= 																																																																		(8)	

l�,� = 	
�Q�
�
																																																																																											(9)	

A� = 	π ∙ 𝑟>																																																																																							(10)	
where	𝐴∆6,�,�	is	the	wind	frequency-weighted	frontal	area	at	the	pixel	(x,	y),	in	which	x	

and	y	are	the	coordinates	(the	test	point	is	the	origin	of	the	coordinate),	∆𝑧	is	from	0-15	m	
(Ng	et	al.	2011),	and	l�,�	is	the	distance	coefficient.	A�	is	the	scanned	area	and	r	is	the	scan	
radius	(200	m),	as	shown	in	Figure	3.		

	
Figure	3:	Schematic	illustration	of	𝜆"_$%&'(	calculation	method.	Test	point,	scanned	area	(A�),	radius	(r),	distance	
(L),	frontal	area	units	(red	pixels)	at	the	boundaries	of	buildings	are	presented.	

Modelling	Test	

We	correlated	the	wind	tunnel	data	with	the	point-specific	index	(𝜆"_$%&'()	to	test	the	model	
performance.	The	wind	tnnel	experiment	was	carried	out	at	six	locations,	as	shown	in	Figure	
4.	 Three	 of	 them,	 i.e.	 Mong	 Kok,	 Causeway	 Bay	 and	 Sheung	 Wan,	 are	 located	 at	 the	
metropolitan	area,	and	the	remainder,	Tuen	Mun,	Sha	Tin,	and	Tseung	Kwan	O,	are	located	
in	new	town	areas.		

	
Figure	4:	Different	densities	between	new	town	areas	(a,	b,	c)	and	metropolitan	areas	(d,	e,	f).	The	calculating	
areas	were	also	highlighted.		
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Sensitivity of pedestrian-level wind speed on 𝝀𝒇_𝒑𝒐𝒊𝒏𝒕 

As	shown	in	Figure	5,	test	points	are	evenly	distributed	to	collect	the	overall	wind	velocity	
ratio	(VR),	as:	

𝑉𝑅 = 	 𝑃&=�
&�= ∙ 𝑉𝑅hff,& 																													(11)	

where	𝑉𝑅hff,& 	represents	the	directional	wind	velocity	ratio	between	wind	speeds	at	
the	pedestrian	level	and	500	m	above	the	ground	(reference	height).	Results	of	the	regression	
analyses	 were	 plotted	 in	 Figure	 6.	 In	 general,	 the	 point-specific	 𝜆"_$%&'( 	is	 negatively	
associated	with	wind	VR.	In	other	words,	the	closer	surrounding	roughness	elements	to	the	
test	point,	the	more	the	air	flow	would	be	impeded,	and	the	slower	the	pedestrian-level	wind	
speed	at	a	particular	point.		

	
Figure	5:	Test	points	in	test	locations	(Mong	Kok	as	the	example).		

The	 statistical	 analysis	 indicates	 an	 acceptable	modelling-mapping	method	 from	 the	
practical	 planning	 and	 design	 perspective,	 i.e.	 the	 urban	 planners	 and	 architects	 can	 use	
𝜆"_$%&'(	to	well	predict	the	VR.	The	values	of	R2	is	0.6.	The	values	of	confidence	intervals	(CI)	
and	standard	error	(SE)	are	one	order	of	magnitude	smaller	than	the	corresponding	predicted	
values.	Using	the	annually	averaged	wind	speed	at	the	reference	height	(500	m	above	the	
ground)	at	the	test	locations,	6.67	m/s,	which	is	an	MM5	modeling	result	(Yim,	et	al.,	2007),	
we	also	calculated	the	SE	of	predicted	pedestrian-level	wind	speed	that	is	about	0.27	m/s.	
The	sensitivity	of	physiological	equivalent	temperature	(PET)	on	the	change	of	wind	speed	at	
this	 range	 is	 low.	 Therefore,	 it	 is	 considered	 that	 the	 accuracy	 of	 the	modelling	 result	 is	
acceptable	to	the	purpose	of	urban	planning	and	design.		

	
Figure	6:	Sensitivity	analysis	of	new	morphological	model	to	determine	pedestrian-level	wind	speed	normalized	
by	wind	speed	at	the	reference	height.	Black	plots	are	for	the	urban	areas	with	high	density	and	the	red	plots	
are	for	the	urban	areas	with	low	density.	The	standard	error	is	0.04.		
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Based	 on	 the	 results	 of	 regression	 analysis,	 we	 provided	 two	 regression	 equations	
(equations	12	and	13)	for	regular	and	irregular	street	grid.	Incoming	air	in	areas	with	regular	
street	grids	might	encounter	strong	resistance,	and	the	wind	speed	 is	particularly	small	at	
streets	that	are	perpendicular	to	the	wind	direction,	given	that	air	flow	at	those	streets	is	only	
driven	by	the	limited	horizontal	momentum	transferred	from	the	street	that	is	aligned	with	
the	wind	direction.	In	contrast,	incoming	air	can	easily	flow	around	a	building	block	in	areas	
with	irregular	street	grids,	driven	by	the	horizontal	momentum.	Thus,	the	same	frontal	area	
can	impede	more	air	flow	in	regular	street	grid	than	in	irregular	street	grid,	which	explains	
the	different	coefficients	and	intercepts	in	urban	areas	with	different	street	grids.		

i) for	districts	with	regular	street	grids	(main	streets	perpendicular	with	each	other,	
as	shown	in	Figure	5):					𝑉𝑅 = −3.9𝜆}_~���� + 0.41																																	(12)	

ii) for	districts	with	irregular	street	grids,	as	shown	in	Figure	10:	
𝑉𝑅 = −1.7𝜆}_~���� + 0.28																																		(13)	

Mapping	Wind	Environment	in	the	Neighbourhood	Scale		

Based	on	the	above	analysis,	we	applied	𝜆"_$%&'(	to	map	pedestrian-level	wind	speed	in	the	
neighbourhood	scale	(Figure	7).	Firstly,	we	used	equations	7	–	10	to	calculate	𝜆"_$%&'(	on	a	
pixel	by	pixel	(1	m	×	1	m)	basis	of	all	non-built-up	locations	in	the	target	area,	applying	a	self-
developed	program,	which	is	embedded	as	a	Visual	Basic	for	Applications	(VBA)	script	in	the	
ArcGIS	System.	Second,	we	extended	𝜆"_$%&'(		to	overall	wind	VR,	using	the	regression	either	
equations	12	or	13.	At	 last,	we	calculated	and	mapped	annually	averaged	pedestrian-level	
wind	speed	(Up)	based	on	the	definition	of	wind	VR	(equation	11)	by	multiplying	VR	by	U500	
(annually	averaged	wind	speed)	at	the	reference	height,	6.67m/s	at	Sheung	Wan	and	Central.	
Using	the	wind	classification	based	on	physiological	equivalent	temperature	(PET)	(Cheng	et	
al.,	2011),	the	neighbourhood	wind	speed	field	can	be	classified	as	Class	1	(Poor,	<0.6	m/s),	
Class	2	(Low,	0.6–1.0	m/s),	Class	3	(Satisfactory,	1.0	m/s	–	1.3	m/s)	and	Class	4	(Good,	>1.3	
m/s).	The	pedestrian-level	wind	speed	map	with	the	classification	is	shown	in	Figure	7.				

 

Figure	7:	Pedestrian-level	wind	speed	map,	which	was	classified	as	Class	1	(Poor,	<0.6	m/s),	Class	2	(Low,	0.6	m/s	
-1.0	m/s),	Class	3	(Satisfactory,	1.0–1.3	m/s),	and	Class	4	(Good,	>	1.3	m/s).		
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The	pedestrian-level	wind	speed	map	quantitatively	presents	the	urban	permeability	at	
the	target	area.	This	map	reflects	a	common	perception	of	the	wind	environment.	Specifically,	
urban	permeability	is	the	highest	(green	area)	in	coastal	areas	(Class	4).	The	wind	permeability	
significantly	decreases	toward	deep	urban	areas	in	prevailing	wind	directions	(Class	1),	given	
that	the	model	took	the	wind	frequency	into	account.	

Conclusion	

Upon	broadly	discussing	the	aerodynamic	properties	of	urban	areas	and	the	corresponding	
planning	 principles,	 we	 developed	 a	 modelling–mapping	 approach	 to	 estimate	 the	
pedestrian-level	wind	speed	 in	the	neighbourhood	scale.	High	spatial	 resolution	modelling	
results	and	 low	computational	 cost	are	 two	attractive	 features	of	 this	new	approach.	Key	
findings	from	this	study	are	as	following:		
• Given	the	balance	between	vertical	flux	of	horizontal	momentum	and	horizontal	drag	force	

in	the	street	canyon	layer	by	layer,	we	used	the	sectional	frontal	area	density	(𝜆"7 )	below	zd	
to	estimate	the	pedestrian	level	wind	speed.		

• We	developed	distance-weighted	𝜆"_$%&'(	to	estimate	the	wind	speed	at	a	particular	point,	
so	that	modelling	resolution	can	be	improved	from	several	hundred	meters	to	1	meter.			

• We	evaluated	the	new	morphological	model	using	statistical	analysis,	and	provides	a	semi-
empirical	assessment	tool	to	evaluate	the	pedestrian-level	wind	environment.		
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Abstract:	In	the	last	50	years,	the	lack	of	public	housing	and	habitat	policies,	coupled	with	the	rapid	growth	of	
the	 population,	 made	 it	 possible	 for	 a	 large	 part	 of	 the	 housing	 development	 in	 Medellín	 to	 be	 informal,	
occupying	hillsides	and	urban	borders,	in	sectors	where	the	inhabitants	of	lower	resources	are	concentrated.	
These	housings	without	technical	guidelines	or	professional	support,	result	in	areas	with	no	habitability	and	low	
environmental	management	 alternatives,	 which	 represent	 a	 qualitative	 deficit	 of	 46,349	 dwellings	 in	 2015.	
Although	 some	 families	 can	 implement	 rehabilitation	 strategies,	 they	 need	 technical	 support	 for	 their	
interventions,	the	main	reason	for	proposing	a	rehabilitation	manual	for	self-construction,	which	will	guide	the	
user	 to	 increase	 the	 environmental	 quality,	 energy	 efficiency	 and	 economic	 value	 of	 dwelling,	 applying	
bioclimatic	and	sustainability	concepts,	with	investments	lower	than	the	cost	of	a	new	building.	This	manual	is	
based	on	 the	analysis	of	95	case	studies	 in	 low-income	housing,	 involving	environmental,	 spatial,	economic,	
social	 and	cultural	 factors,	 identifying	actions	 that	affect	 the	quality	of	 space,	 from	a	 systemic	 sustainability	
perspective,	based	on	guidelines	for	rehabilitation	defined	by	the	Public	Policy	of	Sustainable	Construction	of	
the	Aburrá	Valley	and	standardizing	them	in	a	manual	for	the	user.	
	
Keywords:	Housing,	self-construction,	habitability,	sustainable	rehabilitation,	technical	manual.	

Introduction		

The	consolidation	of	housing	as	the	basis	of	social	development	has	been	a	topic	of	worldwide	
interest	for	several	decades.	The	United	Nations	Organization	(UN)	in	1945	attaches	particular	
importance,	with	a	rapid	and	economic	housing	approach,	to	meeting	the	need	for	shelter	
and	 shelter	 to	 cover	 a	 growing	 quantitative	 deficit	 related	 to	 the	 processes	 of	 post-war	
resettlement	and	 rural	migration	 to	 the	city	around	 the	world	 (Mejía,	2017).	 In	1991,	 the	
International	Covenant	on	Economic,	Social	and	Cultural	Rights	(Pidesc)	established	the	Right	
to	Adequate	Housing,	and	adopts	 in	 it	 the	concept	of	habitability:	 "adequate	space	 for	 its	
occupants	and	protect	them	from	cold,	humidity,	heat,	rain,	wind	or	other	threats	to	health"	
(COMITÉ	DE	DERECHOS	ECONÓMICOS,	SOCIALES	Y	CULTURALES,	1991).		

In	Colombia,	Article	51	of	the	Political	Constitution	states	that:	"All	Colombians	have	the	
right	to	dignified	housing.	The	State	shall	establish	the	necessary	conditions	to	give	effect	to	
this	 right	 and	 promote	 social	 housing	 plans,	 adequate	 long-term	 financing	 systems	 and	
associative	 forms	 of	 implementation	 of	 these	 housing	 programs.”(Corte	 Constitucional	 de	
Colombia,	1991),	making	reference	to	the	quantitative	factor	and	assumes	the	housing	as	a	
duty	of	the	State	with	the	citizen.	
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But	with	the	system	of	transfer	of	social	responsibility	of	the	State	to	private	entities	
such	as	banks	and	real	estate	developers,	for	the	development	of	social	housing,	the	problem	
does	 not	 reach	 a	 fundamental	 solution,	 because	 the	 action	 on	 the	 quantitative	 indices,	
generates	 units	 of	 housing	 by	 coverage,	 lacking	 factors	 of	 habitability,	 well-being,	 and	
efficiency.	This	problem	is	widespread	throughout	the	national	territory	due	to	the	lack	of	a	
public	policy	of	housing	and	habitat,	that	can	offer	poor	communities	both	the	acquisition	of	
the	property	as	a	material	asset	as	a	healthy	and	sustainable	environment.	In	contrast,	the	
expectation	 for	 more	 than	 six	 million	 inhabitants	 in	 the	 country	 is	 a	 system	 of	 self-
construction	of	dwellings,	which	do	not	meet	the	minimum	technical,	safety,	habitability	and	
eco-efficiency	conditions.	

Self-construction	 in	Medellín,	as	 in	most	of	Colombia's	capital	cities,	began	about	50	
years	 ago	 with	 migrations	 and	 forced	 displacements	 from	 the	 countryside	 to	 urban	
peripheries,	 which	 have	 no	 planning	 or	 support	 for	 sustainable	 housing	 solutions.	 These	
settlements	are	carried	out	in	unstable,	informal	areas	with	only	the	basic	requirements	of	
water,	 energy,	 and	 sanitation,	 integrated	 into	 the	 city's	 services	 network.	 This	 scenario	
constitutes	 the	 field	of	development	of	 self-built	housing	 systems,	with	 few	 technical	and	
material	resources,	where	living	and	well-being	conditions	pass	into	the	background,	in	the	
face	of	a	survival	economy	and	housing.	(Torres	Tovar	et	al.,	2009)	

	
	

	
Figure	1.	Informal	neighborhood	of	the	city	of	Medellín,	context	of	the	investigation	

	
Between	1999	and	2012,	the	highest	growth	of	housing	units	in	Colombia	has	occurred	

in	strata	1	and	2,	lower	levels	of	socioeconomic	classification	of	this	country,	which	reaches	a	
level	6	stratum,	where	a	minority	population	with	high	incomes	and	economic	resources	is	
positioned.	 	 This	 high	 informal	 housing	 development	 in	 the	 lower	 strata	 is	 based	 on	 an	
informal	and	material	economy,	with	solutions	ranging	from	the	precarious	and	incomplete	
to	 the	 insecure	 and	 inadequate	 in	 environments	 without	 urban	 planning	 or	 service	
management.	(Ministerio	de	Vivienda,	2010)	

	

	
Figure	2.	Self-construction	in	the	Vallejuelos	neighborhood	
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Theoretical	argument	

Informality	 is	 defined	 as	 that	 which	 is	 not	 according	 to	 the	 rules,	 the	 informal	 being	 an	
unconventional	activity,	and	self-construction,	the	forms	of	edification	that	are	realized	by	
direct	investment	of	labor,	by	the	users	of	the	dwelling.	But	the	problem	of	informality	and	
self-construction	 is	 only	 the	 visible	 image	 of	 a	 complex	 system	 of	 political	 and	 economic	
relations,	related	to	the	management	of	land	and	territory,	as	well	as	a	lack	of	technical	and	
technological	management	of	construction,	marked	by	the	absence	of	the	architecture	as	a	
civil	service.	Therefore,	understanding	the	phenomenon	of	self-construction	requires	a	global	
analysis	taking	into	account	actors	and	processes,	which	can	generate	possible	solutions	to	
the	 problem	 of	 low	 habitability	 and	 risk	 of	 the	 population.	 The	 actors	 and	 processes	 to	
understand	 and	 face	 this	 problem	 are:	 society,	 the	 State,	 and	 Architecture	 (Figure	 3).

	
Figure	3.	Actors	and	processes	in	self-construction	

	
The	social	policy	of	housing	in	Colombia,	has	management	elements,	for	the	solution	of	

basic	housing	needs	of	the	population,	classified	in	levels	of	poverty	and	vulnerability.	The	
management	of	economic	resources	for	this	purpose	has	guidelines	at	national,	regional	and	
municipal	level,	with	the	development	of	different	actions	in	relation	to	the	execution	of	the	
projects	and	the	processes	of	selection	of	beneficiaries.		For	its	execution,	the	State	defines	
two	 indicators	 of	 the	 housing	 problem:	 the	 quantitative	 deficit	 and	 the	 qualitative	 deficit	
housing	(DANE,	2015).	The	quantitative	deficit	determines	the	amount	of	housing	needed	for	
the	population	and	the	qualitative	deficit	is	related	to	the	quality	of	the	housing	in	matters	of	
materials,	 environmental	 aspects,	 access	 to	 drinking	 water,	 basic	 sanitation,	 energy	
availability	and	overcrowding	(Medellín	cómo	vamos).	In	Medellín,	according	to	the	Housing	
and	Habitat	Institute	of	Medellín	(ISVIMED),	there	is	a	quantitative	housing	deficit	of	49,289	
and	a	qualitative	deficit	of	46,349	in	2015.	

But	 the	Colombian	State,	despite	being	 responsible	 for	generating	and	guaranteeing	
conditions	for	social	development,	does	not	reach	the	levels	of	care	and	coverage	needed	to	
meet	 the	 demand	 for	 dignified	 housing,	 at	 the	 same	 time	 as	 it	 delegates	 in	 privates	 the	
management	of	urban	land	based	on	a	speculative	real	estate	offering,	which	generates	major	
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development	conflicts,	even	in	consolidated	portions	of	the	city,	where	social	and	economic	
segregation	 is	generated,	because	 the	soils	of	 lower	value	or	peripheries	are	 intended	 for	
social	housing.		In	order	to	improve	the	living	conditions	of	the	poor	population,	the	program	
of	 Integral	 Improvement	 of	 Neighborhoods	 is	 created,	 by	means	 of	 the	 renewal	 of	 their	
housing	environment	in	a	joint	way	between	the	Nation,	the	municipality,	and	the	community.	
This	 program	 establishes	 the	 improvement	 of	 housing,	 as	 technical	 support	 to	 repair	 the	
physical	conditions	of	housing,	for	families	in	conditions	of	social	and	economic	vulnerability,	
in	order	to	qualify	their	living	conditions	and	contribute	to	the	reduction	of	the	qualitative	
deficit	of	living	place.	(Ministerio	de	Vivienda,	2010)	

Meanwhile,	 in	 the	definition	of	 actors	 and	 roles	 related	 to	 the	problem	of	 self-built	
housing,	 it	 is	possible	 to	determine	 that	knowledge	 in	design	and	construction	of	housing	
projects,	which	 is	generated	 in	schools	of	architecture	of	 the	country,	seems	to	be	 largely	
absent	 from	the	problem	that	 lies	 in	 informal	and	self-built	settlements	 in	 the	majority	of	
urban	peripheries	of	capital	cities	in	Colombia.	Of	course,	it	is	true	that	the	architecture	guild	
participates	in	the	process	and	the	discussion	about	the	social	development	of	the	country,	
with	a	regulated	and	state-supervised	professional	exercise,	due	to	the	social,	economic	and	
technical	implications	of	the	construction	industry.	But	at	the	same	time	it	is	evident	in	the	
processes	of	informal	urban	expansion	of	housing,	that	architecture	as	a	profession,	does	not	
have	a	real	presence	as	a	civil	service,	despite	the	fact	that,	in	architecture	schools,	the	subject	
of	training	in	project	competences	for	Social	housing,	are	fundamental	courses	of	training	in	
design	(González,	2012)	

The	sum	of	the	quantitative	and	qualitative	deficits	in	Medellín,	determine	that	about	
95,000	homes	are	in	precarious	conditions,	usually	composed	of	4	to	8	family	members,	which	
means	 that	 approximately	 600,000	 people	 live	 in	 poor	 conditions	 or	 have	 no	 shelter	
guarantee.	Therefore,	if	one	considers	that	the	population	of	Medellín,	by	the	year	2015	was	
of	2.464.000,	the	people	lacking	quality	housing	can	be	the	25%	of	the	local	population,	that	
is	to	say,	1	out	of	4	inhabitants	are	found	in	precarious	housing	conditions.		

Against	this,	the	Code	of	Ethics	for	the	exercise	of	Architecture	in	Colombia,	speaks	of	
being	 interested	in	the	public	good,	and	contribute	their	knowledge	to	serve	humanity,	as	
one	 of	 the	 ethical	 duties	 of	 professionals	 in	 this	 field,	 just	 as	 it	 is	 "...	 contribute	 to	
environmentally	sound	and	sustainable	development,	in	order	to	achieve	the	best	quality	of	
life	for	the	population",	"protect	the	life	and	health	of	community	members	..."	and	"offering	
selflessly	their	professional	services	in	case	of	public	calamity",	among	others.	Therefore,	it	
should	be	considered	as	a	public	calamity	that	25%	of	a	population	resides	in	conditions	that	
threaten	 the	 well-being	 and	 quality	 of	 life,	 and	 it	 will	 be	 then	 the	 responsibility	 of	 the	
architects	 to	 support	 and	 provide	 social	 service,	 to	 contribute	 to	 that	 these	 communities	
better	their	living	environments.	For	this	reason,	thinking	about	a	rehabilitation	manual	for	
the	user,	which	seeks	to	reach	directly	each	of	the	people	who	are	in	this	situation,	can	be	a	
viable	option	to	contribute	to	the	solution	of	this	problem,	from	the	professional	exercise	of	
architecture	as	a	civil	service.		

Methodology	

Strategies	 for	 sustainable	 rehabilitation	 in	 self-built	 housing	 were	 defined	 and	 identified,	
based	on	 information	obtained	 in	 95	 case	 studies,	 analyzed	 in	 a	previous	 research	of	 the	
authors,	 which	 specified	 the	main	 needs	 of	 the	 low-income	 sector	 in	Medellín,	 involving	
environmental,	spatial,	economic,	social	and	cultural	factors.	(Lopera	et	al.,	2016)	
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These	needs	were	classified	as	"potential	rehabilitation	factors",	that	is,	those	situations	

or	aspects	susceptible	to	be	reviewed	in	the	process	of	rehabilitation,	Taking	as	reference	the	
rehabilitation	criteria	proposed	in	guide	5	of	the	Public	Policy	of	Sustainable	Construction	of	
the	Aburrá	Valley	(AMVA	et	al.,	2015)	adjusting	them	to	the	problems	encountered:	

	
Table	1.	Potential	rehabilitation	factors	and	percentage	of	dwellings	in	the	case	studies	that	presented	related	

problems.	Adapted	from	(Lopera	et	al.,	2016)	
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The	analysis	allows	identifying	that	the	main	strategies	should	be	focused	on	improving	
lighting	conditions,	ventilation	and	spatial	quality,	because	they	represent	the	most	recurrent	
problems	in	self-built	housing.	Starting	on	this	information,	a	list	of	strategies	was	developed,	
based	on	 the	proposals	 for	 rehabilitation	of	 the	 case	 studies,	 classified	 according	 to	 their	
possible	 impact	 on	 each	 of	 the	 potential	 rehabilitation	 factors.	 This	 information	 was	
organized	in	a	table	that	indicates	to	which	factors	each	strategy	responds	to,	selecting	the	
10	strategies	that	respond	to	major	factors	and	that	respond	specifically	to	the	most	recurrent	
needs	of	the	houses,	were	filtered	to	develop	a	cost	analysis.	In	this	way,	the	strategies	that	
have	the	greatest	potential	of	 implementation	for	the	rehabilitation	of	the	dwellings	were	
identified,	according	to	their	impact	on	several	factors	of	habitability,	defined	internationally	
and	established	in	the	Public	Policy	of	Sustainable	Construction	of	the	Aburrá	Valley,	having	
high	capacity	of	response	to	identified	needs	and	with	lower	costs.	

	
Table	2.	Habitability	factors	and	rehabilitation	actions	

Rehabilitation	actions	 USD	 Units	
Habitability	factors	

Hot	 Light	 Air	
Hygiene	 Noise	 Ergonomics	

Replacement	 of	
Lighting	(bulbs)	

	$							3,7		 Un	 x	 x	 	  x	

Redistribution	 of	
spaces	

	$		196,8		 m³	 x	 x	 x	 x	 x	

Creating	windows	 	$					31,3		 Un	 x	 x	 x	 	  
Finishes	 	$					14,8		 m²	 x	 x	 x	 x	 x	
Change	 of	 materiality	
cover	

	$					78,0		 m²	 x	 x	 	 x	 	

Extension	 	$		144,6		 m³	 x	 x	 x	 	 x	
Privacy	in	rooms	 	$					23,3		 Un	 	   x	 x	
Skylight	 	$					86,7		 Un	 x	 x	 x	 	  
Creation	 of	 interior	
patio	

	$							6,0		 m²	 x	 x	 x	 	  

Accessibility	 	$		240,3		 m³	 	    X	

Analysis	and	results		

The	final	conception	of	the	manual	is	directed	to	the	three	actors	of	the	problem	of	informal	
housing	highlighted	in	this	research:	society,	the	state,	and	architects.	Orientation	to	society	
is	presented	in	a	specific	way,	for	people	who	have	possibilities	to	execute	the	rehabilitations	
by	self-construction,	constituting	a	technical	guide	and	easy	to	read	and	understanding,	being	
the	 people	 the	 first	 level	 of	 action	 proposed	 against	 the	 contingency	 that	 represents	 the	
problems	 of	 habitability	 in	 informal	 housing.	 In	 a	 second	 approach,	 the	manual	makes	 it	
possible	to	orient	the	actions	of	the	State	in	terms	of	efficiency	in	technical	and	economic	
resources	for	the	execution	of	policies	of	rehabilitation	and	management	of	subsidies.	Finally,	
this	manual	allows	 the	architecture	guild	 to	have	an	approach	 to	 the	 reality	of	 residential	
habitat,	 to	 propose	 technical	 solutions	 and	 even	 improve	 the	 proposals	 for	 intervention	
present	 in	 the	 manual,	 given	 the	 impossibility	 of	 contemplating	 in	 cases	 of	 outstanding	
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studies,	all	the	complexity	that	underlies	the	process	of	urbanization	by	self-construction	in	
situations	of	inequality	and	poverty.	
	

	
Figure	10.	Manual	cover	

	
The	manual	contains,	 in	a	 first	section,	 the	application	context	and	the	 fundamental	

definitions	of	the	terms:	climate,	habitability,	bioclimatic	and	sustainability,	as	well	the	main	
aspects	of	 spatial	 habitability	 for	 rehabilitation	effects:	 heat,	 light,	 air	 hygiene,	noise,	 and	
ergonomics.	A	second	part	presents	comparisons	between	the	improvements	proposed	by	
ISVIMED	 and	 the	 improvements	 proposed	 in	 the	 previous	 research,	 with	 bioclimatic	
approaches,	intervention	details	and	the	costs	of	each	implementation	with	demonstrative	
examples	of	application,	before	and	after	rehabilitation,	highlighting	the	habitability	factors	
that	are	involved	and	optimized.		

	
Figure	11.	Example	of	application	

	
The	 proper	 procedure	 for	 the	 use	 of	 the	 manual,	 part	 of	 an	 identification	 of	 the	

individual	problems	of	each	dwelling,	relating	it	to	the	habitability	factors	registered	there,	
and	move	 to	 the	 definition	 of	 the	most	 optimal	 strategies	 to	 achieve	 rehabilitation.	 The	
general	presentation	of	the	manual	is	based	on	graphic	elements	and	iconographic	supports,	
which	can	be	 interpreted	by	as	many	people	as	possible,	 in	addition	 to	explanatory	 texts,	
tables,	three-dimensional	schemes	and	digital	 images,	representing	the	intervened	spaces.	
The	presentation	of	the	case	studies	as	an	action	reference	is	structured	in	a	comparative	way	
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between	 the	 initial	 state	 of	 the	 dwelling	 to	 be	 intervened,	 the	 proposed	 implementation	
process	and	the	possible	results	of	each	environmental	improvement	action.	In	this	process,	
it	is	emphasized	that	each	process	carries	project,	constructive	and	technological	actions,	with	
different	 levels	 of	 intervention,	 directly	 for	 self-construction	 or	 the	 definition	 of	 more	
complex	actions	that	require	technical	support	and	specific	supplies.			

Conclusions	

The	precarious	habitability	of	dwelling	situation	 in	which	various	family	groups	 live,	at	the	
edges	of	cities	without	planning,	represent	a	high	social,	economic	and	environmental	impact,	
which	can	be	determined	as	a	public	calamity.	From	this	condition	will	require	a	social,	state	
and	professional	 integration	to	provide	an	urgent	response	to	the	problems	of	quality	and	
inefficiency	of	informal	housing	in	Colombia.		

This	manual	promotes	the	generation	and	basic	communication	of	technical	knowledge	
for	self-construction,	enabling	society,	the	State	and	architects	to	take	action	to	implement,	
manage	and	analyze	the	problem	of	the	 informal	housing	to	 improve	the	quality	of	 life	of	
people.	

It	is	necessary	to	design	and	implement	an	education	plan,	so	that	the	implementation	
of	 this	manual	 can	be	 carried	out	 successfully,	 because	 although	many	 inhabitants	of	 the	
informal	 sectors	 have	 experience	 in	 self-construction,	 any	 change	 in	 social	 and	 cultural	
practices,	 requires	 an	acceptance,	 if	we	want	 to	 achieve	a	 correct	understanding	and	 the	
development	of	new	skills.	

Faced	with	this	research	is	proposed	in	a	next	stage,	the	development	of	pilot	projects	
following	the	proposed	manual,	to	verify	their	effectiveness,	identify	their	weaknesses	and	
propose	 improved	 and	 expanded	 versions	 that	 allow	 qualitative	 and	 quantitative	
improvement	in	the	improvement	of	informal	housing	in	Medellín	and	Colombia.		
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The	use	of	nostalgia	at	the	ideation	stage	of	permaculture	design:	
opportunities	for	sustainability?	
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Abstract:	Permaculture	is	a	form	of	systems	design	that	mimics	natural	systems	to	produce	ethical,	closed	loop,	
intelligent	 design	 interventions.	 	 As	 a	 contributory	 strategy	 to	 sustainability	 it	 is	 not	 very	 well	 known.		
Embedded	within	permaculture	are	several	potential	arenas	of	nostalgic	compulsion.		Nostalgia	is	a	longing	for	
or	wistful	emotional	 relationship	with	 the	past.	 It	appears	 there	 is	potential	 for	nostalgia	 to	be	 invoked	and	
employed,	 to	 more	 or	 less	 conscious	 degrees,	 in	 using	 permaculture	 design	 for	 urban	 regeneration,	 with	
possibilities	for	greater	engagement,	participation,	and	integration.	 	 It	 is	at	the	design	ideation	stage	–	when	
design	is	being	conceptually	considered	in	terms	of	a	contextual	application	–	that	the	use	of	nostalgia	can	be	
usefully	 employed	 in	ways	which	might	 situate	permaculture	design	 to	allow	 it	 to	 cohere	more	 successfully	
with	 mainstream	 design	 practices.	 This	 paper	 aims	 to	 provide	 evidence	 from	 a	 current	 PhD	 study	 of	 how	
permaculture	 frameworks	 can	 be	 aligned	 with	 evidence	 from	 frameworks	 of	 sustainability	 to	 add	
consideration	for	nostalgia	in	permaculture	design	in	sustainable	urban	spaces.	

Keywords:	permaculture,	nostalgia,	design	ideation	

Introduction		

Permaculture,	as	a	design	process,	encompasses	many	 tools	of	benefit	 to	 societies	across	
the	 globe.	 However	 its	 roots	 in	 gardening	 and	 its	 explicit	 earth-centred	 ethos	 align	 it	
implicitly	 with	 a	 nostalgic	 aura.	 	 Moreover,	 the	 roots	 of	 the	 permaculture	 movement	 in	
agriculture	and	in	the	counter-	cultural	moment	of	the	sixties	and	seventies	also	continues	
to	shape	 perceptions	 of	 permaculture	 (including	 its	 'nostalgic'	connotations).	 	 This	 study	
examines	 to	what	 extent	 this	 nostalgia	 about	 older	 perceived	ways	 of	working	 underpins	
permaculture,	and	to	what	extent	 that	affects	 the	perception	of	 its	 relevance	as	a	 future-
making	 tool,	 both	 in	 potential	 design	 training	 take-up	 and	 in	 design	 decisions,	 from	 the	
personal	to	the	policy	level.			

Nostalgia	 is	 an	 affective	 state,	 both	 for	 the	 individual	 and	 at	 a	 cultural	 level,	 of	 a	
longing	 for	 or	 wistful	 emotional	 relationship	 with	 the	 past.	 Boym	 (2001)	 distinguished	
between	 two	 types	or	 tendencies	of	nostalgia.	Restorative	nostalgia	 is	 a	desire	 to	 rebuild	
the	past	 in	 its	entirety,	as	 it	was.	This	 is	the	kind	of	nostalgia	often	invoked	in	rhetorics	of	
nationalism;	in	terms	of	its	affective	power	we	have	seen	very	powerful	examples	over	the	
recent	past.		Although	nostalgia	is	a	psychological	“meaning-making	resource”	(Routledge	et	
al,	 2011),	when	 it	 is	 not	 critically	 examined	 but	 is	 invoked	 for	 consumer	 (Cross,	 2015)	 or	
ideological	(Samuel,	1994)	purposes	only	it	loses	the	potential	for	future-making	for	which	it	
is	valued	in	this	study.		Reflective	nostalgia,	by	contrast,	is	a	way	of	critically	engaging	with	
nostalgia,	 emotionally	 -	 but	 without	 the	 distancing	 tools	 of	 irony	 and	 cynicism	 -	 while	
staying	 wary	 of	 meta-narratives	 which	 are	 employed	 to	 legitimate	 mechanisms	 of	 social	
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control.		It	appears	there	is	potential	for	nostalgia	to	be	invoked	and	employed,	to	more	or	
less	 conscious	 degrees,	 in	 using	 permaculture	 design	 for	 urban	 regeneration	 and	 other	
sustainability	 agendas,	 with	 possibilities	 for	 greater	 engagement,	 participation,	 and	
integration.	

Aim		

The	aim	of	this	study	is	to	propose	or	suggest	a	strategic	framework	to	support	the	use	of	
nostalgia	 at	 the	 ideation	 stage	 of	 the	 permaculture	 design	 process.	 It	 is	 important	 for	
society	 to	 examine	 critically	 what	 has	 gone	 before,	 in	 terms	 of	 traditional	 organisations,	
design	processes,	patterns	and	products,	in	order	to	strategically	inform	the	future	support	
and	 development	 of	 design.	 Permaculture	 is	 a	 strategy	 implicitly	 designed	 for	 self-
actualisation	and	 increasing	 individual	 and	group	agency,	essential	 elements	 in	discourses	
on	sustainability.	Nostalgia	is	embedded	in	permaculture	perception	and	discourse,	and	as	
such	affects	the	uptake,	popularisation,	and	understanding	of	permaculture	design.	

Permaculture		

Permaculture	 is	a	 form	of	 systems	design	 that	mimics	natural	 systems	 to	produce	ethical,	
closed	 loop,	 intelligent	 design	 interventions.	 	 It	 was	 started	 in	 the	 1970s	 as	 a	 way	 of	
gardening	 or	 agriculture	 and	 had	 then,	 and	 still	 has,	 links	 to	 counter-cultural	 groups	 and	
affiliations.	 	 Its	 origins	 in	 sustainable	 food	 growing	 (permanent	 agriculture)	 have	endured	
but	 it	 has	 grown,	 reconfigured	 and	 adapted	 to	 incorporate	 designs	 of	 symbols,	 objects,	
actions	 or	 systems.	 Permaculture	 and	 organic	 gardening	 share	 some	 common	 features,	
particularly	 observable	 when	 permaculture	 is	 invoked	 in	 horticultural,	 homesteading,	 or	
agricultural	 contexts	 (as	opposed	 to	 its	more	 systemic	 applications	 such	as	housing,	work	
patterns,	or	systems	of	care).		To	observers,	the	two	can	be	seen	to	merely	differ	in	matters	
of	degree,	sharing	the	aim	of	sustainability	and	working	with	an	improved-upon	ecosystem.		
They	also	share	some	practices	and	techniques.		

Organic	gardening	is,	in	fact,	an	avoidance	of	particular	practices	or	substances	which	
are	synthetic	rather	than	naturally	derived.		A	short	list	of	approved	chemicals	is	acceptable	
for	use	in	an	organic	gardening	system,	on	crops	or	in	the	feeding	and	care	of	animals,	but	
otherwise	 organic	 gardening	 can	 be	 characterised	 by	 what	 is	 isn’t	 (industrial,	 synthetic-
dependent	 horticulture	 or	 agriculture).	 	 In	 contrast,	 permaculture	 is	 more	 rightly	
characterised	 by	 what	 it	 is	 rather	 than	 what	 it	 isn’t,	 having	 to	 do	 with	 a	 focus	 on	
relationships	 between	 elements	 of	 a	 system	 rather	 than	 the	 individual	 components	
themselves.		It	aims	to	drastically	change	methods	of	production	rather	than	keep	the	same	
methods	but	limit	certain	(synthetic)	elements.		Permaculture	is	more	holistic,	with	systems	
managed	 over	 a	 longer	 term.	 	 In	 permaculture	 patterns,	 layering	 of	 function	 and	
redundancy	 of	 function,	 the	 attention	 to	 zones	 (interaction	 with	 our	 living	 space)	 and	
sectors	(sun,	wind,	shade,	and	so	on	–	the	natural	or	elemental	interactions	with	our	living	
space)	 are	 all	 combined	 –	 observed,	 assessed,	 and	 applied	 in	 the	 creation	 of	 an	
arrangement	which	mimics	the	natural	system(s)	in	the	area	to	create	a	permanent	culture	
which	permaculturists	would	characterise	as	 ‘beyond	organic’.	Permaculture	 includes	“the	
use	 of	 systems	 thinking	 and	 design	 principles	 that	 provide	 the	 organising	 framework	 for	
implementing	a	sustainable	culture”	(Holmgren,	2011:	xix).				

Systems	design	is	a	subset	of	design	practice.		In	systems	design	we	see	a	“shift	from	a	
mechanical,	 object-centred	 paradigm	 for	 design	 practice	 to	 one	 characterised	 by	 systems	
that:	evolve	and	behave	organically;	transfer	control	from	designers	to	users	or	participants;	
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emphasise	 the	 importance	 of	 community;	 acknowledge	 media	 convergence;	 and	 require	
work	 by	 interdisciplinary	 teams	 to	 address	 the	 complexity	 of	 contemporary	 problems”	
(Davis,	2008:	 	72).	 	Permaculture	forgoes	a	 linear	sectoral	organisation	of	systems	such	as	
agriculture,	 energy	 and	 water	 management,	 architecture,	 urban	 planning,	 education,	
recreation,	administration,	and	so	on,	 in	 favour	of	creating	networks	between	the	various	
elements	needed	for	each	undertaking.	As	such,	permaculture	is	as	much	a	way	of	(design)	
thinking	as	a	planning	map.		

Figure	1.		Permaculture	flower/spiral.		Holmgren,	2011	

Design	Thinking		

Design	 thinking	 is	 a	way	 of	 thinking	 and	 a	way	 of	 thinking	 about	 design;	 in	 other	words,	
designers	‘do’	design	thinking,	but	so	does	everybody,	to	a	greater	or	lesser	extent	and	with	
varying	degrees	of	success.		The	question	of	what	to	have	for	dinner,	for	example,	for	some	
people	 involves	 planning	 the	 design	 of	 a	 route	 map	 to	 the	 cupboard,	 the	 shop	 (or	 the	
keyboard);	for	others	it	has	involved	previous	design	planning	of	a	garden,	a	farm	(involving	
seasonal	 planning)	 or	 indeed	 a	 logistical	 framework	 involving	 heavy	 machinery	 and	
transportation.		For	still	others	this	question	has	included	design	understandings	of	weather	
patterns	 and	 long	 term	 changes,	 land	 use	 structures	 and	 alterations.		 Throughout	 all	 of	
these	levels,	ethical	questions	around	ecological	and	social	relations	permeate	the	decisions	
taken	–	unavoidably	–	even	in	the	form	of	avoidance	of	these	questions.		Problem	framing	
and	 solving	 are	 a	 cognitive	 style	 (Kimbell	 2009)	 inherently	 embedded	 in	 social	 relations	
central	to	design	thinking.		Without	this	anthropological	underpinning	–	that	societies	create	
conditions	 under	 which	 design	 takes	 place,	 and	 design	 creates	 societies	 –	 permaculture	
would	 indeed	 be	 confined	 to	 being	 a	 landscaping	 practice:		 but	 it	 is	 as	 involved	 in	 social	
systems	design	as	in	biotic	systems	design.	And	so	now	we	are	aware	that	“…designers	are	
now	 unavoidably	 cultural	 change	 agents	 rather	 than	 just	 servicing	 cultures	 beyond	 their	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 1991



control	 with	 material	 goods…radical	 innovation	 generates	 answers	 that	 change	 the	
questions	themselves”	(Tonkinwise,	2016).	

Permaculture	design	thinking	is	predicated	on	a	set	of	twelve	principles,	developed	by	
Mollison	and	Holmgren	(the	founders	of	permaculture),	which	act	as	guidance	for	both	new	
and	 experienced	 permaculture	 designers.	 	 The	 principles	 are	 underpinned	 by	 three	
permaculture	ethics;	earth	care,	people	care,	and	fair	share.		Without	attention	to	(or	in	fact	
inclusion	of)	these	three	ethics,	a	design	cannot	be	said	to	be	permaculture.	

Figure	2:		Permaculture	Principles.		Holmgren,	2011	

Take	 the	 commonly	used	example	of	 a	 garden	or	 smallholding	design	 for	which	 the	
owner	wants	 to	 include	 four	 elements:	 	 chicken	 run,	 greenhouse,	 pond,	 and	 forest	 area.		
Traditional	 garden	 design	 will	 place	 these	 elements	 in	 a	 visually	 pleasing	 array.	 	 In	
permaculture	the	design	of	the	arrangement	needs	to	examine	the	principles.		The	designer	
will	 ideally	 spend	 a	 great	 deal	 of	 time	 in	 the	 site,	 observing	 what	 is	 already	 happening	
(principle	1).		Then	the	patterns	of	use	within	the	area	(principle	7)	will	be	explored	–	how	
often	will	the	owner	need	to	attend	to	the	chickens?		The	chicken	run	will	need	to	be	close	
to	the	main	dwelling	so	as	not	to	waste	energy	in	visiting	it.		The	forest	area	would	be	good	
to	have	near	the	chicken	coop	so	that	chickens	can	be	let	out	into	the	trees	–	they	like	this	
kind	of	area	(this	involves	a	few	principles,	 including	3,	where	one	of	the	yields	of	a	forest	
area	 is	 food	 and	 shelter	 for	 chickens).	 	 If	 the	 chicken	 coop	 is	 built	 onto	 the	 side	 of	 the	
greenhouse,	the	heat	from	the	greenhouse	built	up	during	the	day	can	warm	the	coop	into	
the	 night,	 while	 the	 warmth	 of	 the	 roosting	 chickens	 in	 the	 coop	 can	 help	 warm	 the	
greenhouse	at	night	(principles	2	and	6).		The	pond	can	be	sited	in	such	a	way	as	to	reflect	
sunlight	 as	 it	 catches	 the	 water	 into	 the	 greenhouse,	 furthering	 growing	 conditions	
(principles	2	and	5).	 	The	pond	could	potentially	be	used	to	collect	water	 for	 the	chickens	
and	watering	plants	 in	the	greenhouse	(principles	5	and	6;	and	all	of	 the	above	are	about	
using	principles	2,	3,	6,	8,	and	9.	

The	 principles	 apply	 equally	 in	 the	 design	 ideation	 for	 systems.	 	Understanding	 and	
use	of	desire	lines	in	design	is	more	common	now,	and	reflects	an	acceptance	of	the	value	
of,	and	need	to	take	into	account,	principles	like	1	–	observe	and	interact,	and	5	–	applying	
self-regulation	and	accepting	feedback.	We	see	growing	acceptance	and	use	of	renewables,	
attention	 to	waste	 systems,	 and	 a	 limited	 attempt	 to	 value	 diversity.	 However,	 as	 in	 the	
example	 of	 the	 chickens	 and	 greenhouse,	 the	 principles	 really	work	 best	when	used	 as	 a	
unified	approach.		Though	some	of	them	can	be	used	in	isolation,	if	attention	is	not	paid	to	
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all	aspects	 in	a	unified	approach,	 the	design	will	have	consequences	visited	upon	 it	which	
currently	are	dismissed	as	externalities,	accidents,	beyond	the	remit	of	the	designer	and	so	
on.		If	the	permaculture	principles	are	used	as	a	framework	for	investigating	existing	designs	
it	can	be	seen	that	there	are	benefits	to	adopting	both	the	principles	and	to	an	integrative	
methodology.	 	 They	 are	 tools	 that	 can	 be	 used	 to	 understand	 problems	 which	 currently	
trouble	design.	

If,	 for	 one	 example,	 a	 designer	 –	 an	 architect,	 perhaps	 –	 works	 on	 an	 urban	
regeneration	of	an	industrial	heritage	area,	the	resulting	design	has	a	number	of	yields	(in	
permaculture	 terms)	 which	 may	 be	 planned,	 and/or	 measurable;	 or	 the	 design	 may	 be	
(inevitably	will	 be)	 subject	 to	 the	 law	 of	 unintended	 consequences.	 	 If	 funding	 for	 urban	
regeneration	 has	 been	 achieved	 for	 one	 area,	 for	 example,	 there	 is	 a	 yield	 of	 envy	 or	
resentment	in	the	area	adjoining.		A	permaculture	designer	will	extend	consideration	to	the	
field	(of	attention)	beyond	the	structure	immediately	under	construction.		Whilst	a	building	
may	 well	 have	 yields	 of	 shareholder	 profit,	 residential	 creation	 for	 certain	 sectors,	
‘aspiration	creation’,	and	so	on,	there	will	be	other	yields	alongside	those	–	 in	the	case	of	
the	troublesome	Bridgewater	Place	on	the	South	Bank	 in	Leeds,	the	yield	 includes	deaths,	
injuries,	and	a	£900,000	bill	for	mitigation	of	those	unintended	consequences.	

Leeds	South	Bank	regeneration		

This	example	is	of	particular	interest,	since	it	sits	within	the	latest	South	Bank	regeneration	
framework	‘masterplan’	which	“has	been	prepared	to	drive	forward	the	growth	in	the	area.”	
(https://southbankleeds.co.uk/shapeyourcity)		Within	the	South	Bank	area	there	are	a	large	
number	 of	 historically	 significant	 buildings	 and	 areas,	 including	 the	 site	 of	 the	 first	 mill	
rented	by	raising	funds	in	instalments	from	working-class	families,	resulting	in	the	founding	
of	 the	 Leeds	 Co-operative	 Society	 in	 1847.	 	 Increasingly	 this	 industrial	 heritage	 is	 being	
viewed	 nostalgically,	 and	 the	 foundation	 of	 the	 co-operative	 movement	 is	 significant	 as	
referencing	 large	 numbers	 of	 working-class	 or	 dispossessed	 people.	 	 Although	 few	 are	
nostalgic	 for	 those	social	 conditions,	paying	attention	 to	previous	 solutions	 to	 inequalities	
may	bear	reviewing,	especially	when	looking	at	redevelopment	of	areas	such	as	the	South	
Bank,	which	 has	 a	 rich	 historical	mix	 of	 social	 strata,	 industrial,	 residential,	 infrastructure	
and	retail	in	both	material	and	memory	form.		Efforts	have	been	made	to	include	the	public	
in	 consultations	 –	 on	 the	 regeneration	 framework	 section	 of	 the	 website	 the	 public	 are	
asked	 to	 comment	on	 the	plans	 to	 “double	 the	 size	of	 Leeds	 city	 centre	 to	 create	35,000	
new	jobs	and	over	4,000	new	homes.”			The	tone	of	the	material	is	aspirational	and	presents	
a	number	of	elements	such	as	open	spaces	and	retail	outlets,	which	are	intended	to	make	
the	area	welcoming	and	to	encourage	use.		But	to	pitch	regeneration	as	solely	aspirational	
and	 futuristic	 (as	 well	 as	 overwhelmingly	 economic)	 is	 to	 actively	 invite	 yields	 that	 are	
seldom	anticipated,	but	frequently	experienced,	in	regeneration	schemes.	City	centre	areas	
in	 Leeds	 are	 currently	 used	 in	 various	 ways,	 some	 of	 which	 are	 not	 mentioned	 in	 the	
regeneration	plan	(nor	indeed	would	they	be	welcome).		

A	 walk	 around	 the	 river	 area	 to	 be	 redeveloped,	 ‘Where	 to	 Build	 The	 Walls	 That	
Protect	 Us,’	 was	 led	 by	 artist	 Stephen	Hodge,	 as	 part	 of	 Compass,	 a	 local	 arts	 festival	 in	
Leeds,	 in	 November	 2016,	 examining	 current	 and	 alternative	 challenges,	 elements,	 and	
approaches	 to	 the	 redevelopment.	 This	 is	 a	 creative	 approach	 to	 consultation	 in	
redevelopment	 and	 the	 information	 gathered	 on	 the	 walks	 about	 water	 use,	 the	
relationship	of	buildings	to	the	environment,	data,	and	heritage,	was	extremely	interesting.		
As	 an	 arts	 walk	 in	 a	 local	 festival	 the	 numbers	 involved	 were	 limited,	 but	 the	 material	
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gathered	and	developed	both	by	 the	walk	 leaders	and	 the	participants	was	of	 a	different	
sort	from	that	gathered	in	a	consultation	on	a	website.		There	seemed	to	be	opportunity	to	
imagine	the	site(s)	with	a	generative,	rather	than	responsive,	approach.		Most	consultation	
involves	responding	to	existing,	already	developed	plans	rather	than	starting	with	a	public	
and	 a	 site;	 but	 there	 are	 degrees	 of	 co-development	 with	 various	 stakeholders	 in	
redevelopment	sites.		

Kirkstall	Valley	Trust		

In	contrast	to	the	Leeds	South	Bank	Regeneration	scheme,	there	is	another	development	–	
the	Kirkstall	 Valley	Development	 Trust	 –	which	 is	 attempting	 to	 rework	 a	 set	 of	 buildings	
belonging	 to	 Leeds’	 industrial	 heritage.	 	 In	 this	 case	 the	 principles	 of	 permaculture	 are	
integrated	 into	 the	development	 scheme	and	ethos,	with	one	of	 the	 leaders	of	 the	Trust,	
Paul	 Chatterton,	 being	 co-founder,	 first	 secretary	 and	 resident	 of	 Lilac	 (low	 impact	 living	
affordable	community,	an	innovative	and	award	winning	low	impact	housing	co-operative	in	
Leeds).	Chatterton	is	Professor	of	Urban	Futures	in	Leeds	University’s	School	of	Geography	
and	Director	of	the	University's	Sustainable	Cities	Group.		

The	Trust	is	aiming	to	establish	a	Centre	for	Future	Cities	(CFC)	in	Abbey	Mills,	an	old	
mill	 complex	 in	 Kirkstall	 in	 Leeds,	 owned	 by	 Leeds	 City	 Council.	 The	 regeneration	 plan	 is	
intended	to	concentrate	on	a	holistic	approach	to	areas	such	as	transport,	energy,	food	and	
nature,	housing	and	work,	and	includes	the	creation	of	community	facilities	including	library,	
café,	 council	 services	 and	 accessible	 meeting	 space;	 a	 research	 and	 teaching	 facility	 for	
environmental	 education	 including	 practical	 and	 high	 level	 skills	 for	 sustainable	 living,	
workshops	 and	 co-working	 spaces,	 and	 housing	 in	 partnership	 with	 Leeds	 Community	
Homes;	 and	 water	 and	 solar	 power	 for	 the	 site.	 The	 Trust	 is	 currently	 undertaking	 a	
community	share	issue	and	has	raised	its	£40,000	target	in	development	funds.			

It	differs	from	most	other	redevelopment	schemes	principally	in	two	ground-breaking	
(and	 difficult	 to	 implement	 within	 the	 current	 cultural	 landscape)	 areas.	 	 Firstly,	 it	 is	
underpinned	 not	 by	 a	 financial	 bottom	 line,	 but	 by	multiple	 bottom	 lines,	 each	 of	which	
need	 to	 be	 considered	 for	 the	 development	 to	 be	 measured	 a	 success.	 	 Secondly,	 the	
twelfth	 permaculture	 principle,	 of	 creative	 use	 of	 and	 response	 to	 change,	 drives	 an	
approach	to	public	consultation	which	is	open	and	receptive	to	even	very	challenging	input.	

The	Abbey	Mills	development	 is	not	 intended	 to	be	aspirational	 in	 the	same	way	as	
the	South	Bank	 redevelopment,	although	 it	 is	aspirational.	 	 The	 luxury	promoted	 in	many	
regeneration	 schemes	 is	 replaced	 by	 an	 alternative	 take	 on	 what	 is	 truly	 luxurious,	 one	
which	has	been	termed	alternative	hedonism.	Alternative	hedonism	supplants	the	dominant	
consumerist	culture	with	“emerging	forms	of	self-interested	disaffection	with	consumerism	
on	 the	 part	 of	 affluent	 consumers	 themselves”	 (Soper,	 2008,	 567).	 The	 “specific	
displeasures”	 (ibid)	 of	 consumerism,	 including	 stress	 and	 ill-health,	 compromise	 its	
enjoyment	and	are	foregone	in	favour	of	a	different	guiding	aesthetic.	 	 In	many	cases	this	
aesthetic	implicitly	or	explicitly	includes	nature:		

“Nature…is	both	a	present	space	and	an	absent	–	already	lost	–	time/space:	a	retreat	
or	 place	 of	 return,	 to	 which	 we	 ‘go’	 or	 ‘get’	 back,	 in	 a	 quest	 not	 only	 for	 a	 more	
originary,	untouched	space,	but	also	for	a	temps	perdu,	or	perhaps,	more	accurately,	
for	a	time	that	never	was,	a	time	prior	to	history	and	culture.	Getting	back	to	“nature”	
is,	 in	this	sense,	as	much	about	getting	out	of	time,	or	away	from	“progress”,	as	 it	 is	
about	getting	into	wilderness.”	(Soper,	1995,	187)		
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The	use	of	green	spaces	and	parks	is	common	in	development,	possibly	unconsciously	
very	often	for	the	reasons	Soper	suggests,	though	this	is	unlikely	to	be	widely	recognised	as	
a	 driver.	 	 However,	 it	 is	 this	 very	 lack	 of	 recognition	 (along	with	 its	 unconscious	 nature)	
which	is	at	the	heart	of	why	nostalgia	could	be	a	useful	tool	in	design	of	spaces.	

Nostalgia	

Recent	political	events	and	movements	have	shown	the	limits	of	critical	engagement	and	the	
comparative	 power	 of	 affective	 arguments	 in	 meaning-making	 for	 people.	 Boym’s	 (2001)	
approach	 of	 reflective	 nostalgia	 asks	 for	 critical	 engagement	 with	 the	 ideas	 and	 feelings	
invoked	by	feelings	about	the	past;	however,	ways	of	engaging	with	nostalgia	are	very	often	
couched	or	 relayed	using	metaphors.	 	Health	care	 systems	 in	both	 the	UK	and	 the	US,	 for	
example,	have	been	employed	metaphorically	by	all	 sides	of	political	debate	and	stand	 for	
different	but	very	important	values	for	those	using	and	engaging	with	the	metaphors.		Lakoff	
and	Johnson	(1980)	explored	the	way	we	make	sense	of	the	world	using	metaphors;	Lakoff	
subsequently	(2002,	2008)	explored	the	use	of	metaphor	in	political	debate.			

The	way	permaculture	 is	viewed	by	designers	and	the	public	alike	 (that	 is,	assuming	
they	 have	 heard	 of	 it	 at	 all)	 is	 affected	 by	metaphoric	 and	 unconscious	 readings	 such	 as	
those	Soper	identifies	pertaining	to	nature.		Research	on	how	nostalgia	is	seen	by	designers	
show	various	responses	including	a	wariness:	 	“Dangerous	–	a	 lot	can	be	learned	from	the	
past	but	it	is	easy	to	romanticise	it	and	I	feel	the	current	socio/political/commercial/media	
driven	systems	are	un-compatible	with	some	of	these	ideas	–	it	has	to	be	brought	into	the	
design/discussion”	 (participant	 6);	 “Nostalgia	 can	 induce	 a	 response	 that	 connects	 like-
minded	people,	 therefore	 thinking	about	a	collective	 future…(but)…getting	attached	to	an	
ideal	that	can	no	longer	exist	or	is	irrelevant	in	the	current	system.”	(participant	5).	However	
there	was	also	a	sense	that	there	might	be	some	value	in	its	use:		“The	deliberate	invocation	
of	 nostalgia	 by	 elements	 within	 a	 design	may	 help	 to	 provide/create	 a	 sense	 of	 security	
among/within	those	who	encounter	the	design.		This	may	be	useful	given	the	uncertainties	
of	our	socio-economic-ecological	context	–	e.g.	creation	of	safe	spaces	in	an	unsafe	world;	
(however)	where	nostalgia	merges	with	romanticism/parochialism	there	could	be	a	conflict	
of	ethics	of	eg.	Fair	shares,	or	principles	of	diversity,	valuing	the	marginal	etc.		Eg.	Nostalgia	
for	 a	 lost	 ‘golden	 age’	 of	 nationalist	 sentiment	 and	 ethnic	 purity	 could	 be	 deeply	
problematic	when	radical	change	and	interconnection	are	needed”	(participant	3).		

Andy	Goldring	of	the	Permaculture	Association	said	in	interview,	“…the	nostalgia	is	a	
sort	 of…a	 feeling	 of	 something	 good	 from	 the	 past…often	 the	 idea	 of	 harking	 back	 to	
something	that	was	better	in	the	past	than	it	is	now,	and…whether	or	not	they	were	even	
completely	real…what	matters	is	there’s	something	that	has	a	meaning	for	people,	which	–	
feels	good.	It’s	something	they	like	about	their	perception	of	the	past.	So	in	some	ways	they	
are…things	that	we	would	like	in	the	world.	

“So	–	nostalgia…from	a	design	perspective,	could	be	seen…as	dreams	for	the	future	as	
well…(in)	 that	 client	 interview	 phase,	 of	 a	 permaculture	 process,	 I	 think	 the	 thing	 that	
nostalgia	 could	 bring	 to	 that…from	 a…sustainability	 perspective…qualities	 that	 we	 would	
like	 to	 bring	 into	 the	 future,	 like…community	 connection,	 which	 enabled	 things	 to	
happen…–	that’s	a	quality	of	the	past	it	would	be	great	to	have	in	the	future…people	bring	
different	 things	 from	 their	 nostalgic	 memories…And	 I	 think	 they	 are…things	 that	 were	
perceived	 to	 have	 worked	 in	 the	 past	 that	 we	 could	 maybe	 make	 work	 again…Not	 to	
recreate,	 in	 necessarily	 the	 way	 that	 they	 were	 done	 in	 the	 past…something	 which…we	
could	do	in	a	different	way,	but	achieve	similar	results.”		
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To	bring	permaculture	into	the	urban	and	industrial	regeneration	discourse,	of	course,	
assumes	 that	much	more	 client	 interview	 (in	 terms	 of	 all	 stakeholders)	 would	 occur.	 	 In	
addition,	 I	would	 argue	 for	 the	 inclusion	 of	 the	 affective	 realm	of	 nostalgia	 in	 the	 design	
process	 of	 development	 schemes.	 	 Goldring	 clearly	 identifies	 how	 the	 potential	 to	 help	
people	envision	the	past	as	a	way	of	casting	forwards	into	the	future	would	not	just	increase	
their	investment	in	the	projects,	but	perhaps	introduce	ideas	which	would	never	have	come	
to	light	without	this	element.	

Permaculture	may	not	be	seen	as	powerful,	cutting	edge,	realistic,	or	scientific,	even	
though	it	is	actually	all	of	those	things,	because	of	unconscious	nostalgic	associations.		These	
associations	are	not	positive	for	everyone.		However,	for	some	people,	nostalgia	can	invoke	
interest	 and	 engagement	 leading	 to	 feelings	 of	 investment	 and	 co-ownership	 (of	 sites,	 in	
this	case).	In	this	way,	“nostalgia	must	be	understood	not	as	a	reduction	or	denial	of	history	
but	 as	 a	 fundamentally	 productive	 affective	 engagement	 that	 produces	 new	 historical	
meaning	for	the	past	as	a	way	of	reckoning	with	the	historical	present”	(Dwyer,	2015:	22).		

Nostalgia	 is	 embedded	 in	 the	 objects,	 processes,	 rituals	 and	 social	 structures	 we	
curate.	Environmental	issues	are	cultural	and	material.		Design	is,	as	Goldring	(2016)	says,	a	
process	 which	 translates	 culture	 into	material	 realities	 –	 it	 provides	 the	missing	 element	
between	manifestos	 and	manifestation.	 	It	 appears	 there	 is	 potential	 for	 nostalgia	 to	 be	
invoked	and	employed,	to	more	or	less	conscious	degrees,	in	using	permaculture	design	for	
urban	 regeneration.	 Engagement	 of	 the	 affective	 state	 of	 (and	 ideas	 and	 explorations	
around)	nostalgia	offers	potential	and	possibilities	for	greater	investment,	participation,	and	
integration	in	sustainability	issues	and	actions.	
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Abstract:	 Architects	 employ	 building	 technologies	 to	 address	 performance	 as	well	 as	 cultural	 and	 aesthetic	
concerns.	 However,	 technology	 teaching	 in	 architecture	 is	 biased	 toward	 the	 former	 to	 the	 neglect	 of	 the	
latter.	 Drawing	 from	 my	 previous	 evaluation	 of	 James	 Marston	 Fitch's,	 Dean	 Hawkes',	 and	 Lance	 LaVine's	
writings	 in	 regard	to	architectural	 technology,	 I	provide	an	overview	of	a	conceptual	 framework	that	can	be	
used	to	structure	integrated	approaches	to	teaching	architectural	technology.	To	serve	as	an	example,	I	then	
discuss	 how	 I	 translated	 this	 conceptual	 framework	 into	 a	 pedagogical	 structure	 for	 a	 foundational	
architectural	technology	textbook.	
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Technology	is	Integral	to	Design	

The	disconnect	between	 the	 technical	and	non-technical	aspects	of	architectural	design	 is	
an	 outgrowth	 and	 continuing	 reinforcement	 of	 the	 false	 dichotomy	 that	 technology	 and	
design	are	synonymous	with	science	and	art.	 In	fact,	science	and	art	commingle	 in	design,	
and	 technology	 is	 essential	 to	both.	 The	 science	 of	design	employs	 technology	 to	achieve	
performance	 objectives.	 The	 engineer	 and	 architect	 use	 structural,	 constructional,	 and	
mechanical	 systems	 with	 a	 focus	 on	 utility	 and	 efficiency	 to	 redirect	 the	 flow	 of	
environmental	 forces.	 The	 art	 of	 design	 employs	 technology	 to	 address	 cultural	 and	
aesthetic	objectives.	Here	the	architect	uses	these	same	systems	with	a	focus	on	formal	and	
spatial	concerns	to	engage	all	of	the	senses.	In	each	case,	methods	and	objectives	differ,	but	
technology	is	always	integral	to	design.	

So	technology	in	design	must	serve	two	masters	simultaneously,	one	that	resides	in	a	
world	of	empirical	fact	and	the	other	in	a	world	of	cultural	value.	This	is	essential	if	we	are	
to	create	architecture	and	not	just	mere	building.	Architectural	critic	Alan	Colquhoun	(2009:	
26)	eloquently	summarized	the	relationship,	"The	science	of	building,	the	rationalisation	of	
construction	and	assembly,	however	vital	in	themselves,	remain	in	the	world	of	literal	action.	
It	 is	 only	 when	 the	 architect,	 seizing	 this	 world,	 organises	 it	 according	 to	 the	 logic	 of	
symbolic	forms	that	architecture	results."	Given	the	dual	role	of	technology	in	architecture,	
one	would	think	that	technology	teaching	in	architecture	would	have	much	to	say	in	regard	
to	both.	Yet,	technology	courses	lean	heavily	toward	the	former	to	the	substantial	neglect	of	
the	 latter.	 The	 reasons	 for	 this	 are	 many,	 not	 the	 least	 of	 which	 is	 the	 long-standing	
separation	 between	 the	 so-called	 "technical"	 and	 "design"	 courses.	 While	 a	 wholesale	
reconsideration	of	the	architectural	curriculum	is	probably	in	order,	there	is	much	that	can	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 1997



be	done	even	within	an	individual	architectural	course	to	fuse	these	two	worlds	and	I	have	
found	that	this	alone	was	enough	to	initiate	curricular	reforms.	

Previously,	 I	 evaluated	 James	 Marston	 Fitch's,	 Dean	 Hawkes',	 and	 Lance	 LaVine's	
writings	in	regard	to	architectural	technology	to	better	understand	these	two	different	uses	
of	 technology	 in	 architecture	 and	 the	 relationships	 between	 them	 (McGlynn,	 2017).	 This	
resulted	in	a	synthesis	of	their	ideas	that	forms	a	conceptual	framework	that	can	be	used	to	
structure	integrated	approaches	to	teaching	architectural	technology	in	both	technical	and	
design	coursework.	In	the	first	part	of	this	paper,	I	draw	from	this	evaluation	to	provide	an	
overview	 of	 this	 conceptual	 framework,	 and	 in	 the	 second,	 I	 discuss	 how	 a	 pedagogical	
approach	grounded	in	this	framework	plays	out	in	a	textbook	for	foundational	architectural	
technology	courses.	

Framing	Technology	in	Architecture	

Fitch's,	 Hawkes',	 and	 LaVine's	 ideas	 regarding	 architectural	 technology	 stem	 from	 the	
understanding	 that	architecture's	primary	 responsibility	 is	 to	mediate	between	an	 interior	
suitable	 for	 a	 variety	 of	 human	 activities	 and	 an	 exterior	 that	 is	 often	 hostile	 to	 those	
activities.	 In	 pre-industrial	 society,	 this	 mediation	 was	 of	 necessity	 achieved	 through	
architectural	means	-	the	careful	manipulation	of	building	form	and	fabric	in	relation	to	the	
surrounding	environment	-	but	this	historical	role	has	been	lost	and	the	environmental	and	
cultural	consequences	have	been	significant.	

Fitch	(1961)	and	Hawkes	(1996a)	attribute	this	loss	to	an	overreliance	on	mechanical	
building	 services,	while	Hawkes	 (1996a)	and	LaVine	 (2001)	also	attribute	 it	 to	 increasingly	
quantitative	 environmental	 design	methods.	 Fitch	 (1961:	 9)	 recognized	 that	 relinquishing	
environmental	 control	 to	mechanical	 services	 had	 led	modern	 architecture	 to	 fall	 prey	 to	
formalism	-	a	focus	on	building	form	to	the	neglect	of	optimal,	and	sometimes	even	basic,	
performance.	 Many	 architects	 used	 mechanical	 means,	 not	 to	 optimize	 building	
performance,	 but	 to	 correct	 for	 "basic	 errors	 of	 design",	 which	 Fitch	 considered	 an	
"abdication	of	[the	architect's]	historic	responsibilities"	(Fitch	1961:	12).	He	argued	that	we	
should	use	architectural	means	to	the	extent	possible	before	resorting	to	mechanical	means	
while	 applying	 a	 truly	 scientific	 approach	 to	 design	 as	 this	 would	 not	 only	 result	 in	 an	
architecture	of	optimal	performance,	but	also	of	beauty.	

By	 the	 late	20th	 century,	 architects	had	 further	 ceded	environmental	 control	 to	 the	
engineer	and	the	engineering	mindset	of	objective	analysis	predominated.	Hawkes	(1996a:	
102)	 was	 concerned	 that	 a	 technical	 determinism	 had	 taken	 hold	 that	 was	 severing	
connections	 between	 interior	 and	 exterior,	 depriving	 architects	 of	 what	 had	 been,	 "in	 a	
profound	 sense,	 a	 primary	 generator	 of	 architectural	 form	 throughout	 history".	 Hawkes'	
solution	is	similar	to	Fitch's	 -	use	architectural	means	to	temper	the	ambient	environment	
before	 supplementing	 with	 mechanical	 means	 -	 but	 unlike	 Fitch's	 environmental	 design	
approach,	Hawkes'	approach	avoids	both	formal	and	technical	determinisms.	

LaVine	 (2001:	 17)	 is	 concerned	 that	 engineering's	 compelling	 technological	
perspective	has	now	"confused	and	suppressed"	architecture's	"distinct	technological	voice".	
While	 architects	 have	 tried,	 unsuccessfully,	 to	 apply	 engineering	 methods	 to	 achieve	
cultural	 and	 aesthetic	 objectives,	 engineers	 have	 had	 great	 success	 in	 achieving	 building	
performance	 objectives.	 However,	 the	 subsequent	 loss	 of	 architecture's	 environmental	
connectedness	 has	 robbed	 it	 of	 its	 primary	 source	 of	 meaning	 and,	 to	 a	 great	 extent,	
cultural	 significance.	 For	 LaVine,	 the	 solution	 lies	 in	 reestablishing	 architects'	 historical	
approach	to	technology	 in	design,	one	that	uses	architectural	 technologies	 -	 the	elements	
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and	 assemblages	 that	 constitute	 the	 building	 form	 and	 fabric	 -	 to	 convey	 metaphorical	
understandings	of	our	relationship	with	the	natural	environment.	

Taken	together,	the	conceptual	bases	of	Fitch's,	Hawkes',	and	LaVine's	solutions	form	
a	framework	that	we	can	use	to	structure	integrated	approaches	to	teaching	the	dual	role	of	
technology	in	architecture.	The	following	is	an	overview	of	these	architectural	concepts	and	
their	relationships.	

A	"Technology	of	Habitation"	

LaVine	(2001:	xviii)	describes	architecture	as	a	"technology	of	habitation",	and	as	such,	 its	
primary	responsibility	is	to	provide	inhabitants	with	a	secure	"place	of	residence	in	nature",	
which	he	means	both	literally	and	figuratively.	The	fact	that	we	inhabit	these	technologies	is	
what	 distinguishes	 architectural	 technologies	 from	 other	 types	 and	 why	 they	 also	 must	
mediate	 between	 a	 quantitative,	 scientific	 world	 and	 a	 qualitative	 world	 of	 cultural	
significance.	 "Architectural	 technologies	 physically	modify	 nature	 so	 that	we	might	 bodily	
inhabit	this	context,	but	in	so	doing,	they	create	another	realm	of	ideas	that	seek	to	locate	
people	mentally,	 emotionally,	 and	 spiritually	within	 nature.	 Buildings	 cannot	 fail	 to	make	
such	 statements	 because	 their	 technologies	 are	 housed	 in	 physical	 forms	 that	 reside	 in	
nature	and,	in	turn,	house	us.	We	are	symbolic	as	well	as	physical	creatures.	We	cannot	help	
attempting	to	interpret	the	symbolic	significance	of	a	physical	world	that	surrounds	us	even	
as	 we	 are	 subject	 to	 its	 measurable	 consequence"	 (LaVine,	 2001:	 6).	 Architectural	
technologies,	 then,	are	essential	 to	architecture,	not	only	because	 they	are,	or	 should	be,	
the	primary	means	by	which	we	redirect	the	flow	of	environmental	forces,	but	also	because	
they	are	the	means	by	which	we	make	sense	of	our	place	in	the	world.	

The	Biotechnical	"Third	Environment"	and	"Selective"	Environmental	Design	

Although	LaVine	agrees	that	architecture	must	perform	physical	tasks,	it	is	Fitch	and	Hawkes	
that	 lend	 definition	 to	 what	 a	 scientific	 and	 empirical	 understanding	 of	 architectural	
technology	should	entail	for	architects.	Fitch's	concept	of	architecture	clarifies	the	nature	of	
LaVine's	"technology	of	habitation".	Fundamentally,	Fitch	viewed	architecture	as	a	type	of	
environmental	 technology	 analogous	 to	 a	 biological	 organism.	 Mediating	 between	 the	
natural	and	human	environments,	what	Fitch	(1965)	termed	the	"third	environment"	exists	
to	 optimize	 metabolic	 processes	 so	 that	 inhabitants	 can	 fully	 engage	 in	 perceptual	
awareness	and,	ultimately,	aesthetic	enjoyment.	

This	is	central	to	Fitch's	argument	-	that	physical	well-being	and	aesthetic	satisfaction	
are	 intertwined.	 "The	 esthetic	 enjoyment	 of	 an	 actual	 building	 (as	 opposed	 to	 a	 mere	
photograph	of	it)	is	not	exclusively	a	matter	of	vision	but	of	total	sensory	perception.	Thus,	
to	be	truly	satisfactory	(that	is,	to	be	truly	beautiful),	a	building	must	meet	the	demands	of	
all	the	senses,	not	just	those	of	vision	alone.	It	is	not	the	eye	but	the	whole	man	who	reacts	
to	architecture"	 (Fitch,	1961:	11,	 italics	original).	To	achieve	 this,	Fitch	called	 for	a	deeper	
scientific,	not	just	technical,	understanding	and	approach	to	design	with	a	focus	on	building	
performance	 to	 meet	 biological	 and	 cultural	 needs.	 While	 Fitch	 never	 denied	 the	
importance	of	purely	formal	criteria	in	architecture,	he	stressed	that	culturally	driven	formal	
qualities	should	be	disciplined	by	criteria	derived	from	an	understanding	of	human	needs.	

Architects	 must	 possess	 a	 scientific	 and	 empirical	 understanding	 of	 the	 natural	
environment,	 then,	 not	 just	 to	 avoid	 "basic	 errors	 of	 design",	 but	 also	 to	 maximize	 the	
potential	of	architectural	form	to	optimally	engage	the	human	senses.	Fitch's	environmental	
design	 approach	 is	 not	 without	 its	 limits,	 though,	 as	 it	 is	 primarily	 analytical	 and	 alone	
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incapable	of	addressing	broader	cultural	concerns.	Taken	to	the	extreme,	 it	can	become	a	
technical	 determinism,	 marginalizing	 as	 opposed	 to	 simply	 disciplining	 purely	 formal	
aesthetic	 concerns.	 It	 is	 a	 qualitative	 difference	 in	 Hawkes'	 approach	 that	 addresses	 this	
issue.	

Fitch's	 stated	 goal	 of	 interior	 environmental	 optimization	 was	 aligned	 with	 that	 of	
engineering,	 and	has	been	accomplished,	unfortunately,	not	 through	architectural	means,	
but	 through	 increased	 mechanization	 and	 at	 significant	 economic,	 environmental,	 and	
psychological	expense.	Ironically,	so-called	"active"	mechanical	systems	led	to	static	interior	
environments	and	passive	inhabitants	who	no	longer	engaged	with	the	natural	environment,	
either	directly	or	through	the	built	environment.	

Hawkes'	stated	goal	is	"environmental	diversity,	realized	and	experienced	spatially	and	
temporally.	This	envisages	spaces	in	which	environmental	uniformity,	in	all	its	dimensions	of	
heat,	 light	 and	 sound,	 is	 replaced	 by	 variations,	 within	 limits,	 which	 maintain,	 in	 the	
occupant,	 a	 sense	 of	 the	 dynamics	 of	 the	 natural	 climate,	 of	 the	 proper	 condition	 of	
humankind"	(Hawkes,	1996b:	18,	italics	added).	Hawkes'	outcome	is	achieved	by	reinvesting	
inhabitants	 with	 environmental	 control.	 In	 this	 case,	 so-called	 "passive"	 architectural	
approaches	 lead	 to	dynamic	 interior	 environments	 that	 encourage	 active	participation	on	
the	 part	 of	 inhabitants	 to	 adapt	 the	 built	 environment	 to	 suit	 their	 needs	 and	 desires.	
Mechanical	systems	are	under	the	inhabitants'	control	as	well,	to	be	used	only	as	necessary.	
Hawkes’	(1996c)	dubs	the	former	engineering-driven	approach	the	"exclusive"	mode	and	his	
latter	hybrid	approach	the	"selective"	mode.	The	"selective"	environmental	design	approach	
is	 closely	aligned	with	 the	adaptive	comfort	model	developed	by	Michael	Humphreys	and	
others	 (Nicol	 et	 al.,	 2012).	 This	 is	 essentially	 the	more	 scientific	 approach	 to	 architecture	
called	 for	 by	 Fitch,	 but	 enabling	 architects	 and	 inhabitants,	 not	 just	 engineers,	 and	 the	
"selective"	design	goal	of	maintaining	in	inhabitants	"a	sense	of	the	dynamics	of	the	natural	
climate”	 redirects	 Fitch's	 approach	 in	 less	 deterministic,	 more	 architecturally	 productive	
ways.	

Aesthetic	Expression,	"Nature	as	Felt	Force",	and	"Operative	Design	Thought"	

Hawkes	also	explores	the	limits	of	a	predominantly	scientific	approach	to	technical	decision-
making	in	architecture.	He	asserts	that	at	no	point	in	time,	even	among	the	modernists,	has	
aesthetic	 expression	 in	 architecture	 been	 simply	 the	 inevitable	 result	 of	 an	 objective,	
scientific	approach	to	technology.	In	fact,	inside	of	environmental	extremes,	Hawkes	(1996d:	
345,	italics	original)	argues	that	technological	concerns	in	architecture	-	broadly	considered	
as	 environmental,	 material,	 and	 constructional	 -	 "are	 primarily	 cultural	 and	 aesthetic	
matters".	Through	numerous	analyses	of	19th	and	20th	century	architecture	(e.g.	Hawkes,	
1996e),	 Hawkes'	 illustrates	 the	 wide	 range	 of	 approaches	 that	 architects	 have	 taken	 to	
addressing	 technological	 considerations,	 staking	 out	 the	 wide	 middle	 ground	 between	
technical	and	formal	determinisms	where	"questions	of	technique	invest	architecture	with	a	
necessary	 degree	 of	 objectivity	 and	 rigour,	 but...are	 in	 themselves	 deeply	 conditioned	 by	
cultural	and	aesthetic	judgments"	(Hawkes,	1996d:	340).	

As	 with	 Fitch's	 concerns	 regarding	 formalism,	 Hawkes	 recognizes	 the	 danger	 of	
cultural	 and	 aesthetic	 considerations	becoming	untethered	 from	 technical	 considerations.	
However,	for	Fitch,	the	measure	was	the	degree	to	which	an	architect's	formal	expression	
neglected	 building	 performance,	 but	 for	 Hawkes,	 it	 is	 the	 degree	 to	which	 an	 architect's	
formal,	 spatial,	 and	 aesthetic	 expression	 are	 independent	 of	 material	 and	 constructional	
techniques.	
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LaVine	further	defines	the	nature	of	architectural	technology's	qualitative	aspect,	and	
uncovers	a	bridge	between	the	two	different	roles	of	 technology	 in	architecture,	one	that	
promotes	 what	 he	 terms	 "operative	 design	 thought"	 (LaVine,	 2001:	 178).	 While	 he	
considers	 it	necessary	 for	architectural	 technology	 to	 serve	practical	purposes	 for	 reasons	
similar	 to	 both	 Fitch	 and	 Hawkes,	 LaVine	 finds	 that	 attempts	 to	 reduce	 the	 meaning	 of	
architectural	technologies	to	abstractions	of	"empirical	facts,	as	in	the	functionalism	of	the	
twentieth	century,	have	proved	not	to	be	so	much	wrong	as	not	fecund.	They	fail	to	create	
the	kind,	level,	and	richness	of	formal	ideas	that	allow	people	to	reside	in	nature"	(LaVine,	
2001:	191).	LaVine	argues	that	engineers'	scientific	and	analytic	methods	and	the	numerical	
abstractions	that	these	methods	produce	are	not	operative	for	architects	in	design.	Instead,	
he	calls	for	a	return	to	the	source	of	scientific	and	quantitative	reasoning,	which	he	terms	
"nature	 as	 felt	 force"	 (LaVine,	 2001:	 66-68).	 A	 "felt	 force"	 is	 the	 inhabitant’s	 palpable	
awareness	of	an	environmental	force,	that	which	existed	before	modern	science	and	is	still	
the	 basis	 for	 human	 experience.	 Returning	 to	 a	 sensory	 understanding	 of	 environmental	
forces	allows	architects	 to	 think	about	 these	 forces	 in	 terms	of	characteristics	or	qualities	
that	describe	 lived	human	experience,	 rather	 than	exclusively	 in	 the	measurable	 terms	of	
modern	 science.	 This	 necessarily	 sacrifices	 mathematical	 certainty	 to	 stimulate	 the	
architect’s	generative	imagination.	Architects	are	then	able	to	use	architectural	technology	
to	express	environmental	qualities	formally,	spatially,	and	aesthetically	for	the	benefit	of	the	
inhabitants.	

	It	 is	 this	 palpable	 environmental	 awareness	 that	 also	 opens	 up	 the	 possibility	 for	
architects	 to	convey	 ideas	about	our	 relation	 to	 the	natural	environment	 that	are	beyond	
the	measures	of	engineers.	LaVine	 (2001:	77-83)	outlines	how	a	set	of	general	metaphors	
has	 arisen	 from	 our	 shared	 sensory	 experiences	 that	 connect	 particular	 architectural	
technologies	-	structural	frames,	weather	envelopes,	and	windows	-	to	an	understanding	of	
our	place	in	the	world.	To	develop	his	argument,	LaVine	(2001:	86-196)	analyzes	the	floors,	
walls,	 roofs,	 frames,	 and	 openings	 of	 four	 houses	 via	 their	 formal	 characteristics	 and	
palpable	environmental	qualities	to	interpret	the	particular	metaphoric	connection	between	
these	architectural	technologies	and	the	 inhabitants'	understanding	of	their	significance	 in	
the	 natural	 environment.	 Similar	 to	Hawkes’	 analyses,	 LaVine’s	 comparisons	 demonstrate	
that	 although	 architectural	 technologies	 perform	 the	 same	 physical	 tasks	 in	 each	 house,	
they	are	given	different	formal	configurations	in	relation	to	their	surroundings	based,	in	part,	
on	 the	 differing	 cultural	 and	 aesthetic	 intentions	 of	 each	 designer.	While	 LaVine’s	 set	 of	
metaphors	is	admittedly	incomplete	and	his	interpretations	are	open	to	question,	he	leaves	
no	doubt	 that	 architectural	 technologies	 can	be	used	 to	 convey	meaning.	Accordingly,	he	
makes	a	strong	case	for	returning	this	type	of	technological	thinking	to	its	former	place	of	
central	importance	in	architectural	design.	

Fitch's,	Hawkes',	and	LaVine's	ideas	clearly	demonstrate	that	architectural	technology	
understood	as	empirical	 fact	 and	 cultural	 value	are	both	essential	 to	architectural	design.	
Without	 a	 technological	 approach	 grounded	 in	 a	 scientific	 understanding	 of	 the	 natural	
environment,	architecture	would	not	be	capable	of	addressing	the	significant	environmental	
concerns	with	which	we	are	confronted.	Yet,	without	a	technological	approach	driven	by	a	
qualitative	understanding	of	our	relation	to	the	natural	environment,	architecture	would	be	
incapable	of	expressing	any	ideas	outside	of	its	own	performance.	When	integrated,	these	
technological	approaches	can	be	used	to	create	meaningful,	environmentally	diverse,	multi-
sensory,	and	high-performing	architecture.	
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Teaching	Architectural	Technology	

So	 how	 might	 we	 effectively	 teach	 the	 dual	 role	 of	 technology	 in	 architecture?	 The	
inseparability	 of	 this	 duality	 in	 architectural	 design	 challenges	 our	 essentially	 reductive	
architectural	curricula,	but	this	does	not	necessarily	require	radical	curricular	restructuring.	
In	 fact,	 it	 is	 possible	 to	 teach	 both	 aspects	 of	 architectural	 technology	while	maintaining	
separate	technical	and	design	coursework	as	long	as	both	roles	are	addressed	-	albeit	with	
varying	degrees	of	emphasis	-	in	each	technical	and	design	course.	

Broadly	considered,	technical	coursework	in	architectural	curricula	should	emphasize	
a	 scientific	 and	 empirical	 understanding	 of	 building	 technologies,	 but	 should	 frame	 these	
technologies	 in	 architectural,	 rather	 than	 exclusively	 engineering,	 terms.	 Scientific	 and	
technical	 information	 must	 be	 situated	 within	 an	 architectural	 context	 to	 engage	 design	
students	 and	 facilitate	 their	 use	of	 this	 knowledge	 in	design	decision-making.	 In	 addition,	
discussions	of	the	architectural	applications	of	building	technology	must	go	beyond	building	
performance	 concerns	 to	 address	 the	 experiential	 and	qualitative	 aspects	 of	 architectural	
technology	as	well.	

This	 was	 the	 approach	 that	 I	 took	 in	 2010	 when	 I	 developed	 an	 architectural	
technology	 course	 to	 serve	as	 a	 comprehensive	 introduction	 to	our	 six-course	 technology	
sequence	 in	 environmental	 design	 and	 control,	 structures,	 and	materials	 and	methods	 of	
construction.	 I	 drew	 readings	 from	 multiple	 sources,	 as	 there	 was	 no	 primary	 text	 that	
covered	all	of	the	subject	matter.	However,	I	am	working	on	a	textbook	to	fill	this	gap	and	
make	 it	 easier	 for	 faculty	 to	modify	 existing	 or	 develop	 new	 coursework	 in	 architectural	
technology	and	design	integration.	

Similar	 to	 the	 course	 structure,	 which	 was	 based	 on	 Leonard	 Bachman's	 (2002)	
systems	 approach	 to	 architecture,	 the	 textbook	 is	 divided	 into	 four	 modules	 -	 Climate,	
Structure,	 Enclosure,	 and	 Service	 -	 moving	 from	 exterior	 and	 large-scale	 to	 interior	 and	
small-scale	 considerations.	Within	 each	module,	 conceptual	 architectural	 approaches	 and	
related	design	strategies	place	the	scientific	and	technical	 information	commonly	found	 in	
such	a	textbook	in	an	architectural	context.	

A	major	goal	of	this	textbook	is	to	foster	in	design	students	"operative	design	thought"	
regarding	 building	 technology,	 so	 each	 module	 begins	 with	 an	 overview	 of	 a	 prevailing	
conceptual	architectural	approach	in	which	building	technology	is	viewed	as	integral	to	the	
conception	 and	 realization	 of	 architecture.	 A	 conceptual	 architectural	 approach	 is	 what	
architectural	educator	Philip	Plowright	(2014:	62,	italics	original)	calls	"a	frame	or	a	framing	
effect	 -	 a	 focused	 way	 in	 which	 the	 designer	 sees	 the	 world	 or	 applies	 their	 belief	
system...Framing	sets	up	a	starting	bias	which	will	generate	a	starting	state	 for	the	design	
process".	 For	 instance,	 Hawkes'	 "selective"	 environmental	 design	 approach	 frames	
architecture	 in	 terms	 of	 interior	 environmental	 diversity	 and	 inhabitant	 participation	 in	
environmental	adaptation.	One	of	many	starting	biases	 that	stem	from	this	 framing	 is	 the	
prioritization	of	 inhabitant-controlled	architectural	technology	over	automated	mechanical	
technology.	 The	 design	 process	might	 begin,	 then,	 with	 a	 determination	 of	 the	 range	 of	
environmental	qualities	 that	must	be	present	 to	create	 the	appropriate	degree	of	 interior	
environmental	diversity	for	the	proposed	activities.	The	criteria	by	which	a	design	should	be	
judged	 emerge	 from	 such	 framing	 and	 bias,	 and	 become	 the	 basis	 of	 decision-making	
throughout	the	design	process	(Plowright,	2014:	63-64).	In	the	above	example,	the	success	
of	the	design	will	 in	part	hinge	on	the	degree	to	which	architectural	technologies	foster	 in	
inhabitants	 "a	 sense	 of	 the	 dynamics	 of	 the	 natural	 climate".	 The	 building	 enclosure's	
permeability	and	adaptability	will	no	doubt	emerge	as	architectural	qualities	to	drive	design	
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decision-making	and	serve	as	judgment	criteria.	Clearly,	design	students	could	quite	readily	
transfer	a	conceptual	architectural	approach	such	as	this	from	their	technical	coursework	to	
their	 work	 in	 the	 design	 studio.	 In	 so	 doing,	 building	 technology	 becomes	 integral	 to	
architectural	design.	

These	 four	 "frames"	 are	 not	 just	 useful	 in	 the	 design	 studio,	 though.	 They	 also	
motivate	 learning	 in	 technical	 coursework,	 as	 design	 students	 will	 now	 view	 gaining	 an	
understanding	 of	 the	 scientific	 and	 technical	 information	 that	 follows	 each	 conceptual	
approach	 as	 essential	 to	 achieving	 their	 architectural	 design	 intentions.	 Each	 module	
surveys	the	scientific	principles	and	building	technologies	necessary	to	address	performance	
as	well	as	cultural	and	aesthetic	objectives.	For	instance,	the	Structure	module	begins	with	a	
synthesis	 of	 Bjorn	 Sandaker	 et	 al.'s	 (2011)	 and	 Angus	Macdonald's	 (2001)	 conceptions	 of	
structure	 in	 architecture,	 both	 of	 which	 address	 the	multi-faceted	 relationship	 "between	
structure,	 space,	 and	 formal	 expression"	 (Sandaker	 et	 al.,	 2011:	 2).	 This	 leads	 into	 an	
explication	of	 the	solid	and	skeleton	construction	archetypes	where	design	students	 learn	
that	 structural	 decision-making	 in	 architecture	 is	 driven	 as	 much	 by	 spatial,	 formal,	 and	
aesthetic	concerns	as	 it	 is	by	performance	concerns.	Within	this	rich	architectural	context,	
design	 students	are	presented	with	 fundamental	 scientific	principles	 regarding	 statics	and	
strength	 of	 materials	 and	 an	 overview	 of	 horizontal	 spanning	 and	 vertical	 supporting	
elements	 and	 systems	 in	 concrete,	 steel,	 and	 wood.	 Performance	 characteristics	 such	 as	
span	capacity	along	with	spatial	and	aesthetic	characteristics	such	as	hierarchy	and	texture	
are	 conveyed	 through	 architectural	 examples	 presented	 in	 a	 highly	 visual,	 non-
mathematical	manner.	

Each	module	culminates	in	a	series	of	both	pre-	and	post-industrial	architectural	case	
studies	 evaluated	 in	 terms	 of	 their	 building	 performance	 as	 well	 as	 formal,	 spatial,	 and	
aesthetic	 outcomes.	 Each	 case	 study	 begins	 with	 an	 overview	 of	 how	 the	 design	 team	
framed	the	central	themes	of	the	module	and	how	their	approach	relates	to	the	conceptual	
architectural	approach	 laid	out	at	 the	beginning	of	 the	module.	Evaluative	criteria	derived	
from	this	"framing"	are	then	used	to	analyse	the	case	to	convey	both	a	scientific,	empirical	
and	 qualitative,	 experiential	 understanding	 of	 the	 use	 of	 building	 technologies	 in	
architectural	design.	The	primary	purpose	of	 these	case	studies	 is	 to	demonstrate	various	
ways	 in	which	building	technologies	are	used	to	redirect	the	flow	of	environmental	 forces	
for	the	purposes	of	human	habitation	while	developing	in	inhabitants	a	palpable	awareness	
of	these	forces.	In	every	instance,	then,	building	technologies	play	a	part	in	the	architectural	
expression,	and	so	again,	are	viewed	by	design	students	as	 integral	to	the	conception	and	
realization	of	architecture.	

While	 a	 textbook	 promoting	 an	 integrated	 approach	 to	 teaching	 technology	 in	
architecture	is	not	a	panacea	to	bridging	the	divide	between	the	technical	and	non-technical	
aspects	 of	 architectural	 design,	 implementing	 such	 an	 approach	 in	 a	 foundational	
architectural	technology	course	proved	a	good	first	step.	Given	the	pressure	to	add	content	
without	a	requisite	increase	in	time	available,	this	allows	subsequent	technical	coursework	
to	 largely	 skip	 fundamentals	 and	 delve	 immediately	 into	 more	 advanced	 material.	 The	
course	 provides	 a	 previously	missing	 conceptual	 framework	within	which	 design	 students	
can	 situate	 knowledge	 gained	 in	 advanced	 technical	 and	 design	 coursework.	 Of	 most	
importance,	 though,	 this	 integrated	 approach	 engages	 the	 design	 student	 in	 technical	
coursework	 and	 fosters	 the	 transfer	 of	 technical	 knowledge	 to	 the	 design	 studio	 by	
activating	the	generative	architectural	imagination.	
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Abstract:	Open	urban	spaces	urge	 for	 less	 impacting	mobility	 systems	 in	 landscape	and	environment.	 In	 this	
context,	pedestrian	pathways	are	fundamental	to	ensure	micro	accessibility	and	mobility	in	urban	environments.	
Into	this	discussion,	it	is	important	to	analyse	the	quality	of	urban	pedestrian	pathways,	and,	consequently,	the	
comfort	 of	 pedestrians.	 Concerning	 this,	 the	 article	 aims	 to	 promote	 a	 discussion	 and	 theoretical	 reflection	
about	 the	 concept	of	 pedestrian	 comfort	 applied	 to	 urban	environment,	 through	 a	 critical	 review	of	 studies	
reported	 in	 the	 literature	during	 the	 last	 two	decades.	When	we	 come	across	 the	 existing	 literature	 on	 the	
subject,	although	many	advances,	there	is	a	gap	between	technical	and	sociological	approaches.	Therefore,	the	
need	 for	 the	 emergence	 of	 new	models	 to	 approach	 the	 pedestrian	 comfort	 becomes	 evident:	 this	 would	
suppose	 the	 inclusion	 of	 technical	 aspects	 (especially	 related	 to	 outdoor	 environmental	 comfort)	 to	 other	
aspects,	like	environmental	diversity	of	pedestrian	environments,	subjective	and	cultural	aspects,	among	others.	
As	 a	 matter	 of	 fact,	 a	 conceptualization	 of	 the	 pedestrian	 comfort	 shall	 contribute	 to	 the	 improvement	 of	
research	methodologies	related	to	this	topic,	providing	more	systemic	approaches.	
	
Keywords:	environmental	comfort,	pedestrian	comfort,	pedestrian,	urban	mobility,	open	spaces	

Introduction	

Since	the	middle	of	the	20th	 century,	many	cities	in	the	world	have	adopted	urban	planning	
parameters	that	have	marginalized	 issues	of	efficient	and	accessible	urban	mobility.	 In	the	
Brazilian	case,	metropolis	like	São	Paulo	or	Rio	de	Janeiro	illustrate	this	pattern.	That	sort	of	
urban	policies	 led	to	two	major	consequences:	 i)	urban	sprawl;	and	ii)	a	generalization	of	a	
car-dependence	 mobility	 across	 and	 within	 urban	 centres.	 Hence,	 these	 cities	 appear	 as	
critical	 cases	 for	 the	 elaboration	 of	 urban	 policy	 focusing	 in	 the	 promotion	 of	 active	
transportation,	such	as	walking	and	cycling.	According	to	Vasconcelo´s	definition,	mobility	is	
defined	 like	 the	 ability	 to	 move,	 as	 a	 result	 of	 physical	 and	 economic	 conditions,	 and	
accessibility	as	the	ease	of	reaching	destinations	(Vasconcelos,	2011).	

In	 line	with	 this	 conception,	 pedestrian	 pathways	 appear	 as	 fundamental	 to	 ensure	
micro	accessibility	and	mobility	in	the	urban	environment,	which	is	bringing	this	topic	to	the	
actual	academic	debate	of	urban	planning,	in	a	world	scale.	

Hence,	focusing	on	Brazilian	context,	the	aim	of	this	study1	consists	in	bringing	out	a	
discussion	 and	 theoretical	 reflection	 about	 the	 concept	 of	 pedestrian	 comfort	 applied	 to	

																																																													
1	This	paper	consists	 in	a	work-in-progress	study.	Comments	and	suggestions	are	welcomed.	Please,	do	not	
quote	without	author´s	permission.	
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urban	environment	through	a	critical	review	of	studies	reported	in	the	literature	during	the	
last	two	decades.	

In	 this	 perspective,	 this	 study	 focuses	 on	 the	 notion	 of	 comfort	 itself,	 denoting	 the	
importance	of	a	more	comprehensive	approach	of	this	concept	 in	the	architecture	field.	In	
other	words,	once	architecture	and	urban	planning	deal	directly	with	countless	human	needs,	
it	may	consider	a	broader	view	of	comfort,	in	order	to	achieve	a	more	human-centred	urban	
planning	 (Schmid,	 2005;	 Chappelis	 and	 Shove,	 2004).	 This	 work	 also	 highlights	 the	
complementarity	between	pedestrian	comfort	and	actual	concepts	that	have	been	debated	
in	the	last	decade,	as	“walkability”,	for	example	(Southworth,	2005,	Speck,	2012),	evidencing	
a	relationship	of	interdependence	that	should	be	explored.	

Urban	Design	towards	a	Pedestrian	Scale	

The	 industrialization	 process	 that	 occurred	 in	 Brazil	 in	 the	 50s,	 resulted	 in	 an	 accelerated	
urbanization	process.	The	 agricultural	mechanization	has	 intensified	mass	migration	of	 the	
rural	 population	 to	 cities,	 contributing	 to	 an	 exponential	 growth	 of	 the	 population	 in	 the	
urban	areas.	Urban	policies	compatible	with	this	population	growth	were	not	implemented.	
Moreover,	the	national	incentive	to	the	use	of	individual	vehicles,	at	this	time,	has	privileged	
motorized	transport	over	the	non-motorized,	neglecting	the	pedestrian	scale.	

The	consequences	of	these	policies	are	still	disastrous	for	Brazilian	cities.	 For	example,	
at	São	Paulo,	 citizens	are	 forced	to	deal	 frequently	with	high	 levels	of	noise,	air	pollution,	
traffic,	stress,	floods,	among	others.	Consequently,	the	loss	of	citizens'	quality	of	life	becomes	
evident.	

On	the	other	hand,	the	National	Association	of	Public	Transport	of	Brazil	 shows	that	
36%	of	the	population	moves	on	foot	to	their	destinations	(ANTP,	2013).	This	high	percentage	
denotes	the	importance	of	developing	tools	to	analyze	the	quality	of	urban	spaces	from	the	
point	of	view	of	pedestrians.	Also,	some	advances	have	been	done	in	the	last	years	in	order	
to	reach	a	valorization	of	pedestrian	in	the	urban	scale.	As	an	example,	we	can	highlight	the	
National	Policy	on	Urban	Mobility	(PNMU),	which	aims	to	contribute	to	the	establishment	of	
mobility	 guidelines	 for	 municipalities,	 through	 the	 adoption	 of	 instruments	 to	 improve	
mobility	conditions	in	Brazilian	cities.	

In	parallel,	in	the	academic	field,	the	urban	design	towards	a	pedestrian	scale	has	been	
strongly	 debated,	 and	 learnings	 from	 that	 discussions	 should	 be	 incorporated	 to	 public	
policies	strategies.	

In	 this	 context,	 Emmanuel	 (2005)	 argues	 that	 the	 urban	 design	with	 environmental	
awareness	 should	 be	 explored,	 in	 order	 to	 minimize	 dependence	 on	 mechanized	
transportation	and,	consequently,	on	the	use	of	fossil	fuels.	

Following	the	same	perspective,	Washburn	(2013)	points	out	the	importance	of	urban	
design	for	better	cities,	since	they	are	an	intrinsic	part	of	their	residents’	identities.	

On	another	hand,	Rode	and	Floater	(2014)	discuss	the	importance	to	create	accessibility	
based	on	physical	proximity.	In	order	to	achieve	this	goal,	they	emphasize	the	importance	of	
"planning,	urban	design,	construction	and	management	of	the	local	condition,	on	the	human	
scale".	

Steemers	and	Steane	(2004)	define	the	concept	of	“environmental	diversity”	as	the	act	
of	 rethinking	approaches	 for	the	design	of	our	built	environment.	 They	observe	that	 these	
approaches	 should	 consider	 all	 different	 environmental	 conditions	 –	 thermal,	 visual	 and	
acoustic	–	that	could	enhance	architecture’s	experience.	
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Moreover,	taking	into	account	demographical	transformations	and	changes	in	way-of-	
life,	 Jan	 Gehl	 (2013)	 denotes	 four	 “human	 questions”	 as	 essentials	 for	 a	 successful	 city	
planning:	 life,	safety,	sustainability	and	health.	According	to	the	author,	the	urban	landscape	
should	 be	 considered	 through	 the	 five	 human	 senses	 and	 the	 different	 speeds	 of	 urban	
mobility:	 walking,	 riding	 a	 bike,	 driving	 a	 car,	 among	 others.	 Gehl	 emphasizes	 that	 this	
microscale	point-of-view	of	cities,	human-centred,	is	commonly	neglected	in	contemporary	
urban	projects.	

In	2015,	identifying	this	lack	in	urban	policies	practices	all	over	the	world,	the	United	
Nations	 (UN-Habitat)	pointed	out	several	recommendations	to	world	cities	concerning	the	
importance	 of	 walking	 in	 the	 report	 “International	 Guidelines	 on	 Urban	 and	 Territorial	
Planning”	(UN-HABITAT,	2015).	It	highlights	the	importance	of	initiatives	of	local	authorities	
to	plan	and	reserve	more	adequate	spaces	for	streets.	In	the	meantime,	it	recommends	new	
urban	strategies	in	order	to	guarantee	safety,	pedestrian	comfort,	efficiency	and	a	high	level	
of	 urban	 connectivity.	 In	 addition,	 there	 is	 a	 great	 incentive	 to	 the	 use	of	 non-motorized	
transport	 and	 public	 transport.	 Finally,	 UN-HABITAT	 establishes	 recommendations	 to	
stimulate	 the	 plantation	 of	 trees	 on	 pedestrian	 pathways,	 in	 order	 to	 provide	 shade	 and	
carbon	dioxide	absorption.	

The	quality	of	urban	pedestrian	pathways	–	as	well	as	the	pedestrian	comfort	–	appears,	
thus,	 as	 a	 crucial	 topic	 to	 be	 debated.	 In	 international	 literature,	much	 has	 already	 been	
produced	 about	 internal	 environmental	 comfort.	 For	 example,	 Givoni	 (1998)	 states	 that	
thermal	comfort	–	as	well	as	 its	physiological	 response	to	thermal	stress	 –	depend	on	the	
metabolic	 heat	 production,	 on	 environmental	 factors	 –	wind	 speed,	 relative	 humidity,	 air	
temperature,	 among	 other	 –	and	 on	 individual	 clothing.	 Givoni	 establishes	 that	 all	 these	
factors,	combined,	set	the	degree	of	thermal	comfort	or	discomfort	felt	by	the	people.	

However,	when	focusing	on	the	urban	environment,	studies	are	still	scarce,	despite	a	
recent	 increasing	 interest.	 For	 instance,	 there	 are	 researches	 that	 define	 useful	
environmental	requirements	for	urban	projects	(Nikolopoulou,	2004).	Also,	we	highlight	the	
research	developed	by	Monteiro	and	Alucci	(2011),	which	calibrates	several	predictive	models	
of	comfort	and	thermal	stress,	concerning	the	analysis	of	thermal	suitability	of	free	spaces	in	
the	city	of	São	Paulo.	

Notwithstanding	 those	 contributions,	 the	 debates	 evidences	 some	 shortcomings	
towards	the	notion	of	pedestrian	comfort.	This	theoretical	gap	should	thus	be	filled	by	the	
adoption	and	delimitation	of	a	proper	framework,	in	order	to	adequate	policy	decisions	to	
real	needs.	

Pedestrian	Comfort	–	Debating	Concepts	

It	 is	 a	 well-known	 fact	 that	 walking	 in	 open	 urban	 spaces	 is	 the	 human	 act	 in	 the	
environment	that	most	interrelates	with	other	elements	of	the	landscape.	Thus,	the	walk	in	
the	urban	environment	should	provide	well-being	to	the	pedestrian.	In	order	to	achieve	this	
condition,	it	appears	indispensable	that	the	pedestrian	feels	"comfortable"	when	proceeding	
to	walk.	Therefore,	the	key	question	here	appears:	how	to	define	pedestrian	comfort?	

To	answer	 this	question,	 this	 study	 attempts	 to	 take	a	 closer	 look	at	 the	concept	of	
comfort	itself.	In	a	simplified	point-of-view,	the	environmental	comfort	at	open	urban	spaces	
is	 a	 result	 of	 the	 contribution	 of	 innumerable	 factors,	 including	 environment,	 climate,	
sunshine,	urban	diversity,	season,	psychological	and	physiological	individual	factors,	among	
others.	Also,	 it	 is	 important	 to	 take	 into	account	some	 urban	elements	 that	 contribute	 to	
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pedestrian	comfort,	for	example:	i.	vegetation	and	arborisation:	absorption	of	carbon	dioxide	
and	help	to	diminish	atmospheric	pollution;	shadows	and	attraction	of	species;	reduction	of	
heat	 island		effect		and	 generation	of	microclimates,	 and,	 finally,	creation	of		barriers	 to	
undesirable	winds;	ii.	paving	materials:	influence	on	walking	comfort,	reduction	of	heat	island	
effect,	visual	and	tactile	comfort,	etc.;	 iii.	 lighting:	acuity	and	visual	comfort,	 creation	of	a	
sense	of	security;	and	finally,	iv.	façades:	influence	on	walking	comfort,	as	well	as	on	sense	of	
security.	

As	a	matter	of	fact,	several	authors	interpret	and	observe	these	variables	in	different	
ways,	giving	different	weights	or	intentions	to	each	one	of	them.	

Considering	 that,	 this	 work	 addresses	 some	 non-exhaustive	 definitions	 of	 urban	
comfort	or	“urban	well-being”,	by	analysing	it	through	different	points-of-view.	

As	a	first	example,	in	the	early	60s,	Jane	Jacobs	(1961)	stated	that	considerations	for	
pedestrians	cannot	be	analysed	without	approaches	to	city	diversity,	vitality	and	land	uses.	
Her	 assertions	 are	 extremely	 related	 to	 socioeconomic	 aspects	 of	society	and	 types	 of	
urbanization.	

On	the	other	hand,	Kevin	Lynch	(,	in	his	book	“The	image	of	the	city”	(2008),	points	out	
that	humans	are	not	only	spectators	of	the	environment,	but	they	share	the	scene	with	all	
others	participants.	Consequently,	the	environmental	perception	–	in	this	case,	at	the	open	
urban	 spaces	 –	 it	 is	 not	 continuous,	 but	 partial	 and	 fragmentary.	 Furthermore,	 the	
relationship	between	humans	with	the	city	can	be	attached	to	our	memory	and	 individual	
meanings,	which	certainly	led	our	senses	to	interpret	a	certain	space.	Also,	Lynch	highlights	
the	importance	of	our	senses	in	the	identification	of	environments,	especially	though	visual	
and	olfactory	tracks.	

Lynch	emphasizes	 that,	without	this	orientation	offered	by	our	 senses,	every	human	
being	feels	lost,	which	in	turn	causes	anxiety	and	fear.	Consequently,	orientation	appears	to	
be	linked	to	the	sense	of	equilibrium	and	well-being,	and	works	as	a	strategic	connection	with	
the	environmental	image.	Thus,	although	Lynch	does	not	directly	adopt	the	term	"comfort"	
or	"environmental	discomfort",	his	statements	allow	us	to	deduct	that	comfort	and	well-being	
in	the	urban	environment	would	depend	on	individual’s	memory	and	orientation	in	space.	

Additionally,	we	should	highlight	the	work	“City	and	Soul”	(Hillman,	1993).	Through	an	
analysis	based	on	the	psychology’s	point-of-view,	Hillman	puts	 forward	the	argument	that	
among	all	human	activities,	only	walking	has	changed	radically.	Hillman	has	rightly	observed	
that	if	doctors	need	to	remind	people	to	go	walking,	something	strange	has	happened	in	the	
world.	

According	to	him,	the	advent	of	the	individual	vehicle	led	to	a	“loss	of	our	faces”,	and	
consequently,	 to	 the	 fear	 of	meeting.	 Hilmann	 states	 that	 the	word	 “polis”,	 which,	 in	 its	
original	conception,	meant	"multitude",	has	lost	its	original	meaning.	Hillman	also	argues	that	
the	absence	of	walking	abstains	us	from	facing	other	people,	and,	as	a	matter	of	course,	from	
facing	 ourselves	 and	 the	 city.	 During	 his	 therapeutic	 work,	 Hillman	 denotes	 that	 he	 has	
perceived	a	strong	relationship	between	periods	of	psychological	disorder	of	his	patients,	and	
their	need	to	walk.	In	other	words,	walking	can	function	as	“meditative	therapy”.	

In	 the	 same	 perspective,	 Hillman	 criticizes	 the	modern	 society,	 once	 it	 ignores	 the	
patterns	of	the	feet,	stimulating	only	the	pattern	of	the	eyes.	He	also	concludes	that	this	is	
the	reason	why	our	pedestrian	routes	are	inadequate:	they	ignore	our	feet,	they	ignore	that	
the	city	is	born	from	the	streets	and	its	routes.	Finally,	Hillman	concludes:	"The	vitality	of	cities	
depends	 on	walking".	Assuredly,	 the	 psychological	 approach	 of	 Hillman	 presupposes	 that	
walking	in	open	urban	spaces	is	intrinsically	linked	to	human	well-being,	and,	therefore,	to	
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comfort.	
In	the	same	line,	a	recent	work	that	should	be	brought	to	light	is	“Walkscapes”	(Careri,	

2015).	 Francesco	Careri	emphasizes	 the	 importance	of	walking	 as	 an	 aesthetic	practice:	 it	
encourages	the	exploratory	walking	as	an	experimental	methodology	for	the	investigation	of	
urban	territories.	

Thus,	his	work	is	an	invitation	to	walk,	to	andare	a	zonzo.	According	to	the	author,	this	
practice	leads	to	a	valorisation	of	the	human	being	in	the	city,	inserting	the	human	scale	in	
the	city	scale.	By	walking,	humans	began	to	construct	the	natural	landscape	that	surrounded	
them.	In	other	words,	“walking”	is	the	human	practice	that	allowed	the	world	to	be	inhabited,	
and,	consequently,	it	is	the	main	organizer	of	objects	in	the	landscape.	Careri	addresses	the	
question	of	landscapes	upon	walking,	and	also	the	walking	as	a	form	of	urban	intervention.	
Careri	instigates	to	walk	in	non-tourist,	peripherals	and	indeterminate	places.	He	argues	that	
the	pleasure	of	walking	is	at	the	empties	of	cities,	at	the	"full	empties"	of	cities.	

Although	 the	 author	 does	 not	 frame	 pedestrian	 comfort	 directly,	 he	 suggests	 the	
importance	of	having	an	experience	at	 routes	and	 landscapes	for	the	pedestrians.	Thus,	 in	
this	point-of-view,	 the	 comfort	 of	walking	 and	well-being	 could	 be	 directly	 related	 to	 the	
quality	of	experience	in	open	urban	spaces.	

Finally,	 it	 is	 important	to	present	two	different	points-of-view:	Chappels	and	Shove’s	
(Chappells,	Shove,	2004),	and	Schmid’s	(Schmid,	2005).	These	authors	debate	the	concept	of	
comfort	through	a	broader	perspective,	from	several	areas	of	knowledge.	

As	already	mentioned	before,	the	intention	of	this	analysis	is	to	outline	the	main	issues	
denoted	 by	 the	 authors,	 comparing	 them	with	 each	 other,	 exposing	 the	most	 interesting	
points	of	view	as	a	focus	on	the	pedestrian	path	in	urban	spaces.	

Chappels	and	Shove’	study	addresses	the	concept	of	comfort	 in	six	major	areas.	The	
authors	put	forward	the	argument	that	a	change	is	necessary	in	societies'	lifestyles	in	order	
to	work	 the	human	 comfort	 questions,	 in	 line	with	 principles	of	 sustainability	 and	 energy	
efficiency.	For	doing	so,	their	classification	consists	in:	

i. Comfort,	technology	and	society	–	discussion	about	how	historians	have	analysed	
the	 relationship	 between	 the	 meanings	 of	 comfort	 from	 an	 evolution	 of	
technologies	and	 society’s	perspective;	

ii. Comfort	 and	 interior	 environments	 –	 analysis	 of	 the	 comfort	 at	 internal	
environments,	 from	 the	 point	 of	 view	 of	 buildings,	 engineering	 and	 natural	
sciences;	

iii. Comfort	 and	 external	 environments	 –	 approach	 that	 considers	 the	 ideas	 of	
architects,	 urban	 planners	 and	 geographers	 about	 how	 external	 climatic	
conditions	influence	the	 definition	and	achievement	of	comfort;	

iv. Comfort,	 health	 and	 well-being	 –	 reflection	 about	 the	 relationship	 between	
comfort	 and	human	health,	from	the	perspective	of	epidemiologists	and	medical	
scientists;	

v. Comfort,	culture	and	social	conventions	–	debate	about	ideas	from	anthropologists	
and	 sociologists,	examining	social	and	cultural	conventions	of	comfort;	

vi. Comfort	and	climate	change	-	specifically	assess	the	issue	of	comfort	and	climate	
change.	 Regarding	 specifically	 the	 third	 topic,	which	would	be	 the	most	 directly	
related	to	 the	 pedestrian		comfort,		Chappels		and		Shove		 rightly		observe		that		
the	 	 approaches	 	 done	 	 by	 architects,	 in	 this	 sense,	 ended	 up	 emphasizing	 the	
physiological	 experiences	 of	 the	 human	 being	 in	 the	 urban	 environment,	 and	
focusing	on	the	microclimatic	approach	of	open	urban	 spaces.	
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Hence,	their	study	pays	special	attention	to	the	fact	that	it	is	crucial	to	understand	that	
both	 definition	 and	 achievement	 of	 comfort	 require	 a	 closer	 approach	 to	 the	 cultural	
variations,	 in	 conjunction	 with	 social,	 economic	 and	 symbolic	 aspects	 of	local	 contexts.	
Furthermore,	according	to	Chappels	and	Shove,	it	is	also	fundamental	to	add	a	microclimatic	
approach,	and	only	then	the	analysis	can	be	more	comprehensive.	

In	a	similar	perspective,	Schmid	also	encompasses	subjects	that	are	not	only	limited	to	
environmental	 comfort.	 Summarizing	 Schmid’s	 analysis,	 we	 could	 highlight	 seven	 topics:	
holistic	 and	 historical	 view	 of	 comfort;	 convenience,	 adequacy	 and	 expressiveness	 of	 the	
human	being;	the	multisensory	character	of	space;	environmental	comfort	as	a	bureaucratic	
obligation;	the	emotions,	physics	and	memory;	physical	and	physiological	mechanisms	of	the	
human	being;	the	environment	from	a	thermal,	audible	and	visual	point	of	view.	

Schmid	argues	that	the	term	"environmental	comfort"	(as	well	as	“comfort	in	the	built	
environment”)	 has	 been	 used	 with	 increasing	 frequency,	 which	 has	 led	 him	 to	 make	 a	
compilation	 of	 different	 points	 of	 view.		Schmid	 points	 critically	 that	 the	 movement	 for	
environmental	comfort	emerged	in	the	academic	environment,	as	an	expression	to	replace	
“applied	 physics	 to	 buildings”.	However,	 even	 if	 the	 change	 in	 the	name	has	 brought	 the	
concept	to	a	broader	sense,	the	author	critics	that	the	term	remains	decisively	mechanistic	
and	still	indifferent	to	aesthetics	and	sociocultural	aspects.	

Thus,	in	this	point-of-view,	the	concept	of	comfort,	as	it	is	learned	nowadays	at	schools	
of	architecture,	is	closed	in	itself.	Schmid	reflects	that	the	concept	ends	up	in	being	“much	
more	a	specialty	than	a	spatiality”,	which	 led	to	an	 intricate	study	of	space.	Therefore,	his	
studies	try	to	demonstrate	that	the	concept	of	comfort	should	be	understood	from	a	more	
comprehensive	perspective	in	the	architecture	field.	

Concerning	 the	 above,	 Schmid	 states	 that	 the	 concept	 of	 comfort	 that	 arises	 from	
nursing	field,	for	example,	is	much	more	comprehensive.	According	to	him,	this	notion,	more	
medical,	considers	the	following	aspects:	

i. Physical	 comfort	 needs	 (deficits	 in	 physiological	 mechanisms	 that	 have	 been	
affected	 or	put	at	risk);	

ii. Psychological	needs	(inspiration,	motivation	and	the	ability	to	"grow	through");	
iii. Sociocultural	 needs	 (confidence-building,	 culturally	 sensitive,	 supportive,	 positive	

body	 language,	and	care);	
iv. Environmental		 	 comfort		 	 needs		 	 (order,	serenity,	comfortable	furniture,	smells	

minimization,	and	safety).	
Finally,	Schmid	points	out	that	although	environmental	comfort	does	not	encompass	all	

of	these	aspects,	it	must	recognize	the	importance	of	the	holistic	approach	to	comfort.	Yet,	
Schmid	denotes	that	it	is	more	difficult	to	define	comfort	than	discomfort.	Furthermore,	he	
criticizes	that	architecture	ends	up	promoting	much	more	the	prevention	of	discomfort	than	
the	comfort	itself.	Summarizing,	aligned	with	Chapel	and	Shove	statements,	Schmid	argues	
that	architecture,	once	it	deals	with	countless	human	needs,	shall	consider	a	broader	view	of	
comfort.	

As	set	out	above,	it	becomes	evident	that	the	analysis	of	the	pedestrian	comfort	needs	
to	be	defined	in	a	broader	perspective,	in	order	to	ensure	a	more	comprehensive	approach	
to	human	needs	in	the	architecture	field,	a	more	human-centred	urban	planning.	

Discussion	

The	foregoing	discussion,	as	mentioned	before,	has	attempted	to	promote	a	discussion	and	
theoretical	reflection	about	the	concept	of	pedestrian	comfort	applied	to	urban	environment.	
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First	 of	 all,	 is	 noteworthy	 to	 include	 pedestrian	 needs	 in	 the	 current	 debates	 of	 urban	
planning	at	Brazilian	cities.	The	implementation	of	new	urban	proposals,	centred	on	the	scale	
of	human	being	and	walking	is	fundamental.	This	challenge	depends	on	several	factors,	but,	
mainly,	on	carrying	out	public	policies	focused	on	urban	sustainability	that	give	importance	
to	 this	 issue,	 as	well	 as	on	 the	 actions	of	 governments	 and	 local	 authorities.	 The	debate,	
previously	exposed,	is	valid	only	if	this	challenge	is	achieved.	

There	has	been	some	progress	in	this	regard,	such	as	the	inclusion	of	pedestrian	issues	
at	the	“International	Guidelines	on	Urban	and	Territorial	Planning”,	recently	published	by	UN-	
HABITAT.	In	this	context,	analysing	the	pedestrian	comfort	appears	as	a	major	contribution	
for	establishing	new	strategies	on	urban	design	and	for	promoting	more	walkable	cities.	

On	the	other	hand,	the	attempt	to	better	define	the	concept	of	pedestrian	comfort	on	
the	urban	scale	-	as	an	earlier	and	primordial	research	step	-	faces	some	difficulties,	or	rather,	
opportunities	that	must	be	explored.	It	 is	observed	that	comfort	in	open	urban	spaces	can	
assume	several	dimensions,	 ranging	 from	factors	 related	 to	 the	human	psyche	 (emotions,	
memory,	senses)	to	physiological	or	physical	factors,	in	response	to	microclimates	and	local	
physical	conditions	(thermal,	olfactory	and	tactile).	

Some	of	definitions	that	were	exposed	are	non-exhaustive,	and	neither	entirely	unique.	
The	emphasis	given	to	each	of	these	aspects	varies	considerably	between	the	authors	enlisted	
here.	However,	Schmid,	Chappels	and	Shove	point	out	a	further	concern	in	achieving	a	more	
holistic	analysis.	

Although	 the	 main	 objective	 of	 this	 paper	 is	 to	 debate	 pedestrian	 comfort,	 it	 is	
important	to	mention	that	new	concepts	related	to	pedestrian	and	walking	have	arisen	in	the	
last	decade.	In	this	perspective,	we	shall	highlight	the	concept	of	“walkability”,	for	example.	
For	instance,	we	can	adopt	Southworth’s	definition	of	walkability	(Southworth,	2005,	pp.247-	
248):	 “the	 extent	 to	which	 the	 built	 environment	 	 supports	 and	 encourages	walking	 by	
providing	 for	 pedestrian	 comfort	 and	 safety,	 connecting	 people	 with	 varied	 destinations	
within	 a	 reasonable	 amount	 of	 time	 and	 effort,	 and	 offering	 visual	 interest	 in	 journeys	
throughout	 the	network.”	 Furthermore,	 Southworth	 establishes	 parameters	 necessary	 for	
measuring	“walkability”:	connectivity,	land	use,	safety,	quality	of	routes,	among	others.	In	the	
same	 perspective,	 there	 are	 many	 other	 authors	 that	 addresses	 this	 concept,	 like	 Speck	
(Speck,	 2012),	 who	 tries	 to	 establish	 ten	 steps	 to	 ensure	 walkability.	 The	 concept	 of	
walkability,	as	any	other	that	can	be	related	to	pedestrian	comfort,	needs	to	be	taken	into	
account	in	the	process	of	constructing	the	proper	concept	of	pedestrian	comfort.	There	are	
many	 factors	 that	 directly	 intersect	 between	 then,	 evidencing	 a	 relationship	 of	
interdependence	that	should	be	explored.	

Even	 though	 this	 is	 a	 work-in-progress	 research,	 there	 are	 already	 some	 important	
conclusions.	When	we	come	across	the	literature	on	the	subject,	although	many	advances,	
there	 is	a	gap	between	technical	and	sociological	approaches.	Therefore,	 the	need	for	the	
emergence	of	new	models	to	approach	the	pedestrian	comfort	becomes	evident:	this	would	
suppose	 the	 inclusion	 of	 technical	 aspects	 (especially	 related	 to	 outdoor	 environmental	
comfort)	to	other	ones,	like	environmental	diversity	of	pedestrian	environments,	subjective	
and	cultural	aspects,	among	others.	

In	 summary,	 this	 study	 could	 serve	 as	 a	 starting	 point	 to	 an	 understanding	 that	 a	
conceptualization	of	the	pedestrian	comfort	shall	contribute	to	the	improvement	of	research	
methodologies	related	to	this	topic,	providing	more	systemic	approaches.	
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Abstract:	Research	and	practices	on	the	tremendous	rural	construction	and	restructuring	in	China	show	that	the	
social	 dimension	 of	 sustainability	 is	 crucial	 for	 rural	 development.	 However,	 most	 conventional	 built	
environmental	sustainability	assessment	tools	(BESATs)	are	mainly	focused	on	environmental	sustainability	and	
building	performance.	The	assessment	method	of	social	sustainability	in	rural	built	environment	is	incomplete.	
This	study	reviews	the	concept	of	social	dimension	of	sustainability	and	its	application	in	architecture.	Maslow’s	
hierarchy	of	needs	is	also	applied	to	further	understand	human	needs	in	social	sustainability.	Conclusions	on	the	
key	issues	of	social	dimensional	sustainability	of	built	environment	are	then	provided.	Several	existing	BESATs	
are	then	analysed	and	compared	to	 identify	 their	 features	and	gaps	 in	 the	assessment	of	social	dimensional	
sustainability.	A	series	of	indicators	of	the	social	dimensional	sustainability	of	built	environment	is	concluded	
and	discussed	in	combination	with	the	current	situation	and	challenges	in	poor	rural	areas	in	China.	Compared	
with	 conventional	 BESATs,	 the	 social	 dimensional	 sustainability	 assessment	method	 proposed	 in	 this	 study	
highlights	the	working	process	and	future	potential.	This	conclusion	provides	a	new	understanding	and	method	
for	assessing	the	sustainability	of	rural	built	environment.			
	
Keywords:	endogenous	development,	sustainable	development,	mountainous	rural	areas	

Introduction		

China’s	top-down	rural	construction	and	development	policies	have	been	implemented	for	
more	 than	 10	 years.	 Infrastructure	 in	 rural	 areas,	 especially	 transportation,	 improved	
significantly	during	 this	process	of	 rural	 construction	and	 restructuring.	 	However,	 several	
problems,	such	as	the	degradation	of	ecosystem	and	reginal	culture,	bring	new	challenges	to	
the	 sustainable	 development	 of	 rural	 areas.	 In	 urban	 areas	 of	 China,	 conventional	 built	
environmental	 sustainability	 assessment	 tools	 (BESATs),	 such	 as	 Assessment	 Standard	 for	
Green	Building	(ASGB),	emphasize	environmental	dimensional	issues,	such	as	water,	energy,	
and	resource	saving	(MOHURD,	2014).	By	contrast,	the	indicator	commonly	used	to	evaluate	
rural	development	is	an	economic	dimension	including	per	capital	income.	However,	social	
dimensional	 sustainability	 is	 significant	 for	 rural	 development.	 Researchers	 lack	 a	
comprehensive	understanding	of	the	sustainability	of	the	built	environment	of	poor	rural	area	
in	China,	especially	social	dimensional	sustainability.	The	social	dimensional	sustainability	of	
rural	 built	 environment	 should	 be	 systematically	 understood.	 Moreover,	 evaluation	
indicators	for	China’s	rural	construction	and	development	should	be	developed.			
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Challenges	 in	 the	assessment	of	 social	dimensional	 sustainability	of	BESAT	 in	poor	 rural	
areas	in	China	

Key	issues	in	social	dimensional	sustainability	in	BESAT	

The	early	stage	of	development	of	BESAT	dealt	with	the	concept	of	“green	building,”	which	
mainly	 focused	 on	 environmental	 protection	 and	 resource	 preservation.	 The	 concept	 of	
sustainability	emerged	in	1987	when	the	Brundtland	Report	defined	sustainable	development	
as	“a	development	that	meets	the	needs	of	the	present	without	compromising	the	ability	of	
future	 generations	 to	 meet	 their	 own	 needs.”	 (World	 Commission	 on	 Environment	 and	
Development,	1987)		This	definition	include	a	broad	range	of	issues	that	play	an	important	
role	in	ensuring	that	future	generations	can	provide	for	themselves.	The	three	dimensions	of	
sustainability,	namely,	environmental,	social,	and	economic,	are	universally	recognized.	The	
concept	of	“green	building”	then	evolved	into	“sustainable	building.”	(Cole,	2003)		

Social	 dimensional	 sustainability	 aims	 to	 improve	 human	 development	 and	 human	
rights.	“Human	needs”	was	highlighted	in	the	definition	of	sustainable	development.	This	
concept	can	be	classified	according	to	Maslow’s	(1943)	five-level	hierarchy.	Therefore,	the	
social	dimensional	sustainability	should	consider	and	support	different	levels	of	human	needs.	

In	a	study	of	BESATs	for	developing	countries,	Gibberd	(2003)	reinterpreted	the	concept	
of	 sustainability	 and	 its	 application	 in	 the	 architectural	 field.	 The	 key	 points	 of	 building	
sustainability	 were	 summarized	 in	 this	 study	 and	 established	 a	 Sustainable	 Building	
Assessment	 Tool	 (SBAT)	 for	 South	 Africa.	 Another	 representative	 BESAT	 is	 the	 SBTool	
developed	by	the	Canadian	International	Initiative	for	a	Sustainable	Built	Environment	team.	
SBTool	is	an	indicator	framework	for	building	performance	assessment	that	may	be	used	by	
third	parties	to	develop	rating	systems	relevant	to	local	conditions	and	building	types	(Larsson,	
2016).		

Based	on	the	theory	of	human	needs	and	the	study	of	the	SBAT	and	SBTool,	the	key	
issues	of	social	dimensional	built	environmental	sustainability	are	summarized	as	follows.	

		
Table	1	Key	issues	of	social	dimensional	built	environmental	sustainability	

Human	needs	 Social	dimensional	sustainability	issues	of	built	environment	
Level	1.		
Physiological	needs	

1.	Health	and	comfort:	Ensures	that	built	environment	can	meet	the	basic	
physiological	needs	of	occupants	and	be	good	for	occupants’	health.	

Level	2.		
Safety	needs	

2.	Safety	and	security:	Ensures	that	the	built	environment	supports	safety	of	
occupants.	

Level	3.		
Love	 and	 belonging	
needs	

3.	Culture	and	heritage:	Ensures	that	the	heritage	value	of	existing	cultural	relics	
and	intangible	cultural	heritage	is	maintained.	
4.	Accessibility:	Provides	increased	access	to	social	capital,	such	as	information,	
technology,	and	communications.	

Level	4.	
Esteem	needs	

5.	Inclusiveness:	Ensures	that	the	process	and	outcome	of	the	built	environment	
consider	the	benefits	of	different	groups	of	people.	

Level	5.		
Self-actualization	needs	

6.	Participation:	Ensures	that	the	process	and	outcome	of	the	built	environment	
support	partnerships,	social	interaction,	and	involvement,	and	are	influenced	by	
the	people	it	affects.	
7.	Education:	Ensures	that	the	process	and	outcome	of	the	built	environment	
improve	the	levels	of	education	and	awareness.	

			
Scholars	argued	that	the	systems	used	in	different	countries	should	not	be	generalized	

because	of	the	diversity	of	environmental,	social,	and	economic	conditions	and	the	availability	
of	 local	materials.	 Assessment	 criteria	 based	 on	 local	 conditions	 and	 development	 needs	
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should	be	added	to	compromise	this	gap	(Ismail	et	al,	2015).	The	sustainable	development	of	
a	place	can	only	be	achieved	if	the	specific	context	of	that	place	is	considered	(Crawley	et	al,	
1999).	 Therefore,	 existing	 studies	 and	 assessment	 tools	 can	 provide	 a	 systematic	 and	
comprehensive	 understanding	 of	 social	 dimensional	 sustainability	 of	 built	 environment,	
which	can	be	used	to	guide	the	establishment	of	BESATs	in	poor	rural	areas	of	China.	

Transformation	of	rural	development	in	China	

China	 has	 a	 vast	 territory	 and	 a	 large	 population	 of	 1.3	 billion.	 In	 2015,	 43.9%	 of	 the	
population	 in	 China	 lived	 in	 rural	 areas	 (National	 Bureau	 of	 Statistics	 of	 China,	 2016).	 A	
widening	 gap	 between	 urban	 and	 rural	 areas	 emerged	 with	 the	 rapid	 development	 and	
urbanization	 of	 China	 in	 recent	 years.	 Under	 the	 New	 Countryside	 Construction	 policy	
launched	in	2005,	the	government	increased	its	funding	for	rural	infrastructure	construction.	
This	 modernization	 development	 model	 significantly	 improved	 rural	 life	 and	 urban–rural	
integration	in	several	flat	rural	areas	near	cities.	However,	this	model	is	not	suitable	for	most	
of	the	poor	rural	areas	that	exhibit	the	following	characteristics:		

• Mountainous	areas	where	the	distribution	of	population	is	increasingly	dispersed	
• Ecological	fragile	regions,	which	feature	harsh	natural	conditions,	shortage	of	water	

resources,	and	frequent	natural	disasters	
• Low	infrastructure	development	and	living	environmental	quality	
• Minority	group	occupation	with	a	relatively	low	educational	level	
• Presence	of	elderly	and	children	because	of	migration	to	urban	areas	to	find	work	(Qiu,	

2009;	Chen	et	al,	2007;	Li	et	al,	2009)	
These	situations	helped	preserve	several	unique	regional	cultures	by	 limiting	outside	

access	 to	 their	 living	 environment,	 but	 they	 also	 contributed	 to	 geographical	 and	
psychological	 marginalization.	 Therefore,	 the	 poor	 rural	 areas	 of	 China	 faced	 several	
challenges	in	terms	of	social	sustainability:	

• Low	level	of	built	environmental	quality	(uncomfortable	and	unsafe)		
• Local	 construction	 materials,	 technology,	 and	 culture	 cannot	 be	 inherited	 and	

innovated	 because	 of	 the	 rural	 settlement	 hollowization	 and	 the	 impact	 of	
industrialization	

• Limited	access	to	public	service	facilities,	information,	and	education	
• Low	 level	 of	 villagers	 subjectivity	 and	 engagement	 during	 the	 village	 construction	

because	of	the	top-down	management	and	rural	settlement	hollowization	
A	 critique	 of	 rural	modernization	 that	 focuses	 on	 the	 problems	 of	 over-production,	

environmental	degradation,	and	spatial	inequality	developed	in	Europe	and	other	developed	
regions	as	early	as	the	1970s	(Woods,	2011).	In	the	early	1990s,	the	term	“eco-village”	was	
first	defined	by	Gilman	(1991)	as	a	“human-scale	full-featured	settlement	 in	which	human	
activities	 are	 harmlessly	 integrated	 into	 the	 natural	 world	 in	 a	 way	 that	 is	 supportive	 of	
healthy	human	development	and	can	be	successfully	continued	into	the	indefinite	future.”	
The	eco-village	movement	began	to	coalesce	after	the	Global	Ecovillage	Network	(GEN)	was	
formed	in	1995.	The	network	created	the	Community	Sustainability	Assessment	(CSA)	tool	to	
provide	measuring	 rods	 for	 individuals	and	 to	enable	existing	villages	and	communities	 to	
compare	their	current	status	with	 ideal	goals	 for	ecological,	 social,	cultural,	and	economic	
sustainability.	In	the	CSA	tool,	19	of	the	35	assessment	issues	consider	social	dimension,	such	
as	participatory	design,	social	practice,	and	cultural	practice	(GEN,	2014).	

The	Chinese	 government	proposed	 the	 construction	of	 The	Beautiful	 Countryside	 in	
2013.	This	project	was	based	on	the	summary	and	criticism	of	New	Countryside	Construction	
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and	 the	 influenced	 by	 the	 new	 theory	 of	 rural	 development.	 This	 rural	 policy	 especially	
stressed	the	value	of	natural	environment	and	regional	culture	to	achieve	sustainable	rural	
development	 (Chen	 et	 al,	 2014).	 Professor	 He	 (2015),	 who	 studied	 rural	 policy	 and	
management,	argued	that	large-scale	and	mechanized	cultivation	is	not	suitable	for	poor	rural	
areas	that	have	small	pieces	of	lands	located	in	mountainous	areas.	Most	rural	residents	who	
work	 in	 urban	 area	will	 return	 to	 rural	 areas	when	 they	 age	because	urban	 areas	 cannot	
provide	 them	 with	 decent	 life	 given	 the	 current	 level	 of	 urban	 development.	 Therefore,	
Chinese	rural	development	should	provide	adequate	economic	and	social	support	to	small-
scale	peasant	economy	and	aged	farmers	to	empower	them	rather	than	introduce	agriculture	
business	entities	from	urban	areas.		

These	new	rural	policies	and	studies	in	China	echo	the	eco-village	concept	mentioned	
above.	The	eco-village	concept	that	highlights	social	dimensional	sustainability	is	suitable	for	
maintaining	the	vigor	and	the	cohesive	force	of	the	poor	rural	areas	and	increasing	the	life	
control	 of	 the	 rural	 residents.	 This	 concept	 respects	 the	 unique	 features,	 resources,	 and	
limitations	of	poor	rural	areas	and	aims	to	solve	the	problem	through	local	actions	and	social	
capitals	rather	than	copying	the	industrialization	model.	

Challenges	in	applying	the	social	dimensional	 indicators	of	BESATs	to	poor	rural	areas	of	
China	

Most	of	the	widespread	BESATs	are	based	on	the	urban	context.	By	contrast,	the	research	
and	application	of	BESATs	in	rural	areas	are	limited.	Newman	(2013),	a	Leadership	in	Energy	
and	Environmental	Design	accredited	professional	(LEED-AP),	found	that	LEED	did	not	work	
in	 rural	Africa.	He	 suggested	 that	 social	 factors	 should	be	 considered	 in	 the	 sustainability	
assessment	of	buildings	in	Africa.	Similarly,	a	study	that	assessed	the	sustainability	of	the	built	
environment	in	mountainous	rural	China	also	found	that	social	dimensional	sustainability	is	
not	sufficiently	considered	in	existing	BESATs	(Wan	et	al,	2016).	The	disadvantages	of	the	lack	
of	 systematic	 social	 dimensional	 sustainability	 assessment	 in	 rural	 BESATs	 are	 gradually	
revealing	themselves,	particularly	in	developing	countries	such	as	China.	

Several	analyses	of	different	BESATs	were	conducted	to	further	investigate	the	gap	in	
the	 social	 dimensional	 sustainability	 assessment	 in	 poor	 rural	 areas	 of	 China.	 ASGB	 2014	
version	was	selected	because	it	is	the	major	building	environmental	assessment	method	in	
China.	SBAT	Residential	1.04	from	South	Africa	was	included	because	it	is	the	first	assessment	
method	established	for	developing	countries	and	employs	three	dimensions	of	sustainability	
(GAUGE	Performance	Architecture,	2016).	CSA	was	also	investigated	to	provide	a	different	
perspective	on	the	development	of	rural	community.	

The	first	analysis	aims	to	investigate	the	importance	of	social	dimensional	sustainability	
in	 each	 BESAT.	 The	 indicators	 of	 each	 BESAT	 are	 classified	 into	 different	 dimensions	 of	
sustainability.	The	percentage	of	scores	of	social	dimension	is	calculated	and	displayed.	The	
result	of	the	first	analysis	(Figure	1)	confirms	that	BESATs	for	urban	areas,	such	as	SBAT	and	
ASGB,	put	less	consideration	in	social	dimensional	issues	than	BESATs	for	rural	communities,	
such	as	CSA.	ASGB	emphasizes	 the	environmental	dimension.	SBAT	puts	a	 relatively	equal	
attention	to	issues	related	to	the	three	dimensions.	In	CSA,	social	dimension	is	deemed	the	
most	important	dimension.	Results	show	that	the	consideration	of	social	dimensional	issues	
in	conventional	BESATs	is	insufficient	for	rural	areas.	
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Figure	1.	The	significance	of	social	dimensional	issues	in	different	BESATs		

	
The	second	analysis	aims	to	investigate	whether	the	social	dimensional	indicators	of	the	

existing	 BESATs	 can	 address	 social	 dimensional	 sustainability	 issues	 comprehensively	 and	
reveal	the	applicability	of	social	dimensional	indicators	of	each	BESAT.	The	social	dimensional	
indicators	of	ASGB,	SBAT,	and	CSA	are	classified	 into	different	 issues	of	social	dimensional	
sustainability	according	to	Table	1.	The	percentage	of	scores	of	each	issue	are	calculated	and	
displayed	in	a	bar	chart.	The	indicators	of	each	bar	are	analyzed	to	determine	whether	they	
are	applicable	to	a	typical	rural	village	in	poor	rural	areas	of	China.	The	outcome	is	displayed	
in	terms	of	the	percentages	of	applicability	and	inapplicability	of	indicators.	The	weighting	for	
operation	 evaluation	 of	 residential	 building	 is	 selected	 in	 ASGB	with	 a	weighting	 system.	
Prerequisite	indicators	are	calculated	separately	in	ASGB	with	prerequisites.	

The	result	of	the	second	analysis	 (Figure	2)	shows	that	ASGB	significantly	focuses	on	
health	and	comfort	issues,	but	not	on	other	social	dimensional	issues.	Furthermore,	a	huge	
proportion	of	social	dimensional	indicators	of	ASGB	are	not	applicable	to	poor	rural	areas	of	
China.	 Moreover,	 SBAT	 put	 less	 consideration	 on	 safety,	 cultural	 and	 heritage,	 and	
participation	issues.	More	than	half	of	the	indicators	are	not	applicable	to	poor	rural	areas	of	
China.	

	

	
Figure	2.	BESATs’	emphasis	on	different	key	issues	of	social	dimensional	sustainability	and	their	applicability	

	
One	of	the	main	reasons	for	this	inapplicability	is	the	different	scales	and	structures	of	

the	 rural	 community	 in	 poor	 rural	 areas.	 Rural	 communities	 are	 usually	 located	 in	
mountainous	areas	where	the	distribution	of	poor	population	is	increasingly	dispersed.	The	
indicators	 that	evaluate	the	distance	from	the	site	to	public	service	 facilities,	 for	example,	
“the	distance	from	the	site	to	the	nearest	kindergarten	should	be	 less	than	2000	meters,”	
cannot	be	satisfied	in	most	of	the	poor	rural	areas	of	China.	Another	reason	for	inapplicability	
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is	the	lack	of	indoor	environmental	quality	(IEQ)	standards	for	vernacular	buildings	in	rural	
China.	Studies	showed	that	the	environmental	tolerance	of	occupants	cannot	be	standardized	
because	 they	 are	 adapted	 to	 different	 climate	 zones	 and	 lifestyles	 (Nicol	 et	 al,	 2002).	
Therefore,	 the	 simple	 requirement	 of	 a	 certain	 range	 of	 indoor	 air	 temperature	 in	
conventional	BESATs	cannot	be	directly	applied	in	rural	areas	in	China.	

By	 contrast,	 CSA	 highlights	 the	 issues	 that	 are	 neglected	 in	 ASGB.	 In	 addition,	 CSA	
provided	several	qualitative	and	procedural	evaluation	indicators	and	methods	that	do	not	
exist	in	SBAT	and	ASGB.	CSA	has	the	best	applicability	because	it	is	designed	specifically	for	
rural	communities.	The	limitation	of	CSA	is	that	most	of	the	indicators	are	not	quantifiable.	
Several	indicators,	such	as	“natural	and	traditional	healing	methods,”	are	not	directly	relevant	
to	the	built	environment.	

These	analyses	and	comparisons	identify	several	problems	in	the	application	of	existing	
BESATs	to	rural	areas	in	China	in	terms	of	social	dimensional	indicators.		

First,	the	consideration	and	weighting	of	social	dimensional	 issue	in	rural	community	
should	be	higher	 than	 that	 in	urban	 community.	 The	evaluation	 should	not	only	 focus	on	
health	 and	 safety	 issue,	 but	 should	 also	 consider	 other	 key	 issues	 of	 social	 dimensional	
sustainability.	

Second,	the	evaluation	method	of	the	 IEQ	for	rural	areas	should	differ	 from	that	 for	
urban	areas.	People	in	urban	areas	people	spend	most	of	their	time	in	building	environment	
with	artificial	 control	equipment.	Therefore,	a	delicate	 IEQ	assessment	 standard	based	on	
urban	building	environment	and	modern	heating,	ventilation,	and	air	conditioning	systems	
has	 been	 established	 for	 urban	 buildings.	 However,	 rural	 residents	 spend	 more	 time	 in	
outdoor	 environment.	 The	 IEQ	 of	 their	 houses	mainly	 rely	 on	 passive	 strategies,	 such	 as	
natural	 ventilation,	 solar	 heating/shading,	 and	 natural	 daylighting.	 Moreover,	 some	 IEQ	
indicators	 require	 specific	 computer	 software	 or	 monitoring	 equipment	 to	 complete	 the	
assessment	 process.	 These	 methodologies	 cannot	 be	 easily	 implemented	 in	 rural	 areas,	
particularly	in	poor	rural	areas.	The	identification	of	simple	but	representative	indicators	and	
the	simplification	of	the	calculation	method	are	significant	issues	in	the	research	of	rural	built	
environmental	 sustainability	 assessment.	 Therefore,	 new	 evaluation	 methods	 should	 be	
developed	to	ensure	sufficient	flexibility	for	various	local	situations.	

Third,	 unlike	 conventional	 market-based	 BESATs	 that	 have	 a	 comprehensive	
registration,	consultation,	evaluation,	and	certification	system,	BESATs	for	poor	rural	areas	of	
China	do	not	only	aim	to	provide	solid	results,	but	more	importantly,	to	provide	a	reasonable	
value	system	that	can	show	a	sustainable	manner	of	rural	construction	to	the	stakeholders	
from	the	beginning.	These	BESATs	also	aim	to	establish	a	series	of	practice	and	management	
framework	that	can	ensure	long-term	positive	environmental	and	social	outcomes	because	
rural	 sustainable	 development	 needs	 endogenous	 development	 through	 a	 bottom-up	
strategy	 (Woods,	 2011).	 Therefore,	 indicators	 of	 social	 dimensional	 sustainability	 should	
focus	 on	 the	 process	 rather	 than	 on	 the	 quantitative	 result	 through	 measurement	 or	
computer	simulation.	

Develop	social	dimensional	sustainability	indicators	for	poor	rural	areas	of	China	

Based	on	 the	 analysis	 and	 criticism,	 indicators	 can	be	 established	 to	 evaluate	 social	
dimensional	 sustainability	 of	 built	 environment	 in	 poor	 rural	 areas	 of	 China.	 The	 main	
objective	is	to	improve	the	IEQ	of	traditional	vernacular	houses,	limit	the	impact	of	natural	
disasters	 and	 accidents,	 increase	 the	 communication	 and	 support	 from	 expertise	 and	
professionals,	and	involve	and	empower	local	residents,	including	children,	women,	and	the	
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elderly.	 The	 indicators	 in	 Table	 2	 are	 established	 according	 to	 existing	 situations	 and	
challenges	in	poor	rural	areas	of	China	and	the	implications	from	SBAT	and	CSA.	

The	evaluation	method	of	 these	 indicators	should	be	simple	and	representative.	For	
example,	the	IEQ	can	be	evaluated	according	to	certain	passive	design	strategies,	material	
choice,	 and	 simple	 calculation	 of	 openings	 rather	 than	 computer	 simulation	 or	 field	
measurement.	 The	 accessibility	 of	 public	 facilities	 cannot	 be	 evaluated	 through	 distance	
because	people	in	mountainous	areas	may	walk	several	hours	uphill	and	downhill	to	reach	a	
nearby	place.	Some	services,	such	as	medical	service	or	market,	may	be	provided	periodically.	
Therefore,	 the	assessment	method	should	be	custom-made	based	on	 the	 real	 situation	 in	
certain	rural	areas.	In	addition,	long-term	cooperation	with	experts	and	professionals	outside	
will	provide	new	visions	and	knowledge	to	rural	community	and	empower	rural	 residents,	
which	is	significant	for	meeting	the	high	level	of	human	needs	of	rural	residents.	Therefore,	
several	indicators	are	relevant	to	this	issue.	
	
Table	2.	Suggested	evaluation	indicators	of	social	dimensional	built	environmental	sustainability	for	poor	rural	

areas	of	China		
Issues		 Evaluation	indicators	
1.	Health	and	comfort	 1.1	Improves	indoor	natural	ventilation	

1.2	Improves	indoor	daylighting	
1.3	Improves	indoor	thermal	environment	
1.4	Improves	sanitation	in	toilets	and	livestock	sheds	
1.5	Provides	clean	and	stable	water	supply	

2.	Safety	and	security	 2.1	Provides	safe	locations	
2.2	Provides	safety	signage	and	facilities	
2.3	Provides	a	disaster	preparedness	plan	and	education	

3.	Culture	and	heritage	 3.1	Involves	cultural	relics	and	intangible	cultural	heritage	protection	
3.2	Involves	local	traditional	technologies	and	craft	innovation	and	application	

4.	Accessibility	 4.1	Provides	access	to	public	service	facilities	
4.2	Provides	access	to	sports	and	entertainment	facilities	
4.3	Provides	access	to	information	facilities	
4.4	Encourages	cooperation	with	experts	and	professionals	

5.	Inclusiveness	 5.1	Considers	the	needs	of	women,	the	elderly,	and	children	in	development	and	
construction	
5.2	Provides	a	clear	signage	system	for	outsiders	

6.	Participation	 6.1	Provides	a	public	participation	plan	to	encourage	local	residents	to	join	the	
design	process	
6.2	Involves	local	residents	in	the	construction	
6.3	Involves	local	residents	in	the	operation	and	maintenance	

7.	Education	 7.1	Provides	education	spaces,	such	as	reading	rooms,	meeting	rooms,	and	
classrooms.	
7.2	Provides	artisan	training	during	construction	
7.3	Displays	the	materials	and	outcomes	of	the	innovative	local	technology	as	a	
part	of	public	education	facilities	

Conclusions	

Social	dimensional	sustainability	is	significant	in	the	transformation	of	rural	development	in	
poor	rural	areas	of	China.	This	study	investigated	the	key	issues	of	social	dimensional	built	
environmental	sustainability	and	developed	a	series	of	indicators	for	poor	rural	areas	of	China.	
The	 indicators	 cover	 all	 the	 five	 levels	 of	 human	 needs,	 follow	 the	 new	 rural	 sustainable	
development	manner	that	is	bottom-up	and	endogenous,	and	relate	with	the	real	problems	
and	challenges	in	poor	rural	areas	of	China.	
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This	study,	however,	has	several	limitations.	The	number	of	BESATs	that	were	analyzed	
is	 limited	 because	 of	 time	 and	 space	 limitations.	 The	 detail	 of	 the	 evaluation	 and	 rating	
method	of	indicators	needs	further	studies	through	in-depth	investigation	and	data	collection	
in	 certain	 rural	 regions.	 Environmental	 and	 economic	 dimensional	 indicators	 should	 be	
investigated	to	establish	a	comprehensive	BESAT	for	poor	rural	areas	of	China.	

References	
Chen,	G.,	Fang,	Y.,	Chen,	Y.,	Shen,	M.,	Yang,	D.,	Wang,	Q.,	Gao,	Y.	(2007).	Research	Report	of	Development	

of	Chinese	Mountainous	areas—Research	of	Chinese	Mountainous	Settlement.	Beijing:	The	Commercial	Press.	
Chen,	Q.,	Yu,	F.	(2014).	A	review	of	the	Research	and	Practice	of	the	Beautiful	Countryside	Construction.	

Study	and	Practice,	6,	pp.	107-116.	
Cole,	 R.	 J.	 (2003).	 Building	 Environmental	 Assessment	Methods:	 A	Measure	 of	 Success.	 International	

Electronic	Journal	of	Construction,	Special	Issue	article	(ISBN	1-886431-09-4).		
Crawley,	D.,	&	Aho,	I.	(1999).	Building	environmental	assessment	methods:	applications	and	revelopment	

trends.	Building	Research	&	Information,	27(4/5),	pp.	300-308.	
GAUGE	 Performance	 Architecture.	 (2016).	 Sustainable	 Building	 Assessment	 Tool	 Residential	 1.04.	

Retrieved	from	http://gauge.co.za/downloads/sustainable-building-assessment-tool-residential/	
Gibberd,	J.	(2003).	Integrating	sustainable	development	into	briefing	and	design	processes	of	buildings	in	

developing	countries:	an	assessment	tool.	PhD,	University	of	Pretoria.				
Gilman,	R.	(1991).	The	Eco-village	Challenge.	In	Context,	29(Living	Together),	pp.	10.	
Global	 Ecovillage	 Network.	 (2014).	 Ecovillage	 Questionnaire.	 Retrieved	 from	

http://gen.ecovillage.org/sites/default/files/files/ecovillage_questionnaire.pdf	
He,	X.	(2015).	Agricultural	Modernization	for	Whom？.	Open	Times,	5,	pp.	36-48.	
Li,	X.,	Zuo,	T.,	&	Ye,	J.	(2009).	Status	of	Rural	China	(2008).	Beijing:	Social	Sciences	Academic	Press			
Ismail,	 A.	 M.,	 Elela,	 M.	 M.	 A.,	 &	 Ahmed,	 E.	 B.	 (2015).	 Localized	 green	 building	 standards:	 the	 anti-

globalization	thesis.	International	Journal	of	Innovative	Research	in	Science,	Engineering	and	Technology,	4(9),	
pp.	8024-8032.	

Larsson,	 N.	 (2016).	 Overview	 of	 the	 SBTool	 assessment	 framework.	 Received	 from	
http://www.iisbe.org/system/files/private/SBTool%202016%20description%2021Jul16.pdf	

Maslow	A.	1943.	A	theory	of	human	motivation.	Psychological	Review	50,	pp.	370–396.	
MOHURD	 (Ministry	 of	Housing	 and	Urban-Rural	Development	 of	 People’s	 Republic	 of	 China).	 (2014).	

Assessment	standard	for	green	building	(Vol.	GB/T	50378-2014).	Beijing:	China	Architecture	&	Building	Press.	
National	 Bureau	 of	 Statistics	 of	 China	 (Ed.)	 (2016).	 China	 Statistical	 Yearbook	 2016.	 Beijing:	 China	

Statistics	Press.	
Newman,	 C.	 (2013).	 Why	 LEED	 doesn’t	 work	 in	 rural	 Africa	 and	 what	 will.	 Retrieved	 from	

http://intercongreen.com/2013/04/12/why-leed-doesnt-work-in-rural-africa-and-what	will/#more-2539	
Nicol,	J.	F.,	&	Humphreys,	M.	A.	(2002).	Adaptive	thermal	comfort	and	sustainable	thermal	standards	for	

buildings.	Energy	and	Buildings,	34(6),	PP.	563-572.	
Qiu	 B.	 (2009).	 Rural	 planning	 and	 construction	 in	 ecological	 civilization.	 Received	 from	

http://www.mohurd.gov.cn/jsbfld/200903/t20090316_187287.html	
Wan,	 L.,	&	Ng,	 E.	 (2016).	 Assessing	 the	 Sustainability	 of	 the	Built	 Environment	 in	Mountainous	Rural	

Villages	in	Southwest	China.	Mountain	Research	and	Development,	36(1),	PP.	4-14.	
Woods,	M.	(2011).	Rural.	New	York:	Routledge.	
World	 Commission	 on	 Environment	 and	 Development.	 (1987).	Our	 Common	 Future.	 Oxford:	 Oxford	

University	Press.	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2020



Digital Design

PLEA 2017 Conference

Chair :
Joe Clarke

2021



An	energy	efficiency	optimization	method	applying	adaptive	thermal	comfort	
in	a	public	office	building	in	San	Juan-Argentina	

Bruno	Arballo1,	Ernesto	Kuchen1	and	Daniel	Chuk2	

1 Regional Institute of Planning and Habitat, National University of San Juan (UNSJ), National 
Research Council of Science and Technology (CONICET), Argentina, 
arballobruno@conicet.gov.ar, ernestokuchen@faud.unsj.edu.ar; 

2 Mining Research Institute, National University of San Juan (UNSJ), Argentina, 
dchuk@unsj.edu.ar 

Abstract: Buildings are responsible for 40% of global energy demand and CO2 emissions. In Argentina, buildings 
represent over 40% of total annual energy consumption. Energy saving strategies can lead to thermal discomfort 
of building inhabitants. The aim of this work is to optimize daily set point temperatures based on occupancy 
profiles to find the balance between energy efficiency and thermal comfort of a public office building in San Juan, 
Argentina. The model takes into account thermal adaptation capacity of the inhabitants considering outdoor 
temperature variation. The proposed method combines spot monitoring analysis, which introduces occupancy 
subjective data, with Energy Plus building simulation tool. Optimization results show around 26% of energy 
savings, maintaining acceptable thermal comfort conditions. 

Keywords: energy efficiency, thermal comfort, office buildings, building optimization, thermal adaptation. 

Introduction	

Buildings constitute potential sceneries of energy and emissions saving. At the global level, 
they represent around 40% of energy use (Pérez-Lombard et al., 2008; Morosan et al., 2010; 
Ibn-Mohammed et al., 2013). Modern man spends most of his time in indoor environments 
(Van Hoof et. al., 2010), from 80% to 90% (Environmental Protection Agency, 2014). Multiple 
studies have validated thermal comfort as one of the variables which mainly affect comfort 
in indoor spaces and energy efficiency in buildings (M.J. Holmes and J.N. Hacker, 2007; Y.H. 
Yau, 2008; Kuchen, 2008; M. Derbez et. al., 2014; C. Tweed et. al., 2013). According to surveys 
conducted to over 1000 employees from companies in Argentina, 41% of the time people are 
awake, during daytime, is spent in office work (M.I.S Staples, 2012). 

Previous studies developed in the project PICT2009-0014 Res.N°304/2010, “EEC, Energy 
Efficiency and Comfort in Workspaces", in San Juan, Argentina, for this case study are based 
on thermal discomfort of inhabitants at their working environment. Profiles of Comfort Vote 
(CV) of inhabitants, as shown in Figure 1, indicate a thermal sensation of -0,18 on the ASHRAE
seven-point scale (Alonso Frank et al., 2015) in summer. It means a "slightly cold" thermal
sensation according to ISO 7730. Trend line with slope 𝑏 (adaptation capacity of inhabitants)
found for CV function to the temperature of neutrality (𝑡#) is inversely proportional to those
expected (Figure 1). Even with low level of correlation R, desired temperature for inhabitants
is above the constant temperature delivered by the air-conditioning equipment (indoor
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temperature set-point in summer) leading to a 44% of energy consumption of the building 
under study used in restoring the comfort situation of its inhabitants. 

 
Figure 1. Summer day thermal comfort for case study based on ISSO 7730 analysis (Alonso Frank et al., 2015). 

 It is particularly important to consider inhabitants adaptation and climate variables of 
the spot in real time, especially 𝑡$  (outdoor temperature), due to delimitate ranges of 
acceptance and variation of the indoor temperature set-point for the proper operation of air-
conditioning equipments. To take into consideration the thermal adaptation capacity of the 
inhabitants in buildings leads to significant energy saving. Total air-conditioning systems 
require verification according to international standards in order to define its power and 
control parameters, but they also require updating and validation based on spot demands 
and the potential adaptation of the inhabitants. 

In this regard, an optimization of building operation (EnBop, 2008) and the 
development of optimization methods in real time between energy efficiency (energy saving) 
and thermal comfort of the inhabitants are needed. These variables are in conflict given that 
a significant energy saving on the air-conditioning energy system may result in indoor 
conditions of thermal discomfort for the inhabitants. In turn, energy consumption of buildings 
depends significantly on the indoor environment demands, which affects health, 
performance and comfort (Bliuc et al., 2007). The objective of the present work is to optimize 
the daily set-point for a typical summer day based on the profiles of the inhabitants and 
depending on the outdoor temperature variation. 

From the study of each of these variables and based on real data obtained from field 
measurements in buildings (Kuchen, 2008) the characteristics of the optimization problem 
are defined. The application of the adaptive optimization method leads to significant energy 
saving in balance with an appropriate thermal comfort of the inhabitants.   

The present research work is part of a current social and technological development 
project (PDTS) called “Energy Efficiency and Comfort in Public Buildings through Multi-
objective Optimization” (EECOM-Res.1277/16), in San Juan city, Argentina. 

Description	of	the	case	study	

The public building under study,	Obras	Sanitarias,	Sociedad	del	Estado (OSSE) headquarters, 
is located in the capital city of San Juan, in the bioenvironmental zone III-A of Argentina. The 
city climate is dry and hot temperate, annual average outdoor temperature of 17.2°C and 
average relative humidity of 53% (Instituto	Argentino	de	Normalización	y	Certificación, IRAM 
11603, 1996). The building was built between 1957 and 1962, it has three levels and its total 
surface is 2,455 m2. 
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Figure 2. Northwest view (left) and southwest view (right). 

The building incorporates bioclimatic design criteria in the early stage of the project, 
such as:  longitudinal axis oriented east-west for optimal sunlight, movable sunshades on east 
and west façade to seasonal sun control (see Figure 2), north façade with 19% of glazing area 
and south façade (as courting wall) with a 72%, providing good lightning and natural 
ventilation to work spaces. North façade has minimum openings and the wall with high 
thermal inertia allows controlling solar entry in the summer period and serves as accumulator 
wall in winter and summer (see Figure 2).  

The building has a rooftop single package air conditioning system (HVAC). According to 
data obtained from an in	situ survey, the cooling ventilation equipment represents 23.64% 
and the heating equipment 7.45% of the total installed power. The specific data of the 
demand and consumption are described in Alamino et al., 2015. From this, it is known that 
44% of the final energy consumption of the building is used in restituting the inhabitant 
comfort situation. The demand of annual average electric energy of the OSSE building is 171 
KWh/m2.a (Alamino et al., 2015). 

 
Figure 3. First floor plan. Selected office south oriented. 

An office located on the first floor, south oriented, has been selected and modeled in 
EnergyPlus so as to simulate and verify the optimization results for a typical summer day (see 
Figure 3). In order to simulate the design day, a group of parameters must be provided such 
as maximum and minimum temperature of outdoor dry bulb, wind velocity and direction, etc. 
For the present study, the description of the building and its inner loads remain as simple as 
possible in order to avoid excessive modulation (Neto and Fiorelli, 2008). 
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Methodology	

Spot	Monitoring	in	combination	with	adaptive	optimization		

An experimental approximation through a field work and a simulated approximation through 
optimization are proposed in order to obtain optimal solutions to the energy efficiency and 
thermal comfort problem. 
  The approximation through field work, allows “in	situ” observation of the building and 
its identification as “referent” (Kuchen, 2008). The monitoring of the building through its 
useful life, mainly during post-occupancy period, permits to correct and optimize its operation 
course (EnBop, 2008). A field work is conducted including environmental indoor and outdoor 
measurements and short surveys to the inhabitants are carried out at their workspace 
simultaneously. Survey is transversal in summer, winter and transition period and it is 
developed in different offices randomly selected for each case study, distributed in all 
possible levels and orientations (Kuchen, 2008).  

Measurements are carried out on the three periods from 8.00 to 12.00, following a 
continuous itinerary with a measuring interval of one minute. For each workspace, 3 minutes 
are considered for sensors acclimatization, 5 minutes for measuring and 2 minutes to move 
instruments into the next space to measure. The movable sensor is located on the working 
plane, this means 0.90 ± 0.20 m above finished floor level. Objective information (dry bulb 
indoor temperature and outdoor temperature) is collected through data storage sensors type 
Hobo U12-006 (data logger). The performed survey corresponds to the one elaborated in 
Kuchen (2008), it has two pages and refers to psychological, physiological and physical aspects 
of the inhabitant regarding indoor environment and its activity (Alonso Frank et al., 2015). 
Simultaneously to the measuring, a visual inspection is performed. The measurement 
assistant records on a technical template data from the type and quantity of electrical 
appliances, façade, window and sunshade characteristics, orientation, dimensions, 
operational state of the heating or cooling system, ventilation, amount of people, etc.  

Comfort indicators are defined (based on referential models and standards of thermal 
comfort, ISSO 7730, ISSO 74) from the correlation between objective data collected from the 
measurements and subjective data from the tests; as well as the delimitation of acceptance 
and satisfaction ranges of the typical inhabitant (Kuchen, 2008). 

In order to determine the degree of applicability and verification of the optimization 
proposals achieved through this methodology, to cover energy and thermal demands, a 
simulation is carried out using EnergyPlus. Energy consumption data are obtained from the 
Ente	Provincial	Regulador	de	la	Energía (EPRE). 

Model	of	thermal	comfort	adopted		

In the field work carried out by Kuchen in 30 office buildings in Germany (Kuchen, 2008), 1100 
surveys were obtained (comfort votes) of thermal sensation. The surveys and the 
measurements of the indoor climatic parameters are conducted simultaneously in the “spot-
monitoring” method, in order to establish comparisons and detect different correlations. 
Studies are carried out in three different buildings, with natural air-conditioning or without 
air-conditioning (designed as Type 1, T1), those with mixed air-conditioning systems (mix-
mode, T2) and with total air-conditioning (T3). The equation presented by Kuchen in his model 
of variable thermal comfort, determines the capacity of the variable adaptability of the 
inhabitant, respectively, through the incorporation of measured data from the operative 
temperature (𝑡%&) in real time and the data from the thermal sensation of the inhabitant 
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through calculating the temperature of neutrality (𝑡#), in order to determine a percentage of 
inhabitants dissatisfied with the thermal environment (see Equation 1). 

1 					𝐷𝑖𝑠𝑐. = 100 − 93	 ∙ 𝑒𝑥𝑝(89.999:	∙	(8;<=;>?)A8	9.9BC	∙	 8;<=;>?
D)		; % 				

The variability of this type of model is defined as the capacity to assume the inhabitants 
adaptation to the thermal environment and assure the mathematical reconfiguration as 
necessary according to the measurements in real time of the outdoor and indoor physical 
conditions of the building. Studies in Kuchen, 2008, demonstrate that “inhabitants express 
that even in spaces with constant thermal conditions, they are able to experiment adaptation 
processes, being able to accept imposed thermal conditions” (Kuchen and Fisch, 2009). These 
affirmations are referred by other authors dedicated to the study of indoor comfort 
conditions (De Dear, 2004; Hellwig and Bischof, 2006; Boestra, 2006). Inhabitants are not 
passive receptors of the thermal environment, but on the contrary, they maintain a critical 
attitude translated in the adaptation ability always possible (Van Hoof, 2008; Van Hoof et al., 
2010). 

The adaptive standard developed in the Netherlands, ISSO-74 (see “alpha” and “beta” 
comfort charts, ISSO-74, 2004), establishes methods of evaluation of the adaptive comfort 
based on a reference temperature obtained from the thermal history, that is to say from the 
outdoor temperature of the previous days to the measuring. This standard is only applicable 
to office buildings and classifies the study in two types of buildings, “alfa” (high degree of 
inhabitant control), and “beta” (low degree of inhabitant control) (Van Hoof et al., 2010).       

Ranges of temperature variation of indoor set point are determined from the model of 
thermal control developed by Kuchen and the standard ISSO-74 according to outdoor 
temperature for the case study as “alpha” building, considering the thermal adaptation 
capacity of its inhabitants. 

Optimization	functions	

The definition of the function 𝑓H I& 	, [%disc. ] is based on the model of thermal comfort 
developed by Kuchen (Equation 1) (Kuchen, 2008). It determines the percentage of 
discomfort with thermal indoor environment in function of specific values 	𝑡%&  and 	𝑡# . 
According to ASHRAE Standard 55, the operative temperature is an integrated temperature 
that entirely affects the thermal perception of the inhabitant regarding the thermal 
environment. Operative temperature combines the action of air temperature (𝑡Q) and the 
mean radiant temperature (𝑡RS) at low air velocity (ASHRAE 55, 2004), defining Equation 2 as 
follows: 

2 				𝑡%& =
𝑡Q + 𝑡RS

2  

The concept of thermal neutrality is useful to express the physical, psychological and 
physiological state at which the inhabitant perceives a pleasant thermal environment, neither 
cold nor hot and casts a 𝐶𝑉 = 0 (zero) vote over the 7-points ASHRAE 55 scale (AHSRAE 55, 
2004). The following abstraction is obtained based on the model in Kuchen et al., 2008: 

3 				𝐶𝑉 = 𝑏	.		𝑡%& − 𝑎 
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The criterion of neutrality in the model of comfort comes from considering the 
statement of Griffiths, where it indicates that when	𝐶𝑉 = 0, then 𝑡%& = 𝑡#  (see Griffiths, 
1990), therefore, it is possible to write Equation 3 as follows: 

4 				0 = 𝑏	.		𝑡# − 𝑎 

The value of slope “b” of the straight line becomes particularly important when 
indicating the thermal adaptation capacity of inhabitants to a certain thermal environment. 
A temperature of neutrality 𝑡# is deduced from Equations 3 and 4, as shown in Equation 5, 
where “c” is a constant value and may vary according to local aspects, such as the type of link 
the inhabitant has between indoor and outdoor conditions, that is to say, based on the air-
conditioning variations and the seasons of the year (windows opening). 

5 				𝑡# = 	 𝑡%& − 𝑐. 𝐶𝑉  
										𝑤ℎ𝑒𝑟𝑒	𝑐 = 1/𝑏 

Assuming a direct correlation between 𝑠𝑝  (indoor temperature set point) and 	𝑡# 
(temperature of neutrality or indoor air desired temperature) for indoor environment,  𝑓H(I&) 
determines a 90% of acceptance with a ±1°C 	𝑡#  variation (see Figure 7). Considering 
Equations 1, 3 and 5, the following Equation 6 contains the information of people analyzed in 
the case study on Kuchen 2008 and new data obtained in the present study. It is expressed as 
follows: 

	 6 		−𝑡# + 𝑡%& = 	 	
𝑠𝑝 +	𝑡RS

2 	 − 	
𝑎
𝑏	 	

Equation 6 is introduced into the simulation program Energy Plus to achieve the 
adaptive thermal comfort related to indoor and outdoor thermal conditions in the case study. 

The standard ISSO-74 previously described states the following equation to determine 
𝑡# in function of 𝑡$,R$` (outdoor reference temperature): 

7 			𝑡# 𝐴𝑙𝑝ℎ𝑎 = 0.31 + 𝑡$,R$` + 17.2	 ± 1°C		

									𝑤ℎ𝑒𝑟𝑒	𝑡# 𝐴𝑙𝑝ℎ𝑎 = 𝑠𝑝	

It is possible to determine the temperature ranges when 𝑡# 𝐴𝑙𝑝ℎ𝑎  equals	𝑠𝑝, where 
the set point varies in function of the variation of 𝑡$,R$`. 

The function 𝑓g(I&) = 𝐷𝐸	, 𝑊/𝑚g  (estimated demand of electrical energy) is 
expressed as follows: 

7 				𝑓g(I&) = 𝐷𝐸 = (	𝑡$−	𝑡#)	.		𝑈&R%S				; 𝑊/𝑚g 		

					𝑤ℎ𝑒𝑟𝑒	𝑡$ = 𝑜𝑢𝑡𝑑𝑜𝑜𝑟	𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒	
																		𝑡# = 𝑎𝑖𝑟	𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 = 	𝑠𝑝		

𝑈&R%S = 𝐴𝑣𝑒𝑟𝑎𝑔𝑒	𝑜𝑓	𝑡ℎ𝑒𝑟𝑚𝑎𝑙	𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑎𝑛𝑐𝑒	of	the	𝑒𝑛𝑣𝑒𝑙𝑜𝑝𝑒	 𝑊/𝑚g𝐾 	

The mathematical abstraction indicates the estimated demand of energy, correlating 
the average of thermal transmittance of the envelope ( 𝑈&R%S ) with the necessary 
temperature jump for conditioning a specific environment. 
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Results	and	Evaluation	

Results from simulation show that indoor temperature varies from 27.5°C to 31.5°C for the 
naturally ventilated space in summer according to the building operation times (8:00 am to 
8:00 pm). For the present case, a measured consumption of plug loads of 11.4 MJ is 
considered. Figure 6 shows data from the field study where as long as an indoor temperature 
of set point of 24°C is maintained, the energy consumption varies from 14.5 to 20.5 MJ (4 – 
5.5 kWh/working hours). 

The incorporation of the ISSO-74 standard for “alpha” establishes the ranges of possible 
variation of the set point in order to maintain the indoor environment within the comfort 
zone. Figure 7 demonstrates that proper consideration to the adaptation capacity of 
inhabitants significantly impacts on the energy consumption leading to energy savings on the 
order of 26%, approximately, in air-conditioning in the summer period. It is found that 
inhabitants remain in comfort situation in a temperature range that varies from 24.8°C to 
28.3°C, for an outdoor reference temperature of 22.7°C a 34°C. 

  
Figure 6. Results from spot monitoring on a typical 

summer day with constant indoor set point. 
Figure 7. Set point variation considering outdoor 

reference temperature and estimated energy savings. 

Conclusions	

The adaptive variable model is appropriate in the evaluation of thermal comfort in offices 
indoor spaces, since the inhabitants are considered active regarding their thermal 
environment. The hypothesis stating the inhabitants must have liberty to develop their 
adaptive capacities and have personal control within their working environment is validated. 

For thermal comfort optimization and energy efficiency is necessary that the model may 
admit time variability, considering the evolution of the environmental indoor and outdoor 
conditions that affect the building. Energy saving is based on the abstraction that the indoor 
temperature set point is variable and coinciding with the temperature of neutrality given by 
the adaptive model of comfort. The application of the proposed method combining spot 
monitoring and adaptive optimization is verified to improve office buildings operation. Energy 
savings for air-conditioning are significant for the summer period according to the conditions 
of the present case study. 

Future studies are focused in studying the hourly thermal evolution, increasing the 
amount of analyzed variables and incorporating them into the multi-objective optimization 
functions through genetic algorithms. 

0

5

10

15

20

25

23

25

27

29

31

33

35

8:00 am 10:00 
am

12:00 
pm

2:00 pm 4:00 pm 6:00 pm 8:00 pm

[M
J]

[°
C]

SPOT MONITORING - SUMMER DAY HOURLY 
FRECUENCY

Indoor set point temperature
Outdoor reference temperature
Cooling energy consumption + PL

0

5

10

15

20

25

23

25

27

29

31

33

35

8:00 am 10:00 
am

12:00 
pm

2:00 pm 4:00 pm 6:00 pm 8:00 pm

[M
J]

[°
C]

OPTIMIZATION - SUMMER DAY HOURLY 
FRECUENCY

Outdoor reference temperature

Indoor set point temperature

90% acceptance

Cooling energy comsumption + PL

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2028



References	
Alamino Naranjo, Y., Kuchen, E., Gil Rostol, M., Alonso Frank, A. (2015). Monitoreo de funcionamiento y 

estrategias de eficiencia energética para el edificio público de Obras Sanitarias Sociedad del Estado, San Juan, 
Argentina. Revista Hábitat Sustentable, 5(1), 14-23. 

Alonso Frank, A., Kuchen, E., Arballo, B., Alamino Naranjo, Y. (2015). Influencia de la calidad ambiental 
edilicia y térmica del usuario en la eficiencia energética de edificios públicos. Caso de estudio: Edificio de Obras 
Sanitarias Sociedad del Estado, San juan - Argentina. In Avances En Energías Renovables Y Medio Ambiente, 
Avances en Energías Renovables y Medio Ambiente, 19, 07.13-07.22. 

ASHRAE 55:2004 (2004). Thermal environmental conditions for human occupancy (Supersedes 
ANSI/ASHRAE Standard 55:1992). ASHRAE Inc., Atlanta, USA. 

Bliuc, I., Rotberg, R., & Dumitrescu, L. (2007). Assessing thermal comfort of dwellings in summer using 
EnergyPlus. In Proc. of the CLIMA 2007 World Congress “Well Being Indoors. 

Boestra, A. C. (2006). The adaptive thermal comfort criterion in the new EPBD IEQ Standard. BBA Indoor 
Environmental Consultancy. 

De Dear, R. (2004). Thermal comfort in practice. Division of Environmental and Life Sciences, Macquarie 
University, Australia. Indoor Air, 14 (7), 32-39. 

Derbez, M., Berthineau, B., Cochet, V., Pignon, C., Ribéron, J., Wyart, G., Mandin, C. & Kirchner, S. (2014). 
A 3-year follow-up of indoor air quality and comfort in two energy-efficient houses. Building and 
Environment, 82, 288-299. 

EnBop, (2008). Energie Betriebsoptimierung. http://www.enob.info. 
Environmental Protection Agency (2014). www.epa.gov (accessed November 11, 2014). 
Griffiths, I. (1990). Thermal comfort studies in buildings with passive solar features. Field Studies. Report 

to the Commission of the European Community, ENS35, 90. 
Hellwig, R. T., & Bischof, W. (2006). Gültigkeit thermischer Behaglichkeitsmodelle. Bauphysik, 28(2), 131-

136. 
Holmes, M. J., & Hacker, J. N. (2007). Climate change, thermal comfort and energy: Meeting the design 

challenges of the 21st century. Energy and Buildings, 39(7), 802-814. 
Ibn-Mohammed, T., Greenough, R., Taylor, S., Ozawa-Meida, L. & Acquaye, A. (2013). Operational vs. 

embodied emissions in buildings - A review of current trends. Energy and Buildings, 66, 232-245. 
ISO 7730, (1994). Moderate thermal environments – determination of the PMV and PPD indices and 

specifications of the conditions for thermal comfort. 
ISSO-74, (2004). Thermische Behaaglijkeid. Publication 74, ISSO. Rotterdam, The Netherlands. 
Kuchen, E., & Fisch, M. N. (2009). Spot monitoring: thermal comfort evaluation in 25 office buildings in 

winter. Building and Environment, 44(4), 839-847. 
Kuchen, E. (2008). Spot-Monitoring zum thermischen Komfort in Bürogebäuden. PHD Thesis. ISBN: 978-

3-89959-783-7. Der Andere Verlag, S. 203. Tönning, Deutschland. 
Moroşan, P. D., Bourdais, R., Dumur, D., & Buisson, J. (2010). Building temperature regulation using a 

distributed model predictive control. Energy and Buildings, 42(9), 1445-1452. 
Neto, A. H. & Fiorelli, F. A. S. (2008). Comparison between detailed model simulation and artificial neural 

network for forecasting building energy consumption. Energy and Buildings, 40(12), 2169–2176. 
Norma IRAM 11603, (1996). “Acondicionamiento Térmico de Edificios”. Clasificación Bioambiental de la 

República Argentina. 
Pérez-Lombard, L., Ortiz, J., Pout, C. (2008). A review on buildings energy consumption information. 

Energy and Buildings, 40(3), 394-398. 
PROYECTO EECOM - PDTS-Res.1277/16, (2016). Eficiencia Energética y Confort en edificios públicos 

mediante Optimización Multiobjetivo. Director: Dr. Ernesto Kuchen. San Juan, Argentina. 
Staples, (2012). “Encuesta telefónica realizada aleatoriamente a 1000 empleados de empresas PyMEs del 

área de Capital y Gran Buenos Aires. Argentina.” 
Tweed, C., Dixon, D., Hinton, E., Bickerstaff, K., (2013). Thermal comfort practices in the home and their 

impact on energy consumption, Archit. Eng. Des. Manage, 10, 1–24. 
Van Hoof, J. (2008). Forty years of Fanger’s model of thermal comfort: Comfort for all? Indoor Air, 18(3), 

182–201. 
Van Hoof, J.; Mazej, M.; Hensen, J. L. M. (2010). “Thermal Comfort: Research and Practice.” Frontiers in 

Bioscience 15.2: 765–788. 
Yau, Y.H. (2008). A preliminary thermal comfort study in tropical buildings located in Malaysia, Int. J. 

Mech. Mater. Eng., 3, 119–126. 

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2029



	
 

A	differential	growth	approach	to	solar	envelope	generation	in	complex	
urban	environments	
	
Giovanni	Betti1	and	Stefano	Arrighi1	
	
1	Henn	Architects,	Berlin,	Germany	{Giovanni.Betti,	Stefano.Arrighi}@henn.com	

	
Abstract:	The	wide	range	of	different	standards	and	local	regulations	pertaining	to	solar	access	have	caused	the	
“solar	 envelope”	 model	 to	 be	 no	 longer	 practically	 constrained	 to	 a	 binary	 proposition	 (sun	 /	 no	 sun).	
Additionally,	further	requirements	of	surrounding	buildings	have	contributed	to	the	requirement	of	a	single	solar	
envelope	that	satisfies	heterogeneous	constraints.	This	paper	points	out	the	limits	of	the	previous	models	and	
suggests	 that	 a	 more	 flexible	 approach	 is	 needed	 in	 order	 to	 include	 non-binary	 and	 non-homogeneous	
overshadowing	 targets.	 Along	with	 a	 new	definition	 of	 a	 graded	 solar	 envelope,	 a	 computationally	 efficient	
algorithm	for	its	calculation	is	presented.	The	maximum	buildable	volume	is	calculated	recursively,	constantly	
re-evaluating	the	impact	of	the	proposed	volume	on	the	surrounding	buildings	to	ensure	that	target	criteria	are	
met.	As	a	case	study,	this	method	was	used	for	a	master	plan	design	 in	a	Chinese	architectural	competition,	
where	strict	solar	access	regulations	applied.	We	argue	that	its	applicability	may	be	extended	to	many	regulatory	
contexts,	terrain	typologies	or	complex	environmental	analyses.	
	
Keywords:	 Solar	 envelope,	 digital	 design	 for	 sustainable	 buildings,	 urban	 design	 simulation,	 prediction	 and	
evaluation,	direct	solar	access	

Introduction	

Designed	by	the	sun		

Globally,	 increases	 in	 urban	 density	 are	 progressively	 decreasing	 inhabitants’	 access	 to	
optimal	 sunlight	 in	 densely	 built	 areas.	 This	 has	 spurred	 a	 range	 of	 building	 regulations	
worldwide	 that	 dictate	 the	 limits	 to	 which	 a	 new	 development	 can	 overshadow	 existing	
buildings.	Many	of	 these	 regulations	 impose	a	maximum	solar	envelope	within	which	any	
proposed	 development	may	 be	 realized.	 Solar	 access	 is	 thus	 becoming	 a	 crucial	 point	 of	
consideration	 for	 architects	 and	urban	planners	when	dealing	both	with	 city-scale	master	
plans	as	well	as	with	smaller	interventions.	

Solar	access	regulations	vary	from	country	to	country.	In	the	Sydney	Metropolitan	Area,	
for	example,	at	least	70%	of	apartments	in	a	building	must	have	living	rooms	and	private	open	
spaces	which	receive	a	minimum	of	2	hours’	direct	sunlight	between	9am	and	3pm	at	mid-
winter	 	 ;	 the	 British	 model	 is	 based	 on	 the	 "Right	 to	 Light"	 regulation,	 where	 a	 certain	
proportion	 of	 the	 sky	 dome	 has	 to	 be	 left	 unobstructed	 by	 new	 developments;	 daylight	
standards	in	Estonia	state	that	new	constructions	cannot	decrease	the	direct	solar	access	of	
surrounding	buildings	by	more	than	50%	on	a	daily	basis	;	in	Changchun	(China),	where	the	
following	case	study	is	located,	it	must	be	guaranteed	that	existing	residential	buildings	within	
a	radius	of	300	meters	receive	a	minimum	of	2	hours	of	direct	sunlight	in	winter	despite	the	
construction	of	a	new	building	.	This	is	just	an	incomplete	and	non-exhaustive	review	of	solar	
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access	regulations	worldwide,	the	full	extent	of	which	exceeds	the	scope	of	this	paper,	but	
many	more	examples	can	be	easily	found.	

Current	calculations	of	maximum	buildable	volumes	were	based	on	zoning	models	that	
neglected	 the	 complexity	 of	 different	 building	 types	 when	 deriving	 solar	 rights	 for	 each	
property.	Solar	envelopes	are	consequently	calculated	considering	the	entire	existing	built	
environment	to	be	a	homogenous	volume	with	identical	characteristics.	While	this	model	may	
be	convenient	for	urban	structures	which	are	split	into	well-defined	programmatic	areas,	a	
new	approach	 is	 required	 that	 tackles	 the	complexity	of	mixed-use	contexts.	High-density	
districts	 in	 particular,	 increasingly	 display	 a	 coexistence	 of	 residential,	 commercial	 and	
educational	programs	in	the	form	of	mixed-use	areas	as	well	as	mixed-use	buildings.	

In	this	paper	we	suggest	that,	in	practice,	a	flexible	methodology	is	needed	to	accurately	
assess	such	situations.	This	means	that	the	solution	to	the	problem	of	defining	the	maximum	
solar	envelope	is	no	longer	tightly	constrained	to	a	binary	proposition	(sun	or	no	sun)	as	has	
been	 the	 case	 thus	 far.	 Furthermore,	 the	 requirements	 could	 vary	 depending	 on	building	
types	(e.g.	no	additional	shadows	cast	on	a	heavily	obstructed	building	portion	but	a	fixed	
number	of	hours	of	solar	access	to	be	preserved	on	a	well	exposed	one).	

	

Related	Works	

The	solar	envelope,	as	a	method	to	assure	urban	solar	access	for	both	energy	and	life	quality,	
was	formalized	in	the	´70s	by	Ralph	L.	Knowles.	It	is	defined	as	the	geometric	envelope	that	
“describes	 the	volumetric	 limits	of	building	that	will	not	shadow	surroundings	at	specified	
times”.		In	other	words,	given	a	certain	site	in	an	urban	context,	the	solar	envelope	defines	
the	maximum	buildable	height	that	can	be	reached	on	that	site	without	compromising	the	
neighbouring	buildings´	solar	access.	Knowles’	calculation	is	based	on	the	intersection	of	four	
boundary	 shading	 conditions	 that	 generate	 a	 pyramid-like	 volume.	 The	 north	 face	 of	 the	
volume	 is	 defined	 by	 shadowing	 at	 noon	 during	 the	 winter	 solstice,	 the	 south	 face	 by	
shadowing	at	noon	during	the	summer	solstice.	The	west	and	east	boundaries	are	chosen	
from	daily	values,	depending	on	the	number	of	sunlight	hours	that	need	to	be	guaranteed	for	
the	surroundings	and	that	can	be	chosen	from	different	seasonal	solar	exposures	(e.g.	winter	
solstice	 or	 spring	 equinox).	 	 The	 intersection	 of	 the	 four	 volumes	 resulting	 from	 their	
respective	boundary	conditions	produces	the	solar	envelope.	

A	more	advanced	definition	of	solar	envelope,	generated	by	a	computerized	model,	was	
developed	more	recently	by	I.	Capeluto	and	E.	Shaviv.	For	each	façade	of	the	existing	buildings,	
the	maximum	height	of	a	point	located	in	the	analyzed	area	is	calculated	in	such	a	way	that	
its	shadow	will	fall	slightly	short	of	the	lower	part	of	the	neighboring	building	border.	The	set	
of	points	calculated	for	the	façades	are	then	merged	together	in	a	mesh	that	considers	the	
lowest	height	at	each	point	position.	This	“Solar	Rights	Envelope”	(SRE)	defines	the	maximum	
heights	of	a	new	building	that	do	not	violate,	during	a	given	period	of	the	year,	the	solar	rights	
of	the	existing	buildings.	

The	 procedure	 for	 the	 calculation	 of	 the	 solar	 envelope	 was	 extended	 and	 further	
developed	in	a	variety	of	methods	that	range	widely	from	simple	geometrical	constructions	
and	trigonometry	to	multi-objective	optimization	using	genetic	algorithms.	
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Description	

Limitations	of	Previous	Models	

In	this	paper	we	want	to	move	the	focus	to	the	importance	of	a	solar	envelope	calculation	
that	is	able	to	consider	weighted	surface	analyses,	allowing	partial	overshadowing	in	complex	
urban	 environments.	 The	 methodologies	 mentioned	 above	 presuppose	 a	 homogeneous	
context	wherein	all	the	buildings	have	same	sun	hours	requirements	in	a	binary	proposition	
(sun	or	no	sun).	 If	we	try	to	transpose	the	same	models	into	complex	urban	contexts	they	
have	limitations:		

	
• They	 are	 not	 considering	 the	 obstructions	 of	 the	 existing	 neighbouring	 urban	

environment.	
• There	isn’t	any	distinction	between	building	typologies.	
• They	don’t	take	into	account	the	possibility	of	having	partially	occluded	surfaces.	
	
As	 in	other	urban	contexts,	the	case	study	site	 located	 in	Changchun	is	protected	by	

legislation	where	residential	buildings	have	to	have	a	minimum	amount	of	2	hours	of	direct	
daylight	on	standard	winter	day	 (20th	of	 January).	Any	building	within	a	300m	radius	of	a	
residential	 building	 has	 to	 satisfy	 this	 solar	 standard.	 By	 definition	 this	 specific	 type	 of	
legislation	takes	a	binary	approach	to	the	problem	and	previous	solar	envelope	calculations	
were	not	applicable	to	the	specific	case.	

First,	 a	 distinction	 was	 made	 between	 the	 buildings	 that	 are	 protected	 and	 not	
protected	 by	 local	 environmental	 standards.	 After	 this	 initial	 subdivision,	 a	 solar	 access	
analysis	was	run	on	the	main	façades	where	minimum	sun	hours	are	required	(Fig.	2).	Ladybug	
for	Grasshopper	was	used	as	an	environmental	tool	for	the	calculation	of	the	relevant	sun	
position;	afterwards	custom	routines	were	used	for	the	sun	hours	calculation.	

Figure	1.	Solar	envelopes	on	the	Spanish	street	grid	system	in	Los	Angeles	(right),	Buildings	within	
the	solar	envelopes	(left),	Ralph	L.	Knowles1	
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Figure	2.	Direct	solar	access	hours	simulation	(min.	values)	for	the	main	façades	of	the	residential	buildings	
inside	the	area	of	study.	The	buildings	not	included	in	the	analysis	(in	white)	are	not	protected	by	solar	

standards	and	they	are	only	considered	as	objects	
	
The	notion	of	“solar	surfaces”	

The	solar	analysis	calculated	on	the	facades	provides	results	on	a	regular	grid	of	sensor	points	
(we	chose	a	grid	2x2	m).	Accordingly	to	the	local	standards	the	areas	on	the	analysed	surfaces	
are	split	into	3	separate	groups	or	“solar	surfaces”	based	on	the	amount	of	sun	hours	they	
collect	over	the	specific	day.	In	this	way	the	“solar	surfaces”	define	the	target	criteria	for	sun	
hour	availability	in	complex	urban	context.	

The	first	set	(Fig.	3a)	includes	the	areas	that	do	not	receive	any	sun	on	the	specified	day.	
These	areas	will	not	be	considered	in	the	calculation	of	the	solar	envelope	as	they	are	already	
fully	obstructed	by	existing	neighbouring	buildings.	The	second	and	the	third	group	are	based	
on	local	standards	and	show	respectively	the	critical	zones	in	the	building	that	may	not	be	
additionally	 shaded	 (Fig.	 3b)	 and	 the	 zones	 allowing	partial	 shading	up	 to	 a	minimum	set	
amount	(Fig.	3c).	

	

	
	a	 	 	 	 b	 	 	 	 c	

	
Figure	3.	Definition	of	the	targets	criteria	for	sun	hour	availability.	

	

Digital	Environment	

Due	to	its	flexible	open	structure,	the	Grasshopper	plug-in	for	Rhinoceros	was	selected	as	the	
algorithm	 editor	 to	 support	 the	 digital	 workflow.	 The	 Grasshopper	 (GH)	 definition	 was	
developed	in	order	to	allow	the	user	to	have	a	first	differentiation	between	the	overall	context	
geometries	that	produce	overshadowing	and	the	target	façades	that	have	to	be	evaluated	in	
terms	of	solar	access.	Cut-off	times	and	sun	locations	related	to	specific	locations	and	periods	
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of	the	year	are	determined	automatically	thanks	to	the	support	provided	by	Ladybug	add-on	
for	Grasshopper.	

The	 area	 of	 intervention	 is	 therefore	 divided	 into	 smaller	 cells	 that	 are	 extruded	
sequentially	in	the	Z	direction.	The	dimensions	of	these	cells	and	the	growth	parameter	are	
defined	depending	on	the	level	of	precision	required.	For	these	first	results	the	basic	unit	was	
chosen	with	the	length	of	2	x	2	meters	with	a	linear	growth	of	2	m	for	each	step	(Fig.	4).	These	
parameters	don’t	affect	the	technique,	but	were	considered	a	good	compromise	dimension	
between	result	resolution	and	speed	of	computation.	
	

	

The	differential	growth	paradigm	

We	 know	 that	 plants	 naturally	 adapt	 their	 structure	 in	 responds	 to	 light	 stimulus	
(phototropism)	but	how	does	heterogeneous	growth	at	the	molecular	and	cellular	level	lead	
to	 the	 observed	 complex	 shapes	 at	 the	macroscopic	 level?	 In	 plants	 tropism,	 the	 precise	
coordination	 of	 single	 cells	 that	 locally	 behave	 differently,	 affects	 the	 overall	 structure	
globally.	Growth	is	therefore	not	uniform	but	differential.	

In	an	urban	context	we	could	adopt	the	same	strategy	dividing	the	area	of	interest	into	
smaller	cells	where	unitary	linear	growth	is	controlled	accordingly	to	best	fitness	conditions.	
The	 recursive	 algorithm	 we	 developed	 provides	 continuous	 feedback	 between	 growing	
volume	and	updated	solar	access	values	in	the	modified	environment.	At	every	growing	step	
the	model	constantly	re-evaluates	the	 impact	of	the	proposed	volume	on	the	surrounding	
buildings	 to	 ensure	 that	 target	 criteria	 are	met.	 Through	 simple	 geometric	 relationships,	
univocal	correspondence	between	cells	exceeding	the	maximum	solar	envelope,	solar	vectors	
and	affected	elements	of	the	existing	buildings	is	established.	This	enables	to	step	down	and	
stop	growing	any	non-compliant	 cell	 (Fig.5).	During	 this	process,	maximum	computational	
efficiency	is	achieved	by	the	progressive	removal	of	obstructed	or	unnecessary	solar	vectors.	
Also	additional	plot	boundary	constraints	related	to	maximum	allowed	buildable	height	and	
set	back	distances	are	integrated	as	end	conditions	for	the	computation.	

	

Figure	4.	The	area	of	intervention	is	subdivided	in	smaller	cells,	these	elements	are	extruded	vertically	in	
order	to	check	the	maximum	volume	providing	solar	rights	on	the	neighbourhood.	
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The	results	of	the	computation	provide	the	maximum	buildable	volume	based	on	the	

initial	cell	grid.	The	resolution	of	the	solar	envelope	depends	on	the	initial	cell	subdivision	and	
growing	step	size,	and	could	be	easily	increased	or	reduced	in	relation	to	the	desired	quality.	

As	validation	(Fig.6)	a	comparison	was	done	between	the	initial	condition	and	the	new	
volume.	 The	 total	 amount	 of	 sun	 hours	 on	 the	 surfaces	 is	 noticeably	 reduced	 while	 the	
amount	of	sun	hours	on	the	surfaces	below	the	set	threshold	of	2	hours	per	day	remains	the	
same	(Table	1).	

	

	

	
 Cumulative Sun hours on Areas 

Before After 

Areas <= 2h 593,75 593,75 
Areas > 2h 8079,25 7676,75 

	
Table	1.	The	area	of	intervention	is	subdivided	in	smaller	cells,	these	elements	are	extruded	vertically	in	order	

to	check	the	maximum	volume	providing	solar	rights	on	the	neighbourhood.	

Figure	5.	The	recursive	algorithm	update	the	solar	analysis	for	every	step	of	growth.	
When	a	cell	occluded	a	critical	area	(red	mark)	it	steps	down	and	stops	growing.	

Figure	6.	Solar	access	validation	(left:	sun	hours	analysis	at	the	initial	condition	/	right:	
sun	hours	analysis	considering	the	solar	envelope) 
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Conclusions	and	further	developments	

This	 paper	 has	 presented	 a	 novel	 methodology	 to	 improve	 existing	 solar	 envelope	
calculations,	based	on	a	parametric	model	able	 to	provide	a	 flexible	and	effective	tool	 for	
designers	and	developers.	The	proposed	method	is	computationally	efficient	and	integrated	
into	an	environment	familiar	to	architects	and	urban	planners.		

The	 results	of	 the	case	study	show	the	potential	of	a	 cells-based	differential	growth	
approach	to	generate	“Solar	Envelopes”	able	 to	accept	non-binary	and	non-homogeneous	
overshadowing	 targets.	 Because	 of	 its	 recursive	 nature,	 the	methodology	 presented	 here	
constantly	re-evaluates	the	impact	of	the	proposed	volume	on	the	surrounding	buildings	to	
ensure	that	target	criteria	are	met.	From	this,	the	main	advantages	and	the	higher	efficiency	
of	this	approach	emerge.	Namely,	it	can	cope	with	arbitrarily	complex	building	environments	
and	 plot	 boundary	 conditions;	 it	 can	 accept	 different	 and	 nuanced	 targets	 for	 sun	 hour	
availability	for	different	existing	buildings,	as	opposed	to	the	binary	nature	of	former	methods.	
It	allows	partial	overshadowing	towards	minimum	target	values.	Finally,	it	take	into	account	
existing	sun	obstructions	to	surrounding	buildings	from	any	complex	typology.	

Some	issues	still	remain	in	the	development	of	this	technique.	The	detailed	organization	
of	the	analysed	surfaces	and	their	specific	constraints	enormously	affect	the	computational	
load	 as	 soon	 as	 the	 scale	 of	 intervention	 moves	 into	 the	 city	 scale.	 Therefore,	 this	
methodology	results	in	a	powerful	and	precise	tool	for	master	plan	intervention,	but	by	its	
own	nature	has	limits	for	the	development	or	analysis	of	extensive	urban	areas.		

Furthermore,	 the	method	described	above	provides	 the	maximum	buildable	volume	
homogeneously	distributed	inside	the	area	of	interest.	This	means	that	each	cell	has	the	same	
importance	 as	 its	 neighbour	 and	 grows	 at	 the	 same	 speed.	 Nevertheless	 the	 sequential	
growth	 method	 based	 on	 discrete	 elements	 allows	 a	 very	 flexible	 model	 that	 could	 be	
programmed	in	order	to	responds	to	multiple	targets	and	promoting	specific	areas	inside	the	
plot	rather	than	others.	In	the	mentioned	case	the	algorithm	would	be	organized	in	order	to	

Figure	7.	Solar	access	validation	(left:	sun	hours	analysis	at	the	initial	condition	/	right:	
sun	hours	analysis	considering	the	solar	envelope) 

Figure	7.	The	“Solar	Envelope”. 
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start	growing	first	the	selected	groups	of	cells	and	therefore	maximize	specific	areas	of	the	
solar	envelope.		

Also	other	different	typology	of	“envelopes”	could	be	calculated	changing	the	type	of	
analysis	and	the	set	of	parameters	 that	will	affect	 the	growing	conditions	of	 the	cells.	We	
could	therefore	have	multiple	maximum	volumes	defined	by	different	analysis	constraints.	
For	example,	a	future	analysis	could	take	into	account	energy	considerations	wherein	sun	rays	
are	weighted	accordingly	to	their	intensity	and	altitude	during	the	day.	
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Abstract: Many temperate climates, like most of the Italians, are characterized by considerable daily 
temperature ranges. In these cases, the thermal inertia of the building structure has a significant influence on 
the management of solar and internal heat gains, then on energy demand for HVAC, especially during the 
cooling period. Winter and summer requirements regarding the thermal inertia may conflict with each other, 
particularly when the use of the building is discontinuous, as in the case of offices. A lower thermal inertia may 
allow a more rapid heating in the morning and lower nocturnal losses during the winter days, whereas a higher 
inertia may allow a better exploitation of night free cooling in the cooling period. In this study, a typical office 
room has been studied by means of computer simulations. The only external wall of the room faces south and 
is entirely glazed; therefore it requires some device for solar control to avoid glare phenomena and excessive 
solar gains, resulting in overeating and high cooling loads. Relatively to this room, the combined effects of 
some different solar control strategies and three different constructive technologies have been explored. They 
were used weather data of Gorizia, in the North East of Italy 

Keywords: Solar Control, Energy Saving, Comfort 

Introduction	

Many temperate climates, as most of the Italians, are characterized by considerable daily 
temperature ranges. In these cases, the thermal inertia of the building elements has a 
significant influence over the management of solar and internal heat gains, then on energy 
demand for heating, ventilation and air conditioning (HVAC), especially in the cooling period. 
Winter and summer requirements regarding the thermal inertia may be in conflict with each 
other, particularly when the use of the building is discontinuous, as in the case of offices. A 
lower thermal inertia may allow a more rapid heating in the morning and lower nocturnal 
losses in the winter, while a higher inertia may allow a better exploitation of night free 
cooling during the cooling period. However, the possible energy savings due to inertia 
depend on the energy balance of the building as a whole, in particular by its heat gains. 

In this work, a case study has been analysed. It consists in a typical office room of 
medium size located in a typical office building. Its only external wall faces south and is 
entirely glazed; therefore it requires some device for solar control. In reference to this room, 
the combined effects of some different solar control strategies and three constructive 
technologies have been explored by means of computer simulations, focusing on their 
impact on global comfort conditions and energy demand. The simulations were related to 
the temperate climate of Gorizia, in the North East of Italy, which presents both the need 
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for winter heating and summer cooling. In both seasons there are not negligible daily 
temperature ranges.  

The	case	study	

The case study consists in an office room of medium size: 5.88 m wide along the façade, 
6.18 m deep orthogonal to it, and with internal height equal to 3.27 m (Figure 1,a). The only 
external wall of the room is one of the shortest, it faces south and is entirely glazed. All the 
other five internal enclosing surfaces are considered as adiabatic.  

To avoid excessive internal gains in order to be able to study the behaviour of the 
room even in the presence of positive thermal loads, i.e. under heating operation mode, it is 
assumed the presence of only two occupants with related equipment. Then the internal 
gains of the room are constituted by: sensible and latent thermal flows from occupants (2 
people × 65 W of sensible thermal power and 65 W latent), office devices (2 computers and 
1 printer for a time averaged total power equal to 150 W) and fluorescent lamps (luminous 
efficacy: 91 lm/W, maximum total power: 732 W). The lighting plant is divided in two zones 
along two bands parallel to the glazed wall and dimmers control the power of the lamps. To 
study the thermal and lighting comfort they are considered four possible positions of the 
occupants at different distances from the glazed surface. 

 

 
Figure 1. (a) Geometrical model of the studied room, with external slats and workplaces. (b) Sample of 

external slats (courtesy of Zintek S.r.l.). (c) Slats inserted between glasses (courtesy of Pellini S.p.A.).  
 
To calculate the primary energy demand related to HVAC, it is assumed that the room 

is equipped with a full air centralized loop, and the daily time of utilization is from 08:00 to 
19:00, but the plant is activated at 7:00. Although it is not the best efficient solution, it is 
assumed that the warm fluid is provided by a gas-boiler and the cold fluid by an electrically 
driven chiller. Internal set-point air temperatures are assumed to be 20 °C in winter and 
26°C in summer (as prescribed by the Italian law), while in midseason it is assumed equal to 
the average daytime external temperature, since the clothing of the occupants is adapted to 
it. The relative humidity set-point is assumed equal to 50% all over the year. As a first step, 
in this work the internal air temperature is used as indoor environment control parameter, 
but it would be interesting and more appropriate to use the operative temperature (to) or 
the Predicted Mean Vote (PMV) (Fanger, 1970). Although devices controlling to or PMV are 
not actually diffused, this kind of control can be performed by the occupants when the 
manual adjustment of HVAC terminals is available.	
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Building	technologies		

The following constructive technologies were simulated. 
a) Heavy structure in reinforced concrete. Internal walls are in hollow bricks 0.08 m 

thick, with 0.02 m thick plaster layer on both the sides. The horizontal elements 
are reinforced concrete and hollow tiles mixed floors: 0.24 m is the construction 
thickness, plus 0.06 m of screed and flooring, 0.02 m of plaster in the lower part.  

b) Light steel structure, the horizontal elements are constituted by a corrugated 
metal sheet, to which are superimposed a wooden layer and a suspended floor. 
Suspended ceilings are present. Internal partition are light panels, made of rock 
wool and plaster, or glass walls.  

c) As often happens, the office can be located in a renovated old building with heavy 
structure, like that of the previous case ‘a’. In these cases the old partitions are 
replaced by light dividing elements, as those of the previous case ‘b’, while 
suspended floors are superimposed to the existing ones and suspended ceilings 
are added, even with sound-adsorbing characteristics.  

In all the cases The only external surface of the room is the glazed one, composed by a 
double glazing of 0.006 m glass layers, and a 0.012 m air gap (overall U value: 2 W×m-2×K-1).  
Only in the case of slats inserted between the two glasses the air gap is 0.021 m thick.  

The	examined	solar	control	devices	and	their	control	logics	

The following devices were examined.  
1. Only an internal diffusing screen (a roller blind) with reflection coefficient equal to 

0.5 and coefficient of transparency equal to 0.4. Unless otherwise specified, all 
these coefficients are taken here with the same value both in relation to the 
entire solar spectrum and to the visible range. The infrared radiation (IR) re-
emitted from the screen, as well as from any other surface, is calculated 
separately as a function of the temperature and emissivity. The screen can be 
lowered either to limit the solar gain than to avoid glare phenomena. 

2. Movable external slats in metal (Figure 1,b). The vertical distance between slats 
(0.5 m) is equal to their depth. Slats surfaces are diffusing and their total 
reflection coefficient is equal to 0.6 in both the sides. Slats are controlled by a 
seasonal logic, which means: at any time the slats are inclined at an angle that 
allows the entry of the only amount of solar energy that can contribute to cover 
the sensible thermal load, avoiding overheating. In any case, the incoming solar 
radiation should not be less than that required for the daylighting, ensuring a 
minimum illuminance value in the most critical workplace (i.e. 500 lx according to 
Italian standard UNI 10380). To prevent glare phenomena two different strategies 
were analyzed. The first is based only on the use of the slats, whose slope can be 
further increased in order to eliminate glare, even at the cost of sacrificing the 
daylighting. In the second case an internal roller blind is used. Its reflection 
coefficient is equal to 0.4 and its transparency coefficient is equal to 0.5. When 
the blind is lowered, if interior illuminance is insufficient, the slats can be 
reopened. 

3. Small slats in metal (Aluminum) located between the glasses (Figure 1,c). Only in 
this case the distance between the two glasses is 27 mm, the vertical distance 
between slats is 12 mm, their depth is 16 mm and their thickness is 0.2 mm. Slats 
surfaces are diffusing with reflection coefficient for both sides equal to 0.7 in the 
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total solar spectrum and 0.78 in the visible range. These slats are packable, apart 
from that their control logics are the same as used for the external slats. 

The	software		

The computer simulations were performed using the	 software Ener_Lux, previously 
presented in PLEA Congresses (Carbonari, 2012). This software, is mainly aimed at the study 
of solar control devices and related operating strategies, therefore it takes into 
consideration the physical system composed by a room, its glazed surfaces, internal and 
external solar control devices as well as the surrounding urban environment.  

 

 
Figure 2. Scheme of the Ener_Lux calculation flow. The block diagram shows the behavior of the program when 

referring to a slat array combined with an internal screen. 
 
Once defined the kind of device and its control logic, the program simulates the 

dynamic thermal and luminous behaviour of the physical system at hourly time-steps, and 
provides: Predicted Mean Vote (PMV), Predicted Percentage of Dissatisfied (PPD) (Fanger, 
1970) and Daylighting Glare Index (DGI) values (Hopkinson et al, 1963), together with other 
information about the visual environment quality. Then it calculates sensible and latent 
room’s thermal loads and the primary energy demand for HVAC and artificial lighting. All 
control actions aimed at maintaining comfort and energy saving are automatically simulated 
(Figure 2). To perform room’s energy balance the program use an algorithm based on the 
heat balance of elementary zones (e.g. a single layer of a wall or a glass): a thermal grid 
model. The indexes used for the assessment of the visual comfort are calculated by means 
of an algorithm simulating occupants’ visual field. For each position the worst line of sight 
was considered: i.e. the one implying the major difference of the luminance values within 
the visual field. Thus, the glazed surface must be present in the visual field, but it is 
empirically assumed that should not occupy more than half of it; otherwise the occupant’s 
eyes adapt themselves to the luminance of the glazed surface. 
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Analysis	of	the	results		

The solar control strategies were compared from two points of view: room’s total primary 
energy demand, thermal and visual comfort.  

Energy	performance	

The room under investigation is characterized by relevant internal and solar gains. For this 
reason the cooling loads are dominant in the composition of its total primary energy 
demand. In facts, with the exception of the early morning hours in the coldest period, the 
thermal loads are always negative. 

Effectiveness	of	the	various	solar	control	strategies.		
The less convenient strategy is clearly the one based only on the use of the internal screen, 
because of the significantly higher solar gains and the consequent costs for cooling. For 
example: with light structure its total energy demand is greater than 38% compared to that 
of the external slats used alone, and 44% compared to that of the slats inserted between 
the glasses combined with the screen. This strategy can be a feasible solution only in colder 
climates.	All the strategies based on the use of the slats are sensibly less consuming. 

 

 
Figure 3. Annual primary energy demand (per square meter of floor area) for lighting plant (EP L), hot battery  

(EP HB)  and cold battery (EP CB) of HVAC plant. With light structure (left) and heavy structure (right). 
	

Total primary energy demand depends on the combined effects of the criteria 
adopted for the control of the thermal and visual comfort. In fact, in the case study, the 
heat flux emitted by the lamps almost always increases the cooling loads. In general, the use 
of the slats between glasses implies lower consumption for artificial lighting, because of 
their greater reflection coefficient. This savings occurs particularly in winter and in general 
in the hours with reduced solar radiation. For against this type of slats causes higher 
temperatures of the inner glass, therefore a greater heat transmission towards the interior 
with consequent higher cooling loads. Combining the two effects, the slats placed between 
the glasses result in a total annual consumption slightly lower than the external ones, and 
their advantage is due to lower consumption for lighting (Figure 3). Of course, things would 
change with a less deep room or with a different lighting plant, based on individual lamps. 

When, in addition to the slats, it is provided the use of the inner screen to avoid glare, 
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this is mainly lowered in winter and in some morning and evening hours of the other 
periods,	 that is to say: when the sun paths are lower. In these cases, the presence of the 
screen allows the slats to assume a smaller slope in order to improve the daylighting 
without causing glare. This reduces energy demand for lighting. In return, solar gains and 
the consequent cooling loads are greater, especially when the use of the screen is combined 
with that of the external slats. But in practice the two effects balance each other. In the 
other periods, with the exception of some morning and evening hours, the screen is not 
used. This is because the solar paths are higher, solar radiation is more intense and the slats 
intercept completely the direct radiation without affecting the daylighting.  

Considering everything, the two strategies based on the use of external slats, with and 
without the internal screen, appear slightly less convenient than the other two, which are 
based on the use of the slats inserted between the glasses.  

 

 
Figure 4. Monthly primary energy demand (per square meter of floor area) for HVAC and lighting plant with 

various strategies [kWh/(m2
floor·month)]. Results related to light structure (left) and to heavy structure (right). 

	

Effects	of	thermal	inertia.		
In general, the heavy structure always causes less consumptions than the light one, and the 
advantage is greater, around 28%, with the least effective solar control strategy: one based 
solely on the use of the inner screen. If it not used the inner screen, the annual energy 
savings due to higher inertia are 9% with external slats and 15% with slats between the 
glasses. With the combined use of the slats and the inner screen the saving becomes 13% 
and 19% respectively (Figure 3-4). These savings are always due to lower cooling loads: 
when the building elements have a greater inertia the internal surfaces of the room are 
heated more slowly by solar and internal gains, with the due consequences on comfort and 
thermal loads. The resulting configuration from the reuse of a heavy existing building has 
very similar performance to the new lightweight building. Evidently, the added cavities are 
sufficient to make irrelevant the masses of the lower and upper horizontal elements in 
room’s heat balance.  

Thermal	comfort	

Using the internal air temperature as the indoor environment control parameter, the 
differences in the thermal comfort, obtainable with the various devices, are mainly 
influenced by the mean radiant temperature (MRT), and this parameter is in turn mainly 
affected by the temperature of the internal side of the glass wall. This quantity can be either 
the temperature of the internal glass than that of the screen, when it is lowered. 
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Comparing the different solar control strategies, the worst results, that is the higher 
values of PMV, are obtained with the inner curtain used alone, because of the high 
temperatures that it reaches when it is irradiated (Figure 5-6). Between the two types of 
slats, whose internal to the glasses in general maintain higher the temperature of the inner 
glass, therefore also the MRT and the PMV values are higher. However, when the screen is 
lowered it reaches higher temperatures than those of the inner glass, and this occurs more 
frequently with the external slats. When the screen is lowered, there are no relevant 
differences in the thermal comfort between the two types of slats (Figure 5). 

         

 
Figure 5. PMV values near the glazed wall on January 21, with light structure (left) and heavy structure (right). 

 

 
Figure 6. PMV values near the glazed wall on July 21, with light structure (left) and heavy structure (right). 

 
Comparing the different constructive technologies, the heavy structure tends to 

maintain lower temperatures of the inner surfaces, including that of the glass. This occurs 
for most of the time, with the exception of the early morning hours in the coldest period. In 
this way, the differences between the MRT obtained with the various devices are 
attenuated, and the PMV assume values closer to those of comfort (Figure 5-6).  

Luminous	comfort	

To assess the visual comfort they were considered mainly two types of glare: the disability 
glare due to solar direct radiation impinging on the visual tasks and the discomfort glare due 
to the presence of extended light sources in the visual field of the occupants, typically the 
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sky seen through the glass wall. In the case study the first kind of glare occurs only with the 
configuration devoid of slats and in the positions nearer to the glass wall. This kind of glare 
can be connected with thermal discomfort too, because of the direct radiation impinging on 
the occupants. Even the worst values of DGI and uniformity of the illuminances are obtained 
with this configuration.		

In presence of slats only the second type of glare occurs, it is assessed by the DGI, 
whose limit value is assumed equal to 21 according to Italian standard (UNI 10840). This 
kind of glare occurs more frequently with the use of external slats, in winter and in general 
in the hours characterized by a reduced radiation’s intensity.	 In these periods, because of 
their lower reflection coefficient, the external slats assume a slope minor than that assumed 
by the slats between the glasses, consequently the visible sky is more extended and DGI 
value results to be higher. This requires control actions that can cause an excessive 
reduction of internal daylighting, then the use of artificial light.	In the same periods the slats 
between the glasses provides a better uniformity of the illuminance values too. 

In all other periods, there are no significant differences between the DGI values 
obtained with the two types of slats. In both the cases slats assume high slopes, totally 
intercepting the direct radiation, and luminous sky is not visible. However, in these periods, 
the daylighting source is constituted by the internal surfaces of the slats, which is brighter in 
the case of the slats inserted between the glasses; consequently, the DGI value may be 
slightly higher, however within the limits. 

Conclusion	

In the case study the solar control strategy based only on the internal screen results to be 
the less convenient from all point of view, because of the higher solar gains and the non-
uniform internal distribution of the incoming solar radiation. While the slats inserted 
between the glasses imply higher solar gains and higher cooling loads for most of the time, 
the external ones result in higher consumption due to the lamps and related heat gains. 
Combining the two effects, the slats between the glasses present a slightly lower total 
annual primary energy demand, and their advantage is due to less use of the lamps.	

When it is not used an internal screen to avoid glare the slats inserted between the 
glasses imply higher inner temperature of the glazed wall, then a lower thermal comfort for 
most of the time. Therefore, using an indoor environment control parameter different from 
the air temperature, as to or PMV, the primary energy demand for HVAC related to this 
device would be higher. In the winter and in general in the hours characterized by a reduced 
radiation’s intensity the slats between glasses allow a better visual comfort. 

With all the examined devices, the greater thermal inertia reduces the energy demand 
for HVAC. Also the thermal comfort improves with the increase of thermal inertia. 
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Abstract: This  paper  focus  on  thermal  comfort  in  social  housing  in  Valparaíso,  Chile.  For  this,  four
representative cases were chosen, one with good insulation, two average cases, all in compliance with MINVU
(Ministry of Housing and Urbanism) code, and a poor insulated case, an emergency shelter which is used as
definitive home. To evaluate them, we used the software Designbuilder®, which was calibrated and contrasted
with measurements from ‘Casa FENIX’, an experimental study case, located in Valparaíso, developed by UTFSM
after  the  2014  fire,  as  a  modular  emergency  passive  home.  The  indoor  temperature  measurements  were
compared with modeled data, obtaining a maximum error of 7% for monthly averages of indoor temperatures.
After  calibration,  the  selected  study  cases  were  modeled  and  analyzed  with  and  without  interior  heating.
Proposed insulation improvements typically used in Chile were also analyzed by adding a standard EPS panel,
50mm thickness, for the roof, walls and floor. This improvements were evaluated comparing the investment
made  with  the  reduction  of  heating  costs,  concluding  that  generally  (but  not  exclusively)  with  insulation,
heating costs are reduced, therefore, it is more convenient on long term and it does  contribute to thermal
comfort of occupants, besides it reduces atmospheric pollution and fire risks. 

Keywords: Computational analysis, insulation, social housing, thermal comfort.

Introduction 

In  Chile,  the  analysis  of  environmental  pollution  in  cities  tends  to  be  specially  higher  in
wintertime for places located in valleys due to geographical conditions, where the two main
sources of smog are traffic related pollution and deficient wood heating, which is still one of
the main sources of heating.  In recent years legislation has been improving, nevertheless
most of Chilean housing, specially those built before 2000, when MINVU code added part
4.1.10 to it, have poor or no thermal insulation at all, such is the case of most social housing.

For the  case  of  the  city  of  Valparaíso,  characterized  by  having  a  mild  climate,
insulation has not been correctly handled and the compliance with the application of the
code is not really clear how it has been proven, resulting in high levels of thermal discomfort
mostly concentrated in winter months due to the influence of the Pacific Ocean. 

Then, the idea of pursuing very local studies and look for local and simple solutions to
improve design and add insulation can help to enhance safety and life quality for the social
housing sector.
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Objectives

The main objective of the study was to critically evaluate thermal comfort and insulation in
social  housing  in  Valparaíso.  In  order  to  achieve  this,  the  following  secondary  objectives
were raised:

- To identify social housing building construction typologies.
- To validate a model with and empirical study case.
- To model comfort in social housing.
- To evaluate performance with proposed improvements based on local and simple

solutions.

Methodology

To model thermal comfort the software Designbuilder® was used. To validate these results,
Casa FENIX HC was utilized as a study case, given the indoor climate and performance has
been  monitored  and  recorded  for  a  whole  year.  The  logged  data  was  compared  with
modeled data to identify variables and achieve an acceptable amount of error.

Later four representative study cases of social housing were identified and selected,
including  different,  yet  typically  done  in  Chile,  construction  features, Casa  FENIX  was the
good case, two averages and a bad one. The performance was evaluated based on comfort
time  for  occupants  and  investment/cost  for  both  with  and  without  heating.  Once  the
evaluation  results  were  obtained,  improvements  were  evaluated  following  the  same
procedure.

Social Housing in Valparaíso

According  to  the  Chilean  Construction  Chamber  (2010),  housing  typologies  respond  to
thermal zone and cultural issues in Chile, being in Valparaíso's the most typical one, the case
of  “single-family  housing”  built  in  masonry  and/or  wood  as  the  most  commonly  used
building materials, generally with a surface of 45 to 55 sqm. Taking this into consideration
and “Own site home” subsidy provided by MINVU, for the two average study cases we used
their  catalog  to  obtain  the  specifications  for  materials,  plans,  dimensions  and  all  the
characteristics to build up the model. 

While  for  the  non-insulated  study  case,  we  took  as  an  example  a  “Mediagua”,  an
emergency shelter used after a catastrophe, using the specifications defined by “Un techo
para Chile” (A roof for Chile) a.k.a. “Techo” (Roof).

Although, “Mediaguas” are defined as a temporary emergency home, the are still used
a definite  home lasting for couple of  decades in much cases. For the well-insulated good
study case we used Casa FENIX HC, described in next section.

Figure 1. Four representative selected study cases: From left to right, FENIX, Wood, Masonry and Mediagua.
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From  the  specifications  a  summary  table  of  the  most  important  features  was
established:

Table 1. Construction characteristics for 4 representative study cases.

FENIX  (For  Emergency  post-Natural  Impact  eXtreme)  HC  House  is  a  proposal  of  a
modular emergency house that considers passive design strategies; it was developed by a
university  team  from  UTFSM,  Valparaíso,  after  competing  in  the  Solar  Decathlon  Europe
2014.

In this case, FENIX HC was built for the Huerta Carvajal (HC) family, whom were victim
of the 2014 Great Fire of Valparaiso, located on the ravines between the hills Las Cañas and
El Litre (33°03 ́ S; 71°36 ́ O) in Valparaiso, its constructi n was � nished in August 2015, and
the family of four moved in in October 2015 after the municipal permit was granted.

Within the post occupancy evaluation (POE), Casa FENIX HC has been monitored for a
year using a “HOBO RX 30000®” monitoring system of 50 sensors, measuring various indoor
climate  and  performance  parameters,  logging  samples  every  minute  by  a  HOBO  (S-THB-
M00x)  sensor  arrangement,  with  direct  connection  to  Internet  to  be  analyzed.  The
measuring period extended for the whole 2016 year, however this study considered only
the first nine months.

Discussion on Model Validation

The  modeling  was  done  with  Designbuider®,  this  software  needs  input  like  location  and
weather, for which an EPW (EnergyPlus Weather) file is used, depending on the place the
EPW  file  can  be  found  in  the  software's  library,  or  it  must  be  manually  added  from  an
external  source. It was in this aspect where the  greatest difficulty was found, due  to the
availability of precise and reliable weather data to count on, despite the fact that Valparaiso
is the second most important city in Chile after Santiago. Then,  to  correct  the  existent
ones,  monthly  temperatures  had  to  be  edited  to  match  historical  data,  considering
temperature is the parameter that affects the most indoor thermal comfort. Furthermore,
the software offers a wide option to specify use and construction materials, but for Chilean
reality  most  of  those  criteria  do  not  fit  properly,  like  air  changes,  heating  technology  or
construction  specifications,  and  there  is  no  conclusive  data  on  heating  and  consumption
profiles for the Chilean user, so corrections on these parameters must be done actively and
consciously for a better and more robust results. Lastly, some calculations in the software,
specially discomfort hours and discomfort indexes, were not detailed clearly on how they
were  calculated  so  they  have  to  be  discarded,  instead  comfort  time  was  calculated
manually.
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Considering this, once corrected and processed, the data obtained for differences of
average monthly temperatures between measurements and modeling is shown in the next
graphic as absolute percentage: 

Figure 2. Absolute error for inner measurements and model in FENIX between January and September 2016.

For this period, differences between exterior measurements reached a maximum of
11,4% (with 0[°C] as base) with an average of 4,3%, meanwhile for internal error a maximum
of 7,1% with an average of 3,2%.
It is noted that error in indoor temperatures is related to external error, been an exception
the  month  of  June.  Due  to  “exterior  error”  is  unavoidable  comparing  standard  with
measured year, an internal error lower than 10% is considered acceptable for the proposed
objectives.

Results

For the described cases without heating, the following results were obtained and shown as
percentage of time, where Cold is for temperatures under 18 [°C], Comfort between 18 [°C]
and 25 [°C], and Hot above  25 [°C], having as reference  the Givoni’s Psychrometric Chart
generated by Lund University.

Table 2. Comfort and discomfort time as percentage for 4 representative cases.

For  heating  criteria  there  is  the  difficulty  that  was  explained  before,  related  to  the
profile  of  use,  for  that,  the  proposed  usage  considered  the  minimal  heating  to  reach
comfort, allowing only minimal temperatures of 18 [°C]. As fuel paraffin was used with the
following specifications: Lower Heating Power 42 [MJ/kg], density 0,8 [kg/lt] and price 0,75
[USD/lt], obtaining the following table:
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Table 3. Comfort specification for 4 representative cases with heating up to 18[°C].

With a notion of performance of these typologies, some possible improvements were
proposed, considering current building code (O.G.U.C, 2016) and future modifications (NTM
011/2, 2014) soon to be applied. Demonstrating that insulation should focus and following
the sequence mostly on the roof, then walls, then floors and lastly windows. 

Nevertheless,  it  will  depend  much  on  the  specifications  of  construction,  since  they
vary from case to case, for that, an easy, local and applicable proposal was used, to add a 50
[mm]  EPS  foam  panel  to  existing  insulation  to  opaque  envelope,  except  for  doors  and
keeping single pane windows. 

Analyzing this proposal without heating did not improve much comfort time in winter,
but it improved the quality of discomfort. Just when we analyzed it adding heating that time
and  cost  became  noticeable.  Results  are  displayed  in  table  4,  where  improvements  are
shown in steps, showing investment, savings and payback period for each study case, where
FENIX was left aside:

Table 4. Comfort specification for 4 representative study cases with heating and proposed improvements step
by step.

Notice  that  for  “Mediagua”  in  each  case  the  Payback  is  minor  to  a  year,  and  the
longest is 11 years, also for every typology, insulation had different effects. When original
and  improved  investments  and  heating  cost  were  considered as  global  cost  for a  certain
amount  of  years  (and  normalized  by  sqm  to  compare  different  sizes)  and  without
considering reinvestment, the following graphics was obtained:
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Figure 3. Global cost [$/m²] by number of years for original representative cases

Figure 4. Global cost [$/m²] by number of years for fully improved representative cases.

In  this  figures,  for  both  original  and  improved,  it  is  shown  that  the  initial  high
investment improves according to the construction quality, but as time goes by, the cheaper
option tend to be more expensive, as in the original case “Mediagua”  becomes the  most
expensive by year 17 (red line) and FENIX the cheapest by year 30, as for improved cases
“Mediagua” is the most expensive by year 52 (red line).
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Conclusion

In  general  terms,  even  though  Valparaíso  has  a  mild  climate,  thermal  comfort  in  social
housing  still  show  high  levels  of  discomfort  specially  during  wintertime.  This  is  highly
influenced by the poor quality of insulation, therefore, requiring heating and increasing air
pollution and  fire risk. Studying  this topic with a computational  approach  can improve  to
understand  the  performance  of  existing  building  to  improve  future  design,  however  well
informed  use  of  the  software  is  required,  understanding  how  it  works  and  the  needed
inputs  to  produce  and  properly  comprehend the  resulting  data.  For  this, corrections  and
adaption  to  the  specific  national  reality  must  be  made,  also  good  profiles  of  the  users
conditions  are  needed, such as  usage  time  schedules,  home  appliances  technology  or  air
changes  ratios;  it is precisely  here  where  we  encounter  the  biggest  problems during  this
investigation.

Although,  good  results  can  be  achieved,  as  shown  for  the  9-months  measurement
period with a maximal  error of 7,1% per month for temperature  averages,  modeled data
shows that high levels of discomfort are still present, these can be easily improved by some
consideration during design, which in long term will be cheaper, as shown in figure 3, were
after  17  year,  even  without  required  reinvestment,  “Mediagua”  is  the  most  expensive
option.

It  is true  that  for Chilean  conditions, the  heating  criteria  of  acceptable  minimum of
18 [°C] is ambitious and unreal, so actual payback times will be longer, but it is an objective
measuring criteria and it is useful to diagnose the state of insulation, but more important, it
is  a  human  goal  to  aim  to  reduce  or  eliminate  discomfort  by  cold,  a  crucial  aspect  to
improve quality of life for many people.

Future work

Several parts of this investigation require improvement to obtain more precise results. For a
more  complete  validation  of  the  selected  model,  a  longer  period  should  be  used,  and
comparison should also be done with minimum and maximum averages. Also more precise
weather files should be used and ambient measurements for that year should be used to
reduce  error.  Also,  to  count  on  more  precise  data  on  heating  profiles  and  technologies
would  help  make  costs  and  pollution  calculation  more  precise.  Finally,  to  calculate
discomfort not only with percentage of time but also with other comfort indicators would
assist to better evaluate proposed improvements.
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Abstract:	Transformation	of	the	built	environment	in	Denmark	is	estimated	to	become	51%	of	the	total	building	
activities	in	the	future	in	order	to	accommodate	new	energy	targets,	a	general	population	move	to	the	city	and	
to	maintain	buildings,	which	otherwise	presents	high	architectural	qualities.	This	points	to	the	need	of	new	ideas,	
methods	 and	 models	 for	 architects	 to	 transform	 existing	 building	 envelopes	 beyond	 the	 current	 primary	
approach	of	simply	adding	and	external	insulation	layer.	The	research	studies	and	present	thermal	simulation	
methods,	models,	elementary	design	studies	and	applied	design	approaches	to	envelope	transformations	based	
on	modifying	colours	and	local	geometries	of	an	envelope.	The	study	finds	that	colour	can	be	used	instrumentally	
as	a	design	variable	to	control	external	surface	heat	accumulation	and	envelope	heat	transfer,	whereas	local	
geometric	variations	only	present	negligible	energy	performances.		
	
Keywords:	Architectural	Envelope,	Transformation,	Colour,	Geometry,	Energy	

Introduction		

The	transformation	of	the	built	environment	in	Denmark	amounts	to	an	estimated	140	billion	
DKK	annually,	being	51%	of	the	total	building	activities.	This	is	more	than	what	is	spend	in	the	
private	and	public	health	care	system	together	(Haveland,	2013).	With	buildings	in	Denmark,	
and	 internationally,	estimated	to	have	a	40-50	percent	 impact	on	total	CO2	 levels	 (Bejder,	
Knudstrup,	 Jensen,	 &	 Katic,	 2014;	 Government,	 2008),	 the	 renovation	 of	 the	 built	
environment,	and	the	 financing	of	 the	same,	 looks	 increasingly	 to	 transformation	towards	
improved	energy	and	pollution	budgets.		

Hence,	towards	minimizing	energy	costs,	accommodating	the	general	population	move	
from	 land	 to	 city	 and	 to	 maintain	 existing	 buildings,	 which	 features	 many	 architectural	
qualities,	 transformation,	 rather	 than	new	buildings	 (new	buildings	amount	 to	19%	of	 the	
activities	(Haveland,	2013))	becomes	the	central	concern	of	architects	and	building	engineers.	
The	primary	method,	for	economic	and	internal	space	saving	reasons,	is	to	add	an	insulation	
layer	on	 the	building	envelope	covered	by	a	 thin	 layer	of	plaster.	The	gable	 is	particularly	
suitable,	as	it	allows	a	simple	layer	addition,	which	do	not	have	to	deal	with	complex	adaption	
along	window	and	door	edges.	However,	where	the	simple	added	external	insulation	layer	is	
mounted,	it	effectively	covers	and/or	diminish	the	articulation	of	the	facades.	And,	typically	
creating	surfaces,	which	weathering	properties	can	be	described	as	staining	(Becker,	2003),	
rather	than	surface	patina	adding	weathering	expressions	as	an	appreciated	transformation.		

Two	 new,	 to	 architecture,	 technological	 methods	 enable	 a	 new	 approach	 to	
transformation	as	a	energy	based	design	process.	Namely	a	local	transformation	of	surfaces	
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by	robotic	milling	processes	(RAW,	2017)	and	thermographic	scanning	of	buildings	by	drones	
(Kornum,	2016)	detecting	thermal	bridges	and	cold	surfaces	particularly	relevant	to	transform.		

Several	studies	have	been	conducted	to	illustrate	the	effect	of	white,	black	and	green	
roofs	(Miller,	2006).	These	studies	point	to	the	effect	of	converting	sky	facing	surfaces	from	
black	 or	 dark	 surfaces,	 which	 absorb	 heat,	 potentially	 leading	 to	 heat	 islands,	 to	 white	
reflective	surfaces	or	green	evaporative	surfaces.	Another	study	includes	the	colouration	of	
facades	 (Pašek	&	Bosova,	2014),	arguing	 for	 light	surfaces	also	 to	avoid	heat	 islands,	a	bi-
product	of	increased	surface	areas	absorbing	solar	heat	and	releasing	this	energy	again	into	
urban	 environments.	 These	 studies	 target	 how	 to	 reduce	 energy	 budgets	 by	 reducing	
overheating	 of	 buildings	 and	 outdoor	 environment,	 hence	 generally	 concluding	 against	
surfaces	which	absorbs	solar	energy.	Previous	empirical	and	simulation	studies	observing	the	
temperature	increase	as	a	function	of	geometric	variations	and	surface	colour	variation	has	
also	been	conducted	by	the	author	as	a	method	to	create	architectural	design	models	(Foged	
&	Pasold,	2015,	2016).	The	studies	present	evidence	of	the	capacities	that	lies	in	designing	
colour	and	geometric	variation	in	relation	to	exergy	driven	design	processes.		

Specifically,	it	was	attempted	in	this	study	to	create	an	architectural	design	method	and	
model	which	increases	the	surface	temperature	on	building	envelopes	in	a	temperate	climate	
(Copenhagen,	 Denmark).	 Here,	 the	 external	 temperature	 only	 rarely	 rises	 above	 comfort	
temperatures	(22-24	degrees	Celsius)	during	the	summer,	advocating	for	a	heat	build-up	for	
almost	the	entire	part	of	the	year.	In	turn,	this	serves	to	decrease	the	energy	costs	based	on	
reduced	heat	loss	from	buildings	kept	at	approximately	22	degrees	Celsius.	Instead	of	only	
adding	 insulation	 layers	 to	 existing	 buildings,	 the	work	 attempts	 to	 create	 new	 envelope	
articulations	 based	 on	 onsite	 building	 envelope	 transformations.	 Hence,	 focus	 has	 been	
placed	on	facade	modifications	by	geometric	and	colour	variations.		

The	paper	presents	the	idea	of	building	transformations	as	a	way	to	reduce	energy	costs,	
the	computational	methods	and	models	used	and	developed	in	the	study,	elementary	and	
applied	design	studies	including	thermal	simulations	and	conclusion	and	discussion	for	future	
studies.		

Methods	and	Models	

Thermal	Modeling		

The	design	research	model	is	based	on	three	thermal	simulation	methods	and	sub-models,	
including	(a)	the	calculation	of	irradiance	by	Ladybug	(developed	by	Mostapha	Sadeghipour	
Roudsari)(Roudsari	&	Michelle,	2015),	which	is	implemented	into	Rhinoceros	3D	(developed	
by	 Robert	 McNeel)	 with	 Grasshopper	 (developed	 by	 David	 Rutten).	 And	 (b)	 a	 custom	
simulation	 module	 programmed	 in	 Python	 for	 the	 Grasshopper	 parametric	 modelling	
software	calculating	the	temperature	increase	on	the	building	outer	surfaces	based	on	the	
irradiance	found	with	Ladybug.	And	(c)	a	custom	simulation	module,	also	for	Grasshopper,	
calculating	 the	 heat	 loss	 through	 the	 building	 envelope,	 based	 on	 the	 specific	 surface	
temperatures	obtained	from	(b).	The	two	custom	simulation	modules	are	explained	below.		

The	build-up	of	heat	on	the	surface	and	thus	the	rise	in	temperature	is	based	on	the	
received	solar	energy,	irradiance,	and	the	physical	properties	of	the	energy	receiving	surface.	
Depending	 on	 the	 resolution	 of	 the	 simulation,	 different	 approaches	 to	 temperature	
simulation	can	be	used	from	complex	multi-modal	simulations	to	simpler	1D	models	(Thiis,	
Burud,	&	Kraniotis,	2016)	and	thermodynamic	equilibrium	models.	The	method	used	in	this	
work	is	aimed	at	early	design	processes,	including	rapid	iterative	search	procedures,	which	
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allow	design	exploration.	This	means	to	decrease	thermal	simulation	complexity	and	increase	
computational	 speed.	 Below	 equations	 are	 applied	 to	 be	 continuously	 solved	 by	 a	
programmed	non-linear	brute	force	algorithm,	which	equalize	both	sides	of	the	equation	until	
a	threshold	tolerance	is	satisfied	(x	<	0.001).	The	thermal	simulation	is	based	on	the	first	law	
of	thermodynamics;	that	energy	cannot	be	created	or	destroyed	in	an	isolated	system.	Hence,	
as	energy	is	added	by	irradiance,	temperature	increases	on	the	surface	by	absorbed	energy.	
The	energy	absorbed	on	the	surface	is	directly	related	to	the	absorption	of	a	specific	material	
and	 the	 conduction	 and	 re-radiation	 of	 energy	 from	 the	material.	 Conduction,	Q,	 of	 heat	
through	the	material	is	found	by:	

	 	 (1)	
Where	k	is	the	specific	conductance	of	the	material,	DT	is	the	temperature	difference	

between	outer	surface,	T1,	and	 inner	envelope	surface,	T2,	and	Dx	 is	 the	thickness	of	 the	
material.	T2	(internal	space	temperature)	is	held	constant	at	22	degrees	Celsius.	To	find	the	
surface	temperature,	the	energy	of	the	irradiance	receiving	surface	is	given	by:	

	 	 (2)	
Where	Ein	is	the	solar	energy	absorbed	on	the	outer	surface,	Eout	is	the	energy	radiated	

from	 the	 outer	 surface	 and	a	 is	 the	 energy	 absorbed	 by	 the	material.	 Again,	 this	 can	 be	
described	by	heat	conduction	covering	the	heat	absorption,	conduction	and	radiation	related	
to	the	material	by:	

	 		 (3)	
To	 describe	 the	 radiated	 energy,	 Eout,	 from	 the	 surface,	 the	 Stefan-Boltzmann’s	

equation	is	used.	
	 	 (4)	
Where	e	is	the	emissivity	of	the	material,	s	is	the	Stefan-Boltzmann	constant	(5.67x108)	

and	T	is	the	absolute	temperature	in	Kelvin,	which	is	converted	to	degrees	Celsius.	Including	
absorption,	conduction	and	re-radiation	from	the	material	we	get:	

	 	 (5)	
And,	unfolding	the	equation	elements	illustrating	that	we	can	solve	for	one	unknown,	

external	surface	temperature,	T1,	on	each	side	of	the	equation,	as	T2	is	held	constant	at	22	
degrees	Celsius,	we	get	the	following:	

	 	 (6)	
When	the	surface	temperature	is	computed,	the	heat	loss	through	the	envelope	can	be	

computed	by:	

	 	 (7)	
Where	Ht	is	the	heat	loss	in	watt,	A	is	the	area	of	the	envelope	segment,	U	is	the	heat	

transfer	 coefficient	 of	 the	 material	 and	 DT	 is	 the	 temperature	 differences	 between	 the	
external	and	internal	surfaces,	again,	where	T2	is	a	constant	of	22	degrees	Celsius,	and	T1	is	
computed.	

Now,	we	have	equations	and	coefficients	to	describe	the	absorption,	radiation	and	
conduction	of	heat,	with	only	one	unknown.	The	computational	model	then	solves	for	T1	by	
the	previously	mentioned	non-linear	brute	force	algorithmic	method	approaching	a	solution	
for	T1	by	decreasing	the	iterative	step	size	as	it	approaches	a	solution,	eventually	computing	
equality	with	a	0.001	tolerance	between	the	two	sides	of	equation	(6).			
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Parametric	Design	Model	

Parametric	 geometry	models	made	 in	Rhinoceros/Grasshopper	are	 then	 coupled	with	 the	
thermal	 simulation	 models	 to	 study	 the	 thermal	 behaviour	 based	 on	 design	 parameter	
analysis	(geometry,	colour	and	thermal	variables)	to	identify	sensitivities	between	geometry,	
colouration	and	surface	orientations	and	plotted	in	3D	graphs	for	analysis,	figure	2	and	3.	

Elementary	Studies	

To	identify	the	relations	and	sensitivities	between	the	thermal	variables	in	relation	to	design	
modelling,	 and	 in	 a	 specific	 context,	 an	elementary	design	 study	 is	made.	 The	parametric	
geometry,	 figure	 1,	 is	 based	 on	 a	 vertical	 square	 geometry	 of	 1	 m2	 facing	 south.	 This	 is	
modified	in	10	successive	steps,	by	moving	the	two	abc	points	away	from	the	base	plane	and	
towards	each	other.	This	creates	a	3-dimensional	vertical	asymmetric	geometry	consisting	of	
one	 A,	 two	 B	 and	 one	 C	 surfaces.	 This	 geometric	 variation	 is	 chosen	 as	 a	 simple	
transformation,	 which	 modifies	 its	 surface	 areas	 and	 orientations,	 while	 increasing	 the	
general	 surface	 area	 to	 a	 lesser	 degree.	 Each	 of	 the	 ten	 geometric	 variations	 are	 then	
simulated	with	above	thermal	methods,	by	also	varying	the	absorption	(0.0	to	1.0,	step	size	
0.1)	and	emissivity	(0.5	to	1.0,	step	size	0.05)	coefficients	for	each	geometry.	This	procedure	
is	done	for	Winter	(hourly	21	January),	Spring/Autumn	(hourly	21	April)	and	Summer	(hourly	
21	July)	to	cover	hourly	and	annual	conditions.	A	series	of	thermal	‘terrains’	of	solutions	with	
surface	temperatures	(z-axis)	and	heat	loss	or	heat	gain	(z-axis)	through	a	building	envelope,	
figure	2.	Simulation	 settings	 include	 the	U-value	=	0.1,	 internal	 temperature	=	22	degrees	
Celsius,	 external	 temperature	 varies	 with	 time	 of	 day	 and	 the	 irradiance	 periods,	 in	
Copenhagen,	Denmark.	In	figure	2,	left,	temperature	variations	(Celsius)	on	the	surface,	based	
on	variations	in	geometry	and	absorption/emissivity	coefficients	from	colour	changes,	can	be	
seen.	Note	that	light	yellow,	red,	blue	and	black	bricks	have	been	marked	in	the	graph.	Brick	
as	material	and	the	mentioned	colours	will	be	used	further	below	in	the	design	studies.	It	is	
clear	that	colour	has	a	much	higher	impact	on	temperature	increase	compared	to	geometric	
variations.		

	
Figure	1.	South	facing	element	geometry	(G10)	for	preliminary	studies	and	underlying	variations	(G1-G10)	to	

identify	parameter	sensitivities.	Drawing	by	author.	
	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2056



	
Figure	2.	Each	graph	includes	a	terrain	of	temperatures	in	degrees	Celsius	and	a	terrain	of	heat	loss	in	watt,	
based	on	the	parameters	of	irradiance	(time,	geometry,	location),	absorption	and	emissivity	coefficients.		

Graphs	by	author.	
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From	the	elementary	study	it	is	clear	that	the	geometric	variation	only	have	negligible	effect	
on	surface	temperature	variation,	whereas	colour	indicates	a	significant	design	variable	for	
thermal	control.	The	four	bricks	with	different	colours	(light	yellow,	red,	blue	and	dark	grey	
marked	in	the	 left	graph	(figure	2)	 illustrate	the	specific	differences	between	these	similar	
building	blocks,	 yet	very	different	 in	 terms	of	 thermal	performance.	From	the	 simulations	
models,	we	can	observe	that	the	dark	bricks,	due	to	its	much	higher	temperature,	will	have	
the	same	effect	of	reducing	the	heat	transfer	U-value	from	0.1	to	0.08	in	January	mid	day	for	
a	south	facing	exposed	surface.	This	may	not	seem	like	a	lot,	but	if	referring	to	the	insulation	
manufacturer	 Rockwool’s	 insulation	 tables	 (Rockwool,	 2017)	 then	 this	 means	 a	 potential	
reduction	of	the	insulation	layer	depth	by	100	mm	(24%),	in	a	lightweight	construction.		
	

	
Figure	3.	Graphs	to	the	left:	Temperature	increase	on	building	envelope,	with	temperature	in	Celsius	on	z-axis,	

computed	by	the	irradiance	related	to	21st	each	month	of	the	year,	between	8.00-14.00	(y-axis,	M1,	M2…M12)	and	
material	absorption	(A0.0,	A0.1…)	and	emissivity	(E0.05,	E0.1…)	coefficients	(x-axis).	Graphs	to	the	right:	Heat	

transfer	through	the	building	envelope	as	a	result	of	changes	in	external	surfaces	temperatures	as	shown	in	graphs	
to	the	left.	Top	row	graphs	are	computed	from	flat	vertical	surfaces	facing	south,	centre	row	graphs	are	computed	
from	modified	geometry,	G10	(figure	1)	facing	south	and	bottom	row	is	computed	from	modified	geometry,	G10,	

facing	north.	All	simulations	are	based	on	an	urban	context	in	Copenhagen,	Denmark.	Graphs	by	author.	

Design	Studies	

Following	 the	 elementary	 design	 study,	 it	 is	 clear	 that	 the	 primary	 impact	 lies	 at	 the	
transformation	of	colours	on	existing	building	surfaces	when	compared	to	transformation	of	
local	geometries.	Hence,	the	work	explores	the	impact	of	colour	modification	of	an	existing	
light	yellow	envelope	in	Copenhagen,	Denmark.	By	computing	the	impact	across	a	year,	by	
simulation	of	one	day	each	of	the	twelve	months,	it	is	possible	to	observe	the	performance	
of	 colour	 transformation	 related	 to	 a	 flat	 envelope	 surface	 facing	 south,	 figure	 3	 top,	 a	
geometric	variation	inherited	from	the	elementary	study,	G10,	facing	south,	figure	3	center,	
and	the	same	tile	geometry	facing	north,	figure	3	bottom.	The	impact	of	the	transformation	
of	the	north	facing	envelope	is	negligible	when	seeing	the	temperature	differences	from	light	
yellow	to	black,	whereas	both	the	 flat	and	geometric	variation	both	 illustrate	a	significant	
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temperature	increase,	with	a	resultant	energy	transfer	reversed	even	in	winter	the	period.	
From	this,	two	thermal	design	strategies	can	be	applied	and	coupled	with	the	expression	of	
the	facade.	The	first,	figure	4,	uses	an	'equal'	spreading	of	colours	on	the	envelope	to	maintain	
thermal	similarity	across	the	envelope.	And	the	second,	figure	5,	applies	colour	variations	in	
response	 to	 different	 thermal	 intentions	 across	 the	 envelope,	 modifying	 both	 the	 heat	
transfer	from	one	area	to	another,	and	the	spreading	of	light	to	the	streetscape	by	reflecting	
light	off	the	envelope	to	the	adjacent	external	space.	Both	strategies	can	be	further	explore	
in	future	studies	by	e.g.	applying	an	optimization	procedure,	searching	colour	compositions	
until	a	specific	time-space	thermal	performance	is	met.			

	
Figure	4.	Design	application	on	existing	façade	in	Copenhagen,	Denmark	with	‘equal’	spreading	of	colours	to	satisfy	

equal	heat	gain	interests	across	the	internal	spatial	programme.	Left	image	elevation	of	building.	Right	image	
close-up	of	modified	flat	building	envelope	into	tiled	geometries	with	varied	colours.	Model	and	images	by	author.	

	
Figure	5.	Design	application	on	existing	façade	in	Copenhagen,	Denmark	with	differentiated	spreading	of	colours	to	

satisfy	different	heat	gain	interests	across	the	internal	spatial	programme.	Left	image	elevation	of	building.	Right	image	
close-up	of	modified	flat	building	envelope	into	tiled	geometries	with	varied	colours.	Model	and	images	by	author.	

Results	

From	the	graphs	computed	by	the	prescribed	simulation	methods	and	models,	temperature	
increases	on	south	 facing	building	envelopes	by	colour	variation	up	to	45	degrees	Celsius,	
even	 when	 the	 external	 temperature	 is	 maintained	 at	 10	 degrees	 Celsius.	 Somewhat	
surprisingly,	 local	 geometric	 variations	 seem	 to	 have	 only	 a	 very	 small	 effect	 on	 the	
temperature	accumulation	despite	an	increase	in	surface	area	facing	the	solar	beam.	Also,	
from	the	graphs,	energy	reductions	for	heating	or	reduction	in	insulation	layer	depth	can	be	
achieved	as	an	design	approach	alternative	 to	 the	prevailing	homogenous	addition	of	 the	
insulation	 layer	 on	 existing	 buildings	 with	 the	 issues	 of	 reducing	 envelope	 expression	 as	
described	in	the	introduction.	Such	an	approach,	however,	is	heavily	dependent	on	a	series	
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of	 other	 design	 factors	 (local	 shading,	 context	 shading	 etc.)	 to	 function	 properly,	 as	 the	
strategy	requires	unobstructed	solar	energy	reception.	It	is	clear,	particularly	in	figure	2,	that	
the	performance	of	the	strategy	is	closely	related	to	irradiance	on	the	surfaces	intended	for	
design	transformations.		

Conclusion	and	Discussion	

Hence,	from	both	the	elementary	and	applied	design	studies,	strategic	temperature	increases	
can	 be	 achieved	 by	 colouration	 to	 decrease	 heat	 loss	 in	 temperate	 climates,	 such	 as	
Copenhagen,	Denmark.	Thus,	thereby	decreasing	heating	budgets	and/or	costs	for	insulation	
layers,	as	referenced	to	the	Rockwool	tables.	Local	geometric	transformations	appear	to	only	
have	a	minor	effect	on	the	solar	energy	accumulation,	which	points	to	colour	as	the	primary	
means	for	an	instrumental	design	approach	to	energy	driven	design	processes.	The	method	
and	thermal	model	developed	for	the	study	computes	the	simulation	in	figure	2	in	1.3	seconds	
on	a	standard	laptop	computer	(Intel	i7,	2.5Mhz,	16GB	RAM),	which	is	considered	a	central	
aspect	when	simulation	processes	are	intended	for	integration	in	the	early	design	processes,	
compared	 to	more	 computational	 heavy	 thermal	 models,	 typically	 applied	 in	 late	 design	
documentation	phases.	Additionally,	 the	 study	 illustrates	 that	building	expressions	 can	be	
driven	 by	 energy	 based	 design	 processes,	 similar	 to	 how	 statics	 can	 be	 expressed	 in	
architecture	through	revealing	the	force	flow	through	a	column	or	structural	plate.	Lastly,	it	
can	be	 suggested	 to	 conduct	 further	empirical	 and	 simulation	 studies	of	 the	 temperature	
increase	 on	 building	 envelopes	 in	 different	 geographic	 conditions,	 under	 different	 urban	
conditions	and	through	a	greater	set	of	materials	to	understand	and	extend	the	capacities	of	
articulating	building	façade	expressions	based	on	energy	performances	in	a	greater	context	
than	what	has	been	presented	in	this	study.		
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Abstract: A great part of multi-storey buildings that compose the city centre of São Paulo was built between 
1930 and 1960, being many of them for compact housing. Nowadays, although densely built, the city centre 
shows one of the highest vacancy rates in town (around 12%), with thousands of unoccupied buildings, whilst 
housing deficit coupled with low income conditions has contributed to the formation of over 1.500 slums in 
the city. Looking at the potential of re-inhabiting urban areas in São Paulo, this work investigates the thermal 
performance of multi-storey buildings in the compact city centre, applying thermal performance simulations. 
The requalification of existing buildings in central São Paulo is of current interest of City Authorities and state 
market. The analysis evaluated the influence of urban configuration on sky-view factors and its consequent 
impact on buildings´ thermal response, taking two nearby case studies. In spite of the compactness of the 
urban fabric, it was verified that solar access has a meaningful impact from the 2nd floor up. The reduced 
exposure coupled with shading from the surroundings and thermal mass worked as a positive combination for 
the ultimate thermal response, whilst the need for controlled air changes was identified during hot days. 
Key words: housing, multi-storey buildings, solar radiation, air changes, thermal performance 

Introduction	

A great part of multi-storey residential buildings that compose the city centre of São Paulo 
was built between 1930 and 1960 for compact housing. Nowadays, although densely built, 
the city centre shows one of the highest vacancy rates in town (around 12%), with 
thousands of unoccupied buildings, whilst housing deficit coupled with low income 
conditions has contributed to the formation of over 1.500 slums in the city, where more 
than two million people live.  

The requalification of existing buildings in central São Paulo is currently of interest of 
city authorities and state market. In this context, looking at the potential of re-inhabiting 
urban areas in São Paulo, this work investigates the thermal performance of residential 
multi-storey buildings in the compact city centre, applying thermal performance simulations. 
The hypothesis is that combination of thermal mass and natural ventilation made possible 
through significant window areas, which are particular features from the modernist 
buildings of the first half of the century hold a hidden thermal quality for contemporary 
compact urban living. The work presented in this paper is a continuation of what was 
discussed in the paper entitled The	 impact	 of	 urban	 form	 and	 building	 typology	 on	 the	
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thermal	performance	of	housing	in	central	São	Paulo,	Brazil,	from Marcondes Cavaleri and 
Gonçalves, where the impact of solar exposure was identified within the densily built streets 
of the city centre of São Paulo. 

The	existing	built	environment	

In São Paulo the economic benefits of the rehabilitation of unoccupied and deteriorated 
multi-storey buildings for the residential use, in the city centre, has called the attention of 
public authorities and the real state market, given the market value of buildings built in an 
area of consolidated urban and socio-economic infrastructure. A great amount of multi-
storey buildings built in the central neighbourhoods of São Paulo between 1930s and 1960s, 
were designed mainly for hotels and studio flats (the so called kitnet), with 28 m² average 
(SAMPAIO, 2002). The market force of building to the maximum capacity of the site, in 
addition to the economic advantage of compact housing resulted in compact urban blocks 
and high density living areas in the first half of the 20th century. The building code entitled 
Arthur Sabóia created in 1929 was responsible for the replication of a building form of tall 
buildings, without lateral set-backs but with front ones as the building gets taller, with the 
objective of increasing solar access to lower levels of the urban environment.  

However, during the last three to four decades, the city centre of São Paulo suffered a 
process of devaluation by which a great deal of the population as well as business 
enterprises drifted to further and greener areas of the city. In 1940 the centre housed 
33,4 % of the whole city´s population, decreasing to 3,13% in 2000, going up to 3,83%, in 
2010 IBGE (2010). With the population decline of the city centre, the two case studies of this 
research Project: hotel Cambridge and hotel Lord faced their own economic fall in the 90s. 
Around 2010 the buildings were invaded and illegally occupied. A couple of years later, the 
Mayors´ office included those two buildings and many others to the city´s revitalization 
programme that considered the requalification of existing buildings.  

Case study buildings 

Localized between Nove	de	Julho Avenue and Álvaro	de	Carvalho Street, the building Hotel 
Cambridge dates from 1951 (fig. 1 and 2). The 13 storey-high building has the capacity of 
119 suites. The front set-backs start from the 6º floor, reducing gradually the floor area at 
higher floors. The vertical circulation placed in the centre of the plan has lifts and a scape 
stair opened for natural ventilation. Between the 1st and the 6th floors, opposite rooms 
facing the main road and the back of the site are oriented north and south. Some rooms 
have openings to the internal patio, allowing for cross ventilation of the rooms. Between 
the 7th e 13th floors, due to the set-back other rooms are oriented to the west.   

Figure 1 and 2: View of Hotel Cambridge, in Nove	de	Julho Avenue. Source: 
http://www.saopauloantiga.com.br/hotel-cambridge/. Figure 6: Urban location of Hotel Cambridge. 
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The second case studied, Hotel Lord, localized between Palmeiras and Helvétia streets, 
dates from 1954 and was one of the most luxurious hotels in town (fig. 3 and 4). The 10 
storey building has 170 suites in total. From the 7th floor upwards the building has front set-
backs, as the previous building, following the building code and increasing the sky-view 
factors from lower levels. Attached to Hotel Lord, a new residential building got planning 
permission. Different from the existing building, the new construction is primarily light-
weight and has smaller windows. Facing the main street, the building is oriented to 
southwest and northeast in the back. As in the previous case, following the building code, 
from the 8th floor upwards each floor has a front set-back. 

Figure 3 and 4: View of  Hotel Lord from Palmeiras Street.  
Source: <http://www.saopauloantiga.com.br/rua-das-palmeiras/. Figure 8: Urban location of Hotel Lord. 

Climatic	Context	

In the climate of São Paulo, localized at latitude 23o30’S, thermal comfort is likely to be 
achieved for approximately 70% of the year (ASHRAE, 2009), when cloudy days in summer, 
requires solar protection combined with natural ventilation. The mean air temperature in 
the summer months stays around 23oC, with humidity levels around 80%. Winters are mild, 
with mean air temperatures between 16oC and 18oC. Heating demand is identified for short 
periods of the year. Typical sunny and overcast days representative of the subtropical 
climate of São Paulo were selected for the analytical studies (fig. 5 to 8). Wind data analysis 
shows 3 prevailing wind directions: southeast (SE), south (S) and east (E), for 28,4%, 22,0% 
and 15,1% of the year, respectively. Main air velocities are around 3m/s and 2m/s. 

Figures 5 to 8: Reference days for the analytical studies. 
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Analytical studies of thermal performance 

The thermal dynamic simulations were carried out using the software TAS. The outputs used 
in the analysis were hourly values of dry bulb temperature (TBS), mean radiant temperature 
(TRM) and air changes, which were put together with the external temperature for the four 
different reference days.  In all simulation scenarios, windows were gradually openned 
between 19°C and 20°C, when it reaches its maximum aperture (50% of its total area), 
according to the real performance of the existing windows. 

Base	case	

The two case studies, which were originally functioning as hotel buildings, were technically 
studied to be converted into residential buildings, serving to studio (kitnet) and one-
bedroom flats, following the market demand identified by UZUM (2011). In order to capture 
the impact of obstruction to solar radiation created by the surrounding built environment, 
units at three different floor heights were selected in each of the case studies: 2nd and 5th in 
both buildings, and the 13th in Hotel Cambridge and the 10th floor in Hotel Lord, where there 
is no more obstruction. In order to compare the performance of the old against the new 
construction for residential multi-storey buildings, the design proposed for the expansion of 
Hotel Lord was also simulated, taking units at 2nd and 5th floors. 

Figures 9 and 10: Typologies analysed in Hotel Cambridge. On the left, floor plan of the 2nd and the 5th floors. 
On the right, floor plan of the 13th floor. 

Shading masks and sky-view factors were drawn to the facade of each simulated 
residential unit. In the building of Hotel Cambridge, the majority of the units in the lower 
floors facing the main street oriented north see a rather obstructed sky, whilst the ones at 
higher levels have a much clearer sky view factor (fig. 12 to 14). The units facing south 
receive a lot less global radiation, presenting critical cases with bedrooms that receive no 
sun at all during the entire year. Opposed to that, looking at the situation of Hotel Lord, the 
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low height immediate surroundings coupled with the southeast and southwest orientations 
result in significant views of the sky with meaningful exposure to global solar radiation 
throughout the whole year (fig. 21 to 23).  

Figure 11: Typologies simulated in Hotel Lord. Floor plan of the 2nd, 5th and 10th floors. 

Building	Construction	Systems	

In the existing buildings, external walls were built  with perforated ceramic blocks of 20cm 
thick, covered internally and externally with 2,5cm of morta, adding up to a total thickness 
of 25cm and U=1,61 W/m²°K. Internal walls are made of 10 cm thick solid break, also 
cladded with a 2,5 cm morta in both sides, totalizing 15 cm thick wall with U=2,59 W/m²°K.  
Slabs are made of reinforced concrete, with 15cm thick and U=3,27 W/m²°K, whilst floors 
are cladded in wood placed directly on the concrete floor.  

In the design project of the new extension of Hotel Lord, external walls are made of 
the same perforated ceramic blocks, but thinner with 16 cm width and U= 2,94 W/m²°K. 
Internal walls are also thinner, with 11cm width and U= 3,49 W/m²°K. The concrete slabs are 
also thinner, with 12 cm width and U=3,47 W/m²°K, with floors covered with ceramic tiles 
placed over the concrete slabs. In summary, the new construction became thinner, 
therefore lighter and less insulated in terms of thermal capacity, with higher U values. 

Internal	gains	

Internal gains considered two residents in one compact residential unit, with one at home 
and other one being out during the day, being the equivalent of 518 W/h per week day, 
with 168 W/h per person, 43 W/h due to artificial lighting and 307 W/h due to appliances. 
The pick hour during the week is at 7:00 am with a figure of 1.546W of internal gains being 
generated, whilst on Sundays, the pick of the internal gains happen at 7:00 pm with 2.255W. 
In the one bedroom flats, hourly internal gains during the week days stays around 438W/h. 
With pick hours during the week also happening at 7:00 am with 763W and at 8:00 pm on 
Sundays, with 1.152W. 

Cambridge	and	Lord	thermal	performance:	Comparative	analysis		

The simulation results showed two key findings. The first one is the impact of cross 
ventilation to lower the internal temperatures in the kitnet during warm days of overcast 
sky conditions. In this respect, the performance is improved with more air changes 
incremented by the cross ventilation (fig. 15 and 16).  
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Figures 12 and 13: Sky mask: kitnet (studio) North-south in the 2nd floor of of Hotel Cambridge. 
Figure 14: Sky mask: kitnet (studio) North in the 2nd floor of of Hotel Cambridge. 

Figures 15 and 16: Simulation of the kitnet (studio) North-south (cross ventilation) and north (single sided 
ventilation) localized in the 2nd floor of Hotel Cambridge in a warm day under overcast sky conditions. 

As opposed to that, during warm days of clear sky conditions, ventilation at pick hours, 
when external temperatures are above 30oC, excessive air changes have a negative effect of 
raising the internal temperatures to values as high as the external ones. In the scenario of 
single sided ventilation, where air changes are comparatively less, internal temperatures are 
kept under the external ones (fig. 17 and 18). During cold days, windows were kept closed 
for most of the time, as temperatures rarely reach above 19oC. In colder days of clear sky 
conditions, the difference in temperature (between inside and outside) by keeping windows 
closed is sensitive, but less significant than in a cold day without direct solar radiation (fig. 
19 and 20). 

Figures 17 and 18: Simulation of the kitnet (studio) north-south (cross ventilation) and north (single sided 
ventilation) localized in the 2nd floor of Hotel Cambridge in a hot day of clear sky conditions.  
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Figures 19 and 20: Simulation of the kitnet (studio) facing north, located in the 2nd floor of Hotel Cambridge, in 
a colder days of clear Sky conditions. On the left, scenario with windows closed, when dry bulb temperature is 

bellow 19°C and on the right, scenario with windows opened.   

The second key finding was the central role of thermal mass for the specific climatic 
conditions of São Paulo. The comparison between the old and the new buildings showed a 
significant contrast in the thermal performance of both, reflected in the oscillation of 
internal temperatures, which is relevant in the rooms of the new buildings due to the lack of 
thermal inertia.  With the final objective of verifying the effect of thermal mass in hotter 
days, more simulations were run with windows closed when the internal temperature 
became higher than the external (fig. 24 and 25). 

Figures 21: Sky mask: kitnet (studio) SO (SW) in the 2nd floor of Hotel Lord. 
Figures 22 and 23: Sky mask: Bedroom SE/SO (SE/SW) in the 2nd floor of of Hotel Lord. 

Figures 24 and 25: Simulation of the kitnet (studio) SW and the bedroom, located in the 2nd floor of Hotel Lord, 
in a warm days of clear Sky conditions. 

Closing the windows during the pick hours of the day a decrease of 0,64°C in the 
studio flat of the 2nd floor and 0,45°C in the studio flat of the 5th floor. Morikawa (2011), in a 
similar evaluation of thermal performance of existing buildings in the city centre, compared 
the resultant dry bulb temperatures in two scenarios for a hot day in São Paulo: keeping 
windows opened the whole day and closing them between 1 and 6 pm. The difference 
between the pick daily temperatures in the occasions is of 0,62°C. 
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Figures 25 and 26: Simulation of the kitnet (studio) North-South located in the 2nd and 5th floor of Hotel 
Cambridge, in a warm days of clear Sky conditions. 

Conclusions 

Both buildings hold spatial and environmental requalification potential for economic 
housing, specially when compared with the new design and construction standards. 
Furthermore, such buildings are located in the central neighbourhoods of São Paulo, where 
urban infrastructure services are consolidated, and adding value to the old derelict buildings. 
Comparing with the new buildings, the old existing ones of heavier thermal mass proved to 
have a better thermal performance in cooler and warmer days. The efficiency limits of such 
strategy have to be looked in detailed in future research work.  At last, it was identified the 
need to increase air changes in rooms with single sided ventilation, so that acceptable air 
build temperatures for thermal comfort can be achieved, providing quality environments in 
the compact units in warm and humid climatic context of the city of São Paulo. 
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Abstract:	This study introduces the outdoor space modelling into BIM-based thermal simulation, and verifies 
the accuracy of the simulation considering the shading by the outdoor geometry. First, the BIM-based thermal 
simulation considering the outdoor geometry is developed and the method which considers not only urban 
geometry but also detailed geometry of building and exterior objects. In the proposed method, the outdoor 
and indoor 3D geometry is inputted by user or is imported from GIS data on 3D-CAD software. The input data 
on design layer of 3D-CAD is integrated and converted to the simulation parameter automatically. Next, the 
calculation method to calculate the annual solar heat gain by ray-tracing method efficiently and precisely is 
presented. Then, the presented calculation method is verified by BESTEST. The calculated building heat load of 
BESTEST models is shown by the presented method and compared with that by other simulations. This study 
discusses the effect of distance to surrounding building and height of surrounding building on annual 
heating/cooling load. Then, the results are compared with those for the case which has eaves, and the heat 
load for the case which has eaves is equivalent to the case where the distance from target building to 
surrounding building is 2-4m or the case where the height of surrounding building is 2 times height of target 
building. 

Keywords: Outdoor space, BIM, building thermal simulation, design support tool 

Introduction 

In case of building design in build-up area as Japanese urban area, building is designed with 
considering surrounding conditions of site. In particular, from a view point from 
environmental design, it is important to analyze the solar radiation which the site gains and 
design the architecture considering microclimate. Moreover, outdoor space design (e.g. 
layout of fence to refuse eye contact, layout of tree in relaxation spaces) is also important in 
the buildup area to use narrow space effectively. Outdoor space components such as fence 
and trees affect the solar radiation which the building receives. These components are an 
influential factor to predict the indoor thermal environment and the building energy 
consumption. 

As method to enhance the performance of environmental design by grasping these 
complicated conditions in the site, BIM (Building Information Modeling) is useful. BIM is 
easy to grasp 3-D geometry of building design in the design process. Currently, many energy 
simulations linking with BIM (e.g. Openstudio) and their standards (e.g. IFC and gbxml) are 
proposed. However, outdoor space modelling method and accuracy of calculation results 
are rarely discussed in BIM. 
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This study develops tools which link with solar radiation calculation, building thermal 
simulation, and BIM in order to progress architectural design and assessment in built-up 
areas simultaneously. Then, the presented calculation method is verified by BESTEST. The 
calculated building heat load of BESTEST models is shown by the presented method and 
compared with that by other simulations. Finally, this study discusses the effect of distance 
to surrounding building and height of surrounding building on annual heating/cooling load. 
The results are compared with those for the case which has eaves, and the shading effect of 
outdoor space design is discussed. 

Outline	of	Developing	Simulation	Tool	 

This study shows following important features of developing the building thermal 
simulation tool for users to understand the spatial relation between solar radiation 
distribution and energy consumption in the architectural design process. 

Introduction	of	building	thermal	simulation	considering	surrounding	geometry	for	building	
design	in	build-up	area	

It is important to estimate the amount of solar radiation on building external surfaces in 
building design in build-up area because shading by adjacent building and external objects 
such as fence affects the building performance seriously. Also, it is necessary for the 
simulation tool to be applicable to various architectural design to use solar heat; for 
example, passive heating system with thermal storage material. This study shows methods 
to introduce building thermal simulation considering surrounding geometry into BIM. This 
simulation solves the heat conduction unsteadily and can also apply passive heating system 
with thermal storage material. 

Carrying	out	building	thermal	simulation	directly	by	command	menu	on	BIM	software	

In most of BIM software, we can model the building and surround geometry easily by laying 
and assembling objects of building parts (e.g. window, wall roof, and slab). However, in 
order to use BIM data for numerical simulation, it is necessary to eliminate unnecessary 
information and convert BIM objects to geometry for numerical simulation manually. This 
process consumes working time seriously. Therefore, this study develops the tool to carry 
out the building thermal simulation directly on BIM software. 

Input	data	visualization	which	is	easy	for	users	to	understand	the	inputted	parameter	and	
geometry	of	building	thermal	simulation	

Generally speaking, most of simulation tools is difficult for user to know the calculation 
process explicitly. This problem may cause fatal misunderstanding to users. In particular, 
mistakes in inputting parameters make simulation result accuracy worse seriously. Also, we 
must be careful to errors causing in converting process from BIM data to simulation input 
data. Therefore, this study enables to check parameter and spatial geometry inputted into 
building thermal simulation on BIM software. 

Calculation	result	visualization	for	thermal	design	of	building	in	build-up	area	

Several BIM-based simulation tools enable to visualize the solar radiation distribution and 
building energy consumption. In addition to these visualization, it is necessary to show the 
heat transfer process in each room or building part such as wall for some building design; for 
example, passive heating system with thermal storage material, building using natural 
ventilation. These calculation result presentations help users to know what design factors 
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conduct the simulation result. Also, features or problems in thermal design of building are 
more clarified. 

In order to construct the simulation tool based on above concepts, this study develops 
following item (a)-(d). This paper shows item (a)-(c). 

(a) BIM linking with building thermal simulation 
(b) Input data visualization for building thermal simulation 
(c) Building thermal simulation considering surrounding geometry for building design 

in build-up area 
(d) Calculation result visualization for thermal design of building in build-up area (Now 

developing) 

Modeling	for	BIM	linking	with	building	thermal	simulation	 

Modelling	of	outdoor	space	and	building	

This tool recognizes the surrounding building and external objects, which consist of CAD 
objects (polygon, wall, roof and pillar shape), on the ‘external object’ layer (Fig .1). 

“External objects” layer is set by selecting layers on the dialog of BIM software (This 
study uses Vectorworks Architect). Also, this tool can use GIS data (.shp file) by importing 
data to BIM software. On the other hand, shading by tree is necessary to be consider in the 
solar radiation calculation. In this regard, we try to introduce the shading model of tree. 

Building model is made by laying out objects of wall, slab, roof, and window on BIM 
software. Each object has information about material; for example, sectional components, 
solar reflectance, heat conductivity, heat capacity. This method is based on usual method of 
BIM. User can lay out objects on each floor separated by floors. Room is modeled by space 
object and has information about schedule of internal gain and air conditioner. In this tool, 
object’s information is set on the dialog of BIM software. 

Making	model	for	building	thermal	simulation	

BIM model inputted by users is converted into data for building thermal simulation 
(Fig.2). This pre-processing method is implemented as follows. 
Objects on selected layers are integrated into a layer for simulation on BIM software. 

Pre-processing method recognizes spaces and defines objects by vertical zones. The 
vertical zone  is defined based on  the height of space object. This method can  extract 
connection between rooms and each building parts even when the building has split floors 
and open ceiling spaces. 

Objects of wall, roof and window are converted into 3-D polygons. Wall object 
belonging to more than one vertical zone is converted into several polygons separately. 
Then, slab object is converted into several polygons corresponding the relation between the 
upper and lower floor plan. Converted 3D polygon data are outputted as information of 
coordinates and geometry into text data. 

Relation between rooms and each building parts is analyzed and outputted 
automatically by seeking rooms adjacent to each polygons. 
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Figure 1. Spatial and material modeling process on BIM software 

 

 
 

 

 
Figure 3. Input data visualization for building thermal simulation 
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Figure 2. Generation process of model for building thermal simulation from BIM  
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Input	data	visualization	for	building	thermal	simulation	

In building thermal simulation, user have to define the many simulation information; 
material information on all polygons, and schedule information in all rooms. It is difficult for 
users to input and define all these information completely and quickly. Sometimes, mistake 
in inputting information causes simulation failure and misunderstanding. Also, user’s special 
modeling may cause failure for extracting connection between rooms. This tool visualizes 
these input data on BIM software. Visualized input data of each room are stacked by layers 
and users can switch information by changing layer visibility(Fig.3). 

Building	thermal	simulation	considering	surrounding	geometry	

Geometry surrounding around  site affects the  direct  and sky solar radiation 
transmitted in windows by its shading. Also, long-wave radiation received on the building 
external surface is important in the winter, when the radiative cooling effect is effective. We 
have developed the coupling simulation method between the outdoor thermal environment 
simulation and the building thermal simulation. However, previous method can’t apply to 
long period or annual simulation. In addition, Higuchi (2001) shows the calculation method 
of solar and long-wave radiation for building thermal simulation. In this study, by inputting 
the calculation result of solar and long wave radiation into the building external surface, the 
building thermal simulation for long period is enabled. 

Calculation	of	solar	radiation	

In the calculation of direct solar radiation, ray tracing is carried out in the direction of sun. 
In the calculation of sky solar radiation and long-wave radiation, rays (normal set: 256 
rays/2π) are released from points isotropically. This study assumes that sky solar radiation 
distributes isotropically and sky solar radiation is calculated from sky view factor, which is 
calculated from ray-tracing, and horizontal sky solar radiation in weather data. Points for 
ray-tracing is set on each polygon. Ray tracing is performed from each set point. Resolution 
of ray-tracing is determined by kind of building part. Users can make the accuracy of 
radiation calculation improve in the thermally-weak part of building such as window. 

Calculation	of	long-wave	radiation	

Long wave radiation is calculated from Brunt’s formula. This study assumes that the 
surface temperature on the surrounding external surface is equal to outdoor air 
temperature. 

Validation	of	the	proposed	tool	by	BESTEST	

In BESTEST (Judkoff and Neymark, 1995), Heating/cooling load of several cases which are 
different in heat capacity of building, window location eaves location are compared. Figure 
5 shows the case which is computed in this study. Case 600, Case 900 is a single room of 
6mx8mx2.7m cuboid and 12m2 south-faced window. Case600-630 is wooden building and 
Case900-930 has large heat capacity due to concrete wall. 

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2073



Calculation	condition	

Benchmark test of BESTEST is carried out by TMY weather data of Denver (latitude: 39.8°
N, longtitude:104.9°	W, altitude: 1609m). 

The air conditioning system is set to 20°C for heating and 27°C for cooling in case except 
Case600FF and  Case900FF,  which  is  no  air  conditioning  case.  200W  heat  which 
is produced by lighting is assumed as internal gain all a day. Heat capacity of human 

Figure 4. Calculation method of solar radiation and longwave radiation on building external surface 

Figure 5. Simulation case in BESTEST 

Figure 6. Incident solar radiation on sunny day (27th July) and cloudy day(5th March) 

Figure 7. Annual heating/cooling load and frequency of air temperature 
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and furniture is not assumed. 0.4 times/h ventilation is assumed all a day considering the 
low air density due to high altitude. 

Calculation	result	

Figure 6 shows hourly solar incident on sunny day (27th July) and cloudy day(5th March). 
The result is almost corresponded to results by other simulations (ex. TRNSYS, ESP). Also for 
annual heating and cooling load, the calculation result of presented simulation tool is within 
the range of other simulation tools on all cases (Fig. 7). 

Effect	of	distance	from	surrounding	building	on	heating	and	cooling	annual	load 

Jiang et. al examines the change of daily heating and cooling load by the difference of 
surrounding building heights and building coverage ratio. This study shows effect of distance 
from surrounding building on heating and cooling annual load. Simulation case is shown in 
fig. 8. Target building has same geometry and material as Case 600 shown infig.8. For 
surrounding building, same geometry buildings as target building are located in the 2m, 4m, 
6m, 8m, 10m distance from target building also same geometry as Case 600 building in each 
case. 

Figure 8 shows the comparison of heating and cooling annual load in CaseD2-D10. The 
results shows a tendency that cooling load becomes smaller and heating load become larger 
in smaller distance of surrounding building from target building. In CaseD2, annual cooling 
load become smaller rapidly due to south-adjacent building’s solar shading. Also, comparing 
with Case 610, the heating and cooling load for case of 2m, 4m distance is similar to that for 
Case610 which has eaves. When the distance between surrounding buildings and target 

D=2~10m

Figure 8.  Calculation case and annual heating and cooling annual load results (CaseD2-CaseD10) 

Figure 9. Calculation case and heating and cooling annual load results (Case0.5H-Case2.5H) 
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building is large, the shading effect becomes small. In CaseD6, difference from heating and 
cooling load of Case600 is within 3%, 10% respectively. 

Effect	of	height	of	surrounding	building	on	heating	and	cooling	annual	load	

Next, effect of surrounding building height is examined. Figure 9 shows calculation cases. 
Annual heating and cooling loads are simulated for 5 cases (Hs/Ht=0.5, 1, 1.5, 2, 2.5) which is 
different in height of surrounding building. 

Figure 9 shows the comparison result for Case 0.5H~Case 2.5H. The heating and cooling 
load in 5 cases changes more sharply than that in cases which is different in the distance 
from target building to surrounding building. In Case2.0H, the heating/cooling load is times 
of Case 600 respectively, which is also similar to case 610 which has eaves. 

Conclusion	

This study showed the outline of simulation tool for users to understand the effect of 
surrounding geometry on the building heat load and energy consumption. In this paper, the 
following item has developed. 

・Method to generate models for building thermal simulation from BIM automatically 
・Method to check simulation model which user inputted on BIM software 
・Building thermal simulation which considers surrounding geometry 
Moreover, as a result of benchmark test by BESTEST, it is confirmed that this tool 

shows good performance to predict heating and cooling load annually in the cases including 
that with eaves. Then, the effect of distance to surrounding building and height of 
surrounding building on heating and cooling load has been shown. The results are compared 
with those for the case which has eaves and the shading effect of outdoor space design is 
discussed. As a result, the heat load for the case which has eaves is equivalent to that in the 
cases where the distance from target building to surrounding building is 2-4m or the case 
where the height of surrounding building is 2 times of target building. 
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Abstract: The rise of technological advancements has come at a time of heightened awareness of the 
importance of analysing our cities’ environmental impact, as well as the buildings which constitute them. One 
criteria for evaluating the quality of life may be the assessment of one’s access to direct sunlight and of its 
optimization through architectural form. The attention to solar benefits was highlighted by Knowles in 1980, 
who defined the concept of “solar envelopes” in which an individual building’s maximum volume is calculated 
depending on its direct impact on neighbouring buildings’ solar accessibility. This approach produces an 
empathetic architecture, conceived with consideration for pre-existing or potential developments and their 
inhabitants, yet maintaining the goal of creating a dense urban environment. Originally implemented on hand-
built models, we presently propose a new software implementation of Knowles’ concept, integrated into a 
well-known, pre-existing ergonomic Computer-Aided Architectural Conception (CAAC) program, and made 
possible due to the democratization of available 3D urban GIS models. This tool also incorporates factors such 
as building usage and the corresponding productive periods of direct solar irradiation for its occupants. 

Keywords: Solar Envelopes, T4SU, CAAD, Urban Form 

Introduction	

Initiated in 2014, the T4SU plug-in exploits SketchUp’s built-in ray-casting feature to act as a 
“place of implementation” of concepts pertaining to human visual perception in the urban 
environment, such as the isovist or isovist field (Benedikt, 1979). T4SU can be used to 
describe the complexity of the representation of perception of urban space (Hartwell & 
Leduc, 2016). 

Yet as Groleau (2000) states, the techniques used for the simulation and study solar 
radiation and lighting are identical to those used in the aforementioned study of 
(co)visibility, that is, the study of photon paths. Thus: “Recognizing	whether	we	are	 in	 the	
sun	or	in	the	shade	is	to	be	able	to	say	if	we	can	see	the	sun	or	not.	Determining	a	level	of	
luminance	 is	 to	be	able	 to	 identify	 the	visible	parts	of	 the	sky	and	evaluate	 their	 incoming	
radiation.	Measuring	the	visual	impact	of	a	building	comes	down	to	determining	from	where	
and	how	we	see	it” (Groleau, 2000). 

It is therefore within this software environment that we wished to integrate amongst 
other elements, the sky view factor (Steyn, 1980), sky maps (Dupagne & Teller, 1999), and 
direct solar irradiation assessment (Littlefair, 2001; Littlefair, 1998). We discuss here the 
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implementation of R. Knowles’ Solar Envelope in a vectorised simulation within the T4SU 
plug-in. 

After detailing R. Knowles’ concept of solar envelopes, we will delve into T4SU’s 
framework and methodology for building such an envelope, after which we will give a 
concrete example and draw conclusions on the impact and pertinence of the criteria 
selected (i.e., the timeframe selected). 

Solar	envelopes	

Solar Envelope Zoning is an approach to solar access protection (Knowles, 1974), originally 
conceived as a legal framework for city development in the same sense as traditional zoning 
plans. The solar envelope can be defined as a: “space-time	 construct	 […]	 defined	 by	 the	
parameters	 of	 land	 parcel	 size,	 shape,	 orientation,	 topography,	 latitude,	 and	 the	 urban	
context.	 Its	 time	 limits	 are	 defined	 by	 the	 hours	 of	 each	 day	 and	 season	 for	 which	 solar	
access	 is	provided	to	neighboring	 land	parcels,	and	the	time	interval	will	vary	according	to	
land	use	and	community	attitudes	towards	the	value	of	solar	irradiation” (Knowles, 2003). 
Its goal of establishing a necessary compromise between a city’s development potential in 
terms of height and density and the inhabitants’ right to sunlight at their homes or 
workplaces has a two-fold implication: 

1. Protecting city dweller’s right to direct sunlight, allowing a level of well-being and 
reducing the risk of property devaluation due to future surrounding 
developments; 

2. Ensuring an even repartition of potential passive and active solar energy usage, 
thereby reducing heating costs and increasing the areas of potential renewable 
energy production such as rooftop solar panels. 

Concretely, the solar envelope designates a maximum building volume for a specific 
parcel of land, constrained by the cited spatiotemporal criteria, as well as by local city 
regulations such as maximum building heights. The neighbourhood’s urban morphology will 
also be a determinant, as street patterns, orientation, and size will greatly modify the 
envelope’s dimensions. 

Calculating the solar envelope defines the maximum volume available whose shadow 
does not impede on the surrounding buildings’ footprints at a specific date and time. As 
such, the solar envelope’s size is inversely related to time constraints: a longer time period 
or a time period closer to sunrise or sunset when the sun is low on the horizon will 
necessarily imply a large shadow area which will greatly constrain the envelope’s maximum 
height. 

Determining adequate time periods must therefore depend on a case-specific 
compromise between desired solar access and urban development needs. Moreover, 
surrounding buildings’ functions, uses, and occupancy may indicate adequate timeframes. In 
effect, office buildings need only receive sunlight during their operating hours. Inversely, 
housing requires sunshine at least during the early mornings and evenings, when the 
building is most likely to be occupied. 

Further this pragmatic, rational approach to urban planning, this model of maximizing 
solar benefits initially embodied an urban “utopia” intrinsic to its age (Siret, 2011). Today, 
utopian objectives show a regain of interest due to the increasingly recognized climatic 
urgency. Regardless of the legal and political considerations of such zoning, it is important 
to note that Knowles’ work on low- and mid-density urban tissues (Knowles & Berry, 1980) 
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have helped prove the theoretical feasibility of such a concept at certain latitudes, in terms 
of design, housing density, and commercial use. 

Context	

Although the practical application as a city-wide regulation has not yet been implemented, 
Knowles’ work has drawn a renewed interest, especially with the renewed will to create a 
“post-carbon society” (Vartholomaios, 2015). This dynamic has led to several different 
recent implementations of Knowles’ solar envelopes based on varying media (Freitas et al., 
2015), for example by utilizing Digital Elevation Models (DEMs) (Ratti & Morello, 2005). 
Expanding the original notion of solar envelope, the “solar volume” is the combination of 
a ”solar right’s envelope” (SRE), equivalent to Knowles’ solar envelope, and a “solar 
collection envelope” (SCE), the lowest height at which a point will be shaded by its 
environment during the summer and exposed to direct sunlight during the winter (Capeluto 
& Shaviv, 1997). 

The “residential solar block” (Vartholomaios, 2015) is inspired by the concept of the 
“urban block”, which integrates the concept of solar envelopes on a larger scale instead of a 
single building (Okeil, 2010). “iso-solar models” (Morello & Ratti, 2009) replace the binary 
system (sun or shade) by a quantification of the direct solar irradiation, therefore taking into 
consideration the sun’s angle of incidence but removing the concept of “adequate 
timeframes” within a day. 

This particular implementation is set in SketchUp which enables rather direct 
importation and exportation of geometries to/from other CAAD or simulation softwares, 
including those produced by the solar envelope analysis presented in this paper. 
Furthermore, T4SU enables importation and exportation of geographic data (shapefiles, csv, 
well-known text and binary files) as well as triangulated geometry such as terrain models, in 
order to facilitate the setting of the correct pre-existing built environment. As such, T4SU 
acts as a 3D GIS extension – in opposition to classical 2.5D GIS systems – which is necessary 
for the precise evaluation of environmental factors. 

Use	case	

Site	presentation	

 
Figure 1. 3D Map of the area, with the new building in green and impacted buildings in red. Green Axis leading 

north, red axis leading east. The yellow arrow figures the point of view of the Figure 3. 
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This case study focuses on the solar impact of a building recently constructed on the 
university campus of Nantes, France. Members of the CRENAU laboratory have a 
pronounced interest in this construction building, as the amount of sunlight available in the 
staffroom has noticeably decreased at times when it was most occupied, i.e. our adequate 
timeframes of coffee breaks (10:00, 16:00) and lunch breaks (13:00). As shown in Figure 1, 
this new building, indicated in green, is found to the south-west of the CRENAU laboratory, 
shown in the upper right-hand corner. 

Simulation	results	

Figure 2a displays the resulting ratio, over the second half of the year and for the three 
aforementioned times, between the maximum volume, which depends on criteria such as 
local zoning plans and guidelines, and the calculated solar envelope. As we can see, during 
nearly one third of the year, the newly erected building has no impact on its surroundings, 
as shown by the ratio of “1” during that timeframe (days from 174 to 234, also implying 
days 113 to 173), and drops to less than 40% of the original volume nearing the winter 
solstice (days 324 onwards, for the 16:00 timeframe). This relatively high ratio is in part 
explained by the width of the road (13.5m) separating it from its northern neighbouring 
buildings, and the lack of buildings in the direct proximity to the east and west. 

 
Figure 2. Statistical results of the Solar Envelope for three different timeframes between June and December: 

a. Size of the Solar Envelope relative to the maximum constructible volume, b. Standard deviation of the 
heights of the Solar Envelope, c. Kurtosis of the distribution of heights of the Solar Envelope, d. Skewness of 

the distribution of heights of the Solar Envelope. 
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When analysing the qualitative state of the resulting envelopes (Figure 3), one may 
notice the difficulty of deducing a form which would fulfil all adequate timeframes 
completely, as morning hours create west-facing slopes, and afternoon hours create mainly 
eastern-facing slopes. Nevertheless, the maximum height can still be reached at certain 
specific areas of the envelope, even when the sun is extremely low on the horizon. 
As the building’s shadow crosses the street and hits the adjacent buildings footprints, the 
average height decreases dramatically and the standard deviation increases (Figure 2b). This 
is visually verifiable (Figure 3), as we notice the formation of tower-like structures reaching 
maximum height, surrounded by increasingly low and decreasingly slanted plateaus. This is 
the result of neighbouring cross-streets or indents in the streets’ alignments: as the sun 
approaches the horizon, longer shadows will either be stopped prematurely, resulting in 
very low envelope heights, or fall along a road, resulting in near-maximum heights. 
Therefore, as the cast shadows grow longer at the approach of the winter equinox, the 
standard deviation is more likely to be higher. Conversely, closer to the summer equinox, 
much more of the shadow is likely to be cast on the street than on the adjacent buildings, 
leading to a lower chance of a high standard deviation and a more uniform solar envelope. 

 
Figure 3. Examples of resulting Solar Envelopes’ evolving forms throughout the year, for adequate timeframes. 
 

A careful analysis of the skewness (Figure 2d) and kurtosis (Figure 2c) of the different 
timeframes taken into account allow us to make certain connections between the 
distribution of values and the resulting form. A negative skewness (found on October 6th at 
16:00, October 21st at 13:00, and November 5th at 10:00) gives the impression of a chiselled 
block (e.g. Figure 3, September 21st), as a uniform rooftop is created, permeated by small, 
varyingly deep, angled sections. Inversely, solar envelopes with a positive skewness (e.g. 
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Figure 3, November 21st) tend to have a low plateau with certain small sections – 
resembling towers – reaching maximum height. The higher the kurtosis, the more 
pronounced and visible the difference is between “tower” and “plateau” (positive skewness) 
and “chiselled block” (negative skewness). 

Discussion	

As previously mentioned, building use is of importance for selecting initial adequate 
timeframes. If the surrounding buildings are mixed-use, where, for example, the ground 
floor is occupied by retail and the upper floors are residential, this might require multiple 
time constraints. If maximizing passive energy reception is the main objective, setting the 
shadow limits to the footprint (i.e., ground level) of the surrounding buildings would yield 
the best results, as it implies that these building are completely devoid of shade. Yet, if the 
objective is to ensure direct sunlight infiltration into surrounding buildings, the 
aforementioned shadow limit may be considered too constraining and could be re-
evaluated to match the building’s ground floor window height (Littlefair, 1998), which would 
produce a larger available solar envelope. 

Several problems originate from the binary nature of this solution to the question of 
urban environments. 

The produced shapes - which respect the solar access of the surrounding buildings - 
may be chaotic or even inoperable. As such, the envelopes have much more to do with the 
modelization of new building constraints for information visualization and respectful 
planning, than with morphogenesis engines and the production of architectural form. 

The aim is here to reduce the building envelope according to the savings in potential 
solar resource, but one can note that this resource preservation is absolutely not exhaustive 
and mainly arbitrary; we could also embed other criteria such as aeraulics, acoustics, or 
thermal potentialities of the studied site for legislation that may pertain to, for example, 
increased air circulation in street canyons. 

Given the goal of solar potential maximization, several problems may arise. Prolonged 
direct irradiation may cause neighbouring buildings discomfort, such as glare or overheating, 
especially during canicular season. By reducing architectural masks, there is also a potential 
reduction of local cool island areas. Although the street is more exposed to sunlight, it is not 
yet sure if this produces a greater heat island effect as the sky view factor is also increased 
locally by the reduction in building height. 

Conclusion	

A concise presentation of the evolution of the concept of Solar Envelopes engenders a more 
complete perspective of solar impact. The implementation within T4SU, inscribed in a wide 
range of other solar potential modelizations, helps in calculating and visualizing these yearly 
impacts at given timeframes. In contrast to Knowles’ model, the solar envelope is here seen 
as more of a design guide than as a potential constraint. In pair with increased solar access, 
the concrete implementation of techniques such as these should also increase the potential 
for sun-based urban energy production. It may be noted that very few cities have 
implemented such legislation, but various cases do exist in France and elsewhere: Saint 
Nazaire, Marseilles, Amiens, Milan, Tokyo and Hong Kong all have different planning 
regulations regarding the solar access of neighbouring buildings. This case study was 
detailed in order to demonstrate the variability of the results, explicating the need for data 
interpretation, informed decision-making, and respectful architecture. 
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Abstract: The final effect depends on the personal understanding and execution of assessment standard for 
green building. Through series of questionnaire surveys and interviews to personnel who engage in green 
building design, the existing problems in the green building design process are found. At the same time, the 
compiling characteristics of the new Chinese “Assessment Standard for Green Building " are analysed and the 
evaluation terms involved in the architectural design phase are studied, based on the statistical classification of 
different professions and technical solutions. By analysing the statistical results, there is an attempt to seek for 
the design features and the direction for green building design. Combined with the distribution of declaration 
documents of different professionals in different design stage, the detailed work in four stages of green building 
design, firs-step design, project design, preliminary design and construction drawing design, is decomposed, in 
an attempt to discuss the specific design principles and strategies for each stage, summarizing the design tasks 
and priorities at different stages of design, that designer takes in the green building design process and putting 
forward countermeasures of green building design, to provide theoretical guidance for the green building design. 

Keywords: Assessment Standard, Green Building, Design Strategy 

Introduction	

Green building refers to a building that conserves resources (including energy, land, water 
and materials) to the utmost, protects the environment and reduces pollution. It provides a 
healthy, applicable and efficient space for people and forms a symbiotic relationship with 
nature throughout its life-cycle (Sun, 2015). The main aim of green building is to cope with 
the immoderate consumption of natural resources and damage of environment by man in 
the course of history development. The current development of green building has become 
the consensus around the world. Every country also issues the green building standards 
according to their own conditions, such as the American LEED "Leadership in Energy and 
Environmental Design" green building rating system (Tisak, 2015), the British BREEAM 
"Building Research Establishment Environmental Assessment Method" (Ye et al, 2013), the 
Japanese CASBEE "Comprehensive Assessment System for Building Environmental Efficiency" 
(Wang et al, 2015). 

Since the approval of the Ministry of Housing and Urban-Rural Development of the 
People's Republic of China for the "Evaluation Standard for Green Building" GB/T50378-2014 
on January 1, 2015 (Xu et al, 2015), all parts of the country have issued their own green 
building standards and regulations to actively popularize the green building and promote the 
green building initiative of China. The new evaluation standard makes requests for the 

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2084



evaluation according to the requirements of saving land, energy, water and materials for the 
green building based on actual conditions in China. It is found through statistics that there are 
more than 100 clauses concerning the evaluation standard in only the architectural design 
stage, making it hard for the designers to understand the contents and apply them within a 
short time. Undoubtedly, it will be impossible to achieve the original goal of green building in 
the implementation process. If we intend to enable the designers to provide a better green 
building design so that the green building meets the evaluation requirements, we will be 
required to give a detailed survey and analysis of the problems in the course of green building 
design and develop corresponding design countermeasures. The research method consists of 
a combination of questionnaire and in-depth interviews. 

Survey	of	current	status	of	green	building	design	

A total of 101 questionnaires were distributed, including 18 copies for the construction 
discipline, 15 copies for the HVAC discipline, 15 copies for the electrical discipline, 13 copies 
for the water supply and drainage discipline, 14 copies for the structural discipline, 12 copies 
for the interior design discipline, and 14 copies for the landscape design, as shown in Table 1. 

 
Table 1 Statistical questionnaire distribution 

Distributed	discipline	 Architectu
ral	

Structu
ral	

HV
AC	

Water	 supply	
and	drainage	

Electr
ical	

Ind
oor	

Landsc
ape	

Number	of	questionnaire	 18 14 15 13 15 12 14 
Number	of	effective	copy	 15 11 14 13 10 8 11 

The statistics of the questionnaires found that there were some problems existing in 
current process of green building design. 

Delay	in	involvement	time	of	green	building	consultancies	

As most of the design institutes are currently unable to complete the green building design 
on their own, green building consultancies are sought for the support of the green building 
design with high standards to achieve better completion of the green building design. On this 
account, statistics is made for the involvement time of green building consultancies. The 
results are shown in Figure 1.  

 
Figure 1. Statistics of involvement time of green building consultancies 

As shown in the figure 1, the involvement time of green building consultancies is mostly 
after completion of the planning design. The proportion of plans involved in the early design 
stage accounts for 22%, while the number in the preliminary and construction drawing design 
stages is up to 88%. The reason consists of two points: the first one is a lack of understanding 
of the green building. Most of the design still considers that the green building is realized 
mainly by the active technology such as electromechanical, equipment, etc., but gives 
insufficient consideration to the building solution. The second one is that the requirements 

6 
16 

37 
41 

0 
10 
20 
30 
40 
50 

Concept Design Architectural design Preliminary design Construction drawing 
design

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2085



of many local regulations for the green building are additional special green building items in 
the construction drawing review, resulting in the fact that the designers misunderstand that 
the green building is to cope with the review of green building construction drawing. Such 
phenomena lead to grave consequence in the implementation of the green building. 
According to the feedback from some consultancies, if they get involved in the construction 
drawing stage, it will be difficult to achieve a three-star level for the green building because 
among the green building evaluation requirements, about half of technologies are passive 
ones that are mainly completed in the planning design stage. 

Delay	 in	 the	 timeline	 at	 which	 the	 disciplines	 take	 the	 green	 building	 technology	 into	
account	

A statistics of the timeline at which different disciplines consider the green building is made 
to analyse the stage of the green building design to which the designers enter. The statistical 
results are shown in Figure 2. 

 
Figure 2. Statistics of the timeline at which the disciplines consider green building technology 

It can be seen from the figure 2 that the timeline at which most of the disciplines 
consider the green building technology is in the preliminary and construction drawing design 
stages. Only the architectural and landscape designers takes the green building technology 
into account in the early stage of design, yet the proportion is low and both are less than 20%. 
For the structural and electrical disciplines, the green building technology is not taken into 
account in the early stage of design. The designers considering in the planning design stage 
take up a proportion of less than 20%. Most designers consider the green building technology 
in the stage following planning design. The reason may be that the traditional design thinking 
chronically leads to the fact the designers do not change according to the requirements of 
the green building during the design. In the traditional design ideas, the equipment disciplines 
such as the water supply and drainage, HVAC, electrical, etc., shall not be selected or applied 
until the building solution is finalized. However, the green building involves "land saving, 
energy saving, water saving, material saving and environmental protection" and is a 
systematic project in which all the technical measures must be planned as a whole from the 
early stage of the design. If the technology is chosen after the plan is completed, there may 
be conflict with the previous plan output, thus affecting the implementation of green building 
effect. 

The	range	of	design	participants	should	be	enlarged,	and	the	division	of	work	in	discipline	
personnel	is	unclear	

The survey has found that in the traditional architectural design mode, the participants are 
mainly Party A and designers. The participants of green building design are quite different 
from that of the traditional mode. The participants required are the contractor, the material 
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supplier, the equipment supplier, the technical advisory personnel, etc. These personnel shall 
provide the technical program of their discipline in the course of green building design for 
reference by the designers. These participants are unfamiliar with the design work and the 
design process. They are blurred with when they should provide services for green building 
design, what they should do in the design and what their work is. 

Analysis	and	rearrangement	of	the	traditional	building	design	process	

For the traditional building design process, the building design and documents are developed 
according to the "Detailed Provisions on Preparation of the Design Documents of 
Construction Engineering". The process is generally divided into four steps: preliminary and 
concept design, planning design, preliminary design and construction drawing design (as 
shown in Figure 3). The preliminary design stage mainly determines the direction of the 
design work. The planning design stage implements the concept design and determines the 
form and function of the building by guiding subsequent work. The preliminary design is to 
further implement the work objectives developed in the planning design stage in order to 
further deepen the design documents provided that the requirements for preparation of the 
construction drawing and the design documents are met. The construction design stage is the 
in-depth stage that guides manufacturing and overall construction of the building element, 
plays a direct guiding role in selection of building element materials, fabrication and 
installation of the elements, sizing of building-related equipment, etc., and guides the 
implementation of design. 

 
Figure 3. Traditional planning design process 

The four stages are closely connected. The disciplines get involved in the sequences of 
planning, architecture, structure and equipment. The discipline-specific design documents 
shall be deepened according to such process. Design documents and discipline drawings shall 
be finalized and improved to lay foundations for the construction of architectural engineering. 
The clauses of the "Evaluation Standard for Green Building" and the requirements of the 
disciplines concerned are not distributed based on such process. The contents of articles 
cover all stages of the architectural design. The disciplines shall no longer linearly go deeper 
in a traditional way. Instead, they are required to analyse and research the design strategy of 
the green building and search out the design process applicable to the new standard to 
provide guidance and reference for most designers in the green building projects. 

Analysis	and	interpretation	of	the	evaluation	indicators,	clauses	and	design	documents	in	
the	architectural	design	stage	

The new edition "Evaluation Standard for Green Building" includes the indicators of 8 
categories and the indicators of 25 sub-categories (as shown in Figure 4), covers more than 
100 evaluation clauses and provides a complex scoring system. It will be much difficult for the 
designers to grasp the principle of its use. The design process and the working pattern will be 
certainly much different from the traditional way. The green building design can be better 
finished only by analysing the evaluation system and scoring in details. The indicators of 5 
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categories are mainly used in the design stage: land saving and outdoor environment; energy 
saving and energy utilization; water saving and water resource utilization; material saving and 
material resource utilization; and indoor environment quality.  

 
Figure 4. Block diagram of green building evaluation indicator system 

Calculation	 and	 analysis	 of	 the	 scoring	 system	 of	 new	 edition	 "Evaluation	 Standard	 for	
Green	Building"	

For statistics of the relevant clauses of public and residential building of all stages, all 
disciplines and all technical types, the total scores are multiplied by the weight coefficient of 
the indicator system set forth in the clause, after which the scores are obtained by summation. 
The following characteristics can be found: 

As shown in Figure 5, in the statistics of the relevant discipline scoring in the design 
stage, the architectural discipline obtains the highest scores with 33.6 points in public 
buildings and 31.26 points in residential buildings, followed by water supply and drainage, 
HVAC and site planning, following which are structural, landscape and decoration disciplines. 
The scores of residential buildings and public buildings are not that different in different 
disciplines. It can be seen that the architectural discipline is a dominant discipline in green 
building design whether they are public buildings or residential buildings. Strengthened 
knowledge reserves of green building of architectural personnel shall be considered.  
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Figure 5. Distribution of discipline-related evaluation scores 

Analysis	of	discipline-related	documents	in	different	design	stages	of	"Evaluation	Standard	
for	Green	Building"	

 
Figure 6. Analysis of discipline documents in different design stages 

With data statistics of the drawings, specifications, calculations, etc., in the course of green 
building design and reporting, there are more than 100 different documents where different 
disciplines and design stages are involved, as shown in Figure 6. The work focus and 
involvement opportunity of the disciplines in the course of green building design can be 
concluded from the figure 6. It is shown in the figure 6 that the green building design is 
different from the traditional design process; the work in the preliminary stage of the design 
of disciplines has been commenced. In the design tasks of different stages, the architectural 
discipline has the largest number of documents, and more than 40 documents are used in 
each stage. The distribution of other disciplines has their own characteristics. The work focus 
of the planning discipline is that in the preliminary stage of the design, the workload sharply 
decreases with further performance of the design work in accordance with the construction 
drawing. There is less workload in the preliminary design stage for HVAC and electrical 
disciplines: the work contents continuously increase with further implementation of the 
design; the work contents of landscape and water supply and drainage disciplines in the 
preliminary and planning stage are more than these in the preliminary design and 
construction drawing stages. These characteristics and rules shall be applied in the course of 
green building design in order to obtain a feasible design strategy. 
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Strategy	of	architectural	design	based	on	the	new	edition	"Evaluation	Standard	for	Green	
Building"	

With numerous green design practices and the interpretation of the evaluation standards, 
the strategy of green building shall include the green building concept by referring to the 
traditional design mode. Generally, it can be classified into four stages: preliminary and 
concept design stage of green building design, planning design stage of green building, 
detailed design stage of green building, construction drawing design stage of green building. 
However, these stages differ much from the traditional architectural design. The specific work 
of each stage is carried out in the following procedures. 

Preliminary	and	concept	design	stages	of	green	building	design	

This stage is the initial stage of green building design and also the most critical stage. 
Successful implementation of the green building design and the realization of the final effect 
of green building rely on this stage. The main work of this stage is determination of the green 
design direction of the construction project by organizing the preliminary design exchange 
seminar. 

Green	building	planning	design	stage	

At this stage, the concept of green building will be deepened to the design plan on the basis 
of the preliminary concept design. The main work will be coordination with the relevant 
disciplines, study of the feasible measures and final implementation of the green building 
design plan through the green building design exchange seminar. 

In-depth	green	building	technical	design	stage	

This stage is further improvement of the preliminary and green building design stage so that 
the green building design can be put into practice. At this stage, the green building design 
shall be deepened. All-round coordination shall be carried out and relevant drawing shall be 
improved. A comprehensive report shall be prepared. 

Green	building	construction	drawing	design	stage	

The green construction drawing stage is a process in which the architect and the engineer will 
plan the project and its green design intention to be clearly expressed to the construction 
organization in drawings and instructions and with the construction language. The relevant 
documents generally include construction drawings and project statement. Apart from these, 
the green building also includes the calculation and special reports. At this stage, all the 
designers and engineers shall review the original green design goals and principles to ensure 
that the design is performed in accordance with the original objectives. 

Case	application	

The design strategy developed is applied to the design of the natatorium of Dongyang 
Zhongtian Senior School. Currently, it is in the construction drawing design stage. Such 
strategy will better guide the disciplines in the green building design and enable the designers 
who are not so familiar with green building to complete the green building design quickly. 

The project base is located in Zhongtian Senior School in Dongyang City Economic 
Development Zone. The west and the north sides of the base have been built residential 
buildings. Existing occupancies to the east are the teaching building complex of primary 
school and junior high school. The project base is presented in a triangular shape. The project 
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rendering is shown in Figure 7. The design content of the project is a natatorium. The function 
includes a natatorium, a badminton hall, etc. The new construction area is 10,289.55m2, of 
which the ground floor area is 5,859 m2, and the underground construction area is 4,430.55 
m2. 

 
Figure 7. Rendering of natatorium of Dongyang Zhongtian Senior School 

Given the nature of the natatorium, a reclaimed water recycling device is provided in 
the preliminary concept design stage. Acquisition of the scores of water resource utilization 
is more considered. However, it is found in the preliminary design stage that the reclaimed 
water treatment device has high cost that the Owner cannot afford. On this account, the 
scores of energy saving are increased, while scores of water saving is decreased, as shown in 
Figure 8. According to current design, exact scores of the project are 72.73, with the scoring 
of items to be 56.70 for land saving, 83.87 for energy saving, 73.33 for water saving, 70.27 for 
material saving and 47.37 for indoor environment. The project meets the requirement for a 
two-star green building. The design strategy is applied by all discipline personnel in this design, 
which validates the good effectiveness of such strategy. 

 
Figure 8. Histogram of scoring comparison between preliminary stage and construction drawing stage 

This work was supported by National Key R & D Program of China (Grant No. 
2016YFC0700201) 
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Abstract:	 The	 growth	 of	 urban	 communities	 creates	 the	 need	 for	 analytical	 frameworks	 that	 have	 a	multi-
objective	 and	 holistic	 approach.	 It	 is	 important	 to	 integrate	 these	 frameworks	 within	 commonly	 used	
architectural	tools.	The	urban	environment	is	mostly	designed	and	formed	by	architects	and	urban	planners	who	
can	create	more	sustainable	urban	growth.	In	this	paper,	urban	geometry	will	be	explored	as	it	has	a	significant	
influence	on	the	building	heat	loss/gain	that	determines	the	energy	demand	needed	to	achieve	indoor	thermal	
comfort.	Simulation	tools	have	been	created	to	analyse	and	optimize	urban	geometrical	variables	 in	a	multi-
objective	approach.	This	study	analysed	urban	geometrical	variables	such	as	(height,	capacity,	orientation	and	
window	 to	wall	 ratio).	 In	 addition,	 it	 gives	 an	 insight	 of	 the	 buildings’	 inter-shadowing	 effect	 by	 adding	 the	
context	buildings’	capacity	in	the	grid.	The	results	show	that	daylighting	analysis	consumes	almost	triple	the	time	
using	multi-objective,	multi-zone	geometrical	iterations.	In	this	set	of	inputs	for	hot	arid	climates	there	is	a	minor	
impact	on	cooling	energy	consumption,	suggesting	that	the	study	daylighting	distribution	should	be	postponed	
to	a	later	design	stage	rather	being	a	key	component	of	energy	analysis	in	early	design	stage.	This	study	shows	
that	WWR	has	the	highest	impact	on	the	building	thermal	cooling	consumption	in	this	urban	context,	then	comes	
built	area	ratio	and	finally	building	height	for	midrise	residential	buildings.	
	
Keywords:	parametric	simulation,	energy	demand,	lighting	control,	daylighting,	urban	geometry	

Introduction		

World	urbanization	is	expected	to	be	continue	its	growth	for	at	least	the	next	10	years.	The	
UNFPA	2007	report	stated,	“In	developing	countries,	cities	of	100,000	or	more	are	expected	
to	triple	their	built-up	land	area	to	600,000	km2	in	the	first	three	decades	of	this	century.”	By	
2005,	Asia	had	urban	growth	of	40%	and	Africa	38%	which	is	the	fastest	global	rates	(Martine	
and	Marshall,	2007).	In	addition,	due	to	increased	global	greenhouse	gasses	(GHG)	emissions,	
Africa	has	a	greater	chance	of	increasing	temperature	than	the	world	average,	especially	in	
the	Sahara	area	(Field	et	al.,	2014).	Furthermore,	Africa	has	one	of	the	least	populated	rates	
in	its	northern	Sahara	area.	(Food	and	Agriculture	Organization	and	World	Bank	population	
estimates.,	 2015).	 The	 building	 sector	 is	 responsible	 for	 the	 third	 of	 global	 energy	
consumption	and	generates	20%	of	man-made	GHG	emissions	worldwide.	(World	Business	
Council	for	Sustainable	Development	(WBCSD),	2015).	This	is	the	main	reason	for	the	need	to	
apply	energy	efficiency	measures	to	buildings	and	urban	energy	assessment	tools	to	create	a	
new	climate	responsive	built	environment.	
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Climate	responsive	urban	planning	and	design	had	some	challenges.	There	is	a	need	for	
a	set	of	verified	tools	that	can	simplify	the	transfer	of	data	and	knowledge	and	consequently	
improve	the	designer’s	decision	making	process	especially	 in	early	design	stages	 (Eliasson,	
2000).	 The	 early	 design	 stage	 has	 gained	 a	 lot	 of	 attention	 recently,	 especially	 in	 urban	
sustainable	simulation	and	optimization.	The	urban	fabric	is	formed	by	various	geometrical	
elements,	each	of	which	play	a	role	in	the	creation	of	the	building	microclimates.	The	variation	
of	these	geometrical	elements	leads	to	the	use	of	a	parametric	design	approaches	in	studying	
the	relationship	between	urban	geometry	and	energy	consumption	in	built	environment.		

Parametric	design	is	a	process	that	the	uses	different	parameters	to	shape	a	form	by	
manipulating	its	geometrical	relationships	(Monedero,	2000).	With	this	impressive	ability	to	
the	design	 in	 general,	 parametric	 urban	design	 can	 simply	 represent	 a	 group	of	 arranged	
buildings	 and	 urban	 geometrical	 variables	 that	 are	 shaped	 by	 scripted	 algorithms.	 This	
interpretation	 can	 provide	 a	 different	 vision	 and	 capability	 of	 investigating	 urban	 design,	
geometry	and	performance	(Schumacher,	2009).	It	has	made	urban	design	more	interactive	
and	responsive	with	visualization	of	the	design	layout	and	its	analytical	data.	

Urban	modelling	geometrical	variables:	
The	 parametric	 approach	 has	 been	 implemented	 in	 different	 studies	 to	 analyse	 building	
performance	 in	urban	contexts.	 (Yi	 and	Kim,	2015)	used	a	genetic	algorithm	 tool	on	a	Visual	
Programming	Language	(VPL)	platform	(Grasshopper)	(Mcneel,	2014),	Galapagos	(Rutten,	2013))	
to	analyse	solar	irradiation	for	high	rise	building	urban	geometrical	configuration.	Orientation	has	
been	 investigated	 (Panão	 et	 al.,	 2008;	 Taleghani	 et	 al.,	 2015),	 and	 (Vermeulen	 et	 al.,	 2015)	
analysed	 it	along	with	height,	 scale	and	position.	 In	addition	 to	energy	analysis,	 (Sabry	et	al.,	
2014)tried	to	reach	for	a	balance	between	energy	consumption	and	lighting	performance	by	using	
an	outdoor	solar	screen	in	hot	arid	zone.	This	coupling	between	lighting	and	energy	analysis	was	
previously	recommended	by	(Mardaljevic	et	al.,	2009).	Daylight	metrics	and	analysis	also	used	to	
predict	energy	consumption	in	urban	scale	in	different	studies	(Bassett	et	al.,	2012;	Dogan	et	al.,	
2012;	 Jones	 et	 al.,	 2013;	 Trigaux	 et	 al.,	 2015;	 Nault	 et	 al.,	 2016).	 The	 literature	 shows	 the	
potentiality	of	analysis	tools	and	the	usefulness	of	its	parametric	integrative	approach.	However,	
a	 limited	 number	 of	 studies	 investigated	 this	 holistic	 approach	 and	 explored	 the	 relative	
importance	of	geometrical	variables	on	energy	consumption	in	urban	scale.	Furthermore,	the	
effect	 of	 adding	 daylight	 illuminance	 sensitivity	 to	 the	 study	 of	 the	 pattern	 of	 energy	
consumption	for	thermal	comfort	had	been	given	little	attention	especially	in	residential	context.	

Objective	

This	 study	 aims	 to	 investigate	 a	 framework	 for	 running	 a	 holistic	 analysis	 with	 Ladybug	
Analysis	Tools	(Sadeghipour	and	Pak,	2013)	and	to	run	a	sensitivity	analysis	for	geometrical	
variables.	This	study	will	quantify	the	effect	of	the	variation	urban	geometrical	on	thermal	
performance	 and	 to	 evaluate	 the	 relative	 importance	 of	 each	 variable	 on	 the	 energy	
consumption	used	in	cooling	and	heating	in	hot	arid	zones.		

Methodology	

(Sadeghipour	 and	 Pak,	 2013)	 have	 introduced	 a	 simulation	 package	 of	 tools	 based	 on	
Rhinoceros/Grasshopper	 platform	 (Mcneel,	 2014;	 McNeel,	 2014).	 This	 package	 is	 called	
Ladybug	Analysis	Tools,	which	are	based	on	different	simulation	engines:	Day-sim	&	Radiance	
for	 daylighting	 analysis;	 Open	 foam	 for	 Computational	 Fluid	 Dynamics	 analysis;	 and	
EnergyPlus	for	energy	related	simulation	(Ward,	1994;	ESI	Group,	2004;	U.S.	Department	of	
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Energy’s	 (DOE),	 2016;	 Reinhart,	 2017).	 Ladybug	 analysis	 tools	 enhance	 the	 capability	 of	
integrative	 simulation	 and	design	methods	 avoiding	 the	use	of	multiple	 platforms	 for	 the	
same	projects,	combining	multi-objective	parametric	performance	tools	into	one	method	and	
in	a	parametric	approach.	 .	The	study	used	two	applications	from	these	tools,	Ladybug	for	
visualizing	weather	files	and	results,	Honeybee	for	running	the	daylighting	and	energy	analysis.			

The	 study	was	 conducted	 in	Aswan	 city	 in	 southern	Egypt	 (24.0889°	N,	32.8998°	E),	
using	 the	 Egyptian	 Typical	Meteorological	 Year	 (ETMY)	weather	 file.	 Aswan	 is	 a	 target	 of	
Egyptian	future	urban	growth	(Egyptian	Ministry	of	State	for	Administrative	Development,	no	
date)	and	it	also	represents	an	important	sustainable	development	node	for	Egypt,	hosting	
the	high	dam	of	the	Nile	which	was	a	national	development	projects.	There	are	governmental	
plans	for	its	growth	which	include	a	twin	new	city.	According	to	(Kottek	et	al.,	2006),	Aswan	
falls	in	the	hot	arid	zone	classification.		

Geometrical	parameters	&	thermal	settings	
The	sensitivity	analysis	is	conducted	on	a	nine-building	grid	as	a	simple	urban	configuration.	
The	building	in	the	middle	is	the	analysed	model	with	the	other	8	building	acting	as	the	typical	
grid	context	for	it.	The	analysed	building	has	a	30%	core	to	perimeter	ratio	and	an	Energy-
Plus	midrise	apartment	zone	program	was	chosen.	The	apartment	program	are	used	for	the	
perimeter	zones	and	corridor	program	for	the	core	zones.	All	zones	are	conditioned	with	the	
default	set	ideal	air	loads	system	for	Heating,	Ventilation	and	Air	Conditioning	(HVAC).		

The	grid	cell	size	is	23	by	23	metre	as	representation	of	the	common	size	of	land	size	in	
Egypt	(El-deep	et	al.,	2012)	with	building	areas	varying	for	each	cell’s	area	as	shown	in	table	
1.	In	addition	to	scale,	the	height	was	a	feature	of	geometrical	variation	in	the	study.	Buildings’	
heights	varied	as	shown	in	table	1	with	fixed	3.5-meter	floor	height.	To	test	orientation,	the	
whole	 configuration	 is	 rotated	by	 45	degrees	 creating	 two	 groups.	 Finally,	 the	 case	 study	
building	has	a	fixed	window	to	wall	ratio	for	its	4	facades.	The	window	to	wall	ratios	(WWR)	
is	shown	in	table	1.	

Table	1.	Geometrical	parameters	for	the	case	study.	

	

	
Figure	1.	The	tested	geometrical	model’s	examples.	To	the	left:	the	first	case	for	group		

A1	(20%	WWR	&	0	degrees’	rotation)	with	a	3.5	meters’	height	floor	and	50%	built	area	of	each	grid	cell.	To	
the	right:	the	last	case	in	the	same	group	with	7	floors,	24.5	meters’	total	height	and	90%	built	area.	

Material	parameters	&	Daylighting	analysis	settings	
In	 regards	 to	material,	The	material	were	adjusted	based	upon	some	studies	made	 in	 the	
same	 geographical	 context	 (El-deep	 et	 al.,	 2012;	 Attia	 and	 Evrard,	 2013).	 The	 material	

Geometrical	Variables	
Height	(meters)	 3.5		 7	 10.5	 14	 17.5	 21	 24.5	
Scale	(built	area	ratios)	 50%	 60%	 70%	 80%	 90%	 	 	
Window	to	Wall	Ratio	 20%	 50%	 80%	 	 	 	 	
Orientation	(degrees)	 0	 45	 	 	 	 	 	
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properties	were	fixed	for	all	the	iterations	and	designed	based	upon	the	specification	of	the	
Chartered	Institution	of	Building	Services	Engineers	(CIBSE)	Guide	for	environmental	design	
(Butcher,	2006).	Table	2	shows	the	material	parameters	used	in	the	study.	

Table	2.material	parameters	used	in	the	study.	
COSTUMIZED	MATERIALS	 	 	 	
External	Wall	 Internal	Wall	 Single	Glazed	Window	
U-Value	W/m²K	 3.10	 U-Value	W/m²K	 5.29	 U-Value	W/m²K	 75	
Internal	Floor	 External	Roof	 	
U-Value	W/m²K	 1.43	 U-Value	W/m²K	 0.36	 	

Daylight	illuminance	modelling	has	been	included	to	explore	the	balance	between	the	
energy	consumed	for	thermal	comfort	and	lighting	the	zones.	The	parametric	analysis	creates	
some	dense	configurations	that	allow	very	little	sun	penetration,	which	was	very	beneficial	
to	the	cooling	energy	consumption,	but	on	the	other	hand	might	result	 in	a	change	in	the	
lighting	consumption.	Annual	daylighting	analysis	was	conducted	for	each	zone	with	a	test	
mesh	of	0.6	metre	cell	and	one	sensor	point	in	the	centre	of	it.	The	mesh	is	at	0.7	metre	height	
from	the	floor.	The	lighting	control	system	used	is	auto	dimming	with	switch	off	occupancy	
sensor	with	300	lux	target	illuminances	for	each	zone.		

The	variation	in	the	geometrical	variables	produces	210	different	iterations.	The	study	
can	 be	 divided	 into	 6	 groups	with	 35	 iterations	 each.	 These	 groups	 included	 two	 sets	 of	
orientations	0	 and	45	degrees	 and	 three	 sets	of	WWRs	 .2,	 .5	 and	 .8	with	 the	 full	 original	
variations	of	heights	and	building’s	scales.	The	total	number	of	iterations	was	done	twice	one	
run	was	with	 basic	 on/off	 lighting	 controls	 and	 the	 other	 run	was	with	 dimming	 lighting	
controls	based	on	annual	daylighting	profiles	mentioned	earlier.	

Results 

The	comparison	is	for	cooling	and	lighting	energy	consumption	with	lighting	dimming	controls	
and	with	 standard	on/off	 lighting	controls.	Heating	consumption	varied	between	1.7	 -	8.5	
kWh/m2	for	the	all	the	runs,	so	is	considered	insignificance	in	this	comparison.	The	6	groups	
are	categorized	by	rotation	angle	and	WWR	for	each	group	and	each	group	has	full	heights	
and	scales	ranges	mentioned	earlier.	

Group	A1	(rotation	=0,	WWR=20%)		
There	is	a	change	in	values	in	cooling	and	lighting	energy	consumption	between	dimming	and	
no	dimming	controls	results.	The	relationship	between	these	is	quite	strong	with	difference	
between	them	of	around	1%.	

Group	A2	(rotation	=0,	WWR=50%)	
The	change	in	values	for	cooling	is	different	from	previous	group	the	bigger	the	built	area	and	
higher	 the	 configuration	 the	 more	 apparent	 the	 difference.	 Considering	 lighting	 energy	
consumption,	the	change	of	urban	configuration	has	more	effect	in	this	case	on	the	dimming	
controls	due	 to	 the	bigger	WWR	 ratio.	 This	 change	 in	 cooling	 consumption	pattern	 is	 still	
consistent	with	the	difference	of	around	3%. 

Group	A3	(rotation	=0,	WWR=80	%)	
The	 effect	 of	 outdoor	 geometrical	 changes	 is	 more	 apparent	 in	 this	 group	 on	 lighting	
consumption	with	dimming	controls	applied.	On	the	other	hand,	there	is	 less	difference	in	
the	cooling	values	for	the	densest	configurations.	The	dimming	applied	models	begin	to	have	
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a	 fraction	of	higher	values	of	cooling	consumption,	but	 this	did	not	change	the	pattern	of	
cooling	consumption	consistency	between	different	lighting	controls	still	around	3%.	

Considering	time	consumed	for	the	simulation	for	two	lighting	controls,	the	daylighting	
dimming	control	took	on	average	triple	the	simulation	time	compared	to	the	default	on/off	
lighting	controls.	As	shown	in	figure	2,	the	same	patterns	of	cooling	energy	consumption	are	
in	the	rest	of	cases,	with	different	values	due	to	the	different	angle	of	orientation.		

	
Group	B1	(rotation	=45,	WWR=20%)	
In	general,	 the	values	of	energy	consumption	for	cooling	and	 lighting	are	getting	closer	to	
group	A1	when	 the	 configuration	 gets	 dense.	 Furthermore,	 the	 values	 are	 closer	when	 it	
comes	to	one	floor	runs	and	then	continue	to	repeat	the	pattern	again	with	the	repetition	of	
heights	with	different	scales	but	with	a	2%	difference.	

Group	B2	(rotation	=45,	WWR=50%) 
The	pattern	and	almost	the	same	difference	in	consumption	values	are	repeated	in	this	group	
again	with	the	same	proximity	in	the	lower	heights	lighting	consumption	values	of	group	A2.		

Group	B3	(rotation	=45,	WWR=80%)	
The	main	difference	in	this	group	is	that	the	lighting	values	is	almost	like	group	A3	due	to	the	
high	value	of	WWR.	The	cooling	is	still	has	the	same	pattern	of	proximity	to	group	A3.	

Variables	relative	importance	

Heights	

		
The	results	imply	that	there	was	a	noticeable	difference	in	the	energy	cooling	consumption	
within	the	building.	The	study	shows	that	the	relationship	between	height	and	energy	cooling	

			
Figure	 2	 :	 Annual	 cooling	 consumption	 comparison	 between	 dimming	 &	 no	 dimming	 lighting	 controls	
considered	for	left	groups	A1,A2	&	A3.	Right,	groups	B1,B2	&	B3		

Figure	3.	To	the	left:	height	variations’	cooling	consumption	average	comparison	in	kWh/m2,	to	the	right:	
height	variations’	bound	correlated	in	kWh/m2	
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consumption	 is	 that	of	 a	negative	 correlation.	 It	 could	be	 said	 that	 this	 is	due	 to	 the	arid	
conditions	of	the	specified	zone.	A	comparison	of	the	calculations	of	the	highest	and	lowest	
blocks	showed	that	there	is	an	18	%	difference	in	cooling	consumption	(Figure	3).		

Built	area	ratio 

	
The	results	imply	that	there	was	even	more	change	in	the	energy	cooling	consumption	within	
the	building.	The	relationship	between	built	area	ratio	and	energy	cooling	consumption	is	that	
of	 a	 negative	 correlation.	 A	 comparison	 of	 the	 calculations	 of	 the	 most	 and	 least	 dense	
configurations	showed	that	there	is	a	72%	difference	in	cooling	consumption	(Figure	4).		

WWR	

	
For	 WWR	 variations,	 the	 relationship	 with	 energy	 cooling	 consumption	 is	 a	 positive	
correlation.	This	is	can	be	caused	also	by	the	climate	zone	chosen	for	the	study.	The	difference	
in	the	energy	cooling	consumption	is	more	than	what	was	shown	for	heights	but	still	less	than	
what	is	shown	for	built	area	ratios	effect.	The	comparison	between	these	variable	limitations	
indicated	that	there	is	almost	66	%	difference	in	cooling	consumption	(Figure	5).	

Orientation	

	

Figure	4.	To	the	left:	built	area	ratio	variations’	cooling	consumption	average	comparison	in	kWh/m2,	to	
the	right:	built	area	ratio	variations’	bound	correlated	in	kWh/m2	

	
Figure	5.	To	the	left:	WWR	variations’	cooling	consumption	average	comparison	 in	kWh/m2,	to	the	right:	
WWR	variations’	bound	correlated	in	kWh/m2	

	
Figure	6.	To	the	 left:	orientation	variations’	cooling	consumption	average	comparison	 in	kWh/m2,	to	the	
right:	orientation	variations’	bound	correlated	in	kWh/m2	
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There	is	a	slight	positive	correlation	for	this	variable,	according	to	the	results.	Comparing	the	
2	variations	it	can	be	argued	that	there	is	an	8%	of	energy	cooling	consumption	difference	
exists	between	the	2	different	angles	(Figure	6).	

Conclusion	

This	 study	used	undertook	a	holistic	 analysis	 to	quantify	 the	effect	of	 the	variation	urban	
geometrical	on	thermal	performance	and	to	evaluate	the	relative	importance	of	each	variable	
on	the	energy	consumption	used	for	cooling	and	heating	in	hot	arid	zones.		

The	 results	 show	 that	 daylighting	 analysis	 has	 a	 minor	 impact	 in	 comparison	 with	
cooling	energy	consumption	in	this	case	study	based	in	hot	arid	zones.	This	does	not	imply	
any	 dependencies	 between	 cooling	 and	 lighting	 energy	 consumption.	 This	 impact	 varied	
between	2	to	4	%	change	in	cooling	consumption	values	due	to	the	change	of	lighting	controls	
based	on	daylighting	autonomy.	Besides,	 time	constraints	make	the	brute	force	sensitivity	
analysis	of	daylighting	distribution	with	dimming	control	systems	hard	to	be	conducted	in	the	
early	stage	of	design	especially	in	a	multi-zone,	multi-object	study.	In	this	case,	the	difference	
of	lighting	dimming	control	systems	is	triple	the	time	consumed	to	conduct	a	standard	On/Off	
controls	lighting	analysis	with	the	same	computer	specifications.	Although,	the	need	to	study	
daylighting	 distribution	 is	 inevitable	 to	 achieve	 a	 comprehensive	 optimal	 building	
performance,	it	can	be	suggested	that	daylighting	analysis	can	be	postponed	to	a	later	design	
stage	rather	being	a	key	component	of	energy	analysis	in	early	design	stage.	This	study	also	
illustrated	 the	 significance	 of	 geometrical	 variables’	 relative	 importance	 in	 this	 urban	
configuration.	Although,	height	gets	more	attention	from	building	regulations	and	decision	
makers,	 but	 WWR	 has	 been	 proven	 to	 have	 a	 greater	 impact	 on	 the	 building	 cooling	
consumption	in	this	case	study.	Furthermore,	the	built	area	ratio	has	more	impact	than	height,	
which	 have	 more	 impact	 on	 cooling	 consumption	 of	 midrise	 residential	 buildings	 than	
orientation	of	the	configuration.	

There	 is	 still	 a	 need	 for	 further	 studies	 on	 geometrical	 variables	 and	 their	 effect	 on	
energy	 consumption	 and	 its	 relationship	 with	 daylighting	 in	 different	 climatic	 conditions,	
material	parameters	and	geometrical	contexts.	Although,	there	are	tools	that	can	conduct	
comprehensive	energy	analysis,	there	is	more	to	be	done	to	develop	optimized	tools	for	early	
stage	design	analysis	on	urban	scale.	
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Abstract: A wide range of Outdoor and Performance Simulation tools is today available. The users of those tools 
are mainly researchers, physicists and experts, while the urban and architectural design practice scarcely utilises 
them. The paper identifies a series of Outdoor Comfort Simulation tools and analyses their features and 
performances in light of the practice needs of modelling complex spaces, with the aim of bridging the existing 
gap. The comparative research systematically organises information that is key to the designer for their 
selection. Furthermore, it provides input to the tools’ developers for future improvements.  
CitySim Pro, ENVI-met, Grasshopper plug-ins Honeybee / Ladybug, Autodesk Thermal CFD and RayMan were 
tested when performing the outdoor thermal simulation of the complex space underneath and surrounding the 
Rolex Learning Center, located on the EPFL campus in Lausanne.  Six criteria that are relevant to the design 
practice drove the analysis: geometrical modelling, user friendliness, inputting of data, computational 
performance, output types and visualisation. The results show that each of the tools would be more functional 
for the practice with the addition or improvement of certain features. 

Keywords: Outdoor Simulation Tools, Microclimate, Outdoor Comfort, Architectural design, Design Process 

Introduction 

Design choices alter local environments by influencing a series of thermodynamic 
phenomena, which impact in a substantial way human thermal comfort (Anon, 2017). This 
makes it imperative to focus on microclimate design to raise people's health and wellbeing 
(Santamouris & Kolokotsa, 2016) (ONU, 2014). Because of the dynamic nature of the urban 
environment, it is still difficult to quantify and manage the physical variables that play a role 
in urban microclimates (Robinson, 2011). In the last decade, the scientific community has 
become increasingly interested in outdoor comfort analysis, and a few modelling tools are 
today available to predict microclimatic conditions (Coccolo et al. 2016). In the last five years, 
the interest towards outdoor climate raised. Urban and Architectural Designers are becoming 
aware of the need of designing the microclimate (Naboni, 2014a). However, the potential 
users are confronted with the dilemma of choosing a suitable Outdoor Comfort Simulation 
tool (OCS tools) among the increasing tools offer with little information.  

While the integration of environmental analysis and building simulation into the 
design process is a topic largely discussed at the building scale (Bleil de Souza, 2012; Attia et 
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al. 2012), this is not the case for the outdoor microclimatic scale. Practitioners are 
undoubtedly lost when looking to select, or even find, one tool that fit the simulation of their 
designs. Old claims, such as "Tools developers rarely state the tool’s capabilities and 
limitations"(Reinhart et al. 2006), are still relevant in a nascent field as the one of outdoor 
simulation. A comparative description of the outdoor comfort tools capabilities, in light of the 
design practice needs of modelling space of various degrees of geometrical and material 
complexity, is thus needed. At the time of writing, there is no independent evaluation and 
classification of tool usability and functionality in reference to the needs of urban and 
architectural designers. The paper aims to address this problem, identifying the design 
processes key requirements as a way to examine tools’ strengths and weaknesses. 
Microclimatic conditions and outdoor human comfort indices of a multifaceted geometrical 
space were simulated with each of the tools. The exercise supported the understanding of 
the tools’ potential of integration in the design practice when modelling complex spaces, as 
well as of the gaps that may prevent their use.  

Methodology  

Some OCS tools have a clear potential of being integrated into the design process: they are 
based 3D models and have visual outputs. Furthermore, they calculate Mean Radiant 
Temperature, an artificial, yet fundamental measure that expresses the degree of exposure 
to environmental radiation (Coccolo et al. 2016). Such criteria led to the selection of CitySim 
Pro, ENVI-met, Grasshopper plug-ins Honeybee and Ladybug, Autodesk Thermal CFD and 
RayMan. ENVI-met and RayMan are mostly employed in research. ENVI-met simulates the 
surface-plant-air interplays (Bruse, 2004). RayMan is a human-biometeorological tool based 
on radiant flux and thermophysiological indices (Matzarakis et al. 2007).  Other tools could be 
defined as “architectural friendly” (Naboni, 2013) and have recently incorporated outdoor 
comfort modules. Among them, CitySim Pro (Robinson et al. 2009), predicts energy fluxes at 
various scales. Ladybug and Honeybee (Roudsari et al. 2013) are plugins for Grasshopper that 
include outdoor thermal comfort components (Roudsari, 2017a; Roudsari, 2017b). Autodesk 
CFD (Autodesk, 2016a) estimates outdoor thermal comfort.  

The integration of OCS tools in the design process is appraised according to specific 
criteria (Table 1) (Weytjens et al. 2010; Weytjens et al. 2012; Attia et al. 2011). The Modelling 
Capability describes the ability to import file formats and geometric entities. The User 
Friendliness describes usability, thus entailing the analysis of learning curves, documentations 
and online help (Attia et al. 2011). Modelling and User-friendliness are qualitatively evaluated 
by the experienced modellers that participated in the research. The type and a number of 
Inputs are also traced. Other reviewed aspects are The Simulation Time (Hong et al. 2008) and 
the Visualisation capabilities (Haeb et al. 2014). Finally, the Result Type focuses on outputs 
and the calculation assumptions, with no aim to define the accuracy of the tool.  

In order to scrutinise tools “in action” a case study involving a multifaceted geometry 
was chosen (in opposition to a simple urban canyon) to test the tools capabilities of facing 
complex problems. The space is underneath the Rolex Learning Center, located on the EPFL 
campus in Lausanne (Switzerland). Its waved geometry occupies and area of 166 by 120 
meters that organically welcomes the public to the courtyards. The building generates 
different outdoor comfort conditions. The undulating floor affects the air flows underneath 
the building, and the fourteen voids create a complex set of zones (e.g. sun-lighted/shaded, 
the wind exposed/protected, etc.) and ground materials (hardscape and vegetation). A base 
architectural 3D architectural model was created with Rhinoceros (Figure 1), one of the most 
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popular modelling tools among international design practices (Naboni, 2014b). The full 
model, which includes all the surrounding buildings and surfaces that may affect radiation 
and convection exchanges, has an extension of 600 by 600 meters. The 3D was imported in 
CitySim Pro, Autodesk Thermal CFD, and Ladybug / Honeybee. The model needed to be rebuilt 
within the ENVI-met interface. The RayMan model, based on the sky view factor, was formed 
through a fisheye view received from Rhinoceros.  

A typical meteorological year (TMY) profile of the city of Lausanne was generated with 
Meteonorm (Remund et al. 2015). Simulations were performed with an i5 dual core Personal 
Computer with a processor clocked at 1.70 GHz. As a supplement to the test, and with the 
aim to present comprehensive information, all the software manuals and online information 
were scrutinised (Autodesk, 2016a; ENVI-met, 2015; RayMan, 2016; Roudsari, 2017a and 
2017b). Moreover, there were interviews and email exchanges with the software developers 
of each of the presented tools. 

 
Figure 1. 3D Rhino model of the EPFL campus area object of study. The Rolex Learning Center is in the centre. 

Results and Discussion 

Table 1 presents the review of each of the tools. For each category is given a value that ranges 
from -2 (not supported) to +2 (highly implemented), with the intermediate steps being: -1 
(partially implemented), 0 (present) and 1 (clearly implemented). Some features are 
described as yes (present) and no (absent). The computational performances are described 
as fast, average and time-consuming.  

Modelling. The challenge of modelling a non-orthogonal space as the one underneath 
the Rolex building allows the detailed appraising of modelling capabilities (Figure 2). CitySim 
fully import complex geometries in .dxf, .gml and .stl formats. CitySim does not allow to 
modify the model geometry once imported. Using ENVI-met means that the model needs to 
be re-drawn according to an orthogonal Arakawa C-grid. Using such grid means that certain 
objects and details are difficult to be modelled and needs to be approximated. Ladybug and 
Honeybee allow for Rhino’s real time geometrical modifications and details can be included. 
Autodesk CFD imports complex geometries in several file format as .3dm, .stp and .unv. It 
requires the entry geometry to be composed of closed extrusion or poly surface. Rayman 
modelling tool simplifies complex geometries as a result of the sky view factor.  

User friendliness. Citysim non-geometrical inputs could be set within the interface. A 
few simulation settings need to be scripted. No manuals are provided. ENVI-met is a collection 
of stand-alone applications. Publications and user guides are available. Ladybug and 
Honeybee are Grasshopper plugins, offering a known workspace to their users. Each of the 
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components has a description. Autodesk Thermal CFD interface has a step by step menu, and 
user guides are available. RayMan works in a simple interface. Documents, user guide and 
online support are available.  

Input data phase. CitySim requires a Meteonorm weather file. Materials definition is 
scripted based. ENVI-met requires climatic data for the hours of analysis. It provides a full set 
of materials to be assigned to each of the 3D grid cells. Ladybug and Honeybee work with 
.epw weather files. Materials need to be inserted according to the EnergyPlus format. Each 
of the components is broken into Input needed and Output, providing a clear pop-up 
description. Autodesk Thermal CFD demands that materials, physical properties and 
boundary conditions are manually defined. RayMan information, including human data, are 
manually inserted. Materials are not an input. 
 

Table 1. Comparison of tools. 
Outdoor comfort simulation tools 
qualitative analysis CitySim Pro ENVI-met Ladybug and 

HoneyBee 
Autodesk 

Thermal CFD RayMan 

Modelling      
import geometry from other programs Yes No Yes Yes No 
modify the project once imported 1 -1 2 1 -2 
exportation to others tools  0 -2 2 -2 -2 
modelling inside the tool -2 2 2 -1 -2 
responsiveness to design modification 0 2 2 2 -2 
User-friendliness      
intuitive/ simplified interface 1 1 1 1 0 
documentation support -2 1 0 2 0 
collaborative tools for designers -2 -1 1 1 -2 
integrated design decision support tools -2 -1 1 1 -2 
Input data phase      
a weather file is needed Yes No Yes No No 
possibility of exact material definition  2 1 0 1 -2 
implementation of previously used  
inputs  1 1 2 2 -2 

availability of inputs database/ library  2 1 1 1 2 
use of simplified, practical values / 
objects 2 1 -1 1 1 

Computational performances       
time before the first successful run  Long Long Average Long Fast 
time for fine tuning the model  Average Long Fast Average Long 
simulation time  Fast Average Average Average Fast 
Visualization      
readability of results 2 2 1 1 2 
availability of charts and graphs -2 1 1 1 1 
3d graphical output quality 2 1 2 2 -2 
feedback immediacy 2 2 1 0 2 
possibility of comparing design options  0 1 0 2 -2 
Result type      
exportation of results for post processing 1 0 1 1 -2 
software validation Yes No No No No 
comparison of results with real cases Yes Yes No No Yes 
interoperability with other tools 0 0 2 0 -2 
results’ report generation 1 1 1 1 -2 
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Figure 2. 3D models: CitySim Pro (top left), ENVI-met (top right), Ladybug/Honeybee (bottom left), Autodesk 

Thermal CFD (bottom right). 

 
Figure 3. CitySim Pro, surface Temperature simulation (top left). Autodesk Thermal CFD Mean Radiant 

Temperature simulation (top right). Relative Humidity simulation within the ENVI-met model (bottom left). 
Ladybug shortwave radiation analysis in Rhinoceros/Grasshopper interface (bottom right).  

 
Computational Performances. CitySim provides an annual hourly simulation of the 

outdoor space surrounding the Rolex Building in 8 hours (corresponding to 0.0009 hours to 
compute one hour). ENVI-met requires 2.292 hours to calculate one hour. Ladybug and 
Honeybee need 19 hours. Autodesk Thermal CFD completed a Steady State Simulation with 
500 iterations in 8 hours. RayMan performs simulations in a range of minutes. 

Visualisation. (Figure 3). Citysim, ENVI-met and Autodesk allow to display results 
within the GUI and results can be exported to excel. Ladybug and Honeybee offer several and 
customizable results visualisations. Rayman provides numerical outputs. 
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Result type. All of the OCS tools calculate the mean radiant temperature, providing 
insights concerning human thermal perception (Coccolo et al. 2016). A complete list of the 
general microclimatic and thermal comfort outputs is provided in Table 2. Designers can thus 
choose their tools according to their outputs need. ENVI-met provides the wider range of 
results. However, Ladybug / Honeybee have the largest number of specific outdoor comfort 
indexes. The accuracy of the results is not the matter of this publication, but some known 
trajectories of development are here shortly discussed. Rayman CitySim is validated according 
to the Building Energy Simulation Test (BESTEST), as well as against EnergyPlus (Coccolo et al. 
2013). Citysim Pro is now being developed to take into account variable and local wind 
speeds. ENVI-met is validated and compared against onsite measurements (Elnabawi et al. 
2013; Song et al. 2014; Jeong et al. 2015). ENVI-met developers are working on include a true 
view factor to account for the long wave radiation exchanges between the context and the 
human body. Ladybug / Honeybee could include accurate wind profiles from Butterfly 
(Roudsari, 2017c), a recently released Grasshopper plug-in based on OpenFOAM 
(OpenFOAM, 2017). Surfaces temperatures are derived from EnergyPlus with some 
limitations (i.e. longwave exchanges between buildings is not accounted). Autodesk Thermal 
CFD (Figure 2) thermal model is not yet validated for outdoor applications (Autodesk, 2016b) 
and when accounting for long wave radiation, all the objects are assumed to be a grey body. 
Rayman outputs are validated against on-site measurements (Matzarakis, 2002), longwave 
radiation transfers are simulated with some approximation for complex models, as it is 
described by the developers.  

 
Table 2. Outputs provided by each of the tools for given points, on surfaces or virtual planes.  

  CitySim Pro ENVI-met HoneyBee and 
Ladybug  

Autodesk 
Thermal CFD  Rayman  

General Outputs           
Local Wind speed (m·s−1 ) No Yes No Yes No 
Local Wind direction (°) No Yes No Yes No 
Local Air Temperature (°C) No Yes No Yes No 
Mean Radiant Temperature (°C) Yes Yes Yes Yes Yes 
Temperature  flux (K*ms) No Yes Yes No No 
Shortwave radiation (W·m−2 ) Yes Yes Yes No No 
Longwave radiation (W·m−2 ) Yes Yes No No No 
Building surface temperature (°C) Yes Yes Yes Yes No 
Objects surface temperature (°C) Yes Yes No Yes No 
Outdoor Comfort Indexes      
PET, Physiologically Equivalent Temp.  
(°C) No Yes Yes No Yes 

UTCI, Universal Thermal Climate Index 
(°C) No Yes Yes No No 

PT, Perceived Temperature (°C) No No Yes No No 
PMV, Predicted Mean Vote (–) No Yes Yes Yes Yes 
SET*, New Standard Effective Temp. (°C) No No Yes No Yes 
COMFA, COMfort FormulA (W·m−2) Yes No No No No 
ITS, Index of Thermal Stress (W) Yes No No No No 

Discussion 

The aim of the assessment and comparison of OCS tools was to examine their ability to fit 
urban and architectural designers’ needs and to identify their gaps when used in the design 
process of complex architectures. The common strengths and problems of the examined tools 
were listed according to a set of criteria relevant to the practice. Such information, which is 
key to urban planners and architects as well as to the tools developers, are here summarised. 
CitySim Pro easily imports architectural 3d Model and outputs are graphically appealing. 

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2105



Calculations, although do not fully consider local convective exchanges, are fast and validated. 
The preparation of the model may take some time. There is not an available manual, and the 
absence of online help is an issue, which may increase the learning curve. ENVI-met couples 
radiative and convective calculations, and it is fully validated. Also, the range of outputs is 
broad. However, it is time-consuming to draw complex models and simulate them. Ladybug 
and Honeybee have the advantage of being linked to a Rhino models so that geometry 
modifications could be potentially real-time assessed. Several Outdoor Comfort Indexes can 
be calculated, and results are graphically appealing. The use of EnergyPlus to account for 
surfaces temperatures (e.g. the ground) is not efficient in term of time of computation. 
Autodesk CFD has a valid convective simulation model, but the coupling with solar radiation 
module is time-consuming. RayMan provides fast results with a few simple input parameters, 
but outputs are limited. It is a tool that suits preliminary explorative calculations, but that 
cannot be used for complex geometries.  

Conclusion 

Design affects outdoor comfort inviting the urban and architectural field to move toward the 
modelling of outdoor microclimate and comfort conditions. Each tool was evaluated 
underlying its applicability in the design processes of complex geometrical settings. The paper 
is the first of its kind that systematically organises the capability of Outdoor Comfort 
Simulation tools in light of a design process. The reader is thus helped in the selections of 
tools, and software developers have a map of possibilities for improvements. The results 
show that each of the tools will be complete and more functional for the practice after the 
improvement of certain features. A more extended description of the tool's characteristic will 
be part of a journal article.  
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Abstract:	The	purpose	of	this	paper	is	to	examine	optimum	shape	of	louver	using	multi-objective	optimization	
algorithm.	This	simulation	algorithm	was	as	follows.	Variable	parameters	of	louver	were	angle,	size	and	pitch	of	
slats.	 These	 parameters	 exchange	 to	 gene	 for	MOGAs.	 Then,	 direct	 solar	 shielding	 of	 louver	 as	 evaluation	
function	 for	 direct	 solar	 radiation	 was	 calculate	 and	 sky	 view	 factor	 as	 valuation	 function	 for	 skylight	 was	
computed	 by	multi-raytracing	method.	 Finally,	 Pareto	 optimal	 solutions	 of	 shape	 and	 typology	 of	 louver	 is	
generated	by	the	non-dominated	sorting	genetic	algorithm.	A	designer	selects	a	design	solution	of	louver	which	
answers	the	purpose	from	Pareto	optimal	solutions.	In	order	to	confirm	the	applicability	of	this	simulation	for	
the	purpose	of	optimal	louver	design,	this	method	was	applied	to	simple	room	with	windows.	As	a	result,	the	
optimum	shape	and	 typology	of	 louvers,	whose	 slats	were	different	angle	and	 size	 for	efficient	use	of	 solar	
energy	in	each	individual	case,	were	generated.	
	
Keywords:	 Multi-objective	 optimization,	 non-dominated	 sorting	 genetic	 algorithm,	 skylight,	 direct	 solar	

radiation,	louver	

Introduction	

Global	environmental	 issues	 such	as	 climate	 change	and	energy	 constraints	are	becoming	
increasingly	the	focus	of	worldwide	concern.	Passive	design	has	widely	been	identified	as	one	
of	the	most	effective	strategies	for	reducing	energy	demand.	Much	research	in	architectural	
environment	fields	has	focused	on	passive	design	(TaeCheol,L	,2017).		
An	approach	based	on	the	shape	and	typology	of	louvers	that	favors	the	use	of	solar	energy	
is	proposed.	It	is	important	for	reducing	heat	load	of	a	room	to	prevent	solar	direct	radiation	
into	the	room.	However,	for	use	of	daylight,	maximizing	the	amount	of	skylight	provide	in	a	
room,	the	shape	and	typology	of	 louvers	do	not	allow	to	prevent	solar	direct	radiation.	 In	
other	words,	to	design	the	louvers	shape	for	reducing	heat	load	and	using	daylight	is	to	solve	
the	relationship	of	trade-off.	The	purpose	of	this	paper	is	to	examine	optimum	shape	of	louver	
using	multi-objective	optimization	algorithm.	

	

Method	of	optimization	of	louver	shape	

Outline	of	multi-objective	genetic	algorithm	

The	genetic	algorithm	(GA)	has	become	an	important	computational	tool	for	problem	solving	
and	optimization	 in	many	fields	 (Daniel	R.,2012).	 In	the	field	of	architectural	environment,	
researchers	 have	 applied	GA	 to	 structural	 optimization	problems	 (Anxiao	 Z	 ,2017).	 In	 this	
paper,	 Pareto	 solutions	 of	 louver	 shape	 are	 derived	 by	 using	 a	 multi-objective	 genetic	
algorithm	(MOGAs).	
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The	MOGAs	starts	with	initial	population	of	which	individuals	are	randomly	initialized.	
After	the	objective	functions	are	evaluated	for	each	candidate	within	the	initial	population,	
the	 fitness	 for	 each	 candidate	 is	 calculated	 using	 the	 evaluation	 values	 by	 Fonseca’s	
method(C.	M.	 Fonseca,1993).	 Then,	 the	 best	 alternatives	 from	 the	 population	 is	 selected	
based	on	the	fitness	value.	The	offspring	 is	created	from	alternatives	the	by	the	crossover	
operation	 and	 the	 mutation	 operation	 in	 order	 to	 define	 the	 next	 new	 generation.	 This	
process	is	repeated	until	the	population	size	reaches	a	predefined	population	value.	Figure	1.	
shows	the	outline	of	the	multi-objective	optimization	in	louver	shape.	

	

	
Figure	1.	Outline	of	the	multi-objective	optimization	in	louver	shape	

	

Louver	design	variable	

Design	solutions	of	louver	are	coded	in	the	MOGA	through	integer	strings.	In	this	study,	the	
chromosome	consists	on	20	parts	corresponding	to	each	slat	of	louver.	One	slat	has	the	three	
design	variables.	The	definitions	of	these	variables	are	as	follows:	

Depth	of	slat		 :	Length	of	slat	from	the	edge	of	window-side	
Angle	of	slat		 :	Angle	from	a	perpendicular	downward	line	
Position	of	slat	 :	Height	from	the	lower	end	of	window	
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Figure	2.	Definition	of	an	individual	

	

Objective	function	

Evaluation	of	solar	shielding			
The	objective	function	for	solar	shielding	is	to	calculate	an	average	of	solar	shielding	ratio	of	
louver	during	the	daytime.	The	calculation	method	of	solar	shielding	ratio	is	as	follows:	

1)	A	sun	position	is	simulated,	then	sun-pointing	vector	is	generated.	
2)	A	projected	plane	to	which	the	sun-pointing	vector	is	a	normal	vector	is	created.	
3)	 The	 projected	 area	 of	window	 is	 calculated	 by	 counting	 the	 pixel	 of	window	object	

projected	on	the	plane.	
4)	Then,	a	louver	object	is	projected	at	the	same	plane.			The	projected	area	of	louver	is	

calculated	by	counting	the	pixel	of	louver	object	within	window	area.	
5)	Solar	shielding	ratio	is	taken	from	a	ratio	of	the	projected	area	of	louver	to	the	projected	

area	of	window.	
In	order	to	consider	diurnal	change	of	sun	position,	an	evaluation	value	is	calculated	

from	average	of	solar	shielding	ratio	which	was	computed	at	hourly	intervals.	
	 Figure.3	illustrates	the	calculation	method	of	solar	shielding	ratio.	

	

	
Figure.3	Calculation	method	of	solar	shielding	ratio	
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n     : Total number of slats of louver
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=
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Evaluation	of	sky	light	
The	objective	function	for	sky	light	is	to	simulated	sky	view	factor	at	reference	points.	The	sky	
view	 factor	 is	 calculated	 by	 the	multi-tracing	 simulation	 from	 the	 reference	 point	 toward	
multiple	 hemispherical	 directions.	 The	 tracing	 direction	 is	 established	 so	 that	 the	 tracing	
density	(interval)	comes	to	have	the	same	form	factor	(Figure.	4,	Formula	(1)).	The	sky	view	
factor	is	estimated	by	counting	the	number	of	tracers	reaching	the	upper	boundary	surface.		

	

	
	 	

	

	
	

	
where	N	is	total	number	of	tracer,	m	is	division	number	for	elevation	angle	(round	off),	

n[i]	 is	division	number	 for	horizontal	angle	 (round	off),	 f[i]	 is	elevation	of	 the	 tracing	 for	 i	
division	(rad),	and	Dy[i]	is	horizontal	division	angle	for	tracing	(rad).	

	

 

Figure.4	Calculation	method	of	sky	view	factor 

 
	 In	 this	 paper,	 the	 evaluation	 value	 is	 taken	 by	 the	 ratio	 of	 the	 sky	 view	 factor	 at	

reference	point	of	a	room	with	louver	to	the	sky	view	factor	without	louver	because	the	value	
of	the	sky	view	factor	in	a	room	is	too	low	to	evaluate.		

Establishment	of	Number	of	tracers	in	the	multi-tracing	simulation	

The	increase	in	the	number	of	tracers	in	the	multi-tracing	simulation	used	in	the	estimation	
of	 the	 sky	 view	 factor	 causes	 the	 growth	 of	 the	 calculation	 load.	 Since	 this	 calculation	 is	
executed	repeatedly	in	the	MOGA,	the	optimum	number	should	be	determined	for	practical	
use.		

The	relationship	between	the	number	of	tracers	in	the	multi-tracing	simulation	and	the	
calculation	accuracy	using	the	sky	view	factor	is	examined	

The	building	model	used	in	this	examination	is	the	same	as	that	shown	in	Figure	5.	The	
root	mean	square	error	 (RMSE)	 index	 is	used	 for	 this	 investigation	of	calculation	accuracy	

∆θ[i] =
2π

n[i]
n[i] = π × (2× i− 1)

φ[i] = arccos

!
2× i− 1

2×m

"
∆θ[i] =

2π

n[i]

h=90cm

 

Fig.3 Establishment of tracing directions 
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(Formula	(2)).	The	maximum	number	of	tracers	for	calculating	the	RMSE,	as	the	standard,	is	
approximately	500,000.	

	

	
where	sf497440	is	sky	view	factor	using	the	maximum	number	of	tracer	(497,440),	sf	is	sky	

view	 factor	 using	 each	 tracer	 number,	 N	 is	 number	 of	 reference	 points,	 RMSE	 is	 the	
calculation	error	index	(root	mean	square	error).	

	

	
Figure	5.	Building	model	

	
The	relationship	between	the	number	of	tracers	and	the	RMSE	index	of	the	sky	view	

factor	for	all	reference	points	is	shown	in	Figure	6.	As	the	number	of	tracers	increases,	the	
value	of	the	RMSE	decreases	sharply.	However,	the	difference	in	the	RMSE	is	small	when	using	
approximately	10,000	tracers.	When	9,824	tracers	are	applied,	the	RMSE	value	is	less	than	
0.2%.	The	image	in	Fig.	5	shows	the	simulation	result	for	the	sky	view	factor	distribution	using	
9,824	tracers.	A	clear	distribution	of	the	sky	view	factor	is	calculated.	This	result	confirms	that	
for	 this	 multi-tracing	 simulation	 the	 suitable	 number	 of	 tracers	 is	 more	 than	 9,824.	 The	
number	is	practical	in	terms	of	the	calculation	load.	

	

	

Figure	6.	Relationship	between	the	number	of	tracer	and	RMSE	of	sky	view	factor	
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Shape	optimization	of	louver	for	simple	house	

Calculation	condition	

In	order	 to	confirm	the	applicability	of	 this	 tool	 for	optimizing	 louver	 shape,	 this	 tool	was	
applied	to	simple	house	which	had	a	louver	facing	south.	The	building	model	is	the	same	as	
at	that	shown	in	Figure	5.	This	case	study	was	carried	out	at	difference	design	variable	shown	
in	Table	1.	Table	2	shows	calculation	conditions	of	this	study.	

	
Table	1.	Design	variable	at	each	case	

	 Depth	of	slat	 Angle	of	slat	 Position	of	slat	
Case	1	 Variable	(	0<d<20[cm])	 Constant	(θ=90[°])	 Constant	(equal	intervals)	
Case	2	 Constant	(d=10[cm])	 Variable	(	0<θ<180[°])	 Constant	(equal	intervals)	
Case	3	 Constant	(d=10[cm])	 Constant	(θ=90[°])	 Variable	(	0<h<200[cm])	

Case	4	 Variable	(	0<d<20[cm])	 Variable	(	0<θ<180[°])	 Variable	(	0<h<200[cm])	
	
	

Table	2.	Calculation	condition	of	this	study	
population	

seize	
maximum	
generation	 Mutation	rate	 crossover	rate	 calculation	days	

1000	 5000	 0.1	 0.9	
1st	July,		15th	July,		1st	Aug,		
15th	 Aug,	 1st	 Sept.,	 15th	 Sept	
Evaluation	 value	 is	 calculated	 from	 an	 average	 of	 sun	
shielding	ratio	ever	hour	at	above	days		

	

Results	

Figure	7	depicts	the	Pareto	front	calculated.	In	Case1,	solutions	which	have	the	wider	range	
of	evaluation	value	of	solar	shielding	ratio(f1)	and	sky	factor(f2)	than	Case2	and	Case3	were	
generated.	In	Case2,	set	of	solutions	of	high	evaluation	value	of	f1	was	calculated,	while	set	
of	solutions	of	high	evaluation	value	of	f2	was	computed	in	case3.	In	case4,	set	of	solutions	
of	high	evaluation	value	of	f1	and	f2	which	have	characteristics	of	Case1,	Case2	and	Case3	
was	obtained.		
	

	
Figure	7.	Pareto	front	of	each	case	
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The	detail	of	differences	of	louvers	shape	in	each	case	are	as	follows	(Figure	8).	
Case	1:	In	solution	of	maximum	evaluation	value	of	f1,	the	depth	of	all	slats	was	maximum	

size	(20cm).	On	the	other	hand,	when	the	depth	of	all	slats	was	minimum	value,	
evaluation	value	of	f2	was	maximum.	At	the	solutions	which	have	around	middle	
evaluation	value	of	f1and	f2,	depth	of	slats	at	the	upper	side	of	louver	became	
narrower	 than	 bottom.	 It	 indicates	 that	 narrow	 slats	 at	 upper	 side	 of	 louver	
allow	to	increase	skylight	at	room	because	configuration	factor	at	upper	side	of	
window	is	higher	than	lower.	

	
Case	2:	In	solution	of	maximum	evaluation	value	of	f1,	angle	of	slats	was	vertical	so	that	

the	louver	completely	covers	the	windows.	On	the	other	hand,	the	solution	of	
maximum	evaluation	value	of	f2	have	slats	pointed	the	sky	(figure.8	b)	so	that	
sky	light	increases	at	the	room.		

	
Case3:	 The	 solution	 which	 was	 slats	 evenly	 aligned	made	 the	 evaluation	 value	 of	 f1	

maximum.	As	the	evaluation	value	of	f2	increased,	the	distance	of	between	slats	
at	 upper	 side	 became	 wider	 than	 lower	 side.	 It	 is	 because	 the	 value	 of	
configuration	 factor	 increases	 efficiently	 for	 the	 same	 reasons	 as	 case1.	 In	
solution	of	maximum	evaluation	value	of	f2,	all	slats	were	located	at	lower	side	
of	window	in	order	to	obtain	most	of	sky	light	from	the	window.	

	
Case4:	The	solution	of	maximum	evaluation	value	of	f1	was	the	same	solution	of	case2	

that	angle	of	slats	was	vertical.	And	the	solution	of	maximum	evaluation	value	
of	f2	was	the	same	solution	of	case3	that	all	slats	were	located	at	lower	side	of	
windows.	in	and	around	the	middle	evaluation	value	of	f1	and	f2,	the	solutions	
which	have	characteristics	of	each	Case	were	generated.	In	other	word,	the	slats	
of	 the	 solution	were	pointed	 the	 sky,	 and	narrower	 slats	 and	wider	 distance	
between	slats	at	upper	side.	

Pareto	optimal	solutions	with	different	trends	could	be	acquired	for	each	case.	Among	them,	
a	 solution	with	 a	 different	 shape	 was	 obtained	 due	 to	 the	 difference	 in	 design	 variables	
although	the	performance	of	solar	shielding	and	skylight	use	was	similar,		

	
	

	 	 	 	
a)Case	1	(depth)	
	(f1=0.771,	f2=0.758	)	

b)Case	2	(angle)	
	(	f1=0.790,	f2=0.745	)	

c)Case	3(position)	
(	f1=0.757,	f2=0.664	)	

d)Case	4	(three	variable)	
(	f1=0.782,	f2=0.793	)	

Figure.8	Example	of	optimum	shape	of	louver	
	
	

Conclusion	
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In	 this	 paper,	 optimum	 shape	 of	 louver	was	 examined	 using	multi-objective	 optimization	
algorithm.	In	order	to	solve	the	relationship	of	trade-off	between	solar	shielding	and	daylight	
use,	numerical	simulation	method	by	using	a	multi-objective	genetic	algorithm	(MOGAs)	was	
developed.	 In	order	 to	 calculate	optimum	shape	of	 louver,	 this	 simulation	was	applied	 to	
simple	 room	with	window	 facing	 south.	 As	 a	 result,	 the	 optimum	 shape	 and	 typology	 of	
louvers	were	generated.	As	a	result,	it	was	possible	to	acquire	the	various	optimal	solutions	
of	 louver	 shape.	 Among	 them,	 it	 was	 suggested	 that	 although	 the	 performance	 of	 solar	
shielding	and	skylight	use	is	similar,	a	solution	with	a	greatly	different	shape	can	be	obtained	
due	to	the	difference	in	design	variables.	
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Abstract: Green roofing is a low environmental impact building system recognized for its insulating qualities. It 
is being increasingly adopted in Brazil. The aim of this paper is to investigate the thermal performance 
implications of using green roof in social housing in hot and dry climate in comparison to traditional 
construction systems. The research uses thermal simulation through Design Builder software package (an 
interface of EnergyPlus program) and weather data from the city of Mossoro - RN, located in Northeast Brazil. 
Internal operative temperature is analysed through an adaptive comfort model and compared to external 
temperatures. It was found that the combination of soil thickness, plant height and value of leaf area index 
(LAI) are very significant in the performance of the green roof. It is predicted that using a green roof will result 
in a thermal phase lag contributing to the establishment of lower internal temperatures and longer hours of 
thermal comfort in the building.  It is also predicted that air movement will have a significant effect on number 
of hours spent in comfort.  

Keywords: Ecoroof, green roof, thermal comfort, thermal performance, simulation 

Introduction	

A green roof is a roof that contains a growing media and vegetation layer as its outermost 
surface. Its construction differs but usually includes a drainage layer, a root barrier, and a 
waterproof membrane (Sailor, 2008). Growing medium depth and vegetation type define 
the green roof usual classification as being extensive or intensive. Extensive green roofs 
consist of low vegetation over thin growing medium and small plants. They are less 
expensive presenting low maintenance and lightweight, whilst intensive green roofs 
presents gardens intended for human use and larger plants, as shrubs and trees, requiring 
more maintenance and thicker growing medium. The term semi-intensive green roof is 
sometimes used as a hybrid system, presenting higher variety of plants than the extensive 
roof but with lower soil depth than the intensive roof. 

Green roofs (also referred to as vegetated roofs, eco roofs, or living roofs) have been 
in use for centuries and interest in their use has recently increased due to the promotion of 
so called green building techniques. Some of the benefits of using green roofs are storm 
water retention, creation of wildlife habitat and functional open space, reduction of noise 
levels and energy use, climate change adaptation and air quality improvement in reply to 
extenuating the negative impacts of urban heat island effects (Hui, 2013).  
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The performance of  green roofs  has been analysed in different climates (Tang and Qu, 
2016, Silva et al, 2016, Brudermann and Sangkakool, 2017, Mukherjee, 2013), including 
focus in specific types, as extensive green roof (Bevilacqua et al, 2016, He et al, 2016) and 
hydroponic green roofs (Huang et al, 2016) and energy savings results (La Roche and Berardi, 
2014, Jaffal et al, 2012). The  contribution of green roofs to attenuation of urban heat island 
effects , stormwater management, sound insulation and air quality improvement have also 
been the subject of studies by Galbrun and Scerri (2017), Solcerova et al (2017), Berardi 
(2016) and Zhang et al (2015). The quantification of the thermal properties of green roofs 
and performance  simulation have been addressed by Decruz et al (2014), Capozzoli et al 
(2013), Kotsiris et al (2012), Sailor and Hagos (2011) and Sailor (2008). 

This paper addresses the prediction of the thermal performance of extensive and 
intensive green roof systems in the hot and dry climate area in Northeast Brazil and 
compares it to the performance of the common construction systems used in this area. The 
objective is to establish the likely benefits in improved thermal comfort of naturally 
ventilated residences that green roofs can provide compared to the usual systems in the 
region. The experimental methodology used determines comfort conditions indoors based 
on the adaptive model of de Dear and Brager (1998) in which suitable indoor temperatures 
are linked to the mean outdoor temperatures. The temperatures are outputs from annual 
thermal simulation using DesignBuilder software (DesignBuilder Software Ltd, 2000-2005). 

Simulation	of	Green	roofs		

Green roofs design differ widely but are usually formed by four layers: vegetation layer, 
growing media layer, drainage layer and protection layer, which can include waterproof 
membranes and root barriers (Sailor, 2008). One typical design for a green roof used in 
Brazil is shown in Figure 1. Over the main roof structure (usually concrete), an asphalt 
blanket or canvas is laid as a waterproof membrane, followed by a geotextile blanket as roof 
barrier. Next a layer of expanded clay or gravel keeps the bottom of the system well drained, 
preventing root rot and facilitating the flow of water. A new geotextile blanket prevents the 
soil layer from mixing with the expanded clay layer. Finally the layers of growing media (soil) 
and grass are positioned. This structure is used as a base for the simulation model.  

Figure 1 – Typical green roof design in Brazil 
 
Sailor (2008) has developed  a model of the energy balance of a vegetated rooftop and 

integrated it into the EnergyPlus building energy simulation program, allowing the 
exploration of design options including growing media thermal properties and depth, and 
vegetation characteristics such as plant type, height and leaf area index. The performance of 
green roof is modelled using  DesignBuilder software by creating a roof construction using a 
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green roof material as the outer layer and including irrigation system and/or site 
precipitation definition from the weather data. The input properties of the vegetation and 
soil layer required includes heights of plants, Leaf Area Index (LAI), leaf reflectivity, leaf 
emissivity, minimum stomatal resistance and maximum (saturation), minimum (residual) 
and initial volumetric moisture content of the soil layer (EnergyPlus, 2017).  

The Leaf Area Index (LAI) is a dimensionless variable that represents how effective the 
vegetation is in blocking solar radiation from reaching the ground. A  value of 0 represents 
bare ground and values of 3-5 are for shrub covers (Decruz et al, 2014). Two options of LAI 
were used representing one case of intensive and one case of extensive green roof and 
based on Yu (2006). A LAI of 2 were used to represent grassland and a LAI of 4 was used to 
represent shrubs.  

The common parameters for all cases of the simulations are described in Table 1. 
Vegetation layer properties are based on Capozzoli et al (2013) and soil properties based on 
Brazilian standard NBR 15220-2: "Thermal Performance of Buildings - Part 2: Thermal 
transmittance calculation methods, thermal capacity, thermal lag and solar factor of 
elements and building components" (ABNT, 2005). The specific parameters of the different 
green roofs cases simulated and the nomenclature used to refer to each case is in Table 2. 

Table 1 – Input parameters of vegetation and soil layer.  
Concrete slab  10cm 
Gravel (drainage layer) 5cm 
Leaf reflectivity 0.22 
Leaf emissivity  0.95 
Minimum stomatal resistance 180 s/m 
Max volumetric moisture content at saturation 0.4 
Min residual volumetric moisture content 0.01 
Initial volumetric moisture content 0.15 
Irrigation pattern  off 
Soil thermal conductivity  0.52 W/m.K 
Soil density  1700 kg/m3 
Soil specific heat capacity  840 J/kg.K 

 
Table 2 – Parameters and nomenclature of the green roof cases 

Nomenclature  Soil depth 
(m) 

Leaf area 
index (LAI) 

Height of 
Plants 

Ventilation  

NIGHT 0.15 2 0.10 18-6h 
L2S15 0.15 2 0.10 06-18h 
L2S30 0.30 2 0.10 06-18h 
L4S15 0.15 4 0.20 06-18h 
L4S30 0.30 4 0.20 06-18h 

Building	prototype		

The geometry of the house cases used is based on a typical social housing scheme present in 
Brazil in order to assess typical design practices in the country (CAIXA, 2009) (Figure 2). The 
cases present as common characteristics being ground floor residences with ceramic brick 
walls of 2.50m ceiling height divided into two bedrooms, bathroom, living room, kitchen and 
service area, in a total area of 46.53m2 (Figure 3).  
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Figure 2 - Example of social housing built in 
Northeast Brazil  

  
 

Figure 3 – Base case floorplan in meters  
 

Data relating to external conditions is taken from the EnergyPlus Weather File (EPW) 
based on raw data collected by the weather stations of INMET - Brazilian National Institute 
of Meteorology (Roriz, 2012). Pattern schedules for occupancy, equipment and lighting 
usage were selected for the simulation process based on recommendations for residence 
simulations contained within the Brazilian Programme for Building Labelling through the 
Quality Technical Regulation for Residential Buildings - RTQ-R (INMETRO, 2012). Metabolic 
rates, lighting density and internal equipment load used and based on the regulation is 
presented in Table 3. 

 
Table 3 - Metabolic rate, lighting density and equipment load of the simulated cases based on INMETRO (2012) 

Metabolic rate (Average skin area 1.80m2) 
Living room  
(siting or watching tv) 

60W/m2 of produced heat  
108W of produced heat for skin area. 

Bedroom  
(sleeping or resting) 

45W/m2 of produced heat  
81W of produced heat for skin area 

Lighting density 
Living room 6 W/m2 
All other rooms  5 W/m2 
Internal Equipment loads in 24h 
Living room (only room 
cited in the regulation) 

2 W/m2 (the regulation indicates 1.5 but the 
software doesn’t admit decimal number) 

 
Typical roof construction systems used in social housing scheme in Brazil employ 

ceramic tiles, wooden frames with different lining material such as concrete and PVC, or 
else no lining, besides concrete flat roofs. All cases and physical properties used during the 
simulation process are shown in Table 4 and are based on information published by the 
Brazilian - National Institute for Metrology, Quality and Technology (INMETRO, 2010) and in 
the Brazilian standard NBR 15220-2: "Thermal Performance of Buildings - Part 2: Thermal 
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transmittance calculation methods, thermal capacity, thermal lag and solar factor of 
elements and building components" (ABNT, 2005). 

 
Table 4 – Properties of roof cases for simulation 

 Nomenclature Material Thickness 
cm 

U - Value 
W/m2.K 

Heat capacity 
kJ/m2.K 

 Green Roof  
Soil 0.30 

1.18 668 Concrete slab 0.10 

 Green Roof 
Soil 0.15 

1.80 454 Concrete slab 0.10 

  
Concrete Lining Ceramic tile 1 2.05 238 

Concrete lining 10 

  PVC Lining Ceramic tile 1 1.75 21 
PVC lining 1 

   Concrete Flat Roof Concrete 10 3.73 220 

   No lining Ceramic tile  - 4,55 18 

Thermal	Comfort	Prediction	Method		

The simulation outputs are analysed based on the principle of adaptive comfort, which 
considers that thermal sensations are influenced by outdoor climate. The index from (de 
Dear and Brager, 1998) is used to quantify comfort (Equation 1) and a range to 90% of 
satisfied people is considered, implying in a comfort range of ± 2.5°C in the comfort 
temperature. The method is  incorporated by the American and European standards 
ASHRAE 55 (2010) and EN15251 (2007) respectively and referred to by Lamberts et al (2013) 
when proposing a Brazilian standard for naturally  ventilated  environments  based on 
thermal and air movement suitability. 

Tc = 0.31Te + 17.8                                                           
Where: 

         Equation 1 

Tc is comfort temperature, in °C 
Te is average monthly external temperature, in °C 

 

The American standard ASHRAE (2010) considers the air speed to be  a factor that can 
cause an increase in upper limit comfort temperature by physiological cooling. The standard 
allows an increase of 1.2°C of the upper temperature limits for air speed of 0.6 m/s. This 
upper limit can also be extended by 1.8°C for an air speed of 0.9 m/s and 2.2°C for air 
speeds of 1.2 m/s. An air velocity of 1.2m/s was assumed in this current piece of research, 
with an increase of 2.2°C in the comfort range to generate a comfort range when in 
presence of air movement. This air speed is easily reached with the use of desktop fans, 
usual in the area. 

Discussion	and	result	analysis	

All cases are simulated in the city of Mossoró - RN, located in the semi-arid area of Brazil, 
with high temperatures all year and low relative humidity. Figure 4 shows a comparison of 
the temperature from the weather file of the city used in the simulation process and the 
limits of comfort calculated through the adaptive comfort index. 
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Figure 4 - Weather data analysis of the city of Mossoró - RN 

 
The weather data showed an average temperature of 26.7°C, with maximum 

temperature of 34.9°C, and minimum of 17.7°C. The analysis through the adaptive comfort 
index showed 5% of the hours of the year in discomfort due to overheating, 15% in comfort 
when in presence of air movement, 73% of hours in comfort and 6% discomfort hours due 
to cold temperatures. 

The annual thermal simulations of each case resulted in operative temperatures that 
compared to the comfort ranges, ended in the frequency of comfort of the cases. The 
frequency of comfort of the green roof cases is showed in Figure 5. The green roof case with 
low LAI and growing media is compared to the comfort reached by typical constructive 
systems in Figure 6. 

 

 
Figure 5 - Frequency of comfort of 

green roof cases 

 
Figure 6 – Frequency of comfort of green roof 

compared to typical constructive systems 
 
None of the green roof cases simulated showed hours in discomfort by overheating. 

The case with thin growing media but high Leaf Area Index (LAI) (L4S15), representing more 
dense vegetation had the best frequency of comfort. The second best results was from the 
case with thin growing media and low LAI but with night ventilation, followed by the case 
with both high growing media depth and LAI (L4S30). Both cases of low LAI (L2S15 and 
L2S30) presented more comfort hours when in the presence of air movement. 

The green roof case showed higher number of hours in comfort than all the typical 
constructive systems. Among the typical construction systems evaluated, the case with 
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concrete lining presented both the highest frequency of comfort and highest frequency of 
comfort with air movement. The case without lining and the concrete flat roof predicted the 
most numbers of hours in thermal discomfort due to overheating. None of the cases 
presented discomfort due to cold temperatures. 

The analysis of the temperatures reached in the hottest day of the year is presented in 
Figure 7 and shows that the no lining case presented higher peak temperature and higher 
thermal amplitude. The green roof case showed the lowest thermal amplitude and the 
lowest peak temperature. Both green roof and concrete lining cases showed thermal delays 
in the peak temperature. 

 
Figure 7 - Temperatures reached on the hottest day of the year 

Conclusions	

This paper assesses the thermal performance of green roofs and compares it to the 
performance of typical constructive systems used in the hot and dry climate area in 
Northeast Brazil. The evaluation showed the use of green roofs results in higher number of 
hours in thermal comfort inside the residences. 

The effect of the different green roof assemblies showed that higher value of Leaf 
Area Index (LAI) and the use of night ventilation results in better results. The cases with 
lower value of Leaf Area Index (LAI) need more hours with air movement in order to reach 
comfort showing the effect of the high thermal capacity of the soil with less dense 
vegetation, which absorbs less radiation. The case with the lower Leaf Area Index (LAI) and 
growing media depth, being the easier to build, didn’t showed any hour in discomfort for 
overheating, being a good choice for the region. The case also presented better results than 
the typical constructive systems of the region, reaching lower peak temperature. 
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Abstract:	 The	 increasing	 popularity	 of	 parametric	 design	 tools	 goes	 hand	 in	 hand	 with	 the	 use	 of	
building	performance	simulation	(BPS)	tools	from	the	early	design	phase.	However,	current	methods 	require	
a	 significant	 computational	 time	 and	 a	 high	 number	 of	 parameters	 as	 input,	 as	 they	 are	 based	 on	
traditional	 BPS	 tools	 conceived	 for	detailed	building	design	phase.	  Their	application	 to	 the	urban	scale	 is	
hence	difficult.	As	 an	 alternative	 to	 the	 existing	 approaches,	 we	 developed	 an	 interface	 to	 CitySim,	 a	
validated	 building	simulation	tool	adapted	to	urban	scale	assessments,	bundled	as	a	plug-in	for	Grasshopper,	
a	popular	parametric	design	 platform.	 On	 the	 one	 hand,	 CitySim	 allows	 faster	 simulations	 and	 requires	
fewer	 parameters	 than	traditional	 BPS	 tools,	 as	 it	 is	 based	 on	 algorithms	 providing	 a	 good	 trade-off	
between	 the	 simulations	 requirements	 and	 their	 accuracy	 at	 the	 urban	 scale;	 on	 the	 other	 hand,	
Grasshopper	 allows	 the	 easy	 manipulation	 of	 building	 masses	 and	 energy	 simulation	 parameters	
through	 semi-automated	 parametric	workflows. 	 In	 this	 paper,	 we	 present	 a	 preliminary	 version	 of	 the	
developed	plug-in	and	a	typical	design	workflow	for	the	simulation	and	visualization	of	building	performance	
at	 the	 neighbourhood	 scale.	 We	 conclude	 by	 discussing	 its	 scalability	 to	 larger	 urban	 areas	 using	
3D	geodata	as	input	and	the	coupling	with	Computational	Fluid	Dynamics	(CFD)	simulations	and	optimization
algorithms.	

Keywords:	building	performance	simulation,	parametric	design,	solar	potential,	early-design	phase	

Introduction	

Although	it	can	be	argued	that	design	has	always	been	parametric,	today	it	is	empowered	by	
the	use	of	digital	models	and,	during	the	last	decade,	parametric	tools	have	become	part	of	
the	standard	design	workflow	in	architectural	practice	(Davis,	2013).	In	parallel,	the	advances	
in	computational	models	enacted	the	use	of	building	performance	simulation	(BPS)	tools	as	
part	 of	 the	 design	 process,	 even	 if	 their	 application	 at	 the	 early	 design	 stage	 is	 still	 not	
widespread.	 For	 this	 reason,	 Attia	 et	 al.	 (2009)	 stressed	 the	 importance	 of	 graphical	
representation	 of	 building	 simulation	 results	 and	 comparative	 evaluation	 of	 design	
alternatives	at	the	early	design	phase,	when	architects	are	usually	involved.	In	this	sense,	BPS	
tools	coupled	with	parametric	design	techniques	can	give	a	visual	feedback	on	different	form	
variants	so	as	to	support	a	performance-oriented	design	process.	
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The	use	of	parametric	design	coupled	with	BPS	tools	is	already	well	established	(Lagios,	
Niemasz,	&	Reinhart,	2010;	Jakubiec	&	Reinhart,	2011;	Roudsari	&	Pak,	2013)	for	sustainable	
building	design.	Honeybee	(Roudsari	&	Pak,	2013)	and	DIVA	4.0	(Solemma,	2016)	are	two	of	
the	 most	 known	 BPS	 interfaces	 for	 parametric	 design.	 However,	 they	 are	 intended	 for	
detailed	design	phases	focusing	on	the	building	envelope,	since	they	are	based	on	advanced	
simulation	engines	like	EnergyPlus	and	Radiance/Daysim.		

Conversely,	applications	of	BPS	and	parametric	urban	design	are	not	common,	although	
previous	studies	have	shown	their	potential	 (Peronato,	2014;	Peronato,	Nault,	Cappelletti,	
Peron,	&	Andersen,	2015;	Nault,	Moonen,	Rey,	&	Andersen,	2017).		They	present	in	fact	some	
limitations.	 	For	 instance,	Ladybug	 (Roudsari	&	Pak,	2013),	a	Grasshopper	plug-in	which	 is	
specifically	conceived	to	support	early-design	decisions	through	solar	and	climate	analysis,	
lacks	 capabilities	 for	 hourly	 solar	 and	 thermal	 simulations.	 Moreover,	 when	 applied	 for	
parametric	analysis	or	optimization	of	a	 large	number	of	design	variants,	 simulations	with	
traditional	 BPS	 are	 time-consuming.	 For	 this	 reason	previous	 applications	were	 limited	 to	
small	samples	of	neighbourhood	designs	(Peronato,	2014),	even	if	a	meta-model	of	building	
energy	performance	can	provide	a	valid	faster	solution	(Nault	et	al.,	2017).	Finally,	a	 large	
number	 of	 parameters	 is	 typically	 required	 by	 traditional	 BPS	 tools,	 and	 the	 lack	 of	
information	at	the	planning	and	early-design	phase	is	hence	a	major	problem.	

In	order	to	overcome	some	of	the	above-mentioned	limitations,	this	paper	presents	a	
new	 tool	 built	 upon	 existing	 software	 intended	 for	 neighbourhood-scale	 assessments	 of	
building	energy	performance,	 integrating	a	 scale-appropriate	 simulation	software	within	a	
parametric	 design	 workflow.	 We	 also	 present	 some	 possible	 applications,	 including	
assessment	of	solar	irradiation	and	energy	need,	in	the	framework	of	a	parametric	analysis	at	
the	early-design	phase.	

Proposed	method	

The	proposed	tool	consists	in	a	new	interface	to	CitySim	(Kämpf,	2009;	Robinson	et	al.,	2009;	
Robinson,	 2012),	 a	 simulation	 software	 that	 is	 faster	 and	 requires	 less	 parameters	 than	
conventional	 tools,	as	 it	 includes	models	and	algorithms	that	are	 intended	for	urban-scale	
applications.	CitySim	is	usable	as	a	command-line	solver,	just	like	EnergyPlus	or	ESP-r.	It	takes	
as	 input	an	XML	file	 that	describes	 the	scene	and	saves	as	 text	 files	 the	hourly	simulation	
results.	

The	 tool	 is	developed	as	 sets	of	 components	 for	Grasshopper,	a	popular	parametric	
design	platform,	and	 relies	on	 the	Grasshopper	plug-in	Honeybee	 (Roudsari	&	Pak,	2013).	
Therefore,	 it	 inherits	 all	 parametric	 features	 from	 the	 Grasshopper	 platform,	 easing	
parametric	design	explorations	on	building	masses	and	other	physical	parameters,	and	it	can	
be	easily	integrated	into	existing	workflows	based	on	Honeybee.	

Description	of	the	tool	

The	developed	tool	provides	access	to	most	of	the	CitySim	features	related	to	energy	and	
solar	irradiation	simulation	directly	from	the	Grasshopper	canvas.	As	Honeybee	and	Ladybug,	
the	Grasshopper	components	are	written	in	Python,	which	has	become	a	popular	language	
among	 computational	 designers	 because	of	 its	 integration	 in	many	3D-modeling	 software	
(such	as	Rhinoceros	and	Blender)	and	its	relatively	simple	syntax.	The	plug-in	source	code	is	
freely	 accessible	 and	 distributed	 with	 an	 open	 licence,	 easing	 the	 tool’s	 scalability	 and	
integration	with	other	simulation	software.	
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The	tool	uses	the	Honeybee	thermal	zones	(HBzones)	as	the	main	simulation	object.	
This	allows	an	easy	 integration	 into	existing	workflows	based	on	Honeybee,	as	well	as	the	
access	to	its	construction	library	and	import-export	features.	

The	main	simulation	parameters	are	defined	through	Grasshopper	components,	which	
write	the	XML	code	that	can	be	subsequently	parsed	by	the	CitySim	solver.	The	output	files	
produced	by	the	solver	can	also	be	parsed	by	a	Grasshopper	component	included	in	the	tool	
so	as	to	 import	the	simulation	results	as	a	Grasshopper	data-tree,	 for	post-processing	and	
visualization.	

Definition	of	simulation	input	data	and	parameters	

Below	are	presented	 the	main	 simulation	parameters	 and	 input	data	 that	 can	be	defined	
through	the	components	composing	the	interface	of	the	tool	(Figure	1).	

Building	geometry	
The	developed	 tool	 imports	 the	building	 geometry	 through	 the	Honeybee	 thermal	 zones.	
Each	building	must	be	hence	geometrically	modelled	as	a	closed	Boundary	Representation	
(BRep)	so	that	it	can	be	transformed	into	a	Honeybee	thermal	zone.	In	a	typical	case,	each	
building	surface	(e.g.	façade,	roof	face)	is	defined	by	a	single	BRep	face.	However,	for	detailed	
solar	radiation	studies,	each	surface	can	be	subdivided	into	multiple	co-planar	sub-surfaces,	
for	each	of	whom	the	incident	solar	radiation	will	be	simulated.	To	reduce	the	memory	and	
CPU	 expense	 of	 this	 task,	 an	 alternative	 workflow,	 based	 on	 simple	 3D	 polygons	 with	
associated	 reflectance	values	and	on	CitySim’s	Simplified	Radiosity	Algorithm	 (Robinson	&	
Stone,	2004b),	has	been	developed	in	parallel	to	this	work	and	proposed	for	urban-scale	BIPV	
potential	assessment	(Peronato,	Rey,	&	Andersen,	2017b).	

Building	constructions	(composed	of	multiple	material	layers)	are	imported	as	part	of	
the	 Honeybee	 thermal	 zones	 and	 defined	 by	 five	 physical	 parameters	 (solar	 reflectance,	
conductivity,	thermal	capacity,	density	and	thickness).	The	solar	reflectance	of	each	building	
surface	is	set	in	CitySim	as	the	one	of	the	outermost	layer.		

The	boundary	conditions	are	also	imported	as	part	of	the	Honeybee	thermal	zones.	By	
default,	all	surfaces	are	considered	as	outdoor	exposed,	except	floor	surfaces	with	boundary	
condition	 set	 to	 ground	and	other	 surfaces	with	 alternate	boundary	 conditions	which	are	
considered	as	adiabatic.	The	 latter	 case	 is	 typical	 in	building	 surfaces	 that	are	adjacent	 to	
those	of	other	buildings	and	can	be	easily	handled	by	using	the	Honeybee	IntersectMasses	
and	SolveAdjc	components.	

Building	obstructions	
Geometric	obstructions	can	be	 included	 through	 the	Horizon	 and	ShadingSrf	 components.	
The	 former	 is	 conceived	 for	 far-field	 obstructions,	 while	 the	 latter	 is	 intended	 for	 close	
obstructions	and	terrain.	

Far-field	obstructions	are	defined	as	horizontal	(azimuth)	and	vertical	view	angles.	The	
far-field	obstructions	cannot	be	defined	in	traditional	BPS	tools	such	as	Radiance/Daysim	and	
EnergyPlus,	unless	they	are	geometrically	modelled	as	a	solar	mask	or	already	included	in	the	
climatic	input	(e.g.	by	adjusting	the	solar	radiation	for	the	time-steps	in	which	the	sun	cannot	
be	seen	from	the	project	location).	However,	far-field	obstructions	are	particularly	important	
for	urban	scale	simulations	for	which	the	focus	is	usually	on	the	relation	between	buildings	
and	surrounding	context	rather	than	on	the	building	itself.	

Through	the	ShadingSrf	component,	complex	3D	geometries	can	be	also	included	in	the	
simulation,	accounting	for	their	shading	and	reflective	properties.	This	typically	includes	the	
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terrain,	 vegetation	 and	 other	 surrounding	 constructions	 which	 can	 be	 imported	 as	mesh	
geometries	and	assigned	one	or	multiple	solar	reflectance	coefficients.	

Internal	loads	
Internal	loads	in	CitySim	can	be	defined	as	an	activity	associated	to	a	device	and	as	occupants.	
At	the	moment,	the	presented	tool	only	supports	internal	loads	related	to	occupants.	Through	
the	occupancy	component	it	is	possible	to	create	different	daily	occupancy	profiles	(expressed	
as	hourly	ratio	of	total	occupants)	and	yearly	schedules	(expressed	as	daily	occupancy	profile	
IDs).	

Windows	
Unlike	the	standard	Honeybee	workflow,	 in	which	windows	are	geometrically	modelled	as	
required	by	EnergyPlus,	in	the	proposed	tool	windows	are	defined	only	by	the	Window-to-
Wall	ratio,	as	well	as	by	three	physical	parameters	(U-Value,	g-value,	openable	ratio).	This	
type	of	input-setting	is	particularly	adapted	to	urban-scale	simulations,	in	which	the	actual	
position	of	windows	on	 façades	 is	usually	not	known,	while	 their	 influence	on	 the	energy	
balance	 is	 still	 very	 relevant.	 In	 the	 current	 release,	 the	windows	 settings	 can	 be	 applied	
separately	per	each	building	(wall	surfaces)	or	to	all	of	them.	

	
Figure	1.	The	interface	of	the	tool	on	the	Grasshopper	canvas.	

Sample	applications	

From	an	experimental	point	of	view,	the	tool	can	be	used	for	parametric	studies,	for	example	
in	 the	 context	 of	 a	 sensitivity	 analysis	 or	 optimization	 process.	 As	 in	 other	 simulation	
interfaces	based	on	Grasshopper,	the	simulation	engine	can	be	triggered	whenever	there	is	a	
change	in	the	parameters	and/or	in	the	geometry.	By	using	the	“animate”	function	included	
in	Grasshopper	slider	components,	the	simulation	process	can	be	thus	easily	automated.	For	
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instance,	it	is	possible	to	run	a	simple	parametric	analysis	or	a	fully	combinatorial	experiment	
by	“animating”	a	single	slider	looping	over	a	list	of	parameters.		

From	an	analysis	target	point	of	view,	the	proposed	tool	can	be	applied	to	many	fields	
requiring	an	assessment	of	solar	irradiation	and	building	energy	needs	since	the	planning	or	
early-design	 phase.	 Unlike	 the	 GenCumulativeSky	 algorithm	 (Robinson	 &	 Stone,	 2004a),		
included	 in	 Ladybug	 and	 DIVA	 providing	 time-cumulated	 energy	 simulations,	 CitySim	
calculates	hourly	values	of	energy	demand	and	available	solar	irradiation.	The	hourly	analysis	
allows	a	better	understanding	of	energy	flows	than	typical	annual	or	monthly	values	and	can	
therefore	 be	 included	 in	 energy	 network	 analyses,	 as	 well	 in	 neighbourhood-scale	 self-
sufficiency/consumption	estimations.	

To	test	some	of	these	capabilities,	we	here	propose	sample	applications,	which	have	
been	tested	on	a	case-study	derived	from	a	student	project	(Peronato,	Rastogi	&	Andersen,	
2017;	Rey,	2017).	

Detailed	solar	irradiation	study	

The	analysis	of	short-wave	solar	 irradiation	 is	useful	 for	assessments	of	potential	 for	solar	
energy	 systems.	 Typical	 applications	 include	 estimation	 of	 passive	 solar	 gains	 and	 energy	
production	from	solar	thermal	and	photovoltaic	systems	(Compagnon,	2004).	For	this	kind	of	
applications,	a	detailed	surface	analysis	is	typically	required	so	as	to	account	for	the	complex	
urban	shading	and	reflecting	effect	 (Peronato,	Rey,	&	Andersen,	2017a).	Even	 if	CitySim	 is	
conceived	for	thermal	simulations	in	which	a	single	value	of	solar	irradiance	for	each	façade	
is	generally	sufficient,	higher	resolution	assessments	are	also	possible.	We	can	for	example	
create	 building	 surfaces	 from	 detailed	 meshes	 with	 a	 target	 edge	 length	 and	 the	 solar	
radiation	algorithm	will	then	be	computed	for	each	mesh	face,	as	can	be	seen	in	Figure	2	(left).	

	
Figure	2.	Annual	solar	irradiation	study	on	meshed	at	10-m	resolution	(left),	simple	surfaces	(right).	

Analysis	of	buildings	energy	needs	

The	analysis	of	the	energy	demand	is	particularly	useful	for	estimating	the	passive	behaviour	
of	buildings.	As	shown	by	Nault	et	al.	(2015),	simplified	geometric	metrics	and	rules	of	thumb	
such	 as	 the	 shape	 factor	 (Surface/Volume)	 cannot	 fully	 capture	 the	 actual	 energy	
performance	of	a	neighbourhood	design,	which	depends	on	complex	interactions	between	
buildings,	occupants	and	the	natural	environment.	For	this	reason,	it	is	interesting	to	use	BPS	
tools	to	assess	the	actual	energy	demand	for	space	cooling	and	space	heating	as	an	indicator	
of	the	buildings	passive	behaviour.	To	this	end,	the	proposed	tool	allows	a	quick	evaluation	
of	the	sensitivity	of	building	energy	needs	to	typical	urban	design	parameters,	such	as	the	
Floor	Area	Ratio	(FAR),	as	shown	in	Figure	3.	

0 1250 kWh/m2 
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Figure	3.	Parametric	analysis	comparing	different	building	heights.	

Limitations	and	outlook	

Although	 the	 tool	 relies	 on	 the	 CitySim	 solver,	 at	 the	 current	 development	 stage	 it	 only	
supports	a	small	part	of	its	features.	In	particular,	the	tool	is	limited	to	thermal	loads	and	solar	
radiation	 assessments,	 while	 support	 to	 HVAC	 modelling	 and	 district	 energy	 networks	
features	are	not	included.	However,	the	human-readable	syntax	of	CitySim	XML	input	files	
makes	the	future	addition	of	these	features	relatively	easy.	

The	analysis	can	be	extended	with	details	from	3D	geo-information	of	existing	urban	
areas.	Typical	data	that	can	be	imported	and	included	in	simulations	are	derived	from	LiDAR	
surveys	and	can	be	used	to	model	terrain,	vegetation	(Peronato,	Rey,	&	Andersen,	2016)	and	
far-field	obstructions.		In	terms	of	scale	limitation,	it	is	difficult	to	estimate	the	maximum	size	
of	analysis	that	can	be	conducted	using	this	tool,	as	this	is	mainly	dependent	on	the	number	
of	 surfaces	 (and	mesh	 faces)	 that	 can	 be	 handled	 in	 the	memory	 of	 Rhino-Grasshopper.	
However,	 for	 large-scale	 analysis	 the	 area	 can	 be	 subdivided	 in	 smaller	 tiles,	 a	 common	
approach	in	GIS-based	workflows.	

Allegrini	 et	 al.	 (2013)	 showed	how	 coupling	CitySim	with	 the	CFD	 simulation	engine	
OpenFoam	can	improve	the	accuracy	of	the	simulated	building	energy	demand,	for	instance	
using	 convective	 heat	 transfer	 coefficients	 derived	 from	 the	 CFD	 simulation	 taking	 into	
account	the	actual	air	flows	in	the	urban	environment.	Since	the	Butterfly	plugin-in	recently	
introduced	OpenFoam	 simulations	 for	Grasshopper,	 in	 the	 future	 it	 should	be	possible	 to	
couple	the	two	simulation	engines	directly	in	a	parametric	workflow,	using	some	of	the	output	
data	of	OpenFoam	as	input	for	CitySim’s	thermal	model.	

Conclusion	

This	paper	presented	a	preliminary	version	of	a	tool	for	urban	energy	assessments,	based	on	
the	validated	simulation	engine	CitySim,	the	popular	parametric	design	platform	Grasshopper,	
and	built	upon	 its	plugin	Honeybee.	We	described	 the	 tool’s	main	 components	and	 listed	
possible	applications	with	different	experimental	 techniques	and	analysis	 targets.	We	also	
showed	 its	 advantages	 compared	 to	 existing	 tools	 in	 terms	 of	 number	 and	 type	 of	 input	
parameter,	 which	 are	 more	 suited	 for	 urban-scale	 analyses.	 We	 finally	 discussed	 future	
extensions	including	the	use	of	3D	geodata	and	CFD	simulations.	
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Abstract:	Multiple	 and	 sometimes	 conflicting	 design	 aspects	 such	 as	 energy	 efficiency,	 architectural	 quality	
and	 environmental	 comfort	 for	 occupant	 satisfaction	 need	 to	 be	 addressed	 simultaneously	when	 designing	
low-energy	buildings	holistically.	However,	the	technical	and	thereby	measureable	qualities	has	a	tendency	to	
overrule	the	softer	values,	why	recent	research	aims	to	transform	spatial	qualities	into	quantitative	metrics,	in	
order	 to	 support	 a	more	equal	 dialogue	 among	multiple	 stakeholders.	 This	 paper	presents	 a	 computational	
building	model	 in	which	 the	 ability	 to	 simulate	 the	performance	of	 two	 architectural	metrics	 for	 evaluating	
spatial	quality	were	implemented	concerning	(1)	View-Out	Quality	and	(2)	Degree	of	Privacy,	alongside	with	a	
tool	 for	 daylight	 and	 thermal	 performance	 simulations.	 The	 model	 was	 used	 in	 a	 case	 study	 in	 Aarhus,	
Denmark,	where	design	of	a	facade	for	a	living	room	in	a	senior	dwelling	was	conducted,	in	order	to	illustrate	
how	the	new	set	of	measurable	architectural	metrics	may	instigate	a	more	qualified	and	holistic	discussion	on	
feasible	 trade-offs	 between	 energy	 use,	 daylight	 level,	 thermal	 indoor	 climate,	 and	 spatial	 quality	 (i.e.	 the	
notion	of	degree	of	view	and	privacy)	in	the	design	process.	
	
Keywords:	Building	Performance	Evaluation,	Low-Energy	Design,	Computational	Design	Model,	Spatial	Quality,	
Indoor	climate,	

Introduction	

A	 holistic	 approach	 to	 design	 low-energy	 buildings	 requires	 considerations	 regarding	
quantitative	performance	 indicators	 such	 as	 energy	 efficiency,	 daylight	 level,	 and	 thermal	
comfort,	as	well	 as	qualities	 such	as	architectural	aesthetics,	privacy,	 view	 to	 the	outside,	
and	 room	 composition.	 However,	 the	 quantitative	 aspects	 have	 a	 tendency	 to	 overrule	
qualitative	issues	and	thereby	dominate	the	solutions	(Petersen	et	al,	2014).	To	instigate	a	
more	 equal	 dialogue	 on	 trade-offs	 between	 quantitative	 and	 qualitative	 aspects,	 recent	
research	discus	 research-based	efforts	 for	 transforming	 spatial	 qualities	 into	measureable	
quantitative	metrics	 (Jensen	et	al,	 2017).	 In	 this	paper	we	have	 further	developed	 two	of	
these	metrics:	(1)	view	quality	through	windows	and	(2)	privacy,	and	translated	them	into	a	
computational	procedure.	The	metrics	were	applied	in	a	case	study	of	a	dwelling	renovation	
project	in	Aarhus,	Denmark,	alongside	performance	evaluation	of	daylight,	energy	efficiency	
and	 thermal	 comfort	 to	 illustrate	 potential	 design	 consequences	 of	 introducing	 the	 new	
metrics.	 It	 is	 not	 our	 intention	 to	 substitute	 any	 qualitative	 dialogue	 by	 introducing	
measurable	metrics,	but	rather	to	support	the	argumentation	and	amplify	spatial	qualities	
as	an	important	aspect	of	holistic	building	design;	as	suggested	by	Jensen	et	al	(2017),	some	
important	qualities	may	be	lost	when	quantified.		
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Method	

Metrics	for	Evaluation	of	Spatial	Quality	

The	spatial	qualities	view	quality	through	windows	and	privacy	is	–	among	other	qualities	in	
architecture	–		discussed	by	Jensen	et	al	(2017),	who	find	that	the	indicators	developed	by	
Acre	and	Wyckmans	(2014)	is	currently	the	best	proposal	for		quantifiable	metrics	related	to	
spatial	 quality.	 These	 indicators	 are	 based	 on	 a	 schematic	 with	 yes/no-checkboxes	
combined	with	a	calculation	of	view-angles	in	a	specific	direction	and	location	of	the	room.	
In	 the	 following,	 we	 modify	 the	 definition	 of	 these	 principles	 and	 present	 a	 new	
computational	 calculation	procedure	 for	estimating	what	we	define	View-Out	Quality	 and	
Degree	of	Privacy.		

To	measure	View-Out	Quality,	 a	 reference	 view	 situation	 is	defined	as	 the	area	 that	
can	be	seen	from	the	top	of	a	tower;	the	viewer	has	a	free	view	in	all	directions	(figure	1a).	
Though	 it	 is	 acknowledged	 that	 humans	 only	 have	 a	 view	 angle	 of	 proximately	 100ᵒ,	 as	
described	 in	 the	metric	by	Acre	and	Wyckmans	 (2014),	we	suggest	 that	 the	experience	of	
view	from	a	certain	static	point	 is	 in	fact	also	a	dynamic	situation	 in	which	the	viewer	has	
the	possibility	to	look	around	and	let	the	eyes	choose	the	object(s)	to	look	at.	Introducing	a	
room	 around	 the	 viewer	 will	 limit	 the	 potential	 view-out	 area	 to	 the	 geometry	 of	 the	
window(s)	 (figure	 1b).	 This	 reduced	 view-out	 area	 is	 divided	 by	 the	 reference	 view	 area	
from	the	tower	–	i.e.	the	area	of	a	whole	sphere.	Furthermore,	some	parts	of	the	reference	
view	may	be	 relatively	more	desirable	 to	 look	at	 than	other	parts,	 i.e.	have	a	higher	view	
quality.	 The	 reference	 view	 may	 therefore	 be	 divided	 into	 multiple	 areas	 with	 different	
Quality	Factors	between	0-1	(figure	1c	and	figure	2a).	The	final	View-Out	Quality	metric	can	
be	 calculated	 by	 equation	 (1)	 for	 all	 possible	 viewer	 locations	 in	 the	 room,	 e.g.	 in	 a	
horizontal	grid	of	0.5	m.	The	vertical	evaluation	 level	of	 this	grid	may	differ	depending	on	
the	eye	position	of	 the	 viewer;	 the	 viewer	may	enjoy	 the	 view	 from	a	 standing	or	 sitting	
position,	and	some	viewers	might	be	children	(figure	1d),	in	which	case	the	eye	position	will	
naturally	be	lower.		

(a)	 (b)	 (c) (d)

Figure	1.	(a)	Reference	view	defined	as	the	unobstructed	view	“from	the	top	of	a	tower”,	(b)	the	limited	view-
out	defined	as	the	area	of	the	reference	view	seen	from	a	point	through	the	windows,	(c)	Quality	Factor	

defined	as	the	relative	subjective	desirability	of	view	areas	in	the	reference	view,	and	(d)	spatial	calculation	
points	for	calculation	of	the	metrics	which	may	vary	due	to	the	location	of	viewers.	

The	 Degree	 of	 Privacy	 is	 estimated	 similarly	 to	 the	 View-Out	 Quality	 as	 the	
complementary	 percentage	 of	 the	 view	 potential,	 (equation	 2),	 but	 with	 binary	 quality	
factors	in	relation	to	risk	of	view	from	outside	to	the	certain	location	in	the	room	(1	or	0,	see	
figure	2b).	The	vertical	evaluation	level	can	be	the	whole	body	of	the	occupants	in	the	room.		
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(a) (b) 
Figure	2.	Example	of	how	the	reference	view	can	be	weighted	according	to	(a)	preferences	of	view,	and	(b)	risk	

of	view	from	the	outside.		

Equation	(1)	and	(2)	sum	up	the	calculation	procedures	described	above.	Aref	refers	to	
area	of	total	sphere	in	reference	view	(view	from	top	of	a	tower)	[m2];	Alim	refers	to	limited	
view-out	area	projected	onto	 the	 reference	view	area	seen	 through	windows	 [m2];	Fq	 is	a	
factor	which	weights	the	quality	of	the	reference	view	areas	(0-1)	[-];	and	Fv	is	a	factor	which	
weights	the	potential	view	from	outside	in	the	surrounding	areas	to	the	indoor	(0	or	1)	[-].	

View-Out	Quality	=	 #$%&	∙	()
#*+,

(1)	

Degree	of	Privacy	= 1 −	 #$%&	∙	(/
#*+,

(2)	

Metrics	for	Evaluation	of	Energy,	Thermal	Comfort	and	Daylight	level	in	Homes	

In	 the	 simulations,	 the	 evaluation	 of	 energy	 performance	 followed	 the	 definition	 in	 the	
Danish	Building	Regulation	(Danish	Building	Regulations,	2015).	Daylight	level	was	evaluated	
using	Usefull	Daylight	Illuminace	(UDI),	which	measures	the	percentages	of	occupation	time	
that	the	daylight	illuminance	level	is	between	100	and	2000	lx	(Nabil	and	Mardaljevic,	2006).	
There	 are	 no	 existing	 models	 fit	 for	 simulation-based	 evaluation	 of	 thermal	 comfort	 in	
residential	buildings	(Jensen	et	al,	2017)	but	the	currently	most	suitable	model	is	probably	
the	 SCAT-model	 (Nicol	 and	 Humphrey,	 2010)	 as	 suggested	 by	 Petersen	 et	 al	 (2016).	We	
therefore	used	 the	adaptive	method	described	 in	 EN15251	 (2011),	which	 is	 based	on	 the	
SCAT-model	while	tolerating	up	to	5	%	degree-hours	of	occupation	time	to	be	outside	class	
II.				

Case	Example:	Energy	Renovation	of	a	senior	citizen	apartment		

To	 illustrate	 how	 the	 new	 spatial	 quality	metrics	may	 inform	decisions	made	 in	 the	 early	
building	 design	 phase,	 we	 modelled	 a	 living	 room	 in	 a	 senior	 citizen	 apartment	 to	 be	
renovated	in	Rhino/Grasshopper	(Rhinoceros,	2014	and	Grasshopper,	2014).	The	model	was	
linked	to	Diva4Rhino	(DIVA-FOR-RHINO,	2014)	for	daylight	analysis,	and	ICEbear	(Lauridsen	
and	Petersen,	2014)	for	thermal	simulation	and	energy	analysis.	The	apartment	was	located	
in	Aarhus,	Denmark.	The	room	was	oriented	towards	east	with	a	balcony	and	located	near	
the	south	gable	wall	of	the	building.	To	chill	the	room,	the	occupants	may	increase	natural	
ventilation	by	openings	estimated	according	 to	 the	method	described	 in	SBI202	 (2002)	as	
implemented	in	ICEbear	by	Purup	and	Petersen	(2016).	Sensible	heat	load	of	occupants	was	
estimated	according	 to	Fangers	PMV	model	using	clothing	and	activity	 level	as	well	 as	air	
temperature	 of	 last	 hour.	 Since	 users	 in	 dwellings	 will	 adapt	 their	 clothing,	 this	 was	
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estimated	as	binary	hysteresis	between	22	ᵒC	(Apply	sweatshirt:	1.0	clo)	and	24	ᵒC	(Take	off	
Sweatshirt:	0.5	clo).	See	figure	3	and	table	1	for	further	details.	

The	calculation	procedures	 for	 the	 two	spatial	quality	metrics	were	modelled	with	a	
C#-script	 in	 grasshopper	which	 used	 a	 ray-trace	model	 for	 approximation	 of	 view	 angles.	
Calculation	points	were	distributed	in	a	grid	of	0.5	m	at	1.8	m	above	floor	level,	i.e.	as	eye	
level	of	a	standing	person.	A	scenario	with	and	without	quality	factors	added	to	reference	
view	was	calculated.	

	
Table	1.	Case	Room	Description	

	 Existing	room	 Energy	renovated	room	
Room	dimensions	(L	x	W	x	H)	 4	x	4	x	2.6	m	 4	x	3.7	x	2.6	m	
Heat	Capacity	 Middle	heavy:	2,772,000	J/K	 Middle	heavy:	2,772,000	J/K	
Tightness	of	envelope	 Room	change:	0.5	h-1	 0.03	L/s	pr.	m2	floor	area	
Insulation	of	gable	wall	 150	mm	 280	mm	
Insulation	of	wall	to	balcony	 70	mm	 280	mm	
Glazing	 Two	layer	thermal	glass	with	alu-

frame	
Uglass	=	3.0	W/m2K	
SHGCglass	=	0.70	W/m2K	
LTglass	=	0.80	W/m2K	
Uframe	=	2.0	W/m2K	
ψspacer	profile	=	0.09	W/mK	
Frame	width	=	100	mm	
Curtains	against	glare	(>2000lx)	
and	sun	heat	(>50W/m2	when	
above	cooling	set	point)	

Three	layer	energy	class	with	
warm	alu-frame	
Uglass	=	0.6	W/m2K	
SHGCglass	=	0.50	W/m2K	
LTglass	=	0.65	W/m2K	
Uframe	=	1.0	W/m2K	
ψspacer	profile	=	0.03	W/mK	
Frame	width	=	60	mm	
Curtains	against	glare	(>2000lx)	
and	sun	heat	(>50W/m2	when	
above	cooling	set	point)	

Mechanical	ventilation	 None	 CAV:	0.3	L/s	pr.	m2	floor	area		

SFP:	1.0	kJ/m3	

Rotating	HRU:	80	%	recovery	
Heat	coil	unit	
Min.	inlet	air	temp.	18	ᵒC	

Natural	ventilation	 Manually,	 through	 balcony	 door,	
when	above	cooling	set	point	

Manually,	 through	 balcony	 door	
(and	 gable	 window),	 when	 above	
cooling	set	point	

Room	heating	 90	W/m2	
Room	cooling	 0	W/m2	
Set	points	 Heating:	20ᵒC,	Desired:	22ᵒC-23ᵒC,	Cooling:	25ᵒC	
Users	 Two	seniors,	Activity	level:	1.0	met,	adaptive	clothing	
Equipment	 1	television:	90	W	
Lighting:	 2	W/m2,	dimmed	manually	by	daylight,	Set	point:	200	lux	
Occupation	hours		 All	days:	9:00-12:00	am	+	13:00-18:00	pm	+	19:00-22:00	pm	
Surface	reflectance	 Wall:	0.50,	Ceiling:	0.70,	Floor:	0.20,	External:	0.10	
View	Quality	Factors	 Sky:	1.0,	Trees:	1.0,	Park	Area:	1.0,	Roads:	0.1,	Parking:	0.1,	Neighbour:	

0.5	
Privacy	factors	 Sky:	0.0,	Trees:	0.0,	Park	Area:	1.0,	Roads:	1.0,	Parking:	1.0,	Neighbour:	

1.0	
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(a) 		(b)	  	
Figure	3.	(a)	Case	room	context,	and	(b)	Illustration	of	case	room	in	the	senior	apartment	(illustration:	

Brabrand	Boligforening	(Brabrand	Housing	Association)).	

Results	

Performance	 simulation	 results	 for	 all	 metrics	 of	 exiting	 conditions	 and	 three	 alternative	
energy	 renovation	 proposals	 are	 shown	 in	 figure	 4.	 Renovation	 proposal	 1	was	 the	most	
energy	 saving	 proposal.	 In	 relation	 to	 thermal	 comfort,	 the	 second	 renovation	 proposal	
performed	the	best	because	the	additional	window	in	the	gable	wall	provided	the	possibility	
for	cross	ventilation	of	the	room.	Bringing	windows	down	to	floor	as	in	proposal	3	created	a	
space	with	high	view	quality	and	high	daylight	exposure,	but	also	more	thermal	discomfort,	
lower	degree	of	privacy	 and	higher	energy	 consumption.	Without	weighting	 surroundings	
(by	Fq	and	Fv)	the	simulation	output	became	different	from	the	weighted	result	(figure	5)	–	
especially	 in	 relation	 to	 degree	 of	 privacy.	 This	 difference	 was	 caused	 by	 the	 matter	 of	
considering	the	sky	as	an	area	with	risk	of	view	from	outside	or	not.			

Discussion	

The	proposed	metrics	currently	ignores	that	view-out	quality	and	privacy	can	be	affected	by	
changing	window	glass	reflectance	due	to	brightness	difference	between	inside	and	outside.	
Furthermore,	the	metrics	are	also	currently	only	considering	the	total	view-out	quality	and	
privacy	potential	 in	a	 room,	 i.e.	 ignoring	 that	 there	may	be	a	 temporal	 component	 to	 the	
importance	 of	 the	 two	metrics,	 namely	 that	 view-out	 is	 mostly	 desirable	 during	 the	 day	
while	privacy	 is	more	an	 issue	 in	 the	evening	 and	at	night	 time.	 Future	work	 could	be	 to	
address	these	 issues.	Despite	of	these	potential	expansions,	we	believe	that	the	proposed	
metrics	 can	already	now	 instigate	 a	qualitative	discussion.	Generally,	we	 suggest	 that	 the	
metrics	are	used	by	discussing	the	pictures	of	the	distribution	of	potential	view	and	privacy	
in	 occupied	 areas	 of	 a	 room	 (see	 figure	 4).	 If,	 however,	 design	 proposals	 should	 be	
compared	by	one	 indicator	of	 the	entire	 room,	we	suggest	using	median	value	 instead	of	
the	average	value	as	 indicator	of	the	typical	conditions	 in	the	room	as,	view,	 like	daylight,	
will	be	biased	towards	areas	near	the	window	in	the	average	stats.		

As	 stated	 in	 the	 introduction,	 it	 is	 not	 our	 intention	 to	 transform	 an	 inherent	
qualitative	dialogue	 into	a	quantification	exercise.	Our	 intention	 is	 to	suggest	metrics	 that	
leads	 to	 a	 more	 equal	 dialogue	 with	 stakeholders	 that	 prefer	 comparing	 numbers	 as	
indicator	of	quality	when	evaluating	design	proposals.	When	using	the	proposed	metrics	to	
facilitate	a	dialogue	among	stakeholders,	the	dialogue	initiates	when	deciding	on	the	quality	
weighing	 of	 the	 surroundings.	 Articulation	 of	 individual	 preference	 in	 surroundings	 is	 an	
important	part	of	increasing	view	quality	in	a	design.	The	dialogue	then	continues	then	the	
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performance	 of	 the	 design	 proposals	 has	 been	 predicted	 (simulated)	 in	 terms	 of	 the	
proposed	metrics	and	other	performance	considerations	such	as	energy	and	daylight	level	–	
like	 in	figure	4.	According	to	the	case	results	 in	Figure	4,	a	calculation	of	energy	efficiency	
alone	would	properly	have	 forced	a	decision	on	 renovation	proposal	Ren.	1,	 even	 though	
Ren.	2	–	which	used	slightly	more	energy	–	performed	better	in	thermal	comfort	and	view-
out	 quality.	 This	way	 view-out	 quality	 and	 privacy	 can	 be	 included	 in	 the	 design	 decision	
dialogue	equally	to	energy	efficiency.	As	a	consequence,	we	might	choose	a	slightly	worse	
energy	performance	if	the	view-out	quality	then	becomes	a	lot	better.	In	the	case	example,	
it	was	furthermore	seen	how	privacy	and	view-out	quality	is	complementary	to	each	other;	
the	 best	 solution	 for	 one	quality	may	not	 be	 the	 best	 for	 the	 other.	 This	may	 instigate	 a	
discussion	 on	 how	 to	 prioritize	 and	 choose	 a	 proper	 trade-off	 between	 multiple	 spatial	
qualities.	 In	 the	 case	 example,	 one	 argument	 may	 be	 that	 view-out	 quality	 is	 more	
important	 than	 privacy,	 since	 users	 can	 regulate	 their	 privacy	 using	 curtains;	 Ren.	 3	 is	
preferred.	A	counter	argument	to	this	might	be	that	a	balance	between	the	two	metrics	is	
better	because	then	the	curtains	would	be	used	less.	Furthermore,	the	median	for	view-out	
quality	in	the	more	balanced	Ren.	2	is	equal	to	Ren.	3	(because	the	view	only	changes	near	
the	 window),	 while	 the	 median	 for	 privacy	 is	 better	 in	 Ren.	 2	 than	 Ren.	 3.	 Yet	 another	
argument	for	not	selecting	Ren.	3	is	that	users	might	also	want	to	decorate	their	windowsill	
in	a	personal	style,	which	is	not	possible	in	Ren.	3.	In	this	way	the	proposed	metrics	can	also	
instigate	discussions	on	missing	qualities	of	window	layout	design.	For	further	discussion	on	
introducing	metrics	for	evaluation	of	spatial	quality	see	Jensen	et	al	(2017).		

Conclusion	

In	the	case	study,	it	was	illustrated	how	multiple	design	proposals	could	be	evaluated	with	
respect	 to	 existing	 quantitative	metrics	 (energy,	 daylight	 level,	 and	 thermal	 comfort)	 and	
the	new	proposed	spatial	quality	metrics	View-Out	Quality	and	Degree	of	Privacy.	 It	 is	not	
the	intention	of	the	new	metrics	to	substitute	a	traditional	qualitative	dialogue,	but	rather	
to	 support	 and	 strengthen	 this	 dialogue	 when	 design	 trade-offs	 between	 traditionally	
quantitative	 performance	 issues	 and	 more	 qualitative	 matters	 are	 to	 be	 made.	 We	
acknowledge	 that	considerations	 regarding	other	 important	aspects	of	 spatial	quality	may	
risk	 being	 lost	 using	 metrics,	 which	 is	 why	 we	 emphasise	 that	 the	 metrics	 cannot	 fully	
substitute	 a	 qualitative	 discussion	 of	 spatial	 quality	 as	 a	whole.	 That	 being	 said,	 the	 new	
metrics	seem	to	hold	a	potential	for	supporting	a	more	holistic	and	equal	dialogue	regarding	
spatial	quality.	As	seen	 in	 this	case	study,	 these	new	metrics	may	support	a	dialogue	that	
leads	to	different	design	choices	which	supports	more	than	energy	savings.	The	new	metrics	
initiate	this	qualitative	dialogue	already	when	the	design	team	must	decide	on	the	quality	of	
the	 reference	 view,	 and	 continues	 with	 evaluation	 of	 design	 proposals	 by	 calculation	 of	
quality	metrics.		

Even	 though	 the	 case	 featured	 an	 apartment	 building,	 the	 metrics	 may	 also	 be	
relevant	 as	 indicators	 for	 spatial	 quality	 in	offices	 to	 articulate	 correlations	between	view	
quality	and	human	performance	in	office	buildings.	However,	further	research	is	needed.	
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Figure	4.	Simulation	output	evaluated	with	multiple	metrics.		
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Abstract: Heritage buildings represent the cultural identity of our countries. However, as time advances, they 
may require some intervention in response to new user needs. Raising energy-efficiency of this buildings is 
challenging, as interventions should not devaluate the building’s aesthetics. In Alexandria city, Egypt, a large 
number of heritage buildings exists and is still in use. Although new interventions are usually applied, the issue 
of raising energy performance of these buildings is rarely considered. This study aims at exploring the potential 
techniques of raising energy-efficiency of heritage buildings in Alexandria. A case study was selected; the 
Commercial Chamber of Alexandria, which was completed in 1935 and listed in the Alexandrian book of 
Heritage. It was recently renovated, a new floor added and a central HVAC system installed. A virtual model 
was created for the building using Design Builder tool to perform energy simulation. Existing building materials 
and current occupancy, lighting, HVAC and equipment schedules were applied. The software was validated by 
comparing simulation results to actual monthly average energy consumption of five  years (2011:2015). Then, 
a number of scenarios of interventions were investigated for their effect on energy consumption. Results were 
analyzed, compared and the best performance scenarios were highlighted. 

Keywords: Energy Consumption, Historic building, Interventions, Night ventilation, Daylighting control. 

Introduction		

Alexandria has many heritage buildings that reflect the city's identity. Many of these 
buildings were restored and the original function was changed, while some still retain their 
original function. Many of the restoration phases of these heritage buildings aimed at 
conserving those buildings while achieving indoor comfort, however, modern needs usually 
lead to a significant increase in energy consumption. The issue of how to raise energy-
efficiency of a heritage building, and achieve indoor comfort while preserving the building’s 
authenticity and value is challenging as the range of allowed interventions is usually 
narrower than other buildings.  

Review of recent literature discussed energy efficient strategies for heritage buildings 
in different climate regions which respect the building value according to the laws and 
legislation of the country. Most of researches studied the improvement of energy 
performance of heritage buildings in cold climates. Achieving low energy consumption and 
good indoor climate conditions was studied through different scenarios of thermal 
insulation and fenestration based on European laws and directives (Buvik et al. 2015), (Şahin 
et al. 2014) and (Sahin et al. 2015). The use of thermal insulation technology, such as  
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thermal plaster, was studied in a number of historical buildings in cold climates, (Giorgia et 
al. 2013).  

A research project named “3encult” investigated the potential of using many 
interventions in different historical buildings in Italy, Spain, Austria, Switzerland, Denmark 
and Germany to improve energy efficiency. Interventions included the use of thermal 
insulation, secondary and double glazing, integration of different shading devices, the 
possibility of retrofitting the building's operating systems of lighting and air conditioning, as 
well as the potential of integrating renewable energy systems, all of which lead to significant 
savings of energy consumption (Trio, 2014).	

However, few studies discussed this topic in hot climates. Some presented specific 
energy efficiency-related retrofit measures and specified non-recommended retrofits that 
have negative effect on the building (Ali et al. 2013). Other studies investigated the effect of 
glazing types, window shading and daylight on building performance (El-Gendy et al. 2016). 

Literature showed that the issue of raising energy-efficiency of heritage buildings in 
hot climates needs more investigation. This study aimed at exploring the potential 
techniques of raising energy-efficiency of heritage buildings in Alexandria. A case study was 
selected; the Commercial Chamber of Alexandria, which was completed in 1935 and listed in 
the Alexandrian book of Heritage.  

The building reflects a stage of development of the economic life in Egypt. It is the first 
national commercial chamber to be built in Egypt and in the Arab region aiming at 
improving commercial and economic status as well as at enhancing production. Structurally, 
it is one of the first concrete buildings constructed in Alexandria, while architecturally; it is 
considered a special distinguished building in terms of its classic style with large-scale 
Corinthian columns at its entrance, located in an important central spot in the city. 

Methodology	

• A virtual energy model of building was built using Design-builder software in order to 
simulate the energy consumption, taking into consideration the existing building 
materials, urban context, occupancy rate and working hours, and the currently used 
equipment.  

• The virtual model and simulation software were validated by comparing simulation 
results to actual consumption of the building along five years period derived from the 
available electricity to ensure accuracy and reliability of the simulation model. 

• A number of alternatives of building envelope components were examined. The effect of 
alternatives of windows glazing, shading in addition to lighting control, artificial lighting, 
reflective roof and night ventilation were evaluated, as well as. Investigated alternatives 
are listed in Figure 5. 

• All investigated interventions aimed at reducing cooling, heating and lighting energy 
consumption. The effect of each intervention was evaluated against the amount of 
savings it achieved, taking into consideration the internal gains of occupancy and 
equipment.  

• Energy consumed by equipment was included in model validation process. 
• The effect of each single alternative was investigated, then combinations of promising 

alternatives were tested, analyzed and compared. 
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Building	Parameters	

Table 1 shows simulation parameters of the building model. This represents the existing 
building. Figures 1,2 show drawings of building and simulated model. 

Table 1. Simulation parameters of Buildings	

	

	
Figure 1. drawings of chamber of commerce building 
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Figure 2. chamber of commerce building (Actual & simulated model) 

Static	and	dynamic	Vacations	

In Egypt some of the official vacations have fixed static dates on the Gregorian calendar, 
while some are based on Hijri calendar which is lunar-based. This makes the location of the 
latter ones on the Gregorian calendar dynamic as they shift by 11 days every year. In 
addition, the working time in the Hijri month of Ramadan differs from the rest of the year as 
it starts at 10:00am instead of 09:00am. Also some new vacations took place recently such 
as 25th January from 2012, 30th June from 2014 and 6th August from 2015. 

The virtual model took into consideration all these static and dynamic types of 
vacations in the validation process. 

The	Actual	Consumption	

The building relies on electricity as a source of energy. Electricity bills of the building showed 
that energy consumption increased gradually during five years from 2011 to 2015. The 
annual consumption per square meter was 80.11, 89.68, 88.84, 101.62 and 102.90 KWhr/m2 
in 2011, 2012, 2013, 2014 and 2015 respectively. By tracking the reason of this increase, it 
was found that there was an increase in occupancy and equipment that occurred during this 
period. The number of employees, computers and other equipment increased leading to an 
increase in consumption. On the other hand the unrest that occurred in Egypt during 2011-
2013 period lead some organizations either to hold the work or lead the number of visitors 
to minimize during days of unrest. The average annual consumption of the five years is 
92.63 KWhr/m2. 

Monthly energy consumption showed an increase in consumption in summer months, 
while the least consumption was in March and April. 

Model	Validation	

The model and software validation process was performed by comparing the simulation 
output to a five-years monthly and annual average energy consumption of the existing 
building. However, due to the presence of dynamic vacations, the simulation was performed 
five times representing the five years to assign modified vacation and operation schedules 
for each year. The five-years simulation average energy consumption was compared to that 
of the existing building, Figure 3. 

Simulated model showed that monthly averages lied within an acceptable range of 
differences between simulated and actual consumption. Figure 4 shows both simulated and 
actual energy consumption and the difference at each month. Differences ranged from 5% 
to around 20%, with most of the values less than 15% difference. This was considered 
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acceptable; especially as similar differences existed in the actual monthly consumption 
across the examined five years. 

The five-years average of annual energy consumption of the simulated model was 
93.81 Kwhr/m2 compared to 92.63 Kwhr/m2 in its corresponding value in the actual 
consumption of the existing building. This represented a very close value with less than 2% 
difference. Simulation results showed model reliability to perform further simulations for 
intervention alternatives.  

 

 
Figure 3. Actual and Simulated Energy Consumption (Average years 2011:2015)  

 

 
Figure 4. Comparison of Actual and Simulated Energy Consumption (Average years 2011:2015)  

Interventions’	Simulation	Results		

Many of interventions have been selected for Raising Energy-Efficiency of the Buildings. 
Single solutions will be presented in addition to the possibility of integrating them into 
scenarios. 

Effect	of	Glazing		

The effect of multi-layered glazing, tinted and clear glazing, with air gap and argon-filled gap 
were investigated. Energy savings ranged from 3.1% in the double clear glass scenario with 
airgap to 4.5% by using triple glass. Within this range, the argon-filled double glass and the 
tinted air-filled scenario resulted in 3.3% and 3.4% savings respectively. However, these 
small values were increased by adding a shading device between the glass panes. 
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Mid-Pane	Shading		

By integrating mid-pane shading to South-oriented windows only, cooling loads decreased 
by 11% leading to overall savings of 8.2%. By integrating shading in all orientations cooling 
loads decreased by 15%, however the overall savings increased by only 2.6% due to the 
negative impact of shading on artificial lighting. The overall savings reached 10.8%. 

Lighting		

Two scenarios examined the effect of modifying artificial lighting type, and daylight control.  
In one scenario, fluorescent lighting fixtures (60x60 - 72W) located in employees office 
spaces were replaced by led lighting (60X60 – 30W). This lead to 13.2% decrease in the 
overall energy consumption. In the other scenario, a daylighting control system was 
implemented to make use of natural lighting and to dim artificial lights in order to decrease 
consumption while maintaining a minimum of 300 lux illuminance. This resulted in 14% 
energy savings. By combining both scenarios, 22.9% savings were achieved. 

Roof		Reflectivity	

In this scenario, the existing grey-tiled roof (solar reflectance=0.6) of the building was 
substituted with a high reflective material; white ceramic, in order to minimize heat gain. 
This lead to decrease cooling load by 11.5% and the overall consumption by 8.3% compared 
to the base case. 

Night	ventilation	

The effect of night ventilation was examined by activating automatic window openers based 
on indoor-outdoor temperature difference during the period from March to November from 
22:00 pm to 7:00 am except on official holidays. Night ventilation was set to reduce the 
internal temperature until it reaches a 20°C set-point. In this scenario, cooling loads 
decreased 17.7% leading to 13.2% energy savings compared to the base case. 

Combined	interventions	

Different scenarios of intervention combinations were examined. Results showed that not 
all combinations lead to cumulative savings. For example, by installing a mid-pane blind for 
shading in a double glass in all orientations along with activating a daylight control system, 
this achieved only 14.2% savings, although their single un-combined results were 10.8% and 
14% saving respectively. This showed that although mid-pane shading achieved significant 
savings as a single intervention, it minimized the benefit from daylighting control system as 
its savings of lighting consumption significantly decreased for the reason that it lead lights to 
be turned on for longer durations, see Figures 5,6.  

To mitigate this negative effect, shading was placed in southern façade only. Savings 
increased to 18.8%, showing that this scenario benefited from shading effect while 
minimized un-necessary artificial lighting consumption. Furthermore savings were achieved 
by combining the use of led lights to achieve 29.1% savings. 

Combinations of night ventilation with mid-pane shading in scenario and reflective 
roof in the other resulted in 15.4% and 16.4% savings respectively, indicating a small 
difference from the its single intervention that achieved 13.2% savings. By combining them 
all, 19% saving was achieved. These results indicate the relative importance of night 
ventilation in the mild climate of Alexandria. 
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The highest savings in the examined scenarios were achieved by making combinations 
of multiple elements. By combining daylight control system, led lights, high reflective roof, 
night ventilation with double glazed windows with mid-pane shading in the southern façade 
only, 40.6% saving were achieved, indicating a significant reduction in  energy consumption. 

 

 
Figure 5. Single and combined scenarios.  

 

 
Figure 6. Energy consumption of each scenario 
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Conclusions	

Although not all sorts of interventions are appropriate for use in retrofit of heritage 
buildings, there exists a high potential for significant energy savings that can be achieved. 

Scenarios of selected interventions lied within the acceptable level of intervention of 
the listed case study building. 

The examined scenarios of single interventions showed that the highest savings were 
achieved by applying daylight control system (14%), changing artificial lighting to Led lights 
(13.2%) and applying night ventilation (13.2%). 

The presence of the building within its urban context saved 8.4% of energy compared 
to a hypothetical case of being free-standing with no context. This indicated that a partial 
shading effect occurred by surrounding buildings on the southern and western sides. In 
addition, significant savings reaching 8.2% was achieved by mid-pane blinds in double-
glazed southern windows.  

Significant savings of 8.3% were achieved by high reflective roof materials, while the 
effect of investigated glazing types did not exceed 4.5% savings. 

Combined interventions resulted in higher savings, however, these savings were not 
cumulative. In some cases savings achieved by one intervention may significantly decrease 
the effect of the other. 

The highest savings were achieved by a combination of double-glazed windows 
including mid-pane blind in the southern façade, daylight control system, LED artificial 
lighting, high reflective roof and night ventilation. This scenario achieved more than 40% 
savings. 
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Abstract: The ANR MERUBBI project brings together several actors of building construction and urban design 
(architects, design office, energy simulation software editor, research centres in building energy and urban 
microclimate) in order to build a platform for building design optimisation, taking the district scale into account, 
and performing a global optimisation on energy, cost and bioclimatic indicators. It also aims to assess the impact 
of the construction of a new building on the energy balance and microclimate of an existing district. Focus is 
given on five tasks of the project, which needed an interdisciplinary approach between several building trades 
and research fields. The input data for each task is a 3D building and district model. The Building Information 
Modelling process (BIM) is used and studied at the same time. This ongoing work also points out the upcoming 
challenges in order to make the BIM a real interdisciplinary tool for building design. 

Keywords: interdisciplinarity, architecture, building energy, optimisation, BIM, microclimate 

Introduction	

The building sector accounts for a large part of the global energy consumption and 
greenhouse gas emissions. Buildings are one of the key objects to act on in order to reduce 
energy consumption. Besides, the context of building design is undergoing two key 
transformations, which are useful opportunities to reach the consumption reduction goals. 

First, the building sector is going through a major digital transformation, with the 
development of the BIM – Building Information Modelling (Astman et al., 2008), a digital and 
3D representation of a building’s components and their properties, as well as an approach for 
a collaborative and interdisciplinary design, realization and operation of buildings. The use of 
BIM is promoted around the world, and is an opportunity for increased information and 
practice sharing. However, practices and tools have to adapt to this new context.  

Second, buildings are often designed and built without taking their interactions with 
other buildings into account. The increase in urban densification shows the importance of a 
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good understanding of the interactions between buildings and their surroundings. Building 
energy research is thus shifting slowly towards the district and urban scale. 

It is in this context that the ANR MERUBBI project (2014-2018) was launched. It is based 
on a previous collaborative research project ANR VALERIE (Duforestel et al, 2012) whose 
objective was to quantify the use of freely available energy resources in a buildings’ close 
environment. (For instance, using the sun for heating and the ground for cooling.) This project 
developed a methodology using building energy simulation and designing new, bioclimatic 
indicators, which brought answers to the following questions:  

• “How	much	does	the	resource	cover	the	needs?” (coverage rate) 
• 	“How	much	of	the	resource	is	available	when	the	building	needs	it?” (simultaneity) 
• “How	much	are	we	using	 the	available	 resource?	Could	we	use	 it	more/better?” 

(rate of use) 

 
Figure 1. Bioclimatic indicators of the solar resource for the heating need of pre-1974 building 

The VALERIE project showed that our current building design methods underuse these 
available resources, often because of their great insulation (Chesné et al, 2012). These results 
paved the road towards new design methods focusing on the optimal use of available 
resources. VALERIE’s results also showed that building design will necessarily have to fit into 
an urban approach by taking local shading and microclimate into account. The ANR MERUBBI 
project, focus of this article, was launched in order to bring answers to these new concerns. 
The main objective of this article is to present and detail the procedures that have been set 
up during the project to make the best use of the interdisciplinarity of the project consortium, 
in order to find solutions to the bioclimatic building design requirements. It also summarizes 
the evolutions MERUBBI suggests to roll out regarding the BIM process, in order to use this 
interdisciplinary process at its best. 

Presentation	of	the	ANR	MERUBBI	project		

The main objective of the project is to develop a new design methodology for buildings, 
enabling them to use the freely available energy resources of the building’s environment. The 
aim is to optimally combine the properties of insulation and bioclimatic principles to design a 
new variety of Net Zero Energy Buildings. The methodology takes the urban aspect into 
consideration by dealing with the integration of a new building into an existing district. The 
impact of the surrounding buildings on the new building are assessed (in terms of shading, 
infrared heat transfer, sky view factor…), and in return, the impact of the new building on the 
existing district’s energy performance is calculated as well. The whole project is materialized 
through the development of a platform for design optimisation. In order to anchor the project 
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into reality, it is based on 3D models of existing districts and on a set of new buildings designed 
by architect students.  

 
Figure 2. Summary chart of the MERUBBI platform 

Interdisciplinarity is at the core of the project. MERUBBI enforces an active 
collaboration between all building trades (architecture, quantity surveying and building 
economics, technical design office, thermal and energy engineering, urban planning), as well 
as a dialog between their specific tools and analysis methods. Historically, building energy 
research projects were mostly driven by research centres. The MERUBBI project sets the 
architectural design project at the centre of its studies. To achieve this, the consortium is 
composed of: two schools of architecture (of which the teachers are also architects), research 
centres on building energy, a research centre on urban microclimate, a technical 
design/quantity surveying office, and a building energy simulation software editor. 

Making	the	most	of	interdisciplinarity	in	a	building	design	project		

The diversity of trades, practices, softwares, led us to develop modus operandi to make the 
most of the consortium’s interdisciplinarity. First, a common vocabulary was set up and 
shared, as significant disparities were observed in the definition of the building’s objects. 
Sharing and mutual understanding were the key of the project start-up. 

Then, interdisciplinary duo or trio were then formed for each task of the project, in 
order to answer the scientific research questions and lead to practical conclusions. The next 
sections of this paper present with more detail five of these modus operandi and their 
findings, each being an essential contribution to the field of bioclimatic building design. Each 
section describes the task’s context and findings, and the benefits of an interdisciplinarity 
approach. The five related objectives were to:  

1. Grasp how the use of energy simulation tools in preliminary architecture studies 
modifies how building are designed (application in architectural teaching) 

2. Create a link between economic/quantity surveying software tools and energy 
performance simulation tools, which have distinct users, data and operations 

3. Make a connection between architecture and building energy simulation  
4. Understand how to design a new building in a specific urban microclimate  

Optimisation	(NSGA2)

Overall cost
calculation

Energ y
simulation

CAPEX OPEX Bioclimatic
indicators

MERUBBI	plateform
• Skp, IDF, g bXML, IFC import
• Geometry analysis
• Data setting
• Solar calculation (raytracing )

Data	exchange	file	
g bXML standard

Initial	Design	(3D model of the building  in its district) 
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5. Eventually, orchestrate all the aspects of the project (fields, expertise, software) 
to set up a design optimisation process 

Using	energy	simulation	tools	in	architecture	teaching	

The process of designing a new building cannot be studied from an academic point of view in 
architecture offices, because their work temporality is much shorter than a 4 year research 
project. Therefore, we decided to apply and observe the design process during a master 
course in a school of architecture. 

During the first study, the lecturer/researchers team proposed to use building energy 
tools to make fast energy assessments. The obtained results were only partly significant, 
because the use of these tool occurred too late in the design process. The students proposed 
typical bioclimatic configurations (e.g. a double skin facade), but the tools helped to improve 
the performance of these architectural components, but not designing them. This heuristic 
path did not allow the designer to use the tools for a creative exploration of possibilities. 

In the following study, the students designed three variations a base project, for an 
increasingly constrained context (isolated building, moderately dense district, high density 
district). The students were asked to develop a bioclimatic design, assisted by an assessment 
of energy performance. With help of the interdisciplinary teaching team and the intervention 
of energy efficiency researchers, the students’ design investigations led to an understanding 
of the physical phenomena occurring at the district scale.  

 

  
Figure 3. [left] simplified 3D model of the studied real districts in Paris, Nantes and Strasburg, each with two 

urban densities; [right] use of a solar radiation simulation tool in an architecture project  

The second part of the student projects provided an analysis of the district’s 
microclimate using the SOLENE software. Results of this analysis served as conceptual support, 
in order to assess the best way to use the energy resources of the environment (sun, air, 
ground). This helped create new architectural forms, while based on the same initial project. 

Then, the third part of the student project dealt with denser districts. It used the 
knowledge developed during the previous parts to improve creativity and obtain more 
advanced architectural results.  

The last part of the student project aimed at including the BIM process. We observed 
that the students grasped the use of simulation tools more quickly. Fast energy simulations 
helped to suggest morphological optimisations using a trial and error approach on successive 
versions of the 3D building model. Some student teams used simulation results to design 
innovative facade components carved into the walls, to optimize the solar gains. 

§ Paris

§ Nantes

§ Strasbourg

Paris MD

Nantes MD

Strasbourg  MD

Paris D

Nantes D

Strasbourg  D
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As a conclusion, these teaching studies showed that by creating a link with other 
disciplines and softwares, and by orienting the design hypotheses using appropriate tools, the 
students got a better understanding of the stakes and developed an increased creativity. 

Linking	economic/quantity	surveying	and	research	tools	and	techniques	

The real-life economic approach, as practiced daily by a design offices, is based on ratios and 
unit costs which vary depending on the complexity and context of the construction project. 
The knowledge and experience of the economist plays a significant part in evaluating the 
complexity of the work each building trade will have to deal with. With today’s usual work 
processes, this kind of experience is all the more necessary during the preliminary phases of 
the project, when there is few yet complex information to share. 

However, most proprietary tools used for quantity surveying cannot be linked to the 
MERUBBI platform, which relies a direct access to software inputs/outputs in order to 
perform optimisation loops. Therefore, MERUBBI’s design office, energy software editor and 
optimisation experts came together to share knowledge, tools and practice on construction 
economics, which lead to the implementation of an open software component performing a 
simplified economic evaluation, based on the open data shared by the tools of the project. 
This way, the overall cost of the construction project (including investment, operational and 
maintenance costs) could be calculated and used as a criterion for optimisation. The design 
office got to understand the approach of a software designer, and shared the field approach 
by simplifying the economic calculation tool, while being careful that the calculated overall 
cost remains meaningful and under controlled uncertainties. 

Building	energy	simulation:	generating	model	automatically	from	3D	data	

The calculation of district-scale energy performance and bioclimatic indicators as performed 
in MERUBBI requires the use of specific simulation methods which were implemented in the 
BuildSysPro Open Source simulation library (Plessis et al, 2014). In order to be used in an 
optimisation loop, we implemented an automatic model generator, processing the data of 
the MERUBBI platform, stored using the gbXML standard. As a result, the transformation of 
architectural building model to an energy model is done in two steps: 1/ analysis, 
transformation and augmentation of the architectural model by the MERUBBI platform into 
a pivot gbXML file, and 2/ automatic generation of energy models. 

  
Figure 4. Transformation steps from the architecture model to the Modelica building and district energy 

model, based on the gbXML standard 

The capability of the MERUBBI platform to analyse 3D building and district models 
depends on the 3D model quality, and relies on a set of rules and requirements that have 
been defined for SketchUp models. Similar requirements are now being defined for BIM/IFC 
models, to raise awareness among the architect and design offices, in order to avoid partially 
or poorly implemented 3D models. 

The district energy models aim to be integrated in an optimisation process, which 
implies a high number of simulation runs, and require a short CPU time for each simulation. 
Several model simplification methods are therefore tested (e.g. aggregating building zones 
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and components in an equivalent building, or heavily reducing the model size by using model 
order reduction algorithms. 

Taking	microclimate	into	account:	agreeing	on	the	right	level	of	detail	of	3D	models	

The district-scale and microclimate focus of MERUBBI implies a change in the scale and 
phenomena that have to be taken into account, including urban heat island effects (Bouyer 
et al, 2009). At this scale, very few information and data are known on the existing buildings: 
some geometric data, mostly geographic information, and statistical features of the district. 
Detailed microclimate simulations have strong requirements regarding their input data. 
These triggered a thorough discussion on the coherence of 3D models Level of Detail (LOD), 
on the compatibility between data and project objectives, and on the modelling paradigms. 

For instance, the 3D models supplied by the architecture students included features (e.g. 
railings, joinery) whose level of detail were incompatible with detailed microclimate 
simulations. The 3D modelling paradigm required for radiation calculations is the opposite 
extreme of the one used for fluid dynamics. The visual communication requirements when 
showcasing architectural designs are not necessarily compatible with the required topological 
and geometrical consistency of the models. Another major challenge appeared to be the 
cohabitation of models with various level of details in a same global model, which can lead to 
instabilities in calculations, for instance when calculating view factors.  

We concluded on the necessity to agree on a unique model for everyone, or on a 
simplification/adaptation process from end to end. This way the initial model created by the 
architects could be used for the whole MERUBBI optimisation process. 

Beyond	algorithms:	using	optimisation	as	a	decision	tool	for	various	disciplines		

In the MERUBBI project, we chose to use multi-criteria optimisation methods to assess 
the building projects in regard to several objectives at the same time: minimizing energy 
consumption and cost, while maximizing the use of freely available energy sources. A NSGA2 
genetic algorithm was used to generate a set of near-optimal solutions. This way, the 
optimisation process does not impose an optimal solution on the user, but exhibits a group 
of individuals (named Pareto	front) whose performances are equivalent concerning the set of 
objectives to optimize. Such a method provides information on the impact of design choices, 
and can help professionals to make decisions on a well-informed basis. As an example, Figure 
5 shows the set of solutions obtained by optimizing an office room's glazing area and solar 
protection size and position. The objectives were to minimize heating needs, and the sum of 
cooling and lighting needs (Ribault et al, 2016).  
 

  
Figure 5. [left] Optimisation workflow in MERUBBI; [right] Optimisation results (Pareto front) obtained from 

minimization of an office room energy needs  
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Discreet optimisation algorithms allows to optimise discrete variables related to specific 
construction methods, rather than continuous variables, which could lead to an unavailable 
insulation thickness or window size. 

Rather than focusing on morphological parameters (size of the building, footprint), that 
are often really constrained by the context (city planning, programme), we put stress on 
geometrical and construction properties of the envelope. Showing previews of near-optimal 
solutions during the optimisation allows to integrate different actors in the process and feed 
their creativity by evaluating options they did not necessarily imagined in the first place.  

Two main challenges remain. First, finding solutions for a visual rendering of 
optimisation solutions when the variables are not geometrical. Second, any optimisation may 
give answers that would be not suitable in practice, due to unconsidered criteria. The 
consortium still has to work on how to avoid misinterpretation of these results.  

As a conclusion, the optimisation task of MERUBBI joins all the previous challenges 
together. It is because we chose to optimise the global design and cost that the stake of 
interdisciplinary appeared in the first place. The variety of partners in the consortium helped 
bringing a critical look on optimisation, beyond the sole scientific point of view.  

The	BIM	as	a	an	integrative	process	for	the	building	industry:	ideal	versus	practice		

MERUBBI gives an overall consistency for all the actors of the construction project, and helps 
sharing information and enriching practices. The architects guide the consortium by creating 
building models to optimise, and the optimisation results are reported back for analysis and 
integration in the creative process. We recognised the importance of a place for regular 
discussion between the building trades, particularly for a research project. The aim was to 
anchor the project in field reality, not in an idealized engineering/research vision. This caused 
many discussions on the reality of work in the field, and in particular on the use of BIM. 

How	BIM	is	used	today	

Building design cannot and must not be limited to a drawing or sketch that is enriched later 
on. At the beginning of the design process, architects and design offices already have design 
ideas with possible variations. BIM can help modelling these design ideas, and sharing this 
information between the various actors of the project, who will assess it on architecture, 
regulation or economic criteria. However, today’s practice is constrained by short timescales, 
and it is not always possible to input into the BIM all the data that will be needed downstream 
(for instance for energy calculation). There is no full interoperability between architects and 
design offices, because the technical drawing is very different from the architectural design. 
The calculations that should result from the BIM still require the engineer to create a new 
building model. Moreover, the theoretical BIM process, in which a unique model is shared on 
a server, isn’t necessarily used in practice, and heavy files are still shared bilaterally. However, 
a change of process is starting slowly, and professionals start to design buildings more 
collaboratively. But the architects of MERUBBI emphasize that, when the building permit is 
emitted, they do not necessarily know what kind of building will be built in detail, yet still 
have to conform to urban regulations, local urbanism plans and client expectations. 

From	drawing	in	3D	to	a	true	BIM	process:	an	emerging	dynamic		

In order to avoid to “draw then enrich”, the ideal practice seems to rely on a construction 
types database, which would contain technical, energy, economical information, and of which 
each element of the building would originate when creating the BIM. The designer would thus 
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create the true representation of the wall, not only a drawing of the wall. Unfortunately today, 
these comprehensive national objects databases and their properties do not exist. It is 
therefore necessary to build them. While the political authorities demand or encourage the 
use of BIM in many countries in the world, manufacturers are late on this topic; and without 
their cooperation, the BIM will have difficulties evolving beyond a simple 3D drawing. 
However, there is today a growing dynamic around the BIM, which allows us to believe that 
the BIM users/designers will be sensitized to these issues, and trained to create operational 
building models. The MERUBBI consortium supports this point of view, in which the role of 
the architect may be endangered if he does not adapt to the new BIM process. A dynamic has 
started in which the building trades succeed in appropriating the idea of creating enriched 
building models, rather than 3D visuals.  

Conclusion	and	perspectives		

MERUBBI brought together all the fields of building design in order to create an optimisation 
platform, with various types of users. Interdisciplinary discussion helped to identify where a 
specific approach or software had to be adapted in order to fit into the MERUBBI platform. 
This process helped sharing vocabulary, techniques, and visions about the current state of the 
art of building design. The project’s base data are 3D models of buildings and districts, and 
many discussions and developments were related to the BIM standard and its use for building 
design. The BIM usually does not give information on the surrounding of the buildings, 
although more information on the building’s environment will become increasingly necessary. 
At the urban scale, the CityGML standard is used as a data model for urban databases storage 
and visualisation. BIM and CityGML data models have strong similarities, yet are used for very 
different applications. These two worlds are colliding, and it is important to broaden even 
more the interdisciplinary approaches, to lead to optimal building and urban design methods. 
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Abstract:	 A	 parametric	 analysis	 is	 carried	 out	 to	 understand	 how	 ENVI-met	 (V4)	 responds	 to	 the	 following	
aspects	which	form	the	basis	of	understanding	the	model’s	behaviour:	i)	canyon	aspect	ratio,	ii)	cloud	cover,	iii)	
orientation,	iv)	wind	speed	and	v)	building	height	variability.	The	reason	for	using	parametric	modelling	is	that	
modelling	 techniques	 and	 calculations	 are	made	easier	 as	 they	 are	 applied	 to	 simple	models	 and,	 thus,	 the	
process	 is	verified	prior	 to	examining	the	real,	complex	situations.	This	 is	helpful	 for	understanding	the	 links	
between	 simple	 urban	 form	 and	 the	 resultant	 environmental	 characteristics	 and	 to	 determine	 the	 model	
boundary	conditions	for	comparing	the	real	situations.	The	results	of	the	simulations	include:	the	maximum	and	
average	(median)	values	of	air	temperature	decreases	in	deeper	canyons,	but	the	rate	of	reduction	reduces	for	
canyons	with	an	H/W	ratio	over	2.	The	average	 (median)	mean	 radiant	 temperature	also	 reduces	 in	deeper	
canyons,	but	 the	 trend	 is	not	 linear.	Air	 temperature	 is	not	affected	by	canyon	orientation,	whereas	Tmrt	 is	
significantly	affected	by	canyon	orientation	as	the	EW	canyon	remains	exposed	to	high	Tmrt	for	8.5	hours	while	
NS	canyon	is	exposed	for	only	2.5	hours.	Windy	conditions	result	in	a	slightly	higher	air	temperature	and	a	lower	
Tmrt	level	compared	to	still	air	conditions.	Increase	in	cloud	cover	has	a	decreasing	effect	on	air	temperature	
and	Tmrt.	And	finally,	the	impact	of	diversity	in	canyon	geometry	has	little	impact	on	air	temperature	and	Tmrt	
conditions.	
	
Keywords:	ENVI-met	(V4),	environmental	variables,	parametric	analysis,	urban	geometry	

Introduction		

ENVI-met	is	an	advanced	simulation	system	that	recreates	the	microclimatic	dynamics	of	the	
outdoor	environment	by	addressing	the	interaction	between	climatic	parameters,	vegetation,	
surfaces,	soil	and	the	built	environment.	The	programme	has	been	extensively	used	in	urban	
design	and	thermal	comfort	studies	for	its	ability	to	reproduce	microclimatic	conditions	within	
the	urban	canopy	layer	(UCL)	(Yang	&	Lin	2016;	Roth	&	Lim	2016;	Acero	&	Herranz-Pascual	
2015).	 ENVI-met	 is	 particularly	 popular	 for	 its	 high	 temporal	 and	 spatial	 resolution,	 its	
advanced	3D	interface	and	modelling	techniques	and	its	ability	to	adjust	air	temperature	and	
relative	humidity.	 The	 latest	 version	 considers	 the	heat	 capacity	 of	 the	building	materials	
(Huttner	2012;	Yang	et	al.	2012),	a	unique	feature	that	other	microclimatic	simulation	tools	
are	yet	to	accomplish.	It	is	thus	a	rare	example	of	a	model	which	can	be	used	to	explore	the	
relationships	between	urban	form	and	the	urban	microclimate.	

Although,	 ENVI-met	 is	 a	 reputable	model,	 it	 is	 still	 under	 development	 and	 the	 full	
model	documentation	is	not	yet	available.	Therefore,	 it	 is	not	easy	to	understand	how	the	
model	behaves	with	the	alteration	of	the	most	basic	model	parameters.	Therefore,	this	study	
presents	a	simple	parametric	exercise	to	understand	how	ENVI-met	responds	to	the	following	
aspects	which	form	the	basis	of	understanding	the	model’s	behaviour:	i)	canyon	aspect	ratio,	
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ii)	cloud	cover,	iii)	orientation,	iv)	wind	speed	and	v)	building	height	variability.	The	reason	for	
using	parametric	modelling	is	that	modelling	techniques	and	calculations	are	made	easier	as	
they	are	applied	to	simple	models	and,	thus,	the	process	is	verified	prior	to	examining	the	
real,	 complex	 situations	 (Steemers	et	 al.	 1997).	 This	 is	helpful	 for	understanding	 the	 links	
between	simple	urban	form	and	the	resultant	environmental	characteristics	and	to	determine	
the	model	boundary	conditions	for	more	complex	situations	and	to	compare	with	real	case	
studies.	 ENVI-met	 simulation	 results	 were	 validated	 against	measured	 data	 at	 real	 urban	
context	in	previous	studies	(Sharmin	&	Steemers	2015;	Sharmin	&	Steemers	2016).	

Methodology	

The	study	comprises	the	simulation	modelling	of	parametric	case-studies	(Case_1	–	Case_9)	
to	understand	the	impact	of	urban	geometry	parameters	on	microclimate.	It	also	examines	
the	effect	of	changing	wind	speed	and	cloud	cover	on	overall	microclimate.	ENVI-met	has	
certain	limitations	in	dealing	with	the	wind	speed	and	cloud	cover	as	they	remain	constant	at	
the	model	boundary	throughout	the	simulation	period.	Generic	urban	forms	(Figure	1)	have	
been	chosen	for	their	simple	calculations	to	better	understand	the	impact	of	urban	forms	on	
the	resultant	environmental	characteristics.		

Simulations	were	started	from	04:00	local	time	(UTC+6),	approximately	2	hours	before	
sunrise.	The	total	modelling	time	was	20	hour.	The	initial	4-hour	data	is	excluded	from	analysis	
because	it	 is	considered	as	the	model	‘spin	up’	period.	A	worst-case	scenario	with	high	air	
temperature	 and	 high	 humidity	 is	 assumed	 for	 the	 study.	 The	 worst-case	 scenario	 was	
determined	 from	 the	 EPW	 (EnergyPlus	 Weather)	 data	 for	 Dhaka	
(http://apps1.eere.energy.gov/buildings/energyplus).	A	detail	of	input	data	can	be	found	in	
Error!	Reference	source	not	found.	and	Table	2.	

Case_1-Case_4:	Cases	1	to	4	include	simple	east-west	oriented	(EW)	urban	canyons	with	
H/W	ratios	 ranging	 from	1	 to	4.	The	canyon	width	 remains	 fixed	at	10m	and	 the	building	
height	 increases	 from	 10m	 to	 40m	 from	 Case_1	 to	 Case_4.	 Table	 3	 includes	 the	 model	
geometry	parameters	with	their	measurement	points.	Receptors	(measurement	points)	have	
been	placed	in	the	middle	of	the	length	of	each	canyon.	Hence,	the	receptors	in	Case_1	are	
named	A1,	B1,	C1;	in	Case_2	A2,	B2,	C2	and	so	on.		

Case_2	is	considered	as	the	base	case	for	all	the	following	simulation	models.	
Case_2	and	Case_5:	Case_2	has	been	compared	with	Case_5	in	order	to	examine	the	

impact	of	orientation.	The	models	have	same	H/W	ratio	and	SVF	with	different	orientations.	
For	Case_5,	the	receptors	are:	A5	(west),	B5	(centre)	and	C5	(east).	All	input	data	are	kept	the	
same	except	for	wind	direction	which	is	now	parallel	to	the	canyon	orientation.	

Case_2	and	Case_6:	This	section	examines	the	impact	of	wind	speed	for	EW	canyons.	
Case_6	has	exactly	the	same	geometry	as	Case_2.	All	input	data	are	kept	the	same	except	for	
wind	speed.	Case_6	has	receptors	at	the	same	locations	as	in	Case_2	called	A6,	B6	and	C6.	

Case_2,	Case_7	and	Case_8:	This	section	examines	the	impact	of	cloud	cover	for	EW	
canyons	 having	 the	 same	 canyon	 geometry.	 Case_2	 has	 a	 cloudless	 condition,	 whereas	
Case_7	and	Case_8	have	medium	and	high	cloud	coverage	respectively.	The	receptors	are	A7,	
B7,	C7	and	A8,	B8,	C8	for	Case_7	and	Case_8	respectively.		

Case_2	and	Case_9:	This	section	compares	the	effect	of	canyon	variability	in	terms	of	
building	height.	All	 input	data	are	kept	the	same	except	for	building	heights.	Case_9	has	a	
variable	canyon	with	buildings	ranging	from	6m-30m,	whereas	Case_2	has	a	uniform	building	
height	of	20m.	The	heights	were	chosen	randomly.	
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Figure	1.	Parametric	case	study	models	showing	plan,		
elevations	and	receptor	points	

Table	1.	Common	input	data	for	parametric	analysis	
Model	area	 	
Main	Model	Area	 80m	x	50m	

Grid	Size	in	metre	
Dx	=	size	of	X	grid	
Dy	=	size	of	Y	grid	
Dz	=	size	of	Z	grid	

dx=2,		
dy=2,		
dz=3	

Construction	material	
Building	Material	 Wall:	10”	brick	wall	(burned),		

Roof:	light-weight	concrete		
Soil	 Road:	asphalt,	Pavement:	paved	

concrete-grey	

Position	 	
Longitude	(0)	 90.23	
Latitude	(0)	 23.24	
Start	and	duration	of	the	model	
Date	of	simulation	 05/04/2015	
Start	time	 04:00	
Total	simulation	time	(h)	 20	
Initial	meteorological	conditions	
Roughness	length	at	measurement	
site	

0.1	

Initial	temperature	of	atmosphere	(k)	 32.350C	

Simple	forcing:	Air	temperature	(K)	 Min	300,	at	05:00	h;	
Max	311,	at	14:00	h	

Simple	forcing:	Relative	humidity	(%)	 Min	43,	at	14:00	h;	
Max	87,	at	05:00	h	

Specific	humidity	at	model	top	(2500	
m,	g/kg)	

7	
	

Table	2.	Model-specific	input	data	for	parametric	analysis	
	 Case_1-

Case_4	
Case_5	 Case_6	 Case_7	 Case_8	 Case_9	

Canyon	orientation	 east-west	(EW)	 north-south	(NS)	 EW	 EW	 EW	 EW	
Wind	speed	measured	at	10m	
height	(m/s)	

0.1	 0.1	 4	 0.1	 0.1	 0.1	

Wind	direction	(deg)	(00	=	from	
north,	1800	=	from	south)	

90	 180	 90	 90	 90	 90	

Cover	of	low	clouds	(octas)	 0	 0	 0	 2	 5	 0	
Cover	of	medium	clouds	(octas)	 0	 0	 0	 2	 5	 0	
Cover	of	high	clouds	(octas)	 0	 0	 0	 2	 5	 0	

Results	and	discussion	

Impact	of	geometry	
This	 section	 presents	 the	 impact	 of	 increasing	 H/W	 ratio	 on	 simulated	 microclimatic	
conditions	from	Case_1	to	Case_4.	Figure	2	shows	the	boxplots	of	air	temperature	and	Tmrt	
for	 all	 four	 cases.	 They	 represent	 average	 values	 during	 08:00-18:00	 hours	 at	 the	 three	
measurement	points	(receptor)	at	each	site.	The	receptor	data	was	recorded	at	half-an-hour	
intervals,	so	there	are	21	data	points	for	each	receptor	between	08:00-18:00.	Here,	the	case	
studies	are	ordered	by	their	geometric	characters:	H/W	ratio	of	1	to	4	for	Case_1,	Case_2,	
Case_3	and	Case_4	respectively.			

The	comparison	of	the	maximum	and	median	values	of	air	temperature	shows	that	they	
reduce	 in	 the	 deeper	 canyon	 (Figure	 2a).	 The	maximum	 values	 for	 Case_1	 to	 Case_4	 are	
37.70C,	 36.30C,	 35.90C	 and	 35.60C	 respectively	 and	 the	median	 values	 are	 36.00C,	 34.90C,	
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34.70C	and	34.50C	 respectively.	The	 rate	of	 reduction	 is	higher	between	 first	 two	cases	 in	
comparison	to	the	subsequent	three	cases.		

Table	3.	Geometry	parameters	of	the	parametric	cases	
Case	number	 Case_1	 Case_2	 Case_3	 Case_4	
Receptor	 A1	 B1	 C1	 A2	 B2	 C2	 A3	 B3	 C3	 A4	 B4	 C4	
H/W	ratio	 1	 1	 1	 2	 2	 2	 3	 3	 3	 4	 4	 4	
SVF	 0.334	 0.387	 0.334	 0.191	 0.214	 0.191	 0.152	 0.148	 0.152	 0.135	 0.143	 0.135	

(a)	 (b)	

Figure	2.	The	average	values	of	(a)	air	temperature	and	(b)	mean	radiant	temperature	simulated	during	08:00-
18:00	in	all	three	receptors	in	Case_1	to	Case_4	

(a)	 (b)	

Figure	3.(a)	Trend	of	air	temperature	against	increasing	H/W	ratio,	(b)	Trend	of	Tmrt	against	increasing	H/W	
ratio	

The	regression	line	in	Figure	3a	shows	that	air	temperature	reduces	in	deeper	canyons.	
This	is	in	agreement	with	Lobaccaro	&	Acero	(2015)	who	demonstrated	that	the	maximum	
daily	temperature	within	the	urban	canyon	decreases	with	an	increase	of	H/W	ratio.	

Figure	2b	shows	Tmrt	between	08:00-18:00	considering	all	receptor	points	in	Case_1	to	
Case_4.	It	shows	that	all	urban	canyons	irrespective	of	their	geometry	will	reach	a	maximum	
Tmrt	of	above	840C	and	a	minimum	Tmrt	around	300C	during	08:00-18:00.	This	is	mainly	due	
to	 the	cloudless	condition	set	 in	 the	modelling	and	thus	 the	presence	of	direct	shortwave	
radiation.	The	trend	line	in	Figure	3b	shows	Tmrt	between	canyons	from	Case_1	to	Case_4	
represented	 by	 two-degree	 polynomial	 regression	 lines.	 The	 R2	 values	 suggest	 Tmrt	 will	
generally	reduce	in	deeper	canyons.		
Impact	of	orientation	

(a)	 (b)	
Figure	4.	(a)	Comparison	of	air	temperature,	(b)	Progression	of	peak	air	temperature	between	EW	and	NS	

urban	canyons	during	08:00-18:00	
The	 impact	of	orientation	between	canyons	having	 the	same	H/W	ratio	 is	discussed	here.	
Comparing	the	east-west	(EW,	Case_2)	and	north-south	(NS,	Case_5)	canyons	did	not	produce	
any	significant	difference	in	air	temperature,	as	can	be	seen	in	Figure	4a.	However,	the	NS	
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canyon	had	a	lower	minimum	temperature	(by	1.30C).	By	looking	at	the	progression	of	peak	
air	 temperature,	 (among	 three	 receptor	 points	 in	 each	 case)	 (Figure	 4b),	 a	 maximum	
difference	of	1.70C	can	be	found	between	NS	and	EW	canyons	with	the	latter	being	higher.	
The	EW	canyon	has	higher	air	temperature	during	the	morning	from	08:00-10:30	than	the	NS	
canyon,	with	rest	of	the	day	showing	minor	differences.	

(a)	 (b)	
Figure	5.	(a)	Comparison	of	mean	radiant	temperature,	(b)	Progression	of	peak	mean	radiant	temperature	

between	EW	and	NS	urban	canyons	
In	terms	of	Tmrt,	the	NS	canyon	was	found	to	have	significantly	lower	values	than	the	

EW	canyons	with	50%	of	the	total	data	bunched	between	42.6	-52.60C	and	45.9	-77.5	0C	in	
the	case	of	NS	and	EW	canyons	respectively	(Figure	5a).	The	EW	canyon	remains	exposed	to	
Tmrt	above	70.00C	for	8.5	hours	(between	08:00-16:30),	while	NS	canyon	is	exposed	for	only	
2.5	hours	(between	11:00-13:30).	This	clearly	shows	that	ENVI-met	simulation	responds	to	
the	orientation	of	the	canyon.	
Impact	of	wind	speed		
This	section	discusses	the	impact	of	wind	speed	between	the	canyons	having	the	same	canyon	
geometry	and	climatic	input.	It	is	evident	that	wind	speed	has	some	effect	on	air	temperature	
as	 the	maximum	 air	 temperature	 rises	 by	 1.20C	when	wind	 speed	 increases	 from	 still	 air	
conditions	(Case_2)	to	windy	conditions	(Case_6)	(Figure	6a).	In	other	words,	increased	wind	
undermines	the	temperature	reducing	benefits	of	deeper	canyons.	From	the	progression	line	
of	peak	air	temperature	(Figure	6b),	it	can	be	seen	that	a	windy	condition	(Case_6)	results	in	
a	higher	air	temperature	than	the	still	air	conditions	(Case_2)	throughout	the	middle	period	
of	the	day	from	11:00-15:30	with	the	highest	difference	reaching	up	to	1.50C	at	14:00.	

	 	
Figure	6.	(a)	Comparison	of	air	temperature,	(b)	Progression	of	peak	air	temperature	between	Case_2	and	

Case_6	

	 	
Figure	7.	(a)	Comparison	of	mean	radiant	temperature,	(b)	Progression	of	mean	radiant	temperature	between	

Case_2	and	Case_6	
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In	the	case	of	Tmrt,	maximum	Tmrt	reduces	from	Case_2	to	Case_6	by	3.60C	(Figure	7a).	Wind	
speed	is	an	important	parameter	for	measuring	Tmrt,	because	Tmrt	reduces	as	wind	speed	
increases.	From	the	progression	of	peak	Tmrt,	it	can	be	seen	that	Case_6	has	constantly	lower	
values	throughout	the	day	with	the	maximum	difference	of	4.00C	reached	at	11:30	(Figure	
7b).	 Therefore,	 in	 ENVI-met	 simulations,	 windy	 conditions	 are	 found	 to	 have	 resulted	 in	
slightly	higher	air	temperatures	and	a	lower	Tmrt	level	compared	to	the	still	air	conditions.	
Impact	of	cloud	cover	
This	section	discusses	the	impact	of	increasing	cloud	cover	for	the	same	urban	canyons	with	
the	same	climatic	input	except	for	the	cloud	cover.	As	the	cloud	cover	increases	from	0/0/0	
cloud	 cover	 (Case_2:	 no	 cloud	 cover)	 to	 2/2/2	 (Case_7:	 medium	 cloud	 cover)	 and	 5/5/5	
(Case_8:	heavy	could	cover),	the	average	(median)	air	temperature	decreases	from	34.90C	to	
34.50C	 to	 34.30C	 respectively	 (Figure	 8a).	 The	 maximum	 difference	 between	 Case_2	 and	
Case_7	is	2.20C	and	between	Case_7	and	Case_8	is	0.30C	(Figure	8b).	This	suggests	that	the	
reduction	of	air	temperature	with	the	increase	in	cloud	cover	is	not	linear.	

	 	
Figure	8.	(a)	Comparison	of	air	temperature,	(b)	Progression	of	peak	air	temperature	between	Case_2,	Case_7	

and	Case_8	
A	clearer	trend	is	visible	in	terms	of	Tmrt,	which	shows	a	significant	reduction	with	the	

increase	of	cloud	cover.	Again,	the	trend	is	not	linear.	The	progression	of	peak	Tmrt	in	Figure	
9b	shows	Case_2	reaches	very	high	Tmrt	ranges	(above	70.00C	and	reaching	up	to	87.00C),	
whereas	 Case_7	 has	milder	 situations	 and	 Case_8	 lower	 still,	 being	 in	 complete	 overcast	
conditions.	Therefore,	in	ENVI-met	simulations,	an	increase	in	cloud	cover	can	be	seen	to	have	
a	decreasing	effect	on	Ta	and	Tmrt.	

	 	
Figure	9.	(a)	Comparison	of	mean	radiant	temperature,	(b)	Progression	of	peak	mean	radiant	temperature	

between	Case_2,	Case_7	and	Case_8	
Impact	of	height	variability	
This	section	compares	microclimatic	dynamics	between	two	urban	canyons,	one	with	variable	
building	heights	and	the	other	with	uniform	building	heights.	The	variable	canyon	(Case_9)	
has	a	slightly	higher	SVF	(0.240)	than	the	uniform	canyon	(Case_2,	SVF=0.199)	(Table	4).	The	
receptor	points	are	placed	to	capture	the	microclimatic	conditions	at	the	middle	of	the	canyon.	
However,	the	SVF	or	H/W	ratio	of	the	receptors	located	in	the	middle	of	the	canyon	do	not	
represent	its	height	variability.	Therefore,	height	variability	is	measured	by	considering	the	
standard	deviation	of	H/W	ratio	(H/W	ratio_STDEV)	variation	across	the	length	of	the	canyon	
using	points	X1-X6	in	Case_2	and	points	Y1-Y6	in	Case_9	(Figure	10).	The	standard	deviation	of	
SVF	(SVF_STDEV)	is	not	considered,	as	SVF	is	not	a	perfect	parameter	to	capture	the	physical	
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irregularity	of	urban	canyons	(Krüger	et	al.	2011).		The	same	boundary	conditions	have	been	
used	for	both	models.		
Table	 4.	 Comparison	 of	 urban	 geometry	 parameters	 between	 the	 uniform	 (Case_2)	 and	 variable	 canyons	
(Case_9)	
Case	
Study	

Receptor	
name	

SVF	 Average	SVF	of	
the	receptor	
points	

Measurement	points	
across	the	length	of	the	
canyon	as	shown	in	10	

H/W	ratio	of	Measurement	
points	across	the	length	of	
the	canyon	

Standard	
deviation	

Case_2	
Case_2	
Case_2	

A2	
B2	
C2	

0.191	
0.214	
0.191	

0.199	 X1,	X2,	X3,	X4,	X5,	X6	 2,	2,	2,	2,	2,	2	 0	

Case_9	
Case_9	
Case_9	

D2	
E2	
F2	

0.202	
0.290	
0.228	

0.240	
	
	

Y1,	Y2,	Y3,	Y4,	Y5,	Y6	 1.80,	 2.00,	 1.75,	 2.15,	
1.90,	1.30	

0.291	

Results	show	that	Case_9	has	a	slightly	lower	maximum	air	temperature,	by	0.350C,	
than	Case_2	(Figure	11a).	A	similar	difference	(a	maximum	of	0.390C	at	13:00)	is	visible	from	
the	 progression	 of	 the	 peak	 air	 temperatures	 during	 11:30-17:00	 (Figure	 11b).	 When	
comparing	 the	 mean	 radiant	 temperature	 across	 all	 receptors	 in	 both	 case	 studies,	 no	
significant	difference	 could	be	 found	 (Figure	 12a).	Again,	 the	progression	of	 peak	 Tmrt	 in	
Figure	12b	does	not	show	much	difference	except	for	a	slight	decrease	in	Case_9	during	the	
middle	of	the	day.	Regarding	average	Tmrt,	Case_9	is	more	exposed	to	solar	radiation	during	
the	morning	(09:00-10:00)	and	the	afternoon	(14:30-15:00)	than	Case_2	(Figure	12b).		

 
Figure	10.	Measurement	points	across	the	length	of	the	canyon	

	 	
Figure	11.	(a)	Comparison	of	air	temperature,	(b)	Progression	of	peak	air	temperature	between	uniform	and	

variable	conditions	during	08:00-18:00	

	 	
Figure	12.	(a)	Comparison	of	mean	radiant	temperature,	(b)	Progression	of	peak	and	average	mean	radiant	

temperature	between	uniform	and	variable	conditions	
Since	 no	 significant	 difference	 was	 noted	 between	 Case_2	 and	 Case_9	 from	 the	

simulation	results,	it	is	probably	fair	not	to	investigate	parametric	cases	any	further	to	test	the	
effect	 of	 variability.	 However,	 this	 particular	 comparison	 between	 Case_2	 and	 Case_9	 has	
some	 limitations,	 for	 example	 Case_9	has	 a	 different	 average	 height	 (17.3	m)	 and	density	
compared	 to	 Case_2.	 It	 also	 has	 a	 higher	 average	 height	 on	 the	 south	 elevation.	 Further	
research	can	explore	variation	in	more	detail,	for	example,	diversity	on	the	south,	but	constant	
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on	the	north	side,	etc.	However,	in	this	study,	because	the	initial	theoretical	test	shows	little	
impact	of	canyon	diversity	in	the	simulation	model,	no	further	cases	were	examined.	

Discussion	and	conclusion	

Synopsis	of	findings	from	the	analysis		
In	ENVI-met	(V4)	microclimatic	simulations:	
o The	maximum	and	median	values	of	air	temperature	decrease	in	deeper	canyons,	but	the	

rate	of	reduction	reduces	for	canyons	with	an	H/W	ratio	over	2.	
o The	 average	 (median)	mean	 radiant	 temperature	 reduces	 in	 deeper	 canyons,	 but	 the	

trend	is	not	linear.	
o The	impact	of	canyon	orientation	on	air	temperature	is	insignificant.		
o Tmrt	is	significantly	affected	by	canyon	orientation	as	the	EW	canyon	remains	exposed	to	

high	Tmrt	for	8.5	hours	while	NS	canyon	is	exposed	for	only	2.5	hours.	
o Windy	 conditions	 result	 in	 a	 slightly	 higher	 air	 temperature	 and	 a	 lower	 Tmrt	 level	

compared	to	still	air	conditions.	
o Increase	in	cloud	cover	has	a	decreasing	effect	on	air	temperature	and	Tmrt.	
o The	impact	of	diversity	in	canyon	geometry	has	little	impact	on	air	temperature	and	Tmrt	

conditions.	
The	above	findings	apply	to	ENVI-met	(V4)	simulations	only.	The	findings	of	this	study	

may	be	useful	in	interpreting	the	microclimatic	simulation	results	for	real	urban	situations,	
where	the	input	parameters	for	one	situation	may	vary	from	the	other.	The	understanding	
will	help	in	deciding	the	most	important	parameter	that	is	causing	the	difference	between	
different	situations.	
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Assessing	Cooling	Energy	Load	and	Dehumidification	in	Housing	Built	to	
Passivhaus	Standard	in	Jakarta,	Indonesia 
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Abstract: A preference for low-density housing by Indonesian people has contributed greatly to uncontrollable 
urban sprawl around the peripheries of Indonesia’s major cities. The cooling of low-density housing to maintain 
thermal comfort is energy intensive, with approximately 30–50% of conditioned air lost through ventilation and 
air infiltration. As Indonesia is in a hot and humid climatic region, the air’s moisture level is high, and ventilation 
during hot weather can introduce more moisture in to buildings. Thus, the removal of excess internal humidity 
is essential for human comfort. The German Passivhaus building standard is effective in preserving stable interior 
temperatures, but its air-tight envelope might hinder the removal of excess moisture in tropical climates. The 
dynamic thermal simulation software DesignBuilder was used to model a typical Jakarta terraced dwelling to 
investigate the effects on indoor temperature and humidity on comfort and energy use from applying the 
Passivhaus standard. The aim was to find the optimum setting for minimising cooling and dehumidification 
energy in air-conditioning systems. The research examined the type of active dehumidification system that 
might be most suitable to work with a Passivhaus in tropical conditions to position the house’s internal 
environment within the thermal comfort zone. 

Keywords: Passivhaus, Hot and humid climate, Dehumidification, tropical climate, Low energy building 

Introduction	

In hot and humid climates the application of simple cooling measures can be effective in 
reducing the cooling load of buildings. Reductions of up to 43% in cooling load can be achieved 
using a combination of well-established technologies such as glazing, shading, insulation, and 
natural ventilation (Omer 2008). Properly designed ventilation in a house will provide enough 
fresh air to keep the occupants healthy, to remove odours and to dilute indoor pollutants. 
However, ventilation during hot weather introduces more moisture in to a house, and that 
tends to raise rather than lower the indoor relative humidity. Approximately 30–50% of the 
energy used for cooling is also lost through ventilation and air infiltration (Omer 2008). It is 
crucial to find cooling strategies that, whenever possible, are energy efficient for houses 
experiencing hot and humid climatic conditions. 

One radical alternative solution is to apply one of the world's most proactive energy 
reduction approaches to tropical housing - that is, the Passivhaus standard from German. “A	
Passive	House	is	a	building	in	which	thermal	comfort	can	be	guaranteed	solely	by	heating	or	
cooling	 of	 the	 supply	 air	 which	 is	 required	 for	 sufficient	 indoor	 air	 quality	 without	 using	
additional	 recirculated	 air” (McLeod, Hopfe, and Kwan 2013). The Passivhaus standard 
ensures indoor air quality, durability, and thermal comfort in the building. To achieve 
certification as a Passivhaus a project must demonstrate compliance, with the annual 
heating/cooling demand requirement being less than or equal to 15 kWh/m2/year and 
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primary energy use not exceeding 120 kWh/m2/year (Brew 2011).  With extreme air tightness 
and high thermal resistance R-values in Passivhaus construction, the application of the 
Passivhaus standard must properly consider moisture balances and the attendant latent loads 
on the building in a hot humid climate. A failure to do so can lead to discomfort or moisture-
related problems, such as mould (Walker and Sherman 2007). 

Different types of heat exchangers have been widely used in air conditioning systems 
for coolness recovery. The cooling strategy used by the Austrian Embassy that was built as a 
Passivhaus office in Jakarta was the Concrete Core Temperature Control or CCTC (Oettl 2014). 
A chiller covered the base load for the cooling supply, and provides gentle radiant cooling 
instead of a cold breeze from split units. In Louisiana, southern USA, where cooling and 
dehumidifying are as much of a challenge as heating, Energy Recovery Ventilators (ERV) are 
being used. Unlike straight heat exchangers, ERV also transfers water vapour, which prevents 
the air from drying out in winter months, and removes outdoor humidity during summer 
months (MacDonald, 2010). However, in a hot and humid climate, the incoming outdoor air 
can only possibly be cooled by the outgoing exhaust air in an air-conditioned house (Holladay 
2010). While not a dehumidifier, ERV systems transfer moisture from incoming humid air to 
the stale indoor air that is being vented to the outside, and retain the internal humid air that 
produced by equipment and building user.  

The objective of this study was to determine energy-saving modifications through the 
application of Passivhaus principles to Jakarta urban houses. The target houses chosen for 
analysis were row (terrace) houses, which form the majority of the existing urban housing 
stock (Badan Pusat Statistic 2016). This study analysed the effects of air conditioning (AC) and 
dehumidifiers on thermal comfort and cooling load through numerical simulation using the 
DesignBuilder program. 

Housing	in	Jakarta	Metropolitan	Region		

To support the exponential growth of urbanization, the surrounding areas of Jakarta have 
become the extension of satellite cities for Jakarta. The Jakarta Metropolitan Region covers 
an area of approximately 7500 km2, including Jakarta City and its surrounding areas of Bogor, 
Depok, Tangerang and Bekasi (Firman 2004). The current development for housing products 
in the Jakarta Metropolitan Region is expanding horizontally to surrounding areas around 
Jakarta and is reaching parts of the neighboring provinces (Rahadi et al. 2015). Table 1 shows 
the proportions of dwellings with different floor areas in the Jakarta Metropolitan Region. 
From the total 100% of households in every province/ regency in the Jakarta Metropolitan 
Region (Figure 1), the most prevalent housing floor areas lie between 50m2 to 69m2 floor area, 
except for Jakarta, where the biggest percentage is for housing under 20m2. Low dwelling 
floor areas in Jakarta are because the calculations include the apartment room and slum areas, 
where the houses/unit’s floor area are below 20m2. 

Research	methodology		

The performance of a dwelling in Jakarta built to the Passivhaus standard in the hot humid 
climate was examined in this research, with the focus on the energy used to achieve thermal 
comfort and the needs for dehumidification. A model of the dwelling was created using 
DesignBuilder, which comprised a core 3-D modeler and ten modules which work together to 
provide in-depth analysis for any building to provide high quality, comfortable buildings that 
also comply with building regulations, optimize on-going energy costs and reduce 
environmental impact (DesignBuilder 2017). 
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Table 1. Percentage Floor Area of Dwelling Units built in the Jakarta Metropolitan Region.	

Province/ 
Regency/ 

Municipality 

Percentage Floor Area of Dwelling Unit (%) 

<20
m2 

20-
29 
m2 

30-
39 
m2 

40-
49 
m2 

50-
69 
m2 

70-
99 
m2 

100-
149 
m2 

150-
199 
m2 

200-
299 
m2 

>300 
m2 Total 

DKI Jakarta 
Province 27 12 13 7 11 10 9 4 4 3 100 

Bogor Regency 7 11 16 15 23 17 8 2 1 0 100 
Bogor 9 11 12 11 19 17 12 4 3 2 100 
Depok 7 9 14 8 18 20 15 5 3 1 100 
Tangerang 
Regency 11 11 13 14 27 16 5 1 1 0 100 

Tangerang 19 12 12 6 17 17 11 3 2 1 100 
Tangerang Selatan 6 9 14 8 20 18 15 5 4 2 100 
Bekasi Regency 9 13 12 14 29 15 6 1 1 0 100 
Bekasi 9 11 13 7 18 19 14 5 3 1 100 
                                                                                       Source: 2010 Population Census Data - Statistics Indonesia 
 

 
 

 
Figure 1. Household by region and floor area of dwelling unit 

 
The empirical validation of the model designed by the DesignBuilder software was 

determined by comparing the simulation results with some field experiment data from 
buildings in the same climate with selected project locations. It should be clarified here that 
modeling refers to the task of making a logic machine that represents the material properties 
of the building and physics processes in it, whereas simulation refers to numerical 
experimentation with the model to investigate its response to changing conditions inside and 
outside the building. To study the Passivhaus performance, a row house from a field 
experiment was chosen to be modelled in this simulation study. The selected row house 
represents the typical housing built in the Jakarta Metropolitan region. The building 
configuration (materials, cooling systems, lights and appliances) of the house were replicated 
and modelled in DesignBuilder, with a presupposed occupancy schedule. A Jakarta weather 
file was acquired through the climate-modelling software Meteonorm (Meteonorm 2017). 
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Validation	of	the	DesignBuilder	software		

A study by (Hooi et al. 2014) in Johor Bahru, Malaysia, that investigated the effectiveness of 
night ventilation for residential buildings, was chosen to validate the DesignBuilder software. 
Johor Bahru has a hot and humid climate which is similar to that of Jakarta. The study was 
conducted to study better thermal comfort for occupants in Malaysian terraced houses 
through field experiments. The field experiment examined the effects of night ventilation 
techniques on the indoor thermal environment for Malaysian terraced houses, focusing not 
only on the daytime thermal conditions but also on the night-time thermal conditions. The 
model of this Malaysian terrace house was constructed using the DesignBuilder software, and 
simulated the same situation as for the field experiment. This DesignBuilder validation 
experiment imitated the night ventilation condition that was used in the field experiment 
study. 

Measured indoor air temperatures, relative humidity and the corresponding outdoor 
climatic conditions for modelled building in DesignBuilder software were compared with the 
field measurements. Figure 2(a) shows that there is a 2°C air temperature differences at the 
first day of simulation, but the difference reduces during the week. From the middle of the 
week, the air temperature between field measurements and software simulation indicates 
similar results. Figure 2(b) shows that the simulation results having the same trend as the field 
measurements.  

 

(a)     (b)  
Figure 2. Night ventilation air temperature comparison in (a) one week and (b) one day 

 

(a)      (b)  
Figure 3. Night ventilation relative humidity comparison in (a) one week and (b) one day 
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The different results for the first day of the week in the simulation are possibly due to 
some differences in the climate data used in the software simulation compared to actual local 
meteorological station data for the selected simulation date. Another possible reason is the 
circumstances of the measurements on site - all house windows were open for 24 hours a day 
before the experimental period. The relative humidity of the house also indicates the same 
situation with the air temperature. Figure 3(a) shows that with ±5% differences, the graph 
indicates the same trend between simulation results and field measurement. Figure 3(b) 
indicates that the relative humidity shows the same shape between measured and simulation 
results. 

With this experiment, the terrace house in the hot humid climate modelled in 
DesignBuilder produced relatively similar results compared with the field measurement data.  

 

(a)        (b)  

(c)  
Figure 4. The case study row house (a) exterior view, (b) building model, and (c) floor plans. 
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Description	and	modelling	of	case	study	row	house	

A selected row house representing the typical housing built in Jakarta Metropolitan region 
was modelled in this simulation study (Figure 4). The whole house was modelled in three 
dimensions using DesignBuilder. The house measured 6 m by 10 m with a total floor area of 
55 m2, with a floor-to-ceiling height of 2.85 m. The building was oriented towards north, which 
meant that the external façade of the children’s bedroom faced north. The entire house was 
not insulated, being constructed from a single layer of brick, with single glazing windows. The 
building elements used to build the model in DesignBuilder can be seen in Table 2 (base model) 
and Table 3 (Passivhaus model). 

The row house modelled in DesignBuilder was analysed to study the effect of air 
conditioning and dehumidification. A modelled house was developed using the existing 
building elements. Through DesignBuilder simulation, the performance of the building with 
natural ventilation was compared with the performance of the building when an air 
conditioner (AC) or dehumidifier was used. When applied in the simulation, the AC or 
dehumidifier were in the living room, master bedroom, and children’s bedroom. The analysis 
then continued by studying the building performance when the Passivhaus concepts were 
applied to the building. The same AC location was still used on this Passivhaus building. Table 
3 indicates the changes on the building material to follow the Passivhaus concept. 

 
Table 2. Building elements.	

Building	Element	 Constructional	layers	

 External and internal walls 25 mm thick cement plaster + 100 mm thick clay brick + 25 mm thick 
cement plaster 

Party wall 25 mm thick cement plaster + 200 mm thick clay brick + 25 mm thick 
cement plaster 

Floor 8 mm thick ceramic tile + 22 mm thick cement screed + 100 mm thick 
concrete slab + soil layer 

Window 6 mm thick single layer glass 
Ceiling 6 mm thick gypsum board 
Pitched roof 20 mm thick roof tile + 25 mm thick timber batten 

Flat roof 
22 mm thick cement screed + 100 mm thick concrete slab + 20 mm thick 
cement plaster 

 
Table 3. Passivhaus building elements.	

Building	Element	 Constructional	layers	

 External and internal walls 
25 mm thick cement plaster + 100 mm thick clay brick + 100 mm XPS 
Extruded Polystyrene + 25 mm thick cement plaster 

Party wall 
25 mm thick cement plaster + 200 mm thick clay brick + 100 mm XPS 
Extruded Polystyrene + 25 mm thick cement plaster 

Floor 8 mm thick ceramic tile + 22 mm thick cement screed + 100 mm thick 
concrete slab + Urea Formaldehyde Foam + soil layer 

Window 6 mm thick double layer glass 
Ceiling 6 mm thick gypsum board 

Pitched roof 
20 mm thick roof tile + 25 mm thick timber batten + 100 mm MW Glass 
Wool (rolls) 

Flat roof 22 mm thick cement screed + 100 mm thick concrete slab + 20 mm thick 
cement plaster + 100 mm XPS Extruded Polystyrene 
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Simulation	Result	and	discussion	

The air temperature comparison graph (Figure 5) indicates that, by introducing AC, the 
temperatures in the living room and master bedroom were lowered by around 3⁰C compared 
to using natural ventilation in the dwelling, making the air temperature always below 260C 
for this selected period. Air temperatures in the Passivhaus building show a flat line with the 
temperature stable at around 26⁰C. Based on the DesignBuilder calculations, the annual 
cooling energy used in the building was 4093 kWh for the house with AC, 3631 kWh for the 
house with the dehumidifier, and 517 kWh for the house built to the Passivhaus standard.  

Even with a fluctuating relative humidity between 50 – 70%, the relative humidity in the 
building using AC was still lower by 10% compared to the Passivhaus building. Using a 
dehumidifier in the building lowered the air temperature by only 0.5⁰C, but maintained the 
room’s relative humidity always below 60% (Figure 6).  
 

 
Figure 5. Hourly air temperatures in master bedroom and living room for natural ventilation, AC, 

dehumidification and Passivhaus approaches. 
 

 
Figure 6. Hourly relative humidity in master bedroom and living room for natural ventilation, AC, 

dehumidification and Passivhaus approaches. 

Conclusion	

The modelled house needed a means of active dehumidification to achieve optimal control 
over the comfort zone. In a hot humid climate, it makes more sense to install an ERV than a 
HRV. The main reason is that the additional transfer of moisture introduced by the ERV will 
not increase the internal humidity. While HRVs and ERVs both cause increased energy use, 
the energy attributable to the ERV’s operation is less.  

With a similar process, air-conditioning can act as a dehumidifier. Lowering indoor air 
temperature will reduce the moisture capacity of the indoor air and decrease relative 
humidity. However, as expected, lowering the cooling set point increased energy use. Using 
a dehumidifier enabled the maintenance of a stable relative humidity, but required 
considerable energy.  The Passivhaus application in the housing produced a high relative 
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humidity but created very stable room temperatures. With a small energy demand below 10 
kWh/m2 annually, the additional energy for the dehumidifier means it can still be used to 
lower the dwelling’s relative humidity whilst still meeting the Passivhaus standard. 
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Abstract: Urban areas as well as their local microclimates are predominantly characterized by their buildings’ 
structures. The local microclimate however also influences the buildings’ indoor climate and the need and 
intensity to regulate the same (Kolokotroni et al., 2006; van Hooff et al., 2016). The strong interactions between 
local microclimate and buildings’ indoor climates demand detailed knowledge of the physical properties of the 
building, their geometry and accurate modeling techniques that capture the energy exchange between facades, 
the interiors and the atmosphere This contribution will present an advancement of ENVI-met’s wall and roof 
model that allows detailed analyses of building physics. The new implementations allow a much more accurate 
simulation of the facade outdoor and indoor interactions. The new implementations are evaluated by comparing 
the modeled surface temperatures against measurement data from the Fraunhofer Institute for Building Physics 
Holzkirchen under different meteorological and indoor climate conditions. 

Keywords: ENVI-met, building physics, indoor climate, energy balance, wall model 

Introduction	

Buildings shape the microclimate in various ways: They modify the windflow, cast shade and 
alter the radiation and energy budget due to processes like heat storage, reflection or 
reduction of sky view (Arnfield, 1990; Blocken and Carmeliet, 2004; Chudnovsky et al., 2004). 
But not only the microclimate is influenced by buildings, the indoor climate and the need to 
regulate the same (heating and cooling demands) strongly depend on the outside 
microclimate (Kolokotroni et al., 2006; van Hooff et al., 2016). The important role of buildings 
has been studied for decades (Oke, 1988a,b); in the face of climate change and energy saving, 
however, the need for detailed analyses of the interactions of the physical properties of the 
building materials, building geometry and outdoor and indoor climate requires accurate 
modeling techniques that capture the energy exchange between facades, the interiors and 
the atmosphere. 

This contribution will present an advancement of ENVI-met’s wall and roof model that 
allows detailed analyses of building physics. The new implementations allow a much more 
accurate simulation of the facade outdoor and indoor interactions. The calculation of the 
temperatures of the inner wall nodes are carried out by using the one-dimensional Fourier 
Equation. While this neglects lateral heat transfer between neighboring wall segments, the 
numerical method applied guarantees solid performances despite using relatively small 
update intervals. 
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To evaluate the new implementations, modeled surface temperatures are compared 
against measurement data from the Fraunhofer Institute for Building Physics Holzkirchen 
under different meteorological and indoor climate conditions. 

The	multiple-node	wall	and	roof	model	

Based on the work of Terjung and O’Rourke, ENVI-met uses a multiple transient state 
model to calculate the surface temperatures of walls and roofs (Huttner, 2012; Terjung and 
O’Rourke, 1980).  

In the implementation of Huttner (2012), a wall (or roof) was treated as a uniform 
structure built out of one homogenous material that featured physical properties such as heat 
capacity, thermal conductivity, absorption or emissivity. To calculate the outside surface 
temperature, the inside material temperature and to approximate the indoor air temperature, 
the wall layer featured three calculation nodes, one each on the inside and outside surface 
and one in its center. Compared to the previously used steady-state approach where the 
calculation of the surface temperature neglects the heat storage within walls, the advanced 
wall and roof model using the three-node model yielded much better results in the 
approximation of surface temperatures (Huttner, 2012). However, due to the restriction to 
only three nodes and thus one wall material, more complex structures where a wall consists 
out of layers of different materials could not be replicated without parametrizations of the 
individual material properties. 

To solve this issue, the three-node model was extended to a dynamic multiple-node 
model. Where the former wall and roof model only allowed to build structures out of one 
material, the multiple-node model now allows the construction of much more complex 
structures consisting of layers of different materials (Bruse and Simon, 2017). 

In its current state, the model features seven nodes, which allows the construction of 
up to three different layers which can vary in width and materials used. Every material can 
have its own physical properties (absorption, transmission, reflection, emissivity, specific heat 
capacity, thermal conductivity and density). The nodes are placed in the center and at the 
horizontal borders of each material; a wall with three materials thus consists of seven nodes. 
Figure 1 shows a schematic of the new wall and roof model. The red dots symbolize the 
different nodes, located at the center and the lateral borders of each material (Bruse and 
Simon, 2017). 

 

 
Figure 1: Schematics of the new wall and roof model 

 
The database has been updated accordingly. The materials section allows to create new 
materials or edit material parameters including absorption, transmission, reflection, 
emissivity, specific heat capacity, thermal conductivity and density. In the wall section walls 
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now consist out of three different materials which can be created or edited manually. The 
thickness and type of materials can be adjusted freely. 

The outside surface temperature (node 1) is calculated by the facade’s energy budget. 
It is iteratively adjusted until the balance of the energy budget equals zero. 

𝐸𝐵 = 𝑄%&,()*+,% + 𝜀 𝑄/& − 𝜎𝑇3 − 𝐻& − 𝐿𝐸& − 𝐺& ≅ 0 

with 𝑄%&,()*+,%  as the net shortwave radiation absorbed by the facade surface, 𝜀  as the 
emissivity of the facade, 𝜎 as the Stefan-Boltzmann Constant, 𝜀 𝑄/& − 𝜎𝑇3  as the longwave 
radiation balance depending on the surface temperature of the outside node 𝑇9  and the 
incoming radiation 𝑄/&, 𝐻& as the sensible heat flux into the atmosphere, 𝐿𝐸& as the latent 
heat flux due to evaporation or condensation of water at the outside facade surface and 𝐺& 
as the conduction heat flux from or to the adjacent node inside the wall / roof (Bruse and 
Simon, 2017). 

The surface temperature on the inside of the building (node 7 in Figure 1) is calculated 
by the energy balance of the inside node: 

𝐸𝐵 = 𝐺& − 𝐻& ≅ 0 

𝐺& =
𝜆 𝐶

0.5	Δ 𝐶 (𝑇A − 𝑇B) 

𝐻& = ℎE,&(𝑇B − 𝑇F) 
with 𝐺& as the conduction heat flux between node 6 and the inner wall surface node 7, 𝐻& 
as the sensible heat transfer between the inner wall surface and the indoor air, 𝜆 as the heat 
conductivity of the material 𝐶, Δ as the distance between the calculation nodes, ℎE,&	 is taken 
constant for the inner wall with 7.7 [W m-2 K-1] (according to DIN 6946) and 𝑇F  as the indoor 
temperature (Bruse and Simon, 2017). 

As the equation above shows, this simplified method does not account for reflection of 
shortwave radiation inside the building and radiative transfers between inner walls. The 
inside volumes of the buildings are, to reduce the complexity of the model, treated as an 
empty volume filled with air. With these simplifications, the net absorbed shortwave 
radiation at the inside node can be ignored and due to the isothermal indoor environment 
the longwave radiation budget can be assumed as equal to zero (Bruse and Simon, 2017). This 
simplified method allows a rough estimation of the indoor air temperature as a prognostic 
variable. 

The calculation of the temperatures of the inner nodes (2 to 6) are carried out by using 
the one-dimensional Fourier Equation: 

𝜕𝑇F
𝜕𝑡 = 𝜅F

𝜕J𝑇
𝜕Δ²

 

With 𝜅F  as the thermal diffusivity [m² s-1] at node 𝑖 and Δ as the distance between the nodes. 
The Fourier Equation is then discretized for the finite difference scheme and implicitly solved 
in the model. 

𝑇F∗ − 𝑇F
Δ𝑡 =

1
ΔFE

𝜅FO
𝑇FO9∗ − 𝑇F∗

ΔFO
− 𝜅FP

𝑇F∗ − 𝑇FP9∗

ΔFP	
 

with 𝑇F∗  as the temperature of the node 𝑖  in the future time step 𝑡∗ = 𝑡 + Δ𝑡 , 𝑇F  as the 
temperature of the node 𝑖 for the current time 𝑡, 𝜅F  as the thermal diffusivity [m² s-1] at node 
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𝑖 and ΔFE , ΔFO, ΔFP  as the center, left and right differences between the nodes (Bruse and 
Simon, 2017). 

For the calculation of the indoor air temperature, the indoor air volume must be known. 
Therefore, the model will automatically divide buildings into separate air volumes. 
Alternatively, the user can manually define horizontally and vertically separated building 
zones within a building that represent confined spaces inside the building (e.g., rooms / flats). 
The model then uses the respective inside air volumes in these zones to calculate the indoor 
air temperatures. The energy fluxes into the zones are sensible heat transfer from the indoor 
wall and the transmission of direct radiation through transparent wall elements such as 
windows. The incoming and outgoing fluxes are balanced according to the indoor air volume 
enclosed in the building zones. The lack or gain of energy through the walls or roofs results in 
a change of the indoor temperature (Bruse and Simon, 2017). Since heat transfer between 
adjacent building zones and heat storage of indoor walls are neglected as of yet the 
calculation of the indoor temperature must still be regarded as only a rough estimation. 

Evaluation	of	the	multiple-node	model	by	comparison	with	measurement	data	

To validate the new implementations, evaluation simulations were conducted and compared 
against measurement data. In collaboration with the Fraunhofer Institute for Building Physics 
in Holzkirchen (IBP), the evolution of the surface temperature of a facade was compared 
against ENVI-met’s model results. The IBP operates a building testing site where different 
building materials are measured in controlled environments (see Figure 2). The testing site is 
located in Holzkirchen, Germany (47.87°N, 11.73°E, elevation 680 m a.s.l.). 
 

 
Figure 2: Aerial photo of the Fraunhofer Institute for Building Physics testing site and the facade temperature 
measurement; The red boxes indicate the measurement building (underlying picture, Source: Google Earth) / 

the location of the contact thermometer (top picture)  
 
The facade for the comparison of the measured surface temperatures against the modeled 
surface temperatures can be seen in Figure 2. The flat roof test building is 4 meters high, and 
6 by 42 meters in width and length. In the lower part of the building, up until a height of 2 
meters, the wall is uninsulated, while in the upper part the wall is insulated. 

Monitored	parameters	&	material	properties	

The surface temperature is continuously measured by a PT100 contact resistance 
thermometer on a south facing uninsulated part of the wall at a height of 0.6 meters (see 
Figure 2). In the temperature range between 0°C and +100°C the measurement accuracy of 
the PT100 contact thermometer should lie at ±0.3 Kelvin (Temperature Controls Pty Ltd, 2016). 
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All structural information such as the material composition of the walls as well as the 
physical parameters of components were provided by the IBP (Table 1). 

 
Table 1: Material properties of the components of the measured facade 

 Wall	component	
	 exterior	plaster	 brickwork	 interior	plaster	

Thickness	[m]	 0.02 0.505 0.015 
Thermal	conductivity		

[W	m-1	K-1]	 0.87 0.21 0.70 

Density	[kg	m-3]	 1310 700 1600 
Specific	heat	capacity		

[J	kg-1	K-1]	 850 1000 850 

 
Additionally, meteorological data were measured on the testing site and provided by the IBP. 
The measured parameters – air temperature and humidity, wind speed, wind direction, 
shortwave radiation (direct and diffuse) and longwave radiation – were used as boundary 
conditions for ENVI-met. 

ENVI-met	boundary	conditions	&	model	area	

Based on the meteorological measurement data and ENVI-met’s full-forcing method, four 
simulation periods of several consecutive days were selected to provide boundary conditions 
for the microclimate model ENVI-met. To test the model under significantly different 
meteorological conditions and with and without a regulation of indoor air temperatures, the 
first two simulation periods were chosen to be in spring while the second two simulation 
periods covered several consecutive days in summer. During the spring periods the building 
was heated to an indoor air temperature of 20°C, while in the summer periods the building’s 
indoor air temperature was not regulated. The combination of different meteorologies and 
the differences in the regulation of the indoor air temperature lead to a sophisticated test for 
the new multiple-node model. 

 
Table 2: Average meteorological conditions for the four simulation periods 

 Parameter	(average	in	10	meters	above	ground)	
	 air	temperature	 specific	humidity	 wind	speed	

Spring01	(19.-25.04.2015)	  9.3°C 4.4 g kg-1 2.6 m s-1 
Spring02	(09.-15.05.2015)	 14.5°C 7.5 g kg-1 2.7 m s-1 
Summer01	(03.-09.07.2014)	 17.1°C 9.0 g kg-1 3.4 m s-1 
Summer02	(14.-20.07.2014)	 19.9°C 9.7 g kg-1 1.9 m s-1 

 
To account for the heating during the spring periods, the indoor air temperature was set 
constant to 20°C for the spring simulations. In the summer simulations the indoor air 
temperature was prognosticly modeled using the approach shown above. Table 2 shows the 
average meteorological conditions of the four simulation periods; Figure 3 shows the diurnal 
variations of the direct and diffuse shortwave radiation for the four simulation periods. 

 

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2177



 
Figure 3: Diurnal variations of the direct and diffuse shortwave radiation of the four simulation periods  

(Solid lines: direct shortwave radiation, dotted lines: diffuse shortwave radiation) 
 

Utilizing the material properties of the components of the measured facade and ENVI-met’s 
advanced multiple-node model, the material properties and wall structure were 
reconstructed. Since the multiple-node model now features seven nodes, all three of the 
wall’s components could be digitized without parametrization. The albedo of the exterior 
plaster was set to 0.6, the emissivity to 0.9 based on the data of Mayerlen (2014). The model 
area covered 80 meters × 60 meters × 40 meters with a horizontal and vertical resolution of 
2 meters (Figure 4). 

 

 
Figure 4: 3D visualization of the model area. The red box indicates the location of the contact thermometer 

Results	and	discussion	

The comparison of the measured and the modeled facade temperatures shows a very high 
overall model fit for all simulation periods: R² = 0.98 for the Spring01 period, R² = 0.96 for the 
Spring02 period and R² = 0.98 and R² = 0.99 for the Summer01 and the Summer02 periods, 
respectively (see Table 3). The high R² values indicate that a very high percentage (96% to 
99%) of the variation of the measured surface temperature can be explained by the model, 
i.e. that the shapes of the curves are very similar. 
 

Table 3: Model fit between measured and modeled facade temperatures 
	 R²	 RMSE	[K]	 NRMSE	

Spring01	(19.-25.04.2015)	 0.98 2.13 0.07 
Spring02	(09.-15.05.2015)	 0.96 1.71 0.06 
Summer01	(03.-09.07.2014)	 0.98 1.03 0.03 
Summer02	(14.-20.07.2014)	 0.99 1.25 0.05 

 
Since high R² values do not automatically mean that the absolute values are closely 

matched between the model and the measurement, a second indicator, the root mean square 
error (RMSE) was calculated (see Table 3). The RMSE accounts for the absolute differences 
between the simulated and the observed facade temperatures. However, it is dependent on 
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the absolute values and can thus not be readily compared across the meteorological 
conditions. Therefore, a normalized RMSE (NRMSE) is calculated by dividing the RMSE by the 
range of measured values. This allows a direct comparison between the different 
meteorological conditions. The comparison of the RMSE of the measured and modeled facade 
temperatures for all simulation periods (Table 3) shows a large agreement in all 
meteorological conditions. The generally very low RMSE – mostly below 2 Kelvin – in all four 
simulation periods, which feature significantly different outdoor and indoor conditions, 
corroborates the high accuracy of ENVI-met’s multiple-node model. Comparing the NRMSE 
across the meteorological conditions reveals that simulation results are even more accurate 
in the two summer periods than in the two spring periods. This is probably due to the spring 
periods being more complex because of the indoor temperature regulation to 20°C. 

Figure 5 shows a comparison of the diurnal variations of the measured and modeled 
surface temperatures as well as the delta between the two for all four simulation periods. For 
all simulation periods the measured and the modeled temperature curves demonstrate high 
agreement between the modeled and the measured data. ENVI-met matches the daily 
variations of the surface temperatures very well, even slight variations are represented by 
the model. 

 
Figure 5: Comparison of the measured and modeled facade temperatures (Solid lines: measured data, dotted 

lines: modeled data, gray dotted line: difference between measured and modeled data values) 
 

The comparison of the diurnal variations corroborates the findings based on the NRMSE 
reported above and shows that the agreement between the modeled and measured facade 
temperatures in the summer periods is significantly better than in the spring periods. The 
general tendency to slightly underestimate the facade temperatures compared to the 
measurement values is larger in both spring periods where the absolute facade temperatures 
are lower and the indoor temperature is regulated to 20°C. The highest discrepancies are 
found at around 14:00 where both the simulation and the measurement show the highest 
facade temperatures. Only on the second to last and the last day of the Summer01 period the 
model slightly overestimates the facade temperatures. This is most likely caused by small 
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amounts of precipitation on these days. Since precipitation is not included in the model a 
latent heat flux reducing the surface temperature of the facade cannot be replicated in the 
model. 

Conclusion	

In this contribution ENVI-met’s advanced multiple-node wall and roof model was presented. 
The new implementation of the model now allows the digitization of more complex walls or 
roofs consisting of up to three different materials. Together with the full 3D mode in which 
every building cell can be assigned different wall and roof materials, ENVI-met offers detailed 
analyses of building physics in complex urban environments. The possibility to divide buildings 
into separate building zones (rooms / flats) that are treated as confined spaces of air volumes 
allows a rough estimation of the indoor temperature. 

In a comparison of the measured and modeled facade temperatures, the new 
implementations were evaluated against measurement data provided by the Fraunhofer 
Institute for Building Physics Holzkirchen. To test the model under significantly different 
meteorological conditions, four different periods of several consecutive days were chosen to 
be simulated and compared against the measurement data. The first two periods were 
chosen to be in summer where the indoor air temperature of the building was not regulated, 
the second two in spring where the indoor air temperature was heated to 20°C. The 
evaluation of the simulated facade temperatures against the measured facade temperatures 
showed high agreement between the modeled and the measured data for all simulation 
periods, which in total covered 24 days. The very good results corroborate the high accuracy 
of ENVI-met’s wall and roof model. Overall, the results demonstrate that, with the 
advancements of the multiple-node model, ENVI-met is capable of simulating building physics 
processes in complex environments. 
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Abstract:	 Building	 performance	 simulation	 intimately	 interacts	 with	 the	 architectural	 design	 process.	 The	
integration	 of	 building	 simulation	 with	 NURBS	 CAD	 modeling	 provides	 new	 approaches	 to	 satisfy	 high-
performance	goals	in	the	design	phase.	Simulation	tools	are	usually	used	to	evaluate	performance	of	building	
shapes	 and	 facades	 in	 the	 early	 stages	 of	 decision-making.	 Furthermore,	 these	 tools	 are	 integrated	 with	
optimization	 models	 that	 allow	 the	 discovery	 of	 better	 performing	 designs	 to	 the	 user.	 However,	 these	
performance	tools	are	rarely	used	for	space	layout	optimization	due	to	difficulties	in	controlling	indoor	space	
geometry.	 Relationships	 between	 different	 space	 geometry	 require	 a	 significant	 number	 of	 variables	 to	
consider	for	optimization,	and	the	most	popular	way	to	ease	this	problem	is	adapting	a	matrix	format.	Thus,	
geometrical	conditions	in	space	layout	optimization	have	been	restricted	to	orthogonal	2D	spatial	shapes.	This	
paper	proposes	a	methodology	for	interior	space	optimization	focused	on	an	agent-based	hierarchical	control	
system	to	 improve	natural	daylight	 for	 indoor	settings.	The	optimization	process	contains	 three-dimensional	
analysis	and	visualization	by	the	link	between	a	NURBS	CAD	tool	and	simulation	tools.	The	placing	and	sizing	of	
interior	 spaces	 are	 controlled	 by	 a	 relatively	 small	 number	 of	 control	 points,	 also	 called	 agent	 points,	 and	
evaluates	the	performance	of	interior	natural	daylighting	conditions.	This	study	is	to	demonstrate	the	potential	
of	 a	 3D-space	 layout	 with	 more	 flexible	 geometrical	 shapes	 and	 control	 with	 performance	 based	 on	
optimization.	
	
Keywords:	space	layout,	bubble,	optimization,	performance,	daylight	

Introduction		

Recently	 in	digital	 architecture,	 “parametric	design”	 is	 a	 frequently	used	and	 shared	 term	
with	 other	 professions.	 Commonly	 understood	 as	 a	 design	 process	 where	 algorithmic	
relationships	between	elements	are	used	to	manipulate	and	inform	the	design	of	complex	
geometries	and	structures.	A	parametric	model,	as	opposed	to	a	geometric	model,	creates	a	
relationship	between	components	within	that	model,	and	adapts	 itself	to	any	adjustments	
defined	by	expressions	and	constraints.	These	models	have	been	applied	either	in	the	initial	
stages	of	the	design	process	or	later	through	digital	data	(Menges,	2005).	

One	of	 the	most	 common	 interpretations	of	 parametric	 design	has	been	defined	as	
“Blobitecture”	or	“Blob	Architecture”.	This	term	was	first	coined	by	Greg	Lynn	in	1995,	from	
experimenting	 with	 metaball	 graphical	 software	 in	 digital	 design.	 The	 Blobitecture	
movement	 was	 a	 period	 in	 which	 buildings	 were	 given	 an	 organic	 building	 form.	 The	
experimental	digital	design	period	led	to	architects	deriving	other	forms	by	manipulating	the	
algorithms	of	 the	computer	modelling	platform.	Today,	 the	application	has	expanded	 into	
many	 variations:	 classic,	 computer-generated	 blobs	 to	 deconstructive	 elements	 or	
parametric	architecture	(Waters,	2003).		

It’s	not	 rare	 to	 see	new	design	projects	 initiate	 from	the	parametric	design	process,	
and	it	has	been	further	explored	with	new	fabrication	methods.	These	new	methods	were	
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applied	to	form	finding	that	attempts	to	discover	unexpected	outcomes,	otherwise	difficult	
to	 find	 with	 conventional	 methods.	 Some	 research	 questioned	 the	 new	method	 of	 form	
finding	 and	 proposed	 methods	 of	 integrating	 parametric	 design	 with	 performance	 to	
evaluate	 forms	 based	 on	 quantitative	 measures.	 Existing	 research	 exemplifies	 a	
performance	based	parametric	design	process	(Yi,	2009,	2012,	2015).							

Most	 explorations	 involving	 parametric	 design	 are	 focused	 on	 finding	 building	 form	
based	on	exterior	impacts.	It	is	rare	to	find	a	project	of	research	on	parametric	design	that	
generates	 a	 building	 form	 starting	 from	 the	 inside	 and	 developing	 outward.	 Unlike	 a	
sculpture,	which	is	carved	to	create	a	shape,	a	building	is	typically	constructed	from	within	
to	accommodate	the	comfort	of	its	users.		

This	 paper	 identifies	 the	 potential	 of	 bubble	 patterns	 that	 can	 form	 an	 interesting	
structure.	Soap	bubbles	either	meet	in	threes	along	an	edge	called	a	Plateau	border,	when	
surfaces	meet	 along	 curves,	 or	when	 curves	 and	 surfaces	meet	 at	 points.	 	When	 they	do	
meet,	 they	do	so	at	equal	angles.	When	three	surfaces	meet	along	a	curve,	 they	do	so	at	
angles	of	120	degrees	with	respect	to	one	another,	and	when	four	curves	meet	at	a	point,	
they	do	so	at	angles	of	close	to	109	degrees.	

One	of	the	potential	applications	of	Plateau’s	Laws	within	parametric	design	is	a	new	
design	 decision-making	 methodology	 for	 configuration	 based	 on	 optimal	 environmental	
performance.	The	layout	space	problem	can	be	a	good	candidate	since	the	trickiest	matter	
occurs	when	two	or	more	spaces	are	adjacent.	To	avoid	overlapping	and	intersection,	 it	 is	
necessary	to	set	hard	constraints	and	several	methods	are	employed.	However,	such	explicit	
mathematical	 expressions	 are	 the	 main	 reason	 for	 remarkable	 consumption	 of	
computational	resources	(Yi,	2014).	

The	 paper	 proposes	 a	 methodology	 for	 the	 interior	 space	 optimization	 based	 on	
agent-based	 hierarchical	 control	 systems	 to	 improve	 natural	 daylight	 for	 indoors;	 using	
Plateau’s	 Laws	 to	 generate	 indoor	 spaces.	 The	 placing	 and	 sizing	 of	 interior	 spaces	 are	
controlled	 by	 agent	 points	 and	 evaluate	 the	 performance	 of	 interior	 natural	 daylight	
conditions	 to	 demonstrate	 the	 potential	 of	 space	 layout	 with	 more	 flexible	 geometrical	
shapes	and	control	with	performance	based	on	optimization.	

Methodology	

Plateau’s	Laws	

In	the	19th	century,	Joseph	Plateau	was	a	Belgian	physicist	who	formulated	laws	based	on	
patterns	 observed	 in	 natural	 occurrences	 of	 various	 foams.	 When	 bubbles	 merge	 after	
coming	 into	 contact	 they	 form	 a	 network	 of	 soap	 films,	 which	 are	 thin	 layers	 of	 liquid	
surrounded	 by	 air.	 Plateau’s	 Laws	 describe	 the	 shape	 and	 configuration	 of	 soap	 films	 as	
follows;	 a)	 soap	 films	 are	 made	 of	 entire	 (unbroken)	 smooth	 surfaces;	 b)	 the	 mean	
curvature	of	a	portion	of	a	soap	film	is	everywhere	constant	on	any	point	on	the	same	piece	
of	soap	film;	c)	soap	films	always	meet	in	threes	along	an	edge	called	a	Plateau	border,	and	
they	do	so	at	an	angle	of	120∘;	d)	these	Plateau	borders	meet	in	fours	at	a	vertex,	and	they	
do	so	at	an	angle	of	109.47∘.		
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Figure	1.	Three	bubble	connection	adhering	to	Plateau’s	law		

	
The	 spatial	 applications	 of	 Plateau’s	 Laws	 are	 often	 related	 to	 the	 efficient	

organization	of	surface	areas;	which	allows	connections	based	on	minimal	surfaces,	proven	
mathematically	by	Jean	Taylor	using	geometric	measure	theory	(Taylor,	1976)	(Almgren	et	al,	
1976).	 Figure	 1,	 shows	 how	 Plateau	 borders	 were	 mathematically	 generated	 with	 three	
bubbles.	When	the	two	bubbles	meet	in	step	two,	C3	(the	red	dotted	circle)	can	be	created.	
Based	on	the	circle,	C3,	the	Plateau	border	between	C1	and	C2	can	be	decided,	as	 in	step	
three.	When	the	third	bubble	comes	into	contact	with	the	two	bubbles,	as	in	step	four,	two	
red	dotted	 circles	 are	 created.	 In	 step	 five,	 three	plateau	borders	between	 three	bubbles	
can	be	decided.	Based	on	this	basic	logic,	the	paper	developed	a	NURBS	system	that	follow	
Plateau’s	laws	to	generate	bubbles.	

Agent-Based	Geometry	Control	

The	 ability	 to	 manipulate	 several	 bubble	 geometries	 as	 objects	 with	 hierarchical	
relationships	is	of	great	importance	to	developing	a	method	that	can	be	integrated	with	an	
optimization	 model.	 Typically,	 in	 optimization,	 simple	 geometric	 variables	 are	 used	 to	
reduce	 variables	 but	when	 introducing	 a	 complex	 shape	 to	 the	 optimization	method,	 the	
number	of	geometric	variables	increases,	making	it	difficult	to	find	the	optimum.	

To	overcome	this	challenge,	the	paper	uses	a	method	proposed	in	previous	research	
(Yi,	2009),	that	introduces	a	hierarchical	system	to	control	child	objects.	In	this	approach,	an	
"agent"	point	 controls	 the	position	of	 the	child	objects;	when	an	agent	point	moves,	 that	
movement	 also	 changes	 the	 positions	 of	 its	 child	 objects.	 This	 method	 allows	 for	 the	
morphing	 of	 geometry	 with	 a	 few	 agent	 points	 rather	 than	 requiring	 multiple	 individual	
points.	 With	 agent	 point	 control,	 the	 paper	 can	 control	 bubbles	 more	 freely	 with	 less	
variables.	

To	 uncover	 all	 possible	 bubble	 layouts,	 the	 paper	 identified	 all	 the	 possible	
configurations	 of	 bubble	 arrangements	 as	 in	 figure	 2.	 As	 shown	 in	 the	 figure,	 the	 two	
bubbles	can	be	either	connected	(A)	or	disconnected	(B).	By	adding	another	bubble	to	case	
(A)	the	bubbles	can	be	connected	one	of	three	ways:		A.A1,	A.A2,	or	A.B.	With	two	separate	
bubbles	 (B),	 the	 third	 bubble	 can	 be	 connected	 (B.A)	 or	 there	 could	 be	 three	 separate	
bubbles	 (B.B).	 The	 possible	 ways	 of	 adding	 one	 additional	 bubble	 to	 A.A1	 bubbles	 can	
develop	four	alternatives	noted	as	A.A1.A1,	A.A1.A2,	A.A1.A3,	or	A.A1.B.	With	A.A2	bubbles,	
the	 possible	 ways	 to	 add	 additional	 bubbles	 can	 result	 in	 three	 alternatives	 as	 A.A2.A1,	
A,A2,A2,	or	A.A2.B.	With	B.A	and	A.B,	adding	one	more	bubble	can	repeat	the	same	pattern	
of	 A.A1,	 A.A2,	 or	 A.B,	 which	 shows	 that	 after	 certain	 connections,	 the	 configuration	 of	
connecting	bubbles	can	have	certain	patterns	that	can	be	identified	and	manipulated	as	the	
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number	 of	 bubbles	 increase.	 The	 configuration	 of	 how	 bubbles	 can	 be	 connected	 was	
further	scripted	into	NURBS	CAD	tools.		

	

	
Figure	2.	Bubble	configuration		

	

Implementing	agent-based	space	layout	control	for	daylight	

For	Optimization,	a	hierarchical	agent-based	control	system	is	applied	to	a	NURBS	geometry	
modelling	CAD	tool.	This	NURBS	geometry	modelling	CAD	(Computer-aided	Design)	 tool	 is	
then	linked	with	GA	(Genetic	Algorithm)	to	optimize	the	space	layout.		

For	this	paper,	Grasshopper,	a	plugin	for	a	CAD	tool	called	Rhinoceros	(Robert	McNeel	
&	 Associates,	 2017)	 is	 used	 as	 the	 NURBS	 tool.	 Grasshopper	 does	 not	 require	 much	
knowledge	of	programming	or	scripting	while	still	allowing	designers	 to	generate	dynamic	
forms.	Additionally,	Grasshopper	contains	several	plugins	that	allow	users	to	utilize	various	
functions	without	 leaving	the	tool	 itself.	This	 feature	allows	users	to	easily	and	seamlessly	
integrate	 different	 functions	 by	 eliminating	 the	 need	 to	 share	 information	 between	
different	software	tools,	specifically,	geometric	information.			

The	 performance	measure	 for	 the	 daylight	 is	 Spatial	 Daylight	 Autonomy	 (sDA).	 sDA	
measures	 how	 much	 of	 a	 space	 receives	 sufficient	 daylight.	 Specifically,	 it	 describes	 the	
percentage	 of	 floor	 area	 that	 receives	 at	 least	 300	 lux	 for	 at	 least	 50%	 of	 the	 annual	
occupied	 hours.	Which	 indicates	 how	much	 daylight	 an	 indoor	 space	 can	 receive	 overall	
annually.		To	calculate	the	sDA	of	each	measuring	point,	this	paper	uses	a	tool	called	DIVA	
(Solemma,	2017)	which	utilizes	a	Radiance	and	Daysim	tool	to	predict	several	measures	of	
daylight	 based	 on	 sky	 conditions	 acquired	 from	 location	 specific	meteorological	 data.	 For	
optimization,	the	paper	uses	a	tool	called	Galapagos.	Galapagos	is	the	built-in	optimization	
application	for	Grasshopper	and	is	used	widely	by	designers.		

The	 tools	 discussed	 above	 to	 implement	 space	 layout	 optimization	 for	 daylight	
accessibility	are	 shown	 in	 figure	3.	 Initially,	 random	agent	point	values	are	generated	and	
passed	 to	 a	 hierarchical	 agent	 point	 system	 in	 a	 Rhino	 model	 which	 updates	 the	 space	
layout.	 Once	 the	 space	 layout	 is	 changed	 by	 the	 agent	 point’s	 values,	 a	 simulation	 tool	
calculates	 the	 annual	 daylight	 accessibility	 received	 by	 each	measuring	 node.	Next,	 these	
performance	values	(sDA)	are	passed	to	the	evaluation	process	where	the	objective	values	
satisfy	 the	goal.	 If	 the	performance	value	 is	not	 satisfied,	 the	 reproduction	process	 starts.	
The	 reproduced	 “offspring”,	 containing	 new	 agent	 point	 values,	 are	 passed	 to	 a	 Rhino	
model	 which	 updates	 the	 space	 layout	 and	 simulation	 program	 to	 generate	 the	 next	
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generation’s	 (iteration)	performance	values.	 These	values	are	 then	used	 in	 the	evaluation	
process	 and	 will	 continue	 until	 either	 the	 objective	 function	 value	 is	 satisfied	 or	 the	
maximum	generation	has	been	reached.	

	

	 	
Figure	3.	Overall	agent-based	building	controls	for	solar	right	process		

	
The	test	case	is	in	Champaign,	Illinois,	USA.	The	site	is	parallel	to	the	south-north	axis,	

with	a	size	of	28m	X	35m,	surrounded	by	2-5	floor	buildings	that	range	in	height	from	10	~	
19	(m).	Within	the	site,	the	building	can	only	be	located	half	of	the	Southern	portion	(28m	X	
25m).	 The	 Northern	 part	 of	 the	 site	 is	 set	 as	 parking/courtyard.	 As	 a	 primary	 test	 to	
demonstrate	the	possibility	of	utilizing	bubble	shapes	for	floor	layout,	the	test	case	was	set	
up	to	be	simple	but	complex	enough	to	be	realistic	(figure	4).	The	coloured	box	indicates	the	
area	where	the	building	can	be	located	within	the	full	extent	of	the	site.	

	

	
Figure	4.	Test	site	condition	(unit:	m)	
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Each	floor	is	comprised	of	4	different	spaces	(A,	B,	C,	and	D)	as	in	figure	5,	which	have	
radiuses	of	4,	5,	6,	and	7	m	respectively,	and	can	be	arranged	 in	different	 configurations.	
Each	space	can	be	in	any	location	within	the	boundary	of	the	site	as	defined	(28m	X	25m).	
The	test	building	is	composed	of	4	floors,	and	each	floor	has	4	spaces,	totalling	16	spaces.	In	
regards	 to	 the	enclosure,	 the	window	 to	wall	 ratio	was	 set	 to	33.33%.	The	windows	 start	
1.2m	above	floor	level	and	have	a	height	of	1.2m.			

The	measuring	 point	 grid	 size	 is	 2m	 X	 2m	 at	 a	 height	 of	 0.8m	 from	 the	 floor.	 The	
boundary	 conditions	 for	 the	 sDA	 simulation	 used	 default	 values	 from	DIVA	 called	 “Single	
pane	clear	88”	for	glass,	“Outside	Façade	35”	for	exterior	surfaces,	and	“Tile	Floor	40”	for	
floors.	 	 The	 simulation	parameter	was	 set	up	with	medium	quality	which	uses	 “-ab	4,	 -ad	
1024,	-ar	256,	-as256,	-aa	0.1,	-lw	0.004”.		

Each	space	has	one	agent	point	in	the	centre	that	can	located	any	place	within	the	site	
boundary.	If	a	space	exceeds	the	site	boundary,	the	space	centre	will	be	relocated.	For	the	
test,	the	building	uses	only	the	position	location	as	an	agent	point.		However,	the	proposed	
hierarchical	agent	point	control	method	can	include	other	geometrical	control	variables	like	
the	size	of	space,	number	of	spaces,	etc.		

		

	
Figure	5.	Different	possible	space	layout	for	one	floor.		

	
The	objective	for	this	test	is	to	maximize	sDA.	The	objective	function	for	the	test	case	

can	be	written	as	the	following	equation.	

max
,-∈,

R0	

	

R0 = 	
(r0)67

689

n =
(r0)9 + (r0)6 + ⋯	+ (r0)7

n 	

	
The	objective	is	to	maximize	the	R0,	where	g	is	the	number	of	generations	(iterations),	

n	is	total	number	of	measuring	points,	and	R0	is	the	average	of	point’s	decision	value	(r0).	
The	objective	achieves	 its	goal	when	R0of	g	generation	(iteration)	 is	bigger	or	equal	 to	98.	
One	generation	 is	 comprised	of	50	 individuals	with	75%	 recombine.	Optimization	 took	64	
iterations	to	 find	the	objective	goal.	Figure	6	shows	how	the	shape	evolves	 from	its	 initial	
generation	 to	 its	 64th	 generation.	 Columns	 shows	 the	 selected	 individuals	 in	 each	
generation.	In	the	first	generation,	minimum	objective	value	was	32.27%,	as	the	number	of	
iterations	increased,	the	overall	objective	value	also	increased.		In	the	22nd	generation,	one	
of	 the	 individual’s	objective	value	 reached	99%	and	after	65th	generation,	 five	 individuals	
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reached	 the	 objective	 goal.	 Additionally,	 the	 shape	 difference	 within	 a	 generation	 is	
significant	during	early	generations	and	as	the	number	of	generations	increased,	the	shape	
difference	becomes	less	significant.		Figure	7	exemplifies	one	shape	that	satisfies	the	object	
value,	which	is	higher	than	98%	of	sDA.		

	
Figure	6.	Showing	selected	generations	fitness	value.	

	

	
Figure	7.	Rendering	image	of	one	final	solution	and	sDA	simulation	result.	

Conclusion	and	Discussion	

This	study	has	demonstrated	 it	 is	possible	to	construct	spatial	 layouts	 in	a	simple	manner.	
Performance-based	 optimization	 was	 also	 successfully	 worked	 out.	 Additionally,	 agent-
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based	geometric	controls	provide	greater	ease	in	controlling	variations	of	the	space	layout.	
This	 integration	 allows	 users	 to	 develop	 and	 demonstrate	 alternative	 methods	 to	 space	
layout	more	effectively	than	the	existing	matrix	based	method.		

More	advanced	and	precise	simulations	and/or	optimization	algorithms	can	be	used	
to	 increase	the	robustness.	However,	the	main	reasons	the	paper	used	the	above	tools	as	
modelling,	 simulation,	 and	 GA	 is	 to	 show	 that	 general	 users	 can	 utilize	 this	method	 and	
obtain	reasonable	outcomes	without	having	to	acquire	an	advanced	 level	of	knowledge	 in	
computer	programing,	simulation	and	optimization.		

It	is	important	to	note	that	this	paper	only	tested	specific	conditions	and	other	factors	
may	 require	 further	 research.	 For	 example,	 the	 paper	 only	 considered	 the	 three	 bubbles	
connected	in	a	plane	within	a	tested	site,	but	further	research	is	needed	to	consider	more	
complex	 bubble	 connections.	 Also,	 the	 test	 did	 not	 consider	 several	 important	 space	
program	factors	like	compactness,	distances	between	spaces,	etc.	Therefore,	to	improve	the	
applicability	of	the	proposed	method,	further	research	is	required.		

Additionally,	 the	 paper	 only	 considers	 daylighting	 availability	 as	 the	 objective	 for	
optimization	 and	 requires	 further	 research	 to	 explore	 the	 solution	 of	 other	 objective	
problems	 such	 as	 natural	 ventilation.	 Agent-based	 hierarchical	 geometry	 control	 reduced	
the	 time	 for	 finding	 optimized	 solutions.	 However,	 by	 reducing	 the	 number	 of	 geometry	
variables	used,	the	number	of	possible	solutions	may	have	also	been	reduced.		

Despite	some	limits,	the	proposed	design	approach	facilitates	 informed	decisions	for	
the	early	phases,	and	designers	will	be	more	inclined	to	conduct	simulation-based	planning.	
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Abstract:	
This	 paper	 presents	 findings	 on	 an	 electives	 course	 devised	 to	 examine	 the	 prospects	 and	 challenges	 of	
incorporating	 earth	 construction	 techniques	 into	 the	 architecture	 curriculum	 at	 the	 faculty	 of	 the	 Built	
Environment.	 Lessons	 from	 this	 course	 are	 envisaged	 to	make	 a	 case	 for	 earth	 as	 a	 viable	 addition	 to	 the	
material	pallet	for	the	emerging	generation	of	East	African	architects.	Since	concrete,	cement	and	fired	brick	
shall	not	avail	quality	dwellings	to	the	regional	population.	The	background	study	involved	third	to	final	year	
student	submissions	from	Uganda,	Rwanda	and	Kenya;	which	demonstrated	little	evidence	of	community	led	/	
aware	 design,	 context	 specific	 approaches	 or	 local	 resource	 integration.	 	 The	 current	 scope	 of	 architecture	
education	 does	 not	 prepare	 professionals	 who	 can	 support	 or	 contribute	 within	 their	 necessitous	 context.	
Architects	 trained	 to	 serve	 a	 privileged	 few,	 miss	 the	 opportunity	 to	 drive	 a	 much-needed	 transformative	
engine	towards	more	sustainable	cities	and	communities.	This	 fuelled	a	specific	consideration	to	 interrogate	
aspects	 of	 crowd	 source	 funding,	 aimed	 at	 engaging	 students	 in	 the	 prospect	 of	 collaboration	 between	
community	and	academia.	So	as	not	to	reduce	Sustainability	to	a	narrow,	peripheral	subject	added	on	to	the	
curriculum	rather	than	forming	the	core	of	a	radically	restructured	education.		

Keywords:	Earth	Construction,	University	curriculum,	Changing	attitudes	

Introduction	

Earth	 has	 been	 an	 indigenous	 material	 widely	 used	 for	 construction	 in	 traditional	
societies,	 this	 rich	 heritage	 is	 still	 visible	 in	Morocco,	 Egypt	 as	 well	 as	 in	West	 and	 Sub-
Saharan	 Africa.	 	 Today,	 the	 use	 of	 earth	 is	 regaining	 prominence	 in	 West	 Africa	 due	 to	
deliberate	efforts	like	the	Nka	foundation	(Earth	Architecture,	2014).	Proponents	of	earthen	
architecture	like	Germany	based	architect	Diébédo	Francis	Kéré	have	demonstrated	that	it	is	
simple,	cheap;	community	centred	and	does	not	require	sophisticated	machinery.		Further,	
it	 can	 prevent	 pollution,	 deforestation,	 and	 loss	 of	 biodiversity	 thereby	 presenting	 an	
environmentally	 friendly	 alternative	 to	 conventional	 materials.	 Earthen	 Buildings	 are	
characterized	by	low	energy	costs	from	cradle	to	grave.	Regrettably,	earthen	construction	is	
labour-intensive	and	more	time-consuming	than	conventional	construction	materials.		

Earthen	 materials	 in	 the	 construction	 industry	 are	 considered	 a	 cost	 effective,	
renewable	 and	 sustainable	 approach	 to	 managing	 the	 available	 resources.	 	 Such	
technologies	 are	 critical	 particularly	 in	 developing	 countries	 like	 Uganda	 that	 struggle	 to	
meet	the	Sustainable	Development	Goals.	 	Further,	socioeconomic	growth	and	sustainable	
development	 in	 poor	 countries	 can	 be	 enhanced	 by	 the	 integration	 of	 sustainable	 design	
practices,	green	buildings,	waste	and	biomass	valorisation	and	energy	saving	technologies.	
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Unfortunately,	 earthen	 technologies	 are	 not	 formally	 taught	 in	 Architecture	 schools	 or	
technical	 institutions	around	East	Africa,	and	subsequently	have	not	gained	traction	 in	the	
local	construction	industry.		Furthermore,	low	literacy	levels	in	the	region	leave	the	bulk	of	
this	 awareness	 and	 its	 associated	 convictions	 with	 an	 informed	 few	 who	 seem	 to	 be	
attached	and	confined	to	their	institutions	of	higher	learning.			

It	 should	be	noted	 that	earthen	 construction	 is	becoming	 commonplace	around	 the	
globe.	 Studies	 indicate	 that	 almost	 30%	 of	 the	 world’s	 rural	 population	 even	 in	 the	
developed	 world,	 predominantly	 resides	 in	 Earth	 buildings	 (Pacheco-Torgal	 et	 al,	 2012).	
Consequently,	 recently	 constructed	 earthen	 buildings	 can	 be	 found	 in	 Austria,	 Germany,	
France	 and	 most	 of	 central	 Europe	 (BASEhabitat,	 2016).	 In	 addition,	 around	 15%	 of	 the	
population	in	France	resides	in	earth-walled	houses	while	a	significant	proportion	of	houses	
in	Australia’s	Margaret	River	province	are	housed	by	unfired	earth	walls	(Hall	et	al,	2004).		In	
Uganda,	 this	 revival	 has	 not	 taken	 hold;	 therefore,	 shanty	 wattle	 and	 daub	 structures	 in	
deplorable	state	are	noticeable	in	many	small	towns	and	rural	communities.			

In	 United	 States	 and	 Brazil	 earth	 construction	 has	 increased	 substantially	 over	 the	
years,	largely	due	to	the	sustainable	construction	programs.	Despite	this	global	momentum,	
adoption	in	Uganda	is	significantly	 low.	According	to	researchers,	this	can	be	attributed	to	
lack	 of	 awareness,	 training	 and	 education,	 principally	 on	 issues	 of	 architectural	 design,	
sustainable	 practices	 and	 utilisation	 of	 environmentally	 friendly	 building	 materials.		
According	 to	Ali	et	al.,	 (2010)	 the	 lack	of	a	 sustainable	architectural	 curriculum	 for	higher	
educational	 institutions	 may	 be	 responsible	 for	 inadequate	 integration	 of	 Earth	
Construction	 Techniques.	 Detached	 from	 the	 ferment	 of	 epochal	 change,	 the	 groves	 of	
academe	are	 failing	 to	engage	with	current	critical	 realities	 (Buchanan,	2012).	 	This	paper	
shall	 report	 on	 data	 collected	 for	 chapter	 6.	 Influencing	 Architecture	 Education	 of	 a	 PhD	
thesis	 Investigating	 the	 Process	 of	 socialisation	 in	 Architecture	 Education	 Through	
Experience	in	East	Africa.	(Olweny,	2017).		

The	 context	 for	 this	 research	 is	 Uganda,	 a	 country	 where	 the	 urban	 formal	 sector	
supports	 	a	small	affluent	elite	but	the	majority	of	 the	people	exist	 in	conditions	of	abject	
poverty	 in	 rural	 areas	 and	 in	 the	 urban	 informal	 sector.	 By	 relating	 the	Ugandan	 poverty	
situation	to	deficiencies	in	the	country’s	architecture,	this	paper	espouses	the	feasibility	of	
the	optimistic	view	that	if	economic	production	is	modelled	on	the	sustainable	development	
approach,	 it	 is	possible	 to	eliminate	poverty	and	 improve	 social	 conditions	while	avoiding	
environmental	problems	(Sanya,	2007).		

Education	and	Architecture	Curriculum	in	East	Africa	

Mission	 and	 Vision	 statements	 from	 the	 five	 Architecture	 schools	 demonstrated	 an	
appreciation	 of	 the	 value	 of	 contemporary	 issues	 in	 Architectural	 education.	 	 Use	 of	 key	
words	 such	 as	 ‘holistic’,	 ‘integrated’,	 ‘balanced’	 and	 ‘sustainability’,	 presented	 a	 desire	 to	
engage	 with	 contemporary	 issues.	 However,	 these	 ideas	 did	 not	 translate	 into	 activities,	
presenting	a	disconnect	between	the	objectives	as	formally	presented	and	the	reality	with	
in	the	five	schools.	

Architecture	 educator	 Radford	 (2012)	 notes	 that,	 Education	 in	 the	 discipline	 is,	
therefore,	wide-ranging	and	varied	and	is	concerned	with	ensuring	students	are	capable	of	
responding	 responsibly	 to	 changing	 social,	 economic,	 technological	 and	 environmental	
contexts	 which	 are	 characterised	 by	 climate	 change,	 globalisation,	 cultural	 and	 artistic	
diversity,	increasing	information	demands	and	changing	social	patterns	and	relationships.		
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As	 far	 as	Design	 Integration,	 students	 at	 five	 universities	 ranked	 highest	 in	 an	 ability	 to	
create	Architectural	designs	that	satisfy	both	aesthetic	and	technical	requirements,	however	
they	ranked	lowest	in	the	ability	to	utilize	divergence,	speculation,	iteration	and	reflection	in	
elucidation	of	issues.		Under	the	Design	Studies	assessment	category	students	exhibited	an	
understanding	 of	 design	 procedures	 and	 systems	 and	 the	 history	 of	 design	 methods,	 yet	
showed	a	 low	understanding	of	design	precedent,	critique	and	analysis	and	movements	 in	

design	theory	(Olweny,	2017).		
Despite	 living	 in	poor	 low-tech	context,	student	projects	at	3rd,	4th	and	5th	year	 level	

form	 universities	 in	 Uganda,	 Kenya	 and	 Rwanda	 did	 not	 depict	 the	 reality	 of	 their	 socio-
economic	 or	 even	 technological	 context.	 Students’	 material	 proposals	 did	 not	 seem	 to	
consider	 all	 evidence	 of	 the	 negative	 impacts	 associated	 with	 material	 production	 like	
deforestation,	excessive	soil	extraction,	energy	intensive	production,	and	high	construction	
waste.	 	 Design	 proposals	 generally	 recommended	 exposed	 glazed	 facades	 on	 concrete	 or	
steel	structures	with	fired	clay	brick	or	concrete	block	walling.	These	proposals	ignored	the	
need	 to	 adopt	 or	 integrate	 sustainable	 practices	 and	 practical	 technologies	 to	 foster	
efficient	 utilisation	 of	 energy	 and	 locally	 available	 resources.	 This	 negligent	 attitude	 does	
not	 engender	 conscious	 interrogation	 of	 all	 the	 available	 options,	 or	 even	 re-visiting	 the	
merits	of	indigenous	earthen	strategies.		
On	 reviewing	 the	 University	 timetables	 however,	 it	 became	 apparent	 that	 there	 were	
consequential	 effects	 of	 having	 a	 large	 number	 of	 independent	 and	 often	 disconnected	
modules.		According	to	Schmidt	et	al.	(2006)	this	compartmentalize	view	of	timetabling	does	
not	 create	 an	 environment	 to	 help	 students	 build	 linkages	 or	 casual	 networks	 as	 they	
explore	 knowledge	 within	 their	 professional	 education.	 	 Evidence	 from	 focus	 groups	
discussions	and	participant	observations	indicated	that	time	dedicated	to	core	components	
was	far	greater	than	formal	documentation	suggested	(Olweny,	2017).		The	lack	of	personal	
time,	 coupled	 with	 significant	 lecture	 based	 instructions	 further	 entrenches	 the	
compartmentalization	of	 information.	 	 These	universities	 do	not	 acknowledge	 a	 student’s	
need	 to	engage	 in	personal	 reflection,	 as	an	 integral	part	of	 the	process	 in	order	 to	 form	
links	 between	 various	 components	 of	 the	 Architecture	 program.	 	 Students	 are	 thus	
presented	 with	 a	 distorted	 view	 of	 architecture,	 in	 which	 design	 is	 separate	 from	 other	
contextual	considerations.	

The	notion	 that	 students	must	be	 fully	programmed	 is	 reminiscent	of	pre-university	
education	 in	 the	 region,	 which	 is	 strictly	 timetabled	 as	 well.	 	Which	 also	 brings	 to	mind	
elements	of	the	fit-for-practice	debate	that	often	seeks	to	ensure	students	are	trained	to	fit	
a	particular	professional	stereotype	(Olweny,	2017).		This	approach	negates	a	key	aspect	of	
university	and	professional	education,	in	which	students	are	groomed	to	enter	a	profession	
in	which	they	will	become	decision	makers.	

In	 institutions	where	electives	were	part	of	 the	curriculum,	there	was	pressure	from	
students,	faculty	and	university	to	replace	these	with	compulsory	courses.		In	all,	education	
at	 these	 universities	 was	 perceived	 to	 be	 where	 students	 come	 to	 glean	 knowledge	 and	
information	 from	experts.	 	 Further,	 their	 generally	 held	 view	on	 electives,	 serves	 a	 belief	
that	architectural	education	is	composed	of	a	defined	body	of	knowledge,	espoused	through	
only	compulsory	courses.		This	according	to	Shannon	(2010)	serves	to	build	a	‘dependency	
syndrome’,	 reinforcing	 dependence	 on	 ‘expert	 judgment’	 instead	 of	 empowering	 and	
helping	students	build	confidence	in	their	judgment.	
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Further,	Olweny	(2006)	asserts	that	most	architecture	schools	 in	Uganda	are	making	
no	 efforts	 to	 involve	 technology	 as	 an	 important	 aspect	 of	 architecture	 design.	 This	 has	
resulted	 into	minimal	efforts	by	architects	 in	practice	 to	 research	or	creatively	adopt	new	
ways	to	improve	design	or	to	interrogate	vernacular	materials.		In	addition,	even	the	schools	
that	 incorporate	 technology	 in	 the	 student’s	 design	 process,	 have	 their	 efforts	 let	 down	
when	graduates	go	into	the	field	and	become	negatively	influenced	by	senior	architects	with	
contrary	education,	field	and	construction	experience.	The	result	of	this	is	architecture	that	
is	 not	 primarily	 informed	 by	 its	 context.	 Ironically	 in	 Uganda,	 foreign	 architects	 are	
undertaking	most	contextually	responsive	commissions.		

Rigid	reference	to	concrete,	steel,	cement	and	fired	brick	disregards	the	responsibility	
of	 universities	 to	 train/skill	 innovative	 minds	 to	 devise	 contextual	 relevant	 solutions.	 	 It	
should	be	noted	that	University	professors	admit	the	difficulty	of	finding	skilled	personnel	to	
teach	contextually	relevant	architectural	solutions,	or	attend	tutorial	sessions	with	students.	
However,	this	deficiency	is	only	worsened	when	these	competencies	are	not	even	included	
on	 the	 academic	 curriculum.	Unfortunately,	 during	mandatory	 field	 experience	 (Industrial	
placement)	 engagements	on	 construction	 sites,	 students	 are	 exposed	 to	bad	 construction	
practices.		This	exposure	creates	a	negligent	attitude	towards	construction.		

On	 the	 whole,	 architecture	 education	 in	 Uganda	 does	 not	 prepare	 professionals	 to	
support	or	confidently	survive	within	their	context.		Students	become	proficient	primarily	at	
interventions	that	are	convenient	 for	a	minority	of	affluent	developers,	yet	constrictive	to	
the	 larger	 population	 that	 is	 struggling	 against	 poverty.	 Architects	 trained	 to	 serve	 a	
privileged	few,	miss	the	opportunity	to	drive	a	much-needed	transformative	engine	towards	
more	sustainable	cities	and	communities.			
	

				 	 	 									 	 	 	 													
	

	
	
	
	
	
	

Figure	1.	Peer	learning	and	collaboration	during	the	construction	of	the	Earth	Kiosk	and	Pizza	Oven	

Discussion		

Incorporation	of	Earth	Construction	course	
A	 special	 topics	 course	 was	 devised	 to	 examine	 the	 prospects	 and	 challenges	 of	

incorporating	earth	construction	techniques	into	the	architecture	curriculum	at	the	faculty	
of	the	Built	Environment.		This	elective	course	was	setup	as	a	studio	course	since	according	
to	a	study	by	Elliot	(2003),	architectural	courses	like	design	studio	can	stimulate	intellectual	
and	 intuitive	 aptitude	 as	 well	 as	 creative,	 technical	 and	 physical	 skills	 among	 students.	
Behaviour	change	is	the	tipping	point	in	the	conversation	to:	improve	fuel	efficiency	at	local	
Kilns,	 increase	 salvaging,	 reuse/repurposing	 of	 construction	waste,	 raise	 awareness	 about	
material	embodied	energy	and	subsequent	energy	demand	on	and	 for	 rural	communities.	
This	 project	 was	 devised	 in	 response	 to	 walk-though	 surveys,	 which	 were	 conducted	 to	
learn	 the	 values	 of	 the	 people	 in	 the	 immediate	 community	 then	 to	 establish	 a	 common	
ground	 for	 a	 meaningful	 intervention.	 	 As	 such,	 this	 design	 build	 project	 sought	 to	
interrogate	 different	 Earthen	 Construction	 strategies	 in	 order	 to	 minimize	 production	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2193



energy	and	construction	waste,	and	possibly	save	up	to	40%	on	the	building	cost.		
The	Studio	based	 learning	approach	emphasised	creativity,	drawing,	problem	solving	

and	 communication.	 Through	 Integrated	 and	 collaborative	peer	 learning,	 tutorial	 sessions	
helped	guide	students	to	think	widely	and	deeply,	formulating	the	problem	then	presenting	
their	proposals.	 	One	of	 the	more	outstanding	attributes	of	 this	project	was	working	on	a	
real	 site	 and	 dealing	 with	 an	 actual	 client;	 which	 provided	 students	 with	 the	 additional	
insight	on	contextual,	regional,	and	global	issues,	which	was	an	asset	for	this	‘Problem	based’	
learning	 approach.	 	 Project	 tasks	 interrogated	 different	 aspects	 of	 Earth	 Construction	 to	
allow	for	intuition	and	reflection,	to	encourage	a	deeper	learning.	The	student	lead	design-
build	 structure	 was	 an	 integration	 of	 rammed	 earth	 walls;	 site	 produced	 stabilized	 soil	
blocks,	 and	 unfired	 clay	 bricks.	 	 All	 the	 mortars	 used	 in	 the	 project	 were	 clay	 and	 sand	
mortars	to	replace	the	commonly	favoured	cement	mortar.	

Good-quality,	affordable,	and	safe	dwellings	are	essential	 for	human	wellbeing.	 	The	
earth	kiosk	situated	at	the	fringes	of	the	Uganda	Martyrs	University	campus	stands	as	a	built	
example	of	alternative	walling	materials	achieved	at	a	low	cost.	Our	Design	-	Build	-	Operate	
and	Transfer	model	was	elected	to	eventually	deliver	a	Pizza	business	in	the	earth	wall	Kiosk.		
The	 business	 angle	 was	 added	 so	 the	 Kiosk	 would	 enjoy	 mass	 audience	 interfacing	 with	
various	members	of	the	community.		The	finished	project	invites	the	community	to	rethink	
the	use	of	what	is	locally	available	to	achieve	more	meaningful	dwellings	of	their	own.		The	
project	engaged	undergraduate	students	in	the	design	as	well	as	construction	to	show	that	
most	of	these	interventions	can	be	achieved	even	with	low-skill	level	builders.		This	project	
is	envisaged	to	stimulate	a	creative	force	among	residents	and	stakeholders	with	the	hope	
of	 dispelling	 concerns	 about	 earth	 construction.	 This	 newfound	 confidence	 could	 then	
propel	community	residents	towards	shaping	more	regenerative	environments.		

A	 ‘Neighbourhood-scale’	 approach	 was	 considered	 to	 ensure	 the	 transfer	 of	
technology	 to	 local	 artisans,	 as	 well	 as	 to	 prompt	 comprehensive	 concern	 for	 the	
environment.		Further,	this	project	endeavoured	to	examine	the	role	of	a	rural	university	to	
consider	 nuanced	 approaches	 for	 long-term	 social,	 environmental	 and	 economic	
development	in	rural	communities.	Since	Neighbourhood-scale	development	interventions,	
which	 enhance	 day-to-day	 living	 patterns,	 are	 more	 sustainable	 in	 the	 long	 run.	 	 The	
approach	 investigated	 teaching	 methods	 suited	 for	 interdisciplinary	 or	 intercultural	
cooperation,	which	support	sustainable	development.	 	This	can	mean,	 for	example,	 taking	
action	 against	 climate	 change,	 informing	 community	 consumption	 patterns,	 supporting	
social	entrepreneurship	and	sustainable	 livelihoods,	or	supporting	 those	struggling	against	
poverty.	Despite	 the	 lack	of	qualified	educators	 in	earth	 construction,	mere	 incorporating	
these	courses	into	university	curricular	could	provide	the	necessary	impetus	to	increase	the	
demand	for	technical	proficiency,	productivity	and	specialisation	in	the	field.		

Observations	

Despite	having	presented	students	with	a	broad	spectrum	of	earthen	technologies,	
most	of	the	design	options	they	presented	at	the	beginning	were	timid	and	only	managed	a	
limited	 exploration	on	 the	design	 tasks.	 As	 a	 result,	 the	 eventual	 kiosk	 design	was	 rather	
basic.		However,	students	were	more	enthusiastic	during	soil	testing,	BOQ	calculations	and	
project	 report	 tasks.	 	 It	 should	be	noted	 that,	 the	 students	who	 took	part	 in	 the	 elective	
course	 have	 exhibited	 a	 bolder	 approach	 to	 earth	 construction	 in	 subsequent	 studio	
projects.	

Health	and	Safety	standards	required	work	and	protection	gear	that	was	for	students.	
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Therefore,	some	tasks	were	delayed	since	only	a	handful	of	students	could	perform	certain	
tasks	at	a	time.		Students,	however,	took	a	hands-on	approach	to	managing	the	project	and	
procuring	 the	necessary	construction	materials.	Stone	aggregates,	murram,	clay,	and	sand	
where	obtained	at	no	cost,	but	needed	to	be	transported	to	the	site	from	up	to	100	meters	
away.	 	Funds	spent	on	cement	to	stabilise	the	Earth	Blocks,	then	poles	and	roofing	sheets	
were	 tabulated	 in	 the	 hope	 that	 the	 funds	 be	 recovered	 through	 running	 a	 Pizza	 and	
Barbeque	kitchen	business	during	a	subsequent	semester.		This	strategy	was	devised	during	
the	project	to	 interrogate	an	avenue	of	crowd	source	funding	that	delivers	earth	buildings	
and	then	runs	a	community	business	to	pay	for	the	project	retroactively.			
Due	 to	 the	 limited	duration	of	a	 semester,	 students	did	not	have	adequate	 time	 to	make	
and	dry	unfired	clay	bricks	to	use	on	the	project.		The	drying	process	required	a	few	months,	
which	 could	 not	 be	 accommodated	 in	 the	 four-month	 semester.	 Consequently,	 having	
students	 in	one	year	make	a	batch	of	bricks	 to	be	used	by	students	 in	a	 subsequent	year	
could	resolve	this	delay.		Further,	scheduling	delays	were	experienced	because	of	the	week	
span	 between	 building	 sessions,	 which	 were	 held	 on	 Fridays.	 	 Therefore,	 Students	 were	
required	 to	 take	on	extra	 sessions	on	weekday	evenings	 to	 complete	 the	 structure	 in	 the	
allotted	timeline.		

Conclusion		

Brim’s	 (1996)	classical	definition	of	 socialisation	as	“the	process	by	which	persons	acquire	
the	knowledge,	 skills	 and	dispositions	 that	make	 them	more	 or	 less	 effective	member	 of	
society”.		Architecture	schools	should	endeavour	to	deliver	a	critical	blend	of	tacit	alongside	
explicit	knowledge.	 	This	blend	engenders	attitudes	of	 responsibility	 for	self-development,	
critical	thinking,	and	professionalism.		These	attitudes	contribute	to	much-needed	values	of	
self-expression,	 confidence	 as	 well	 as	 critical	 self-appraisal	 that	 make	 a	 competent	
Environment	design	professional.	
This	 study	 suggests	 that	 deliberate	 approaches,	 even	 at	 a	 small	 scale,	 to	 incorporate	
earthen	 construction	 into	 university	 architecture	 curricula	 can	 increase	 awareness	 and	
application	of	locally	available	materials	in	construction.	Such	projects	could	stimulate	inter-
university	or	inter-disciplinary	collaborative	efforts	between	universities	and	attract	funding	
for	future	research	projects.	Further,	the	study	identified	challenges	that	might	help	inform	
coordination	and	planning	of	such	projects.		
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Abstract:	 Legislative	 pressures	 to	 quantify	 impacts	 of	 design	 decisions	 for	 energy	 conservation	 have	 driven	

intrinsic	transformations	in	architectural	design	decision-making.	Infiltration	of	‘sustainability’	concepts	within	

the	 profession,	 and	migration	 of	 associated	 terminologies	 is	 hypothesized	 to	 have	 lead	 to	 a	 corresponding	

transformation	 in	 the	discourse	employed	by	architects	and	academics.	 In	 this	study,	a	discourse	analysis	of	

PLEA	 2014	 conference	 proceedings	 was	 performed,	 to	 explore	 what	 is	 meant	 by	 the	 term	 ‘sustainable’	

architecture.	Results	reveal	that	discursive	uses	of	the	term	‘sustainable’	architecture	are	broadly	contested.	

Associated	 meanings	 range	 from	 technocratic	 connotations	 seemingly	 synonymous	 with	 the	 term	 ‘energy-

efficient,’	 descriptions	 of	 ‘sustainable’	 architecture	 as	 an	 elite	 class	 of	 buildings	 and	 characterizations	 of	

‘sustainable’	as	vernacular	and	holistic,	amongst	other	discursive	uses.	It	is	further	contended	that	the	status	

of	 the	 word	 ‘sustainable’	 in	 the	 architectural	 discourse	 is	 purposively	 broad-brushed	 and	 wide-ranging,	

mirroring	the	range	of	methods,	tools	and	techniques	available	at	the	architect’s	disposal	to	fulfil	commitment	

to	 the	 ‘sustainable’	 cause.	 Nevertheless,	 this	 non-standardised,	 pluralist	 interpretation	 of	 ‘sustainability’	 is	

what	allows	architects	worldwide	to	create	a	rich	tapestry	of	architectural	heritage	that	not	only	responds	to,	

but	also	weaves	together	aesthetical,	technical,	contextual	and	humanistic	considerations.	

Keywords:	Sustainable	architecture,	discourse	analysis,	PLEA	2014	

Introduction		

Mounting	 legislative	pressures	 to	quantify	 the	 impact	of	every	design	decision,	 largely	 for	

energy	 conservation	 purposes,	 have	 driven	 inherent	 adjustments	 to	 the	 architectural	

decision-making	 process,	 necessitating	 the	 introduction	 of	 quantitative	 measures	 of	

technical	 building	 performances	 against	 acceptable	 benchmarks	 (Sebastian,	 2011).	 Use	 of	

the	 computer	 to	 “rationalize,	 quantify	 and	 repeat”	 (Barrow,	 2004)	 performance	

assessments	 has	 been	 an	 instrumental	 driver	 of	 this	 change,	 as	 building	 performance	

assessments	have	allowed	architects	to	realise	more	energy-efficient	and	sustainable	design	

solutions,	 while	 providing	 comfortable	 internal	 conditions	 to	 users.	 In	 recognition	 of	 the	

necessity	 of	 arming	 architects	 with	 an	 appreciation	 of	 design	 performance	 assessments,	

many	 schools	 of	 architecture	 now	offer	 specialized	 ‘sustainable	 architecture’	 programs	 at	

both	undergraduate	and	postgraduate	levels.	

Discourse	 analysts	 (e.g.	 Baxter,	 (2010)	 and	 Oak	 (2011))	 contend	 that	 language	 is	 a	

socially-constructed	 system	 of	 symbols	 by	 which	 subjective	 realities	 are	 moulded	 and	

mediated.	Orna-Montesinos	(2012)	states,	“the	lexical	choice	of	the	…	professional	is	loaded	
with	the	epistemology	of	the	professional.”	Infiltration	of	‘sustainability’	concepts	within	the	
architectural	 profession,	 and	 migration	 of	 associated	 terminologies	 is	 therefore	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2197



hypothesized	 to	 have	 lead	 to	 a	 corresponding	 transformation	 in	 the	 discourse,	 and	 an	

expansion	of	 the	architectural	 lexicon	to	 incorporate	sustainability-related	epistemologies.	

Nevertheless,	 it	 is	 not	 possible	 to	 confirm	 such	 conjecture	without	 performing	 a	 rigorous	

analysis	of	the	discourse	used	in	research	publications	focused	on	sustainable	architecture.	

The	purpose	of	 this	paper	 is	 to	critically	question	what	 is	meant	by	the	term	 ‘sustainable’	

when	discussed	within	architectural	discourses.		

Research	Methods	

Passive	and	Low	Energy	Architecture	(PLEA)	2014	

In	this	study,	a	discourse	analysis	of	a	sample	of	contributions	selected	from	the	conference	

proceedings	 of	 Passive	 and	 Low	 Energy	 Architecture	 (PLEA)	 2014	 (www.plea2014.in)	 was	

performed.	 By	 organizing	 annual	 conferences	 for	 “the	 development,	 discussion	 and	
diffusion”	of	research	in	sustainable	architecture	and	urban	design	fields,	PLEA	conferences	
serve	 as	 a	 unique	 forum	 for	 academics,	 architects	 and	 building	 industry	 professionals	

primarily	concerned	with	sustainability	 in	the	built	environment	to	present	their	 ideas	and	

all	 that	 is	 state-of-the-art	 in	 their	 respective	areas.	Conference	proceedings	were	selected	

for	analysis	as	conferences	serve	as	key	platforms	allowing	the	convergence	of	experts	from	

both	academia	and	industry.	By	engaging	in	various	levels	of	formal	and	informal	dialogue	

with	other	professionals	from	across	the	world	in	a	peer-to-peer	setting,	conferences	serve	

as	 podia	 for	 the	 exchange	 of	 ideas	 leading	 to	 a	 gradual,	 epistemological	 knowledge	

construction.	 PLEA,	 in	particular,	was	 chosen	 first	 for	being	a	well-recognised	 conference,	

and	second,	for	availability	of	conference	proceedings	online	(PLEA,	2017).	In	this	case,	2014	

proceedings	were	selected	because,	at	the	time	of	writing	(starting	March	2016),	these	the	

most	recent;	PLEA	2015	proceedings	were	not	yet	available	online	and	the	2016	conference	

had	not	yet	taken	place.	

Discourse	analysis;	definition	and	approach	

	Language	is	more	than	just	a	way	of	understanding,	describing	or	communicating.	It	is	also	

a	vehicle	for	constructing	alternate	versions	of	the	social	milieu	(Bryman,	2010).	Whenever	

we	attempt	to	convey	a	message,	or	describe	people,	places,	objects	or	situations,	we	are	

inherently	 selecting	 from	 an	 available	 corpus	 of	 words	 and	 phrases	 to	 reconstruct	 a	

particular	 rendition	of	 the	world.	Underlying	 this	 acknowledgement	 is	 further	 recognition	

that	there	are	multiple	versions	of	the	world,	and	that	through	the	linguistic	choices	that	we	

make,	“we	are	establishing	one	version	of	the	world	in	the	face	of	competing	versions”	(Gill,	
2000).		

To	perform	the	discourse	analysis,	the	author	adopted	an	‘analytic	mentality’	(Potter	

2007)	 to	unravel	discursive	 formations.	“Whenever,	between	objects,	 types	of	 statements,	
concepts	or	thematic	choices,	one	can	define	a	regularity	(an	order,	correlations,	positions,	
functionings,	 transformations)	 we	 will	 say	 …	 that	 we	 are	 dealing	 with	 a	 discursive	
formation”	 (Foucault	 1972).	 The	 author	 also	 followed	Potter’s	 (2004)	 recommendation	 of	

asking	three	key	questions	of	the	data	while	reading.	These	are	(a)	what	does	the	discourse	

do?	 (b)	 How	 is	 this	 achieved	 through	 discursive	 constructions	 and	 formations?	 (c)	 What	

resources	are	used	 to	be	able	 to	construct	 this	particular	 rendition	of	 the	 social	world?	A	

‘sceptical	reading’	stance	(Gill,	2000)	was	also	espoused;	in	other	words,	questioning	what	is	
not	being	said	was	well	as	what	 is	being	said,	 to	unravel	hidden	meanings.	Transmitting	a	

particular	message	in	one	way	is	concurrently	an	avoidance	of	saying	something	else.		
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Despite	 the	 known	 advantages	 of	 using	 qualitative	 data	 analysis	 software	 to	

deconstruct	 and	 ‘code’	 textual	 data	 (as	 outlined	 in	 Jones	 (2007)),	 such	 computerized	

approaches	 are	 known	 to	 distance	 the	 researcher	 from	 the	 deep,	 rich	 qualitative	 data	

(Bassett,	2004).	Given	 the	need	 for	a	 closer	 involvement	and	 interaction	with	 the	 texts,	a	

manual	‘pen-and-paper’	approach	to	the	analysis	was	preferred,	to	allow	this	researcher	to	

gain	deeper	familiarity	with	the	texts	and	document	analytical	impressions.	

Sampling	and	selection	

Proceedings	of	PLEA	2014	consist	of	228	contributions	 in	 total.	A	 sampling	 technique	was	

therefore	needed	to	select	the	most	relevant	publications,	and	construct	a	sample	of	papers	

that	was	suitable	to	allow	the	analysis	to	be	performed.	Non-probability	purposive	sampling	

was	used	to	construct	the	sample	of	papers.	As	proceedings	were	in	.pdf	format,	the	‘find’	

function	within	 Adobe	Acrobat	 Reader	was	 used	 to	 count	 the	 number	 of	 appearances	 of	

‘sustain-,’	 ‘sustainable’	 and/or	 ‘sustainability’	 in	 each	 contribution.	 A	 contribution	 was	
deemed	suitable	for	analysis	when	at	 least	one	of	these	three	words	occurred	at	 least	ten	

times.	This	procedure	resulted	in	the	construction	of	a	sample	of	30	contributions	from	the	

PLEA	2014	proceedings	 (table	1).	Given	 this	 relatively	 small	 sample	 size,	 coupled	with	 the	

qualitative	nature	of	the	discourse	analytic	approach	employed,	no	claims	to	generalization	

are	 being	made	 from	 the	 results.	 Rather,	 the	 results	 are	 intended	 to	 illustrate	 the	wide-

ranging	nature	of	the	discursive	uses	of	the	word	‘sustainable’	in	PLEA	proceedings.	

	
Table	1:	Sampled	contributions	from	the	PLEA	2014	proceedings.	

#	 PAPER	ID	 Author(s)	 Instances	in	text	
1	 2253	 Bakshi,	N.	Vale,	R.	&	Vale,	B.	 44	

2	 2246	 Lufkin,	S.	&	Rey,	R.	 13	
3	 2546	 Pandya,	S.	V.	&	Brotas,	L.	 10	

4	 2222	 Laprise,	M.,	Lufkin,	S.	&	Rey,	E.	 28	
5	 2280	 Riera	Perez,	M.	G.,	Rey,	E.	Liman,	Ul,	Roulet,	Y.	&	Favris-Donzel,	A.	 10	

6	 2260	 Fumeaux,	L.	&	Rey,	E.	 10	
7	 2715	 Kos,	J.	R.,	Fiorentini,	M.,	Cooper,	P.	&	Miranda,	F.	 19	

8	 2427	 Li,	W.	&	NG,	E.	 47	
9	 2620	 Neves,	S.	O.	&	Amado,	M.	 12	

10	 2679	 Lee,	K.,	Kim,	S.,	Kim,	S.	&	Park,	E.	J.	 10	
11	 2234	 Izadpanahi,	P.	&	Elkadi,	H.	 77	

12	 2674	 Adenan,	U.,	Rodrigues,	L.,	Borsi,	K.	&	Kiamba,	L.	 10	
13	 2773	 Urness,	C.	&	Kabre,	C.	 20	

14	 2825	 Poptani,	H.	&	Bandyopadhyay,	A.	 30	
15	 2205	 DeKay,	M.	 46	

16	 2905	 van	den	Dobbelsteen,	A.,	Tillie,	N.,	Broersma,	S.	&	Fremouw,	M.	 14	
17	 2264	 Chi,	E.	&	Ng,	E.	 22	

18	 2599	 Almusaed,	M.	&	Almssad,	A.	 12	
19	 2903	 Fernandes,	J.,	Mateus,	R.,	Braganca,	L.,	da	Silva,	J.	C.	&	Silva,	S.	 11	

20	 2195	 Adolphe,	L.,	Rousval,	B.,	Martins,	E.,	Bonhomme,	M.	&	Dubois,	C.	 24	
21	 2418	 Dave,	M.,	Bilbao,	J.,	Dickson,	J.,	Watson,	B.,	Prasad,	D.	&	Sproul,	A.	 12	

22	 2299	 Yimin,	S.	&	Hui,	X.	 12	
23	 2571	 Correa,	S.,	R.	M,	Turkienicz,	B.	&	Poehls,	L.	B.	 12	

24	 2456	 Mehibel,	M.,	Pitts,	A.	&	Gao,	Y.	 16	
25	 2797	 Janssens,	B.	 55	

26	 2231	 Janssens,	B.	 73	
27	 2161	 Widera,	B.	 11	

28	 2756	 Havinga,	L.	C.,	Colenbrander,	B.	J.	F.	&	Schellen,	H.	L.	 54	
29	 2874	 Castano,	A.	G.	&	Pineda,	E.	 34	

30	 2459	 Tereci,	A.	&	Erhart,	D.	K.	 14	
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Results	and	discussion	

Defining	‘sustainable’	

The	terms	‘sustainable’	and/or	‘sustainability’	appear	early	in	the	papers	analysed;	often	in	
the	 initial	 sentences	 of	 the	 abstract	 (e.g.	 in	 paper	 IDs	 2195,	 2205,	 2222,	 2231,	 2234	 and	

2260)	or	in	the	introductory	section	of	the	paper	(e.g.	in	paper	IDs	2161,	2246,	2280,	2418).		

While	various	topics	are	covered,	the	same	definition	is	commonly	used.	This	is	the	widely-

quoted	 1987	 Brundtland	 Commission	 report	 definition,	 focusing	 on	 the	 planet’s	 carrying	

capacity	 and	 preservation	 of	 resources	 without	 impinging	 on	 those	 available	 to	 future	

generations.	Often,	this	is	not	a	paraphrased	reference;	but	an	inter-textual	manifestation;	

“the	 explicit	 presence	of	 one	 text	 in	 another”	 (Jain-guo,	 2012).	 Common	 reference	 to	 this	

definition	 creates	 a	 common	 language;	 bridging	 between	 various	 sub-disciplines	 of	 built	

environment	 research.	 Shared	 use	 of	 the	 definition	 across	 a	 multiplicity	 of	 built	

environment	research	sub-domains	aligns	with	Guy	(2005)’s	description	of	the	“interpretive	
flexibility	 of	 sustainability.”	 This	 flexibility	 is	 likely	 used	 to	 construct	 an	 equally	malleable	

and	open-ended	discourse,	of	a	contested	nature.	

Underlying	 this	 definition	 is	 the	 holistic	 principle	 dealing	 with	 ‘triple	 bottom	 line,’	

integrating	 environmental,	 economic	 and	 social	 spheres.	 These	 three	 spheres	 are	 often	

depicted	 by	 three	 equal-sized	 and	 interlocking	 circles;	 implying	 equal-weighted	

epistemological	status	of	the	three	silos.	In	some	cases,	equal	status	of	the	three	spheres	is	

mirrored	in	explanations	of	sustainability	in	PLEA	2014	works,	for	example:	

“In	 essence,	 the	 Minnesota	 Experimental	 City	 embodied	 the	 principles	 of	 social,	
economic	and	environmental	sustainability”	–	Paper	ID.	2773.	

“Several	 tools	 consider	 the	 fact	 that	 the	 built	 environment	 is	affected	 by	 economic,	

social	 and	 environmental	 aspects,	 pursuing	 a	 holistic	 and	 sustainable	 vision	 of	 building	
projects”	–	Paper	ID.	2234.	

However,	 in	 other	 texts,	 definitions	 of	 sustainability	 are	 subsumed	 by	 an	 equally-

weighted	 relationship	 between	 the	 three	 spheres.	 The	 imperative	 of	 ‘energy-efficiency’	

seems	to	dominate;	as	greater	attention	is	dedicated	to	the	environmental	protection	and	

economic	 development,	 while	 the	 social	 dimension	 of	 sustainability	 remains	 the	 least	

explored	sphere.		

Survivalist	discourse	

Another	 discursive	 formation	 unravelled	 is	 what	 Demirel-Özer	 (2014)	 describes	 as	 the	

‘survivalist	 discourse.’	 The	 discourse	 is	 dominated	 by	 popular	 acceptance	 of	 the	 planet’s	

limited	carrying	capacity.	A	pessimistic	picture	of	the	natural	earth,	as	a	vulnerable	vehicle	

for	 human	 habitation	 and	 survival,	 is	 painted.	 The	 built	 environment	 is	 subversively	

regarded	as	parasitic;	departing	 from	fears	 that	 the	earth	 is	doomed	as	a	consequence	of	

rapid	post-industrialism.	Central	to	the	survivalist	discourse	are	claims	about	the	scarcity	of	

energy	and	the	urgent	need	for	resource	conservation	for	human	survival.	This	is	depicted	in	

paper	ID.	2905;	“sustainable	development	will	become	a	question	of	climate	adaptation	and	
mitigation	on	the	one	hand,	and	the	lasting	availability	of	resources	on	the	other.	Of	these	
resources,	 after	 the	 basic	 needs	 for	 human	 survival	 –	 oxygen,	 drinking	water	 and	 food	 –	
energy	 is	most	quintessential	 element	 for	human	 society.”	 Correspondingly,	 the	necessary	
equilibrium	 between	 resource	 conservation	 and	 human	 comfort	 is	 often	 described	 as	 a	

‘battle.’	These	rhetorical	escalations	are	intended	to	incite	a	sense	of	fear	and	urgency.	
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Sustainable	architecture	as	part	of	a	wider	geo-political	discourse	

Discussions	on	sustainability	in	the	analysed	papers	appear	to	be	intertwined	within	a	wider,	

international,	 and	 politically	 charged	 discourse	 of	 environmentalism.	 One	 way	 this	 is	

manifested	is	by	rooting	the	agenda	for	sustainable	architecture	within	political	impetuses.	

This	 constitutes	 reference	 to	 international	 political	 bodies,	 inciting	 the	 notion	 that	

sustainability	is	of	greater	importance	than	predicated	at	a	local	scale.	For	example,	authors	

of	 paper	 ID.	 2253	 cite	 the	 Kyoto	 Protocol,	 Agenda	 21	 and	 the	 1992	 Earth	 Summit	 in	 the	

introductory	section	of	 their	 text.	 In	paper	2679,	a	report	by	the	 Intergovernmental	Panel	

on	Climate	Change	(IPCC),	estimating	that	by	“2030	the	building	sector	will	have	the	highest	
potential	for	reducing	CO2	emissions,”	cited.	

Another	 manifestation	 that	 appears	 is	 an	 ‘East	 versus	 West;’	 ‘developing	 versus	

developed’	countries’	dichotomy;	which	are	“portrayed	as	…	two	distinct	and	unbridgeable	
worldviews”	(Guy,	2005).	Work	originating	from	developing	countries	(e.g.	paper	2456	and	

2903)	tend	to	regard	sustainability	in	architecture	from	the	traditional,	even	vernacular	lens;	

holistically	 reflecting	 social,	 economic	 and	 cultural	 contextual	 practices.	 Conversely,	 in	

works	originating	from	developed	nations,	 ‘sustainability’	 tends	to	translate	 into	high-tech	

and/or	 technocratic	 architectural	 vocabularies	 (e.g.	 paper	 2715).	 This	 dichotomy	 is	 even	

acknowledged	by	author(s)	of	paper	2253	who	state	that	 in	“the	Eastern	model,	there	 is	a	
shift…towards	 incorporating	 more	 parameters	 for	 sustainable	 behaviour,	 education	 and	
food	self-sufficiency.	The	Western	model	shows	an	increasing	reliance	on	technology.”	This	
finding	aligns	with	Edwards’	(2001)	statement;	“the	spiritual	approach	to	green	[sustainable]	
design	is	found	in	the	underdeveloped	world,	and	the	low-energy,	high-material	approach	[is	
found]	in	the	developed	world.”	

Vernacular	and	traditional	architecture	discourse	

In	this	discourse,	the	need	for	sustainable	architecture	is	initially	presented	by	defining	the	

historical,	geographical	and	cultural	parameters	that	the	architecture	responds	to,	through	

detailed	 descriptions	 of	 context.	 Identity	 and	 locality	 are	 conveyed	 in	 discussions	 of	

traditional	 construction	 techniques,	 reliance	on	 local	materials	 and	 the	 local	 community’s	

participation	 in	 building	 design	 and	 construction.	 Departing	 from	 these	 origins,	 two	

contrasting	 discursive	 routes	 are	 detectable.	 The	 first	 is	 an	 outward	 resistance	 to	

globalization	 predicating	 that,	 to	 be	 sustainable,	 architecture	must	 “move	 away	 from	 the	
universal	 and	 technologically	 based	 design	methodologies,	 as	 these	 often	 fail	 to	 coincide	
with	 the	 cultural	 values	 of	 a	 particular	 place	 or	 people”	 (Guy	 and	 Farmer,	 2001).	 On	 the	

flipside,	 however,	 what	 traditional	 architecture	 can	 learn	 and	 adapt	 from	 technocratic	

methodologies	of	the	modern,	developed	world	is	also	detectable.	An	example	is	visible	in	

the	 following	 excerpt	 from	paper	 2253;	 “this	 study	 is	 a	 comparison	 of	 sustainable	 design	
practice	in	India	…	to	identify	if,	and	how,	India	might	learn	from	the	successes	and	failures	
of	developed	countries.”	

Technocratic	discourse	of	sustainable	architecture	

This	 rhetoric	 amplifies	 the	 status	 of	 technology	 and	 determinism.	 It	 is	 underlined	 that	

technology,	and	belief	in	its	quantitative	authority,	promise	attainment	of	higher	degrees	of	

sustainability.	This	discourse	departs	from	positivist	and	post-positivist	philosophies,	where	

it	is	believed	that	objective	analyses	and	rationality	are	trustworthy	approaches	to	arrive	at	

technological	solutions,	to	rectify	environmental	ills.	In	terms	of	architectural	vocabularies,	

this	 rhetoric	 is	 embodied	 in	 a	 range	 of	 technical	 innovations,	 including	 kinetic	 facades,	
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renewable	 energy	 solutions,	 double	 skin	 roofs	 and	 walls,	 energy-efficient	 materials	 and	

lighting,	 etc.	 This	 view	 aligns	 with	 “the	 machine	 mentality	 of	 our	 culture,”	 whereby	 “no	
matter	 what	 the	 problem,	 technology	 is	 [always]	 the	 solution”	 (Noble,	 2013).	 Finally,	
inherent	within	this	worldview,	“success	is	expressed	in	the	numerical	reduction	of	building	
energy	consumption,	embodied	energy,	waste	and	resource-use	reductions”	(Demirel-Özer,	

2014).	

The	discourse	of	energy-efficiency	in	architecture		
Underpinned	by	the	dominant,	empirically-based	discourse	of	sustainable	architecture,	the	

issue	 of	 energy-efficiency	 is	 prioritized.	 From	 this	 vantage,	 the	 building	 is	 essentially	

regarded	 as	 a	 large	 machine	 consisting	 of	 an	 assemblage	 of	 pre-engineered	 constituent	

‘parts.’	 These	 ‘parts’	 can	 be	 dissected,	 the	 efficiency	 of	 each	 individually	 assessed	 before	

they	 are	 put	 together	 to	 form	 a	 synergetic	 whole.	 This	 approach	 is	 seen	 to	 produce	 a	

repertoire	of	technically-sound	design	solutions.	Each	model	of	energy-efficient	architecture	

serves	as	a	“reliable	precedent	to	be	replicated	with	universal	success	regardless	of	context	
or	circumstance”	(Farmer	and	Guy,	2010).	This	ability	to	replicate	energy	efficient	buildings	

is	suggested	as	an	indicator	of	design	success	in	the	PLEA	2014	papers.	For	example,	authors	

of	 paper	 2253	 state	 “the	 project	 was	 scrutinized	 for	 its	 environmental	 and	 financial	 self-
sufficiency,	and	its	ability	to	be	self-replicating.”	

Sustainable	architecture;	an	elite	class	of	buildings.	

It	 is	 implied	that	a	commensurate	relationship	exists	between	the	words	 ‘sustainable’	and	
‘architecture.’	For	example,	it	is	stated	in	paper	2234	that	“newly	erected	primary	schools	in	
Australia	have	been	broadly	graded	as	either	sustainable	or	conventional.”	This	distinction	
implies	 that	building	sustainable	 is	not	 the	convention.	This	notion	 is	affirmed	by	another	

excerpt	 from	 paper	 2260	 about	 temporary	 event	 structures.	 	 In	 the	 first	 instance,	 the	

authors	proclaim,	“the	lack	of	sustainability	exists	due	to	several	attributes	of	a	temporary	

building.”	Subsequently,	the	authors	compare	a	case	study	temporary	event	structure	to	a	

better-performing	structure,	which	is	referred	to	for	its	“architectural	quality	and	high	level	
of	comfort	with	an	optimal	use	of	resources	and	a	minimization	of	environmental	impacts.”	
We	 can	 infer	 from	 use	 of	 the	 word	 ‘building’	 in	 association	 with	 ‘lack	 of	 sustainability,’	

followed	 by	 use	 of	 the	 phrase	 ‘architectural	 quality’	 in	 association	 with	 optimally-

performing	 constructions,	 that	 ‘building’	 and	 ‘architecture’	 are	 not	 the	 same.	Within	 this	

discourse,	 constructions	 that	 are	 sustainable	 are	more	 than	 just	mere	 ‘buildings.’	 On	 the	

other	 hand,	 ‘buildings,’	 in	 which	 sustainability	 has	 not	 been	 thought	 through,	 are	 not	

deserving	 of	 the	 esteemed	 ‘architecture’	 label.	 In	 this	 discourse,	 ‘sustainable’	 and	

‘architecture’	are	 regarded	as	“synonymous;	 sustainable	architecture	becomes	a	 tautology	
where	 it	 is	 not	 architecture,	 unless	 it	 is	 ‘sustainable,’”	 as	 “good	 architecture	 should	 be	
sustainable”	(Owen	and	Dovey,	2008).	

Sustainability	as	the	architect’s	professional	responsibility	
A	 discursive	 stance,	 placing	 sustainability	within	 the	 architect	 and	 designer’s	 professional	

responsibility,	appears	repeatedly	in	excerpts	from	the	PLEA	2014	papers.	For	example,	it	is	

asserted	 in	 paper	 2599	 that	 “sustainable	 cities	 are	 created	 by	 people	 who	 are	
knowledgeable	about	 sustainable	 solutions.	Decisions	about	sustainable	development	are	
made	 by	 people	 who	 have	 knowledge	 of	 the	 opportunities	 and	 implications	 inherent	 in	
sustainable	 choices.”	 Authors	 of	 paper	 2253	 proclaim	 that	 solutions	 toward	 increasing	

sustainable	 developments	 ultimately	 lie	 within	 the	 hands	 of	 “some	 members	 of	 the	
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architectural	 profession	 to	 rethink	 design	 principles.	 These	 statements	 suggest	 that	

sustainability	 in	 the	 built	 environment	 is	 the	 responsibility	 of	 an	 elite,	 educated	 guild,	

admitted	 into	 this	guild	by	acquisition	of	an	exclusive	body	of	 learning.	This	 finding	aligns	

with	Owen	and	Dovey’s	(2008)	assertion;	“architects	are	not	only	the	designers	of	buildings,	
but	they	are	the	asserted	producers	of	architecture,	as	opposed	to	mere	buildings.”	

Conclusions	

The	objective	of	this	paper	was	to	interrogate	what	authors	of	architectural	research	mean	

by	 the	 word	 ‘sustainable.’	 To	 fulfil	 this	 aim,	 a	 discourse	 analysis	 of	 a	 sample	 of	 written	

articles,	 selected	 from	 proceedings	 of	 the	 2014	 PLEA	 conference,	 was	 performed.	 The	

following	points	provide	a	comprehensive	summary	of	the	discursive	uses	of	the	term:	

• Authors	commonly	recur	to	the	Brundtland	Commission	definition,	despite	the	fact	that	

much	of	the	research	heralds	from	a	multiplicity	of	built	environment	research	domains.	

This	 highlights	 the	 flexibility	 of	 the	 definition,	 allowing	 authors	 to	 attribute	 the	 broad-

brushed	‘sustainability’	label	to	a	wide-ranging	body	of	research.	

• Authors	sometimes	describe	a	‘survivalist	discourse,’	painting	a	bleak	picture	of	earth,	to	

create	a	contextual	background,	highlighting	the	urgent	need	for	sustainable	solutions.	

• Arguments	 for	 sustainability	are	often	 rooted	within	 international	political	motivations,	

also	intended	to	convey	the	importance	of	the	cause	at	an	international	scale.	

• Discussions	of	architectural	solutions	are	drawn	from	vernacular	forms;	a	discursive	route	

commonly	raising	the	question,	‘what	can	be	learnt	from	our	ancestral	built	heritage?’		
• The	 status	 of	 technology	 and	 determinism	 is	 amplified,	 and	 it	 is	 believed	 that	

environmental	ills	can	be	rectified	from	modern	technologies.		

• An	elitist	discourse,	whereby	the	label	‘architecture’	can	only	be	attributed	if	the	edifice	

is	considered	‘sustainable,’	emerges	from	the	written	works.	By	association,	it	is	believed	

that	 the	 creation	 of	works	 of	 architecture	 is	 the	 responsibility	 of	 an	 educated	 guild	 of	

designers,	who	are	trained	to	produce	“architecture,	as	opposed	to	mere	buildings.”	

This	 list	 of	 discursive	 uses	 highlights	 that	 associated	 meanings	 of	 the	 word	

‘sustainable’	 in	 the	 architectural	 discourse	 are	 wide-ranging.	 There	 appears	 to	 be	 little	

universal	consensus	on	how	the	word	‘sustainable’	is	to	be	accurately	employed.	On	the	one	

hand,	 this	 lack	 of	 standardised	 definition	 is	 likely	 a	 source	 of	 confusion.	 At	 face	 value,	 it	

appears	that	discursive	uses	of	the	word	are	lost	within	a	“jamboree	of	claims	and	concerns”	
(Hajer,	 1995)	 regarding	 what	 ‘sustainable’	 means.	 Nevertheless,	 it	 is	 possible	 that	 this	

discourse	 is	 purposively	 constructed	 to	 be	wide-ranging;	mirroring	 the	 range	 of	 research	

topics,	 questions,	 methods	 and	 techniques	 available	 at	 architects	 and/or	 academics’	

disposal	 to	 fulfil	 commitment	 to	 the	 sustainable	 cause.	 Rather	 than	 speculatively	 viewing	

discursive	 interpretations	 of	 sustainability	 as	 competing,	 regarding	 these	 multi-faceted	

interpretations	from	a	pluralist	lens	allows	us	to	view	diverse	design	solutions	as	successful	

from	 a	 sustainability	 standpoint.	 A	 non-standardised,	 pluralist	 interpretation	 of	

‘sustainability’	is	what	allows	architects	worldwide	to	create	a	rich	tapestry	of	architectural	

heritage	 that	 not	 only	 responds	 to,	 but	 also	 weaves	 together	 aesthetical,	 technical,	

contextual	and	humanistic	considerations.	

Nowadays,	 “for	 any	 architect	 not	 to	 profess	 passionate	 commitment	 to	 ‘green’	
[sustainable]	 buildings	 is	 professional	 suicide”	 (Sudjic,	 1996).	 Given	 the	 existence	 of	 the	
diversity	of	discursive	uses	of	the	word	‘sustainability,’	one	question	that	arises	is,	what	are	

the	 implications	 of	 such	 a	multiplicity	 of	meanings	 on	design	 education?	 Resonating	with	
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the	same	pluralist	standpoint	argued	for	above,	 in	both	the	creation	and	dissemination	of	

‘green	 knowledge,’	we	 agree	 that	 it	 is	 necessary	 to	 “avoid	 setting	 up	 bipolar	 oppositions	
between	different	paradigms	of	thought,	the	light	versus	dark	green	architects	or	the	social	
versus	 natural	 scientists.	 Instead,	 we	 can	 recognise	 researchers	 and	 practitioners	 as	
reflecting	 a	 constellation	 of	 values,”	 (Guy	 and	Moore,	 2007).	 Correspondingly,	 “differing,	
often	 competing,	 modes	 of	 knowledge”	 (Guy	 and	 Moore,	 2007)	 are	 to	 be	 regarded	 as	

opportunities	for	experimentation	in	design	education,	and	we	urge	educators	to	partake	in	

a	teaching	philosophy	whereby	students	are	encouraged	to	arrive	at	architectural	solutions	

that	both	reflect	and	synergise	the	mosaic	of	meanings	inherent	in	the	word	‘sustainable.’	

References	
Barrow,	 L.	 (2004).	 Elitism,	 IT	 and	 the	 modern	 architect;	 Opportunity	 or	 dilemma.	 Automation	 in	

Construction,	13,	131-145.	
Bassett,	R.	(2004).	Qualitative	data	analysis	software:	Addressing	the	debates.	Journal	of	Management	

Systems,	16	(4),	pp.	33-39.	
Baxter,	 J.	 (2010).	Discourse-analytic	approaches	 in	 text	and	talk.	 In:	Litosseliti,	L.	Research	methods	 in	

linguistics.	London:	Continuum	International	publishing	group,	pp.	117-137.	

Bryman,	A.	(2010).	Social	Research	Methods,	4th	edition.	Oxford:	Oxford	University	Press.	
Demirel-Özer,	 A.	 (2014).	 Environmental	 discourse	 in	 Turkish	 architecture.	 PhD.	 Izmir	 Institute	 of	

Technology.	

Edwards,	B.	(2001).	Green	Architecture.	In:	Architectural	design,	71	no	4:5.	London:	Wiley-Academy.	

Farmer,	G.	and	Guy,	S.	(2010).	Making	morality:	sustainable	architecture	and	the	pragmatic	imagination.	

Building	Research	and	Information	38	(4),	pp.	368-378.	
Foucault,	M.	(1972).	The	archaeology	of	knowledge	and	discourse	on	language.	New	York:	Pantheon.	
Gill,	R.	 (2000).	Discourse	analysis.	 In:	Bauer,	M.	W.	and	Gaskell,	G.	 (eds).	Qualitative	 researching	with	

text,	image	and	sound.	London:	Sage.	
Guy,	S.	(2005).	Cultures	of	architecture	and	sustainability.	Building	Research	and	Information,	33	(5),	pp.	

468-471.	

Guy,	S.	and	Farmer,	G.	(2001).	Reinterpreting	sustainable	architecture:	The	place	of	technology.	Journal	
of	Architectural	Education,	54	(3),	pp.	140-148.	

Guy,	 S.	 and	 Moore,	 S.	 A.	 (2007).	 Sustainable	 architecture	 and	 the	 pluralist	 imagination.	 Journal	 of	
Architectural	Education,	60	(4),	pp.	15-23.	

Hajer,	 M.	 (1995).	 The	 politics	 of	 environmental	 discourse:	 Ecological	 modernisation	 and	 the	 policy	
process.	Oxford:	Oxford	University	Press.	

Jain-guo,	W.	U.	(2012).	Studies	on	interdiscursivity.	Sino-US	English	Teaching,	9	(7),	pp.	1312-1317.	
Jones,	 M.	 L.	 (2007).	 Using	 software	 to	 analyse	 qualitative	 data.	 Malaysian	 Journal	 of	 Qualitative	

Research,	1	(1),	64-76.	
Oak,	 A.	 (2011).	 What	 can	 talk	 tell	 us	 about	 design?	 Analyzing	 conversation	 to	 understand	 practice.	

Design	Studies,	32	(3),	pp.	211-234.	
Orna-Montesinos,	 C.	 (2012).	 Constructing	 professional	 discourse:	 A	 multiperspective	 approach	 to	

domain-specific	discourses.	Newcastle	upon	Tyne:	Cambridge	Scholars	Publishing.	

Owen,	C.	and	Dovey,	K.	 (2008).	 Fields	of	 sustainable	architecture.	The	 Journal	of	Architecture,	 13	 (1),	
pp.9-21.		

Noble,	 D.	 (1993).	 Statement	 of	 David	 Noble	 at	 Hearings	 on	 Industrial	 Sub-Committee	 of	 the	 98
th
	 US	

Congress.	In:	Noble,	D.	Progress	without	People.	Chicago:	Charles	H.	Kerr	Publishing.	
PLEA	 (2017).	 Sustainable	 architecture	 +	 urban	 design.	 Available	 online	 at:	 http://plea-arch.org/plea-

proceedings/	[Accessed:	6
th
	March,	2017].	

Potter,	 J.	 (2004).	Discourse	Analysis.	 In:	Hardy,	M.	and	Bryman,	A.	 (eds).	Handbook	of	Data	Analysis.	
London:	Sage	

Sebastian,	R.	(2011).	Changing	roles	of	the	clients,	architects	and	contractors	through	BIM.	Engineering,	
Construction	and	Architectural	Management	18,	176-187.	

Sudjic,	D.	(1996).	A	house	in	the	country.	The	Guardian,	2nd	June.	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2204



	
 

The	Ethical	Commitment	to	Sustainability	in	the	Gulf	Countries;	Architectural	
Education	Challenge		

	
Kheira	Tabet	Aoul1	
	
Architectural	 Engineering	 Department,	 College	 of	 Engineering,	 United	 Arab	 Emirates	
University,	Al	Ain,	UAE,	kheira.anissa@uaeu.ac.ae	
	
Abstract:	The	world	is	changing.	International	agreements	coupled	with	public	policy	commitments	strive	to	set	
sustainability	 targets	 in	 the	 built	 environment.	 	 Professionals	 in	 this	 field	 need	 the	 skills	 to	 respond	 to	 this	
challenge,	where	 education	 plays	 a	 critical	 role	 to	 reach	 sustainable	 development.	Green	 design	 augurs	 for	
greater	 involvement	 of	 architectural,	 design	 and	 engineering	 schools	 in	 shaping	 and	 preparing	 tomorrow’s	
professionals	 who	 abide	 by	 and	 deliver	 an	 ecologically	 sensitive	 design.	 In	 this	 context,	 the	 Architectural	
Engineering	 program	 at	 the	 United	 Arab	 Emirates	 University	 has	 embedded	 sustainability	 throughout	 its	
curriculum,	graduating	technically	knowledgeable	students.	However,	while	the	program	has	strengthened	the	
technical	 knowledge,	 this	 has	 not	 necessarily	 translated	 to	 a	 higher	 sustainability	 awareness	 and	 ethical	
commitments.	 	 This	 may	 be	 particularly	 evident	 in	 the	 Gulf	 countries,	 where	 high	 earnings	 coupled	 with	
subsidized	 energy,	 do	 not	 reflect	 the	 true	 energy	 usage.	 The	 ethical	 commitment	 to	 a	 sustainable	 built	
environment	 remains	 yet	 to	 be	 fully	 reached.	 Hence,	 this	 paper	 reports	 on	 a	 course,	 developed	 to	 raise	
awareness	 and	 reinforce	 commitment	 to	 green	 design.	 It	 focuses	 on	 some	 activities	 that	 seemingly	 raised	
awareness.	Broadly,	this	paper	aims	to	raise	the	issue	of	ethical	commitments	to	sustainability	and	foster	a	wider	
discussion	on	educational	strategies.		
	
Keywords:	Sustainability,	Ethical	commitment,	Architectural	Education,	Gulf	Countries,	Awareness	

Introduction		

Humanity	 is	 at	 unprecedented	 crossroads.	 The	 implications	 of	 a	 rapid	 population	 growth	
coupled	with	an	unprecedented	resources	intensive	urbanization	led	to	critical	environmental	
issues.	Land,	food,	water,	air,	the	very	elements	needed	to	live	on	are	becoming	scarce	and	
highly	coveted	resources.	The	recognition	of	climate	change	and	global	warming	as	a	major	
risk	has	set	sustainability	as	a	world-wide	agenda,	triggering	multidimensional	initiatives.	In	
this	 context,	 the	United	Arab	Emirates	 (UAE),	 similar	 to	 all	 the	Gulf	 countries,	 	witnessed	
tremendous	 economic	 and	 urbanization	 expansion	 in	 the	 last	 forty	 years	 with	 however	
minimal	consideration	of	resources	and	energy-related	implications.	The	built	environment	
in	 the	UAE	 for	 instance,	accounts	 for	70%	of	energy	consumption,	mainly	used	 in	cooling,	
compared	to	the	global	average	of	40%	(almost	twofold).	A	fact	that	positioned	the	UAE	as	
one	of	the	world’s	largest	energy	consumption	per	capita,	a	situation	worsened	by	its	harsh	
climate	(World	Energy	Council,	2011;	Amaya,	2013;	Khondaker	et	al,	2016)	(Figure	1).		
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Figure	1:	UAE	electricity	consumption;	status	and	prevision	(Amaya,	2013)		

	
The	UAE	government	recognizes	the	energy–carbon	reduction	challenge	and	identified	

a	number	of	key	indicators	for	change	in	the	Economic	Vision	2030,	including	reducing	power	
demand	by	15%	by	2020	from	the	2010	levels	(UAE	Ministry	of	work,	2015).	The	identified	
challenges	to	reach	the	target	lie	in	a	number	of	issues	including	lack	of	policies	directed	to	
energy	efficiency,	limited	standards	related	to	products	and	system	performance	and	perhaps	
more	importantly	the	lack	of	public	awareness	and	education	related	to	the	critical	need	for	
resources	conservation	 (Amaya,	2013).	Education	 for	a	sustainable	development	has	been	
recognized	as	vital	and	set	as	a	strategic	target	since	the	1992	Rio	Earth	Summit.	UNESCO	
dedicated	a	decade	from	2005	to	2014	for	the	development	of	sustainable	education	(AASHE,	
2010),	a	target	now	commonly	and	 largely	 integrated	 in	higher	education	(UNESCO,	2012;	
EDUCATE,	2012;	AASHE,	2015;	AASHE,	2017).		However,	effectiveness	remains	contextually	
grounded	and	calls	for	improvements	(Corcoran	&	Wals,	2004).	

The	broad	focus	of	this	paper	aims	to	open	a	debate	on	the	importance	to	explore	ways	
to	reach	out	to	future	professionals	on	the	ethical	commitments	to	sustainability	in	general	
and	sustainable	built	environment	in	particular.		It	reports	on	the	gap	between	the	technical	
expertise	 gained	 in	 an	 architectural	 program	 to	 deliver	 green	 buildings	 and	 the	 limited	
awareness	and	potentially	ethical	commitments	to	sustainable	development.	Finally,	it	shares	
some	sample	activities,	part	of	an	elective	course	 that	aimed	to	bridge	this	gap	by	raising	
students’	overall	sustainability	awareness.			

Education	for	a	Sustainable	Built	Environment		

Education	in	general	and	higher	education	in	particular	is	facing	its	greatest	challenge	in	
meeting	its	responsibility	to	prepare	its	graduates	into	a	responsible,	knowledgeable	and	
innovatively	 creative	 workforce	 that	 can	 respond	 to	 today’s	 socio-economic	 and	
environmental	challenges	(AASHE,	2017).	In	this	context,	education	for	a	sustainable	built	
environment	 is	 an	 incumbent	 imperative.	 Professionals	 in	 this	 field	 have	 an	 obligation	 to	
ensure	that	the	buildings	and	urban	spaces	that	flow	from	the	design	process	are	a	product	
of	 careful	 and	 responsible	practice.	 This	has	not	always	been	 the	 case	and,	 rightfully,	 the	
finger	has	in	part	been	pointed	at	academia	for	not	providing	the	education	that	would	help	
such	professionals	respond	to	contemporary	sustainability	challenges	(Corcoran	&	Wals,	2004;	
Altomonte	et	al.,	2014).			

The	sustainable	education	target	has	been	recognized	and	embraced	worldwide.	The	
Association	 for	 the	 Advancement	 of	 Sustainability	 in	 Higher	 Education	 lists	 academic	
programs	 in	 sustainability	 and	 related	 fields	 within	 over	 500	 organization	 in	 Northern	
America	 alone	 (AASHE,	 2015).	 Intensive	 research	 spurred	 around	 the	 integration	 of	
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sustainability	 in	higher	education	 (AASHE,	2015;	AASHE,	2017),	highlighting	 challenges,	
gaps,	 framing	 issues	while	 exploring	models	 and	best	practices	 (Altomonte	et	al.,	2014,	
Desha	et	al,	2007;		Gough	&	Scott,	2003;	Moore,	2005;		De	la	Harpe	&	Thomas,	2009;	Waas	
et	al,	2010;	Arjen,	2002;	McFarlane	&	Ogazon,	2011).		

Similarly,	several	institutions	within	the	UAE	launched	undergraduate	and	graduate	
program	 articulated	 around	 a	 sustainable	 built	 environment.	While	 the	 importance	 of	
education	to	foster	a	sustainable	life	has	been	internationally	accepted	as	a	critical	agenda,	
achievements	 and	 performance	 are	 yet	 to	 be	 verified.	 The	 ethics	 of	 sustainability	 in	
particular	may	largely	be	affected	by	economic	and	political	discourses	(Kibert	et	al,	2010).	
Further,	 the	 meaning	 attached	 to	 a	 phenomenon	 might	 be	 largely	 culturally	 nested	
(UNESCO,	1996).	Hence,	approaches	in	one	socio-cultural	setting	might	be	quite	different	
in	another	and	call	for	a	critical	appraisal	of	education	effectiveness.	Further,	in	high	levels	
of	material	affluence	and	consumption	societies,	education	may	fall	short	of	reaching	its	
target	by	only	imparting	scientific	and	technical	skills	(AASHE,	2017).	

Sustainability	and	Architectural	Engineering	Program	at	United	Arab	Emirates	University	

The	Architectural	Engineering	(AE)	program	at	the	United	Arab	Emirates	University	(UAEU)	
embedded	 the	 concept	 and	 processes	 of	 sustainable	 built	 environment	 across	 the	
curriculum.	 It	 embraced	 an	 integrated	 design	 approach	 as	 the	 complexity	 of	 buildings	
exceeds	 the	expertise	on	 isolated	 individual	 systems	or	components.	This	attribute	has	
been	recognized	as	one	of	the	main	program	strength	in	its	2016	reaccreditation	by	the	
Accreditation	Board	for	Engineering	and	Technology	(ABET).		

Students	 are	 particularly	 knowledgeable	 at	 designing	 high	 performing	 buildings	
through	 building	 energy	 efficiency	 optimization,	 material	 selection	 and	 integration	 of	
renewable	energy	systems.	Although	the	program	has	improved	scientific	knowledge	and	
the	analytical	and	problem	solving	skills	in	these	areas,	this	has	not	necessarily	translated	
into	a	higher	awareness	level	and	ethical	commitment	to	the	sustainability	issue.		A	gap	
that	called	 for	 the	“need	to	 refocus	many	existing	education	policies,	programmes	and	
practices	so	that	they	build	the	concepts,	skills,	motivation	and	commitment	needed	for	
sustainable	development”	(UNESCO,	2002).	This	may	be	particularly	evident	 in	the	Gulf	
region,	where	high	incomes	and	subsidized	utilities	overshadow	the	true	energy	usage.		

The	ethical	commitment	to	the	sustainable	development	 in	the	built	environment	
remains	 yet	 to	 be	 fully	 reached.	 In	 the	 light	 of	 recent	 economic	 adjustments,	 there	 is	
evident	 pressure	 to	 consider	 ways	 to	 raise	 sustainability	 awareness	 and	 ethical	
commitment	 versus	 technical	 expertise.	 In	 light	 of	 these	 concerns,	 a	 set	 of	 simple	
activities	 have	 been	 embedded	 in	 an	 elective	 course	 at	 the	 UAEU	 and	 seem	 to	 have	
reached	a	more	than	expected	target.		

A	Sustainable	Built	Environment?	Course	Target,	Achievements	and	Challenges	

The	 Sustainable	 Architecture	 and	Urban	 Environments	 in	 Hot	 Climate	 (ARCH532)	 is	 an	
elective	course	typically	taken	in	the	student’s	4th	or	5th	year.	 It	 is	one	among	a	 limited	
number	of	select	courses	that	account	for	the	Bachelor/Master	(BS/MS)	dual	degree	that	
undergraduates	with	a	strong	academic	record	may	take	as	part	of	an	accelerated	BS/MS	
Program.			

The	course	is	developed	to	complement	the	core	curriculum	courses	and	spans	over	
a	range	of	scales	and	topics.	The	catalogue	course	description	targets	the	familiarization	
of	students	with	the	“Characteristics	of	hot	climates	and	analysis	of	comfort	conditions.	
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Employing	 natural	 resources	 to	 improve	 harsh	 desert	 conditions.	 Studying	 the	 adverse	

impact	on	energy	costs,	greenhouse	gas	emissions,	and	environmental	problems.	Learning	

sustainable	design	and	urbanism	from	vernacular	architecture	and	settlements	and	new	

innovative	constructions.	 Integrative	design	with	performance	analysis	using	simulation	

tools.	 Detailing	 design	 and	 technologies	 to	 shape	 the	 built	 environment:	 cool	

microclimates	and	greenery,	advanced	building	skins,	building	materials,	passive	cooling	

and	integration	with	energy	efficient	active	systems.”	(ARCH532,	2017).	Upon	successful	
completion	of	this	course,	the	intended	outcomes	are	that	students	should	be	able	to;	a)	
Define	the	environmental	impacts	of	urbanization	/	buildings	and	discuss	implications	of	using	
non-renewable	energy,	b)	Identify	the	appropriate	urban	and	architectural	responses	in	hot	
arid	and	hot	humid		climates,	c)	Recognize	the	requirements	of	Green	Buildings	and	select	
optimum	 strategies	 and	 d)	 Assess	 critically	 the	 strategies	 used	 in	 green	 buildings	 that	
responds	to	climate	and	meets	the	fundamental	requirements	of	energy	efficiency	and	water	
conservation.	

The	main	topics	addressed	in	the	lectures	included	climate	change	and	global	warming,	
the	 ecological	 footprint,	 urbanization	 and	 the	 environment,	 Urban	 Heat	 Island	 and	
sustainable	urbanism,	Green	rating	system	and	high	performance	buildings,	energy	and	water	
conservation	in	the	built	environment,	while	the	final	term	project	targeted	the	retrofitting	
of	their	own	home	for	an	improved	energy	and	water	performance.		Additionally,	students	
led	 research	 presentation	 on	 topics	 that	 clearly	 aimed	 at	 identifying	 the	 related	 health,	
economic,	 social	 and	 environmental	 relationships	 and	 impacts	 while	 exploring	
international	and	regional	initiatives	to	address	these	issues.	In	this	context,	some	of	the	
activities	seem	to	have	triggered	more	learning	enthusiasm,	inquisitiveness	into	the	topic	
and	 its	 implication.	 Some	 of	 the	most	 seemingly	 impacting	 ones	 are	 presented	 in	 this	
paper.		

Sample	Activities;	Content	and	Outcomes		

The	select	sample	of	activities	presented	in	this	paper	are	linked	to	the	first	three	topics	
(climate	 change	 and	 global	 warming,	 the	 ecological	 footprint	 and	 urbanization	 and	
environmental	 impacts).	 The	 common	 underlying	 objective	 was	 to	 engage	 students	 in	
critical	 reviews	 and	 debates	 ranging	 from	 the	 socio-behavioural	 review	 of	 personnel	
lifestyle,	to	urban	and	architectural	design	decision	and	their	environmental	implications.		
The	basic	ecological	 footprint	 calculation	 for	example,	assessing	and	comparing	among	
students	 how	 sustainable	 their	 lifestyle	was,	 emphasized	 disparities	 linked	 to	 lifestyle,	
consumer	behaviour	and	lack	of	awareness.		

The	Newspaper	Review	

A	warm-up	activity	occurred	in	a	lab	session,	where	students	were	given	copies	of	a	local	
daily			newspaper,	Gulf	News,	spanning	over	a	week	period.		They	were	asked	to	identify	
topics	 that	 may	 be	 linked	 to	 climate	 change,	 global	 warming,	 urbanization	 and	
environmental	impacts	as	well	as	any	mitigating	initiatives.	A	brief	summary	of	one	topic	
along	its	relationship	to	the	topics	addressed	was	shared	with	the	class.	The	first	striking	
observation	for	all	was	the	recurrent	or	daily	related	events	from	natural	disasters	such	
as	 flooding,	 hurricanes	 or	 drought	 and	 their	 consequences	 on	 vulnerable	 populations	
causing	varying	damages;	displacements,	migration,	starvation,	disease,	deaths	as	well	as	
negative	impacts	such	as	loss	of	eco-systems,	biodiversity	or	animal	natural	habitats	were	
also	 recurrent	 topics.	 They	 also	 noted	 the	 large	 number	 of	 initiatives	 ranging	 from	
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adhesion	to	 international	protocols,	energy	related	events	ranging	from	conferences	to	
trade	show	exhibits,	 local	or	regional	 initiatives	to	 increase	renewable	energy	usage.	 In	
brief,	 it	carried	a	broader	perspective	on	environmental	 risks,	 impacts	and	the	need	to	
adequately	address	them.			

	

World	carbon	emissions	by	country;	roles	and	responsibilities		

Another	activity,	designed	as	role-play	scenarios,	relied	on		critical	inquisitive	data	mining	
that	aimed	to	build	a	critical	approach	to	first	hand	data.	First,	students	were	provided	
with	Figure	2,	depicting	a	world	atlas	of	pollution	in	the	form	of	CO2	emissions	by	country	
for	a	given	year.	Then,	they	were	asked	to	review	the	data,	discuss	it	in	small	groups,	then	
through	class	discussion	explain	it	and	comment	on	the	status,	roles	and	responsibilities,	
with	an	underlying	quest	to	identify	the	particular	nation’s	most	responsible	factors	for	
climate	 change	 as	 per	 its	 CO2	 emissions.	 	 The	 currently	 high	 emitting	 countries	 were	
quickly	blamed	for	their	extremely	high	emission	and	therefore	their	contribution	to	the	
detrimental	global	warming	phenomenon.		

Next,	 the	 class	 was	 divided	 into	 4	 groups	 (3-4	 students)	 each	 representing	 a	
country	 or	 a	 region,	 namely	 either	 the	 United	 States,	 China,	 Europe	 or	 the	 developing	
countries.		They	were	asked	to	consider	that	they	are	delegates	of	these	entities	attending	
international	climate	summit	where	reduction	on	CO2	emissions	will	be	imposed.	Their	role	
is	 to	best	 defend	 the	 country’s	 position	 regarding	CO2	emission	 and	 reduction	measures.		
Time	was	given	to	search	and	build	the	right	arguments	to	defend	their	country’s	position	
prior	 to	 a	 general	 argument-presentation-debate.	 This	 activity	 resulted	 in	 an	 extremely	
engaged	and	lively	debates	that	broaden	their	views	to	the	concept	of	“climate	justice”	and	
equity.	 The	notion	of	historical	 responsibilities	 and	 the	 right	 for	growth	and	development	
were	sustained	with	very	creative	arguments.	They	realized	that	all	have	a	common	goal	but	
different	responsibilities.	

	
	

Figure	2:	An	atlas	of	pollution:	the	world	in	carbon	dioxide	emissions	(the	Guardian,	2012)		
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Evaluation	of	the	Course	Outcomes	

The	 overall	 course	 outcomes	 are	 traditionally	 evaluated	 via	 direct	 and	 indirect	
assessments	including	students’	opinions,	performance	on	exams	and	projects	assessed	
against	the	course	learning	objectives.	However,	a	specific	question	included	in	a	written	
exam	aimed	to	check	the	students’	perception	of	the	most	prominent	course	learnings.	
Students	were	asked	to:	“Comment	on	what	you	have	learned	in	this	course	and	how	it	

may	benefit	your	studies	and/or	professional	work?”	
Over	90%	of	the	respondents	positioned	the	increased	awareness	of	environmental	

impacts	and	the	need	for	a	holistic	approach	to	sustainability	as	expressed	by	one	student:	
“This	course	provides	eye-opening	knowledge	about	just	how	detrimental	our	lifestyle	is	

to	us	and	our	environment.	Everything	from	the	urban	form	to	daily	life	of	the	individual	

have	many	issues	that	can	be	easily	solved	with	a	little	awareness	from	the	planners..”.		It	
specifically	highlighted	the	gap	between	the	acquired	technical	knowledge	and	the	wider	
causes	and	implications	of	choices	as	stated	by	one	respondent	“Before	this	course,	I	was	
thinking	that	being	sustainable	means	designing	buildings	that	are	efficient,	operate	with	

PV	 and	 reduce	 their	 energy	 consumption.	While	 through	 the	 first	 part	 of	 the	 course,	 I	

realized	 that	 identifying	 the	problem,	 causes	and	 impacts	will	 assist	 in	 finding	 the	best	

solution..	Prior	to	any	design	decision,	or	a	quick	fix	solution	we	need	to	define	and	rethink	

how	it	could	affect	when	applied…”.	Similarly,	another	respondent	mentioned	that	“…	the	
course	opened	my	eye	to	a	 lot	of	things	specially	when	we	started	with	global	 issues	of	

climate..	I	was	shocked	that	all	this	is	happening…	I	learned	that	there	is	a	lot	of	things	in	

the	architects’	hands..	It’s	our	responsibility	to	distribute	awareness	and	convince	people	

for	a	greener	world…”		
The	impact	of	a	raised	awareness	seems	to	have	outweighed	the	remaining	parts	of	

the	course	as	stated	by	one	student:	“The	beginning	of	the	course	has	been	an	eye	opener	
in	terms	of	the	impacts	on	the	environment	and	the	problems	and	challenges	facing	it.	It	

connected	me	 to	my	 activities	 as	 a	 human	 being	 living	 on	 earth	 “my	 footprint”.	 I	 also	

realized	 the	extent	of	urban	design	decision	 such	as	 sprawl	and	 transportation	 impacts	

which	in	turn	will	affect	the	environment.		

The	 gap	 between	 the	 needed	 basic	 knowledge	 was	 further	 stressed	 by	 another	
student:	“…	 I	have	calculated	what	an	ecological	 footprint	was	and	even	calculated	my	

own,	which	in	turn	had	me	change	a	few	aspects	of	my	life...	I	have	also	learned	that	there	

are	active	form	of	duties	that	we	have	not	been	prepared	for….	I	have	realized	that	a	lot	

of	information	learned	here	should	be	general	knowledge	for	all	but	people	do	not	have	

any	awareness	about	the	issues,	thus	they	are	not	being	taken	very	seriously,	as	well	as	

being	able	 to	 correct	others,	 that	alone	helps	me	converse	 convincingly	with	people	on	

issues	 much	 above	my	 impact	 level…,	 making	 them	 aware	 of	 issues	 that	 can	 and	 will	

threaten	us	all”.		Additionally,	a	potential	impact	on	future	career	choices	was	highlighted	
by	one	third	of	the	group,	where	one	indicated	that	“I	would	like	to	continue	my	studies	

towards	 sustainability	 and	 have	 a	 big	 change	 in	my	 career,	 because	 the	 solutions	 are	

available	we	just	need	to	be	aware…..It	really	opened	my	eye	to	a	bigger	perspective	not	

just	 design	and	 construction	but	 also	 how	our	 choices	 and	decisions	 as	 individuals	 and	

professionals	will	affect	on	a	wider	scale..”	
Although	limited	to	a	small	sample	(24	students)	and	requiring	further	validation,	

these	reponses	are	a	clear	indicator	of	the	gap	between	technical	knowledge	acquired	and	
in	 this	 context	 the	 critical	 need	 to	 effectively	 reach	 out	 to	 embrace	 sustainable	
development.	Beyond	the	inherent	ambiguities	involved	in	defining	sustainability,	there	
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are	calls	to	insure	that	such	initiative	are	moving	in	the	right	direction.	This	leads	to	the	
question	of	“What	is	a	more	appropriate	form	of	environmental	education?	...	[I]t	is	one	which	

includes	consideration	of	both	human	consciousness	and	political	action	and	thus	can	answer	

moral	and	social	questions	about	educational	programs	which	the	dominant	form	[of	research	

paradigm]	cannot.	It	is	one	which	is	more	consistent	with	the	Eco	philosophical	view	–	which	

encourages	individuals	to	be	autonomous,	independent	critical	and	creative	thinkers,	taking	

responsibility	for	their	own	actions	and	participating	in	the	social	and	political	reconstructions	

required	to	deal	intelligently	with	social/environmental	issues	within	mutually	interdependent	

and	evolving	social	situations”	(Robottom,	1993).		There	is	certainly	no	single	answer	that	will	
fit	in	all	context,	thus	calling	for	a	contextual	review	and	adaptation	of	sustainable	education	
that	is	regionally	grounded.	

Conclusion	

This	 paper	 aims	 to	 foster	 a	 wider	 debate	 on	 the	 way	 sustainability	 needs	 to	 be	
addressed	in	education	in	general	and	more	specifically	in	the	context	of	the	Gulf	countries.	
The	rapid	changes	that	have	taken	place	in	the	region	shaped	citizens	beliefs	and	attitudes	
grounding	them	in	luxury	and	consumer	culture,	part	of	a	global	culture	of	materialism	that	
leaves	little	room	for	a	real	ethical	commitments	to	sustainable	development.	In	this	context,	
it	questions	outcomes	of	sustainable	architectural	education	grounded	mainly	 in	 technical	
knowledge,	with	a	risk	of	limited	commitments.	

Through	 a	 selected	 sample	 of	 course	 activities,	 the	 paper	 aims	 to	 share	 a	 selected	
sample	of	activities	that	engaged	students	to	inquisitively	and	critically	assess	the	deeper	and	
ramified	 implications	 of	 resources	 intensive	 choices,	 ranging	 from	 lifestyle	 to	 urban	 and	
building	design	and	material	selection.	The	outcome	of	the	course,	although	covering	various	
related	topics,	appears	to	be	mainly	the	raised	awareness	of	the	implications	of	these	choices	
on	the	environment	and	natural	resources.		This	raises	the	critical	need	to	address	the	ethical	
commitments	 to	 sustainability	 in	 education	 and	 beyond	 in	 the	 region.	 It	 stresses	 the	
challenges	 facing	 sustainability	 in	 education	 and	 the	 need	 to	 go	 beyond	 Curriculums	
orientation	to	explore	teaching	techniques.	Further,	it	emphasizes	the	critical	need	to	include	
educational	sustainability	throughout	all	educational	levels.	While	this	is	a	task	that	calls	for	
a	 multi-participatory	 stakeholders,	 in	 higher	 education	 there	 might	 be	 a	 critical	 need	 to	
develop	a	university-wide	course	on	sustainability	bridging	across	all	fields	and	disciplines.		

It	ultimately	stresses	the	role	of	education	in	general	and	higher	education	in	particular	
to	continuously	challenge	and	critique	value	knowledge	claims.	Part	of	this	challenge	lies	in	
engaging	students	in	environmental,	economic	and	socio-scientific	arguments	and	calls	for	a	
critical	 review	 of	 how	 the	 sustainability	 concept	 	 is	 conveyed,	 as	 it	 requires	 its	
contextualization	and	consideration	of	conflicting	values,	beliefs,	norms	and	interests.		
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Abstract:	Upon	request	of	the	Architectural	Technology	Students,	we	developed	a	module	that	used	a	real-life	

competition	design	project	at	its	core.	Developed	with	sustainability	and	environmental	awareness	in	mind,	the	

students	were	required	to	evaluate	the	site,	materials	and	energy	of	their	designs	and,	competing	as	groups,	

adapt	 them	 to	 maximize	 the	 functionality	 of	 the	 brief.	 This	 module	 enabled	 students	 to	 gain	 insight	 into	

collaborative	processes,	both	with	each	other	as	well	as	others	in	the	design	team	very	early	in	their	professional	

education.	The	brief	set	has	enabled	students	to	increase	their	knowledge	and	research	skills	and	through	Kolb’s	

cycle	of	action	and	reflection,	encouraged	them	to	find	help	not	only	within	the	department	but	also	outside	of	

the	course,	promoting	interdisciplinary	collaboration	and	a	broader	understanding	of	the	real-life	design	process.	

The	two	finalists	 then	had	the	experience	of	an	actual	client	and	design	team	presentation,	 followed	by	 the	

judging	panel	questioning	them	about	their	work	before	deciding	on	the	winner.	This	paper	gives	both	staff	and	

student	viewpoints	of	the	project	and	process	as	well	as	outcomes	of	the	experiment.	The	paper	will	be	jointly	

written	and	presented	by	both	staff	and	student	participants.	

	
Keywords:	Activity-led	learning,	Collaboration,	Architectural	Technology,	Design,	Innovation	
	
Introduction		

	

The	construction	industry,	and	design	in	particular,	is	based	on	working	in	teams,	with	both	

communication	and	feedback	(Bennet,	et	al.	2006).	A	typical	construction	project	is	inherently	

complex	and	cannot	be	designed	and	built	alone,	yet	some	traditional	architectural	design	

studios	teach	design	 in	 isolation	with	no	 input	from	other	design	colleagues	or	other	built	

environment	professionals.		

This	 project	 was	 designed	 upon	 specific	 requests	 from	 the	 First	 Year	 Architectural	

Technology	students	to	have	another	design	project	in	the	second	semester	following	on	from	

their	 taught	 design	module	 in	 semester	 1.	We	 developed	 a	module	 that	 used	 a	 real-life	

competition	design	project	at	its	core	as	an	experiment	to	engage	the	students	and	enhance	

their	learning.		

Aware	of	industry’s	growing	demand	and	the	need	to	adjust	the	teaching	program	to	

the	 ever-changing	 market,	 we	 have	 developed	 a	 new	 experimental	 teaching	 style	 which	

allowed	 us	 to	 deliver	 a	 more	 real-life-focused	 teaching	 style	 which	 revolved	 around	 real	

emerging	 opportunities	 in	 the	 construction	 market.	 Through	 the	 development	 of	 group-
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oriented	teaching	modules	requiring	students	to	provide	their	own	site	surveys,	research	and	

insights	into	redevelopment	or	new	build	structures,	we	have	achieved	a	more	successful	and	

progressively	 more	 advantageous	 approach	 to	 education.	 Through	 constant	 exposure	 to	

industry	 professionals	 and	 their	 involvement	 in	 the	 judging	 process,	 the	 students	 have	

acquired	a	competition-based	mindset	which	is	necessary	in	the	highly	competitive	world	of	

today.	

During	this	time,	a	marked	increase	in	student	engagement	has	been	observed,	which	

resulted	 in	 delivery	 of	more	 profound	 and	 professional	work	 from	 students	 early	 in	 their	

education.	By	having	equipped	them	with	adequate	mindset	and	allowing	them	to	develop	

soft	skills	through	the	presentation	process	and	the	constant	exposure	to	working	as	part	of	

groups	that	are	additionally	stimulated	by	the	reality	of	working	on	an	actual	project	that	will	

have	the	chance	to	be	judged	by	the	owner	of	the	site,	students	have	produced	an	overall	

higher	and	more	satisfactory	work	standard	compared	to	groups	who	have	not	been	exposed	

to	this	teaching	style	in	the	past	years.		

By	introducing	real	local	briefs	which	are	tied	not	only	to	their	education	but	will	have	

an	 impact	on	the	shape	of	 the	city,	students	have	constantly	observed	the	changes	 in	the	

progress,	preparing	them	for	modules	 in	next	years,	allowing	them	to	begin	their	work	on	

Town	Planning	and	Architectural	Development	with	a	more	profound	background	knowledge	

and	the	correct	approach	from	day	one,	resulting	in	a	series	of	well-prepared	projects	that	

take	for	certain	not	only	the	sustainable	approach	into	construction,	but	also	focus	on	more	

details	that	have	not	been	mentioned	in	the	brief,	naturally	stimulating	students	to	perform	

their	own	research	and	seek	to	solving	their	problems	outside	of	the	department.	

A	marked	change	can	be	seen	even	in	highly	theoretical	subjects	such	as	Architectural	

History,	which	instead	of	being	just	a	secluded	part	of	Design	Studies	is	perceived	as	an	active	

and	living	part	of	the	active	design	process.	The	knowledge	actively	pursued	in	those	sessions	

(through	persistent	questioning)	has	been	applied	to	the	very	designs	in	the	second	entry	to	

the	Trada	Competition	 this	 year,	 yielding	even	more	profound,	advanced	and	considerate	

pieces	of	work	in	Year	2.	

	
Literature	Review	

	

There	is	a	growing	body	of	literature	to	acknowledge	the	benefits	of	“Activity	Led	Learning	

(ALL)”	especially	within	Coventry	University	(Wilson-Medhurst	and	Glenning,	2009).				The	aim	

of	ALL	is	similar	to	that	of	“Problem	Based	Learning	(PBL)”	(Roberts,	2007)	where	students	

are	given	tasks	involving	problems	or	issues	and	asked	to	resolve	the	scenarios	as	part	of	a	

project	to	enhance	learning	rather	than	the	traditional	approach	of	lectures	and	examination.	

Nicholls	 (2002:12)	also	refers	to	these	three	approaches	as	closed,	 framed	and	negotiated	

approaches.	Using	a	design	project	as	part	of	a	module	utilises	all	three	of	these	approaches,	

encouraging	independent	learning.					

Architectural	 education	 tends	 to	 be	 project	 based,	 with	 simulated	 real	 life	 projects	

(Roberts,	A	2007),	and	Architectural	Technology	courses	are	starting	to	use	a	similar	approach.	

Dr	Vicky	Gunn	states	that	students	can	benefit	from	research	teaching	linkages	as	they	learn	

new	skills	through	real	 life	examples	(Gunn,	V	2010).	Academics’	 links	with	employers	also	

benefits	 students	 when	 they	 leave	 their	 studies,	 while	 students’	 interaction	 with	

professionals	 in	 their	discipline	 increases	 the	disciplinary	 ‘way	of	 thinking’	 (Gunn,	V	2010)	

	 Working	 on	 projects	 collaboratively	 can	 improve	 students’	 learning	 and	 ‘Active	

involvement	in	learning	helps	the	student	to	develop	the	skills	of	self-learning	while	at	the	

same	 time	contributing	 to	a	deeper,	 longer	 lasting	knowledge	of	 the	 theoretical	material’	
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(Wilson-Medhurst,	S	&	Glendinning,	I	2009).	Parnell	and	Iyer	state	that	‘the	peer	discussion	

method	has	a	positive	effect	on	students’	learning	processes’	(Iyer,	2015)	and	that	‘students	

develop	 higher	 quality	 cognitive	 strategies	 cited	 as	 necessary	 for	 the	 management	 of	

disjunction’	(Parnell,	2001).		 	 	 	 	 	 	 	

	 RIBA	and	Architects	Journal	websites	promote	the	use	of	competitions	in	architectural	

practice,	 however	 there	 is	 little	 written	 about	 the	 use	 of	 architectural	 competitions	 in	

education.	Verhoeff	states	that	‘the	beneficial	effect	of	a	competition	derives	precisely	from	

the	 fact	 that	 it	 is	 a	 change	 from	 the	 regular	 curriculum’	 (Verhoeff,	 1997)	 and	 Sara	

acknowledges	that	external	involvement	that	real	life	projects	offer	produce	work	of	value	to	

the	client/user	group	with	 the	process	 ‘more	dialogic	and	 inclusive	 than	 traditional	 studio	

projects,	allowing	and	embracing	alternative	voices	in	the	studio	environment’	(Sara,	2006).	
	
Project	Description	
	

The	design	project	 chosen	was	 that	of	 the	Arboreal	 competition	design	brief	 provided	by	

TRADA.	The	original	competition	was	launched	by	TRADA	in	September	2015,	with	entries	to	

be	uploaded	by	June	2016.	The	brief	was	to	design	a	flagship	timber	structure	for	Arboreal	at	

the	Sylva	Wood	Centre	in	south	Oxfordshire,	with	emphasis	on	being	creative,	technologically	

advanced	and	inspirational.		

Students	were	therefore	asked	to:	

1.	Design	a	new	two	storey	timber	structure	to	serve	as	a	multi-use	building,	housing	

offices,	 seminar	 space,	 exhibition	 space	 and	 a	 field	 laboratory	 (noting	 that	 the	 existing	

buildings	will	be	taken	down	to	make	way	for	the	brand	new	Arboreal	building).		

2.	 Incorporate	 cutting-edge	 materials	 and	 technologies	 throughout	 to	 act	 as	

inspiration	to	visitors	and	users,	with	emphasis	on	sustainability	and	low	energy	design.	

To	fit	 in	with	the	timescale	of	the	semester,	 the	project	was	condensed	 into	an	11	

week	timeslot,	with	a	series	of	briefings,	site	visits	and	inspirational	lectures	and	sessions	from	

other	disciplines.	Using	a	real-life	brief	and	speaking	to	a	real-life	client,	the	students	were	

encouraged	using	a	problem	based	approach	to	develop	a	collaborative	design	in	teams	that	

would	not	only	fulfil	the	brief	but	also	to	work	together	to	simulate	real	life	practice.	

This	was	a	purely	optional	module,	however	the	use	of	a	competition	as	a	brief	worked	

as	 an	 incentive	 for	 the	 students	 to	 learn	 and	 develop	 their	 research,	 investigation	 and	

collaborative	 skills	 based	 on	 real	 life	 links	 with	 industry.	 Although	 the	 module	 was	 not	

mandatory,	 the	 whole	 class	 willingly	 participated	 regardless	 of	 the	 workload	 from	 other	

formally	marked	modules	in	that	semester,	and	two	teams	were	shortlisted	internationally.	

Using	 Kolb’s	 cycle	 of	 action	 and	 reflection	 (Moon,	 J	 2003),	 the	 project	was	 set	 up	

similarly	to	a	standard	design	studio	module,	with	a	series	of	interim	design	reviews	with	the	

first	addressing	site,	precedent	and	process	analysis	including	investigation	of	the	brief	with	

subsequent	 review	 focusing	 on	 design	 and	 sustainability	 of	 materials.	 During	 the	 review	

processes,	the	conceptual	designs	were	thoroughly	questioned	and	under	creative	scrutiny	

were	required	to	adapt	to	the	brief	in	a	more	functional	manner.	The	final	review	looked	at	

finalised	designs,	details,	structural	analysis,	application	of	feedback	from	interim	design	and	

seeking	help	from	outside	the	department.	The	client	was	involved	in	the	initial	stages,	and	

interim	 assistance	 was	 available	 from	 the	 TRADA	 representative.	 Thanks	 to	 the	 high	

frequency	of	 reviews	and	the	resulting	engagement	 from	students,	 the	design	project	has	

been	led	in	the	spirit	of	creativity	and	innovation	under	a	watchful	eye	of	industry	experienced	

professionals	to	ensure	functional	and	real	life-relevant	final	output.	
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All	 student	 teams	were	 entered	 into	 the	 final	 competition	 stage	 of	 the	 project	 to	

compete	 against	 worldwide	 entries	 from	 differing	 courses	 and	 year-groups.	 Two	 were	

selected	to	be	in	the	final	six	where	they	had	to	complete	a	final	presentation	and	interview	

with	 the	 judging	 panel	 who	 were	 composed	 of	 industry	 representatives,	 clients,	

manufacturers	and	engineers.	

	

Staff	Viewpoint	
	

Time	management	
	

From	a	staff	point	of	view,	the	project	took	up	a	lot	of	time	both	to	investigate	the	project	

and	to	set	up	the	links	and	work	with	the	TRADA	industry	and	other	disciplines.	The	timetable	

needed	 close	 organisation	 to	 ensure	 that	 there	 were	 no	 clashes	 with	 the	 other	 marked	

modules,	and	to	gain	the	buy	in	of	other	staff	members	from	different	disciplines	involved	a	

lot	of	negotiation.	As	the	students	had	a	lot	of	other	projects	to	complete	simultaneously,	the	

project	had	to	be	carefully	micromanaged	to	ensure	that	the	students	met	their	marked	goals	

as	well.			
	

Departmental	links	
	

Following	the	success	of	the	first	competition	review,	we	invited	the	whole	department	to	

see	the	work	which	was	left	pined	up	in	studio.	Other	staff	members	were	impressed	with	

the	hard	work,	asking	 if	 they	could	be	 involved	and	offering	assistance.	This	strengthened	

links	 across	 the	 university	 and	 increased	 the	 profile	 of	 the	 course,	 especially	 with	

management.	There	were,	however,	others	who	felt	threatened	by	the	success	of	the	project	

and	although	there	was	a	general	feeling	of	achievement,	there	was	no	increase	in	workload	

because	of	it.	
		
Course	profile	

	

The	profile	of	the	course	increased	exponentially	as	a	result	of	this	project,	both	within	the	

department	as	mentioned	previously,	but	also	outside	 the	University.	As	we	had	so	many	

entries	from	a	single	university,	we	had	an	area	at	the	client	site	set	up	to	showcase	our	work,	

and	the	students	and	staff	found	it	to	be	very	self-motivating	to	be	acknowledged	in	this	way.	

We	also	had	a	significant	increase	in	profile	of	the	course,	both	with	the	companies	of	the	

judges,	as	well	as	an	increase	in	student	numbers	due	to	the	high	quality	of	the	work	received.		
	

Quality	of	work	
	

The	competition	brought	out	the	competitive	side	of	the	class,	pushing	them	to	achieve	their	

goals	 and	 to	 collaborate	 through	 others.	 It	 was	 of	 a	 much	 higher	 standard	 than	 that	 of	

previous	years’	 students	and	 their	work	has	been	on	display	within	 the	building	 to	entice	

people	to	see	their	designs	and	layouts.	Overall	it	was	a	resounding	success.	

	

Student	Viewpoint	
	

Bonding	
	

Introduction	of	 the	 extracurricular	module	 into	 the	A.T.	 studio	 environment	 last	 year	 has	

brought	about	new	challenges	as	well	as	new	opportunities	we	did	not	have	before.	Because	

of	the	teaching	style	and	strong	focus	on	group	work	at	Coventry	University,	we	already	had	

a	 chance	 to	 bond	 as	 class,	 but	 now	with	 an	 added	 perspective	 of	 actual,	 internationally	
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recognized	competition	ground	we	found	a	chance	to	not	only	push	the	boundaries	of	our	

knowledge	and	design,	but	in	an	indirect	way	to	work	together	as	one	big	group.	Realizing	

that	each	person	has	their	own	unique	strengths	meant	that	soon	after	beginning	the	project	

we	 started	 collaborating	with	 other	 groups	 participating	 in	 the	 challenge	 –	 sometimes	 in	

search	of	solutions,	sometimes	 looking	for	help	with	manifesting	 ideas	and	other	times	to	

have	someone	challenge	our	design.		
	

Confidence	
	

Without	realizing	 it	at	 first,	we	have	created	a	busy,	goal-oriented	real	 life	team	of	

driven	individuals	who	thrived	in	a	collaborative	environment	–	almost	as	if	we	were	in	an	

actual	firm.	This	gave	us	a	chance	like	no	other	to	develop	designs	for	a	real,	tangible	purpose,	

boosting	the	morale	and	motivation	of	near	everyone	in	the	class.	
	

Collaboration	and	achievement	
	

Soon	 it	 became	 apparent	 that	 creating	 a	 successful	 design	 which	 was	 not	 only	

aesthetically	pleasing	and	technically	coherent,	but	was	also	equipped	with	a	sound	structure	

required	us	to	extend	beyond	the	current	knowledge	we	possessed	and	lead	us	to	seek	new	

solutions	elsewhere.	Because	of	particular	construction	challenges	that	my	design	was	posing,	

I	had	to	reach	out	outside	of	our	department	and	speak	with	structural	engineers,	experts	on	

timber	construction	and	sound	insulation	as	well	as	sustainability	in	order	to	ensure	that	all	

of	those	fields	have	been	covered	in	an	effective	and	professional	manner.	In	the	end,	the	

design	has	received	a	Highly	Commended	award,	which	for	a	Year	1	Architecture	student	who	

had	not	worked	in	a	design	field	before	felt	like	a	great	achievement.	

	

	
Benefits	

	

Looking	at	it	from	a	perspective,	I	would	not	be	where	I	am,	had	it	not	been	for	the	

chance	to	prove	myself	outside	of	the	University	and	the	hours	upon	hours	which	this	project	

has	enthused	me	to	put	into	deepening	my	own	knowledge,	skills	and	broadening	the	way	I	

think	about	design.	
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Conclusion	
	

By	observing	the	students’	performance	in	Year	2	of	their	education	and	comparing	it	to	the	

work	of	previous	second	and	third	years,	in	retrospect	the	experiment	has	clearly	enhanced	

both	–	their	knowledge	and	willingness	to	broaden	it	at	their	own	incentive	and	they	appear	

to	have	developed	a	habit	of	pushing	their	boundaries	further,	with	a	clear	mindset	of	high	

performance	 and	 technical	 accuracy	 in	 their	work.	 In	 addition	 to	 that,	 the	 university	 has	

created	 beneficial	 connections	 with	 local	 companies	 who	 cooperated	 with	 us	 during	 the	

projects	throughout	the	year	extending	to	other	modules	as	well.	

Now,	 students	who	decide	 to	go	on	a	year	abroad,	 thanks	 to	 their	well-developed	

portfolios,	software	skills,	collaboration	with	other	disciplines	and	their	soft	skills,	all	of	which	

were	developed	as	a	result	of	this	new	experimental	program	of	teaching	are	very	successful	

in	gaining	placements	and	job	opportunities.	We	have	witnessed	this	trend	in	the	current	year	

and	being	dedicated	to	helping	the	new	undergraduate	students	this	year	to	participate	in	

similar	programs	(design	of	a	school	building),	a	stable	and	significant	progress	in	the	standard	

of	work	 is	noticeable	across	 the	board.	The	 students	acquire	knowledge	quicker	and	with	

much	more	enthusiasm	thanks	to	being	able	to	relate	it	to	real	life	and	understanding	that	

they	will	use	it	not	only	to	get	a	good	grade,	but	also	–	hopefully	–	for	the	rest	of	their	lives.		

Collaborating	with	students	from	other	courses	and	departments,	which	is	common	

practise	at	Coventry	University	(Bogdanovic	et	al,	2016),	has	revealed	that	the	Architecture	

Technology	students	are	doing	comparatively	much	better	with	applying	the	knowledge	they	

have,	taking	leadership	roles	in	their	new	interdisciplinary	teams	and	providing	knowledge	

even	from	outside	their	specialisation	–	be	that	structural	integrity,	sustainable	materials	and	

practices	or	law	requirements.		

From	 the	 implementation	 of	 the	 process,	 it	 became	 apparent	 that	 it	 is	 very	 time	

demanding	 –	 both	 from	 the	 staff	 and	 students	 -	 as	 it	 requires	 additional	 planning	 and	

organisation	 from	 both	 sides.	 The	 time	 and	 effort	 put	 into	 the	 project,	 however,	 does	

significantly	 produce	 the	benefits	 in	 the	 form	of	professional	 and	educational	 progress	of	

students,	much	better	preparing	them	for	real	 life	challenges	and	equipping	them	with	all	

necessary	skills	which	normally	would	have	the	acquired	in	later	years,	during	a	placement	or	

when	 already	working	 in	 the	 industry.	 Instead,	 those	 skills	 are	 honed	 and	practised	 now,	

greatly	enhancing	 the	 students’	employability	and	marking	a	 significant	milestone	 in	 their	

overall	development.	For	these	reasons	we	will	be	continuing	this	experimental	method	in	

the	forthcoming	years.	
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Abstract:	We	study	the	built	environment,	architecture,	to	come	to	know	it	and	our	place	within	the	world,	and	
develop	lines	of	inquiry.	Together	with	an	educator	as	a	filter	and	node,	the	developed	decision	support	system	
(DSS)	 serves	 as	 a	 scaffold	 for	 understanding	 relationships	 between	 topics,	 to	 become	 a	 website.	 The	 DSS	
presented	offers	a	method	for	communicating	knowledge,	understanding	the	relationships	between	different	
aspects	 of	 the	 design	 process	 in	 studio,	 interacting	 with	 environmental	 design	 criteria,	 developing	 the	
relationship	between	color	theory	and	vegetated	assemblies,	and	 interpreting	ecological	stewardship	and	 its	
relationship	with	humanity.	At	the	same	time,	this	DSS	develops	lines	of	inquiry	into	the	profession	for	others.	
Further,	we	discuss	whether	our	 research	 reaches	 students	 in	 studio,	whether	 studio	 is	 the	only	method	of	
teaching,	and	what	the	benefits	of	interdisciplinary	teaching	are	in	the	context	of	the	framework	and	studio.	The	
DSS	 discusses	 how	 a	 framework	 should	 be	 represented,	 taught,	 and	 describes	 how	 this	 new	 knowledge	 is	
translated	 to	 full-scale	 designs.	 These	 questions	 are	 addressed	 over	 the	 course	 of	 a	 three-year	 study	 to	
determine	how	to	represent	and	share	knowledge	and	expertise	with	students,	as	shown	using	3	examples:	The	
Solar	Garage,	The	Solar	Lounge,	and	Turtletown.	
	
Keywords:	Decision	support,	Design	pedagogy,	Design-build,	Ecological	design	

Introduction		

This	 work	 is	 founded	 in	 the	 concept	 of	 decision-support.	 Decision-support	 differs	 from	
decision-making	 in	 that	 decision-making	 often	 provides	 or	 makes	 the	 decision	 based	 on	
information,	 while	 decision-support	 provides	 information	 to	 someone,	 and	 this	 person	
retains	the	ability	to	make	decisions.	Overall,	the	process	of	decision-support	is	founded	in	
collecting,	 understanding,	 and	 utilizing	 contextual	 information	 to	 inform	 future	 decisions.	
This	process	uses	knowledge	capture	and	knowledge	sharing	to	convey	information	to	others	
and	allow	them	to	make	decisions.	Knowledge	capture	is	the	ability	to	distil	techniques	and	
information	from	experts	in	a	concise	and	clear	manner.	Knowledge	sharing	is	the	ability	to	
take	this	distilled	information	and	represent	it	to	others	so	this	knowledge	is	conveyed	and	
then	 used.	 These	 combined	 processes	 are	 particularly	 useful	 in	 sustainable	 design	 as	 a	
designed	response	 to	a	place	needs	 to	not	only	 take	 information	but	apply	 it	 in	a	specific	
manner	 to	 a	 particular	 place.	 The	 designed	 response	 becomes	 a	 fusion	 of	 the	 contextual	
information	of	culture	and	the	place	with	a	desired	experience	(Frampton	1983;	Hyde	2000;	
Norberg-Schultz	2000;	Rasmussen	1962;	Rosenzweig	2003).	This	work	describes	the	process	
for	using	decision-support	methods	in	design	pedagogy	and	learning	environments.	Finally	it	
presents	a	specific	decision-support	framework,	using	plants	and	color	theory	in	sustainable	
design	as	a	specific	example.			
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Background	

Scientific	research	is	a	systematic	and	adaptable	process	which	builds	on	past	experiences	or	
knowledge	to	inform	a	current	iteration	of	an	idea,	concept,	or	theory	(Kuhn	&	Hacking	2012;	
Okasha	2002;	Rosenberg	2012).	To	this	systematic	process,	both	researchers	and	students	
bring	 their	 interests	 and	expertise.	 The	 following	example	of	 a	decision-support	 structure	
(DSS)	in	my	personal	line	of	inquiry	shows	the	relationship	of	color	theory	and	plant	biology	
to	architecture.	The	decision-support	system	serves	as	a	knowledge-sharing	device	when	the	
expert	or	professor	is	not	available	or	present	(Black,	2015b,	2015c).	Initially,	this	was	done	
with	a	paper	appendix	method,	and	through	the	study	a	digital	version	was	developed.	Now	
its	 knowledge-sharing	 capabilities	 can	 be	 performed	 from	 many	 places	 as	 a	 website	
application.	Previous	pilot	testing	showed	that	a	method	of	decision	support	would	be	helpful	
when	the	educator	or	mentor-professor	was	not	available	(Black,	2015b).		

Previous	 study	 also	 showed	 that	 the	 framework	 provided	 positive	 contributions	 to	
teaching	 and	 knowledge-sharing	 in	 studio-like	 learning	 environments	 (Black,	 2016).	 The	
design	 process	 is	 an	 iterative	 one	which	 builds	 upon	 personal	 context	 and	 connection	 to	
experiences	 (Rasmussen,	 1962;	 Bruner,	 1979;	 Rowe,	 1987;	 Zumthor,	 2010).	 Since	 the	
framework	is	a	scaffold	for	the	interactions	of	ideas	and	design	using	the	iterative	process,	it	
is	adaptable	to	many	design	topics,	and	can	be	developed	further.	The	inquiry	is:	how	do	we	
as	designers	begin	 to	use,	 through	 the	normative	design	process	and	DSS	as	a	knowledge	
capture	and	sharing	device,	to	identify	and	solve	ill-defined	problems?	Nigel	Cross	suggests	
that	in	ill-defined	problems	we	either	know	the	impetus	or	the	end	goal,	but	not	both,	and	
may	not	know	a	defined	process	(Cross,	2007).	Therefore,	the	design	process	is	represented	
and	its	information	shared	to	develop,	understand	and	maintain	a	systematic	design	process,	
represented	diagrammatically	as:	

	
Figure	1:	The	method	of	ideation,	representation	and	iteration	influencing	each	other	in	the	design	process.	

	

The	developed	decision	support	framework		

The	framework	presented	here	is	only	the	beginning	of	a	longer	line	of	frameworks	related	
to	the	use	and	design	of	vegetated	assemblies.	The	original	paper	appendices	were	updated	
to	a	website	application	to	better	serve	students	and	potentially	the	world.	It	serves	as	a	way	
to	 support	 design	 processes.	 After	 using	 the	 framework	 for	 a	while,	 designers	 familiarize	
themselves	with	the	knowledge,	gaining	expertise.	Then	the	DSS	becomes	a	resource	to	turn	
to	for	confirmation	and	as	a	knowledge	sharing	device	for	others.	With	this	expertise,	 the	
designer	 can	 then	augment	 the	DSS	 to	 fit	 their	 line	of	 inquiry.	This	 is	 the	power	of	a	DSS	
framework:	to	adapt	and	evolve	as	needed	throughout	a	line	of	inquiry	or	as	each	individual	
design	demands.	
	

The	represented	design	process		

The	framework	is	not	a	technical	manual	and	is	not	all	inclusive,	but	it	is	a	resource	students	
can	use	to	begin	to	understand	the	design	process,	in	this	case	topics	of	vegetated	assemblies	
and	their	interaction	with	color	theory.	With	guidance,	it	assists	in	developing	a	systematic	
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design	 process,	 while	 a	 technical	 manual	 does	 not	 do	 these	 things.	 A	 technical	 manual	
provides	 an	over-abundance	of	 information	 that	 overwhelms	 an	 inexperienced	 reader,	 or	
even	an	experienced	one.	The	full	digital	framework	and	a	pdf	of	the	paper	appendices	are	
available	at	livingwalldesigner-prototype.org.	The	current	diagrammed	summary	of	the	paper	
version	follows	in	figure	2.	

	
Figure	2:	The	overview	of	the	decision-support	system	developed	over	the	study.	This	diagram	was	used	to	
develop	the	digital	version	available	at	(REDACTED.org).	The	diagram	shows	how	the	design	process	is	

informed	by	the	information	provided	by	decision	support	information,	not	replaced.	There	are	roughly	45	
pages	on	design	process,	vegetated	assemblies	and	plant	biology	and	ecological	design	criteria.	
	
Frameworks	 are	 a	 scaffold	 to	 build	 ideas	 into	 more	 complete	 designs.	 When	

diagrammed,	 a	 framework	may	 be	mistaken	 for	 just	 another	 flow	 chart.	 However,	 this	 is	
would	be	an	 inaccurate	 interpretation.	A	 framework	 is	something	that	can	be	returned	to	
over	and	over	again	and	used	to	develop	a	different	idea	every	single	time.	A	flow	chart,	on	
the	other	hand,	suggests	a	single	or	consistent	outcome	with	each	repeated	use,	provided	the	
same	input	criteria	are	used.	The	framework	designed	here	is	meant	to	visually	represent	my	
thought	pattern	and	collected	knowledge	to	others,	so	that	with	more	information	they	may	
begin	to	incorporate	improved	decision	making	in	their	own	works.		
	

Lines	of	inquiry	

The	framework	ultimately	relies	on	the	designer	to	make	initial	ideation	occur.	The	framework	
will	not	come	up	with	 ideas	or	make	decisions	 for	 the	user.	As	designers,	we	retain	these	
abilities,	and	must	be	able	to	think	systematically	and	critically	to	develop	our	own	ideas.	This	
takes	 time,	experience,	and	knowledge.	After	working	on	the	 framework	with	a	variety	of	
different	students,	all	in	different	disciplines,	revealed	that	almost	anyone	can	be	a	‘designer’.	
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This	does	not	mean	that	everyone	is	equally	prepared	or	equally	talented;	it	only	means	that	
everyone	can	begin	to	think	in	a	manner	becoming	of	a	designer.	The	desires	to	improve,	to	
understand,	 to	make	and	to	think	systematically	 in	 the	pursuit	of	a	design	 -	 these	make	a	
designer.	The	DSS	framework	assists	in	the	development	of	ideas	by	reminding	us	that	ideas	
come	 from	 the	 intersection	 of	 our	 previous	 experiences	 with	 current	 work	 and	 assists	
designers	to	review	their	own	process	in	relation	to	these	topics.	However,	at	the	root	level	
it	cannot	give	the	true	impetus	for	an	idea.	At	least	in	some	part	that	must	come	from	the	
designer,	although	the	framework	can	assist	development.	
	

Multiple	course	implementation:	Lecture,	studio,	and	studio-like	courses	

The	 framework	 was	 first	 developed	 out	 of	my	 own	 design	 process.	 However,	 this	 led	 to	
several	assumptions,	as	certain	parts	of	the	design	process	become	second	nature	over	time	
and	with	experience.	The	first	learning	environment	in	which	the	DSS	was	reviewed	was	an	
independent	study	with	a	thesis	student	(Black,	2015c),	and	then	as	an	as-is	study	with	design	
exercises	(Black,	2015a).	In	this	work,	the	student	reviewed	the	paper	appendix	version	of	the	
DSS	to	confirm	the	general	design	process.	
	

	

Figure	3:	An	example	of	a	student	using	a	secondary	page	of	the	paper	appendix	version	of	the	decision-
support	system	focusing	on	color	theory.	Oil	pastels	were	used	to	make	a	section	of	a	twining	plant	on	a	matrix	

system,	which	was	discussed	in	detail	in	the	full	version.		
	
These	studies	then	led	to	the	development	of	a	course	to	see	how	students	would	interact	
with	the	DSS	without	having	a	primary	design	education.	What	was	discovered	between	the	
studio	 and	 studio-like	 courses	was	 that	 the	 traditional	 studio	environment	 allows	 for	 two	
things:	time	and	space.	These	in	turn	allow	for	systematic	exploration	into	a	line	of	inquiry.	
The	DSS	serves	to	support	this	goal	of	introducing	new	ideas	or	topics	that	can	inform	these	
lines	of	inquiry	into	the	profession.	Studio	is	not	something	that	you	experience	in	isolation.	
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This	means	that	the	first	time	a	student	shows	another	a	diagram,	a	drawing,	or	a	picture	of	
an	interesting	building,	they	are	teaching	and	learning	from	each	other	in	studio.	This	peer-
mentoring	was	critical	in	the	studio-like	course	that	had	both	design	and	non-design	majors,	
each	being	able	to	teach	the	other	from	a	different	perspective	(Black,	2016).	This	is	a	sharp	
contrast	to	what	is	found	in	a	traditional	lecture	course.	The	large	lecture	class	is	good	at	what	
it	 is	 designed	 to	 do:	 convey	 large	 amounts	 of	 information	 to	 a	 large	 audience	 in	 a	 time-
efficient	manner.	 In	 its	 traditional	 form,	 the	 lecture	 style	of	 learning	provides	neither	 the	
prompting	nor	suggestion	of	analysis	nor	the	active	learning	environment	that	a	traditional	
studio	or	laboratory	inherently	possesses,	with	time	and	physical	space	to	design.		

	

Full	Scale	Design	Works	

From	understanding	that	design	is	a	personal	line	of	inquiry	with	peer	feedback,	some	full-
scale,	immersive	case	studies	were	developed	as	a	continuation	of	the	DSS	as	a	knowledge	
sharing	device.	

Figure	4	shows	(from	left)	Turtletown,	which	used	the	framework	as	a	paper	appendix	
to	study	the	relation	of	ideation.	A	much	more	detailed	review	of	this	project	is	available	at	
livingwalldesigner-prototype.org	 (Black,	 2016).	 The	 next	 image	 is	 the	 Solar	 Lounge	 at	 the	
Research	 and	 Demonstration	 Facility	 (RDF)	 in	 Blacksburg,	 Virginia,	 which	 served	 as	 an	
example	of	how	 ideas	 from	students	 can	move	beyond	 the	 classroom	and	develop	 into	a	
longer	 line	 of	 inquiry.	 Two	 students	 developed	 the	 idea	 and	we	 adapted	 it	 based	 on	 the	
funding	that	was	secured	from	the	college.	Then	figure	5	is	the	Solar	Garage	at	RDF.	It	is	the	
largest	 and	 most	 involved	 case	 study	 of	 the	 three,	 serving	 as	 an	 example	 of	 reclaimed	
materials	and	repeating	bay	construction	with	shipping	pallets.	This	project	will	be	used	as	a	
garage	for	charging	an	electric	car	for	the	Electrical	and	Computer	Engineering	Department	
at	Virginia	Tech.	

	
	

	
	

Figure	4:	(from	left)	Turtletown	was	developed	to	test	the	original	paper	framework.	The	Solar	Lounge	case	
study	was	developed	to	test	assemblies	to	be	used	in	the	Solar	Garage	as	well	as	provide	students	with	full-

scale	experience.		
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Figure	5:	An	opportunity	arose	with	funding	and	the	Solar	Garage	was	developed	to	provide	a	space	for	an	
electric	car	(vegetation	on	the	projects	are	yet	to	be	fully	implemented	and	are	under	testing).	

	

Discussion	and	Conclusion	

As	with	previous	studies,	the	professor	in	direct	contact	with	students	has	the	most	control	
over	 the	 information	 presented	 and	 comprehended,	 becoming	 a	 filtering	 agent	 for	 the	
students.	This	is	especially	true	in	design,	where	the	mentoring	aspect	is	heavily	relied	upon	
in	the	traditional	studio	environment.	The	DSS	serves	as	a	knowledge	sharing	method	in	the	
temporary	absence	of	this	mentoring	professor	(Black,	2015a,	2015b,	2016).		

Overall,	the	DSS	improves	decision-making	as	students	have	access	to	more	information,	
and	supports	the	exposure	of	new	ideas	for	future	designs.	While	decision	making	is	improved,	
the	developed	DSS	leaves	the	final	decision	to	the	designer,	whereas	a	decision-making	tool	
takes	the	decision	from	designer.	The	DSS	holds	potential	 for	knowledge	capture,	sharing,	
diagrammatic	 processing	 and	 develops	 future	 work	 and	 ideas	 from	 seemingly	 unrelated	
topics	as	a	knowledge-sharing	device.	This	serves	to	enhance	ideation,	as	there	is	less	time	
spent	 finding	unorganized	 information	from	a	wide	variety	of	sources.	This	also	allows	for	
other	 exploration	 of	 overlapping	 disciplines	 and	 design,	 for	 example,	 biomimicry	 or	 bio-
generated	design.	The	DSS	also	has	a	place	in	new	classroom	and	learning	models	such	as	the	
inverted	classroom,	where	students	learn	at	home	and	then	apply,	do	and	discuss	in	the	class	
itself.	With	 the	 DSS,	 students	would	 be	 able	 to	 apply	 new	 information	 to	 the	 underlying	
scaffold	and	continue	to	improve	upon	its	decision-support	ability.		

Interpretation,	in	a	subjective	discipline,	is	a	vital	skill	to	understand	and	critique	a	work.	
Diagramming	 is	 already	 a	 core	 part	 of	 design,	 and	 should	 be	 used	 to	 distil	 elements	 and	
organize	 thought	and	decision	making.	 The	use	of	 the	 immersive	 case	 studies	 to	 test	and	
understand	a	process	should	not	be	underestimated,	and	brings	new	clarity	to	a	potential	
process	or	system,	being	adaptable	to	the	qualitative	design	process.	Immersive	case	studies	
allow	researchers	and	others	to	learn	by	doing,	rather	than	speculation.		

The	original	decision-support	 structure	had	 fundamental	 limitations.	First	 it	 reads	as	
though	it	is	a	flow	chart.	It	was	modelled	after	business	process	modelling	notation	(BPMN),	
which	is	excellent	for	describing	processes	but	is	not	easily	understood	by	students.	Though	
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a	wealth	of	information	was	present	in	graphical	form,	it	was	dense	and	not	available	to	many	
as	a	physical	paper	copy.	These	limitations	lead	to	the	development	of	the	website	which	was	
implementing	the	original	BPMN	processes.	This	website	was	much	easier	to	follow	and	move	
between	pages	 allowing	 for	more	pictures	 to	 show	examples	of	work	 as	well.	 This	 digital	
version	is	accessible	to	many	more	people	and	can	be	quickly	adapted	as	new	information	or	
examples	are	added.	Since	 the	original	paper	decision-support	 follows	BPMN,	 there	 is	 the	
opportunity	 to	 have	 others	 adapt	 the	 organization	 to	 the	 pages	 as	 they	 would	 best	
understand	it	either	at	the	full-page	level	or	the	component	level.	The	links	in	the	website	
allow	this	to	be	done	as	needed	as	when	a	topic	is	found	interesting,	further	information	is	
immediately	 provided,	 rather	 than	 searching	 through	 pages.	 Next	 steps	would	 be	 to	 add	
tutorials	or	other	content	to	become	more	interactive	and	responsive	to	the	designers.	One	
possibility	would	be	to	have	a	series	of	main	parameters	that	when	selected	would	provide	
general	possibilities	for	designing	which	then	are	tailored	to	each	project.	

In	 the	 physical	 full-scale	work	 there	 are	 a	 number	 of	 opportunities	 to	 continue	 the	
repeating	bay	designs	and	implement	different	types	of	vegetation.	These	projects	are	best	
scaled	at	 the	 room	 level,	 as	when	 the	 scale	 increases	 funding	and	 the	ability	 to	build	 the	
sections	 becomes	 difficult	 and	 time	 consuming.	 Further,	 at	 the	 size	 of	 the	 room	 other	
methods	of	building	can	be	tested	such	as	digital	printing	and	CNC	methods.	In	this	way,	the	
decision	support	structure	can	become	a	process	for	rapid	prototyping	of	ideas.	The	other	is	
a	kit	of	parts	approach.	With	this	kit	of	parts,	each	design	responds	to	the	limitations	provided	
within	discrete	options	becoming	a	set	of	designed	responses.	Once	the	kit	of	parts	is	finalized,	
these	can	be	fabricated	quickly	and	vegetation	installed	on	site.				

Finally,	it	ought	to	be	enthusiasm	and	drive	that	leads	designers	to	the	next	iteration	
and	the	next	work.	When	students	begin	to	own	their	work,	they	begin	to	take	pride	in	the	
act	of	designing.	This	difference	is	readily	apparent	in	the	works	proposed	and	reviewed	in	
the	papers,	in	the	exercises,	and	in	the	immersive	case	studies.	It	is	my	hope	that	the	DSS	and	
the	website	described	here	will	help	students	as	designers	to	find	their	own	spark.	
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Abstract:	 Climate-responsive	 buildings	 not	 only	 minimize	 the	 use	 of	 energy	 and	 its	 associated	 ecological	
impacts,	and	also	allow	people	to	have	a	greater	degree	of	interaction	with	their	environment.	 	This	person-
centered	 design	 approach	 can	 create	 comfort	 and	 delight	 within	 the	 indoor	 environment,	 and	 the	 role	 of	
experiential	aesthetics	 is	often	an	 important	“hook”	to	 inspire	students	as	 they	approach	their	design	work.	
This	paper	describes	four	exercises	used	in	the	classroom	to	awaken	students’	senses	to	the	ability	of	thermal	
qualities	to	add	to	the	richness	of	our	overall	experience	of	the	indoor	environment,	and	serve	as	inspiration	
for	architectural	decisions.		1)	Thermal	Memory:		the	exploration	through	recollection	of	a	favorite	space	one	
spent	time	in	as	a	child,	that	felt	like	a	very	personal	refuge.		2)	Experiential	Treasure	Hunt:		the	use	of	direct	
experience	 to	 find	 examples	 of	 how	 pleasurable	 thermal	 experience	 can	 be	 incorporated	 into	 design.		
3)	 Thermal	 Journal:	 the	mapping	of	one’s	 thermal	 journey	using	quantitative	measurements	 (with	a	 “hobo”	
temperature	sensor)	and	qualitative	observations	over	a	minimum	of	4	days.	 	4)	Thermal	Programming:	 the	
establishment	of	clear,	non-quantitative,	thermal	objectives	during	the	early	stages	of	a	group	design	project.			
	
Keywords.		Education,	Architecture,	Thermal	Delight	

Introduction	

What	would	life	be	like	if	we	ate	the	same	foods	at	every	meal,	never	experienced	weather	
or	changing	light	levels,	listened	to	a	constant	monotone	sound	without	music	or	the	
sounds	of	birds,	and	had	no	art	in	our	lives	to	delight	our	visual	senses?		It	would	be	awful.		
Yet	that’s	effectively	what	we	are	doing	in	our	indoor	environments	when	we	intentionally	
design	for	static,	uniform,	neutral	conditions	in	our	buildings.		This	is	essentially	experiential	
monotony,	and	there’s	nothing	pleasurable	about	it.		And	the	irony	is	that	it’s	incredibly	
energy	intensive	to	achieve	this.		

There	 is	 significant	momentum	 in	our	building	 industry	 focusing	on	 the	wellbeing	of	
occupants	 by	 providing	 a	 healthier	 environment	 –	 fresh	 air	 and	 high	 ventilation	
effectiveness,	excellent	thermal,	visual	and	acoustic	comfort,	plentiful	views	and	connection	
to	nature.	Yet,	too	often	these	attributes	of	building	performance	are	given	a	lower	priority	
compared	 to	 architectural	 aesthetics,	 which	 is	 traditionally	 attributed	 only	 to	 the	 visual	
senses,	 leading	 to	 “the	 disappearance	 of	 sensory	 and	 sensual	 qualities	 from	 arts	 and	
architecture”	 (Pallasmaa	 2005).	 	 The	 potential	 reasons	 for	 this	 disappearance,	 and	 the	
“sensory	mediocrity”	 left	 in	 its	wake,	 are	 eloquently	 laid	 out	 in	 the	 recent	 book	Creating	
Sensory	 Spaces:	 The	 Architecture	 of	 the	 Invisible	 (Erwine	 2016),	 and	 include:	 1)	 the	
dominance	of	 vision	 in	our	 sensory	hierarchy,	2)	 the	altruistic	desire	 to	provide	at	 least	a	
basic	 level	of	comfort	for	everyone,	3)	the	silos	of	the	design	discipline	and	a	dependence	
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on	basic	standards	for	defining	acceptable	environments,	and	4)	the	growth	of	speculative	
development	for	generic	clients.	

We	 need	 a	 broader,	 multi-sensory	 perspective	 of	 architectural	 aesthetics	 that	
fundamentally	begins	with	human	experience,	and	“the	textures	of	 life”	(Ackerman	1990).		
For	spaces	to	truly	uplift	our	spirits,	we	need	to	embrace	the	totality	of	our	senses,	the	way	
we	 interact	 with	 and	 perceive	 indoor	 environmental	 qualities,	 and	 the	 importance	 of	
connecting	these	qualities	to	nature.		A	multidimensional	view	of	experiential	aesthetics	can	
serve	as	 inspiration	for	architectural	decisions,	add	richness	to	the	built	environment,	and	
have	a	profound	impact	on	the	real-time	experiences	and	longer-term	memorability	of	the	
spaces	in	which	people	live,	work,	and	pass	through.		While	these	ideas	resonate	easily	with	
people,	moving	beyond	inspiration	to	implementing	them	in	our	buildings	is	challenging	and	
is	not	yet	a	common	part	of	the	design	discourse	or	design	education.			

This	paper	focuses	on	the	thermal	aspects	of	indoor	environmental	quality,	inspired	by	
the	ideas	so	beautifully	presented	in	Thermal	Delight	(Heschong	1979).		We	are	in	need	of	a	
paradigm	shift	in	how	we	think	about	conditioning	the	indoor	environment,	and	we	need	to	
find	low-energy	ways	to	create	more	thermally	dynamic	and	non-uniform	environments	that	
bring	us	pleasure	and	can	also	be	more	 stimulating	and	energizing.	 	 Teaching	architecture	
students	how	to	be	more	aware	of	these	aspects	of	their	day-to-day	experiences	is	one	step	
in	 encouraging	 energy	 efficient	 design	 that	 begins	 with	 comfort-responsive	 design,	 and	
reversing	the	trend	of	relinquishing	full	responsibility	for	environmental	conditioning	to	the	
engineering	discipline.		These	exercises	start	with	the	idea	that	we	can	encourage	people	to	
create	 more	 sensory	 designs	 by	 directly	 engaging	 them	 in	 discovering	 more	 nuanced	
qualities	of	their	own	sensory	experiences	(Classen	2009).		This	will	hopefully	give	students	a	
broader	 vocabulary	 for	 talking	 with	 professionals	 from	 different	 disciplines	 early	 in	 the	
design	process,	which	is	so	essential	for	creating	high	performance	design.	

Pedagogy		

These	 assignments	 can	 be	 thought	 of	 a	 series	 of	 exercises	 in	 thermal	 awakenings.		
“Awakenings”	 is	 defined	 as	 a	 recognition,	 realization,	 or	 coming	 into	 awareness	 of	
something.		Individually	or	collectively,	these	exercises	are	about	exploring	places	from	both	
one’s	memory	and	current	experiences,	as	a	way	of	increasing	one’s	awareness	of	the	role	
that	 thermal	 qualities	 play	 in	 our	 day-to-day	 lives,	 and	 of	 the	 character	 and	 experiential	
aesthetics	 of	 architectural	 space.	 	 Its	 primary	 objective	 is	 to	 awaken	 one’s	 senses	 to	 the	
ability	 of	 thermal	 qualities	 to	 add	 to	 the	 richness	 of	 our	 overall	 experience	of	 the	 indoor	
environment,	and	serve	as	inspiration	for	architectural	decisions.		While	these	exercises	are	
specifically	about	thermal	experience,	 it	would	be	easy	to	create	parallel	assignments	that	
explore	the	visual	or	acoustic	environments,	for	example.			

It	 is	 difficult	 to	 represent	 thermal	 experiences,	 and	 students	 try	 a	 variety	 of	
techniques:	qualitatively	using	both	visual	and	narrative	methods,	or	quantitatively	through	
measurement	 or	 prediction.	 	 A	 secondary	 objective	 of	 these	 assignment	 is	 the	 methods	
themselves	-	to	explore	these	techniques	to	find	creative	ways	to	convey	one’s	experiences,	
and	their	architectural	implications,	to	others.		The	lessons	learned	from	these	assignments	
eventually	support	a	later	design	exercise,	which	is	also	described	very	briefly	below.		

Types	of	observations		

Throughout	the	different	exercises,	students	are	training	their	senses	to	notice	things,	and	
are	 asked	 that	 their	 descriptions	 illustrate	 both	 the	 thermal	 experience	 of	 the	 place	 (the	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2229



primary	 objective)	 and	 the	 design	 elements	 that	 created	 it.	 	 Below	 are	 examples	 of	
attributes	 they	 were	 asked	 to	 look	 for	 and	 include	 in	 both	 their	 visual	 and	 narrative	
descriptions.	
• Physical	 elements.	 	What	 physical	 elements	 of	 the	 thermal	 environment	 are	 affecting	

your	 experience	 (i.e.,	 the	 classic	 6	 variables	 -	 temperature,	 humidity,	 air	 movement,	
long-	or	short-wave	radiation,	clothing,	activity	level)?		Is	your	experience	just	of	the	air,	
or	surfaces	your	body	is	in	contact	with?	

• Uniformity	&	contrast.	 	 Is	 your	 thermal	experience	a	 result	of	uniform	or	 steady	state	
conditions?		Or	is	it	affected	by	contrast	and	transition?		These	can	be	created	by	spatial	
asymmetries	in	the	environment,	or	transient	conditions.		This	can	also	relate	to	each	of	
the	physical	elements	(i.e.,	gradients	in	sun	and	shade,	breeze	and	calm,	etc.)	

• Personal	 variability.	 	 How	 does	 your	 thermal	 experiences	 change	 throughout	 the	 day	
and	night	(i.e.,	either	 in	the	same	or	different	spaces	-	how	does	time	of	day	explicitly	
affect	 experience)?	 	 How	 does	 your	 thermal	 experiences	 change	 as	 you	 move	 from	
inside	to	outside,	and	back	again?		And	how	are	those	affected	by	the	architecture?	

• Thermal	 influences.	 	 How	 are	 these	 thermal	 conditions	 created	 or	 affected	 by	 local	
conditions	-	either	the	natural	outdoor	setting,	or	architectural	elements?		If	you	are	in	
the	built	 environment,	 consider	 features	of	 the	building	envelope,	 the	 interior	 layout,	
and/or	the	mechanical	system.	

• Non-thermal	 influences.	What	other	non-thermal	architectural	or	 contextual	elements	
contribute	 to	 your	 thermal	 experience?	 	 For	 example,	 you	 might	 be	 specific	 about	
whether	these	factors	have	an	impact:	shape	and	size	of	the	room;	shape,	size,	and	type	
of	 windows;	 shading	 devices	 or	 light	 shelves;	 color	 and	 light,	 texture	 of	 surfaces,	
circulation	 and	 entry	 points;	 functional	 role	 of	 the	 room;	 source	 of	 the	 thermal	
variations;	seasonal	or	cultural	context;	current	state	of	health	(physical	or	emotional);	
memory	 or	 expectations;	 and	 association	 with	 other	 environmental	 conditions	 (i.e.,	
visual,	auditory,	tactile	or	olfactory	clues)	

• Personal	 control.	 	 To	what	 extent	 is	 change	 or	 diversity	 controlled	 by	 you	 or	 another	
person	occupying	the	space?	 	 Is	 it	 low-energy	control	 -	opening	a	window,	adjusting	a	
louver?		Or	is	it	high-energy	control	-	mechanical	ventilation,	heating,	cooling?	

• Adaptation.	 	 Are	 there	 mechanisms	 of	 behavioral,	 physiological,	 or	 psychological	
adaptation	affecting	your	experience?	

• Psychological	 effects.	 	 Is	 your	 thermal	 experience	 affecting,	 or	 affected	 by,	 other	
reactions,	such	as	emotional	state,	mental	alertness,	etc.?	

Examples	–	ways	to	describe	experiences	

Describing	 thermal	experience	 is	difficult.	 	There	are	a	variety	of	methods	one	can	use	 to	
document	and	describe	experience,	and	no	single	method	is	as	effective	as	a	combination.	
Overall,	students	are	encouraged	to	create	descriptions	that	include	both	images	and	text,	
and,	for	the	quantitative	pieces,	graphic	representations	of	their	data.		The	challenge	is	how	
to	combined	them	in	creative	and	evocative	ways	to	tell	one’s	story.		While	the	numbers	are	
literal,	the	images	and	text	can	be	either	literal	or	figurative.		They	are	urged	to	remember	
that	they	are	trying	to	convey	a	feeling	that	goes	beyond	numerical	or	 literal	descriptions.	
Ideally,	 they	 are	 encouraged	 to	 try	 as	many	 of	 these	 suggestions	 as	 possible	 to	 tell	 their	
story,	while	also	feeling	free	to	develop	and	explore	other	methods	in	addition	to	the	ones	
that	are	outlined	below.			
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Visual	 imagery.	 	While	the	experience	had	to	be	their	own,	the	images	can	either	be	
their	 own,	 or	 from	 3rd	 party	 sources	 that	 closely	 represent	 their	 personal	 experience.		
Images	could	be	literal	or	metaphorical	representations,	and	students	were	encouraged	to	
think	 about	 images	 that	 accompany	 the	 narrative,	 but	 work	 together	 to	 describe	
experiences	(i.e.,	think	“thermal	delight”,	relief,	adaptation,	etc.).	 	 Images	could	also	come	
from	their	own	sketches	-	using	color	or	other	visual	clues	to	reflect	thermal	conditions,	or	
from	existing	artwork,	excerpts	from	film,	etc.	

Narration.		This	could	include	excerpts	from	poetry,	literature,	newspaper	articles,	etc.		
It	could	be	literal	–	using	simple	adjectives	or	descriptive	prose,	emphasizing	how	the	space	
felt,	 and	why,	 rather	 than	 simply	 its	 physical	 appearance.	 	 Or	 it	 could	 utilize	metaphors,	
simile,	analogies,	etc.	

Graphs	 (for	 the	 Thermal	 Journal).	 	 In	 most	 cases,	 the	 data	 would	 be	 presented	 in	
chronological	order	to	reveal	one’s	thermal	journey.		But	if	they	had	a	different	story	they	
want	 to	 tell,	 this	 was	 a	 flexible	 requirement.	 	 Students	 were	 asked	 to	 think	 about	 the	
message	 or	 story	 that	 the	 numbers	 are	 trying	 to	 convey,	 and	 think	 of	 graphical	methods	
that	best	reveal	those	stories.		The	graphs	were	not	intended	to	be	standalone,	but	should	
be	 integrated	 with	 one’s	 images	 and	 text	 so	 they	 worked	 together	 to	 describe	 their	
experiences.	

Background:		Thermal	Shelter	Design	Project		

The	exercises	below	are	versions	of	early	assignments	leading	up	to	a	group	design	project	
for	a	highway	rest	area,	each	group	taking	on	a	different	climate.	Because	of	the	transitory	
nature	 of	 this	 program,	 students	 are	 not	 constrained	 by	 conventional	 thermal	 comfort	
standards,	 and	 can	 instead	 think	 about	 how	 their	 climate-responsive	 designs	 can	 provide	
more	 nuanced	 experiences	 of	 comfort	 and	 relief	 from	 the	 harsh	 climate	 or	 the	 driving	
experience,	while	still	allowing	visitors	to	feel	connected	to	the	local	environment.			

For	 the	 sake	of	brevity,	only	one	example	of	 student	work	 is	 shown	 for	each	of	 the	
exercises	 below.	 	 Student	 work,	 however,	 was	 quite	 diverse	 and	more	 examples	 will	 be	
shown	during	the	conference	presentation.	

Exercise	1:	Thermal	Memory		

Students	are	asked	to	think	about	a	favorite	space	they	spent	time	in	as	a	child,	one	that	felt	
like	a	very	personal	refuge,	or	oasis.	 	 It	can	be	a	place	found	in	nature,	or	an	architectural	
space.	 	 It	 can	 be	 a	 place	 they	 visited	 often,	 perhaps	 in	 or	 near	 their	 home,	 or	 one	 they	
traveled	 to.	 	 Students	 are	 encouraged	 to	 try	 to	 recall	 in	 detail	 the	 qualities	 that	made	 it	
special	 for	 them.	 	 In	 particular,	 they	 are	 asked	 to	 try	 to	 remember	 the	 thermal	
characteristics	 of	 the	 space	 (particularly	 in	 relation	 to	 the	 surroundings),	 and	 how	 they	
might	 have	 contributed	 to	 its	 memorability.	 	 The	 metaphor	 of	 an	 “oasis”	 is	 discussed	
thoroughly	in	class,	and	students	are	asked	to	use	this	concept	directly	in	their	descriptions.	

As	 a	 deliverable,	 students	 are	 asked	 to	 describe	 their	 thermal	 memory	 in	 1-2	
PowerPoint	slides,	each	 including:	1)	 images	 (photograph	or	drawing,	 literal	or	 figurative);	
and	 2)	 brief	 evocative	 narrative	 (prose,	 poetry,	 literary	 quotes,	 etc.),	 to	 reveal	 how	 the	
characteristics	of	 the	space	and	 its	 contextual	 surroundings	create	elements	of	an	“oasis”	
experience	 (renewal,	 scale,	 transition,	 contrast,	 etc.).	 	 In	 the	 example	 below,	 the	 student	
offered	 a	 detailed	 narrative	 combined	with	metaphorical	 references	 to	 the	 idea	 of	 oasis,	
and	used	a	color	scale	below	the	images	to	show	spatial	differences	in	thermal	experience.		
The	descriptions	made	 connections	 to	 architectural	 scale	 and	 associated	 visual,	 olfactory,	
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and	acoustic	senses.		The	ideas	were	explicitly	used	by	the	design	team	to	create	temporal	
variation	along	the	paths	of	their	design,	and	connections	between	the	different	senses.	

	
Figure	1.		Example	of	Thermal	Memory	assignment.	

Exercise	2:	Experiential	Treasure	Hunt			

The	 objective	 of	 this	 exercise	 is	 to	 use	 direct	 experience	 to	 find	 examples	 of	 how	
pleasurable	 thermal	 experiences	 can	 be	 incorporated	 into	 design.	 	 Students	 are	 asked	 to	
find	 3	 places	 in	 the	 built	 environment	 that	 are	 experientially	 rich	 (and	 enjoyable)	 from	 a	
thermal	perspective	(although	they	can	certainly	combine	other	sensory	experiences).		They	
do	not	have	to	be	 in	noteworthy	buildings,	and	the	examples	can	either	be	 intentional	or	
fortuitous.	 	 Students	 are	 encouraged	 to	 look	 specifically	 for	 examples	 of	 thermal	 delight,	
spatial	 or	 temporal	 contrast,	 alliesthesia	 -	 the	 physiological	 basis	 for	 thermal	 pleasure	
(Parkinson	et	al.,	2016),	biophilia,	and/or	 the	metaphor	of	oasis	as	discussed	 in	class,	and	
are	also	encouraged	to	consider	developing	other	metaphors.	Students	are	instructed	to	try	
to	make	 their	examples	as	varied	as	possible	both	 in	 terms	of	 thermal	experience,	design	
elements,	 and	 scale,	 and	 to	 take	 photos	 of	 what	 they	 find	 while	 also	 feeling	 free	 to	
supplement	them	with	additional	imagery.		Their	goal	is	to	create	compelling	imagery	that	
reveals	some	architectural	issues	related	to	thermal	experience,	and	to	take	notes	not	only	
about	their	own	thermal	experiences,	but	also	how	the	design	elements	created	them.	

	
Figure	2.		Example	of	Experiential	Treasure	Hunt	assignment	with	haikus.	

As	a	deliverable,	 students	are	asked	 to	describe	each	of	 the	spaces	using:	1)	one	or	
more	images,	including	their	own	photograph(s),	plus	any	supplemental	imagery	to	convey	
the	experience;	and	2)	a	haiku	about	the	experience	and/or	design	elements.	 	A	haiku	is	a	
three-line	 poem	 with	 a	 syllable	 pattern	 of	 5-7-5.	 It	 is	 designed	 to	 emphasize	 simplicity,	
intensity,	and	directness	of	expression,	and	the	power	of	a	haiku	means	one	has	 to	make	
every	word	count.	 	 In	the	example	below,	the	student	selected	3	diverse	spaces	that	each	
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represented	 different	 kinds	 of	 variability	 and	 contrast,	 and	 the	 team	 used	 this	 to	 create	
distinctly	different	experiential	zones	in	their	design	project.	

Exercise	3:	Thermal	Journal		

While	 the	 previous	 two	 exercises	 might	 be	 considered	 quick	 warm-ups	 (i.e.,	 a	 “thermal	
consciousness	 raising”),	 the	 thermal	 journal	 is	a	more	substantial	exercise.	 	The	goal	 is	 to	
document,	 both	 qualitatively	 and	 quantitatively,	 one’s	 thermal	 experiences	 over	 a	 longer	
period	of	time,	to	find	creative	ways	to	describe	them,	and	to	make	strong	connections	to	
the	physical	characteristics	of	the	spaces	that	created	those	experiences.	Compared	to	the	
experiential	 treasure	 hunt,	 this	 exercise	 expects	 students	 to	 go	 into	much	more	 detail	 in	
terms	 of	 their	 descriptions,	 diverse	 methods	 of	 representation,	 and	 the	 connections	
between	the	qualitative,	the	quantitative,	and	the	contributing	design	components.	Some	of	
the	experiences	they	document	might	be	pleasurable,	and	perhaps	others	less	so.		Some	will	
be	explicitly	 sought,	others	will	 just	 “happen”,	 so	 they	are	asked	 to	be	prepared	over	 the	
course	of	1-2	weeks	to	spontaneously	record	any	relevant	experiences.			

Quantitative	

Each	student	is	given	a	small	data	logger	(the	“HOBO”),	which	takes	temperature	readings	
continuously	along	with	a	time	stamp.	 	They	needed	to	find	creative	ways	to	carry	 it	with	
them	(almost)	everywhere,	and	then	downloaded	the	data	for	easy	graphing.		

Qualitative	

Students	 are	 asked	 to	 keep	 a	 journal	 of	 ongoing	 experiences	 over	 a	minimum	 of	 4	 days	
(does	not	have	to	be	sequential),	and	to	use	it	to	take	notes,	make	sketches,	and	note	the	
time	of	various	events	 (they’ll	need	 that	 to	match	 the	event	 to	 the	 temperature	 readings	
after	downloading	data).		After	journaling,	students	pick	3-4	experiences	during	the	period	
of	 4	 days	 that	 were	 particularly	 interesting	 or	 revealing	 to	 them	 in	 terms	 of	 thermal	
experiences	and	connection	to	design.	 	They	then	had	to	find	compelling	ways	to	describe	
them	using	a	combination	of	methods,	emphasizing	why	they	were	interesting.			

Presentation	

	
Figure	3.		Example	of	Thermal	Journal.	

	
As	 a	 final	deliverable,	 students	 create	an	 integrated	 collage,	or	 graphic	essay,	 to	describe	
key	moments	 both	 spatially	 and	 temporally,	 and	 the	 overall	 presentation	 needs	 to	 tell	 a	
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story.		Based	on	their	experiences,	parts	of	their	journal	(and	final	presentation)	can	either	
describe	a	time	series	of	discrete	events	(each	representing	their	own	unique	experience),	
or	 of	 connected	 events	 (ones	 that	 relate	 to	 each	 other	 to	 describe	 a	 more	 dynamic	 or	
transient	experience).		They	are	asked	to	think	about	the	concepts	of	oasis	and	alliesthesia	
talked	 about	 in	 class,	 describing	 where	 these	 might	 have	 occurred,	 and	 what	 physical	
elements	of	the	natural	or	built	environment	contributed	to	them.		 In	the	example	above,	
the	 student	 graphed	 the	 concurrent	 quantitative	 physical	 measurements	 and	 qualitative	
subjective	 impressions,	 and	 presented	 reflections	 on	 whether	 they	 matched	 or	 not,	 and	
why.		This	helped	the	design	team	understand	the	importance	of	thinking	about	contextual	
factors	beyond	simply	temperature	when	designing	for	comfort.	
		

Exercise	4:	Thermal	Programming		

This	 exercise	 began	making	 explicit	 connections	 to	 the	 highway	 rest	 area	 design	 project.		
The	rest	stop	was	a	good	program	for	sensory	exploration	because	–	as	a	transition	space	–	
the	goals	were	to	provide	some	protection	from	but	connection	to	the	natural	environment,	
without	 being	 bound	 by	 standardized	 comfort	 zones	 that	 are	 more	 applicable	 to	 places	
where	one	might	spend	a	lot	of	time,	such	as	an	office	building.			

As	part	of	a	design	parti	in	the	early	stages	of	the	group	project,	students	are	asked	to	
explicitly	establish	experiential	(non-quantitative)	thermal	objectives	for	their	design.		These	
objectives	can	be	 for	both	 the	 indoors	and	also	 the	 surrounding	outdoor	 spaces.	They	do	
not	 have	 to	 be	 extensive,	 but	 should	 be	descriptive	 and	meaningful	 for	 their	 design,	 and	
relate	to	their	understanding	of	the	local	climate	(analyzed	in	a	separate	assignment),	and	
their	understanding	of	how	to	observe	and	describe	thermal	experiences	from	the	previous	
exercises	 #1-3.	 	 Students	 are	 asked	 to	 describe	 these	 thermal	 objectives	 using	 a	
combination	of	both	visual	and	narrative	techniques,	and	to	summarize	how	these	thermal	
objectives	are	directly	connected	 to	 ideas	behind	 their	design.	 	Throughout	 the	semester,	
design	 teams	 are	 then	 asked	 to	 keep	 circling	 back	 to	 these	 objectives	 –	 refining	 them	as	
needed,	 but	 always	 using	 them	 as	 one	 of	 the	 metrics	 to	 guide	 their	 decision	 decisions.		
Examples	of	types	of	thermal	objectives	students	are	asked	to	think	about	include:	
Spatial	objectives	(are	qualities	uniform	or	varied	over	space?)	
• visual	and	thermal	"scale"	
• controlling	small	spaces	vs.	large	areas	
• pockets	of	variability	within	a	large	space	vs.	uniform	conditions	
• thermal	transitions	in	circulation	spaces	

Dynamic	objectives	(are	qualities	constant	or	changing	over	time?)	
• constant	or	variable	over	time,		

constant	=	stable	or	saturation/monotony	-	desirable	or	undesirable?	
variable	=	thermal	confusion	or	sense	of	renewal	-	desirable	or	undesirable?	

• as	function	of	time	of	day,	or	season	
• or	as	function	of	change	in	use	of	the	space	

Non-thermal	qualities		
• what	qualities	provide	clues	to	the	thermal	experience	one's	trying	to	achieve	
Controllability	
• to	what	extent	is	change	or	diversity	controlled	by	the	person(s)	occupying	the	space?	
• is	it	low	energy	control	(opening	a	window,	removing	a	rug,	adjusting	a	louver?)	
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• or	high-energy	control	(mechanical	ventilation,	heating,	cooling)	
In	 the	example	below,	 the	students	used	color	 to	represent	 the	 intentional	 range	of	

thermal	 experiences	 they	 wanted	 to	 create	 as	 people	 moved	 through	 the	 different	
programmatic	elements	of	the	site.		This	exercise	helped	the	team	choreograph	the	kind	of	
experiences	they	wanted	in	their	space,	and	then	make	direct	connections	between	those	
experiential	goals	and	the	design	characteristics	of	each	zone.		

	
Figure	3.		Example	of	Thermal	Programming.	

Conclusions		

This	paper	presents	a	series	of	student	exercises	focused	on	thermal	experiences	in	the	built	
environment,	and	argues	for	a	broad,	multi-sensory	perspective	of	human	experience	that	
can	 serve	 as	 inspiration	 for	 architectural	 decisions,	 and	 create	 liveliness	 in	 the	 built	
environment.	 	The	exercises	 resonate	with	 ideas	expressed	beautifully	by	DeKay	 (2011)	 in	
his	book	 Integral	Sustainable	Design:	Transformative	Perspectives,	 in	which	he	says	“If	we	
want	 sustainable	 design	 to	 be	 more	 effective,	 sustainable	 designers	 might	 want	 to	
intentionally	address	the	fundamental	reality	and	richness	of	our	human	experiences”.			

There	is	a	growing	body	of	evidence	that	the	only	way	to	move	beyond	neutrality	to	
thermal	delight	is	to	create	some	kind	of	spatial	or	temporal	contrast	through	more	dynamic	
thermal	environments,	described	by	the	notion	of	alliesthesia	(Parkinson	et	al.,	2016).		It	is	
easy	 to	 find	 familiar	 examples	 of	 these	 pleasurable	 experiences	 in	 nature,	 and	 in	 our	
recreational	 lives.	 	 The	challenge	 is	how	 to	create	 it	 in	 subtle	but	meaningful	ways	 in	 the	
built	environment,	in	our	homes	and	workplaces	where	we	spend	so	much	of	our	time.		We	
need	 to	 create	 spaces	 that	 intentionally	use	 contrast	 to	 create	a	playful	 tension	between	
tempered	 and	 exposed	 spaces	 (Jacobson	 et	 al.,	 1990).	 	 By	 guiding	 students	 through	
experiential	exercises	where	they	explore	these	concepts,	they	will	hopefully	take	that	into	
their	 professional	 careers	 where	 they	 can	 have	 a	 profound	 impact	 on	 the	 real-time	
experiences	and	longer-term	memorability	of	the	spaces	they	create.	
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Abstract: Climate change and the awareness that all natural resources – energy as well as raw materials – are 
limited goods, have a huge impact on architectural practice. Environmental assessment methods are often based 
on a life cycle approach which reflects the necessity for planners to focus on all stages of a building’s life. This 
has a huge impact on the way architects and engineers work, and consequently on architectural education. 
Therefore four design proposals for a students’ union pavilion - resulting from an earlier studio phase - have 
been developed further, concentrating on construction design, building costs, energy performance, and life cycle 
assessment as part of a research oriented teaching project. One carefully chosen proposal will finally be 
executed within the campus. Adapting the existing design in order to minimise both, life cycle costs (LCC) and 
environmental impact (LCA) students were juggling with conflicting requirements and found out about synergy 
effects, interdependencies and barriers. This paper shows the results of the students’ work with a focus on the 
difficulties that had to be overcome. 

Keywords: LCA, LCC, design and build, planning process 

Introduction 

Various sustainable building assessment methods, e.g. the German DGNB and BNB, are based 
on a life cycle approach. This has a huge impact on the way architects and engineers work, 
raising questions such as “are economical necessities compatible with ecological and social 
needs?”, or “does an ecological approach increase or reduce the life cycle costs of a building?”. 

Master students at the University of Applied Sciences Bremen were asked to find answers 
to questions like these by analysing their projects systematically: four design proposals for a 
students’ union pavilion, resulting from an earlier studio phase were developed further, 
concentrating on construction design, thermal bridges, building costs, life cycle costs, energy 
performance, and life cycle assessment. Finally one carefully chosen proposal should be executed 
within the campus. 

The Project: designing (and building) a new pavilion for the students’ union 

The Neustadtswall campus of the City University of Applied Sciences Bremen has the 
distinctive character of an inner-city campus. This holds great qualities and potential. The 
university`s practice orientated, hands on and lifelong learning concept creates an exciting 
symbiosis between the university and the neighbourhood it is situated in. The local 
community and cultural institutions offer great potential to work and benefit reciprocally 
with the university. This however requires space: open space for self-organized teaching and
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The three semester research and teaching project "Freiraum" was initiated to search 
for solutions for these needs – with a focus on providing the university with more visibility 
and transparency within the city. 

Phase 1 "Ideas for a new campus development” 

In phase one, areas were identified within and close to the university campus for possible 
development. In addition, project ideas for the respective sites were developed incorporating 
varying programs and spatial volumes. The draft schemes ranged from small pavilion 
buildings to new faculty buildings.  

Phase 2 "Adaptation of ideas to the new chosen site" 

In Phase 2 the students were required to design a space for self-organized teaching and 
learning. They were asked to question how self-organized teaching and learning work, and 
how the space should be designed specifically for this use. After several participatory 
workshops, a requirement brief was drawn up. A specialist committee including university 
management, selected one of the identified sites from phase 1 of the project. The decision 
was to extend an existing one storey transformer building directly on the campus. The 
transformer building was situated in the middle of a courtyard surrounded on three sides by 
four storey faculty buildings (figure 1). 

Figure 1. Site plan, showing proposal 4 (figure 2) 

learning, space for events, flexible space for cultural programs, exhibitions and other actions.
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Whilst occupying a central position within the campus and with a potentially very good 
connection to the main public park, the site was highly problematic. In addition to the 
transformer building the courtyard was currently predominantly used for rubbish storage and 
contained large areas of bike stands. The urban concept was to address and solve these 
deficiencies using the new extension as an intervention catalyst within the campus. 

The designs proposed new access routes and connections through the existing building 
to the new students union, giving access and life to a currently untapped potential in the heart 
of the campus. In turn the new building orientated itself towards the courtyard and the 
adjacent park. This new transparency offered great potential for interaction between the 
university and the adjacent neighbourhood. Under these aspects, ten different design 
proposals emerged. In turn, the jury selected the best results with the greatest potential for 
implementation. Four designs were selected for a possible realization (figure 2). 

Phase 3 „Optimization“ 

The design schemes from phase 2 were then optimized. Whilst looking closely at building 
regulation issues, energy aspects and the interaction with the construction costs remained 
the main focus. Phase 3 was shared between two teaching modules: the first module 
addressing the design development, construction and economics, the second working on the 
energy performance and life cycle assessment. 

The students` first hurdle was the unusual situation of working on a project that they 
hadn`t personally developed up until that stage. Whilst being a typical situation in practice, 
the development of a „foreign” concept created an uncomfortable learning situation. 

The four design concepts were first analysed and critically assessed in groups of two 
students (between 4 and 6 groups per project). Problems, possible challenges and the 
potential for optimization were identified and design strategies created. Initially the main 
design considerations were the complex regulatory issues of building on such a constrained 
site: in particular fire regulations. The projects were then developed further with an emphasis 
on the structure, skin, material and durability. Regular reviews of the initial design concept 
were implicit in maintaining the architectural integrity of the projects. The schemes were 
developed integrally; from the urban concept through to the construction details. The small 
scale of the project was critically important in allowing an in depth exploration.  

Construction Design and Costs 

Context, space, light, structure, materials and sustainability have, in addition to their 
architectural value, economic values and therefore a significant effect on the design and 
planning process. Based on this presumption, the students undertook, parallel to the design 
construction, an extensive study using many of the economic tools intrinsic to the design 

Figure 2. Four design proposals from Phase 2 were chosen for further development in Phase 3: “Optimization”. 
Authors (from left to right): Anna Dubis, Christiane Lütkemeyer, Wencke Morisse, Anja Link 
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process – e.g.: urban plot ratios, detailed floor space calculations (DIN 277), surface 
area/volume, cost estimation, cost calculation DIN 276 / BKI / STLB and life cycle costs (BNB).  

The students were not given any restriction on budget, however the regular comparison 
of figures (whether efficiency ratios, construction costs or LCC) offered an insight into the 
parallel development of the schemes. The close confinements of the site and the complexity 
of the fire regulation requirements were a major driving factor in the decision making. These 
factors had a large impact on the building size, the structure, the choice of materials, the 
design of the facades and the costs. 

For the calculation of the life cycle costs the students used the BNB 2011 tool. The tool 
and the results produced were not detailed enough to give an accurate insight into the 
potential shift of costing within the building`s life cycle. However it did raise questions 
concerning the priorities set by the tool. (The previous year LEGEP had been used to estimate 
the LCC and the LCA. This software proved to be too complex at this educational stage). One 
observation was the apparent lack of interdependency between the cost of a building 
element (for example a window) and its performance. Despite a building element being more 
expensive due to it being more durable or easier to clean, the costs it generates in the cleaning, 
maintenance and repair phases are linked linearly to cost per area rather than quality and 
performance.  

The addition of looking closely at the various economies of architectural design placed 
considerable additional demands on the students, not just on their work load but also in 
creating a hierarchy in their decision making.  

With approximately one third of the semester left, the students were required to bring 
their designs to a penultimate close. The four concepts had at this stage undergone a familiar 
practice orientated development process. The resultant projects created the basis to assess, 
experiment with and evaluate the ecological, energetic and economic variables. 

Life Cycle Assessment 

To quantify the environmental impact of the different suggestions the students carried out a 
life cycle analysis using eLCA, an online Life Cycle Assessment Tool based on a standardized 
database for ecological evaluations of buildings, ÖKOBAUDAT. The net energy demand of the 
utilisation phase was calculated using ZUB-Helena, assessing the impact of thermal bridges 
with ZUB-Argos. 

Based on their first calculation results students then developed strategies to improve 
the energy performance of their proposals and to lower the environmental impact, focussing 
on carbon dioxide emissions and embedded primary energy.  These included the application 
of renewable building materials for structural elements, building envelope and thermal 
insulation but also technical features such as decentralised heat production. 

Students quickly identified the existing heating system, a condensing boiler dating back 
to 2005 in combination with a block heating station from 2001, as the main source for 
negative environmental effects. The German Energy Saving Ordinance however does not 
define holistic requirements for building extensions, the thermal building envelope only has 
to meet certain U-values. Nevertheless, in order to quantify the energy consumption for the 
usage of the building a calculation had to be made. The results stated clearly, that the school’s 
existing energy supply system is not suitable to fulfil modern environmental standards. The 
environmental impacts for the production of the heating supply are compensated several 
times by far lower emissions in the buildings usage phase. Also the higher construction costs 
are easily compensated by lower net energy costs.  
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Accompanying the working drawings by LCA-calculations singular elements causing 
huge environmental impacts could be identified – and replaced by less problematic materials, 
e.g. a timber instead of an initially intended zinc cladding. This of course changed the overall 
appearance of the original design strongly. A higher thermal isolation level, leading to a 
significant fall below the building regulation requirements, pays also back within the 
estimated building life span of 50 years. For the structural elements it is sometimes other 
requirements, e.g. fire protection, which make it difficult to go for an environmental friendlier 
solution. 

Example 

The following project, showing the further development of project 4 by Anja Link (figure 2), 
shows representative results. The project was adapted by a group of three students, including 
the author of the original design. The design imitates an electromagnetic coil, a reminiscent 
to the building site on top of a transformer. The supporting structure is bridging the 
transformer building, the actual new space is a glass box “floating” atop the existing structure. 
The shifts in the structure enable access to the irregular openings of the transformer building 
(figure 3).  

In the course of the project they developed 4 different variations of the original design: 

x V0 represents the initial proposal, a steel frame structure, insulated with mineral
wool (roof) and XPS (floor). The industry glass elements of the façade are filled with
translucent heat insulation. The interior drywalls exist of steel studs with gypsum
boards and mineral isolation.

x V1 examines the ecological and economic consequences of ecological building
materials: the supporting structure is made out of timber, covered with bronzed
steel panels. The thermal insulation of the roof is replaced by hemp insulation, the
compression proof insulation of the floor plate is ensured by foam glass. The interior
timber frame walls are filled with hemp.

x V2 looks at the effects of a heating system independent from the university’s
existing heat supply. The students opted for an electricity driven brine-to-water-
heat pump.

x V3 combines V1 and V2.

Figure 3. Proposal 4 (author A. Link) as adapted by Shiva Abadi, Janna Achilles and Anja Link 
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Table 1 shows that the usage of ecological building materials (V1) does not necessarily 
lead to a significant increase in the building costs, neither construction nor life cycle costs 
(LCC), compared to conventional materials (V0) - contradicting the common prejudice of 
environmental friendly construction being more expensive. It does, however, significantly 
reduce environmental impacts such as global warming potential (GWP, -30%), acidification 
potential (AP, -38%) and primary energy consumption (PE, -26%). Regarding primary energy 
one notices not only a noteworthy reduction in the overall demand but also a substantial shift 
from non-renewable to renewable primary energy. 

The implementation of a brine-to-water-heat pump in V2 leads to an insignificant 
increase of construction costs (+3%), met by a slight decrease of life cycle costs (-3%). The 
environmental effects however show considerable improvement regarding the GWP (-26%), 
AP (-18%) and PE (-22%), also with a shift from non-renewable to renewable primary energy. 

In V3 the combination of the two measures studied so far leads to the same slight 
increase in construction costs as V2 (+3%) but shows nearly no influence on life cycle costs 
(-1%). The environmental effects however multiply: GWP decreases by 58%, AP by 57% and 
PE by 49% combined with a significant shift from non-renewable to renewable primary energy. 

In conclusion of the substantial ecological benefits, faced only by a slight increase of life 
cycle costs, but also design considerations (the timber structure with the steel sheet cladding 
allows the roof drainage pipes to be hidden) and fire safety requirements (fire proof foam 
glass insulation) the students favour V3 to the original proposal as in V0. 

Table 1. Environmental and economic consequences of variation V0 to V4 as described above 
 

 V0 V1 V2 V3 (=V1+V2) 
GWP [kg-CO2-equ.] 19.172 

100% 
13.328 

70% 
14.231 

74% 
8.040 

42% 
AP [kg-SO2-equ.] 55 

100% 
34 

62% 
45 

82% 
24 

43% 
Primary energy [MJ] 293.812 

100% 
218.689 

74% 
230.088 

78% 
151.259 

51% 
- renewable [MJ] 

 
18.914 

100% 
23.929 

127% 
21.966 

116% 
27.481 

145% 

- non-renewable [MJ] 
 

274.898 
100% 

194.759 
71% 

208.121 
76% 

123.778 
45% 

Life Cycle Costs [€] 
  

598.421 
100% 

613.283 
102% 

580.185 
97% 

591.734 
99% 

- Construction costs [€] 
 

325.204 
100% 

322.500 
99% 

335.622 
103% 

333.513 
103% 

- Operating costs [€] 
 

177.036 
100% 

181.492 
103% 

137.170 
77% 

137.170 
77% 

- Cleaning costs [€] 
 

23.646 
100% 

23.646 
100% 

23.646 
100% 

23.646 
100% 

- Maintenance costs [€] 
 

30.858 
100% 

45.114 
146% 

38.558 
125% 

53.128 
172% 

- Repair costs [€] 
 

41.678 
100% 

40.531 
97% 

45.189 
108% 

44.277 
106% 
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Lessons learnt 

The original intention to identify interdependencies between LCA and LCC did not find 
satisfying answers. This reflects the complexity of the correlations. Nevertheless some 
interesting observations were made. These were made predominantly in the area of teaching 
experience and potential methods for the future: 

x Students are well aware of environmental problems, however the huge impact the
design phase can have on these issues is not particularly obvious to them. They can deal
with economical restrictions, but are less skilful when it comes to environmental
impacts. They had, for example no problem in changing structural materials for
environmental reasons. However when it came to the visible materials of the building
envelope, their willingness to let environmental aspects influence their design decisions
declined. A small number accepted negative environmental effects for design’s sake, e.g.
the ETFE-foil covered skin chosen for project 3 (figure 4). The use of ETFE multiplied the
negative environmental effects compared to the originally intended metal mesh.
However more ambitious students did not shy away from examining the effects of
different structural solutions and materials (figure 5).

x Students had difficulties dealing with costs, environmental impacts and design at the
same time. Energy and environmental performance assessment methods are quite
complex, so the students` willingness to reassess design decisions on, for example
environmental results, is very low. This may also have been accentuated by not relating
to the designs as if they were their own.

Figure 4. ETFE-foil covered version of proposal 3 causing a significant increase 
of environmental impacts (Jannis Bösche and Hauke Lohöfer) 

Figure 5. Variations for 
the structural system of 
proposal 4 (Svenja Kaune 
and Robert von der Höh) 
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x All groups had difficulties dealing with the complexity of the process, which led in some
cases to obvious neglect of the architectural concept. The architectural design became
insignificant and the ecology and economics became the driving priority in the process.

x The project illuminated the need to work regularly with students on reiterative design
processes, which include complex combinations of environmental aspects.

x It also showed clearly that the project period of one semester is not adequate to teach
the complex context of construction design costs, LCC, energy efficiency and LCA
profoundly. Whilst in practice it would be beneficial for all aspects to be integrated in the
early design phase, this is impossible at a teaching level due to the quantity of information
that has to be acquired by each individual rather than a comprehensive team.

x Despite the complex methodology of the project there was a discernible legitimate
pattern in the building costs of the 4 varying concepts. This was presumably due to the
emphasis on the precise development of the details and the careful definition of the
materials required to calculate the costs.

x Most measures reducing the environmental impact pay back within an estimated lifespan
of 50 years, despite higher construction costs.

x The simplified energy performance requirements for the extension of existing buildings
do not contribute to a reduction of environmental impacts of the usage phase.

Prospects 

Based on the current planning status, the execution of one of the proposals is presently being 
discussed by the university management. 

In terms of architectural education the big challenge to be met lies within the 
compatibility of complex life cycle aspects without neglecting architectural quality. Students 
need to learn to independently deal with multifaceted environmental and economical 
requirements and to create high quality architecture - not despite, but precisely on account 
of these requirements. This applies especially to universities of applied sciences with their 
claim to practice oriented education. To what extent curricula have to reflect this in order to 
provide a responsible architectural education for the future requires further discussion. 
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Abstract:	Sustainability	and	environmental	illiteracy	is	still	common	in	architectural	curricula.	This	may	lead	to	
further	 generations	 of	 architects	who	 are	 unequipped	 for	 global	 sustainability	 goals.	 This	 paper	 discusses	 a	
living	 lab	 teaching	 experience	 which	 investigates	 the	 roles	 of	 learning	 by	 doing	 and	 hands-on	 building	
experimentation	 to	 root	 an	 understanding	 of	 sustainability	 in	 architectural	 education.	 The	 design	 studio	
focused	 on	 passive,	 low-cost	 and	 energy-efficient	 approaches	 suitable	 for	 a	 hot	 arid	 climate.	 The	 students	
were	asked	to	design	a	refugee	shelter	prototype	that	is	cost-	and	time-efficient	with	the	least	impact	on	the	
environment	after	demolition.	The	course	teaching	process	also	included	invited	guest	speakers,	field	trips	and	
a	 practical	 hands-on	 workshop	 for	 low-tech	 building	 techniques	 –	 all	 that	 can	 serve	 as	 a	 foundation	 for	
designing	 and	 building	 a	 full-scale	 physical	 model	 of	 their	 refugee	 shelter	 proposal.	 Thermal	 comfort	 and	
energy	 consumption	 for	 the	design	proposal	was	evaluated	by	 simulation,	 and	 the	physical	 implementation	
was	evaluated	by	field	monitoring.	This	paper	outlines	the	design	studio	pedagogical	experimental	process	and	
the	 resulting	 students’	 projects.	 It	 will	 also	 show	 the	 various	 skills	 the	 students	 had	 acquired	 and	 present	
how	this	type	of	pedagogy	could	be	viewed	as	a	pilot	model	for	green	architecture	education.	

Keywords:	Learning	by	doing,	action	research,	living	lab,	arid	climate,	low	impact	design	

Introduction	

Given	the	growing	energy	crisis	worldwide,	the	application	of	sustainability	methods	within	
the	 built	 environment	 has	 become	 essential	 for	many	 countries,	 particularly	 those	 in	 the	
Middle	East.	This	is	especially	important	due	to	the	increase	in	rates	of	energy	consumption	
and	 the	 depletion	 of	 energy	 resources.	 According	 to	 IPCC	 (2007),	 buildings	 account	 for	
almost	half	of	the	global	energy	consumption,	and	on	the	regional	level	in	the	Middle	East,	
the	 building	 sector	 alone	 accounts	 for	 about	 40%	 of	 the	 total	 energy	 consumption.		
Similarly,	 in	 Egypt,	 residential	 buildings	 account	 for	 about	 47%	 of	 energy	 consumption,	
followed	 by	 industry	 at	 20%	 (EEHC,	 2011;	 Shaaban	&	 Badr,	 2013).	 As	 a	 result,	 a	 growing	
demand	for	more	sustainable	green	buildings	and	the	need	for	low	or	zero	carbon	cities	has	
arisen,	 but	 implementing	 holistic	 sustainable	 design	 approaches	 requires	 well-trained	
professionals	 and	 architects	 (Gucyeter,	 2016).	 Thus,	 the	 integration	 of	 energy	 efficiency	
methods	 and	 environmental	 awareness	 in	 architectural	 education	 curricula	 is	 highly	
important.	

Many	 architectural	 programmes	 worldwide	 have	 begun	 to	 integrate	 sustainable	
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concepts	into	their	educational	programmes;	however,	programme	inconsistencies	and	the	
lack	of	thorough	integration	remain	(Lidgren	et	al.,	2006).	Furthermore,	no	clear	pedagogy	
for	 fully	 integrating	 sustainable	 environmental	 design	 within	 architectural	 curricula	 is	
currently	 in	 place	 (Altomonte,	 2009).	Moreover,	while	 the	 architectural	 profession	 in	 the	
Middle	 East	 has	 greatly	 changed	 over	 the	 past	 years,	 the	 education	 process	 still	 remains	
slow	 to	 respond.	 In	 Egypt,	 although	 environmental	 awareness	 in	 sustainable	 design	
education	 began	more	 than	 twenty	 years	 ago	 for	 both	 postgraduate	 and	 undergraduate	
architectural	 curricula,	 ecologic	 illiteracy	 still	 exists	 in	 architecture	 education	 and	
architecture	 practice	 (Dabaieh	&	Nour,	 2013).	 Today,	 a	 large	 gap	 remains	 between	what	
schools	of	architecture	offer,	what	 the	regulations	currently	specify,	and	what	 the	market	
demands	 (Dabaieh	 et	 al.,	 2017).	 Previous	 research	 suggests	 that	 many	 of	 the	 problems	
found	 in	 the	 built	 environment	 today	 originate	 from	 problems	 within	 the	 current	
architectural	 education	 systems	 (Dabaieh	 et	 al.,	 2017).	 These	 problems	 include	 a	 gap	
between	research	and	practice	as	well	as	the	gap	between	education	and	practice	(Farahat,	
2011).	 Furthermore,	 Dessouky	 (2016)	 also	 identified	 a	 gap	 in	 the	 integration	 of	
environmental	 and	 societal	 needs	 within	 both	 architectural	 practice	 and	 educational	
programmes.	 Consequently,	 many	 students	 are	 unable	 to	 deal	 with	 the	 realities	 of	
professional	 practice	 after	 they	 graduate	 (Dabaieh	 et	 al.,	 2017;	 Farahat,	 2011).	 Educators	
like	 Salama	 (2009	 &	 2010)	 also	 highlight	 the	 need	 for	 education	 to	 be	 more	 responsive	
towards	 contemporary	 social	 demand.	 After	 analysing	 14	 programmes	 in	 eight	 Middle	
Eastern	 countries,	 Salama	 and	 Amir	 (2005)	 concluded	 that	 there	 is	 an	 issue	 with	 the	
integration	of	aspects	 related	to	contextual	urban	and	rural	development	 in	 the	curricula.	
Furthermore,	the	analysis	pointed	out	that	the	courses	 in	these	programmes	focus	mainly	
on	aesthetics,	history	and	 theory	 rather	 than	on	 social	needs,	 and	 the	 cultural	 and	 socio-
economic	issues	that	are	relevant	to	a	country’s	local	environment	(Salama	&	Amir,	2005).	
Dessouky	(2016)	further	asserts	the	need	to	address	social	and	environmental	issues	within	
architectural	 education	 and	 make	 a	 shift	 from	 a	 theoretical	 perspective	 to	 actual	
implementation.	

Research	that	addresses	undergraduate	architectural	pedagogy	at	universities	in	Egypt	
is	 lacking.	 However,	 this	 type	 of	 research	 is	 particularly	 important	 to	 allow	 for	 the	
continuous	development	of	programmes	within	the	region.	Nevertheless,	previous	existing	
studies	 have	 also	 called	 for	 a	 shift	 from	 traditional	 teaching	 methods	 in	 Egyptian	
architectural	 programmes	 to	 more	 experiential	 learning	 approaches	 where	 students	 are	
active	 participants	 and	 not	 mere	 spectators	 (Dabaieh	 et	 al.,	 2017).	 It	 is	 argued	 that	
traditional	 teaching	methods	 lack	 the	use	of	 interactive	 learning	that	would	help	students	
understand	the	multiple	dimensions	of	the	built	environment	(Salama,	2010).	Moreover,	the	
importance	 of	 both	 in-class	 and	 off-campus	 active,	 experiential	 learning	 has	 also	 been	
emphasised	 (Salama,	 2010).	 This	 is	 an	 aspect	 that	 is	 directly	 related	 to	 the	 hands-on	
pedagogy	proposed	in	this	paper.	

An	 undergraduate	 senior	 elective	 course	 for	 the	 architecture	 of	 arid	 environments	
offered	during	spring	2016	semester	was	chosen	as	a	pilot	case	 for	 this	study.	The	course	
was	 divided	 into	 three	 phases	 and	 included	 both	 theoretical	 and	 practical	 hands-on	
experimentation	in	a	campus	living	lab	environment.	The	main	objective	of	the	course	was	
to	teach	students	the	fundamental	knowledge	for	best	practice	and	design	methods	for	hot,	
arid	environments,	focusing	on	the	Egyptian	context.	The	main	teaching	philosophy	applied	
in	this	course	was	learning	by	doing	and	experimenting	in	an	actual	urban	living	lab.	During	
the	15	weeks	of	 the	course,	 the	students	were	 introduced	to	passive	vernacular	solutions	
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and	 environmentally	 conscious	 strategies	 in	 conjunction	 with	 environmentally	 friendly	
natural	materials	used	in	construction.	The	lectures	began	with	targeted	discussions	about	
various	 environmental	 movements	 and	 increased	 awareness	 among	 architects	 after	 the	
energy	 crises	of	 the	70s	and	 then	developed	 towards	modern	movements,	 contemporary	
design	and	the	construction	of	smart	buildings.	The	teaching	approach	was	based	on	case	
studies	 that	 show	 the	 application	 of	 different	 theoretical	 principles	 for	 building	 physics,	
material	 thermal	 behaviour	 or	 properties,	 and	 construction	 methods.	 The	 course	 was	
designed	so	 that	 six	weeks	were	dedicated	 to	covering	 the	 theoretical	aspect	 followed	by	
four	 weeks	 for	 the	 design	 and	 design	 development	 exercise	 for	 a	 passive	 and	 low-cost	
refugee	shelter,	and	the	 final	 five	weeks	were	dedicated	 for	 the	 implementation	of	a	 full-
scale	shelter	model.	The	first	seven	weeks	included	field	trips	to	view	projects	that	applied	
passive	and	 low-energy	design	methods	 in	Egypt	using	 low-tech	 construction	approaches.	
The	 trips	 inspired	 the	 students,	 and	 it	was	 easy	 for	 them	 to	 relate	what	 they	 saw	 to	 the	
theoretical	knowledge	taught	in	class.		

A	 total	 of	 18	 students	 were	 divided	 into	 two	 teams.	 This	 paper	 discusses	 the	
pedagogical	process	and	shows	 the	building	outcomes,	assessment	of	 the	students’	work,	
and	the	overall	 learning	experience	 for	 the	arid	environment	course.	The	hope	 is	 that	 the	
methodology	 of	 this	 course	 will	 inspire	 and	 be	 feasible	 enough	 to	 be	 applied	 in	 several	
architectural	courses,	resulting	in	a	new	generation	of	architects	who	can	compete	with	the	
challenges	and	wicked	problems	of	climate	change	within	the	built	environment.	

Course	Methodology		

The	methodology	 adopted	 in	 this	 pilot	 course	 is	 learning	by	 experimentation	 in	 an	urban	
living	 lab	 environment.	 Several	 tools	 and	 techniques	were	 used	 in	 the	 course	 during	 the	
three	main	phases	mapped	in	Figure	1.				

Figure	1.	The	pedagogical	process	for	the	course	and	the	methodology	used	in	the	course	during	three	phases.	
	
Phase	One:		
During	 six	weeks	 in	 a	 classroom	environment,	 the	 students	were	 introduced	 to	 the	main	
theoretical	background	and	foundation	knowledge	for	current	energy	problems	in	Egypt	and	
the	status	quo	compared	to	the	rest	of	the	world	in	terms	of	CO2	emissions	per	capita.	This	
was	a	way	to	introduce	the	principles	of	passive	and	climatic-responsive	architecture	with	a	
focus	 on	 hot,	 arid	 environments.	 The	main	 strategy	 was	 to	 examine	 the	 lessons	 learned	
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from	 vernacular	 architecture	 in	 Egypt	 and	 other	 countries	 in	 the	 same	 climatic	 zone.	
Lectures	supported	by	 invited	guest	 speakers	who	were	both	academics	and	practitioners	
were	a	main	supporting	tool	 in	the	beginning	of	the	course,	along	with	field	trips,	student	
focus-group	discussions,	and	self-reflections	on	the	materials	taught	in	class.	At	the	end	of	
this	 phase,	 the	 students	 were	 given	 an	 assignment	 to	 design	 and	 build	 a	 12m2	 passive	
refugee	shelter.	

	
Phase	Two:	
Phase	 two	consisted	of	 four	weeks	of	 tutoring	 for	developing	 the	design	project	with	 the	
help	 of	 two	 teaching	 assistants	 to	 coach	 the	 students	 and	 help	 them	 with	 literature	
materials,	resources,	feedback	and	feedforward	on	their	design	development.	The	lectures	
began	 with	 pin-up	 group	 presentations	 for	 the	 design	 proposals	 followed	 by	 one-to-one	
direct	mentoring	and	 tutoring.	 In	 this	 stage,	 the	 students	used	 the	 theoretical	 knowledge	
they	gained	from	the	earlier	stage	supported	by	their	research	into	similar	projects	as	case	
studies.	 They	 then	 presented	 their	 preliminary	 research	 on	 the	 materials,	 construction	
methods	 and	 the	 passive	 design	 strategies	 they	 will	 apply.	 They	 followed	 a	 step-by-step	
process	 into	 detailed	 technical	 drawings	 and	 calculations	 for	 U	 values	 for	 the	 materials	
proposed	followed	by	modelling	and	simulation	to	verify	the	climatic	responsive	and	passive	
design	 approaches.	 In	 this	 phase,	 the	 students	 also	 were	 coached	 to	 design	 technical	
installations	for	water	and	drainage	systems	using	low-tech	solutions	and	to	make	a	simple	
budget	analysis	for	the	total	cost	of	their	prototypes.	

	
Phase	Three:	
Phase	 three	 lasted	 five	weeks	and	consisted	of	 the	hands-on,	physical	construction	of	 the	
refugee	shelter.	A	selected	site	was	chosen	on	campus,	and	students	brought	the	materials	
and	tools	needed	to	construct	the	shelter.	Health	and	safety	precautions	were	made	during	
the	implementation	phase.	The	students	 in	both	groups	went	through	several	preliminary,	
trial-and-error	 tests	 for	 the	construction	methods	they	proposed.	They	 then	made	several	
on-site	developments	and	rectifications	to	some	of	their	 ideas.	After	the	construction	was	
complete,	 the	 two	 prototypes	 were	 monitored	 for	 one	 day	 to	 measure	 the	 indoor	
temperature	 and	 humidity	 compared	 to	 outdoors.	 This	 was	 to	 assess	 and	 compare	 the	
performance	of	both	prototypes	in	relation	to	the	average	indoor	comfort	limits	according	
to	Egyptian	standards.	The	students	presented	their	final	projects	to	five	jury	members	(two	
external	 and	 three	 resident	professors)	who	were	 invited	 to	 evaluate	 the	 two	prototypes	
based	on	certain	 criteria:	 structural	 stability,	 suitability	of	materials	 and	 structure	 system,	
load	 resistance,	 form	 suitability	 and	 the	 innovation	 of	 the	 passive	 strategies	 applied.	 The	
process	of	the	physical	model	is	explained	in	figure	2and	3.	

	
	Figure	2.	The	physical	model	from	design	to	implementation.	
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Figure	3.	The	physical	structure	concept	and	students’	trial	with	testing	different	structure	systems.	

Results	and	Discussion		

Theoretical	Base	and	Learning	by	Exploring		

The	 course	 began	 with	 an	 introduction	 to	 energy	 crises	 and	 environmental	 problems	 in	
contemporary	building	practices	in	Egypt.	This	was	followed	by	a	study	of	the	problems	and	
challenges	 with	 the	 Egyptian	 energy	 efficiency	 building	 codes	 and	 rating	 systems.	 The	
introduction	was	given	 in	relation	to	the	situation	with	other	countries	 in	 the	Middle	East	
and	 North	 African	 (MENA)	 region	 in	 comparison	 to	 leading	 countries	 in	 Europe	 who	 are	
already	 approaching	 the	 2020	 targets	 successfully.	 The	 shocking	 facts	 were	 a	motivation	
tactic	to	 introduce	passive	and	energy	efficient	design	concepts	 in	relation	to	not	only	the	
climate	but	also	the	cultural	and	social	norms	that	affect	the	final	building	outcome.	At	first,	
the	 students	were	 apprehensive	 about	of	 the	 idea	of	 building	 a	 full-scale	physical	model.	
They	were	 accustomed	 to	working	with	 small-scale	models	 with	 a	maximum	 detailing	 of	
1:50	 scale.	 In	 addition,	 this	 was	 the	 first	 time	 they	 were	 expected	 to	 use	 real	 building	
materials,	and	they	had	to	make	their	own	decisions	on	which	material	to	choose	as	well	as	
what	 building	 technique	 to	 apply.	 The	 field	 trip	 and	 off-campus	 workshop	 served	 as	
important	 learning	 tools	 in	 the	 course’s	 first	 phase.	 The	 students	 managed	 to	 see	 real	
examples	 for	 passive	 and	 eco-friendly	 design	 approaches	 using	 locally	 available	materials	
like	 clay,	 reeds,	 stone,	 and	 palm	 and	 acacia	 wood.	 They	 also	 saw	 how	 eco-cycle	 and	
sustainable	cradle-to-cradle	approaches	could	be	applied.	They	met	 local	NGOs	who	work	
with	involving	indigenous	local	communities	in	recycling,	community	development,	organic	
farming	and	permaculture.	They	succeeded	 in	connecting	 the	 four	pillars	of	 sustainability:	
the	economic,	the	social,	the	environmental	and	the	cultural.	In	addition,	during	a	one-day	
workshop	for	low-tech	earth-building	techniques,	the	students	were	given	the	opportunity	
to	test	building	techniques	like	adobe,	pise,	and	wattle	and	daub	with	their	bare	hands,	as	
shown	 in	 Figure	 4.	 This	 helped	 them	 to	 understand	 the	 properties	 and	 behaviour	 of	
materials	in	relation	to	the	local	physical	and	natural	environment	and	how	to	connect	the	
climate	with	the	availability	of	natural	resources	in	relation	to	human	needs.	The	field	trip	
and	 the	 hands-on	 workshop	 helped	 students	 become	 more	 aware	 of	 how	 design-build	
projects	are	intended	to	relate	to	the	context	of	the	city	and	the	community	and	respond	to	
local	considerations	of	climate	and	culture.		
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Figure	4.	The	hands-on	workshop	and	the	testing	of	natural	materials	and	techniques.	

Feedback	and	Feedforward	for	Design	and	Design	Development		

The	 two	 groups	 of	 students	 came	 up	with	 two	 different	 self-assemble	 and	 do-it-yourself	
proposals	for	the	refugee	shelter.	Their	designs	reflected	their	understanding	of	the	theory	
presented	in	the	lectures,	the	field	trips	and	the	workshop,	the	literature	search,	and	their	
on-site	 survey	with	 current	 refugees	 in	 Egypt.	 They	 also	made	 a	 field	 study	 for	 available	
feasible	materials	and	the	economics	of	supply.	One	group	decided	to	use	recyclable	plastic	
bottles	and	plastic	 tubes	with	different	 infill	 as	a	 low-cost	and	 low-tech	material,	 and	 the	
other	 group	 decided	 to	 use	 reeds	 and	 bamboo	 as	 biodegradable	 natural	materials.	 Both	
groups	 developed	 several	 innovative	 passive	 solutions	 for	 cooling,	 heating	 and	 natural	
ventilation	 together	with	 low-tech	 ideas	 for	 sanitation,	water	 feeding	 and	electric	 supply.	
The	design	proposal	for	each	group	was	discussed	weekly,	and	design	developments	were	
based	on	comments	and	 feedback.	They	used	Autodesk	green	building	studio	software	 to	
simulate	 the	 energy	 performance	 of	 their	 proposals,	 and	 their	 designs	 were	 rectified	
accordingly	 to	 meet	 passive	 house	 standards.	 In	 this	 phase,	 the	 students	 managed	 to	
develop	their	skills	and	well	as	their	understanding	of	the	connection	between	the	building	
users’	demands,	the	design	requirements,	the	building	materials,	the	structure	performance	
and	 economic	 feasibility	 along	 with	 the	 material	 thermal	 performance,	 indoor	 comfort	
standards	and	local	climate.	In	this	phase,	they	were	also	encouraged	to	think	critically	and	
comment	on	each	other's	proposals	 through	peer	 review.	The	outcome	of	 this	phase	was	
presented	 in	 the	 form	 of	 a	manual	 sketch,	 computer	 2D	 drawings,	 3D	models	 and	 1:100	
physical	models.		

Physical	prototype	and	students	project	evaluation	

During	five	weeks	of	site	work	on	campus,	the	students	constructed	their	full-scale	models.	
The	 students	 purchased	 the	materials	 themselves	 and	were	 responsible	 for	 storing	 them	
onsite	 as	 well	 as	 managing	 the	 entire	 construction	 process.	 The	 location	 of	 the	 project	
allowed	students	to	take	 into	consideration	local	conditions,	for	example,	determining	the	
availability	of	local	materials	to	save	on	transportation	costs.	They	started	with	small	proof	
of	concepts	test	cells	for	the	walls	and	roof	structure	and	conducted	several	trial-and-error	
tests	until	 they	reached	the	desired	results.	At	 first	 the	students	were	sceptical	about	 the	
performance	of	 the	final	outcome	compared	to	their	design	 intentions	and	the	simulation	
results.	In	this	project	exercise,	this	was	meant	to	give	an	understanding	of	the	performance	
gaps	between	the	design	concepts	and	the	simulation	outcome	in	comparison	to	the	real-
as-built	performance.	It	is	evident	that	students	were	able	to	sense	the	gaps	after	discussing	
the	monitoring	results	with	them.	They	understood	that	the	gaps	could	be	due	to	simulation	
accuracy,	 local	 microclimate	 influence	 or	 user	 behaviour.	 The	 monitoring	 stage	 was	
conducted	on	20	May	2016,	 and	 the	 result	was	 that	 the	plastic	 bottles	model	 performed	
better	than	the	reeds	one,	with	an	average	difference	of	1.5°C	and	2%	for	humidity.	When	it	
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was	30°C	outdoors,	it	was	26.5°C	in	the	plastic	bottles	model	and	28°C	in	the	reeds	model.	
For	 comparison,	 the	 average	 indoor	 thermal	 comfort	 according	 to	 Egyptian	 standards	 is	
29°C.	The	students	understood	the	role	of	air	 tightness	and	 infiltration	as	well	as	material	
resistivity	 and	 thermal	 performance.	 It	 was	 also	 useful	 for	 them	 to	 understand	 the	
performance	of	the	passive	strategies	they	applied,	such	as	with	the	proper	orientation	of	
their	 prototypes	 in	 relation	 to	 wind	 direction	 and	 sun,	 shading,	 thermal	 mass,	 thermal	
zoning,	solar	control,	cross	ventilation	and	night-flush	effect	for	cooling.	This	model-building	
exercise	 also	 further	 developed	 the	 students’	 skills	 in	 structure	 performance	 and	 stability	
after	 several	 failures.	 In	 addition,	 it	 challenged	 their	 abilities	 to	 produce	 several	 design	
solutions	for	interior	furniture	and	installations	for	a	small	kitchenette	and	toilet	with	only	
one	type	of	material.	The	students	presented	their	 ideas	and	models	to	the	jury	members	
and	 were	 evaluated	 according	 to	 the	 criteria	mentioned	 in	 the	methodology	 above.	 The	
construction	process	and	the	final	outcome	is	shown	in	Figure	5.	

		 	
	
	
	
	
	
	
	
	
	
	

Figure	5.	The	construction	process	for	the	two	prototypes,	from	the	initial	material	preparation	to	the	final	
full-scale	shelter.	

Conclusion	

Given	 the	 current	 energy	 crises	 in	 Egypt,	 recent	 efforts	 have	 been	 directed	 towards	
incorporating	energy	efficiency	and	environmental	awareness	into	architectural	education.	
This	 study	 is	 considered	 as	 a	 pilot	 teaching	 and	 learning	 experience	 in	 a	 living	 lab	
experimentation	 environment.	 The	 course	 pedagogy	 focused	 on	 learning	 by	 doing	 and	
teaching	 students	 climatic	 responsive	 design	 in	 relation	 to	 local	 materials,	 culture	 and	
economy.	The	students	were	given	the	challenge	to	design	a	prototype	that	is	low-cost,	able	
to	 be	 self-assembled,	 quick	 to	 erect	 and	 dismantle	 (within	 a	 few	 hours),	 able	 to	 achieve	
adequate	 indoor	 thermal	 comfort,	 and	 equipped	with	 basic	 necessities	 (water,	 sanitation	
and	 furniture)	 –	 all	 while	 acknowledging	 the	 local	 climatic	 context.	 The	 results	 were	
assessed	according	 to	 the	design	novelty,	 the	building	cost	calculations,	 the	 time	 it	would	
take	 to	 construct	 and	 dismantle,	 and	monitoring	 results	 for	 indoor	 thermal	 performance.	
The	 new	 experience	 of	 the	 course	 was	 to	 teach	 students	 how	 to	 apply	 the	 knowledge	
gained	in	a	practical	manner	through	hands-on	construction.	This	prepares	students	for	the	
reality	of	architecture	practice	in	Egypt,	where	design	is	rarely	climate	responsive,	and	more	
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often	than	not,	ill-adapted	to	the	local	climate.	This	transformation	helps	students	to	realise	
the	actions	taken	to	turn	the	drawings	into	a	real	building	and	in	a	manner	similar	to	that	of	
working	with	a	real	client.	Additionally,	 it	allows	them	to	understand	the	physical	building	
process	and	the	values	of	testing	their	 ideas,	experimenting	with	concepts,	and	evaluating	
them	 in	 real	 environment.	We	 hope	 that	 the	 aims	 of	 this	 course	will	 be	 developed	 even	
further	 and	move	 forward	 from	 being	 simply	 a	 pilot	 case	 to	 that	 of	 a	 norm	 in	 teaching	
environmental	design.		
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Abstract:	 Increasing	 demand	 for	 energy	 efficiency	 in	 buildings	 is	 a	 challenge	 for	 training	 new	 professionals	
capable	 of	 implementing	 innovative	 approaches	 in	 practice	 and	 building	management	 in	 different	 regional	
conditions.	This	paper	presents	a	study	of	energy	efficiency	activities	in	faculties	of	Buenos	Aires	University,	in	
the	 context	 of	 the	 urgent	 need	 to	 reduce	 demand	 and	 promote	 energy	 efficiency	 in	 buildings.	 This	 is	 a	
response	to	increasing	energy	imports,	reduced	subsidies	and	increasing	investments	needed	to	extract	fossil	
fuels	 as	 well	 as	 concerns	 about	 climate	 change	 and	 global	 warming.	 The	 paper	 presents	 research	 and	
consultancy	results,	and	development	of	graduate	and	postgraduate	courses	on	bioclimatic	design	and	energy	
efficiency	 in	 buildings.	 The	 auditing	 of	 environmental	 conditions	 and	 energy	 demand	 in	 buildings	 provide	
effective	 lessons	 for	 detecting	 professional	 training	 requirements	 and	 institutional	 transfer.	 The	 Argentine	
National	Library	provides	a	valuable	case	study	relating	building	design,	environmental	conditions	and	energy	
demand.	 Measurements	 and	 surveys	 link	 theory	 and	 practice,	 with	 feed-back	 to	 develop	 academic	
programmes	to	meet	the	changing	needs	of	programmes	incorporating	energy	efficiency	in	university	curricula.	
These	 experiences	 contribute	 to	 implementing	 sustainability	 criteria	 and	 environmental	 assessment	 in	
architecture,	 favouring	 the	 transfer	 to	 social	 and	 economic	 sectors	 while	 reducing	 impacts	 of	 the	 built	
environment.	
	
Keywords:	Energy	efficiency,	professional	training,	energy	audits,	energy	in	buildings.	

Introduction		

This	 paper	 presents	 academic	 programmes,	 research	 activities	 and	 technical	 transfer	 to	
institutions	 and	 professional	 practice,	 related	 to	 energy	 efficiency	 in	 the	 building	 sector,	
carried	out	 in	 the	University	of	Buenos	Aires	 in	 response	 to	 the	 critical	 energy	 context	 in	
Argentina,	responding	to	the	following	critical	local	issues:		
• Rapidly	 increasing	energy	demand,	especially	 in	 the	housing	 sector:	45	%	 in	 the	 last	

decade,	2006-2015	(MINEM,	2017).	
• Gas	imports	now	exceed	30	%	of	the	total	after	three	decades	of	gas	self-sufficiency:	

gas	represents	53	%	of	the	total	energy	demand	(Gil,	2014,	MINEM,	2017).	
• Need	 to	 reduce	 heavy	 dependence	 on	 domestic	 energy	 subsidies	which	 distort	 the	

market,	 promote	 inequality	 among	 different	 social	 sectors	 and	 discourage	 energy	
efficiency.	

• Limited	 domestic	 investment	 available	 for	 new	 non-conventional	 fossil	 fuel	
exploration	and	extraction.	
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• Important	proportion	of	the	population	with	low	incomes	and	limited	access	to	energy	
to	satisfy	basic	needs	of	heating,	cooking	and	water	heating.	
The	present	Ministry	for	Energy	and	Mining	has	established	two	new	directorates	for	

energy	efficiency	and	renewable	energy	respectively,	with	a	series	of	initiatives	to	promote	
demand-side	management.	In	this	framework,	the	paper	presents	the	activities	undertaken	
in	the	University	of	Buenos	Aires	in	response	to	this	situation.	It	evaluates	academic	training,	
through	 the	 development	 of	 graduate	 and	 postgraduate	 courses,	 and	 shows	 extension	
activities	to	encourage	capacity	development,	with	special	reference	to	environmental	and	
energy	audits	in	buildings.	This	is	followed	by	a	case	study	for	the	improvement	of	existing	
buildings	and	new	legislation	for	architectural	projects	and	construction	practice.			

Training	for	Energy	Efficiency		

In	 this	 framework,	 a	 study	 of	 energy	 efficiency	 activities	 was	 undertaken	 in	 different	
faculties	 of	 the	 University	 of	 Buenos	 Aires,	 responding	 to	 combined	 requests	 from	 the	
Ministry	of	Energy	and	Mining,	and	the	Ministry	of	Education,	in	the	context	of	the	urgent	
need	to	reduce	energy	demand	and	promote	energy	efficiency	 in	buildings.	These	 include	
undergraduate	and	post-graduate	courses,	research	and	extension	activities.		

One	relevant	finding	of	this	study	is	the	marked	difference	between	the	large	number	
of	 courses	 devoted	 to	 supply	 side,	 stressing	 the	 increase	 in	 energy	 generation	 and	
extraction,	 and	 the	 limited	 number	 of	 courses	 dedicated	 to	 the	 demand	 side,	 energy	
efficiency	 to	 reduce	 consumption.	 In	 addition,	 most	 undergraduate	 courses	 on	 energy	
efficiency	are	optional,	while	those	on	energy	generation	and	extraction	are	an	obligatory	
part	 of	 the	 curriculum.	 This	 also	 affects	 the	 opportunities	 for	 research	 as	 professors	 of	
optional	 subjects	 have	 limited	 possibilities	 to	 access	 funding	 and	 to	 be	 designated	 as	
directors	of	research	projects.		

A	 positive	 initiative	 is	 PIUBAES,	 the	 Interdisciplinary	 Program	 of	 the	 University	 of	
Buenos	Aires	on	Sustainable	Energy,	with	the	participation	of	various	faculties.	The	results	
include	publications,	debates	and	the	establishment	of	the	Interdisciplinary	Masters	Course	
on	Energy	(CEARE,	2017).		

Courses	on	Energy	Efficiency					

The	 Interdisciplinary	Masters	Course	on	Energy	was	established	 in	2010	as	a	 result	of	 the	
PIUBAES	Program,	with	the	participation	of	four	faculties:	Law,	Engineering,	Economics	and	
Architecture.	The	course	covers	conventional	energy	sources,	energy	policy	and	regulation,	
environmental	aspects	and	non-conventional	energy.	Two	mayor	second	year	subjects	are	
devoted	 to	energy	efficiency:	Course	1.	Rational	Use	and	Energy	Conservation	 in	 the	Built	
Environment:	Buildings	and	Transport,	and	Course	2.	Rational	Use	and	Energy	Conservation	
in	the	Electrical	Sector	and	Industry.		

Graduates	of	a	wide	range	of	disciplines	and	from	various	South	American	countries	
participate	 in	 the	 course,	 some	 related	 to	 regulatory	 activities	 in	 the	 energy	 sector,	
legislation	and	environmental	 impact,	and	others	 in	renewable	energies	and	energy	use	in	
the	built	environment.		

After	 7	 years,	 this	 Masters	 Course	 successfully	 continues	 the	 promotion	 of	
professional	capacity	and	academic	concern	in	energy	management	and	energy	efficiency	of	
the	built	environment	to	contribute	to	sustainable	development.		

This	complements	the	experience	carried	out	at	graduate	level,	stated	in	1984	in	the	
Faculty	 of	 Architecture,	 Design	 and	 Urbanism,	 FADU-UBA.	 After	 32	 years	 from	 the	
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introduction	of	environment	and	energy	issues	related	to	architectural	training	and	research,	
the	 two	 original	 subjects	 ‘Bioclimatic	 Design’	 and	 ‘Solar	 Architecture’,	 initiated	 in	 1984,	
followed	in	1990	by	the	third	one	‘Energy	in	Buildings’,	continue	to	be	offered	to	students	of	
architecture,	 industrial	 design	and	 landscape	design.	Despite	 the	optional	nature	of	 these	
courses,	they	are	selected	by	a	total	of	500	to	600	students	every	year.		

Since	1986,	 the	Research	Centre	Habitat	and	Energy,	CIHE,	with	the	development	of	
the	Laboratory	of	Environmental	Studies,	provides	research	capacity	and	technical	support	
for	these	courses	as	well	as	research	programmes	and	transfer	of	results	to	institutions	and	
professional	practice.	The	Centre	has	also	developed	a	Masters	Programme	on	Sustainable	
Architecture	and	Urbanism,	now	approved	by	the	Faculty	Council.			

Another	 relevant	 development	 is	 the	 Energy	 and	 Environment	 Group	 of	 the	
Engineering	Faculty,	also	providing	an	optional	course	on	energy	efficiency.	This	Faculty	also	
offers	a	Masters	course	on	Sustainable	Urban	Technologies.			

All	these	activities	have	strengthened	the	capacity	of	the	University	to	offer	extension	
services	and	undertake	advisory	studies	in	response	to	requests	from	public	institutions	and	
the	private	sector.			

Environmental	and	energy	audits	

The	auditing	of	environmental	conditions	and	the	evaluation	of	energy	demand	in	buildings	
with	 a	 view	 to	 improving	 energy	 efficiency	 provide	 effective	 lessons	 for	 detecting	 the	
requirements	of	professional	 training	and	 institutional	 transfer.	 Both	 the	Research	Centre	
Habitat	 and	 Energy	 and	 the	 Energy	 and	 Environmental	 Group	 have	 undertaken	 energy	
audits	and	studies	of	building	thermal	performance	together	and	independently.			

In	 this	context,	 the	Ministry	of	Energy	and	Mining	has	 recently	approved	a	proposal	
developed	by	the	University	of	Buenos	Aires	for	a	diploma	course	to	train	building	managers	
to	detect	opportunities	and	 implement	 improvements	for	energy	efficiency.	This	 initiative,	
based	on	the	experiences	of	the	participation	groups	and	specialists	from	various	faculties,	
is	supported	and	presented	by	PIUBAES,	the	Interdisciplinary	Program	in	Sustainable	Energy.					

Various	 studies	 have	 been	 undertaken	 by	 the	 university	 research	 groups	 to	 assess	
building	 performance,	 evaluate	 potentials	 to	 improve	 energy	 efficiency	 and	 simulate	
environmental	conditions	in	new	and	existing	buildings.	In	the	next	section	of	this	paper,	a	
case	study	is	presented	to	show	the	special	challenges	of	energy	efficiency	implementation	
in	a	notable	example	of	modern	architecture,	studied	by	the	Research	Centre	Habitat	and	
Energy.	 	The	Argentine	National	Library	in	Buenos	Aires,	an	iconic	example	of	the	Brutalist	
Movement,	 provides	 a	 valuable	 case	 study	 relating	 to	 the	 problems	 of	 building	 design,	
environmental	 conditions	 and	 energy	 demand	 while	 confirming	 consideration	 for	 cost	
effective	 procedures	 to	 improve	 energy	 efficiency	 and	 environmental	 conditions,	
conventionally	focussed	in	short	term	actions.	It	also	illustrates	the	impact	of	architectural	
design	tendencies	on	energy	performance.		

Case	study:	the	Argentine	National	Library		

The	Argentine	National	Library	provides	a	case	study	on	the	relation	between	architectural	
design	 and	 energy	 efficiency	 on	 the	 one	 hand,	 and	 the	 potential	 of	 environmental	
evaluation	of	an	 iconic	building	carried	out	by	the	researchers	of	the	University	of	Buenos	
Aires	on	the	other.		

The	Library	is	a	symbol	of	the	Brutalist	Movement	in	Argentina,	designed	by	Clorindo	
Testa,	Francisco	Bullrich	&	Alicia	Cazzaniga,	winners	of	the	national	competition	organised	
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by	the	Central	Society	of	Architects	in	1961.	However	construction	didn’t	start	till	1971,	10	
years	later.	The	formal	inauguration	was	celebrated	in	1993,	32	years	after	the	project	was	
selected	and	after	22	years	of	interrupted	construction	with	three	different	contractors	and	
political	changes	due	to	military	regimes	and	democratic	governments.		

The	 Brutalist	Movement	 proposed	 the	 ‘honest’	 expression	 of	materials,	 both	 in	 the	
form	and	texture	of	the	finishes	(Banham,	1966).	However	the	use	and	expression	of	‘noble’	
materials,	such	as	steel	and	concrete,	also	brings	environmental	consequences	which	affect	
the	thermal	behaviour	of	the	building	and	indoor	living	conditions.		

After	25	years	of	use,	the	building	shows	continuing	signs	of	severe	environmental	and	
construction	deficiencies,	as	a	result	of	the	architectural	approach	and	design	modification,	
which	eliminated	 the	 sun-shading	 that	 formed	a	part	of	 the	original	 project,	 Figure	1.	On	
one	 hand	 the	 brutalist	 design	 approach	 has	 caused	 a	 number	 of	 environmental	 and	
construction	deficiencies:	
• The	 use	 of	 exposed	 concrete	 without	 thermal	 insulation	 does	 not	 comply	 with	

National	Standards	(IRAM,	1996)	creating	additional	air	conditioning	loads.	
• The	junctions	between	the	concrete	with	the	irregularity	of	the	timber	shuttering	and	

the	smooth	aluminium	window	frame	sections	have	never	been	satisfactorily	sealed,	
allowing	ingress	of	wind-blown	rain	and	external	air.		

• The	colours	of	the	natural	materials	are	not	very	reflective	and	are	difficult	to	clean	so	
they	have	darken	over	time	affecting	natural	daylight	quality.	

On	 the	 other	 hand,	 the	 lack	 of	 sunshades,	which	were	 eliminated	 in	 an	 attempt	 to	
reduce	 initial	 costs	 and	 accelerate	 building	 works,	 produced	 serious	 environmental	
consequences	in	use:		
• The	elimination	of	the	sunshades	required	a	significant	increase	in	the	capacity	of	the	

air	conditioning	plant.	
• The	 large	 surfaces	 of	 single	 glazing	with	 no	 reflective	 or	 solar	 absorbing	 properties	

lead	to	severe	overheating	in	summer	and	cold	conditions	in	winter.		
• The	direct	sun	on	the	desks	in	the	Reading	Room	affects	the	colours	and	bindings	of	

the	books,	as	well	as	the	comfort	of	the	readers.		

Remedial	measures	over	the	years	have	included	plastic	solar	absorbing	film	attached	
to	 the	 inside	 of	 the	 glazing	 and	 sun-screens	 on	 the	 outside	 of	 the	 glazing.	 Both	 these	
solutions	have	deteriorated	after	many	years	of	exposure	to	sun	and	wind,	Figure	2.		

	

	 	
	 	

Figure	1.	Model	of	the	original	project	(1962)	
with	solar	shading	(B.	H.,	2016)	

Figure	2.	The	Argentine	National	Library	in	Buenos	
Aires,	current	state	of	the	south	west	façade	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2255



Despite	these	deficiencies,	the	National	Library	has	achieved	recognition	as	a	symbol	
of	 the	 Modern	 Movement	 in	 architecture	 and	 an	 urban	 landmark	 on	 one	 of	 the	 main	
avenues	 to	 the	 city	 centre.	 It	 has	 also	 been	 designated	 as	 a	 protected	 building	 to	 be	
preserved	without	affecting	the	integrity	of	the	original	project.		

As	a	result	of	the	growing	problems	and	the	need	for	strict	conservation	of	the	original	
architecture,	the	National	Library	Directorate	asked	the	original	architect	to	design	new	sun-
shades	 to	 take	 the	 place	 of	 the	 original	 project	 which	was	 never	 installed.	 Clorido	 Testa	
completed	the	design	proposals	for	the	shading	before	his	death	in	2013.	The	shading	to	the	
reading	room	follows	the	form	of	the	original	proposal	with	 improved	visibility.	The	 lower	
floors	 have	 a	more	 curve	 form,	modifying	 the	 original	 image,	 following	 the	 architectural	
evolution	of	the	designer,	also	seen	in	the	recent	modifications	to	the	access	of	the	former	
Bank	of	London	and	South	America	(1959),	another	competition	winning	brutalist	building	
designed	by	the	same	architect			

The	Directorate	also	signed	a	cooperation	agreement	with	the	Faculty	of	Architecture,	
Design	 and	 Urbanism,	 to	 evaluate	 the	 effectiveness	 of	 the	 new	 design,	 undertake	
environmental	measurements,	and	studies	of	the	possible	benefits	of	the	improvements.	So,	
measurements	 were	made	 in	 the	 Reading	 Room	 and	 other	 key	 spaces	 to	 determine	 the	
existing	 thermal	 conditions,	 infiltration	 problems,	 and	 daylight	 quality,	 complemented	 by	
simulation	 of	 thermal	 performance	 and	 sun	 shading.	 	 The	 evaluation	 of	 environmental	
conditions	 in	 the	 reading	 room	 included	 data-loggers	 to	 record	 air	 temperatures	 and	
humidity,	 infiltration	 using	 a	 blower	 door,	 measurements	 with	 lux	 meters	 to	 measure	
natural	 and	 artificial	 illumination,	 infrared	 cameras	 to	 detect	 thermal	 bridging	 and	
dampness	 caused	 by	 water	 infiltration.	 Solar	 protection	 was	 evaluated	 with	 computer	
simulations,	simple	graphic	methods	and	models	in	a	large	scale	heliodon,	or	solar	simulator.			

Figure	3.	Study	of	new	solar	 shading	 in	 the	Reading	Room	5th	and	6th	 floor	 (left)	and	offices,	4th	 floor	 (right).	
Design	by	Clorindo	Testa,	with	proposed	solar	protection	angles.		
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Suffering	from	severe	environmental	deficiencies,	measurements	and	surveys	provided	
an	 effective	 link	 between	 theory	 and	 practice	 and	 useful	 feed-back	 to	 develop	 academic	
programmes	 to	 better	 understand	 the	 implications	 of	 design	 in	 the	 environmental	 and	
energy	performance	of	buildings.	This	case	also	provides	an	example	of	the	need	to	meet	the	
changing	 requirements	 of	 professional	 and	 academic	 programmes	 to	 incorporate	 energy	
efficiency	in	university	curricula	in	different	disciplines.	

	

 
	

Figure	4.	Interior	of	the	reading	room	showing	dark	surfaces,	deterioration	of	films	and	external	solar	facade	
protection,	excessive	contrasts,	and	direct	sun	on	readers,	books	and	tables.		

Conclusions	

The	activities	of	research	groups,	undergraduate	courses	and	postgraduate	master’s	courses	
in	 the	 University	 of	 Buenos	 Aires,	 described	 in	 this	 paper,	 have	 generated	 a	 capacity	 to	
evaluate	 energy	 performance	 of	 buildings	 and	 identify	 measures	 to	 improve	 energy	
efficiency.	This	capability	also	provides	case	studies	and	feedback	for	these	courses	as	well	
as	 identifying	 themes	 for	 research.	 Studies	 with	 measurements	 of	 existing	 buildings	 and	
have	 linked	 the	 influence	 of	 initial	 design	 decisions	 with	 the	 energy	 performance	 of	
completed	buildings.		

The	 case	 study	 presented	 in	 this	 paper	 emphasises	 the	 importance	 of	 both	 the	
architectural	 and	 technical	 decisions	 in	 achieving	 successful	 design	 responsive	 to	 the	
environment	and	the	energy	efficient	performance	in	buildings,	overcoming	many	problems	
detected	in	conventional	design	approaches.		

Indeed,	almost	all	of	the	architectural	decisions	can	affect	energy	performance:	siting,	
building	 form,	 orientation,	 materials,	 window	 size	 and	 proportion,	 and	 even	 colour	 of	
external	and	internal	finishes.	It	is	therefore	vital	that	architects	are	trained	to	identify	and	
evaluate	the	energy	and	environmental	consequences	of	design	decisions.		

Close	 cooperation	 between	 designers	 and	 specialists	 is	 needed	 to	 ensure	 effective	
implementation	 and	 integration	 of	 technical	 requirements	 in	 architectural	 design.	 At	 the	
same	time	 it	 is	 important	 to	provide	appropriate	 tools	 to	evaluate,	 simulate	and	measure	
environmental	 and	 energy	 performance	 in	 buildings.	 The	 National	 Library	 study	 required	
extensive	numerical	simulation	and	model	studies	in	the	Faculty’s	environmental	laboratory.		
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The	experiences	presented	show	the	potential	of	professional	and	academic	training,	
while	identifying	barriers	to	improved	environmental	building	performance	and	response	to	
environmental	and	energy	impacts.	The	academic	experiences	and	the	case	study	presented	
in	 this	 paper	 show	 the	 need	 to	 implement	 sustainability	 criteria	 and	 construction	
assessment,	a	relevant	challenge	in	architecture.	Another	major	concern,	expressed	in	this	
paper,	 is	 the	 achievement	 of	 effective	 transfer	 to	 social	 and	 economic	 sectors	 while	
reducing	impacts	of	the	built	environment	in	the	framework	of	sustainable	development.	
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Abstract:	The	neoliberal	development	model	on	Chilean	cities’	has	generated	 inequity	 in	urban	growth.	This	
scenario	demands	a	new	approach	for	universities	as	agents	capable	of	exploring	and	promoting	alternatives	for	
equitable	 development	 throughout	 socially-responsible	 academic	 activities.	 	 In	 this	 context,	 the	 Faculty	 of	
Architecture,	Urbanism	and	Geography	(hereafter	FAUG)	of	the	University	of	Concepcion,	Chile,	has	developed	
different	methodological	strategies	through	the	use	of	architectural	design	studios	as	means	of	research	and	
collaborative	work	with	different	local	actors.	This	article	presents	a	case	study	that	offers	a	particular	approach	
of	analysis	and	design.	Its	novelty	dwells	in	the	linkage	between	the	development	of	a	studio	and	a	workshop	in	
the	southern	vernacular	island	of	Chiloé,	which	brought	together	international	keynote	speakers,	local	planning	
professionals	 and	architecture	 students	 from	FAUG.	At	 this	 venue,	participants	 generated	a	masterplan	and	
architectural	projects	designed	at	both	scales,	which	is	not	a	common	approach	in	design	studios.			Additionally,	
the	training	of	local	professionals	allowed	the	creation	of	both	vertical	networks	(academia,	local	agencies,	and	
the	 community)	 and	 horizontal	 networks	 (professionals	 of	 different	 agencies)	 networks,	 reinforcing	 the	
University	 Social	Responsible	 role,	 and	evidencing	 the	need	 to	 strengthen	 internal	management	 to	enhance	
future	actions.					
	
Keywords:	University	Social	Responsibility,	Architecture	Studio	methodology,	workshop,	Chile.	

Introduction		

In	 1979,	 the	 recognition	 of	 urban	 land	 as	 a	 non-scarce	 resource,	 whose	 value	 would	 be	
defined	by	market	forces,	was	determinant	on	the	implementation	of	neoliberalism	principles	
in	Chilean	Urban	Planning.			This	allowed	the	expansion	of	urban	areas	over	agricultural	land,	
promoted	 the	 emerging	 of	 suburbia	 with	 low-density	 residential	 areas,	 and	 the	 use	 of	
automobile	 as	 means	 of	 transport.	 As	 a	 consequence,	 it	 is	 possible	 to	 perceive	 the	
deterioration	 of	 city	 centres,	 fragmentation	 of	 urban	 landscapes,	 and	 socio-spatial	
segregation	of	its	inhabitants	(Henríquez	et	al.	2006).	

This	scenario	which	also	applies	to	many	other	cities	 in	Latin	America	and	the	world	
(Banco	Interamericano	de	Desarrollo	2011)	evidencing	the	need	to	develop	new	strategies	to	
reach	urban	sustainability.		In	this	context,	Universities	emerge	as	a	space	of	opportunity	to	
design	 and	 offer	 new	 strategies	 to	 face	 the	 complexity	 of	 contemporary	 urban	 problems	
(Walter	 &	 Seymur,	 2008	 in	 Pizarro	 2015),	 reinserting	 the	 knowledge	 generated	 by	 these	
institutions	back	to	the	society	(Aldeanueva	&	Jiménez	2013).	
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The	 social	 role	of	 universities,	 as	 agents	of	 change,	 has	been	 incorporated	by	many	
entities	around	the	world	as	an	alternative	to	improve	human	settlement	conditions.	Some	
of	 the	 most	 relevant	 programs	 identified	 the	 following:	 The	 Assessment	 Instrument	 for	
Sustainability	 in	 Higher	 Education	 (AISHE)	 by	 the	 Dutch	 organization	 DHO;	 The	 Higher	
Education	 Partnership	 for	 Sustainability	 of	 the	 United	 Kingdom1;	 The	 New	 Jersey	 Higher	
Education	 Partnership	 for	 Sustainability2;	 the	 Project	 “Responsible	 Universities”	 in	 Spain	
(Aldeanueva	&	Jiménez	2013);	and	the	“University	Builds	Country”	project	in	Chile,	developed	
between	 2001	 and	 2008	with	 the	 participation	 of	 13	 universities.	 	 All	 of	 these	 programs	
promote	the	incorporation	of	social	responsibility	approaches	in	Universities.	

The	concept	of	University	Social	Responsibility	(hereafter	USR)	emerged	during	the	first	
decade	of	the	twenty-first	century,	as	social	demand	towards	the	existing	educational	model.	
The	 aim	 of	 this	 is	 to	 contribute	 in	 educating	 professional	 with	 a	 great	 sense	 of	 social	
commitment	 towards	 their	 society.	 This	 approach	 has	 been	 reinforced	 by	 supranational	
entities,	such	as	UNESCO3	and	the	OEI4,	promoting	a	space	of	higher	knowledge	to	attend	the	
needs	of	 local	territories	(Martí	et	al.	2014).	On	this	subject	Dominguez	(Dominguez	2009)	
presents	USR	has	a	new	approach,	leaving	behind	old	concepts	such	as	“University	Extension”	
and	 promoting	 necessary	 actions	 on	 four	 different	 fundamental	 processes:	Management,	
Teaching,	Research,	and	Extension.	

Following	this	approach,	some	authors	had	proposed	the	idea	of	Social	Laboratories	as	
a	space	of	experimentation	within	the	architectural	studio,	where	academy	and	community	
get	 together	with	 the	 purpose	 of	 analysing	 and	 resolving	 local	 problems	 through	mutual	
cooperation	 (Bolaños	 &	 Aguilera	 2014).	 On	 this	 field,	 some	 international	 examples	 are	
presented	 by	 Pizarro	 (Pizarro	 2015)	 reviewing	 master	 plans	 proposals	 produced	 by	
Universities	 –	 Public	 Institution	 alliances	 in	 Colombia,	 China,	 and	Germany.	 Their	 findings	
highlight	 sustainable	 projects,	 but	 also	 evidence	 difficulties	 in	 its	 implementation,	mainly	
because	of	a	weak	management	articulation	between	universities	and	municipalities.	

This	paper	contributes	a	new	case	study	into	the	field,	proposing	a	local	strategy	to	face	
urban	problems	triggered	by	the	neoliberalist	model	in	Chile,	thus	reinforcing	research	and	
collaborative	 work	 with	 different	 local	 actors.	 The	 case	 design	 approaches	 a	 multiscale	
methodology	 implemented	 in	 an	 architectural	 design	 studio,	 in	which	 students	 develop	 a	
masterplan	proposal,	which	led	to	the	design	development	of	various	architectural	projects.	
It	 also	 describes	 a	 parallel	 process	 the	 studio	 underwent,	 students	 participated	 in	 a	 local	
workshop	in	the	vernacular	island	of	Chiloe.	The	aim	of	the	course	was	to	exercise	URS,	by	
reinforcing	local	networks	and	strengthen	social	capital.	

The	article	systematized	key	actions	to	recreate	these	USR	initiatives	in	other	contexts,	
it	 also	 identifies	 weakness	 and	 difficulties,	 which	 the	 authors	 identified	 that	 should	 be	
addressed	to	strengthen	the	results	associated	with	these	initiatives.		

	

	

																																																								
1	Eighteen	Universities	committed	to	sustainable	development.	These	include	the	University	of	Cambridge,	the	University	of	
Cardiff,	the	University	of	Birmingham	and	the	University	of	Newcastle.	
2	Formed	by	more	than	40	institutions	of	higher	education	of	that	State.	These	institutions	include,	for	example,	Berkeley	
College,	Princeton	University	and	the	University	of	New	Jersey.	
3	United	Nations	Educational,	Scientific	and	Cultural	Organization	
4	Organization	of	Ibero-American	States	
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Problem	/	Opportunity		

The	neoliberalist	urban	planning	model	 in	Chile,	 complemented	by	a	centralized	structure	
regarding	commercial	distribution	and	decision	making	on	public	institutions,	has	limited	the	
implementation	 of	 local	 solutions	 that	 could	 address	 problems	 of	 urban	 segregation	 and	
promote	a	sustainable	development	in	Chilean	cities	(Romero	et	al.	2001).		These	factors	can	
be	visualized	in	recent	urban	transformations	experienced	in	the	town	of	Castro,	located	in	
Island	of	Chiloe	in	the	South	of	Chile.			Here,	global	tensions	had	promoted	the	construction	
of	a	big	 shopping	mall	 in	 the	historical	 city	 center,	overshadowing	 the	present	 landscape,	
particularly	its	city	scape	of	the	traditional	San	Francisco	Cathedral,	which	had	been	defined	
as	World	Heritage	ensemble	by	UNESCO	in	the	year	2000	(see	Figure	1).		
	

		
Figure	1:	Chiloe	city	skyline,	San	Francisco	Heritage	Church	in	the	background	vs.	Shopping	Mall	Center,	Castro,	

Chiloe.	source:	©	Isabel	Rivera	
	

This	challenge	was	addressed	 in	the	Architecture	Design	Studio	as	an	opportunity	to	
review	global-local	tensions	and	develop	alternative	solutions	generated	by	local	community	
the	supported	by	the	academic	knowledge	provided	from	students	and	professors	from	FAUG.				
By	helping	citizens	to	produce	their	own	urban	planning	visions,	universities	can	exercise	their	
role	as	a	socially	responsible	entity	inside	the	community,	promoting	grassroots	initiatives	as	
a	way	to	reinforce	democracy	of	a	neoliberal	and	centralized	country.	

To	 do	 so,	 the	 University	 of	 Conception	 together	 with	 the	 organization	 FLACAM, 5	
organized	the	development	of	a	Workshop	in	Chiloe,	which	was	also	associated	with	the	5th	
Architecture	and	Environment	Congress,	developed	in	November,	2013,	Concepción,	Chile.6		
The	workshop	worked	as	a	Social	Laboratory	(Bolaños	&	Aguilera	2014),	which	congregated		
international	 experts,	 local	 actors,	 and	 architectural	 students,	 to	 reflect	 and	 propose	
alternative	design	solutions	that	dealt	with	the	new	urban	conditions	of	the	city	of	Chiloe,	
under	the	scope	of	social	responsibility.			Considering	the	above,	the	primary	objective	of	the	
research	is	presented	as	following.	

																																																								
5	FLACAM	(Latin	American	Faculty	of	Environmental	Sciences)	is	an	International	Organization	and	different	Ibero-American	
Universities	and	categorized	World	UNESCO	Cathedra	since	1988	
6	More	info	regarding	the	V	Congress	of	Architecture	and	the	Environment:	http://faug.udec.cl/	
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Objective	

Explore	new	architecture	studio’s	methodologies	to	facilitate	the	design	and	implementation	
of	 innovative	 solutions	 to	 face	 local	problems	under	a	University	Social	Responsible	 (USR)	
approach,	particularly	those	generated	by	the	neoliberal	city-model	in	Chile.	

Review	of	the	Experience	&	Proposed	Methodology	

The	proposed	experience	was	triggered	by	two	particular	factors,	which	were	conceived	as	
opportunities	 to	 innovate	 under	 the	 principles	 of	 University	 Social	 Responsible:	 1)	 the	
creation	of	a	“vertical”	architecture	design	studio	at	FAUG,	composed	by	undergraduates’	
students	 of	 3rd,	 4th	 and	 5th	 year	 of	 the	 program,	 and	 2)	 the	 hold	 of	 5th	 Architecture	 and	
Environment	 conference,	 organized	 by	 the	 FAUG,	 of	 the	 University	 the	 Concepción,	 in	
conjunction	with	FLACAM7	and	CEPA8	Foundation.	The	latter	became	an	opportunity	to	count	
with	the	presence	of	renowned	international	speakers	in	Chile9.		

All	 of	 these	 factors	 came	 into	 place,	 and	 led	 to	 development	 and	 design	 of	 the	
Workshop.	The	aim	was	to	integrate	the	visiting	conference	speakers,	local	practitioners,	and	
students	 of	 the	 architectural	 vertical	 studio.	 All	 the	 participants	 dealt	 and	 proposed	
alternative	solutions	for	urban	problems,	experienced	in	contemporary	Chilean	cities.	The	key	
features	of	this	proposed	methodology	are	described	in	the	following	strategies:	

Identify	an	urban	problem.		In	this	case	social	tension	between	development	and	traditional	
heritage.	

During	the	time	the	studio	was	conducted,	the	pressure	to	build	a	shopping	mall	in	Castro,	
Chiloe	 was	 significant.	 Tensions	 between	 the	 preservation	 of	 urban	 heritage	 and	 local	
traditions,	versus	demands	of	 inhabitant	claiming	modern	goods	and	services,	became	the	
focus	of	a	national	debate	regarding	the	forces	guiding	urban	growth	in	Chile.			

One	 of	 the	 lead	 keynote	 speakers	 from	 the	 conference,	 Chilean	 National	 Prize	 in	
Architecture	winner	Edward	Rojas,	also	a	well-known	resident	and	promoter	of	Chiloe's	local	
heritage	architecture,	was	 instrumental	 in	 the	development	of	 this	workshop.	The	current	
events	 in	 Chiloe,	 presented	 as	 an	 opportunity	 to	 focus	 the	 design	 studio	 into	 Chiloe’s	
contemporary	urban	problems	and	demands.	

Explore	proposals	at	two	complementary	scales:	masterplan	(urban-scale)	and	architectural	
project	(local-scale)	

To	 deal	 with	 the	 tension	 between	 development	 and	 traditional	 heritage	 in	 Chiloe,	 the	
organizing	team	decided	to	address	the	problem	through	a	masterplan	proposal,	to	enhance	
the	 waterfront	 characteristic	 of	 the	 character	 of	 Castro,	 reinforcing	 the	 value	 of	 local	
traditions	and	public	realm.		The	strategy	consisted	in	conceiving	the	new	shopping	center	as	
an	 attractor	 for	 visitors;	 therefore	 inhabitants	 could	 be	 redirect	 to	 stroll	 over	 the	 new	
proposed	 masterplan	 waterfront.	 Following	 this	 approach,	 students	 from	 the	 “vertical	
architectural	studio”	were	in	charge	of	developing	a	research	that	could	help	determine	an	
urban	 diagnostic,	 characterize	 the	 local	 traditions	 and	 building	 patterns,	 and	 present	 a	
masterplan	proposal	at	the	beginning	of	the	workshop.				

																																																								
7	Latin	American	Faculty	of	Environmental	Sciences	
8	Center	for	Environmental	Studies	and	Projects	
9	Between	the	speakers,	were	Rubén	Pesci,	Argentinian	Architect;	Chilean	Architect	Edward	Rojas;	living	in	Chiloé	for	more	
than	25	years;	Spanish	Architect	Jose	María	Ezquiaga	and	Colombian	Architect	José	Fernando	Ángel.	
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Using	the	workshop	as	an	opportunity	to	review	and	modify	the	masterplan	proposal,	
with	 all	 the	 participants,	 in	 a	 following	 stage	 students	were	 later	 asked	 to	 select	 specific	
location	within	the	masterplan	to	develop	a	small-scale	architectural	projects	design	acts	as	
a	catalyst	for	the	objectives	of	the	master	plan	(see	Figures	2,	3	and	4).		
	

Build	 local	 alliances	between	different	 stakeholders.	 	 In	 this	 case,	multisectoral	 team	 to	
review	the	local	problem	and	propose	urban	design	solutions.	

Regarding	academic	alliances,	opportunities	through	collaboration	were	generated	between	
the	 FAUG	 of	 the	 University	 of	 Concepción	 and	 FLACAM,	 thanks	 to	 the	 conference	 “5th	
Conference	of	Architecture	and	Environment”	that	was	held	at	university.		Additionally,	the	
private	University	of	San	Sebastian,	based	at	Puerto	Montt	city,	also	participated	as	a	sponsor	
of	this	activity	as	well	as	the	integration	of	their	architecture	students,	who	also	participated	
in	the	workshop.			

Figure	2	(left):	Master	plan	proposal	developed	during	the	workshop,	enhancing	the	water	front	of	Chiloe.	
Figure	3	(top	right):	Detailed	section	of	the	master	plan	developed	in	workshop.	
Figure	4	(bottom	right):	Student’s	work,	final	architectural	project	from	vertical	studio,	Boutique	Hotel.		
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Additionally,	 local	 alliances	 were	 established	 between	 the	 Housing	 and	 Urbanism	
Service	(SERVIU)10	and	the	School	of	Architects	of	Chiloe.	Both	institutions	manifested	their	
interest	in	participating	in	the	workshop,	sending	practitioners	to	the	activity,	to	learn	and	
explore	new	alternatives	for	the	sustainable	development	of	their	city.		

As	a	 result,	 the	workshop	 in	Castro,	Chiloe,	was	developed	with	 the	participation	of	
students	from	two	different	universities,	keynote	speakers	of	one	international	organization,	
and	with	local	practitioners	of	both	public	and	private	institution.	Thus	generated	a	favorable	
scenario	for	the	realization	of	a	Social	Laboratory	to	deal	with	local	urban	problems.				

Strength	social	capital	at	local	scale.		In	this	case,	the	training	of	local	professionals	allowed	
the	creation	of	both	vertical	(academia,	local	agencies,	and	students)	and	horizontal	(public	
and	private	professionals	of	different	local	organizations)	networks.	

	
	
	
	
	
	
	

	 	
	
	

	
	
	
	
	
	
	
	
	

	
	
	

	
	
	
	

	
	
	
	

																																																								
10	The	Housing	and	Urbanism	Service	(SERVIU),	is	a	deconcentrated	Service	belonging	to	the	Ministry	of	Housing	
and	Urbanism	of	the	Chilean	government.	

Figure	5:	community	presentations	and	discussion	
sessions	of	the	workshop.	Source	©	Isabel	Rivera	

Figure	6:	Natural	landscape	setting	of	the	workshop	in	
Castro	Chiloe,	Chile.	Source	©	Isabel	Rivera	
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As	a	result	of	the	establishment	of	local	alliances,	the	workshop	became	a	space	of	learning	
both	 for	 students,	 and	 for	 local	 professionals	 involved	 in	 its	 realization.	 The	 internal	
methodology	the	workshop	developed	was	composed	of	mixed-groups	(i.e.,	students,	local	
practitioners	from	SERVIU,	and	School	of	Architects)	to	design	proposals	for	different	areas	
of	 the	 masterplan	 area.	 Corrections	 were	 performed	 by	 members	 of	 the	 international	
organization	FLACAM.	Afternoons	were	concluded	with	discussions	sessions,	which	included	
the	realization	of	open-to-community	master	classes,	conducted	by	a	different	international	
keynote	speaker.	Finally,	the	results	of	the	workshop	were	presented	at	an	open	session	to	
the	local	press,	and	local	community	centers	were	also	invited.	

Results	and	Main	Findings	

Four	main	fundamental	processes	are	associated	with	University	Social	Responsibility	concept:	
teaching,	 extension,	 management	 and	 research	 (Dominguez	 2009).	 The	 latter	 offers	 a	
conceptual	framework	for	analysing	the	results	associated	to	the	presented	experience	and	
methodology.		

Results	 regarding	 teaching	 activities	 had	 proven	 to	 be	 effective.	 The	 proposed	
methodology,	which	addressed	both	master	plan	and	local	scale,	allowed	students	to	explore	
different	approaches	towards	urban	problems	at	different	scales.		Their	involvement	at	the	
workshop	also	contributed	to	enhancing	their	commitment	through	the	studio	process	and	
the	local	community's	needs.				

The	 extension	 process	 also	 evidences	 good	 results.	 	 Due	 to	 the	 realization	 of	 the	
workshop,	 it	was	possible	to	build	new	 institutional	alliances	and	strengthen	social	capital	
with	a	local	scale.	The	conceptualization	of	this	activity	as	a	social	laboratory	contributed	to	
the	training	of	 local	practitioners,	allowing	 for	 the	creation	of	both	vertical	and	horizontal	
networks.	The	workshop	itself	became	a	platform	to	present	alternatives	and	to	share	the	
results	with	the	local	community	of	Castro.	

The	management	process	although	had	proven	to	be	the	weaker.		Internal	difficulties	
regarding	the	absence	of	management	support	and	scarcity	of	financial	resources	forced	the	
organizing	team	to	invest	extra	hours	of	work.	Thus,	contributing	on	volunteer	activity	as	well	
as	to	limit	the	extent	of	the	activities	that	could	develop	during	the	workshop,	to	guarantee	
the	success	of	the	initiative.	A	well	thought-out	strategy,	particularly	in	this	area	requires	a	
closer	reviewed,	to	facilitate	the	development	of	these	events	and	their	success	over	
time.	

Figure	7:	Desk	crit	review	with	conferences	speakers,	Edward	
Rojas	and	Jose	Maria	Ezquiaga.	Source	©	Isabel	Rivera	
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Finally,	current	research	is	being	reinforced	throughout	this	article,	the	consolidation	of	
a	Social	Laboratory	as	a	desired	methodology	inside	the	Faculty,	and	the	possibilities	to	keep	
on	exploring	these	themes	in	future	research.		

Conclusion	

From	 the	 results	 obtained	 from	 the	 workshop	 by	 international	 experts	 as	 well	 as	 local	
stakeholders,	the	case	study	has	validated	the	urban	strategy	proposed.		By	conceiving	the	
new	shopping	mall	as	an	“urban	attractor”	for	visitors,	it	was	possible	to	re-activate	the	local	
urban	heritage	surrounding,	through	the	design	waterfront	that	enhances	public	realm	and	
brings	value	back	to	its	natural	landscape.				This	strategy	emerges	as	an	alternative	to	revert	
the	deterioration	of	the	city	center,	and	the	fragmentation	of	the	urban	landscape,	as	a	result	
of	the	neoliberal	urban	model	imposed	in	Chile	(Henríquez	et	al.	2006).		

These	results	had	only	been	possible	throughout	the	conceptualization	of	the	workshop	
as	a	social	laboratory	(Bolaños	&	Aguilera	2014),		linking	the	architecture	design	studio	with	
members	 of	 the	 international	 and	 local	 community.	 The	 experience	 had	 proven	 to	 be	 a	
successful	 strategy	 by	 implementing	 University	 Social	 Responsibility,	 while	 creating	 new	
learning	communities,	strengthening	local	alliances,	and	providing	opportunity	pass	on	the	
knowledge	developed	in	Universities	into	the	communities	(Aldeanueva	&	Jiménez	2013).		

Even	 though	we	can	evidence	a	 significant	progress	 in	 the	 incorporation	of	 the	RSU	
concept	 within	 Higher	 education	 institutions	 in	 Europe	 and	 Latin	 America	 in	 general	
(Aldeanueva	&	Jiménez	2013;	Martí	et	al.	2014),	and	in	particularly	at	FAUG	UdeC	(Navarro	
2008),	the	learning	outcomes	registered	by	Pizarro	(Pizarro	2015),	and	the	lessons	learned	
from	this	experience,	demonstrate	the	need	to	reinforce	social	responsibility	at	local	levels	
within	each	institution.	Thus,	it	is	important	to	provide	an	administrative	process,	in	order	to	
guarantee	the	continuity	of	these	activities	over	time.	

However,	 this	experience	presents	a	new	strategy	 to	move	 from	the	old	“University	
Extension”	 to	 the	 new	 holistic	 model	 of	 University	 Social	 Responsibility,	 promoting	 inter	
solidarity	between	citizens,	alliances	with	external	actors,	and	the	creation	of	new	learning	
communities	(Dominguez	2009).			
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The schoolyard: an opportunity to learn, play and make community 
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Abstract: The relationship between places of learning and training programs is well known for a long time. From 
the 17th century to the present days to the physical space has been recognized the role of defining the 
educational projects, and just to mention one of the more recent definitions, according to the Italian educator 
Loris Malaguzzi, the space can be considered "third teacher". The paper proposes an approach for the 
enhancement and use of school space of the middle school (11-14 years old), for three key areas: education, 
extracurricular activities (recreational and neighborhood) and experimentation and implementation of 
environmental resilience. It reports a part of basic research funded by the Department DAStU of Politecnico of 
Milano in Italy, entitled "Back to school", aimed at identifying strategies and simplified methods for physical and 
functional adaptation of school space (both internal and external) to the training course that has evolved 
through time, without being reflected in the confined space. In order to do this, it is proposed an approach that 
starts from the identification of possible activities to do outside, which must be compared with the 
characteristics of a specific school in order to verify real correspondences between the morphological 
characteristics of the space and the activities. What requirements must have the space to accommodate the 
activities? The proposed case study in the metropolitan area of Milan retrace the steps of this process and come 
to identify a set of guidelines and equipment to support identified activities. 

Keywords: Outdoor space, schoolyard, space for community, rethink schoolyards 

Introduction 

In the early 1900s the so-called open-air schools, real outdoor classrooms, spread over Europe 
and America, preferably located in the woods, where fresh air, good ventilation and a suitable 
orientation, contributed to improve the health of students and in particular to decrease the 
risk of tuberculosis. On the other hand, the well-known relationship between the physical 
space and the quality of the training course, as effectively synthesized by Franca Zuccoli (in: 
Fianchini M., 2017), is even more evident when it is related to external space, a place of direct 
experience of the aspects of nature, which can be transferred to most of the school subjects. 
In the schools where the most important education methods are put in practice, based on the 
inductive method, mainly primary schools, (like, for example, the Montessori Method, and 
the Rinnovata Pizzigoni method, to limit the field in Milan), a significant part of the teaching 
activity takes place outdoors. The Milanese school Casa del Sole (House of the Sun) who was 
built inside of the Trotter urban park, was conceived and shaped in pavilions (as well as the 
above mentioned school Rinnovata Pizzigoni) to allow the children to have a direct 
connection with all the natural elements of the park. The Trotter Park is a public space 
accessible to people and it’s a resource who belongs to the whole neighborhood.  

This is another aspect to highlight: the outdoor space of the school can be considered 
as a public space, open to the neighborhood in times and modalities that do not interfere 
with the regular educational path. For their strategic location in the neighborhood 
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schoolyards can be also considered ideal spots where to play free game as well as to start the 
environmental renewal in urban areas. 

In some cities and neighborhoods the educational spaces could be a valuable resource 
of permeable surfaces as to allow the application of environmental adaptation strategies to 
climate change. Talking about Milano, the increased permeability of the areas would be an 
effective strategy to absorb, at least temporarily, the excess rainwater, and thereby reduce 
the flooding of streets.  These three elements, the outdoors teaching activities, the free game 
after school and the space treatment for the urban environmental resilience, are the three 
topics covered in the basic research of the Politecnico of Milano "Back to school ", particularly 
focused in the first level of secondary school, which deals with the various aspects of the 
relationship between the built environment and the educational programs. In particular the 
focus on the use of the school outdoor space, discussed in this paper and developed by the 
authors, is based on some case studies in the Metropolitan area of Milano in Italy, which 
suggested possible strategies to treat surfaces in external space of the school. 

Possible activities to do in the schoolyard 

There aren’t educational training programs in Italy that implicate the use of the school’s outer 
spaces. And when this occurs it is by choice of the teacher.  
What we can observe is that the offer of outdoor activities from a school mostly depends on 
the type of the school buildings, as well as on the configuration itself of the external areas, 
and not less important, on the number of floors on which the school building develops what 
can encourage or discourage to carry out any activity outside in the schoolyard. In some of 
the studied cases we have observed that those teachers whose classroom is on the second or 
third floor often feel discouraged from taking their students to the yard, gather them and 
change the class settings rules. Turned out, actually, they consider excessive the amount of 
time it takes to do that all if compared to the whole time devoted to the subject. Neither, in 
many cases the outer space is used for recess time, usually not longer than 15 minutes.  

Figure 1. Space use in the school Forlanini near to Milano, Italy. On the right the activities in the schoolyard 

The graph of figure 1, derived from the study carried out by the group coordinated by 
Maria Fianchini within the research "Back to school" on the use of different educational 
spaces, highlights this aspect. The situation related to the courtyard of the Forlanini School in 
Sesto San Giovanni (Mi), particularly significant, shows that the available outer space is not 
adequately valued. Despite several limitations and constraints that each school actually has, 
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in general we may say that the identified activity can be attributed to two main areas: 
educational activities and free game, both during school hours and extra-curricular time; at 
the same time the external space of the school is a resource for implementing environmental 
resilience strategies, stimulating environmental awareness of students (environmental 
education)  and for mitigating the effects of climate change at the neighborhood level (and, 
if included in a larger network, at the urban scale). 

The identified activities may involve several scholastic subjects: the opportunity to 
observe from life and carry out laboratory activities using the natural elements and 
environmental resources available on site can be useful for different subjects.  

The outdoor activities, based on direct experience of the natural elements, may 
therefore represent the opportunity for students to move to conceptualization, starting from 
experience, according to the different way to face the subjects included in educational 
curricula. The activities that may be done outside during school time and after school, can be 
grouped as follows: 

Table 1. Specific activities for each group and environmental resilience goals 
Teaching activity Recess time/leisure 

activity 
Extra-curricular 
activity 

Environmental 
resilience and climatic 
mitigation  

Lectures (any subject) 
Free game Free game Run-off reduction 

Laboratory (Math, 
Science, Art, 
Technology) 

Recess Rest activity Air and radiant 
temperature control 

Observation from life 
(Science and Art) 

Solar radiation control 

Cultivation for 
educational purposes 
or for horticultural 
production 
Sport activity 

With regard to extra-curricular activities the external space of the school may also be 
used as urban open space in the neighborhood mainly addressed to the free play, or to elderly 
who need a break or to people  who just need to stop halfway along the path back home. 

Interesting in this regard the experience of some municipalities in Italy, such as the City 
of Turin, where the council issued the Regulations aimed at managing the activities in the 
municipal schoolyards; in the document the art. no 1 states: "The courtyards of the schools 
owned by the City of Turin (...), after the school hours, are public spaces available to the entire 
population and subject to the applicable municipal regulations." 

Similarly the city of Bolzano, in the Regulation no. 46 for the management of the 
schoolyards by the District Councils, approved in 1999, states that the schoolyards, except for 
teaching hours, have to be considered urban spaces open to the public. 

Regarding the fourth aspect, related to environmental resilience, it is well known that 
most of the Italian cities, as well as the city of Milano, are subject to more frequent 
extraordinary meteoric precipitations, due to ongoing climate change. 

This is the reason why it is important to “equip” the city in order to have a greater 
number of permeable areas which could reduce the run-off, i.e. the mass of water that 
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gathers in a short time on impermeable surfaces and flows into the sewer system. Another 
indirect positive effect associated with the increase of the permeable surfaces is the restraint 
of the phenomenon known as "urban heat island". 

The increase of permeable surfaces, possibly treated with vegetation, water and 
appropriate materials, limits the overheating of both vertical and horizontal surfaces and 
consequently contributes to mitigate the urban microclimate. 

The conscious adoption of these strategies has a positive effect also on the training: 
firstly, by understanding what role trees and vegetation may have as shading systems and, as 
a strategy to reduce the possible overheating of open areas, students for example, learn how 
to sustainably manage some environmental emergencies; on the other hand they have the 
possibility to have direct experience about flows of material and energy in the their 
environment, for example by understanding that the sun produces shadows and sunny areas 
are different according to the seasons; by studying how the solar systems generate power 
and heat, students understand how to use them in order to improve the efficiency of the 
school system and, to a larger scale, of the built environment.  

Necessary requirements to carry out outdoor activities in schoolyards 

Once the outdoor activities have been identified, it is necessary to determine whether the 
area matches the essential requirements to host them, and, in case of negative answer, to 
find out the feasible solution to get those requirements. 

Table 2. Physical requirements of the space and/or furniture for the learning activities 
Curricular activity 

Activity Spatial requirements and equipment 
Lectures - Suited area for gathering the class (1.5 m. x25 students) 

- Seats  
- Shaded/sunny area according to the seasonal requirements 
- quiet area 
- accessibility 
- Deposit for blackboards on easel and other stuff. 

Laboratory 
Science 
Art 

- fenced and appropriate areas to the presence of a class. 
- tables 
- seats 
- storage 
- water intake 
- power supply (warehouse) 
- instrument for the analysis of some environmental parameters (air 
temperature, wind, solar radiation..) 
- different species of trees, shrubs and herbaceous 
- pond for the analysis of idrofauna. 
- rigid vertical support for decoration (mosaics) 
- armor for the temporary exhibition of students works 

Observation from life - different species of trees, shrubs and herbaceous 
- seats (on the meadow or movable seats) 

Cultivation for 
educational purposes 
or for horticultural 
production 

- Protected area, fenced  
- Area for the cultivation and growth of edible plants (vegetable 
garden) 
-water intake (by aqueduct or cistern for collecting rainwater)  
- storage 
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Sport - paving with materials which reduce the overheating (cool materials) 
- proximity to the gym 
- colored surfaces for easy identification of the functions 

Table 3. Physical requirements of the space and/or furniture for the recreation and leisure activities 

Recreation and leisure area 
Activity Spatial requirements and equipment 
Free game - meadow, trees (no conifer)  

- Localization in areas far from the classrooms to prevent acoustic and 
visual interferences 

Recreation - Area for seated activities (eating, reading, chat…) 
- Some shaded and protected from the rain seats  

Table 4. Physical requirements of the space and/or furniture for the extra-curricular activities 

Extra-curricular activities 

Activity Spatial requirements and equipment 
Free game - Control accessibility to educational areas and equipment (fences) 

- Independent access to the schoolyard from outside. 
- Signage for the identification of functions in the available areas 

The theme of environmental resilience and climate mitigation is treated in a different 
way. As summarized in the table reproduced below, the target is associated with the strategy. 

Table 5. Strategies for improving environmental resilience and climatic mitigation 

Environmental resilience and climatic mitigation 
Goal Strategy 
Run-off reduction - increase of the permeable surface (areas with sand for the 

game, mulches, green roofs), by reducing to the minimum 
required the impermeable areas where necessary (paths, sports 
fields) 
- rain gardens e humid zones 
- rainwater harvesting for educational purposes, watering and 
cleaning paths in non-rainy moments 
- increase of the vegetation (trees, green areas for the study) 
- green parking 

Air and radiant 
temperature control 

- Use of vegetation 
- Use of  bodies of water 
- Use of cool materials 

Solar radiation control  - Trees and shading devices 
By associating activities with spatial requirements and equipment it becomes easier to 

pinpoint the most suitable area within the whole of the outer space. 
The educational spaces and the ones for free game (either during the school or the 

after-school hours), are then defined on the basis of the activities that is possible to carry out 
in that area; eventually the spatial requirements have to be associated with the equipment. 
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School in Milano (Italy): a representative case study 

If we look at the types of school buildings in the Milano area (city and province of Milano) it 
comes to light that the most common ones are basically three: the pavilion type, the variety 
with the open block (also with the court inside) and in line shaped. To a lesser extent, we can 
mention the type in a comb shape. 

In this paper, it is considered the Forlanini School, where currently the use of the outer 
space is almost exclusively for sports activities, in an adequately paved area; however, there 
are other small areas along the perimeter, seldom used by some teacher for workshop activity 
or for the observation from life. 

Figure 2. Aerial view of the Forlanini school building and its five different open areas (zone 1.  Sport activity; 
zone 2. Observation from life, laboratory (Science); zone 3. Occasional recreational activity (once a year); zone 

4. Any activity; zone 5. Any activity).
Figure 3. Shadow and sunny areas in different days of the year and different moment of the day 

On the north side there is another area partially equipped with tables and fixed seats, used 
only during the end of school events, when students’ families are invited. In general, outdoor 
space is almost never used for recreational activities, which during the school hours usually 
take place into the building. If we consider the configuration of the outdoors space in distinct 
areas and their position in relation to the building, we can assess that the outdoor area of the 
Forlanini School appears to be suitable with many activities, as we observed in similar 
situation in other countries than Italy, where learning activities are well sustained from 
adequate facilities.   
In this school, as it is possible to see in the image 2 above, four main outdoor areas have been 
identified, for which there are some proposals of intervention. As shown in the picture No. 2 
above, we have identified four main areas in the school, and for each of them we have 
developed a proposal of intervention. In this paper we take into account the area no. 2, 
particularly suitable for educational activities, in the form of lecture as well as observation 
from life and laboratory. 
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Figure 4, 5. View of the open area n. 2 from the top of the building and from the south. 

Figure 6.  Design concept of the outdoor classroom for the area no. 2. 

Table 5. Proposed activity and equipment for the open area n. 2  

Spatial configuration Compatible activities Equipment/pre-existence/strategies 
A rectangular and a triangular 
areas. 
Presence of evergreen trees 
close to the wall on the north 
and south.  
Deciduous vegetation on the 
rest of the perimeter. 

Lectures fixed seats (eg. wood logs, concrete 
blocks or bricks) 
Storage  (mobile equipment) 

Observation from life (Science 
and art) 

- Planting of different and 
representative plants. 
- Pond with photovoltaic panels for 
water handling. 

Learning and vegetable gardens  - Storage 
- Water intake 
- Flowerbeds. 

Collection of material for 
laboratory 

Vegetation, ground, stones, branches 

Interventions change 
- Removal of evergreen plants present near the south fence. 
- Restriction of the impervious surface to the paths for the areas of the activities. 
- Modestly sized fence to protect and identify an area solely devoted to teaching. 
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This is a space that contains fixed and mobile equipment, addressed to the learning 
activity. Learning in this context is possible either through classes or through observation from 
life and laboratories; besides it is also possible to learn what the environmental resources are 
and how to use them. For this purpose, water-collecting systems, composting and rain 
gardens are provided, as well as different types of vegetation, solar systems for energy 
production, a green roof for the educational purpose which could be provided with a mini 
climate station for the survey of environmental variables to put on the tools storage. 

Conclusions 

Nowadays, rethinking the use of school space, strengthens the possibility that a 
neighborhood with its community of children and adults identifies itself with the space that 
is the place par excellence of education, social integration (as recently reported by the OECD 
statistics “2017 survey on academic skills and on adult skills”), and in general of being together. 

For this reason it is important that the possible functions be clearly identified and 
localized in the outside areas of the schools, and that environmental conditions and 
equipment be ensured to allow different activities to be carried out.  

The presented study aims to identify a methodology, which starts from the 
identification of the needs dictated by the training programs, students and teachers, to 
perform certain activities, and, in parallel, from the physical and environmental performance 
of the space that has to host these activities. The application of the methodology on a case 
study has given the opportunity to verify that not all the activities are practicable at the same 
time in all the areas, and consequently each sub-area has to be equipped and therefore has 
to be recognizable for a particular specificity. In the example is pointed out that equipping a 
single area, (in this case the outdoor classroom), is an opportunity to bring together the 
environmental needs of students, teachers (thermal comfort) and neighborhood (strategies 
for reducing run-off and climate change adaptation), the requirements to communicate how 
the resources of the site work (water, sun, vegetation, ...) to the potential that the physical 
configuration offers, as it could emerge from an adequate project.  

According to this approach it is easier to find a coherence between the space features 
and the training programs that can be adapted thanks to the opportunities offered by the 
available space resources. The space, therefore, the fundamental support of some teaching 
activities, is more and more recognized as “third teacher”, both in primary and secondary 
school, and not only when we refer to internal space but also to outdoor space. 

References 
Boston Schoolyard Initiative. “Outdoor Classroom User’s Guide”. Online guide. 

http://schoolyards.org/pdf/OutdoorClassroomUsersGuide.pdf 
Broda H. W. (2011), Moving the Classroom Outdoors. Schoolyard-Enhanced Learning in Action. Ed 

Stenhouse,USA, 2011.  
Dessi’ V, Bellomo A. (2017), “Recuperare l'uso degli ambienti esterni” in: Fianchini M. (2017), Rinnovare 

le scuole dall’interno. Scenari e strategie di miglioramento per le infrastrutture scolastiche. Maggioli, 
Sant’Arcangelo di Romagna (Ri) 

Fianchini M. (edited by) (2017), Rinnovare le scuole dall’interno. Scenari e strategie di miglioramento per 

le infrastrutture scolastiche. Maggioli. Sant’Arcangelo di Romagna (Ri) 
Gamson Danks S. (2010), Asphalt to Ecosystems. Design Ideas for Schoolyard Transformation. Ed. New 

Village Press. Oakland, CA. 

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2274



	
 

Success	of	Solar	Entrepreneurship	Development	Programmes	Towards	Solar	
Energy	Mission	

	
Avadhoot	Dixit1	and	Priyanka	Bendigiri1	

	
1	Assistant	 Professor,	 School	 of	 Projects,	 Real	 Estate	 and	 Infrastructure	 management,	
National	 Institute	of	Construction	Management	and	Research,	Pune,	Maharashtra,	 India,	
dixitava@gmail.com	

1	Assistant	 Professor,	 School	 of	 Projects,	 Real	 Estate	 and	 Infrastructure	 management,	
National	 Institute	of	Construction	Management	and	Research,	Pune,	Maharashtra,	 India,	
bpriyanka26@gmail.com	

	
Abstract:	 Renewable	 energy	 resources	 improve	 the	 quality	 of	 life	 and	 promote	 sustainable	 development.	
Renewable	energy	systems	are	practical,	reliable,	cost-effective	and	healthier	for	people	and	the	environment.	
It	is	extremely	essential	to	educate	global	masses	towards	efficient	use	of	the	natural	resources.	Education	and	
training	programmes	are	being	conducted	world	over	for	cascading	down	this	knowledge	to	the	common	man.	
In	 India,	similar	kind	of	education	and	training	programmes	are	being	conducted	by	various	organisations	to	
create	 awareness	 among	 people	 about	 the	 energy	 crisis	 that	 the	world	 is	 facing	 today	 and	 how	 the	 use	 of	
renewables	can	help	mitigate	this	problem.	India	has	abundant	solar	irradiation	for	a	minimum	of	300	days	a	
year.	 Tapping	 this	 energy	 and	making	 its	 intelligent	 use	 to	 reduce	 the	 overall	 energy	 cost	 in	 the	 country	 is	
needed.	Every	Indian	needs	to	be	educated	about	this	to	open	him	up	to	a	new	horizon	for	the	solar	industry;	
which	involves	system	integrators,	technicians,	financers,	distributors,	dealers	and	manufacturers	etc.	This	will	
contribute	 to	 the	 countrywide	 Jawaharlal	Nehru	National	 Solar	Mission	 (JNNSM)	which	aims	at	 100GWp	 till	
2022.	To	achieve	this	objective,	the	end	user	is	required	to	be	trained	and	educated	in	this	regard.	The	present	
paper	streamlines	its	work	in	the	area	of	training	programmes	imparted	for	using	Solar	Energy	in	Maharashtra,	
an	Indian	state.	Capturing	the	data	of	Solar	entrepreneurship	development	programmes	conducted	in	4	large	
cities	 in	Maharashtra,	analysis	of	 the	data	 is	done	to	see	the	use	of	 training	activity	 in	professional	practice,	
increase	in	permeating	the	knowledge	to	other	people,	and	if	the	training	programmes	resulted	in	setting	up	
of	 solar	 enterprises.	 The	 outcome	 likely	 says	 that	 Solar	 Entrepreneurship	 Development	 programmes	 are	
effective	ways	of	involving	people	in	the	national	solar	market.	
	
Keywords:	Renewable,	Solar,	Training,	Entrepreneurship	

Introduction	

Renewable	energy	is	energy	that	is	collected	from	renewable	resources,	which	are	naturally	
replenished	 on	 a	 human	 timescale,	 such	 as	 sunlight,	 wind,	 rain,	 tides,	 waves,	 and	
geothermal	 heat.	 Renewable	 energy	 often	 provides	 energy	 in	 four	 important	 areas:	
electricity	 generation,	 air	 and	 water	 heating/cooling,	 transportation,	 and	 rural	 (off-grid)	
energy	services.	

Renewable	energy	resources	exist	over	wide	geographical	areas,	 in	contrast	to	other	
energy	sources,	which	are	concentrated	in	a	limited	number	of	countries.	Rapid	deployment	
of	renewable	energy	and	energy	efficiency	is	resulting	in	significant	energy	security,	climate	
change	mitigation,	and	economic	benefits.	The	results	of	a	 recent	 review	of	 the	 literature	
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concluded	 that	 as	 greenhouse	 gas	 (GHG)	 emitters	 begin	 to	 be	 held	 liable	 for	 damages	
resulting	from	GHG	emissions	resulting	in	climate	change,	a	high	value	for	liability	mitigation	
would	 provide	 powerful	 incentives	 for	 deployment	 of	 renewable	 energy	 technologies.	 In	
international	 public	 opinion	 surveys,	 there	 is	 strong	 support	 for	 promoting	 renewable	
sources	 such	 as	 solar	 power	 and	 wind	 power.	 At	 the	 national	 level,	 at	 least	 30	 nations	
around	 the	world,	 already	 have	 renewable	 energy	 contributing	more	 than	 20	 percent	 of	
energy	 supply.	 National	 renewable	 energy	 markets	 are	 projected	 to	 continue	 to	 grow	
strongly	in	the	coming	decade	and	beyond.	Some	places	and	at	least	two	countries,	Iceland	
and	Norway	generate	all	 their	electricity	using	renewable	energy	already,	and	many	other	
countries	have	the	set	a	goal	to	reach	100%	renewable	energy	in	the	future.	For	example,	in	
Denmark	 the	 government	 decided	 to	 switch	 the	 total	 energy	 supply	 (electricity,	mobility	
and	heating/cooling)	to	100%	renewable	energy	by	2050.	

Renewable	 energy	 systems	 are	 rapidly	 becoming	more	 efficient	 and	 cheaper.	 Their	
share	 of	 total	 energy	 consumption	 is	 increasing.	 Growth	 in	 consumption	 of	 coal	 and	 oil	
could	end	by	2020	due	to	increased	uptake	of	renewable	and	natural	gas.		

Solar	energy	is	radiant	light	and	heat	from	the	Sun	that	is	harnessed	using	a	range	of	
ever-evolving	technologies	such	as	solar	heating,	photovoltaics,	solar	thermal	energy,	solar	
architecture,	molten	salt	power	plants	and	artificial	photosynthesis.	
It	is	an	important	source	of	renewable	energy	and	its	technologies	are	broadly	characterized	
as	either	passive	solar	or	active	solar	depending	on	how	they	capture	and	distribute	solar	
energy	 or	 convert	 it	 into	 solar	 power.	 Active	 solar	 techniques	 include	 the	 use	 of	
photovoltaic	 systems,	 concentrated	 solar	 power	 and	 solar	 water	 heating	 to	 harness	 the	
energy.	Passive	solar	techniques	include	orienting	a	building	to	the	Sun,	selecting	materials	
with	 favorable	 thermal	 mass	 or	 light-dispersing	 properties,	 and	 designing	 spaces	 that	
naturally	circulate	air.	

In	 2011,	 the	 International	 Energy	 Agency	 said	 that	 "the	 development	 of	 affordable,	
inexhaustible	and	clean	solar	energy	technologies	will	have	huge	longer-term	benefits.	It	will	
increase	 countries’	 energy	 security	 through	 reliance	 on	 an	 indigenous,	 inexhaustible	 and	
mostly	 import-independent	 resource,	 enhance	 sustainability,	 reduce	 pollution,	 lower	 the	
costs	of	mitigating	global	warming,	and	keep	fossil	fuel	prices	lower	than	otherwise.	These	
advantages	 are	 global.	 Hence	 the	 additional	 costs	 of	 the	 incentives	 for	 early	 deployment	
should	 be	 considered	 learning	 investments;	 they	 must	 be	 wisely	 spent	 and	 need	 to	 be	
widely	shared."	

Entrepreneurship	 has	 traditionally	 been	 defined	 as	 the	 process	 of	 designing,	
launching	and	running	a	new	business,	which	typically	begins	as	a	small	business,	such	as	a	
startup	company,	offering	a	product,	process	or	service	for	sale	or	hire,	and	the	people	who	
do	so	are	called	 'entrepreneurs'.	 It	has	been	defined	as	 the	"...capacity	and	willingness	 to	
develop,	 organize,	 and	manage	 a	 business	 venture	 along	with	 any	 of	 its	 risks	 in	 order	 to	
make	a	profit”.	While	definitions	of	entrepreneurship	typically	 focus	on	the	 launching	and	
running	of	 businesses,	 due	 to	 the	high	 risks	 involved	 in	 launching	 a	 start-up,	 a	 significant	
proportion	of	businesses	have	to	close,	due	to	a	"...lack	of	funding,	bad	business	decisions,	
an	economic	crisis	--	or	a	combination	of	all	of	these"	or	due	to	lack	of	market	demand.	In	
the	2000s,	the	definition	of	"entrepreneurship"	has	been	expanded	to	explain	how	and	why	
some	individuals	(or	teams)	identify	opportunities,	evaluate	them	as	viable,	and	then	decide	
to	 exploit	 them,	 whereas	 others	 do	 not,	 and,	 in	 turn,	 how	 entrepreneurs	 use	 these	
opportunities	to	develop	new	products	or	services,	launch	new	firms	or	even	new	industries	
and	 create	 wealth.	 Recent	 advances	 stress	 the	 fundamentally	 uncertain	 nature	 of	 the	
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entrepreneurial	 process,	 because	 although	 opportunities	 exist,	 their	 existence	 cannot	 be	
discovered	 or	 identified	 prior	 to	 their	 actualization	 into	 profits.	 What	 appears	 as	 a	 real	
opportunity	ex	ante	might	actually	be	a	non-opportunity	or	one	that	cannot	be	actualized	by	
entrepreneurs	lacking	the	necessary	business	skills,	financial	or	social	capital.	

Limitations	of	the	Study	

The	 survey	 which	 was	 presently	 conducted	 had	 its	 share	 of	 limitations.	 The	 limitations	
occurred	because	of	 scope	of	 study	and	 samples	 chosen,	and	 the	 research	methodology	
adopted.	 It	 is	a	study	specific	 to	FOUR	CITIES	OF	MAHARASHTRA	and	we	must	not	make	
the	error	of	generalizing	for	the	rest	of	the	country	there	from.	Hence	limitations	were:	
1. Scope	and	the	samples	selected	for	the	study.	
2. The	analysis	is	within	the	frame	work	of	the	selected	training	participants.		
3. Research	 methodology	 –	 the	 information	 on	 participants’	 inclination	 to	 become	

entrepreneurs	was	obtained	from	the	personal	discussion	with	them	and	their	feedback	
forms	as	well	as	the	questionnaires	filled	by	them.	However,	the	limitations	were	tried	
not	to	be	restricted	by	attempting	the	following.		

a) Participants	were	met	personally	and	were	interviewed.	
b) The	study	was	limited	to	the	four	cities	of	Maharashtra.		If	we	consider	the	geographical	

limitations,	 it	 is	most	likely	that	the	findings	may	be	different	 in	the	other	parts	of	the	
country	as	the	generalization	of	the	result	may	be	more	or	less	same	in	any	part	of	the	
country.	 The	 four	 cities	 of	Maharashtra	 are	 considered	 well	 developed	 and	 are	 fully	
aware	of	the	renewable	energy	concept.			

c) Participants	were	well	aware	of	‘Make	in	India’	movement	floated	by	our	Prime	Minister	
Mr.	Narendra	Modi.	

The	 study	 does	 not	 consider	 the	 functionary	 attitudes	 of	 the	 trainees	 who	 become	
entrepreneurs	nor	their	way	of	customer	care.	This	can	be	considered	as	a	future	scope	of	
the	present	study.	

	Statement	of	the	Problem		

Literature	on	renewable	energy	and	entrepreneurship	development	is	very	rich	in	the	form	
of	many	 books	 and	 the	 subject	 is	mentioned	 in	many	 journals.	 But	 after	 going	 through	
literature,	the	authors	were	not	very	sure	if	participants	were	able	to	turn	themselves	into	
entrepreneurs	because	entrepreneur	is	a	different	class.	Whereas	some	may	find	9	to	5	job	
a	satisfying	stake,	a	mind	of	an	entrepreneur	is	ready	to	work	50	hours	a	week.	It	was	also	
essential	 to	note	 the	 training	as	process	efficiency	 to	 impart	 information	and	knowledge	
about	renewable	energy	in	general	and	solar	energy	in	particular.	

The	Study	

This	 study	was	 conducted	 between	 2016	 and	 2017	 over	 a	 period	 of	 twelve	months.	 The	
region	selected	was	four	cities	of	Maharashtra.	A	pilot	survey	conducted	in	April-June	2016	
showed	 that	 although	 entrepreneurship	 development	 was	 considered	 an	 answer	 to	 self	
sufficiency	 and	 contribution	 to	 the	 economic	 development	 had	 been	 generally	 mooted	
there	 was	 not	 systematic	 evaluation	 of	 the	 mindset	 of	 an	 entrepreneur	 and	 what	 his	
aspirations	are	if	he	is	given	good	training	and	guidance.	To	confirm	this	initial	prognosis,	we	
undertook	a	systematic	investigation	and	selected	50	entrepreneurs	and	interviewed	them	
with	 the	 questionnaire	 in	 part	 C	 and	 found	 that	 an	 entrepreneur	 is	 at	 benefit	 if	 he	 is	
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properly	trained	and	guided.	In	addition,	entrepreneurs	are	motivated	to	achieve	improved	
performance	 as	 a	 result	 of	 training.	 The	 benefits	 entrepreneurs	 get	 are	 personal,	 career	
oriented	and	business	related	knowledge.	The	availability	of	 training	to	the	entrepreneurs		
make	 them	 committed	 for	 achieving	 performance	 and	 develop	 strong	market	 sense	 and	
stay	 longer	 in	 the	 competition.	 	 Therefore,	 the	 purpose	 of	 this	 study	 is	 to	 analyze	 the	
training	efforts	with	the	participants	and	their	subsequent	role	as	an	entrepreneur.	

Definitional	Premise	

There	is	a	lot	of	ambiguity	about	training	and	development	in	published	literature	and	so	for	
the	purpose	of	this	 investigation,	we	adopted	the	following	position.	By	no	means	are	the	
two	terms	synonymous	and	are	seen	as	follows.	

Training	 is	 a	 process	 of	 learning	 through	 a	 sequence	 of	 planned	 and	 programmed	
behaviour.		It	tries	to	instill	information	and	knowledge	and	prepare	participants	for	future	
independent	performance.	 It	 is	 therefore	a	short	 term	process,	an	activity	based	concept,	
wherein	knowledge	is	gained,	and	skills	are	 learned,	unlearned	or	relearned.	The	aim	is	to	
prepare	 the	 mindset	 of	 an	 individual	 to	 take	 on	 entrepreneurship	 by	 application	 of	
programmed knowledge.	

Research	Question			

Based	on	a	survey	of	literature,	we	formulated	the	research	question	that	can	be	succinctly	
stated	as:		

What	 are	 the	 training	 objectives	 and	 what	 are	 the	 methods	 of	 evaluation	 of	 the	
participants?	 It	 was	 also	 decided	 to	 find	 out	 whether	 these	 participants	 were	 ready	 to	
become	entrepreneur	in	the	field	of	solar	energy	distribution.		

Research	Objective		

Born	out	of	the	question	posed	was	the	objective	of	this	study.	 	This	was	verified	through	
personal	interaction	with	participants.	The	authors	wanted:		
i. to	 know	 and	 understand	 the	 role	 and	 importance	 given	 to	 training	 activities	 to	

participants	to	understand	the	concept	of	renewable	 	energy.	This	was	to	augment	our	
knowledge	to	refine	our	training	methods.		

ii. to	find	out	how	many	participants	would	understand	the	 installation	technique	of	solar	
equipments.		

iii. to	find	out	how	many	participants	would	start	their	own	business	of	installation	of	solar	
energy	equipments	after	training.		

Based	on	 the	 training	 sessions	 conducted,	 the	 following	hypotheses	were	 formulated	and	
they	had	to	be	tested.	
#	1.	Training	is	an	essential	requirement	to	understand	the	concept	of	renewable	energy.	
	#2.	This	training	would	turn	the	participants	into	entrepreneurs.	

Research	Methodology	

Method	is	the	manner	in	which	the	investigation	is	conducted	whereas	methodology	is	the	
science	of	that	method.	This	basic	epistemological	clarification	was	needed.	

a. Sample	Selection:	 	Out	of	almost	600	participants,	we	selected	250	participants	whose	
feedback	 forms	 showed	 the	 more	 positive	 inclination	 towards	 setting	 up	 of	 business.	
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Information	 was	 gathered	 through	 analysis	 of	 their	 questionnaires	 and	 followed	 up	 by	
focused	interviews.		
b. Research	 Instruments:	 The	 research	 instrument	 contained	 questionnaire	 which	 was	
developed	 by	 the	 researchers	 after	 going	 through	 various	 literatures	 on	 SOLAR	 ENERGY.		
The	questionnaire	contained	3	parts	A,	B	and	C.	 	The	questionnaire	was	validated	through	
consultation	with	experts	in	the	field	rather	than	using	the	Cronbach	Alpha.	
c. Research	Method:	While	gathering	the	data,	standardized	open	ended	 interviews	were	
conducted.	It	was	explained	to	the	PARTICIPANTS	that	the	participation	in	the	interview	was	
purely	 voluntary	 and	 the	 response	 would	 be	 used	 purely	 for	 academic	 and	 research	
purpose.	It	was	thus,	satisfying	for	the	PARTICIPANTS	to	come	out	with	suitable	answers.	
d. Training	Evaluation	Model:	Donald	Kirkpatrick's	1975	book	Evaluating	Training	Programs	
is	 	 	 the	most	widely	 used	 and	 popular	model	 for	 the	 evaluation	 of	 training	 and	 learning.	
Kirkpatrick's	 four-level	 model	 is	 considered	 an	 industry	 standard	 across	 training	 and	 its	
evaluation.	The	four	levels	of	Kirkpatrick's	evaluation	model	essentially	measure:	
• reaction	of	trainees	-	what	they	thought	and	felt	about	the	training	
• learning	-	the	resulting	increase	in	knowledge	or	capability	
• behaviour-	 extent	 of	 behaviour	 and	 capability	 improvement	 and	

implementation/application	
• results	 -	 the	 effects	 on	 the	 business	 or	 environment	 resulting	 from	 the	 trainee's	

performance	 	

Findings		

The	Investigators	selected	250	participants,	those	that	satisfied	the	conditions	(i)	of	having	
participated	 fully	 in	 the	 training	 programmes	 and	 (ii)	 showed	 the	 interest	 in	 turning	
themselves	into	entrepreneurs.	

	As	the	data	given	below	will	demonstrate,	all	the	participants	in	the	investigation	had	
mooted	that	training	was	most	essential	to	understand	the	concept	of	renewable	energy	in	
general	and	solar	energy	in	particular.	This	was	necessary	for	development	of	knowledge.	A	
positive	attitude	was	being	developed	 to	 turn	 themselves	 into	entrepreneurs	as	a	part	of	
their	enhancement	of	the	solar	energy	knowledge.	

Table	1.	Part	A	of	the	questionnaire		

	 PART	A	 Yes		 No	
1	 Training	 is	 considered	 primary	 task	 to	 understand	 the	 concept	 of	

renewable	energy.	
	 	

2	 Solar	energy	is	used	as	basis	for	training.	 	 	
3	 Training	 is	 a	 	 	 well	 defined	 mechanism	 for	 gaining	 knowledge	 of	

renewable	energy	and	solar	energy.				
	 	

4	 The	objective	of	this	training	programme	is	to	prepare	entrepreneurs	in	
the	field	of	solar	energy.	

	 	

5	 Sufficient	follow	up	on	learning	outcomes		are	made	after	the	training	 	 	
6	 Trainer	is	well	aware	of	the	subject	of	training.		 	 	
7	 Training	Staff	is	properly	trained	in	the	subject	of	solar	energy.		 	 	

8	 Post	training	evaluation	is	an	integral	part	of	training	process.		 	 	
The	answer	was	YES	to	all	the	above	8	questions.	

	

	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2279



Table	2.Part	B	of	the	questionnaire	

	 PART		B	 Yes No 
1	 Renewable	energy	is	abundant.	   
2	 Solar	energy	is	renewable	energy.	   
3	 Renewable	energy	improves	the	quality	of	life.	   
4	 Solar	energy	is	abundant	in	India.	   
5	 Renewable	energy	is	reliable	and	practical.	   
6	 Renewable	energy	is	cost	effective.	   
7	 Solar	energy	is	environment	friendly.	   
8	 Awareness	 amongst	 people	 about	 the	 use	 of	 renewable	 energy	 is	

essential.	
  

The	answers	were	YES	to	all	the	above	8	questions	
	
Part	C	consisted	of	entrepreneurial	self-assessment	survey.	Following	questions	were	posed	
to	find	out	entrepreneurial	inclination	of	the	participants.	The	questionnaire	was	based	on	
the	Likert	scale	of	1	to	5,	as	detailed	below.		
	
PART	C	
Please	answer	each	of	the	following	questions	as	honestly	as	possible.		
Strongly	Agree-5	Agree-4	Somewhat	Agree-3	Disagree-4	Strongly	Disagree-5	
		
1.	I	am	willing	to	work	50	hours	or	more	per	week	regularly.			
2.	My	family	will	support	my	going	into	business.		
3.	I	am	willing	to	accept	both	financial	and	career	risks	when	necessary.		
4.	I	don't	need	all	the	fringe	benefits	provided	by	conventional	employment.	
5.	I	would	like	to	take	full	responsibility	for	the	successes	and	failures	of	my	business.	
6.	I	would	experience	more	financial	success	by	operating	my	own	business.	
7.	I	feel	a	great	deal	of	pride	when	I	complete	a	project	successfully.		
8.	I	have	a	high	energy	level	that	can	be	maintained	over	a	long	time.		
9.	I	enjoy	controlling	my	own	work	assignments	&	making	all	decisions	affecting	my	work.	
10.	 I	have	a	strong	desire	to	achieve	positive	results	even	when	it	requires	a	great	deal	of	
additional	effort.		
11.	One	or	both	of	my	parents	were	entrepreneurs.		
12.	People	trust	me	and	consider	me	honest	and	reliable.		
13.	I	always	try	to	complete	every	project	I	start,	regardless	of	obstacles	and	difficulties.		
14.	I	can	make	decisions	quickly.		
15.	I	have	a	good	network	of	friends,	professionals,	and	business	acquaintances.				
17.	Solar	energy	business	has	a	wide	scope	and	wide	market.		
18.	I	have	fully	understood	the	pros	and	cons	of	solar	energy	business.		
19.	With	proper	training	and	guidance,	I	am	ready	to	invest	in	the	solar	energy	business.	
20.	I	feel	proud	to	be	an	entrepreneur	in	the	field	of	solar	energy.		

Conclusion	

On	the	basis	of	responses	obtained	from	Part	A	of	the	questionnaire,	we	can	say	that	for	all	
the	participants:	
• Training	is	considered	primary	task	to	understand	the	concept	of	renewable	energy.	
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• Solar	energy	is	used	as	basis	for	training.		
• Training	 is	 a	 well	 defined	mechanism	 for	 gaining	 knowledge	 of	 renewable	 energy	 and	

solar	energy.			
• The	objectives	of	 this	 training	programme	are	 to	prepare	entrepreneurs	 in	 the	 field	of	

solar	energy.	
• Sufficient	follow	up	on	learning	outcomes	are	made	after	the	training.	
• Trainer	is	well	aware	of	the	subject	of	training.	
• Staff	of	the	training	programmes	is	properly	trained	in	the	subject	of	solar	energy.		
• Post	training	evaluation	is	an	integral	part	of	training	process.		

	
Responses	 from	 Part	 B	 of	 the	 questionnaire	 demonstrated	 that	 participants	 became	well	
aware	about	the	concept	of	renewable	energy	and	solar	energy.	Part	C	of	the	questionnaire	
was	answered	as	below:	
		
1.	I	am	willing	to	work	50	hours	or	more	per	week	regularly.	80%	of	the	participants	agreed		
2.	My	family	will	support	my	going	into	business.	Almost	95%	agreed	to	this	question.		
3.	 I	 am	 willing	 to	 accept	 both	 financial	 and	 career	 risks	 when	 necessary.	 Almost	 all	
participants	were	agreeing	to	take	this	risk.	
	4.	I	don't	need	all	the	fringe	benefits	provided	by	conventional	employment.	Barring	few	all	
agreed	as	they	had	by	this	time	developed	an	entrepreneurial	mindset.	
	5.	I	would	like	to	take	full	responsibility	for	the	successes	and	failures	of	my	business.	90%	
agreed.	
	6.	 I	would	experience	more	financial	success	by	operating	my	own	 	 	business.	90%	of	 the	
participants	said	somewhat	agree.		
7.	 I	 feel	a	great	deal	of	pride	when	 I	complete	a	project	successfully.	90%	strongly	agreed	
and	remaining	10%	agreed.	
	8.	I	have	a	high	energy	level	that	can	be	maintained	over	a	long	time.	90%	strongly	agreed.	
	9.	I	enjoy	controlling	my	own	work	assignments	&	making	all	decisions	affecting	my	work.	
90%	agreed.	
	10.	I	have	a	strong	desire	to	achieve	positive	results	even	when	it	requires	a	great	deal	of	
additional	effort.	80%	agreed.	
	11.	One	or	both	of	my	parents	were	entrepreneurs.	Only	55%	agreed	to	this	statement.	
12.	People	trust	me	and	consider	me	honest	and	reliable.	All	participants	strongly	agreed	to	
this.		
	13.	 I	 always	 try	 to	 complete	every	project	 I	 start,	 regardless	of	 obstacles	 and	difficulties.	
85%	agreed.	
	14.	I	can	make	decisions	quickly.	75%	agreed.	
	15.	 I	 have	 a	 good	 network	 of	 friends,	 professionals,	 and	 business	 acquaintances.	 90%	
agreed	to	this	statement.		
16.	Renewable	energy	is	a	good	business	opportunity.	90%	agreed.	
17.	Solar	energy	business	has	a	wide	scope	and	wide	market.	95%	agreed.	
18.	I	have	fully	understood	the	pros	and	cons	of	solar	energy	business.	95%	agreed.		
19.	With	proper	 training	 and	 guidance,	 I	 am	 ready	 to	 invest	 in	 the	 solar	 energy	business.	
85%	agreed.	
20.	I	feel	proud	to	be	an	entrepreneur	in	the	field	of	solar	energy.	85%	agreed.	
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Investigation’s	Impact			

To	 recap,	 the	 investigators	 proceeded	 with	 the	 following	 hypotheses	 which	 were	
formulated	and	had	to	be	tested.	
#H1.	Training	is	an	essential	requirement	to	understand	the	concept	of	renewable	energy.	
#H2.	This	training	would	turn	the	participants	into	entrepreneurs.	

Every	 participant	 from	 the	 250	 interviewed	 agreed	with	 H	 #1	 in	 that	 training	 is	 an	
essential	requirement	to	understand	the	concept	of	renewable	energy.	This	means	that	H	#	
1	stands	proven.	

Almost	 90%	 of	 the	 participants	 agreed	 to	 become	 entrepreneurs	 after	 training	was	
over.		This	means	that	H	#	2	also	stands	proven.	
India	is	often	referred	to	as	the	developing	economy.	One	would	then	assume	that	there	is	
enough	 scope	 for	 the	 entrepreneurs	 to	 showcase	 their	 acumen	 and	 zeal	 to	 develop	 the	
economy.	 Their	 contribution	 thus	helps	 in	 creating	 employment	 and	helps	 earn	profit	 for	
the	 organization	 as	 any	 business	 has	 a	 prime	motto	 of	 earning	 profit.	 Nothing	 wrong	 in	
earning	profit	as	the	taxes	paid	on	the	surplus	are	used	for	the	development	of	country	in	
building	 infrastructures	 and	 other	 essential	 needs	 where	 a	 country	 can	 become	 self	
sufficient	and	reliant.	

This	definitely	makes	a	strong	case	for	promoting	entrepreneurship	and	innovation	on	
the	one	hand	and	generating	employment,	 increasing	gross	domestic	products	 (GDP),	and	
development	 of	 the	nation.	 This	 helps	 in	 achieving	 excellence	by	making	 “Make	 In	 India”	
movement	a	success.	

	

References	
Dor	 G.,	 Rafi	 S.,	 2017,	 A	 new	 model	 of	 organic	 solar	 cells	 reveals	 open	 circuit	 conditions	 and	 size	

dependent	power	 loss	 induced	by	the	finite	conductivity	of	a	transparent	contact,	Journal	of	Applied	Physics,	
121,	4,	045502	

Ancona	M.A.,	Bianchi	M.,	Diolaiti	E.,	Giannuzzi	A.,	Marano	B.,	Melino	F.,	Peretto	A.,2017,	A	novel	solar	
concentrator	system	for	combined	heat	and	power	application	in	residential	sector,	Applied	Energy,		185,	1199	

Taesoo	D.	 L.,	Abasifreke	U.	 Ebong,	 2017,	A	 review	of	 thin	 film	 solar	 cell	 technologies	 and	 challenges,	
Renewable	and	Sustainable	Energy	Reviews,70,	1286	

Kunal	 J.	 Tiwari	 D.,	 Prem	 Kumar	 S.,	 Ramesh	 Chandra	 M.,	Malar	 P.,2017,	 Ball	 Mill	 Synthesis	 of	 Bulk	
Quaternary	Cu2ZnSnSe4	and	Thermoelectric	Studies,	Journal	of	Electronic	Materials,	46,	1,	30	

Elshorbagy	 M.H.,	 Abdel-Hady	 K.,	 Hala	 K.,	 Javier	 A.,	 2017,	 Broadband	 anti-reflection	 coating	 using	
dielectric	Si3N4	nanostructures.	Application	to	amorphous-Si-H	solar	cells,	Optics	Communications,	390,	130	

Ryan	 K.,	Weidi	 H.,	 Karthik	 S,	 2017,	 Bulk	 Heterojunction	 Solar	 Cells	 Based	 on	 Blends	 of	 Conjugated	
Polymers	with	II–VI	and	IV–VI	Inorganic	Semiconductor	Quantum	Dots,	Polymers,	9,	2,	35	

Dan	 H.,	 Chenmin	 D.,	 Shiyou	 C.,	 2017,	 Calculation	 studies	 on	 point	 defects	 in	 perovskite	 solar	 cells,	
Journal	of	Semiconductors,	38,	1,	011006	

Navendu	M.,	Anunay	S.,	2017,	Complete	ultrafast	charge	carrier	dynamics	in	photo-excited	all-inorganic	
perovskite	nanocrystals	(CsPbX3),	Nanoscale,	9,	5,	1878	

Talia	G.,	Kasra	S.,	Yun	S.	L.,	Oki	G.,	Saurabh	S.,	Douglas	B.,	Andrew	C.	K.,	Richard	H.,	2017,	Compositional	
effects	in	Ag2ZnSnSe4	thin	films	and	photovoltaic	devices,	Acta	Materialia,	126,	383	

Vinayakumar	V.,	Shaji	S.,	Avellaneda	D.,	Das	Roy	T.K.,	Castillo	G.A.,	Martinez	J.A.A.,	Krishnan	B.,	2017,	
CuSbS2	 thin	 films	 by	 rapid	 thermal	 processing	 of	 Sb2S3-Cu	 stack	 layers	 for	 photovoltaic	 application,	 Solar	
Energy	Materials	and	Solar	Cells,	164,	19	

Rajiv	 D.	 P.,	 Gabriel	 A.	 R.,	 2017,	 Drawing	 the	 Most	 Power	 From	 Low-Cost	 Single-Well	 1-mm2	 CMOS	
Photovoltaic	Cells,	IEEE	Transactions	on	Circuits	and	Systems	II:	Express	Briefs,	64,	1,	46.	

https://en.wikipedia.org/wiki/Renewable_energy	
https://en.wikipedia.org/wiki/Solarenergy	
https://en.wikipedia.org/wiki/Entrepreneurship	
	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2282



	
 

Teaching	innovation	and	the	use	of	social	networks	in	architecture:	Learning	
Building	Services	Design	for	Smart	and	Energy	Efficient	Buildings	
	
Samuel	Domínguez-Amarillo1,	Jesica	Fernández-Agüera2,	Patricia	Fernández-Agüera3		

	
1	Instituto	Universitario	de	Arquitectura	y	Ciencias	de	la	Construcción,	Escuela	Técnica	
Superior	de	Arquitectura,	Universidad	de	Sevilla,	Sevilla,	España	sdomin@us.es;	

2	Instituto	de	Ciencias	de	la	Construcción	Eduardo	Torroja,	Consejo	Superior	de	
Investigaciones	Científicas,	Madrid,	España,	jfernandezaguera@us.es;		

3	Facultad	de	Psicología,	Universidad	de	Sevilla,	Sevilla,	España,	
pfernandezaguera@alum.us.es.	

	
Abstract:	Today’s	buildings	are	evolving	from	structures	comprising	unchanging,	static	elements	scantly	able	to	
interact	with	the	surrounds	towards	complex	systemic	compounds	with	an	impact	on	the	environs	that	entails	
more	 than	mere	 anthropic	 alteration.	 In	 pursuit	 of	 energy	 efficiency	 and	 true	 sustainability,	 buildings	must	
acquire	the	ability	to	interact	as	well	as	to	generate	synergies.	The	most	prominent	features	of	this	approach	
are	 energy	 management	 and	 information	 flows	 which,	 intelligently	 designed,	 not	 only	 enhance	 buildings’	
capabilities,	but	 introduce	a	significant	change	in	their	relationship	with	the	surrounds	(‘smart	cities’)	and	its	
inhabitants.	 This	 new	paradigm	 calls	 for	 revisiting	 architectural	 undergraduate	 instruction,	 adopting	 a	more	
complex	overview	of	energy	use	and	management	in	the	design	process,	regarding	buildings	as	dynamic	rather	
than	 static	 entities.	 The	 methodology	 focuses	 on	 creating	 learning	 environments	 that	 favour	 students’	
participation	in	problem	solving	and	assessment,	encouraging	teamwork	based	on	case	studies	and	stressing	
the	connection	between	this	new	architecture,	ICTs	included,	and	social	networks	as	participatory	design	tools.	
These	 ideas	 were	 implemented	 in	 a	 pilot	 learning	 experience	 conducted	 at	 the	 University	 of	 Seville	 for	
undergraduate	students.	As	a	result	the	inclusion	of	ICTs	and	the	collaboration	of	extra-academic	realms	boosts	
student	promotion	and	projection	beyond	the	academic	environment	and	their	introduction	in	the	professional	
community.	
	
Keywords:	Undergraduates,	education,	teaching	innovation,	gamification,	energy	efficiency	

Introduction		

One	 of	 the	 major	 challenges	 facing	 contemporary	 architecture	 is	 to	 mainstream	 energy-
efficient,	eco-friendly	features	in	building	design.	Such	features	must	be	maintained	across	a	
their	entire	service	life.	Provision	must	be	made	to	monitor	buildings’	dynamic	behaviour	over	
time	and	favour	their	satisfactory	operation	and	use.	Current	trends	in	the	European	Union	
denote	 the	 need	 for	 significant	 changes	 in	 energy	 system	 operation	 and	 interaction	with	
occupants:	i.e.,	a	new	approach	to	buildings	must	be	instituted	to	replace	today’s	models.	To	
lighten	 their	 environmental	 impact,	 buildings	 need	 a	 new	 focus,	with	 changes	 in	models,	
analytical	 tools,	 new	 technologies	 and	most	 significantly,	 in	 the	mindset	 of	 all	 the	 actors	
involved.	

This	change	in	paradigm	must	be	reflected	in	architects’	and	architectural	engineers’	
training.		
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This	article	describes	a	specific	course	or	subject	that	attempts	to	holistically	coordinate	the	
implementation	of	solutions	to	this	suite	of	problems.	

The	educational	proposal	aims	to	explore	essential	aspects	of	the	use	of	building	energy,	
control	of	 indoor	 comfort,	quality	and	healthfulness,	 and	 the	due	 treatment	of	 climate	 in	
building	 design.	 These	 aims	 are	 addressed	 globally	 in	 a	 comprehensive	 proposal	 in	which	
students	are	guided	toward	an	 integrated	design	methodology	that	embraces	an	 inclusive	
package	of	energy-	and	environmental	sustainability-related	considerations	.	

The	lessons	covered	include	characterisation	of	the	energy	behaviour	of	the	building	
envelope,	its	siting,	energy	facilities,	performance	assessment	and	its	potential	optimisation,	
the	use	of	renewable	and	non-conventional	energy,	as	well	as	the	institution	of	ICT-supported	
management	and	control	systems	and	the	design	of	intelligent	buildings.	
The	project	is	designed	to	enable	students	to:	

•	 understand	and	apply	 technical	and	 scientific	principles	on	which	building	energy	
behaviour,	its	establishment	and	systems	are	based;	

•	 assess	 the	 pros	 and	 cons	 of	 different	 technologies	 to	 design	 comfortable	 indoor	
environments	adapted	to	use	and	energy	impact;		

•	 acquire	the	knowledge	needed	to	analyse	and	critically	discuss	the	environmental	
and	energy	values	of	buildings;	

•	 determine	how	to	best	use	renewable	energy	 in	global	and	complex	architectural	
proposals.	

•	 Improve	their	professional	impact	through	the	use	of	social	networks.	

Methodology		

Active	 techniques,	 particularly	 the	 problem-based	 learning	 (PBL)	 approach,	 are	 the	 key	
drivers	of	recent	revisions	in	engineering	and	architectural	education	methodology	(Malmi	et	
al,	2016;	Felder	et	al,	2000)	

The	need	for	a	different	focus	in	educational	methods	to	reinforce	students’		effective	
acquisition	of	skills	has	led	to	the	adoption	of	techniques	such	as	PBL	(Beddoes	et	al,	2010),	
either	as	a	supplementary	tool	in	traditional	course	syllabi	(Solis	et	al,	2012),	as	a	stand-alone	
approach	or	in	some	cases	as	an	exhaustive	curricular	overhaul	(Pierrakos	et	al,	2016).		

Such	revisions	advocate	for	a	change	in	the	educational	paradigm	to	orient	it	essentially	
toward	skill-based	learning	in	which	PBL	is	the	primary	mechanism	for	evolution.	The	idea	is	
to	 strengthen	 the	 interconnection	 between	what	 is	 learnt	 and	what	 is	 demanded	 by	 the	
industry	 and	 society	 at	 large	 (Burns,	 2017).	 Skills	 acquisition	 can	 be	 understood	 as	 a	
combination	 of	 knowledge,	 ability,	 art	 and	 focus	 geared	 to	 a	 given	 purpose,	 in	 this	 case,	
professional	qualifications.	As	a	result	of	their	training,	students	must	be	able	to	generate	a	
product	applicable	to	the	professional	market	on	which	they	will	practise.	

Student	instruction	is	broached	as	an	ongoing	workshop	with	a	direct	impact	on	social	
networks	that	showcase	their	designs	and	constitute	a	source	of	feedback.	The	outcome	of	
the	workshop,	where	the	various	techniques	and	approaches	are	implemented,	should	be	a	
viable	architectural	product,	laden	with	the	main	course	requisites	and	concerns.	

In	each	edition,	the	PBL-generated	element	proposed	addresses	a	different	issue,	a	‘hot	
topic’	related	to	current	trends.	This	affords	students	a	broad	repertoire	of	examples	from	
which	 to	 launch	their	discussion	or	analysis,	accessible	 to	 the	University	of	Seville’s	entire	
student	body	on	its	communication	platforms.		

One	example	of	this	approach	is	the	work	undertaken	in	previous	years	based	on	the	
ASHRAE	Student	Competition		to	design	a	building	in	China	for	the	Beijing	Municipal	Authority	
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or	the	present	project	that	replicates	the	university	competition	sponsored	by	ASHRAE	and	
the	U.S.	Department	of	Energy,	RACE	to	ZERO	.	The	course	ends	with	a	proposal	for	an	EPBD	
horizon	2020-compliant	design	(taking	the	EnergyStar	specifications	as	a	reference,	given	the	
differences	in	the	definition	of	‘zero’	in	different	areas	of	Europe).	

This	 workshop,	 the	 inductive	 backbone	 for	 the	 course,	 is	 combined	 and	 cross-
referenced	with	a	deductive	task,	normally	consisting	in	the	review	and	audit	of	a	building	
renowned	for	its	energy	efficiency	and	sustainability.	In	recent	editions	the	LEED-accredited	
building	 designs	 chosen	were	 analysed	 to	 comprehend	 both	 their	 specific	 values	 and	 the	
inter-relational	approach	to	design	adopted.	

In	 these	 roadmap	 dynamics,	 game	 mechanics	 are	 translated	 to	 the	 educational-
professional	domain	(‘gamification’).	This	aims	not	only	to	obtain	better	results	by	motivating	
students	more	effectively,	but	also	to	reproduce	professional	situations	more	accurately.	The	
game	model	works	because	 it	motivates	 students,	 creating	a	 commitment	and	 inspiring	a	
spirit	of	self-improvement	(Robinson,	2007).	All	these	tools	and	techniques	are	intertwined	
to	organise	the	course	around	its	main	driver,	an	Energy	Optimisation	Game	in	which	students	
apply	the	knowledge	acquired.	Students	compete	in	teams	or	‘companies’	of	four	to	design	
the	building	with	the	lowest	energy	use	ratio.	Their	final	mark	and	other	parallel	rewards	are	
associated	with	the	results	of	this	ongoing	game.	

The	course	 format	consists	 in	weekly	workshops	 in	which	general	open	discussion	 is	
fostered	and	routine	readings	and	analysis	of	case	studies	are	recommended	as	references	
for	possible	application	in	each	company’s	(team’s)	proposals.		

That	 work	 is	 reinforced	 from	 time	 to	 time	 with	 master	 classes	 on	 issues	 directly	
applicable	to	team	proposals,	although	not	delivered	as	structured	lessons.	These	exercises	
help	 students	 experiment	 with	 the	 use	 of	 environmental	 technologies	 in	 contemporary	
buildings.		

The	 classes	 are	 delivered	 both	 by	 course	 professors	 and	 outside	 experts	 from	 the	
profession.	By	way	of	example,	the	classes	envisaged	include:	

•	 i-maintenance	as	a	 tool	 for	ensuring	building	performance	during	 the	operational	
stage;	

•	 self	monitoring	data-based	service	cost	and	energy	savings	support;	
•	 use	of	LED	technology	as	a	tool	for	building	nZEB	buildings;	
•	 distributed	control	system	component	architecture	and	other	features.		
This	methodology	includes	the	ongoing	and	open	review	of	student	progress	via	team	

proposal	 monitoring,	 as	 in	 a	 forum	 or	 congress,	 so	 all	 members	 can	 benefit	 from	 the	
information	or	skills	acquired	by	all	other	participants.	This	dynamic	method	furthers	student	
participation	 and	 critical	 analysis.	Whilst	 the	 technique	 can	be	 associated	with	 traditional	
teamwork,	it	is	based	much	more	firmly	on	the	notion	of	working	in	a	cooperative	enterprise	
in	which	all	team	members	are	builders	and	beneficiaries	of	the	professional	activity.	

This	approach	is	designed	to	the	‘open	wall’	post	system	in	which	outside	agents	can	
both	visualise	and	intervene	in	educational	activities.	It	entails	the	use	of	social	networks	and	
communication	technologies:	Facebook,	Instagram,	YouTube,	Twitter.	With	these	resources,	
participants	can	combine	presentations,	online	documents,	videos,	photographs	and	so	on.		

The	subject	has	its	own	online	identity,	essentially	in	the	form	of	Facebook	and	Twitter	
accounts.	A	portfolio	for	the	subject	has	also	been	created	in	communities	such	as	BEHANCE	
to	upload	students’	projects	 for	dissemination	among	users	outside	university	circles.	This	
simple	form	of	gamification	aims	to	encourage	the	sharing	of	information	published	in	a	blog,	
as	per	Grant’s	theory	of	rewarding	acknowledgement		(Grant,	2014).		
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Such	 measures	 further	 team	 feedback	 in	 the	 form	 of	 contributions,	 contrasts	 and	
suggestions	from	non-classroom	followers,	fostering	other	actors’	participation	and	helping	
refine	 students’	 ability	 to	 critically	 analyse	 information	 when	 faced	 with	 such	 unfiltered	
stimuli,	much	as	they	would	in	competitive	professional	situations.	

Students’	projects	are	also	assessed	by	collaborating	companies,	which	reward	the	one	
most	 fully	 developed,	 ensuring	 public	 acknowledgement	 and	 dissemination	 for	 students’	
work.	That,	in	turn,	enhances	their	motivation	and	establishes	ties	with	the	industry.	In	2014-
2015	the	course	was	sponsored	by	Iguzzini	Lighting	and	in	2014-2015	also	by	Daikin.	

One	of	the	course	fundamentals	is	participant	contact	with	the	industry,	in	particular	
with	 the	 companies	 most	 deeply	 involved	 in	 energy	 efficiency	 and	 building	 intelligence	
solutions.	

Discussion	

According	to	Edgar	Morin’s	(1999,	2007)	theory	of	complex	thinking,	reality	is	understood	and	
simultaneously	 explained	 from	 all	 possible	 perspectives;	 students	 create	 their	 designs	
globally	bearing	in	mind	all	the	complexities	of	the	respective	conditioning	factors.	At	times	
they	apply	inductive	and	at	others	deductive	or	comparative	methods.		

The	inductive	method	is	enlisted	when	studying	the	object	and	a	given	context	to	draw	
general	 conclusions	 that	 could	 be	 applied	 to	 other	 similar	 case	 studies.	 	 This	 encourages	
student	experimentation	and	active	participation.		

All	the	components	of	architectural	and	architectural	engineering	design,	including	the	
various	 stages	 of	 construction	 proposed	 and	 their	 characteristics,	 are	 studied	 from	 the	
vantage	point	of	this	acquired	complexity.			

Students	learn	to	critically	analyse	the	complexities	of	building	siting,	physical	context	
and	boundary	conditions.		

The	course	project	is	consequently	implemented	by	distributing	the	tasks	to	individual	
team	 members	 who	 subsequently	 integrate	 all	 these	 contributions	 jointly	 as	 a	 team	 or	
company.	 The	 various	 sub-projects	 are	 based	 on	 individual	 analysis	 of	 a	 sustainable	 and	
efficient	design,	in	keeping	with	standard	professional	practice.			

One	of	the	critical	elements	identified	is	local	climate,	along	with	microclimatic	factors,	
particularly	in	connection	with	heat	island	effects	(Figure	1).	

Figure	1.	Study	of	local	climate.	
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Here	students	 take	 into	consideration	not	only	building	shape,	but	all	 its	 	 social	and	
functional	conditioning	 factors,	such	as	communications,	areas	of	 influence,	public	 transit,	
capacity	for	private	vehicle	management	and	alternative	mobility	solutions	(Figure	2).		

	
Figure	2.	Siting.	

	
Another	 factor	 included	 in	 team	 analysis	 is	 lot	 conditioning	 and	 reuse,	 along	 with	

restoration	of	the	damaged	habitat	and	the	furtherance	of	biodiversity	to	control	grounds	
erosion	 and	 settling	 in	 the	 interaction	 with	 the	 surrounds.	 The	 contributions	 of	 all	 team	
members	ultimately	gives	rise	to	an	appropriate	site	on	which	all	the	analyses	converge.	

	In	 the	 following	 sub-projects	 students	 analyse	 both	 the	 design	 of	 the	 architectural	
element	and	the	techniques	and	technologies	to	be	deployed	(Figure	3):	

•	 economy	of	materials	and	resources	to	reduce	life	cycle	impact;	
•	 further	to	the	study	of	the	local	climate,	proposals	for	energy	optimisation:	energy	

management	and	production	with	renewables,	GHG	abatement,	low	impact	coolants,	
lighting	and	thermal	control;	

•	 efficient	water	consumption,	including	mechanisms	such	as	permeable	pavements,	
landscaped	roofs,	ponds,	autochthonous	plants	with	low	water	demands,	rainwater	
harvesting...	

The	final	part	of	the	task	involves	designing	an	intelligent	building	management	system,	
including	communication	and	monitoring	facilities,	automatic	meter	reading	of	performance	
and	physical	parameters	and	user	interaction.	

The	indoor	environment	constitutes	an	essential	concern	in	all	efficiency	proposals.	It	
is	 monitored	 through	 a	 process	 parallel	 to	 the	 main	 exercise,	 deploying	 post-occupancy	
surveys,	in	this	case	on	the	case	study	of	an	existing	building.	The	aim	is	to	develop	the	ability	
to	analyse	operating	conditions,	evaluate	end	user	satisfaction	with	the	building	designed	and	
understand	the	problems	that	frequently	arise	around	similar	buildings	or	specific	techniques	
(Figure	4).	Such	analyses	can	be	extrapolated	to	the	final	version	of	the	course	project.	The	
process	 is	 very	 straightforward,	 for	 the	 building	 analysed,	 normally	 the	 main	 source	 of	
practical	 information,	 has	 a	 substantial	 impact	 on	 decision-making	 around	 the	 problems	
encountered.	
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Figure	3.	Clear	line	drawings	are	essential.	

	
In	 actual	 practice,	 the	 inclusion	 of	 today’s	 social	media	 proved	 to	 constitute	 strong	

encouragement	for	students	to	improve	their	work	with	a	view	to	dissemination	through	the	
subject’s	Facebook	or	Twitter	accounts	where	they	could	discuss	and	display	their	work	and	
further	their	professional	profile.	

The	experimental	use	of	social	networks	for	dissemination	yielded	fairly	good	results.	
Although	the	subject	had	been	on	the	curriculum	for	only	2	years,	its	impact	in	those	media	
remained	high	throughout	the	academic	year	at	issue	.	More	promising	yet	was	the	fact	that	
after	the	school	year	was	over,	the	notion	of	belonging	to	a	‘community’	persisted	among	the	
subject’s	followers,	who	continued	to	visit	the	respective	Facebook	and	Twitter	profiles	and	
to	show	an	interest	in	new	developments.	The	outcome	was	student	retention	of	what	they	
learned	in	the	course	longer	than	in	traditional	instruction.		

A	blog	was	also	created	for	inquiries	and	suggestions	as	well	as	to	share	information	
and	findings.	A	diary	of	work	progress	in	academic,	practical	and	analytical	classes,	lectures	
and	in	situ	visits	was	kept.	Hosted	on	the	University	of	Seville’s	Virtual	Learning	website,	it	
was	accessible	to	group	members	only,	who	could	use	it	to	discuss	the	doubts	arising	around	
course	work	in	a	more	private	environment.	This	blog	enabled	students	to	keep	account	of	
their	own	group’s	work	and	freely	express	their	opinions	about	others’.		

The	 existence	 of	 social	 network	 accounts	 for	 the	 subject	 also	 generated	 healthy	
competition	that	prompted	all	students	to	become	more	involved	in	the	work	at	hand	and	
pursue	self-improvement.		

The	votes	held	 in	 these	media	were	popular	and	participation	was	high	both	among	
class	members	and	others.	The	rapprochement	between	academic	and	professional	practice	
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achieved	 through	 the	 understanding	 and	 interpretation	 of	 the	 real	works	 visited	was	 the	
driving	force	that	led	to	the	award	of	prizes	for	student		panels	by	energy	efficiency	companies.	

	

	
Figure	4:	Example	of	a	user	satisfaction	survey.	

Conclusions	

The	course	focus	affords	a	comprehensive	and	student-friendly	approach	to	a	suite	of	skills	
of	great	complexity	and	technical	difficulty.	Transferring	responsibility	for	the	design,	depth	
and	 breadth	 of	 a	 learning	 strategy	 to	 team	 members	 favours	 student	 involvement.	 The	
application	of	knowledge	to	a	realistic	and	complete	exercise	enables	students	to	view	the	
actual	dimensions	of	the	problem,	as	would	any	practising	professional.			

Learning	 is	 reinforced	 with	 continuous	 feedback	 both	 from	 the	 entire	 class	 as	 a	
discussion	group	and	 from	outside	actors,	 for	which	purpose	particularly	 significant	use	 is	
made	of	social	networks.	Such	information	management	is	one	of	the	keys	to	the	course.		

The	 methodology	 provides	 a	 complex	 approach	 to	 architectural	 creation,	 with	 the	
inclusion	of	energy	efficiency	and	sustainability	issues,	understood	as	a	continuum,	as	part	of	
the	 primary	 corpus.	 Interaction	 with	 the	 urban	 surrounds	 and	 climate	 are	 addressed	 in	
addition	to	more	traditional	conceits.	Particular	emphasis	is	placed	on	occupants	and	their	
well-being.	 The	 inclusion	 of	 control	 logic	 and	 self-monitoring	 supports	 the	 notion	 of	
maintaining	performance	levels	throughout	the	building’s	service	life.	

One	of	the	most	significant	procedures	is	the	possibility	of	deploying	role	dynamics	to	
solve	the	suite	of	distributed	problems	comprising	the	case	study.		Participation	in	team	tasks	
should	enable	students	to	perform	different	roles	in	different	activities,	as	designers,	analysts,	
collaborators	 or	 auditors.	 	 The	 use	 of	 game	 techniques	 and	more	 specifically	 the	 ‘Energy	
Game’	in	teams	of	four	renders	the	course	especially	dynamic	and	fosters	active,	ongoing	and	
self-encouraged	participation	while	generating	notable	synergies.	

With	the	furtherance	of	the	use	of	blogs	and	wikis	in	connection	with	social	network	
management,	 students	 can	 identify	 the	 activities	 undertaken	 and	 heighten	 their	 class	
participation	and	involvement	while	gaining	visibility	for	their	future	careers	as	architects	or	
architectural	engineers.	
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The	 inclusion	of	 ICTs	and	 the	collaboration	of	extra-academic	 realms	boosts	 student	
promotion	and	projection	beyond	the	academic	environment	and	their	 introduction	in	the	
professional	 community.	 At	 the	 same	 time,	 a	 number	 of	 vehicles	 have	 been	 used	 to	
disseminate	 information	 on	 the	 subject:	 social	 networks,	 journals,	 congresses,	 the	 Seville	
School	 of	 Architecture’s	 Facebook	 page	 ArquitecTICa_ETSAS	 and	 the	 Twitter	 hashtag	
@ArquitecTica.	
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Abstract:	Sustainable	 development	 (SD)	 is	 a	 fundamental	 pillar	 for	 the	 socio-economic	 welfare	 of	 Egypt,	 as	
with	 every	other	 nation.	 However,	 the	 rapid	 growth	 of	 the	 country	 limits	 the	 resources	 required	 to	 meet	
its	 national	demands,	 particularly	 in	 the	 built	 environment	 (BE)	 sector.	 The	 building	 industry	 is	 considered	
the	 largest	resource-consuming	sector	that	has	direct	impact	on	the	country’s	economic	stability	and	growth.	
Regrettably,	education	for	sustainability	(ESD)	in	Egypt	is	currently	limited;	compared	to	the	rapid	progress	and	
momentous	ESD	 initiatives	worldwide.	There	 is	 significant	 lack	of	 training	 that	prepares	various	stakeholders	
in	 the	BE	 to	embed	holistic	SD	at	all	scales;	buildings,	neighbourhoods,	and	cities.	In	response,	tailored	training	
programmes	 are	 developed	 by	 a	 British	 Council-funded	 project;	 Building	 Capacity	 for	 Sustainable	
Development	of	 the	Built	Environment	 (BC-SDBE),	 to	promote	 sustainable	design,	planning	and	performance	
at	 all	 scales	 of	 the	 BE.	 The	 training	 programmes	 emphasise	 a	 balanced	 approach	 to	 environmental,	 socio-
economic	and	technical	aspects	for	 sustainable	 built	 environments.	 This	 paper	 aims	 to	 argue	 the	 challenges	
that	 drove	 this	 capacity-building	 initiative	 and	 set	 out	 potential	 approaches	 to	 educate	 and	 ‘train	 the	
trainers’	 in	 cutting-edge	 strategies	 for	embedding	SD	strategies	in	the	BE	in	Egypt.		

Keywords:	Education,	Sustainable	Development,	Built	Environment,	Critical	Thinking,	Problem-Based	Learning	

Introduction	and	background	

The	anthropogenic	impacts	on	the	earth’s	ecosystems	and	its	direct	implications	on	climate	
change	have	pushed	Sustainable	Development	 (SD)	as	a	priority	 in	many	nations’	 strategic	
plans.	 Increasing	 global	 greenhouse	 gas	 (GHG)	 emissions,	 combined	 with	 the	 widespread	
economic	impact	of	global	commodities	such	as	coal,	natural	gas	and	oil	and	their	effect	on	
energy	prices,	 education	 for	 sustainable	 development	 (ESD)	 is	 a	 key	 vehicle	 against	which	
both	energy	consumption	can	be	reduced	and	GHG	emissions	curtailed.	It	is	fundamental	to	
steer	education	towards	the	conservation	of	energy	 in	 the	built	environment	 (Taleghani	et	
al.,	2011).	Hegarty	(2008)	in	Holdsworth	&	Sandri	(2014)	argue	that	sustainability	education	
must	 equip	 learners	 with	 capabilities	 to	 reflect,	 think	 critically	 and	 problem	 solve	
accordingly	 in	 order	 to	 make	 timely	 decisions	 in	 response	 to	 the	 issues	 of	 depleting	
resources.	 Hence,	developing	 critical	 and	 creative	 thinkers	who	 feel	 empowered	 to	act	 as	
responsible	citizens	is	key	to	ESD	(Sewilam	et	al.,	2015).	

International	 directives	 and	 legislations	 acknowledge	 that	 ESD	 at	 pre-and	 post-
professional	levels	play	major	roles	in	embedding	sustainability	in	most	disciplines	(Altomonte,	
2012).	The	Sustainable	Development	Strategy	(SDS)	for	Egypt	has	been	recently	 introduced	
with	three	main	goals	to	be	achieved; 	economic	development,	competitiveness	of	markets	
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and	human	capital	(MOPMAR,	2016).	Hence,	adopting	ESD	in	the	Egyptian	educational	system	
is	paramount	for	the	SDS	goals	to	be	achieved	by	2030.	As	the	building	industry	is	considered	
one	of	 the	 largest	 industries	 in	Egypt,	 contributing	with	33.9%	of	 the	 total	National	Gross	
Income	(CAPMAS,	2014);	this	requires	strategic	planning	to	ensure	principles	of	sustainability	
are	learnt	and	applied	in	this	important	and	dynamic	sector.	

“Education	 for	 Sustainable	 Development	 allows	 every	 human	 being	 to	 acquire	 the	
knowledge,	skills,	attitudes	and	values	necessary	to	shape	a	sustainable	future”	as	defined	by	
the	UNESCO	(2014).	The	UK	Quality	Assurance	Agency	for	Higher	Education	(2014)	defines	
ESD	as	“the	process	of	equipping	students	with	the	knowledge	and	understanding,	skills	and	
attributes	 needed	 to	 work	 and	 live	 in	 a	 way	 that	 safeguards	 environmental,	 social	 and	
economic	wellbeing,	both	in	the	present	and	for	future	generations”.	Notably,	education	that	
embeds	holistic	sustainability	has	gradually	evolved	at	undergraduate	(UG),	postgraduate	(PG)	
and	professional	levels	in	many	countries.	Altomonte	et	al	(2013)	argue	that	the	perception	
of	 sustainability	 has	 become	more	 core	 on	 the	 agenda	 of	 higher	 education	 (HE)	 in	 built	
environment-related	 disciplines	 where	 it	 has	 become	 an	 overarching	 principle	 for	 many	
educational	 programmes.	 A	 survey	 undertaken	 in	 more	 than	 30	 countries	 by	 the	
Environmental	Design	in	University	Curricula	and	Architectural	Training	in	Europe	(EDUCATE),	
found	general	inconsistency	in	approaches	to	embedding	sustainability	in	academic	curricula	
(Altomonte	et	al.,	2015)	depending	on	each	country’s	priorities.		

In	 Arab	 countries,	 ESD	 initiatives	 have	 been	 generally	 dispersed	 in	HE	 programmes.	
Existing	pre	and	post-professional	training	in	Egypt	have	not	satisfactorily	addressed	aspects	
of	sustainable	design	and	planning.	This	confirms	the	necessity	to	educate	and	train	UG	and	
PG	students,	practitioners,	academics	and	professionals	in	the	construction	sector	to	reduce	
the	gap	in	the	knowledge	and	skills	in	aspects	of	sustainability	of	the	built	environment.	As	a	
result	of	preliminary	skills-needs	analysis,	Building	Capacity	for	Sustainable	Development	of	
the	Built	Environment	(BC-SDBE)	project,	subject	of	this	study,	facilitates	ESD	to	address	this	
skills	 gap	 through	 its	 training	programmes.	The	project	partners	 consider	ESD	as	 learning,	
acquiring,	 and	 applying	 the	 principles	 of	 SD	 to	 the	 design	 and	 construction	 of	 the	 built	
environment.	The	ultimate	aim	is	to	build	capacity	 in	education,	research,	 innovation,	and	
exploitation	of	state-of-the	art	SD	strategies	from	a	holistic	sustainability	approach	to	support	
meeting	Egypt’s	socio-economic	demands.	The	anticipated	project	impact	is	to	bridge	the	gap	
between	the	developing	advancements	in	ESD	globally,	the	national	plans	set	out	for	Egypt’s	
economic	 development,	 and	 the	 demanding	 professional	 development	 in	 SD	 required	 in	
Egypt’s	construction	labour	market.	

The	aim	of	this	paper	is	to	emphasise	the	drivers	to	this	capacity-building	initiative	and	
set	out	potential	approaches	to	educate	and	train	diverse	stakeholder	groups	in	state-of-the-
art	strategies	for	embedding	SD	strategies	in	the	BE	in	Egypt.	The	study	advocates	the	need	
to	 develop	 critical	 thinking	 as	 a	 catalyst	 for	 effective	 education	 in	 this	 field.	 It	 identifies	
Problem-Based	Learning	(PBL)	as	a	viable	pedagogic	approach	to	embed	holistic	sustainability	
in	 learning	 and	 practice.	 The	 outcome	 of	 the	 research	 is	 the	 development	 of	 a	 robust	
framework	 for	 ESD	 grounded	 on	 PBL	 as	 a	 main	 approach	 supported	 by	 the	 constructive	
alignment	 of	 teaching	 and	 learning	 activities,	 intended	 learning	 outcomes	 (ILOs),	 and	
assessment	activities		to	develop	thorough	and	systematic	deep	learning	(i.e.	learning	with	
understanding).		
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Initiatives	for	sustainable	development	of	the	built	environment	in	Egypt	

Initiatives	to	address	sustainable	design	and	construction	of	buildings	have	recently	received	
significant	support	in	Egypt	and	have	been	integrated	into	building	codes,	and	standards.	In	
response	to	the	drive	to	build	and	reinforce	environmental	sustainability	in	the	building	sector	
in	 Egypt,	 a	public	 reviewed	version	of	 the	Green	Pyramid	Rating	 System	 (GPRS)	has	been	
introduced	in	2011	without	a	definite	plan	for	the	release	of	the	final	rating	system.	Reasons	
for	 this	 delay	 may	 be	 the	 voluntary	 nature	 of	 this	 initiative	 besides	 the	 lack	 of	 training	
available	 to	produce	qualified	building	 assessors.	 It	 is	 expected	 that	 the	GPRS	will	 shortly	
require	compliance	by	professionals	of	all	disciplines	engaged	 in	 the	design,	procurement,	
construction,	 and	management	 of	 the	 built	 environment	 in	 Egypt.	 The	 GPRS	 is	 a	 whole-
building	 approach	 to	 sustainability	 that	 recognises	 performance	 in	 seven	 key	 areas:	
Sustainable	Sites	Development,	Water	Efficiency,	Energy	Efficiency,	Materials	and	resources,	
Indoor	 Environmental	 Quality,	 Management,	 and	 Innovation	 and	 Design	 Process	 (HBRC,	
2011).	 In	 order	 to	 stimulate	 and	 activate	 the	 GPRS,	 educating	 and	 training	 students,	
architects,	engineers,	practitioners	and	professionals	who	will	employ	this	rating	system	in	
their	 planning,	 design	 and	 construction	 and	 environmental	 performance	 assessment	 of	
buildings	is	vital.	As	asserted	previously,	a	significant	gap	exists	in	current	curricula	taught	at	
UG	and	PG	levels	and	its	direct	link	to	market	needs	that	fulfil	sustainability	demands	outlined	
by	Egypt’s	SDS.		

The	SDS	identifies	various	challenges	for	effective	technical	education	and	training.	Of	
those	 challenges;	 the	 necessity	 of	 effective	 integration	 of	 technical	 education,	 vocational	
training	and	other	educational	forms	(MOPMAR,	2016).	In	anticipation	of	this,	several	public	
and	 private	 HE	 providers	 in	 Egypt	 introduced	 UG	 and	 PG	 programmes	 to	 integrate	
sustainability	in	the	curricula.	Salama	&	Amir	(2005)	asserted	in	a	study	concerning	trends	in	
Arab	architectural	 education	 that	only	2	universities	 in	Egypt	 facilitated	Sustainability	 and	
Environmental	 Consciousness	 related	 courses	 at	 UG	 levels	 (Cairo	 University	 and	 Misr	
International	University)	in	the	form	of	standalone	modules	that	might	be	core	or	optional.	
Other	HEIs	 have	 then	 introduced	 sustainable	 and	 environmental	 design	 at	 PG	 level	while	
others	 introduced	those	aspects	as	either	core	or	optional	modules	at	UG	levels.	Of	those	
HEIs	 that	 have	 taken	 a	 significant	 initiative	 to	 build	 capacity	 in	 sustainability,	 Ain	 Shams	
University,	Cairo	University,	Arab	Academy	for	Science,	Technology	and	Maritime	Transport,	
the	British	University	in	Egypt,	and	Misr	International	University	are	the	most	acknowledged	
ones.	Recently,	Ain	Shams	University	(ASU),	the	main	BC-SDBE	partner	institution,	introduced	
an	Environmental	Architecture	and	Urbanism	UG	programme.	This	programme	provides	a	
grounding	 to	 the	 theory	 and	 practice	 of	 sustainable	 design	 in	 architecture	 and	 urbanism.	
However,	one	sustainability-specific	UG	programme	besides	a	few	PG	programmes	at	several	
HEIs	could	not	accommodate	for	suitable	and	timely	advancement	of	ESD	in	Egypt.			

Another	 initiative	 introduced	 in	 2011	 in	 Egypt	 is	 the	 Education	 for	 Sustainable	
Development	beyond	the	Campus	(EduCamp)	Tempus	project	which	aimed	to	promote	and	
implement	ESD	in	Egypt	nationwide	and	within	all	education	levels.	The	project	developed	
ESD	 resource	 kits	 for	 schools	 and	 developed	 a	 School	 Teachers’	 Training	 Programme	 to	
support	teachers’	classroom	activities	for	SD	(EduCamp,	2011).	However,	the	impact	of	this	
initiative	has	not	been	quantified	yet,	hence,	Sewilam	et	al	(2015)	suggested	for	this	to	be	
measured;	 a	 longitudinal	 study	 to	 assess	 the	 impact	 on	 teachers	 and	 trainers	 who	 have	
applied	 their	 training	 to	 practice	 would	 be	 essential.	 Hence,	 BC-SDBE	 initiative	 aims	 to	
develop	a	well-rounded	and	 interdisciplinary	knowledge	base	of	sustainability	principles	 in	
theory	 and	 its	 application	 in	 practice.	 The	 training	 and	 educational	 programmes	 focus	 on	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2293



bespoke	 mechanisms	 for	 sustainable	 design,	 planning	 and	 performance	 of	 buildings,	
neighbourhoods,	and	cities.	The	programmes	facilitate	transformative	learning	to	implement	
a	balanced	and	strategic	approach	to	environmental,	socio-economic	and	technical	aspects	
of	designing	a	sustainable	built	environment	in	the	Egyptian	context.		The	BC-SDBE	project	
methodology	proposes	a	viable	framework	for	achieving	sustainability	in	the	BE	supported	by	
proactive	participation	of	stakeholders	in	the	built-environment-related	disciplines.	This	is	in	
the	form	of	stakeholder	meetings	and	focus	groups	to	outline	the	specific	needs	and	demands	
in	the	construction	labour	market.		

One	of	the	lessons	learned	from	EDUCATE	is	that	a	simultaneous	bottom-up	and	top-
down	approach	should	be	adopted	to	support	the	successful	implementation	of	sustainability	
and	 energy	 efficiency	 in	 education	 and	 practice	 of	 design	 (Altomonte,	 2012).	 Effective	
stakeholder	participation	promotes	grass	roots	interest	within	the	learning	community	that	
would	work	in	tandem	with	top-down	approaches.	Through	consultations	with	academics	in	
the	discipline,	educators	in	HEIs	in	Egypt	need	to	adopt	and	champion	a	change	in	attitude	
from	perceiving	sustainability	education	as	an	‘add-on’	to	“a	unique	educational	concept	that	
challenges	 conventional	 modes	 of	 education	 and	 requires	 new	 methods	 of	 integrative	
learning”	(Barth	&	Michelsen,	2013	p106).	Those	new	methods	require	developing	critical	and	
analytical	skills	to	enable	learners	to	confidently	apply	theory	to	practice.	Hence,	innovative	
pedagogical	methods,	course	structures	and	content,	learning	and	outcomes	and	methods	of	
delivery	should	facilitate	deep	learning	and	develop	problem	solving	skills.	Those	pedagogical	
methods	would	not	only	enable	learners	to	acquire	knowledge	but	will	support	the	process	
of	applying	theory	to	practical,	real-life	scenarios.	

Education	for	sustainability	of	the	built	environment	

In	order	to	implement	sustainability	in	the	built	environment,	‘training	the	trainers’	can	be	
seen	as	a	first,	but	fundamental	step	in	raising	awareness,	embedding	sustainability-related	
knowledge,	and	the	role	education	plays	in	developing	a	more	sustainable	built	environment.	
One	of	 the	core	principles	underpinning	ESD	 is	 the	development	of	 ‘critical	 thinking	skills,	
analytical	skills,	empathetic	capacity	and	the	ability	to	be	an	effective	person	who	can	take	
action	to	achieve	desired	development	introducing	education	for	sustainable	development	
outcomes’	 (Tormey	 2003,	 p.	 2).	 The	 current	 study	 proposes	 a	 two-step	 transformative	
pedagogic	approach	to	‘train	the	trainers’;	developing	critical	thinking	skills,	to	subsequently	
apply	and	use	in	problem-based	learning	for	effective	ESD	in	the	built	environment.		

First:	Critical	thinking	skills	as	a	basis	

Critical	thinking	is	a	crucial	skill	that	improves	attention	and	observation,	encourages	more	
focussed	reading	and	writing	skills,	and	helps	develop	analytical	skills,	which,	in	turn,	support	
higher	 levels	 of	 attainment	 (Pithers	&	 Soden	 2010).	 Developing	 critical	 thinking	 skills	 has	
positive	 impact	 on	 learners’	 professional	 life	 where	 they	 are	 able	 to	 work	 with	 greater	
precision	 and	 accuracy	 in	 diverse	 tasks,	 besides	 performing	 well	 at	 problem-solving	 and	
project	management	 tasks	 (Jeschofnig,	2014).	Critical	 thinking	demands	effective	problem	
solving	and	communication	skills	using	self-directed	and	self-disciplined	thinking	(Paul	&	Elder,	
2008).	 This	 skill	 should	 also	 be	 developed	 in	 a	 student-centred	 learning	 environment.	
Student-centred	learning	essentially	puts	learner	responsibility	and	activity	at	its	heart	with	
the	 teacher	acting	as	a	 facilitator	and	mentor	 instead	of	conventional	 ‘teacher-controlled’	
learning	 (Cannon	 &	 Newble	 2000).	 Student-centred	 learning	 facilitates	 flexible	 learning	
environments	which	can	occur	anywhere	and	at	any	time	if	supported	with	proper	technology.		
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Davidson	 (2009)	 suggested	 a	 threefold	 strategy	 for	 developing	 critical	 thinking	 in	
learners.	The	first	stage	is	to	make	learners	aware	of	the	cultural	assumptions	that	inform	the	
particular	approach	to	criticality	in	the	SD	discipline.	Stage	two	is	for	educators	to	appreciate	
the	different	approaches	to	knowledge	acquisition	in	different	cultures	(e.g.	Western	culture	
versus	Eastern	culture).	Once	those	preliminary	stages	have	been	elucidated,	introducing	the	
particular	techniques	and	mechanisms	for	critical	approaches	in	thinking,	reading,	and	writing	
could	 start.	 Those	 techniques	 and	mechanisms	 should	 be	made	 explicit	 to	 all	 learners	 to	
ensure	a	smooth	start	in	critical	thinking	and	problem	solving.	Notably,	problem	solving	stages	
often	entail	errors,	uncertainty,	and	possibilities	of	failure.	Research	(Pithers	&	Soden,	2010)	
assert	that	such	a	skill	could	not	be	taught	in	separate	courses,	albeit,	it	should	be	developed	
during	 the	course	of	 teaching	subject-matter	 learning	material.	 	 Some	research	advocates	
problem-based	learning	as	a	method	that	could	be	adopted	by	teachers	to	enhance	students’	
thinking	skills	(Pithers	&	Soden	2010;	Allison	&	Pan	2011).	The	following	section	introduces	
the	second	step	of	this	pedagogic	approach;	Problem-Based	Learning.	

Second:	Problem-Based	Learning	(PBL)	for	embedding	sustainability		

Lehman	et	al	(2008)	explain	Sustainable	Development	as	‘a	continuous	process	that	requires	
a	balance	between	(the	emergence	of)	problems	and	our	capacities	and	capabilities	to	solve	
these	problems.’	Hence,	in	response,	an	approach	suggested	in	designing	and	planning	the	
module	 sessions	 for	SD	 is	Problem-Based	Learning	 (PBL).	Research	on	PBL	assert	 that	 this	
approach	makes	 students	 more	 proficient	 at	 problem-solving,	 group	 working	 and	 critical	
analysis	(Allison	&	Pan	2011).	Research	studies	argue	that	problem-based	learning	(PBL)	could	
be	considered	a	key	vehicle	to	developing	students’	critical	thinking	skills	(Pithers	&	Soden	
2010,	Roberts	2007,	Savin-Baden	&	Major	2004).	Moreover,	PBL	is	acknowledged	as	one	of	
the	forms	of	active	learning	where	learners	are	active	participants	and	independent	critical	
thinkers	enabled	by	the	tutor	who	facilitates	opportunities	for	learning	through	open-ended	
situations	and	problems	(Savin-Baden	&	Major	2004).	PBL	approach	is	student-centred	and	
has	been	successfully	incorporated	in	the	built	environment	discipline.	This	approach	focuses	
on	 key	 problems	 or	 issues	 within	 professional	 practice	 which	 would	 require	 students	 to	
undertake	some	activities	to	learn	from	the	problem	(Cannon	&	Newble	2000).	Research	in	
PBL	 assert	 that	 this	 approach	makes	 students	 more	 proficient	 at	 problem-solving,	 group	
working	and	critical	analysis	(Allison	&	Pan	2011).	In	the	context	of	ESD,	PBL	would	be	attuned	
to	 BC-SDBE	 training	 programmes,	where	 real	 life	 problem	 scenarios	 are	 transformed	 into	
trigger	questions	that	would	be	addressed.		

PBL	approach	would	tend	to	apply	Bloom's	revised	taxonomy	for	educational	objectives	
which	identify	6	levels	of	cognitive	skills:	remembering	–	understanding	–	applying	–	analysing	
–	 evaluating	 –	 creating	 (Biggs	 &	 Tang	 2007).	 A	 taxonomy	 of	 PBL	methods	 introduced	 by	
Barrows	 (1986)	 suggested	 a	 combination	 of	 varieties	 in	 use	 for	 PBL.	 Barrows	 suggested	
‘lecture-based	cases’	where	‘students	are	presented	with	information	through	lectures	and	
then	case	material	used	to	demonstrate	the	information’	(Barrows	1986	cited	in	Savin-Baden	
&	Major	2004).	 In	fact,	well-designed	problem-based	curricula	encourage	learners	to	think	
critically	 about	 the	 content	 instead	 of	 being	 taught	 a	 body	 of	 knowledge	 in	 lectures	 and	
tutorials	only	(Pithers	&	Soden	2010).		It	is	important	to	make	students	realise	that	knowledge	
could	 be	 learned	 in	 different	 forms	 and	 to	 help	 them	 distinguish	 between	 explanatory	
knowledge,	descriptive	knowledge,	procedural	knowledge	and	personal	knowledge	 (Savin-
Baden	&	Major	2004).	To	develop	a	problem	for	PBL	in	practice,	Savin-Baden	&	Major	(2004)	
suggest	to	start	with	a	real	life,	authentic	problem	which	learners	are	quite	familiar	with	to	
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help	develop	confidence	and	enthusiasm	and	to	use	problems	relevant	to	practice	to	gain	
learners’	interest.	The	problems	should	contain	some	uncertainty	to	augment	critical	thinking	
and	problem	solving	but	should	not	be	too	narrow	nor	over	complicated.	

Additionally,	 case-based	 multidisciplinary	 and	 role	 play	 learning	 for	 students	 of	
architecture,	engineering	and	construction	in	the	delivery	of	sustainability	has	demonstrated	
that	 students	develop	a	better	understanding	of	 the	SD	 requirements	 for	project	delivery	
when	compared	to	traditional	learning	methods	(Korkmaz,	2011).	In	this	study,	it	was	found	
that	 the	 students	 learned	 that	 cross	 collaboration	 and	 early	 integration	 of	 the	 real	 life	
scenario	solutions	are	key	to	achieving	the	desired	sustainable	outcomes.	When	compared	to	
standard	learning	methods	students	demonstrated	a	greater	interest	in	the	course	material,	
higher	 interaction	levels	which	generated	deeper	learning.	Therefore,	ESD	should	combine	
direct	 teaching	with	critical	analysis	of	 real	 life	 case	 studies	while	 continuously	 sharing	 its	
knowledge	for	the	benefit	of	society	(Duffy	&	Rabeneck,	2012).	

When	designing	the	learning	outcomes	of	modules	for	ESD,	Bloom’s	revised	taxonomy	
mentioned	previously	should	be	applied	in	order	to	ensure	a	gradual	build-up	of	the	levels	of	
learning	(Biggs	&	Tang,	2007).	The	proposed	framework	in	Table	1	would	ensure	that	learners	
could	achieve	the	ESD	learning	outcomes	through	constructive	alignment	of	learning	activities	
and	 assessment	 tasks,	 and	 ILOs.	 Key	 problems	within	 professional	 practice	which	 require	
students	to	undertake	specific	activities	to	learn	from	real	life	problems	would	be	set	up	for	
assessing	PBL,	as	a	shift	away	from	outcome-based	examination	(Savin-Baden	&	Major	2004).		

Table	 1:	 Constructive	 alignment	 of	 learning	 activities,	 ILOs	 and	 assessment	 tasks	 for	 sustainable	
development	enhanced	training	and	education	
Teaching/	learning	activities	
 

	 Intended	 Learning	 Outcomes									
Module	 1:	 Introduction	 to	
Sustainable	 Development	 of	
the	Built	Environment	

	 Assessment	tasks	
	

Lectures.	 The	 didactic	 content	 of	
the	 modules	 will	 be	 explained	 in	
lectures,	 assisted	 by	 visual	 aids,	
interaction	 with	 the	 students	 and	
demonstrations.		
Case	 studies.	 	 Discussions	 and	
presentations	 of	 real-life	 examples	
to	 demonstrate	 how	 the	 theory	
studied	 in	 the	 module	 is	
implemented	in	practice.	
Set	texts.	Core	texts	will	be	used	as	
main	 reference	 sources	 to	 ensure	
that	learners	have	all	the	resources	
for	theoretical	material	covered.	
On-line	 support	 material.	
Materials,	 and	 forums	 will	 be	
accessible	 to	 students	 in	 an	 e-
learning	 platform.	 This	 increases	
opportunities	 for	 distance	 and	
needs-related	tuition.		

	 1. Critically	 evaluate	 concepts,	
methods	and	outcomes	in	relation	
to	SD	and	its	short	–	and	long-term	
implications.	
2. Develop	 a	 critical	 position	 in	
comparing	 and	 assessing	 SD	
approaches	 across	 all	 scales	 	 of	
the	BE;	
3. Demonstrate	 knowledge	 and	
understanding	 of	 principles	 and	
concepts	 of	 sustainability	
(environmental,	 social	 and	
economic)	 in	 the	 context	 of	
building	planning	and	design;		
4. Demonstrate	 familiarity	 with	
implications	in	designing	buildings	
of	different	and	multi	functions;	
5. Define	 and	 identify	
environmental,	 and	 socio-
economic	 attributes	 of	 SD	 in	 a	
national	and	global	perspective.	

	 Conceptualise	 and	
articulate	 own	 standpoint	
with	 regards	 to	 SD	 in	 the	
built	 environment	
(reflective	journal).	

Critically	 assess	 ideas,	
concepts	 and	 approaches	
relating	 to	 environmental,	
social	 and	 cultural	
implications	 of	 SD	 in	 their	
context	 /	 practice	 (case-
based	individual	essay).	

Develop	 analytical	 and	
synthetic	 skills	 in	
developing	 unique	 but	
appropriate	 approaches	
and	tools	that	are	effective	
and	 fit	 for	 SD	 purpose	
(portfolio,	presentations).	

Table	1	above	summarises	the	constructive	alignment	of	teaching	and	learning	activities	with	
PBL	assessment	tasks	to	achieve	the	Intended	Learning	Outcomes	of	the	first	module/unit	in	
BC-SDBE	–	Introduction	to	Sustainable	Development	of	the	Built	Environment.	It	is	clear	from	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2296



the	 above	model	 that	 critical	 thinking	 skill	 is	 highlighted	 in	 the	 process	 of	 achieving	 the	
learning	outcomes	through	PBL	tasks	and	activities.		

Conclusion	

Ultimately,	for	Egypt’s	Sustainable	Development	Strategy	to	be	successfully	implemented	and	
exploited	the	Egyptian	educational	system	ought	to	adopt	ESD	as	the	cornerstone.	HE	and	
research	institutions	should	provide	sustainability-focused	education	and	training	tailored	to	
various	target	groups.	Several	initiatives	have	been	introduced	in	Egypt	in	the	last	decade	that	
aimed	to	promote	sustainability	in	the	built	environment,	but	with	no	tangible	impact	yet.	
The	BC-SDBE,	as	a	capacity-building	initiative	aims	to	provide	learners	with	a	solid	grounding	
of	knowledge	and	understanding	of	 the	principles	of	 SD,	both	 in	 theory	and	practice.	The	
objectives	are	twofold;	first:	to	analyse	and	learn	from	best	practice	of	educational	curricula	
that	integrate	sustainable	design	in	the	BE	whilst	linking	to	the	particular	market	needs	and	
the	professional	demand	in	practice;	and	second:	introduce	a	new	framework	for	training	and	
professional	 development	 based	 on	 the	 notion	 of	 tailored,	 adaptable	 and	 blended	
programmes	adopting	PBL	as	a	pedagogic	approach.	Learners	are	engaged	in	real	 life	case	
studies	to	support	and	develop	critical	evaluation	of	available	and	innovative	solutions,	and	
reflection	as	 learning	approaches.	 Learners	will	 be	encouraged	 to	 confidently	disseminate	
their	learning	experience	and	knowledge	in	their	profession	through	partnership	with	their	
peers	 in	 their	 communities	 and	 practices.	 They	 are	 introduced	 to	 new	 ways	 of	 working	
collaboratively	 with	 other	 stakeholders	 in	 the	 construction	 industry,	 including	 clients,	
contractors	and	suppliers.	The	outcomes	of	the	training	programmes	are	crucial	to	support	
the	government	strategic	plans	and	goals	in	achieving	the	overall	sustainability	of	the	BE,	on	
the	macro	and	micro	levels.		

Supporting	learners	to	develop	critical	thinking	skills	will	be	core	to	BC-SDBE	curriculum	
design	and	assessment.	Trainers	/	learners	will	be	guided	towards	a	personal	transformation	
of	 their	 values,	 beliefs	 and	 understanding	 of	 sustainability.	 They	 will	 appreciate	 the	
interdisciplinary	nature	of	social,	technological,	environmental,	and	ecological	issues	and	be	
able	to	relate	this	to	the	particular	economic,	political	and	legal	contexts	of	their	practice.		
They	will	be	encouraged	to	reflect	and	articulate	their	sustainability	standpoint,	to	become	
effective	at	promoting	the	benefits	of	SD	and	promoting	sustainable	design.	 	Learners	will	
contribute	to	the	preparation	of	innovative	practitioners,	who	would	take	proactive	rolse	in	
initiating	and	facilitating	sustainability	driven	developments	 in	multidisciplinary	design	and	
construction	teams.		

The	subsequent	stage	of	the	BC-SDBE	project	is	a	comparative	analysis	of	ESD	in	the	UK	
and	Egypt	with	an	aim	of	knowledge	transfer	of	lessons	learnt	from	the	UK	and	adapting	them	
to	the	Egyptian	context.	To	achieve	this,	government	and	industry	should	work	collaboratively	
with	academic	and	research	institutions	in	facilitating	the	appropriate	medium	for	ESD	and	
providing	sufficient	funding	to	ensure	appropriate	training	standards	are	achieved	to	support	
the	national	SDS.	However,	it	must	be	noted	that	the	uncertain	political	climate	in	Egypt	has	
a	 significant	 impact	 on	 how	 ESD	 initiatives	 will	 be	 perceived	 and	 positioned	 in	 its	 social,	
cultural	and	political	context.	
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Abstract:	This	paper	 reports	on	a	 semester-long	 study	 to	 revise	 an	online	 studio	 to	 address	problems,	
such	as	a	lack	of	site	development	to	support	performance,	community,	experience	and	local	ecosystems.	
The	 largest	 obstacle	 was	 the	 time	 online	 students	 have	 available	 outside	 of	 class	 to	 complete	
assignments.	Collaboration	was	 investigated	as	a	solution,	but	online	collaboration	 is	unique,	especially	
compared	 to	 face-to-face	 collaboration.	 Multiple	 options	 were	 explored	 with	 some	 success,	 such	 as	
increasing	course	time,	intense	collaboration	and	collaboration	skills,	and	technology	skills.	Furthermore,	
there	are	suggestions	for	future	revisions.		

Keywords:	online	studio,	online	education,	sustainable	design,	sustainable	online	education	

Introduction	

To	 respond	 to	 changing	 societal	 challenges,	 education	 has	 taken	 advantage	 of	 the	
opportunity	 presented	 by	 digital	 interconnectivity.	 The	 greatest	 opportunity	 is	 to	 reach	
students	who	otherwise	may	not	pursue	additional	education.	However,	online	education	
presents	 its	 own	 unique	 challenges	 compared	 with	 traditional	 face-to-face	 education	
models.	This	paper	reports	on	a	semester-long	study	of	an	online	sustainable	design	studio	
(9	 students)	 in	 the	 MS	 Sustainable	 Design	 Program	 at	 Philadelphia	 University	 that	
experimented	with	changes	to	improve	design	outcomes	while	addressing	challenges.	

The	first	challenge	was	the	lack	of	both	site	and	building	design	development	in	online	
studios	compared	to	face-to-face	(F2F)	studios	(see	Figure	1).	This	is	supported	by	previous	
research	 that	 found	 site	 design	 responses	 in	 online	 courses	 were	 not	 as	 well	 developed	
compared	to	F2F	courses	where	students	could	visit	the	site	(Fryer,	2014).		

Figure	1:	Face-to-face	(left)	vs.	online	(right)	studio	student	work.	
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Second,	 by	 its	 nature,	 online	 collaboration	 is	 different	 than	 F2F	 collaboration	 (see	
Figure	 2).	 Studio	 collaboration	 in	 an	 F2F	 setting	 permits	 synchronous	 and	 instantaneous	
feedback.	 It	 also	 takes	 place	 in	 the	 same	 physical	 space,	 where	 body	 language	 can	 be	
perceived,	 and	 familiarity	 is	 easier	 and	 faster	 to	 achieve	 between	 participants.	 Such	
collaboration	also	permits	the	use	of	simple,	intuitive	tools,	such	as	pens	and	trace	paper.	In	
contrast	to	this,	online	collaboration	mostly	occurs	asynchronously	with	 intense	periods	of	
synchronous	 activity	 via	 live	 online	 design	 charrettes.	 The	 shared	 space	 is	 virtual,	 which	
impedes	the	development	of	familiarity	between	participants,	and	body	language	is	difficult	
to	perceive	(if	cameras	are	used)	or	impossible	(if	cameras	are	not	turned	on).	Furthermore,	
communication	 and	 design	 development	 uses	 relatively	 complex	 technology,	 adding	
multiple	 layers	 of	 logistics.	 This	 is	 backed	 up	 by	 other	 research	 which	 states,	 “Currently	
studios	 can	 use	 up	 to	 four	 or	more	 different	 software	 programs	 to	manage	 assignments,	
communicate	 between	 instructor	 and	 students,	 socially	 interface	 between	 students	 and	
conduct	 reviews”	 and	 “…	 a	major	 challenge	 to	 online	 studios	 is	 the	 limitations	 of	 digital	
technology	that	have	not	kept	pace	with	the	pedagogy”	(Griffen,	2015,	pg.	4).	

Figure	2:	Different	means	of	collaboration	between	face-to-face	(left)	and	online	(right)	studios.	

Third,	 the	 life	 situations	 of	 students	 attracted	 to	 online	 courses	 are	 different	 than	
traditional	 F2F	 students.	 The	 student	who	 chooses	 to	 attend	on-campus	most	 likely	 does	
not	have	a	 full	 time	 job,	and	has	more	 time	outside	of	 class	 to	complete	 school	work.	By	
comparison,	in	the	Fall	2015	semester,	+95%	of	online	students	were	also	working	full	time	
jobs	that	required	a	minimum	of	40	hours/week.	Some	students	were	working	more	than	
that.	Also,	25%	of	the	online	students	have	families	with	small	children,	and	some	are	single	
parents.	It	is	the	ability	of	keeping	a	full	time	job	that	attracts	students	to	online	education.	
“Distance	learning	allows	them	[students]	to	live	where	they	want	and	keep	their	jobs	while	
having	access	to	high	quality	faculty	instruction”	(Griffen,	2015,	pg.	2).	

Unfortunately,	this	also	 limits	the	amount	of	time	students	are	available	to	meet	for	
classes,	and	how	much	time	they	have	outside	of	class	time	to	meet	with	other	students	to	
complete	collaborative	work.	As	one	researcher	states,	“Collaboration	takes	a	 lot	of	 time”	
(Denise,	1999).	Research	shows	that	“good	time	management	skills	 for	both	students	and	
faculty	 are	 crucial”	 to	 the	 success	 of	 online	 courses	 (Griffen,	 2015,	 pg.	 3).	 Furthermore,	
successful	online	students	tend	to	be	both	highly	motivated	and	excellent	time	managers.	
But,	these	same	traits	make	them	more	attractive	at	their	place	of	work,	and	they	are	often	
asked	to	take	on	more	work	and	travel	more	often	for	their	 jobs.	Classwork	and	 job	work	
can	 lead	 students	 to	 feelings	 of	 being	 overwhelmed.	 “The	 inability	 to	 fulfil	 both	
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work/employment	 and	 course	 demands	 is	 a	 primary	 reason	 students	 drop	 out	 of	 online	
courses	and	programs”	(Creasman,	2012,	pg.	4;	Frydenburg,	2007;	Tello,	2007).	

The	 fourth	 challenge	 is	 that	 both	 collaboration	 and	 the	 studio	 course	 content	 are	
complex.	 They	 often	 require	 additional	 time	 to	 complete	well.	 Several	 studies	 show	 that	
best	 practices	 for	 collaboration	 involve	 real	 world,	 community	 based	 projects	 because	
students	 value	 these	projects	more,	 and	 involvement	with	multiple	 stakeholders	enhance	
the	collaborative	experience.	But,	such	projects	require	more	time	to	organize,	facilitate	and	
complete	(Creasman,	2012;	Douglas,	2012;	McPeek	&	Mortland,	n.d.;	Griffen,	2015).	In	the	
Fall	 2015	 semester,	 the	 online	 studio	worked	with	 a	 private	 N-6	 school	 to	 design	 a	 new	
campus.	The	studio	included	a	total	of	six	outside	experts	to	collaborate	with	the	students.	

The	semester-long	study	began	with	the	hypothesis	that	altering	the	structure	of	the	
online	 sustainable	 design	 studio	 using	 a	 collaborative	 process	 will	 improve	 the	 design	
outcomes	 by	 enabling	 students	 to	 accomplish	 more	 through	 teamwork	 as	 long	 as	 that	
process	also	addressed	the	limited	time	they	have	available	due	to	their	life	situation.	

Revised	Pedagogical	Process	

First,	 the	 course	 content	 was	 reconfigured	 to	 better	 align	 with	 students’	 available	 time.	
Prior	to	this	study,	there	was	one	online	6-credit	studio	that	covered	both	site	design	and	
building	design.	This	was	changed	to	cover	the	same	content	over	two	4-credit	studios.	

Second,	 in-class	 team-based	 charrettes	 were	 created	 (see	 Figure	 3).	 The	 charrettes	
were	synchronous,	high	 intensity	design	sessions,	with	teams	broken	 into	virtual	breakout	
rooms.	 Charrettes	 were	 used	 to	 develop	 guiding	 principles,	 and	 three	 major	 design	
iterations	that	progressively	attempted	to	make	the	designs	more	integral	and	detailed.	

Figure	3:	Course	Schedule	Showing	Charrettes	

Third,	 technology	 was	 more	 directly	 addressed	 by	 creating	 brief,	 low-stakes	
assignments.	Students	were	asked	 to	complete	 tasks	 in	video	 recording,	presentation	and	
file	 sharing	 software	 and	 submit	 them	 via	 Blackboard.	 This	 is	 recommended	 for	 online	
courses	 in	 the	 literature	 (Creasman,	 2012;	 Van	 Tyron	&	 Bishop,	 2009;	 Rabe-Hemp,	 et	 al,	
2009).	 In	 addition,	 each	 student	 was	 given	 a	 digital	 tablet	 to	 enhance	 outcomes	 of	 the	
design	charrettes.	

Finally,	 collaboration	 skills	 were	 taught.	 Research	 indicates	 that	 this	 is	 essential	 to	
team	success	(Oakley,	Fleder,	Brent	&	Elhajj,	2004).	This	project	used	Tuckman’s	stages	of	
team	development	(Tuckman,	2009).	
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Study	Methodology	

This	 revised	 process	was	 tested	 using	 a	 series	 of	 surveys	 and	 faculty	 observations	 of	 the	
work	 completed.	 First,	 the	 students	 were	 given	 a	 pre-course	 survey	 that	 gaged	 their	
attitudes	towards	collaboration,	and	served	as	a	baseline	for	comparison	with	the	identical	
post-course.	 In	 addition,	 each	 of	 the	 four	 charrettes	 were	 evaluated	 via	 a	 survey	 to	
determine	 their	 effectives	 from	 multiple	 perspectives	 (a	 technique	 used	 throughout	 the	
course	using	a	version	of	Wilber’s	Integral	Theory).	

Observed	Outcomes	

The	results	of	the	study	indicated	that	collaboration	did	help	students	to	accomplish	more	
work.	 Furthermore,	 the	 students	 achieved	more	 complete	 site	development	 compared	 to	
previous	semesters	(refer	to	Figure	2,	right).	Intentionally	holistic	designs	were	achieved	by	
the	 real	 world	 connection	with	 the	 client,	 and	 by	 considering	 how	 outdoor	 spaces	 could	
reinforce	 and	 express	 the	 client’s	 desires,	 deploy	 systems	 on	 the	 site	 (e.g.	 ecological,	
stormwater),	provide	thermal	comfort	via	the	design	of	microclimates,	enhance	the	culture	
of	 the	 neighbourhood	 by	 providing	 community	 services	 and	 enhancing	 the	 experience	 of	
the	site	through	landscape	design.	

Figures	 4	 and	 5	 show	 a	 high	 level	 of	 site-wide	 design	 development.	 Here	 there	 are	
outdoor	spaces	and	adjacencies	to	meet	the	client’s	desires,	such	as	spaces	outside	of	the	
classroom	 for	 play	 and	 education.	 Furthermore,	 the	 students	 considered	 the	 dynamic	
nature	 of	 the	 site	 by	 providing	 activity	 areas	 for	 use	 when	 the	 site	 is	 not	 occupied	 by	
students	 and	 teachers.	 This	 extends	 the	 use	 of	 the	 site	 to	 the	 community	 for	 use	 on	
weekends	and	nights.	For	example,	 the	provision	of	an	active	night	garden	near	an	active	
street	corner.	

Figure	4:	Student	Team	2	–	Site	Plan	
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Figure	5:	Student	Team	2	–	Development	of	Community	Outdoor	Spaces	

Students	 considered	 how	 to	 control,	 harvest	 and	 retain	 the	 stormwater	 on-site	 in	
great	 detail	 (see	 Figure	 6).	 The	 raingardens	 were	 designed	 to	 support	 the	 client’s	
educational	goals	by	making	outdoor	science	laboratories.	Furthermore,	the	outdoor	spaces	
enhance	 the	experience	of	 the	 site	by	 locating	dense	vegetation	 to	block	 the	noisy	 street	
and	 providing	 shade	 of	 the	 building	 elements	 to	 improve	 building	 energy	 efficiency,	
decrease	GHG	emissions	and	expand	the	thermal	comfort	zone	over	the	year.	

Figure	6:	Student	Team	1	–	Site	Development	of	Stormwater	System	and	Building	Program	

In	 previous	 semesters,	 projects	 were	 not	 able	 to	 be	 developed	 in	 such	 detail	 and,	
presumably,	 students	 weren’t	 able	 to	 develop	 the	 knowledge	 and	 skills	 as	 deeply.	 For	
example,	 plant	 species	 selections	 supported	 specific	 goals	 of	 the	 projects,	 such	 as	 using	
native	 plant	 species.	 Other	 considerations	 in	 the	 selection	 were	 enhancing	 biodiversity,	
providing	habitat,	the	experience	created	via	the	selection	of	different	plant	heights,	colours	
(including	 seasonal	 variations)	 and	 edibles.	 Students	 were	 able	 to	 consider	 the	
establishment	of	a	food	system	on	campus	with	reinforcing	feedback	loops	(Figure	7).	This
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supported	 the	 client’s	 mission	 (connection	 with	 nature,	 nutritious	 food)	 and	
sustainability.	Here,	the	food	system	is	sustained	via	a	feedback	loop	created	by	harvested	
rainwater,	composting	of	food	scraps	and	fresh	vegetables	for	the	school	students.	

Figure	7:	Student	Team	1	–	Diagram	of	On-Campus	Food	System	

Other	projects	highlighted	the	connection	with	habitat	and	the	community.	Figure	8	
shows	a	viewing	tower	where	the	community	can	climb	up	what	could	become	a	regional	
icon	to	view	the	neighbourhood,	a	scenic	drive	and	a	much-loved	bridge.	This	tower	is	also	
intended	to	become	a	stop	along	a	migratory	bird	path.	

Figure	8:	Student	Team	2	–	Habitat	&	Viewing	Tower	

Conclusion	

The	semester-long	study	began	with	the	hypothesis	that	altering	the	structure	of	the	online	
sustainable	design	studio	using	a	collaborative	process	will	improve	the	design	outcomes	by	
enabling	 students	 to	 accomplish	 more	 through	 teamwork	 as	 long	 as	 that	 process	 also	
addressed	 the	 limited	 time	 they	 have	 available	 due	 to	 their	 life	 situation.	 The	 results	
generally	seem	to	support	this	hypothesis,	with	some	nuances.	It	is	crucial	to	the	success	of	
this	online	studio	that	the	content	was	aligned	with	the	time	available	to	the	students.	It	is	
likely	 that	 most	 of	 the	 improvement	 is	 attributable	 to	 this	 one	 change.	 As	 a	 result,	 a	
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tentative	 conclusion	 is	 that	 online	 studios	 may	 require	 more	 credits	 to	 cover	 the	 same	
content	compared	to	a	F2F	course.	Furthermore,	the	idea	that	“less	is	more”	for	the	content	
of	 a	 studio	 course	may	 be	 difficult	 for	 other	 architecture	 and	 design	 faculty	 to	 embrace	
because	it	goes	against	the	prevailing	studio	culture.	

The	 team-based	 student	 work	 showed	 significant	 improvement	 in	 the	 design	
outcomes	 (compare	Figure	1	 (right)	 to	Figures	4	and	6).	 The	development	of	 the	 site	and	
building	massings	demonstrated	 strong	 logic	 from	multiple	perspectives.	 Both	 indoor	 and	
outdoor	 spaces	 benefit	 from	 performance	 considerations,	 such	 as	 the	 creation	 of	
microclimates,	building	orientation,	 coordination	of	passive	design	 techniques	such	as	 the	
use	of	vegetation	to	shade	envelopes,	enhance	natural	ventilation,	and	decrease	the	heat	
island	effect.	Besides	passive	design,	other	techniques	were	used	to	enhance	systems,	such	
as	 stormwater	management	 design,	 agriculture	 and	 onsite	 renewable	 energy.	 The	 strong	
logic	also	extended	to	meet	the	needs	of	the	client	in	innovative	ways,	such	as	the	design	of	
outdoor	classroom	laboratories,	while	also	embracing	the	culture	of	the	community.	

Second,	the	students	successfully	integrated	multi-functional	needs	in	a	singular	space	
through	 designs	 such	 as	 the	 stormwater	 pond	 to	 add	 biodiversity	 while	 working	 as	 an	
extension	 of	 the	 science	 and	 art	 classrooms.	 Third,	 the	 designs	 incorporated	 cross-scalar	
integration	with	design	elements	such	as	the	viewing	tower	that	works	on	the	regional	scale	
as	a	stop	along	a	bird	migration	path,	a	landmark	at	the	neighbourhood	scale	and	a	viewing	
tower	at	 the	site	scale.	Other	spaces	work	 for	 the	 larger	community,	such	as	gardens	and	
markets.	 Some	 teams	 proposed	 to	 collect	 the	 stormwater	 from	 parts	 of	 the	 larger	
neighbourhood,	 too.	 Finally,	 all	 of	 this	was	 developed	 in	 greater	 detail	 than	 the	 previous	
version	of	the	course	by	specifying	materials	and	vegetative	species.	

These	positive	observations	mostly	seem	to	be	supported	by	the	course	surveys,	with	
some	cautions.	The	largest	change	between	the	pre-	and	post-surveys	was	observed	when	
students	were	asked	what	the	major	obstacles	to	successful	collaboration	were.	

Before	the	course,	the	students	listed	1)	Time	available,	2)	Trusting	others	to	complete	
their	work	and	3)	Desire	to	collaborate.	In	the	post-survey,	this	changed	to	1)	Time	available,	
2)	Other’s	ability	to	collaborate,	3)	Trusting	others	to	complete	their	work.	A	team	mate’s	
ability	to	collaborate	became	more	important	than	the	desire	to	collaborate,	which	is	likely	
the	 result	 of	 the	 team	 training	 the	 class	 had	 undergone.	 The	 students’	 opinion	 of	
collaboration	 improved	over	the	semester,	where	83%	agreed	that	collaboration	 improves	
designs	 (up	 from	 67%	 in	 the	 pre-survey).	 And,	 surprisingly,	 students	 wanted	 more	
collaborative	activities	at	the	end	of	the	class	than	what	they	wanted	at	the	start	(up	from	0-	
6	 hrs/wk	 to	 12-18	 hrs/wk).	 However,	 they	 wanted	 less	 collaboration	 than	 the	 course	
entailed,	 which	 was	 supported	 by	 faculty	 observation	 that	 there	 was	 one	 charrette	 too	
many,	as	student	performance	dropped	off	significantly.	

Time	remained	a	major	stressor.	One	student	wrote	that,	“meeting	live	also	ends	up	
being	 a	 stressor	 that	 can	be	harmful	 to	 the	quality	 of	work,	 especially	 considering	 online	
classes	are	most	attractive	to	people	who	have	to	work	a	lot	of	hours,	and	to	those	whose	
schedule	change	frequently.”	

The	technology	and	team	trainings	helped,	but	more	of	these	activities	are	needed	to	
improve	 their	 skills.	 Additionally,	 teaching	 the	 technology	 through	 low-stake	 assignments	
helped	 to	 eliminate	 distractions	 during	 the	 semester	 to	 allow	more	 time	 to	 focus	 on	 the	
design	work.	Solving	technological	problems	while	a	course	is	in	session	takes	valuable	time	
away	from	other	course	activities	(Van	Tryon	&	Bishop,	2009).	
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Finally,	 outside-class	 collaboration	 remains	 a	 team	 collaboration	 issue	 and	 a	 time	
constraint	issue.	Although	the	faculty	can	control	the	course	content,	the	time	that	students	
have	available	is	not	within	their	control.	The	types	of	students	attracted	to	online	courses	
have	 real	 limits	 to	 their	 time.	Online	education	provides	a	means	 to	 reach	more	students	
who	work	fulltime	and	have	families	and	who	may	otherwise	forego	additional	education.	
To	meet	learning	outcomes	for	this	student	population	requires	changing	how	such	courses	
are	organized,	and	cannot	simply	be	a	copy	of	the	F2F	course.	However,	the	results	of	this	
project	indicate	that	it	may	be	achievable.	This	is	especially	true	since	online	collaboration	is	
already	common	 in	practice.	According	 to	Germishuizen,	Senior	Vice-President	of	Stantec,	
“at	least	50%	of	our	meetings	occur	online	and	over	distance”	(personal	interview,	2017).	

Therefore,	 the	 best	 opportunity	 to	 prepare	 young	 designers	 to	 thrive	 in	 an	
increasingly	digital	practice	is	best	found	in	online	studios	at	the	university	level.	

Acknowledgements	

The	project	would	not	have	been	possible	without:	Students:	Alshenaifi	M,	Appineni	P,	
Boisvert	J,	Brown	S,	Chun	J,	DiBartolo	M,	George	A,	Gomez	A,	Koshar	A,	Lyman	D,	Rajan	
S,	 Shah	 R,	 Shaker	 Bassilious	 S,	Wang	M;	 and	 the	 Centre	 for	 Teaching	 Innovation	 and	
Nexus	Learning	at	Philadelphia	University	for	its	financial	support.	

References	
Creasman	 P	 (2012).	 "Considerations	 in	 Online	 Course	 Design".	 IDEA.	 hXp://ideaedu.org/wp-	

content/uploads/2014/11/	idea_paper_52.pdf	
Denise		L		(1999).		“Collaboration		vs.		C-Three		(Cooperation,		Coordination		and		Communication)”.	
INNOVATING.	Renselear	Institute.	NY	
Frydenberg	J.	(2007).”	Persistence	in	university	continuing	education	online	courses”.	International	

Review	of	Research	in	Open	and	Distance	Learning,	8	(3),	1-15.	
Fryer	 R	 (2014).”	 The	 Digital	 Studio:	 A	 Case	 Study	 of	 an	 Online	 Sustainable	 Design	 Studio”.	

Transformative	 Approaches	 to	 Sustainable	 Development	 at	 Universities,	 World	 Sustainable	 Series,	
Springer	International	Publishing,	Switzerland.	

Griffen	G	 (2015).	 “Questioning	 the	Role	of	Online	Education	 in	 the	Architectural	Design	 Studio”.	
ARCC	2015	Future	of	Education	Conference,	Chicago,	April	2015	(Paper	published	in	proceedings).	

Keeton,	M.	 (2004).	 “Best	on-line	 instructional	practices:	Report	of	phase	 I	 of	 an	ongoing	 study”.	
Journal	of	Asynchronous	Learning	Networks,	8	(2),	75-100.	

McPeek	K,	Mortland	L	 (?).	“Collaborative	Design	Pedagogy:	An	Examination	of	the	Four	Levels	of	
Collaboration”.	

Oakley	B,	Fleder	R,	Brent	R,	Elhajj	I	(2004).	“Turing	Student	Groups	into	Effective	Teams”.	Journal	
of	Student	Centered	Learning.	Vol	2,	No.	1.	New	Forums	Press.	Stillwater,	OK.	

Rabe-Hemp	 C.,	 Woollen	 S.,	 &	 Humiston	 G.	 S.	 (2009).	 “A	 comparative	 analysis	 of	 student	
engagement,	 learning,	and	satisfaction	 in	 lecture	hall	and	online	 learning	settings”.	Quarterly	Review	of	
Distance	Education,	10	(2),	201-218.	

Tello	S.	F.	(2007).	“An	analysis	of	student	persistence	in	online	education”.	International	Journal	of	
Information	and	Communication	Technology	Education.	3	(3),	47-62.	

Tuckman	 B	 (April	 2009).	 “Developmental	 sequence	 in	 small	 groups”.	 Psychological	 Bulletin,	 Vol	
63(6),	Jun	1965,	384-399.	http://dx.doi.org/10.1037/h0022100	

Van	 Tryon	 P.	 J.	 S.,	 &	 Bishop	 M.	 J.	 (2009).	 “Theoretical	 foundations	 for	 enhancing	 social	
connectedness	in	online	learning	environments”.	Distance	Education,	30	(3),	291-315.	

	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2306



	
 

Moving	from	Snapshots	to	Movies:	The	Analysis	of	a	Design	Process	
Combining	Integral	Theory	and	Systems	Thinking	
	
Robert	Fryer	
	
Associate	Professor,	MS	Sustainable	Design	Program,	College	of	Architecture	and	the	Built	
Environment,	Philadelphia	University.	FryerR@philau.edu		

	
Abstract:	This	paper	describes	a	new	educational	design	process	that	seeks	to	integrate	an	enhanced	holistic	
site	 and	 data	 inventory	 while	 also	 improving	 the	 meaningfulness	 of	 the	 information	 and	 resultant	 design	
proposals.	An	analysis	of	student	work	was	used	to	evaluate	the	effectiveness	of	the	process.		
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Introduction	

Sustainable	 design	 requires	 a	 holistic	 approach	 to	 account	 for	 relevant	 and	 important	
information	 because	 when	 key	 information	 is	 neglected,	 it	 undermines	 the	 experience,	
performance,	 culture	 and	 connection	 with	 systems	 at	 multiple	 scales.	 Stakeholder	 input	
(including	occupants	and	other	design	professionals);	occupant	behaviour;	and	the	cultural	
influence	 of	 behavioural,	 spatial	 and	 resource	 use	 are	 examples,	 and	 without	 these,	
performance	and	equity	suffer.		

It	 is	 important	 to	 recognize	 that	 buildings	 are	 one	 element	 nested	 within	 other	
systems,	 and	 the	 relationship	 among	 them	 determines	 if	 it	 is	 ultimately	 sustainable.	
Designers	need	to	at	least	be	aware	of	the	relationships	between	elements,	even	if	they	are	
outside	of	conventional	discipline	boundaries.	To	identify	and	characterize	system	elements,	
however,	 requires	 the	 accumulation	 of	 large	 amounts	 of	 information,	 and	 opens	 the	
designer	 to	 the	 risk	 of	 “complicatedness”,	 whereby	 little	 or	 no	meaning	may	 be	 gleaned	
from	the	information.	This	is	especially	true	in	the	case	of	sustainable	design	students	who	
encounter	this	content	for	the	first	time.	

However,	by	developing	a	pedagogical	design	process	that	includes	a	means	to	collect	
relevant	information	and	data,	and	also	use	a	well-defined	process	to	make	meaning	of	this	
information,	 the	 result	 will	 be	 a	more	 holistic	 and	 insightful	 way	 to	 propose	 sustainable	
design	solutions	that	function	at	multiple	scales	and	increase	the	possibility	of	sustainability.	

Pedagogical	Design	Process	

The	design	process	analysed	in	this	paper	builds	on	top	of	existing	applications	of	Wilber’s	
Integral	Theory	(2000).	The	integral	framework	uses	a	multi-perspective	approach,	whereby	
a	topic	of	interest	is	explored	using	different	“lenses”	with	the	intent	of	arriving	at	a	more	
complete,	holistic	and	 integral	view.	This	process	 is	perhaps	discussed	most	thoroughly	by	
Brown,	 who	 demonstrated	 the	 framework’s	 ability	 to	 achieve	 high	 levels	 of	 information	
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integration	 (2007).	 DeKay	 translated	 Integral	 Theory	 into	 sustainable	 design,	 and	 showed	
that	 the	 framework	 could	 achieve	 extensive	 holistic	 insight	 when	 applied	 to	 the	 built	
environment	(2011).	Furthermore,	Brown	discussed	how	the	framework	is	often	combined	
with	another	process,	such	as	Nature	Logic,	to	make	meaning	from	the	information	and	to	
propose	actionable	solutions	(2007).	

Site	 inventory	 is	a	process	already	understood	and	employed	by	designers,	and	thus	
can	 be	 a	 useful	 place	 to	 apply	 the	 integral	 framework	 to	 collect	 information	 and	 data	
through	multiple	“lenses”.	Site	inventory	has	already	shown	itself	to	be	an	essential	step	in	
the	 design	 of	 buildings	 and	 landscapes	 in	 both	 academia	 and	 practice.	 In	 academia,	
performative	design	approaches	require	extensive	data	collection	of	climate	and	occupant	
behaviour,	 as	 demonstrated	 by	 Yannas	 (2013).	 Professionally,	 McHarg	 developed	 a	
controversially	robust	inventory	method	called,	“the	ecological	inventory”,	and	he	said	that	
site	inventory	is	“the	prerequisite	for	intelligent	intervention	adaptation”	(1967,	pg.	106).	

Therefore,	the	integral	framework	can	be	used	for	an	expanded	and	information-rich	
inventory	 of	 elements	 through	 multiple	 “lenses”.	 This	 can	 help	 to	 ensure	 the	 design	 is	
integrated	and	analysed	more	holistically.	Additionally,	the	application	of	systems	thinking	
can	help	to	make	sense	of	the	robust	inventory.	The	analysis	of	complex	relationships	and	
the	 identification	 of	 leverage	 points	 can	 lead	 to	 potential	 solutions	 that	 are	 meaningful,	
reasoned	from	evidence,	are	cross	scalar	and	show	dynamics	over	time.	

Observed	Outcomes	and	Evaluation	

This	 new	design	 process	was	 tested	 in	 a	mini-studio	 (3	 credit)	 course	 in	 two	 team-based	
design	projects.	Student	work	was	evaluated,	and	four	major	outcomes	were	observed.	First,	
insight	 to	 dynamics	 and	 relationships	 creates	 opportunities	 to	 design	 effectively.	 The	
relationships	among	parts	of	a	system	are	complex	regardless	of	scale,	and	can	be	difficult	
for	 students	 to	 understand.	 Moving	 from	 the	 site	 inventory	 to	 the	 creation	 of	 systems	
thinking	 diagrams	 is	 akin	 to	 seeing	 only	 “snapshots”	 of	 individual	 elements	 rather	 than	
“movies”	or	stories	of	dynamic	relationships.	This	step	is	foundational	to	rigorous	analysis.	
Often,	 students	 struggle	 with	 understanding	 how	 a	 change	 in	 one	 element	 can	 affect	
another,	 especially	 while	 beginning	 to	 learn	 passive	 design.	 Figure	 1	 shows	 the	 site	
inventory	using	 the	 integral	 framework	 from	student	work	during	 the	course.	The	project	
was	to	design	a	building	that	could	adapt	to	programmatic	change	over	time	while	providing	
thermal	comfort	via	passive	design.	The	urban	site,	although	located	outside	of	the	100	year	
flood	zone,	has	flooded	twice	over	the	last	8	years.		

	
Figure	1.	Site	inventory	(only	site	scale	shown)	using	the	integral	framework.	
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The	site	inventory	was	completed	through	online	research	and	site	observations.	The	
students	made	site	measurements	and	recorded	observations	for	two	scales:	the	site	and	
the	neighbourhood.	Students	then	used	systems	thinking	to	analyse	the	data,	develop	
arguments	from	evidence	and	demonstrate	understanding	of	the	dynamic	relationships	of	
reinforcing	and	balancing	loops,	as	shown	in	the	causal	loop	diagram	(Figure	2).	
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Figure	2.	Site	flooding	diagram	showing	existing	system	conditions	(blue)	and	proposed	design	interventions	
(red).		

	
Students	were	 able	 to	 see	 that	 the	 reinforcing	 loop	 (runoff-combined	 storm/sewer-

flooding-water	on	site)	needed	to	be	counteracted,	and	so	they	added	two	balancing	loops	
(rainwater	 harvest	 and	 stormwater	 management	 (red)).	 The	 students	 realized	 that	
stormwater	management	was	essential	 to	 limit	 the	amount	of	onsite	 flooding,	and	 that	 it	
added	 biodiversity	 and	microclimatic	 elements	 to	 an	 urban	 site.	 One	 student	 wrote	 that	
using	 systems	 thinking,	 “was	 helpful	 to	 interject	 design	 strategies	 and	 opportunities	 that	
could	either	balance	a	negative	reinforcing	feedback	loop	or	positively	reinforce	a	feedback	
loop.	It	was	useful	to	see	how	our	design	strategies	closed	the	gap	between	site	and	design	
elements	 and	provided	 solutions	 in	 a	 systematic	 and	 interconnected	way”.	Also,	 students	
realized	 that	parking	 increased	 impervious	surfaces,	which	contributes	 to	 flooding,	and	so	
attempted	 to	 reduce	 parking	 and	 counteract	 automobile	 use	 by	 incentivizing	 other	
transportation	 alternatives	 by	 discounting	 mass	 transit	 fares	 for	 nights	 of	 events	 and	
beautifying	the	bike	trail.	

These	 insights	 created	 opportunities	 to	 design	 effectively.	 Students	 took	what	 they	
learned	 from	 the	 systems	 thinking	 diagram	 and	 translated	 it	 into	 design.	 For	 example,	
rainwater	harvesting	 from	 the	building	 is	 shown	 (Figure	3)	 in	 section	as	gutters	along	 the	
roof.	Also,	students	developed	pathways	for	stormwater	travel	and	collection,	either	for	use	
on	 site	 or	 percolated	 for	 groundwater	 recharge.	 Also,	 note	 that	 no	 parking	was	 provided	
onsite	to	keep	the	surfaces	permeable.		
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Figure	3.	Schematic	building	section	showing	the	development	of	design	insights	from	the	systems	diagram.	

Another	 team	 designed	 an	 alternative	 stormwater	 integration	 for	 the	 same	 project	
(Figure	4).	Again,	 parking	has	been	 replaced	with	permeable	pavement	 and	 vegetation	 in	
the	creation	of	a	community	park.	

Figure	4.	Stormwater	integrated	through	permeable	pavement	and	vegetation	to	create	a	community	park.	

The	second	outcome	observed	was	that	deep	insight	is	a	function	of	integration	across	
scales.	 This	 cross-scalar	 insight	 is	 essential	 to	 complex	 systems,	 because	 by	 their	 nature	
systems	 at	 any	 particular	 scale	 are	 nested,	 and	 comprehending	 the	 nested	 nature	 of	
complex	systems	prevents	 interventions	at	one	scale	from	being	undermined	by	dynamics	
at	another.	Student	work	shows	the	ability	to	think	and	design	across	scales	simultaneously	
in	an	organized	and	meaningful	way.	Figure	5	shows	the	multiple	scales	investigated	in	the	
previous	example.	 It	 includes	city,	neighbourhood	and	site	scale	elements.	Figure	6	shows	
an	intervention	that	works	across	additional	scales:	global,	neighbourhood,	community	and	
individual.	

Figure	5.	Student	Team	analysis	occurs	across	scales.	
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Figure	6.	Student	Team	analysis	occurs	across	scales.		

	
The	work	showed	that	cross-scalar	dynamics	took	into	account	more	elements	than	if	

only	one	scale	was	considered	(i.e.	more	holistic),	and	that	it	challenged	the	students’	pre-
existing	mental	models	and	concepts.	One	student	wrote,	“it	helped	us	see	the	crux	of	the	
problem	…	and	feel	more	confident	that	it	would	increase	overall	well-being	[a	goal	of	their	
project]”.	Students	acquired	content	from	significant	amounts	of	research	using	case	studies	
and	web	based	journals,	and	they	were	able	to	find	meaning	from	the	 information	and	to	
build	arguments	from	evidence.	Taking	into	account	small	to	large	scale	dynamics	grounds	
the	 design	 intervention	 within	 a	 more	 compelling	 and	 well	 reasoned	 proposal.	 That	 the	
design	 simultaneously	 considered	 the	 impact	 on	 individuals	 through	 several	 scales	 to	
ultimately	 the	 global	 scale	 is	 a	 high	 level	 pedagogical	 outcome,	 and	 the	 students’	
information	inventory,	analysis	and	creative	use	of	information	is	demonstrated.	

The	 third	 observed	 outcome	 from	 student	 work	 was	 the	 importance	 of	 boundary	
definition.	The	selection	of	boundaries	was	a	process	of	intentional	inclusion	or	exclusion	of	
information,	 or	 focus.	 Students	 drew	 their	 boundaries	 based	 on	 what	 issue	 they	 were	
attempting	to	investigate.	For	example,	Figure	7	shows	work	from	the	second	project,	which	
was	an	elderly	care	centre,	and	it	demonstrates	how	one	team	used	boundary	selections	to	
first	 look	 more	 broadly	 for	 a	 part	 of	 their	 investigation	 (how	 to	 respond	 to	 the	 general	
isolation	and	 lack	of	well-being	 for	elderly),	 and	 then	 refocused	 to	draw	another	diagram	
investigating	 a	 care	 program	 offered	 as	 part	 of	 their	 proposal	 for	 a	 new	 elderly-student	
facility.	
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Figure	7.	Top:	General	investigation	of	impacts	to	elderly	well-being	existing	(blue)	and	proposed	interventions	
(red).	Bottom:	Specific	investigation	into	the	type	of	care	program	offered	as	part	of	a	new	design	proposal.	
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The	ability	 to	adjust	between	scalar	 investigations	and	develop	them	simultaneously	

added	 conceptual	 granularity	 to	 the	 exploration	 and	 design	 development.	 Without	 this	
refocusing	 capability,	 this	 richness	would	 have	 gone	 unpursued.	 Furthermore,	 this	 clearly	
shows	 that	 the	process	 is	 helping	 to	discover	more	 information	 that	 is	 both	 relevant	 and	
important;	and	the	process	is	helping	students	to	organize	and	digest	this	larger	information	
into	meaningful	and	sustainable	design	proposals.	

Indeed,	 that	 is	 the	 fourth	 observation	 from	 student	 work:	 there	 is	 a	 high	 level	 of	
meaning	 and	 rigor	 in	 the	 analysis	 of	 the	 inventory	 as	 a	 result	 of	 systems	 thinking.	 	 The	
collection	 of	 more	 and	 more	 data	 opens	 the	 investigator/designer	 to	 the	 risk	 of	 being	
overwhelmed	 by	 the	 “complicatedness”	 of	 the	 volume	 of	 information	 to	 be	 processed.	
Besides	boundary	definition	and	the	development	of	the	“story”	through	relationships,	the	
use	 of	 leverage	 points	 helps	 to	 digest	 information	 and	 propose	 insightful	 design	
interventions	within	the	system.	The	transition	from	analysis	to	design	proposal	is	essential	
in	 the	 creation	of	meaning,	 because	 it	 reshapes	unwanted	 system	behaviour	 into	desired	
outcomes,	to	create	a	renewed	meaning	and	purpose	via	design.	

Students	 identified	 system	 behaviour	 by	 classifying	 loops	 from	 their	 diagrams	
according	 to	 one	 of	 the	 model	 typologies	 described	 by	 Meadows	 as	 “system	 zoos”	
(population,	thermostat,	etc.)	(2008).	By	using	the	systems	zoo,	behaviour	can	be	predicted,	
and	unintended	consequences	are	more	likely	to	be	identified	and	avoided.	

Students	then	used	these	insights	to	determine	where	and	what	kind	of	leverage	point	
is	best	 suited	 to	 change	unwanted	 system	behaviour.	Meadows	 listed	12	 leverage	points,	
they	range	from	changing	quantities	of	the	inputs	(“numbers”)	to	complete	system	overhaul	
(“paradigm	change”).	Across	this	continuum,	the	difficulty	of	implementation	increases	with	
level	of	impact,	and	the	simultaneous	application	of	multiple	leverage	points	increases	the	
potential	for	real	system	change.	Changing	systemic	behaviour	is	extremely	difficult,	but	the	
leverage	points	help	to	organize	ideas	and	efforts.	Figure	8	shows	the	leverage	points	used	
for	the	elderly	care	facility	systems	diagram	(Figure	7-top)	 in	order	from	the	 least	to	most	
impactful.	

	

	
Figure	8.	Leverage	points	for	the	elderly	facility	project	listed	from	the	least	to	most	impactful.		

	
The	 student	 team	 first	 listed	 clearly-defined	 goals	 for	 the	 desired	 behaviour.	 This	

clarity	 was	 a	 result	 of	 creating	 the	 systems	 thinking	 diagram,	 and	 enabled	 the	 team	 to	
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define	multiple	 leverage	points.	Again,	 the	granularity	 they	were	able	 to	achieve,	 such	as	
the	creation	of	the	care	program,	was	an	outcome	of	their	leverage	point	identification.	Not	
only	was	the	care	program	developed,	but	so	was	the	design	of	the	facility	site	(Figure	9).		
The	 team	 was	 able	 to	 translate	 their	 findings	 from	 inventory,	 analysis,	 systems	 thinking	
diagrams	at	multiple	 scales	 and	 leverage	points	 into	 their	 site	plan,	demonstrating	a	high	
level	 of	 information	 and	 design	 integration.	 Furthermore,	 the	 design	 targeted	 system	
behaviour	change	from	multiple	approaches,	increasing	its	chances	of	success.	

	

	
Figure	9.	Site	plan	for	elderly	facility	project.	

		
Although	there	are	reasons	to	be	optimistic	about	the	design	process,	there	are	also	

cautions.	System	behaviour	is	hard	to	predict,	even	with	the	use	of	the	system	zoos.	Instead	
it	would	be	more	 convincing	 in	 all	 of	 the	 examples	 if	 a	 quantifiable	method	was	 applied,	
even	if	limited,	to	describe	the	system	mathematically	and	run	a	simulation.	This	should	be	
added	to	future	versions	of	the	coursework.		

Conclusion	

There	are	clear,	high	level	pedagogical	outcomes	from	the	pedagogical	design	approach	that	
combines	the	integral	framework	with	systems	thinking.	First,	the	use	of	the	expanded	site	
inventory	 in	 combination	 with	 systems	 thinking	 helps	 students	 construct	 their	 own	
knowledge.	 Students	 collect	 important	 and	 relevant	 information	 based	 upon	 traditional	
research,	 site	measurements	 and	observations	 for	 each	 “lens”	 of	 the	 integral	 framework.	
Second,	students	analyse	this	 information	using	systems	thinking,	and	engage	in	a	process	
of	argument	formation	based	on	evidence.	Often,	this	“connects	the	dots”	through	insights	
into	relationships,	specifically	how	a	change	in	one	element	impacts	another.	Students	are	
able	 to	 explore	 concepts	 and	 discover	 why	 systems	 behave	 the	 way	 they	 do.	 Third,	 the	
process	can	lead	to	more	intelligent	design	interventions	with	deeper	and	more	meaningful	
interpretations	 of	 phenomena.	 The	 process	 can	 also	 anticipate	 a	 fuller	 impact	 of	 their	
design	 outcomes,	 some	 of	 which	 may	 be	 unexpected.	 This	 process	 can	 provide	 a	 new	
cognitive	 tool	 for	 designers	 to	understand	and	predict	 obstacles	which	 can	help	 to	 refine	
design	requirements.	

Despite	 the	 positive	 pedagogical	 outcomes,	 some	 students	 find	 the	 design	 process	
tedious	 when	 exploring	 a	 system	 they	 already	 understand.	 Also,	 as	 pointed	 out,	 more	
insight	 could	 be	 possible	 with	 the	 use	 of	 algorithms.	 The	 algorithms	 would	 permit	 the	
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software	to	run	simulations,	and	these	could	improve	confidence	beyond	the	use	of	model	
behaviour	 typologies.	 However,	 some	 algorithms	 are	 difficult	 to	 find	 or	 define	 (such	 as	
“well-being”),	 while	 others	 are	 difficult	 for	 students	 to	 create	 (such	 as	 thermodynamics).	
Finally,	it	is	a	time	consuming	process.	It	often	takes	multiple	iterations	and	applications	for	
the	students	to	grasp	how	to	apply	systems	thinking.	

Beyond	the	classroom,	 there	are	also	 implications	 for	practice.	Sustainable	solutions	
often	require	the	cooperation	or	alignment	of	structures,	processes,	and	goals	at	multiple	
levels	and	across	disciplines,	some	of	which	occur	beyond	the	current	limits	of	conventional	
practice.	However,	buildings	have	an	impact	at	multiple	scales,	whether	intended	or	not,	so	
designers	should	consider	the	wider	impact	of	their	work.	The	design	approach	described	in	
this	paper	can	provide	insight	at	different	scales	that	result	in:	1)	a	more	holistic	collection	
of	 elements	 and	 information	 and	 thus	 better	 performance;	 2)	 what	 the	 general	 system	
behaviour	 of	 the	 built	 environment	 is,	 and	 what	 it	 generally	 produces;	 3)	 points	 of	
intervention;	and	4)	potential	design	solutions.		

The	inventory-systems	thinking	process	could	help	to	generate	new	knowledge.	First,	
it	 could	 lead	 to	 specific	 project	 information.	 For	 example,	 it	may	 provide	 a	means	 to	 ask	
provocative	questions	(and	answers):	how	could	a	specific	design	element	of	a	system	(for	
example,	 an	 energy	 efficient	 school)	 be	 supported	by:	 performative	 changes?	 Changes	 to	
the	systems	that	it	relies	on,	such	as	energy	(on	site),	transportation	or	ability	to	grow	food?	
Changes	to	the	prevailing	culture	or	individual	behaviour?	Changes	to	the	experience	of	the	
school	 (indoor	or	outdoor)?	Or	even,	how	can	 these	changes	be	affected	or	 supported	at	
different	scales	(both	smaller	and	bigger)?	And	how	might	these	changes	impact	the	larger	
system	as	a	whole	(will	it	make	it	more	resilient?	will	it	make	it	more/less	sustainable?)	

These	questions	 can	also	 lead	 to	 larger	 system	 information.	 It	may	be	 interesting	 in	
practice	 to	 discover	 innovative	 answers	 to:	 what	 would	 be	 the	 most	 effective	 local	
government	regulation	to	support	this?	what	local/national	government	policy	stands	in	the	
way	of	this?	what	market	changes	would	support	or	obstruct	this?	And	what	impact	might	it	
have	on	the	market,	such	as	gentrification?	

The	 process	 described	 in	 this	 paper	may	 help	 educators,	 students	 and	 practitioners	
find	answers	to	these	questions.	And	it	may	inspire	them	to	design	more	holistically	so	that	
solutions	may	function	at	multiple	scales	and	increase	the	possibility	of	system	change.	
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Paola	Gallo1,	Rosa	Romano1	

1	Department	of	Architecture	DIDA,	School	of	Architecture,	University	of	Florence,	Florence,	
Italy,	paola.gallo@unifi.it;	rosa.romano@unifi.it.	

Abstract:	 The	 paper	 presents	 teaching	 methodology	 and	 results	 of	 a	 didactic	 experience	 developed	 in	 a	
University	 course	 of	 Florence	 Architecture	 School,	 a	 Laboratory	 on	 Environmental	 Design	 focused	 on	 deep	
renovation	of	School	Buildings.	These	educational	buildings	 represent,	 in	 fact,	17%	of	 the	European	stock	of	
buildings	 and	 approximately	 12%	 of	 average,	 non-residential,	 energy	 consumption	 in	 Europe.	 Furthermore,	
Europe’s	 school	 building	 stock	 is	 relatively	 old	 and	 has	 poor	 energy	 performances.	 The	 European	 Energy	
Efficiency	 Directive	 provides	 that,	 from	 1	 January	 2014,	 3%	 of	 public	 buildings,	 included	 schools	 and	
kindergartens,	 should	 be	 refurbished	 every	 year	 with	 a	 high	 standard	 of	 energy	 efficiency.	 However	many	
barriers	hamper	the	implementation	of	this	prevision,	in	particular	the	lack	of	knowledge	of	new	generation	of	
architects,	on	environmental	aspects	and	innovative	technologies,	to	use	in	design	process	to	achieve	the	nZEB	
targets.	To	overcoming	this	gap,	the	methodological	approach	of	the	design	experimentation	developed	during	
the	course	“Environmental	Design”	by	the	students,	focused	on	following	main	points:	
1) Improvement	the	building’s	envelope	to	avoid	energy	losses	in	wintertime	and	improve	its	performance;
2) Improvement	of	 the	 indoor	environment	quality	 regarding	 to	ventilation	and	passive	cooling,	daylight,	 to
upgrade	the	classrooms	requirements;	
3)	Improvement	of	energy	generation	on	site	by	using	active	renewable	energy	sources,	beside	the	passive	gains
integrated	in	the	school	buildings.	
This	teaching	approach	has	allowed	to	the	students	to	find	new	sustainable	design	solutions	that	are	able	to	
decrease	the	energy	consumptions	of	school	buildings	how	required	from	EU	legislations	and,	in	the	same	time,	
has	contributed	to	shaping	a	“Thriving	Future”,	by	facilitating	transfer	of	knowledge	and	skills	from	the	market	
requirements	 into	 the	 design	 professions,	 how	 required	 from	 contemporary	 environmental	 and	 societal	
challenges.	

Keywords:	Sustainable	Design	Education,	Energy	Efficiency,	School	Buildings,	Design	Studio,	Deep	Renovation.	

The	Italian	educational	buildings.	A	critical	analysis	of	emergencies	and	opportunities	

In	Italy	actually	there	are	fifty-one	thousand	educational	buildings:	more	than	half	were	built	
before	1976	(the	year	of	first	Italian	law	on	building	energy	efficiency	L.373/76);	40%	were	
built	before	1971	(the	year	of	first	 Italian	 law	on	seismic	safety);	and	only	9.6%	were	built	
between	1991	and	2015,	and	therefore	up	to	standards	in	both	structural	and	energy	terms	
(Legambiente,	2016).	These	data	underlines	the	low	degree	of	investments	from	the	Italian	
Government	in	schools	during	the	past	twenty-five	years	and	the	ageing	state	of	Italian	school	
buildings,	 and	 underscores	 a	 state	 of	 structural	 emergency	 which	 adds	 to	 the	 need	 for	
adapting	the	school	buildings,	from	an	environmental	point	of	view,	to	the	new	educational	
guidelines	regarding	educational	programs.		
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The	need	to	optimize	time	and	costs	of	retrofitting	projects,	should	also	lead	to	project	
solutions	to	integrate	in	the	envelope	of	school	buildings	innovative	technological	solution	to:	
improve	the	indoor	comfort;	to	increase	the	mechanical,	thermo-hygrometric	and	acoustic	
performances	 and	 to	 produce	 renewable	 energies.	 It	 is	 necessary,	 in	 fact,	 to	 resolve	 the	
structural	lack	through	financial	funds	that	are	able	to	promote	research	and	projects	to	find	
new	requalification	solutions	able	to	improve	the	energy	efficiency	of	existing	school	and/or	
to	design	of	new	ones	according	to	the	nZEB	standard.	Therefore,	to	reduce	the	cost	of	energy	
renovation	of	school	buildings,	it	is	necessary	to	find	sources	or	financial	support	that	permit	
to	 amortize	 the	 initial	 costs,	 similar,	 in	 some	 cases,	 to	 the	 price	 of	 construction	 of	 new	
buildings.		

The	 safety	 updating	 and	 energy	 requalification	 of	 the	 school	 buildings	 are,	 in	 fact,	
urgent	issues	to	address,	both	for	the	Public	Administrations	and	for	the	sector	of	scientific	
research,	that	from	twenty	years	have	been	trying	to	fill	the	gap	of	an	old	national	regulation	
concerning	school	buildings	(L.	412	of	3	August,	1975)	developing	many	research	projects	on	
assessment	 tools,	 capable	 of	 programming	 a	 time	 framework	 for	 the	 schools	 retrofitting	
(Renew	School,	Teenergy	School,	School	of	the	Future,	School	Vent	Cool,	Zemeds,	etc.),	and	
on	the	common	ground	of	a	cost-benefit	analysis,	linked	to	the	possibility	to	amortize	over	
time	 the	 cost	 of	 deep	 renovation	 through	 energy	 savings	 (Energy	 Concept	 Adviser	 for	
Educational	Buildings	and	VERYSchool,	etc.).		

It	is	fundamental	for	the	professionals	involved	in	the	retrofitting	process	to	learn	how	
to	 participate,	 from	 the	 preliminary	 phases	 of	 the	 project,	 together	 with	 the	 public	
administration,	in	the	choice	of	non-repayable	and/or	low	interest	rate	financial	support	that	
allows	obtaining	a	reduction	of	the	investment	necessary	for	the	fulfilment	of	specific	energy	
and/or	functional	and/or	structural	objectives.	Moreover,	this	economic	instance	determines	
projects,	which	already	from	the	concept	phase,	must	be	developed	in	the	same	time	of	an	
energy	analysis	carried	out	together	with	an	assessment	that	permits	both	energy	saving	in	
terms	of	heating,	cooling	and	lighting,	and	access	to	possible	national	and/or	international	
fiscal	bonuses.	

In	addition,	the	urgency	of	the	emergency	and	the	need	to	respond	to	international	
educational	 guidelines	 should	 induce	 professionals	 in	 the	 construction	 sector	 of	 school	
buildings	 to	 find	 new	 answers	 also	 through	 innovative	 spatial	 solutions,	 capable	 of	
transforming	 educational	 environments	 into	 dynamic	 and	 multi-functional	 dimensional	
entities.	The	sequence	of	the	different	educational	moments,	which	require	variable	student-
teacher	or	student-student	settings,	is,	in	fact,	at	the	base	of	an	innovative	idea	of	the	school	
building,	which	must	be	capable	of	guaranteeing	the	integration,	complementarity	and	inter-
operability	of	its	spaces,	including	the	use	of	new	technologies.	The	schools	of	the	future	must,	
in	fact,	become	Smart	Schools,	where	will	be	possible	to	use	intelligent	devices	in	order	to	
improve	educational	activities.	Furthermore	they	should	be	able	to	reflect	the	innovative	and	
sustainable	features	of	the	Smart	City,	where	the	Educational	System	acquires	a	strategic	role	
in	the	urban	policies	in	order	to	build	opportunities	and	projects	for	a	green	city.	In	this	future	
vision	 of	 our	 cities	 the	 school	 buildings	will	 become	 strategic	 hubs	 capable	 of	 generating	
educational	and	participative	processes,	 involving	the	community	towards	the	adoption	of	
new	 lifestyles,	 in	 which	 citizen	 will	 be	 able	 to	 share	 technological	 growth,	 urban	
transformations,	and	economic,	social	and	cultural	changes.		

Starting	from	these	analysis	of	the	state	of	the	art	in	the	frame	of	retrofit	and	design	
of	school	building	in	Italy,	this	building	typology	are	chosen	as	design	topic	and	as	case	study	
in	the	seminar	carried	out	at	the	Environmental	Design	Lab	of	the	degree	in	Architecture	of	
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the	University	of	Florence.	The	seminar	on	school	buildings,	in	fact,	it	is	originated	in	the	need	
to	give	concrete	and	innovative	answers	to	the	state	of	energy	and	structural	emergency	in	
which	educational	buildings	find	themselves,	both	in	our	country	and	in	all	Europe.		

The	Seminar	on	deep	renovation	of	School	Buildings	

The	architectural	research	seminar	“Sustainable	architecture	and	innovative	technologies	for	
deep	renovation	of	school	buildings”	has	been	part	of	the	didactic	experience	developed	in	
the	Laboratory	on	Environmental	Design	of	the	Department	of	Architecture	in	the	Florence	
University,	in	the	Academic	year	2016-2017.		

The	 research	 and	 the	 teaching	 activities	 have	 been	 focused	 on	 the	 topic	 of	 deep	
renovation	of	school	buildings	located	in	Med	Area.	The	goal	of	the	seminar	was	to	promote	
the	challenges	of	sustainability	and	retrofitting,	developing	a	new	design	approach	and	new	
professional	skills	for	the	architect	of	the	future	that	will	be	called	to	work	in	these	design	
area.		

During	the	Seminar	the	students	have	analysed	three	case	studies	of	schools	provided	
by	a	Public	Administration,	the	Municipality	of	Lucca	(LU),	which	has	supported	the	academic	
work,	offering	the	opportunity	to	develop	real	projects	of	deep	renovation.	

The	projects	outcomes	were	innovative	design	solutions	that	could	be	repurpose	also	in	
other	 retrofitting	project	of	school	buildings.	The	work	developed	during	 the	seminar	was	
linked	to	the	specific	geographical,	economic,	cultural	and	social	condition	of	Europe	School	
Buildings	 stock	 and	 in	 particular	wanted	 to	 answer	 to	 the	 Energy	 Efficiency	 Performance	
Building	directives	on	the	topic	of	build	a	new	generation	of	nearly	Zero	Energy	Buildings.	

The	case	studies	

In	 response	 to	 the	 request	 from	 the	Municipality	of	 Lucca,	 involved	 in	 the	Environmental	
Design	Laboratory	as	virtual	customer,	the	students	worked	on	the	renovation	and	expansion	
of	three	educational	buildings,	choices	as	case	studies	and	following	described:	
	
The	primary	school	and	nursery	in	San	Cassiano	a	Vico	
The	elementary	school	is	organised	into	five	classrooms	of	approximately	40	m2	each,	and	
into:	a	room	for	fitness	activities;	a	library;	a	computer	Lab	and	a	canteen.	A	large	covered	
foyer,	which	 is	 destined	 for	 group	 activities,	 connects	 all	 spaces	 in	 the	 ground	 floor.	 The	
nursery	 is	 organised	 into	 three	 sections	 placed	 around	 a	 central	 courtyard	 for	 open-air	
activities;	 the	 structure	 is	 completed	 with	 a	 small	 canteen	 that	 includes	 a	 kitchen	 for	
preparing	meals.	The	 technological	 features	of	 the	 two	buildings	are:	Reinforced	concrete	
structure,	that	determines	the	formal	uniformity	of	the	spatial	distribution;	Walls	made	of	
plastered	perforated	bricks	without	 insulation;	Windows	with	frame	 in	aluminium	without	
thermal	break	and	single	glazing;	Ribbed-slab	floors	without	insulation.	

The	school	has	high-energy	consumptions	for	heating.	Furthermore,	 it	 is	too	small	 in	
view	of	the	growth	expected	by	the	Municipality,	who	would	like	to	transform	the	existing	
structure	into	a	proper	Educational	Complex	in	which	to	relocate	another	Elementary	School	
that	is	located	to	2.5	km	from	the	area	of	project.		

In	particular	the	Municipality	want	develop	a	design	project	for	the	deep	renovation	of	
the	existing	buildings	and	for	the	construction	of	a	new	building	(with	a	surface	of	450	m2	
distributed	 on	 two	 floors),	 where	 to	 place:	 a	 canteen	 (150	m2);	 a	 classroom	 for	 physical	
activities	(145	m2);	toilets	and	storage	rooms.		
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The	primary	School	in	San	Donato		
The	 San	 Donato	 building	 has	 only	 five	 classrooms.	 Functional	 spaces	 (as	 canteen,	 gym,	
laboratory,	etc)	 for	organising	 full-time	activities	are	missing.	 In	particular	 the	pupils	must	
eating	their	meals	in	the	classroom	because	of	the	absence	of	a	canteen,	with	a	psychological	
discomfort	in	order	their	educational	activities.	To	solve	these	problems	the	Municipality	of	
Lucca	asked	us	to	design	a	new	building	located	in	the	south	area	of	the	school,	connected	to	
the	existing	one	through	a	covered	tunnel.	 In	this	new	block	(450	m2)	should	be	placed:	a	
canteen	(150	m2);	two	laboratories	(50	m2	each);	toilets.		
	
The	primary	School	in	San	Marco		
The	San	Marco	school	is	located	in	via	Baccelli	in	Lucca	and	consists	of	three	blocks	built	in	
different	time,	more	precisely:	1)	in	the	Sixties,	the	building	where	are	located	three	sections	
of	the	nursery	school	on	the	ground	floor	and	the	offices	of	the	school	secretary	on	the	first	
floor;	2)	in	the	Seventies,	the	building	where	are	placed	the	canteen	and	related	services,	and	
the	classrooms;	3)	in	the	Eighties	the	building	where	are	placed	a	gym	for	the	use	of	both	the	
school	and	the	neighbourhood.	In	the	last	year	was	necessary	to	place	three	new	classrooms	
in	the	atrium	of	the	ground	floor	of	the	block	built	in	the	Seventies,	decreasing	the	space	to	
use	for	recreational	activities	of	the	students.		

The	need	to	solve	the	problem	of	space	and	to	transform	the	San	Donato	primary	School	
into	a	School	Complex	where	will	be	possible	moving	also	other	primary	schools	placed	 in	
other	buildings	do	not	belong	to	the	Municipality,	has	led	the	Lucca	Public	Administration	to	
reflect	on	the	necessity	to	expand	the	existing	building	with	a	second	floor	over	the	central	
one-store	 section.	 The	 request	 was	 thus	 that	 of	 re-qualifying	 the	 existing	 building	 by	
constructing	an	additional	volume	of	300	m2	of	useful	surface	within	which	to	place	five	new	
classrooms	 provided	 with	 a	 double	 set	 of	 toilets	 for	 males	 and	 females.	 Thanks	 to	 this	
expansion	 it	 will	 be	 possible	 to	 recover	 the	 three	 spaces	 that	 are	 currently	 destined	 to	
educational	activities	on	the	ground	floor,	so	as	to	create	new	space	for	activities	that	are	
complementary	 to	 the	 educational	 function,	 in	 accordance	 with	 modern	 educational	
guidelines.	

Teaching	Methodology	

To	 overcoming	 the	 gap	 of	 absence	 of	 technological	 solution	 and	 design	 methodology	 to	
answer	 at	 the	 structural	 emergency	 that	 characterize	 the	 school	 building	 sector,	 the	
methodological	approach	of	the	design	experimentation	developed	during	the	Laboratory	of	
Environmental	Design	was	focused	on	following	main	points:	1)	Improvement	the	building’s	
envelope	 to	 avoid	 energy	 losses	 in	 wintertime	 and	 improve	 its	 thermo-hygrometric	
performance;	2)	Improvement	indoor	comfort	regarding	to	ventilation	and	passive	cooling,	
daylight,	 to	upgrade	the	classrooms	requirements;	 	3)	 Improvement	energy	generation	on	
site	 by	 using	 active	 renewable	 energy	 sources,	 beside	 the	 passive	 gains	 integrated	 in	 the	
school	buildings.	

This	 teaching	 approach	 allowed	 to	 the	 students	 to	 find	 new	 sustainable	 design	
solutions	that	are	able	to	decrease	the	energy	consumptions	of	school	buildings	how	required	
from	EU	legislations	and,	in	the	same	time,	has	contributed	to	shaping	a	“Thriving	Future”,	by	
facilitating	 transfer	of	knowledge	and	skills	 from	the	market	 requirements	 into	 the	design	
professions,	how	required	from	contemporary	environmental	and	societal	challenges.	

The	possibility	to	develop	three	project	for	three	real	case	studies,	provided	from	the	
Municipality	of	Lucca,	was	an	excellent	opportunity	to	enable	students	to	"learn	to	work	in	
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the	complexity,	experimental	manner	in	real	conditions	of	the	project	(Torricelli,	2011,	pp.	
21)",	dealing	with	"	a	broad	and	trans-disciplinary	context	focused	on	knowledge,	methods	
and	tools	to	respond	to	specific	verifiable	parameters”	(Lo	Sasso,	2011,	pp.	83).	

In	detail,	 thanks	 to	 the	need	 to	design	 in	 real	 situations,	 it	was	possible	 to	 set	 the	
discussion	on	the	environmental	project	“based	on	a	systemic	and	performance	disciplinary	
approach	within	the	process	stages	related	to	the	design,	production	and	management	of	
works	 and	 artifacts	 (Lo	 Sasso,	 2011,	 pp.	 82)”.	 This	methodological	 approach	 allowed	 the	
young	architects	to	“express	their	project	ability	according	to	a	knowledge	and	progressive	
‘revelation’	 (Heidegger,	 1976,	 pp.	 9,	 10)	 path,	 in	 which	 have	 a	 prominent	 role	 activities,	
timing,	 cost,	 quality,	 and	 aspects	 of	 production,	 management	 and	 operations,	 whose	
declination	takes	place	also	on	the	basis	of	experimental	and	innovative	instrument	or	the	
verifiability	of	the	results.	(Lo	Sasso,	2011,	pp.	82)	

The	design	of	the	three	school	buildings	was	developed	according	to	Italian	regulation	
on	school	buildings	(L.	5/7/1975)	and	to	the	recent	draft	of	the	ministry's	Guidelines	on	school	
buildings	 (D.	 M.	 11/04/2013),	 as	 well	 as	 to	 the	 regulations	 regarding	 energy	 savings	 (L.	
195/2005	and	subsequent	modifications	and	additions),	the	accessibility	of	public	buildings	
(L.	13/89)	and	fire	and	seismic	safety,	with	a	focus	on	the	topic	of	environmental,	social	and	
economic	sustainability.		

The	guidelines	of	European	Directives	31/2010	and	27/2012	were	 followed,	with	a	
strong	orientation	toward	Deep	Renovation	actions,	capable	to	change	existing	buildings	into	
near	zero-energy	buildings.	Additionally	the	students	have	analyzed	the	case	studies	at	the	
technological	detail's	scale,	with	the	objective	to	choose	systems,	as	well	as	building	envelope	
and	 equipment	 components	 in	 order	 to	 guarantee	 the	 energy	 autonomy	 of	 the	 school	
buildings,	and	allow	the	production	of	renewable	energy	also,	so	as	to	reduce	environmental	
pressure	within	the	urban	area	of	the	project.	

The	teaching	methodology	was	focused	on	the	design	process	based	on	three	steep	
of	 technical	 definition	 corresponding	 at	 three	 different	 scale	 of	 technological	 detail,	 as	
envisaged	 by	 the	 Italian	 regulation	 named	 Ex-Merloni	 	 (Act	 n.	 109	 of	 11	 February	 1994,	
"Framework	regulation	regarding	public	works"):	1)	Preliminary	Design	Phase,	regarding	the	
development	 of	 urban	 and	 environmental	 analyses,	 design	 schemes	 and	 preliminary	
dimensional	 assessments;	 2))	 Definitive	 Design	 Phase,	 regarding	 the	 development	 of	 the	
technical	drawings	necessary	for	describing	in	detail	the	project	in	its	geometric-dimensional	
features;	3)	Executive	Design	Phase,	regarding	the	development	of	technological	solutions,	
concerning	 the	 building	 envelope	 and	 systems,	 using	 graphs	 and	 digital	 rendering	 that	
describe	the	construction	and	management	phases.	

The	need	to	compare	the	design	process	developed	during	the	seminar	with	a	scheduled	
program	that	replicates	the	time-frames	and	methods	typical	of	the	architectural	profession,	
has	allowed	to	stimulate	the	students	to	undertake	a	“process	of	problem	identification	and	
analysis;	 idea	 generation;	 gathering,	 analysing	 producing	 and	 coordinating	 information;	
turning	it	into	knowledge	and	using	it	to	make	the	process	of	building	more	effective,	with	
the	ultimate	aim	of	pleasing	clients	and	providing	exciting,	vibrant,	sustainable	and	healthy	
environments	for	all	those	who	use	them	(Emmitt,	2011,pp.	50)”.	

According	to	the	requirements	of	the	Municipality	of	Lucca	and	with	the	methodological	
approach	developed	in	the	Laboratory	of	Environmental	Design,	the	students	were	asked	to:	
1)	Design	the	new	buildings	addition,	with	the	use	of	innovative,	anti-seismic,	ecological	and	
efficient	technologies,	in	order	to	reduce	the	energy	consumptions	for	heating	and	cooling	
during	all	year;	2)	Integrate	on	the	roof	of	existing	and	new	building,	PV	panels	for	producing	
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the	 necessary	 electricity	 for	 running	 a	 heat	 pump	 to	 provide	 heat	 for	 low-temperature	
heating	systems;	3)	Refurbish	the	envelope	of	the	existing	buildings,	to	improve	their	energy	
performance	 and	 changing	 their	 architectural	 appearance;	 4)	 Increase	 the	 volume	 of	 the	
school	building	(20%),	through	the	design	of	integrated	greenhouses.	

Furthermore	the	student	has	been	invited	to	develop	their	projects	to	answer	at	the	topic	
of	 the	 Competition	 of	 Ideas	 “The	Good	 School”,	 issued	 by	 the	 Italian	Government	 in	 the	
autumn	of	2015,	and	focused	on	the	followings	objectives:	
• Reflecting	 on	 the	 need	 to	 design	 innovative,	 flexible	 and	 user-friendly	 educational	

environments,	designed	in	accordance	with	educational	needs;				
• Designing	spaces	for	educational	activities	from	the	point	of	view	of	indoor	comfort	and	

social	interaction;		
• Reflecting	 on	 the	 need	 to	 design	 attractive	 spaces	 to	 contrast	 the	 phenomenon	 of	

educational	dispersion;	
• Promoting	environmental,	energy	and	economic	sustainability	 through	a	swift	building	

process	and	use	of	recycled	materials	and	renewable	sources;	
• Promoting	a	major	opening	of	the	school	toward	the	territory,	thus	transforming	it	into	a	

vital	centre	and	a	point	of	reference	for	the	community;	
• Guaranteeing	the	presence	of	spaces	for	teachers	devoted	to	professional	collaboration	

and	individual	work;	
• Including	places	dedicated	to	research,	such	as	libraries	and	study	areas;	
• Devising	a	greater	flexibility	in	terms	of	opening	times	so	as	to	be	able	to	use	spaces	after	

school	 for	 carrying	 out	 several	 activities,	 thus	 also	 allowing	 money	 to	 come	 in	 for	
maintaining	the	structure;		

• Designing	buildings	conceived	as	educational	tools:	aimed	at	developing	both	technical	
and	sensory	competencies;		

• Ensuring	the	presence	of	green	areas:	rethinking	the	relationship	between	the	building	
and	the	surrounding	natural	environment	depending	on	teaching	and	learning	activities.	
Finally	 the	 students	 had	 to	 develop	 their	 project	 following	 a	 required/performance	

approach,	with	the	goal	to	design	smart	and	flexible	spaces,	functional	to	the	most	advanced	
teaching	and	learning	systems.	Environmental	adaptability	had	characterized,	also,	the	design	
of	 outside	 spaces	 too,	 reconfiguring	 the	 schools	 case	 studies	 as	 “Civic	 Centers”,	 able	 to	
become	 an	 urban	 catalyst,	 valorizing	 social,	 cultural	 and	 educational	 instances.	 A	 special	
attention	was	placed	to	 the	 link	between	the	design	of	 the	new	volumes	and	the	existing	
buildings,	and	between	the	project	as	a	whole	and	the	environmental	and	urban	context	of	
reference,	 including,	 when	 possible,	 new	 functions	 that	 provide	 opportunities	 for	 usage	
outside	of	school	hours	and	by	external	users.	

The	results		

All	 the	 young	 architects	 involved	 in	 the	 seminar	 have	 approached	 to	 the	 project	 with	
awareness	and	attention:	

-	The	students	that	addressed	the	issue	of	the	expansion	and	retrofitting	of	the	San	
Cassiano	a	Vico	school,	chose	the	solution	of	ventilated	facade	with	coloured	panels	in	wood-
based	fibres	and	thermosetting	resins	for	the	renovation	of	the	existing	envelope	and	for	the	
construction	 of	 the	 new	 school	 block,	 providing	 it	 with	 a	 solar	 greenhouse	 capable	 of	
interacting	with	external	climate	conditions.	
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Figure	1.	Concept	design	of	the	new	building	for	the	Primary	School	San	Cassiano	a	Vico	

	
-	The	student	groups	involved	in	the	deep	renovation	and	in	the	new	construction	of	

the	Primary	School	of	San	Donato,	have	proposed	solutions	characterised	by	the	choice	of	
drywall	 construction	 systems	 with	 the	 purpose	 of	 reducing	 times	 and	 costs	 of	 the	
construction	and	to	guarantee	the	formal	continuity	with	the	existing	building,	thanks	to	the	
possibility	of	replicating	in	series	the	building	envelope	solutions,	both	in	the	expansion	and	
in	the	retrofitting.	

	

	 	
Figure	2.	Technological	details	of	the	envelope	solutions	for	the	renovation	of	Primary	School	of	San	Donato	

(left)	e	San	Cassiano	(right)	
	
-	 The	 students	who	were	 involved	 in	 the	 requalification	of	 the	 San	Marco	Primary	

School	 carried	 out	 a	 careful	 assessment	 of	 energy	 consumptions,	 developing	 a	 project	
focused	on	the	radical	transformation	of	the	architectural	appearance	of	the	building	by	the	
integration	 of	 a	 external	 shading	 device	 built	 with	 micro-perforated	 aluminium	 panels,	
capable	of	changing	building	configuration	in	accordance	to	the	incidence	of	solar	radiation.	

Conclusions	

The	excellent	results	obtained	with	the	project	developed	during	the	Seminar	activities	show	
how	the	theory	applied	to	the	development	of	the	design	phase,	led	the	students	to	re-think	
the	approach	to	the	project	on	the	basis	of	the	necessary	environmental	reflection,	assessing	
architectural	compositional,	formal	and	technological	choices;	a	new	professional	awareness	
that	is	independent	of	the	simple	aesthetic	and	dimensional	results.	In	addition,	the	possibility	
of	verifying	technological	solutions	through	the	use	of	appropriate	software	and	the	constant	
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reference	to	Environmental	Control	Techniques	discipline,	permitted	the	young	architects	to	
understand	the	need	to	combine	the	creative	moments	with	quantitative	validation	ones,	in	
order	to	guarantee	the	choice	of	the	scenarios	and	configurations,	with	a	lesser	impact	from	
the	point	of	view	of	the	entire	life-cycle	of	the	building.	

Therefore,	 effective	 and	 environmentally	 sustainable	 technology	 solutions	 become	
closely	 linked	 and	 integrated	 into	 architectural	 design	 solutions,	 often	 justified	 by	 a	 cost-
benefit	analysis	indicating	students'	sensitivity	to	issues	related	to	the	cost	of	managing	and	
maintaining	 public	 assets.	 Since	 the	 project	 concerns	 school	 buildings	 it	 was	 in	 fact	
fundamental	 to	 reflect	 on	 the	 necessity	 to	 adopt	 materials,	 systems,	 components	 and	
equipment	that	guarantee	durability	and	easy	maintenance,	as	well	as	an	excellent	level	of	
indoor	comfort	in	both	the	existing	and	new	school	spaces.	

The	 projects	 developed	 in	 the	 Environmental	 Design	 Lab	 were	 capable	 of	 going	
beyond	the	simple	academic	approach,	turning	them	into	true	projects	with	a	level	of	detail	
and	originality	and	in-depth	analysis	capable	of	being	transformed	into	architectural	solutions	
ready	to	be	carried	out	and	applied	by	the	Public	Administration.	The	quality	of	the	results	
validated	the	choice	of	teaching	methods,	which	has	contributed	to	 increase	the	cognitive	
maturity	of	the	young	architects	linked	to	the	technological	and	environmental	choices	made	
at	the	design	scale.	The	aim	is	that	this	experience,	which	hopefully	will	not	be	an	isolated	
case	 in	 their	 cultural	 baggage,	 shall	 help	 them	 to	 reflect	 on	 the	 element	 of	 ethical	
commitment	of	the	professional	role	that	they	are	called	to	carry	out	in	the	years	to	come:	a	
role	that	requires	an	increasing	degree	of	specialisation	and	care	at	the	scale	of	technological	
detail	for	the	integrated	project,	but	especially	of	responsibility	towards	choices	that	can	have	
irreversible	effects	on	our	future	and	on	that	of	following	generations.	
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Abstract:	Construction	technology	courses	in	architectural	education	provide	students	with	tools	to	material-

ise	their	design	ideas	or	to	determine	the	potential	environmental	impact	of	these	ideas.	Many	Universities	in	

the	Global	North	reflect	professional	realities	by	including	environmental	issues	in	their	curricula.	However,	for	

many	East	African	Schools	of	Architecture,	the	integration	of	sustainability	of	building	materials	and	construc-

tions	into	architectural	education	remains	theoretical,	a	holistic	approach	to	concepts	of	energy	and	resource	

efficiency	in	design	studio	courses	is	still	rare.	Throughout	a	three-year	University	cooperation	project,	a	net-

work	of	partner	Universities	in	Southern	and	Eastern	Africa	and	Germany	explored	the	possibility	of	introduc-

ing	the	experimental	approach	of	design-build	projects	for	students	into	architectural	education.	The	objective	

of	 the	programme	was	 to	 implement	problem-oriented	teaching	methods	 in	order	 to	 improve	students’	un-

derstanding	of	the	relation	between	design,	materials	and	appropriate	construction	details	for	their	local	con-

text	 and	 climate.	As	 a	 result	 of	 the	 cooperation,	 as	well	 as	 various	 student	based	design-build	 experiences,	

specific	course	materials	and	technical	tutorials	were	developed	for	the	East	African	context.		

Keywords:	practice-oriented	teaching,	design-build,	sustainable	construction,	architectural	education	

Introduction	

The	building	sector	has	considerable	 impact	on	climate	change	due	to	energy	related	CO2	

emissions:	 these	 are	 caused	 both	 by	 the	 energy	 consumed	 for	 use	 and	 maintenance	 of	

buildings	 and	 by	 the	 considerable	 impacts	 on	 energy	 consumption	 and	waste	 generation	

caused	by	 the	production,	 transport,	deconstruction	and	disposal	of	building	materials.	 In	

developing	countries,	with	a	focus	on	East	African	countries	in	the	project	described	in	this	

paper,	rising	population	growth	rates	and	the	rapid	urbanisation	of	cities	have	led	to	enor-

mous	 consumption	 of	 imported,	 industrially	manufactured	 building	materials	 with	 a	 high	

ratio	of	embodied	energy.	

The	University	cooperation	project	JENGA	–	Joint	Development	of	Courses	for	Energy-

efficient	and	Sustainable	Housing	 in	Africa	 (funded	by	EU/ACP	 in	 the	programme	Edulink)	

aims	at	improving	knowledge	of	and	application	of	sustainable,	low	energy	building	materi-

als,	which	are	often	wrongly	associated	with	backwardness	and	 lack	of	resources,	through	

practical	oriented,	project	based	courses	at	East	African	Schools	of	Architecture.		

Method	

The	 central	 element	 of	 JENGA	 has	 been	 the	 introduction	 of	 practical	 teaching	 methods,	

namely	models	of	all	scales	and	analysis	of	best	practice	examples,	to	design	and	construc-

tion	courses	for	students	of	architecture.	This	culminated	in	the	construction	of	three	proto-

types	in	student	based	design-build	projects,	showing	energy-efficient	design,	local	and	low-
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carbon	 technologies	 and	materials	with	 a	 low	 value	 of	 embodied	 energy.	 Each	 project	 is	

focused	on	one	of	 three	 JENGA	themes:	 stack,	 slope	and	 flood	 -	 reflecting	necessities	 like	

densification	in	urban	sprawl	areas,	context	related	design	and	resilience	of	buildings	to	the	

challenges	of	changing	climatic	conditions.	This	marks	a	 fundamentally	different	approach	

from	 the	widespread	 assumption	 that	 globally	 available	 information	 can	be	used	 for	 aca-

demic	teaching	regardless	of	a	local	context	and	challenges	the	prevailing	approach	to	base	

design	and	construction	courses	on	internationally	published	images	of	completed	buildings.	

Instead,	the	making-of	and	realisation	with	available	means	will	be	the	central	focus	of	the-

se	tutorials.	The	paper	will	explain	this	specific	approach	and	show	examples	of	the	teaching	

materials	that	have	been	developed.	

	

	

	

	

Figure	1.	JENGA	action	plan	and	project	activities	form	original	proposal	2011	

	

Examples	of	 architectural	 learning-by-doing,	which	 link	education	with	 technological	

experimentation,	but	also	with	social	issues	of	modern	society,	are	not	new	(Hayes,	2012).	

Architectural	prototypes	are	physically	built	 realisations	 to	 test	and	explore	a	system	with	

clearly	defined	but	not	necessarily	obvious	or	pre-defined	questions,	similar	to	the	complex-

ity	of	a	full-scale	project.	The	central	element	of	JENGA,	both	in	terms	of	schedule,	and	also	

in	 terms	 of	 tangible	 results,	 has	 been	 to	 create	 a	 sequence	 of	 design	 and	 construction	

courses	 which	 lead	 up	 to	 the	 construction	 of	 small,	 but	 full-scale	 prototypes	 by	 student	

groups	at	three	East	African	Schools	of	Architecture.	In	order	to	improve	practical	orienta-

tion	of	design	and	construction	classes,	these	prototype	buildings	have	been	used	to	exper-

iment	with	building	typologies	and	new	technologies.	Particularly	in	the	context	of	develop-

ing	countries,	showing	an	"example"	or	"prototypical	model"	has	proven	the	most	effective	

way	to	influence	a	visual	and	professional	culture	(Berlanda	et	al,	2013).	

Staff	members	from	all	participating	HEIs	have	continuously	been	involved	in	training	

workshops	 and	 multi-lateral	 visits;	 teachers	 have	 been	 trained	 to	 use	 practical	 teaching	

methods;	members	of	academic	and	technical	staff	at	three	Universities	have	been	exposed	

to	 JENGA	 projects	 and	 activities.	 A	 total	 number	 of	 about	 330	 students	 of	 two	 academic	

years	and	directly	participated	in	JENGA	activities	at	the	three	East	African	faculties	of	archi-

tecture,	being	involved	in	design	studio	classes,	reviews	with	external	instructors,	practical	

workshops	and	design-build	activities.	 In	parallel,	practical	 teaching	 facilities	 like	 laborato-

ries	 and	workshops	 at	 the	partner	 institutions	were	evaluated.	Recommendations	 for	 the	

implementation	 of	 equipment	 and	 facilities	 into	 teaching	 were	 developed	 and	 discussed	

with	heads	of	departments	and	staff	members	during	training	workshops.	
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Project	Activities	and	Outcomes	

JENGA	 offered	 a	 framework	 for	 teachers	 to	 use	 new,	 flexible	 and	 in	 part	 experimental	

teaching	methods,	to	expose	their	students	to	group	work	and	to	participate	in	joint	studio	

teaching	with	colleagues	 from	other	 institutions.	Participants	 learned	about	 restrictions	 in	

existing	curricula	and	the	need	to	address	innovative	teaching	methods	with	external	exam-

ining	 bodies.	 Through	 regular	 international	 cooperation,	 staff	 members	 were	 exposed	 to	

international	developments	in	their	academic	field.	

The	design-build	activities	have	 contributed	 to	management	 skills	of	 staff	members.	

Each	 institution	 learned	 about	 institutional	 policies	 and	 developed	 alternative	 set-ups	 for	

both	 studio	work	 and	 practical	workshop	 realisation,	which	 are	 suitable	 for	 the	 faculties’	

situation.	A	 large	number	of	students	were	 for	 the	 first	 time	exposed	to	hands-on	experi-

ences	in	their	academic	training	and	to	best	practice	examples	from	their	own	context.	

Different	approaches,	based	on	existing	curricula,	were	developed	at	each	partner	in-

stitution,	leading	not	only	always	to	replicable	or	fully	satisfactory	results,	but	to	very	useful	

experiences	 for	 further	 development	 of	 practice-based	 courses.	 The	 following	 paragraphs	

give	a	brief	overview	of	the	approaches	taken	at	each	institution:		

Studio	courses	and	design-build	project	in	Kenya	

Students	at	JKUAT	-	Jomo	Kenyatta	University	of	Agriculture	and	Technology	(Nairobi,	Kenya)	

were	given	the	opportunity	to	work	on	the	design	of	a	real	client’s	project	for	a	new	primary	

school	 in	Dodoma,	a	 socially	 fragile	area	of	Nairobi,	Kenya.	 Students	were	 taken	 to	a	 site	

analysis	visit	to	document	specialities	of	the	urban	situation,	topography,	infrastructure	and	

living	conditions	of	the	future	users.	Partners	from	the	JENGA	group	participated	in	a	mid-

term	studio	presentation	and	gave	input	both	to	the	student	group	and	to	the	studio	teach-

ing	 team.	 Potentials	 for	 a	 subsequent	 construction	 course,	 building	 on	 the	 design	 results	

were	discussed.		

The	results	of	the	design	semester	were	taken	up	again	in	the	following	term	to	be	the	

basis	for	the	studio	course	for	the	second	half	of	the	3rd	year	at	JKUAT,	which	is	dedicated	

to	timber	construction	in	the	existing	curriculum.	There	was	a	focus	on	wide	span	construc-

tion,	 with	 choices	 for	 timber-based	 construction	 materials	 given	 by	 the	 studio	 teaching	

team,	including	timber	logs,	industrially	processed	glue-laminated	timber	and	bamboo.	Due	

to	 these	 prerequisites	 from	 given	 course	 requirements,	 construction	 studio	 class	 started	

with	a	new	design	phase	for	a	multi-purpose	facility	as	a	basis	for	the	design-build	project	to	

be	realised	on	a	site	on	campus	close	to	the	studio	building.	

	

							 	

Figure	2.	Construction	drawing	(left)	and	prototype	construction	site	(right)	
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This	change	of	place	and	function	led	to	an	entirely	new	design,	which	turned	out	to	

be	a	major	 challenge	 for	 a	 continuous	problem-solving	process	within	 the	 course.	Results	

can	be	summarised	as	follows:		

- design-build	at	JKUAT	was	based	on	the	outcomes	of	the	construction	studio	class	

with	a	focus	on	timber	construction,	with	too	little	connection	to	previous	site	analysis		

- students	were	left	to	experiment	and	find	their	own	solutions	to	details,	which	led	to	a	

number	of	critical	detail	solutions		

- the	building	could	not	be	completed.	Challenges	to	integrate	the	construction	work-

shop	or	its	evaluation	into	course	requirements	could	not	be	resolved	within	the	pro-

ject	cycle.	

	Studio	courses	and	design-build	project	in	Rwanda	

The	design	brief	for	UR	–	University	of	Rwanda	(Kigali,	Rwanda)	students	was	based	on	low-

cost	 housing	 for	 both	 the	 design	 and	 the	 construction	 semester.	 The	 design	 brief	 asked	

students	to	come	up	with	solutions	for	mixed-income	housing	prototypes	on	a	site	in	Kigali.	

Students	were	asked	 to	 study	precedents	 for	 sustainable	housing	 types	and	 identify	ways	

how	 to	 improve	 housing	 design	 for	 their	 local	 context	 in	 Rwanda,	 with	 a	 focus	 on	

topography	for	the	JENGA-theme	‘slope’	for	Kigali.	

The	 studio	 course	 was	 supported	 by	 a	 number	 of	 excursions	 to	 learn	 more	 about	

construction	 materials,	 namely	 local	 masonry	 blocks	 and	 their	 environmental	 impact,	

including	 a	hands-on	workshop	at	 a	 local	 brick	making	 cooperative.	 The	 second	 semester	

construction	course	had	to	be	limited	to	very	little	öecturing	input,	due	to	a	lack	of	teaching	

staff	for	construction	technology.	However,	students	were	involved	in	a	real	building	project	

for	rural	housing	in	Rwinkwavu,	a	village	in	the	East	of	Rwanda.		

	

					 	

				Figure	3.	Experimental	block	making	(left)	and	prototype	house	(right)	

	

Students	 worked	 on	 design	 solutions	 for	 prototype	 houses	 and	 supported	 the	

construction	team	with	detail	drawings	prior	to	joining	the	construction	site	for	their	design-

build	 experience.	 From	 July	 to	 September	 2015,	 the	 student	 group	 worked	 on	 the	
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construction	site	for	the	client,	laying	foundations	and	making	compressed	masonry	bricks.	

The	buildings	were	completed	in	2015.	

The	concept	of	cooperating	with	an	external	partner	proved	more	substantial	than	in-

house	concepts	(e.g.	JKUAT),	because	continuity	of	construction,	less	complicted	procedures	

of	 procurement	 etc.	 could	 be	 provided	 by	 the	 external	 partners.	 At	 the	 same	 time,	 they	

worked	on	experimental	construction	typologies	 for	plasters	and	 low-tech	fibre-reinforced	

concrete	 shells.	 However,	 the	 students’	 involvement	 was	 more	 similar	 to	 an	 industrial	

attachment,	rather	than	to	a	University	workshop.	

Studio	courses	and	design-build	project	in	Uganda	

Students	 at	 the	 Faculty	 of	 the	 Built	 Environment	 at	 UMU	 –	 Uganda	 Martyrs’	 University	

(Kampala,	Uganda)	were	asked	 to	deal	with	a	 challenging	brief	 for	 their	design	 studio	as-

signment:	on	a	choice	of	two	sites,	a	mixed	use	housing	development,	public	green	spaces	

and	a	child	care	facility	had	to	be	 incorporated	 into	a	master	plan.	On	both	sites	 issues	of	

high	ground	water	tables	or	flooding	during	the	rainy	season	had	to	be	taken	into	account,	

reflecting	the	JENGA-theme	‘flood’	for	Kampala.	Students	had	to	work	in	groups	of	5	–	7	for	

this	assignment,	which	proved	an	unusual	and	challenging	framework	for	studio	class.	

Results	of	this	first	studio	turned	out	to	be	too	complex	to	be	taken	further	for	a	real	

construction	workshop.	 Instead,	 the	course	 instructors	decided	 to	start	a	new	assignment	

for	a	small	multi-purpose	exhibition	space	designed	for	a	site	on	campus.	In	parallel,	a	group	

of	students	worked	on	technical	input	for	the	construction	site	in	a	building	technology	class.	

Participants	 of	 the	 construction	 classes	 had	 previously	 been	 involved	 in	 an	 experimental	

poured	earth	workshop,	testing	different	material	mixes	and	constructing	sample	walls	with	

a	poured	earth	technique.	The	results	can	be	summarised	as	follows:	

- construction	drawings	were	developed	out	of	results	from	student	design	studio	

- students	went	on	different	site	visits	to	see	fabrication	and	use	of	interlocking	blocks		
- a	continuous	design	process	was	used	to	reflect	structural	properties	of	the	materials	

used,	to	reduce	the	amount	of	cement/concrete	used,	and	to	make	the	construction	

more	efficient	and	easier	to	build	

- instead	of	a	full-scale	building,	a	1:20	model	was	used	to	test	construction	and	detail	

- based	on	experiences	from	the	first	project,	the	concept	of	workshop	was	revised:	

students	worked	on	smaller	structures	which	could	be	realised	within	the	semester	

	

				 	

Figure	4.	Poured	Earth	workshop	(left)	and	prototype	bricklaying	(right),	Uganda	
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Evaluation	of	existing	workshops	and	facilities	

Laboratories	for	materials’	testing,	workshop	spaces	for	full-scale	prototypes	and	laborato-

ries	with	measuring	equipment	were	already	available	at	the	partner	institutions,	however	

sometimes	underutilised.	

Within	the	JENGA	project,	testing	facilities	and	equipment	were	catalogued	and	eval-

uated.	A	list	of	recommendations	how	and	for	which	courses	the	facilities	could	be	used	for	

practical	exercises	has	been	established	by	project	partners	from	the	Civil	Engineering	De-

partment	at	Stellenbosch	University.	

	

				 	

Figure	5.	Evaluation	of	environmental	lab	at	JKUAT	(left)	and	materials	testing	lab	at	UMU	(right)	

Handbook	for	Practice	Oriented	Teaching	

Based	on	 lessons	 learned	 from	the	project	activities	and	different	approaches	 for	practice	

oriented	courses,	the	final	report	of	JENGA	includes	not	only	final	results	of	all	project	activi-

ties	at	the	partner	institutions,	but	also	an	evaluation	report	with	recommendations	for	the	

use	of	laboratories	and	workshops,	a	number	of	best	practice	examples	for	sustainable	con-

struction	in	Eastern	Africa	and	a	section	showing	exemplary	sections	of	a	teaching	manual	

to	be	used	in	design	and	construction	classes	in	African	Schools	of	Architecture.	

	

	

Figure	6.	Example	of	student	research	documentation	on	cassava	jelly	in	plaster	mix,	Kigali	

 EARTHEN PLASTER 

INGREDIENTS AND PROCEDURES
Option 2, with SAW DUST

)or this type of the earth 
SODVWHU��WKH�VDZ�GXVW�SOD\V�WKH�
VDPH�UROH�DV�FRZ�PDQXUH�EXW�
WKH�VDZ�GXVW�DFW�DV�ELQGHU�
XVLQJ�LWV�ILEHUV�ZKLFK�FRQWULEXWH�
to the strengh of the plaster.�LW�
GRHVQ·W�FKDQJH�WKH�FRORU�DV�FRZ�
PDQXUH�GRHV

6tarting from the soil, water is 
added to make an earth 
paste, FRZ�PDQXUH�LV�DGGHG�WR�
WKH�paste , and lastly the  
cassava -HOO\�LV�DGGHG�WR�WKH�
PL[WXUH

7KHQ�ZH�XVHG�WKH�URG�WR�DJL-
WDWH�WR�KDYH�DQ�
KRPRJHQHRXV�PL[WXUH
before plastering the earth 
blocks, remember to re-wet 
them to give them adhesion 
capacity

+DQGV��IORDW��RU�WURZHO�DUH�XVHG�
to remove the small ridges and 
SROLVKLQJ�WKH�VXUIDFH��EXUQLVKLQJ��
this stage consist on aligning all 
WKH�ILEHUV�LQ�WKH�SODVWHU��ZKLFK�
ILQDOO\�SHUPLWWHG�XV�WR�FUHDWH�
GLIIHUHQW�WH[WXUH�DOVR�WR�EH�WHVWHG��
on the same kind of plaster

7KH�FDVVDYD�MHOO\�ZRUNV�DV�
OXEUL-cating ingredient.it 
makes the PL[WXUH�HODVWLF�
ZKLFK�SUHYHQWV�the mold 
spotting on the wall.�the 
CASSAVA JELLY has to be 
FRRNHG�LI�LW�LV�UHDG\�IRU�XVH���
ZKLFK�PHDQV�\RX�FD�QRW�PL[�
with ather ingredient and 
leave it for long time before 
XVH

7KH�VRLO�KDYH�WR�EH�VHLYHG�XVLQJ�D��
�PP�VHLYH�WR�KDYH�ILQH�SDUWLFOHV�
RI�WKH�VRLO�WR�PDNH�WKH�ILQLVK��the 
soil has to be a bit dried to EH�
DEOH�WR�SDVV�WKURXJK�WKKH�seive 
easly.

'(6&5,37,21�$1'�352&('85(6

WKH�PL[WXUH�LV�PDGH�IURP�6(,9('�62,/���),1(�6$:�'867��&$66$9$�-(//<�RQ�
a proportion of  �-�-���  respectively.
�WKLV�W\SH�RI�SODVWHU�WHVW�SUHVHQW�IHZ�FUDFNV�WKDQ�WKH�RQH�ZLWK�FRZ�PDQXUH�
after drying process. comparing the two kinds of  plaster , they all present 
FUDFNV��ZH��KDYH�WR�WU\�DQRWKHU�WULDO�YDU\LQJ�WKH�DPRXQW�RI��VDZ�GXVW��DQG��
cassava jelly

�������
VLHYHG�VRLO�ZLWK��PP�VFUHHQ��ILQH�VDZGXVW�DQG�FRRNHG�FDVVDYD�MHOO\
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The	objective	of	this	manual	is	to	document	information	on	locally	established	materials	and	

building	parts,	showing	exemplary	exercises	for	practice	based	courses.	Four	main	topics	are	

addressed:	

Materials	
Theoretical	knowledge	of	building	materials’	properties	can	be	deepened	and	complement-

ed	by	personal	experience	of	mixing,	making	and	using	of	different	substances	or	building	

parts.	To	achieve	this,	the	handbook	contains	examples	of	student	based	research	on	exper-

imental	or	low-tech	materials,	and	how	to	compare	them	to	standard	products	(fig.	7).	

Construction	Technology	
Technical	understanding	of	construction	and	detailing	informs	realistic	design	solutions	for	

local	contexts	and	climates.	JENGA	activities	documented	a	number	of	sustainable	construc-

tion	solutions	made	from	clay,	concrete	or	renewable	materials,	like	a	poured	earth	wall	(fig.	

5),	compressed	bricks	(fig.	4),	a	low-tech	fibre	reinforced	concrete	shell	(fig.	4)	and	a	bam-

boo	construction.		

Figure	8.	Example	of	student	research	result	on	sustainability	assessment	for	materials,	Uganda	

Environmental	Impact	
The	evaluation	of	environmental	 impact	 is	a	prerequisite	for	design	and	construction	deci-

sions	 for	 sustainable	buildings.	Existing	 rating	 systems	are	 too	complicated	 to	be	used	 for	

approximated	evaluation	in	design	studio	courses.	Therefore,	JENGA	participants	developed	

simplified	evaluation	methods	to	illustrate	the	choice	and	weighting	of	assessment	criteria	

(fig.	8).	

Collaboration	and	Team	Work	
In	 architectural	 practice,	 team	work	 is	 a	 prerequisite	 for	 integrated	 design.	 Allowing	 and	

encouraging	students	 to	work	 in	groups	may	be	a	challenge	 for	 teachers,	as	 individual	as-

sessment	becomes	more	difficult	and	group	dynamics	are	sometimes	demanding	to	guide	

and	direct	towards	a	result.	A	number	of	set-ups	for	group	work	and	how	and	where	they	

might	be	used	are	shown	and	discussed	in	the	handbook	(fig.	9).	
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Figure	7.	graphics	illustrating	different	types	of	group	work	set-ups:	pre-selection	based	on	different	expertise	

(left),	grouping	and	re-grouping	in	phases	based	on	design	results	(right)	

Results	

The	implementation	of	contents	and	new	teaching	methods	at	the	involved	academic	insti-

tutions	has	been	challenging.	The	sustainability	of	the	measures	can	be	expected	to	be	quite	

different	at	partner	Universities:	while	the	project	offered	all	three	schools	the	possibility	to	

try	out	more	practical	teaching	methods,	the	results	were	different	in	each	case.		The	East	

African	faculties	involved	face	a	number	of	administrative	and	institutional	challenges:	Insti-

tutions	are	understaffed,	not	least	because	there	is	still	a	lack	of	local	professionals.	Howev-

er,	 all	 three	 East	African	 institutions	 have	 shown	 their	 ability	 to	 implement	new	 teaching	

methods	into	their	existing	courses.	While	JKUAT	will	still	have	to	show	which	lessons	can	be	

learned	 from	 the	 experiment,	 the	 extremely	 successful	 design-build	 experience	 at	 UR	 in	

Rwanda	was	based	on	the	motivation	and	extraordinary	personal	commitment	of	teaching	

staff		-	the	activities	may	therefore	never	be	repeated	in	the	future.	The	Faculty	of	the	Built	

Environment	at	Uganda	Martyr’s	University	has	not	only	continued	staff	training	on	design-

build	and	sustainable	construction	methods,	but	successfully	started	a	series	of	small	hands-

on	projects	with	a	high	probability	of	continuation.		

Some	of	the	ideas,	but	also	of	the	challenges	of	innovative	and	more	practice	oriented	

education	in	architecture	schools	to	foster	awareness	for	energy	efficiency	in	buildings	have	

been	taken	up	for	further	discussion	by	a	series	of	curriculum	development	workshops	or-

ganised	by	UN	habitat	Urban	Energy	Unit.	JENGA	partners	gave	active	input	for	this	discus-

sion,	and	 the	 JENGA	 final	 conference	SFC2016	 in	Nairobi	offered	a	platform	 for	 the	 latest	

workshop	on	 this	 important	 topic.	 Local	 stakeholders	 from	education,	politics	and	profes-

sional	boards	 in	Kenya	took	part	 in	 this	workshop	and	he	results	 received	a	wide	visibility	

through	the	international	academic	community	taking	part	in	the	conference.	
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Abstract:	The	 integration	of	 the	concept	of	urban	metabolism	 in	urban	design	holds	great	potentials	 for	 the	
development	 of	 sustainable,	 resource-efficient,	waste-reducing	 and	 liveable	 urban	 environments.	 For	 urban	
designers	and	planners,	 this	 integration	 is	 challenging.	 It	 requires	working	with	different	 resource	 flows	and	
therefore	 expert	 knowledge	 of	 different	 fields	 of	 expertise.	 At	 the	 same	 time,	 it	 is	 important	 that	 urban	
metabolism	 is	 integrated	 in	 the	 urban	design	 process,	 as	 this	 is	 the	 place,	where	 integration	 and	 symbiotic	
solutions	can	be	found.	To	provide	this	integration,	a	schematic	model	is	proposed,	which	links	spatial	urban	
interventions	 to	 improvements	of	 the	urban	metabolism	of	an	urban	area.	This	model,	which	builds	on	and	
extends	existing	models,	aims	to	support	the	urban	design	process	in	several	ways:	by	fostering	understanding,	
by	 relating	 spatial	 interventions	 to	 flow	 systems	 and	 by	 making	 such	 interventions	 comparable	 between	
different	 flows	 (energy,	water,	material).	 This	paper	describes	 the	model	and	 its	potential	use	 in	education,	
research	and	practice.	

Keywords:	Urban	Metabolism,	Urban	Design,	Systems	Thinking,	Trans-disciplinary	Learning	

Introduction:	Using	Urban	Metabolism	in	Urban	Design	

Urban	metabolism	(UM)	is	a	concept	that	considers	a	city	as	a	system	with	flows	of	energy	
and	material	between	it	and	the	environment	(Chrysoulakis	et	al.	2013).	
It	 can	 provide	 a	 quantified	 assessment	 of	 the	 environmental	 impact	 of	 essential	 urban	
resource	flows,	such	as	energy,	water,	nutrients	and	construction	materials.	Integrating	the	
science	of	UM	 in	 the	process	of	urban	design	and	planning	holds	 great	potentials	 for	 the	
development	of	sustainable	urban	environments	(Kennedy	et	al.	2007;	Kennedy	et	al.	2011;	
Schuetze	et	al.	2012;	Timmeren	2012;	Voskamp	&	Stremke	2014).		

The	UM	concept	can	inform	urban	design	and	planning	in	different	ways.	An	analysis	
of	the	metabolism	of	a	defined	urban	area	can	provide	information	on	its	current	resource	
efficiency,	which	can	help	to	define	tasks	for	transformation	on	the	scale	of	buildings,	blocks	
or	 neighbourhoods.	 Likewise,	 information	 on	 waste	 or	 unused	 resources	 can	 show	
opportunities	 for	 reuse,	 recycling	 and	 cascading	 use	 of	 resources.	 An	 integrated	 urban	
design	and	planning	approach	that	addresses	different	resource	flows	at	the	same	time,	can	
support	 symbiotic	 relations	 between	 different	 flows,	 for	 example	 by	 combining	 water	
purification	 with	 agriculture	 or	 regaining	 heat	 from	 waste	 water	 (Timmeren	 2006).	
Eventually,	 symbiosis	 between	 the	 mentioned	 essential	 resource	 flows	 and	 other	 urban	
qualities	can	be	achieved,	when	spatial	interventions	are	designed	in	an	integrated	way.				
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It	is,	however,	not	easy	to	integrate	UM	in	urban	design.	The	spatial	interventions	that	can	
play	 a	 role	 in	 the	 improvement	 of	 urban	 metabolism	 are	 diverse	 and	 multi-scalar.	 They	
include	 for	 example	 insulating	 buildings,	 urban	 bio	 swales	 for	 storm	 water	 retention,	
separated	 sewage	 systems,	 community	 gardens	with	 local	 food	 production,	 and	 green	 or	
photovoltaic	cells	on	rooftops.	Also	density	and	connectivity	 in	the	urban	fabric	 influences	
the	 urban	 metabolism.	 Such	 diversity	 in	 interventions	 comes	 with	 a	 diversity	 of	 scales,	
technology,	 expert	 knowledge	 and	 stakeholders	 involved.	 This	 makes	 it	 difficult	 for	
designers	 and	 planners	 to	 link	 spatial	 interventions	 to	 a	 specific	 and	 measurable	
improvement	of	urban	metabolism,	while	achieving	a	symbiotic	and	integrated	result.		

Voskamp	et	 al	 (2014)	 relate	 to	 this	 challenge:	 “[…]	 the	 link	between	 resource	 flows	
and	spatial	characteristics	is	not	well	established.”	Material	and	Energy	Flow	analysis	(MFA)	
–	 a	 key	 tool	 in	 the	 quantification	 and	 assessment	 of	 the	metabolism	 of	 a	 building	 or	 an	
urban	 area	 –	 is	 typically	 not	 represented	 spatially.	 This	 makes	 a	 translation	 to	 spatial	
interventions	 difficult.	 Also	 MFA	 is	 often	 limited	 to	 the	 definition	 of	 allocation.	 Another	
challenge	lies	in	the	required	diverse	expertise	regarding	the	different	flow	systems.	For	an	
urban	designer,	it	is	challenging	to	gain	this	expertise	to	a	sufficient	level	regarding	all	flows.	
It	seems	logical	to	rely	on	experts	from	different	fields	of	engineering	to	provide	solutions	
for	 the	 optimisation	 of	 different	 flows.	 But	 specialisation	 can	 lead	 to	 singular	 or	 mono-
focused	engineering	solutions,	and	not	to	the	integrated,	synergetic	design	that	is	the	aim	of	
the	inclusion	of	the	concept	urban	metabolism.	

A	schematic	model	that	could	relate	spatial	interventions	to	UM	and	its	different	flow	
systems,	 should	 address	 the	 two	 challenges	mentioned	 above.	 This	would	 support	 urban	
designers	 in	 adapting	 their	 knowledge	 for	 an	 urban	 metabolism	 assessment,	 aiming	 for	
integrated	spatial	solutions.	In	practice,	this	would	ideally	empower	urban	designers	to	take	
a	strong	position	in	a	trans-disciplinary	discourse	with	engineers	and	institutions	(Müller	et	
al.	2005).	In	academia,	it	may	allow	to	manifest	a	‘designerly	approach	to	science’	(Klaasen	
2007;	 Cross	 2006).	 In	 education,	 this	 model	 could	 support	 students	 in	 the	 field	 of	
architecture,	 urbanism,	 landscape	design	 and	 industrial	 ecology	 to	 link	 theory	 and	design	
with	 practical	 implementation.	 Different	 existing	models	 that	 have	 been	 proposed	 in	 the	
context	of	urban	metabolism	can	form	the	base	for	such	a	new	model.	

Existing	Models	of	Urban	Metabolism	

Models,	 defined	 as	 simplified	 representations	 of	 reality,	 are	 an	 effective	 method	 to	
understand	 a	 complex	 entity	 such	 as	 the	 city	 (Oswald	 &	 Baccini	 2003).	 Different	models	
have	been	developed	to	describe	urban	metabolism.	Zhang	(2013)	distinguishes	three	main	
models	 of	 urban	metabolism	 (figure	 2,	 left).	 The	 first	model	 refers	 to	Abel	Wolman,	who	
described	the	metabolism	of	a	hypothetical	American	city.	Here,	the	system	is	perceived	as	
a	‘black	box’,	with	quantified	physical	input	and	output	(Wolman	1965).	Other	examples	for	
the	black	box	are	the	Ecodevice	models,	as	proposed	by	(van	Leeuwen	1974)	that	adds	area	
to	 flows	and	 illustrates	an	areas	ability	 to	allow	or	resist	 input	and	output	 (figure	1,	 right,	
top).	Tjallingii	quotes	and	extends	 the	Ecodevice	model	 (Tjallingii	1996).	He	uses	 it	 to	 link	
general	environmental	problems	to	system	input,	output	and	internal	processes.	(figure	1,	
right	middle)	and	to	relate	system	boundaries	to	areas	in	the	urban	environment	(figure	1,	
right,	bottom).		
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Figure	1.	left:	The	Metabolism	of	Cities	(Girardet	1999);	right:	Ecodevice	(van	Leeuwen	1974;	Tjallingii	1996)	

	
	

		
	

Figure	2.	left:	The	evolution	of	models	of	the	processes	that	define	an	urban	metabolism	(Zhang	2013);	right:	
Conceptual	model	of	the	ecological	network	of	an	urban	metabolic	system	

	
The	model	of	Herbert	Girardet	(1999)	introduces	the	concept	of	a	linear	system	(figure	

1,	left,	top).	The	early	version	of	this	model	includes	spatial	organisation.	Farm	belts	around	
a	city	are	included	in	the	model,	which	makes	it	scale	specific	and	hints	at	the	role	of	peri-
urban	agriculture	for	circularity	in	urban	areas	(see	also	(Timmeren	&	Hackauf	2014).	Zhang	
(2013)	 includes	 internal	 processes	 in	 the	 model	 (figure	 2,	 right).	 This	 model	 supports	
detailed	analysis	of	the	material	and	energy	flows	of	an	urban	system.	With	its	complexity,	
this	model	however	requires	a	thorough	understanding	of	the	related	processes	and	is	not	
easily	adaptable	for	broad	use	in	a	design	process.	
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Synthetized	Urban	Metabolism	Model		

Each	of	the	presented	models	includes	aspects	that	are	relevant	for	a	basic	understanding	of	
how	 spatial	 interventions	 can	 change	 the	urban	metabolism.	A	 synthesised	model	 should	
integrate	these	aspects:	a	key	aspect	is	that	the	model	should	link	the	system	boundary	to	
an	 (urban)	area,	 to	emphasize	 the	spatial	 location	of	 the	system.	At	 least	one	sub-system	
should	 be	 included,	 to	 encourage	 sensitivity	 for	 the	 different	 system	boundaries	 that	 are	
relevant	in	the	urban	context,	such	as	apartment	-	building,	block	-	street	or	neighbourhood	
–	district.	In	this,	the	model	should	be	adaptable	to	different	urban	situations.	Eventually,	it	
should	be	easily	accessible	for	users	with	diverse	backgrounds,	for	use	within	the	context	of	
education,	 practice	 and	 research.	 As	 a	 result,	 an	 adjusted	 version	 of	 Girardet’s	 model	 is	
proposed:	the	Synthesized	Urban	Metabolism	Model,	which	is	shown	in	Figure	3	(left).	This	
model	can	be	used	to	summarize	key	resource	and	waste	flows	of	a	specific	area	(figure	3,	
right).	

	

	

	
Figure	3.	Synthesized	Urban	Metabolism	Model	

	
	

Problems	of	the	metabolism	of	an	urban	area	

The	possible	environmental	problems,	as	described	by	Tjallingii	(1996),	can	be	related	to	the	
different	stages	in	the	Synthesized	UM	Model.	These	can	be	specified	for	specific	locations	
and	flows	(figure	4).			

	
	

	
	

Figure	4.	General	and	exemplary	specific	problems	related	to	urban	metabolism	
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Urban	Metabolism	spatial	intervention	model	(UM-spin	model)	

As	described	before,	a	key	challenge	for	the	integration	of	Urban	Metabolism	in	the	urban	
design	process	is	to	properly	link	urban	spatial	interventions	to	the	urban	metabolism	that	
they	 aim	 to	 improve.	 To	 support	 this	 link,	 the	 previous	model	 is	 combined	 with	 general	
improvements	 of	 the	 urban	 metabolism.	 In	 analogy	 to	 the	 model	 for	 circular	 urban	
metabolism	of	Girardet	(figure	2,	right),	an	emphasis	on	the	concept	of	circularity	is	included	
in	the	model	by	way	of	 two	key	strategies:	cascading	use	of	 resources,	 represented	by	an	
arrow	between	the	two	sub-systems;	and	circular	reuse,	represented	by	arrows	connecting	
output	with	input	of	the	sub-	and	the	main	system.	Integrating	these	improvements	in	the	
model	 results	 in	 the	Urban	Metabolism	 spatial	 intervention	model	 (UM-spin	model).	 The	
UM-spin	model	 illustrates	 how	 spatial	 interventions	 can	 improve	 the	 UM,	 to	mitigate	 or	
avoid	 the	 problems	 stated	 above.	 Figure	 5	 illustrates	 how	 this	 can	 be	 done	 for	 general	
solutions	(left)	and	for	the	specific	case	of	the	water	system	of	given	district	(right).		

	

	
	

Figure	5.	UM-spin	model	with	general	solutions	(left)	and	specific	solutions	(right)	for	optimizing	UM	

	

Describing	objectives	for	the	metabolism	of	an	urban	area	

The	UM-spin	model	allows	mapping	general	objectives	for	different	flow	systems.	Figure	6	
shows	two	different	strategies	for	sustainable	energy	management	 in	urban	areas.	On	the	
left,	 the	 ‘Trias	 Energetica’	 is	 shown,	 an	 approach	 used	 since	 the	 1980s.	On	 the	 right,	 the	
‘New	 Stepped	 Strategy’	 is	 shown	 as	 formulated	 in	 the	 Rotterdam	 Energy	 Approach	 and	
Planning	(REAP).	This	strategy	reformulates	the	original	approach,	adding	the	reuse	of	waste	
energy	 streams	 as	 a	 new	 step	 in	 the	 hierarchy	 (Tillie	 et	 al.	 2009).	 Similarly,	 general	
objectives	for	water	management	(Tjallingii	2012)	and	waste	management	(Timmeren	2006)	
can	be	represented	in	the	model	(figure	7).	
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Figure	6.	Strategies	for	sustainable	energy	management	

	
	

	
Figure	7.	Strategies	for	sustainable	water	management	(left)	and	waste	management	(right)	

	

Possible	applications	of	the	UM-spin	model	

As	 stated	 before,	 the	 model	 aims	 for	 application	 in	 different	 use	 settings:	 education,	
research	and	practice.	In	the	following	paragraphs	these	will	be	elaborated.	

Application	in	education	

The	 synthesized	 model	 can	 be	 used	 in	 Master	 education	 in	 the	 fields	 of	 urbanism,	
architecture,	 landscape	 design	 and	 industrial	 ecology.	 Mapping	 objectives	 and	 spatial	
interventions	 related	 to	 urban	 metabolism	 –	 as	 provided	 in	 the	 UM-spin	 model	 -	 can	
improve	 the	 understanding	 of	 a	 systems	 approach	 and	 at	 the	 same	 time	 help	 relating	
required	physical	space	and	intervention	to	intangible	systems	and	flows.			

For	the	introduction	to	UM,	the	‘maximization	method’	is	a	tested	course	model	that	
combines	 specialisation	 and	 integration	 (Duijvestein	 2002).	 A	 group	 of	 students	 follows	 a	
collective	 introduction	 to	 urban	 metabolism	 in	 relation	 to	 the	 course	 assignment.	 The	
students	 then	 split	 in	 to	 specialisation	 groups,	 for	 example	 on	 energy,	 water,	 (building)	
materials	 and	 (household)	 waste.	 In	 these	 groups,	 they	 develop	 focussed	 strategies	 or	
interventions	that	improve	the	respective	flow	system	in	the	area	of	intervention	(which	is	a	
so	called	Maximization	phase).	 In	the	next	step,	groups	are	re-arranged	and	students	with	
different	 ‘flow	specialisation’	work	together	on	 integrated	strategies	and	solutions,	having	
to	include	the	different	flow	perspectives	and	prioritizing	and	synthesizing	these	maximized	
approaches	 into	an	 integrated	plan.	 In	this	course	setting,	the	UM-spin	model	can	play	an	
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important	 role	 in	 the	 integration	 phase.	When	 used	 as	 a	 collective	model	 in	 each	 of	 the	
specialisations,	it	can	help	to	share	the	expertise	gained.	The	model	can	help	emphasizing	a	
diverse	use	of	 solutions	and	potentially	 support	 integrated	 solutions,	which	address	more	
than	one	flow	at	the	same	time.	

Application	in	research	

The	UM-spin	model	can	be	a	 tool	 for	categorization	of	different	 spatial	 interventions	 that	
aim	at	 the	optimization	of	urban	metabolism,	 in	accordance	with	quantitative	 (amount	of	
square	 metres)	 and	 qualitative	 (e.g.	 solar	 radiated,	 shaded	 etc.)	 space	 characteristics.	 A	
dominant	and	logical	way	of	organising	interventions	in	this	field	is	to	do	so	by	flow:	energy,	
water,	materials,	waste,	etc.	The	model	can	be	used	to	systemize	the	approach	through	the	
inclusion	of	concepts	as	for	example	the	‘Trias	Energetica’	(as	part	of	REAP):	energy	demand	
reduction,	energy	waste	stream	reuse,	renewable	energy	production,	etc.	This	could	lead	to	
comparisons	 of	 interventions	 between	 flows,	 such	 as	 saving	 interventions,	 cascading	
interventions,	circular	interventions	etc.	that	support	prioritizing.	As	a	tool	for	mapping	and	
comparison,	 the	UMI	model	 could	help	 identifying	gaps	of	optimizations	 in	 a	 given	urban	
system	and	potentially	find	symbiotic	combinations	between	different	flows.	

Application	in	practice	

Similar	to	its	use	in	education	as	described	above,	the	UM-spin	model	can	also	support	the	
communication	between	different	actors	in	an	urban	design	and	planning	process.	Here,	it	
could	 also	 play	 a	 role	 as	 a	 collective	 communication	 and	 representation	 tool.	 It	 could	
thereby	also	be	helpful	in	mapping	specific	objectives	for	the	task	at	hand,	for	example	by	
visualising	policy	aims	for	the	area	of	intervention.	Similar	to	the	use	in	research,	the	model	
can	also	help	in	practice	to	map	existing	solutions	and	find	(qualitatively	and	quantitatively)	
symbiotic	combinations	of	spatial	measurements	and	eco-innovative	solutions.	If	the	model	
helps	 to	simplify	expert	knowledge,	 it	could	eventually	play	a	strong	role	 in	 informing	 the	
design	 process	 and	 thereby	 empowering	 the	 role	 of	 the	 designer	 in	 the	 interaction	with	
(engineering)	experts	and	advisors.		

Outlook	

The	 first	 author	 will	 apply	 the	 UM-spin	 model	 in	 his	 doctoral	 research	 on	 the	 spatial	
relationship	between	urban	metabolism	and	urban	design,	which	he	is	currently	pursing	at	
the	 chair	 of	 Environmental	 Technology	 and	 Design	 under	 the	 supervision	 of	 Arjan	 van	
Timmeren	and	Machiel	van	Dorst.	Within	this	research,	the	UM-spin	model	will	be	used	as	a	
categorization	 tool	 for	 a	 catalogue	 of	 spatial	 urban	 design	 interventions	 that	 aim	 at	
improving	 the	 urban	metabolism	of	 urban	 environments	 on	 street,	 block,	 neighbourhood	
and	district	 scale.	 The	model	 is	 thereby	operationalized	 to	organize	 the	 interventions	not	
only	 by	 flow,	 but	 also	 by	 the	 way	 in	 which	 they	 improve	 the	 UM,	 with	 the	 intention	 to	
identify	gaps	for	new	types	of	intervention	and	support	symbiotic	cross-flow	interventions.		
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Abstract: Since six years, in the Zero Pentathlon design assignment, students in architecture have to develop a 
renovation concept for a detached dwelling, built before the eighties, taking into account 5 criteria: 1) nearly 
zero energy renovation, 2) sustainable material use, 3) sustainable water management, 4) architectural and 
functional qualities and 5) constructional logic. Since three years, they also treat the current occupants as their 
clients. The assignment is strictly scheduled and supported by means of tutoring, lectures, visits and design 
support tools for energy and material use. The paper first presents the concept of the assignment, the 
educational vision behind it and the evolution over the years. Then, it focusses on students’ material choices 
along the design process and on decision support for sustainable material use. Prior to this year’s assignment, 
a survey was conducted to investigate students’ drivers for material choices. Additionally, students were asked 
to keep a material diary during the design process to report about their major material decisions. The results 
of the survey and the material diaries, combined with a synthesis of material use in students’ designs, will be 
used to further enhance the integration of sustainable material use in future editions of the Zero Pentathlon. 
 
Keywords: Education, renovation, environmental impact, design support 

Introduction 

Despite efforts from EU projects such as IDES-EDU and EDUCATE (IDES-EDU, 2013; EDUCATE, 
2012) to develop educational packages for and gather best practices on sustainable building 
design education, it remains challenging to actually incorporate sustainable building design 
in architectural education. Often design studios are not eager to allow the integration of 
well-defined sustainability aspects in the program brief of design assignments. In this 
context, the Zero Pentathlon design assignment was developed, six years ago, as a design 
assignment in the first master of architecture, outside the design studio, through a 
collaboration of two theoretical master courses on building construction and building 
physics. The Zero Pentathlon was developed both inspired by and as a criticism on the Solar 
Decathlon Competition. The intuitive reserve to participate to this international competition 
in Madrid (Solar Decathlon Europe, 2017) or Washington (Solar Decathlon US, 2017) was 
strengthened after reading Precedents in zero-energy design by Michael Zaretsky (2009) in 
which he criticizes the goals of this competition in view of a broader environmental context. 
The lack of attention for passive design rules, the paradox between designing for local 
climatic conditions (Brussels) versus in situ evaluation during the competition week for the 
climate of Madrid or Washington, the focus on new construction solely and the huge 
ecological footprint related to the logistics of transporting the actual building and team to 
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the competition site and back were catalysts for developing a new environmentally 
improved design assignment instead of participating to the Solar Decathlon. 

This paper describes the concept of the Zero Pentathlon design assignment and the 
evolution over the years. It then focusses on the students’ material selection along the 
design process and on the methods and tools used for the assessment of sustainable 
material use. The methods and tools used for the assessment of comfort and energy aspects 
have been presented earlier (Verbeeck and Weytjens, 2013). Finally, lessons learned on the 
integration of sustainable material use by the students will be presented as well as some 
conclusions for future adaptations to the assignment.  

Concept and evolution of the Zero Pentathlon 

Architects and engineers as well as individual home owners have a huge responsibility in 
tackling global problems such as climate change, depletion of natural resources and waste 
generation. Because of the very long lifespan of buildings, choices made during design will 
affect the environment during a long time. Each new building, regardless of its sustainability 
level, enlarges the impact of mankind on the environment. In addition, the environmental 
impact of the existing housing stock is still often being neglected. In Flanders (Belgium), 
more than 60% of the dwellings has been built before 1970 (ADSEI, 2016), more than 50% is 
(semi-)detached (ADSEI, 2016) and quite large (on average 160-200m²) (Verbeeck and 
Ceulemans, 2015) and many are occupied by baby boomers whose children have left the 
house (van de Weijer, 2014). Meanwhile, housing demand is changing due to demographic 
changes such as an ageing population and changing family structures. Therefore, the Zero 
Pentathlon design assignment focusses on the improvement potential of the existing 
housing stock for ecological sustainability, taking into account sociocultural aspects. 

General description of the design assignment 

For the assignment, students have to redesign in small groups an existing detached single 
family house, built before the eighties in a suburban neighborhood, into a nearly zero 
impact house (often a house of relatives of one of the group members). Their design is 
evaluated for five criteria: (1) zero energy; minimal environmental impact of (2) material use 
and (3) water use; (4) having good architectural, functional and social qualities and (5) with 
a good constructional logic. Students are also encouraged to integrate other sustainability 
aspects (Universal design, food, land use, mobility, ecology,…) in their design. In recent 
editions of the Zero Pentathlon, students have to treat the occupants as their clients in 
order to incorporate their needs and wishes, without bargaining on the five criteria of the 
Zero Pentathlon. The holistic approach of the assignment is illustrated in Figure 1.  

 

 
 

Figure 1: Snap shot of the design process showing the holistic approach of the assignment and students’ work 
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Teaching consists of a mixed-method approach, organized in a workshop format. 
During a ten-week schedule, students work on their project following a predefined process, 
assisted by design support tools for sustainability, guest lectures on specific topics and 
weekly moments of discussion/feedback. The overall process of the sustainability concept 
development (energy, material, water,…) is supported by a self-compiled five-step strategy 
for increasing ecological sustainability: the PENTA-strategy. This strategy  is based on the 
commonly known Trias-strategy (Trias Energetica (Lysen, 1996), Trias Materia, Trias 
Aquatica), but is enriched by passive and active design approaches (Figure 2).  

 

 
Figure 2: The PENTA-strategy to be used by the students, based on the Trias-strategy, as an overall  five-step 

decision support towards a sustainable concept. 

Description of the assignment on sustainable material use  

In line with the EU ambitions (European Commission, 2011; European Commission, 2015), 
the focus on sustainable material use has increased over the years in the Zero Pentathlon 
assignment. Since the first year, students have to calculate and evaluate material quantities 
that are removed, reused, recycled and newly added. As a strategy for sustainable material 
use, the Trias Materia is proposed, which consists of three subsequent steps (Welmer and 
Ham, 2008; Wouters and Bol, 2009; both with similar, but slightly different definitions): (1) 
reduce the need for materials by properly designing structures, (2) cover as much as 
possible the need for materials by choosing materials with a low environmental impact and 
with unlimited resources, and (3) in case of use of materials with limited stocks and with a 
high environmental impact, use them as effectively as possible. In the early editions of the 
Zero Pentathlon, the use of a specific environmental impact assessment (EIA) tool or 
database with LCA based data was not mandatory and no target values for the 
environmental impact were set. Also step 2 of the Trias Materia was slightly different 
defined as ‘cover as much as possible the need for materials with renewable materials’. But 
since renewable materials not necessarily have a lower environmental impact, the upper 
definition of step 2 has been adopted. Since two years, students have to use the NIBE 
classification system, developed by the Dutch Institute for Building Biology and Ecology 
(NIBE, 2017), to assess the environmental impact of building materials and elements. In 
Belgium, an EIA tool for buildings is still under development and not available yet (Allacker 
et al, 2013). The NIBE classification tool, with an underlying life-cycle analysis approach, 
allows the comparison of several material and element alternatives within a same functional 
unit. In the assignment, it is instructed that all added materials should belong to the 
environmental NIBE classes 1 to 3 (best to acceptable choices). In case materials or 
elements are chosen from another environmental class (4 to >7), an extensive motivation is 
required.  
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Students not only have to calculate and evaluate material quantities and their 
environmental impact, but also write a report with a critical reflection on material use and a 
motivation for their material choices. At first, students have to analyse the current state of 
the dwelling by means of a quantitative estimation of the materials present in the house, 
and a critical evaluation on the current state of materials (deterioration, remaining 
lifespan,…). In the second step, students have to critically analyse the materials that will be 
removed during renovation. Again, besides a quantitative estimation of the removed 
materials, they have to argue about the reasons for material removal and discuss the end-
of-life possibilities (reuse, recycle, disposal,…). Thirdly, for the materials added during the 
renovation process, the use of the NIBE classification for evaluating the environmental 
impact and comparing alternative materials and elements is required.  

Methods for analysing students’ material selection process 

The actual material use in students’ designs and their critical reflection in the written report 
are analysed and will be discussed in the next section. To gain more insights in their material 
selection process, a survey is conducted and students are asked to keep a material diary 
along the design process. Students were informed for both the survey and the material 
diaries that the answers are handled anonymously and would not influence the evaluation 
for the Zero Pentathlon assignment. An important objective of this analysis is to investigate 
to which extent and in which manner students take sustainability aspects into account when 
choosing materials for their designs. This can be used for further improving tutoring on 
sustainable material use.  

Survey 

Prior to this years’ Zero Pentathlon design assignment (October 2016), students were asked 
to fill in a survey on drivers and motives for material choices, on their interpretation of 
sustainable material use and on the aspects they take into account when choosing 
sustainable materials (N=31, response rate 89%). They were explicitly asked to answer the 
questions with respect to the choices they make in their everyday lives and in their design 
projects in general and not in the Zero Pentathlon assignment in particular.  

Material diaries 

Additionally, during this years’ assignment, each group of students (seven in total) was 
asked to keep a material diary. The main purpose of the material diaries was to analyse the 
material selection process and to evaluate students’ use of tools and implementation of 
design strategies for sustainable material use during the design process. At six moments 
during the exercise (before and after the workshops), students had to report about the 
major material decisions by filling in a questionnaire.  

At first, they had to illustrate the current status of their design project by means of a 
2D or 3D sketch, indicating the most important concepts and material choices. The main 
part of the diary consisted of an elaborated description of their material choices up to now 
for each of the following building layers: (1) building structure (load bearing function), (2) 
building skin (visible, exterior, f.e. façade, roof), (3) building shell (mostly insulation), (4) 
building systems, (5) interior finishing materials, (6) non-load-bearing interior walls. 
Materials that are removed, preserved and added for each building layer needed to be 
specified and a motivation had to be included. Additionally, it was asked to which extent the 
environmental impact was determinative for the design decisions and material selection. 
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Results and discussion 

Motives for material choices and interpretations of sustainable material use in general 

The survey results show that all students recognize the importance of sustainability and 
environmental issues in the future. However, only 42% indicates that environmental aspects 
already play an important role in the choices they make in their everyday lives today. When 
asked for the drivers’ for material choices in their design projects (Figure 3), similar results 
are found. Aesthetics, technical performance and own intuition are the most common 
drivers for material selection. The environmental footprint of materials is only important for 
42% of the students and is therefore the least decisive factor in the material choice process. 
Nevertheless, some sustainability related aspects, such as durability and impact on human 
health, are highly ranked as a motive. As the students are not architects in practice yet and 
do not have to deal with clients’ budgets, cost and own experience are of less importance. 
 

 
Figure 3. Students’ motives for material choices (N=31). 

 
In an open question, students were asked to give 5 keywords to describe their 

interpretation of sustainable materials. As a first keyword, 35% of them mentions 
renewable materials in general or specific renewable materials such as wood and straw, and 
32% focusses on the durability of materials. Local materials (10%) and recyclable or reusable 
materials (10%) are also mentioned. As a second keyword, recyclability/reusability (26%) 
and renewability (23%) are again the main aspects associated with sustainable materials.  

When students were asked to select as many sustainability associated aspects as they 
preferred from a list and to arrange them in order of importance, durability, recyclability, 
reusability and the local origin of materials are again the most important aspects which they 
take into account when dealing with sustainable material choices (Figure 4). In their 
previous design projects, students were not explicitly encouraged to consult LCA based data, 
which might explain the low rank of LCA based data.  

Based on the survey results, it can be concluded that the students recognize the 
importance of sustainability and environmental issues, but this is not reflected yet in their 
everyday life behavior and in the choices they make while designing. When selecting 
building materials, multiple criteria have to be taken into account and, up to now, the 
ecological footprint of materials appears to be the least decisive factor.  
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Figure 4. “If you choose a sustainable material for a design project, which aspects do you take into account? 

(pick relevant aspects from a list and rearrange them in order of importance)”. 

Material choices in the Zero Pentathlon assignment 

In the Zero Pentathlon assignment, the material selection process and the final material 
choices are analysed, based on the material diaries, the written report and the final design 
project. Besides a quantitative estimation of the removed materials (between 5 and 70% of 
the total amount of materials), students had to argue about the reasons for material 
removal. Although some materials in the existing dwellings are deteriorated and needed to 
be replaced, most materials are removed in order to improve the compactness and the 
energy efficiency of the dwelling (removal of the outer skin, roofs and floors for better 
insulation, replacement of windows,…), to adapt the building to new living patterns or for 
aesthetical reasons (indoor spatial rearrangements, removal of annexes or wings,…). 
Students identified many of the removed materials as appropriate for recycling. Not all 
students actually reflected on the recycling options for materials, and if they did, they 
mostly came up with down-cycling options. For certain material categories, mainly bricks 
and (roof) tiles, reuse possibilities are identified, but students did not always consider to 
reuse them for their own project and designated them for reuse in ‘other projects’. The 
most frequently reused elements in the students’ projects are wooden inner doors, 
staircases, floor tiles and elements in natural stone.  

The diaries clearly showed that during the design process, students mainly focused on 
the energy performance of the dwelling and not so much on the environmental impact of 
the chosen materials. Material choices along the design process were rarely motivated from 
an environmental point of view, but mostly from an energetic, aesthetic or technical 
perspective or because they belong to standard practice. Most students consulted the NIBE 
classification system only at the end of the design process, when most design decisions 
were already taken. At this stage of the design process, the selection of lower impact 
alternatives was not always possible, because of thickness restrictions or because it would 
require a reconsideration of an already elaborated design concept. However, by analysing 
the material diaries, it was found that some students used ecological drivers when choosing 
insulation material, window profile material and interior finishes, but some of these choices 
changed during the further elaboration of the project and were not present in the final 
design. Based on the analyses of material choices in the final design and on the material 
diaries, it seems necessary to further stimulate students to already consider and integrate 
sustainable material use from early design on.  
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Tools for sustainable material use 

Students were asked to use the Trias Materia as a design strategy in combination with 
material quantity calculations and the NIBE classification system. The simple ‘tool’ of 
calculating and evaluating material quantities (removed, reused, recycled and new material) 
helps students to gain insights in the massive amounts of materials that are removed and 
added during renovation. For all materials that are removed, students had to discuss end-of-
life possibilities (reuse, recycle, disposal,…). This encouraged them to think about 
construction waste and consult background information on construction waste streams. 
However, these insights were not always reflected in the choices they made in their own 
design projects. Therefore, in the next edition of the Zero Pentathlon, calculations on 
material quantities will be left out of the assignment, so that more time can be spend on the 
integration of sustainable material use and selecting building materials and elements with a 
lower environmental impact, already at early design stages.  

The NIBE classification system was used to give feedback on the environmental impact 
of material choices and to avoid that students take uninformed decisions when applying the 
Trias Materia. The NIBE classification also allows students to consider the availability of 
alternative materials with a lower environmental impact. However, the students only 
performed the environmental impact assessment of the materials at the end of the design 
process when most design decisions were already taken. In this way, the impact of using the 
NIBE tool on the final design outcome was rather limited. An explanation for this could be 
that, in contrast to energy performance, where specific targets were set for the building as a 
whole, this is not yet possible for the environmental impact. Therefore, targets were set on 
material or element level by means of recommended NIBE classes, but this not always 
resulted in the use of materials or elements with lower impact.  

Conclusion 

The Zero Pentathlon is a design assignment which challenges students to develop a holistic 
sustainable renovation concept for an existing dwelling. Despite the assignment being very 
intensive, students evaluate it positively, since it is for them one of the rare design 
assignments in which they have to incorporate and balance so many criteria at once in a 
real-life project with real clients. Over the years, several supporting methods have been 
tested, both for the design process and the decision support on energy and materials to 
avoid that students design and decide in a non-informed, trial-and-error way. The 
effectiveness is improving and the lessons learned are also used to improve the educational 
methods in bachelor courses. However, it remains a learning process. Especially the 
integration of sustainable material use in the students’ design process can be further 
improved.  

The combination of the Trias Materia as a design strategy and the use of the NIBE 
classification for assessing the environmental impact of building materials and elements 
stimulates students to think about construction waste, critically reflect on material choices 
and consider the use of alternative materials with a lower environmental impact. However, 
up to now, most students consulted the environmental impact data only at the end of the 
design process, when most design decisions were already taken. Along the design process, 
most material choices were based on aesthetical reasons and on attempts to improve the 
energy efficiency. Therefore, the induced thinking process on sustainable material use not 
always resulted in a lower environmental impact of the final design for the Zero Pentathlon 

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2345



assignment and students need to be further stimulated to integrate sustainable material use 
along the design process. 

The material diaries are found to provide clear insights in the students’ design process 
and their motives for material selection. In last year’s assignment, along the design process, 
ecological motives for material choices were quite limited and no direct references to the 
Trias Materia or to the information from the NIBE classification were found in the diaries in 
early design stages. However, the material diaries were only meant for research purposes 
and students were informed that the diaries would not affect their final score for the 
assignment. In the next edition of the Zero Pentathlon, more attention will be paid to the 
material selection process of the students and the material diaries will be used as an 
instrument to evaluate the integration of sustainable material use throughout the design 
process. Not only the final design outcome and the report will be taken into account for the 
final score, but also the material selection itself at specific moments during the design 
process. Additionally, the diaries will be further developed, so that they can be used as a 
design-supportive aid. Students will have to demonstrate the implementation of the Trias 
Materia and the consultation of the NIBE classification or other LCA based data already in 
early design by means of the diaries. This should further encourage them to take 
environmental aspects of material choices into consideration already in early design stages.  
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Abstract:	Through	a	re-imagination	of	architectural	education	in	India,	this	paper	puts	forth	hands-on	learning	
to	 be	 the	 kernel	 of	 academic	 discourse.	 First,	 it	 understands	 the	 growing	 gap	 between	 academia	 and	 the	
profession	by	critically	looking	at	the	current	scenario	of	the	pedagogical	framework	followed	in	the	country.	
Drawing	from	the	ideas	of	experiential	learning,	it	raises	questions	about	the	optimum	size	and	format	of	an	
architecture	studio	that	would	allow	for	a	socially	relevant	academic	discourse.	Second,	an	enquiry	is	made	into	
the	idea	of	an	Indian	dream	house,	and	three	housing	typologies	in	an	urban	context	are	studied,	and	understood	
along	with	statistical	ramifications	of	the	housing	situation	of	the	country.	
Tiny	School	is	then	discussed	as	a	thought	experiment	that	addresses	architectural	education	and	housing	by	
bringing	real-life	projects	to	education.	In	Tiny	School,	participants	grapple	with	notions	of	labour,	energy,	design	
aesthetics,	costs,	materials	and	ethical	grounding	in	a	market	driven	profession;	and	create	a	precedent	for	a	
well	designed	and	well	crafted	tiny	house	without	compromising	on	comforts	and	luxury.	In	a	larger	context,	
Tiny	School	addresses	 the	 immense	housing	 crisis	on	a	pan-Indian	 scale	by	 showcasing	 the	potential	of	 tiny	
houses.			
	
Keywords:	Indian	Architectural	Education,	Tiny	School,	Design	and	Build,	Tiny	House,	Indian	Housing	

Introduction	

Through	the	course	of	this	paper	we	would	like	to	make	a	cause	for	the	need	of	reimagining	
Indian	architectural	education.	Working	towards	a	paradigmatic	shift	in	our	ways	to	reconcile	
the	growing	schism	between	the	academic	discourse	and	ground	reality	of	the	profession	in	
the	country,	our	main	front	of	contention	is	the	applicability	of	hands-on	learning	in	building.	
The	contextualization	of	academic	knowledge	as	an	experience	adds	layers	to	the	learning;	of	
subtlety	 of	 details	 and	 idiosyncrasies	 that	 are	 lost	 in	 non-experiential	 formats.	 These	
experiences	could	cake	clarity	initially,	but	in	time	with	their	precipitation,	the	quality	of	tacit	
knowledge	gained	is	almost	of	an	artisanal	nature,	gluing	to	the	skin	as	much	as	to	the	mind.	
It	is	very	hard	to	forget	a	door	detail	when	one	has	made	the	door	by	oneself.	

In	the	process,	the	notion	of	a	tiny	house	is	brought	in	as	a	mordant	to	precisely	bind	
the	design	and	build	method	to	the	 Indian	context.	 It	 is	not	 just	 the	architecture	of	a	tiny	
house	that	is	pertinent,	but	the	holistic	view	that	supports	a	small	footprint.	The	paralleling	
of	 real-life	 projects	 for	 hands-on	 learning	 serves	 two	 purposes.	 Firstly,	 it	 showcases	 that	
academic	 learning	 can	 benefit	 from	 moving	 outside	 the	 bounds	 of	 a	 classroom,	 directly	
engaging	with	social	concerns.	Secondly,	it	becomes	an	inspirational	stencil	for	quality	self-
built	 houses	 that	 locals	 can	 imbibe	 and	 improve	 on	 thereby	maturing	 the	 quality	 of	 the	
building	stock.	Consequently,	this	would	make	accessible	good	quality	design	to	the	masses,	
an	ideal	that	lies	at	the	heart	of	tiny	school.	
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The	first	part	of	the	paper	would	deal	with	the	architectural	education	in	India,	followed	
by	the	housing	situation	here	and	conclude	with	the	proposal	of	Tiny	school.	

Architectural	Education	in	India		

The	Bachelor's	of	Architecture	is	a	five-year	degree	course	in	India	which	includes	a	year	of	
professional	 internship.	 This	 also	 satisfies	 the	 qualifications	 required	 to	 register	 as	 a	
professional	 and	 to	 independently	 practice	 as	 an	 Architect.	 As	 of	 2016,	 there	 were	 458	
colleges	 across	 the	 country	 with	 a	 cumulative	 intake	 of	 27,167	 students	 (Council	 of	
Architecture,	2016)	split	between	government	and	private	institutions.	A	few	universities	only	
offer	 Architecture	 and	 related	 courses,	 like	 Centre	 for	 Environmental	 Planning	 and	
Technology	(CEPT)	in	Ahmedabad	or	School	of	Planning	and	Architecture	(SPA)	with	campuses	
in	Delhi,	Vijayawada,	and	Bhopal.	It	is	in	these	schools	that	one	can	glimpse	the	educational	
framework	employed	for	teaching	architecture.	

In	the	course	of	five	years,	subjects	like	Architectural	Design,	Architectural	Graphic	Skills,	
Building	Construction	Technology,	Structural	Design	and	Systems,	Basic	Design	and	Visual	Arts,	
History	 of	 Architecture,	 Art	 and	 Culture,	 Building	 Services	 and	 Equipments,	 Workshop	
Practice	 and	 Site	 Exposure,	 Building	 Materials	 and	 Sciences,	 Surveying	 and	 Levelling,	
Estimation,	 Costing	 and	 Specifications	 Writing,	 Climatology,	 Environmental	 Studies	 and	
Landscape,	Humanities,	Human	Settlements	and	Vernacular	Architecture,	Building	Bye	Laws	
and	 Codes	 of	 Practice,	 Theory	 of	 Design	 and	 Computer	 Applications	 in	 Architecture	 are	
covered	 in	 varying	 depths.	 Following	 are	 a	 few	 observations	 that	 concern	 the	 said	
architectural	education.	

Starting	with	the	higher	secondary	education	system,	which	precedes	University	studies,	
a	pattern	of	learning	worryingly	established	is	that	of	rote	learning	of	definitions	and	facts	
published	in	prescribed	textbooks	curtailing	an	open-minded	enquiry.	Moreover,	students	are	
expected	 to	 regurgitate	 facts	verbatim	 to	pass	examinations.	The	Quality	Education	Study	
(Education	 Initiatives,	 2011)	 covering	23,000	 students	 from	89	 schools	 across	 the	 country	
confirmed	that	due	to	rote	learning	students	perform	comparatively	better	in	questions	that	
require	 learnt	 procedures	 or	 do	 not	 involve	 deeper	 understanding	 of	 concepts	 with	
misconceptions	acquired	in	lower	classes	continuing	to	higher	classes	without	any	correction.	
Within	this	system,	familial	pressures	make	the	going	harder	as	creative	explorations	are	seen	
as	 distractions	 that	 could	 jeopardize	 a	 life	 goal	 of	 earning	 well.	 Alluding	 to	 a	 need	 for	
'deschooling'	our	society,	Ivan	Illich	(1988)	says,	‘No	one	can	easily	break	the	bonds	forged	by	
years	of	television	absorption	and	curricular	education	that	have	turned	eyes	and	ears	into	
systemic	components.	No	longer	open.	No	longer	adventurous.	No	longer	surprised.’	Such	is	
the	formative	conditioning	with	which	students	enter	architecture	school,	a	predicament	that	
is	against	the	very	foundation	of	design	education.		

Secondly,	the	admission	criteria	for	most	universities	is	based	on	a	common	national	
level	 entrance	 examination.	With	 a	 broad	 geographical	 reach,	 these	 examinations	 attract	
students	from	diverse	cultural	backgrounds	to	populate	classrooms.	Unfortunately	however,	
the	 architecture	 education	 flattens	 this	 heterogeneity	 and	 disregards	 the	 richness	 of	
architectural	traditions	by	following	a	homogenised	syllabus	and	teaching	a	set	of	standard	
theories	and	techniques.	

The	 growing	 number	 of	 students	 joining	 architecture	 schools	 has	 led	 to	 dramatic	
expansion	of	universities	with	many	new	architectural	schools	being	founded.	As	of	2016,	the	
average	 intake	 in	 an	 architectural	 school	 was	 approximately	 60	 students	 every	 year.	 For	
example,	in	CEPT	University,	Ahmedabad	the	intake	has	increased	by	170%	in	a	matter	of	less	
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than	a	decade	from	30	students	per	year	till	2007	to	80	students	in	2016.	This	has	drastically	
affected	the	way	architecture	is	taught	and	has	become	a	cause	for	concern	as	it	neglects	the	
value	of	learning	through	dialogue.	The	ubiquitous	presence	of	the	Internet	has	further	stifled	
conversations	as	information	is	easily	available	and	learning	can	be	substituted	for	knowing.	

Lastly,	 with	 a	 dramatically	 changing	 economic	 and	 social	 framework,	 architectural	
education	 has	 not	 kept	 pace	 with	 the	 way	 in	 which	 the	 profession	 has	 matured	 as	 the	
complexity	 of	 building	 has	 grown	 to	 include	 land	 dynamics,	 policymaking,	 technological	
advancements	 and	 a	 strong	 emphasis	 on	 energy	 efficient	 making.	 Alejandro	 Aravena	
(Winston,	2016)	says,	universities	are	failing	to	give	architects	the	training	that	will	enable	
them	to	find	solutions	for	an	imminent	global	housing	crisis.	In	an	Indian	context,	Mehta	has	
suggested	 that	 this	 can	 be	 remedied	 by	 recasting	 the	whole	 pedagogy	 and	 replacing	 the	
present	 functional/rational	 preoccupation	 with	 'making'	 and	 'concerned	 making'	 (Mehta,	
2006).	

There	have	been	several	efforts	made	by	various	architectural	 institutes	to	even	out	
these	anomalies	and	make	education	 interesting	and	pertinent	to	the	21st	century.	At	SPA	
Bhopal,	the	first	semester	of	the	second	year	is	dedicated	to	vernacular	architecture.	For	this	
studio	students	visit	a	village	where	building	traditions	have	remained	more	or	less	intact	and	
document	the	area	through	measured	drawings.	This	is	followed	by	a	short	design	exercise	
wherein	 they	 apply	 the	material	 and	 structural	 systems	 learnt	 to	 a	 contemporary	 design	
problem.	At	CEPT,	Ahmedabad	a	Summer	Winter	School	(SWS)	programme	is	organised	bi-
annually	which	lies	outside	structured	coursework.	Under	the	SWS,	various	intense	courses	
up	to	four	weeks	long	are	offered	with	an	intention	of	providing	space	to	test	new	ideas	and	
methods	of	learning	or	to	create	opportunities	for	architectural	travel	and	exploration.	

The	Other	Kind	of	Architectural	Education		

World	over,	there	are	various	examples	where	design	and	build	programmes	have	been	a	part	
of	architectural	education	where	students	are	involved	in	conceptualization	of	a	design	all	the	
way	 through	 to	 its	 execution.	 Having	 been	 part	 of	 a	 design	 and	 make	 course	 at	 the	
Architectural	Association	School	of	Architecture	(AA),	London	and	Eidgenössische	Technische	
Hochschule	(ETH),	Zurich;	the	authors	learnt	the	value	of	learning	architecture	by	making.	The	
learning	was	of	a	very	different	nature	 to	 the	studio-oriented	years	before	and	after.	The	
excitement	of	designing	within	a	group	and	the	prospect	of	seeing	a	design	being	realized	
brings	about	a	different	sense	of	enthusiasm	altogether.	Needless	to	say,	the	satisfaction	of	
seeing	a	completed	project	during	student	years	is	joyous.	

	
	
	

	
	
	

Figure	1.	From	Left	to	Right;	Belvedere,	Zurich,	Switzerland;	View	1,	View	2	Caretakers'	House,	Hooke	Park,	UK		

The	 idea	 of	 making	 drawings	 for	 construction	 emerged	 as	 a	 means	 of	 conceiving	
architecture	only	during	the	Renaissance	period.	Drawings	were	sent	to	increasingly	distant	
building	sites	-	a	physical	distance	that	went	hand	in	hand	with	the	growing	intellectual	and	
social	 estrangement	 between	 architects	 and	 builders.	 The	 departure	 from	 the	 medieval	
tradition	of	building	has	left	a	schizoid	mark	separating	principles	of	design	and	building.	This	
separation	of	 the	architect	 from	the	physical	act	of	construction	has	 faded	the	essence	of	
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craft	in	the	work	of	architecture.	Juhani	Pallasmaa	(2010)	says,	“The	idea	of	making	reinforces	
the	connection	between	professional	practices	and	the	realities	of	making;	between	idea	and	
matter;	form	and	its	execution.”	

In	order	to	amalgamate	this	separation,	following	are	two	examples	of	institutes	where	
architectural	education	has	been	differently	 imagined;	both	 in	 form	and	scale	to	suit	 local	
contexts.	The	London	School	Of	Architecture	(LSA)	in	the	United	Kingdom	offers	an	alternative	
postgraduate	 route	 into	 the	profession.	 Through	 their	 two-year	programme,	 students	 are	
employed	three	days	a	week	by	a	practice	and	they	work	on	school	projects	on	the	other	two	
days	 in	 their	 first	 year,	and	 in	 the	 second	year	each	 student	develops	an	 individual	 thesis	
design	 project.	 At	 TALCA	 School	 of	 Architecture	 in	 Chile,	 they	 realized	 that	 the	 money	
students	had	been	spending	on	prints	and	models	for	their	traditional	graduation	projects	
was	rather	high	(2,000	USD)	and	would	eventually	go	waste	once	their	presentational	purpose	
had	been	served.	Instead,	this	money	could	be	used	to	build	a	small	project.	The	process	of	
identifying,	 designing	 and	 constructing	 confirms	 that	 the	 student	 is	 ready	 to	 receive	 the	
professional	qualification	of	an	Architect	(TALCA;	A	Matter	of	Education,	2013).	Additionally,	
upon	 the	 project’s	 completion,	 students	 invariably	 form	 a	 small	 network	 of	 contacts	
comprising	 of	 workers,	 managers,	 businessmen,	 and	 locals	 while	 gathering	 a	 wholesome	
understanding	of	what	goes	into	making	architecture.	

Right-sizing	Education		

What	is	the	right	size	for	an	architectural	studio,	and	how	do	we	come	to	it	within	the	Indian	
context	 of	 learning?	 Looking	 at	 the	 existing	 pedagogic	 framework,	 it	 is	 clear	 that	 the	
classroom	needs	to	be	downsized	for	a	more	rewarding	learning	environment.	As	education	
is	 about	 the	 fluidity	 of	 ideas	 between	 individuals,	 having	 too	 many	 students	 in	 a	 single	
learning	 space	 disregards	 learning	 through	 interaction;	 be	 it	 person-to-person;	 person	 to	
group	or	environment	to	person.	The	question	that	arises	then	is	how	do	we	nurture	such	an	
environment	-	one	that	provides	students	with	techniques	and	space	to	explore?	

Can	we	adapt	our	coursework	to	enable	a	synthesis	of	subjects?	The	point	of	learning	
about	humanities	or	structures	in	great	depth	is	somewhat	lost,	if	by	the	end	of	five	years	one	
is	unable	to	combine	and	aptly	apply	those	lessons.	Perhaps,	a	pertinent	way	forward	could	
be	to	institute	the	idea	of	design	and	build	programmes	as	coursework	carried	out	in	small	
teams	of	a	dozen	or	so	students.	By	constructing	a	small	building	that	is	relevant	to	its	context,	
one	engages	with	all	aspects	of	design;	from	services	to	spatial	qualities.	A	small	design	and	
build	course	could	become	a	stage	to	experiment,	both	physically	and	ideologically,	and	as	
the	intangible	becomes	tangible,	help	students	to	internalise	the	lessons	learnt.	This	could	
become	the	bridging	act	that	Indian	architectural	education	needs.	

The	Indian	House	

The	Indian	house	has	a	multifaceted	identity.	Traditionally	stretched	over	varied	geographies	
and	cultures;	each	vernacular	 typology	was	a	palimpsest	 in	 time.	As	modern	 construction	
methods	gain	traction	over	both	rural	and	urban	stretches,	notions	of	the	Indian	house	are	
being	 evened	out	 to	 singly	 represent	 a	 structural	 and	material	 coherency	dictated	by	 the	
market.	Compounded	by	rising	land	prices,	stricter	work	routines	and	a	desire	for	lowered	
house	 maintenance;	 regional	 concerns	 of	 climate	 and	 resources	 are	 being	 washed	 away	
rather	 than	 being	 absorbed	 in	 design	 ideologies.	 From	 palatial	 Palladian	 mansions	 to	
vernacular	mud	huts	recast	with	steel	reinforcements	in	brick	and	mortar,	the	Indian	housing	
landscape	is	quickly	shedding	a	skin.	Lost	within	this	backdrop	of	physical	construction	lies	a	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2350



plethora	of	drying	values	of	spatial	organization,	usage	pattern	and	climatic	orientation	that	
each	culture	used	to	define	for	itself.	

The	newly	established	methods	of	construction	have	suffocated	an	architecture	of	place.	
With	merely	51,014	(Council	of	Architecture,	2016)	architects	for	a	population	of	1.31	billion,	
new	 ways	 of	 building	 houses	 are	 needed.	 Across	 the	 rural-urban	 landscape,	 majority	 of	
construction	 happens	 through	 self-building.	 In	 order	 to	 provide	 an	 insight	 into	 how	 the	
population	without	access	to	architects	builds	in	an	urban	set-up,	three	typological	samples	
of	houses	from	Bhopal,	Madhya	Pradesh	are	illustrated	below.	

	
	

	
	
	
	
Figure	2.	Photographs	of	documented	houses.	From	left	to	right;	Studio,	House,	Flat,	Flat's	Building	

	

	
	
	
	
	
	
	
	
	
	

Figure	3.	Plans	of	the	documented	houses.	From	left	to	right;	Studio,	House,	Flat.	
Studio	
The	income	bracket	of	the	occupants	is	16,000	–	20,000	INR	per	month.	The	17.1m2	studio	
houses	a	young	couple	and	the	husband’s	brother	for	a	monthly	rent	of	2,800	INR.	The	height	
of	the	ceiling	is	at	2.25m	and	reduces	to	1.95m	when	a	ceiling	fan	is	included.	At	night,	their	
motorbike	needs	to	be	kept	within	the	studio	lest	they	risk	it	being	stolen.	Without	a	single	
window	in	the	space,	the	heat	inside	becomes	unbearable	during	the	summer	months	when	
the	mercury	crosses	45	degree	Celsius.	
House	
The	income	bracket	of	the	occupants	is	20,000	–	24,000	INR	per	month.	On	a	55.7m2	plot	with	
complete	ground	coverage	is	a	self-built	house	with	little	help	from	a	contractor.	Land	apart,	
the	cost	of	construction	was	around	400,000	INR.	This	houses	a	family	of	five	-	mother,	father,	
a	daughter	and	two	sons.	With	three	closed	sides,	there	was	no	cross	ventilation	till	they	were	
suggested	to	make	a	duct	at	a	corner	for	a	better	airflow.	
Flat	
A	government	subsidized	flat	on	offer	to	families	who	previously	lived	in	informal	housing.	
The	income	bracket	of	the	documented	family	is	12,000	–	16,000	INR	per	month.	With	a	price	
tag	of	120,000	INR	the	monthly	instalment	for	a	flat	comes	to	1,100	INR.	A	couple	with	their	
son	and	daughter	resides	in	the	32.5m2	flat.	These	standardized	handouts	do	not	take	into	
consideration	 any	 familial	 requirements.	 For	 example,	 another	 family	 of	 eight	 including	 a	
newlywed	couple	were	given	two	flats.	In	this	case	four	siblings	and	their	parents	share	one	
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flat.	Each	building	has	four	floors	with	sixteen	flats	each.	The	design	is	replicated	through	56	
buildings	in	the	neighbourhood	bringing	the	number	of	flats	to	3,296	with	an	estimated	9,888	
residents	(if	on	average	each	flat	houses	three	people).	It	is	worth	noting	that	there	was	not	
a	single	tree	on	the	road	amongst	the	16	buildings.	Owing	to	the	government	subsidy,	the	
cost	at	which	these	flats	have	been	offered	is	a	boon	for	the	residents	as	most	of	them	are	
first-time	house	owners.	

With	 the	 tone	 set	 by	 these	 precedents,	 it	 is	 clear	 that	 the	 local	 building	 stock	 is	
struggling	to	accommodate	its	people.	With	over	70%	of	the	building	stock	of	India	yet	to	be	
constructed	(Narain,	2016),	the	trajectory	of	this	constructional	spree	will	make,	or	break	the	
way	we	live	on	this	planet.	The	Pradhan	Mantri	Awaas	Yojana	launched	by	the	Prime	Minister	
of	 India	 aims	 to	 house	 all	 Indians	 by	 2022	 (Singh,	 2016).	 With	 only	 19,225	 houses	 built	
between	2015-16,	the	task	at	hand	remains	a	daunting	one.	As	a	step	to	realise	this	ambition,	
the	government	is	providing	subsidised	interest	rates	for	housing	loans.	Estimates	place	the	
number	of	houses	to	be	built	at	20	million	in	the	next	five	years.	The	urgency	of	how	to	build	
responsibly	is	greater	than	ever.	What	should	the	design	for	such	a	building	spree	be?	How	
should	the	20	million	houses	be	designed?	

What	is	the	Indian	Dream	House?		

With	 individually	 designed	 houses	 to	 housing	 colonies,	 apartment	 blocks	 to	 gated	
communities,	vernacular	to	informal	housing,	there	lies	a	typological	vastness	to	the	Indian	
dream	house.	What	is	the	idea	of	a	house	that	fits	the	Indian	dream?	When	Ivan	Illich	visited	
Mahatma	Gandhi's	hut	in	Sevagram,	he	was	struck	by	its	simplicity,	beauty	and	neatness	(Illich,	
1978).	To	him	the	spaces	within	the	hut	had	an	organic	relationship	and	he	felt	that	the	hut	
stood	 equally	 for	 everybody.	 How	 has	 the	 Indian	 dream	 house	 shaped	 since?	 Is	 it	 an	
aspirational	image	an	individual	has	ceded	to,	conditioned	either	by	family	or	society,	or	both?	
Is	it	based	on	lifestyle	choices	or	experiences?	Is	it	a	mass	marketed	urbanised	image	of	many	
luxuries?	Or	is	it	about	the	lost	link	to	the	land?	Across	the	board,	the	idea	that	bigger	is	better	
has	become	popular	as	the	bigness	of	the	house	seems	to	translate	to	a	good	and	successful	
life.		
	

	
	
	
	
	
	

Figure	4.	Advertisements.	From	left	to	right;	Mumbai	(Primary),	Bhopal	(Secondary),	Sehore	(Tertiary).	

A	lot	of	what	people	dream	their	houses	to	be	is	due	to	a	trickledown	effect.	Tertiary	
cities	look	to	secondary	cities,	and	secondary	cities	to	primary	for	prospective	appearances	
to	showcase	status	through	their	houses.	 It	 is	rarely	an	assimilative	amelioration	of	a	 local	
ideal.	This	masking	of	the	dwelling	in	conspicuous	consumption	has	it	strung	within	a	plethora	
of	externalities	betraying	the	need	of	asking	pertinent	questions	about	living.	Questions	of	
how	the	house	will	sit	within	the	landscape?	If	there	is	no	space	for	trees	on	the	plot,	can	we	
scale	the	house	down	without	losing	on	comfort?	Will	it	be	well-crafted	or	a	run-of-the-mill	
construction?	Will	 it	 respond	 to	 the	 local	 climate	 or	 neglect	 it?	 How	 can	water	 usage	 be	
artfully	minimized?	
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Right-sizing	Houses		

What	is	the	right	size	for	a	house?	How	can	we,	as	a	culture	come	to	'right-size'	our	housing?	
India	cannot	stomach	glass	and	steel	buildings	with	high	insulation	properties	and	then	work	
backwards	through	an	energy	intensive	clean-up	to	approve	it	as	green.	Given	the	strands	of	
associated	pluralities	that	are	strung	to	the	idea	of	an	Indian	house;	a	holistically	appropriate	
way	 forward	 seems	 to	be	paralleling	 the	 idea	of	a	 tiny	house	 for	 the	 Indian	 soil.	 The	 tiny	
houses	in	USA,	Canada	and	Japan	are	built	on	trailers	with	an	area	less	than	27.9m2	(Kilman,	
2016).	Distinct	from	the	global	trend,	an	Indian	tiny	house	can	be	built	on	ground.	A	tiny	house	
efficiently	minimizes	building	and	service	requirements	with	a	long	lifespan	for	the	dwelling.	
With	creative	utilisation	of	space	a	tiny	house	becomes	a	canvas	for	large	living.	

Area-wise,	as	seen	earlier,	a	lot	of	houses	in	India	do	fall	in	this	category,	more	out	of	
compulsion	rather	than	choice.	If	one	vocally	chooses	to	live	in	a	well-designed	tiny	house	
with	all	the	desired	comforts,	 it	becomes	a	dignified	lifestyle	choice	-	one	that	satisfies.	As	
living	in	a	tiny	house	is	supplemented	by	some	spill	out	space	around,	it	creates	the	possibility	
of	living	closer	to	nature;	of	growing	a	fruit	tree	in	one's	personal	plot	and	seeing	its	character	
change	through	seasons.	

A	large	pool	of	tiny	living	experiences	is	available	on	YouTube	ranging	from	building	to	
living	where	habitants	share	life	experiences	on	downsizing,	living	closer	to	nature	and	freeing	
up	time.	The	tiny	house	life	becomes	a	hotbed	to	bring	environmentalism	back	to	one's	front	
door.	As	externalities	are	internalized,	one	is	suddenly	aware	of	the	amount	of	water	used	or	
the	amount	of	waste	generated	in	a	day,	thereby	heightening	one's	awareness.	With	services	
miniaturized,	a	web	of	shared	services	emerges	that	strengthen	communal	bonds	in	times	of	
personal	need	or	festive	celebrations.	This	sharing	catalyses	the	formation	of	a	community	
with	similar	ideals	and	can	become	an	agency	in	itself.		

Tiny	School	

Against	a	backdrop	of	the	tiny	house	movement	and	dense	living	as	seen	across	South-East	
Asia,	Tiny	School	offers	a	design	and	make	course	which	instils	these	ideals	through	a	hands-
on	 making	 programme.	 Over	 the	 weekends	 from	 September	 to	 March,	 a	 group	 of	 nine	
undergraduate	architecture	students	will	design	and	build	a	tiny	house	 in	Bhopal,	Madhya	
Pradesh.	The	coursework	will	include	designing	and	drawing	the	house;	laying	the	foundation;	
making	walls;	flooring	and	roofing;	plumbing	and	electrical	work	all	the	way	to	painting	and	
furnishing	it.	
	 Tiny	school	would	bring	a	formal	design	and	build	course	to	architectural	education	in	
India.	With	 a	 real-life	 client,	 students	will	 have	 to	 tackle	 social	 aspects	 of	 architecture	 to	
understand	client's	views	and	translate	them	to	a	built	form.	The	land	provided	by	the	client	
will	be	within	46.5m2.	A	built-up	area	of	under	27.9m2	means	that	it's	environmental	footprint	
is	proportionately	scaled	down.	

With	a	small	but	comprehensive	design	and	build	programme	students	can	substantially	
contribute	to	the	design	and	making	process.	Furthermore,	the	human	scale	of	the	dwelling	
would	challenge	existing	notions	of	spatial	relations	and	occupancies	in	a	domestic	setting.	
From	the	drawing	board	to	the	site;	one	will	see	classroom	subjects	crash	into	an	amorphous	
whole	 of	 experiential	 knowledge	 from	 which	 retrospective	 insights	 can	 be	 drawn.	 New	
challenges	will	be	posed	constantly	in	the	process	which	can	be	creatively	navigated	through	
tests,	discussions	and	mockups.	Working	on	the	land	for	weeks,	one	would	invariably	start	to	
build	a	familiarity	with	the	surroundings.	
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Once	the	social	 implicate	of	such	an	education	 is	highlighted,	associated	agencies	of	
land	 and	 water	 achieve	 an	 immediacy.	 The	 beauty	 of	 tiny	 housing	 is	 that	 along	 with	
strengthening	local	community	ties	-	 it	brings	concerns	of	 land,	trees	and	water	under	the	
communal	umbrella;	breathing	new	life	into	land	ethics.	It	is	not	far	from	the	Indian	ideation	
of	land	where	land	bears	a	relational	value	and	is	sometimes	even	denoted	as	'mother'.	This	
appropriation	has	a	tactility	of	scale	and	through	a	cultural	placement	can	be	the	key	in	right-
sizing	our	lives.	As	Aldo	Leopold	(1968)	says,	“The	land	ethic	simply	enlarges	the	boundaries	
of	the	community	to	include	soils,	waters,	plants,	and	animals,	or	collectively:	the	land.”	It	is	
with	this	holistic	concern	that	architectural	education	needs	to	move	forth.	

A	Future		

If	the	artisanal	sensitivity	of	making	with	our	hands	translates	to	the	joys	of	light	and	shade,	
warmth	and	coolness	for	the	20	million	houses	yet	to	be	built;	the	Indian	housing	landscape	
could	 be	 re-born.	 Apartments	 can	 be	 designed	 on	 these	 values	 with	 tiny	 flats	 becoming	
homes	in	areas	with	limited	land.	The	up-gradation	of	the	local	building	stock	would	not	only	
change	the	quality	of	life	within	the	houses	but	also	dramatically	change	the	nature	of	our	
civic	landscape.	Water	use	and	management	would	receive	the	urgency	they	need,	as	nature	
would	become	a	part	of	the	community	rather	than	something	other.	Even	if	a	single	tree	
were	planted	along	with	each	tiny	house,	the	housing	goals	would	translate	to	the	growth	of	
a	healthy	living	environment	by	adding	20	million	trees.	

In	this	Anthropocene	era,	it	is	time	that	human	settlement	and	activity	strike	a	balance	
with	our	planet.	By	going	tiny,	humankind	might	be	able	to	achieve	greatness	yet	to	be	seen.	
As	 J.	 Krishnamurti	 (2002)	 says,	 "We	may	 be	 highly	 educated,	 but	 if	we	 are	without	 deep	
integration	 of	 thought	 and	 feeling,	 our	 lives	 are	 incomplete,	 contradictory,	 and	 torn	with	
many	fears;	and	as	long	as	education	does	not	cultivate	an	integrated	outlook	on	life,	it	has	
very	little	significance."	
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Abstract:	 The	 holistic	 nature	 of	 sustainability	 has	 radically	 transformed	 architectural	 and	 urban	 design	

practices.	On	the	one	hand,	 it	enforces	 the	need	 for	simple,	efficient,	graphical	assessment	 tools	 to	support	

communication	among	the	stakeholders.	On	the	other	hand,	creative,	innovative	educational	methods	have	to	

be	developed	to	teach	future	architects	how	to	deal	with	this	increased	complexity.	The	NEBIUS	education	and	

research	methodology	provides	an	innovative	framing	of	these	challenging	issues.	The	approach	involves	four	

major	 steps:	 1)	 the	 development	 of	 students’	 projects,	 from	 urban	 design	 to	 construction	 detail,	 2)	 the	

elaboration	of	a	limited	number	of	radical,	optimized	visions	based	on	the	projects,	3)	thematic	analyses	of	the	

visions	by	experts	from	multiple	disciplines	and	4)	the	interdisciplinary	multi-criteria	assessment	of	the	visions,	

with	a	synthetic	graphic	representation	of	the	indicators	establishing	the	sustainability	profile	of	each	vision.		

This	 paper	 presents	 the	 second	 application	 of	 NEBIUS	 on	 the	 Gare-Lac	 sector	 in	 Yverdon-les-Bains	

(Switzerland),	a	section	of	 town	that	 is	particularly	emblematic	of	challenges	 linked	with	urban	densification	

strategies.	The	results	of	this	educational	and	pedagogical	experience	represent	a	baseline	from	which	other	

sustainable	neighbourhoods,	 located	in	diverse	urban	territories,	can	be	compared	and	assessed,	whether	 in	

academic	or	operational	contexts.	

	
Keywords:	 sustainable	design	education,	 sustainable	neighbourhood,	 sustainable	architectural	design,	multi-

criteria	assessment	

Introduction		

By	definition,	 sustainability	 involves	 finding	 a	 long-term,	optimal	balance	between	a	wide	

range	 of	 environmental,	 socio-cultural	 and	 economic	 parameters.	 This	 holistic	 approach,	

which	reflects	a	major	societal	transition,	has	radically	transformed	architectural	and	urban	

design	 practices.	 Inducing	 rapid	 changes	 in	 the	 building	 sector,	 it	 involves	 integrating	 a	

significant	 number	 of	 competencies	 into	 the	 project’s	 process.	 For	 architects	 and	 urban	

planners,	 this	 increased	 complexity	 translates	 into	 implementing	 and	 coordinating	

interdisciplinary	 collaborations	 that,	 in	 a	 sustainability	 perspective,	 go	 beyond	 traditional	

practices	 of	 technical	 coordination.	 Practitioners	 in	 the	 field	 of	 the	built	 environment	 are	

challenged	 to	 explore	 new	 avenues	 for	 cooperation,	 tailored	 to	 the	 specificities	 of	 each	

project	(Rey,	2015a).	

Based	 on	 these	 transdisciplinary	 collaborations,	 which	 aim	 at	 integrating	 diverse	

inputs	 into	 a	 common	 spatial	 strategy,	 the	 project’s	 process	 can	 be	 enriched	 by	

considerations	 from	 disciplines	 other	 than	 urban	 planning	 and	 architecture,	 without	

ignoring	 spatial	 coherence	 and	 adapted	 expression	 of	 the	 final	 realization.	 This	 involves	

intense	communication	and	coordination	between	experts	from	different	areas	of	expertise	
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and	non-professional	 actors	 from	 the	 civil	 society,	 supported	by	 sustainability	 assessment	

tools	at	all	stages	of	the	project:	design,	realization,	operation	and	monitoring.	

Consequently,	researchers	and	practitioners	have	developed	a	wide	range	of	methods	

to	aid	dialogue	and	decision-making,	both	at	building	and	neighbourhood	scales	(Lufkin	and	

Rey,	2016).	 In	reaction	to	the	complexity	of	holistic	sustainability	 issues,	these	assessment	

methods	 aim	 to	 be	 as	 comprehensive	 as	 possible,	 in	 the	 sense	 that	 they	 incorporate	 not	

only	 environmental	 criteria,	 but	 also	 economic	 and	 social	 aspects.	 However,	 these	

comprehensive	 approaches	 have	 led	 to	 increasingly	 complex	 frameworks,	 which	 require	

large	quantities	of	detailed	information	(Ding,	2008).	This	may	jeopardise	their	usefulness	in	

supporting	 clear	 communication	 and	 informed	 decision-making	 among	 the	 stakeholders.	

Therefore,	 there	 is	 a	 need	 for	 simple,	 efficient	 graphical	 assessment	 tools	 that	 strike	 a	

balance	between	comprehensiveness	and	simplicity	of	use.		

In	 parallel,	 to	 enable	 their	 more	 effective	 implementation	 into	 practice,	 innovative	

transdisciplinary	processes	should	not	be	limited	to	the	professional	field	but	must	become	

an	integral,	fundamental	part	of	education	in	architecture	and	urbanism	(Fernandez,	1996;	

Roulet,	2006).	Developing	creative	educational	methods	to	make	future	architects	aware	of	

this	 increased	 complexity	 and	 to	 teach	 them	 how	 to	 integrate	 and	 coordinate	

transdisciplinary	approaches	as	an	integral	part	of	the	project’s	process	has	become	one	of	

the	major	challenges.	

Developed	within	the	Laboratory	of	Architecture	and	Sustainable	Technologies	(LAST-

EPFL),	 the	 Neighbourhood-scale	 Evaluation	 to	 Benchmark	 the	 Integration	 of	 Urban	

Sustainability	 (NEBIUS)	 methodology	 provides	 an	 innovative	 framing	 of	 these	 complex	

issues.	Both	comprehensive	and	pragmatic,	it	aims	to	design,	optimize,	assess	and	compare	

urban	and	architectural	 visions	by	exploring	 innovative	ways	 to	 integrate	 transdisciplinary	

and	evaluative	approaches	into	the	design	process.		

As	 shows	 Figure	 1,	 the	 approach	 involves	 four	major	 steps:	 1)	 the	 development	 of	

students’	 projects	 within	 LAST	 architectural	 design	 studio,	 from	 urban	 design	 to	

construction	detail;	2)	the	elaboration	of	a	limited	number	of	radical	visions	to	optimize	and	

synthetize	 these	 projects;	 3)	 thematic	 analyses	 of	 the	 visions	 by	 experts	 from	 diverse	

disciplinary	 backgrounds	 (environment,	 energy,	 sociology,	 economy)	 and	 4)	 the	

interdisciplinary	 multi-criteria	 assessment	 of	 the	 visions,	 with	 a	 synthetic	 graphic	

representation	 of	 the	 indicators	 establishing	 the	 sustainability	 profile	 of	 each	 vision.	 An	

extended	description	of	the	methodology	can	be	found	in	(Rey,	2015b).	

	

	
	

	
	

Figure	1.Diagram	illustrating	the	4	major	steps	of	the	NEBIUS	education	and	research	methodology	
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This	 paper	 presents	 the	 second	 application	 of	 the	 NEBIUS	 education	 and	 research	

methodology	on	the	Gare-Lac	sector	 in	Yverdon-les-Bains	(Switzerland).	The	results	of	this	

experience	 offer	 a	 baseline	 from	 which	 other	 sustainable	 neighbourhoods,	 located	 in	

diverse	 urban	 territories,	 can	 be	 compared	 and	 assessed,	 whether	 in	 academic	 or	

operational	contexts.	

Urban	recovery	of	the	Gare-Lac	sector	

The	first	application	of	the	NEBIUS	education	and	research	methodology	was	conducted	on	

the	Waldstadt	 site,	 located	within	 the	urban	 fringe	of	 the	city-centre	of	Bern,	Switzerland	

(Rey,	2013).	The	 second	case	 study,	 introduced	 in	 this	paper,	 is	 also	 situated	 in	 the	Swiss	

territory	–	but	in	a	slightly	different	urban	context.	The	Gare-Lac	sector	in	Yverdon-les-Bains,	

a	disused	industrial	area	in	close	proximity	to	the	city	center	but	disconnected	by	railways	

(Figure	2),	is	particularly	emblematic	of	challenges	linked	with	urban	densification.		

With	a	population	of	some	25’000	 inhabitants,	Yverdon-les-Bains	 is	a	typical	middle-

size	 city	 on	 the	 Swiss	 plateau.	 It	 plays	 several	 key	 roles,	 including	 second-largest	 town	 in	

Canton	 Vaud,	 centre	 of	 a	 dynamic	 aggloY	 agglomeration	 project	 and	 economic	 heart	 of	

region	 Northern	 Vaud.	 With	 these	 unique	 assets,	 an	 important	 demographic	 growth	 is	

expected	in	the	next	few	years	(6’000	inhabitants	and	3’000	additional	 jobs	by	2020).	This	

impetus	 is	 underpinned	 by	 both	 the	 socio-economic	 development	 of	 the	 urban	 region	 of	

Yverdon-les-Bains	and	the	spill-over	effect	of	Lake	Geneva	region,	where	affordable	housing	

demand	is	chronically	outstripping	supply.	

	

	
Figure	2.	Views	of	the	Gare-Lac	sector	in	Yverdon-les-Bains	(Switzerland)	

	

In	 this	 context,	 the	 Gare-Lac	 sector	 is	 of	 considerable	 interest	 for	 the	 future	

development	of	the	entire	urban	region.	In	a	sustainability	perspective,	it	represents	a	great	

opportunity	to	put	into	effect	urban	densification	strategies	aiming	at	limiting	urban	sprawl	

by	 regenerating	 urban	 brownfields	 (Rey	 and	 Lufkin,	 2015).	 Concentrating	 new	

developments	 within	 already	 built	 areas,	 this	 kind	 of	 projects	 contributes	 to	 revitalizing	

derelict	 areas,	 revealing	 their	 strategic	 yet	 untapped	potential,	 achieving	 a	more	 efficient	

use	of	resources	and	strengthening	the	attractiveness	of	the	entire	urban	territory	(Lufkin,	

2012;	Laprise	et	al,	2015).	

Bearing	 this	 in	 mind,	 the	 Gare-Lac	 sector	 represents	 a	 great	 potential	 for	 urban	

recovery.	 It	 is	 likely	 to	host	more	 than	3’000	 inhabitants	and	1’500	 jobs	 in	a	high-density,	

mixed-use	neighbourhood,	within	the	urban	region’s	geographical	centre,	in	close	proximity	

to	 a	 well-connected	 national	 train	 station	 and	 benefitting	 from	 the	 lake-side	 landscape	

(Figure	2).		
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Prospective	visions	for	the	Gare-Lac	sector	

Recognizing	this	unique	opportunity,	the	City	of	Yverdon-les-Bains	and	the	Canton	of	Vaud	

have	 jointly	 initiated	 redevelopment	 process	 for	 this	 strategic	 section	 of	 town.	 The	 new	

master	plan	was	officially	adopted	in	2015	(URBAT	et	al.,	2012).	It	consists	of	a	new	mixed-

use	 neighbourhood	with	 open	 courtyard	 buildings,	 green	 and	 public	 spaces,	 soft	mobility	

networks,	eco-friendly	construction	and	good	access	to	services	and	public	amenities.	

It	 is	precisely	this	new	master	plan	that	serves	as	a	 framework	for	the	first	phase	of	

the	project,	which	consists	in	the	development	of	some	seventy	student	projects	within	Prof.	

Emmanuel	 Rey's	 architectural	 design	 studio	 at	 Ecole	 polytechnique	 fédérale	 de	 Lausanne	

(EPFL).	 Going	 beyond	 the	 master	 plan’s	 operational	 considerations	 and	 regulatory	

constraints,	 the	projects	 freely	experiment	diverse	possible	 forms	 for	 the	development	of	

the	Gare-Lac	sector,	from	urban	design	to	construction	detail.	

For	 didactical	 purposes,	 the	 projects	 nevertheless	 follow	 a	 series	 of	 concrete	

assumptions,	which	create	reference	points	in	the	training	process.	To	varying	degrees,	each	

project	 focuses	 on	 sustainability	 aspects	 by	 taking	 into	 account	 the	 three	 dimensions	

inherent	in	the	concept	of	polycentric	compact	cities	(Rogers,	1998):	density,	diversity	and	

mobility.	The	objective	is	not	to	aim	for	density	at	any	price,	but	rather	to	achieve	a	diversity	

of	residential,	commercial	and	administrative	functions,	which	allows	for	reducing	transport	

needs	and	prevents	from	generating	monofunctional	sectors,	empty	at	certain	hours	of	the	

day	or	night.	 In	parallel,	the	carefully	study	of	hierarchical	relationships	between	built	and	

non-built	spaces	creates	an	optimal	balance	between	dense	volumes	and	properly	laid	out	

open	public	spaces.	At	building	and	envelope	scales,	the	projects	focus	more	specifically	on	

aspects	 related	 to	 compactness,	 typology	 and	 flexibility,	 as	well	 as	 constructive,	 technical	

and	expressive	issues.	In	contexts	such	as	disused	industrial	areas,	which	often	suffer	from	a	

lack	 of	 cultural	 identity,	 the	buildings’	 architectural	 expression	 is	 decisive	 for	 a	 successful	

regeneration	project.	 In	 terms	of	mobility,	principles	 include	 the	development	of	 efficient	

public	 transport	 services,	 the	 grouping	 of	 parking	 spaces	 within	 shared	 facilities	 and	 the	

creation	of	soft	mobility	networks	for	pedestrian	and	bicycle	paths.		

Based	 on	 the	 seventy	 student	 projects,	 the	 second	 phase	 took	 the	 form	 of	 two	

summer	workshops	during	which	the	studio	assistants	guided	a	dozen	motivated	students	

to	 deepen	 and	 improve	 the	 most	 promising	 propositions.	 The	 results	 from	 four	 design	

studio	 semesters	were	 thus	optimized	and	 radicalized	 to	elaborate	eight	 synthetic	 visions	

(Figure	 3)	 illustrating	 the	 diversity	 and	 richness	 of	 possible	 approaches	 for	 this	 urban	

recovery	process.	

	
Figure	3.	Plans	of	the	eight	visions	developed	for	the	Gare-Lac	sector	
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All	 visions	 embody	 a	 strong	 urban	 planning	 statement.	 Each	 specific	 morphology	

evokes	 more	 or	 less	 explicitly	 urban	 strategies	 that	 have	 been	 implemented	 in	 other	

European	cities.	Therefore,	the	visions	are	named	after	eight	emblematic	cities;	their	titles	

are	 expressed	 by	 three-letter	 codes	 inspired	 by	 those	 used	 by	 the	 International	 Air	

Transport	Association	(IATA)	to	identify	airports.	

LYN	 :	The	vision’s	morphology	 is	based	on	 the	articulation	of	a	 series	of	middle-size	

urban	 islands.	Their	 flexible	geometry,	which	responds	to	the	city’s	historical	outlines,	can	

recall	 traditional	 areas	 of	 cities	 like	 Lyon	 (LYN),	 for	 instance	 the	 Place	 Bellecour	

neighbourhood.	

BER	 :	 The	 vision	 foresees	 a	 series	 of	 longitudinal	 buildings,	 articulated	 towards	 the	
interior	of	each	built	sector.	This	gesture	generates	large,	green,	fragmented	urban	islands,	

which	define	outer	streets	and	create	a	rich	interior	atmosphere.	The	resulting	urban	form	

reminds	of	different	neighbourhoods	in	Berlin	(BER).	

DUB	:	The	project	works	on	the	spatial	transition	between	city	and	nature.	It	creates	a	
patchwork	 of	 diverse	 types	 of	 built	 sectors	 and	 landscaped	 areas.	 Despite	 an	 increased	

density,	the	dialogue	between	mineral	and	natural	elements	evokes	relationships	typical	of	

garden	cities	that	can	be	found	in	cities	such	as	Dublin	(DUB).	

BCN	:	The	specificity	of	this	vision	is	the	orthogonal	grid	plan,	which	pays	tribute	to	the	
rich	history	of	cities	built	according	to	the	same	kind	of	regulating	pattern.	Among	these,	the	

design	proposed	by	Cerdà	in	1860	for	the	planning	and	extension	of	Barcelona	(BCN)	is	one	

of	the	most	emblematic	examples.	

AMS	 :	This	vision	places	 the	emphasis	on	 the	 three	canals	 running	 through	 the	site,	

which	 become	 the	 defining	 elements	 of	 the	 project.	 In	 this	 sense,	 it	 reminds	 of	 cities	

marked	by	a	strong	relationship	to	their	canals,	such	as	Amsterdam	(AMS).	

LLN	 :	 The	 project	 revisits	 “elevated	 concrete	 slab	 urban	 planning”	 (“urbanisme	 sur	
dalle”).	 The	 resulting	 character	 is	 not	 unlike	 the	 typical	 atmosphere	 of	 certain	 new	 cities	

elevated	above	the	natural	ground,	like	the	first	phases	of	the	city	of	Louvain-la-Neuve	(LLN).	

CPH	:	The	principle	here	is	the	creation	of	very	large	urban	entities,	combining	a	wide	

range	 of	 programs	 and	 spaces.	 This	 type	 of	 strategies	 is	 implemented	 for	 instance	 in	 the	

new	Ørestad	neighbourhood,	in	South	Copenhagen	(CPH)	

GVA	:	Concentrating	all	program’s	elements	in	a	single,	articulated,	very	long	building,	

this	 proposition	 reminds	 of	 large	 homogenous	 residential	 projects	 from	 the	 1960s.	 The	

project	is	named	after	the	famous	Lignon	ensemble,	in	proximity	to	Geneva	airport	(GVA).	

Assessment	of	the	visions	

At	this	stage,	 it	 is	 important	to	keep	in	mind	that	urban	brownfields	regeneration	projects	

raise	particularly	complex	 issues,	generated	by	the	specificities	of	the	site	(neighbourhood	

scale,	 possible	 contamination,	 social	 stigma,	 architectural	 heritage,	 former	 activities,	 etc.)	

and	the	specificities	of	the	project	process	(multitude	of	stakeholders,	long	duration,	higher	

risk	for	stakeholders	etc.).		

The	main	 challenge	 is	not	only	 to	 reconcile	energy,	environmental	 and	 sociocultural	

aspects,	but	 also	 to	 integrate	architectural	 and	urban	 considerations	as	well	 as	 long	 term	

cost	control	over	the	whole	of	the	process.	Faced	with	this	overall	complexity,	intuition	is	no	

longer	sufficient	to	evaluate	and	compare	different	urban	projects.	Operational	evaluation	

tools	 are	 required	 to	 ensure	 the	 integration	 of	 sustainability	 objectives,	 from	 the	 early	

stages	of	the	project	(Rey	and	Lufkin,	2015).	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2359



These	very	challenges	are	 the	 focus	of	phases	3	and	4	of	 the	NEBIUS	education	and	

research	methodology.	The	multi-criteria	evaluation	is	built	around	five	essential	themes	for	

the	 design	 of	 a	 sustainable	 neighbourhood:	 i)	 density	 &	 functional	 mix,	 ii)	 energy	

performance,	 iii)	 lifestyles,	 iv)	biodiversity	&	water	and	v)	economic	efficiency.	As	Table	1	

shows,	 each	 category	 includes	 two	 relevant	 indicators	 to	 highlight	 the	 strengths	 and	

weaknesses	of	each	vision.	

	
Table	1.	List	of	categories	and	indicators	of	the	NEBIUS	education	and	research	methodology.	

	

	
	

An	 extended	 definition	 of	 the	 indicators	 can	 be	 found	 in	 (Rey,	 2015b).	 It	 is	 worth	

noting	 that	 since	 its	 first	 application	 (Rey,	 2013),	 the	 NEBIUS	 education	 and	 research	

methodology	has	undergone	a	 few	minor	changes	 to	meet	 the	specific	 local	conditions	of	

Yverdon-les-Bains.	In	particular,	one	indicator	from	the	first	application,	“Preserved	forest”,	

has	been	substituted	by	“Density	of	trees”,	which	is	more	relevant	considering	the	project’s	

territorial	context.	

After	 completion	 of	 the	 thematic	 analysis,	 a	 synthetic	 representation	 is	 realized	

(Figure	 4):	 the	 ten	 thematic	 indicators	 are	 grouped	 in	 a	 radar	 diagram,	 establishing	 the	

sustainability	 profile	 of	 each	 vision.	 These	 diagrams	 enable	 the	 direct,	 graphical	 multi-

criteria	 evaluation	 and	 comparison	 of	 the	 six	 visions.	 For	 each	 of	 the	 ten	 indicators,	 the	

centre	of	 the	radar	diagram	 is	equivalent	 to	the	minimum	value	while	 the	end	of	 the	axis	

corresponds	to	the	maximum	value.	

This	 representation	 of	 the	 results	 highlights	 the	 important	 diversity	 of	 the	 visions’	

sustainability	profile.	As	was	the	case	with	the	first	application	of	the	NEBIUS	education	and	

research	methodology,	two	distinct	groups	of	projects	can	be	identified.		

The	first	category	includes	projects	with	a	radical	profile,	which	tend	to	privilege	one	

sustainability	 theme	 at	 the	 expense	 of	 the	 others.	 CPH,	 for	 instance,	 stands	 out	 for	 its	

compactness	 and	 high	 level	 of	 functional	 mix;	 on	 the	 flip	 side,	 other	 indicators	 reveal	

significant	 limitations	 (in	 particular	 solar	 potential	 and	 soil	 permeability).	 GVA,	 equally	

radical,	 emphasizes	 by	 contrast	 environmental	 or	 energy-related	 aspects:	 it	 receives	 the	

best	 evaluation	 for	 solar	 potential,	 density	 of	 trees	 and	 permeable	 soil.	 Due	 to	 the	 low	

density,	however,	it	remains	clearly	below	the	theoretical	profitability	threshold.	BCN	is	also	

part	of	this	group	of	projects.	The	high	land	use	index	guarantees	economic	performances,	

but	at	the	expense	of	environmental	and	socio-cultural	indicators.	

The	second	group	of	visions	is	characterized	by	a	more	balanced	sustainability	profile.	

Even	if	they	don’t	display	top	performances,	BER,	DUB	and	LLN	convincingly	reconcile	land	

use,	the	presence	of	nature,	family	friendliness,	volumetric	compactness	and	solar	potential.	

Indicator 1 Indicator 2

DENSITY & MIX Land use index Functional mix

ENERGY GAINS & LOSSES Compactness Solar potential

LIFESTYLES Conviviality Family friendliness

BIODIVERSITY & WATER Density of trees Permeable soil

ECONOMIC RETURN Profit Profitability
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The	 quality	 of	 these	 projects	 comes	 mainly	 from	 their	 capacity	 to	 intensify	 the	 user’s	

experience	 by	 implementing	 compensation	 mechanisms:	 a	 dense	 vegetation	 makes	 it	

acceptable	 to	 increase	 the	 built	 density,	 and	 simultaneously	 allows	 strengthening	 local	

community	ties	within	the	neighbourhood	(Lufkin,	2010).		

	

	

	
	

Figure	4.	Representation	of	the	sustainability	profile	of	the	eight	visions	developed	for	the	Gare-Lac	sector.	

	

Based	on	these	results,	it	becomes	clear	that	all	dimensions	of	sustainability	cannot	be	

simultaneously	 achieved	 at	 their	 highest	 level.	 Faced	 with	 this	 situation,	 all	 stakeholders	

involved	 in	 the	 project	 must	 deal	 with	 an	 optimization	 process	 to	 reach	 the	 best	 result	

possible.	 To	 help	 them	 make	 decisions	 in	 full	 knowledge,	 evaluative	 approaches	 are	

required.	 They	 will	 guarantee	 access	 to	 precise	 and	 structured	 information	 on	 how	 the	

project	 meets	 the	 diverse	 objectives	 and	 expectations	 –	 without,	 however,	 replacing	

arbitration	and	decision-making.	

Conclusion	

As	 the	Gare-Lac	 sector	 case	 study	has	 shown,	 the	holistic	nature	of	 sustainability	 and	 the	

inherent	 complexity	 of	 brownfield	 regeneration	 projects	 both	 enforce	 the	 need	 for	

innovative	transdisciplinary	collaborations,	in	the	professional	field	but	also	in	the	academic	

world.	 On	 the	 one	 hand,	 simple,	 efficient	 graphical	 tools	 are	 required	 to	 visualize	 and	

support	 communication	 among	 the	 diverse	 relevant	 stakeholders.	 On	 the	 other	 hand,	

creative	educational	methods	have	to	be	developed	to	make	future	architects	aware	of	this	

increased	 complexity,	 teaching	 them	 to	 integrate	 and	 coordinate	 transdisciplinary	

approaches	as	an	integral	part	of	the	project’s	process.	

By	 its	 effectiveness	 and	 clarity,	 the	 transdisciplinary	 approach	 developed	within	 the	

framework	of	the	NEBIUS	education	and	research	methodology	provides	consistent	outputs	

at	multiple	 levels.	 On	 the	 one	 hand,	 it	 represents	 a	 critical	 analysis,	 decision-making	 and	

communication	tool	for	assessing	the	sustainability	of	neighbourhoods.	On	the	other	hand,	

going	 beyond	 traditional	 educational	 and	 pedagogical	 methods	 that	 maintain	 the	 gap	

between	 architects	 and	 experts	 from	 other	 disciplines,	 it	 explores	 innovative	 ways	 to	
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integrate	holistic,	 interdisciplinary	and	evaluative	approaches	 in	 the	 teaching	of	 the	urban	

and	architectural	project.	By	strengthening	the	links	between	the	often	separate	worlds	of	

teaching	and	research,	the	NEBIUS	methodology	heightens	the	awareness	and	enriches	the	

education	of	future	architects.	

This	 second	 case	 study	 of	 NEBIUS	 on	 the	 Gare-Lac	 sector	 in	 Yverdon-les-Bains	

demonstrates	 that	 the	 methodology	 can	 easily	 and	 relevantly	 be	 applied	 towards	 other	

contexts	–	urban,	suburban	or	peri-urban.	In	the	future,	more	sustainable	neighbourhoods	

are	expected	to	be	developed,	compared	and	assessed	with	NEBIUS	education	and	research	

methodology,	 both	 in	 academic	 and	 operational	 contexts.	 They	 will	 be	 the	 subjects	 of	

further	publications	(Rey,	2017).	
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Abstract: This India is witnessing a buzz of activity to promote energy efficiency in buildings at national and 
regional levels. These efforts range from policy measures, international programs, training courses and 
educational programs, research projects, advocacy programs by various organizations to individual efforts to 
design, construct and operate energy efficient buildings. Lack of technical knowledge and capacity building has 
often been cited as one of the most important barriers to achieve real results. Due to the rapid increase in 
construction, it is imperative that energy efficiency be integrated seamlessly with the current industry practices. 
With that aim, multiple efforts have been made to integrate sustainable building design education with the 
existing architectural curriculum – if it has to be integrated in practice, it needs to be integrated in academics. 
This, however, has not proven to be a successful strategy, primarily because architecture curricula are set and 
there is an inertia to change what has worked for decades. This paper presents a detailed case study of a post 
graduate program in Building Energy Performance at one of the premier architecture and design universities in 
India. In doing so, it establishes the need for a paradigm shift and offers an alternative pathway of a specialized 
education curriculum and pedagogical approach, by introducing a new credible building professional into the 
design team who takes responsibility of the energy performance. 
 
Keywords: Building science education, Architectural education, Building energy performance, Energy efficiency, 
India 

Introduction  

Council of Architecture (CoA) regulates profession and education of architecture in India 
under provision of the Architects Act 1972, enacted by Indian Parliament. CoA is empowered 
to prescribe the minimum standards of architectural education for undergraduate and 
postgraduate programs. It prescribes five year full-time undergraduate degree program and 
two year full-time post-graduate degree program in architecture. It instructs that 63 hours be 
allocated for subjects covering Climatology and environmental studies and 90 hours for 
material science out of 3240 hours of teaching in first three years; 36 hours on advanced 
building services out of 936 hours in fourth and fifth year of undergraduate program (Council 
of Architecture, 2008). Suggested list for Master of Architecture program includes 
specializations such as Urban Design, Housing, Sustainable Architecture, Environmental 
Architecture, Computer Application, Architecture and Construction Management. Indicative 
subjects to be taught in programs such as Sustainable Architecture and Environmental 
Architecture include Humane and Sustainable Development, Humane Habitat sociology, 
Ecological planning, sustainable building materials and technology, apart from design studios 
(Council of Architecture, 2006). Minimum standards prescribed by CoA are more generic and 
indicative in nature then specific and meaningful. 

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2363



Undergraduate programs in Architecture, therefore, do provide an understanding of 
the impact of climate on buildings and focus more on solar geometry than thermodynamic 
behaviour of building envelop. Building service related courses do not get integrated with 
building design subjects hence integration between climate responsive built forms and 
building services such as HVAC, lighting does not take place. It has been observed that 
discussion in design studios do not focus on climate and energy efficiency (Manu et al., 2010). 
A few post-graduate programs related to architecture offered in India deal with the larger 
context of climate responsive architecture, sustainability and Green Buildings. These are 
offered by architecture or design schools. These programs deal with generic topics of 
“Sustainability” and “Green buildings” at an overview level and not specific and more 
technical subjects of energy efficiency or building performance. Enrolment to these courses 
are limited to graduates from architecture schools. Graduates from such post-graduate 
programs are geared to serve as ‘Green building’ consultants.  

Apart from formal academic programs leading to post-graduate degree, a number of 
initiatives conduct short term training courses to build capacity within India. Green building 
rating programs such as India Green Building Council (IGBC) and GRIHA offer training 
programs specific to their rating systems. Bureau of Energy Efficiency conducts one-day 
awareness and two-day training programs to build capacity for building energy code 
implementation.  

Widespread awareness and education for the role that built environment can play in 
salvaging current environmental degradation, together with the technical requirements 
arising from new codes and regulations, are expecting triggering demands for architects with 
advanced skills in resource efficient design with energy efficiency as focus. This paradigm shift 
in professional responsibility requires a robust environmental education to be included in the 
core of the architectural curriculum at both academic and professional level. Unfortunately, 
the successful integration of environmental sustainability into a creative design process has 
proven elusive and consecutively the education and the profession have been slow to react 
to the demands of the enhanced energy efficiency in architecture. To respond to these 
challenges, a multi-pronged approach is needed to enhance the education curriculum and 
practice of student architect that helps in aiming to achieve better understanding towards 
the present challenges in the profession and provide comfort, wellbeing and energy efficient 
approaches in the new and existing buildings. 

Genesis of M.Tech in Building Energy Performance 

CEPT University located in Ahmedabad, in the western state of Gujarat, is one of the premiere 
institutes of India offering undergraduate, postgraduate and doctoral program in various 
areas related to the built environment. It started with a School of Architecture and 
established one of the first undergraduate programs in architecture. Like many other 
architectural colleges, courses such as climatology were taught as a part of the program; and 
like other colleges, they raised awareness for issues such as sustainability and conservation 
but failed to mainstream the cause of energy efficiency in quantitative terms. When building 
energy performance is taught as a concept and becomes a small part of a five-year long 
program, it remains a ‘choice’ with the building designers rather than default way of designing.  

In 2007, CEPT started a new research-based postgraduate program in interior 
architecture and design offering a specialization in ‘energy and sustainability’. This was an 
important step towards inviting young architects and designers interested in learning about 
energy efficiency. Since it was one of the three streams on offer, it did not allow enough 
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teaching time to train these professionals well enough to impact the performance of real 
buildings. There was a need to shift from integrating disjointed courses related to building 
energy performance in already established and content-heavy programs, or adding a ‘layer’ 
of this knowledge and skills over architects and designers, to establishing an entirely new 
profession with a unique skill set. With this objective, a new Master of Technology (M.Tech.) 
program in the field of Building Energy Performance (BEP) was started in 2015. This program 
is open for applicants from architecture, design and mechanical, civil, electrical and 
environmental engineering backgrounds. For admission to the program, the candidates have 
to go through three stages of evaluation: (1) an application where they answer questions to 
articulate their statement of purpose and provide details of the academic and professional 
work related to the field of energy performance; (2) a written exam to assess basic 
interpretation of building drawings, conceptual understanding about thermodynamics and 
heat transfer, understanding of Higher Secondary Certificate level algebra geometry, 
trigonometry, basic calculus and statistics and (3) a personal interview to assess the applicants’ 
understanding of issues pertaining to energy efficiency and environment, as well as their 
attitude towards learning.  

Pedagogy  

The M.Tech BEP at CEPT University is a four-semester program aimed to fill the need for a 
new kind of professional who can own the information and process for energy performance 
related to the design, construction and operation of buildings.  The program uses the tropical 
climate as the context to prepare professionals to tackle the challenges in the economies that 
will grow in the next two decades. An integration of theory, practice, and hands-on 
experiences for the students forms the foundation of the pedagogy.  Calculations, simulations, 
analysis are integrated in to the learning at every step.     

During the first 3 semesters, the students are required to take only one 12-credit Lab 
course, and one 3-credit Seminar Course (Error! Reference source not found.). The students 
focus only on their thesis in the fourth semester.  The large credit weight in the lab course 
allows an in-depth exploration of the topic area, making it an immersive education for the 
students. The seminar courses are complimentary in that they help the students connect the 
dots with the economy, environment, business, and professional practice. In the labs, 
students learn concepts, practices, conduct physical measurements and experimentation in 
the first half of each semester (Error! Reference source not found.). After the students have 
been exposed to the building systems and quantities, they use simulations in the second half 
to conduct virtual experimentation.   

The students are encouraged to learn how to learn.  The instructors bring this hands-on, 
let us get our hands dirty, open-ended approach to the classroom. In this, the learning extends 
well beyond the classroom. This includes readings that often extend beyond the lecture topics; 
assignments in groups that extend out of the problems introduced in class, requiring 
collaboration and planning of work, and help develop analytical and writing skills; frequent 
presentation and discussion to develop rhetoric and dialectic skills. Instructors provide 
detailed comments on the assignments, and the students are encouraged to resubmit their 
work for a revised grade. 

Program content 

Semester one 

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2365



Passive Comfort Lab 
The lab combines concepts and practices, systems and strategies, simulation techniques, 
physical measurement and data comprehension. It includes the basics of building physics, 
thermal comfort, ventilation needs, climate response, and passive comfort strategies.   

 

 
Figure 1 Basic course structure and credits distribution at the M.Tech. BEP program 

 

 
Figure 2 Structure of the 'Lab' courses 

Buildings, Energy and Environment Seminar 
This course introduces building energy use, strategies for reducing use, and integrating 
renewable energy in the building stock. It builds a larger context with an overview of the 
energy sector, highlighting the status of conventional resources, technologies, supply and 
demand and potential of renewable energy deployment. Using case studies, exercises and 
class discussions, the course covers challenges and approaches to sustainable energy planning. 

Semester two 

HVAC Lab 
The lab includes design approaches and considerations, introduction to systems and 
components, load calculations, efficiency strategies. It combines concepts and practices 
simulation techniques, physical measurement and data comprehension. 

Business Communication for Energy Efficiency Professionals (Seminar) 
This course introduces the basic communication for doing and getting energy efficiency work 
in the profession.  Students learn about techniques for reading early design documents and 
communicating the potential for low energy strategies, reading construction documents and 
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communicating errors and omissions, preparing compliance reports, and writing project 
proposals.   

 
Figure 3 Students displaying solar cookers designed and made by them 

 

 
 

Figure 4 Students trying to understand the workings 
of a Heat Recovery Ventilator (HRV) 

 
 

Figure 5 Students measuring indoor environmental 
parameters 

Semester three 

Lighting Daylighting and Integrated Design Lab 
The lab includes visual needs, climate response, lighting and daylighting concepts, shading 
analysis, technologies, strategies, and failure modes. It combines concepts and practices 
simulation techniques, model calibration, physical measurement and data comprehension. 
This lab integrates the learning over the three semesters to explore energy code 
interpretation, integrated design and whole building design.   

Renewable Energy Systems Seminar 
This seminar course introduces the different types of renewable energy systems and their 
economics. Students do field trips to review installations, monitor the performance of an 
installed system, learn to assess on-site generation potential, and review integration issues 
for renewable technologies.   

Semester four 

Students undertake a research or a project thesis. A research-based thesis focuses on 
answering a set of research questions. It proposes a hypothesis and works towards proving 
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or disproving that hypothesis. Its basis is scientific rigor, use of experiments, data collection, 
analysis and critical thinking. A project thesis identifies a problem and focuses on developing 
a solution to the problem.  Its basis is project rigor and creativity, developing iterations and 
alternatives, using performance-based testing and decision-making to converge towards a 
solution to the problem.    

Summer/Winter School  

The Summer/Winter School (SWS) courses offered at CEPT provide an opportunity to 
facilitate teaching of content that would otherwise not be taught during a regular semester 
explore. SWS allows for exploration, testing of new ideas and methods and  interaction with 
a large group of enthusiastic and talented students, practitioners and academicians (CEPT 
University, no date).   

<Virtual Environment> for Energy Design 
This course provides a conceptual understanding of subjects related to buildings science, 
climatology, passive design, and energy efficiency and sustainability as it relates to the design 
of buildings. It couples building science and energy simulation using IES<VE> in order to 
emphasize the importance of the former towards understanding the latter.  

When Buildings Converse with Climate 
This course teaches the students to develop a climate responsive approach towards high 
performance building design that stems from a rigorous quantitative understanding of 
environmental, physical, and technological context. It focuses on developing a critical 
approach by learning climatic design principles through reverse synthesis of built examples. 
By taking on-site measurements and utilizing computer based simulation models, students 
assess the climate response strategies incorporated in the iconic buildings and generate 
multiple design iterations that are validated through simulation models. 

BIM Tools for Building Performance Analysis and Sustainable Design 
This course is a hands-on workshop using industry standard CAD-BIM tools and DOE-
2/EnergyPlus energy simulation tools. The topics include: (i) Energy Literacy & Building Loads, 
(ii) Climate & Weather Analysis, (iii) Solar Measurements & Strategies, (iv) Wind & Airflow 
Strategies, (v) Daylighting Strategies & Analysis, and (vi) Whole Building Energy Analysis.  
Students learn to create energy models from BIM, do quality assurance of energy models and 
explore the impact of design parameters on the overall energy performance of design.  

Writing for Impact: Effective and Attractive Documents 
This course focuses on good practices for students to make their communication more 
effective. It teaches them to search the Internet more efficiently and write literature reviews; 
write effective emails, letters and memos; ways to make it easier for their audience to absorb 
quantitative information; tackle larger writing tasks (reports, papers, etc.); and produce well-
designed documents and posters.  

How to Make Smart Design Decisions for Greener Buildings 
The course introduces students to simple ways for interpreting data and translate design 
decisions that would improve building performance by reducing energy and water 
consumption, increasing occupant comfort and decreasing the operation costs. It introduces 
them to quick ways of building performance assessment using physical and digital tools 
through the evaluation of an existing building followed by design exercises where they learn 
to optimize design solution for cost, comfort and resource use.  
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Performance  

The first cohort of seven students is currently graduating.  The second batch has ten students, 
and the number of students applying to the program has increased over the last three years.  
At this early stage, we see three ways to report on the performance of the program: 
placements, which measure the industry interest in the program; student opinion and 
confidence; and the intellectual growth of the students.   

Placements are currently under way, and while as of date, none of the students have 
offers that they have accepted, they have interviewed at the leading energy consulting firms 
in India, non-profit organizations involved in research and advocacy, and product 
manufacturers who want to provide cost-benefit analysis to their customers.   

The students have reported tremendous value they have received from the education. 
Here are few quotes from the students:  

- “this program has not only given me an approach and way to analyse and tackle the challenges but 
also has improved my self-confidence to go ahead and take on the real life opportunities”;  

- “it is definitely not the place where the lectures are delivered but a place where knowledge and 
experiences are shared by each one of us”;  

- “makes us aware of not only the industries expectation but also make us self-confident that we can 
work independently”;  

- “I think this is totally different than conventional teaching schemes going on across the country and 
this makes this program much more fun. I have learned a great deal of things here in just two months, 
probably more than what I learned in four years of my engineering. It is after coming here I came to 
learn that it’s okay to make mistakes during learning”;  

- “The M.Tech BEP program has a data driven design approach”;  
- “the program is also helping me to be more professional in my conduct and in the way of presenting 

my work”;  
- “In this room, we don’t do easy, we make easy happen through hard work and learning”. 
Intellectual growth: The first batch of students included a mix of architects and civil 

engineers with virtually no exposure to energy issues.  These students are pursuing thesis 
topics such as: Cost-benefit study of phase-change-materials, performance of evaporative 
cooling in hot-dry climates and control algorithms for combining these with compressor 
based cooling, identifying the potential for ventilative cooling in two climates in India, 
developing a national energy model for commercial buildings in India, proposal for a lighting 
retrofit for the university campus, and quantifying the potential for low energy cooling and 
passive design in a climate.   

Opportunities and challenges 

In the two years since the launch of the program, the students have interacted with 37 
instructors, researchers, scientists and consultants through classroom teaching. In addition 
to this, they have also had the opportunity to attend 8 IBPSA webinars on various topics, 11 
guest lectures by eminent speakers related to the field of building energy efficiency and 
multiple seminars and conferences within India. The first batch attempted to participate in 
the Solar Decathlon Middle East 18 but was not able to complete the proposal. The second 
batch of students decided to participate in the US Department of Energy’s Race to Zero 
competition in their first year in the program, and have been selected as finalists.  

The foremost challenge we face right now is attracting applicants who are a good fit for 
the program. The three-stage admission process ensures the selection of applicants who have 
the requisite technical knowledge, passion and the right attitude. However, awareness about 
the program is limited. We hope that as more and more graduates go out in the field and 
achieve success, we will get a bigger and better pool of applicants. Socialization attempts are 
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being made through student writings, academic portfolios and short movies (Dharini, 2016; 
MBEP Batch 2015-16, 2016) Another challenge is to find instructors to teach specific modules 
who understand the objectives of the program and whose teaching methods align with its 
pedagogical philosophy.  

Vision 

We feel that by refraining from forcing the detailed knowledge of energy efficiency on to 
existing UG programs that are already rather hectic for students as well as instructors, we 
have presented here an example of “trans-disciplinary” education by imparting technical and 
communication skills to architects and engineers at an advanced level in order to address the 
need for ‘energy efficiency’ at all stages of building design and operation.  

A bold and audacious vision for the program is that its graduates gain an identity in 
energy performance management that rivals the recognition of an MBA degree in the field of 
business.  This requires the graduates to be placed in design-consulting firms, government 
organizations, large corporations that own real estate, and research and advocacy 
organizations. Building on the success at CEPT University, other universities would offer 
similar programs in the near future.  The pedagogical approach as well as the attention to 
quantifying performance needs to infiltrate undergraduate education in architecture and 
engineering colleges, first at CEPT University, then elsewhere.   

Some of the next steps envisioned are: 
- Establishing an annual one-day conference at CEPT for graduates of the program 

and other experts in the field to share their work, case-studies and experiences.    
- Modules of design studios led by international expert practitioners, coursework on building 

performance evaluation during post-occupancy, coursework on quantitative analysis and 
research methods.  

- Working with the Council of Architecture in India towards enabling other universities to 
acquire equipment and expertise for teaching building science and building performance 
evaluation.   
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Abstract:	The	research	proposes	to	study	the	work	of	the	renowned	Chilean	architect	Jaime	Sanfuentes.	The	
study	 is	centered	in	his	single-family	houses,	 located	 in	the	commune	of	Vitacura	 in	Santiago	of	Chile.	These	
buildings	 stand	 out	 for	 its	 comprehensive	 work	 of	 the	 perimeter,	 incorporating	 interior	 courtyards,	 the	
rationality	 of	 its	 configuration	 and	 the	 extension	 of	 roofs	 and	 pergolas,	 which	 generate	 and	 qualify	 the	
spatiality	of	 the	houses.	The	exploration	was	proposed	as	an	academic	exercise	 for	2nd	year	 students	at	 the	
Architecture	School	of	Universidad	de	Santiago	of	Chile.	It	begins	with	the	evaluation	of	the	houses'	models	in	
their	original	latitude	with	an	heliodon	in	3	dates	(equinox,	winter	and	summer	solstice).	The	results	revealed	a	
language	of	architectural	operations	to	control	the	entry	of	sunlight.	The	next	step	was	to	put	the	models	into	
crisis,	 assigning	new	 latitudes	 to	 the	projects.	 These	 correspond	 to	 two	of	 the	most	extreme	cities	 in	Chile:	
Arica	and	Punta	Arenas.	The	main	objective	was	 to	provoke	a	variation	 in	 the	way	 the	sunlight	affected	 the	
houses.	 The	 problem	 presented	 to	 the	 students	 was	 to	 compare	 both	 evaluations	 and	 propose	 possible	
modifications	to	the	projects'	perimeter	to	recover	the	original	sunlight	control.	
	
Keywords:	heliodon,	sunlight	control,	model,	experimentation	

Introduction	

For	architectural	education,	the	integration	of	technical	knowledge	and	design	is	a	particular	
challenge.	The	objective	of	this	process	is	not	just	implementing	good	practices	to	optimise	
energy	or	costs,	but	 to	 incorporate	 these	considerations	 in	 the	design	process,	 seeking	 to	
improve	 the	 people's	 quality	 of	 life	 in	 every	 aspect.	 This	 task	 implies	 giving	 the	 students	
theoretical	and	technical	knowledge	from	architecture	and	construction,	but,	also,	making	
and	effort	to	facilitate	its	application	to	the	tools	developed	in	the	Design	Workshop.	

Considering	 these	 requirements,	 the	 School	 of	 Architecture	 at	 the	 Universidad	 de	
Santiago	 of	 Chile	 includes	 a	 course	 that	 assists	 the	 Design	 Workshop	 to	 generate	 the	
transfer	of	 theoretical	 knowledge	 to	 the	 students'	projects.	 This	 is	 the	 Laboratory	 course,	
which	 is	 present	 throughout	 the	 curriculum.	 In	 the	 framework	 of	 the	 2nd	 year	 of	 the	
program,	 the	 Laboratory	 works	 with	 structural	 and	 light	 comfort	 issues,	 essential	
characteristics	for	a	good	spatial	quality.	

In	 this	 context,	 we	 have	 developed	 an	 exercise	 based	 in	 the	 use	 of	 an	 heliodon,	
instrument	 that	 simulates	 the	 trajectory	of	 the	sun	 in	 the	sky	according	 to	 the	 latitude	of	
the	project's	location.	This	allows	us	to	analyse	the	influence	of	sunlight	in	a	building	and	its	
context.	In	this	exercise,	the	students	work	with	architectural	models	and	drawings	in	scale	
one	to	hundred,	as	a	tool	of	analysis	of	the	configuration	of	the	built	projects	in	relation	to	
the	control	of	sunlight	 that	 they	articulate.	 In	 this	case,	we	chose	a	series	of	single	 family	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2371



houses	designed	by	Chilean	architect	 Jaime	Sanfuentes	 in	 the	sixties.	The	development	of	
the	 exercise	 put	 in	 evidence	 the	 shape	 resources	 used	 by	 the	 architect	 and	 its	 possible	
variations	 that	could	allow	to	control	 sunlight	 in	 the	houses	 to	 respond	 to	 the	needs	 that	
they	present.	

A	singular	case	in	Chilean	modern	architecture	

The	work	by	 Jaime	Sanfuentes	 is	a	 faithful	 representative	of	Chilean	modern	architecture.	
Architect	and	Bachelor	of	Philosophy	by	the	Catholic	University	of	Chile,	he	traveled	to	the	
United	 States	 for	 three	 months,	 where	 he	 visited	 the	 bureau	 of	 Richard	 Neutra,	 Aero	
Saarinen	 and	 Skidmore	 Owens	 &	 Merril	 (Altikes,	 2013).	 Back	 in	 Chile,	 he	 works	 as	 an	
independent	architect	from	1963,	developing	most	of	his	work	until	1967,	year	in	which	he	
died.	During	this	period,	he	designed	3	buildings	projects	and	34	single	family	houses.	It	is	in	
this	 houses	 “where	 the	 Sanfuentes'	 style	 is	 more	 clearly	 shown”,	 described	 by	 architect	
Helio	Piñon	as	the	most	rabid	modernity	(Cousiño	and	Ubach,	1980).	

	
Figure	1.	Drawings	of	the	Fontaine	house	by	Jaime	Sanfuentes,	1966,	built	surface:	306,89	m2	(Cousiño	and	

Ubach,	1980).	
“The	houses	of	Sanfuentes	have	orthogonal	and	simple	lines.	In	general,	they	have	a	

single	 storey	and	 its	 low	volumes	 set	a	 complete	horizontality.	The	vegetation	covers	 this	
volumes	in	such	way,	that	you	cannot	see	them	from	the	street.	(…)	Since	we	enter	to	the	
house	 nature	 is	 always	 present;	 in	 general,	 in	 almost	 every	 house	 the	 volumes	 shape	 an	
interior	 courtyard	 that	 faces	 the	access	and,	 through	him,	 you	 can	 see	 the	 interior	public	
spaces,	 like	 the	 living	 room	 and	 dining	 room.	 These	 possess	 big	 windows	 from	 floor	 to	
ceiling,	 that	 allow	 to	 see	 the	house's	backyard.	 This	 transparency	 in	 the	public	 area	 gives	
continuity	to	the	spaces,	enabling	a	total	control	of	them	(…).	To	resume	all	of	them	show	a	
simple	and	sober	architecture,	of	great	spatial	richness,	achieved	through	the	integration	of	
interior	with	exterior”	(Cousiño	and	Ubach,	1980).	

As	a	study	object,	the	houses	give	us	a	limited	repertoire	of	configurations	that	relate	
interior	 space	 with	 exterior:	 the	 interior	 courtyard,	 the	 beam	 courtyard,	 the	 paved	
courtyard	and	the	wall	courtyard	(Cousiño	and	Ubach,	1980).	
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Figure	2.	The	different	courtyards	proposed	by	Sanfuentes.	From	upper	left:	pergola	courtyard	in	Becker	

house,	roof	courtyard	in	Correa	house,	interior	courtyard	in	Reyes	house	and	beam	courtyard	in	Becker	house	
(Cousiño	and	Ubach,	1980).		

The	 first	 step	 of	 the	 exercise	 is	 to	 model	 and	 draw	 the	 projects	 as	 accurately	 as	
possible.	These	are	the	work	material	to	evaluate	in	the	heliodon,	identifying	the	virtues	of	
Jaime	Sanfuentes'	architecture,	to	gain	an	understanding	of	its	space	and	environment.	

Models	and	heliodon	evaluations	

In	science,	an	analog	model	is	the	material	representation	of	an	object	or	process	to	better	
understand	its	origin	or	functioning.	It	is	used	as	a	pedagogic	tool	to	help	students	interpret	
abstract	concepts	(Gonzalez,	2005).	In	architecture,	the	models	are	scale	representations	of	
a	project	and	are	used	as	a	study	material	or	a	design	tool,	 they	can	assume	an	analytical	
role	of	resuming	and	reflecting,	or	a	synthetic	role	of	generating	and	producing	(Vontrissi,	
2015).	

With	the	help	of	instruments,	the	architectural	model	can	be	used	to	test	hypothesis,	
either	 related	 to	 the	 structural	 behaviour	 or	 environmental	 conditioning.	 Among	 these	
instruments,	 there	 is	 the	 heliodon,	 which	 gives	 us	 information	 about	 the	 sunning	 of	
buildings	 in	 different	 seasons,	 days	 and	 time.	 In	 a	 pedagogical	 context,	 the	 use	 of	
instruments	 and	 conducting	 tests	 with	 architectural	 models	 become	 an	 educational	 tool	
that	allows	students	to	analyse	a	specific	phenomenon.	This	kind	of	experience	results	in	a	
sensorial	 and	 perceptive	 support	 for	 the	 student,	 an	 inductive	 learning	 process	 about	 a	
particular	subject	(Vontrissi,	2015).	

In	the	framework	of	the	exercise	presented	in	this	paper,	the	evaluation	of	models	in	
the	heliodon	becomes	the	base	of	a	reflection	about	the	perimeter	of	the	analysed	houses	
and	 the	 components	 that	 configure	 them.	 The	main	 objective	 is	 to	 identify	 and	 evaluate	
these	 components	 that	 determine	 the	 control	 of	 sunlight	 inside	 the	houses.	 The	 selected	
projects	are	located	in	the	same	commune	of	Vitacura	in	Santiago	of	Chile	(33º27'70”S)	and	
were	all	built	by	the	end	of	the	sixties.	The	first	evaluation	locates	each	house	in	its	original	
latitude	 to	observe	and	analyse	 the	characteristics	of	 the	project	 in	 terms	of	 sunning	and	
natural	 lightning.	 It	 is	 in	 this	 moment	 that	 the	 students	 can	 establish	 the	 perimeter	
components	that	define	these	characteristics.	Later,	 they	perform	a	second	test,	 this	 time	
changing	the	original	location	of	the	houses,	putting	it	in	a	sort	of	crisis	by	relocating	them	
in	an	extreme	latitude	of	Chile.	To	the	north,	in	the	desert,	or	to	the	south,	in	the	Patagonia,	
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the	particularities	of	sunlight	are	very	different	to	the	initial	ones	and	alter	the	requirements	
of	sunning	and	natural	lightning.	Thus,	the	components	identified	previously	are	put	to	test	
under	 new	 conditions,	 urging	 the	 students	 to	 take	 the	 corresponding	 decisions	 to	 avoid	
losing	the	initial	characteristics.	

Building	the	model	/	1st	understanding	 		 		 		 		 	

To	 start	 the	 exercise,	 the	 students	 were	 introduced	 to	 the	 subject	 of	 sunning	 and	 its	
associated	concepts	in	the	first	session.	Furthermore,	each	group	was	assigned	a	house	by	
Jaime	Sanfuentes	 to	analyse.	The	 first	 analysis	was	based	 in	 the	architectural	drawings	of	
the	 project	 and	 building	 its	model	 in	 scale	 one	 to	 hundred.	 In	 this	 process,	 the	 students	
recognise	 the	 organisation	 of	 the	 program	 in	 the	 project,	 observed	 the	 rooms	 that	were	
more	opened	 to	 the	exterior	and	defined	 the	different	ways	 that	 terraces	and	courtyards	
were	 shaped.	 The	 relevance	 of	 this	 stage	was	 putting	 in	 evidence	 the	 relations	 between	
interior	spaces	and	exterior	and	those	intermediary	spaces	that	contributed	to	configure	the	
perimeter	of	the	houses.	

The	manufacturing	of	the	model	helped	the	students	see	elements	and	details	of	the	
projects,	 like	 the	 interior	 courtyards	 in	 the	 various	 types	 designed	 by	 the	 architect.	 The	
material	 for	 the	models	was	white	cardboard,	 to	better	emphasise	 the	components	by	 its	
shape	and	also	accentuate	the	shadows	during	the	heliodon	tests.	

Evaluating	the	model	with	the	heliodon	/	2nd	understanding	 		 		 		 	

The	second	step	was	evaluating	the	model	in	the	heliodon,	in	this	occasion,	with	the	original	
latitude.	 The	 students	 received	 the	 instructions	 of	 the	 heliodon's	 use	 to	 begin	 the	 tests.	
Hence,	we	could	observe	the	lighting	and	sunning	characteristics	of	the	house,	according	to	
the	design	proposal	of	Sanfuentes.	The	students	drew	the	 influence	of	 sunlight	 inside	 the	
house	and	in	its	surroundings,	using	the	model	as	a	board,	where	they	marked	the	shadows	
generated	in	each	solstice	and	the	equinox	in	three	times	of	the	day:	8AM,	2PM	and	6PM.	
The	result	showed	the	path	of	the	sunlight	in	the	project	and	enhanced	the	analysis	related	
to	 the	 interior	organisation	of	 the	 rooms	with	more	or	 less	 time	of	direct	natural	 light	 in	
each	season	of	the	year.	

Figure	3	and	4.	Left,	students	working	during	the	heliodon	test.	In	the	right,	the	use	of	the	models	as	a	board	
(picture	by	the	authors).	

With	 this	 evaluation,	 the	 students	 defined	 the	 components	 that	 determine	 the	
sunning	and	sunlight	aspects	of	the	project.	To	do	this,	they	diagramed	and	related	them	to	
the	projected	shadows,	graphing	its	dimensions.	Thus,	each	group	was	able	to	identify	the	
functioning	and	objective	of	these	elements.	

Choosing	 Jaime	 Sanfuentes'	 houses	 was	 not	 a	 random	 decision.	 As	 described	 by	
Cousiño	 and	 Ubach	 (1980),	 they	 configure	 an	 imbricated	 relation	 between	 interior	 and	
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exterior	through	their	intermediary	spaces	and	courtyard	types.	Highlighting	this	connection	
with	a	modern	alphabet	of	pure	volumes,	open	or	transparent	spaces	and	the	extension	in	
plant,	directly	related	with	the	work	by	Richard	Neutra,	gives	the	student	a	specific	plastic	
repertoire	 to	approach	and	grasp	 the	notion	of	 the	perimeter	 in	architecture.	A	mediator	
perimeter	that	closes	and	opens	 links	with	the	surroundings	and,	at	the	same	time,	shade	
and	articulate	from	its	own	language	without	additional	elements.	

Models	in	crisis:	change	of	latitude	 		 		 		 		 	

As	a	way	of	testing	the	limits	of	the	model	and	the	perimeter	components	identified	by	the	
students,	 we	 take	 them	 to	 a	 critical	 location	 with	 a	 change	 of	 latitude.	 This	 operation	
modifies	the	situation	of	the	house	 in	a	radical	way,	altering	the	arrival	of	sunlight	and,	 in	
consequence,	the	conditions	generated	by	the	perimeter.	

We	chose	two	latitudes	for	the	new	location:	half	of	the	projects	would	be	in	the	city	
of	Arica	(18º28'30”S)	and	the	other	half	in	the	city	of	Punta	Arenas	(53º09'00”S).	Both	cities	
represent	 the	 most	 extreme	 regions	 of	 the	 north	 and	 south	 of	 Chile,	 with	 completely	
opposite	sunlight	conditions,	the	first	in	the	Atacama	desert,	almost	700	km	to	the	north	of	
the	tropic	of	Capricorn,	and	the	second	one	in	Patagonia,	more	than	4000	km	to	the	south	
of	the	same	point.	Thus,	the	sunlight	characteristics	differ	greatly	from	the	original	ones	and	
between	them.	

This	 exercise	 allowed	 us	 to	 analyse	 the	 information	 obtained	 in	 the	 first	 evaluation	
and	 gain	 a	 better	 understanding	 of	 the	 control	 over	 sunlight	 offered	 by	 the	 perimeter	
components.	With	the	change	of	location,	the	shadows	and	natural	lightning	was	modified	
inside	 the	 house	 and	 its	 surroundings.	Once	more,	 the	 students	 drew	 the	 new	 projected	
shadows	in	their	models,	comparing	them	to	the	first	drawings	from	the	initial	evaluation.	In	
this	 way,	 the	 function	 of	 the	 identified	 components	 and	 the	 importance	 of	 their	
configuration	were	put	into	evidence.	

Due	 to	 the	 new	 latitudes,	 the	 perimeter	 components	 did	 not	 produce	 the	 same	
lightning	 conditions.	 By	 examining	 the	 new	 results	 and	 contrasting	 them	 with	 the	 initial	
results,	 the	 students	 analysed	which	 shape	 aspects	 of	 the	 components	 determined	 these	
outcomes	and	estimated	possible	alternatives	of	modification.	

Speculation	from	the	perimeter	 		 		 		 		 	

After	 the	 previous	 analysis,	 the	 students	 identified	 the	 parameters	 of	 the	 components'	
configuration	 that	 defined	 the	 lightning	 conditions	 of	 the	 houses.	 These	 were	 related	 to	
dimension	 and	 disposition,	 in	 other	 words,	 they	 recognised	 the	 plastic	 alphabet	 of	 the	
houses	 in	 a	 relative	 way	 and	 not	 just	 as	 a	 geometric	 language,	 articulating	 precise	
operations	to	modify	the	sunlight	characteristics.	First,	the	students	formulated	hypothesis	
of	 possible	 variations	 of	 the	 registered	 parameters	 with	 the	 objective	 of	 recovering	 the	
original	 conditions	 of	 the	 model	 related	 to	 sunlight.	 This	 meant	 a	 rethinking	 of	 the	
perimeter	 of	 the	 models,	 with	 concise	 and	 rigorous	 adjustments	 that	 did	 not	 alter	 the	
original	language	of	the	house,	but	generated	a	new	version	of	it,	without	transforming	its	
plant.	

With	the	new	version	of	the	model,	we	performed	a	new	evaluation	with	the	heliodon	
to	note	the	effectiveness	of	the	proposed	modifications.	Even	though	in	most	of	the	cases	
the	original	situation	was	not	completely	achieved,	the	changes	generated	a	difference	that	
approached	 the	 objective.	 The	 importance	 of	 this	 last	 test	 was	 to	 make	 evident	 that	
handling	 the	 components	 helped	 control	 the	 sunlight	 in	 the	 projects.	 Thus,	 they	 were	
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confirmed	as	 tools	of	 light	control	with	 the	potential	 to	be	extrapolated	 to	other	projects	
and	contexts.	

	
Figure	5.	Students'	work,	analysis	of	the	perimeter	components	and	sunlight	control	(picture	by	the	authors).	

Thoughts	about	the	applied	methodology	 		 		 		 		 	

The	presented	exercise	was	the	first	of	its	kind	in	the	Architecture	School	of	Universidad	de	
Santiago	of	Chile.	 It	was	also	 the	heliodon's	debut	and	the	 first	 time	the	students	worked	
with	 this	 instrument.	 This	 pilot	 experience	 helped	 us	 note	 the	 advantages	 and	
disadvantages	of	the	instrument's	use	and	the	work	with	architectural	models	as	a	method	
of	analysis.	At	the	end	of	the	exercise,	the	students	answered	a	poll	about	their	experience,	
composed	of	three	questions.	Here,	we	present	a	selection	of	their	answers.	

Perception	of	the	utility	of	the	heliodon	as	a	pedagogic	tool	 		 		 		 	

In	 this	 question,	 the	 students	were	 faced	with	 five	 phrases	which	 they	 needed	 to	 assess	
among	 four	 alternatives:	 Completely	 agree,	 Agree,	 Disagree	 or	 Completely	 disagree.	 This	
were	the	presented	phrases:	

1. I	understand	how	the	heliodon	works	with	the	instructions	given	by	the	professors.	
2. The	heliodon	 is	a	useful	 resource	 to	understand	 the	 sunlight	and	 its	 influence	 in	a	

project's	lightning.	
3. The	heliodon	is	a	resource	that	helps	me	make	decisions	and	generate	design	criteria	

for	the	Design	Workshop	and	Laboratory	course.	
4. Integrating	this	type	of	instruments	improves	the	courses	dynamics.	
5. The	 incorporation	 of	 the	 heliodon	 as	 an	 asset	 meant	 a	 support	 for	 the	 learning	

experience	of	the	course	contents.	
The	results	are	presented	in	the	chart	below:	

	
Figure	6.	Chart	of	answers	(picture	by	the	authors)	
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What	does	the	use	of	the	heliodon	contribute	to	your	learning	experience?	

The	answers	to	this	question	were	positive	in	general.	Here,	we	transcribe	some	of	them:	
- In	relation	to	the	last	project,	it	helped	me	see	the	sunning		phenomenon	 and	 in	 an	

empirical	way,	more	 than	 just	 in	a	 computer,	move	 the	pieces	 so	 the	design	made	
more	sense.	 	

- Keeping	in	mind	the	importance	of	the	sun	to	create	spatiality,	even	if	this	was	also	
seen	in	first	year,	with	the	use	of	the	heliodon	it	becomes	evident	and	creates	a	real	
consciousness	of	the	interaction	of	the	models	with	the	sun.	

- Even	if	software	of	sunlight	analysis	exists,	the	heliodon	allows	me	to	see	it	in	a	more	
real	perspective.	

Write	 down	 strengths	 and	 weaknesses	 you	 found	 in	 the	 process	 of	 the	 heliodon’s	
incorporation	to	the	laboratory	course.	 		 		 		 		 	

This	 question	 presented	 more	 critical	 answers,	 pointing	 specifically	 to	 the	 pedagogical	
implementation	 of	 the	 heliodon,	 which	 needs	 to	 be	 improved	 in	 the	 future.	 Here,	 we	
present	some	of	these	answers:	

- It	 was	 a	 great	 support	 for	 the	 Design	Workshop	 project,	 specially	 at	 the	 end.	 The	
modifications	part	was	unnecessary,	because	we	lost	time	in	something	that	was	not	
directly	applied	in	Design	Workshop	(…).	 	

- The	only	bad	thing	I	saw	was	that,	since	we	only	had	one	heliodon,	it	took	a	long	time	
for	everyone	to	use	it	(…).	 	

- It	 is	a	useful	 tool	 to	understand	 the	 relevance	of	 the	sun	 in	 the	spaces	and	how	to	
organise	the	project's	program.	The		exercise	 of	 changing	 the	 latitude	of	 a	 house	 in	
Santiago	and	see	the	transformation	it	provoked	(...)	was	interesting.	As	a	weakness,	
it	would	 be	 the	 great	 amount	 of	 students	 that	made	 the	 use	 of	 the	 heliodon	 very	
slow.	

The	professors’	impression	

The	faculty	in	charge	of	the	exercise	was	composed	of	three	professors:	Hugo	Pérez,	Ginnia	
Moroni	and	Carmen	Melo.	The	development	of	the	exercise	and	the	final	results	allowed	us	
to	observe	the	strength	and	weaknesses	of	the	experience,	besides	showing	the	possibilities	
that	 the	 heliodon's	 use	 offers	 for	 future	 academic	work.	 The	 observations	 are	 divided	 in	
three	areas.	

Firstly,	about	the	use	of	the	heliodon	as	a	tool,	we	could	notice	the	enthusiasm	of	the	
students	during	the	evaluations,	since	it	gave	them	the	opportunity	to	examine,	in	a	reliable	
way,	the	influence	of	sunlight	 in	the	studied	projects.	This	facilitated	the	understanding	of	
this	 aspect	 and	 the	 qualities	 it	 offered	 to	 the	 project.	 However,	 by	 the	 end	 of	 the	
experience,	there	were	still	some	students	who	presented	doubts	about	its	use.	We	believe	
that	 reinforcing	 the	 associated	 concepts	 of	 sunning	 and	 sunlight	 during	 the	 exercise,	 i.e.	
azimuth	or	solar	angle,	could	be	a	possible	solution.	

Secondly,	 concerning	 the	work	with	models,	 their	 potential	 as	 a	method	of	 analysis	
was	confirmed,	no	longer	being	just	a	method	of	representation.	The	use	of	the	models	as	a	
board	 where	 the	 shadows	 were	 drew,	 transformed	 them	 in	 study	 material	 that	 later	
became	 a	 reference	 for	 the	 students	 to	 create	 their	 proposals.	 In	 the	 words	 of	 Olafur	
Eliasson	 (2007):	“What	we	are	witnessing	 is	a	shift	 in	 the	traditional	 relationship	between	
reality	and	representation.	We	no	longer	progress	from	model	to	reality,	but	from	model	to	
model	while	acknowledging	that	both	models	are,	in	fact,	real.	As	a	result	we	may	work	in	a	
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very	 productive	manner	 with	 reality	 experienced	 as	 a	 conglomeration	 of	 models.	 Rather	
than	 seeing	model	 and	 reality	 as	 polarised	modes,	 they	 now	 function	 on	 the	 same	 level.	
Models	have	become	co-producers	of	reality”.	

Finally,	 regarding	 the	 applied	 methodology,	 the	 firsts	 analysis	 of	 the	 model	 in	 its	
original	 and	 new	 latitude	 was	 effective	 to	 recognise	 the	 components	 that	 created	 the	
sunlight	control	of	the	houses.	Nevertheless,	the	final	stage	of	the	students'	proposals	was	
too	short	to	fully	analyse	the	possibilities	these	variations	really	offered.	 In	 the	future,	we	
would	 like	 to	 perform	more	 than	 one	 evaluation	 to	 the	 new	 versions	 or	maybe	 continue	
with	a	second	exercise	that	allows	to	go	deeper	into	this	aspect.	

	Discussion	 		 		 		 		 	

The	 experience	 obtained	 with	 the	 exercise	 shows	 the	 potentiality	 of	 using	 models	 and	
analog	instruments	of	evaluation	as	a	pedagogical	tool	in	the	education	of	architecture.	On	
one	 hand,	 the	 experimentation	 gives	 the	 students	 new	 work	 methods,	 confirming	 the	
architectural	 model	 as	 a	 tool	 of	 analysis.	 The	 model	 is	 no	 longer	 a	 simple	 form	 of	
representation,	but	an	artefact	that	enables	the	observation	of	a	specific	phenomenon.	

Furthermore,	 the	 tests	 as	 a	 learning	 method	 enhances	 the	 understanding	 and	
assimilation	of	theoretical	concepts	by	the	students,	not	only	as	an	abstract	knowledge,	but	
also	 empirical.	 This	 facilitates	 the	 extrapolation	 of	 these	 acquired	 notions	 to	 other	
pedagogical	 concepts,	 i.e.	 the	 Design	 Workshop.	 Nonetheless,	 the	 design	 proposal	 and	
modifications	 to	 the	 models	 was	 not	 properly	 realised,	 remaining	 pending	 for	 future	
experiences	to	improve	this	part	of	the	methodology.	

Light	comfort	 is	very	important	for	the	optimisation	and	efficiency	of	projects.	There	
are	several	digital	tools	that	helps	analysing	buildings	to	optimise	this	aspect.	However,	the	
sensibility	 regarding	 this	 issue	has	 to	be	 acquired	during	 the	 years	 in	 architecture	 school,	
where	 students	 become	aware	of	 the	 impact	 their	 design	decisions	 have	 in	 this	 essential	
characteristic.	Therefore,	we	see	in	experimentation	a	method	to	achieve	this	sensitisation	
in	future	architects.	

Lastly,	 working	 with	 a	 renowned	 architect	 was	 a	 great	 method	 to	 put	 in	 value	 an	
important	representative	of	Chilean	modern	architecture.	It	also	allowed	us	to	study	a	body	
of	work	focused	in	the	relation	between	interior	and	exterior	and	sunlight	control,	through	
the	 development	 of	 simple	 components.	 The	 students	 could	 analyse	 and	 codify	 them,	
creating	a	repertoire	of	tools	for	the	configuration	of	the	perimeter	that	can	help	regulate	
these	aspects	and	could	be	extrapolated	to	their	own	projects.		
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Abstract: This paper reports on recent final-year undergraduate projects completed at the Faculty of 
Architecture and Town Planning at the Technion – Israel Institute of Technology. The final-year studio, which 
followed the conceptual framework of Research-Based Design, was entitled 'Articulation, Space, and 
Sustainability', and focused on the adaptation of the Israeli built environment through the articulation of a 
responsive architectural language. The paper uses four student projects for demonstrating the challenges and 
opportunities involved in the application of environmental research-based design in projects of undergraduate 
architecture students. The process of learning in these projects, beyond the traditional qualitative focus on 
design outcomes, demonstrate the pedagogic value of a generative learning process that is based on 
quantitative indicators and aims to equip future architects with new design tools urgently needed for pushing 
the local common practice in Israel towards its responsive phase.  
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Introduction 
For more than two decades, awareness to the environmental impact of buildings and urban 
areas has been rising, leading to an increase in scientific research aimed at devising new 
methods and recommendations for climatically-aware design. During that time, the need to 
integrate environmental sensitivity into architectural education and training has also been 
broadly acknowledged (Ismail et al. 2017). In spite of these converging trends, it can be 
argued that the products of scientific research had until now only a limited effect on common 
architectural design practices (Yannas 2013) as well as on the curricula of architecture schools 
(Altomonte 2009). 

In recent years, the aim of integrating sustainable design into academic programs has 
produced several initiatives (Ismail et al. 2017), including the three-year, multi-national 
European project EDUCATE (Environmental Design in University Curricula and Architectural 
Training in Europe)(Altomonte et al. 2012). The EDUCATE project aimed at producing a 
conceptual framework that would support the creation of environmentally-aware academic 
programs in the field of architecture, introducing five different pedagogical models of 
sustainable design integration into architectural curricula (Figure 1): parallel (environmental 
design is taught separately from other design approaches); partially integrated 
(environmental design is partially integrated into other design fields); fully integrated (various 
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disciplines converge around the central core of the design studio project); iterative 
(knowledge is progressively deepened through a series of cognitive ‘loops’); and elective 
(optional courses in environmental design are offered to students) (Altomonte et al. 2012). 
The differentiation in pedagogical approaches was meant to conform to a variety of teaching 
cultures and organizations (Figure 1). 

 
 
 
 
 
 
 

 
 
 
 

 
Figure 1: Five models of integration environmental design studies into architectural school curricula 

(Altomonte et al. 2012) 
 
Three of the approaches to environmental design education suggested by the EDUCATE 

project were implemented in a recent revision of the Architecture Program at the Faculty of 
Architecture and Town Planning at the Israeli Technion. Beginning in October 2014, the 
program was transformed from a five-year to a six-year curriculum while including 
specialization in five major topics: environmental design, history and theory, preservation, 
urban design, and digital architecture. During the first three years of study, the "partially 
integrated" model is applied, with basic concepts of environmental design being taught in 
mandatory courses; as for years 4-6, an elective-iterative learning process was introduced, 
with vertical studio courses in environmental design being supported by theoretical and 
performance-based courses.  

Inspired by the contemporary discussion on environmental design education, the 
Technion's new Architecture Program included a final-year design studio entitled 
"Articulation, Space, and Sustainability" that attempted to integrate environmental 
performative research and architectural expressive design. The studio, led by architects 
Shmaya Serfaty and the first author of this paper, encouraged the students to use 
environmental design knowledge throughout all stages of design. This paper describes the 
studio's methodology and outcomes after two years of experience.   

Course structure and contents 
At its present state, the final-year studio is a yearlong course that follows the concept of 
research-based design. Students are asked to choose one of several specializations 
(architectural history and theory, environmental design, urban design, digital architecture, 
architectural conservation), each consisting of a research module and a design studio, and to 
suggest their own theme and intervention site. Research is meant to produce a theoretical 
framework for design and to support the design process in its entirety, with students 
expected to constantly shift between the theoretical and the design-specific domains. The 
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final-year studio "Articulation, Space, and Sustainability" follows a similar path while focusing 
on environmental and performance-based design principles and concepts.  

As the wider concept of research-based design suggests, the course took on the task of 
synthesizing scientific environmental knowledge and formal design work. Arch. Shmaya 
Serfaty, a partner in one of Israel's leading architectural firms, acted as the studio's design 
director. The first author of the paper focused on teaching environmental research 
methodologies and production of responsive architectural design, including an introduction 
to the performance analysis platform Sefaira. Personal studio meetings were organized with 
both tutors present to achieve maximum integration of the different domains of knowledge. 
The studio meetings were supplemented with a research course led by the first author whose 
aim was to introduce the students to the relevant body of knowledge in the field of 
environmental design and to performance-based analytical tools.  

Towards an Integrated design process 
The integration of environmental research in the studio was designed to follow the main 
milestones of the diploma course project. The project begins with the selection of a research 
theme and a site of intervention by the students. The discussion on the broader context of 
each theme brings to front different social, geo-political, and historical issues typical to the 
local context, and is complimented by a climatic analysis specific to the project's site.  

The project was expected to progress by following four generic milestones of the design 
process: conceptual design, massing, programmatic layout, and envelope detailed design. 
While students were encouraged to integrate environmental knowledge into their design on 
each of the stages, experience showed that they tended to limit their environmental focus to 
only one of the stages. The following paragraphs describe several of the students' projects, 
while demonstrating how environmental design issues were considered in each of the design 
stages and affected final design. 

 

Conceptual design 

Among the diverse mosaic representing the evolution of the typical Israeli city, a unique 
interaction takes place between developing urban areas and former military industrial zones 
located within them. The specific condition of the IMI (Israel Military Industries) compound 
in Tel Aviv was explored by student Maayan Sheiman (Figure 2). The severe soil pollution of 
this 44,000 m2 site, caused by years of industrial military activity, prevented its development 
for decades despite its central location. The project began with a review of the site's current 
state of pollution and soil remediation practices and technologies.  

The strategy chosen by the student outlined an innovative process in which soil 
treatment is preformed simultaneously with gradual reconstruction of the site. Quantitative 
assessment of the different degrees of soil pollution within the site was used during 
conceptual design in a way that generated a system of spatial interventions. Since pollution 
was not similar in all parts of the site (percolating to depths ranging from 6 to 16 m), soil 
removal could be performed in an uneven way, thus creating an "inverse topography" that 
wholly reflects the quantification of pollution percolation into the ground. Inspired by its 
historical purpose, the entire site was designed to become into a soil purification factory, one 
which will also reconnect to its surrounding urban fabric.  
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Massing 

The notion of urban compactness in Jerusalem, Israel's capital city, had served as one of the 
key drivers in Nattalie Mor's project (Figure 3). The constitutional role of the city has left its 
impact on its urban form, creating a large inner-city secluded compound consisting of the 
Knesset (the Israeli parliament) and many government office buildings. The project is based 
on the concept of relocating the Israeli parliament to the Clal Building, one of Jerusalem's 
'white elephants' situated in its city centre. Apart from the functional and urban benefits of 
this act in reviving the building and its surroundings, the relocation of the parliament was also 
meant to democratize the legislation process through its spatial opening-up to street life. The 
concept was given form by a programmatic deconstruction of the parliament to its different 
functional roles and their re-composition according to a new spatial hierarchy, in which the 
city and its citizens interact beneath, above, and around the new built volumes. 

For the new massing of the building, a detailed climatic analysis was conducted, 
highlighting the importance of solar radiation availability during winter and mid-season to 
both indoor and outdoor spaces. Positioning of the new masses followed radiation and sun 
hours' availability parameters along other programmatic and functional parameters, all 

Soil remediation research Soil pollution topography mapping 

Design concept based on 
remediation scheme and time line 

Existing soil condition 

Excavation  

Packing 

Treatment 

Remediation  

End of process  

-16 m -10 m -6 m 

Figure 2: Generative design scheme driven by a soil remediation process in a contaminated 
former military industrial zone in Tel Aviv (project by Maayan Sheiman, 2016) 

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2382



included in a generative code using the Grasshopper-powered Ladybug and Galapagos 
modules. The quantitative thresholds of the Israeli green building code (IS 5281) were used 
during analysis. The application of computational tools enabled to integrate environmental 
considerations alongside other design parameters; the urban space which was created below 
the new parliament building allowed not only for street-level pedestrian continuity but also 
addressed issues of outdoor comfort. However, despite the detailed solar analysis that 
dictated the building massing, the decision to demolish the entire lower part of the existing 
building and to replace it with new construction was not supported by a valid environmental 
justification, mainly due to lack of available indicators and tools to perform a thorough life 
cycle analysis in the project's limited scope. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Programmatic layout 

In her project, Bosmat Ekstein addressed the issue of urban walkability in Tel Aviv (Figure 4). 
The Ayalon Highway built on the path of Ayalon River is crossing the city from north to south, 
creating a physical barrier between the city centre and its developing eastern areas. Ekstein's 
project attempted to revive the river as a public green space that connects the two parts of 
the city by creating a multi-purpose walkable mix of open, semi-open, and enclosed spaces. 

Urban block sub-division 

Differential roof surface heights Differential distance between 
buildings to allow solar rights 

Envelope deformation and 
angulation 

Massing orientation and 
physical connection 

Differential floor level 

Sunlight hours calculation on ground 
floor (for Dec 21st) 

Radiation Analysis for south facing 
facades (Dec 21st) 

The existing 'Clal' building 

Design outcome 

Parametric optimization process 

Figure 3: Redesigning the Israeli Parliament as an urban regenerator for Jerusalem's city centre 
by an adaptive reuse of Clal Building (project by Nattalie Mor, 2016) 
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As part of the research process, future building plans along the Ayalon motorway were 
considered and modelled in 3D. The model was used in shading analyses that affected the 
programmatic layout of the scheme, with a variety of indoor and outdoor activities positioned 
according to sun hours' availability on hourly and monthly cycles. By integrating outdoor 
shading analyses, the project demonstrated how quantifiable microclimatic considerations 
can play an effective role in urban design without compromising other programmatic goals. 
Despite the limited time frame of the design studio, which did not enable to extend the 
microclimatic analyses to consider the effects of vegetation, wind, or radiant temperatures 
on outdoor thermal comfort, the shading analyses produced rich and diversified design 
solutions on the level of programmatic layout.  

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Envelope detailed design 

The focus of Tomer Licht's project was on one of several abandoned buildings along Haifa's 
waterfront (Figure 5), offering to adaptively reuse it as a collaborative working and living 
environment in the spirit of the existing bottom-up communal organization already taking 
place in this area. Based on the initial decision to preserve certain parts of the existing building, 
the project consisted of detailed design of the housing units and communal spaces in the 
building. The envelope design of the complex consisted of a 3-dimensional canopy hovering 
above the semi-open and open communal spaces on the rooftops and central courtyard. 
beyond the ambition to unify the external appearance of the complex, the canopy provided 

Solar availability analysis dictates programmatic concept   

Figure 4: Transforming vehicle transportation artery into an urban walkability generator between 
eastern and western Tel Aviv over the Ayalon Highway (project by Bosmat Ekstein, 2016) 
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such features as shading and energy production that were optimized by the student to admit 
high levels of solar radiation during winter while blocking it during summer. The optimization 
process followed quantitative criteria and was performed through the Grasshopper-powered 
Ladybug and Galapagos modules. Detailed energy yield of the canopy's PV panels was not 
calculated.        
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Conclusion 
The paper introduced the challenges of integrating environmental knowledge into the 
education of architecture students, and especially into their design studios. The four student 
projects that were presented above demonstrated the potential of applying quantitative 
environmental analysis throughout all design stages: conceptual design, massing, 
programmatic layout, and envelope detailed design. Although a holistic approach that would 
encompass the design process in its entirety is favorable, the limited timeframe of the final-
year design studio proved to limit the students' capability to apply such an approach. 
Therefore, a more realistic approach would be to encourage the implementation of 
environmental strategies on specific stages of the design process or on different scales, in 
accordance with the project's theme.  

A key pedagogic issue is the quantification of environmental themes through well-
defined indicators, which proved to invigorate the original design strategies and produced 
intelligent design solutions that could be justified and evaluated according to measurable 
criteria. Quantitative indicators could be generated from a computational analysis but may 

Figure 5:  Adaptive reuse of an old port building into a collaborative residential 
complex in downtown Haifa (project by Tomer Licht, 2016) 

Existing half-abandoned building in Haifa's 
deteriorating downtown area along the beach front  

Proposed scheme combining old and new wings unified by 
an energy productive shading envelope 

Existing building Proposed scheme Solar + shading PV 
envelope 

Summer 

Winter 

Radiation rooftop analysis 
(for 21st Dec) 
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also derive from surveys, technical reports, or literature reviews. At undergraduate level 
diploma projects, computational tools could be extremely useful in producing quantitative 
indicators that could guide informed decision making along the design process. However, 
without a prior knowledge of these tools (even on a basic level), only limited amount of 
diploma students would be willing or able to implement these tools in their projects. Thus, 
these tools must be taught earlier on in the curriculum through dedicated workshops, 
alongside theoretical background lectures focusing on environmental design fundamentals 
and indicators. 

As the new Iterative- Elective program structure at the Technion was introduced in 2015, 
few major issues which were found critical to help the successful promotion of environmental 
design in the curriculum were highlighted. Future development of the program should focus 
on the following issues: the importance of timing the introduction of analytic tools and 
synchronizing their implementation with the different design studios; the creation of an 
adapted body of knowledge in the field of environmental design on which future students 
and researchers can rely and build upon; and also, the shift of focus from the evaluation of 
single buildings to the urban and district scales. These aspects are expected to drive the 
progression of environmental design agenda in the design studio at the Technion in years to 
come.  
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Abstract: The education of building practitioners is challenged by the increasing need for interdisciplinary 
profiles in the professional practice. To progress toward the goal of a sustainable built environment, a common 
language must be shared among fields such as architecture and engineering, between which persisting barriers 
remain. This paper presents an interdisciplinary teaching approach that aimed at getting architecture and 
engineering students to develop – around a unique case study evolving in parallel to the course – an 
understanding of the relationships between architectural and constructive aspects, simulation parameters, and 
energy and thermal comfort performance. Lessons learned from this experience include: the (in)adequacy of 
using an advanced software (EnergyPlus) imposing a steep initial learning curve, the limitations of working on a 
case study whose scope extends beyond the context of the class, and the conflict between achieving pedagogical 
objectives and valuing ‘real-time consultancy’ work in an evolving project. These challenges however seem to 
have been key to enable students to develop a solid knowledge of the concepts and technical language, as well 
as strong simulation competences, pushing them to embrace the added value of interdisciplinarity possibly more 
effectively than if a theoretical exercise had been used. 
 
Keywords: interdisciplinary education, simulation-based exercises, energy performance 

Introduction  

The evermore demanding requirements in building design have led to the emerging paradigm 
of interdisciplinarity in the professional practice. As such, education faces a great challenge 
due to its fundamental role in preparing future professionals, who must acquire an in-depth 
knowledge in their own domain, while also being able to interact with other disciplines.  

Despite a recent shift in the perception that environmental design and energy efficiency 
fall within the realm of architectural education, as opposed to being reserved to 
technical/engineering studies, this realization has yet to be reflected in the architectural 
curriculum (Alsaadani and De Souza, 2012; Altomonte, 2009; Reinhart et al, 2012). To achieve 
this, Altomonte (2009) argues for an integrated approach combining a theoretical background, 
empirical knowledge and evidence-based learning, and analytical tools and simulation 
techniques, to provide students with the ability to translate technical language (based on 
physical rules) into design concepts.  

Future building professionals must, through proper education, assimilate concepts that 
often remain abstract and theoretical, in order to comprehend the extent of the impact of 
their design decisions on different facets of a design’s performance. To do so, the inclusion of 
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Building Performance Simulation (BPS) is seen as essential to push the knowledge beyond 
simple rules of thumb and develop the competences to self-evaluate these impacts using 
appropriate methods and tools (Alsaadani and De Souza, 2012; Reinhart et al, 2015). In 
addition to the recurrently stated reasons behind the limited uptake of BPS in architecture 
practice, i.e. their inadequacies within the design process, Alsaadani and De Souza (2012) 
highlight a set of non-technical, socio-cultural barriers linked to stereotypes, in turn related 
to education; “following elitist philosophical traditions and purist aesthetical paradigms do 
not allow scope for numerical performance indicators to validate design-decisions” (about 
architectural education in the United Kingdom).  

  Focussing on increasing the uptake of BPS in architectural practice and education, 
Reinhart et al (2015) proposed a refined version of a simulation game developed earlier 
(Reinhart et al, 2012) based on the Radiance/Daysim and EnergyPlus tools. They tested it in a 
semester-long introductory building science class for architecture students. They concluded 
that this type of evidence-based and self-understanding approach, where students realize 
they can conduct a simulation-based analysis by themselves, can contribute to the necessary 
paradigm shift toward integrating sustainability principles from the early design stage.     
Sharing these motivations and purpose, this paper describes the lessons learned from a 
teaching experience in a class mixing graduate students with an architectural and engineering 
background. The adopted approach, strongly relying on hands-on simulation-based learning, 
is presented along with its assessment using diverse course outcomes including a qualitative 
survey filled by the students. 

Course curriculum and teaching method 

Context 

The course which is the object of this paper, called Architecture and Sustainability: 
performance studies, is given to Master’s students within the School of Architecture, Civil and 
Environmental Engineering (ENAC) at the Ecole polytechnique fédérale de Lausanne (EPFL), 
Switzerland. This course of 4 ECTS credits runs over 12 weeks, with a 4-hour class per week, 
mixing both lectures and exercise sessions.  

A specific course curriculum was developed for the fall semester of 2016. For this special 
edition, it was decided to link the course to the ongoing design of the Swiss pavilion for the 
Solar Decathlon (SD) competition of the 2017 United States edition (SLC, 2017). The course, 
structured so as to follow the evolution of the project, focused on three main themes: passive 
design strategies, followed by construction materials and their embodied energy, and 
concluding with the active systems (i.e. HVAC). This paper covers the first and last topics, 
which both relied on the simulation tool and were led by the same instructors.  

The group of registered students was composed of 14 architects and four engineers 
from three different engineering programs – civil, energy and sustainability management, and 
environmental sciences – for a total of 18 students. Students worked in groups of three, which 
stayed the same throughout the semester. All students stated not having any prior experience 
in building performance simulation. Despite the larger number of architects, the fact that 
both disciplines were present reflects the aspiration for this course to be interdisciplinary. 
This characteristic was strongly sought through the objectives and adopted teaching method, 
further described below, and reflected by the interdisciplinary background (in architecture, 
engineering, and building physics) of the instructors.  
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Objectives 

The goal of the course was two-fold; priority was placed on (i) enabling the students to reach 
a level of understanding and competences that could, ideally and quasi-simultaneously, (ii) 
support the decision-making of the competition team during the design of the pavilion.   
Specifically, we aimed at getting the students to: 

x assimilate concepts that are often only addressed through theory and therefore 
remain abstract in the design context; 

x understand and be able to use terms often conceived as being ‘reserved’ to other 
disciplines or experts in the field of building performance and simulation; 

x grasp the importance of their design decisions by being able to investigate by 
themselves the impact of such decisions on different performance criteria; 

x make links between numerical design parameters (required for simulation) and 
concrete architectural products and solutions.    

These objectives were at the core of our teaching method, which consisted in short 
theoretical lectures, followed by demonstrations of the concepts using the simulation tool – 
EnergyPlus (Crawley et al, 2000) through the DesignBuilder (DB) interface (DB, 2017) – which 
students then had to use to perform exercises using the Swiss pavilion as a case study. 

Case study 

Figure 1 illustrates the model of the pavilion in its status as of the beginning (left) and end 
(right) of the semester. This case study is not only particular due to its temporally dynamic 
status, but also since it will move geographically, from the cold and dry climate of Denver 
(location of the competition) to the warmer and more humid climate of Fribourg (Switzerland), 
where it will be rebuilt and will remain. The exercises described below were therefore 
structured by taking into consideration the evolution of the project as well as the two climates. 
 

Initial model Final model 
Without active systems Including PV and ST panels Detailed HVAC definition 

   
Figure 1. DB model of the pavilion according to its status at the beginning (left) and end (right) of the course.      

Simulation-based exercises 

Through a series of exercises, out of which the three main ones (in terms of scope and weight) 
are here detailed, students were asked to investigate the impact of passive design strategies, 
before working on the active systems, including solar technologies. This hierarchy was 
motivated both by the project’s natural evolution and by the principle put forward that 
passive strategies should be considered first to minimize the energy demand, before deciding 
on how to best supply the required energy. 

In the first exercise, students were provided a prepared DB model, an Excel file 
containing template tables and a Word document with a simple report template. They had to 
analyse, through an iterative, one-at-a-time parameter modification procedure, the effect of 
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passive design strategies on the annual energy performance and hourly thermal comfort over 
one month (October, time of the SD competition) in the climate of Denver. The pavilion and 
the variations in the design parameters are depicted in Figure 2.   

In the second exercise, they were asked to propose a compromise design scenario for 
the two climates, starting with a new version of the DB model, updated to reflect the status 
of the project from the competition team’s side. By the third exercise, passive design aspects 
had been defined and students were asked to investigate the link between the settings of the 
active systems and the performance in terms of energy consumption and thermal comfort. 
Once again, the simulation model, integrating a base case active system, was provided.  
 

 
a 10 – 15 – 25 – 30 – 35 cm  
b Incandescent – LED (with and without control) 
c Single – Double – Triple (with and without blinds) for horizontal and vertical windows 
d 0 – 90 – 180 – 270°  

Figure 2. Design parameters modified (one at a time) in exercise 1, according to the options listed.    

Assessment of the teaching method  

To gather some insights on the level of success of this teaching format, three different 
outcomes were analysed: (i) the exercise-related reports submitted by throughout the 
semester, (ii) results from a knowledge quiz administered to the students near the end of the 
semester, and (iii) responses to a survey aiming at gathering their feedback on the course.  
Although not detailed in this paper, it is to note that students were evaluated not only on 
their reports, but also on two oral presentations (related to the exercises) given at the middle 
and end of the semester. Moreover, an informal exchange between instructors and students 
following the first presentation was useful in getting an intermediate feedback on their 
experience and, in reaction, adjust our approach for the remainder of the semester. 

Student reports 

Students were asked to submit a written report in association to each of the three main 
simulation-based exercises conducted throughout the semester. Reports contained a 
description of their analysis and thought-process along their iterative simulation-based 
workflow. A thorough review and correction of these documents by the instructors revealed 
the level of assimilation and understanding of the students about the specific material 
covered in each exercise and related theoretical lecture. The fact that these reports were 
submitted all along the semester provided us with a temporal view of their learning process.     
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Knowledge quiz 

During the penultimate class, students were asked to answer an anonymous online quiz, 
containing questions related to the material covered, excluding the themes falling outside the 
scope of this paper (such as the embodied energy, as mentioned earlier). The quiz progressed, 
in accordance with the course’s structure, from passive design aspects to questions related 
to active systems. A sample of the questions along with the students’ answers is presented in 
the results’ section. Once all students had completed the quiz, the instructors went over each 
question with the whole class, graphically displaying the answers that had been collected in 
real-time using the Google Forms service. Through this exercise, the instructors could 
simultaneously identify and clarify the topics that were misunderstood by the students.     

Survey 

The third means for collecting information on the course and its format was a qualitative 
survey, defined in collaboration with a counsellor from the Teaching Support Centre at the 
EPFL. It consisted in a series of 23 statements with which students had to specify their level 
of agreement on a 5-point Likert scale with the following options: strongly agree, agree, no 
opinion, disagree, and strongly disagree. The statements included generalities applicable to 
any course, for instance about its organization, the resources provided, and the students’ 
attendance, as well as more course-specific affirmations on its interdisciplinary nature and on 
the adequacy of the software and case study employed. Examples are presented in the next 
section. The survey was given in paper form during the last class, which is when students had 
to give their final presentation. Results were collected and analysed by the counsellor before 
being transmitted to the instructors in a report and during a face-to-face discussion.   

Results of the assessment 

Student reports 

Throughout the semester, we observed improvements in the reports regarding the exactitude 
of the terminology used (e.g. technical terms) and the rigor and depth in the explanations of 
specific simulation results. Moreover, despite being given a detailed template of the 
simulations cases only for the first exercise, students quickly adopted this structured 
workflow in the subsequent exercises, which demonstrated their understanding of the need 
for (and benefits from) following a clear protocol when conducting simulation iterations.  

Their proposed solutions were systematically better, in terms of energy and thermal 
comfort performance, than the provided base case model. Depending on the level of freedom 
given in each exercise, the strategies put forward by the groups differed, with some pushing 
their analysis on a specific concept (e.g. thermal inertia) beyond what had been covered in 
lectures and to a level that challenged the instructors’ own knowledge of the simulation tool. 
Given the progress and interest of the students, the initially planned scope was extended to 
cover advanced concepts related to active systems and renewable energy technologies, such 
as the temperature and size of the hot water tanks on the demand- and supply-side. 

Knowledge quiz 

Example multiple-choice questions included in the quiz can be seen in Figure 3, along with 
the selected answer(s) from the students. Blue and red bars respectively represent correct 
and incorrect answers. Although students were not graded on the quiz, marks were attributed 
to compute the success rate for the purpose of the current assessment.   
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The average grade for the class is of 79.4%. Students were slightly more successful in 
questions related to passive design aspects (86.5%), than those about active systems (74.7%). 
We believe these results reflected well the level of understanding of the students, given the 
fact that possibly influential factors, such as time limit and stress related to being judged, 
were not present in this evaluation format. 
 

 
Figure 3. Students answers to four example questions from the knowledge quiz. Blue and red bars respectively 

represent correct and incorrect responses. Overall, a high success rate was observed.  

Survey 

A sample of the survey questions – the main course-specific ones – and the corresponding 
distribution of answers are shown in Figure 4. A majority of students agreed with the 
adequacy of the simulation software as a tool that enabled them to better assimilate the 
concepts (Q1), and with the added-value of learning through a real and complex project (Q2). 
However, they were split over the belief that they would have learned better by working on 
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a case study ‘frozen in time’ (Q3). It is to note that for that statement, responses should be 
interpreted as inverted, disagreeing being considered as positive in this context. 

The following two questions (Q4-Q5) both concerned the interdisciplinary aspect of the 
course. While over 80% of the students agreed with the usefulness, for their professional 
future, of having been exposed to other disciplines, almost 40% thought the interdisciplinary 
aspect had not been well integrated in the course. The relevance of the course as well as it’s 
distinction from others were highlighted by the spread of answers to Q6 and Q7. Finally, a 
majority of students thought the work load to be too important given the allocated credits. 

 

 
Figure 4. Sample results from the survey. These 8 questions (out of 23) are some of the most course-specific.         

Discussion  

From the above outcomes, we observe that a large majority of students were able to reach a 
deep level of knowledge and understanding of the concepts and associated language, more 
so than in previous editions of the course according to the instructors also involved then. 
However, the attempt at bridging an educational curriculum and a consultant-like activity 
generated a challenging situation for the students, who seem to have ‘suffered’ from the 
dynamic feature of the case study and the heavy work load associated to the iterative 
simulation tasks, exacerbated at times due to changes in the project. A certain frustration 
caused by the lack of perceived impact on the design process could also be detected. Certain 
hindrances should therefore be anticipated if a similar teaching approach was to be adopted 
in a future edition of a comparable course.  

We believe that the combination of an evolving case study and a complex simulation 
tool generated a context in which students were able to reach a deep level of understanding 
of the taught (and self-taught) concepts, as well as develop advanced simulation capacities. 
The complex capabilities of the software proved to be essential to allow students to conduct 
the analysis of a project beyond its early-design stage and to get an understanding of the 
impact of specific design decisions. We believe a simpler and more closed (i.e. black-box-like) 
software would have prevented this level of fine-tuning, which was also achieved due to the 
dynamic characteristic of the case study. This outcome strongly defies the often preconceived 
idea that BPS is out of the realm of architects. It however remains conditional to a high level 
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of knowledge and support from interdisciplinary instructors. The preparation for anticipating 
a variety of simulation pitfalls and bugs should moreover not be underestimated.  

Although the model of the pavilion was systematically updated throughout the 
semester, discontinuous communication between the instructors and the competition team 
about design decisions made led to occasional mismatches between the ‘real’ project and its 
educational counterpart. These circumstances in turn affected the potential of the students’ 
work to effectively influence and support the decision-making process. Measures should 
therefore be taken to mitigate the risks of communication barriers and of a relative lag in the 
timelines and scopes. 

Conclusion  

This paper presents the outcomes from a simulation-based teaching experience with students 
from different disciplines working around a multi-functional pavilion, itself evolving in parallel 
to the course. Our interpretation of the student reports, knowledge quiz, and qualitative 
survey of the course highlight a strong level of achievement of the pedagogical objectives. By 
assimilating the technical, performance-related language and concepts, students were able 
to surpass the boundaries traditionally instilled by their specific backgrounds. 

Further work within educational programs should be made to establish links between 
such classes and design studios, promote an interdisciplinary curriculum, and fully integrate 
performance considerations throughout the creative design decision-making process. 
Greater attention should be placed on teaching students to ‘justify’ their design intentions, 
while fostering a climate of respect between architects and engineers through shared 
competences and language.  
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Abstract:	Universities	have	a	civic	responsibility	towards	the	cities	and	communities	of	which	they	are	a	part.	
This	is	typically	operationalized	through	Outreach	and	Engagement	activities,	which	aim	to	share	and	apply	the	
expertise	and	knowledge	generated	by	the	university	with	communities.	The	model	is	typically	conceived	of	as	
a	one-direction	path	from	the	University	to	communities,	but	there	is	potential	for	the	engagement	to	take	on	
more	of	a	two-way	collaboration,	in	which	there	is	a	transformative	intent	to	enact	positive	change.	This	paper	
reflects	 on	 the	 practice	 of	 hands-on-bristol,	 a	 collective	 bringing	 community	 members,	 architects,	 trainee	
architects,	and	academics	together	to	co-create	projects.	The	practice	of	the	collective	is	conceived	as	a	form	
of	spatial	civic	agency	that	empowers	a	community	or	not-for-profit	organization	to	participate	in	making	and	
re-making	their	places.	Projects	typically	involve	an	ongoing	process	of	community	engagement,	participation	
and	 co-creation	 through	 physical	 interventions	 in	 the	 city.	 The	 process	 brings	 into	 consciousness	 the	
conditions	that	shape	a	community’s	place	in	their	world	and	can	catalyze	possibilities	that	seemingly	cannot	
otherwise	be	unlocked.	This	participatory	approach	questions	 the	primary	 focus	of	education	as	provider	of	
practice-ready	graduates	and	makes	a	place	for	the	University	as	civic	agent.	
	
Keywords:	Community,	University,	Civic	agency,	Co-creation,	Live	projects	

Introduction		

Universities,	 as	 quasi-public	 agents,	 have	 a	 civic	 responsibility	 towards	 the	 cities	 and	
communities	 of	 which	 they	 are	 a	 part.	 The	 ambition	 to	 make	 a	 positive	 contribution	 to	
society	 is	 on	 most	 University’s	 mission	 statements,	 and	 increasingly	 this	 contribution	 is	
conceived	of	 in	relation	to	the	local	community,	as	well	as	wider	society	as	a	whole.	Local	
engagement	is	typically	operationalized	through	Outreach	and	Engagement	activities,	which	
aim	to	share	and	apply	the	expertise	and	knowledge	generated	by	the	university	-	with	and	
for	 communities.	 The	 model	 is	 generally	 conceived	 of	 as	 a	 one-direction	 path	 from	 the	
University	to	communities,	 in	which	communities	are	passive	recipients	of	this	knowledge.	
However	 the	principles	of	civic	agency	 identify	a	potential	 for	 the	engagement	 to	 take	on	
more	of	a	two-way	collaboration,	in	which	there	is	a	transformative	intent	to	enact	positive	
change	and	where	new	knowledge	and	understandings	are	both	generated	by,	and	shared	
with,	the	civil	society.	
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Fig	1:	Ebenezer	Gate	Pocket	Park,	Bristol	Community/University	co-design	project	(Image	credit:	Marcus	Way)	

In	 the	 field	 of	 architecture	 and	 the	 built	 environment,	 the	 role	 of	 civic	 society	 is	
increasingly	 recognised	 as	 playing	 a	 key	 part	 in	 developing	 sustainable	 cities.	 The	 UN’s	
sustainable	 development	 goals	 identify	 making	 ‘cities	 inclusive,	 safe,	 resilient	 and	
sustainable’	as	one	of	the	key	17	goals	to	transform	our	world	(UN	2015).	Within	this,	the	
New	Urban	Agenda	(2016)	identifies	the	aim	to	work	towards	cities	that	‘are	participatory,	
promote	civic	engagement,	engender	a	 sense	of	belonging	and	ownership	among	all	 their	
inhabitants,	 prioritize	 safe,	 inclusive,	 accessible,	 green	 and	 quality	 public	 spaces	 that	 are	
friendly	for	families,	enhance	social	and	intergenerational	 interactions,	cultural	expressions	
and	political	participation,	as	appropriate,	and	foster	social	cohesion,	inclusion	and	safety	in	
peaceful	and	pluralistic	societies,	where	the	needs	of	all	inhabitants	are	met…’	(UN	2016:4)	
This	 emphasises	 the	 role	 that	 social	 and	 cultural	 aspects	 play	 in	 the	 development	 of	
sustainable	places.	

In	 response	 to	 both	 of	 these	 converging	 agendas,	 we	 present	 a	 new	 model	 of	
University	engagement	in	the	city	that	aims	to	draw	on	the	resources	and	expertise	of	the	
University	to	facilitate	participatory	civic	engagement	projects.	The	intention	is	that	through	
action-based	 design	 projects	 community	 members,	 academics,	 students	 and	 experts	 can	
engage	in	processes	which	enable	all	participants	to	generate	and	share	knowledge,	develop	
skills	 and	 transform	 environments.	 In	 essence	 these	 projects	 bring	 a	 group	 of	 people	
together	 to	 collaboratively	 identify	 and	 explore	 a	 particular	 real-life	 problem,	 with	 the	
intention	of	making	either	physical	 and/or	 social	positive	 change.	 It	 is	 a	model	 that	 could	
work	across	many	disciplines,	but	is	explored	here	in	the	particular	context	of	architecture.	

This	 paper	 reflects	 on	 the	 practice	 of	 hands-on-bristol,	 a	 collective	 bringing	
community	members,	 architects,	 trainee	 architects,	 and	 academics	 together	 to	 co-create	
projects.	 The	 practice	 of	 the	 collective	 is	 conceived	 as	 a	 form	of	 spatial	 civic	 agency	 (see	
below	 for	 a	 discussion	 of	 the	 terms)	 that	 empowers	 a	 community	 or	 not-for-profit	
organization	 to	 participate	 in	 making	 and	 re-making	 their	 places.	 From	 a	 University	
perspective	 projects	 are	 undertaken	 as	 ‘participatory	 action	 research’	 (Forester	 1999),	
which	make	use	of	student	projects	and	academic	time	to	engage	in	an	ongoing	process	of	
community	participation	and	co-creation	through	physical	and	speculative	 interventions	 in	
the	city.	This	has	a	transformative	aim	to	bring	into	consciousness	the	conditions	that	shape	
a	 community’s	 place	 in	 their	 world	 (hooks,1994)	 and	 can	 catalyze	 possibilities	 that	
seemingly	cannot	otherwise	be	unlocked.	This	participatory	approach	questions	the	primary	
focus	 of	 education	 as	 provider	 of	 practice-ready	 graduates	 and	 makes	 a	 place	 for	 the	
University	as	civic	agent	of	change	in	the	city.	
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Understanding	civic	agency	

Civic	 agency	 can	 be	 understood	 by	 unpicking	 the	 meaning	 of	 the	 two	 terms.	 The	 term	
agency	 is	 used	 to	 describe	 the	 ‘ability	 of	 the	 individual	 to	 act	 independently	 of	 the	
constraining	structures	of	society’	(Awan	et	al.	2011).	This	implies	a	certain	individual	capital	
that	is	not	necessarily	inherent	in	all	communities.	The	term	civic	emphasises	a	focus	on	the	
city	–	and	therefore	those	‘constraining	structures’	might	be	understood	as	those	structures	
that	 act	 upon	 the	 city,	 in	 particular	 those	 structures	 that	 constrain	 the	 ways	 in	 which	
communities	 can	 affect	 the	 city.	 In	 addition	 the	 term	 ‘civic’	 also	 implies	 a	 democratic	
responsibility	associated	with	being	a	citizen	–	so	the	term	begins	to	introduce	idea	of	public	
responsibility	inherent	in	participating	in	the	city.	

Civic	agency	has	been	described	as	‘the	capacity	of	each	individual,	working	alone	or	in	
groups,	 to	view	what	happens	 in	 the	world	 in	a	critical	way	and	to	…	bring	about	positive	
change’	(Forestiere	2015).	Civic	agency	implies	a	cooperative	and	collective	approach,	which	
involves	 institutions	of	 all	 scales	 alongside	 individuals	 (Boyte,	 2007).	 It	 therefore	 suggests	
interplay	between	the	role	of	the	institution	(in	this	case	the	university)	and	the	role	of	the	
individual.	 Here	 we	 define	 civic	 agency	 as	 the	 ability	 of	 communities	 to	 actively	 come	
together	to	make	positive	changes.	

The	following	list	synthesises	4	key	characteristics	of	civic	agency	as	aiming	to:	
1		 Involve	 the	citizen	as	 co-creator	–	 ‘the	citizen	as	co-creator	 is	a	problem-solver	and	

co-producer	 of	 public	 goods,	 a	 far	 more	 robust	 definition	 than	 volunteer,	 voter,	
protestor,	 client,	 or	 customer.’	 (Boyte,	 2007;	 Arnstein	 1969).	 This	 raises	 the	
responsibility	to	proactively	involve	diverse	participants.	(Dahlgren	2006:	279)	

2		 Engage	with	public	and	community	places	-	‘Public	work	is	rooted	in	the	life	of	places.	
We	 need	 [to	 develop]	 a	 new	 appreciation	 for	 places	 as	 the	 root	 system	 of	 a	
democratic	 society…reconnecting	 mediating	 institutions	 like	 schools,	 businesses,	
congregations,	unions,	and	non-profits	with	local	communities.’	(Boyte,	2007)	It	is	the	
material	 fabric	 that	arguably	provides	 the	 framework	 for	 community	action	and	 is	a	
key	step	in	reaching	groups	that	would	otherwise	not	participate	in	the	public	sphere	
(Dahlgreen	2006).		

3		 Reconceptualise	 the	 role	of	 the	professional	–	 ‘This	civic	approach	to	social	science	
also	implies	a	profound	reworking	of	the	professional	role,	from	service	deliverer	and	
outside	expert	 to	collaborator,	organizer,	and	catalyst	 -	 "on	tap	not	on	top"’	 (Boyte,	
2007).	This	raises	questions	about	the	validity	of	knowledge	and	its	authentication	but	
does	not	imply	the	erosion	of	professional	expertise	–	but	instead	acknowledges	that	
the	professions	are	not	the	only	source	of	knowledge.	

4		 Understand	 democracy	 as	 a	 lived	 social	 and	 cultural	 experience	 grounded	 in	
everyday	 life	 and	 experience.	(Stewart	 2000)	 and	 (Agre	 2004)	 This	 positions	
citizenship	as	enacted	throughout	society	at	a	whole	range	of	scales,	including	through	
practical,	 direct	 action.	 (Dahlgren	 2006)	 It	 also	 acknowledges	 that	 engagement	 in	
democracy	is	a	process	of	community	engagement	(rather	than	solely	concerned	with	
elections,	 laws,	 and	 institutions)	 and	 as	 such	 ‘citizenship	 [is]	 in	 part,	 a	 question	 of	
learning	by	doing.’(Dahlgren	2006).	
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We	explore	these	4	principles	in	the	activities	of	the	work	of	hands-on-bristol	in	order	
to	position	our	activities	as	civic	agency	–	both	to	critically	reflect	on	our	own	participatory	
action	research,	but	also	to	further	understand	the	principles	of	civic	agency	as	a	model	of	
university-community	action.	In	addition	we	draw	on	the	principles	of	spatial	agency	(Awan	
et	al	2011)	as	an	action	that	represents	an	expanded	understanding	of	architecture,	beyond	
the	 mere	 production	 of	 buildings	 to	 include	 activities	 which	 identify	 the	 construction	 of	
space	 as	 a	 social	 as	 well	 as	 a	 physical	 practice	 (Rice	 and	 Littlefield,	 2014).	 So	 we	
conceptualise	the	activities	that	we	undertake	as	spatial	civic	agency.	

Fig	2:	Participatory	Workshop	at	Junction	3,	Bristol	

Methods	

The	activities	of	 hands-on-bristol	 are	based	on	 the	principles	of	 public	work	 (Boyte	2007)	
and	are	organized	around	identifying,	framing	and	responding	to	public	problems	that	have	
a	spatial	or	built	environment	context.	We	actively	seek	out	groups	with	which	to	work,	and	
over	 time	 have	 clarified	 an	 intention	 to	 work	 with	 diverse	 groups	 who	 represent	
communities,	 charities	 and	not-for-profit	 organisations.	 It	 is	 an	 important	principle	of	 the	
practice	that	we	are	not	ourselves	driven	by	a	profit-motive,	nor	are	we	working	 in	a	way	
that	 takes	 away	 from	 professional	 architectural	 practice	 or	 exploits	 student	 labour	 for	
anything	 other	 than	 public	 good.	We	 are	 inspired	 by	muf	 art	 and	 architecture	 practice’s	
maxim	to	‘Value	what's	there,	nurture	the	possible,	define	what's	missing.’	Projects	typically	
take	the	following	format:	

Live	community	architecture	project	outline		

	
Fig	3:	Live	Community	Architecture	Project	Outline	Diagram	
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1. Initial	 community-university	 contact	 -	 Community	 contact	 the	 university	 with	 an	
identified	 problem	 or	 need	 or	 academics	 contact	 a	 community	 group	 to	 propose	 a	
project.	

2. Brief	development	-	Meet	with	the	client	group	and	potential	stakeholders	and	users	
to	frame	the	‘problem’	to	develop	a	detailed	brief	for	the	project.	This	is	an	engaged	
and	 participatory	 process	 of	 identifying	 stakeholders,	 listening,	 researching,	
negotiating,	clarifying,	problem-framing,	synthesising	and	communicating.		

3. Value	what’s	 there	 (physical)	 -	Survey,	record,	and	produce	drawings/models	of	the	
existing	conditions/	existing	site/existing	uses	as	appropriate	

4. Value	 what’s	 there	 (social)	 –	 Identify	 and	 diagram	 the	 network	 of	 ‘actors’	 or	
stakeholders	involved	in	the	project	(after	Petrescu,	2013)	

5. Nurture	the	possible	-	Engage	with	as	wide	a	variety	of	potential	stakeholders	in	the	
project	as	possible	–	use	participatory	practices	to	co-develop	initial	design	ideas	

6. Define	what’s	missing	 -	Develop	creative	proposals	–	Use	architectural	expertise	to	
develop	initial	design	ideas	into	workable	solutions		

7. Visualise	and	Share	–	visualize	the	creative	proposals	and	share	these	with	client	and	
stakeholder	groups	

8. Summarise	 the	 process	 –	 produce	 a	 design	 report	 which	 summarises	 the	 process	
described	above.		

9. Garner	 support	 –	 the	 resources	 developed	 in	 the	 previous	 stages	 are	 used	 to	 gain	
funding,	negotiate	permissions	and	build	momentum	 for	 the	project	 (by	 community	
groups	in	collaboration	with	University	participants)	

10. Realise	the	project	–	Work	collaboratively	and	inclusively	to	realise	the	project	pulling	
in	expertise	from	both	within	and	beyond	the	community	and	university	collaboration	
where	necessary.	

11. Legacy	–	Develop	a	‘sustainable	legacy’	for	the	project	–	how	can	the	project	progress	
in	 a	 way	 that	 is	 self-sustaining	 and	 uses	 the	 resources	 of	 the	 community	 and	 the	
university	to	provide	ongoing	support.	

Through	 engaging	 in	 these	 steps	 we	 undertake	 a	 range	 of	 projects,	 which	 include	
involving	 communities	 in	 repurposing	 existing	 buildings;	 restoring	 neglected	 sites,	 Bristol;	
establishing	 community	 green	 spaces;	 designing	 temporary	 buildings	 for	 community	 use;	
community	wild	swimming;	and	co-building	projects.	These	projects	are	analyszed	from	the	
perspective	of	the	4	characteristics	of	civic	agency	in	the	following	sections.		

Involve	the	citizen	as	co-creator	

Fig	4.	Arnstein’s	ladder	of	participation	(redrawn	from	Arnstein	1969)	
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All	the	projects	involve	communities	within	the	creative	process	from	the	initial	brief	
development	 to	 the	 nurturing	 of	 what	 is	 possible.	 However	 it	 is	 the	 way	 in	 which	
participation	 is	 realised	 that	 is	 important	 here.	 Arnstein	 (1969)	 defines	 a	 ladder	 of	
participation	 (see	 fig	 3)	 with	 ‘informing’	 and	 ‘placation’	 as	 a	 form	 of	 tokenism,	 whereas	
‘partnership’,	 ‘delegated	power’	and	 ‘citizen	control’	are	 forms	of	participation	which	give	
citizens	 power.	 It	 is	 the	 upper	 rungs	 of	 the	 ladder	 which	 we	 aim	 to	 work	 with	 in	 our	
university-community	partnered	projects,	although	there	are	stages	in	the	project	(when	we	
are	presenting	co-created	design	ideas)	that	there	is	a	role	for	‘informing’.	The	projects	are	
typically	characterised	by	processes	higher	up	Arnstein’s	ladder	of	participation	(see	fig.	4).	
However	the	principle	of	delegated	power	is	important	here	as	it	identifies	a	role	for	expert	
knowledge	and	skills	 in	developing	designs,	synthesising	projects	that	with	work	within	(or	
challenge)	 the	 existing	 frameworks	 and	 communicating	 co-created	 ideas	 in	 a	 way	 that	
allows	others	to	‘buy-in’	to	the	project.	

	
Fig	5.	Live	community	architecture	project	aligned	with	the	stages	of	Arnstein’s	ladder	of	participation		

Engage	with	public	and	community	places	

The	projects	we	undertake	are	all	fundamentally	rooted	to	places.	It	is	interesting	that	while	
architecture	typically	involves	responding	to	real	sites,	this	is	often	undertaken	at	a	distance	
from	both	the	physical	and	the	social	context	of	projects.	 In	hands-on-bristol	collaborative	
projects,	we	 typically	 spend	 long	periods	of	 time	on	 location,	 establishing	 links	with	 local	
people	who	are	not	necessarily	already	connected	to	the	community	organisation	who	we	
are	working	with,	but	who	could	nonetheless	be	affected	by	the	project	(see	fig.	5).	This	is	
important	not	just	for	the	development	of	the	project,	but	also	as	a	part	of	the	University–
Community	 partnership,	 so	 the	 University	 itself	 establishes	 direct	 connections	 to	 the	
community	places	of	its	city.	

Fig	6.	Public	art	gallery	event	in	Bedminster,	Bristol	
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Reconceptualise	the	role	of	the	professional	

These	projects	 shift	 the	emphasis	 on	 the	 role	of	 the	professional	 in	 two	ways	 –	 firstly	 by	
shifting	 the	 locus	 of	 knowledge	 generation	 from	 the	 University	 to	 the	 community,	 and	
secondly	by	shifting	the	locus	of	power	from	the	expert	working	for,	to	the	expert	working	
with.	For	students	involved	in	the	projects	it	can	be	seen	as	a	form	of	situated	education	–	in	
which	 individuals	 acquire	 their	 professional	 skills	 through	 engagement	 with	 real-life	
situations.	In	addition	however,	we	can	understand	all	the	participants’	engagement	in	the	
project	as	a	process	of	knowledge	generation.	In	this	way	those	professional	and	education	
processes	 are	 opened-up	 to	 a	 wider,	 more	 diverse	 group	 of	 people	 (after	 Bourdieu	 &	
Passeron	1964).	Behind	this	ambition	 is	 the	aim	to	build	community	capacity	 to	empower	
diverse	groups	and	simultaneously	to	invite	others	to	partake	in	a	particular	community	of	
practice	 (in	 this	 case	 architecture).	 The	 approach	 has	 particular	 theoretical	 underpinning	
informed	 by	 the	 principles	 of	 critical	 pedagogy,	 in	 which	 there	 is	 an	 attempt	 to	 enable	
positive	changes	(Friere,	1989	and	Wink,	2005).		

Understand	democracy	as	a	lived	social	and	cultural	experience	grounded	in	everyday	life	
and	experience	

The	projects,	in	being	situated	within	the	community,	tend	to	bring	everyday	activities	into	
the	 process.	 A	 focus	 on	 participatory	 practices	 leads	 to	 activities	 like	 litter	 picking,	 site	
clearance	(see	fig.	6),	hosting	a	market	stall	and	community	art	activities	(see	fig.	5).	 ‘Civic	
agency	involves	an	ethos	that	maintains	that	individuals	living	in	vibrant	democracies	need	
to	 listen,	 to	 learn,	 to	 interact,	 to	 deliberate,	 and	 to	 problem	 solve’	 (Forestiere	 2015).	
University-Community	 collaborative	 projects	 draw	 on	 these	 bottom-up,	 direct	 action	
approaches	to	both	make	immediate	positive	physical	changes,	but	also	to	help	to	co-create	
communities	and	build	social	capital.	The	process	has	the	potential	to	empower	both	parties	
to	 feel	 able	 to	participate	 in	 the	making	and	 re-making	of	 their	 community	places	and	 to	
claim	their	right	to	the	city:	both	fundamental	qualities	of	developing	sustainable,	resilient	
communities.	

Fig.	7	Community	site	clearance	day,	Ebenezer	Gate,	Bedminster,	Bristol	
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Conclusions	

Universities	can	play	a	key	role	in	the	democratic	and	sustainable	development	of	cities	by	
working	 in	collaboration	with	communities	 to	enhance	 their	 capacity	 for	collective	action.	
Understood	as	a	form	of	civic	agency,	live	community	architecture	projects	facilitate	several	
shifts	in	the	location	of	knowledge,	education	and	power.	Through	civic	agency	Universities	
shift	 from	 sharing	 the	 knowledge	 that	 is	 created	within	 the	 University,	 to	 collaboratively	
creating	knowledge	in	situ	with	communities.	This	also	shifts	the	locus	of	education	from	its	
location	within	the	academy,	to	establishing	a	learning	community	embedded	in	community	
places.	In	turn,	this	shifts	the	locus	of	power,	from	being	largely	held	by	professional	experts	
at	 a	 distance	 from	 those	 they	 work	 for,	 to	 the	 empowerment	 of	 all	 participants	 in	 the	
process	 to	 be	 able	 to	 directly	 transform	 environments.	 Ultimately	 the	 model	 has	 the	
potential	to	change	both	the	way	in	which	we	think	about	Universities	as	well	as	the	way	in	
which	we	think	about	cities.	The	city	(and	the	communities	which	constitutes	it)	becomes	an	
agent	of	change	for	the	University,	as	much	as	the	University	is	an	agent	of	change	for	the	
city.	
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Abstract: This paper explores whether the architectural design of educational buildings - by incorporating an 
expression of the sustainable design - helps to educate users towards adoption of sustainable practices. 
Utilising observational studies from primary schools incorporating sustainable design measures, the research
explored their impact on the curriculum. School buildings accommodate the educational process but design 
briefs do not require that buildings educate their users. The paper demonstrated that sustainable features of 
the buildings were not well integrated into the curriculum and that one explanation was the lack of 
interpretation incorporated into the architecture to support teachers lacking an appreciation of sustainable 
built environments as part of a global ecosystem. Primary schools tend to deliver environmental 
education focussed on nature study and outdoor education rather than sustainable development.
Sustainable buildings often exhibit a performance gap for which building occupants and operators may be a 
contributory factor. Education within the curriculum and embedding knowledge in the architecture may 
reduce the gap and development of such an approach could benefit other buildings. 
A ‘Designed-In’ approach is recommended, to make conspicuous the building design, attitudes and behaviours, 
offering future generations understanding of the impacts of built environments and personal actions on a 
sustainable future. 

Keywords: Schools, Sustainable Architecture, Environmental Education. 

Introduction 

Orr (1999) suggests that in not making explicit to its users its location, materials and 
their origin, manufacturing methods and ultimately disposal, energy use, or communicating 
the consequence of individual action (or sustainability), buildings tacitly communicate that 
these things are unimportant. Orr (1999) argues that this approach makes the disconnect 
between user and building normal. Primary schools have longevity of purpose within the 
community they serve which may make the incorporation of sustainable architecture a 
potentially cost effective option thus reducing such disconnects. However, many Primary 
School buildings are managed and operated by non-specialists, i.e. head-teacher, governors, 
caretaker, and other personnel who will change on a regular basis. There is therefore 
potential for the original intention of the design and its critical features to be lost in multiple 
hand-overs, contributing to the gap between the predicted and recorded performance and 
the disconnect between building and user. Currently there appears to be little guidance 
available to educational institutions, from government bodies or others, in relation
to building-focused environmental education. Such education could be used to raise
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awareness that the built environment is part of the ecology in which we live and therefore a 
key factor in sustainability. 

This paper sought to determine if schools which had sustainable architectural features 
expressed such features within the design in a manner which could be used to 
educate/guide users towards sustainable practices by demonstrating the effect of individual 
or localised actions. Through the use of case studies supported by interviews and 
questionnaires, the research explored the users’ awareness of the sustainable features 
incorporated in the design. Furthermore, the research sought to understand if, and to what 
extent, such features are used within the curriculum. Given the case studies used each had 
an expressed sustainability agenda the research examined whether the features were 
interpreted into the curriculum and whether their correct or preferred operation was 
expressed in the architecture as a practical manual for optimised energy performance or a 
didactic for environmental education.  

Literature Review 

De Botton (2006) believes that the built environment and, in particular, the buildings we use 
or inhabit are important in influencing who we are. If only by virtue of the amount of time 
spent there during a highly formative period of our lives, one of the most influential 
buildings must be schools (Dudek, 2000; Woolner, 2010). The determinative period during 
primary education is recognised by government to inculcate, through the English National 
Curriculum, societal qualities such as ‘spiritual, moral, cultural, mental and physical 
development’ as well as preparing pupils ‘for the opportunities, responsibilities and 
experiences of later life’ (HM Government/Department for Education, 2015). However, the 
National Curriculum Primary School Framework contains no statutory requirement for 
delivering Environmental Education [EE] or Education for Sustainable Development [ESD]. 
Nonetheless, learning about the environment is recognised in most primary schools as 
contributing to its qualitative social requirements. Most schools provide evidence of some 
commitment to environmental awareness, often delivered in extra-curricular activities, 
guided or sponsored by external organisations. 

The author reviewed the logos, imagery and stated aims of non-governmental 
educational organisations delivering guidance to schools on EE/ESD found that the subject 
matter is apparently most concerned with nature and the natural environment. Arguably, 
the unconscious message to children, parents and teachers may be interpreted as learning 
about the environment and sustainability can only happen externally and may achieve little 
to instil the idea that a major factor in maintaining the natural environment is through 
sustainable and environmentally-aware built environments, and our own behaviour within. 
As argued by Orr (1999) “The curriculum embedded within any building instructs us as fully 
and as powerfully as any course taught in it”. He goes on to comment “the typical campus is 
regarded mostly as a place where learning occurs but is itself believed to be the source of 
no useful learning”. This presents both a challenge to, and opportunity for architectural 
design. 

The schools studied for this research used the term ‘environmental education’ as 
opposed to ‘education for sustainable development’ although the two terms are often used 
interchangeably. The former phrase, as commonly understood, refers to nature and the 
natural/physical environment, whilst the latter is seen as having anthropological references 
but is unwieldy in its phraseology and opaque in meaning to the ‘person-in-the-street’. The 
UN identifies characteristics of ESD for “culturally appropriate implementation, which 
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includes the environmental, social, cultural and economic dimensions of sustainability in a 
manner which is locally relevant but acknowledges that fulfilling local needs has global 
effects and consequences” (UNESCO, 2016). Arguably, these wider cultural and social aims/ 
characteristics of ESD are not clearly expressed by the organisations which promote 
environmental learning. The remit, overlap and specificity of EE & ESD are the subject of 
ongoing discussions (Sterling, 2001; Orr, 1999; Edwards, 2006) which makes delivery of a 
consistent message problematic for teachers already delivering a demanding curriculum 
(Palmer, 1998). Whilst teaching theories advise of the importance of interactive and 
personal learning experiences, the potential of the school buildings to provide learners with 
knowledge appears underexploited (Cox, 2004; Palmer, 1998) . 

Dudek (2000), noting that the design of school buildings is highly specialised, 
acknowledges the role of the interior environment to create healthy, comfortable buildings. 
Dudek (2000) also notes the potential of environmental psychology to further aid the 
development of learning through the comprehension of space, but notes “the incongruity of 
policy which fails to recognise architectural quality as a resource in the manner of pencils 
and paper”. The superimposition of learning philosophy on the architectural process, by 
those whose expertise lies in designing buildings (rather than education) might be regarded 
as beyond the design brief.  However, learning theory suggests that knowledge comes either 
from experience whether deliberately manipulated and reinforced by reward or sanction 
(behaviourist), or from understanding of the experience gained through exploration, 
experimentation and application of previous knowledge (constructivist) (Cox, 2004). Both 
theories indicate that schools’ architecture has an imperative to educate its users.  

The influence of the users on sustainable building design is limited by their 
comprehension of building physics beyond explanations provided by the design team. 
Kernohan et al (1992) identified that the users and providers are culturally separate, holding 
different goals, values and expectations. This misalignment of the users and providers 
described is known to affect design outcomes and their efficient operation. 

Semiotics is the study of non-verbal communication: the human ability to draw 
meaning from inanimate objects through line, shape, or colour, font, etc., uniquely 
informed by culture and experience. Norman (2013) suggests that the communication of 
inanimate objects is not merely a signifier of their function but should instruct on their 
operation. He identifies that, in an era of complex technology, good design should 
incorporate ‘understanding’ which is the ability of the object/product/building to 
communicate its intended use and how it should be operated and ‘discoverability’ which is 
the ability of the object/product/building to communicate what actions are possible, where 
and how they should be performed. Such principles for good design have informed recent 
research which identifies the potential for consumer products such as kettles and cars to 
promote pro-environmental behaviour (Lilley, 2009). On the precept that the use phase is 
most significant in terms of environmental impact, Lockton et al (2008; 2010) have 
expanded on the need to ‘design-in’ communication which encourages sustainable 
behaviour into objects and environments. This approach is branded as ‘Design with Intent’ 
[DwI], using the features of a system to guide, shape or regulate the ways in which 
interaction occurs, and that this is  a result of the specific intention of the designer. As noted 
by Lockton et al. (2008) ‘DwI’ strategies to promote sustainable behaviours have their 
origins in product design but could be extended to building design. Wever et al. (2008) 
identify four key strategies: 
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 ‘Functionality matching’ which attempts to eliminate mismatching between delivered
functionalities and desired functionality;

 ‘Eco- feedback’ –users are provided with direct information on the impact of actions;

 ‘Scripting’ where the product incorporates design which either makes sustainable
behaviour easy or instigates obstacles to unsustainable behaviour;

 ’Forced functionality’ which designs-in intelligence that automatically adapts to
circumstances or incorporates strong obstacles to prevent unwanted actions’?

Whilst the incorporation of pedagogy in schools’ architecture is recommended by
notable authors writing in this field, (Orr, 1999; Dudek, 2000; Cannon Design, et al., 2010) 
limited examples in practice exist which suggests that such systematic design is uncommon. 
Furthermore, whilst there exists a solid literature base on technical aspects of sustainable 
school design there is a scarcity of research which links environmental education with 
sustainable buildings (Cole, 2013; Schiller, 2016). Two studies which attempt to correlate 
sustainable school design with pro-environmental behaviour found that there was an 
identifiable link between sustainably designed schools and childrens’ pro-environmental 
attitudes. Both conclude that the building itself has a role influencing the attitudes of the 
users. Izadpanahi et al (2015 ) identified that the building (albeit marginally) as more 
influential than the attitudes of the teachers. In support of this, Cole (2014) suggests that it 
is the physical environment of the institution which sets the expectations for sustainable 
actions by users within the school building. Neither paper suggests that the physical 
construction of the schools were designed to communicate or instruct users on their 
sustainable credentials, therefore their effect on the users may be coincidental. It was also 
noted that teachers’ attitudes at sustainably designed schools were more pro-
environmental than those at conventionally designed schools, arguably this could harness 
sustainability in school design and mediate pupils’ environmental attitude. Overall, it can be 
argued that there is a need to better understand how specific architectural features can 
influence of environmental awareness, attitude and behaviour change and how this can be 
harnessed. 

Methodology 

Case studies were selected as a qualitative method which allowed the observation of 
naturally occurring behaviours and balanced the individualistic nature of the subjects with 
the need to draw normative conclusions (Thomas, 2010). An informal approach using 
observational visits and informal interviews was identified as appropriate to explore the 
relationship between the building and its users. A questionnaire was used to more formally 
indicate sustainable attitudes and behaviours of those associated with the school.  The case 
study schools are all located within the Southend-on-Sea Unitary Authority and were 
selected in reply to invitations to all Essex based schools with a BREEAM rating of ‘Very 
Good’ or above. Three schools, the details of which are noted in table 1, were taken forward 
for the research included in this paper. 

School A School B School C 

Opened 2012 1949 1912 

Location Suburban / Coastal Suburban Suburban 

Configuration Open plan classrooms 

Raised, multiple storeys. 

Traditional classrooms 

Single storey 

Mainly single storey 

Traditional classrooms 
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Construction Steel frame with block 
infill, insulating ceramic & 
laminate facing panels 

Solid brickwork, profiled 
sheet roof, replacement 
double-glazed units  

Solid brickwork, timber 
windows with secondary 
glazing, slate roofs. 

Buildings Regulation Complies Exceeds / Exemplar Exceeds / Exemplar 

Lighting Sensing LED Sensing LED Sensing LED 

Heating Gas Boiler Biomass Boiler Biomass Boiler 

Cooling Automated natural 
ventilation 

Natural ventilation Natural Ventilation with 
HR 

Renewables Solar Panels Solar Panels Solar Panels 

Sustainability features South-facing glazed areas 
Water saving fittings 

Insulation upgrade 

Southerly glazed spaces 

Insulation upgrade 

Rainwater harvesting 

Water-saving fittings 

Energy Use & emissions* m
2 pupil m

2 pupil m
2 pupil 

kWh 49.11 336 36.80 170 71.89 189 

kgCO2 11.37 77.86 8.52 39.42 39.42 62.31 

User participation YES NO YES 

Notes More ambitious 
sustainable features 
omitted in budget cuts. 

Project aimed at 
reduction of carbon 
emissions & energy use, 
with research and 
exemplar elements. 

Phased refurbishment 
with zero-carbon target 
completed in 2013, with 
research and exemplar 
elements. 

* Energy use calculated by comparison of ECON 73 & Warwickshire County Council benchmark values and asserted 
reductions in energy use and CO2 emissions

Table 1: Description of the Case Study Schools 

The literature review identified modes for inbuilt interpretation or guidance (Wever, 
et al., 2008; Lockton, et al., 2008; Lilley, 2009; Lockton, et al., 2010) and the observational 
visits sought evidence of the strategies described above to determine whether sustainable 
design features were embedded within the building either for use within the curriculum or 
to instruct as their optimum performance. 

Findings 

The observational visits did not elicit overwhelming evidence of the use of the building 
within the curriculum.  Aligning with the findings of the literature review environmental 
education was focused on environments external to the buildings. Whilst there were 
anecdotal instances where the building/s had been used as the subject of study in the maths 
and science curricula, there was a lack of evidence within the buildings to suggest that this 
was systematically intended or embedded by the architects. In discussing this point one 
head-teacher acknowledged that the pupils who benefitted most from the building projects 
are those who were at school during the design phase of the projects when the ambitions of 
the project enthuse staff and pupils alike, and as such are translated widely into many areas 
of the curriculum. 

Consideration of learning theory and the four design strategies (Wever, et al., 2008) 
were applied during visits to the case study schools. This approach identified that most of 
the sustainable features incorporated within the design of the school projects considered 
rely on ‘forced functionality’ to operate as predicted by the design proposal. Features such 
as solar PV panels, insulation, double glazing, and biomass boilers are non-dynamic and 
function without interaction with the community or individuals they serve.  The purpose of 
automatic features, e.g. automatically operated windows, motion sensor lighting, remain 
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opaque to most users of the school, and without explanation or interpretation can prove 
irrational, irritating or distracting. Whilst such features serve the energy performance model, 
learning opportunities to construct understanding cannot take place. 

‘Eco feedback’ is provided in the form of smart meters which report energy generated 
from Solar PV panels, but for the most part the information lacks context or connectedness, 
e.g. what is the relationship between kgCO2 and trees in a child’s mind? Consideration of 
education theory (Cox, 2004) would suggest that eco-feedback provides the best 
opportunities for both behaviourist and constructivist learning perspectives.

‘Scripting’ guides sustainable use by making it easy to use products or systems 
correctly.  All the schools exhibit some examples of scripting but these exist mainly in 
aspects of the control systems for heating and lighting which are aimed at ease of use for 
those with responsibility for such systems, rather than the pupil or classroom teacher.  

The subject of using the building as a resource for environment educational was 
informally discussed with some classroom teachers. Despite strong environmental agendas, 
teachers admitted that it had not really occurred to them, perhaps due to the assumed 
‘natural sciences’ remit of environmental education. Suggesting that the built environment 
has a crucial role in sustainable development, teachers in Schools A and C saw that it could 
be important but felt they did not understand the sustainable features sufficiently to deliver 
teaching on the subject. One teacher perceived the encroachment of the built environment 
on nature as an imperative reason for children to experience it before further impairment or 
disappearance. 

In considering the design of the schools and their usability as an educational resource 
in light of user centred design strategies, where the design of a product is adapted to the 
actual use by the intended users, there exists a mismatch between the delivered and the 
desired functionality (Lockton, et al., 2008; Lilley, 2009; Wever, et al., 2008).  All the 
buildings studied appear to perform well as spaces in which education takes place which is 
the briefed and ‘delivered functionality’. The lack of interpretation of the features and 
operation of the buildings suggests that design briefs did not include the ‘desired’ functions 
of encouragement of individual sustainable behaviour, learning from the building or 
enablement of the users in their efficient operation. This lack of communication to enable 
users to ‘understand’ or ‘discover’ (Norman, 2013) the correct use of the building and its 
technology may contribute to the energy/emissions performance gap. 

Staff at all the schools recognised the enthusiasm of their pupils towards the 
environment and sustainability. The head-teacher at School A had identified the 
commitment of school pupils towards sustainability as ‘non-negotiable’ in the design of the 
building. Pupils at School C had likewise been included as part of the design process. 

Discussion 

The introduction of user-centred design which demonstrates the effects which individuals or 
small groups can have on environmental issues has the potential to continuously engage 
pupils in design and operation of the building. There is scope for scripting within individual 
classrooms such as the use of photo-electric cells or thermostats connected to classroom 
smart screens to suggest appropriate sustainable actions for which specific environmental 
or other benefits might be highlighted; the effect of the selected action might then be 
reported through eco-feedback and/or ‘rewards’ received for pro-environmental behaviour. 
If functionality matching can be regarded as the creation of a design proposal which meets 
both the stated aims of the brief as well as the inherent objectives of its users, building 
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designers are failing in providing buildings in which such goals can be met (Dudek, 2000; 
Wever, et al., 2008). An understanding of how buildings can speak to their users to effect 
behaviour adaptation is required to make schools a truly fundamental medium for change. 

The education and experience of teachers tends to support knowledge of the natural 
world, through their own educational experience in the study of subjects within the natural 
and physical sciences, humanities and the arts, such as biology, geography and art for 
example. However, the design of buildings is seen as advanced and specialist, studied at 
tertiary level beyond mandatory education. Our comprehension of the natural environment 
is intuitive, whilst understanding of the built environment is perceived as esoteric. 

Conclusion

The research used design strategies developed for use in product design to determine 
whether the architecture of sustainably designed schools includes appropriate 
interpretation which educates the user in sustainable behaviours or guides them in the use 
of building towards optimal performance. The research found that whilst all the schools had 
perceivable sustainable agendas and delivered environmental education they were focussed 
on experiences in natural environments and recycling/reuse activities or rather than the 
impact of the built environment.  

Notwithstanding the high commitment to sustainability in the ethos of the schools, 
the design of the buildings and its services, there are few indicators which show 
architectural provision within the building for its users to recognise and understand its 
construction, operation and performance or the facilitation of opportunities to engage in 
behaviour which can be seen to affect the building performance.  All lack organised 
activities and/or resources to exploit elements of the building and its construction methods 
and materials which provide practical experiences within the buildings which link to the 
curriculum and especially STEM subjects (science, technology, engineering and mathematics, 
important to National technical capability); that the building itself can provide education 
rather than merely house it.   

The conclusion of this paper, therefore must be, that sustainably-designed school 
buildings are not presently useful in changing attitudes or behaviours as the sustainable 
features are not readable by the children and, in general, teachers do not have the specialist 
knowledge nor access to resources with which to interpret the building for educative 
purposes within an environmental context. The inclusion of permanently embedded 
detailing or interpretation at the design stage (as is now relatively common in product 
design) intended to engage users and deliver a rationale for its form and operation meet 
requirements for ‘discoverability’ and ‘understanding’ which is the basis of Lockton’s ‘Design 
with Intent’. In the same manner that there is a moral and economic onus on architects to 
design buildings which not only meet legislation but are environmentally responsible, there 
should be (and most certainly in buildings designed for education) a requirement for the 
same to be interpreted within the architecture and services, designed to make explicit the 
necessity of the built environment, its contribution to the global ecosystem and the 
behaviour of the individual within, towards a balanced and therefore sustainable ecology. 
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Abstract:	These	days,	there	is	an	urgent	demand	for	developing	educational	programs	that	unite	architectural	
design	with	surrounding	environment.	However,	many	researchers	and	designers	teaching	architectural	design	
have	 expressed	 some	 concerns	 about	 application	 of	 simulations	 for	 architecture.	 In	 this	 study,	 a	 new	
educational	program	combining	architectural	design	and	environmental	engineering	was	developed	and	tried	
for	undergraduate	architecture	students	 in	 Japanese	university.	The	effectiveness	of	and	problems	with	 this	
program	were	examined	and	validated	according	 to	 the	 final	 results.	The	 field	measurements,	 supported	by	
educational	 materials	 displaying	 the	 distribution	 of	 surface	 temperatures	 of	 famous	 houses	 that	 were	
calculated	 by	 numerical	 simulation,	 had	 a	 positive	 effect	 on	 understanding	 the	 relationship	 between	
architectural	 design	 and	 surrounding	 environment,	 especially	 in	 regards	 to	 specific	 structures	 and	 building	
materials.	 Moreover,	 students	 redesigning	 their	 previous	 design	 work	 in	 a	 more	 eco-friendly	 manner	 also	
enhanced	and	deepened	students’	understanding	of	architectural	environmental	design.	

Keywords:	 Architectural	 educational	 program,	 Environmental	 design,	 Famous	 houses	 for	 beginners’	 tracing,	
Field	measurement,	Redesign	

Introduction	

These	 days,	 there	 is	 an	 urgent	 demand	 for	 developing	 educational	 programs	 that	 unite	
architectural	 design	 with	 the	 surrounding	 environment.	 As	 a	 result,	 various	 numerical	
simulations	 are	 being	 introduced	 into	 design	 studios	 in	 academic	 fields.	 However,	 many	
researchers	 and	 designers	 teaching	 architectural	 design	 have	 expressed	 some	 concerns	
about	 application	 of	 such	 simulations.	 For	 example,	 students	 have	 trouble	 visualizing	 the	
actual	 environment	 when	 it	 is	 calculated	 by	 numerical	 simulations.	 To	 cope	 with	 this	
problem,	 the	 current	 author	 developed	 a	 new	 educational	 program	 for	 Japanese	
architectural	 students,	 presented	 in	 PLEA	 2016LA,	 which	 introduces	 simple	 field	
measurements	1).	The	results	showed	that	students	could	enhance	their	comprehension	of	
environmental	factors	even	if	the	field	measurement	was	simple.	Moreover,	photographs	of	
the	 target	 site	 taken	 with	 a	 fisheye	 lens	 had	 a	 dramatic	 effect	 on	 students’	 ability	 to	
conceive	 of	 and	 propose	 countermeasures.	 On	 the	 other	 hand,	 no	 architectural	
countermeasures	appeared	in	any	student’s	work.	
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For	 this	 study,	 a	 new	 educational	 program	 that	 puts	 emphasis	 on	 introducing	
knowledge	about	the	principles	of	environmental	design	was	developed	and	conducted	for	
architectural	undergraduate	students	in	Japan.	The	effectiveness	and	issues	of	the	program	
were	examined	and	validated	from	the	results	discussed	later	in	this	paper.	

Basic	Structure	of	the	Educational	Program	

Framework	of	new	educational	program	

Since	this	educational	program	is	proposed	for	architectural	students,	the	structure	of	the	
program	 should	 conform	 to	 specifics	 of	 design	 studios.	 Kawakita	 et	 al.	 developed	 an	
architectural	 educational	 program	 that	 enabled	 students	 to	 develop	 certain	 design	
techniques,	and	was	awarded	the	Prize	of	AIJ	(Architectural	Institute	of	Japan)	for	Education	
in	 20112).	 In	 Kawakita’s	 educational	 program2),	 the	 content	 was	 divided	 into	 6	 stages.	 At	
each	stage,	challenges	and	work	descriptions	were	set,	and	students	learned	step-by-step	to	
meet	 the	 minimal	 performance	 standards	 for	 designing	 architecture	 in	 a	 short	 period	 of	
time.	In	the	current	study,	as	in	the	previous	one1),	the	educational	program	is	divided	into	
stages	 for	 the	 purposes	 of	 understanding	 and	 predicting	 the	 relationship	 between	
architectural	design	and	environment.	

Based	 on	 results	 of	 the	 previous	 study1),	 three	 new	 ideas	 were	 introduced	 for	 the	
improvement	of	the	educational	program	in	the	current	study.	

Focus	on	famous	houses	for	beginner’s	tracing	in	design	studio	
In	Japanese	architectural	design	courses,	beginners	are	usually	obliged	to	trace	the	drawings	
of	famous	houses,	Villa	Savoye	by	Le	Corbusier,	for	example.	For	this	reason,	the	designs	of	
such	houses	are	very	 familiar	 to	many	architectural	students	 in	 Japan.	 In	 this	study,	 these	
famous	houses	were	regarded	as	excellent	examples	of	blending	architectural	design	with	
the	surrounding	environment.		

First,	the	relationship	between	architectural	design	of	famous	houses	and	the	outdoor	
thermal	environment,	 specifically	 surface	 temperature,	was	 studied	and	analyzed	 through	
numerical	simulations.	Second,	educational	materials	appropriate	to	the	specific	study	were	
developed.	Third,	these	materials	were	used	in	lectures	during	program	classes.	

Focus	on	the	target	site	of	the	field	measurement	
Simple	field	measurements	of	environmental	elements	in	living	areas,	especially	related	to	
surface	temperature,	were	conducted	on	target	sites	which	resembled	the	outdoor	spaces	
of	the	famous	houses	discussed	in	class	lectures.	These	field	measurements	were	intended	
to	 help	 students	 understand	 the	 relationship	 between	 architectural	 design	 and	
environmental	elements	through	practical	application.	

The	following	5	environmental	elements	were	measured	by	students;	air	temperature,	
relative	 humidity,	 wind	 direction,	 wind	 velocity,	 and	 surface	 temperature.	 Unlike	 the	
previous	study1),	asking	students	to	concentrate	on	the	relationship	between	architectural	
design	 (i.e.	 specific	 structures	 and	 materials)	 and	 surface	 temperature,	 this	 new	 program	
allows	for	the	extraction	of	ultraviolet	radiation	information	from	the	elements	measured.	

Focus	on	the	students’	previous	design	work	
This	 program	 intends	 to	 enhance	 entry-level	 students’	 understanding	 of	 the	 relationship	
between	architectural	design	and	environmental	elements	 in	outdoor	 living	areas.	For	this	
reason,	students	need	basic	knowledge	of	environmental	engineering	beforehand,	and	the	
program	 should	 be	 designed	 for	 sophomores	 or	 juniors,	 like	 the	 previous	 study1).	 At	 this	
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level,	 most	 students	 in	 Japanese	 architectural	 courses	 are	 designing	 residential	 houses	 in	
their	design	studios.	

In	 this	 study,	 the	 students’	 design	 work	 was	 focused	 on	 redesigning	 their	 previous	
work	in	an	eco-friendly	way	so	as	to	apply	new	skills	and	knowledge	learned	in	this	program.	

Basic	structure	of	new	educational	program	

In	this	program,	three	steps	were	introduced	for	the	purpose	of	teaching	students	to	better	
gauge	 elements	 of	 the	 surrounding	 environment:	 1)	 lectures	 about	 the	 relationship	
between	architectural	design	and	 the	outdoor	 thermal	environment	of	 famous	houses,	2)	
conducting	simple	field	measurements	of	the	thermal	environment	in	outdoor	living	areas,	
and	3)	redesigning	students’	previous	design	work	in	an	eco-friendly	manner.		

Just	as	 in	 the	previous	 study1),	 the	new	program	 is	 intended	 to	become	standard	 in	
architectural	courses.	 In	Japanese	universities,	the	course	hours	devoted	to	environmental	
engineering	 are	 limited.	 As	 such,	 this	 program	 should	 be	 conducted	 within	 a	 short	 time	
period.	 Based	 on	 this	 consideration,	 the	 basic	 framework	 of	 this	 educational	 program	 is	
proposed	in	Figure	1.	

	
	
	
	
	
	
	

Figure	1.	Basic	structure	of	the	new	educational	program	

Details	of	each	step	

As	 mentioned	 in	 the	 previous	 chapter,	 this	 educational	 program	 consists	 of	 3	 steps:	 (1)	
lectures	 (using	 educational	 materials	 based	 on	 results	 of	 numerical	 simulations),	 (2)	 field	
measurements	of	outdoor	thermal	environments,	(3)	redesigning	students’	previous	design	
work.	Details	of	each	step	are	examined	below.	

Relation	between	architectural	design	and	thermal	environment	in	famous	houses	

For	 the	 purpose	 of	 creating	 educational	 materials	 for	 lectures,	 the	 distribution	 of	 surface	
temperatures	 in	 famous	 houses	 was	 calculated	 using	 numerical	 simulations	 in	 order	 for	
students	 to	 examine	 the	 relationship	 between	 architectural	 design	 and	 environmental	
elements	in	outdoor	living	areas.	

Analysing	outdoor	thermal	environment	of	famous	houses	using	numerical	simulation	
Consulting	major	text	books	used	in	the	field	of	design	studio	in	Japanese	universities,	the	
following	three	architects	were	regarded	in	this	study	as	most	important	modern	architects:	
Le	Corbusier,	Ludwig	Mies	van	der	Rohe,	and	Frank	Lloyd	Wright.	The	former	two	architects	
had	designed	famous	houses	usually	targeted	for	beginning	architectural	students’	tracing,	
Villa	Savoye	and	Farnsworth	House.	Kunio	Maekawa,	one	of	Corbusier’s	disciples,	designed	
a	famous	home	in	Japan	also	used	for	beginner’s	tracing	in	many	universities.	In	this	study,	
these	three	houses	were	selected	for	discussion	and	analyzed	with	numerical	simulation.		

The	 distribution	 of	 surface	 temperatures	 for	 these	 houses	 in	 summertime	 was	
calculated	 using	 numerical	 simulation	 developed	 by	 Asawa,	 Hoyano	 et	 al.	 (2008)3).	
Consulting	original	documents,	drawings,	and	photographs	of	these	houses,	3D-CAD	models	
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of	 the	 target	 sites,	 including	 the	 houses,	 gardens,	 greens,	 and	 boundaries,	 were	 made.	 A	
database	 with	 all	 materials	 used	 in	 these	 houses	 was	 also	 created,	 and	 adopted	 to	 the	
models	 used	 for	 the	 simulation.	 In	 these	 calculations,	 weather	 data	 for	 EnergyPlus4),	
provided	by	the	United	States	Department	of	Energy,	was	used	for	the	boundary	conditions.	

Results	showed	that	residents	in	every	house	were	able	to	enjoy	the	typical	summer	
environment	of	each	site	(Figure	2).	In	other	words,	from	the	residents’	perspective,	these	
famous	houses	 seem	 to	be	 superior	 in	both	architectural	design	and	consideration	of	 the	
surrounding	thermal	environment.	

	
	
	
	
	
	
	
	

Figure	2.	Way	to	analyze	summer	thermal	environment	of	famous	houses	

Making	educational	material	from	the	results	
In	lectures,	students	were	first	given	hand-outs,	which	included	images	and	documents.	The	
contents	 of	 these	 hand-outs	 showed	 not	 only	 basic	 knowledge	 of	 environmental	
engineering,	 but	 also	 the	 relationship	 between	 architectural	 design	 and	 the	 surrounding	
environment	 in	 vernacular	 architecture.	 After	 studying	 these	 hand-outs,	 results	 of	 the	
numerical	 simulation--distribution	 of	 surface	 temperature	 of	 three	 famous	 houses--was	
shown	 and	 explained	 with	 a	 Power	 Point	 presentation.	 Through	 a	 series	 of	 lectures,	
students	 developed	 an	 understanding	 of	 the	 relationship	 between	 architectural	 design	
(specific	structures	and	materials)	and	surface	temperature.	

Conducting	field	measurements	of	environmental	elements	

In	 the	 field	 measurement	 step,	 students	 were	 expected	 to	 acquire	 practical	 knowledge	
about	outdoor	 thermal	environments	 that	were	studied	 in	 the	previous	 lecture	step.	Four	
target	 sites	 were	 selected	 for	 the	 field	 measurements,	 based	 on	 their	 resemblance	 to	
outdoor	living	areas	in	the	famous	houses	in	the	first	part	of	this	study.	
	

	
	
	
	
	
	
	
	
	
	
	
	
	

Figure	3.	Characteristics	of	the	target	sites	selected	for	the	field	measurements	
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The	selected	target	sites	had	the	following	features:	piloti,	 lawns	with	high	trees	and	
shrubbery,	asphalt,	 stone	pavements,	and	an	open	space	 in	 front	of	a	building	with	glass-
walls	 (Figure	 3).	 Each	 student	 took	 measurements	 of	 different	 environmental	 elements	
using	the	same	hardware	used	in	the	previous	study1).		

After	 taking	 field	 measurements,	 students	 reported	 on	 their	 results	 in	 front	 of	 the	
class	on	the	same	day	in	regards	to	results	obtained	from	the	previous	study1).	The	students	
were	 obliged	 follow	 these	 criteria	 for	 evaluation:	 1)	 create	 a	 sketch	 and	 site	 plan	 of	 the	
measurement	point	using	proper	orientation	and	scale,	2)	collect	surface	 temperatures	of	
major	areas	around	the	measurement	point,	3)	consider	other	environmental	elements	(air	
temperature,	relative	humidity,	wind	direction,	wind	velocity),	4)	evaluate	the	environment	
of	the	measurement	point	based	on	previous	knowledge	gained	from	class	lectures.	

Redesigning	students’	previous	design	work	from	a	viewpoint	of	environment	

Students	redesigned	their	previous	design	work,	of	a	two-story	wooden	house	according	to	
the	following	3	steps:	(1)	students	explained	the	environmental	problems	of	the	target	site	
and	 proposed	 countermeasures	 at	 Esquisse	 check	 (Figure	 4);	 (2)	 students	 proposed	
countermeasures	 addressing	 problems	 found	 during	 an	 Esquisse	 check	 in	 an	 eco-friendly	
way;	(3)	students	gave	a	final	presentation	of	their	redesigned	works	a	week	later.	

The	 following	 aspects	 were	 designed	 for	 inclusion	 in	 these	 presentations:	 (1)	
explanations	 of	 changes	 made	 from	 the	 previous	 design;	 (2)	 site	 plans	 &	 plans	 of	 each	
building	(1/100	scale);	(3)	a	cross	section	explaining	the	relationship	between	outdoor	and	
indoor	 environments	 (1/50	 scale);	 (4)	 a	 perspective	 drawing	 of	 the	 house	 depicting	 the	
atmosphere	of	the	redesign.	

	
	
	
	
	
	
	
	

Figure	4.	Outline	of	the	Esquisse	check	

Results	and	findings	

The	program	was	developed	and	conducted	for	4	weeks,	from	2nd	to	28th	October	2015,	as	
part	of	the	class	“Practice	in	Architectural	Environmental	Engineering”	offered	to	third	year	
undergraduate	 students	 at	 Kumamoto	 University,	 Japan	 (Table	 1).	 The	 class	 was	 a	 usual	
didactic	course	(90	min	taught	twice	a	week).	

Table	1.	Composition	of	this	Educational	Program	
	
	
	
	
	
	
	
	

No. Content Type Time (min)

1） Questionnaire survey 30

2） Introduction Lecture 60

3） Relation between architectural design and outdoor thermal environment in famous houses Lecture 90

4） Simple field measurement Field measurement 90

5）Students' presentation Presentation 45

6） Lecture about relation between architectural design and outdoor thermal environment Lecture 45

7）Redesign student's old design work Design work Homework

8） Esquisse check (10-15 min. each) Presentation 90 + 90

9) Redesign student's old design work, again Design work Homework

10） Final Presentation Presentation 90 + 60

11） Questionnaire survey 30
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Attribution	of	teachers	and	participating	students	

One	instructor,	an	assistant	professor,	and	two	teaching	assistants	managed	the	class.	The	
teacher’s	specialty	was	environmental	engineering	and	architectural	environmental	design.	
The	field	measurements	were	taken	on	9th	October	2015.	During	field	measurements,	the	
teacher	 and	 teaching	 assistants	 advised	 students	 about	 the	 usage	 of	 measurement	
hardware,	as	well	as	tips,	tricks	and	drawbacks	of	the	devices.	

Table	 2	 shows	 the	 program	 content	 of	 design	 studio	 courses	 taught	 by	 the	
Department	of	Architecture	at	Kumamoto	University,	Japan.	Undergraduate	students	have	
both	 traced	 famous	houses	and	designed	original	 residential	houses	during	 their	 first	 and	
second	 years.	 The	 students	 have	 also	 studied	 basic	 environmental	 engineering.	 As	 such,	
third	 year	 students	 were	 well	 equipped	 to	 study	 both	 architectural	 design	 and	
environmental	engineering	in	this	educational	program.		

Six	students	took	part	in	the	class.	All	of	them	were	third	year	undergraduates	in	the	
Department	of	Architecture.	

Table	2.	Program	content	of	design	studio	courses	(Department	of	Architecture	at	Kumamoto	University)	
	
	
	
	
	
	
	
	
	
	

Evaluating	Students’	understanding	on	environmental	elements	through	redesigning	

The	educational	program	was	evaluated	by	considering	changes	seen	both	through	students’	
discourse	and	 their	 redesigns.	These	changes	were	 recorded	at	 the	Esquisse	check	and	at	
after	their	final	presentations.		

Concerning	the	changes	in	students’	discourse	
Table	 3	 shows	 the	 students’	 updated	 discussions	 concerning	 environmental	 elements.	 At	
the	Esquisse	check,	the	environmental	problems	in	their	designs	were	as	follows:	wind	(2	in	
6),	day	lighting	(3	in	6	students),	greenery	(5	in	6	students),	direct	solar	radiation	/	solar	gain	
(3	 in	6	 students),	material	 (1	 in	6	 students).	 There	was	no	 reference	 to	ground	elevation,	
water,	or	facilities.	The	instructor	advised	students	to	consider	the	following:	ground	cover,	
distance	from	nearby	buildings,	hedges,	and	continuity	from	outside	to	inside	the	home.	

Table	3.	Students’	updated	discussions	concerning	environmental	elements	
	
	
	
	
	
	
	
	

Year Semester Course Title system
1st autumn Architectural environmental engineering I compulsory

tracing famous houses tracing famous houses
assignment 1 your place to live in 5m×5m×5m
assignment 2 space for Red & Blue chair
assignment 3 good place for a rest in the center of Kumamoto city

Architectural environmental engineering II elective
assignment 1 wooden temporary house
assignment 2 two-story wooden house
assignment 3 two-story concrete house

Architectural environmental engineering III compulsory
assignment 1 office with art hall
assignment 2 renovateing old dining hall in Kumamoto Univ.
assignment 3 hotel

Architectural environmental engineering IV elective
Design Studio IV elective studio work devided into 3 studio
Practice in Architectural Environmental Engineering elective

sound acoustics; basic
3rd spring Design Studio III  compulsory

lighting & sound acoustics; advanced
autumn

all kinds of element; advanced, practice-centered

content
thermal environment, air quality, ligihting; basic

2nd spring Design Studio I compulsory

thermal environment, air quality; advanced
autumn Design Studio II compulsory

Previous Design Work

Topics & Problems from a view point of environment elevation wind water daylight green radiation facilities materials

A
Topic1) morning daylighting. Topic2) site plan to cope with many

visitors, Topic3) eaves for screening direct sun light
○ ○ ◎ ◎ ○ ○

Introducing courtyard refering to

traditional Japanese townhouses

B
Topic1) concerning acoustic interference, Topic2) site plan  which

enable automotive repair service, Problem1) no plan for the garden
◎ ○ ◎ ○ ◎ Avoiding people's eye

C
Topic1) deck with stone, Topic2) large garden in tha south, Topic3)

introducing sun light
◎ ◎ ◎ ○

Avoiding people's eye from

neighboring buildings

D
Topic1) familiy members are able to communicate through open ceiling

space listening to natural sound, Problem1) no plan for the garden
● ◎ ◎ ○ (nothing)

E
Topic1) living spaces with family members, Problem1) no plan for the

garden
○ ◎ ● ◎ ●

Devid working space from living

spaces

F
Topic1) plan with a good mix of  jumble shop & caf�, Problem1) no plan

for the garden
◎ ◎ Change the room layout dramatically

Student
Concerned Environmental Elements in the Student's Discourse

others

		�	concerned	both	in	esquisse	check	and	final	presenta4on�●	�	concerned	only	in	esquisse	check�○	�	added	in	final	presenta4on�
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At	the	final	presentations,	the	problems	mentioned	by	students	had	changed.	Most	of	
them	 began	 referring	 to	 greenery,	 natural	 light,	 and	 materials	 used	 in	 construction.	
Elements	like	elevation	and	facilities,	which	had	never	been	mentioned	in	the	Equisse	check,	
were	 introduced.	 But	 no	 students	 mentioned	 the	 element	 related	 to	 water.	 Four	 in	 six	
students	included	tall	trees	in	their	redesigns,	specifying	the	species.		

Concerning	the	changes	in	students’	designs	
Although	 all	 students	 mentioned	 environmental	 concerns	 in	 their	 discussions,	 not	 all	
students	redesigned	their	design	work	in	an	eco-friendly	way.		

Figure	 5	 shows	 one	 student’s	 redesign.	 In	 the	 redesign	 work,	 the	 student	 not	 only	
defined	 the	 material	 used	 for	 ground	 and	 building	 cover,	 but	 also	 included	 greens	 as	 a	
countermeasure	to	ease	summer	thermal	environment.	Moreover,	the	student	used	a	cross	
section	to	explain	the	introduction	of	direct	solar	radiation	into	the	house	during	winter.	

5	 in	 6	 students	 drew	 perspectives	 of	 their	 houses	 to	 show	 the	 atmosphere	 of	 their	
redesign,	 whereas	 4	 in	 6	 students	 did	 not	 draw	 the	 elevations.	 This	 showed	 that	 the	
perspective	drawing	 is	a	 familiar	way	 for	 students	 to	showcase	 their	 redesign.	Although	4	
students	 had	 considered	 changes	 in	 ground	 cover,	 just	 2	 students	 used	 cross	 sections	 to	
explain	 the	 relationship	 between	 indoor	 and	 outdoor	 environments,	 even	 though	 all	
students	 included	 the	 surrounding	 environment	 in	 discussions.	 The	 results	 show	 that	
without	any	lectures,	it	was	difficult	for	students	to	use	cross	sections	to	concretely	improve	
living	environments.	On	the	other	hand,	all	students	could	complete	their	redesign	work	in	
an	eco-friendly	way	in	the	short	time	of	just	four	weeks.	

	
	
	
	
	
	
	
	
	
	
	

Figure	5.	Student’s	redesigning	(example)	

Evaluating	effectiveness	of	this	educational	program	

Finally,	the	effectiveness	of	this	educational	program	was	evaluated	from	students’	debrief	
reports	for	the	program	in	a	questionnaire	given	after	the	class	concluded	(Table	4).	Half	of	
the	 students	 (3	 in	 6	 students)	 answered	 that	 the	 field	 measurements	 were	 the	 most	
interesting	part	of	this	program.	In	the	debrief	reports,	most	of	the	students	expressed	their	
surprise	at	the	results	of	taking	field	measurements;	specifically	how	structure	and	materials	
influenced	 surface	 temperature	 at	 the	 measurement	 points.	 In	 addition,	 2	 in	 6students	
answered	 that	 the	 results	 of	 numerical	 simulations	 of	 famous	 houses	 was	 the	 most	
interesting	 aspect	 of	 the	 program.	 These	 results	 demonstrate	 the	 effectiveness	 of	 using	
simulations	of	famous	houses,	and	selecting	target	sites	resembling	the	outdoor	living	areas	
in	famous	houses	for	field	measurements.	
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On	the	other	hand,	one	student	confessed	that	the	simulation	result	was	a	bit	difficult	
for	him	 to	understand.	This	 showed	 that	 it	was	necessary	 for	 students	 to	have	previously	
learned	how	to	analyze	thermal	images	(which	are	created	during	numerical	simulations).		

In	 the	 debrief	 report,	 one	 student	 wrote,	 ‘Last	 year,	 I	 did	 not	 have	 enough	 time	 to	
consider	environment,	but	this	time	it	is	possible	for	me	to	redesign	my	old	design	work	in	
eco-friendly	 way	 with	 plenty	 of	 time	 to	 spare’.	 This	 answer	 partly	 shows	 the	 benefit	 of	
encouraging	students	to	redesign	their	old	design	work	in	an	eco-friendly	way	during	a	short	
period	of	time.	

Table	4.	Students’	answer	in	the	debrief	reports	
	
	
	
	
	
	
	
	
	

Conclusion	

In	this	study,	a	new	educational	program	combining	architectural	design	and	environmental	
engineering	was	developed	and	tried	for	undergraduate	architecture	students	 in	 Japanese	
university.	 The	 effectiveness	 of	 and	 problems	 with	 this	 program	 were	 examined	 and	
validated	according	to	the	final	results.	The	field	measurements,	supported	by	educational	
materials	 displaying	 the	 distribution	 of	 surface	 temperatures	 of	 famous	 houses	 that	 were	
calculated	by	numerical	simulation,	had	a	positive	effect	on	understanding	the	relationship	
between	architectural	design	and	surrounding	environment,	especially	in	regards	to	specific	
structures	 and	 building	 materials.	 Moreover,	 students	 redesigning	 their	 previous	 design	
work	in	a	more	eco-friendly	manner	also	enhanced	and	deepened	students’	understanding	
of	architectural	environmental	design.		

However,	some	redesigns	did	not	improve	upon	the	environment	as	students	planned.	
This	showed	that	students	would	have	benefitted	from	even	more	examples	of	designs	for	
outdoor	 living	 areas	 with	 environmental	 improvement	 in	 mind.	 Thus,	 it	 is	 crucial	 to	
introduce	 cross-section	 drawing	 to	 the	 curriculum	 in	 order	 to	 propose	 the	 relationship	
between	indoor	and	outdoor	environments	in	the	future.		

In	 total,	 the	 results	 confirmed	 that	 this	 educational	 program	 successfully	 enhanced	
students’	understanding	of	environmental	elements.	
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topic questionnaire item answer

most interesting section
field measurement:3, lecture (introduction):1, lecture (simulation result):2，esquisse check:1,

final presentation:1, others:0

difficult to understand
field measurement:1, lecture (introduction):2, lecture (simulation result):1，esquisse check:0,

final presentation:0, others:0

Did you understand the relation between architectural

design and environmrnt, through this educational pregram?
very much:1, quite a lot:5, neither:0, a little:0, not at all�:0

lecture
Was the lecture interesting? or Did the lecture help you to

understand the contents of this class?
(introduction) Yes:6, No:0  /   (simulation result) Yes:6, No:0

Esquisse check &

final presentation
Did you think it effective? (esquisse check) Yes:6, No:0  /  (final presentation) Yes:6, No:0

Did you become conscious of environmental elements in

living spaces, through this educational program?
Yes:6, No:0

Which section did you think make you most concious of

environmental elements?

field measurement:5, lecture (introduction):0, lecture (simulation result):2，esquisse check:1,

final presentation:0, others:0
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environental

elements

whole program
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Sustainable	 Lighting	 Design	 –	 Appropriate	 metrics	 for	 built	 environment	
education?	

Gillian	Treacy1	

1	School	of	Design/Edinburgh	School	of	Architecture	and	Landscape	Architecture,	Edinburgh	
Colllege	of	Art,	The	University	of	Edinburgh,	UK.	

Abstract:	 Daylighting	 metrics	 are	 gaining	 increasing	 importance	 within	 architectural	 design.	 As	 global	
environmental	 energy	 saving	 targets	 demand	 verification	 for	 accreditation	 of	 sustainable,	 “well	 building”	
lighting	design	proposals	architectural	practitioners	engage	with	these	metrics	within	the	process	of	designing	
and	procuring	a	building.	Daylighting	may	now	only	assume	a	small	part	of	an	overall	sustainability	agenda	due	
to	 the	 reducing	 impact	 of	 artificial	 lighting.	 However,	 the	 enhancement	 of	 a	 space	 with	 good,	 controlled	
daylighting	 has	 a	 wide-ranging	 positive	 impact.	 Through	 significant	 reduction	 of	 artificial	 lighting	 hours	 to	
promoting	well-being	for	the	building	occupants	using	exterior	views	and	light	as	circadian	stimulus	(Baker	and	
Steemers,	2002),	(Boyce,	2010),	(Burnett,	2015),	(Rea	and	Figueiro,	2016),	daylight	evaluation	is	a	powerful	tool	
for	 designers	 creating	 and	modifying	 spatial	 environments.	 This	 paper	 identifies	 that	 currently	 architects	 in	
general	practice	engage	very	little	with	these	daylight	evaluation	tools.	However,	the	substantial	evidence	of	
researchers	highlighted	above	confirms	the	benefits	of	daylighting	on	building	occupants	and	verifies	daylighting	
metrics	should	therefore	be	considered	within	the	process	of	general	architectural	design.	This	paper	seeks	to	
propose	a	framework	to	encourage	daylight	evaluation	as	part	of	contemporary	general	architectural	practice	
through	trial	studies	with	participants	in	architectural	design	education.		

Keywords:	Daylight,	architectural	lighting,	environmental	education,	lighting	metrics,	lighting	design.	

Barriers	to	Engagement	with	Daylighting	

A	daylighting	evaluation	is	often	obligatory	to	meet	client	expectations	and	local	authority	
approvals.	A	review	of	recent	surveys	and	 literature	confirms	a	the	 lack	of	engagement	of	
architects	with	daylighting	evaluations	through	the	use	of	daylight	metrics	and	the	associated	
software	verification	tools	(Lewis,	2015),	(Treacy,	2015),	(Kanters	et	al.,	2014),	(Attia	et	al.,	
2012)	 and	 (Attia	 et	 al.,	 2009).	 New	 metrics	 are	 constantly	 in	 development	 as	 digital	
technologies	provide	advances	in	accuracy	and	speed	of	processing	large	data.	Architectural	
designers	are	constantly	challenged	to	keep	abreast	of	 these	changes	and	understand	the	
nuances	of	 the	verification	tools	and	metrics	 (Treacy	and	Uduku,	2015),	 (Boyce	and	Smet,	
2014),	(Uduku	and	Treacy,	2014),	(Li,	Lam	and	Wu,	2014).	 	Current	research	into	design	of	
daylighting	 simulation	 and	 verification	 tools	 provides	 technological	 advancement	 for	
architects	 and	 designers	 closely	 involved	 with,	 or	 specialists	 in,	 sustainable	 design	 and	
daylighting,	 (Leslie	et	 al.,	 2012),	 (Galasiu	and	Reinhart,	 2008)	 and	 (Andersen	et	al.,	 2008).	
Although	valuable,	it	appears	however	that	this	research	is	not	feeding	directly	into	general	
architectural	practice.	

Barriers	 to	 the	 use	 of	 daylighting	 metrics	 may	 be	 found	 in	 some	 architectural	
“communities	 of	 practice”(Wenger,	 1998).	 The	 culture	 of	 some	 practicing	 architectural	
communities	does	not	encourage	or	necessitate	the	use	of	daylighting	metrics	(Lawson,	2006),	
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(Lisa	 Domenica	 et	 al.,	 2013)	 and	 (Voyatzaki	 et	 al.,	 2011).	 Instead,	 daylighting	 evaluations	
employing	lighting	metrics	are	viewed	as	simply,	“technological	or	sustainability	issues”,	not	
directly	 relevant	 to	 the	process	of	designing	spaces.	Fisher	 in	 (Bennetts,	2016)	notes	 that,	
“Regrettably	within	architecture	culture,	it	can	at	times	seem	as	though	sustainability	is	firmly	
in	the	worthy-yet-dull	scientific	camp.”		

In	 some	 architectural	 communities	 little	 “design	 value”	 (Lawson,	 2004)	 is	 given	 to	
daylighting	metrics.		To	address	this	at	an	early	stage,	appropriate	introduction	to	daylighting	
within	higher	education	settings	might	seek	to	reduce	the	impact	of	these	preconceptions	or	
influence	of	“community	of	practice”	(Wenger,	1998).		

With	architectural	design	belonging	to	an	“ill-structured	domain”,	Spiro	in	(Duffy	and	
Jonassen,	1992)	the	design	process,	albeit	an	iterative,	investigative	cycle,	works	with	many	
conflicting	priorities	and	cultural	design	agendas.	 (Cross,	2011)	 comments	on	“designerly”	
ways	of	working	and	verifies	that	architects	implement	various	methods	of	designing	as	ideas	
emerge	with	“creative	leaps”	necessitating	design	evolutions.		This	necessitates	overlapping	
of	priorities	at	different	stages	in	the	design	process.	Subsequently	the	varying	resolution	of	
design	 elements	 and	 concepts	 does	 not	 align	 well	 with	 resolved	 snap-shots	 required	 for	
design	 optimisation	 strategies	 which	 are	 the	 goal	 of	 many	 environmental	 evaluation	
simulation	tools	providing	analysis	of	daylighting	metrics.		

The	format	of	working	methods	changes	through	the	process	of	architectural	designing	
as	do	the	design	tools	and	this	varies	from	practice	to	practice.	It	was	therefore	chosen	to	
identify	through	trial	workshops	the	design	stages	when	and	where	the	use	of	lighting	metrics	
would	be	most	appropriate	within	the	architectural	design	process.	

Daylight	evaluation	most	often	takes	place	at	the	end	of	the	architectural	design	process	
(Author	2015),	(Reinhart,	2015)	and	(Galasiu	and	Reinhart,	2008).	Fisher	in	(Bennetts,	2016)	
argues	that,		“the	greatest	influence	we	can	have	over	a	building’s	environmental	impact	is	
during	its	conceptual	design	rather	than	later	in	its	technical	evolution.”	Daylighting	metrics	
therefore	need	to	be	utilised	as	evaluation	tools	well	 integrated	into	this	 iterative,	flexible	
design	process	to	be	most	beneficial	in	addressing	sustainable	daylighting	strategies	early	in	
the	design	process.	

Educational	Context	

Environmental	 design	 within	 architectural	 and	 interior	 design	 education	 is	 a	 vehicle	 for	
introducing,	 encouraging	 and	 promoting	 an	 awareness	 of	 sustainable	 lighting	 concepts	
including	daylighting	metrics.	and	their	evaluation	through	lighting	metrics.	Additionally,	the	
study	of	human	factors	within	spatial	lighting	design	studio	within	interior	design	education	
requires	 visual	 evaluation	 and	 consideration	 of	 both	 artificial	 and	 daylit	 scenarios	
(Theodorson,	2014).		

A	 design	 studio	 education	 setting	 provides	 time	 and	 opportunities	 for	 evaluation,	
reflection	and	discussion	out	with	pressurised	professional	scenarios	(Tural,	2006),	(Poldma,	
2009)	and	(Brown,	2004).	Students	of	architectural	design	can	be	given	the	opportunity	of	
assessing	 the	 success	or	otherwise	of	 engagement	with	 lighting	metrics	within	 the	design	
studio	environment	and	“designerly”	process	familiar	to	them	without	the	pressing	deadlines	
and	demands	of	professional	practice.	Therefore,	educational	design	studio	workshops	and	
field	trip	settings	were	considered	appropriate	platforms	to	trial	investigation	into	integration	
of	daylighting	metrics	within	architectural	design	process.		
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Daylighting	Metrics	

The	educational	scenario	enabled	the	exploration	of	a	selected	number	of	daylighting	metrics	
within	the	“community	of	practice”(Wenger,	1998)	of	an	architectural	design	studio	and	the	
opportunity	to	evaluate	methods	of	lighting	evaluation	of	spaces	through	the	use	of	currently	
available	lighting	metrics	and	tools.	

This	study	aimed	to	investigate	key	relationships	between	participants’	design	process	
and	the	integration	of	daylighting	metrics	 in	settings	familiar	to	participants;	design	studio	
and	field	visit	scenarios.	Four	workshops	were	created	with	architecture	and	interior	design	
student	participants.	The	workshops	aimed	to	assess	the	use	and	“value”	of	a	selected	set	of	
lighting	metrics	in	varying	educational	modes	of	learning	during	different	stages	of	the	design	
process	to	find	“best	fit”	applications	or	otherwise	of	existing	daylighting	metrics	and	tools.		

The	metrics	were	chosen	 to	allow	 for	 chosen	“desired	objectives”	 (Boyce	and	Smet,	
2014)	to	be	evaluated	and	challenged.	In	a	survey	of	20	interior	design	students	from	each	
year	group,	carried	out	in	2015	and	2014	(Treacy	2015)	and	105	architecture	students	in	2016,	
each	 respondent	was	asked	 to	define	questions	 that	might	address	 their	 “chief	 concerns”	
when	creating	strategies	and	analysing	daylighting	in	their	design	projects.	A	large	majority	
of	 the	participants,	95%	 in	2014	and	100%	 in	2015	and	2016,	selected	“high	priority”	and	
“chief	concerns”	in	finding	answers	to	the	following	“desired	objectives”:		

	
• “Is	there	enough	light	in	here”?	(for	the	tasks	required	to	be	carried	out)		

• “Is	there	a	successful	lighting	ambience”?		

	
Figure	1.	Important	“Desired	Objectives”	from	student	participant	surveys	2014-5	

	
The	metrics	identified	for	trial	at	the	workshops	are	listed	below	and	are	currently	used	for	
lighting	verification	in	the	UK,	found	in	many	educational	texts	(Baker	and	Steemers,	2002),	
(Tregenza	 and	Wilson,	 2011),	 (Reinhart,	 2014)	 and	 discussed	 comprehensively	 in	 Boyce’s	
(2014)	paper	on	lighting	metrics.	Two	metrics	were	selected	to	provide	contrast	in	method	
and	technological	intervention:	

	
• DF	–	(Daylight	Factor)	This	metric	assesses	the	amount	of	daylight	expected	within	a	

space	as	a	ratio	of	internal	illuminance	to	external	illuminance.	It	identifies	important	
relationships	 between	 room	 fenestration,	 material	 finishes	 (reflectance	 values),	
surface	areas,	glazing	areas	and	transmission	with	the	expected	level	of	daylight	in	a	
space.		

The	 results	 are	 relative	 and	 not	 absolute	 values,	 thereby	 promoting	
understanding	of	principles	more	than	satisfying	absolute	numerical	criteria.		
Average	and	Point	calculations	are	carried	out	 to	allow	for	a	basic	“rule-of-thumb”	
metric	trial.		
	

• UDI	 –	 (Useful	 daylight	 Illuminance)	 This	 metric	 encourages	 an	 understanding	 and	
association	with	absolute	values	and	relational	values.	It	considers	illuminance	levels	
within	bracketed	 ranges	 that	provide	 too	 little,	 enough	or	 too	much	 light	within	 a	
space.	The	inclusion	of	this	metric	allows	for	complex,	computer	generated	results	and	
requires	the	use	of	CBDM	in	its	methodology.		
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Methods	of	Evaluation		

Workshop	1	was	carried	out	as	a	building	visit	field	trip,	as	part	of	a	visual	evaluation	of	a	
building	with	20	 interior	design	students.	Firstly,	a	selection	of	rules	and	tools	available	to	
analyse	 daylight	 were	 presented	 to	 the	 participants	 in	 a	 seminar	 including	 recent	 texts;	
(Reinhart,	 2014)	 and	 (Tregenza	 and	 Wilson,	 2011).	 In	 workshop	 1	 the	 following	 day,	
participants	selected	the	metrics	and	tools	they	deemed	most	suitable	to	help	evaluate	the	
stated	“desired	objectives”	in	the	briefing	worksheet	(see	Figure	1).		

All	participants	in	Workshop	1	were	asked	to	“evaluate	the	lighting”	according	to	these	
“desired	objectives”	to	find	the	methods	and	tools	most	appropriate	in	answering	these	“chief	
concerns”.	 Selecting	 the	 best	 metric	 to	 use	 is	 a	 valuable	 exercise	 because	 it	 “places	
responsibility	on	the	designer	to	identify	what	the	lighting	is	supposed	to	achieve,	something	
that	requires	much	more	thought	than	simply	following	a	table	of	illuminances”(Boyce	and	
Smet,	2014).		Participants	were	asked	to	use	any	visual	recording	methods	of	their	choice	and	
identify	the	quantity	and	quality	of	light	in	the	space	in	small,	familiar,	studio	groups.	A	sound	
recording	was	 taken	 for	 later	 conversation	analysis	 (CA)	and	any	 renderings	generated	by	
participants	were	scanned	and	reviewed	in	a	session	later	in	the	day.	

Participant	figures	from	Workshop	1	noted	that	80%	of	participants	selected	to	measure	
UDI	while	5%	created	hand	rendered	drawings	to	show	contrast	in	lighting	levels	rather	than	
explore	numerical	lighting	values.	15%	of	participants	chose	to	measure	DF	using	the	“Eden	
Light”	mobile	app	tool.	

In	Workshop	2	the	same	group	of	students	were	asked	to	carry	out	a	task	with	the	same	
“desired	 objectives”	 using	 a	 schematic,	 early	 stage	 design,	 physical	model	 they	 had	 each	
developed	 for	 a	 design	 studio	 project.	 This	 was	 analysed	 in	 a	 real	 external	 environment	
setting	in	overcast	sky	conditions.	60%	selected	to	measure	daylight	factor	using	the	“Eden	
Light”	app	tool	while	35%	created	hand	rendered	drawings	to	show	contrast	in	lighting	levels.	
5%	of	participants	chose	to	measure	UDI	using	the	app	tool.	80%	of	the	participant	group	then	
chose	an	alternative,	additional	method	of	daylighting	analysis;	70%	chose	hand	rendered	
drawings	and	10%	DF	using	the	app.			

Analysis	of	Workshops		

These	two	workshops	provided	critical	data	highlighting	students’	awareness	of	model	versus	
real	environment	relationships	to	accuracy	and	the	metric	chosen.	The	numbers	of	students	
choosing	to	measurement	UDI	in	workshop	1	was	significant	and	was	directly	related	to	the	
ease	of	measurement	of	lighting	in	a	completed,	functioning	building.	CA	findings	emphasised	
participants’	expectations	of	a	high	level	of	accuracy	in	their	measurements	and	found	UDI	
measurements	 an	 easy	 method	 to	 determine	 “variations	 in	 light	 levels”	 or	 “contrasting	
lighting”.	 This	 workshop	 was	 essentially	 a	 post-occupancy	 evaluation	 exercise	 and	
participants	evaluated	a	completed,	fully	functioning	building.		

As	a	direct	comparison,	in	workshop	2,	a	similar	number	of	students	chose	to	use	DF	
metric	with	their	physical	models.	Again,	this	measurement	reflected	the	level	of	accuracy	
students	attributed	to	their	models	created	out	of	card	and	wood	using	hand	tools	and	laser	
cutters.	Students	chose	to	amend	wall	finishes	using	alternative	card	finishes	to	“increase	the	
lightness	of	 the	walls”	and	“make	the	DF	better”	 (Author’s	notes	2017)	after	reflecting	on	
their	measurements.		CA	revealed	many	students	were	surprised	to	measure	the	fluctuating	
daylight	levels	of	the	real	exterior	environment	as	they	had	assumed	the	chosen	metrics	as	
representing	only	a	static	result.	Conversation	analysis	highlighted	discussions	of	relational	
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values	 of	 interior	 to	 exterior	 lighting	 levels	 related	 to	 DF.	 Further	 analysis	 confirmed	
participants’	 challenge	 in	 answering	 the	 “desired	 objectives”.	 Many	 participants	 initially	
discussed	 the	 alternative	methods	 together	within	 group	 discussion	 to	 find	 the	 “correct”	
method.	 Findings	 appeared	 to	 show	 that	 using	 a	 single	metric	 did	 not	 provide	 sufficient	
information	for	participants	but	encouraged	critical	evaluation	of	each	metric	and	additional	
evaluation	using	alternative	methods	in	parallel.		CA	revealed	that	participants	shifted	opinion	
as	evaluations	were	carried	out	and	they	found	more	success	in	highlighting	the	limitations	
of	each	and	testing	two	metrics	in	parallel.	This	change	in	thinking	provided	an	insight	into	
the	growing	understanding	of	participants	of	the	subjectivity	of	daylighting	metrics.		

Additional	findings	also	clarified	relationships	between	each	metric	providing	a	specific	
type	of	result	appropriate	for	a	specific	stage	within	the	design	process.	Participants	explicitly	
discussed	available	metrics	and	tools	within	their	groups	and	almost	all	chose	to	use	at	least	
two	 metrics	 and	 methods	 to	 evaluate	 the	 lighting	 in	 their	 space	 after	 discussion	 and	
assessment	of	others’	findings.	

Workshops	 3	 and	 4	 provided	 two	 scenarios	 to	 apply	 daylighting	 metrics	 to	 design	
projects.	Workshop	3	was	arranged	for	120	architecture	students	and	participants	were	first	
asked	 to	 use	 an	 assigned,	 pre-built	 3D	 CAD	model	with	 the	 ambitious	 goal	 of	 seeking	 to	
answer	the	same	“desired	objectives”	(Figure	1.)	through	the	use	of	Climate	Based	Daylight	
Modelling	 (CBDM)	 simulation	 software	 that	 they	 had	 no	 previous	 experience	 of	 using.	
Participants	 were	 then	 asked	 to	 repeat	 this	 exercise	 with	 their	 own	 design	models,	 at	 a	
schematic	stage	to	evaluate	the	lighting	using	the	same	software.		

Workshop	4	was	an	oral	review	session	held	approximately	four	weeks	later	in	the	same	
small	groups,	allowing	recorded	discussions	of	the	development	of	the	design	proposal,	stage	
of	detailed	design	and	the	architectural	agenda	currently	being	prioritised.	

Findings	from	workshop	3	and	4	highlighted	immediately	issues	with	software	analysis	
as	a	snap-shot	within	the	early	design	process.	Participants	had	difficulty	selecting	a	design	to	
test	 from	 their	 multiple	 incomplete	 alternative	 design	 proposals	 that	 were	 still	 in	 group	
discussion	and	the	subsequent	inaccuracies	of	their	existing	3D	CAD	models.	After	importing	
their	chosen	model	into	the	software,	participant	conversations	highlighted	that	they	were	
required	to	input	information	into	the	software	that	had	not	yet	been	decided.	CA	disclosed	
group	 discussions	 including	 conflicting	 opinions	 on	 selected	 design	 elements	 such	 as	wall	
reflectance	 and	 glazing	 type	 and	 appropriate	 input	 values	 for	 each.	 Both	 workshops	
highlighted	that	participants	had	little	difficulty	executing	the	analysis	once	imported	and	this	
allowed	many	metrics	to	be	tested.	Unfortunately,	from	the	completed	design	submissions,	
it	became	apparent	 that	 little	critical	attention	had	been	given	 to	 the	design	 relevance	or	
conclusion	of	findings	of	their	analysis.		

The	 design	 process	works	 often	 in	 an	 iterative	way	 and	without	 this	 alignment	 the	
“designerly”	 practices	 of	 design	 are	 not	 acknowledged.	 Workshop	 4	 demonstrated	 an	
iterative	process	had	not	been	used	with	the	imported	software	method	of	evaluation.	60%	
of	the	student	groups	had	tried	one	single	additional	iteration	and	this	was	evaluation	of	their	
final	model.	All	others	chose	not	to	use	this	method	again	for	their	project	submission.	CA	
revealed	 that	participants	planned	 to	 test	 their	 completed	models	 and	 “carry	out	 lighting	
analysis	later”	as	this	was	not	a	current	design	priority.	

A	 survey	 gathered	 from	 participants	 of	 each	 workshop	 provided	 evidence	 that	 the	
student	 participants	 enjoyed	 engaging	 with	 the	 lighting	 metrics	 presented	 to	 them.	
Participants	 found	 measurements	 of	 physical	 models	 or	 built	 spaces	 easy	 and	 less	 time	
consuming	 than	 those	 using	 software	 analysis	 techniques.	 Participants	 using	 software	
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suggested	this	method	was	most	suitable	at	the	end	of	a	project	as	it	was	complex	to	import	
the	model	after	every	design	change.	Although	identified	as	an	important	finding	at	this	stage	
of	the	research	it	can	be	noted	that	improving	software	integration	is	likely	to	lessen	import	
complexities	 in	 future	 years.	 CA	 revealed	 that	 90%	 of	 all	 participants	 found	 explicitly	
discussing	the	use	of	each	metric	important	in	understanding	the	design	value.	These	findings	
are	particularly	significant	as	they	imply	that	the	implicit	knowledge	of	the	fundamental	rules	
and	tools	available	cannot	assume	successful	use	in	design	situations.	The	explicit	discussion	
of	 appropriate	 lighting	 metrics	 between	 designers	 can	 define	 appropriate	 scenarios	 and	
relationships	 that	 integrate	 into	 the	 design	 process	 and	 prove	 beneficial	 to	 the	 design	
holistically.			

A	Framework	for	Daylighting	Metrics	

From	 these	 studies	 a	 framework	 is	 therefore	 proposed	 aiming	 to	 encourage	 beneficial	
engagement	with	daylighting	metrics.	Figure	2	provides	an	outline	framework	that	aligns	the	
design	 process	 from	 schematic	 stage	 to	 completion	with	weighting	 of	 accuracy	 of	 design	
information	to	accuracy	of	appropriate	daylighting	evaluation	methods.		

This	framework	also	highlights	the	positive	role	that	architectural	designers	can	have	in	
early	stage	design	in	forming	appropriate	daylighting	design	strategies.	Towards	the	end	of	
the	project	this	flexibility	diminishes	as	the	larger	design	moves	have	already	been	concluded.	

	

	
Figure	2.	Daylighting	Metrics	Integrated	into	Architectural	Design	Process.	

	
These	design	metrics	identified	range	from	a	basic	rule	of	thumb	DF	providing	deviation	of	up	
to	 10%	when	 compared	with	 on-site	measurements	 (Crisp	 and	 Littlefair	 in	 (Reinhart	 and	
LoVerso,	2010),	 	 to	highly	accurate	CBDM	analysis.	 It	 is	 suggested	 that	 software	packages	
using	CBDM	require	an	“expert	hand”	 (Leslie	et	al.,	2012)	 to	understand	 the	nuances	and	
settings	of	the	inputs	and	outputs.	These	data	from	workshops	suggest	that	an	“expert	hand”	
is	not	necessary	for	the	analysis	to	be	carried	out	but	an	“expert”	understanding	is	necessary	
to	recognise	the	implications	of	the	resulting	outputs.	

It	is	therefore	proposed	that	complex	software	evaluation	is	appropriately	placed	at	the	
end	of	the	design	process.	Most	software	currently	on	the	market,	created	for	daylighting	
evaluation	is	not	used	in	general	practice.	It	is	used	by	those	heavily	involved	in	sustainable	
issues,	daylighting	design	and	technical	verification.	These	findings	suggest	that	there	may	be	
some	merit	in	improving	software	interfaces	using	CBDM	that	allow	the	inputs	primarily	but	
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also	 the	 interpretation	 of	 these	 results	 to	 be	 simpler	 to	 allow	 more	 input	 from	 general	
practitioners	and	basic	analysis	at	an	earlier	design	stage.		

This	paper	therefore	advocates	for	the	creation	of	tools	that	can	 integrate	 into	each	
design	 stage	 in	 “designerly”	 ways	 to	 suit	 the	 design	 goals	 and	 accuracy	 of	 daylighting	
information	 necessary.	 It	 is	 proposed	 that	 rather	 than	 develop	 more	 accurate,	 complex	
software	 with	 easier	 interfaces	 further	 work	might	 focus	 on	 promoting	 tools	 using	 basic	
principles	for	integration	into	early	design	stages	that	align	with	architects’	design	goals	and	
working	methods.	

Furthermore,	daylighting	metrics	and	tools	cannot	be	mutually	exclusive	and	need	to	
be	evaluated	alongside	other	design	goals	at	the	same	time	with	a	similar	level	of	accuracy.	
New	 or	 revised	 metrics	 should	 demand	 engagement	 by	 architects	 to	 ensure	 scientific	
“evidence-based	lighting	design”(Burnett,	2015)	is	integrated	into	architectural	educational	
agendas	and	professional	practice.		

This	 paper	 suggests	 that	 there	 is	 a	 need	 to	 encourage	 those	 developing	 new	 and	
modified	lighting	metrics	to	ensure	that	these	are	the	most	relevant	to	general	architectural	
designers.	The	methodologies	developed	for	their	evaluation,	if	the	nuances	of	design	process	
are	 carefully	 considered,	 will	 also	 help	 ensure	 their	 success	 in	 use	 in	 educational	 and	
professional	practice	settings.		

Developers	should	challenge	architectural	practice	“communities”	through	the	explicit	
presentation	of	emerging	findings	from	lighting	science	and	design	in	relation	to	architectural	
design	principles.	Evaluation	methods	for	these	metrics	will	only	succeed	and	integrate	into	
general	 architectural	 practice	 if	 their	 place	 and	 “value”	 can	 be	 identified	 within	 the	
architectural	design	process	 in	“designerly”	ways	 in	professional	and	educational	contexts.	
“We	 need	 to	 create	 new	 methods	 to	 appraise	 daylighting	 performance	 linking	 building	
location,	orientation	and	seasonal	data	and	displaying	the	information	in	ways	that	are	easy	
for	decision-makers	to	understand	and	use”(Paule,	2015).		

The	findings	from	student	participant	studies	allows	for	further,	 focussed	study.	This	
should	help	 in	confirming	the	alignment	of	these	studies	with	architectural	design	process	
relevant	to	professional	practice.	The	findings	this	paper	has	identified	seeks	to	be	a	first	step	
to	 ensuring	 the	 future	 integration	 of	 lighting	metrics	 and	 concepts	 into	 the	 architectural	
design	process	of	general	practitioners.	This	should	in	turn	lead	to	the	identification	of	paths	
of	development	 for	 architectural	 tools,	 promoting	beneficial	 engagement	with	daylighting	
design.		
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Abstract:	 In	 the	 last	 decade,	 the	 number	 of	 architecture	 and	 urban	 planning	 schools	 in	 Brazil	 increased	

tremendously,	especially	in	São	Paulo	State.	For	this	reason,	we	should	expect	that	architects	and	urban	planners	

are	being	prepared	as	teachers	for	higher	education,	at	least	in	postgraduate	programmes.	In	face	of	this	reality,	

an	 investigation	was	made	 in	those	programmes	from	São	Paulo	State,	 to	analyse	how	architects	and	urban	

planners	were	being	prepared	as	future	higher	education	teachers.	Some	programmes	offered	disciplines	on	

higher	education	teaching,	as	well	as	a	probationary	internship.	Regarding	that,	this	article	aims	to	present	an	

experience	that	took	place	in	the	third	semester	of	the	architecture	design	subject	in	the	undergraduate	course	

of	University	of	Campinas,	São	Paulo	State.	The	experience's	objective	was	to	instruct	postgraduate	students	as	

higher	education	teachers,	through	probationary	 internship.	During	the	semester,	they	participated	teaching	

and	developing	knowledge	about	pedagogical	strategies.	In	this	period,	postgraduate	students	were	supervised	

by	the	main	teachers	and	worked	together	with	undergraduate	students.	The	experience	highlights	the	need	to	

train	architects	and	urban	planners	as	teachers,	so	we	can	ensure	a	prosperous	future	for	new	professionals.	

Keywords:	 architectural	 design	 teaching,	 UIA-UNESCO	 Charter	 for	 Architectural	 Education,	 architecture	 and	
urbanism,	higher	education	

Introduction	

Currently,	 Brazilian	 architecture	 and	 urban	 planning	 education	 is	 under	 debate.	We	 have	

achieved	the	number	of	554	Architecture	and	Urban	Planning	undergraduate	courses	(E-MEC,	

2017)	 and	 some	 institutions	 are	 planning	 to	 create	 long	 distance	 learning	 courses.	 This	

practice	is	being	strongly	rejected	by	CAU/BR	–	Brazilian	Council	of	Architects	and	Urbanists	

and	ABEA	–	Brazilian	Association	of	Architecture	Schools,	especially	because	the	elementary	

relationship	between	teachers	and	students	wouldn’t	endure	in	this	scenario	(ABEA;	CONTIER,	

2017).	This	relationship	is	considered	fundamental	by	Freire	(1996)	for	the	development	of	

knowledge	by	the	students.	

Since	2013,	due	to	the	establishment	of	Resolution	51	of	CAU/BR,	teaching	disciplines	

such	as	 theory,	history,	 architecture	and	urban	planning	design,	was	 considered	exclusive	

duty	of	architects.	As	well	as	the	coordination	of	undergraduate	courses.	In	conformity	with	

Harris	and	Froud	(2015),	there	are	two	ways	of	teaching:	“teach	to	survive”	and	“teach	to	

live”.	 To	 “teach	 to	 survive”	 is	 when	 teaching	 influences	 “professional	 curriculum	 –	 is	 a	

necessary	 but	 insufficient	 skill”.	 However,	 the	 authors	 recommend	 that	 teachers	 should	

“teach	 to	 live”,	which	means	 to	 act	 responsibly,	 “constantly	 experiment,	 adapt,	 reinvent,	
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critique,	contribute	and,	most	crucially,	to	foster	these	capabilities	in	the	imaginations	and	

hearts	of	our	students”	(HARRISS;	FROUD,	2015,	p.XII).		

Considering	Freire’s	(1996)	recommendation	that	the	relationship	between	students	

and	 teachers	 should	 stimulate	 the	development	of	knowledge	and	 that	Harriss	and	Froud	

(2015)	think	that	we	should	“teach	to	live”,	a	research	was	done	in	postgraduate	programmes	

in	Architecture	and	Urban	Planning.	The	objective	was	 to	verify	 in	 the	state	of	São	Paulo,	

where	 there	 are	 7	 postgraduate	 programmes	 and	 143	 Architecture	 and	 Urban	 Planning	

undergraduate	courses,	if	these	postgraduate	programmes	were	concerned	about	educating	

their	 students	 as	 higher	 education	 teachers.	 Two	 items	 were	 considered:	 if	 they	 offered	

disciplines	about	the	development	of	pedagogical	skills	and	if	they	provided	a	probationary	

internship	in	teaching.		

At	the	same	time,	at	the	State	University	of	Campinas,	in	São	Paulo	State,	one	of	the	

universities	 that	 offered	 a	 probationary	 internship,	 an	 experience	 took	 place	 in	 the	

architecture	 design	 studio	 of	 the	Architecture	 and	Urban	 Planning	 undergraduate	 course.	

Therefore,	 the	 aim	 of	 this	 article	 is	 to	 share	 this	 experience,	 which	 had	 as	 objective	 the	

instruction	of	postgraduate	students	as	higher	education	teachers.	Sharing	this	experience	

means	 to	 achieve	 one	 of	 the	 objectives	 of	 the	 Charter	 for	 architectural	 education	 “the	

creation	of	a	global	network	of	architectural	education	within	which	individual	achievements	

can	be	shared	by	all	and	that	it	will	enhance	the	understanding	that	architectural	education	

constitutes	some	of	the	most	significant	environmental	and	professional	challenges	of	 the	

contemporary	world”	(UNESCO/UIA,	2011).			

For	 that,	 this	 article	 is	 divided	 into	 two	 sections.	 First,	 the	 investigation	 of	

postgraduate	programmes	in	São	Paulo	State	is	presented.	Then,	the	experience	is	shared,	

considering	 the	 opportunity	 that	 some	 postgraduate	 students	 experienced.	 To	 verify	 its	

impact,	 a	 questionnaire	 was	 proposed.	 The	 results	 obtained	 confirmed	 the	 successful	

experience	 with	 postgraduate	 and	 undergraduate	 students	 monitors	 as	 part	 of	 a	 team,	

together	with	the	main	teachers,	beginning	their	practice	in	higher	education.	

Preparing	architects	and	urban	planners	as	higher	education	teachers	–	the	postgraduate	
programmes	in	São	Paulo	State	

Pedagogical	skills	are	fundamental	for	the	development	of	architectural	design	teaching.	In	

accordance	with	Masseto	 (2003),	 they	 are	 necessary	 for	 every	 higher	 education	 teacher.	

Were	Brazilian	architects	and	urban	planners	being	instructed	to	develop	those	skills	since	

they	were	 responsible	 for	 teaching	and	coordinating	 the	Architecture	and	Urban	Planning	

undergraduate	courses?	Masseto	(2003)	defines	as	fundamental	skills	for	higher	education	

teachers	the	knowledge	of	concepts	from	a	specific	area	of	knowledge.	Therefore,	architects	

and	urban	planners	are	able	to	teach	all	disciplines	required	as	exclusive	duty.	Likewise,	to	

teach	at	the	university	the	author	informs	that	it	is	necessary	to	have	pedagogical	skills	such	

as	 the	 ability	 to	 orient	 student’s	 activities,	 the	 knowledge	 of	 the	 curriculum	 and	 the	

comprehension	of	the	acquaintance	between	teacher	and	student.	In	addition,	he	defends	

that	the	development	of	those	skills	should	be	done	at	the	postgraduate	programmes,	where	

master	and	PhD	students	are	researching	and	developing	their	thesis.	Those	pedagogical	skills	

should	be	discussed	 in	 specific	disciplines	about	 teaching	methods,	 through	 seminars	and	

meetings	to	discuss	and	share	pedagogical	experiences.	Besides,	university	teaching	research	

should	be	encouraged	as	well	as	 the	practice	of	 teaching	at	undergraduate	courses,	 in	an	

experience	that	postgraduate	students	could	learn	to	teach	through	practice.	Added	to	that,	

Freire	(1996)	considers	that	to	teach	is	not	simply	to	reproduce	practices	of	professional	life	
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but	to	create	possibilities	for	the	development	of	knowledge,	especially	stimulating	student’s	

autonomy.	In	addition,	he	advises	that	teachers	should	re-think	their	practice,	being	critical	

with	their	performance.							

Considering	the	status	of	postgraduate	programmes	from	São	Paulo	State,	where	the	

majority	 of	 the	 Brazilian	 architecture	 and	 urban	 planning	 undergraduate	 (143)	 and	

postgraduate	(7)	courses	are	centralized,	a	research	was	done	to	identify	the	presence	of	two	

practices	which	encourage	the	development	of	pedagogical	skills	of	master	and	PhD	students.	

First,	 it	was	 investigated	 if	 the	programmes	offered	a	probationary	 internship	 in	 teaching.	

Then,	if	there	was	a	discipline	about	university	teaching	methods.		

São	 Paulo	 State	 has	 seven	 postgraduate	 programmes	 (Table	 1):	 at	 the	 Faculty	 of	

Architecture	and	Urbanism	of	Pontifical	Catholic	University	of	Campinas	(PUCCCAMP);	at	the	

Faculty	of	Architecture	and	Urbanism	of	Presbyterian	University	Mackenzie	 (UPM);	at	São	

Judas	Tadeu	University;	at	the	Faculty	of	Architecture,	Art	and	Communication	(FAAC)	of	State	

University	of	São	Paulo	Júlio	de	Mesquita	Filho	(UNESP);	at	the	Faculty	of	Civil	Engineering,	

Architecture	and	Urbanism	(FEC)	of	University	of	Campinas	(UNICAMP)	and	two	programmes	

at	São	Paulo	University	(USP):	one	at	the	Faculty	of	Architecture	and	Urbanism	(FAU)	and	the	

other	at	the	Institute	of	Architecture	and	Urbanism	(IAU).	

	
Table	1	–	São	Paulo	Institutions	with	Architecture	and	Urbanism	Post-Graduation	programmes	accredited	by	CAPES	

	 Institution	 City	

Postgraduate	Programme	

Ms	 PhD	 Since	

P
ri
va
te
	

In
st
it
u
ti
o
n
s	 PUCCamp	 FAU	 Campinas	 X	 X	

1997	(Ms)	

2011	(PhD)	

UPM	 FAU	 São	Paulo	 X	 X	
2000

	
(MS)	

2006	(PhD)	

USJT	 -	 São	Paulo	 X	 -	 2005	

P
u
b
li
c	

In
st
it
u
ti
o
n
s	 UNESP	 FAAC		 Bauru	 X	 -	 2013	

UNICAMP	 FEC	 Campinas	 X	 X	 2011	

USP	

FAU	 São	Paulo	 X	 X	 1972	

IAU		 São	Carlos	 X	 X	 1993	

Source:	(CAPES,	2017).	

UNESP	programme	didn’t	offer	disciplines	to	discuss	university	teaching	methods.	In	

a	 way	 to	 verify	 which	 pedagogical	 kills	 were	 developed	 at	 the	 disciplines	 of	 the	 other	

programmes,	their	summary	was	analysed.	In	accordance	with	the	disciplines	of	postgraduate	

programmes,	most	of	them	encouraged	the	discussion	about	university	teaching	methods.	In	

a	few	of	them	was	possible	to	identify	the	pedagogical	skills	considered	by	Masetto	(2003)	

and	Freire	(1996)	as	mandatory	to	the	development	of	the	higher	education	teaching	activity.		
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Table	2	–	Development	of	pedagogical	skill	at	São	Paulo	State	postgraduate	programmes:	presentation	of	discipline	and/or	

probationary	internship		

Institution	
Discipline		 Probationary	

	Internship		

PUCCAMP	 “Teaching	and	the	professional	practice	in	contemporary	times”	 X	

UPM	 “Discussions	on	architecture	and	urbanism	design	teaching”	 X	

USJT	 “Architects	training	and	professional	practice”	 -	

UNESP	 -	 X	

UNICAMP	 “Pedagogical	knowledge	for	higher	education”	 X	

USP	 FAU	
“Architect’s	training”	and	“Pedagogical	knowledge	applied	to	Architecture	

and	Urbanism	teaching”	

X	

IAU	 “Procedures	and	methods	of	Architecture	and	Urbanism	teaching”	 X	

Source:	(PUCCAMP,	UPM,	USTJ,	UNESP,	UNICAMP,	IAU-USP,	FAUUSP,	2017).	

The	 knowledge	 of	 pedagogical	 strategies	 and	 development	 of	 opportunities	 for	

master	and	PhD	students	to	practise	their	teaching	skills,	identified	by	Masetto	(2003)	were	

mentioned	by	the	disciplines	at	FAUUSP,	 IAU-USP,	UNICAMP	and	UPM.	Those	Universities	

followed	 CAPES	 (Coordination	 of	 Improvement	 for	 Higher	 Education)	 instructions,	 which	

recommends	 that	 students	 with	 scholarships	 must	 do	 teaching	 internship	 at	 the	

undergraduate	 course.	 The	 disciplines	 offered	 by	 UNICAMP,	 FAUUSP	 and	 IAU	 have	 been	

conceived	to	prepare	their	students	for	it.			

Added	to	that,	the	synchrony	between	the	way	the	lessons	occur	and	the	way	students	

learn,	 considered	 fundamental	 by	Masetto	 (2003),	 has	 been	 present	 in	 the	 disciplines	 of	

FAUUSP	–	Pedagogy	applied	to	Architecture	and	Urbanism	–	and	UNICAMP	–	Pedagogy	for	

Higher	Education.	Regarding	the	connection	between	students	and	teachers	and	its	impact	in	

learning,	 its	 only	 mentioned	 at	 UNICAMP	 discipline.	 Considering	 the	 comprehension	 of	

undergraduate	curriculum,	to	articulate	disciplines	and	other	learning	strategies	beyond	the	

discipline,	 it	 was	 endorsed	 by	 FAUUSP,	 IAU-USP,	 UNICAMP	 and	 UPM	 discipline.	 In	 the	

disciplines	of		IAU-USP	and	UNICAMP,	was	highlighted	that	more	than	getting	to	know	the	

curriculum,	it	is	necessary	to	evaluate	it	in	a	critique	way.		Among	all	disciplines,	the	one	from	

São	Judas	Tadeu	University	(USJT)	had	the	main	objective	to	analyse	the	professional	activity,	

comprehending	architectural	teaching	as	a	result	of	professional	activity.		

In	what	concerns	about	the	probationary	internship,	which	would	encourage	students	

to	learn	how	to	teach	through	practice,	all	programmes	offered	this	opportunity,	except	the	

one	from	USTJ	(Table	02).	Freire	(1996)	asserted	that	teachers	learn	to	teach	by	exercising	it.	

Therefore,	more	opportunities	to	 instruct	new	teachers	offering	opportunities	for	them	to	

teach	are	mandatory.	However,	it	is	necessary	to	evaluate	if	these	disciplines,	together	with	

the	probationary	internship,	are	sufficient	and	effective	to	guarantee	a	quality	education.		

After	 all,	 postgraduate	 programmes	 in	 São	 Paulo	 State	 showed	 that	 they	 are	

concerned	 about	 preparing	 their	 students	 as	 higher	 education	 teachers.	 The	 challenges	

proposed	by	the	National	Curriculum	(Resolution	no	02/2010)	include,	besides	teaching,	the	

definition	of	the	pedagogical/political	project	of	each	faculty.	This	challenge	should	only	be	

faced	with	the	development	of	pedagogical	skills	defined	by	Masetto	(2003)	and	Freire	(1996).	

Considering	this,	an	experience	took	place	at	a	public	University	in	Campinas,	São	Paulo	State,	

to	encourage	the	learning	through	practice	strategy	to	train	architects	and	urbanists	as	higher	

education	teachers.						
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Putting	into	practice		

The	experience1	happened	in	two	disciplines:	one	theoretical,	called	“Design	Methodology:	

Humanization”	III,	and	the	other,	practical	called	“Design	III:	Factors	of	Architectural	Design	

Project”.	 The	 objective	 of	 the	 theoretical	 discipline	 was	 to	 present	 design	 methods	 and	

processes,	 as	 well	 as	 to	 give	 support	 for	 the	 design	 creation.	 In	 addition,	 the	 study	 of	

referential	 design	 projects	 regarding	 social,	 cultural,	 spatial,	 behaviour,	 ergonomic	 and	

economical	 aspects	 were	 considered.	 Together	 with	 those	 objectives,	 the	 subject	 of	 the	

practical	 discipline	 looked	 at	 all	 those	 factors	 in	 the	 architectural	 project	 of	 a	 student’s	

housing,	 among	 the	 urban	 context,	 dealing	with	 different	 scales	 –	 from	 the	 block	 to	 the	

housing	unit.		

At	 the	beginning	of	 the	semester,	a	meeting	occurred	with	all	 team	members:	main	

teachers,	two	postgraduate	students	(one	from	master’s	degree	and	the	other	from	PhD)	and	

three	undergraduate	student	monitors,	who	were	beginning	their	primary	scientific	studies.	

The	aim	of	the	main	teachers	was	to	present	and	discuss	the	plan	of	the	discipline	and	the	

teaching	strategies	that	should	be	applied,	establishing	hierarchical	levels	among	all	agents.	

At	 that	 moment,	 the	 knowledge	 of	 the	 curriculum,	 presented	 by	 Masetto	 (2003)	 was	

considered	when	the	connection	between	the	disciplines	had	to	be	constructed.	After	the	

meeting,	 each	 one	 of	 the	 agents	was	 responsible	 for	 the	 development	 of	 some	 activities	

during	the	semester.	The	main	teachers	were	responsible	for	the	lectures	and	lessons	with	

interlocution,	where	theoretical	and	conceptual	design	projects	were	broach.	Postgraduate	

and	undergraduate	student	monitors	were	responsible	for	the	 lessons	 in	which	referential	

architectural	projects	were	presented	and	analysed.	They	were	also	together	with	the	main	

teachers	at	the	advisement	design	studio	during	the	development	of	the	student’s	project,	

participating	 in	 an	 active	 way	 of	 the	 process	 (Figure	 01).	 Besides,	 a	 couple	 of	 design	

workshops	was	organized	by	postgraduate	and	undergraduate	student	monitors,	 together	

with	the	main	teachers.	During	those	workshops	architectural	drawings,	design	references,	

diagrams	and	infographics	were	presented	to	the	students.		

	

	

Figure	1.	Students	Presentation	during	a	studio	advisement.	

																																																								
1
	This	experience	was	detailed	at	the	article	“The	diversification	of	teaching	and	learning	methods:	an	experience	

in	architectural	design	teaching”	(MONTEIRO,	PINA,	VIDOTTO,	2015).	
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In	 each	one	of	 those	 strategies,	 pedagogical	 skills	 considered	by	 Freire	 (1996)	 and	

Masetto	 (2003)	were	 followed	by	 the	 coordination	of	 the	main	 teachers	 in	 charge	of	 the	

disciplines.	All	team	contributed	for	the	students	advisements.	Consequently,	postgraduate	

and	undergraduate	students	could	develop	the	acquaintance	with	the	practice	of	teaching	

(MORIN,	2003).		

The	 abilities	 to	 orient	 the	 student’s	 activities	 and	 to	 create	 possibilities	 for	 the	

development	of	knowledge	were	promoted	within	the	organization	of	the	discipline	(FREIRE,	

1996;	MASETTO,	2003).	Postgraduate	students	were	oriented	by	the	main	teachers	but	also,	

they	 oriented	 undergraduate	 student	 monitors	 in	 the	 improvement	 of	 the	 lessons	 they	

presented.	Together	in	those	three	instances,	they	could	achieve	Freire	(1996)	and	Masetto	

(2003)	 purpose	 to	 develop	 pedagogical	 abilities	 through	 practice.	 The	 ability	 to	 orient	

student’s	activities	was	developed	during	the	design	workshops,	organized	by	postgraduate	

students	 under	 the	 main	 teacher’s	 supervision.	 Those	 workshops	 happened	 before	 the	

evaluation	 dates,	 focusing	 on	 the	 graphical	 quality	 of	 the	 architectural	 drawings	 and	

complemented	all	the	strategies	developed	during	the	semester.					

At	 the	 end	 of	 the	 semester,	 a	 questionnaire	 was	 applied	 among	 the	 students	 to	

evaluate	the	discipline	and	the	actions	proposed.	The	idea	of	a	questionnaire	follows	Freire's	

(1996)	concept	that	teachers	must	evaluate	and	re-think	their	practice	constantly.	For	that,	it	

was	fundamental	to	discover	if	the	participation	of	postgraduate	and	undergraduate	student	

monitors	had	an	impact	on	the	students	learning	process.	From	all	the	30	students	29	of	them	

answered	the	questions:	76	%	were	female	and	24%	were	male.	Regarding	their	participation	

at	the	design	workshops,	90	%	participated.	

The	students	were	asked	how	they	evaluated	the	contribution	of	the	postgraduate	

and	 undergraduate	 student	 monitors	 on	 their	 learning	 process.	 As	 a	 result,	 48%	 of	 the	

students	 classified	 the	 contribution	 as	 good	 and	 52%	 as	 very	 good.	 The	 other	 question	

intended	 to	 investigate	 if	 the	 students	 understood	 that	 the	main	 teachers,	 together	with	

postgraduate	 and	 undergraduate	 student	 monitors,	 were	 a	 team	 aiming	 to	 implement	

different	pedagogical	strategies	and	methods	for	teaching	architectural	design.	For	83	%	of	

the	students,	it	was	possible	to	identify	all	members	as	a	team.		

Then,	the	students	were	asked	to	classify	the	most	important	tasks	that	postgraduate	

and	 undergraduate	 student	monitors	 developed	 during	 the	 semester	 that	 impacted	 their	

learning.	For	them,	the	most	relevant	task	was	the	presentation	of	referential	architectural	

projects	during	the	lessons,	followed	by	the	way	that	they	took	part	of	the	studio	advisements	

with	the	main	teachers,	the	design	workshops,	the	advisements	made	by	appointment	before	

the	regular	lessons.	At	last,	they	mentioned	the	presence	of	the	monitors	during	the	visit	of	

the	site	of	the	project.				

Besides,	 a	 question	 asked	 about	 which	 aspects	 postgraduate	 and	 undergraduate	

students	monitors	had	helped	during	the	semester.	The	students	selected	the	knowledge	of	

qualified	architectural	projects,	the	improvement	of	the	graphical	quality	of	the	drawings	and	

the	comprehension	of	the	architectural	design	project	objective.			

The	 last	 question	was	 proposed	 for	 each	 student	 to	write	 their	 opinion	 about	 the	

experience,	 especially	 considering	 aspects	 of	 the	 postgraduate	 student’s	 involvement.	 In	

accordance	with	them,	the	positive	aspects	were	the	exorbitance	of	opinions	and	abilities	

considering	 the	 architectural	 design	 project	 during	 the	 advisements,	 the	 presence	 of	 the	

monitors	to	help	and	answer	doubts,	the	design	workshops	and	the	presentation	of	qualified	

design	projects	that	helped	in	the	development	of	the	final	project.		
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Conclusion	

In	Brazil,	access	to	higher	education	has	grown	in	the	past	decades,	together	with	the	number	

of	architecture	and	urban	planning	schools,	and	the	cultural	background	of	the	students	 is	

highly	 heterogeneous.	 That	 reinforces	 the	 necessary	 development	 of	 pedagogical	 skills	 by	

architects	 and	 urban	 planners.	 The	 presence	 of	 disciplines	 that,	 somehow,	 discusses	 the	

pedagogical	skills	in	most	postgraduate	programmes	in	São	Paulo	State	is	a	great	start,	but	it's	

not	enough	to	develop	pedagogical	abilities	that	are	enhanced	through	practice.	Those	skills	

won’t	be	satisfied	during	the	probationary	internship,	but	it	is	a	first	step.	Consequently,	it	is	

fundamental	that	architects	and	urbanists	that	are	becoming	teachers	get	to	understand	its	

role	 beyond	 teaching.	 Yet,	 this	 research	 doesn't	 guarantee	 that	 other	 strategies	 such	 as	

seminars	and	researches	about	higher	education	are	being	practiced.	Though,	those	strategies	

should	be	expanded	and	published,	as	suggested	by	UNESCO/UIA	Charter	(2011).		

All	things	considered,	the	architect	and	urban	planner,	working	as	a	teacher,	need	to	

develop	pedagogical	knowledge	and	skills,	teaching	responsibly	as	the	profession	demands.	

At	last,	the	experience	that	encouraged	postgraduate	and	undergraduate	students	to	develop	

pedagogical	skills	through	practice	showed	through	the	answers	at	the	questionnaire	that	it	

was	a	great	reference.	They	indicate	that	 is	mandatory	to	 implement	more	possibilities	for	

those	 students	 to	 learn	 how	 to	 teach	 through	 practice.	 The	 experience	 offered	 the	

opportunity	 for	 all	 team	 to	 rethink	 the	 strategies	 as	 well	 as	 a	 critical	 analysis	 about	 the	

practice.	Besides,	it	highlights	the	need	to	train	architects	and	urban	planners	as	teachers	so	

that	we	can	ensure	a	prosperous	future	for	the	work	of	new	professionals.	
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Abstract:	 The	 purpose	 of	 the	 paper	 is	 to	 analyse	 and	 discuss	 the	 concept	 of	 biomimetics	 in	 contemporary	
architecture.	Special	attention	is	given	to	the	attitude	towards	nature	and	environment.	Biomimetics	provides	
an	 information	 transfer	 from	 biology	 to	 technical	 disciplines,	 such	 as	 architecture,	 with	 aim	 to	 understand	
natural	 systems	 and	 processes	 developed	 through	 evolution,	 and	 to	 implement	 them	 in	 concepts	 and	
structures	designed	by	human.	The	author	proposed	and	applied	methodology	for	multilevel	analysis	intended	
to	 check	 various	 aspects	 of	 biomimetic	 approach	 to	 the	 building	 perceived	 as	 a	 system.	 The	 notion	 of	
biomimetics	is	presented	with	regard	to	architecture.	Multilevel	theoretical	model	is	constructed,	based	on	3	
basic	 elements	 related	 to	 systems:	 structure,	 metabolism	 and	 skin.	 Specific	 solutions	 for	 each	 of	 these	
elements	 are	 distinguished	 and	 analyzed,	 under	 passive,	 active	 and	 hybrid	 operation	mode.	 The	 particular	
examples	of	selected	architectural	objects	are	presented	to	illustrate	the	practical	application	of	the	research	
model.	 The	 author	 looks	 at	 relations	 of	 the	 building	 and	 environment,	 comparing	 them	 to	 biological	
relationships:	parasitism,	neutralism	and	commensalism.	The	discussion	leads	to	remarkable	conclusions	and	
provokes	some	very	interesting	questions	about	the	role	of	architecture.	Final	conclusions	address	the	issues	
of	 innovative	perception	of	 the	built	environment	as	well	as	 shifting	baselines	 regarding	ecosystem,	climate	
and	sustainability.	
	
Keywords:	biomimetics,	climate	responsive,	energy	efficiency,	sustainable	building,	climate	change.	

Introduction		

The	purpose	of	the	paper	is	to	analyse	and	discuss	the	concept	of	biomimetics	as	one	of	the	
most	actual	phenomena	 in	contemporary	architectural	design.	The	popularity	of	 the	 topic	
may	be	 attributed	 to	 the	development	of	 close	 links	 between	biological	 sciences	 and	 the	
technological	development.	The	second	reason	why	we	continue	looking	for	inspirations	in	
nature	 is	 the	changing	attitude	towards	environment,	climate	and	sustainability.	The	term	
biomimetics	was	 first	used	by	Otto	Schmitt	 in	1969	 in	the	context	of	opportunities	arising	
from	applying	observations	from	the	field	of	biology	in	medical	engineering	(Schmitt	1969).	
Since	then	biomimetics	has	been	fast	developing	tendency,	which	provides	an	information	
transfer	from	biology	to	technical	disciplines,	such	as	architecture,	with	aim	to	understand	
natural	 systems	 and	 processes,	 developed	 through	 evolution,	 and	 to	 implement	 them	 in	
concepts	 and	 structures	 designed	 by	 human	 (Gruber	 2011).	 This	 allows	 for	 deeper	
understanding	 of	 natural	 processes	 developed	 through	 the	 way	 of	 evolution,	 while	 the	
analysis	 of	 biological	 phenomena	 results	 with	 systematic	 transfer	 of	 various	 construction	
principles	and	problem	solutions	into	technical	applications	(Anthony	2014).	

Biomimetic	approach	 to	architectural	design	 is	 related	 to	 the	ability	 to	draw	correct	
conclusions	 from	 the	 natural	 systems	 behavior	 analysis,	 such	 as	 exchange	 mechanisms	
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between	external	and	internal	environments,	including	light,	energy,	gas	and	liquid	(Widera	
2016).	The	purpose	of	biomimetic	design	is	to	create	new,	complex	solutions,	based	on	the	
biological	systems	with	the	assumption	that	the	simple	copies	of	natural	models	would	not	
work	correctly	and	the	deeper	research	is	necessary	(Vincent	2006).	The	author	of	the	paper	
proposed	 and	 applied	 methodology	 for	 multilevel	 analysis,	 intended	 to	 check	 various	
aspects	of	biomimetic	approach	to	the	building	perceived	as	a	system.		
	

	
Figure	1.	The	model	of	biomimetics	in	architecture	(by	Author).	

The	model	of	biomimetics	in	architecture	
	
In	purpose	 to	 illustrate	 the	 information	 transfer	 from	biology	 to	 the	built	 environment	at	
the	 beginning	 of	 21st	 century,	 the	 multilevel	 theoretical	 model	 of	 biomimetics	 in	
architecture	was	 constructed	 (Fig.	 1).	 The	 starting	 point	 of	 biomimetic	 design	 is	 always	 a	
biological	prototype.	The	 first	 level	of	 the	model	 includes	 studies	of	 selected	prototype(s)	
with	respect	to	its	structure,	function,	physicochemical	properties,	environmental	relations,	
response	for	stimuli	etc.	At	the	second	level	the	3	basic	elements	related	to	specific	system	
are	 distinguished	 as	 structure,	 metabolism	 and	 skin.	 Each	 element	 is	 analyzed	 both	

LEVEL	3:	Practical	verification	of	
the	model:	particular	elements	of	
the	system	are	tested	for	various	
operational	modes,	evolution	of	
the	system,	improvements	and	
further	optimization,		dynamic	

adaptation	to	changing	conditions	
(internal	control	system)			

LEVEL	2:	Initial	model	of	the	
specific	system	for	the	

building(s),	multilevel	design	
optimization,	modifications	

of	the	initial	model.	

Biological	
prototype

Structure
Structural	optimization	inspired	

by	nature

Flexibility,	potential	change	of	
shape

Metabolism

Respiration,	gas		exchange

Energy	absorption,	production	
and	transformation

Managing		waste,	closing	
product	loop
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individually	and	at	the	system	level.	Based	on	the	research	results,	the	design	optimization	
process	is	carried	out.	Initial	model	is	modified	and	the	developed	knowledge	is	applied	to	
improve	 the	 functioning	 of	 the	 building.	 At	 the	 third	 level	 passive,	 active	 and	 hybrid	
solutions	are	tested	to	provide	practical	verification	of	the	model.	Particular	elements	of	the	
system	are	checked	for	various	operational	modes.	That	leads	to	the	evolution	of	the	whole	
system,	 i.e.	 continuous	 improvements	 and	 optimization.	 The	 complete	 biomimetic	
architectural	 system	 is	 designed	 for	 dynamic	 adaptation	 to	 changing	 conditions	 with	 the	
application	of	the	internal	control	system.	

	
Figure	1.	Environmental	 strategies	 in	Sino-Italian	Ecological	and	Energy	Efficient	Building	 (SIEEB),	2005-2006,	
Beijing,	China,	designed	by	Mario	Cucinella	Architects.	©	MCA	Archive	

Structure	

Biomimetic	 structural	 systems	 are	 inspired	 by	 the	 natural	 ones.	 Patterns	 derived	 from	
biological	 prototypes	 are	 often	 optimized	 with	 advanced	 methods,	 including	 mainly	
parametric	tools.	The	important	note	is	the	observation	of	the	natural	tendency	to	minimize	
the	need	for	resources	necessary	for	life	(Watts	2001,	p	132).	Actual	technological	abilities	
allow	for	creation	of	 flexible	construction	systems	that	adapt	their	structure	and	shape	to	
changing	climate	conditions	(e.g.	wind	direction	and	force),	similarly	as	living	organisms	do.	
Proposed	 solutions	 can	 be	 based	 on	 passive,	 active	 or	 hybrid	 concepts.	 The	 examples	 of		
passive	biomimetic	structures	can	be	found	in	buildings	designed	for	particular	angle	of	sun	
rays	 during	 the	 year,	 such	 as	 Sino-Italian	 Ecological	 and	 Energy	 Efficient	 Building	 (SIEEB),	
2005-2006,	Beijing,	China,	designed	by	Mario	Cucinella	Architects	(Fig.	2).	Active	structural	
solutions	 developed	 the	 ability	 to	 provide	 adequate	 reaction	 for	 external	 stimulus.	 These	
are	 often	 pneumatic	 systems,	 based	 on	 synthetic	 and	 biosimilar	 membranes.	 Complex	
membrane	 hybrid	 systems	 combine	 the	 durability	 of	 synthetic	 membranes	 with	 the	
selectivity	 of	 cell	 membranes,	 underlying	 the	 construction	 of	 biomimetic	 sustainable	
architecture.	The	biomimetic	structures	can	also	apply	advanced	strategies	for	heating	and	
lighting,	 connected	 with	 e.g.	 phototropism.	 They	 are	 usually	 combined	 with	 adaptive	
building	 skins	 and	 properly	 stimulated	 metabolic	 processes	 within	 the	 edifice	 and	 its	
environment.		
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Figure	3.	Hybrid	thermoregulation	in	Energy	Efficiency	Center	(2013)	Würzburg,	by	Lang	Hugger	Rampp	

Architects	and	Center	for	Applied	Energy	Research	(ZAE	Bayern,	Würzburg).	©	Lang	Hugger	Rampp	Architects.	
	

Metabolism	

Biomimetic	 systems	 in	 buildings	 involve	 the	 exchange	 of	 gas	 (breathing,	 photosynthesis),	
liquid	(evapotranspiration)	and	energy	(absorption,	production	and	transformation)	as	well	
as	 waste	management	 and	 closing	 the	 loop	 of	 materials.	 Recycling	 of	 waste	 products	 in	
order	 to	 drive	 the	 systems	 in	 the	 building	 is	 often	 considered.	 Advanced	 Building	
Management	 Systems	 (BMS)	 are	 compared	 to	 the	nervous	 system,	which	provides	 also	 a	
source	 of	 inspiration,	 especially	 for	 hybrid	 solutions	 (Watts	 2011).	 Some	 of	 the	 very	
interesting,	 already	 existing	 applications	 in	 buildings,	 are	 the	 ones	 that	 implement	 hybrid	
thermoregulation	strategies	inspired	by	the	heterothermic	organisms.	They	include	e.g.	the	
heat	 storage	 in	 phase	 change	 materials	 as	 well	 as	 heating	 and	 cooling	 with	 the	 use	 of	
infrared	radiation	technology	(Lang	et	al.	2014).	Such	methods	were	applied	and	tested	 in	
Energy	 Efficiency	 Center	 (2013)	 in	 Würzburg,	 designed	 by	 Center	 for	 Applied	 Energy	
Research	 (ZAE	 Bayern,	 Würzburg)	 together	 with	 Lang	 Hugger	 Rampp	 Architects	 (Fig.	 3).	
Building	 hybrid	 thermoregulation	 involved	 Passive	 Infrared	 Night	 Cooling	 (ZAE	 Bayern)	
which	uses	water	flowing	freely	from	the	top	of	the	roof	and	being	cooled	to	the	dew	point	
in	 the	 nighttime	 (due	 to	 convection	 and	 evaporation).	 This	 method	 is	 completed	 with	
adsorption	 cooling	 cycle	 (with	 a	 hygroscopic	 concentrated	 salt	 solution)	 that	 enables	 for	
dehumidification	and	cooling	of	the	incoming	air.	The	third	element	of	the	system	is	a	heat	
storage	layer	with	phase	change	materials	(PCM),	which	can		store	large	amounts	of	heat	in	
the	narrow	temperature	range	(because	all	absorbed	heat	is	required	to	break	the	bonds	of	
the	crystal	 lattice).	This	 improves	 the	 thermal	 stability	of	 the	premises	and	helps	 to	avoid	
undesired	 short-term	 temperature	 rising.	 Water	 cooled	 at	 night	 is	 used	 for	 PCM	
regeneration.	Some	other	examples	of	metabolic	processes	are	closely	related	to	advanced		
biomimetic	building	skins.	
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Skin		

	
Figure	4.	Integration	of	biology	and	technology	in	breathe.austria	(Milan	2015)	by	team.breathe.austria.	

	
Contemporary	 adaptive	 building	 skins	 apply	 schemes	 of	 gas,	 liquid	 and	 energy	 exchange,	
developed	 on	 the	 basis	 of	 biological	 prototype	 analysis.	 Cooling	 is	 achieved	 through	
controlled	natural	processes	such	as	radiation,	convection	and	evaporation.	Green	roofs	and	
façades	 provide	 insulation	 and	 contribute	 to	 better	 air	 quality	 (oxygen	 partial	 pressure,	
humidity).	 Other	 research	 activities	 in	 the	 field	 of	 biomimetic	 building	 skins	 involve	 e.g.	
integrated	hybrid	flow	control	systems	for	energy	harvesting	(Dyson	et	al.	2004).	Integrated	
Concentrating	Solar	Façade	is	an	active	system	inspired	by	phototropism	that	uses	Frensel	
lens	 and	 polygonal	 photovoltaic	 cell.	 The	 activation	 mechanism	 of	 photovoltaic	 cells	 is	
linked	to	solar	modules,	allowing	to	adapt	the	position	of	the	solar	modules	to	the	sun	rays	
direction	(Dyson	et	al.	2004).	This	experimental	system	is	 tested	 in	Zero-Energy	Corporate	
Headquarters	by	SOM	and	Rensselaer	Polytechnic	Institute.	

Some	 innovative	 skin	 building	 solutions	 involve	 also	 3rd	 generation	 of	 solar	 panels,	
such	as	Organic	PV	Cells	with	emerging	thin	films	or	amorphous	silicon,	Dye	Sensitized	Solar	
Cells,	 Perovskite	 cells	 or	 Quantum	 Dot	 organic/inorganic	 hybrid	 PV	 cells	 with	 high	
absorption	 nanoparticles.	 Transparent	 photovoltaic	 cells,	 with	 Concentrating	 Photovoltaic	
and	 Thermal	 Hybrid	 Systems	 combined	 with	 ventilated	 photovoltaic	 modules	 allow	 for	
recovery	of	the	part	of	solar	energy	that	is	not	converted	to	electricity	(Mocerino	2016).	

Practical	application	of	the	research	model	

Multilevel	 analysis	 methodology	 based	 on	 the	 model	 of	 biomimetics	 in	 architecture	 and	
intended	 to	 check	 various	 aspects	 of	 biomimetic	 approach	 to	 the	 building	 perceived	 as	 a	
system	 was	 applied	 to	 examine	 the	 concept	 of	 biology	 and	 technology	 integration	 in	
breathe.austria	project.	This	edifice	was	designed	and	constructed	by	 the	 interdisciplinary	
group	team.breathe.austria	lead	by	Klaus	Loenhart	in	Milan	(Austria	Pavilion	for	EXPO	2015).	
The	 biological	 prototype	 of	 the	 building	 was	 the	 Austrian	 mountain	 and	 foothill	 forest	
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ecotype.	 At	 the	 first	 level	 of	 the	 research,	 the	 studies	 of	 biological	 prototype	 involved	
structure,	 function,	 physicochemical	 properties,	 environmental	 relations,	 response	 for	
stimuli	etc.	In	effect	of	the	initial	model	analysis	results,	the	specific	system	for	the	building	
was	 created.	 This	 system	 was	 analyzed	 at	 the	 second	 level	 of	 the	 model.	 The	 research	
showed	 that	 the	 controlled	 interaction	 between	 the	 natural	 and	 built	 environment	 was	
developed.	This	resulted	in	the	climate	active	building,	in	which	clean,	humid	and	cool	air	is	
constantly	produced	(Fig.	4).	It	was	possible	through	the	combination	of	leaving	and	healthy	
forest	ecosystem	with	high	level	of	biodiversity,	i.e.	with	over	190	various	biological	species,	
including	 flowering	 plants,	 small	 shrubs,	 mosses	 and	 even	 12-meter	 high	 trees	 (Terrain	
2015).		

Thus	 created	 ecosystem	works	 almost	 identically	 as	 in	 natural	 conditions.	 The	 only	
important	 difference	 is	 that	 the	 natural	 processes,	 such	 as	 evapotranspiration	 and	
photosynthesis,	are	 supported	by	active	 technologies	powered	by	solar	energy.	Multilevel	
design	 optimization	 and	 modifications	 of	 the	 initial	 model	 were	 directed	 towards	 the	
achievement	 of	 comfortable	 indoor	 microclimate.	 The	 relevant	 methods	 were	 selected	
based	on	an	analysis	of	local	bioclimatic	conditions	(high	temperatures	during	the	day,	dry	
air,	dust,	high	CO2	concentrations	due	to	the	large	number	of	visitors).	

	
	

Figure	5.	Illustration	of	biomimetic	design	concept	in	breath.austria	(Milan	2015)	by	team.breathe.austria.	
	
At	the	third	level	of	research,	the	practical	verification	of	the	system	was	carried	out.	

Particular	elements	were	tested	for	various	operational	modes.	The	internal	control	system	
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allows	 for	 dynamic	 adaptation	 to	 changing	 conditions,	 both	 internal	 (e.g.	 the	 number	 of	
visitors)	 and	 external	 (the	 temperature	 outside).	 The	 response	 to	 external	 and	 internal	
conditions	 is	 possible	 with	 the	 hybrid	 indoor	 air	 humidification	 and	 cooling	method	 that	
applies	natural	evaporation	of	moisture	 from	the	plant	and	soil	 surface,	aided	by	 the	130	
thermodynamic	fog	nozzles	with	high-pressure	jets.	As	the	part	of	active	technology	mode	
27	 fans	 improve	 the	 air	 distribution	 throughout	 the	 pavilion.	 The	 combination	 of	 passive	
(natural)	 and	 active	 (technological)	 systems	 brings	 effective	 results.	 For	 example	 the	
temperature	in	the	pavilion	is	about	5-7°C	lower	than	the	ambient	temperature.	

The	whole	building	system	was	designed	 to	enable	 the	evolution.	To	obtain	optimal	
indoor	 microclimate	 conditions,	 both	 for	 ecosystem	 and	 human	 needs,	 the	 biological	
phenomena	of	photosynthesis	was	used.	The	appropriate	calculations	were	carried	out	for	
the	system	optimization.	In	effect,	the	amount	of	oxygen	produced	by	plants	corresponds	to	
the	breathing	demand	of	1.800	visitors	per	hour.	For	this	purpose	it	was	necessary	to	create	
the	 green	 plants	 surface	 with	 a	 total	 value	 of	 approx.	 43.000	m2.	 The	 area	 of	 ecological	
growth	and	metabolic	processes	 in	the	pavilion	equals	to	560	m2	of	wooded	area	(Terrain	
2015).	 Further	 improvements	 and	 modifications	 were	 done	 for	 the	 active	 technological	
solutions,	namely	 the	arrangement	and	operation	of	 fans,	water	 jets,	 fog	nozzles	 and	 fog	
steles,	powered	by	electricity	from	PV	cells	placed	on	the	roof	and	produced	with	especially	
designed	 Dye	 Sensitized	 Solar	 Cells	 (Grätzel	 cells	 or	 DSCC,	 which	 use	 the	
photoelectrochemical	process	similar	to	photosynthesis).	This	innovative	concept	was	in	line	
with	 the	 consistent	 use	 of	 biological	 systems	 in	 combination	with	 the	 currently	 available	
technologies	(Fig.	5).	

Relations	between	the	building	and	environment	

As	the	building	industry	represents	around	40%	of	global	CO2	emissions	and	similar	level	of	
global	energy	consumption,	it	 is	crucial	to	take	measures	towards	significant	improvement	
of	 relations	 between	 the	 building	 and	 the	 environment	 (ecosystem).	 If	 we	 compare	 the	
previously	developed	activities	in	the	field	of	contemporary	human	settlements	to	biological	
relations,	 in	 many	 cases	 it	 would	 be	 analogous	 to	 parasitism.	 With	 the	 knowledge	 and	
technological	development	of	 today,	we	should	achieve	at	 least	 the	minimal	 level	of	well-
balanced	competition	and	proceed	towards	neutralism	and	commensalism.	The	ideal	option,	
and	hopefully	vision	of	the	future	biological	architecture,	would	be	to	learn	how	to	achieve	
the	homeostasis	based	on	symbiosis.	The	main	principle	of	the	relationship	between	a	man	
and	 other	 species	 inhabiting	 the	 same	 ecosystem,	 should	 be	 to	 minimize	 the	 negative	
impact	of	human	activity	on	the	environment	with	regard	to	its	long-term	effects.	Ability	for	
the	climate	responsive	multilevel	building	adaptation	to	the	ambient	conditions	resembles	
biological	models,	 in	which	 such	 factors	as	body	 temperature	and	humidity,	 gas	and	 fluid	
exchange,	 flexible	 change	 of	 shape	 and	 colour	 etc.,	 allow	 for	 natural	 adjustment	 of	 the	
organism	 to	 the	 environment	 without	 any	 harmful	 effect	 nor	 excessive	 resource	
consumption.	In	practice,	this	will	enable	active	metabolism,	including	e.g.	the	improvement	
of	 air	 and	 water	 quality,	 building	 energy	 management,	 filtration	 of	 pollutants,	 waste	
management	and	reuse,	and	so	on.	Building	functioning	on	the	basis	of	solar	technologies	
and	active	metabolism	effects	in	carbon	dioxide	absorption	and	oxygen	production,	natural	
cooling,	 humidification	 and	 air	 purification.	Hybrid	 interaction	 of	 biological	 processes	 and	
technology	 should	 be	 seen	 as	 a	 prototype	 for	 climate	 change	 mitigation	 and	 further	
reduction	of	negative	effects	of	human	activities	on	the	environment,.		
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Conclusions	

The	 author	 of	 the	 paper	 analysed	 and	 discussed	 the	 concept	 of	 biomimetics	 in	
contemporary	 architecture.	 The	 research	 showed	 that	 the	 application	 of	 biomimetics	 in	
architectural	 design	 allows	 for	 correct	 conclusions	 from	 the	 biological	 systems	 behavior	
analysis,	 in	 purpose	 to	 create	 new,	 complex	 solutions,	 based	 on	 the	 biological	 models.	
Various	 aspects	 of	 biomimetic	 approach	 to	 the	 building,	 understood	 as	 a	 system,	 were	
checked	with	the	innovative	methodology.	The	model	was	based	on	3	levels.	Within	the	first	
level,	 the	 studies	 of	 biological	 prototype	 involved	 its	 structure,	 function,	 physicochemical	
properties,	 environmental	 relations,	 response	 for	 stimuli	 etc.	 In	 effect	 of	 the	 analysis	 of	
selected	 initial	 model,	 the	 specific	 system	 for	 the	 building	 was	 created.	 This	 system	was	
analyzed	 at	 the	 second	 level	 of	 the	 model,	 where	 3	 basic	 elements	 were	 distinguished:	
structure,	metabolism	and	 skin.	At	 the	 third	 level	of	 research,	 the	practical	 verification	of	
the	system	was	carried	out.	Particular	elements	were	tested	for	various	operational	modes	
which	resulted	with	various	shape,	structure	and	process	optimization.	The	evolution	of	the	
system	 involved	 many	 improvements,	 e.g.	 enabling	 for	 dynamic	 adaptation	 to	 changing	
conditions	with	 the	use	of	 internal	 control	 system.	The	whole	building	concept	 resembles	
the	leaving	organism.	It	combines	natural	and	technological	processes	in	the	most	effective	
and	efficient	way.	 The	main	 conclusion	 from	 the	 research	 is	 that	 it	 has	been	proved	 that	
with	 contemporary	 knowledge	 and	 technology	 it	 is	 possible	 to	 create	 the	 building	 that	 is	
operating	on	the	basis	of	multilevel	biomimetic	model,	being	safe	for	the	environment	and	
comfortable	for	users.	The	novel	perception	of	the	built	environment	 is	related	to	shifting	
baselines	 regarding	 ecosystem,	 climate	 and	 sustainability.	 The	 role	 of	 architecture	 in	 the	
future	may	evaluate	from	sustainable	or	 less	harmful	 relation	to	thrive	and	endosymbiotic	
leaving	environment	based	on	properly	developed	biomimetic	models.	
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Abstract: Evaluation of building performance assumes a fundamental role while establishing benchmark to 
achieve energy efficiency targets of the future. Under the Eco Campus initiative, Nanyang Technological 
University (NTU), Singapore, established an ambitious task of achieving 35% reduction in its energy, water and 
waste intensity by 2020. This paper provides a comprehensive overview of the process undertaken to establish 
the baseline for Energy Utilization Index (EUI) in individual building, campus wide. The EUI of various building 
was mapped through energy bills and/or sub-metering where available. This benchmarking exercise has 
facilitated the identification of energy intensive building complexes on campus. It has enabled the facility team 
to focus on providing custom solution for current energy performances and predictions to achieve future energy 
targets.  

Keywords: Campus, EUI, Baseline, Energy Efficiency, Tropics 

Introduction	

Although Singapore contributes to about 0.11% of the global greenhouse gas (GHG) 
emissions, it is determined to play its part in the international efforts to address climate 
change (National Climate Change Secretariat, 2016). The National Climate Change Secretariat 
(NCCS) of Singapore had a good understanding of the perils associated with climate change 
and its impact on a low lying city state like Singapore. So as the national target to reduce its 
emissions, Singapore undertook the mission of reducing its emission intensity by 36% below 
the 2005 levels by 2030 (National Climate Change Secretariat, 2016).  

Nanyang Technological University (NTU), is the largest university campus and covers an 
area of about 200 hectares with a tally of 220 buildings and 1.2 million m2 of built- up space 
(Jadhav, 2015) currently present on its grounds. NTU undertook the ambitious task of 
becoming the world’s greenest campus in the coming years.  This also meant aligning itself 
with the national targets. To achieve these ambitious targets, NTU established the “Eco- 
Campus” initiative.  

Under this initiative, which is jointly hosted by Sustainable Earth Office (SEO) at NTU 
and Energy Research Institute at NTU (ERIAN), the goal was to develop a novel campus-wide 
sustainability framework with demonstration sites to achieve 35% reduction in energy, water 
and waste intensity by 2020 (baseline 2011) (NTU, 2012). The initiative has 3 distinct phases. 
In 2011- 2012, NTU started its energy efficiency measures in the demonstration phase for its 
buildings under the programme “E (-10)”. This phase undertook 10 actions to achieve 10% 
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energy savings with zero capital investment. The frame-work of the program is as shown in 
figure 1. The results of demonstration phase and its implication on benchmark exercise from 
phase 1 will be discussed in subsequent sections. 

 

 
Figure 1: Eco- Campus Program Implementation (NTU, 2012) 

 
To quantify the reductions achieved at the end of phase 1, first an accurate baseline 

had to be established. It is an arduous task of documenting all the process associated with 
the consumption trends of electricity and resources.  This paper focuses on the exercise to 
define baseline of energy consumption in the campus undertaken by ERIAN, to help reduce 
the energy utilization index of its academic buildings. The paper discusses various methods 
used to study the building energy consumption, methodology undertaken to establish the 
baseline, recommendation for mitigation and current day results achieved from the exercise. 

Methodology	

Phase 1 included 3 tasks, benchmarking the energy performance of NTU buildings, testing of 
novel technologies for performance evaluation and finally analysis and planning for wider 
adoption throughout the campus for upgrading the existing buildings to enhance their energy 
efficiency or for new building construction that certified for highest energy performance in 
Singapore.  

The process of benchmark exercise is explained in figure 2. The process of data 
collection started with mapping the gross floor area of buildings in 2011. Follow by 
identification of the spaces, and dividing them into zones based on functionality. Table 1 
shows the metering system available in each zone for the same purpose. Baseline EUI for all 
academic buildings for 2011 was then established using mathematical formula as stated in 
Equation 1. Table 2 shows us the type of data that was available for from the various meters 
to calculate the EUI. 

Equation 1: Energy Utilization Index (EUI) (Jadhav, 2015) (BCA, 2014) 

𝐴𝑛𝑛𝑢𝑎𝑙	𝐸𝑛𝑒𝑟𝑔𝑦	𝑈𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛	𝐼𝑛𝑑𝑒𝑥	(𝐸𝑈𝐼) =
𝐴𝑛𝑛𝑢𝑎𝑙	𝐸𝑛𝑒𝑟𝑔𝑦	𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛	(𝑘𝑊ℎ)

𝐺𝑟𝑜𝑠𝑠	𝐹𝑙𝑜𝑜𝑟	𝐴𝑟𝑒𝑎	(𝑆𝑄𝑀) 	
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Figure 2: Methodology of for Benchmark Exercise 

 
Table 1: Available measurements and zoning system in the campus for analysis purposes 

Zones	 Measurement		System	
Campus Level Digital meter with ICT layer 
NTU	Academic	Buildings	 Digital	 meter	 integrated	 with	 Information	 and	

Communication	Technology	(ICT)	layers,	and	energy	
bills	

Auxiliary and Common Services 
(including canteens, restaurants 
etc.) 

Digital Meter integrated with ICT layer 

Staff, Student and Commercial 
Housing 

Metered data available, to be collected manually by 
individual staff  

National Institute of Education Digital meter integrated with ICT layer. 
Commercial and Retail outlets Metered data available, to be collected manually by 

individual staff 
 

Table 2: Type of Data Available 
Level		 Type	of	Data		
Campus Level Area, Energy Consumption and Renewable Energy Generation 
Building Level Area & Energy Consumption (Lighting, ACMV (Air Conditioning and 

Mechanical Ventilation) and Plug load) 
Floor Level  Area & Energy Consumption(Lighting, ACMV and Plug load) 
Room Level  Area & Energy Consumption(Lighting, ACMV and Plug load) 

 
For this exercise 12 academic buildings were considered. For the purpose of 

nomenclature they will be identified as Sch-1 to Sch-12.  

Results	and	Future	Works	

E (-10): E(-10) initiative create awareness through multiple targeted study and by engaging 
multiple stakeholders who have the potential to influence the energy consumption reduction 
on the campus. Table 3 shows various actions associated with E (-10) initiative, stakeholders 
involved (non comprehensive) and the estimated campus-wide energy savings could be 
achieved through it. The savings were compared at two levels: (1) In the overall campus energy 
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utilization intensity, as shown in Figure 8. It was reduced by 1.4% in 2012 as compared to 2011 
and 2.9% in 2012.  (2) A chiller energy consumption data shown in Figure 5.  The chiller yearly 
energy consumption reduced between 2% to 3% year-on-year between 2011 to 2013. 
Table 3: Collaborative Strategy Summary and Estimated Energy Savings Campus Wide from the E-10 initiative 
Action	 Stakeholder(s)	 Funding	 Campus	Wide	

Estimated	
Energy	Savings		

Increase air-condition  set-point by 0.5-
1.0 0C (current is 240C) 

Facility 
Management Office  

Nil 1 - 2 % 

Review air-tightness of buildings: doors 
etc. 

Facility 
Management Office 

Nil 1 % 

Off peak cooling (startup, 
early/intermittent off) 

Facility 
Management Office 

Nil 1 % 

Chiller plants - upgrading of controls Facility 
Management Office 

Budgeted 1 - 2 % 

Energy use reduction in ventilation 
systems (air handling and fan coil units) 

Energy Service 
Company (ESCO) 

Net-Zero 1 - 2 % 

Additives to reduce fouling in chiller 
systems 

ERIAN Net-Zero 1 - 2 % 

Reduce excessive lighting: car 
parks/common areas, lux sensors                                     

Facility 
Management Office 

Nil 0.5 - 1  % 

High efficiency lighting and other systems 
(engage ESCO to generate opportunities) 

ESCO Net Zero 1 % 

Ownership of Energy Efficiency by 
Schools, Departments (including Lab air-
condition, other electricity loads)  

Schools 
Departments 
Divisions 

Nil 1 - 2  % 

Active Participation of Students / Staff in 
Energy Saving 

All Nil 3-5% 

 
Baseline: Figure 3 and 4 shows the GFA and EUI for all 12 schools in 2011. This 

overview assisted the facility management to identify schools which had higher energy 
consumptions, take a closer look at the issues associated with the consumption and provide 
specific and relevant energy efficiency solutions. The results also provided appropriate test 
bed sites for demonstration projects of innovative solutions provided by industry partners 
who participated in the Eco- Campus initiative. 

E (-10) paved the way to adopt more stringent measures to ensure energy efficiency 
for buildings on NTU campus. Several targeted experiments were conducted to be used as an 
estimate of the overall campus wide energy savings shown in Table 3. Studies were conducted 
in several district cooling chiller system by increasing the temperature and monitoring the 
daily energy consumption. The results indicates that raising the air condition set point 
temperatures in the building by just 0.5°C, showed an overall energy saving of 1.5%. Tests 
were carried out in building with average floor area with majority offices and teaching spaces, 
which showed an overall savings of up to 3%. A few buildings were subjected to shorter 
operating hours. The operating hours were cut down by 30 mins (start time in the morning 
was changed from 7:30AM to 8:00 AM). Buildings with high energy intensity laboratory spaces 
showed 3.9% reduction in the total power consumption while the buildings with office and 
teaching spaces showed 9.4% reduction.  
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Figure 3: GFA of 12 academic buildings on NTU campus (Baseline for the year 2011) 

 

 
Figure 4: Baseline EUI of 12 academic buildings on NTU campus (Baseline for the year 2011) 

 

 
Figure 5: Annual Energy Consumption of a Chiller System in the Campus 
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Many measures were also undertaken to reduce the energy consumption for lighting 
on the campus. De-lamping, rescheduling of lighting hours for common areas, maintenance 
of existing lux sensors were few of the measures that were undertaken. Buildings were also 
inspected for air tightness to understand wastage as well as hot air influx. User behaviour and 
public awareness regarding usage of lab equipment etc. were also monitored. 

A steering committee at university level was appointed. Schools were mandated to 
appoint a representative as an energy office. . Regular meetings of the committee and energy 
officers are now conducted to keep track of the school’s current energy performance. This 
organization has now evolved into a “Sustainability Working Committee” of NTU. Students’ 
organisation “Earthlink” were also engaged, to increase student participation in energy 
efficiency activities. Every school was also provided with its individual energy bill every 
quarter in order to create awareness amongst the managing and administrative committee 
of the school.  

Investigation for the data collected under the baseline exercise was a process that 
occurred simultaneously while E (-10) was ongoing. Post the data collection and its analysis, 
it was evident that the School 1 and 2 had a very high EUI. Although school 1 and 2 are 
laboratory intensive buildings, there were problems related to operating schedules of ACMV 
and lighting systems, leakages from envelope, higher solar gains due to architectural design, 
and use of energy intensive laboratory equipment such as fume cupboards were identified as 
few of the problems. Individual solutions like chiller plant upgrade, change of lighting fixture 
to occupancy based LED lighting and low velocity fume cupboards with were provided for to 
bring down the energy consumption. The buildings have since been monitored for EUI as well 
as any increase in GFA until 2016.  Figure 5 and 6 show the decrease in the EUI from 2011 in 
these academic buildings. Since the baseline exercise, many of these academic buildings, 
including school 1 has gone under performance evaluation conducted by Singapore’s Building 
Construction Authority (BCA) to be certified as “platinum” performing buildings. 

 

 
Figure 6: GFA of the twelve (12) schools in the campus (2011- 2016) 
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Figure 7: EUI of 12 academic buildings on NTU campus (2011- 2016) 

 
Figure 7 indicates the EUI of the schools on the campus for every year, since 2011. 

Although there is a general trend of energy reduction in most schools, it is noted that it is not 
consistent for all schools. In particular Sch-3, which has seen an increased EUI. Further audits 
were conducted to investigate the observation. The increase in EUI was caused mainly 
because of increase number of plug loads. The occupancy density of the building has 
significantly increased as well as addition of high energy intensive equipment such as freezers 
were added. 

The exercise further helped the university to identify opportunities to integrate 
renewable energy sources on the campus. This step further helped the university in reducing 
its carbon footprint through emissions associated with electricity produced using fossil fuels. 
Figure 8 shows the energy intensity per square meter for the campus from year 2011-2016. 

 

 
Figure 8: The Campus energy intensity normalized with Gross Floor Area (Year 2011- 2016) 
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should be documented and the impact of their work should be considered for the purpose on 
energy intensity normalization. 

Conclusion	

Since the inception of the sustainability movement undertaken by NTU in 2011, until the 
establishment of Eco- Campus initiative and its success, the buildings on NTU campus have 
managed to reduce its overall energy intensity per m2 by 7% in 2014 as compared to 2011  
(NTU, 2016). As many as 51 old and new buildings have been certified to achieve the highest 
energy performance in Singapore allowing NTU to be the first recipient of Green Mark 
Platinum Star Champion award by the Building and Construction Authority (BCA) (Corporate 
Communications Office, 2016). The installation of a 5 MW Solar Photovoltaic (PV) system on 
the roof-top of 32 campus buildings is estimated to reduce 3% of the current total campus 
electricity consumption and reduce greenhouse gas (GHG) emissions by 3000 tonnes a year 
(NTU, 2016). The exercise is deemed a success and provided an insight towards the individual 
performance of existing academic buildings facilitating tailored solutions to upgrade their 
energy performance.  
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Abstract:	 This	 paper	 reports	 the	 development	 and	 design	 of	 a	 prototype	 to	 measure	 the	 electricity	
consumption	at	housing,	based	on	an	open	source,	programmable	or	reconfigurable	hardware	(Arduino)	and	a	
case	designed	and	modelled	digitally	 in	 stereolithography.	The	main	 idea	 is	 that	any	user	can	download	 the	
files	 and	manuals	 to	 assemble	 and	 program	 the	 hardware	 and	 fabricate	 the	 casing	 in	 a	 commercial	 three-	
dimensional	printer	at	home	(Do	It	Yourself)	through	an	international	license	that	allows	to	share	and	use,	or	
build	on	the	meter	 (Creative	Commons).	This	prototype	allows	users	to	know	their	energy	consumption	and	
makes	decisions	that	promote	energy	efficiency,	and	reduce	the	consumption	of	fossil	fuels.	We	also	seek	to	
demonstrate	how	easy	is	to	manufacture	and	install	an	economic	electricity	meter	in	the	house;	in	addition,	to	
develop	technologies	accessible	to	society	by	improving	the	design	and	operation	of	these	devices,	as	well	as	
encouraging	 the	 community	 to	 participate	 in	 the	 creation	 of	 solutions	 to	 environmental	 problems	 caused	
mainly	by	anthropogenic	climate	change.	
	
Keywords:	Energy,	consumption,	housing,	technology,	open	source.	

Introduction	

To	 carry	 out	 transportation,	 industry	 and	 housing	 activities	 in	 cities,	 it	 requires	 an	
uninterrupted	 source	 of	 energy.	 These	 activities	 consume	 around	 75%	 of	 global	 primary	
energy	and	emit	between	50	and	60%	of	 the	world's	greenhouse	gases,	with	over	80%	of	
the	world's	power	 coming	 from	 fossil	 fuels	 (UN,	2016).	Mexico	 follows	 the	 same	pattern;	
housing	and	commerce	consumed	30%	of	the	energy	of	the	whole	country,	 its	 Institute	of	
Statistics	(INEGI,	2013)	revealed	that	88%	of	this	energy	is	generated	with	fossil	fuels,	which	
translates	 into	 a	 great	 environmental	 problem.	 Democratizing	 energy	 efficiency,	 control,	
and	measurement	technologies	 is	a	 fundamental	strategy	to	combat	this	situation,	and	to	
reduce	energy	consumption	in	cities.	The	less	energy	is	consumed,	the	less	energy	produced	
and	 the	 less	 fuel	 burned.	 Therefore,	 this	 work	 proposes	 to	 develop	 an	 electricity	
consumption	device	(prototype)	that	anyone	can	manufacture	and	assemble	at	home	in	an	
easy	and	economical	way	to	promote	energy	efficiency	and	decrease	the	use	of	fossil	fuels.	
This	 was	 achieved	 by	 gathering	 a	 set	 of	 physical	 elements	 that	 constitute	 a	 hardware	
capable	of	measuring	the	daily	consumption	of	electric	current	through	an	"Arduino"	card	
and	an	electricity	 sensor;	a	case	was	designed	which	contemplates	 the	product	 	design	 in	
form,	function,	ergonomics	and	usability,	this	coupling	resulted	in	a	functional	prototype	to	
measure	electricity	 at	home.	Part	of	 the	project	 is	 to	propose	 the	use	of	 an	 international	
license	 that	 allows	 users	 to	 share,	 use	 and	 build	 on	 the	 created	 prototype	 (Creative	
Commons).	 This	 solves	 the	 technological	 development	 of	 a	 product	 which	 has	 access	 to	
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electrical	 consumption	 information	 at	 home,	 offering	 the	 user	 a	 simple	 and	 inexpensive	
alternative	 to	manufacture	 and	 install	 this	 device	 to	 control	 and	measure	 their	 electricity	
consumption,	encouraging	decision	making	towards	the	efficient	use	of	energy.	

Conceptual	Framework	

Energy	 in	 cities	 is	 necessary	 for	 transportation,	 industrial	 and	 commercial	 activities,	
buildings	 and	 infrastructures,	 water	 distribution,	 and	 food	 production.	 Most	 of	 these	
activities	happen	within	or	around	them	and	are	responsible	for	more	than	75%	of	the	Gross	
Domestic	Product	(UN,	2016).	To	carry	out	these	activities	require	an	uninterrupted	source	
of	energy.	They	consume	about	75%	of	global	primary	energy	and	emit	between	50	and	60%	
of	the	world's	greenhouse	gases.	In	2012,	global	energy	supply	was	83.1%	in	fossil	fuels	(oil,	
coal,	 and	 gas),	 9.7%	 in	 nuclear	 energy	 and	 only	 9%	 of	 renewable	 energy	 (the	 wind,	
hydroelectric,	 solar	and	biomass)	 (IEA,	2017).	Carbon-based	power	generation	has	a	great	
ecological	footprint,	not	only	because	of	the	increase	in	greenhouse	gas	emissions	and	the	
pollution	 generated,	 but	 also	 because	 of	 the	 extraction	 techniques	 that	 pollute	 the	
environment.	 According	 to	 a	 study	 conducted	 by	 the	 American	 Council	 for	 an	 Energy-
Efficient	 Economy	 (ACEEE,	 2016),	 Mexico	 is	 among	 the	 23	 countries	 in	 the	 world	 that	
consume	more	primary	global	energy,	together	it	represents	75%	of	all	energy	expenditure	
on	the	planet.	It	is	in	position	number	13,	in	front	of	the	United	Kingdom	and	behind	Saudi	
Arabia.	 The	 main	 consumer	 sectors	 are	 residential	 and	 commercial,	 industrial	 and	
transportation.	The	National	Institute	of	Statistics	and	Geography	(INEGI,	2015)	quantified	in	
Mexico	 the	energy	delivered	 in	88%	of	 fossil	 fuels	 and	12%	 in	 renewable	energies.	About	
30%	in	this	same	year	of	this	energy	was	delivered	to	the	domestic	and	commercial	sector.	
For	2010,	INEGI	registered	28,138,556	homes	for	110,	547,	584	people.	

For	 this	 reason,	 we	 are	 currently	 seeking	 to	 implement	 energy	 efficiency	 in	 cities	
specifically	in	housing,	which	would	mean	reducing	the	amount	of	electricity	and	fuels	used,	
but	maintaining	quality	and	access	to	goods	and	services.	Usually,	this	reduction	in	energy	
consumption	 is	 associated	 with	 a	 technological	 change,	 either	 by	 the	 creation	 of	 new	
technologies	that	increase	the	performance	of	the	artefacts	or	by	new	designs	of	machines	
and	living	spaces.	Since	1996	to	date,	Mexico	has	made	efforts	in	public	policies	for	saving	
and	 efficient	 use	 of	 energy	 in	 the	 residential	 sector	 (CONUEE,	 2016).	 The	 most	 recent	
amendment	to	Mexico's	energy	policy	was	the	passage	of	 the	Energy	Transition	Law	(LTE,	
for	its	acronym	in	Spanish)	(SEGOB,	2015).	This	new	legislation	proposes	the	elaboration	of	
a	new	strategy	that	should	consider	the	establishment	of	 indicative	targets	so	that	energy	
consumption	includes	energy	efficiency.	For	this	reason,	the	"Long-term	Political	Framework	
for	Energy	Efficiency"	 (MPLPEE,	 for	 its	acronym	 in	Spanish)	was	developed	 to	provide	 the	
inputs	 to	meet	 the	LTE	oriented	 towards	energy	efficiency	 (SENER,	2016).	 In	 the	MPLPEE,	
seven	 transversal	 lines	 of	 intersectoral	 impact	 were	 formed,	 the	 third	 to	 be	 highlighted:	
building,	which	in	turn	was	made	up	of	4	priority	actions:	Elaborate	and	implement	a	Code	
of	 Energy	 Conservation	 in	 new	 buildings,	 design	 schemes	 to	 support	 and	 improve	 the	
energy	performance	of	existing	commercial,	public	and	residential	buildings,	strengthen	the	
certification	and	buildings	energy	labelling	and	household	equipment	(SENER,	2016).	

These	priority	actions	are	focused,	among	other	things,	on	household	appliances	used	
in	 housing	 in	 Mexico,	 which	 are	 mainly	 lamps,	 microwave	 ovens,	 refrigerators,	 washing	
machines,	air	conditioners,	TV	and	water	pumps.	In	the	period	between	1995	and	2010	the	
average	 number	 of	 household	 appliances	 per	 household	 in	 Mexico	 increased	 by	
approximately	20%,	and	found	that	in	the	period	2001	to	2012	also	decreased	by	10%	the	
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average	 electricity	 consumption	 per	 user	 in	 the	 residential	 areas	 (CONUEE,	 2016),	
confirming	a	slight	advance	in	public	policies	of	saving	and	efficiency.	It	can	be	affirmed	that	
the	development	of	the	electric	device	of	free	use	for	housing	in	Mexico,	will	allow	users	to	
know	their	energy	consumption	and	can	make	decisions	that	promote	energy	efficiency	and	
reduce	 the	 consumption	 of	 fossil	 fuels.	 Therefore,	 for	 this	 first	 stage	 of	 the	 project,	 the	
following	hypothesis	 is	 proposed:	 the	development	 and	design	of	 an	 electricity	meter	 for	
housing,	based	on	open	design	hardware,	free	licence	and	open	source	software,	will	allow	
users	to	have	a	device	that	measures	their	energy	consumption	at	a	low	cost.	

Investigation	Methodology:	

To	 carry	 out	 the	 development	 of	 the	 functional	 prototype,	whose	main	 objective	was	 to	
create	an	energy	consumption	measuring	device	for	housing	based	on	open	design	and	free	
and	open-source	software,	the	following	scientific	and	analytical	method	was	used:	
Obtain	the	set	of	physical	elements	or	materials	that	constitute	a	system	(hardware)	

• Select	 the	elements	of	 an	electricity	 consumption	device	 for	 a	home:	 The	Arduino	
Yun	card,	composed	by	a	microcontroller	based	on	the	Amtel	Atmega32u4	and	the	
Atheros	 AR0331,	was	 selected.	 OpenWRT-based	 Linux	 support,	 Ethernet	 and	WIFI	
communication,	 USB-A	 port,	 micro-SD	 memory	 slot,	 20-pin	 configurable	 digital	
inputs	 and	 outputs,	 16MHZ	 clock;	 also	 it	 was	 selected	 the	 linear	 electric	 current	
sensor,	based	on	the	Hall	Effect	IC	with	a	voltage	isolation	of	2.1	kVRMS	and	a	low	
resistance	current	conductor,	80	kHz	bandwidth	and	1.5%	output	error	at	TA=	25	°C	
(Allegro	ACS714).	

• Program	 one	 of	 the	 elements	 to	 carry	 out	 the	 measurement	 of	 electrical	
consumption	 in	 the	 house:	 Arduino	 is	 C-based	 and	 supports	 all	 functions	 of	 the	 C	
standard	 and	 some	 C++.	 It	 was	 used	 basic	 syntax	 as	 well	 as	 control	 structure	
operators,	variables,	constants,	data	types,	conversions	and	analog	functions.	

• Organize	 the	 set	 of	 physical	 or	 material	 elements	 that	 constitute	 a	 system	
(hardware)	

• Testing	the	signal	coupling:	the	signal	from	the	transducer	was	coupled	to	the	input	
window	 of	 the	 analog	 signal	 by	 software	 since	 the	 conversion	 of	 units	 of	
measurement	is	linear	and	translation	units	of	measurement	are	simple.	

	

Figure	1.	Set	of	elements:	card,	sensor,	programming	and	coupling.	
	
Get	the	case	design	coupled	with	the	hardware.	
• Designing	the	form,	function,	ergonomics	and	usability	of	the	housing	 in	which	the	

hardware	 will	 be	 housed:	 a	 design	 methodology	 was	 used	 that	 contemplates	 six	
stages:	 To	 pose	 the	 concept,	 to	 analyze	 form,	 to	 analyze	 function,	 to	 analyze	
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ergonomics,	 to	 analyze	 materials	 and	 to	 develop	 final	 model	 (digital	 file	 in	 .stl	
format).	

• Make	 the	 case	 designed	 using	 a	 three-dimensional	 printing:	 the	 plastic	 injection	
printer	 robo3D	 was	 used	 for	 the	 manufacture	 of	 the	 case	 which	 has	 a	 printing	
surface	of	25.4	cm	long	x	2.86	cm	wide	x	20.32	cm	high,	the	acrylonitrile	butadiene	
styrene	 (ABS)	was	 used,	 although	 the	 printer	 can	 be	 adapted	 to	 various	materials	
since	it	reaches	a	melting	temperature	higher	than	290	°C.	

• Attach	the	case	to	the	hardware.	
	

Figure	2.	Case	design:	format	file	.stl,	3D	view,	ABS	construction.	
	
Obtain	the	final	prototype	in	operation	to	measure	electricity	consumption.	

• Attach	the	case	to	the	hardware.	
• 	Operate	 the	 final	 prototype	 and	 perform	 electricity	 consumption	 measurement	

tests:	the	power	adapter	was	connected	to	turn	on	the	meter;	an	electricity	source	
and	an	electricity	source	were	connected;	Arduino	Access	Point	was	entered	at	https:	
//drive.local/	by	selecting	a	new	local	area	network	(LAN)	and	access	point.	In	order	
to	consult	the	information	in	the	LAN,	the	address	provided	by	the	new	router	was	
written.	Finally,	the	information	stored	in	the	micro-SD	in	the	file	"datalog.txt"	was	
drained	to	spreadsheets	to	graph	the	information	of	electrical	consumption.	

	
	

	
Figure	3.	Parts	and	operation	of	final	prototype.	

Results	analysis	

• Obtaining	 a	 digital	 file	 ".ino"	 extension,	 using	 the	 Arduino	 programming	 software,	
which	 contains	 the	 code	 and	 all	 parameters	 (see	 Table	 1)	 to	measure	 and	 deliver	
electricity	consumption	data	measured	at	a	certain	time.	
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• Obtaining	 a	 digital	 file	 with	 ".stl"	 extension,	 using	 a	 computer-aided	 drawing	
software,	containing	a	 three-dimensional	model	of	 the	case	 that	will	be	 integrated	
with	 the	 hardware,	 manufactured	 with	 a	 plastic	 injection	 printer	 and	 with	 ABS	
material.	

• Prototype	 assembly	 and	 testing	 to	 measure	 electricity	 consumption,	 data	 were	
obtained	 with	 the	 pre-programmed	 functions	 of	 an	 electronic	 device	 (laptop)	
connected	 to	 the	meter,	 stored	on	 the	 removable	unit	 and	 consulted	 for	 accurate	
sampling	information.	The	experiment	consisted	in	connecting	the	computer	to	the	
meter	for	90	minutes,	the	first	part	with	the	empty	battery,	the	second	part	fully	and	
finally	 in	 energy	 saving	 mode.	 The	 average	 consumption	 was	 60W	 and	 the	 total	
consumption	was	0.09	kWh	(see	figure	4).	

	
Table	1.	Electrical	consumption	information	that	can	be	obtained	from	the	meter.	

	
General	sampling	data.	

Function	 Start		 	 Stop	 Current	 Consume	 Consecutive	
Detail	 Start	sampling	 Stop	sampling	 At	 the	 requested	

moment	
Start	 and	 last	
sampling	

sampling	
every	12	s.	

Value	 Date,	time	 Date,	time	 Watts	(W)	 kWh	 Watts,	kWh	
Acces	
LAN(IP)	+	

arduino/start/1	 arduino/stop/1	 arduino/current/
1	

arduino/consume
/1	

arduino/conse
cutive/1	

	
	

	

Figure	4.	Laptop	power	consumption.	

Discussion	and	reflections	

In	order	to	verify	the	hypothesis	of	this	project,	3	main	areas	were	developed:	
The	 hardware:	 The	 hardware	 selected	 to	 obtain	 electricity	 consumption	 data	 was	

Arduino	(ARDUINO,	2017)	as	it	is	an	open	source	electronic	platform	based	on	easy-to-use	
hardware	and	software.	Sensors	can	be	installed	and	given	instructions	to	a	microcontroller	
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which	returns	the	data	to	a	portable	memory	(micro-SD)	or	a	computer	(cable,	 intranet	or	
WIFI).	For	the	instructions	to	work,	Arduino-based	programming	was	used.	

The	industrial	design:	The	design	of	the	casing	to	fit	the	hardware	and	to	be	used	in	a	
simple	way	by	the	users	was	elaborated	in	a	software	that	allowed	to	obtain	the	plans	and	
the	model	in	third	dimension	generating	a	digital	file	in	stereolithography	that	was	sent	to	a	
printer:	 Plastic	 Injection	 3D	 (Robo,	 2017),	 which	 used	 a	 thermoplastic	 called	 ABS	 which	
melts	at	approximately	200	°C,	is	resistant,	with	rough	surface	and	with	similarities	to	plastic	
in	 terms	 of	 texture,	 durability	 and	 functionality,	 is	 used	 to	 create	 everyday	 objects	 or	
prototypes.	

Copyright:	 It	 is	 intended	 to	 use	 the	 CC	 licensed	 by	 Creative	 Commons	 (Creative	
Commons,	 2017),	 as	 it	 will	 allow	 users	 to	 share,	 use,	 and	 even	 build	 on	 the	 prototype	
created.	This	license	promotes	freedom	through	the	Copyright	scheme,	complementing	and	
strengthening	it	to	offer	alternatives	to	creative	people	who	want	to	share	their	works	in	a	
free	and	secure	way.	

The	 strengths	 of	 this	 system	 are:	 the	 capacity	 of	 datalog;	 ability	 to	 receive	
instructions	via	URL	and	display	of	information	in	numerical	format;	ability	to	indicate	direct	
and	 indirect	parameters;	obtain	raw	 information	available	on	a	 removable	storage	system	
(micro-SD);	ease	of	connection;	ease	of	installation	and	can	be	connected	via	WIFI	to	a	LAN;	
all	with	an	easy	and	economical	hardware	and	casing	to	manufacture,	assemble	and	install.	

This	 meter	 has	 great	 potential	 to	 continue	 developing	 it	 in	 the	 near	 future	 in	
operation	and	usability	with	a	more	 robust	design,	 the	main	 topics	are:	make	 the	 system	
redundant	 (even	 if	 it	 is	 not	 connected	 remember	 previous	 states),	 visualization	 and	
interpretation	 of	 results	 (such	 as	 graphs	 or	 automatic	 analysis	 of	 data),	 concentration	 of	
data	 in	 a	 single	 page	 (through	 the	development	of	 a	 software	or	mobile	 application)	 and	
connection	and	transfer	of	data	via	WIFI	to	a	wide	area	network	(WAN).	

Conclusions	

By	designing	and	developing	the	prototype	of	the	energy	consumption	measuring	device	for	
housing,	 based	 on	 open	 design	 and	 free	 and	 open-source	 software,	 the	 proposed	
hypothesis	 for	 this	 first	 stage	 of	 the	 project	 was	 verified.	 In	 a	 second	 stage,	 the	 energy	
consumption	measuring	device	will	be	tested	in	a	set	of	houses	to	obtain	data	that	allow	us	
to	prove	if	the	use	of	the	device	contributes	to	generate	changes	in	the	daily	habits	of	the	
persons,	helping	 to	mitigate	 the	anthropogenic	environmental	problems	 that	 the	world	 is	
facing	nowadays.	

	
One	of	the	strategies	to	improve	the	energy	situation	in	cities	in	the	residential	sector	will	
be	 through	 energy	 efficiency	 through	 the	 control	 and	 measurement	 of	 electricity	
consumption.	The	less	energy	you	consume,	the	less	energy	you	need	to	produce.	Buildings	
have	huge	potential	for	energy	savings	if	proper	technology	is	applied	that	can	help	to	make	
this	consumption	efficient.	Energy	efficiency	will	be	able	 to	substantially	 reduce	costs	and	
generate	multiple	 benefits	 such	 as	 job	 creation,	 increased	 competitiveness,	 reduced	 CO2	
emissions	and	improved	public	health.	

Some	 benefits	 that	 can	 be	 achieved	 by	 implementing	 energy	 efficiency	 are	 saving	
money,	 helping	 the	 environment,	 and	 benefiting	 the	 country,	 such	 as	 reducing	 energy	
expenditures	in	households,	which	is	especially	relevant	for	low-income	families,	reduce	the	
consumption	of	 natural	 resources,	 reduce	 the	 emission	of	 gaseous	pollutants,	 reduce	 the	
deterioration	of	the	environment	associated	with	the	exploitation	of	resources,	reduce	the	
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impact	 of	 greenhouse	 gases	 (GHG),	 which	 means	 less	 damage	 to	 health,	 reduce	
environmental	damage	and	pollution,	reducing	the	contribution	to	climate	change,	reduce	
the	country's	vulnerability	by	dependence	on	external	energy	sources,	 increase	security	of	
energy	supply,	improve	the	country's	image	abroad,	which	could	reduce	export	barriers	and	
promote	eco-tourism,	and	generate	employment	and	learning	technological	opportunities,	
in	the	new	markets	of	goods	and	services	that	will	be	created	for	the	different	user	sectors.	
This	project	can	help	to	consolidate	some	of	these	benefits	and	make	this	meter	one	of	the	
tools	 that	 housing	 needs	 to	 finally	 integrate	 sustainable	 assessments,	 eco-labels	 for	
products	 related	 to	 the	 construction	 and	 consumption	 of	 goods	 and	 codes	 and	 policies	
needed	to	design	a	sustainable	city	by	reducing	the	use	of	fossil	fuels.	
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Abstract: Buildings are increasingly expected to reduce energy consumption.  Passive design strategies can 
certainly help reduce power and make internal spaces more comfortable throughout the day.  This paper 
investigates an old school building through simulating different situations using the DesignBuilder software.  The 
performance of different shading devices, with regard to visual comfort in a classroom, are evaluated.  The 
louvre, overhang and lightshelf are the shading devices represented in this simulation.  Informed by a literature 
review and software simulation the most appropriate dimensions have been chosen for these shadings. 
Architectural aspects of shading system design affect electricity consumption for the purpose of lighting in the 
building. In addition to lowering energy demand for heating and cooling, installation of shading devices on the 
windows can improve visual comfort, as demonstrated by Daylight Factor, Illuminance and Uniformity Ratio. 
The results indicate that the optimal shading design for this representative classroom is influenced by the 
priority placed on the individual characteristics and each of them has some advantages and disadvantages. 
	
Keywords: Daylight analysis, Illuminance, Shading devices, visual comfort, electricity consumption. 

Introduction		

Using large windows or glass facades, both of which can lead to overheating and increase 
glare. Where the design makes use of large areas of glass, shading devices can provide the 
opportunity to minimise negative effects. To help evaluate between different shading options, 
simulation tools can be utilised in the design stages of a project.  This paper makes use of a 
software simulation tool to compare the performance of three different shading options for 
use in a classroom building in Tehran, Iran. Following a brief outline of the importance and 
problems arising from the lack of proper control of daylight, a description of Iranian 
daylighting standards, and some relevant literature, authors detail the results of an analysis 
of three shading devices and their influence on the daylighting of a school classroom, ranking 
them in relation to six criteria. 

The	importance	of	daylight	in	the	educational	space	

The presence of daylight in buildings plays a critical role in the learning processes of students 
(Dudek, 2007). Studies have shown that being exposed to daylight is important for normal 
brain activity, also for reducing stress, aggressive behaviours and having better sleep (Gelfand, 
2010) and in schools, especially for the health and comfort of the students. Study on the 
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daylighting of schools has been always a topic of interest. It is a significant design factor for 
educational spaces, perhaps more than for any other building type.  Studies have shown that 
appropriate daylight in schools is able to create a pleasant environment, resulting in increased 
academic performance, improved health conditions and energy savings; accordingly, today 
the use of daylight in schools is recognized as an important parameter (Meresi, 2016). 

Problems	arising	from	the	lack	of	proper	daylight	control		

There is almost enough daylight in most of the regions of Iran throughout the day to achieve 
standard lighting conditions in classrooms without the need for artificial light. However, there 
is very little information available about how to effectively and efficiently conduct the 
daylighting to the classrooms. Studies on the design and ways of conducting the daylight show 
significant energy saving potential in buildings. For example, in one project, following the 
implementation of the daylight controls, artificial lighting costs were estimated to be reduced 
by 50 to 80 percent (Ho et al., 2008). As a result of the typical school buildings’ orientation 
and the fixed positions of the students in the classroom, the existence of large windows on 
one side of the class can create unfavourable conditions in terms of visual comfort. Direct and 
asymmetric radiation in the classroom cause eye glare, visual sensitivity and pressure, and 
may even cause damage to the eyesight of students. Often, the only way to protect from 
direct sunlight penetration is to use cloth curtains or internal blinds to reduce glare. 
Unfortunately, this usually necessitates the use of electric lighting to maintain appropriate 
lighting levels (Secchi et al., 2015). 

Standards	

A number of Iranian standards govern window design for offices and classroom:  
• 0.85 to 1.25 m is the intended height of the threshold of the window in the office and 

classroom; 
• Window height should not be less than 1.25 m; 
• Total width of the window shall not be less than half of the width of the wall; 

(Ghiabakloo, 2015). 
There are also constraints in terms of structural design on the opening dimensions. The 

maximum area of the openings according to the Iranian earthquake code is 20% of the wall 
area.  It becomes uneconomical to increase the size of these openings and doing so would 
impose a number of additional risks. Also increase the burden of heating and cooling. The 
standard daylight factor for school classrooms is 5%, for the study hall 5% and for other rooms 
3% (Heidari, 2012). Visual work is the most common activity in classrooms and it is important 
that the lighting levels enable this to be performed adequately. Minimum illuminance for 
classrooms is 200 lux and the maximum is 500 lux. Lighting must be designed such that the 
light source does not appear in the vision area of the student because this can cause eye glare. 
Attention should also be paid to the light reflected by objects in the class as this could lead to 
further discomfort for students and their teachers.  In addition to having good vision on their 
desks, they should have the ability to see and copy the texts from a certain distance from the 
blackboard (Table 1). Illuminance depends on the design and size of the window and the 
window area can be equivalent to 1/8th  of class floor area (National Institute of Industrial 
Research of Iran, 1996). The direction of the daylight is better to be from the left of the 
student on their working surface. Artificial lighting luminaires should be installed at high levels 
on the ceiling to avoid glare. If the windows are located on one side of the classroom, the 
whole window area should not be between 1/5 and 1/7 of the lateral walls. If the width of 
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the class is more than 8 meters, windows should be built on more than one side of the class 
to avoid darkness in some parts of it. Using skylights in order to achieve a uniform distribution 
of natural light is also appropriate. The best natural light for the classrooms are north and 
south daylight (National Institute of Industrial Research of Iran, 2002). Comparison of 
standards for Daylight Factor and Illuminance with regard to lighting design in schools in 
England showed that the minimum Daylight Factor is equal to 2% and the acceptable range 
of Illuminance is 300 to 500 lux (Mansfield, 2008). 

Table 1. Standard No. 3763 National Institute of Industrial Research of Iran, 1996. 
Activity  Required Illuminance (lux) 
Teaching and lecturing Table  200-500 

Blackboard  300-500 
Laboratory   200-500 
Sewing  500-700 
Painting and handicraft  500-700 
Library  Shelf  100-200 

Table  300-500 
Administrative Typing  300-600 

Office  200-500 
Corridor and bathroom  50-100 

Literature	review	

Daylight of educational spaces deserves particular attention during the design phase. In the 
United States, a major study on the test scores of more than 21,000 students in three regions 
of America with a special focus on the sky Illuminance was undertaken. A significant 
meaningful relationship in the same standardized tests scores was observed. In particular, 
classes with large windows and skylights, had much better performance (Heschong et al., 
1999). Atzeri has shown in her studies that while the use of shading devices can bring thermal 
comfort, there may also be a need for energy inputs to be increased as interior shading, 
building orientation and glass types change (Atzeri et al., 2014). Ming Chiang examined 
classrooms in Taiwan, comparing the average Daylight Factor and Uniformity Ratio of light 
different shadings by software simulation and field measurements. The optimized condition 
of the Uniformity Ratio changed from 0.25_0.35 to 0.4_0.45, and in this case the electricity 
consumption of the lighting decreased by 71.5% (Ho et al., 2008). Kruger analysed daylight in 
his examination of a public school in Brazil, comparing multiple shadings for different siting 
of the building and evaluated their thermal performance with regard to the quality of the 
indoor environment. Using shadings in all classrooms increased the percentage of the useful 
work area (Krüger and Dorigo, 2008). In an investigation on 90 students in a Swedish 
elementary school, the levels of Cortisol (a stress hormone) were measured in different 
daylight level conditions. The results showed that students in classrooms without daylight are 
more likely to have irregular patterns of the hormone, which in turn will affect students' 
concentration. The researchers concluded that these irregularities could eventually affect the 
growth and health of the students (Boubekri, 2008). Li in his measurements came to the 
conclusion that about 30% of the daytime, there is sufficient daylight, and with enough 
windows on the northern and southern facades about 500 lux Illuminance will be provided. 
The use of daylight for lighting will reduce electricity consumption up to 50% for lighting, and 
will decrease the heat gain produced by artificial light which consequently will reduce the 
cooling load (Li and Lam, 2001). 
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Importance	of	shading	devices	

Since the maximum energy consumption (around 40%) is for the buildings and most of it is 
spent on cooling, heating and ventilation, passive design solutions help reduce the energy 
consumption (Heidari, 2013). One of the ways to reduce the total required energy is to use 
shading devices for façades that have large openings. Façades with large openings will allow 
more daylight and exterior views, but this can also lead to increased cooling and/or heating 
demand in buildings. The most important reason for using shading is to prevent direct sunlight 
and solar radiation, thus reducing cooling requirements, and to allow desirable solar gains in 
the heating seasons (Kirimtat et al., 2016). 

Physical	and	environmental	conditions	of	the	case	study	

The old school building is located in Vanak which has a cold climate, and today after many 
years needs renovation. The present building was built for educational purposes and has a 
main central courtyard and two courtyards on the north and south sides of the building as 
the entrance space, so there is no barrier for the daylight. In the design of the shadings, 
considering the sun radiation direction to determine the orientation, size and type of it, is 
very important. Sunlight penetration to the existing building is only possible on the northern 
and southern facades due to the current design of the building windows. 

Methodology	

In this study the daylight calculations are done by DesignBuilder which is based on the 
equations of Radiance software. The basis of this software analysis is optical ray tracing, 
taking advantage of the Monte Carlo method for calculating light rays which hit a point. This 
software is one the most widely used for analysing the light in the building (Designbuilder 
Group, 2016) and can handle complex geometries and material specifications using 
algorithms to calculate the Illumination and Daylight Factor (Marsh, 2007). Monte Carlo 
method means that by the increase of the Accuracy of calculations in the final analysis, results 
will be brought together more. According to the weather conditions of the region, the model 
of the sky was determined as Overcast.  

Simulation	

                       
Figure 1. Plan and elevation of the classroom on the ground floor 

A south-facing classroom was selected as an example, the floor area 6×7 m, the height 3.10 
m. It has two windows facing south, each with a width of 2.20m and height of 1.70m, and the 
distance from the floor is 1m (Figure 1). Simulations and modelling were carried out with 
DesignBuilder by considering the southerly orientation, and a sky model with 10,000 lux 
illumination. All of the materials of classroom surfaces were selected with an average 
reflection (Table 2). Working surface height is 0.7m for primary school. To simulate this 
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classroom four models were prepared based on the type of window shading. Table 2 
summarizes the details of the classroom and the shadings. The optimum size of the overhang 
shading is specified through Optimized Shading Design calculations in the Ecotect software 
for June 21st, 12 noon (Figure 2). The sizes of the external louvres and lightshelf were selected 
based on the literature reviews (Figure 2) (Ghiabakloo, 2015). Light shelves are placed above 
eye-level and had highly-reflective upper surfaces, which reflect daylight onto the ceiling. 

 
Figure 2. The three types of shading device. SH1, SH2, SH3 from the left. 

 
Table 2. Specifications of the simulated classroom 

values FACTOR values FACTOR 
20-28 Setpoint 

temperature  
Tehran: Latitude. 35.68°, Longitude. 51.32° Location 

CIE 
overcast 
day, 10000 
lux 
illuminance  

Sky model Width=7m 
Depth=6m 
Ceiling height=3.1m 

Geometry 

width = 2.2m 
height = .1 7m  
Sill height = 0.8m 

Window Size 

South faced W-Direction 
Water 
cooled 
chiller 
Radiator 
Natural 
ventilation 

HVAC 
 

WSH :Without Shading 
SH1: Lightshelves, 1m depth, 0.5 distance from the top, 0.5 
inner size, 0.5 outer size. steel 
SH2: Horizontal louvers, number of blades =10, blade 
dimensions: 0.16m depth, 2.2m width; 0.16m blade spacing, 
0.01m blade thickness, 0.1m distance from window. metallic 
SH3: Overhang, 0.39 m depth, 3m width, 0.05m thickness, 
0.3m vertical offset from window top, 0.4 m horizontal 
window overlap. concrete 

Shading type 

60 cm Working 
surface height 

Single-6mm clear for without shading 
Double-6mm clear, 13mm Argon 

Glazing type 

UPVC  W-frame average reflection coefficient surfaces 

Results	and	discussion	

The	effect	of	shading	device	on	the	daylight	quality	

In order to evaluate the different lighting refurbishment strategies for the school, the 
following performance indicators, have been modelled: average Daylight Factor (DF %) with 
overcast sky, daylight Uniformity (min/max) and minimum and maximum Illuminance (Lux). 
The values obtained for the four models (without shading, overhang, louver and lightshelf) 
are listed in the table below (Table 3). These values are based on the information entered 
according to the conditions of classroom, school location and climate of the region which 
were described in detail above. The listed values are average Daylight Factor, Illuminance and 
Uniformity ratio which are the key parameters of natural light analysis. Among the three 
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designed shadings, the Overhang has the highest average Daylight Factor and the louvre has 
the lowest, 3.58 % and 1.37 % respectively. 

Table 3. The results of daylight analysis 
Average 
Daylight 
Factor (%) 

Minimum 
Daylight 
Factor (%) 

Maximum 
Daylight 
Factor (%) 

Uniformity 
ratio (Min 
/ Avg) 

Uniformity 
ratio (Min 
/ Max) 

Average 
lux 

Min 
Illumi-
nance 

Max 
Illumi-
nance 

Shading 
model 

4.76 0.54 22 0.019 0.004 1127 54.09 2,200 Without 
2.38 0.25 10 0.123 0.030 511 24.81 998 Light-shelf 
1.37 0.12 4 0.093 0.032 203 12.42 394 Louvre 
3.58 0.39 17 0.110 0.024 858 39.51 1,677 Overhang 

 
Figure 3. Illuminance map of without shading, SH1, SH2, and SH3 from left. 

Results showed that in the Uniformity ratio of the daylight, the Overhang has better 
results, and two other shadings have nearly the same Uniformity ratios. In general, the quality 
of the daylighting of the classroom in terms of Uniformity ratio using the three different 
shadings have better results comparing to the situation without shading. Analysis of 
Illuminance showed that the overhang has the highest Illuminance and the louvre has the 
least among these options, with values of 858 lux and 203 lux respectively (Figure 3). Results 
showed that shading devices may decrease daylighting but this is counterbalanced by their 
reducing glare and having a positive effect on thermal conditions. 

The	effect	of	the	shading	devices	on	heating	and	cooling  

DesignBuilder calculates the thermal impact of solar gains and daylighting via the EnergyPlus 
engine which does the thermal calculations in conjunction with the availability of natural light 
and daylight controlling strategies. The effect of the shading devices on solar gains from 
exterior windows is illustrated in Figure 4. It clearly demonstrates that the windows with the 
overhang let in more solar gain than the other shadings. Adding external louvers to windows 
reduces the solar heat gains in the classroom throughout the year. This reduction in summer 
means less cooling is required. Overhang, lightshelf and louvre reduce the solar gain from 
exterior windows approximately 29%, 53% and 70% respectively over a year. 

 
Figure 4. Monthly reduction ratios in solar heat gains 

The results in Figure 4 show the difference of building demand for heating and cooling 
with the three shadings designs because of different solar gains.          Figure 6 shows that the 
most annual cooling load is for windows with external louvre while it has the least cooling 
load. Generally the energy performance of these models with different shading devices is 
related to the amount of solar gain from exterior windows so in winter a model that has the 
least amount of solar gains needs more heating energy and in summer a model that has the 
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least amount of solar gains needs less cooling load. However, since schools have summer 
holidays, heating is more important for them, and sometimes they do not use cooling systems 
at all based on the local climatic conditions. A comparison of the total energy consumption of 
the models demonstrates that lightshelf and overhang reduce the total amount of heating 
and cooling comparing to the model without shading (Figure 5,         Figure 6,          Figure 7). 

 
Figure 5- Annual heating load         Figure 6- Annual cooling load         Figure 7. Annual heating and cooling loads 

The	effect	of	the	shading	devices	on	the	electrical	lighting	performance		

The analysis of the other parameters, including artificial light in the classroom in addition to the 
natural light, has been carried out and the results are presented in Figure 8 and Table 4. 
Calculation of the saving in energy for lighting indicated that the electrical energy consumption 
in a classroom without shading has a major difference compared with a classroom whose 
lighting is controlled by sensors and shadings. The overhang has reduce the electrical power 
consumption for lighting less than other shadings, and the lightshelf has the most savings in 
terms of lighting; however, the use of shading and light sensors significantly reduced electrical 
energy consumption for lighting by about 30% to 35%. The overhang lets natural light into the 
area close to the window, while the lightshelf distributes natural light into the depth of the 
classroom; therefore, sensors turn on the artificial light less frequently. The main reason for the 
difference in the electricity consumption between shadings and a model without shadings is 
that when there is no shading, students close the inner curtain to avoid glare and overheating, 
hence they are made to turn the artificial light on although it is sunny outside. 

  
Figure 8. Annual electricity consumption for artificial lighting, Table 4. Annual reduction rate of electricity 

consumption for lighting 

Conclusion 

By analysing the data obtained from the simulation of the daylight and power consumption, 
we can conclude that using shading has a significant impact in terms of the quality of the 
environmental and comfort conditions (Table 5). A comparison of the data presented in this 
study suggests that the overhang with respect to the daylight factor and illuminance has the 
best performance. The louvre performance only seems appropriate in cooling mode because 
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it prevents a lot of sunlight penetration. The lightshelf is the most successful in terms of the 
uniformity Ratio, electrical lighting and heating. It reflects more light into the depth of the 
classroom, thus giving a better light distribution. On the other hand, the overhang enables 
more light to enter but not to the depth of the classroom, and consequently has a poorer 
uniformity ratio than the light shelf. Overall, every shading provide specific daylight quality 
for the classroom, considering the fact that the difference in energy savings among the 
shading devices is not considerable and due to the comfort of students, the overhang seems 
to have most of the comfort condition features. The existing old windows are timber framed, 
single glazed and without shadings, all of the passive strategies such as changing the frame 
and glazing, and installing the shading devices in this paper, helped to improve the comfort 
conditions of the classrooms. 
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Abstract: Building retrofit can deliver significant energy savings to UK homes. However, there is a need to 
improve targeted use of energy efficiency measures to effectively drive efficient domestic demand reduction. 
Many energy policies and programmes are designed based on standardised assumptions about household 
behaviour and characteristics, causing misjudgement on the effectiveness of retrofit measures as well as the 
predictions of energy savings. This paper asserts that the ranking and efficacy of retrofit measures regarding 
energy savings vary according to household types. This was demonstrated by dynamic building modelling of a 
range of retrofit scenarios applied to five household archetypes. A base case dwelling was chosen for initial 
modelling tests of the impacts of retrofit measures on each archetype. Subsequent tests were carried out 
using distinct dwellings linked to each archetype. The results revealed that the retrofit measures affected each 
archetype differently, indicating certain retrofits would suit one household better than another. This work 
demonstrates that rankings of retrofit measures in terms of the energy saving potential vary in response to 
changes in both dwelling and household behavioural characteristics. It suggests using household archetypes to 
prioritise retrofit measures provides decision support in energy efficiency policies and programmes.  
 
Keywords: Energy retrofit, occupant behaviour, household archetype, energy saving, domestic building 

Introduction		

Energy use in UK domestic buildings accounts for around a third of total national energy 
consumption (BEIS, 2016). Retrofitting existing homes is regarded as key to significantly 
curtailing domestic carbon emissions and energy demand (Ma et al, 2012). Although 
modelling predictions suggest great energy saving potentials from energy efficiency 
upgrades, the actual outcomes often fall short. A main source of this discrepancy between 
predicted and actual energy performance is occupant behaviour (Sunikka-Blank and Galvin, 
2012). Studies have demonstrated that occupant behaviour has a significant influence on 
building energy demand (Steemers and Yun, 2009). However, currently various policy 
instruments and home retrofit guidance are based on standardised methodologies and 
behavioural assumptions that bear little resemblance to how occupants interact with their 
homes in reality. This can lead to the misjudged effectiveness and uptake of retrofit 
measures. One solution is to provide households with more accurate energy saving 
predictions that are customised to their dwellings and household behaviours.  

This paper examines the performance of retrofit options using household archetypes 
for better retrofit guidance in domestic buildings. This guidance will mainly focus on 
archetype specific recommendations in which a prioritised list of retrofit measures were 
provided in terms of energy saving potentials. The comparison of energy efficient 
technologies and measures will be based on modelling predictions using datasets obtained 
from both a survey and literature review. The paper starts with a review of existing studies 
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on relevant subjects, followed by testing how behavioural variations influence energy 
savings from retrofitting a mid-terraced house. It then goes on to explore how the 
effectiveness and optimum ranking of retrofit measures change when household and 
dwelling types differ. Finally, it discusses the energy performance of retrofit options with 
respect to each archetype households to assist with recommendations for retrofit planning.   

Background		

The energy savings from low carbon domestic retrofit are often overestimated, where the 
discrepancy between predicted and actual outcomes is widely recognised as the 
‘performance gap’. Addressing the performance gap is imperative for capturing the vast 
energy savings potential in the building sector. One major factor contributing to this gap is 
occupant behaviour (Gram-Hanssen, 2014; Ingle et al, 2014). It refers to the simplicity of 
behavioural parameters in energy modelling on the one hand and behavioural complexity in 
real life on the other. The behavioural input incorporated in the modelling predictions 
reflects little on how occupants interact with their homes in reality. Changes in behaviour 
may also occur after energy efficiency improvements, such as using more energy services 
which is identified as the ‘rebound effect’ (Galvin, 2014). In addition, the complexities of 
inhabitants and their household practices are frequently overlooked in domestic energy 
research, leaving the divide between physical dwellings and inhabitants’ homes obscured 
(Ellsworth-Krebs et al, 2015).  

Domestic retrofit guidance in the UK has been primarily based on technically oriented 
energy audits. These audits typically focus on the physical characteristics of the dwellings, 
using building performance models with standardised behavioural assumptions to measure 
home energy efficiency (Kelly et al, 2012; Ellsworth-Krebs et al, 2015). Energy performance 
certificates (EPCs), for example, as a legal requirement for existing dwellings to be sold or 
rented since 2008, use Reduced Standard Assessment Procedure (RdSAP) to evaluate home 
performance as well as estimate and recommend effective improvements. Designed to 
assess the building rather than its occupants, RdSAP generates results that are independent 
of individual household behaviour. This means that the subsequent retrofit 
recommendations and estimates of the effectiveness of relevant measures are decoupled 
from any specific occupants.  

Occupant behaviour has been demonstrated to have a significant impact on building 
energy performance (Haldi and Robinson 2011; Ben and Steemers, 2014; Hong et al, 2016). 
Energy use may vary by a factor of two or more in identical buildings due to the variations in 
everyday household practices (Gram-Hanssen, 2014). Better integration of occupant 
behaviour in energy modelling simulation is thus important for more realistic representation 
of both building energy use and retrofit effectiveness. Researchers have developed various 
behavioural models typically utilising time use data and stochastic processes for more 
accurate estimation of domestic energy use (Virote and Neves-Silva, 2012; Widén and 
Wäckelgård, 2010; Richardson et al., 2010; Tanimoto et al., 2008). In addition, some 
behavioural models identify patterns of behaviour using statistical analysis procedures, data 
mining, and machine learning techniques (van Raaij and Verhallen, 1983; Jones et al, 2017).  

Research into behavioural impact on building energy performance has mostly focused 
on the building design and operation stages. The influence of occupant behaviour in the 
building retrofit stage needs to be further explored. So far, only few studies have quantified 
the role of behaviour on the effectiveness of energy retrofit measures. These studies found 
that the effectiveness of energy efficiency measures varied depending on the occupancy 
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pattern of the household (Marshall et al, 2016), occupant heating behaviour (Wei et al, 
2016), as well as site-specific parameters such as the indoor air temperature and internal 
heat gains from building occupants and electrical appliances (Dodoo et al, 2017). However, 
none of them investigated how the optimal selection of energy efficiency measures would 
vary with different households. Little is known about behavioural impact on the optimal 
ranking of retrofit measures in terms of energy saving potential. In order to fill this gap, this 
research further examines the performances of retrofit measures, especially with regard to 
the optimum retrofit options, among different household archetypes. The aim is to inform a 
prioritised list of retrofit options tailored to different types of households. The results will 
support decision-making in energy policies and programmes.   

Methodology	

Dynamic building simulation modelling was employed to assess the performance of 
individual retrofit measures across various household archetypes. The modelling processes 
were carried out the validated energy simulation tool, Integrated Environmental Solutions - 
Virtual Environment (IES-VE), which allows for retrofit measures and occupant behaviour to 
be modelled to a highly detailed level. The first step was to identify household archetypes 
and a range of retrofit measures to be tested. Then a base case was built for testing retrofit 
options using the archetypes independent of dwelling change, in order to single out the 
influence of occupant behaviour. Finally, all retrofit measures were simulated one at a time 
across the archetypes with respective dwelling types in order for their performances to be 
compared.  

Five household archetypes were identified: active spender; conscious occupier; 
average user; conserver; inactive user (Table 1). These were derived from a prior study 
carried out in 2015 (Ben and Steemers, 2017), in which a survey and statistical analyses 
were used to generate household archetypes based on behavioural factors and patterns 
determined during the analysis process. The patterns were created using the data obtained 
from a survey and literature. Their respective dwelling types were shown in Table 1 and 
Figure 1. The profiles of each archetype consist of parameters derived from the survey, IES-
VE default data and published data such as ASHRAE and CIBSE Guide. These five archetypes 
advance existing user segmentations by linking behavioural factors with household and 
dwelling characteristics, as well as energy use.   

A mid-terraced house was chosen (Figure 1e and 1f) as the base case for the 
application of a range of single energy efficiency technologies (Table 2) across the five 
archetypes without dwelling change. The performance of each option was compared across 
the archetypes. The simulated period was between November 1st and March 31th during 
heating seasons, with a 30-minute time-step. The time period was chosen in the UK context 
as the households would normally only turn on the heating when it is relatively cold. The 
parameter values used for measures were selected from the existing literature in academia 
and industry. They represented the average highest efficiency that can be achieved in 
practice. In contrast, the values selected for dwellings such as building envelope and system 
characteristics showed the very inefficient dwelling conditions.  

The impact of retrofit measures on the dwelling energy use and saving was further 
evaluated across five household archetypes with respective dwellings. This further 
addressed the likely variations of performance each measure may have upon changes in 
dwelling and household characteristics. Combined with the test in the previous step, this 
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was useful for evaluating whether the variation in the performances of measures was due to 
dwelling characteristics or if it was rather a main influence from occupant behaviour.  

 
Table 1. Summary description of the five archetype households. 

Household 
archetype 
(HA) profile 

Active spender 
(1) 

Conscious 
occupier (2) 

Average user 
(3) 

Conserver (4) Inactive user 
(5) 

Dwelling type Detached Semi-detached Mid-terraced  Mid-terraced Flat  
Floor area 182.22 m2 149.83 m2 99.41 m2 74.92 m2 54.33 m2 
House volume 635.07 m3 474.58 m3 299.98 m3 222.37 m3 153.38 m3 
Efficiency EPC band D EPC band D EPC band F EPC band F EPC band E 
Occupancy 
pattern 

4 people; 
Unoccupied period 

from 08.30 to 
18.00 

3 people; 
house occupied 

mostly 

2 people; 
Unoccupied 
period from 

08.30 to 18.00 

1 person; 
Unoccupied 
period from 

09.00 to 13.00 

1 person; 
Unoccupied 

from 08.00 to 
22.00 usually 

Indoor 
temperature 
set points 

24/7 on; ground 
floor – 21oC and 
first floor – 18oC 

Average 7 
hours/day on; 
ground floor – 
21oC and first 
floor – 18oC 

Average 4 
hours/day on; 
ground floor – 
21oC and first 
floor – 18oC 

Average 2.5 
hours/day on; 

18oC 

Average 1 
hours/day for 

the main 
rooms; 18oC 

Behavioural 
characteristics 

Very high use of 
heating, hot water, 

appliances; high 
frequency of 

opening windows 

High use of 
heating, 

appliances; 
open window 
moderately  

Moderate use 
of heating, etc. 
open window 
moderately 

Low use of 
heating, etc. 

less frequency 
of opening 
windows 

Very low use of 
heating, etc. 

less frequency 
of opening 
windows 

 

        
 

                                      
 
 
Figure 1. Plan of modelled dwellings for (a) HA1 ground floor; (b) HA1 first floor; (c) HA2 ground floor; (d) HA2 
first floor; (e) HA3 ground floor; (f) HA3 first floor; (g) HA4 ground floor; (h) HA4 first floor; (i) HA5. (1. Hall; 2. 
Living room; 3. Dining room; 4. Kitchen; 5. Conservatory; 6. Staircase circulation; 7. Master bedroom; 8. 

a b c d 

e f g h i 
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Bedroom; 9. Bathroom/toilet; 10. Garage; 11. Fuel room; 12. Larder/ Cupboard; 13. Closet; 14. Side lobby) 
 

Table 2. Summary description of retrofit options modelled. 
Retrofit measure Input parameter Before After 
External wall insulation  External wall U-value 2.10 W/m2K 0.22 W/m2K 
Ground floor insulation Floor U-value 1.56 W/m2K 0.25 W/m2K 
Roof/loft insulation Roof U-value 2.30 W/m2K 0.11 W/m2K 
Window insulation Window U-value 4.80 W/m2K 0.89 W/m2K 
Ceiling insulation Ceiling U-value 1.09 W/m2K 0.16 W/m2K 
Heating system (boiler) 
upgrade 

Seasonal Coefficient 
of Performance 

0.5432 0.81 

Seasonal efficiency 0.63 0.9 
Radiant fraction 0.5 0.2 

Tank and pipe insulation Delivery efficiency 0.6 0.95 
Smart meters &controls Heating length and 

temperature 
See Table 1 
Heating pattern 

See occupancy patterns (Table 1); 
reduced heating length/space 

Results	

The estimated performances of individual energy efficiency measures across different 
household archetypes were compared in Figure 2 and Figure 3. The initial energy uses 
(MWh/yr) of five archetypes modelled in the mid-terraced house ranged widely: 1) 82; 2) 43; 
3) 31; 4) 24; 5) 21. Whereas in different dwellings, these (MWh/yr) were: 1) 82; 2) 64; 3) 31; 
4) 30; 5) 2. In both scenarios, the whole-house energy saving potential from each measure 
tended to be larger in higher energy use households. In particular, the performances of 
some measures varied markedly across the archetypes. This was especially the case with 
smart meters and controls, external wall insulation, heating system upgrade as well as 
tank/pipe insulation. For example, with external wall insulation applied to the mid-terraced 
dwelling, active spenders could save more than 40 times the amount an inactive user would 
save. Furthermore, it appeared that the optimal rankings of retrofit measures varied more 
significantly when the gap between the initial energy consumptions of the archetypes were 
larger. For example, both active spenders and conscious occupiers benefited most from 
smart meters and controls along with several building system upgrades, whereas inactive 
users were most suited to only heating system upgrades and/or tank/pipe insulation.  

The performances and rankings of energy efficiency measures changed due to 
variations in household behaviours (Figure 2) and dwelling characteristics (comparing Figure 
2 and Figure 3). For the archetypes modelled in the base case, smart meters and controls 
were the top option for active spenders, while heating system upgrades ranked first for the 
rest of the archetype households except for inactive users who were more prone to energy 
reduction by tank/pipe insulation. Wall insulation was the second most effective for active 
spenders and ranked third for the rest of the archetype households. Heating system 
upgrades remained influential across all households, despite slight variations among the top 
ranked measures. Tank/pipe insulation was also comparatively effective, especially for 
lower energy consuming households. The rest of the measures were of relatively little 
impact on home energy saving, with loft/roof insulation being the least effective option. For 
archetypes modelled with respective dwellings, heating system upgrades triumphed across 
all households. The ranking of options varied slightly compared with that in the base case, 
particularly for inactive users, who received little savings.  

The building system upgrades and external wall insulation produced considerably 
higher energy savings than the rest of the measures, especially for archetypes having 
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relatively higher initial energy consumption levels. Despite the variance in their rankings, 
these retrofit measures remained the top four most influential options among different 
archetype households, except for inactive users who were only affected by heating system 
upgrades and/or tank/pipe insulation depending on the dwelling characteristics. The rest of 
the measures on building envelope insulation comparatively produced much less energy 
saving. They were especially ineffective in the lower energy use archetypes such as 
conservers and inactive users, where savings from these insulations went down to almost 
zero. Among these less efficacious options, ground floor insulation and window insulation 
produced relatively higher energy savings, with loft/roof insulation being the least effective. 
	

	
Figure 2. Compare retrofit energy savings (MWh/yr) across five archetypes in the mid-terraced dwelling.  

 

 
Figure 3. Compare retrofit energy savings (MWh/yr) across five archetypes in respective dwellings. 

Discussion		

This paper illustrates that the performance and ranking of energy efficiency measures may 
vary significantly and these variations can be distinguished by the use of household 
archetypes. Overall, retrofit options affect each archetype differently, where the level of 
difference seems to correspond to the initial energy consumption. Nevertheless, the 
building system upgrades, particularly heating system upgrades, are the most favourable 
retrofit strategies in terms of energy saving potential amongst all archetypes, followed by 
external wall insulation.  

On one hand, the results demonstrate a need to prioritise retrofit measures 
differently to benefit each archetype most in terms of energy saving. On the other hand, a 
prescribed set of retrofit measures can be put forward as the most impactful options 
irrespective of behavioural or dwelling type changes, such as heating system upgrades and 
tank/pipe insulation. Smart meters and controls as well as external wall insulation can also 
be the top choices for households with an average or above average level of energy use. In 
addition, targeting higher energy consuming households can bring larger energy savings, 
especially with the building system upgrades and external wall insulation. This is in line with 
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the findings from Wei et al (2017) that the energy saving potential of all retrofit measures 
was increased significantly for active heating users compared with that for passive heating 
users. On the contrary, Marshall et al (2016) suggested the savings from some energy 
efficiency measures were similar for all three occupancy patterns. These measures included 
roof, wall and combined insulation, boiler upgrade, and temperature reductions. This 
contrast could be due to the differences in how the user groups were defined and 
distinguished in each study, such as by different levels of energy consumption. Thus, 
knowing how to distinguish between household groups to determine that each group has 
the same optimal retrofit options is crucial for developing retrofit recommendations. 

The scope of this paper is limited to using building simulation and energy modelling to 
test energy efficiency improvements and scenarios of household archetypes. In particular, 
theoretical scenarios and simplified parameters used in the modelling may lead to 
calculations deviated from what the energy performances and savings would be in reality. 
For example, the interactive effects between the measures were not considered, and 
neither were renewable and low carbon technologies linked to energy supply. In addition, 
specific space heat demand targets were not set for each household. Furthermore, the 
results obtained from the selected set of scenarios may not be representative of the 
housing stock. Finally, airtightness and draught proofing were not selected as retrofit 
measures due to limitations in the functions available in IES-VE to adjust infiltration rate 
resulting from building leakage or other unintentional openings in the modelled dwelling.  

Realising the energy saving potential of domestic retrofit is an ongoing global 
challenge, the next stage in the analysis will be to assess the impact of household 
archetypes on the effectiveness of domestic retrofit at the urban level. This will be 
illustrated by a comparison between household archetypes and EPCs in terms of the energy 
saving potential derived from each. A given sample and case study dwelling will be utilised 
in the analysis to exemplify the importance of incorporating household archetypes in 
developing retrofit strategies. The ambition would be to enable a more realistic 
representation of retrofit saving potentials and generalise the research outcomes 
nationwide.   

Conclusions 

This research has investigated the use of household archetypes in determining domestic 
retrofit strategy. It addresses further the issues concerning the performance gap in retrofit 
saving estimates due to a generic approach using standardised behaviour. It represents a 
step forward in bridging this gap while informing a practical solution to enhancing retrofit 
guidance. By taking into account behavioural and dwelling variations in estimating retrofit 
effectiveness, both the ranking and energy saving potential of single retrofit measures can 
vary significantly. This contradicts conventional retrofit approaches differentiating only 
between the physical characteristics of the dwelling, allowing different retrofit measures to 
be prioritised in response to variations of household archetypes for better retrofit decision-
making. Without this prioritisation, home energy efficiency may not be optimised cost-
effectively and households could be expecting a false payback period. Nevertheless, an 
overall emphasis on the building system upgrades, especially heating system upgrade, 
would bring a relatively high percentage of energy savings. In addition, smart meters and 
controls as well as external wall insulation are also amongst the top options, particularly for 
average or above average energy users. The rest of the building envelope insulation 
measures, however, have relatively little impact, which contradict the prevalent view on the 
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fabric-first approach. This work suggests that including the retrofit savings estimates for a 
range of household archetypes in retrofit guidance can enable homeowners and relevant 
stakeholders to plan retrofit better and anticipate more realistic savings. It draws further 
attention to the significance of segmenting households in the decision-making of 
formulating energy efficiency policies and programmes. We envisage that segmentation of 
households by employing a representative set of household archetypes will allow us to 
achieve domestic energy demand reduction more effectively. 
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Abstract: Having as starting point the problematic of the energy consumption of buildings, it was studied the 
panorama of energy efficiency, emphasizing the Brazilian program of the INMETRO, PROCEL “Edifica”, 
contained in the norm Technical Requirements of the Quality for the Level of Energetic Efficiency of 
Commercial, Service, and Public Buildings (RTQ – C). For better understanding of the regulation, was elected a 
building, emblematic in the city of Passo Fundo, RS, Brazil, illustrating the perspective of the program. The 
building was classified in accordance with the two methodologies presented by the program: prescriptive and 
simulation, so it was possible to investigate the peculiarities of each methodology and the own regulation. 
After the application of the methodologies, we came to the conclusion that the prescriptive method is less 
accurate and requires more dedication by the evaluator to do all the calculations and surveys required, 
however, is the fastest tool and accessible to the field professionals. The simulation on the other hand, is a 
more accurate methodology and reaches levels of analysis that the prescriptive method not reaches, but still is 
a tool that need large initial financial contribution and prior knowledge. 
	
Keywords: Energy Efficiency, Labelling, Brazilian Regulation 

Introduction		

This paper seeks to investigate the subject of energy efficiency, seeking to explore the 
knowledge especially in the Brazilian Labeling Program of INMETRO (Instituto Nacional de 
Metrologia, Normalização e Qualidade Industrial). That is supported by the PROCEL EDIFICA 
(National Program for Energy Efficiency in Buildings), which obeys the Regulation of the 
Technical Requirements of Quality for the level of Efficiency Energy of Commercial, Service 
and Public Buildings (Regulamento Técnico de Qualidade para Eficiência Energética em 
Edifícios Comerciais, de Serviços e Públicos) – RTQ – C. 

Starting from a case study in the city of Passo Fundo, Rio Grande do Sul, Brazil the two 
methodologies presents by the regulation: prescriptive and simulation were applied, 
verifying the contributions to the investigative process of each method, as well as its 
limitations. The results obtained by the regulation were analysed, as well as the reliability of 
both methods and their application for the specific case of an educational building. 
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The	methodologies	of	the	regulation	(RTQ	–	C)	

The Technical Quality Requirements for the Energy Efficiency Level of Commercial, Service 
and Public Buildings (RTQ - C), aims to create conditions to label the energy efficiency of 
commercial, service and public buildings. It includes, as a general description, to specify 
methods for the level classification of energy efficiency of those buildings. 

It can be applied to buildings with a minimum useful area of 500 m² or within an 
electrical supply voltage of 2.3 KW or more, for buildings with air conditioning, partly 
conditioned and/or naturally ventilated. It is a requirement for analysis, that commercial 
buildings with air-conditioned must be verified by simulation, that the human permanence 
provides temperatures (within the comfort zone) for 80% of the hours of use per year. 

Deeping the knowledge about the program, the regulation presents two 
methodologies for the classification of the energetic level of the buildings. These methods 
involve contemplating the general and specific data and prerequisites of each section of the 
regulation. 

Prescriptive	Method	

The Prescriptive Method is an analytical procedure, concerning the characteristics of the 
building, where equations are applied using the input data of the external structure 
(architectural and constructive), lighting system and air conditioning. The obtained score 
determines the classification of the energy efficiency of the systems separately, resulting in 
numeric equivalents that will be used in the equation of the final classification. The method 
can be explained in the scheme below: 

 

 
Figure 1 – Prescriptive Method Scheme 

 

General	Prerequisites	

These prerequisites are related to elements of the building, such as elevators, water heating 
system, and determine the criteria for each parameter of the building. Once these 
parameters do not reach the value estipulate on the regulation, the classification of the 
building decreases to the prerequisite level. 

Specific	Prerequisites		

There are 3 specific systems that has to be analysed in the prescriptive method. If the 
building are not in conformity with those items, the level of the final classification will 
decrease.  
The first system is the external structure, where the zenital opening (presence or absence) 
and the opaque components are verified. The prerequisites for the system are the thermal 
transmission (U), solar absorption of the walls and roofs and the solar factor of the zenital. 
The second is the lighting system, which was adapted for the country, based on the Norm 
90.1 by ASHRAE (2007). The prerequisites are division of circuits by independent devices in 
each closed room, contribution of natural light and automatic shutdown of the lighting in 
ambiences with more than 250 m².  
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The third system is the air conditioning. The prerequisite is only required for level A, where 
the ducts of the system need to have the minimum thickness established by the regulation 
for the thermal insulation for heating and cooling.  

Final	Classification	for	the	Prescriptive	Method	
The equation of the final classification of the building (PT) is calculated using the numeric 
equivalent result of the 3 systems evaluated separately. In this equation, the systems will 
have the follow weight division: for the external structure 30%, the lighting system 30% and 
air conditioning, the highest weight 40%. These results will be used in the final classification 
equation as showed below. However, it must attend the general and specific prerequisites: 
  

 
 
Where: 
EqNumEnv: numeric equivalent of External Structure; 
EqNumDPI: numeric equivalent of Lighting System, identified by DPI (Illumination Power 
Density).  
EqNumCA: numeric equivalent of Air Conditioning System; 
EqNumV: numeric equivalent of no conditioned and/or naturally ventilated ambience (the 
value has to be verified by simulation, if this does not happen its value is equal to 1); 
APT: useful area of the temporary permanence ambience, since not conditioned (corridors, 
stairs and bathrooms); 
ANC: useful area of the non-conditioned ambiences of prolonged permanence, with 
verification of percentage of hours occupied in comfort (POC) by natural ventilation, 
through simulation; 
AC: useful area of the conditioned ambiences; 
AU: useful area;  
b: score obtained by bonuses ranging from 0 to 1. 

Simulation	Method	

This method is a comparison between the final energy performance of the real building and 
these classificatory references. For this, it is necessary to perform the energy efficiency 
simulation of the models A, B, C and D, like specified on the RTQ-C and compare these 
results with real building result. The simulations must be made through specialised software 
such as Energy	 Plus,	 DesignBuilder,	 Esp-r, among other software approved by BESTEST 
method. The method is exemplified in the scheme below: 
 

 
Figure 2 – Simulation Method Scheme 
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Final	Classification	for	the	Simulation	Method	
The total score (PT) of the fully simulated buildings will be calculated by the equation: 
 

 
Where: 
EqNumS: equivalent numeric of the simulation (given by de comparison of the models); 
b: score obtained by bonuses ranging from 0 to 1. 

Bonuses:	measures that prioritize the use of strategies that reduce the environmental 
impact and can be check for both methods. They can reach, at most, 1 point added to the 
overall score. This point will be attributed if it is justified and proven with initiatives such as: 
the rational use of water, use of water heating by solar panels, use renewable energy 
sources, use cogeneration (heat and energy), reuse of heat in thermodynamic processes 
(can occur in the form of steam, hot and/or cold water) or any innovations that promote 
energy efficiency.  

According with the total score, for the both methods (prescriptive or simulation) the 
building can be classified in:  
  

Table 1 – Final Score and Classification  

Score	 Classification	
> 4,5 a 5 A 

> 3,5 a < 4, 5 B 
> 2,5 a < 3,5 C 
> 1,5 a < 2,5 D 

<1,5 E 
 

Application	of	the	methodologies	on	an	educational	building	

Location	and	climatic	conditions		

The case study to evaluate the two methods of the PROCEL EDIFICA (RTQ – C), is an 
educational building, with 4 floors, with a total area of 7.240,15 m², in a residential and 
commercial zone of the city, of Passo Fundo, Rio Grande do Sul, Brazil. The city is located on 
the coordinates of longitude of 28º 15’ 46” and latitude 52º 24’ 25” with medium altitude of 
680 m above the sea level. According to the climatic classification of Köppen, the region has 
a humid subtropical (temperate) mesothermal climate (Cfa). 

The city has an average annual temperature of 17,5º C and has the warmest month in 
January and the coldest month in June. The region is characterised by moderately warm 
summers and mild winters. In the colder months is common to form frost and, occasionally, 
the occurrence of snow. It Also, enjoys well distributed rains throughout the year, with 
September being the month with the highest volume (206.8 mm) and April the lowest 
(118,2 mm). The relative air humidity remains between 67% in the months of November 
and December and in 76% in the month of June. The predominant winds are from North 
east (NE) direction, with average velocities of 3,80 m/s and 4,70 m/s, with secondary winds 
coming from the South east (SE). The city is classified in the bioclimatic zone 2, by the NBR 
15220. 
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Verification	of	the	general	prerequisites	of	the	Regulation	(RTQ	–	C)	for	the	building	

First, the general prerequisites for the building have to be verified. At this point some 
equipment’s that are not considered in other items of the regulation, were evaluate such as 
elevator efficiency, existence or absence of water heating, the possibility of individualised 
measurement of electrical circuits (or their absences). In the same way, the presence of 
sustainability strategies or initiatives that reduces the environmental impact, where 
analysed. The score of the Building C of IMED is detailed on table 2: 

 
Table 2 – Classification of the general’s prerequisites  
General´s	Prerequisites	 Classification	

Electrical circuit with centralised 
measurement Does not have B 

Water Heating Do not apply X 

Elevator Does not have (the elevators do not 
have frequency inversions) B 

Bonuses Does not have X 
Classification	 B	

Classification	of	the	building	by	the	Prescriptive	Method	

External	Structure	(Env)	

Determination	of	the	External	Structure	efficiency 
To determinate the classification of the envelope, all the data (architectural and 
constructive characteristics) of the building must be collected to the procedure of the 
efficiency determination. The data values should be inserted into the equation of the index 
of consumption (ICenv), which is determined by the bioclimatic zone, the projection area 
and the form factor.  

The figure 3 shows the classification of the External Structure, with an energetic 
consumption of 34,34 with classification B.  

 

 
Figure 3 – Scale of the index of consumption (ICenv) of the building. 

	

Verification	of	the	Specific	Prerequisites	
It was analysed the constructive characteristics of the walls, roof, external colours and 
zenital lighting to verify the prerequisites of the envelope, the results are specified in the 
table 3: 

 

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2479



Table 3 – Classification of the External Structure prerequisites  
Specific	Prerequisites		 Value	 EqNum	 Classification	

Thermal Transmission  
Uwall: 2,24 W/ (m².K) 3 C 
Uroof: 2,06 W/ (m².K) 1 E 

Absorption of the external 
surfaces coefficient 

awall: 0,40 5 A 
aroof:0,85 1 E 

Zenital Lighting Zenital < 5% (verify by simulation or 
the level will be C) 3 C 

Classification	 1	 E	
 
During the process of certification, in this case, the prerequisites do not attend the 

mayor level of the criteria, thus the evaluation of the building. According to these 
parameters will be decrease to level E, although the calculation of the envelope was a 
better classification (C). 

Lighting	System	(DPI)		

The procedure of determining the efficiency of the lighting system has as the main objective 
to establish the limit of power of the internal lighting (DPI). It was used the method of the 
area of the building to classified the efficiency of the system. 

First, it was verified the acceptable maximum limit of lighting power density for the 
main activity in the building, by the INMETRO classification (2017). Then multiplying the 
total of the illuminated area of the building (7.240,15 m²) was multiplied by the DPI of each 
level. 

 
Table 4 – Calculations of the DPIL for each level of efficiency. 

Activity	 DPIL	Level	A	 DPIL	Level	B	 DPIL	Level	C	 DPIL	Level	D	
Universities 10,7 W/m² 12,3 W/m² 13,9 W/m² 15,5 W/m² 

Total 77.469,60 W/m² 89.053,84 W/m² 100.638,08 W/m² 112.222,32 W/m² 
 
 Comparing the installed power of the building, 41.630,00 W, with the limits of the 
potential, it is verified that the classification of the lighting system is A, but the prerequisites 
has to be evaluated. 

Verification	of	the	Specific	Prerequisites	
 

Table 5 – Classification of the lighting system prerequisites 
Specific	Prerequisites		 Classification	

Circuit division Yes A 
Contribution of natural light Does not have C 
Automatic shutdown system Does not have (It does not have ambiences 

larger than 250 m²) 
C 

Classification	 C	
  
 It would be classified as level A, by the installed power of the building, but it does 
not attend the specific prerequisites, it has been decreased to level C classification. 
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Air	Conditioning	System	(AC)	

The air conditioners are all split type, with the efficiency evaluated by the PBE/INMETRO 
(2017) and are in accordance with the Brazilian and international standards. To find the 
system classification, all devices were weighted by their individual capacity and by the total 
building capacity, the results was multiplied by the efficiency of the equipment indicated by 
the INMETRO rates tables.  

After verifying all the installed equipment’s of the building, the classification of the 
system was C. Checking the specific prerequisites for that item, it was observed that the 
system does not have insulation on the air conditioning conducts, but the prerequisite in 
this case is only for level A. Therefore, the classification remains C. 

Final	Classification	of	the	energy	efficiency	of	the	building	by	the	prescriptive	method	

For the total classification of the building efficiency, all the variables found are put in the 
equation of the total classification. 

 
Table 6 – Variables for the Total Score Equation 
EqNum	 Value	

EqNumEnv 1 (E) 
EqNumDPI 3 (C) 
EqNumAC 2,5 (C) 

AU (m²) 7.240,15 
ANC (m²) 0 
APT (m²) 1.281,44 
AC (m²) 4.736,39 
Bonuses 0 

 
 

 
 

PT	=	3,44	
 

 After all calculations, the total score of C building of IMED, by the prescriptive 
method is 3,44, equivalent to level C. 

Classification	of	the	building	by	the	Simulation	Method	

For the building simulation, it  was used the software Design Builder version 2.0.4.001, that 
is a tool for simulating the thermal and energetic performance of buildings, and it has the 
interface that uses the algorithms of Energy Plus. 

 The models of computational simulation (real and references) were created from the 
architectural plants with the intention of maintaining the reality, as possible in aspects of 
volume, materials and uses. All the building was modelled with the intention of evaluating 
the thermal changes between interior and exterior, following the speciation of the standard. 
The results of all simulations are shown on the table 7:  

 
 

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2481



Table 7 – Comparison of the result of the simulations  

Consumption	 Real	Building	 Level	A	 Level	B	 Level	C	 Level	D	

Annual by m² [KWh/m²] 124,99 113,86 125,68 135,96 166,26 

 
Analysing the simulations, it was verified that the real model has the annual electricity 

consumption between level A and B, however, does not reach the total of B. In this case, the 
efficiency level will be A, with 5 as equivalent numeric. As the edification does not have any 
bonuses, the final classification is: 

 
 PT = EqNumS + b à 5 + 0 = 5 à Classification A 

Comparison	of	the	results	of	the	methods	

Analysing the results provided by the methodologies, where the classification for the 
Prescriptive Method were: External Structure (ENV), level E; Lighting System (DPI), level C 
and Air Conditioning (AC), level C, reaching the total classification as level C. For the 
Simulation Method the classification is level A. Analysing this results it is evident that the 
two methodologies do not correspond. 

Conclusions	

The difference between the two methods occurs because the prescriptive method can be 
considered as a simplification, trying to be more accessible to professional market. It 
considers important variables in their specific prerequisites, which surpasses a good 
classification. On the other hand, the simulation recreates the real building and the building 
reference comparing their energy performances, not evaluating each requirement 
separately, because they are contained in the models. However, it is a more difficult tool for 
the professional, because it is needed the knowledge of the software and good computers 
to run the simulation.  	
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Abstract:	 This	 paper	discusses	 the	 results	 of	 a	 study	on	user	behavior	 in	 relation	 to	environmental	 comfort	
conditions	 at	 classrooms.	 A	 case	 study	 was	 conducted	 in	 a	 school	 building	 in	 the	 city	 of	 Passo	 Fundo,	 Rio	
Grande	do	Sul,	Brazil.	The	technical	data	were	collected	and	analyzed	according	to	the	type	of	comfort.	The	
measurements	concerning	 indoor	microclimatic	data	were	collected	over	summer	period	and	questionnaires	
were	applied	 to	users	 in	order	 to	analyze	 the	relation	between	technical	aspects	of	 the	school	environment	
and	of	types	of	user	behavior.	The	comparison	of	the	technical	data	and	the	occupants’	perception	shows	that	
the	opinions	of	the	occupants	were	not	consistent	with	the	technical	results.		The	results	provided	a	diagnosis	
of	the	environmental	comfort	conditions	to	be	used	in	future	proposes	of	new	architectural	solutions	aimed	to	
improving	energy	efficiency	for	school	buildings	in	this	specific	Brazilian	climatic	zone.	
	
Keywords:	 Post-Occupancy	 Evaluation,	 Environmental	 Comfort	 Conditions,	 Technical	 data,	 Occupant’s	
Perception,	School	Buildings.	

Introduction		

The	present	article	aims	to	evaluate	the	conditions	of	environmental	comfort	in	classrooms,	
relating	technical	data	measured	in	loco,	with	the	perception	of	students	and	teachers,	from	
some	tools	of	Post-Occupancy	Assessment	(APO).	As	a	case	study,	the	Cecy	Leite	Costa	State	
High	School	was	chosen,	in	the	city	of	Passo	Fundo,	RS,	Brazil.	

The	 Post-Occupation	 Evaluation	 (POE)	 studies	 the	 environment	 built	 during	 its	 use,	
that	 is,	 when	 it	 begins	 to	 fulfill	 the	 function	 for	 which	 it	 was	 built.	 POE	 studies	 seek	 to	
critique	the	reality	of	a	given	location,	urban	or	building,	with	respect	to	technical,	physical,	
functional	 and	 behavioral	 aspects,	 from	 measurements	 and	 verifications	 in	 loco,	 and	
perception	 from	 these	 same	 aspects.	 The	 results	 allow	 the	 researchers	 to	 diagnose	 the	
situation	of	 the	built	 environment	and	 to	propose	 solutions	 in	 the	 short,	medium	or	 long	
term,	 since	 these	 spaces	 should	 undergo	 continuous	 programs	 of	 maintenance	 and	
adaptation	to	the	users'	needs	(Preiser;	Vischer,	2005).		
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When	 talking	about	harmony	 in	 the	built	 environment,	 the	most	 relevant	aspect,	 in	
principle,	 is	 in	 relation	 to	 environmental	 comfort,	 which	 can	 be	 achieved	 through	
observations	 of	 pertinent	 standards,	 which	 propose	 project	 solutions	 taking	 into	 account	
the	climate,	environment	and	materials	Which	will	be	used	(Corbella;	Yannas,	2003).	In	the	
case	of	school	buildings,	Mendell	and	Heath	(2005)	affirm	that	environmental	suitability	 is	
of	 the	 utmost	 importance,	 since	 learning	 and	 pedagogical	 practices	 flow	more	 easily	 and	
concentrate	in	thermal	and	acoustically	comfortable	environments.	

Issues	such	as	deployment,	direction	of	prevailing	winds	and	climatic	conditions	need	
to	be	considered	in	the	design	phase,	as	they	will	influence	the	conditions	of	thermal,	light	
and	 acoustic	 comfort.	 The	 school	 environment	 should	 be	 designed	 to	 ensure	 maximum	
comfort	with	respect	to	temperature,	wind,	humidity,	provide	ideal	conditions	of	vision	and	
lighting,	natural	or	artificial,	acoustic	quality	by	means	of	 insulating	materials	 that	protect	
from	external	noise,	to	ensure	comprehensive	stability	During	class,	between	teachers	and	
students.	 This	 is	 because,	 according	 to	 the	 authors	 Becker	 et	 al.	 (2007),	 there	 may	 be	
differences	between	measured	values	in	the	built	environment	and	those	predicted	for	each	
comfort	zone,	due	to	the	influence	of	local	meteorological	conditions	(Cardoso	et	al.,	2016).	
Another	 issue	 that	 reinforces	 the	 importance	 of	 the	 integration	 of	 quantitative	 and	
qualitative	analyzes,	according	to	Fransson	et	al.	(2007),	is	due	to	the	fact	of	the	recurrent	
failures	in	technical	measurements,	since	they	depend	on	several	factors,	such	as	calibration	
of	the	equipment,	the	use	of	specialized	labor,	among	others.	

In	 this	 sense,	 the	Post-Occupancy	 Evaluation	 (POE)	 concentrates	 tools	 that	 evaluate	
the	 environment	 constructed	 in	 an	 integral	 way,	 that	 is,	 the	 environmental	 comfort,	
structural	 and	 safety	 issues,	 functionality	 and	 accessibility	 (Ornstein,	 Romero,	 1992).	 The	
correct	analysis	and	cross-referencing	of	the	resulting	 information	from	the	different	tools	
ensures	 a	 diagnosis	 of	 the	 real	 conditions	 of	 the	 site	 and	 provides	 the	 professionals	 and	
researchers	with	information	for	improvements	in	the	short,	medium	and	long	term,	as	well	
as	the	creation	of	a	database	of	methodologies	for	Future	POE	surveys.	

Case	Study:	Escola	estadual	Cecy	Leite	Costa	

The	educational	block	of	the	state	public	school	"Cecy	Leite	Costa	State	Institute"	(Figure	1),	
inaugurated	in	June	1965,	with	more	than	50	years	of	operation	in	the	city	of	Passo	Fundo,	
RS,	was	chosen	for	the	case	study.	It	is	a	school	for	the	promotion	of	secondary	education	
and	some	technical	courses.	Located	in	the	central	area	of	the	city,	the	school	has	its	main	
access	(Figure	2)	along	Avenida	Presidente	Vargas,	considered	an	arterial	route	for	the	city's	
urban	network,	due	to	its	connection	to	Avenida	Brasil	(via	central	city)	and	to	the	Highway	
RS	324,	being	used	as	a	way	of	access	to	the	city	for	people	coming	from	the	cities	of	Marau,	
Vila	Maria,	Casca,	among	others.	

In	figure	1	it	is	possible	to	understand	the	delimitation	of	the	school	and	the	building	
selected	for	the	Post-Occupancy	Evaluation	(in	red).	In	orange	color	are	the	other	buildings	
as	auxiliary	rooms,	snack	bar	/	bar,	sports	court,	and	the	circular	block	known	as	"Big	Circle",	
where	physical	education	classes	take	place	on	the	first	floor,	and	technical	evening	courses	
on	the	other	upper	floors.	
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Figure	1.	Blocks	belonging	to	the	educational	complex.	

	

	
Figure	2.	Access	and	main	facade	of	the	educational	block.	

Climate	conditions	

The	 school	 is	 located	 in	 Passo	 Fundo,	 State	of	 Rio	Grande	do	 Sul,	 Brazil,	with	 an	 average	
altitude	 of	 680	 meters	 at	 sea	 level.	 It	 has	 subtropical	 climate,	 characterized	 by	 average	
temperatures	between	18	°	C	and	0	°	C	 in	the	coldest	months,	and	in	the	warmer	months	
can	exceed	30	°	C	(Brazil,	1992).	

The	prevailing	winds	are	of	the	Northeast,	with	average	speeds	between	3.80	m/s	and	
4.70	m/s,	and	secondary	winds	coming	from	the	Southeast.	According	to	the	Brazilian	norm	
NBR	15	220	-	part	3	(2005),	the	city	fits	in	the	Bioclimatic	Zone	2,	which	should	use	heating	
strategies	in	the	winter	periods,	and	summer	cross	ventilation.	

Lamberts	et	al.	(2014)	advise	Bioclimatic	zone	2	to	do	a	study	to	increase	exposure	to	
summer	breezes,	and	to	protect	from	the	cold	winds	coming	from	the	South	direction.	Thus,	
the	 importance	 of	 exploring	 alternative	 construction	 techniques	 and	 outside	 linear	
construction	 patterns.	 To	 promote	 good	 acoustics	 and	 thermal	 comfort,	while	 facilitating	
ventilation,	such	as	blinds,	cobblestones	and	other	leaked	elements	(Lamberts	et	al.,	2014).	
Creating	upward	 flow	for	hot	air	disposal	 is	also	a	smart	 feature,	 in	 this	case	one	can	use	
lanterns,	roof	openings,	zeniths,	hoods,	or	other	openings.	 In	the	case	of	the	city	of	Passo	
Fundo-RS,	these	elements	should	have	option	of	closing	in	the	winter.	
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Methodology	

This	work	is	part	of	a	larger	study	on	the	environmental	comfort	conditions	of	public	school	
buildings	 in	the	city	of	Passo	Fundo,	RS,	Brazil,	and	has	as	 its	main	objective	the	survey	of	
positive	and	negative	aspects	in	these	buildings,	and	the	formulation	of	diagnoses	Based	on	
Post-Occupancy	 Evaluation	 (POE)	 techniques,	 for	 later	 dissemination	 to	 the	public	 agency	
responsible	for	this	sector.	

The	research	is	classified	as	applied,	of	the	exploratory	and	qualitative	type,	the	design	
being	a	case	study.	This	type	of	research	has	as	main	objective	to	propose	greater	familiarity	
with	 the	 problem,	 being	 characterized	 by	 its	 accessible	 language	 and	 simplicity	 in	 the	
procedure	 (Gil,	 2010).	 The	 research	 was	 structured	 in	 four	 stages:	 in	 situ	 evaluation,	
walkthrough,	technical	measurements	of	comfort	parameters	and	questionnaire	application	
on	 the	user's	 perception.	 The	 choice	of	 classrooms	 for	 the	 application	of	 POE	 techniques	
was	according	to	the	implementation	of	the	building	 in	relation	to	the	ground,	two	rooms	
located	at	both	ends	of	the	block,	and	a	room	with	a	central	position	in	the	building,	as	can	
be	 observed	 in	 the	 plants	 Schematic	 of	 the	 second	 and	 third	 floors	 (Figure	 3).	 In	 all,	 six	
classrooms	 were	 analyzed	 in	 the	 morning	 (second	 and	 third	 floors)	 and	 only	 the	 three	
rooms	of	the	second	floor	in	the	afternoon,	because	there	was	no	activity	on	the	third	floor.	
The	 spatial	 configuration	 of	 the	 second	 and	 third	 floors	 only	 differ	 by	 having	 in	 the	 east	
lateral	room,	a	library	and	computer	lab,	respectively.	

The	first	step	was	performed	using	the	on-site	evaluation,	based	on	the	technique	of	
Post-Occupancy	 Evaluation	 (POE),	 performed	 through	 photographic	 survey	 and	
measurements,	together	with	the	analysis	of	the	low	plants.	This	type	of	evaluation	consists	
not	 only	 in	 observing	 and	 writing,	 but	 also	 in	 examining	 facts	 and	 phenomena	 that	 one	
wishes	 to	 study	 (Marconi;	 Lakatos,	 1996).	 The	 second	 step	 was	 the	 application	 of	
Walkthrough	 Method,	 which	 has	 the	 objective	 of	 conducting	 a	 dialogical	 course,	 which	
covers	the	environments	complemented	by	photographs	and	sketches,	and	thus	enables	the	
researcher	 to	 become	 familiar	 with	 the	 building	 (Rheigantz,	 2009).	 The	 researchers	
conducted	 the	 course	 internally	 to	 the	 selected	 school,	 noting	 technical	 information,	
photographs	and	spatial	measurements.	With	 this	method	 it	was	possible	 to	evaluate	 the	
constructions	from	a	technical-constructive	point	of	view.	

In	the	third	stage,	measurements	were	made	on	the	parameters	of	thermal	comfort,	
internal	air	temperature,	relative	humidity	and	wind	speed,	in	the	six	classrooms	during	the	
morning	and	afternoon	periods	between	November	and	December	2016	,	Summer	season	
in	Brazil.	These	technical	data	were	collected	in	the	center	of	each	room,	at	a	height	of	1.30	
meters	from	the	floor,	using	digital	psychrometer,	model	ITHT2600,	and	digital	anemometer,	
model	HAN-477.	

						

	
Figure	3.	Educational	block,	second	and	third	floors.		
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The	fourth	stage	analyzed	the	user's	behavior	regarding	thermal	comfort	conditions	in	

classrooms,	 through	 questionnaires	 to	 students	 and	 teachers.	 The	 objective	 of	 this	 stage	
was	to	verify	the	 level	of	thermal	sensation	of	these	users,	 in	the	morning	and	afternoon,	
based	on	the	scale	developed	by	Fanger	 (1972),	considering	 the	energy	performed	by	 the	
individual	(W	/	m²).	This	step	made	it	possible	to	compare	the	quantitative	and	qualitative	
data,	in	relation	to	the	school	environment	analyzed.	

After	 analyzing	 the	 data,	 low-cost	 architectural	 solutions	 will	 also	 be	 developed,	
exploring	 sustainable	 materials	 and	 techniques,	 aiming	 at	 environmental	 comfort	 in	 the	
school.	 The	 climatic	 data	 were	 compared	 with	 data	 resulting	 from	 the	 application	 of	
questionnaires	(real	perception	of	space	by	users).				

Characterization	of	the	Architecture	of	the	Educational	Block	

The	educational	block	has	three	floors,	the	first	one	of	reception,	having	space	for	auxiliary	
rooms,	bar	/	snack	room,	teacher's	room,	auditorium,	board	and	service.	In	the	second	and	
third	floors	are	the	classrooms,	which	have	windows	facing	the	north	facade	of	the	building	
and	the	internal	corridor	to	the	south	side,	which	in	turn	has	2	vertical	windows	parallel	to	
each	existing	classroom.	In	figures	4,	5	and	6	below,	the	typology	of	the	classrooms	and	the	
perspective	representation	of	the	classroom	and	main	corridor	respectively	are	represented	
spatially	in	scaled	floor	plans.	

	
	
	

	
Figure	4.	Typology	of	classrooms.		

	

							 	
Figure	5.	Schematic	section	and	natural	air	flow	inside	the	classroom	
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Figure	6:	Schematic	section	of	the	corridor	and	natural	air	flow	

Figures	5	and	6	represent	the	natural	flows	of	existing	winds,	however,	during	the	on-
site	 analysis	 and	application	of	questionnaires,	 the	windows	were	 closed	at	 the	option	of	
the	students.	It	 is	important	to	note	that	the	natural	fluidity	of	the	winds	in	buildings	with	
large	numbers	of	people,	avoids	the	transmission	of	respiratory	diseases,	and	prevents	the	
development	of	mold	and	mites	in	the	air	and	furniture.	

In	order	for	the	natural	circulation	of	the	winds	to	occur	in	classrooms,	it	is	necessary	
to	rethink	and	balance	the	layout	of	the	frames	in	the	educational	architecture,	so	that	they	
do	not	cause	discomfort	to	users	and	to	the	practices	developed	in	space.			

Results	and	Discussion	

During	 the	 period	 analyzed,	 measurements	 of	 the	 comfort	 parameters	 collected	 in	 loco	
recorded	in	the	six	rooms	analyzed	(second	and	third	floors),	during	the	morning,	average	
temperature	of	23.9	 °C,	 relative	humidity	of	58.5%	and	wind	velocity	of	null,	Because	 the	
windows	are	closed	at	the	option	of	the	students,	as	mentioned	previously.	In	the	afternoon,	
29	°C	of	internal	average	temperature	and	46.5%	of	relative	humidity	were	recorded	in	the	
three	rooms	analyzed	(second	floor).	

In	Figures	7,	8	and	9	below,	 it	 is	possible	 to	observe	the	graphical	 representation	of	
the	users'	perception	on	thermal	comfort	during	the	summer,	according	to	the	answers	to	
the	question	“During	the	summer,	how	do	you	consider	the	classroom	most	of	the	time?”,	
based	on	Fanger´s	scale	*(1972).	

Figure	7.	User's	thermal	perception	scale,	second	floor	rooms,	morning	period.	

Figure	8.	User's	thermal	perception	scale,	third	floor	rooms,	morning	period.	
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Figure	9.	User	thermal	perception	scale,	second	floor	rooms,	afternoon	period	

Although	data	on	comfort	parameters	were	collected	only	during	the	summer	period,	
some	questions	were	asked	regarding	the	respective	classrooms	during	the	winter.	 In	 this	
way,	 these	 answers	 can	 be	 compared	 when	 measurements	 are	 taken	 and	 a	 new	
questionnaire	is	also	made	during	the	winter	period.	Figures	10,	11	and	12	show	the	levels	
of	thermal	sensation	for	the	winter	period.	

Figure	10.	User's	thermal	perception	scale,	second	floor	rooms,	morning	period.	

Figure	11.	User	thermal	perception	scale,	third	floor	rooms,	morning	period.	

Figure	12.	User	thermal	perception	scale,	third	floor	rooms,	afternoon	period.	

Analyzing	the	data	on	the	thermal	sensation	 levels	 for	 the	summer	period,	 it	can	be	
seen	that	almost	60%	of	the	users	of	the	second	floor	rooms	and	64%	of	the	users	of	the	
third	floor	rooms	consider	the	hot	environments	to	be	very	hot	in	the	period	In	the	morning,	
and	this	percentage	 increases	to	90%	of	users	compared	to	the	second	floor	rooms	in	the	
afternoon.	

	Despite	all	this	discomfort,	the	windows	are	kept	closed	due	to	external	noise,	coming	
mainly	from	Presidente	Vargas	Avenue,	but	also	from	the	corridor	when	there	is	a	greater	
concentration	of	people.	

The	 situation	 is	 reversed	when	 one	 asks	 about	 the	 thermal	 sensation	 in	 the	winter	
period:	the	rooms	are	considered	very	cold	or	cold,	mainly	in	the	morning	and	in	the	second	
floor.	This	 is	because	the	highest	 incidence	of	solar	radiation	is	 in	the	roof	of	the	building,	
not	 transmitting	 this	 heat	 to	 the	 rooms	of	 the	 second	 floor.	Nevertheless,	 the	 sensations	
were	 very	 similar	 between	 the	 users	 of	 the	 rooms	of	 the	 third	 floor	 in	 the	morning,	 and	
those	of	the	rooms	of	the	second	floor	in	the	afternoon.	Possibly	this	fact	is	related	to	the	
own	climatic	conditions	of	the	city,	that	does	not	possess	great	thermal	amplitudes	during	
the	winter.	

Conclusion	

Based	on	the	technical	data	obtained	in	this	research,	 it	 is	concluded	that	the	structure	of	
the	 educational	 block	 analyzed	 has	 problems	 in	 terms	 of	 thermal	 performance	 of	 the	
materials,	accentuated	by	architectural	elements,	window	typology	and	the	building	format,	
which	 negatively	 influence	 natural	 circulation.	Making	 it	 impossible	 to	 renew	 the	 air	 and	
natural	fluidity	of	summer	breezes.	
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The	 regional	 climatic	 conditions	 that	 interact	 with	 the	 city,	 combined	 with	 the	
microclimate	created	in	the	educational	environment,	match	the	responses	of	the	students	
and	 teachers,	 because	 when	 asked	 about	 their	 thermal	 sensation	 in	 the	 summer,	 the	
average	of	only	15%	revealed	to	be	thermally	satisfied	during	The	morning,	and	this	number	
decreases	 to	 2%	 during	 the	 afternoon	 shift,	 from	 users	who	 claimed	 to	 feel	 comfortable	
thermally	in	the	environment.	

Regarding	 the	 thermal	 sensation	 during	 the	 winter,	 the	 percentage	 of	 satisfaction	
continues	 in	 the	 median	 range	 of	 11,	 93%	 between	 the	 morning	 and	 afternoon	 classes.	
These	results	are	in	accordance	with	the	extreme	climate	that	the	city	is	inserted,	where	in	
the	 winter	 it	 is	 very	 cold	 and	 in	 the	 very	 hot	 summer,	 evidencing	 the	 need	 of	 future	
architectural	 interventions	 for	 a	 better	 adaptation	 of	 the	 school	 environment	 to	 thermal	
comfort.			
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Abstract: The Spanish grid inherited by Latin American cities divides the urban landscape into square blocks of 
equal size that are subdivided into identical plots of 8.66m width and varying depth. Building regulations 
standardise the options available within any given plot, as well as the resulting height-to-width ratios of streets. 
The orientations of the plots, and thus also of windows, are determined by the directions of the urban blocks. 
In combination with passive design strategies the paper shows that it is possible to achieve free-running 
conditions for residential units.  The assessment was carried out in terms of number of hours the simulated 
indoor temperatures fell above or below the adaptive thermal comfort zone. The outcome is a set of design 
guidelines, tabulated for designers. Adoption of the guidelines is estimated to reduce average energy 
consumption by 2/3, resulting in large savings for occupants as well as for the State. 
	
Keywords: Solar control, design guidelines, Buenos Aires 

Introduction		

Since 2016, after years of subsidies to domestic energy consumers in Buenos Aires, changes 
in State policy is seeing the subsidies being withdrawn and inhabitants having to bear the full 
cost of energy use. Whilst this has increased awareness of the need to reduce energy 
consumption, neither consumers nor the professionals dealing with the built environment 
have the know-how for undertaking such task.  The aim of the research discussed in this paper 
was to provide guidelines for the application of passive techniques that would allow new and 
existing residential buildings in Buenos Aires to become free-running, that is to achieve 
thermal comfort conditions by passive means. To do so passive design strategies were 
assessed by simulation with Open Studio/Energy Plus for a range of representative 
configurations of the city’s urban morphology and built form typologies. As with other Latin-
American cities, the urban morphology of Buenos Aires is a legacy of the Spanish conquest 
and the city’s planning norms and building regulations that have standardised the  built form 
and its residential subdivisions (Fig. 1a-d). This modularity has guided the focus of the 
simulation studies and ensured generalisability of the results.  

  

 
Figure 1. Modularity of the city of Buenos Aires 
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Methodology	

Simulated free-running zone operative temperatures were evaluated against the adaptive 
comfort zone based on EN 15251 (category III). Conditions for simulations are shown in Figure 
4. The EPW was taken from “Agronomía” weather station. Benchmarks were set as follows: 

- Free-running, ideal practice: less than 200 hours below comfort and less than 100 
hours above comfort by more than 1K. This averages to one hour per day on the three warmer 
months at times when occupants are mostly not at home; use of fan can help restore comfort 
in the warm period. In the cool period of the year, the temperatures below the comfort band 
of EN15251 occur mostly at times when occupants are asleep.  

- Free-running, best practice: above 90% of time in comfort, less than 400 hours below 
comfort and less than 200 hours above comfort by more than 1oK. It would represent, 4 hours 
a day during the 3 colder months, and 2 hours a day during the 3 warmer months.  
- Good practice: above 85% of time in comfort.	

The	Urban	Block		

The city’s urban blocks have the same dimensions and are subdivided into plots with a fixed 
frontage of 8.66m and varying depth regulated by planning and building regulations. Solar 
simulation studies were undertaken to assess solar exposure of building surfaces as a function 
of urban block geometry and street widths. The city’s urban blocks were grouped as follows: 

1. Typical heights: Three major groups were identified: 
a. Low density (4- storey high): 38% of the building stock is in this group spread 

around the city  
b. Medium density (10-storey high): 30% of the building stock in commercial 

streets, and near the city centre 
c. High density (15-storey high): 14% of the building stock in the city centre and 

main avenues 
As most of the city’s building stock was built before the height limits set by regulations, 

most urban blocks incorporate buildings of variable height. 
2. Typical orientations of blocks:		

a. Due North +/- 10o: 18% of the building stock - remaining from the first layout 
of the city  

b. 45o from due North (+/- 10o): 32% of building stock – blocks near the limits 
of the city, in the original suburbs. 

c. The rest of the regular blocks are oriented at adjustment angles, 
representing 21% of the building stock. 

3. Typical street width is of 17m. 
Whereas the most repeated block in the city is the 45o of low density, the larger number 

of units is located in blocks of high density at 0o and medium density at 45o. It is then relevant 
to study the 8 orientations, with a focus on high density. The above-mentioned parameters 
affect the amount of incident solar radiation on the facades. This is shown in Fig. 2 for each 
orientation and for a sample of regular and irregular blocks. The warm period is considered 
from December to February, and the cold one from June to August. 
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Figure 2. Solar radiation falling on facades of different orientation at different 

floor heights for regular and irregular blocks in Buenos Aires (latitude 34 South) 
 

Irregular blocks present a similar profile to regular ones, but allow further penetration 
of solar radiation. Two of these configurations are illustrated in more detail in Fig. 3. These 
represent the most exposed and least exposed cases. In the warm period of the year the 
urban blocks oriented at 45° show a more even distribution of solar radiation than those at 
0°, suggesting they have better potential for being free-running. East and West orientations 
present the highest range of solar radiation, and due South has the least exposure. In the cold 
period the Northern orientations seem to have a clear advantage over the rest.	Blocks at 45° 
have two sides that receive a fair amount of solar radiation, whilst blocks at 0° only have one.  

 

 
Figure 3. Solar radiation falling on typical blocks – Least and most exposed for warm and cold periods 

Housing	Units	

Thermal and daylight simulations were performed on a model of a typical dwelling unit (Figure 
4). The simulation model was calibrated on temperature measurements taken in an existing 
apartment (Collo, 2016). Note that provision of a balcony is compulsory in Buenos Aires being 
required by the building regulations. 

 
Figure 4. Basecase definition 
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Design	Strategies	

- Balcony : Variations included the balcony dimensions, retracted or protruding, opacity 
of balustrade, and role of  vegetation. 

- Solar protection: Variations included the addition of an awning, internal blinds, 
hanging vegetation and horizontal and vertical louvers.  

- Winter strategies: Variations included reduction of the window-to-floor ratio to 30%, 
the addition of night shutters, curtains, different glazing properties (U=3.1, U=2.7, U=2.0), and 
a reduction in the infiltration rate from 1.0 to 0.5 ach. A lower reduction in the infiltration 
was not considered since it is the minimum fresh air requirement for the units. 

Results	

Balcony	morphology		

Table 1 provides a comparative summary of results obtained from the simulations performed 
on the balcony variants. The comparison is drawn in terms of percent of time over the year 
with indoor operative temperature above, below or within comfort range. This is listed for 
West and North facing balcony variants. The Useful Daylight Illuminance (UDI) and Daylight 
Autonomy (DA) ratios are also listed and compared in the Table.  

 

Table 1. Balcony morphology results 

 
 

The form of the balcony has a clear effect on indoor conditions, but is not in itself sufficient 
to block direct solar radiation on all the orientations. Varying the length of the balcony can 
be a useful tool to further regulate solar gains. Adding an opaque balustrade and retracting 
the balcony are as helpful for summer as they are detrimental for winter, which leaves the 
decision to the designer or subjected to other conditions. Adding vegetation on top of the 
balustrade does not modify conditions inside.  

Solar	protection			

Table 2 provides a comparative summary of results obtained from the simulations performed 
on summer strategies. Figure 5 illustrates them. The comparison is drawn in terms of percent 
of time over the year with indoor operative temperature above, below or within comfort 
range. This is listed for West facing facades. The Useful Daylight Illuminance (UDI) and 
Daylight Autonomy (DA) ratios are also listed and compared in the Table. 

 

Table 2. Summer strategies results
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Figure 5. Illustration of summer strategies 

 

Application of shading on western and eastern orientations is mandatory for summer. 
Amongst the strategies presented, the most efficient one is the use of an awning, attaining 
maximum levels of comfort (+9.8%) without loss of daylight inside. This can form part of the 
initial design or added later by occupants. Use of fixed louvers reduces solar gains in winter 
(period below comfort can increase by 4.4% or 7.2% depending on the type), as well as 
affecting views. Blinds or vegetation are other means for additional solar protection though 
with lesser good overall results. 

Winter	strategies		

Table 3 provides a comparative summary of results obtained from the simulations performed 
on winter strategies. The comparison is drawn in terms of percent of time over the year with 
indoor operative temperature above, below or within comfort range. This is listed for North 
and South facing facades. The Useful Daylight Illuminance (UDI) and Daylight Autonomy (DA) 
ratios are also listed and compared in the Table. 

 

Table 3. Winter strategies results 

 
 

When facing North, the base case is already close to free-running with only 3.6% of time 
below comfort. Adding night-shutters can reduce this to 1% and covers the coldest hours. 
South-facing variants are 26.2% of time below comfort. Adding thermal insulation to walls 
does not help. The most effective strategy is to improve airtightness of the building reducing 
infiltration to 0.5 ach, followed by better glazing and the addition of night shutters.  

Free-running	buildings		

The results quoted above were for the unobstructed upper floors. Simulations were also 
carried out for different floors to determine how different strategies may apply to each floor 
of the buildings on the urban block. The results are shown on Table 4 and Fig. 6. Table 4 
provides a comparative summary of results obtained from the simulations performed on 
optimised free-running buildings. The comparison is drawn in terms of percent of time over 
the year with indoor operative temperature above, below or within comfort range. This is 
listed for the 8 orientations on the 14 floors. 
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Table 4. Free-running buildings 

 
 

The lower five floors of high density blocks present similar results irrespective of orientation. 
The top four floors are the most exposed and require maximum solar control. These also 
correspond to all the floors of low density blocks as well as the top four floors  of medium 
density blocks. The five intermediate floors (and the five lower floors of medium density 
blocks) present an in-between behaviour. It is recommended to apply solar protection with 
the possibility of extra insulation or reduction to the window-to-floor ratio in the future. 

 

 

Figure 6. Design Strategies for different floors as a function of solar obstruction 
 

By applying these strategies any residential unit can have between 84.4% and 97% of 
its time inside the comfort band. Most of the units (45%) fall into the category of best-practice. 
However, there is a clear advantage for the units on the blocks rotated 45o compared to the 
units on the blocks oriented to the main cardinal points. More than half of the apartments on 
45o blocks present ideal practice conditions, with a minimum number (11%) of units on good 
free-running conditions, whereas this proportion is inverted on 0o oriented blocks. 

Annual space heating and cooling loads were calculated for the three main orientations 
to assess likely energy consumption and compare potential energy savings, Fig. 7. For these 
simulations the zone temperature set-points were taken as 27oC and 20oC respectively as 
representing plausible values for air-conditioned dwellings, though some people would prefer 
lower settings in the summer period. Note that these settings differ substantially from the 
upper and lower limits (31.4oC and 19oC) of the adaptive thermal comfort band used on 
comfort assessment under free-running conditions. The benefit in terms of reduced space 
heating loads is clear on all the orientations, leading to reduction of some three quarters of 
the base case energy consumption 
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Figure 7. Comparison of energy consumption for the three main orientations 

Discussion		

Table 6 summarises the recommendations for designers and occupants extracted from the 
results of simulation studies performed on full buildings under free-running conditions (Collo, 
2016). These characterise the relevance or otherwise of each strategy for any dwelling on any 
location within the city of Buenos Aires. The recommendations are presented under three 
categories that represent the three groupings of floor levels introduced in Fig. 6 above, and 
encompass the eight main orientations of urban blocks and the design strategies considered 
in the previous sections of the paper. Strategies marked in yellow or blue mean they are 
somehow relevant for that unit. The bigger the circle, the larger the importance of that 
strategy to bring the unit into comfort under free running conditions. Green means the 
strategy is preferred, but not instrumental. Crosses represent the non-adequacy of the for 
that case. Dotted lines signify that the construction should be able to be moved. 

 

Table 6. Design guidelines 

 
 

Bringing typical housing units of Buenos Aires into acceptable comfort under free-
running conditions seems to be straight forward considering schemes that are common 

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2497



practice. The highest deficiency today is in terms of winter strategies, given that most of what 
is built has single glazing, high infiltration rates and no night shutters. This problem has its 
grounds on the fact that developers commissioning the project are not the end users. 
Therefore, they spend less money on the construction at the expense of the occupant’s 
energy consumption. Balconies imposed by regulations are highly beneficial for solar 
protection. However, shading devices, that are necessary in exposed eastern and western 
orientations, became less and less common to allow more views. The lowest floors of high 
density barely receive solar radiation, and their residential use is not recommended. If this is 
the case, maximum insulation should be provided in all the orientations, without neglecting 
the size of the window for daylight purposes. Reducing energy consumption significantly 
seems easy to adopt if the strategies are properly employed. If new blocks were to be built, 
rotating them at 45o presents marked advantages for all the apartment units. 

Conclusion	

Improving the quality of construction and raising awareness amongst architects will be 
instrumental for domestic energy consumption to be lowered in the forthcoming years. The 
guidelines presented here do not impose restrictions on architects or occupants as they 
mostly involve common practices. The simulation studies reported in this paper showed that 
adopting these guidelines can help achieve occupant thermal comfort conditions for between 
84% and 97% of time in any apartment in Buenos Aires. Also, electricity bills for heating and 
cooling can be cut down to 1/3 of the current values, with an enormous impact both in the 
user’s economy and the current energetic crisis.  
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Abstract:	 This article presents the main results obtained from the second year of implementation of the 
programme Energy Efficiency in Higher Education. The programme is headed by the Chilean Agency of Energy 
Efficiency and was developed by the Energy Centre of Universidad de Chile during 2016. Its focus is the 
improvement of energy efficiency content at various universities and degree programmes. Today Chile is in an 
educational context in which the competency-based learning method in higher education has been widely 
disseminated as part of the national accreditation system. A methodological approach was developed in order 
to design competency-based learning achievements in energy efficiency, which can be implemented in any 
undergraduate curriculum design. Results were obtained after working with 10 universities engaged with the 
improvement of the curriculum design to include energy efficiency as a core subject. Further applications of the 
method can be done by improving and adapting according to the requirements of each university. Findings of 
this study illustrated a number of methods for improving the teaching-learning experience. However, while the 
findings offer an opportunity for improving practices in education, more focused research is needed to explore 
the final impacts of the methodological approach, given that the results will be observed during 2017.	
	
Keywords: Energy efficiency, competency-based learning, curriculum design, method approach 

Introduction		

One of the main challenges for achieving efficient use of energy is to elicit the engagement of 
Institutions of Higher Education (IHE), which play a key role in the training of technicians and 
professionals in various productive sectors of Chile. In recent years there has been an 
increased offering in Chile of training programmes specifically aimed at the development of 
energy efficiency services. However, the companies' perception is that the professionals’ and 
technicians’ skills are deficient in energy efficiency matters. That is, the offering falls short of 
meeting the specific requirements of companies and the latter must then train its 
professional and technical staff in-house or hire external consultants (Entorno, 2012). In view 
of this, the Chilean Agency of Energy Efficiency (Agencia Chilena de Eficiencia Energética - 
ACHEE) implemented a two-year Energy Efficiency in Higher Education Fund. This financial 
support addressed curricular aspects, the linking up with the on and off campus environment, 
and the energy management of the facilities of participating universities. One of the findings 
was the existence of a strong demand on the part of institutions of higher education for 
consulting assistance in the review and proposal for curricular updating at different levels: 
Undergraduate, postgraduate and advanced technical training, to incorporate the field of 
energy efficiency in syllabi and generate new educational and training proposals. Likewise, 
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institutions have formally requested sponsorship and technical accompaniment in these 
processes in order to comply with the requirements and move forward to meet the challenges 
set out in the national energy agenda. 

In order to tackle these challenges, in 2015 the ACHEE implemented the Curricular 
Advisory Programme in Energy Efficiency for Institutions of Higher Education. This article 
presents part of the results achieved during the second year of implementation of this 
programme, which was led by the Energy Centre (Centro	de	Energía - CE) of the Universidad 
de Chile, which acted as the Curricular Advisory Unit (Unidad	de	Asesoramiento	Curricular	-	
UAC). Support was sought for developing and updating the study programmes in the ambit 
of energy efficiency, and for carrying out training activities in design and curricular updating 
in various disciplines linked to energy efficiency. 

National	Context		

Competency-Based	Education	Model	

The concept of competency that is common coin today in Chile has been incorporated into 
the university focus as a catalyst of curricular models since the 1990s. It has been called by 
different names:  competency-based training, study plans based on the competency focus, 
educational proposals by competency, with a view to transforming it into an alternative of 
academic formation (Manríquez, 2012). 

In the international sphere, a process of educational transformation began in 1998 with 
the Paris Meeting in the Sorbonne. The meeting led to agreements concerning the future of 
higher education, aimed at promoting conditions that would favour mobility, cooperation and 
the validation of credits in early and continuing education. A proposal was also drafted that 
later became the Declaration of Bologna, Italy (1999), in which 30 European states took part, 
and which in 2000 enabled the creation of a collective working project of universities called 
Tuning Project (Manríquez, 2012). 

In 2004, the Latin American universities, Chile among them, inaugurated a similar 
project, Tuning Alfa, in which 19 countries and 200 universities currently take part. The 
project has been promoted in Chile with the perspective of transitioning toward a knowledge-
based economy. The aim was to build a pool of advanced human capital that would be 
sufficient in number, capable of generating world class research and competitive innovation, 
and profitable flows of knowledge that will be readily and efficiently mobilised worldwide. In 
fact, 2006 saw the signing into law of Higher Education Quality Assurance Act	 (Ley	 de	
Aseguramiento	 de	 la	 Calidad	 de	 la	 Educación	 Superior). The activities of the Tuning Latin 
America Project were envisioned by the government as an opportunity to promote the 
renovation of the university system and achieve results in the short term.  

There are several definitions of “competencies”. The OECD (1997) formulated a 
definition based on the consensus reached between various actors from different disciplines 
and countries, and defined competency as “the ability to successfully resolve complex 
demands in a specific context”. Competent performance or efficient action implies the 
mobilisation of knowledge, cognitive and practical skills, as well as social and behavioural 
components, such as attitudes, emotions, values and motivations.” A competency - from the 
holistic notion - is therefore not reducible to its cognitive dimension, just as the terms 
competency and skill are not synonymous (Rychen & Salganik, in Jeréz et al, 2015). 
Competency-Based Education involves three major challenges: 
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i. From Knowledge to the Knowledge Society: Education ought to contextualise knowing 
into the local, the regional and the international. This would be done by preparing 
teachers, students and administrators to go beyond the simple assimilation of 
knowledge and shift toward a dynamic of searching, selection, comprehension, 
systematisation, critique, creation, application and knowledge transfer.  

ii. From an emphasis on the acquisition of conceptual and factual knowledge to the 
emphasis on integral performance in the face of situations and problems: It involves 
transcending the space of theoretical knowledge as the centre of educational 
endeavour and focusing on integral human performance, which implies the 
articulation of knowledge with the plane of doing and being. 

iii. From teaching to learning: The focus on competency-based education implies that 
learning begins to occupy the centre of education, more than teaching. On this basis, 
teaching should be oriented toward goals, assessment and didactic strategies (Jeréz 
et al, 2015). 

The implementation of a Competency-Based Education Model has meant introducing 
modifications at two levels of the national training system: a) firstly, the curricular structure 
needs to be redesigned to shift from a focus on the achievement of objectives to one of 
competencies development, which implies a complete rethinking of the content to be 
included and their interrelationships; b) a new work methodology is required of the classroom 
teacher, who must reorient his or her methods away from a teacher-centred pedagogical 
approach to one that is centred on the student (Asún et al, 2013). 

Graduate	Profile	

The Graduate Profile is a central element of the curricular innovation, constituting a 
systematisation of the competences that students must achieve as they progressively 
complete each stage of their study programme. The Graduate Profile also systematises the 
social development needs in resonance with the requirements of the working world. The 
curricular activities should be organised in reference to the Graduate Profile with the 
development of competencies pertinent to the aims of each university and to the specificities 
of each degree programme or area of formation. It is an articulator of the formative process 
as well as of the relational loop between the latter and society. Its correct and adequate 
definition is of decisive importance for the relevance of a degree programme and its 
possibilities for the graduates’ employability. It represents the institution's social 
commitment, materialised in the achievement of competencies acquired in the formative 
process with the aim of endowing students with mastery over the programmes’ principal 
domains. Its scope includes the competencies and characteristics that the graduate or degree 
holder must show upon completion of their university studies (Armanet et al, 2015).   

Curriculum	and	Programmes	

The undergraduate programme is structured in study plans understood as sets of curricular 
activities organised systematically and sequentially, to lead to the obtaining of an academic 
degree or a professional title, including the final activities of graduation and certification.  
Study plans are organised in a sequence that enables the students to develop skills within the 
estimated minimum duration and to progressively and systematically acquire the 
competencies that consist of the knowledge, abilities, knowings and attitudes germane to the 
professional degree or title they are working towards (Armanet et al, 2015).  Study plans 
should include the following: 
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• Compulsory curricular activities, which are those considered essential for the formation 
of a specific licentiate or professional degree.  

• Elective curricular activities, which are equivalents in terms of formative quality and that 
enable the student to pursue the line of specialisation that would be most adequate for 
their interests.   

• Free curricular activities, which the student may choose without limitations other than 
the fulfilment of the course requirements and convergence with their capabilities and 
interests (Armanet et al, 2015).   

In a competency-based approach, the set of curricular activities established by the study 
plan of a degree programme must be oriented towards achievement of the Graduate Profile 
of that degree programme. Each of the curricular activities will have a course programme that 
will define the objectives, course content and, in a generic manner, teaching methodologies 
and assessment strategies. In a competency-based approach, the planning and preparation 
of the process of teaching and learning will have a preponderant role since the formative 
process requires that there be profound coherence between the graduate profile, the 
curriculum and the actions implemented for the achievement and evaluation of these 
components  (Jerez et al, 2015). 

Achievements	and	Learning	Outcomes	

Learning outcomes are formulated around what is expected that the student should know, 
comprehend and be capable of accomplishing at the close of a period of learning, and how 
this learning may be demonstrated (Gosling & Moon, 2002a, in Jerez et al, 2015). Learning 
outcomes have been more frequently used to describe what is expected at the conclusion of 
a module or program. On the other hand, competencies are given a more holistic sense, i.e., 
in the totality of the formation. In practice, the two are quite similar in meaning and structure. 
The difference lies in their use. While competencies give a direction to the entire formation, 
the learning outcomes give meaning to a curricular activity in a specific and temporal sense, 
considering the methodological, disciplinary or professionalising context (Jerez et al, 2015).  

Learning outcome should be specific and unambiguous, since they will be the basis for 
determining the methods of teaching, learning and evaluation. They must be observable, 
measurable, communicable and comprehensible in their formulation, and thus: 
• They state what the student must accomplish (verb) with the knowings of the subject 

(object).  
• They establish the context in which the realisation or translation into action of the 

knowings will be executed (condition).   
• They give meaning to the question “for what purpose” vis-à-vis the realisation in a specific 

context (purpose).  
These normally issue from the achievements or indicators of learning. While the latter 

may cover more than one curricular activity, the learning outcome is established for a specific 
activity. Thus, for curricular activities sharing the same learning achievements, the learning 
outcomes will ideally be designed jointly, since each will reflect some element or dimension 
of the first. The learning outcomes as a whole (which in varying curricular activities would 
share a common achievement or indicator) is what will confer coherence throughout the 
formation process (Jerez et al, 2015). Once the learning objective is established, the action 
(verb) is selected that will give direction to the learning. The condition in the learning 
outcomes establishes the “how” or “under what circumstances” the object of that action will 
be executed. There are two types of conditions: of context, and disciplinary or professional. 
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The purpose, on the other hand, favours giving meaning and integration to the learning 
outcome, linking it to the “here and now” (Jerez et al, 2015). 

Methodology	 for	 the	 Incorporation	 of	 Competencies	 for	 Energy	 Efficiency	 in	 Higher	
Education		

The curricular advisory work methodology in themes of energy efficiency contemplated the 
following consecutive stages: 

i. Definition of Purpose: Definition of the aim for incorporating competencies related to 
Energy Efficiency in the degree programme receiving advisory support. Three possible 
aims are defined:  creation of awareness in the university community, curricular advice 
in the ambit of energy use, curricular advice in the ambit of energy services.   

ii. Analysis of the Graduate Profile, definition of competencies and learning achievements 
for energy efficiency: On the basis of a definition of the processes and functions that 
make it possible to attain energy efficiency objectives, the relations between these and 
the competencies stated in the current Graduate Profile of the programme receiving 
consulting support. A list was prepared of the competencies related to energy efficiency. 
Work was done on these through a bibliographic review of international studies and 
European Union projects.  Based on all these sources and the investigative expertise of 
the team, 5 major competencies in energy efficiency and their respective achievements 
in learning were systematised. In addition, the learn achievements were defined vis-à-vis 
their level of developmental complexity as expected throughout the degree programme 
(basic, intermediate, expert), which was made evident based on the verbs used in the 
list's wording. 

iii. Analysis of Curricular Gaps and Opportunities: The divergence existing between the 
current status of formation of the competencies and learning achievements defined for 
energy efficiency was analysed, on the basis of surveys with faculty members in the 
degree programme receiving advisory support. This was complemented with a 
curriculum review that enabled assigning the subjects where opportunities were 
perceived for integrating topics of energy efficiency. 

iv. Proposal and Action Plan Proposal for educational activities aimed at overcoming gaps 
and incorporating content related to energy efficiency: The Action Plan is synthesised as 
a proposal for a time schedule for the design of activities. 

Definition	of	the	Purpose	

Three types of formative aims for the incorporation of competencies related to energy 
efficiency in the higher education programmes, were defined: 

i. Awareness Raising: Awareness-raising campaigns for the efficient use of energy and 
resource protection within the entire university community. An exemplifying and 
demonstrative role of the institution, establishing energy management systems, 
renewable energy projects within the framework of an institutional policy. The target 
population of this aim is the entire university. The work methodologies are based on 
the design of campaigns, institutional energy policies, energy management, etc. 

ii. Curricular Advisory in the Area of Energy Utilisation: Formation of competencies for 
the adoption of energy efficiency criteria in decision-making, in accordance with roles 
and functions, with professionals connected to energy use in industry, construction, 
administration, among others. The target population consists of professionals who are 
decision makers in the final use of energy through operations, management and/or 
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energy systems maintenance, design, energy resource administration, etc. The work 
methodology is based on a model of competencies. The Graduate Profile will be used 
to detect roles in decision-making regarding	 energy consumption, and establish 
related learning achievements. 

iii. Curricular Advisory in the Area of Energy Services: Formation of competencies for the 
supply of professional energy services, considering procedures and structural 
elements for these types of services. The target population consists of professionals 
who offer energy services, such as managers, energy auditors, among others. The 
work methodology is based on a competency model, determining the services on offer 
and identifying related learning achievements. 

Analysis	of	the	Graduate	Profile,	Definition	of	Competencies	and	Learning	Achievements	for	
Energy	Efficiency.	

The 5 competencies were defined on the basis of energy processes are as follows: 
i. Diagnostic of Energy Efficiency of a System 

ii. Diagnostic of Energy Efficiency (Equipment) Units 
iii. Energy Efficiency Solution Assessment 
iv. Energy Efficiency Design, Simulation, Research, Development and Innovation  
v. Solution Implementation 

At the same time, structural processes were established that are related to the offering 
of energy services that provide a methodological frame to the preceding processes, 
considering them as part of an integrated product: 

i. Energy Auditing 
ii. Monitoring, Measurement and Verification 

iii. Management for Energy Efficiency 
An analysis of the Graduate Profile was performed so as to establish the relationship 

between the competencies declared in the Profile and the competencies defined for energy 
efficiency, implicit and explicit.  

These materials were prepared beforehand, and using the Graduate Profiles of each 
High Education Institution (HEI), concepts and phraseology referring to energy themes would 
be extracted.  

Finally, Learning Achievements and Levels were defined for each competency. In each 
programme receiving consulting support, Learning Outcomes were defined, after bringing the 
specific drafting of each Learning Achievement to specific programmes, since the Learning 
Outcomes are dependent on the activities, content and assessment methodologies proper to 
each education programme. 
 The defined targets for the levels of learning achievement will depend on the 
definitions established by each institution, with the most important criteria as follows: 

i. The graduate's ambit of performance. Certain learning achievements are prioritised 
that are associated to the work competences, professional activities and positions that 
the graduates will encountering in the working world. 

ii. Connection to other competences developed based on the Graduate Profile. 
iii. During the programme, attainable levels are set in accordance with the programme's 

duration and the development of courses that provide knowledge bases for each one. 
iv. The seal of each institution, such as environmental awareness, social responsibility, a 

vision of regional development. 
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Analysis	of	Curricular	Gaps	and	Opportunities	

Following a stage of consensus building, an ideal set of competences and learning 
achievements (with their respective levels of complexity) was agreed on with each HEI team  
that graduates would be required to have attained once their formative process was 
completed in their respective degree programmes. Using the ideal set proposed by each team, 
a diagnostic was drawn up of the gaps existing between the real competences developed 
today, based on the courses included in the syllabus and the ideal that was defined by each 
team. To carry out a detailed assessment of each degree programme, a review was performed 
of the courses comprising the syllabus so as to determine the connections between its 
content and energy efficiency processes, and the following classifications were established: 

Basic	Courses	
These courses develop basic concepts for understanding efficient energy processes and their 
relevance for the programme's career profile. In these cases the opportunities for integrating 
energy efficiency themes are found mainly in the review of the energy efficient concept as a 
possible application of the content developed. Specific activities are not proposed but rather 
that the concept be mentioned in examples of applications.  

Transversal	Courses	
These deal with the development of tools that are applicable to processes of energy efficiency 
in the same way as to other ambits. In these cases the opportunities for integrating energy 
efficiency themes are found mainly in the application of the tools that have been developed 
for application in cases of energy efficiency. It is proposed that, in this case, examples and 
exercises be developed that are applied to cases of energy efficiency processes, along with 
the examples and exercises normally developed throughout the course. 

Directly	Related	Courses	
These study topics that are directly related to the learning achievements for energy efficiency 
established in preceding stages of the advisory. In these cases the opportunities for 
integrating energy efficiency themes are found mainly in strengthening the learning 
achievements where the main gaps exist. Three types of actions are proposed for these cases: 
a) activities for development in the classroom; b) proposal of the content to be reinforced; 
and c) proposal of structural modifications if gaps were detected in the courses at the degree 
programme level.  

Priority	Courses	
These are key courses for the successful attainment of the targets set for the advisory and 
therefore require an in-depth review of their programme, content and activities. The three 
types of actions mentioned above may also be proposed.  

With this diagnostic, each HEI was given advice on various methodologies for 
developing the competencies that were weakest or were not included in the curriculum. 
Different scales were analysed depending on the gaps detected: incorporation of new courses, 
incorporation of new content, practical exercises within a course, etc. These 
recommendations were profiled in accordance with the programme and the teaching 
practices of each team, to draw up an Action Plan in the short and long term. 

Proposed	Activities	and	Action	Plan	

In accordance with the gaps defined and the curricular analysis, the following 3 activity types 
are proposed: classroom activities, proposal of content to be reinforced and structural 

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2505



modifications.  The classroom activities can focus on more than one learning achievement 
and consider diverse pedagogical methodologies. The Action Plans considered: 

i. Insertion in programmes and content. 
ii. Review of background and base methodologies. 

iii. Definition of scope and duration of the activity. 
iv. Preparation of background information to be provided to the each student. 
v. Definition of methodology and work format. 

vi. Definition of evaluation methodology. 

Conclusions	

The European Commission recognizes that educational activities are a vital part of raising 
awareness on sustainable energy issues (Zografakis et al, 2008). The energy-education 
programmes needs to be categorized on the basis of the expected job responsibilities of the 
student. Also, the mode of education intended to be used affects the energy-education 
programmes (Kandpal and Garg, 1999). In this context, the methodology that was developed 
to incorporate energy efficiency in different degree programmes on a nationwide scale and 
in various Higher Education Institutions needed to be flexible and adaptable to each specific 
case. HEI as well as the academic teams have objectives of local development that enable 
differentiating one same programme based the on regional focus that each institution 
considers as essential. Thus, the Curricular Advisory Unit team effort was that the 
methodology should be adapted to both national and regional needs so as not to fall into the 
trap of prescriptive, cryptic methodologies that have not been adapted to each institutional 
context. However, taking care to focus the learning achievements in harmony with the 
current and future labour requirements that the country will have. This is a significant 
opportunity for improving the employability of programmes that are relevant to energy 
efficiency in different national contexts. While this work was done in 2016, the impact and 
application in classrooms of energy efficiency as a pedagogical focus requires more time for 
evaluation and improvement. It will be essential to perform a follow-up on the work done 
thus far, in order to assure its continuous improvement. 
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Abstract:	Building	envelope	and	morphology	have	a	direct	influence	on	energy	consumption	because	they	can	
soften	climate	impacts	and	reduce	the	necessity	of	air	conditioning	and	artificial	lighting.	Commercial	and	office	
buildings,	in	Brazil,	demanded	14.8%	from	Brazilian	electric	energy	production	in	2016,	according	to	the	National	
Ministry	of	Mines	and	Energy.	In	a	planned	city,	such	as	Brasilia,	understanding	characteristics	from	urban	codes	
and	legislation	may	be	the	first	step	towards	improvements	and	optimization	of	architectural	shape	and	building	
envelope,	 especially	 in	 non-residential	 buildings.	 Therefore,	 this	 article	 focuses	 on	 morphological	
characterization	 and	 energy	 consumption	 of	 office	 buildings	 in	 the	 central	 area	 of	 Brasilia	 and	 seeks	 to	
characterize	transformations	in	the	envelope	and	building	morphology	between	2010	and	2017.	The	method	
consists	of	on-site	visits	and	analysis	through	Google	Street	View	tool	of	morphological	features,	envelope	and	
energy	consumption	of	223	buildings.	Simultaneously,	energy	consumption	data	were	collected	in	the	last	three	
years.	 The	 results	 showed	 that,	 in	 2017	 little	 was	 made	 to	 follow	 the	 recommendation	 presented	 by	
International	 Energy	 Agency	 towards	 efficient	 envelopes.	 Almost	 40%	 of	 the	 studied	 buildings	 had	 almost	
entirely	glazed	facades	and	70%	of	the	facades	did	not	have	any	type	of	window	shading.	
	
Keywords:	building	morphology,	offices,	energy	consumption,	window	wall	ratio,	Brasilia,	solar	shading	

Introduction		

The	 energy	 consumption	 of	 conventional	 offices	 buildings	 (without	 showing	 effective	
strategies	on	energy	reduction)	varies	from	80	to	340	KWh/m²year	in	Brazil.	Net	zero	energy	
buildings	 (NZEBs)	 located	 in	Germany,	Austria,	Denmark	and	Portugal	 could	 consume	 less	
than	60	kWh/m²year	(Voss	et.	Al,	2012).	

According	to	the	National	Ministry	of	Mines	and	Energy	(2016),	it	was	generated	615.9	
TWh	of	electric	energy	and	43%	was	consumed	 in	buildings.	 From	this	percentage,	21.3%	
were	consumed	in	dwellings,	14.8%	in	commercial	buildings	and	6.9%	in	public	buildings,	with	
93	TWh	(15.1%)	of	system	losses.	Therefore,	it	is	important	to	study	how	the	architecture	of	
these	buildings	can	contribute	in	order	to	minimize	energy	demand.	

Ratti,	Baker	and	Steemers	(2015)	studied	the	relation	between	the	urban	texture	and	
the	energy	consumption	in	Berlin,	Toulouse	and	London.	Based	on	these	studies,	the	authors	
studied	 and	 identified	 ratios	 between	 passive	 and	 active	 zones	 utilizing	 digital	 elevation	
models.	They	concluded	that	urban	texture	had	a	strong	influence	on	energy	consumption.	
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In	this	context,	Lobaccaro	and	Frontini	(2014)	undertook	studies	of	solar	radiation	in	
various	buildings	and	urban	scenarios	in	Lugano,	Switzerland.	Furthermore,	shape,	height	and	
minimum	 distance	 between	 buildings	 interfered	 in	 the	 availability	 of	 natural	 lighting	 and	
shading	in	the	neighboring	buildings.	

Alves	et.	Al.	(2017)	searched	the	interaction	between	the	land	use	regulation	and	city	
maps	of	Belo	Horizonte.	Then,	these	data	were	related	with	the	urban	morphology,	natural	
light	access,	energy	consumption	for	cooling	and	artificial	light	through	computer	simulations.	
Moreover,	the	retrofit	can	play	a	significant	role	in	reducing	energy	demand	of	these	office	
buildings	analyzed	in	Belo	Horizonte. 

Regarding	building	envelope,	Elzeyadi	et.	Al.	(2016)	have	performed	the	evaluation	of	
dynamic	shading	devices	in	the	various	US	thermal	zones	(including	hot	and	cold	climates)	
examining	the	impact	on	energy	consumption.	In	the	case	studies,	it	was	tested	the	following	
elements	 regarding	 user	 behavior,	 light	 control	 and	 use	 of	 natural	 light:	 exterior	 blinds,	
dynamic	 egg-crates,	 optic	 elements	 and	 stretched	 fabrics.	 Moveable	 devices,	 such	 as	
electrochromic	 glaze	 and	 operable	 egg-crates	 controlled	 and	 filtered	 daylight	 avoiding	
thermal	 gains	 and	 sun	 glare	 probability	 improving	 the	 natural	 light	 distribution	 in	 the	
environment.	Thus,	 in	a	morphological	characterization,	the	shading	devices	are	important	
aspects	to	be	considered.	

Windows	are	considered	a	major	source	of	heat	gain	and	can	contribute	to	diminish	
energy	demand	when	daylight	is	integrated	with	artificial	lighting.	A	factor	to	measure	this	
proportion	between	glass	and	façade	area	is	the	Window	Wall	Ratio	(WWR).	Goia	(2016)	has	
done	some	studies	 in	Oslo,	Frankfurt,	Rome	and	Athens	and	tested	different	window	wall	
ratios	regarding	thermal	and	visual	comfort.	In	this	research,	in	most	of	the	cases	an	optimal	
WWR	could	be	achieved.	The	optimal	reached	WWR	was	between	30%	and	45%.	

Similarly,	two	case	studies	were	made	at	Edifício	Cidade	Nova	and	Torre	Almirante,	both	
in	Rio	de	Janeiro.	During	the	research,	it	was	verified	a	predominant	choice	of	glazed	facades	
in	virtue	of	aesthetics	and	marketing	strategy.	The	indoor	spaces	were	not	naturally	ventilated	
and	it	was	reported	problems	related	to	glare	(Trapano	et	al,	2010).	In	these	buildings,	the	
use	 of	 natural	 ventilation,	 the	 decrease	 of	window	wall	 ratio	 to	 an	 optimal	 level	 and	 the	
addition	of	shading	devices	could	be	a	solution	to	mitigate	the	reported	problems.		

Case	study	in	Brasilia																											

In	 a	 planned	 city	 such	 as	 Brasilia,	 understanding	 the	 morphological	 and	 architectonic	
characteristics	regarding	building	envelope	can	be	the	first	step	towards	the	improvement	of	
the	shape	and	the	surrounding	area	of	the	buildings,	especially	of	the	non-residential,	where	
energy	demand	is	relevant.	

Regarding	the	climate	of	Brasilia,	there	are	two	distinct	seasons:	hot	and	humid	season	
(rainy	 summer	 from	 October	 to	 April)	 and	 hot	 and	 dry	 season	 (dry	 winter	 from	May	 to	
September),	 according	 the	 National	 Institute	 of	 Meteorology	 (INMET,	 2015).	 The	 daily	
temperature	variations	occur	due	to	climatic	factors	such	as	altitude	and	continentality,	which	
are	intensified	during	the	dry	season.	The	air	relative	humidity	is	normally	below	30%	in	the	
afternoon	during	dry	season.	The	temperature	ranges	from	18°C	to	30°C	during	summer	and	
from	15°C	to	29°C	during	dry	season	(winter).	Brasilia	also	presents	high	radiation	levels	that	
vary	from	5.25KWh/m²	to	6.3	KWh/m²	during	the	day.	

In	 this	 context,	 reports	 of	 the	 International	 Energy	 Agency	 show	 some	
recommendations	 towards	 a	 more	 efficient	 building	 envelope	 following	 economical,	
constructive	and	technological	conditions	of	the	countries	(IEA,	2013).	The	most	important	
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recommendations	for	a	hot	and	dry	climate	includes	external	shading,	the	constructions	of	
coated	insulated	and	reflective	walls,	roofs	and	windows	with	low	solar	heat	gain	coefficient	
(SHGC)	and	the	presence	of	sun	shading	devices	(Climate	consultant,	2016).	

Furthermore,	in	2010,	Lima	made	a	large	survey	of	office	buildings	situated	in	Brasilia’s	
central	zone.	It	was	pointed	out	that	40%	of	the	facades	in	the	central	areas	of	Brasilia	were	
entirely	glazed	(with	a	WWR	above	75%)	and	60%	of	the	glazed	facades	did	not	have	any	kind	
of	sun	shading	devices.	Moreover,	it	was	observed	that	the	sun	shading	devices	were	chosen	
due	to	aesthetic	aspects,	but	they	were	not	designed	according	to	the	solar	orientation.	

In	2004,	Amorim	made	some	studies	of	energy	consumption	in	eight	buildings	in	the	
central	 area	 of	 Brasilia.	 The	 data	were	 collected	 by	 students	 in	 a	 graduation	 course.	 The	
students	 made	 post	 occupancy	 studies	 related	 to	 thermal	 and	 visual	 comfort,	 energy	
consumption	and	final	energy	use	(for	lighting	and	cooling).	The	annual	energy	consumption	
from	the	years	2000	and	2002	are	shown	in	Table	1.	
Table	1.	Energy	consumption	and	final	energy	use	of	commercial	buildings	in	Brasilia.	Source:	AMORIM,	2004	
	 Energy	Consumption	(from	2000	to	2002)	
	 Annual	Average	in	

kWh/m²year	
%	Cooling	 %	Artificial	Lighting	

Public	
Buildings	

Itamaraty	(Palace)	 153	 30	 50	
DNER	 150	 60	 30	
FUNASA	 121	 45	 26	

Office	
Buildings	

Corporate	Center	 145	 65	 30	
Ed.	Varig	 82	 48	 30	

Shopping	
Centers	

Park	Shopping	 378	 35	 50	
Brasília	Shopping	 364	 33	 52	
Terraço	Shopping	 427	 56	 30	

The	main	goal	of	this	paper	is	to	update	the	characterization	and	the	morphology	of	the	
office	buildings	in	Brasilia’s	central	zone	and	verify	the	energy	consumption	in	some	specific	
buildings,	comparing	the	reflected	changes	in	2010	and	2017.	In	addition,	this	paper	expects	
results	that	can	evidence	the	evolution	occurred	in	the	building’s	façade	in	the	studied	area.	
This	research	is	part	of	a	dissertation	and	scientific	initiation	research.	

Method																													

The	research	method	consisted	of	the	envelope	characterization	of	the	office	buildings	in	the	
central	 zone	 of	 Brasilia.	 The	 building	 data	were	 registered	 in	 a	 database	 created	 by	 Lima	
(2010)	and	was	updated	by	the	authors	in	2016	and	2017.	This	was	made	to	compare	data	
collected	by	Lima	in	2010	and	the	situation	of	the	building	envelopes	in	2017.	

The	registered	data	are:	address,	building	licenses,	characterization	between	public	and	
private,	shape	(rectangular,	round,	square	etc.),	main	façade	and	glazing	orientation,	type,	
presence	 of	 shading	 devices,	 window	 wall	 ratio	 (WWR)	 and	 glass	 thermal	 and	 optical	
properties.	 These	 data	 were	 collected	 to	 see	 if	 recommendations	 given	 by	 International	
Energy	Agency	and	Climate	Consultant	v.6.0	for	the	climate	of	Brasilia	were	followed.	

According	 to	 the	 Administration	 of	 Brasilia,	 there	 is	 a	 specific	 code	 “NGB”	 to	 each	
address	 and	 terrain	 (building	 projection)	 defining	 height,	 number	 of	 storeys,	 land	 use	
(residential,	commercial,	office,	industrial	or	residential)	and	building	shape.	Therefore,	maps	
were	made	to	better	understand	projections,	shape	and	number	of	storeys	 in	 the	studied	
area.	The	maximum	number	of	storeys	is	28.	
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Simultaneously	to	this	morphological	and	architectonic	characterization,	electric	energy	
consumption	data	were	collected	 from	the	 smaller	buildings,	with	no	more	 than	6	 floors1	
between	the	years	2010	and	2017.	

Studied	sectors	

The	 six	 studied	 sectors	 were:	 Setores	 Comerciais	 Sul	 (SCS)	 and	 Norte	 (SCN),	 Setores	 de	
Autarquias	 Sul	 (SAUS)	 and	 Norte	 (SAUN)	 e	 Setores	 Bancários	 Sul	 (SBS)	 and	 Norte	 (SBN).	
According	to	Brasilia	Urban	Code,	the	six	sectors	are	predominantly	for	commercial	and	office	
use.	There	is	a	total	of	223	buildings	in	these	sectors.	Figure	1	shows	the	number	of	storeys	
of	office	buildings	in	the	southern	sectors	“SUL”	and	Figure	2	in	the	northern	sectors	“NORTE”.		

	

	
Figure	1.	Number	of	storeys	of	the	Office	Buildings	in	Setor	Comercial	Sul,	Setor	de	Autarquias	Sul	e	Setor	

Bancário	Sul	(Southern	Sectors)	
	

	
Figure	2.	Number	of	storeys	of	Office	Buildings	in	Setor	Comercial	Norte,	Setor	de	Autarquias	Norte	e	Setor	

Bancário	Norte	(Northern	Sectors)	

Database	

The	 form	 in	 the	 database	 consists	 of	 two	 sections:	 generic	 data	 (building	 name,	 address,	
sector,	code,	architect,	construction	company,	year	of	construction	or	refurbishment,	shape	
and	number	of	 storeys)	 and	 facade	 characterization	 (solar	orientation,	window	wall	 ratio,	
type	of	glass	and	presence	and	description	of	the	sun	shading	devices).	Photos	were	taken	for	
each	facade.	Figure	3	shows	the	filled	form	in	the	database.	The	data	were	collected	through	
Google	Earth	(Street	View)	and	on-site	visits.	
																																																								
1	Buildings	with	6	 floors	or	 less	were	chosen	because	they	are	object	 for	 future	studies	 in	a	dissertation	and	
scientific	initiation	research	regarding	Net	Zero	Energy	Buildings	and	energy	efficiency.	
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Figure	3.	Data	base	(form)	in	Access	

Results																													

In	 this	 research,	 223	 buildings	were	 analyzed	 (all	 buildings	 in	 the	Northern	 and	 Southern	
Sectors).	Between	2010	and	2017,	9	new	buildings	were	constructed	(Table 2).	Almost	two	
thirds	of	them	are	from	private	owners.	
	

Table	2.	Quantity	of	public	and	private	buildings	in	2010	and	2016	in	each	sector.	
	 2010	 2016	
Private	buildings	 135	 141	
Public	buildings	 79	 82	
Total		 214	 223	

	

In	relation	to	the	presented	data,	only	nine	buildings	were	erected	between	2010	and	
2017.	There	was	not	a	significant	verticalization	process.	The	number	of	storeys	remained	
almost	the	same	between	2010	and	2017.	The	most	predominant	shape	was	the	rectangular	
(91%	of	the	studied	buildings).	There	was	a	slight	increase	of	the	square	shape	from	5%	to	8%	
in	2017	(Table	3).	
Table	3.	Summary	of	the	collected	data:	Number	of	Storeys,	Buildings	Shape	and	Main	Facade	Orientation.	

	

In	each	terrain,	the	projection	was	already	stablished,	as	well	as	the	number	of	storeys	
and	the	façade	solar	orientation.	The	proportion	of	the	facades	did	not	change,	as	function	of	
the	regulations	and	city	planning.	In	2017,	24%	of	the	main	façades	were	oriented	to	west	
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10-Jul 11-Jul 12-Jul 13-Jul 14-Jul 15-Jul 16-Jul 

°C

Livingroom

Information	 Type	 2010	 2017	

Number	of	Storeys	

1	to	4	 35%	 34%	
5	to	10	 25%	 24%	
11	to	16	 30%	 30%	

More	than	17	(max.	28)	 10%	 12%	

Buildings	Shape	

Circular	 1%	 0%	
Irregular	 4%	 3%	

Rectangular	 91%	 88%	
Square	 5%	 8%	

Main	Facade	Solar	Orientation	

18°	(North)	 13%	 14%	
108°	(East)	 34%	 30%	
198°	(South)	 16%	 19%	
288°	(West)		 25%	 24%	

Others	 12%	 13%	
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and	30%	to	the	east.	19%	of	the	main	façades	were	oriented	to	south	and	14%	of	the	main	
façades	were	oriented	to	north.	Other	façade	orientations	than	those	described	did	not	reach	
13%.	Almost	87%	of	the	facades	presented	fixed	orientations	in	relation	to	the	sun	(Table	3).	

One	negative	aspect	is	the	increased	wall	ratio	(WWR)	of	the	facades.	In	2010,	41%	of	
the	facades	had	a	WWR	of	above	75%.	This	problem	was	not	solved,	because	the	proportion	
almost	did	not	change	in	2017	(42%	of	the	facades).	Although	20%	of	the	facades	had	the	
optimal	WWR	(19%	in	2017)	as	discussed.	

	
Figure	4.	Window	Wall	Ratio	of	the	Main	Facades		

	

In	 this	context,	 in	2017	almost	70%	of	 the	 facades	did	not	have	any	type	of	shading	
device	(6%	more	facades	than	in	2010).	Some	buildings	lost	their	sun	shading	devices	during	
refurbishment	and	seven	of	 the	nine	new	buildings	were	constructed	without	any	kind	of	
window	shading.	In	30%	of	the	facades,	the	most	preferable	sun	shading	was	brise	soleil.	In	
some	cases,	they	were	movable	and	in	other,	fixed.	No	automation	was	observed.	

	

	
Figure	5.	Sun	Shading	Devices	

Between	 2010	 and	 2017,	 there	was	 no	major	 changes	 in	 the	 glass	 choices.	 It	was	
observed	that	on	80%	of	 the	researched	 facades,	 the	glasses	presented	a	Solar	Heat	Gain	
Coefficient	(SHGC)	lower	than	60%.	In	20%	of	the	cases,	the	glasses	had	the	lowest	SHGC	(less	
than	29.5%)	(Table	4	and	Figure	6).	

Table	4.	Glass	thermal	properties	on	the	studied	facades	
Glass	Thermal	Properties	 Reflective	

Glass	
Blue		
Glass	

Colourless	
Glass	

Bronze	
Glass	

Green	
Glass	

Grey	
Glass	

Solar	Heat	Gain	Coefficient	
(SHGC)	(%)	

29.5	 60.2	 81.5	 60.2	 60.6	 58.3	

Direct	Solar	Transmission	(%)	 16.0	 48.0	 77.5	 48.2	 48.7	 45.5	
Visual	transmittance	(%)	 20.1	 57.0	 88.1	 53.4	 74.9	 43.1	
Thermal	Transmittance	

(W/m²K)	
5.379	 6.144	 6.144	 6.144	 6.144	 6.144	
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UNT I L 	24% 25 	TO 	49% 50%	TO 	74% MORE 	THAN 	
75%
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Horiz.	Movable	and	Vert.	Fixed	Brise-soleil

Vertical	and	Horizontal	Fixed	Brise-soleil

Horizontal	Movable	Brise-soleil

Portico/Balcony
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Figure	6.	Most	chosen	Glass	types	

Energy	Consumption	

Monthly	energy	consumption	data	have	been	collected	through	spreadsheets	given	through	
the	 building’s	 staff.	 Useful	 and	 constructed	 area,	 year	 of	 retrofit	 or	 refurbishment	 were	
collected	as	well.	In	these	selected	four	buildings,	energy	consumption	was	between	63	and	
125	kWh/m²year.	However,	it	is	difficult	to	identify	the	average	energy	consumption	of	these	
sectors	 yet.	 Due	 to	 the	 restriction	 imposed	 by	 the	 energy	 supply	 company,	 only	 energy	
consumption	data	of	four	buildings	were	collected.	None	of	the	four	buildings	had	separated	
measurements	to	quantify	final	energy	use	for	lighting	and	cooling.		
	

Table	5.	Summary	of	energy	consumption	in	KWh/m²year	of	the	office	buildings	and	conditioned	area	

Building	 Conditioned	
Area	(m²)	

Year	of	
Refurbishment	

	(kWh/m²year)	

2013	 2014	 2015	

DNIT-	 Departamento	 Nacional	 de	
Infraestrutura	de	Transporte	

61,225.00	 2013/2014-	Air	
conditioning	
system	

75	 73	 63	

DPNM/MME-	Departamento	Nacional	de	
Produção	 Mineral/Ministério	 Minas	 e	
Energia	

9,482.25	 2014-	Air	
conditioning	
system	

97	 90	 88	

Instituto	 Nacional	 de	 Tecnologia	 da	
Informação	(ITI)	

3,211.00	 -	 -	 123	 125	

Instituto	Brasileiro	de	Turismo	(Embratur)	 4,692.07	 -	 96	 100	 95	

Conclusion	

As	seen	in	this	study,	the	existing	office	buildings	in	the	studied	sectors	had	little	concern	to	
environmental	problems.	Most	facades	were	glazed	and	did	not	take	advantage	of	natural	
ventilation	and	daylight.	 In	 fact,	most	of	 the	buildings	utilize	 artificial	 lighting	and	 cooling	
systems.	

As	the	energy	supply	company	in	Brasilia	could	not	provide	energy	consumption	data	
of	the	buildings,	these	data	are	being	collected	individually	trough	on-site	visits.	So,	in	order	
to	 better	 understand	 the	 gap	 between	morphology	 and	 energy	 consumption,	 data	 of	 40	
buildings	are	being	collected	such	as	plans,	sections,	elevations,	closing	materials,	glass	type	
and	 energy	 consumption	 data.	 After	 this	 process,	 it	 will	 be	 possible	 to	 make	 stronger	
correlations	 between	 building	 morphology	 and	 energy	 consumption	 of	 the	 analyzed	
buildings.	

0% 
10% 
20% 
30% 
40% 
50% 

2010 2017
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In	this	context,	there	was	almost	no	change	in	what	was	observed	by	Lima	(2010).	The	
preference	for	glazed	facades	is	frequent	and	it	started	before	2010.	80%	of	the	glasses	have	
a	solar	heat	gain	coefficient	lower	than	60%.	This	was	chosen	to	mitigate	problems	of	glare	
and	overheating.	However,	the	presence	of	sun	shading	devices	was	not	very	frequent	and	
this	allowed	the	recurrent	incidence	of	direct	solar	radiation.	This	situation	is	the	opposite	
than	 what	 was	 recommended	 by	 International	 Energy	 Agency	 in	 2013.	 Therefore,	 some	
solutions	could	be	applied	 to	 solve	 this	problem:	 reduction	of	window	wall	 ratio	 to	 levels	
between	 30%	 and	 50%,	 addition	 of	 sun	 shading	 devices	 designed	 according	 to	 the	 solar	
orientation	and	the	preference	for	glasses	with	lower	SHGC.	
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Abstract	 Contemporary architecture in Al-Khobar is characterised by minimal energy efficiency in an 
impenetrable environment. Luxurious features are sought after to satisfy social and cultural trends. There is 
complete dependence on mechanical and artificial resources in the name of privacy. In an effort to escape the 
harsh climate, people have been inclined to construct luxurious habitats that neglect energy conservation. 
Many architectural fundamentals regard the social norms and harsh climate as an obstacles rather than 
aesthetic functional elements. The oil discovery of the 1930s caused many social, architectural and educational 
changes leading to the loss of an architectural identity. This coupled with subsidized energy prices and resulted 
in lower architectural quality and changed people’s understanding of comfort. An elaborative psychological 
investigation on the occupants, and the architectural identity pre and post oil discovery, explains the reason 
behind an unsustainable architectural approach. 

Keywords: Architecture, Identity, Environment, Al-Khobar, Adaptation, Comfort 

Introduction	

This dissertation explores opportunities to use economic growth, social norms and 
environmental methodologies as interrelated components. It discusses alternatives to 
existing architectural choices by addressing the dilemma affecting the quality of Al-Khobar’s 
housing. It takes into consideration the complexity of the climate by identifying seasonal 
architectural and environmental approaches and focuses on the dynamic relationships inherit 
in the daily cultural and social climatic cycle; introducing passive strategies that motivate 
intuitive occupant behaviour and help infuse living spaces. Afterward, there are suggested 
solutions to change the approach that mainly reflect the cultural demands, which include 
being cost effective and appealing to the end user. These proposed solutions are tested 
to illustrate the environmental performance and enhancement via passive strategies and 
renewables opportunities. 

Location 

Saudi Arabia is located in Western Asia. This study has been conducted on Al-Khobar which 
is located in the Eastern Province of the Kingdom on the coast of the Gulf bay. Saudi Arabia 
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Current	situation	

Identity as a perception has social and physical meanings. It establishes a group of 
indications recognized by a group of people at a specific time and place. People and places, 
however are exposed to change over time. Continuity of identity is a very debatable concept. 
In Saudi, it is the discovery of oil that has the biggest impact. Accordingly; architecture has 
been through two main stages, the pre-oil era and post oil discovery. 

Identifying	the	problem 

Energy consumption in eastern Saudi Arabia is caused by high ambient temperature and 
relative humidity. Residential facilities display high usage of electricity (fig.-2-). A study done 
on Trends in Residential Energy Consumption (Farajallah,2013) shows that 52% of  the energy 
is wasted from the residential sector and 80% of that waste is from air conditioning (Hijazi, 
2012).   

Fig. -2- Energy consumption per capita and by sector in Saudi Arabia 

The	built	environment	and	urban	scenery	

Saudi has a rich architectural heritage that shows in home planning with vernacular 
characteristics such as courtyards, wind towers, downdraught cooling and other. Historically, 
building designs and materials were considered according to the climate and resources 
available. Builders in the east used stone and red brick. Modern architecture in Saudi Arabia 
has come under frequent criticism as being affected by globalization and being an alien 
insert instead of traditional and Islamic architecture; environmentally unsuitable for the hot 
dry environment of Saudi. The discovery of oil in 1939 triggered the invitation of many 
foreign companies that established their own living compounds. These projects introduced 
for the first time a new concept of space and a new home image. The expat community 
formulates a big percentage of the population (United Nations,2006). The average Middle 
Eastern family size is 4 members while in the GCC area, specifically in Saudi, it is up to 6 
people in a single household. 
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Climate	analysis	summary 

The coastal regions of Saudi Arabia have a desert climate characterized by extreme heat 
during the day, sudden drops in temperature during the night, and very low annual rainfall 
in the summer with dry winters. Because of the influence of a subtropical high- pressure 
system, there is considerable variation in temperature and humidity. The average summer 
temperature is about 47°C, but readings of up to 50°C are common. The coastal areas 
have high relative humidity throughout the year with storms during months where seasons 
convert from winter to summer. There is a lack of weather data, especially historical data. 
There have been some recent efforts to collect data albeit slow. Sand storms in Al-Khobar 
are phenomena that could be as frequent as once every two months causing occupants to 
close windows and not use natural ventilation and daylight. Wind direction is mainly North 
West. 

Fig. -5- Outdoor data logger placed in three different locations in a typical house in Al-Khobar during the mid-
season. April, 2016 

Saudi	earth	temperature	profile 

The concentration of any urban fabric plays an essential role in the amount of solar radiation 
absorbed, reflected and stored in the fabric. Running the following calculation is what he 
soil regime depends on: 

• The significant difference between the Mean Annual Soil Temperature (MAST)
• The mean summer temperature
• The difference between mean summer and winter temperatures all at a soil depth

of 50 cm

DBT mean max 

DBT mean min 

Global Horizontal 
Radiation 

Wind Velocity 

DBT mean 
average 

Jan    Feb   Mar   Apr   May   Jun    Jul    Aug   Sep   Oct   Nov   Dec 

ASHRAE-55 
Adpative Comfort 
- 80% 
acceptability 

Fig. -3- Wind direction Fig. -4- Climatic summary, using the data from the tool Metenom. 
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It is normally assumed that the MAST (in °C) equals the sum of the mean annual air 
temperature + 2°C. The different orientations and excavation of the fabric depends on the 
location and the amount of the solar exposure. The temperature underground depends on 
the depth of the excavation. The Saudi ground temperature profile is very constant, which 
allows building homes that are fully or partially sheltered with earth. It would also act as a 
cooling feature at a proposed depth of 8m for improved performance. 

Fig. -6- Saudi earth temperature profile 

Comfort	band	

It’s been found that using adaptive thermal comfort standards for a free-running building in 
the hot–humid tropics (Nicol, 2004), thermal comfort improves with better air movement. 
This must be taken into consideration when designing in Saudi’s harsh climate. In hot, dry or 
humid climates, the adaptive comfort band can be measured by using the following formula 
Tc = 0.534To + 12.9 

Analytic	work 

Earth	as	a	cooling	environment 

The material used is recycled cement and follows the required U-Values for a residential 
unit which are: roofs: .22/.13, walls: .53/.857 and Floors: 1.825 

Fig. -7- When assessing the effectiveness of using earth as a cooling environment, the scenarios of above 
ground, partially underground and fully underground were compared. 
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Downdraught	cooling	

A data logger placed outdoors in Al-Khobar and the resultant difference between the outdoor 
temperature and relative humidity allows the applicability of downdraught cooling. pointing 
it out as the second suggestion. According to the following formula: 
Ts=TDB-0.8(TDB-TWB) = =41-0.8(41-27) =40.2-11.2 the supplied temperature = 29ºC. 

Fig.-9- Downdraught cooling 
The	courtyard	effect 

The courtyard was pulled down to a distance of 10 meters below ground with an exposed 
top. This was to study the effectiveness of both elements implemented together. It is 
notable that the solar radiation had been reduced from 18 kWh/m² to 6.2 kWh/m². 

Jacket	facades 

The jacket façade concept is an extra skin that is distant from the inner wall, thereby 
creating a middle space that generates a microclimate that acts as a buffer or a transitional 
zone to the inner spaces regulating the temperatures going through. 

Fig.-8- The scenarios studied and simulated shown in the graph on figure -7- 

After

Fig.-11- Courtyard effect

Before 

Fig.-10- Underground Courtyard and earth wall effect in 
reducing direct solar radiation, Tool: Ladybug
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Fig.-12- Jacket façade performance on three different seasons, using Ladybug. 

Environmental	Performance	

The performance of all the studied strategies implemented together is shown below. There 
is improved cooling without any mechanical ventilators during a typical summer day. 
Compering these results with a base case, which is the data accumulated by data loggers 
placed in a typical house in Al-Khobar (fig.-6-), the results clearly show a drop in indoor 
temperature in both summer and winter after implementing the downdraught cooling 
strategy on an underground level of 8m. In summer it drops from 45° to 34° and in winter 
from 35° to 22°. 

Fig. -14- Surface temperature of an underground structure 
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Fig. -13- The performance of all the studied 
strategies 

implemented together
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Proposed	guidelines 

Living below ground level reduces much of the annual energy consumption, as earth creates 
a sheltering environment that protects from high temperatures and solar radiation while 
also cooling the structure. Adding louvers and top shadings drastically reduce heat gains. 
The sunken concept is effective especially if there are waterbodies and vegetation. 
Downdraught evaporative cooling is achievable and effective in the studied climate. Jacket 
facades are a massive contributor to the enhancement of the heat balance in the buildings, 
while utilizing the outdoors. Vegetation enhances air quality both indoors and outdoors and 
helps maintain air quality during sand storms. Orientation and minimum glazing on the 
south façades help with the quality of the indoor environmental performance. 

Earth as a cooling environment Courtyard effect Downdraught cooling Jacket façade 

Fig. -15- suggested guidelines 

Design	applicability	and	social	acceptance 

Saudi society tends to neglect energy conservation for appealing features. According to that, 
any application can be accepted if attractive and cost effective. The concept of buildings 
totally underground is very rare. The negative perceptions towards living underground have 
discouraged the public. In addition, there was no reason to live underground since land was 
plenty, energy was cheap, and no information on the savings potentials were offered. Total 
underground spaces such as basements have been common in the Gulf Region for storage 
rather than living. Partial earth integration started to become acceptable  in  the  mid- 1980s, 
as prices rose dramatically due to a rise in oil prices and land banking (Almulhim, 2016). 
The negative perception  of sunken floors started to disappear with evidence  of successful 
designs found in several local residences. This makes the suggested guidelines applicable 
in both traditional and contemporary architectural designs. A survey (by this author in 
2015) of over 150 people found  up to 75% of respondents leaned towards contemporary 
Arabic architecture. According to the social norms in this region, the approach is what 
controls the acceptance of a change in the behaviour of people. Acceptance should be 
encouraged through: 

1. Awareness and education
2. Persuading influential figures in the community to adopt such strategies,

encouraging others to follow suit
3. Provide an economic incentive to reduce consumption by removing subsidies

on water and electricity.
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Conclusion 

The proposed guidelines take into account Saudi Arabia’s complex environment and the 
community’s perception of comfort. To be successfully rolled out they require the 
emergence of a new social trend, which can be achieved by highlighting the benefits of 
sustainability and long-term cost savings without sacrificing comfort. 
Simple strategies can reduce the intense impact of  solar  radiation such  as orientation, 
shadings and the amount of glazing, but new designs that incorporate earth-integrated 
structures as well as solutions such as downdraught cooling, jacket facades and courtyards 
offer the most benefit. 
It requires enhancing privacy and environmental performance while considering the 
architectural design as a new approach. The research process was to develop the social and 
environmental demands in parallel. The attributes of thermal energy in buildings are built 
on four main elements: Necessity, Delight, Affection and Sacredness (Herchong, 1979). 
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Abstract: Windows are considered weak points in the building envelope due to their lower resistance to heat 
transfer than opaque parts. When their area increases, the insulative effect of opaque parts of the envelope is 
minimized. A previous study quantified the combined effect of window-to-wall ratio (WWR) and wall 
insulation thickness on energy consumption in case of un-shaded windows, and outlined the WWRs more than 
which the effect of adding a layer of thermal insulation becomes nearly insignificant. However, by adding a 
window shading device, cooling energy consumption is expected to decrease, compared to the un-shaded case, 
especially at high WWRs, while that of heating and lighting is expected to increase. The significance of thermal 
insulation of external walls and its effect on energy consumption in the shaded cases becomes, then, 
questionable. This study investigates the single and combined effect of window shading and thermal insulation 
of external walls on energy consumption for WWR alternatives 10% to 90% and compared it to its 
corresponding un-shaded window cases in two desert cities: Cairo and Khargah in Egypt. 
Results showed a dominant effect of shading on energy consumption, highly exceeding that of thermal 
insulation from WWRs 20 to 90. 

Keywords: Window shading, thermal insulation, energy simulation. 

Introduction			

Windows are considered weak points in the building envelope due to their lower resistance 
to heat transfer than opaque parts. Opaque parts have the potential of adding a layer of 
thermal insulation, while windows have the potential of being shaded. As window-to-wall 
ratio (WWR) increases, the area of opaque parts decreases, and thus, their insulative effect 
of also decrease, meanwhile natural lighting availability becomes higher, which minimizes 
the energy consumed for artificial lighting, however, the interior space becomes more liable 
to access of direct sunlight, which negatively affect cooling energy consumption in hot 
climates. 
A previous study quantified the combined effect of window-to-wall ratio (WWR) and wall 
insulation thickness on energy consumption in case of un-shaded windows, and outlined the 
WWRs more than which the effect of adding a layer of thermal insulation becomes nearly 
insignificant, (El-Deeb, K. 2014). 

However, in case of shaded windows, shading is expected to have more effect as 
WWR increases. The amount and significance of energy savings achieved by window 
shading compared to that of wall thermal insulation as well as their combined effect in 
different WWRs become, then, questionable. In order to explore which has more effect, 
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window shading or thermal insulation, and whether the presence of window shading affects 
the significance of thermal insulation, further investigation is needed. 

This study investigates the single and combined effects of window shading and 
thermal insulation of external walls on energy consumption for WWR alternatives from 10% 
up to 90% and compares the consumption to the corresponding un-shaded window cases in 
two cities: Cairo and Khargah in Egypt. 

The single effect of each of the investigated parameter was addressed in literature. 
The impact of thermal insulation thickness on energy consumption was addressed  in three 
Chinese cities in order to specify the optimum thickness (Dongmei, P., et al. 2012). The 
effect of positioning thermal insulation on the outer, inner and middle part of walls on 
cooling energy consumption was examined for residential buildings in Hong Kong (Bojic M, 
et al. 2002). The effect of WWR in office buildings in Germany was investigated in order to 
reach the optimum WWR, (Goia, F., et al. 2013). The effect solar screens on energy 
consumption was investigated for a range of WWRs under desert climate in Egypt, (Sherif et 
al. 2011). The combined effect of WWR and thermal insulation thickness in Turkish cities 
was studies was addressed for WWRs 10-50%, (Chirarattananon, S., et al, 2012), while in 
Thailand, the impact of insulation position of different thickness at WWRs 0-30-60% on 
cooling energy consumption was investigated. (Derya B., et al. 2011), However, the effect 
on artificial lighting energy, in these studies, was not included. 

Literature showed that the effect of each of the investigated parameters was 
addressed in a number of studies, however the effect of combining shading, insulation and 
WWR, while accounting for heating, cooling and lighting energy consumption in hot climates 
needs more investigation.  

Methodology		

An energy model was virtually built for a test room in DesignBuilder simulation tool, Fig. 1. 
The model was simulated for annual energy performance of heating, cooling and lighting, 
using residential occupancy schedule. Simulation parameters are listed in Table 1. Model 
simulations were performed for different alternatives of WWRs, window shading and wall 
thermal insulation. WWRs of 10%, 20%, 30% … up to 90% were tested in both cases of un-
shaded and shaded windows. In each of these cases, alternatives of wall thermal insulation 
thicknesses of 0cm (no insulation), 5cm and 10cm were applied. 

First, the energy consumption in case of no insulation and no shading was quantified. 
By applying window shading of 45o angle to all WWRs, the effect of shading windows was 
deduced. Then, the effect of thermal insulation alternatives in case of shaded and un-
shaded windows was examined. The percentage of savings achieved by thermal insulation in 
both shading cases were compared indicating the significance of insulation in each case. 
Cross comparisons between results of shading, insulation and their combined effect at 
tested WWRs were performed. 
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Figure 1. Simulated test room alternatives of WWRs ranging from WWR 10 to 90 with shading louvers. 
 
In shaded cases, horizontal louvers extended outwards to form a 45o vertical shading 

angle. In order to avoid large extensions, multiple louvers that create the same angle were 
used. Louvers extended by 45o on both sides of the window.  

 
Table 1. Simulation Parameters.	

 

Simulations were performed for two cities: Cairo and Khargah in Egypt, whose climates are 
classified as hot arid desert according to Köppen-Gieger Climate Classification (Kottek et al. 
2006). The climate in khargah shows higher mean monthly maximum air temperatures than 
in Cairo, resulting more periods beyond thermal comfort zone, Fig.2. Maximum 
temperature of summer months in Khargah reaches 40oC while in Cairo it reaches nearly 35 

 
Figure 2. Mean monthly maximum and minimum air temperatures in Cairo and Khargah. 

	

BUILDING HVAC Setpoint CONSTRUCTION

Type Residential Cooling 23
Wall                        
(No Isulation)

No. of people 0.13/m2 Heating 21
Wall                        
(Insulated)

Activity Living Type Split Roof

LIGHTING Type Fluorescent Suspended Windows Double-glazed clear Tested WWR

Daylighting 
control

Illuminance:
300 lux

Dimming: 
Linear/off

Sensor 
Height:             
0.8m

CITIES  Cairo, Khargah

10 to 90

SIMULATION	PARAMETERS

Insulated with 10 cm polystyrene foam

20cm Concrete block + 2cm plaster from each side

Two layers of 10cm Concrete Block+ inbetween 5cm /10cm EPS 
expanded polystyrene + 2cm cement plaster from each side
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Results	and	Discussion	

Simulations results showed the values and pattern of energy consumption along all WWRs. 

Energy	consumption	

In un-insulated walls with un-shaded windows, an increase in consumption occurred from 
WWR 10 to 90 in both cities. Consumption is dominated by cooling loads, followed by a 
small portion of lighting loads and nearly no heating loads. Lighting loads decrease from 
WWR 10 to 40, then its curve flattens to be of nearly the same values up to WWR 90. 
Compared to WWR 10, in Khargah, the lighting consumption decreased by 13.7%, 18.3% 
and 20.6% at WWRs 20, 30, 40 respectively, Fig.3. Cooling loads gradually and significantly 
increased from WWRs 10 up to 90, reaching 148% increase in consumption compared to 
WWR 10.  
 In Cairo, Fig.4, nearly the same pattern occurred but with lower consumption values due to 
difference in climate. The total annual consumption of at WWR 10, for example, was 
118.7kwhr/m2 compared to 132 kwhr/m2 in Khargah for the un-insulated, un-shaded case. 
Lighting consumption in Cairo decreased by 10.9%, 14.2% and 16.1% at WWRs 20, 30, 40 
respectively compared to WWR 10. Cooling loads gradually and significantly increased from 
WWRs 10 up to 90, reaching 157% increase in consumption compared to WWR 10. 
 

 
Figure 3. Annual energy consumption of un-insulated cases in Khargah for each WWR in kwhr/m2. 

 

 
Figure 4. Annual energy consumption of un-insulated cases in Cairo for each WWR in kwhr/m2. 

The	effect	of	shading	

Simulation results for the un-shaded cases with no insulation showed a continuous gradual 
significant increase in consumption as the WWR increased. The un-shaded, un-insulated 
WWR 10 was considered as a base case. Compared to this base case, the energy 
consumption in WWR 90 was more than doubled in both tested cities, reaching 117% in 
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Cairo and 105% in Khargah, Fig.5. Energy consumption was mainly dominated by cooling 
loads, the smaller portion was for lighting loads, while heating loads were nearly negligible.  

On the other hand, in shaded cases with no insulation, the consumption pattern 
changed. In Khargah city, energy savings were achieved in WWRs 20 to 40. Compared to the 
base case, the maximum savings value was 6.5%, achieved at WWR 20. However, this 
represents 16.5% savings in consumption when compared to the un-shaded case of the 
same WWR. A minor increase in consumption of 1.5% occurred in WWR 50, which is less 
than its un-shaded case of by 50.3% indicating a significant increase in the shading effect. 
Then a gradual increase in consumption ranging from 3.5% to 16.5% occurred from WWRs 
60 to 90.  Compared to the un-shaded WWR 90, the shaded case was less in consumption by 
88.8%, which reflects the increase in the effect and significance of shading with the increase 
in WWR.  

In Cairo, the pattern of percentage of change in consumption was very close to that 
of Khargah, despite being lower in absolute consumption values which result from 
difference in climate. The shaded WWR 20 in Cairo achieved 8% savings compared to the 
base case, and 20% savings compared to the un-shaded case of the same WWR. The effect 
of shading gradually increased up to WWR 90, where the difference between shaded and 
un-shaded cases reached 94%. 

 

 
 

Figure 5. Percentage of change in consumption compared to Un-shaded un-insulated WWR 10  cases in Cairo 
and Khargah cities. 

The	effect	of	insulation	

By adding a layer of thermal insulation to the un-shaded cases, a decrease occurred in 
energy consumption values that differed according to WWR and insulation thickness. Figure 
6 shows that most of the savings was achieved by a layer of 5cm thermal insulation, while 
some additional savings were achieved by increasing the thickness of insulation layer to 
10cm. The smaller the WWR is, the higher the savings resulting from using thermal 
insulation are. At WWR 10, by using 10cm insulation, savings exceeded 10% in Khargah and 
was about 5% in Cairo. Savings decreased to below 2% starting from WWR 60 in khargah, 
and WWR 30 in Cairo, indicating an insignificant effect of thermal insulation at these WWRs. 
Figure 7 demonstrates the normalized absolute savings achieved by a layer of wall thermal 
insulation of 10cm thickness in Cairo and khargah. It shows that the amount of savings per 
square meter in Kharga ranged from more than double to more than triple the values 
achieved in Cairo. This indicates the importance of thermal insulation in Khargah, the city 
with the higher temperature.  
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Figure 6. Annual energy consumption for all WWRs and insulation thicknesses in Cairo and Khargah. 

 
Figure 7. Absolute savings in energy consumption achieved by a layer of 10cm thermal insulation in both 

shaded (SH) and un-shaded (NO) cases. 
Figure 7 shows also a comparison between the amount of savings achieved due to 

thermal insulation in both shaded and un-shaded cases for each WWR. Results showed 
minimal differences between saving achieved in shaded and un-shaded cases. Slightly more 
savings were achieved in shaded cases, however, the differences did not exceed 1 kwh/m2 
annually, which is less than 1% of the overall annual consumption and can be neglected. By 
this it can be concluded that thermal insulation lead to approximately the same amount of 
savings whether window shading exists or not.  

Impact	of	shading	on	the	Relative	significance	of	thermal	insulation:	

Given that the amount of savings due to insulation is fixed in both shading cases, and given 
that the energy consumption significantly decreased in shaded cases than un-shaded ones, 
the relative significance of thermal insulation effect is expected to increase in these shaded 
cases. 

To investigate the relative significance of thermal insulation in both shaded and un-
shaded cases, each insulated case at each WWR was compared to the un-insulated one of 
the same shading alternative, resulting in two values of percentage of savings, one for the 
shaded case and the other for the un-shaded one. These two values were compared to 
deduce the difference in relative significance of insulation in shaded and un-shaded cases.  

Results showed that the relative significance of thermal insulation increased in all 
shaded cases of all WWRs compared to un-shaded cases except for WWR10, in which 
shading initially did not result in energy savings due to increase in lighting loads as a 

WWR
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previously discussed. As WWR increased, the shading effect increased and the relative 
significance of thermal insulation also increased. 

For example, in Khargah city, Fig.8, the case of WWR 20 with 10cm thermal insulation 
achieved 7.6% savings compared to being un-insulated, while in the shaded case, the same 
insulation achieved 9.2% savings, also compared to being un-insulated. These two values 
represent the relative significance of insulation in each of the shading cases. The relation 
between these two values indicates that 22.2% increase in significance of thermal insulation 
occurred when the window was shaded. This value increased to 31.5% at WWR 30 and to 60% 
at WWR 40 and continued to increase as WWR increased.   

These results show that window shading might affect the decision of whether to add a 
layer of thermal insulation or not. For example, in the un-shaded WWR 50 case, only 2.7% 
savings were achieved by adding 10cm wall thermal insulation, which may be considered a 
value of low significance. But for the shaded window, the same insulation results in 5% 
savings, making the savings value of quite more “relative” significance although the absolute 
value of savings due to insulation in both cases is nearly the same.  

 
Figure 8. Percentage of savings achieved by 10cm thermal insulation compared to un-insulated case in both 

shaded and un-shaded cases in each WWR in Khargah.  
 

In Cairo, Fig.9,  the same case of thermal insulation 10cm in WWR20 resulted in 3% 
savings for the un-shaded window, while this value increased to 4.1% for the shaded one, 
showing 36.6% increase in significance of insulation than in the shaded case. In WWR30, 
savings increased from 1.8% to 2.9% when shaded, in WWR 40 savings increased from 1.3% 
to 2.4%, while in WWR 50 savings increased from 0.5% to 1.6%. Although these values 
represent 61%, 84.6% and 220% increase in the relative significance of insulation in the 
latter three WWRs respectively, yet, they do not reflect a significant change in absolute 
savings values. 

  
Figure 9. Percentage of savings achieved by 10cm thermal insulation compared to un-insulated case in both 

shaded and un-shaded cases in each WWR in Cairo.  
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Conclusion	

The patterns of energy consumption and energy savings in Cairo and Khargah showed 
similarity. However, the absolute values of energy consumption in Khargah city was 
significantly higher than those in Cairo, due to temperature difference between both cities, 
and consequently the savings resulting from thermal insulation was of much more effect in 
Khargah, than in Cairo. 

Consumption was dominated by cooling loads that increased as WWR increased. In 
parallel, artificial lighting loads gradually decreased from WWRs 10 to 40. Above WWR 40 
differences in lighting consumption were negligible. This resulted in an overall high increase 
in consumption. 

Shading had a dominant highly significant effect beginning from WWR 20 and 
increased as WWR increased. Savings due to shading in Khargah ranged from 16.5% to 
about 50% between WWRs 20 to 50 and continued to increase up to 88.8%  at WWR 90,  
while in Cairo it ranged from 20% to more than 53% at WWRs 20 to 50 and continued to 
increase up to 94.5%  at WWR 90.  

Thermal insulation achieved nearly the same absolute values of savings in both 
shaded and un-shaded cases. Savings resulting from thermal insulation decreased as WWR 
increased. They were less than those resulting from window shading. The highest savings 
were achieved at WWR 10 reaching 10% in Khargah and 5% in Cairo. 

If it is needed to decide either to shade or to add thermal insulation, results indicate 
that the decision should be to shade from WWR 20 upwards, while to insulate at WWR10. 

The decrease in overall consumption due to shading improved the relative 
significance of thermal insulation starting from WWR 20 and larger. The relative significance 
increased as WWR increased due to the increased savings achieved by shading. However, 
the improved significance of insulation has to be viewed in parallel to absolute consumption 
values. A doubled or tripled improvement in relative significance might not be considerable 
in case the absolute savings were initially insignificant. 
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Abstract: Research has shown simulations of theoretical adaptive building envelopes are capable of modifying 
their form, insulation, porosity, transmissivity, and thermal mass in response to changes in the weather, and 
are able to reduce energy use without compromising occupant thermal comfort – supporting the vision that 
future building envelopes can be adaptive to changing weather and occupant needs.  Thus far, simulations 
have primarily been confined to exploring single zone test models limited to a single adaptive envelope and 
have yet to explore increasingly complex systems that may involve multiple occupied zones or two or more 
adaptive envelopes acting in collaboration. This paper presents preliminary findings from a pilot study that 
simulates a multi-zone, low thermal mass, small open office scenario with two adaptive building envelopes 
located on opposing sides of the occupied spaces.  The adaptive envelopes are simulated, allowing for 
continuous manipulation of their form, insulation, porosity, and transmissivity qualities and providing the 
means for control over the energy exchanged between indoor and outdoor environments. Results show that 
past simulations relying on single-sided natural ventilation may have underutilized the porosity variable for 
cooling, in contrast, this pilot study shows that cross ventilation is more often utilized and to greater effect. 
However, the work raises the issue that further refinement in prioritizing optimization objectives and defining 
constraints and penalty functions in increasingly complex models is necessary to explore the full potential of 
adaptive building envelopes. 
 

Keywords: adaptive building envelope, envelope behaviour, natural ventilation, energy, pilot study 

Introduction	

Adaptive building envelopes (ABEs) have been demonstrated through simulation to reduce 
energy required for indoor climate control while maintaining indoor occupant comfort 
levels.  Providing a dynamic envelope system to respond to changing environmental stimuli 
demonstrates that the system is better suited to minimize energy needed for maintaining 
desired occupant needs than a static envelope system is capable of.  This feat has been 
achieved by finding unique envelope configurations, typically in hour to hour time intervals, 
in response to changing weather and indoor conditions, thus controlling how much energy 
passes through the simulated building’s thermal envelope.  This control is managed by 
means of manipulating five dynamic response variables; Form, Insulation, Porosity, 
Transmissivity, and Mass (thermal storage).  Each of these dynamic response variables have 
previously been integrated into built projects demonstrated by a range of technologies 
already on the market from the humble operable window, to electrochromic glazing, 
dynamic insulation, and moveable solar shading, (Loonen et al., 2013). 

Recent years have seen a series of studies that explore the potential of ABEs abilities 
to reduce energy use without sacrificing occupant comfort.  These studies have 
demonstrated substantial energy savings can be found in ABE models when compared to 
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climate appropriate, energy efficient designs with static envelopes (de Boer et al., 2011, 
Erickson, 2013), while occupant comfort is maintained, if not improved (Kasinalis et al., 
2014).  Individually, several important aspects of ABEs have been explored, including 
dynamic insulation and thermal storage (Jin et al., 2015), switchable glazing (Favoino et al., 
2015), and dynamic window to wall ratio (Goia and Cascone, 2014), as well as in 
combination (Erickson, 2013).  These studies explored the feasibility of ABEs and 
contributed to the proof-of-concept that ABEs are a viable means for reducing energy use in 
future buildings.  However, as pioneering work, these studies intentionally limited the scope 
of the experiments by excluding as many variables as was practical for the given experiment 
and/or limiting the size of the experiment to a small, office-like, thermal zone to reduce 
confounding variables, required computing resources, and simulation times.  These efforts 
identified limitations with existing building energy simulation tools (BES) which influence 
results such as complexities of single-sided natural ventilation or missing energy due 
limitations when accounting for transient thermal energy storage (Erickson, 2013, Loonen et 
al., 2016). 

This pilot study begins to move beyond ABE proof-of-concept, to explore some 
limitations of past work, primarily the role of natural ventilation and the expansion of the 
simulated environment from a single thermal zone with one ABE to multiple zones relying 
on multiple ABEs.  Results describe a change in energy performance and a notable 
difference to ABE behaviour during a typical autumn week compared to previous single zone 
ABE simulations, and several issues with achieving set objective functions in the increased 
ABE complexity are identified. 

Methodology	

Simulation methodology utilized in this pilot study relies on methodology described in detail 
in previous work (Erickson 2013) and will briefly be discussed here. 

While ABEs are well suited for managing multiple qualities of the indoor environment 
including indoor temperature, air movement, natural lighting, and visual glair, manipulation 
of the dynamic response variables affects these qualities simultaneously and to differing 
degrees making for a complex solution space where the need to evaluate trade-offs 
between indoor environmental quality priorities and energy use is necessary.  To mimic an 
adaptive envelope reacting to changing weather and internal thermal demands from hour 
to hour, a custom algorithm was used consisting of a building energy simulation (BES) 
software (EnergyPlus v8.6 (U.S. Department of Energy, 2016)), an optimization program 
(GenOpt v3.1.1 (Wetter, 2016)), and a custom script to automate the process. 

Optimization is now commonly applied within the building design industry to find 
best-fit solutions from within a feasible solution space, such as window to wall ratios, 
glazing types, building orientation, and U-factors, where the algorithm is run for a static 
solution.  This research requires a Pareto optimal solution to be found for each hour within 
the simulated time (168 hours).  Where existing BES tools are adept to optimize variables 
within a given simulated time frame specified by simulation criteria, the ABE scenario 
requires the optimization to occur sequentially, advancing from hn to hn+1 where hn 
represents a single hour within the simulation.  The simulation was restricted to optimizing 
the envelope responsive variables (ERV) one hour at a time, advancing sequentially from h0 
to h168 in order to simulate one week of operation. 
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Figure 1: Adaptable optimization program structure. (After Erickson, 2007) 

The four adaptive responses simulated (mass was omitted from this study) were 
constrained by limits of current technologies available on the market and are described in 
Table 1 with respected limits. 

Table 1: Relationships Between Environmental, Independent Adaptable Response, and Dependent Variables	

Envelope	Variable	 Environmental	Stimuli	 Envelope	Response	Values	

Adaptive	Response	
Air 

Movement 
(m/s) 

Air 
Temperature 

(°C) 

Solar 
Thermal 
(W/m²) 

Solar Visual 
(lux) Variable	 Constraints	

Variable	Type	
Values	
Range	

Form	   envelope 
shading from 
external shade 
depth (m) 

envelope 
shading from 
external shade 
depth (m) 

shade depth  
   Horizontal (Fhi) 
   Vertical (Fvi)	

Fmin	≤	F	≤	Fmax	

Continuous	
depth (m)	
[0, 2]	extrusions	from	

envelope		

Insulation   modification of 
U-value though 
glazing to wall 
ratio (A) 

glazing to wall 
ratio glazing to wall ratio 

area (Awi)	
Ai	min or Ai	max	

Discrete	
On / Off	opaque	envelope	

Porosity change to air 
velocity from 
void area 
(m²) 

envelope 
void to solid 
ratio (ach) 

  
air changes per 
hour (ach/h)	

ach/h min ≤ ach/h ≤ ach/hmax	

Continuous	
window area (%)	
[0, 0.9]	void	envelope	

Transmissivity 
 solar gain 

(SHGC) 
transmissivity 
values (SHGC) 
affecting solar 
gain 

glazing visual 
transmittance 
(VT) 

glazing 
transmissivity (VT)	

VTmin	≤	VT	≤	VTmax	

Continuous	 [0.12, 0.84]	

transparent	
envelope	 SHGC	 SHGCmin	≤	SHGC	≤	SHGCmax	

Continuous	 [0.22, 0.70]	

(After Erickson, 2013) 

The optimization problem is formulated as a single objective, multivariable 
optimization function to minimize total energy use (sum of heating, cooling, lighting and fan 
loads).  A penalty function is used to help maintain occupant comfort, using Fanger’s 
Predicted Percentage Dissatisfied (PPD) as the metric, available within EnergyPlus.  If the 
mean PPD exceeds 10% a penalty function is imposed against the cost function (total energy 
use) restricting the solution to a point along the Pareto front where energy cannot be 
reduced any further without resulting in a costly penalty from increased occupant 
discomfort. 

Two versions of the basic test models were created which were based on the DOE 
Commercial Reference Buildings (U.S. Department of Energy), with tested geometry 
illustrated in Figure 2.  The basic model consists of three thermal zones totalling 135m²; two 
open offices spaces oriented north and south (60m² each), with a third corridor zone joining 
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the two offices (15m²).  The three thermal zones are each bounded by 4 adiabatic surfaces 
(floor, ceiling, and east and west walls) with air walls separating the three thermal zones 
allowing for interzone air mixing and cross ventilation through the AirFlowNetwork model 
within EnergyPlus.  Daylight controls allow for continuous dimming in the north and south 
offices while daylight is not considered to affect the core zones need for artificial light.  The 
spaces are modelled as wood framed floor, walls, and ceilings limiting any thermal inertia 
within the model to only the enclosed air mass. 

The baseline model for comparison, referred to as the Optimized Building Model 
(OBM), was optimized to achieve best annual energy efficiency performance for a static 
envelope by finding ideal values for window and wall U-factors, window to wall ratios, 
horizontal and vertical window shade depths, window SHGC, and exterior solar 
absorptance.  The second model referred to as the Adaptive Building Envelope (ABE) 
consists of 10 windows (2.76m2 each) with a window to wall ratio of approximately 91% on 
each ABE equipped wall.  Windows on each elevation are capable of modifying their 
transmissivity (SHGC which proportionally affects VT), porosity by means of their window 
opening factor, and insulation by way of deploying an insulated shutter (essentially changing 
the ABEs window to wall ratio).  The combined window and insulated shutter U-factor are 
equal to that of the OBM models wall U-factor.  The ABEs Form response variable is 
modified by extending horizontal and vertical shading surfaces located above and to either 
side of each window up to 2m from the ABEs surface (see Figure 2). 

 

Figure 2: Geometry of OBM and ABE test zones. 

For simple comparison, data from a previous project is used as a reference regarding 
ABE energy and comfort performance.  This comparison data consists of individual single 
zone models with the corridor zone absent, where the ABE was located on either the north 
or south wall and simulated as described previously.  However, it must be noted that this 
previous data was derived from models using ASHRAE 90.1 2007 standards and did not have 
a constraint ensuring a minimum area for unobstructed window area during occupied 
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hours.  The single zone model data is included only for reference in determining changes in 
ABE behaviour and identifying issues relating to the increased complexity of the ABE model. 

Table 2: Energy simulation parameters 

General	Settings	

Parameter	 Multi-Zone	Values	 Single	Zone	Values	
(for	reference)	

Clo value 1 1 
Electric plug load 6.78 W/m² * 10.76 W/m²† 
Lighting power density: 8.82 W/m² * 10.76 W/m²† 

Occupancy 15 m²/person 15 m²/person 
Lighting Illuminance: 500 lux*, Continuous / Off Illuminance: 500 lux*, Continuous / Off 
Cooling set point 23 °C * (0600 to 2200 hours) 23 °C (0600 to 2200 hours) 
Heating Set point 21 °C * (0600 to 2200 hours) 21 °C (0600 to 2200 hours) 

Flow / exterior surface area 0.00056896 m3/s-m2 * 0.000302 m3/s-m2† 
Outdoor air flow / zone floor area 0.000431773 m3/s-m2 0.000431773 m3/s-m2 
Physical dimensions Refer to Figure 2 Height: 3.05m Width: 10m, Depth: 6m 
HVAC PSZAC (electric). No economizer PSZAC (electric). No economizer 

Exterior wall type Wood frame Wood frame 

OBM	Specific	Values	
North wall U-factor U-factor: 0.0897 U-factor: 0.137 
South wall U-factor U-factor: 0.1897 U-factor: 0.142 

North windows U-factor: 1.98 SHGC: 0.61 
Area: 6.44m² each 

U-factor: 4.273 SHGC: 0.723 
Area: 3m² each 

South windows U-factor: 1.98 SHGC: 0.61 
Area: 5.53m² each 

U-factor: 4.273 SHGC: 0.723 
Area: 3.12m² each 

ABE	Specific	Values	
Combined window/shade insulation U-factor: 0.09  
Windows  U-factor: 1.98 SHGC: 0.61 

Area: 2.76m² each 
 

*ASHRAE 90.1-2013 values     †ASHRAE 90.1-2007 values 

Results	and	Discussion	

Results show a similar, but not as significant difference in energy use compared to previous 
single zone ABE simulations.  Energy use decreases by 19% in the south oriented thermal 
zone (-18.9 kWh) while the north oriented zone shows a slight increase in energy use over 
the OBM model (+1.17 kWh).  Combined with the third thermal zone, the corridor space, 
the ABM model reduces energy use by 8% (EUI = 1.6 kWh/m²) compared to the OBM (EUI = 
1.8 kWh/m²), savings which are realized through the reduction in cooling and lighting loads. 

This moderate energy reduction results in a higher average hourly PPD value than the 
OBM model (+4.5%) during occupied hours (Table 3).  These hours of discomfort using PPD, 
occur during the early morning hours (0600 to 0800) and are more acute in the north 
thermal zone before the space has time to warm up.  Once solar radiation turns into gains 
for the south zone the space quickly reaches the desired thermal comfort state with the 
north zone typically following suite in the next hour.  In describing the severity of occupant 
discomfort within in the ABE model, it is worth noting that if ASHRAE 55 adaptive comfort 
model is used as a metric, than all occupied hours within both ABM and OBM models meet 
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90% acceptability levels demonstrating that the resulting indoor conditions may be a matter 
of the penalty function sensitivity. 

Examination of the simulation data shows the multi-zone models are running cooler 
during the simulated week than the single zone models as seen by higher heating loads in 
the north ABE zone (Figure 3).  Overall, the ABE model reduces lighting by 34% and cooling 
by 38%, but requires a 21% increase in heating and a matching increase in fan loads.   

 

Figure 3: Total Energy Use during 120 hour week 

One possible explanation for the ABE model running cooler may be that the Porosity 
envelope response	variable is observed to be much more active than in previous single zone 
simulations.  Where single zone simulations show activity for 4 and 13 hours in the north 
and south single zone models respectively during the same autumn week, the multi-zone 
ABE sees activity for 42 and 41 hours, operating nearly simultaneously (Figure 4).  This 
behaviour is comparable to that displayed by the OBM model’s own window opining which 
is triggered by temperature (Tzone > 23.2 °C subject to Tzone > Tout) and is opened for 42 hours 
on both north and south envelopes.  The difference in opening factor between ABE and 
OBM models can be partially accounted for by the window area available for opening.  
While OBM is observed to max out the window opening factor during four hours in the 
south zone, and once on the north, the total open area would be 19.32m² (north) and 
16.59m² (south) while if the ABE was to open fully, the open area would be 27.6m².  

From this data, the ABE model appears to react closely with changes to the outdoor 
temperature, relying on natural ventilation for cooling when possible more than single zone 
models did.  However, this data is also a reflection of the limitations of existing natural 
ventilation models.  The airflow model incorporated into EnergyPlus does not simulate 
single-sided, wind driven ventilation effectively and may not be accurate for large openings 
(Zhai et al., 2015, Johnson et al., 2012). 
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Table 3 : Multi-zone performance (120 hours) 

 Multi-Zone	
 ABE	North	Zone	 ABE	South	Zone	 OBM	North	Zone	 OBM	South	Zone	
EUI [kWh/m²] 1.55 1.34 1.53 1.66 
Mean PPD [%] 13.85 12.82 9.13 8.07 
Zone Mean Temp [°C] 23.1 23.2 23.5 23.6 
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Figure 4: Porosity variable behaviour between multi-zone ABE and OBM models, and single zone models 

Results bring to light several issues regarding increased complexity in simulating 
effective ABE models.  This data specifically illustrates that previous single zone ABE 
simulations may not have been utilizing the Porosity envelope response	variable as often as 
had the natural ventilation system been modelled as cross ventilation and not as single 
sided ventilation.  And that sensitivity tests are needed to identify what airflow model 
configurations within EnergyPlus are best suited to accurately simulate ABEs porosity 
variable.   

Further review of these findings suggest that with multi-zone ABEs the constraints and 
penalty functions used in prior studies may not be adequate for the added complexity in 
multi-zone ABEs.  Further refinement to defining optimization constraints and prioritizing of 
objectives will be needed in order to match the EUI performance and occupant comfort 
levels observed in previous studies.  With an increasing number of objectives for ABEs to 
meet (e.g. minimize: energy use, occupant thermal discomfort, visual glare, etc.) and by 
imposing additional constraints as would be required by building codes and occupant 
preferences (e.g. minimum outdoor air flow rate, minimum unobstructed window area, 
maximum, allowable air velocity, etc.), a decrease in energy savings and occupant comfort 
levels would be expected to some degree as the number of feasible solutions force the 
Pareto front to retreat from the ideal point of perfect occupant thermal and visual comfort 
without expending any energy. 

Conclusion	

This pilot study identifies several key issues that affect the simulation and theoretical 
comfort and energy advantages of ABEs.  This study supports the notion that the Porosity 
variable is more active and effective in a cross ventilation system opposed to a single sided 
system, and that sensitivity analysis will be needed to find ideal settings within simulation 
software for modelling such systems.  Findings also reinforce the assumption that with more 
complex building models ABEs may become less effective without more robust rules 
governing their behaviour.  Further work will be needed to refine how ABEs prioritize 
possible conflicting objectives, such as effectively prioritizing their multiple objectives, 
setting effective cost functions to the optimization algorithms constraints, and more 

1
0.8
0.6
0.4
0.2

0
1

0.8
0.6
0.4
0.2

0
1

0.8
0.6
0.4
0.2

0

0 12 24 36 48 60 72 84 96 108

W
in
do

w
	O
pe

ni
ng
	F
ac
to
r	[
%
]

Hour

OBM Multi-Zone North OBM Multi-Zone South
ABE Multi-Zone North ABE Multi-Zone South
ABE 1zn: North ABE 1zn: South

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2537



exploration into how additional thermal zones with independent ABEs may complement or 
compete with each other with these evolving rules of ABE behaviour. 
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Abstract: Up to 20% of energy is lost through windows in domestic properties, window coverings are a common 
way of minimising this energy loss.  The work presented in this paper provides accurate measurements to 
quantify the savings offered by curtains made from fabrics made using sustainable methods.  These fabrics were 
treated with three different linings. These were compared to the measured savings offered by standard lined 
curtains.  The measurements were carried out under controlled conditions in a real-world test environment at 
the University of Salford Energy House, this allows for accurate measurements, in a test environment that 
replicates conditions found in domestic properties.  The results show that the recycled products out performed 
standard lined curtain in all cases and could reduce thermal transmittance by up to 11% when dual-lined.  
The results from the experiment are used as an input to a dynamic simulation model of the Energy House. Results 
show a reduction of annual energy demand for heating of up to 2.2% per annum, with payback periods of up to 
48 years.  These series of measurements provide energy modellers and industry important data to use in models. 
	
Keywords: Curtains, thermal performance, windows, U-values, energy savings 

Introduction 

The UK housing stock is responsible for around 29% of total energy consumption in the UK, 
62% of this energy is used for the space heating (Palmer & Cooper, 2013). Here we consider 
a method of reducing energy demand of dwellings using one of the simplest and most cost 
effective methods; curtains. A series of five different experiments were carried out; three 
variations of tweed curtains, one set of standard lined curtains and a single glazed timber 
window with no coverings and as an experimental baseline.  The measured results were then 
used in a dynamic simulation tool to aid predict savings made by the use of curtains over a 
typical year in a defined weather climate. 

On review of UK statistics held over a 30 year period, from 1970 to 2010 heat loss 
through windows in dwellings has remained at a constant 20% of the total average heat loss 
from a dwelling. This reflects an area for possible savings in a dwelling. Previous studies have 
identified savings found from the use of curtains, however the results found for the reduction 
of heat transfer vary significantly, ranging from 4-10%  (Lunde & Lindley, 1988) up to 38% 
(Baker, 2009).  This is largely due to variation in experimental design and the selection of 
materials used to make the curtains.  The performance is also affected by the fitting of the 
curtain itself and the sealing effect (a layer of still air is trapped between the curtain and 
window). A difference in heat transfer of between 17-19% has been found due to this effect 
(Fang, 2001).  Given the number of experimental variables at play in the performance of 
curtains it was decided by the researchers to take an experimental route using several curtain 
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types under exactly the same environmental conditions. This would allow for comparability 
between the two types of curtain and also an opportunity to record results accurate enough 
to be used in dynamic modelling.  

The curtains studied were provided by a community energy group Tighean Innse Gall.   
They are made from Harris Tweed, a fabric made from pure wool and weaved by hand in the 
home of the islanders from the isles of Lewis and Harris, Uist and Barra in the Outer Hebrides 
of Scotland.  The islands where the curtains are made currently have high levels of fuel 
poverty of 59% (Scottish Government, 2015), which is a driver to develop energy savings 
materials such as those studied here. The products used for test were waste products from 
the manufacture of other products such as garments. The remainder of the materials such as 
insulating cloth and foil materials were sourced externally.  

Methodology 

The experiments were all carried out in a single room at the Energy House at the University 
of Salford, UK.  This test facility consists of a full size replica of a 1900-1910 terraced house.  
The building is a solid walled property currently uninsulated throughout, with the exception 
of 100mm of glass fibre at ceiling level of the first floor. The house is fully furnished and 
finished to have the same characteristics as a house of this type found in the field.   As such 
the building performs in much the much the same way as a building in the field from a thermal 
heat transfer point of view. The window which forms part of the experiment is a typical single 
glazed sliding sash window built to imitate those found in older buildings.  (Ji, Fitton, Swan, & 
Webster, 2014). Figure 1 shows the floorplans for the facility. A floor area of 61.55m2 is used 
to calculate energy demand per area for comparability. 

 

 
Figure 1.Floorplans of the Energy House test facility. Dimensions shown are in mm. 

 
Each experiment measures the U-value during a test period in which heat is applied 

to the room. The U-value is a measure of thermal transmittance through a building element 
and is calculated to BS EN ISO 6946:2007. 

 A convector heater is situated to the rear of the room so as to allow heat to circulate 
around the room. This is done to initiate steady state conditions within the room and through 
the tested element. A set point of 22 oC is used for the room, while the external temperature 
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is regulated to approximately 5 oC using an HVAC system. This ∆T of above 10K was used to 
promote monodirectional heat flow through the element.   

ISO 9869 specifies a suitable methodology for measuring U-values in opaque materials 
(ISO, 2014), this method is not designed for windows but was suitable in directing the 
experimental work carried out in this paper.  The heat flux transducers (HFT) used were 
Hukseflux HFP01 (Hukseflux, 2000), and the surface temperature was measured using type T 
thermocouples.  These devices were fitted to the top and bottom sections of the window to 
allow for stratification of air to be accounted for, 3 HFT were fixed to the top and 3 to the 
bottom portion of the window. 
 

Table 1. Experimental matrix listing all curtain variables. 
Variation Description 

Glass Control test 1: Unobstructed glazed element 

Traditional Curtain Control Test 2: Traditional material 

Tweed Curtain Composition 1: Basic material, cotton lined 

Tweed Curtain with Foil Lining Composition 2: Internal layer of foil 

Tweed Curtain with Foil & Polyester Composition 3: Internal layers of foil & polyester 

 
Table 1 lists the experimental matrix with all variations for U-value measurement. These 
measured U-values are only representative of the centre pane value and do not incorporate 
a value for the timber frame element, as there is no commonly accepted in-situ measurement 
technique for this. 

Accuracy	and	Uncertainty	

The U-value is calculated using the average method from ISO 9869; the final 4 hours of each 
data are used to calculate this average U-value. ISO 9869 defines a typical margin of error of 
± 14-28% of the measured U-value.  However this standard is designed to be used in situations 
with significant variations in temperature and heat flux (in-situ measurements on site) (ISO, 
2014), when Baker carried out similar measurements in a climate controlled chamber a 
different method of calculating error was given, which is more suited to controlled climates 
(Baker, 2011): 

 

𝐸𝑟𝑟# = 𝑈 − 𝑈'(()
* + 𝑈 − 𝑈'((,- * 𝑈 − 𝑈'((,' * + 𝑠𝑑 *, 

 
where Errc is the overall uncertainty of the U-value estimate and UerrQ, UerrTi and UerrTe are the 
U-values calculated by applying the errors due to the measured values for heat flux, internal 
temperature and external temperature.  

The HFT (Hukseflux HFP01) used to measure heat flux is accurate to within 5% 
(Hukseflux, 2000) and the type T thermocouple for measuring Internal/External Surface 
Temperatures in oC has a tolerance of ± 0.5oC. These uncertainties are applied to all calculated 
U-values with respect to heat flux and internal / external temperatures and an average 
uncertainty drawn for each variation; these are then combined with the standard deviation 
of the U-value data to calculate an overall uncertainty. 
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Results	

Data collected over the course of the test programme was used to calculate the U-value for 
each variation at the top and bottom panels of the element. Figure 2 shows the dynamic data 
for the average calculated U-value, revealing the scale of reduction in this U-value by 
progressing from a scenario with no curtain, to the introduction of a traditional curtain, 
before moving onto the three variations of tweed curtain. The results illustrate greater 
reduction of U-value, and so thermal transmission through the element, with each successive 
variation. 
 

 
Figure 2. Average calculated U-value for each curtain variation with hourly running average. 

 
Data was processed for the five scenarios illustrated in Table 1 using the average 

method as defined in ISO 9869. Results for the calculated U-values and the average difference 
from unobstructed glazing are given in Table 2. Stratification of the air was shown to cause 
U-values at the top of the window to be slightly higher in most cases.  
 

Table 2. Calculated U-values and average difference from an unobstructed glazing element. 
Variation Top U-value 

[W/m2] 
Bottom U-value 

[W/m2] 
Average U-value 

[W/m2] 
Average 

Difference [%] 
Glass 4.6 ± 0.6 4.4 ± 0.5 4.5 ± 0.6  

Traditional Curtain 3.1 ± 0.6 3.0 ± 0.5 3.1 ± 0.6 -31.7 
Tweed Curtain 2.9 ± 0.6 3.0 ± 0.5 2.9 ± 0.6 -34.5 

Tweed Curtain with 
Foil 2.8 ± 0.6 2.8 ± 0.5 2.8 ± 0.6 -38.0 

Tweed Curtain with 
Foil & Polyester 2.8 ± 0.6 2.7 ± 0.5 2.7 ± 0.6 -39.3 
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Model	Outputs	

A model of the Energy House was created in Designbuilder – software which allows dynamic 
energy simulations of buildings – using a measured survey of the house. The model was 
calibrated using the method explored in the authors’ previous publication, where in-situ 
measurements of the building envelope’s thermal performance were collected. U-values 
were calculated using data collected under steady state conditions according to ISO 9869, a 
measure of air leakage was also calculated from an average of blower-door tests carried out 
according to ATTMA Technical Standard L1 (ATTMA, 2010). These measured values replaced 
those assumed by Designbuilder and were proven to reduce inaccuracy in predicting the 
energy performance of the building. A coheating test (Johnston et al., 2014) was conducted 
to evaluate a global heat loss coefficient (HLC) for the building – a value which could be 
predicted accurately by the calibrated model to within 2.4%. 

It is possible to adjust the parameters of each element of the building to reflect a 
realistic modification to that structural element – a facility which is ideal when investigating 
the impact of energy saving measures on the overall building’s energy performance. As 
discussed in this paper, the curtain is a common means of reducing the energy demand for 
space heating, which is employed to reduce heat loss through glazed elements. Modification 
of these glazed elements within the calibrated model would then facilitate a projection of the 
impact of curtain variations on the overall energy performance of the building – determined 
by a number of factors, notably the demand of energy for heat, the cost of energy for heat 
and the payback period for the energy saving measure. 

The model is first conditioned to reflect the desired conditions. Weather data supplied 
by IWEC (International Weather for Energy Calculations) was used alongside ASHRAE 
worldwide design weather data to generate conditions expected at Stornoway on the Isle of 
Lewis to facilitate these conditions. 

Experimentally measured centre pane U-values of each variation were used to further 
calibrate the model of the Energy House. The typical process of directly applying measured 
U-values to a building element is not applicable when dealing with glazed elements, however 
to achieve the same effect of the technique originally used to calibrate the model the 
individual component for thermal conductivity across the glazed element was adjusted so 
that the centre pane U-values matched the measured values.  

A second issue is found with the inability to schedule curtain use. For simplicity, it is 
assumed that curtains are used for 12 hours a day to reflect the evening occupancy profiles 
assigned to the living room and bedrooms of the building, determined by the occupancy 
schedule data provided by UK NCM (UK National Calculation Method). In the UK, it is also 
common practise to restrict curtain use in the bathroom and kitchen and so simulations only 
observe the use of curtains for the living-room and bedrooms of the building. The impact of 
each curtain variation on the energy performance indicators identified above are now 
discussed. Figure 3 shows the reduction of energy demand achieved with the application of 
variations listed in Table 1.  
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Figure 3. Annual energy saving per floor area with each curtain variation 

 
The successive reduction of U-value is reflected here in the annual energy savings - the results 
demonstrate that tweed curtains of increasing layer composition improve the overall energy 
performance of the building. The initial model produced an annual energy demand for 
heating of 135.5kWh/m2/year, this was reduced to 132.6kWh/m2/year with the greatest 
annual energy saving provided by tweed curtains with polyester and foil. The impact of this 
reduction of energy demand on the cost of fuel is indicated in Table 3, where annual cost is 
pitched against the average daily cost and daily savings for each variation. Note that the cost 
for gas is calculated using the quoted cost per kWh provided by British Gas as of January 2017. 
 

Table 3. Annual and daily average daily cost of energy for heating, with daily savings per variation 
Variation Annual Energy Cost 

for Heating 
Daily Average Energy 

Cost for Heating 
Daily Average 

Saving 
Glass £374.33 £1.02 - 
Traditional Curtains £368.14 £1.00 £0.02 
Tweed Curtains £367.21 £1.00 £0.02 
Tweed Curtains with Foil £366.74 £1.00 £0.02 
Tweed Curtains with 
Polyester and Foil 

£366.27 £1.00 £0.02 

 
The cost of energy consumed for space heating is seen to be reduced by up to 3% with 

the application of tweed curtains with internal linings of both polyester and foil. An average 
reduction of 2% is observed for all other variations of curtain.  

Taking on board that each curtain variation costs £100 to produce; a total cost for the 
installation of tweed curtains is £300. The corresponding payback period for curtains then 
varies from 48 years for traditional curtains, to 42 years for standard tweed curtains, to 40 
years for tweed with a foil lining and 37 years for tweed curtains with a foil and polyester 
lining.  

Data produced for reduction in energy demand, energy cost and payback period all 
point to an improvement in the energy performance of the building’s envelope with each 
successive variation. The impact on energy performance has however been identified in these 
data as minimal. Though a promising picture was painted with the large reduction in centre 
pane U-value, potential for any considerable impact on overall energy performance is not 
propagated through to the reduction in energy cost, where an unfavourable payback period 
of 37 – 48 years is also found. 
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The same model also underwent simulation at a different location in order to compare 
the impact of curtain use under more moderate conditions. Manchester was chosen as it 
represents a location of moderate climate in the UK with an average exposure to the 
conditions presented. A similar reduction was observed for all variations in these simulations 
(up to £0.02 daily reduction in heating cost, up to 2.3% reduction in CO2 emissions, and a 
payback period of up to 54 years), however the impact was somewhat greater for Stornoway. 
This greater impact can be attributed to the disparity of initial energy demand for heating 
found with each location. Simply put, locations with harsher climates gain higher benefit from 
fabric-based energy saving devices such as curtains due to a higher initial demand for energy. 

Carbon emissions for each curtain variation were also modelled. ‘Green House Gas 
Conversion Factors’, as provided by the UK Government (DECC, 2016), were used to calculate 
the annual carbon emissions due to natural gas consumption for heating in each simulation. 
Continuing the observed trends in data, greater reductions in CO2 emissions are observed 
with successive curtain variations; though the scale of impact is also replicated in this data 
with emissions for the unobstructed window at 1701kg falling to 1673kg (1.7% difference) for 
traditional curtains and to 1665kg (2.2% difference) for the final tweed curtain variation.   

Conclusion	

Tests were performed on a window element of the Energy House at the University of Salford. 
Tweed curtains were considered for their ability to improve building fabric performance and 
reduce thermal transmission through the building envelope via glazed surfaces. Three types 
of tweed curtain were considered for the test: standard tweed with a cotton lining, tweed 
with a foil and cotton lining and tweed with a polyester, foil and cotton lining. Two control 
tests were included in the study: a clear window and the same window with traditional cotton 
curtains. Surface temperatures and heat flux were measured throughout the study, during 
which steady state conditions were achieved by controlling both internal and external 
temperatures; a ∆T of >10K was used to ensure mono-directional heat flow. 

Results show that the unobstructed glazed element had an average U-value of 
4.5W/m2K.  This was reduced to 3.1W/m2K with the introduction of traditional curtains to the 
element, reducing the thermal transmission by 31.7%. A further reduction of 4.1% was 
achieved by replacing traditional curtains with tweed curtains, lowering the average U-value 
to 2.9W/m2K. Tweed curtains with a foil and cotton lining reduced the U-value to an average 
of 2.8W/m2K, while tweed curtains with a polyester, foil and cotton lining gave a final U-value 
of 2.7W/m2K, a reduction from traditional curtains of 11%.  

These results demonstrate that tweed curtains of increasing layer composition improve 
performance over traditional curtains and provide a decrease in thermal transmission 
through the glazed element by an average of 39.3%. 

Dynamic modelling suggests only a slight improvement in domestic energy performance 
when using curtain variations, with reductions in energy demand for space heating of up to 
2.2%. Similar reductions of up to 3% are observed with the associated cost of energy for this 
heating. With this relatively small impact on saving, an unfavourable payback period of up to 
48 years is found. Further investigation of carbon emissions delivered a maximum annual 
reduction of 36kg, a 2.2% reduction from the emissions of a building without curtains. 

Dynamic modelling offers the opportunity to explore further means of improvement. 
As discussed early on in this paper, the way in which a curtain is fitted at a glazed element is 
instrumental in causing considerable disparity in the thermal performance of the curtain. The 
internal layering of both foil and polyester have also demonstrated a capacity to change the 
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thermal performance of the curtain considerably (up to 11% from the traditional curtain); 
further work would see different materials substituted within the curtain so that the potential 
impact on energy performance may be realised before moving on to a physical test.  

 Further experimental work is also proposed to investigate the additional benefits of 
curtain variations. Solar gains have a considerable impact on heating cycles and thermal 
comfort, a study for how these are effected by use of curtain variations is recommended. 
Extending thermal comfort to thermo-visual comfort allows yet further investigation into the 
effect of using curtain variations on the light admittance of the material. A final 
recommendation in support of occupant comfort is made for acoustic performance of the 
curtains and their ability to reduce noise penetration into the dwelling. 
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Abstract: Historical buildings used as galleries, museums and libraries always presents a challenge in manage 
indoor environmental control and energy efficiency. Degree Days is used as an indicator to reflect energy 
demand associated with local weather for heating or cooling a building. To control moisture for collection 
conservation, there needs to be an analogous parameter, similar to Degree Day, but can offset the outdoor 
moisture extremities relative to the indoor hygro-thermal requirements, and estimate the good-practice energy 
for humidification / dehumidification. This paper expands on a previously developed concept – Humidity Day, 
and presents the application of this concept in The National Galleries of Scotland in Edinburgh, UK, as a good 
practice energy usage indicator. Using psychrometric properties of air, energy required for latent addition and 
removal from room was calculated using the Humidity Day concept and the equations were used to obtain the 
guidance line for good practice latent energy. Raw data comprising of building utilities bills were obtained from 
various buildings in the case study and was processed to separate the energy consumption for 
humidification/dehumidification which was then plotted against the Humidity Day guidance line. This will enable 
the building management team to see whether their building is over consuming with regards to humidification 
and dehumidification in such buildings with moisture-critical indoor requirements for conservation. 
	
Keywords: Indoor Environmental Control, Historical Buildings, Museums and Art Galleries, Building Energy 
Performance, Energy Benchmarking, Latent Load 

Introduction		

Buildings represent the largest energy-consuming sector in the economy, with over one-third 
of all the final energy and half of global electricity consumed there (Fazeli et al. 2016). In the 
EU, the building sector accounts for 40% of all the energy consumption and 36% of the global 
CO2 emissions (Yuce et al. 2014; Constantinescu 2011). More than one-third of the energy 
demand of industrialised countries is due to achieving acceptable conditions of thermal 
comfort and lighting in buildings (Nassif 2013; Ciulla et al. 2016). Reducing energy use in 
building sector has become one of the primary topic of interest owing to the concerns of 
impending exhaustion of energy resources and serious environmental impacts (Shin & Do 
2016; UNEP 2009).  

It is known that the first step for optimising energy use in buildings is to have a mean 
for adequate energy use prediction (Fazeli et al. 2016). With the potential of buildings to 
contribute towards the reduction in CO2 emissions well recognised (Yuce et al. 2014; 
Constantinescu 2011), urban planners seek to prediction of building energy systems to assess 
the impact of energy conservation measures (Kohler et al. 2016). It is also known that the 
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building energy and indoor environmental prediction model forms the core of a building’s 
energy control and operation strategy design to induce energy savings including peak demand 
shaving (Shaikh et al. 2014; Li & Wen 2014a). Prediction of building energy use can help in 
identifying the pattern of existing energy use in the building and a general energy efficiency 
analysis of the building.  

Various methods and techniques have been developed to predict the building energy 
use, and have been classified into two types – engineering and statistical (Shin & Do 2016). 
The engineering approaches bear the drawback of requiring detailed information and 
parameters pertaining to the buildings, which are difficult to obtain or at times, unavailable 
(Li & Wen 2014). 

The two commonly used statistical methods for estimating building energy use are the 
regression method (Kissock 1993; Kissock et al. 2003; Haberl et al. 2005) and degree day 
method (Krese et al. 2012; CIBSE 2006; Handbook 2011). These methods have proven to be 
most useful in temperature-based analysis that accounts for only sensible loads. However, in 
order to better predict cooling energy in buildings, latent load has been considered in addition 
to sensible load in the form of enthalpy-based analysis (Shin & Do 2016; Krese et al. 2011). 

In special purpose buildings such as museums and art galleries, most of which are 
housed in historical buildings, there is an added energy demand from the buildings’ Heating 
Ventilation and Air Conditioning (HVAC) systems to maintain the indoor humidity, in addition 
to temperature, at adequate levels specified by the conservation standards for preserving all 
the historical collections (Corgnati et al. 2009; Corgnati & Filippi 2010; Kramer et al. 2015; 
Ascione et al. 2009). This set-points are usually very tight and narrow, demanding 
considerable amount of HVAC energy investment (Wang et al. 2014; Bellia et al. 2007). In the 
pursuit of optimising energy use in these special purpose buildings, the enthalpy-based 
statistical methods provide only partial prediction information pertaining to dehumidification.  

Hence, there is a need to obtain an independent weather-feature variable, similar to 
Degree Day, but which can take into account the latent influence of outdoor weather on the 
building energy usage. This variable can then act as guidance for good-practice latent energy 
consumption in a building belonging to a particular climate. It can also greatly aid in negating 
the climatic factors in comparison studies, where the energy performance of similar building 
types from different climates are compared; especially in the context where the building 
structure pertinent factors, rather than the uncontrollable climatic factors are to be 
considered for improving building energy performance via retrofitting solutions.    

A new weather-feature variable is developed and presented in a conference in a prior 
study. This study intends to expand on the concept and apply it in a typical representative 
case of a moisture critical building of great cultural significance. The National Galleries of 
Scotland (NGS), Edinburgh, is a mid-19th century stone-walled building, housing several 
valuable historical collections. The indoor conditions are maintained by dedicated Air 
Handling Units (AHUs) which are controlled by the Building Management System (BMS).  

Methodology		

The new parameter was developed using separate cases for humidification and 
dehumidification in space, defined by individual base moisture content for each case. 
Adequate data was obtained from a combination of sources in order to define the new 
parameter and justify the results. The following assumptions were made in the study – Base 
Moisture Content developed assuming indoor temperature constant between the range (19-
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21°C) based on observation of data, leading to three sets of calculations for HD. The moisture 
buffering properties are also beyond the scope of this study. 

The	Data	

The room temperature and RH inside the gallery space along with the energy consumed by 
humidifiers are measured and recorded by the BMS. Data pertaining to these recordings were 
obtained for the period of December 2013 – November 2014. Outdoor data was obtained 
from a combination of BMS, Met Office and Edinburgh University weather station for the 
same period of December 2013 – November 2014. 

Humidity	Day	

With respect to a desired indoor hygro-thermal condition, this new weather feature variable 
is developed to represent the extremities in the outdoor air moisture content along with the 
duration of the extremities (Equation 1) – 

𝐻𝐷 =
1
24 (±𝑔* ∓ 𝑔,)

./

0

 (1) 

Where, 𝐻𝐷 is the Humidity Day estimate (Kgmoisture.Day/Kgdry air), 𝑔* and 𝑔, are the Base 
Moisture Content and Outdoor Moisture Content, respectively, (Kgmoisture/Kgdry air). 

Base	Moisture	Content	(gb)	

The Base Moisture Content is subject to a building type (traditional or modern) and location, 
and its indoor environmental requirements. Similar to how Degree Day is split into two types– 
Heating Degree Day and Cooling Degree Day; Humidity Day can also be branched into two – 
Humidifying Humidity Day (HHD) and Dehumidifying Humidity Day (DHD).  

These two components of Humidity Day are defined with the help of Base Moisture 
Content, which is as follows – 

Base	Moisture	Content	for	Humidification	(gbh) 
This parameter is defined as – the amount of outdoor moisture content above which 
humidification is not needed. It can be obtained using Equation 2 as follows – 

𝑔*1 =
380𝑅𝐻678𝑒

(0:.<=:> ?
.@/.A)(

?
.A<.0/B?)

𝜌D − 611.21𝑅𝐻678𝑒
(0:.<=:> ?

.@/.A)(
?

.A<.0/B?)
 (2) 

Where, 𝑇 is the desired value of indoor temperature (°C); 𝑅𝐻678 is the lower threshold 
of the desired indoor relative humidity range (%RH) of indoor air; and 𝜌D  is the standard 
atmospheric pressure (101.325 kPa). 

In the case of a historical building functioning as an art gallery or museum, such as the 
NGS, the indoor temperature is found to be stable between 19-21°C. The Building Control 
System at the NGS triggers humidification once the indoor RH goes below 45%RH. The 
amount of humidification in treating the outdoor air to bring it to the desired indoor 
requirements is given by the HHD (Equation 3) – 

𝐻𝐻𝐷 =
1
24 (𝑔*1 − 𝑔,)

./

0

 (3) 
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The amount of energy investment to add this extra moisture quantified by HHD can 
then be obtained using Equation 4. 

𝐸1I6 = 𝑚 𝐻𝐻𝐷 𝐿L  (4) 
Where, 𝐸1I6	 (kW) corresponds to latent addition energy demand, 𝑚	 is the mass 

flowrate of humidifying supply air, and 𝐿L	is the latent heat of vaporisation (kJ/kg).  

Base	Moisture	Content	for	Dehumidification	(gbd)	
This parameter is defined as – the amount of outdoor moisture content below which 
dehumidification is not needed. It can be obtained using Equation 5 – 

𝑔*N =
380𝑅𝐻6OP𝑒

(0:.<=:> ?
.@/.A)(

?
.A<.0/B?)

𝜌D − 611.21𝑅𝐻6OP𝑒
(0:.<=:> ?

.@/.A)(
?

.A<.0/B?)
 (5) 

Where, RHmax	 is the upper threshold of the desired indoor relative humidity range 
(%RH). Similar to the case of HHD, T is found to be stable between 19-21°C. Once the indoor 
RH exceeds 55%RH, the control logic triggers cooling followed by reheat to bring down the 
indoor environment to the desired levels. The amount of dehumidification in treating the 
outdoor air to bring it to the desired indoor requirements is given by the DHD (Equation 5) – 

𝐷𝐻𝐷 =
1
24 (𝑔, − 𝑔*N)

./

0

 (6) 

The amount of energy investment to remove the extra moisture quantified by DHD can 
then be obtained using Equation 7. 

𝐸NQ1I6 = 𝑚 𝐷𝐻𝐷 𝐿L  (7) 
Where, 𝐸NQ1I6	(kW) corresponds to latent addition energy demand, 𝑚	is the mass 

flowrate of humidifying supply air, and 𝐿L	is the latent heat of vaporisation (kJ/kg).  

Application	of	Humidity	Day	

The Humidity Day is applied in the NGS. It is validated by comparing the latent energy demand 
calculated by HHD and DHD with the latent addition and removal energy demand estimated 
by a previous study using TAS thermal building simulation. However, unlike the Degree Day 
concept, where occupants’ contribution towards indoor heat gain is insignificant relative to 
solar gain and building fabric conduction gain, occupants significantly contribute towards 
indoor moisture gain. This becomes more substantial in the case of the NGS which follows 95% 
recirculation of room air, as an energy saving measure. A correction factor is required to 
obtain the latent energy demand for humidification and dehumidification. The modified 
version of equations 4 and 7 are as follows – 

𝐸1I6,STU = 𝑛 𝑚 + 𝐼 𝐻𝐻𝐷 𝐿L − (1 − 𝑛)[𝐿𝐴,[[] | t = opening hours (7) 
𝐸1I6,STU = 𝐼 𝐻𝐻𝐷 𝐿L   |  t = closed hours	 (8) 

 
𝐸NQ1I6,STU = 𝑛 𝑚 + 𝐼 𝐷𝐻𝐷 𝐿L + (1 − 𝑛)[𝐿𝐴,[[] | t = opening hours (9) 
𝐸NQ1I6,STU = 𝐼 𝐷𝐻𝐷 𝐿L   |  t = closed hours	 (10) 

 
Where, 	𝑛  is the ratio of fresh air mechanically entering the building, 𝑚  is the 

mechanical supply air flow rate (kg/s), 𝐼 is the infiltration rate (kg/s), and 𝐿𝐴,[[	is the latent 
addition from occupants (kW).  
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Results	

The proposed methods were applied and the results prove to be promising. The following 
section presents and describes some of the key findings. 

Humidifying	Humidity	Day	

 

 
Figure 1. HHD with respect to outdoor moisture content and indoor RH (above). Monthly HHD with respect to 

mean monthly outdoor moisture content (below) 
While the indoor RH at the NGS is well maintained within the limits defined by the 

conservation requirements, the instantaneous HHD estimates, highlighted by the black line 
in Figure 1 (top), displays the humidification demand whenever the outdoor moisture content 
(white line) is below the constant line pertaining to base humidifying moisture content. The 
HHD estimates (Figure 1 – bottom) indicates that the winter months are the driest, requiring 
a lot of humidification action; the action increases with increase in indoor set-point T from 19 
to 21°C.  

Dehumidifying	Humidity	Day	

Similar to humidification, the instantaneous HHD estimates, highlighted by the black 
line in Figure 2 (top), displays the dehumidification demand whenever the outdoor moisture 
content (white line) is above the constant line pertaining to base dehumidifying moisture 
content. The DHD estimates (Figure 2 – bottom) indicate that the summer months are the 
most humid, requiring a lot of dehumidification action; the action decreases with increase in 
indoor set-point T from 19 to 21°C.  
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Figure 2. DHD with respect to outdoor moisture content and indoor RH (above). Monthly DHD with respect to 

mean monthly outdoor moisture content (below) 
 

	

 
Figure 3. Validation of the HD concept. Latent Addition (top), Latent Removal (bottom) energy demands from 

HD compared with TAS simulation results.  
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Figure 3 describes the validation of the Humidity Day concept, where the latent energy 
demand for humidification (top) and dehumidification (bottom) are compared with the same 
obtained from a dynamic thermal modelling simulation performed in previous study (Wang 
et al. 2014). It can be seen that the results are fairly consistent in the two sets, given the 
number of assumptions used in this study, as described in the Methodology Section. The 
concept was then used to provide a good practice guidance for humidification energy 
consumption in the NGS (Figure 4).   
 

 
Figure 4. Humidifying Humidity Day providing guidance of energy consumption in the NGS for humidification. 

Green markers denote under-consumption, Red markers denote over consumption. 

Conclusions	and	future	work	

Building on the concept of Degree Days, this paper introduces a methodology to define a new 
weather-feature parameter, Humidity Day. The parameter measures the extremity and the 
duration of extremity in outdoor moisture content and its influence on the indoor air 
conditions and energy consumed to add or remove moisture in building. Humidity Day takes 
into account both latent addition (humidification) and latent removal (dehumidification). 
These two cases are developed using base moisture content defined separately to obtain 
respective Humidifying Humidity Day (HHD) and Dehumidifying Humidity Day (DHD) 
estimates. The base moisture content takes into account the desired indoor environmental 
conditions (Temperature between 19-21°C, RH between 45-60%).  

The concept of Humidity Day is then applied to a historical art gallery (NGS), which 
posed the challenge of maintaining a balance between the tightly controlled indoor air 
conditions and reducing energy use in the building. An estimate of DHD and HHD was 
established for the year 2013-14. While the cold months observed maximum HHD, indicating 
dry outdoor environment and demand for humidification, the summer months had maximum 
DHDs, which can be practically justified as winters are drier months. The concept is then 
validated by a comparison using a previous study, and used as a good practice indicator for 
humidification energy consumption at the NGS.    

In future, work will be done to further strengthen the Humidity Day parameter by 
removing the assumptions using scientific backing and case studies. The developed base 
moisture content will have associated adjustment factors which will take into account the 
moisture buffering properties of the building. Furthermore, sub-metering at the NGS will 
provide accurate data to help assess the dehumidification inside the NGS. 
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Abstract: When bring outdoor air into buildings, energy consumption for heating and cooling generally 
increases. One of energy conservation measures, an economizer system can be used for energy conservation 
in buildings by allowing outdoor air for cooling. For the present study, the operation data of the AHUs were 
utilized and the optimal outdoor air fractions for economizer control types in Spring, Summer and Fall in South 
Korea were calculated and analyzed. In addition, the cooling loads were calculated according to the outdoor 
air fraction to achieve energy conserving economizer control type. As a result, the use of proper outdoor air 
can save more than 20% of building cooling load compared to no economizer system. 

Keywords: Economizer, Outdoor Air Fraction, Cooling load, Air Handling Unit 

Introduction		

Energy saving strategies for HVAC operation in buildings can be categorized into three parts, 
which are 1) optimal start/stop, duty cycle, night purges, and economizer modes in air 
handling units, 2) a multiple unit control system in plant system, and 3) reset temperature in 
building zones. Among those, some applications have been adopted for energy conservation 
in buildings.  

When bring outdoor air into buildings, an energy consumption for heating and cooling 
generally increases. Otherwise, it can be reduced when the air circulating inside building is 
used but it can lead to the deterioration of indoor air quality. One of energy conservation 
measures, an economizer system such as an enthalpy control that can save energy by 
allowing outdoor air for cooling in buildings when the outdoor air enthalpy is low. Typical 
AHUs have an economizer system to reduce cooling energy (Wang et al, 2012). A significant 
amount of energy can be reduced by using an economizer cycle of HVAC system operation 
(Bulut et al, 2011). Moreover, it plays an integral role in maintain and improve indoor air 
quality in buildings (Zhao et al, 2006). 

It is important to maintain a comfortable and healthy indoor environment. In South 
Korea, the economizer cycle has been used to bring outdoor air for cooling during Spring, 
Summer, and Fall. The amount of outside air can be varied and determined by building 
engineers based on outdoor air temperature and indoor CO2 level (Suh et al, 2012). 
According to a survey on building automation systems of office buildings, 75% of buildings 
has used an economizer system. However, 9% of the buildings have used the automatic 
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enthalpy control and the other buildings depend on building engineers’ decision for the 
operation of an economizer system.  

Although many studies have investigated economizer cycles, few studies for the 
calculation of the optimal outdoor air fraction have conducted. In addition, most studies 
have used data from simulation programs and analyzed temperature-based and enthalpy-
based economizer cycles. In the present study, the data obtained from buildings’ AHUs were 
used to observe the outdoor air fraction in Summer and intermediate seasons in South 
Korea. The optimal outdoor air fractions for economizer control types were calculated and 
analyzed. In addition, the HVAC system loads were analysed according to the outdoor air 
fraction to achieve the energy conserving economizer control type.  

Literature	survey		

Yao and Wang (2010) investigated the energy saving potentials of the temperature-based 
and the enthalpy-based economizer cycles on VAV systems using simulation program. 
Chowdhury and Khan (2009) analyzed the effect of economizer of the return air 
temperature-based and pre-cooling using a building energy software and compared the 
simulated chiller energy consumption with measured data during the five working days. In 
addition, Son and Lee (2016) conducted the energy performance analysis by applying an 
economizer system to an office building using simulation program. They compared the 
cooling energy performance using the differential dry-bulb temperature (DT), the 
differential enthalpy (DE), and no economizer (NE) method. The temperature-based on 
economizer cycle depending on outdoor air temperature can trigger more cooling energy 
consumption without considering the latent heat. Moreover, Taylor and Cheng (2010) 
analysed inherent errors of economizer high limit control strategies in all climates in the 
United States. Due to minimal sensor error, low first costs and low maintenance costs, fixed 
dry-bulb control was applied high limit device for all climates. To solve the error of humidity 
sensor, Wang and Song (2014) used the internet weather data to substitute for outdoor air 
humidity measurements and studied an optimal high limit curve. Through the simulation 
and comparison of energy consumption by an AHU in economizer mode and minimum 
outdoor air, Wang and Liu developed the energy-efficient high-limit curve. Using a 15-year 
period outdoor air temperature data, Aktacir used a computer code of NE, DT, and DE 
economizer modes for simulations. In this study, the free cooling potential of region and the 
amount of energy conserved by control strategy was observed. Furthermore, Bulut carried 
out DT of economizer control types using bin data for 16 years. The study was analyzed free 
cooling potential according to supply air setpoint for an all-air HVAC system under outdoor 
conditions and an economic assessment. 

Method	

Outdoor	air	fraction	and	Economizer	control	type		

Outdoor air fraction is the ratio of outside air intake rate to the total amount of air delivered 
by the air handling unit system. Generally, No Economizer (NE) does not consider the 
outdoor air condition and maintains the minimum requirement. The minimum outdoor air 
fraction of the case study for this study is 30%. In the study, four control types of 
economizer cycles were selected from AHSRAE 90.1, which were Differential Dry-bulb 
Temperature (DT), Differential Enthalpy (DE), Differential Dry-bulb Temperature + 
Differential Enthalpy (DTDE) and Differential Enthalpy + Differential Dry-bulb Temperature 
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(DEDT). First, the DT method is to compare outdoor air temperature with return air 
temperature and the outdoor airflow is introduced when outdoor air temperature is lower 
than that of return air. Even if the outdoor air temperature is lower than the return air 
temperature, the outdoor air fraction changes depending on the where the supply air 
temperature is on the psychometric chart. In case of the DE method, enthalpy is compared. 
If the outdoor air enthalpy is lower than the return air enthalpy, then outdoor air is supplied 
to eliminate or reduce the cooling load. Moreover, the DTDE method uses two control 
methods and is a combination high limit control as shown in Figure 1. After first considering 
temperature such as the DT method, it uses a high limit control for return air enthalpy. 
Although the outdoor air fraction introduced should be 100% when temperature is 
compared, an area (area ④) in which the minimum outdoor air fraction, in terms of 
enthalpy, must be maintained is occurred. Thus, even though the outdoor air temperature is 
lower than the return air temperature, it is changed to the minimum outdoor air fraction 
because the outdoor air enthalpy is higher than the return air enthalpy. Furthermore, the 
DEDT method has a similar concept to the DTDE method, but it uses enthalpy as a base and 
set a return air temperature as high limit control.  
 

 
Figure 1. Differential Dry-bulb Temperature and Enthalpy method 

 

OAF	(Outdoor	air	fraction)	and	System	Load	by	Control	Type		

An air-handling unit (AHU) operates free or mechanical cooling according to the outdoor air 
fraction to reduce the cooling load. Figure 2 shows the temperature data of the AHU in the 
case study on June 1st. When the outdoor temperature was lower than return and supply 
air temperature from 1 to 9 AM, the AHU operates free cooling mode (mechanical 
ventilation without refrigeration) and the cooling coil valve was shut down. In addition, an 
outdoor air damper was used to match supply air temperature. During 8:00 AM to 9:00 AM, 
the outdoor air damper is fully opened and 100% outdoor air is brought in, when outdoor 
air temperature reaches near supply air temperature. Mechanical cooling with refrigeration 
on is fully operated from 9:00 AM. From 11:00 PM, free cooling is available but the heating 
coil valve is sometimes opened to provide heating based on the outdoor temperature. Thus, 
cooling and heating in buildings is highly influenced by to the outdoor air fraction and the 
proper use of outdoor air conditions can reduce energy consumption. 
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Figure 2. Cooling operation and hourly temperature for a day 

Results		

The	OAF	by	season	

Four control types were used to calculate the hourly outdoor air fraction (OAF). As the 
condition of the mixed air was changed according to OAF, the temperature and enthalpy of 
the mixed air was also changed. The monthly averages were shown in Figure 3.  

In March, the OAF for actual operation and the control types excluding NE were 37% 
and 33%-34%, respectively. In April and May, additional 10%-20% of outdoor air was 
brought into the building compared to March. Thus, the OAF for actual operation was 
highest in Spring. Among control types, the DE control showed the highest OAF and the 
DTDE control had the lowest OAF in Spring.  

In Summer, the DT control method showed the highest OAF distribution in June. In 
July and August, it showed lower OAF distribution than that in April and May. In Fall, a high 
outdoor air fraction was shown in September.  

 

 
a. Spring 
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b. Summer 

 
c. Fall 

Figure 3. Mean outdoor air fraction by season 

System	Load		

Each control method has a different OAF and the mechanical cooling load changes. Figure 4 
shows the monthly system cooling loads. In Spring, the cooling load was the lowest when 
the DE control was used. From March to May, the averaged actual system cooling load of 
the AHU in the case study, NE, DT, DE, DTDE and DEDT were 26.9MW, 55.5MW, 27.7MW, 
9.4MW, 30.4MW and 14.8MW, respectively. The cooling load by DE method is three times 
less than that of the actual operation. In addition, NE shows the highest cooling load, which 
is six times greater than that of DE. Among the economizer control methods in spring, DE 
method shows the lowest energy consumption. In summer, the distribution of monthly 
system cooling load by control types was similar to the energy consumptions but the cooling 
load during actual operation was relatively higher than that of the control methods. In 
addition, the OAF of the actual operation is approximately 4% higher than that of the other 
control method and these control types have different OAF from 2% to 14%. Since it was 
difficult to accurately control the OAF because it was controlled by the building’s operator’s 
discretion. Since latent heat cannot be controlled in temperature control method, the 
cooling load of DE and NE was lower than that of DT after examining the outdoor air fraction 
during summer. Thus, the DT control has higher OAF than that of DE and NE. In Fall, the 
cooling load for October and November had a low distribution. The cooling load for 
September and October was similar for the control methods. The cooling load for NE during 
Fall was 39.3MW, which is similar to Spring. DE had the lowest with 25.1MW, which makes 
NE about 1.6 times higher than DE. 
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As a result, the cooling load for operation in DE method can save 1.4 times than that 
of actual operation. When the cooling load of the case study during Summer and the 
intermediary seasons were examined, NE had the highest distribution and DE had the 
lowest. 

 

 
a. Spring 

 
b. Summer 

 
c. Fall 

Figure 4. Cooling load by actual operation and control types 
 
Figure 5 shows total cooling load by economizer control method and the energy 

saving ratio of each control method was compared with the actual operation and NE. When 
the actual OAF was used for operation in the case study, it consumes less energy than the 
NE method. However, it consumes 10% to 25% more energy when compared to other 
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control methods. In addition, DT can reduce energy consumption by 16%, 26% using DE, 17% 
using DTDE, and 23% using DEDT, compared to the NE control method. 

 
Comparing DT and DTDE method, DTDE reduced more 4 MW of the cooling load than 

that of DT because outdoor air has high humidity was considered to high limit control. 
Similarly, DEDT is about 7MW higher than DE. This is because the minimum outdoor air 
fraction was controlled by the high limit control of outdoor air temperature, even though 
the enthalpy of the outdoor air is low. 

 

 
Figure 5. Total system cooling load and energy saving ratio comparing control method 

with actual and NE operation 

Summary	and	Discussion		

For this study, the economizer system for AHU operation was examined and the OAFs were 
calculated building during Spring, Summer, and Fall. In addition, the optimal OAF for the 
economizer control types was analysed and cooling loads were also compared. 

According to the calculations of optimal OAF by the four control types, DE control 
method had a high outdoor air fraction and the DTDE control method had the lowest, 
excluding NE in Spring. In addition, DT control had a high OAF distribution in Summer. For 
the hourly cooling load for each control type, the DE control method was chosen as the best 
energy conserving system since this method can save more than three times of cooling load 
than that of NE method in Spring. Upon examining the cooling load during Summer, NE 
method had a lower cooling load than DT method because DT does not consider latent heat 
when outdoor air was brought into the building [39]. The DE control method was 
significantly effective in Spring.  

A variety of optimal control types by season would be available for the weather 
conditions in South Korea. When operating the actual OAF in the case study, it consumes 
less energy than NE method. However, it consumes 10% to 25% more energy compared to 
other control methods. Considering the steady maintenance of NE as the minimum OAF for 
the overall system cooling load, DT control reduced energy consumptions by 16%; 26% for 
DE control, 17% for DTDE control, and 23% for DEDT control. 
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For the combination control methods, DTDE control reduced 1.7% of cooling load than 
that of DT control because latent heat was considered. In addition, DEDT control method 
consumes 3.6% more energy than that of DE control. Therefore, this control is not an 
appropriate method for conserving energy. In conclusion, the use of outdoor air can save 
more than 20% of building cooling load compared to no economizer system. 
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Abstract: The Nearly Zero Energy Standard for new buildings from 2021 is the next step toward a carbon neutral 
building stock. For residential buildings, such an ambitious new standard has already been reached, but for other 
building types this goal remains still far away. Though such building types make up only a small part of the annual 
new construction volume they consume a relatively large amount of energy which cannot be covered by building 
and property-related energy generation. One of the most critical non-residential building varieties is the 
laboratory, because efficiency increases are difficult to implement due to strict safety regulations. Nevertheless, 
they have great potential for energy consumption reductions. This paper will present the results of a study which 
investigates a combination of measures from the areas of efficiency, consistency (renewable energy sources) 
and sufficiency (user requirements). The main aim of the study was to analyse the potential of these measures, 
to support the realization of Nearly Zero Energy laboratory buildings. A case study demonstrates that a Nearly 
Zero Energy Laboratory with limited energy demands can be achieved by improving sufficiency and consistency. 
These measures must be individually investigated and applied for each project in an early design stage. 
	
Keywords: Nearly Zero Energy Standard, EPBD 2010, non-residential buildings, laboratory buildings, non-
renewable primary energy demand 

Introduction	

The latest Energy Performance of Building Directive (EPBD 2010) forces the member states of 
the European Union (EU) to introduce a Nearly Zero Energy Standard (nZEB) for new building 
from 2021 onwards. This standard requires a very high energy efficiency to reduce energy 
demands to a nearly zero amount. This very low amount of energy required should be covered 
to a very significant extent by energy from renewable sources. Since buildings have a long-
term impact on overall energy consumption, it is important to introduce this ambitious 
standard as early as 2021 to reach the goal of a carbon neutral building stock by 2050 (GEG, 
2017) (EnEG, 2013). A large number of projects show that residential buildings will be able to 
reach this standard by 2021, even if they are multi-storey (Erhorn et al, 2016), though some 
non-residential building types will be more challenging. 
This paper continues the study “Nearly Zero Energy Standard for Non-Residential Buildings 
with high Energy Demands” (Keltsch et al, 2017). 

Challenge:	Non-residential	Buildings	with	High	Degrees	of	Technical	Installation	

Special types of non-residential buildings have a multiple amount of specific non-renewable 
primary energy demands (Q’PNE) compared with residential buildings. The study (Keltsch et al, 
2017) investigated ten case studies (Table 1), with different usage, in relation to the potential 
for an assumed nZEB standard for the year 2021 and the assumed climate class Cfb (Peel et 
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al, 2007). Hospitals and laboratory buildings seem particularly challenging. Because of safety 
regulations or hygienic standards, efficiency increases are difficulty to implement. The 
characteristics of these types of buildings are relatively large size, high number of usable 
floors and high percentage of construction costs for technical installations (KG4) relatively to 
the overall construction costs (BWK) (DIN 276-1, 2008). The high degree of technical 
installation on the roof limits the usable area for solar energy use. 

 
Table 1. Overview of the case studies 01 to 10 with the categories: building use, gross floor area (GFA), gross 

building volume (GBV), the ratio of envelope area to volume (A/V), the percentage of window area (AW) to the 
envelope area, the percentage of the construction costs of technical installation to the overall construction 

costs (KG4/BWK), and the number of usage zones for energy performance calculations according to  
(DIN V 18599, 2013) (Source (Keltsch et al, 2017)) 

Case 
Study 

Building Use GFA  
(m2) 

GBV  
(m3) 

A/V  
(m−1) 

Percentage 
AW 

Percentage 
(KG4/BWK) 

Number of 
Use Zones 

01 Parliament Building 5,009 16,350 0.24 39% 34% 10 

02 Courthouse 5,392 19,944 0.36 35% 30% 6 

03 Police Station 1,622 5,885 0.33 23% 30% 6 
04 University Institute 5,715 23,318 0.26 24% 47% 8 

05 Research Institute 9,978 45,185 0.30 43% 35% 9 

06 Laboratory Building 18,525 74,947 0.18 62% 50% 4 
07 Laboratory Building 5,822 24,440 0.27 29% 52% 9 

08 University Hospital 9,919 41,933 0.29 54% 51% 9 
09 Library 1,982 8,429 0.51 22% 24% 7 

10 Museum Building 10,900 79,399 0.26 12% 37% 14 

 
All case studies were investigated in relation to an assumed high efficiency standard for 

a nZEB 2021. The assumed performance of the building envelope was taken from the Passive 
House specifics. The technical building systems were calculated as highly efficient currently 
operating systems. Regional advantages like district heating with a waste incineration benefit 
for the primary energy factor are excluded. 

The results of the standardized calculation are shown in figure 1. All case studies show 
a great potential for energy savings with use of a nZEB standard (green columns) compared 
with the reference building (RB) (blue columns). It is obvious that non-residential buildings 
differ greatly in their energy performance characteristics. Even in the highly efficient standard 
nZEB the hospital (08) and the laboratory buildings (06 & 07) show a Q’PNE of over 100 
kWh/m2a. Additionally, the potential to generating solar energy seems to be much lower than 
the potential of other types of buildings, especially types with a lower rate of KG4/BWK. The 
type of laboratory buildings is the subject of study for this paper. The first part analyses the 
building type specifics, that are responsible for the unusual energy performance. The second 
part investigates different measures targeting a Nearly Zero Energy Laboratory Building 
(nZELab) in the future. 
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Figure 1: Specific non-renewable primary energy balance (Q’PNE (kWh/m2a)) for all case studies 01-10 (Table 1), 

separated according to the energy balance of the reference building (RB) according to (EnEV 2013) (blue 
columns), the assumed Nearly Zero Energy Building (nZEB) standard (green and orange columns) and the 

overall total result of the nZEB balance (white columns with green frame); authors presentation according to 
(Keltsch et al, 2017); 

The	Laboratory	Building	

The term laboratory is used in different contextual ways. This study concentrates on 
laboratories that are built to work with hazardous substances. Thus, special technical systems 
for health and safety have to be installed due to (DGUV-213-850, 2015) in Germany. As shown 
in figure 2, laboratory buildings not only contain laboratories (including greenhouses and 
animal housing), but are by far the biggest zoning group (Cordes et al, 2007). 

 

 
 
Figure 2: Usage zones of laboratories and research buildings separated into the categories Act, Think, Interact 

and Auxiliary, shown as a percentage of the building usable floor area (1-6 according to (DIN 277-1, 2016)  
(authors representation according to (Cordes et al, 2007)) 
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Which zone is most responsible for the energy demands of laboratory buildings? Figure 3 
shows the balance of Q’PNE for the common usage zones of the RB standard. Laboratories 
have the highest specific energy demands. The Q’PNE for heating and air ventilation (fans) are 
the dominant energy sectors. What is surprising is the fact that the Q’PNE for cooling 
laboratories is the smallest energy sector. It is doubtful whether this is a realistic result of the 
balancing system of (EnEV, 2013) and (DIN V 18599, 2013). It will be crosschecked by a 
dynamic thermal simulation within the next steps of the study. It will, however, be interesting 
to elaborate the potentials of combining the cooling demands of a server room with the 
heating demands of the laboratories, by using a low exergy transfer system. 

 
 

Figure 3: Specific primary energy balance (Q’PNE (kWh/m2a)) of different usage zones of laboratory buildings 
according to the RB of (EnEV, 2013) 

The	Laboratory	Air	Handling	Specifics	

For safety reasons, the ventilation system has to ensure a supply air volume of 25 m3/m2h 
(DGUV-213-850, 2015). This volume is more than six times the volume needed for mechanical 
ventilated office rooms. Furthermore, the AHU of laboratories must run 24 hours a day. 
Though risk assessment can be used to justify deviations, they are rarely practiced because 
no one wants to take liability for accidents. To prevent discomfort caused by air velocity, the 
room temperature is raised one kelvin above office room temperature. The air supply rates 
are the reason for the high Q’PNE for heating and ventilating of laboratory zones. However, 
the Q’PNE may be even higher than RB standard. Due to a high number of fume hoods, the air 
supply rates may be even higher than 25 m3/m2h. For chemistry laboratories, the air supply 
rates are assumed to be at 35 m3/m2h (VDI 2051, 2016). 

The	Case	Study	

The chosen case study represents a worst-case scenario according to energy demands for a 
reference building (RB). The usable floor area consists of 91,3% chemistry laboratories 
(including documentation area) (Figure 4) with an extremely high air change rate. The RB for 
the energy verification process in Germany sets a benchmark of Q’PNE 392 kW/m2a for the 
case study (Figure 5). By setting the operating days to a more realistic assumption of 365 d/a 

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2566



and the supply air volume to a rate of 35 m3/m2h, the RB benchmark is thus increased to Q’PNE 
598 kW/m2a (Figure 5). This is a deviation of 53% due to safety regulations for special use. 

 

 
Figure 4: Simplified model of the case study (laboratory building) with usage zones; the building is designed 

symmetrically and has the same floor layout for all three floors. The roof volume contains the AHUs  
(authors representation). 

The	Nearly	Zero	Energy	Laboratory	

The first step within the strategy towards designing nZEB is increasing the energy efficiency 
of the whole building to reduce the overall energy demands to a minimum. The remaining 
amount of energy demand has to be covered as far as possible by renewable energies 
(consistency). It is doubtful, if laboratory buildings will reach the goal of the EPBD 2010 
mentioned above, yet it remains a worthwhile goal to consider. 

Energy	Calculation	using	the	Monthly	Balancing	Method	of	DIN	V	18599	

Following the strategy towards nZEB, different measures of efficiency and consistency are 
calculated using the monthly energy balancing method of (DIN V 18599, 2013) in a multi-zone 
model with the software EnerCalC 2013 (Lichtmeß, 2010). Figure 5 shows these results. The 
benchmark is the RB with realistic air supply rates (1 RB-AHUreal) with a Q’PNE of 598 kW/m2a. 
Progressively the efficiency and consistency measures are added. The first efficiency measure 
is an envelope with passive house standard (2PH-Env). Its total reduction of Q’PNE is 40 
kWh/m2a (6,7%). By adding a ground source heat pump (COP 3.0) for heating and cooling (3 
+HP) the total reduction increases to 186,9 kWh/m2a (31,3%). A highly efficient AHU (ht 0,75, 
SFP 1,0/0,62 kW/(m3/s)) reduces Q’PNE in total by 289,1 kWh/m2a (48,3%) (4 +effAHU). 
Reducing the air supply volume during the secondary operating hours (12,5 m3/m2h at night 
and weekend) (5 +AHUredu.) is the last evaluated efficiency measure, and reduces the Q’PNE 
to 242,8 kWh/m2a, producing an overall reduction of 355,2 kWh/m2a (59,4%). For all balanced 
versions, a solar thermal heat supply (vacuum tube collectors 96,1 m2) for domestic hot water 
generation was calculated.  For more renewable energy usage photovoltaic cells are added to 
the roof. The first version (6 +PVreal) uses the roof area according to the existing roof design 
of the case study (208 kWp, 1,530 m2). The second version (7 +PVmax) maximizes the roof 
area for solar usage by optimizing the roof design, especially the technical installation areas 
(400 kWp, 2,940 m2). Version 7 reduces the overall Q’PNE by 44,2 kWh/m2a. 
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Figure 5: Primary energy balance (Q’PNE (kWh/m2a)) of the case study laboratory building according to the 
stepwise versions RB-EnEV (Reference Building by EnEV, 2009), RB-AHUreal (Reference Building with air 

handling unit running realistic air supply volumes), PH-Env. (Building Envelope in Passive House Standard), +HP 
(Ground source heat pump), +effAHU (AHU with high efficiency), +AHUredu. (AHU with reduced supply rates 
during secondary operating hours), +PVreal (PV roof installation according to real roof planning) and +PVmax 

(maximum of PV roof installation) (authors representation). 
 
No balancing bonus for the grid feed is necessary, since the laboratory building has a 
continuously high electric power demand. Figure 6 shows the monthly Q’elec balance for the 
building and the PVmax electric power generation. The potential for self-consumption of PV 
generated electric power remains far from being fully exploited as yet. Façade integrated PV 
or PV plants on auxiliary buildings were not explored. The fact, that the costs of self-consumed 
and self-generated PV power are lower than grid supplied electric power, should be a good 
reason to optimize PV installation for building types like laboratories (Wirth et al, 2017). 

  
 

Figure 6: Monthly balanced electric power demand of case study version 7 (+PVmax) compared with the 
monthly balanced electric power generation of the roof mounted PV modules (authors representation). 
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Outlook:	Dynamic	Simulation	

The static simulation, based on (DIN V 18599, 2013), has a limited functionality to 
demonstrate all measures normally implemented towards creating a nZELab. As shown 
before the air supply profiles for each usage zone and the detailed modelling of highly 
efficient AHUs, including the heater and cooler, has to be analyzed precisely. For example, 
high efficiency heat recuperation in AHUs have the problem of icing during periods of 
extremely low ambient air temperatures. To prevent this phenomenon, a bypass provides 
higher temperatures for the exhaust air, that lowers the recovery coefficient. Another 
example is the calculation of air flow rates in between different usage zones. The Kombi-Labor 
model utilizes this effect for energy saving (Dittrich, 2015). For analyzing all these potentials, 
a model is built using the detailed thermal dynamic simulation tool IDA ICE. The results of the 
simulation are unfortunately not available by the deadline of the paper submission but may 
be available at the time of the conference. 

 

 
 

Figure 7: Simulation model of a laboratory zone within the case study using IDA ICE 4.7.1  
(authors representation). 

Discussion	

First, from the case study it is obvious that passive efficiency measures have a minor 
significance for a nZEB standard for laboratories. The significance of such measures increases 
however, if lower air supply rates are sufficient for the laboratories. The central part for nZEB 
Labs is the air handling including air ventilation, heating and cooling. Primarily the safety 
regulations must be fulfilled. As a secondary consideration, we have to adopt the supply rates 
to a sufficient level. Every reduced cubic meter of supplied air saves electric energy for 
ventilation, heating and cooling energy. Additionally, it increases the role of passive and low 
energy architecture. Though the results of the study remain preliminary, a discussion of 
qualitative results is possible. More detailed results will follow up. 

Conclusions	

To implement measures toward a nZELab, we have to take the energy consumption of the 
laboratories into account in early design stages. Since financing is the most convincing 
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argument, the energy and maintenance costs for operating the building for 50 years should 
be discussed using some simplified benchmarks for different performance standards. The 
operating costs of a laboratory building usually equal the construction costs of the building in 
less than ten years (Hegger et al, 2008). Knowing this basic information, energy saving should 
become an intrinsic motivation. 
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Abstract:	In	face	of	the	growing	demand	for	building	projects	that	provide	not	only	comfort	for	its	users,	but	
also	efficiency	regarding	 its	systems	and	the	building	envelope	 itself,	especially	when	energy	consumption	 is	
considered,	the	designer	must	be	aware	of	proper	solutions	to	be	applied	according	to	specific	regions,	cultures	
and	climates.	In	this	context,	different	parameters	that	could	influence	building	efficiency	must	be	studied	to	
shape	a	solid	foundation	and	assist	these	professionals	to	make	assertive	decisions.	This	paper	evaluates	four	
factors	that	influence	the	electrical	energy	consumption	of	an	office	in	a	hypothetical	commercial	building:	the	
building	orientation;	the	materials	of	the	walls;	the	ceiling	typologies	and	the	air	conditioning	efficiency.	A	mix	
of	these	factors	characteristics	has	been	created,	resulting	in	48	different	combinations.	Each	combination	has	
been	simulated	aiming	to	evaluate	the	energy	consumption	required	by	the	air	conditioners	in	order	to	reach	
thermal	 comfort.	 For	 the	 results	 of	 each	 factor	 have	 been	 performed	 a	 Student’s	 paired	 samples	 t-tests	 to	
identify	if	the	alteration	of	each	specific	characteristic	is	significant	to	cause	a	change	in	the	energy	consumption.	
Among	the	analysed	factors,	only	the	orientation	was	not	significant	in	the	determination	of	the	consumption.		

Keywords:	Energy	efficiency,	constructive	parameters,	energy	simulation.	

Introduction	

The	designer	working	in	a	given	climate,	culture	and	building	industry	must	make	thousands	
of	 questions	 regarding	 the	 interaction	 of	 all	 the	 elements	 of	 a	 building.	 	 To	 establish	 the	
nature	of	the	climatic	problem	and	to	relate	to	human	requirements	is	the	first	step	in	any	
bioclimatic	 design	 approach,	 followed	by	 the	 choice	 of	 passive	 control	 strategies,	 such	 as	
using	a	reflective	roof	surface	or	resistive	insulation	on	the	ceiling.	Commonly,	energy-based	
mechanical	systems	are	used	to	ensure	thermal	comfort	when	passive	controls	cannot	fully	
guarantee	it	(Szokolay,	2008).	

Therefore,	it	is	fundamental	to	study	different	constructive	parameters	to	evaluate	their	
level	of	 influence	on	thermal	performance	of	the	built	environment	and,	consequently,	 its	
energy	consumption.	Statistical	methods	may	help	to	identify	these	factors,	as	developed	by	
Melo	 et	 al	 (2016),	 who	 studied	 a	 novel	 approach	 to	 asses	 cooling	 energy	 demand	 in	
commercial	buildings	through	a	surrogate	model.		

Many	authors	have	conducted	their	efforts	to	identify	adequate	strategies	to	enhance	
thermal	comfort	and	energy	efficiency	to	the	most	diverse	climates	and	building	typologies.	
Ruparathna,	Hewage	and	Sadiq	(2016)	critically	reviewed	existing	body-of-the-knowledge	on	
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improving	 energy	 efficiency	 of	 operating	 both	 commercial	 and	 institutional	 buildings,	
regarding	technical,	organizational	and	behavioural	changes.	Borgstein,	Lamberts	and	Hensen	
(2016)	reviewed	the	available	methods	for	analysing	and	evaluating	energy	performance	in	
non-domestic	buildings.	Ghose	et	al.	(2017)	have	studied	the	impact	of	the	application	of	deep	
energy	refurbishment	of	an	office	building	in	New	Zealand,	while	Radwan	et	al	(2016)	have	
analysed	the	retrofitting	of	an	existing	hospital	in	Egypt	in	order	to	evaluate	energy	savings	
obtained	due	to	the	optimization	of	parameters,	such	as	building	and	fabric	design.	

The	 aim	 of	 this	 paper	 is	 to	 develop	 a	 statistical	 analysis	 on	 the	 significance	 of	
constructive	parameters	of	a	building	on	the	energy	consumption	of	its	Air	Conditioning	–	AC	
systems,	obtained	by	means	of	computational	simulation	of	a	fictitious	commercial	building	
located	in	the	city	of	Itapoá,	Santa	Catarina,	Brazil.	The	study	consists	of	a	statistical	approach	
to	the	data	obtained	by	Krelling	and	Hackenberg	(2015).	

Method	

A	three-story	hypothetical	 commercial	building	plan	was	used	by	Krelling	and	Hackenberg	
(2015)	with	four	office	rooms	in	each	floor,	with	operating	hours	from	8	am	to	6	pm,	from	
Monday	to	Friday.	This	previous	study	consisted	of	simulating	the	energy	performance	of	this	
building,	set	up	under	48	different	combinations	of	characteristics.	In	the	present	paper,	an	
office	room	located	on	the	last	floor	(Zone	13)	of	the	same	building	was	adopted,	as	shown	in	
Figure	1.	Zone	13	is	40.0	m²,	with	occupancy	of	7	people.	

Domus	-	Procel	Edifica	(Mendes,	Oliveira	and	Santos,	2003)	software	was	adopted	for	
the	 development	 of	 this	 study.	 Domus	 software,	 developed	 by	 the	 Thermal	 Systems	
Laboratory	of	the	Pontifical	Catholic	University	of	Paraná,	was	designed	to	simulate	buildings,	
modeling	 the	 transfer	 of	 heat	 and	 moisture	 in	 porous	 elements	 in	 order	 to	 assess	
Hygrothermal	performance	of	building	elements	when	subjected	to	climatic	conditions.	The	
validation	of	the	software	was	studied	by	authors	such	as	Abadie	(2010)	and	Veloso	(2012).	

	

	 	
Figure	1.	Building	plan	drawn	on	Domus	software.	

	
	

	
Figure	2.	Zone	13	location	according	to	building	orientation.	
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The	 combinations	 were	 established	 by	 alternating	 the	 building	 configurations	
presented	in	Table	1.	These	same	combinations	will	be	studied	under	four	orientations:	South,	
West,	North	and	East	(Figure	2).	

Table	1.	Combinations	of	building	characteristics	to	be	analysed	for	each	orientation.	

Building	parameters	 Combinations	
1	 2	 3	 4	 5	 6	 7	 8	 9	 10	 11	 12	

Wall	
materials	

Conventional	masonry	
Masonry	with	EPS	insulation	on	the	west	

wall	

Ceiling	
materials	

Concrete	slab	
Slab	under	roof	without	insulation	

Slab	under	roof	insulated	with	glass	wool	
AC	
efficiency	

C	
A	

For	each	established	combination,	a	computer	simulation	was	carried	out	using	Domus	
software,	aiming	to	measure	the	energy	consumption	for	cooling	the	zone	during	one	month.	
Focusing	 on	 warmer	 periods,	 when	 a	 great	 part	 of	 thermal	 discomfort	 and	 energy	
consumption	 occur,	 the	 study	 was	 developed	 based	 on	 February,	 when	 the	 average	
temperature	is	23.04ºC,	maximum	is	29.90ºC	and	the	average	relative	humidity	 is	85.06%,	
according	to	the	Test	Reference	Year	of	Itapoá.	After	performing	the	simulations,	statistical	
procedures	were	adopted,	with	the	aid	of	R	software	(R	Core	Team,	2016),	to	evaluate	the	
influence	of	the	constructive	parameters	on	the	energy	consumption	of	zone	13.	

Building	characteristics	

The	 walls	 were	 designed	 with	 conventional	 masonry	 (mortar	 2.5	 cm,	 ceramic	 block	
9.0x14.0x24.0	cm,	cool	painting),	with	application	of	insulation	(Expanded	Polystyrene	–	EPS,	
5.0cm)	in	the	west	wall	during	some	of	the	simulations.	The	west	facade	was	adopted	due	to	
the	high	incidence	of	solar	radiation	during	the	afternoon.	Three	different	typologies	were	
considered	for	the	ceiling:	concrete	slab	(15.0	cm);	concrete	slab	under	roof	(ceramic	tiles)	
with	an	air	layer	of	70.0	cm;	concrete	slab	under	roof	insulated	with	5.0	cm	glass	wool,	with	
air	layer	of	70.0	cm.	Table	2	shows	the	physical	properties	of	walls	and	ceiling.	

Table	2.	Physical	properties	of	walls	and	ceiling	from	Domus	–	Procel	Edifica	version	2.3.1	software	database.	
Thermal	transmittance	

[W/m²K]	
Thermal	capacitance	

[kJ/m²K]	
Conventional	masonry	wall	 2.75	 59.2	
Masonry	with	EPS	insulation	(west	wall)	 0.62	 60.17	
Concrete	slab	 3.84	 330.10	
Concrete	slab	under	roof	 2.85	 348.40	
Concrete	slab	under	insulated	roof	 0.74	 350.20	

The	 air	 conditioners	 were	 simulated	 with	 level	 C	 and	 A	 efficiency,	 defined	 by	 the	
National	Energy	Conservation	Label.	The	characteristics	of	this	system	are	presented	in	Table	
3. The	comfort	temperature	in	the	environment	was	fixed	at	23ºC,	according	to	the	Brazilian
Association	of	Technical	Standards,	ABNT	(2008).	
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Table	3.	Air	conditioning	system	data.	
Total	capacity	[Btu/h]	 9000	 12000	 18000	 22000	 24000	 30000	
Energy	efficiency	[W/W]	C	 2.8859	 2.9376	 2.8786	 2.9633	 2.9003	 2.8577	
Energy	efficiency	[W/W]	A	 3.2786	 3.2690	 3.2505	 3.2400	 3.2400	 3.2400	

	

Results	

Based	on	the	48	computational	simulations	of	the	building,	the	electric	energy	consumption	
of	zone	13	was	analysed	statistically	in	order	to	evaluate	its	variation	with	the	alternation	of	
the	constructive	parameters	adopted	 for	 this	paper.	As	all	 the	obtained	 results	presented	
normal	 distribution,	 Student's	 t-tests	 were	 applied	 to	 compare	 samples	 and	 to	 test	 their	
differences.	 The	 samples	 were	 considered	 paired,	 as	 they	 presented	 homogeneous	
characteristics	in	pairs.	The	level	of	significance	considered	was	α	=	5%.	

Wall	materials	

Through	the	boxplot	graph	of	Figure	3	an	apparent	reduction	of	energy	consumption	can	be	
seen	when	 insulating	material	 is	 applied	 to	 a	 conventional	wall.	 The	 summary	 of	 Table	 4	
reaffirms	 the	decrease	of	 consumption	with	 the	alteration	of	 the	wall.	 Statistical	 analysis,	
using	Student's	t	test,	is	presented	in	Table	5.	The	Student's	t	test	pointed	out	that	the	average	
energy	consumption	in	conventional	wall	constructions	is,	in	fact,	higher	than	when	adopting	
insulation.	 Table	 6	 exposes	 the	 effect	 of	 the	 change	 of	 wall	 materials	 in	 the	 average	
consumption	of	energy.	

	

	

	
(1) Conventional	wall;	
(2) Insulated	wall.	

Figure	3.	Comparative	boxplot	between	the	two	wall	typologies.	
	

Table	4.	Summary	of	statistical	data	obtained	for	each	wall	typology.	

Wall	
materials	

Electric	energy	consumption	[kWh	]	

Min.	 1Q	 Median	 Mean	 3Q	 Max.	 Var.	
Standard	
Deviation	

-	Sd	
Conventional	 281.8	 285.7	 299.7	 300.9	 314.6	 323.8	 326.17	 18.06	
Insulated	 273.6	 277.6	 290.8	 292.4	 305.5	 315.4	 311.96	 17.66	

	
Table	5.	Student’s	t	test	for	the	wall	typologies.	

Comparison	of	consumption	
Student’s	t	test	

t	 Degrees	of	
freedom	-	Df	

95%	Confidence	
interval	 p-value	

Conventional	wall	>	insulated	wall	 30.3	 5	 7.983475	to	infinite	 3.66e-07	
	

Table	6.	Change	in	energy	consumption	with	the	wall	typology	changing.	

Wall	materials	 Average	consumption	
reduction	[kWh]	

Average	percentage	of	
consumption	reduction	

Conventional	wall	to	insulated	 8.551667	 2.843421%	
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Ceiling	typologies	

In	 the	 boxplot	 (Figure	 4)	 comparing	 the	 ceiling	 typologies,	 it’s	 possible	 to	 see	 a	 greater	
consumption	 reduction	 when	 adding	 the	 roof.	 However,	 there	 was	 little	 variation	 when	
insulation	is	applied	(from	typology	2	to	3).	Tables	7	and	8	present	the	descriptive	measures	
and	the	statistical	analysis	for	each	typology.	
	

	

	
(1) Slab;	
(2) Slab	under	roof;	
(3) 	Slab	under	insulated	roof.	

Figure	4.	Comparative	boxplot	between	the	three	ceiling	typologies.	
	

Table	7.	Summary	of	statistical	data	obtained	for	each	ceiling	typology.	

Ceiling	 Electric	energy	consumption	[kWh	]	
Min	 1Q	 Median	 Mean	 3Q	 Max	 Var.	 Sd	

Slab	 280.5	 288.9	 314.8	 309.7	 320.7	 389.3	 727.98	 26.98	
Slab	under	roof	 276.6	 285.1	 296.4	 298.1	 313.7	 315.9	 235.96	 15.36	
Slab	under	insulated	
roof	 273.6	 281.8	 292.1	 296.8	 316.3	 317.9	 310.33	 17.62	

	
Table	8.	Student’s	t	test	for	the	ceiling	typologies.	

Comparison	of	consumption	 Student’s	t	test	
t	 Df	 95%	Confidence	interval	 p-value	

Slab	>	roof	 1.897	 15	 0.8820455	to	Infinite	 0.0386	
Roof	>	insulated	roof	 1.48	 15	 -0.2220781	to	Infinite	 0.0793	

	
This	comparison	indicated	that	the	average	energy	consumption	decreases	when	there	

is	a	roof	over	the	building	slab.	However,	no	significant	change	was	found	when	insulation	
was	applied.	Table	9	shows	the	average	consumption	reduction.	

	
Table	9.	Change	in	energy	consumption	with	the	ceiling	typology	changing.	

Ceiling	 Average	consumption	
reduction	[kWh]	

Average	percentage	of	
consumption	reduction	

Slab	to	roof	 11.64875	 3.340116	%	
Roof	to	insulated	roof	 1.22375	 0.4450696	%	
Slab	to	insulated	roof	 12.8725	 3.764358	%	
	

Air	conditioning	efficiency	

When	 analysing	 the	 Figure	 5	 one	 can	 assume	 a	 significant	 reduction	 of	 the	 energy	
consumption	when	changing	 the	efficiency	of	 the	AC.	The	observations	 follow	 the	normal	
distribution,	however,	the	presence	of	three	outliers,	one	of	them	with	a	value	of	389.3	kWh,	
must	be	mentioned.	Table	10	presents	the	detailed	statistical	data.	From	the	comparison	of	
Table	11,	it	is	clear	that	the	consumption	of	air	conditioning	is	higher	when	its	efficiency	level	
is	C.	Table	12	shows	the	average	consumption	reduction	from	the	change	in	AC.	
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(1) AC	efficiency	level	C;	
(2) AC	efficiency	level	A.	

	

Figure	5.	Comparative	boxplot	between	the	two	air	conditioning	efficiencies.	
	

Table	10.	Summary	of	statistical	data	obtained	for	each	efficiency	level	of	the	air	conditioners.	

Air	Conditioner	 Electric	energy	consumption	[kWh	]	
Min	 1Q	 Median	 Mean	 3Q	 Max	 Var.	 Sd	

Efficiency	level	C	 301.0	 313.7	 315.6	 315.2	 318.5	 323.8	 27.18	 5.21	
Efficiency	level	A	 273.6	 281.8	 284.0	 287.9	 286.5	 389.3	 484.51	 22.01	

	
Table	11.	Student’s	t	test	for	the	efficiency	level	of	the	air	conditioners.	

Comparison	of	consumption	 Student’s	t	test	
t	 Df	 95%	Confidence	interval	 p-value	

Level	C	>	A	 6.5185	 23	 20.14124	to	Infinite	 5.944e-07	
	

Table	12.	Change	in	energy	consumption	with	the	efficiency	level	changing.	

AC	 Average	consumption	reduction	
[kWh]	

Average	percentage	of	
consumption	reduction	

Level	C	to	A	 27.32583	 8.688792	%	
	

Orientation	

In	Figure	6	one	can	compare	the	differences	in	energy	consumption	in	zone	13	in	the	four	
orientations.	The	observations	have	very	similar	limits,	making	any	prediction	difficult	only	by	
the	analysis	of	this	graph.	Table	13	presents	detailed	statistical	data.	
	

	

	
(1) Orientation	1;	
(2) Orientation	2;	

	
(3) Orientation	3;	
(4) Orientation	4.	

Figure	6.	Comparative	boxplot	between	the	four	orientations.	
	
	

Table	13.	Summary	of	statistical	data	obtained	for	each	orientation.	

Orientation	 Electric	energy	consumption	[kWh	]	
Min	 1Q	 Median	 Mean	 3Q	 Max	 Var.	 Sd	

1	 273.6	 281.5	 294.8	 296.6	 312.0	 323.8	 310.00	 17.61	
2	 282.2	 285.6	 314.1	 309.9	 318.5	 389.3	 892.68	 29.88	
3	 281.8	 285.6	 301.7	 301.5	 316.6	 321.3	 281.93	 16.79	
4	 276.2	 282.8	 298.4	 298.1	 313.8	 320.6	 285.18	 16.89	
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Taking	into	consideration	that	the	conclusions	obtained	through	the	t	test	(Table	14)	
were	reasonably	heterogeneous,	further	comparisons	were	not	performed.	It	can	be	assumed	
that	this	parameter	is	not	significant	for	the	energy	consumption	variation.	

	
Table	14.	Student’s	t	test	for	the	orientations.	

Comparison	of	consumption	 Student’s	t	test	
t	 Df	 95%	Confidence	interval	 p-value	

Orientation	1	is	equal	to	2	 -1.496	 11	 -32.712952	to	6.234618	 0.1627	
Orientation	2	is	equal	to	3	 1.016	 11	 -9.837241	to	26.703908	 0.3315	
Orientation	1	is	equal	to	4	 -1.538	 11	 -3.6381039	to	0.6447706	 0.1522	

	

Significance	analysis	of	the	regression	variables	

Considering	 the	energy	 consumption	as	 the	 response	variable	 for	 the	 regression	variables	
"wall	 material",	 "ceiling	 typologies",	 "air	 conditioning	 efficiency"	 and	 "orientation",	 an	
Analysis	 of	 Variation	 -	 ANOVA	 was	 carried	 out,	 aiming	 to	 test	 the	 significance	 of	 these	
variables	in	the	determination	of	energy	consumption	(Table	15).		
	

	 Table	15.	Test	of	significance	of	the	variables	through	Analysis	of	Variance	-	ANOVA.	
Parameters	 Df	 F	value	 p-value	 α	 Conclusion	
Wall	materials	 1	 4.47	 0.04078	 0.05	 Significant	
Ceiling	typologies	 2	 3.76	 0.03174	 0.05	 Significant	
AC	efficiency	 1	 41.77	 1.06e-07	 0.05	 Significant	
Orientation	 3	 0.96	 0.42326	 0.05	 Not	significant	

	
The	results	obtained	through	ANOVA	corroborate	with	the	previous	tests,	leading	to	the	

conclusion	 that	 only	 the	 orientation	 was	 not	 significant	 in	 determining	 the	 energy	
consumption	of	the	zone	13.	

Some	of	these	parameters	have	been	previously	studied	by	other	authors,	from	which	
are	found	both	similarities	and	divergences	that	may	be	influenced	by	the	chosen	building	
design,	local	climate	and	adopted	methodology.	For	Melo	et	al	(2016),	who	also	developed	
their	study	based	on	a	city	of	Santa	Catarina	State,	the	wall	and	roof	thermal	transmittance	
parameter	showed	non-linearity	in	relation	to	the	output	annual	cooling	load.	On	the	other	
hand,	the	authors	obtained	considerable	influence	when	changing	orientations.	Considering	
that	the	solar	azimuth	angle	corresponds	to	the	North	orientation,	the	solar	azimuth	angle	of	
180º	 and	 225º	 orientation	 presented	 the	 lowest	 annual	 cooling	 energy.	 The	 authors	
concluded	that	the	annual	cooling	load	was	influenced	mostly	by	internal	load	parameters	as	
occupancy	density,	operating	schedule,	lightning	systems	and	equipment,	which	agrees	with	
the	present	paper	that	obtained	the	efficiency	of	the	air	conditioners	as	the	most	relevant	
parameter.	

Conclusion	

As	expected,	the	level	of	energy	efficiency	of	the	air	conditioners	is	the	most	representative	
variable	of	 the	 study,	which	 is	 coherent	 considering	 it	 acts	directly	 regulating	 the	 internal	
temperature	 of	 the	 building.	 The	 typologies	 of	 the	 walls	 and	 the	 ceiling,	 specifically,	 the	
thermal	transmittance	of	these	structures,	can	also	be	considered	significant,	but	to	a	lesser	
extent.	Insertion	of	insulation	material	on	the	roof	did	not	bring	the	expected	benefit,	with	
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little	to	no	effect	on	the	reduction	of	energy	consumption.	The	existence	of	a	layer	of	air	in	
the	ceiling,	between	the	slab	and	the	roof,	on	the	other	hand,	improved	the	efficiency	of	the	
building.	The	orientation	was	not	significant.	

As	a	suggestion	for	future	works,	a	building	with	more	differentiated	facades	could	be	
used,	which	could	impact	some	of	the	results,	such	as	the	influence	of	the	orientation	itself	
to	 be	more	 relevant.	 In	 addition,	 the	 commercial	 building	 could	 be	 studied	with	 a	mixed	
regime,	allowing	the	use	of	cross	ventilation	to	obtain	thermal	comfort,	when	possible,	and	
the	use	of	HVAC	systems	as	a	complementary	alternative,	as	previously	studied	by	Rackes,	
Melo	and	Lamberts	(2016).	
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Abstract: One of the rapidly emerging trends towards sustainable urbanization are smart cities which consist of 
smart homes as its building blocks. India is rapidly moving towards becoming a country with 50% of its 
population (600 million) which would live in the cities by 2030. The rapid urbanization would be a huge challenge 
in view of the overpopulation, resource shortages and energy crisis; and smart cities (and controls) could be 
viewed as one strategy to regulate energy consumption. Energy consumed for lighting and ventilation represents 
approximately 90% of total energy consumed by commercial buildings, especially in the tropical Indian 
conditions. Occupancy sensors monitor indoor environment and regulate the energy consumption in building 
integrated systems. While there is evidence of immediate energy saving by the adoption of such measures, one 
needs to carefully discern the effectiveness of such measures over the life-cycle (energy) of occupancy sensors. 
Energy neutrality, defined here, assesses the life-cycle energy of an occupancy sensor against the accruing 
energy saving from the connected luminaire (device/appliance). Preliminary studies have shown that for certain 
type of luminaires the energy neutrality is quite high to justify use of the sensors itself. Life-cycle application 
energy integrates the life-cycle energy study associated with a sensor versus the energy saving accruing due to 
its adoption in the building-integrated system. The increasing evidence of rebound effect, attributed to energy 
efficiency, has motivated this study to assess effectiveness against efficiency. In this paper design features of 
these sensors have been studied for their adoption for lighting loads in typical office buildings. The role of 
designer in designing such smart sensors for energy-neutral smart homes has also been examined through case-
studies in the Indian context. The study could provide valuable feed-back to both designers, that of the sensor 
and of the building (architect), in designing a low-energy sensor and also deciding on whether installation of 
sensors is effective from an energy neutrality point of view.	 
 
Keywords: Energy Neutrality, Design, Architecture, Motion Sensor, Smart City 

Introduction		

The rise of global population inhabiting cities has been predicted to reach nearly 5 billion in 
2030 (Seto et al., 2012). This has directly led to a stress on infrastructural systems such as 
social, technical, governance and physical systems required to support the growth of dense 
urban communities. Escalating levels of urbanization demand smarter and more efficient 
ways of managing the challenges of city development, such as water management, air 
pollution, waste management, traffic congestion, energy consumption and so on (Alawadhi 
et al., 2012; Nam and Pardo, 2011). 
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India, which is projected to reach a staggering population of 1.4 billion by 2030, with 
50% of its population (600 million) residing in urban areas (Dyson et al., 2005), faces the 
challenge of management of such large and dense conglomerations of people and the threats 
of resource depletion at close quarters. The Ministry of Urban Development, Government of 
India, has thus proposed India’s first smart city initiative, called the ‘100	Smart	City	Mission	
Plan’, launched in June 2015. It states that comprehensive urban development will occur 
along the four pillars of institutional, social, physical and economic infrastructure (Ministry of 
Urban Development, 2015). Lately, the concept of “smart cities” is emerging as a new 
approach of resolving the issues closely associated with the growth of cities and in improving 
lifestyles to achieve a more sustainable way of living. The World Forum on Smart Cities, in 
1997, estimated that more than 50,000 cities and towns around the world would propagate 
smart initiatives in the imminent future (Hollands, 2008). An operational definition of a smart 
city, elucidates it as an investment in social and human capital and traditional (transport) and 
modern (ICT) communication technologies enabling sustainable economic growth and a high 
quality of life coupled with citizen inclusive governance and an efficient management of 
natural resources (Caragliu et al., 2011). This envisages smart cities as a process in which 
technology facilitates collaboration and innovation to improve a city’s services to its citizens, 
by empowering them with access to information to an extent in which they can even 
participate in policy making in the government (Lee et al., 2013). Some definitions argue that 
the smart city should extend beyond the mere presence and use of information and 
communication technologies (ICT) alone (Hollands, 2008). A few others, emphasize on a more 
concise definition of terms relating to what constitutes a smart city, namely, smart mobility, 
smart economy, a smart environment, smart people, smart living and smart governance 
(Giffinger and Haindl, 2007; Lee et al., 2013). However, to realize the creation of smart cities 
at a fundamental domestic level, one needs to probe into smart homes and their role as basic 
units of these urban agglomerations that would constitute smart cities (Balta-Ozkan et al., 
2014).  

Energy-Neutral	Smart	Homes:	Basic	unit	of	Smart	Cities	

The concepts of smart homes, smart technology and smart grids have existed for decades, 
but have received escalated amounts of attention as Building Energy Management Systems 
(BEMS) and Internet-of-Things (IoT). A smart home is defined as a residence with a high-tech 
network that links sensors, appliances, domestic devices and features that can be controlled, 
accessed and monitored remotely. For instance, it allows users to become more aware of 
their energy usage in real time through interactive display screens, facilitating them to 
proactively reduce energy consumption and improve cost efficiency of their usage (Balta-
ozkan et al., 2013; Oksman and Egan, 2010). The world over, the construction and building 
sector has come under intense scrutiny for its contribution to climate change and its energy 
use(Centre for Science and Environment, 2014).  

Energy consumed by buildings comprises 40% of total energy consumed worldwide 
(Kolokotsa et al., 2011). Buildings in India accounts for highest energy use (47%) in their total 
energy consumption followed by China (34%) (Bin and Evans, 2008; International Energy 
Agency, 2015). Energy deficit existing in all five grid networks of India in a range of 3%-18%, 
highlights the immense energy saving potential in this sector (Indraganti et al., 2013). The 
lion’s share of energy consumption in commercial buildings in India, can be attributed to 
lighting (59%) and air conditioning (31%), adding up to 90% of the building’s energy use. While 
lighting accounts for 28% of the total energy consumed by residential buildings in India 
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(Centre for Science and Environment, 2014). Thereby, it plays a major role in causing emission 
of greenhouse gases, use of fossil fuels and direct pollution of the environment. Sensors 
incorporated into appliances in the building can enhance energy efficiency (Balta-ozkan et al., 
2013). Particularly, Motion Sensors integrated in Occupancy Sensors may play a significant 
role by switching on/off when the space is left unoccupied, to reduce energy use by lighting 
(Degelman, 2000; Floyd et al., 2002). Occupancy sensors monitor indoor environment and 
regulate the energy consumption in building integrated systems. These sensors are based on 
Passive Infrared technology which senses the change in temperature due to change in 
occupancy of the building without emitting energy. While there is evidence of immediate 
energy saving by the adoption of such measures, one needs to carefully discern the 
effectiveness of such measures over the life-cycle of Occupancy Sensors(Kumar and Mani, 
2017). Strategies entirely based on energy efficiency are yielding counter-intuitive rebound 
effects, with escalating net energy consumption as against reduction (Geelen et al., 2013; 
Sundramoorthy et al., 2011; Zipperer et al., 2013). The type of lighting technology used and 
energy consumed by luminaires also plays an important role in determining the life-cycle 
application energy of such sensors. Preliminary studies have shown that for certain type of 
luminaires the energy neutrality is quite high to justify the use of the sensors itself (Kumar 
and Mani, 2017). 

Life-Cycle	Application	Energy	and	Energy	Neutrality	Concept	

Sustainability or Sustainable Development, has become the ‘buzzword’ in the academic and 
research fields, which have more than 300 definitions attributed to it. As per the ‘Brundtland	
Commission	 report’, it is defined as ‘development which meets the needs of present 
generation without compromising the needs of future generations’ (WCED, 1987). 
Sustainability assessment of products, technologies and buildings comprise of assessing the 
three key pillars of sustainability: Society, economics and environment (Elkington, 1998). Life-
cycle thinking is necessary on all these three fronts in the form of: Social LCA (sLCA), Life-cycle 
Costing (LCC) and Environmental LCA (eLCA) respectively (Finnveden et al., 2009; 
Grießhammer et al., 2006). While Social LCA (sLCA) is still in the development phase; 
Environmental LCA (eLCA) has become quite popular and would be referred as LCA for the 
purpose of this study. Life-Cycle Assessment (LCA) addresses the environmental dimensions 
of a product’s life-cycle from its manufacturing stage to its final disposal (ISO, 2006).  The term 
‘product’ refers to both goods and services (ISO, 2006). LCA is a comprehensive tool which 
asses all aspects of the natural environment, human health impacts and resource 
conservation  (Finnveden et al., 2009; ISO, 2006). Life-Cycle application energy integrates the 
life-cycle energy study associated with a sensor versus the energy saving accruing due to its 
adoption in the building integrated system (Kumar and Mani, 2017) 
 The existing building environmental assessment shows that building energy 
performance plays a central role in the overall sustainability assessment results of buildings 
(Crosbie et al., 2010; Hui, 2003). Hence, Life-cycle energy assessment of buildings forms the 
core of most approaches for sustainable building design (Crosbie et al., 2010; Lee and Burnett, 
2008; Olgyay and Herdt, 2004; Zimmermann et al., 2005). A Zero	Energy	building is building 
with net zero energy consumption over an year (Wang et al., 2009). The Zero	Energy	buildings 
comprises of: thermal Energy simulation models of the buildings and its subsystems; Sensors, 
actuators and User Interfaces; and finally integrated controls and optimised intelligent tools 
and software (Kolokotsa et al., 2011). Energy Neutrality, is a term adopted in this study, to 
imply that any device adopted in a building with an intent for conservation and/or generation 
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of energy that has already recovered the energy involved in its realization and installation 
(Kumar and Mani, 2017). 

Methodology	of	Investigation	

In this paper design features of Occupancy sensors have been studied for their adoption for 
lighting loads in typical office buildings. A Life-cycle energy study was done for an occupancy 
sensor (Technical Specification of the Occupancy sensor used: Type- PIR; Material- plastic 
body; Size- Circular cross-section with radius 5cm; Rated load- 1200 W (incandescent) and 
300W (energy saving Lamp); Power Consumption- 0.45W (work) 0,1W (static); Working 
Temperature- 20°C - 40°C; Working humidity- <93%RH; Detection Motion Speed: 0.6 ~1.5m/s; 
Installation Height: 2.2-4m; Detection Range: 360°; Detection Distance: 6m max (24℃ ); 
Ambient Light: 3-2000LUX ; Time-Delay: Max: 8min±2min). This study was done with the help 
of GaBi 6 educational and COMPASS software. The energy consumed by various stages of life-
cycle was compared and contrasted. Furthermore, effectiveness of occupancy sensors was 
analysed with respect to various types of luminaires.  TRIZ methodology (Altshuller, 1999) 
was used to synthesize various optimized and futuristic design solutions which could improve 
the efficiency of these sensors. In addition, the role of designer, that of the sensor and of the 
building (architect), in designing such smart sensors for energy-neutral smart homes has also 
been examined through case studies in the Indian context. Accordingly, a model framework 
for smart homes and its components was prepared based on various literature and primary 
case studies.  

Results	and	its	Interpretation	

 

 
Figure 1. Energy consumed in various stages of Life-cycle of Occupancy Sensors 
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As shown in fig. 1, the total Life-Cycle energy of occupancy sensor found through the 
analysis was 605.4 MJ/ Device. The energy consumed in various stages of the Life-cycle were 
manufacturing (219.6 MJ/Device), followed by road and oceanic transport (170 MJ/Device), 
Packaging (114.4MJ/Device), Recycling (57.1 MJ/Device) and operational and maintenance 
energy (43.9 MJ/Device). It can be inferred that manufacturing, transport and packaging 
consumes most energy in the life-cycle of these sensors. Furthermore, it could be inferred 
that local manufacturing could reduce the total life-cycle energy from 605.4 MJ/Device to 
435.4 MJ/Device which is a substantial reduction in embodied energy of such sensors. 

In an earlier study, Kumar and Mani (2017) reported that the ratio of weight of the 
occupancy sensor to the wattage of load connected to it (termed as gram/wattage (𝛾)) seems 
to closely follow the graph of Payback Period (T). The gram/wattage ratio provides an idea of 
the mass of the sensor vs. the load, based on which it is possible to discern upfront the energy 
intensiveness of the sensor being adopted. For instance while the gram/wattage ratio was 
found to be 39.33 for LED bulbs while it was just1.96 for incandescent bulbs. Hence, the 
efficiency of occupancy sensors depends on the type of lighting load connected to it (Load 
type may be LED, Fluorescent, Incandescent) (Kumar and Mani, 2017). Moreover, it can be 
said that for certain types of luminaires the energy neutrality is quite high to justify the use 
of the sensors itself. The study methodology yet does not account for the life-cycle energy for 
the luminaire itself, which is being taken up under the whole-building study discussed in the 
later sections of this paper. 
 

Table 1. Synthesis Matrix of design ideas for Occupancy sensors using TRIZ methodology	
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The TRIZ methodology was applied to synthesize better design options for the product 
designer. Table 1 shows a Synthesis Matrix between the product structure based on Life-cycle 
stages versus Alternative function structure/materials/subsystems which was used to 
generate three options namely; S1 (present), S2 (Futuristic) and S3 (Improved). The life-cycle 
energy of these three options is yet to be computed, but would require information on place 
of manufacture and installation, building design and occupancy, and occupancy behaviour. 
The current study believes that for smart homes to be effective (from a life-cycle energy 
perspective), both product designers and architects need to share information for the 
effective integration of sensors in the building. 

The role of designer in designing such smart sensors was examined through various case 
studies in the Indian context. As a result, various parameters were identified for the 
consideration of product designers, which are as following: (a) Materials used for Design; (b) 
Geometry and size of the Occupancy sensors; (c) Technology to be used for the Occupancy 
sensors; (d) Life-cycle energy and Energy Neutrality; (e) Cost of the Occupancy Sensors; (f) 
Place of manufacturing and transport distance; (g) Time Delay Settings; (h) Devices to be 
connected; (i) Ease of Disassembly; (j) Packaging of the occupancy sensor; (k) Maintenance 
and repair of Occupancy Sensor; (l) Disposal and Recycling; (j)Type of Luminaires and lighting 
technology. 

Furthermore, the various parameters were identified for the consideration of architect, 
which are as following: (a) Identifying the spaces which require Occupancy sensors; (b) Type 
of Occupancy Sensor and underlying technology; (c) Placement of Occupancy Sensors in the 
rooms; (d) Type of Luminaires and lighting technology; (e) Placement of electrical switch 
boards; (f) Energy saving in the building due to Occupancy Sensors; (g) Increase/decrease of 
comfort due to sensors and (h) Time period of maintenance free operation of Occupancy 
sensors in the building. 

Figure 2. A Model Framework showing Smart Homes and its components 
 

In conclusion, a model framework (fig. 2) was prepared showing the smart homes and 
its components, which classifies the components as: Smart Sensors, Appliances, Building 
functions, Interfaces and controls. Moreover, various building systems and subsystems are 
connected to each other by Wi-Fi technology to form Internet-of-Things (IoT). Finally, an 
energy neutrality matrix (Fig. 3) was proposed showing the relationship between buildings, 
smart sensors, Product designers and Architects, which was further used to identify the gaps 
between feed-back loop between the product designer and the architect. 
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Conclusions		

 
 Figure 3. Energy Neutrality Matrix between buildings, smart sensors, Product designers and Architects 

 
This preliminary study discusses an energy-neutrality based evaluation into the effectiveness 
of occupancy sensors in buildings, and provides a framework for product designers to work 
closely with architects. The concept of energy neutrality has been discussed highlighting the 
fact that often installation of smart sensors may not yield energy saving when accounting for 
the life-cycle energy of the sensors. The study further identifies various gaps in the 
information required by the product designer at the conceptual design stages. Moreover, it 
also questions the level of interaction between the architect and the product designer in the 
effective integration of smart sensors; between architect and the building and between 
product designer and smart occupancy sensors. 
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Abstract: Energy demand in buildings has increased considerably in recent years, and in developing countries 
many non-residential buildings are considered efficient by energy labelling programs, despite their high-energy 
consumption and little environmental conditioning strategies. In the design process, there are several 
variables to be considered that may be contradictory to each other, and computational multi-objective 
optimization methods represent a significant potential to generate solutions for a good design. This paper 
investigates the thermal-energy performance for a single room model in a Brazilian subtropical climate using a 
multi-objective optimization. A single-storey office building was defined as model for a Building Performance 
Simulation (BPS) with EnergyPlus and a parametric analysis was conducted using MATLAB. The glazing U-factor, 
concrete layer thickness on the walls, and roof solar absorptance were optimized from the model’s base case. 
The analysis was evaluated from two optimization criteria (annual electricity demand and hours of discomfort 
for heating and cooling). Results showed a tendency to reduce energy consumption in 9.6% and lead thermal 
comfort to a neutral state from the case in two multi-objective optimization phases. This paper demonstrates 
that optimization methods for BPS can assist in high-efficient office buildings, even in the early design process. 
	
Keywords: Energy efficiency, computer simulation, multi-objective optimization, office buildings 

Introduction		

In recent years, energy demand has increased significantly due to industrial development 
and population growth, and buildings play a very important role, as they are responsible for 
over 40% of total global energy consumption (EIA, 2017). In this context, energy efficiency 
programs have been used in the last few decades to improve buildings energy performance 
and indoor environmental quality (Sabapathy et al., 2010; Marszal et al., 2011; Pan and 
Garmston, 2012; Borgstein et al., 2016). 

However, in developing countries, energy regulations tend to consider non-residential 
buildings as efficient, although they consume more energy than high-performing buildings 
in similar climate regions (Srinivasan et al., 2012; Melo et al., 2013). This is the case in Brazil, 
where commercial and public buildings consume about 26% of the country’s electricity 
demand (BRAZIL, 2016). 

  According to the Brazilian Electric Company, energy consumption in commercial and 
public buildings is dominated almost 70% by air-conditioning and lighting systems 
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(ELETROBRÁS, 2009). This justifies the latest initiatives regarding whole building analysis 
rather than analysing disconnected building parts, helping architects and engineers to 
determine cooling, heating and lighting loads and better evaluate the building’s energy 
performance (Delgarm et al., 2016). 

Today, the architectural process for an energy-efficient design requires several tools 
to satisfy different requirements regarding high-performance buildings. One of the 
dominant and decisive elements for a building’s thermal performance is the envelope, but 
also different variables e.g. shape, orientation, window-to-wall ratio, etc. Many design 
decisions are contradictory to each other, and simulation-based optimization has become 
an efficient approach to solve these conflicts (Sahu et al., 2012; Hamdy et al., 2016). 

This work presents a Building Performance Simulation (BPS) using a multi-objective 
optimization for a single room model, adopting energy consumption and thermal comfort 
by fraction of occupied hours of discomfort criteria. The model was developed for a 
subtropical region in Brazil, as a first attempt to evaluate the effect the method on future 
works of energy-efficient office building design in the Brazilian different climate regions. 

Methodology	

This paper analyses the thermal-energy performance of a single room model with 
characteristics of a typical office building in Brazil. First, SketchUp (Trimble Inc., 2016) 
modelling software was used to define the building geometry. Then, computer simulations 
were conducted using EnergyPlus 8.5, a simulation tool which creates the information of all 
the building’s boundary conditions and systems in a text-based “idf” file (US Department of 
Energy, 2016). This first model served as a base case, which was then updated using 
MATLAB (Mathworks, 2014) for implementing a multi-objective optimization, directly 
retrieving output results from the EnergyPlus files. The procedure of this BPS is shown on 
Figure 1. 

 

 
Figure 1: Main procedure of the Building Performance Simulation (BPS) 

 

Building	description	and	simulation	details	

The multi-objective optimization analysis focused on a single room model based on the case 
610 of BESTEST (Building Energy Simulation Test), a method presented by the U.S. National 
Renewable Energy Laboratory (NREL), as a test to trace and correct specific algorithms and 
input errors in computer simulation programs (ASHRAE, 2014). The Case 610 consists of a 
48m² floor area and 2.7m ceiling height, single-story building of south facing windows, and a 
1m horizontal overhang across the entire south wall, as shown in Figure 2 and Figure 3. 

The model was simulated for São Paulo, the most populous city in the Southern 
Hemisphere. São Paulo is in 23°32’52” south latitude and 46°38’09” west longitude. It is 

SketchUp		
3D model 

.epw	
Weather Data	

MATLAB	
Optimization 

EnergyPlus	
Building performance 

simulation	
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located on a humid subtropical climate region (Cwa), according to the Köppen-Geiger 
classification (Peel et al., 2007), with 80% of annual average relative humidity, mild winters 
– with an average minimum temperature of 11.7°C in July, and moderate hot summers – 
with an average maximum temperature of 28°C in February (INMET, 1992). 

 

 
Figure 2: Model view representing the thermal zone 

 
Figure 3: Model floorplan 

 
Since the test building is part of a work that evaluates office buildings in Brazil, the 

envelope properties were changed from the original BESTEST case. This model is of a 
standard Brazilian construction, according to the national requirements of compliance for 
energy efficiency on buildings (BRAZIL, 2013), with concrete blocks on the external walls, 
floor of concrete slab with ceramic tiles, roof of concrete slab and a gypsum liner (with an 
air gap between them), windows with laminated glass, and no blinds on them. 

The HVAC system is as a Packaged Terminal Air Conditioner (PTAC), with a coefficient 
of performance of 3.5 W/W. Simulations determined cooling and heating capacity, and the 
supply air flow rate for the thermal zone. These characteristics, presented on Table 1, were 
tested in a previous study for a different climate in Brazil (Lopes et al., 2016). 

  
Table 1. Overview of the building’s properties	

Materials	 Occupancy	and	systems	

Walls 
Exterior plaster (25mm) / concrete block 
(90mm) / interior plaster (25mm) / Solar 

absorptance (0.6) 
Occupancy 

8 m²/person (130W/person) / (8am – 
6pm) / Monday to Saturday 

Floor Concrete slab (30mm) / plaster (25mm) / 
tile (10mm) Equipment 10 W/m² (8am – 6pm / Monday to 

Saturday) 

Roof 
Plaster (15mm) / concrete slab (120mm) / 
air space (R=0.18 m²K/W) / gypsum liner 

(10mm) / Solar absorptance (0.6) 
Lighting 8.8 W/m² (8am – 6pm / Monday to 

Saturday) 

U-values 
External façade (2.7 W/m²K) / Glazing (3.4 

W/m²K) / Roof (2.17 W/m²K) HVAC 
System (PTAC) / Cooling set point 
(24°C) / Heating set point (18°C) 

 

Multi-objective	optimization	

For this research, two optimization criteria were considered, total annual electricity demand 
and annual hours of discomfort by heat. The optimization consisted of three sets of 
parameters, including the glazing U-factor, concrete layer thickness on the external walls 
and roof solar absorptance, each one regarding one aspect of a building’s envelope (glazing, 
walls and roof). Table 2 shows the list of the first decision parameters used in the study and 
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their values of variation. An optimization algorithm was written in MATLAB environment to 
perform 125 different simulations, randomly selecting a value for each parameter from the 
initial range (five values for each parameter), resulting in 125 different cases, which will be 
known from now as Phase 1. The base case values were defined as established by Lopes et 
al., 2016. 

 
Table 2. Initial decision parameters specifications	

Parameter	 Unit	 Values	 Base	case	
Glazing U-factor W/(m²K) 3.1, 3.5, 4.1, 4.8, 5.3 4.8 
Concrete layer thickness m 0.015, 0.035, 0.055, 0.075, 0.095 0.055 
Roof solar absorptance - 0.2, 0.4, 0.6, 0.8, 0.9 0.6 

 
The output data were stored in the MATLAB environment for analysis according to the 

optimization criteria. The multi-objective solution is presented through a Pareto curve (or 
non-dominated solution), where all points in the Pareto front are potentially an optimum 
solution, and selecting the most suited result requires a process of decision making, for 
example, minimizing two objectives (Delgarm et al., 2016). 

After the first set of simulations, the input data from the optimum solutions from the 
Pareto front were selected. Of the five parameter values, the most recurrent two values 
were selected for a second set of simulations. For the best cases analysis, another 100 
simulations were then performed in EnergyPlus for a more optimized set of solutions, which 
will be known as Phase 2. 

After each phase, output data were extracted from MATLAB and both optimization 
criteria were analysed. The annual electricity consumption is presented in kWh/m² and the 
discomfort hours were calculated based on the time where the setpoint was not met during 
occupied hours. Since São Paulo does not require much artificial mechanical system for 
heating, there is no discomfort due to cold weather. 

Results	

In this section, the results for the multi-optimization criteria are presented. The main 
purpose of this approach concerns with the minimization of annual electricity demand and 
hours of thermal discomfort (both by heating and cooling combined). Figure 4 presents the 
series of optimum points from Phase 1 (Pareto solutions). 
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Figure 4: Pareto Front from simulations (Phase 1) 
 

●● Pareto Front 
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The dots on the graph correspond to the non-dominated solutions, or the alternatives 
that cannot be found that fulfil one of the objectives without the other one being harmed. 
On the other hand, the blue dots represent the Pareto front, an optimal tendency curve 
which indicates a series of possible solutions for the initially proposed problem. These 
solutions indicate an attempt to minimize both annual energy consumption (in kWh/m²) 
and hours of thermal discomfort. This last criterium is based on the hours where the 
setpoint was not met during occupied time of the year. 

The results indicate that from the 100 simulations from Phase 1, the annual energy 
consumption ranges between 68.2 kWh/m² and 84 kWh/m², while the hours of discomfort 
are in a small 0 – 101 range, i.e. between 0% and 1.15% of the 8760 hours of the year. The 
base case resulted in a 75.2 kWh/m² consumption and 5.3 hours of discomfort. After 
carefully evaluating the 34 cases with no hours of discomfort, the three most recurrent 
values from the input parameters are presented on Table 3, which were then used for 
simulating Phase 2.  

 
Table 3. Recurrent parameters specifications for Phase 2	

Parameter	 Unit	 Values	
Glazing U-factor W/(m²K) 3.1, 3.5, 4.8 
Concrete layer thickness m 0.055, 0.075, 0.095 
Roof solar absorptance - 0.2, 0.4, 0.6 

 
A new set of 100 simulations was automatically carried out using MATLAB, and the 

results are shown on Figure 7. The results indicate a smaller range of energy consumption 
(from 68.2 kWh/m² to 75.2 kWh/m²) and most hours of discomfort were taken to zero, with 
some cases of discomfort hours from 2.5 to 5.3. It is known statically that there was no need 
to perform 100 simulations on Phase 2, however the simulation algorithm as configured to 
perform automatically these simulations. 
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Figure 5: Pareto Front from simulations (Phase 2) 

 
After analysing the results on Phase 2, the five best cases with energy consumption 

below 70 kWh/m² resulted in a specific range of input data. From the initial five values for 
each parameter, after only two phases of simulation, one value for each parameter was 
defined. A minimizing tendency was observed for the following settings: a 4.8 W/(m²K) U-
value for the glazing U-factor, a concrete layer of 0.075 m thickness and a solar absorptance 
of 0.2. The Phase 2 indicated that there is an optimization potential from Phase 1 of 9.6% in 
energy reduction and the hours of discomfort were neutralized. 

●● Optimal solutions 

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2591



 

 

For the simulated model in this study, a correlation matrix was calculated between the 
input data, where the rows were the optimization criteria (observations) and the columns 
were the input parameters (variables). The correlation coefficients are shown in Figure 6 
and Figure 7. From the three parameters, changing thermal mass (on this case the concrete 
layer thickness) has the most impact in energy consumption and the number of hours of 
discomfort. On Phase 2, the optimized simulations, the parameter had a greater impact 
than on Phase 1. The glazing U-factor had the least impact on the output results. 

Reducing thermal mass on the envelope has a positive impact (in this case the 
negative correlation coefficient, i.e. energy reduction) of -0.97. On the other hand, 
increasing glazing U-factor presented only a 0.12 coefficient in reducing energy demand. 
The roof solar absorptance has also a significant impact on reducing energy consumption 
(correlation coefficient of -0.65). 

 

 
Figure 6: Correlation between input parameters and 

optimization criteria (Phase 1) 

 
Figure 7: Correlation between input parameters and 

optimization criteria (Phase 2) 
 

Conclusion	

Multi-objective optimization methods have been widely used in building performance 
simulation (BPS) with an overall aim of promoting energy-efficient building design. However, 
to the knowledge of the authors, there is few research in this area for the Brazilian reality. 
This work showed a great potential in energy saving potential and thermal comfort 
improvement using a simple case of a single room model, varying only three parameters of 
the building’s envelope. Based on the results, the following conclusions can be drawn: 

• For a subtropical climate region, simple office buildings can have an energy saving 
potential up to 9.6% and a thermal comfort improvement to the neutral state; 

• From the two Phases of the multi-objective optimization, thermal mass, or concrete 
layer thickness in this work has a greater impact on reducing energy consumption 
and hours of discomfort; 

• This study is an initial step in a much deeper research that is being conducted to 
develop a predictive method with multi-optimization tools (such as genetic 
algorithms) for the thermal-energetic performance in office buildings. Further results 
will be presented in the earliest opportunity. 
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Abstract: The ever-increasing aesthetically driven demand for fully glazed façades poses a design challenge; 
not least in controlling the cooling demand of such buildings, especially in a southern Mediterranean climate. 
This study was concerned with determining which glazing technology would be most suited in a building within 
the central Mediterranean region to achieve the optimum thermal performance during the cooling season. In 
this context, this paper experimentally investigates the thermal performance of different forms of glazing 
assemblies in a southern Mediterranean climate. Based on established standards, local test cells were 
constructed to assess the thermal performance of room-sized spaces fitted with different types of glazing. A 
comparative approach was adopted, whereby the thermal performance of a space fitted (sequentially) with 
four different types of glazing were compared with that of a reference cell along the four cardinal orientations. 
Results indicate that double-glazed units with a solar-control coating perform best facing South, whereas 
spectrally-selective, low-emissivity coatings perform better facing the three other cardinal orientations. Solar-
control film over single glazing improve the thermal performance only marginally whereas uncoated double-
glazed units, are not only the least effective in reducing solar heat gain, but effectively contribute to increased 
cooling loads due to higher g-values. 
	
Keywords: glazing systems, solar-control coatings, low-emissivity coatings, thermal performance, energy 
efficiency. 

Introduction	

Energy use has become an ever-growing concern worldwide, especially for buildings, which 
consume between 20 and 40 % of the total energy consumption in developed countries, 
including EU Member States (European Commission, 2016). Following the EU Energy 
Performance of Buildings Directive (EPBD) of 2002 and its recast in 2010 (2010/31/EU), all 
new and renovated buildings are to be “nearly zero energy” after the year 2020. (European 
Parliament, 2010).  

The concept of today’s drive is to have predominantly-glazed buildings. (Schittich et	al., 
1999). This design approach is very often fuelled by aspects related to the projection of a 
“modern” image to a building and little thought is given to environmental issues, thermal 
and visual comfort of its occupants and even less attention is given to the use of energy 
required to attain thermal comfort. The need to align the design requirements with 
environmental issues is key in establishing a well-balanced approach between architecture, 
daylighting, views, thermal comfort and energy use. Notwithstanding this, the geographic 
location of the site ought to be the primary consideration to be given by any design team, 
coupled by the need to achieve internal well-being of the building’s occupants. Very often 
this aspect is completely ignored, with the designer putting a lot of attention into how the 
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buildings looks from an architectural perspective and leaving it up to the mechanical 
engineer to address thermal comfort issues using energy-guzzling air-conditioning systems 
to solve the subsequent comfort problems that invariably arise from poor design. In hot-
humid climatic regions where the cooling season is longer than the heating season, cooling 
energy demand for buildings has become a key issue (Fsadni, 2011). Many studies have 
been done and are still being carried out to provide new performance-enhanced building 
materials, particularly related to the external building fabric. Apart from some few studies, 
limited experimental knowledge is available on the performance of different glazing 
technologies for specific climate conditions. The aim of this study was to determine which 
glazing technology would be most suited in a building within the central Mediterranean 
region to achieve the optimum thermal performance during the cooling season. The 
objective of this research project was to investigate the thermal performance of different 
commercially-available glazing technologies with a focus on those most commonly used, 
having the potential of being adopted in buildings in the central Mediterranean region. The 
scope was to experimentally test the behaviour of different glass assemblies and test the 
thermal performance of spaces fitted with different glazing along different orientations.  

Review	of	Methodologies		

An extensive literature review on the classification and use of outdoor test cells was carried 
out by (Cattarin G. et	al., 2015). Cattarin et	al. appreciably not only summarizes the various 
test cells that have been recently developed, but more importantly distinguishes between 
the types of cell and aims to describe and review recent state of the art technologies for 
outdoor test cells. Assessment procedures may be performed by means of three main 
facility categories: outdoor	 real-scale	 facilities (whole buildings, possibly with occupants), 
indoor	 laboratory	 facilities, and outdoor	 test	 cells. The first corresponds to in-field 
measurements making use of boundary conditions determined by weather and sometimes 
occupants’ behaviour. The second and the third correspond to measurements under 
laboratory controlled conditions, although in the case of the outdoor test cells not all 
conditions are under the control of the research team. Cattarin et	al. also claim that test 
cells often bridge the gap between laboratories and full-scale buildings, since they permit 
keeping all the necessary indoor conditions under control, while letting outdoor conditions 
vary with real fluctuations. The interest of this type of experiments is on the interplay of 
external driving forces, such as external temperature, wind speed and direction, direct solar 
radiation, radiation diffused by the sky and the ground, external humidity and so on.  

One salient aspect in the review by Cattarin et	al. is the classification of test cells and 
their distinction in nomenclature from similar enclosed spaces. The authors primarily 
distinguished test cells from other testing facilities, such as test boxes (which usually are not 
considered representative of real indoor spaces) and real-scale facilities (which are usually 
not meant for characterizing the performance of a single building envelope component). 
The dimensional lower threshold of test cells was conventionally chosen as a cube of 
dimensions 2 m x 2 m x 2 m (L x W x H), below which facilities are considered as test boxes. 
A second salient classification refers to the adopted concept of testing, and primarily include: 

• Comparative	 testing, meaning test cells which are meant for assessing the 
performance of a component in relative terms, that is, with respect to a reference 
element being tested and monitored at the same time. 
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Figure	1:	Plan,	Section	&	Elevation	of	typical	test	cell	

Floor	Plan	

 

Section 

	

Elevation 

	

• Absolute	testing, meaning test cells which are meant for assessing the performance of 
a component in absolute terms by using one or more performance indices without 
direct contemporary comparison with another element of the same kind. 

Methodology	Adopted	

Following the identification of an appropriate site within the precincts of the University of 
Malta (35o54’10N; 14o28’53E), the test cells having external dimensions 2550mm x 2550mm 
x 2100mm were constructed using hollow concrete blockwork. The roofing of the cells 
comprised 80mm thick, precast, uninsulated, reinforced concrete slabs. The spacing 
between the three test cells ensured the cells would not be affected by shadows. Four 
identically-sized openings were designed on each of the four cardinal orientations – north, 
south, east and west. This allowed for the possibility of fitting different glazing units on the 
orientation under test, while blocking-off the three remaining openings with a removable, 
yet insulating opaque material (28mm expanded polystyrene suitably-sized sheets were 
used to block off the openings and while providing water and air tightness and an 
acceptable level of insulation, comparable to the surrounding blockwork walls. They were 
capable of being fitted and removed with ease during successive test runs). 

  
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 

 

  Figure 2: Layout of the three test cells within the site 

Cell	1	

 

Cell	2	
(the reference cell)	

Cell	3 
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This setup allowed for the comparative testing of different glazing assemblies, with 
the central test cell used for reference purposes, to which other glazing units could be 
compared. An uncoated, 5mm single glazed unit was considered to be a representative 
reference model of glazing typically used in the chosen climatic region. Four different 
glazing assemblies were tested, details of which are shown in Tables 1 and 2. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1:	Nomenclature & Description of the Glazing Setups	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Glazing	Code	 Glazing	Assembly	

SGU	 5mm clear glazing. 

DGU	 5mm clear glazing + 10mm argon cavity + 5mm clear glazing. 

SGU+SCF	 5mm clear glazing + solar-control film on surface 1. 

DGU+SCC	 5mm clear glazing + 10mm argon cavity + 5mm clear glazing with SGG	
Antelio	Clear © solar-control coating on surface 2. 

DGU+Low-E	 5mm clear glazing + 10mm argon cavity + 5mm clear glazing with SGG	
Planitherm	4S © spectrally-selective, low-emissivity coating on surface 2. 

Table 2: Properties of glazing units under study 

	 U-value			
W/m2	K	 g-value	 Transmittance	 Outdoor	

Reflectance	

Absorbance	
(outer	pane	–	inner	

pane)	
SGU	 5.8 0.87 86% 8% 6% 

DGU	 2.8 0.79 75% 14% 7+5% 
DGU+Low-

E	
1.4  0.43 40% 41% 17+2% 

DGU+SCC	 2.8 0.53 48% 24% 24+4% 

SGU+SCF	 5.6 0.47-0.50 N/A N/A	 N/A 

Figure 3: View of the completed test cells Figure 4: Thermographic image of the test cells	
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Key performance indicators were measured using a series of thermocouples 
connected to a National Instruments – model NI 9213 s (high-density thermocouple module) 
with a NI cDAQ-9171 (1-Slot USB chassis), set to take a reading every 10 minutes, and 
included the external	and	internal	glass	surface	temperatures, the indoor	air	temperature	
within	the	test	cells, and the internal	ceiling	and	floor	surface	temperatures. Testing of the 
four different types of glazing assemblies were carried out in eight test runs between May 
and August, this representing a substantial part of the cooling season within a central 
Mediterranean climate. Each test run lasted a minimum of 5 days to ensure that steady 
state would have been reached. Consistency in thermal performance between the 3 cells 
was tested using thermographic analysis (Figure 4) prior to the testing of the glass. Figure 5 
illustrates a typical plot of indoor air temperature against time across 5 days, whereas 
Figure 6 shows a zoomed-in plot across 24 hours. The differences in the resultant indoor air 
temperatures of the two cells under test when compared to the reference cell could be 
noted along different times of the day.  

Results	

The indoor air temperature of the test cells was deemed as the primary performance 
indicator in assessing the performance of spaces fitted with different types of glazing. It was 
also confirmed that the measured indoor air temperature readings were the resultant	
effect of the internal surface temperatures of the glass, ceiling, walls and floor, all of which 
were thoroughly monitored and analysed. Table 3 shows the average differences between 
the measured indoor air temperature of the various test cells, compared to that of the 
reference test cell fitted with single glazing. Figure 7 shows the same results graphically.  

 

	

	

	

	

	

	

	

 

	

 
 
 
 
 
 

Figure 5: Typical result output of indoor air temperature across 5 days 
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Figure 7: Average Indoor Air ΔT from reference test cell over a 24-hour period 

 

Figure 6: Typical result analysis of the indoor air temperature across 24 hours 
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This study confirmed that an east and west-facing orientation proved to be more 

critical in terms of thermal performance when compared to a north and south orientation. 
Solar-control coatings in general, proved to be more effective on an east and west 
orientation. As expected, the north is the least critical whereas on a south orientation, the 
high solar elevation allows for increased reflection off the outermost surface of the glazing 
units due to the increased angle of incidence when measured from the normal to the glass 
pane. Although low-emissivity coatings are often associated with the prevention of long 
wave infrared radiation loss from buildings in heating-dominated climates, experimental 
results have shown that low-emissivity coatings on a glazed unit are very effective even in a 
predominantly hot central Mediterranean climate. Indeed, a low-emissivity coating reduces 
long-wave infra-red radiation from sources external to a space, hence being effective at 
reducing heat gain even in a cooling-dominated climate. Low-emissivity coatings combined 
with a spectrally-selective coating are even more effective at reducing both long and short-
wave infrared intake of energy into enclosed spaces, hence contributing to a lower cooling 
load. 

A very low U-value in a glazing unit may prevent the emission of internal heat gains 
into the external environment. Although the double-glazing unit coated with a spectrally-
selective,	low-emissivity	coating had indeed the lowest U-value of all samples, it resulted in 
cooler average indoor air temperatures within the test cells in all orientations. It can be 
therefore confirmed that the positive performance of the spectrally-selective	Low-E	coating 
in reducing solar heat gain outperforms the negative property of internal heat containment, 
resulting in a net cooler indoor air temperature.  A glazing unit equipped solely with a 
spectrally-selective	solar-control	coating	does not give the best solar-control performance in 
all orientations in a cooling-dominated climate. This kind of coating performs best on the 
south orientation since it is mainly effective in reducing short-wave infrared radiation which 
is predominant along this orientation. The uncoated	 double-glazed	 unit	 was the least 
effective of all glazing configurations tested. This is true for all orientations. The solar-
control	film fitted on single glazing unit proved to have a negligible effect on a north facing 
window because on this orientation, since it is the U-value which plays an important part in 
the heat transfer mechanism. The south facing was the second least effective orientation, 
likely due to the external reflection of incident solar radiation when the sun would be at its 
highest position. The west and east-facing orientations showed a positive trend in 
performance of the solar-control coating, however, the results clearly show that solar-
control performance do not match the more effective double-glazed units coated with 
spectrally-selective and low-emissivity coatings.  

 	

Table 3: Average Indoor Air ΔT from reference test cell over a 24-hour period 
 

	 North South East West 

DGU+Low-E	 0.38 0C 0.40 0C 0.97 0C 0.73 0C 

DGU+SCC	 0.20 0C 0.47 0C 0.68 0C 0.68 0C 

SGU+SCF	 -0.02 0C 0.13 0C 0.32 0C 0.16 0C 

DGU	 -0.44 0C -0.04 0C -0.39 0C 0.10 0C 
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Conclusions		

The output of this study, considered worth publishing, is that building practices in Malta 
were not backed-up by scientific evidence. Although mandatory EU legislation in terms of 
the energy performance of buildings (EPBD), may be the driving force behind attempt of 
Governments to instil the building industry to shift from energy-guzzling design to a more 
sustainable manner of construction, the installation of uncoated double glazing on all 
orientations in a central Mediterranean climate - irrespective of whether the unit is shaded 
or otherwise - is clearly misinformed. Similarly, schemes intended to offer financial 
incentives for the blanket installation of “double-glazing” with the good intention of 
providing for “better energy efficiency” may indeed be counter-productive in increasing 
energy demands. Future architectural trends will invariably result in the development of 
buildings with greater window-to-wall ratios, as we go high-rise, high-tech, with fully glazed 
facades. Considering today’s more stringent exigencies of comfort, the use of active 
environmental control systems such as air conditioning is taken for granted, especially when 
the façade is fixed or with limited openable area. The industry needs to focus on having 
buildings that are cheaper to run and when external shading is not included on the façade, 
the use of appropriate glazing is paramount in achieving lower fossil energy demands. 
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Abstract: In the EU the buildings accounts for 40% of energy consumption, offering room for improvement. In 
this context the EC has passed the Energy Performance Building Directive (EPBD), which main aim is to give 
energy transparency to real estate transactions by means of EPC. This policy indirectly tries to incentive the 
production of efficient buildings and rehabilitations: it departs from the idea that tenants and buyers are willing 
to pay a market premium for efficient buildings. Although across Europe a number of studies have proven the 
positive impact of EPC on residential prices, in Spain such studies are scarce due the late transposition of EPBD. 
In this paper, using a hedonic approach, we analyse the impact of EPC on multifamily dwellings’ prices in 
Metropolitan Barcelona due its mild weather makes an excellent case study where to observe energy efficiency 
impacts on real estate prices. The results suggest that the asking price premium for “A” labelled apartment is 
9.6% and 3.9% for a “D” in relation to the worse grade “G”. Nevertheless, such impact seems to differ across 
market segments. In the segment of recently built apartments the energetic label does not play any role in the 
prices, since apartments do have other architectonic attributes. On the contrary, in the segment of poor quality, 
with few facilities, the energetic label has a paramount importance on prices. This latter finding has important 
implications for policy making, since EPC has a deep impact on poor owned dwellings, precisely in the 
socioeconomic strata where energetic rehabilitation is not a priority. Thus, a good environmental policy may 
imply unexpected negative social consequences. 
 
Keywords: Energy performance certificates, hedonic pricing, green labels, Barcelona 

Introduction	

In the fight against climate change, the European Union (EU) has since its first Energy 
Performance of Buildings Directive (2002/91/EC, EPBD) decided to give energy market 
transparency, as a way to promote better informed renting and purchasing decisions. 

This article aligns with the pioneering works that study the impact of energy ratings on 
the formation of real estate prices in Spain, and especially, if this incidence is the same 
between the different segments that make up the residential market. In the latter sense, Das 
& Wiley (2014) have shown for the US office market that the Energy Star and LEED tags are 
contingent on the characteristics of buildings in determining their rental prices, therefore, 
there are no reasons to think that in the residential market this impact is stationary. With this 
objective, a sample of homes on sale is used, which is representative of both the multi-family 
market prices in metropolitan Barcelona and the energy rating of the multi-family stock 
certified with an EPC. Thus, using a hedonic price model, it is explored the marginal price of 
each of the possible energy class. Due its mild climate weather Barcelona emerges as an 
excellent case study where observe energy efficiency impact on residential prices. 

The results suggest that an asking	price	premium for the best rated dwellings exists. In 
fact, the relationship between this premium and the energy class is not linear, but tends to 
be exponential, so that there is a psychological effect that rewards especially the select club 
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that make up the apartments qualified with energy class“A” (the most efficient). However, 
this overvalue is not homogeneous along the different residential segments. In fact, in the 
newer dwellings, characterized by a large proportion of active air conditioning systems, 
advantages in their architectural program (e.g. more bathrooms or community pool) and high 
quality, energy differentiation plays a zero role in the formation of real estate prices. On the 
contrary, in the case of housing built in the period of "developmental" urban growth, usually 
located in low-income areas characterized by low prices and few architectural features, 
energy differentiation emerges with singular strength in the determination of sales prices. 
Finally, for the segment of the oldest houses, generally located in the widening and classic 
districts, there is also a premium	market, although smaller than in the case of the worst 
housing. 

The rest of the article is organized as follows: first a review of the studies that, following 
the same methodology of hedonic prices, is offered; The scope of study, the source of 
information and the methodology used is then outlined; The next section contains the results 
and; Finally, in the conclusions the work is put into perspective. 

The	impact	of	Energy	Performance	Certifications	on	real	estate	prices	

The reform of the EPBD (2010/31/EU) and Directive 2012/27/31 is the current framework on 
which "universal" energy certification has been transposed in the Member States. In this 
context, the pioneering study by Brounen & Kok (2011) analyzed for the first time the 
incidence of these new green labels on residential prices, although the data used correspond 
to the period in which the purchasing part could exempt the selling part, of deliver the EPC. 
The results of this study found a positive correlation between the best-rated dwellings and 
verified sales prices in real estate transactions. These authors assume that energy ratings are 
a categorical measure of the efficiency of housing. So, considering the intermediate score "D", 
as a basis for comparison, they found that the marginal price ranged from 10% for the "A" 
class, to -5% for the "G" class. That is, above the reference market	premiums	are formed, 
while below market	 penalties	 appear. In the same country, Kok & Jennen (2012) also 
pioneered the incidence of EPC in the office market in Europe, finding that only offices rated 
with "C" class (in relation to class "D") formed an overvalue of 4.7% in their rental transaction 
prices. The study by Hyland et	al. (2013) conducted in different Irish cities was the first to 
simultaneously compare the incidence of EPC on the rental and sale market. To do so, these 
authors started from listing prices of both markets, generally finding that the incidence of the 
energy ranking is greater in the market of sale than in the rental market. For example, a home 
for sale qualified as "A" (in relation to "D") has a market premium	of 9.3%, and only 1.8% if it 
is transacted in the rental market, ceteris paribus. Likewise, the market	penalty for a home 
classified as "F" or "G" (in relation to "D") is much higher (-10.60%) than the received by the 
rental market (-3.20%). The higher incidence of green labels on sales prices, in relation to 
rental prices, is a regularity that had already been reported by previous work based on other 
certification schemes. Examples of such research are the work of Fuerst & McAllister (2011) 
for LEED offices in the USA (+ 31.4% for sale and only 9.2% for rental), or Eicholtz, Kok & 
Quigley (2010) for LEED offices (+ 11.1% for sale and only 5.8% for rental) and Energy Star (+ 
13% for sale and only + 2.1% for rent). In this sense the work of Fuerst & McAllister (2011) for 
the English office market has empirically demonstrated the relationship of inverse 
proportionality between yield and energy rating of the BREEAM scheme. It seems, therefore, 
that investors value the energy rating more, because they understand that real estate has 
better outlets in the market produced by higher occupation rates (Wiley & Benefield, 2010), 
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higher rental prices and lower depreciation (Caijas And Piazzolo, 2013) in relation to users, 
for whom savings in energy bills could be lower relative to other operating expenses 
(including the own real estate rent). 

In the work of Mudgal et	al. (2013) again, the incidence of EPC is more pronounced in 
selling prices than in rental prices. From this study, it should be noted that EPCs appear to 
have more impact on hinterlands (e.g. Belgium and Ireland, with Austria as an exception) than 
in capital cities. According to these authors, this differential impact can be explained by the 
fact that savings in energy bills are more important in relation to the base price of housing in 
lower urban areas (where housing is cheaper) than in capitals. Also, not always a higher 
energy rating implies a market	 premium, since in the rental market of Oxford there is 
apparently a penalty for the best rated dwellings (-4% per EPC step). Although the authors of 
this work recognise the enormous deficiencies of their analysis, since in that city, the older 
and better located, high-priced stately homes have, in turn, a low energy rating. In general, 
the very poor control of urban characteristics (i.e. accessibility, quality of urbanization and 
social hierarchy) affecting residential values, as studied by Roca (1988) is a deficiency of such 
work and can bias the coefficients of their models. In Sweden, Pontus et	 al. (2014) have 
carried out a peculiar study in which the sale price of the dwellings has been correlated 
directly with the energy consumption contained in the EPC label. The coefficient of energy 
consumption in their hedonic model appears with a contradictory sign (Bx = 0.06, p = 0.000), 
where x is the log of consumption in kWh/year/m2 and Y the log of the price per m2): the 
higher  the consumption in kWh/year/m2, the higher the price of housing, everything else 
equal. In this sense, it is highly probable that for the demand energy classes in the label 
constitute a clearer message of ordinal comparison of the energy efficiency, in comparison to 
the technical units of its measurement. However, when the sample is segmented, the results 
are different, as is discussed in the next section. 

As can be seen, there is a great divergence in the impact of EPCs on residential values 
throughout Europe, explained by the important differences in terms of income, energy costs, 
construction, climatic, and techniques requirements, and, perhaps, the importance of 
environment preservation. Moreover, as Garcia-Hooghuis and Neila (2013) have studied, the 
way in which the Directive has been transposed has resulted in divergent calculation methods, 
often supported by previous state regulations, which make cross-border comparisons difficult. 
In this context in Spain there are two pioneering works in the study of the hedonic agenda of 
the EPC. The work of Ayala et	al. (2016) is based on sales values declared by a sample of 
respondents from 5 cities (Madrid, Bilbao, Seville, Vitoria and Málaga) and from an own 
calculation of the energy rating. It has found that dwellings with “A”, “B” or “C” energy class 
have a value, in the opinion of its owners, higher by 9.8% than those rated as “D”, “E”, “F” or 
“G”. Marmolejo (2016) uses listing prices for a sample of dwellings in Barcelona and finds an 
over price of 5.11% in the pass from the “G” to the “A” rating, or 9.62% if we accept that 
people perceive the rating scale to be nominal. Both works require a deeper study, the first 
because it departs from non-qualified opinion values and fails to control of microterritorial 
locative factors and the architectural quality of the dwelling, which, as Roca (1988) points out, 
have a huge influence on values, and their non-consideration can lead to a bias. The second, 
because precisely the microterritorial factors make the variable "energy rating" appear as 
statistically significant in the models, and therefore suggests a heterogeneous impact of this 
factor along the real estate market. The present work aims, therefore, to explore in more 
detail this latter aspect. 
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Scope	of	study,	methodology	and	data	

The scope of study is made up of the municipalities registered in the management area of the 
Metropolitan Transport Authority of Barcelona and which at the same time have multi-family 
offer with energy ranking. In total there is information for 178 municipalities. 

The methodology has consisted in three steps: 
1. Construction of a Geographic Information System with data related to real estate offers 

and urban/territorial characterization data at scale of census section and transport 
area. Through a geospatial consultation, the urban and territorial characteristics of the 
location of the dwellings have been transferred to the data matrix by housing using an 
area of influence of 300 m radius from the geo-location of each real state. 

2. Calibration of a hedonic price model at the dwelling scale. 
3. Segmentation of real estate offers according to the architectural and urban 

characteristics that effectively affect the formation of prices. In doing so, a factorial 
analysis followed by 2 steps cluster process has been used, obtaining as explained in 
the next section 3 clusters: 1) high-income consolidated areas, 2) medium income new-
homes, 3) low income poor-quality-houses. The variables used in the segmentation are 
all that have been found to be significant in the model next explained except the energy 
class to avoid endogeneity issues.  

The assessment of the impact of the energy rating is done using the hedonic price 
method. In the specialized literature, it is usual for this marginal value to be calculated 
through a regression model, and in the absence of a clear theoretical posture on the log-linear 
functional specification (Addae-Dapaah & Chieh, 2011). This procedure has several virtues, 
on the one hand, facilitates that the distribution of the dependent variable (the price) 
approximates to the normality thus enabling the calibration by OLS, and on the other, it allows 
interpreting the coefficients as semi-elasticities, that is as percentage variations in the 
dwellings price for each unit that increase the independent variables. Specifically, in this 
paper the functional expression used is: 

             (1) 
 
In (1) P is the natural logarithm of the supply price of a statistically significant sample of 

dwellings on sale in the study area; A is a vector that includes the architectural characteristics 
of each dwelling studied (including energy qualification ); E is the same but referred to the 
building, while the houses in question are multi-family type, so that there are common 
services that can affect the price of these; L is a vector that internalizes the spatial factors of 
urban and territorial type that impact on the formation of residential prices through land rent 
and, finally B	are the coefficients that, as mentioned above, measure the percentage impact 
of previous taxes on real estate prices. It is important to indicate that the energy rating has 
been introduced as a set of dichotomous variables for each of the seven steps that can have 
according to RD 235/2013. 

The offer data come from Habitaclia (one of the main portals in Catalonia in residential 
listing), and have been depurated using the Mahalanobis distance. After depuration none “B” 
class apartment is present in the sample. 

Results		

Table 1 details the results of the calibrated models for each of the real estate segments. It is 
important to note that according to the Chow test (F=8.55> F crit 1.16 to 99% confidence) 
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there are structural differences in the explanation of the prices of the different segments and 
therefore divergent hedonic agendas. In this table, only statistically significant variables are 
reported at 95% confidence, except for those related to the different energy classes, where 
again the letter "G" is the comparison situation. In all of them control variables, including 
social ones have been used.  In all cases the sign of the coefficients is as expected, except for 
cluster 1 where, paradoxically, the sign of the high socioeconomic indicator is reversed, even 
after having verified the absence of multicollinearity problems. This is likely to occur since the 
sample (the smallest of the three) is very homogeneous in location patterns due to the 
segmentation procedure used. If the focus is on the object of study, three interesting 
conclusions emerge: 

1)  On the one hand, the energy rating seems to affect the older dwellings, both those 
located in the centers/widening ones (Cluster 1), and those located in the 
neighborhoods that were born of the developmental expansion of the metropolis 
(cluster 3). On the other hand, in the most recent dwellings (Cluster 2), and precisely in 
those that are better qualified and with more presence of active systems of air 
conditioning, the energy rating does not seem to play any role in the real estate 
differentiation from the perspective of the formation of the offer prices. 

2)  However, the impact of the rating is not equal in the two segments in which it appears 
as significant. Thus, in the most expensive, central and well-established housing 
segment, the “A” rating; has an impact of 13.8% (but with a level of significance on the 
edge of the limit demanded in our analysis). On the other hand, in dwellings located in 
working-class neighborhoods and with worse active air conditioning services and 
generally poorer architectural quality, the impact of the “A” rating is almost three times 
higher, situated in 32.7% (with a higher statistical significance). In this last cluster also 
appears the “D” rating with an impact of +8.7% and in a reversed sense the "C" rating 
but with a slight impact located at -0.9%. 

3) All together seems to suggest that real estate differentiation in the segment of the 
newest dwellings and with more architectural and technological equipment does not 
seem to respond to the ranking that has led to the emergence of the EPC in our country. 
Quite the contrary, in the case of the (very abundant) houses located in the lower range, 
in the absence of attributes of architectural quality/equipment, the qualification 
becomes a true distinctive capable of strongly influencing the differentiation of selling 
prices. 

In short, the impact of energy ratings, in the light of the aforementioned results, does 
not appear to have a stationary impact on the multi-family market segments. Real	 estate	
differentiation,	from	the	perspective	of	the	supply	price	formation	mechanism,	and	in	relation	
to	the	energy	ranking	seems	to	occur	in	the	lower	segment.	Thus, in the dwellings with less 
architectural attributes related to residential quality, this ranking has a significant impact on 
prices. This can have enormous social repercussions on the conformation of energy 
submarkets as is discussed in the conclusions. 
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Table 1. Explanatory models of housing prices by real estate segments 

 

Discussion	and	conclusions	

It has been 15 years since the Energy Performance Building Directive (EPBD) joined the 
mainstream of green certifications through its Energy Performance Certifications (EPC). In this 
way, the European Union has decided to fade the information asymmetries in energy matters 
regarding real estate transactions. Thus, it has been committed to giving universal energy 
transparency as a mechanism to favour better informed purchasing and renting decisions, 
and in this way promote more sustainable buildings. 

In this research, we study whether greater energy transparency is reflected in the 
formation of prices. Specifically, the interest is particularly focused on analysing whether 
energy	ranking has a homogeneous incidence across the segments of the multi-family market. 
With this objective, a sample of 3,474 multi-family dwellings located within the scope of 
management of the Metropolitan Transport Authority of Barcelona is analysed. Such analysis, 
as it is usual in international studies, is based on the hedonic pricing method, which assumes 
that households equalize the marginal utility of the urban and architectural attributes of the 
marginally priced housing they are willing to pay for benefit from them. Likewise, in order to 
segment the previous survey, a multivariate analysis was carried out, based on the 
characteristics of dwellings, community services and their location with proven incidence on 
price formation. 

The results of the hedonic models suggest that, despite the very recent implementation 
of the obligation to include the energy label for real estate advertising (RD 235/2013), there 
is a higher	 premium in the best energy qualified dwellings. Thus, the owners of the best 
qualified dwellings are willing to be compensated for a higher amount, everything else equal, 
by their alienation. Of the set of energetic classes, the “A” and “D” have been statistically 
significant, increasing in 9.6% and 3.9% respectively the price, in relation to the lowest-rated 
(“G”) dwellings. This means that for the average apartment, these impacts can be translated 
into approximately 15.000 and 6.000 euros more, respectively. In addition, it is observed that 

Mod	High	income-consolidated	zones Mod	Medium	income-new	housesMod	Low	Income
r^2 r^2 a j s ig. r^2 r^2 a j s ig. r^2 r^2 a j s ig.

84,68% 84,16% 0,000 55,89% 55,36% 0,000 44,12% 43,78% 0,000

 B Beta Sig. B Beta Sig. B Beta Sig.

Constant 10,749 10,312 10,243

3                   6                2                 

                    1   2                

A ,138 ,046 ,049 ,064 ,035 ,102 ,327 ,038 ,031
C ,038 ,014 ,545 ,066 ,036 ,091 -,090 -,045 ,019
D ,054 ,043 ,123 ,023 ,021 ,412 ,087 ,044 ,019
E ,017 ,020 ,528 ,022 ,026 ,350 ,017 ,022 ,307
F ,030 ,022 ,412 -,017 -,013 ,568 ,023 ,021 ,298

1                2                 

2                   2                2                 

Source: Own elaboration using steepwise method

Note: Dependent variable Ln of the price, variables introduced by successive steps, except those related to energetic qualification. In gray appear the non-significant energy 
rating variables at 95% of confidence

s igni ficative 
control  
s tructura l  
variables

Energy class

Signi ficative acces ibi l i ty 
variables

Signi ficative socia l  
control  variables

Signi ficative control  
bui lding variables
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such overprice tends to increase exponentially as the energy class increases. This has a special 
interest in the promotion of green dwellings, since the prize for the best real estate in terms 
of energy (“A”) rises in an exponential manner. In this sense, it is necessary to verify if a step 
break in the upper quartile compensates the overcost of construction, as has been studied in 
Spain by García-Navarro et	al. (2014). 

In any case, the incidence of the energy ranking in Spain on residential prices is lower 
than the 15% (“A/G”) reported by Brounen & Kok (2011) for the Dutch case, as well is lower 
than 19.9% (“A/G”) of the study from Hyland et	al. (2013) for the Irish market and 12% for “A” 
dwellings in relation to the “G”, in the English case according to Fuerst et	al. (2015). It is 
possible that behind these differences are the differences in real estate prices, energy cost, 
income level (in relation to the previous two), climatic differences and uneven concern for 
the environment conservation. 

However, the asking	market	premium is not uniform across the residential segments: 
1) In the segment of more recent houses, the energy ranking does not seem to play a role 

in the differentiation of real estate prices, which obscures the objectives pursued by 
this environmental policy. In this market, plagued by architectural features and active 
technologies for environmental comfort, energy rating does not represent a differential 
element. 

2) In the case of the poorest stock, the enormous price discrimination that appears to play 
the energy ranking, in the absence of other attributes of differentiation, could penalize 
the poorest dwellings. Specifically, in this segment the worst rating, “G”, reduces the 
dwellings price in 32.7% regarding to the “A” rating. 

3) In the case of older homes, located in upper middle-middle class areas, the results 
suggest that a market	premium is also formed, although moderate and equivalent to 
13.8% (“A/G”), which opens up huge hopes for energy rehabilitation, since it can be an 
element of real estate differentiation for the old stock. Not surprisingly wealthy 
population is ready to ask the most only for the top of the energy classes 
 
In any case, from a social perspective, a higher market penalty for the worst-qualified 

housing of the poorest population is directly detrimental to the value of their assets, and 
hence their ability to improve housing through the substitution of the actual. This issue is 
serious if this population does not have access to aids devoted to energetic retrofits. So, a 
well-intentioned environmental policy could have unexpected pernicious effects from a social 
perspective, if the relevant corrective measures are not properly introduced. On the other 
hand, it does not prevent that such population may benefit for high efficiency houses, and 
thus the fact that in such segment there is also a demand for efficient homes.  
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Abstract: One of the key considerations in designing energy-efficient buildings is their envelope; since it is the 
interface between external environmental factors and internal requirements of the occupants. If the envelope 
is considered as a medium rather than as a barrier, it can be equated to the skin of a living organism, which 
offers efficient solutions to design challenges related to the regulation of light, moisture, air and heat. . An 
investigation into strategies found in nature can provide designers with innovative solutions for building 
envelopes and biomimicry principles can be adopted to provide sustainable solutions to human challenges, by 
emulating nature's time-tested patterns and strategies. Despite the high potential biomimicry holds for 
sustainability, only a few examples exist in the context of the built environment. This paper presents a review 
of developed examples from around the world and identifies parallels between the challenges faced in the 
design of the building envelope and the strategies that plants and animals possess to cope with their 
environment. To this end, the solutions were classified according to the building types, the climatic conditions 
they are located in, design challenges, and strategies developed by the designers to solve them. 
	
Keywords: nature inspired design, biomimicry, biomimetic architecture, adaptive envelopes 

Introduction			

Man has taken inspiration and design guidance from nature for visual arts, architecture and 
structures, since the beginning of human civilization. Nature’s capabilities are superior in 
many areas to human capabilities and it can teach us about appropriate materials, 
structures, processes, systems, efficiency and aesthetics (Mac & Shu, 2004). There exist 
solutions in nature to problems that are similar to those faced in the built environment due 
to the similarities in its functions; thus, if engineers and designers realize natural processes 
and their interactions with human needs clearly, they will be able to design and create 
innovative (Gruber, 2008), functional, pleasant, productive and regenerative buildings (John 
et al, 2005). 

One of the key considerations in designing energy-efficient buildings is their skin. The 
building envelope, without distinction between walls and roof, is the interface between 
exterior environmental factors and the interior demands of the occupants (Del Grosso & 
Basso, 2010).  Building envelopes serve multiple functions and have an important role in the 
regulation and control of energy waste. Due to this crucial role, envelopes have been the 
subject of various studies and research in recent years, trying to achieve greater efficiency 
and performance in terms of energy, comfort or structure (Park & Dave, 2014). 
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Biomimicry	as	design	principle		

Biomimicry literally means “imitation of life”, coming from a combination of the Greek roots 
bios (life) and mimikos (imitation). Biomimicry is a design discipline that seeks solutions by 
imitating nature’s long lasting patterns and strategies. The logic behind biomimicry is that 
nature already has solutions to many of the problems that humans are struggling with 
(Benyus, 2002). There are many definitions of biomimicry; e.g. Vincent (2007) defines 
biomimicry as, “practical use of mechanisms and functions of biological science” while 
Benyus (2002) argues it is “the conscious emulation of nature’s genius”. Biomimicry in 
context of architecture is well defined by Gruber (2008) as “the study of overlapping fields 
of biology and architecture that show innovative potential for architectural problems. 

Research in the areas of Biomimicry and Biomimetics and their applications in 
engineering design is relatively new but growing day by day. On the other hand, biomimicry 
is not new but underutilized in architecture and its adaptation process is also slower in 
comparison to other fields of engineering (Pacic, 2014); the few examples that exist in 
architecture (Berkebile and McLennan, 2004) are mostly in the urban or environmental level 
(Pedersen Zari & Storey, 2007). Yet, we are now beginning to see more and more research 
being conducted on biomimicry to look for new solutions in architecture (Lopez et al, 2015). 

Approaches	to	biomimicry		

Approaches to biomimicry typically fall into two categories, according to the starting point 
and direction of information flow; i.e. the problem based approach and the solution based 
approach.  

The problem-driven approach (Wilson, 2008; Helms et al, 2009) also referred to as 
“design  looking to biology” (Perdersen-Zari,  2007); “design to biology” (Volstad & Boks, 
2012); “top-down approach” (Knippers, 2009); “biomimetics by analogy” (Gebeshuber  &  
Drack, 2008), or the “technology pull” (Lienhard et al, 2015); first defines a human need or 
design problem then looks to the nature to find out the ways and methods that living 
organisms or other ecosystems use to solve a similar problem (Mazzoleni, 2013). The 
improvement of an existing design issue is the focus in this approach (Speck et	al., 2008).   

The solution-driven approach (Wilson, 2008; Helms et al., 2009); which is also called 
“biology influencing design” (Perdersen-Zari, 2007); “biology to design” (Volstad & Boks, 
2012);  “bottom-up” approach  (Knippers, 2009); “biomimetics by induction”(Gebeshuber 
and Drack, 2008); or the “biology push” (Lienhard  et  al,  2015); is used when the design 
process depends on the scientific knowledge of biologists and scientists (Radwan & Osama, 
2016). Hence, relevant findings of underlying biological research are applied to solve design 
problems (Speck et	al., 2008). 

Applications	of	biomimicry		

Similar to different definitions that exist for biomimicry, different viewpoints also exist 
regarding the application of biomimicry principles in design. Three levels of application exist 
irrespective of the approach taken; whether problem based or solution based and the most 
popular one is suggested by Benyus (2002), who identifies these levels to be organism level 
(form), behaviour level (process) and ecosystem level. These levels of application are 
explained as follows: 

Organism	level	
This level of biomimicry embraces a biomorphic (Feuerstein, 2001) or zoomorphic (Aldersey-
Williams, 2003) design approach and generally pertains to the mimicking of natural forms 
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for the building structure. However, when application of biomimicry is focused on the 
aesthetics of the natural forms only it is criticized for over simplifying the real concept of 
biomimicry to create a design imitating the form /shape only (Wasfi, 2014). 

Apart from emulating the physical appearance or the organism’s form, this level 
includes mimicking a few features or functions of certain organisms or biological processes 
as solutions to particular problems (Reap, 2010). In this case biomimicry is considered to be 
an add-on technology to buildings rather than being integrated into their systems (Cadenas 
& González, 2015; Pedersan-Zari, 2007). 

Behavioural	level	
The second level is a step towards holistic or deeper biomimicry, via mimicking unique sets 
of skills that certain species develop to survive through various conditions. For instance, 
organisms with specific strategies to survive and cope with sever climatic condition are 
helpful source for investigation as such strategies and relationship patterns with 
environment can be studied and incorporated in the design of buildings (Cadenas & 
González, 2015). 

Ecosystem	level	
The third level is classified as deep or holistic biomimicry where natural ecosystems are 
mimicked through considering every component as part of a whole system.  In this view the 
whole way in which nature manages to produce without damaging the environment is 
considered (Benyus, 2002). This type of application is not commonly found on the level of 
individual buildings but rather in inter-building connections on the urban or district scale 
(Loonen, 2015). Thus, it requires collaboration between disciplines that traditionally seldom 
work together; such as: architecture, biology and ecology. 

Biomimicry	for	building	design	

Using biomimicry opens up a whole range of application fields related to architecture, such 
as manufacturing materials, structural systems, building envelope design and whole building 
design aiming at promoting efficiency and sustainability (Cadenas & González, 2015). 
Various biological principles and properties can be found in organisms and natural system 
that can be incorporated into buildings at different scales; however, the focus of this study 
is on the building envelope only due to its important role in the building’s performance.  

The design of a building envelope is of great importance for the quality of the indoor 
environment it encloses (Knaack et al, 2007) as it separates the internal spaces from 
external climatic impacts. The building envelope not only offers protection against 
disagreeable exterior conditions, such as wind, rain, excessive radiation and extreme 
temperatures; but also functions as the interface between occupants and the outside world 
that regulates the exchange of energy and provides access to views, daylight and fresh air 
(Loonen, 2015). Exterior conditions in many climatic zones are not comfortable throughout 
most of the year and sometimes the building envelope is unable to moderate unfavourable 
effects on its own; hence, mechanical systems for artificial lighting, heating, ventilation and 
air conditioning are often required (Loonen, 2015). Efficient solutions for aforementioned 
systems can be extracted from strategies found in nature. In this case, biomimicry as a 
design approach provides a huge potential for innovative solutions (Wilson et al, 2010). 
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Biomimicry	for	envelope	design		

In his study Braun (2008) has presented more than 45 potential role models for bio-inspired 
building envelope designs, but the latest biomimetic studies only draw parallels between 
the building envelope and the outer shells or skins of living things in nature (Wigginton & 
Harris, 2002; Koch et al, 2009). The skins of plants, animals and humans have been the most 
popular sources of inspiration since they are subjected to similar environmental conditions 
and deal with similar tasks i.e. heat regulation, water regulation, protection, (Mazzoleni, 
2010), or storage, generation and dissipation of energy (Vanaga & Blumberga, 2015). 

In order to address the analogies between building envelope and organisms or natural 
systems it is crucial to evaluate the similarities and driving forces of each (Mazzoleni, 2013). 
Generally speaking architects tend to use nature as a library of shapes only, regardless of 
the logic behind those forms; yet, biomimicry goes beyond copying shapes and form and 
takes into account the underlying biological mechanism to meet certain functional 
requirements in the building envelope. 

Figure 1 gives an overview of the different scales and application levels of biomimicry 
principles for the design of building materials, building components, building envelopes or 
the whole building itself; in terms of form, behaviour and process. As this study focuses on 
envelopes which incorporate biomimicry principles, requirements for envelope design in 
terms of form (derived by function) and behaviour are taken into consideration. 

 

 
Figure 1. Overview of biomimicry incorporated design 

 

Environmental	issues	in	envelope	design	

The building envelope, acting as an interface, may have different strategies or combination 
of strategies to manipulate the environmental factors which are constantly changing and 
creating new challenges for buildings to cope with throughout the year (Lopez et al, 2015; 
Park, 2016). There are several environmental factors that influence building performance 
significantly in terms of comfort; such as temperature, humidity, air movement and quality, 
and light (Cadenas & González, 2015; Badarnah Kadri, 2012; Gruber, 2011). In order to 
provide comfortable conditions the following functions need to be addressed by the 
building envelope: Absorbing, collecting or evaporating to regulate humidity; dissipating, 
gaining or conserving to regulate temperature; filtering or exchanging to regulate carbon 
dioxide (air quality); reflecting, absorbing, redirecting or diffusing to regulate light (Park, 
2016). 

These requirements are similar and comparable to the strategies that natural 
organisms use to adapt to the changing condition of the environment they live in; however, 
investigation of those strategies is out of scope of this work. Moreover, for each of these 
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physical aspects there are a number of requirements that vary for each case as location, 
climatic condition, use and occupancy patterns affect the requirements for envelope 
performance (Cadenas & González, 2015). 

Biomimetic	inspiration	for	envelope	design	

Biomimicry as a design approach can be applied to the design of building envelopes from 
two different aspects i.e. form or function. The former refers to the building envelope’s 
physical form which is inspired from an organic form having a unique structure that has a 
unique quality; such as being light, strong or able to span large distances. The latter 
emulates the workings of the natural phenomenon and includes components which adapt 
to various contextual changes similar to the skin or skeleton of the living organism it 
emulates; such behaviour is dynamic and able to respond to changes, thus it is called 
adaptive behaviour. Adaptive envelopes are able to adapt themselves to various 
environmental and climatic variable parameters including solar radiation, wind speed and 
direction, temperature, and rainfall (Loonen, 2015) while maintaining a desirable indoor 
environment factors to optimizing energy demand, thermal conditions, lighting, visual 
comfort and air quality (Cadenas & González, 2015) within comfort level.  

Bio-adaptive envelopes borrow their adaptive strategies from behavioural patterns of 
living organisms which comprise a wide range of strategies to adapt to different climatic and 
environmental conditions. Observing and learning from those behaviours provides an 
opportunity to improve adaptive strategies for building envelopes. 

Case	studies	on	biomimetically	inspired	buildings	

In order to determine a common viewpoint regarding biomimetically inspired envelope 
design, several case studies were examined. Different criteria including building types, the 
climatic conditions, design challenges, sources of inspiration and strategies developed to 
overcome those challenges were analysed to provide an insight into how nature’s principles 
can be incorporated into building-envelope design and increase the overall energy efficiency. 
Most of the so called biomimetically inspired buildings around the world focused on the 
formal expression of natural organisms; i.e the design was achieved by merely copying the 
natural form without regard for its unique balance with the natural forces. In this paper we 
have limited the case studies the few buildings whose formal expression were driven by a 
purpose other than just aesthetics;   and whose design took into consideration the 
behavioural adaptations of the organism as much as possible. An overview of the seven 
selected case study buildings belonging to different climatic regions is presented in Table 1, 
from the point of view of the design challenge, the biomimetic inspiration for design and the 
design solution.  

The aim was to determine how natural principles can be translated into architectural 
design in terms of form, behaviour and process; and more specifically in the design of 
building envelopes since they are the environmental mediators between exterior and 
interior conditions. 
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Table 1. Biomimetically inspired case studies 
 Name/	Date	of	

Construction	
Location	&	
Climate	

Design	
Challenge	

Biomimetic	
Inspiration	

Design		
Solution	

 

Bio Intelligent 
Quotient House  

Apartment 
building 

2013 
(Arup 

Engineering) 

Hamburg 
Mild humid 
temperate 

climate with 
warm 

summers and  

Generate heat Algae Cultivating algae 
on envelope to 
produce heat 

 

Biomimetic 
office building 

2011 
 
 

(Pawlyn, 2014) 

Zurich 
Temperate 

climate zone 
with four 
distinct 
seasons	

Gather  and  
distribute  
maximum  
daylight 

Mirror 
structure in 
spook fish 

eyes 

Leading 
maximum 
daylight to 
designed 

reflector to 
transfer light 

into lower levels 

 

Eden Project 
Greenhouse 

2000 
 
 

(Pawlyn, 2010) 

Cornwall, 
Warm and 

sunny 
summers. 

Mild winters  
rare frost or 

snow	

Generate a 
large form 

regardless of 
the ground 

level 

Soap 
bubbles 

Maximizing the 
size of structure 

while 
minimizing 

weight 

 

Torre de 
Especialidades 

Hospital 
2011 

 
 

(Dring, 2013) 

Mexico city, 
Subtropical 

highland 
climate, with 

warm 
summers and 
mild winters 

Eliminate 
pollutants 

Fractal form 
to enlarge 

surface 

A new type of 
tile  with special 

shape and 
chemical 

coating to 
neutralize 
chemicals 

 

Sahara Forest 
Project 

Greenhouse 
Under 

construction 
 

(Pawlyn, 2010) 

Qatar, 
subtropical 

dry, hot 
desert 

climate with 
low rain fall 

Adaptation to 
water scarcity 

Namibian 
fog-basking 

beetle 

Evaporate 
seawater 

running through 
envelope pipes 

to produce 
clean water 

 

East Gate 
Centre 

Mixed use 
shopping mall 

and office 
1996 

(Pierce, 2015) 

Harare, 
Humid 

subtropical 
mild climate 

rainy 
summer and 
dry winters.  

Provide 
natural 

ventilation 
without 

mechanical 
systems 

self-cooling 
strategy of 

termite 
mounds 

The fresh air is 
cooled and 
vented into 

offices before 
exiting through 
the chimneys 

 

International 
Waterloo Train 

Terminal 
1994 

 
 
 

(Park, 2016) 

London, 
Temperate, 

modest 
summers; 

winters 
seldom 
below 

freezing 

Ability to 
respond  to 

pressure 
change when 
train enters or 

departs 
terminal 

Flexible 
scale 

adjustment 
of the 

Pangolin skin 

Envelope 
glazing panels 

hung from steel 
structure are 

left free to 
move 
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Conclusion		

Nature provides designers with shapes and forms that besides being aesthetically attractive 
deliver functional advancements as well; even though mimicking appearance and form can 
also be considered as biomimetic design, many experts argue that biomimicry should go 
further than formal emulation and take into account environmental consideration inspired 
by natural mechanisms. Incorporating biomimicry as a resource for adaptation strategies 
and bringing those strategies into the domain of architecture can form a key ingredient for 
environmentally conscious design and enhance the functionality of building significantly.  

Even though it was not possible to cover all the natural strategies and also all case 
studies examined, those presented in this paper show that there exists a similarity between 
a particular envelope design challenge and the specific strategy found in nature. Matching 
and translating those similarities requires collaboration of different disciplines, in most of 
the cases, to deliver successful results. Moreover, the interest in biomimicry is more 
conceived in large scale projects which could be considered as landmarks.  

A further step of this work would be to produce an applicable framework for 
incorporating biomimicry into building envelope design in terms of indicators of a bio-
inspired design and to develop criteria to make an assessment of the extent to which these 
examples are successful.  

Acknowledgement	

This study is a part of an ERANET Co-fund project supported through the Scientific and 
Technological Research Council of Turkey (TUBITAK) Project No:116M030. 

References	
Aldersey-Williams, H., (2003). Zoomorphic:		New	animal	architecture.  London: Laurence King Publishing. 
Arup Engineering. The	 BIQ	 House. Available at: http://www.arup.com/projects/solarleaf [accessed 

December 2016] 
Badarnah Kadri, L., (2012). Towards	the	LIVING	envelope	Biomimetics	for	building	envelope	adaptation. 

PhD. Delft University of Technology. 
Benyus, J., (2002). Biomimicry:	Innovation	Inspired	by	Nature. New York: Harper Perennial. 
Berkebile, B., McLennan, J., (2004). The Living Building. Biomimicry in Architecture, Integrating 

Technology with Nature. BioInspire	18, 07.17.04. 
Cadenas, M.F., González, F.J.N., (2015). Biomimicry in climate adaptive building skins: relevance of 

applying principles and strategies. In: VII	 International	 Congress	 on	 Architectural	 Envelopes,	 San Sebastian-
Donostia, Spain, 27-29 May 2015. 

Del Grosso, A.E., Basso, P., (2010). Adaptive building skin structures. Smart	Materials	 and	 Structures 
19(12), pp. 124011.  

Koch, K., Bhusan, B., Barthlott, W., (2009). Multifunctional surface structures of plants: an inspiration 
for biomimetics. Progress	in	Materials	Science, 54(2), pp. 137–178. 

Del Grosso, A.E., Basso, P., (2010).  Adaptive building skin structures.  Smart	Materials	and	Structures, 
19(12): 124011. 

Dring, A. 2013. TED	 x	 talks. Available at: http://www.elegantembellishments.net [accessed January 
2017]. 

Feuerstein, G., (2001). Biomorphic	 architecture:	 Human	 and	 animal	 forms	 in	 architecture. Stuttgart: 
Edition Axel Menges. 

Gebeshuber, I.C., Drack, M., (2008). An attempt to reveal synergies between biology and mechanical 
engineering. Journal	of	Mechanical	Engineering	Science, 222(7), pp. 1281-1287. 

Gruber, P., (2011). Biomimetics	in	Architecture:	Architecture	of	Life	and	Buildings, Germany: Springer.  
Gruber, P., (2008). The signs of life in architecture. Bioinspiration	&	Biomimetics, 3(2): 023001. 
Helms, M., Vattam, S.S., Geol, A.K., (2009). Biologically inspired design: Process and products. Front	

matter	Design	studies, 30, pp. 606-622. 

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2616



John, G., Clements-Croome, D., Jeronimidis, G., (2005). Sustainable building solutions: a review of 
lessons from the natural world. Building	and	Environment,	40, pp. 319–328. 

Kinppers, J., (2009). Building and construction as a potential field for the application of modern bio 
mimetic principles. International	Biona	Symposium. Stuttgart.  

Knaack, U., Klein, T., Bilow, M., Auer, T., (2007). Façade—principles of construction. Berlin: Birkhäuser. 
Lienhard, J., Schleicher, S., Knippers, J., (2015). Bio-inspired, flexible structures and materials. In: F.P. 

Torgal et al. (eds.), Biotechnologies	 and	 Biomimetics	 for	 Civil	 Engineering, New York: Springer International 
Publishing, pp. 275-296. 

Lopez, M., Rubio, R., Martin, S., Croxford, B., Jackson, R., (2015).  Active materials for adaptive 
architectural envelopes based on plant adaptation principles.	Journal	of	Facade	Design	and	Engineering, 3, pp. 
27–38. 

Loonen, R.C.G.M., (2015). Bio-inspired adaptive building skins. In: F.P. Torgal et al. (eds.), 
Biotechnologies	and	Biomimetics	for	Civil	Engineering,	Switzerland: Springer International Publishing, pp.115-
134 

Mac, T.W., Shu, L.H., (2004).  Abstraction of biological analogies for design. CIRP Annals -Manufacturing 
Technology, 53(1), pp. 117-120. 

Mazzoleni, I., (2013). Architecture	follows	nature-	Biomimitic	Principles	for	Innovative	Design.  New York: 
CRC Press. 

Mazzoleni, I., (2010). Biomimetic envelopes. DesignareCon,	Observing	Nature, 3(5), pp. 99–112. 
Pacic, A., (2014). Adaptation of Biomimetics into Architecture. Architecture	&	Science, 1(3), pp. 89-102. 
Park, J.J., (2016). Adaptive	 biomimetic	 façades:	 compound	 bio-inspired	 design	 strategy	 for	 multi-

functional	stadiums.	PhD. The University of Melbourne. 
Park, J.J., Dave, B., (2014).  Bio-inspired Parametric Design of Adaptive Stadium Facades.  Australasian		

Journal	of	Construction	Economics	and	Building	Conference	Series, 2(2), pp. 27-35. 
Pawlyn, M., (2010). Biomimicry	and	three	big	transformations talk	at	TED. Available at: 

https://www.ted.com/talks/michael_pawlyn_using_nature_s_genius_in_architecture#t-138759 [accessed 
January 2017]. 

Pawlyn, M., (2014). Designing	 with	 nature:	 The	 biomimetic	 office	 building. Available at: 
https://vimeo.com/86659369 [accessed December 2016]. 

Pedersan-Zari, M., (2007). Biomimetic approaches to architectural design for increased sustainability. 
The		
SB07	NZ	Sustainable	Building	Conference. Auckland, News land, November 14-16. 

Pedersen-Zari, M., Storey, J.B., (2007).  An ecosystem based biomimetic theory for a regenerative built 
environment.  In: Lisbon	Sustainable	Building	Conference. Lisbon, Portugal. Amsterdam: IOS Press. 

Pierce, M., (2015). Available at: https://www.youtube.com/watch?v=VIKYjriWgiY [accessed January 
2017]. 

Radwan, G.A.N., Osama, N., (2016). Biomimicry, an approach, for energy efficient building skin design. 
Procedia	Environmental	Sciences, 34, pp. 178 – 189. 

Reap, J., (2010). Holistic	 biomimicry:	 A	 biologically	 inspired	 approach	 to	 environmentally	 benign	
engineering. Ph.D. Georgia Institute of Technology, Georgia. 

Speck, T., Speck, O., Beheshti, N., McIntosh, A.C., (2008). Process sequences in biomimetic research. 
Design	and	nature, 4, pp. 3-11. 

Vincent, J. F. V. 2007. Background to biomimetics. In: Biomimetics:	strategies	for	product	design	inspired	
by	nature-	a	mission	to	the	Netherlands	and	Germany. Report of a DTI Global Watch Mission. pp. 8-12. 

Vanaga, R., Blumberga, A., (2015). First steps to develop biomimicry ideas. Energy	Procedia,	72, pp. 307-
309. 

Volstad, N.L., Boks, C., (2012). On the use of Biomimicry as a useful tool for the industrial designer. 
Sustainable	Development, 20, pp. 189–199. 

Wigginton, M., Harris, J., (2002). Intelligent	skins. Oxford: Butterworth-Heinemann. 
Wasfi, A., (2014). Architecture as second nature. Journal	 of	 sustainable	 architecture	 and	 civil	

engineering, 2(7), pp. 3-9. 
Wilson, J.O., Rosen, D., Nelson, B.A., Yen, J., (2010). The effects of biological examples in idea 

generation. Design	Studies, 31(2), pp. 169-186.  
Wilson, J.O., (2008). A	systematic	approach	to	bio-inspired	conceptual	design. PhD. Georgia Institute of 

Technology. 

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2617



 
 

Reinforcement	Learning	for	smart	buildings	and	cities	
 
Zoltan	Nagy,	June	Young	Park	and	Jose	Vazquez-Canteli	
	
Intelligent Environments Laboratory, Department of Civil, Architectural and Environmental 
Engineering, The University of Texas at Austin, Austin, TX, USA, email: nagy@utexas.edu 

 
Abstract: The built environment is responsible for about 30% of the anthropogenic greenhouse gas emissions, 
and, thus, offering a large reduction potential. Advances in information and communication technologies 
made widespread monitoring of environmental conditions and building operation possible, and have sparked 
the notion of smart buildings. The promise of smart buildings is that these large amounts of data can be used 
in advanced control algorithms to ensure optimal, energy efficient behavior. In this paper, we discuss a specific 
machine learning method called reinforcement learning (RL). RL is an agent based control method, in which 
the agent/controller performs actions in the environment for which it receives a reward. We argue that RL is 
particularly interesting for applications in the built environment. First, RL is a model-less approach, suited for 
large, complex models. Second, RL has been successful in applications where sequential decision making is 
important, e.g., in building and urban scale energy systems. Finally, due to its interactive nature, RL is the sole 
machine learning method capable of learning directly from humans, allowing the control system to adapt over 
time to occupants. We review key developments of RL in the built environment, and discuss the challenges 
and opportunities. 
 
Keywords: smart buildings, smart cities, reinforcement learning, artificial intelligence, human-building 
interaction 

Introduction	 
The built environment accounts for 30% of global final energy consumption and greenhouse 
gas emissions (Lucon & Ürge-Vorsatz 2014). At the same time, buildings have a 50-90% 
emission reduction potential using existing technologies and widespread implementation 
(Lucon & Ürge-Vorsatz 2014). Some of these technologies are cost-effective monitoring and 
data acquisition equipment, and were made possible by the developments in information 
and communication technologies (ICT).  

The promise is that monitoring and analysis of building data with high spatiotemporal 
resolution allows building owners and building managers to a) understand their 
consumption patterns, and as a result b) make informed decisions about reducing the 
energy consumption of their building. Whether this is through active measures, i.e., 
updating the operation of their building systems (heating, ventilation, air conditioning, and 
lighting), or passive measures, i.e., upgrading the building envelope or fenestration, 
analysing the large amounts of monitoring data is time-consuming, and typically requires 
specialist knowledge. Therefore, machine learning has been proposed as one method to 
deal with the large amounts of data in order to make informed decisions (Dounis & 
Caraiscos 2009; Krarti 2003; Reddy 2011), which then culminates in the idea of smart	
buildings. Machine learning can be defined as the	
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Field	of	study	that	gives	computers	the	ability	to	learn	without	being	
explicitly	programmed.	–	(attributed	to	Arthur	Samuel,	1959)	
 

A more formalized and operational definition of machine learning is (Mitchell 1997) 
 

A	 computer	program	 is	 said	 to	 learn	 from	experience	E	with	 respect		
to	 some	 class	 of	 tasks	T	and	 performance	 measure	P	if	 its	
performance	at	tasks	in	T,	as		 measured	 by	P,	 improves	 with	
experience	E.	

 
Machine learning techniques can be broadly classified into three areas (Russell & 

Norvig 2010).  
In supervised learning, the learning agent receives a labelled dataset {x1, 

x2,…,xn,y1,…,ym} where xi, i=1…n, are called features, predictors, covariates, inputs or 
independent variables, and the yj, j=1…m, are called targets, outputs, or dependent 
variables. Typically, the goal of the agent is to find a suitable mapping that will predict the 
output for an unknown feature vector. When the yj are numeric, the learning task is 
regression, while for categorical yj, the agent performs a classification. Examples include 
linear or logistic regression, support vector machines, or nearest neighbour classifiers.  

In unsupervised learning, the agent receives an unlabelled dataset {x1, x2, …, xn} which 
only contains features xi, i=1…n. Its goal is then to discover interesting patterns in the data. 
This is typically achieved through grouping of the feature vectors into similar clusters. 
Examples include k-means clustering and self-organizing maps.  

Reinforcement learning is the third, and least common, machine learning technique in 
which the learning agent learns the optimal set of actions through interaction with its 
environment. In contrast to supervised learning, the agent does not receive large amounts 
of labelled data to learn from. Rather, for a given input, the agent chooses to perform a 
certain action. It then observes an immediate or delayed reward signal from the 
environment, and uses it to modify its knowledge on which action is best to choose under 
given circumstances.  

This interactive feature is interesting for two reasons. One, as we will detail below, it 
allows the agent to operate, and make decisions without the need for a model. This is 
particularly interesting for large-scale, complex systems, where it is not cost-effective to 
develop such a model. Second, the learning agent interacts with its environment (and 
receives feedback from it), and part of this environment is the occupant or more generally a 
person. Thus, RL provides a natural interface for occupants and building managers to 
interact with the learning agent, and conversely, the learning agent can learn directly from 
the feedback provided by the people. 

In fact, this very notion of a trial-and-error learning approach, which is what RL is in 
essence, is very human –  

 
	 Ever	tried.	Ever	failed.	No	matter.	Try	again.	Fail	again.	Fail	better.	
	 		(Samuel Becket in Westward Ho, 1983) 
 
And this human nature is interesting in many ways. As mentioned above, the agent 

can learn from direct feedback or observation of a human. But in addition, it becomes easier 
to communicate to the occupants of how the learning procedure in their smart building may 
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happen. Such an improved communication will lead to improved acceptance and as a 
consequence to improved satisfaction with, and success of, the learning system. 

There is no clear definition of what a smart building constitutes, i.e., what makes a 
building smart. In fact, since its inception in the early 1980, the term has had many different 
notions and meanings also depending on the field of study (Buckman et al. 2014). The 
notion that has received increased focus in recent years, and the one that we adopt in our 
research, is that smart buildings need to strike a (Buckman et al. 2014) 

 
balance	between	allowing	users	to	have	control	of	their	
environment,	and	[…]	allow	the	building	systems	to	manage	their	
energy	consumption	efficiently.	

	
This is particularly true when it comes to thermal comfort. The PMV-PPD and adaptive 

thermal comfort model have been introduced to understand the environmental conditions 
under which a larger number of people will feel generally comfortable (ASHRAE 2012; 
Fanger 1970). However, it is very challenging and probably impossible to predict the 
acceptable/comfortable environment for one particular person. Yet, the person typically 
knows whether or not he/she feels comfortable, and could give simple feedback (“I’m not 
comfortable now”). In the formalized interactive approach of RL (see next Section), this 
feedback becomes a reinforcement signal, which, together with environmental 
measurements, are used by the agent to modify its knowledge of the environment, with the 
goal of potentially avoiding these situations in the future. 

The purpose of this paper is to review and discuss reinforcement learning in the 
context of the built environment to motivate further research in this direction. We highlight 
the basic structure of the algorithm, show application examples from building energy and 
environments, and discuss challenges and opportunities.   

Reinforcement	Learning	

In this Section, we review the basics of reinforcement learning. For a complete introduction, 
we refer the reader to standard textbooks (Sutton & Barto 1998). Figure 1 illustrates the 
basic principle of reinforcement learning (RL). It can be formalized using a Markov Decision 
Process (MDP), containing the following four elements:  

• states 𝑠 ∈ 𝑆,   
• actions 𝑎 ∈ 𝐴,  
• a reward (or penalty) function 𝑅:	𝑆	×	𝐴 ⟼ ℝ,	and  
• transition probabilities 𝑃:	𝑆	×	𝐴	×	𝑆 ⟼	 [0,1]	between the states 

The Markovian property refers to the fact that the probability of receiving a particular 
reward or transitioning from one state to another does not depend on the previous states 
or actions of the agent, but only on the current ones. The policy 𝜋 of the agent maps states 
to actions as	𝜋:	𝑆	 ⟼ 	𝐴, and the value function Vp (s) is the expected return for the agent 
when starting in state 𝑠 and following the policy 𝜋: 
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where	 r is the reward received for taking the action 𝑎 = 	𝜋 𝑠 , and 𝛾 = [0,1]  is a 
discount factor allowing to balance between an agent that only considers immediate 
rewards (𝛾 = 0) or strives towards long term rewards (𝛾 = 1). 

The goal of the learning agent is to determine the optimal policy, i.e., the policy that 
leads to the highest expected return. The approach for this, i.e., for solving the MDP, 
depends on whether or not the probability transitions 𝑃	and the reward function	R, i.e., the 
dynamics of the system are known. If 𝑃 and 𝑅 are known, the learning problem is reduced 
to a planning problem, and the optimal solution can be found through iterative approaches 
(policy or value	iteration). 

Reinforcement Learning comes into the picture when the model dynamics (𝑃 and 𝑅) 
are not known. One can distinguish between two approaches. In the model-based approach, 
the model dynamics are first learned, and then used in a planning procedure as mentioned 
above. In the model-free approach, the agent learns to associate the optimal action for each 
state without explicitly determining transition probabilities between the states.  

𝑄-Learning is the most widely used model-free reinforcement learning technique due 
to its simplicity. (Watkins 1992). In simple tasks with small finite state sets, all transitions 
can be represented using a table that stores the state–action values, i.e., 𝑄-values. Then, 
after taking an action 𝑎, given a state 𝑠, and observing the reward 𝑟, learning is achieved 
through updating 𝑄 𝑠, 𝑎  as 

 

 
 
where 𝛼 ∈ (0,1) is the learning rate, which explicitly defines to what degree new 

knowledge overrides old knowledge: for 𝛼 =0, no learning happens, while for 𝛼 =1, all prior 
knowledge is lost. This learning process happens through a trade-off between exploiting 
known high-reward actions, and exploring other, unknown actions that have not yet been 
executed under that state. The simplest approach, called 𝜀-greedy, selects a random action 
with probability 𝜀 (exploration), and the action with the highest expected return with 
probability 1−𝜀 (exploitation). This balancing allows the agent to avoid local minima due to 
exploration, while striving towards convergence. In practice, 𝜀 is set relatively large in the 
beginning of the learning process, and the reduced progressively. 

Tabular RL is affected by the curse of dimensionality: as the size of the state space 
increases due to, e.g., continuous sensor inputs, the size of the 𝑄-table increases, which 
means the agent has a large number of state-action pairs to explore before it can converge 
on optimal solutions. Function approximators, most notably artificial neural networks, have 
been proposed that allow to generalize from the state-action pairs to the 𝑄-values by 
directly mapping 𝑠, 𝑎 	to 𝑄(𝑠, 𝑎): the inputs to the network are continuous sensory data 
and potential actions, and its output is the expected 𝑄-value of the action.  

𝑄-learning using a neural network is performed through updating the weights in the 
network, typically through an error-backpropagation algorithm. To avoid oscillation of the 
weights, and achieve good learning behaviour of the network, many, dissimilar examples 
have to be presented to the network in one setting, rather than individual samples. This 
means, that weight updates of the network are not performed after each state transition, 
but rather after many transitions. This is known as batch 𝑄-learning. Finally, since in many 
real-life applications the data contain transitions that occur much more frequently than 
others, e.g., the diurnal variations of building energy demand, the network should be only 

Q(s, a) � Q(s, a) + ↵


r + � max

a02A(s0)
Q(s0, a0)�Q(s, a)

�
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presented with the most representative samples in order to avoid biasing the learning 
process towards the most frequent patterns. 

Consider the following two examples that are particularly interesting to transfer to the 
built environment. In the first example, Ng et al., over a series of papers have taught a 
helicopter to fly maneuvers autonomously using model-based RL (Coates et al. 2008; Ng et 
al. 2004). What is interesting is that no dynamic model has been used to design an optimal 
controller. Rather, the helicopter was flown manually by a pilot, and the recorded data 
(pilot commands, and resulting movement of the actuators) have been used to build a 
probabilistic model of the state transitions, which then have been used to solve the MDP.  

In the second example, Stone et al. present a framework in which the reward signal is 
explicitly provided by a human. They demonstrate it by teaching an agent to learn the game 
Tetris solely by having a human provide it with feedback on individual moves (“good move”, 
“bad move”) rather than preprogramming that the objective of Tetris is to complete lines 
(Knox & Stone 2015; Knox & Stone 2010). Thus, the learning agent does not need to know 
the objective explicitly, it is able to learn it from its interaction with the human. 

These two examples illustrate that is possible to a) learn complex dynamics and use 
them to derive optimal controllers, and b) learn directly from simple human feedback. 
These two characteristics are interesting because they occur in building control on a daily 
basis. Buildings, especially commercial buildings, are inherently complex systems with an 
increasing number of sensors and actuators. Accurately modeling the energetic behavior 
and designing control systems for it is inherently complex and requires significant 
engineering efforts, which increases the costs. Similarly, human-building interaction occurs 
on a daily basis, by way of how occupants use the building (occupancy, lights, blinds, 
windows, thermostats, etc). In both cases, reinforcement learning would be inherently 
suitable to offer an automatic, adaptive approach to increase energy efficiency and 
occupant comfort. The next Section discusses selected examples to showcase these 
opportunities. 

Reinforcement	Learning	for	Smart	Building	and	Cities	

In his seminal work, Mozer applied reinforcement learning to HVAC and lighting control in 
his own residence in Boulder, Co. Seventy-five sensors monitor room temperatures, lighting 
levels, sound levels, motion, window openings as well as weather conditions. Over the 
course of 8+ years, several experiments demonstrated a control system that adapted the 
indoor conditions to the occupant in terms of set-points, and anticipating occupancy in the 
room, while at the same time reducing the energy required to condition the house. (Mozer 
1998; Mozer 2005). The innovative approach was to create an intelligent behavior by 
observing patterns in the behavior of the inhabitant, and using these to predict future 
behavior. This should be done without any user interface that is not found in a typical home, 
so no touch pads, or voice commands, or gesture commands, etc. 

Liu and Henze applied Q-learning to control a passive thermal storage inventory, and 
an active thermal storage device in order to reduce energy costs. They noted the advantage 
of a neural network of tabular Q-learning in terms of learning convergence. However, the 
training time was unacceptably long for real applications (Liu & Henze 2007). They also 
investigated the effects of adding prior knowledge by using a hybrid simulation learning 
control. First, they trained the controller off-line using a calibrated simulation model of an 
HVAC system. Then, they implemented it on the real system where the algorithm learned 
on-line. They observed that the quality of the simulation model to pre-train knowledge were 
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critical to find an optimal policy. The main reason was that because the controller acted 
greedily most of the time after implementation, it had a relatively low learning rate 
compared to the simulation phase. (Liu & Henze 2006a; Liu & Henze 2006b) 

Yang et al. studied the application of RL to an array of hybrid solar-thermal (PV/T) 
collectors for heat and electricity generation as well as geothermal heat pumps in a 
temperate climate (Zurich, Switzerland) using four year simulations (Yang et al. 2015). Using 
Batch Q-learning with memory replay they showed that RL outperformed the rule based 
reference controller by over 10% already after the first year. In addition, the RL approach 
was more effective in terms of meeting the heating demand, maintaining the optimal 
operational temperature of the heat pumps, and compensating for ground heat. 

Reinforcement learning has been also introduced to control smart appliances in the 
context of demand response (O’Neill et al. 2010).  Consumers can indicate their desire to 
run an appliance (dishwasher, cloth dryer, etc), and the algorithm allocates a certain 
amount of energy pending to be consumed by the appliance. The amount of time the task is 
delayed is then used to compute a dis-utility value and provide the penalty signal. It 
achieves a reduction of the energy costs ranging between 16% and 40% when compared 
with a price-unaware strategy while taking into account both the long-term financial cost 
and the dis-utility of the delay seen by the consumers.  

Discussion	&	Conclusion	

Despite the many advantages of RL for application in the built environment, many 
challenges remain. As RL is a relatively new and emerging field, there are no off-the shelf 
implementations available that researchers could experiment with, in contrast to supervised 
or unsupervised methods. The reason for this is also that the application of RL depends 
heavily on the design of the state-action spaces and the reward signal, which are domain 
and application specific. 

Further, as mentioned above, building systems and human-building interaction are 
highly complex systems. This results in many potential learning agents, which naturally 
constitute a multi agent system (MAS). Multi-agent RL has been recognized as the most 
suitable approach to tackle large scale complex real-world problems. However, the 
theoretical field is still in its infancy, and most available results are on stability and learning 
convergence for two agents. One of the main challenges here is the fact that the presence 
of  multiple agents violates the stationary environment underlying most single agents 
learning approaches (Tuyls & Weiss 2012; Babuška et al. 2008). Here, research from the 
built environment can define clear goals and metrics by which the learning agents are to be 
evaluated to guide the theoretical developments. 

One major challenge for reinforcement learning approaches in general is the relatively 
long learning time compared to model based approaches. However, this is typically the case 
for systems starting with zero prior knowledge. In buildings, a substantial prior and expert 
knowledge exists that can be leveraged to initialize the controllers and to guide them 
efficiently. However, we have shown that it is possible to expect positive learning results 
already after one year of learning, which is a negligible compared to the lifespan of a 
building (Yang et al. 2015) 

Finally, interaction between individual systems and between occupants and systems 
are the key to achieve true balance between occupant comfort/satisfaction and energy 
efficient operation (Mozer 1998; Cook 2012). Since reinforcement learning is the only 
approach that inherently supports interaction, it is vital that researchers of the built 
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environment embrace these opportunities and include learning approaches in their work, 
modify them and give practical guidance. This article hopes to provide a humble 
contribution in bridging these two research fields. 
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Abstract:	Nowadays	in	Russia	and	the	rest	of	the	world	the	energy	efficiency	issue	is	in	the	special	focus.	Due	
to	increasing	prices	for	heat	transfer	medium	and	depletion	of	natural	resources	stock	the	question	of	finding	
the	most	 effective	way	 of	 energy	 saving	 arose.	 Today	 buildings	 are	 designed	 accordingly	 to	 the	 regulations	
specifying	climate	parameters	and	thermotechnical	requirements.	However,	there	is	no	common	analysis	and	
detailed	 review	 of	 requirements	 for	 transparent	 and	 solid	 structures	 in	 different	 regions	 of	 Russia.	 In	 this	
paper	 norms	 for	 design	 of	 enclosing	 structures	 in	 different	 regions	 of	 Russian	 Federation	 are	 reviewed	 and	
comparison	with	European	countries	with	the	same	climate	conditions	are	made.	Also	there	specific	features	
of	energy	sources	prices	in	different	regions	are	analyzed	and	old	and	new	regulations	are	compared.		
	
Keywords:	climatic	zones,	Russia's	climate,	energy	efficiency,	building	envelope.	

Introduction		

Today,	the	special	attention	is	paid	to	reducing	energy	consumption.	It	is	known	that	almost	
41%	of	 energy	 is	 used	 in	 the	 construction;	 31	%	 in	 industry	 and	 28%	 in	 transport.	 In	 the	
construction	 of	 a	 significant	 portion	 of	 the	 costs	 observed	 in	 the	 operating	 period	 of	 the	
heating,	hot	water,	ventilation	(Nefedova	et	al,	2015).	Numerous	measures	to	upgrade	the	
energy	efficiency	of	buildings	are	used:	the	settlement	of	energy	consumption	(Basok,	2015,	
Harmati,	 2015),	 the	 use	 of	 renewable	 energy	 sources	 (Aronova,	 2014	 and	 Korkov,	 2014),	
modern	energy	efficient	 technologies	 (Petrichenko,	2015,	Sergeev,	2011,	Statcenko,	2016,	
Vatin,	 2014,	 Zysin,	 2002).	 In	 light	 of	 limited	natural	 resources	 the	 construction	of	 passive	
houses	 is	 actively practiced (Chlela, 2009, Kostenko, 2016).	 However,	 all	measures	will	 be	
ineffective,	if	not	pay	attention	to	the	exterior	walls,	namely,	the	thermal	characteristics	of	
the	materials	(Borodinecs,	2016,	Vasilyev,	2016,	Vatin,	2012).	

Russia	is	a	large	country	in	area	with	a	large	number	of	completely	different	climatic	
zones.	Naturally,	 the	design	requirements	are	different	 for	each	of	 them.	 In	 this	work	 the	
requirements	 for	walls	 thermal	conductivity	 in	various	regions	of	Russia	are	analyzed	and	
conducted	in	parallel	with	similar	areas	of	Europe.	

Purpose	and	tasks	

The	 purpose	 of	 this	 article	 is	 to	 determine	 the	 actual	 temperature	 balance	 point	 of	 the	
heating	 period	 for	 a	 residence	 building	 for	 two	 families	 in	 different	 climatic	 zones	 of	 the	
Russian	Federation.	

For	this	purpose	the	following	tasks	are	solved:	
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· analysis	of	climatic	zoning	in	Europe;	
· determination	of	parameters	of	heating	period	in	climatic	zones	of	Russia	in	local	

normative	documents	(heating	degree	days);	
· calculation	 of	 the	 characteristics	 of	 the	 building	 envelope,	 based	 on	 the	

parameters	of	climatic	zones	(thermal	resistance	of	the	exterior	constructions	for	
walls,	windows,	floors,	roofs);	

· Calculation	of	the	value	of	T-balance,	with	the	help	of	which	are	determined	the	
actual	value	of	HDD.	

Discussion	

Model	of	division	into	zones	was	recently	proposed	for	Europe.	In	the	consortium	of	MORE-
CONNECT	there	are	21	countries	divided	in	seven	geo-clusters	in	order	to	take	into	account	
differences	 in	 climate	 conditions,	 building	 technologies	 and	 cultural	 aspects.	 Geo-cluster	
concept	 illustrates	 trans-national	 areas	 where	 strong	 similarities	 are	 found	 in	 terms	 of	
climate,	culture,	construction	typologies	and	other	factors.	Map	of	geo-clusters	is	presented	
in	fig.	1	(Borodinecs,	2016).	

	
Fig.	1	Map	of	Europe	geo-clusters	

	
In	order	to	understand	the	changes	in	requirements	for	non-bearing	walls	in	different	

regions	in	Russia,	a	prototype	residential	2-storey	building	is	analyzed	(fig.	2).	Constructive	
proposals	 of	 the	 exterior	 walls	 —	 bricks	 with	 thermal	 insulation	 (Ostrovaja,	 2015,	
Korniyenko,	2016).	The	thickness	and	material	of	insulation	depends	on	the	climatic	zone.	
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Fig.	2	Prototype	residential	building	

According	 to	 the	 construction	 rules	 and	 regulations	 SNiP	 (Construction	 Norms	 and	
Regulations)	23-01-99*	Construction	climatology,	the	territory	of	the	Russian	Federation	can	
be	divided	into	4	climatic	zones,	and	further	divided	by	16	climatic	subzones.	Climatic	zoning	
is	based	on	the	complex	combination	of	average	monthly	air	 temperature	 in	 January	and	
July,	average	wind	speed	of	winter,	monthly	relative	air	humidity	of	July	(SP	131.13330.2012,	
2013).	 These	 data	 are	 presented	 in	 table	 1.	 The	 schematic	 map	 of	 climatic	 zoning	 for	
construction	is	presented	in	fig.	3.	

Table	1	Main	characteristics	of	climatic	zones	

CLIMATIC	
ZONES	

CLIMATIC
SUBZONE

MONTHLY	MEAN	
TEMPERATURE	OF	
JANUARY,	[°C]	

AVERAGE	
WIND	

SPEED	OF	
WINTER,	
[M/S]	

MONTHLY	
MEAN	

TEMPERATURE	
OF	JULY,[°C]	

MONTHLY	
RELATIVE	AIR	
HUMIDITY	OF	
JULY,	[%]	

I	

IA	 from	-32	and	to	
lower	 -	 from	+4	to	+19	 -	

IB	 from	-28	and	to	
lower	 5	and	over	 from	0	to	+13	 75	and	over	

IC	 from	-14	to	-28	 -	 from	+12	to	+21	 -	
ID	 from	-14	to	-28	 5	and	over	 from	0	to	+14	 75	and	over	
IF	 from	-14	to	-32	 -	 from	+10	to	+20	 -	

II	

IIA	 from	-4	to	-14	 5	and	over	 from	+8	to	+12	 75	and	over	
IIB	 from	-3	to	-5	 5	and	over	 from	+12	to	+21	 75	and	over	
IIC	 from	-4	to	-14	 -	 from	+12	to	+21	 -	
IID	 from	-5	to	-14	 5	and	over	 from	+12	to	+21	 75	and	over	

III	
IIIA	 from	-14	to	-20	 -	 from	+21	to	+25	 -	
IIIB	 from	-5	to	+2	 -	 from	+21	to	+25	 -	
IIIC	 from	-5	to	-14	 -	 from	+21	to	+25	 -	

IV	

IVA	 from	-10	to	+2	 -	 from	+28	and	
over	 -	

IVB	 from	+2	to	+6	 -	 from	+22	to	+28	 50	and	over	
IVC	 from	0	to	+2	 -	 from	+25	to	+28	 -	
IVD	 from	-15	to	0	 -	 from	+25	to	+28	 -
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Fig.	3	Schematic	map	of	climatic	zoning	for	construction	

	
I	climatic	zone	include	the	largest	and	most	famous	cities:	

· Ekaterinburg	
· Novosibirsk	
· Yakutsk	
· Vladivostok	
· Petropavlovsk-Kamchatsky	

II	climatic	zone:	
· Moscow	
· St.	Petersburg	
· Murmansk	

III	climatic	zone:	
· Krasnodar	
· Simferopol	(Crimea)	
· Volgograd	

The	 former	 Soviet	 Union	 countries	 belong	 to	 zone	 VI,	 such	 as	 Kazakhstan	 —	 the	
capital	city	Alma-Ata.	Therefore	IV	zone	was	not	considered	in	this	work.	

BREEAM	is	the	analogue	of	Russian	energy	efficiency	standards	in	UK	(BRE,	2010).	

Calculation	of	characteristics	of	building	envelopes	

On	account	of	years	of	observation	data	on	the	duration	of	the	heating	period	for	each	city	
and	average	temperatures	for	these	periods	can	be	represented.		

Knowing	the	duration	of	the	heating	period	for	each	city,	the	values	of	HDD	(heating	
degree	 days)	 was	 calculated	 (fig.	 4).	 This	 characteristic	 is	 calculated	 assuming	 that	 the	
heating	 season	 in	 Russia	 starts	 when	 average	 daily	 air	 temperature	 is	 8°C	 and	 holds	 for	
more	than	10	days.	

In	 Russia,	 HDD	 numerically	 equal	 to	 the	 product	 of	 the	 difference	 of	 average	 daily	
outdoor	 temperature	 during	 the	 heating	 period	 to	 and	 the	 estimated	 temperature	 of	 the	
internal	air	in	the	building	ti.e	for	the	duration	of	the	heating	period	z	in	the	days	(formula	1).	
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𝐻𝐷𝐷 = 𝑡% − 𝑡'.) ×𝑧		 	 	 	 	 (1)	
According	to	the	graph,	we	can	conclude	that	the	higher	the	number	gap,	the	harsh	

conditions	in	the	region	and	the	colder	winter	(Livchak,	2015).	

	
Fig.	4	Heating	degree	days	in	3	climatic	zones	

	
Based	on	these	data,	it	is	possible	to	determine	the	required	thermal	resistance	of	the	

exterior	constructions:	walls,	windows,	floors,	roofs	—	table	2.		
Table	2	Required	thermal	resistance	of	the	exterior	constructions	

CLIMA
TIC	

ZONES	
CITY	

WALL	 ROOF	 WINDOW	 FLOOR	

U-value	
[W/m²K]	

A,	
[m2]	

U-value	
[W/m²K]	

A,	
[m2]	

U-value	
[W/m²K]	

A,	
[m2]	

U-value	
[W/m²K]	 A,	[m2]	

I	

Ekaterinburg	 0.29	

271.5	

0.24	

221.7	

1.69	

61.3	

0.22	

176.4	

Novosibirsk	 0.27	 0.18	 1.59	 0.21	
Yakutsk	 0.2	 0.14	 1.32	 0.15	

Vladivostok	 0.33	 0.22	 2.00	 0.25	
Petropavlovsk-
Kamchatsky	 0.3	 0.17	 1.75	 0.23	

II	
Moscow	 0.33	 0.22	 2.00	 0.25	

St.	Petersburg	 0.32	 0.22	 1.96	 0.25	
Murmansk	 0.28	 0.19	 1.61	 0.21	

III	
Krasnodar	 0.43	 0.28	 2.86	 0.32	
Simferopol	 0.43	 0.28	 2.86	 0.32	
Volgograd	 0.36	 0.24	 2.22	 0.27	

	
According	 to	 these	 data	 temperature	 balance	 point	 (T-balance)	 at	 which	 heating	

should	be	turned	on	in	each	city	can	be	calculated	(table	3).	
Table	3	T-balance	

CLIMA
TIC	

ZONES	
CITY	 H,	

[W/K]	
HEAT	GAINS,	

[W/M2]	

T-BALANCE	
WITHOUT	
SUN,[°C]	

T-BALANCE	WITH	
SUN,[°C]	

I	 Ekaterinburg	 274.35	 4.8	 15.8	 10.3	

230 230 256 196 259 206 220 275 149 153 177

5980
6601

10394

4684.5
5594.5

4676.2 4796

6380

2682 2662
3965

Нeating	period HDD
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Novosibirsk	 247.72	 15.2	 9.1	
Yakutsk	 192.71	 13.5	 5.7	

Vladivostok	 305.07	 16.3	 11.4	
Petropavlovsk-
Kamchatsky	 266.99	 15.6	 10.0	

II	
Moscow	 305.07	 16.3	 11.4	

St.	Petersburg	 299.90	 16.2	 11.2	
Murmansk	 253.88	 15.3	 9.4	

III	
Krasnodar	 410.59	 17.5	 13.8	
Simferopol	 410.59	 17.5	 13.8	
Volgograd	 334.66	 16.7	 12.2	

	
Values	of	HDD	and	duration	of	the	heating	period	can	be	found	using	online	calculator	

using	the	obtained	values	of	the	temperature	balance	point	and	heat	gains.	The	results	are	
shown	in	table	4.	

Table	4	HDD	from	degreedays.net	

CLIMATIC	
ZONES	 CITY	 HDD	 HDD	FROM	

DEGREEDAYS.NET	

I	

Ekaterinburg	 5980	 3678	
Novosibirsk	 6601	 3581	
Yakutsk	 10394	 6297	

Vladivostok	 4684.5	 3321	
Petropavlovsk-
Kamchatsky	 5594.5	 3292	

II	
Moscow	 4676.2	 2790	

St.	Petersburg	 4796	 2484	
Murmansk	 6380	 3570	

III	
Krasnodar	 2682	 1835	
Simferopol	 2662	 1903	
Volgograd	 3965	 2561	

	
As	 can	be	 seen	 from	the	calculation	T-balance	without	 sun	 is	on	average	16˚C,	with	

sun	 is	 11˚C.	 HDD	 calculated	 by	 the	 balance	 point	 in	 average	 1.5	 times	 smaller	 than	
calculated	 using	 current	 normative	 documents.	 This	 suggests	 that	 the	 duration	 of	 the	
heating	 period	may	 be	 reduced.	 In	 addition	 to	 that	 the	 heat	 load	 of	 the	 building	will	 be	
reduced.		

However,	the	turn	the	heat	in	8˚C	in	Russia	are	justified	by	economic	considerations:		
· poor	state	of	the	exterior	constructions;		
· lack	of	control	of	the	heating	system;		
· strong	difference	of	parameters	U	and	R	in	different	regions,	necessity	for	careful	

thermotechnical	calculation	for	each	zone.	
Until	these	problems	are	resolved,	the	transition	to	a	new	T-balance	can	be	useless.		
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Abstract: The mixed-mode ventilation system can be used to provide thermal comfort and to reduce energy
consumption in office buildings. A well-designed building envelope is required to guarantee a better use of
natural ventilation and scale back the use of mechanical cooling. The aim of this paper is to describe the envelope
design solutions currently used in mixed-mode office buildings and compare it with data raised from scientific
literature. A survey of the envelope design parameters used in building models of the literature was performed,
focusing on variables with greater impact on thermal and energy performance. Furthermore, another survey of
the same parameters from real buildings was also carried out, by raising information of 153 office buildings
located in the city of Sao Paulo, Brazil. Data from both surveys were compared and the correspondence between
them was analysed, showing that many of the design solutions found in real buildings are different from what
literature recommends. These differences confirm the demand for theoretical studies to be more connected to
current practice. This paper presents preliminary results of the performed fieldwork, generating combinations
of parameters of interest, not yet investigated by current literature, which will be subject of a further
investigation.

Keywords: mixed-mode ventilation, office buildings, envelope design

Introduction  

Nowadays, office buildings usually depend on air-conditioning systems to maintain the users’
thermal comfort conditions. However, the constant use of artificial systems can cause
problems related to lower indoor air quality and a higher electric energy consumption
(Mendler et al, 2006).

Mixed-mode ventilation strategies, also known as hybrid ventilation, are a feasible
option to keep satisfactory thermal conditions and to reduce the energy consumption (Brager
et al, 2000). According to the Center for the Built Environment (CBE, 2017), this strategy
consists on employing both natural and mechanical ventilation, and there are three different
ways of operation: zoned, change-over, and concurrent. The last one uses operable windows
and the air-conditioning system at the same time and at the same space, leaving the
occupants free to operate windows according to its personal preferences. This is the most
used hybrid ventilation system in office buildings (CBE, 2017).

A well-designed building envelope is a key aspect for the mixed-mode ventilation
system to work properly, especially in concurrent buildings, where the occupant plays an
important role. The characteristics of the building envelope affect the heat gains and losses
of the interior spaces, and also helps promoting a better use of the natural ventilation system.
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As a result, it provides less use of the mechanical ventilation and, therefore, greater energy 
efficiency (Brager et al, 2000; Mendler et al, 2006).  

The aim of this paper is to highlight future research recommendations, not yet 
addressed by current scientific literature, by comparing the envelope design solutions and 
the natural ventilation strategies recommended by the literature with the current practice in 
real buildings. Findings will help improving the energy efficiency of mixed-mode office 
buildings, in the context of the commercial building market. 

Methodology  

The methodology is structured in three parts, as detailed below. 

Office buildings survey  

The first part of the work concerns in assembling a database containing selected geometry 
and envelope thermal properties information of a sample of 153 mixed-mode office buildings. 
These buildings were selected over a total of 2,780 operating office buildings located in the 
metropolitan area of the city of Sao Paulo, Brazil, based on information provided by Buildings 
(2016).  

The selection of the sample took into consideration four criteria. Small office rooms, 
excluding wide open plan office buildings, which usually consists of non-operating curtain wall 
façade systems (1,256 buildings were selected). Individual air-conditioning systems consisting 
of independent outdoor air units per office room, excluding central systems, which usually 
corresponds to fully air-conditioned buildings (707 buildings were selected). Medium-quality 
standard office buildings, classified as “C” by the Real State Brazil Realty company (Veronezi, 
2004), which assures the building operation through a concurrent mixed-mode ventilation 
system (471 buildings were selected). Office buildings built in the last 20 years, between 1995 
and 2016 (153 buildings were selected). 

The following aspects, related to the building enclosure, were considered in the data 
assembling: shape, solar orientation, ratio of building width to length, total floor area of each 
office unit, office room depth, number of floors, floor-to-ceiling height, window-to-wall ratio, 
exterior shading devices, glazing type, and façade thermal absorptance. Aspects related to 
the mixed-mode system: natural ventilation strategy, window type, air-conditioning system 
type and location of the outdoor unit. 

Systematic literature review  

Research studies from internationally recognized journals; relevant conference proceedings; 
as well as selected university theses and study reports were collected through peer reviewed 
literature search engines including Scopus, Web of Science, and Science Direct. The search 
string included the following keywords: ‘mixed-mode ventilation’ or ‘hybrid ventilation’ and 
‘office buildings’. Obtained results were used to perform a systematic literature review, 
including an in-depth analysis of 41 publications. 

Gathered information from these researches were organized on a spreadsheet, 
including the following data: objectives, method and tools, climate zone, building enclosure 
configuration, natural ventilation strategy, air-conditioning system and setpoint, internal 
loads, energy efficiency strategies, and significant findings. 

Comparison between field survey and literature 

Envelope design information from field research were tabulated and compared to data 
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gathered from literature review, aiming to investigate which parameters the literature 
considers of most impact on thermal and energy performance and how these parameters are 
actually designed in real buildings. The variability of these design parameters was analysed 
through the calculation of the average (AV) and the standard deviation (SD). Then, histogram 
and pie charts were constructed for both groups (field survey and literature) and design 
parameters were compared, considering most recurrent choices and ranges of variation, in 
order to identify and analyse similarities and differences.  

As a result, the limitations of previous research works were raised, considering issues 
and concerns directly related to the current design practice of concurrent mixed-mode office 
buildings. Those limitations took into consideration our raised sample of buildings located in 
Sao Paulo. Also, directions for potential future work were identified, concerning the 
importance of design solutions that increase energy efficiency in mixed-mode office buildings.  

Results and discussion  

Building geometry 

Current mixed-mode office buildings in Sao Paulo city are high-rise buildings with multiple 
office units per floor (four to five units per floor, in most cases), served by operable windows 
and individual air-conditioning systems per unit, both manually operated in a concurrent 
mode. The majority of buildings from the raised sample does not have any exterior shading 
devices for solar radiation protection (Figure 1 a, b, c). The air-conditioning outdoor units are 
usually placed on the balcony or attached to a façade (Figure 1 d, e). Office rooms are usually 
small, on average 42 m², with room depth varying mainly between 5 to 9 m (Figure 2 a, b). 
The natural ventilation strategy is, in most cases, cross-ventilation (Figure 2 b, c). 

 

     
(a) Façade view (b) Façade view (c) Façade view (d) Outdoor unit (e) Outdoor unit 

Figure 1. Mixed-mode office building in Sao Paulo, Brazil (Source: The authors) 

 

   
(a) Building floor plan (b) Floor plan of an office unit (c) Internal view of an office unit 

Figure 2. Example of a mixed-mode office building in Sao Paulo, Brazil (Source: The authors) 

 
Besides representing important variables to energy efficiency, the shape, solar 

orientation, and ratio of building width to length of Sao Paulo’s office buildings are often 
settled accordingly to landscape and urban design constraints only. From the field sample, 89% 
of the cases are rectangular shaped buildings, while on the literature the rectangular shape 
appears in 83% of the cases. As for the solar orientation, the most recurrent cases from the 
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sample are Northeast-Southwest and Northwest-Southeast; and North-South appears in 
most cases from the literature review (Figure 3). In 20% of the publications different 
orientation scenarios were tested. Salvalai et al (2013) and Engelmann et al (2014), for 
example, investigated the potential of five different ventilation and cooling strategies with 
regard to energy efficiency and thermal comfort in different climates. The analysis involved 
office rooms of two different orientations, East-West or North-South. Both papers classify the 
East-West orientation as the critical for the South European Climate. 

Figure 4 presents a comparison of the ratio of building’s width to length between field 
research and literature, being the number 1 equal to a square shape. Buildings from the 
sample usually have a narrower shape (average ratio of 0.5) than those studied in the 
specialized literature. No research studies analysing the impacts of different scenarios of 
building ratio were found, which emphasizes the demand for future investigations. 

 

 
 

 
 *NI = Non-Informed 

(a) Field research (b) Literature 

Figure 3. Solar orientation Figure 4. Ratio of building width to length (% of total) 
 

Office rooms from the sample are usually small, on average 42 m² (SD = 18.5) with room 
depth varying mainly between 5 to 9 m. Literature studies present a wider variation, but most 
part of the studies fall within the same range (Figures 5 and 6). 46% of the referred literature 
did not inform the room size or depth. Rupp and Ghisi (2013) evaluated nine different office 
room sizes, including different proportions between width and length and different room 
areas, and concluded that the room geometry had low influence on energy consumption 
reduction, when dealing with hybrid ventilation, which suggests that this parameter is not a 
primary target for further investigation on envelope design of mixed-mode office buildings. 

 

  
Figure 5. Office floor area per unit (m²) (% of total) Figure 6. Room depth (m) (% of total) 

 

Three storey buildings comprise the most recurrent choice of building height from the 
literature review, against 12 storey buildings (SD = 3.3) from the field (Figure 7). In fact, only 
32% of the researches involve analyses based on real buildings instead of hypothetic models. 
However, natural ventilation is substantially affected by building height, due to differences in 
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wind speed (ASHRAE, 2005), which justifies the demand for research on taller buildings. 
Recurrent choices for floor-to-ceiling height are similar for field and literature (Figure 8). 

  
Figure 7. Number of floors (% of total) Figure 8. Floor-to-ceiling height (% of total)  

 

The window-to-wall ratio of buildings surveyed on the literature usually are higher than 
those found on the sample (Figure 9). Despite being an important variable, only 15% of the 
publications tested different scenarios. Roetzel et al (2014), for example, investigated thermal 
comfort and energy performance of three different window areas (20%, 70% and 100%) in 
mixed-mode office buildings located in Greece, Australia and Germany. Authors found out 
that the most energy efficient option of window-to-wall ratio should be 70% or larger and 
located above the work plane, if possible. This finding, however, does not consider the 
probability of glare due to daylight. Santesso (2017) emphasizes the importance of 
considering thermal and luminous comfort parameters while defining the size of openings. 

The majority of buildings from the sample does not have any exterior shading devices 
for solar radiation protection (Figure 10). Nevertheless, the construction of balconies had 
increased significantly in the past years, due to the necessity of housing the air-conditioning 
outdoor units. Indeed, 66% of the buildings from the sample that were built since 2010 have 
exterior balconies. Since those devices also work for protection from solar radiation, their 
impact on energy efficiency must be investigated. 34% of the research studies investigated 
this parameter, but only 7% considered different scenarios of analysis (type, shape, material, 
etc.). Schulze and Eicker (2013), for example, used airflow network and dynamic building 
simulations to determine the annual thermal comfort and energy savings of mixed-mode 
office buildings with solar shading devices. Disabling the external solar shading raised cooling 
needs in 77% for the Germany, in 64% for the Italian and in 57% for the Turkish climatic 
conditions. 

 
  

(a) Field research (b) Literature  
Figure 9. Window-to-wall ratio (% of total) Figure 10. Exterior shading devices 

 

Thermal properties of materials and components 

All sampled office buildings use single glazing systems (Figure 11), mostly clear glass, which is 
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characterized by a Solar Heat Gain Coefficient (SHGC) of 87%. From the literature review, 
double glazing systems are the most recurrent choice, since most research studies are from 
mild to cold climates. SHGC is below 75% in most cases, and no researches including different 
scenarios for this variable were found. The discrepancy between field and literature points 
out the importance of further investigation on the impact of solar gains and energy 
consumption between different types of glazing, since this is a parameter of high interest on 
thermal and energy performance investigations. Bajenaru et al (2016), for example, evaluated 
the design of a net zero energy office building with a mixed-mode ventilation system located 
in New Delhi, India. The study considered the analysis of multiple glazing types: three double 
glazing and two triple glazing. The difference in total energy consumption between the worst 
and the best glazing scenarios was 300 kWh (3%). 

 

   
 *SHGC (%)  
(a) Field research (b) Literature  (c) Literature  

Figure 11. Glazing type 

 
The façade thermal absorptance, besides being an important parameter regarding 

thermal and energy performance of buildings, is a neglected information in current 
publications of mixed-mode office buildings. From the sample, it is interesting to notice that 
dark colours are a common choice for Sao Paulo’s office buildings (Figure 12), besides the fact 
that it helps to raise cooling demands. It is, though, an important parameter to investigate.  

The average U-value of walls from the office buildings survey varies between 2.5 to 3.0 
W/m².K, which consists of a construction system commonly used in Brazil, made of concrete 
blocks or masonry with mortar. As to the literature review, most studied cases consider a 
highly insulated envelope, with U-value under 1.0 W/m².K (Figure 13), which highlights the 
importance of developing more studies focusing on climates where total energy demands are 
predominantly for cooling. 

 

  
Figure 12. Façade thermal absorptance (Field) Figure 13. Façade U value (Literature) 

 

Mixed-mode system 

The majority of publications from specialized literature consider mixed-mode office buildings 
with single sided ventilation, which corresponds to only one wall of the room facing outdoors 
(Figure 14). The architecture of buildings from the sample follows the opposite direction: the 
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cross-ventilation strategy is the most common, which corresponds to two adjacent walls 
facing the outside, assuring a better air movement inside the room. No research was found 
comparing the energy efficiency between single sided and cross ventilated mixed-mode office 
buildings, which highlights an important subject for further investigations. 

 

   
(a) Field research (b) Literature (c) Example from field research 

Figure 14. Natural ventilation strategy 
 

The most prevalent window type found on the field research is the top hung window 
(Figures 15 and 16). According to Grabe et al (2014), a gap of 10 cm (12% of effective opening 
area) can be considered as the usual opening rate for this kind of window. Publications usually 
do not inform the window type, and only two researches from the gathered literature 
consider variations on the opening factor of windows. Chang et al (2004), for example, studied 
the indoor environmental characteristics of hybrid systems in office buildings during 
intermediate seasons, through Computational Fluid Dynamics (CFD) analysis. The model 
considered cross ventilation in opposite façades and the size of the natural ventilation inlet 
varying from 0.1 to 0.5 m, which corresponded to 8% to 42% of effective opening area. 

 

 

   

(a) Pivoted (b) Sliding (c) Top hung 

Figure 15. Window type (Field) Figure 16. Window type examples (CIBSE, 2010) 
 

Conclusions  

The comparison between the current design practice of Sao Paulo’s concurrent mixed-
mode office buildings and data gathered from the specialized literature enabled to identify 
and analyse similarities and differences between theory and practice, concerning the 
building’s envelope design and thermal properties.  

Results show that some design solutions found in real buildings differ from what is 
usually investigated in the literature, what could suggest that current literature is not giving 
proper attention to technical solutions and parameters widely used in real building 
constructions, which should be further investigated. Theory and practice were quite similar 
for the parameters shape of the building, office area per unit, room depth, and floor-to-ceiling 
height. Although, it is recommended to develop researches on the thermal and energy 
impacts of the façade thermal absorptance, the cross-ventilation strategy, and the window 
effective opening area. It is also recommended to increase the ranges of investigation chosen 
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for the ratio of building width to length, number of floors, window-to-wall ratio, exterior 
shading devices, glazing U-value and SHGC, and façade U-value.  

This study observed that, to date, theoretical studies about mixed-mode office buildings 
have not reached several envelope parameters and ranges widely present on real buildings. 
The highlighted differences point out the directions for future research efforts, considering 
the importance of providing theoretical studies that address the energy efficiency impact of 
design solutions that are actually being executed, in order to façade designs to reach 
maximum utilization of natural ventilation and to minimize the use of mechanical cooling 
energy. 
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Abstract:	The	research	looked	at	Social	Housing	organization’s	(SHO)	perspective	on	energy	efficiency	retrofit	
criteria/benefits.	Using	Analytic	Hierarchy	Process	(AHP)	based	questionnaire,	research	looked	at	 importance	
given	by	SHO	to	overall	criteria/benefits	of	energy	efficiency.	It	was	found	that	fuel	poverty	reduction,	tenant	
health	and	environmental	and	climate	change	 issue	are	given	highest	 importance	 respectively	by	SHO	while	
meeting	government	target	and	financial	benefit	to	SHO	has	been	the	least	priority	in	comparison.	Looking	at	
the	consistency	line,	fuel	poverty	reduction	is	given	higher	importance	by	SHO	although	there	is	inconsistency	
in	importance	given	whereas	financial	benefit	to	the	landlord	is	given	lower	importance	and	also	has	very	high	
inconsistency	in	importance	given.	Better	understanding	SHO	ranking	on	various	retrofit	benefit	will	help	policy	
makers	to	deliver	better	energy	efficiency	retrofit	 incentives/policies.	 It	will	also	help	SHO	to	make	informed	
decision	on	 their	own	 retrofit	project	by	visualizing	and	quantifying	 their	own	qualitative	 ranking	of	 various	
benefit	priorities.	

Keywords:	energy	efficiency	retrofit,	SHO,	AHP,	benefits	ranking,	energy	efficiency	incentives	

Introduction	

Background	of	the	research	

According	to	Department	of	Energy	and	Climate	Change	(DECC)	report	household	energy	use	
(excluding	transport)	accounts	for	27%	of	total	energy	use	in	the	UK	(Depart	of	Energy	and	
Climate	Change	2015).	There	are	now	27.9	million	dwellings	in	England,	Scotland,	Wales	and	
Northern	 Ireland	 (Department	 for	 Communities	 and	 Local	 Government	 2015),	 but	 only	
around	160,000	new	homes	are	built	each	year,	and	far	fewer	homes	are	demolished	(Jason	
Palmer2013).	Since	the	household	energy	use	accounts	for	more	than	a	quarter	of	the	total	
energy	use,	 this	sector	has	been	taken	as	a	major	area	to	 focus	by	the	UK	 in	order	 to	cut	
carbon	emission.	UK	government	has	 identified	the	energy	efficiency	of	 the	property	 (and	
therefore,	 the	energy	required	to	heat	and	power	the	home)	as	one	of	 the	drivers	of	 fuel	
poverty.	So,	apart	from	carbon	emission	reduction	issue,	household	energy	efficiency	is	also	
related	to	reducing	fuel	poverty.		

In	Scotland	the	Climate	Change	(Scotland)	Act	2009	(Climate	Change	(Scotland)	Act	2009	
2009)	sets	an	interim	target	of	a	42%	reduction	in	emissions	(compared	to	1990)	by	2020,	and	
an	80%	reduction	target	for	2050,	with	annual	targets	set	in	secondary	legislation.	To	achieve	
this	 goal	 Scottish	 government	 has	 Energy	 Efficiency	 Standard	 for	 Social	 Housing	 (EESSH)	
standard	 which	 the	 social	 landlords	 are	 expected	 to	 achieve	 by	 2020	 (GOV.SCOT	 2016).	
According	to	the	Scottish	government	the	EESSH	will	support	the	social	housing	sector	to	lead	
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the	way	 in	 the	 reduction	 of	 energy	 use	 and	 greenhouse	 gas	 emissions,	 help	 address	 fuel	
poverty	 levels	 in	the	social	housing	sector	and	help	 in	achieving	the	Scottish	Governments	
commitment	to	ensure	that	no-one	in	Scotland	has	to	live	in	fuel	poverty,	as	far	as	practicable	
by	2016.		

According	to	(MILIN	and	BULLIER25	January	2011)	lack	of	adapted	funding	is	a	major	
barrier	to	the	energy	retrofitting	of	social	housing	in	Europe.	Cost	is	playing	central	role	in	the	
social	housing	retrofit	and	there	are	various	funding	scheme	which	are	focused	on	various	
criteria	such	as	fuel	poverty	reduction,	tenant	health,	environmental	and	climate	change	etc.	
are	available	(GOV.SCOT	2014)	for	the	Social	Housing	Organization	(SHO).		

Research	Question		

The	policies	or	incentives	from	UK	and	Scottish	government	are	meant	to	help	accelerate	the	
retrofit	in	social	housing	sector,	however,	at	the	same	time	incentives	are	also	one	of	the	key	
factors/variables	 which	 influence	 the	 cost	 dynamics	 of	 the	 energy	 efficiency	 retrofit,	 the	
research	looked	at	importance	given	by	SHO	to	overall	criteria/benefits	of	energy	efficiency	
retrofits	and	criteria	supported	by	government	incentives.	By	looking	at	importance	given	by	
SHO	 to	 various	 benefits	 we	 can	 understand	 how	 and	 on	 what	 basis	 SHO	 make	 retrofit	
decision.		This	will	be	very	important	step	towards	understanding	SHO	perspective	on	energy	
efficiency	retrofit.		

Research	Aims	and	objectives	

The	 research	 aims	 to	 understand	 the	 SHO	 perspective	 on	 energy	 efficiency	 retrofit	
criteria/benefits.	Better	understanding	SHO	ranking	on	various	retrofit	benefit	will	help	policy	
makers	to	deliver	better	energy	efficiency	retrofit	incentives/policies.	It	will	also	help	SHO	to	
make	informed	decision	on	their	own	retrofit	project	by	visualizing	and	quantifying	their	own	
qualitative	ranking	of	various	benefits.			

Literature	Review	

Social	housing	and	energy	efficiency	retrofit	in	Scotland		

Green	 retrofit	 means	 “conducting	 interventions	 that	 would	 make	 buildings	 more	
“sustainable”	 and	 more	 “smart”,	 in	 terms	 of	 indoor	 environment	 quality,	 use	 of	 water,	
maintenance	 operations,	 energy	 uses	 control”	 (Filippi,	 2015).	 In	 Scotland	 Social	 housing	
means	mainly	the	housing	provided	by	the	Housing	Associations,	Registered	Social	Landlords	
(RSL)	 and	 Local	 Authorities.	 According	 to	 (GOV.SCOT2015),	 “Housing	 associations/RSL	 are	
societies,	bodies	of	trustees,	or	companies	established	for	the	purpose	of	providing	housing	
accommodation	on	a	non-profit	making	basis.		They	also	provide	housing	for	special	groups	
such	as	the	aged,	disabled,	single	persons,	or	housing	on	a	mutual	or	self-build	basis	….are	
heavily	engaged	in	the	regeneration	of	inner	city	areas	through	both	rehabilitation	and	new	
building	 and	 Local	 Authorities	 housing	 means	 Dwellings	 owned	 by	 26	 of	 the	 32	 local	
authorities	for	social	rent,	i.e.	Council	housing”.	

There	 are	 2,508,000	 houses	 in	 Scotland	 among	 which	 596,000	 (23.8%)	 are	 socially	
rented/	social	housings	(GOV.SCOT2015).	Apart	from	being	significant	number,	social	housing	
is	particularly	 important	because	the	tenants	 living	 in	 the	housing	are	mainly	old	age,	 low	
income	and	vulnerable	by	some	means.	Due	to	the	tenant	type,	the	retrofit	of	these	houses	
are	important	and	challenging.	Social	housing	sector	largely	depends	on	the	grants/incentives	
from	 the	 UK	 and	 Scottish	 government	 for	 its	 retrofit	 projects.	 And	 the	 SHO	 retrofit	
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investments	are	mainly	driven	by	government	legislation	and	SHO’s	duty	to	provide	housing	
in	modern/current	standards.	

Apart	 from	 providing	 housing	 to	 special	 need	 population	 of	 the	 society,	 the	 social	
housing	sector	also	involves	in	retrofitting	to	maintain	property,	reduce	energy	consumption,	
and	 reduce	 fuel	 poverty	 and	 the	 emission	 of	 greenhouse	 gases.	 Retrofit	 is	 important	
obligation	to	SHO	because	the	sector	targets	to	make	a	significant	contribution	to	reducing	
carbon	 emissions	 by	 42	 per	 cent	 by	 2020	 and	 80	 per	 cent	 by	 2050	 in	 line	 with	 the	
requirements	set	out	in	the	Climate	Change	(Scotland)	Act	2009		(Climate	Change	(Scotland)	
Act	2009	2009).	

Energy	efficiency	incentives	and	social	housing	sector		

When	we	look	at	the	major	household	energy	efficiency	incentives	in	the	UK	in	past	5	years	
(Energy	Act	2013),	(EST	2015b),	(Energy	Act	2011	2011),		(Energy	Act	2010	2010),		(The	Home	
Energy	Assistance	Scheme	(Scotland)	Regulations	2009	2009),	(Climate	Change	(Scotland)	Act	
2009	 2009),	 (ofgem	 2015b),	 	 (ofgem	 2015a);	 it	 shows	 that	 there	 is	 ‘lack	 of	 political	
sustainability’	(Lockwood,	2013)	in	energy	policy	and	climate	strategy	which	has	led	to	series	
of	new	energy	act,	energy	efficiency	incentives,	closure	of	the	incentives	within	short	period	
after	launch	and	changes	in	the	incentives	many	times	a	year.	Policy	makers	and	politician	
often	consider	popularity	of	the	initiative	rather	than	its	sustainability,	which	is	one	reason	
there	are	so	many	changes	and	confusion.		(Watson	et	al.)	conclude	that	here	is	a	need	to	
move	beyond	narrow	framings	of	public	attitudes.	Because	all	this	frequent	changes	might	be	
causing	uncertainty	 in	the	retrofit	market,	 failures	of	the	programmes	and	search	for	new	
initiatives	or	more	changes	in	the	initiative.		

Green	Deal	and	ECO	are	 the	major	household	energy	efficiency	 initiatives	of	 the	UK	
government	 that	 focus	 on	 the	 improving	 energy	 efficiency	 of	 the	 building	 via	 various	
installations	and	improvements.		After	the	launch	of	Green	Deal	in	2012,	and	ECO	in	2013	the	
initiatives	saw	series	of	changes	and	announcements.	Green	Deal,	which	is	a	market	based	
framework,	became	a	failure	and	this	reached	a	point	in	November	2014,	Green	Deal	Finance	
Company	had	to	be	bailed	out	due	to	very	little	sale	of	Green	Deal	plan.		

The	ECO	has	now	been	extended	to	September	2018	with	some	important	amendment	
including;	 local	 authorities	 given	 role	 in	 determining	 eligible	 homes,	 Affordable	 Warmth	
scheme	extended	to	SHO	energy	performance	certificate	(EPC)	band	E,	F	or	G	(The	Electricity	
and	Gas	(Energy	Company	Obligation)	(Amendment)	Order	2017	2017).	Social	housing	sector	
which	 are	 largely	 dependent	 on	 these	 incentives	 for	 the	 retrofit	 of	 their	 housing	 sector,	
therefore	this	type	of	changes	and	focus	of	incentive	will	have	direct	effect	on	SHO.	

(Pennycook,	 2007),	 (Martin	 and	 Gold1999),	 (Power,	 2008)	 and	 (Ward1994)	 have	
mentioned	about	various	benefits	of	retrofit.	Combining	those	retrofit	benefits,	the	focus	of	
government	incentives	and	the	list	of	funding	available	for	SHO	housing	retrofit	(GOV.SCOT	
2014),	the	following	major	retrofit	benefit/criteria	for	SHO	can	be	listed;		

	
• Economic	benefits	to	broader	society	
• Environmental	and	climate	change	benefits	
• Financial	benefits	to	the	landlord	
• Fuel	poverty	reduction	
• Historical	and	preservation	
• Meeting	government	regulation	
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• Tenant	health	
• Tenant	satisfaction	

Narrowing	 down/	 generalising	 the	 various	 benefits	 makes	 it	 easy	 for	 research	 to	
compare	wider	range	of	benefits	and	in	application	level	it	also	helps	to		SHO	to	understand	
their	own	key	interest	and	focus	on	the	available	government	funding	incentives	based	on	
that.	This	also	helps	them	to	prioritise	retrofit	project	on	certain	criteria	and	apply/get	funding	
eligible	for	that	criteria.		

Research	Methodology		

Introduction		

Based	on	 the	principle	of	Analytic	Hierarchy	Process	 (AHP)	method	the	questionnaire	was	
designed	 to	generate	 the	average	weighting/ranking	of	 various	benefits/criteria	of	energy	
efficiency	 retrofit.	 In	 AHP,	 the	 decision	 maker	 carries	 out	 simple	 pairwise	 comparison	
judgments	which	are	then	used	to	develop	overall	priorities	for	ranking	the	alternatives	(Saaty	
and	Vargas,	2012).	By	adapting	this	method	the	research	is	able	to	identify	the	priorities	of	
energy	efficiency	retrofit	benefit/criteria	within	SHO.		

For	the	purpose	of	quantifying	participant’s	qualitative	thinking	process,	the	following	
fundamental	AHP	scale	was	used.	

	
Table	1:	AHP	scale	used	in	questionnaire	

INTENSITY OF 
IMPORTANCE 

DEFINITION EXPLANATION 

1 Equal importance Two criteria contribute equally to the 
objective 

3 Moderate importance Experience and judgment slightly 
favour one criteria over another 

5 Strong importance Experience and judgment strongly 
favour one criteria over another 

7 Very strong or demonstrated importance A criteria is favoured very strongly 
over another; its dominance 
demonstrated in practice 

9 Extreme importance The evidence favouring one criteria 
over another is of the highest possible 
order of affirmation 

2,4,6,8 These are intermediate scales between adjacent judgements 
RECIPROCALS 
OF 
ABOVE 

If criteria i has one of the above nonzero 
numbers assigned to it when compared with 
criteria j, then j has the reciprocal value when 
compared with i 

If the criteria has lower value than 
compared criteria 

Questionnaire	Design	

Questionnaire	 for	 this	 research	 was	 designed	 based	 on	 the	 literature	 review.	 	 Above	
mentioned	eight	benefits	of	retrofit	were	listed	on	the	table	both	on	row	and	column	and	
they	were	compared	with	each	other.		

The	participants	were	briefed	that	their	goal	was	to	carry	out	a	refurbishment	project	
within	their	housing	stock.	And	eight	benefits	on	the	table	were	presented	as	the	criteria	they	
have	to	meet	to	fulfil	the	overall	goal	of	the	project.	And	they	were	asked	to	compare	each	
criteria	with	rest	and	give	it	scale	to	show	what	their	preferred	criteria	among	the	pair	was.	
This	was	continued	until	every	benefit	was	compared	with	rest.		
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Participants	were	asked	how	they	compare	the	benefits	of	energy	efficiency/thermal	
retrofit	pairwise.	And	asked	them	to	mark	benefits	1-9,	where,	1	is	-		two	benefits	being	of	
equal	importance	and	9	is	-	one	being	extremely	important	than	other	benefit.		

During	 the	 time	 participant	 filling	 questionnaire	 researcher	 was	 present	 there	 and	
helped	them	with	use	of	scale	and	comparison.	Presence	of	researcher	worked	as	catalyst	to	
transform	 participant’s	 qualitative	 measurement	 and	 comparison	 of	 two	 benefits	 into	
quantitative	scale	and	weighting.		

Sample	data	selection	

The	data	sample	was	selected	randomly	from	the	professionals	from	Scottish	SHOs.	Among	
of	11	SHO	representative’s	responses,	2	were	abandoned	because	of	ambiguous	response	
and	9	responses	are	used	in	the	research.	The	job	title	of	the	participant	are:	Director,	Housing	
Officer,	Board	Member,	General	Manager	and	Tenancy	Support	Officer.	So,	the	research	has	
representation	of	not	just	decision	makers	but	also	the	operators	who	have	everyday	face	to	
face	reaction	with	the	tenants	and	building	stock.	

These	 participants	 are	 the	 representative	 of	Housing	Association,	 housing,	 care	 and	
property-management	 group	 which	 own	 and/or	 manage	 over	 63,000	 housing	 stock	 in	
Scotland.	As	the	participant	range	from	the	highest	level	to	operational	level,	this	seemingly	
small	sample	is	a	quality	representation	of	the	SHO	in	Scotland.		

Results	

The	result	of	the	questionnaire	has	been	analysed	on	following	two	basis:	
• Average	importance	given	to	the	benefits	
• Continued	importance	/	consistency	of	importance			

Average	Importance	

	
Figure	1:		importance/weighting	given	to	each	criteria/benefits	

	
Figure	1	shows	that	in	average,	participants	gave	highest	importance	to	fuel	poverty	reduction	
followed	by	tenant	health	and	environmental	and	climate	change	issues,	whereas	the	lowest	
importance	was	given	to	meeting	government	target.	Historical	and	preservation	issues	and	
financial	benefits	to	the	landlord	were	also	given	less	importance	
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Figure	2:	Consistency	of	importance	given	by	SHO	to	the	benefit/criteria	of	energy	efficiency	retrofit	
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Continued	importance	/	consistency	of	importance			

To	 look	 at	 the	 continuity	 of	 the	 importance	 given	 to	 each	 criteria,	 using	 Monte	 Carlo	
simulation	method,	one	hundred	random	weighting	samples	were	generated	in	excel	based	
on	the	actual	weighting	each	participant	gave	to	the	criteria.	And	the	random	samples	were	
used	to	produce	graphs	(figure	2).		

In	figure	2,	greater	vertical	movement	of	the	lines	means	higher	inconsistency	and	the	
lesser	vertical	movement	of	the	line	means	higher	consistency	of	importance.			
Figure	 2	 A	 shows	 that	 there	 were	 highest	 inconsistency	 in	 the	 importance	 given	 to	 fuel	
poverty	reduction	(8%-33%)	followed	by	Figure	2	B,	financial	benefit	to	the	landlord	(1%-17%)	
and	Figure	2	G,	Historical	and	Preservation	(3%-16%).	This	suggests	the	importance	of	those	
three	benefits	largely	vary	depending	on	the	social	landlord	and	SHO’s	tenant	type	or	the	area	
SHO	 operates.	 In	 contrast,	 environmental	 &	 climate	 change	 benefits	 (Figure	 2	 D),	 tenant	
health	(Figure	2	E)	and	tenant	satisfaction	(Figure	2	F)	are	given	very	consistence	importance	
(respectively;	9%-17%,	11%-19%,	and	8.24%-13%)	by	all	participants.	This	suggests	that	those	
three	benefits	are	very	important	to	all	social	landlords.						

Discussion	and	Conclusion		

From	 the	 average	 weighting	 of	 benefits	 (Figure	 1)	 we	 can	 conclude	 that	 fuel	 poverty	
reduction,	 tenant	 health	 and	 environmental	 and	 climate	 change	 issue	 are	 given	 highest	
importance	respectively	by	SHO	while	meeting	government	target	has	been	the	least	priority	
in	comparison.	This	gives	a	picture	of	how	SHO	look	at	the	energy	efficiency	retrofit	issue	and	
what	 is	 their	 priority	when	making	 retrofit	 decision.	 Considering	 one	 example	 of	 Scottish	
government’s	 target	 (GOV.SCOT	 2015)	 	 (to	 eradicate	 fuel	 poverty	 by	 2016)	 being	
unsuccessful,	this	result	suggests	there	is	more	need	for	SHO	and	government	to	understand	
each	other’s	priority	and	ways	of	working	together	towards	achieving	the	same	goal.		

Looking	at	the	consistency	line	(Figure	2),	although	both	fuel	poverty	reduction	line	and	
financial	benefit	to	the	landlord	line	have	greater	vertical	movements,	fuel	poverty	line	has	
vertical	 movement	 mainly	 concentrated	 above	 15	 %	 weighting	 in	 contrast	 the	 financial	
benefit	to	the	landlord	line	has	vertical	movement	concentrated	below	15%	weighting.	This	
clearly	suggests	that	fuel	poverty	reduction	is	given	higher	importance	by	SHO	although	there	
is	inconsistency	in	importance	given	whereas	financial	benefit	to	the	landlord	is	given	lower	
importance	and	also	has	very	high	inconsistency	in	importance	given.		

Based	on	 the	 result,	 following	 three	 criteria/benefits	 can	be	 seen	given	both	higher	
importance	and	higher	consistency	from	the	SHO.		

• Benefit	arising	from	tenant	health	
• Benefit	from	fuel	poverty	reduction	
• Benefit	from	environmental	and	climate	change	impact	reduction	
Although	targets	set	by	government	regulation	such	as	EESSH	and	SHO	priorities	are	

basically	 the	 same	 about	 retrofit	 criteria,	 the	 above	 result	 suggests	 SHO	 perspective	 on	
government	regulation	is	not	consistently	positive	when	compared	to	other	criteria	such	as	
tenant	health	and	tenant	satisfaction.	This	could	be	mainly	because	the	responsibility	of	SHO	
is	focused	on	providing	housing	for	special	groups	such	as	the	aged,	disabled,	single	persons	
etc.	So	it	is	important	to	further	explore	tenant	views	on	those	priorities	and	find	common	
grounds	where	SHO’s	priorities	and	tenant	priorities	are	mutually	addressed	by	government	
policy	and	incentives	and	all	three	parties	have	common	goals.		
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Abstract: Reducing solar heat gain to achieve thermal comfort and energy efficiency in building is one of the
key strategies adopted by architects in cooling dominated climate. Brick trellis and brick masonry wall are
some visual expressions explored by architects. This study investigates the impact of surface modulation due
to projections in brickwork on total solar heat gain. Brick projecting out from a wall creates shadows on the
wall itself. This study attempts to understand the combined and cumulative effect of the heat transfer through
conduction, convection, and radiation. A comparative analysis is made between plain brick-wall and brick-walls
with projections. The primary objective of this study is to develop an equation to quantify the reduction in
heat gain due to surface modulation. To restrict the scope of this study equatorial latitude is chosen as the
geographical location and year-round solar heat gain is calculated. Preliminary observations from the study
suggest that an increase in the surface area has a direct relation with heat gain through conduction. However,
the convection helps to reduce surface temperature and the micro-shading pattern created due to brick
projections help to reduce the solar gain

Keywords: Brick projection, solar radiation, micro shading, Heat transfer, Numerical analysis.

Introduction  

Brick is one of the most primordial building materials known to mankind. Exposed brick wall
masonry construction has always been the field of interest to architects, due to its aesthetic
quality and due to environmental sustainability. Placement of bricks in a way, that it forms
small projection on the wall creates micro-shading. Multiple projections create patterns of
shading. The micro shading also reduces the heat gain through direct solar radiation.
Projections in brick-bond can aid in heat dissipation through convection as it increases
amount of heat transfer surface area.  By incorporating surface modulations on the brick
wall, lesser heat gain could be possibly achieved. A lesser heat gain may result in cooler
interiors, and higher thermal comfort in hot climates. This can eventually reduce the load on
mechanical cooling systems with result in operational energy savings.

Brick wall in a building can be articulated through surface modulations and turned into
a sustainable solution with lower energy consumption. The surface modulations have been
experimented by architects purely for aesthetic purposes either in the form of parametric
designs or by simple modification in brick bonds. So far till now the study has not been
found that quantifies the effect of heat transfer in a brick-wall with surface modulation.
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Methodology  

Heat transfer takes place in three ways. This study is focused on evaluating the effect of the 
surface modulation due to brick bonds on heat gain through the heat transfer modes. It 
considers three heat transfer modes conduction, convection, and radiation. The calculations 
are conducted studying the properties of brick such as the thickness, conductivity, emissivity, 
absorptivity and the angle of solar radiation incident on the brick. Methodology provided 
resultant heat gain due to three modes of heat transfer due to projection pattern.  

 
Scenarios of brick projections on wall  
English bond and Flemish bond are two most commonly used brick bond types. For this 
study, the alternate bricks of either stretcher or header are projected and calculated for 
heat transfer. These cases are studied for a year-round analysis. 

   
Figure 1: English Bond (brick stretcher)           Figure 2: English Bond (brick headers) 

 

   
Figure 3: Flemish Bond (brick stretcher)         Figure 4: Flemish Bond (brick header) 

Development of Formulae 

For calculation of the solar gains in a plain brick wall and the brick wall with projections, sol-
air temperature must be determined first. 

Tsol = To + (
aI − ∆Qir

ho
) 

a = Solar absorptivity of material 
ho = Coefficient of convection outside 
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To= Ambient temperature 
I = Mean hourly solar radiation (W/m2) 
 
In this study as we are considering convection as well so, the coefficient of convection 
should be added to the equation of heat transfer. Heat transfer in a plain brick wall can be 
calculated using the equation below: 

Qb =
Tsol − Ti

(
D

kA
) + (

1
hiA

) + (
1

hoA
)

 

Where, 
Qb = Heat transfer in a brick wall 
A = surface area (m2) 
k = thermal conductivity of material (W/ m2- K) 
Tsol = temperature outside (K) 
Ti = Temperature Inside (K) 
D = Wall thickness 

 
The shadow area of the brick overhang will always be a combination of two 

parallelograms (A1 and A2). The distance h1 and h2 can be calculated using the vertical 
shadow angle (VSA) and Horizontal shadow angle (HSA) respectively. Hence the area of 
parallelograms can be calculated using the formula 

𝐴 = 𝑏𝑎𝑠𝑒×ℎ𝑒𝑖𝑔ℎ𝑡 
HSA = azimuth − orintation 

𝑉𝑆𝐴 = tan−1 (
tan 𝛼

cos 𝐻𝑆𝐴
) 

𝛼 = Solar altitude 
HSA = Horizontal shading angle 
VSA = Vertical shading angle 
Ap = Area of parallelogram  

 
Figure 5: Shadow pattern 

The projected bricks in the wall creates micro-shading, the shaded area is subtracted 
from the total solar radiation incident on the wall. For the shaded area Qs, the diffused sol 
air temperature is considered. Heat transfer in the projected brick, is calculated as in 
extended surfaces (in case of metals).  

To calculate the heat transfer in case of brick wall with brick overhangs few 
assumptions are considered.  

• Steady-state conduction 

• One-dimensional conduction 

• Constant properties of material 
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• Negligible radiation exchange with surroundings 
 

 
Figure 6 

 
To calculate the heat transfer in the projected bricks, temperature at the base of the projected 
brick should be determined first. Applying the formula of heat transfer in a fin and equating 
the equation with the conduction equation gives the equation for temperature of base (Tb). 
(Frank P. Incropera) 

Qf =  √hPkAcθb (
sin h mL + (

h
mk

) cos h mL

cos h mL + (
h

mk
) sin h mL

) 

𝜃𝑏 = 𝑇𝑜 − 𝑇𝑏 
In steady state conduction 𝑇𝑏 = 𝜃𝑏 
Also, 

𝑄 =
𝑇𝑖 − 𝑇𝑏

(
1

ℎ𝑖𝐴𝑐
) + (

𝑑
𝑘𝐴𝑐

)
 

 
Also, in case of steady state conduction,  

Q = Qf 
Therefore, 

𝑇𝑖 − 𝑇𝑏

(
1

ℎ𝑖𝐴𝑐
) + (

𝑑
𝑘𝐴𝑐

)
=  √hPkAc(To − Tb) (

sin h mL + (
h

mk
) cos h mL

cos h mL + (
h

mk
) sin h mL

) 

 
Temperature at the base of the brick overhang, 

𝑇𝑏 =
ℎ𝑖𝑘𝐴𝑇𝑖 + 𝑀𝑋𝑇𝑜(𝑘 + 𝑑ℎ𝑖)

ℎ𝑖𝑘𝐴 + 𝑀𝑋(𝑘𝑑ℎ𝑖)
 

 

Where, L= distance of projection and,  M = √hoPkAc and 𝑋 = (
sin h mL+(

h

mk
)cos h mL

cos h mL+(
h

mk
)sin h mL

)  

Heat transfer in exposed wall (same as heat transfer in a plain brick wall Qb considering 
To=Tsol) 

𝐴𝑒 = 𝐴 − (𝐴𝑠 + 𝑛𝐴𝑐) 
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𝑄𝑒 =
Tsol − Ti

(
D

kAe
) + (

1
hiAe

) + (
1

hoAe
)

 

 

Qs =
Tds − Ti

(
D

kA
) + (

1
hiA

) + (
1

hoA
)

 

Heat transfer in a wall with projections will be a sum of heat transfer in projected 
bricks, shaded area, and exposed surface area. 

Q = Qf + Qs + Qe  

𝑚2 = ℎ𝑝/𝑘𝐴𝑐   
𝐴 = Area of plain brick wall 
𝐴𝑠 =  Shadow area 
𝐴𝑒 =  Area exposed to sun 
Tds = diffused sol air temperature 
P = Perimeter of the projection 

Results and Analysis 

The location for this study is Bontang, located in East Kalimantan province in Indonesia with 
coordinates 0.1°, 117.4°. To limit the scope of study equator is considered as the latitude for 
solar analysis. The calculation in this study has been done for brick bond in figure 3.  

• The ambient temperature is assumed to vary throughout the day. At 9:00 – 27°C, 
10:00 – 29°C, 11:00 – 30°C, 12:00 –31°C, 13:00 – 32°C, 14:00 – 33°C, 15:00 – 34°C.  
Inside temperature is assumed to be at 297.15K 

• ho is assumed to be 25(W/m2K) and hi is 10 (W/m2K) 
 
Condition 1: Flemish bond with alternate brick stretcher projected 
Number of overhangs is 70 with 40mm projection. Heat transfer in a day is calculated from 

9:00 to 15:00 for 21st of every month. 
Figure 7: Annual Heat transfer comparison graph for North and south wall 

Figure 7 shows annual reduction in heat transfer in case of wall with projections by 
10%. In the months of January, February, the heat transfer is lesser, as the sun altitude 
angles are high increasing the micro-shading due to projected bricks.  

Dec Jan/Nov Feb/Oct Apr/Au
g May/Jul Jun Annual

Q Brick wall with
projection(w/sq.m) 300.97 272.95 216.13 222.87 267.96 279.19 260.01

Q Plain Brickwall (w/sq.m) 331.3 309.22 245.32 245.18 291.60 307.24 288.31
% difference in Heat transfer -9% -12% -12% -9% -8% -9% -10%
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Figure 8: Hourly Heat transfer comparison graph for west wall on 21st December 

 
Figure 8 shows heat transfer from 9 am to 3pm on 21st December. As the ambient air 

temperature increases from 13:00 to 15:00, the heat transfer also increases. Average heat 
transfer for the day is 7%, when average shadow area is 27%. The shadow area is maximum 
at 12, because sun altitude is maximum at noon. Heat transfer is more at in case of wall with 
brick projections at 12 because, beam radiation is zero. This is because, at this time of the 
day the diffused solar and incident solar radiation are equal. 
 
Condition 2: Varying the number of Brick projections in Flemish bond with alternate 
stretcher bricks projected  
Number of overhangs is varying from 1 to 100 with 40mm projection. Calculating heat 
transfer on south wall For December 21st at 13:00 hrs.  

 
Figure 9: Heat transfer with varying number of projection, at 13:00 on 21st December. 

 
Figure 9, shows the heat transfer reduces with increase in the number of projections. As the 
number of projections increases, number of shadows increases and it increases the thermal 
mass of the wall. Even one projection contributes in reducing heat transfer by 0.12%. 
 

09:00 10:00 11:00 12:00 13:00 14:00 15:00 Averag
e

Brick wall with projections 323.38 298.94 237.61 185.30 244.84 359.37 441.20 298.66
Plain brickwall 353.05 325.64 256.25 174.43 290.22 393.58 471.96 323.59
% Shadow area 7% 11% 21% 77% 50% 18% 7% 27%
% heat transfer -8% -8% -7% 6% -16% -9% -7% -7%
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% increase in surface area 0.2% 3% 5% 8% 11% 14% 16% 19% 22% 24% 27%
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Condition 3: Keeping the no. of projecting constant and Varying the distance 
The brick projection distance varies from 10mm to 50mm and number of projection is 
constant at 70 at 13:00 on 21st December for south wall. 

 
Figure 10: Heat transfer with varying projection distance, at 13:00 on 21st December, for south wall. 

Figure 10, shows as the extent of projection increases, the heat transfer reduces. This is 
because as the projection length increases, the shadow area and thermal mass increases. 
 
Condition 4: Heat transfer due to conduction and convection together and radiation 
Heat transfer through conduction, convection together and radiation in Flemish bond with 
brick stretcher projecting, on 21st December, for south wall. 

 
Figure 11: Heat transfer in wall with brick projection through conduction, convection together and radiation, 

on 21st December, for south wall 

 
Figure11, shows as the ambient temperature increases the heat transfer through 
conduction and convection increases. However, at a constant temperature heat transfer 
through radiation is higher. The solar radiation intensity for south wall at 12:00 pm in the 
months of December, Jan-Nov, Feb-Oct, and Mar-Sep is maximum. For East wall the 
intensity is maximum when the sun rises. For west wall the solar intensity is maximum when 
the sun sets. So, the heat transfer varies for all the four orientations throughout the day. 

1 mm 10 mm 20 mm 30 mm 40 mm 50 mm

Q Plain brickwall 358.98 358.98 358.98 358.98 358.98 358.98
Q brickwall with projections 358.14 350.84 343.04 335.4 327.85 320.35
% increase in surface area 0.4% 5% 9% 14% 19% 24%
% heat transfer -0.23% -2.32% -4.65% -7.03% -9.50% -12.06%
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Q radiation (W/sq.m) 226.18 241.26 250.69 255.67 250.87 240.56 224.70
Q conduction and convection

(W/sq.m) 66.76 111.3 133.5 155.8 178.02 200.28 222.53
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% radiation 77% 68% 65% 62% 58% 55% 50%
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Condition 5: Comparing the 4 brick bonds with plain brick wall keeping no. of projections 
constant. No of projections = 50 for north orientation, from 9:00 to 15:00 annually.  

 
Figure 12: Comparative results for heat transfer in the 4 brick bonds 

 
Figure 12, shows the result when number of projections is kept constant. The heat transfer 
in case of stretcher bonds are same and header bonds are same. The corresponding values 
of the percentage increase in area are also same. Thus, heat transfer depends on the 
number of projections and the projection type (header or stretcher). 

Conclusion 

A study has been made for brick-wall with and without projections, heat transfer due to 
conduction, convection and radiation are considered. From the above results, it is observed 
that the wall with projections shows a reduction in heat transfer as compared to the wall 
with no projections. This study can be used to determine the effect of brick overhangs on 
the wall in different latitudes, orientations, and climates. If this construction technique is 
practised in tropical and sub-tropical climate zones, it will reduce the load on mechanical 
cooling systems. Not only will this help keep the interiors cool but, will also lead to 
significant cost reduction. 
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Abstract:  As of 2007 more than half of the world’s population is living in urban areas (a figure expected to rise 
to 60% by 2030). Thus, the livability of the high-density city is gradually becoming a central point of focus and 
concern. The skyscraper, as a successful model of urban planning could provide the possibility to increase city-
space vertically as opposed to the current continuous expansion outward, which has obvious environmental 
consequences. However, contemporary skyscraper examples need to comply with current strict regulations on 
building energy efficiency. In this process, studies on the skyscraper’s energy consumption become very 
important. Nevertheless, the work produced so far on the skyscraper’s operations is not up to date with the 
large amount of skyscrapers constructed on a worldwide basis. This paper, which is part of a wider research, 
studies the heating and cooling loads of an office and residential tower, located in Tel Aviv, Israel. Conclusions 
are reached on the relationship between energy needs and local climate, building use, building envelope and 
building heights. The towers are designed in accordance with the updated, however still voluntary, Israel’s 
Green Building Standards, primarily SI 5282 Energy Rating of Buildings.  
 
Keywords: energy efficiency, hot climate, skyscraper, simulations at different heights  

Introduction		

World population is becoming increasingly urban with more than half living in urban areas 
since 2007, and is growing at a very fast pace. Based on statistics, world population rose 
from 1 billion at the peak of the industrial revolution in the mid-1800s, to 3 billion in 1959, 
and more than 7 billion people are living in the world today (United Nations 2014). The 
increase in population, migration towards the cities, and the advancing industrialization 
have promoted the typology of the skyscraper as an important solution for even higher 
density urban centres around the world. According to a research report by the Council of 
Tall Buildings and Urban Habitat (CTBUH), the numbers of skyscrapers 200m high and more 
that were built around the world from 1960 to 2015, are as follows:  1960 (15), 1980 (71), 
1990 (145), 2000 (261), 2010 (608), 2012 (756), 2014 (919) and 2015 (1024) (CTBUH 2014). 
However, current high-rise buildings do not present an all-around successful solution either 
to an increasing population or as examples of economic prosperity, as they are linked to 
high-energy demands, environmental and social imbalances (Girardet 2006). With world 
population becoming progressively urbanized, a sustainable approach needs to be 
established that lessens the environmental impact of cities. Within this sustainable 
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framework, the design of the skyscraper as a positive addition in the urban fabric needs 
further research and experimentation. 

This paper, which is part of a wider research on the energy efficiency of a skyscraper 
(Saroglou et al. 2016; 2017), considers the skyscraper as an urban phenomenon closely 
related to city living and investigates design strategies towards reducing its energy 
consumption levels. The skyscraper is studied from a climatically responsive perspective by 
taking into consideration four main variables: first, a design strategy according to the 
building’s immediate environment (orientation, prevailing winds); second, the thermal 
properties of the building envelope; third, the effect of height on energy performance; and 
fourth the internal heat gains of the building (e.g. residential vs. office building).  

Two reference models of approximately 350m high, a residential and an office one, 
are simulated and heating and cooling needs are studied for the ground and top floors. The 
approximate height of 350m tall is considered a threshold in today’s urban environments. 
The models are located in Tel Aviv, Israel, a city whose Municipality's Planning and 
Construction Committee issued the 2025 city master plan that supports new sky-rise 
development. The study of skyscraper construction in the Mediterranean climate of Tel Aviv 
will be relevant for other Mediterranean cities, as well as other Middle Eastern cities, that 
undergo similar processes of rapid densification (Meir et al. 2012). The two models are 
designed in accordance with Israel’s Green Building Standards (GBS), as described further in 
this paper, and energy consumption is compared between different building heights, and 
different uses.  

Tall-building	energy	consumption		

Sustainable development and green building design strategies have been gradually 
introduced into National Planning Policies, i.e., green building certification procedures, with 
special attention given to the estimation of energy consumption. New buildings, including 
skyscrapers, have to comply with energy codes; hence calculations on their energy 
performance become critical. The study of the key differences between the energy 
consumption of high-rise and low-rise buildings, creates a framework for understanding 
energy consumption in high-rise development.  

An important consideration in this process is the effect of climate and local 
environmental variables. A building interacts with its environment through the envelope 
(walls, roof, windows, projections) and more specifically through the thermal properties of 
the materials chosen: by conduction through the opaque envelope materials, by convection 
as the result of wind or pressure-driven air movement, and by radiation as radiant heat 
transfer primarily from the sun through fenestration. In high-rise buildings the microclimate 
changes with altitude above ground, i.e., building height: where wind speed increases, while 
dry bulb temperature decreases. Dry bulb temperature decreases with height at an almost 
linear rate, of approximately 1 °C per 150m (NOAA NASA and USAI 1976).  Wind speed at 
higher altitudes is calculated according to ASHRAE (ASHRAE 2009). Since high-rise buildings 
today exceed the height of 150m, it becomes important to take into consideration the 
changing environmental variables with altitude, and their effects on energy consumption.  

A drawback in understanding energy consumption in skyscrapers is the lack of data in 
their operations. An exception is New York City that passed Local Law 84, in 2009, where all 
large buildings with gross areas greater than 5000m2 (50000ft2) have to publicly release 
their energy consumption data. The height of the buildings is not included in the reports, 
but the number of floors is, which provides a good indication of height. Leung and Ray in 
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their study of tall buildings, collected energy benchmarking data of office buildings, with at 
least 80% of their total area used as office space. This eliminated possible discrepancies 
created with different building uses.  706 buildings were studied. Results demonstrated the 
difference in energy consumption between buildings of 9 to >50 floors, measured in energy 
usage intensity (kBtu/m2/year).  The analysis revealed that lower buildings consume less 
energy on average than taller buildings (Leung & Ray 2013).   

A study by Ellis and Torcellini on the 386m high office ‘Freedom Tower’ in New York 
City, showed a dry bulb temperature decrease of approximately 1.85°C between the 
elevations of 1.5m to 284m high, while wind accelerated from 2.46 m/s to 7.75 m/s. This 
reduced the energy consumption for cooling (summer) of the upper floors by 2.4%, while in 
regards to annual energy use intensity (EUI) a 9% net increase was found for cooling and 
heating due to no shading at upper levels from other buildings (Ellis & Torcellini 2005). The 
lack of shading devices in the Freedom Tower, a curtain wall glass-and-steel envelope 
building, in combination with the building’s high internal heat gains, increases considerably 
its cooling requirements, with the EUI of the tower mainly referring to cooling. In addition, a 
study by Lotfabadi, on the 164m high residential ‘Tehran’s International Tower’, in Iran 
(Lotfabadi 2014), revealed a 2.4% reduction in cooling energy during summer, between 
lower and higher altitudes, as a result of the decreased temperature in relation to height.  

The above studies show that the EUI of a structure, and the decreases or increases in 
energy consumption from ground to top, depend on a number of variables, with the main 
ones being: climatic conditions, location of the building (open plane/dense city centre), the 
design of the envelope, total building height, and internal heat gains. The popularity of the 
skyscraper in today’s troublesome era, dictates a deeper understanding in the skyscraper’s 
energy requirements. This paper studies the heating and cooling loads of two towers, an 
office and a residential one, located in Tel Aviv with the use of energy building simulation. 
Conclusions are drawn in relation to the tower’s energy consumption and building fabric, 
local climate, building use and height.     

Residential	and	office	simulation	data	

The location chosen for the simulations is Tel Aviv, Israel. As a result, the Tel Aviv typical 
meteorological year (TMY2 – new data) annual weather file is used. In addition, the towers 
have been designed in accordance with Israel’s GBS regarding thermal properties of 
materials and windows ratio, for climatic zone A (coastal plan, with a hot and humid climate) 
(SII, 2011a, 2011b). EnergyPlus is used as the main simulation engine that implements the 
height variable for simulating wind acceleration and temperature decrease with height, 
both of which are important aspects of this research (ASHRAE 2009). Heating and cooling 
loads are calculated with EnergyPlus ‘Ideal Loads Air System’ mechanism. This is an ideal 
HVAC system that supplies cooling or heating air to a zone in sufficient quantity to meet the 
zone demands in accordance with heating and cooling schedules. 
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Figure 1. (a) Temperature variation at simulated heights above ground; (b) Outdoor wind speed at simulated 

heights above ground 
 

Table 1. Simulation data for Office and Residential models	

 
Table 2. Green Building Standards, SI 5282: Energy Rating of Buildings Climatic Zone A 

G3:  Uglazing=1.8 W/m²K / Uframe=3.5 W/m²K / SHGC=0.6 / Daylight transm.=0.6  

 
CTBUH typical tall building characteristics based on their wide database consider the 

floor height distribution in an office building as follows: ground level floor-to-floor height is 
estimated at 7.8m, with a typical floor being 3.9m high (2.7m office space and 1.2m plenum). 
Every 20 stories there is a mechanical floor 7.8m high and the roof mechanical level is 
estimated at 7.8m high. Similarly, a residential tower’s characteristics are as follows: ground 
level floor-to-floor height is assumed to be 4.65m, with a typical floor being 3.1m high. 
Every 30 stories there is a mechanical floor of 4.65m high and the roof mechanical level is 
estimated at 6.2m high (CTBUH 2015). However, for the purpose of comparison of the 

460m2/per fl. Office Residential 

People 45 / floor Heating Cooling 16 / floor Heating Cooling 

Ventilation 0.1125m3/s until 7:00 
15 °C 

until 20:00 
20 °C 

until 24:00 
15 °C 

until 7:00 off 
until 20:00 

26 °C 
until 24:00 

off 

0.03m3/s until 7:00 
15 °C 

until 20:00 
20 °C 

until 24:00 
20 °C 

until 7:00 off 
until 20:00 

26 °C 
until 24:00 

off 

Infiltration 0.6 ACH 0.6 ACH 

Lights 7.2 W/m2 3.5 W/m2 

Electrics 11 W/ m2 4.0 W /m2 

Residential  
Window-to-floor ratio (WFR) % 

20% max. relative area of windows per apartment 
 Wall heat transfer coefficient 

(W/m2 K) / U-value 
 Main elevation Other   elevations 

         N= 12%   , E / W = 8% 
S=20% 

E= 10% 
W= 5% 

0.55 

            Office 

Window-to-floor ratio (WFR) % 
Window  

(W/m2 K) / U-value 
Wall heat transfer coefficient 

(W/m2 K) / U-value 

         S=23-35, N= 23-27 
E=23-32, W=18-27 

         N / E = G3 
S / W = G3 or G4 

N / E = 0.6 
S= 1.2 

W = 0.6 
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energy loads between the office and the residential towers in relation to altitude, both 
towers have been designed in accordance with the height characteristics of the office model, 
and building floors are simulated at: 7.8m, 81.9m, 167.7m, 253.5m, 339.3m tall (by keeping 
the 20 stories height between mechanical floors). The floor height for each use is 
maintained to 3.1m for the residential and 3.9m for the office. The residential tower has 
been designed with the maximum WFR (Israel GBS), while the office tower with the 
minimum, for comparison purposes between the two uses.  

Simulation	Results		
Table 3 presents the changes in energy needs between the two building uses, residential 
and office, in relation to height above ground, for the climatic conditions of Tel Aviv. Figure 
1 shows the dry bulb temperature drop (a) and wind acceleration (b) from ground to 350m 
above ground. The effect on energy consumption of these environmental variables can be 
seen both in Table 3 and Figure 2. In both models, cooling energy reduced considerably 
from ground floor to top.  In the office tower cooling loads became 34% lower at the highest 
point. In the residential tower, a 49% reduction was observed. However, heating also 
became an issue at higher altitudes. In the office model, heating energy became almost 4 
times bigger, from 0.94 to 3.43 kWh/m2/Year, while in the residential model the increases 
were 3 times more, from 2.70 to 8.21 kWh/m2/Year.  
 

Table 3. Energy needs in kWh /m2 /Year per floor level between ground floor and 350m high                              
for Office and Residential models, H – heating, C – cooling. 

 
 
 
 
 

 
The graphs in Figure 2, present in further detail the changes in energy consumption 

between the ground to top levels, with a focus on the relationship between the heating and 
cooling needs of each one. These are annual simulations, with the heating needs referring 
to winter months, approximately November – March, and cooling for the summer months, 
approximately April – October, for the climatic conditions of Tel Aviv. As the height 
increases, cooling energy drops, while heating energy increases. However, the graphs show 
that both for the office and residential models, heating and cooling works inversely; e.g. 
7.8m high level has maximum cooling and minimum heating needs, and so on. The 
maximum heating vs. minimum cooling gap is becoming smaller with increasing altitude. 
This phenomenon is especially vivid in the graph of the residential model, at 339.3m high, 
where cooling has dropped considerably, while heating increased, and the difference in 
energy consumption between the two is almost diminished.  

Figure 3 depicts both heating and cooling needs of the office (a) and residential (b) 
towers relative to building height. For both uses, there is a linear increase with height in 
heating, while the reductions in cooling form a curve. This indicates that continuing the 
simulations at higher altitudes, the heating needs will continue to rise and will surpass the 
cooling needs. This is more obvious in the residential example, where the differences in 
heating and cooling, are not as pronounced to begin with.  The aforementioned simulations 
and results, study the heating and cooling needs of two high-rise towers in Tel Aviv, 
designed in accordance with Israel’s GBS. For the climate of Tel Aviv, it becomes obvious 

4602/per floor 	 7.8m	 			81.9	m	 167.7	m	 		253.5	m	 		339.3	m	

Office	 H 0.94 1.44 1.96 2.64 3.43 
C 46.6 40.9 36.4 33.6 30.9 

Residential H 2.70 4.01 5.36 6.87 8.21 
C 19.2 15.9 13.7 11.5 9.77 
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that cooling needs are more intense.  This is highlighted in the example of the office tower 
that has increased internal heat gains and cooling is 2,5 times more compared to the 
residential example, at ground level. Also, also based on Table 3, for the climate of Tel Aviv, 
the EUI of the whole structure is reduced with height, for both building uses.    

 
Figure 2. Maximum Heating – Cooling needs of each floor level in office and residential tower 

 
Figure 3. Heating and cooling needs per building height (a) office (b) residential 

 

Windows	ratio	configurations	for	energy	efficiency	in	the	office	tower	

The high cooling requirements of the office tower, in combination with the decreases of 
cooling energy with height, due to the lower temperatures and higher wind speeds at higher 
altitudes, initiated two further studies towards the energy efficiency of the office tower.  
One study is the reduction of the WFR per floor level, below GBS, and the other study is the 
increase, within GBS WFR range. Voluntary GBS regulations (SI 5282) in Israel require a WFR 
for offices as described in Table 2. The simulated office tower is designed with the lowest 
ratios per elevation set in the standard for comparison purposes between the two uses. The 
decreases / increases of WFR are in the range of ±10% from the base building. Table 4 
presents the heating / cooling energy needs of the:  base building, the decreased WFR 
example, and the increased one. Heating energy, portrayed in italics, is barely affected by 
the 10 % changes in the windows ratio, while the effects on cooling are obvious. The 
reduced WFR decreased cooling, with energy reductions from ground floor to upper levels. 
The increased WFR produced increased cooling energy needs from ground to top, with 
greater increases at the top. The study showed that for the Mediterranean climate of Tel 
Aviv, for the option of the office tower with high internal heat gains, design strategies 
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imposed on the structure have a direct effect on cooling requirements. A second realization 
is that design strategies work in a homogeneous manner. For example, reducing the 
windows ratio at lower levels to advance energy efficiency in cooling, will lead to even more 
efficient results, in the total EUI of the building, if the windows ratio is reduced throughout 
the structure.  

 
Table 4. WFR ratio of base office building / 10% decrease / 10% increase 

 

Conclusions	

The typology of the skyscraper is gradually gaining a universal character as a response to 
population increase and urbanization, however the research on its energy efficiency does 
not move at a similar pace. Additionally, a universal design of skyscraper development does 
not seem applicable in this environmentally aware era, or a one-design solution between 
different building uses, e.g. office vs. residential. IS 5282 puts forth the requirements for a 
different envelope treatment between them, however still on a voluntary basis. This paper 
discussed two reference models, a residential and an office one, located in Tel Aviv, 
representing a hot humid climate. Comparisons were made in relation to heating / cooling 
loads for each building use, and the differences that occurred from ground to top. For the 
Mediterranean climate of Tel Aviv cooling energy was observed to be much higher in 
relation to that for heating. Further studies were made on the relationship between heating 
/ cooling needs per floor height, with the results showing an inverse relation, meaning that 
high heating needs matched with low cooling needs and visa-versa for each floor level (Fig. 
2). In addition, as shown in Figure 3, heating energy has a linear increase with height, while 
cooling reductions tend to be higher between lower altitudes, creating a curve in the graph. 
This indicates that after a certain height cooling reductions per height will be equal.  

Further studies on heating and cooling loads between the subsequent heights, in 
relation to building use and different climatic conditions, will advance the understanding 
between the building envelope and energy consumption. The result will be a database, 
based on simulations, of the energy consumption of high-rise buildings in a variety of 
climatic conditions (e.g. Israel’s different climatic regions). Also, on-site monitoring data on 
the energy consumption of specific skyscrapers, e.g. located in Tel Aviv, will create a link 
between the energy needs estimated in the design process and the actual energy 
consumption after the building is occupied. Furthermore, expanding the studies on the 
energy consumption between high-rise and low-rise construction, will advance the 
knowledge on the advantages and disadvantages of high-rise development in relation to 
low-rise for specific climatic conditions.  

 

Height/ 
kWh 

Base building WFR 10% minus WFR 10% plus 
H C H C Decrease C % H C Increase C % 

7.8m	 434 21437 409 20842 -2.78% 441 22438 +4.67% 

81.9m	 664 18849 636 18331 -2.75% 669 19744 +4.75% 

167.7m	 918 17046 885 16558 -2.86% 917 17859 +4.77% 

253.5m	 1217 15497 1183 15039 -2.96% 1209 16196 +4.51% 

339.3m	 1586 14242 1549 13828 -2.91% 1565 15093 +5.98% 
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Abstract: The European Union’s 2010 Energy Performance of Buildings Directive (EPBD) ensured that Energy 
Performance Certificates (EPC) had to be made available for all buildings for sale or rent. Although 
standardisation requirements were proposed as part of the EPBD, the method used to generate energy 
demand and CO2 emissions for the EPCs was not specified.  The methods used across Europe vary between 
countries, regions, housing types and building construction ages. This study examines and compares the 
methods used to generate EPCs for existing residential properties in Germany, United Kingdom, France, Spain, 
Italy and Poland. Methods are categorised as: Standard Calculation; Reduced-Input Calculation or Actual 
Consumption. Within these categories the theory and practice of assessment are noted and analysed. The 
categories are tested to examine whether there are significant differences between these three groups. The 
implications for the definition of energy efficient buildings are considered. The work highlights potential 
avenues for future energy assessment both within and without the current EPBD approach. 
	
Keywords: Energy, Assessment, Methodology, Variation, Residential 

Introduction	

Buildings are considered responsible for 40% of energy consumption and 36% of CO2 
emissions within the European Union (Economidou, 2011). The 2010 Energy Performance of 
Buildings Directive (EPBD) and the 2012 Energy Efficiency Directive (European Union, 2012) 
are the main instruments of European Legislation aimed at reducing CO2 emissions from 
buildings. The EPBD requires members of the European Union to ensure Energy 
Performance Certificates (EPC) are provided for all residential properties for sale or rental. 
Whilst the EPBD directs what the EPCs should look like, it does not define what methods 
(calculation or otherwise) must be used to generate them. Although Annex 1 to the EPBD 
defines variables that must be used in calculations for EPCs, it also notes that either 
calculated or actual energy consumption is permissible. 

A stated aim of the EPBD is to introduce a “legal instrument … to lay down … concrete 
actions with a view to achieving the great unrealised potential for energy savings and 
reducing the large differences between Member States’ results in this sector” (European 
Union, 2010). This paper analyses the variation in assessment methods used in 2013/14 for 
existing residential buildings across the six largest European countries. The progress of 
legislation is monitored by the Building Performance Institute Europe (BPIE) and 
summarised in their 2014 report (Arcipowska	et	al., 2014). This report records, but does not 
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quantify, the variation in methods and notes that “The choice of methodology and the 
energy performance indicator to be presented on the energy performance certificate 
determine to a large extent the credibility, (acceptable) reproducibility and the cost of the 
EPC”. 

This paper uses building information collected by the Odyssee-Mure project and 
presented in the European Building Stock Observatory (European Union, 2014) to sort the 
domestic buildings within the six countries into 84 groups depending on their location, 
building type, construction date and construction quality. National building regulations 
linked to the EPBD (Zirngibl and Bendzalova, 2015) were used to assign the relevant 
assessment method to each building group. European data on energy consumption 
(Eurostat, 2013b), dwellings  and population (Eurostat, 2011) was then used to quantify the 
buildings and energy consumption assigned to each assessment method. 

European	Countries	

The six largest European countries (Germany, United Kingdom, France, Spain, Italy and 
Poland) were selected for this analysis (Eurostat, 2011). These six countries have 353 million 
residents or 70% of the population of the 28 countries within the European Union. They 
have 174 million permanently-occupied dwellings. There is variation between the six 
countries across both final residential energy use (Eurostat, 2013b) and greenhouse gas 
production (Eurostat, 2013a).   

 
Figure 1: Annual Energy Consumption & Greenhouse Gas Emissions 

The following country descriptions use data compiled by the Statistical Office of the 
European Union (Eurostat, 2011; Eurostat, 2013a; Eurostat, 2013b), the European Building 
Stock Observatory (European Union, 2014) and national regulations concerning EPCs 
(Zirngibl and Bendzalova, 2015). 

Germany	

Energy	Performance	Certificate	-	Energieausweiss	
Germany had the highest residential energy use per person across the six countries 

studied. It has low levels of housing occupancy but high construction standards (reflected in 
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low average U-values for residential buildings) leading to lower energy levels per building or 
per m2 of residential floor area (Destatis, 2013). The housing stock reflects post-war 
reconstruction work with just 25% of residential properties constructed before 1945.  

Since 1977 Germany has controlled the insulation levels required for new buildings.   
Consumption-based assessments for energy and heat are allowed for all residential 
buildings composed of more than 5 units and for all residential buildings constructed after 
1977 (Arcipowska	et	al., 2014). The calculation method to be used otherwise is specified by 
the national regulation DIN 4108. This calculation can also be used with assumptions for 
geometry and construction materials taken from age-comparable data. The assumptions 
and simplifications which can be used are defined in Germany’s energy ordinance, EnEV 
(Germany. BMWi, 2014). Consumption-based certificates are known as Verbrauchsausweis 
and cost approximately €30. Calculation-based certificates are known as Bedarfsausweis 
and cost approximately €150. Although the use of calculation-based certificates is 
encouraged, the relative cost of the two methods has resulted in 76% of all EPCs issued for 
existing buildings up to 2010 being consumption-based. 

United	Kingdom	

Energy	Performance	Certificate	
The United Kingdom has some of the cheapest energy prices within the six countries 

and relies heavily on natural gas for space and water heating. The United Kingdom has the 
oldest building stock of the countries examined with over 60% of dwellings constructed 
before 1970. Building regulations improved most notably in the period from 1990. This 
coincided with a change in the housing market and a reduction in residential construction. 

The United Kingdom has three different national legislatives for Energy Assessments: 
England & Wales, Northern Ireland and Scotland. The legislation that governs the use of 
EPCs has been issued separately but the models used are similar. The Standard Assessment 
Procedure for the Energy Rating of Buildings (SAP) is used for new buildings and the 
Reduced Standard Assessment Procedure (RdSAP) for existing buildings (UK. BRE, 2012). 
RdSAP uses age-specific data on construction methods, technology and materials to simplify 
the investigation of existing buildings. Outwith the generation of EPCs, actual consumption 
data is required for the production of Display Energy Certificates (DEC) in non-residential 
buildings. 

France	

Energy	Performance	Certificate	–	Certificat	de	Performance	Énergétique	
France has the cheapest residential electricity of the six countries and it forms a 

significant part of the energy mix with a corresponding reduction in CO2 production. There is 
high level of renewable energy used by households: over 7 million households in France use 
biomass for heating and over 5 million households use a heat pump. France has the majority 
(55%) of its housing stock constructed since 1970 and this proportion looks set to increase 
further if the current rate of construction is maintained. 

France uses the assessment method of Calcul des Consommations Conventionnelles 
des Logements (3CL) to generate EPCs for residential properties constructed since 1948 
(France. MEEM, 2012). Buildings constructed before 1948 (and buildings with collective 
heating systems), can use 36 months of actual bills. The 3CL system does allow for some 
assumptions about material performance to be included.  
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Spain	

Energy	Performance	Certificate	–	Certificado	de	Eficiencia	Energetica	
Spain has the warmest climate of the six countries studied with just 1,910 heating 

degree days in 2013. As with Italy, there is a high level of renewable energy used which may 
be linked to the high level of solar resource available. Half of the building stock in Spain has 
been constructed within the last 40 years and the rate of construction continues to grow 
although the effect of the construction industry after the financial collapse of 2008 is not yet 
apparent in the available data. Building Regulations within Spain were improved 
significantly in the 1980s but have shown relatively little improvement since.  

An integrated software and methodology known as Herramienta	 Unificada	 Liber	
Calenar (HULC) has been developed for new buildings which combines information on 
construction material (Lider) with the performance of installed services (Calenar). For 
existing  residential buildings, a simplified method, Certificacion	 Energetica	 Residencial	
Metodo	 Abrevido (CERMA), is used. This incorporates the method Calificacion	 Energetica	
Simplicada	 de	 Edificios	 Existentes (CE3 and CE3X) whereby a typical housing type can be 
selected to provide assumed values (Spain. MINETAD, 2013). 

Italy	

Energy	Performance	Certificate	-	Attestado	di	Prestazione	Energetica	
Italy has a wide variation of climates with generally mild average temperatures (1,933 

heating degree days in 2013). The solar resource available in Italy is reflected in the 20% of 
final residential energy consumption classed as renewable energy. There is detailed 
information on Italy’s housing stock available across its regions but the overall national 
distribution reflects the post-WW2 reconstruction with just 20% of housing constructed 
before 1945. Italy’s building regulations have made relatively little improvement in the 
building performance since 1980. 

For residential buildings with an EPC rating ‘G’ or worse, self-certification using actual 
consumption was used. This method was revoked in 2009 but is still used in some regions of 
Italy.  National legislation specifies that EPCs are generated using methods detailed in UNI 
1130 (Italy. Ministerio dello Sviluppo Economico, 2009). For existing single-family buildings a 
simplified calculation known as DOCET has been developed by ENEA, the Italian national 
agency for new technologies. It is provided as an integral methodology and software which 
accesses a database of building types. 

Poland	

Energy	Performance	Certificate	-	Certyfikat	Energetyczny	
Poland’s 3588 heating degree days make it the coldest country in the group of six 

studied. Poland’s residential energy mix is heavily reliant on solid fuel with 5.5 million 
households in Poland using coal for space heating. Poland has relatively low ownership of 
electrical items such as washing machines, dryers, dishwashers and televisions (e.g. the 
average number of laundry dryers in a dwelling is 0.01 in Poland compared to 0.39 in 
Germany). There is a large portion of distributed heat within the residential energy mix. 
Although Poland is the coldest country examined with the lowest gas and electricity prices, 
only Spain (with a significantly warmer climate and higher energy prices) has lower energy 
use per resident. It appears that Poland’s residential buildings are the least energy-efficient 
however these homes are used efficiently with larger households and smaller dwellings 
than any of the other countries. The resident population in Poland has just 73m2 dwelling 
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space per person compared to 131m2 per person in Spain. Poland shows a similar pattern of 
post-war reconstruction as Germany and Italy with a significant rise in construction during 
the 1980s. 

The building regulation PN-EN ISI 13790 is used to define the calculation methodology. 
For lower quality buildings (with an average U-value greater than 0.8W/m2K) a simplified 
method can be used (Poland. Ministra Infrastruktury i Rozwoju, 2014). 

Energy	Assessment	Methods	

In the six countries examined for this paper, eleven methods are used to produce energy 
performance certificates for existing residential properties. I have assigned these methods 
to three types as follows: 

Standard	Calculation	
These methods require a detailed knowledge of the building construction. Their use in 

new constructions has been mandated in Europe since 2010. The models balance the 
energy required for heating, cooling and lighting using regionalised climate data with the 
energy losses through fabric and ventilation based on detailed construction data. This can 
also be described as a Design Rating when applied to buildings under construction (British 
Standards Institution, 2008). 

Reduced-Input	Calculation	
These methods are adapted for existing buildings where accurate information on the 

building’s geometry, construction details or occupancy may be limited. These calculations 
often use default values for based on the building’s construction date, location and use. This 
can also be described as an Asset Rating, defined as “a numerical indicator of the amount of 
energy estimated to meet the different needs associated with a standardised use of a 
building” (UK. DCLG, 2007) 

Actual	Consumption	
These methods are used where the use of the building has been established. Weather 

and occupancy adjustment may also be used to compensate for individual building use. This 
can also be described as an Operational Rating, defined as “a numeric indicator of the 
amount of energy consumed during the occupation of the building” (UK. DCLG, 2007). 

 
I have used the European Building Observatory data (European Union, 2014) to divide 

the residential buildings within the six countries into 84 groups. I have then applied the 
specific rules applicable in each country for EPC calculation methods to these groups. The 
simplest available method is always assumed. The resulting dataset was used to generate an 
indication of the number of buildings and the percentage of the total domestic energy 
consumption to which each method type can be applied. 
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Table 1: Number of Dwellings & Final Domestic Energy Consumption 
Calculation method Country Method type number of 

dwellings 
% of 
energy 

36 month  France Actual 
Consumption 

35,045,319 24% 
36 month  Germany 
CERMA Spain Reduced-Input 

Calculation 
86,410,435 50% 

DOCET Italy 
RdSAP United Kingdom 
DIN 4108 (simplified) Germany 
PN-EN ISI 13790 (simplified) Poland 
3CL France Standard 

Calculation 
52,603,035 26% 

SAP United Kingdom 
DIN 4108 Germany 
PN-EN ISI 13790 Poland 
HULC Spain 
UNI 1130 Italy 

 
These totals established that each method type could be applied to a significant 

number of buildings and has the potential to affect a quarter of the energy consumed in 
European residential buildings. 

The dataset of 84 building groups with associated assessment method types was 
analysed to establish if there were significant differences – beyond national boundaries - 
between the buildings that each method type was applied to. The dataset was tested to 
identify links between the method type and the variables of climate, building type, 
construction era and building quality as discussed below. 

Climate	
Table 2: Heating Degree Days by method type 

Method Type Mean N Std. Deviation 
Actual Consumption 3170 11 264 
Reduced-Input Calculation 2769 45 713 
Standard Calculation 2531 28 532 
Total 2742 84 640 

 
The mean heating degree days were checked for each method type. The variation in 

means may indicate a link between method type and climate however the variation in 
standard deviation shows that the distribution is not normal and further tests are required 
to establish the relationship. The Kruskal Wallis nonparametric test (Ruxton and Beauchamp, 
2008) was used to check the null hypothesis (that there is no relationship between heating 
degree days and method type). The failure of the test demonstrates that there may be a 
significant link between heating degree days and the type of method [χ2(2) = 7.201 and 
p=0.027]. Simpler methods may be more likely in areas with a colder climate.  
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Building	Type	
Table 3: Method Type and Building Type 

 
Dwelling Type 

Total multi-family single family 
Type of Calculation Actual Consumption 7 4 11 

Reduced-Input Calculation 18 27 45 
Standard Calculation 17 11 28 

Total 42 42 84 
 

Since there were just two types of building defined within the dataset, the Pearson Chi 
square test was used to test for a relationship. The test did not show any significant 
association between type of assessment method and type of building [χ2(2) = 3.904 and p = 
0.104] although a larger sample (across more countries) may show different results. 

Construction	Era	

Construction date is used as a factor in determining which method type can be used in 
all of the countries studied. The EPBD has required EPCs for all new residential buildings 
since 2010. For new buildings, detailed information on construction is required for building 
regulations and actual consumption is not available. So, for all buildings constructed since 
2010, EPCs use a standard (rather than reduced-input) calculation. The average construction 
date for buildings using a standard calculation method is 2002. The groups of buildings that 
use reduced-input calculation and actual consumption have the same average construction 
date of 1985. 

Construction	Quality	
Table 4: Average U-value by Method Type 

Type of Calculation Mean N Std. Deviation 
Actual Consumption 1.44 11 .793 
Reduced-Input Calculation 1.89 45 .703 
Standard Calculation 1.43 28 .720 
Total 1.68 84 .746 
 

The average U-value, derived from national building regulations, is used as an 
indicator by the European Building Observatory (European Union, 2014). The mean of the U-
value is similar for buildings using a standard calculation or actual consumption method but 
is higher for those buildings which can use a reduced-input calculation. The standard 
deviation shows some variation so the Kruskal Wallis non-parametric test was used to check 
that this variation is significant [χ2(2)=9.182 and p=0.01]. The test established that there 
may be a link between construction quality and the assessment method. A simpler 
calculation method may be used for buildings with lower insulation levels. 

Conclusions	

Each of the calculation method types analysed is available to generate EPCs for a large 
portion of the residential buildings in Europe. If the method type used affects either energy 
policy or energy efficiency actions, the potential effects could be substantial. The links 
between method type and climate and building quality indicate that climate and building 
quality could indirectly affect energy efficiency actions across Europe. 

The aim of the EPBD to provide detailed and standardised assessments of residential 
buildings across Europe may not be reflected in the practice of energy assessments in 
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member states. Further research is required to establish the possible effects of variation 
within assessment methods. 

This paper has not sought to establish causal links between variables such as climate 
and building quality and the calculation method used for energy assessments. Further 
research is required to establish why, for example, an actual consumption assessment is 
more likely to be specified in colder regions. 

This paper has used just three calculation method types and there is variation within 
these types that can be examined further. 
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Abstract.	As a part of a bigger research project to create a detailed strategy to achieve Zero-Energy level in 
Egyptian office buildings, This Research paper mainly focuses on the impact of Building-Envelope design 
alternatives on the building “Cooling, heating and lighting” energy consumption through an extensive simulation 
process using OpenStudio interface of EnergyPlus software. A medium size office building model was created as 
a case study. A variety of different scenarios for window to wall ratio “WWR”, building orientations, blind length 
& tilt angle, window types, wall types and roof types were studied and their impact on the building energy 
consumption was analysed. 50 cases for Design-alternative combinations were studied in 2 Egyptian cities “Cairo 
and Alexandria” located in 2 different climate zones. Applying proposed strategies can achieve Energy savings 
for [Heating+ Cooling+ lighting] by more than 61% in 40%WWR case and 46% in 20% WWR case. After applying 
the passive strategy an active solar system was proposed after analysing 6 cases of PV scenarios. The building 
could reach positive energy level through the applied strategy. This research will be continued to provide a full 
zero-energy building strategy for Egyptian office buildings that shall include a full life cycle cost analysis.  
 
Keywords.	Net Zero Energy Buildings (NZEBs), Energy performance, Egypt, Renewables, Office. 

Introduction	

The Zero Energy Building (ZEB) concept is no longer perceived as a concept of a remote future, 
but as a realistic solution for the reduction of energy use in the building sector (A.J. Marszal 
et al, 2010). Goals for the implementation of ZEBs are discussed and proposed at the 
international level e.g. in the USA within the Energy Independence and Security Act of 2007 
(EISA, 2007) and, at the European level within the recast of the Directive on Energy 
Performance of Buildings (EPBD) adopted in May 2010. (A.J. Marszal et al, 2010). The EISA 
2007 authorizes the NetZero Energy Commercial Building Initiative to support the goal of net 
zero energy for all new commercial buildings by 2030. It further specifies a zero-energy target 
for 50% of U.S. Commercial buildings by 2040 and net zero for all U.S. commercial buildings 
by 2050 (D. Crawley et al, 2009). The EPBD establishes “the nearly zero energy building” as 
the building target from 2018 for all public owned or occupied by public authorities buildings 
and from 2020 for all new buildings (EU, 2010). The Number of NZEBs is increasing worldwide. 
For example, the International Energy Agency's ‘Towards Net Zero Energy Solar Buildings’ 
project mapped almost 300 net zero energy and energy-plus buildings worldwide (Research 
for Energy Optimized Building, 2013). Up till now Egypt doesn’t have any buildings on that 
international NZEBs list. Residential, commercial and institutional buildings consume more 
than 55% of the total electricity consumption in Egypt. (George B, 2013) the Egyptian energy 
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sector is currently witnessing huge challenges. Egyptian housing and building national 
research Centre “HBRC” has developed commercial building energy code in 2009 to improve 
energy efficiency in office buildings. Although the current energy code can help improve the 
buildings energy performance yet it’s far from achieving Zero-Energy goals. Making a clear 
NZEB strategy for Egyptian Office buildings is essential to promote NZEBs. Having that goal in 
mind this research paper is the first part of a bigger research project to provide that strategy.  

Literature	Review	

USA Department of Energy (DOE)   had set four definitions for ZEBs (A) Net Zero Site Energy. 
(B) Net Zero Source Energy. (C) Net Zero Energy Costs. (D) Net Zero Energy Emissions. (P. 
Torcellini et al, 2006). In order to realize the ZEB Definition, (Phil Jones et al, 2015) developed 
a strategy for achieving zero carbon office building that considered four main areas reducing 
internal heat loads; addressing passive design through the building construction; using 
efficient and responsive HVAC systems and focusing on chilled heated surface systems; 
integrating renewable energy supply systems into the building design. In Egypt, commercial 
building energy code (HBRC, 2009) was released to improve energy efficiency in office 
buildings. (George B, 2013) studied the energy savings achieved through applying that code 
compared to the current practice. Around 50% energy savings can be achieved through 
applying code requirements for walls, Windows, Roof, Shading, Orientation and set points. In 
order to facilitate simulation based research towards improving the current building 
characteristics and promoting ZEBs, (Shady Attia et al, 2012) developed a data base for 
common materials used in Egyptian residential building envelopes. Although there are still no 
ZEBs in Egypt, some have tried to make an actual small-scale ZEB model that can suit the 
situation in Egypt like The American University in Cairo (AUC, 2012) students design team 
developed a net-zero energy 61 m2 house “Slides” to compete in the European solar 
decathlon, held in June 2012. ‘SLIDES’ is a solar-powered living structure that maximizes the 
use of natural ventilation and cooling, reduces the need for electrically-powered air-
conditioning and uses a grey water filtration system that recycles already used water to 
functions like drip irrigation and toilets. However, previous research done to promote ZEBs in 
Egypt was more concerned with either Small-Scale detached houses, residential apartments 
or touristic chalets. Other researchers handled Office Buildings from the perspective of 
improving its energy efficiency but rarely do they consider ZEB. While the rest focused on 
energy simulation tools that can help in evaluating ZEBs. Thus, the main goal of this paper is 
explore certain strategies to achieve ZEB performance in Egyptian Office Buildings.           

Methodology	

The	construction	and	laboratory	experiments	on	zero	energy	buildings	[ZEBs]	is	a	costly	way	
to	explore	the	potential	energy	saving	impacts	of	variations	in	building	designs.	Computer	
simulations	 can	 provide	 an	 initial	 guide	 for	 early	 stages	 of	 design	 especially	 for	 those	
inexperienced	about	zero	energy	building	design.	Providing	a	guideline	or	a	strategy	that	
suits	 the	domestic	situation	 is	essential	 to	 implement	ZEBs.	Since	ZEBs	can	be	defined	 in	
several	ways,	in	this	research	we	considered	Net	Zero	site	energy	would	be	more	suitable	
for	 the	 situation	 in	 the	 2	 cities	 since	 off-site	 renewable	 energy	 plants	 are	 not	 easily	
accessible	inside	the	two	cities.	Egyptian	Locally	available	material	were	simulated.	
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Configurations	of	the	case	Study	

Weather	 Data:	 Egypt is situated between latitude 
31.33° N and 22 °N and Longitude 26 & 35 °E. It consists 
mainly of desert (≅ 94% of Egypt land) except for 
Northern and Eastern coast and Nile valley (George 
B.).Egypt is divided into eight climatic zones: Northern 
Coast zone, Cairo and Delta zone, Northern Upper Egypt 
zone, Southern Upper Egypt zone, East Coast zone, 
Highland’s zone, Desert zone and Southern Egypt zone. 
This paper will focus on Cairo and Alexandria located in 
the first two zones Figure 1 defined in EREC (H.a.B.N.R.). 
About 50% of the construction projects carried out in 
Egypt are located in Cairo and Alexandria governorates 
(L.B. Joe). 

Weather	 Data	 Files (EPW) for the two cities were downloaded from the official 
EnergyPlus website of the US Department of Energy DOE (U.S.D.o.E).Average temperature 
and relative humidity for the three cities are shown in the following graph Figure 2 and 3. 

                    Fig. 2. Relative humidity.                                                                             Fig. 3. Average Temperature. 
Building	Model	
A Sketchup model for a typical Egyptian Office building was created to run the simulations 
required for this research. Model details are shown in	table. 1, an elevation of the building 
model is shown in Figure 4 and case studies implemented shown in Figure 5.  
                                                             Table 1. Research Model characteristics  

 
 
 
 

Fig.4.building Model  

Building Area Total Floor Area Floor height No of floors Number of thermal zones Main use 
1000 m2 3000 m2 3m 3 3  Office 

Fig. 1. Egypt’s climatic zones classification 
map according to EREC [Mahdy et al, 2013] 
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2nd	Step	Model	cases-Blinds

Cairo
20% WWR

No 
Overhangs 0.5 overhangs

30 ° Tilt

0.75 
Overhangs

30 ° Tilt

1 
Overhangs

30 ° Tilt

40% WWR

No 
Overhangs

0.5 
overhangs

30 ° Tilt

0.75 
Overhangs

30 ° Tilt

1 Overhangs

30 ° Tilt

Alexandria

1st	step	model	cases- Building	orientation

North East South West N.East S.West
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																																																						Fig.5.Case studies implemented in this research.	

Activities	and	HVAC	systems		
A fixed schedule for heating and cooling was used in all the different simulations, and was 
defined through a fixed activity template, heating and cooling setpoints were assumed as 
given in Table. 2 based on the common lifestyles for the office occupants in Egypt (holidays, 
work hours, Setpoint temperatures etc.). 

Table 2.setpoint	temperatures	assumed	for	Heating	and	cooling	in	this	research. 
 
    

For each case that has been tested, a simulation has been conducted to evaluate Energy 
consumption for “Heating, Cooling, and Lighting “. OpenStudio default Ideal Air Loads system 
was used for this research model HVAC system and was fixed for all cases, it included a central 
air conditioning system which is generally used for Commercial Buildings in Egypt. 
	 	

Heating Setpoint 19°c 
Cooling Setpoint 24°c 

4th	step	Model	Cases-Skylights	

Skylight 0 Skylight 1% Skylight 2% Skylight 3%

5th	step	Model	cases- Wall	types

Single Red 
Brick 

120mm

Double 
Red Brick 
250mm

Double Red Brick 
with glass whool 

360mm

Double Red 
Brick with glass 
whool 250mm

Cement Brick 
Wall 200mm 

Solid

Cement Brick 
Wall 200mm 

Hollow

Limestone 
Wall 500 

mm

7th	step- Cooling	setpoint

20°c 22°c 24°c 26°c

8th	step	Model	cases- Pv	

No Pv 30% Roof Pv 50% Roof Pv 50% Roof Pv-
0.8 Blinds Pv

75% Roof 
Pv

75% Roof Pv-
0.8 Blinds Pv

3rd	step	Model	cases-Window	Window	type

Single Glazing

SHGC_84
2_VT_84
7_U_5.7

8

SHGC_623
_VT_749_
U_5.778

SHGC_4_V
T_305_U_

5.067

Double Glazing
SHGC_
625_VT
_618_U
_2.72

SHGC_
4_VT_6
3_U_2.

26

SHGC_283
_VT_408_

U_1.33

Tripple Glazing

SHGC_682_
VT_738_2.1

43

SHGC_462_
VT_637_1.7

45

SHGC_222_
VT_274_1.

208

6th	step	Model- cases	Roof	types

No insulation R 
0.93

ExpPoly 1/2 inch 
R1.37

Pertile 1 inch 
R1.42 

ExpPoly 
Molded 

1inch R1.7

ExpPoly 
Extruded 
1inch 1.8

ExpPoly 
molded 
3inch R3
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Results	and	discussion	 

Effect	of	Overhangs		

Using optimized shading systems plays a significant role in reducing the solar radiation effect 
on Buildings which will reduce cooling demands and enhance indoor thermal comfort. In this 
research 7 shading scenarios were studied “0, 50% H, 50% H_30 ° tilt, 75% H, 75% H_30 °tilt, 
100% H, 100% H_30 °tilt” where H refers to window height. Energy consumption dropped 
down more than 18% in 40% WWR Cairo case and 19.5% in Alexandria. The following Graph 
Figure 6 shows energy consumption for Heating, Cooling and lighting loads in 40% WWR Cairo 
case. In this case we chose 75% H_30 °tilt since it could achieve the best results with respect 
to both cooling and lighting energy. 

                           Fig. 6.Effect of Overhangs on energy Consumption Cairo 40%WWR case. 
	

Effect	of	Window	Types		

Façade configuration and window type has a huge impact on Cooling, Heating and lighting 
energy demands. It also influences the indoor thermal comfort and it can provide a pleasant 
work environment through daylighting. In this research 9 window type scenarios were studied 
as shown in the following Figure 7 shows the impact of window type on Energy consumption 
for cooling, heating and lighting. Energy consumption dropped down more than 7.4% in 40% 
WWR Cairo case and 4% in Alexandria. In this case we chose Double 
LowE_SHGC_4_VT_63_U2.26 for our model since it confirms with the Egyptian code for both 
SHGC and VT requirements and achieved best simulation results.						 
                
 
	
	
	
	
	
	
	
	
	
                                 Fig. 7.Effect of Window type on energy Consumption Cairo 40%WWR case.	
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Effect	of	Wall	types	

In this research 7 wall type scenarios were studied, wall components are as shown in Figure 
8 and the impact on Cooling and heating energy is shown in Figure 9. Energy consumption 
dropped down more than 5% in 40% WWR Cairo case and 4% in Alexandria. 
While the current situation in Egyptian office buildings walls are rarely insulated this results 
clearly shows the importance of wall insulation on Energy savings. We chose R4.4 walls 
insulated with 10 cm layer of Glass wool.  
 
            
 
            
                                                                                          
 
 
                               
 
 
 
 
 
                                                                  Fig. 8. Wall Components. 
 
 
 
 
 
 
 
 
 
                                                  Fig. 9. Effect of Wall types on Energy Consumption, 40% WWR Cairo. 

Effect	of	Roof	Types	

In this research 6 Roof type scenarios were studied, No insulation, expanded polystyrene 
extruded 1.25, 2.5 cm and expanded polystyrene molded 2.5, 7.6 cm, perlite 2.5 cm. The roof 
components included “Concrete Tiles 0.01 m+ Portland Cement Mortar 0.02 m+ Sand 0.05 
m+ Portland Cement Mortar 0.02 m+ Bitumen 0.02 m+ Portland Cement Mortar 0.02 m+ 
reinforced Concrete slab 0.22 m” The impact on Cooling and heating energy is shown in Figure 
10. Energy consumption dropped down more than 6% in 40% WWR Cairo case and 5% in 
Alexandria. R3 roof was used in with 3 inch insulation layer of Expanded polystrene molded. 
	
   
 
 
 
 
 
 

 
Fig. 10. Effect of Roof types on Energy Consumption, 40% WWR Cairo. 
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Effect	of	PV	integration	

Using PV panels has a great potential since Egypt has 2,400 hours annually for potential solar 
operations. In this research 6 PV scenarios were studied, (1) no PV, (2) 30% of Roof area 
covered with PV, (3) 50% of roof area, (4) 50% Roof+ 80% of Blinds covered with PV, 
 (5) 75% of roof area, (6) 75% Roof+ 80% of Blinds covered with PV. Building became nearly 
Zero in case (4) and positive building in cases (5) & (6) for Cairo 40% WWR case. The PV 
shading effect and the Net site energy are shown in the following Figure 11 and 12. 	

 Fig. 11. Roof PV-Shading effect on Cooling and           Fig. 12. Energy balance and Net site energy                             
heating Energy.                               

Conclusion	

In this paper, the impact of various building envelope design factors have been evaluated 61% 
energy savings were achieved through passive strategies before applying an active solar 
strategy in Cairo 40% WWR case. The same methodology was used to calculate the impacts 
of the same alternatives in other cases like Cairo 20% WWR, Alex 20%WWR and 40% WWR 
cases. The effect of some selected strategies proposed by this research was demonstrated.	
Final proposed cases compared to the base case are shown in Figure 13. The effect of using 
shading system, Building orientation and cooling Setpoint were quite high. Even though that 
cooling loads decreased in 20% WWR case compared to 40% case but total energy 
consumption has slightly increased mainly due to increased lighting loads and partly due to 
the increased heat gain caused by artificial lighting  for 20% WWR case. Thus by the use of 
efficient low-E glass and an appropriate shading system and daylighting sensors made 40% 
WWR case as energy efficient as 20% WWR case.  Daylighting sensors were installed to both 
base case and proposed case. Comparing the proposed case to the base case while assuming 
that day lighting sensors were not installed to the base case demonstrated 73% less energy 
usage for the proposed case in 40% WWR. While 75% H_30°tilt was used for 40% WWR case, 
50% H_30 ° tilt was enough to achieve satisfying energy saving results in 20% WWR case. Wall, 
roof and window strategies were more effective in Cairo case compared to Alexandria.  
Increasing roof and Wall insulation had a reduction effect on cooling energy, having that trend 
we could have applied more insulation to achieve more energy savings but we took into our 
consideration to have a more realistic and achievable strategy that can suit the domestic 
situation.  The Combinations provided in this research proves that achieving Zero-Energy level 
in Egyptian office buildings can be possible if certain strategies were to be followed. This 
research shall be followed with more detailed research and on ground case studies with life 
cycle cost analysis to create a full strategy to achieve Zero-Energy level in Egyptian office 
buildings.  	
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           Fig.13.Proposed Combinations Vs Base case Energy savings.	
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Abstract: The electricity generation in buildings is slowly becoming a reality in Brazil, and Brasilia’s climate is one 
of the best in the country for the construction of net zero energy buildings (NZEBs). Therefore, based on national 
standards NBR 15575 and NBR 15220, this paper points out design guidelines for social housing of net zero 
energy balance in Brasilia, and shows the potential and limitations of NZEBs in the city, according to bioclimatic 
concepts for environmental comfort and energy efficiency in buildings. This work shows the importance of 
reducing energy consumption in the residential sector for the generation of local energy to be feasible. 
Therefore, a case study was done, using the design for social housing in Brasilia, under the “Habita	Brasilia” 
program. The house’s energy consumption was estimated, as well as its thermal performance. It was then 
possible to plan the energy consumption reduction, improve the house’s thermal performance, and set 
strategies for the house to produce as much energy as it consumes. This study shows that it is possible to enable 
NZEB social housing in Brasilia, and may encourage further studies on the suitability of the design guidelines for 
other Brazilian cities. 
	
Keywords: Net zero energy house; Social housing; Micro photovoltaic generation. 

Introduction		

Buildings represent about 50% of the world's electricity consumption. In Brazil, this number 
reaches 47.6%. The energy consumed is not only represented by the operation and 
maintenance of the buildings, but also by the artificial systems, which provide environmental 
comfort for its users, such as lighting, air conditioning and water heating. According to 
Lamberts (1997), the architect is able to rationalize the energy use in a building if its design 
reduces consumption in lighting, air conditioning and water heating. 

Due to natural resources shortage, electricity rates rise and energy consumption 
regulatory policies increases, we currently have examples of buildings known as zero energy 
building (ZEB). In concept, a net ZEB - Zero Energy Building - is a building with greatly reduced 
energy needs through efficiency gains such that the balance between needs and gains can be 
supplied by renewable technologies in the period of one year (Torcellini, 2006).  In order to 
achieve this result, buildings design must incorporate concepts of passive, active and 
proactive technologies (Roméro and Reis, 2012). Regarding electricity production through 
photovoltaic panels, according to Domingos et al (2014), Brasília’s (Federal District) climate 
favors the construction of net zero energy buildings (NZEB), due to the climatic characteristics 
of interest such as temperature, relative humidity, and global solar irradiance.  

In this context, it is necessary to update the legislation and encourage the existence of 
ZEB buildings in Brazil, since there is a large housing deficit in the country. The latest reports 
from the Federal District show that there is an estimated housing deficit of 120 thousand 
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families. Furthermore, the expected growth of the city is of approximately 20 thousand 
houses and 70 thousand new inhabitants per year.  

To guarantee the right to housing is one of the greatest challenges in running a city. It 
is from this perspective that the Government of Brasília recently presented the new housing 
program of the Federal District, the “Habita	Brasília”. Part of this program consists of the “Na	
medida” project, based on the Technical Assistance Law (Law 11.888). This law guarantees 
every Brazilian citizen can receive an architectural and engineering project of quality that 
provides safe and comfortable housing.  

Objective	

The main objective of this work is to present design strategies for urban dwellings in the 
climate context of Brasília to reduce energy consumption, and consequently, to enable energy 
production in this houses. This work also intends to contribute to the dissemination of 
typologies of net zero energy balance - NZEB. The specific objective is to show the importance 
of enabling the reduction of energy consumption, increase energy efficiency in the residential 
sector, and thus stimulate the generation of local energy. 

Method	

One of the “Habita	Brasília	–	Na	Medida” program designs for social housing was used as a 
case study. The study was carried out for Brasilia and could be tested later in different cities 
to verify what would need to be adapted for the energy balance to be null in each different 
Bioclimatic Zone, directing the research for future development. 

The design strategies for a zero energy balance house in Brasília in this paper are 
approached as a theoretical revision on the local climate and its conditioners for NZEB 
projects, and the most indicated strategies for energy production in Brasilia (due to its 
climate).  

The case study is the design of a social interest house located in the Samambaia Region, 
on the southeast of Brasilia’s historical center. The case study highlights the final consumption 
of electric energy foreseen in the house, along with its thermal comfort indexes. With this 
result, it is possible to plan how to reduce energy consumption and improve its inhabitant’s 
thermal comfort.  

ZEB	Housing	–	The	Design	Influence	on	the	Residential	Electricity	Consumption	

For Voss and Musall (2013), the key to achieve ZEB houses is the reduction of consumption. 
Most ZEB homes are currently located in temperate climate countries where most of the 
energy consumption relates to heating systems. Even though, the most important point that 
stands out on related studies is the goal of reducing energy consumption, not local energy 
generation alone. Design strategies as natural ventilation, natural lighting, shading openings 
in the summer, and harnessing the heat of the sun on winter are present in almost every case 
of ZEB designs. The energy supply equipment is mostly solar thermal collectors for water 
heating, photovoltaic systems and geothermal heating. 

Regarding the design’s influence on a house’s electricity consumption, of all residential 
end uses we can directly relate three: water heating, lighting, and air conditioning. Solar 
heating systems can reduce water-heating demand.  

Electricity	consumption	in	Brasília’s	residential	sector	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2681



Residential energy consumption in Brasília accounted for 37% of total city consumption in the 
last 3 years, from 2013 to 2015 (CEB, 2016), and can be seen in Image 1. A reduction in 
consumption in all sectors is also visible in this Image, due to the water crisis in Brazil in recent 
years, on which the increase in electricity rates was approximately of 25% in 2015. The 
average monthly consumption in Brasilia in the residential sector is 79kWh per person (CEB, 
2016). 

 
Figure 1. Electrical demand by sector on Federal District (Brasília) on the last three years. 

Adapted from CEB (2016).  

Brasília’s	climate	

Brasília and the Federal District are located at a latitude of approximately 16 º south (between 
the parallels 15º30 'and 16º03'), 1000 meters above sea level, has an average temperature of 
approximately 21.1ºC, and is in the limits of the Tropical region (FERREIRA, 1965). The city’s 
climate classification is tropical of altitude, distinguished by two well-defined seasons. The 
hot and humid - rainy summer period, from October to April, with average temperatures of 
22ºC; and the cold and dry period - dry winter period, from May to September, with lower 
temperatures between May and August, and averages of 19ºC. 

The discomfort feeling is common due to the high temperatures during the day and low 
temperatures at night. Because of the city’s location in the center of the country and at its 
altitude, these daily temperature ranges are considerable both in the rainy season (average 
of 10ºC variation) and in the dry period (average of 14ºC variation). 

Regarding the duration of sunlight, the values vary between 2600 hours per year, with 
a summer average of 160 hours per month, and 290 hours per month on the winter. The 
relative annual air humidity is 67%. From April to September, this value declines considerably, 
reaching levels below 25%. The driest month is August, with an average of 56% of air relative 
humidity. The absolute minimum value ever registered was of 8% in September. 

Moderate and constant winds come from the East (average annual frequency). East and 
southeast winds are more common in winter, and northwest winds are more common in the 
summer. Fanger's climate chart shows that Brasília’s climate is mostly within the zone of 
thermal comfort. 

Case	Study	–	Social	House	in	Brasília’s	Electricity	consumption	

House	Design	description	

The residence chosen as Case Study for this paper is one of the social interest housing designs 
delivered by Codhab to a family for the project “Na	medida”. The author of the design is the 
architect Paulo Cavalcante. 
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Figure 2. Tridimensional perspective and floor plan of the case study house. Font: Cavalcante, 2016. 
 
It is a single story house of approximately 68m². The house is physically connected to 

the neighboring house on the right side of the plot, with dimensions of 7.5x15m, total of 
112.5m² area. In the other sides of the plot, the minimum setback is 1,5m. The house has 
integrated living room and kitchen, an external service area, three bedrooms and two 
bathrooms. The main access of the house is through a 1.5x3m space given by the retraction 
of the wall, and in the other two facades, the roof’s overhang is of 50cm.  

Table 1: Building’s characteristics  
Internal	height		 2,40m 
External	and	internal	walls	 8 square whole bricks, coverage mortar and White painting. Total 

thickness 14cm 
Roof	 Clay tiles, 30º slope and wood stricture 
Ceiling	 Wooden ceiling 
Structure	 Reinforced concrete 
Openings	 Simple glazed windows, dimensions: 120x100cm. In two bedrooms, 

the dimensions are 120x210cm. In the bathrooms, the dimensions 
are 90x60cm. 

House’s	thermal	performance	evaluation	

In order to evaluate the current thermal performance of the projected house, the NBR 15575 
- Housing Construction Performance (ABNT, 2013) was used as a basis. Its Chapter 11 deals 
specifically with the Thermal Performance. It is important to clarify that the standard does 
not deal with artificial conditioning, be it cooling or heating, so all the established criteria are 
based on natural conditions of ventilation. 

The case study’s thermal performance was evaluated by the simplified procedure of the 
regulation. This procedure is a verification of compliance with the requirements and criteria 
for the envelope of the building, based on values of thermal transmittance “U” (W/m².K),  
thermal capacity “CT” (kJ/m².K), and percentage of solar radiation absortance “α” of the walls 
of external façades and roofs. 

Electricity	consumption	foreseen	of	the	house	
The case study house was designed for a family of six people: a couple (40 and 50 years old), 
three children (19, 16 and 5 years old), and a grandchild (3 years old). To estimate their 
monthly electricity consumption and foresee the annual values in order to calculate the 
amount of electricity to generate locally, it was necessary to understand some of the family 
habits related to their activities and permanence hours in the house. 

The monthly consumption of electricity was estimated by summing the individual 
consumption of every electrical device that the family owns and utilizes. The individual 
consumption of every device was obtained by the equation: C= P x t, where: C is the monthly 
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device consumption (kWh); P is the potency of the device; and t is the time of use of the 
device during one month (h). The device’s standby consumption was not considered for these 
calculations.    

Table 2 – Electricity consumption of the house 
Equipment	 Pot. (kW)	 Time (h/day)	 Monthly consumption (kWh) 
Electrical	shower	 3,5 2 210 
Fridge	+	Freezer	 0,2 24 150 
Television	32”	 0,16 14 67,2 
Washing	machine	 0,8 1,5 24 
Lamp	Bulbs	 0,15 10 45 
 Total 496,2 

Strategies	for	Consumption	Reduction	and	Electricity	Generation	

Passive	strategies	–	the	house	and	its	materials	

The importance of meeting the thermal performance requirements of NBR 15575 (ABNT, 
2013) is due to the fact that if the house is well designed and built for its particular Bioclimatic 
Zone, it probably will not require artificial air conditioning systems. Thus, the main strategy 
of consumption reduction can be identified still in the design phase of the house. 

The roof specified in the case study house’s design does not meet the minimum 
required values for the Brazilian regulation. Thus, in order for the residence to meet the rates 
proposed by NBR 15575 (ABNT, 2013) in the Thermal Performance part for the Brasília region, 
the house’s design should follow some strategies. According to NBR 15220 part 3 (ABNT, 
2003), the best strategy to improve the roof type so that the standard is met at a superior 
performance level is to paint the clay tiles white. This brings the value of α from 80% to 20%; 
and by adding a layer of 2.5cm of mineral wool over the wooden ceiling of the whole house, 
the U value drops from 2,00 to 0,95 W/m².K . 

Through these passive strategies, the house design will comply with NBR 15575 (ABNT, 
2013), and consequently, have a better thermal performance, and provide greater thermal 
comfort to its residents. 
Active	strategies	–	the	consumption	habits	and	economy	equipment	
In order to reduce the energy consumption in the house, one of the strategies is the 
awareness and education of the residents related to their electricity consumption habits.  

The strategies are related to all equipment, except for the refrigerator and the TV, the 
later, for reasons of family habits. For the electrical shower, the suggestion is that the bath 
time is halved, generating savings not only of electricity, but of potable water too. It is 
suggested that each person takes two 5-minute baths per day, or one ten-minute bath a day, 
not to exceed one hour per day of shower use. For the washing machine, the suggestion is to 
accumulate dirty clothes in order to limit its use to only 3 times a week. For the light bulbs, 
the indication is that they are lit when necessary for some specific task, but with the care to 
leave the lamps off whenever there is no use, taking to 5 hours of daily use, from 17h to 22h 
approximately. 

Taking into account the average residence for the Administrative Region of Samambaia, 
of 420kWh, the consumption of the house is 10,6% below the region’s average. In relation to 
the initial consumption estimate, the percentage of consumption reduction through habits 
represents a 27.6% economy. 

With the intention of further reduction of the energy consumption of the residence, it 
was suggested to replace some equipment, such as the refrigerator and the lamps, and to 
install a system of solar water heating, and eliminate the use of electric showers. For the new 

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2684



refrigerator, with Procel's A seal (better energy efficiency), it was considered a monthly 
consumption of 58.1kWh, as indicated by ANEEL. Electronic lamps were replaced by LED bulbs 
of similar luminous intensity. The solar water heating system has taken the estimated 
consumption of the electric showers to zero, although on a few very cloudy days it may be 
turned on again. 

Table 3: Electricity economy due to scenarios 1 and 2 

Taking an average of the residence for an Administrative Region of Samambaia, of 
420kWh, the consumption of the house is now 62% below the average of the region. In 
relation to the estimate of initial consumption, the percentage of consumption reduction by 
usage habits represents 69% of economy. 
Pro-active	strategies	–	local	electricity	generation	
As previously mentioned, the most cost-effective renewable energy source for the city of 
Brasília is the generation of photovoltaic energy. In the case of residential generation, the 
most recommended is the micro generation of energy and the return of energy to the 
network, known as the Energy Compensation System (ANEEL, 2012). For the sizing of the 
system of photovoltaic panels to be used, the simulator América	do	Sol (2014) was used. In 
order to obtain the best economic viability of the photovoltaic system, the Solar Simulator 
considers an annual balance sheet without accumulation of credits for the following years. 
Therefore, it deducts a monthly minimum electricity consumption that corresponds to the 
cost of availability. 

In order to make a comparison between the energy produced and the energy consumed, 
as well as the cost of implantation of the residential micro photovoltaic generator system and 
its payback time, three scenarios were analyzed: 

i. Scenario of estimation of electricity consumption of the current case study house; 
ii. Scenario of estimation of electricity consumption considering the economy realized 

through the change of consumption habits of the family; 
iii. Scenario of estimation of electricity consumption considering the economy realized 

through the habits of consumption of the family added to the changing of equipment. 
For the calculation of the estimated values for the electricity bill, the amount currently 

charged by CEB of US$ 0,16 / kWh, together with the fixed monthly public lighting 
contribution rate of US$ 4,23  were considered. 

To estimate the cost of the photovoltaic micro generator system, the value analyzed by 
América	do	Sol (2014), equivalent to US$ 2,63 / kWp, was considered. Finally, for the simple 

	 Scenario	 1	 –	 Economy through 
consumption habits changes	

Scenario	 2	 -	  Economy through habits 
changes and equipment improvement	

Equipment Pot. (kW) Time	
(h/dia)	

Monthly	
Consumption	
(kWh)	

Pot.	(kW)	 Time	
(h/dia)	

Monthly	
Consumption	
(kWh)	

Electrical	shower	 3,5 1 105 3,5 1 0 

Fridge	+	Freezer	 0,2 24 150 0,08 24 58,1* 

Television	32”	 0,16 14 67,2 0,16 14 67,2 

Washing	machine	 0,8 1,5 14,4 0,8 1,5 14,4 

Lamp	bulbs	 0,15 5 22,5 0,09 5 13,5 

*	Selo	A	PROCEL Total	 359,1	   Total	 153,2	
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payback calculation, the relation between the investment value and the annual savings was 
used according to the equation: Payback time (years) = Investment value (US$) / Annual 
savings amount (US$ / year). 	

 
Table 4 –Summary of data for the implementation of micro photovoltaic generator system and payback for 

scenarios i, ii and iii  
  Scenario	i	 Scenario	ii	 Scenario	iii	
Monthly	
Consumption	 496,2 kWh US$85,43 359,1 kWh US$62,99 153,2 kWh US$29,30 

Anual	
Consumption	 5,95 MWh US$1.025,15 4,31 MWh US$755,94 1,84 MWh US$351,63 

System	Capacity	 3,2 kWp US$8.426,66 2,2 kWp US$5.793,33 0,7 kWp 
US$1.843,3
3 

System	
occupation	area	 22 to 28m²  15 to 19m²  4 to 6m²  

Photovoltaic	
generation	 4,64 MWh  3,19 MWh  1,015 MWh  

Annual	
complementary	
consumption	from	
grid	

1,31 MWh US$226,13 1,12 MWh US$196,33 0,82 MWh US$157,49 

Annual	economy	  US$798,85  US$559,60  US$194,14 

Payback	time	  10,55 years  10,35 years  9,49 years 

Results	

For the passive strategies, the type of wall specified in the residence design used as case study 
fulfills the two pre requisites, both transmittance and thermal capacity. The specified roof, 
however, does not meet the minimum performance required by the national regulation. The 
type of clay tile specified is not suitable for the region in which the house is located, and 
therefore some improvement was necessary. 

In what concerns the active and proactive strategies, the comparison between the three 
scenarios shows that in order to achieve a zero energy balance in buildings, it is not enough 
to produce energy locally only. Reducing consumption and increasing the energy efficiency of 
the systems is the key to achieving the result, and scenario iii is the most favorable in relation 
to the lower investment cost. 

When evaluating the overall costs of implantation of photovoltaic micro generators and 
the Global Value of the Construction, we can see that scenarios i and ii are economically 
unfeasible. It is estimated that the case study house construction’s costs are about 
US$ 303,03/m². That means something around US$ 20.606,06 for the total construction. 
Therefore, Scenario i's investment represents 40% of the house's construction value; Scenario 
ii’s investment represents 30%; and the estimated investment in Scenario iii represents 9.35%. 

Conclusion	

In Brasilia, a city of such a pleasant climate based on general comfort indexes, houses are built 
with no concern to maintain this climate on the inside. Some strategies are highlighted so 
that the residences reach zero energy balance in the city. The proposed strategies are 
grouped in two main aspects for the construction of homes of social interest of zero energy 
balance: to reduce and to produce. 
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Regarding the reduction of residential electricity demand and according to the 
presented case study, much of the residential electricity consumption could be reduced 
through some changes in habits, as well as with efficient equipment for lighting, water heating 
and food refrigeration. The reduction of energy consumption in dwelling can be achieved 
through more careful projects, based on NBR 15575 (ANBT, 2013), for example, allied to the 
education and awareness of the inhabitants about strategies to reduce daily consumption. 

The second group of strategies for ZEB social housing in Brasilia is the use of local 
production of renewable energy through the use of photovoltaic solar panels, due to the 
climatic characteristics of the city, and favorable to this type of technology. 

However, the case study demonstrates that only generating electricity locally is not a 
viable solution. Therefore, it is confirmed by means of the estimation of feasibility, the 
assertion that in order to achieve a zero-energy residence, it is necessary, first and foremost, 
to reduce consumption through passive strategies (house construction) and active strategies 
(energy efficiency of equipment and change in consumption habits). Then, together with the 
local generation of electricity, the zero energy balance in social housing can be achieved at a 
cost that is not exorbitant. 
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Abstract: Building energy demand starts from its construction stage to its demolition stage. A significant factor
in the life cycle of buildings is the embodied energy (EE) as it directly relates to the overall sustainability of the
built environment (Treloar, 1994). It is desirable to identify aspects, which consume significant amounts of 
energy and develop appropriate strategies to reduce it. In office buildings, life cycle energy (LCE) range 
between 250-550 kWh/m2 per year at which the EE represents between 10 to 20 % of the total LCE
consumption, while operative energy OE represents the outstanding 80-90% (Ramesha, et al., 2010). Each
building is a compound combination of a variety of processed materials, which contribute towards the EE of 
the buildings and the overall building CO2 emissions (Langdon, 2008). This study proposes a feasible approach 
to minimise EE and OE with a main purpose to reduce the building life cycle energy by investigating the ideal 
window to wall ratio in high-rise office building typology. The aim of this study is to determine the significance 
of optimising window to wall ratio for high-rise office buildings in a temperate climate through assessing the 
building envelope EE as well as calculating the BOE (life cycle energy).  

Keywords: Window to Wall Ratio, Embodied Energy, Operative Energy, Life Cycle Energy, High-Rise Office
Building.

Introduction 

Significant reductions in building energy demand are required due to increase in fuel price,
as well as the increase in carbon dioxide (CO2) emissions, which could progressively mitigate 
the impacts of climate change. Life cycle energy analysis may support ideal strategies to 
reduce energy demand and greenhouse gas (GHG) emissions. 

However, the use of active systems and technologies as renewable energies,
sophisticated controls and energy saving gadgets could lead to more energy consumption
through the whole life cycle of the building due to the high EE incorporated. This is partly the
reason why low energy buildings perform better than Zero energy (Self-Sufficient) buildings
in the overall life cycle. Since low energy buildings use less embodied energy in its buildings
technology and systems, while Zero energy buildings require higher technologies which has
much higher EE, leading to a higher overall life cycle energy (Ramesha, et al., 2010).

Therefore, to investigate the building life cycle energy (LCE) a focus on both types of
energy, EE and OE, should be undertaken at early stages. This would help save LCE starting

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2688



from initial energy used in sourcing materials through the construction process to the 
operating phase for as long as the building stands. Building carbon emissions (carbon 
footprint) can be divided into embodied carbon during manufacturing, construction, design, 
refurbishment, demolition, recycle and reuse of buildings, while operational carbon is 
released during the building operational phase (running) of the building (Darby, et al., 2010). 
The life cycle energy of building considers the embodied energy of materials in addition to 
the operative energy (Levine, et al., 2007). Consequently, embodied carbon emissions, in 
reality, are associated with all activities with the whole life cycle of buildings (BSI, 2008). 
Research on optimising operational energy has led to significant improvements in buildings, 
while embodied energy has drawn relatively less attention (BSI, 2008). 

The average energy consumption for high-rise office buildings ranges 191-392 
KWh/m2/year (CIBSE, 2006) While the operating energy associated with changes in the 
glazing type and orientation ranges from 263 to 336 KWh/m2/year (Kernan, 1996). Typical EE 
of office buildings ranges from 1111 to 3333 KWh/m2, while the total initial embodied energy 
of the building envelope for a steel building is approximately 1838 KWh (Theobald & Gardiner, 
1990) (Oka, et al., 1993) (Tucker & Treloar, 1994). Based on a study (Lee & G. White, 2008) on 
a 100-year life cycle energy of different building uses it was found that embodied energy 
ranges from 3% to 35% of total energy. Operational energy has been found to form 67% of 
the total life cycle energy of a 25-year building (Ibn-Mohammed, et al., 2013). For high-rise 
office buildings, the total EE was estimated at 5000 KWh/m2 for a 42 storey with gross floor 
area 99350 m2, while it was 5111 KWh/m2 for a 54 storey with a floor area of 129950 m2 
(Treloar, et al., 2001). This indicates that the higher and larger the building is, the relatively 
lower the EE becomes, at which a correlation appears between the building scale (size) and 
its EE. The research outcomes could be applied widely throughout the temperate climatic 
regions. This finding will be reflected on in this study. 

Research methodology 

The aim of this paper is to investigate the most appropriate window to wall ratio (WWR) of 
a high-rise office building in order to minimise EE and OE. A quantitative research 
methodology is adopted through using Sefaira software to simulate a high-rise office 
building located in London as a hypothetical model and investigate the impact of changing 
WWR on LCE. Sefaira software is a dynamic building analysis software, which is used to 
simulate the operative energy using two-energy engines. The first energy engine which is 
mainly used is Fulcrum, while the other is Energy Plus, which is used to validate results for 
different models throughout the whole year. The main drive for using simulation in this 
study is to assess the impact of changing the window to wall ratio of consumed energy in 
the whole building lifetime then on LCE in the following stage. The simulated results from 
Fulcrum engine by Sefaira is then validated using Energy Plus. 

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2689



This simulation software is mainly used to determine OE in terms of energy per square 
meter per year (KWh/m2/year), Carbon emissions per year (CO2/year), annual space 
heating/cooling, number of hours required for heating or cooling in addition to demonstrating 
annual heat gain/loss from fabric, occupants and equipment.  Since OE mainly depends on 
maintaining occupants’ comfort in indoor environments of occupants including lighting, 
cooling and heating; its consumption depends on occupants’ behaviours beside visual and 
thermal comfort ranges, while embodied energy does not depend on occupancy factors. 
Although heat gains from appliances “equipment” is included in the model, however, due to 
its typical value for office buildings which does not vary with different climates, hence its value 
does not have an impact on the change of WWR.  

OE accumulates over the building lifetime and is directly influenced by the outdoor 
environment, while EE is mainly incurred once in the initial construction stage and a small 
margin is during maintenance and demolition. OE savings could be reached by improving user 
behaviours, efficient services and systems (efficient appliances, efficient HVAC systems, and 
renewable energies). While EE can be minimised by building fabric optimisation and material 
selection which have lower embodied energy that is being investigated through this research 
in order to reach optimum energy saving (Ibn-Mohammed, et al., 2013). 

As shown in figure 1, a comparative analysis is conducted between different 
WWR;30%, 50% and 92%  in order to determine the lowest EE and OE for the hypothetical 
high-rise office building. According to (Johanson, 2009) High-rise building is defined as a tall, 
multi-storey structure, where most of the occupants depend on elevators to reach their floors. 
The most noticeable tall buildings in an urban context are called high-rise buildings.   

Thorough research has been undertaken in order to reach the most appropriate WWR 
for high-rise office buildings, which were built in the last decade in London based on the 
typical floor dimensions, height, WWR, construction material. The modelled office building is 
predominantly steel construction of forty storeys high with offices above the entrance floor.  

WWRs which are determined in this paper are based on a study (Goia, 2016) which 
found the optimum WWR in particular European climates are within 30% while another study 
(Nasrollahi, 2010)  on office buildings with the same WWR with no shading device in any 
façade orientation, the optimum WWR was determined at 50%. The most common WWR in 
office buildings in London’s temperate climate is 92% (Taher, 2016).  The settings in the 
hypothetical models (i.e. type, the number of occupants, ventilation, lighting, fan power etc.) 
in Sefaira have been determined based on ASHRAE standards (ASHRAE, 2013). 
The used method to investigate the optimum WWR values builds on previous research 
findings (Nasrollahi, 2010) & (Goia, 2016), which have assisted the design of a multifunctional 
advanced façade module for office buildings in the UK temperate climate with optimum LCE. 

Figure 1 High-rise 3D model shape and design (30, 50, 92% WWR) (Author, using Sefaira 2016) 
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Findings and discussion 

In order to deliver the outcomes of this study, a focused discussion is presented below to 
investigate the LCE through analysing the impact of changing WWR on OE, EE and ultimately 
on the total LCE. 

Operative energy of a high-rise office building model in London 

By running the building simulation, with regard to heat gain and heat loss through conduction, 
the 92% WWR appeared to have the largest heat gain and heat loss followed by 50% WWR 
then 30% WWR. Figure 2 shows that, as expected, the larger the WWR is the more solar heat 
gain and conduction loss through the façade occurs. The solar heat gain through the façade 

is almost double the heat loss by conduction. The heat gain increases in the summer between 
May and August, while it decreases between October and February. This is partially due to 
the low indoor air temperature compared to the outdoor high temperature during the 
summer months. 

On the other hand, heat loss by conduction through the façade increases from 
October to March, while it reaches its lowest values between May and September. This 
demonstrates that heat loss by conduction through the façade occurs when the indoor air 
temperature is higher than outdoor air temperature mainly during winter. 

WWR of 92% achieved more solar radiation which leads to the decrease in its annual 
space heating, however, this resulted in increased annual space cooling due to overheating 
in the summer. Heat loss by conduction is also higher compared to 30% and 50% WWRs. 

There is a direct correlation between the solar heat gain through windows and the energy 
consumed, since the energy consumption increase between May and August due to heat gain 
through these months which leads to the need for more space cooling. While energy 
consumption increases between October and February to compensate the heat loss by 
conduction. Based on the increase in energy consumption due to heat gain and heat loss 
associated with the larger WWR, the more energy is consumed to maintain the indoor 
thermal comfort of occupants. 
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As for high-rise office building energy consumption; heating, cooling and lighting are 
the three main variables that have significantly changed with the change in WWR (Figure 3). 
As expected, with the increase in WWR the heating and lighting loads decrease, while cooling 
energy increases due to solar heat gain and internal heat gains from occupants, appliances 
and equipment.  

Embodied energy of a high-rise office building model in London 

The façade EE is calculated using manual calculations by multiplying the area of windows 
“double glazed Argon filled” curtain wall by its EE and adding it to the product of the opaque 
fabric, concrete wall multiplied by its EE. The sum of EE of all façade materials is then added 
to the EE for maintenance, demolition, and transportation to acquire the total EE of the 
façade for each WWR. 

The EE of the model increased proportionally with the increase of WWR as follows: 
7028 MWh, 9510 MWh and 14712.5 MWh for 30%, 50% and 92% WWR respectively. From 
these ratios, it is clear that 92% WWR has appeared to be almost double the EE of 30% WWR. 
That is due to the high EE of curtain walls compared to concrete as a material. The high share 
of EE of curtain wall is mainly because its EE consumed due to its initial energy 
(manufacturing), in addition to its recurring energy, which is needed for regular maintenance 
and change during its lifetime, which is much shorter than concrete. As for the EE of the 
façade relative to the EE of the whole building lies between 6.5% - 13.7% which is mainly 
dependant on WWR. 

The significance of EE is very clear in the current high-rise hypothetical model 
especially in 30% and 50% WWR due to the equality of OE consumption, so that EE becomes 
the main variable that has an impact to judge the difference on the overall energy savings.  

The significance of EE increases and becomes clearer when the building has the same 
OE, due to climate conditions or due to the high performance of the building if designed as a 
low or zero energy building. Thus more attention should be given to the EE of construction 
materials and their associated lifetime, maintenance and potentiality for recycling in order to 
minimise its EE and consequently the whole LCE.  For example, the inert gas insulation in 
curtain walls used for high-rise office buildings; Argon has the least EE compared to Krypton 
and Xenon (Asif, et al., 2007) (Harvey, 2005). Xenon contributes with 75% of the total EE of a 
curtain wall whilst Krypton contributes with 25% of its curtain wall EE while Argon is almost 
negligible. Thus reducing the EE of a building could be achieved by replacing a particular 
material of high EE by another with lower EE and could also be recyclable. 

Life-cycle energy of a high-rise office building model in London 

Façade EE energy is added to building OE in MWh in order to determine the total LCE. Upon 
analysing the break down of energy consumption of each WWR, it was found that heating 
shares the highest percentage in energy consumption followed by appliances and lighting 
then free running fans, while cooling comes in the last place in the three different cases. 
With different WWRs, appliances consumption did not change with WWR change, as they 
were constant as shown in Table 1. Table 1 also demonstrates that the LCE is 669,172 MWh, 
670,327 MWh and 682,091 MWh for 30%, 50% and 92% WWR respectively. First, the higher 
WWR the higher EE and OE are leading to higher LCE as well. Secondly, although OE of 30% 
WWR yet it was less than 50% in LCE due to higher EE of 50%, which confirms the 
significance of EE in the total LCE. Facade materials in high-rise buildings range between 
1.06%, 1.43% and 2.2% of the total OE and 6.5%, 8.7% and 13.7% of the total building EE for 
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30%, 50% and 92% respectively. Those values demonstrate the proportion of EE in LCE and 
the role of EE becomes clearer when OE values of different WWR are similar or lower. EE of 
facades plays a vital role in the total building EE, which could reach 13.7% of building total EE 
(Taher, 2016). 

Breakdown of energy (space heating, 
cooling, lighting, fan, appliances) 

Total 
Space 
Heating 
(Mwh) 

Total 

Cooling 

(Mwh) 

Total 
Lighting 

Total 
Fan(Mw
h) 

Total 
Appli
ances 
(Mwh
) 

30% 
WWR 

3093 808 2498 2142 2498 

50% 
WWR 

2910 969 2175 2142 2498 

92% 
WWR 

2646 1367 1805 2142 2498 

Table 1 Annual energy consumption breakdown by different sectors 

The values and percentages illustrated in Table 1 demonstrate that façade EE is 228, 
305 and 480 KWh/m2 for 30%, 50% and 92% WWR, respectively. This affirms that the façade 
has a very high EE, which increases with the increase in WWR, but if strategically designed, 
could lead to significant EE savings. The proportion of EE will increase and become even more 
significant, when the lifetime of the building decreases or when applying these calculations 
on low and zero energy buildings, which requires higher EE in their materials in order to save 
higher OE during the operational phase (Ramesha, et al., 2010). However, if low to zero 
carbon buildings have a long lifespan then the initial relatively high EE could be offset by the 
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lower OE. The use of high-efficiency heating and cooling systems helps to minimise the effect 
on operational energy of changing WWR more. Overall, energy use intensity (EUI) which is 
the energy consumed through building operational phase, the amount of savings from 
heating is inversely proportional to cooling with varying WWR. While EUI is directly 
proportional to solar heat gain and fabric heat loss. Hence, changing the WWR to high-rise 
office buildings in a temperate climate could achieve between 1% to 2% savings. Increasing 
WWR to 92% will eventually lead to increased solar gain and heat loss by conduction, which 
will require more cooling and heating respectively to maintain indoor thermal comfort. 

Conclusion 

The aim of the paper was to establish an understanding of the components and calculations 
of LCEA, through changing WWR in high-rise office buildings in a temperate climate, such as 
London. The aim is to reinforce the design decisions by providing a scientific rationale to 
support the higher WWR in this particular building typology. In order to achieve that, a set 
of 3 scenarios were conducted of high-rise office building with 30%, 50% and 92% WWR 
where the 92% WWR is the UK typical practice for high-rise office buildings. 

Most of recently built high-rise office buildings in London mainly comprise of double 
glazed argon filled curtain walls whilst the opaque fabric is mostly constructed of light 
concrete with typical WWR 92% (Taher, 2016). Changing WWR will not have a big share in EUI 
in a temperate climate as London, especially between 30% and 50 % glazing. While it slightly 
increases in the 92% WWR from 0.7 to 1.2% EUI average difference, while high-rise office 
buildings with 30/% and 50 % WWR have the lower lifecycle energy consumptions. 

However, EE calculations should be included when considering the choice of façade 
materials. Materials should, where possible, be locally sourced, recyclable and 
environmentally friendly to avoid higher EE and LCE. Notably, 50% WWR was found to have 
lower EUI than 30% and 92%. That is due to the balance between savings from annual space 
heating, cooling and lighting, while in 30% and 92% either heating, cooling or lighting energy 
outstands the other by a large extent. That is also due to high efficient heating and cooling 
systems assumed in the model. 

WWR has a deep impact on heating and cooling capacities as well. Since WWR is 
increasing and decreasing relatively in parallel to heating and cooling capacities, which are 
required to be able to remove cool or heat from the space. Therefore, the larger WWR is the 
higher heating and cooling capacity is required to maintain indoor thermal comfort of 
occupants, leading to more energy consumption. If the building has high WWR; the solar gain 
and conduction loss increase but saves lighting energy (depending on used light control 
system). The larger the WWR is, the better-lighted space is, with a higher risk of increased 
solar heat gains, causing potential overheating.  

EE plays a vital role in LCEA in temperate climates due to the minor difference between 
EUI of different WWRs. So choosing low EE materials such as concrete and recycled curtain 
walls with Argon gas as filling in double or triple glazed windows will lead to double or triple 
fold EE energy savings compared to Krypton and Xenon. It has been concluded that façade EE 
shares 6.5%, 8.7% and 13.7% of total building EE and 1%, 1.43% and 2.2% of OE for WWR of 
30%, 50% and 92%, respectively. Façade EE induces 228, 305 and 480 KWh/m2 for 30%, 50% 
and 92% WWR, respectively. This asserts that façades, in general, have high EE, which could 
lead to significant savings in the future. Ultimately, the most appropriate WWR should be 
determined based on in-depth analysis of the EE of materials used for the construction of the 

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2694



façade as well as the whole building, which could lead to significant energy reduction as a 
vehicle to achieving low energy high-rise office buildings.  
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Abstract: The current study aimed to examine hidden factors affecting energy consumption comparing and 
interrelating heating equipment, energy for space heating, thermal preferences as well as heating duration. An 
interview-based questionnaire survey was conducted in four different residential areas including the capital 
city in the Tashkent region. Most of them have a piped natural gas supply. According to the collected data 
from total 444 households steam and boiler heating system found to be the most popular among 
householders (50%). The owners give less preference to the energy efficiency improvement, while thinking 
about changing the heating system. Natural gas is the main energy source for space heating, hot water and 
cooking (85%, 84%, 92% respectively). While heating equipment and space heating preferences have an 
association with a big variety of variables, thermal preferences can be mainly described by the differences in 
health condition and thermal satisfaction. The heating duration is affected significantly by predicted values 
such as heating equipment type and energy for space heating. Location of the houses has a partial association 
with the energy awareness and energy saving behaviour, while ownership type, building and family profiles as 
well as heating system type have no relationship with them. 
 
Keywords: Energy consumption, space heating, individual low-rise houses, Uzbekistan 

Introduction		

While more than one-third of the world’s population has limited access to modern energy 
services, countries with an abundance of resources energy sector are considered to have 
the least efficiency. With the supply coverage of 100% of urban and more than 90% of rural 
population in Uzbekistan, residential consumers account for about 50% of total natural gas 
consumption (6% of total production). This fact alongside with industrial and agricultural 
consumption makes the country the most energy inefficient in Europe and Central Asia (ECA) 
region, burdening the economy hugely every year (World Bank report). Therefore, 
increasing the energy efficiency performances of residential sector is one of the challenges 
to be taken up.  

While demand and energy use patterns are mostly developed based on actual physical 
records (energy use, appliances utilized and usage duration, set point temperature, 
heating/cooling duration) a number of works are based on an integrated model combining 
physical, technical, economic, psychological, sociological and anthropological approaches 
(Kowsari and Zerriffi, 2011; Wang et al., 2015; Rory V. Jones et al., 2016). Besides, the 
rebound effect of unsuccessful energy efficiency improvements of buildings have been 
proved by a series of works (Lin et al., 2016; Rory V. Jones et al., 2016). Since a person’s 
preferences, perceptions and expectations have an important influence on their use and 
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interaction with such devices, the manipulation of energy flow turns to be an essential part 
taken into account while considering a household energy profile. 

Current work aims to analyse occupants’ heating demand, satisfaction of the house, 
energy and equipment used for space heating, energy use and saving behaviour. 
Furthermore, this works aims to identify the perceptions and expectations focusing on 
intrapersonal factors affecting energy consumption. The results obtained could help 
government agencies to make construction and energy efficiency improvements for heating 
equipment, as well as energy saving promotion strategies. 

Pilot	survey	

First, a pilot survey was conducted in April 2016. Ten residential areas varying in population, 
population density and surface relief were selected in order to observe differences in a 
house design, construction materials, heating system/ equipment, energy availability as well 
as in the lifestyle of the householders in various distances from Tashkent city. Most of them 
had a piped natural gas supply system. Face-to-face interviews were conducted, with two to 
five interviews from each region – with householders from a total of 36 individual low-rise 
houses. The owners were involved in a friendly conversation, in order to obtain a closer 
view on their attitudes towards and awareness of energy consumption, indoor thermal 
comfort, both in summer and winter periods, their thermal preferences and expectations. 
Specific adaptation strategies developed by the occupants were recorded as well. Building 
characteristics, heating system type, location and type of energy used were examined. 
Energy availability and affordability were noted. Estimates were made from interviewees` 
descriptions concerning room size, the actual proportions of doors and windows and these 
were located on a series of drawings (Figure 1). Only in a few cases was there an 
opportunity to see all the rooms in a house and there were even fewer opportunities to 
take photographs. 

A pilot survey showed that prevailing wall materials are sun-dried brick and cob – 34% 
and 22% respectively. However, frame wall/cob - adobe brick - burned brick pattern of wall 
materials` substitution over the time can be observed. The construction itself is mostly 
located along the perimeter of the owned land. House layouts, rooms’ amount and location 
as well as door connections between them are observed to be important in choosing the 
heating system/ equipment. As more rooms are connected with one courtyard entrance so 
bigger the preference of a boiler based system is.  

Figure 1. Samples of the house layout in the: a) Tashkent city; b) Zangiota region; c) Parkent region 

a) b) c) 
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Methods	and	research	design	

Based on the information gained from the pilot survey as well as previous energy 
consumption studies, a second survey was conducted in January 2017. Due to the energy 
flow and heating set point temperature records’ limitations, there were constraints in 
obtaining precise energy consumption data. Household energy use dynamics were to be 
determined by analysing occupants’ attitudes towards and satisfactions out of energy type 
for space heating (carrier), heating equipment type (technology efficiency), their thermal 
preferences and heating duration (energy service demand) (Kowsari and Zerriffi, 2011).  

Energy availability and quality of the supply, which affects heating equipment 
preferences, were the subject of analysis while choosing four different regions including the 
capital city: Tashkent city, Zangiota, Yangiyul and Parkent regions. They were preferred 
based on distances from the Tashkent city starting from the closest up to the more remote 
and mountainous area. Building type, construction materials and main income sources 
differed in selected residential districts.  

An eight-page questionnaire was developed in order to prove further assumptions 
concerning heating equipment, thermal preferences and heating duration. The questions’ 
style and format (e.g. open-ended, Likert scale) was designed after examining some 
practical survey samples conducted in Indonesia and the UK. Since demographical, financial 
and health condition characteristics were found to influence heating requirements (Lin et al., 
2016; Rory V. Jones et al., 2016), family size, composition, age, education, occupation, 
health condition of the householders were asked alongside with the building location, size, 
number of the rooms, wall material and the type of the ownership in the first part of the 
questionnaire. This section was followed by questions about energy-usage type and purpose 
of the usage, heating, hot water system/ equipment owned, satisfaction out of the certain 
system as well as indoor thermal conditions, payment type and energy bill affordability. At 
the end, occupants’ heating behaviour, attitude, energy usage/saving, awareness was 
determined by asking to mark the most appropriate one from the five-point rating scale 
options between “Strongly agree/ disagree” and “Always/ never” answers. 

Statistical	analysis		

Collected data was manually inputted (n=444 after incomplete samples were discarded), 
screened and cleaned in an IBM SPSS Statistics, version 21. Significance of differences was 
analysed by using Pearson Chi-Square test at P<0.05	 and factors affecting the heating 
duration were tested by Regression analysis at P<0.05.  

Results	and	discussion		

Samples	profile	

As can be seen in the Table 1, the majority of the houses (nearly 80%) are constructed by 
the owners. Comparing with all construction materials mentioned clay is the most popular 
type (47%) followed by raw brick, concrete blocks and burned brick leaving the frame wall 
structure on the last position (2%) which is mainly used in mountainous areas (Parkent 
region). “Two generation” type (60%) families are the most common composition as well as 
with the members counted from 5 to 10 (61%). Families with kids less than six years old are 
as big as six times comparing to those with elderly members over 70’s. However, slightly 
more than a half of total respondents (53%) have neither kids nor aged member in their 
families. 
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Table 1. Sample profile             N (%) 
 Regions 

Tashkent Zangiota Yangiyul Parkent Total 
Sample size  24 353 9 58 444 (100) 
Ownership type Constructed 8 278 5 55 346 (78) 

Bought 9 28 3 0 40 (9) 
Inherited 7 45 1 3 56 (12.5) 
Rented 0 2 0 0 2 (0.5) 

Owned land size 
(are: 1a = 100m²) 

=< 6a 24 159 6 15 204 (46) 
7a - 10a  0 172 3 40 215 (48) 
11a -17a 0 22 0 3 25 (6) 

Number of the 
rooms 

0 < 5 12 134 5 35 186 (42) 
5 - 10 12 209 4 23 248 (56) 
11 - 15 0 10 0 0 10 (2) 

Wall material Burned brick 8 20 0 0 28 (6) 
Raw brick 16 117 3 11 147 (33) 
Clay wall 0 203 6 0 209 (47) 
Frame wall 0 2 0 6 8 (2) 
Concrete blocks 0 11 0 41 52 (12) 

Family size < 5 15 108 5 22 150 (34) 
5 - 10 9 22 4 36 271 (61) 
10 < 0 23 0 0 23 (5) 

Family 
composition 

One generation 2 6 1 1 10 (2) 
Two generations 14 197 7 48 266 (60) 
Three generations 8 150 1 9 168 (38) 

Age of the family 
members 

Maximum (70<) 4 25 0 0 29 (14) 
Minimum (< 6) 2 164 3 12 181 (86) 

Heating	system,	energy	use	distribution	and	thermal	comfort	

Based on the observation several types of heating system/ equipment adopted by the 
householders can be mentioned: 1) fuel (natural gas, coal, wood) based with a capacity to 
heat one room (detached furnace, ondol – sandal in Uzbek language), from two to four 
rooms (built-in furnace) and more (steam and boiler system); 2) electricity based (radiant 
floor (heat floor), radiator, air conditioner). One room heaters are mostly used to heat a 
detached or newly added rooms. All the fuel based equipment is generally a handmade 
product (Figure 2) which makes it difficult to predict the heating set-point temperature and 
efficiency unless measuring them one by one.  

Energy sources for those equipment varies as well. For instance, preferred for clean 
and dust-free heat, boilers are mainly operated by natural gas and no other type of fuel can 
be used in most cases. Exceptions are particular boilers designed different fuel type to be 
easily replaced for a better security in case of supply system problems. As it is shown in 

a) b) c) d) 

Figure 2. Existing heating equipment examples: a) Steam and boiler system; b) Built-in furnace; 
c) Detached furnace; d) Ondol – sandal 
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Figure 3, this is the most popular heating system in general (50%) and in each region 
separately except Yangiyul where built-in furnace users exceed boiler users for about three 
times (77%). A built-in and detached furnaces, chosen for low installation cost, in contrast 
allows to use different kinds of energy sources and is convenient in regions where supply 
instability appears more often or no supply provided at all. As about ondol, it is usually used 
when coal and wood are more affordable rather than natural gas or there is no gas supply. It 
is widely used in mountainous areas and even more preferred than built-in furnace (27% 
and 14% respectively). A natural gas is the main source not only for space heating, but for a 
hot water and cooking as well comprising a chunk of total energy consumption (85%, 84%, 
92% respectively). As electricity is not the main source for heating (6%) and electricity based 
equipment is not frequently used (9% in total) and works as an additional heater, it is 
discarded from further ownership based analyses. 

While analysing a thermal comfort level ranging from cool to hot (Figure 4) boiler and 
built-in furnace users reported “warm” (54%, 47% respectively) and preferred to remain 
existent indoor temperature (56%, 51% respectively). One percent of boiler users even 
wanted cooler. However, detached furnace and ondol owners mostly performed “an 
average” (67%, 54% respectively) wishing to have warmer temperature in their houses (72%, 
58% respectively). Ondol users feel inside cool more than others (13%).  

Heating	system,	energy,	thermal	preferences	and	level	of	satisfaction	

A chi-square test was used to see the difference between those who does and does not feel 
warm in the main rooms during the heating season for each equipment owners separately. 
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Figure 3. a) Types of heating equipment owned; b) Energy use distribution	

Figure 4. a) Thermal comfort and b) thermal preferences based on heating equipment ownership	
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When comparing based on thermal sensation their satisfaction level out of their house size, 
number of the rooms, construction and supply quality is no longer statistically significant 
generally. They still can find their heating system/ equipment convenient to use and have 
no desire to change it. However, a partial association remains for an integrated furnace 
system when the ownership plays a role whether or not they feel comfortable, it affects 
their satisfaction out of the heating system (P=.017). 

On the other hand, fulfilment of the needs in house size (B size sat, P=.000), 
construction quality (C qual sat P=.001), and supply quality (Supply sat, P=.007) as well as 
with heating equipment quality (H equip sat, P=.000) and it’s convenience in utilization (H 
equip conv, P=.000) affect householders’ willingness to whether keep or change their 
already existing heating system significantly (Table 2). The difference is as big as at least for 
three times among satisfied group in all cases. 
Table 2. Desire to change a heating equipment based on the satisfaction level 
 B size sat N room sat C qual sat Temp sat Supply sat H equip sat Hequip conv 
 no yes no yes no yes no yes no yes no yes no yes 
Don’t want 3 272 24 271 14 272 18 258 27 263 14 314 7 321 
Want  9 83 10 89 16 89 10 75 20 83 52 64 23 93 
P .000*** .547 .001** .114 .007** .000*** .000*** 
*' **' *** Significantly different at P<0.05, P<0.01, P<0.001 

 
It is also interesting to observe that the need in energy efficiency improvements is not 

the biggest concern of the owners with a desire to change their heating system. The only 
exception is for those who are not satisfied with the supply service quality (Table 3). Those 
who do feel warm want equipment modernization more than others and even long for 
changing the energy type for space heating.  Despite eagerness to replace the equipment 
users are mostly satisfied with indoor temperature, supply quality and with the heating 
equipment and can keep relatively warm in general. Nevertheless, they rarely compare 
price for different types of energy for heating. 

Table 3. Reason to change a heating equipment by the level of satisfaction          N 
 need in energy 

efficiency 
improvement 

need in 
comfort 

need in 
modernization 

to use another 
type of energy 

not to harm 
the health 

Temp satisf no 2  1 7 0 3 
 yes 32 7 41 8 3 
Supply satisf no 10 1 1 2 2 
 yes 28 6 45 8 4 
H equip satisf no 18 8 22 8 3 
 yes 26 1 36 4 3 
Feel warm no 0 1 1 1 1 
 yes 44 8 57 11 5 
Compare price no 25 4 37 10 5 
 yes 19 5 21 2 1 
 

Even though no statistically significant predictors of heating equipment, heating 
energy and thermal preferences were found, the results of chi-square test, summarized in 
Table 4, insist on the existence of differences based on location, ownership type, building 
and demographic characteristics as well as sensations, satisfactions, payment type and 
energy bills affordability in general. In other words, However, thermal preferences are only 
associated with the health condition and thermal satisfaction. 
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Table 4. Factors affecting heating equipment, energy and thermal preferences  

Variables 
Heating equipment Heating energy Preferred temperature 

Sig. Sig. Sig. 
Location .000 .000 .853 
Ownership .000 .000 1.0 
Walls material .000 .000 .242 
N_rooms .029 .884 .848 
Family type .000 .034 .579 
Family size .011 .328 .628 
Age .000 .015 .407 
Occupation .847 .553 - 
Job type .001 .000 - 
Health condition .489 .083 .034 
Sensation_weather .004 .066 .349 
Sensation_temperature .001 .157 .554 
Thermal satisfaction .022 .021 .003 
Supply satisfaction .000 .000 - 
Payment type .051 .000 .506 
Payment affordability .857 .036 .112 

A Linear Regression analysis was used to identify the heating duration based upon 
predictor values grouped into several categories such as building profile, household profile, 
financial status, energy usage awareness and adaptation behaviour (Table 5). Even though 
each of the tested models performed significant fitness to the perceived hypothesis, 
coefficient level remained very low (R²<.095, P<.046). Sensation and health condition as well 
as payment type and affordability has no contribution to the model. The only factors found 
to be highly influential were the heating equipment (R²>.200, P=.000) and heating energy 
types (R²>.863, P=.000). All influencing variables has a significant positive effect on a heating 
duration predicting an increase of it for at least 16.661 unit with each additional household 
giving a preference to a boiler, built-in or detached furnace, radiator, radiant floor or to an 
electricity as a heating energy. Conversely, natural gas usage is negatively correlating, 
indicating that more users will decrease the heating duration. 

Table 5. Factors affecting heating duration  
 Heating duration 
Variables  Adjusted R² β-value Sig. 
Location .089 -8.400 .001 
Walls material .095 13.535 .046 
Number of the rooms .068 2.426 .000 
Family size .032 1.235 .000 
Sens. to extreme weather - - .942 
Sens to sudden temp. changes - - .754 
Health condition - - .157 
Income .020 .308 .002 
Payment type - - .590 
Payment affordability - - .871 
Built-in furnace .200 16.661 .000 
Boiler .628 36.254 .000 
Detached furnace .801 44.411 .000 
Radiator .879 18.742 .000 
Heat floor .900 30.608 .000 
Heating_electricity .863 17.789 .000 
Heating_natural gas .903 -9.226 .000 
Regulate indoor temperature .016 2.445 .005 
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Energy	use	awareness	and	saving	behaviour	

Table 7 summarizes a chi-square test results, conducted to analyse the respondents’ heating 
energy use and saving behaviour under general characteristics. When comparing based on 
location, ownership type, walls material, number of the rooms, family type, size and heating 
equipment, no significant difference can be observed  in energy usage awareness (usage 
understanding – UU; usage consideration – UC; perceived control – PC; perceived ability to 
save - PA) as well as in energy saving behaviour (personal behaviour – PB; usage reduction – 
UR; adaptation - AD). A partly relationship is left between location, walls material and 
energy usage understanding, perceived control over consumed energy and usage reduction 
behaviour.  
Table 6. Analysis of energy use awareness and saving behaviour differences under various characteristics    
Variables Sig.  Sig. 

Usage awareness  Saving behaviour 
UU UC PC PA  PB UR AD 

Location  .000 .210 .007 .297  .158 .000 .238 
Ownership type .258 .652 .460 .308  .411 .386 .634 
Wall material .003 .327 .573 .430  .215 .006 .249 
N_rooms .197 .263 .459 .383  .330 .659 .267 
Family type .382 .567 .286 .757  .565 .318 .089 
Family ize .423 .337 .615 .210  .234 .475 .319 
Heating equipment .060 .505 .437 .340  .332 .100 .309 

Conclusion	

The results indicate the benefits of understanding regional specifics in order to consider 
energy efficiency improvements strategies. In general, location of the housing was 
associated with certain heating equipment, energy preferences, energy use/saving 
behaviour. Location was also found to influence heating duration significantly. Nevertheless, 
heating duration can be predicted by the heating equipment and energy type, while 
demographical characteristics, sensations and payment affordability have almost no 
influence.  

The study also found building and household characteristics, sensations, thermal and 
supply satisfactions, payment type and affordability to be determinants of preferences in a 
certain type of heating equipment and energy for space heating. Though, occupants’ 
thermal preferences are given mostly based on their health condition. Energy efficiency 
improvements are not the main concern in desire to change an equipment and has no 
association with thermal satisfaction at the same time.   
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Abstract:	 Modern architecture in tropical megacities, follow the global trend of architecture which 
predominantly relies on large fenestrations and glass facades to achieve the desired visual contact to the 
outdoors as well as maximize on daylighting opportunities. However, large fenestration design pose a challenge 
to building energy performance in the tropics. Due to the solar geometry of the tropics, there is a huge amount 
of heat gain through the building envelope, particularly from the fenestration. This heat flux contributes up to 
50% of the building cooling load. High energy guzzling, cooling and dehumidification systems are fitted in 
buildings to mitigate the problem and achieve comfort conditions. The current passive practice is to fit the 
windows or glazing system with low emission, single or double glazing units that are labour and cost intensive 
to retrofit and generally have a very high return on investment. Many solar insulation films and coating are 
available in the market as an efficient and inexpensive alternative. This paper focuses on the process of 
preliminary data collection to benchmark the existing building performance and designing the appropriate 
experimental setup of the test bed one such new generation solar insulation film in a live building. 

 
Keywords: Solar Film, Insulation, Tropics, Sustainability, Benchmarking 

 
Introduction 

With the globalization of the economy, work practices have become standardized across the 
world. To ensure quality controlled outputs from these worldwide operations a trend of 
uniform urbanization in terms of architecture began that was independent of geographical 
location and climatic conditions. Many cities in the tropics that host regional headquarters of 
operations in a developed nation have mirrored their architectural practices. For aesthetic 
purposes, buildings with large glass windows and double skin facades have become icons in 
tropical modern cities. This type of architecture bears no sensitivity towards the climatic 
conditions of the tropics often resulting in the poor energy performance of these buildings. 

Today, there is a great need for the buildings sector to cut down its reliability on fossil 
fuel for sustainable development in the future to mitigate problems of such as soaring energy 
prices for operation and reduce its environmental and ecological footprint. Building design 
needs to be responsive as well as resilient to its immediate environment. The balance 
between the area of fenestration and opaque has a major impact on the energy balance which 
influences the cooling load, opportunities for natural ventilation as well as an effective and 
optimized use of daylighting (Franceso, 2016). In the tropics, thermal influx from building 
envelopes is responsible for 57% of energy consumption for ACMV systems (ZINGRE et al, 
2016). 

To mitigate the thermal load from the fenestration systems many solutions are available 
commercially. Traditional absorptive glazing systems with variable tint and colours, multi-

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2704



pane glazing units with sealed air or gas cavity make it possible to increase the insulation 
significantly (Chungying et al, 2015), however, at the same time they can reduce the visible 
transmittance as well as are higher on the capital investment. Also, the retrofitting 
applications of such advance glazing systems require reconstruction which is a very intrusive 
procedure. A simple high-performance solar insulation with optimal visible transmittance film 
could provide an answer to these issues. 

To establish this performance of such a film in the tropics, it would be imperative to 
establish a baseline. This paper explains the process of same undertaken by Energy Research 
Institute at Nanyang Technological University (NTU). The process was done through computer 
simulations field measurements on two different sites (live buildings) in the tropical 
conditions of Singapore. The baseline process will help establish the difference in the energy 
performance of buildings with low emissivity glass as well as simple 12mm clear float 
(tempered) glass. 

Methodology 

For a place like Singapore, which is situated within the limits of equatorial tropics, the annual 
average temperature ranges are very uniform throughout the year and have a very small 
diurnal range as well (Matthias et al., 2012). To establish an accurate baseline, normalized 
data of 3 months is considered satisfactory. The baseline measurements for this exercise was 
thus decided to be carried out between March 2017 and May 2017. Post this exercise, the 
test sites will be furnished with films and measurements for performance evaluation of the 
film will be carried out from July 2017 until September 2017. The methodology undertaken 
for the purpose of the preliminary data collection is graphically represented in Figure 1 
below.   

Figure 1: Benchmark Methodology 

Test Site Selection was done with the help of facility Management of NTU and 
sustainability efforts initiated by School of Art, Design, and Media (SADM) as well as Nanyang 
Business School (NBS). Appropriate spaces with acceptable orientation, maximum sun 
exposure, minimum shading, and appropriate glazing type and mechanical ventilation were 
selected in each school. In SADM, an exhibition gallery with 24-hour air conditioning 
environment was selected for the testing, while in NBS a lounge area on top of dean’s office 
was selected. The selection parameters are listed in Table 1 below. 
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Table 1: Physical details of the test sites 

Selection Parameters SADM NBS 

Photo 

Sun Exposure East- West All four sides 

External Shading None Overhang of 1 meter 

Glazing Area 100% 100% 

Mechanical Ventilation Computer Room Air Conditioning 
(CRAC) 

Fan Coil Units  

Schedule 24 x 7 24 x 7 

Type of Glazing Low E double glazed units 12 mm tempered float glass 

Elevation from ground 0 m (at the ground level) 54 m (on the roof top) 
Height 10 M 4 m 

Computational Simulation Models, as seen in Figure 1, using Autodesk Ecotect, were 
created to better understand the context of the test with reference to Singapore’s solar 
geometry. The simulation results also offered an overview on the annual direct solar 
irradiance received on each surface as well the shading effect of the building on these surfaces 
as well. Material specifications for the glass of the computational model are mentioned in 
Table 2.  

Figure 2: Computational Simulation Models of Test Sites using Autodesk Ecotect 

The results of the computational simulation model data in tandem with the empirical 
data, aids verification and graphical visualization of the test sites for a better understanding 
of the current site condition. 
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Table 2: Material specifications for glass of the computational model 

SADM 

Elements 
 U value 

(W/m2 k) 
Visual 
Transmittance 

Refractive 
index 

Solar Heat Gain 
Co-efficient (SC) 

 
Windows 

Double Glazed, Low- 
E Aluminium Frame 
(no thermal break) 

 
2.4 

 
0.611 

 
1.74 

 
0.75 

NBS 

Windows
/ Walls 

12mm Clear Glass 6 0.85 1.74 0.94 

 

Preliminary	 data	 collection:	 Integrated temperatures and humidity sensor were 
deployed indoor and outdoor, based on the solar exposure results from the Ecotect models. 
Pyranometer was installed, to gather data related to solar irradiance on the test site as well. 
Pyranometer data will help us, figure out representative days, data from which would be used 
for further analysis while establishing the final baseline of each test space. Figure 3 illustrates 
the various positions of the sensors while Table 2 indicates the heights of each sensor. Based 
on the result of this preliminary data collection for 18 days in February 2017, a decision was 
made regarding the final positions of the sensors for the baseline data collection. 

 

 
 

Figure 3: Sensor and Measurement Equipment Positions on Test Site for Preliminary Data Collection 
 
Results 

Table 2 shows the computerized simulation results of annual average daily direct radiation 
received on various facades of the test spaces from 7AM to 7PM. 

SADM:	The values of solar insolation obtained from the simulation lay between average 
ranges of 100 Wh/m2 to 1000 Wh/m2 annually for the West Façade and between 0 W/m2 to 
800 Wh/m2 on the South faced. The pyranometer data collected for a 15 days period (in the 
month of February) indicate the solar irradiance for the month of February is between 0 and 
1300 W/m2. The location of the pyranometer is indicated in Figure 3. 

NBS:	The values of solar insolation obtained from the simulation have average ranges 
of 0 to 850 Wh/m2 for all four sides. The pyranometer data collected for 15 days period (in
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the month of February) confirms the same. There were 4 pyranometers placed on the test 
site one on each face as indicated in Figure 3. 

 
Table 3: Ecotect Simulation results for average daily direct radiation, sensor locations and pyranometer data 

SADM 

West façade- Ecotect Simulation Results South East Facade- Ecotect Simulation Results 

  

Pyranometer Data placed on West Facade 
 

 
 

NBS 

East and North Facades West and South Facades 
 

 

 

 

Pyranometer Data from East and North Facades Pyranometer Data from West and So Facades 
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Table 3 shows the ambient air temperature profiles recorded at various positions as indicated 
in Figure 3 and 4 on the test sites using temperature sensors. These temperatures were 
recorded over a period of 15 days (corresponding to the pyranometer data) in February.  

SADM: On average there is a 2°C difference between the lower and on the upper air 
temperatures in the glass surface at SADM, however, the temperature in the interior of the 
space seem to be the same as set point temperature of 23°C. 

NBS: The indoor temperatures of closer to the surface of the glass are on an average 
2°C higher than the set point temperature 24°C 

Table 4: Ambient Air Temperatures 

SADM NBS 

Ambient Air Temperatures 3mm from glass surface 

Ambient Air Temperatures at the centre of the room 

Discussions 

To evaluate the performance of a novel building technology, it needs to compare against 
the existing building performance. This helps us establish the improvement in the energy 
performance of the building as well understand the financial viability of the technology. To 
do the same, an accurate stock taking exercise must be performed to establish the existing 
building performance. This exercise is called establishing the baseline for performance 
evaluation of new technology. The preliminary testing data provides an insight into the 
thermal performance of the space currently (before the application of the technology).  The 
data from the pyranometer helps to accurately establish the sky conditions on 
representative days and help in understanding the corresponding indoor temperature 
profiles as well as the heat flux that occurred on a particular day. The insolation data from 
computational simulation helps to establish the value range of annual average daily direct 
radiation on each phase of the test site. 

Indoor temperatures at SADM:  Since space is fitted with a double glazed unit with 
lower emissivity (low-e) glass, the indoor ambient air temperature profiles are consistent and 
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closer to the set temperature of the air conditioning system of 23°C. The low e glazing unit is 
efficient and allows a lower rate of heat exchange. However, due to the higher and 
inconsistent height of the room, it is important to monitor the air temperatures closely to 
understand if the higher temperatures recorded by sensors at 3.5 m from finished floor level 
(FFL) are because of stack effect or the solar geometry. This test site would be a good example 
to establish the improvement that could be brought about by an addition of solar insulation 
films to low-e glazing units. 

 Indoor Temperatures at NBS:  The test site is a glass enclosure made of un-insulated, 
12mm tempered glass panels the heat flux through them is much higher as compared to the 
+=one seen at SADM. The data obtained from the indoor sensors near the glass surface 
indicate that they are closer to the set point temperature of 24°C. However, the ambient air 
temperature (T6) in the interior of the space is much higher and averages at 30 °C. One cause 
is because of the radiative heating effect received from all glass surfaces that are constantly 
exposed to the sun throughout the day. The temperature in the least exposed part (T9) of the 
space, has an average of 24 °C. The average temperature data received from the partly shaded 
part (by the overhang) of the space, yet on the Southern face had an average of 28°C.  
Based on the observations of preliminary testing, additional sensors for baseline 
quantification were placed on the test site to acquire more detailed information regarding 
the indoor performance. Figure 4 indicates the locations of additional sensors. 

Figure 4: Final sensor location on the test site for baseline exercise 

Conclusion 

A thorough and vigorous monitoring of sensor performance is crucial while establishing a 
baseline through data collection for performance evaluation of any technology. Such an 
exercise ensures the accuracy of the baseline data. Computational simulations can validate 
the results of the data captured on the live site within a range of 5% accuracy. For this 
particular exercise, the data from the instruments as well as the simulation models 
correspond well assuring that the test setup is suitable to carry out the quantification of 
cooling load generated at the test site by the heat flux through glass using portable heat flux 
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meter. To have a complete picture of the existing energy consumption in each space, the test 
sites were also fitted with energy loggers at the end of the preliminary testing. While 
establishing the baseline performance of the glass test for heat influx, emissivity, as well as 
UV absorptions using a hand, held meters. The iterative data comparison of experimental 
setup and simulation results, has enabled us to identify the key parameters influencing the 
test sites to increase the accuracy of empirical data collected.  
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Abstract: A large utilization of air conditioning as well as hot climate leads to the increasing energy 
consumption of air conditioning in hot and humid regions. Therefore, it is crucial to identify a feasible solution 
to reduce the energy consumption of air conditioning in such climate regions. This study analysed the 
operation pattern of air conditioning, the indoor thermal environment and energy consumption in several 
multi-residential buildings in a hot and humid region by means of field measurements and questionnaire 
surveys of residents. The results showed that the operation pattern of air conditioning, including the different 
service time of air conditioning, setting temperature of air conditioning, switching behaviour and so on, had a 
significant impact on indoor thermal environment and residential energy consumption. And then with the 
comprehensive consideration of indoor thermal comfort and energy consumption results, the appropriate 
operation patterns of air conditioning in this region can be proposed and clarified. 
 
Keywords: Multi-residential buildings, Air Conditioning, Operation Pattern, Energy consumption, Indoor 
Thermal comfort 

Introduction	

Large and medium-sized cities in China are relatively concentrated in the hot and humid 
region like Guangzhou, which is one of the most economically developed region in China 
and has a relatively high standard of living. Because of the long hot weather, the 
penetration of air conditioning is increasing sharply in the numerous multi-residential 
buildings constructed in recent years. According to the Guangzhou Bureau of Statistics, over 
the past 15 years, the owning rate of air conditioning per 100 households in multi-
residential buildings in Guangzhou almost tripled from 2000. Furthermore, the combination 
of widespread utilization of air conditioning and the hot climate produced a dramatic 
increase in urban residential electricity consumption, as shown in Figure 1. China is already 
suffering the consequences i.e. weather extremes, air pollution due to coal burning culture 
for power generation and space heating, as well as temporary power shortages across the 
country especially in summer. 

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2712



 
Figure 1. Air conditioning owning rate and urban residential electricity consumption in Guangzhou 
Therefore, it is crucial to identify a feasible solution to reduce the energy consumption 

of air conditioning in this climate zone and thus combat the ever energy hungry nation. The 
purpose of this paper is to demonstrate how to select the appropriate operation pattern of 
air conditioning so as to improve the indoor thermal environment of multi-residential 
buildings which can provide reasonable indoor comfort at low energy consumption in hot 
and humid region. The urban multi-residential buildings of Guangzhou in hot and humid 
zone were taken as the research objects in this study. The field measurements and 
questionnaire surveys were conducted at the same time. The effects of different operation 
patterns of air conditioning including the service time, setting temperature, switching 
behaviour on the residential indoor thermal environment and energy consumption of air 
conditioning were analysed from the used perspective of residents. And then with the 
comprehensive consideration of indoor thermal comfort and energy consumption results, 
the appropriate operation pattern of air conditioning in this region is proposed and clarified. 

Overview	of	multi-residential	survey	

Climate	summary	

The climate characteristic of Guangzhou which was researched as a representative city is 
muggy in summer and has long duration. Figure 2 shows the climograph of Guangzhou. As 
can be seen, the average temperature of the hottest month is 29ºC with the relative 
humidity of 83%. The maximum recorded outdoor temperature reached 35.9ºC. The 
number of days that Daily Mean Temperature exceeds 25ºC accounts for 189. The 
difference between daytime and night-time temperatures is small. 

 
Figure 2. Climograph of Guangzhou (From Guangzhou meteorological data) 

Field	measurement	survey	summary	

Nine typical residences that were built in different ages in Guangzhou were selected as the 
measured objects. Field measurements lasted for about two weeks during the typical 
summer period in each residence. Indoor and outdoor air temperatures and relative 
humidity were recorded using small data loggers with sensors, which were placed in the 
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bedroom, living room (at a height of about 1.1 m from the floor level) and outdoor (north 
side of the building shaded from the sun), respectively. The summary of field measured 
residences is illustrated in Table 1 and the plan and monitoring points of surveyed 
residences are shown in Figure 3. 

Table 1 Summary of measured residences 
NO.	 A	

B	
B	 C	 D	 E	 F	 G	 H	 I	

Structure	 RC RC F BC RC BC RC RC RC 
Construction	year	 1998 1987 2015 1990 1996 1992 2003 2009 2001 
Floor/Total	Story	 4/7 3/8 22/45 4/6 7/8 5/5 2/9 5/8 4/9 

Construction	area(m2)	 58 62 104 28 75 50 80 102 68 
Position	 East End East End West End South End Middle West End Middle East End Middle 
Shading	 No Yes 

 
Yes No Yes No Yes Yes No 

Units	of	AC	 2 2 2 1 3 2 3 3 2 
Family	members	 3 5 5 2 3 2 3 5 2 

Clothing	insulation(clo)	 0.31 0.27 0.05 0.17 0.17 0.17 0.31 0.17 0.17 
Measured	time	 2016/7/21~8/3 2016/8/4~8/17 2016/8/20~9/3 

 

 

 

 

 

 

 
 

 

 
A B C D E 

  
  

F G H I 
Outdoor air temperature                      Indoor air temperature 

Figure 3. Plan and monitoring points 

Questionnaire	survey	summary	

In order to have a better understanding of operation pattern of air conditioning and the 
comfort requirements of residents as well as the awareness of energy conservation, 
occupants of these residences were asked to answer a questionnaire, in which the basic 
information of their buildings, operation condition of cooling equipment during the day, 
clothing insulation condition, thermal sensation of the residents and electricity consumption 
were collected. 

Measurement	and	questionnaire	results	

Air	conditioning	operation	pattern	

By applying statistical analysis to the questionnaire data, the schedule of cooling equipment 
in the nine residences including air conditioning and electric fan as well as natural 
ventilation by opening windows were obtained. The service time of air conditioning and 
electric fans as well as natural ventilation time of different residences varied from each 
other. Most residences only used air conditioning for cooling during the night (23:00~9:00) 
and opened the window for ventilation in the daytime in bedroom. This kind of air 
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conditioning behavior is diametrically opposed to that reported in previous researched 
residences in Qingdao (Wang et al, 2015), which is located in a cold region. The service time 
of air conditioning in the cold zone is mostly concentrated in the noon when the solar 
radiation is stronger and the outdoor temperature is higher, while most of the residences 
choose natural ventilation for cooling by opening the window in the night. This may reflect 
both the climatic characteristics and the lifestyle of the residents. Compared with the other 
four climate zones in China, the average outdoor temperature in summer of Guangzhou 
which is located in hot humid climate region is highest. The temperature difference 
between day and night is little, and it is stuffy and calm in the night. Therefore, most of the 
residents are accustomed to using air conditioning for cooling as they sleep in the night. 

In contrast with bedroom, the service time of air conditioning in the living room is 
concentrated in the afternoon (12:00~16:00) and evening (18:00~23:00). The residents who 
use the air conditioning in the daytime are mostly the old and the children who are at home 
throughout the day. The use of air conditioning in the evening mostly reflects the after 
dinner leisure period spent in the living room. In addition, residence A and B only use the air 
conditioning in the living room including the sleeping time at night. This was attributed to 
the desire to save energy and the distinctive room plan of the buildings. As the living rooms 
of these two residences are located opposite to the two bedrooms, the air conditioning in 
the living room can cool the two bedrooms simultaneously by opening the door between 
them. Moreover, the electric fan has a secondary cooling effect. Residence D, G and I hardly 
ever use the air conditioning in the living room, with cooling provided mainly by electric fans. 

In addition to the qualitative description by questionnaire on the schedule of the 
cooling method, through the analysis on the indoor temperature curves within 5 days in a 
typical period, the quantitative statistics of actual indoor temperature when using air 
conditioning and daily accumulated use time of air conditioning are also conducted. For 
comparative analysis, the setting temperature obtained from questionnaire survey also 
collected at the same time, as shown in Figure 4. From the point of view of one single room, 
daily average accumulated use time of air conditioning in the living room of residence B was 
the longest, which is about 15.2h. As for the total daily accumulated use time of air 
conditioning in all rooms of one residence, the residence H has the first place, which is 
about 25.4h, it is followed by residence C, which is about 25h. 

 
Figure 4. Daily average accumulated use time and setting temperature of air conditioning 

Moreover, because of the different monitoring point’s position and solar radiation 
conditions, there is a difference between the setting temperature and actual indoor 
temperature when using air conditioning. In addition, the actual indoor temperature when 
using air conditioning in different residences also differed from each another as can be seen 
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from Figure 4. Compared to other residences, the actual indoor temperature when using air 
conditioning in residence A, C and F are relatively higher, even as high as 30ºC, it has 
exceeded the comfort temperature range in summer specified by ASHRAE. However, as a 
result of the lower setting temperature of air conditioning, the actual indoor temperature 
when using air conditioning in residence G hovered between 24ºC and 25ºC, this 
temperature was lower than the design standard of air conditioning temperature in summer 
which was specified as 26ºC. The setting temperature of air conditioning can directly affect 
the indoor thermal environment quality and the level of energy consumption. An 
excessively high setting temperature will lead to the deterioration of indoor thermal 
environment. However, an excessively low setting temperature will inevitably lead to more 
energy consumption. Previous studies (Zhu et al, 2006) demonstrated that each 1ºC 
reduction in the setting temperature of air conditioning in summer leads to an 
approximately 10% increase in energy consumption. The thermal environment and energy 
consumption should be comprehensively considered to design the setting temperature of 
air conditioning depend on the human thermal sensation in different regions. 

Furthermore, the switch on-off behaviour of air conditioning can also indirectly affect 
the energy consumption. There is almost no switch behaviour of air conditioning in most of 
surveyed residences. However, the residence C and F are used to switching on the air 
conditioning when they feel hot, and turning off when they feel cool, and restart when they 
feel hot. This switching behaviour depend on the residents' thermal sensation may be 
adopted because the transition of human thermal sensation will take a certain time and 
there exists the “Hysteresis” phenomenon in thermal sensation. 

Indoor	and	outdoor	temperature	

Figure 5 shows the indoor and outdoor temperature distribution in the different residences. 
The indoor temperature distribution is not only directly related to the outdoor temperature 
but also affected by the service condition of indoor air conditioning. As can be seen from 
the temperature distribution in the first and third measured period, the outdoor 
temperature was relatively higher. The average temperature was approximately 32ºC, with 
a maximum higher than 39ºC. Compared with the other two measured periods, because the 
average outdoor temperatures during the measured period of 8/4~8/17 were lower by 
about 2ºC, the indoor temperatures of each room of residence D, E and F were mostly 
concentrated in the range of 28~30ºC. Although the air conditioning was not used in the 
living room of residence D and always cooled by natural ventilation only, the average indoor 
temperature still maintained at around 30ºC. In addition, although the residence A and C 
used the air conditioning during the measured period, the setting temperature of air 
conditioning was higher than that in residence B, so the indoor temperature was almost 
distributed in the above 30ºC, and the average temperature of residence A even reached 
31ºC. However, although the residence B only used the air conditioning in the living room, 
the two bedrooms can be cooled down at the same time through the air conditioning of 
living room at night. Because the setting temperature of air conditioning in living room was 
lower, the temperature distribution without the use of air conditioning in the bedroom was 
still lower than that in the other two residences. Moreover, due to the higher outdoor 
temperature and generally lower setting temperature of air conditioning in the residences 
during the third measured period, so there is a significant difference in indoor temperature 
distribution between the rooms using air conditioning and the rooms without using air 
conditioning. In the room using air conditioning, because the setting temperature of air 
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conditioning was generally lower, the average indoor temperature was around 28ºC. In 
rooms where cooling relied only on natural ventilation and auxiliary cooling by an electric 
fan, the indoor temperature was higher, with an average of approximately 31°C. In addition, 
it can be seen from the indoor temperature distribution, the temperature distribution of 
rooms using air conditioning was more widespread, while more concentrated for rooms 
without the use of air conditioning, which indirectly indicated that the temperature 
difference between daytime and night-time of outdoor temperature in Guangzhou city was 
small. 

 
Figure 5. Indoor and outdoor temperature distribution  

Thermal	Sensation	

The thermal sensation vote (TSV) is a measure that is widely used and accepted for the 
design and field assessment of comfort conditions. It is collected by questionnaire to 
evaluate the indoor thermal comfort. According to ASHRAE seven scale thermal sensation 
index, the TSV values of +3, +2, +1, 0, -1, -2, and -3 corresponds to the thermal sensation of 
hot, warm, slightly warm, neutral, slightly cool, cool, and cold. Figure 6 shows the results of 
thermal sensation statistics and its relation to the average indoor temperature. The thermal 
sensations of most of the rooms were slightly warm or warm. 

 
Figure 6. The relationship between indoor average temperature and thermal sensation vote 

In addition, air temperature is one of the most important physical parameters that 
determine the actual thermal sensation of people. It can be seen from Figure 6 that there is 
a strong linear relationship between the subjective average thermal sensation of human 
body and average indoor temperature. The fitting linear equation of the measured thermal 
sensation (TSV) and average indoor temperature (Ta) is obtained as follows: 

TSV = 0.81Ta – 22.99 (R² = 0.75) 
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Moreover, the neutral temperature provides the most moderate thermal sensation 
for the human body. According to the linear regression equation between the average 
thermal sensation and average indoor temperature, it can be obtained 28.4ºC as the 
thermal neutral temperature when TSV is 0 and 29.6 ºC as acceptable temperature of 
human body when TSV is 1 in summer in this region. Meanwhile, compared with other 
research results, it can be found that the thermal neutral temperature in summer of this 
area is higher than that of other areas. For example, the thermal neutral temperature of 
residents in hot summer and cold winter region in summer is 27.3ºC (Li et al, 2008), while it 
is 25.3°C (Xia et al, 1999) in the cold region. This illustrates that the thermal sensations of 
people to same temperature are different depend on different regions, and the 
requirements or expectations to thermal comfort are also different. 

Energy	consumption	

In hot and humid regions, the electricity consumption of air conditioning in summer 
accounted for the major part, the electricity shortage even occurs during the peak hours of 
air conditioning. Figure 7 shows the relationship between the calculated cooling degree-
hour and total monthly electricity consumption collected by questionnaire. It demonstrates 
that service condition of air conditioning has a significant impact on the total energy 
consumption in summer. Figure 8 shows the detailed value of monthly total electricity 
consumption of the different residences in July and August. 

     
Figure 7. Relationship between cooling degree-hour                    Figure 8. Average monthly electricity 

and electricity consumption                                                   consumption in summer 
It can be seen from Figure 8, residence B had the largest monthly total electricity 

consumption. Not only the lower setting temperature of air conditioning, but also the 
distinctive operation pattern in residence B leads to this result. In residence B, air 
conditioning in living room is used to cooling down two bedrooms at the same time, so the 
capacity of air conditioning must be larger and air conditioning load is larger due to the 
greater cooling area, the room temperature cannot reach the setting temperature for a long 
time, the air conditioning compressor remains running consistently, which results in a large 
electricity consumption. It is followed by residence H in terms of monthly electricity 
consumption mainly because of the longest total daily accumulated use time of air 
conditioning. It is worth noting that although residence C also has longer total daily 
accumulated use time of air conditioning, the monthly total electricity consumption far less 
than residence H. This may be because the resident has better awareness of energy 
saving ,the setting temperature of air conditioning is higher, and the air conditioning will be 
turned off after a period time, and then restart until they feel hot. In addition, residence D 
has the minimum monthly electricity consumption, except for benefitting from smaller 
construction area, the shortest daily accumulated use time of air conditioning also plays an 
important role. 
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Conclusions	and	discussion 

In this study, taking the urban multi-residential buildings in Guangzhou city as the sample, 
the operation pattern of air conditioning and its influence on the indoor thermal 
environment and energy consumption in hot and humid region in summer are analysed in 
detail by means of the method of field measurement and questionnaire. From all the above 
discussed analysis, the main conclusions can be drawn as follows: 
1) The service time of air conditioning in bedroom of most surveyed residences in hot and 
humid region was at night, and usually opened the window for ventilation in the daytime. 
This kind of service time of air conditioning is diametrically opposed to that in cold region. In 
contrast with bedroom, air conditioning was usually used in the afternoon and evening in 
living room. With the comprehensive consideration of energy consumption results, it seems 
that the use of air conditioning in the living room during the daytime has no positive effect 
on energy conservation in this region. 
2) The setting temperature of air conditioning can directly affect the indoor thermal 
environment quality and residential energy consumption. An excessively high setting 
temperature will lead to the deterioration of indoor thermal environment. However, an 
excessively low setting temperature will inevitably lead to more energy consumption. The 
thermal environment and energy consumption should be comprehensively considered to 
design the setting temperature of air conditioning depend on the human thermal sensation 
in different regions. It can be obtained 28.4ºC as the thermal neutral temperature and 
29.6ºC as acceptable temperature of human body in summer of this region. Therefore, the 
appropriate setting temperature of air conditioning is the temperature which could achieve 
the actual indoor temperature maintain at approximately 28~29 ºC. 
3) The doors and the windows, even interior doors all should be shut tight when using the 
air conditioning. An air conditioning should be avoided to conduct the cooling for more than 
one room at the same time. 
4) Because the transition of human thermal sensation will take a certain time and there 
exists the “Hysteresis” phenomenon in thermal sensation. Therefore, switching behaviour of 
air conditioning depends on the residents' thermal sensation also could be adopted. 
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Abstract: With the commitment to improve the energy efficiency in office buildings and to reduce electric energy 
demand, many directives and goals were made to create zero energy buildings. According to International 
Energy Agency (2013), pilot projects could reduce energy consumption up to 60% in lighting, 20% in cooling and 
26% of the total electric energy consumption during peak hours. Studies made by Cronemberger (2012) pointed 
out that Brasilia showed high potential to generate electric energy through photovoltaic panels. Therefore, Chico 
Mendes Institute in Brasilia was chosen and the main purpose was to identify the potential of this office building 
to become a ZEB building. The research method consisted of on-site visits, energy consumption data and 
architectural and technical drawings analysis. After this step, thermal, energy and dynamic daylight simulations 
were made utilizing Energy Plus through Open Studio and Daysim to identify which of the passive strategies 
were effective in reducing energy consumption for cooling and lighting. The results showed a reduction up to 
48% of the total annual energy consumption if natural ventilation, thermal insulation and efficient shading 
devices were added in the existing building and could become a ZEB building after a retrofit process. 
	
Keywords: NZEB, retrofit, computer simulation, energy consumption 

Introduction		

The search for lower energy consumption, higher efficiency, and energy self-sufficiency of 
buildings are concepts that are part of a future that is closer to our reality. For Lamberts et al. 
(2013), a building is considered to be more efficient than another when it has the same 
environmental conditions and comfort but consumes less energy. Exemplifying the 
importance and urgency of the matter, by the year 2020 new buildings of the European Union 
(EU) must have nearly or zero energy balance. For the EPDB buildings (Energy Performance 
of Buildings Directive) NZEB or near zero energy buildings are those "with a very high energy 
performance where the energy needs are very small, such as those supplied by renewable 
sources" (ASCENSIVE, 2016, p.8). 

Lopes et. al (2016) conducted a case of study in Teresina and verified that it is possible 
to reduce 9.7% of electricity consumption during the year if strategies such as natural 
ventilation, window shading and the thermal mass for cooling were used. Average annual 
reduced consumption was 154.2 kWh / m² per year (with passive cooling strategies). Without 
passive cooling strategies consumption reached 186.6 KWh / m². 

According to National Meteorology Institute - INMET (2015), Brasilia has a dry and hot 
climate. The daily thermal variations exist as a function of climatic factors of altitude and 
continentality (geographical location in the central area of the country). The continentality 
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factor is intensified during dry period. The minimum and maximum temperatures ranges are 
between 18 ° C and 30 ° C. During dry season (from April to September), air humidity can 
reach levels below 30% on afternoon. Regarding renewable energy production, the city has a 
high potential based. Solar radiation is high and normally varies from 5.25 kWh / m² to 6.3 
kWh / m² according to the Brazilian Solar Atlas (INPE, 2016). 

There are some studies made in Brasilia that intends to diagnose energy performance 
of public building envelope by Amorim et. al. (2016). The research was based on computer 
simulations and energy efficiency standards to determine energy consumption and analyze 
strategies for its reduction. Using the Solar Heat Gain Coefficients (SHGC) prescriptive method 
of the glass and with the prerequisites of absorptance and minimum transmittance for the 
roof and walls, they verified the feasibility of obtaining a higher level of energy classification 
for the building. The authors concluded that glass replacement and improved thermal 
insulation of window frames and roofing materials can contribute greatly to the treatment of 
the building envelope. 

The adopted case study is a set of buildings of the Chico Mendes Institute - ICMBio - in 
Brasilia, formed by four blocks of three story building, totaling 10,971.86 m² and with an 
average annual consumption of 115.69 KWh / m². Furthermore, in 2010, Lima made a survey 
of office buildings typology located in Brasilia’s financial center. It was verified that ICMBio 
typology, composed by compact rectangular shape and up to four stories with fixed brise	
soleil, represents 12% of the office buildings studied. Moreover, it was observed that the sun 
shading devices were chosen due to aesthetic aspects, but they were not designed according 
to the solar orientation. 

Passive techniques applications for cooling were explored to improve the natural 
ventilation conditions as well as natural light. Moreover, the addition of solar protection and 
thermal insulation of the materials of the envelope helped to reduce the energy consumption 
of the studied building. 

Method	

This study was part of a post-graduation course. The method of this work, within the 
integrated environmental design process was divided into five main stages: 

1. Literature review; 
2. Division into work groups on the following themes: Natural Ventilation, Natural 

Lighting, Energy Guidelines, Building Materials and Computer Simulation; 
3. Building data collection and Computer Simulations of the current situation to better 

understand the levels of thermal and light comfort of the building; 
4. Intervention strategies proposed by each group, aiming at improving energy 

efficiency and comfort levels of the building; 
5. Final simulation of all strategies chosen and comparison with the current state to 

quantify the reduction of energy consumption. 

Solar	Protection	

It was designed according to sun orientation of the facades and the shading masks created by 
the existing protections. It was observed that the protections did not fulfill the function of 
blocking the direct radiation at the most critical hours (Figure 1). With the intention to avoid 
overheating and glare problems, four models of solar protection devices were designed and 
were repeated according to the orientation of the façade. In some cases, the protections were 
fixed and in others, they were moveable (Figure 2).  
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Figure 1 – Original design of windows and shading devices of ICMBio building. Source: Fittipaldi Architecture. 
 

 
Figure 2 - Design of windows shading devices of ICMBio building. Source: Produced by the group Envelopes. 

 

Natural	Ventilation	

The first natural ventilation analysis was done by calculating the building airflow. Using the 
air inlet and outlet areas, the air velocity and the wind angle in relation to the facade, it was 
possible to reach between 38 and 50 air changes (renovations) per hour for the original 
situation of the buildings. After discussions and studies of intervention, the window opening 
type was modified, maintaining the dimensions and extending the useful span for ventilation. 
The design of the new miter has an air intake for night ventilation and consequently the 
cooling of the building during this period. The result of the opening type modification caused 
an increase of air renewals, changing to levels between 70 (block A) and 94 (other blocks) air 
changes per hour. 

Construction	Materials	

Based on the results obtained, it was verified that the external walls of the building, according 
to the procedure defined in the RTQ-C, followed the minimum performance level for the 
thermal transmittance requirement for the Bioclimatic Zone of Brasília (Zone 4), which is 3,7 
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W/m²°K (Table 1). The roof does not follow the thermal transmittance requirement for 
Brasilia Bioclimatic Zone, which is maximum 2.0 W / m² ° K. In order to improve it, an 
insulation layer of EPS was proposed to be installed under the slab (Table 2). 

 
Table 1 – Current Situation: external walls and roof. 

 Total Thermal 
Resistance 

Thermal delay φ 
(in hours) 

Thermal Capacity 
(KJ/m²K) 

Thermal Transmittance 
(Wm²K) 

Wall 0,46 4,1 183,5 2,2 
Roof 0,32 3,8 297,6 3,1 

 
Table 2 – Intervention: external walls and roof. 

 Total Thermal 
Resistance 

Thermal delay φ 
(in hours) 

Thermal Capacity 
(KJ/m²K) 

Thermal Transmittance 
(Wm²K) 

Wall 0,46 4,1 183,5 2,2 
Roof 1,39 10,1 215,8 0,7 

	

Daylight	and	thermal	computer	simulations	

In this study, the computational simulations of thermal performance and natural lighting were 
made in the initial phase to obtain a diagnosis of the building original situation. In the 
proposition phase, two different scenarios were simulated, offering support to the evaluation 
of opportunities to reduce the building energy consumption. The methods for this work were 
adapted from Clarke (2001) and Waltz (2000), observing the results within the established 
comfort limits: 

 
• Thermal comfort: the parameter used is the total of annual hours (obtained by 

simulation) during which the internal temperatures are inside the temperature 
limits of the comfort zone based on ISO 7730 (2005) - Determination and 
analytical interpretation of thermal comfort using the calculation of PMV and 
PPD indices, and local thermal comfort criteria. 

• Light comfort: the parameters used were daylight autonomy (DA) of 500 lux and 
useful daylight illumination (UDI) between 100 and 2000 lux during work hours 
(from 8:00 AM to 6:00 PM) during the year. This was based on the definitions of 
NBR ISO / CIE 8995-1 (2013) - Lighting of workplaces, which establishes the 
minimum of 500 lux for office’s work surfaces. 
 

The three-dimensional file performed for the thermal simulation, was made in the 
Sketchup 2016 program which has an interface with the OpenStudio	 1.13.0	 (National	
Renewable	Energy	Laboratory	-	USA)	modeling platform. Its simulation uses the EnergyPlus 
algorithm developed by the U.S.	Department of Energy Building Technologies Office. The 
program choice was guided by free access and the simulation time that would impact on 
response time. After a survey, it was observed its usability and in an early simulation, 
satisfactory results were obtained by OpenStudio. The climate was in EPW format (Energyplus 
Weather Data) type which, besides the 8 variables available in the INMET base, includes 27 
others, which were estimated by calculation or using the Weather-Converter application 
distributed with EnergyPlus and used for converting climate files (RORIZ, 2012). 

The simulation input data for the scenarios were set by the analyses carried out by the 
team: materials (insulation of the roof), envelope (solar protections), artificial lighting and 
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natural ventilation (air renovations per hour). After an integrated analysis, it was possible to 
divide the blocks into thermal zones. Then installed load density (W / m²) and air conditioning 
system were set before simulation. The bathrooms and vertical circulation cores (stairs and 
elevators) were excluded and the open office standard was adopted as internal office 
disposition. Some automatic schedules were used for representations of the routines of an 
open office building: occupation and equipment. The working hours were set between 8h and 
18h. The input data are summarized in the Table 3 and 4. 

 
Table 3:  Description of simulated scenarios 

Scenario 0 Scenario 1 Scenario 2 
Model: Original architecture Model: New design of sun 

protection and insulation cover 
Model: scenario 1 + new design of 
windows 

Occupation: 0.538 p/m² Occupation: 0.538 p/m² Occupation: 0.538 p/m² 
Equipment: 7.64 W/m² Equipment: 7.64 W/m² Equipment: 7.64 W/m² 
Artificial lighting: 10W/m² (on/off) Led lighting: 5W/m² (on/off) Led lighting: 5W/m² (on/off) 
Air renewal = 10 renovations per 
hour 

Structural air renewal = 10 
renovations per hour 

Structural air renewal = 70 
renovations per hour 

 
Table 4:  Description of lighting systems 

Current lighting system Propose lighting system 
Type Quantity Type Quantity 
Fluorescent tubular T10 4x40W 353 Led 47W 970 
Fluorescent lamp 2x40W 42 Led 37W 42 
Fluorescent lamp 1x20W 114 Led 19W 114 
Amount: 60.440W Amount: 49.310W 

 
The three-dimensional file for the light simulation was performed in Sketchup	 2016 

program that maintains interface with the simulation platform Daysim. Three scenarios were 
simulated: (1) original scenario with single glass (visible transmissivity of 90%), (2) scenario 
with visible transmissivity of 40% (without shading devices) and (3) scenario with the new 
solar protections with single glass (single glaze with visible transmissivity of 90%). 

Energy	Guidelines	

The electric energy consumption (KWh) was verified through the analysis of the monthly 
descriptive spreadsheets, which were given by the ICMBio complex staff. It was identified that 
the energy consumption data were separated into 05 consuming units: Block A (1,591.87 m²), 
Block B (1,591.87 m²), Block C (1,591.87 m²), Block D (1,591.87 m²) and Underground 
(4,604.38 m2). Final energy use was estimated by the survey of luminaires, air conditioning 
units, condensers and of other loads in each pavement. This survey also made possible to 
estimated annual average of the total electric energy consumption (kWh / m² x year) from 
2012 to 2015. 

The energy production was thought to be of photovoltaic panels. These panels have a 
power generation capacity of 1,000 Wp, with dimensions of 1638 x 982 x 40mm and they 
contain tempered glass with high transmissivity and an estimated electric power generation 
of 180 kWh / month. 

Results	and	Discussion		

The results present a comparative analysis of passive strategies to improve the energy 
efficiency in an office building and to reduce electric energy demand. The figure 3 emphasizes 
cooling hours with temperatures above 25 °C (upper limit of comfort). During these hours, 
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the air-conditioning systems were set to cool, consuming electric energy. Scenario 2 is the 
one that demonstrated the best thermal performance according to solutions proposed by the 
group “Project”. During the discussions among the groups, it was appointed the importance 
of natural ventilation for the internal air temperature reduction. However, a larger study is 
needed to isolate the results of each strategy in order to identify its real contribution 
percentage. The obtained results in thermal simulations refer to one year period (8,760 hours) 
for all scenarios.  

 

 
Figure 3 – Results of hours in temperature above 25 degrees. Source: Produced by the authors 

   
The illuminance levels considered useful for working with natural light were defined 

within range between 100 and 2000 lux (UDI) (MARDALJEVIC and NABIL, 2005) as shown in 
Figure 4. After the daylight simulations in Daysim, it was possible to predict which lamps could 
be switched of during the day in the proposed interventions. In the current situation, the 
lamps are switched on in almost all day, even with daylight. 
	

Figure 4 - Useful Daylight illuminance simulation of the original scenario and the proposed intervention (new 
sun shading devices). Source: Produced by the authors. 

 
The results from daylight simulations showed a higher glare probability near the 

windows and that the working plane has useful illuminance levels between 100 and 2000 Lux 
during almost 80% of the working hours. These savings can be achieved by switching off light 
(lamps) near the windows and along the working plane. It is important to emphasize the 
performance of the new design of solar protections acting to avoid glare problems. In addition, 
the central zone (circulation) of the building could have an automated detector presence, 
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saving energy. This analysis points out that the four ICMBio blocks have a potential to save 
30% energy from the current artificial lighting system consumption.  

The final design was the combination of several proposals for lighting improvements 
that allowed reduction of electric energy for lighting and air conditioning. These reductions 
on energy demand allowed a resizing of the number of plates, resulting in a decrease of them. 
However, the reduction on energy demand maintained the ratio between produced and 
consumed energy equivalent. 

First, the Average Energy Consumption for the 04 Blocks was 1,269,380 KWh/year; 
115.69 KWh/m2.year. After the interventions for energy saving, a potential consumption of 
59.79 KWh/m2.year was achieved (Figure 5). That means that the building after the 
intervention would save 51.68 kWh/m2.year, which is equivalent to a reduction of 48.32%. 
Regarding energy production, the proposed photovoltaic system was responsible for the 
electric generation of 60.63 kWh/m² x year. 

 

Figure 5 – Electric energy consumption before and after intervention (project). Source: Produced by the 
authors. 

Conclusion	

Thermal and Daylight computer simulations helped to better understand the potential of 
reducing the energy consumption of the building and its final energy use. It was observed the 
efficiency of the passive strategies at reducing cooling and lighting hours. Therefore, these 
simulations and discussions made possible to quantify the balance between energy 
production and consumption of ICMBio complex. 
The results showed that the analyzed building could have a reduction of 48% if artificial 
lighting system was adjusted with passive strategies to obtain comfort (cooling and lighting 
strategies). Thus, ICMBio building could reach zero energy balance after a retrofit process 
considering the three approaches of the ZEB building that are: passive design, energy 
efficiency and energy production from renewable sources. 
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Abstract:	 This	 paper	 investigates	 how	 renewable	 sources	 of	 energy	 are	 portrayed	 in	 films	 in	 general	 and	
science	 fiction	 films	 in	 particular	 focusing	 on	 the	 significance	 of	 including	 these	 technologies	 in	 films.	 This	
paper	 aims	 to	 identifying	 how	 informed	 the	 images	 of	 future	 cities	 in	 science	 fiction	 films	 by	 the	 current	
developments	 in	 renewable	 sources	 of	 energy	 and	 their	 integration	 within	 the	 city.	 It	 can	 be	 argued	 that	
science	 fiction	 films	generally	 lack	 references	 to	 renewable	 sources	of	energy.	This	 can	be	attributed	 to	 the	
perception	 of	 these	 images	 as	 a	 representation	 of	 a	 prosperous	 future	 society	 while,	 in	 many	 occasions,	
science	 fiction	 films	depict	 future	city	as	a	dystopia.	This	paper	examines	 this	assumption	by	comparing	 the	
dystopic	 visions	 of	 future	 cities	 to	 the	 utopic	 vision	 in	 science	 fiction	 films	 through	 the	 implementation	 of	
renewable	sources	of	energy	within	the	depicted	future	city.	The	analysed	films	include	but	are	not	limited	to:	
Metropolis	 (1927),	 Things	 to	 Come	 (1936),	 	 2001:	 A	 Space	 Odyssey	 (1968),	 Silent	 Running	 (1972),	 Soylent	
Green	 (1973),	 Blade	 Runner	 (1982),	 Nausica	 of	 the	 Valley	 of	 the	Wind	 (1984),	 Slow	 Burn	 (1986),	 The	 Fifth	
Element	(1997),	Armageddon	(1998),	The	Day	After	Tomorrow	(2004),	The	Perfect	Sleep	(2009)	and	Oblivion	
(2013).		

Keywords:	Science	Fiction,	Film,	Renewable,	Utopia,	Dystopia	

Introduction		

Where	it	may	have	been	helpful	to	use	the	science	fiction	genre	to	raise	public	awareness	
about	Global	Warming,	it	is	perhaps	time	to	refocus	and	imagine	a	way	out	of	our	situation	
through	film	based	explorations	of	renewable	energy	technologies.	This	paper	looks	at	the	
problems	 associated	 with	 the	 persistence	 of	 presenting	 a	 dystopian	 view	 over	 a	 utopian	
perspective.	Accordingly,	this	includes	an	investigation	of	how	renewable	sources	of	energy	
are	 portrayed	 in	 films	 in	 general	 and	 science	 fiction	 films	 in	 particular	 focusing	 on	 the	
significance	of	including	these	technologies	in	films.	

The	 medium	 of	 film	 is	 capable	 of	 conditioning	 society	 to	 accept	 innovation	 or	
desensitizing	 them	 to	 care.	 This	 is	 a	 psychological	 phenomenon	 that	makes	 people	more	
accepting	of	changing	events,	technology	and	our	urban	state,	through	“having	seen	it	many	
times	 before”.	We	 can	 refer	 to	 this	 as	 “future	 conditioning”	 as	 it	 is	 used	 to	 suggest	 the	
eventual	technological	developments	that	could	happen	in	a	future	time.	

Science	 fiction	 films	 have	 future	 speculation	 as	 their	 primary	 purpose.	 This	 genre	 is	
capable	 of	 building	 upon	 existing	 scientific	 knowledge	 in	 renewable	 energy	 technologies,	
and	to	speculate	on	its	widespread	incorporation	into	architectural	and	urban	environments.	
In	this	way,	there	is	a	positive	potential	in	the	film	industry	to	assist	in	preparing	society	for	
the	 reality	 of	 our	 energy	 future	 through	 including	 inventive	 applications	 of	 renewable	
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energy.	Repeated	exposure	to	 the	 incorporation	of	different	 renewable	energy	systems	 in	
future	environments	has	the	potential	to	assist	the	energy	sector	in	the	implementation	of	
these	systems.	

Climate	change	and	science	fiction	films	

Although	 Broman	 et	 al	 (2011)	 argued	 that	 science	 fiction	 has	 miscommunicated	 the	
problem	 of	 climate	 change	 to	 the	 public	 due	 to	 dramatic	 requirements,	 Estok	 (2010)	
emphasizes	 the	 importance	 of	 narrativizations	 of	 science	 through	 books	 and	 films.	 Estok	
(2010)	 agreed	 that	 film	 lacks	 the	 depth	 of	 complexity	 of	 the	 lab;	 nevertheless,	 it	 has	 a	
profound	 value	 since	 narrativized	 science	 produces	 fact	 cerebrally,	 emotionally,	 and	
tangibly	 which	 simplifies	 the	 scientific	 facts	 to	 be	 easily	 understood	 by	 the	 public.	 This	
highlights	 the	 importance	 of	 documentary	 films	 that	 present	 scientific	 facts	 in	 a	 more	
interesting	way	while	putting	the	scientific	fact	in	a	more	serious	and	credible	context	than	
science	fiction	films.	

Part	of	the	problem	with	the	majority	of	recent	commercial	science	fiction	films	lies	in	
the	way	they	have	chosen	to	portray	energy	related	issues	of	buildings	and	environments	in	
the	 future.	 Building	 related	 energy	 issues	 have	 been	 completely	 sidestepped.	Most	 films	
present	 a	 future	 where	 the	 world	 is	 largely	 powered	 by	 “nothing”.	 Here	 lies	 the	 divide	
between	 “science	 fiction”	 and	 “science	 fantasy”	 in	 the	 creation	 of	 a	 blended	 genre	 film.	
Where	 many	 of	 the	 gadget	 or	 transportation-based	 suggestions	 might	 include	 credible	
research,	the	depiction	of	buildings,	insofar	as	they	are	powered,	is	not	addressed.	This	may	
be	the	result	of	a	variety	of	 factors.	 It	could	be	as	 the	result	of	general	 lack	of	awareness	
regarding	renewable	technologies.	Filmmakers	are	not	educated	in	this	area	and	are	 likely	
assuming	a	status	quo	situation.	

This	would	 infer	 that	 power	 to	 buildings	 is	 likely	 supplied	 using	 similar	methods	 to	
today.	 The	 use	 of	 fission,	 fusion,	 hydrogen	 or	 nuclear	 power	 would	 not	 translate	 into	 a	
visible	 difference	 in	 the	 image	 of	 the	 city.	 Alternately	 buildings	 are	 powered	 by	 some	
magical	invention	that	is	potentially	too	uninteresting	or	complicated	to	work	into	the	story	
line.	 Or	 the	 filmmaker	 is	 simply	 not	 interested	 in	 visualizing	 this	 part	 of	 the	 future.	
Accordingly,	 it	 is	very	 important	 to	 investigate	 the	 image	of	 future	cities	 in	science	 fiction	
films	and	examine	the	way	in	which	these	cities	are	portrayed.	

Future	city	in	science	fiction	films	

Cinema	 acted	 from	 its	 beginning	 as	 a	 laboratory	 for	 the	 exploration	 of	 the	 built	 world	
(Vilder,	 1999).	 Film	was	 the	medium	 that	 represented	 the	 city	most	 persuasively	 to	 the	
general	 public.	 It	 can	 be	 argued	 that	 film	 itself	 evolved	 as	 ‘urban	 art',	 frequently	
articulating	 the	narratives	 of	 city	 and	 investigating	 its	 strengths	 and	weaknesses.	 In	 this	
context,	films	became	a	useful	instrument	for	understanding	and	critiquing	the	backdrops	
of	the	metropolitan	city	and	its	future	(Albrecht,	1992).	

There	 is	 no	 doubt	 that	 science	 fiction	 films	 are	 providing	 planners	with	 a	 cognitive	
space	for	the	contemplation	of	future	cities.	Through	awareness,	perception,	reasoning,	and	
judgment,	the	message	of	the	medium	is	analysed	and	interpreted	in	terms	of	today,	in	an	
attempt	 to	 shape	 tomorrow	 (Toy,	 1994).	 Film	 plays	 a	 significant	 role	 in	 introducing	 new	
ideas	and	debates	to	the	public;	they	help	clarify	these	ideas	in	a	simple	and	interesting	way.	
It	 is	 believed	 that	 film	 introduced	 modern	 ideology	 to	 the	 public	 through	 films	 like	 The	
Fountainhead	(1949).	However,	when	 it	comes	to	science	fiction	films	there	are	two	main	
strands	used	by	filmmakers	to	draw	the	image	of	the	city;	utopia	and	dystopia.	
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Utopias	vs.	dystopias	

Technically	 utopia'	 means	 'no-place',	 originally	 used	 by	 Thomas	 Moore	 in	 his	 1516	
monograph;	 the	word	suggests	a	spatial	distance	from	the	status	quo.	Dystopia	 is	derived	
from	 a	 prefix	 implying	 impairment	 or	 abnormality	 (Neumann,	 1999).	 Hence,	 the	 various	
depictions	 of	 future	 cities	 in	 science	 fiction	 films	 can	 be	 interpreted	 as	 either	 utopian	
commentaries	 about	 the	 hopes	 and	 anticipation	 of	 tomorrow	 or,	 inversely	 as	 dystopic	
propositions;	 implicit	 criticisms	 of	 modern	 urban	 life	 and	 the	 economic	 system	 that	
produced	it	(Staiger,	1999).	Science	fiction	cinema's	visions	of	urban	utopias	and	dystopias	
tended	to	invite	reflection	on	social	and	political	questions.	Even	if	social	and	political	issues	
were	not	explicitly	addressed	in	the	film	itself,	science	fiction	cityscapes	tended	invariably	to	
invoke	 cultural	 meanings	 around,	 for	 example,	 scientific	 progress,	 urban	 decay,	 nuclear	
holocaust,	and	other	preoccupations	(Kuhn,	1999).	

Most	of	science-fiction	and	fantasy	literature	of	the	pre-cinematic	age	was	concerned	
with	 the	 creation	 of	 utopias.	 As	 early	 as	 the	 silent	 film	 era,	 utopian/dystopic	 fiction	was	
deeply	 seated	 in	 set	 designs	 and	 storylines	 as	 a	 positive	 or	 negative	 response	 to	 the	
concurrent	 version	 of	 modernism	 and	 its	 utopian	 themes	 (Grigor,	 1994).	 The	 films	 Just	
Imagine	(1930)	and,	Things	to	Come	(1936)	provided	seemingly	a	positive	view	of	the	future	
city.	 Unlike	 so	many	 Sci-Fi	 films	which	 decried	 failure	 of	 science	 and	 technology	 to	 solve	
human	problems,	Things	 to	Come	 (1936)	 looked	 forward	optimistically	 to	 future	 scientific	
triumphs	 (Desser,	 1999).	 The	modern	 city	of	 2036,	 Everytown,	was	 represented	by	multi-
storey	buildings,	moving	sidewalks,	and	a	domed	glass	shell	protecting	the	climate,	marking	
off	 city	 from	exterior	 countryside	and	diffusing	 light	 to	an	even	glow	 (Staiger,	 1999).	 This	
utopia,	however,	had	much	 in	common	with	 the	conclusion	of	 the	dystopia	of	Metropolis	
(1927).	

On	 the	other	hand,	 the	dystopic	 image	of	 the	 city	of	 the	 future	 can	be	 traced	back	
earlier	in	Metropolis	(1927).	In	Metropolis,	the	city	orderliness	and	symmetry	above	ground	
were	 perhaps	 more	 visible	 in	 Erich	 Kettelhut's	 set	 design,	 but	 balance	 and	 uniformity	
between	parts	were	emphasized	for	the	factory	scenes	through	camera	framing	and	for	the	
workers	via	blocking	of	actors'	movements.	It	can	be	argued	that	dystopias	have	the	upper	
hand	 over	 utopian	 fiction.	 It	 sets	 out	 that	 the	 fear	 that	 humanity	 can	 allow	 its	 own	
civilization	to	self-destruct,	is	far	more	significant	than	the	hope	of	better	future	of	the	city.	

Real	versus	fiction:	The	potential	of	advanced	buildings	as	film	locations	

The	 integration	 of	 existing	 urban	 or	 architectural	 settings	 into	 future	 scenarios	 is	 an	
effective	means	of	creating	persuasive	films.	Where	research	may	lay	beyond	the	scope	or	
interest	 of	 current	 filmmakers,	 location	 shooting	 remains	 popular.	 Skyscrapers	 and	 exotic	
buildings	 such	 as	 the	 Burj	 Khalifa	 are	 often	 used	 in	 films	 to	 create	 cutting	 edge	
environments.	 Three-dimensional	 modelling	 has	 permitted	 the	 number	 of	 relatively	
futuristic	looking	contemporary	buildings	to	increase.	

Some	 architects	 have	 started	 designing	 buildings	 with	 novel	 ideas	 integrating	
renewables	within	buildings	to	have	buildings	that	are	near	to	being	self-sufficient	in	terms	
of	 energy.	 Examples	 of	 this	 are	 the	 Bahrain	 World	 Trade	 Centre,	 Strata	 SE1	 Building	 in	
London	 and	 the	 Pearl	 River	 Tower	 in	 China	 (Figure	 1)	 (Abohela,	 et	 al,	 2010);	 all	 three	
building	 integrated	wind	 turbines	 that	make	 them	potential	 places	 for	 shooting	 scenes	 in	
science	 fiction	 films.	 Regardless	 of	 this	 being	 the	 case,	 ideas	 of	 buildings	 integrating	
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renewable	sources	of	energy	or	these	already	existing	buildings	have	not	yet	been	adopted	
in	films	(Abohela,	et	al,	2013)	.	
	

	
Figure	1:	left	to	right:	Bahrain	World	Trade	Centre,	Pearl	River	Tower	in	China,	Strata	SE1	project	in	London	

Renewables	in	science	fiction	films	

A	thorough	examination	of	future	based	films	produces	a	very	short	list	of	those	that	have	
chosen	 to	 feature	 renewable	 energy	 or	 critical	 energy	 problems	 in	 their	 settings	 or	 plot.	
James	 Cameron	 has	 assumed	 an	 environmentally	 engaged	 directorial	 role	 in	 his	 films	
(Rosenfeld,	2010).	Greatly	influenced	by	the	cold	war,	the	threat	of	nuclear	annihilation	has	
been	a	 constant	 theme	 in	his	 films.	His	 film,	 “Avatar”	 (2009)	 brings	 to	 life	 an	untouched,	
utopian	landscape.	This	presents	the	audience	with	simultaneous	references	to	what	might	
have	existed	(before	humanity	ruined	the	world	with	technology)	as	well	as	what	could	exist	
in	the	future.	Current	methods	of	renewable	energy	such	as	PV	and	wind	turbines	are	not	
used	in	the	film.	
	

	
Figure	2:	“Nausicaä	of	the	Valley	of	the	Wind”	(1984):	This	animated	film	from	Studio	Ghibli	uses	traditional	

wind	turbines	to	power	the	valley.	
	
Hayao	 Miyazaki,	 one	 of	 the	 chief	 creators	 at	 Studio	 Ghibli	 includes	 environmental	

themes	 in	 many	 of	 his	 animated	 films.	 One	 of	 the	 most	 environmentally	 focused	 was	
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“Nausicaä	of	the	Valley	of	the	Wind”	(1984).	The	story	revolves	around	a	future	world	that	
has	been	devastated	by	a	nuclear	holocaust.	While	nuclear	devastation	is	not	a	new	theme,	
the	 film	 stands	 out	 in	 its	 clear	 adoption	 of	 wind	 energy	 powering	 the	 small	 pockets	 of	
humanity	that	have	survived	(Figure	2).	

“Oblivion”	(2013)	is	another	science	fiction	film	that	portrays	the	future	of	earth	as	a	
dystopia.	 The	 references	 to	 energy	 in	 this	 film	 are	 quite	 pointed	 given	 that	water	 (lakes,	
oceans)	 is	being	entirely	removed	from	the	earth	in	order	to	power	the	energy	needs	of	a	
new,	 off-planet	 society.	 This	 is	 one	 of	 the	 few	 future	 based	 films	 where	 the	 creation	 of	
energy	is	the	cause	of	major	action	in	the	plot	as	opposed	to	an	incidental	detail.		

In	 Oblivion,	 one	 can	 notice	 three	 distinctive	 areas	 on	 earth;	 the	 vast	 contaminated	
area;	 the	 futuristic	 clean,	 smooth	 and	 elegant	 blue	 monochrome	 newly	 built	 space	
settlement	and	the	remote	and	seemingly	limited	green,	fresh	areas	that	remain.	This	lush	
area	is	used	as	a	secret	retreat	and	shows	the	protagonist’s	house	powered	by	a	vertical	axis	
wind	 turbine,	 a	 photovoltaic	 array	 and	 a	 solar	 panel	 (Figure	 3).	 Using	 these	 elements	
promotes	 the	 idea	of	depending	on	 renewables	and	 integrating	 them	within	buildings	 for	
having	buildings	that	are	self-sufficient	in	terms	of	energy.	

None	of	the	films	produced	to	date	undertake	an	innovative	or	aggressive	speculation	
on	the	positive	impact	of	renewable	energy.	There	is	nothing	compelling	that	 is	presented	
to	promote	renewable	energy,	certainly	nothing	significant	enough	to	have	the	potential	to	
condition	the	general	public	into	acceptance	of	photovoltaic	cells	and	wind	turbines.	

	

	
Figure	3:	“Oblivion”	(2013):	The	vertical	axis	wind	turbine,	photovoltaic	cells	and	solar	panels	on	top	of	the	

protagonist’s	house	
An	approach	to	promote	renewable	through	films	can	be	found	in	the	exhibitions	of	

the	 environmental	 education	 centre	 called	 “The	Crystal”	 in	 London,	 England	 (The	Crystal,	
2017).	The	building	itself	is	LEED	Platinum	accredited	and	BREEAM:	Outstanding.	In	addition	
to	 interactive,	 physical	 exhibits,	 a	 number	 of	 films	 have	 been	 produced	 that	 look	 at	 the	
transformation	 of	 recognizable,	 existing	 major	 cities	 such	 as	 New	 York,	 London	 and	
Copenhagen,	by	overlaying	new	systems	and	buildings	over	the	existing	urban	fabric.	Here	
though,	 for	 the	 first	 time	 in	 film	 we	 are	 given	 a	 comprehensive	 overlay	 of	 wind	 and	
photovoltaic	systems,	implemented	on	a	broad	urban	scale	using	a	smart	energy	grid	(Figure	
4).	The	future	cities	presented	by	this	short	film	present	a	thoroughly	utopian	view	of	future	
life	that	could	easily	be	seen	as	persuasive	science	fiction	that	has	been	based	upon	current	
and	future	technologies.	
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Figure	4:	“The	Crystal	Future	Life	Video”:	A	screen	capture	from	the	film	showing	the	incorporation	of	

green	energy	systems	in	the	city	of	Copenhagen.	

Renewables:	utopian	or	dystopic?	

Most	 fiction-based	 films	tend	to	suggest	 that	 the	 future	 is	either	dystopic	or	utopian.	The	
dystopic	 genre	 has	 tended	 to	 focus	 on	 the	 inevitability	 of	 drastic	 environmental	 decline.	
Some	 films	 that	 would	 fall	 into	 this	 category	 would	 be	 “Things	 to	 Come”	 (1936),	 “Silent	
Running”	 (1972),	 “Soylent	Green”	 (1973),	 “Blade	Runner”	 (1982)	 and	 “The	 Fifth	 Element”	
(1997).	Utopian	films	present	the	future	in	scientifically	optimistic	terms.	The	environment	
is	 extremely	 bright	 (sunny),	 with	 clean	 air	 and	 modern	 buildings.	 These	 films	 will	 often	
include	 advanced	 technologies	 such	 as	 streamlined	 cars	 that	 tend	not	 to	use	 fossil	 based	
fuels,	holographic	displays	and	robots.	Scientific	advances	are	often	included	in	the	plot	and	
theme.	 Although	 there	 may	 be	 social	 problems	 depicted	 in	 this	 utopian	 view,	 these	 are	
presented	as	quite	separate	from	the	perfect	environmental	condition	of	the	planet.	Typical	
of	this	type	would	be	“Minority	Report”	(2002)	and	“I	Robot”	(2004).	Through	this	we	see	
that	renewable	energy	likely	requires	a	utopian,	optimistic	vision	of	the	future.	

On	the	other	hand,	many	of	the	early	dystopic	films	used	darkness	as	a	means	to	mask	
the	technical	limitations	of	settings	created	with	green	screens	and	combinations	of	models	
and	real	urban	buildings	and	sets.	Dark,	dystopic	settings	in	reality	would	have	limited	the	
incorporation	of	 photovoltaic	 cells	 as	 it	would	not	have	been	able	 to	 function	due	 to	 the	
highly	degraded	environmental	quality	(air,	moisture).		
	

	
Figure	5:	“The	Perfect	Sleep”	(2009)	Closing	scene	of	the	film	showing	the	protagonist	alone	in	a	field	of	

turbines.	
The	 few	films	that	were	seen	to	be	depicting	the	use	of	wind	turbines,	 for	 instance,	

were	set	in	the	present	time.	“Slow	Burn”	(1986)	was	a	noir	murder	mystery	that	used	the	
large	fields	of	wind	turbines	outside	of	Palm	Springs,	California	as	an	unnerving	setting	for	
the	 plot	 of	 the	 film,	 thereby	 assigning	 the	wind	 turbines	with	 a	 negative	 feeling.	 As	 film	
genres	 tend	 to	 reuse	popular	 scenarios	and	 themes	 in	 the	 creation	of	new	 films,	 it	 is	not	
surprising	that	 the	 fields	of	 turbines	that	are	used	 in	“The	Perfect	Sleep”	 (2009)	are	again	
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assigned	a	setting	role	that	raises	angst	(Figure	5).	The	setting	for	the	film	is	described	as	“a	
nourish	dreamscape”,	assigning	the	fields	of	turbines	to	a	dystopic	vision.	The	motion	and	
sound	of	the	turbines	is	depicted	as	relentless	and	threatening.	This	type	of	presentation	of	
wind	energy	type	does	little	to	encourage	public	acceptance.	

Conclusion	

Where	many	science	fiction	films	have	explored	space	or	extraterrestrial	settings,	most	fail	
to	engage	renewable	energy	altogether.	Why	might	this	be?	Likely	building	systems	are	well	
beyond	the	 focus	or	skill	 level	of	most	set	designers.	Most	were	not	educated	 in	 the	 field	
and	 if	so,	 they	were	most	probably	not	taking	environmentally	 focused	courses.	You	need	
experts	on	board.	You	also	need	the	Director	to	find	engaging	potential	in	using	renewable	
energy	 in	 either	 the	 set	 or	 the	 plot.	 Nonetheless,	 informed	 science	 fiction	 films	 play	 an	
important	role	in	examining	certain	predictions	and	offering	scientific	based	solutions	to	the	
problem.	

In	 conclusion	 it	 would	 seem	 that	 the	 real	 significance	 of	 the	 image	 of	 renewable	
sources	of	energy	in	science	fiction	films	lies	in	the	failure	of	contemporary	films	to	embrace	
the	 visual	 potential	 of	 renewable	 forms	 of	 energy	 such	 as	 photovoltaic	 cells	 and	 wind	
turbines	 in	 the	 creation	 of	 utopian	 architectural	 and	 urban	 environments	 of	 the	 future.	
Given	 the	 current	 state	 of	 3-D	modelling	 software,	 sustainable	 energy	 solutions	 and	 the	
power	 of	 digital	 and	 film	 media,	 we	 are	 presented	 with	 an	 important	 opportunity.	
Commercially	produced	science	 fiction	 films	can	 still	be	used	as	 the	means	 to	create	vital	
future	environments	that	demonstrate	the	engagement	of	renewable	energy	systems.	
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Abstract:	Cities	are	becoming	more	complex	and	smart	not	only	 in	terms	of	civil	engineering	infrastructures,	
but	 also	 in	 their	 socioeconomic	 systems.	 Info	 communication	 technologies	 and	 tools	 enable	 to	 monitor,	
understand	 and	 analyse	 cities	 as	 a	 whole	 living	 system	 in	 multiple	 ways.	 Bike-sharing	 is	 an	 effective	 and	
healthy	mode	of	transport	as	well	as	a	rich	source	of	data.	The	structured	processing,	analysis	and	drawing	of	
conclusions	–	or	simply	the	Big	Data	methodology	–	has	proven,	and	 is	proving	 its	usefulness	all	around	the	
world.	The	huge	amount	of	data	collected	during	the	everyday	operation	of	the	MOL	Bubi	bike-sharing	system	
contains	answers	for	many	questions.	Geospatial	and	statistical	analysis	of	mobility	patterns	can	be	used	for	a	
deeper	understanding	of	local	and	foreign	travellers’	behaviour	in	Budapest.	This	enables	to	discover	the	most	
frequently	visited	areas	and	times	when	the	transportation	network	usage	is	very	high.	In	this	paper	a	method	
is	presented	for	mobility	data	analysis	using	public	bike-share	data	of	different	cities.	The	comparison	of	bike-
sharing	 systems	 around	 the	 world	 could	 reveal	 the	 role	 of	 this	 sustainable	 solution	 in	 urban	 design.	 It	 is	
essential	to	understand	the	ongoing	processes	in	cities	through	time	and	space	and	to	identify	more	complex	
correlations	to	assist	in	decision	making	processes	in	urban	design	and	development.		
	
Keywords:	bicycle	sharing	systems,	mobility	analysis,	smart	city,	geospatial	analysis,	big	data	

Introduction		

Contemporary	urban	development	

In	modern	urban	development	the	new	technology-based	methods	get	a	major	role.	Parallel	
to	 urbanization,	 developed	 cities	 are	 facing	 various	 problems	 (social,	 economic	 and	
environmental),	that	could	not	been	handled	properly	by	the	state	and	local	governments.	
For	 this	 situation	 resilient	 cities	 are	 necessary,	 which	 have	 the	 ability	 to	 recognize	 the	
vulnerability	of	 the	system	and	also	 the	ability	 to	adapt	 to	 these	changes.	Even	 further,	a	
resilient	 city	 seeks	 answers	 independently	 for	 the	 upcoming	 questions	 and	 also	 changes	
along	the	solutions	(Mackinnon	D,	2015).	

Smart	city	development	provides	liveable,	efficient	and	sustainable	solutions	both	for	
the	economic,	social	and	environmental	problems.	The	new	technological	devices	and	the	
increasing	amount	of	data	alone	are	not	sufficient	to	answer	the	questions	in	development	
and	 sustainability.	 The	 whole	 system	 should	 be	 analysed	 instead	 of	 focusing	 on	 sole	
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buildings,	roads,	or	transport	vehicles.	Nowadays,	smart	cities	are	still	 rather	a	developing	
trend,	than	a	precisely	defined	concept.		

It	is	confirmed,	by	the	development	of	urban	history,	that	both	city	structures	and	the	
principles	of	urban	design	have	a	 large	 impact	on	the	behaviour	of	city	citizens	and	on	all	
city	 operation	 in	 general.	 This	 means	 that	 valuable	 information	 could	 be	 acquired	 by	
studying	 a	 behaviour,	 or	 analysing	 movement	 trends	 and	 spatial	 expansions.	 Using	 high	
level	 statistical	analysis	methods	and	visualization	 techniques	makes	 it	possible	 to	use	big	
data	for	developing	a	more	efficiently	functioning	city.	This	could	create	a	new	toolbox	for	
urban	 planners,	 including	 traffic	 management	 development,	 decision	 support	 systems,	
enhancing	the	effectiveness	of	dialogue	with	city	residents	or	the	sustainable	use	of	natural	
resources.	 Overall,	 analysing	 big	 data	 could	 help	 to	 learn	 more	 about	 the	 behavioural	
culture	of	city	residents	while	aiding	better	urban	development	decisions.	

	The	aims	of	this	paper	are	to	suggest	novel	approaches	for	the	contemporary	urban	
development,	and	to	analyse	their	connection	to	technological	tools.	

Background	

In	the	XXIth	century,	almost	half	of	the	population	of	Earth	is	living	in	cities.	According	to	the	
Global	 Health	 Observatory	 (GHO)	 data,	 this	 number	 could	 increase	 up	 to	 70%	 till	 2050.	
Based	on	the	GHO	data,	there	is	an	obvious	correlation	between	urbanization	and	economic	
development.	 In	an	era	where	the	growing	population	 is	concentrating	more	and	more	 in	
city	 centers,	 it	 is	essential	 to	 reorganize	 the	 transport	and	other	mobility	 solutions	during	
urban	 development.	 An	 environment	 friendly	 solution	 is	 to	 establish	 public	 bicycle	 share	
systems,	 to	 handle	 the	 greater	 distances,	 combined	 with	 other	 public	 transport	 modes	
emerging	from	the	urban	expansion.		

It	can	be	stated	that	sustainable	development	strategies	are	planned	mostly	according	
to	green	awareness.	The	long	term	and	environmental	friendly	projects	are	more	welcomed	
by	 the	public	 sentiment	 e.g.	 the	 removal	 of	 cars	 from	historic	 city	 cores,	 development	of	
pedestrian	 zones	 and	 bicycle	 transportation	 systems.	 With	 the	 creation	 of	 favourable	
conditions,	 encouraging	 city	 dwellers	 for	 mobility	 could	 be	 started;	 it	 is	 called	 "green	
mobility"(Gehl,	 2010).	 The	 city	 structures	 and	urban	planning	principles	have	a	 significant	
effect	 on	 the	 behaviour	 of	 city	 dwellers	 and	 on	 the	 city	 operations.	 In	 the	 last	 century,	
Hausmann	 introduced	 the	 boulevard	 urban	 structure,	 that	 indicated	 a	 unique	 boulevard	
culture	 across	 Europe.	 Since	 the	 1960s	 and	 70s	 the	 number	 of	 pedestrian	 streets	 are	
increasing,	 creating	 opportunities	 for	 specific	 services	 and	 new	 locations	 for	 culture	 to	
develop.	The	compactness	of	 the	city	and	 the	 location	of	 the	commercial	 center	 supports	
the	strengthening	of	these	function	(Benkő,	2009).	

There	is	a	very	strong	correlation	between	the	use	and	the	design	quality	of	the	urban	
space.	In	certain	cities	this	realization	lead	to	increase	the	efforts	to	reduce	car	traffic	in	the	
center	areas	which	made	it	necessary	to	redesign	traffic	and	to	let	bicycle	culture	spreading.	
Over	400	cities	have	operating	bike	sharing	programs	worldwide.	 In	 the	past	45	years	 the	
number	of	those	cities	which	are	offering	this	alternative	non-motorized	type	of	transport	
has	increased	rapidly	(Shaheen,	Guzman,	&	Zhang,	2010).	The	amount	of	literature	available	
on	 bicycle	 use	 in	 cities	 is	 growing	 every	 year.	 Different	 studies	 are	 grouped	 according	 to	
their	 focus	 on	 factors	 which	 related	 to	 a	 wide	 range	 of	 bikeshare	 topics,	 including	 its	
documented	 history	 and	 growth,	 benefits	 (DeMaio,	 2009;	Midgley,	 2011;	 Shaheen	 et	 al.,	
2010),	behavioral	modelling		(Vogel	et	al.	,2011)	usage	patterns(O’Brien,	2014;	Faghih-Imani	
et	al.,	2014;	Murphy	and	Usher,	2015),	user	preferences,	utility	theory,	optimization	(Vogel	
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et	 al.	 ,2016).,	 demand	 estimation,	 predicting	 trends	 (Kaltenbrunner	 et	 al.,2010)	 and	 the	
impact	on	mobility	in	cities	(Lathia	et	al.	,2012).	

Research	methodology	

The	 aim	 of	 this	 paper	 is	 to	 highlight	 the	 opportunities	 of	 geospatial	 analysis	 in	 urban	
planning.	For	this	purpose,	bicycle	share	system	data	were	used,	which	was	 logged	by	the	
service	manager	organization.		

Description	of	data	sources	

In	this	analysis	the	data	of	two	service	provider	were	used,	depending	on	the	geographical	
location.	 In	 Budapest,	Hungary	 the	dataset	 of	MOL	Bubi	was	 analysed,	which	was	openly	
provided	 for	 a	 data	 visualization	 challenge,	 and	 for	 scientific	 researches	 (Bardóczi,	 2015;	
MOL	Bubi,	2017).	Beside	that,	public	bicycle	share	data	were	studied	in	New	York	City,	USA	
which	are	openly	accessible	from	the	website	of	Citi	Bike	(CitiBike,	2017).	The	datasets	differ,	
but	both	contains	the	bicycle	trip	data	including	bike	ID,	station	ID,	timestamp,	and	location	
(address,	latitude,	longitude)	of	the	start	and	end	of	all	routes.	This	means	the	traffic	of	the	
share	stations	are	monitored	and	so	the	usage	could	be	analysed	at	each	share	station.	The	
scale	of	the	datasets	is	also	different;	a	whole	year	log	data	of	the	public	bike	share	system	
in	Budapest	has	around	the	same	size	as	one	month	of	the	Citi	Bike	usage	in	New	York	i.e.	
around	8-900.000	trips.	

Handling	missing	or	deficient	data	

For	 raw	datasets	pre-processing	 is	necessary	 to	clean-up	 records	which	are	 incomplete	or	
there	are	wrong	data	in	the	logfiles.	This	could	happen	due	to	missing	or	wrong	formatted	
data,	but	for	the	analysis	a	coherent	dataset	is	essential.	Also,	trips	which	are	taken	by	staff	
for	service,	inspection	and	tests	should	be	terminated	from	the	usage	data.	Any	trip	that	is	
too	short	should	be	excluded	as	well,	they	are	probably	just	a	false	start	or	a	user	indicated	
re-dock	of	a	bike,	 to	ensure	 it’s	 secure.	Because	of	 the	mere	 size	of	datasets	 the	analysis	
should	be	done	in	an	automatic	way.	The	processes	introduced	in	this	paper	are	managed	in	
a	MATLAB	environment.	

	 The	filtered	datasets	were	analysed	from	two	different	aspects:	temporal	and	spatial.	
If	a	 larger	 spectrum	of	data	 is	 studied,	 the	movement	behaviour	 trends	of	users	could	be	
recognized.	This	means	the	traffic	load	could	be	measured	both	in	time	and	space,	therefore	
urban	planners	could	get	better	approximations	when	and	where	will	be	increased	usage.		

Temporal	aspect:	datasets	were	analysed	to	examine	how	the	traffic	changes	in	a	year,	
in	a	month,	on	the	days	of	a	week,	within	one	day	and	in	different	time	ranges.		

Spatial:	 datasets	 were	 analysed	 to	 search	 for	movement	 patterns.	 The	 bicycle	 trips	
were	 examined	 to	 see	 where	 users	 travelled	 from	 each	 share	 station.	 Also	 spatial	
movements	were	check	with	a	 temporal	aspect,	 to	see	whether	users	behave	periodically	
similar.	It	could	be	stated,	that	both	in	Budapest	and	New	York	City,	the	“doughnut”	effect	
could	be	detected	(O’Brien,	2014).	

In	this	paper	another	spatial	analysis	should	be	mentioned,	 i.	e.	 the	 loop	 inspection.	
There	are	some	areas	 in	both	cities,	where	 the	number	of	 trips	ending	at	 the	same	share	
station	where	they	were	started	are	high.		

Results	
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Figure	 1	 presents	 the	 doughnut	 effect	 in	 Budapest	 and	 in	 New	 York.	 It	 is	 visible	 also	 in	
different	 timescales.	 The	 background	 mapping	 contains	 google	 mapping	 data.	 Each	 dot	
represents	a	bike	share	station	 in	Figure	1	and	using	a	normalized,	two-colour	colourmap.	
To	visualize	 the	usage	of	each	station	red	colour	was	used	 for	 the	rents	and	green	colour	
was	used	for	the	returns.	If	users	are	renting	more	bikes	on	a	station,	it	is	represented	with	
redder	colour.	The	colour	scale	is	normalized	to	the	stations	with	the	most	rents	and	returns.	

	
a)	

	
b)	

	
c)	

	
d)	

Figure	1	-	Doughnut	effect	-	rent	and	return	in	a)	Budapest	(7/2015-9/2016	-	6:00-9:00	a.m.);	b)	Budapest	
(7/2015-9/2016	-	4:00-7:00	p.m.);	c)	New	York	(11/2015	-	6:00-9:00	a.m.);	d)	New	York	(11/2015	-	4:00-7:00	

p.m.)	
By	analysing	the	dataset,	loop	trips	(that	are	starting	and	ending	at	the	same	location)	

could	be	separated.	If	the	results	are	presented	on	maps,	it	is	clearly	visible,	that	the	rate	of	
loop	trips	are	higher	in	regions	frequently	visited	by	locals	and	foreigners.	Figure	2	presents	
the	bike	share	stations	with	the	most	loop	trips	in	Budapest	and	New	York.	The	bike	share	
stations	are	represented	as	red	dots,	and	the	ones	with	the	most	loop	trips	are	shown	with	
blue	circles.	The	size	of	the	blue	circles	is	in	correlation	with	the	number	of	loop	trips.	These	
locations	are	mainly	parks	and	recreation	areas	e.g.		in	NYC	:	Governors	island,	Central	park,	
Financial	district	and	most	places	next	to	the	peer	rehabilitation	areas.	

	
a)	

	
b)	

Figure	2	-	Loop	trips	in	a)	Budapest	(7/2015-9/2016)	and	b)	New	York	(7/2015)	
If	 additional	 information	 is	 available,	more	 complex	 analysis	 could	be	managed.	 For	

the	Hungarian	dataset,	the	users	registered	telephone	numbers	were	also	known,	therefor	
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local	and	foreigner	users	could	be	separated	based	on	the	area	code.	In	Figure	3	the	same	
analysis	is	presented	as	in	Figure	2,	but	the	locals	and	foreigners	are	separated	to	visualize	
the	 difference	 in	 the	 usage.	 The	 results	 could	 be	 used	 to	 develop	 new	modules	 in	 a	 city	
information	system	or	database	to	support	the	decision	maker	processes	(TEIR).	

	
a)	

	
b)	

Figure	3	-	Loops	of	a)	local	and	b)	foreigner	users	in	Budapest	(7/2015-9/2016)	

Conclusion	

Doughnut	effect	

The	doughnut	effect	based	on	bike	share	data	was	observed	in	different	cities	(Froehlich	et	
al.,	2009;	O’Brien,	2014).	This	paper	showed	that	bicycle	sharing	system	users	in	Budapest	
and	New	York	behave	similarly.	This	pattern	is	indicated	due	to	the	typical	working	hours	of	
a	city	and	the	main	multimodal	locations.	

Loop	trips	

This	paper	showed	the	locations	in	Budapest	and	New	York	where	bike	share	system	users	
frequently	take	loop	trips.	These	could	be	explained	with	several	theories,	which	represent	
the	approaches	of	different	fields	of	science.	The	theories	 indicate	that	on	these	 locations	
users	are	mainly	tourists:		

Mental	maps	theory	
Tourists	are	navigating	primarily	based	on	landmarks.	These	are	the	safe	points	where	they	
were	earlier,	therefore	they	can	return	again	and	again.	Usually,	the	substructures	of	a	city	
are	 not	 easily	 recognisable,	 not	 even	 when	 we	 run	 into	 their	 visible	 manifestations.	We	
rather	rely	on	our	visual	memories,	orient	based	on	our	impressions.		

These	are	determining	the	mental	maps	that	could	be	recalled	into	consciousness.	The	
expression	of	mental	maps	is	originated	to	Kevin	Lynch,	who	tried	to	recall	mental	maps	of	
citizens	in	a	concrete	city	via	sociological	methods.	The	surveys	have	shown	that	the	images	
are	mostly	structured,	and	relatively	well	 representing	 the	urban	spatial	organisation.	The	
thematic	components	of	the	structures	are	the	followings:	roads,	borderlines,	zones,	nodes	
and	landmarks	(Lynch,	1960).	

Space-Time	-	Budget	Theory	
According	to	an	alternative	microeconomic	approach	the	tourists	don't	have	the	possibility	
to	get	to	know	a	complex	city	or	to	roam	the	unknown	parts	due	to	the	short	time	frame	
spent	 at	 one	 place.	 By	 introducing	 public	 bicycle	 share	 systems	 the	 opportunities	 are	
significantly	 expanded,	 because	 by	 riding	 a	 bike	 sightseeing	 could	 be	 done	 fast	 and	
efficiently.	The	possibilities	of	spectators	could	be	interpreted	as	a	kind	of	fiscal	framework,	
which	 could	 be	 spent	 to	 visit	 various	 places	 of	 interest.	 This	 framework	 has	 two	 aspects:	
temporal	(limited	time	is	available	on	a	visit)	and	spatial	(the	reachable	area	is	limited	from	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2740



a	specific	point).	The	consequence	of	the	approach	is	simple,	if	tourists	spend	more	time	at	
a	spectacle,	the	reachable	area	is	decreasing	and	vica	versa:	if	the	travelled	area	is	large,	less	
time	was	spent	to	get	to	know	each	point.	Public	bicycle	share	systems	give	the	opportunity	
to	visit	 larger	regions	in	the	same	amount	of	time	(Kádár,	2015).	This	could	be	interpreted	
for	the	local	users	as	well	because	time	could	be	spared	during	travelling.		

Discussion	

The	 most	 important	 aspect	 of	 this	 paper	 is	 what	 to	 do	 with	 the	 acquired	 information	
derived	from	the	analysis.	For	urban	planners,	governments,	and	major	investors	this	kind	of	
information	 could	 support	 decision	 making	 processes,	 e.	 g.	 where	 loop	 trips	 occur,	
commercial	and	cultural	facilities	could	been	established	more	easily.	

The	 level	 of	 sustainability	 of	 a	 city	 is	 significantly	 influenced	 by	 the	 way	 how	 their	
areas	 are	 used	 and	 developed.	 Thereby	 the	 infrastructure,	 the	 transportation,	 and	 the	
mobility	 connected	 to	 the	 built	 environment	 should	 be	 given	 priority.	 Growing	 concerns	
about	global	motorization	and	climate	change	have	led	to	increasing	interest	in	sustainable	
transportation	alternatives	such	as	bike	sharing,	green	vehicle	and	electrical	buses.	

There	 are	 more	 and	 more	 models	 and	 policies	 formulated	 to	 solve	 the	 arising	
problems	 and	 to	 create	 a	 liveable	 and	 sustainable	 city.	 It	 is	 already	 realized	 that	 efforts	
should	 be	 made	 for	 the	 renewal	 of	 the	 cities	 keeping	 sustainability	 in	 mind.	 The	 urban	
planners	 started	 paying	 attention	 for	 the	 European-,	 and	 world	 trends	 of	 the	 special	
solutions	for	general	problems.	A	city	could	be	analysed	from	several	aspects,	with	the	aid	
of	 the	 realized	 rules	 of	 the	 system,	 i.e.	 engineering,	 architectural,	 socio-economical	 and	
economical-organizational	models	could	be	established.	(Alföldi,	2012)	These	could	serve	as	
guidelines	to	solve	the	general	problems	of	the	cities,	however	the	unplanned	systems	(e.g.	
conflicts,	degradation	of	built	environment,	global	changes)	has	an	effect	on	the	precision	of	
the	models.	The	future	is	not	predictable,	but	by	analysing	the	past	and	current	processes,	
the	 tendencies	 could	 be	 recognized.	 The	 trends	 affecting	 urban	 development	 indicates	
changes	 in	 the	 functional	model	 of	 cities.	 This	means	 a	 paradigm	 shift	 from	 the	 previous	
approaches,	because	the	models	need	to	switch	their	principles.	
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Abstract: There is an unregulated growth of cities, which in the 20th century was fundamentally in 
underdeveloped countries, and currently, with the African and Asian immigration, in all parts of the world. 
Cities will continue to accumulate individuals, and urban planners will have to correct our cities trying to take 
care of a very different growth. The Utopia´s planners - There is no book that teaches how to design an urban 
environment free from violence and pollution, among other issues. However, there are many published 
articles that treat about partial solutions that claim to give partial solutions that do not modify the structure of 
society, hiding the true problem without whose solution, everything follows as it is now.  These and other 
arguments are placed for town spreading (limited), into hot climate. It is analysed that the city should be 
limited in extent and be in a network with numerous other cities restricted in area and productive. 

Keywords: Compact cities, spread cities, reflections about cities, urban planners 

Introduction 

This work encompasses a number of reflections that will allow us to search for new ideas to 
deal with the endless problems encountered in cities. Being a work in progress as it is, this 
paper does not aim at presenting results or answers. On the contrary, it expresses our on-
going questionings and observations.  

Compact Cities 

It is almost a "truth revealed", and incorporated into the Academy by disciplines that are 
part of the architectural theory, to think that the new cities must be compact.  

The Academy, usually painted brown or black, for the first time assumes the green 
colour, i.e., prioritizing sustainability and recycling. This is made clear through the 
assumption that building compact cities is the solution for creating a more sustainable world. 
One of the strongest arguments in favour of compact cities is the need to reduce distances 
and therefore, decrease gas consumption and pollution.   

The Growth of the Cities 

In the twentieth century, the unplanned growth of cities happened mainly in developing 
countries such as Brazil (São Paulo and Rio de Janeiro), Argentina (Buenos Aires), and 
Mexico (Mexico City). 
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Nowadays, in face of the African and Asian emigration, such phenomenon tends to 
take place all over the world. The metropolization process and the emergence of 
agglomeration of settlements act as problem amplifiers.  

Besides the socio-economic issue which involves segregation and violence among 
others, the global and crescent process of urbanization also represents an increase of risks 
involving climate changes in cities which historically have had environmental issues. 

According to the World Urbanization Prospects (United Nations, 2014), the projections 
of the dynamics of urban and rural population until 2050 (Figure 1.) show a tendency 
towards the intensification of urban occupation. This issue is particularly worrying as the 
ascending curve showing urban occupations counter posed by a descending curve in rural 
occupation.  

 
Figure 1. Urban and rural populations of the world: 1950-2050. Source: United Nations, 2014.  

Despite the great variation in urbanization levels among different regions, it is 
expected that the level of urbanization will increase in all regions within the next decades, 
but more severely in Africa and Asia (United Nations, 2014). 

In 2014, high levels of urbanization were observed in Latin America and the Caribbean, 
and in North America, with almost 80% of the population living in cities. Figure 2 shows that, 
during the 50’s, the urban population was less than half of the total population in the region. 
Thus, within a hundred years, the urban population will have doubled and, ever so more 
worrying, the rural population will correspond to a lower figure than the one recorded in 
the 50’s.  

 
Figure 2. Urban and rural population as a proportion of total population, by major area, 1950-2050. 

 Source: United Nations, 2014. 
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In 2050, it is expected that there will be 9 billion inhabitants on our planet, with the 
majority (more than 80%) living in cities. Considering the fast growth of urban inhabitants, 
urban planners work to correct our cities, trying to cater for a very different growth from 
the one expected in the existing master plans or still, projecting new cities considering the 
internal growth and the migration of population. 

Why compact new cities? 

At first, we all agree: the projected cities in cold regions should be compact. The terraced 
compact buildings envelopes lose less heat, which means that compact buildings use less 
energy to keep the thermal comfort of their inhabitants, and therefore, produce less 
pollution.  

Other fact that supports the idea of compact cities is the real estate market. If the city 
is to be compact, its buildings need to be predominantly vertical. Hence, the gain generated 
by a horizontal square meter in a compact city is much greater than that generated in a 
spread city with less vertical buildings. It seems to be a vital and final argument in favour of 
compact cities. 

Urban Utopias: The Post-capitalist Utopia and the Social Utopia.  

There isn’t a book that teaches us to design an urban environment totally free from the 
perspective of violence or pollution. However, partial solutions aiming to find temporary 
solutions, which do not change the structure of our society, keep being published. They hide 
the true problem to which the lack of solution prevents changes. 

The Compact cities and the Scattered Cities 

The urban planners in charge of projecting new cities in tropical regions should consider 
scattered cities. But how scattered should they be? 

We know that when a city is too scattered, transportation can become a problem in 
terms of air pollution when we consider the means of transport we have nowadays. 
Therefore, the distances should be shorter in order to allow people to walk, ride bikes or 
tricycles.  

But how can we reconcile short distances with the concept of scattered cities? By 
projecting limited cities, cities with boundaries that cannot be overcome. The limit could be 
them physical or imposed by Law. In order to achieve that, it is necessary to increase the 
mixed use of the cities and to reduce the distances between activities as ways to mitigate 
the use of energy.  

This manner of planning not only decreases the excessive use of energy and the 
production of pollution, but also reduces the level of uncertainty in urban areas allowing the 
citizens to have control over their habitat.  

The small city and the increasing number of inhabitants 

If the number of people on Earth keeps growing, how is that possible to consider a small 
and limited city as a solution for exponential growth? 

What we proposed here is not the creation of an isolated city in the middle of 
nowhere. On the contrary: we believe that the challenge is to create hundreds of small 
productive cities, with clear boundaries, that will function through a network of cooperation, 
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and together seek solutions for the problems begotten by the “mega cities” we have 
nowadays. 

Another challenge is to achieve the necessary limitation. It is crucial to associate the 
needs to produce and create through greenbelts, which would prevent the urban spot to 
spread (Howard, 1902). These greenbelts would belong to the city and could be used to 
produce food. They would be close enough to decrease the use of polluting transportation.  

Society and Utopias 

The problems of the present society could be summarized within the following dualism: 
should we support the idea of a society formed by partners or competitors? History teaches 
us that a city without competition is utopic, as the city emerged as a market to sell different 
products. That means to say that, originally, the city is an open space for competition for 
prospect clients. 

Now the major utopia: a democratic world. It is known that there is no democracy 
without limits, agreements, restrictions or compromising. It is also known that the 
alternative to democracy, i.e., a dictatorship, brings more problems than the complex 
democracy. All in all, the main problem continues to be corruption and the lack of control 
over the mechanisms that could avoid it. Fortunately, the internet appears as a tool to help 
controlling politicians and governors.  Being watched closely, they could become real 
representatives of the people. 

The notion of a Nation 

A nation is the sum of bilateral agreements among cities, and the sharing of successful 
enterprises. The countries were formed through agreements between provinces or districts 
located in the geographical boundaries, probably to get united against a common enemy. In 
addition, countries were created as a result of wars financed by richer countries. Later on, 
we will approach the idea of nations and countries being a group of cities again. This topic 
deserves further research on a future occasion.  

The physical and mental limits: the small limited city 

According to Aurélio Dictionary (2009), “limit” is a real or imaginary line that separates two 
neighbour territories. Once the limit is defined, the laws that should be followed are 
established. If there is no consensus, the interested parties either gets together to find a 
solution or move on towards conflict and war.  

The ownership of the land has always been surrounded by legends, wars and 
vengeance. The constitution of countries as the union of states, districts or provinces is 
more recent. Nowadays, people in the same country fight against each other. Corporations 
battle their invisible wars. These conflicts could be the announcement of a global war, which 
would lead to the end of the human race on Earth. If we do not want to be part of it, we 
should rethink society. 

A small city favours the cooperation among its inhabitants, and the control of their 
representatives in the government. When the number of inhabitants grows, another city is 
created and starts functioning within the network of cities, following the model of cell 
reproduction.  
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Establishing these limits is not an easy task, mainly in regions where the cities have 
been growing spontaneously with no prior planning. This is the case of a number of 
improvised and temporary settlements that end up being permanent. 

The residential 

The Residential Village of UFRJ, in the city of Rio de Janeiro, Brazil, can be shown as an 
example of small area limitation. It has its expansion contained, not only by the sea, but also 
by a wall that surrounds it on all sides, including the seaside.  

This wall has been able to prevent the advance of the spot of the Village, but not its 
process of densification. In the image of Figure 3, it can see one of the last original houses, 
which have spacing with vegetation and air circulation in their surroundings.  
 

 
Figure 3. One of the last original houses – Residential Village UFRJ. Source: Patricia Drach. 

 

Today the area is densely occupied. Some streets have construction of up to 4 upper 
floors. The villagers opted to reduce vegetation and occupy the sidewalks in an attempt to 
get the space needed for a growing local population.  

The walls constructed around the Village are promoting the blockage of ventilation at 
the pedestal level. This fact, in a tropical climate region, represents a loss of the action of 
ventilation, a factor that minimizes thermal stress and it is an important ally in the pursuit of 
environmental comfort (Drach et al., 2015). 

A Land and Dwelling Property 

Why do people buy homes or apartments for their dwelling instead of renting? 
Housing ownership acts as an index of stability. If I own the land, or the percentage of 

the building, no one can get me out of here. That is the common sense. 
We all need a refuge. A place you can consider your own. Where you can sleep your 

body needs, which guarantees all possible comfort (safety, thermal, acoustic, luminous, 
psychological, etc.). In new cities, land must be common property, borrowed over a period 
of years, determined by consensus among the city's residents.  

The shocking images in Figures 4 and 5 show the trail of destruction that follows, not 
from natural phenomena, but from the direct action of man on the Planet. 
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Figure 4. Before and after the rupture of the dams in Mariana, MG. Mud trail and Bento Rodrigues district 

destroyed can be seen. Sources: Digital Globe and Globalgeo Geotecnologia. 

 

 
Figure 5. View of Aleppo and a devastated city in Google-Syria.  

Sources: Olympia Restaurant and Bored Panda. 
 

Where was the right to property? Who will pay the bill? 

 

Vertical and Horizontal Transport 

Due to the law of gravity (law that nobody seems to disagree) it is well known that the costs 
to raise the water, necessary to maintain life, are greater for vertical displacement than for 
horizontal displacement.  

Therefore, it costs a lot more energy to keep running a vertical city than a horizontal 
one. The same thing happened with elevators, which consume energy to carry vertically all 
the inhabitants and all the material necessary to develop life. Remember that in the current 
form of producing energy also produces pollution. 
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Difference between "Hot" and "Cold" civilizations 

There is a difference between the people who make up the geographical and warm zones, 
which can be attributed to the adaptation to the local climate, carried out for hundreds of 
centuries. It can be taken as an example the differences, in a very simplified way, between 
societies in these two regions. 

The inhabitant of cold regions historically should be a saver and know where and how 
to save his savings. He had to be foresighted, to know that after a hot period there would 
come a cold and dark period, with ice and snow, no fruit in the trees, no possibility to plant 
and reap the fruits or grains. And it can happen rather than administer your reserves well. 
Decide what to do with the old men and the boys. You have your thoughts on the future. It 
matters who is the leader who will lead the clan. There are clothes to be made for the 
winter. And is not that right? 

If the weather is hostile? If the climate god decides that, there will not be enough 
hunting? If the harvest is scarce? If it is evident that unless something is done, the clan will 
be extinguished. So, one starts for the war against that group that has reserves, to rob and 
thus to try the survival of the own clan. 

Incidentally, two individuals who learned much about climate and wars were 
Napoleon and Hitler, both defeated by the Russian winter. 

Therefore, one can conclude that the individual belonging to the cold countries 
historically needed to be a citizen who knew how to save, be moderate in his expenses, to 
war, to be a perfectionist and to know how to plan with the sources with which he could 
count. 

It can be said that for individuals from cold regions, physical labour takes them from 
discomfort zones to areas of thermal comfort. Therefore, working during the early hours of 
the day brings thermal comfort to them. 

On the contrary, the individual from hot regions, being in a comfort zone if they work 
physically, will leave the zone of thermal comfort. 

Exemplifying this idea: a cold country citizen, construction worker, on a cloudy day 
with watery snow, with minus 10° C of temperature, immobile, "dies" of cold, but if he 
works by moving the body, he will quickly enter the "Comfort zone" and, with proper 
clothing, will be in thermal comfort. Otherwise, the worker who works in construction in 
cities with a tropical climate will begin to work in thermal discomfort and, as he continues, 
his temperature will increase even more until the Collapse, crying for a rest, or cooling off in 
the wind and wanting to take off the little clothes he wears. 

The Bioclimatic and Sustainable City 

And to give heating or cooling it takes a lot of energy and it is possible to design buildings 
that consume as little energy as possible for the comfort of its inhabitants. 

The bioclimatic architecture arises as a proposal of adaptation of the architecture and 
of the city to the place with the use of natural means to deal with the climatic issues 
(Corbella and Yannas, 2009). Remember that at this moment the electric energy is produced 
in its immense majority by the burning of fossil fuels, producing environmental pollution. 

Conclusion 

The need to preserve life on the planet causes us to reflect on the ways forward. This paper 
was devoted to analysing the discussion about whether the new cities should be compact or 
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scattered, concluding that the answer depends on the climate of the region, and that for 
warm or hot zones, the small and scattered city option prevails The concepts should be clear 
to help the permanence of the human being on Earth. 
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Abstract:	The	bad	conditions	to	the	habitability	in	the	low	income	residential	sectors	in	Medellìn,	development	
for	autoconstruction,	are	the	consecuence	of	the	more	than	five	decades	to	the	rural	Peasant	migration,	towards	
the	urban	periphery	without	planning,	With	the	absence	of	architecture	as	civil	responsibility	and	the	protection	
of	a	weak	state,	facing	the	challenges	of	economic	growth	and	land	use.	As	answer	to	this	situation	the	group	of	
investigation	in	architecture	and	urbanism	and	landscape	of	the	pontificia	bolivariana	university	from	Medellin.	
It	has	made	an	documental	study	about	the	quality	conditions	of	live	and	public	healt,	in	more	than	150	houses	
in	low	income	residential	sectors,	for	identify	and	analysis	this	architectural	and	constructive	conditions,	that	
affected	the	healt	to	the	population,	identify	the	problems	to	the	air	quality,lighting,	humidity,	overcrowding,	
temperature,	 sequiurity,	 ergonomics,	 that	 derive	 in	 contagious	 diseases,	 no	 contagious	 diseases	 and	
psychological	deseases.	These	findings	were	analyzed	with	the	public	entities	of	population	censuses	such	as	the	
Beneficiary	Potential	System	for	Social	Programs	(SISBEN)	in	charge	of	guaranteeing	the	fulfillment	of	the	rights	
of	 the	 most	 vulnerable	 population	 of	 the	 country,	 with	 emphasis	 on	 health	 conditions.	 The	 propousal	 is	
cuantitive	analyzed	about	the	The	annual	state	investment	for	housing	in	relation	to	the	annual	investment	in	
public	 health,	 to	 develop	 strategies	 for	 design	 and	 comprehensive	 improvement	 of	 housing,	 oriented	 to	
bioclimatism	and	human	factors,	for	the	prevention	of	unsanitary	residential	conditions,	aimed	at	a	sustainable	
systemic	balance,	For	the	social,	environmental	and	economic	charges	that	public	health	represents	for	the	State.	
	
Keywords:	Informal	housing,	urban	rehabilitation,	human	factors,	habitability	and	public	health. 

Introduction	

The	climate	environment	is	one	of	the	principal	factors	that	determine	the	relation	between	
architecture	 and	 habitability	 for	 the	 housing	 construction	 that	 must	 offer	 comfort	 and	
security	 to	 the	 population,	 to	 promote	 healthy	 habits	 and	 to	 enable	 a	 proper	 built	
environment	for	a	systemic	sustainable	development.	In	the	case	of	tropical	countries	such	
as	Colombia,	the	climate	stability	of	its	territory	does	not	present	more	than	a	18ºC	variation	
in	 its	 minimum	 and	 maximum	 daily	 average	 temperatures	 throughout	 the	 year,	 with	 a	
average	humidity	between	60	%	and	80	%,	and	alternated	periods	of	rain	and	dry	weather	
with	monthly	variations	throughout	all	the	year.	In	the	case	of	Medellin	(geographical	context	
of	the	present	investigation),	its	location	being	at	1500	meters	above	the	sea	level	determines	
template	 tropical	 Andean	 climate,	with	 a	 average	minimum	 temperature	 of	 17ºC,	 a	 daily	
average	of	24ºC	and	a	maximum	average	of	32ºC.	

This	favourable	climate	environment	enables	that	architecture	can	offer	high	standards	
of	 habitability,	 without	 major	 investments	 in	 materials	 and	 energetics,	 having	 in	 front	
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temperature,	air	humidity,	illumination	and	natural	ventilation	conditions,	from	architectural	
projects	that	integrate	passive	design	premises,	with	bioclimatic	and	sustainable	systems.	But	
in	 the	 reality	 of	 the	 Colombian	 context,	 the	 scarce	 resources	 population	 cannot	 access	
housing	projects	with	urban	and	spatial	quality,	because	 the	developments	 that	 the	State	
promotes	 do	 not	 offer	 minimum	 habitability	 guarantees	 because	 of	 its	 assistance	 policy	
nature	based	on	the	efficiency	of	the	economic	and	material	resource,	with	projects	distant	
of	being	considered	as	architecture	(AMVA	–	UPB,	2015).	

Since	the	urban	population	surpassed	the	rural	population	five	decades	ago,	it	has	been	
necessary	 for	 Colombia	 the	 formation	 of	 entities,	 programmes	 and	 instruments	 for	 the	
adoption	of	policies	that	ensure	the	wellness	of	the	habitants	 in	terms	of	healthiness,	and	
that	promote	the	decent	housing	right	as	the	fundamental	basis	of	the	Colombian	political	
Constitution.	Some	of	the	laws	that	regulate	the	distribution	of	resources	in	Colombia	are:	

• Law	 1679	 of	 2015	 and	 Law	 1150	 of	 2007	 are	 in	 charge	 of	 the	 planning	 and	
distribution	of	the	economic	resources	in	the	health	sector.	

• Law	1448	of	2011	and	Law	1537	of	2012	are	guarantors	of	maintaining	the	decent	
housing	right	as	a	principal,	including	the	scarce	resources	sector	of	the	population	
and	victims	of	violence.	

Both	the	residential	sector	and	the	health	sector	aim	towards	a	inclusive	system	which	
promotes	 the	 common	 wealth,	 but	 the	 State	 does	 not	 count	 with	 a	 proper	 resource	
management	that	will	allow	to	assume	in	a	responsible	way	the	future	challenges	ahead	for	
the	 country.	Meanwhile,	 the	 state	 entities	 in	 charge	of	 the	health	 and	 residential	 sectors	
maintain	distant	from	this	social	environment	mainly	because	of	a	development	orientated	
towards	the	service	for	the	private	sector,	absent	in	the	debate,	reflection	and	proposition	of	
solutions	 for	 the	problem	of	habitat	and	healthiness	 in	 the	scarce	 resources	 sector	of	 the	
country,	which	survives	in	the	marginal	neighbourhoods	of	the	main	cities.	

Actually,	 different	 treatment	 and	 solution	 attempts	 aiming	 towards	 healthiness	 and	
habitability	 continue	 to	 be	 just	 a	 confrontation	 with	 the	 disposition	 of	 State	 investment	
resources,	 limited	 and	 orientated	 in	 repairing	 these	 situations,	 giving	 as	 a	 result	
neighbourhoods	 and	 communities	 with	 a	 certain	 degree	 of	 social	 consolidation	 but	 yet	
marginal,	because	they	will	not	include	in	theses	solutions	enough	technical	and	technological	
resources	 in	order	to	have	a	 integral	solution	for	the	problems,	while	theses	communities	
remain	in	environments	that	do	not	count	with	good	habitability	and	healthiness	conditions	
in	their	houses,	which	converts	in	a	determining	aspect	for	the	health	af	the	habitants	of	the	
territory.	Against	this	backdrop,	it	is	necessary	that	the	State,	the	guild	of	architecture	and	
those	 in	 charge	 of	 the	 public	 health	 management	 respond	 with	 their	 presence,	 civil	
responsibility	and	quality	in	their	propositions	in	order	to	offer	integral	solutions	to	the	most	
vulnerable	sectors	of	the	population,	which	lives	in	this	situation	in	the	metropolitan	area	of	
Medellin	 and	 all	 the	 country,	 so	 it	 can	 meet	 the	 ethical	 and	 professional	 performance	
stipulated	by	all	the	ethical	regulation	governing	all	the	professionals	in	Colombia.	

General	Objective	

To	analyse	the	annual	State	investment	specifically	in	the	public	health	and	housing	sectors	
in	 Colombia,	 on	 the	 basis	 of	 the	 database	 of	 SISBEN	 (population	 census	 of	 Colombia),	
associated	documents	of	the	social	interest	housing	and	priority	interest	housing	investments	
in	the	last	years	in	the	country.	

Specific	Objectives	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2752



• To	 identify	and	analyse	architectural	and	constructive	conditions	 that	present	an	
impact	in	the	health	of	the	population	with	selective	population	samples	in	Medellin.	

• To	formulate	designing	strategies	and	integral	housing	improvement	based	on	the	
analysis	 of	 human	 factors	 of	 habitability,	 the	 applied	 bioclimatic	 architectural	
contributions	 and	 the	 formulation	 of	 sustainable	 rehabilitation	 processes	
orientated	 to	 improve	 the	actual	housing	 insalubrity	conditions	 in	 the	peripheral	
areas	of	the	city	of	Medellin.	

• To	analyse	the	viability	of	changing	the	State	investment	model	in	terms	of	public	
health	and	housing	in	Colombia.	

	

	
Figure	1	

Theoretical	Framework	

Public	health	is	conditioned	by	the	prevailing	development	model	in	each	society	and	by	the	
way	that	this	model	articulates	with	the	administrative	structures	in	the	mediation	between	
State	and	Society.	The	Colombian	State	directs	the	path	to	development	standing	on	ideal	
models	 of	 the	 consolidation	 in	 built	 environment,	with	 security	 strategies,	 insurance	 and	
social	assistance.	Social	security	is	defined	as	the	set	of	forward-looking	measures	aimed	to	
guarantee	the	habitants	of	the	country	the	economic	ways	to	achieve	minimum	commodity,	
health,	education	and	recreation	conditions,	as	the	providences	against	inherent	human	life	
risks,	as	unemployment,	diseases,	partial	or	total	invalidity,	old	age,	education	opportunities	
and	mental	health	problems.	The	EPS	(health	promotion	entities),	IPS	(health	donating	service	
institutes)	and	SISBEN	are	the	result	from	a	strategic	application	of	a	social	security	policy,	
based	on	principles	of	solidarity	and	universality,	with	strategies	such	as	insurance:	“set	of	
transactions	through	which	the	payment	of	a	determined	amount	enables	the	receiving	of	
other	payment	if	certain	events	occur”,	so	it	only	covers	a	part	of	the	natural	risks	of	life.	
But	 the	 Colombian	 entities	 in	 charge	 of	 insuring	 the	 citizens	 cannot	 keep	 the	 minimum	
wellness	conditions,	because	it	simply	covers	the	diseases	and	some	economic	risks,	without	
guaranteeing	 the	 social	 rights,	 for	 it	only	 responds	 to	 the	demands	 that	arose	because	of	
industrialization.	Finally,	the	social	assistance	is	a	mechanism	where	the	financial	previsions	
are	in	charge	of	the	public	resources	and	are	aimed	towards	the	most	vulnerable	and	weak	
population	of	 society,	 that	do	not	have	 the	capability	of	contributing	 to	 the	 life	 insurance	
companies	or	have	not	been	incorporated	to	them	because	of	informal	work	processes.  

But	the	main	problem	of	the	Colombian	State	is	that	it	relies	in	foreign	development	
models	 imposed	 from	 a	 macro	 political	 context	 that	 lack	 of	 a	 real	 vision	 of	 the	 social,	
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environmental	 and	 economic	 panorama	of	 the	 country.	 In	 such	 context	 the	public	 health	
problems	should	be	addressed	ideally	to	overcome	multidimensional	poverty,	unemployment	
and	 the	 social	 debt	 accumulated	 over	more	 than	 50	 years,	 with	 national	 initiatives	 that,	
regardless	of	taking	foreign	formulations,	can	enable	the	acknowledgement	of	the	cultural,	
technological,	economic,	politic	and	most	importantly	the	social	differences	within	Colombia.	
In	a	country	with	48’202.617	habitants,	from	which	6’044.200	of	them	are	displaced	(reports	
DANE),	 it	 is	an	evident	 scenario	of	 the	State	weakness,	where	 the	notions	of	poverty	and	
inequity	constitute	the	main	starting	point	to	contextualize	and	define	the	basic	non-covered										
necessities,	in	subjects	such	as	residential	habitability	and	public	health	in	Colombia.	In	terms	
of	housing	according	to	Medellin’s	Mayor’s	dispatch,	49289	new	houses	are	needed,	but	it	is	
also	necessary	to	evaluate	the	quality	of	the	existing	houses,	where	43349	have	precarious	
building	conditions,	putting	at	risk	the	healthiness	and	even	the	lives	of	its	inhabitants.		

It	is	possible	to	consider	in	a	social	scenario	so	complex	as	the	Colombian	one,	with	high	
levels	 of	multidimensional	 poverty,	 high	 rates	 of	 inequality	 and	 a	 rural	 environment	 that	
stopped	being	a	social	one,	passing	to	be	the	battlefield	of	outlaw	groups	and	private	land	
owners,	generating	millions	of	displaced	persons	arriving	to	the	main	cities,	raising	the	limits	
of	urban	expansion	with	misery	and	deficiencies	in	basic	health	and	wellness	systems,	that	
are	perceived	just	as	a	responsibility	of	the	State	and	its	social	assistance	system.	This	makes	
evident	the	need	of	rethinking	the	method	by	which	the	economic	resources	are	distributed	
in	the	country,	improving	the	quality	of	life	of	the	persons	and	their	houses,	using	the	disease	
prevention	policy,	starting	from	a	sane	environment	and	context	(Mary	Lee	&	Victor	Rubin,	
2007).	

When	habitability	and	public	health	issues	are	analysed	in	the	cities,	it	is	necessary	and	
important	to	consider	the	common	good	as	the	pillar	for	any	social	model	that	pretends	to	
orientate	itself	towards	a	sustainable	systemic	development.	In	this	scenario,	a	professional	
approach	that	regards	the	built	environment	and	health	services,	must	have	the	notion	of	
systemic	 sustainability	 as	 its	 primordial	 principal	 as	 one	 that	 exceeds	 the	 aspects	 of	 the	
environmental	sustainability	therefore	to	establish	a	equilibrium	between	the	social	factors	
and	 the	economic	development.	 From	 this	perspective,	 the	State	will	 have	 to	 create	new	
policies	adjusted	to	the	socio	economic	context	of	the	country	(Karen	Villanueva,	2014).	Two	
elements	allow	a	conceptual	differentiation	between	 inequality	and	poverty.	On	one	side,	
inequality	 involves	 the	 study	 of	 all	 the	 population	 of	 interest,	 while	 in	 poverty	 only	 one	
particular	group	of	that	population	that	meets	certain	requirements	in	terms	of	scarcity	of	
resources	matters.	In	the	other	side,	the	concept	of	inequality	is	by	itself	a	relative	one;	the	
poverty	concept	in	many	occasions	involves	elements	of	absoluteness	(ICV,	2015).	

Methodology	

The	 fundamental	 data	 for	 the	 development	 of	 this	 investigation	 were	 obtained	 from	 a	
documental	study	realized	between	2012	and	2016	about	the	quality	of	life	and	public	health	
conditions	present	in	houses	of	informal	and	low	resources	sectors,	which	was	developed	in	
the	 investigation	 line	 of	 sustainable	 habitat,	 attached	 to	 GAUP	 (acronym	 in	 Spanish	 for	
Investigation	 group	 in	 architecture,	 urbanism	 and	 landscape).	 This	 information	 is	
complemented	 with	 official	 data	 from	 the	 Colombian	 State	 about	 annual	 investments	 in	
health	 and	 construction	 subjects.	 In	 order	 to	 check	 that	 the	 habitability	 of	 the	 houses	 is	
decisive	for	the	health	of	the	people,	aspects	of	the	architectures	that	have	direct	impact	in	
the	habitability	such	as	overcrowding,	privacy,	air	quality,	illumination	quality,	hygrothermic	
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conditions,	 security	 and	 ergonomics	 are	 analysed.	 The	 development	 of	 this	 exercise	
contemplates	four	stages:	

Theoretic	foundation	

A	 review	of	 the	aspects	of	habitability	 that	 could	affect	 the	health	of	 the	people	and	 the	
definition	in	the	selection	criteria	of	the	studies	that	must	be	considered	for	the	analysis	of	
each	informal	house.	According	to	previous	studies	in	architecture	and	public	health	(Gómez	
&	González,	2016).	

Documental	analysis	

General	administration	data	from	the	entities	that	regulate	the	construction	and	health	 in	
Colombia.	From	the	quantitative	data,	determine	how	much	and	in	which	proportion	are	the	
economic	 resources	 distributed,	 in	 order	 to	 analyse	 the	 efficiency	 of	 these	 in	 terms	 of	
systemic	 sustainability.	 Data	 offered	 by	 Dane	 (National	 administrative	 department	 of	
statistics),	Sisben	(Potential	Beneficiaries	of	Social	Programmes	Identification	System)	would	
be	studied.				

Data	processing	

Identifying	strategies	that	contribute	to	a	correct	distribution	of	the	economic	resources	in	
the	construction	and	health	sector,	based	on	the	level	of	multidimensional	poverty	and	the	
Colombian	socio	cultural	 context,	using	 for	 this	 statistical	 charts	and	graphics.	The	central	
point	of	this	exercise	is	considering	the	social	housing	as	a	public	health	factor,	obtaining	with	
this,	more	resources	for	a	healthy	built	environment,	from	a	mitigation	and	health	problems	
prevention	perspective.	So	this	exercise	is	based	in	the	identification	of	the	present	principal	
affections	in	terms	of	public	health	that	come	with	informal	housing,	just	as	detailed	in	figure	
2.	
	

	
Cancer	

	
Skin	diseases	

	
Infectious	diseases	

	
Burns	

	
Respiratory	diseases	

	
Fecal	infectious	diseases	

	
Pulmonary	diseases	

	
Diarrheal	diseases	

	
Insect	related	diseases	

	
Stress	

	 Sight	loss	
	

Hearing	loss	

	 Headaches	 	 Obesity	

	
Acute	respiratory	infections	

	
Cardiovascular	diseases	

	
Depression	

	
Cognitive	problems	

	
Panic,	anxiety	

	
Self	esteem	

	
Bad	social	relations	

	
intoxication	

	
Alzheimer	

	
Physical	injuries	

	
Hiperactivity	

	
Respiratory	allergies	

Figure	2.	Diseases	determined	by	the	investigation	in	architecture	and	public	health	in	the	scarce	resources	
residential	sector	of	Medellin,	Colombia	(Gómez	&	González,	2016).			
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Investment	proposals	

From	the	analysis	of	the	public	health	impact	present	in	informal	housing,	it	is	determined	
which	fraction	of	the	State	investment	in	health	could	be	dedicated	to	the	rehabilitation	of	
the	 houses,	 improve	 the	 existing	 deficit	 and	 the	 prevention	 of	 pathologies,	 all	 of	 this	
orientated	towards	a	possible	development	framework	that	stands	behind	a	healthy	housing	
public	policy.	Having	in	mind	that	much	of	the	current	diseases	could	be	prevented	from	good	
architecture,	 if	 the	 percentage	 of	 some	 diseases	 decreases,	 the	 public	 health	 investment	
could	be	simultaneously	rethought	and	redistribute	it	in	terms	of	housing.	

Results	

According	to	data	from	the	DANE	in	2015,	the	deficit	of	housing	in	Colombia	in	quantitative	
terms	is	of	1’093.000	houses,	and	in	qualitative	terms	is	of	554.000	houses,	therefore,	if	an	
average	family	 is	composed	by	four	persons,	 it	 is	possible	to	determine	that	6,5	million	of	
Colombians	do	not	have	guaranteed	a	decent	house,	a	condition	that	could	be	considered	as	
a	public	health	problem.	

Despite	the	efforts	of	the	State	are	directed	towards	the	construction	of	social	interest	
housing	(VIS	acronym	in	Spanish)	and	priority	 interest	housing	(VIP	acronym	in	Spanish)	 in	
order	to	cover	the	quantitative	deficit	with	investments	of	43	millions	of	Colombian	Pesos	per	
house	unit,	this	type	of	houses	do	not	generate	a	healthy	habitat,	mainly	because	these	are	
basic	projects	of	cost	ratio	per	square	meter	(m2)	built,	without	bioclimatic	nor	habitability	
studies,	 where	 health	 problems	 identified	 in	 previous	 investigations	 to	 this	 study	 persist	
(Gómez	&	González,	2016).	Meanwhile,	 for	 the	qualitative	deficit	an	average	of	16	million	
Colombian	Pesos	are	invested,	all	of	which,	do	not	have	a	high	level	coverage	because	of	the	
requirements	 and	 inefficient	 management	 processes,	 and	 do	 not	 integrate	 habitability	
studies	(Lopera	&	González,	2016).	

In	the	preliminary	studies	of	this	investigation	it	could	be	established	that	the	spaces	of	
the	houses	 that	have	more	affectations	 in	 terms	of	public	health	are	 the	kitchen	and	 the	
bathroom,	according	to	a	sample	of	150	study	cases	(Gómez	&	González,	2016).	The	graphics	
below	show	in	detail	the	affectations	present	in	these	spaces:	

	

	
Figure	3.	Affectations	in	kitchens	
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Figure	4.	Photos	in	the	kitchen	to	study	case	

 

 
Figure	5.	Affectations	in	bathrooms	

	

	
Figure	6.	Photos	in	the	bathroom	to	study	case	

	
According	 to	 Gómez	 &	 González	 (2016),	 the	 possible	 investments	 to	 rehabilitate	

housing	in	Colombia	could	be	estimated	in	USD	1500	for	the	specific	improvement	of	kitchens	
and	bathrooms.	

For	2016	costs	the	solution	of	the	housing	problem	in	Colombia	could	be	calculated	in	
USD	 15.700	 millions,	 having	 in	 mind	 the	 lack	 of	 1’093.000	 houses	 and	 that	 it	 would	 be	
necessary	an	estimated	value	of	USD	14’364.135	per	house.	While	resolving	the	qualitative	
deficit	could	be	estimated	in	USD	2.220	millions	for	554.000	houses,	investing	in	each	one,	an	
average	of	USD	4’007.220,	given	that	the	investment	will	only	cover	the	improvement	of	the	
places	that	have	more	percentage	of	pathologies	inside	the	house,	such	as	the	bathroom	and	
the	kitchen	(Alma-Ata,	1978).	All	of	it	sums	up	to	USD	17.920	million.	Meanwhile,	according	
to	the	administrators	of	the	State	budget	(executing	units	of	the	health	ministry	of	Colombia),	
in	2016	an	expense	of	USD	69.334	million	has	been	made,	with	a	projected	increase	for	the	
2017	 -2020	 period	 of	 25	%,	which	means	USD	 17.325	million.	 All	 of	 this	 by	 cause	 of	 the	
increase	of	pathologies	because	of	the	lack	of	prevention	policies	in	public	health	issues	and	
the	disorder	 in	the	management	of	 the	economic	resources	handled	by	the	State	entities.	
Therefore,	if	the	health	system	focuses	its	increase	projections	in	a	high	environmental	quality	
management	model,	 regarding	 the	human	 factors,	96	%	of	 the	housing	problem	could	be	
covered.	
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This	data	help	to	consider	that,	if	the	increasing	in	the	health	investment	was	destined	
for	the	development	of	better	quality	houses	and	if	it	would	be	rehabilitated	by	energetic	and	
habitability	 efficiency	 criteria,	 the	 rewards	 in	 the	 health	 system	 based	 on	 preventive	
assistance	model	 would	 result	 in	 a	 major	 economic	 and	 social	 benefit	 for	 a	 country	 like	
Colombia.	

Although	these	projections	result	in	state	investment	crosses	between	different	public	
portfolios,	it	could	be	estimated	that	only	the	rehabilitation	of	kitchens	and	bathrooms	could	
have	major	 bureaucratic	 viability,	 since	 it	 is	 estimated	 that	 the	 cost	 for	 health	 conditions	
improvement	of	informal	housing	would	reach	USD	831	million,	which	means	only	1,2	%	of	
the	 Colombian	 health	 budget	 in	 2016;	 meanwhile	 it	 would	 be	 making	 an	 important	
investment	in	public	health	with	a	preventive	policy.	

Conclusions	

This	 investigation	proposes	a	social	 investment	model,	where	the	integral	 improvement	of	
housing	should	be	considered	as	a	public	health	issue	in	Colombia	and	Latin	America,	with	a	
major	efficiency	in	investments,	orientated	to	improve	the	habitability	of	the	population.	

The	major	quantity	of	houses	are	already	built	in	the	present,	meaning	that	one	of	the	
most	 relevant	 fronts	 of	 this	 investigation	 is	 the	 rehabilitation	 approach,	 according	 to	 the	
paper	 called	 “Architecture	 and	 public	 health	 in	 the	 scarce	 resources	 residential	 sector”	
(Gómez,	2016).	Specifically,	rehabilitation	should	be	made	in	bathrooms	and	kitchens	given	
that	in	these	spaces	there	is	a	major	probability	of	contracting	pathologies	in	the	house.	

From	the	investigation	it	is	evident	that	if	the	quality	of	the	house	improves	in	terms	of	
public	health	and	sustainability,	the	quality	in	life	of	the	habitants	improves	in	consequence.		

If	the	State	has	a	major	investment	in	housing,	orientated	in	the	prevention	of	diseases	
and	the	systemic	sustainability,	the	public	health	of	Colombians	would	improve	and	much	of	
the	issues	that	are	related	to	the	scarcity	of	resources	would	be	mitigated.		
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Abstract:	Public	spaces	that	have	the	capacity	to	congregate	large	numbers	of	people	have	been	observed	in	
the	 city	 of	 Medellín,	 while	 others,	 with	 similar	 characteristics,	 are	 frequently	 abandoned	 and	 are	 not	
recognized	by	the	inhabitants.	Thus	the	need	to	identify	which	aspects	determine	the	usability	of	public	spaces	
emerges,	relating	physical	configuration	and	users.	For	this	investigation,	three	representative	public	spaces	of	
the	city	were	selected	that	presented	a	diverse	soft	floor-hard	floor	relationships,	with	the	intention	of	having	
three	typologies	 (soft	public	space,	 intermediate	public	space	and	hard	public	space)	and	to	be	able	to	 later	
carry	 out	 a	 comparative	 analysis.	 The	 public	 spaces	 chosen	 were	 “Parque	 de	 los	 Deseos”,	 “Parque	 Lineal	
Ciudad	 del	 Río”	 and	 “Parque	 de	 los	 Pies	 Descalzos”,	 and	 their	 analysis	was	 based	 on	 the	 study	 of	 usability	
factors	(number	of	people	and	age	range	of	users).	After	collecting	the	information	and	comparing	the	results,	
it	 was	 concluded	 that	 areas	 that	 have	 permanent	 shade	 and	 urban	 furniture,	 encourage	 constant	 use.	
However,	areas	that	do	not	meet	normal	comfort	conditions	are	the	ones	that	most	impact	the	public	space.	
	
Keywords:	usability,	accessibility,	public	space,	bioclimatic,	thermal	comfort.		

Introduction	

The	success	of	public	spaces	 in	the	city	depends	not	only	on	the	area	they	cover	 in	urban	
zones,	but	also	on	the	citizen's	level	of	appropriation	and	recognition	of	them.	These	are	key	
factors	for	social	interaction,	economic	exchange	and	cultural	expression	for	a	wide	variety	
of	participants	(e.g.	Gehl,	2015),	starting	with	a	conscious	and	responsible	design	in	which	
users	are	not	considered	"average	type".		

In	 this	 investigation,	 the	 term	"usability"	 is	applied	 in	 the	context	of	public	 space	as	
the	 correspondence	 between	 two	 factors	 of	 analysis	 (number	 of	 users	 and	mix	 of	 users	
according	 to	 their	 ages)	 and	 physical	 -	 spacial	 conditions,	 the	 latter	 being	 the	 most	
important	 since	 they	 show	 how	 the	 space	 responds	 to	 the	 needs	 of	 people	 through	 the	
decisions	 that	 are	 made	 in	 its	 design	 regarding	 the	 characteristics	 of	 furniture,	 surfaces,	
treatment	of	natural	elements	and	use	of	light/shadow,	in	each	case.	

The	following	paper	proposes	a	set	of	criteria	for	the	selection	of	case	studies	and	the	
conditions	for	carrying	out	visits	and	subsequent	analysis	of	results.	

Methods	

Selection	of	case	studies	by	using	five	conditions:	
City	scale:	representative	public	space	in	the	city.	
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Type	of	 soil:	 public	 spaces	 are	 classified	 according	 to	 the	 relationship	between	 soft	 areas	
(green	 areas,	 sand,	 gravels,	 etc.)	 and	 hard	 areas	 (pavers,	 pavements,	 etc.)	 There	 are	 3	
categories:	Soft	public	spaces,	Intermediate	public	spaces	and	Hard	public	spaces.	
Influence:	public	space	in	which	a	high	level	of	attendance	is	observed.	
Relationships:	 the	context	 is	 reviewed	 in	order	 to	understand	the	conditions	of	 the	public	
space	and	its	urban	dynamics.	
Uses	of	the	place:	takes	into	account	the	variation	of	use	in	everyday	life.	

After	the	revision	of	the	list	of	public	spaces,	the	three	that	most	appropriately	comply	
with	 these	 requirements	 are	 selected,	 analyzing,	 as	 a	 pilot	 test,	 “Parque	 de	 los	 Deseos”,	
then	 the	 case	 of	 “Parque	 de	 los	 Pies	Descalzos”	 and	 “Parque	 Lineal	 Ciudad	 del	 Río”.	 It	 is	
understood	that	the	case	studies	are	public	spaces,	within	the	city	of	Medellín,	where	it	 is	
analyzed	how	they	are	used	and	what	characteristics	make	them	usable.	

The	three	public	spaces	were	visited	on	two	different	days	of	 the	week	and	at	a	set	
time	from	9	am	to	9	pm.	Each	public	space	was	zoned	according	to	 the	 furniture,	surface	
materiality	and	user	activities,	 in	order	to	determine	the	variation	in	the	usability	of	these	
spaces,	 given	by	 three	 factors,	which	are	 the	number	and	mix	of	users	according	 to	 their	
ages.	 This	 research	has	 relied	heavily	on	observation,	which	 is	 a	 key	 tool	 for	 the	 study	of	
public	space,	as	 it	provides	 interesting	 information	about	the	 interaction	of	public	 life	and	
public	space	(eg	Gehl,	2013).	

For	 the	 analysis	 of	 public	 spaces,	 areas	 with	 different	 physical	 qualities	 were	
highlighted	 because	 they	 managed,	 in	 some	 cases,	 to	 ensure	 the	 presence	 of	 people	
throughout	the	day,	according	to	the	schedule	established	for	the	visits	of	the	parks	or,	on	
the	contrary,	at	the	moment	they	were	visited,	they	were	empty	but	in	a	short	amount	of	
time,	they	were	used	by	a	large	number	of	people.	Also	highlighted	were	those	areas	that	
generate	activities	by	a	wide	variety	of	users	according	to	their	age	ranges.	

Case	Studies	

Parque	de	los	Deseos			

Located	 on	 Street	 71	 N	 °	 52-30,	 in	 the	 4th	 commune	 (Aranjuez)	 of	 the	 municipality	 of	
Medellín.	 In	 its	 interior	 is	 the	House	 of	Music	 and	 the	 Planetarium	 and	 the	University	 of	
Antioquia,	the	Explora	Park	(interactive	museum),	the	Botanical	Garden	and	the	University	
Metro	Station	are	close	to	the	park.		

	

	
Fig	1.	Parque	de	los	Deseos.	Zoning.	
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Its	area	of	study	is	14,980	m2,	with	a	sand	area	of	578	m2,	water	area	of	343	m2	and	a	
grass	area	of	287	m2,	making	this	the	park	with	the	largest	hard	floor	area	of	the	three	parks	
chosen	for	the	study.		
	

	
Fig	2.	Pictures	Zone	3,	6,	11,	12,	A1,	in	order.	

	

	 	
Fig	3.	People	count	per	hour.	June	4th																				Fig	4.	People	count	per	hour.	June	7th	

	

						 	 	
Fig	5.	Number	of	people	per	age	range.	June	4th									Fig	6.	Number	of	people	per	age	range.	June	7th	

	
Z3,	Z6,	Z11,	Z12	and	A1	were	the	zones	considered	for	the	analysis.	Fig.	3	and	4	show	

the	tendency	of	this	park	to	be	more	used	as	the	day	passes,	especially	 in	the	evening,	 in	
which	the	spaces	with	greater	capacity,	such	as	Z6	and	A1,	housed	the	maximum	number	of	
persons	registered	in	both	visits	in	spite	of	being	zones	that	are	characterized	by	not	having	
furniture;	Both	reached	half	the	amount	on	Tuesday,	compared	to	Saturday.	Both	days,	Z3	
and	A1	showed	a	tendency	to	increase	steadily	without	significant	decrease,	but	specifically	
at	19:00	the	number	of	users	was	reduced,	although	 it	 recovered	quickly	at	20:00	 in	both	
cases.	Z11	and	Z12	showed	a	tendency	to	increase,	but	decreased	their	use	in	relation	to	the	
hours	of	the	afternoon,	in	which	there	were	more	people	in	Z12	at	18:00	and	in	Z11	at	16:00.	
Particularly,	Z12	behaved	like	Z3	in	the	hours	of	the	afternoon	only	to	a	lesser	extent.	While	
Z6	was	an	area	that	had	more	drastic	changes	 in	 its	occupation	according	to	 the	program	
that	was	developed	there.	According	to	Fig.	5	and	6,	“childhood”	is	the	age	group	that	had	
the	 greatest	 presence	 in	 the	 park,	 concentrated	 in	 Z12	 and	 in	 this	 zone,	 age	 ranges	
decreased	drastically.	
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Parque	Lineal	Ciudad	del	Río	

Located	on	the	Street	44	N	°	19ª-100,	in	the	14th	commune	(Poblado)	of	the	municipality	of	
Medellín,	 its	 surroundings	 are	Business	Center	Ciudad	Del	Río,	Medical	 Tower	Ciudad	Del	
Río,	Plaza	del	Río,	Medellin	River	and	Museum	of	Modern	Art	of	Medellín	MAMM	

The	 study	 area	 is	 20,103	m2,	with	 a	 sand	 area	 of	 460	m2	 and	 a	 large	 grass	 area	 of	
12,105	m2,	being	the	park	with	the	most	apparent	soft	floor	area.	

	

	
Fig	7.	Parque	de	los	Deseos.	Zoning.	

	

	
Fig	8.	Pictures	Zone	3,	4,	18,	10,	11,	in	order.	

	

	 	
Fig	9.	People	count	per	hour.	June	11th																				Fig	10.	People	count	per	hour.	June	14th	

	
	

	 	
Fig	11.	Number	of	people	per	age	range.	June	11th									Fig	12.	Number	of	people	per	age	range.	June	14th	

	
Z3,	Z4,	Z8,	Z10	and	Z11	were	the	areas	considered	for	the	analysis.	Fig	9	and	10	show	

how	the	highest	concentration	of	people	occurred	between	17:00	and	18:00	in	the	different	
areas	 analyzed.	 Specifically,	 in	 Fig	 10,	 it	 is	 evident	 that	 there	 was	 no	 clear	 tendency	 to	
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increase	as	the	day	passed,	however	this	situation	did	occurr	in	Fig	9	which	corresponds	to	
Saturday.	Between	Saturday	and	Tuesday	there	was	no	significant	difference	between	the	
number	of	people	in	the	different	zones,	opposite	to	what	happened	in	the	areas	of	Parque	
de	Los	Deseos.	On	Tuesday,	there	was	a	tendency	for	the	number	of	people	to	decrease	in	
all	areas	at	around	19:00,	while	that	trend	was	on	Tuesday	at	approximately	20:00,	an	hour	
later.	Z3	as	well	as	Z6	in	the	Parque	de	los	Deseos	was	highly	affected	by	the	scheduling	of	
events	 and	 in	 this	 case	 Z4,	 which	 is	 the	 closest	 area,	 was	 influenced	 by	 this	 situation.	
Regarding	users,	it	can	be	seen	in	Fig	11	and	12,	that	the	concentration	of	adolescents	in	Z8	
made	 the	other	age	 ranges	 significantly	decrease	 their	presence.	 Z4	and	Z3	are	 the	areas	
that	had	the	best	balance	with	respect	to	the	variety	of	users	and	it	is	in	Z10	and	Z11	that	
young	people	and	adolescents	stayed	in	a	more	balanced	way.	It	is	evident	how	users	of	the	
ranks	of	“childhood”,	“adulthood”	and	“old	age”	did	not	make	much	use	of	the	areas	that	
are	part	of	this	park.	

Parque	de	los	Pies	Descalzos	

Located	on	Street	52	N	°	42-125,	in	the	10th	commune	(La	Candelaria)	of	the	municipality	of	
Medellín.	It	is	adjacent	to	the	Intelligent	Building	of	EPM.	Additionally,	it	is	also	nearby	is	the	
Metropolitan	Theater	and	Plaza	Mayor	Convention	Center.	

The	study	area	 is	18,170	m2,	with	a	sand	area	of	1,047	m2,	a	grass	area	of	4,846	m2	
and	a	water	area	of	124	m2.	

	

	
Fig	13.	Parque	de	los	Deseos.	Zoning.	

	

		 		 		 		 	
Fig	14.	Pictures	Zone	3,	4,	5,	6,	8,	in	order.	
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Fig	15.	People	count	per	hour.	June	18th																				Fig	16.	People	count	per	hour.	June	21th	

	

	 	
Fig	17.	Number	of	people	per	age	range.	June	18th									Fig	18.	Number	of	people	per	age	range.	June	21th	

	
Z3,	Z4,	Z5,	Z6	and	Z8	were	the	areas	considered	for	the	analysis.	This	park,	unlike	the	

Parque	de	los	Deseos,	had	the	tendency	to	decrease	in	quantity	of	people	in	the	night	hours,	
specifically	from	18:00.	As	it	can	be	seen	in	Fig	16,	this	tendency	was	more	radical	than	In	
Fig	15,	in	which	the	same	situation	occurred	but	not	so	significantly.	The	different	zones	of	
the	park	were	mainly	used	between	14:00	and	18:00,	especially	Z4,	Z5	and	Z6,	which	stand	
out	 in	 Fig	 16	 for	 having	 a	 representative	moment	 of	massive	 use,	 unlike	 Fig	 15	 in	which	
there	was	no	peak.	This	and	its	prominent	use	on	Tuesday	was	related	to	the	vocation	of	the	
place	because	it	is	recognized	in	the	city	as	a	place	where	many	people	go	to	institutions,	so	
that	 the	 number	 of	 people	who	 visit	 it	 varies	 suddenly	 and	 drastically	 in	 different	 areas.	
These	 areas	 were	 also	 characterized	 by	 having	 differentiating	 elements	 on	 their	 surface,	
such	as	water	and	sand,	which	generated	greater	attention	in	them.	In	this	park,	there	is	a	
greater	 balance	 regarding	 the	 variety	 of	 users	 by	 age	 range,	with	 the	 exception	of	 Z3,	 as	
shown	in	Fig	17	and	Fig	18,	 in	which	the	area	concentrated	more	specific	populations.	For	
example,	 on	 Saturday	 the	 fountains	 were	 turned	 on	 and	 the	 population	 of	 children	
increased.	People	belonging	to	adulthood	and	old	age	tended	to	concentrate	in	Z5,	which	is	
the	commercial	area,	while	children	concentrated	in	the	most	recreational	areas.	

Conclusions		

The	dedicated	and	careful	study	of	the	functioning	of	public	spaces	is	fundamental	in	order	
to	guarantee	their	quality,	since	their	success	is	not	linked	to	a	single	variable,	but	to	a	set	of	
factors	that	allow	them	to	offer	the	most	appropriate	conditions	for	their	use;	As	evidenced	
in	the	analysis	of	the	three	case	studies,	having	large	areas	of	grass	does	not	ensure	that	the	
spaces	 are	 occupied	 at	 all	 times	 of	 the	 day,	 nor	 does	 the	 presence	 of	 shade	 ensure	 that	
certain	areas	are	the	most	attractive	for	users.	

Public	 spaces	 are	 not	 separate	 elements	 in	 the	 city;	 on	 the	 contrary,	 they	must	 be	
strongly	linked	to	transportation	systems	and	provide	easy	and	safe	access	to	them	to	grant	
security	 to	 users	 and	 to	 encourage	 their	 constant	 use	 in	 both	 days	 of	 the	 week,	 the	
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weekend,	the	morning,	afternoon	and	evening	hours.	It	is	of	equal	importance	that	there	is	
an	absolute	awareness	regarding	the	context	in	which	the	public	spaces	are	generated	since	
this	one	already	has	geographical,	climatic,	and	cultural	conditions;	 In	addition,	 it	has	pre-
existences	such	as	equipment,	roads,	residential	areas,	among	others,	that	affect	both	their	
physical	 configuration	 and	 users,	 which	 does	 not	 make	 possible	 the	 implementation	 of	
generic	public	space	treatment	and	planning	strategies	that	consider	cities	as	homogeneous	
elements.	

The	 physical	 configuration	 of	 these	 spaces	 must	 be	 given	 by	 the	 multiplicity	 of	
activities,	users	and	their	specific	needs,	which	vary	in	a	large	number	of	aspects	and	have	
the	 same	 right	 to	 enjoy	 the	 recreational	 spaces	 for	 their	 personal	 development	 and	
contribution	 to	 social	 integration,	what	 is	 known	 in	 some	 contexts	 as	universal	 design.	 In	
turn,	this	should	be	reflected	in	the	spatial	zoning	generated	by	the	variation	of	materiality,	
height	and	furniture	that	gives	character	and	difference	to	each	of	the	zones.	It	is	important	
to	consider	that	zoning	should	not	be	divided	or	fragmented	because,	on	the	contrary,	the	
relationship	 between	 zones	 should	 be	 encouraged	 to	 avoid	 the	 generation	 of	 isolated	
spaces	that	may	become	obsolete	and	are	affected	by	security	threats.	

The	public	spaces	in	the	tropics	seek	shade,	and	the	implementation	of	elements	that	
generate	this	must	be	highly	related	to	the	activities	carried	out	there.	Finding	the	balance	
between	areas	of	shade	and	total	area	is	important	because	the	lack	of	shade	limits	the	use.	
Depending	 on	 the	 climatic	 conditions	 of	 the	 environment,	 it	 also	 decreases	 the	 range	 of	
hours	in	which	they	are	used	and	the	excess	of	shade	generates,	in	some	cases,	very	dark,	
humid	and	unsafe	spaces.	The	Z11	of	the	Ciudad	del	Río	Park,	has	these	characteristics,	a	lot	
of	trees	and	low	illumination,	this	is	evidenced	in	Fig	10.	There	is	a	slight	increase	of	users	
between	 the	hours	 14:	 00	 and	 17:	 00,	mostly	 children	 and	 teenagers,	 Fig	 11.	 After	 these	
hours,	you	can	see	how	the	number	of	people	in	the	chart	drops.	In	general,	these	spaces	
are	used	to	consume	psychoactive	substances,	that	being	the	reason	why	the	ranges	of	ages	
are	diminished,	since	the	place	is	not	inclusive	for	other	age	ranges.	The	Z4	zone,	unlike	the	
previous	 one,	 is	 more	 inclusive	 with	 users	 and	 in	 addition	 to	 this,	 it	 has	 afforestation.	
According	to	Fig	9,	it	is	possible	to	emphasize	the	presence	of	people	in	the	day	and	at	night,	
with	more	varied	and	inclusive	users.	Among	these	elements	trees	stand	out	because	they	
provide	 freshness,	 clean	 the	air,	 embellish	 the	 landscape	and	offer	 variety,	without	being	
too	dense	as	it	is	in	Z11	of	the	Parque	Lineal	Ciudad	del	Río.	

There	 is	 an	 important	and	 significant	 relationship	between	 the	 shape	of	 the	 spaces,	
the	furniture	and	the	materiality	of	their	surfaces.	These	can	give	a	special	character	to	the	
zones	 and	 influence	 the	 dynamics	 of	 the	 program	 and	 its	 users.	 The	 furniture	 has	 the	
potential	 to	be	a	generator	of	places	 to	 stay	with	different	activities	according	 to	 its.	 The	
continuous	 elements	 promote	 the	 coexistence	 between	 people	 who	 do	 not	 have	 much	
relation	and	the	fragmented	elements	accentuate	the	separation	between	groups	of	people	
or	 users	 of	 the	 public	 space.	 Equally	 important	 are	 the	 levels	 and	 location	 of	 furniture	
relative	to	other	areas	in	public	spaces.	A	clear	example	of	this	is	Zone	3	Fig	3.	Its	elongated	
furniture	 promotes	 a	 series	 of	 commerce	 and	 relationship	 activities.	 As	 the	 day	 passes,	
commerce	considerably	increases.	It	should	be	noted	that	it	is	a	place	that	does	not	have	a	
very	 large	area,	however	 it	 is	 very	usable,	 in	addition	 it	 is	higher,	where	people	 can	have	
visualization	of	the	totality	of	the	space.	The	zones	with	concentration	of	activities	acquire	
hierarchy	in	the	spatial	configuration.	This	shows	how	they	instinctively	seek	to	have	control	
over	their	surroundings	and	how	the	places	where	the	furniture	is	located	with	some	type	of	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2765



elevation	or	higher	level,	in	addition	with	visuals	towards	the	whole	of	park,	are	constantly	
used	(see	ZA1	Fig	3	and	4,	and	Z5	Fig	15	and	16).	

The	 appropriation	 of	 spaces	 by	 the	 people	 is	 a	 fundamental	 element	 in	 their	
functioning.	 In	 some	 cases,	 spaces	 that	 are	 over-designed	 are	 not	 necessarily	 successful,	
because	their	creation	starts	from	aesthetic	foundations	that	do	not	have	a	real	relationship	
with	 users	 and	 their	 needs,	 nor	with	 the	 context	 that	 determine	 their	 way	 of	 operating.	
Spaces	that	are	intended	for	some	type	of	program,	the	user	changes	or	adapts	to	their	own	
needs,	even	in	some	cases	they	are	the	ones	who	carry	their	own	furniture	and	appropriate	
other	spaces	that	were	not	intended	for	that	type	of	use	in	their	original	design.	This	implies	
that	public	spaces	must	be	flexible	and	allow	people	to	adapt	to	it	and	it	to	people.	
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Abstract:	 Insufficient	 landuse	 planning	 has	 accelerated	 the	 impact	 of	 desertification	 disasters.	 By	 2050	
decertification	will	lead	over	700	million	people	to	migrate	from	rural	areas	to	crowded	cities	(UNUESH,	2014).	
In	context,	Siwa	oasis	is	one	of	the	threatened	cities	in	Egypt.	Urban	ecology	is	a	one	of	the	recent	approaches	
in	city	planning,	using	ecological	science	perception,	methodology	and	applications	that	could	help	understand	
cities'	behaviour	under	any	environmental	shocks.	
This	paper	highlights	the	role	of	urban	ecology	in	the	maintenance	of	lands	facing	natural	disasters	including	
degradation	taking	into	consideration	the	communities'	perspective.	It	sheds	light	to	the	vulnerability	status	of	
land	degradation	hazard	of	Siwian	communities	in	the	Egyptian	desert.	This	approach	focuses	on	exploring	and	
evaluating	the	citizens'	awareness	of	their	dynamic	nature	and	the	role	of	individuals	to	maximise	their	resilience,	
and	their	adaptive	capacity	towards	desertification.	Observations	and	questionnaires	were	designed	in	order	to	
examine	 the	 severity	 of	 negative	 effect	 from	 desertification	 using	 the	 adaptive	 capacity	 and	 vulnerability	
variables.	The	data	generated	 from	 the	 fieldwork	 showed	a	power	 struggle	between	education,	 culture	and	
communication.	 Involving	 the	 community	 in	 urban	 solutions	 can	minimise	 the	 effect	 of	 desertification	 and	
increase	their	resilience	mechanism	to	land	degradation	regime.	
	
Keywords:	desertification,	climate	change	action	plan,	urban	ecology,	adaptive	capacity,	urban	resilience	

Introduction	

Many	countries	struggle	with	climate	issues	associated	with	population	growth,	unsuitable	
utilisation	of	natural	 resources,	and	high	 rates	of	 land-reclamation,	 creating	an	 imbalance	
growth	between	population	and	land	capacity	resulting	water	level	rising,	air	pollution	and	
desertification.	World	Bank	(2011)	stated	that	more	than	half	of	the	population	are	migrating	
from	 rural	 areas	 to	 urban	 settlements,	 in	 searching	 for	 better	 and	 healthier	 sustenance.	
Consequently,	land	reclamations	are	formed	on	the	previous	agricultural	land;	resulting,	an	
irreversible	land	use	change	which	accelerates	land	degradation.	

Egypt	 is	one	of	 the	threaten	countries	to	be	effected	by	climate	change	(worldbank,	
2011);	 being	 the	 largest	 population	 among	 northern	 Africa	 countries,	 the	 need	 for	 land	
reclamation	becomes	a	necessity.	However,	the	lack	of	natural	resources	management,	lead	
to	a	catastrophic	environmental	problems	(El-Shahawi,	2004).	The	former	head	of	DRC	stated	
that	Egypt	is	losing	over	a	hectare	of	fertile	land	every	hour	to	construction	(Abdel	Galil,	2012).	
Such	 impact	 negatively	 affects	 Egyptian	 economy,	 food	 security	 and	 puts	 a	 pressure	 on	
human	 health	 (El-Shahawi,	 2004).	 In	 context,	 Siwa	Oasis	 located	 at	 the	 Egyptian	western	
desert	is	one	of	the	contexts	suffering	from	desertification,	as	a	result	of	the	insufficient	usage	
of	 the	 natural	 resources	 associated	 with	 growing	 population.	 Such	 irreversible	 land	 use	
change	had	accelerated	their	land	degradation.	
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Urban	ecology	is	a	conceptual	framework	or	a	theoretical	model	that	has	the	potential	
to	 resolve	 issues	 of	 management	 and	 sustainability	 (Pickett,	 2006).	 Linking	 social	 system	
within	 cities	 ecosystem	 provides	 a	 fundamental	 sustainability	 of	 the	 urban	 population	
(Pickett,	2006).	This	concept	has	revolutionized	the	narrow	scope	of	urban	planning.	Through	
evaluating	 the	 relationship	 between	 social	 status	 and	 environmental	 problem	will	 better	
affect	 urban	 land	use	patterns	 in	 the	 context	of	 species	diversity	 and	 function	 reparation	
(Grimm,	 2008).This	 research	 investigates	 urban	 ecology	 strategies	 within	 the	 desert	
community	and	their	adaptive	capacity	towards	desertification.	It	highlights	the	role	of	urban	
ecology	 approaches	 (resilience	 concept)	 as	 a	 way	 for	 communities	 to	 increase	 their	
adaptability	towards	desertification.	

Literature	and	theoretical	framing	

Problem	definition	

Approximately	52	million	km2	of	earth	land	surface	is	desert.	This	considerable	proportion	of	
earth	surface	represents	41.3%	of	the	global	terrestrial	and	regarded	as	wastelands.	Desserts	
are	home	land	for	34.7%	of	global	population;	about	44%	of	this	population	are	residents	of	
developing	 countries	 (World	 Bank,	 2011).	 There	 exist	 many	 definitions	 for	 the	 term	
desertification	 that	 are	 mainly	 encouraged	 by	 the	 gap	 between	 cities	 and	 nature;	 each	
covering	a	certain	scale	and	representing	different	point	of	views	(Kalbermatten,	2005).	The	
UNCCD	(2006)	defined	desertification	as	“desertification	 is	Land	degradation	 in	arid,	semi-	
arid	and	dry	sub-humid	areas	resulting	from	various	factors,	 including	climatic	fluctuations	
and	 human	 activities”.	 This	 definition	 is	wildly	 used,	 however,	 researchers	 found	 it	 to	 be	
vague	and	ambiguous.	Egypt	has	a	total	area	of	one	million	km²	of	arid	and	hybrid	climate	
where	only	3%	of	the	area	is	agriculturally	productive.	The	country	has	four	environmental	
zones;	each	has	 its	own	ecological	 characteristics.	A	 recent	presentation	by	Shalby	 (2010)	
indicated	that	environmental	factors	obligate	people	to	move,	and	it	will	be	more	severe	in	
the	 future.	 Advancing	 sand	 dunes	 in	 the	western	 desert	 is	 swallowing	 about	 70%	 of	 the	
habitat	villages.	

	
Figure	1	Environmentally	Sensitive	Areas	in	Egypt	(ESA’s)(DRC,	2013)	

Desertification	 impact	 has	 different	 variables;	 however,	 the	 main	 factor	 of	
desertification	in	Egypt	is	neglect.	Losing	around	7.61%	of	its	vegetation	cover	towards	urban	
structure	 and	 6.5%	 of	 the	 vegetation	 cover	 is	 suffering	 from	 desertification	 (Afifi,	 2014).	
Urban	 cities	 settlements	 overcame	 the	 agricultural	 regions,	 deteriorating	 land	 fertility	
especially	 in	 the	 delta	 and	Nile	 Valley	 due	 to	 the	 poor	management	 of	 natural	 resources	
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(insufficient	agriculture	practice;	lack	of	drainage	system;	extensive	ground	water	pumping;	
saltation	 in	 coastal	 areas).	 The	 agriculture	 practice	 in	 western	 oasis	 was	 replaced	 with	
touristic	activities	and	manufacturers;	and	the	vegetation	cover	also	decreased	due	to	shifting	
to	cultivation	field	crops;	overgrazing	and	wood	collective;	increasing	of	livestock	and	absence	
of	 plants	 cover	 and	 biodiversity;	 transporting	 water	 and	 grazing	 area	 increases	 land	
degradation;	and	the	mismanagement	of	rangelands	(Shahin,	2007).	

Adaptive	capacity	factors	and	coping	strategies	

Multiple	challenges	are	 faced	 today	 including	climate	change	effects,	over	population	and	
deterioration	 of	 infrastructure	 which	 put	 a	 heavy	 load	 on	 services	 and	 resources.	 The	
threatening	conditions	of	ecosystem	services	obligate	communities	to	develop	a	new	way	to	
survive	 these	 problems	 without	 abandoning	 their	 settlements.	 Social	 resilience	 is	 a	
representation	 of	 communities	 or	 societies	 to	 cope	 to	 any	 external	 changes.	 A	 resilient	
community	represents	its	ability	to	be	self-organised,	alter	stresses	and	enhance	its	capacity	
for	adaption,	to	respond	positively	to	changes	and	maintain	its	profound	function.	According	
to	Cutter	(2010),	to	achieve	a	resilient	city	and	reduce	the	risk	effect,	social	factors	must	be	
considered	 via	 utilising	 local	 knowledge	 and	 network.	 To	 establish	 community	 resilience,	
studies	tends	to	break	the	social	resilience	 into	two	components.	The	first	 is	demographic	
"general	 knowledge	 and	 background”	 and	 the	 second	 is	 community	 perception	 and	
engagements	(Pasteur,	2011).	Pelling	(2010)	stated	that	the	most	cost-	effective,	useful	and	
sustainable	aspects	in	building	city	resilience	are	those	meeting	the	essential	needs	for	basic	
developments	or	poverty	reduction.	According	to	the	World	Bank	(2011),	the	most	vulnerable	
categories	 in	 the	 society	 are	 those	with	 single	 income,	 natural	 resources	 related	 income,	
reliable	basic	services	and	lack	of	awareness.	

From	 the	 literature,	 this	 paper	 used	 the	 term	 resilience	 as	 a	 synonym	 to	 adoptive	
capacity,	 then	 identified	 relevant	 variables	 and	 grouped	 them	 into	 social,	 economic,	
institution	and	land	infrastructure	resilience.	The	social	variables	included	the	age,	gender,	
and	educational	level;	the	economic	variables	included	the	house	capital,	employment,	and	
number	of	resource	income;	and	the	Infrastructure	involved	the	community	type,	ecology,	
and	housing	type.	

Methods	

Study	Area	

Siwa	oasis	is	located	approximately	300	km	south	of	the	Mediterranean	coast	(from	29	-100	
to	29	-160	N	latitudes	and	25-270	to	25-350	E	Longitude).	The	oasis	is	about	23	m	below	sea	
level	 (Misak,	 et	 al.,	 1997).	 According	 to	Madani	 (2005),	 Siwa	 could	 be	 divided	 two	main	
geomorphic	units,	being	Siwa	floor	and	bounding	uplands.	The	Siwa	floor	unit	is	composed	of	
different	land	forms	including:	salt	lakes,	(about	34	lakes	covers	around	5.9%	of	Siwa	land);	
salt	marches	or	Sabkhas		(around	32.3%	of	Siwa		soil	is	Sabkhas	that	is	normally	covered	with	
hard	salt	 crust	 called	Karsheif),	which	make	 the	 land	unsuitable	 for	planting	activities	and	
cultivation.	Since	Siwa	only	receives	10	mm	or	less	of	annual	precipitation	(Shahin,	2007),	the	
oasis	water	source	depends	on	groundwater	that	is	derived	from	two	underground	aquifers.	
With	an	annual	discharge	of	255	million	cubic	meters,	the	main	economic	activity	is	collective	
agriculture.	 The	 annual	 surplus	 water	 reached	 33	 million	 cubic	 meters	 as	 a	 result	 of	
inappropriate	water	drainage	system,	uncontrolled	water	wells	(Madani,	2005),	that	lead	to	
a	 rise	 in	 ground	water	 level	 causing:	water	 logging,	 soil	 saltation	 and	 a	major	 loss	 in	 the	
indigenous	ecological	life.	That	consequently	led	to	the	desertification	syndrome.	
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Figure	2	Location	Map	of	the	farmer	observation	samples	in	Siwa	Source	of	data:	using	Land	Use/	Land	Covers	

2008	a	base	map	(Samy,	2010)	
Social	aspects	
Siwa	has	around	20'000	 inhabitants,	where	only	25%	of	the	population	residing	 in	remote	
rural	villages.	North	African	original	inhabitants	(Berbers)	populated	Siwa	in	the	early	10,000	
B.C.,	which	created	a	unique	heritage	and	rich	distinctive	native	traditions	to	the	area.	

As	 a	 typical	 Egyptian	 desert	 society,	 Siwa	 residents	 are	 conservative	 and	 consist	 of	
several	 families	 that	 are	 closely	 attached	 (tribe	 community).	 Each	 family	 has	 a	 Sheikh,	
(generally	an	elderly	man)	who	acts	as	a	chief	who	represent	the	village	council	(El-Saied,	et	
al.,	2015).	Siwa's	location	helped	maintaining	their	traditions	and	characteristics.	The	village	
council	 couldn't	 be	 resigned	 to	 any	 system	 until	 the	 late	 19th	 century	 by	 force	 from	 the	
Egyptian	 government,	 after	 the	 construction	of	 the	 Siwa	 to	Marsa	Matruh	 road	 the	oasis	
broke	from	its	isolation.	

	
Figure	3	Urban	development	analysis	of	Siwa	(Martinelli,	2003)	

Urban	planning	
Martinelli	(2003)	showed	a	comprehensive	analysis	to	the	urban	texture	developing	system	
of	Siwa	as	shown	in	Figure	(3).	The	two	round	dark	brown	areas	in	the	middle	represent	the	
fortress	of	Shali	(the	smaller)	and	el-Gebel,	which	have	to	be	considered	on	their	own	for	their	
unique	architecture	and	development.	The	radial	system	that	characterizes	the	areas	around	
Shali,	as	well	as	the	other	original	fortified	villages,	marked	in	light	brown,	is	the	oldest	area.	
Originally,	the	buildings'	arrangements	followed	the	curved	lines	of	the	streets	of	Shali.	Later	
on,	the	urban	development	changed	into	linear,	following	the	routes	to	the	main	points	of	
interest	(Dakrur,	Aghurmi,	Gebel	el	Mawta,	and	the	lake)	and	the	composite	design	of	the	
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houses	consequently	mutated	with	it.	Such	unplanned	development	became	a	major	issue	
especially	 in	the	city	centre	around	Shali	Mountain	and	the	market	square.	There	 is	also	a	
weak	distribution	of	landuses	and	energies	usage	in	the	different	zones	(Hawa,	et	al.,	2007).	

In	the	early	2000	a	regulation	set	by	the	general	organisation	for	physical	planning	in	
Egypt	indicated	a	limitation	of	building	height	up	to	3	floors	maximum	in	the	city	downtown	
(near	Shali	market	area).	The	government	also	set	a	rule	for	the	population	to	use	the	local	
material	karshif	for	the	elevations'	finishing,	in	order	to	be	included	in	water	and	electricity	
grid	supply.	

Desertification	in	Siwa	
The	main	 source	of	desertification	 in	Siwa	 is	 the	uprising	of	water	 table,	as	a	 result	of	an	
insufficient	land	use	zoning	and	water	management.	According	to	Siwa	information	centre,	
there	are	roughly	1199	wells	and	springs,	with	a	total	annual	discharge	of	255	million	cubic	
meters,	where	nearly	222	million	cubic	meters	evaporated	(Shahin,	2007).	It	was	estimated	
by	Samy	&	DRC	(2010)	that	during	summer	and	winter	around	90000	m3	and	165000	m3	of	
drained	 water	 annually	 are	 respectively	 added	 to	 the	 ground	 water	 table.	 As	 previously	
mentioned	there	are	two	main	ground	water	aquifers	 in	Siwa	with	slightly	saline	water	as	
categorised	by	the	US	geology	survey	categories.	The	upper	Siwian	aquifer	can	be	extracted	
by	shallow	wells	of	depth	35	m	to	150	m	with	an	amount	of	salinity	of	3000	ppm.	The	Nubian	
sandstone	aquifer,	 that	can	be	extracted	through	deep	wells	with	depth	over	1000	m	and	
consists	of	a	normal	salinity	(Misak,	et	al.,	1997).	Given	that	agriculture	is	their	main	activity,	
a	traditional	gravity	(surface)	irrigation	system	is	used	to	irrigate	plantation.	Therefore,	higher	
level	grounds	are	used	for	agriculture.	As	a	result,	the	drainage	water	is	poured	into	the	lower	
lands.	Such	flow	resulted	a	continuous	uprising	of	ground	water	table	(Samy	&	Center,	2010).	
Consequently	 desertification	 symptoms	 of	 water-logging,	 increased	 in	 soil	 salinity	 and	
blocking	had	emerged,	which	lead	to	a	serious	ecological	and	social	deleterious	effects.	

Survey	Questionnaire	

The	 survey	 questionnaire	 was	 used	 to	 identify	 the	 citizens'	 vulnerability	 towards	
desertification,	their	adaptive	capacity	and	their	contribution	to	make	their	city	more	resilient	
towards	 desertification	 and	 any	 other	 environmental	 issues.	 The	 questionnaire	 was	
conducted	on	site,	face	to	face	where	the	responses	are	returned	by	hand.	They	were	typed	
and	 translated	 into	 Arabic	 (local	 language)	 and	 certified	 that	 the	 same	 meanings	 were	
conveyed	to	easy	the	communication.	The	structure	of	the	questionnaire	consisted	of	four	
sections:	 Section	 A:	 background	 and	 general	 information;	 section	 B:	 information	 on	 the	
knowledge,	 cause	and	effects	of	desertification;	 section	C:	 community	perception	of	 their	
cities	biodiversity	and	landscape;	and	section	D:	community	consultation	on	how	to	improve	
their	city	resilience.	

Sampling	procedure	

The	probability	sampling	technique	was	adopted	entailing	random	selection	sampling	to	have	
a	 wide	 representation	 of	 the	 community.	 In	 random	 selection,	 each	 member	 of	 the	
community	population	has	a	chance	of	being	selected.	This	method	can	be	useful	when	the	
researcher	 is	seeking	the	population's	perception	or	behaviour	 in	different	scales	 (gender,	
age...etc.).	The	main	reasons	of	using	random	selection	sampling	in	this	research	are	allowing	
to	verity	the	community's	actions;	the	need	of	exploratory	data	to	be	collected	from	different	
people;	as	well	as	the	possibility	of	generalisation	of	specific	population	(Patton,	1990).	

Data	analysis	
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The	designed	questionnaire	was	distributed	to	the	respondents	on	three	different	days,	being	
Thursday14/4/2016	(from	12:00PM-3:00PM	and	from	6:00	PM	-10:00	PM);	Friday	15/4/2016	
(from	6:00	PM	-10:00	PM);	Saturday16/4/2016	(from	12:00PM-3:00PM	and	from	6:00	PM	-
10:00	PM)	and	Sunday17/4/2016	(from	9:00	AM	-11:00	AM).	Two	types	of	analysis	took	place.	
Quantitative	 analysis	 derived	 from	 the	 data	 collected	 from	 the	 questionnaire.	 Central	
tendency	is	used	as	a	measuring	tool	to	describe	how	the	data	clustered	together	around	a	
central	point	using	the	mean,	mode	and	median.	Evaluating	the	response	rate,	and	represent	
them	using	tables,	graphs	and	charts	through	the	use	of	Microsoft	Excel.	On	the	other	side,	
qualitative	analysis	was	based	on	the	meanings	derived	from	words,	through	the	collection	
of	 non-standardised	 data	 that	 required	 classification	 into	 categories	 or	 groups	 and	 it's	
analysed	through	the	use	of	conceptualisation	(Saunders,	et	al.,	2003).	The	data	was	analysed	
by	firstly,	ensuring	that	it	is	relevant	to	the	research,	than	by	grouping	the	similar	categories	
and	lastly	summarising	the	findings	of	the	existing	situation.	

Results	and	discussion	

Survey	findings	

The	questionnaire	gave	an	overview	about	the	demographic	profile	and	characteristics	of	the	
Siwian	population.	The	female	segregation	was	clear	as	only	5	females	responded	who	were	
either	from	the	Delta	Region	or	foreigners.	The	young	population	were	mainly	located	within	
downtown	 and	 touristic	 areas	 (lower	 terrain	 of	 the	 oasis).	 However,	 the	 elderly	 were	
commonly	 found	within	 farmland	 or	 open	 desert	 (higher	 terrain).	 The	 questionnaire	 also	
showed	the	alarming	fact	that	Siwan	community	does	not	care	about	having	an	educational	
degree	as	only	6%	of	the	respondents	went	to	universities,	while	the	others	either	dropped	
primary	 school	 or	 obtained	 a	 diploma	 from	 the	 Higher	 Technological	 Institute	 in	 Marsa	
Matruh.	The	customs	and	traditions	are	the	most	authorities'	laws	followed	by	the	community.	
As	part	of	 the	 social	 analysis,	 income	 level	and	availability	 is	 a	 social	 resilience	 that	 could	
identify	the	individual’s	capacity	to	adopt	the	new	transformation	of	their	city.	Accordingly,	
about	95%	of	the	surveyed	people	are	at	risk	of	natural	disaster	“desertification”.	Individuals	
with	 one	 source	 of	 income	 have	 a	 very	 high	 risk	 of	 getting	 affected	 by	 desertification	
especially	if	they	count	on	seasonal	income	(such	as	touristic	and	farming).	Regardless	their	
weak	 educational	 levels,	 most	 of	 the	 community	 are	 noticing	 the	 decline	 in	 their	 city	
ecological	system	being	a	result	of	waste	water,	irrigation	water	and	ground	water.	The	key	
terms	in	solving	Siwa	environmental	problem	as	identified	by	75%	of	the	respondents	are	the	
ground	water	management,	the	wastewater	and	irrigation	water	treatment	system,	as	well	
as	the	urban	land	zoning	and	distribution.	

Siwa	 is	 an	 agriculture	 community;	 where	 the	 Flora	 is	 dominant	 when	 compared	 to	
Fauna.	However,	 they	 are	neglected	when	not	 cultivated,	 as	people	 are	 concerned	about	
hygiene	and	welfare.	They	added	that	the	most	of	the	natural	habitat	exist	in	areas	with	water,	
whether	clean	or	waste	water	and	hosts	a	 large	amount	of	 insects	especially	mosquitoes.	
Green	covers	within	in	the	urban	areas	are	at	risk	since	there	is	no	proper	management	and	
distribution.	 The	 Community	 understanding	 of	 cities’	 natural	 disaster	 improves	 the	 city	
resilience.	Even	thought,	 the	community	blames	the	government	on	their	actions	towards	
Siwa,	 about	 55%	of	 the	 respondents	who	mostly	 aged	 from	49-60	 year	 old	 believed	 that	
peoples’	attitude	and	usage	of	natural	material	is	“accidentally”	exaggerating	including	water	
usage	changing	from	using	buckets	and	water	storage	and	start	using	unhealthy	water	serves.	
From	the	survey	questionnaire,	a	link	between	sections	was	strongly	noticeable,	for	instance	
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section	A	 (marital	 status,	 occupancy	 and	 source	 of	 income)	 had	 effected	 the	way	 people	
evaluated	 the	 sensitive	 indicators	 in	 both	 sections	 C	 (community	 perception	 of	 their	
biodiversity	 and	 landscape)	 and	 D	 (consultation	 on	 how	 to	 improve	 city	 resilience).	 Also	
sections	 B	 and	 D	 provide	 solutions	 towards	 making	 more	 resilient	 neighbourhoods	 and	
enlarge	the	community	capacity.	Moreover,	the	survey	had	validated	the	research	literature	
of	highlighting	the	problem	and	the	amount	of	threats	facing	the	city.	

Observation	findings	

The	convenient	way	to	understand	Siwa’s	urban	planning	and	ecologies	was	by	exploring	the	
city	 in	 person.	 It	was	 noticeable	 in	 the	 downtown	 (Shalie	mountain	 area),	 that	 there	 are	
several	problems	 leading	 towards	 sever	desertification.	The	 regulations	and	city’s	hygiene	
and	 human	wellbeing	 are	 the	most	 alarming	 problems	 affecting	 the	 city	 and	 community	
resilience.	The	only	applying	regulations	are	those	related	to	the	building	height.	There	exist	
no	 regulations	 covering	 human	 safety	 or	 biodiversity	 in	 addition	 to	 the	 absence	 of	 the	
property	 lines	 and	 other	 urban	 planning	 regulations.	 Previously,	 the	 city	 used	 to	 have	 a	
homogeneous	and	harmonic	visual	 sequence,	yet	 recently	 the	urban	pattern	of	 the	city	 is	
becoming	more	 scattered,	 irregular	with	 the	unfinished	 facades	 showing	 the	 foreign	used	
materials.	 Consequently,	 the	 buildings	 are	 like	 standing	 alone	 with	 no	 respect	 to	 its	
surrounding	context.	The	streets	in	Siwa	also	lack	multiple	human	safety	regulation,	as	there	
are	no	pavements	for	pedestrian.	The	oasis	hygiene	is	very	disturbing	as	 it	 is	missing	 litter	
boxes	and	there	are	no	state	waste	management.	People	are	dumping	their	waste	(solid	or	
liquid)	in	the	water	path	which	leads	to	the	pollution	of	the	water.	There	is	also	a	lack	of	public	
places	in	the	city	as	there	is	only	one	public	garden	located	in	the	downtown;	that	is	used	for	
children	 to	 play	 and	 elderly	 to	 rest.	 The	 observation	 concludes	 that	 the	 water	 became	
polluted,	the	people	wellbeing	is	constantly	at	risk	especially	(children,	elderly),	and	decrease	
in	biodiversity.	

Recommendations	and	Conclusion	

The	following	section,	is	presenting	a	summary	of	findings	and	recommendations	that	were	
concluded	from	the	research	literature	review,	questionnaires	and	observations.	The	findings	
are	 grouped	 into	 different	 categories,	 each	 group	 address	 a	 certain	 perspective	 that	 will	
assess	in	satisfying	the	research	main	objective.	Each	group	is	briefly	discussed,	followed	by	
a	number	of	recommendations	that	derived	from	the	strategies	of	urban	ecology	(Council,	
2016).	When	addressing	the	individual	adoptive	capacity,	the	survey	showed	that	only	6%	of	
the	respondents	have	other	source	of	income	that	is	not	naturally	related.	For	a	household	
or	individual	to	increase	their	adaptive	capacity	towards	desertification	being	employed	in	a	
work	 that	 is	 related	 to	 environment	 or	 seasonal	 jobs	 are	 very	 threatening.	 Diversity	 in	
resource	of	 income	 is	 a	 necessity	within	 the	 Siwian	 community	or	 any	 community	 that	 is	
facing	desertification.	A	non-environmental	related	jobs	–as	a	second	resource	of	income-	will	
increase	the	community	resilience	towards	desertification.	It	is	then	essential	to	expand	the	
economical	industry	in	Siwa.	

When	analysing	the	community	awareness,	the	survey	showed	that	about	half	of	the	
respondent	had	limited	information	about	the	environmental	problem	that	Siwa	is	facing.	As	
a	 result	 Siwian	 community	 lack	 community	movements	 towards	 ecological	 solutions	 and	
involvement	on	a	city	scale.	In	terms	of	integrating	adaptive	capacity	with	education,	it	was	
found	that	adaptive	capacity	techniques	can	be	learned	instinctively	 if	the	city	 is	facing	an	
annual	natural	disaster.	Yet,	in	communities	that	are	new	to	the	natural	disaster,	integrating	
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adaptive	techniques	with	education	(for	the	young	generations)	can	help	 in	 increasing	the	
resilience	of	a	city.	In	Siwa	two	kinds	of	adoptive	techniques	should	be	taught.	First	“floods	
like	conditions”	where	the	wetlands-raise	in	water	table	leading	to	soil	liquefaction-	that	is	a	
result	 of	 deterioration	 of	 soil,	 houses	 foundations	 and	 green	 coverage.	 And	 second	 the	
“drought	 conditions”	which	 is	 the	absences	of	water	 that	 also	 result	 in	 soil	 deterioration.	
Workshops,	seminars	and	educational	institutions	should	conduct	such	sessions	to	help	the	
community	face	the	future	changes.	

The	 Community	 relationship	 with	 ecology	 is	 another	 considered	 aspect.	 Siwian	
community	showed	attention	towards	only	agricultural	vegetation.	Lack	of	communication	is	
one	of	the	essential	problems	in	Siwa,	due	to	its	geographical	location.	There	is	a	missing	link	
between	government	and	community	is	growing;	however,	it	was	noticeable	from	the	survey	
that	the	population	are	ready	to	be	involved	in	any	activities	related	to	Siwa	development.	
Therefore,	the	city	planners	and	authorities	should	conduct	an	annual	participatory	planning	
process	 that	 engages	 the	 city	 residents	 and	 discusses	 the	 needed	 facilities	 and	 resilience	
strategies.	According	to	the	community	and	biodiversity	aspects,	 the	 findings	showed	that	
individuals	 can	use	 simple	 ideas	 to	attract	different	biodiversity	 species	using	 simple	 flora	
planting	and	building	shelters	for	faunas.	Generally,	it	is	essential	to	create	events	to	engage	
the	community	with	nature,	the	older	and	younger	communities	to	learn	the	old	techniques	
in	water	management	as	well	as	tree	plantation.	
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Abstract:	Consequences	of	the	Fukushima	nuclear	disaster	caused	by	the	2011	Great	East	Japan	Earthquake	are	
described.	Its	impact	on	the	thinking	of	architects	about	design	for	a	‘post-nuclear	age’	over	the	last	six	years	
has	been	profound	and	is	outlined	including	ways	in	which	basic	site	planning	at	the	plant	exacerbated	the	melt	
down	process	of	its	reactors.		Serious	effects	of	radioactive	plumes	on	neighbouring	villages	and	the	accessibility	
impacts	on	the	Iitate	village,	located	more	than	30km	from	the	plant	are	introduced.	In	Tokyo	area	most	office	
workers	accepted	poorer	 indoor	environmental	conditions	under	mandatory	summer	power	saving	regimes.	
Rolling	blackout	mandated	in	residences	for	3	hours	a	day	were	experienced	for	three	weeks	after	the	Fukushima	
disaster.	Issues	raised	of	mental	illness	among	survivors	and	harassment	in	schools	associated	with	the	disaster	
are	briefly	 addressed.	 Problems	 regarding	 the	 re-operation	of	 existing	nuclear	power	 reactors	 requested	by	
power	companies	to	minimise	GHG	emission	in	the	new	energy	mix	are	explained.	Since	most	of	all	Japanese	
nuclear	reactors	are	in	sleep	mode	at	present,	it	makes	it	difficult	for	Japan	to	meet	the	COP	21	Paris	requirement	
for	reducing	GHG	emission	because	of	considerable	reliance	on	fossil	fuel	based	power	generation.	Cautions	for	
the	new	UK	Hindley	point	C	project	are	raised.		
	
Keywords:	Fukushima	disaster,	nuclear	power,	radioactive	plume,	refugees,	Hindley	point	C	

Introduction		

The	Great	East	Japan	Earthquake	with	a	magnitude	of	9.0	occurred	at	2.46am	on	11	March	
2011	 and	 is	 known	 as	 ‘3.11’.	 The	 sub-sea	 epicentre	 was	 150km	 from	 Sendai	 City	 which	
suffered	most,	although	all	six	prefectures	of	the	East	Coast	were	damaged	by	the	huge	quake	
and	resulting	tsunami	and	that	destroyed	most	of	the	structures	in	the	inland	areas	of	those	
prefectures.	Explosions	 in	 three	of	 the	six	nuclear	 reactors	at	 the	First	Fukushima	Nuclear	
Power	Station	gave	rise	immediately	to	radioactive	plumes	that	dispersed	to	several	towns	
and	villages	in	Fukushima	Prefecture.	Only	a	few	plant	workers	were	killed	during	the	event,	
but	most	residents	were	evacuated	far	away,	some	later	to	live	in	temporary	housing,	some	
in	relatives’	homes	and	some	purchased	or	built	houses	in	distant	areas	later.	Nuclear	fuels	in	
reactors	No.1,	2,	3	went	into	melt	down,	while	No.4	reactor	though	it	also	exploded,	proved	
safe	after	inspection	and	fuel	bars	could	be	removed	later.	Reactors	5	and	6	survived	intact.		

Tsunami	Disaster		

The	tsunami	damage	was	experienced	in	a	huge	area	covering	the	six	prefectures	of	Aomori,	
Iwate,	Miyagi,	Fukushima,	Ibaraki	and	Chiba	along	the	east	coast	of	Honshu	Island.	Around	
20,000	casualties	died	and	many	bodies	still	remain	missing.	In	Miyagi,	Iwate	and	Fukushima	
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Prefectures	the	damage	was	the	heaviest.	The	tsunami	wave	reached	up	to	15km	from	the	
coast.	A	tsunami	disaster	of	a	similar	size	occurred	in	the	same	area	in	1933	when	people	left	
large	stones	on	the	hillside	with	inscriptions	showing	the	tsunami	limits.	Unfortunately,	this	
precedent	was	ignored	and	large	fishing	towns	spread	up	and	down	the	coastline	again,	with	
precautionary	embankments	of	5-10m	high	built	 in	every	town,	but	these	were	not	strong	
enough	to	withstand	the	3.11	tsunami	pressure.	It	is	reported	that	casualties	of	15803	died	
and	2553	unfound.	In	addition	3523	died	from	earthquake	related	illness	so	far.	
	

	
Figure	1.	Tsunami	Disaster	at	Miyako,	Iwate	Prefecture	

Disaster	of	First	Fukushima	Nuclear	Power	Station	(1F)	

First	Fukushima	Nuclear	Power	Plant	 (1F)	was	operational	 from	1971	built	with	six	boiling	
water	reactors	with	a	combined	power	of	4.7	GWe.	At	the	time	of	the	earthquake	Nos.1,.2	
and	 3	 reactors	 stopped	 operation	 automatically,	 while	 No.4	 reactor	 was	 dormant	 under	
inspection.	The	15m	high	tsunami	washed	out	the	generator	buildings	including	much	of	the	
system	piping	layout	located	a	little	apart	from	all	reactor	buildings.	Reactors	5	and	6	located	
on	the	cliff	were	not	significantly	damaged.	

Circulating	pumps	for	cooling	water	could	not	run	as	power	was	lost,	causing	hydrogen	
explosions	in	reactor	Nos.1,	2,	and	4.	Radioactive	smoke	from	these	was	dispersed,	engulfing	
a	large	number	of	villages	and	towns,	including	some	adjacent	to	the	sister	plant	to	the	south	
Fukushima	station	(2F)	that	did	not	fail	during	the	tsunami	as	cooling	continued	uninterrupted	
after	the	disaster.	

	
Figure	2.	A	tsunami	over	15m	high	damaged	four	reactors	of	Fukushima	plant	1F,	while	the	1F	reactor	Nos.	5,	6	

and	4	reactors	of	sister	Fukushima	plant	2F	standing	20m	high	above	sea	level	remained	unscathed.	
	
The	 loss	 of	 an	 electricity	 power	 source	 on	 site	was	 never	 anticipated	 in	 any	 critical	

situation,	though	automatic	power	generators	were	operated	temporarily.	1F	 is	owned	by	
TEPCO	(Tokyo	Electric	Power	Company)	to	supply	electricity	to	the	southeast	district	including	
Tokyo,	but	it	is	situated	in	Fukushima	Prefecture	within	Tohoku	District	(northeast	district)	to	
which	electricity	is	supplied	by	Tohoku	Power	Company,	which	itself	was	shut	down	by	3.11	
Earthquake	and	electricity	could	not	be	supplied	 to	F1,	 stopping	 the	circulation	of	 reactor	
cooling	water	to	render	all	1F	generators	inoperable,	thus	triggering	the	hydrogen	explosion	
induced	by	sea	water	pouring	into	Nos.1,	3	and	4	reactors,	while	No.2	reactor	did	not	explode.	
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Basic	Mistakes	in	Site	Planning	of	1F	

The	initial	siting	and	planning	of	1F	was	clearly	flawed.	The	site,	originally	located	on	a	20m	
cliff	above	sea	level,	was	reduced	to	10m	above	sea	level	so	that	cooling	water	could	be	easily		
taken	from	the	sea.	Moreover,	the	generator	buildings	with	their	shore-side	piping	layouts	
were	identical	for	reactor	buildings	1	to	4.	The	tsunami	destroyed	them	all	at	the	same	time.	
Had	skilled	architects,	engineers	or	urban	designers	been	involved	in	the	site	planning,	the	
reactor	and	generator	buildings,	ancillary	facilities	and	operation	buildings	could	have	been	
laid	out	in	a	more	sensible	and	safer	way.	Simply	by	varying	the	layout	of	the	four	different	
reactors	and	their	generators	identical	damage	could	have	been	avoided.	

	

	
	

Figure	3.	1F	Four	reactor	buildings	with	generator	buildings	were	built	10m	below	of	existing	forest	area	
without	high	embankments	along	the	coast	line.	

Meltdown	of	three	reactors	

No.	2	reactor	did	not	explode,	but	smoke	came	out	of	a	small	hole	in	its	wall	and	was	also	
dispersed,	as	from	the	exploded	reactors.	A	vent	system	could	have	been	used	to	reduce	the	
gaseous	pressure	build	up	 in	reactors	1,	3	and	4	and	high	chimneys	designed	to	expel	the	
polluted	plumes	would	have	ensured	plumes	were	dispersed	more	widely	and	less	densely.	
Hydrogen	explosions	caused	by	the	buildup	of	toxic	fumes	was	identified	as	the	reason	why
“meltdown”occurred	 in	Nos.1,	 2	 and	 3	 reactors,	while	 No.	 4	 reactor	was	 dormant	 for	
maintenance.	The	cooling	pipes	for	the	reactors	were	vulnerable,	being	laid	externally	and	
exposed	to	tsunami	damage.	They	should	have	been	laid	underground	between	the	reactor	
and	generator	buildings.		

Radioactive	waste	waters	at	high	 toxic	 concentrations	 that	mixed	with	underground	
water	had	subsequently	to	be	stored	in	many	huge	cylindrical	steel	tanks	to	prevent	it	from	
flowing	out	to	sea	through	the	treatment	apparatus	initially	brought	from	Areva	of	France.	
	

	
Figure	4.	Serious	damage	occurred	to	piping	and	ancillary	facilities	beside	the	sea	shore	
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Exceptional	Situation	of	Iitate	Village	

Just	after	the	explosion	most	of	the	residents	within	20km	of	the	1F	plant	fled	to	remote	areas.	
At	 the	 time	of	explosion,	a	strong	wind	blew	the	 toxic	plume	 in	a	northwesterly	direction	
exposing	all	those	who	had	retreated	in	that	direction	to	the	polluted	air.	Iitate	Village,	more	
than	30	km	from	1F,	happened	to	be	situated	in	the	rather	far	zone	polluted	by	a	range	of	
radioactive	 substances.	 Though	 the	 special	 prediction	 program	 called	 SPEEDI	 (System	 for	
Prediction	of	Environmental	Emergency	Dose	Information)	clearly	forecast	such	a	plume,	the	
results	were	unfortunately	not	used	during	the	evacuation.	
	

	
Figure	5.	Radioactive	concentrations	through	areal	monitoring	and	occupation	zones:		

1)	home	return	difficulty	(red),	2)	living	restricted	(yellow)	and	3)	return	preparation	(green).	
	

Official	measurements	were	subsequently	conducted	in	many	locations	in	the	vicinity	
of	1F	and	government	determined	three	(initially	four)	different	areas	depending	upon	the	
strength	of	Caesium	(Cs)	concentration	as	marked	in	Figure	5.	Except	for	people	in	the	area	
of	home	return	difficulty,	residents	are	gradually	being	allowed	to	return	to	their	homes	to	
live	where	annual	cumulative	radiation	value	have	decreased	to	under	20mSv	by	March	2017.	
However,	about	one	half	of	them	have	expressed	a	preference	to	not	return,	as	they	have	
already	been	settled	elsewhere	for	the	six	years	since	the	disaster.	

Visit	to	Iitate	Village	

Iitate	Village	is	in	the	return	preparation	area,	despite	being	located	more	than	30km	from	
1F	.	The	author	had	a	unique	opportunity	to	join	a	study	team	to	this	unoccupied	village	in	
October	2014.	The	radioactive	plume	deposited	within	a	5cm	deep	layer	of	soil	across	the	
large	rice	fields	of	the	region	was	only	being	removed	as	well	as	from	an	area	of	20m	around	
all	houses	to	be	piled	into	large	plastic	bags	as	shown	in	Figure	6.	Extensive	local	forest	areas	
were	untouched	to	cause	deposited	plumes	naturally	coming	down	with	rain	afterwards.	The	
villagers	were	not	allowed	to	stay	in	their	homes	for	more	than	5	hours	a	day,	whereas	we	
visitors	were	requested	to	wear	monitors	for	recording	exposure	levels	to	radiation	during	
the	visit.	Each	visitor	recorded	the	cumulative	values	of	radioactivity	with	pendant	monitor	
from	 8:30	 to	 17:35	 next	 day	 during	 the	 visit	 including	 night	 hours.	 The	 average	 value	 of	
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radiation	in	my	monitor	for	this	33	hours	was	found	0.55μSv/h,	equivalent	to	4.855μSv/year,	
enough	for	one	person	to	stay	at	home	for	5	hours	per	day	if	an	acceptable	level	of	radiation	
is	taken	as	1	mSv/year.	Beautiful	autumn	foliage	under	the	blue	sky	was	shining	regretfully.	

Figure	6.	Plastic	bags	containing	the	removed	radioactively	contaminated	soil	of	5cm	thick	litter	the	fields.	

Refugees	from	the	Towns	and	Villages	in	the	Vicinity	of	1F	

Temporary	row	houses	were	prepared	by	TEPCO	for	refugees	as	in	Figure	7.	Some	relied	on	
relatives	or	acquaintances	to	house	them	and	others	have	purchased	or	built	new	homes.	
Some	decided	to	live	outside	of	Fukushima	Prefecture.	TEPCO	provided	compensation	money	
to	those	people	who	resettled	elsewhere,	discontinued	in	March	2017.	

Figure	7	Temporary	housing	in	the	neighbour	town	for	refugees	from	Iitate	village	

Thermal	comfort	and	productivity	in	offices	under	mandatory	electricity	savings	

After	the	Fukushima	disaster,	TEPCO	announced	a	15%	peak-power	reduction	to	their	service	
area	 of	 southeast	 district	 of	 Honshu	 island.	 Tanabe	 et	 al.	 (2013)	 investigated	 occupants’	
comfort	and	productivity	in	five	office	buildings	in	Tokyo	during	the	summer	season	under	
mandatory	electricity	savings	by	changing	the	temperature,	illumination	and	ventilation	rate	
settings.	 Occupants	 were	 found	 more	 receptive	 towards	 decreased	 illumination	 than	
increased	temperature.	Awareness	of	the	pressing	need	for	power	savings	were	raised	and	
more	than	90%	of	people	accepted	such	poorer	indoor	environments	as	necessary.	Set-point	
temperatures	 and	 clothing	 recommendations	made	by	 the	Super	Cool	Biz	 campaign	were	
followed	 in	 most	 offices.	 However,	 self-estimated	 productivity	 was	 6.6%	 lower	 than	 the	
previous	summer.	Rolling	blackouts	were	mandated	for	three	hours	a	day	alternatively	for	
different	areas	and	different	week	days	for	three	weeks	after	the	disaster	in	TEPCO	district.		
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Social	Impacts	of	the	Catastrophe	

Mental	illness:	Many	workers	at	reactor	buildings	during	the	rescue	activities	were	exposed	
to	strong	radiation.	Workers	on-site	now	wear	full-body	radiation	protection	gear,	including	
masks	 and	helmets	 covering	 their	 entire	 heads	 in	 these	 harsh	working	 conditions.	 Raised	
levels	 of	mental	 illness	 have	 been	widely	 reported	 associated	 also	with	 elevated	 rates	 of	
suicide	in	the	Fukushima	region	since	3.11.	

Operation	“Tomodachi”	of	US	Marine	Corps:	Some	evacuees	reportedly	got	cancers	and	
sued	 in	 cases	 resulting	 in	 unfavourable	 court	 judgments	 as	 firm	 causal	 evidence	was	 not	
provided	on	the	links	between	cancers	and	radioactive	1F	plumes.	

Harassment	 in	 schools:	 Some	 child	 evacuees	who	 had	 to	 attend	 unfamiliar	 schools	were	
harassed	by	their	mates	as	being	contagious,	carrying	radioactive	plumes	on	their	bodies	from	
Fukushima.	Some	boys	were	forced	to	pay	money	to	their	bullying	classmates	because	his	
parents	had	evacuated	from	Fukushima	and	got	some	compensation	money	from	TEPCO.	

Re-operation	of	Nuclear	Power	Stations	

Fifty-four	nuclear	power	stations	operated	 in	Japan	before	3.11	generating	around	50%	of	
annual	total	power	requirements.	After	3.11	all	nuclear	plants	in	Japan	ceased	operation,	six	
plants	forever.		Japanese	GHG	emissions	are	now	greater,	despite	the	significant	post	3.11	
demand	reductions.	Power	companies	are	trying	hard	to	bring	nuclear	capacity	back	on-line	
as	soon	as	possible.	The	Japanese	government	set	up	an	independent	committee	called	the	
Nuclear	Regulation	Authority	(NRA)	to	evaluate	safety	measures	at	every	power	station	based	
on	extremely	severe	technical	standards	for	re-operation	of	existing	power	stations.	

The	 first	 trial	 of	 re-operation	 started	 at	 reactors	 Nos.1	 and	 2e	 at	 Satsuma-Sendai	
Nuclear	Power	Station	 in	December	2015	with	No.3	 Ikata	Station	reactor	starting	 in	2016.	
Nos.3	and	4	reactors	of	Takahama	Station	passed	the	examination	in	2016	and	are	likely	to	
re-start	soon.		Suspended	operations	at	other	reactors	are	under	review	by	the	NRA.	
	

Table	1.	Nuclear	power	reactors	of	more	than	30	years	of	operation	in	Japan	(Wikipedia,	2016)	

	 NUMBER	 POWER	OUTPUT[MW]	 YEARS	OF	OPERATION	
ABONDONED	 6	 357-559	 38-45	
SUSPENDED	 11	 826-1175	 30-41	
RE-0PERATED	 4	 524-870	 30-31	

	

	
Table	1	shows	the	list	of	Japanese	reactors	of	more	than	30	years	of	operation	out	of	a	

total	 of	 54.	 Nine	 power	 companies	 in	 Japan	 expect	 to	 re-start	 production	 after	 a	 severe	
examination	by	the	NRA,	an	organization	independent	of	government,	only	responsible	for	
technical	matters.	 Then	 the	 local	authorities	must	ensure	 their	own	evacuation	plans	and	
requirements.	There	is	significant	pressure	on	power	companies	after	the	NRA	approval,	such	
as	many	local	grass	roots	movements	hampering	re-start	dates	with	court	cases		

Estimation	of	Disposal	Cost	

The	 marketing	 and	 promotion	 of	 nuclear	 energy	 is	 often	 couched	 in	 terms	 of	 economic	
feasibility	 with	 calculations	 on	 disposal	 costs	 of	 nuclear	 reactors	 and	 waste	 stockpiles	
neglected	except	through	mechanisms	dealing	with	accumulated	annual	reserve	funds	with	
typical	40	year	presumed	life	spans.	In	general,	it	is	said	that	the	disposal	cost	of	one	nuclear	
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reactor	itself	will	be	around	1	trillion	JPY	(£7	billion).	Such	figures	render	new	nuclear	power	
plants	as	economically	unfeasible	when	taking	account	of	actual	disposal	cost	in	calculations.	

The	Japanese	1F	plant	after	the	3.11	disaster	requests	case	studies	for	more	reliable	
estimations	of	realistic	disposal	cost	for	nuclear	generation	plants.	Total	disposal	cost	of	the	
four	destroyed	nuclear	reactors	is	roughly	divided	into	the	followings	four	items:1)	Disposal	
cost	of	the	nuclear	reactor	itself;	2)	Compensation	costs	paid	to	evacuated	residents	by	TEPCO;	
3)	Removal	cost	of	the	soil	effected	by	dispersed	radioactive	particles;	4)	Other	costs.	Total	
estimations	by	the	Japanese	government	for	1F	disposal	costs	rose	from	10	trillion	JPY	(£70	
billion)	in	2014	to	21	trillion	JPY	in	2016	(£147	billion)	and	the	total	final	cost	is	unknown.		

New	nuclear	power	station	in	Oma	Town	of	North-East	Japan	

At	the	time	of	the	3.11	disaster	a	new	nuclear	power	plant	was	already	under	construction	in	
Oma	Town	of	Aomori	Prefecture	and	re-starting	of	its	construction	in	2014	was	effected	by	
the	government.	This	one	was	designed	to	use	MOX	fuel	to	facilitate	the	reuse	of	Plutonium,	
a	substance	generated	as	a	byproduct	of	nuclear	power	operation.	450,000	tons	of	Plutonium,	
usable	to	produce	a	hydrogen	bomb,	have	already	been	accumulated	and	stored	in	Japan.	If	
piping	 layouts	were	 attacked	 by	 ordinary	 bombs,	 the	 reactors	would	 explode	 to	 disperse	
radioactive	plumes	to	the	environment	in	the	vicinity	as	in	the	case	of	1F.	

Case	of	UK	–	Hinkley	Point	C	nuclear	power	station	(Wikipedia,	2017)	

This	is	a	project	to	construct	a	3,200MWe	nuclear	plant	with	two	pressurised	water	reactors	
(EPR)	in	Somerset,	England.	The	plant,	which	has	a	projected	lifetime	of	sixty	years,	has	an	
estimated	 current	 construction	 cost	 of	 £24.5	billion	 including	 financing	 costs	 still	 to	 be	
finalised,	but	the	construction	costs	will	be	paid	for	by	EDF	of	France	and	CGN	of	China.	On	
10	 March	 2012,	 one	 year	 after	 3.11,	 two	 hundred	 anti-nuclear	 campaigners	 formed	 a	
symbolic	chain	around	Hinkley	Point	to	voice	their	opposition	to	new	nuclear	plants.	
				

	
Figure	8.	Hinkley	Point	C	plant	with	radii	drawn	at	20km(red)	,	30	km(orange)	and	40km((yellow)	dependent	on	
wind	/	plume	directions	during	an	event	(Map	courtesy	of	Susan	Roaf	and	Pete	Kitson).	

Among	 the	 safeguard	measures,	 evacuation	 routes	 for	 residents	 in	 the	 vicinity	 of	 a	
nuclear	power	station	in	case	of	emergency	should	be	secured,	agreed	and	facilitated	by	local	
government	and	communities.	Learning	from	the	1F	event	simulation	of	radioactive	plume	
spread	 contours	 from	 Hinkley	 Point	 C	may	 be	 helpful	 in	 planning	 emergency	 evacuation	
routes	 to	 20km,	 30km	 or	 40km	 from	 the	 plant	 as	 shown	 in	 Figure	 8.	 The	map	 flags	 the	
proximity	of	the	plant	to	Cardiff,	capital	city	of	Wales	while	Bristol	in	England	is	a	little	further.	
It	is	unwise	to	work	on	the	assumption	that	such	an	event	will	not	ever	happen	in	the	UK.	
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Towards	the	non-nuclear	age	

Japan’s	Building	/	Energy	Challenge:	There	are	substantial	opportunities	for	energy	demand	
reduction	 by	 improving	 the	 stock	 and	 also	 emission	 reductions	 through	 the	 uptake	 of	
renewable	energy	generation	at	the	building	level.	Reductions	on	a	scale	can	be	achieved	that	
eliminate	the	need	for	new	nuclear	completely	in	Japan.		

Japanese	 government	 energy	 policy	 for	 the	 near	 future:	 Nuclear	 power	 is	 expected	 to	
contribute	22-24%	of	national	total	energy	by	the	year	2030.	Renewable	energy	is	predicted	
to	contribute	only	20-22%.	Scotland	by	contrast	already	generated	over	57%	of	its	demand	
currently	 from	 renewable	 energy,	 demonstrating	 a	 potential	 paucity	 of	 ambition	 by	 the	
Japanese	government	in	energy	challenges.	Japan’s	proposal	to	reduce	GHG	emissions	under	
the	Paris	Agreement	by	26%	by	2030	and	80%	by	2050	compared	to	2013	can	only	be	met	
and	a	dubious	return	to	nuclear	generation	is	being	argued.	Denmark	is	now	a	non-nuclear	
nation	and	Germany	has	a	target	to	also	be	the	one	by	2022.	Other	countries	are	expected	to	
follow.			

Early	disposal	of	nuclear	reactors	is	preferred:	Nuclear	power	post	Fukushima	can	no	longer	
be	considered	as	an	economical	energy	solution	when	the	true	costs	of	waste	disposal	and	
the	 potential	 for	 events	 such	 as	 the	 1F	 meltdown	 are	 factored	 in.	 The	 beautiful	 natural	
environments,	where	many	nuclear	power	stations	are	situated,	should	be	returned	to	their	
natural	state	for	future	generations.		

Conclusions		

Lessons	to	be	learned	from	the	Fukushima	nuclear	disaster	could	be	described	as	follows:	
Energy	policy:	1)	Reduction	of	energy	demand	is	critical;	2)	Expedite	the	development	

of	renewable	energy	utilisation;	3)	Effective	use	of	fossil	fuel	with	more	reliance	of	natural	
gas	than	coal	against	global	warming;	4)	Eliminate	reliance	on	expensive,	toxic	nuclear	energy.	

Safeguard	 of	 nuclear	 power:	 1)	 Plants	 cannot	 work	 without	 uninterrupted	 	 power	
supply;	 2)	 Technical	 safety	 checking	 point	 by	 point	 essential;	 3)	 Assurance	 of	 practiced	
evacuation	routes	and	procedures	for	local	residents	during	emergencies	essential;	4)	Health	
and	Safety	for	maintenance	personnel	during	and	after	events	key	

Architect’s	responsibilities:1)	Involvement	in	site	planning	from	Day	One	essential;	2)	
Power	station	site	planning	and	design	with	environmentally	friendly	appearance	and	3)	Deep	
understanding	of	related	political,	economic	and	operational	agendas	essential.	
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Abstract:	 In	1994,	 the	governments	of	China	and	Singapore	created	 the	Suzhou	 Industrial	Park	 (SIP),	 a	 joint	
venture	to	introduce	Singapore’s	successful	experience	in	city	building	and	management.	In	two	decades,	the	
SIP	has	grown	into	a	city	of	more	than	700,000	residents	and	attracted	enormous	investments.	Its	planning	is	
characterized	by	advanced	infrastructure,	rigorous	control	of	urban	form,	an	extensive	network	of	open	spaces.	
Its	residential	areas	are	organized	according	to	the	principles	of	“neighbourhood	unit,”	a	concept	originating	in	
the	West	yet	revised	in	the	Asian	context	through	Singapore’s	adaptation.	This	paper	focuses	on	Singapore’s	
influence	in	this	project	through	the	relationship	between	place	making	and	social	development.	It	addresses	
questions	about	the	urban	transformation	in	China:	what	kinds	of	roles	do	the	public	agencies	and	the	private	
sector	play	in	the	new	town	development?	To	what	extent	is	the	force	of	globalization	embedded	in	the	process	
of	place	making	under	specific	local	conditions?	What	are	the	benefits	and	compromises	of	the	Singapore	model	
in	town	building?	Studying	the	SIP	from	urban	design	perspectives,	this	paper	examines	the	emerging	patterns	
of	urban	growth	in	the	global	context.	

Keywords:	 Suzhou	 Industrial	 Park,	 urban	 design,	 Singapore	 planning	 system,	 neighbourhood	 unit,	 software	
transfer	

Introduction	

China	has	been	building	economic	zones	in	the	outskirts	of	major	cities	since	the	1980s.	In	the	
first	decade,	these	developments	were	predominantly	 industrial	estates	without	adequate	
housing	provision	and	commercial	amenities	to	sustain	a	new	city.	This	situation	changed	in	
the	1990s,	when	the	central	government	pushed	forward	with	reforms	 in	three	 important	
areas—planning,	 taxation,	 and	 land	 policy—encouraging	 local	 governments	 to	 engage	 in	
urban	expansion	and	create	new	towns.	Several	national	projects	started	during	this	period	
of	time,	among	them	the	Suzhou	Industrial	Park	(SIP).		

Functioning	as	a	self-sustaining	“new	town,”	the	SIP	emerged	as	a	new	type	of	special	
economic	district.	It	was	also,	notably,	the	first	one	created	as	a	joint-venture	between	China	
and	a	foreign	government,	Singapore,	representing	new	directions	of	economic	and	political	
reform.	Tracing	the	emergence	of	the	SIP	reveals	ways	in	which	urban	planning,	supported	by	
market-driven	economic	policies,	transformed	a	sleepy	countryside	of	a	historic	city	into	an	
economic	 juggernaut.	 Responding	 to	 the	 emerging	 global	 economic	 order,	 the	 SIP’s	
development	highlights	 issues	of	new	town	building	as	an	economic	and	social	strategy	to	
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advance	China’s	urbanization.	It	addresses	the	relationship	of	the	new	town	to	the	growth	of	
China’s	urban	economy	as	the	real	estate	sector	surged	to	become	the	primary	contributor	
of	the	country’s	GDP	growth.	The	extensive	practice	of	urban	design,	as	exemplified	by	the	
SIP,	not	only	plays	a	 traditional	 role	 in	planning	and	regulating	urban	growth	but	has	also	
become	an	indispensable	instrument	to	promote	the	economic	future	of	the	city.	Singapore’s	
experience	in	city	building	has	inspired	the	SIP	in	such	a	transition.	

Creation	of	Suzhou	Industrial	Park	

This	 inter-governmental	partnership	between	Singapore	and	China	 in	building	 the	SIP	was	
based	 on	 a	 number	 of	 commonalities	 between	 the	 two	 countries.	 The	 first	 of	 these	 is	 a	
presumed	 cultural	 affinity,	 because	 the	 majority	 of	 Singaporean	 residents	 are	 Chinese	
immigrants	or	descendants.	Out	of	the	cultural	kinship	grew	a	perceived	ideological	affinity,	
which	led	Chinese	politicians	to	believe	Singapore	had	something	to	offer	their	own	political	
reform.	In	1992,	Chinese	leader	Deng	Xiaoping	reportedly	commented,	“Singapore	has	good	
social	order	with	their	strict	management.	We	should	learn	from	their	experience	and	then	
do	better”(He,	2009).	Chinese	officials	are	fascinated	by	the	way	in	which	Singapore’s	ruling	
People’s	Action	Party	achieved	rapid	economic	growth	and	industrialization	while	remaining	
dominant	 and	 stable	 in	 the	 social	 and	 political	 spheres.	 Chinese	 politicians	 regarded	
Singapore’s	version	of	“authoritarian	capitalism”	as	an	effective	alternative	to	Western	“free	
market	capitalism.”	This	has	inspired	them	in	an	attempt	to	translate	the	Singaporean	model	
of	economic	policy	and	social	management	into	a	Chinese	one	(Bolt,	1997).	

Finally,	 China’s	 and	 Singapore’s	 shared	 economic	 interests	 connected	 the	 two	
governments	to	create	a	 flagship	project.	 In	1990	the	Singapore	government	 introduced	a	
new	“Strategic	Economic	Plan”	that	led	to	a	surge	of	Singapore's	direct	investment	abroad	
(Wong	 et	 al,	 1997).	 Among	other	 initiatives	 of	 regionalization	was	 the	Regional	 Industrial	
Parks	 (RIP)	program,	through	which	the	Singapore	government	sought	to	establish	several	
bases	 of	 industrial	 manufacture	 in	 Southeast	 Asia,	 modeled	 on	 its	 own	 Jurong	 Industrial	
Estate.	 In	 the	 early	 1990s,	 China’s	 economy	 also	 faced	 significant	 challenges,	 despite	 its	
double-digit	growth	in	GDP.	Recognizing	the	necessity	to	engage	in	the	globalized	production	
system,	 and	 particularly	 the	 newly	 established	 WTO,	 China	 also	 turned	 to	 transnational	
corporations	 for	 a	 solution	 to	 their	 economic	 dilemmas.	 Singapore’s	 experience	 and	
credential	in	attracting	Foreign	Direct	Investments	made	partnering	with	it	highly	desirable	
to	China’s	administrations.		

Since	 1992,	 Singapore’s	 senior	 minister	 Lee	 Kuan	 Yew	 had	 been	 advocating	 for	 a	
Singapore-invested	industrial	estate	in	China	among	political	leaders	in	both	countries.	The	
two	 central	 governments	 finally	 agreed	 to	 build	 the	 industrial	 estate	 in	 Suzhou,	 Jiangsu	
Province.	 On	 February	 26,	 1994,	 they	 signed	 the	 Agreement	 of	 the	 Collaborative	
Development	 of	 Suzhou	 Industrial	 Park,	 which	 aimed	 to	 build	 “a	 world-class	 modern	
international	industrial	park	modeled	after	Jurong	Industrial	Estate	in	Singapore”	(Shi	et	al,	
2012).	A	Singapore	consortium	held	a	65	percent	share	 in	the	corporation	and	 its	Chinese	
counterpart	 owned	 the	 remaining	 35	 percent—this	 remained	 until	 a	 transformation	 of	
partnership	 in	 2000,	 in	 which	 Chinese	 consortium	 became	 the	 primary	 shareholder	 and	
Singaporean	 one	 became	 secondary.	 The	 Chinese	 government	 established	 the	 Suzhou	
Industrial	Park	Administrative	Committee	(SIPAC)	to	serve	as	the	local	governmental	agency.		
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Figure	1.	First	Phase	of	the	Suzhou	Industrial	Park,	2005.	Photo	courtesy:	SIPAC.	

One	Body	and	Two	Wings	

The	Sino-Singapore	Suzhou	 Industrial	Park	 is	 located	east	of	the	historic	center	of	Suzhou,	
only	80	kilometers	west	of	Shanghai.	It	initially	occupied	70	square	kilometers,	mostly	marshy	
and	agricultural	land	with	a	small	population.	The	proximity	to	Shanghai,	China’s	economic	
capital	and	emerging	international	financial	center,	was	apparently	a	major	factor	in	selecting	
the	site,	as	it	would	provide	competitive	advantage	in	attracting	industrial	investments;	but	
this	was	by	far	not	the	only	factor.	 Indeed,	the	history,	culture,	and	economic	potential	of	
Suzhou	 itself	 represented	great	promise	 in	 fulfilling	 the	objectives	of	 Singapore’s	 regional	
industrial	park	project.	

As	 a	USD	20	billion	 super-project,	 the	 SIP	 came	with	 significant	 impact	 on	 Suzhou’s	
urban	structure.	Prior	to	the	inauguration	of	SIP,	the	central	district	of	Suzhou	was	expanding	
westward,	 following	a	historical	 trajectory	 to	 link	 the	city	with	the	Grand	Canal	and	move	
toward	Wuxi	and	Lake	Tai.	In	1990	the	Suzhou	New	District	(SND)	was	established	as	a	special	
economic	zone	west	of	the	center	city,	with	an	initial	area	of	25	square	kilometers.	In	1994	it	
was	expanded	to	50	square	kilometers.	With	the	arrival	of	the	SIP,	a	new	planning	concept	
was	proposed.	Termed	“Yi	Ti	Liang	Yi,”	the	idea	was	first	presented	as	a	diagram	in	the	concept	
plan	 for	 the	 SIP	 in	 1994.	 It	was	 then	 formally	 incorporated	 into	 the	 new	Master	 Plan	 for	
Suzhou	in	1996.	“Yi	Ti	Liang	Yi”	means	“One	Body	and	Two	Wings”	 in	Chinese:	the	“body”	
refers	to	the	historic	core	of	Suzhou,	and	the	“wings”	refer	to	two	new	towns	flanking	the	
center	city,	one	in	the	west	(Suzhou	New	District)	and	the	other	in	the	east	(Suzhou	Industrial	
Park).	Multiple	rationale	motivated	this	urban	structure.	To	preserve	Suzhou’s	historic	urban	
fabric,	the	plan	channels	industrial	and	residential	developments	into	the	new	towns	on	both	
sides	of	the	old	city.	With	the	growth	of	the	new	towns,	the	modern	business	programs	of	a	
city	center	would	also	be	decentralized	into	a	series	of	cores	placed	along	the	east-west	axis	
while	the	old	city	“remains	as	Suzhou’s	traditional	administrative	and	cultural	center”	(Shi	et	
al,	 2012).	 This	 axis	 connects	 the	 center	 city	 and	 the	 new	 towns,	 and	 links	 existing	 and	
proposed	urban	cores	along	a	linear	urban	form.		

The	 1994	master	 plan	 for	 the	 Suzhou	 Industrial	 Park	 represents	 a	milestone	 in	 the	
development	 of	 this	 new	 town.	 This	 plan	 was	 prepared	 collaboratively	 by	 Jurong	
Environmental	 Engineering	 Ltd.	 Co.,	 Surbana	 International	 Consultants	 PTE	 Ltd.	 Co.,	 and	
Suzhou	 Industrial	 Park	 Planning	 and	 Construction	 Bureau	 under	 the	 supervision	 of	 the	
Singapore	Urban	Redevelopment	Authority.	 It	 is	 arguably	 the	 first	 plan	of	 an	 entire	 town	
prepared	 by	 a	 foreign	 agency	 since	 the	 Soviet	 Union	 terminated	 its	 support	 of	 China’s	
industrial	development	in	1960.	The	plan	articulated	a	vision	for	the	development	of	the	new	
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town,	including	the	relationship	of	the	new	town	with	the	old	city,	a	balance	of	land	use	for	
work	and	life,	the	practical	phasing,	and	an	emphasis	on	landscape,	all	of	which	have	proved	
to	 have	 lasting	 impact	 on	 the	 growth	 of	 the	 town.	 It	 also	 served	 well	 as	 a	 tool	 of	
communication	 between	 stakeholders	 in	 Singapore	 and	 China,	 helping	 them	move	 in	 the	
same	direction	and	resolving	potential	disputes.	For	Chinese	governments	and	professionals,	
it	demonstrated	advanced	concepts	of	planning	and	an	effective	system	of	governance,	which	
they	found	particularly	inspiring.	
	

	
Figure	2.	Diagram	of	“One	Body	and	Two	Wings”.	Image	courtesy:	SIPAC		

	
Based	on	the	vision	of	“One	Body	and	Two	Wings,”	the	master	plan	of	the	SIP	delineates	

a	“Multi-Centered	Linear	Form.”	The	city	 thus	grows	 in	a	 linear	 fashion	 through	the	 three	
installments.	The	first	phase	is	defined	as	a	“modern	business	district”	serving	both	the	SIP	
and	the	entire	city	of	Suzhou,	with	a	projected	pollution	of	100,000	residents	in	a	15.2-square-
kilometer	area.	The	second	phase	is	characterized	as	a	“research	&	development	zone”	and	
includes	more	significant	residential	developments.	Its	targeted	population	is	200,000	within	
an	 area	 of	 16.4	 square	 kilometers.	 The	 third	 phase	 is	 proposed	 as	 a	 self-contained	 “new	
industrial	town”	serving	high-tech	industries.	With	a	larger	area	at	35.3	square	kilometers,	it	
houses	300,000	residents	(Zhao,	2012).	

The	plans	define	a	hierarchical	organization	of	the	city,	adopting	the	concepts	of	“New	
Town”	and	“Neighborhood	Unit”	 in	Singapore’s	planning	system.	This	system	outlines	four	
levels	of	public	services:	the	region,	the	district,	the	neighborhood,	and	the	cluster.	American	
planner	and	sociologist	Clarence	Perry	invented	the	concept	of	the	Neighborhood	Unit	as	a	
model	 for	 regional	 decentralization	 in	 the	 early	 20th	 century.	 Singaporean	 planners	
implemented	 it	 in	 the	planning	of	 residential	 areas	 in	 Jurong	new	 towns	 since	 the	1960s.	
Whereas	in	the	United	States,	the	Neighborhood	Unit	was	intended	to	create	a	territory	of	
walkable	community	and	to	reduce	the	impact	of	automobiles	on	the	residential	environment,	
in	 Singapore	 it	 is	 mainly	 used	 to	 effectively	 allocate	 public	 amenities	 to	 residential	
neighborhoods	and	to	ensure	the	orderly,	progress	of	urban	growth	based	on	the	modular	
“unit”	system.		

The	 concept	 of	 the	 Neighborhood	 Unit	 has	 substantial	 influence	 on	 the	 planning	
approach	of	the	Suzhou	Industrial	Park,	which	is	organized	in	a	hierarchical	system	consisting	
of	three	scales	of	city	design––the	district,	the	neighborhood,	and	the	cluster.	In	the	SIP	is	
slightly	larger	than	their	counterparts	in	Singapore.	For	instance,	a	neighborhood	in	the	SIP	is	
designed	for	8,500	households,	compared	to	4,000	to	7,000	households	in	Singapore	(Shi	et	
al,	 2012).	 This	 results	 in	 a	 higher	 density	 and,	 often	 times,	 a	 larger	 block	 size	 in	 the	 SIP.	
Twenty-three	 neighborhood	 centers	 are	 planned	 in	 total	 for	 the	 SIP.	 Each	 neighborhood	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2786



center	provides	essential	community	retail	and	services	including	an	indoor	market,	grocery	
store,	postal	office,	bookstore,	small	clinic,	pharmacy,	restaurant,	bank,	bakery,	coffee	shop,	
repair	shop,	and	barber	shop.	Larger	neighborhood	centers	also	house	other	amenities	such	
as	specialty	stores,	cinema,	gallery,	library,	ice	rink,	gym,	and	even	a	hotel.	The	layouts	and	
program	of	these	neighborhood	centers	are	modeled	after	their	precedents	in	Singapore.	The	
Neighborhood	Unit	concept	allows	the	SIP	to	grow	in	an	incremental	manner.	

Software	Transfer	

What	has	distinguished	the	SIP	from	other	SEZs	in	China	was	its	engagement	in	the	country’s	
economic	and	political	reforms.	Starting	with	the	inclusion	of	a	foreign	agency	as	a	majority	
stakeholder	 in	 the	 building	 and	 management	 of	 an	 entire	 town,	 the	 SIP	 took	 a	 lead	 in	
reshaping	China’s	local	administrative	system.	When	Lee	Kuan	Yew	promoted	his	idea	of	a	
Regional	Industrial	Park	to	Chinese	officials,	he	emphasized	that	it	should	be	a	comprehensive	
project	 to	 introduce	 Singapore’s	 experience	 in	 administrative	 management	 as	 well	 as	 in	
economic	 development;	 otherwise,	 he	 said,	 it	 would	 not	 succeed	 (Thomas,	 2001).	 The	
awareness	of	political	leaders	in	both	Singapore	and	China	that	a	successful	new	city	requires	
not	 only	 good	 “hardware”	 (infrastructure,	 buildings,	 and	 landscapes)	 but	 also	 good	 and	
compatible	 “software”	 (policies,	 regulations,	 public	 services)	 led	 to	 the	 ratification	 of	 the	
Agreement	 on	 the	Usage	 as	 Reference	 of	 Singapore’s	 Experience	 of	 Economic	 and	 Public	
Administration,	together	with	the	agreement	to	jointly	develop	the	SIP.	

To	carry	out	the	task	of	importing	Singapore’s	software	to	the	SIP,	the	Office	of	Learning	
from	Singapore	Experience	(OLSE)	was	established	under	the	SIP	Administrative	Committee.	
Such	an	office	had	never	existed	in	any	other	city	or	economic	development	zone	in	China.	
Coordinating	with	its	counterpart	in	Singapore,	the	Office	of	Software	Projects	(OSP)	under	
the	 Ministry	 of	 Trade	 and	 Industries,	 the	 OLSE	 is	 dedicated	 to	 importing	 Singapore’s	
“accumulated	and	proven	methods	of	industrial	development	and	administration”	to	China	
(Pereira,	2003).	Software	Transfer	refers	to	“the	sharing	of	Singapore’s	successful	experience	
in	public	administration	and	economic	management	with	the	Chinese	authorities	so	that	they	
can	formulate	pro-business	policies	for	the	SIP,	and	govern	with	transparency	and	efficiency.”	
From	Singapore’s	perspective,	the	“software”	involves	three	levels	of	its	public	administration	
system.	The	first	level	concerns	urban	management	and	regulation,	including	urban	planning	
for	long-term	and	short-term	developments,	land	use	policy,	management	of	infrastructure	
and	public	amenities,	transportation,	and	environmental	protection.	The	second	level	relates	
to	 experience	 in	 economic	 management	 as	 exemplified	 by	 the	 Jurong	 Industrial	 Estate,	
including	 market	 regulation,	 economic	 development	 strategy,	 investment	 promotion,	
financial	incentive,	taxation,	and	customs.	The	third	level	involves	processes	of	policy-making	
and	 implementation,	 including	 legislation,	 law	 enforcement,	 bureaucratic	 system,	 and	
fighting	corruption,	as	well	as	issues	related	to	culture	and	education	(He,	2009).		

A	series	of	training	programs	were	carried	out	under	this	software	transfer	agreement.	
Between	1994	and	2004,	88	delegations	made	up	of	1360	Chinese	officials	and	bureaucrats	
were	sent	to	Singapore,	where	they	received	short-term	training	from	experts	in	a	wide	range	
of	ministries	and	statutory	boards.	With	a	greater	degree	of	autonomy	provided	by	the	central	
government,	 the	 SIPAC	 was	 able	 to	 make	 substantial	 progress	 in	 restructuring	 the	
bureaucracy	 by	 emulating	 Singapore’s	 public	 administration	 system,	 including	 merging	
several	departments	to	reduce	the	number	of	bureaucrats,	simplifying	procedures	to	enhance	
efficiency,	promoting	transparency	to	reduce	corruption,	encouraging	citizen	participation	in	
policy	making,	and	emphasizing	legal	power.	These	reforms	streamlined	the	decision-making	
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process	and	significantly	improved	the	outcome	of	economic	and	urban	development.	They	
allowed	 the	 SIP	 to	 grow	 rapidly	 in	 its	 initial	 years,	 following	 the	 planning	 framework	 and	
administrative	guidelines	established	by	the	agreement.	

	

	
Figure	3.	Concept	plan	for	the	CBD.	Image	courtesy:	SIPAC	

The	Value	of	Urban	Design	

Inspired	by	Singapore’s	experience,	the	administration	and	development	agents	of	the	SIP	
have	recognized	since	the	early	stage	of	the	project	that	urban	design	and	architecture	would	
bring	added	values	to	the	city,	including	an	economic	value;	that	high-quality	environments	
and	public	amenities	attract	both	residents	and	investors.	The	SIP	is	one	of	the	first	new	town	
projects	 in	China	to	extensively	use	the	tool	of	urban	design	 in	development.	Here,	urban	
design	provides	 important	guidance	at	 the	 intermediate	 scale,	between	 the	more	general	
master	plan	of	the	entire	town	or	district	and	the	more	precise	design	and	construction	of	
individual	buildings	or	landscapes.	By	2012	more	than	150	urban	designs	and	detailed	plans	
had	been	drawn	up	for	a	wide	range	of	areas	in	the	SIP	(Shi,	2012).	The	designs	detailed	so	as	
to	control	building	forms,	maintain	consistent	architectural	styles,	and	create	an	extensive	
network	of	landscapes	and	open	spaces	across	the	city.	An	elaborate	review	system	insures	
that	all	projects—from	CBD	to	residential	areas,	infrastructure	to	landscape—are	regulated	
under	 the	master	 plans	 and	 urban	 designs,	 and	 that	 each	 new	 construction	 represents	 a	
positive	addition	to	the	city.	Architecture	and	urban	design	reinforce	the	identity	of	the	SIP,	
characterized	 by	 high-tech	 industries,	 efficient	 governance,	 friendly	 environment,	 and	 a	
combination	of	Singaporean	influence	and	Suzhou-based	culture.	The	active	role	that	urban	
planning	and	design	play	in	economic	development	has	become	part	of	the	“Suzhou	model”	
emulated	by	many	new	town	projects.	

Two	 areas—the	 Central	 Business	 District	 and	 Jinji	 Lake—demonstrate	 the	 SIP’s	
dedication	to	exemplary	urban	design.	Located	west	of	Jinji	Lake,	the	CBD	is	an	area	of	roughly	
2,000	by	500	meters	defined	as	“a	modern	business	center.”	Based	on	the	SIP’s	concept	plan,	
the	CBD	should	be	the	climax	in	the	SIP’s	spatial	sequence,	characterized	by	a	compact	urban	
form	and	a	dramatic	skyline	with	numerous	skyscrapers	clustered	together.	When	completed,	
the	profile	of	all	buildings	in	this	district	should	form	a	gentle	curve	rising	from	the	west	(near	
the	historic	center	of	Suzhou)	to	the	east	(near	the	lakefront).	A	2003	detailed	plan	called	the	
Urban	Design	 for	District	One	Central	 Business	Area	 in	 the	 Suzhou	 Industrial	 Park	 further	
elaborates	the	design	guidelines	for	the	CBD.	It	defines	the	parameters	of	buildings	on	each	
parcel,	 including	height,	 footprint,	 setback,	 location	of	 the	 tower,	 and	pedestrian	 and	 car	
entrances;	it	even	suggests	colors	and	materials	to	be	used	on	the	façades.	It	also	demands	
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that	every	building	be	surrounded	by	a	continuous	covered	corridor	to	shelter	pedestrians	
from	rain	or	summer	sun,	a	design	popular	in	Singapore	and	suitable	for	Suzhou’s	climate	as	
well.	 The	 street	 grid	 is	 laid	 out	 with	 a	 three-tier	 hierarchy	 based	 on	 different	 road	
accessibilities	to	separate	pedestrians	from	automobiles.	

Jinji	Lake	itself	is	a	centerpiece	of	landscape	in	the	SIP	that	showcases	the	art	of	urban	
design.	American	 firm	EDAW’s	award-winning	 landscape	planning	and	design	delineated	a	
vision	that	has	guided	the	development	of	this	11.5-square-kilometer	area,	including	the	7.4-
square-kilometer	lake	and	its	surrounding	waterfront	lands,	into	one	of	China’s	largest	and	
finest	urban	 lakes	and	 the	core	of	 the	new	city.	While	 small	portions	of	 the	shoreline	are	
designated	for	a	few	high-end	single-family	residential	developments,	the	majority	is	reserved	
for	public	space.	That	space	consists	of	eight	separate	parks	with	different	themes.	Together	
these	parks	provide	17	kilometers	of	pedestrian	paths	and	25	kilometers	of	bike	lanes.	As	a	
prominent	landscape	element	emblematic	of	the	regional	culture,	water	played	an	important	
role	in	shaping	the	urban	landscapes	of	the	Industrial	Park,	just	as	it	did	in	Suzhou’s	historic	
center.	

	

	
Figure	4.	Li	Gong	Di	in	Jinji	Lake.	Image	Courtesy:	SIPAC.	

Conclusion:	The	Suzhou	Model	

Many	officials	and	scholars	attribute	the	success	of	the	SIP	to	their	ability	to	attract	FDI	(Wei,	
2009).	However,	China	had	already	become	a	powerful	FDI	magnet	in	the	1990s,	and	many	
other	 cities	 had	 been	 just	 as	 aggressive	 as	 the	 SIP	 in	 promoting	 themselves	 in	 the	 global	
capital	 market.	 What	 makes	 the	 SIP	 distinctive	 is	 the	 close	 economic	 collaboration	 its	
administration	 sustained	 with	 Singapore,	 which	 importantly	 included	 the	 unprecedented	
Software	Transfer	program.	This	program	turned	the	project	into	comprehensive	experiment	
in	social	reform	in	China.	Although	it	has	been	a	controversial	attempt	from	the	beginning	
and	its	scope	was	substantially	reduced	after	the	partial	disengagement	of	Singapore	in	2000	
that	eventually	led	to	some	holdback,	the	Software	Transfer	program	has	helped	the	SIP	to	
establish	an	 institutional	 framework	and	a	bureaucratic	 system	more	 suitable	 for	modern	
entrepreneurism	than	the	existing	ones	in	Chinese	cities.	To	a	great	extent,	the	Suzhou	Model	
represents	a	“Singapore	Model”	readapted	to	Chinese	political	and	economic	contexts.		

One	of	 the	attributes	of	Suzhou	Model	 inspired	by	Singapore	 is	 the	 legitimization	of	
urban	planning	and	design,	which	facilitates	the	close	correlation	of	urban	development	with	
economic	 development	 and	 guarantees	 a	 consistent	 implementation	 of	 these	 plans;	 this	
contrasts	with	the	more	common	practice	 in	many	Chinese	cities.	Furthermore,	unlike	the	
earlier	generations	of	Economic	Development	Zones	or	High-tech	Industrial	Parks	in	China,	
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the	SIP	was	designed	as	a	balanced	and	self-contained	new	town	from	the	beginning	after	the	
Singaporean	model	of	Jurong	new	town.	Its	planning	and	development	have	been	inspired	by	
ideas	 dating	 back	 to	 Ebenezer	 Howard’s	 Garden	 City	 and	 the	 new	 town	 experiments	 of	
postwar	Britain	and	 the	United	States,	 yet	 they	address	 the	new	context	of	 globalization.	
Housing,	 commercial	 uses,	 and	 public	 services	 are	 developed	 in	 parallel	 with	 industrial	
campuses	 and	business	districts	 through	 the	 rapid	 influx	of	 both	 FDI	 and	population.	 The	
series	 of	 master	 plans	 from	 1994	 to	 2007	 lay	 out	 steps	 of	 urbanization,	 prioritize	
infrastructure,	 and	 allocate	 resources	 logically	 to	 support	 the	 city’s	 continuing	 growth.	
Numerous	urban	designs	and	 landscape	plans	provide	more	detailed	guidance	 for	various	
developments,	 enhance	urban	environment,	 and	boost	 land	 value.	 In	 this	 case,	 economic	
development	 and	 city	 building	 reinforce	 each	 other	 and	 work	 together	 to	 make	 the	 SIP	
China’s	model	new	town.	
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Abstract:	 Sustainability	needs	professionals	 and	methodologies	 that	 can	bring	 the	architecturally	qualitative	
and	scientifically	quantitative	 together	 to	 reveal	 the	 latent	potential	of	our	cities	and	people.	These	experts	
must	have	the	necessary	communication	skills,	personalities	and	backgrounds	to	firmly	place	city	stakeholders	
at	the	heart	of	this	local	and	global	challenge.	This	approach,	developed	during	the	City-zen	Project	‘Roadshow’	
(a	 European	 Union	 FP7	 funded	 initiative	 to	 develop	 and	 demonstrate	 Zero	 Energy	 Cities),	 began	 life	 as	 a	
powerful	but	over	simplistic	idea.	It	has	since	developed	into	a	realizable,	mobile,	intense,	creative,	amenable	
and	proven	approach	that	supports	cities	in	their	efforts	toward	carbon	descent.	The	methodology	continues	
to	evolve	 ‘city-by-city‘	by	embracing	diverse	climates,	 cultures,	economies,	existing	urban	morphologies	and	
building	 typologies.	 It	 has	 been	 successfully	 applied	 in	 Amsterdam,	 Belfast,	 Izmir,	 Dubrovnik	 and	Menorca.	
Upcoming	 destinations	 will	 be	 Sevilla	 (Spain),	 Roeselare	 (Belgium)	 and	 Klaipeda	 (Lithuania).	 A	 team	 of	
internationally	recognized	experts	in	sustainable	urbanism	&	architecture,	carbon	accounting,	energy	potential	
mapping	and	advanced	technologies	travel	with	the	City-zen	Roadshow	to	facilitate	this	approach.	This	paper	
will	 describe	 the	 Societal	 Impact	Methodology	with	 reference	 to	 previous	 outcomes,	 activities,	 experiences	
and	a	detailed	explanation	of	two	mutually	dependent	and	inspirational	parallel	workshops.		

Keywords:	Societal,	Methodology,	Impact,	Sustainability,	Vision.	

Introduction	

The	City-zen	Roadshow	travels	with	a	team	of	internationally	recognized	experts	in	the	field	
of	 energy	 planning	 and	 design	 to	 help	 develop	 a	 sustainable	 agenda	 for	 cities	 and	 their	
neighbourhoods.	 It	will	 visit	 10	 cities	 in	 total	over	 a	4-year	period,	 cities	who	are	 seeking	
expert	guidance	on	how	to	become	sustainable	and	wish	to	move	towards	energy	neutrality.	
The	overall	aim	of	the	Roadshow	team,	who	are	known	as	the	‘Roadies’,	is	to	work	closely	
with	people	from	the	hosting	city,	whether	they	be	city	leaders,	neighbourhood	associations,	
energy	planners,	 architects,	 academics,	 students	 and	of	 course	 the	 citizens	 themselves	 as	
illustrated	 in	 Figure	 1.	 The	 event	 stays	 in	 each	 hosting	 city	 for	 5	 days,	 pre-Roadshow	
preparations	 taking	 at	 least	 2	 to	 3	 months.	 Local	 stakeholders	 are	 welcomed	 and	
encouraged	to	join	and	to	take	ownership	of	the	final	outcomes.	Outcomes	that	will	allow	
the	cities	resources,	their	people,	knowledge	and	renewable	energy	potential	to	be	directed	
effectively	by	first	highlighting	the	neighbourhoods	 lifestyle	and	energy	challenges.	Finally,	
on	 the	 last	 day	 a	 definitive	 sustainable	 ‘City	 Vision’	 or	 ‘Island’	 Vision	 (in	 the	 case	 of	 the	
Menorca	Roadshow)	is	presented.		
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(a)	 (b)	
Figure	1.	(a)	The	Roadshow	investigates	Environmental,	Economic	and	Social	aspects	of	each	Roadshow	city	to	
develop	a	‘City	Vision’	that	is	specifically	tailored	to	respond	to	place.	(b)	The	Roadshow	team	brings	together	
all	stakeholders,	it	facilitates	this	5-Day	event	to	propose	a	sustainable	‘City	Vision’	that	is	‘owned’	by	the	City.	
	

This	 paper	 will	 describe	 the	 underlying	 approach	 known	 as	 the	 ‘Societal	 Impact	
Methodology’	undertaken	before,	during	and	after	each	City-zen	Roadshow.	It	will	include	a	
brief	 explanation	 of	 the	 ‘City	 Visions’	 that	 resulted.	 City	 engagement	 is	 an	 exciting	 and	
thought-provoking	 prospect.	 Many	 questions	 arise	 at	 the	 beginning	 the	 journey.	 Making	
first	contact	with	a	prospective	Roadshow	 location,	conducting	preparations,	explanations	
and	 agreements	 is	 far	 from	 an	 exact	 science.	 There	 can	 be	 many	 political,	 cultural	 and	
language	 obstacles	 to	 overcome.	 The	 outcomes	 must	 have	 the	 power	 to	 inspire	 and	
potentially	be	realised	post-Roadshow.	The	first	questions	are	who	 is	 ‘the	City’?	What	are	
the	city’s	sustainable	expectations	and	current	agenda	if	they	indeed	have	one?	What	is	the	
energy	 demand,	 current	 and	 future?	 Where	 are	 the	 urban	 challenges,	 are	 they	 purely	
energetic,	 spatial,	 administrative	 or	 a	 combination	 of	 all?	 Does	 the	 ‘City’	 even	 realize	 or	
accept	they	have	challenges,	despite	its	want	to	be	sustainable	and	to	collaborate?		

To	answer	these	questions	and	many	others,	the	Roadshow	team	began	the	process	
of	identifying	the	cities	that	need	and	want	our	collaboration.	First	contact	will	be	described	
in	 ‘FIRST	CONTACT’,	which	primarily	 describes	 an	educational	workshop	 studio,	 known	as	
the	 SWAT	Studio,	which	occurs	 in	 the	months	 leading	up	 to	 the	Roadshow.	 This	 student-
focussed	workshop	facilitates	an	extended	and	detail	discussion	with	city	stakeholders.	‘FIVE	
DAYS’	describes	the	methodology	on	a	day-to-day	‘themed’	basis	that	guides	the	evolution	
of	the	vision	in	which	expert	input	would	be	delivered	at	key	points	throughout	the	five	days.	
‘PARALLEL’	 will	 visually	 communicate	 what	 activities	 took	 place.	 It	 must	 be	 noted	 that	 a	
Roadshow	 is	 not	 intended	 to	 be	 a	 one-way	 stream	of	 information	 and	 ideas,	 instead	 the	
method	aims	to	activate,	convince	and	openly	invite	and	encourage	‘the	City’	to	be	part	of	
the	process	at	any	level	that	they	feel	comfortable	with.	The	method	includes	going	out	of	
the	studio	and	into	the	community	to	engage	with	various	initiatives	and	to	meet	and	talk	
with	 their	 members.	 The	 final	 outcomes	 of	 the	 Roadshow	 are	 graphically	 presented	 in	
‘VISION’.	This	briefly	describes	design	strategies	and	detail	proposals	 that	are	qualitatively	
spatial	 and	 quantitatively	 energy	 focused,	 both	 combining	 to	 make	 the	 vision	 itself.	 The	
Societal	 Impact	 Methodology	 selects	 Roadshow	 cities	 that	 have	 diverse	 climates,	 urban	
typologies,	 economies,	 cultural	backgrounds	etc...	Under	 certain	 circumstances	 cities	with	
ambient	political	tensions,	such	as	Belfast	and	Izmir	have	and	will	be	selected.	
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Aims,	Goals	&	Target	Audience	

The	experiences	of	each	Roadshow	will	advance	the	Societal	Impact	Methodology.	It	is	the	
intention	 that	 the	 approach	 is	 capable	 of	 implementation	 in	 all	 cities	 to	 help	 co-create	 a	
city’s	 sustainable	 vision.	 Vision	 ownership	 is	 key.	 Proposals	 developed	 exclusively	 by	 the	
Roadshow	 team,	 and	 not	 by	 the	multidisciplinary	 city	 stakeholders,	 would	 physically	 and	
metaphorically	leave	with	the	Roadshow.	
To	 identify,	 reach	and	 collaborate	with	 city	 ‘decision	makers’	 and	 those	passionate	about	
their	own	neighbourhoods	and	lifestyles	as	we	all	move	toward	energy	neutrality.	It	is	vital	
that	a	legacy	remains	in	which	all	participatory	groups	continue	to	exchange	knowledge	and	
speak	with	a	single	voice.	 In	this	way	later	research	bids	can	be	heard	more	effectively.	 In	
addition,	 such	 a	 local	 network	 to	 be	 strengthened	 by	 connections	 to	 a	 global	 family	 of	
Roadshow	cities,	where	experiences	can	be	shared	with	those	about	to	host	a	Roadshow	in	
the	near	future.	This	Glocal	network	being	a	catalyst	for	further	research	and	realisation	of	
sustainable	interventions	projects	across	the	wider	community	of	Europe.	

The	most	important	target	group	are	inhabitants	of	the	neighbourhood,	city	and	wider	
hinterland	of	 the	hosting	conurbation.	For	practicality	 ‘citizens’	are	defined	as	community	
leaders,	 influencers	 and	 those	 passionate	 in	 how	 their	 day-to-day	 lifestyles	 and	
surroundings	 will	 be	 affected	 by	 their	 ever-growing	 dependency	 on	 finite	 fossil	 fuels.	
Companies	and	start-ups	in	the	field	of	technology	and	sustainability	are	encouraged	to	be	
active	participants	during	the	Roadshow.	The	Roadshow	and	pre-Roadshow	S.W.A.T.	Studio	
engage	with	students	from	academic	institutions	located	in	the	hosting	city.	A	key	objective	
is	 reach	 600	 students	 across	 the	 EU	 by	 visiting	 local	 universities,	 colleges	 and	 secondary	
schools	during	the	5-Day	event.	Students	are	the	future.	It	has	been	mutually	beneficial	idea	
to	 combine	 the	 energy	 and	 enthusiasm	of	Master’s	 students	 from	 the	Delft	University	 of	
Technology	with	that	of	the	stakeholders	and	students	of	each	hosting	Roadshow	city.	The	
student	 SWAT	 projects,	 and	 more	 significantly	 the	 close	 relationships	 that	 were	 forged	
while	 collaborating	 on	 them,	 lay	 the	 foundation	 on	 which	 later	 to	 build	 the	 Roadshow.	
Promotion,	full	participation	and	dissemination	contribute	significantly	to	overall	success,	as	
a	 consequence	 the	 Roadshow	 and	 SWAT	 Studio	 leader	 will	 encourage	 a	 municipality	 to	
grasp	the	opportunity	to	do	so	and	allay	any	reservations	or	fears	they	may	have.	It	 is	not	
the	 intention	 of	 the	 event	 to	 criticize	 a	 cities	 lack	 of	 sustainability,	 as	 specialists	 we	 are	
aware	of	many	complex	global	and	local	level	obstacles	to	energy	transition.	The	Roadshow	
will	work	with	the	municipality	for	the	betterment	of	all.			

FIRST	CONTACT:	Pre-Roadshow	Preparation	(SWAT	Studio)	

What	is	SWAT?	

SWAT	 (Sustainable	 Workshop	 Architecture	 +	 Technology)	 is	 a	 Masters	 level	 student	
workshop	where	Building	Technology	students	from	the	Faculty	of	Architecture	at	the	Delft	
University	 of	 Technology	 develop	 and	 propose	 innovative,	 sustainable,	 contextually	
sensitive	 urban	 design	 interventions.	 A	 key	 ambition	 of	 the	 workshop	 is	 always	 to	
demonstrate	that,	through	building	interventions	at	all	scales	ranging	from	façade,	building,	
street,	 neighbourhood	 and	 district,	 that	 sustainable	 lifestyles	 are	 possible	 within	 existing	
cities.	 The	 SWAT	 is	 a	 precursory	 educational	 event	 to	 the	 later	 specialist	 Roadshow.	 In	
Bornova,	 (Izmir)	at	 the	University	of	Yasar,	 SWAT	 forged	pre-Roadshow	relationships	with	
key	city	stakeholders,	allowing	project	sites	to	be	evaluated	and	selected.	This	preparatory	
SWAT	visit	occurred	in	Belfast,	Dubrovnik	and	more	recently	in	Menorca	(March	2017).	The	
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outputs	of	each	sustainable	workshop	would	be	presented	on	DAY	1	of	the	Roadshow.	The	
SWAT	made	positive	 connections	with	 academic	 and	municipality	 leaders	 and	 sustainable	
energy	 and	 smart	 city	 entrepreneurs.	 In	 Croatia,	 the	 Development	 Agency	 of	 Dubrovnik	
would	 take	 the	 lead	and	host	 the	event	 from	this	 connection	an	extended	 link	was	made	
with	city	leaders	and	start-up	companies.	

SWAT	in	Bornova	(Izmir)	&	Belfast	(UK)	

Figures	 2	 and	 3	 represent	 typical	 outputs	 and	 collaborations	 during	 the	 Izmir	 and	Belfast	
SWAT	Studio:		
	

	 	 	

(a)	Pedestrian	only	streets,	cooling	
strategies	for	street	&	façade.	

(b)	‘Themed’	Public	spaces	with	
water-cooling	and	collection.	

(c)	Community	PV	array	project	
site	at	‘Ataturk	Mahala’.	

Figure	2.	Selection	of	SWAT	Workshop	design	proposals	outlining	future	visions	for	Bornova	(Izmir).	
	

	 		

	 	 	
(a)	 (b)	 (c)	

Figure	3.	(a)	The	Belfast	SWAT	Studio.	(b)	&	(c)	Student	proposed	interventions	Botanic	Avenue	neighbourhood,	
students	presenting	their	final	designs	to	the	community	with	the	local	media	in	attendance.	Relationships	
made	with	the	local	community	over	the	2-week	work	exemplifies	the	joint	aims	of	SWAT	and	Roadshow.		

FIVE	DAYS	

Process	

Figure	4	overleaf	illustrates	the	schematic	timeline	and	timetable	of	the	Roadshow	that	took	
place	 in	early	August	2016	in	Bornova.	As	can	be	seen	under	the	‘Pre-Roadshow	Analysis’,	
the	 SWAT	 Studio	 began	 2	months	 prior	 to	 the	 Roadshow	 start.	 Both	 the	 SWAT	 and	 the	
Roadshow	were	developed	to	be	intensive	by	optimizing	time,	simplifying	communication	&	
explanation,	 and	 maximising	 participation.	 Components	 (lectures,	 site	 excursions,	 design	
workshops	and	mini-masterclasses)	within	the	5-Day	period	were	strategically	timed	at	key	
points	 to	push	 forward	 sustainable	propositions	 and	 to	 later	 evaluate	 them.	The	outputs,	
synchronised	 with	 specific	 Roadies	 specialisms	 in	 energy	 and	 urban	 design,	 were	
qualitatively	spatial	and	quantitatively	energy	focused,	and	combined	to	form	the	City	Vision	
on	the	final	day	(DAY	5).	
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Figure	4.	Schematic	of	the	Societal	Impact	Method	for	Dubrovnik.	First	column	represents	Pre-Roadshow	
preparations	beginning	with	the	SWAT.	DAYS	1	to	5	relate	to	the	stage	referred	to	as	the	‘Roadshow’.	

	

Daily	Activities	&	Roadies	‘Out	&	About’	

Daily	Activities	
In	 Izmir,	 a	 typical	 daily	 scenario	 would	 involve	 Architects,	 Municipality	 members,	 PhD	
students,	 academics	 and	 energy	 consultant’s	 visiting	 the	 Roadshow	 studio	 base	 at	 the	
Bornova	 Archive	 &	 Museum,	 a	 venue	 donated	 by	 Bornova	 Muncipality.	 The	 5-Day	
programme	was	devised	in	such	a	way	to	encourage	participants	to	‘drop-in’	and	‘drop-out’	
so	 that	 the	Roadshow	Workshops	 and	Mini-masterclasses	 could	 fit	 into	 their	 professional	
and	 family	 schedules,	 a	 strategy	 that	 would	 increase	 city	 involvement	 and	 bolster	
involvement	later	in	the	week.	In	Belfast,	the	introductory	‘Pitches’	on	DAY	1	would	be	held	
at	The	Colin	Community	Hub,	a	studio	base	donated	by	the	Colin	partnership	located	in	the	
heart	of	the	project	neighbourhood.	PechaKucha	style	presentations	(PechaKucha	meaning	
‘chit-chat’	 in	 Japanese,	 is	 a	 format	 that	 keeps	 presentations	 concise	 and	 fast-paced,	
facilitating	multiple-speaker	events)	 informed	 the	participants	of	what	 to	expect.	Belfast’s	
stakeholders	also	contributed	on	the	day	with	presentations	that	outline	past,	present	and	
future	 aspirations	 for	 their	 city.	 This	 would	 be	 critical	 input	 that	 helped	 identify	 the	
environmental	 and	 political	 context.	 For	 Belfast,	 a	 key	 contributor	 was	 Clare	 McKeown	
photographed	 in	Figure	3(a)	delivering	a	PechaKucha	Pitch.	Clare’s	 role	as	 the	Sustainable	
Development	 Manager	 at	 Belfast	 City	 Council	 would	 give	 the	 Roadshow	 and	 solid	
foundation	on	which	 to	build,	 comparable	 roles	 in	Bornova	 (Izmir)	 and	Mahón	 (Menorca)	
would	participate	in	their	respective	Roadshows.	

The	Societal	Impact	Method	aims	to	foster	an	intensive	working	environment,	yet	one,	
which	allows	adequate	flexibility	to	ensure	maximum	participation	of	stakeholders.	It	must	
be	 respected	and	appreciated	 that	 all	 stakeholders	 are	 likely	 to	have	 full	 time	 jobs	 and	a	
family	life	beyond	any	Roadshow,	they	are	not	financially	supported	to	attend.	Therefore	it	
is	 one	 of	 the	 roles	 of	 the	 Roadshow	 and	 SWAT	 leader	 (Dr	 Craig	 Lee	Martin,	 TU	Delft)	 to	
strike	 a	 balance	 during	 negotiations	 between	 conveying	 the	 urgency	 of	 being	 part	 of	 the	
process	but	not	to	an	extent	that	it	alienates	prospective	attendees.	Whilst	the	SWAT	Studio	
is	 underway	on	 location	many	preparations	 and	discussions	 take	place	with	 stakeholders,	
here	various	visual	descriptors	are	used	to	communicate	of	what	occurs	during	a	Roadshow.	

Typical	 co-creative	 and	 intensive	 scenarios	 from	 a	workshop	 session,	 as	 depicted	 in	
figure	 5(b)	 are	 incredibly	 effective	 in	 translating	what	 is	 to	 come.	 Coloured	marker	 pens,	
rolls	 of	 tracing	 paper,	 laptops	 and	 notebooks	 are	 the	 tools	 of	 choice	 for	 the	 Roadshow	
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participants.	Activities	have	 the	 same	aim,	energy	neutrality,	however	each	 component	 is	
enjoyably	diverse	and	offers	new	perspectives	and	skills	on	how	to	attain	it.	While	the	two	
parallel	 workshops	 run	 continually	 over	 the	 week	 participants	 sign	 up	 to	 play	 a	 ‘Serious	
Game’.	With	the	app	version	under	development,	Dubrovnik’s	stakeholders	had	the	chance	
to	‘Role’	play	an	analogue	version	as	seen	in	figure	3(c).	This	allows	them	to	have	playful	fun	
and	 experience	 the	 cause	 and	 effect	 of	 energy	 strategy	 decisions	 made	 at	 the	 regional,	
neighbourhood	and	family	household	scale.	

(a)	 (b)	 (c)	

Figure	5.	Intensive	scenarios.	(a)	PechaKucha	presentations	set	the	background	context	and	pace	of	the	
Roadshow	from	the	outset.	(b)	Down	to	the	business	as	Workshop	2	investigates	energy	demand	and	potential.	

(c) Its	both	‘Serious’	and	a	playful	‘game’,	the	Go2Zero	game	developed	by	TU	Delft	and	DNV	GL.

Out	&	About	
The	societal	impact	method	accepts	the	challenge	of	a	limited	time	frame	and	budget,	yet,	it	
seeks	to	break	from	the	studio	setting	venture	into	the	community	at	every	opportunity	to	
promote	sustainability	and	the	aims	and	outcomes	of	the	EC	funded	City-zen	project.	Day	4	
of	the	Belfast	Roadshow	took	place	in	St	Colms	Secondary	High	School	located	in	the	project	
neighbourhood	of	Colin	 (West	Belfast).	Here	the	specialist	 team	worked	 interactively	with	
14-year	 students,	 demonstrating	 how	 cities	 can	 be	 more	 energy	 efficient.	 The	 students
became	 active	 participants	 the	 project	 and	 contributed	 with	 sketches	 that	 would	 be
included	 in	 the	 final	 City	 Vision	 presented	 on	 Day	 5.	 In	 Bornova,	 the	 team	 visited	 the
architecture	 students	 of	 Yasar	 University	 to	 give	 seminars	 on	 urban	 sustainably	 and	 to
describe	the	latest	developments	of	DAY	4	of	the	Izmir	Roadshow.

PARALLEL		

Introduction	

Workshops	1	and	2	 run	daily	 in	parallel	 throughout	 the	week,	on	arrival	 stakeholders	are	
guided	 to	 select	 one	 workshop	 depending	 on	 their	 interests	 or	 specialisms,	 however	
migration	 to	 each	 is	 recommended	 in	 order	 to	 get	 a	 full	 overview	 of	 energy	 and	 urban	
strategies	 and	 their	 implementation.	 At	 the	 end	 of	 each	 day	 the	 workshops	 meet	 to	
summarise	their	findings	and	to	agree	on	the	next	days	or	that	evenings	objectives.	

Workshop	1:	Spatial	&	Social	Synergies	
The	aim	of	Workshop	1	being	to	 inspire	people	to	 imagine	a	more	sustainable	future,	one	
that	 embraces	 the	best	 of	 new	 technology	 in	 a	way	 that	 is	 life	 enhancing.	 The	workshop	
encourages	 freethinking	 and	 open-ended	 discussions	 about	 how	 things	 should	 be.	 It	 asks	
stakeholders	to	 imagine	new	life-styles	and	then	to	develop	strategies	to	achieve	them.	In	
the	communities	of	Colin	(Belfast),	Ataturk	Mahallesi,	Bornova	(Izmir)	and	Graz	(Dubrovnik)	
the	workshop	began	with	an	envisioning	session	about	the	future,	and	quickly	moved	onto	
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designing	the	infrastructure	necessary	to	achieve	these	visions.		Once	the	infrastructure	was	
developed	a	phased	strategy	would	be	proposed	to	achieve	these	goals.	The	design	part	of	
the	Societal	Impact	Method	has	clear	objectives	in	that	it	aims	to	kick-start	carbon	descent	
through	 the	 development	 of	 a	 series	 of	 options	 for	 the	 neighbourhood.	 The	 scope	 was	
holistic	and	arguably	over	challenging	for	a	typical	consultancy	team	to	resolve,	however	the	
Roadshow	team	offered	a	service	that	is	currently	unmatched.				

The	workshop	identified	local	and	global	challenges,	and	responded	to	them	at	varying	
scales	 under	 five	 infrastructural	 themes;	 Mobility,	 Green,	 Energy,	 Water	 and	 Food.	 For	
example	 at	 the	 street	 scale	 in	 Izmir,	 studies	 highlighted	 current	 anti-pedestrian	 features	
such	as	dangerous	crossroads,	unused	and	ineffective	pedestrian	routes,	lack	of	pavements	
and	green	 in	 family	parks	etc.…	 It	 later	concluded	 that	 the	pedestrian	 is	disadvantaged	at	
every	 scale	 in	 favour	 of	 the	 car.	 Two	 green	 infrastructural	 routes	 that	 promoted	 green,	
passive	and	active	solar	technologies,	bike/electric	public	vehicles	and	pedestrian	use	would	
later	meet	this	challenge.	It	was	empathized	that	sustainable	urban	design	occurs	at	several	
scales,	and	can	be	encouraged	by	creating	a	series	of	policies	that	embody	good	behaviour	
as	illustrated	in	figure	6a.	The	‘City	Vision’	accepted	that	illegal	development	is	impossible	to	
prevent	in	Izmir,	hence	it	was	necessary	for	the	residents	to	work	with	it	to	build	sustainable	
infrastructure	 for	 the	 city.	 Here,	 compliance	 would	 be	 granted	 to	 people	 who	 create	
common	benefits.	One	example	being	the	implementation	of	a	‘Land	Swap’	strategy	where	
small	vacant	land	parcels	in	the	city	would	be	swapped	with	City-owned	land	elsewhere.		

Workshop	2:	‘Energy	Potentials	&	Future	Strategies’	
As	with	previous	Roadshow	cities	 the	aim	of	Workshop	2	was	 to	make	an	Energy	Master	
Plan.	For	the	neighbourhood	of	Ataturk	Mahallesi	(Izmir)	the	first	steps	would	be	to	identify	
existing	and	implementable	sustainable	interventions	together	with	the	actions	that	would	
lead	to	a	zero	energy	neighbourhood.	The	objectives	were	to	map	the	areas	energy	demand	
and	potentials.	This	also	involved	a	social,	political,	economic	and	climatical	analyse	of	the	
region.	 Other	 than	 the	 Roadshow	 element	 of	 the	 City-zen	 project,	 the	 content	 and	
methodology	of	Workshop	2	forms	the	basis	of	another	workpackage	(WP4)	of	the	City-zen	
project,	 in	which	a	general	urban	energy	transition	methodology	is	being	developed	based	
upon	previously	established	methodological	frameworks	such	as	energy	potential	mapping,	
carbon	 accounting,	 multimodal	 system	 analysis	 and	 integrated	 urban	 planning	 concepts	
(Broersma	 et	 al,	 2015).	 A	 shortened	 version	 of	 this	 methodology	 was	 applied	 within	
Workshop	 2	 in	 the	 first	 3	 Roadshows	 allowing	 the	 WP4	 methodology	 to	 benefit	 from	
Roadshow	experiences.		

The	 vision	 for	 the	 Ataturk	 Mahallesi	 neighbourhood	 would	 be	 energy	 efficiency	
measures	(building	retrofit)	would	be	being	combined	with	renewable	energy	provision	and	
storage	 in	 a	 mutually	 coherent	 strategy.	 Each	 combination	 of	 energy	 measures	 was	
quantified	 and	 dimensioned	 for	 the	 specific	 location;	 starting	 from	 initial	 energy	 demand	
and	CO2	emissions	(step	0),	and	ending	with	full	zero-energy	systems	as	shown	in	figure	6b.	
The	 scenarios	 are	 finally	 connected	 with	 a	 vision	 of	 integrated	 sustainable	 urban	
development	and	proposed	in	the	‘Spatial	&	Social	Synergies’	(Workshop	1).	

VISION		

The	‘City	Vision’	takes	the	form	of	three	overlapping	presentations	on	Day	5.	The	first	briefly	
outlines	 the	 objectives	 of	 the	 City-zen	 project	 generally,	 and	 specifically	 the	 ambitions,	
format	and	activities	of	the	Societal	Impact	Method	to	which	the	Roadshow	is	the	vehicle.	
The	second	and	third	presentations	form	the	major	body	of	the	presentation,	this	being	the	
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integrated	 outcomes	 of	 both	 Workshops.	 The	 presentation	 of	 Workshop	 1	 would	 be	
qualitative	 in	 nature	 and	 includes	 urban	 planning	 intervention	 proposals	 at	 the	
neighbourhood	 scale,	 together	with	 spatial,	 social	 and	 building	 regulation	 strategies.	 The	
third	 and	 final	 presentation	 would	 be	 more	 quantitative	 focused	 on	 energy	 strategies,	
scenarios	and	carbon	offsetting	measures.		
			

	 	 	
(a)	 (b)	 (c)	

Figure	6.	City	Vision.	(a)	Workshop	1.	Anti-heat	island	green	infrastructure.	(b)	Illicit	good	behaviour	strategy	&	
all	citizens	being	within	200	metres	of	a	‘Pocket	park’.	(c)	Workshop	2.	Sustainable	water	landscape,	drinking	

water	consumption,	rainwater	collection	and	wastewater	production.				
	

Future	Development	of	the	Societal	Impact	Method	

The	 Societal	 Impact	Method	 has	 successfully	 reached	 out	 to,	 and	 collaborated	 with,	 city	
stakeholders	 across	 Europe.	 It’s	 internationally	 wide	 reputation	 as	 an	 innovation	 and	
impactful	 event	 model	 is	 growing.	 It	 recently	 became	 an	 example	 of	 EC	 ‘Best	 Practice’.	
Building	upon	the	upcoming	visits	to	Menorca,	Sevilla,	Roeselare	and	Klaipeda,	the	EC	has	
will	 extend	 its	 reach	 with	 2	 additional	 cities,	 making	 10	 in	 total	 until	 2019.	 In	 addition,	
interpreters	and	student	‘facilitators’	will	join	future	events.	The	key	to	success	has	been	to	
identify,	reach	and	gain	the	trust	of	city	inhabitants	and	‘decision	makers’.	To	achieve	this,	
an	exchange	of	knowledge,	experience	and	commitment	continues	to	be	crucial.	As	part	of	
the	extension	 ‘Revisits’	will	be	planned	to	guide	cities	on	specific	aspects	of	their	vision	 in	
greater	detail.	In	cases	that	no	future	plans	have	been	realised	or	advanced,	a	return	would	
ascertain	the	reason	for	any	inactivity.		
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Abstract:	Given	the	complexity	of	urban	systems,	it	becomes	essential	to	integrate	different	disciplines	
as	 well	 as	 to	 fit	 the	 different	 spatial	 and	 temporal	 scales	 of	 the	 urban	 planning	 in	 order	 to	 produce	
useful	 knowledge	 for	 planners.	 To	 face	 this	 challenge,	 the	 national	 French	 research	 project,	 called	
“multiplicities”,	 proposes	 a	 prospective	 contribution	 to	 support	 energy-based	 urban	 renewal	 for	
European	cities	focused	on	 the	built	urban	forms	and	their	materiality	at	three	nested	spatial	scales:	the	
urban	 district,	 the	 building	 and	 the	 building	 envelope.	 In	 this	 context,	 this	 paper	 focus	 on	 the	
methodology	proposed	for	identifying	urban	 typology	 representative	cases	 in	 the	city	of	Toulouse	and	
for	 evaluating	 the	 energy	 demand	 of	 buildings	based	at	three	nested	spatial	scales	simultaneously:	the	
urban	district,	the	building	and	the	building	envelope.	 This	 methodology	 allows	 treating	 with	 various	
levels	of	details	of	urban	typologies:	from	a	very	detailed	 approach	for	building	materials	to	a	simplified	
approach	for	the	urban	neighbourhood	“horizon”.	From	a	set	 of	energy-related	 indicators	of	 the	urban	
morphology	 and	 of	 its	 materiality,	 three	 French	 representatives	 urban	archetypes	have	provided	the	
basis	to	this	analytical	study.	A	multi-scale	modelling	strategy	is	 developed	 and	 integrated	 in	 an	 energy	
simulation	 tool.	 A	 comparative	 analysis	 of	 the	 buildings	 energy	 performance	between	a	single	scale	
and	a	multi-scale	approach	is	drawn.		
	
	Keywords:	Urban	archetypes,	multi-scale	modelling,	energy,	temperate	climate.		

Introduction		

Building	 is	 the	 largest	energy-consuming	 sector	 in	 urban	 areas	 today.	 In	 France,	 buildings	
are	 responsible	 for	 a	 fraction	 of	 46%	 of	 all	 final	 energy	 demand,	 and	 far	more	 pollutant	
than	transportation	and	 industry	 (ADEME	2011).	Even	 if	civil	engineering	construction	 is	a	
very	dynamic	economic	sector	in	France	(INSEE	2010),	 it	has	suffered	for	many	years	from	
structural	 weaknesses,	 particularly	 in	 terms	 of	 energy	 and	 environmental	 impacts.	 Over	
the	 last	 thirty	 years,	 the	 final	 energy	 consumption	 of	 urban	 buildings	 has	 increased	 by	
more	 than	 20%	 (ADEME	 2011).	 In	 this	 context,	 evaluating	 the	 potential	 energy	 demand	
and	production	of	buildings	at	the	urban	scale	is	a	crucial	starting	point	for	optimizing	cities	
energy.		
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In	the	sustainable	urban	development	perspective,	the	built	morphology	plays	crucial	
role	on	the	global	energy	demand	of	cities	(Owens,	1986)	(Williams,	Burton,	Jenks,	2000)	By	
urban	 morphology,	 we	 refer	 here	 to	 the	 complex	 shape,	 dimensions	 and	 materiality	 of	
buildings.	At	this	scale,	city	configurations	directly	affect	the	indoor	and	outdoor	climates	of	
inhabited	areas	and	have	a	direct	impact	on	embodied	energy	of	buildings	and	on	their	use	
and	occupancy	(Ratti,	Raydan,	&	Steemers,	2003).	

Many	 efforts	 have	 been	 made	 in	 recent	 decades	 in	 order	 to	 promote	 the	 energy	
efficiency	 of	 the	 built	 environment	 in	 many	 cities,	 but	 most	 of	 them	 have	 been	 mainly	
applied	 to	 the	 building	 scale.	 An	 increasing	 number	 of	 researches	 have	 recently	 tried	 to	
measure	and	demonstrate	the	impact	of	urban	densities	and	different	urban	forms	on	the	
energy	 performance	 of	 buildings	 individually	 (Martins,	 Bonhomme,	 &	 Adolphe,	 2013)	
(Boyeur,	Inard,	&	Musy,	2011),	 and	 also	 on	 the	 local	 renewable	 energy	 production	 such	
solar	 energy	 (Compagnon,	 2004)	 (Montavon,	 2010)	 (Kampf,	 Montavon,	 Bunyesc,	 &	
Robinson,	2010).	Nevertheless,	 an	analysis	 of	 the	urban	morphology	 integrity,	 based	on	 a	
reasoned	evaluation	of	 its	different	scales	and	 levels	of	details	on	the	reduction	of	energy	
demand	of	buildings	and	also	 the	maximization	of	 the	 local	production	of	energy	has	not	
yet	been	further	developed.	

Today,	 the	 energy	 impact	 of	 urban	 configurations	 has	 been	 well	 stated	 in	 various	
ways.	Many	studies	have	proceeded	 to	evaluate	and	compare	 the	energy	performance	of	
different	 urban	 typologies	 at	 many	 different	 urban	 and	 climate	 environments	 (Arantes,	
Bucchianeri,	 Quenard,	 &	 Baverel,	 2014)	 (Rode,	 Burdett,	 Robazza,	 &	 Schofield,	 2014)	
(Martins,	Adolphe,	&	Bastos,	2014).	 To	 do	 so,	 for	 instance,	 researchers	 have	 developed	
methodologies	 aiming	 at	 extracting	 homogenous	 representative	 urban	 typologies	 from	
different	 urban	 fabrics	 at	 the	 urban	 block	 or	 at	 neighbourhood	 scales	 (Rode,	 Burdett,	
Robazza,	&	Schofield,	2014)	(Martins,	Adolphe,	&	Bastos,	2014).	Others	 have	 simplified	and	
studied	archetypal	generic	urban	forms	out	of	real	urban	landscape	context	(Ratti,	Raydan,	
&	Steemers,	2003)	(Arantes,	Bucchianeri,	Quenard,	&	Baverel,	2014).	

However,	cities	are	complex	systems	composed	of	mixed	heterogeneous	geometries	
and	 textures,	 which	 induce	 complex	 climatic	 phenomena	 at	 various	 scale	 levels	
simultaneously.	Though,	multi-scale	modelling	of	urban	form	and	its	wide	effect	in	climate	
variables	and	energy	demand	in	building	is	still	a	complex	task	to	achieve.	

To	 study	 the	 impact	 of	 urban	 form	 on	 buildings’	 energy	 and	 to	 optimise	 their	
performance,	we	have	developed	a	methodological	approach	aiming	at	reasonably	integrate	
the	different	levels	of	details	in	the	energy	modelling	process	of	built	environments.	Although	
great	 progress	 has	 been	 made	 on	 building	 simulation	 in	 urban	 scale,	 energy	 multi-scale	
analysis	remains	a	challenge	(Nouvel,	Kaden,	Bahu,	&	Kampf,	2015).	

Many	 studies	 have	 presented	 different	 methodologies	 out	 to	 define	 physical	
properties	 of	 spaces	 at	 different	 scales,	 but	 not	much	work	 can	 be	 found	 to	 date	 on	 an	
urban	multi-scale	integrated	approach.	

In	 the	 urban	 scale,	 we	 should	 deal	 with	 the	 modelling	 of	 multiple	 and	 complex	
urban	 forms.	 Today,	 3D	 modelling	 offers	 an	 enormous	 technical	 potential	 but	 is	 still	
constrained	 by	 computational	 cost	 limits.	 The	 number	 of	 calculations	 increases	 with	 the	
number	 of	 objects	 to	 model	 or	 with	 more	 precisely	 facets	 involved.	 The	 level	 of	 details	
should	then	follow	with	the	relevance	of	geographical	scale.	

“multipliCities”	 is	a	French	national	research	project	that	searches	to	optimise	urban	
built	 environments	 in	 the	 European	 urban	 landscape	 context	 in	 terms	 of	 potentially	
consumed	and	produced	energy	of	buildings.	The	challenge	of	this	project	lies	essentially	in	
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composing	the	optimisation	problem	from	a	multi-actor,	multi-criteria	and	multi-scale	point	
of	view.	

Objective		

This	 paper	 presents	 a	 methodological	 approach	 for	 multi-scale	 modelling	 of	 urban	
buildings	in	regards	to	energy	demand	and	solar	potential	optimisation	of	cities.	It	draws	a	
comparison	 between	 current	 single-scale	 procedures	 against	 the	 proposed	 multi-scale	
modelling.	

Development	

To	do	so,	three	main	methodological	steps	were	taken	and	are	thoroughly	described	
as	 follows:	

a. Definition	of	urban	building	archetypes	for	the	study	city	area	of	Toulouse,	France.	
b. Characterization	 of	 the	 three	main	 scales	 and	 levels	 of	 details	 applied	 to	 a	 case	

study	in	the	 city	of	Toulouse.	
c. Multi-scale	evaluation	of	buildings	energy	demand	through	a	comparison	analysis.	

Urban	archetypes	for	Toulouse		

There	 are	many	different	ways	of	 describing	 an	urban	 archetype.	Number	 of	 authors	has	
used	this	concept	to	model	and	assess	energy	and	other	environment	impacts	as	well	as	to	
predict	future	energy	of	cities	at	a	regional	scale	(Lechtenböhmer	&	Schüring,	2010)	and	at	
the	urban	scale	(Firth,	Lomas,	&	Wright,	2009)	(Shimoda,	Fujii,	&	Mizuno,	2004).	

At	 the	 urban	 block	 scale,	 Ratti,	 Raydan	 &	 Steemer	 (2003)	 examine	 environmental	
performance	 of	 a	 few	 generic	 urban	 archetypes,	 such	 as	 pavilions,	 slabs,	 terraces	 and	
courts.	Arantes	et	al.	 (2013)	applied	six	different	generic	urban	blocks	based	on	a	density	
definition	 (number	 of	 habitat/ha)	 to	 analyse	 energy	 performance	 of	 built	 urban	 forms.	
Cheng	 et	 al.	 (2006)	 studied	 the	 impact	 of	 randomness	 in	 the	 plot	 layout	 and	 height	 of	
buildings	at	high	urban	densities	 forms.	Rode	et	al.	 (2014)	created	 five	 idealised	 samples,	
based	on	the	most	generic	features	of	the	building	configurations	of	the	four	biggest	cities	
in	 Europe.	 Although	 the	 foremost	 interest	 of	 comparing	 energy	 performance	 of	 different	
geometries	 for	a	 given	climate,	most	of	the	 cited	research	works	does	not	take	into	account	
the	 real	 urban	 immediate	 and	 near	 context-related	 characteristics	 that	 mostly	 coexist	
with	the	assessed	urban	form	or	archetype	of	interest	and	that	should	interfere	the	 energy	
analysis.	

Together	 with	 the	 Urban	 Association	 of	 the	 Toulouse	 Area	 (auaT),	 an	
interdisciplinary	 methodological	 approach	 has	 been	 carried	 out.	 Urban	 archetypes	 have	
been	 defined	 based	 on	 four	 main	 principles:	 historical	 diversity	 of	 urban	 form	 and	
construction;	 national	 representativeness	 (so	 that	 the	 study	 could	 be	 easily	 transposed),	
local	urban	 regulation	 limits	and	geographical	situation	 (e.g.	 varied	 types	of	urban	 fabric).	
The	 different	 levels	 of	 this	 methodological	 approach	 allowed	 a	 better	 integration	 of	 the	
multi-scale	modelling.	

Eight	 urban	 archetypes	 have	 been	 carefully	 identified	 from	 different	 architectural	
periods	 as	well	 as	 different	 centralities	 (e.g.	 downtown,	 inner	 suburbs,	 ZAC,	 etc.)	 for	 the	
city	 of	 Toulouse	 and	 that	 could	 be	 easily	 applied	 for	 the	 other	 French	 traditional	 cities	
(Table	1).	The	extension	of	each	archetype	 is	determined	 individually	 according	 to	 its	 local	
urban	regulation	limits.	

Working	precisely	on	 these	archetypes	using	various	key	parameters	defined	by	our	
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research	team	as	well	as	professional	urban	designers	will	allow	to	link	theses	results	with	
other	urban	projects	with	similar	parameter	values.	

Table	1:	urban	archetypes	methodological	 approach	 for	 French	 cities.	
Level	0	 	
Historical	period	

Level	1	 	
Major	Types	

Level	2	
Architectural	Typology	

Level	3	
Urban	Archetypes	

Housing	of	the	50s/60s	 	

Individual	houses	

Detached	houses	 Discontinuous	pavilions	
Housing	of	the	30s	/40s	 	

Semi-detached	houses	
Semi-continuous	pavilions	

Market	gardening	(“Maraîchère”)	 Continuous	pavilions	 into	
open	 city	block	

Ancient	/	medieval	downtown	 	
Semi-collective	
houses	

Terraced	houses	 Continuous	 pavilions
	 into	 closed	
city	block	

Haussmann	inner	suburbs	 Townhouses	
Continuous	building	into	
closed	 city	block	

Housing	complexes	of	the	 60s/70s	
Collective	houses	

Tall	buildings	 Vertical	city	blocks	
Mixed	buildings	 Grouped	city	blocks	

Multi-scale	modelling	

In	order	to	take	into	account	the	energy	impact	related	to	the	urban	form	complexity	of	a	large	
scale	without	diminishing	the	building	archetype	resolution,	a	reasoned	multi-level	multi-scale	
modelling	is	proposed.	For	modelling	purposes,	only	one	archetype	of	Toulouse	will	be	used	
here:	the	semi-continuous	pavilions	into	open	city	block	“Cité	Castors”	(Figure	2).	

	
Figure	2:	The	studied	city	block	“cité	castors”	in	Toulouse.	

From	a	set	of	georeferrenced	urban	data	(SIG)	available	for	most	of	the	French	cities	
in	a	 2.5D	 format	 (BD-TOPO),	 the	 urban	 archetype	 at	 its	 neighbourhood	 scale	 is	 extracted	
in	 a	 dxf	 format	 and	 the	 block	 scale	 complemented	 with	 3D	 data	 obtained	 with	 the	 city	
administration	of	Toulouse	(Toulouse	Métropole).	

Three	nested	scales	are	then	determined:	
a. The	 urban	 archetype	 city	 block	 –	 This	 urban	 zone	 consists	 of	 a	 set	 of	 buildings	

presenting	 a	 remarkable	 homogeneity	 in	 its	 morphological	 treats.	 This	 scale	 should	 be	
studied	 in	 a	 detailed	 three	dimensions,	 the	building	 resolution.	The	actual	dimensions	 of	
this	 scale	 can	 vary	 according	 to	 this	 homogeneity	 characterisation.	 At	 this	 scale,	 the	
architectural	 type	 is	 very	 important	 (form,	 period,	 materiality).	 In	 the	 case	 of	 the	 “Cité	
Castors”,	 few	 detailed	 parameters	 should	 be	 modelled:	 the	 roof	 slope,	 the	 openings	
displacement,	the	wall	and	 roof	composition	and	its	users	profile.	

b. The	surrounding	neighbourhood	–	Beyond	the	archetype	block	perimeter,	a	‘buffer’	
area	 corresponding	 to	 the	 nearby	 urban	 zone	 is	 created.	 This	 intermediate	 zone	
comprises	 varied	built	typologies	and	characterizes	the	neighbourhood	scale.	At	this	scale,	
the	 urban	 form	can	be	 sufficiently	modelled	 in	 2.5D	 (buildings	 footprint	and	height).	 The	
definition	 of	 the	 building	 compositions	 is	 way	 less	 detailed.	 The	 modelling	 hypothesis	
consists	of	asserting	that	most	of	the	surrounding	urban	blocks	impact	is	defined	by	the	major	
obstructions	and	solar	reflexions	to	the	main	urban	scene.	In	the	case,	of	the	“Cité	Castors”,	
the	varied	large	and	tall	buildings	are	well	pronounced.	

c. City	 skyline	 –	 If	 we	 zoom	 out	 of	 the	 neighbourhood	 of	 the	 “Cité	 Castors”,	 one	
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may	 observe	numerous	obstacles	 that	might	 as	well	 impose	 a	non-negligible	 influence	 to	
the	 urban	 scene	of	 interest.	 A	 third	 and	 larger	 scale	 is	 then	modelled.	A	 second	 “buffer”	
from	the	centre	of	our	archetype	is	defined.	To	obtain	a	good	trade-off	between	modelling	
a	 larger	urban	scale	and	keep	a	low	computational	cost	on	the	energy	calculation,	we	have	
reasonably	 simplified	 the	urban	 form	 considering	 its	 relative	 influence.	 For	 this,	 an	urban	
horizon	 line	has	been	defined.	This	 skyline	 is	determined	by	both	an	azimuthal	angle	 (Φ),	
and	the	maximum	height	angle	of	far	field	buildings	(ϑ)	inside	each	angular	step,	as	shown	
in	Figure	3.	

Figure	3:	The	three	scales	and	levels	of	detail.	

This	 multi-scale	 approach	 allows	 evolving	 the	 most	 representative	 urban	 forms	
reasonably	 and	 simply	 regarding	 their	 belonging	 to	 a	 particular	 urban	 fabric	 and	 their	
capacity	 to	 renew	themselves	in	the	future.	

Similarly	 to	 the	 description	 of	 3D	 environment	 engines	 used	 in	 video	 games,	 this	
multi-	 scale	 multi-level	 approach,	 allows	 reducing	 the	 amount	 of	 input	 information	 in	
simulation	 software,	thus	reducing	the	power	required	and	the	computation	cost.	This	will	
reduce	the	 time	needed	to	assess	urban	fabrics,	and	their	morphological-technical	variants.	

Multi-level	energy	modelling	

The	 recent	 developments	 of	 computer	 modelling	 has	 profoundly	 impacted	 the	 field	 of	
urban	morphology	research,	especially	at	the	neighbourhood	scale	where	significant	macro	
scale	data	can	be	difficult	to	obtain	and	sufficient	micro	scale	data	(defining	building	form)	
becomes	 too	 compute-intensive	 to	 analyse	when	 scaled	 beyond	 the	 plots	 of	 one	 or	 two	
buildings	 (Rode,	Burdett,	Robazza,	&	Schofield,	2014).	 With	 computer	 automation,	 more	
complex	geometries	could	be	explored	and	calculations	could	be	rapidly	repeated	for	many	

Urban	scales	:	urban	horizon,	neighbourhood	and	urban	block	 Levels	of	details	

2D	½	

3D	

Decomposed	facades	
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buildings	in	order	to	expand	the	analysis	to	the	neighbourhood	scale.	For	this	to	be	useful,	
new	 data	 to	 feed	 such	 models	 is	 required.	 Many	 developments	 have	 also	 been	 done	
notably	 in	 the	 satellite	 imagery	 and	GIS	 field	 that	 can	 be	 used	 to	 automatically	 generate	
extruded	or	 “2.5D”	massing	models	of	whole	cities	 such	as	 the	one	used	 in	 this	 research.	
However,	when	working	with	urban	block	scale,	we	need	to	simultaneously	integrate	some	
important	 level	 of	 building	 information	 (e.g.	 envelope	 shape,	 roof	 slope,	 openings	
displacement,	etc.)	and	nearby	and	surrounding	buildings	at	the	neighbourhood	scale	that	
interfere	with	the	assessed	urban	form	but	need	way	less	detailed	data.	

To	 predict	 the	 energy	 demand	 and	 the	 solar	 irradiation	 availability	 on	 building	
surfaces,	at	a	large	urban	scale,	a	simplified	energy	model	was	applied.	The	Citysim	software	
(Robinson,	 2011)	 couples	 together	 models	 predicting	 radiant	 energy	 flux	 reaching	 and	
emitted	 by	 any	 shape	 of	 building,	 accounting	 for	 the	 effects	 of	 urban	 obstructions	 in	
reducing	direct	and	diffuse	radiation,	and	contributing	to	reflected	radiation.	A	nodal	thermal	
model	based	on	analogy	with	an	electrical	circuit	(resistor-capacitor	network)	is	considered	
(Robinson,	 2011).	 Citysim	 is	 currently	 one	 of	 the	 few	 models	 that	 allows,	 on	 one	hand,	
robustness	on	modeling	the	complex	solar	behavior	in	the	urban	district	scale	of	hundred	of	
buildings	and,	on	the	other,	fast	computer	simulation.	

In	 order	 to	 model	 the	 2.5D	 and	 3D	 geometry,	 Citysim	 allowed	 importing	 it	 in	 a	
regular	3DFACE	dxf	 file.	The	software	offers	a	plugin	to	SketchUp	to	create	 it.	To	enhance	
the	3D	geometry,	a	new	plugin	 that	allows	creating	automatically	decomposed	 facades	 to	
our	3D	model	is	proposed	here.	

For	the	city	horizon,	a	skyline	tool	support	by	ArcMap	(ArcGIS)	has	been	applied	and	
the	results	were	transposed	to	the	far	field	obstruction	input	file	of	CitySim.	

Figure	4:	Three	different	geometry	models	for	the	urban	block	of	“Castors	City”	in	Toulouse.	

Results	

The	 results	 of	 various	 simulations	 using	 Citysim	 are	 presented	 below,	 according	 to	
three	 criteria:	irradiation	availability	on	building	surfaces,	cooling	and	heating	demand.	

1,3	 1,0	 0,7	 0,4	 0,1	 MWh/m2

Figure	5:	solar	irradiation	on	the	surfaces	of	the	three	modelled	urban	geometries.	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2804



For	 all	 the	 geometries	 studied,	 an	 important	 variation	of	 the	 solar	 irradiation	 levels	
over	 facades	 was	 found,	 due	 at	 the	 same	 time	 to	 their	 orientation	 and	 to	 the	 multiple	
inter-reflexions	between	 buildings.	 Facades	with	 the	 same	orientation	 can	 also	have	 very	
different	levels	of	irradiation.	

By	 considering	 the	 proposed	 multi-scale	 multi-level	 approach,	 an	 improved	
assessment	of	 the	direct	and	 reflected	solar	 radiation	 is	 consequently	obtained.	The	 solar	
irradiation	 is	 calculated	 for	 the	 roof	 slope	 and	 for	 a	 larger	 number	 of	 facade	 patches.	 In	
addition,	 the	 shadow	 effects	 due	 to	 near	 and	 far-field	 obstructions	 of	 the	 district	 is	 also	
decisive.	Only	 by	 adding	 surrounding	 buildings	 and	 3D	 features	 to	 our	 city	 block,	 such	 as	
the	 roof	 slope,	 less	 25%	 can	 be	 found	 in	 the	 irradiation	 levels	 of	 roofs	 compared	 to	 the	
single	2.5D	scale	geometry.	

As	 one	 can	 observe	 in	 Figure	 5,	 a	 single	 2.5D	 scale	 of	 an	 urban	 environment	
overestimates	 solar	 potential	 over	 building	 surfaces	 compared	 to	 the	 multi-scale	 urban	
geometries	proposed.	For	the	third	mode	complex	input	geometry	proposed,	a	gradient	of	
solar	 potential	 is	 precisely	 calculated	 to	 the	 city	 block	 envelope	 of	 interest,	which	 allows	
better	sizing	and	allocating	solar	panels.	

Consequently,	 the	heating	and	cooling	 loads	of	 these	buildings	 in	 this	particular	 city	
block	are	also	 largely	 affected.	A	 single	 scale	 geometry	evaluation	underestimates	 in	18%	
the	 heating	 load	 and	 overestimate	 in	 40%	 the	 cooling	 demand	 compared	 to	 a	 reasoned	
multi-scale	 configuration.	 This	 can	 be	 easily	 explained	 by	 two	major	 factors:	 the	 changes	
observed	 on	 the	 incident	 solar	 radiation	 (reduced	 solar	 heat	 gain	 of	 buildings)	 and	 the	
displacement	 of	windows	 glazing.	 For	 the	 2.5D	and	 3D	urban	 geometry,	 a	 glazing	 ratio	 is	
considered	 for	 each	 façade,	 while	 in	 the	 proposed	 approach,	 the	 multi-patched	 facade	
allows	placing	more	precisely	the	glazing	fraction	of	the	wall.	

Figure	6:	heating	and	cooling	loads	both	the	three	urban	geometries	input.	

Conclusions	

Most	 of	 the	 urban	 energy	 analysis	 is	 based	 on	morphological	 and	 technical	simplification	
allowing	 a	 simplified	 assessment	 of	 a	 complex	 reality.	 In	 this	 context,	 this	work	 aims	 to	
automate	 geometrical	 data	 entry	 for	 urban	 energy	modelling,	 adapting	 the	 level	of	detail	
to	 the	 relevance	of	 the	urban	 scale	 of	 analysis.	 This	 allows	 finding	 a	 reasonable	trade-off	
between	accuracy	and	computational	cost.	

Between	 the	 single	2.5D	and	 the	multi-scale	3D	model	approach,	we	have	obtained	
on	a	specific	district	of	Toulouse,	France,	differences	of	about	20%	and	40%	for	the	heating	
and	 cooling	 loads,	 respectively,	 and	 important	 variations	 in	 the	 distribution	 of	 solar	
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irradiation	over	facades.	
This	multi-scale	multi-level	approach	can	be	of	great	interest	for	consideration	in	the	

energy	balance	analyses	can	support	early	and	late	urban	design	stage	(feasibility	analysis).	
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Re-inhabiting	the	roof:	Han	Slawik	Covered	Roof	Terrace,	Amsterdam	
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Sheffield,	UK,	S.Medio@shu.ac.uk	
	
Abstract:	 When	 observing	 many	 modern	 cities	 from	 the	 above,	 we	 are	 typically	 confronted	 with	 a	 sea	 of	
asphalt-clad	 flat	 rooftops.	 In	 contrast	 to	 the	modernist	expectation	of	a	populated	 flat	 roof,	 flat	 rooftops	 in	
multi-storey	 buildings	 are	 rarely	 used	 and	 typify	 a	 desolate	 and	 abandoned	 landscape	 that	 encourages	
mechanical	system	allocation.	This	paper	aims	to	seek	a	change	in	the	approach	to	flat	roofing.	 It	makes	the	
case	 for	 architectonically	 resolute,	 technologically	 evolved	 and	 habitable	 roof	 spaces.	 Making	 the	 flat	 roof	
habitable	 could	mean	 offering	 a	much-needed	 additional	 space	 in	 compact,	 densely	 populated	 cities.	 	 The	
researcher	is	looking	for	the	triggers	that	allow	for	that	change	to	happen	in	case	study	buildings.		The	paper	
begins	by	exploring	Han	Slawik’s	Covered	Roof	Terrace	(CRT)	 in	Amsterdam	as	exemplar	of	transforming	the	
flat	 roof	 in	 a	 habitable	 space.	 It	 investigates	 the	 design	 challenges	 and	 the	 logistic,	 financial	 and	 legislative	
resistances	 faced	 by	 the	 architect	 and	 the	 outcomes	 in	 terms	 of	 perceived	 comfort	 and	 environmental	
experience	 of	 the	 CRT.	 The	 researcher	 uses	 a	 grounded	 research	 methodology	 with	 on-site	 digital	 video	
interviews	with	the	architect	of	the	project,	and	to	what	are	concurrently	the	client	and	users	of	the	CRT.	
	
Keywords:	flat	roofs,	roof	habitation,	design	process,	resistances,	agents	of	change		

Introduction		

This	paper	aims	to	seek	a	change	in	the	approach	to	flat	roof	design	in	multi-storey	buildings	
and	considers,	as	alternative	to	the	flat	open	roof,	the	sheltering	and	habitation	of	the	roof.	
It	makes	 the	 case	 for	 architectonically	 resolute,	 technologically	 evolved,	 habitable	 spaces	
that	make	a	better	use	of	the	environment	at	rooftop	level.	Making	the	flat	roof	habitable	
could	mean	offering	a	much-needed	additional	space	in	compact,	densely	populated	cities.		
The	paper	looks	at	the	Covered	Roof	Terrace	(CRT)	in	Amsterdam,	by	Han	Slawik,	as	a	simple	
and	demonstrative	example	on	how	that	can	be	achieved.	The	goal	of	the	paper	is	to	try	and	
understand	the	potential	value	of	the	CRT	in	terms	of	the	users	perceived	thermal	comfort,	
environmental	 experience	 and	 satisfaction,	 and	 to	 outline	 the	 resistances	 and	 agents	 of	
change	that	have	emerged	during	the	CRT	design	development	and	realisation.	The	paper	is	
divided	 into	 three	 sections.	 The	 first	 section	places	 the	 case	 study	 in	 context	 and	 gives	 a	
state	 of	 fact	 description	 of	 CRT	 and	 its	 host	 building.	 The	 second	 section	 attempts	 to	
evaluate	the	CRT	based	on	the	users'	perceived	thermal	comfort,	environmental	experience	
and	 satisfaction.	 The	 third	 section	 discusses	 the	 CRT	 design	 process	 and	 realisation	 and	
attempts	to	classify	the	resistances	to	the	project’s	development	and	the	agents	of	change,	
intended	 as	 project	 facilitators	 and	 opportunity	 generators.	 The	 paper	 concludes	 with	
considerations	on	the	findings.	
	 	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2807



Participants	of	the	study	

The	 participants	 of	 the	 study	 are	 Han	 Slawik	 and	 his	 wife	 Geertje	 Bakelaar-Slawik.	 Han	
Slawik,	the	designer	of	the	CRT,	is	from	Germany	and	is	a	retired	Professor	of	Architecture	
of	Leibniz	University	of	Hanover.	He	has	a	running	architectural	practice	in		Bad	Bentheim,	
Germany,	 and	Amsterdam.	Geertje	 Bakelaar-Slawik	 is	 from	 Telex	 Island,	 the	Netherlands.		
The	Slawiks	share	their	time	between	their	Bad	Bentheim	and	Amsterdam	homes.	They	are	
the	clients	and	users	of	the	CRT.	While	Han	Slawik	is	able	to	report	on	the	specifics	of	the	
CRT	 design	 process,	 both	 Han	 and	 Geertje	 are	 able	 to	 comment	 on	 the	most	 significant	
moments	leading	to	its	realisation.	The	Slawiks	use	the	CRT	in	different	periods	of	the	year	
and	can	comment	on	the	level	of	perceived	thermal	comfort	and	environmental	experience	
of	the	CRT	throughout	the	different	seasons.		

Methodology	

The	case	study	 is	situated	within	a	grounded,	practice-led	research	methodology	and	uses	
semi-structured	 digital	 video	 interviews	 as	 means	 of	 methodological	 triangulation.	 It	
includes	 content	 analysis	 of	 interview	 transcripts	 and	 observation.	 	 The	 video	 interviews	
were	conducted	on	site	on	the	16th	February	2017	and	followed	up	via	e-mail	conversations	
with	Han	Slawik.	The	full	 time-lined	version	of	the	video	 interview,	entitled	 Interview	with	
the	 Slawiks,	 Amsterdam,	 is	 available	 in	 the	 Vimeo	 website	 at:	
https://vimeo.com/212966378.	 In-text	 citation	 quotes	 and	 key	 moments	 within	 the	
interview	 are	 timeline	 coded	 in	 minutes	 and	 seconds,	 in	 such	 fashion	 (min:sec).	 Literary	
references	follow	the	traditional	Harvard	referencing	system.	

The	CRT	and	its	context		

Amsterdam	 is	 a	 densely	 populated	 and	 compact	 city	 with	 limited	 opportunity	 to	 expand	
horizontally.	 Its	 unique	historic	 setting	 and	 stringent	 architectural	 conservation	 guidelines	
resists,	at	least	within	its	historic	town	centre,	radical	interventions	and	vertical	expansions,	
protecting	 the	 physical	 qualities	 of	 the	 city	while	 attracting	millions	 of	 visitors	 a	 year.	 Its	
oceanic	climate	 is	highly	affected	by	 the	presence	of	 the	North	Sea	and	the	 large	body	of	
water	 surrounding	 the	 city.	 Winters	 and	 summers	 are	 mild	 and	 occasionally	 cool.	 Daily	
mean	monthly	temperatures	typically	range	from	3.4	°C	in	January	and	17.6	°C	in	July,	with	
17%	sunshine	in	December	and	42%	in	May.	Winds	are	predominantly	south	westerly	and	
sustained	 throughout	 the	 year	 with	 mean	 monthly	 speeds	 ranging	 from	 6.2	 m/s	 in	 the	
winter	 months	 to	 4.4	 m/s	 in	 the	 summer	 months.	 Days	 with	 more	 than	 1mm	 rain	 are	
common	and	occur	133	days	per	year	as	light	rain	or	temporary	precipitations.	

	
	
	
	
	
	
	
	
	
	
	
	

Figure	1:	Location	of	the	CRT	
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The	case	under	 investigation	 is	 located	 in	an	area	 just	outside	the	city’s	15th	century	
wall,	 between	 the	 Recht	 Boomssloot	 and	 Krom	Boomssloot	 canals,	 Figure	 1.	 Indicated	 as	
‘action	 area’	 under	 renovation	 (Van	 Heelsum,	 2007), this	 location	 maintains	 the	 urban	
characteristics	 and	 qualities	 of	 Amsterdam	 as	 commonly	 known:	 a	 dense	 urban	 fabric	
surrounded	by	a	network	of	waterways,	weaved	by	narrow	and	steep	row	houses	with	the	
traditional	 gabled	 roofs	 and	 metal	 hooks	 for	 hoisting	 bulky	 items	 through	 the	 facades.	
Visitors	typically	try	to	experience	this	reality	from	the	outside,	making	the	most	of	the	city’s	
waterways,	 pedestrian	 walkways	 and	 cycle	 paths.	 The	 experience	 of	 its	 inhabitants,	
however,	can	be	quite	different.	The	perception	of	 the	participants	 involved	 in	 this	 study,	
for	 instance,	 is	 that	 of	 lack	 of	 space	 and	 connection	 to	 nature.	 This	 perception	 can	 be	
paralleled	with	 relevant	 statistical	 studies	 released	 by	 the	 European	 Environment	 Agency	
which	finds	that	about	30%	of	Amsterdam’s	population	perceives	the	municipality’s	green	
spaces	as	unsatisfactory	or	not	at	all	satisfactory	(EEA,	2009).	It	is	also	perhaps	a	reflection	
of	 Amsterdam’s	 housing	 shortage	 and	 rental	 pressures.	 According	 to	 a	 recent	 study	 by	
Musterd	(2017),	about	47%	of	Amsterdam’s	housing	stock	is	social	housing,	and	25%	owned	
by	private	and	 institutional	 investors.	These	commands,	 respectively,	either	capped	rental	
fees	 and	 long	waiting	 lists,	 or	 uncapped	 and	 uncontrolled	 rental	 fees	 in	 high	 demand.	 In	
both	 instances	 there	 is	 a	 high	 level	 of	 renter	 protection	 and	 the	 notion	 of	 ‘permanent	
contract’	 is	a	hallmark	of	the	rental	agreement.	Only	27%	of	Amsterdam’s	housing	stock	is	
owner	occupied.	

The	host	building	

The	CRT	host	building,	Figure	2,	was	completed	in	1912	and	shows	traits	of	the	Jugendstil.	It	
is	oriented	east-west	and	has	five	levels	and	a	basement.		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Figure	2:	The	CRT	host	building.	Still	image	from	the	digital	video	entitled		
Interview	with	the	Slawiks,	Amsterdam	©	Author.	

	
The	building’s	two	lateral	walls	support	the	different	 levels	through	5m	transversal	timber	
beams.	The	beams	 release	 the	 façade	 from	any	 structural	 support	and	allow	 large	 façade	
openings	 and	 open	 plans.	 The	 façade	 is	 divided	 in	 tripartite	 fashion,	 with	 large	 central	
windows	 and	 two	 smaller	 lateral	 openings	 at	 ground	 floor	 level.	 From	 the	 ground	 floor	
these	 lead,	 on	 one	 side	 to	 the	 building’s	 narrow	 and	 steep	 staircases,	 and	 on	 the	 other	
directly	to	the	building’s	ground	floor	level.	The	Slawiks	bought	the	property	in	1981	while	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2809



the	building	was	rented	out	and	had	limited	control	on	its	use	and	upkeep.	The	overall	state	
of	the	internal	occupied	building	was	poor	and	in	need	of	restoration,	with	minimal	hygienic	
provisions.	 The	 property,	 however,	 was	 acquired	 with	 the	 idea	 of	 using	 the	 untenanted	
ground	floor	as	studio	space	while	the	rest	of	the	building’s	levels	were	occupied,	with	the	
understanding	that	a	restoration	of	the	entire	building	would	soon	take	place.	Plans	by	Han	
Slawik	 to	 renovate	 the	 building	 started	 shortly	 after	 acquisition	 of	 the	 property.	 The	 full	
renovation	of	the	host	building,	however,	could	only	start	upon	exit	of	the	tenants,	in	1986,	
and	was	completed,	together	with	the	CRT,	 in	1991.	The	building	 is	heated	 locally	at	each	
level	by	individual	Vrolik	gas	stoves,	a	development	of	the	original	1920’s	oil	fired	stoves	for	
schools.		The	Slawiks	state	how	this	traditional	heating	system,	although	surpassed	by	more	
technologically	advanced	ones,	remains	highly	suited	to	their	needs,	allowing	to	effectively	
heat	the	different	levels	of	the	building	by	requirement.	

The	covered	roof	terrace	

Access	 to	 the	 CRT	 occurs	 from	 the	 fifth	 floor	 level	 of	 the	 host	 building	 through	 a	 steep	
stairway	and	a	small	horizontal	polycarbonate	clad	hatch	that	is	pivoted	vertically	to	allow	
passage.	The	CRT	space,	Figure	3,	is	defined	by	three	distinct	elements.		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Figure	3:	Exploded	axonometric	view	of	the	covered	roof	terrace.	Courtesy	Han	Slawik.	
	
These	are:	1)The	barrel-vault	system:	this	is	a	prefabricated	structural	system	composed	of	a	
series	 of	 semi-circular	 glue	 laminated	 wood	 arches.	 To	 be	 noted	 that	 Han	 Slawik	 had	
originally	 considered	 using	 custom	 made	 steel	 elements;	 these,	 however,	 showed	 to	 be	
more	 heavy	 and	 expensive	 than	 the	 wood	 solution.	 The	 wood	 arches	 are	 repeated	
perpendicular	to	the	building’s	supporting	walls.	They	hold	the	vault	envelope,	composed	of	
1m	wide	and	4mm	thick	polycarbonate	curved	panels.	The	panels	are	able	to	overlap	and	
slide	 parallel	 to	 each	 other,	 both	 from	 above	 and	 below.	 In	 doing	 so,	 the	 panels	 create	
openings	 at	 either	 side	 of	 the	 barrel	 vault;	 2)	 The	 west	 and	 east	 facades:	 these	 are	
composed	of	wood	framing	with	5mm	thick	single	glass	flat	panels.	The	facades	had	to	be	
designed	separate	to	the	barrel-vault	system	and	custom-crafted	to	close	the	vault.	3)	The	
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CRT	 floor	 level:	 this	 is	 composed	 of	 supporting	 5	m	wood	 beams	 and	 interim	 rock	 wool	
insulation,	topped	by	corrugated	steel	and	concrete	screed,	and	finished	with	marble	slabs.	
It	 is	 important	 to	 note	 that	 the	 original	 flat	 roof	 technology	 of	 the	 host	 building	 did	 not	
include	 insulation	 and	 had	 to	 be	 reinforced	 to	meet	 standards	 and	 allow	use	 of	 the	 roof	
level.		

The	 CRT	 has	 no	 heating	 or	 cooling	 system.	 At	 the	 time	 of	 the	 interview	 it	 was	
furnished	 with	 an	 outdoor	 table	 and	 chairs	 and	 decorated	 by	 a	 host	 of	 different	 plant	
species.		

Thermal	comfort	and	environmental	experience	of	the	CRT	

The	 drivers	 behind	 the	 conception	 and	 realisation	 of	 the	 CRT	 are	 telling	 of	 its	 intended	
purpose.	That	is:	an	escape	from	the	dense,	artificial	built	environment	of	Amsterdam	into	a	
visually	open	and	yet	private	space	that	would	allow	connection	to	nature	and	psychological	
ease,	 sunshine	 and	 views.	 From	 Geertje	 Bakelaar-Slawik:	 ‘Holland	 is	 over	 populated	
therefore	we	 have	 to	 share	 small	 spaces’(5:25)	 ...	 ‘we	 have	 no	 parks	 in	 this	 area	 and	 no	
green	spaces	‘(10:42)	...	‘the	living	rooms	are	in	the	east	side	and	we	didn’t	have	much	sun,	
and	in	order	to	get	more	sun	and	more	green	we	decided	to	take	the	roof	terrace’	(26:10).	
Upon	initial	inspections	by	the	Slawiks,	the	existing	flat	roof	of	the	host	building	promised	to	
offer	such	escape.	What	also	became	apparent	to	them,	however,	is	that	a	shelter	would	be	
needed	to	protect	from	the	rain	and	sustained	winds.	Amsterdam’s	climate	data	shows	how	
both	would	make	even	short	stays	at	rooftop	level	unattractive	for	most	periods	of	the	year.	
The	first	condition,	therefore,	was	to	establish	a	connection	with	nature	and	in	particular	to	
sunlight	 and	 views.	 The	 subsequent	 two	 conditions	were	 to	 provide	 for	 shelter	 from	 rain	
and	wind.	All	three	could	be	achieved	through	the	use	of	a	transparent	shelter.	‘We	[though]	
we	would	like	to	have	the	better	flats	[floor	levels],	and	the	higher	you	come	you	have	more	
sun…the	flats	are	not	so	large	so	we	say:	in	the	winter	we	don’t	need	to	heat	so	much,	and	
in	 the	 summer	we	have	more	volume’	 (26:50).	Having	 considered	 these	 conditions,	 there	
were	no	further	concerns	in	thermally	controlling	the	CRT,	therefore	leaving	the	degree	of	
thermal	 comfort	 largely	 unpredictable.	 Han	 Slawik	 explains	 how,	 in	 choosing	 the	 low	
insulation	 properties	 of	 the	 envelope,	 there	 was	 no	 interest	 in	 generating	 an	 exclusive,	
mechanically	controlled	space	 ‘if	 its	winter	and	very	cold	we	are	beneath…	You	can	make	
flats	 with	 [for]	 summer	 and	 winter’	 (13:50).	 There	 was,	 in	 other	 words,	 an	 upfront	
acknowledgement	 by	 the	 Slawiks	 that	 the	 CRT	 use	would	 be	 determined	by	 the	 seasons,	
and	 that	 they	 would	 migrate	 to	 the	 CRT	 whenever	 that	 became	 attractive	 to	 them.	
Environmental	control	for	the	hot	season	would	take	place	through	comfort	ventilation,	by	
manoeuvring	 the	 operable	 overlapping	 panels	 of	 the	 barrel	 vault,	 while	 shade	 could	 be	
achieved	through	internal	textile	awnings	hanging	in	between	the	arches.		

Following	the	realisation	of	the	CRT,	however,	the	periods	of	habitation	of	the	CRT	has	
shown	to	be	above	expectations.	The	Slawik	state	that	the	day-use	of	the	CRT	occurs	almost	
throughout	the	year	except	two	or	three	weeks	of	the	year	when	it	is,	respectively,	too	cold	
or	too	hot.	Han	Slawik	showed	me	how	on	a	typical	overcast	winter	day	(such	as	that	of	the	
interview)	 we	 could	 see	 people	 outside	 wearing	 coats	 and	 scarfs	 and	 explained	 how,	
normally,	 the	CRT	 internal	temperatures	are	9	°C	warmer	than	the	outside	and	how,	on	a	
sunny	 day,	 that	 temperature	 can	 climb	 rapidly	 and	 is	 significantly	 higher;	 according	 to	
Geertje	Bakelaar-Slawik	in	the	region	of	20-25	°C.	At	the	time	of	the	interview,	16	February,	
1	 pm,	 the	 outdoor	 temperature	 with	 overcast	 sky	 was	 8	 °C	 while	 the	 CRT	 internal	
temperature	 was	 13	 °C.	 A	 light	 jumper	 sufficed	 to	 experience	 comfort.	 That	 perception,	
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however,	 changed	significantly	with	 the	occasional	 sunny	 spell	 reaching	 the	body,	making	
instantaneous	comfort-discomfort	 swings	being	 felt.	Also,	a	 strong	glare	generated	by	 the	
white	marble	was	experienced.		Both	these	variations	required	some	level	of	tolerance	and	
adaptation.	 The	 Slawiks	 concede	 that,	 in	 the	 summer,	 a	 good	 degree	 of	 work	 intensive	
corrections	 are	 required	 to	 control	 natural	 ventilation.	 While	 the	 CRT	 openings	
configuration	 allow	 plenty	 of	 adaptive	 opportunities,	 they	 are	 likely	 to	 require	 frequent	
adjustments	to	respond	to	wind	conditions,	at	times	making	 it	a	balancing	act	of	pursuing	
comfort	 ventilation,	 preventing	 excessive	 sensory	 disturbance	 and	 keeping	 papers	 on	 the	
table.		

From	the	interview	it	is	understood	that	the	CRT	has	a	wide	range	of	uses	that	go	from	
dining	to	reading	and	writing.	The	garden	table	and	chairs	surrounded	by	decorative	plants,	
however,	 suggest	 leisure	 and	 contemplation.	 There	 is	 an	 evident	 pride	 expressed	 by	 the	
Slawiks	 in	being	able,	 through	the	CRT,	 to	enjoy	the	ample	views	of	 the	city.	Climbing	the	
arduous	steep	stairs	from	the	narrow	spaces	below	and	entering	the	CRT	one	gets	the	sense	
of	expansion	into	light,	air	and	view.	The	city	opens	itself	in	an	unexpected	way:	one	looks	
down	 onto	 the	 canals	 and	 pathways	 and,	 as	 if	 for	 the	 first	 time,	 onto	 Amsterdam’s	
roofscape.	 	The	CRT	offers	 itself	as	a	distinct,	nature-prone	environment.	And	 that	 is	very	
much	 how	 the	 Slawiks	 summoned	 the	 experience	 to	 me:	 a	 new	 ‘temperate’	 space	 that	
expands	and	enriches	the	building.	From	the	street,	the	CRT	intensifies	the	already	marked	
Amsterdam	skyline	experience,	generating	curiosity	 from	the	tourists	navigating	the	Recht	
Boomssloot	canal	and	myself.	

The	CRT	design	process	and	realisation:	resistances	and	agents	of	change	

This	 section	 attempts	 to	 individuate	 and	 classify	 the	 resistances	 and	 agents	 change	 that	
have	occurred	within	 the	CRT	design	process	and	 realisation	 in	 the	period	 that	goes	 from	
the	CRT	initial	concept	in	1981,	to	its	realisation	in	1991.	The	resistances	refer	to	elements	
within	the	design	process	that	have	tended	to	block	or	impede	the	realisation	of	the	project.		
The	agents	of	change	refer	to	the	elements	 in	the	design	process	that	have	facilitated	the	
realisation	of	the	CRT	and	that	have	shown	to	represent	opportunities	for	potential	similar	
interventions.	

Resistances	

They	can	be	classified	as:	1)legislative/regulatory;	2)logistic/practical;	3)	technical/functional.	
1)Legislative/regulatory:	 Prior	 to	 approval,	 the	 CRT	 proposal	 had	 to	 pass	 a	 set	 of	

hurdles	 from	 Amsterdam	 planning	 commission.	 These	 included	 initial	 drawings	 being	
checked	against	basic	building	regulations	and	requirements	(such	as	safety,	environmental	
control	and	use)	and,	subsequently,	through	calculations	to	verify	the	structural	soundness	
of	 the	proposal.	Passing	 these	hurdles	could	have	been	 futile	without	 the	approval	of	 the	
historic	 preservation	 committee	 and	 the	 unanimous	 acceptance	 by	 the	 neighbours	
bordering	 the	property.	The	Slawiks	 testify	how	 the	proposal	was	 initially	 rejected	on	 the	
basis	 of	 it	 not	 being	 in	 tune	 with	 the	 historic	 context	 ‘they	 [the	 historic	 preservation	
committee]	look	back,	always	back,	and	architects	look	forward.	That’s	the	problem!’	states	
Han	 Slawik	 (21:56).	 It	 was	 only	 after	 presenting	 several	 variations	 to	 the	 proposal,	 all	
towards	making	 the	CRT	 look	 less	 intrusive,	 that	 the	historic	preservation	 committee	 ‘got	
used	to	it’	(18:19).	Critically,	a	full	approval	of	the	proposal	only	took	place	with	a	change	of	
the	committee	board	members.	The	CRT	proposal	found	no	resistance	from	the	neighbours.	
According	 to	 Han	 Slawik,	 what	 ultimately	 gained	 the	 full	 acceptance	 of	 the	 CRT	was	 the	
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notion	of	the	CRT	being	conceived	and	developed	as	a	visually	open	(albeit	sheltered)	space	
and	 how	 that	 concept	 agreed	 with	 the	 view	 from	 the	 street	 (Slawik,	 2017).	 From	 these	
testimonials,	 however,	 one	 gets	 the	 sense	 that	 passing	 such	 resistances	 was	 difficult	 to	
predict,	making	the	realisation	of	the	project	uncertain.	

2)Logistic/practical:	 at	 the	 time	 of	 purchase,	 the	 different	 floor	 levels	 of	 the	 host	
building	 were	 separated	 into	 tenanted	 flats.	 This	 posed	 a	 series	 of	 logistic	 and	 practical	
resistances	to	the	CRT	design	progress,	construction	and	potential	use.	To	begin	with,	 the	
notion	of	an	accessible	and	usable	 terrace	did	not	meet	 the	 interest	of	 the	other	building	
tenants.	There	were	also	issues	of	accessibility	to	the	roof,	which	required	passing	by	three	
floors	of	tenanted	space.	This	resistance	was	released	only	through	the	full	appropriation	of	
the	building,	 in	1986,	and	by	 regaining	 full	 control	of	all	 the	 floors	 connected	 to	 the	CRT,	
showing	 the	 points	 of	 resistance	 to	 be	 expected	when	 creating	 additional	 habitable	 roof	
space	in	multi-storey	occupied	building	flats.		

3)Technological/functional:	 notwithstanding	 the	 potential	 approval	 of	 the	 sheltered	
structure	by	 the	planning	commission,	 the	 flat	 roof	component	of	 the	host	building	 is	 the	
one	thing	that,	according	to	regulations,		could	not	be	altered	(17:50).	There	was,	in	other	
words,	a	will	by	the	regulatory	body	not	to	allow	any	radical	transformations	of	the	original	
flat	 roof	 and	 to	 make	 any	 changes	 to	 the	 host	 building’s	 roofscape	 be	 perceived	 as	 a	
separate,	 contemporary	 addition.	 This	 approach	 is	 arguably	 fitting	 with	 the	 notion	 of	
preserving	authenticity	in	the	restoration	and	reuse	of	historic	buildings.	Such	resistance	to	
a	 radical	 transformation	 of	 the	 original	 roof,	 however,	 can	 also	 represent	 missed	
opportunities.	 These	 are:	 	 the	 prevention	 of	 a	 free	 integration	 of	 innovative	 technology	
within	 the	 flat	 roof	 level	 (except	 for	 the	 necessary	 reinforcements	 and	 insulation);	 the	
underscoring	 of	 the	 divide	 between	 the	 CRT	 and	 the	 floor	 below,	 making	 the	 physical	
connection	between	the	two	levels	arduous.		

It	could	be	argued	that	the	original	flat	roof	has	little	historic	significance	in	respect	to	
the	 rest	 of	 the	 host	 building’s	 envelope.	 A	 free	 transformation	 of	 the	 original	 flat	 roof,	
however,	could	represent	an	opportunity	for	greater	building	integration	with	the	CRT.	

Agents	of	change		

The	agents	of	change	can	be	classified	as:	facilitators	and	opportunity	generators.	
Facilitators:	 These	 have	 been	 found	 to	 be	 of	 financial	 and	 technological	 nature.	

Financially,	 the	 total	 cost	of	 realising	 the	CRT	 structure	and	 reinforcing	 and	 insulating	 the	
existing	flat	roof	level	has	been	calculated	to	be	about	10	%	of	the	purchase	cost	of	the	host	
building	inclusive	of	restoration	work	(Slawik,	2017).	If	calculated	in	terms	of	cost/floor	level,	
the	 CRT	 has	 therefore	 cost	 about	 half	 of	 each	 of	 the	 floor	 levels	 below.	 Looking	
retrospectively,	 the	 Slawiks	 argue	 how	 the	 discovered	 economy	 of	 the	 structure	 has	
encouraged	the	development	of	the	CRT	and	how	that	continues	to	provide,	more	than	25	
years	after	 its	 realisation,	a	 thoroughly	utilised	and	enjoyable	space.	From	a	 technological	
point	 of	 view,	 the	 discovery	 of	 a	 structural	 system	 that	 could	 be	 integrated	 to	 the	 host	
building	 has	 shown	 to	 largely	 facilitate	 the	 structural	 realisation,	 making	 the	 structure	
lighter	and	therefore	less	structurally	demanding	on	the	host	building.	It	was	also	easier	to	
construct,	 and	 less	 costly	 then	 a	 custom-made	 steel	 solution.	 The	 study	 has	 shown	 that	
when	 negotiating	with	 the	 physical	 properties	 of	 an	 historic	 building	 a	 certain	 degree	 of	
custom-made	 adaptation	 is	 inevitable.	Notwithstanding	of	 that,	 prefabrication	 and	 ready-
made	system	elements	could	represent	a	way	forward	in	newer	buildings.	
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Opportunity	generators:	The	CRT	has	shown	to	offer	an	additional,	although	periodic,	
space	for	habitation	that	satisfies	the	Slawik’s	need	for	space,	light	and	connection	to	nature.	
Provided	there	 is	a	certain	 level	of	adaptation	and	migration	by	 its	 inhabitants,	 the	CRT	 is	
able	to	heat	and	cool	itself	and	offer	a	good	degree	of	thermal	comfort	without	the	need	of	
mechanical	 systems.	 In	addition	 to	being	a	 self-sufficient	 space,	Han	Slawik	notes	how,	 in	
the	cold	season,	the	CRT	is	often	warmer	than	the	floors	below	and	how	it	could	therefore	
provide	heat	to	the	host	building	below.	With	appropriate	technology	to	transfer	this	heat,	
and	perhaps	with	more	 flexibility	 granted	 for	 transforming	 the	 technology	of	 the	 existing	
flat	roof,	this	could	represent	an	opportunity	for	heat	generation	for	the	host	building.	

Conclusion	

This	 researcher	 is	attempting	 to	contribute	 to	a	change	 in	approach	to	 flat	 roof	design	by	
exploring	exemplar	case	studies.	The	covered	roof	terrace	in	Amsterdam	has	shown	to	be	a	
simple	alternative	to	the	typical	open-air	flat	roof	solutions,	offering	shelter	and	habitation	
at	roof	level.	Within	the	context	considered,	and	provided	that	a	certain	level	of	adaptation	
and	migration	is	accepted	by	its	users,	such	shelter	has	shown	to	be	a	valuable	conclusion	to	
the	host	building,	 requiring	no	additional	 running	 costs	and	having	a	positive	 cost-benefit	
outcome.	 The	 impetus	 of	 the	 Slawiks	 towards	 the	 sky	 through	 an	 uncommon	 proposal	
within	 the	city’s	 skyline	has,	 in	 this	 instance,	paid	back.	The	CRT	design	development	and	
realisation,	however,	has	shown	the	challenges	and	uncertainties	that	such	initiative	entails.	
At	every	turn	leading	to	its	realisation,	the	CRT	was	set	against	its	context.	The	proposal	had	
to	 be:	 consistent	 with	 the	 physical	 properties	 of	 the	 host	 building,	 dependent	 on	 the	
interest	of	all	of	its	occupiers,	and	under	the	scrutiny	of	the	neighbours	and	city	regulators.	
Such	resistances	made	the	realisation	of	the	CRT	difficult	to	predict	and	uncertain.	However,	
the	study	has	shown	how	with	a	full	control	over	the	CRT	and	its	host	building,	and	provided	
a	certain	overreaching	vision	of	the	city	is	met,	such	an	intervention	can	offer	opportunities.	
In	 this	 sense,	 the	 acceptance	 of	 the	 CRT	 as	 a	 visually	 open	 	 ‘temperate’	 space	 and	 as	 an	
extension	 of	 the	 natural	 environment	 could	 represent	 a	 valuable	 precedence	 for	 further	
studies.			
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Abstract:	 The	 paper	 presents	 the	 methodology	 of	 research,	 design	 and	 implementation	 for	 the	 ‘Strategic	
Urban	 Plan	 in	 La	 Araucania	 Region’,	 an	 innovative	 design-led	 research	 launched	 by	 United	 Nation	 for	
Development	and	the	Ministry	of	Housing	and	Urban	Planning	of	Chile.	The	aim	of	the	‘Strategic	Urban	Plan’	
was	to	identify,	together	with	the	governmental	agencies,	public	services,	expert	and	civil	society,	those	urban	
key	 projects,	 which	 could	 potentially	 improve	 the	 vulnerable	 towns	 under	 study,	 located	 in	 La	 Araucania	
Region	(Chile):	Victoria,	Vilcún	and	Traiguén.	To	ensure	the	local	relevance	and	sustainability	of	projects,	the	
research	 and	 design	 Team	 established	 a	 methodology	 that	 analyses,	 in	 depth,	 four	 fundamental	 aspects:	
environmental,	 urban,	 heritage	 and	 socio-economic.	 The	 projects	 included	 civil	 society	 participatory	 design	
process	 to	 identify	 the	 community´s	needs,	 conflicts	 and	expectations.	 The	 citizens´	 requests	were	not	only	
related	to	the	improvement	of	urban	condition,	as	expected	in	an	urban	plan,	but	also	to	the	development	of	
sustainable	 advances	 for	 the	 community:	 improvement	 of	 environmental	 condition,	 increasing	 of	 public	
transportation	system,	emissions	reduction,	recycling	program,	low-cost	lighting,	etcetera.	The	environmental	
awareness	 of	 the	 community	 reinforced	 the	 research	 team’s	 proposal	 and	 demonstrated	 the	 relevance	 to	
make	our	cities	more	sustainable,	efficient	and	resilient.		

	
Keywords:	Community	Participatory,	Participatory	Design,	Strategic	Urban	Plan,	Planning,	Araucania,	Chile	

Introduction		

The	paper	presents	the	research	and	methodology	developed	by	the	Center	of	Studies	City,	
Landscape	 and	 Rurality,	 TerritorioMayor,	 affiliated	 to	 Mayor	 University	 of	 Chile	 for	 the	
Strategic	Urban	 Plan	 (PUE)	 in	 the	 towns	 of	 Victoria,	 Vilcún	 and	 Traiguén	 in	 the	 region	 of	
Araucanía,	 Chile.	 The	 Strategic	Urban	Plans	 are	part	 of	 a	 list	 of	 urban	development	plans	
implemented	 by	 the	 Government	 of	 Chile	 through	 the	 Ministry	 of	 Housing	 and	 Urban	
Development	 (MINVU),	 together	 with	 the	 United	 Nation	 Development	 Program	 (UNDP),	
Chile	Division,	to	improve	and	rebuild	urban	areas	of	towns	and	territories	affected	by	the	
historical	earthquake	on	27th	February	2010	(8.8	on	the	Richter	Scale).	

PUE	is	a	planning	methodology,	which	coordinates	and	improves	actions	in	a	territory,	
bringing	public	investments	to	the	city	and	citizens,	through	the	identification	of	activating	
projects	 in	 the	 public	 space.	 For	 this	 purpose,	 the	 PUE	 is	 organized	 into	 three	 plans:	 The	
master	plan,	which	analyses	the	urban	areas	and	proposes	a	strategic	directory	of	projects	
in	 the	 territory;	 The	 investment	 plan,	 which	 analyses	 the	 financial	 options	 for	 the	
implementation	of	projects;	And	the	implementation	plan,	to	successfully	carry	out	the	PUE.	

The	 PUE´s	 proposals	 for	 the	 towns	 of	 Victoria,	 Vilcún	 and	 Traiguén	 applied	 the	
methodology	 of	 'Sustainable	 Development'	 designed	 by	 TerritorioMayor,	 following	 the	
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recommendation	of	MINVU	and	PNDP	 (Gimenez	et	al.,	 2013),	 that	analyses	 in	depth	 four	
strategic	 aspects.	 Based	 on	 this	 methodology,	 the	 community	 participation	 process	 is	
considered	 one	 of	 the	 key	 pillars	 of	 the	 research.	 The	 main	 actors	 are	 the	 citizens	 and	
municipal	technicians	who	define	and	create	the	goals	of	the	project,	and	act	as	agents	for	
their	territory	from	the	diagnostic	stages.	Being	part	of	the	initial	plan,	they	make	decisions	
in	the	construction	of	the	future	image	of	their	cities,	and	they	are	more	committed	to	take	
it	forward	by	participating	in	each	of	the	phases	necessary	for	its	implementation.	

The	following	phases	were	posed,	translated	into	stages	of	the	Plan's	work:	
Strategic	Diagnosis:	The	territorial	 framework	of	each	of	 the	three	 localities	 is	based	

on	the	four	following	factors:	Environmental,	as	the	platform	that	allows	human	life;	Urban,	
or	 the	built	platform	where	 the	human	phenomena	occur;	Heritage,	as	 those	objects	and	
events	that	configure	an	identity;	And	socio-economic,	as	the	platform	in	which	social	and	
economic	phenomena	interact,	characterizing	a	community	in	a	specific	territory.		

Directory	of	Potential	Projects:	A	comprehensive	directory	of	all	the	potential	projects	
(multi-sectoral)	 is	 completed	 following	 the	 community	 input	 and	 consideration	 to	 the	
research	 framework	 goals.	 Once	 the	 project	 are	 prioritized,	 it	 materialized	 through	 the	
implementation	and	construction	of	projects	 in	 the	public	 space,	one	of	 them	acting	as	a	
urban	activating	project.		

Consolidation	 of	 the	 Strategic	 Urban	 Plan	 PUE:	 The	 Plan’s	 definition	 as	 an	 strategic	
procedure	to	consolidate	the	Directory	of	Projects.	 It	 is	organized	 in	two	different	phases:	
an	 investment	 plan,	 which	 identify	 funding	 resources	 to	 carry	 out	 the	 projects;	 And	 an	
implementation	plan,	which	sets	deadlines	and	tasks	to	develop	each	project	appropriately,	
along	with	the	responsibilities	assumed	by	each	municipality.	

Territories		

The	 Strategic	 Urban	 Plans	 were	 developed	 in	 Victoria,	 Vilcún	 and	 Traiguén,	 three	 towns	
located	 in	 the	 Region	 of	 Araucanía	 (Chile),	 with	 one	 of	 the	 highest	 rates	 of	 rural	 and	
Mapuche	(indigenous	communities)	population	 in	the	country	(32%);	a	constant	growth	in	
its	urban	population	(14.8)	(Infante	et	al,	2005);	and	a	slow	economic	growth.	The	Regional	
economy	is	supported	by	service	work,	agriculture	and	forestry,	construction,	tourism	and	
communications	(GORE,	2012).		

Victoria,	 founded	 as	 a	military	 fort	 in	 1811,	 is	 the	 largest	 city	 of	 the	 three.	 It	 is	 an	
important	 commercial	 centre	 at	 a	 communal	 and	 provincial	 level,	 consolidated	 by	 the	
presence	of	 facilities	and	commercial	activities.	A	historical	 condition,	manifested	 through	
its	urban	image	and	structure,	which	shows	an	important	urban	and	economic	development	
process,	abruptly	stunted.	Currently,	many	urban	structures	are	deteriorated,	public	spaces	
are	 degraded,	 and	 the	 river	 is	 undervalued.	 It	 is	 a	 fragmented	 city,	 with	 an	 unorganized	
traffic	 structure,	 and	 an	 urban	 development	 exclusively	 supported	 by	 the	 construction	 of	
social	 housing	 in	 the	 periphery	 (PLADECO,	 2009).	 Consequently,	 it	 appears	 necessary	 to	
strengthen	Victoria	as	a	town	with	quality	and	innovative	services,	which	rescue	the	value	of	
its	 cultural	 and	 urban-architectural	 heritage.	 The	 main	 urban	 challenges	 are	 related	 to	
accessibility	and	traffic	network,	despite	the	town	has	a	strategic	geographical	position.		

Traiguén	is	also	known	as	the	breadbasket	of	Chile	due	to	the	national	importance	of	
its	 past	 cereal	 production.	 The	 town	 has	 a	 valuable	 urban,	 material	 and	 architectural	
patrimony,	 born	 from	 its	 prosperous	 economic	 boom,	 which	 lasted	 until	 the	 1930’s	
Saltpetre’s	 Crisis,	 paralyzing	 the	 railway	 infrastructure	 in	 Chile	 (Gedda,	 2010).	 The	 town	
suffered	a	gradual	demographic	and	economic	decrease,	as	a	result	of	the	global	slowdown.	
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In	 parallel	 a	 degradation	 of	 the	 urban	 areas	 connected	 to	 the	 railroad	 occurred,	 and	 the	
railroad	became	a	fissure	in	the	urban	tissue.	The	situation	offers	now	an	opportunity,	since	
it	has	allowed	the	maintenance	an	urban	structure	of	high	value,	with	building	reflecting	an	
era	of	high	investment:	a	potential	resource	that	strengthens	the	urban	identity,	stimulating	
cultural	attractions	as	a	solid	base	for	the	sustainable	development	of	the	entire	county.	

Vilcún	 is	 the	 smallest	 and	most	 rural	 of	 the	 three	 towns,	with	 a	high	percentage	of	
indigenous	Mapuche	population	and	high	levels	of	marginalization	and	poverty.	The	urban	
structure	has	 a	 linear	 condition	 corresponding	 to	 the	 location	of	 the	 railway	 line	 and	 the	
route	S-31	 that	crosses	 the	city	 towards	 the	mountain	 range	and	the	volcano	Llaima.	This	
condition	makes	 the	 town	 become	 a	 transitory	 junction,	 with	 a	 floating	 rural	 population	
attracted	by	services	(PLADECO,	2010).	The	interactions	with	the	rural	environment	should	
be	an	input	for	the	design	of	the	town,	introducing	cycle-ways,	encouraging	community	to	
maintain	public	green	areas,	and	offering	community	services,	amongst	other.	Vilcún's	Plaza	
de	Armas	and	the	urban	axis	of	Avenue	Prat	are	the	most	attractive	areas	to	capture	tourist	
flows	towards	the	Llaima	volcano,	boosting	an	important	chance	of	economic	development	
oriented	 to	 tourism,	otherwise	 located	outside	 the	 town	 (GORE,	2012).	An	urban	 identity	
provided	with	 services	 and	 commerce,	 attractive	 to	 the	 user	 and	 the	 tourist,	would	 help	
Vilcún	to	become	the	gate	of	the	County’s	natural	attractions,	improving	its	urban	image.		

Community	Participation	Process		

The	Community	Participation	Process,	 led	by	sociologists,	became	the	methodological	tool	
to	 organize	 the	 Strategic	 Urban	 Plan	 in	 each	 case	 study.	 The	 team	 addressed	 the	 three	
stages	 of	 the	 Plan	 (Strategic	 Diagnosis,	 Directory	 of	 Projects,	 and	 Consolidation	 of	 PUE)	
based	 on	 the	 agreements	 and	 consensus	 derived	 from	 the	 community	 participation	
meetings.	Since	the	initial	stage	of	PUE,	throughout	the	meetings,	the	community	members	
identify	topics	of	interest,	establish	consensus	and	validate	the	proposals,	unifying	technical,	
political,	economic	and	social	approaches.	

The	first	Phase,	Informative,	is	considered	essential.	There	is	no	chance	to	achieve	any	
level	of	citizen	participation	without	a	previous	information	process.	Regarding	this	point,	it	
was	 important	 to	 anticipate	 each	 of	 the	 activities	with	 the	 community	 to:	 1)	 Present	 the	
PUE’s	 methodology,	 objectives,	 activities,	 agenda	 and	 the	 expected	 results;	 2)	 Invite,	
explicitly,	 the	 citizens	 to	be	part	 of	 the	process	 as	 a	 unique	opportunity	 to	 improve	 their	
urban	conditions;	And	3)	Present	the	Strategic	Diagnosis,	based	on	the	research	elaborated	
by	the	team;	and	inform	about	some	aspects	not	addressed	by	citizens	or	technicians	in	the	
first	meetings.	

The	second	Phase,	Consultative,	where	social	actors,	either	by	group	or	 individually,	
shared	their	opinions	and	points	of	views	with	regard	to	urban	topics.	Among	the	different	
methodologies	to	manage	community	participation,	the	research	team	worked	with	groups	
of	 citizens	 in	 round	 tables,	 to	 identify	 (in	maps)	and	analyse	 strengths	and	weaknesses	 in	
common.	It	was	essential	to	maintain	a	clear	and	close	language	and	to	use	tools	familiar	to	
the	 citizens.	 The	methodology	helps	 to	obtain	 the	 information	needed,	 and	 simplifies	 the	
presentation	of	conclusions	in	each	phase	(next	steps	were	never	taken	without	validating	
previous	 stages).	A	 final	meeting	was	organized	 to	 clarify	doubts	 and	questions	 regarding	
the	initiatives	and	proposals	emerged	during	the	process.		

The	last	Phase,	Resolutive,	corresponds	to	the	validation	of	results,	to	make	decision.	
It	consists	of	a	participatory	meeting	where	citizens	are	consulted	about	the	programs	and	
projects	to	be	implemented.	They	are	committed	to	vote,	deciding	individually	or	by	groups	
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on	the	 implementation	or	suspension	of	projects	affecting	the	community.	 	The	result	 is	a	
process	 of	 shared	 analysis,	 project	 proposal,	 and	 implementation	 where	 each	 town	
recognized	its	historical	conception,	its	current	condition	and	its	future	projection,	based	on	
the	strengths	and	weaknesses	detected	by	the	community.	
	

	
	

Figure	1.	Photographic	record	from	the	meeting	held	in	Traiguén,	Vilcún	and	Victoria	towns,	respectively.	
	

The	municipal	actors	involved	were	citizens,	community	councils,	civil	servant	and	the	
municipal	council.	The	community	council	represents	an	advisory	board	of	the	municipality,	
composed	of	members	of	 civil	 society	organizations.	 Its	 role	and	participation	 is	 strategic,	
because	 they	 offer	 a	 additional	 vision	 of	 strengths	 and	 weaknesses	 of	 the	 community.	
Municipal	 servants	 actively	 collaborated	 in	 the	 analysis	 and	 elaboration	 of	 the	 proposal	
providing	political	and	technical	knowledge	and	advising	on	the	selection	of	the	civil	society	
organization	 that	 will	 participate	 in	 the	 community	 participation	 meeting.	 The	 municipal	
council	 is	 the	 political	 entity	 in	 charge	 of	 ensuring	 the	 coherence	 and	 impact	 of	 the	
proposals	in	relation	to	the	current	and	desired	situation	of	the	localities	of	Victoria,	Vilcún	
and	 Traiguén.	 Its	 council	 members	 and	 mayor	 could	 participate,	 but	 not	 control,	 in	
participatory	meetings,	being	conscious	of	the	community’s	needs,	wishes	and	request.	

Finally,	 representatives	 from	 the	 Ministry	 of	 Housing	 and	 Urbanism	 and	 the	
TerritorioMayor’s	 research	 team	 were	 involved	 in	 the	 project	 as	 experts.	 As	 technical	
commissioners,	 the	 Ministry’s	 representatives	 supervised	 the	 technical	 and	 normative	
aspects	of	the	study,	being	awarded	of	its	faithful	fulfilment,	and	evaluating,	observing	and	
approving	 its	different	stages.	The	research	team	proposed	the	methodology	of	study	and	
was	 responsible	 for	 the	 design	 and	 implementation	 of	 urban	 programs	 and	 projects,	
establishing	 the	 design	 and	 technical	 specifications	 based	 on	 the	 previous	 diagnosis.	
Simultaneously,	 the	 team	 developed	 the	 methodologies	 of	 the	 community	 participation	
meetings,	 and	 the	 interaction	 among	 the	 different	 social,	 political	 and	 technical	 actors,	
establishing	agreements	and	elaborating	proposals.	
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Strategic	Diagnosis,	Directory	of	Projects	and	Consolidation	of	the	Strategic	Urban	Plans	

Each	 of	 the	 PUE	 phases	 set	 a	 unique	 schedule	 of	 research,	 projects	 and	 community	
participations,	along	with	a	list	of	objectives	for	each	one	of	the	PUE’s	Phases:		1)	Strategic	
Diagnosis;	2)	Directory	of	Project;	and	3)	Consolidation	of	the	Strategic	Urban	Plan	PUE.	

Strategic	Diagnosis	

To	 elaborate	 a	 Strategic	 Diagnosis	 or	 research	 framework	 per	 town,	 the	 research	 team	
compiled	the	data	including	literature	research	and	field	studies,	which	combined	with	the	
information	 provided	 by	 citizens	 and	 civil	 organizations	 at	 the	 community	 meetings,	
established	the	basis	for	further	phases	and	decisions.	

Following	 the	 data	 collection	 phase,	 the	 information	was	 corroborated	 through	 the	
use	of	GIS	to	create	maps	reflecting	the	qualitative	and	quantitative	results	of	the	diagnostic	
phase.	When	 analyzing	 and	 superimposing	 the	 information,	 summarized	 in	 four	maps	 by	
locality,	a	single	strategic	document	reflected	the	entire	urban	information	of	each	town:	a	
plan	of	actions.	It	summarized	in	a	single	document	positive	and	negative	aspects,	including	
both,	the	reversal	of	negative	tendency	in	areas	associated	with	urban	or	social	problems,	
and	the	inclusion	of	positive	aspects	at	the	urban	level.		

Citizens	and	municipal	technicians	reviewed	the	maps,	resulting	in	the	identification	of	
potential	areas	of	urban	 intervention,	allowing:	1)	The	 identification	and	study	of	areas	of	
strengths	and	weaknesses,	as	well	as	potential	areas	of	intervention.	As	a	result,	it	achieved	
an	 integral	 vision	 of	 the	 current	 situation	 of	 towns,	 essential	 to	make	 coherent	 decisions	
when	implementing	the	project.	It	would	be	the	base	to	define	the	multi-sectoral	Directory	
of	Projects	throughout	the	design	of	the	future	urban	models	and	the	subsequent	definition	
of	 urban	 projects.	 2)	 The	 Proposal	 of	 urban	 models,	 recognizing	 the	 sites,	 promoting	
initiatives	and	ensuring	a	sustainable	future	for	the	proposals.	Once	the	urban	models	are	
designed,	the	Directory	of	Projects	is	finalized,	establishing	the	areas	to	invest	the	funds.	

Strategic	Directory		of	Projects		

The	Directory	of	Potential	Projects	is	the	list	of	prioritized	initiatives	or	projects	to	improve	
the	commune,	not	only	at	the	urban	level	but	also	socio-economically	and	environmentally.	
An	evaluation	matrix	created	the	Directory,	including	all	the	ideas	emerged	from	the	initial	
phases	of	participatory	involvement.	The	matrix	had	three	evaluation	areas:	Participation,	in	
which	 the	 Ministry	 and	 municipality	 representative,	 community	 and	 research	 team,	
evaluated	all	the	initiatives;	Feasibility,	in	which	public	land	ownership	is	assessed	to	ensure	
the	 viability	 of	 projects	 and	 to	 reject	 those	under	 alternative	 funding	 (other	ministries	 or	
public	agencies);	And	the	Plan	itself,	which	evaluates	the	coherence	of	the	Project	with	the	
urban	models	and	the	social	impact,	quantifying	the	number	of	people	benefiting	from	the	
intervention.	
Consolidation	of	the	Strategic	Urban	Plan	PUE	
The	 Consolidation	 of	 the	 PUE	 is	 the	 transformation	 of	 the	 Directory	 of	 Projects	 into	 an	
investment	 plan:	 a	 management	 tool	 for	 the	 municipalities	 in	 the	 development	 of	 their	
towns.	 Together	 with	 the	 prioritized	 and	 complementary	 list	 of	 projects,	 the	 PUE’s	
Consolidation	Phase	notes	potential	 funding	 sources	 that	each	of	 the	projects	 included	 in	
the	Directory	could	apply.	It	is	important	to	note	that	the	small	Chilean	municipalities	have	
shortage	 of	 technicians	 specialized	 in	 the	 development,	 management	 and	 financing	 of	
projects.	Thus,	their	possibilities	to	apply	to	public	funds	to	build	projects	and	programs	are	
limited	 as	 well.	 That	 is	 why	 the	 PUE	 becomes	 fundamental	 for	 the	 development	 of	 the	
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communes,	since	 it	offers	the	municipalities	tools	and	mechanisms	to	access	the	available	
funds.	 The	 municipalities	 are	 responsible	 for	 the	 remaining	 projects	 and	 responsible	 for	
searching	 for	 funding	 to	 their	 progressive	 construction	 or	 implementation.	 Citizens	 will	
again	 be	 invited	 to	 community	 participatory	 meetings	 for	 the	 implementation	 of	 such	
projects	 or	 programs.	 The	prioritized	project	 (one	per	 locality),	 a	 public	 space	 considered	
activating,	is	financed	and	built	immediately	by	the	Ministry	of	Housing	and	Urbanism.	

	
Table	2.	PUE’s	meetings	and	events	per	phase.	

	

PHASES	 OBJETIVE	 LEVELS	 LEVELS	 RESULTS	

Research	and	
Methodology	
proposal	

Presentation		(Team,	
Methodology)	

Informative	
Consultive	

Research	team,	MINVU	
representatives	

Methodology		
&	Timetable	
(Gant)	

Coordination	events	(Agenda)	 Resolutive	

Team	and	PUE	presentation	 Informative		 Research	team,	MINVU,	
TOWN*	

PUE	
Presentation	

PHASE	1	
Strategic	
Diagnosis	

Strategic	Diagnosis	validation	 Consultive	
Resolutive	

Research	team,	MINVU,	
Minicipality	council	

Strategic	
Diagnosis	

Review	 Resolutive	 Research	team,	MINVU,		

Strategic	Diagnosis	development	 Informative	
Consultive	

Research	team,	MINVU,	
TOWN*	

Strategic	Diagnosis	final	validation	 Resolutive	 Research	team,	MINVU,	
TOWN*	

PHASE	2		
Directory	of	
Projects		

Design	and	development	of	urban	
models,	definition	of	Urban	Plan	
(Directory	of	Projects)	and	
activating	project.	

Informative	
Consultive	

Research	team,	MINVU,	
TOWN*	

Directory	of	
Projects,	
Plan	and		
activating	
projects	

Informative	
Consultive	

Research	team,	MINVU,	
Municipality	specialist	

urban	models,	Directory	of	
Projects	and	activating	project.	

Resolutive	 Research	team,	MINVU,	
TOWN*	

PHASE	3	
Investment	
and	
Consolidated	
Plan	
presentation	

PUE	deadline	(final	report)	 Informative	
Consultive	

Research	team,	MINVU,		 Consolidated	
Urban	Plan	
PUE	

	 Investment	plan	 Consultive	
Resolutive	

Research	team,	MINVU,	
TOWN*	

	

Investment	and	Consolidated	Plan	
presentation	

Consultive	
Resolutive	

Research	team,	MINVU,	
Municipality	council	

Investment	and	Consolidated	Plan	
presentation	

Resolutive	 Research	team,	MINVU,	
TOWN*	

	*	TOWN	community	council,	civil	society	organizations,	citizens,	municipal	servants	and	municipal	council.	
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Conclusions	

One	 of	 the	 main	 goals	 of	 the	 Strategic	 Urban	 plan	 is	 the	 involvement	 of	 technicians,	
politicians	and	community	members	during	 the	entire	process,	 sharing	a	common	project,	
with	full	knowledge	of	its	origin	and	objective.	The	community	participations	meetings	were	
transversal	platforms	to	validate	opinions	and	decisions	with	the	community,	its	technicians	
and	politicians,	 in	a	more	horizontal	and	interactive	way	than	the	usual	processes	of	urban	
planning	and	construction	of	the	city.	

In	the	first	phases,	the	research	team	identifies	a	community	familiarized	with	smaller	
scale	 topics	 (neighborhood	 or	 zonal	 characterizations).	 The	 PUE	 compelled	 citizens	 to	
analyze	the	full	scope	of	the	locality	and	to	visualize,	in	the	future,	the	city	as	a	whole	from	
an	urban	perspective.	Thus,	the	project	itself	and	the	methodology	were	initially	difficult	to	
accept.	 The	 methodologies	 developed	 in	 the	 diagnosis	 phase	 helped	 to	 educate	 the	
community	 in	 urban	 topics	 as	 well	 as	 provided	 very	 enriching	 feedback	 on	 the	 real	
necessities	 and	 wishes	 to	 the	 research	 team.	 The	 team’s	 fundamental	 role	 was	 to	
understand	those	wishes	and	to	guide	them	in	the	configuration	of	an	urban	image	for	the	
city	and	a	Directory	of	Projects,	supported	by	a	financing	plan	to	guarantee	its	construction.	

One	 of	 the	 most	 surprising	 aspects	 identified	 was	 the	 detection	 of	 strengths	 and	
weaknesses	linked	to	environmental	problems	and	sustainable	development:	environmental	
education,	 recycling,	waste,	 sustainable	 transport,	 and	 recovery	of	natural	 spaces,	 among	
others.	The	community’s	demand	to	reverse	environmental	damages	and	incorporate	good	
practices	 in	 the	 care	 of	 natural	 resources	 was	 a	 main	 plea.	 The	 social	 awareness	 of	 a	
sustainable	balance	between	development	and	protection	of	the	environment	was	the	most	
valuable	lesson	received.	In	addition,	the	community	identified	a	yearning	to	promote	and	
preserve	 their	 culture	 and	 heritage,	 and	 to	 use	 valuable	 tools	 such	 as	 tourism	 to	 elevate	
these	 aspects.	 Both	 of	 these	 were	 important	 in	 the	 defining	 and	 conceptualization	 of	
projects	outlined	in	the	Directory	of	Potential	projects.	

	

 
Image	2	and	3.	Base	Plan	Strategic	Diagnosis	–	Transport	and	Communication	and	Strategic	Directory	of	
Projects	in	Victoria,	part	of	the	urban	models	for	Victoria,	under	the	topic	‘Victoria,	City	of	Service	Sector’.	
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Table 4. Case Study of Victoria. Strategic Directory of Projects, PUE Victoria	
 

Activating	Project	 Complementary	Project	I	 Complementary	Project	II	

Arturo	Prat	Avenue	ReDesign&Renovation	 Miraflores	Street	
Renovation	

O´Higgins	Avenue	Re-
pavement	

Area	 Project	 Funds	 Project	 Funds	 Project	 Funds	

Urban	
Projects	

Muñoz	Vargas	Street	
Renovation	

FNDR	 Open	market	
renovation	

MINVU	 O´Higgins-Rute	5	
South	Junction	

MOP	

Construction	of	in-
door	heated	pool	

FNDR	 Open	market	
(local	
farmers)	
renovation	

MINVU	 Dartnell	Street	
Renovation	

MINVU	

Latorre	street	re-
pavement	

MOP	 Miraflores	
renovation	

MOP	 Saavedra	green	
areas	renovation	

MINVU	

Construction	of	bridge	
Tacna	

MINVU	 Pedestrian	
Bridge	Design	

SUBDERE	 Ramírez	Street	
Public	Areas		

MINVU	

Urban	Bike	paths	system	 MINVU	

Socioecono	
&	Heritage	

Development	of	
tourism	programs	

SERCOTEC	 Heritage	
Urban	Atlas		

SERCOTEC	 Strengthening	of	
City	services	

SERCOTEC	

Environme
ntal	

Environmental	Educative	Program	–	Environmental	Educators	 MMA	

Urban	Tree	Trimming	Program	 CONAF	

Watercourse	Traiguén	River	Conservation	Program	 DOH	

NOTE:	FNRD	(National	Funds	for	the	Regional	Development);	MINVU	(Ministry	of	Housing	and	Urbanism),	MOP	(Ministry	
of	Civil	Infrastructure);	DOH-MOP	(Hydraulic	Direction,	MOP);	SUBDERE	(Secretary	of	Regional	Development);	MMA	
(Ministry	of	Environmental);	SERCOTEC	(Service	of	Technique	Capacitation);	CONAF	(National	Forestry	Corporation).	
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Abstract:	 Cities	 are	 currently	 under	 threat	 of	 many	 disruptive	 factors,	 such	 as	 climate	 change,	 migration,	
security,	 terrorism	 and	 economic	 disparity.	 The	 future	 of	 the	 city	 will	 not	 turn	 out	 to	 be	 one-dimensional.	
Instead	cities	will	become	more	and	more	complex	and	adaptive	systems.	To	get	grip	on	the	future	of	cities	
this	 paper	 presents	 a	 framework	 of	 mapping	 a	 suite	 of	 archetypical	 cities,	 which	 once	 they	 are	 brought	
together	again	show	their	interdependencies,	multipliers	and	synergies.	The	mapping	is	done	on	the	basis	of	a	
set	 of	 indicators,	 specific	 for	 each	 ‘city’.	 	 Once	 these	 metrics	 are	 known	 the	 maps	 can	 be	 built	 and	 the	
interdependencies	between	them	can	be	found.	Each	of	the	archetypical	cities	as	well	as	the	entire	framework	
is	set-up	as	collaborative	research	between	the	university	and	urban	stakeholders	and	between	a	maximum	of	
five	cities	around	the	world.	This	allows	for	a	fundamental	comparison	between	the	cities	on	the	basis	of	the	
identified	metrics.	The	paper	discusses	the	sets	of	 indicators	and	metrics	for	each	city	and	the	opportunities	
that	the	framework	offers	to	enhance	critical	reflections	on	the	individual	 layers	as	well	as	the	interrelations	
between	 the	 layers.	 	 The	 overlayed	 mappings	 provide	 critical	 information	 as	 to	 where	 the	 strategic	
interventions	 for	 creating	more	 resilient	and	 sustainable	urban	environments	are	 located.	 	 The	paper	offers	
insights	into	the	way	future	cities	might	develop	with	respect	to	each	of	the	themes,	but	also	as	an	integrated	
complex	urban	system.	

Keywords:	resilient	urban	design,	framework	for	urban	design,	layer	approach,	identity,	sustainability	

Introduction		

Design	of	the	future	can	no	longer	be	based	on	the	certainty	of	programs	and	conditions.	In	
order	to	address	ever	changing	conditions	and	shifting	programs,	a	plan	for	a	city	or	precinct	
has	 to	 reflect	 its	 own	 conditions	 and	 the	 effects	 of	 the	 planned	 interventions	 and	 the	
process	of	planning	has	to	be	transformed	into	a	reflexive	process	(Beck,	1994)	of	multiple	
feedback.	 Secondly,	 climate	 change,	 migration,	 even	 economics	 and	 social	 processes	
comprise	 the	 so-called	 wicked	 problems	 (Rittel	 and	 Webber,	 1973)	 which	 need	 to	 be	
continuously	 treated	 and	 directed	 to	 create	 a	 better	 future.	 With	 no	 single,	 accepted	
formulation	 of	 these	 problems,	 the	 answers	 are	 often	 defined	 in	 “more-or-less”	 terms	 in	
which	 planners	 and	 managers	 at	 best	 can	 find	 reasonable,	 but	 shifting	 balances	 among	
competing	interests	and	values.	These	persistent	problems	require	counterintuitive	thinking,	
and	the	development	of	new	knowledge.	Design	is	a	very	suitable	approach	for	these	types	
of	 problems	 (De	 Jonge,	 2009).	 Creative	 thinking,	 problem	 solving	 and	 design	 innovations	
enable	the	integration	of	a	large	number	of	partial	solutions	into	a	spatial	strategy	for	a	city	
and	its	suburbs,	linking	these	up	with	various	activities	and	interventions	(Rosemann,	2001)		
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In	the	meantime,	many	aspects	that	influence	life	on	earth,	and	especially	in	cities,	are	
changing	and	unprecedented.	We	distinguish	 three	 types	of	uncertainty	 that	 impact	cities	
more	than	these	planning	frameworks	can	deal	with:		

(i)	 Uncertain	 developments	 that	 face	 uncertainty	 from	 wicked	 problems	 of	 climate	
change,	migration	and	technological	developments	(	Commonwealth	of	Australia	2007);		

(ii)	Enforced	uncertainties	such	as	the	transition	towards	a	green	economy	(Allen	and	
Clouth	 2012)	 or	 a	 low-carbon	 energy	 supply	 (Foxon	 et	 al.	 2010)	 that	 are	 deliberately	
enforced	

(iii)	Increased	exposure	to	uncertainties	such	as	increased	global	population	especially	
in	vulnerable	locations	(Kreimer	et	al.	2003).	

	
Figure	1.	Middleton,	Western	Sydney	(Google	Maps)	

The	complexity	of	current	problems	and	the	diverse	types	of	uncertainty	we	have	to	
deal	 with	 makes	 the	 case	 for	 transformative	 design.	 However	 if	 we	 continue	 to	 let	 the	
priority	 for	 economic	 benefits	 to	 drive	 urban	 delivery	 	 -	 the	 resulting	 neighbourhoods	
(Figure	1)	show	suboptimal	results	in	terms	of	resiliency	and	sustainability.	They	suffer	from	
heat,	 lack	 of	 tree	 cover,	 flash	 flooding,	 and	 there	 is	 hardly	 any	 space	 for	 green-water	 or	
ecological	structures.		

In	 the	 case	 of	 Sydney,	 the	 creation	 of	 “vibrant	 attractive	 and	 well	 connected	
communities”	 is	a	recurring	theme	in	a	range	of	draft	plans	and	policies	developed	by	the	
NSW	 Government	 Planning	 and	 Environment	 (e.g.	 Kellyville/Camellia).	 In	 these	 cases,	
whether	new	land	releases	or	urban	infill,	the	main	stay	of	these	plans	arises	from	land	use,	
infrastructure	 and	 transport	 analyses	 that	 primarily	 address	 key	 economic	 and	 growth	
drivers	–	population	growth,	density,	 jobs,	their	 location	and	future,	and	requirements	for	
transport	 connectivity	 in	 the	 city.	 In	most	 situations	 broader	 environmental	 concerns	 for	
such	 aspects	 such	 as	 water,	 ecology,	 soil,	 and	 elevation	 tend	 to	 have	 limited	 bearing	 on	
urban	morphology,	master	planning	at	precinct	level	and	individual	design	of	houses.	

A	planning	framework	 is	needed	to	understand	how	an	alternative	way	of	delivering	
urban	 neighbourhoods	 can	 lead	 to	 a	 more	 sustainable,	 resilient	 and	 interesting	 places.		
Several	attempts	to	make	green	cities	are	evident	in	the	literature:	These	include	ambitious	
“game	changer”	projects	developed	to	showcase	sustainability	and	the	notion	of	a	top	down	
approach	 to	 green	 urbanism	 such	 as	 Masdar	 City	 	 or	 Dongtan.	 	 Much	 of	 the	 additional	
housing	 needs	 to	 be	 found	 through	 retrofitting	 suburbia.	 Several	 are	 developed	 as	 green	
urban	redevelopments	of	existing	neighbourhoods,	such	as	BedZed	in	London,	Central	Park	
in	Sydney,	or	as	exemplary	circular	city	development,	e.g.	Buiksloterham	in	Amsterdam.			

Approach		

We	have	analysed	three	ways	of	(green)	urban	planning,	each	driven	by	their	own	rules.	
1. The	‘developer’	rules:	A	straightforward	economic	model.	Land	prices,	development	

models	and	land	ownership	determine	the	outcome	and	typologies	of	urbanism.		
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2. The	‘policy’	rules:	A	separated	way	of	increasing	sustainability	by	adopting	thematic	
plans	for	energy,	water,	etc.	The	high	ambitions	of	each	of	these	plans	often	do	not	
come	to	fruition	as	in	reality	they	conflict	with	other	plans	f	urban	development.		

3. The	 ‘crowd’	 rules:	 Integrated	 resilience	 thinking.	 In	 this	 model	 the	 individual	
domains	are	designed	to	the	maximal	resilient	level.	After	this	the	position	in	these	
domains	 of	 specific	 areas	 (neighbourhoods/precincts)	 determines	 the	 combination	
of	requirements	from	each	of	the	domains.	This	gives	the	area	a	specific	uniqueness	
and	 distinction	 from	 its	 neighbours.	 As	 result	 a	 field	 of	 qualities	 emerges,	 which	
altogether	form	an	interconnected	resilient	system.		

Having	explored	these	three	models	of	development,	we	have	chosen	the	third	model	
as	 the	 basis	 for	 resilient	 and	 green	 urban	 design.	 For	 this	 model	 we	 have	 developed	 a	
planning	and	design	framework,	which	is	able	to	provide	resilience	and	diversity	on	all	levels	
of	the	city.	The	idea	behind	the	framework	is	to	deconstruct	the	cities	complexity	in	several	
layers,	which,	each	by	 themselves,	are	designed	 in	 the	most	 resilient	way.	When	we	then	
reconnect	 the	 different	 layers	 in	 the	 design	 for	 a	 local	 area,	 so	 that	 the	 end	 result	 is	 a	
unique	combination	of	sourced	layers	 	-	 	distinctive	of	place	and	containing	a	high	level	of	
resiliency.	 The	 framework	 is	 under	 construction	 and	 therefore	 we	 elaborate	 only	 on	 the	
energy	layer	at	three	levels	to	indicate	how	the	framework	works	in	this	paper.		

Preliminary	findings:	the	energy	layer	

We	explore	the	manner	in	which	considerations	for	energy	are	addressed	and	influence	the	
making	of	the	city	at	three	levels	to	 illustrate	current	approaches	and	the	potential	of	our	
proposed	framework.		

Status	Quo	-	What	is	achieved	at	the	household	scale	

In	 the	 Australian	 context,	 the	 Building	 Code	 of	 Australia	 (ABCB].	 (2014)	 stipulates	 energy	
efficiency	measures	with	 the	 express	 goal	 of	 reducing	 potential	 greenhouse	 gas	 emission	
from	space	conditioning	of	buildings.	 	These	requirements	essentially	regulate	the	thermal	
performance	of	the	building	envelope	(roof,	wall,	floor,	windows)	while	taking	into	account	
shading	 and	 ventilation.	 	 Energy	 efficiency	 in	 houses	 is	 also	 reinforced	 through	minimum	
standards	 for	 ductwork	 of	 heating	 and	 cooling	 systems,	 plumbing,	 water	 heating	 and	
artificial	 lighting	with	 opportunities	 in	 some	 jurisdictions	 to	 gain	 credits	 for	 efficient	 (low	
greenhouse	gas	impact)	forms	of	heating	cooling	hot	water	and	alternate	energy	systems.			

The	 legislations	 and	 targets	 embody	 a	 tacit	 acknowledgement	 of	 market	 forces-all	
stringency	 limits	 were	 determined	 through	 detailed	 cost	 benefit	 analysis	 to	 ensure	
compliance	 costs	 could	 be	 offset	 through	 the	 potential	 energy	 savings.	 	 Introduction	
through	BASIX	regulatory	scheme	has	resulted	 in	64%	of	dwellings	exceeding	their	energy	
targets	when	compared	to	average	NSW	houses	NSW	Department	of	Planning	(2011)	

At	a	site/precinct	level,	the	minimum	performance	requirements	for	thermal	envelope	
and	services	are	overlaid	with	local	development	control	plan	(DCP)	regulations	for	amenity	
-solar	 access,	 overshadowing,	 daylight	 and	 opportunity	 for	 natural	 ventilation.	 	 Coupled	
with	 controls	 for	 the	 architectural	 treatment	 of	 dwelling	 facades,	 a	 fairly	 homogenous	
quality	 of	 housing	 stock	 is	 evident	 in	 many	 new	 suburbs	 in	 Sydney.	 	 Rather	 than	 the	
homogeneity	in	aesthetics,	what	is	of	concern	is	the	underlying	assumption	of	no	difference	
in	 layout,	 built	 form	 or	 materiality	 to	 address	 variation	 in	 temperature,	 occurrences	 of	
extreme	weather	or	flooding,	whether	they	be	close	to	the	coast	or	100	km	inland	(Figure	2).		
Another	 point	 to	 note	 is	 that	 the	 existing	 framework	 is	 designed	 on	 the	 assumption	 of	
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uninterrupted	 supply	 of	 non-renewable	 energy	 (electricity	 and	 gas)	 from	 the	 grid	 in	 all	
locations.		Most	typical	developments	pay	little	attention	to	the	questions	of	precinct	wide	
management	of	peak	electricity	demand,	and	 resilient	 infrastructure	 for	an	energy	 secure	
future.			

		 	
a																																																			b	

Figure	2:	Basix	Compliant	developments	–	a.	Kelly	Ville	and	b.	Green	Hills	Beach		
	

In	 comparison,	 a	 greater	 awareness	 of	 the	 broader	 questions	 of	 resilience	 from	 an	
energy	 perspective	 is	 evident	 through	 many	 recent	 building	 and	 precinct	 developments	
(such	as	Central	Park	in	Sydney	or	Alkimos	Beach	in	Western	Australia;	Tonsley	Park	in	South	
Australia	 that	 consider	 reduced	 peak	 Electricity	 Demand,	 On-site	 generation	 and	 Energy	
Storage	 aspects	 that	 are	 rewarded	 to	 precinct	 via	 rating	 tools	 such	 as	 Green	 Star	
Communities	 (GBCA	 2017).	 	 In	most	 of	 these	 cases,	 the	 impetus	 for	 these	 projects	 arise	
from	 the	 setting	 of	 ambitious	 and	 aspirational	 goals	 of	 state	 /local	 authorities	 and	
developers	keen	to	promote	flagship	demonstration	projects.		Often	in	these	cases,	the	tacit	
knowledge	 of	 local	 energy	 networks	 and	 infrastructure	 and	 data	 of	 performance	 remains	
outside	the	public	domain.			

Status	Quo	-	What	is	achieved	at	the	regional	scale		

Energy	network	data	that	is	typically	available	to	planners	and	developers	emphasises	
the	electricity	grid	and	gas	networks	as	the	primary	sources	of	energy	in	our	cities	(Figure	3).			

	
Figure	3.	Grid-from	GIS	mapping–	image	electricity	

grid.		Source:	March	studio	GO	WEST!	
	–	Holly	Johnson,	Megan	Johnson	student	

extracted	map	as	part	of	studio	investigations,	
2017	

	–	Studio	Leader	Rob	Roggema	and	Craig	Allchin	

			

	
Figure	4:	Clean	Energy	in	the	Sydney	Metropolitan	

region	(Clean	Energy	Council,	2017)	
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What	 is	 missing	 in	 the	 regularly	 available	 data	 at	 the	 precinct	 scale	 is	 information	
relating	 to	 local	 storage,	 trigen	 plants,	 local	 smart	 grids,	 local	 solar	 and	 wind	 farms.		
Although	 available	 from	 other	 sources	 (Clean	 Energy	 Council,	 2017)	 data	 regarding	
renewable	 energy	 sources	 (see	 Figure	 4)	 are	 static,	 retrospective	 and	 not	 immediately	
considered	 to	 our	 knowledge	 in	 the	 mainstream	 planning	 domain.	 	 Alongside	 the	 basic	
information	of	electricity	infrastructure	for	a	given	precinct	(See	Figure	5	a),	any	information	
relating	to	storage	opportunities,	exposition	and	radiation,	wind	that	are	determined	by	the	
local	context	(Figure	5	b)	is	required	to	be	mined	and	understood	separately	

Where	to	from	here		-	Integrated	resilience	thinking	

The	 advantages	 of	 Energy	 Potential	 Mapping	 to	 visualise	 mismatches,	 surpluses	 and	
shortages	of	energy	and	to	develop	Energy	Master	plans	to	assist	planning	strategy	is	well	
documented	(Roggema	et	al.,	2011,	Dobbelsteen	et	al	2014).		This	approach	has	been	used	
to	develop	a	Trigeneration	Master	plan	for	Sydney	(Kinesis	2013).			

	

	
																																								a																																																																																											b	

Figure	5.	Student	mapping	of	Kurnell	Peninsula	showing	(a)	Electricity	infrastructure	and	(	b)	Energy	Potential	
Mapping		[Source:	M.Arch	Studio	Project	2013	Refining	Kurnell		-	(a)	Nason,	K.,	Swinburne,	A.,	Calabrese,	D.,	

Salinas,	S.,	Gatesoupe,	A.	and	(b)	,–	Studio	Leader	Leena	Thomas			and	Amelia	Holliday	
	

	

	
Figure	6.	Student	group	precinct	strategy	for	the	post-oil	transformation	of	fuel	import	site	at	Kurnell.	(Source:	

M.Arch	Studio	Project	-	Capparelli,	J.,	Ferriere,	M.,	Kacha,	K.,	Trudeau,	T.,	Zarsav,	S.,	2014	–	Studio	Leader	
Leena	Thomas	and	Jarrod	Lamshed).	
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Using	an	integrated	approach	it	becomes	possible	to	conceptualise	a	highly	resilient	energy	
system	 towards	 the	 ambition	 of	 a	 Zero	 Carbon	City	 at	 the	 precinct	 level,	 connected	with	
eventual	 extra	 storage	 and	backup	 capacity	 at	 the	 regional	 scale	 (windfarms,	 hydro),	 and	
minimising	demand	at	the	household	level	that	is	site	and	context	specific.		This	could	also	
combine	with	other	considerations	such	as	on-	site	bio-energy,	food	production	and	waste	
treatment,	to	develop	an	intelligent	precinct	strategy	as	evident	in	this	speculative	masters	
studio	 project	 for	 the	 transformation	 of	 a	 former	 brownfield	 oil	 refinery	 site	 into	 a	
sustainable	 living	 and	 work	 environment	 (Figure	 6).When	 rolled	 into	 practice,	 such	 an	
approach	 should	 necessarily	 combine	 aspects	 of	 smart	 metering	 for	 feedback,	 demand	
management,	 citizen	 engagement	 and	 other	 aspects	 to	 capture	 behavioural	 change.	 	 As	
discussed	 above,	 rigorous	 and	 critical	 mapping	 of	 the	 inputs,	 outputs	 and	 opportunities	
within	the	energy	layer	has	the	potential	for	transformative	design	of	the	city.		Importantly	
it	enables	interrogation	of	the	assumed	dependency	on	a	fossil	fuel	based	energy	network	
and	provides	an	operational	framework	to	shift	to	a	resilient	energy	system.			

The	framework	

As	the	analysis	of	the	energy	layer	shows	the	data	and	understanding	of	the	energy	layer	as	
a	resilient	system	is	not	complete.	Besides	filling	the	gaps	 in	 information,	the	energy	layer	
should	be	designed	as	a	fully	renewable,	zero-carbon	energy	layer.	Once	this	is	undertaken	
the	energy	layer	forms	one	of	the	layers	of	the	framework.	The	15	layers	are	listed	in	table	1:	
	

Table	1:	 15	Layers	of	resilient	Sydney	
Zero	Carbon	Sydney	 use	of	renewables,	generate	energy	in	or	around	the	city.	More	energy	generated	than	is	used,	

create	 a	 Carbon	 Sink,	 use	 the	 method	 of	 energy	 potentials	 mapping	 (Roggema	 et	 al.,	 2011;	
Dobbelsteen	et	al.,	2013).	

Sydney	 with	 more	
bikes	than	cars	

reduce	 the	 space	 for	 cars,	 increase	 public	 spaces,	 bike	 infrastructure	 -	 after	 Copenhagen	
(Cathcart-Keays,	2016)	

Disaster	free	Sydney	 resilient	 for	 climate	hazards.	No-impact	 of	 floods,	 fires,	 rain	 events,	Urban	Heat	 Island	effect,	
water	 sensitive	 design,	 fire	 sensitive	 design,	 etc.	 Swarm	 Planning	 (Roggema,	 2012)	 as	 an	
approach	 to	 create	 more	 flexibility	 in	 cities	 and	 create	 resilience	 (the	 resilient	 city,	 socio-
ecological	 systems,	 socio-technological	 systems,	 complex	 adaptive	 systems,	 disaster	 risk	
management)	

Sydney	 Smart	 by	
Nature	

Consider	the	city	as	an	organism	with	different	functions,	organs,	body	elements,	does	it	suffer	
from	 viruses,	 illness,	 does	 it	 eat	 well.	 Make	 the	 city	 flexible	 in	 changing	 its	 shape.	 Use	 self-
organisation,	 complexity,	 systems	 thinking.	 Urban	 informatics,	 Smart	 urban	 environments,	
robotics,	data	driven	design,	interactive	design	(Oosterhuis,	2012).	

Sydney	Food	Region	 urban	 agriculture,	 grow	 food	 for	 the	 population	 of	 Sydney,	 within	 in	 and	 around	 the	 urban	
boundaries,	food	region.	Minimise	foodmeters	and	foodmiles.	(Wascher	et	al.,	2015)	

Metabolic	Sydney	 flows	 of	 materials,	 energy,	 water,	 information,	 how	 much	 comes	 in	 and	 leaves,	 how	 is	 it	
processed	 within,	 recycle,	 re-use,	 circular	 economy,	 flows	 and	 the	 metabolism	 of	 cities	
(Wolman,	 1965),	 Extended	 urban	 metabolism	 model	 (Newman,	 1999),	 Cradle	 to	 Cradle	
(McDonough	and	Braungart,	2009	
	

Affordable	Sydney	 create	a	city	 in	which	everyone	can	live,	 in	places	where	they	want.	Prevent	a	push	out	of	the	
centre	for	citizens	that	are	less	wealthy,	housing	

Equitable	Sydney	 a	city	in	which	everyone	gets	the	same	chances,	there	is	no	distinction	between	people	on	the	
basis	of	gender,	race,	age	

Healthy	Sydney	 access	to	green,	air	quality	etc.	
Inhabitable	Sydney	 When	 worse	 comes	 to	 worst,	 people	 can’t	 afford	 to	 live	 here	 anymore,	 disaster	 cannot	 be	

prevented,	climate	is	too	harsh.	
Sydney	 as	 an	 Urban	
Landscape	

how	does	 the	 landscape	determine	 the	 city.	 	How	does	 the	 soil,	water	 system,	 elevation	 and	
microclimate	 define	 urban	 patterns,	 urban	 use.	 (Weller,	 2009),	 Design	 with	 nature	 (McHarg,	
1969),	 ecological	 urbanism,	 landscape	 urbanism	 (Waldheim,	 2016),	 regional	 ecological	 model	
(Roggema	et	al.,	1994)	

DenSydney	 how	can	the	density	of	functions,	urban	land-use,	housing,	and	population	be	increased?	How,	
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what	kinds	of	new	qualities	could	 it	deliver?	How	many	additional	houses,	could	be	delivered,	
which	are	the	architectural	typologies	fitting	with	this	strategy?	

Datasydney	 City	designed	completely	based	on	data.	What	happens?	Computational	design.	What	are	 the	
parameters?	 Price/land	 value	 (affordability),	 safety	 (climate	 hazards/criminality),	 diversity	
(people/income),	efficiency/transport,	traffic	flows,	the	city	sensored,	measured.	

Post	industrial	Sydney	 what	 happens	with	 all	 the	 spaces	 that	will	 no	 longer	 be	 used	 for	 industrial	 activities,	mining,	
refineries,	 power	 plants.	 (Thomas	 2015)	Where	 are	 these	 spaces	 located,	 how	 to	 regenerate.	
Less	space	required	for	mobility/cars.	Free	falling	infrastructure	space;	what	to	do	with	it.	How	
to	redesign	re-use?	

Sydney	 of	
Infrastructures	

resource	 and	 waste	 infrastructure,	 transportation	 infrastructure	 (road,	 train,	 water),	 water	
management	 infrastructure,	 energy	 infrastructure,	 communication	 infrastructure.	 How	 do	we	
value	network	connectivity	(Thomas	et.	al	2015)	and	how	are	the	infrastructure	systems	linked?	

	
These	layers	are	partly	aligned	with	the	environmental	strategy	of	the	City	of	Sydney	

(http://sydneyyoursay.com.au/environmental-strategy/documents/37740/download).	 In	
the	framework	we	propose	each	layer	to	cover	the	entire	metropolis.	In	this	sense	the	set	of	
layers	deconstruct	the	diverse	domains	in	separated	resilient	propositions.	At	the	local	level	
the	 specific	 qualities	 of	 each	 layer	 will	 be	 reconnected	 and	 provides	 the	 program	 of	
demands	for	the	local	design	task.	

Because	the	framework	works	at	different	scales,	the	collaborative	power	of	a	range	
of	organisations	and	 institutions	 is	essential	 to	deliver	 the	highest	possible	 resilience.	The	
resolution	of	data,	 the	accessibility	and	the	dynamism	of	 the	data	 in	order	 to	provide	 the	
right	data	at	 the	 right	 scale	at	 the	 right	 time,	e.g.	permanently,	 is	also	an	essential	 factor	
that	can	make	the	framework	a	success.		

Conclusion	

Through	combining	the	localised	parts	of	every	 layer	at	 its	highest	resilience	performance,	
the	 result	at	 the	precinct	 scale	will	also	be	 resilient,	and	at	 the	same	time	will	distinguish	
itself	from	their	neighbours.	

The	model	of	resilient	integrated	urbanism	will	bring	more	values	together	than	only	
the	 economic	 value,	 such	 as	 ecological	 values	 (energy,	water	 etc),	 social	 values	 (identity,	
liveability),	 etc.	 	 In	 order	 for	 the	 framework	 to	 become	 practical,	 the	 barriers	 of	 data-
collection,	accessibility	and	sharing	need	to	be	resolved.	

In	 an	 operational	 sense	 the	 framework	 is	 in	 line	 with	 the	 work	 of	 many	 regional	
authorities,	which	collect	data	and	produce	visions	and	policies	for	the	region.	In	the	context	
of	 Sydney,	 the	Greater	 Sydney	 Commission	 is	 the	 organisation	 that	 best	 could	 adopt	 the	
framework,	in	order	to	put	a	mechanism	in	place	that	uses	regional	data	for	the	benefit	of	
resilient	city	planning.		

The	value	of	the	proposed	approach	lies	in	the	fact	that	regional	authorities	can	start	
an	evidence-based	planning	process	for	the	future	development	of	the	metropolis.	This	way	
the	coherence	of	the	region,	 its	resilience	and	the	spatial	differences	are	enhanced,	which	
leads	to	a	more	attractive	and	thriving	region.		

References	
Allen	C,	Clouth	S	(2012)	A	guidebook	to	the	green	economy.	UNDESA,	New	York	
Australian	 Building	 Codes	 Board	 [ABCB].	 (2014).	 Section	 J:	 Energy	 Efficiency.	 In	Building	 Code	 of	 Australia	

2014.	Canberra:	Australian	Building	Codes	Board.	
Beck,	U.	The	Reinvention	of	Polities:	Towards	a	theory	of	reflexive	modernization.	In	Reflexive	Modernization:	

Polities,	Tradition	and	Aesthetics	in	the	Modern	Social	Order;	Beck,	U.,	Giddens,	A.,	Lash,	S.,	Eds.;	Stanford	University	
Press:	Palo	Alto,	CA,	USA,	1994.	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2829



Cathcart-Keays,	A.	 (2016)	Two-wheel	takeover:	bikes	outnumber	cars	for	the	first	time	in	Copenhagen.	The	
Guardian,	 30	 Nov	 2016.	 URL:	 https://www.theguardian.com/cities/2016/nov/30/cycling-revolution-bikes-
outnumber-cars-first-time-copenhagen-denmark		

Clean	 Energy	 Council,	 2017	 –	 Renewable	 Energy	 Map	
URL:		https://www.cleanenergycouncil.org.au/technologies/renewable-energy-map.html	

Commonwealth	 of	 Australia	 (2007)	 Tackling	 wicked	 problems;	 a	 public	 policy	 perspective.	 Australian	
government/Australian	public	service	commission,	Canberra	

Dobbelsteen,	A.,	Nico,	T.,	Broersma,	S.,	and	Fremouw,	M.,	(2013)	The	Energy	Master	Plan:	Transition	to	self-
sufficient	 city	 regions	 by	means	 of	 an	 approach	 to	 local	 energy	 potentials	 in	 Proc.	 30th	 PLEA	 Conference	 -	 CEPT	
University	Press,	Ahmedabad,	India.			

Foxon	 TJ,	 Hammond	 GP,	 Pearson	 PJ	 (2010)	 Developing	 transition	 pathways	 for	 a	 low	 carbon	 electricity	
system	in	the	UK.	Technol	Forecast	Soc	Chang	77(8):1203–1213	

GBCA	 2017	 Green	 Star	 Communities	 Rating	 tool	 http://new.gbca.org.au/green-star/rating-
system/communities/	accessed	1	April	2017	

Kinesis	(2013)	The	Decentralised	Energy	Master	Plan	–	Trigeneration	2010–2030.	March	2013.	Sydney:	The	
City	of	Sydney.	URL	http://www.cityofsydney.nsw.gov.au/__data/assets/	
pdf_file/0007/193057/Trigeneration-Master-Plan-Kinesis.pdf	

Kreimer	A,	Arnold	M,	Carlin	A	(eds)	(2003)	Building	safer	cities:	the	future	of	disaster	risk.	The	International	
Bank	for	Reconstruction	and	Development/The	World	Bank,	Washington	

McDonough,	W.	Braungart,	M.	(2009)	Cradle	to	cradle:	Remaking	the	way	we	make	things.	London:	Vintage	
McHarg,	I.	(1969)	Design	with	Nature.	New	York:	Natural	History	Press		
Newman,	P.W.G.	 (1999)	 Sustainability	 and	 cities:	 extending	 the	metabolism	model.	 	Landscape	and	Urban	

Planning	44	219-226		
NSW	Department	of	Planning	(2011)	2006-09	Multi-Dwelling	Outcomes	BASIX	Ongoing	Monitoring	Program.	

Sydney:	NSW	Department	of	Planning.			
Oosterhuis,	et	al.	(2012)	Hyperbody:	First	Decade	of	Interactive	Architecture.	Jap	Sam	Books	
Rittel,	H.;Webber,	M.	Dilemmas	in	a	General	Theory	of	Planning.	Policy	Sci.	1973,4,	155-169.		
Roggema,	R.	 (2012)	Swarm	Planning:	The	development	of	a	Methodology	to	Deal	with	Climate	Adaptation.	

Delft,	Wageningen:	Delft	University	of	Technology	and	Wageningen	University	and	Research	Centre.	PhD-thesis	
Roggema,	R.,	A.	van	den	Dobbelsteen,	S.	Stremke	and	W.	Mallon	(2011)	Spatial-energy	Framework	Aiming	at	

Breakthroughs	 Brings	 Goals	 Beyond	 Policy	 Objectives	 within	 Reach’.	 In:	 A.J.	 Jenkins	 (Ed.)	 (2011)	 Climate	 Change	
Adaptation:	Ecology,	Mitigation	and	Management.	New	York:	NOVA	Publishers,	pp.127-150.	

Rosemann,	 J.	 The	 Conditions	 of	 Research	 by	 Design	 in	 Practice.	 In	 Research	 by	 Design,	 International	
Conference	 Proceedings.	 The	 Netherlands,	 1–3	 November	 2000;	 Van	 Ouwerkerk,	 M.,	 Rosemann,	 J.,	 Eds.;	 Delft	
University	Press:	Delft,	The	Netherlands,	2001;	pp.	63–68.	

RUAF	 and	 FAO	 (2015)	 City	 Region	 Food	 Systems.	 Building	 sustainable	 and	 resilient	 city	 regions.	 URL:	
http://www.fao.org/3/a-i4789e.pdf		

Thomas,	 L.E.	 2015,	 'Rethinking	 architecture	 as	 a	 catalyst	 for	 sustainability',	 Proc.	 49th	 International	
Conference	of	the	Architectural	Science	Association,	Melbourne,	pp.	836-845	

Thomas,	 L.E.,	 Rickwood,	 P.	&	Dilevska,	 J.	 2015,	 'The	Carbon	Cost	 of	Work—Impacts	 of	Office	Building	 and	
Commuting	Energy	in	Sydney	Workplaces',	Urban	Policy	and	Research,	vol.	33,	no.	3,	pp.	340-361.	

United	Nations	(2008)	World	urbanization	prospects.	The	2007	revision.	Executive	summary.	United	Nations,	
New	York	

Waldheim,	C.	(2016)	Landscape	as	Urbanism.	A	general	theory.	New	Jersey:	Princeton-University-Press	
Wascher,	 D.M.,	 Piorr,	 A.,	 Pintar,	M…..,	 van	 Eupen,	M.	 (2015)	 FOODMETRES	 –	Metropolitan	 food	 planning	

connecting	the	local	with	the	global.	Urban	Agriculture	Magazine	29	41-44		
Weller,	R.	(2009)	Boomtown2050:	Scenarios	for	a	Rapidly	Growing	City.	Perth:UWA	Publishers	
Wolman,	A.	(1965).	The	metabolism	of	cities.	Scientific	American,	213(3),	179-190.	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2830



	
 

Evaluating	Future	Land	Use	Scenarios	from	the	Viewpoint	of	CO2	Emission	in	
Provincial	Small	Town:	Designing	and	assessing	scenarios	in	Fuchu,	Hiroshima	
	
Shota	Tamura1,	Takahiro	Tanaka1	and	Shinpei	Iwamoto2		
	
1	Graduate	school	of	engineering,	Hiroshima	University,	Higashi-Hiroshima,	Japan,	
m151835@hiroshima-u.ac.jp	

2	Graduate	school	of	engineering,	Hiroshima	University,	Higashi-Hiroshima,	Japan,	
ttanaka@hiroshima-u.ac.jp	

3	Pasco	Corporation,	Tokyo,	Japan,	sohtio@pasco.co.jp	
	

Abstract:	 In	recent	years,	the	population	has	been	decreasing	in	Japan.	If	urban	area	keeps	expanding	to	the	
suburb	areas	with	the	population	decreasing,	various	urban	problems	will	be	occurred.	For	example,	daily	lives	
without	cars,	efficient	development	and	maintenance	of	urban	infrastructure	will	be	difficult.	They	cause	that	
the	 amount	 of	 energy	 consumption	 will	 be	 larger.	 To	 solve	 them,	 compact	 urban	 structure	 is	 proposed	
corresponding	to	the	population	decrease	especially	in	provincial	small	town.	However,	 it	has	been	not	clear	
where	dense	urban	area	should	be	located	and	how	much	population	should	be	located	there.	Consequently,	
this	study	aims	at	examining	the	preferable	future	urban	structure	from	the	viewpoint	of	energy	consumption	
in	 Fuchu	 city,	 Hiroshima,	 that	 is	 a	 provincial	 small	 town	 and	 quantitatively	 assessing	 the	 impact	 of	
compactization	on	the	reduction	effects.	As	a	result,	 it	can	be	said	that	compact	urban	structure	will	 lead	to	
reducing	energy	consumption,	and	the	effects	are	different	 from	each	other	widely	depending	on	scenarios.	
Besides,	“population	density	in	compact	district”	and	“population	balance	among	inside	and	outside	of	compact	
district”	have	the	large	effects	on	CO₂	emission.	
	
Keywords:	Compact	city,	CO2	emission,	Depopulation,	Land	use	scenario,	GIS	

Introduction		

After	World	War	II,	urban	areas	in	Japan	had	been	rapidly	expanding	to	suburb	areas	due	to	
rapid	economic	growth,	increase	in	population	and	motorization.	It	has	caused	various	urban	
problems	such	as	decline	of	downtown	areas,	urban	sprawl,	air-pollution	by	increasing	use	of	
cars,	and	 increases	 in	expenses	of	 infrastructure.	 In	recent	years,	the	population	has	been	
seriously	 decreasing.	 If	 urban	 areas	 keep	 expanding	 to	 suburb	 areas	with	 the	 population	
decreasing,	 it	 is	anticipated	that	urban	areas	will	be	significantly	 less	dense.	 It	will	 lead	to	
additional	urban	problems.	For	example,	daily	 life	without	cars,	efficient	development	and	
maintenance	of	infrastructures	will	be	difficult.	They	cause	that	the	energy	consumption	will	
be	 larger.	With	 such	background,	 “compact	 city”	 concept	 is	 gaining	popularity	 as	 suitable	
urban	structure	 for	a	depopulation	society	as	well	as	a	 low	carbon	city	 in	 Japan.	Actually,	
Japanese	 national	 government	 has	 announced	 the	 guideline	 for	 low-carbon	 city	 and	 it	
includes	the	concept	“compact	city”	as	ideal	urban	structure.	Besides,	the	promotion	policy	
was	also	founded	in	2014.	Therefore,	some	local	government	have	proposed	urban	planning	
with	the	concept.	However,	most	of	such	plans	do	not	show	the	specific	urban	structure	and	
proper	impact	of	compacticzation.	The	major	reasons	include	that	it	has	not	been	clear	how	
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the	city	should	be	compacted,	concretely,	how	much	the	city	should	be	concentrated,	where	
the	main	core	area	should	be	located	and	what	effects	it	can	be	caused.		

In	previous	studies	on	evaluating	the	urban	structure	from	viewpoints	of	environmental	
load,	the	relations	between	population	distributions	and	energy	consumption	by	car	use	are	
assessed	in	Utsunomiya	(Hori	et	al,	1999).	Reductive	effects	on	CO₂	emissions	from	cars	by	
changing	the	transportation	policy	and	urban	structures	are	examined	in	Sendai	(Kojima	et	al,	
2003).	These	prior	studies	evaluate	the	urban	structure	from	one	viewpoint	of	CO₂	emissions	
from	cars.	However,	to	assess	the	impact	of	compactization	on	CO2	emission	in	more	detail,	
CO2	 emissions	 from	 houses,	 development	 and	 maintenance	 of	 infrastructure	 should	 be	
considered	as	well	as	that	of	cars	because	 it	 is	expected	that	they	will	be	also	affected	by	
urban	 structure	 changes.	 As	 for	 such	 aspects,	 the	 reduction	 effects	 of	 compactization	 on	
energy	consumption	from	houses	and	transportation	are	assessed	by	making	and	evaluating	
compact	city	scenarios	(Nakai	et	al,	2008).		Also,	compact	scenario	simulation	was	performed	
to	determine	the	most	desirable	future	scenario	by	evaluating	long-term	CO₂	emissions	which	
includes	 both	 the	 reconfiguration	 and	 the	 following	 operation	 period	 (Wada	 et	 al,	 2011).	
However,	these	studies	do	not	mention	what	urban	elements	(population	density,	central-
core)	have	how	much	reduction	ability	of	CO₂	emission.	If	the	critical	factor	of	CO₂	emission	
and	the	effect	are	clarified,	 they	will	help	urban	planners,	stakeholders	and	policy	makers	
determine	urban	structure.	In	addition,	although	past	case	studies	have	addressed	cities	with	
larger	populations,	 it	 is	more	necessary	to	target	provincial	small	 towns	with	a	decreasing	
population	that	is	aging	rapidly	in	japan	because	such	cities	are	numerous	and	over	half	of	
Japan’s	cities	have	a	population	of	fifty	thousand	or	less.		

Consequently,	this	study	was	undertaken	to	examine	preferable	future	urban	structure	
from	the	viewpoint	of	energy	consumption	in	Fuchu	city,	Hiroshima,	that	is	a	provincial	small	
town	 and	 to	 quantitatively	 assess	 the	 impact	 of	 compactization	 on	 the	 reduction	 effects.	
Concretely,	 authors	 make	 55	 urban	 structure	 scenarios	 in	 2035	 by	 using	 different	 urban	
parameters	 and	 calculate	 the	 energy	 consumption	 from	 cars,	 houses	 and	 urban	
infrastructures	that	are	affected	by	urban	structure	changes	for	each	scenario.	Furthermore,	
by	using	the	evaluation	results,	quantification	method	class	1	is	conducted	to	examine	the	
critical	factor	of	CO₂	emission.	

Outline	of	study	

Study	area	

As	a	case	study	for	planning	provincial	small	town,	this	study	focuses	on	Fuchu	City,	Hiroshima	
that	has	37,188	residents	(2010)	and	the	110.2	km2	area	(Fig.1).	There	are	6	train	stations	
and	the	area	surrounding	of	Fuchu	station	is	downtown.	The	population	has	been	significantly	
decreasing	since	1970.	Although	the	area	of	DID	(Density	Inhabitant	District)	become	twice	of	
1970,	the	population	density	become	the	half.	It	is	leading	to	less	dense	in	downtown	area.	
Therefore,	Fuchu	City	is	establishing	the	compact	city	as	ideal	urban	structure	in	their	policy.	

Fig	1.	Study	area	(Fuchu	city)	
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Scenario	

In	this	study,	“Scenario”	is	defined	as	the	spatial	distribution	of	population	and	urban	land	
use	and	“Compact	district”	is	defined	as	the	district	which	urban	land	use	is	concentrated.	
Urban	land	use	is	mainly	land	use	with	artificial	facilities:	residential,	industrial,	commercial,	
public	 facilities	 and	 road	 sites.	 The	 scenarios	 are	 built	 from	 combination	 of	 6	 different	
parameters	 that	 are	more	 likely	 to	have	 influence	on	urban	 structure,	 transportation	and	
human	activities:	compact	type	(complete/partly	compact),	population	density	 in	Compact	
district	 (population	 density),	 core	model	 (single/multi	 core),	 number	 of	 Compact	 districts	
(1/3/4/6/7/9/12),	compact	area	(whole	of	Fuchu	City/only	urban	planning	area)	and	central	
place	of	Compact	district	(station/elementary	school/previous	elementary	school/junior	high	
school/previous	junior	high	school).	They	are	broadly	clarified	into	three	kinds.	

(1)	Business	as	usual	(BAU):	In	this	scenario,	urban	area	is	not	compacted	and	Compact	
districts	 do	 not	 exist.	 This	 urban	 structure	 remains	 the	 current	 situation	 and	 population	
density	 gradually	 declines	 in	 2035.	 The	 population	 density	 of	 DID	 decreases	 from	 34.1	
person/ha	to	22.6	person/ha.	

(2)	Complete	compact	scenario	(CCS):	In	these	scenarios,	urban	areas	are	compacted	
and	suburb	areas	do	not	exist.	In	this	scenario,	all	residents	live	in	only	Compact	district.	

(3)	Partly	compact	scenario	(PCS):	In	these	scenarios,	urban	areas	are	compacted.	70%	
of	the	populations	in	urban	promotion	area	live	in	Compact	district	and	30%	live	in	the	outside	
of	Compact	district.		

Furthermore,	 CCS	 and	 PCS	 are	 classified	 into	 following	 two	 kinds	 by	 the	 scenario	
parameters	“number	of	Compact	district”	and	“central	place	of	Compact	district”.	

(a)	 Single-core	 model:	 In	 these	 scenarios,	 an	 urban	 area	 is	 compacted	 to	 only	 one	
Compact	district.	Fuchu	station,	which	is	the	key	transportation	hub	in	Fuchu	city,	is	the	center	
of	the	compact	district.		

(b)	 Multi-core	 model:	 In	 these	 scenarios,	 urban	 areas	 are	 compacted	 to	 multiple	
districts.	 There	 are	 multiple	 kinds	 of	 Compact	 districts	 that	 each	 main	 facility	 such	 as	
elementary	school	district/junior	high	school	district/	station	is	center.	

Moreover,	 multi-core	 model	 is	 classified	 into	 two	 kinds	 by	 scenario	 parameter	
“compact	area”:	one	is	that	Compact	districts	are	located	in	only	urban	planning	area.	Other	
is	that	Compact	districts	are	located	in	whole	of	Fuchu	City.	These	two	types	are	built	to	assess	
whether	only	 inside	of	urban	planning	area	(downtown	area)	should	be	compacted	or	the	
other	 area	 (rural	 area)	 should	 also	 be	 compacted.	 In	 addition,	 population	 density	 in	 the	
Compact	 district	 of	 each	 scenario	 is	 respectively	 set	 to	 be	 50,	 100,	 150	 persons/ha.	 Fig.2	
presents	some	examples	of	the	scenarios	and	Table	1	presents	all	scenarios	created	in	this	
study.	 In	 the	 BAU,	 the	 distribution	 is	 spread	 throughout	 Fuchu	 City	 with	 low	 density.	
Compared	to	BAU,	high	population	density	areas	exist	in	scenario5	(CCS)	and	scenario28	(PCS).	

	
Fig	2.	Scenario	examples	
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Table1.	All	scenarios	in	this	study	

Scenario	evaluation	in	term	of	CO2	emissions	from	cars		

The	authors	specifically	examine	CO₂	emissions	from	cars	used	by	residents	in	Fuchu	City	and	
surrounding	areas.	The	CO₂	emissions	are	estimated	by	following	procedures.	

(1) Conducting	person	trip	survey	to	predict	present	OD	trips.	
(2) Predicting	the	future	OD	trips	for	each	scenario	based	on	person	trip	survey	results.	
(3) Estimating	 the	 CO₂	 emissions	 from	 cars	 by	 multiplying	 the	 OD	 trips	 by	 distances	

between	OD	and	CO₂	emission	factors.	

Estimation	of	present	and	future	OD	trips	

To	predict	the	present	OD	trips,	the	person	trip	survey	is	performed	in	Fuchu	City.	The	total	
obtained	OD	trips	is	829	trips	in	weekdays	and	596	trips	in	weekend,	respectively.	Here,	the	
OD	trips	by	cars	used	by	own	drivers	are	picked	up	(weekday:	551	trips,	weekend:	341	trips)	
and	are	used	for	predicting	the	future	OD	trips	for	each	scenario.	Based	on	the	results,	the	
prediction	is	performed	by	using	the	“four	steps	estimation	method”	

Calculation	of	CO2	emissions	from	cars	

Evaluation	of	CO₂	emission	from	car	is	performed	by	using	equation	(1).	
L=	 𝑇"#$	*	𝐾"# 	*	𝑀$																																																																																																																									(1)	
L:	CO₂	emissions	(t-CO₂)	
𝑇"#$:	traffic	density	distribution	for	each	type	of	car	
𝐾"#:	distance	between	each	zone	(km)	
𝑀$:	unit	of	CO₂	emission	from	each	type	pf	car	(t-CO₂/km	)	
The	person	trip	survey	results	on	traffic	density	distribution	for	each	type	of	car	are	used	

in	the	calculation	(Table2).	The	person	trip	survey	is	likely	that	OD	trips	for	delivery	by	motor	
truck	and	light	truck	are	not	provided.	However,	this	matter	is	not	considered	to	be	a	large	
problem	here	because	this	study	focuses	on	the	traffic	movement	by	only	residents	and	also	
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the	number	of	OD	trips	by	motor	and	light	truck	is	small	compared	to	cars.	Table2	presents	
the	unit	 of	 CO₂	 emission	 from	each	 type	of	 car.	 These	 values	 are	 calculated	by	 using	 the	
amount	of	fuel	consumption	for	each	type	of	car	(Ministry,	2009),	carbon	dioxide	emission	
factor	(44/12)	and	distances	between	OD	for	each	type	of	car.	As	for	the	Kod,	average	of	OD	
distances	between	each	zone	is	used.	

	
Table	2.	Traffic	density	distribution	for	each	car	type.	D:	Downtown,	S:	Suburb	

	
Weekday	 Weekend	 Basic	unit		

(t-CO₂	
/km)	D	→	D	 D	→	S	 S	→	S	 Total	 D	→	D	 D	→	S	 S	→	S	 Total	

Passenger	car	 45.1%	 51.2%	 45.5%	 47.0%	 50.2%	 54.5%	 29.4%	 50.7%	 0.000257	
Light		vehicle	 44.0%	 37.1%	 40.9%	 41.7%	 41.5%	 34.7%	 70.6%	 40.6%	 0.000126	
Motor	truck	 1.9%	 5.3%	 13.6%	 3.4%	 0.0%	 4.1%	 0.0%	 1.4%	 0.000459	
Light	truck	 8.9%	 6.5%	 0.0%	 7.8%	 8.2%	 6.6%	 0.0%	 7.2%	 0.000229	

Scenario	evaluation	in	term	of	CO2	emissions	from	infrastructures	

In	this	study,	the	authors	specifically	examine	the	CO₂	emissions	from	infrastructures	that	will	
be	affected	by	urban	structure	change	such	as	roads,	waterworks,	sewers,	elementary	schools,	
junior	high	schools,	nurseries	and	public	halls.	CO₂	emissions	for	developing	and	maintaining	
them	are	predicted	for	each	scenario.	Here,	CO₂	emission	from	the	development	is	defined	
as	 CO₂	 emission	 from	 construction	 until	 2035	 and	 CO₂	 emission	 from	 the	maintenance	 is	
defined	as	CO₂	emissions	from	operation,	repair	and	renewal	in	2035.		

CO₂	 emissions	 are	 calculated	 by	 using	 the	 amount	 of	 development	 (ex:	 number	 of	
facilities),	 maintenance	 (ex:	 common	 and	 floor	 area,	 number	 of	 facilities,	 classes	 and	
students),	necessary	expenses	and	unit	of	CO₂	emissions	for	each	facility.	Table3	shows	the	
estimation	model	of	CO₂	emissions	from	infrastructures.	The	values	which	provided	from	LCA	
manual	and	CASBEE	tools	are	used	as	CO₂	emission	factor	of	construction,	repair	and	renewal.	
Also,	CO₂	emission	factor	of	operation	is	calculated	by	using	actual	data	on	consumption	of	
electricity,	gas	and	fuel	 in	operating	 infrastructures	of	Fuchu	City.	As	 for	the	CO₂	emission	
factor	 of	 combination	 treatment	 septic	 tank,	 the	 monthly	 value	 calculated	 by	 Education	
Center	of	Environmental	Sanitation	is	used	as	the	basic	unit.	
	

Table	3.	Estimation	model	of	CO₂	emission	for	each	facility	

		
Development	
Construction	

Waterworks	 Development	cost	[1000JPY]	*	4.621	[kg-CO₂	/JPY]	
Sewer	 Development	cost	[1000JPY]	*	3.948	[kg-CO₂	/JPY]	

Combination	Tank	 Number	of	combination	tanks	[unit]	*	336.7	[kg-CO₂	/unit]	
Elementary	School	 Development	cost	[1000JPY]	*	3.649	[kg-CO₂	/JPY]	
Junior	High	School	 Development	cost	[1000JPY]	*	3.649	[kg-CO₂	/JPY]	

Nursery	 Development	cost	[1000JPY]	*	3.649	[kg-CO₂	/JPY]	
Public	Hall	 Development	cost	[1000JPY]	*	3.737	[kg-CO₂	/JPY]	

	
Maintenance	

Operation	 Repair/Renewal	
Road	 -	 Maintenance	cost	[JPY]	*	4.397	[kg-CO₂	/JPY]	

Waterworks	 Number	of	facilities	[unit]	*	Xi	[kg-CO₂	/ha]	 Renewal	cost	[JPY]	*	4.621	[kg-CO₂	/JPY]	
Sewer	 	Common	area	[ha]	*	390.8	[kg-CO₂	/ha]	 Renewal	cost	[JPY]	*	3.948	[kg-CO₂	/JPY]	

Combination	Tank	 Number	of	combination	tanks	[unit]	*405.0	[kg-CO₂	/unit]	
Elementary	School	 Number	of	classes	*	12.31	[t-CO₂	/class]	 Maintenance	floor	area	[m2]	*	17.14	[kg-CO₂	/m2]	
Junior	High	School	 Number	of	classes	*	16.51	[t-CO₂	/class]	 Maintenance	floor	area	[m2]	*	17.14	[kg-CO₂	/m2]	

Nursery	 13.57e0.0077	*	the	number	of	school	children	[t-CO₂	]	 Maintenance	floor	area	[m2]	*	17.14	[kg-CO₂	/m2]	
Public	Hall	 7.272	*	ln	(Floor	area	[m2])	-	33.05	[t-CO₂	]	 Maintenance	floor	area	[m2]	*	18.04	[kg-CO₂	/m2]	
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Scenario	evaluation	in	term	of	CO2	emissions	from	houses	

It	 is	expected	that	the	number	of	apartments	will	 increase	by	compacting	urban	structure.	
Therefore,	 the	 authors	 specifically	 examine	 differences	 between	 that	 of	 detached	 and	
apartment	house	for	each	scenario.	 In	addition,	following	three	CO₂	emissions	that	will	be	
affected	 by	 such	 differences	 are	 estimated	 for	 each	 scenario:	 CO₂	 emissions	 from	 air-
conditioner,	CO₂	emissions	construction,	repair,	renewal	and	scrap	and	CO₂	emissions	from	
common	areas	in	apartment.	

Definition	of	detached	and	apartment	house	

To	 estimate	 CO₂	 emissions	 from	houses,	 number	 of	 detached	 and	 apartment	 houses	 and	
building	attributes	are	defined	in	following	procedures.	

(1)	Definition	of	building	attributes	(unit,	floor	area	and	structure):	“Apartment	house”	
is	defined	as	five	kinds	of	attributes	(Table4).	The	floor	area	of	detached	and	apartment	house	
is	set	by	using	the	standard	model	provided	from	AIJ	(Architecture	Institute	of	Japan)	and	IBEC	
(Institute	for	Building	Environment	and	Energy	Conservation),	respectively.	The	total	units	of	
one	apartment	are	calculated	by	using	the	number	of	floors	and	units	per	a	floor.	Based	on	
the	survey	on	apartment,	authors	set	the	units	per	a	floor	to	be	6.	Table4	shows	the	building	
attributes.	

(2)	Estimation	of	the	number	of	households:	The	estimation	method	of	the	number	of	
households	is	different	between	inside	and	outside	of	compact	district.	In	case	of	the	outside,	
all	houses	are	set	as	detached	houses.	In	case	of	the	inside,	based	on	each	actual	city	which	
has	 almost	 same	 population	 densities	 as	 that	 of	 Compact	 District	 created	 in	 this	 study	
(50,100,150	person/ha),	household	rate	of	each	house	type	is	set	for	each	scenario.			

(3)	Estimation	of	the	number	of	buildings:	Based	on	the	references	on	future	prediction	
of	the	number	of	households	in	Japan,	the	number	of	households	in	2035	is	estimated	to	be	
9384	by	the	householder	rate	method.	The	number	of	detached	and	apartment	buildings	is	
calculated	respectively	by	using	the	number	of	households	in	inside	and	outside	of	Compact	
District	and	 table	4.	As	 for	 the	apartment	house,	 the	number	of	buildings	 is	calculated	by	
dividing	above	estimation	values	by	the	number	of	units	per	a	building.	
	

Table	4.	Building	attributes	and	each	CO2	emission	factor	[t-CO2/	building]	

 	 Number		
of	units	 construction	 Renewal	 Repair	 scrap	 air	

conditioner	
common		
area	

Detached	house	 1	 1.12	 1.27	 0.23	 0.15	 0.65	 -	
Tenement	house	 6	 7.75	 10.34	 4.01	 2.59	 3.06	 -	
1~2	story-house	 12	 21.34	 26.73	 8.33	 5.39	 5.80	 0.6	
3~5	story-house	 24	 42.68	 53.46	 16.65	 10.78	 10.92	 14.1	
6~10	story-house	 48	 85.37	 106.92	 33.31	 21.55	 21.16	 29.8	
11	story-house~	 90	 160.06	 200.47	 62.45	 40.41	 39.08	 104.6	

Calculation	of	CO2	emissions	from	construction,	repair,	renewal	and	scrap	

The	 number	 of	 buildings	 is	 classified	 into	 following	 4	 kinds	 of	 house	 type	 by	 conditions	
(construction,	 renewal,	 repair,	 scrap).	 CO₂	 emissions	 from	 the	 4	 kinds	 are	 calculated	 by	
multiplying	 each	 number	 of	 buildings	 by	 each	 CO₂	 emission	 factor	 presented	 in	 table	 4.	
“Construction	house”	is	defined	as	the	house	which	is	newly	built	in	2035.	If	the	number	of	
buildings	of	future	scenario	is	larger	than	that	of	present	scenario,	each	kind	of	house	will	be	
newly	built	in	the	differences.	“Renewal	house”	is	defined	as	the	house	which	exceeds	the	
useful	life	in	2035.	In	this	study,	useful	life	of	existing	house	is	assumed	to	be	30	years.	All	
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houses	 exceeding	 the	 useful	 life	 in	 2035	 (all	 houses	which	 are	 built	 before	 2005)	will	 be	
completely	 renewed.	 	 “Repair	 house”	 is	 defined	as	 the	house	which	does	not	 exceed	 the	
useful	life	in	2035.	All	houses	which	are	built	after	2005	are	completely	repaired.	“Scrap	house”	
is	defined	as	the	house	which	is	scraped	in	2035.	If	the	number	of	buildings	of	future	scenario	
is	smaller	than	that	of	present	scenario,	each	kind	of	house	will	be	scraped	in	the	differences.	

Calculation	of	CO2	emissions	from	air-conditioner	

CO₂	emissions	for	air	conditioning	are	calculated	by	multiplying	CO₂	emission	factor	of	air-
conditioner	 per	 a	 building	 by	 the	 number	 of	 buildings	 for	 each	 scenario.	 As	 for	 the	 CO₂	
emission	factor,	the	energy	consumption	caused	by	usage	of	air	conditioner	is	estimated	by	
using	SMASH	for	Windows	Ver2	and	 it	 is	converted	to	CO₂	emission	factor	for	each	house	
type.	In	addition,	thermal	insulation	performances	such	as	floor,	wall	and	ceiling	are	equal	to	
standard	level	defined	by	Japanese	national	government.	

Calculation	of	CO2	emissions	from	common	area	in	apartment	house	

CO₂	emissions	from	common	area	in	apartment	are	calculated	by	multiplying	the	number	of	
buildings	 of	 apartment	 house	 by	 CO₂	 emission	 factor	 of	 common	 area.	 According	 to	 the	
reference	on	energy	consumption	of	apartment	(Sato	et	al,	2009),	the	amount	of	electricity	
energy	consumption	has	strong	relationship	with	the	year	when	administration	start,	number	
of	 floors	and	building	attributes.	Therefore,	CO₂	emissions	 from	usage	of	common	area	 in	
apartment	are	estimated	by	these	elements.	

Analysis	for	critical	factor	based	on	the	evaluation	results	

Fig3	presents	the	total	CO₂	emissions	from	cars,	infrastructures	and	houses	for	each	scenario.	
By	using	these	evaluation	results,	quantitative	analysis	is	conducted	to	examine	the	impact	of	
each	 scenario	 parameter	 on	 CO₂	 emission	 in	 more	 details.	 Fig4	 presents	 the	 result	 of	
quantification	 method	 class1.	 In	 the	 analysis,	 scenario	 parameter	 “number	 of	 compact	
districts”	and	“core	model”	are	removed	to	solve	the	multicollinearity.	Scenario	parameter	
“population	density	in	compact	district”	and	“population	balance	among	inside	and	outside	
of	compact	district”	are	extracted	as	the	critical	factors.	Also,	“Population	density	in	compact	
district”	 has	 the	 largest	 impact.	 From	 the	 view	 point	 of	 each	 target	 of	 CO₂	 emission,	 the	
impact	of	car	is	larger	in	all	parameters.		

Fig	3.	Scenario	Evaluation	result	for	each	scenario	
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Fig	4.	Result	of	quantification	method	class	1	

Conclusion	

The	authors	make	and	evaluate	55	scenarios	from	the	viewpoint	of	CO₂	emissions.	Based	on	
evaluation	results,	the	critical	factors	are	examined.	The	main	findings	are	described	as	follow.	

(1)CCS	and	PCS	are	more	efficient	than	BAU	in	term	of	total	CO₂	emissions.	Therefore,	
it	can	be	said	that	compactization	may	have	reduction	effect	on	CO₂	emission.	

(2)Scenario2	 is	 the	most	efficient	and	preferred	 in	 term	of	 total	CO₂	emissions	 in	all	
scenarios.	However,	there	are	not	large	differences	in	the	scenarios	except	for	BAU.		

(3)In	term	of	CO₂	emissions	from	houses,	BAU	is	the	most	efficient.	However,	BAU	has	
the	largest	total	CO₂	emissions	because	CO₂	emissions	from	cars	and	infrastructures	account	
for	the	large	part	of	total	CO₂	emissions.	Other	scenarios	are	smaller	by	4~19%	of	BAU.	

(4)Although	 CO₂	 emissions	 from	 cars	 and	 infrastructures	 have	 large	 differences	
between	CCS	and	PCS	by	10~30%,	the	differences	of	total	CO₂	emissions	are	not	so	large.	Total	
CO₂	emissions	of	CCS	are	smaller	than	that	of	PCS	by	approximately	4~10%.	

(5)Higher	 population	 density	 in	 compact	 district	 tends	 to	 bring	 lower	 total	 CO₂	
emissions.	However,	reduction	effect	of	population	density	becomes	smaller	as	it	becomes	
higher.	This	result	seems	to	indicate	that	it	is	not	necessary	to	set	too	high	population	density	
in	design	of	compact	city.		

(6)Critical	 factors	 of	 CO₂	 emission	 are	 “population	 density	 in	 Compact	 district”	 and	
“population	balance”.	Especially,	the	impact	of	“population	density”	is	the	largest.	

According	to	the	results,	compactization	has	reduction	effects	on	CO2	emission	even	for	
small	provincial	town	and	population	density	is	likely	to	become	the	key	factor	in	planning	
the	city.	However,	it	is	not	necessary	to	set	too	high	population	density.	About	50	person/ha	
seems	to	be	better.		

As	 for	 the	 future	works,	 evaluating	 the	 urban	 structure	 from	multi-aspects	 such	 as	
urban	infrastructure	and	inhabitant’s	intentions	should	be	studied.	
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Abstract: In arid climate, shadow casting has a decisive effect on the thermal comfort of human beings. Site 

layout is the most important factor affecting the desirability of shade in buildings, and urban streets. Urban 
street model has been recurrently used as a basis for many solar access studies. This paper aims to develop a 
parametric study that evaluates the effect of street geometry, on the desirability of shade on ground surface. 
To achieve this aim, contemporary urban street will be analysed. This urban street is located in Biskra (Lat 
34.80), situated nearly in the southeast part of Algeria characterized by hot dry climate. The modelling 
simulation has been done, using parametric tools (Rhinoceros-Grasshopper-Ladybug) to determine the shade 
net effect values. Afterward a statistic tool SPSS.20 has been used to determine the correlation between the 
geometrical parameters of urban street dimension H/W ratio, length, and orientation, shading requirement. 
The results demonstrate that a number of useful relationships can be developed between the geometrical 
parameters of urban street dimensions, and the desirability of shade (shade net effect values). These 
relationships are potentially helpful to assist in the formulation of urban design guidelines governing street 
dimensions and orientations for use by urban designers. 

Keywords: parametric study, geometrical parameters of urban street, shade net effect values, orientation, 
ground surfaces, Grasshopper, Ladybug, SPSS.20, Algeria, Biskra, Arid climate . 

Introduction 
Outdoor spaces are important to sustainable cities because  they accommodate pedestrian 
traffic and outdoor activities, and contribute greatly to urban livability and vitality (Lian 
Chen et al, 2011). The duration and intensity of the use of outdoor spaces is closely linked to 
how comfortable they are (P J Littlefair et al, 2000). 

However, outdoor thermal comfort in an urban environmental is a complex issue with 
multiple layers of concern. Outdoor thermal comfort is a composite function of atmospheric 
conditions, and physical, physiological, psychological, and behavioural factors (Ariane 
Middel et al, 2016). Therefore, the criteria for designing thermally comfortable urban site 
are intricate sometimes contradictory. They include solar control in summer, solar gains in 
winter, wind protection in winter, and wind access in summer. Site layout can have a 
significant effect on the outdoor thermal comfort, and energy performance of an urban 
environment. Noting that many researchers, e.g. Todhunter (1990), takes the position that, 
at the micro scale, explicit considerations of urban geometry are more important than the 
albedo  effect;  namely  the  street  to  buildings  height  and  width  relationships  and  their 
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orientations. It is known that the urban geometry and the shading potential of urban mass 
are far more crucial for comfort enhancement than the surface characteristics of urban 
areas. In hot climates, summer thermal comfort in outdoor areas is improved when shade is 
provides (P J Littlefair et al, 2000). 

Shading is one of the counteracting measures to thermal stress since it reduces the 
convective heat transfer from sunlit building, and ground surfaces. It also reduces direct 
shortwave radiation reaching building and ground surfaces as well as humans. Shading by 
physical elements (Trees, buildings, artificial shading devices) is a preferred urban 
intervention in hot climates, as it provides shading by blocking the incident solar radiation, 
which influences outdoor thermal atmospheres, and therefore affects the thermal 
sensitivities of pedestrian in outdoor areas (Ariane Middel et al, 2016). In order to improve 
the outdoor thermal comfort levels in urban environment, numerous studies examine the 
effect of street canyons geometry on solar access and shading requirements (Ali-Toudert F 
et al, 2006; Ali-Toudert F et al, 2007 ; Andreou E et al, 2013 ; Abreu-Harbich et al, 2014; 
Bourbia et al, 2004 ; Emmanuel R et al, 2006) . This paper aims to develop a parametric 
simulation that visualizes the desirability of shade in terms of comfort temperature for hot 
arid climate, and evaluates the effect of street geometry (height to width H/W ratio, and 
length L); on the shade net effect values on ground, for different orientations. To achieve 
this objective the modelling simulation has been done, using parametric tools (Rhinoceros- 
Grasshopper-Ladybug), to determine the favourable geometrical parameters of urban street, 
in which shading is desirable. Afterward a statistic tool SPSS.20 has been used to determine 
the correlations, and the regression coefficient of the above parameters. 

Methodology of research 

Shading appeared as the most important condition of the thermal comfort in hot desert 
cities during summer time. In this regard, the main aim of this paper is directed towards, 
showing how the urban canyon geometry including street length (L), street canyon aspect 
ratio height to width (H/W), and street orientation, affect the shade net effect values during 
summer period. Also founding clear and flexible guidelines, that ensures shading 
requirements for each building and spaces between them during summer period. On this 
basis a workflow that combines parametric modelling (Rhinoceros-Grasshopper-Ladybug), 
and statistic tool SPSS.20 has been developed (see figure1). Firstly we started by using 
Rhinoceros-Grasshopper (parametric design tool that provides a very dynamic design 
environment where the designer can continuously explore solutions by changing 
parameters and the primitive geometries) for modelling urban rules, also for making a 
simulation of fictitious fabrics by varying the above geometrical parameters of the urban 
canyon (see figure2). Afterward we have used Ladybug Comfort Shade Benefit Evaluator; 
this is a component for visualizing the desirability of shade in terms of comfort temperature 
by using solar vectors. The coloured mesh outputs component, illustrate the desirability of 
shade, where a higher saturation of blue indicates that shading is desirable. A higher 
saturation of red indicates that shading is harmful, which means that shading is not 
desirable. Subsequently, we have used SPSS.20, to determine the regression coefficients, 
and the correlations between the geometrical parameters of urban street and the 
desirability of shade on ground surfaces. Weather data were obtained from Meteonorm 7. 
To ensure that the urban geometry is the only factor for comparison, vegetation was 
excluded and materials for buildings and streets were unified. 
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Figure 1. Workflow schema showing development process 

Figure 2.The parametric definition of geometrical profile of the study canyon and shading requirement study 

Study Area 

Biskra City and Climate 

The investigation was conducted during summer period (21stJuin-21stSeptember), in city of 
Biskra (Algeria) located at (34°51ʹ N, 5° 44ʹ E). The climate of Biskra is hot and dry, with an 
average temperature of 38 °C occurring in July. The air temperatures recorded reach a 
maximum of 35 °C and 40 °C, with occasional peaks of 46 ° C that occurs at about 15:00.The 
humidity is relatively low, it varies between 23% and 27% during some periods of drought 
and it can reach the minimum rates between 2 and 6%. The intensities of solar radiation on 
the region are very high; the horizontal solar radiation is important, it can reach 1040 W/
m² between June and July. The wind is dry and hot steering north - east with an average 
speed between 1 and 2.5 m / s. All these elements contribute to the climate harshness of 
this city. Three different architectural styles can be recognized in Biskra, vernacular 
architecture, colonial, and modern contemporary architecture. They are different in style, 
applied techniques and materials. 
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Site selection 

According to Lucretius, state, right, and law rely on the mutual consensus amongst people. 
All the political establishments are characterized by the need for regulation. The city as a 
political body is controlled by the force of law applying to its territory. The law relating to 
the right to solar access stems from the development of the right to sunlight generally. In 
Algeria, unlike vernacular urban geometries heritage which illustrates a real concern and 
consciousness in designing with climate, the contemporary urban geometry consists of 
recent urban rules application is not in accordance with the climatic context, and shading or 
sunlight needs for a given region. Under these circumstances, the shortcoming of the 
existing urban rules must be highlighted, also evaluated in comparison with the desirability 
of shade. In order to achieve this aim, a contemporary urban geometry must be analysed. 
The urban geometry of a city is characterized by a repetitive element called the Urban 
Canyon. Urban Canyon is defined as the three dimensional spaces bounded by a street and, 
the buildings that abut the street. Therefore an urban canyon of (H/W=1, and length =70m) 
which represents a model of the recent urban rules will be investigated. The height, H, and 
the length L were varied relative to the fixed street width, W, to create building 
height/street width ratios (R=H/W) or urban canyon ratios of R=0.5; 1; 1.5; 2; 3; and 4. 
These ratios cover a wide range of traditional and contemporary building in North Africa 
(Bourbia et al, 2004). For assessing the effect of the long axis of the urban canyon, the 
length (L) of street is taken as following L/2; L; and 3L/2; 2L . Correspondingly for evaluating 
the precise canyon shade net effect, street orientations are taken in steps of 450 from the 
north (S1) to east (S4). (See figure 3). 

L/2  

L 

3L/2 

2L 
H W 

H/W=0.5  H/W=1  H/W=1.5  H/W=2  H/W=3  H/W=4 

450 

Figure 3. Geometrical profile of the study canyon 

Observations and findings 

Figure4. Shade net effect values on ground surfaces during summer period (21stJuin-21st September) 

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2843



In order to determine the desirability of shade on the surface of urban structures, it is 
necessary to take into the shade net effect value, which is the sum of the shade helpfulness, 
and the shade harmfulness for each cell. This will be negative if shading the cell has a net 
harmful effect, and positive if the shade has a net helpful effect. Figure (4) shows that for all 
canyon configurations investigated, shade net effect values in summer period (21stJuin- 
21stSeptember) are positives, thus the shade has a net helpful effect on ground surfaces. 

Shade net effect values (shading requirement) 

The effect of length on shading requirement 

Table1.The binary correlation coefficient concerning length, and the shade net effect on ground surfaces 
Correlations 

Shade net effect 
on ground surface 

NS 

Shade net effect 
on ground surface 

NE-SW 

Shade net effect 
on ground 

surface 
EW 

Shade net effect on 
ground surface 

SE-NW 

Length Pearson 
Correlation 

-0,924** -0,923** -0,933** -0,923**

Sig. (2- 
tailed) 

0,000 0,000 0,000 0,000 

**. Correlation is significant at the 0.01 level (2-tailed). 
*. Correlation is significant at the 0.05 level (2-tailed). 

The results obtained by SPSS.20 revealed the correlations coefficients values between street 
length, and the shade net effect values on ground Surfaces, according to their orientations 
(NS, NE-SW, EW and SE-NW) were ranged between -0, 924**; -0, 923**; -0, 933**; and 
-0,923** (see table1). These results indicate a strong negative correlation between the 
parameters cited before and the desirability of shading. Therefore the average values of the 
shade net effect depend on length variation. In order to verify the intensity of the 
correlation, the (sig) was used which is considered as a tool of evaluation when is ranged 
under 0.05 means that there is a significant correlation between the parameters. All street 
configurations, their sig results are 0.000 which is less than 0.05. These confirm the 
significant relationship between all the parameters tested. 

The effect of H/W ratio on shading requirement 

Table2.The binary correlation coefficient concerning H/W ratio, and the shade net effect on ground surfaces 
Correlations 

Shade net effect 
on ground surface 

NS 

Shade net effect on 
ground surface 

NE-SW 

Shade net effect 
on ground 
surface EW 

Shade net effect on 
ground surface SE- 

NW 

W/H 

Ratio 

Pearson 

Correlation 

-0,107 -0,121 -0,135 -0,113 

Sig. (2- 
tailed) 

0,617 0,574 0,529 0,598 

**. Correlation is significant at the 0.01 level (2-tailed). 
*. Correlation is significant at the 0.05 level (2-tailed). 

Another importunity of this study was to examine the correlation between H/W ratio and 
shading requirement of ground surface of urban street. According, to (Bourbia et al 2004), 
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floor shading fraction in summer increase with increasing (H/W) ratio. Chang (2015) 
reported that the Ta inside a deep canyon (H/W= 2.2) is lower than in a shallow canyon 
(H/W=0.42) by an average variation in the maximum temperature of 4.3°C. Alznafer (2014) 
stated that increasing the H/W ratio from 0.5 to 2.0 leads to a reduction in Ta of 2.5°C, on 
average. These results show that reductions in the Ta in deep canyons are mainly attributed 
to the effect of shading during the daytime that helps the different surfaces to remain cool 
(Mohamme borkarman et al 2016). The results obtained by SPSS.20,shown the correlations 
coefficients between H/W ratio, and the shade net effect values on ground surfaces were 
ranged between -0, 107; -0, 121; -0, 135; and -0,113, respectively to their orientations NS, 
NE-SW, EW and SE-NW, as represented in table2. Hence, there was a negative correlation 
between them. This means that increasing H/W ratio leads to decrease shading requirement 
of ground surface, where the ground surface of the model canyon of urban rules of length 
(L),height to width ratio (H/W=1),and NS direction, requires a higher shading of (1.27 C0- 
day/m2) in comparison with ground surface of length (L), height to width (H/W=4) which 
requires shading value of (1.11C0-day/m2) as displayed in figure (5). Therefore recent urban 
rules are not adapted to hot arid climate. However the previous table (2) shows that the 
level of significance (Sig) for H/W ratio, were more than 0.05 in the four cases. This confirms 
that the correlation between H/W ratio, and shade net effect values on ground is relatively 
very little in comparison with the previous correlation of length. 

(a) (b) 
Figure 5.Shade net effect values on ground surface for length (L), H/W=1 (a), and H/W=4 (b) during summer 

period 

The coefficient of determination between H/W ratio, length, and shade net effect values 

Table3. The coefficient of determination between H/W ratio, length, and shade net effect on NS direction 

Model Summary 

Model R R Square 
Adjusted R 

Square Std. Error of the Estimate 

1 0,931a 0,866 0,853 0,26656 

a. Predictors: (Constant), W/H Ratio, Length
Coefficients 

Model 

Unstandardized Coefficients 
Standardized 
Coefficients 

t Sig. B Std. Error Beta 

(Constant) 2,803 ,174 16,132 0,000 
1 Length -0,016 0,001 -0,924 -11,568 0,000 

H/W Ratio -0,043 0,032 -0,107 -1,345 0,193 

a. Dependent Variable: Shade net effect on ground surface  NS
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In order to assess how exactly the both parameters, length, and H/W ratio influence the 
changing of shade net effect values on ground surface level, the coefficient of determination 
between them R (Chi-Square) will be calculated, as shown in the following tables (3; 4) 
obtained after analysis of the results by SPSS.20. Table (3), indicates that the coefficient of 
determination (Chi-square) of the NS direction is 0.866, which means that 86.6% of the 
change on shading requirement values on ground surfaces is owed to the variation of the 
both parameters (H/W ratio, and length).While the 13.40% (100%-86.6%) remains as an 
explained change which may be attributed to the effect of other parameters that we will 
examine in other studies. Since, the level of significance (sig) of length were (0.00) less than 
of the (H/W) ratio’s which were (0.193).This means that the effect of length on the 
desirability of shade on ground surface of NS direction is higher than the effect of (H/W) 
ratio on the aforementioned dependent variable. The previous table also shows the linear 
regression between length, H/W ratio, and shade net effect values on ground surface of the 
north south direction. The latter is represented by the following equation: Y=-0.016X1- 
0.043X2+2.803.  Knowing that: 
Y represents the dependent variable of the shade net effect 
X1 represents the independent variable of length 
X2 represents the independent variable of H/W ratio 

 represent the constant which is the impact of the other parameters. 
After showing table (3) concerning the treatment of the results of the NS direction, by 
SPSS.20, the rest of results of the other orientation were summarized in the next table (4). 

Table4. The coefficient of determination between H/W ratio, length, and shade net effect values of each 
orientation 

Shade net effect on ground surfaces 

Shade NS Shade NE-SW Shade EW Shade SE-NW 

R (Correlation)(Lenght and H/W Ratio) - 0,931* -0,931* -0,943* -0,930* 

R(Chi-square) (Length and H/W Ratio) 0,866 0,866 0,889 0,866 

Constant(Length and H/W Ratio) 2,803 2,979 3,353 3,013 

Length -0,016 -0,017 -0,019 -0,017 

H/W Ratio -0,043 -0,052 -0,063 -0,048 

Sig.(Length) 0,000 0,000 0,000 0,000 

Sig.(H/W ) 0,193 0,145 0,077 0,171 

As displayed in table (4), the coefficient of determination (Chi-square) of the (NE-SW,EW,SE- 
NW) directions were respectively as following: 0.866;0.889;0.866.These values designate 
that 86.6% ; 88.9%; and 86.6% represent the effect of length, and H/W ratio on the change 
of the shade net effect values on ground surfaces correspondingly to their orientation (NE- 
SW,EW,SE-NW). Since the level of significance values (sig) of length for all canyon 
configurations were (,000) less than  of the (H/W)  ratio’s which were 
(0,193;0,145;0,077;0,171) respectively  to their  orientation (NS;NE-SW;EW;SE-NW). 
Therefore length’s effect on shading requirements on ground surface of all directions were, 
Higher than, the effect of (H/W) ratio on shading desirability. The previous table also shows 
the linear regressions between length, H/W ratio, and the average values of the shade net 
effect on ground surface of each direction. The aformentioned linear regressions are 
represented by the following equations respectively to their orientations: Y (Shade 
requirement NE-SW) = -, 017 X1 -, 052 X2  + 2,979; Y (Shade requirement EW) = -, 019 X1 -, 
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063 X2 + 3,353; Y (Shade requirement SE-NW) = -, 017 X1 -, 048 X2 + 3.013. These  
equations proof that all canyon configurations which are mainly oriented on the EW 
direction require more shade than the other orientations. Therefore the EW direction must 
be avoided in this kind of climate. Though, the NS direction requires less shade in 
comparison with all other orientation. Also, the above equations show that the deviation of 
the street from NS orientation to east orientation leads to increase shading requirements, 
whilst the deviation of the street from EW orientation to north orientation leads de 
decrease the desirability of shade. This means that for ground surfaces NS orientation is the 
best orientation, diagonal street orientation NE-SW may often be a second best orientation. 

Conclusion 

In this paper the effect of geometrical parameters of urban street (H/W ratio, and length)   
on shading requirements of ground surfaces during summer period (21stJuin-21st September) 
in hot arid climate is assessed for contemporary urban street. In order to reduce the level of 
shading requirement in hot arid climate, a simulation of fictitious fabrics by varying the 
geometrical profil of urban canyon model has been done. The findings of this study showed 
that shading requirement can be reduced by the correct orientation of buildings for shading, 
while ensuring adequate H/W ratio, and length in order to moderate the harshness of the 
climate. The results presented in this paper have also shown that there were negative 
correlations between shading requirement, and the geometrical parameters of urban street. 
However the effect of length on shading requirement of ground surface is higher than the 
effect of H/W ratio. In addition all canyon configurations which are mainly oriented on the 
EW direction require more shade than the other orientations. Though, the NS direction 
requires less shade in comparison with all other orientations. 
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Abstract:	This	paper	presents	recent	field	study	documentation	of	incentivized	development	set	forth	by	the	
Tokyo	Metropolitan	Government.	Guidelines	for	Heat	Island	Control	Measures	(GHICM)	in	2005	resulted	in	such	
techniques	as	green	roof,	living	wall	and	water-retaining	pavements	as	intensive	heat	island	control	measures	
in	 the	 central	 urban	 core	 of	 Tokyo.	 The	 findings	 of	 this	 research	 stem	 from	 a	 2016	 Snell	 Endowment	 for	
Transportation	Research	that	afforded	this	specific	focus	on	transportation	architectural	envelope’s	adaptation	
of	the	GHICM	and	the	implementation	of	living	wall	systems.	This	study	qualitatively	documents	three	living	wall	
systems	in	transportation	infrastructure	design	in	the	most	intense	heat	areas	defined	by	the	GHICM:	JR	Tokyo	
Train	 Station	 Drop-off,	 Ookayama	 Station/Hospital	 and	 Ginza	 Station	 terrace.	 Ultimately,	 this	 comparative	
research	 facilitates	 transportation	 infrastructure	 optimization,	 novel	 implementation	 of	 green	 building	
techniques	and	heat-island	reduction	through	physical	and	cultural	potentials.		
	
Keywords:	Living	wall,	transportation,	heat	island	effect,	Tokyo	

Introduction		

As	measures	 toward	sustainable	urban	development,	 cities	 today	 strive	 to	 improve	public	
transport,	encourage	non-motorized	modes,	create	pedestrian	zones,	limit	the	use	of	private	
cars,	and	otherwise	try	to	undo	the	transformation	of	cities	caused	by	automobile	dominance	
(Pojani,	2015).	More	often	 than	not	however,	 the	perceptions	and	positive	 factors	of	 rail-
related	transportation	overlook	their	inevitable	and	detrimental	addition	to	urban	heat	island	
(UHI)	 effect.	 	 As	 a	 means	 to	 address	 and	 potentially	 transform	 this	 issue,	 Japanese	
development	in	or	surrounding	rail-related	transportation	hubs	are	advancing	as	a	new	form	
of	 ecological	 incubator	 through	 green	 building	 techniques,	 specifically	 through	 expansive,	
planted	living	walls,	to	mitigate	this	form	of	urban	heat	gain.	To	this	effect,	infrastructure	is	
actually	 perceived	 as	 the	 architectural	 elements	 in	 isolated	 urban	 experiences	 and	
applications.	This	paper	focuses	on	urban	health	benefits	that	can	arise	from	architectural	
applications	and	addresses	the	capability	of	living	walls	to	offset	carbon	emissions	through	
carbon	sequestration	through	qualitative	case	studies.	

In	2005,	the	Guidelines	for	Heat	Island	Control	Measures	(GHICM)	were	created	by	the	
Bureau	 of	 the	 Environment,	 Tokyo	 Metropolitan	 Government	 (TMG).	 These	 guidelines	
incentivized	all	new	development	to	 implement	techniques,	such	as	green	roof,	 living	wall	
and	water-retaining	pavements,	as	intensive	heat	island	control	measures	in	specific	central	
urban	 core	 zones	 of	 Tokyo.	 In	 the	 year	 prior	 to	 establishing	 the	 GHICM,	 the	 Japan	
Meteorological	Agency	registered	an	all-time	high	temperature	in	Otemachi,	Tokyo	of	39.5°	
Celsius	as	well	as	an	overwhelming	heat	wave	in	the	general	Tokyo	metropolitan	area,	where	
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temperature	stayed	above	25°	Celsius	and	lasted	30	days	or	more.	This	continued	weather	
pattern	suggested	the	marked	progress	of	two	forms	of	warming	–	global	warming	and	the	
heat	island	phenomenon	–	in	Tokyo.	This	paper	focuses	solely	on	the	use	of	living	walls	as	the	
means	to	alleviate	radiant	heat	from	the	walls	(and	potentially	contribute	to	an	energy	savings	
in	habitable	space).		

Three	documented	case	studies	reside	in	the	most	intensive	heat	zones	of	Tokyo	and	
demonstrate	 the	 significance	 of	 a	 symbiotic	 relationship	 between	 living	wall	 systems	 and	
urban	conditions	of	rail-	related	transportation	hubs:	the	Tokyo	Rail	Station	thoroughfare,	the	
Ookayama	Train	Station/Hospital	streetscape	and	Tokyu	Ginza	Station	rooftop	terrace.	These	
living	wall	 examples	 vary	 in	 their	 secondary	programs,	overall	 scale	and	plant	 component	
system	but	generally	all	perform	with	similar	attitudes	in	enhancing	the	urban	context	and	
thus	the	social	conditions	of	the	city.	In	addition	to	air	quality	and	heat	reduction	benefits,	
these	 vegetated	 building	 additives	 are	 in	 service	 to	 improving	 a	 sense	 of	 space	 and	 are	
integral	 to	 the	 improvement	 of	 their	 cultural	 urban	 environments.	 As	 a	 UHI	 mitigation	
strategy,	a	comparison	of	these	case	studies	and	their	qualitative	effectiveness	facilitates	an	
approach	that	all	transportation	hub	and	building	design	could	follow	to	effect	change	for	this	
typology	and	environmental	design	more	broadly.	Of	the	methods	for	measuring	"qualitative	
effectiveness,"	 this	 research	 utilizes	 on-site	 observation,	 unstructured	 interviews	 and	
document	 analysis	 to	 serve	 as	 evidence	 of	 validity.	 The	 stated	methods	 have	 been	 used	
consistently	throughout	the	study	for	all	three	case	studies.	

Guidelines	for	Heat	Island	Control	Measures		

The	GHICM	document	addresses	the	heat	island	phenomenon	as	a	problem	that	should	be	
the	 responsibility	 of	 numerous	 stakeholders	 and	 offers,	 at	 a	 critical	 time,	 ways	 of	
implementing	 green	 building	 techniques	 in	 a	 manner	 befitting	 the	 heat	 environment	
conditions	in	the	wards	and	other	areas	of	any	urban	setting.	The	guidelines	are	intended	for	
building	 owners,	 developers	 and	 architects	 to	 use	 in	 newly	 constructing	 or	 expanding	
buildings.	 Actual	 incentives,	 either	 financial	 gain	 or	 tax	 exemption,	 have	 yet	 to	 be	
documented	by	this	author.	However,	from	observation	the	undeniable	occupation	of	each	
of	these	spaces	demonstrates	the	qualitative	benefits	a	living	wall	can	bring.		

Japan’s	first	railway	started	in	1872	as	a	single	line	connecting	the	Shinbashi	district	with	
Yokohama	 (Freedman,	 2010).	 Today,	 greater	 Tokyo	 is	 dominated	 by	 the	 world's	 most	
extensive	urban	rail	network	where,	as	of	May	2014,	Tokyo	rail	lists	158	lines,	4,714.5	km	of	
operational	 track	 and	 2,210	 stations.	 In	 the	 study,	 four	 Heat	 Island	 Control	 Measures	
Promotion	 Areas	 were	 designated	 –inner	 city	 areas,	 Shinjuku,	 Osaki/Meguro	 and	 areas	
around	Shinagawa	Station.	The	most	critical	of	these	zones,	noted	as	Type	I	inner	city,	had	
obvious	heat	congestion	around	train-related	transportation	depots	where	crowded	business	
areas	coincide	with	relatively	heavy	thermal	loads	(www2.kankyo.metro.tokyo.jp/heat/).		

Heat	Islands		

The	train	depot	areas	designated	 in	Tokyo	have	the	highest	percentage	of	the	area	of	the	
pavements	 in	 the	 road	 at	 55%	 and	 the	 percentage	 of	 the	 area	 of	 the	 artificial	 coverings	
including	buildings	is	also	the	highest	at	over	90%.	In	the	daytime,	approximately	160	W/m2	
of	anthropogenic	waste	heat	(sensible	heat)	is	released	and	this	figure	is	the	second	largest	
among	the	areas	in	the	Type	I	the	percentage	of	the	area	of	the	refractory	walls	is	the	highest	
(GHICM:	5).	The	GHICM	policy	was	set	forth	for	varying	scaled	projects:	Commercial,	Factories	
and	Warehouses,	Multi-Family	and	Single	Family	Housing.	This	research	specifically	focuses	
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on	commercial	development	of	areas	surrounding	the	heat	generating	train	transportation	
stations	in	the	Type	1-1	target	zone	in	central	Tokyo.	

	

	
Figure	1.	Partial	Heat	Environment	Map	Type	1-1	is	area	of	focus	for	study.	Source:	©	GHICM.	

	
Policy	Control	Measures	

Relevant	 control	measures	within	 the	 policy	 explores	 use	 of	water-retaining	 construction	
materials	and	encourages	the	planting	of	trees	(with	large	canopies)	to	create	the	shade	to	
check	a	rise	in	the	temperature	on	the	ground	surface	and	improve	the	heat	environment	for	
pedestrians.	In	addition	to	rooftop	greening,	the	guidelines	propose	to	alleviate	radiant	heat	
(also	to	save	energy	internally)	from	the	walls	through	the	use	of	living	wall	systems.	When	
possible,	the	particular	shape,	configuration	and	arrangement	of	the	building	massing,	are	
suggested	to	be	positioned	in	a	manner	that	optimizes	living	wall	sun	exposure	and	does	not	
prevent	the	wind	from	blowing	in	the	prevailing	direction	in	summer.		A	more	active	measure	
suggests	the	installation	of	energy-saving	systems	and	equipment	in	order	to	prevent	heat	
from	being	taken	inside,	to	reduce	anthropogenic	waste	heat	and	turn	it	into	latent	heat	as	
well	as	to	release	heat	from	at	a	height	to	mitigate	the	effects	of	heat	on	the	ground	surface	
and	pedestrians.	

Living	Walls	in	General	

By	 definition,	 a	 green	wall	 contains	 plants,	 either	 supported	 on	 a	 trellis	 structure	 (‘green	
façade’)	 or	 rooted	 in	 growing	media	 attached	 to	 the	wall	 itself	 (‘living	wall’).	 It	 is	 further	
recognized	as	having	potential	and	benefit	to	the	urban	environment	as	an	alternative	facade	
envelope	 that	 can	be	effective	 and	natural	 air	 purifying	 systems	 that	 removes	particulate	
matter	(O3,	VOCs	and	CO2	from	the	air	as	it	passes	through	or	across	the	wall).	Similarly,	a	
green	wall	can	cool	building	surfaces,	interior	space	and	even	reduce	ambient	air	temperature	
around	 the	 building	 –	 helping	 to	mitigate	 the	 urban	 heat-island	 effect	 (Charoenkit,	 2016)	
Other	 urban	 benefits	 can	 include	 storm	 water	 mitigation	 through	 transpiration	 and	 soil	
infiltration	and	grey	water	upcycling	(Fowdar,	2017).		

Interest	in	sustainable	development	technologies	which	incorporate	living	systems	into	
building	design,	such	as	green	roofs	and	green	walls,	 is	growing	in	popularity.	Further,	the	
green	 building	 industry	 initiatives	 such	 as	 USGBC’s	 LEED	 (Leadership	 in	 Energy	 and	
Environmental	 Design)	 and	 SITES	 (Sustainable	 Sites	 Initiative)	 are	 encouraging	 living	
technologies	 which	 improve	 ecosystem	 services	 of	 buildings	 and	 landscapes.	 In	 North	
America,	 many	 of	 these	 technologies	 such	 as	 the	 green	 roof	 industry	 are	 still	 under	
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development	and	 implementation	 is	 limited	due	 to	high	 cost	of	materials	 and	 installation	
even	where	there	are	incentives	in	place.	Green	walls	potentially	offer	a	cheaper	alternative	
to	green	roofs	in	that	the	structure	is	easier	and	cheaper	to	support,	reduced	possibility	of	
water	 leaking	 into	 the	 structure,	 a	 smaller	 footprint,	 and	 green	 walls	 have	 the	 added	
advantage	of	mitigating	sound	pollution	and	higher	visibility	(Briscoe,	2013).		

In	the	examples	studied	in	Tokyo,	a	living	wall	is	used	to	address	the	urban	thoroughfare,	
street	and	plaza.	Given	the	vertical	nature	of	living	walls,	the	facade	becomes	a	design	fetish,	
but	one	with	benefits.	As	stated	in	the	GHICM,	living	wall	systems	are	considered	an	effective	
measure	for	Type1	areas	and	such	a	measure	is	expected	to	prevent	heat	from	being	stored	
in	building	facades	and	pavements	and	to	reduce	anthropogenic	waste	heat	from	buildings	
and	 surrounding	 context	 (GHICM,	 2005).	 Scale	 is	 being	 addressed	 from	 the	 very	 local	 or	
human	scale	to	that	of	the	neighborhood	and	region.	
	

	
Figure	2.	Case	Study	Comparisons.	Source:	©	WhitPrestonPhotography	(2016)	

Case	Studies	

Among	many	 heterogeneous	 examples	 found	 in	 this	metropolitan	 city,	 the	 selected	 case	
studies	demonstrate	a	variety	of	scale,	 typology	and	proximity	 to	a	 transportation	hub.	 In	
each	case,	a	living	wall	as	a	sustainable	technique	has	been	implemented	as	a	result	of	the	
GHICM	initiative	or	perhaps	a	trend	to	the	comforts	that	this	implementation	has	achieved.	
Each	system’s	relationship	to	transportation	rail-related	centers,	their	application	of	a	living	
wall	as	a	Heat	Island	Control	Measure	(HICM)	and	the	specific	benefits	of	each	are	generally	
conferred.	 Ultimately,	 this	 comparative	 study	 facilitates	 transportation	 infrastructure	
optimization,	novel	implementation	of	green	building	techniques	and	heat-island	reduction	
through	physical	and	cultural	potentials.	The	critical	factors	in	evaluating	the	proposals,	such	
as	soil	volume,	specific	plant	and	soil	selections,	water	usage,	maintenance	and	bio-habitat	
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considerations,	could	not	be	attained	in	the	limited	time	of	the	field	research,	but	are	ones	to	
further	determine	value	in	the	future.	

Table	1.	Case	Study	Comparisons	

Station	 Year	 	 Architect	 Area	(sqm)	 Typology	 HICM	 Plant	types	

Tokyo	 2013	 	
GP	Plants/	

Jardin	
1000+	 thoroughfare	 pixel	 Heuchera	

Ookayama	 2007	 	
Yasuda	Koichi/	

Hiraga	Tatsuya	
4,682	 streetscape	 strand	 ivy	

Ginza	 2016	 	 Nikken	Sekkei	 3,500	 plaza	
trough/	

pixel	
tropical	

Source:	Briscoe	(2016)	

JR	Tokyo	Train	Station	Thoroughfare	

On	one	side,	the	JR	Tokyo	Station	holds	an	iconic	1914	brick	facade	building.	On	the	other,	its	
own	identity	and	place	have	been	transformed	with	extensive,	all-encompassing	living	walls.	
From	smaller	walls	at	the	bike	zone,	stairs	to	upper	levels	to	the	turnaround	for	taxis,	pauses	
of	greenery	act	as	a	buffer	 to	heat	and	congestion.	 In	particular,	 the	upper	 floor	 to	Yaesu	
Terminal	displays	what	 is	 called	 the	Heuchera	Rainbow	Wall	under	a	Grand	Roof,	with	 its	
greatest	 length	 of	measuring	 approximately	 100meters	 on.	 This	 area	 acts	 as	 an	 elevated	
intimate,	 yet	 urban	 space	 that	 seems	 almost	 a	 destination	 rather	 than	 a	 thoroughfare,	
meaning	the	train	station	is	no	longer	simply	a	means	to	get	from	A	to	B,	but	instead	a	place	
to	 seek	 recluse,	 where	 to	 meet	 friends	 and	 when	 to	 simply	 take	 a	 moment	 to	 marvel.	
Integrated	 seating	 in	 the	 elevated	 area	 suggests	 such	 accommodation.	 In	 addition,	 an	
overhead	screen	canopy	defines	the	terrace	and	also	protects	plants	and	users	from	the	sun	
and	rain	and	allows	hot	air	to	continue	its	path	up	and	out	of	the	station.	Upon	visitation	in	
July,	this	outdoor	seating	zone	is	measurably	3	degrees	cooler	than	the	street	below,	offering	
a	visual	and	perceptive	sense	of	destination	with	increased	usage	by	passersby	of	a	variety	of	
demographics.	The	terrace	space	demonstrated	that	people	are	treating	what	would	simply	
be	a	transition	zone	of	a	transportation	hub	with	an	enhanced	almost	park-like	setting.	

In	one	informal	interview	with	an	on-site	maintenance	worker,	Yuk	Matsuzaki	(Briscoe,	
2016),	the	plants	are	said	to	require	the	attention	of	a	weekly	part-time	maintenance	team-	
even	 if	 they	 are	 primarily	 a	 low-maintenance	 genus	 of	 evergreen,	 herbaceous	 perennial	
plants	(Saxifragaceae	family)	coming	from	a	nursery	in	Oregon,	USA	(Vaughan,	2014).	The	top	
rail	of	the	system	design	allows	for	a	well-integrated	maintenance	system	to	occur	regularly	
without	disturbing	the	thoroughfare.	The	gesture	towards	engaging	the	upkeep	of	the	wall	
with	 the	 ergonomic	 program	 means	 the	 wall	 enables	 a	 participatory	 act	 of	 living	 wall	
appreciation	with	the	public	(Figure	3).	
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Figure	3.	On-site	maintenance	worker.	Source:	Danelle	Briscoe	(2016)	

Tokyu	Hospital	Facade	

Exiting	the	Ookayama	Station	feels	much	like	any	other	metro	station	in	Tokyo,	that	is	until	
one	sees	the	building	that	sits	on	top	of	this	hub	and	the	sense	of	enhanced	urban	streetscape	
from	its	overarching	living	wall.	Not	only	is	the	building	unusual	in	its	mixed	typologies	(as	the	
only	hospital	 in	world	built	above	a	 train	 station),	but	also	 in	 that	 its	 health	 facility	green	
facade	 serves	 as	 a	 sub-urban	 anchor.	Mitigation	 of	 excess	 heat	 generated	 by	 the	 station	
justifies	the	extensive	living	wall,	along	with	its	benefit	to	street	conditioning	or	better	yet	the	
patients	inside.	Fortunately	for	hospital	patients,	each	room	also	has	access	to	balcony	space,	
garden	courtyards,	and	a	public	plaza	which	celebrate	the	social	engagement	with	the	facade.	
These	architectural	elements	give	patients	the	opportunity	to	come	into	direct	contact	with	
plants,	along	with	interaction	with	the	passersby	below,	which	has	been	shown	to	have	the	
strongest	association	with	stress	reduction	and	improved	health	(Largo-Wight,	2011).		

The	 considerable	 solar	 exposure	 of	 this	 location	 is	 strategized	 through	 the	 shading	
effect	of	the	living	trellis	design.	Its	two	large	facades	are	covered	with	vines	another	side	has	
deep	balconies	that	are	lushly	planted.	Vines	climb	the	height	of	the	building	on	tension	wires	
(Braiterman,	2010)	and	offer	an	amount	of	density	for	qualitative	effectiveness	offered	by	the	
selected	species	to	reflect	radiation	without	totally	blocking	natural	light	to	the	indoors.	Along	
this	busy	street,	the	living	system	also	acts	as	a	noise	buffer.	Additionally,	the	living	wall	in	
this	case	is	used	as	a	passive	technique	to	improve	building	energy	performance.	With	green	
facades,	a	 significant	amount	of	heat	 can	be	prevented	 from	entering	and	being	 trapped,	
resulting	in	the	reduction	of	energy	for	cooling	or	heating.	Also,	plants	and	substrate	can	be	
used	as	the	source	for	carbon	sequestration	(Charoenkit,	2016).	

Tokyu	Plaza	Ginza	Shopping	Mall	-	Kiriko	terrace	(rooftop)	

The	Kiriko	Terrace	sits	at	the	confluence	of	several	rail	stations:	1	min.	walk	from	Ginza	Station,	
2-minute	walk	from	Hibiya	Station,	and	a	2-minute	walk	from	Yurakucho	Station.	To	suggest	
a	commercial	building	which	interacts	with	the	city,	this	façade	is	mainly	composed	of	finely	
crafted,	 faceted	 glass	 as	metaphor	 to	 the	 active	 nature	 of	 the	 city—	a	 three-dimensional	
composition	 that	 reflects	 sunlight	 which	 only	 adds	 to	 the	 business	 of	 the	 street.	 While	
attractive	as	a	symbolic	form,	true	reflection	of	surrounding	cityscape	and	climate	occurs	on	
the	 rooftop	 terrace	 and	 urban	 green	 space.	 This	 inverted	 facade	 focus	 on	 the	 rooftop,	
situated	about	56	meters	above	the	ground,	creates	an	open-air	urban	“living	room.”	It	serves	
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as	a	public	amenity	 in	the	sense	that	seating	and	lounge	space	are	free	and	lush	greenery	
forms	a	cool,	three-tiered	living	wall	surrounding	the	observation	space	and	café.	It	is	open	
and	at	the	same	time	intimate	with	a	sense	of	recluse	from	the	urban	bustle	and	heat	below.	
By	internalizing	the	event,	this	shopping	complex	draws	people	up	through	the	entire	building	
to	its	rooftop	(see	figure	2c).	The	project	additionally	uses	a	common	solution	to	UHI	which	is	
to	incorporate	high	albedo	surface	materials	which	are	capable	of	bouncing	solar	radiation	
back	into	space	before	it	transforms	into	heat.	This	strategy	is	used	by	the	so-called	cool	roofs,	
which	are	highly	 reflective	 finishing	 surfaces	 that	 keep	 roof’s	 temperature	 low	 (Victorero,	
2015).	 The	 project	 utilizes	 a	 component	 system	 filled	 with	 a	 variety	 of	 low-maintenance	
sedums	 and	 tropical	 ferns.	 The	 system	 grid	 disappears	 by	 the	 planting	 control	 and	
maintenance	occurring	daily.	With	the	preciousness	of	real	estate	and	inability	to	introduce	
new	green	space	at	the	ground	level,	as	is	the	case	in	Tokyo	and	every	other	major	city,	this	
rooftop	solution	forms	beneficial	urban	space	as	well	as	a	heat	 island	solution	to	the	busy	
Ginza	station.	

Findings	

The	observations	of	plant	vitality	and	species	variation	are	generally	consistent	across	 the	
three	case	studies.	While	the	case	studies	have	differing	programmatic	elements	relating	to	
a	 transportation	hub,	 this	 contributes	 to	distinct	ways	a	 sense	of	 repose	 can	be	achieved	
through	vertical	vegetative	landscapes.	The	Tokyu	Hospital	is	more	privately	perceived	by	the	
patients	 above	 and	distantly	 engaged	by	 the	passersby	below.	 The	Ginza	 Terrace	has	 the	
vegetation	 surrounding	 its	 users	 just	 above	 head	 height	 (not	 to	 be	 touched),	 and	 the	 JR	
Thoroughfare	is	one	that	can	be	fully	embraced	as	it	stands	in	the	human	scale	realm.		The	
informal	interviews,	observations	and	document	analysis	have	led	to	the	development	and	
inclusion	of	certain	items	on	a	questionnaire	for	future	designers	of	transportation	hubs.		This	
questionnaire	 deals	 with	 social	 values	 perceived	 by	 inclusion	 of	 landscape	 elements	 in	
architecture.	

Likewise,	each	of	the	maintenance	responses	are	socially	based:	with	the	JR	terrace	as	
a	display	aspect	occurring	while	the	space	 is	occupied	(see	Figure	3),	Tokyu	hospital	as	an	
exposed	screen	or	curtain	adjusted	internally	from	above	with	hospital	patients,	and	for	the	
Ginza	terrace	hidden	or	more	privatized	or	engaged	by	the	public.	Here,	the	visual	method	of	
photography	 and	 diagrammed	 observation	 also	 documents	 the	 cultural	 potentials	 of	 the	
Japan	where	a	unique	attitude	and	appreciation	of	nature	 is	 always	acknowledged	 (Saito,	
1985).	 In	 this	 sense,	 the	 projects	 demonstrate	 an	 obligation	 to	 cross	 greenery	 into	
architecture	where	typically	it	is	overlooked	or	value	engineered	out	of	the	scope	of	work.	

Conclusion	

These	 projects	 (and	 basic	 analysis	 of	 their	 intentions)	 essentially	 serve	 as	 the	 first	
documentation	specifically	focused	on	transportation	hub’s	use	of	living	walls	in	Japan.	This	
study	 identifies	 a	 plausible	 path	 for	 supplementing	 the	 development	 of	 transportation	
typology	by	augmenting	their	exterior	applications.	Rail-related	transportation	stations,	like	
Shin-Yamaguchi	Station	and	Kyoto	station,	are	now	other	examples	in	Japan	being	affected	
by	this	policy	and	use	of	living	wall	benefits.	Policies	such	as	the	Guidelines	for	Heat	Island	
Control	Measures	(GHICM)	demonstrate	how	Tokyo	Metropolis	along	with	many	other	cities,	
both	 large	 and	 small	 can	 develop	 urban	 strategies	 for	 reducing	 heat	 island	 effects	 by	
incorporating	living	wall	systems	into	the	program	and	interests.	
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Abstract: In Belgium, the most common approach for nearly Zero Energy Buildings is to comply with the locally 
modified version of the German Passive House (PH) Standard that requires a very low conductivity of exterior 
walls. The conventional PH brick constructions are dominated by building materials with high environmental 
impact including concrete blocks, firebrick and petrochemical insulation materials that produce a great amount 
of greenhouse gases (GHG). Moreover, there are very few studies that assessed the holistic environmental 
impact of conventional wall compositions against ecological wall compositions. Therefore, this research 
compares a traditional Belgian representative wall against a hemp block wall, according to the PH standard. The 
environmental impact of each wall is quantified through a life cycle assessment. The final results indicate that 
the hemp wall reinforced with a wood skeleton has a much lower impact on the environment: up to 60% 
reduction on total primary energy, 72% on climate changes, 93% on eutrophication, 61 % on ozone layer 
depletion and 74% on acidification. Future work may refine the assessment process. The study provides novel 
and significant findings that can inform building owners, architects and contractors and encourage them to 
choose environmentally friendly masonry wall compositions. 

Keywords: Life cycle assessment (LCA), embodied energy, hemp wall, zero energy buildings, decision making 

Introduction 

In 2004, the European Union committed to reduce cement consumption by 85% before 2050. 
Concrete constructions represent about 5% of the CO2 emitted by human activities. More 
specifically, Belgium consumes nearly 6.5 million tons of cement every year (Febelcem, 2014). 
Thus, the country has to set up new eco-construction techniques to reduce its cement 
consumption and, consequently, its CO2 emissions (Attia et al. 2011). Using green materials 
such as hemp can be an alternative path (Attia 2016). Nevertheless, to measure the 
significance of its impact, it has to be quantified. This study uses a simulation of a traditional 
Belgian wall and a wood-bearing hemp wall, both in accordance with the Passive House (PH) 
Standard. These two walls are quantified by the life cycle analysis (LCA) of their materials and, 
then, compared. The objectives of the study are to: 

• Define the traditional Belgian wall and quantify its environmental impacts.
• Quantify the environmental impacts of a wood-bearing hemp wall.
• Analyse and compare the two quantifications.

As the literature review shows, the traditional wall has rarely been defined and its
quantification barely completed. Furthermore, the comparison between two functional walls 
is rare. The LCA approach on the two facade walls, traditional and hemp, has never been 
utilized in past research, hence the significance of the present study.   
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Belgium is comprised of three independent regions namely, Flanders, Wallonia and 
Brussels Capital Region (BCR). BCR has set the PH as a mandatory building energy efficiency 
standard for all new constructions since 2015. The Walloon Region has the mandate to reach 
the PH Standard by 2020 (Service Public de Wallonie, 2012). This implies modifying current 
regulations, such as decreasing the envelope’s conductivity and as a consequence increasing 
the wall’s insulation and thickness (Attia and Mlecnik 2012). The increase in thermal 
resistance causes a decrease of the energy consumption in the dwelling, but it also requires 
the use of a greater quantity of materials, which of course has a direct impact on the 
environment. Depending on the material, more or less energy is required in the life cycle. For 
instance, the actual traditional Belgian materials constituting the walls have considerable 
environmental impacts (Broun and Menzies, 2011 and Kumar Singh et al. 2016). Therefore, 
we must find alternative materials to decrease the impact and still satisfy construction 
industry demands. 

This paper aims to inform construction and building industry professionals of the 
distinctions between traditional walls and a hemp wall. The results obtained give credit to the 
non-traditional hemp assembly. The demonstration of the superior environmental properties 
is meant to promote its application to housing sector. However, this study does not include 
the costs or the time involved in the construction, which can be decisive factors for the client. 
This paper identifies the knowledge gap in the state of the art. Then, the methodology 
describes how the environmental assessment calculations were made. Each case study is 
presented in detail. Finally, the achieved results are discussed according to each wall type 
separately and then compared. 

 
Literature review 
 

This section presents the literature review structured under two axes: 1) the lack of studies 
conducted on the Belgian traditional wall. In order to compare a hemp wall to a traditional 
wall, we must know what a traditional Belgian wall comprises and how it can be assessed 
from an environmental impact perspective. 2) The second axe focuses on the hemp wall and 
its environmental effect. No previous studies were made comprising both types of walls.  

 

Traditional Belgian wall  
 

Since the 1980s, the traditional Belgian walls type can be characterized by an insulated cavity 
wall. The walls are divided into a layer of terracotta bricks and a layer of cinderblocks set apart 
with an insulating material and often a layer of air (Mlecnik et al. 2011). The book “Isolation 
thermique des murs par l’intérieur des murs existants en brique pleine“ (Evrard et al., 2011) 
confirms the model and the Belgian Building Research Institute (BBRI) (2012) describes a 
similar wall. The BBRI defines it as a cavity wall with an external brick leaf, a PUR insulation, 
14 cm cinderblocks and an internal plaster finish (CSTC, 2013).  

Moreover, no environmental impact assessments have yet been conducted on the 
typical Belgian wall. Many studies have been conducted on the materials constituting the wall 
(Evrard et al. 2010, Trachte 2012). Although it is very interesting to analyse the life cycle of 
materials individually, it turns out to be even more convenient when those are combined into 
a useful product. The sum of the inputs shows the environmental value of the final usable 
product as it is done in the present study.  
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Hemp wall 
 

The increase of the insulation layer thickness is the key of the PH standard. Yet, if this is 
realized with petrochemical materials conventionally used (Extruded Polystyrene (EPS) or 
Expanded Polystyrene (XPS)), environmental issues are likely to surface. Hence, the transition 
to bio-sourced materials is relevant. For instance, in the last 30 years, the insulation made of 
natural fibres such as hemp hatched on the Belgian market. The dichotomy between the 
environmental impacts of hemp and traditional materials has to be quantified to determine 
its merit. The life cycle analysis is the appropriate tool. 

Many European LCA were conducted on the use of hemp for dwellings. Those most 
linked to the present study are showed in Table 1. The four studies (Boutin et al., 2006; 
Guévorts and Roïz, 2014; Ip and Miller, 2012; Pretot et al., 2014), were done according to ISO 
14040 principles on a 1 m² wall. The lifespan used is 100 years. Although the case studies 
present similarities, there are large variations in wall thickness. Therefore, the thermal 
resistance is different from one to another. For the construction methods, while Boutin and 
al.(2006), Guévorts and Roïz (2014) and Pretot and al. (2014) use a pulverized hemp-lime 
wood bearing wall, Ip and Miller (2012) is the only study that deals with a non-bearing wall 
made of molding between temporary shuttering. Only one of those studies adds an external 
coating, making it more realistic for common use. In the other cases, it is not possible to use 
the wall as it is, without the finishing.  

 
Table 1. Comparison of Hemp wall characteristics and performance based on literature review 

 
 

Methodology 
This section presents the methodology that went through three important steps: the 
literature review, the definition of the case studies and the LCA inventory. 

First and foremost, this study defined the Belgian traditional walls and processed an 
LCA of construction materials. It led to the conclusion that the traditional and hemp walls had 
to be evaluated with the LCA under the same Passive House Standard conditions (PMP 2017). 
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Secondly, before defining the walls and launching the LCA, it was crucial to set the Functional 
Unit (FU), flows and the system’s boundaries. Then, the case studies could be precisely 
defined and their life cycle reference flow as well. This was the qualitative part of this research. 
For the traditional wall, the literature review and a local expert interviewed determined and 
confirmed the case (Gauvreau-Lemelin 2016). For the hemp wall, the case is a model 
proposed by the manufacturer of hemp concrete block named: Isohemp (2017) in Belgium.  
After setting the reference flows, the LCA data was compiled. Data collected directly from 
Belgian manufacturers was prioritized. Information unavailable from the manufacturers came 
from INIES (INIES, 2013), a French database collecting Environmental Product Declarations 
(EPDs), since there is no Belgian database yet (Passer et al. 2015 and Trachte 2017). Any 
information not provided by the previously mentioned sources were extracted from 
EcoInvent v2.2 (Frischknecht et al., 2005) accessible on OpenLCA (GreenDelta GmbH, 2006). 
The life cycle scenarios were adapted to fit the study’s needs and be compatible with ISO 
14040 and ISO 14044. During the study, a local LCA expert was interviewed to review, revise 
and verify the input and output data (Gauvreau-Lemelin 2016). The chosen environmental 
impacts was for those construction materials whose flow data was complete.  

Accuracy 
 

The lack of Belgian data sources is a key factor. In fact, only 28% of the data was retrieved 
from Belgian manufacturers. As for the rest, 29 % is from the French database INIES and 43% 
is from the EcoInvent database. Because not all calculations were completed under Open LCA, 
it was difficult to evaluate the significance of the global environmental and generate accurate 
estimations. This means that the current study is limited to the comparison between both 
walls, however, global quantified scale of the environmental impact is unknown. 
 

Case studies 
 

With the aim to perform a comparative study between a traditional Belgian wall and a hemp 
wall, this section presents the characteristics of the performed LCA. The functional unit has 
to be the same for both compared walls. The functional unit of a product system is a 
quantified description of the performance requirements that the product system fulfils. In 
this study, the Functional Unit (FU) is a 1 m² bearing wall with a thermal resistance U of 0.13 
W/m²K and a 100-year life span.  

 

Traditional wall 
 

This section describes the traditional wall’s materials and the quantity used. The hollow wall 
is illustrated and the flow presented in Table 2. The traditional wall has a total thickness of 
440 mm and a mass of 397.13 kg. An air layer of 3 cm between the terracotta bricks and the 
insulation panels (PUR) assure airtightness. This wall has a thermal resistance of 0.13 W/m².K.  

 

Hemp wall 
 

This section describes the materials of the hemp wall and the quantity used. The total 
thickness of the hemp wall is 446 mm and its mass 154.15 kg. This wall has a thermal 
resistance of 0.13 W/m².K (de Mahieu 2016).  
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Table 2. Reference flow of the traditional wall 

 

Layer Height 
(m) 

Length 
(m) 

Quantity Thickness 
(mm) 

Clay bricks 0,065 0,21 58,5 100 

Mortar 1 1 - 100 

Air gap 1 1 - 30 

Polyurethane 1 1 - 160 

Cinder blocks 0,19 0,39 12,31 140 

Mortar 1 1 - 140 

Plaster 
coating 

1 1 - 10 

Anchors - - 3 - 

TOTAL - - - 440 
 

Table 3. Reference flow of the hemp wall 

 

Layer Height 
(m) 

Length 
(m) 

Quantity Thickness 
(mm) 

Lime plaster 1 1 - 6 

Hydraulic lime 
plaster 

1 1 - 15 

Hemp block 0,3 0,6 5,489 150 

Adhesive 
mortar 

1 1 - 150 

Hemp wool 1 1 - 140 

Bracing - - - - 

Wood frame 1 0,08 - 140 

Hemp block 0,3 0,6 5,489 120 

Adhesive 
mortar 

1 1 - 120 

Clay plaster 1 1 - 15 

Mesh 1 1 2 0 

Anchor - - - 1 

TOTAL - - - 446 
Results 
 

This section presents the case study results. The seven impacts evaluated are presented in 
Table 4.  Figure 1 illustrates the results in a characterized form. In the case of total life cycle, 
carbon emissions intensity constituting about 92.92 kgCO2 equivalent for the traditional wall 
and about 26.45 kgCO2 equivalent for the hemp wall, there is very significant difference. 
Attention should be paid to the fact that the use of concrete and petrochemical insulation 
material has a very high environmental impact on carbon emissions. Further interpretation 
of the results can be found in the following section. 

Table 4. Study results 

Environmental impact Units Traditional wall 
Total 

Hemp wall 
Total 

Total primary energy MJ 1451,04 576,98 
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Renewable energy MJ 53,82 172,44 

Non-renewable energy MJ 1397,22 404,54 

Climate change kg equivalent CO2/UF 92,92 26,45 

Atmospheric 
acidification 

kg equivalent SO2/UF 3,52E-01 9,21E-02 

Ozone layer depletion kg equivalent CFC-11/UF 5,23E-06 2,02E-06 

Eutrophication kg equivalent PO43-/UF 2,54 0,17 
 

  
Figure 1 . Environmental Impacts Characterization 

Discussion 
 

This section discusses the results obtained in the last section. First, the highlights of the 
traditional wall, the hemp wall and the comparison of both case studies are presented. Then, 
the results are compared to other studies.  

 

Study highlights 
 

For the first case study, the traditional wall, the energy required in the life cycle scenario 
comes principally from the terracotta bricks and the PUR. The non-renewable energy is close 
to 26 times higher than the renewable energy. The raw materials transformation for PUR, the 
terracotta bricks manufacturing and the transport of the materials are the three factors 
causing not only the high non-renewable energy requirement, but also the atmospheric 
acidification and the climate change. The ozone layer depletion is linked to terracotta bricks 
and cinderblocks production. Phosphates released from the gypsum production are 
responsible for eutrophication. 

For the second study case, the hemp wall, the energy required in the total life span of 
the wall comes generally from raw materials weighted as biomass, thus renewable energy. 
The non-renewable energy requirement comes from the polyester fibre used in the hemp 
wool (EVEA, 2015), the material’s transport, the nuclear energy in the electricity and the coal 
used in the transformation of the bracing’s steel. Transport is the largest cause of increase in 
climate change, the atmospheric acidification and the ozone layer depletion. The 
eutrophication is linked to the use of fertilizers in hemp cultivation. The characterization 
presented in Figure 1 demonstrates that the choice of the hemp wall has numerous 
environmental benefits. For the hemp wall, the only impact that is higher is renewable energy. 
The embodied energy is still 60% less when compared to the traditional wall. As for the other 
impacts, the hemp wall is up to 72% lower regarding climate change potential, 74% in 
acidification, 64% in ozone layer depletion and 93% in eutrophication. It is consequently 
proofed that the hemp wall has less of an environmental impact. 
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Implications for research and practice 
 

We tried to find similar studies and research to compare the results of our findings. However, 
for the traditional wall, since there is no previously performed LCA, it is not yet possible to 
establish a comparison. We found recently the study of Delvenne that conducted a life cycle 
analysis and life cycle costs of regenerative materials for residential buildings (2016), however, 
the results are still initial. For the hemp wall, there are many similarities with the LCA of other 
studies. However since none of the previous studies were conducted according to the PH 
Standards, it is very difficult to compare the results with those of the present study. Therefore, 
future research should explore similar constructions and studies outside Belgium (for 
example the UK) and investigate the impact of using this type of construction on the rest of 
the building (i.e. is there a reduction in load on the foundations for one of the walls, do they 
require more mechanical fixing or service chases. We did also not review the airtightness, 
which is another vital component of PH.  

 
Conclusion 
 

This comparative study confirmed the initial hypothesis stating that the hemp wall would 
have a minor environmental impact compared to the traditional wall, according to the 
quantification realized. An important dichotomy in the two case studies was identified. The 
characterization presented has clearly showed the hemp wall’s environmental advantages. 
Table 4 and Figure 1 illustrate the most important outcomes of the present study. The 
substantial efforts in place to reduce heat loss and electricity consumption in Belgian houses, 
by increasing the insulation layer alone, is futile on a global scale, if accomplished using 
conventional materials. To follow the path drawn by the European Energy Performance of 
Building Directive, which focus mainly on operational energy of buildings, will result in 
increasing the environmentally and ecological crisis, unless we refrain from using 
conventional construction methods.  

This paper opens the door to greater comparative studies between different types of 
walls. Hemp is only one among many other ecological materials to exploit. A database 
providing “complete” wall constructions would be a great improvement, as a classification of 
the walls according to their environmental properties would be achievable. This tool would 
shed light on ways to further sustainable development in the construction sector. Finally, the 
reproduction of this study in a few years from now would increase the accuracy of the 
obtained results, since the availability of Belgian data should be more diverse, accurate and 
comprehensive.  
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Thermal comfort in outdoor spaces: Street markets in Presidente Prudente, 
Brazil 
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Abstract: The objective of this paper was to verify the influence of tree shades on the thermal sensation of 
workers and users that perform different activities (work or leisure) in three street markets in Presidente 
Prudente (Brazil), in the summer period. The methodology consisted of microclimatic monitoring (air 
temperature, relative humidity, air velocity and global radiation) and the application of questionnaires to 
workers and users to determine the thermal sensation and their personal parameters (age, gender, height, 
weight, clothing and metabolism). Through the collected data, it was possible to define the calculated thermal 
comfort and to compare it with the actual thermal comfort. For this purpose, we used the Universal Thermal 
Climate Index (UTCI) and the Actual Sensation Vote (ASV). Although the two groups performed different 
activities, the results show that most of them were comfortable regardless of the interview location (sun or 
shade). Furthermore, the UTCI index did not present satisfactory results for Presidente Prudente city, which 
demonstrates the need for adjustment in the model. 

Keywords: thermal comfort, urban forestry, open markets, ASV, UTCI. 

Introduction 

In the middle of the twentieth century, the urbanization and the industrialization process 
transformed the Brazilian landscape. However, the occupation and the use of the urban 
land without planning has led to environmental problems in different perspectives. Human 
action on the environment influenced the quality of the urban life and the quality of the 
cities’ climate, such as the increase of air temperature that contributes to the Urban Heat 
Island formation.  

The consequences of human interventions on the environment were mainly observed 
in more urbanized regions. On other hand, a differentiated and a milder climate is found in 
outlying regions or in wooded areas (GOMES, 2003). In this context, urban afforestation 
plays an important role in the balance between the modified space for urban settlement 
and the natural environment.  

The lack of afforestation, for example, can cause thermal discomfort and possible 
microclimate changes (LIMA and AMORIM, 2006). In contrast, vegetation can improve the 
urban environment in several aspects, such as mitigating solar radiation, modifying the air’s 
temperature and relative humidity through shading and some physiological processes, as 
well as the speed and the direction of winds, among other aspects (MASCARÓ, 2010). 

Therefore, reducing the Urban Heat Island through the afforestation and the 
landscape design can reduce air’s temperature, improve air quality and the human comfort 
and health, as well as provide aesthetic benefits (GARTLAND, 2008). 
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Thus, studies on thermal comfort are essential, as promoting the wellbeing of people 
can be decisive factor for the permanence in social space and the quality of urban life, and 
this can be observed mainly through the presence of vegetation in these spaces. However, 
in some cases, being in outdoor spaces is not an option, it is a necessity to work, in other 
words, it is not possible to choose the best time or time interval to remain in an open space.  

In this context, the objective of this research was to verify the influence of tree shades 
on the thermal sensation responses of two groups that perform different activities (leisure 
vs. labor) in street markets in Presidente Prudente, located in the west side of the state of 
São Paulo. Considering the 560,637 Km² of extension and its 223,749 inhabitants (IBGE, 
2016), the city presents a significant number of street markets (27), which demonstrates the 
importance of this commerce in the city’s context.  

According to Amorim (2005), Presidente Prudente has a climate that is consequence 
of the tropical and polar atmospheric systems alternation and it is dominated by Tropical 
Maritime air masses. Furthermore, according to Koppen’s Climatic Classification, Presidente 
Prudente is categorized as “Aw” – rainy tropical climate. The dry winter season has the 
coldest month with an average temperature above 18°C and the driest month presents 
precipitation lower than 60mm. Moreover, the rainy season runs from October to March 
(CEPAGRI, 2016).  

The study environment 

The commercialization of goods - especially vegetables and fruits - at the street markets 
plays an important role in the urban supply. In addition, the street market presents 
revitalizing characteristics that reinforce popular culture and it is a place of encounter, 
exchange and collective experience, despite its commercial nature (MASCARENHAS et al., 
2008).  

The choice of the street markets was because it enables comparisons of the thermal 
sensation of two distinct groups (street merchants and customers) presents in the same 
space and because of its importance as a space of sociability. Figure 1 shows the three 
street markets selected for the study in Presidente Prudente, Brazil. 

 

 
Figure 1. Location of the three street markets selected for the study in Presidente Prudente, Brazil. 

Jardim Estoril street market (FE) 

Jardim Estoril street market has 195 meters and occupies two blocks on a residential street. 
In this case, the street market takes place on Saturdays mornings: from 6:15 a.m. to 12 p.m. 
(the municipal government specifies the time). The street Francisco Trevia has a 
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considerable quantity of trees that promotes shade along the way. Besides the vegetation, 
some residences provide shade in some places.  

The distribution of the three measurement locations throughout the street market 
considered the prevailing shading condition of the street. Therefore, the first measurement 
site (P1) was shaded during the whole period, the second site (P2) remained under the sun 
and the third site (P3) stayed in half shade.  

 

 
Figure 2. Jardim Estoril street market, and the measurement locations 

 

Vila Tabajara street market (FVT) 

Vila Tabajara is a district near the main public green area of the city. The neighborhood is 
predominantly residential, but has also some commercial points. As well as “FE”, Vila 
Tabajara street market begins at 6:15 a.m. and occupies Coronel Mandu street and a short 
stretch of Marilia street, totaling 170 meters. The street is paved and has sidewalks made of 
concrete, and some of them are treated with grass or ceramic flooring. In addition, the 
street presents a little afforestation.  

Three measurement locations were chosen and distributed along Coronel Mandu 
street because this road presents the largest number of tents and customers circulation 
(Figure 3). A large tree inserted in an opposite lot to the site shaded the first measurement 
site (P1). The second site (P2) was placed in half shade and the third site (P3) occupied a 
space between tents and was shaded most of the period.  

 

 
Figure 3. Vila Tabajara street Market, and the measurement locations 

 

Center street market (FC) 

Center street market has 600 meters and occupies six blocks of Manoel Goulart Avenue. 
This street market represents the most extensive fair of the city (Figure 4). Due to the 
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commercial and services uses, there is great movement of vehicles and people on that 
avenue. In addition, the stretch where the street market takes place presents lacks 
afforestation, which does not contribute to pedestrians’ comfort.  

For the analysis, eight measurement locations were distributed along the busiest 
section of the street market in spaces with sun and shade (Figure 4). The locations P1, P2, P4, 
P6, and P7 remained most of the time under the sun, and the locations P3, P5, and P8 were 
characterized as shadow sites.  

 

 
Figura 4. Center street market, and the measurement locations 

 

Microclimate monitoring and questionnaires aplication 

During the survey period, 14 measurement locations were monitored. Table 1 shows the 
monitoring dates of each measurement site that corresponds to each street market. In this 
case, we used only the data and the interviews collected during the summer period, since 
the climate type of the study environment is rainy tropical, where the hot weather 
predominates throughout the year.  

 
Table 1. Monitoring dates in summer period 

Street 
market 

Monitoring dates (summer) 
Measurement 

locations 

FE 

06/12/2014 P1 

07/02/2014 P2 

21/02/2014 P3 

FVT 

21/11/2015 P1 

12/02/2016 P2 

19/03/2016 P3 

FC 

07/12/2014 P1 

14/12/2014 P2 

08/02/2015 P3 

22/02/2015 P4 

17/01/2016 P5 

24/01/2016 P6 

13/03/2016 P7 

20/03/2016 P8 

 
The meteorological station (Figure 5) assisted the microclimatic survey. The weather 

station used is composed of a Net Radiometer (1) with pyranometer and pyrgeometer, an 
omnidirectional anemometer (2), a protected Datalogger for temperature and humidity 
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recording (4) and a case with the data acquisition (5). The equipment was used to collect: air 
and globe temperature (°C), relative humidity (%), wind speed (m/s) and solar radiation 
(W/m²).  

 

 
Figure 5. Meteorological station 

 

Through a checklist, we applied anonymous questionnaires to customers and street 
merchants simultaneously to the microclimatic survey. The questions were included to 
identify the profile of the respondents (age, sex, height, and weight). In addition, the 
clothing and the type of activity performed by the respondents were noted. Moreover, to 
get the actual thermal comfort, the ASV (Actual Sensation Vote) was determined though a 
7-point scale (Table 2). 

 
Table 2. Thermal sensation scale (ASV) 

Vote Thermal sensation Comfort degree 

+3 Very hot 
Uncomfortable 

+2 Hot 

+1 Warm 

Comfortable 0 Neither cool nor warm 

-1 A bit cold 

-2 Cool 
Uncomfortable 

-3 Very cold 

 

Treatment of the data and application of the predictive comfort index 

The calculated thermal comfort data comes from Universal Thermal Climate Index (UTCI) 
using the public domain software Bioklima 2.06 developed by Krzysztof Błażejczyk (IGPZ, 
2016). 

The International Society of Biometeorology (ISB) developed the UTCI in order to 
evaluate the thermal conditions of external environments through the physiological 
responses of the human body (ROSSI et al, 2012). Because it is a universal thermal comfort 
index, the UTCI can be applied to all types of climate, regardless of the individual’s personal 
characteristics. The index can cover the following climate ranges: -50°C ≤ Ta ≤ 50 °C; -30 °C ≤ 
Tmrt - Ta ≤70 °C; wind speed between 0,5 and 30,3 m/s relative humidity of 5% a 100% with 
a maximum vapour pressure of 5Kpa (ROSSI et al., 2012). 

In this research, the UTCI interval that corresponds to the “No thermal stress” level, i.e. 
representing the comfort range goes from “+9°C” to “+26°C”. Below “+9°C” it was 
considered as “Stress for cold” and above “+26°C” was denominated “Stress for heat”.  
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After the microclimatic surveys, the application of questionnaires and the 
achievement of the calculated thermal comfort, the data were configured in graphs for the 
analyses.  

Results and discussion 

In two years of research, it was possible to conduct 357 interviews of which 121 
respondents were under the sun and 236 were in the shade of trees, only in the summer 
period. Figures 7, 8, and 9 show the characterization of respondents during summer period 
in two years. It can be observed that the male audience (59%) represents the majority of 
respondents and more than half were customers (66%). In relation to the activities 
developed, “walking” was predominated (46%), followed by “light activities” (39%), which 
included carrying loads and organizing the products in the tent for example.  

 

 
     Figure 7. Respondents gender          Figure 8. Analyzed groups                   FIgure 9. Developed activities 

 
Figure 10 demonstrates the comparison of actual and calculated thermal comfort 

separated by interview location and by street market. Regarding the ASV, the less extensive 
fairs (FE and FVT) presented comfortable majority regardless of the interview location. 
However, the most extensive and less wooded street market (FC) presented a comfortable 
majority under the shade, but 52% of the respondents were uncomfortable under the sun. 
Analysing the results of the UTCI, with the exception of 72% of people comfortable under 
the shade at FE, all other respondents showed a discomfort majority, mainly when analysed 
under the sun. 

 

 
Figure 10. Comparison of actual (ASV) and calculated thermal comfort (UTCI) separated by interview location  

 

Figure 11 shows the comparison of actual thermal comfort between workers (W) and 
users/customers (U) separated by interview location (under the sun or shade). Analysing the 
workers, the interview site did not influence the sensation of real thermal comfort 
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significantly. However, in terms of proportion, 72% were comfortable under the shade, 
while only 54% were comfortable under the sun. Regarding the users, it is interesting to 
note that those who were interviewed in the shade felt more comfortable (66%) that under 
the sun (51%). 

 

 
Figure 11. Comparison of actual thermal comfort (ASV) between workers (W) and users/customers (U) 

separated by interview location 
 

The comparison of the calculated thermal comfort (UTCI) between workers and 
customers (Figure 12) shows the majority of both studied groups would be uncomfortable 
under the sun. In regards to the respondents in the shade, 55% of the street merchants 
would be comfortable, while in the case of the customers 56% would be in discomfort.  

 

 
Figure 12. Comparison of the calculated thermal comfort (UTCI) between workers (W) and users/customers (U) 

separated by interview location 

Conclusion 

Through the analysis of the graphs, it was possible to observe that the extension of the 
streets where the street markets takes place and the proportion of vegetation existing on 
the roads influenced the respondents comfort. While in FE and FVT (less extension and 
more wooded) the majority were comfortable in both interview location (under the sun or 
in the shade of the trees), in FC (more extensive and less wooded) 52% were uncomfortable 
in the sun. Thus, the increase of vegetation in these spaces is essential, as it is able to 
change the real sense of comfort in the surroundings.  

Regarding workers and users, the interview location did not significantly influence 
thermal comfort, with the exception of 51% of customers in discomfort in the sun. In 
addition, contrary to expectations, most street merchants demonstrated comfortable at 
both interview spots, even though they were at the street market to work. In this case, the 
issue of adapting to the city’s climate and the expectation of being outdoor may be the 
reasons why most people felt comfortable, even with the high incidence of solar radiation 
and heat. When comparing the actual and calculated thermal comfort, it was noticed that 
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the UTCI index presented results contrary to the interviews, which demonstrates the need 
for future work in calibration of the index for the reality in the city of Presidente Prudente, 
Brazil.  
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Abstract:	The	overpopulating	growth	attendant	with	high-density	urban	living	has	stressed	natural	landscapes	
in	most	major	urban	centres,	devastating	their	rich	indigenous	ecologies.	In	the	case	of	New	Zealand,	the	mid-
19th	century	colonisation	saw	the	introduction	of	predators	and	aggressive	plant	species,	significantly	scarring	
and	reshaping	the	landscape.	This	also	devastated	New	Zealand’s	endemic	ecologies,	resulting	in	the	extinction	
of	species	and	loss	of	biodiversity.		In	the	last	800	years,	32%	of	all	indigenous	flora	and	fauna	have	been	lost.	In	
an	attempt	to	protect	those	last	remaining	and	threatened	species,	a	fenced	sanctuary	was	developed	in	the	
capital	 city,	Wellington,	 taking	advantage	of	an	unutilised	water	 reservoir	 system	that	had	been	established	
inadvertently	on	a	major	earthquake	fault-line.	Twenty	years	 from	 its	 inception,	 the	unbroken	predator-free	
ecosystem	nestled	amongst	Wellington’s	suburbs	and	scrublands	has	become	a	world-first	to	restore	indigenous	
natural	habitat,	illustrating	our	past	native	natural	heritage.	This	paper	examines	the	phenomenon	of	Zealandia,	
where	green	and	blue	infrastructures	foster	the	existing	ecologies	while	accommodating	visitor	services,	which	
improve	the	social,	cultural,	economic	and	environmental	health	of	the	city.	It	finds	that	the	benefits	have	far	
exceeded	 the	original	goals	of	 the	project	and	offer	new	prospects	 for	health	and	wellbeing	as	 its	 influence	
extends	to	network	adjacent	green	and	blue	infrastructure.	
	
Keywords:	indigenous	knowledge,	bi-culturalism,	eco-sanctuary,	Zealandia,	health	and	wellbeing	

Introduction		

‘Whakarongo	ake	au	ki	te	tangi	a	te	manu	nei,	a	te	Mātūi,	tūi,	tūi,	tūitūia!	
Tūia	i	runga,	tūia	i	raro,	tūia	i	roto,	tūia	i	waho,	tūia	te	here	tāngata,	ka	rongo	te	pō,	ka	rongo	
te	aō.	Tūia	i	te	muka	tāngata,	i	takea	mai	i	Hawaiki-nui,	i	Hawaiki-roa,		
i	Hawaikii-pamamao,	 te	 hono	a	wairua,	whakaputa	 ki	 te	Whaiao	 ki	 Te	Aō	Marama,	 Tihei	
Mauri	Ora!’	
	
‘I	listen	to	the	cry	of	the	bird,	the	Mātūi,	calling	tūi,	tūi,	tūitūia!	
That	it	be	woven	from	above,	as	it	is	from	below,	woven	from	without	as	it	is	woven	from	
within,	the	interwoven	threads	of	humanity,	felt	from	the	innocence,	and	the	consciousness.	
Interwoven	with	the	threads	of	human-kind,	from	the	Great	Hawaiki,	from	the	Far	Hawaiki,	
from	 the	 long	 distant	 Hawaiki,	 with	 the	 merging	 of	 spirits	 from	 the	World	 of	 Light,	 life,	
knowledge	and	illumination,	inhale	the	life-force	of	all	living	things!’	

The	Western	understanding	of	land	and	landscapes	is	based	on	a	positivistic,	scientific	
and	utilitarian	approach	between	people	and	land	(Peet	et	al,	1996).	Knowledge	is	seen	as	
rational	 and	 goal-oriented	 and	 the	 world	 is	 understood	 as	 a	 single	 layered	 construct	 of	
universal	 principles	 where	 humans	 are	 superior	 to	 any	 sort	 of	 living	 creatures,	 pursuing	
material	assets	(Jang,	2004).	However,	Aotearoa/New	Zealand	as	a	bi-cultural	country	where	
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only	one	culture	 is	Western.	Recent	directions	by	government	are	 seeking	 to	address	 this	
imbalance.	The	indigenous	Maori,	like	many	other	indigenous	peoples	from	around	the	world,	
have	been	suppressed	by	Western	constructs	which	have	influenced	the	way	they	relate	to	
landscape.	 	For	Maori,	human	beings	 live	 in	unison	with	nature,	 following	a	more	holistic,	
experiential	 and	 belief-based	 approach	 which	 emphasises	 the	 unique	 rather	 than	 the	
transcendental	(Menzies	et	al,	2015).	

Maori	relate	to	earth	and	sky,	the	elements	and	the	seasons	which	underpin	the	stories	
that	explain	the	origins	of	their	community.	These	myths	are	adapted	to	the	lands	Maori	have	
occupied	since	ancient	times	and	provide	the	foundations	of	their	oral	culture.	In	this	context,	
living	with	nature	implies	the	guardianship	of	both	land	and	people	and	places	are	seen	as	
sacred.	 They	 may	 be	 considered	 seats	 of	 power	 or	 guardianship,	 related	 to	 journeys	
associated	with	spiritual	beings,	or	inhabited	by	entities	that	must	be	appeased.	For	Maori,	
the	preservation	of	their	 intergenerational	structure	is	crucial	to	the	passing	of	knowledge	
and	with	it	the	passing	of	ideas	of	sustenance	and	stewardship	towards	the	landscape.	The	
combination	of	social,	cultural,	economic	and	ecological	factors	aim	to	benefit	and	support	
both	land	and	its	people.			

This	exploration	focuses	on	the	collision	of	two	different	cultures	and	their	respective	
values	in	the	development	of	a	natural	sanctuary	which	seeks	to	restore	the	landscape	to	its	
pre-occupation	condition.	It	presents	the	history	of	the	development	of	Zealandia,	a	world-
first	 fenced	wildlife	 sanctuary,	 the	 solutions	 and	 strategies	 faced	 and	 the	pathways	 going	
forward.	Zealandia’s	central	location	within	Wellington,	New	Zealand’s	capital	city,	leads	with	
ideas	of	how	nature	might	be	integrated	into	our	urban	environments.		It	posits	that	a	native	
urban	ecosystem	in	a	bi-cultural	country	can	lead	to	new	ways	of	thinking	about	landscape	
that	expand	beyond	one	dimensional	commercial	models	to	a	rich	multi-faceted	exploration	
of	man	and	nature	as	a	union.		

The	history	of	Zealandia	eco-sanctuary	

Prior	to	the	arrival	of	humans	Aotearoa/New	Zealand	was	a	“bird	land”,	isolated	and	unique.	
Without	any	mammalian	predators,	an	ecosystem	of	remarkable	flora	and	fauna	had	evolved,	
a	paradise	that	was	almost	destroyed	by	the	human	and	mammals	they	introduced	with	them.		

Wellington	once	thrived	in	vast	swamp	marshlands	and	dense	podocarp	forests	making	
sustainable	 food-hubs	 for	 early	 Maori	 settlements.	 The	 endemic	 ecology	 supported	 and	
benefited	the	Maori	both	physically	and	spiritually.	Forests	made	up	60%	of	New	Zealand’s	
natural	 landscape	 and	 while	 Maori	 revered	 the	 landscape,	 they	 were	 responsible	 for	
introduction	of	the	kiore	(Polynesian	rat)	and	the	extinction	of	the	moa,	as	well	as	the	clearing	
of	small	pockets	of	forest	for	cultivation	(Jones,	1986).		

With	 the	 arrival	 of	 European	 settlers	 around	 1840,	 a	 comprehensive	 programme	of	
forest,	 swamp	 and	 wetland	 clearing	 for	 logging,	 grazing	 and	 farming	 ensued.	 Within	
Wellington,	the	Karori	valley	system	was	a	highly	prized	area	as	it	contained	gold	and	other	
lucrative	minerals,	 it	 offered	 fertile	 land	 for	 grazing	 and	 agriculture,	 and	 it	 had	 abundant	
supplies	of	water	and	native	flora	and	fauna.		The	valley	became	an	important	water	supply	
for	 the	area	and	accommodated	 two	man-made	 reservoir	 systems.	As	 the	 geology	of	 the	
valley	 became	 better	 understood,	 a	 major	 earthquake	 fault	 line	 was	 identified	 running	
directly	 under	 the	 new	 reservoirs	 necessitating	 their	 replacement.	 Shortly	 thereafter,	 the	
introduction	 of	 rats/mice,	 pests,	 stoats,	 possums	 and	 diseases	 devastated	 the	 remaining	
ecologies	and	became	a	liability	for	all	surrounding	lands.	Overtime	the	amenity	of	the	Karori	
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valley	 was	 depleted	 and	 became	 obsolete	 due	 to	 urbanisation,	 turning	 into	 a	 wild	 scrub	
wasteland.	

Early	 in	 1990s,	 in	 an	 effort	 to	 ‘bring	 back	 the	 birds	 to	 Wellington’,	 local	 residents	
developed	a	strategic	plan	to	‘preserve	and	enhance	the	natural	treasures	of	Wellington	City’.	
Establishing	 a	 non-profit	 charitable	 trust	 allowed	 the	 community	 to	 participate	 in	 the	
development	of	a	sanctuary.	Working	with	a	group	of	conservation	managers,	scientists	and	
engineers,	the	decision	was	made	to	design	a	predator	exclusion	fence	surrounding	the	225	
hectare	site,	the	construction	of	which	was	commenced	in	April	1999.	The	fence	was	built	2.2	
meters	high	and	8.6	km	long,	with	a	3	meter-wide	clear	track	adjacent	to	the	fence	to	stop	
animals	jumping	across.	The	fence	itself	is	made	of	tight	wire	weave	mesh	with	a	minimum	
gap	of	6x50	mm	to	exclude	mice.	At	the	base,	a	woven	mesh	skirt	extends	outwards	below	
the	 ground	 for	 400	 mm,	 to	 create	 an	 effective	 barrier	 to	 all	 burrowing	 animals.	 Public	
entrance	to	the	sanctuary	valley	is	a	heavily	monitored	double-gate	entrance.	To	address	the	
possibility	of	mechanical	failure,	breaches	of	the	fences	or	subsidence	allowing	re-invasion,	
strategies	to	detect	and	control	re-invasions	have	been	implemented	and	ongoing	monitoring	
of	the	fence,	ground	and	vegetation	is	an	important	part	of	the	management	plan.	Following	
the	construction	of	the	perimeter	fence,	the	world’s	first	eradication	plan	targeting	13	species	
at	once	was	commenced	(Burns	et	al,	2012).		

Today	Zealandia	is	the	world’s	first	fully-fenced	urban	eco-sanctuary	(Star,	2014).	The	
ultimate	 restoration	 goal	 is	 to	 create	 self-sustaining	 forest	 and	 freshwater	 ecosystems,	
representative	of	the	pre-human	state	that	existed	in	New	Zealand	approximately	1000	years	
ago	and	restoring	the	indigenous	character	of	the	valley.	The	restoration	of	native	forest	will	
provide	habitat	 for	 the	 re-establishment	 of	wildlife	 species	 that	 have	disappeared.	 Forest	
giants	like	rātā,	rimu	and	miro	which	are	rare	or	missing	have	been	planted	to	replace	exotic	
trees	such	as	pine	and	restore	soil	composition.	This	is	a	mutually	beneficial	relationship	as	
several	of	the	most	important	tree	species	(such	as	tawa	and	miro)	rely	almost	entirely	on	
birds	for	transport	of	their	seed	and	others	rely	on	birds	and	lizards	for	pollination.		

To	date,	 Zealandia	 has	 reintroduced	18	 species	 of	 native	wildlife,	 six	 of	which	were	
previously	absent	from	mainland	New	Zealand	for	over	100	years	(Starbridge,	2010).	These	
were	 tui	 (Prosthemadera	 novaseelandiae),	 kiwi	 (Apteryx	 owenii),	 stitch	 bird	 (Notiomystis	
cincta),	 saddleback	 (Philesturnus	 rufusater),	 takahe	 (Porphyrio	 hochstetteri	 and	 Porphyrio	
mantelli)	(Empson	et	al,	2013).		

It	is	estimated	to	be	the	most	biodiversity-rich	square	mile	of	mainland	New	Zealand	in	
terms	of	the	species	living	wild	there.	Over	forty	different	species	of	native	birds	have	been	
recorded	 in	 the	sanctuary	valley,	 twenty-four	of	 them	endemic.	Dozens	of	 reptile	species,	
hundreds	of	plant	species	and	thousands	of	kinds	of	invertebrates	have	made	Zealandia	their	
home,	many	of	which	are	highly	endangered	and	some	are	practically	extinct	in	unprotected	
areas.	To	maintain	ongoing	public	access,	the	sanctuary	provides	32	km	of	inclusive	tracks,	
ranging	 from	wheelchair	 to	 rugged	 tramping	grade;	 an	 interpretative	 research	 centre	and	
volunteer	facilities.	

Methodology	

This	 study	 adopts	 a	 cultural	 correlational	 approach.	 Within	 the	 general	 framework	 of	
correlational	 research,	 it	 adopts	 the	 relationship	 subtype	 rather	 than	 causal-comparative.	
“While	 all	 correlational	 studies	 seek	 to	 describe	 relationships	 among	 key	 variables,	
relationship	studies	focus	more	specifically	on	the	nature	and	predictive	power”	(Groat	et	al,	
2002,	p.	212).		
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This	study	considers	the	success	of	Zealandia	through	two	different	cultural	lenses,	that	
of	 the	 European	 and	 that	 of	 the	 Maori,	 it	 then	 compares	 them	 with	 respect	 to	 their	
contribution	to	landscape.		We	first	review	the	overall	objectives	for	the	development	of	the	
Zealandia	 eco-sanctuary.	 We	 then	 examine	 the	 cultural	 frameworks	 which	 establish	 the	
relationship	between	 landscape	and	people.	And	 finally	we	draw	some	conclusions	which	
provide	direction	for	a	new	and	inclusive	bi-cultural	landscape.	

Two	alternative	perspectives	on	landscape	

When	settlers	established	the	area	in	1842,	the	valley	system	was	divided	into	twenty-five	
100	acre	blocks	for	future	farming,	clearing	large	portions	of	the	Karori	basin.	The	land	quickly	
obtained	a	reputation	as	being	the	best	dairy	land	in	Wellington.	In	addition,	the	soil	structure	
on	the	eastern	valley	had	highly	drained	soils	making	 it	easy	to	use	for	agriculture	(Burch,	
1997).	The	dense	 forest	and	bush	with	 large	 tracts	of	kahikatea,	miro,	matai	 (black	pine),	
totara	and	rimu	were	cut,	milled	and	exported	to	the	United	States,	Australia	and	used	for	
local	construction.	Cattle	and	sheep	grazing	across	the	valley	rapidly	increased	where	most	of	
the	original	native	species	were	lost	(Clout,	2001).	

Gold	was	 discovered	 in	 1869	within	 the	 Kaiwharawhara	 stream,	 resulting	 in	 stream	
diversion	 and	 removal	 of	 native	 bush	 cover.	When	 the	 alluvial	 gold	was	 depleted,	 quartz	
mining	took	its	place.	With	population	growth,	the	demands	for	fresh	water	increased.	The	
Kaiwharawhara	stream	elevation	and	its	nearby	location	allowed	water	flow	by	gravity	to	the	
central	town	(Cooke,	2006).	Ongoing	growth	and	demand	for	water	led	to	the	construction	
of	the	Lower	Karori	Dam,	which	changed	the	natural	water	structure	along	the	valley	floor.	
As	demand	for	water	continued	to	outpace	the	supply,	a	second	dam	was	constructed	and	
chemical	treatment	of	the	water	commenced	(Astwood	et	al,	2012).		

With	 advances	 in	 engineering	 and	 a	 greater	 understanding	 of	 seismology	 in	 the	
Wellington	 region,	 engineers	 realised	 the	 dam	 was	 positioned	 precariously	 above	 the	
Wellington	fault-line.	Major	concerns	with	the	water	quality	and	overall	public	safety,	led	to	
decommissioning	of	dams	in	1991	and	1997	(Cooke,	2006).	Following	the	decommissioning	
of	the	dams,	the	land	become	neglected	and	overrun	with	exotic	weeds	and	mammals	pests.		

The	 Karori	 valley	 divides	 Wellington	 city	 from	 its	 affluent	 outer	 suburbs.	 With	 the	
successful	establishment	of	Wellington’s	business	district	and	central	government	as	well	as	
the	increased	wealth	of	its	adjacent	suburbs,	the	local	communities	sought	greater	levels	of	
natural	amenity.	The	ensuing	scheme	‘Natural	Wellington’	looked	at	37	possible	locations	for	
a	 nature	 sanctuary,	 one	of	which	was	 the	 Karori	 valley.	 This	 area	was	 considered	 a	 high-
priority	 site	 for	 protection	 as	 it	 had	 suffered	 heavy	 modification	 to	 the	 valley	 and	 the	
eradication	of	the	once	lush	environment	(Campbell-Hunt,	2002).	This	scheme	eventuated	in	
the	development	of	 the	Karori	 eco-sanctuary	 in	1991.	Unwilling	 to	 fund	 the	development	
solely	from	taxpayer	rates,	a	business	case	was	developed	for	the	commercialisation	of	the	
eco-sanctuary.	 It	 was	 branded	 as	 ‘Zealandia’	 in	 a	 NZ$25,000	 rebranding	 exercise	 and	
commenced	a	marketing	programme	which	included	a	new	NZ$16.6	million	visitors'	centre,	
entry	charges	and	the	subtitle	of	–	The	Karori	Sanctuary	Experience.	

From	a	non-Maori	perspective,	the	Karori	valley	has	been	a	highly	successful	asset	from	
the	beginnings	of	settlement	to	current	day.	The	natural	environment	has	sustained	urban	
growth	and	facilitated	economic	growth	consistently.	From	a	Maori	perspective	however,	the	
history	of	the	Karori	valley	can	be	seen	as	a	metaphor	for	colonisation,	life-giving	landscapes	
have	been	seriously	tampered	with	for	commerce	and	economic	consumption	(Davis,	2011).		
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Local	Maori	today,	make	up	7%	of	Wellington’s	population,	where	mana	whenua	(tribal	
land)	makes	up	7%	of	 the	7%	(Stuart,	2016).	With	respect	 to	 landscape,	historically	Maori	
looked	to	it	as	a	medium	for	physical,	emotional,	mental	and	spiritual	health	and	well-being.	
Maori	philosophy	considers	an	inclusive	“whole	of	landscape”	approach	known	as	“ki	uta	ki	
tai”	 (from	 the	 mountains	 to	 the	 sea).	 	 It	 is	 a	 philosophy	 that	 reflects	 on	 a	 system	 of	
environmental	 and	 resource	management	which	 celebrates	 guardianship	 and	 reflects	 the	
relationship	of	environmental	heritage	(Stuart	et	al,	2010).		As	such,	it	encapsulates	the	need	
to	recognise	and	manage	the	interconnectedness	of	the	whole	environment	and	to	celebrate	
culture	and	identity.		

Landscapes	are	thereby	a	representation	of	 identity	and	values	for	Maori,	grounding	
people	 through	 the	 interconnectedness	 of	 cultural	 and	 intergenerational	 ideals	 and	
perceptions	with	the	land.	The	traditional	Maori	idea	that	people	are	born	from	the	earth	sets	
a	foundation	for	the	kinship	between	man	and	nature.	 	From	this	understanding	practices	
evolved	that	establish	a	tangible	connection	to	the	land	and	allow	people	to	reflect	on	their	
own	 identity	 and	belonging	 in	 the	world.	 	 For	 example,	many	Maori	 still	 practice	 ancient	
birthing	rituals	such	as	tohi	which	is	similar	to	a	baptism.		This	involves	sprinkling	water	from	
a	sacred	stream	onto	a	new	born	child	and	dedicating	the	child	to	an	atua	 (gods).	 	This	 is	
followed	by	the	burial	of	the	placenta	in	the	ancestral	 lands	of	the	 iwi	 (tribe),	often	at	the	
base	of	a	marker	tree,	thereby	linking	the	child	to	the	tribal	lands.	Another	example	is	that	
for	Maori	a	sense	of	identity	is	not	established	by	what	a	person	does	for	a	living,	where	they	
work	 or	 where	 they	 live.	 	 Identity	 is	 established	 through	whakapapa	 (lineage)	 which	 is	
connected	by	mauri	(life	force)	to	the	mountains,	bodies	of	water	and	ancestral	lands,	which	
is	conveyed	regularly	at	community	gatherings.		By	embracing	these	indigenous	values	and	
cultural	 ideas,	 Maori	 preserve	mana	 (prestige/power)	 and	whenua	 (land)	 of	 people	 and	
places.		

Currently	88%	of	the	Maori	population	live	in	dense	urban	centres	(Statistics	NZ),	where	
the	 need	 to	 connect	with	 landscape	 is	 higher	 and	with	 ongoing	 urban	 sprawl,	 individuals	
suffer	 from	 progressively	 limited	 access	 to	 nature	 and	 decreased	 quality	 of	 life.	 Some	 of	
problems	currently	faced	are:	the	lack	of	green	spaces	within	the	urban	fabric,	due	to	the	high	
demand	and	reliance	in	built	infrastructure;	the	loss	of	endemic	habitats	and	species	of	fauna	
and	flora	within	the	urban	environment	due	to	the	destruction	of	past	native	ecosystems;	the	
disregard	and	 loss	of	past	cultural	 influences,	knowledge	and	practices;	and	the	growth	 in	
population	within	urban	centres	stressing	the	natural	landscape	to	its	limit.	

Zealandia	offers	a	unique	platform	for	the	exploration	and	development	of	a	truly	bi-
cultural	landscape.	It	fosters	the	“whole	of	landscape”	approach	known	as	“ki	uta	ki	tai”,	by	
weaving	throughout	the	landscape	to	the	sea	via	the	Kaiwharawhara	stream	(Jones,	2007).	
The	eco-sanctuary	aims	to	restore	the	ancient	ecological	past	–	a	plan	of	500	years	(Zealandia,	
2017).	 Part	 of	 this	 ecological	 restoration	 includes	 economic	 as	well	 as	 social	 and	 cultural	
sustainability.	

Discussion	

Restoration	of	natural	systems	can	be	driven	by	periodic	fashions	and	have	shifted	massively	
over	the	last	decades.	Prior	to	1960s,	restoration	was	mainly	understood	as	‘nature	for	itself’,	
prioritising	natural	habits	and	wilderness	areas	without	people,	following	traditional	concepts	
related	 to	 ecology	 and	 natural	 history.	With	 the	 rapid	 development	 of	 society	 and	 urban	
sprawl,	and	with	that	depletion	of	natural	resources	and	ecosystems,	attention	was	given	to	
conservation	of	protected	areas	and	protection	of	species	as	well	as	the	emergence	of	‘nature	
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despite	people’,	trying	to	reverse	back	the	actions	that	devastated	most	of	our	ecosystems	
(Mace,	2014).	By	the	late	1990s,	a	new	understanding	appeared,	accepting	the	benefits	that	
nature	 and	 ecosystems	 can	 provide	 to	 the	 society,	 corroborated	 by	 the	 fact	 that	 former	
practices	had	failed	in	reducing	habitat	and	biodiversity	losses.	These	influences	can	be	seen	
in	 the	 development	 of	 Zealandia.	 The	 shifts	 have	 allowed	 movement	 from	 a	 utilitarian	
perspective	 to	 something	 that	 is	 more	 holistic	 and	 recognises	 the	 relationships	 between	
people	 and	 nature.	 This	 new	 thinking	 of	 ‘people	 and	 nature’	 takes	 into	 account	 the	
importance	of	 cultural	 values	 in	 the	development	of	 sustainable	and	 resilient	 interactions	
between	human	societies	and	the	surrounding	environment	(Mace,	2014).	It	also	opens	the	
door	for	an	exploration	of	what	it	means	to	develop	landscape	in	a	bi-cultural	context	and	the	
potential	for	multi-faceted	understanding	of	man	and	nature	as	a	union.		

In	 this	 way,	 Zealandia	 offers	 a	 unique	 opportunity	 for	 the	 re-introduction	 and	
preservation	 of	 mātauranga	 (indigenous	 knowledge)	 Maori,	 elaborating	 on	 values	 and	
traditions.	Embracing	traditional	indigenous	practices	opens	up	a	pathway	to	knowledge	and	
appreciation	 of	 the	 landscape	 as	 a	 physical,	 mental,	 spiritual	 and	 communal	 entity.	
Developing	Zealandia	with	a	view	through	each	of	New	Zealand’s	cultural	lenses,	can	play	an	
active	 role	 in	 transforming	 the	way	we	 think	 at	 a	 local,	 national	 and	 international	 levels	
(Zealandia,	2016).	Zealandia’s	vision	statement	connects	the	cultural,	social,	ecological	and	
economic	prospects	of	the	country	through	treasuring	the	existing	bio-diversities	and	building	
upon	 peoples	 drive	 to	 transform.	 It	 seeks	 to	 engage	 with	 creative	 and	 intuitive	 instincts	
informing	strong	partnerships	locally,	nationally	and	internationally;	learning	to	embrace	the	
unique	cultural	knowledge	framework	of	Mātauranga	Maori	 (Maori	knowledge).	From	this	
foundation,	 it	also	provides	an	 intergenerational	hub	cloaked	 in	values	and	understanding	
with	 the	ability	 to	empower	people	with	 the	necessary	passion	 for	action	and	 formidable	
change.	

Conclusion	

Zealandia	is	successful	in	a	number	of	firsts	where	the	objective	of	eradication	allowed	for	full	
recovery	and	restoration	of	an	endemic	self-sustaining	ecosystem	(Karori	Wildlife	Sanctuary,	
2003).	 Re-establishing	 flora	 and	 habitats	 representative	 of	 the	Wellington	 area’s	 historic	
coastal	lowlands	and	freshwater	ecosystems	can	ensure	that	key	natural	processes	function	
in	 the	 enclosed	 sanctuary	 (Cochran	 et	 al,	 2012).	 The	 lessons	 learned	 and	 the	 tested	
methodologies	can	be	applied	elsewhere	in	similar	national	recovery	programmes	(Campbell-
Hunt	et	al,	2013).	Questions	of	how,	what	and	why	became	the	foundations	of	the	visions	for	
the	 sanctuary	 through	 the	 consideration	 of	 the	 cultural,	 social,	 economic	 and	 ecological	
benefits.	The	sanctuary	has	become	a	place	for	people	to	learn	and	engage	with	the	valley	
ecosystem	 and	 its	 geological	 and	 human	 history,	 recent	 past	 and	 the	 shifts	 over	 time	
(Campbell	Hunt,	2002).		

The	benefits	have	far	exceeded	the	community	expectations	and	the	concept	plan	has	
enabled	 native	 fauna	 and	 flora	 to	 return	 and	 thrive	 in	 close	 proximity	 to	 the	 city	 centre,	
rectifying	the	city	fringe	as	a	haven	of	ecological	importance.	The	idea	of	nature	perceived	as	
conservation	has	helped	restore	the	natural	processes;	creating	a	catalyst	for	involvement;	
an	 internationally-recognised	 developed	 sanctuary	 as	 an	 ecotourism	 attraction;	 while	
restoring	the	natural	taonga	(treasures)	of	tangata	whenua	(indigenous	people);	facilitating	
learning	 about	 our	 natural	 heritage	 and	 advancing	 knowledge	 and	 techniques	 for	
conservation	of	ecological	systems	(Campbell-Hunt	et	al,	2013).		
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These	 experiences	 entice	 strong	 partnerships	 with	 the	 common	 goal	 of	 learning	 to	
embrace	Mātauranga	Maori	(Maori	knowledge)	as	a	way	of	bringing	the	community	and	the	
landscape	together	and	simultaneously	generating	a	hub	in	which	to	share	and	understand	
the	beauty	of	the	indigenous	culture	and	its	connection	to	nature.	The	idea	of	connectedness	
is	an	important	underlying	value	that	relates	people	to	the	environment,	therefore	enhancing	
the	sense	of	guardianship	of	the	land	and	encouraging	different	ways	of	thinking	to	flourish	
in	mutual	respect.	If	the	landscape	is	healthy,	the	people	are	healthy.		

The	 case-study	 of	 Zealandia	 elaborates	 strategies	 and	 unique	 ways	 to	 acquire	 and	
sustain	our	natural	environment.	This	rich	connection	also	equips	people	with	experiences	
and	skills	that	inspire	change	and	develop	a	passion	for	action	when	preserving	our	endemic	
natural	 heritage	 (Zealandia,	 2016).	 If	 cities	 are	 to	move	 forward,	 an	 appreciation	 for	 the	
importance	of	the	natural	environment	must	be	acknowledge	as	essential	for	health	and	well-
being.	Weaving	traditional	ways	of	knowing	with	modern	ways	of	thinking	allows	for	people	
and	nature	to	thrive.	
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Abstract:	This	study	analyses	the	influence	of	green	roofs	in	different	heights	of	the	urban	canopy	layer:	from	
the	pedestrian	level,	up	to	1m	above	the	rooftop,	in	a	social	housing	project	in	the	South	of	Brazil.	In	order	to	
quantify	the	cooling	contribution	of	green	roofs	to	the	local	microclimate,	the	housing	project	was	simulated	
with	ENVI-met	4.0	in	the	summer	season.	The	variables	used	to	assess	the	green	roof	performance	were	the	air	
temperature	and	the	mean	radiant	temperature.	Five	roofs	were	modelled	-	the	original	roof	with	ceramic	tiles	
as	the	baseline	and	four	green	roofs	with	variation	in	leaf	heights	(20cm	and	40cm)	and	Leaf	Area	Indexes	(1	and	
2).	The	results	indicate	that	the	influence	of	extensive	green	roofs	to	the	outdoor	is	local,	being	more	significant	
near	the	roof	both	in	height	and	position	(in	plain	view)	-	where	the	main	reduction	was	found	in	mean	radiant	
temperature.	No	significant	cooling	effect	was	found	at	the	pedestrian	level	or	from	a	meter	above	the	roofs.	
	
Keywords:	Green	roofs,	thermal	comfort,	outdoors,	simulation	model,	ENVI-met.	

Introduction		

Due	 to	 several	 benefits	 related	 to	 the	 use	 of	 green	 roofs	 in	 urban	 spaces	 –	 like	 the	
improvement	in	biodiversity	(e.g.	Gedge	&	Kadas,	2005;	Rowe,	2011;	MacIvor,	2015),	in	air	
quality	 (e.g.	 Currie	 &	 Bass,	 2008;	 Getter	 et	 al.,	 2009),	 in	 runoff	 water	management	 (e.g.	
Czemiel	Berndtsson,	2010),	and	the	possible	contribution	to	reducing	the	heat	island	effect	
(e.g.	Chen	et	al.,	2009;	Santamouris,	2014;	Alexandri	&	Jones,	2008;	Susca	et	al.,	2011;	Wong	
&	Lau,	2013),	the	interest	in	green	roofs	has	been	increasing	in	recent	years.	Several	studies	
(as	 the	 examples	 previously	 cited)	 identify	 them	as	 one	of	 the	 environmental	 sustainable	
strategies	for	both	buildings	and	cities.	

Of	all	the	aspects	related	to	green	roofs,	the	most	explored	benefit	is	their	contribution	
to	low-energy	building	projects	(e.g.	Feng	&	Hewage,	2014;	Jaffal	et	al.,	2012;	Langston,	2015).	
For	 the	 indoors,	 the	 thermal	 performance	 of	 green	 roofs	 has	 been	 widely	 studied	 by	
simulations	(e.g.	Jaffal	et	al.,	2012;	Skelhorn	et	al.,	2016;	Boafo	et	al.,	2017),	predicting	a	good	
response	 in	several	climates,	especially	 in	the	summer	season	when	green	roofs	provide	a	
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reduction	in	the	cooling	needs	inside	buildings.	For	the	outdoors,	in	contrast,	the	interest	in	
the	thermal	performance	of	green	roofs	at	 the	neighbourhood	scale	 is	 increasing,	but	not	
explored	to	the	same	extent	yet.	

The	main	objective	of	this	study	is	thus	to	predict	to	what	extent	extensive	green	roofs	
directly	influence	the	outdoor	thermal	comfort	in	the	climate	of	the	Southern	region	of	Brazil,	
especially	at	the	pedestrian	level	and	at	several	meters	above	the	rooftop	level	(which	could	
indicate	 a	 contribution	 to	 the	 heat	 island	 effect	 reduction).	 To	 date,	 there	 are	 not	many	
studies	on	green	roof	thermal	performance	in	Brazil	for	the	outdoors	and	they	do	not	cover	
the	eight	Brazilian	existing	climatic	zones.	

The	paper	presents	a	parametric	study	simulating	the	green	roof	thermal	performance	
on	the	neighbourhood	scale,	from	the	pedestrian	level	up	to	1	meter	height	above	the	rooftop.	
Five	different	roofs	were	modelled	in	a	social	housing	project:	the	original	roof	(ceramic)	was	
the	baseline	model,	and	then	variations	of	vegetation	height	and	Leaf	Area	Index	(LAI)	were	
made.	The	software	ENVI-met	4.0	was	employed	and	the	summer	season	was	selected	(to	
quantify	 the	 cooling	 potential).	 The	 location	 specified	 in	 the	 model	 was	 Climatic	 Zone	 3	
represented	by	the	city	of	Porto	Alegre.	The	results	suggest	that	extensive	green	roofs	have	
only	a	local	influence	on	the	outdoor	space,	offering	a	cooling	effect	in	the	immediate	vicinity	
of	the	roof.	

Method		

The	method	employed	to	access	the	cooling	effect	of	four	different	compositions	of	extensive	
green	roofs	was	computer	simulation.	The	study	was	conducted	through	the	following	steps:	
configuration	 and	modelling	 of	 the	 housing	 project	with	 the	 original	materials	 (baseline);	
model	calibration;	configuration	and	modelling	of	the	four	extensive	green	roofs;	simulations;	
analysis	of	results	and	conclusions.	

Configuration	and	modelling	of	the	housing	project	with	the	original	materials	(baseline)	

In	order	to	estimate	the	green	roof	thermal	performance	at	the	neighbourhood	scale	in	the	
climate	of	the	South	of	Brazil,	a	social	housing	project	was	modelled	and	simulated	with	the	
software	ENVI-met	4.0.	The	location	specified	in	the	model	was	Climatic	Zone	3	represented	
by	the	city	of	Porto	Alegre	(Latitude	30º01’	South;	Longitude	51º13’	West;	Altitude	of	10m).	
According	to	Köppen-Geiger	climate	classification	(Kottek	et	al.	2006),	Porto	Alegre	is	"Cfa"	
(Humid	Subtropical	 climate),	having	 rainfall	during	all	 the	months	of	 the	year,	 the	highest	
temperature	 higher	 than	 22°C	 in	 the	warmest	month,	 and	higher	 than	 0°C	 in	 the	 coldest	
month.		

To	quantify	the	cooling	potential,	the	summer	season	was	selected.	The	Typical	Summer	
Week	(average	temperature	for	summer)	selected	was	from	Nov	29th	to	Dec	5th,	 identified	
from	 the	 statistical	 weather	 file.	 A	 day	 was	 created	 with	 average	 data	 from	 the	 Typical	
Summer	Week	with	hourly	values	(24	hours,	in	total).		

The	green	roofs	have	two	heights:	3.0m	height	at	the	lowest	part	and	4.0m	height	at	
the	highest.	To	the	evaluation	in	the	site	area	three	heights	were	specified:	at	the	pedestrian	
level	(1.5m	height),	at	4.5m	height	(half	meter	above	the	rooftop)	and	5.5m	height.	Figure	1	
presents	 the	 simulated	model	 (in	 the	 picture,	 already	 with	 green	 roofs	 added).	 The	 two	
receptors	–	R1	and	R2	–	are	shown,	each	one	with	their	respective	point	heights	designated.	
R2	access	data	from	the	same	heights	that	the	entire	site	(1.5m;	4.5m	and	5.5m),	while	R1	is	
located	immediately	above	the	roof	and	access	data	from	4.5m	and	5.5m	height,	only.	
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Figure	1.	The	social	housing	project	simulated	in	ENVI-met	with	the	green	roofs	added	

Model	calibration	and	simulations	

To	make	the	models	behave	in	accordance	with	the	solar	increase	during	the	day,	they	started	
at	4:00	a.m.	on	December	02	(until	4:00	a.m.	on	December	03).	Data	from	the	statistical	file	
elaborated	by	Roriz	(2012)	with	values	of	the	period	from	2001	to	2010	were	used	as	initial	
boundary	 conditions.	 The	 model	 was	 calibrated	 using	 data	 from	 the	 weather	 file.	 The	
maximum	difference	in	air	temperature	was	0.61	Celsius	Degrees.	

Mayer	&	Höppe	(1987)	state	that	the	mean	radiant	temperature	(Tmrt)	is	one	of	the	most	
important	variables	 in	assessing	the	outdoor	thermal	comfort,	especially	during	warm	and	
sunny	weather	 conditions.	 For	 this	 study,	 the	 variables	 employed	 to	 evaluate	 the	 cooling	
performance	of	the	green	roofs	were	air	temperature	(Ta)	and	Tmrt.	The	results	were	obtained	
from	the	entire	site	and	from	two	receptors	–	locations	of	selected	points	inside	the	model	
area	where	processes	in	the	atmosphere	are	monitored	in	detail.	

Configuration	and	modelling	of	the	four	extensive	green	roofs	

The	 Leaf	 Area	Density	 (LAD)	 is	 the	 parameter	 employed	 by	 ENVI-met	 to	model	 the	 plant	
physiology,	regarding	the	foliage	density.	LAD	is	a	parameter	defined	as	the	total	one-sided	
leaf	area	(m2)	per	unit	layer	volume	(m3)	in	each	horizontal	layer	of	the	tree	crown	(Lalic	&	
Mihailovic	2004).	The	LAI	is	calculated	from	the	LAD	(by	an	integration	of	LAI	multiplied	by	
the	layer	thickness).	The	calculation	of	LAI	is	expressed	by	the	equation:	

	
LAI	=	i=1∑10	LAD	x	dz,	

where:	dz	is	the	layer	thickness.		
	
Hardwick	et	al.	(2015)	describe	the	three	mechanisms	by	which	LAD	affects	the	outdoor	

microclimate:	
1. The	 foliage	 reflects	 and	 scatter	 the	 solar	 radiation,	 then	 reducing	 the	 energy	

reaching	the	soil	layer	and	the	roof;	
2. The	vegetation	reduces	wind	speed	and	turbulences,	reducing	the	mix	between	the	

air	above	the	canopy	(warmer)	and	the	air	under	(cooler)	the	vegetation	layer.	This	
keeps	the	air	below	the	canopy	layer	cooler	than	the	air	above	it;	

3. As	the	air	below	the	vegetation	 is	cooler,	 it	will	also	be	more	humid	(and	this	 is	
increased	by	the	evapotranspiration	within	the	canopy).	
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In	 the	 baseline	 (roof	 A)	 all	 the	materials	 were	 the	 same	 as	 the	 original	 project,	 as	
showed	 in	 Table	 1.	 For	 the	other	models	 (roofs	 B	 to	 E),	 only	 the	 roof	was	 changed,	with	
vegetation	 added.	 Five	 different	 roofs	 were	modelled	 for	 the	 single-story	 semi-detached	
houses:	 one	 with	 ceramic	 tiles	 as	 the	 baseline	 (which	 is	 originally	 specified	 in	 the	 real	
architectural	project),	and	 four	green	 roof	variations:	 two	of	vegetation	height	 (20cm	and	
40cm)	and	two	of	Leaf	Area	Index	(LAI=1	and	LAI=2).	Table	2	summarizes	the	roof	models.	

Table	1.	Material	characteristics	in	the	original	project	
	 Material	 Colour	 Absorptance	 Emissivity	
Roofs		 ceramic	tiles	 terracotta	 0.8	 0.9	
External	walls	 concrete	painted	 ivory	 0.3	 0.9	
External	floors		
Soil	1	 (inside	the	plot)	 ceramic	 white	 0.2	 0.8	
Soil	2	 (sidewalk)	 smooth	cement	 grey	 0.6	 0.8	
Soil	3	 (paving)	 concrete	blocks	 grey	 0.6	 0.8	
	

Table	2.	Summary	of	the	roof	compositions	
Type	 Name	 Plant	height	 LAI	
Ceramic	tiles	 Roof	A	 -	 -	
Green	roofs	
(grass)	
	

Roof	B	 20	 1	
Roof	C	 20	 2	
Roof	D	 40	 1	
Roof	E	 40	 2	

	
The	authors	consider	 important	to	observe	a	 limitation	of	the	software	ENVI-met:	at	

present	state,	it	does	not	take	into	account	the	heat	exchange	in	the	soil	layer	(as	part	of	the	
green	 roof	 composition).	 It	means	 that	 only	 the	 plants	 are	 considered	 in	 the	 calculations	
performed	by	this	software.	

Results	and	Discussion	

Cooling	effect	at	the	pedestrian	level	

In	 this	study,	 the	results	at	 the	pedestrian	 level	 (1.5m	height)	showed	no	 influence	of	 the	
green	roofs	nor	on	the	site	area-averaged	Ta,	neither	at	the	receptors	Ta.	As	expected,	the	
influence	on	Tmrt	was	negligible.	At	3:00	p.m.,	when	the	warmest	values	of	Tmrt	were	registered	
in	all	models	at	the	pedestrian	level	at	the	site	area,	a	reduction	of	0.85ºC	was	observed	at	
green	roof	C.	At	the	receptors,	the	warmest	values	of	Tmrt	were	registered	at	4:00	p.m.,	when	
Receptor	2	showed	a	reduction	of	1ºC	Tmrt	at	the	pedestrian	level	with	the	green	roof	-	it	has	
dropped	from	72.9ºC	at	the	Baseline	to	71.9ºC,	at	Roof	C.	

Previous	studies	mention	an	influence	of	green	roofs	at	the	pedestrian	level,	especially	
regarding	the	cooling	effect	they	provide.	Peng	&	Jim	(2013)	have	investigated	the	impacts	of	
community-scale	green	roof	 installation	on	Ta	 in	 five	typical	residential	neighbourhoods	of	
subtropical	Hong	Kong,	stating	that	green	roof	cooling	effects	were	not	restricted	to	rooftops,	
but	extended	to	the	ground	to	improve	neighbourhood	microclimate.	The	authors	present	
results	where	the	extensive	green	roofs	reduced	pedestrian	level	Ta	by	0.4	–	0.7	°C.		

Berardi	 (2016)	studied	 the	outdoor	microclimate	benefits	 resulting	 from	green	roofs	
retrofits	 in	Toronto	(Canada),	where	the	vegetated	roofs	provided	a	reduction	of	Ta	at	the	
pedestrian	level	during	the	day:	0.4ºC,	at	noon.	Alcazar	et	al.	(2016)	also	evaluated	the	effect	
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of	the	green	roof	on	the	surrounding	microclimate	at	street	level,	in	the	city	of	Madrid	(Spain).	
In	a	low-rise	building	located	in	a	low-density	urban	area,	the	Ta	was	simulated	at	the	warmest	
hours	of	the	day,	between	12:00	and	3:00	pm.	In	a	green	roof	model	with	a	LAI	of	1.5,	the	
authors	demonstrated	a	decrease	of	1ºC	Ta	at	the	pedestrian	level.	

From	the	obtained	results,	 it	 is	possible	to	conclude	that	to	the	climate	selected	and	
with	 the	morphology	of	 the	studied	project,	a	cooling	effect	at	 the	pedestrian	 level	 is	not	
possible	with	the	extensive	green	roofs	tested	(as	the	only	cooling	strategy).	

Cooling	effect	above	the	roofs	

The	results	revealed	a	local	influence	of	the	extensive	green	roofs.	The	cooling	effect	is	bigger	
just	above	the	roofs,	and	start	to	decrease	at	greater	heights.	Figure	2	 illustrates	the	local	
effect	(in	height)	the	extensive	green	roofs	have	to	the	site	above	the	rooftop	on	roof	C	(the	
one	with	 the	 better	 cooling	 performance	 of	 all	models).	 Results	 of	 Tmrt	were	 obtained	 at	
Receptor	1	at	two	different	heights	above	the	roofs:	at	4.5m	height	(half	a	meter	above	the	
rooftop)	and	at	5.5m	height.	The	warmest	Tmrt	values	are	pointed	out	for	each	height.	

	
Figure	2.	Tmrt	at	Roof	C	at	Receptor	1	at	4.5m	and	at	5.5m	height	–	0.5m	and	1.0m	above	the	rooftop	

Figure	3	shows	the	cooling	effect	in	terms	of	location:	a	plan	view	of	the	baseline	roof	
(at	the	left)	is	compared	to	a	plan	view	of	roof	C	(at	the	right),	using	the	same	scale	of	Tmrt.	It	
is	possible	to	see	the	reduction	in	Tmrt	values	precisely	above	the	roofs.		

	
																							(a)	 																						(b)	

	

Figure	3.	Tmrt	of	baseline	(a)	vs.	roof	C	(b)	at	the	site	at	4.5m	height		

The	air	temperature	on	the	site	was	also	observed	within	the	five	roof	options	(baseline	
and	green	roofs),	at	4.5m	and	at	5.5m	height.	At	the	site	area,	the	green	roofs	did	not	present	
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a	reduction	in	Ta,	at	the	warmest	hour	(03:00	p.m.).	At	the	receptors,	a	little	reduction	was	
noticed	in	Ta:	-0.4	ºC	at	Receptor	1,	at	4.5m	height.	A	considerable	cooling	of	the	Tmrt	was	
observed:	a	reduction	of	34.4	ºC	at	Receptor	1,	at	4.5m	height.	Table	3	presents	the	values	of	
Ta	and	Tmrt	registered	at	receptors	1	and	2,	when	the	warmest	values	were	achieved	at	those	
points	(at	04:00	p.m.).	It	is	possible	to	note	the	local	influence	of	the	extensive	green	roof	in	
terms	of	height	and	position:	the	cooling	results	 in	both	Ta	and	Tmrt	occurs	at	4.5m	height	
(near	the	roof)	and	at	Receptor	1	(positioned	immediately	above	the	roof,	in	plan	view).	

Table	3.	Local	cooling	effect	of	the	extensive	green	roofs	
Receptor	1	 Ta(ºC)	 Tmrt	(ºC)	
Height	 Baseline	 Roof	C	 Reduction	 Baseline	 Roof	C	 Reduction	
4.5m	 28.7	 28.3	 0.4	 64.4	 30.0	 34.4	
5.5m	 28.4	 28.3	 0.1	 66.5	 58.0	 8.5	

Receptor	2	 	 	
Height	 Baseline	 Roof	C	 Reduction	 Baseline	 Roof	C	 Reduction	
4.5m	 28.6	 28.5	 0.1	 68.1	 66.6	 1.5	
5.5m	 28.3	 28.3	 0.0	 68.1	 65.2	 2.9	

	
A	recent	study	by	Berardi	(2016)	in	the	city	of	Toronto	compared	the	influence	of	green	

roofs	in	both	indoors	and	outdoors.	The	simulations	have	demonstrated	a	small	contribution	
to	the	outdoors,	especially	if	compared	to	the	amount	given	to	the	building	energy	efficiency.	
Despite	 the	 different	 climate,	 the	 extensive	 green	 roofs	 behaved	with	 a	 certain	 similarity	
regarding	the	reduction	in	the	Tmrt	above	the	roof,	specially	noticed	at	the	receptor	positioned	
immediately	above	the	roof	(in	plan	view)	–	Receptor	1.	

Comparison	between	design	options	

The	results	comply	with	the	ones	presented	by	Berardi	(2016),	where	the	Tmrt	in	his	retrofits	
was	 largely	 affected	by	 the	presence	of	 the	 vegetation	 in	 the	 roofs.	 In	 his	 study,	 the	 Tmrt	
decreased	at	Receptor	1	(positioned	above	the	roof)	approximately	30ºC	when	the	green	roof	
with	the	higher	cooling	effect	was	compared	to	the	baseline.	In	our	study,	the	Tmrt	drop	was	
similar	at	Receptor	1:	 it	has	decreased	 from	64.4ºC	 (baseline)	 to	33.3ºC	 (Roof	C).	Figure	4	
illustrates	Tmrt	values	of	all	roofs	during	the	simulated	period	(24	hours).					

		

Figure	4.	Tmrt	at	Receptor	1	at	4.5m	height	–	all	roof	models	
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Studies	like	the	one	presented	by	Harwick	et	al.	(2015)	explain	how	LAI	influences	air	
and	 soil	 temperature:	 during	 the	 day,	 solar	 radiation	 penetrates	 the	 plant	 canopy	 and	 is	
absorbed	by	the	leaves	heating	them,	which	in	turn	heat	the	air	within	the	canopy.	The	light	
that	reaches	the	soil	warms	it,	and	this	heat	is	both	conducted	down	into	deeper	soil	layers	
and	transferred	into	the	air	immediately	above	the	soil.	Therefore,	the	Ta	above	a	green	roof	
is	directly	affected	by	the	amount	of	sunlight	able	to	reach	the	soil	layer.	Canopies	with	lower	
LAI	allow	more	sunlight	to	reach	the	soil	surface.	Because	of	this,	the	Ta	reaches	a	higher	value	
in	those	canopies	than	in	others	with	higher	LAIs.	A	part	from	a	very	discreet	reduction	in	Ta	
was	obtained,	 this	cooling	effect	of	a	higher	LAI	was	confirmed	 in	our	study:	between	the	
design	options	tested,	a	green	roof	with	the	highest	LAI	(Roof	C:	h=20cm;	LAI=2)	was	the	best	
one	to	decrease	the	heat	near	the	roof.	

A	possible	explanation	for	the	better	performance	of	the	shortest	plant	(20cm	instead	
of	40cm	height)	 is	the	influence	foliage	density	has	on	the	outdoor	microclimate.	As	LAI	 is	
calculated	from	LAD,	the	LAD	will	be	different	between	two	plants	with	the	same	LAI,	but	
different	heights.	As	shown	in	Table	4,	the	plants	with	20cm	and	LAI	2	are	the	ones	with	the	
higher	 LAD	 (which	means	 the	higher	density).	As	previously	explained,	more	dense	plants	
tend	 to	give	a	more	effective	shadowing	effect	at	 the	subtract	 layer	and	also	prevent	 the	
mixture	of	air	above	the	canopy	(warmer)	and	below	it	(cooler)	to	a	higher	extent,	therefore,	
providing	a	better	cooling	effect.	This	density	analysis	can	also	explain	why	roofs	B	and	E	had	
the	same	cooling	performance:	they	have	the	same	LAD	(see	Table	4	and	Picture	5).	

Table	4.	Density	of	the	green	roofs	
Name	 LAI	 Plant	height	

(cm)	
LAD	

(m²/m³)	
Roof	B	
Roof	C	
Roof	D	
Roof	E	

1	 20	 5	
2	 20	 10	
1	 40	 2.5	
2	 40	 5	

Conclusions	

The	study	presented	in	this	paper	indicates	that	the	studied	extensive	green	roofs	have	a	local	
cooling	effect,	both	in	terms	of	position	(plan	view)	and	in	terms	of	distance	from	the	rooftop	
-	the	closer	to	the	roof,	the	bigger	is	the	cooling	effect.	Regarding	the	local	effect	in	terms	of	
position,	 the	 better	 results	 were	 obtained	 at	 the	 Receptor	 1,	 which	 is	 the	 one	 localized	
immediately	above	the	roof.	At	the	same	position,	the	height	of	4.5m	had	the	best	results,	
with	a	big	difference	both	in	Ta	and	Tmrt	compared	to	the	other	two	heights	assessed	(1.5m	
and	5.5m).	

As	expected,	the	density	of	plants	has	demonstrated	a	big	influence	to	the	performance	
of	the	green	roofs:	the	maximum	reduction	both	in	Ta	and	Tmrt	were	registered	at	the	roofs	
with	the	highest	LAI,	especially	at	Roof	C	(plant	height	of	20cm	and	LAI	of	2).	Between	the	
plants	with	 the	 same	 LAI,	 the	 shortest	ones	provided	a	 greater	 cooling	effect,	 due	 to	 the	
higher	density	that	provides	a	higher	shadowing	effect.		

No	significant	results	were	obtained	at	the	average	site	cells,	indicating	that	the	green	
roofs	with	the	presented	design	are	not	sufficient	to	a	cooling	effect	to	the	average	area	of	
the	studied	site.	Further	studies	in	the	same	climate	but	with	different	design	characteristics	
will	 be	 conducted,	 increasing	 the	 proportional	 area	 of	 green	 roofs	 on	 the	 site,	 building	
orientation,	and	combining	green	roofs	with	other	greenery	strategies.	
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Abstract: The	 emergence	 of	 the	 modern	 urban	 water	 infrastructure,	 albeit	 facilitated	 the	 waste-	 and	
stormwater	 management,	 it	 left	 some	 negative	 imprints	 on	 Iran’s	 urban	 and	 natural	 environment.	 Among	
which	changing	the	hydrology	of	urban	watershed	has	great	 importance.	Moreover,	 lack	of	 resilience	of	 the	
current	stormwater	management	infrastructure	is	increasing	the	risks	of	urban	flooding	and	pollution	of	water	
bodies	 in	 cases	 of	 extreme	 weather	 events.	 The	 present	 research	 is	 built	 upon	 a	 case	 study	 conducted	 in	
Lahijan,	a	small	city	in	northern	Iran.	The	historical	investigations	reveal	that	stormwater	has	been	integrated	
into	 the	 formation	 of	 Lahijan’s	 public	 spaces	 for	 centuries,	 and	 different	 urban	 surfaces	 through	 various	
storage,	conveyance,	evaporation	and	infiltration	capacities	were	the	key	components	of	on-site	stormwater	
management	of	Lahijan.	As	an	endeavour	to	build	new	techniques	upon	the	old	traditions,	the	paper	aims	to	
combine	place-making	and	stormwater	management	infrastructure	design	to	achieve	the	sustainability	of	local	
water	 resources	 and	 the	 resiliency	 of	 Lahijan’s	 urban	 form.	 Accordingly,	 urban	 spaces	 of	 the	 future	 water	
sensitive	Lahijan	would	become	part	of	the	stormwater	management	infrastructure	and	create	a	set	of	visually	
pleasant,	 environmentally	 sustainable	 and	 yet	 resilient	 urban	 forms	 to	 addresses	 the	 problems	 of	 water	
scarcity,	flooding,	and	pollution.		

	
Keywords:	urban	water	infrastructure,	public	space,	stormwater,	Lahijan,	Iran		

An	Introduction	to	the	Stormwater	Management	of	Iranian	Cities		

The	primary	paradigm	of	urban	water	systems	in	Iran	which	dates	back	to	the	ancient	time	
and	continues	to	the	middle	ages	was	mainly	concerned	with	the	basic	methods	to	supply	
the	water	demands	of	the	community;	while	waste-	and	stormwater	management	were	not	
considered	big	 challenges	 for	 communities.	Despite	 the	 fact	 that	a	proper	 sewage	system	
did	not	exist	 in	early	ages,	on	the	one	hand,	there	was	considerably	 less	use	of	water	and	
thus,	 less	discharge	of	 sewage.	On	 the	other	hand,	 (semi-)	permeable	 street	 surfaces	and	
thatched	roofs,	as	well	as	orchards,	cultivated	lands,	and	urban	forests,	were	offering	water	
infiltration	 capacities	 to	manage	 the	 stormwater	where	 it	 falls	on	 the	ground.	Hence,	 the	
local	 use	 and	 management	 of	 water	 were	 among	 the	 benefits	 of	 traditional	 water	
management	techniques	in	this	period.	Water	was	exploited	and	used	close	to	the	source,	
and	therefore,	the	natural	water	cycles	could	remain	unchanged.	

As	the	cities	grew,	local	water	supplies	could	not	respond	the	water	demands	of	the	
communities.	 Rural-urban	migration	 and	 expansion	 of	 the	 cities	 of	 the	 early	 20th	 century	
dramatically	 increased	 the	 water	 demands	 in	 urban	 areas.	 Such	 increasing	 water	
consumption	 resulted	 in	 increased	 amount	 of	 wastewater	 in	 the	 cities.	 Hence,	 the	
introduction	 of	 sewers	 to	 cities’	 water	management	 system	 became	 the	most	 important	
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feature	of	urban	water	infrastructure	in	this	period.	The	sewers	were	constructed	to	handle	
the	 problem	 of	 pollution	 from	 urban	 runoff	 and	 stormwater	 and	 the	 unpleasant	 flow	 of	
wastewater	 on	 the	 streets.	 In	 the	 absence	 of	 environmental	 concerns,	 the	 urban	 water	
infrastructure	was	solely	designed	 to	quickly	 transfer	wastewater	and	urban	runoff	out	of	
the	city	to	the	nearest	body	of	water.		

While	 the	 traditional	 city	 form	 could	maintain	 the	 natural	water	 balance,	 the	 rapid	
urbanization	of	the	20th	century	disrupted	the	natural	water	cycle	 in	various	ways.	Among	
other	 trends,	 fast	 expansion	 of	 built-up	 areas	 and	 paved	 surfaces	 to	 provide	 room	 for	
connecting	 roads	 and	parking	 spaces	 to	 serve	 the	 increasing	number	of	 cars	 affected	 the	
form	of	 the	 cities.	 Increased	 imperviousness	 and	 less	 vegetated	 surfaces	within	 the	 cities	
resulted	in	lower	rainfall	infiltration	and	less	evapotranspiration,	respectively.	This	resulted	
in	 limited	 on-site	 stormwater	 management	 capacities	 and	 thus,	 frequent	 cases	 of	 flash	
floods	and	overflows	 in	urban	areas.	Consequently,	 some	cities,	 especially	 those	with	 the	
considerable	 amount	 of	 rainfall,	 realized	 that	 combined	 sewerage	 cannot	 manage	 both	
wastewater	and	stormwater	and	started	to	invest	and	build	separate	sewerage	systems.	The	
lower	 infiltration	 and	 evapotranspiration	 capacities	 of	 urban	 surfaces,	 which	 were	
compensated	by	building	huge	underground	stormwater	conveyance	conduits,	reduced	the	
groundwater	table	recharge	capacities	and	changed	the	hydrology	of	the	urban	watershed.	

The	emergence	of	modern	stormwater	management	in	cities	in	the	second	half	of	the	
20th	 century,	 albeit	 facilitated	 stormwater	 and	 surface	 runoff	 management,	 it	 left	 some	
negative	imprints	on	Iran’s	urban	and	natural	environment	including	changing	the	hydrology	
of	 urban	 watershed	 as	 well	 as	 increased	 risks	 of	 urban	 flooding	 and	 pollution	 of	 water	
bodies	 in	wet	 seasons.	 Such	growing	 concerns	are	among	 the	 reasons	why	 contemporary	
Iranian	cities	need	a	paradigm	shift	in	their	stormwater	management	systems.			

The	Water	Sensitive	Future	of	Contemporary	Cities		

The	water	environment	was	not	a	major	interest	of	architects	and	urban	planners	for	a	long	
time.	 It	was	after	 the	emergence	of	 the	global	 social	movement	of	 ‘environmentalism’,	 in	
the	 late	 1960s,	 that	 “challenged	 the	 (conventional)	 assumption	 and	 advanced	 a	 new	
normative	value	set	around	environmental	protection”	(Brown	et	al.	2009,	p.853).	Thus,	the	
main	goal	of	water	and	wastewater	management	of	the	last	few	decades	was	not	limited	to	
protection	of	the	public	health	of	the	community,	but	 it	becomes	broader	to	embrace	the	
environmental	 aspects	 as	 well.	 Taking	 another	 step	 forward,	 the	 future	 urban	 water	
infrastructure	of	the	cities	must	not	only	meet	the	environmental	protection	goals	but	also	
adapt	to	the	adverse	impacts	of	climate	change,	yet	provide	social	amenities	for	the	growing	
urban	population	and	expanding	urban	areas.	Consequently,	 in	recent	urban	planning	and	
design	 literature,	 there	 is	 a	 convergence	 of	 research	 and	 case	 applications	 addressing	
sustainable	 water	 management	 systems	 through	 place-making	 projects	 (Wong	 &	 Ashley,	
2006;	 Ahern,	 2007;	 Wong	 &	 Brown,	 2009;	 Novotny	 et	 al.,	 2010).	 In	 contrast	 to	 the	
previously	fragmented	system,	under	an	“Integrated”	water	management	system,	the	urban	
water	 infrastructure	 design	 has	 a	 strong	 bond	 with	 urban	 design	 and	 place-making	
processes	 of	 cities.	 Such	 Integrated	 water	 management	 techniques	 are	 known	 under	
different	 names	 in	 various	 parts	 of	 the	world:	 Low	 Impact	 Development	 (LID)	 and	Green	
Infrastructure	 (GI)	 in	 the	USA,	Sustainable	Urban	Drainage	Systems	 (SUDS)	 in	 the	UK,	and	
Water	Sensitive	Urban	Design	(WSUD)	in	Australia.	All	of	such	techniques,	however,	aim	to	
minimize	the	hydrological	impacts	of	urban	development	specifically	targeting	stormwater.	
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Contrary	 to	 the	 current	 stormwater	management	practices,	which	 are	 concentrated	
on	 reducing	 peak	 flow	 rates	 to	 prevent	 flooding,	 through	 mimicking	 natural	 hydrologic	
processes,	various	integrated	water	management	techniques	create	functional	green	spaces	
to	 control	 and	 manage	 stormwater	 as	 close	 to	 the	 source	 as	 possible.	 For	 instance,	 LID	
techniques	aim	to	“keep	stormwater	on-site	for	longer	periods	and	manages	it	as	a	valuable	
resource.”	 (Sarte,	 2010,	 p.104)	 Similar	 to	 LID,	 SuDS	 aims	 to	 “slow	 down	 and	 reduce	 the	
quantity	of	surface	water	runoff	from	a	developed	area	to	manage	downstream	flood	risk,	
and	 reducing	 the	 risk	 of	 pollution;	 through	 harvesting,	 infiltrating,	 slowing,	 storing,	
conveying	 and	 treating	 runoff	 on	 site	 and,	 where	 possible,	 on	 the	 surface	 rather	 than	
underground.	 Water	 then	 becomes	 a	 much	 more	 visible	 and	 tangible	 part	 of	 the	 built	
environment	 to	 be	 enjoyed	 by	 everyone.”	 (Woods-Ballard	 et	 al.,	 p.19)	 GI	 design	 is	 yet	
another	 technique	which	employs	“an	 interconnected	network	of	natural	areas	and	other	
open	 spaces	 to	 conserve	natural	ecosystem	values	and	 functions,	 to	 sustain	 clean	air	 and	
water,	 and	 to	 provide	 a	 wide	 array	 of	 benefits	 to	 people	 and	 wildlife	 (Benedict	 and	
McMahon	2006).	 	Ahern	(2007,	p.	267)	defines	GI	as	“spatially	and	functionally	 integrated	
systems	 and	 networks	 of	 protected	 landscapes	 supported	 with	 protected,	 artificial	 and	
hybrid	infrastructures	of	built	landscapes	that	provide	multiple,	complementary	ecosystem	
and	 landscape	 functions	 to	 a	 broad	 public,	 in	 support	 of	 sustainability”.	 In	 his	 definition,	
Ahern	 emphasizes	 the	 idea	 of	 infrastructure	 as	 a	 networked	 system	 that	 follows	 a	multi-
scale	 approach	 with	 recognition	 of	 pattern:	 process	 relationships	 and	 an	 emphasis	 on	
physical	 and	 functional	 connectivity.	 Comparable	 to	 the	 previous	 techniques,	 Wong	 and	
Ashley	introduce	WSUD	as	an	interdisciplinary	concept,	which	is	based	on	the	integration	of	
the	 two	 key	 fields	 of	 ‘Integrated	 urban	water	 cycle	 planning	 and	management’	 (IUWCM)	
and	‘urban	design’.	They	argue,	“WSUD	brings	‘sensitivity	to	water’	into	urban	design,	as	it	
aims	to	ensure	that	water	is	given	due	prominence	within	the	urban	design	process	(Wong	
&	Ashley	2006).	Wong	&	Brown	(2009)	characterize	a	Water	Sensitive	City	by	“three	pillars,	
which	 must	 be	 seamlessly	 integrated	 into	 the	 urban	 environment”.	 The	 three	 pillars	 of	
water	 sensitive	 cities	 indicate	 (1)	 cities	 as	 water	 supply	 catchments;	 (2)	 cities	 providing	
ecosystem	services;	and	(3)	cities	comprising	water	sensitive	communities	(Wong	&	Brown	
2009,	p.676).	Although	WSUD	embraces	all	different	aspects	of	urban	water	management	
including	water	supply,	sewage	treatment,	 flood	management,	protection	of	water	bodies	
such	as	rivers	and	creeks,	and	providing	social	amenities	and	improving	the	liveability	of	the	
urban	environment,	stormwater	management	seems	to	be	a	key	element.	 	

Unlike	 the	 conventional	 approach	 in	 which	 stormwater	 is	 mainly	 considered	 a	
problem,	 under	 integrated	 water	 management	 techniques,	 stormwater	 is	 not	 only	
recognized	as	a	valuable	resource	but	also	a	great	asset	to	provide	the	amenity	of	the	city.		
Echols	highlights	the	failure	of	engineered	stormwater	facilities	in	considering	its	otherwise	
ecological,	 social	 or	 aesthetic	 qualities	 of	 the	 built	 infrastructure,	 he	 states,	 “sustainable	
stormwater	 management	 can	 be	 used	 to	 create	 places	 that	 serve	 both	 the	 demands	 of	
urban	drainage	and	urban	planning.	From	the	urban	drainage	point	of	view,	people	want	to	
have	 a	 system	 that	 is	 reliable,	 simple	 to	 construct	 and	 easy	 to	 maintain,	 while	 also	
considering	 its	 costs.	Alongside,	 from	 the	view	of	urban	planning,	 sustainable	 stormwater	
systems	should	be	beautiful,	meaningful,	and	educational	(Echols,	2000,	p.1).			

The	Context	and	Methods	of	The	Study		

The	present	research	is	built	upon	a	case	study	conducted	in	Lahijan,	a	small	Iranian	city	in	
the	northern	province	of	Guilan.	Situated	in	the	Caspian	coastal	plain,	it	has	an	area	of	1013	
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hectares	and	a	population	of	some	94000	people.	Lahijan	is	selected	for	this	study	based	on	
its	considerable	amount	of	rain	throughout	the	year,	and	its	specific	urban	spaces	in	regard	
to	the	traditional	water	infrastructure	of	the	city.	Lahijan	enjoys	an	average	amount	of	1228	
mm	 of	 rainfall	 and	 136	 rainy	 days	 per	 year.	 Hence,	 it	 has	 a	 considerable	 amount	 of	
stormwater	 to	 manage.	 In	 wet	 seasons,	 the	 city	 has	 to	 manage	 a	 greater	 amount	 of	
stormwater	than	the	wastewater	that	the	residents	produce.	Currently,	the	drainage	system	
of	the	city	is	a	mix	of	combined	(185	km)	and	separated	(61	km)	sewers,	and	thus	the	larger	
amount	 of	 stormwater	 and	 urban	 runoff	 is	mixed	with	waste	 and	 conveyed	 through	 one	
conduit.	Furthermore,	the	existing	wastewater	treatment	plant	of	the	city	does	not	have	the	
capacity	 to	 treat	 all	 the	 loads	 of	 wastewater.	 Lahijan	 water	 treatment	 facility	 is	 under	
construction	since	1994,	and	is	projected	to	be	done	by	2026.	The	ultimate	capacity	of	the	
treatment	 facility	 is	 about	 36000	 cubic	 meters	 per	 day;	 while	 currently,	 it	 is	 capable	 of	
receiving	 and	 treating	 some	 26000	 cubic	 meters	 of	 wastewater	 per	 day.	 On	 one	 hand	
combining	 stormwater	 and	 wastewater	 in	 one	 conduit	 under	 the	 current	 urban	 water	
infrastructure	eliminates	the	possibility	of	harvesting	and	treating	rainwater	and	using	it	as	a	
new	 source	 of	 water.	 On	 the	 other	 hand,	 the	 traditional	 stormwater	 management	
techniques	are	not	capable	of	managing	all	the	loads	of	rain	and	runoff	in	the	city.		

Lahijan	 pond	 is	 a	 centuries-old	 body	 of	water	which	was	 originally	 used	 to	 provide	
water	 for	 neighbouring	 agricultural	 activities.	 It’s	 structure,	 however,	 has	 changed	
dramatically	 during	 the	 last	 decades	 and	 is	 transformed	 to	 an	 artificial	 lake.	 Lahijan	
watercourse	 as	 a	 seasonal	 river	 located	 on	 the	 western	 edge	 of	 the	 city,	 is	 yet	 another	
important	 natural	 element	 which	 played	 a	 role	 as	 part	 of	 the	 traditional	 stormwater	
management	of	the	city.	The	introduction	of	modern	water	infrastructure	affected	the	role	
of	such	elements	in	the	on-site	stormwater	practices	within	the	city,	and	focused	on	the	fast	
conveyance	of	stormwater	out	of	the	city.	Bridging	between	the	urban	design	principles	and	
traditional	water	management	practices,	the	research	studies	the	stormwater	management	
techniques	 of	 the	 past,	which	were	 fitted	 into	 the	 local	 context	while	meeting	 the	water	
demands	of	the	community.	Following	the	principles	of	traditional	stormwater	management	
techniques,	 the	 study	 seeks	 to	 connect	 place-making	 with	 urban	 water	 infrastructure	
planning	in	order	to	reintroduce	water	into	the	design	of	public	spaces	and	turn	them	into	
an	integrated	component	of	stormwater	management	infrastructure.		

Stormwater	Management	Techniques	in	Traditional	and	Contemporary	Lahijan		

On-site	 infiltration,	 evaporation,	 and	 evapotranspiration	 capacities	were	 among	 the	main	
characteristics	 of	 the	 surfaces	 in	 traditional	 urban	 form	 of	 Lahijan	which	 could	 positively	
contribute	to	the	management	of	its	considerable	amount	of	rain	and	stormwater.	Among	
others,	 high	porosity	 is	 the	 key	 to	 provide	on-site	 stormwater	management	 through	high	
infiltration	capacity	of	the	land.	Following	the	natural	cycle	of	water,	vast	areas	of	green	and	
open	 spaces	 could	 soak	 the	 water	 where	 it	 falls	 on	 the	 ground,	 and	 thus,	 recharge	 the	
ground	water	 table.	Moreover,	 the	 vast	 areas	of	 cultivated	 lands,	 urban	 forests,	 orchards	
and	alike	were	providing	greater	evapotranspiration	capacities.	Therefore,	one	may	argue	
that	large	areas	of	porous,	green	and	open	surfaces	of	traditional	city	form	of	Lahijan	were	
integrated	components	of	its	stormwater	management	infrastructure.	

Rainwater	harvesting	 techniques	both	 in	 the	households	 and	 the	 larger	 scale	of	 the	
community	 were	 a	 common	 habit	 in	 Lahijan.	 Enjoying	 a	 lot	 of	 rain	 throughout	 the	 year,	
people	learned	to	harvest	and	store	the	water	for	future	consumption.	In	addition	to	simple	
techniques	of	collecting	rainwater	for	non-potable	domestic	purposes	inside	the	houses,	use	
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of	farm	ponds	was	very	popular	to	supply	the	agricultural	water	demand	of	the	community.	
The	ponds	provide	the	possibility	to	collect	the	seasonal	and	temporary	flows,	store	them,	
and	use	them	later	in	cultivation	season	when	there	is	a	shortage	of	water	to	feed	the	crops.	
Since	evaporation	 rate	 is	not	a	 concern	 in	 the	 region,	 the	uncovered	cisterns	became	 the	
popular	rainwater	harvesting	technique.	Almost	all	the	cities	and	villages	in	Guilan	province	
had	 one	 or	 more	 ponds	 to	 meet	 their	 agricultural	 demand	 for	 water;	 Banihabib	 argues,	
"there	 were	 1200	 ponds	 in	 Guilan	 province	 to	 provide	 water	 for	 various	 uses	 such	 as	
agriculture,	fishing	and	other	recreational	activities"	(1999,	p.339).	The	ponds	as	big	water	
reservoirs	were	not	mono-functional	entities;	they	were	rather	multifunctional	components	
and	 served	 different	 purposes.	 In	 addition	 to	 their	 water	 storage	 capacity,	 the	 ponds	 as	
large	 bodies	 of	 water	 in	 any	 urban	 setting	 were	 providing	 the	 possibility	 for	 fishery,	
recharging	 the	 groundwater	 tables,	 providing	 amenity	 for	 people	 and	 being	 habitat	 for	 a	
variety	of	migratory	birds.	Moreover,	the	presence	of	water	surrounded	by	greenery	creates	
a	 pleasant	 ambiance	 and	 enhances	 the	 aesthetic	 qualities	 of	 the	 environment.	 As	 an	
integrated	part	of	the	natural	landscape,	the	ponds	were	significant	components	in	shaping	
a	 functioning	 system	 with	 little	 environmental	 imprints.	 However,	 the	 rapid	 pace	 of	
urbanization,	particularly	in	the	last	50	years	caused	many	changes	in	the	natural	landscape	
of	 the	 region	 including	 the	 loss	 of	 many	 ponds.	 Expanding	 built-up	 areas	 swallowed	 the	
agricultural	fields	and	thus,	the	pond	lost	its	function	as	the	source	of	water	for	agricultural	
activities.	The	emergence	of	modern	irrigation	systems,	and	lack	of	proper	maintenance	are	
yet	 other	 reasons	 for	 further	 deterioration	 and	 later	 dismissal	 of	 many	 ponds	 in	 Iran,	
particularly	in	rural	areas.		

In	 contrast	 to	 the	 traditional	 system,	 the	 current	 stormwater	 management	
infrastructure	of	Lahijan	is	a	set	of	surface	channels	and	underground	conduits	with	limited	
capacity	in	the	conveyance	of	stormwater	out	of	the	city.	 In	addition	to	the	inefficiency	of	
the	 existing	 infrastructure,	 the	 current	 urban	 spaces	 of	 Lahijan	 are	 not	 of	 any	 assistance.	
Among	others,	 the	 rapid	 expansion	 of	 hard	 surfaces	 is	 a	 very	 important	 factor	 to	 further	
uncover	 the	weak	performance	of	 the	current	drainage	system	of	Lahijan.	An	overview	of	
the	present	status	of	lahijan	reveals	not	only	the	limited	number	of	green	open	spaces	(soft	
surfaces)	but	 also	 their	 uneven	distribution	within	 the	 city.	 This	makes	 some	parts	of	 the	
urban	fabric	very	vulnerable	so	that	if	the	public	sewers	fail	to	manage	the	urban	runoff	in	
case	 of	 heavy	 rainfall,	 the	 urban	 environment	 is	 not	 resilient	 enough	 to	 adapt	 to	 the	
situation	 and	 receive	 and	 manage	 the	 excessive	 water	 temporarily.	 Hence,	 the	 limited	
capacity	 of	 the	 current	 drainage	 of	 the	 city	 as	 well	 as	 limited	 on-site	 stormwater	
management	capacities	of	the	urban	spaces	calls	for	a	paradigm	shift	in	the	design	of	public	
spaces	 of	 Lahijan	 to	 reduce	 the	 impacts	 of	 unpredictable	weather	 events.	 The	 shift	 from	
strictly	engineered	systems	of	urban	sewers	to	a	nature-oriented	network	of	water	sensitive	
urban	spaces	(Wong	&	Ashley,	2006)	will	not	only	reduce	the	environmental	impact	of	the	
urban	water	system	but	also	provide	social	amenities	and	contribute	to	the	higher	quality	of	
urban	life	of	the	communities.	

The	above-mentioned	examples	prove	that	the	traditional	city	form	was	an	integrated	
part	 of	 the	 stormwater	 management	 of	 the	 city.	 Not	 only	 the	 urban	 surfaces	 were	
contributing	 to	 the	 on-site	 stormwater	 management	 but	 also	 the	 pond	 as	 a	 rainwater	
harvesting	 technique	 was	 emphasizing	 the	 idea	 of	 ‘city	 as	 water	 supply	 catchment’	 and	
introducing	 rain	 as	 an	 asset	 and	 source	 of	 water	 for	 various	 domestic	 and	 agricultural	
activities.	Despite	 the	 fact	 that	 Lahijan	Pond	survived	 in	 the	 rapid	urbanization	process	of	
the	late	20th	century,	it	has	been	transformed	into	an	artificial	lake.	The	pond	has	not	only	
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lost	 its	 primary	 function	 as	 large	water	 storage	 of	 the	 city	 it	 has	 also	 been	 disconnected	
from	the	functioning	landscape	of	Lahijan	and	serves	the	city	as	a	recreational	zone.			
		

	
Figure	1.	(a)	Lahijan	in	Qajar	Period;	(b)	Lahijan	in	Pahlavi	period;	(c)	pre-development	water	balance	of	Qajar	

city	vs.	(d)	disruption	of	natural	water	cycle	in	Pahlavi	city	

The	Future	Water	Sensitive	Form	of	Lahijan		

The	revival	of	traditional	water	harvesting	systems	of	the	region	can	play	an	important	role	
in	proposing	new	strategies	which	benefit	from	traditional	knowledge	and	solutions	as	well	
as	advanced	technologies	of	the	current	time.	As	discussed	earlier	such	traditional	practices	
cannot	manage	all	 the	 loads	of	stormwater	of	contemporary	Lahijan.	However,	employing	
such	 techniques	 in	 addition	 to	 the	existing	 infrastructure	 can	manage	 the	excess	 loads	of	
surface	 runoff	 in	 extreme	 rainfall	 events	 and	 improve	 the	 resiliency	 of	 the	 urban	 form.		
Distributed	water	 systems	 and	 the	practices	of	 rainwater	 harvesting	 and	building	 cisterns	
and	 storage	 tanks	 to	 collect	 and	 store	 the	 water	 are	 not	 alien	 concepts	 in	 Iran,	 and	
particularly	in	Guilan	region.	On	the	contrary,	while	such	practices	were	common	in	the	past,	
they	are	currently	almost	forgotten	and	not	in	use	anymore.	Recently,	however,	there	is	a	
growing	awareness	about	the	importance	of	stormwater	as	a	valuable	source	of	water	and	
asset	 for	 the	city.	 	Lahijan’s	urban	surfaces	must	change	to	 increase	their	various	storage,	
infiltration,	and	evaporation	capacities.	Such	capacities	will	 improve	the	distributed	onsite	
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stormwater	 management	 possibilities	 and	 turn	 the	 city	 into	 a	 functioning	 landscape	 in	
which	each	and	every	component	plays	a	role	to	sustain	the	system.	Publicly	owned	green	
spaces	and	water	bodies	such	as	parks,	sports	fields,	gardens,	cemeteries,	campuses,	vacant	
lands	 and	 the	 pond	 are	 examples	 of	 land	 uses	 and	 surfaces	 to	 shape	 the	water	 sensitive	
patches	of	Lahijan.	In	addition	to	patches,	water	sensitive	corridors	would	also	play	critical	
roles	 as	 the	 main	 connectors	 to	 form	 and	 define	 the	 backbone	 of	 a	 nature-oriented	
stormwater	management	 infrastructure.	Long	strips	of	publicly	owned	 land	within	the	city	
including	streams,	drainage	ways,	and	green	streets	are	examples	of	such	corridors	to	shape	
the	green	network	of	the	urban	landscape.	

Rehabilitating	 and	modifying	 Lahijan’s	 pond	 and	 reintegrating	 it	 to	 the	 stormwater	
management	infrastructure	can	be	one	step	to	build	new	concepts	based	on	old	traditions	
to	 achieve	 the	 sustainability	 of	 urban	 water	 management	 system.	 Under	 the	 new	 water	
sensitive	city	paradigm,	 instead	of	 large	distance	 transfers	of	 stormwater,	 local	harvesting	
and	treatment	 techniques	will	 form	a	distributed	urban	water	 infrastructure,	 in	which	the	
pond	plays	a	crucial	role.	Moreover,	the	surface	stormwater	management	practices	provide	
recreational	places	and	contribute	to	the	aesthetic	qualities	of	the	city.	
	 		

	
Figure	2.	A	scheme	of	the	network	of	water	sensitive	public	spaces	of	Lahijan	

In	 addition	 to	 increasing	 on-site	 stormwater	 management	 capacity	 of	 different	 urban	
spaces,	creating	a	distributed	yet	well-connected	network	of	such	water	sensitive	surfaces	
within	 the	 city	 is	 important.	 Such	 network	 of	 urban	 surfaces,	 however,	 is	 not	 a	 natural	
network,	mimics	the	characteristics	of	a	pre-development	landscape.	Thus,	connectivity	is	
considered	as	one	of	the	most	significant	characteristics	of	a	well-functioning	landscape.	In	
Ahern’s	words,	 “Connectivity	 is	 a	property	of	 landscapes	 that	 illustrates	 the	 relationship	
between	landscape	structure	and	function.”	(2007,	p.270)	The	urban	landscape	of	Lahijan	
today	 is	 suffering	 from	 low	connectivity.	The	 landscape	elements	are	either	disappeared	
and	 replaced	 by	 urban	 elements	 or	 fragmented	 and	 highly	 separated	 from	 each	 other.	
Despite	 the	 fact	 that	 the	 concept	 of	 connectivity	 is	 highly	 related	 to	water	 flows	 and	 a	
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fragmented	hydrological	system	is	not	capable	of	well-functioning,	water	systems	seem	to	
be	 among	 the	 most	 affected	 ones;	 and	 they	 are	 mainly	 disconnected	 and	 fragmented	
through	 development	 of	 grey	 (civil)	 infrastructures	 of	 the	 city.	 The	 significance	 of	
connectivity	is	due	to	increasing	the	resiliency	of	the	system,	so	that	if	part	of	the	system	
fails	to	function,	the	rest	goes	on	and	prevents	the	collapse	of	the	whole	system.		

Concluding	Remarks		

Studying	 the	 early	 examples	 of	 stormwater	 management	 of	 Lahijan	 reveal	 that	 the	
traditional	urban	form	was	an	integrated	part	of	the	stormwater	management	system	of	the	
city.	 Hence,	 unlike	 the	 conventional	 urban	 water	 infrastructure,	 the	 practices	 of	 on-site	
stormwater	management	 and	 combining	 place-making	with	 stormwater	management	 are	
not	alien	concepts	in	the	studied	context.	On	the	contrary,	many	of	such	practices	lost	their	
popularity	after	 the	emergence	of	modern	urban	water	 structure	 in	 the	mid-20th	 century.	
One	may	argue	that	traditional	practices	are	not	able	to	solve	all	water-related	issues	of	the	
current	 time;	however,	 combining	 the	 traditional	 knowledge	and	 the	 recent	 technological	
capacities	 can	 offer	 a	 good	mix	 of	 “old”	 techniques	 and	 “new”	 technologies	 to	 assist	 the	
communities	in	achieving	the	sustainability	of	their	water	resources.	Such	strategy	attracts	
even	 larger	 attention	 in	 a	 country	 like	 Iran,	 where	 the	 rapid	 pace	 of	 urban	 expansion	
requires	 further	development	of	urban	water	 infrastructure;	while	some	of	 the	traditional	
techniques	of	water	management	are	still	in	use	and	there	is	a	tendency	to	preserve	them.	
Hence,	 studying	 the	 traditional	 knowledge	 and	 learning	 from	 locally	 practiced	 techniques	
can	help	us	to	pave	the	path	for	finding	new	ways	to	face	the	growing	water	challenges	of	
Iranian	cities	and	to	move	towards	the	sustainability	of	Iran’s	water	resources.		
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Abstract:	Urban	Green	 Infrastructure	 (UGI),	 tree	 coverage	 in	particular,	possesses	great	mitigating	potential	
for	the	urban	heat	island	(UHI)	effect	and	considerable	capability	of	enhancement	of	human	comfort.	This	is	a	
survey	of	90	studies	dealing	with	UGI	 in	Mediterranean,	arid,	Atlantic	and	Boreal	climates.	Quantification	of	
the	UGI	cooling	effect	 is	the	most	popular	methodology	used,	 in	particular	the	intensity	of	park	cool	 islands,	
and	the	cooling	effect	of	street	trees.	Field	experiments	serve	as	the	dominant	approach,	mostly	micro-scale,	
with	 time-scales	 of	 a	 few	 days	 at	 most.	 About	 1/3	 of	 the	 studies	 use	 numerical	 models,	 estimating	 UGI	
contribution	to	human	comfort,	but	less	than	20%	apply		questionnaires	to	evaluate	subjective	perception	of	
this	 comfort.	 In	 spite	 of	 the	 dominant	 effectivity	 of	 urban	 trees,	 very	 few	 studies	 deal	 with	 evaluation	 of	
particular	tree	species,	their	shading	effect	and	the	influence	of	foliage	type	and	extent.	The	most	commonly	
measured	variable	is	air	temperature.	Solar	radiation,	surface	temperature,	humidity	and	wind	speed	are	used	
for	studies	on	thermal	comfort	and	modelling.	The	survey	exposed	the	lack	of	research	of	UGI&UHI	interplay	
on	regional	and	city	scales,	as	also	on	the	cooling	potential	of	green	walls	and	roofs.	 
	
Keywords:	Urban	Green	Infrastructure,	Urban	Heat	Island,	Thermal	Comfort,	Park	Cool	Island,	Urban	Forest	

Introduction	

Urban	Heat	Island	(UHI)	and	climate	change	

The	global	rate	of	urban	population	has	surpassed	the	50%	and	in	2014	already	54%	of	the	
global	population	was	living	in	cities	(United	Nations,	World	Urbanization	Prospects,	2014).	
In	 Europe,	 the	 rate	 of	 urban	 population	 is	 74%	 and	 there	 are	 already	 several	 urban	
agglomerations	with	over	5	million	and	even	10	million	inhabitants	(United	Nations,	World	
Urbanization	Prospects,	2014).	As	 the	urban	population	continues	growing,	 the	challenges	
of	 life	 in	densely	populated	urban	areas	are	 growing	as	well.	One	of	 the	most	prominent	
environmental	features	of	urban	areas	is	the	localized	climatic	phenomenon	known	as	the	
Urban	Heat	 Island	 (UHI),	which	 is	 characterized	 by	 higher	 temperatures	within	 the	 urban	
area	compared	to	the	surroundings	(Oke,	1982,	1987).	The	intensity	of	the	UHI	depends	on	
two	of	 the	prominent	 factors:	population	 size	and	building	density,	 as	well	 as	 city	design,	
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building	materials	and	anthropogenic	activities	(Oke,	1987;	Arnfield,	2003).	UHI	intensity	is	
more	pronounced	during	the	night-time	hours,	typically	in	the	range	of	1-3°C.	Nevertheless,	
a	considerable	UHI	can	develop	during	daytime	as	well,	enhancing	the	degree	of	discomfort	
and	 disrupting	 the	 functioning	 ability	 and	 health	 of	 the	 urban	 population,	 especially	 the	
elderly	and	the	chronically	ill.	Urban	design,	in	particular	the	geometry	of	streets	(known	as	
urban	 canyons),	 traps	 the	 heat	 and	 affects	 adversely	 the	 efficiency	 of	 night-time	 cooling	
(Erell	et	al,	2011).	UHI	 intensity	depends	on	weather	conditions	as	well,	and	during	stable	
nights	 with	 calm	 air	 and	 cloudless	 skies	 it	 can	 get	 as	 high	 as	 12°C	 (Voogt,	 2004).	Warm	
nights	 are	 becoming	 a	 growing	 problem,	 especially	 in	 cities	which	 are	 already	warm	 and	
humid,	for	example	in	the	Mediterranean	region	(Ziv	and	Saaroni,	2011),	but	even	mid-	and	
high-latitudes	 cities	 suffer	 during	 heat	 events.	 Thus,	 a	 new	 definition	 of	 heat	 waves,	
proposed	 by	 Kuglitch	 et	 al	 (2010),	 takes	 into	 account	 not	 only	 daytime	 temperature	 but	
night-time	 temperature	as	well.	 Their	definition	of	a	heat	wave	 is	a	period	of	3,	or	more,	
consecutive	hot	days	and	nights	during	which	the	temperature	exceeds	the	95th	percentile,	
and	they	used	this	definition	to	demonstrate	an	increment	in	the	number	of	heat	waves	in	
the	eastern	Mediterranean	during	the	last	decades.		

The	most	intensive	UHIs	develop	in	mid-latitude	regions	(Wienert	and	Kuttler,	2005),	
regions	that	already	suffer	from	the	highest	rates	of	global	warming,	with	further	increase	
projected	 (IPCC,	 2013).	 Significant	 UHIs	 have	 been	 observed	 in	 tropical	 and	 sub-tropical	
regions	as	well,	where	they	amplify	the	already	severe	thermal	discomfort	conditions	that	
characterize	these	regions	(e.g.,	Balling	and	Brazel,	1987;	Saaroni	et	al,	2000;	Chow	and	Roth,	
2006;	Sofer	and	Potchter,	2006;	Velazquez-Lozada	et	al,	2006).	

Even	though	the	projected	air	temperature	increase	caused	by	global	warming	is	more	
gradual	 than	 the	 local	 increase	 due	 to	 the	 UHI	 effect	 (Grimmond,	 2007),	 the	 combined	
effect	of	 	 the	 two	 is	 expected	 to	 accelerate	 thermal	 stress	within	 the	urban	environment	
(e.g.,	Potchter	and	Ben-Shalom,	2013),	and	the	two	may	even	be	synergistic	(Li	and	Bou-Zeid,	
2013).	The	increase	in	frequency,	intensity	and	duration	of	heat	waves	(e.g.,	Lelieveld	et	al,	
2012),	and	the	projected	increase	of	this	trend	by	climate	models	(IPCC,	2013),	will	further	
aggravate	thermal	stress	and	discomfort	conditions.			

During	periods	of	heat	waves	there	is	increased	risk	to	vulnerable	urban	populations,	
and	 increased	 mortality	 rates	 have	 been	 reported	 by	 many	 countries,	 including	 France,	
Russia	 and	 the	 Netherlands,	 especially	 during	 and	 following	 the	 heat	waves	 of	 2003	 and	
2010	(Matzarakis	et	al	2009;	Norton	et	al,	2015).	

The	role	and	benefit	of	Urban	Green	Infrastructure	(UGI)	

UGIs	 in	 general	 and	 urban	 trees	 and	 forests	 in	 particular,	 are	 known	 to	 serve	 as	 a	most	
effective	 tool	 for	 reducing	 the	 temperature	 through	 shadowing	 and	 evapotranspiration	
mechanisms.	Consequently,	UGI	has	been	regarded	as	a	most	useful	tool	for	mitigating	the	
UHI	effect	and	improving	the	thermal	comfort	of	people	in	cities	(Gill	et	al,	2007;	Bowler	et	
al,	2010;	Norton	et	al,	2015;	Pearlmutter	et	al,	2017).		

Several	studies	have	quantified	the	intensity	of	the	Park	Cool	Island	(PCI)	and	use	this	
measure	 to	 express	 the	 rate	 of	 UHI	 mitigation.	 However,	 urban	 parks	 are	 typically	
composed	of	various	types	of	green	spaces,	including	trees,	grass,	shrubs	etc.	While	trees,	in	
particular	 large-scale	areas	covered	by	trees,	known	as	 'urban	forests',	create	cooler	areas	
most	effectively	 (Brown	et	al,	2015;	Yoshida	et	al,	2015),	many	parks,	which	contain	 large	
grassy	 areas,	 are	 effectively	 cooled	 during	 night-time,	 but	 during	 the	 day	 they	might	 get	
even	warmer	than	their	urban	surroundings	(e.g.,	Potchter	et	al,	2006;	Saaroni	et	al,	2015).		
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In	warm	climates	and	under	warm	conditions,	the	shading	effect	is	critical	for	thermal	
comfort;	shade	trees	reduce	exposure	of	people	to	both	short-wave	radiation	from	above,	
and	long-wave	radiation	from	the	underlying	ground	surface	or	reflected	by	other	surfaces	
(such	as	building	walls).	The	shaded	surfaces,	which	are	cooler	than	surfaces	exposed	to	the	
sun,	 further	 reduce	 air	 temperature	 and	 contribute	 to	 improved	 thermal	 comfort.	 Green	
infrastructures	 throughout	 the	city,	 street	 trees	 in	particular,	have	utmost	 importance	 for	
the	thermal	comfort	of	urban	pedestrians.	The	reduction	of	 thermal	stress	by	street	 trees	
during	hot	conditions	has	been	widely	demonstrated	(e.g.,	Shashua-Bar	and	Hoffman,	2004;	
Thorsson	 et	 al,	 2004;	 Ali-Toudert	 and	 Mayer,	 2005,	 2007;	 Mayer	 and	 Matzarakis,	 2006;	
Shashua-Bar	et	al,	2011).	In	their	review	article,	Bowler	et	al	(2010)	indicate	that	while	most	
studies	deal	with	 the	quantification	of	 the	PCI	 in	general	and	with	 its	 contribution	 to	UHI	
mitigation,	this	has	never	been	done	on	an	urban	scale,	although	it	is	well	demonstrated	on	
the	micro-scale.		

The	rate	of	air	temperature	reduction	imposed	by	a	tree,	a	grove	or	an	urban	forest	
depends	on	the	rate	of	shading	and	on	the	resulting	evapotranspiration.	These	phenomena	
depend	 on	 the	 amount	 of	 tree	 coverage,	 tree	 structure,	 density	 and	 size.	 Availability	 of	
water	and	tree	biomass	is	also	important	factors	(Pearlmutter	et	al,	2017).	In	general,	large	
trees	with	 large	and	dense	crowns	are	the	most	effective	(e.g.,	Shashua-Bar	and	Hoffman,	
2004).		

Vegetated	 roofs	 and/or	 walls	 are	 also	 considered	 UGI	 constituents,	 contributing	
mainly	 to	 the	 cooling	of	buildings	 through	evapotranspiration.	 Lehman	 (2014)	describes	a	
holistic	 concept	 of	 'green	urbanism',	 focusing	 on	 green	 roofs	 and	walls,	 emphasizing	 that	
their	 building-cooling	 effect	 reduces	 energy	 consumption,	 thus	 further	 enhancing	 UHI	
mitigation.	Other	 studies,	 like	Alexandri	 and	 Jones	 (2008)	 have	modelled	 air	 temperature	
reduction	by	green	walls	and	roofs,	and	found	in	Riyadh,	Saudi	Arabia	a	reduction	as	high	as	
25°C	 in	 the	 air	 temperature,	 1m	 above	 the	 roof.	 At	 the	 street	 level,	 they	 estimate	 the	
combined	effect	of	roof	and	green	walls	between	3°C	to	11°C	depending	on	the	city,	with	a	
maximum	in	a	hot	and	dry	climate.	They	show	that	 the	decrease	 in	 temperature	depends	
more	on	the	amount	and	geometry	of	the	vegetation,	than	on	the	geometry	of	the	urban	
canyon.	They	further	conclude	that	even	in	a	hot	and	humid	climate,	 like	Hong	Kong,	well	
vegetated	roof	and	walls	may	cool	the	air	temperature	by	as	much	as	8.4°C.		

Study	approach	

Our	study	is	based	on	the	compilation	and	review	of	90	scientific	documents,	of	which	the	
vast	majority,	 81,	 have	 been	 published	 as	 scientific	 papers	 in	 refereed	 journals.	 The	 rest	
consist	 of	 3	 PhD	 theses,	 3	 proceedings	 and	 3	 scientific	 reports.	 The	 studies	 refer	 to	 four	
countries:	Sweden	(21	studies),	the	Netherlands	(16	studies),	Portugal	(17	studies)	and	Israel	
(35	studies),	representing	very	distinct	climate	regions.			
First,	we	examined	the	characteristics	of	the	"background	variables"	used	in	the	studies:	(1)	
the	 distribution	 of	 different	 research	 approaches:	 experimental,	 modelling	 and/or	
questionnaire	methodology.	 (2)	The	different	geographical	 scales:	 	a	specific	point	 (micro-
scale),	urban	scale	or	 regional	 scale.	We	also	distinguished	between	studies	 focusing	on	a	
large	 city,	 on	 small	 cities	 and	 on	 rural	 settlements.	 (3)	 For	 studies	 within	 the	 urban	
environment	(most	of	the	studies)	we	looked	at	the	positioning	of	the	studied	area	within	
the	city:	 central,	 suburban,	 rural	or	other.	 (4)	Time-scale:	we	distinguished	between	short	
time-scale	 (in	 several	 case	 studies),	 medium	 scale	 (1-2	 seasons,	 distinguishing	 between	
season	types),	and	long-time-scale	(at	least	several	years).		
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This	 review	 is	 focused	on	the	contribution	of	UGI	 to	mitigation	of	 the	UHI	and	the	role	of	
UGI	 in	 improving	 thermal	 comfort.	 Accordingly,	 we	 have	 analysed	 the	 various	 UGI	 types	
studied	and	their	effect	on	atmospheric	variables	and	on	thermal	comfort.	In	this	survey	we	
distinguished	between	different	studies'	perspectives	of	trees:	comparison	of	different	tree	
species	 and/or	 amount	 and	 type	 of	 coverage	 or	 type	 of	 foliage.	 We	 looked	 at	 the	
distribution	of	 study	 focus	 on	different	UGI	 types:	 urban	 forests,	 urban	parks	 or	 gardens,	
street	trees	and	courtyards,	vegetated	roofs	and	walls.		

The	 atmospheric	 variables	 reviewed	 range	 from	 air	 temperature,	which	 is	 the	most	
basic	 and	 most	 widely	 studied,	 to	 variables	 used	 in	 energy	 balance	 modelling:	 solar	
radiation,	 surface	 temperature,	 wind	 speed,	 humidity	 (relative	 or	 specific)	 and	
evapotranspiration.	 We	 took	 particular	 notice	 of	 studies	 which	 deal	 directly	 with	 the	
shadowing	effect,	which	is	critical	to	human	comfort,	beyond	mere	cooling.		

Finally,	 although	 we	 have	 focused	 on	 studies	 that	 refer	 to	 UGI	 and	 its	 climatic-
environmental	 impact,	 we	 were	 also	 searching	 in	 these	 studies	 for	 research	 about	 the	
interaction	 of	 UGI	with	 human	 health	 through	 reduction	 of	 particulate	matter	 (PM),	 and	
about	the	impact	of	UGI	on	the	economy.		

Results	

Classification	of	 research	approaches	used	 in	 the	 reviewed	studies:	The	most	widely	used	
methodology,	in	>85%	of	the	studies,	is	field	experiments	that	quantify	the	cooling	effect	of	
various	 UGIs.	 The	 experiments	 are	 mostly	 performed	 in	 one	 specific	 location,	 i.e.,	 on	 a	
micro-scale,	and	on	a	short	time-scale,	consisting	of	a	few	case	studies.	The	methodology	of	
modelling	the	contribution	of	UGI	to	human	comfort	is	used	in	~1/3	of	the	studies,	usually	in	
combination	 with	 field	 experiments,	 for	 validation.	 It	 was	 surprising	 to	 find	 that	 the	
methodology	 of	 questionnaires,	 mostly	 evaluating	 the	 subjective	 thermal	 comfort	
perception,	was	used	 in	 less	 than	20%	of	 the	studies	 reviewed.	The	use	of	questionnaires	
was	usually	accompanied	with	meteorological	measurements	 in	 the	 field.	Observations	of	
human	 activity	 and	 behaviour	 were	 used	 in	 3	 of	 the	 studies,	 in	 conjunction	 with	
questionnaires.			

The	 collection	 of	 the	 cities	 studied	 points	 at	 the	 location	 of	 research	 centres	 as	 a	
dominant	factor	in	the	choice	of	study	location.	In	Israel	and	Portugal	most	of	the	studies	of	
UGI	 influence	on	 climate	 and	 comfort	were	performed	 in	 the	 two	big	 cities,	 Tel	Aviv	 and	
Lisbon,	with	some	additional	studies	 in	rural	 locations	and	 in	an	arid	region.	 In	Sweden	as	
well,	most	 of	 the	 studies	 have	 taken	 place	 in	 Gothenburg,	 a	 prominent	 centre	 for	 urban	
climate	 research.	 Some	 of	 these	 results	 were	 compared	 to	 results	 in	 other	 cities.	 The	
Netherlands	 studies	 were	 performed	 in	 cities	 other	 than	 Amsterdam	 and	 most	 of	 them	
present	comparisons	between	cities.	It	should	be	noted	that	the	Israeli	studies	refer	to	two	
different	 climatic	 regions;	 the	Mediterranean	 climate	 region,	 characterized	 by	 sultry	 (hot	
and	 humid	 due	 to	 high	 relative	 humidity	 but	 no	 rainfall)	 summers	 and	 mild	 winters,	
represented	by	Tel	Aviv,	and	the	arid	region	where	the	summers	are	hot	and	dry	and	the	
winters	are	mild.	 In	both	seasons	there	 is	a	 larger	 inter-diurnal	variation	compared	to	the	
temperate	 Mediterranean	 region,	 with	 warmer	 days	 and	 cooler	 nights,	 due	 to	 the	
continental	climate.	The	arid	region	was	represented	in	the	studies	by	the	city	of	Beer	Sheba,	
the	largest	city	of	the	Negev	desert,	and	by	several	rural	settlements.				

Not	 surprisingly,	a	 large	portion	of	 the	studies	 focus	on	specific	 locations	within	 the	
city,	 i.e.,	 specific	 streets	 (one	 or	 more),	 a	 particular	 garden	 or	 park.	 The	 scale	 in	 the	
Netherlands	studies	 is	different,	predominantly	urban.	This	 is	also	 the	case	 for	half	of	 the	
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studies	 in	 Portugal.	 There	 are	 only	 7	 studies	 which	 refer	 to	 the	 regional	 scale,	 but	 they	
mostly	deal	with	comparison	or	review	of	results	from	various	cities.	

Regarding	time	scales	and	periods,	we	expected	a	focus	on	the	warm	season	and	on	
extreme	heat	events,	but	this	turned	out	not	to	be	the	case,	and	almost	half	of	the	studies	
refer	 to	 the	 cold	 season	 as	 well.	 The	most	 frequent	 time-scale	 used	 is	 short	 (2/3	 of	 the	
studies),	typically	case	studies	of	1-12	days.	Some	of	these	studies	focus	on	specific	weather	
conditions,	e.g.,	calm	and	cloudless	winter	nights,	where	the	aim	is	to	identify	the	maximum	
intensity	of	the	UHI,	others	focus	on	heat	waves,	mostly	during	daytime.	Since	field	studies	
require	monitoring	by	dense	instrumentation,	they	are	limited	in	time.	Very	few	studies	in	
this	 survey	were	 conducted	on	a	 long	 time	 scale.	 The	 long-term	studies	obtain	 their	data	
from	 fixed	 stations	 which	 are	 available	 for	 long	 periods	 of	 time.	 A	 small	 portion	 of	 the	
studies	make	use	of	satellite	data,	to	analyse	surface	temperatures,	mostly	looking	for	long-
term	changes.		

Types	 of	 UGI:	 We	 were	 looking	 for	 studies	 evaluating	 the	 impact	 of	 different	 tree	
species	 on	UHI	mitigation	 and	 thermal	 comfort,	 and	we	were	 surprised	 to	 find	 that	 only	
about	10%	of	the	reviewed	studies	relating	to	urban	trees	did	actually	refer	to	tree	species.	
The	 important	 factors	 of	 foliage	 and	 leaf	 coverage	 are	 referred	 to	 in	 only	 ~20%	 of	 the	
studies.	The	vast	majority	of	 the	studies	deal	with	urban	parks,	while	there	are	almost	no	
studies	focusing	on	"urban	forests"	and	their	contribution	to	UHI	mitigation.	The	research	of	
over	50	studies	from	Israel,	Portugal	and	Sweden	deal	with	parks	and	with	different	types	of	
green	areas	within	the	parks.	 In	 Israel	 the	research	 is	also	dealing	with	 large	grassy	areas,	
which	may	bring	about	warming	during	daytime	and	they	are	also	big	consumers	of	water.	
Among	the	Netherlands	studies,	only	3	(<20%)	focus	on	urban	parks,	referring	to	trees.	It	is	
important	to	note	that	while	 in	 Israel	and	Portugal	 (the	warm	countries)	there	are	studies	
referring	to	the	effect	of	grass,	no	such	treatment	was	found	in	the	studies	from	Sweden	or	
the	Netherlands.	Shashua-Bar	et	al	(2009,	2011)	found,	in	their	investigation	of	arid	areas	in	
Israel,	 that	 a	 courtyard	 covered	 with	 a	 combination	 of	 grass	 and	 shade	 trees	 yielded	 as	
much	 as	 a	 2.5°C	 drop	 in	 air	 temperature	 during	 the	 day	 compared	 to	 a	 non-shaded,	 dry	
courtyard.	The	combination	of	grass	and	shade	trees	has	been	found	to	create	a	synergistic	
effect	 that	enhances	cooling,	 improves	 thermal	sensation,	and,	at	 the	same	time,	 reduces	
irrigation	 requirements	by	more	 than	50%,	 compared	 to	grass	on	 its	own.	They	proposed	
using	“cooling	efficiency”	as	an	evaluation	measure	of	landscape	strategies	in	arid	cities.	

Among	 the	 various	 atmospheric	 variables	 encountered	 in	 the	 studies,	 the	 most	
common	is	air	temperature	(it	appears	 in	over	75%	of	the	studies).	PCI	 is	the	most	widely	
analysed	 entity,	 yielding	 the	 intriguing	 result	 of	 a	 wide	 spectrum	 of	 UHI	 intensities	
measured	 in	different	parks.	Reported	 intensity	values	ranged	from	a	maximum	of	almost	
10°C	 to	 the	 negative	minimum	 value	 -3°C	 (i.e.,	 the	 park	warmer	 than	 the	 surroundings),	
even	 in	 the	 same	 climatic	 zone	 (see	 Figure	 1.3	 in	 Pearlmutter	 et	 al,	 2017).	 However,	 no	
studies	in	this	collection	performed	quantification	of	UGI	contribution	to	UHI	mitigation	on	
an	urban	scale.	Humidity,	which	is	a	parameter	that	is	decisively	affected	by	vegetation	and	
also	can	have	a	 	dominant	 influence	on	human	comfort,	has	been	 treated	 in	>65%	of	 the	
studies	 from	 Israel	 and	 Portugal,	 probably	 owing	 to	 prevalent	 heat	 stress	 conditions	 that	
characterize	these	regions.	Accordingly,	humidity	is	referred	to	in	only	33%	and	31%	of	the	
studies	 from	 Sweden	 and	 the	 Netherland,	 respectively.	 Wind	 speed,	 which	 also	 has	 an	
important	 influence	on	human	comfort,	 is	widely	 referred	to,	and	appears	 in	~60%	of	 the	
studies.	The	effect	of	UGIs	on	the	wind	speed	is	especially	important	under	sultry	conditions,	
when	 ventilation	 is	 most	 important	 for	 body	 cooling.	 While	 there	 is	 a	 relatively	 large	
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amount	 of	 quantitative	 analysis	 of	 the	 cooling	 effect	 of	 the	 UGI	 and	 its	 contribution	 to	
thermal	comfort,	almost	none	of	the	studies	deal	with	the	adverse	influence	of	the	UGI	on	
ventilation,	 especially	 the	effect	 created	by	 areas	with	densely	planted	 trees	 (boulevards,	
groves	 or	 urban	 forests),	 which	 reduce	 ventilation	 and	 thus	 actually	 increase	 human	
discomfort.		

Thermal	 comfort	 has	 been	 studied	 through	 various	 indices	 (e.g.,	Mayer	 and	Hoppe,	
1987;	Hoppe,	 1999).	Most	 popular	 are	 the	mean	 radiant	 temperature,	 the	PET	 and	PMV,	
which	 can	 be	 easily	 calculated	 using	 freely	 available	 software.	 These	 indices	 have	
disadvantages,	 as	discussed,	 for	example,	 in	 Saaroni	 et	 al	 (2015),	where	 the	 ITS	has	been	
used,	and	also	in	the	latest	review	paper	on	thermal	comfort	indices	(Coccolo	et	al,	2016).	
Finally,	the	studies	reviewed	here	do	not	refer	to	the	impact	of	UGI	on	the	reduction	of	PM	
concentrations,	and	thus,	 its	contribution	to	public	health.	Similarly,	they	do	not	deal	with	
the	 economic	 aspects	 of	 UGI,	 including	 potential	 benefits,	 or,	 conversely,	 potential	 costs	
and	adverse	effects.	We	assume	that	these	issues	were	not	discussed	because	they	are	not	
studied	in	relation	to	the	influence	of	UGI	on	thermal	comfort	and	its	role	in	UHI	mitigation.		

Summary	

The	 combined	 trends	 of	 growing	 cities	 and	 global	warming	 bring	 about	 an	 increased	UHI	
effect,	which,	in	turn	intensifies	thermal	stress	within	urban	areas.	UGI	in	general	and	urban	
trees	and	forests	in	particular,	constitute	pivotal	means	for	mitigating	the	UHI	effect	and	for	
enhancing	human	comfort.	In	this	work	we	have	reviewed	research	approaches	and	findings	
of	90	studies	dealing	with	the	above	phenomena.	These	studies	were	conducted	in	several	
diverse	climatic	regions.		

The	 studies	 indicate	 that	urban	 trees	 serve	as	 the	most	effective	 tool	 for	mitigating	
the	UHI	and	enhancing	human	comfort.	Nevertheless,	very	few	studies	refer	to	specific	tree	
characteristics:	species,	foliage	type	or	tree	coverage,	subjects	that	deserve	further	research.	
The	most	commonly	measured	variable	is	the	air	temperature,	and	the	measured	PCI	effects	
display	 a	 huge	 intensity	 range.	 The	 PCI	 effect	 depends	 on	 park	 size,	 vegetation	 type,	 the	
particular	 tree	 species	 and	 amount	 of	 coverage,	 as	 well	 as	 on	 the	 season	 and	 weather	
conditions	 during	 the	 analysis.	 Studies	 focusing	 on	 thermal	 comfort	 and	 microclimate	
modelling	used	additional	variables:	solar	radiation,	humidity	and	wind	speed,	which	play	a	
part	in	the	modelling	of	the	energy	balance.	Evaluation	of	the	shadowing	effect,	which	is	the	
dominant	 factor	 for	 thermal	comfort	of	urban	pedestrians,	 is	also	documented,	 indicating	
the	 importance	 of	 tree	 density	 and	 coverage.	 Nevertheless,	 here	 too,	 further	 study	 is	
needed	regarding	various	tree	species.	As	well	as	deepening	the	research	in	ways	described	
above,	 we	 recommend	 integrating	 studies	 of	 the	 interplay	 between	 UGI	 and	 UHI	 with	
studies	of	the	contribution	of	UGI	to	public	health	and	evaluation	of	economic	impact.		

To	summarize,	in	order	to	gain	maximal	benefit	from	UGI	research,	there	is	a	need	to	
initiate	studies	on	the	combined	effect	of	the	various	green	measures,	including	vegetated	
terrain,	green	walls	and	especially	trees,	throughout	the	urban	environment.	These	studies	
should	 refer	 to	 the	 urban	 scale	 and	 should	 include	 applicability	 for	 planners	 and	
stakeholders.	
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A	Butterfly	Commons	for	the	Industrial	Center	of	Los	Angeles-	An	eco	positive	
approach	to	a	zero	carbon	built	environment	
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	Abstract:	 This	 paper	 discusses	 some	 of	 the	 ideas	 behind	 a	 speculative	 design	 project	 for	 the	
industrial/commercial	 districts	 in	 Los	 Angeles	 California.	 	 It	 imagines	 the	 greening	 of	 the	 existing	 buildings,	
streets	 and	 spaces	 with	 the	 goal	 of	 providing	 improved	 energy	 efficiency	 of	 existing	 structures,	 increased	
water	supply	and	improved	water	quality	using	plant	materials	that	are	known	to	attract	and	support	wildlife;	
particularly	butterflies,	other	insects	and	birds.	

Keywords:	vegetation,	passive	cooling,	bioclimatic,	urban	wildlife	

Introduction		

While	 those	of	us	 involved	 in	 the	built	environment	have	been	 focused	on	global	 climate	
change	and	human	caused	rise	in	CO2	concentrations	in	the	atmosphere,	there	is	another	
human	 caused	 crisis	 facing	 us.	 That	 is	 the	 biodiversity	 crisis.	Much	 like	 the	 consensus	 on	
global	 climate	 change,	 scientists	 worldwide	 are	 sounding	 the	 alarm	 to	 what	 is	 being	
described	as	the	6th	great	extinction	event	in	Earth’s	history.	Across	the	globe	scientists	are	
reporting	 declines	 in	 plants,	 insects,	 mammals,	 amphibians,	 fish,	 and	 whole	 habitats	
((Novacek,	et	al,	 (2001),	Watson,	et	al,	 (2016),	WWF	 (2016))	We	are	experiencing	Garrett	
Hardin’s	 “Tragedy	 of	 the	 Commons”	 on	 a	 global	 scale	 (Hardin,1968).	 	 Welcome	 to	 the	
Anthropocene	where	human	activity	is	the	major	driver	of	change	in	global	climate,	habitat	
health,	 species	 diversity	 and	 individual	 species’	 survival.	 (Vitousek,	 P.M,	 et	 al.	 1997)	 	 The	
biodiversity	crisis	at	this	point	is	not	primarily	driven	by	climate	change,	but	mostly	by	other	
human	activities;	displacement,	 fragmentation	and	conversion	of	natural	habitats	 through	
agriculture	and	development,	the	spread	of	exotic	species	(pathogens,	insect	pests,	weeds)	
as	 a	 result	 of	 global	 trade.	 (WWF	2016)	As	participants	 in	 the	design	and	 creation	of	 the	
built	 environment	 it	 is	 up	 to	 design	 professionals	 to	 respond	 to	 this	 crisis	 as	well	 as	 the	
challenge	 presented	 by	 the	 changing	 climate.	 The	 abstract	 for	 Hardin’s	 famous	 essay	 is	
wonderfully	 concise:	 “The	 population	 problem	 has	 no	 technical	 solution;	 it	 requires	 a	
fundamental	extension	in	morality.”	(Hardin	1968)		While	the	solutions	and	strategies	that	
are	 proposed	 and	 advanced	 as	 necessary	 to	 avert	 the	 worst	 of	 the	 climate	 crisis	 are	
technical,	 the	 acceptance	 of	 the	 problem	 and	 the	 need	 to	 act,	 seem	 to	 require	 a	
fundamental	extension	 in	morality.	 	 Likewise,	 the	extra	 steps	 that	are	being	advocated	 in	
this	paper	are	 in	some	sense	extensions	 in	morality.	As	a	 technical	matter,	plant	material	
selection	is	usually	based	on	many	other	factors	such	as;	plant	longevity,	maintenance	cost,	
water	 needs,	 “pest”	 resistance,	 growth	 habit;	 not	 wildlife	 compatibility.	 Even	 green	
infrastructure	 strategies	 that	 utilize	 plants	 to	 improve	 building	 performance	 commonly	
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utilize	plants	that	are	primarily	easy	to	grow	and	maintain,	such	as	the	use	of	Sedum	plants	
for	 green	 roofs.	 This	 paper	 describes	 several	 landscape	 strategies	 that	 can	 be	 used	 to	
reduce	 building	 energy	 use	 and	 improve	 human	 comfort,	 both	 indoors	 and	 out.	 	 Plant	
shading	of	building	surfaces,	green	roofs	and	 landscape	ponds	all	have	been	shown	to	be	
able	 to	 replace	or	 significantly	 reduce	 the	need	 for	air	 conditioning	 in	hot/warm	summer	
climates-	 these	would	be	 the	 functional	or	 “technical”	potentials	 of	 these	 strategies.	 This	
project	 is	meant	 to	 illustrate	 that	such	a	 landscape	can	also	be	made	to	be	welcoming	to	
wildlife,	particularly	when	it	is	implemented	at	a	scale	above	the	single	lot	or	building.		The	
value	of	using	the	neighborhood	as	the	design	scale	 is	 that	the	aggregate	effects	of	many	
landscape	elements	are	greatly	enhanced	at	scales	larger	than	the	single	lot.		As	the	area	of	
change	 increases,	 additional	 benefits;	 such	 as	 to	 urban	 heat	 island	 effects,	 or	 to	 surface	
water	 quality	 and	 groundwater	 quantity/quality	 also	 increase.	 	 The	 ability	 to	 attract	 and	
support	wildlife	is	similarly	scale	sensitive.			
	

	
	

Figure	1	El	Segundo	Blue	butterfly.	
	

Why	a	Butterfly	Commons?	

Before	 development,	much	 of	 the	 Los	 Angeles	 basin	 was	 covered	 by	 coastal	 sage	 scrub,	
chaparral	 and	 oak	 woodland	 plant	 communities.	 	 In	 1976,	 the	 local	 El	 Segundo	 Blue	
Butterfly	became	the	first	insect	to	be	placed	on	the	federal	endangered	species	list.		It	was	
found	 barely	 surviving	 in	 tiny	 patches	 of	 remnant	 natural	 habitat	 that	 had	 not	 yet	 been	
developed	only	because	it	was	adjacent	to	the	Los	Angeles	International	Airport.		Looking	at	
an	image	of	the	Los	Angeles	basin,	it	is	impossible	to	know	how	many	other	unique	species	
used	to	occupy	the	area	before	is	was	completely	converted	to	the	urban	landscape	that	we	
see	 today.	 	 So	 it	 seemed	 appropriate	 that	 an	 eco	 positive	 project	 in	 the	 center	 of	 Los	
Angeles	 was	 dedicated	 to	 promoting	 butterflies	 particularly	 and	 local	 native	 wildlife	 in	
general.	

The	 other	 part	 of	 the	 story	 that	 inspired	 this	 work	 is	 what	 happened	 after	 the	
butterflies	were	listed	as	endangered	and	conservation	efforts	began.		The	survival	of	the	El	
Segundo	 Blue	 butterfly	 and	 its	 relative,	 the	 Palos	 Verdes	 blue	 butterfly,	 were	 essentially	
accidents.	They	both	happened	to	 live	on	tiny	patches	of	 land	next	 to	the	airport	and	the	
nearby	 oil	 refineries.	 	 Conservation	 efforts	 consisted	 of	 maintaining	 and	 improving	 the	
existing	 habitat	 at	 the	 sites	 where	 they	 had	 been	 found	 and	 captive	 breeding	 of	 the	
butterflies	in	labs.	Some	portions	of	the	captive	bred	butterflies	were	then	released	back	to	
the	habitat	areas	to	bolster	the	existing	populations.			Meanwhile,	local	conservation	groups	
working	with	city	agencies	arranged	 to	 replant	 the	 slope	between	 the	parking	area	and	a	
local	beach	north	of	the	Airport	with	native	plants.	The	slope	had	been	covered	with	exotic	
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Ice	plant.		On	the	day	that	all	of	the	government	and	private	entities	assembled	at	the	beach	
to	dedicate	their	native	plant	conversion	project,	who	should	join	them,	but	dozens	of	small	
blue	butterflies!	 It	was	 a	 remarkable	 case	of	 “if	 you	plant	 it	 they	will	 come”.	 	 Today,	 the	
numbers	of	this	butterfly	have	increased	from	several	hundred	to	more	than	100,000.			

 
 
Figure	2		The	Los	Angeles	basin,	arrow	marks	butterfly	habitat,	square	marks	study	area	

	

Why	the	industrial/commercial	area?	

The	industrial/commercial	areas	of	Los	Angeles	are	the	most	in	need	of	improvement	from	
almost	all	standards	of	urban	quality	assessment.	 	 	The	existing	character	of	the	proposed	
project	area	consists	of	relatively	low	density	commercial	and	industrial	buildings.		Most	of	
the	buildings	have	flat	or	low	sloped	roofs.		This	part	of	the	city	lies	along	both	sides	of	the	
Los	 Angeles	 River	 from	 just	 north	 of	 downtown	 to	 the	mouth	 of	 the	 river	 in	 San	 Pedro.		
Vegetation	 is	mostly	missing,	there	are	few	street	trees	and	most	building	sites	are	paved	
for	parking	or	storage.		In	aerial	views	of	the	city,	the	commercial	zones	stand	out	as	being	
almost	completely	built	on	or	paved.	Infrared	satellite	images	show	the	contribution	of	this	
area	to	urban	heat	 island	effects.	 	The	predominance	of	buildings,	 roads	and	other	paved	
surfaces	 in	 combination	with	 high	 traffic	 volumes	 and	 some	 of	 the	 commercial	 activities	
present	 mean	 that	 urban	 water	 runoff	 quality	 is	 very	 low.	 	 	 The	 sizes	 of	 many	 of	 the	
buildings	are	modest,	and	are	 the	 right	 scale	 to	benefit	 from	tree	 shading.	 	Also	one	and	
two	storey	buildings	are	an	appropriate	scale	for	passive	cooling	systems	that	use	roofs	or	
ponds	as	heat	sinks	for	cooling.		

	
Figure	3	Satellite	photo	showing	part	of	the	Los	Angeles	industrial	zone	

w/	outline	of	the	project	area.	
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The	project	that	is	being	described	here	is	not	an	attempt	at	habitat	restoration,	and	is	
not	meant	to	replace	the	policies	and	concerted	actions	that	will	be	required	to	avert	the	
worst	case	scenarios	in	the	extinction	crisis.	It	is	meant	to	be	an	illustration	of	the	following	
ideas:	that	native	plants	can	be	used	effectively	in	the	urban	landscape;	that	even	degraded	
human	 landscapes	 can	 be	made	 to	 be	more	wildlife	 friendly;	 that	 constructed	 landscape	
systems	can	provide	ecological	services;	that	the	neighborhood	scale	is	more	effective	and	
appropriate	scale	of	attention	for	many	landscape	strategies	than	addressing	one	individual	
property	 at	 a	 time;	 that	 landscape	 systems	 can	 also	 be	 used	 as	 heat	 sinks	 to	 provide	 a	
passive	 alternative	 to	 building	 air	 conditioning;	 that	 development	 of	 alternative	 water	
sources	 can	 support	 a	 richer	 urban	 landscape.	 	 If	 it	 were	 implemented,	 perhaps	 the	
increased	 interaction	 of	 people	 with	 nature	 in	 the	 center	 of	 the	 city	 would	 create	more	
appreciation	 and	 support	 for	 the	 kinds	 of	 actions	 that	 could	 mitigate	 the	 worst	 possible	
outcomes.	

As	much	as	possible,	plant	materials	used	would	be	native	to	the	region	and	would	be	
from	coastal	 sage	scrub,	oak	woodland,	 chaparral	and	 riparian	plant	communities.	 	Plants	
would	 also	 be	 chosen	 for	 their	 ability	 to	 attract	 and	 support	 both	 butterflies	 and	 birds.		
Green	roofs	of	coastal	sage	scrub	and	chaparral	plants	would	be	added	to	most	buildings,	
and	vines	or	deciduous	 trees	would	be	used	 to	 shade	 south	and	west	building	 facades	 in	
summer.		Parking	areas	will	be	shaded	with	both	deciduous	and	evergreen	trees,	to	provide	
shade	 for	 parked	 cars	 and	 adjacent	 buildings.	 	 	 In	 the	 public	 spaces,	 mainly	 streets	 and	
sidewalks,	street	trees	and	living	swales	will	be	added	to	both	shade	the	adjacent	buildings	
and	 the	 roadways.	 Vines	will	 be	 planted	 to	 shade	 building	 surfaces,	 especially	 South	 and	
West	 facades.	 	 Vines	 on	 frames	 will	 be	 used	 to	 provide	 seasonal	 overhang	 shading	 for	
windows.		

Plants-	

The	 criteria	 for	 choosing	 the	 plant	 material	 was	 to	 select	 plants	 native	 to	 local	 habitats	
(coastal	 sage	 scrub,	 oak	 woodland	 and	 chaparral	 plant	 communities),	 whose	 flowers	 or	
fruits	or	leaves	are	known	to	attract	butterflies	and	other	pollinating	insects	and	birds,			and	
whose	growth	habits	are	suited	to	the	other	functions	that	they	will	perform.		Street	trees	
and	trees	for	shading	buildings	should	grow	fast	enough	and	to	an	adequate	size	to	shade	
roofs	and	walls	of	one	 to	 two	 story	buildings.	 	 Trees	 for	 shading	parking	areas	and	other	
outdoor	 spaces	 need	 to	 grow	 wide	 enough	 to	 cover	 most	 of	 the	 parking	 lot	 within	 five	
years.			Plants	for	the	vegetated	roofs	need	to	be	able	to	grow	in	shallow	soil	and	to	be	able	
to	 completely	 shade	 the	 soil	 surface	 in	a	 short	period	of	 time.	 	Vines	 for	 shading	vertical	
surfaces	 should	either	be	 self	 adherent	or	be	easily	 trained	on	window	shade	 frames.	 	 In	
most	cases	the	vines	should	also	be	deciduous	to	allow	for	winter	heat	gain	in	the	buildings.		
Non	native	plants	will	be	chosen	for	their	ability	to	attract	pollinators	and	birds	and/or	for	
their	desirable	growth	characteristics	(two	non	native	examples:		lavender	plants	are		very	
good	bee	attractors	and	Boston	ivy	is	a	deciduous	self	adherent	vine	that	is	one	of	the	best	
choices	 for	 covering	 and	 shading	 wall	 surfaces).	 	 The	 plants	 for	 the	 vegetated	 roofs	 will	
include:	California	poppy	(Eschscholzia	californica),	silver	 lupine	(Lupinus	argentus),	showy	
milkweed	 (Asclepias	 speciosa),	 penstemon	 (Penstemon	 spp.),	wild	buckwheat	 (Eriogonum	
spp.),	 California	 sagebrush	 (Artemesia	 californica),	 black	 sage	 (Salvia	mellifera),	 California	
lilac	 (Ceanothus	 spp.),	 manzanita	 (Arctostaphylos	 spp.)	 which	 are	 known	 to	 support	
Monarch	 butterflies,	 Checkerspots,	 Pale	 tiger	 swallowtails,	 California	mantids,	 Ceanothus	
silk	moths,	 large	 crane	 flies,	 timemas.	 (Hogue,	 et	 al	 2015;	Mader,	 et	 al	 2011)	 	While	 the	
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individual	plants	to	be	used	in	the	vegetated	roof	plantings	will	be	chosen	for	the	ability	to	
attract	 birds,	 butterflies	 and	 other	 pollinators,	 the	 diversity	 of	 the	 other	 plants	 in	 the	
landscape	will	also	add	to	the	richness	of	the	wildlife	that	could	be	seen.	Like	most	native	
landscapes,	the	plants	in	the	proposed	plan	will	be	diverse,	consisting	of	a	variety	of	plant	
types:	trees,	shrubs,	flowering	perennials,	annuals,	vines,	grasses,	aquatic	plants,	etc..		The	
native	trees;	Sycamore	(Platanus	racemosa)	and	coastal	live	oak	(Quercus	agrifolia),	provide	
shelter	and	roost	for	birds,	will	host	aphids	and	other	small	insects	that	are	food	for	other	
insects	and	birds	and	the	leaves	provide	food	for	the	larval	stage	of	many	insects.		Several	
butterflies	 only	 lay	 their	 eggs	 on	 oaks;	 the	 Santa	Monica	Mountains	 hairstreak	 (Satyrium	
auretorum	 fumosum),	 the	 nut	 brown	 hairstreak	 (Satyrium	 auretorum	 spadix)	 and	 the	
California	 sister	 (Adelpha	 bredowii	 californica),	 and	 their	 larvae	 will	 only	 eat	 fresh	 oak	
leaves.		Acorn	woodpeckers	(Melanerpes	formicivorus)	are	known	to	live	in	both	suburban	
and	urban	landscapes	if	oaks	are	available.	Other	small	vertebrates	can	live	in	and	around	
oak	 trees,	 even	 in	 urban	 areas.	 The	 arboreal	 salamander	 (Aneides	 lugubris),	 live	 in	 and	
under	oak	trees,	and	insect-eating	bats	can	roost	under	loose	bark.	(Longcore,	et	al.	2003)			
The	constructed	wetlands,	even	when	very	small,	can	host	amphibians,	dragonflies	and	fish	
if	they	include	open	water.		

Water-	

Riparian	 habitats	 are	 the	 most	 degraded	 and	 impacted	 habitat	 types	 in	 the	 southern	
California	region.		And	water	availability	is	vital	to	all	living	organisms,	so	the	introduction	of	
even	a	very	small	area	of	surface	water	along	with	the	use	of	native	aquatic/riparian	plants	
in	the	proposed	bioswales	will	be	another	element	of	the	design.	 	The	improvements	also	
include	structural	elements.	Some	to	support	the	new	plants	and	some	to	collect,	treat	and	
distribute	water.		Building	gray-water	will	be	treated	using	on-site	constructed	wetlands	and	
rainwater	will	be	 collected	 from	rooftops	and	paved	 surfaces.	 	 This	water	will	be	used	 to	
irrigate	the	proposed	plantings.		Open	portions	of	sites,	parking	and	storage	areas	would	be	
reconfigured	 to	 collect	 and	 infiltrate	 water.	 Solid	 pavement	 would	 be	 replaced	 with	
pervious	paving	and	the	surfaces	would	slope	to	bioswales	or	infiltration	pits	and	not	run	off	
to	 the	 street.	 	 Roof	 runoff	 would	 be	 collected	 for	 use	 on	 ground	 level	 plantings.	 Street	
runoff	would	be	diverted	to	cisterns	to	use	later	for	irrigation	or	to	infiltration	pits	adjacent	
to	 street	 trees.	 	 Building	 gray	 water	 would	 also	 be	 collected	 and	 treated	 in	 constructed	
wetlands	before	being	used	on	the	landscape.		Small	constructed	wetlands/ponds	next	to	or	
near	buildings	would	also	contain	heat	exchange	loops	at	the	lowest	level	to	provide	cooling	
for	the	adjacent	interiors.			

Energy-	

Achieving	 a	 net	 zero	 carbon	 built	 environment	 will	 involve	 finding	 ways	 to	 improve	 the	
performance	of	existing	buildings,	not	just	advancing	new	building	technology.		The	promise	
of	 a	 net	 zero,	 carbon	 neutral	 or	 carbon	 negative	 built	 environment	 will	 not	 be	 achieved	
through	one	solution	or	one	new	technology	alone	but	rather	by	combining	complimentary	
strategies	 and	 approaches	 to	 providing	 human	 comfort.	 	 Building	 efficiency,	 on	 site	
generation,	load	reduction,	system	efficiency,	advances	in	materials	technology	and	passive	
cooling	systems	all	need	to	be	employed.		This	project	illustrates	and	previous	research	by	
the	 author	 has	 demonstrated	 the	 effectiveness	 of	 the	 combination	 of	 the	 load	 reducing	
effects	(bioclimatic)	of	the	landscape	and	the	use	of	certain	landscape	elements	(vegetated	
roofs	and	 landscape	ponds)	as	passive	cooling	systems.	 	Other	research	by	the	author	has	
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shown	that	vines	grown	against	walls	or	on	pergolas	adjacent	to	buildings	can	eliminate	the	
sol-air	temperature	elevation	of	building	surfaces	(Sandifer,	2000,	2002).			
	 With	 the	 exception	 of	 the	 vegetated	 roof	 tests	 using	 California	 native	 plants,	 the	
tests	 described	 below	 fulfil	 the	 technical	 aspect	 of	 reducing	 building	 energy	 use	 and	
increasing	human	comfort	but	don’t	necessarily	promote	the	enhancement	of	wildlife			An	
additional	 level	 of	 plant	 selection	 is	 needed	 to	 optimize	 the	 ability	 of	 the	 proposed	
landscape	to	attract	and	support	insects	and	birds.		The	need	for	shelter,	food	and	breeding	
space	 is	 best	 provided	 by	 native	 plants,	 but	 even	 non	 natives	 can	 provide	 benefits.	 	 For	
instance,	 there	 are	 limited	 vine	 species	 native	 to	 southern	 California	 and	 none	 in	
commercial	 cultivation,	 but	 non	 native	Wisteria	 vines	 provide	 very	 good	 nesting/roosting	
space	and	are	great	pollinator	attractors.				
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Figure	5.		Charts	of	daily	temperature	pattern	of	unshaded	and	vine	shaded	brick	wall	and	experimental	

modules	showing	ability	of	vine	shading	to	reduce	surface	temperatures	to	ambient	levels.	

Other	 research	conducted	by	the	author	and	others	 (Almodovar,et	al	2016.	Sandifer	
2004,	2007,	2009)	has	shown	that	both	vegetated	roofs	and	landscape	ponds	as	described	
above	could	provide	adequate	cooling	to	be	used	 in	passive	cooling	systems	for	buildings.		
The	 author	 did	 a	 series	 of	 tests	 comparing	 sample	 green	 roof	modules,	 one	 consisting	of	
Festuca	 glauca	 and	 another	 consisting	 of	 a	mixture	 of	 California	 natives.	 As	 can	 be	 seen	
below	the	native	plants	performed	almost	the	same	as	the	gray	fescue.		From	the	point	of	
view	 of	 potential	 energy	 savings,	 the	 results	 show	 that	 vegetated	 roofs	 can	 function	 as	
passive	 cooling	 elements.	 	 	 	 In	 one	 test	 that	 compared	 temperatures	 beneath	 a	 sod	 roof	
module	 and	 two	 standard	 roof	 assemblies	 (one	 dark	 and	 the	 other	 painted	 white),	 the	
fescue	grass	 roof	 application	 reduced	 temperatures	at	 the	 roof	membrane	by	44	degrees	
compared	 to	 the	 dark	 asphalt	 roof	 surface	 and	 by	 25	 degrees	 compared	 to	 the	 white	
painted	 surface.	 The	 research	 shows	 that	 vegetated	 roof	 installations	 have	 potential	 to	
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provide	 cooling	 for	 buildings	 in	 the	 climate	 of	 the	 coastal	 plains	 and	 interior	 valleys	 of	
Southern	 California.	 	 	 Temperatures	 beneath	 the	module	with	 Fescue	 grass	 had	 daytime	
average	temperatures	5	degrees	C	below	the	outdoor	daytime	average.		Timing	and	method	
of	 irrigation	 can	 be	 used	 to	 further	 improve	 the	 cooling	 performance	 of	 vegetated	 roof	
systems.		One	test	of	a	night	irrigation	strategy	reduced	temperatures	beneath	the	module	
an	additional	4	degrees	C.	

	
Figure	5		Chart	of	daily	patterns,	for	Vegetated	roof	experiment	

Comparing	modules	of	Festuca	glauca	and	native	Calif.	plants	

The	experiments	illustrated	in	figure	6,	below	on	the	effects	of	aquatic	vegetation	on	
water	 temperatures	 show	 that	water	 shaded	 by	 aquatic	 plants	 has	 temperature	 patterns	
and	levels	similar	to	water	that	are	covered	by	artificial	shade	structures.		Both	the	shaded	
control	pond	and	the	various	aquatic	plant	types	tested	produced	water	temperatures	near	
to	WBT	daily	average.		The	pattern	of	temperature	for	the	vegetated	ponds	was	offset	from	
the	ambient	air	by	12	hours	so	that	the	daily	minimum	recorded	in	the	plant	covered	ponds	
coincided	 with	 the	 maximum	 DBT.	 	 The	 results	 obtained	 for	 the	 pond	 cooled	 test	 cell	
indicate	that	such	a	system	could	provide	cooling	for	an	interior	space.		The	tests	in	figure	7	
below	show	that	either	air	or	water	could	be	used	as	a	transfer	medium.			The	test	of	the	air	
based	system	showed	that	the	air	was	cooled	to	the	level	of	the	WBT	during	daytime	hours	
and	 to	 a	 level	 just	 above	 WBT	 at	 night.	 	 The	 water	 based	 heat	 exchange	 system	 also	
performed	 well.	 	 In	 one	 four	 day	 period,	 both	 pond	 and	 circulation	 water	 had	 similar	
temperatures	 and	 patterns	 with	 very	 little	 deviation.	 	 Average	 water	 temperatures	 and	
average	 test	 cell	 temperatures	 were	 both	 5-7	 degrees	 C	 (9-13	 deg.	 F)	 below	 average	
daytime	DBT.	

	
Figure	6	Daily	patterns,	an	experiment	comparing	ability	of		
different	aquatic	plants	to	shade/cool	pond	water	
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Figure	7	Chart	of	daily	maximum	temperatures	for	pond	cooled	

test	cell	using	both	air	and	water	for	heat	transfer	
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Abstract:	The	urban	microclimate	is	characterized	by	heightened	levels	of	tropospheric	ozone	compared	to	rural	
areas.	One	of	the	factors	strongly	contributing	to	these	heightened	levels	of	tropospheric	ozone	is	the	oxidation	
of	nitrogen	monoxide	due	to	volatile	organic	compounds	(VOCs).	Among	the	VOCs,	the	biogenic	volatile	organic	
compound	(BVOC)	isoprene	plays	a	central	role:	It	forms	high	quantities	of	reactive	oxygen	compounds	which	in	
turn	can	directly	lead	to	higher	ozone	concentrations.	This	contribution	presents	the	introduction	of	an	isoprene-
emission	model	into	the	microclimate	model	ENVI-met.	To	simulate	the	effects	of	isoprene	onto	the	formation	
of	 tropospheric	 ozone	 on	 a	microscale	 level,	 both	 the	 plant-based	 emissions	 of	 isoprene	 and	 the	 chemical	
reactions	induced	by	this	isoprene	are	incorporated	into	the	microclimate	model.	Based	on	the	implementation	
of	the	isoprene-emission	model	of	Guenther	et	al.	(1993)	into	ENVI-met,	a	simplified	isoprene-oxidation	scheme	
is	developed	and	introduced	into	ENVI-met’s	chemistry	model.	The	advancements	include	the	reactions	leading	
to	an	increase	of	tropospheric	ozone	due	to	the	emission	of	 isoprene.	The	validity	of	the	implementations	is	
then	 evaluated	 in	 proof-of-concept	 simulations	 that	 examine	 the	 isoprene-emission	 model	 as	 well	 as	 the	
advancements	in	the	chemistry	model	under	different	chemical	and	meteorological	conditions.	
	
Keywords:	ENVI-met,	BVOC,	isoprene,	NOx,	chemistry-model,	tropospheric	ozone	

Introduction	

In	addition	to	the	urban	heat	island,	the	urban	microclimate	is	also	characterized	by	levels	of	
air	pollution	that	are	considerably	higher	than	in	rural	areas	(Cohen	et	al.,	2004).	In	summer,	
when	 the	 ambient	 air	 temperature	 is	 high,	 many	 cities	 record	 heightened	 levels	 of	
tropospheric	 ozone.	 A	 multitude	 of	 studies	 have	 shown	 that	 extensive	 exposure	 to	
tropospheric	ozone	 can	 lead	 to	eye	and	 throat	 irritation,	 coughing,	 asthma	attacks,	 other	
respiratory	 symptoms	 and	 even	 an	 increased	mortality	 (Bell	 et	 al.,	 2004;	 Ito	 et	 al.,	 2005;	
Mudway	and	Kelly,	2000).	

The	formation	of	ozone	in	the	troposphere	primarily	stems	from	the	photolyzation	of	
nitrogen	 dioxide,	 which	 has	mainly	 anthropogenic	 sources:	 combustion	 processes.	 In	 the	
absence	 of	 volatile	 organic	 compounds	 (VOCs),	 the	 ozone	 concentration	 forms	 a	
photochemical	 equilibrium	 with	 the	 concentrations	 of	 nitrogen	 monoxide	 and	 nitrogen	
dioxide,	where	the	ozone	concentration	depends	on	the	ratio	of	NO2	and	NO	(Fischer	et	al.,	
2011).	

In	 the	presence	of	VOCs,	however,	 the	oxidation	of	nitrogen	monoxide	 is	drastically	
increased,	leading	to	a	surplus	of	NO2	which	destroys	the	equilibrium	and,	via	photolyzation,	
leads	to	higher	ozone	concentrations.	Depending	on	the	type	of	VOC,	one	molecule	of	a	VOC	
can	contribute	to	the	formation	of	more	than	one	nitrogen	dioxide	and	thus	ozone	molecule	
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(Carter,	1994;	Fischer	et	al.,	2011).	This	makes	VOCs	an	important	factor	in	the	formation	of	
tropospheric	ozone.	

VOCs	can	be	distinguished	by	 their	origin:	 Firstly,	 the	anthropogenic	volatile	organic	
compounds	 (AVOCs)	 that	 are	 mainly	 produced	 by	 combustion	 processes.	 Secondly,	 the	
biogenic	 volatile	organic	 compounds	 (BVOCs)	 that	are	 released	by	plants	due	 to	e.g.	heat	
stress	(Calfapietra	et	al.,	2013).	

Among	the	BVOCs,	 isoprene	plays	a	central	role:	Compared	to	other	BVOCs,	 it	forms	
higher	quantities	 of	 reactive	oxygen	 compounds	which	 in	 turn	 can	directly	 lead	 to	higher	
ozone	 concentrations.	 Together	with	 the	 fact	 that	 isoprene	 is	 the	most	 abundant	 volatile	
organic	 compound	 emitted	 by	 plants,	 the	 emission	 of	 isoprene	 and	 the	 isoprene-induced	
reactions	play	a	key	role	in	the	formation	of	tropospheric	ozone	(Guenther	et	al.,	2006).	

The	isoprene	emission	of	plants	strongly	depends	on	high	levels	of	photosynthetically	
active	radiation	and	high	leaf	temperatures	(Guenther	et	al.,	1993).	This	relation	means	that	
urban	areas	with	their	higher	ambient	air	temperatures	encourage	an	increased	emission	of	
isoprene	 into	 the	atmosphere.	 In	 combination	with	 the	higher	 concentrations	of	 nitrogen	
monoxide	in	the	urban	areas,	the	formation	of	ozone	is	thus	drastically	increased	compared	
to	rural	sites.	

In	order	to	examine	the	effects	of	isoprene	onto	the	formation	of	tropospheric	ozone	
on	a	microscale	level,	both	the	plant-based	emissions	of	isoprene	and	the	chemical	reactions	
induced	by	 this	 isoprene	need	 to	be	 incorporated	 into	 the	microclimate	model	ENVI-met.	
Therefore,	 in	 a	 first	 step,	 the	 isoprene-emission	 model	 of	 Guenther	 et	 al.	 (1993)	 is	
implemented	 into	 ENVI-met.	 In	 a	 second	 step,	 a	 simplified	 isoprene-oxidation	 scheme	 is	
developed	and	introduced	into	ENVI-met’s	chemistry	model,	including	the	reactions	leading	
to	an	 increase	of	 tropospheric	ozone	due	 to	 the	emission	of	 isoprene.	 The	validity	of	 the	
implementations	 is	 then	 evaluated	 in	 a	 proof-of-concept	 simulation	 that	 examines	 the	
isoprene-emission	model	as	well	as	the	advancements	in	the	chemistry	model	in	a	complex	
urban	environment.	

Estimation	of	isoprene	emissions	&	chemical	reaction	model	

In	order	 to	simulate	 the	 isoprene	emission	of	plants	and	 its	effects	onto	 the	 formation	of	
tropospheric	ozone,	a	model	to	estimate	the	emissions	of	isoprene	(C5H8)	is	developed	based	
on	 the	works	 of	Guenther	 et	 al.	 (1993)	 and	 the	 advancements	 in	Guenther	 et	 al.	 (2006).	
Additionally,	the	dispersion	of	isoprene	into	the	atmosphere	and	its	chemical	reactions	with	
other	 gases	 leading	 to	 tropospheric	 ozone	 are	 introduced	 into	 ENVI-met’s	 dispersion	 and	
chemistry	model.	

The	isoprene	emission	model	

To	 calculate	 the	 diurnal	 isoprene	 emissions	𝐸 ,	 Guenther	 et	 al.	 (2006)	 use	 the	 following	
equation:	

𝐸 µg	C	g-1h-1 = 𝜀	𝐷,	𝐷-	𝛾,	𝛾-	𝛾/	𝛾01	𝜌	
𝜀	is	the	ecosystem	/	plant	dependent	mass-based	emission	capacity	 µg	C	g-1h-1 	at	a	

photosynthetically	 active	 photon	 flux	 density	 (PPFD)	 of	 1000	µmol	m-2s-1 	and	 at	 a	 leaf	
temperature	of	303.15K.	𝐷,		is	 the	annual	peak	foliar	density	[kg	(dry	matter)	m-2]	and	𝐷-		
the	 current	 fraction	 of	 the	 same.	𝛾,	,𝛾-	,𝛾/ 	and	𝛾01 	represent	 dimensionless	 adjustment	
factors	accounting	for	the	influence	of	PPFD,	leaf	temperature,	the	leaf	age	and	situations	of	
severe	drought	on	the	emission	activity,	while	𝜌	stands	 for	the	amount	of	 isoprene	that	 is	
released	into	the	above-canopy	atmosphere	(Guenther	et	al.	2006).	
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Implementation	into	ENVI-met	

Since	the	majority	of	applications	of	the	isoprene	emission	model	of	Guenther	et	al.	(1993)	
are	used	in	the	field	of	remote	sensing	(see	Guenther	et	al.	2006	and	Wong	et	al.	2013),	a	
number	of	 input	 parameters	 are	 adjusted	 to	 larger	 scales	 in	 time	 and	 space.	 The	 coarser	
resolution	in	space	together	with	the	analytical	(GIS-)	models	lead	to	more	parametrizations	
in	the	calculation	of	variables,	while	the	larger	scales	in	time	enable	the	modeling	of	changes	
in	the	plant’s	canopy	such	as	leaf	age	and	the	leaf	shedding	of	deciduous	trees.	

However,	as	ENVI-met	operates	on	the	microscale	level,	some	of	the	parametrizations	
in	 the	original	model	 can	 instead	be	 simulated	directly.	 This	 is	 especially	 the	 case	 for	 the	
calculation	of	dissipation	of	the	incoming	PAR	(𝛾,	).	Contrary	to	remote	sensing	approaches,	
ENVI-met	 is	 able	 to	model	 the	 radiation	 fluxes	 inside	 the	plant’s	 canopy,	producing	much	
more	sophisticated	results	 than	the	parametrizations	of	PPFD	dissipation	caused	by	shade	
casting	leaves.	Since	these	effects	are	directly	simulated	with	ENVI-met’s	radiation	model,	the	
calculation	 of	𝛾,	was	 adjusted	 so	 that	 an	 incoming	 PPFD	 of	 1000	µmol	m-2s-1 	(the	 same	
amount	as	in	𝜀)	would	result	in	a	𝛾,	of	1,	thus	radiation	would	have	no	influence	on	the	actual	
emission	rate.	

The	effects	of	leaf	age	𝛾/,	leaf	shedding	of	deciduous	trees	and	the	release	of	isoprene	
into	 the	 atmosphere	 above	 the	 canopy	 𝜌 	do	 not	 need	 to	 be	 implemented	 using	 the	
coefficients	in	ENVI-met’s	isoprene	emission	equation:	Due	to	the	comparatively	short	period	
of	simulated	time	the	effects	of	changing	leaf	age	𝛾/	can	be	set	constant	for	the	model	run.	
The	effects	of	leaf	shedding	can	be	accounted	for	by	reduced	values	of	LAD	either	from	the	
simulation	 start	or	by	 reducing	 it	 to	given	values	 in	 the	course	of	 the	 simulation	 run.	The	
release	 of	 isoprene	 into	 the	 atmosphere	 above	 the	 canopy	 can	 directly	 be	 modeled	 by	
introducing	isoprene	into	the	dispersion	and	chemistry	model.	

Dispersion	model	
The	 dispersion	 of	 isoprene	 is	 directly	 simulated	 by	 extending	 ENVI-met’s	 gas	 and	

particle	dispersion	and	deposition	model	(Bruse,	2007).	This	makes	the	original	factor	𝜌,	the	
release	 of	 isoprene	 into	 the	 atmosphere	 above	 the	 canopy,	 obsolete	 (𝜌;<=>? 	=	 1).	 The	
dispersion	 of	 isoprene	 is	 being	 calculated	 analogously	 to	 e.g.	 NOx	 using	 the	 advection-
diffusion	equation	of	the	gas	and	particle	model:	

𝜕𝜒
𝜕𝑡 + 𝑢

𝜕𝜒
𝜕𝑥 + 𝑣

𝜕𝜒
𝜕𝑦𝑤

𝜕𝜒
𝜕𝑧

=
𝜕
𝜕𝑥 𝐾K

𝜕𝜒
𝜕𝑥 +

𝜕
𝜕𝑦 𝐾K

𝜕𝜒
𝜕𝑦 +

𝜕
𝜕𝑧 𝐾K

𝜕𝜒
𝜕𝑧 + 𝑄K(𝑥, 𝑦, 𝑧) + 𝑆K(𝑥, 𝑦, 𝑧)	

with	𝜒 	as	 the	 local	 concentration	 of	 the	 compound	 [µg	𝜒	kg-1	Air] 	and	𝑄K 	and	𝑆K	
[µg	Compound	s-1] 	as	 source	 and	 sink	 terms	 leading	 to	 a	 local	 increase	 or	 decrease	 in	
concentration	(Bruse,	2007).	

The	source	term	𝑄K	is	calculated	based	on	the	emission	of	every	plant	grid	cell	taking	
into	account	the	specific	leaf	weight	per	square	meter	leaf	[gXYZ[	m-2],	the	emission	capacity	
at	 standard	 conditions	 𝜖	[𝜇g^><	gXYZ[_` h-1] ,	 the	 LAD	 [m²m-3] ,	 the	 grid	 size	 [m³] 	and	 the	
influences	of	soil	moisture	𝛾01,	radiation	𝛾,	and	leaf	temperature	𝛾-.	

The	 sink	 term	𝑆K 	influences	 the	 concentration	 of	 isoprene	 in	 two	 ways:	 First,	 via	
deposition	on	solid	surfaces,	plant	leaves,	water	bodies	etc.	due	to	aerodynamic	resistance,	
molecular	diffusivity	and	absorption,	and	second,	via	chemical	transformation	which	leads	to	
a	 reduction	 of	 the	 concentration	 of	 two	 or	 more	 compounds	 and	 an	 increase	 of	 other	
compounds.	
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Chemical	reaction	model	
Apart	 from	the	deposition	of	 isoprene	due	 to	 the	various	 resistances	mentioned	above,	a	
chemical	 reaction	 model	 reducing	 the	 concentration	 of	 isoprene	 and	 increasing	 the	
concentrations	of	the	reaction	products	is	developed.	The	main	focus	of	the	chemical	reaction	
model	is	the	estimation	of	the	influence	of	isoprene	on	the	production	of	tropospheric	ozone.	
Since	the	biochemical	reactions	of	isoprene	are	very	complex	and	depend	to	a	great	extent	
on	the	environmental	conditions,	only	the	most	 important	reaction	processes	 leading	to	a	
change	in	ozone	concentrations	are	implemented	as	of	yet.	

Tropospheric	ozone	is	mainly	formed	under	the	influence	of	NOx.	In	absence	of	VOCs,	
nitrogen	oxide,	nitrogen	dioxide	and	ozone	form	a	chemical	equilibrium	in	which	the	ozone	
concentration	can	be	expressed	as	a	linear	relation	of	NO	and	NO2:	

O3 ≈ 	
NO2
NO 	

In	the	presence	of	VOCs	such	as	isoprene	(CgHi),	however,	complex	oxidation	processes	
can	disrupt	 the	equilibrium	and	 increase	 the	 formation	of	NO2,	 leading	 to	more	potential	
compound	that	can	 form	tropospheric	ozone.	To	yield	 the	ozone-building	potential	of	 the	
BVOC	isoprene,	the	most	important	of	these	processes,	primary	oxidation	with	hydroxyls	(OH)	
and	secondary	oxidation	of	hydroperoxides	(RO2)	with	NO,	are	implemented	into	ENVI-met:	

CgHi	+	OH
											

RO2	+	O2	
RO2 +	NO

											
0.883	NO	+ 0.0803	HO2	+	x	

HO2	+	NO
											

OH	+	NO2	
with	 RO2	 as	 the	 isoprene	 oxidation	 product	 (HOCH2C(OO)(CH3)CH=CH2)	 and	 x	 as	

compounds	resulting	from	reactions	that	are	not	 implemented	in	the	model	(Paulot	et	al.,	
2009;	Sander	et	al.,	2011).	

Besides	 these	 implicit	 ozone-forming	 reactions	 the	 following	 reactions	 reducing	 the	
amount	of	either	potential	precursor	compounds	to	ozone	or	the	ozone	concentration	itself	
are	implemented:	

HOoHOo
											

H2O2	+	O2	

RO2 +	HO2
											

x	

HO2	+	O3
											

OH	+	2	O2	

OH	+	O3
											

HO2	+	O2	

OH	+	NO2
											

HNO3	

The	overall	 concentrations	of	 the	different	compounds	are	calculated	using	 the	 rate	
equation	scheme	of	the	OSPM	model	(Berkowicz	et	al.	2011).	

Evaluation	–	proof-of-concept	simulations	

For	 the	 evaluation	 of	 the	 dispersion	 and	 chemical	 reaction	 models,	 a	 proof-of-concept	
simulation	 is	 conducted:	 The	 dispersion	 and	 the	 ozone-building	 potential	 of	 isoprene	 are	
analyzed	in	a	realistic	case	scenario	in	a	large	model	area.	To	evaluate	the	additional	ozone	
formation	due	 to	 the	 release	of	 isoprene,	 the	 simulation	 results	of	 the	 isoprene-including	
scenario	are	compared	against	a	simulation	where	the	isoprene	emissions	are	excluded.	

To	facilitate	interpretation	and	isolate	the	effects	of	the	isoprene,	both	scenarios	were	
run	without	any	background	concentrations	of	any	of	the	compounds.	The	absolute	values	
for	all	compound	concentrations	shall	therefore	not	be	interpreted.	Instead,	local	distribution	
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patterns	 and	 concentration	 differences	 between	 the	 scenarios	 are	 used	 to	 identify	 the	
isoprene’s	ozone-forming	potential	and	examine	the	plausibility	of	these	results.	

Figure	1	shows	the	model	area	as	well	as	the	diurnal	cycles	of	air	temperature,	relative	
humidity	and	the	emission	of	NO	and	NO2	per	lane.	The	simulation	date	was	set	to	August	
13th,	 the	 duration	 to	 48	 hours.	 The	 wind	 direction	 was	 set	 to	 SW	with	 a	 wind	 speed	 of		
1.3	m	s-1	in	10	meters	height.	The	horizontal	and	vertical	resolution	was	set	to	2	meters,	the	
horizontal	 size	 is	 300	meters	 ×	 300	meters,	 vertically	 it	 reaches	 up	 until	 50	meters.	 The	
location	of	the	model	area	is	Frankfurt	am	Main,	Germany.	

	

	
Figure	1:	Model	area	(left);	Diurnal	cycle	air	temperature,	relative	humidity	in	2	m	height	and	NO	and	NO2	

emission	in	0.5	m	height	(right)	
	
Based	on	the	amount	of	lanes	in	the	streets	nitrogen	monoxide	and	nitrogen	dioxide	

sources	were	digitized.	Since	it	is	to	be	expected	that	a	more	dominant	release	of	nitrogen	
monoxide	will	lead	to	bigger	impacts	of	isoprene	on	the	production	of	ozone	(see	reactions	
above),	 a	 more	 NO-dominant	 release	 was	 chosen,	 resembling	 predominantly	 gasoline-
engined	rather	than	diesel-engined	traffic.	The	diurnal	variations	of	the	emission	data	show	
peaks	in	the	early	morning	and	late	afternoon,	accounting	for	commuting	traffic	(see	Figure	
1).	

The	isoprene	sources	are	implicitly	digitized	by	the	LAD	cells	of	the	trees	in	the	model	
area.	 The	 same	 base	 isoprene	 emission	 capacity	 of	 16	 µg	 C	 g-1	 h-1	 and	 leaf	 weight	 of		
120	g	m-2	are	shared	by	all	trees.	

It	is	to	be	expected	that	the	emission	of	isoprene	should	generally	lead	to	an	increase	
in	 the	 concentration	 of	 tropospheric	 ozone.	 Within	 the	 large	 and	 complex	 model	 area,	
however,	 the	 local	 distribution	 of	 ozone	 should	 vary	 as	 the	 local	 microclimate	 and	 the	
concentrations	of	the	other	compounds	vary	in	the	model	area	as	well.	

Due	to	the	vast	amount	of	simulation	data,	the	following	model	output	analysis	focuses	
on	 the	 simulation	 time	 14:00	 on	 the	 second	 day	 of	 the	 simulation.	 While	 the	 ozone	
concentration	is	at	peak	values	at	11:00	due	to	the	combination	of	still	high	NO2	emissions	
from	traffic	and	already	high	radiation	values,	the	ozone	concentration	reaches	a	(temporary)	
low	in	both	scenarios	at	14:00	(see	Figure	2).	

Model	results	

Figure	2	shows	the	diurnal	cycles	of	the	average	ozone	concentration	in	a	height	of	1.8	
meters	 for	 both	 scenarios.	 Initially,	 both	 curves	 show	 a	 similar	 increase	 of	 the	 ozone	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2916



concentration.	After	8:00	in	the	morning,	however,	the	increase	of	the	ozone	concentration	
in	the	simulation	without	isoprene	starts	to	slow	down,	while	the	ozone	concentration	in	the	
isoprene-including	scenario	continues	to	rise	almost	unchanged.	Both	concentrations	reach	
their	maxima	 at	 11:00.	 From	 there	on,	 the	ozone	 concentration	 in	 the	 isoprene-including	
scenario	 starts	 to	 drop	 until	 it	 reaches	 its	 daytime	 low	 of	 around		
1.3	 µg	m-3	 at	 14:00.	 The	 isoprene-excluding	 scenario	 shows	 a	 similar	 trend,	 although	 the	
amplitudes	 are	much	 lower.	 At	 15:00,	 the	 ozone	 concentration	 in	 the	 isoprene-including	
scenario	reaches	a	second	peak	with	around	1.5	µg	m-3	before	it	starts	to	decline	to	0	µg	m-3	
until	20:00	simulation	time.	

	

	
Figure	2:	Ozone	concentrations	with	and	without	isoprene,	avg.	concentration	in	1.8	m	height	

	
The	 expectation	 that	 the	 isoprene-including	 scenario	 should	 generally	 show	 higher	

ozone	 values	 than	 the	 simulation	 excluding	 isoprene	 can	 be	 confirmed.	 Furthermore,	 the	
general	trend	of	the	curves	between	the	two	scenarios	matches	quite	nicely.	In	the	morning,	
the	isoprene	induces	a	more	constant	rise	of	the	ozone	concentration	leading	to	higher	peak	
values	at	11:00.	With	the	higher	peak	values,	the	drop	in	the	ozone	concentration	at	midday	
is	significantly	bigger	in	the	isoprene-including	scenario.	

Figure	3	shows	the	differences	in	the	ozone	reaction	terms	between	the	two	scenarios	
at	14:00.	The	comparison	of	the	local	ozone	reaction	terms	shows	that	isoprene	generally	has	
a	positive	impact	on	the	formation	of	ozone	in	almost	all	locations	in	the	model	area.	

Only	the	southern	and	the	western	parts	of	the	model	area	show	slightly	negative	values	
in	 the	 ozone	 reaction	 terms	 between	 the	 isoprene-including	 and	 the	 isoprene-excluding	
scenario.	In	the	southern	area,	due	to	the	absence	of	nitrogen	monoxide	sources	upstream	
of	 the	 small	 park,	 the	 isoprene	 emissions	 of	 the	 trees	 cannot	 directly	 contribute	 to	 the	
formation	of	ozone.	Only	further	downstream,	where	the	isoprene	products	RO2	and	HO2	of	
the	park	mix	with	nitrogen	monoxide,	the	release	of	isoprene	in	the	park	contributes	to	the	
generally	higher	levels	of	ozone	in	the	isoprene-including	scenarios.	For	the	wide	street	on	
the	western	border	of	the	model	area,	the	absence	of	isoprene	upstream	together	with	the	
newly	implemented	reaction	of	ozone	with	OH	leads	to	slightly	lower	ozone	concentrations	
in	the	isoprene-including	scenario	as	compared	to	the	isoprene-excluding	scenario.	
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Figure	3:	Comparison	of	ozone	reaction	terms	with	and	without	isoprene	emission	at	14:00h	

	
The	general	pattern	of	the	differences	shows	that	the	positive	effect	of	isoprene	on	the	

formation	of	ozone	 is	bigger	where	higher	concentrations	of	 isoprene	come	together	with	
higher	 concentrations	 of	 nitrogen	 monoxide	 and	 outside	 the	 shade	 casted	 by	 trees	 or	
buildings	i.e.	close	to	the	sources	and	in	sunlit	locations.	Locations	where	only	the	isoprene	
emissions	are	increased	but	the	nitrogen	monoxide	levels	are	low,	such	as	in	the	backyards,	
do	 not	 show	particularly	 big	 increases	 of	 the	 ozone	 reaction	 terms	 due	 to	 the	 release	 of	
isoprene.	

Conclusion	

The	aim	of	this	contribution	was	to	introduce	an	isoprene	emission	and	chemistry	model	to	
approximate	 the	 impact	 of	 isoprene	 on	 the	 formation	 of	 tropospheric	 ozone	 in	 the	
microclimate	model	 ENVI-met.	 First,	 a	 model	 to	 estimate	 the	 emissions	 of	 isoprene	 was	
developed	 based	 on	 the	 isoprene	 emission	 model	 of	 Guenther	 et	 al.	 (1993)	 and	 the	
advancements	 of	 Guenther	 et	 al.	 (2006).	 In	 order	 to	 implement	 this	 model	 into	 the	
microclimate	model	ENVI-met,	various	advancements	and	new	properties	had	to	be	included.	

Second,	the	chemical	reactions	of	isoprene	that	lead	to	the	formation	of	tropospheric	
ozone	 were	 introduced	 into	 ENVI-met’s	 chemistry	 model.	 Since	 higher	 concentrations	 of	
isoprene	 do	 not	 immediately	 increase	 the	 ozone	 formation,	 a	 number	 of	 intermediate	
reactions	also	had	 to	be	 implemented.	The	validity	of	 the	advancements	of	 the	chemistry	
model	was	tested	in	a	proof-of-concept	simulation	that	compared	the	results	of	simulations	
based	on	 the	 advanced	dispersion	 and	 chemistry	model	 –	 including	 the	 isoprene-induced	
reactions	–	 to	 those	of	 simulations	based	on	 the	 initial	 dispersion	and	chemistry	model	 –	
including	only	the	reactions	of	NO,	NO2	and	O3.	The	simulations	demonstrated	that	the	most	
general	effect	of	isoprene,	an	increase	in	the	concentration	of	ozone,	is	reproduced	reliably	
by	the	new	chemistry	model.	The	comparison	of	the	simulation	results	showed	that	the	model	
indeed	handles	the	contributions	of	different	microclimates	and	different	chemical	conditions	
on	the	building	potential	of	tropospheric	ozone	well.	

All	 together,	the	 implementation	of	the	 isoprene	emission	and	chemistry	model	 into	
ENVI-met	 should	 prove	 to	 be	 a	 sizable	 advancement	 in	 the	 assessment	 of	 the	 urban	
microclimate.	 It	 contributes	 to	 understanding	 the	 complex	 interactions	 between	 a	 plant’s	
isoprene	emission	and	anthropogenic	combustion	products.	Furthermore,	it	can	help	create	
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urban	planning	/	traffic	management	guidelines	recommending	which	trees	are	to	be	planted	
alongside	highly	frequented	roads	or	how	heavy	load	and	diesel-engined	vehicles	could	be	
rerouted	in	meteorological	conditions	where	more	isoprene	is	emitted	by	plants.	Additional	
validation	could	be	achieved	by	comparing	the	model	output	to	empirical	data.	
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Abstract:	Greenery	can	improve	the	built	environment	by	reducing	temperature	through	the	effects	of	shading	
and	evapotranspiration.	Many	green	building	rating	tools	(GBRTs)	incorporate	aspects	of	greenery	as	criteria	for	
achieving	points	in	order	to	qualify	for	a	‘Green	Building’	rating.	However,	a	review	of	several	GBRTs	show	that	
appropriation	of	points	 for	 installing	greenery	 is	significantly	 lesser	when	 compared	 to	other	criteria	 such	as	
energy,	 water	 conservation	 and	 indoor	 environment	 quality.	 The	 implication	 is	 that	 the	 actual	 potential	 of	
greenery	to	improve	indoor	conditions	may	not	be	realised	via	existing	GBRTs.	The	objective	of	this	study	is	to	
investigate	how	greenery	can	be	 incorporated	 into	GBRTs	 in	a	 comprehensive	manner.	A	detailed	analysis	 is	
conducted	 using	 the	 Building	 Construction	 Authority	 (BCA)	 Green	Mark	 scheme,	 a	 GBRT	 developed	 by	 the	
Singapore	 government.	 An	 extensive	 literature	 review	 is	 conducted	 in	 view	 of	 the	 existing	 point	 allocation	
criteria.	Results	show	that	greenery	is	significantly	under-represented	in	the	GBRT	and	can	be	more	prominently	
featured	in	the	areas	of	energy	and	water	efficiency,	as	well	as	indoor	environmental	quality.	Examples	of	how	
greenery	can	be	incorporated	into	the	existing	GBRT	include	(1)	Inclusion	of	thermal	transmission	of	greenery	in	
cooling	load	simulation;	(2)	More	points	awarded	to	greenery	in	the	areas	of	energy	efficiency;	and	(3)	Use	of	
solar	 insolation	simulation	and	plant	selection	chart	for	 landscape	plan,	 in	addition	to	GnPR	requirements.	As	
the	building	footprint	in	a	city	is	often	limited,	building	and	roof	spaces	will	become	increasingly	 important	to	
improve	overall	liveability	and	well-being	of	its	inhabitants.	The	expectation	of	urban	greenery	to	enhance	the	
environment	will	increase	in	tandem.	This	may	include	higher	cooling,	biodiversity	and	aesthetic	requirements.	
The	proposed	recommendations	serve	to	realise	the	full	potential	of	greenery.	
	
Keywords:	Green	building	rating	tool,	Green	Mark,	Urban	Greenery,	Green	plot	ratio	

Introduction	

Green	 Building	 is	 the	 practice	 of	 building	 construction	 with	 emphasis	 on	 efficient	 use	 of	
resources	such	as	energy,	construction	materials	and	water.	 It	also	strives	to	exert	minimal	
impact	on	its	surrounding	environment	as	well	as	to	the	users	of	the	building	throughout	the	
lifespan	of	the	building.	This	is	often	achieved	through	both	passive	and	active	intervention	
by	 architects,	 contractors,	 and	 users	 alike.	 Some	methods	 include	 a	 better	 choice	 of	 site,	
design	and	construction	methods	with	consideration	to	the	surrounding	environment,	energy	
saving	operation	procedures,	and	environment	friendly	removal	methods	when	the	building	
has	reached	the	end	of	its	life-cycle.	

The	beginnings	of	green	building	dates	back	to	the	1970s	when	activities	of	the	building	
industry	started	 to	be	perceived	as	a	 significant	component	 in	environmental	degradation.	
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Rising	oil	prices	in	the	1970s	resulted	in	a	significant	effort	to	improve	energy	efficiency	and	
to	revise	traditional	building	practices	(Steele,	1997).	A	call	for	more	sustainable	measures	of	
building	construction	spurred	the	formation	of	several	schools	of	thought	that	eventually	led	
to	the	birth	of	the	Green	Building	movement.	

The	 earliest	 attempts	 with	 contemporary	 green	 building	 brought	 to	 light	 several	
important	 issues,	 one	 of	 which	 being	 the	 need	 to	 be	 able	 to,	 in	 the	 most	 objective	 and	
unbiased	manner,	bestow	upon	a	building	the	status	of	being	Green.	One	solution	that	has	
been	 put	 forward	 is	 the	 Green	 Building	 Rating	 system.	 It	 is	 a	 checklist	 to	 which	 building	
appraisal	is	performed,	with	emphasis	on	Green	Building	features.	With	the	checklist,	a	design	
approach	that	is	more	sensitive	to	its	impact	on	the	environment	can	be	realised.	With	the	
formation	of	 the	 rating	tool,	 the	building	and	construction	 industry	can	make	an	objective	
assessment	of	a	construction	project,	from	the	stage	of	preliminary	design	all	the	way	to	the	
stage	 of	 operations	 and	maintenance.	 This	 system	 provides	 an	 avenue	 for	 architects	 and	
designers	to	remain	creative	and	building	contractors	to	maintain	the	freedom	to	choose	their	
preferred	construction	method,	without	 imposing	totalitarian	regulations	 in	their	pursuit	of	
the	Green	Building	agenda.	

In	January	2005,	the	Building	and	Construction	Authority	of	Singapore	(BCA)	launched	
the	BCA	Green	Mark	Scheme.	It	was	the	Republics’	first	step	in	an	attempt	to	promote	the	
practice	 of	 Green	 Building	 in	 the	 construction	 industry.	 Under	 the	 BCA	 Green	 Mark	
Assessment	framework,	points	are	awarded	for	implementing	environment-friendly	features	
in	the	building	proposal.	Specific	targets	are	set	out	and	the	rationale	is	that	if	more	targets	
are	met,	the	building	under	assessment	is	likely	to	be	environment-friendlier	than	buildings	
which	 have	not	 considered	 similar	 issues.	 Points	 are	 given	 for	 targets	 that	 are	met	 in	 the	
checklist	and	are	collated	 in	the	end.	The	net	score	 is	supposed	to	provide	a	gauge	for	the	
overall	 environment-friendliness	 of	 a	 building.	 This	 minimum	 environmental	 sustainability	
standard	reflects	the	commitment	of	BCA	to	push	for	Green	Building	in	Singapore.	

The	objective	of	 this	 study	 is	 to	 look	at	 the	existing	Green	Mark	Critera	and	 identify	
areas	where	actual	greenery	can	contribute	more	to	improving	the	performance	of	a	Green	
Building.	 In	this	study,	the	definition	of	 ‘greenery’	refers	mainly	to	urban	greenery	systems	
that	are	retrofitted	onto	building	envelopes	such	as	vertical	and	rooftop	greenery.	

Greenery	in	Green	Mark	

Energy	efficiency	

Energy	efficiency	 is	prominently	 featured	 in	 the	Green	Mark	assessment	process.	Out	of	a	
maximum	of	 190	 points,	 116	 have	 been	 allocated	 for	 energy	 related	 requirements	 (61%).	
Thermal	 performance	 is	 determined	 by	 measuring	 the	 Envelope	 Thermal	 Transfer	 Value	
(ETTV).	Developed	by	Chua	and	Chou	(2010),	ETTV	describes	the	amount	of	heat	a	building	
gains	via	its	envelope.	Components	that	are	considered	for	ETTV	calculation	are	as	follows:	

1. Heat	gain	through	walls	and	windows;	
2. Solar	radiation	gain	through	windows.	

They	are	averaged	over	the	building	envelope	area	to	derive	the	ETTV	value.	The	ETTV	formula	
is	presented	as	(Chua	and	Chou,	2010):	

	 𝐸𝑇𝑇𝑉=	𝑇𝐷𝑒𝑞(1−𝑊𝑊𝑅)𝑈𝑤+Δ𝑇(𝑊𝑊𝑅)𝑈𝑓+𝑆𝐹(𝑊𝑊𝑅)(𝐶𝐹)(𝑆𝐶)		 [1] 

Where,	
ETTV	=	Envelope	Thermal	Transfer	Value	(Wm-2)	 	
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TDeq	=	Equivalent	temperature	difference	(°C)	 	
WWR	=	Window-to-wall	ratio	
Uw	=	Thermal	transmittance	of	opaque	wall	(Wm-2K)	
ΔT	=	Temperature	difference	(°C)	
Uf	=	Thermal	transmittance	of	fenestration	(Wm-2K)	 	
SF	=	Solar	factor	(Wm-2)	
CF	=	Solar	correction	factor	for	fenestration	 	
SC	=	Shading	coefficient	of	fenestration	

Up	to	1.2	points	can	be	earned	for	every	reduction	of	1	Wm-2	in	ETTV	from	the	baseline	
model.	A	maximum	of	12	points	can	be	attained	in	this	manner.	From	Equation	(1),	it	can	be	
seen	that	ETTV	can	be	reduced	by	decreasing	thermal	transmittance	values	of	the	wall	(Uw)	
and	fenestration	(Uf),	as	well	as	the	fenestration	shading	coefficient	(SC).	

Many	studies	have	attempted	to	quantify	the	reduction	of	thermal	transmittance	using	
vertical	greenery.	Using	field	measurement	data,	Wong	et	al.	 (2003)	estimated	R-values	of	
various	 forms	 of	 vegetation	 (tree,	 shrub	 and	 turf)	 and	 used	 those	 values	 to	 simulate	 the	
effects	of	building	energy	consumption.	Wong	et	al.	(2009)	used	the	derived	R-values	to	show	
that	 the	 U-value	 of	 walls	 can	 be	 reduced	 significantly,	 resulting	 in	 lower	 ETTV	 values.	 An	
example	of	a	typical	wall	and	green	wall	construction	is	shown	in	Figure	1.	It	can	be	seen	that	
U-value	of	the	wall	can	be	reduced	by	more	than	70	%	with	vertical	greenery.	The	U-value	of	
fenestration	 (i.e.	 glass	windows)	 can	also	be	 reduced,	but	 to	 a	 lesser	 extent	 (Wong	et	 al.,	
2009).	 In	 addition	 to	 reducing	 the	U-value	 of	walls,	 greenery	 can	 also	 reduce	 the	 shading	
coefficient	of	fenestration,	hence	lowering	heat	transmission.	Wong	et	al.	(2009)	showed	that	
the	correlation	between	plant	shading	coefficient	and	LAI	can	be	expressed	via	the	equation	
below:	

	 𝑃𝑙𝑎𝑛𝑡	𝑆h𝑎𝑑𝑖𝑛𝑔	𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡=	−0.3043	𝐿𝐴𝐼+0.8112	 [2] 

Where,	
LAI	=	Leaf	Area	Index	
Assuming		 an		 LAI		 value		 of		 2		 is		 assigned		 for		 vertical		 greenery		 (Tan		 and		 Sia,		

2009),	

	 Plant	Shading	Coefficient	=	-0.3043	LAI	+	0.8112	
	 =	-0.3043	·	2	+	0.8112	

	 =	0.2	

If	we	consider	a	glass	fenestration	of	SC	value	0.50,	
Overall	shading	coefficient	with	windows	with	greenery	in	front	
=	Shading	coefficient	of	windows	·	Shading	coefficient	of	plants	
=	0.50	·	0.2	
=	0.10	
It	 can	 be	 seen	 that	 fenestration	 SC	 can	 be	 reduced	 significantly	 by	 80	%.	 This	 gives	

greenery	a	tremendous	ability	to	in	reduce	solar	penetration	into	the	building.	
Green	wall	systems	are	commonly	categorised	into	carrier	(casement/cassette/modular	

pots)	and	support	systems	(creepers)	(Tan	and	Chiang,	2009).	To	reduce	the	SC	of	building	
fenestrations,	vertical	greenery	support	systems	can	be	used	so	as	not	to	obstruct	views	to	
the	exterior	completely.	Although	greenery	is	not	explicitly	mentioned	in	this	section,	ample	
evidence	has	been	put	 forth	to	suggest	 that	 it	can	reduce	solar	heat	gain	 into	buildings.	 In	
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addition,	as	these	measurements	were	conducted	in	Singapore,	R-values	derived	from	these	
studies	 are	 suitable	 for	 use	 in	 the	 Green	Mark	 assessment	 criteria.	 Therefore,	 it	 is	 highly	
recommended	that	the	impact	of	greenery	be	considered	when	calculating	U-value	and	SC.	

Section	(c)	of	NRB	1-3	Building	Envelope	emphasises	on	better	thermal	transmittance	
(U-value)	of	external	west	facing	walls,	and	that	U-value	of	walls	should	be	less	than	2	Wm-	

2K-1.	The	methodology	for	utilising	vertical	greenery	to	improve	U-value	has	been	outlined	in	
the	previous	section.	Section	(d)	of	NRB	1-3	Building	Envelope	emphasises	on	better	thermal	
transmittance	(U-value)	of	roof.	The	U	value	of	roofs	can	be	significantly	reduced	by	adding	
greenery.	Wong	et	al.,	(2003)	showed	installation	of	rooftop	greenery	can	result	in	1	%	-	15	%	
savings	in	annual	energy	consumption.	

	

	
Figure	1.	Comparison	of	U-values	for	normal	wall	and	green	wall	

	

Table	1	 shows	 that	a	 reasonable	expectation	 in	 reduction	of	U-value	 is	1.212	Wm-2.	
Since	1	point	is	allocated	for	every	0.1	Wm-2	of	reduction	of	green	roof	U-value,	adding	rooftop	
greenery,	 in	 addition	 to	 lowering	 energy	 consumption,	 can	help	 to	 improve	overall	Green	
Mark	score	by	up	to	5	points.	

	
Table	1.	U-values	of	normal	roof	and	green	roof	(Wong	et	al.,	2003)	

	 Typical	normal	roof	 composition	Typical	green	roof	 composition	

Component	 R-Value	 R-Value	
Outside	air	film	 0.055	 0.055	
Turf	 -	 0.360	
Substrate	 -	 0.063	
WOLFIN	IB	single	layer	polymerised	 0.001	 0.001	
Cement	and	sand	base	screed	to	fall	 0.094	 0.094	
RC	concrete	 0.104	 0.104	
Inside	air	film	 0.162	 0.162	
Total	R-Value	(m2KW-1)	 0.416	 0.839	
U-Value	(Wm-2K-1)	 2.404	 1.192	
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Greenery	provision	

Figure	 2	 shows	 greenery	 provision	 requirements	 for	Green	Mark	 assessment.	 Section	 (a)	
awards	up	to	6	points	for	increasing	the	Green	Plot	Ratio	to	4	and	above.	
	

	
Figure	2.	Greenery	provision	checklist	

	
Green	Plot	Ratio	(GnPR)	is	defined	as	the	‘ratio	of	the	total	single-side	leaf	area	of	the	

planted	landscape	to	the	plot	or	site	area’	(Ong,	2003)	and	can	be	expressed	as	follows:	

	 𝐺𝑟𝑒𝑒𝑛	𝑃𝑙𝑜𝑡	𝑅𝑎𝑡𝑖𝑜	=(𝑇𝑜𝑡𝑎𝑙	𝐿𝑒𝑎𝑓	𝐴𝑟𝑒𝑎)/𝑆𝑖𝑡𝑒	𝐴𝑟𝑒𝑎	  [3]	
	 =	Σ(𝐿𝐴𝐼	1×𝐶𝑎𝑛𝑜𝑝𝑦	𝐴𝑟𝑒𝑎	1...+𝐿𝐴𝐼	𝑁×𝐶𝑎𝑛𝑜𝑝𝑦	𝐴𝑟𝑒𝑎	𝑁)/𝑆𝑖𝑡𝑒	𝐴𝑟𝑒𝑎	 

Where,	
LAI	=	Leaf	Area	Index	

	
Figure	3	demonstrates	how	GnPR	 is	calculated.	GnPR	is	now	adopted	by	Singapore’s	

National	Parks	Board	(NParks)	as	a	method	in	quantifying	greenery	density	(Tan	and	Sia,	2009).	
	

	

	
Figure	3.	Illustration	of	Green	Plot	Ratio	(GnPR)	calculation	
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From	Section	(a)	of	Figure	2,	it	can	be	deduced	that:	
1. With	a	maximum	of	6	points	to	be	awarded,	the	impact	of	greenery	is	perceived	to	be	

most	relevant	here	compared	to	other	sections;	
2. Environmental	protection	is	achieved	by	reducing	the	UHI	effect;	
3. The	UHI	effect	can	be	mitigated	by	adding	greenery;	and	
4. More	greenery	equates	to	better	environmental	protection.	

Item	4	raises	a	point	of	contention,	in	that	it	carries	the	assumption	that	more	greenery	
will	 bring	 about	more	 benefits.	 It	 also	 advocates	 the	 belief	 that	 plants	 should	only	 be	
distinguished	by	their	LAI	value,	and	that	other	functional	traits	need	not	be	considered.	The	
limitation	of	using	GnPR	as	an	indicator	of	plant	density	and	hence	level	of	protection	to	the	
environment	 was	 recognised	 by	 Ong	 (2003),	 who	 acknowledged	 that	 GnPR	 alone	 cannot	
indicate	relevant	environmental	factors	such	as	species	richness	on	site.	Results	from	Chapter	
4	have	also	shown	that	plant	traits	such	as	ET	and	SA	contribute	significantly	to	plant	cooling	
potential,	and	that	LAI	 is	poorly	correlated	with	 tmrt	reduction.	Most	 importantly,	this	study	
has	shown	that	plant	selection	and	allocation	is	not	a	one-dimensional	process	and	there	is	a	
need	 to	 consider	 the	 effects	 of		context	 and		locality.	 Therefore,	 the	 study	 proposes	 an	
alternative	 method	 of	 assessment	 which	 includes	 the	 simulation	 of	 building	 and	 site	
conditions	 to	 locate	 optimal	 plant	 placement	 spots.	 More	 points	 may	 be	 awarded	 for	
landscape	proposals	that	take	solar	insolation	into	consideration	for	selection	and	allocation	
of	plants.	An	example	is	given	in	Figure	4.	More	points	can	be	awarded	for	greenery	allocated	
on	building	surfaces	with	higher	solar	exposure.	

	
	

	
Figure	4.	Point	allocation	based	on	solar	insolation	map	

	
This	recommendation	is	not	limited	to	the	Green	Mark	rating	tool,	as	the	intention	of	

increasing	 greenery	 density	 is	 prevalent	 in	 other	 government	 agencies.	 For	 instance,	 the	
Urban	Redevelopment	Authority	of	Singapore	(URA)	encourages	addition	of	greenery	within	
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the	 urban	 environment	 via	 its	 Landscaping	 for	 Urban	 Spaces	 and	 High-Rises	 (LUSH)	 2.0	
programme	(URA,	2014b).	One	requirement	is	to	ensure	that	the	displaced	site	area	is	fully	
replaced	 with	 landscape,	 with	 at	 least	 40	 %	 of	 the	 development	 site	 area	 comprising	 of	
permanent	planting	(i.e.	softscape)	(URA,	2014a).	

Conclusion	

An	 analysis	 of	 the	 current	 BCA	 Green	 Mark	 scheme	 has	 highlighted	 the	 involvement	 of	
greenery	in	the	entire	assessment	process.	 It	 is	clear	 that	the	role	of	greenery	is	mainly	to	
reduce	the	UHI	effect.	Findings	from	this	study	as	well	as	reviewed	literature	have	shown	that	
greenery	can	be	more	prominently	featured	in	the	areas	of	energy	and	water	efficiency,	as	
well	as	indoor	environmental	quality.	

As	the	building	footprint	in	a	city	is	often	limited,	building	and	roof	spaces	will	become	
increasingly	 important	 to	 improve	 overall	 liveability	 and	well-being	 of	 its	 inhabitants.	 The	
expectation	of	urban	greenery	to	enhance	the	environment	will	increase	in	tandem.	This	may	
include	 higher	 cooling,	 biodiversity	 and	 aesthetic	 requirements.	 The	 proposed	
recommendations	serve	to	realise	the	full	potential	of	greenery.	

Suggestions	for	the	next	version	of	Green	Mark	assessment	criteria	are	as	follows:	
1. Inclusion	of	thermal	transmission	of	greenery	in	cooling	load	simulation;	
2. More	points	awarded	to	greenery	in	the	areas	of	energy	efficiency;	and	
3. Use	 of	 solar	 insolation	 simulation	 and	 plant	 selection	 chart	 for	 landscape	 plan,	 in	

addition	to	GnPR	requirements.	
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Abstract:	 High-density	 urban	 areas	 are	 often	 associated	 with	 limited	 outdoor	 natural	
ventilation.	Given	the	growing	desire	to	introduce	more	vegetation	into	cities,	it	is	important	to	study	the	wind	
resistant	of	urban	trees	in	order	to	address	outdoor	natural	ventilation	issues.		In	this	study,	we	developed	a	
semi-empirical	model	to	provide	scientific	understandings	and	practical	tools	for	the	landscape	planning	practice.	
The	new	model	was	 developed	based	on	 the	 balance	 between	momentum	 flux	 and	 the	 drag	 force	 of	 both	
buildings	and	trees	on	air	flow.	Friction	velocity	(𝑢∗)	was	modelled	and	validated	by	existing	CFD	and	wind	tunnel	
data,	and	effective	frontal	area	density	(𝜆$_&'(()	was	estimated	by	the	measured	leaf	area	index.	The	effects	of	
urban	context	density	and	trees	(i.e.	plant	canopy	density	and	typology)	on	the	wind	environment	were	clarified.	
This	 research	 correlated	 the	 urban	 density	 and	 tree	 geometry	 indices	 with	 wind	 speed,	 thereby	 enabling	
planners	 to	 calculate	 trees'	 effects	 on	 air	 flow	 using	 their	 in-house	 data.	 With	 the	 new	 practical	 tool	 and	
understandings,	the	knowledge-based	landscape	planning	can	be	made	to	introduce	more	trees	into	urban	areas,	
while	avoiding	negative	effects	of	trees	on	the	outdoor	wind	environment	at	cities	at	the	same	time.	
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Introduction		

As	one	of	the	essential	elements	at	urban	areas,	urban	vegetation	can	mitigate	the	negative	
impacts	of	high-density	living	by	improving	thermal	comfort,	enhancing	psychological	health	
of	urban	dwellers,	and	promoting	the	urban	biodiversity.	Consequently,	landscape	planning	
is	 critical	 in	 the	 entire	 urban	planning	 system	especially	 in	 (sub)	 tropical	 cites,	 and	 urban	
vegetation	has	been	widely	introduced	into	the	metropolitan	cities	as	shown	in	Figure	1.	Trees	
have	three	major	functions	in	the	urban	microclimate:	1)	providing	a	shading	effect	to	reduce	
heat	gain	on	buildings	and	ground;	2)	transpiring	water	to	the	atmosphere	to	decrease	heat	
storage	 in	 the	urban	canopy	 layer,	and	3)	 resisting	wind.	Compared	with	 the	 shading	and	
evaporation	 functions	of	 trees	which	have	been	well	 documented,	 the	wind	 resistance	of	
trees	 is	still	not	fully	understood.	Conventional	studies	have	mainly	focused	on	pedestrian	
safety	and	tree	risk,	e.g.,	strong	gusts	can	break		large	roadside	trees	(Cullen	2005).	Due	to	
rapid	urbanization,	wind	speed	tends	to	decrease	in	high-density	urban	areas	and	outdoor	
natural	 ventilation	 becomes	 an	 environmental	 issue.	 Consequently,	 under	 circumstances	
where	 there	 is	 limited	 outdoor	 natural	 ventilation	 and	 a	 strong	 desire	 to	 introduce	more	
vegetation	into	urban	areas,	rather	than	the	drag	force	of	buildings	on	air	flow,	it	is	important	
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to	study	the	additional	drag	force	of	trees	in	order	to	address	the	outdoor	natural	ventilation	
issue	in	urban	landscape	planning.	

	
Figure	1	Normalized	difference	vegetation	index	(NDVI)	Distribution	at	Hong	Kong.	Most	of	urban	vegetation	is	

located	at	country	parks,	and	limited	greenery	is	located	at	the	urban	areas.	
	

Semi-empirical	urban	canopy	models,	the	algorithms	that	incorporate	urban	geometric	
indices	with	micro-climate,	 are	 derived	 from	physical	 understanding,	 such	 as	 the	 balance	
between	momentum	flux	and	drag	force,	besides	the	statistical	fitting	(Coceal	and	Belcher	
2004).	Therefore,	the	aerodynamic	effect	of	buildings	can	be	modelled,	and	the	complicated	
calculations	of	fluid	mechanics	can	be	avoided.	Consequently,	computational	cost	could	be	
significantly	reduced.	However,	most	of	exiting	urban	canopy	models	only	include	buildings,	
but	no	urban	trees.	This	study	develops	a	new	urban	canopy	model	to	correlate	the	urban	
density	and	tree	species	indices	with	the	wind	speed	in	the	street	canyon,	to	enable	more	
efficient	 decision-making	 in	 landscape	 planning.	 By	 coordinating	 the	 information	 on	 the	
momentum	 flux	 and	 porosity	 of	 trees	 from	 the	 literature	 review,	 the	 new	 urban	 canopy	
model	is	derived	from	the	balance	between	the	vertical	momentum	flux	from	the	upper	layer	
and	drag	force	of	buildings	and	urban	trees	on	air	flow.	Based	on	the	modelling	results,	we	
identify	the	key	issues	that	are	important	to	decrease	the	undesirable	aerodynamic	impact	of	
urban	trees	on	the	wind	environment,	and	provide	the	corresponding	implementation.		

Methodology	–	Development	of	Model	

Balance	between	momentum	flux	and	drag	force	

The	development	of	the	new	modelling	method	is	based	on	the	balance	between	momentum	
flux	(left	side	of	equation	1)	and	the	drag	force	of	both	buildings	and	trees	on	air	flow	(right	
side	of	equation	1)	as:	
𝜏*𝐴,-&( = 	

0
1
𝜌𝑈 4

1 /(1 − 𝜆9)( (𝐶<=>?@A?BC𝐴$'DE&=>?@A?BC) +	 (𝐶<GHII𝐴$'DE&GHII))																								(1)	
	
where	𝜏*	is	thevertical	flux	of	horizontal	momentum	from	the	upper	layer	to	the	lower	

layer	due	to	the	turbulence	mixing	effect,	which	can	be	expressed	as	𝜏* = 	𝜌𝑢∗1,	in	which	𝑢∗	
is	the	friction	velocity.	𝜆9	is	the	site	coverage	ratio,	𝐴$'DE&	is	the	frontal	area,	𝐴,-&( 	is	the	site	
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area,	and	𝜌	is	the	air	density.	The	first	and	second	items	on	the	right	side	of	equation	are	the	
drag	force	of	buildings	and	trees,	respectively.	Consequently,	the	wind	speed	(𝑈4)	in	the	urban	
canopy	layer	normalized	by	the	friction	velocity, 𝑢∗,	can	be	expressed	as:		
KL
M∗
= 	 ( 1(0NOP)

QR_=>?@A?BCOS_=>?@A?BCTQR_GHIIOS_GHII
)U.W	,			in	which	𝜆$ = 𝐴$'DE&/𝐴,-&( 		 		(2)		

To	close	equation	2	and	solve	𝑈4,	we	need	to	identify:	1)	Friction	velocity	(𝑢∗);	2)	Drag	
coefficient	 of	 trees	 (𝐶<_&'(( 	)	 and	 buildings	(𝐶<_XM-YZ-E[) ;	 and	 3)	 Frontal	 area	 density	 of	
buildings	(𝜆$_=>?@A?BC)	and	trees	(𝜆$_GHII).		Based	on	the	literature,	we	chose	𝐶<_XM-YZ-E[	as	2.0	
(Coceal	and	Belcher	2004)	and	𝐶<_&'(( 	as	0.8,	which	is	appropriate	for	the	low	wind	velocities	
(<	10	m/s)	 (Gromke	and	Ruck	2008).	𝜆$_=>?@A?BC 	was	calculated	as	the	sectional	 frontal	area	
density	(Ng	et	al.	2011),	which	can	better	represent	the	effect	of	building	on	the	air	flow	due	
to	 the	 skimming	 flow	 associated	 with	 high	 density	 urban	 areas.	 Therefore,	 in	 following	
sections,	we	need	 to	 parameterize	 friction	 velocity		(𝑢∗)	and	 frontal	 area	 density	 of	 trees	
(𝜆$_&'((),	as	the	unknown	variables.		

Parametrization	of	friction	velocity	(𝒖∗)	

In	this	section,	we	estimated	𝑢∗	in	urban	areas	using	the	logarithmic	law	as	shown	in	equation	
3. This	 method	 is	 not	 as	 straightforward	 as	 the	 wind	 tunnel	 experiment	 and	 field
measurement,	since	it	is	necessary	to	model	the	roughness	length	𝑧U	and	the	displacement
height	𝑧Z.	But,	with	the	existing	methods	to	estimate	𝑧U	and	𝑧Z,	this	curve-fitting	method	is
more	practical	than	the	wind	tunnel	experiment	and	field	measurement.	Grimmond	and	Oke
(1999)	provide	a	general	understanding	of	the	relationship	between	𝑧U,	𝑧Z,	𝜆$,	and	𝜆9.	We
directly	 used	 these	 relationships	 to	 associate	𝑧U 	and	𝑧Z 	with	𝜆$ .	 Because	𝑧U 	and	𝑧Z 	were
normalized	by	𝑧^,	we	used	the	height	of	roughness	sub-layer	𝑧∗	as	the	reference	height,	and
take	𝑧∗	as	2𝑧^	for	compact	building	canopies,	as	Roth	(2007)	and	Raupach	(1992)	suggested.
total	11	cases	are	included	with	𝜆$	from	0	to	1.0	to	clarify	the	relationship	among	𝜆$,	𝑧U,	and
𝑧Z.

KHIS
M∗

= 	 0
`
ln cHISNcA

cd
	(3)	

Consequently,	𝑢∗	normalized	by	the	mean	wind	speed	at	the	top	of	roughness	sub-layer	
𝑧∗ 		 (𝑈'($ )	 can	 be	 estimated	 by	𝜆$ .	 Similar	 to	𝑧U ,	 the	 sensitivity	 of	𝑢∗ 	to	 increasing	𝜆$	
significantly	decreases	when		𝜆$	is	larger	than	0.4,	i.e.	𝑢∗	is	almost	constant	when	𝜆$	is	larger	
than	0.4.	It	is	reasonable,	since	surface	shear	stress	deceases	when	more	and	more	roughness	
elements	are	 included	and	start	 to	 interfere	with	each	other,	 i.e.	 the	 skimming	 flow	 (Oke	
1987).	Quantatively,	𝑢∗/𝑈'($	is	constant,	0.12	with	𝜆$ ≥ 0.4,	and		𝑢∗	can	be	expressed	as:	

𝑢∗ = 0.12 ∙ 𝑈'($,	 	when	𝜆$_XM-YZ-E[ ≥ 0.4											(4)	

As	shown	in	Figure	2,	we	validated	the	modelling	results	of		𝑢∗	by	comparison	with	the	
wind	data	from	wind	tunnel	experiment	and	CFD	simulations.	The	wind	tunnel	experiment	
was	conducted	by	Hong	Kong	University	of	Science	and	Technology	for	the	Air	Ventilation	
Assessment	 (AVA)	project	at	Hong	Kong	(Hong	Kong	Planning	Department	2008),	and	CFD	
simulation	 data	 is	 from	 Architectural	 Institute	 of	 Japan	 (AIJ)	 for	 the	 cases	 of	 city	 blocks	
(Tominaga	et	al.	2008).		
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Parametrization	of	frontal	area	density	of	trees	(𝝀𝒇_𝒕𝒓𝒆𝒆)	

In	this	section,	we	parameterize	the	effective	frontal	area	density	of	trees	(𝜆$_&'((),	which	is	
the	area-weighted	plant	frontal	area	index	of	a	site,	and	depends	on	the	porosity	(leaf	area	
index	(LAI))	(Breda	2003),	typology	(typology	ratio	(R)	between	vertical	and	horizontal	area	of	
canopy),	and	population	number	(N).	We	applied	the	leaf	area	index	(LAI)	provided	by	Tan	
and	 Sia	 (2009)	 to	 estimate	 the	 porosity	 of	 plant	 canopies.	 According	 to	 the	 LAI	 values	
measured	 in	 the	 field,	 the	 density	 of	 tree	 canopies	 has	 been	 categorized	 as	 dense	 (close	
arrangement	and	multiple	stacking	of	foliage	within	the	canopy),	intermediate	(intermediate	
between	‘dense’	and	‘open’),	and	open	canopy	(sparse	foliage	arrangement),	as	tabulated	in	
Tables	 1a	 and	 1b.	 Because	 Tan	 and	 Sia	 (2009)	 conducted	 an	 indirect	 measurement,	 i.e.	
radiation	measurement,	all	canopy	elements,	such	as	plant	stems	and	leaves,	were	included.	
Consequently,	the	measured	index	is	for	the	whole	plant,	but	not	only	leaves,	which	matches	
the	purpose	of	this	research	because	all	canopy	elements	create	resistance	on	air	flow.	

	

	
Figure	2	Validation.	The	new	urban	canopy	model	matches	the	experimental	data	well	(P	value	=	0.9559).	

	
Table	1a	Values	of	LAI	and	canopy	area	of	trees	in	different	categories	(Tan	and	Sia	2009).	

Category		 Sample	of	tree	 LAI		
Canopy	area	(𝐴4	)	according	to	tree	girth	(G)	(m

2)	
G1	
	(<0.5	m)	

G2		
(0.5	-	1.0	m)	

G3		
(1.0	-	1.5	m)	

G4	
(>1.5	m)	

Dense	Canopy	 Filicium	decipiens	 4.0	 12	 36	 80	 150	
Intermediate	Canopy	 Tabebuia	rosea	 3.0	 12	 36	 80	 150	
Open	Canopy	 Peltophorum		 2.0	 12	 36	 80	 150	

	
Table	1b	Examples	of	tree	species	with	different	LAI	values		(Tan	and	Sia	2009).	

Dense	Canopy	 Intermediate	Canopy	 Open	Canopy	
Filicium	decipiens	 Tabebuia	rosea	 Peltophorum	pterocarpum	

	 	 	
	

We	 define	 the	 effective	 frontal	 area	 density	 of	 trees	 ( 𝜆$_&'(( )	 as	 the	 effective	
aerodynamic	surface	area	(𝐴$_&'(()	normalized	by	the	site	area	(𝐴,-&(),	as	shown	in	equation	
5,	and	the	calculation	schematic	is	presented	in	Figure	3.	It	is	assumed	that	leaves	will	not	
interfere	with	each	other	for	airflow	(Cionco	1965,	Nepf	2012),	due	to	the	porosity	of	trees.	
To	 calculate	 𝐴$_&'(( ,	 we	 used	 LAI,	 which	 was	 horizontally	 measured,	 i.e.	 an	 indirect	
measurement	(Tan	and	Sia,	2009).	By	assuming	that	the	orientation	of	each	leaf	is	random	in	
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the	whole	tree,	i.e.	ideally	uniform	in	distribution	and	geometry	(Cionco	1965,	Nepf	2012),	
the	 horizontally	 measured	 index	 can	 be	 converted	 to	 the	 vertical	 index.	𝐴$_&'(( 	can	 be	
calculated	 as	 Equation	 6,	 where	 A	 is	 the	 vertical	 canopy	 area	 and	 can	 be	 calculated	 by	
Equation	6,	where	R	is	the	plant	canopy	typology	ratio,	the	ratio	between	A	and	𝐴4.	Values	of	
R	depends	on	plant	canopy	typologies	as	spreading	canopy	(R	<1),	spherical	canopy	(R≈1)	and	
Columnar	Canopy	(R>1).		

𝜆$_&'(( = 	
E	nS_GHII
no?GI

													(n:	tree	population)																			(5)	
																													In	which	𝐴$_&'(( = 𝐿𝐴𝐼	 ∙ 𝐴;				𝐴 = 𝑅	 · 𝐴4 																												(6)	

	
Figure	3	Calculation	schematic	of	effective	frontal	area	density	of	tree	canopy.	

At	last,	substituting	equations	4	and	5	into	equation	2,	i.e.	parametrizing	momentum	
flux	and	trees’	drag	force,	we	can	estimate	the	average	wind	speed	(𝑈𝑐)	(normalized	by	𝑈'($),	
i.e.	wind	velocity	ratio	(VR),	in	the	urban	canopy	layer	that	includes	both	trees	and	buildings	
as:	
									VR = KL

KHIS
= 	0.12 ∙ 	 ( 1(0NOP)

QR_=>?@A?BCOS_=>?@A?BCTQR_GHII		wnx	y	O
)U.W																						(7)	

In	which	𝜆	is	green	coverage	ratio.	

Case	study	---	Effects	of	Urban	Density,	Tree	Species	and	Population	

Using	the	new	urban	canopy	model	(i.e.	equation	7),	a	case	study	was	conducted	to	clarify	
the	effects	of	above	identified	items	on	the	urban	wind	environment.	The	average	wind	speed	
in	 the	urban	canopy	 layer	 (𝑈4)	with	different	urban	densities,	 tree	species	and	population	
were	calculated.	On	one	hand,	two	representative	urban	areas	in	Hong	Kong	with	low	and	
high	densities	were	chosen	to	investigate	how	urban	density	affects	the	impact	of	urban	trees	
on	𝑈𝑐.	As	shown	in	Figure	4,	Sheung	Wan	(SW)	was	chosen	as	the	high	density	urban	area	
(λ{	UN0W| = 0.45;	λ~ = 0.45),	 and	 Sha	 Tin	 (ST)	was	 chosen	 as	 the	 low	density	 urban	 area	
(λ{	UN0W| = 0.18;		λ~ = 0.13).	Two	scenarios	were	modelled	with	two	urban	tree	parameters:	
leaf	area	index	(LAI)	in	Scenario	I	and	urban	tree	plant	typology	ratio	(R)	in	Scenario	II.	In	both	
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scenarios,	the	green	coverage	ratio	(𝜆)	was	increased	from	0	to	0.55	and	0.87	in	high	and	low	
density	 urban	 areas,	 respectively,	 which	means	 all	 the	 unbuilt	 area	 was	 covered	 by	 tree	
canopies.	 The	 input	 data	 (i.e.	 urban	 density	 and	 urban	 tree	 geometry	 indices)	 for	 the	
parametric	study	are	summarized	in	Table	2.	The	modelling	results	are	shown	in	Figure	5.	

	
Figure	4	Urban	contexts	with	different	densities;	a:	Sheung	Wan:	λ{	UN0W| = 0.45;	λ~ = 0.45;		𝜆 = 0.05;	b:	Sha	

Tin:	λ{	UN0W| = 0.18;			λ~ = 0.13;		𝜆 = 0.25.	
	

Table	2	Input	data:	urban	density	and	urban	tree	geometry	indices.	Two	tree	geometry	parameters	in	two	
scenarios	are	highlighted,	i.e.	LAI	in	Scenario	I	and	R	in	Scenario	II.	

Scenario	I	 Site	
Urban	Density	 Urban	tree	geometry	
λ_(f	0-15m)	 λ_p	 𝐴4	 R	 LAI	(Dense)	 LAI	(Intermediate)	 LAI	(Open)	

High	density		 SW	 0.45	 0.45	 36	 1.0	 4.0	 3.0	 2.0	
Low	density		 ST	 0.18	 0.13	 36	 1.0	 4.0	 3.0	 2.0	

Scenario	II	 Site	
Urban	Density	 Urban	tree	geometry	

λ_(f	0-15m)	 λ_p	 𝐴4	 LAI	 R	(Spreading)	 R	(Spherical)	 R	
(Columnar)	

High	density		 SW	 0.45	 0.45	 36	 4.0	 0.5	 1.0	 2.0	
Low	density		 ST	 0.18	 0.13	 36	 4.0	 0.5	 1.0	 2.0	

	
Figure	5	Effects	of	urban	trees	on	the	wind	environment	at	low	and	high	density	urban	areas.	Plant	canopy	

densities	(Table	2)	and	typologies	(Table	4)	were	tested	in	Scenarios	I	and	II,	respectively.	
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Discussion		

As	shown	in	Figure	5,	the	wind	velocity	ratio	decreases	with	increasing	green	coverage	ratio	
(𝜆),	i.e.	planting	more	trees	in	urban	areas	could	slow	down	air	flow	at	the	urban	canopy	layer.	
More	 importantly,	effects	of	 trees	on	the	urban	wind	environment	greatly	depend	on	the	
density	of	the	urban	context,	as	well	as	the	density	and	typology	of	the	plant	canopy.	First,	
the	impact	of	any	particular	tree	population	is	different	in	urban	areas	with	different	densities.	
As	shown	 in	Figure	5,	each	 line	type	refers	 to	a	different	tree	species,	and	each	 line	color	
refers	to	different	urban	context	densities.	The	values	of	VR	decrease	more	rapidly	at	 low	
density	urban	areas	(black	lines)	than	high	density	urban	areas	(red	lines),	even	though	the	
tree	species	and	tree	density	are	the	same.	Since	the	drag	forces	of	both	buildings	and	trees	
are	in	the	denominator	in	Equation	11	and	buildings	have	a	much	larger	drag	force	coefficient,	
the	 impact	 of	 trees	 on	 the	 wind	 speed	 is	 reduced	 as	 the	 urban	 area	 becomes	 denser.	
Physically,	a	high-density	urban	area	induces	a	weak	wind	environment,	so	that	planting	more	
trees	will	minimally	decrease	the	wind	speed	that	is	already	slow.		

The	above	discussion	clarifies	that,	rather	than	investigating	trees	alone,	it	is	necessary	
to	investigate	trees’	effects	within	the	urban	context.	For	example,	planting	Filicium	decipiens	
(Table	1)	that	has	a	dense	spherical	canopy	(LAI:	4.0;	R:	1.0),	the	wind	velocity	ratio	could	
decrease	from	0.26	to	0.13,	if	green	coverage	ratio	rises	to	40%	in	low	density	urban	areas,	
as	shown	in	Figure	5.	In	this	case,	the	wind	environment	in	the	low	density	urban	area	could	
be	similar	with	the	one	at	the	high	density	urban	areas	without	trees.	Given	the	wind	speed	
at	the	reference	height	is	6.7	m/s,	it	means	that	wind	speed	could	decrease	about	0.9	m/s,	
which	is	significant	with	respect	to	outdoor	thermal	comfort.	In	other	words,	if	we	plant	the	
same	tree	population	in	low	density	urban	areas,	the	impact	of	urban	trees	is	two	times	larger	
than	the	one	in	high	density	urban	areas,	where	wind	speed	could	only	decrease	0.5	m/s.		

Second,	effects	of	trees	on	the	urban	wind	environment	depend	on	tree	species,	 i.e.	
plant	canopy	density	and	typology.	As	shown	in	Figure	5	(Scenario	I),	the	open	canopy	trees	
(short	 dash	 lines)	 have	 the	 smallest	 impact	 on	 wind	 velocity	 ratio,	 followed	 by	 the	
intermediate	canopy	(long	dash	 lines);	wind	velocity	ratio	decreases	most	rapidly	with	the	
dense	 canopy	 (solid	 lines).	 It	 is	 reasonable	 since	 a	 denser	 canopy	means	 larger	 effective	
frontal	area	that	causes	larger	drag	force	of	trees	on	airflow.	In	the	Scenario	II,	the	densities	
of	 the	plant	 canopy	are	 the	 same,	but	 the	 typologies	 are	different.	 The	 tree	 species	with	
spreading	canopy	(solid	 lines)	has	the	smallest	 impact	on	the	wind	velocity	ratio.	With	the	
same	green	coverage	ratio	 (i.e.	same	horizontal	canopy	area),	 the	tree	with	the	spreading	
canopy	has	the	smallest	vertical	canopy	area,	and	thus	the	smallest	effective	frontal	area	and	
drag	force.		

This	discussion	indicates	that	even	though	the	impact	of	trees	on	the	wind	environment	
at	low	density	urban	areas	is	significant	as	mentioned	before,	it	is	possible	to	mitigate	this	
impact	by	choosing	the	appropriate	tree	species.	For	example,	instead	of	Filicium	decipiens	
(dense	and	spherical	canopy),	we	could	increase	the	wind	velocity	ratio	to	0.16	(wind	speed:	
1.0	m/s)	by	 choosing	either	Peltophorum	pterocarpum	 (open	 canopy)	or	 Samanea	 saman	
(rain	tree:	spreading	canopy).	On	the	other	hand,	if	we	choose	the	wrong	tree	species,	e.g.	
Swietenia	macrophylla	(dense,	columnar	canopy),	the	wind	environment	could	be	even	worse	
(short	dashed	line	in	Scenario	II).	The	wind	velocity	ratio	will	be	lower	than	0.1,	and	thus	wind	
speed	less	than	0.6	m/s	that	could	cause	the	poor	outdoor	thermal	comfort.	Suggestions	of	
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tree	species	to	address	the	natural	ventilation	issues	at	the	urban	areas	are	shown	in	Figure	
6.		

	
Figure	6	Suggestions	of	tree	species	to	address	natural	ventilation	issues	at	urban	areas.	
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Abstract:	One	of	the	challenges	of	hospital	architecture	is	solve	of	the	paradigm	of	natural	ventilation	versus	
indoor	air	quality	for	promote	the	reduction	of	risks	of	transmissions	of	infectious	hospital	diseases.	This	study	
aims	to	evaluate	the	levels	of	air	renewal	through	natural	ventilation	in	nursing	hospital	settings	to	promote	
the	fight	against	hospital	infection.	The	object	of	study	is	a	ward	of	the	Base	Hospital	of	the	Federal	District	-	
Brasília,	which	is	one	of	the	reference	hospitals	in	Brazil	and	one	of	the	only	ones	that	exclusively	uses	natural	
ventilation	as	a	strategy	to	obtain	the	comfort	of	 its	wards.	The	methodology	used	was	computer	simulation	
using	 Autodesk	 2015	 Computational	 Fluid	 Dynamics	 software	 to	 verify	 the	 air	 renewal	 rates	 that	 were	
compared	with	 the	minimum	 indices	established	by	 the	 internal	air	quality	control	 standards.	The	 results	of	
the	simulations	obtained	show	an	internal	air	renewal	rate	of	83.0	m³	/	hour.	It	is	concluded	through	the	CFD	
simulations	that	the	natural	ventilation	in	health	environments	can	promote	an	adequate	rate	of	air	renewal	
promoting	environments	with	a	good	quality	of	air	making	humanization	and	 the	 improvement	 the	hospital	
treatment,	culminating	in	a	Reduction	of	the	building's	energy	consumption.	

Keywords:	 Indoor	 Air	 Quality,	 HealthCare	 Architecture,	 Natural	 Ventilation	 and	 Computational	 Fluid	
Dynamics	(CFD).	

Introduction	

Currently	 the	 HealthCare	 architecture	 has	 a	 great	 challenge,	 which	 is	 the	 use	 of	 natural	
ventilation	 to	 promote	 the	 internal	 quality	 of	 air	 to	 reduce	 the	 risk	 of	 transmission	 of	
infectious	diseases	hospital.	Studies	have	been	carried	out	showing	the	efficiency	of	natural	
ventilation	 (Ashrae,	 1999	 and	 Ashrae,	 2009),	 based	 only	 on	 good	 external	 air	 quality,	 in	
contribution	of	the	passive	architecture	and	more	humanized.	

In	the	Middle	Ages,	a	nurse	Florence	Nightingale	suggested	that	defects	and	cause	of	
death	in	hospitals	came	from	the	lack	of	natural	lighting	and	ventilation,	minimal	areas	for	
beds	 and	 overcrowding	 of	 the	 wards.	 From	 this	 theory,	 Florence	 had	 create	 and	
dimensioned	 the	 Nightingale	 Ward,	 which	 was	 basically	 a	 long	 hall	 with	 beds	 arranged	
perpendicular	to	the	walls,	a	generous	right	foot,	windows	between	a	bed	and	another	of	
both	facilitating	cross-ventilation	and	natural	lighting,	it	is	concluded	that	health	is	essential	
for	hospital	environments	(Miquelin,	1992;	Bitencourt,	2014).	

Researchers	(Atkinson	et	al,	2009	and	Heywood,	2015)	and	standards	(RDC	50/2002,	
RDC	 9/2003,	 Ashrae,	 1999,	 Ashrae,	 2009)	 relate	 air	 quality	 to	 the	 rate	 of	 renewal	 in	 the	
environment,	which	is	the	amount	of	times	that	the	volume	of	air	inside	a	room	is	renewed	
in	a	given	period	of	time,	decreasing	the	amount	of	particles	concentrated	in	the	air.	
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Figure	1	–	Illustration	of	Nightingale	Ward.	Source:	O	guia	da	enfermagem	(2016).		

	
The	 removal	 time	was	 fixed	with	 renewal	 per	 hour,	 indicating	 that	 in	 environments	

with	 two	 renovations	 for	 one	 hour,	 it	 takes	 138	minutes	 to	 remove	 99%	 of	 the	 particles	
emitted,	and	environments	with	50	renovations	per	hour,	6	minutes	for	a	99%	removal	of	
the	particles	(Ashrae,	2013).	

	

	
Figure	2	–	Air	renewal	rate	due	to	the	removal	of	particles	in	relation	to	time.		

Source:	Ashrae	(2013).	
		
The	use	of	natural	ventilation	in	wards	environments	should	have	a	ventilation	rate	of	

at	least	60	liters	per	second	per	patient	(Atkinson	et	al,	2009).	
It	 is	known	that	the	rate	of	air	renewal	from	natural	ventilation	 is	directly	related	to	

the	speed	of	the	incident	winds,	which	can	generally	vary.	When	the	wind	speed	is	low,	it	is	
reflected	 directly	 in	 the	 value	 of	 the	 air	 renewal	 and	 thus,	 in	 the	 concentration	 levels	 of	
particles	in	the	air,	which	can	compromise	the	good	quality	of	the	internal	air.	

Escombe	 et	 al	 (2007)	 studied	 about	 natural	 ventilation	 in	 hospitals,	 and	 they	
concluded	 that	 natural	 ventilation	 can	 reduce	 the	 risk	 of	 airborne	 contagion	 when	 it	
compared	 with	 mechanical	 ventilation,	 being	 above	 all	 indicated	 in	 tropical	 climates,	
because	it	is	a	low-cost	option.	

The	 clear	 relationship	 between	 the	 uses	 of	 natural	 ventilation	 as	 opposed	 to	 air-
conditioned	artificial	ventilation	(air-conditioning	system)	has	been	shown	in	several	studies	
(Lelé,	2012;	Lambersts	et	al,	2013	and	Heywood,	2015)	 for	energy	efficiency	and	the	fight	
against	Sick	Building	Syndrome	(SBS).	
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Sick	 Building	 Syndrome	 is	 associated	 with	 the	 creation	 of	 sealed	 buildings	 that	 use	
only	artificial	air	conditioning	as	a	ventilation	system,	causing	low	levels	of	air	exchange	in	
the	internal	spaces,	resulting	in	a	series	of	diseases	such	as	cough,	rhinitis,	allergy,	etc.	this	is	
directly	 related	 to	 the	 low	QAI	and	 the	 lack	of	 internal	natural	ventilation	 (Schirmer	et	al,	
2011).	

Objective	

The	objective	of	this	work	is:	
-	 Analyse	 the	 potential	 of	 natural	 ventilation	 in	 health	 environments	 through	 the	

computational	simulation	method;	
-	 Promote	the	use	of	natural	ventilation	in	HealthCare	environments;	
-	 Obtain	 a	 better	 understanding	 of	 the	 effects	 of	 natural	 ventilation	 in	 indoor	

HealthCare	environments.	

Method	

The	method	used	in	this	work	is:	
-	 The	 bibliographic	 review	 together	 with	 current	 norms	 and	 legislation	 on	 QAI	

(theoretical	phase);	
-	 The	simulated	case	study	through	computer	simulation	by	software	Autodesk	2015	

for	see	of	air	renewal	rate	in	health	care	establishments;	
-	 Finally,	 a	 final	 phase	 of	 analysing	 simulations,	 obtaining	 results	 and	 comparing	

them	 with	 the	 bibliography	 and	 standards	 and	 the	 general	 conclusions	 of	 the	 research	
(analytical	phase).	

Brasilia	and	the	case	study	

The	city	of	Brasilia	is	located	in	the	Center-West	region	of	Brazil	and	its	climate,	according	to	
the	classification	of	Köppen,	belongs	to	the	Aw	categories,	and	can	be	classified	as	Tropical	
of	Altitude	(Romero,	2013),	marked	by	two	distinct	periods,	one	Hot-humid	period	of	rainy	
summer,	which	 is	 from	 the	months	 of	October	 to	 April	 and	 the	 other	 hot-dry	 dry	winter	
period,	which	is	from	the	months	of	May	to	September.	

	

	
Figure	3	–	Location	of	the	city	of	Brasília/	Brazil.	Adapted	from	Google	Earth	(2017).	
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The	orientation,	 frequency	of	 the	winds	and	 the	average	velocity	of	 the	winds	were	
obtained	by	the	National	Institute	of	Meteorology	-	INMET	for	the	analysis	of	the	wind	flow	
in	 Brasilia	 (INMET,	 2016).	 The	 data	 obtained	 show	 that	 the	 orientation	 and	 the	 higher	
frequency	of	the	winds	in	Brasilia	are	located	in	the	Eastern	direction	at	all	times	of	the	year,	
except	for	the	summer	winds	coming	from	the	Northwest.	It	was	demonstrated	that	Brasilia	
has	the	average	velocity	of	the	winds	3,0	m	/	s	coming	from	the	Eastern	direction	(30%	of	
the	frequency	of	occurrence).	

	
Figure	4	–	Rose	of	the	winds	in	Brasília.	Source:	LABEEE	(2016).	

	
Brasília	 has	 a	 good	 quality	 of	 external	 air	 due	 to	 the	 lack	 of	 polluting	 industries,	

although	 its	 population	 still	 depends	 a	 lot	 on	 private	 cars	 to	 get	 around.	 The	 National	
Environmental	Council	(CONAMA)	has	established	legislation	on	air	quality	standards,	which	
establishes	the	parameters	for	the	control	and	monitoring	of	air	pollution	in	urban	centers	
(CONAMA,	1990).	The	air	quality	data	collected	in	Brasilia	are	shown	below.	

	

	
Figure	5	–	PTS	annual	historical	media	series	by	location	–	Brasília/DF.	Source:	IBRAM	(2016).	

	

	
Figure	6	–	Historical	media	series	of	smoke	per	site	–	Brasília/DF.	Source:	IBRAM	(2016).	

	
Good	external	 air	 quality	 is	 essential	 for	 the	promotion	of	natural	 ventilation	 in	 the	

architecture,	 because	 if	 the	 concentration	 of	 pollutants	 suspended	 in	 the	 external	 air	 is	
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higher	 than	 allowed	by	 the	 legislation,	 this	 can	 cause	 damage	 to	 the	 internal	 user	 of	 the	
buildings.	

The	 case	 study	 chosen	 is	 the	 Base	 Hospital	 of	 the	 state	 Federal	 District,	 which	 is	 a	
great	reference	for	all	of	Brazil	and	 is	the	 largest	health	care	establishment	present	 in	the	
city	of	Brasília.	

	

			 	
Figures	7	and	8	–	Facade	and	implantation	of	the	Base	Hospital	of	the	Federal	District	(HBDF).	Source:	Araujo	

(2009).	

The	hospitalization	block	use	only	the	natural	ventilation	to	control	indoor	air	quality,	
as	 there	 are	 no	 air	 conditioning	 systems	 and	 no	 mechanical	 ventilation	 by	 means	 of	
insufflators	and	exhaust	fans.	The	analysis	of	the	prevailing	winds	from	the	east	shows	the	
direct	incidence	of	the	wind	at	30º	of	the	normal	of	the	facade	of	the	hospitalization	block.	

For	a	case	study,	a	 four	bed	ward	was	chosen	on	the	5th	floor,	 in	the	Oncology	and	
Gynecologicy	 Oncology	 Unit	 sector;	 because	 patients	 on	 cancer	 therapy	 are	 generally	
immunodepressive	 (Tabak,	2010)	and	 require	good	air	quality	 for	prevent	 transmission	of	
infectious	nosocomial	diseases.	

	

	
Figure	9–	The	plan	of	ward	Located	on	the	5th	floor	of	the	HBDF.	Source:	Araujo	(2009).	
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Computational simulation 

The wind speed used for the simulations of the city of Brasilia is 3.0 meters per second, 
according to the data previously indicated. In the simulations, the relationship between the 
variation of the angles of incidence and the normal of the area where the desired results 
were to be obtained was used, in the case of this work, the air flow that enters the window 
to compare with the bibliography and standards to be discovered the internal air quality, 
which according to Atkinson et al (2009), should have a minimum flow of 60 liters per 
patient for naturally ventilated hospitalizations. 

The scenario simulated was the four bed ward in Hospital de Base do Distrito Federal 
(HBDF), with predominant winds are at 30 degrees at the normal of the facade with 3.0 m/s 
of velocity. The simulation was performed with the scenario of all the windows open and 
the entrance door closed, to demonstrate the maximum potential of the ventilation that 
enters the windows. 
 

 
Figure 10– Simulation of winds in the Ward plan of the Hospital de Base de Distrito Federal.  

 

 
Figure 11– Simulation of winds in the Ward in perspective of the Hospital de Base de Distrito Federal. 
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Analysis and conclusions 

A summary of the values obtained (table 1) in cubic meters per second (air flow) of the 
simulations of the ward at 5th floor of the Base Hospital of the Federal District (HBDF) was 
then created in the scenario studied (incidents winds of 3, 0 m/s). 
 

Table 1 – Results table of the CFD simulations in the ward and the relationship with internal air quality. 

ENVIRONMENTS SIMULATION 
MINIMUM VALUES 

REQUIRED (Atkinson et 
al, 2009). 

CONCLUSION 

Ward of the Hospital de 
Base do Distrito Federal 

* 2,55 cubic meters per 
second divided by 8 
persons = 0.31 cubic 
meters per person 

 
0,06 cubic meters per 

person per second 

The environment has a 
good indoor air quality 

due to the high air 
renewal rate about five 

times more (Wind speed 
– 3.0 m/s) 

 
The result obtained in the simulation was compared to the minimum values 

established by the literature (Atkinson et al, 2009) for the verification of internal air quality 
(QIA) in the internal environments of the ward proposed for the analysis. According to table 
1, it was verified that the ward of the Hospital de Base do Distrito Federal (HBDF) has the 
value of air ventilation rate of 5 (wind speed - 3.0m / s) times what is proposed to create a 
good QAI. 

It is concluded with this work that: 
- The use of natural ventilation strategy is effective in the case study, being able to 

keep a good internal air quality by itself; 
- The use of the strategy of natural ventilation in ward environments and / or 

environments that have the presence of patients can be effective, thus reducing the 
consumption of electric energy coming from the artificial air-conditioning devices, thus 
contributing to energy efficiency and can combat the hospital infections through the 
renovation of air; 

- The use of computer simulation is increasingly being used in the field of 
architecture and engineering for the use of analysis of ventilation flows in the HealthCare 
systems and other environments in order to contribute to the promotion and improvement 
of natural ventilation, as in the case of tools of CFD. 

Search Limitation 

This research has as limitations in a case study of a reference hospital in Brazil, located in 
Brasília, which is a city that has a good quality of the external air. Aiming to demonstrate 
that the use of only natural ventilation can create a good quality of the internal air, helping 
to combat hospital infections with passive strategies. 
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Abstract:	Courtyards	are	often	 interpreted	as	traditional	and	vernacular	architectural	forms	which	have	been	
abandoned	due	to	individualism	superseding	collective	society	values,	an	increase	in	land	values	and	buildings	
becoming	 overly	 dependent	 on	 artificial	 lighting	 and	 mechanical	 ventilation.	 This	 paper	 aims	 to	 justify	 the	
reintroduction	of	courtyards	 in	 residential	buildings	 in	 the	Middle	East	and	Arab	region	specifically	 for	health	
benefits	through	the	admittance	and	control	of	full-spectrum	natural	light.	This	is	especially	important	for	Arab,	
Muslim	women	who	have	been	reported	to	have	high	percentages	of	vitamin	D	deficiency.	By	incorporating	a	
private	outdoor	space,	such	as	a	courtyard,	in	their	home,	occupants	gain	the	freedom	and	flexibility	to	receive	
recommended	 light	exposure	 for	 the	synthesis	of	vitamin	D	 in	a	controlled	environment.	Upon	reviewing	the	
human,	 climatic	 and	 geographical	 factors	 that	 influence	 UV	 exposure	 received,	 a	 series	 of	 questions	 were	
derived:	What	design	criteria	does	a	space	in	this	region	need	to	fulfil	in	order	to	encourage	occupants	to	spend	
time	outdoors	to	receive	their	daily	UVB	exposure?	How	can	architecture	act	as	a	mediating	component	between	
those	 factors?	 To	 what	 extent	 do	 the	 design	 parameters	 offset	 each	 other?	 This	 paper	 explores	 available	
evidence	and	the	current	contextual	relationship	between	behavioural,	environmental,	architectural	elements	
and	health	consequences	and	 introduces	a	model	of	their	 inter-relationship	with	a	view	to	working	towards	a	
solution.	

Keywords:	Courtyards,	Health,	Light,	UV,	Vitamin	D	

Introduction	

Courtyards	have	been	 incorporated	 in	buildings	for	 thousands	of	years.	They	are	known	as	
one	of	 the	most	prominent	 vernacular	architectural	 features	 in	 the	Arab	and	Gulf	 regions.	
Different	 typologies	have	been	 traditionally	used	most	often	 for	 clothes	drying,	 gardening,	
sitting	 out	 in,	 storage	 and	 for	 hobby	 and	 recreational	 purposes	 (Edinburgh.	
University.Architecture	 Research,	 1968).	 Despite	 their	 function,	 representation	 of	 cultural	
identity	and	sustainable	passive	design	strategies,	there	has	been	a	demise	in	their	use.	There	
are	several	underlying	issues	regarding	this	shift	from	vernacular	Arab	courtyard	dwellings	to	
modern,	artificial	and	mechanical	system-dependent	buildings.	

In	 most	 regions,	 the	 prominent	 role	 of	 courtyards	 was	 based	 on	 collective	 societal	
values	influenced	by	tribes,	religious	orders	and	ethnic	groups.	With	the	discovery	of	oil	in	the	
Middle	East,	there	were	socio-economic	changes	at	all	levels	of	society	at	the	same	time	as	
the	evolution	of	urbanism.	The	wealth	generated	from	oil	was	utilized	to	improve	the	living	
conditions	 of	 citizens	 and	 enabled	 them	 to	 join	 the	 developed,	modern	world	 (Mahgoub,	
2013).	As	a	 result,	 the	 spiritual	 and	 cultural	 significances	of	 courtyards	were	demoted	and	
today	virtually	lost.	
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The	economic	prosperity	of	 the	 region	 imposed	 irreversible	 changes	 to	 city	planning	
policies.	Kuwait	could	be	seen	as	an	example	that	typifies	these	changes	and	transition	across	
the	region	with	the	population	displaced	 into	new	towns	as	the	old	ones	were	demolished	
(Buchanan,	 1981).	 To	 demonstrate	 their	 affluence	 in	 these	 new	 neighbourhoods,	 large	
houses	with	extravagant	exterior	facades,	equipped	with	the	latest	domestic	appliances	and	
mechanical	systems	were	built.	As	land	values	rose	due	to	new	building	zoning	and	property	
regulations,	 the	 incorporation	 of	 courtyards	 in	 designs	 was	 further	 discouraged.	 Buildings	
became	dependent	on	artificial	lighting	and	mechanical	ventilation;	they	no	longer	required	
natural	or	passive	strategies	 to	achieve	comfort.	 In	 fact,	 the	expected	standard	of	 comfort	
demanded	 a	 fully	 artificially	 conditioned	 space.	 Therefore,	 courtyards	were	 unconsciously	
regarded	 as	 a	 waste	 of	 an	 internal	 room	 (Nelson,	 2014).	 Yet,	 with	 an	 appropriate	 design	
concept	and	justification,	these	undesirable	spaces	can	once	again	become	very	desirable.	

Justifying	the	Return	of	Courtyards	

When	assessing	and	designing	courtyards,	previous	studies	from	the	 literature	have	mostly	
stressed	 revivalism	of	 traditional	 architectural	 features,	 cost	 and	energy	efficiency	 through	
passive	design.	These	studies	have	attempted	to	validate	the	reincorporation	of	courtyards	
but	there	are	counterarguments	that	indicate	that	this	reasoning	is	perhaps	not	sufficient.	

In	the	case	of	countries	 in	the	Gulf	region,	advancing	 into	the	modern	world	seemed	
to	be	appropriate	and	desirable.	The	transformation	was	not	imposed	on	Kuwait,	but	rather,	
the	 people	 and	 rulers	 themselves	 have	made	 their	 own	 decisions	 and	 embraced	 it.	 With	
changing	conditions,	there	was	a	conflict	between	the	forces	of	globalization	and	localization.	
“On	one	hand,	people	are	eager	to	enjoy	the	luxuries	of	modern	life	that	they	can	afford	to	
have	while	at	the	same	time	retaining	a	cultural	identity.”	(Mahgoub,	2004)	

Whilst	 some	 designers	 might	 be	 inspired	 and	 motivated	 to	 revive	 traditional	
architectural	elements	out	of	nostalgia,	the	same	cannot	be	said	for	all.	The	importance	of	
conserving	 traditional	 architecture	 may	 not	 be	 effective	 or	 meaningful	 for	 younger	
generations,	 this	 is	because	 they	do	not	have	 the	memory	of	 the	old	model.	Similarly,	 the	
older	uses	of	the	courtyard,	stated	previously,	are	no	longer	as	relevant	as	they	once	were.	

Modern	Kuwaiti	residential	units	are	less	energy	efficient	than	the	traditional	house	–	
albeit	 conditioned	 to	 different	 comfort	 standards.	 Modern	 homes	 are	 heavily	 reliant	 on	
mechanical	 systems	 and	 demand	 artificial	 lighting	 and	 ventilation,	 whereas	 vernacular	
traditional	 homes	 which	 incorporate	 courtyards	 are	 bioclimatic	 forms.	 They	 rely	 on	 the	
environment	which	they	have	adhered	and	adapted	to	with	passive	design	strategies.	The	use	
of	courtyards	as	a	passive	design	strategy	has	been	extensively	explored	through	parametric	
studies	(Wang	and	Liu,	2002,	Muhaisen	and	B	Gadi,	2006,	Moonen	et	al.,	2011,	Ahmed	Qadir	
Ahmed,	2013,	Ghaffarianhoseini,	2015).	Ongoing	research	indicates	that	they	are	climatically	
responsive,	 economically	 feasible	 and	 have	 a	 high	 potential	 of	 sustainability	 and	 energy	
efficiency	(Reynolds,	2002,	Edwards,	2006).	

In	spite	of	this	wide	body	of	research,	people	are	still	reluctant	to	incorporate	them	in	
their	designs.	This	is	because	passive	strategies	have	limitations.	Occupants	have	become	less	
accepting	of	 conditions	outside	what	 they	now	consider	 ‘comfortable’	 and	 thus	 reliant	 on	
HVAC	 systems	and	 artificial	 lighting.	 This	 is	 a	 condition	 being	experienced	world-wide	 and	
would	seem	irreversible	without	a	paradigm	shift	on	the	part	of	both	occupants	and	designers	
and	developers	(Chappells	and	Shove,	2005).The	greater	demand	for	more	restrictive	comfort	
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conditions	 acted	 as	 a	 	 driver	 of	 mechanisation	 and	 higher	 energy	 use.	 In	 turn,	 gradual	
adaptation	to	this	‘cooler’	state	has	resulted	in	people	feeling	even	less	comfortable	outdoors.	
Parameters	 that	 need	 to	 be	 considered	 for	 human	 comfort	 include:	 temperature	 and	
humidity	levels	of	the	thermal	environment,	air	quality,	acoustics	and	lighting	(Huang,	2012).	
The	general	attitude	of	the	population	in	oil	rich	Gulf	countries	would	not	compromise	control	
of	comfort	and	instrumental	benefits	for	energy	efficient	design,	since	energy	is,	at	present,	
cheap	 in	 their	 regions	 (Al-Iriani,	 2006,	Narayan	and	 Smyth,	 2009).	Hence,	 cost	 and	 energy	
efficiency	for	sustainable	design	alone	cannot	be	deemed	as	a	strong	motive	to	incorporate	
courtyards,	 as	 they	 once	 were	 in	 traditional	 buildings,	 in	 the	 Gulf	 region.	 Nevertheless,	 it	
would	be	prudent	to	consider	them	for	the	future.	

Health	as	a	Criteria	for	Design	

While	cultural	identity	nor	energy	performance	seem	sufficient	to	justify	the	re-introduction	
of	the	courtyard,	it	is	today	well	understood	the	important	role	full-spectrum	daylight	has	in	
the	support	of	occupant	health	and	well-being.	When	considering	the	luminous	environment,	
there	 is	more	 to	 address	 than	 simply	meeting	 visual	 task	 needs.	 Recent	 discoveries	 have	
determined	 that	these	non-visual	effects	of	 light	play	a	vital	 role	 in	occupants’	health.	The	
recently	discovered	photoreceptor	within	the	retina,	the	intrinsically	sensitive	retinal	ganglion	
cell	 (ipRGC)	and	 its	active	component,	melanopsin	are	understood	to	be	partly	responsible	
for	regulating	the	 circadian	biological	clock,	the	human	hormonal	cycle,	body	temperature,	
heart	 rate,	 mood,	 stress	 and	 depression	 (Lucas	 et	 al.,	 2014).	 These	 are	 due	 to	 different	
characteristics	of	light	exposure	such	as:	intensity,	spectral	properties,	duration	of	exposure	
and	timing	(van	Bommel,	2006).	

Full	 spectrum	 fluorescent	 lighting	 has	 attempted	 to	 replicate	 natural	 light’s	 health	
benefits.	Experimentation	and	observations	began	with	 studies	on	plants	and	 zoo	animals.	
Whilst	these	have	had	positive	results,	there	is	insufficient	evidence	to	claim	and	support	the	
health	benefits	of	FSFLs	in	humans	(L.	McColl	and	A.	Veitch,	2001).	Further	experiments	have	
attempted	to	justify	the	use	of	FSFLs.	These,	however,	have	been	deemed	to	be	inaccurate	
and	 unreliable.	 Common	 experiment	 confounds	 include:	 light	 intensity,	 luminaire	 type,	
ballast	 type,	 daylight	 interference	 and	 expectancy	 bias.	 This	 can	 also	 be	 because	 of	 the	
inadequate	 equality	 between	FSFLs	 and	 natural	 light.	 Simply	 replicating	 spectral	 power	
distributions	 is	 not	 enough.	 Natural	 daylight	 is	 also	 polarized,	 varies	 in	 correlated	 colour	
temperature,	is	filtered	and	reflected	rather	than	being	received	as	direct	rays	from	a	source	
like	 FSFLs.	 Critical	 reviews	 have,	 therefore,	 concluded	 that	 there	 is	 generally	 no	 intrinsic	
benefit	of	FSFLs	over	regular	electric	lights	(Gifford,	1994,	Jennifer	A.	Veitch,	2000).	

Addressing	Non-Visible	Light	

Natural	 light	 contains	 4.6%	 UV	 radiation,	 46.4%	 visible	 light	 and	 49%	 infrared	 radiation.	
Vitamin	D	is	best	produced	by	exposure	to	UVB	with	wavelengths	of	290-300	nm	(Holick	and	
Jenkins,	 2003).	 UVA	 (320-400	 nm)	 radiation	 varies	 far	 less	 in	 intensity	 and	 is	 far	 more	
abundant	 in	 sunlight	 than	 UVB	 radiation.	 Though	 it	 is	 often	 overlooked	 by	 architects,	 the	
energy	 in	 the	non-visible	portions	of	 the	 spectrum	still	 affects	us,	and	must	be	considered	
along	with	the	visible	portion.	

Recent	 experimental	 studies	 have	 been	 performed	 on	 variations	 of	 types,	 colours,	
layers	 and	 coatings	 of	 glass	 to	 investigate	 the	 function	 and	 influence	 of	 glass	 on	 light	
transmission	 since	 it	 has	 little	 coverage	 in	 literature	 (Duarte	 et	 al.,	 2009).	 Whilst	 different	
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types	of	glass,	such	as	clear,	laminated,	tempered	and	tinted	glass,	transmit	visible	light	and	
filter	UVA	variably,	it	has	been	noted	that	most	of	them	completely	block	UV	radiation	below	
300	nm.	This	is	essentially	the	UVB	needed	for	vitamin	D	synthesis.	

While	 there	are	a	 few	polymer	 coatings	and	 translucent	materials	 that	 transmit	UVB	
including	 Spectralon	 and	 ultraviolet	 transmitting	 acrylic	 (UVT),	 they	 are	 either	 expensive,	
flammable,	easily	degrade	or	are	too	fragile	and	thus	not	viable	in	this	application	(Nguyen	et	
al.,	2002).	This	distinction	makes	a	difference	when	determining	whether	the	health	benefits	
from	natural	 light	 can	be	obtained	either	by	being	simply	transmitted	and	filtered	through	
windows	 or	whether	 they	 can	 only	 be	 attained	 through	 direct	 exposure	 on	 skin.	 This	 can	
ultimately	reason	the	need	for	courtyards	in	buildings	rather	than	merely	admitting	natural	
light	by	means	of	fenestration	and	glazing.	

The	Vitamin	D	Paradox	

Despite	the	Middle	East	and	Arab	region’s	(15	°N	-	36	°N)	being	consistently	a	‘sunny’	climate,	
high	levels	of	vitamin	D	deficiencies	have	been	reported,	ranging	from	mild	to	severe	(El-Rassi	
et	 al.,	 2012).	 In	 order	 to	elucidate	 this	 paradox,	one	must	 consider	 several	 issues.	 The	UV	
exposure	people	receive	is	dependent	on	climatic,	geographical	and	human	factors.	

Climatic	 and	 geographical	 factors	 include	 stratospheric	 ozone,	 absorption	 and	
scattering	due	to	atmospheric	molecules	and	aerosols,	altitude,	latitude,	clouds,	solar	zenith	
angle	(the	position	of	the	sun	at	a	particular	time	of	the	day	and	season	of	the	year)	(Parisi	et	
al.,	 2004).	 Human	 factors	 consist	 of	 physiological	 aspects	 (skin	 type,	 age	 and	 obesity)	 in	
addition	to	behavioural	components	(sun	avoiding	behaviour,	time	spent	indoors,	and	dress	
code).	This	paper	mainly	focuses	on	the	behavioural	factors.	

Human	behaviour	is	generally	indicative	of	minimizing	direct	exposure	to	the	sun	and	
UV	 light.	 This	 is	 partly	 because	 of	 the	many	myths	 and	 fallacies	 that	 are	 associated	 with	
sunlight	due	to	skin	cancer	campaigns	which	have	been	grossly	exaggerated	 by	the	cosmetic	
and	pharmaceutical	industries	(Liberman,	1990).	The	benefits	of	sun	exposure	outweigh	the	
risks.	In	 fact,	healthcare	costs	associated	with	vitamin	D	deficiency	 have	been	reported	to	be	
higher	than	those	related	to	excessive	sunlight	exposure	(Grant,	2007).	Less	than	1%	of	people	
who	develop	non-melanoma	skin	cancer	die,	as	opposed	to	the	20	to	65%	mortality	rates	due	
to	diseases	which	could	have	been	prevented	by	 regular	sun	exposure	(Holick	and	Jenkins,	
2003).	

People	 choose	 to	 deprive	 themselves	 of	 natural	 light,	 which	 is	 our	 most	 important	
source	of	vitamin	D,	in	favour	of	artificial	lighting.	Some	may	be	under	the	impression	that	it	
can	be	compensated	with	a	balanced	diet.	However,	the	dietary	contribution	to	our	vitamin	
D	 need	 is	 very	 little	 compared	 to	 the	 amount	 produced	 through	 photosynthesis,	 which	
accounts	 for	more	 than	90%	of	 the	vitamin	D	 in	 the	human	body.	There	 is	a	 stronger	 link	
between	sunlight	and	vitamin	D	than	with	diet	(Boubekri,	2008).	When	exposed	to	sunshine,	
skin	 also	 synthesizes	 a	 sulfate	 component	 of	 vitamin	 D3	 which	 is	 not	 present	 in	 oral	
supplements	 since	 	 it	 is	 water	 soluble.	 With	 sun	 exposure,	 skin	 additionally	 synthesizes	
cholesterol	sulfate,	which	is	very	important	for	heart	and	cardiovascular	health.	Skin	induced	
beta	 endorphins	 further	 vindicate	 the	 claim	 for	natural	 light	 over	 supplements	 (Fell	 et	 al.,	
2014).	

Studies	have	shown	that	people	spend	more	than	90%	of	their	time	indoors	(Frontczak,	
2011).	The	most	recognisable	reason	as	to	why	they	spend	a	considerable	portion	of	their	day	
indoors	is	for	protection	from	the	harsh	outdoor	climate	–	during	summer	in	Kuwait,	the	dry	
bulb	 temperature	 reaches	 50°C	 (Shaban,	 2000).	 Indoors,	 thermal	 comfort	 can	 be	 easily	
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accounted	for	with	the	introduction	of	controllable	artificial	systems	in	modern	houses.	This,	
however,	has	been	taken	to	the	extent	where	people	still	spend	their	time	indoors	regardless	
of	 the	weather	 conditions	 outside.	 It	 has	 changed	 behaviour	 and	 expectations	 of	 comfort	
long-term.	 There	 are	 several	 months	 a	 year	 where	 the	 outdoor	 weather	 conditions	 are	
pleasant,	yet	people	have	become	accustomed	to	spending	as	little	time	in	the	uncontrolled	
environment	as	possible.	

Another	 consideration	 that	 should	be	 taken	 into	account	when	 addressing	 this	 issue	
is	that	most	Arab,	Muslim	females	adhere	to	the	Islamic	dress	code	which	requires	them	to	
dress	modestly	by	wearing	a	headdress	and	covering	up	their	body	with	the	exception	of	their	
face	and	hands.	Some	take	that	even	further	by	partially	or	completely	covering	their	faces	
with	 a	 ‘niqab’.	 Thus,	 women	 who	 dress	 conservatively	 are	 at	 an	 even	 higher	 risk	 of	 not	
receiving	adequate	sun	and	skin	exposure	(Al-Mohaimeed	et	al.,	2012).	This	is	clearly	seen	in	
Table	1	and	Figure	1.	

Table	 1	 is	 a	 collection	 of	 selected	 demographic	 sample	 surveys	 that	 depict	 different	
ranges	of	25-hydroxyvitamin	D	serum	levels	of	adult	men	and	women,	with	respect	to	their	
dress	codes,	in	several	locations	across	the	Middle	East.	Figure	1	is	a	visual	representation	of	
the	 numerical	 data	 in	 Table	 1.	 These	 denote	 that	 in	 addition	 to	 people’s	 skin	 only	 being	
subjected	to	natural	light	exposure	for	10%	of	their	day,	whilst	people	are	outdoors	they	are	
still	not	receiving	the	recommended	amount	of	sunlight.	This	 is	because	of	their	direct	sun	
avoiding	 behaviour	 due	 to	 skin	 cancer	 fallacies,	 excessive	 heat,	 as	well	 as	 enforced	 dress	
codes	and	the	extent	of	adaptability	people	are	allowed	in	public.	

Architecture	as	a	Mediating	Component	

A	pilot	study	was	conducted	to	investigate	the	effect	of	sun	exposure	at	recommended	 levels	
on	 the	 vitamin	 D	 status	 of	 Arab	 women	 who	 consented	 to	 expose	 their	 faces,	 arms	 and	
hands	for	15	minutes	per	day	twice	a	week	for	4	weeks	within	the	privacy	of	their	courtyard.	
Serum	25-hydroxyvitamin	D	 levels	were	measured	pre	and	post-intervention.	Although	the	
results	indicated	vitamin	D	levels	remained	suboptimal,	median	serum	25-hydroxyvitamin	D	
levels	 were	 substantially	 higher	 post-intervention	 (23	 nmol/l)	 than	 pre-intervention	 (17.6	
nmol/l)	(Dawodu	et	al.,	2011).	The	outcome	from	this	study	further	supports	and	highlights	
the	 real	benefit	of	 incorporating	courtyards	 in	buildings	as	a	 solution,	more	 specifically	 for	
Arab,	Muslim	women.	

The	 shift	 from	 traditional	 courtyard	 dwellings	 to	 modern	 houses	 has	 had	 a	 further	
negative	 impact	 in	 terms	of	 reducing	the	availability	of	private	outdoor	 space	 that	 can	be	
accessed	conveniently	and	privately.	People	do	not	have	the	choice	to	design	their	workplace	
or	 other	 spaces	 in	 which	 they	 spend	most	 of	 their	 indoor	 time.	 In	 some	 cases,	 they	 do,	
however,	 have	 the	 choice	 of	 designing	 their	 own	 house.	 Those	providing	 social	 or	 similar	
housing	 through	public	or	 government	 sponsored	bodies	 certainly	 can.	By	 incorporating	a	
courtyard	in	a	home	there	is	the	freedom,	privacy	and	flexibility	to	receive	recommended	sun	
exposure	 for	 vitamin	 D	 in	 a	 controlled	 environment.	 Not	 only	 that,	 but	 by	 advocating	
courtyards	in	residential	buildings,	other	natural	 light	benefits	that	are	transmitted	through	
glass	windows	can	be	taken	advantage	of.	
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Table	1.	Vitamin	D	Deficiency	in	the	Middle	East	(Source:	(El-Rassi	et	al.,	2012),	produced	by	Sadiqa	Al	Awadh)	

Figure	1.	Vitamin	D	Deficiency	in	the	Middle	East	(Source:	(El-Rassi	et	al.,	2012),	produced	by	Sadiqa	Al	Awadh)	

It	 should	 be	 noted	 that	 even	 though	houses	 in	 the	Middle	 East	 can	 be	 shallow	 and	
comprise	of	passive	zones	that	could	easily	be	lit	with	natural	light,	instrumental	benefits	and	
the	need	for	privacy	contribute	to	the	abundant	use	of	artificial	lighting.	Most	windows	are	
found	 on	 the	 front	 façade	 of	 the	 building,	 overlooking	 a	 street.	 This	 allows	 passers-by	 to	
look	into	the	house.	Thus,	occupants	tend	to	use	shutters	or	blinds	for	privacy.	This	ironically	
defeats	the	purpose	of	windows	to	provide	a	view	and	allow	natural	light	in.	The	remaining	
windows	are	usually	allocated	on	the	side	walls	and	back	of	the	building	which	receive	little	
light	 due	 to	 mutual	 shading	 from	 the	 compact	 configurations	 and	 minimum	 setbacks	
between	 house	 plots	 in	 the	 neighbourhoods.	 Similarly,	 these	 side	 and	 back	windows	 are	
also	quite	often	blocked	with	 shutters	or	blinds	 if	 they	are	aligned	with	 their	 neighbour’s	
window.	

Fundamentally,	 the	 design	 intentions	 rely	 on	 the	 admittance	 of	 natural	 light	 to	 be	
majorly	received	by	the	windows	on	the	front	façade.	This,	however,	is	not	happening	in	the	
majority	of	houses	in	Kuwait,	hence	the	disproportionate	use	of	artificial	light	and	necessity	
for	the	reintroduction	of	courtyards.	Thus,	the	concept	of	a	courtyard	can	be	expanded	on	as	
a	private	enclosed	outdoor	space,	proposed	to	have	a	geometry	conducive	to	the	introduction	
of	natural	light.	While	it	can	still	function	as	traditional	ones	did,	this	does	not	mean	that	it	
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cannot	be	reused	and,	as	stated,	 reinterpreted	to	accommodate	contemporary	 lifestyles	–	
proposing	 a		design		challenge.		The		key		in	 this	 cultural		context		is		that		it		allows		all,		but	
particularly	women,	to	benefit	from	the	privacy	of	their	own	home	for	the	sake	of	their	health.	

Architecture	can	be	used	to	facilitate	and	provide	a	solution	that	would	meet	certain	
design	criteria	which	could	encourage	building	occupants	to	change	their	habits	and	want	to	
spend	time	outdoors	and	receive	ample	UV	exposure.	How	can	architecture	act	as	a	mediating	
component	between	human,	climatic	and	geographical	factors?	To	what	extent	do	the	design	
parameters	offset	each	other?	The	balances	struck	between	the	 fulfilment	of	 these	design	
requirements	 are	 in	 the	 hands	 of	 the	 designer	who	 should	 focus	 on	 areas	 of	 agreement,	
modifications	of	design,	tensions	and	inadequacies.	Depending	on	the	geographical	location	
and	 environmental	 conditions,	 the	 viability	 of	 a	 courtyard	 is	 determined.	 This	 is	 because	
human	behaviour	is	influenced	by	the	outdoor	environmental	conditions	and	this	determines	
the	extent	of	their	use	of	the	space.	The	key	modifiable	design	elements	of	courtyards	that	
can	 affect	 UV	 exposure	 include:	 	 orientation,	 geometry,	 height	 to	 width	 ratios,	 shading	
elements	and	surface	albedo.	Design	strategies	can	be	drawn	from	case	studies,	simulations	
and	 field	 experiments	 to	 create	 guidelines	 for	 successful	 buildings	 which	 meet	 the	
requirements	of	the	study.	

Conclusion	

Vitamin	D	deficiency	is	a	global	health	issue,	and	not	just	a	concern	in	the	Middle	East	and	
Arab	 parts	 of	 the	 world.	 The	 human,	 climatic	 and	 geographical	 factors	 that	 affect	 the	
population’s	UV	exposure	would,	however,	be	different.	 In	 some	 countries,	 people	do	not	
receive	 enough	 UV	 exposure	 during	 winter	 and	 have	 to	 depend	 on	 summer	 sun	 due	 to	
climatic	and	geographical	differences.	On	the	contrary,	people	in	the	Middle	East	and	Arab	
region	are	at	a	great	risk	of	overexposure	during	the	summer	months,	thus	they	tend	to	wait	
for	 the	 cooler	months	of	 the	year.	These	differences	need	 to	be	 studied	 in	order	 to	make	
suggestions	for	appropriate	architectural	solutions.	

Studies	should	not	 just	stop	there,	but	also	go	on	to	make	recommendations	other	
than	architectural	 solutions	 that	 can	act	 as	catalysts	 to	encourage	a	 change	of	 lifestyle	 for	
healthier	 populations.	 Defining	 a	 relationship	 between	 behavioural,	 environmental,	
architectural	elements	and	health	consequences	would	develop	a	coherent	view	on	how	they	
fit	in	the	broader	scheme	of	things.	The	resolution	of	this	paper	is	to	shed	light	on	a	different	
way	of	thinking	and	reflecting	for	architects	which	enables	them	to	bring	climatology,	photo	
medicine	 and	 architecture	 under	one	umbrella	 to	 develop	 the	 future	of	design	 and	 tackle	
global	issues	through	their	built	forms.	
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Abstract:	Currently,	 in	 the	 south	area	of	Chile,	most	of	 the	main	 cities	have	been	declared	 saturated	 zones	
because	of	local	pollution,	which	has	had	negative	consequences	on	human	health.		The	largest	source	of	air	
pollution	is	the	emissions	from	burning	firewood	inside	households	for	heating	during	winter.	In	fact,	Chile	has	
one	of	the	highest	per	capita	consumptions	of	 firewood	 in	the	region.	The	causes	of	the	problem	are	varied	
and	have	complex	 interrelations,	 from	poor	 insulation	of	housing,	poor	quality	of	 the	wood	that	comes	to	a	
highly	 disaggregated	market,	 among	others	 involving	 producers,	 distributors	 and	 users;	 having	 feedback	 on	
the	health	and	wellbeing	of	the	population,	energy	poverty	 indicators,	 local	economy,	sustainability	of	forest	
resource	and	national	energy	security.	Dozens	of	studies	and	research	have	been	carried	out	to	date,	analyzing	
the	 problem	 from	different	 perspectives.	This	 study	 presents	 a	 comprehensive	 literature	 review	 in	 order	 to	
characterize	the	essential	elements	adopting	a	systemic	approach,	examining	its	determining	factors	and	the	
way	in	which	they	interrelate.			
	
Keywords:	Firewood,	pollution,	heating,	system	dynamics	

Antecedents	

Firewood	consumption	in	households	

Given	the	climatic	diversity	of	the	country,	whose	northern	region	is	characterized	by	warm	
and	dry	climates,	the	central	zone	by	mixed	climates	and	the	southern	zone	by	cold	climates,	
the	end	uses	of	energy	vary	widely	among	the	different	zones	of	the	country.	As	one	moves	
towards	the	south	of	the	country,	the	importance	of	heating	energy	consumption	increases	
in	 relation	 to	 the	 total	 consumption	 of	 households,	 reaching	 80%	 of	 the	 energy	
consumption	 in	 the	 colder	 zones	 (Corporación	 de	 Desarrollo	 Tecnológico,	 2010).	 Wood	
burning	is	the	main	source	of	heating	in	more	than	90%	of	households	in	the	southern	zone.	
In	 fact,	Chile	 is	one	of	 the	countries	with	 the	highest	 firewood	consumption	 in	 relation	to	
other	 countries	 in	 the	 region,	 being	 the	 second	 country	with	 the	 highest	 consumption	of	
wood	per	inhabitant	in	Latin	American	and	the	Caribbean.	The	consumption	of	firewood	in	
Chile	 is	 mostly	 associated	 with	 heating;	 while	 in	 other	 countries	 of	 the	 region,	 firewood	
consumption	 is	 mainly	 associated	 with	 cooking.	 On	 the	 other	 hand,	 the	 consumption	 of	
firewood	in	Chile,	besides	being	an	important	component	of	the	energy	matrix,	is	increasing,	
unlike	the	trends	observed	in	the	rest	of	Latin	America	(CEPAL,	2009).	
Unlike	 other	 countries	 in	 the	 region,	 the	 consumption	of	wood	 can	be	 found	 in	 different	
socioeconomic	 levels	 nationwide,	 and	 is	 present	 in	 urban	 and	 rural	 areas.	 Although	
firewood	 consumption	 in	 households	 has	 a	 high	 degree	 of	 penetration	 at	 the	 rural	 level,	
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when	looked	at	 in	terms	of	energy,	 firewood	demand	in	urban	areas	 is	double	that	of	the	
demand	 in	 rural	 areas.	 In	 a	 similar	 analysis,	 although	 the	 firewood	 consumption	 per	
household	 in	 higher	 socio	 economic	 levels	 is	 higher,	 lower	 socioeconomic	 levels	 are	
predominant,	 consuming	 75%	 of	 the	 energy	 generated	 from	 firewood	 (Corporación	 de	
desarrollo	tecnológico,	2015).		
Another	 difference	 from	 other	 countries	 where	 there	 is	 a	 coexistence	 of	 low	 or	
intermediate	levels	in	the	Human	Development	Index	and	high	degrees	of	rural	poverty	and	
firewood	consumption	per	capita,	Chile	has	a	high	rate	of	human	development	and	a	high	
consumption	 of	 firewood	 (CEPAL,	 2009).	 Thus,	 a	 different	 approach	 is	 necessary	 for	 the	
policies	for	and	responses	to	the	effects	of	firewood	consumption.	

Impacts	of	firewood	consumption	

The	use	of	wood	for	heating	represents	a	public	policies	concern	because	the	conditions	of	
demand	and	 final	 use	make	 firewood	a	 source	of	 energy	with	 low	 sustainability.	 Its	main	
effect	 is	 a	 high	 emission	 of	 atmospheric	 pollutants,	 mainly	 particulate	 materials,	 which	
generate	significant	effects	on	the	concentration	of	local	pollution	and	on	the	health	of	the	
population.		
During	the	years	2008	to	2014,	air	quality	standards	for	PM10	were	exceeded	by	an	average	
of	16	times	per	year,	and	standards	for	PM2,5	by	an	average	of	83	times	per	year	(Reyes,	et	
al.,	 2015).	 In	 the	 	 case,	 year	2010,,	 the	 standard	was	exceeded	122	 times,	with	a	peak	of	
1.113	cases	of	ARIs	(acute	resporatory	infections).	
The	magnitude	of	the	health	problems	associated	with	pollution	problems	is	set	out	in	the	
“First	Report	on	the	State	of	the	Environment,”	which	indicated	that:	4,070	people	die	each	
year	 from	 cardiopulmonary	 diseases	 related	 to	 high	 air	 pollution;	 127,000	 visits	 to	
emergency	 rooms	 were	 due	 to	 episodes	 of	 acute	 bronchitis	 in	 the	 population;	 and	 the	
burning	of	wood	for	heating	is	the	main	cause	(with	a	contribution	of	90%)	of	pollution	by	
particulate	materials	 (Ministerio	 de	Medio	 Ambiente,	 2013).	 	 Health	 expenses	 caused	 by	
firewood	 pollution	 are	 roughly	 365	 million	 dollars	 every	 year,	 more	 than	 four	 times	 the	
expense	of	firewood	(Chile	Ambiente,	2008).	

Methodology	

It	is	vital	to	characterize	the	essential	elements	adopting	a	systemic	approach,	examining	its	
determining	 factors	 and	 the	 way	 in	 which	 they	 interrelate.		 For	 this	 reason,	 the	 heating	
system	is	defined	as	that	formed	by	the	whole	chain	of	supply	and	demand,	from	harvesting,	
transportation,	 sale	 and	 storage	 in	 case	 of	 supply,	 housing,	 inhabitants,	 home	 economics	
and	heating	appliances	in	case	of	demand.	System	dynamics	allow	the	analysing	of	complex	
feedback	systems;	therefore,	decision	makers	can	simulate	possible	scenarios	for	different	
policies,	and	the	results	can	be	used	to	improve	their	decisions	(Hsu,	2012).	
As	 part	 of	 the	methodology	 of	 system	 dynamics	 and	 system	 understanding,	 the	 problem	
identification	 is	 the	 first	 stage	 and	 fundamental	 with	 the	 system	 conceptualization,	 the	
results	of	 these	 two	stages	of	analysis	 facilitate	policy	analysis	and	decision.	 	As	part	of	a	
system	 conceptualization,	 the	 identification	 of	 casual	 relations	 is	 the	 main	 focus	 of	 this	
analysis.	From	the	collection	of	information	presented	in	different	documents,	a	Causal	loop	
diagram	is	constructed,	which	shows	how	interrelated	variables	affect	each	other	(Aslani,	et	
al.,	2014).	
The	problem	to	be	analysed	is	pollution	from	firewood	burning	for	heating,	which	depends	
on	 two	main	 factors:	 firewood	 consumption	 and	 emission	 factor	 of	 pollutants.	 Both	 also	
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have	relations	with	national	and	 local	economy.	The	system	analysed	 is	composed	of	 two	
main	 blocks:	 firewood	 supply	 and	 firewood	 demand,	 each	 one	 composed	 of	 elements	
characterized	 by	 the	 literary	 review.	 For	 each	 element,	 decisive	 factors	 are	 detected	 and	
their	interrelations	in	system	dynamics	are	represented	in	a	causal	loop	diagram.	

Elements	for	System	Dynamics	

Firewood	supply	

Firewood	harvesting	
From	the	literary	review,	it	is	found	that	following	properties	of	firewood	harvesting	have	a	
decisive	 role	 in	 the	 system	 dynamics:	 Availability,	 species	 of	 wood,	 type	 of	 plantation,	
management	plans,	date	of	harvesting,	and	deforestation.	
Related	 to	availability,	Chile	has,	mainly	 in	 the	 south	of	 the	country,	 large	areas	of	native	
forest	and	forestry	plantations	for	satisfyng	the	main	energy	needs	for	heating	with	native	
wood	 being	 harvested	 from	 management	 plans.	 In	 fact,	 actual	 wood	 consumption	
represents	21%	of	energy	potential	from	forestry	resources	(Corporación	Nacional	Forestal,	
2015).	Chile	has	13,6	million	hectares	of	native	 forest	and	2,3	million	hectares	of	 forestry	
plantations	(Reyes	&	Neira,	2012).	The	main	wood	species	nationwide	are	eucalyptus	with	
24%	of	the	supply	and	oak	with	23%	of	the	supply	(Corporación	de	desarrollo	tecnológico,	
2015).	 Only	 19,6%	 of	 firewood	 from	 native	 forests	 is	 harvested	with	management	 plans.	
Nevertheless,	 Chile	 is	 one	 of	 the	 Latin	 American	 countries	 with	 a	 negative	 rate	 of	
deforestation	(Reyes,	et	al.,	2015).	
Although	no	 information	 about	 date	of	 harvesting	was	 found	 in	 the	 literature,	 interviews	
with	stakeholders	from	zones	with	a	high	firewood	production	point	out	that	the	harvesting	
season	 is	determined	 in	part	by	access	 to	 roads,	particularly	 in	mountainous	areas,	hence	
even	moisture	content	is	lower	when	harvesting	occurs	in	the	winter.	The	season	in	which	
the	most	harvesting	occurs	is	usually	in	spring,	when	they	have	access	to	better	conditions;	
however,	moisture	content	is	higher	during	the	spring,	increasing	drying	time.	

Firewood	market	
From	the	literary	review,	the	following	properties	of	firewood	harvesting	have	been	found	
to	 have	 a	 decisive	 role	 in	 the	 system	 dynamics:	 the	 size	 of	 agents,	 commercialization	
channels,	formality,	economic	dependence,	revenues,	employment	generation,	prices,	and	
transportation	costs.	
The	firewood	market	depends	on	several	agents:	producers,	usually	landowners	of	property	
with	plantations;	intermediaries,	buying	to	producers	and	selling	to	wholesaler	transporters	
who	sell	 to	 the	 firewood	market,	or	 retail	 transporters	buying	 in	 roads	close	to	producers	
and	delivering	 to	 the	houses.	Another	agent	 is	 the	wood	 industry,	which	sells	 their	waste	
(Centro	de	Microdatos,	2006).		
Attributes	vary	 	between	agents.	Transporters	and	 traders	have	diversity	 in	 terms	of	 size,	
from	cooperatives	selling	more	than	5.000	m3st	per	year	of	firewood	from	big	tracts	of	lands	
leased	from	the	state,	to	micro	entrepreneurs	buying	lower	volumes	of	wood,	close	to	300	
m3st	 per	 year	 transported	 directly	 to	 the	 final	 customer	 (Reyes,	 et	 al.,	 2015).	One	 of	 the	
main	 features	 of	 the	 firewood	 market	 is	 its	 informality,	 with	 80%	 of	 informal	 traders	
nationwide.	 Although,	 65%	 of	 traders	 have	 at	 least	 a	 certain	 degree	 of	 formality	 as	
municipal	 patents,	 this	 doesn’t	 happen	 in	 every	 case	 (Ernst	 Basler+Partner,	 2015).	
Transporters	 are	 mostly	 informal	 agents,	 with	 seasonal	 sales	 and	 no	 registration,	 while		
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firewood	 retailers	 have	 fixed	 locations	 and	 municipal	 patent	 registration	 (Centro	 de	
Microdatos,	2006).	
Due	to	monetary	flows,	firewood	is	considered	to	be	an	important	factor	for	local	and	rual	
economies	 dynamism	 (Chile	 Ambiente	 ,	 2008).	 Although	 no	 information	 on	 a	 nationwide	
scale	 was	 available	 regarding	 employment	 generation	 by	 the	 firewood	 market,	 in	 some	
regions	of	 the	country,	 it	 is	estimated	 that	 the	 firewood	market	brings	more	 than	10%	of	
jobs	 generated	 by	main	 productive	 sectors	 (Reyes,	 et	 al.,	 2015).	 Incomes	 for	 small	 scale	
producers	are	variable;	nevertheless,	more	than	half	of	them	obtain	revenues	between	500	
USD	and	1500	USD	per	month	and	approximately	30%	obtain	revenues	lower	than	500	USD.	
Also,	 surveys	 point	 to	 the	 fact	 that	 there	 is	 a	 high	 economical	 dependance	 on	 firewood	
activities;	for	41%	of	agents	of	the	firewood	market,	more	than	75%	of	their	revenues	come	
from	the	firewood	trade	(AIFBN,	2009).	
When	 it	 is	 compared	with	 other	 fuels,	 firewood	 costs	 four	 times	 less	 than	 kerosene,	 4,2	
times	less	than	gas	and	6,3	times	less	than	electricity	(Minenergía,	2015).	In	addition,	other	
fuels	 have	 increased	 their	 prices	 over	 the	 last	 10	 years,	 improving	 competitiveness	 for	
firewood	(Reyes	&	Neira,	2012).	
Regarding	 transport	 costs,	 no	 information	 was	 found;	 however,	 interviews	 with	
stakeholders	 from	 zones	 with	 high	 firewood	 production	 point	 out	 costs	 for	 transport	
represent	from	20%	to	50%	of	the	additional	costs	of	sales	for	producers.	

Firewood	demand	

Household	
From	 the	 literary	 review,	 is	 has	 been	 found	 that	 the	 following	 properties	 of	 firewood	
harvesting	have	a	decisive	role	in	the	system	dynamics:	Building	codes,	thermal	insulation,	
thermal	comfort.	
Regarding	the	insulation	conditions	of	the	houses	in	Chile,	the	first	thermal	regulation	was	
implemented	in	2000	(for	ceilings)	and	was	later	updated	in	2007	(incorporating	floors	and	
walls),	 improving	 the	 level	 of	 requirements.	 Before	 this	 period,	 about	 3.5	 million	 homes	
were	built	not	adhering	to	the	insulation	requirements.	A	house	built	before	2000	can	have	
more	 than	 twice	 as	much	 heating	 demand	 compared	 to	 houses	 built	 later	 (Programa	 de	
Gestión	y	Economía	Ambiental,	2014).	Despite	this,	the	regulations	are	still	deficient,	since	
they	only	consider	thermal	insulation	and	the	requirements	are	not	adequately	adapted	to	
the	 climatic	 conditions	 of	 the	 country.	 Even	 with	 regulation,	 the	 demand	 for	 heating	 in	
some	 thermal	 zones	 remains	 very	 high.	 On	 the	 other	 hand,	 the	 regulations	 do	 not	 have	
requirements	regarding	air	infiltration,	humidity,	condensation	and	ventilation,	fundamental	
conditions	for	maintaining	indoor	environmental	comfort	and	reducing	energy	demand	for	
heating.	
The	 lack	of	 thermal	comfort,	due	 to	poor	housing	conditions	and	the	costs	of	 the	 fuel	 for	
heating,	can	be	seen	in	the	temperatures	measured	inside	the	houses	of	the	country,	with	
more	than	60%	of	the	population	in	the	central	and	southern	areas	of	Chile	having	indoor	
temperatures	 below	15°	 C	 (Ministerio	 de	 Energía,	 2016).	 All	 of	 this	 adds	 to	 conditions	 of	
high	humidity	in	dwellings,	for	which	there	is	a	lack	of	indicators	at	this	time.	This	condition	
affects	 human	 health	 by	 respiratory	 stress	 when	 temperatures	 are	 under	 16ºC	 and	 can	
cause	cardiovascular	stress	if	under	12	°C.	Additionally,	housing	without	thermal	insulation	
and	controlled	ventilation	systems	has	the	inner	face	of	envelope	walls	near	the	dew	point,	
generating	the	growth	of	mold	that	further	affects	the	respiratory	system	(Shueftan,	et	al.,	
2016)	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2955



Sociocultural	context	
From	 the	 literary	 review,	 it	 has	 been	 found	 that	 the	 following	 properties	 of	 firewood	
harvesting	have	a	decisive	 role	 in	 the	 system	dynamics:	 Socioeconomical	 conditions,	 heat	
perception,	and	traditional	behavior.	
The	 preference	 for	 firewood	 for	 heating	 is	 justified	 in	 part	 by	 external	 factors	 such	 as	
climate	and	high	availability	at	 low	cost,	but	 is	also	justified	by	sociocultural	practices	that	
determine	its	massive	use,	such	as	the	custom	or	the	belief	that	firewood	“heats	more,”	as	
can	be	seen	from	the	results	of	surveys	(Corporación	de	desarrollo	tecnológico,	2015).		
Firewood	 is	 mainly	 present	 in	 houses	 from	 rural	 areas	 and	 houses	 from	 lower	
socioeconomic	 levels,	 and	 these	 are	 cases	 in	 which	 the	 firewood	meets	 the	most	 varied	
demands	such	as	heating,	cooking	and	water	heating	(Chile	Ambiente	,	2008).	Furthermore,	
studies	show	that	people	from	small	cities	keep	rural	habits	and	customs	regarding	the	use	
of	 firewood	 (Universidad	 de	 Concepción,	 2002).	 This	 may	 explain	 why	 the	 relative	
importance	of	firewood	in	households	has	remained	fairly	constant,	despite	the	decrease	in	
the	rural	population	in	the	last	15	years	(Reyes	&	Neira,	2012).	
Even	 though	 several	 cultural	 factors	 are	 detected	 affecting	 energy	 consumption,	
socioeconomical	conditions	and	price	difference	are	the	main	decisive	factors,	even	to	the	
point	that	 in	envorinmental	emergency	situations,	when	firewood	consumption	is	banned,	
low	 income	 segments	 opt	 not	 to	 buy	 fuels	 for	 heating,	 dealing	 with	 low	 indoor	
temperatures	in	their	houses	and	the	consequences	of	this	(Shueftan,	et	al.,	2016).	

Firewood	use	
From	 the	 literary	 review,	 it	 has	 been	 found	 that	 the	 following	 properties	 of	 firewood	
harvesting	have	a	decisive	role	in	the	system	dynamics:	Humidity,	acquisicion	date,	storage,	
log	and	size.	
High	levels	of	humidity	characterize	the	wood	used	in	Chilean	homes,	affecting	the	heating	
power	of	the	fuel.	Analysis	carried	out	in	some	cities	show	moisture	in	the	range	of	50%	to	
100%,	with	half	of	the	samples	being	in	intervals	of	75%	to	100%,	values	much	higher	than	
those	 regulated	 in	 countries,	 such	 as	 the	 U.S.	 or	 Canada,	 which	 are	 limited	 to	 25%	
(Universidad	de	Concepción,	2002).		
Households	acquire	firewood	mainly	in	autumn	and	winter	and	in	80%	of	cases,	the	logs	are	
kept	 in	 storage	conditions	under	a	 roof	 for	 cover.	 (Corporación	de	desarrollo	 tecnológico,	
2015).	
Regarding	the	size	used	for	firewood,	logs	are	used	with	large	sizes,	just	to	adjust	to	the	size	
of	heaters,	which	also	affects	the	emissions	of	pollutants	(Ambiente	Consultores,	2007).	

Heating	technologies	
From	 the	 literary	 review,	 it	 has	 been	 found	 that	 the	 following	 properties	 of	 firewood	
harvesting	have	a	decisive	role	in	the	system	dynamics:	type	of	heater,	Airtight,	On	and	off	
cycle.	
The	emission	factors	for	firewood	are	also	determined	by	technical	features	of	the	heating	
device	and	operation	conditions,	such	as	turning	on	and	off,	slow	burning	conditions,	excess	
air	and	exhaust	duct	design	(Ambiente	Consultores,	2007).	
Technologies,	 and	 therefore	 technical	 features,	 vary	 according	 to	 the	 area,	 having	 higher	
efficiency	 technologies	 in	 urban	 areas,	 with	 a	 greater	 presence	 of	 double	 and	 simple	
combustion.	 Nationwide,	 the	 device	 used	most	 often	 is	 the	 double	 chamber	 heater	with	
51,6%	of	preferences	 for	 firewood	heaters	 (Corporación	de	desarrollo	 tecnológico,	 2015).		
Typical	 efficiencies	 for	 heaters	 in	 the	 national	market	 are	 between	 55%	 and	 65%	 (Reyes,	
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2012).	 And,	 emissions	 factors	 of	 pollutants	 from	 heater	 devices	 in	 households	 are	 in	 the	
range	of	100	to	600	mg/MJ	(Ambiente	Consultores,	2007).	
Typical	 operation	 conditions	 for	 firewood	 heaters	 in	 Chile	 are	 with	 full	 load	 and	 poor	
conditions	for	the	fuel,	because	of	the	humidity	and	size,	increasing	from	10	to	20	times,	the	
emission	 factor	 compared	with	 the	 ideal	 case	 for	 combustion.	 Adding	 airtight	 conditions	
typically	used	 in	households,	 the	emission	 factor	 increases	100	 times,	 compared	with	 the	
ideal	 case	 (Ambiente	 Consultores,	 2007).	 Although	 there	 is	 no	 evidence	 about	 airtight	
conditions,	some	studies	point	out	that	68%	of	houses	completely	choke	their	stoves,	and	
32%	 reported	 that	 they	 partially	 choke	 their	 stoves,	 with	 the	 aim	 of	 using	 less	 firewood	
(Shueftan,	et	al.,	2016).	

Results	and	conclusion	

Fig.1	shows	the	 inter-relations	of	properties	 from	heating	system	having	a	decisive	role	 in	
their	dynamics,	with	a	causal	 loop	diagram.	Some	inter-relations	are	strongly	reinforced	in	
literature	review,	like	relation	between	moisture	of	firewood	and	emission	factor	or	thermal	
insulation	and	firewood	consumption,	while	other	inter-relations	needs	further	studies.	

	
Fig.	1	Causal	loop	diagram	for	heating	system	and	pollution	from	firewood	burning	

	
Recent	 policies	 for	 energy	 efficiency	 for	 heating	 presents	 guidelines	 to	 achieve	 four	main	
goals:	 improve	 building	 thermal	 efficiency,	 firewood	 drying	 and	 quality,	 firewood	 by-
products	 to	 reduce	 pollution	 and	 improve	 efficiency	 on	 devices.	 According	 systems	
dynamics	 these	 policies	 can	 help	 to	 reduce	 negative	 impacts	 from	 firewood	 burning	 in	
pollution	considering	the	importance	of	firewood	in	private	household	economies	and	local	
economies,	 thought	new	 factors	 should	be	considered	 for	 short	 term	policies,	particularly	
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those	 associated	with	 firewood	 production	 and	market,	 needing	 further	 information	 and	
decision	making.	
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Abstract:	The	Healthy	Homes	Barometers	from	2015	and	2016,	present	key	findings	from	a	pan-European	study	
investigating	 European	 citizens’	 attitudes	 and	 behaviour	 regarding	 home	 comfort,	 energy	 consumption	 and	
environmental	impact.	In	2015,	the	answer	was	clear;	Europeans	find	that	their	health	starts	at	home.	Europeans	
rated	 the	home	arena	more	 important	 than	a	healthy	diet	or	being	physically	active.	Curiously	enough,	 this	
concern	did	not	seem	to	spur	much	action.	Europeans	worry	about	their	indoor	climate,	but	do	little	to	improve	
it	–	by	frequent	airing,	for	example.	The	2016	Healthy	Homes	Barometer	identified	five	key	characteristics	of	a	
healthy	 home:	 good	 sleeping	 conditions,	 comfortable	 indoor	 temperatures,	 fresh	 air,	 satisfactory	 levels	 of	
daylight,	and	appropriate	levels	of	humidity.	The	barometer	concludes	that	Europe	needs	healthy	homes	and	
this	requires	authorities,	industry	and	private	individuals	work	together	to	make	healthier	homes	a	reality.		
	
Keywords:	Sleep	quality,	Indoor	Environment,	Indoor	Air	Quality,	Daylight,	Ventilation	

Introduction		

There	are	things	we	know,	and	things	we	do	not	know.	Today,	we	are	certain	that	our	homes	
have	a	huge	impact	on	our	health	and	wellbeing.	We	live	90	%	of	our	lives	inside	buildings;	in	
our	homes	(2/3	of	this	time),	at	workplaces,	schools,	and	other	public	spaces	(World	Health	
Organization	Europe	(2014).	Yet,	an	estimated	80	million	Europeans	live	in	homes	that	suffer	
from	damp,	which	almost	doubles	the	risk	of	developing	asthma.	Indoor	air	quality	is	a	major	
health	 concern	 for	 Europe	 (Grün	&	Urlaub,	 2014).	 Furthermore,	 Eurostat	have	estimated,	
based	on	the	EU	Survey	of	Income	and	Living	Conditions	(EU-SILC)	database,	that	52	million	
people	across	the	EU	are	unable	to	keep	their	home	adequately	warm,	as	many	as	161	million	
facing	disproportionate	housing	expenditure,	87	million	live	in	poor	quality	dwellings	and	41	
million	Europeans	face	arrears	in	utility	bills	(Energy	Poverty	Handbook	2016).	Other	studies	
have	 indicated	between	50	and	125	million	people	 in	Europe	have	 risk	of	energy	poverty	
(European	Parliament	Think	Tank,	2016).	

We	are	equally	certain	that	our	homes	have	a	huge	impact	on	the	future	of	our	planet.	
The	 European	 Commission	 state	 that:	 Buildings	 are	 responsible	 for	 40%	 of	 energy	
consumption	and	36%	of	CO2	emissions	in	the	EU.	Currently,	about	35%	of	the	EU's	buildings	
are	over	50	years	old.	By	improving	the	energy	efficiency	of	buildings,	we	could	reduce	total	
EU	 energy	 consumption	 by	 5%	 to	 6%	 and	 lower	 CO2	 emissions	 by	 about	 5%.	 Better	
construction	of	buildings	in	the	EU	would	influence	the	use	of	half	of	all	extracted	materials,	
and	 could	 help	 us	 save	 up	 to	 one-third	 of	 all	 water	 for	 consumption	 (ECORYS	 2014).	
Residential	buildings	make	up	to	75%	of	the	building	stocks,	the	percentage	per	dwelling	type	
can	be	separated	into	60%	in	single-family	homes	(SFH,	35%	detached	housing	and	25%	in	
semi-detached)	 and	 40%	 in	multi-family	 homes	 (MFH,	 15%	 in	 buildings	with	 less	 than	 10	
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apartments,	and	25%	with	more	than	10	apartments)	(EU	SILC	2012).	However,	we	are	less	
certain	when	it	comes	to	the	behaviour	and	thinking	of	those	actually	living	their	lives	inside	
the	buildings,	affecting	the	indoor	climate	and	energy	use	through	their	actions,	choosing	how	
to	–	or	how	not	to	–	improve	their	homes	and	what	to	demand	when	moving	into	or	building	
new	homes:	the	European	citizens.	

Methodology		

The	 Healthy	 Homes	 Barometer	 (HHB)	 is	 an	 analysis	 presenting	 key	 findings	 from	 a	 pan-
European	 study	 investigating	 European	 citizens’	 attitudes	 and	 behaviour	 regarding	 home	
comfort,	energy	consumption	and	environmental	impact.	The	first	Healthy	Home	Barometer	
was	 published	 in	 2015,	 and	 the	 survey	 was	 carried	 out	 during	 October	 2014.	 It	 is	
questionnaire-based	survey	and	12,000	Europeans	in	12	European	countries	replied	(Austria,	
Belgium,	 Czech	 Republic,	 Denmark,	 France,	 Germany,	 Hungary,	 Italy,	 the	 Netherlands,	
Norway,	Poland	and	the	UK).	The	second	Healthy	Homes	Barometer,	published	in	2016,	was	
sent	out	October	2015,	and	additional	two	countries	(Spain,	Switzerland)	were	included	in	the	
survey,	 giving	 a	 total	 of	 14,000	 answers	 from	 Europeans	 respondents.	 The	 number	 of	
respondents	from	each	country	was	set	to	ensure	statistical	representation,	and	the	surveys	
represent	more	than	430	million	Europeans.	The	samples	were	drawn	from	national	online	
panels	that	secure	representative	distributions	of	key	demographic	variables	(age,	gender,	
education,	regional	representation).	It	was	an	online	questionnaire	and	the	time	for	filling	in	
the	questionnaire	was	targeted	to	be	about	15	minutes.		

The	 selected	 countries	 represent	 a	 variety	 of	 sizes	 and	 geographic	 locations.	When	
concluding	on	a	pan-European	level,	responses	have	been	weighted	according	to	a	specific	
country’s	 share	 of	 the	 population	 of	 the	 European	 countries	 surveyed	 as	 a	 whole.	 The	
objective	of	the	Healthy	Homes	Barometer	is	to	measure	scores	for	different	indicators,	each	
addressing	a	key	aspect	of	European	citizens’	attitudes	and	behaviour	related	to	their	life	at	
home	in	terms	of	comfort,	energy	consumption	and	environmental	impact.	The	questionnaire	
design	and	data	analysis	were	carried	out	by	the	VELUX	Group	in	cooperation	with	Humboldt	
University	(Germany)	and	the	independent	consultancies,	Operate	and	Wilke.	

Results	

We	understand	a	healthy	house	as	a	house	that	promotes	health	by	synchronising	the	daily	
(circadian)	rhythms	of	its	occupants	to	the	24h	day-night	cycle	and	the	seasonal	changes	of	
day	length	(VELUX	2013).	Living	in	a	healthy	house	should	give	us	a	sense	of	being	in	good	
health,	of	being	energised,	and	help	us	to	avoid	the	minor	everyday	ailments	of	a	runny	nose	
and	sore	throat	(UK	Green	Building	Council	2016,	Grün	&	Urlaub	2016).	In	this	context,	health	
is	 regarded	 (referring	 to	 the	World	 Health	 Organisation	 (WHO)’s	 definition)	 as	 a	 state	 of	
complete	mental,	physical	and	social	wellbeing,	and	not	merely	 the	absence	of	disease	or	
infirmity.	In	other	words:	a	Healthy	House	promotes	not	just	physical	health,	but	also	comfort	
and	general	wellbeing	(UK	Green	Building	Council	2016,	VELUX	2013).	An	official	definition	of	
healthy	 housing	 does	 not	 exist.	 However,	 in	 1990	 the	 WHO	 identified	 three	 levels	 of	
environmental	conditions	that	might	also	be	applied	to	dwellings	(WHO	1990):	
	

1. Desirable	conditions,	those	which	promote	health;	
2. Permissible	 conditions,	 those	which	 are	 not	 ideal,	 but	which	 are	 broadly	 neutral	 in	

terms	of	their	impact	on	health;	
3. Incompatible	conditions,	those	that,	if	maintained,	would	adversely	affect	health.	
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The	results	from	the	2015	and	2016	barometers	pinpoints	several	characteristics	of	a	
healthy	home	and	the	importance	for	healthy	living.	In	the	HHB	2015,	Europeans	were	asked	
to	score	nine	health	factors	from	1	to	7,	where	1	is	“Not	important”	and	7	is	“Very	important”.	
All	 factors	have	a	score	above	4.	Three	of	the	five	top	drivers	relate	directly	to	the	house:	
sleeping	well	(score	6.4),	ventilating	for	fresh	air	(score	6.1),	plenty	of	daylight	(score	5.9)	and	
avoiding	 chemicals	 in	 products	 in	my	 home,	 score	 5.4.	 The	 other	 health	 factors	 relate	 to	
people’s	intake	(e.g.	eating	plenty	of	fruit	and	vegetables,	score	6.0,	avoiding	tobacco,	score	
5.7,	eating	the	right	dietary	supplements,	score	4.1)	and	activity	(e.g.	spending	time	outdoors,	
score	5.9,	regular	exercise,	score	5.5).		

Sleep	well	at	night		

According	to	Europeans,	the	HHB	2015	showed	that	sleeping	well	at	night	is	believed	to	be	
the	most	important	factor	for	their	health	out	of	the	nine	factors	surveyed.	The	2016	HHB	
tried	to	identify	the	importance	of	sleeping	well	and	the	impact	on	perceived	personal	health.	
The	survey	showed	that	Europeans	whose	home	allows	for	a	good	night’s	sleep	are	50%	more	
likely	to	feel	they	have	good	health	and	feel	energised.	However,	a	total	of	77%	of	Europeans	
do	not	have	optimal	sleeping	conditions	in	their	home.	One	out	three	(36%)	report	the	quality	
of	their	sleep	within	the	last	four	weeks	as	either	very	bad	or	fairly	bad	(survey	question	based	
on	Pittsburgh	Sleep	Quality	Index	(PSQI)	Component	1:	During	the	past	four	weeks,	how	would	
you	rate	the	quality	of	your	sleep	overall?).	More	than	half	(60%)	stated	that	within	the	past	
four	 weeks	 they	 experienced	 sleeping	 disturbances	 either	 daily,	 several	 times	 a	 week	 or	
occasionally.	Among	Europeans	who	feel	they	have	optimal	sleeping	conditions,	51%	feel	they	
have	 been	 in	 excellent	 or	 very	 good	 health	 over	 the	 last	 four	 weeks.	 Where	 sleeping	
conditions	are	far	from	optimal,	only	29%	stated	that	they	felt	healthy.	Other	factors,	such	as	
having	a	feeling	of	lots	of	energy	or	been	bothered	by	congested	or	runny	nose,	dryness	or	
irritation	of	the	throat,	headache	or	a	feeling	of	heaviness	in	the	head,	and	feeling	cold	were	
also	affected	by	the	sleeping	conditions.	Among	the	factors	influence	sleep	quality	is	control	
over	 the	 light	 from	outside	and	being	able	 to	maintain	a	comfortable	 temperature.	 In	 the	
Commission	Internationale	de	l’Eclairage	(CIE)	“principles	of	healthy	lighting”	(CIE	2004/2009),	
one	of	the	five	principles	stated	that	Healthy	light	is	inextricably	linked	to	healthy	darkness,	
which	emphasise	that	in	order	to	ensure	better	sleep	conditions,	one	element	is	to	keep	the	
bedroom	in	'complete'	darkness.	From	HHB	2015	we	learned	that	more	than	2	in	3	sleep	in	
complete	darkness	daily.	Another	important	factor	for	high	quality	sleep	is	good	indoor	air	
quality,	although,	no	strong	relationship	seems	to	exist	between	valuing	a	good	night’s	sleep	
and	to	open	the	windows	to	air	out	their	homes.	The	problem	is	most	apparent	in	wintertime,	
where	almost	20%	who	view	high	quality	sleep	as	very	important	for	their	health	do	not	air	
out	their	home	at	least	once	a	day.	Studies	have	found	that	the	indoor	temperature	has	an	
impact	on	sleep	quality	and	a	general	conclusion	is	that	humans	prefer	rather	cool	sleeping	
environments	over	hot	environments	(Laverge	et	al.,	2011).	Therefore,	it	is	interesting	that	
when	asked,	only	few	(28%)	air	out	before	going	to	sleep.	Poor	sleep	at	night	has	been	linked	
to	lower	job	performance,	a	higher	risk	of	work	accidents	and	difficulties	in	making	decisions	
at	 work	 (Harrison	 and	 Horne	 2000,	 Folkard	 and	 Lombardi	 2006).	 A	 recent	 report	 has	
quantified	the	economic	costs	of	insufficient	sleep,	and	estimate	that	at	a	national	level,	up	
to	3	per	cent	of	GDP	is	lost	due	to	lack	of	sleep	(RAND	Europe	2016).	The	results	from	the	two	
barometers	 show	clearly	 that	 the	awareness	of	 the	home	environment	 for	a	good	night’s	
sleep	is	not	fully	implemented	by	the	Europeans.		
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Ventilation	and	air	quality	

The	purpose	of	ventilation	is	to	freshen	up	the	air	inside	our	homes	in	order	to	achieve	and	
maintain	 good	 air	 quality	 and	 thermal	 comfort.	 Overall,	 78	 %	 of	 all	 Europeans	 are	 very	
satisfied	or	satisfied	with	 the	air	quality	 in	 their	 current	home.	They	value	high	 indoor	air	
quality	and	would	have	it	as	a	priority	if	moving	to	a	new	house,	or	were	considering	investing	
to	improve	it.		

The	HHB	2015	showed	that	fresh	air,	 in	general,	 is	assigned	high	 importance	(51	%),	
with	variation	depending	on	gender	(women	47	%	compared	to	men	37	%)	and	age	(‘elderly’	
(aged	60	to	65)	55	%	compared	to	young	(18	to	29	year)	31	%).	In	the	summer,	68	%	air	out	
at	least	one	room	in	their	home	more	than	once	a	day,	and	another	22	%	air	out	once	a	day.	
Less	 than	 4	 %	 air	 out	 less	 frequently	 than	 once	 a	 week.	 However,	 these	 figures	 drop	
significantly	in	the	wintertime.	Only	28	%	air	out	more	than	once	a	day,	and	48	%	air	out	once	
a	day.	Almost	one	quarter	of	all	Europeans	neglect	the	daily	change	of	the	indoor	air	in	the	
wintertime	(World	Health	Organisation,	2009,	Heiselberg	and	Perino,	2010,	Grün	&	Urlaub	
2014	and	2016).		

As	the	HHB	2015	demonstrated,	Europeans	might	be	concerned	about	indoor	climate,	
but	 they	 do	 not	 always	 act	 accordingly.	 The	 HHB	 2016	 gave	 further	 insights.	 The	 most	
important	reasons	for	opening	the	windows	are	that	it	is	part	of	a	daily	routine	(74%)	and	to	
let	out	unhealthy	air	(75%).	However,	when	looking	at	the	time	of	day	Europeans	air	out,	this	
turns	out	not	to	add	up	to	an	optimal	solution;	66%	open	the	windows	when	they	wake	up	
but	only	28%	air	out	before	going	to	sleep.	The	challenge	is	that	the	Europeans	who	never	air	
out	their	homes	are	twice	as	likely	to	state	that	they	do	not	feeling	energised	compared	to	
Europeans	who	air	out	2-4	times	daily.	Furthermore,	the	number	of	Europeans	who	suffer	
from	 throat	 infections	 increases	 from	 36%	 to	 50%	when	 something	 prevents	 them	 from	
opening	the	windows	in	their	home	or	if	the	Europeans	live	in	homes	that	were	too	cold	at	
some	point	during	the	 last	winter	(further	 information	Braubach	et	al.	2011	about	disease	
associated	with	inadequate	housing).	

Ventilation	and	humidity	levels	

The	barometers	showed	that	being	unable	to	maintain	high	quality	indoor	climate	is	of	great	
concern	to	Europeans.	From	the	HHB	2015,	we	asked	how	concerned	they	were	with	Living	
in	a	building	with	an	unhealthy	indoor	air	quality,	Being	unable	to	afford	my	mortgage/rent	
and	maintain	my	 house,	 Feeling	 stress	 or	 fatigue,	Becoming	 ill,	My	 children	 becoming	 ill,	
Losing	my	 job,	 Not	 being	 able	 to	maintain	 strong	 friendships,	we	 learned	 that	 living	 in	 a	
building	with	unhealthy	indoor	air	quality	is	as	serious	to	Europeans	as	losing	their	jobs,	and	
only	of	slightly	less	concern	than	being	unable	to	pay	the	mortgage/rent.	However,	despite	
the	general	concern,	65	%	of	all	Europeans	dry	clothes	indoors	at	least	once	a	week.		

A	 recent	 study	 by	 Grün	&	 Urlaub	 (2014)	 suggests	 that	 80	million	 Europeans	 live	 in	
mouldy	or	damp	homes	with	an	increased	risk	of	developing	diseases.	Damp	homes	have	an	
unhealthy	indoor	climate	which	almost	doubles	the	risk	of	developing	asthma	(Mendell	et	al	
2011).	According	 to	Grün	&	Urlaub	 (2016),	2.2	million	Europeans	have	asthma	because	of	
living	in	damp	and	mouldy	homes.	Therefore,	it	is	even	more	noteworthy	that	people	living	
in	households	with	one	or	more	persons	suffering	from	asthma	or	allergies	are	only	marginally	
more	 concerned	 about	 living	 in	 a	 building	 with	 unhealthy	 indoor	 air	 quality	 than	 those	
households	with	no	asthma	or	allergies.	In	homes	without	asthma	or	allergies,	22	%	are	very	
concerned	about	their	indoor	climate,	while	37	%	of	Europeans	living	in	households	with	four	
or	more	persons	suffering	from	these	diseases	are	very	concerned.	What	is	more,	surprisingly,	
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living	in	a	household	with	asthma	and	allergies	does	not	make	people	air	out	more	frequently	
than	others	during	winter.		

Daylight	conditions	

Increasingly	 number	 of	 studies	 has	 proved	 that	 daylight	 provides	 an	 array	 of	 health	 and	
comfort	benefits	that	make	it	essential	for	buildings’	occupants.	 	 If	the	Europeans	were	to	
move	 into	 a	 new	 house,	 how	 important	would	 they	 consider	 the	 following	 nine	 aspects;	
amount	 of	 daylight,	 indoor	 air	 quality,	 energy	 costs,	 environmental	 impact	 from	 building	
materials,	size,	attractiveness,	comfort	at	home,	the	functionality	of	the	rooms,	the	view	to	
the	outside.	On	the	scale	from	not	important	(1)	to	very	important	(7),	47	%	would	state	that	
the	amount	of	daylight	is	very	important,	and	92	%	would	give	it	5	or	above,	resulting	in	a	
score	of	6.1	out	of	7,	ranking	amount	of	daylight	as	number	4	out	of	9.	Slightly	higher	score	
was	Comfort	at	home	(score	6.3),	Energy	cost	(score	6.2)	and	Functionality	of	the	rooms	(score	
6.2).	Other	study	has	shown	that	daylight	is	the	single	most	important	attribute	in	a	home,	
with	over	60%	of	 respondents	ranking	 it	as	 important	 (RIBA	and	 Ipsos	MORI	2012).	Asked	
about	specific	changes	that	have	been	made	within	the	last	5	years,	more	than	25	%	reported	
they	improved	the	amount	of	daylight	in	their	home.	These	improvement	efforts	do	not	arise	
from	an	overall	dissatisfaction	with	the	amount	of	daylight	in	the	home.	On	the	contrary,	31	%	
of	Europeans	are	fully	satisfied	on	a	scale	from	not	satisfied	(1)	to	fully	satisfied	(7),),	and	more	
than	4	in	5	express	5	or	above	satisfaction	with	the	amount	of	daylight	in	their	home.	From	
the	HHB	2016,	we	learned	that	daylight	has	a	positive	effect	on	feeling	generally	healthy	and	
having	enough	daylight	in	the	home	almost	halves	the	risk	of	not	feeling	energised.	However,	
37%	lack	daylight	in	their	living	room	and	never	or	very	seldom	feel	energised,	and	a	total	of	
20%	of	Europeans	say	that	they	are	too	dependent	on	artificial	light	during	the	day.	This	in	
itself	 is	 an	 energy	 consumption	 challenge,	 but	 even	more	 challenging,	 76%	 of	 Europeans	
report	 that	 they	need	to	 turn	on	 the	 light	during	 the	day	when	 it	 is	daylight	outside.	This	
means	that	a	large	number	of	Europeans	are	too	dependent	on	artificial	light.	On	the	other	
hand,	when	Europeans	recognise	the	need	for	more	daylight,	they	are	very	motivated	to	act.	
Of	the	Europeans	who	report	that	they	do	not	have	enough	daylight	in	their	living	room,	74%	
say	there	would	find	it	very	important	or	extremely	important	to	ensure	more	daylight	if	they	
were	to	renovate.	

Indoor	temperatures	

The	HHB	2016	showed	that,	as	many	as	82%	of	Europeans	live	in	homes	that	were	too	cold	at	
some	point	during	the	last	winter.	In	fact,	18%	report	that	their	homes	are	too	cold	all	or	most	
of	the	time.	The	EU	Survey	of	Income	and	Living	Conditions	(EU-SILC)	database,	show	that	52	
million	people	across	the	EU	report	they	are	unable	to	keep	their	home	adequately	warm	
(Energy	Poverty	Handbook	2016).	In	the	2016	survey,	overheating	is	also	a	challenge	as	87%	
experienced	this	at	some	point	last	summer,	and	31%	felt	it	regularly.	It	also	showed	that	the	
impact	on	health	of	those	living	in	cold	homes	are	50%	more	likely	to	suffer	from	nose	and	
throat	infections.		

Energy	costs	and	home	improvement	

Today,	satisfaction	with	energy	costs	is	 low	among	Europeans.	Out	of	eight	drivers	(size	of	
home,	state	of	renovation,	relation	to	neighbours,	sleep	quality,	quality	of	the	indoor	climate,	
humidity,	 energy	 cost,	 and	 daylight),	 the	 HHB	 2016	 show	 that	 for	 home	 satisfaction,	
Europeans	are	by	far	least	satisfied	with	the	cost	of	energy	consumed	at	their	current	home.	
The	wish	to	conserve	energy	and	reduce	energy	costs	is	strong	among	Europeans,	as	energy	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2963



	

	

cost	is	second	highest	priority	(score	6.2	out	of	7)	when	moving	to	a	new	home	(see	the	list	
of	factors	in	section	Satisfactory	daylight	conditions	above).	But,	those	who	stated	that	they	
were	highly	concerned	with	energy	costs	do	ventilate	their	homes	even	more	than	those	not	
too	concerned,	and	they	put	greater	emphasis	on	daylight	and	other	home	comfort	factors	
than	those	not	concerned	with	energy	costs.	When	asked	about	specific	changes	that	have	
been	made	within	the	last	5	years,	more	than	half	of	the	European	homes	have	undergone	
changes	to	reduce	energy	costs.	The	amount	of	money	spent	on	improving	their	homes	varies	
significantly	between	the	European	countries,	as	well	as	priority	of	 improvement	projects.	
When	asked	what	they	would	find	important	when	renovating	their	homes,	the	main	reason	
for	 renovating	was	 to	 reduce	energy	costs	 (75%	stated	very	or	extremely	 important),	 and	
second	most	important	reason	is	to	improve	their	overall	wellbeing	at	home	(73%).	In	terms	
of	the	amount	home	owners	plan	to	spend	within	the	next	12	months,	there	are	indications	
of	a	slight	increase	in	spending.	Thirty-five	percent	are	planning	to	spend	more	on	building	
materials	compared	to	the	preceding	12	months,	37	%	plan	to	spend	the	same,	whereas	29	%	
will	be	spending	less.	Although	the	need	for	home	improvement	could	be	expected	to	follow	
the	age	of	the	building,	this	does	not	seem	to	be	the	case.	There	is	no	relationship	between	
the	age	of	the	building	and	how	much	money	will	be	spent	on	building	materials	in	the	year	
to	come.	Similarly,	 there	 is	no	significant	correlation	between	the	age	of	 the	building	and	
different	home	 improvement	projects	such	as	 installing	new	windows,	heating,	 insulation,	
kitchen	 or	 bathroom.	 But	 the	 strongest	 driver	 for	 planning	 to	 spend	 money	 on	 home	
improvement	is	dissatisfaction	with	one	or	more	of	the	elements	above.	

Conclusion		

The	facts	that	by	2050	70%	of	the	world’s	population	will	live	in	cities,	and	9	out	of	10	currently	
existing	buildings	 in	Europe	will	still	be	in	use,	make	climate	renovation	the	key	challenge.	
Knowing	 that	 the	 rate	of	 renovation	 in	Europe	 is	 currently	below	 target,	 it	becomes	even	
more	important	to	motivate	Europeans	to	renovate.	Even	more	importantly,	in	light	of	the	
quest	for	energy	efficiency,	it	 is	important	never	to	lose	sight	of	the	Europeans	health	and	
well-being.	The	Healthy	Homes	Barometers	clearly	show	that	improving	home	comfort	and	
well-being	 or	 reducing	 energy	 costs	 by	 energy	 efficient	 solutions,	 are	 both	 a	 positive	
motivation	 factor	 and	 equally	 important	 for	 Europeans	 in	 their	 decision	 to	 improve	 their	
homes.	The	barometers	give	key	directions	of	what	actually	matters	most	for	Europeans	to	
improve	their	health,	comfort	and	the	indoor	home	environment,	as	well	as	key	drivers	for	
improving	home	satisfaction:		
	
• Ensure	 good	 sleeping	 conditions;	 72%	 of	 Europeans	 do	 not	 air	 out	 their	 bedrooms	

before	going	to	sleep	
• Strive	for	comfortable	indoor	temperatures;	37%	of	Europeans	value	low	energy	costs	

over	comfortable	indoor	temperatures	
• Let	in	fresh	air;	59%	of	Europeans	air	out	their	homes	less	than	the	recommended	two	

times	a	day	(WHO	Europe,	2009)	
• Let	 in	 daylight;	 76%	 of	 Europeans	 compensate	 for	 insufficient	 access	 to	 daylight	 by	

turning	on	artificial	light	
• Avoid	humidity;	49%	of	Europeans	do	not	place	priority	on	avoiding	too	much	humidity	

	
These	drivers	reveal	a	set	of	motivation	elements	which	can	play	an	important	role	in	

the	 Europeans	 decision	 for	 products	 and	 solutions	 when	 renovating.	 It	 also	 shows	 that	
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renovation	 solutions	 and	 mechanisms	 to	 increase	 public	 awareness	 need	 to	 include	 the	
importance	of	the	energy	efficient	homes	in	the	view	of	Europeans	daily	lives	and	its	added	
value	 of	 improved	 indoor	 comfort	 parameters	 as	 supplementary	 information.	 However,	
successful	 implementation	 of	 energy	 efficient	 policies	 need	 to	 be	 targeting	 new	 build	 or	
renovation	separately,	since	our	existing	building	stock	is	the	majority,	and	in	need	for	drivers,	
both	on	policy	levels	as	well	as	program	level.	And	further	step	towards	success	within	the	
building	sector,	 is	 that	 the	majority	of	European	homes	are	private	owned,	and	 therefore	
could	implementation	of	energy	efficient	policies	be	challenged	by	the	homeowners’	interest	
and	 willingness	 to	 invest.	 The	 Healthy	 Home	 Barometers	 show	 that	 initiatives	 to	 reduce	
energy	costs	or	improve	overall	wellbeing	at	home	are	equally	important	drivers,	especially	
when	moving	into	a	new	house.	Furthermore,	the	analysis	also	shows	that	within	the	last	5	
years,	more	than	half	of	the	European	homes	have	undergone	changes	to	reduce	energy	costs.	
For	homeowners	to	take	further	action	of	energy	efficiency	investments	would	be	to	ensure	
attractive	 financial	 solutions	 that	 to	 some	 extent	 secure	 the	 value	 of	 the	 property,	 and	
support	homeowners	comfort	and	health.	

	
Figure	1.	Five	key	elements	to	a	healthy	living	and	a	healthy	home	
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Abstract: Poor indoor air quality (IAQ) in low energy buildings is a concern, not only as a result of reduced 
ventilation rates, but also due to the increased number of materials used in modern building construction. 
These materials, together with cleaning products and occupants’ activities, emit pollutants to the indoor 
environment and can lead to health problems if ventilation is insufficient. The distribution of the contaminant 
sources and the ventilation strategy used will determine the IAQ distribution within the building. Detailed 
building modelling and simulation can be used to assess IAQ at different locations at different times and to 
design appropriate ventilation systems. The objective of this study is to assess the impact that different 
pollutant models and ventilation strategies have on the distribution of IAQ in low energy houses. A scenario-
based modelling approach was adopted, based on monitored data from a Passivhaus development in Scotland.   
Source emission models were implemented in the detailed thermal simulation program ESP-r, making use of 
the available published literature, with release rates as a function of the prevailing temperature and humidity. 
The IAQ (specifically CO2 and formaldehyde) was quantified. 
 
Keywords: Modelling, IAQ, low energy houses, formaldehyde 

Introduction 

To reduce building energy consumption and carbon emissions, Building Standards require 
more insulated and airtight buildings, which may lead to a poor quality indoor environment 
if the ventilation provision is not designed appropriately. Poor indoor air quality (IAQ) may 
occur not only as a result of the increased airtightness but also due to the large number of 
chemicals used in construction materials, furniture, cleaning products, etc. (Woolley 2017; 
Raw 1992). Concern about this issue is increasing nowadays but it is still not fully addressed 
by Building Standards. One approach to this problem is the use of detailed building 
modelling and simulation to design appropriate ventilation systems by predicting the risk of 
poor IAQ at different locations in the building at different times. 

The aim of this study was to assess the impact that pollutant sources and ventilation 
strategies have on the distribution of IAQ in low energy houses through a case study based 
on the Dormont Park Passivhaus Development in Scotland, UK. A novelty of this research is 
the integrated analysis of pollutant distribution, in addition to carbon dioxide (CO2) and 
formaldehyde, using a detailed emission model as a function of prevailing temperature and 
relative humidity (RH). 
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Modelling 

The house modelled is situated in the Dormont Park Passivhaus Development in Dalton, 
Lockerbie, Scotland. The dwelling comprises two floors and nine rooms, having an internal 
area of 83.7 m2. The ground floor includes a hall, cloak-room, living room, kitchen and utility 
room, while the first floor consists of a landing, two bedrooms and a bathroom. Each room 
has been modelled as an independent zone to quantify its indoor conditions (air 
temperature, RH, CO2 and formaldehyde concentrations) separately. The construction is 
timber frame and the insulation materials are mineral wood, polyurethane (PUR) and 
extruded polystyrene (XPS). 

Formaldehyde emission model 

A review of current literature on indoor pollutants was undertaken and it was decided to 
focus on formaldehyde as it is a recognised carcinogen (WHO Regional Office for Europe 
2010; NTP (National Toxicology Program) 2016) and it can be found in common products 
such as adhesives, cleaning fluids, wood furniture, carpets, plastics and cosmetics. 

Currently, there are different tools available to assess IAQ. CONTAM (Dols & Polidoro 
2015) for instance, is widely used for IAQ and ventilation analysis. However, this program is 
not a thermal simulation tool and it does not have the capability of calculating the spatial 
and temporal distribution of temperature within the building, which impacts the pollutant 
emission rates, and therefore, IAQ. There are detailed simulation tools, like EnergyPlus and 
ESP-r, that include both thermal and contaminant calculations. However, the contaminant 
modelling in these tools is limited. 

A review of emission models for formaldehyde was carried out and the numerical 
model developed by Huang and Haghighat (2002) was implemented in ESP-r. This model 
was chosen as it is one of the most accepted models for volatile organic compounds (VOC), 
including formaldehyde, emission for materials. The numerical solution of the model is: 

 

𝑅(𝑡) = ℎ (
𝐶𝑚(𝑏, 𝑡)

𝑘
− 𝐶𝑎(𝑡)) (1) 

 
Where R(t) is the formaldehyde emission rate (µg/m2s), h is the mean mass-transfer 

coefficient (m/s), Cm(b,t) is the formaldehyde concentration at the material surface (µg/m3), 
k is the dimensionless material/air partition coefficient, Ca(t) is the formaldehyde 
concentration in the room air (µg/m3), b is the material thickness (m) and t is the time (s). 

  The formaldehyde concentration at the material surface was also developed by 
Huang and Haghighat and it is given in Equation (2). 

 

(
𝐷𝑚

𝛿𝑦
+

∆𝑦

∆𝑡
+

ℎ

𝑘
−

𝐿ℎ2∆𝑡

𝑘(𝑁∆𝑡 + 𝐿ℎ∆𝑡 + 1)
) 𝐶𝑚(𝑏, 𝑡)

=
𝐷𝑚

𝛿𝑦
𝐶𝑚(𝑏 − 𝛿, 𝑡) +

∆𝑦

∆𝑡
𝐶𝑚(𝑏, 𝑡 − ∆𝑡) +

ℎ

(𝑁∆𝑡 + 𝐿ℎ∆𝑡 + 1)
𝐶𝑎(𝑡 − ∆𝑡) 

 

(2) 

where Dm is the formaldehyde diffusion coefficient of the material (m2/s), δy is the 
distance between two grid points (m), Δy is the dimension of the control volume (m), Δt is 
the calculation time step (s), L is the material loading factor (m2/m3), and N is the air 
exchange rate (s-1). 
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There are three key parameters in this model that influence the emission rate of 
materials and are dependent on the environmental conditions. These parameters are: 

 Initial emittable concentration, C0 

 Diffusion coefficient of the material, Dm 

 Material/air partition coefficient, k 
 
There are different correlations to determine these parameters depending on the 

indoor conditions. A correlation that takes into account the combined effects of air 
temperature (T), in Kelvin, and relative humidity (RH) on the initial emittable formaldehyde 
concentration was derived by Liang et al. (2016): 

𝐶0 = (1 + 𝐶1 × 𝑅𝐻)𝐶2𝑇−0.5𝑒(−
𝐶3
𝑇

) (3) 

 
Where C1, C2 and C3 are constants which cannot be directly calculated based on 

physical properties of the material and therefore, they need to be determined 
experimentally. Previous studies found that the Dm and k dependence on RH was not 
significant and consequently, correlations of these parameters depending on temperature 
would give satisfactory results (Xu & Zhang 2011; Liang et al. 2016). Deng et al. (2009) 
developed a correlation to estimate Dm and Zhang et al. (2007) developed a correlation to 
estimate k, giving the following expressions: 

𝐷𝑚 = 𝐵1𝑇1.25𝑒(
𝐵2
𝑇

) 
 

(4) 

𝑘 = 𝐴1𝑇0.5𝑒(
𝐴2
𝑇

) (5) 

 
where A1, A2, B1 and B2 are constants. 
Although there have been many studies on emission rates of specific pollutants and 

the impact that temperature and RH have on the model parameters, there is no 
comprehensive database that compiles all this information for different materials. Thus, the 
formaldehyde source considered in this study has been taken from the study by Liang et al. 
(2016) which gives information for all the parameters needed to model formaldehyde 
emissions from a typical medium density fibreboard (MDF). The amount of MDF used in the 
model has been adjusted so the formaldehyde concentrations obtained are in good 
agreement with those measured in the actual building. Thus, it is assumed that all 
formaldehyde sources in the house would behave in a similar way as the MDF studied by 
Liang et al. 

In addition, the use of a kitchen cleaner was included in the model to take into 
account intermittent emissions that may occur. The selected cleaner has been taken from 
the PANDORA database (Abadie & Blondeau 2011) and it is characterised by a gas transient 
discrete emission data model: 

𝑆 = 𝑎𝑖 𝑎𝑡 𝑡 = 𝑡𝑖 , 𝑖 ∈ ℕ (6) 
 
where S is the emission rate (mg/h) at different times ti (h); a1 is 25.8 µg/gh, t1 is 0.5 h, 

a2=4.5 µg/gh and t2 is 1 h. 
Finally, to check the relevance of detailed modelling of formaldehyde emission rates 

depending on prevailing temperature and RH, simulation results assuming a constant indoor 
temperature of 23 °C, a constant RH of 50 %, and variable values for temperature and RH, 
were compared. 
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Scenarios 

Scenarios have been defined to investigate common ventilation issues and their impact on 
the indoor environment. MVHR systems may have some drawbacks compared to other 
ventilation systems. One incident that may occur is a fault of the system, loss of power due 
to power cuts or the system being intentionally switched off by the inhabitants to avoid 
noise or running costs (Sharpe et al. 2016). 

Additionally, there are some concerns that MVHR can lead issues with dry air, where 
RH levels are generally below 30 %. One example can be found in the Dormont Passivhaus 
Development, where the air was found to be dry in all monitored rooms during winter 
periods (MEARU 2015). This is not a special case. Several studies have found that the air is 
perceived drier when MVHR is used compared to natural or mechanical extract ventilation 
(Balvers et al. 2012; Mlecnik et al. 2012). 

The questions explored and the scenarios defined to analyse them are shown in Table 
1. 

 
Table 1. Scenarios and questions analysed in this study 

Questions Scenarios 

Question 1 - What is the impact of a failure of the mechanical ventilation 
with heat recovery (MVHR) system? What are the peak concentrations of 
pollutants that could arise? How long after the fault is the acceptable IAQ 
threshold surpassed? Could window opening solve the IAQ issue? 

Scenario 1A – MVHR system 
failure or turned off 

Scenario 1B – MVHR system 
failure with window opening 
depending on adaptive 
thermal comfort 

Question 2 - Could a constant ventilation rate (not adapted to occupancy) 
lead to low levels of RH? How does it compare with the use of different 
ventilation rates controlled by PIR-based motion detectors? 

Scenario 2A – Constant 
ventilation rate 

I
 

Scenario 2B - MVHR with PIR-
based motion detectors 

II
 

 
I) Ventilation is provided using a MVHR system with a constant standard ventilation rate as defined in the 
Passive House Planning Package (PHPP) (Passive House Institute 2012). 
II) The ventilation rate is assumed to be the minimum defined by PHPP and a control based on occupancy, RH 
and indoor temperature is applied to the system to increase the ventilation rate of the fans when the house is 
occupied, RH is above 60 % or the indoor temperature rises over the comfort temperature. 

 
All the scenarios for Questions 1 and 2 were defined for two different situations; one 

assuming internal doors are open and another one assuming internal doors remain closed. 
The model assumes 15 mm door undercuts as an ideal case even though in real situations 
these may not exist or be blocked by carpets. In addition, the use of blinds was assumed 
when the indoor temperature rises over the comfort levels. Finally, to generalise the 
analysis to a typical three member family, a representative behaviour, differentiating 
between weekdays, Saturdays and Sundays, has been assumed based on data from the UK 
Time Use Survey (TUS) 2000 (Flett & Kelly 2016; ONS 2003). The family consists of one full-
working parent, one unemployed parent and one child under 5 years old. The total heat 
gain due to the use of the appliances has been calculated using the internal heat gain sheet 
from PHPP. 

IAQ Criteria 

In order to compare the results from the scenarios in Table 1, different IAQ categories were 
defined for each parameter using the recommendations in CIBSE Guide A (Chartered 
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Institution Building Services Engineers 2006), LEED v4 (U.S. Green Building Council 2016) and 
World Health Organization (WHO Regional Office for Europe 2010). These categories are 
shown in Table 2. 

Table 2. Categories for the IAQ parameters used for this study 
 Ambient Comfortable Poor Very poor 

CO2 Concentration (ppmv) < 400
[1]

 400-1000 1000-1500 > 1500 

Formaldehyde Conc (mg/m
3
) < 0.0025

[2]
 0.0025-0.034 0.034-0.1 > 0.1 

 

[1] (ProOxygen 2016) [2] (WHO Regional Office for Europe 2010) 
 

Regarding the formaldehyde categories in Table 2, it should be noted that even 
though the guideline value of 0.1 mg/m3 is for short-term (30-minute), it will also prevent 
long-term health effects (WHO Regional Office for Europe 2010). 

Results 

Formaldehyde emission model 

In the winter period simulated (January 2nd to March 31st), results show that the 
formaldehyde emission rate varies greatly with temperature. The maximum difference in 
the emission rate, between assuming a constant temperature and taking into account the 
actual temperature of the zone, occurs in the main bedroom and it is 88 %. Therefore, 
simplification of the emission model assuming a constant temperature could lead to a 
substantial overestimation of the formaldehyde emission rates in this case. Regarding the 
variation with RH, it is found that emission rates are underestimated if RH is assumed to be 
50 % with a maximum difference of 13 % in the bedrooms. Therefore, variations with RH are 
not considered so significant. 

In the summer period (June 1st to August 31st), results show the same trend as those 
for winter but the differences were less important as the environmental conditions 
(temperature and RH) were closer to those assumed in the simplified models. 

Question 1 

Simulations of Scenario 1A and 1B were run in order to analyse Question 1 as shown in 
Table 1. These simulations were run for a summer period using a time step of 15 minutes. 
The results gathered for each scenario are formaldehyde and CO2 concentrations, RH and air 
temperature in the living room, kitchen and bedrooms. 

Results show that, when there is a failure of the MVHR system or it is intentionally 
switched off (Scenario 1A), the IAQ becomes very poor. CO2 concentrations are over 1000 
ppmv over 90 % of the occupied time in the living room and bedrooms. This situation gets 
slightly worse if the internal doors remain closed. Figure 1 shows the variation of CO2 
concentration during the summer period for this scenario (worst case). It can be seen that 
the maximum CO2 concentration in the main bedroom (BED1), where two occupants were 
assumed, is almost eight times above the comfortable level described in Table 2. In terms of 
the time scale, only 24 hours after the failure occurs, the threshold is already surpassed with 
CO2 concentrations of around 1700 ppmv in the bedrooms and 1300 ppmv in the living 
room and the kitchen when internal doors are open, and concentrations of 2500 ppmv in 
the main bedroom and 3100 ppmv in the living room when internal doors are shut. 

Regarding formaldehyde concentration, it remained above the 0.034 mg/m3 
recommended limit (U.S. Green Building Council 2016) practically all the time when doors 
are open (see Figure 2). However, when doors are closed the concentration in the living 
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room and the kitchen decreases; contrary to what is observed in the case of CO2. This is due 
to lower air changes per hour (ach), which are in the order of 6 % of those obtained when 
doors are open, leading to lower mass transfer coefficients and emission rates, in the order 
of 20 % of those obtained when doors are open. In terms of the time scale, the threshold is 
surpassed after 27 hours in the bedrooms and 29 hours in the living room and kitchen if the 
internal doors are open. 
 

 
Figure 1. CO2 concentration results for Scenario 1A with indoor doors shut (worst case) 

 

 
Figure 2. Formaldehyde concentration results for Scenario 1A with indoor doors open (worst case) 

 
In addition to poor IAQ, a failure of the MVHR system would also lead to discomfort 

due to elevated temperatures and high humidity levels, with a maximum temperature of 
37.1 °C in the kitchen when cooking appliances are used, and RH over 60 % in the bedrooms 
for 86 % of the occupied time. 

These results correspond to a worst case scenario, assuming the MVHR system fails or 
is switched off and windows remain closed for three months. In a more realistic scenario, 
occupants would be able to open the windows when they feel discomfort (Scenario 1B). In 
this case, a window opening of 10 % of the total window area is assumed. The results show 
that IAQ improves but CO2 concentration remains over 1000 ppmv for around 50 % of the 
occupied time in the living room and around 76 % in the bedrooms, while formaldehyde is 
above 0.034 mg/m3 for around 60 % of the time in the living room and the kitchen, and 90 % 
of the time in the bedrooms. Therefore, opening windows mitigates the IAQ issue but 
cannot resolve it completely in this case. It should also be noted that, despite its IAQ 
benefits, window opening in the winter period could have the drawback of leading to a 
heating energy increase. 

Question 2 

Simulations of Scenario 2A and 2B were run in order to analyse Question 2 as shown in 
Table 1. These simulations were run for a winter period using a time step of 15 minutes. The 
results gathered for each scenario are formaldehyde and CO2 concentrations, RH and air 
temperature in the living room, kitchen and bedrooms. 
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Results show that MVHR with a constant ventilation rate (Scenario 2A) leads to dry air 
(RH below 30 %) for 75 % of the time in the living room and around 80 % of the time in the 
bedrooms. The use of PIR-based motion detectors to adjust the ventilation rates during 
occupied periods improves this situation in the living room but does not solve it completely, 
with dry air for 60 % of the time. 

Regarding IAQ, formaldehyde levels remain below the threshold when internal doors 
are closed independently on the ventilation control. However, as mentioned in Question 1, 
emission rates increase when internal doors are open and this leads to some periods of 
poor IAQ. Formaldehyde concentration is over the threshold for around 7 % of the occupied 
time in the main bedroom and 21 % in the rear bedroom. This situation gets worse if the 
PIR-based motion detectors are used as the ventilation rates are reduced, with 
formaldehyde levels exceeding 0.034 mg/m3 for around 60 % of the time in both bedrooms. 

Finally, CO2 concentrations are mostly below 1000 ppmv when a constant ventilation 
rate is used and internal doors remain open. This worsens when internal doors are closed 
with CO2 levels above the threshold 56 % of the time in the living room and a peak 
concentration of 1317 ppmv. When the PIR-based motion detectors are used and doors are 
closed, periods when the threshold is surpassed in the living room decreases to 24 % but the 
peak concentration increases to 1987 ppmv, due to the changes in the ventilation rate. In 
this case, the CO2 concentration in the main bedroom rises over 1000 ppmv for 54 % of the 
occupied time, reaching a peak concentration of 1588 ppmv. 

Conclusions 

These results show that detailed emission modelling, taking into account prevailing 
temperatures and RH, resulted in significant variations compared to the emission rates 
obtained assuming constant environmental conditions, especially, temperature. Hence, a 
comprehensive database that compiles correlations between emission parameters (C0, Dm 
and k) and indoor conditions (temperature and RH) is needed in order to model 
formaldehyde emissions from different materials accurately. 

From the scenarios analysed, it can be concluded that the failure or intentional 
switching off of the MVHR system may lead to serious problems of poor IAQ, with high 
levels of formaldehyde and CO2 in less than 30 hours after the fault occurs. Window opening 
can mitigate the effects of this incident but cannot solve the problem completely. 

Regarding RH, MVHR with a constant ventilation rate can lead to dry air for over 80 % 
of the time. The use of a PIR-based control improves this situation but does not solve it 
entirely. On the other hand, reduction of ventilation rates increases formaldehyde 
concentration giving poor IAQ for around 60 % of the time in the bedrooms. 

Therefore, there is not an optimum ventilation strategy for all the indoor parameters 
considered. A compromise should be made between them in order to determine the most 
appropriate strategy. Despite this, these examples show how detailed integrated modelling 
and simulation can predict potential IAQ issues and help to design appropriate ventilation 
strategies in low energy houses. The results obtained are specific to this particular case 
study, but it is believed that they are indicative of other low energy houses where 
ventilation rates are calculated on a whole house basis rather than considering the different 
spaces within the house, each with different pollutant source emissions. 

Further work will include the implementation of emission models of other pollutants 
like particulate matter (PM2.5), and more scenarios will be defined to answer other design 
questions regarding ventilation systems and IAQ. The analysis of these questions should 
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lead	 to	 recommendations	 for	 the	 design	 of	 appropriate	 ventilation	 systems	 and	 a	 better	
understanding	of	variations	in	the	indoor	environment.	
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Abstract:	 Chemical	 contamination	 of	 building	 materials	 for	 indoor	 air	 is	 mostly	 from	 volatile	 organic	
compounds	(VOCs),	which	cause	health	and	environmental	problems .There	has	been	research	on	the	subject	
of	 air	 pollution	 abatement	plants	since	1989. However,	 the	method	was	 injecting	 an	 amount	of	VOCs	 in	 the	
closed	chamber	that	contained	plants,	while	in	reality	VOCs	gradually	release	from	the	material	overtime. Also,	
substrates	are	important	variations	that	were	not	always	mentioned.	This	research	was	conducted	to	compare	
the	performance	in	reducing	volatile	organic	compounds	of	three	air	pollution	abatement	plants—Boston	fern,	
peace	 lily	 and	 gerbera—planted	 in	 three	 types	 of	 substrate: soil,	 soil	 and	 charcoal,	 and	 volcanic	 rock	 and	
popper.	Plywood	 coated	 with	 teak	 oil	 was	 used	 as	 the	 specimen	 that	 released	 VOCs	 in	 indoor	 air. 

Experiments	were	 conducted	in	 ventilated	 chambers	 sized	0.60	 mx	 0.60	 mx	 0.60	 m.	 Temperature	 was	
controlled	 at	 23	 ±	 2	 °C,	 relative	 humidity	 was	 45%,	 rate	 of	 air	 circulation	 was	 0.5	 ACH. Formaldehydewas	
measured	every	15	minutes	until	the	volatile	organic	compounds	in	the	chamber	were	no	longer	in	existence.	
Statistical	analyses	were	used	and	the	results	revealed	that	gerbera	 in	soil	 ranked	first	 in	removal	rates.	The	
data	from	three	plants,	ventilation	and	substrate	recorded	separately	can	summarized	that	9.6-40% of	removal	
came	from	ventilation,	50-112% of	removal	came	from	substrates	and	0-37	% came	from	the	plants’	ability.	
	
Keywords: Volatile	organic	compound,	Air	Pollution	Abatement	Plants,	Indoor	air	quality.	

Introduction	

Indoor	air	pollution	could	be	much	more	dangerous	 than	outdoor	air	because	people	 live	
90% of	their	lives	in	offices	and	homes. (Wood,2006) It	has	been	reported	that	seven	million	
people	died	from	exposure	to	air	pollutants	in	2012,	half	of	which	were	deaths	from	indoor	
air	 pollutants. (WHO,	 2012)Research	 found	 chemicals	 contaminating	 indoor	 air	 included	
VOCs	 from	building	materials	 such	as	paints,	wood	preservatives,	 cleaners,	pesticides,	dry	
cleaned	clothes,	air	refreshers,	etc. Ventilation	is	a	normal	means	of	solving	these	problems.	

NASA	has	done	research	on	indoor	air	pollution	abatement	plants	since	the	late	1980s. 

(Wolverton,	 1989) Its	 publication	 on	 the	 top	 ten	 air	 pollution	 abatement	 plants	 has	 been	
very	 popular	 and	 translated	 to	 many	 languages. Follow	 up	 research	 has	 been	 done	 and	
found	 that	 there	 should	be	 improvement	 in	 the	methodology	and	proved	 that	plants	 can	
effectively	remove	VOCs. (Girman	et	al.,	2009)	
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Wolverton’s	 study	 was	 carried	 out	 in	 a	 small	 sealed	 chamber	 with	 injected	 VOCs	
including	 Benzenes,	 formaldehyde,	 and	 trichloroethylene	 at	 concentrations	 of	 15-20	ppm. 

The	result	was	demonstrated	that	plants	can	remove	10-90% of	the	pollutants	in	24	hours.  	
The	Associated	Landscape	Contractors	of	America	(ALCA) recommended	one	plant	per	

9.29	m2	for	VOCs	absorption	after	conducting	a	field	experiment	on	two	similar	floors	of	an	
office	building	 in	Arlington,	Virginia. (HBI,1992). It	was	 found	 that	 the	 level	 of	VOCs	on	 the	
floor	 with	 plants	 installed	 remained	 the	 same	 throughout	 the	 study. The	 United	 States	
Environmental	 Protection	 Agency	 (US	 EPA) did	 not	 recommend	 the	 use	 of	 indoor	 air	
pollution	abatement	plants	to	improve	indoor	air	quality. (US	EPA,	2016)	

On	the	other	side,	Green	Building	Council	of	Australia	has	recommended	using	plants	
to	 improve	indoor	air	quality	as	well	as	to	 increase	productivity	at	work. Dingel	et	al. (2000) 

conducted	 a	 field	 study	 of	 three	 offices	 in	 Perth,	 Australia	 for	 formaldehyde	 removed	 by	
plants	in	real	air	and	found	no	change	in	formaldehyde	concentration	with	the	addition	of	5-

10	 plants	 in	 the	 room,	 and	 only	 11% reduction	 of	 formaldehyde	 concentration	 with	 20	
plants.  German	et	al. (2009)	 stated	that	any	 field	study	must	also	measure	ventilation	rates	
because	ventilation	rates	typically	dominate	pollutant	removal	processes.  	

In	Thailand,	 Sangpetch (2012) tested	pieces	of	wood	 furniture	 coated	by	wood	 shield	
and	found	VOCs	emitted	at	<	0.5	microgram/m3	and	formaldehyde	emitted	at	<	0.05	ppm	
(ISO	16000-9,	2006),	which	was	over	standard.	

It	can	be	concluded	that	the	improvement	of	experiment	should	be	done	as	follow:	
1. In	Wolverton’s	experiment,	a	small	fan	was	installed	at	the	root	of	plants	to	draw	

air	with	VOCs	through,	but	in	many	field	study	experiments	no	fans	were	installed	
because	it	was	not	practical	in	reality,	so	the	results	can	be	very	different.	

2. Concentration	 of	 VOCs	 should	 be	 closed	 to	 the	 real	 situation	 where	 materials	
gradually	emitted. Real	materials	should	be	applied	in	the	test.	

3. Ventilation	rates	should	be	measured	and	considered	 in	 the	experiment	because	
ventilation	primarily	removes	VOCs. (Girman	et	al.,	2009)	

4. Removal	rates	should	be	stated	per	hour	per	plant. However,	two	or	three	plants	
may	not	be	able	to	calculate	as	two	or	three	times	removal.	

Materials	and	Equipment	

Materials:	

• Plants: 9	Boston	ferns,	9	peace	lilies,	and	9	gerberas;	3	plants	per	experiment	to	get	
an	average. 

• Substrates: 3	substrates	included	soil,	soil	with	¼	charcoal	top,	and	volcanic	rock	and	
popper	50:50	using	hydro	culture.	

• Containers: 28	experimental	glass	boxes	of	5mm	thick0.60x	0.60	x	0.60m,	each	with	
an	electric	fan	and	air	pump	for	ventilation	of	0.5	ACH.	

Equipment:	

• Temperature	and	humidity	sensor	Testo	480.	
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• Formaldehyde	meter	type	:HAL-HFX250	Mark	: HalTechrange	0.00	~	10	ppm,	0.00	~	25	
ppm	and	maximum	of	100	ppm,	measuring	unit: ppm	or	mg/m3at	opening	on	top	of	
the	experimental	boxes.	

• Electric	fan	and	air	pump.	

Methodology	

Experimental	boxes	were	built	 to	comply	with	 ISO	16000-9	 (2006),	5mm	thick	glass	box	of	
0.60x0.60x0.60	m	with	corners	 sealed	by	 silicone,	and	an	air	 flow	of	0.5	ACH. Temperature	
was	controlled23±	2degreesCelsius	by	using	air	conditioning	for	10	hours	in	daytime	and	the	
rest	was	 night	 temperature. Humidity	was	 45%. A	 piece	 of	wood	0.30x0.30	m	 covered	with	
wood	shield	was	used	as	the	source	of	VOCs,	one	piece	per	each	box	as	shown	in	Fig. 1.	

 

 

Fig. 1.  Experimental	box	and	equipment	

27	 boxes	 were	 continuously	 tested	 with	 plants—3	 identical	 sets	 for	 each	 plant	 and	
substrate—to	 find	 the	 average	 rate	 of	 removal. Statistics	 were	 analysed	 to	 confirm	
significance. One	 empty	 box	 was	 tested	 with	 the	 source	 of	 VOCs	 only,	 without	 plants	 or	
substrates. 	

Three	plants	were	selected	 from	Wolverton’s	 top	ten	air	pollution	abatement	plants	
with	 special	 concern	 for	 tropical	 environment	 and	maintenance. Boston	 ferns,	 peace	 lilies	
and	 gerberas	were	 selected	 because	 they	were	 highly	 ranked	 at	 7.3	 - 7.5	 points	 from	 the	
study	 (Wolverton,	1997). Size	of	 the	plants	was	also	considered,	with	height	not	exceeding	
50	cm	and	width	not	exceeding	40	cm	for	convenience	in	relocating.	

Experiment1. Observing	performance	in	formaldehyde	removal	of	Boston	ferns	grown	
in	 3	 different	 substrates,	 using	 3	 sets	 of	 plants	 with	 one	 substrate	 to	 find	 the	 average	
formaldehyde	 reduction. Wood	 coated	 with	 wood	 shield	 was	 used	 as	 source	 of	
formaldehyde. Measuring	 was	 done	 every	 15	minutes	 until	 the	 formaldehyde	 was	 totally	
removed. Experiment	set	up	is	shown	in	Fig. 2.	
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Fig. 2.	Boston	fern	formaldehyde	removal	experiment	with	wood	coated	wood	shield	as	VOCs	source 

Experiment	2.	Observing	performance	in	formaldehyde	removal	of	peace	lilies	grown	
in	 3	 different	 substrates,	 using	 3	 sets	 of	 plants	 with	 one	 substrate	 to	 find	 the	 average	
formaldehyde	 reduction. Wood	 coated	 with	 wood	 shield	 was	 used	 as	 the	 source	 of	
formaldehyde. Measuring	 was	 done	 every	 15	minutes	 until	 the	 formaldehyde	 was	 totally	
removed. Experiment	set	up	is	shown	in	Fig. 3.	
 

 
Fig. 3.	Peace	lily	formaldehyde	removal	experiment	with	wood	coated	with	wood	shield	as	source	of	VOCs 

Experiment	3.	Observing	performance	 in	 formaldehyde	removal	of	gerberas	grown	
in	 3	 different	 substrates,	 using	 3	 sets	 of	 plants	 with	 one	 substrate	 to	 find	 the	 average	
formaldehyde	 removal. Wood	 coated	 with	 wood	 shield	 was	 used	 as	 the	 source	 of	
formaldehyde. Measuring	 was	 done	 every	 15	minutes	 until	 the	 formaldehyde	 was	 totally	
removed. Experiment	set	up	is	shown	in	Fig. 4.	
 

 
Fig. 4. Gerbera	formaldehyde	removal	experiment	with	wood	coated	with	wood	shield	as	source	of	VOCs 
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Experiment	4. Tree	substrates	old	and	new			without	plants	were	observed	separately	
with	wood	 coated	wood	 shield	within	 the	 same	 ventilate	 chamber.	Measuring	was	 done	
every	15	minutes	until	the	formaldehyde	was	totally	removed.	

Results	

Plants,	ventilation,	and	substrate	are	the	three	main	factors	that	affect	the	removal	of	VOCs. 

TVOCs	 experiment	 had	 some	 statistical	 problem,	 so	 it	 will	 not	 be	 presented	 here;	 only	
formaldehyde	removal	is	presented.	

Formaldehyde	was	removed	within	the	first	15	minutes	for	all	plants. Gerberas	in	soil	
showed	the	most	effective	removal	of	0.54	ppm,	while	gerbera	in	volcanic	rock	and	popper	
removed	0.51	ppm	and	gerbera	 in	soil	and	charcoal	 removed	0.50	ppm,	which	are	slightly	
different	 between	 each	 substrate. Peace	 lilies	 ranked	 second	 in	 formaldehyde	 removal:	 in	
soil	and	charcoal	the	removal	rate	was	0.47	ppm,	in	volcanic	rock	and	popper	the	removal	
rate	was	0.46	ppm,	while	in	soil	the	removal	rate	0.41	ppm. Boston	ferns	ranked	the	lowest:	
in	 volcanic	 rock	and	popper	 the	 removal	 rate	was	0.30	ppm,	 in	 soil	 the	 removal	 rate	was	
0.29	ppm,	and	in	soil	and	charcoal	the	removal	rate	was	0.25	ppm,	as	shown	in	Table	1.	

In	the	chamber	without	plants,	it	was	noticed	that	the	removal	rate	that	occurred	by	
ventilation	was	0.53	from	0.63	which	was	16	% as	shown	in	Table	1	and	Figure	5	

Table	1.	Removal	of	formaldehyde	by	three	selected	plants	using	Paired	Samples	T- Test.	

Removal	of	formaldehyde	of	three	selected	plants	with	three	substrates	in	15	minutes	
	 Initial	 Final	 Percent	 p-value	
	 (ppm)	 (ppm)	 Removed	

Wood	shielded	wood	 0.63	 0.53	 16	 0.024*	

Boston	fern	 	 	 	 	
1. Volcanic	rock	and	

popper	
0.31	 0.00	 100	 0.021*	

2. Soil	and	charcoal	 0.25	 0.00	 100	 0.014*	
3. Soil	 0.29	 0.00	 100	 0.024*	
Peace	lily	 	 	 	 	
1. Volcanic	rock	and	

popper	
0.46	 0.00	 100	 	

0.014*	
2. Soil	and	charcoal	 0.47	 0.00	 100	 0.021*	
3. Soil	 0.41	 0.00	 100	 0.021*	
Gerbera	 	 	 	 	
1. Volcanic	rock	and	

popper	
0.60	 0.09	 85	 0.025*	

2. Soil	and	charcoal	 0.53	 0.03	 94	 	0.006**	
3. Soil	 0.54	 0.00	 100	 0.044*	

              *  = significant	
               ** = highly	significant	

	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2979



	
Fig. 5.  Comparing	formaldehyde	removal	of	three	plants	used	with	3	substrates	

Conclusion	

Although	 the	 result	 showed	 that	 gerberas	 were	 the	 most	 effective	 in	 removing	
formaldehyde,	 it	 was	 questioned	 that	 substrates	 may	 play	 a	 more	 important	 role	 in	
removing	 VOCs. Three	 substrates,	 old	 and	 new,	 without	 plants	 were	 tested	 in	 the	 same	
chamber. 	

	
Fig. 6.	Comparing	formaldehyde	removal	of	Boston	fern	and	3	substrates	without	plants	

It	 was	 found	 that	 compared	 with	 the	 least	 effective	 plant—Boston	 fern—most	
substrates	in	chambers	had	100	- 112% removal	rate	which	is	more	than	with	plants,	only	old	
and	new	soil	can	remove	formaldehyde	82-84% of	plants. Ventilation	removes	32-40%. Plants	
may	not	remove	anything.	
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Discussion	

In	 this	 research,	 ventilation,	 substrates	 and	 plants	 were	 the	 three	 factors	 for	 removal	 of	
formaldehyde. 	With	 all	 three	 plants,	 ventilation	 removed	9.6-40% of	 the	 formaldehyde,	 all	
substrates	 removed	 50–112%,	 while	 the	 plants	 removed	 only	 6.5-37% of	 formaldehyde	 as	
shown	in	Figs. 6,	7	and	8.	

	

Fig. 7.		Proportion	of	removal	from	ventilation,	substrate	and	plants	with	peace	lilies.	

	
Fig. 8.		Proportion	of	removal	from	ventilation,	substrate	and	plants	in	gerberas.	

With	 gerberas	 and	 peace	 lilies,	 old	 volcanic	 and	 popper	were	 able	 to	 remove	 64.7-

71.7%	 of	 total	 removal,	 soil	 and	 charcoal	 removed	50-53.2% of	 total	 removal,	 soil	 removed	
44-58.5% of	 total	 removal,	 while	 plants	 removed	 6.5-37%of	 total	 removal,	 and	 ventilation	
removed	19.6-24.3%	of	total	removal.	
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In	Wolverton’s	experiment,	 the	 test	chamber	was	closed	and	high	concentrations	of	
VOCs	were	 injected. Charcoal	was	used	with	soil	 in	the	experiment	and	a	small	electric	fan	
was	installed	closed	to	plant’s	root	in	order	to	circulate	VOCs	through	plant’s	root	which	was	
the	 location	 of	 removal	 process.	 The	 results	 showed	 that	 gerberas	 can	 remove	 50 % of	
formaldehyde	 in	24	hours.	 The	 formaldehyde	concentration	was	very	high	as 20 ppm,	and	
chamber	was	 closed	 so	 the	 removal	 rate	was	 slower.	 In	other	experiment,	 there	was	 less	
concern	on	 substrate	 and	 ventilation	 removal	 rate,	 so	 there	 should	be	more	 study	 in	 the	
area.	

For	further	work,	observation	time	should	be	longer,	because	materials	may	gradually	
emit	more	formaldehyde.	Other	VOCs	should	be	tested	as	well,	with	substrate	removal	rate	
repeated	to	gain	more	accuracy	of	the	experiment.	
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Connecting	householders	with	their	homes	using	low-cost	technological	
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Abstract:	Dampness-related	problems	at	home	can	put	householders’	health	at	risk.	Householders	often	do	not	
know	how	to	use	 their	homes	 to	get	 the	conditions	 they	want.	They	are	unable	 to	understand	 the	complex	
interplay	 between	 humidity,	 air	 temperature	 and	 ventilation,	 provoking	 unhealthy	 interior	 environments	
unintentionally.	 This	 paper	 presents	 an	 analysis	 of	 problems	 associated	 with	 dampness	 and	 householders’	
behaviour	 in	 low-income	houses	 in	South	Wales.	This	project	aims	to	help	people	to	understand	better	how	
their	homes	work,	and	encourage	them	to	strengthen	their	connection	to	the	indoor	environment	of	their	home	
by	 using	 low-cost	 feedback	 devices.	 The	 study	 uses	 off-the-shelf,	 real-time	 feedback	 technology	 to	 help	
householders	visualize	how	their	homes	respond	to	their	actions.	Semi-structured	interviews	and	a	focus	group	
were	 used	 to	 identify	 ‘good’	 and	 ‘bad’	 practices	 of	 home	 operation.	 Data-logging	 equipment	 was	 used	 to	
measure	the	physical	variables	of	the	indoor	environment.	The	results	describe	householders’	experiences	and	
feedback	when	using	low-cost	technological	interventions	to	understand	moisture-related	problems	at	home.	
Some	possible	triggers	for	householders’	actions	are	suggested	along	with	other	factors	that	may	inhibit	people’s	
connections	with	their	homes	such	as	lifestyle,	technological	skills	and	knowledge.	

Keywords:	Post-occupancy	evaluation,	dampness,	low-income	housing,	people’s	behaviour,	monitoring	

Introduction		

Indoor	dampness	has	been	reported	in	up	to	80%	of	buildings	in	studies	around	the	world	
(Hagerhed-Engman	 et	 al.,	 2009)	 and	 in	 10-50%	 of	 indoor	 environments	 in	 Europe,	 North	
America,	Australia,	India	and	Japan	(WHO,	2009).	The	most	common	indicators	of	dampness	
at	home	are	visible	mould	spots,	damp	stains,	damp	clothing/or	bedding,	condensation	and	
water	 damage	 on	 walls	 and	 windows,	 and	 mouldy	 odours.	 Moulds	 grow	 at	 different	
temperatures	including	interior	temperatures	that	people	prefer.	The	largest	group	of	mould	
(mesophilic	fungi)	has	an	optimum	temperature	range	of	15-30°C	(Godish,	2001).	Black	mould	
is	a	visible	indicator	of	long-term	dampness	problems;	it	grows	in	environments	with	constant	
relative	 humidity	 (RH)	 above	 70%.	 Exposure	 to	 black	mould	 can	 cause	 allergic	 reactions,	
asthma	attacks,	 eye	and	 skin	 irritation,	hay-fever	 symptoms	and	other	 serious	 respiratory	
problems	(EPA,	2016).		

There	are	different	causes	of	high	RH	in	the	home.	Examples	of	dampness	caused	by	
house	structure	and	design	are	poor	cladding	details,	lack	of	waterproofing	and	insulation	in	
external	walls,	 ceilings	 and	windows,	 poor	maintenance,	 unsuitable	 use	 of	materials	 (e.g.	
latex	paints	and	vinyl	wallpapers),	lack	of	extractor	fans,	and	low	air	change	rates.	High	levels	
of	dampness	are	often	associated	with	older	homes,	depending	on	the	year	and	method	of	
construction	 (EPA,	 2013).	 Householder’s	 behaviour	 also	 plays	 a	 significant	 role.	 Poor	
operation	 of	 building	 elements,	 the	 heating	 system	 and	 home	 appliances	 can	 cause	
condensation	 unintentionally.	 In	 addition,	 householders	 are	 often	 not	 aware	 of	 the	
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interaction	of	physical	factors	in	their	homes	(i.e.	air	temperature,	air	humidity,	evaporation,	
condensation,	 etc.)	 that	 often	 underpin	 dampness	 problems.	 The	 aim	 of	 this	 research,	
therefore,	is	to	identify	householder’s	behaviour	that	may	cause	dampness	problems	and	to	
consider	whether	 low-cost	monitoring	 intervention	 can	 help	 people	 to	 better	 understand	
their	indoor	environment	and	encourage	necessary	changes	in	behaviour.	

Methodology	

Case	studies	

The	research	was	conducted	in	Merthyr	Tydfil	within	the	Brecon	Beacons	National	Park.	The	
climate	in	Merthyr	Tydfil	is	warm	and	temperate	with	significant	rainfall	for	most	of	the	year.	
From	October	to	January,	monthly	rainfall	can	exceed	250	mm.	The	warmest	month	is	July	
(average	19.4	°C)	and	the	coolest,	February	(average	0.5	°C)	(Met-Office,	2016).	The	study	was	
developed	 in	 two	 stages:	 a	 summer	 and	 a	 winter	 study.	 Nine	 houses	 (H-1	 to	 H-9)	 were	
selected	for	the	study.	Six	houses	participated	in	summer	and	six	in	winter	(Figure	1).		

Figure	1	Description	of	the	case	study	houses	

All	houses	have	a	similar	structure	and	layout	(2	floor-storey	terrace	houses)	and	were	
built	around	1890.	The	orientation	and	number	of	family	members	differed.	House	size	varied	
from	60	to	100m2.	 	 In	summer,	the	study	was	designed	to	identify	householders’	activities	
that	could	explain	some	causes	of	dampness.	For	this	reason,	the	six	houses	were	divided	in	
two	groups:	the	control	group	had	houses	with	very	limited	or	no	dampness	problems	(H-1,	
H-2	 and	 H-3).	 The	 intervention	 group	 had	 houses	 with	 dampness	 problems	 reported	 by
householders	 (H-4,	H-5	 and	H-6).	 During	winter,	 six	 houses	were	 analysed,	 extending	 the
analysis	of	householders’	behaviour	 in	houses	with	dampness	problems.	Three	new	cases
with	dampness	problems	were	 included	(H-7,	H-8	and	H-9),	 replacing	the	previous	houses
without	problems.

Physical	measurements	

Physical	measurements	of	the	homes	included:	air	temperature,	RH,	indoor	air	quality,	and	
energy	use.	Two	types	of	monitoring	device	were	used	in	the	experiment.	The	first	type	was	
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used	to	gather	accurate	information	about	physical	variables.	Air	temperature	and	RH	were	
measured	with	HOBO	U12-013,	energy	use	with	an	efergy	E2	classic	clip-on	electricity	monitor	
and	CO2	 levels	with	a	Telaire	T7001	 connected	 to	a	HOBO	U12-013.	 Total	Volatile	Organic	
Compounds	(TVOC),	formaldehyde	and	Total	Mould	Volatile	Organic	Compounds	(TMVOC)	
were	measured	with	in	a	laboratory	from	samples	drawn	using	a	pump	and	a	glass	tube.	The	
second	type	of	monitoring	used	proprietary	feedback	devices	to	help	householders	visualise	
air	temperature,	air	humidity	and	energy	use	in	their	homes	(Low-cost	therma-hygrometers	
with	 colour	 indicators	and	 thermometer	gauges).	During	 summer,	physical	measurements	
included	air	temperature,	RH	and	electricity	use	only,	whereas	in	winter,	CO2,	formaldehyde,	
TVOC	 and	 TMVOC	 were	 added.	 Climatic	 conditions	 of	 the	 exterior	 environment	 were	
collected	from	a	weather	station	located	in	the	centre	of	Merthyr	Tydfil	operated	by	Miller	
Argent.		

In	 summer,	 the	 monitoring	 period	 started	 in	 the	 second	 week	 of	 August	 2016.	
Householders	 in	the	control	group	did	not	have	access	to	the	equipment	displays	or	other	
information,	they	were	asked	to	carry	out	activities	as	normal.	The	monitoring	of	the	control	
group	continued	uninterrupted	until	the	end	of	the	study.	The	intervention	group	had	two	
monitoring	periods:	before	and	after	 intervention.	The	 intervention	consisted	of	providing	
low-cost	monitoring	devices	to	householders,	to	visualise	air	temperature,	RH	and	energy	use	
in	real	time.	The	devices	include:	three	therma-hygrometers	and	three	temperature	gauges	
installed	in	the	kitchen,	bathroom	and	either	living	room	or	dining	room,	and	one	stand-alone	
energy	monitoring	display	located	in	the	kitchen	or	living	room	(Figure	2).		

Figure	2	View	of	the	monitoring	equipment	after	installation.	(1)	CO2	monitoring,	(2)	electricity	meter,	(3)	
therma-hygrometer,	(4)	temperature	gauge	and	(5)	HOBO	datalogger.	

The	energy	monitoring	display	was	allowed	to	be	seen	by	the	intervention	group	only	
after	the	second	week	of	the	monitoring	period.	The	measurements	stopped	at	the	same	time	
in	all	the	properties.	In	winter,	the	monitoring	equipment	and	low-cost	devices	were	installed	
in	the	living	or	dining	room,	bathroom,	kitchen	and	a	bedroom.	The	monitoring	period	lasted	
five	 weeks,	 from	 December	 2016	 to	 the	 first	 week	 of	 January	 2017.	 Householders	 were	
allowed	to	see	the	equipment	displays	to	provide	feedback	about	their	interaction	with	them	
and	 their	understanding	of	 their	homes.	CO2,	 TVOC,	 formaldehyde	and	TMVOC	were	also	
measured	in	the	living/dining	room.	
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Qualitative	methods	

Semi-structured	 interviews	 were	 used	 to	 identify	 the	 householders’	 behaviours	 in	 their	
homes	and	their	understanding	of	the	connections	between	their	actions	and	the	resulting	
indoor	environmental	conditions.	Householders’	demographics,	 lifestyles	and	behaviour	at	
home	were	also	analysed.	All	householders	were	interviewed	at	the	start	of	the	project	to	
identify	‘good’	and	‘bad’	practices	in	each	home.	Good	practices	were	considered	as	activities	
that	help	to	reduce	or	control	dampness	problems	in	the	indoor	environment.	Bad	practices	
were	considered	as	activities	that	increase	the	accumulation	of	water	vapour	in	the	indoor	
environment	 creating	 or	 increasing	 dampness	 problems	 at	 home.	 At	 the	 end	 of	 the	
monitoring	period,	a	focus	group	was	organised	to	collect	feedback	and	experiences	from	the	
intervention	group.	 In	winter,	householders	were	encouraged	to	write	notes	of	dampness	
problems	during	the	study.	They	were	also	interviewed	at	the	end	of	the	monitoring	period	
and	asked	to	explain	with	a	diagram	using	post-its	how	the	heating	system	works	and	the	
main	use	of	the	thermostat	at	home.		

Results	and	discussion	

During	the	monitoring	period,	Merthyr	Tydfil	had	high	exterior	humidity:	summer	mean	was	
75%	 (min=37,	max=92,	 SD=14)	 and	 winter	mean	 was	 83%	 (min=15,	max=97,	 SD=13).	 RH	
values	during	summer	in	houses	with	dampness	problems	were	70%	and	up	to	99%.	In	winter,	
RH	was	50-60%,	except	in	rooms	with	serious	dampness	problems.	Lower	RH	in	winter	could	
be	due	the	use	of	the	heating	system	or	the	effect	of	the	exterior	microclimate.	

Identified	dampness	problems	

During	summer,	black	mould	was	found	mostly	in	room	corners	on	north	facing	and	end-of-
terrace	external	walls.	 It	was	visible	 in	bathroom	corners,	kitchen	corners,	entry	ways	and	
under	stairs.	During	winter,	the	majority	of	the	spaces	in	the	houses,	mould	was	observed	in	
corners	of	bathrooms	and	under	stairs	in	similar	quantities	as	in	summer.	However,	two	end-
of-terrace	houses	were	the	most	affected	by	mould	with	a	noticeable	 increase	 (wall	area)	
from	summer	to	winter.	In	H-4,	new	black	mould	spots	were	found	in	wall	corners	and	around	
the	pipes	in	the	living	room.	In	H-5,	new	black	mould	spots	(up	to	2m2)	were	found	in	all	areas	
connected	to	the	end-of-terrace	wall.	In	H-6,	black	mould	and	damp	stains	were	visible	on	
walls	(bathroom	and	kitchen)	and	a	mouldy	odour	was	found	in	kitchen	cabinets.	New	spots	
were	visible	on	walls	behind	the	door	(600	x	600	mm)	behind	the	WC	(600	x	600	mm)	and	
behind	the	lavatory	(300	x	700	mm).	

Identified	‘good’	and	‘bad’	practices	during	summer	

In	 summer,	 common	 practices	 in	 houses	 with	 few	 dampness	 problems	 were:	 opening	
windows	daily,	cleaning	and	tidying	spaces,	using	the	kitchen/bathroom	extractor	fan,	using	
the	heating	system	on	cold	days	and	closing	doors	and	windows.	Although	these	activities	are	
common,	their	frequency	can	make	a	difference	on	the	indoor	environment.	

Opening	windows	was	one	of	the	major	indicators	of	good	practice.	Opening	windows	
every	day	for	a	few	hours,	and	while	showering,	increases	ventilation	of	the	house,	allowing	
water	vapour	to	go	out	 instead	of	being	absorbed	by	materials	 in	the	house	(carpet,	rugs,	
clothes,	 wallpaper,	 etc.).	 Cleaning	 everyday	 helps	 to	 eliminate	 mould	 spores	 and	 reduce	
expansion	—	black	mould	needs	at	 least	2	weeks	to	start	growing.	Research	conducted	 in	
China	also	refers	to	daily	cleaning	practices	reducing	dampness	indicators	(Liu	et	al.,	2015).		
Tidying	the	house	reduces	humid	microclimates	inside	the	house,	typically	in	corners.	Using	
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extractor	 fans	 helps	 to	 speed	 up	 the	 expulsion	 of	 water	 vapour	 from	 the	 kitchen	 and	
bathroom.	 Closing	 the	 kitchen	 door	 and	 bathroom	 door	 during	 certain	 activities	 helps	 to	
isolate	humid	areas.	Wiping	droplets	from	the	windows	helps	to	eliminate	water,	so	that	it	
cannot	be	absorbed	by	other	materials.	Turning	on	the	heating	for	a	few	hours	in	very	cold	
days	helps	 to	keep	walls	and	materials	dry,	 reducing	water	activity	values	of	 surfaces	and	
moving	away	from	optimal	conditions	for	mould	growth.		

	(H-1)	…“We	hoover	every	day,	twice	a	day	if	I’ve	got	my	grandkids”…	(Window	droplets)	…“needs	
a	clean	regular,	about	once	a	fortnight”…	

Although	in	some	cases	householders	were	conscious	of	the	effect	and	importance	of	
their	actions	in	relation	to	the	dampness	problems,	in	other	cases	their	actions	were	related	
to	other	personal	reasons.	For	instance,	some	householders	spend	more	time	at	home	(full-
time)	than	other	householders	(part-time),	which	allows	them	to	open	the	windows	for	longer.	
The	number	of	occupants	can	also	influence	the	use	of	appliances	and	activities	generating	
water	vapour	(cooking	activities,	shower,	tumble	dryer,	etc.).	Health	problems	also	influence	
how	householders	use	their	homes.	For	instance,	the	main	reason	why	householders	in	H-2	
showed	a	careful	schedule	of	opening	windows	is	due	to	a	chest	problem	and	the	need	to	get	
fresh	air	continuously.	 In	another	example,	 the	kitchen	door	was	closed	to	prevent	smells	
from	going	to	other	areas	of	 the	house.	Bad	practices	 in	houses	with	dampness	problems	
were	also	related	to	personal	factors.	In	houses	with	dampness	problems	householders	felt	
cold	during	the	summer,	and	so	do	not	open	windows.	This	creates	a	vicious	circle,	increasing	
humidity	levels	and	thermal	discomfort.	In	some	cases,	relative	humidity	inside	was	higher	
than	the	exterior.	In	a	sample	week	RH	in	the	kitchens	and	bathrooms	was	80-90%	(Figure	3).	

Pet	birds,	cats,	dogs	and	fish	were	found	in	most	homes.	Although	keeping	fish	has	been	
associated	with	visible	damp	stains	and		window	condensation	(Liu	et	al.,	2015),	the	effect	of	
other	pets	on	house	operation	needs	further	investigation.	In	one	case	the	kitchen	door	is	left	
open	at	all	times	to	allow	visual	communication	with	pets;	in	another	case,	opening	windows	
24/7	allows	cats	to	enter	and	leave	the	house	with	freedom.	

	(H-4)	…“We’ve	got	two	cats	they	are	the	main	pets,	and	then	…	there	are	two	cats,	one	belongs	to	
a	neighbour	that	is	about	six	houses	down,	that	goes	in	and	out…we	just	left	the	bathroom	window	
open	so	that	they	can	come	and	go”…	

	
Figure	3	Relative	humidity	in	a	kitchen	(H-5)	and	a	bathroom	(H-6)	in	end	of	terrace	houses	during	a	summer	

sample	week	next	to	quotes	that	illustrate	the	householders	reported	actions.	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 2987



Additional	problems	identified	during	winter	

During	 winter,	 householders	 do	 not	 open	 windows,	 windows	 are	 only	 opened	 for	 short	
periods	during	cooking	and	after	taking	a	shower.	The	indoor	air	quality	test	revealed	that	
limited	ventilation	practices	at	home	can	increase	levels	of	CO2	and	VOC.	Most	of	the	houses	
measured	 in	 winter	 had	 CO2	 levels	 above	 the	 target	 800	 ppm	 and	 above	 the	 maximum	
recommended	1000	ppm	(Figure	4).	Continuous	CO2	values	above	these	limits,	suggest	poor	
ventilation	practices	that	may	result	in	unhealthy	indoor	environmental	conditions	in	the	long	
term.	Elevated	(1500-3000	µg/m3)	and	severe	(>	3000	µg/m3)	VOC	levels	were	also	found	in	
most	houses	(Figure	5).	An	air	test	to	identify	mould	spores	was	conducted	in	the	living	rooms,	
results	 revealed	 that	 mould	 spores	 were	 minimal	 (<8	 µg/m3)	 and	 active-moderate	 (8-30	
µg/m3)	at	the	beginning	of	winter.		

	

	
Figure	4	CO2	levels	in	the	living	rooms	during	winter	

	

	
Figure	5	Levels	of	Total	Voltaic	Organic	Compounds	(TVOC)	measured	in	the	living	rooms	during	winter	

Householders’	experience	with	the	monitoring	kit	

The	research	was	too	short	to	witness	a	notable	change	in	householders’	behaviour.	However,	
the	 few	 weeks	 allowed	 them	 to	 explore	 their	 home	 and	 understand	 the	 effect	 of	 some	
practices	(e.g.	opening	windows)	on	indoor	conditions.		
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(H-5)	…	“It	was	interesting	to	know	about	the	humidity	levels,	what	it’s	like	upstairs	compared	to	
downstairs,	it’s	interesting	to	see	that	because	I	can	see	what	are	the	worst	areas.	I	was	told	that	
the	bathroom	would	probably	be	the	worst	because	of	the	tumble	dryer,	but	it’s	actually	not.	The	
kitchen	is	the	worst,	then	it’s	here	(living	room)”…	

Different	householders	showed	various	levels	of	interest	in,	and	engagement	with,	the	
equipment.	All	of	them	could	provide	information	on	the	physical	measurements	in	different	
rooms.	 In	 all	 cases,	 householders	were	 very	 interested	 to	 see	 the	 humidity	 values	 in	 the	
different	rooms	and	to	refer	to	a	humidity	value	to	assess	their	house.		

	(H-6)	…“The	dining	room	and	my	bathroom	didn’t	move	off	the	wet	dial	at	all,	even	when	it	was	
really	sunny	outside,	even	when	my	heating	was	on.	The	humidity	levels	were	very	high,	constantly,	
and	it	hasn’t	gone	below	86…	And	I	could	see	by	the	humidity	levels,	especially	my	bathroom,	it	
didn’t	go	below	99,	at	all”…	

Some	householders	 could	also	 reflect	on	 the	effect	of	 their	 actions	 such	as	opening	
windows	and	closing	connecting	doors.		

(H-5)	…“I	learned	quite	a	bit,	you	know,	from	watching	it	because	I’d	play	with	the	windows,	you	
know,	I’d	open	the	windows	more	frequently	to	see	if	it’d	make	any	change	or	anything	in	the	back…	
There	were	two	days	specifically	that	I	opened	the	windows	just	to	see	if	it’d	make	a	difference…”	

…“Once	I	was	cooking,	I	noticed	the	humidity	levels	went	up.	When	the	shower	was	going	it	went	
up…I	could	tell	(during	which	activities	it	went	up)…	like	with	the	tumble	dryer,	it	didn’t	go	up	by	
much	but	with	the	shower	it	went	up	by	a	lot,	even	though	the	window	was	open	it	still	went	up	
quite	high.	Not	as	high	as	the	kitchen,	which	was,	95%	was	the	highest”…	

During	 summer,	 all	 participants	 mentioned	 that	 they	 were	 more	 interested	 in	
measuring	humidity	rather	than	electricity,	whereas	during	winter	the	focus	of	their	attention	
was	on	air	temperature.	Overall,	all	of	the	householders	were	more	interested	in	measuring	
relative	humidity	and	air	temperature	rather	than	electricity.		

(H-6)	…”To	me,	 if	 I	 look	at	that	(electricity	meter	display),	 I	don’t	really	understand	 it,	 it	doesn’t	
mean	a	lot	to	me…	whereas	that	(digital	thermo-hygrometer)	is	quite	easy	to	read,	you	understand	
it”…	…”Kilowatts	and	things	like	that	I	don’t	really	understand	to	be	honest”…	

Conclusions	

This	 study	 aimed	 to	 help	 householders	 connect	 their	 actions	 to	 indoor	 environmental	
conditions	 at	 home,	 with	 a	 focus	 on	 the	 management	 of	 RH	 and	 dampness.	 Providing	
householders	with	suitable	instruments	can	help	some	of	them	increase	their	understanding	
of	how	their	dwellings	work	and	the	impact	of	their	behaviour	on	the	indoor	environment.	In	
this	 study,	 the	 householders	 provided	 with	 monitoring	 equipment	 showed	 a	 better	
understanding	 of	 their	 homes.	 The	monitoring	 of	 humidity	 and	 temperature	 had	 a	 larger	
impact	than	electricity	monitoring	on	householders’	behaviour,	and	attracted	greater	interest	
from	 them.	The	preferred	device	was	 the	 therma-hygrometer,	 as	 it	was	easier	 to	use,	no	
buttons,	provided	immediate	feedback	and	simple	visual	information	with	colours.	With	this	
real	time	feedback,	at	the	end	of	the	study,	participants	were	able	to	give	information	about	
the	temperature	and	humidity	in	their	homes	including	numbers	and	percentages.	However,	
during	the	implementation	of	new	technologies,	such	as	hygrometers,	thermostats,	energy	
meters	it	is	important	to	take	into	account	people’s	different	levels	of	technological	literacy.	
Householders	need	 to	understand	what	units,	 like	kWh,	RH%	and	CO2	mean,	and	provide	
them	with	 their	 preferred	 ways	 to	 visualize	 the	 information.	 The	 way	 that	 householders	
interact	with	 their	home	 is	also	shaped	by	different	personal	 factors	 such	as	health,	pets,	
occupancy	 (part-time/full-time	 residents),	 family	 size	 and	 access	 to	 windows,	 etc.	
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Householders	using	the	house	part-time	during	the	week	(i.e.	after	work)	could	be	limiting	
the	time	the	windows	are	open.	Householders	who	see	their	house	as	‘cold’	avoid	opening	
windows,	this	creates	a	vicious	cycle,	increasing	humidity	levels	indoors	and	creating	a	cold	
environment	 suitable	 for	mould	 to	 grow.	 It	 is	 advisable	 that	 interventions	 considered	 the	
lifestyle	and	preferences	of	the	occupants	to	identify	the	solutions	that	are	suitable	to	their	
routines.	 Overall,	 in	 winter	 and	 summer	 householders	 were	 interested	 in	 visualising	 the	
discomfort	that	they	can	sense	but	can’t	see,	for	instance	relative	humidity,	air	temperature,	
black	mould,	mouldy	odours,	unpleasant	odours,	and	unpleasant	stuffy	interior	environments.	
Practical	workshops	and	suitable	visual	training	and	information	for	householders	need	to	be	
implemented	continuously	as	‘preventive	actions’.		
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Abstract: Due to global warming, the earth's mean temperature rises year after year, and many regions have 
high temperature and high humidity problems. The general traditional air conditioning has limited 
dehumidifying capacity, so the concept of independent temperature and humidity control is paid attention to 
and the technology is increasingly mature.The findings show that if the dehumidification tower uses circular 
nozzle to spray solution and there are Rasching rings in the tower, the air flow resistance is high and the air 
contact area is small. If the circular nozzle is changed to spiral nozzle, the spray droplet size is smaller, the area 
is larger, the range is wide and the air contact area is large. Group 1 experiment spiral nozzle and circular 
nozzle plus Crown type random packing, the dehumidification performance increased from 7.734g/kg to 
11.898g/kg. When the spiral nozzle was used, the efficiency was increased by 53.82%. Group 2 vertical circular 
nozzle and circular nozzle plus Crown type random packing, the performance increased from 5.259g/kg to 
7.460g/kg. When the vertical circular nozzle was used, the efficiency was increased by 41.85%. 

Keywords: spray structure, dehumidification tower, droplet size, dehumidification efficiency 

Introduction 

The geographic environment of Taiwan results in the relatively high relative humidity all 
year around. The modern people's work and rest have changed, many activities are 
performed indoors for a long time. Therefore, the effect of temperature and humidity of 
indoor environment on human beings is quite important. ASHARE [1] mentioned that a 
comfortable environment for human body means the apparent temperature shall be 26℃ 

and the optimum humidity shall be controlled at 57%. The aforesaid two parameter settings 
are the most comfortable ambient temperature and humidity the human body perceives. 
Venn et al. [2] mentioned that the increase in indoor ambient humidity may increase the 
risk of children's serious asthmatic disease. Rafique et al. [3] indicated that the most 
frequently used liquid desiccants in the Liquid Desiccant Dehumidification System are 
lithium bromide, calcium chloride, triglycol and lithium chloride. Different liquid desiccants 
have relevant effects on the dehumidification system, and the lithium chloride has the 
minimum vapor pressure and it is a stable liquid desiccant. Gandhidasan et al. [4] tested 
random and structured packing materials, and Rasching rings had the maximum pressure 
drop. In addition, among the structured packings, the laminar packing material had lower 
pressure drop than gauze structured packing material, and the structured packing had lower 
pressure drop and higher capacity than random packing. Enteria et al. [5] mentioned that 
among the random packing materials, the plastic and ceramic packings are preferred in the 
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absorbent system. Because the packing is inert for the absorbent, the plastic random 
packing is applicable to using absorbent to dehumidify the air. These packing materials are 
light in weight, easy to mount, lower pressure drop, low cost, free of corrosion. The Liquid 
Desiccant Dehumidification System needs high temperature for heat exchange with 
solution, the high temperature heat sources include industrial waste heat, solar power 
system and heat pump hot water system for solution regeneration. Alosaimy et al. [6] used 
flat solar water heater and air humidifier to regenerate liquid desiccant. The findings 
showed that the solar water heater could regenerate calcium chloride from 30% to about 
50%. Zhang et al. [7] proposed an air dehumidification system of heat pump and liquid 
desiccant film. The dehumidifier and regenerator were made of hollow fiber membrane 
bundles packaged in two housings, the water vapor permeated these membranes 
effectively, and the liquid desiccant droplet crossing was prevented, the heat pump system 
implemented the simultaneous heating and cooling of saline solution, so as to increase the 
energy efficiency. The experimental results showed good effect in wet and hot harsh 
environments. Mohammad et al. [8] discussed the control of liquid dehumidification system 
and optimization strategy, and indicated that the solution inlet temperature change had 
acute effect on the dehumidifying capacity of liquid desiccant system and the optimum 
strategy could provide a comfortable indoor environment and saved energy obviously. 
Ahmed et al. [9] indicated that the annual CO2 emission from the solar Liquid Desiccant 
Dehumidification System is lower than that from traditional air-conditioning system.  

The Liquid Desiccant Dehumidification System technology has been mature through 
years' development. However, the solution is corrosive and the dehumidification tower 
packing layer enlarges the gas-liquid contact area to increase the dehumidification 
efficiency, the solution will be wasted, and the system volume and construction cost cannot 
be further reduced, so that the Liquid Desiccant Dehumidification System cannot be used 
extensively. The solution corrosion problem has been solved with the advancement of 
material technology. In terms of dehumidification tower, some studies proposed changing 
the solution spray mode or using solution atomization to replace dehumidification tower 
packing layer and spray structure. Wang et al. [10] proposed the dehumidification system + 
ultrasonic atomization (UADS), the solution was atomized to 50μm micro droplet size to 
enlarge the gas-liquid contact area, so as to enhance the dehumidification performance. In 
addition, Bian et al. [11] constructed UADS preliminarily, and called this model ideal 
dehumidification model, and experimentally studied the dehumidification performance. The 
findings showed that only the effect of solution concentration, gas-liquid ratio and gas-liquid 
contact time on the dehumidification efficiency was inaccurate. Therefore, the solution 
flow, airflow rate, inlet solution temperature, inlet air temperature and air inlet humidity 
ratio were increased to enhance the analysis of heat and mass transfer and 
dehumidification efficiency. Yang et al. [12] proposed using solution droplet suspension 
percentage to design and optimize the dehumidification chamber, so as to enhance the 
performance of ultrasonic atomization Liquid Desiccant Dehumidification System, and used 
the solution consumption rate and the air temperature rise as indicators to evaluate the 
performance of dehumidification system. The results showed that the ultrasonic 
atomization Liquid Desiccant Dehumidification System reduced the consumption of solution 
significantly. Yang et al. [13] studied the effect of air and solution inlet parameters on the 
UADS system performance in 2015, and used dehumidification effect, dehumidification 
efficiency and consumption rate of solution as the dehumidification system performance 
evaluation indicators. Compared with the cross-flow packed tower, the UADS reduced the 
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consumption rate of solution by 73.94%. According to the aforesaid references, when the 
solution is atomized, the dehumidification efficiency is increased, and the solution 
consumption rate of the liquid dehumidification system with packed tower design is 
reduced effectively. The present studies about solution dehumidification seldom discuss 
changing the solution outlet nozzle form. Cong et al. [14] used a commercial spiral nozzle as 
mass transfer element, which was different from common nozzles using different high 
pressure fluids to atomize liquid. When the fluids flowed through the cavity of spiral nozzle, 
the liquid impacted the spiral atomization surface and turned into microdroplets. The 
experimental results showed that the spiral nozzle had excellent performance in fluid 
dynamics and mass transfer for the special construction, wide spray range, good flexibility 
and high mass transfer efficiency of spiral nozzle. This study changes the spray structure of 
the dehumidification tower for solution dehumidification, so as to change the solution 
droplet size and distribution area in the dehumidification tower to discuss the 
dehumidification efficiency in different spray structure. 

Research Method 

In terms of the operation of general liquid desiccant dehumidification system, the 
dehumidification tower top sprays liquid desiccant to absorb the moisture in the air, the 
dehumidizer concentration decreases after the moisture absorption. In the absorption 
process, the moisture changes from vapor state into liquid state, releasing heat of 
condensation. This heat increases the sensible heat in the air conditioning space, and 
increases the dehumidification solution temperature, so that the solution surface vapor 
pressure increases, affecting the moisture absorbing capacity. Therefore, in the 
dehumidification process of dehumidification solution, the cooling capacity for the 
dehumidification section solution is provided. The moisture content in the solution 
increases after dehumidification, so that the concentration decreases, the post-
dehumidification solution must be supplied with heat for regenerative reduction. The 
principle is to use different boiling points of salts and moisture (the boiling temperature of 
salts is higher than the boiling temperature of water) to heat the dehumidification solution 
entering the regeneration tower. The partial vapor pressure of dehumidification solution is 
higher than the humid air at the regeneration tower inlet, so that the water in the solution 
changes from liquid state into vapor state, and the humid air at the regeneration tower inlet 
takes the moisture away from the system. The strength of the dehumidification solution 
treated by regeneration section will increase, and the partial vapor pressure of solution will 
decrease, proceeding to next dehumidification/regeneration process.  

In terms of calculation of partial vapor pressure, ASHRAE [15] used the proposed 
humid air property equation, when the temperature range is 273.16 K~473.16 K, the 
saturated vapor pressure is expressed as Eq. (1): 

  (    )  
  

 
           

     
      ( )   (1) 

Where: 
      Saturation pressure 
   Absolute temperature 

In terms of calculation of dehumidification efficiency, when the air is balanced with 
the inlet dehumidizer solution, the humidity ratio difference of air is the humidity efficiency 

  of maximum dehumidification process: 
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Where: 

o,a : Air outlet moisture content 

i,a : Air inlet moisture content 

e : Humidity ratio of air and inlet desiccant solution in balanced state 

Based on circular nozzle and Rasching rings packing material, this study will discuss the 
dehumidification efficiency of spiral nozzle and vertical circular nozzle. Therefore, the 
efficiency is increased based on circular nozzle, to compare the increments of 
dehumidification efficiency after the spray mode is changed, expressed as Eq. (3): 

 
   

 
                      (3) 

Where: 
  Increased efficiency  

  spiral nozzle; experimental value of humidity ratio of vertical circular pipe nozzle 
  experimental value of humidity ratio of circular nozzle + Rasching rings  

Introduction to experimental system 

This experimental system comprises water to water double-effect heat pump host, 
centrifugal fan, high-performance heat exchanger, solution pump and system pipeline 
connection and configuration, and a (L)×(W)×(H) = 2.1m×2.1m×2.1m environmental control 
chamber is designed to supply the experimental load of Liquid Desiccant Dehumidification 
System. The environmental control equipments, such as moistureproof heater and 
humidifier, are set up in the environmental control chamber to make a high temperature 
and high humidity environment. The data are collected from the temperature and humidity 
monitoring points located in the dehumidification zone, regeneration zoneand 
environmental control chamber for analysis. The solution concentration is measured by 
densimeter before and after each experiment, so as to make sure the solution 
concentration of each experiment conforms with the experimental standard. When the 
dehumidification process is completed, the lithium chloride solution in the solution tower 
shall reach normal temperature before the next group of experimental parameters is 
implemented, so as to keep stable physical characteristics of lithium chloride solution. 
Different experimental parameters are adjusted, the aforesaid procedure is repeated for 
next experiment. The packing material used in this study is Crown type Rasching rings made 
of corrosion resistant material, the porosity is 0.94, as shown in Figure 1. The liquid 
desiccant dehumidification system for this experiment is shown in Figure 2. 

Figure 1.Crown type Rasching rings 
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Figure 2.Experimental liquid desiccant dehumidification system 

Results and Discussion 

The dehumidification section parameters are experimentally discussed. The experimental 
solution is 30% lithium chloride, the dehumidification air volume is fixed at 1300CMH, 
relevant experimental parameters are shown in Table 1. 

Table 1 Experimental parameters for dehumidification zone 

Case Spray pattern 
Regeneration air 
volume (CMH) 

Solution flow (LPM) 

Case 1 

Spiral nozzle 

600 50 Circular nozzle + 
Rasching rings  

Case 2 

Vertical circular 
nozzle  

69 70 
Circular nozzle + 
Rasching rings  
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The experimental data are recorded once per minute in the experimental process, 
including the air temperature and relative humidity of air at the dehumidification tower 
inlet and outlet, the air temperature and relative humidity of air at the regeneration tower 
inlet and outlet, the air temperature and relative humidity of air in the environmental 
control chamber, the temperature of strong solution flowing into dehumidification tower 
and the temperature of weak solution flowing into regeneration tower in the experimental 
process, so as to compare the dehumidification tower humidity ratios. 

Effects of spiral nozzle and circular nozzle plus Crown type random packing on 
dehumidifying capacity 

The actual spray and schematic diagram of CASE1 are shown in Figure 3. The time-varying 
dehumidification tower inlet-outlet air humidity ratio of CASE1 is shown in Figure 4. 
According to Figure 4, the dehumidification tower humidity ratio of circular nozzle + Crown 
type random packing changes to 7.734g/kg, the dehumidification tower humidity ratio of 
spiral nozzle changes to 11.898 g/kg, the difference is 4.163 g/kg. The experimental results 
show that the spiral nozzle efficiency is increased by 53.82%. 

Figure 3.(left) circular nozzle + Crown type Rasching rings (right) spiral nozzle 

Figure 4.Group 1 dehumidification tower humidity ratio variation 

Effects of vertical circular nozzle and circular nozzle + Crown type random packing on 
dehumidifying capacity 

The actual spray and schematic diagram of CASE2 are shown in Figure 5. The time-varying 
dehumidification tower inlet-outlet air humidity ratio of CASE2 is shown in Figure 6. Figure 6 
shows that the dehumidification tower humidity ratio of circular nozzle + Crown type 
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random packing changes to 5.259g/kg, and the dehumidification tower humidity ratio of 
vertical circular nozzle changes to 7.460 g/kg, the difference is 2.201 g/kg. The efficiency is 
increased by 41.85% by using vertical circular nozzle in this group. 

Figure 5.(left) circular nozzle + Crown type Rasching rings (right) vertical circular nozzle 

Figure 6.Group 2 dehumidification tower humidity ratio variation 

Conclusion 

This study changes the spray pattern in the dehumidification tower of Liquid Desiccant 
Dehumidification System, so as to change the droplet size and distribution of solution 
entering the dehumidification tower, to discuss the effect on dehumidification performance. 
The packing material is removed from the dehumidification tower to analyze the 
dehumidification efficiency.  
1. There were Rasching rings in the dehumidification tower of CASE1, and the original

nozzle was changed to spiral nozzle and the Rasching rings were removed. The spray
area of spiral nozzle is large, from 7.734 g/kg to 11.898g/kg, so the efficiency is
increased by 53.82% when the spiral nozzle is used.

2. There were Rasching rings in the dehumidification tower of CASE2, and the original
nozzle was changed to vertical circular nozzle and the Rasching rings were removed. As
the Rasching rings increase the wind resistance, from 5.259g/kg to 7.460g/kg, the
efficiency is increased by 41.85% when the vertical circular nozzle is used.
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Abstract:	 As	 tomorrow’s	 cities	 are	 already	 largely	 built,	 and	 as	many	 of	 their	 buildings	 have	 a	 low	 energy	
performance	level,	urban	renewal	processes	are	essential	for	the	sustainable	development	of	European	cities.	
In	 this	 context,	 Building-Integrated	 Photovoltaic	 (BIPV)	 systems,	 using	 innovative	 PV	 products	 as	 new	
construction	material	for	façades	and	roofs,	can	potentially	provide	a	crucial	response	for	achieving	long-term	
carbon	 targets.	 This	 paper	 presents	 an	 integrated	 architectural	 design	 process	 for	 addressing	 renovation	
projects.	Presented	through	a	comparison	of	two	case	studies	on	archetypal	residential	buildings	from	the	1900s	
and	 1970s	 in	 Neuchâtel	 (Switzerland),	 this	 approach	 includes	 the	 design	 of	 different	 renovation	 scenarios	
integrating	passive,	active	and	BIPV	strategies.	An	optimization	of	the	potential	BIPV	(or	active)	surfaces	based	
on	the	annual	irradiation	threshold	is	conducted	to	maximize	self-consumption	(SC)	and	self-sufficiency	(SS).	The	
scenarios,	before	and	after	this	optimization-based	refinement,	are	evaluated	in	terms	of	Life-Cycle	Assessment	
and	 Cost.	 Results	 demonstrate	 the	 importance	 of	 the	 optimization	 to	 ensure	 the	 cost-effectiveness	 of	 the	
strategy	and	increase	the	independence	from	energy	suppliers.	The	main	outcome	provides,	to	architects	and	
engineers,	 advanced	 BIPV	 renovation	 strategies	 along	with	 results	 from	 a	multi-criteria	 evaluation	 that	 are	
crucial	for	reaching	carbon	neutrality.			

Keywords:	Sustainable	architecture,	integrated	design,	renovation,	BIPV,	self-consumption	

Introduction		

Many	 strategies	 stress	 the	 importance	 of	 urban	 renewal	 processes	 towards	 more	
sustainability	 (Riera	 and	 Rey,	 2013).	 Indeed,	 there	 are	 still	 considerable	 potential	 energy	
savings	to	be	made	in	European	countries	in	general,	and	in	Switzerland	in	particular,	where	
most	 residential	buildings	were	built	before	1985	and	 require	 large	amounts	of	energy	 to	
ensure	the	minimum	indoor	thermal	comfort	(OFS,	2017).	In	response,	one	of	the	objectives	
of	the	“2000	Watt	society”	(SIA,	2011)	–	a	concept	that	promotes	an	annual	limit	per	person	
of	1	tonne	of	CO2	emissions	and	2000	W	expressed	in	mean	power	–	is	to	drastically	reduce	
greenhouse	 gas	 (GHG)	 emissions	 taking	 into	 account	 the	 whole	 life	 cycle	 of	 buildings.	
Building-Integrated	Photovoltaic	(BIPV)	systems	represent	a	promising	solution	to	the	energy	
turnaround	challenges	(SFOE,	2017),	as	it	is	estimated	that	PV	could	cover	up	to	1/3	of	the	
annual	Swiss	electricity	demand	(IEA,	2002).	

BIPV	is	a	growing	and	diverse	area	of	research,	as	confirmed	by	the	development	of	new	
products	 and	 their	 integration	 on	 building	 envelopes	 (Frontini	 et	 al,	 2012).	 Despite	 this	
technological	progress,	only	a	 small	part	of	 the	available	 local	PV	potential	 is	 exploited	 in	
urban	areas.	Different	types	of	obstacles	limit	a	large-scale	PV	integration	into	urban	renewal	
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processes,	namely,	the	limited	motivation	of	architectural	designers,	a	restricted	knowledge	
of	 the	BIPV	potential,	 and	an	 insufficiency	of	 aesthetically-convincing	exemplary	buildings	
(Heinstein	et	al,	2013).	To	address	these	challenges,	architectural	design	towards	increased	
integration	–	and	therefore	increased	acceptance	–	must	be	supported.	Therefore,	instead	of	
considering	BIPV	as	a	technical	constraint	for	designers,	we	propose	a	new	approach	based	
on	the	integration	of	BIPV	solutions	as	a	new	“raw	material”	(Aiulfi	and	Rey,	2010).	Prioritizing	
architectural	quality	and	dialogue	with	 the	built	environment,	 it	 aims	at	 identifying	which	
construction	elements	can	be	substituted	by	PV	components,	fulfilling	the	building	envelope	
requirements	while	producing	on-site	from	a	renewable	energy	source.	

This	paper	is	an	integral	part	of	an	ongoing	research	project	entitled	ACTIVE	INTERFACES,	
which	 aims	 at	 studying	 the	 technological,	 spatial,	 legal	 and	 socio-economic	 parameters	
related	to	the	development	of	new	adapted	BIPV	solutions	(Rey	et	al,	2015).	

Based	on	the	architectural	design	strategies	already	developed	in	the	first	step	of	the	
project	and	published	in	Aguacil	et	al	(2016,	2017),	we	here	present	the	impact	on	the	final	
performance	of	an	optimization	process	based	on	the	annual	irradiation	threshold	to	choose	
the	active	surfaces	for	two	case	studies	in	Neuchâtel	(Switzerland).	

Research	methodology	

The	methodology	involves	four	main	phases:	1)	selection	of	archetypal	residential	buildings;	
2)	detailed	analysis	of	each	building;	3)	development,	for	each	archetype,	of	four	architectural	
renewal	scenarios	embodying	different	levels	of	intervention;	4)	multi-criteria	assessment	of	
the	scenarios.	While	further	details	on	the	methodology	and	the	detailed	façade	designs	to	
obtain	aesthetically	 convincing	examples	 can	be	 found	 in	Aguacil	 et	 al	 (2016,	2017),	 each	
phase	is	briefly	described	below	in	reference	to	the	two	case	studies.	

Phase	1:	Selection	of	an	archetypal	building		

Considering	Neuchâtel	as	a	representative	city	of	the	Swiss	Plateau	(OFS,	2015)	and	based	on	
its	building	stock	analysis,	five	residential	archetypes	were	identified,	using	selection	criteria	
such	as	the	construction	period	and	heritage	protection	level.	A	representative	building	for	
each	archetype	was	chosen	to	carry	out	a	series	of	real	case	studies.	

Phase	2:	Detailed	analysis	of	the	buildings		

The	 case	 studies	 presented	 in	 this	 paper	 are	 two	 multi-family	 residential	 buildings	 that	
correspond	to	archetypes	1	and	4.	In	their	current	status,	to	which	we	will	refer	as	situation	
E0,	both	buildings,	shown	in	Figure	1,	present	a	low	level	of	energy	performance.		
	

	

Archetype	1	
Built	in	1909	
4	stories	
8	apartments	
788	m2	floor	area	 	

Archetype	4	
Built	in	1972	
11	stories	
52	apartments	
5’263	m2	floor	area	

Figure	1.	Images	of	the	current	status	of	each	building	along	with	their	main	characteristics.	

Archetype	1	has	an	uninsulated	envelope;	its	facades	consist	of	40	cm	thick	rubble	masonry	
walls	and	exterior	plaster,	windows	are	simple	glazing,	and	the	sloped	roof	is	finished	with	
ceramic	tile	(Aguacil	et	al,	2017).	Archetype	4	has	a	poorly	insulated	envelope,	with	facades	
made	of	prefabricated	concrete	elements	with	4	cm	of	expanded	polystyrene	(EPS)	insulation,	
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double-glazed	windows,	and	a	flat	roof	with	6	cm	of	EPS	insulation	and	5	cm	of	gravel	(Aguacil	
et	 al,	 2016).	 In	 terms	 of	 active	 systems,	 both	 buildings	 have	 a	 central	 oil	 boiler	 covering	
heating	and	domestic	hot	water	(DHW)	needs.	

Phase	3:	Design	of	architectural	renewal	scenarios		

Starting	from	E0-Current	status,	we	define	four	renewal	scenarios	from	an	architectural	and	
energy	point	of	view.	The	S0-Baseline	scenario	aims	at	achieving	at	 least	the	current	 legal	
requirements	defined	by	SIA	380/1	(SIA,	2016),	in	accordance	with	current	practices	and	only	
through	passive	strategies	to	reduce	the	energy	demand	(by	improving	the	performance	of	
the	envelope	using	low-cost	materials).	

The	other	three	design	scenarios,	defined	as	follows,	 incorporate	BIPV	 in	addition	to	
passive	strategies	using	more	ecological	materials	such	as	recycled	EPS	insulation	or	wooden	
frames	 for	 windows.	 S1-Conservation:	 maintain	 the	 expression	 of	 the	 building	 while	
improving	its	energy	performance	(at	least	up	to	current	legal	requirements)	and	respecting	
the	 targets	 to	 obtain	 a	 subsidy	 of	 60	 CHF/m2	 from	 the	 “programme	 bâtiment”	 which	
promotes	energy	renovation	of	existing	buildings	(EnDK,	2015).	S2-Renovation:	maintain	the	
general	expressive	 lines	of	the	building	while	reaching	high-energy	performance	(taking	as	
reference	 the	Swiss	Minergie®	 label	 (Minergie,	2016)).	S3-Transformation:	 attain	 the	best	
energy	performance	and	maximum	electricity	production	possible	with	aesthetic	and	formal	
coherence	over	the	whole	building	(at	least	“2000WattSociety”	(SIA,	2011)).	

In	combination	with	the	integration	of	BIPV	in	S1	to	S3,	an	active	strategy,	consisting	in	
changing	the	original	HVAC	system,	is	considered	to	reduce	GHG	emissions	linked	to	the	type	
of	 energy	 source	 used.	 In	 both	 cases,	we	propose	 to	 replace	 the	 existing	 oil	 boiler	 by	 an	
electricity-based	system	to	increase	the	self-consumption	of	the	electricity	produced	on-site	
and	reduce	the	consumption	thanks	to	high-efficiency	air-water	heat	pumps.	

Phase	4:	Multi-criteria	assessment		

The	 implementation	 of	 the	 renovation	 scenarios	 allows	 identifying	 the	 potential	 active	
surfaces	of	the	building	façades	and	roof.	Following	the	design	phase	where	we	defined	all	
potential	PV	surfaces	designing	the	facade	using	standard-	or	custom-size	panels	(MB,	2017)	
with	coloured	films	(CSEM,	2017),	an	optimization	process	is	conducted	to	define	which	of	
these	surfaces	will	finally	be	covered	by	BIPV	elements	versus	non-active	elements	with	the	
same	 aspect.	 The	 goal	 is	 to	 identify	 the	 annual	 irradiation	 threshold,	 which	 leads	 to	
maximizing	both	the	self-sufficiency	(energy	 independence)	and	self-consumption	(level	of	
use	of	the	PV	system),	two	concepts	further	described	in	Luthander	et	al	(2015).	Surfaces	that	
achieve	the	optimal	irradiation	threshold	are	then	considered	to	be	active.					

In	parallel	to	the	design	process,	and	through	an	iterative	cycle,	we	conduct	a	multi-
criteria	 evaluation	 based	 on	 Life-Cycle	 Analysis	 (LCA)	 and	 Cost	 (LCC),	 taking	 into	 account	
energy	 consumption,	 GHG	 emissions,	 on-site	 PV	 generation,	 environmental	 impact	 of	
materials	including	BIPV	elements,	and	cost-effectiveness	for	a	60-year	lifespan.	The	LCA	and	
LCC	results,	used	to	compare	the	scenarios	and	evaluate	the	impact	of	the	optimization,	are	
obtained	through	simulation	and	using	reference	values,	as	detailed	below.	

Energy	modelling	and	simulation	
The	energy	simulation	is	carried	out	in	DesignBuilder	v.5	(DB,	2017),	based	on	the	EnergyPlus®	
simulation	engine.	In	an	iterative	simulation	process,	we	verify	the	fulfilment	of	the	objectives	
set	 for	 each	 scenario,	 adjusting	 the	 constructive	 details	 of	 each	 proposal.	 From	 the	 final	
design	(Fig.	2)	we	obtain	the	hourly	consumption	of	the	building	during	the	entire	year	for	
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each	 renewal	 scenario.	 In	 a	 second	 step,	 the	 estimation	 of	 the	 hourly	 on-site	 electricity	
production	is	done	on	a	detailed	3D	model	created	in	the	Rhinoceros	3D	modelling	tool,	and	
using	the	visual	programming	software	Grasshopper	with	the	DIVA	plugin	(DIVA,	2017).	This	
allows	us	to	conduct	a	detailed	analysis	of	the	PV	production	as	a	function	of	the	irradiation	
threshold	for	each	envelope	element	and	to	perform	a	selection	of	the	active	surfaces.	

	 S1-Conservation	 S2-Renovation	 S3-Transformation	
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Figure	2.	Main	façade	definition	for	each	BIPV	scenario,	detailed	in	Aguacil	et	al	(2016,	2017).	

Reference	values	used	in	LCA	and	LCC		
The	environmental	impact	values	for	construction	materials,	PV	elements,	and	HVAC	systems	
are	obtained	with	the	ECO-BAT	software	(ECO-BAT,	2015),	taking	into	account	his	different	
lifespans	of	50,	30,	and	20	years	 respectively.	 For	 the	LCC	analysis,	 the	 renovation	cost	 is	
obtained	using	the	EPIQR	tool	(Flourentzou	et	al,	2000),	developed	to	perform	the	diagnosis	
of	 existing	 buildings	 and	 test	 different	 renewal	 scenarios.	 Subsidies	 for	 both	 the	 BIPV	
installation	(Swissgrid,	2017)	and	energy	renovation	(EnDK,	2015)	are	taken	into	account.	We	
used	 the	 existing	 PV	 technology	 based	 on	 the	 single-crystal	 silicon	 (sc-Si)	 cell,	 with	 17%	
efficiency	(Cerón	et	al,	2013).	The	expected	cost	is	between	245	and	445	CHF/m2	for	standard-
size	modules	and	780	CHF/m2	for	customized	ones,	including	inverters,	wiring	and	accessories.	

To	estimate	the	global	cost-effectiveness,	we	considered	a	50-year	horizon	with	a	3%	
interest	rate.	The	calculation	considers	energy	savings	and	electricity	production,	including	a	
0.8%	production	decrease	per	year	according	to	the	guaranteed	performance	of	PV	elements	
(MB	2017),	and	a	price	of	0.1	CHF/kWh	(for	heating	oil)	and	0.2	CHF/kWh	(for	electricity),	tax	
included.	For	electricity	overproduction	injected	into	the	grid,	we	have	taken	into	account	a	
cost-covering	remuneration	(Swissgrid,	2017)	between	0.064	and	0.106	CHF/kWh	depending	
on	the	installation	size,	scenario,	and	case	study.		The	payback	time	is	calculated	using	the	
DCF	(discounted	cash	flow)	methodology	by	net	present	value	(NPV),	considering	the	real-
time	self-consumption	with	no	battery	systems	and	the	injected	electricity	overproduction.	

Results	

Design	scenarios	implementation	for	each	archetype	

As	described	in	Table	1,	for	S0,	representing	current	practice,	the	insulation	is	increased	
for	all	opaque	surfaces	and	windows	are	replaced	to	achieve	the	current	legal	requirements	
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(SIA,	 2016).	 For	 scenarios	 S1	 to	 S3,	 in	 addition	 to	 the	 interventions	 of	 S0	 we	 propose	 to	
integrate	BIPV	elements	on	 roof	and	 facades	 taking	 into	account	 the	 requirements	of	 the	
design	scenarios	defined	in	phase	3	of	the	methodology	and	favour	more	ecological	materials	
over	 low-cost	 materials.	 Regarding	 the	 façade	 definition	 (Fig.	 2)	 of	 the	 different	 BIPV	
scenarios	(S1	to	S3),	we	propose	for	archetype	1	an	external	insulation	system	with	synthetic	
coating	cladding	for	S1	and	S2,	with	PV	elements	on	roof	(S1)	and	balustrades	(S2).	In	S3,	a	
ventilated	façade	system	is	implemented	using	PV	elements,	prefabricated,	modular	and	built	
with	wooden	structure	 for	S3.	For	archetype	4,	an	 internal	 insulation	system	covering	the	
railing	of	windows	with	customized	PV	elements	is	proposed	for	S1,	and	a	ventilated	façade	
system	incorporating	PV	panels	on	the	biggest	opaque	surfaces	for	S2,	in	order	to	reproduce	
the	geometry	of	the	existing	façade.	For	S3,	a	ventilated	façade	system	using	PV	elements,	
prefabricated,	modular	and	built	with	wooden	structure	is	implemented.	

Sc.	 Arch.	 Type	(colour)	of	materials	 Insulation	 Target	U-value	[W/m2.K]	 Infiltr.	
Roof	 Façades	 Thingness	(type)	 Opaque	 Windows	 [r/h]	

E0	 1	 Tiles	(brown)	 Synthetic	coating	 -	 1.33	 5.7	(sg-w)	 2	
4	 Gravel	 Concrete	 4	cm	(EPS	-	Int)	 1.09	 2.6	(dg-a)	

S0	
1	 Tiles	(brown)	 Synthetic	coating	 14	cm	(EPS	-	Ext)	

0.25	 1.3	(dg-pvc)	 1	4	 Gravel	 Concrete	 10	cm	(EPS	-	Int)	

S1	
1	 SSz	(brown)	 Synthetic	coating	 17	cm	(rEPS	-	Ext)	

0.20	 1	(tg-w)	 0.7	4	 SSz-f	(black)	 CSz	(concrete)	 14	cm	(rEPS	-	Int)	

S2	 1	 SSz	(brown)	 SSz	(ochre)	 18	cm	(rEPS	-	Ext)	 0.19	 0.7	(tg-w)	 0.5	
4	 SSz-f	(black)	 CSz	(concrete)	 15	cm	(rEPS	-	Ext)	

S3	 1	 SSz	(brown)	 SSz	(ochre)	 20	cm	(rEPS	-	Ext)	 0.17	 0.7	(tg-w)	 0.5	
4	 SSz-f	(black)	 SSz	(grey)	 17	cm	(rEPS	-	Ext)	

Abbreviations:	 Custom-size	 (CSz)	 or	 standard-size	 PV	 panels	 (SSz),	 with	 frame	 (-f),	 standard	 expanded	 polystyrene	 (EPS),	 100%	
recycled	 expanded	 polystyrene	 (rEPS),	 internal	 (Int)	 or	 external	 insulation	 (Ext),	 single	 (sg),	 double	 (dg)	 or	 	 triple	 glazing	 (tg),	
aluminium	(-a),	polyvinyl	chloride	(-pvc)	or	wooden	windows	frame	(-w).	

Table	1.	Summary	of	design	scenarios	implementation	for	each	archetype.	

Active	surfaces	optimization		

The	 optimization	 process	 begins	with	 a	 study	 based	 on	 the	 cumulated	 annual	 irradiation	
threshold	(varying	from	0	to	1’200	kWh/m2.year).	Figure	3	highlights	the	surfaces	that	do	not	
receive	enough	solar	energy	to	be	considered	as	active	(in	scenario	S3-Transformation).	From	
these	results	and	the	derived	self-consumption	and	self-sufficiency,	we	identify	the	optimum	
threshold	and	the	corresponding	annual	PV	production.		

	 200	kWh/m2·year	 400	kWh/m2·year	 800	kWh/m2·year	

	

Ar
ch
.	1

	

	 	 	

Ar
ch
.	4

	

	 	 	
Figure	3.	Annual	irradiation	threshold	study	for	the	scenario	S3	(SE-SW	façades)	for	archetype	1	(top)	and	4	

(bottom).	Coloured	surfaces	(according	to	the	scale	on	the	right)	reach	the	threshold	values	(top).	
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For	each	scenario,	two	different	thresholds	are	obtained,	depending	on	whether	the	existing	
boiler	 is	 maintained	 or	 replaced.	 Figure	 4	 shows	 an	 example	 of	 optimization	 results	 for	
scenario	S3.	 For	archetype	1,	 the	 threshold	 is	1’175	kWh/m2	 (oil-boiler)	 and	800	kWh/m2	
(heat	pump),	leading	to	14	and	28	MWh/year	of	on-site	production	respectively,	and	to	29%	
of	 self-consumption	 and	 24.5%	 of	 self-sufficiency.	 For	 archetype	 4,	 the	 threshold	 is	 800	
kWh/m2	 (oil-boiler)	 and	 600	 kWh/m2	 (heat	 pump),	 for	 87	 and	 139	MWh/year	 of	 on-site	
production	respectively,	and	32%	of	self-consumption	and	29%	of	self-sufficiency.	

	
Figure	4.	Example	of	irradiation	threshold	study	based	on	self-consumption	and	self-sufficiency	for	scenario	S3.	

Life	Cycle	Analysis	(LCA)	

From	E0	 (current	status)	to	S0	(current	practice),	we	obtain	a	60%	improvement	in	energy	
consumption	and	30%	in	GHG	emissions.	Results	for	the	renovation	scenarios	(S0	to	S3)	are	
illustrated	in	Fig.	5.	As	the	performance	of	the	buildings	increases,	the	weight	of	the	embodied	
energy	related	to	the	construction	materials	also	becomes	more	 important.	Results	shows	
that	scenarios	S1,	S2	and	S3	respect	the	Swiss	targets.	It	is	important	to	highlight	the	fact	that	
it	was	only	possible	to	achieve	the	“2000WattSociety”	targets	by	changing	the	type	of	energy	
source,	which	increases	the	self-consumption	of	the	electricity	production,	and	by	using	low-
carbon	materials.	 These	 points	 represent	 key	 elements	 toward	 real	 carbon	 neutrality.	 In	
addition,	the	optimization	process	of	the	active	surfaces	allows	achieving	the	performance	
objectives	in	a	more	rational	way,	avoiding	the	excessive	injection	of	electricity	into	the	grid.	

	
Figure	5.	LCA	results	in	terms	of	embodied	energy,	GHG	emissions	and	end-use	consumption.	Taking	into	

account	100%	of	potentially	active	surfaces	(top)	and	optimizing	the	active	surfaces	(bottom).	
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Life	Cycle	Cost	(LCC)		

The	 investment-cost	 of	 each	 renewal	 scenario	 is	 represented	 in	 Figure	 6	 by	 the	 value	
corresponding	to	year	0.	The	difference	between	these	values	depends	on	the	type	of	passive	
strategy,	the	amount	of	active	surfaces	installed,	and	the	level	of	subsidies	obtained.	Results	
show	that	scenarios	S1,	S2	and	S3,	which	include	BIPV	strategies,	present	a	shorter	payback	
time	compared	to	scenario	S0	(without	BIPV),	due	to	the	energy	savings	and	the	extra	revenue	
generated	by	the	injected	electricity	into	the	grid.	

The	result	of	the	optimization	of	the	surfaces	has	a	more	pronounced	effect	(payback	
time)	 for	 archetype	4	due	 to	 the	 larger	 active	 surface	on	 facades	 compared	 to	 the	active	
surface	 on	 the	 roof.	 Above	 all,	 in	 scenario	 S3	where	more	 PV	 surfaces	 are	 proposed,	we	
observe	that	the	optimization	increases	payback	but	avoids	excessive	electricity	injection	into	
the	grid.	However,	S3	continues	to	be	more	cost-effective	than	scenario	S0.	

	
Figure	6.	LCC	results	in	terms	of	accumulated	energy	consumption	cost	with	a	heat	pump	system	and	payback	
time	(vertical	dotted	lines),	including	maintenance	and	repair-replacements	costs	for	the	BIPV	installation.	
Taking	into	account	100%	of	potentially	active	surfaces	(top)	and	optimizing	the	active	surfaces	(bottom).	

Conclusion	

Based	on	this	paper’s	results,	it	seems	clear	that	energy	renovation	projects	without	
integration	of	PV	are	no	 longer	an	option	 if	we	want	to	achieve	 long-term	carbon	targets.	
Today,	 renovation	 projects	 improving	 the	 building	 envelope	 with	 a	 high	 level	 of	 thermal	
energy	 performance	 are	 necessary,	 but	 not	 sufficient.	 Compensating	 buildings’	 energy	
consumption	by	producing	electricity	on-site	has	become	a	number	one	priority.	By	proposing	
new	 adapted	 BIPV	 solutions	 for	 urban	 renewal	 processes,	 this	 research	 contributes	 to	
advancing	architectural	design	practices	in	this	direction.	

The	results	of	the	two	case	studies	highlight	the	best	cost-effectiveness	of	the	BIPV	
scenarios	and	the	importance	of	optimizing	the	location	of	the	active	surfaces	to	maximize	
the	 self-consumption	 with	 respect	 to	 the	 building’s	 consumption	 profile.	 These	 are	 key	
elements	toward	real	carbon	neutrality,	allowing	us	to	achieve	the	performance	objectives	in	
a	more	rational	way	by	optimising	the	installation	to	minimise	the	grid-injected	energy.	This	
in	turn	allows	avoiding	the	intrinsic	problem	linked	to	decreasing	prices	of	injected	electricity.	

The	next	step	in	our	research	is	to	integrate	a	battery	system	to	further	increase	self-
consumption	 and	 self-sufficiency.	 Ultimately,	 our	 case	 studies	 shall	 provide	 architects,	
installers	and	public	authorities	with	a	catalogue	of	innovative	and	adapted	“best	practice”	
solutions	for	a	large-scale	advanced	BIPV	integration	into	urban	renewal	processes.	
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Introduction  

Cádiz is a coastal city in Southeast Spain founded by the Phoenicians some three thousand 
years  ago.  Today’s Old City emerged between  the 16th  and 19th  centuries. Cadiz  grew  to 
become  a magnificent port  city due  to  its  strategic  location. However, with  its  shipyards 
moved  to other  regions  it now  suffers one of  the highest  unemployment  rates  in  Spain. 
Although a large part of the housing stock is in bad condition, renovation work is being carried 
out and the beauty of the city’s old buildings continues to attract tourism. The introduction 
of new building uses, such as offices and hotels, is taking place into the city’s traditional urban 
tissue along improvements to the residential stock that help regenerate the city, albeit at a 
slow rate.  The refurbishment of historical buildings will be of crucial importance in saving the 
Old City of Cadiz from abandon and decline. The aim of the research presented in this paper 
was  to  establish  a  method  for  undertaking  changes  that  would  improve  environmental 
conditions in the old city, both indoors and outdoors (Vilches 2016).   

Abstract: The old city of Cádiz, a coastal town on the Atlantic side of Southern Spain, acquired its dense urban 
fabric of deep courtyards and narrow urban canyons between the 16th and 19th centuries. With its shipyards 
moved to other parts of the country the city now faces one of the highest unemployment rates in Spain. Cadiz 
is in serious need of renovation and its existing stock of traditional housing is in poor condition. Its urban 
morphology presents obstructions to incident solar radiation leading to irregular distribution of solar gains and 
reduced daylighting and airflow near the ground. The paper discusses some of the notable features of the city’s 
traditional architecture. These include the contrast between the “piedra ostionera” (oyster shell stone), used on 
the lower parts of external walls, and the brickwork of the top floors. Balconies are another notable feature; 
even though small in size, they do provide sitting space and some are fitted with glazing creating small 
conservatories (cierros, galleries or monteras). This paper reports on a study with measurements taken in April 
and July 2016 in two buildings in the old town of Cadiz, -one an unoccupied house in its original state, the other 
divided into flats, refurbished and occupied. Comparisons are drawn between the ground floor and top floor 
flats of the latter, as well as between the two buildings. The measurements were followed by simulation studies 
investigating potential environmental improvements. 
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Climate  

According to climate classification by Gómez‐Zotano et al. (2015), Cádiz has a Mediterranean 
Oceanic  climate,  characterised  by  mild  temperatures  in  both  winter  and  summer  with 
average annual values of 16.1ºC to 18.8ºC (Figure 1). In cool periods temperatures rarely drop 
below 10ºC, and in summer the average value is of 25ºC. Temperatures of up to 30ºC are not 
uncommon, but usually confined to one month in summer. These characteristics are a direct 
consequence of the oceanic  influence, which moderates temperatures diurnally as well as 
seasonally. Due  to  its  location and  topography, Cádiz  is exposed  to  strong winds  from all 
directions (Llácer, 2015). Prevailing winds are from E‐SE (“Levante”) and particularly from W‐
NW  (“Poniente”), as shown  in Figure 2. Another remarkable characteristic of  the winds  in 
Cádiz is the annual wind speed which has a mean value as high as 4.9m/s. The need for wind 
protection has had a definite effect on the city’s urban morphology. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Traditional architectural and environmental features of the old city 

Urban compactness 

The old town of Cádiz grew from the 18th century into a compact, dense and homogeneous 
centre (Jiménez and Malo de Molina, 1995). Space limits gave rise to narrow streets, lack of 
open spaces and taller buildings than the average Andalusian city (Solís, 2000). The resulting 
urban morphology provides wind protection, but overshadowing is both common and quite 
severe near  the ground. This  is mitigated  to some extent by  the  light coloured  finishes of 
external building surfaces.  

A  typical  street  and  square were modelled  and  solar  conditions were  simulated  in 
Radiance for noon on the 21st March. The results can be seen  in Figure 3. The oyster shell 
stone at ground  floor  level  is  light brown, whereas  the upper  floors are painted  in  lighter 
colours. Owing  to  high  reflectivity  the North‐oriented  elevation  facing  the  narrow  street 
receives  almost  twice  the  amount  of  solar  radiation  than  the  similarly  oriented,  but 
unobstructed, elevation facing the square.  

 

Figure 1. Climate summary with Adaptive Comfort Band from EN 15251. 
Source: Meteonorm v7.0 

 

Figure 2. Prevailing winds.
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Figure 3. Solar radiation including reflected solar radiation in a typical street (left) and a square (right).  
(Wh/m2, 12:00, 21st March). Source: Radiance. 

 

All  traditional  houses  in  Cádiz  have  a  private  internal  courtyard,  a  typical  feature 
associated with the Mediterranean climate (Hinrichs, 1988). These courtyards are quite small, 
typically 4m by 4m on plan within four‐storey buildings. External walls are of a sedimentary 
rock (“ostionera”), a very porous material extracted from quarries along the coast (Sampalo 
et al, 1994). This is often combined with brickwork on upper floors where normally walls carry 
lower loads and are less thick. The oyster stone wall has a U‐value of 0.91W/m2K, whereas 
that of the brick wall is considerably higher at around 1.68 W/m2K (Vilches, 2016).  

Glazed elements: cierros, galleries and monteras. 

Glazed balconies and glazing over courtyards first appeared  in mid‐18th century and more 
regularly in 19th century architecture prompted by the industrial revolution. The glazing of 
balconies created spaces that were protected from rain, wind and draughts (Cirici, 1982). The 
traditional  “cierro”  is  composed  of  several  layers  providing  various  degrees  of  opening.  
Glazing at roof level over the courtyards became one of the most representative elements of 
the traditional architecture of Cádiz (Sampalo et al, 1994), providing liveable spaces protected 
from rain, always welcome due to the small size of the dwellings (Pérez de Lama, 1996). As 
shown  in Figure 4, this  is a  lightweight structure of  iron and glass ventilated through small 
openings.  

 
 
 
 
 
 
 
 
 

Figure 4. Glazed elements of the traditional house in Cádiz: glazed balconies or “cierros” (left), galleries 
(middle) and courtyard roofs or “monteras” (right). 
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Case studies  

Candelaria 10:  
This is a four‐storey 19th century courtyard house with its front elevation facing North‐East 
onto Candelaria  Square  (Figure 5).  The dimensions of  the  courtyard  are 2.15m by 3.65m 
excluding the perimeter galleries (H/W=4.3). The galleries are glazed only at first floor level; 
the galleries at upper floors enclosed in masonry in the course of alterations carried out in 
1995. Apart from this, the house is in its original state without thermal insulation in walls or 
carpentry replacement.  

Five data loggers were placed on the first floor, the noble floor with the highest ceiling 
and the glazed gallery (Figure 6). The dataloggers recorded the temperatures on the open 
balcony, the glazed “cierro”, the adjacent room, the glazed gallery facing South and  in the 
courtyard. The monitoring was undertaken on the first week of April 2016.  

 
 
 
 
 
 
 
 
 
 

Figure 5. Location of the plot shown in broken line. The courtyards are marked in black.  
Source: after Electronic Office of Cadastre in Spain. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Plans and location of data loggers (red dots). NE elevation (left), section (right), first floor 
(left). Source: after Pujol Cruz Pizarro Arquitectos.  

 
Glazed balcony “Cierro” (Data logger 2):  temperatures measured in this space recorded 

the largest fluctuations due to the lightweight elements enclosing the space. Being the most 
exposed to solar radiation during mornings, it had the highest temperatures during the day, 
but these quickly dropped at night due to the low thermal capacity. However, temperatures 
here were higher than on the open balcony and on sunny days even higher than those of the 
attached room. 
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Adjacent room (Data logger 3): together with the temperature recorded in the gallery, 
this registered the most stable temperatures owing to the thermal capacity provided by the 
thick masonry walls.  

Glazed gallery (Data logger 4): the temperatures in this transitional space were between 
those of the attached room and those in the courtyard. Absence of direct sun even on sunny 
days led to a stable pattern, driven by the temperature in the courtyard and stabilised by the 
thermal mass of walls, floors and ceiling.  

Courtyard (Data logger 5): little solar radiation and outdoor air reaches the courtyard. 
Diurnal fluctuation of temperature in the courtyard was of only 1.5ºK compared to 4‐5ºK on 
the balcony.  

 

 
 
 

 
 

 
 

 
 

 
Figure 7. Monitored period during 4th and 5th April 2016. In yellow the time intervals when the sun hits the NE 

façade. 

Ahumada 7: 
Built in the 18th century this three‐storey structure with attic, central courtyard and glazed 
galleries  is currently divided  into several dwellings accommodating both single people and 
families. The dimensions of the courtyard are 5.00m by 4.60m surrounded by the building’s 
13.70m high walls. The main façade of the building faces NW toward a street 4.50m wide by 
14.50m high (H/W=3.5) as shown in Figure 8. The building was refurbished in 2006 to improve 
the structural stability of the stone walls and timber floors. The roof was replaced and thermal 
insulation added, and the timber carpentries were repaired. However, there was no insulation 
added to the walls so the thermal mass of the oyster shell walls is still preserved. 

Measurements  taken  in  two  of  the  apartments  in  this  building  compared  the 
performance of Flat A on the ground floor with that of Flat B on the top floor (Figure 9). The 
measurements were taken in the period 7‐10 July 2016, which corresponded to warmer than 
average weather conditions.   

 
 
 
 
 
 
 
 
 

Figure 8. Location of the plot. Source: after Electronic Office of Cadastre in Spain. 
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Figure 9. Plans and location of data loggers (red dots). Section (left), ground floor (middle) and second 
floor (right). Flat A in red and Flat B in blue. Source: after N. Beltrán, architect. 

 

Courtyard  (Data  logger  1): With  the  space  completely  shaded  from  direct  sun,  the 
temperature  is more  stable and  lower  than  that  registered at  the weather  station  (5‐7ºK 
degrees lower at peak times). The thermal mass reduces the fluctuation (ΔT=7ºK in weather 
station versus 3ºK  in courtyard). The graph shows  that  the courtyard  follows  the outdoor 
temperature pattern, with a time lag.  

Ground Floor Living Room (Datalogger 2): the air temperature in this space is linked to 
that of the courtyard due to air flow through the permanently open door. Again, the thermal 
mass  of  the  oyster  shell  stone  limits  temperature  fluctuations.  The mean  temperature 
remains around 26ºC, even when the peak at the weather station rises to 34ºC dropping to 
22 ºC at night. 

Open balcony (Data logger 3): the temperatures recorded on the balcony are of special 
interest. While  at night  these  are  close  to  the outdoor  air  temperature measured  at  the 
weather  station,  during  daytime  they  are much  higher.  The  peaks were  recorded  in  the 
afternoon between 15:00 and 17:00 hours which coincide with the period when the western 
façade is in the direct sun. In the morning when the space is in the shade it still experiences 
temperatures that are 2.5‐5ºK higher than those recorded at the weather station. This may 
be the result of incident solar radiation reflected off the light‐coloured south façade on the 
opposite side of the street.  

Top Floor Living Room  (Data  logger 4): except  for  the  first night,  temperatures here 
were higher than those measured in the ground floor living room. This can be explained by 
the higher exposure to solar gains that are transmitted through balconies, façade and roof.  
Closing the timber shutters in the afternoon protected from direct sun. 

 
 
 
 

 
 
 
 
 
 

 
 

Figure 10. Monitored period from 7th to 10th July 2016. In yellow the time intervals when the sun hits the NW 
façade. 
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Conclusions 

This first overview of the environmental attributes of the urban fabric and built form of Cádiz 
has provided some important insights on how to approach the refurbishment and reuse of 
the  city’s  historical  buildings.  In  the winter,  limited  solar  access  on  lower  floors  leads  to 
underheating. This may be counteracted by fitting more thermal insulation and by reducing 
infiltration rates. Enhancing natural ventilation is necessary to lower indoor temperatures in 
summer but also to remove moisture. Daylighting is another important issue. Limited solar 
access  and  the  low window‐to‐floor  ratios  lead  to  low  illuminance  levels. However,  light 
colours  on  the  façades  enhance  reflections  improving  outdoor  and  indoor  illuminance. 
Thermal and daylight performance should be studied for each floor of the traditional house, 
taking  account of orientation  and obstruction  angles.  The  results will define  the possible 
measures  for  refurbishment  to  residential  or  other  uses.  Table  1  summarises  these 
conclusions following the key points established by Yannas (1994). 

Table 1. Summary of the traditional features in Cádiz. 
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Thermal	Retrofitting,	Refurbishment	and	Re-Use	of	Traditional	and	Historic	
Building	Stock	in	Malta:	a	cost-sensitive,	value-added	approach
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Abstract:	 The	 main	 aim	 of	 this	 paper	 was	 to	 study	 traditional	 and	 modern	 Maltese	 building	 construction	
methods	to	assess	their	potential	contribution	towards	thermal	retrofitting	alterations	to	local	building	stock,	
both	 old	 and	 new,	 and	 to	 establish	 the	 payback	 period	 for	 such	 retrofit	 jobs,	 typically	 with	 a	 given	
budget.	Three	local	case	studies	with	similar	site	conditions	were	chosen.	Detailed	drawings	and	surveys	of	the	
existing	buildings	were	studied	and	also	the	proposed	alterations	and	extensions.	The	construction	materials	
used	 and	 the	 proposed	 materials	 were	 assessed	 with	 respect	 to	 indoor	 human	 thermal	 comfort.	 A	 3D	
performance	model	was	generated	using	the	software	Integrating	Environmental	Solutions	(IES)	for	the	three	
buildings.	This	simulated	the	current	status	as	well	as	the	newly	proposed	conditions	with	a	selection	of	design	
options,	 thus	 identifying	 which	 option	 would	 make	 the	 building	 more	 comfortable	 for	 the	 end	 user.	The	
payback	period	for	each	alteration	was	eventually	worked	out	and	from	the	results	obtained,	 it	was	noticed	
that	roof	insulation	is	the	most	cost	effective	option	for	retrofitting	while	external	wall	insulation,	even	though	
savings	 are	 considerable,	 is	 not	 always	 financially	 feasible	 to	 retrofit.	 It	 was	 also	 noticed	 that	 footprint,	
geometry	and	boundary	conditions	play	an	extremely	important	role.	However,	when	it	comes	to	retrofitting,	
although	 it	 was	 confirmed	 that	 site	 parameters	 are	 extremely	 important	 for	 a	 cost-benefit	 analysis,	 the	
overruling	 thrust	 of	 such	 a	 retrofit	 should	 strive	 towards	 improved	 energy	 efficiency	 and	 a	 reduced	 carbon	
footprint	of	the	newly	revamped	building.	Therefore,	an	overall	balance	of	cost-savings	and	energy	efficiency	
should	 be	 obtained	 for	 an	 overall	 truly	 sustainable	 building.	 This	 should	 augur	 well	 for	 the	 cost-sensitive	
energy-efficient	and	value-added	refurbishment	and	re-use	of	Malta’s	heritage	building	stock.	

Keywords:	energy	efficiency,	retrofitting,	refurbishment,	value-added,	thermal	comfort.	

Introduction	

The	main	aim	of	this	study	was	to	analyse	three	case	studies	of	existing	Maltese	buildings,	
which	 have	 been	 proposed	 for	 a	 new	 use.	 This	 brings	 with	 it	 internal	 alterations	 and	
extensions,	 thermal	 retrofitting,	 restoration	 and	 finishes.	 Solutions	were	 analysed	 using	 a	
computer	software	focusing	on	two	main	structural	elements,	namely	the	external	walls	and	
exposed	roofs.	The	core	work	and	principal	goals	were	to	perform	computer	simulations	for	
each	case	study,	for	both	existing	and	proposed	scenarios.	

Most	of	 the	 traditional	Maltese	building	construction	 systems,	essentially	 composed	
of	 globigerina	 limestone	all	 round,	 (roofs,	walls	 and	 floors)	 lacked	any	 form	of	 insulation.	
They	 barely	 had	 any	 form	of	moisture	 barrier	 (dpc	 or	 dpm).	 This	 resulted	 in	 the	minimal	
reduction	of	heat	transfer	of	the	fabric	itself	during	both	winter	and	summer	months.	With	
a	greater	concern	for	structural	stability,	they	unwittingly	relied	solely	on	the	thermal	inertia,	
the	heavy	mass	of	the	stone	structure	itself.		
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The	objective	of	 this	 study	was	 to	 simulate	 three	case	 studies	and	apply	 retrofitting	
measures	to	both	the	exterior	walls	and	the	exposed	roofs	as	the	main	focus.	These	were	
then	 simulated	 using	 a	 finite	 element	 analysis	 (FEA)	modelling	 software,	 IES,	 in	 order	 to	
achieve	the	balance	between	the	most	energy	efficient	and	cost-effective	payback	period	of	
these	proposed	systems.				

One	priority	when	retrofitting	is	the	heritage	value	of	the	building,	especially	given	its	
site	 context	or	 the	age	of	 the	edifice	 itself.	Apart	 from	this	 so-called	 ‘restraint’,	one	must	
also	 consider	 the	 proposed	 use	 of	 the	 building.	 If	 a	 building	will	 be	 used	 for	 commercial	
purposes	the	financial	viability	of	the	retrofitting	options	become	much	more	cost-effective.	
Due	to	the	fact	that	the	building	will	tend	to	rely	much	more	on	mechanical	systems	in	order	
to	keep	a	high	standard	of	thermal	comfort,	possibly	keeping	such	HVAC	systems	switched	
on	24x7	–	albeit	not	always	given	the	right	technology.		

In	 order	 to	 get	 a	 realistic	 payback	 period	 for	 the	 proposed	 retrofitting	 competitive	
quotes	were	obtained	from	a	number	of	suppliers.	The	proposed	retrofitting	option	to	the	
roof	 has	 a	 price	 of	 14	 Euro/sq.m.	 The	 exterior	wall	 option	 includes	 14	 Euro/sq.m	 for	 the	
polyurethane	 insulation	 board	 and	 33	 Euro/sq.m	 for	 the	 gypsum	 board	 and	 steel	
substructure	fixing	to	the	wall	for	a	total	of	47	Euro/sq.m.		

Methods	

For	 each	 case	 study,	 areas	 for	walls	 and	 roofs	were	 calculated,	multiplied	by	 the	 rates	 in	
table	 1	 to	 obtain	 the	 capital	 outlay	 per	 building	 for	 its	 retrofit.	 The	 energy	 demand	 per	
annum	was	obtained	by	running	the	IES	software,	with	and	without	the	proposed	retrofit.		

Table	1:	Price	per	Square	metre	for	retrofitting	options	including	labour	and	material	cost	
	
	
	
	
This	was	translated	into	a	cost-saving	per	annum,	by	multiplying	the	energy	saved	by	

the	electricity	rate	per	kWh,	based	on	current	tariffs	(2016),	from	Enemalta,	the	(only)	local	
utility.	The	capital	outlay	of	the	retrofit	divided	by	the	cost	of	energy	saved	(difference)	 in	
Euro	gave	the	payback	period	in	years.			

Case	Studies	

Test	Case	1:	Villa	Apap	Bologna	Mosta	

	

	

Type	of	Intervention	 Rate	
Wall	insulation		 €	47.00	/sq.m	

Roof	Polyurethane	insulation	 	€	14.00	/sq.m	

Figure	1	–	Main	Façade	Villa	Appa	bologna	Mosta		

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 3017



This	 building	was	 initially	 used	 as	 a	 townhouse	 for	 residential	 purposes.	 It	 is	 found	
very	 close	 to	 Mosta	 town	 centre	 and	 therefore	 close	 to	 all	 amenities.	 The	 building	 is	
symmetrical	in	nature	and	wholly	constructed	out	of	globigerina	limestone;	the	main	focus	
lies	on	the	central	door	at	ground	floor	and	enclosed	timber	balcony	directly	above	it	at	first	
floor.	 Windows	 flank	 the	 said	 main	 door	 and	 balcony	 on	 either	 side.	 All	 apertures	 are	
constructed	out	of	wood	including	louvered	window	shutters.		

The	façade	walls	are	constructed	using	two	globigerina	limestone	walls	with	a	cavity,	
having	a	total	thickness	of	620	mm.	The	U-value	for	this	wall	is	1.753	W/m2K.	Roof	system	
was	constructed	using	cast	in	situ	concrete	slabs	spanning	onto	load	bearing	masonry	walls.	
All	 external	 apertures	were	 constructed	using	wooden	 frame	elements,	 having	 traditional	
louvers.	All	the	glass	is	single	glazing.		

	
Figure	2	–	Ground	floor	plan	Villa	Apap	Bologna	Mosta	

The	building	was	recently	purchased.	The	proposed	use	for	this	building	is	a	house	for	
the	 disabled.	 Thus,	 this	 is	 being	 changing	 from	 a	 house	 housing	 one	 family	 to	 a	 multi	
community	 residence.	 The	 Permits	 were	 approved	 and	 the	 building	 was	 retrofitted	 and	
inaugurated	on	the	16th	March	2016.		

	
Figure	3	–	Proposed	Ground	Floor	Plan	Villa	Apap	Bologna	Mosta	

The	proposals	to	the	existing	building	include,	construction	of	a	new	extension	at	the	
rear	 end	 of	 the	 property	 having	 three	 floors	 and	 the	 construction	 of	 an	 additional	 floor	
receded	floor	on	top	of	the	old	existing	building.		

Test	Case	2:	St	Monica	School,	Qormi	

The	property	is	located	at	308,	St	Monica	infants	school,	Triq	il-Kbira	Qormi.	It	was	used	as	a	
school	for	infant	children	but	has	been	left	unoccupied	for	several	years.	 	 It	 is	 located	in	a	
UCA	(urban	conservation	area).	These	areas	are	within	the	centre	of	towns	and	villages	and	
reflect	the	 identity	of	a	particular	town	and	hence	conservation	of	these	buildings	tend	to	
be	of	high	importance.	The	building	is	constructed	entirely	out	of	globigerina	limestone.	The	
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main	 focus	 of	 the	 building	 lies	 also	 with	 the	 central	 door	 and	 enclosed	wooden	 balcony	
found	directly	on	top	of	the	main	entrance.	The	property	is	in	dire	need	of	restoration.	

	
		 	 	 Figure	4	–	Main	Façade	of	building	St	Monica	School,	Qormi	

The	façade	is	composed	of	two	skins	of	globigerina	limestone	with	a	cavity,	having	an	
overall	 thickness	 of	 700mm.	 The	U-value	 of	 the	wall	 is	 1.635	W/m2k.	 The	 roof	 system	 is	
constructed	 using	 stone	 slabs	 supported	 by	 both	wooden	 beams	 and	 globigerina	 arches.	
External	apertures	have	 single	glazed	windows	with	aluminium	 frames	as	per	 image	3.14.	
No	shading	devices	are	present.	The	property	also	contains	a	large	indoor	courtyard	used	to	
deliver	natural	light	within	the	building.		

	
Figure	5	–	Existing	ground	floor	plan,		St.	Monica	

School	Qormi	

		
Figure	6	–	Proposed	ground	floor	alterations	at	St.	

Monica	School	Qormi	
The	proposed	use	for	this	building	is	a	house	for	the	elderly	with	limited	abilities.	Thus,	

this	is	being	converted	from	a	school	having	limited	operation	times	to	a	multi-community	
residence	being	used	for	twenty-four	hours.	The	proposal	to	the	existing	building	includes,	
internal	 alterations	 to	 existing	 floors,	 construction	 of	 a	 proposed	 setback	 floor	 at	 second	
floor	 level.	 Internal	alterations	 include	adjustment	to	spaces	thus	changing	the	concept	of	
the	 building.	 The	 new	 concept	 consisted	 of	 single	 private	 bedroom	 and	 fully	 accessible	
bathrooms,	the	bathrooms	can	either	be	private	or	a	shared	bathroom.	

Test	Case	3:	Palazzo	‘Tal-Hlas'	Zebbug	

The	 site	 was	 original	 used	 as	 a	 single-family	 residence.	 The	 estates	 were	 commissioned	
either	 directly	 by	 Grand	 Master	 Antonio	 Manoel	 de	 Vilhena,	 or	 during	 his	 magistracy	
(between	 1722	 and	 1736)	 for	 a	 wealthy	 individual	 to	 most	 likely	 serve	 as	 a	 country	
residence.	 The	 house	 consists	 of	 a	 number	 of	 high	 rooms	 at	 ground	 floor	 laid	 along	 a	
double-fronted	 arrangement.	 It	 is	 immediately	 clear	 that	 this	 building	 is	 unfinished	 or	
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altered.	 The	 street	 facade	 is	 simply	 designed	 with	 a	 main	 door	 flanked	 by	 high-level	
windows	originally	intended	as	doorways.	On	either	side	of	these	are	wider	arched	remissa	
doors,	thus	there	is	an	overall	symmetry.	Closer	inspection	of	the	main	door	will	reveal	that	
its	 prismatic	 fronton	 crown	 has	 been	 sheared	 at	 the	 sides	 to	 accommodate	 what	 would	
have	been	corbels	of	which	there	were	four.		

One	enters	the	main	door	into	a	lofty	vestibule	roofed	in	diaphragm	arches.	On	either	
side	 are	 rooms	 serving	 as	 living	 quarters.	 These	 are	 paved	 in	 flagstones	 and	 roofed	with	
arches	supporting	stone	slabs	(xorok).	On	the	 left	 is	a	staircase	comfortably	designed	with	
low	 risers	 accessing	 the	 roof	 terrace.	 Further	 along	 one	 finds	 one	 exit	 onto	 an	 arched	
veranda	 or	 loggia	 with	 steps	 leading	 down	 to	 the	 formal	 garden.	 At	 roof	 level	 one	
immediately	notices	the	intended	layout	of	the	piano	nobile.		

Figure	7	–	Front	elevation	photo	Palazzo,	Tal-Hlas	Zebbug	

This	building	was	modified	to	comply	with	modern	residential	dwelling	requirements	
and	the	space	 is	to	be	rented	out	for	either	 long	 lets	or	short	 lets	as	a	country	retreat.	At	
ground	floor	 level,	 internal	alterations	include:	removal	of	existing	partition	walls,	opening	
and	 closing	of	 new	doorways	 and	 introduction	of	 new	 sanitary	 facilities.	New	mechanical	
and	electrical	systems	are	to	be	installed	taking	special	consideration	that	no	damage	will	be	
made	 to	 the	 historical	 building	 fabric.	 The	 loggia	 at	 the	 backside	 of	 the	 property	 before	
entering	 the	 garden	 is	 to	 be	 closed	 off	 using	 large	 glass	 apertures	 attempting	 to	making	
these	spaces	usable.		

Figure	8	–	Existing	block	plan	Palazzo	Tal-Hlas	Zebbug	

Figure	9	–	Proposed	Block	Plan	Palazzo	Tal-Hlas	Zebbug	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 3020



Use	of	IES	software	

Sketchup	modelling	was	used	to	developed	the	3D	volume	of	the	test	cases.	The	model	was	
then	 located	 on	 a	 Google	map	 site	 plan	 in	 order	 to	 achieve	 the	 exact	 orientation	 of	 the	
building.	 These	 models	 were	 then	 imported	 into	 IES.	 Setting	 Building	 parameters:	
Information	extrapolated	directly	from	Google	maps	was	retrieved,	these	included	the	city	
(Mosta),	longitude,	latitude,	north	angle,	building	type	(this	includes	the	existing	use	of	the	
building	in	this	case	a	single-family	dwelling),	HVAC	system	currently	installed	and	total	floor	
area	and	glazing	area.	Identifying	rooms:	Rooms	were	automatically	separated	by	floor	and	
a	unique	number	was	assigned	to	each	by	default.	For	each	space	the	floor	area	in	square	
meters,	the	wall	areas	in	square	meters	and	the	glazing	area	were	measured.		Weather	data:	
The	location	and	weather	file	for	the	project	were	selected.	The	simulation	was	set	to	run	
for	 one	 year	 from	 the	 1st	 January	 to	 the	 31st	 of	 December	 2016.	 The	 building	 template	
manager	 tool	was	 selected	 and	 the	material	 construction	 templates	were	 created.	 These	
templates	are	used	to	create	different	construction	scenarios,	and	thus	these	were	used	to	
generate	 a	 comparative	 analysis	 with	 regards	 to	 energy	 consumption	 for	 different	
construction	 templates.	 Thermal	 template:	 this	 template	 is	 used	 to	 insert	 various	 room	
conditions.	 Both	 the	 heating	 and	 cooling	 profile	 were	 entered.	 The	 heating	 and	 cooling	
system	 were	 selected,	 and	 internal	 gains	 were	 also	 selected.	 Air	 exchange	 values	 were	
added.	 Running	 Simulation:	 Apache	 simulation	 for	 a	 year	 was	 simulated,	 from	 this	
simulation;	 energy	 results	 in	 MWh	 were	 extrapolated.	 This	 was	 simulated	 four	 times	
following	above	different	construction	templates.	U	–values	inserted	as	per	table	1.	

Table	1:	U-values	of	build	up	

Output	Results 

From	 the	 results	 obtained,	 it	 was	 noticed	 that	 roof	 insulation	 is	 the	 most	 cost-effective	
option	for	retrofitting	while	external	wall	insulation,	even	though	savings	are	considerable,	
is	 not	 financially	 feasible	 to	 retrofit.	 It	 was	 also	 noticed	 that	 footprint,	 geometry	 and	
boundary	 conditions	 play	 an	 extremely	 important	 role.	 Therefore,	 when	 it	 comes	 to	
retrofitting,	site	parameters	are	extremely	important.	Table	2	refers.	
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Table	2:	Output	Results	
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Conclusions	

From	 the	 results	 obtained,	 it	 was	 noticed	 that	 roof	 insulation	 is	 the	 most	 cost-effective	
option	for	retrofitting	while	external	wall	insulation,	even	though	savings	are	considerable,	
is	 not	 financially	 feasible	 to	 retrofit.	 It	 was	 also	 noticed	 that	 footprint,	 geometry	 and	
boundary	 conditions	 play	 an	 extremely	 important	 role.	 Therefore,	 when	 it	 comes	 to	
retrofitting,	site	parameters	are	extremely	important,	particularly	site	exposure,	topography	
and	orientation,	all	influencing	the	microclimate.		
Another	 important	 issue	 to	 keep	 in	 mind	 when	 retrofitting	 is	 the	 heritage	 value	 of	 the	
building	(if	at	all).	Apart	from	this	so-called	‘restraint’,	one	must	also	consider	the	proposed	
use	of	a	building.	If	a	building	will	be	used	for	commercial	purposes	the	financial	viability	of	
the	retrofitting	options	become	much	more	cost-effective.	Due	to	the	fact	that	the	building	
will	 tend	 to	 rely	much	more	 on	mechanical	 systems	 in	 order	 to	 keep	 a	 high	 standard	 of	
thermal	comfort,	possibly	keeping	such	HVAC	systems	switched	on	24x7	–	albeit	not	always.		
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Abstract: With the global need to improve building energy efficiency, numerous old dwellings representing a 
large part of the building stock need to be retrofitted. In the centre of the city of Cahors, France, old dwellings 
are considered as historical heritage and have to be internally retrofit to preserve the architecture value of the 
exterior façade. Such retrofits can lead to damage due to, for example, interstitial condensation. That’s why, 
before the retrofit, a careful hygrothermal study must be run to predict the moisture behaviour of 
construction assemblies. However, most models assume a stand-alone building without taking into account 
surrounding buildings, whereas in reality buildings will be influenced by their neighbouring environment.  In 
our case study, historical buildings are located in a very dense urban environment, as typical medieval 
pattern where urban morphology cannot be neglected.  In this study, the urban environment modification of 
the exterior boundary conditions (mainly solar radiation and convective heat transfer coefficient) and 
consequent hygrothermal performance of the wall was investigated. The model is implemented by 
coupling the hygrothermal model Delphin to the whole-building simulation model EnergyPlus and 
Geographic Information Systems (GIS) tool ArcGIS. The goal is to predict exterior boundary conditions in 
the real geometry of the dense urban area as well as hygrothermal transfer in building envelopes. An open 
insulation system based on bio-sourced materials is studied.  The simulation results indicate a quantitative 
correlation between urban morphology features and the hygrothermal performance of the fabric and the 
impact of the insulation system on the fabric decay.  

Keywords: internal wall insulation, hygrothermal performance, urban microclimate 

Introduction 

Context 

The centre of Cahors (south west of France) is characterized by its historical heritage and it’s 
subject to specific regulations, implying adapted methods of intervention for thermal 
refurbishment as internal retrofit. But adding interior insulation significantly affects the 
thermal and hygric behavior of the masonry (Maurenbrecher, 1998).  Insulation may cause 
the temperature within the masonry wall to drop, increasing the potential risk of damage 
due to interstitial condensation. Another pitfall of adding vapour-tight interior insulation is 
that it can inhibit internal drying, whereas an uninsulated wall can dry to the interior as well 
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as the exterior. This reduces the drying rate and leads to higher levels of moisture 
accumulation. External drying may also be influenced by wind and solar shading by 
neighbouring buildings, particularly in the dense medieval city centre of Cahors (see Figure 
1). In this study, indoor insulation systems in Cahors are assessed using in-situ monitoring of 
building, hygrothermal characterization of construction materials in the lab, and building 
physics modelling. An open vapor-system, with bio-based materials as insulation is studied. 
The high hygrogroscopicity of bio-based materials make them highly sensitive to moisture 
and because of the risk of mould growth they are often discarded from refurbishment 
projects. The moisture accumulation in a wall is often determined by boundary conditions 
(BC) and site-specific climate can significantly influence decay of the construction materials. 
In this paper, the building physics modelling of insulated walls with open (bio-based 
materials) is described, with the objective of preserving cultural heritage without risking 
moisture damage to the valuable historical buildings.  

 
Figure 1: View of the city center of Cahors 

Urban morphology and microclimate 

The boundary conditions imposed on a mathematical model are often as critical to its 
accuracy as the proper modelling of the moisture physics. But in practice, detailed building 
energy simulation (BES) still typically rely on stand-alone building configurations, not 
accounting for the influence of neighbouring buildings, except perhaps for shading. The 
urban microclimate can strongly affect the boundary conditions (Dorer, 2013), particularly 
in a medieval city centre such as Cahors, where buildings may be very close together. 
Urban morphological parameters are dominating factors for the formation of urban climate 
conditions (Matzarakis & Mayer, 1988) . The urban microclimate is determined by  

(i) local air velocity, temperature and humidity;  

(ii) solar irradiation and specular and diffuse reflections;  

(iii) surface temperatures of building and ground, and the respective long-wave 

radiation exchange, also with the sky. 

The urban microclimate modifies the exterior boundary conditions (mainly solar radiation, 
convective heat transfer coefficient and wind pressure on the building modifying the Wind 
Driven Rain (WDR) exposure) and so the hygrothermal performance of the wall. In urban 
configurations, wind velocity and pressure on buildings may not be easily evaluated, and 
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studies have sought to examine factors such as urban canyon wind velocity and direction 
(Oke). 

Case study 

Method and focus on boundary conditions 

In this study, the insulation systems are modelled using hygrothermal simulations for 
individual buildings and their estimated internal and external boundary conditions. To do 
this, a model is implemented by employing the hygrothermal model Delphin with 
EnergyPlus and ArcGIS (see Figure 2).  
Individual building geometry, and the geometry and location of neighbouring buildings, is 
exported from a GIS database with building footprint and height data using ArcGIS. The 
same data was then used to model the building envelopes in the modelling tool EnergyPlus 
allowing the whole-building modelling of each building and its neighbours with its geometry. 
Here, EnergyPlus is used to obtain specific internal and external boundary conditions, such 
as the surface temperature of the external fabric elements , we consider that all outdoor 
thermal influences are lumped into equivalent outdoor air surface temperature (Hagentoft, 
2001), which combines air temperature, as well as solar and longwave radiation which will 
vary depending on shading buildings. To alter wind building exposure, two roughness 
terrains are tested here (Country and City). Following the EnergyPlus simulations, air surface 
temperature is implemented in Delphin hygrothermal simulations as exterior boundary 
conditions; Delphin is used here rather than the Heat and Moisture Transport (HAMT) tool 
in EnergyPlus due to the ability to model wind-driven rain, and greater discretisation of the 
fabric elements. The climate conditions at the interior side of the wall are applied according 
to modelling standard EN13788 (ISO13788, 2012) for relative humidity and air temperature. 

 

 
Figure 2: Simulation methodology 

 

Building and wall description : construction assembly and materials 

In this initial work, a building is studied first as a stand-alone building and secondly in its 
urban configuration and each floor of the building is studied. The analysis is performed for a 
single leaf massive masonry wall outfitted with an interior insulation system. Results of only 
one building are presented, a west-oriented building with a single external wall.  

The original wall is made of massive clay brick. Buildings in the historical Cahors 
centre are dated from 12th to 19th century (ref Cahors). Due to numerous refurbishments of 
walls over the centuries, walls present heterogeneous historical brick materials making the 
dating and a global thermal characterization of the masonry difficult. Two historical bricks 
were hygrothermally characterized in the lab. According Vereecken (Vereecken, 2015), two 
hygric brick characteristics that are of main importance in this moisture transport are the 
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capillary absorption coefficient Acap (kg/(m2s)) and the capillary moisture content wcap 
(kg/m2) and proposed the moisture penetration factor : Acap/(wcap x dbrick), where a  high 
factor stands for a larger risk for the moisture to reach the warm side of the masonry. The 
analysis is performed with the brick presenting the highest moisture penetration factor 
(prop table 1).  

To assess the hygrothermal performance of the wall after refurbishment, the wall is 
modelled with a 10cm bio-based insulation made of hemp shives and lime. The brick mortar 
composition of the masonry wall is simplified to a single isotropic brick layer. Hence, the 
analysis can be completed based on one-dimensional simulations.  
Hygrothermal properties of the mix of hemp and lime insulation system were tested in the 
lab.  

 
Table 1 : Hygrothermal properties of building materials 

Materials Historical Brick 
(40cm) 

Hemp and lime insulation 
(10cm) 

Apparent density [kg/m3] 1616 430 

Total porosity [-] 0.45 0.79 

Thermal conductivity [W/(m.K)] 0.45 0.07 

Capillary absorption coefficient 
(Acap) [kg/(m²s1/2)] 

0.28 0.16 

Capillary moisture content 
(wcap) [kg/m²] 

26.48 47.11 

Water vapour diffusion factor 9 6.5 

 

Heat and moisture analysis, hygrothermal risks and performances, methodology of 
assessment  

Bio-based insulators are often discarded because of risk of mould development, which 
appears in specific temperature and relative humidity. The VTT model is an empirical and 
dynamic mould growth prediction model developed by Hukka and Viitanen (Hukka & 
Viitanen, 1999), (Viitanen, 2011). The mould growth development is expressed by the mould 
index (M), where M=1 is defined as the maximum tolerable value since from this point on 
the germination process starts. 
In our study the relative humidity and temperature at interstitial point were calculated on 
an hourly basis for a period of five years. The failure criteria are applied on last year 
simulation. 

Results and Analysis 

Thermal radiation modifications due to urban morphology 

Thermal radiation may have a significant impact on the water condensation risk in a wall 
(Kehrer & Schmidt, 2008). Urban morphology modifies both long-wave and short-wave 
radiations (see Figure 3), with highly sheltered façades receiving less solar radiation, more 
ground and buildings emission and less sky emission, avoiding the night overcooling.  
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Figure 3 : Access to solar radiation in kWh/m² per year and percentage of solar radiation available at this solar 

orientation for each façade with neighbourhood, EnergyPlus calculations. 

 

  
Figure 4 : Evolution of relative humidity between solid wall and bio-based insulation, fifth year of simulation, 

indoor boundary conditions according to EN13788 

 
To illustrate the impact of external boundary conditions, the same inside boundary 
conditions (EN13788) are applied in each case (see Figure 4). The first floor of the sheltered 
building presents higher relative humidity than stand-alone building (yearly average 
difference of RH= 7,44%), and more than 95 days above 80% while only 10,5 days with stand 
alone building. VTT model gives an initiation of mould growth (M>1) for wall with 
neighbourhood while no development of mould for stand-alone buildings. In this case, each 
floor of the building receiving very low solar radiation, the difference between floors is not 
so relevant.  

Impact of urban morphology on interior boundary conditions 

Comparing the in-situ indoor climate values obtained during the monitoring campaign in 
Cahors to the temperature and RH of EN13788, the standard seems not adapted to describe 
the indoor conditions in the historical district. Indeed, as in several vernacular cities, the 
dense form of the built create a very specific indoor climate (Coccolo, 2016), which needs to 
be taken into account in the hygrothermal simulation. Each floor is now modelled with the 
same simple occupation scenario in EnergyPlus.  
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Figure 5 : Evolution of relative humidity between solid wall and bio-based insulation, fifth year of simulation, 

adapted indoor boundary conditions. 

 
Using EnergyPlus modelled indoor conditions for temperature and RH (see Figure 4), we 
observe the same trend as with EN13788 indoor conditions with sheltered buildings 
presenting higher relative humidity at the interface between solid wall and insulation. But, 
no greater risk of mould development with adapted interior and exterior boundary 
conditions for bio-based insulation was observed.  

Wind modification due to urban morphology 

Urbanization has a notable effect upon the speed and direction of near surface wind, and 
many local factors influence the wind in urban environments (Santamouris, 2001). Wind 
impacts several parameters of hygrothermal transfer such as WDR (Blocken, 2009), external 
convective coefficient (ref) and surface moisture coefficient (ref), changing both the 
external surface temperature and drying capacity of the wall. In Cahors city, the complex 
topography of the Lot river and surrounding hills leads to irregular wind patterns. While 
EnergyPlus does not allow for wind shading based on specific geometries on neighbouring 
buildings, it does allow for the wind pressures to be adjusted by factors representing the 
surrounding terrain (Rural, Urban and City (ASHRAE, 2005)). In order to observe influence of 
wind in HAMT transfer, we chose to work with three wind velocities: Country and City 
Terrain (different surface roughness (Oke, 1987)) from the EnergyPlus model and a three-
time wind acceleration. The TARP algorithm in EnergyPlus enables the convective coefficient 
to be calculated dynamically from the wind velocity. 

 

 
Figure 6 : Four days of simulation in July with EnergyPlus - Surface temperatures with different wind speed on 

top floor of stand-alone building  
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Figure 7 : Evolution of relative humidity between solid wall and insulation of the last floor façade with different 

exterior wind speed, fifth year of simulation, interior BC EN13788 

 
Figure 6 shows how thermal convective coefficient modifies external surface temperature, 
where with higher wind speed, the surface temperature tends to outside air temperature. 
Wind mainly impacts WDR, provoking a raise of relative humidity with the acceleration of 
wind speed (comparison of curve (1), (3) and (5)). The effect is not counter-balanced by 
drying effect thanks to wind. Indeed, Delphin 5 offers two vapour diffusion model, 
respectively with a constant or a wind adaptative surface moisture coefficient. The variable 
air velocity provokes an acceleration of drying with high wind velocity (curve (1) and (2)), 
while the effect turns to be negligible for low wind velocity (superposition of the two curves 
(4) and (5)). First floor wall results demonstrates a risk of mould growth (M>1) with Country 
wind velocity, while this risk disappears with City wind velocity.  

Conclusion 

This paper presented a study conducted for the estimation of the long-term moisture 
response of the façades taking into account the urban morphology. The study highlights that 
a building in a highly dense area shouldn’t be treated as a stand-alone building, especially in 
term of thermal radiation and indoor boundary conditions. In the region of Cahors, the 
global low wind velocity makes the wind a less critical parameter. But in region with high 
wind velocity, this parameter should be taken carefully into account. Simulating walls with 
unadapted BC, can lead to discard insulation materials as bio-sourced insulations, while 
these materials present interesting features for a low carbon refurbishment of historical 
buildings. Further work will model numerous individual buildings and their façades in the 
city center to have a larger view of the critical parameters and influence of urban form.  
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Abstract:	The	concept	of	sustainable	development	has	evolved	to	include	cultural	development	among	its	three	
pillars	 (economic,	social	and	environmental).	 In	this	sense,	 the	rehabilitation	of	historical	heritage	 integrates	
perfectly	in	the	set	of	measures	needed	to	promote	sustainability	–reduce,	recycle	and	reuse-.	We	have	selected	
the	 city	 of	 Seville,	 Spain	 –a	 city	with	 some	of	 the	 richest	 historical	 heritage	 in	 Europe–	 as	 a	 case	 study,	 by	
examining	the	policies	and	programmes	carried	out	in	recent	decades	by	the	governments	responsible	for	the	
cultural	heritage	of	the	city	in	terms	of	architectural	and	urban	rehabilitation.	With	the	arrival	of	democracy,	the	
regional	government	opted	to	recover	and	protect	domestic	and	monumental	architecture,	trying	to	regenerate	
some	of	the	most	degraded	historic	areas	in	the	city.	This	entails	a	conscious	commitment	to	the	regeneration	
and	 reuse	 of	 urban	 spaces	 through	 the	 rehabilitation	 of	 the	 architectural	 and	 urban	 heritage.	 This	
communication	 will	 try	 to	 show	 that	 in	 certain	 neighbourhoods	 of	 Seville,	 transformation	 and	 sustainable	
conservation	have	been	largely	achieved	thanks	to	the	rehabilitation	and	revival	of	these	notable	buildings	which	
represent	the	historical	heritage	of	the	city.	

Keywords:	Urban	Sustainable	Regeneration,	Historical	Heritage,	Rehabilitation,	Architecture	Reuse,	Cities.	

Introduction	

Rehabilitating	 the	 historical	 heritage,	 in	 addition	 to	 incorporating	 the	 idea	 of	 reducing,	
recycling	 and	 reusing,	 considered	 as	 a	 set	 of	 measures	 to	 promote	 sustainability,	 is	
ideologically	a	step	forward.	The	concept	of	sustainable	development	has	been	expanded	to	
include	cultural	development	along	with	its	three	pillars:	economic,	social	and	environmental	
(Hawkes,	2001).	

In	 our	 case,	we	will	 try	 to	 deepen	 the	 understanding	 of	 sustainability	 from	 a	more	
humanistic	point	of	view,	that	is,	from	a	cultural	point	of	view.	To	do	this,	we	will	address	the	
rehabilitation	of	the	heritage	and	its	influence	on	the	sustainable	urban	regeneration	of	the	
fabric	of	historic	buildings	of	the	city.	The	rehabilitation	of	historical	buildings	of	great	value	
is,	 in	 addition	 to	 the	 conservation	 of	 the	 historical	 legacy	 of	 a	 city,	 a	 sustainable	way	 of	
transforming	and	regenerating	the	urban	fabric,	reducing	factors	such	as	air	pollution	or	the	
additional	consumption	of	 land	(Arnold,	2016).	This	 involves	an	 integrated	policy	of	urban	
development	in	historic	areas,	according	to	criteria	such	as	social	cohesion,	the	creation	and	
consolidation	of	facilities	and	quality	public	spaces	and	the	improvement	of	areas	that	have	
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become	obsolete	over	time.	Issues	already	covered	in	the	Leipzig	Charter	2007	on	Sustainable	
European	Cities.	

The	historic	centre	of	the	city	of	Seville.	

Our	goal	is	to	locate	a	case	study	in	which	the	rehabilitation	of	the	heritage	has	supposed,	as	
well	 as	 the	 conservation	 and	 preservation	 of	 architectural	 highlights,	 an	 urban	 and	
sustainable	regeneration	of	the	degraded	environments	where	they	were	located	and	that	
were	involved	in	a	progressive	deterioration	process.		This	is	the	case	of	the	city	of	Seville,	
one	 of	 Spain's	 largest	 historical	 sets,	 with	 remarkable	 heritage	 and	 historical	 assets	 at	
European	level.	

It	was	at	the	beginning	of	the	twentieth	century	that	Spain	became	concerned	about	
the	 conservation	 of	 the	 historical	 legacy,	 trying	 to	 protect	 historical-artistic	 monuments.	
However,	it	was	not	until	the	arrival	of	the	democratic	political	system	when	the	responsibility	
of	conserving	what	deserves	to	be	preserved	took	a	leading	role,	an	approach	that	was	finally	
realised	in	the	Ley	de	Protección	del	Patrimonio	Histórico	Español	16/1985	(Cultural	Heritage	
Protection	Act	of	Spain),	which	is	still	in	force.	

In	that	temporal	context,	Andalusia,	the	Spanish	region	where	Seville	is	located,	gains	
autonomy	and	assumes	important	responsibilities.	The	newly	formed	Andalusian	government,	
looking	 for	 definitive	 headquarters	 for	 its	 new	 institutions	 and	 with	 the	 horizon	 of	 the	
Universal	Exposition	of	1992,	instructs	the	prestigious	architect	Guillermo	Vázquez	Consuegra	
to	 undertake	 the	 study	 of	 a	 wide	 range	 of	 potentially	 suitable	 buildings	 in	 the	 city	 for	
accommodating	new	uses.	The	result	was	the	book	"Cien	Edificios	de	Sevilla,	susceptibles	de	
reutilización	 para	 usos	 institucionales"	 (One	 Hundred	 Suitable	 Buildings	 of	 Seville	 for	
Institutional	Reuse).	This	work,	published	in	1986,	has	become	a	catalogue	of	reference	of	the	
sevillian	 architectural	 heritage.	 The	 current	 revision	 of	 those	 buildings	 offers	 a	 significant	
sample	of	the	evolution	of	the	Andalusian	heritage	in	the	last	30	years	(Vázquez-Consuegra,	
1986).	

The	100	selected	buildings	were	scattered	throughout	the	historic	area	of	the	city,	and	
their	 eventual	 rehabilitation	would	 constitute	 a	 gesture	 of	 global	 urban	 regeneration	 and	
conversion.	The	40%	of	these	proposed	100	buildings	were	located	in	three	historic	districts:	
San	Bartolomé	(Saint	Bartholomew),	San	Vicente-San	Julián	(Saint	Vincent-Saint	Julian),	and	
Magdalena-Encarnación	 (Magdalene-Incarnation),	which	were	districts	 in	various	states	of	
deterioration.	 Therefore,	 the	 essential	 ambition	 of	 the	 regional	 public	 institutions	was	 to	
rehabilitate	and	reuse	the	heritage	of	the	most	degraded	historical	areas	to	promote	their	
conservation	 and	 regeneration.	 The	 next	 plan	 shows	 the	 location	 of	 the	 one	 hundred	
buildings	in	the	historic	city	of	Seville,	the	three	mentioned	districts	and	which	buildings	have	
been	effectively	rehabilitated	thanks	to	the	promotion	of	regional	institutions.	

The	 rehabilitation	 of	 these	 buildings	 provided	 critical	 support	 for	 the	 sustainable	
transformation	of	their	neighbourhoods,	making	them	more	comfortable	and	safe	areas,	as	
well	as	allowing	their	development	through	the	conservation	of	the	heritage	and	the	historic	
footprint.	From	the	three	mentioned	quarters,	we	have	chosen	Saint	Bartholomew	to	expand	
on	 the	 issues	 raised	 in	 this	 paper,	 analyse	 the	 background	 and	 reasons	 underlying	 the	
deterioration	 of	 the	 neighbourhood,	 understand	why	 the	 public	 institutions	 carried	 out	 a	
programme	of	regeneration,	analyse	how	it	was	materialised	and,	finally,	check	its	current	
status	(Cubero-Hernández,	2015).	
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	Figure	1.	Location	of	the	100	buildings	mentioned	and	the	buildings	reused	by	the	regional	government	in	

different	districts	of	the	historic	city	of	Seville.			

The	District	of	Saint	Bartholomew.	The	old	Jewish	quarter	of	Seville.		

The	District	of	Saint	Bartholomew,	along	with	Santa	Cruz	(The	Holy	Cross)	and	Santa	María	la	
Blanca	(Saint	Mary	the	White),	were	part	of	the	old	Jewish	quarter.	This	whole	architectural	
ensemble,	which	was	linked	to	the	respective	parishes	of	Saint	Bartholomew,	The	Holy	Cross	
and	Saint	Mary	the	White	after	the	expulsion	of	the	Jews,	has	homogeneous	and	distinctive	
characteristics	that	clearly	distinguish	it	from	the	rest	of	the	city.	However,	while	The	Holy	
Cross	 became	 the	 historical	 and	 tourist	 area	 par	 excellence,	 following	 reforms	 in	 the	
nineteenth	and	twentieth	centuries,	the	area	of	Saint	Bartholomew	was	left	abandoned	in	a	
progressive	deterioration	process,	becoming	one	of	the	most	degraded	areas	in	the	historic	
centre	 of	 Seville.	 The	 following	 paragraphs	 outline	 the	 reasons	 that	 influenced	 on	 the	
abandonment	of	the	District	of	Saint	Bartholomew.	

After	 the	 earthquake	 of	 Lisbon	 in	 1755	 and	 during	 the	 eighteenth	 and	 nineteenth	
centuries,	 the	city	entered	a	period	of	enlightened	urban	recovery.	After	the	ecclesiastical	
confiscation,	 new	 squares	 appeared	 due	 to	 the	 occupancy	 of	 spaces	 such	 as	 gardens	 of	
convents	in	inner	courtyards,	but	the	Saint	Bartholomew	district	did	not	have	new	openings,	
keeping	its	morphology	almost	intact.	The	most	forceful	interventions	on	the	historic	fabric	
of	the	city	are	produced	on	the	occasion	of	the	Ibero-American	Exposition	of	1929,	with	the	
opening	of	new	avenues	and	the	extension	of	others.	The	objective	was	to	make	the	urban	
centre	of	the	city	a	more	comfortable	place	to	live;	an	urban	centre	that	carried	a	huge	weight	
in	comparison	with	a	periphery	that	needed	to	be	expanded	beyond	the	historical	suburbs.	
In	this	sense,	The	Holy	Cross	district	is	subject	to	serious	transformations	by	setting	a	precise	
link	with	 the	 area	 of	 the	most	 significant	monuments	 of	 the	 city	 (Cathedral,	 Giralda	 and	
Alcázar,	today	recognised	as	World	Heritage	Sites).	The	conditions	that	would	make	The	Holy	
Cross	 district	 a	 tourist	 destination	 were	 implemented,	 while	 the	 neglect	 of	 the	
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neighbourhood	 of	 Saint	 Bartholomew	 would	 increase.	 The	 development	 of	 the	 post-war	
planning	aggravated	the	process,	leaving	it	under	conditions	of	great	degradation.	

The	 District	 of	 Saint	 Bartholomew,	 immobilised	 over	 the	 years	 in	 relation	 to	 the	
processes	of	urban	renewal,	was	laid	in	ruins	in	the	mid-seventies.	Then,	a	number	of	private	
companies	and	professionals	tried	to	recover	the	areas	of	Saint	Bartholomew	and	Santiago,	
introducing	 the	most	 recent	 criteria	 on	 performance	 in	 the	 historic	 city.	 The	 goal	was	 to	
maintain,	as	far	as	possible,	the	layout	and	shape	of	the	urban	fabric,	understood	as	a	major	
cultural	 value	 able	 to	 improve	 the	 quality	 of	 urban	 life.	 The	 financial	 difficulties	 for	 the	
intervention	and	rehabilitation	of	the	historic	centre	without	having	to	evict	inhabitants	were	
a	difficult	obstacle	to	overcome	for	the	private	initiative,	in	comparison	with	the	exhilarating	
short-term	gains	in	the	periphery,	so	the	economic	thrust	did	not	quite	materialise	except	for	
some	isolated	cases.	

Criteria	for	sustainable	regeneration	of	the	historic	district.	

In	view	of	the	above,	it	seems	obvious	that	the	task	of	ensuring	that	the	district	regained	its	
significance	within	the	structure	of	the	city	should	necessarily	be	addressed	through	a	proper	
combination	of	efforts	from	various	social	factors.	On	the	one	hand,	the	dynamic	initiated	by	
the	private	sector	and,	on	the	other	hand,	the	performance	of	the	public	sector,	both	locally	
and	regionally,	which,	in	turn,	promoted	the	private	initiative	(Veldpaus,	2015).		It	is	then,	by	
the	1980’s,	when	the	Andalusian	government,	through	the	Ministry	of	Culture,	prepared	a	
series	of	actions	in	the	Saint	Bartholomew	district	designed	to	curb	degradation	by	creating	
the	essential	basic	conditions	for	its	gradual	revitalisation.	

The	most	decisive	action	taken	by	the	public	institutions	would	be	the	establishment	of	
the	main	services	of	the	regional	cultural	administration	in	several	of	the	historic	buildings	in	
this	 district,	 with	 the	 aim	 of	 restoring	 these	 buildings,	 which	 were	 in	 bad	 condition	 and	
progressive	 deterioration,	 as	 well	 as	 revitalising	 their	 environment.	 This	 measure	 was	
intended	to	promote	and	encourage	the	protection	and	preservation	of	buildings	of	historical	
and	artistic	value	within	the	historic	centre	of	Seville.	But	above	all	else,	both	effectively	and	
symbolically,	the	recovery	of	the	entire	neighbourhood	of	Saint	Bartholomew	was	put	in	place	
after	the	rehabilitation	of	its	heritage	and	the	establishment	of	the	institutional	headquarters	
of	the	Ministry	of	Culture	(Nasser,	2016).			

In	 accordance	 with	 these	 principles,	 the	 package	 of	 measures	 undertaken	 in	 this	
programme	is	divided	into	three	areas:	on	the	one	hand,	the	refurbishment	and	repair	of	the	
flooring,	furniture	and	infrastructure	networks,	as	well	as	the	reorganisation	of	the	traffic	and	
arrangements	on	the	façades	of	the	existing	houses.	On	the	other	hand,	the	establishment	of	
the	central	services	of	the	Ministry	in	the	most	significant	buildings	in	the	area:	The	Palace	of	
Altamira,	 the	 Palace	 of	Mañara	 and	 the	 House	 of	 Don	 Benito	 del	 Campo,	 as	 well	 as	 the	
occupancy	of	two	new	buildings.	Finally,	and	thirdly,	the	restoration	of	several	buildings	in	
the	area:	Convento	de	Madre	de	Dios	(the	convent	of	the	Mother	of	God)	and	the	churches	
of	Saint	Bartholomew,	Saint	Mary	the	White	and	San	Nicolás	de	Bari	(Saint	Nicholas	of	Bari).	

This	 programme,	 carried	 out	 by	 the	 Andalusian	 government,	meant	 a	 boost	 to	 the	
process	of	rehabilitation	of	an	entire	neighbourhood,	proposing	a	model	of	intervention	in	
which	the	establishment	of	institutional	buildings	contributed	to	structure	the	urban	centres,	
as	well	as	to	preserve	and	revitalise	them,	which	was	a	key	objective	in	the	process	of	urban	
rehabilitation.	
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Figure	2.	Selected	buildings	from	the	Plan	of	Rehabilitation	of	the	Saint	Bartholomew	District.		
This	figure	is	drawn	on	the	basis	map	that	appears	in	the	book:	Consejería	de	Cultura,	1988.	

Reuse	of	historical	buildings	as	institutional	headquarters.		

We	 will	 analyse	 the	 three	 historic	 buildings	 that	 were	 renovated	 to	 accommodate	 new	
institutional	uses,	as	a	strategy	of	the	Andalusian	government	for	distributing	its	departments	
among	 various	 buildings,	 bringing	 its	 services	 closer	 to	 citizens	 of	 different	 areas	 and	
favouring	these	areas	thanks	to	the	momentum	of	the	new	administrative	activity	(Cubero-
Hernández	et	al,	2016).	These	buildings	were	included	in	the	already	mentioned	catalogue	of	
One	Hundred	Buildings	of	Seville,	published	in	1986,	so	we	will	consider	the	conditions	under	
which	the	building	was	at	the	time	of	the	writing	of	this	book.	

Palace	of	Altamira.	
It	is	one	of	the	most	significant	historical	buildings	in	the	city,	composed	of	a	juxtaposition	of	
buildings	whose	origin	is	a	Mudejar	palace	that	was	later	expanded	to	become	the	residence	
of	noble	families	and	that	was	finally	adapted	as	a	tenement	in	the	nineteenth	century.	In	
1986,	the	building	was	empty	for	several	years	and	completely	in	ruins.	In	1988,	the	Junta	de	
Andalucía	 (the	 Andalusian	 government)	 acquired	 the	 property	 in	 an	 advanced	 state	 of	
deterioration	 and	 instructed	 the	 architect	 Francisco	 Torres	 Martínez	 to	 reform	 and	
rehabilitate	it	so	that	it	hosted	the	headquarters	of	the	Ministry	of	Culture	of	the	Andalusian	
government	(Torres-Martínez,	1998),	which	was	open	to	the	public	in	1999	and	still	remains	
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in	use	today	The	building	was	declared	as	a	Cultural	Heritage	Site	by	the	Spanish	government	
in	1990.	

Palace	of	Miguel	de	Mañara.	
The	Casa	Mañara	(Mañara	House)	was	a	private	residence	until	the	nineteenth	century,	when	
it	was	 used	 as	 a	military	 barracks	 during	 the	 French	 invasion.	 Since	 the	 beginning	 of	 the	
twentieth	century,	the	building	had	very	diverse	applications,	all	of	them	related	to	industrial	
work.	In	the	1950’s	and	until	the	1970’s,	it	served	as	a	public	school.	In	1986,	the	building	was	
closed	following	the	relocation	of	the	school.	Finally,	after	a	period	of	complete	abandonment	
and	after	being	included	in	the	Plan	of	Rehabilitation	of	the	district	of	Saint	Bartholomew,	
works	began	 in	1989,	under	the	supervision	of	the	architect	Fernando	Villanueva	Sandino,	
who	was	responsible	for	the	restoration	project.	The	building	was	inaugurated	in	1992	aiming	
at	the	headquarters	of	the	Ministry	of	Culture	of	the	Andalusian	government.	This	building	
was	declared	as	a	Cultural	Heritage	Site	by	the	Spanish	government	in	1983.	

House	of	Don	Benito	del	Campo	or	House	at	13	San	José	Street.	
This	eighteenth-century	house	served	as	a	private	residence	for	more	than	two	centuries	until	
in	1975	a	series	of	reforms	were	carried	out	in	order	to	partially	adapt	its	use	as	offices	of	a	
bank.	In	1986,	the	House	was	uninhabited,	with	the	exception	of	the	room	that	served	as	the	
office.	 At	 that	 time,	 the	 property	 had	 an	 acceptable	 state	 of	 preservation.	 In	 1992,	 the	
Andalusian	government	instructs	the	architects	Cruz&Ortiz	to	undertake	the	rehabilitation	of	
the	 building	 for	 its	 use	 as	 the	 headquarters	 of	 the	Ministry	 of	 Culture	 of	 the	 Andalusian	
government.	

The	rehabilitation	and	putting	into	use	of	these	large	heritage	buildings	as	institutional	
headquarters	is	not	only	valuable	because	of	their	usefulness	for	the	administrative	tasks	that	
they	host,	but	also	because	they	become	crucial	revitalising	elements	for	the	neighbourhood,	
as	their	new	use	help	to	generate	an	active	cultural	dynamic,	with	exhibitions,	conferences,	
etc.,	all	of	which	promotes	a	flow	of	additional	initiatives,	not	only	in	terms	of	real	estate	or	
residential	development	but	also	with	broader	profiles,	such	as	small	retail	stores	and	services	
of	all	kinds.	

Private	initiative.	Rehabilitation	of	the	Casas	de	la	Judería	(Houses	in	the	Jewish	Quarter).	

We	have	analysed	the	comprehensive	action	which	resulted	from	the	initiative	undertaken	
by	 the	 Andalusian	 government's	 urban	 and	 sustainable	 regeneration	 of	 the	 Saint	
Bartholomew	district	through	the	rehabilitation	of	three	buildings	with	historical	value.	This	
was	the	trigger	for	a	substantial	improvement	of	the	district	and	gave	rise	to	new	proposals	
and	 interventions	 in	 the	 same	 area	 from	 the	 private	 sector,	 resulting	 in	 the	 integral	
regeneration	 of	 the	 district.	 That	 means	 that	 the	 actions	 of	 rehabilitation	 of	 historical	
buildings	by	 the	public	 initiative	are	not	only	valuable	 in	 themselves	but	also	as	 a	pole	of	
attraction	for	consistent	individual	actions	to	be	added.	

Precisely	 in	 relation	 to	 the	 private	 initiative,	 and	 to	 illustrate	 the	 relationship	 of	
complementarity	 between	 both	 approaches,	 it	 is	 necessary	 to	 assess	 the	 impact	 of	 an	
important	private	action	which	originated	in	the	1970’s	–prior	to	the	start	of	the	public	actions	
that	we	have	highlighted–	but	which	failed	to	deliver	significant	results	until	the	institutions	
got	fully	involved.	We	refer	to	the	ProSevilla	institution,	made	up	of	businessmen,	architects	
and	 intellectuals	with	 the	objective	of	 stopping	 the	destruction	of	 the	historic	 centre	and	
recovering	degraded	areas	through	an	integrated	approach,	that	is,	not	only	worrying	about	
the	monuments	or	special	buildings	but	also	about	the	popular	houses	and	the	spaces	that	
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shaped	the	traditional	urban	fabric,	where	people	interacted	and	communicated.	ProSevilla	
focused	its	activities	on	the	neighbourhoods	of	Santiago	and	Saint	Bartholomew,	which	were	
among	 the	most	 uninhabited	 and	where	 the	 largest	 collection	 of	 civil	 architecture	 of	 the	
historic	Seville	was	located,	including	palaces,	noble	houses,	convents	and	popular	houses.	

In	the	beginning,	they	managed	to	carry	out	some	notable	restorations.	However,	in	the	
early	1980’s,	the	organisation	was	dissolved	due	to	economic	difficulties,	as	it	did	not	have	
the	support	of	 the	administration	nor	 received	subsidies.	But	 the	seeds	were	planted	and	
under	 the	 appropriate	 circumstances	 and	 context	 –marked	 by	 important	 public	
interventions–	rehabilitation	works	of	enormous	value	slowly	spread.	The	restoration	of	the	
architectural	ensemble	known	as	the	Houses	in	the	Jewish	quarter,	developed	between	1980	
and	 2012,	would	 be	 a	major	milestone	 following	 the	 goals	 of	ProSevilla	 and	 constitute	 a	
unitary	action	of	urban	recovery	of	a	traditional	neighbourhood	focused	on	the	rehabilitation	
of	the	houses	in	the	area.	It	was	the	largest	private	investment	project	in	the	historic	centre	
of	 Seville,	 one	 of	 the	 most	 extensive	 in	 the	 world.	 The	 rehabilitation	 process	 was	 of	
unprecedented	 proportions,	 as	 it	 encompassed	 4	 traditional	 townhouses	 of	 classical	
architecture	and	15	houses	of	popular	architecture,	including	36	courtyards.	This	architectural	
ensemble	 is	 currently	 intended	 for	 hotel	 and	 residential	 use.	 The	 result	 is	 the	 urban	
revitalisation	of	a	historic	area	of	great	artistic	 value	 in	 the	centre	of	Seville.	 In	2013,	 the	
project	 by	 the	 Sevillian	 architect	 Luis	 Fernando	 Gómez-Stern	 was	 awarded	 the	 Rafael	
Manzano	Prize	for	New	Traditional	Architecture.	

	

	
Figure	3.	Rehabilitation	of	the	Casas	de	la	Judería.		

View	from	the	Rafael	Manzano	Prize	for	New	Traditional	Architecture	website.		

Conclusions	

This	work	highlights	the	importance	of	public	institutions	in	the	process	of	regeneration	of	
historic	cities	in	an	efficient	and	sustainable	way,	trying	to	preserve	and	protect	the	historical	
legacy	through	the	rehabilitation	of	the	heritage.	The	policies	and	programmes	carried	out	in	
the	 studied	 area	 (District	 of	 Saint	 Bartholomew	 in	 Seville)	 do	 not	 only	 focus	 on	 specific	
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interventions	 in	 some	 buildings,	 but	 they	 also	 represent	 an	 integrated	 performance,	
revitalising	both	infrastructure	and	public	space.	The	recovery	of	buildings	by	reusing	them	in	
new	applications,	especially	as	headquarters	of	the	regional	institutions	in	the	field	of	culture,	
has	meant	a	regeneration	of	the	area,	both	from	the	cultural	and	social	point	of	view.	This,	in	
turn,	 has	 attracted	 private	 investment	 in	 this	 neighbourhood,	 which	 was	 in	 a	 process	 of	
substantial	 improvement,	 to	carry	out	other	actions	which	serve	as	a	complement	 for	 the	
total	transformation	of	the	neighbourhood,	remaining	today	as	one	of	the	most	important	
areas	in	the	historic	centre	of	Seville.	

The	decision	to	restore	several	disused	historic	buildings	in	a	degraded	area	of	the	city	
that	had	long	been	forgotten	by	the	institutions,	so	that	they	could	host	the	headquarters	of	
the	regional	administration	in	charge	of	making	such	decisions,	reaffirms	the	commitment	of	
the	public	institutions	to	the	regeneration	and	protection	of	heritage,	serving	as	an	example	
for	other	regional	governments,	both	domestically	and	internationally.	

There	are	several	factors	for	this	policy	to	be	considered	as	a	performance	following	
sustainable	 criteria.	 On	 the	 one	 hand,	 the	 recovery	 of	 historic	 buildings	 that	 were	
deteriorating	and	therefore	in	danger	of	disappearance	makes	it	unnecessary	to	use	other	
real	estate	alternatives,	reducing	the	needs	of	using	greenfield	sites,	in	a	bid	to	preserve	the	
historic	urban	fabric	of	the	city.	On	the	other	hand	and,	perhaps	most	 importantly	 from	a	
sustainable	 approach,	 there	 is	 a	 desirable	 social	 outcome:	 new	 applications	 of	 reused	
buildings	have	generated	a	favourable	dynamic	for	the	repopulation	and	the	social	cohesion	
among	 the	 inhabitants,	 the	 reactivation	 of	 public	 spaces	 through	 the	 renovation	 and	
improvement	of	infrastructures,	the	opening	of	the	city	for	the	improvement	of	connections	
with	the	environment,	therefore	making	the	rest	of	buildings	in	the	neighbourhood	suitable	
for	both	residential	and	touristic	use	(an	economic	engine	in	the	city),	in	a	recycled	conception	
of	its	potential.	All	this	makes	this	neighbourhood	work	now	as	a	renewed	part	of	Seville’s	
engine	 and	 guarantees	 the	 survival	 of	 the	 historical	 architectural	 ensemble	 thanks	 to	 the	
acquisition	of	socially	active	and	efficient	applications.	

References	
Arnold,	D.	(2016).	The	Architectural	Heritage	of	Cities:	Some	thoughts	on	Research	Methods,	Theories	

and	Strategies	for	Preservation	and	Sustainable	Re-use	in	a	Global	Context.	In:	The	4th	International	Symposium	
on	Architecture	Heritage	Preservation	and	Sustainable	Development,	Tianjin,	China.	Urban	Flux,	Beijing	China,	
pp.	180-183.	

Consejería	de	Cultura,	Junta	de	Andalucía	(1988).	San	Bartolomé	1988-1992:	recuperación	de	un	barrio	
histórico.	Ubicación	de	la	Consejería	de	Cultura.	Sevilla:	Consejería	de	Cultura	de	la	Junta	de	Andalucía.	

Cubero-Hernandez,	A.,	Perez-Cano,	M.T.	(2016).	Permanence,	adaptation	or	reuse.	Transformations	in	
the	convents	of	the	city	of	Seville.	Open	Engineering,	Vol.	6	(1),	281-290.	

Cubero-Hernandez,	A.,	(2015).	El	Proceso	de	Restauración	del	Patrimonio	Histórico	Inmueble	Andaluz	en	
los	últimos	30	años	(1986-2016).	Criterios	de	Intervención	y	Protección	del	Patrimonio	a	través	de	cien	edificios	
de	Sevilla.	Master	Thesis.	University	of	Seville.	

Hawkes,	J.	(2001).	The	fourth	pillar	of	sustainability:	culture's	essential	role	in	public	planning.	Victoria:	
Common	Ground.	

Nasser,	 N.	 (2016).	 Planning	 for	 Urban	 Heritage	 Places:	 Reconciling	 Conservation,	 Tourism,	 and	
Sustainable	Development.	Journal	of	Planning	Literature,	Vol.	17.	(4),	467-479.		

Torres-Martínez,	 F.	 (1998).	 Francisco	 Torres:	 arquitecto.	 Sevilla:	 Fundación	 FIDAS,	 Colegio	 Oficial	 de	
Arquitectos	de	Andalucía	Occidental,	Demarcación	Sevilla.	

Vazquez-Consuegra,	 G.	 (1986).	 Cien	 Edificios	 de	 Sevilla,	 susceptibles	 de	 reutilización	 para	 usos	
institucionales.	Sevilla:	Consejería	de	Obras	Públicas	y	Transportes	de	la	Junta	de	Andalucía.	

Veldpaus,	L.	(2015).	Historic	urban	landscapes:	framing	the	integration	of	urban	and	heritage	planning	in	
multilevel	governance.	Eindhoven:	Technische	Universiteit	Eindhoven.	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 3039



	
 

Refurbishing	the	Corviale:	a	sustainable	city	inside	a	single	building	
	
Irene	Giglio	and	Simos	Yannas1		
	
1	Director	of	Sustainable	Environmental	Design,	Architectural	Association	School	of	
Architecture,	London,	UK	simos@aaschool.ac.uk	

	
Abstract:	Most	of	the	massive	residential	complexes	that	were	built	in	Italy	in	the	1970s	and	1980s	are	today	
considered	to	have	failed	to	achieve	their	progressive	modernist	ideals	as	“living	machines”,	instead	becoming	
violent	and	unhealthy	places	 contributing	 to	 social	 fragmentation	 rather	 than	 inclusion.	The	 reasons	behind	
these	 problems	 are	 still	 a	 topic	 of	 debate,	 but	 lack	 of	 fundamental	 environmental	 services	 is	 universally	
considered	one	of	the	main	causes.	The	paper	follows	the	case	of	the	Corviale,	a	one-kilometer-long	building	
and	 one	 of	 the	 most	 iconic	 examples	 of	 this	 architecture	 in	 Italy,	 proposing	 to	 reinterpret	 the	 building’s	
functions	and	refurbish	its	physical	fabric	aiming	to	revive	the	debate	on	the	future	of	modernist	buildings	
	
Keywords:	Modernism,	Social-Housing,	Refurbishment,	Environmental	Assessment.	

Introduction		

Use	Following	the	consensus	reached	at	the	11th	CIAM	congress	of	1929,	architects	began	
to	explore	the	potentials	of	“existenzminimum”	modernist	architecture.	The	production	of	
small	replicable	housing	units	aimed	to	provide	the	masses	with	a	home	filled	with	light,	sun,	
air	and	space.	The	“Unité	d’Habitation”	was	conceived	by	Le	Corbusier	to	reproduce	the	city	
inside	a	building.		

At	 the	beginning	of	 the	1920s,	 cutting-edge	apartment	 complexes	 started	 to	 sprawl	
across	 Europe	bringing	with	 them	 the	 aspirations	 of	 a	modern	 city	 and	 a	more	 equitable	
society.		

In	 the	 face	 of	 the	 best	 expectations,	 many	 of	 these	 buildings	 were	 subsequently	
criticized	as	impractical	and	inhuman	(Burns,	1972)	and	were	rejected	by	the	middle	classes	
they	 were	 meant	 to	 serve	 (Brolin,	 1976).	 Bruno	 Zevi	 (1965)	 wrote	 that	 the	 modernist	
architect	has	a	“spasmodic	need	for	security	and	symmetry,	fear	of	flexibility...	fear	of	living”.	
The	outcome	is	often	a	building	extruded	from	a	fixed	section,	with	functions	rigidly	divided	
between	the	floors,	discouraging	occupants	from	moving	about	and	lacking	in	variety.		

The	 Corviale,	 a	 one-kilometer-long	 building	 on	 the	 outskirts	 of	 Rome	 is	 one	 of	 the	
most	 iconic	 examples	 of	 Italian	 modernist	 architecture.	 Designed	 as	 a	 residential	
experiment	in	the	1970s,	it	was	conceived	as	a	barrier	to	urban	sprawling	(Barbera,	L.,	2009),	
but	has	suffered	the	fate	of	many	other	large	building	structures	of	that	period.		

A	 recent	 study	 (Author	 2015)	 involving	 on-site	 environmental	 measurements	 and	
interviews	 followed	 by	 modeling	 of	 sections	 of	 the	 building	 for	 thermal	 and	 daylighting	
simulations,	has	highlighted	specific	problems	with	the	residential	and	communal	areas	thus	
highlighting	the	building’s	potential	for	refurbishment	into	a	vibrant	urban	community	with	
mixed	uses	and	extensive	social	and	educational	facilities.	The	paper	presents	the	results	of	
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this	 study	 followed	by	 refurbishment	THIS	 IS	A	BLIND	SUBMISSION	DO	NOT	OCCUPY	THIS	
SPACE	To	be	used	later	for	Authors’	Names	and	Affiliations	proposals	developed	in	the	spirit	
of	providing	affordable	social	housing	and	other	functions	and	facilities	within	the	building	
enhancing	 the	 sense	 of	 place	 and	 community,	 welcoming	 occupants	 of	 different	 ages,	
incomes	and	backgrounds.		

The	 proposals	 rearrange	 the	 building’s	 residential	 accommodation	 into	 flexible	
contemporary	 units	 that	 can	 be	 customized	 and	 recombined	 by	 the	 inhabitants.	 The	
services	and	non-residential	functions	of	the	building	are	redistributed.	The	building’s	roof	is	
to	be	used	for	the	production	of	renewable	energy	and	the	cultivation	of	urban	vegetable	
gardens,	 cycling	paths	 and	 spaces	 enjoying	uniques	 view	over	 the	 city	 of	Rome	 from	one	
side	of	the	building	and	to	the	countryside	from	the	other.	

The	Corviale	

The	 Corviale	 is	 composed	 of	 two	 long	 residential	 buildings	 and	 a	 number	 of	 smaller	
structures	 that	were	meant	 to	house	 community	 services	 (Figure	 1).	 The	main	building	 is	
almost	one-kilometer	long	and	37	meters	high.	Eight	of	its	eleven	floors	are	residential	while	
the	 “Piano	 Libero”	 was	 originally	 conceived	 as	 a	 mixed-use	 zone	 with	 public	 services,	
communal	 areas,	 laboratories	 and	 shops.	 The	 cross	 sections	 along	 the	 building	 are	 all	
different	because	the	“Piano	Libero”	has	a	variable	height	and	shape	as	one	moves	through	
the	 building.	 This	 building	was	meant	 to	 house	 some	 6500	 people,	 three	 quarters	 of	 the	
total	population	of	 the	complex.	The	building	houses	1200	apartments	 (an	additional	128	
flats	were	illegally	created	on	the	“Piano	Libero”)	distributed	over	9	of	its	11	floors.	
	

	
Figure	1.	Picture	showing	the	peculiar	location	of	the	building		

SOURCE:	“Rigenerare	Corviale”	contest	-	Graphic	and	Photographic	Documentation.	
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Refurbishment	Proposal	

The	 paper	 presents	 design	 proposals	 for	 a	 refurbishing	 project	 for	 the	 Corviale,	 whose	
original	 objectives	 have	 been	 recognized	 as	 highly	 valuable,	 aimed	 at	 the	 re-insertion	 of	
social	 housing	 and	 services;	 this	 will	 include	 communal	 spaces	 and	 facilities,	 commercial	
areas	and	a	University	Campus.		

Since	 a	 large	 number	 of	 attempts	 to	 do	 so	 have	 already	 failed	 (in	 2010,	 2012	 and	
2016),	 the	 research	also	aimed	at	analyzing	 the	causes	and	 the	weaknesses	of	 the	design	
proposals	 and	 the	 reasons	 for	 their	 failure.	 None	 of	 the	 proposals	 were	 found	 to	 have	
tackled	the	Corviale	in	all	its	striking	complexity,	only	aiming	at	providing	new	homes	to	the	
same	 inhabitants.	 A	 key	 and	 innovative	 aspect	 of	 the	 proposal	 was,	 instead,	 to	 create	 a	
direct	contact	between	inhabitants	and	external	visitors	(such	as	students)	and,	by	so	doing,	
creating	a	mixed	and	diverse	community,	thus	freeing	the	Corviale	from	its	image	of	social	
“ghetto”.	The	Piano	Libero	is	also	something	that	has	not	been	addressed	since	it	 is	today	
abusively	 occupied	 and,	 therefore,	 its	 occupants	 cannot	 be	 removed.	 Thanks	 to	 the	
reorganization	of	the	flats,	reshaped	to	meet	the	needs	of	the	new	families,	room	for	these	
people	 can	 be	made,	 thus	 allowing	 for	 the	 restoration	 of	 the	 Piano	 Libero	 to	 its	 original	
function	of	heart	as	the	communal	life.	Other	important	and	new	objectives	were	to	provide	
low-cost	 accommodation	 that	 can	 achieve	 thermal	 and	 visual	 comfort	 conditions	
throughout	the	year	thus	eliminating	the	need	for	mechanical	heating	or	cooling.	An	image	
of	the	proposed	design,	as	compared	to	the	current	situation,	is	shown	in	Figure	2.	

	

	
Figure	2.	Current	situation	and	Final	Outcome	of	the	refurbishing	project.		

SOURCE:	Author.	
	

The	proposals	presented	in	this	paper	were	prompted	by	visits	to	the	building	in	the	
spring	 and	 summer	 of	 2015.	 Measurements	 and	 surveys	 were	 undertaken	 along	 the	
communal	 spaces	 at	 the	 entrance	 level	 and	 in	 one	of	 the	 apartments.	 Field	 studies	were	
undertaken	 in	 October	 2015.	 Measurements	 and	 interviews	 with	 locals	 underlined	 the	
importance	of	improving	the	environmental	quality	of	the	communal	spaces	(way	too	dark	
and	 windy	 and,	 for	 this	 reason,	 always	 deserted	 by	 the	 inhabitants)	 as	 well	 as	 the	 flats	
layout	and	performance.		
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Thermal	simulation	studies	were	carried	out	using	the	TAS	simulation	software	(EDSL,	
2014)	 to	 inform	 the	 design	 of	 the	 flats.	 Initial	 runs	 were	 applied	 to	 the	 current	 flat,	
calibrated	thanks	to	two	data	 loggers	 left	 in	one	of	them	for	a	week	(2-7	of	October).	The	
thermal	simulations	were	aimed	at	analyzing	the	current	performance	of	the	flat	(Figure	5A),	
already	provided	with	a	good	thermal	mass	thanks	to	the	exposed	concrete	walls,	floors	and	
ceilings.	Since	the	building	has	no	thermal	insulation	and	its	heavyweight	structure	provides	
a	 high	 thermal	 capacity,	 the	 temperatures	 are	 quite	 stable,	 accounting	 for	 around	 11	 °C	
throughout	the	whole	day	in	winter.	At	the	same	time,	in	summer,	current	solar	protection	
is	ineffective	as	well	as	making	spaces	dark	and	gloomy	(see	Figure	3	and	Figure	4)	and	cross	
ventilation	has	been	made	inaccessible.	

	
Figure	3.	Current	and	proposed	shading	elements	and	related	performances.		

SOURCE:	Author.	

	
Figure	4.	Daylight	performance	of	current	and	proposed	shading	elements.		

SOURCE:	Author.	
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The	 following	 graphs	 are	 aimed	 at	 identifying	 the	 respective	 roles	 of	 three	 key	
environmental	 design	 strategies:	 external	 insulation	 (5B),	 double	 glazing	 (5C),	 cross	
ventilation	-currently	impossible	due	to	the	not	operable	back	windows	of	the	flats	(5D)	and	
improved	solar	protection	(56E).		

Results	of	these	simulations	also	show	the	heating	loads	and	the	number	of	occupied	
hours	that	experience	indoor	temperatures	above	30°C	for	an	easier	comparison	among	the	
cases.	

In	winter,	temperatures	can	reach	the	comfort	band	thanks	to	the	insulation	layer	and	
the	 improved	quality	of	 the	glazing.	 If	 in	 summer	 the	 insulation	 seems	 to	play	a	negative	
role	(by	retaining	some	of	the	heat	inside	the	flat),	natural	ventilation	and	a	better	shading	
strategy	prevent	the	internal	temperatures	from	exceeding	30	°C.	

	

	
Figure	5.	Thermal	simulations	summary.	Base	case	(A)	and	selected	improvements:	addition	of	insulation	(B),	

double	glazing	(C),	cross	ventilation	(D)	and	improved	shading	elements	(E).		
SOURCE:	Author	
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Figure	6.	New	proposed	layout	of	the	Studio	Flat	typology.		

SOURCE:	Author.	
	

	
	

Figure	7.	Two	of	the	configurations	(winter	and	summer	d	aytime)	of	the	dynamic	facades.		
SOURCE:	Author.	

	
The	 following	 graphs	 are	 aimed	 at	 identifying	 the	 respective	 roles	 of	 three	 key	

environmental	 design	 strategies:	 external	 insulation	 (5B),	 double	 glazing	 (5C),	 cross	
ventilation	-currently	impossible	due	to	the	not	operable	back	windows	of	the	flats	(5D)	and	
improved	solar	protection	(56E).		

	

	
	

Figure	8.	Two	of	the	configurations	(winter	and	summer	daytime)	of	the	dynamic	facades.		
SOURCE:	Author.	
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The	 following	 graphs	 are	 aimed	 at	 identifying	 the	 respective	 roles	 of	 three	 key	
environmental	 design	 strategies:	 external	 insulation	 (5B),	 double	 glazing	 (5C),	 cross	
ventilation	-currently	impossible	due	to	the	not	operable	back	windows	of	the	flats	(5D)	and	
improved	solar	protection	(56E).		

	
Figure	9.	Concept	design	of	the	new	communal	spaces	as	heart	of	the	new	Corviale.		

SOURCE:	Author.	
	

Breaks	in	the	facade	of	the	building	are	meant	to	create	varied	and	well-lit	spaces	that	
are	visible	from	the	neighboring	flats	enhancing	the	sense	of	place	and	security	(see	Figure	
9).	 Better	 cross	 ventilation	 is	 also	 achieved	 through	 these	 openings.	 The	 section	 of	 the	
proposed	 building	 is	 extremely	 dynamic	 and,	 at	 every	 level,	 the	 different	 functions	 are	
blended	 together	with	 the	presence	of	a	 rich	vegetation	creating	 several	 internal	gardens	
(as	shown	in	Figure	10).	
	

	
	

Figure	10.	Schematic	section	showing	the	environmental	strategies	applied	to	the	design	proposal		
SOURCE:	Author.	
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Conclusions	

The	 research	 presented	 proposes	 an	 design	 direction	 for	 the	 Corviale	 with	 the	 aim	 of	
revitalizing	its	spaces	and	mixing	its	community.	The	proposed	new	complex	was	inspired	by	
the	outcome	of	 a	wide	 research	on	 the	 architectural	 and	 social	 reasons	 for	 the	 failure	of	
such	 modernist	 apartment	 buildings.	 The	 new	 Corviale	 is	 combined	 with	 a	 University	
Campus	and	new	shops	providing	facilities	to	the	inhabitants	and	a	mix	of	population.	The	
building	programs	are	brought	together	along	the	bulding,	thus	creating	a	variety	of	indoor	
and	 outdoor	 spaces	 and	 transitional	 areas	 providing	 the	 building	 with	 a	 rich	 functional	
potential.		

The	communal	spaces,	currently	poor	 in	environmental	and	architectural	quality	and	
therefore	deserted,	are	re-thought	as	“wholes”	distributed	along	the	main	facade,	designed	
to	enhance	natural	ventilation	and	offer	some	pleasant	and	adaptive	spaces	protected	from	
direct	sun	and	winds.	Using	simple	passive	techniques	the	proposal	eliminates	the	need	for	
mechanical	 heating	 and	 cooling.	 A	 movable	 second	 array	 of	 external	 wooden	 insulated	
panels	allows	the	inhabitants	for	adapting	the	facade	by	adding	or	removing	insulation	and	
shading	as	needed.	

	

	
	

Figure	11.	Axonometry	showing	the	final	proposal		
SOURCE:	Author.	
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Abstract:	There	is	an	increased	global	recognition	for	the	need	to	retrofit	existing	buildings	in	order	to	improve	
their	 energy	 efficiency	 and	 comfort	 standards,	 and	 consequently	 reduce	 their	 greenhouse	 gas	 emissions.	 In	
this	 paper,	 the	 author	 presents	 an	 investigation	of	 the	 thermal	 and	 visual	 performances	before	 and	 after	 a	
proposed	retrofit	of	 the	Mundella	Centre	 in	Nottingham,	UK.	The	building	was	once	a	school	annex	and	the	
proposition	is	for	it	to	be	retrofitted	to	become	an	energy	efficient	housing	scheme.	Initially,	a	basic	study	of	
the	 existing	 Mundella	 Centre	 was	 carried	 out	 to	 examine	 the	 current	 performance	 of	 the	 building.	 The	
proposed	 retrofit	 housing	 design	 was	 then	 modelled	 and	 simulated	 dynamically	 in	 IESVE	 (Integrated	
Environmental	Solutions-	virtual	environment)	to	understand	their	thermal	and	daylight	performance.	Several	
different	cases	with	varying	construction	and	ventilation	strategies	were	analysed.	The	 findings	suggest	 that	
good	daylight	levels	can	be	achieved	in	most	of	the	rooms	whilst	a	highly	insulated	envelope	can	significantly	
increase	 thermal	 comfort	 throughout	 the	 year.	 The	 results	 were	 used	 to	 inform	 the	 project’s	 next	 steps,	
wherein	designers	and	developers	were	making	 informed	decisions	with	regard	to	the	cost	and	value	of	 the	
different	proposed	strategies.	
	
Keywords:	Energy	efficient	retrofit,	Thermal	comfort,	Daylighting,	Natural	ventilation,	Dynamic	Simulation.	

Introduction		

Buildings	in	the	UK	were	built	with	solid	walls	and	single	glazed	windows	from	the	19th	to	
the	early	20th	century.	The	ventilation	systems	in	these	buildings	were	designed	to	provide	
combustion	 air	 for	 the	 coal	 fire	 and	 to	 clear	 the	 smoke	 that	was	 released	 by	 gas	 lamps.	
Cavity	walls	with	an	air	gap	were	introduced	during	the	1930’s	to	prevent	dampness.	Coal	
fires	were	the	most	typical	space	heating	method	until	the	gas	fired	central	heating	system	
was	 invented	 in	 the	 1970’s	 (Elliott,	 2007).	 Even	 after	 the	 introduction	 of	 gas	 heating,	
buildings	prior	to	1980s	generally	consume	a	lot	more	energy	and	consequently	emit	more	
greenhouse	gases	than	newly	built	ones	(Zimmermann,	2012).	These	buildings	make	up	the	
majority	of	the	UK	building	stock.	Consequently,	there	is	a	need	to	address	this	challenge	if	
greenhouse	gas	emission	reduction	targets	are	to	be	met.	Building	retrofit	helps	in	reducing	
heat	 loss	 through	 the	 fabric,	 which	 in	 turn	 lowers	 heating	 demand,	 energy	 usage	 and	
greenhouse	 gas	 emissions	 (May	 &	 Griffiths,	 2015).	 Retrofit	 strategies	 can	 vary	 from	 cost	
effective	simple	upgrades	without	 	major	changes	to	the	building	envelope	(Harvey,	2006)	
to	major	 refurbishments,	which	may	 include,	 changing	 the	windows	and	adding	external/	
internal	insulation	to	the	walls,	floors	and	the	roof	(Roberts,	2008).		

In	this	work,	the	authors	have	used	the	Mundella	Centre,	a	1940’s	unoccupied	school	
in	Nottingham,	UK,	as	a	vehicle	to	explore	retrofit	strategies.	The	building	is	currently	being	
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redesigned	to	accommodate	energy	efficient	housing.	The	study	presented	in	this	paper	has	
helped	to	inform	the	project.	

The	Mundella	Centre		

The	Mundella	 Centre	was	 built	 in	 1941	 as	 the	 Trent	 Bridge	 School	 (Baker,	 1986).	 Later	 it	
became	 the	 Mundella	 School	 craft	 annex	 under	 Nottinghamshire	 County	 Council’s	
administration	 until	 April	 2011	 (Nottinghamshire	 County	 Council,	 2016).	 It	 was	 used	 as	 a	
centre	 for	 learning	 and	other	purposes	 such	 as	 arts	 and	 sports	 (Musicpages,	 2016).	 Since	
2011,	the	building	has	been	unoccupied.	A	Meadows	discussion	was	held	with	Nottingham	
Energy	 Partnership	 to	 support	 the	 regeneration	 of	 Green	 Street	 and	 for	 the	 property’s	
future	use	and	this	became	the	reason	for	Mundella	Centre’s	regeneration	(Martin,	2014).	

The	Existing	Mundella	Centre	

The	existing	Mundella	Centre	 shown	 in	Figure	1	 is	 a	 two	 storey	building	 located	 in	Green	
Street	near	 the	banks	of	 the	 river	Trent	 in	 the	Meadows,	Nottingham.	The	building	has	a	
covered	corridor	that	overlooks	a	courtyard.	It	also	has	two	staircases,	one	in	the	northeast	
and	 another	 in	 the	 southeast	 corner	 of	 the	 corridor	 which	 connects	 the	 five	 large	 halls	
located	on	each	storey	of	the	building.	

	

	
Figure	1:	Floor	plans	and	External/Internal	views	of	the	Existing	Mundella	Centre	

The	Proposed	Retrofit		

The	 planning	 of	Mundella	 Centre	 retrofit	 is	 in	 its	 early	 stages	 with	 developers	 aiming	 to	
achieve	a	10%	improvement	in	the	Fabric	Energy	Efficiency	Standard	(FEES)	for	the	building.	
Blue	Print	Developers	have	proposed	to	build	ten	row	houses	 inside	the	Mundella	Centre,	
while	maintaining	the	existing	facade	(Figure	2).		
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Figure	2:	Proposed	Retrofit	of	Mundella	Centre	

Research	Methodology	

Daylighting	and	thermal	calculations	were	performed	onsite	at	the	Mundella	Centre	using	a	
multi-meter	and	tags	to	identify	the	daylight	lux	levels	and	long	term	internal	and	external	
temperatures	 of	 the	 building.	 Natural	 ventilation	 was	 assessed	 through	 computer	
calculations	 using	 Optivent	 software.	 Two	 halls	 R2	 and	 R6	 (Figure	 1)	 were	 selected	 for	
assessment.		

The	proposed	retrofit	design	for	house	3	(including	the	corridor)	on	the	ground	floor	
and	house	6	on	the	first	floor	(Figure	2)	were	selected	and	modelled	in	IESVE.	Tools	such	as	
radiance	and	apache	dynamic	simulation	were	used	for	daylighting	and	thermal	simulations	
in	 IESVE.	The	testing	of	 the	selected	proposed	houses	was	conducted	for	several	different	
cases	 and	 the	 description	 of	 each	 case	 is	 listed	 in	 Table	 1.	 In	 the	 First	 both	 thermal	 and	
daylighting	 analysis	 was	 conducted	 for	 the	 base	 case	with	 the	 existing	 building	 fabric,	 to	
understand	its	environmental	performance	without	any	upgrades	to	the	building	envelope.		

Thermal	simulations	were	performed	for	cases	1	to	7	by	changing	the	parameters	of	
the	 building	 fabric,	 to	 calculate	 comfort	 levels	 and	 efficiency	 inside	 the	 houses.	 The	
simulations	 were	 carried	 out	 under	 two	 different	 calendar	 conditions	 namely	 without	
ventilation	throughout	the	year	and	with	ventilation	in	summer.	
	

Table	1.Thermal	Simulation	Matrix	
	
Simulation	Cases	 Parameters	 	
Base	case	 Un-insulated	 brick/	 block	 wall,	 single	 glazed	 external	 and	 internal	

windows,	un-insulated	concrete	 floor	and	ceiling	and	a	domestic	sloped	
roof.	

Change	of	single	parameter	–	Thermal	simulation	matrix	 U-	value	(	kWh/m2K)	
Case	-1	 Double	 glazing	 (instead	 of	 single	

glazed	windows)	
2.8	

Case	-2	 Triple	glazing	(instead	of	single	glazed	
windows)	

1.8	

Case	-3	 Roof	insulation	 0.10	

Case	-4	 Insulation	to	the	Internal	façade	of	an	
External	wall	

0.20	
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Case	-5	 External	 wall	 insulation	 only	 to	 the	
external	walls	facing	courtyard.	

0.15	

Multiple	parameters	–	Thermal	simulation	

Case	-6	 Insulated	 envelope	 :	 Roof	 insulation,	 Internal	 façade	 Insulation	 of	 an	
External	wall	and	Courtyard	external	wall	insulation		(case3,	4	and	5)	with	
Double	glazing(case1)	

Case	-7	 Insulated	 envelope	 :	 Roof	 insulation,	 Internal	 façade	 Insulation	 of	 an	
External	wall	and	Courtyard	external	wall	insulation		(case3,	4	and	5)	with	
Triple	glazing(case2)	

Assumptions	for	Thermal	Simulations	

Assumptions	used	for	thermal	simulations	are	as	follows:		
- Weather	profile:	Nottingham	weather	data	has	been	used	from	ASHRAE	design	weather	

data	base	V	5.0	in	IESVE.		
- Calendar:	 simulations	were	carried	out	under	 two	calendar	conditions	namely	without	

ventilation	 throughout	 the	 year,	 from	 1st	 of	 January	 to	 31st	 of	 December	 and	 with	
ventilation	for	summer,	from	1st	of	May	to	30th	of	September.		

- Fluorescent	lights	were	considered	for	internal	gains.	Lighting	gains	were	assumed	as	8	
W/m2	for	maximum	sensible	heat	gain	and	power	consumption.		

- Occupancy	 per	 house	was	 considered	 as	 4	 people	with	maximum	 sensible	 gain	 of	 75	
W/person	and	maximum	latent	gain	of	45W/person.		

- The	maximum	sensible	heat	gain	and	power	consumption	for	appliances	and	equipment	
gains	 in	 kitchen	 (fridge,	 cooker	 and	 oven,	 dishwasher	 and	 kettle)	 and	 living	 area	 (TV,	
WIFI)	together	were	assumed	as	25	W/m2.		

- Infiltration:	The	infiltration	rate	has	been	assumed	at	0.25	ACH	for	all	the	cases.		
- Ventilation:	Ventilation	has	been	assumed	 for	all	 the	cases	under	 the	second	calendar	

condition.	 Ventilation	 rates	were	 considered	 2.83	ACH	 for	 the	 open	 living,	 dining	 and	
kitchen	area,	and	corridor	in	the	ground	floor	and	2.48	ACH	for	bedrooms	and	terrace	in	
the	 first	 floor	 according	 to	 the	 natural	 ventilation	 results	 derived	 from	 the	 optivent	
analysis	of	the	existing	Mundella	Centre.		

- Cooling	&	Heating:	Neither	cooling	nor	heating	was	used.	

Building	Performance	of	the	Existing	Mundella	Centre		

A	minimum	average	daylight	factor	of	2%	is	recommended	by	CIBSE	(2014).	The	calculations	
from	the	daylight	measurements	taken	onsite	show	that	the	average	daylight	factor	and	the	
uniformity	ratio	of	the	halls	R2	and	R6	are	4.04%	and	4.6%	and	0.54	and	0.68	respectively	
(Figure	3).			

CIBSE	 (2006)	 recommends	 an	 internal	 operative	 temperature	 range	 of	 22-23°C	 for	
winter	 and	 23-25°C	 for	 summer	 to	 achieve	 thermal	 comfort.	 The	 on-site	 temperature	
measurements	 taken	 at	 3.45pm	 on	 the	 10th	 February	 2016,	 show	 that	 the	 internal	
temperature	inside	the	halls,	R2	and	R6	were	15.2	and	17	degrees	Celsius	which	is	far	below	
the	 comfort	 temperatures.	 Thermal	 analysis	 using	 the	PDA	 tool	 (Figure	3)	 shows	 that	 the	
halls	achieve	thermal	comfort	in	summer.	However,	temperatures	inside	the	halls	are	very	
low	 in	 winter	 and	 would	 require	 heating	 to	 achieve	 comfort	 levels.	 The	 long	 term	
temperature	profile	(Figure	3)	shows	that	the	internal	temperature	for	both	the	rooms	are	
below	8	degrees	Celsius	during	most	of	the	month,	which	are	below	the	comfort	levels.	
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The	halls	on	the	ground	floor	have	single	side	ventilation	and	the	halls	in	the	first	floor	
have	cross	ventilation.	The	achieved	air	flow	rates	were	insufficient	for	both	halls	R2	and	R6	
when	compared	to	the	required	air	flow	rates	as	shown	in	Figure	3.	

	

	
	

Figure	3:	Building	Analysis	of	an	Existing	Mundella	Centre	

Proposed	Houses:	Daylight	Performance	Assessment		

The	proposed	houses	(Figures	4	and	5)	simulated	under	overcast	sky	conditions	show	that	
the	average	daylight	factor	is	above	2%	in	all		the	rooms	throughout	the	year,	except	for	the	
kitchen	and	bedroom	3	in	house	6.	The	minimum	illuminance	levels	for	a	living	room	and	a	
bedroom	should	be	300	and	150	lux	respectively	according	to	CIBSE	guide	A	(CIBSE,	2006).	
The	useful	daylight	index	(UDI)	simulations	predict	that	these	lux levels	should	be	achieved	
80%	of	 the	year.	However,	 the	percentage	of	annual	UDI	 levels	of	300-3000	 lux	and	150-
3000	lux	to	achieve	Daylight	Autonomy	(DA)	(Figures	4	and	5)	show	that	the	living	room	and	
bedrooms	in	house	3	and	6	have	more	than	80%	near	the	windows,	whereas	the	annual	UDI	
decreases	to	a	very	low	percentage	towards	other	corners	of	the	room	that	do	not	have	a	
proper	window.	 In	addition,	 the	annual	UDI	percentage	was	only	around	55	 -	75%	for	the	
corridor	and	terrace.		

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 3052



	
	

Figure	4.	HOUSE	3:	Ground	floor	plan	(left	top),	First	floor	plan	(left	bottom)	and	Section-A-A’	(UDI-	
Throughout	the	year).	

	

	
	

Figure	5.	HOUSE	6:	Ground	floor	plan	(left	top),	First	floor	plan	(left	bottom)	and	Section-A-A’	(UDI-	
Throughout	the	year).	

Proposed	Houses:	Thermal	Performance	Assessment		

The	percentage	of	thermal	comfort	hours	for	each	case	was	calculated	based	on	the	indoor	
operative	comfort	temperatures	given	by	CIBSE	Guide	A	(CIBSE,	2006).			

Base	 case	 results	 for	 the	without	 ventilation	 condition	 (Table	2)	 show	 that,	house	3	
achieves	 	 3.7%	 (living),	 7.2%	 (bedrooms)	 and	 5.6%	 (corridor)	 and	 house	 6	 achieves	 3.9%	
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(living),	 7.6%	 (bedrooms)	 and	 4.7%	 (terrace)	 of	 comfort	 hours	 throughout	 the	 year	
respectively.	 In	 contrast,	 the	 base	 case	 result	 for	 the	 with	 ventilation	 in	 summer	
condition(Table	2)	 indicates	that	the	 living	room	and	bedrooms	for	house	3	and	6	achieve	
results	below	2%	and	4%	and	the	corridor	and	the	terrace	at	around	5%	respectively.	

By	changing	a	single	parameter	of	building	fabric	for	each	case	from	case	1	-	5	(Table	
2),	the	percentage	of	comfort	hours	for	all	the	selected	spaces	has	differed	slightly.	In	case	1,	
the	performance	of	a	corridor	has	got	slightly	increased	under	without	ventilation	condition,	
whereas	 the	 other	 rooms	 remain	 similar.	Meanwhile,	 in	 case	 2	 and	 3,	 the	 percentage	 of	
comfort	 hours	 for	 all	 the	 spaces	 seemed	 to	 increase	 gradually	 under	 without	 ventilation	
condition	 throughout	 the	 year.	 In	 case	 4	 and	 5,	 the	 percentage	 of	 comfort	 hours	 has	
increased	by	more	 than	1%	compared	 to	base	case.	 	However,	only	a	marginal	difference	
can	 be	 seen	 from	 case	 1	 -	 5	 under	 with	 ventilation	 in	 summer	 condition.	 By	 changing	
multiple	parameters	 in	 case	6	 and	7	 (Table	 2)	 the	percentage	of	 indoor	 comfort	 hours	 in	
both	 the	 cases	 had	 increased	 significantly	 with	 respect	 to	 the	 first	 calendar	 condition.	
Therefore,	an	overall	percentage	of	around	14.3	%	comfort	hours	throughout	the	year	has	
been	achieved	in	case	6	and	7.	 	A	very	small	degree	of	variation	can	be	seen	under	case	6	
and	7	with	respect	to	with	ventilation	in	summer	condition.	

	
Table	2:	Percentage	of	Comfort	Hours	for	Each	Simulation	Case	

	
	
	
	

	

	

	

	

	

	

	

	

	

	

Conclusion	

In	this	paper,	the	authors	have	presented	an	overall	building	analysis	of	the	mundella	centre,	
including	its	current	building	performance	and	a	possible	future	performance	which	paved	
way	to	develop	these	proposed	houses	that	respond	to	the	environment.		

Percentage	
of	 comfort	
hours	 inside	
the	house	

Without	ventilation	throughout	the	year	
Base	
case	

Case	
1	

Case	
2	

Case	
3	

Case	
4	

Case	
5	

Case	
6	

Case	
7	

House	-3	
Corridor	 5.6%	 7.3%	 6.6%	 8.8%	 7.2%	 7.5%	 11.3%	 11.5%	
Living			 3.7%	 4.4%	 4.3%	 4.7%	 6.1%	 6.9%	 11.3%	 11.1%	
Bedrooms	 7.2%	 7.7%	 8.0%	 8.3%	 8.0%	 7.5%	 20.4%	 20.9%	
House	-6	
Terrace	 4.7%	 5.5%	 5.3%	 8.1%	 5.4%	 5.4%	 10.2%	 9.8%	
Living		 3.9%	 4.6%	 4.5%	 5.4%	 4.9%	 4.3%	 12.0%	 12.2%	
Bedrooms		 7.6%	 7.4%	 7.5%	 9.4%	 7.9%	 7.9%	 20.3%	 20.5%	
With	ventilation	in	summer	
House	-3	
Corridor	 4.9%	 5.3%	 4.8%	 5.0%	 4.9%	 5.2%	 5.9%	 5.6%	
Living		 2.2%	 2.1%	 2.1%	 2.1%	 2.2%	 2.2%	 2.3%	 2.2%	
Bedrooms	 2.9%	 2.9%	 2.6%	 2.4%	 2.9%	 2.8%	 3.0%	 2.3%	
House	-6	
Terrace	 4.6%	 4.9%	 4.5%	 5.2%	 4.6%	 4.5%	 6.0%	 5.9%	
Living	 1.8%	 1.9%	 1.4%	 1.6%	 1.8%	 1.9%	 1.8%	 1.4%	
Bedrooms	 2.4%	 2.6%	 2.2%	 1.4%	 2.4%	 2.3%	 1.5%	 1.2%	
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The	daylighting	analysis	of	the	proposed	houses	confirms	that	the	daylight	distribution	
is	more	than	sufficient	and	uniform	in	all	the	areas	expect	few	rooms.	The	annual	UDI	near	
the	windows	are	slightly	high	compared	to	the	other	corners	of	the	building	rooms.		

The	 thermal	 analysis	 under	 each	 case	 helped	 in	 understanding	 the	 application	 of	
suitable	 fabric	 for	 attaining	 thermal	 comfort	 inside	 the	 building.	 The	 thermal	 simulations	
with	 the	 insulated	 envelope	 in	 combination	 with	 double	 /	 triple	 glazing	 has	 shown	 a	
considerable	 increase	 in	percentage	of	 comfort	hours	 throughout	 the	 year	under	without	
ventilation	condition.	These	simulations	using	various	building	fabric	solutions	were	used	to	
develop	 the	project	 further,	wherein	designers	 and	developers	 are	making	decisions	with	
regard	to	 the	cost	and	value	of	 the	different	proposed	strategies	and	the	 levels	of	energy	
efficiency	that	can	be	attained.		
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Abstract:	Building	sector	is	responsible	for	more	than	13	percent	of	the	total	electrical	energy	which	is	consumed	
by	public	(educational,	administrative	and	hospitals)	and	commercial	buildings.	The	average	temperature	has	
been	increasing	annually	in	Egypt	over	the	last	few	decades	due	to	climate	change.	Consequently,	cooling	loads	
reached	 about	 20%	 of	 energy	 consumption.	 This	 paper	 investigates	 the	 retrofitting	 strategies	 for	 vertical	
envelope	as	a	tool	to	decrease	energy	demands	in	educational	facilities	within	the	Hot	climate	of	Egypt.	The	
study	examined	the	existing	energy	and	Environmental	performance	of	three	most	commonly	used	shapes	of	
classrooms	in	Egypt.	Each	type	of	classroom	forms	a	basic	test	case	within	the	four	cardinal	directions.	The	study	
then	investigated	retrofitting	strategies	to	each	case	to	improve	the	building	envelope	in	order	to	reduce	the	
electric	 energy	 demands.	 The	 applied	 retrofitting	 strategies	 included	 thermal	 insulation	 for	 external	 walls,	
glazing	type,	infiltration	improvement	and	solar	shading.	Simulations	were	made	using	Designbuilder	via	Energy	
plus.	Strategies	were	evaluated	based	on	the	achieved	reduction	in	electricity	demands	for	cooling.	The	study	
managed	eventually	 to	achieve	an	optimum	solution	with	an	annual	 reduction	of	energy	demands	that	vary	
from	18	percent	and	up	to	48	percent.	

Keywords:	Low-energy	retrofit,	cooling	demand,	educational	building,	hot-arid	climate,	Egypt	

Introduction	

Cities	and	buildings	are	responsible	for	almost	70	percent	of	global	energy	use	(Aboulnaga	et	
al.,	2016).	Buildings	alone	cause	about	33	percent	of	carbon	dioxide	(CO2)	emissions.	Most	of	
these	 emissions	 are	 a	 result	 of	 the	 fossil	 fuels	 combustion	 which	 is	 needed	 to	 provide	
electrical	energy	in	buildings	(Pout	et	al.,	2012).	Building	retrofit	has	become	a	priority	action	
for	 improving	 energy	 performance	 in	 several	 countries	 around	 the	world.	 In	 the	 UK,	 the	
government	strategy	is	to	achieve	an	80	percent	reduction	in	the	UK’s	carbon	emissions	by	
the	year	2050	(HM	Government,	2013).	The	Federal	government	in	the	USA	offered	finical	
assistance	 to	 support	 existing	 buildings	 retrofitting	 (Energy.gov,	 2017).	 In	 Australia,	 the	
Commercial	Buildings	Disclosure	(CBD)	Programme	asked	stakeholders	of	large	commercial	
office	 buildings	 to	 furnish	 energy	 efficient	 information	 to	 buyers	 and	 lessors.	
(Environment.gov.au,	2017).	

The	Housing	and	Building	National	Research	Centre	(HBRC)	in	Egypt	has	been	actively	
working	on	new	codes	for	energy	efficiency	in	residential	and	commercial	buildings	(HBRC,	
2009).	 According	 to	 Radwana	 (Radwana	 et	 al.,	 2016),	 air	 conditioning	 system	 in	 Egypt	
consumes	 56%	of	 total	 energy	 in	 buildings,	while	 public	 buildings	 are	 responsible	 for	 the	
consumption	 of	 nine	 percent	 of	 total	 national	 energy.	 Therefore,	 public	 building	 sector,	
including	the	educational,	is	considered	the	second	largest	sector	in	energy	consumption	after	
residential	sector	 (30-	40	percent)	 (Aboulnaga	et	al.,	2016).	According	to	the	 International	
Energy	Agency	 (IEA)	 in	 the	USA,	 retrofit	 is	 a	necessity	 in	 the	educational	buildings	 as	 it	 is	
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considered	a	major	consumer	of	energy	(De	Boer,	2003).	The	energy	demands’	behaviour	in	
Egyptian	 educational	 buildings	 lack	 understanding	 of	 energy	 performance	 due	 to	 their	
complex	annual	pattern	of	occupancy	and	activities	(Radwan	et	al.,	2016).	

Basarir	 et	 al.	 (2012)	 stated	 that	 the	energy	efficient	 retrofit	methods	of	 the	existing	
building	envelopes	are	beneficial	and	vital	to	reduce	energy	consumption	especially	 in	the	
inefficient	buildings.	A	pilot	study	by	Gul	et	al.	(2013)	at	Heriot-Watt	University	in	Edinburgh	
highlighted	that	the	major	source	of	electrical	consumption	is	the	heating/cooling	systems	of	
the	building.	A	study	made	by	Ardente	et	al.	(2011)	indicated	that	the	most	significant	benefits	
of	energy	consumption	assessment	were	the	improvement	of	envelope	thermal	insulations,	
lighting	and	glazing.	According	to	both	Joseph	Rowntree	Housing	Trust	(JRHT)	and	Gul	et	al.	
(2015),	thermal	performance	of	a	building	relies	on	its	ability	to	resist	air	penetration	as	well	
as	its	ability	to	prevent	heat	exchange	through	the	structure.	

A	study	by	Kempe	et	al.	(2015)	on	energy-efficient	renovation	of	educational	buildings,	
found	 that	 added	 insulation,	 low-emissivity	 coated	 windows,	 efficient	 electrical	 lighting	
systems	and	new	heating	systems	can	enhance	energy-efficiency	in	educational	buildings.	In	
another	study	investigated	the	sustainability	of	higher	educational	buildings	specifically	on	a	
retrofitting	 approach	 to	 improve	 energy	 performance	 and	 mitigate	 CO2	 emission	 in	 hot	
climates,	Aboulnaga	et	al.	 (2016)	 found	 that	with	 some	 retrofitting	approaches	 in	glazing,	
insulation	and	green	roof	application	could	reduce	15%	electrical	energy	consumption	from	
the	baseline	energy	use	(Aboulnaga	et	al.,	2016).	A	published	report	by	Boer	(Boer,	2003)	has	
emphasized	the	necessity	of	retrofitting	educational	buildings.		

Aims	and	Objectives	

Low-energy	retrofitting	for	buildings	is	a	vital	strategy	to	meet	the	challenge	of	enhancing	the	
global	consumption	of	energy	and	lowering	greenhouse	gas	(GHG).	The	objective	of	the	study	
is	 to	 investigate	experimentally	 the	potentials	of	 low-energy	 retrofitting	 strategies	 for	 the	
higher	 educational	 buildings	 in	 Egypt.	 This	 aim	 will	 be	 approached	 using	 only	 passive	
strategies	that	are	feasible	and	available	in	the	middle-eastern	construction	market.	Testing	
is	focused	on	building	envelop	and	their	impact	on	the	reduction	of	electrical	energy	demands	
for	cooling.	

Methodology	

The	methodological	approach	of	the	study	is	experimental,	based	on	three	main	test	cases.	
These	test	cases	represent	three	types	of	class	rooms	that	are	commonly	used	within	most	of	
the	Egyptian	educational	facilities	for	higher	education.	A	survey	was	conducted	on	a	study	
group	that	 includes	seven	governmental	and	private	educational	 institutions	to	determine	
the	 specification	of	 the	 commonly	 existing	 class	 rooms	 in	 Egypt.	 These	 institutions	 are	 as	
follows:	Tanta	University,	Cairo	University,	Alexandria	University,	Arab	Academy	for	Science	
and	Technology,	Mansoura	University,	Helwan	University	and	the	higher	institute	of	Behira.	
All	these	institutions	located	in	the	hot-arid	climate	of	Northern	Egypt.	It	was	found	that	class	
rooms	could	be	categorized	into	three	types	according	to	size;	large	(12.0	×	8.0m),	medium	
(10.0×	7.0m)	and	small	(8.0×	6.0m).	All	rooms	are	rectangular	with	average	ceiling	height	of	
3.3	m.	The	window	to	wall	ratio	(WWR)	was	also	found	to	vary	from	40	percent	to	60	percent.	
Each	test	case/	class	room	splits	into	further	four	cases	that	represents	different	geographical	
orientations.	 The	 limited	 resources	 and	 time	 prevented	 investigating	 other	 class	 types,	
climate	zones	and	detailed	WWR.	
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Modelling	and	Simulation	Process	

In	this	study,	a	baseline	model	was	created	to	estimate	the	annual	energy	consumption	of	
conventional	construction	practice	for	the	case	study	projects	without	retrofit.	By	this	way,	it	
was	possible	to	assess	the	impact	of	each	strategy	after	retrofitting	in	terms	of	total	energy	
consumption.	The	baseline	simulation	model	was	set	according	to	the	current	construction	
details,	materials,	HVAC	and	general	lighting	in	the	case	regions.	

A	WWR	of	fifty	percent	was	chosen	as	an	average	in	all	class	rooms.	The	external	wall	
construction	consisted	of	five	layers:	plaster,	mortar,	brick,	mortar	and	rendering	from	inner	
to	outer	surface	respectively.	The	overall	 thickness	of	 the	external	wall	 is	25	cm.	 	Current	
Windows	 were	 single-glazed	 with	 clear	 glass	 and	 poorly	 insulated	 aluminium	 frames.	
Simulation	was	carried	out	using	Design	Builder,	 incorporating	 the	Energy	Plus	calculation	
engine.	Simulations	were	set	on	annual	calculations	that	took	in	consideration	the	occupancy	
schedule	and	the	academic	calendar	throughout	the	year.	For	this	study,	the	three	types	of	
class	 rooms	were	modelled	within	a	 virtual	 typical	 floor,	while	 the	 room	 internal	 envelop	
(floor,	ceiling	and	partitions)	were	modelled	as	adiabatic	surfaces	(See	Figure	1).	In	this	way,	
the	main	examination	and	calculations	focused	on	facades	construction.	Since	the	study	was	
measuring	discrepancies	between	baseline	model	and	retrofitted	models,	other	settings	for	
occupancy,	lighting	and	electric	devices	were	set	to	defaults.	
	

	

Figure	1.	Test	cases	models	in	Design	Builder	
	

Several	initial	simulations	were	run,	using	the	baseline	model,	to	understand	the	energy	
consumption	 breakdown	 in	 test	 cases.	 	 The	 following	 Figure	 2	 shows	 the	 impact	 of	 each	
component	on	the	overall	energy	consumption.	It	is	clearly	seen	from	Figure	1	that	solar	gains	
through	 window	 shared	 the	 highest	 impact	 of	 40.0	 percent	 on	 the	 annual	 energy	
consumption.	Glazing	type	had	the	second	highest	impact	with	a	percentage	of	9.0	percent,	
while	other	 components	 shared	 relatively	minor	 impacts.	Occupancy,	 general	 lighting	and	
other	 active	 factors	 were	 not	 considered	 in	 this	 study,	 since	 it	 was	 measuring	 the	
discrepancies	between	retrofitting	strategies.	

Methodology	of	choosing	the	retrofit	strategies		

The	 study	developed	 various	passive	 strategies	 for	 retrofit	 in	 accordance	with	 the	energy	
consumption	breakdowns	 factor	as	 shown	 in	 figure	1.	The	 strategies	were	applied	on	 the	
three	samples	of	classroom/lecture	rooms.		Table	1	shows	the	chosen	strategies	for	the	study.	
To	facilitate	the	graphs	readings,	each	strategy	was	coded	as	(S-n),	where	“n”	is	the	number	
of	the	strategy	applied.	
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Figure	2.	The	percentage	of	impact	for	each	building	component	on	the	overall	energy	consumption	in	the	

baseline	models.	

Table	1.	Details	of	the	chosen	retrofit	strategies	

Strategy	
code	 Approached	factor	 Strategy	description	

S-01	 Glazing	

Changing	the	single	glazed	window-aluminium	frame	
with	solar	heat	gain	coefficient	(SHGC)	of	0.81	and	high	
U-values	of	4.8	W/m2	K	to	low-e	double	glazed	window	
4/6/4	mm	Argon	filled	with	a	U-value	of	1.50	W/m2	K,	
SHGC	of	0.33	and	a	light	transmission	of	0.38.	Although	
triple	is	better	yet	double	is	more	affordable	and	
available	in	Egypt.	

S-02	 Infiltration	 Improved	 from	 0.7	 AC/H	 to	 best	 practice	 0.3	 AC/H	 by	
sealing	around	windows,	vents	and	doors.	

S-03	 Ext.	wall	Insulation	 Adding	 0.05	 m	 of	 Expanded	 Polystyrene	 (EPS)	 to	 the	
external	wall	construction.	

S-04	 External	Solar	
shading	

Horizontal	 metal	 louvers	 of	 50	 m	 with	 a	 downwards	
declination	 angle	 of	 15	 degree	 and	 60	 cm	 of	 vertical	
spacings.			

S-05	 Combined	retrofits	 All	previous	strategies	are	combined	in	the	same	model	

Discussion	

As	can	be	seen	 from	Figure	3	and	Table	2,	 the	external	 louvers	strategy	 (S-4)	achieved	an	
average	reduction	of	22	percent	of	energy	demands	through	the	three	class	room	types,	while	
it	achieved	a	maximum	reduction	in	the	south	directed	facades	of	35	percent	and	a	minimum	
of	4	percent	in	north-	directed	façades.	The	double-glazing	strategy	(S-1)	reduced	10	percent	
of	 average	 energy	 demands,	with	 a	 reduced	maximum	 and	minimum	 values	 of	 12	 and	 8	
percent	respectively.	The	least	effective	strategies	are	both	the	infiltration	improvement	and	
external	wall	insulation	(S-2,	S-3)	as	compared	to	the	previous	strategies.	Applying	the	best	
practice	infiltration	rate	(0.3	AC/h)	reduced	only	3	percent	of	average	energy	consumption,	

Glazing
9% Walls

6%
External	
Infiltration

3%

General	
Lighting
11%

Occupancy
31%

Solar	Gains	
Exterior	
Windows

40%
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while	adding	insulation	layer	to	external	wall	reduced	the	energy	demands	by	an	average	of	
5	percent.	

	

Figure	3.	The	percentage	of	reduction	in	electric	energy	demands	in	the	three	class	rooms	types	in	the	four	
cardinal	directions	

	
Table	2:	Percentage	of	reduction	in	electric	energy	demands	in	the	three	class	rooms	types	in	the	four	

cardinal	directions	

	 Large	 Medium	 Small	
S-1	 S-2	 S-3	 S-4	 S-5	 S-1	 S-2	 S-3	 S-4	 S-5	 S-1	 S-2	 S-3	 S-4	 S-5	

N	 8	 5	 3	 4	 20	 9	 5	 4	 6	 22	 9	 5	 5	 5	 18	
S	 11	 2	 5	 33	 45	 11	 2	 5	 35	 48	 11	 2	 5	 34	 48	
E	 10	 4	 5	 21	 35	 10	 4	 5	 22	 37	 11	 4	 6	 19	 36	
W	 11	 3	 4	 29	 42	 12	 3	 5	 31	 45	 12	 3	 5	 29	 43	
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Strategy	 (S-5),	 which	 combined	 all	 the	 previously	mentioned	 retrofit	 strategies,	 has	
achieved	 an	 overall	 average	 reduction	 in	 electric	 energy	 demands	 by	 a	 maximum	 of	 48	
percent	at	south	directed	facades	and	a	minimum	of	18	percent	at	north	directed	facades,	
while	the	average	was	35	percent	within	the	three	test	cases.	Based	on	the	findings	from	all	
strategies,	 it	 was	 generally	 noticed	 that	 the	 highest	 impact	 of	 retrofit	 strategies	 can	 be	
achieved	 in	 south	 directed	 facades,	where	 the	 solar	 radiation	 and	 sun	 exposures	 at	 their	
highest	throughout	the	year.	On	the	other	hand,	retrofitting	the	north	directed	facades	had	
the	least	impact	as	compared	to	the	other	directions	(See	Figure	3).	

Figure	3.	The	reduction	in	electric	energy	consumption	in	the	combined	retrofit	strategies	

Conclusion	

This	paper	is	designed	to	review	and	examine	the	impact	of	the	different	retrofit	variables	on	
the	energy	efficiency	of	educational	classrooms	in	Egypt’s	hot	arid	climate.	Retrofit	strategy	
such	as	solar	shading	can	reduce	energy	by	25	percent	on	average	and	up	to	33	percent.	The	
glazing	strategy	comes	in	the	second	place,	where	it	can	reduce	energy	by	an	average	of	10	
percent.	External	wall	insulation	and	infiltration	improvement	have	a	limited	effect	compared	
to	 the	 impacts	 of	 the	 solar	 shading	 and	 double	 glazing.	 It	 is	 suggested	 that	 external	wall	
insulation	has	a	minor	impact	since	the	WWR	in	the	chosen	test	cases	has	an	average	of	50	
percent.	Therefore,	there	is	a	possibility	that	insulation	can	have	a	greater	impact	with	less	
WWR.	 However,	 combining	 the	 insulation	 and	 infiltration	 with	 solar	 shades	 and	 double	
glazing	has	improved	the	overall	achieved	reduction.	It	is	also	generally	concluded	that	south	
directed	 facades	 are	 highly	 recommended	 as	 a	 priority	 for	 starting	 retrofitting	 strategies	
followed	by	the	west	facades,	while	north	oriented	façades	have	the	least	priority.	The	study	
recommends	the	following	for	further	studies:	

• Evaluation	of	the	simulation-based	methodology	in	this	study	by	comparing	the	findings
to	the	actual	built	cases	through	performance	monitoring.

• Conducting	further	studies	to	Investigate	the	combination	between	passive	and	active
retrofit	strategies	in	the	Egyptian	market	and	studying	their	cost	effect	on	short	and	long
terms.
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Abstract:	 Social	 Housing	 in	 Chile	 built	 before	 2000	 was	 not	 developed	 under	 any	 climatic	 criteria	
consideration.	 A	 large	 number	 of	 homes	 do	 not	 have	 good	 indoor	 conditions	 that	 respond	 to	 location,	
considering	the	nine	different	climates	Chile	possesses.	A	particular	housing	typology	that	makes	this	situation	
evident	 was	 the	 rationalization	 of	 public	 housing	 developed	 between	 1938	 and	 1973,	 where	 standardized	
typologies	were	replicated	throughout	the	country.	Within	these	prototypes,	 it	appears	the	‘CORVI’	typology	
1010	 and	 1020;	 object	 of	 this	 study.	 The	 objective	 of	 this	work	 is	 to	 generate	 retrofit	 recommendations	 in	
search	of	energy	transition	at	residential	scale,	which	allows	rehabilitating	existing	homes	to	achieve	thermal	
comfort	 and	 compliance	 with	 actual	 Chilean	 code.	 The	 departure	 premise	 is	 to	 revitalise	 instead	 of	
demolishing,	 especially	 when	 it	 is	 recognised	 that	 these	 homes	 possess	 architectural	 values	 worth	 of	
preservation	and	 structural	 construction	excellence,	 they	have	proven	 to	be	 seismic	 resistant;	 an	 important	
feature	 to	 be	 taken	 into	 account	 in	 Chile.	 In	 order	 to	 carry	 out	 the	 research,	 a	methodology	 of	 combined	
strategies	was	 applied	 so	 as	 to	be	 able	 to	develop	with	more	precision	 the	 fundamental	 aspects	 that	 allow	
diagnosing	 and	 evaluating	 four	 case	 studies	 located	 in	 different	 climates	 of	most	 important	 cities	 to	 finally	
identify	actions.	

Keywords:	Public	Housing,	energy	transition	and	conservation,	thermal	comfort.	

Introduction	

The	origin	of	modern	architecture	in	Chile	has	precedents	since	the	second	half	of	the	20th	
century	 related	 to	 the	 mining	 exploitation	 of	 nitrate,	 copper	 and	 coal,	 where	
industrialization	 and	 machinery	 came	 from	 the	 hands	 of	 foreigners	 who	 settled	 in	 the	
country.	The	modern	architecture	movement	era	was	driven	by	this	economical	factor	but	
also	by	the	higher	education	formation	among	professionals	and	the	successive	earthquakes	
occurred	during	the	first	half	of	20th	century,	particularly	the	1906	(Valparaiso),	1928	(Talca),	
and	1939	(Chillan)	strong	earthquakes.	

The	influences	of	the	modern	movement	came	to	Chile	mainly	through	publications	of	
journals	of	architects	that	travelled	abroad	as	well	as	architecture	conferences.	

The	 problem	 of	 housing	 shortages	 as	 a	 result	 of	 the	 rapid	 urban-rural	 migration	
generated	 since	 1900,	 together	 with	 natural	 disasters;	 being	 earthquakes	 the	 most	
important	 ones,	 forced	 the	 State	 to	 take	 over	 the	 popular	 housing	 through	 rapid	 and	
economic	solutions,	under	the	principles	of	 industrial	production	to	get	a	 large	amount	of	
low-cost	housing.	This	 is	how	collective	housing	projects	started	and	originated	a	series	of	
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codes,	regulations	and	ordinances	for	functional	and	rational	public	residential	architecture.	
Among	the	main	organizations	created	by	the	State	to	solve	the	housing	issue,	CORVI	(1953),	
the	 Housing	 Corporation,	 stands	 out	 with	 the	 creation	 of	 a	 series	 of	 housing	 typologies,	
among	which	are	 the	medium-height	blocks	 called	 'Collectives	1010	and	1020',	which	are	
the	object	of	study	of	this	research.	

This	 typology	 of	 housing	 was	 widespread	 throughout	 Chile,	 reaching	 a	 significant	
number	 of	 still	 existing	 housing	 complexes,	 it	 is	 for	 this	 reason	 to	 ask	 if	 its	 excessive	
rationality	 allows	 the	 spatial	 and	 functional	 adaptation	 over	 time	 and,	 in	 particular,	 the	
current	 requirements	of	 climate	and	 thermal	 comfort.	 Therefore	 the	 following	hypothesis	
was	 established:	 the	 CORVI	 social	 housing	 typology	 1010	 and	 1020	 deserves	 to	 be	
rehabilitated	 because	 it	 has	 demonstrated	 great	 structural	 and	 spatial	 qualities,	 and	
nevertheless,	they	have	fallen	in	a	state	of	deterioration	that	needs	attention.	That	 is	why	
rehabilitation	must	 take	 place	 and	 be	 based	 on	 sustainable	 development	which	means	 a	
better	 life	 for	 future	 generations	 by	 optimizing	 resources	 to	 achieve	 an	 energy	 efficiency	
allowing	the	improvement	of	the	quality	of	life	of	people.	

Objectives	

Generate	 recommendations	 for	 the	 energy	 transition	 of	 CORVI	 social	 housing	 through	 its	
rehabilitation	 and	 always	 under	 the	 premise	 of	 "never	 knock	 down,	 not	 remove,	 not	
replace,	 but	 add,	 transform	 and	 always	 use	 and	 re-use"	 (Romero,	 2009),	 where	 the	
conceptual	idea	of	energy	transition	is	to	be	applied	at	a	smaller	scale	of	a	residential	level.	

Secondary	objectives:		
1.	 To	 understand	 the	 current	 behaviour	 of	 society	 regarding	 today's	 families	 and	

identify	how	architecture	adapts	to	changes	and	new	requirements.		
2.	To	raise	the	specific	state	of	the	art	of	typology	to	understand	its	historical	context	

of	creation	by	identifying	the	values	of	preserving	rather	than	demolishing.	3.	To	define	the	
case	 studies	 and	 diagnose	 the	 current	 status	 of	 CORVI	 housing	 in	 at	 least	 three	 different	
climate	zones	within	the	most	important	cities.	4.	To	evaluate	the	improvements	in	contrast	
to	the	current	standards	of	thermal	comfort	in	Chile,	according	to	the	climate	in	which	each	
case	study	 is	 inserted	within.	5.	To	elaborate	 the	general	 recommendations	 for	each	case	
according	to	its	climatic	context.	

Methodology	

In	order	to	carry	out	the	research,	a	methodology	of	combined	strategies	was	applied	so	as	
to	be	able	to	develop	with	more	precision	the	fundamental	aspects	that	allow	fulfilling	the	
proposed	 objectives.	 This	 methodology	 has	 three	 main	 phases.	 First,	 ‘interpretative-
historical	research’	(Groat,	2002),	where	a	study	and	survey	of	the	state	of	the	art	and	the	
historical	 documentation	 concerning	 the	 context	 in	 which	 the	 social	 housing	 in	 study	 is	
framed,	 as	 mentioned	 above	 as	 CORVI	 typologies	 1010	 and	 1020,	 with	 the	 purpose	 of	
recognizing	the	morphological,	constructive	and	current	state	aspects,	among	others.	At	the	
same	 time	a	bibliographic	 review	 is	made	 to	define	 the	definitions	of	 concepts	of	 'Energy	
Transition'	 (Smil,	 2010)	 and	 thermal	 comfort,	 which	 are	 the	 ones	 that	 will	 govern	 the	
orientation	of	 this	work,	 and	 these	 strategies	 are	more	 related	 to	 ‘correlational	 research’	
(Groat,	2002).	Second,	a	case	study	is	carried	out,	whose	objective	is	to	be	able	to	compare	
the	thermal	performance	of	 the	same	typology	of	social	housing,	but	 in	different	climates	
‘experimental	 and	 simulation	 research’	 (Groat,	 2002).	 Finally,	 the	 last	 phase	 is	where	 the	
collected	data	 is	 analysed	and	 linked	 to	 the	 current	Chilean	 code	 for	 thermal	 regulations,	
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which	decants	 in	a	 series	of	 recommendations	 for	 the	energy	 transition	and	evolution	 for	
each	case.	

	
Table	1.	Mixed	Methodology	–	Combined	Strategies	and	Phases	

Interpretative	&	Historical	
Research	&	Correlational	

Research	

Case	Study	 Simulations,	Data	Analysis,	
Results	&	Conclusions	

Typology	Origen	 Selection	of	4	
representative	cases	

Energy	Simulations	

State	of	the	Art	 Site	Visit	 Results	and	Norm	
Compliance	

Foreign	Collective	Public	
Housing		

Analysis	Form	 Recommendations		

Chilean	Collective	Public	
Housing	

Phase’s	Conclusions	 Conclusions	

Energy	Transition	Concept	 	 	
NCh	1079	(Chilean	Norm)	 	 	

	
For	 the	case	 study,	 those	 that	were	built	around	 the	same	period	and	had	a	 similar	

solar	orientation	were	chosen,	but	all	had	to	belong	to	different	climates	according	to	the	
climatic	 classification	 for	 residential	 buildings	 established	 in	 the	 Chilean	 Norm,	 NCh1079.	
Also	a	key	factor	to	complete	this	phase	was	to	take	the	first	case	study,	as	'Control	Case'.	
For	a	country	 like	Chile,	where	the	extension	 is	over	4,000	km	of	 length,	when	doing	case	
studies	that	includes	site	visit,	the	activities	needs	to	be	careful	designed	and	decided	due	to	
time	and	money	concerns.		

Therefore,	to	count	on	a	control	case	 is	crucial;	 its	denomination	refers	to	a	base	or	
test	case,	which	serves	as	an	exemplary	or	previous	experience	for	the	study	of	 the	other	
cases.	In	this	way,	a	methodological	coherence	is	maintained	allowing	to	evaluate	the	same	
variables	 in	 the	different	case	studies	and,	 thus,	 to	obtain	comparative	conclusions	of	 the	
energy	 and	 climatic	 performance	 and	 settlement	 of	 the	 same	 typology	 of	 housing	 in	
different	 geographies	 and	 climate.	 This	 'control	 case'	 generated	 a	 scheme	 of	 activities	
replicable	to	the	other	cases	to	achieve	and	emphasize	the	same	aspects,	as	shown	in	table	
2.	With	this,	a	mix	of	strategies	were	generated	and	crossed	to	each	other	to	give	origin	to	a	
graphic	profile	forms	that	describe	each	case	and	facilitate	comparisons	among	them.	
	

Table	2.	Field	Work/Site	Visit	Scheme	

Site	Visit	to		
CORVI	Collective	Public	

Housing		

Pictures	/	Sketches	
Exterior	pictures	
Home’s	unit	interior	pictures	
Thermal	pictures	
Historical	pictures	

Site	monitoring	and	
measurements	

Occupant’s	perceptions	
Informal	Interviews	

National	&	Local	Archive	

Local	Municipality	archive	
Plans	
Demography	
Origin	history	

Neighbours’	organization	
Minister	of	Housing	(MINVU)	
Real	State	National	Archive	
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CORVI	–	Housing	Corporation	

The	Housing	Corporation	(CORVI)	was	created	during	the	second	period,	1952-1958,	of	the	
government	of	Carlos	Ibáñez	del	Campo,	whose	genesis	is	linked	to	the	reform	of	the	public	
administration	 in	Chile,	where	 for	 the	 first	 time	Housing	Plans	became	mentioned.	CORVI	
was	 the	 created	 entity	 to	 be	 in	 charge	 of	 the	 execution,	 urbanization,	 restructuring,	
remodelling	and	reconstruction	of	neighbourhoods	and	sectors	included	in	the	Housing	Plan	
and	 in	 the	 Regulatory	 Plans	 elaborated	 by	 the	 Ministry	 of	 Public	 Works,	 because	 the	
Minister	of	Housing	had	not	been	created	yet. 

During	the	years	of	activity	 (1953-1976),	 the	Housing	Corporation	designed	different	
prototypes	of	housing	so	that	they	could	adjust	to	the	different	situations	to	which	it	had	to	
give	solution.	Some	of	the	homes	most	used	in	extension	were:	n61,	132,	163	and	sm196.	In	
addition,	 within	 the	 mid-height	 prototypes	 the	 most	 recurrent	 were	 the	 1010	 and	 1020	
collectives,	 further	more	 high-rise	 prototypes	 as	 the	 collective	 1040	 and	 1050	 were	 also	
designed.	

	

	

	
Figure	1.	Elevations	and	Section	of	CORVI	Typology	1020.	Source:	CORVI	"Typology	of	rational	housing	1966-

1972".	Santiago,	1972	

CORVI	Typology	1010	and	1020	

These	 groups	 of	 collective	 housing	 are	 of	 prismatic	 volume	 of	 4-floors	 high	 with	 4	
apartment’s	unit	on	each	floor,	and	the	units	are	of	2	and	3	bedrooms,	having	a	total	of	16	
apartments	per	building.	They	have	a	central	staircase	that	connects	the	access	with	the	4	
levels	and	a	humid	core	for	services	are	grouped	in	two	sectors	of	each	building.	

They	are	characterized	by	simple	geometry,	normally	a	parallelepiped,	and	by	the	use	
of	market	common	and	economic	materials,	typically	used	in	Chile	at	the	time.	In	addition,	
the	 internal	 distribution	of	 these	homes	 typology	was	 in	 an	east-west	orientation	 so	 that	
both	 façades	 could	 receive	 the	maximum	of	 sunshine,	with	 the	building	 length	 located	 in	
the	north-south	position;	they	had	to	respond	to	seismic	regulation	of	the	time.	Generally,	
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the	housing	complex	was	arranged	with	buildings	in	parallel	with	each	other	and/or	with	the	
façades	facing	some	main	avenues.		

The	architects	 in	charge	of	 the	design	of	 the	Typology	1010	were	Walterio	González	
and	 Sergio	 Moreno,	 while	 the	 authors	 of	 the	 Typology	 1020	 were	 Jaime	 Perelman	 and	
Orlando	 Sepúlveda.	 However,	 in	 some	 cities	 the	 generic	 typologies	 underwent	 some	
variations	in	the	façade	or	roof	finishing,	which	was	a	practice	of	the	time.	

CASE	STUDY	1_	Concepción	

	

	

Figure	2.	Pre-designed	chart,	summary	diagram	of	articulation	and	current	pictures	of	the	housing	complex.	
	

	

Figure	3.	Concepcion’s	climate	summary	analysis	chart.	Source:	NCh	1079-2008	and	author.	
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The	case	study	 located	 in	the	city	of	Concepción	 is	one	of	the	four	case	studies	that	were	
analysed	 in	 this	 work,	 the	 others	 were	 located	 in	 the	 northern	 area,	 in	 the	 city	 of	
Antofagasta,	in	the	central	area,	in	the	cities	of	Valparaiso	and	Santiago,	being	the	last	one	
the	 capital	 city	 and	 the	 other	 three,	 the	 most	 populated	 cities	 of	 Chile.	 The	 city	 of	
Concepción	 is	 located	 in	 the	 Region	 of	 Bio-Bio	 to	 the	 south	 of	 Chile,	 the	 selected	 case	
receives	the	name	of	"Laguna	Redonda-El	Golf	Social	Condominium".	Figure	2	below	depicts	
some	of	the	analysed	aspects.	

Based	 on	 a	 series	 of	 analysed	 aspects	 such	 as	 those	mentioned	 above	 and	 others	
such	as	circulations,	location,	post-construction	transformations	of	buildings	and	interior	of	
residential	units,	maintenance,	etc.,	the	first	approximations	of	possible	interventions	were	
created	taking	into	account	also	informal	interviews	to	occupants	of	this	unit’s	typology.		

Then,	a	model	was	made	using	the	software	DesignBuilder	for	energy	simulations	to	
check	 the	current	performance	of	one	of	 the	units	and	 if	 it	 complies	with	current	Chilean	
regulations.	 As	 depicted	 in	 Figure	 4	 the	 results	 showed	 high	 consumption	 of	 energy	 to	
achieve	 the	 home’s	 heating	 demand.	 Also,	 greater	 losses	 were	 registered	 through	 the	
envelope,	through	unit’s	walls	connected	to	exterior.		

This	 is	why	 the	 first	 improvement	 focuses	 on	 bettering	 the	 thermal	 quality	 of	 the	
envelope	 in	order	 to	 comply	with	 the	U	 value	 for	 the	walls	 according	 to	 the	 code,	which	
specifies	the	standards	for	thermal	zone	4.	This	code	was	established	by	stages,	beginning	in	
2000,	 were	 roofs	 U-values	 were	 established	 and	 in	 2007	 walls	 U-values	 were	 added,	
therefore	almost	four	decades	after	the	completion	of	many	of	these	housing	buildings.	

	

	

Figure	4.	Temperature	and	heat	gain	graph,	the	results	of	the	simulation	are	for	the	north	apartment	unit	
located	on	the	fourth	floor	in	its	original	state.	Source:	Author	with	EnergyPlus	calculation	engine.	
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Conclusions	

The	 principal	 architectural	 value	 of	 CORVI’s	 public	 housing	 typologies	 resides	 on	 its	
structural	 and	 construction	 type	 qualities,	 especially	 their	 seismic-proof	 features.	 These	
public	 housing	 typologies	 are	 also	 a	 symbol	 of	 a	 unique	 period	 in	 the	 history	 of	 Chilean	
modern	 architecture.	 This	 historical	 value	 makes	 them	 worthy	 to	 preserve	 and	 develop	
energy	 retrofit	 recommendations;	 they	 are	 considered	models	 of	 rational	 architecture	 in	
our	 country.	 However,	 the	 rehabilitation	 of	 them	 need	 to	 adapt	 to	 current	 times,	 as	 an	
example	of	 this,	 is	 the	number	of	members	per	 household	 in	Chile,	 nowadays	 is	 typically	
four	members	per	 family	and	 the	elderly	population	 is	 rapidly	 increasing,	at	 the	 time	 this	
homes	were	built,	families	commonly	had	7	to	8	members.	

Among	the	passive	climate	strategies	proposed	for	energy	retrofit,	the	incorporation	
of	 thermal	 insulation	on	 the	 structural	walls	 that	 conform	 the	envelope	of	buildings	 from	
mid	 Chile	 southwards	 is	 a	 “must”,	 along	 with	 the	 windows	 replacement.	 This	 helps	 to	
maintain	 a	 low	 thermal	 oscillation	 of	 the	 indoor	 climate,	 providing	 thermal	 comfort	 for	
occupants.		

In	 addition,	 in	 accordance	 with	 the	 principles	 of	 energy	 transition,	 however	 to	 be	
applied	 to	 smaller	 scale	 situations,	 like	 the	cases	 taken	 in	 this	 research,	high	density	 low-
moderate	 income	 housing,	 considering	 complexes	 with	 over	 100	 units,	 the	 replacing	 of	
individual	heating	system	for	a	communal	centralised	one	will	increase	the	efficiency	of	the	
heating	systems	and	it	will	reduce	the	air	pollution	levels.	

	At	 the	 same	 time,	 it	 is	 also	 important	 to	 train	 occupants	 once	 rehabilitations	 are	
built	in	order	to	maximize	the	interventions	and	promote	good	practices	among	inhabitants.	
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Abstract:	Buildings,	including	those	of	historic	significance,	are	increasingly	at	risk	due	to	climate	change,	man-	
made	 and	 natural	 disasters.	 Capacity	 of	 a	 building	 to	 recover	 and	 adapt	 is	 informed	 by	 both	 internal	 and	
external	 factors	 that	 must	 be	 holistically	 considered.	 This	 paper	 explores	 related	 concepts	 of	 building	
functionality	 and	 recovery	 in	 reducing	 downtime	 and	 postulates	 that	 the	 retrofit	 of	 a	 building	 with	 the	
integrated	 and	 redundant	 systems	often	 associated	with	 sustainable	 design	 can	 enhance	 a	 buildings	 overall	
resilience.	The	preliminary	factors	needed	to	establish	the	functionality/recovery	model	are	examined	for	San	
Francisco,	California	(USA),	a	city	exposed	to	recurring	risk	of	earthquakes	and	recognized	by	the	Rockefeller	
Foundation	for	its	resilience	planning	(100resilientcities.org).	Two	established	community	programs,	BORP	and	
SPUR,	 are	 analysed.	 An	 objective	 is	 to	 identify	 factors	 affecting	 downtime	with	 a	 particular	 focus	 on	 those	
external	to	the	building.	The	capacity	of	organizational	and	technical	systems	is	considered	thereby	allowing	a	
building	to	be	understood	in	the	broader	context	of	a	community’s	resilience.	An	example	for	building	recovery	
is	 proposed	 that	 accounts	 for	 both	 internal	 functions	 and	 externalities,	 such	 as	 utilities,	 in	 order	 to	 inform	
buildings	that	are	better	able	to	recover	and	adapt	in	the	face	of	future	events.		
	
Keywords:	 	Resilient	 	sustainable	 	building,	 	community	 	programs		and		organizations,	 	capacity,	 	downtime,	
functionality/recovery		

Introduction		

In	 the	built	environment,	 sustainable	design	 refers	 to	 the	methods	employed	 to	conserve	
capital,	most	often	ecological	in	nature	(Hassler	&	Kohler	2014).	Ideally	success	is	measured	
against	 all	 aspects	 of	 the	 “triple-bottom-line”	 of	 sustainability:	 environmental/ecological,	
economic	and	social.	Sustainability	is	a	goal	put	in	place	to	achieve	demonstrable	outcomes	
(Anderies	et	al	2013;	Hassler	&	Kohler	2014).	Sustainability	is	often	associated	with	defined	
performance	metrics	that	show	how	decisions,	or	analytical	frameworks	are	translated	into	
previously	defined	goals	 (Anderies	et	al	2013;	Redman	2014;	Hassler	&	Kohler	2014).	The	
concept	 of	 sustainability	 may	 be	 applied	 to	 systems	 of	 varying	 scales	 	 (Longstaff	 	 2010;	
Hassler	&	Kohler	2014).	Resilience	is	a	measure	of	the	capacity	of	a	system	to	both	persist	
and	adapt	(Redman	2014;	Hassler	&	Kohler	2014;	Longstaff	2010,	Comfort	et	al	2010).	“It	is	
important	 to	 point	 out	 that	 resilience	 is	 a	 system-level	 concept	 and	 is	 distinct	 from	
sustainability	 in	 that	 it	 is	 not	 normative,	 i.e.,	 it	 does	 not	 include	 specific	 choices	 about	
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performance	 measures”	 (Anderies	 et	 al	 2013).	 Resilience	 in	 the	 built	 environment	 often	
refers	to	the	innate	ability	of	a	system	to	retain	and	resume	functionality	in	the	face	of	the	
effects	of	both	acute	shocks	and	chronic	stressors	 (Longstaff	2010,	Comfort	et	al	2010).	A	
system’s	measure	of	 resilience	 is	dependent	on	changes	across	both	 temporal	and	spatial	
scales	 (Anderies	 et	 al	 2013).	 National	 Research	 Council	 (2012)	 defines	 resilience	 as	 “the	
ability	to	prepare	and	plan	for,	absorb,	recover	from	and	more	successfully	adapt	to	adverse	
events”.	Resilience	is	mainly	considered	at	the	community	scale,	and	applying	the	concept	
to	 individual	 buildings	 is	 challenging	 (Longstaff	 2010).	 Towards	 this	 end,	 understanding	
essential	 building/community	 functions	 and	 relationships	 is	 beneficial.	 This	 leads	 to	 a	
question	posed	by	Comfort	et	al	in	Designing	Resilience	(2010):	how	quickly	does	a	system	
or	 building	 need	 to	 recover	 and	 retain	 functionality	 after	 a	 crisis	 to	 be	 considered	 truly	
resilient,	 and	 which	 functions	 are	 essential	 during	 an	 emergency?	 Moreover,	 this	 paper	
seeks	 to	 explore:	 what	 factors	 contribute	 to	 resilience	 and	 should	 be	 considered	 in	 the	
design	or	retrofit	of	more	resilient	sustainable	buildings?	In	order	to	answer	such	questions,	
Different	measures	-	 including	downtime	and	recovery	-	 are	studied.	Although	the	scope	of	
the	 paper	 is	 limited	 to	 seismic	 risk	 and	 the	 San	 Francisco	 Bay	 Area,	 findings	 may	 be	
generalized	to	relate	to	other	risks	and	regions.	

Background:	Building	Downtime,	Recovery	and	Resilience	

Seismic	resilience	is	conceptualized	as	the	ability	of	both	physical	and	social	systems	to	
withstand	 earthquake-generated	 forces	 and	 demands	 and	 to	 cope	 with	 earthquake	
impacts	 through	 situation	 assessment,	 rapid	 response,	 and	 effective	 recovery	
strategies…	(Bruneau	et	al,	2003:	737)		

Factors	affecting	Downtime	

Resilience	mitigation,	improved	organizational	communication,	and	intervention	methods	to	
reduce	downtime	–	time	to	repair	damage	and	resume	intended	functionality	after	damage	
-	are	considered	before,	during,	and	after	an	event	such	as	an	earthquake.	Porter	and	Ramer	
(2012)	 summarize	downtime	as	estimated	 “using	empirical,	 analytical,	 and	expert-opinion	
approaches.”	 They	 pose	 a	method	 for	 the	 estimated	 time	 required	 to	 restore	 operability	
post-earthquake	 taking	 into	 account	 a	 building	 or	 facilities	 “unique	 combination	 of	
structural,	 non-structural	 and	 lifeline	 components”	 (Porter	 and	 Ramer,	 2012).	 External	
factors	 affecting	 downtime	 include	 inspection,	 permit	 and	 regulatory	 uncertainty;	 utility	
disruption,	 transportation	 access,	 damage	 to	 neighbouring	 building	 and	 human	 fatalities;	
financing,	 relocation	 of	 building	 function,	 mobilization	 of	 contractors	 and	 equipment;	
component	 ordering,	 receiving	 and	 lead	 times	 and	 workforce	 availability	 (FEMA,	 2004;	
Comerio,	2006;	Ghorawat,	2011;	Almufti	and	Willford,	2013;	Terzic	et	al,	2014;	Burton	et	al,	
2015).	 Community	 organizations,	 community	 services,	 private	 organizations,	 and	 other	
community	resources	all	have	a	role	to	play	in	addressing	these	external	factors.	

Frameworks	for	Recovery	and	Resilience	

In	 the	 interest	 of	 establishing	 more	 quantitative	 measures	 to	 better	 understand	 factors	
contributing	 to	 resilience,	 Michel	 Bruneau	 and	 colleagues	 “developed	 both	 a	 conceptual	
framework	and	a	set	of	measures	that	make	it	possible	to	empirically	determine	the	extent	
to	which	different	units	of	analysis	and	systems	are	resilient	(Bruneau	et	al,	2003;	734).”	
These	authors	define	resilience	as	“the	ability	of	the	system	to	reduce	chances	of	shock,	to	
absorb	a	shock	if	it	occurs	and	to	recover	quickly	after	a	shock.	More	specifically,	a	resilient	
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system	is	one	that	shows	the	following:	
• Reduces	failure	probabilities	
• Reduces		consequences		from		failures,		in		terms		of		lives		lost,		damage,		and	

negative	economic	and	social	consequences	
• Reduces	time	to	recovery	(restoration	of	a	specific	system	or	set	of	systems	to	

their	‘normal’	level	of	performance)”	(Bruneau	et	al,	2003:	736)	
	

These	 authors	 established	 a	 conceptual	 curve	 illustrating	 loss	 of	 resilience	 by	
measuring	 expected	 degradation	 of	 quality	 of	 infrastructure	 (probability	 of	 failure)	 over	
time	 to	 recovery.	Moreover,	 four	 fundamental	 properties	 for	 physical	 and	 social	 systems	
resilience	 are	 defined:	 “Robustness	 [an	 end],	 Redundancy	 [a	 means],	 Resourcefulness	 [a	
means],	 and	 Rapidity	 [an	 end]”	 Their	 conceptual	 definition	 recognizes	 interconnected	
“technical,	organizational,	social,	and	economic	(TOSE)”	dimensions	of	community	resilience	
(Bruneau	et	al,	2003:	737-738).	The	framework	described	above	mostly	addresses	the	“two	
desired	 ‘ends’	 of	 resilience	 –	 robustness	 and	 rapidity.”	 Rapidity	 is	 essential	 to	 this	
framework	in	addressing	recovery	time.	As	proposed	below,	retrofitting	an	existing	building	
with	 the	 addition	 of	 redundant	 energy-generating	 systems	 contributes	 to	 robustness.	
Community	organizations	provide	necessary	resourcefulness.	
	

“The	Smartest	Cities	are	Resilient	Ones.”	(Rockefeller	Foundation)	

The	 Rockefeller	 foundation	 established	 100	 Resilient	 Cities	 in	 2013	 to	 “help	 cities	
around	 the	 world	 in	 order	 to	 be	 more	 resilient	 to	 the	 physical,	 social	 and	 economic	
challenges	(Rockefeller	Foundation).”	The	program	aims	to	tackle	the	chronic	stresses	and	
acute	 shocks	 that	weaken	 city	 fabric.	 These	 stresses	 can	 range	 from	high	 unemployment	
and	 crime	 rates	 to	 inefficient	 public	 transportation	 systems.	 Natural	 disasters,	 terrorist	
attacks	and/or	outbreak	diseases	are	considered	acute	shocks.	Selected	100	Resilient	Cities	
represent	 regions	 across	 the	 globe,	 addressing	 “all	 challenges.”	 The	 framework	 posed	 by	
Rockefeller	 Foundation’s	 100	 Resilient	 expands	 the	 dimensions	 of	 resilience	 posed	 by	
Bruneau	et	al,	demonstrating	seven	(7)	qualities	that	can	help	them	overcome	the	stresses	
and	 shocks:	 being	 reflective,	 resourceful,	 robust,	 redundant,	 flexible,	 inclusive	 and	
integrated.	The	added	attributes	–	flexible,	inclusive	and	integrated	-	can	be	directly	related	
to	 design	 and	 system	 considerations	 in	 architecture	 and	 urban	 design.	 Rockefeller	
Foundation	also	claims	reflective	(rather	than	rapidity	defined	in	the	framework	established	
by	Bruneau	et	al).	The	term	reflective	is	indicative	of	the	planning	necessary	for	holistically	
considered	solutions.	

San	Francisco,	Oakland	and	Berkeley	–	in	the	San	Francisco	Bay	Area	of	the	west	coast	
of	 the	 United	 States,	 were	 three	 of	 the	 first	 32	 cities	 recognized	 by	 the	 Rockefeller	
Foundation	 100	 Resilient	 Cities	 initiative.	 Resilience	 plans	 for	 these	 three	 cities	 are	
complimentary,	 but	 each	 focuses	 on	 a	 different	 ‘acute	 shock’	 affecting	 the	 Bay	 Area.	
Oakland	 and	 Berkeley	 focus	 on	 shocks	 that	 are	 consequences	 of	 climate	 change	 such	 as	
droughts,	flooding	and	fires.	San	Francisco	established	comprehensive	earthquake	resiliency	
plans	 with	 initiatives	 that	 inform	 responses	 in	 Berkeley	 and	 Oakland.	 Below	 two	 of	 San	
Francisco’s	progressives	planning	programs,	contributing	to	resilience,	are	presented.	
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Programs	that	Enhance	Building	Recovery	and	Resilience	

Unlike	 hurricanes	 and	 some	 other	 natural	 hazards,	 earthquakes	 strike	 suddenly	 and	
without	 warning….preparedness	 requires	 the	 participation	 of	 owners,	 managers,	 and	
workers,	 as	 well	 as	 those	 who	 design,	 build,	 regulate	 and	 maintain	 buildings	 used	 as	
workplaces	(FEMA,	2015).	
	
In	 1997	 the	 U.S.	 Federal	 Emergency	 Management	 Agency	 established	 Project	 Impact	
initiating	 local	 level	 community-based	 programs	 to	 “foster	 public-private	 partnerships	
[building	partnerships	between	businesses,	agencies,	churches,	neighbourhoods	and	others	
to	work	together	on	locally	based	hazard-mitigation	activities]	that	would	undertake	hazard	
and	 risk	 assessments,	 community	 education	 programs	 and	 mitigation	 projects	 to	 reduce	
future	earthquake	losses”	(Bruneau,	2003,	pp.	734).	 Although	short-lived,	discontinued	as	a	
national	 program	 in	 2001,	 it	 is	 credited	with	 saving	 lives	 and	 providing	 a	 guide	 for	 future	
adaptation	 (Holdeman	 and	 Patton,	 2008).	 Subsequent	 programs	 are	 managed	 by	
organizations	 that	 are	 national	 or	 city	 specific;	 many	 of	 the	 national	 organizations	 have	
programs	that	are	specific	to	the	local	chapters	of	the	organization.	 Some	programs	are	also	
established	by	response	groups,	such	as	first	responders	and	other	community	“life-lines”	or	
planning	 organizations	 -	 clusters	 of	 informed	 opinion	 leaders	 that	 shape	 resilience	
understanding.	 Figure	 1	 maps	 the	 relationship	 between	 two	 San	 Francisco	 programs	 and	
the	related	factors	that	affect	building	recovery	and	resilience.	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	1.	Two	San	Francisco	Programs	analysed	according	to	the	100	Resilient	Cities	Framework	and	the	three	

phases	of	building	recovery.	
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BORP	 (Building	 Occupancy	 Resumption	 Program)	 is	 an	 award-winning	 program	 first	
implemented	by	the	City	and	County	of	San	Francisco,	CA,	USA	in	1996	after	the	Loma	Prieta	
earthquake	 and	 has	 since	 been	 adopted	 in	 many	 Northern	 California	 jurisdictions.	 This	
program	 was	 created	 and	 developed	 by	 the	 San	 Francisco	 Department	 of	 Building	
Inspection	(DBI),	in	cooperation	with	SEAONC	(Structural	Engineers	Association	of	Northern	
California),	BOMA		(Building		Owners		and	Managers		Association	of		San	Francisco)	&		AIA	
(American	Institute	of	Architects).	BORP	allows	building	owners	to	enter	an	agreement	with	
qualified	 engineers	 and	 specialty	 contractors	 to	 expedite	 building	 inspection	 following	 a	
hazard	 event	 with	 assurance	 of	 inspection	 within	 72	 hours	 of	 an	 earthquake	 event.	 The	
Program	consists	of	three	basic	phases	1)	building-specific	post-earthquake	inspection	plan,	
2) annual	update	and	renewal	activities	and	the	maintenance	portion	of	the	work,	3)	the	
post-disaster	 implementation	 of	 the	 program.	 In	 addition,	 estimated	 hours	 needed	 to	
conduct	the	detailed	inspection	are	specified	and	guaranteed	in	the	contracts	(San	Francisco	
Department	 of	 Building	 Inspection).	 BORP	 has	 two	 major	 advantages	 over	 the	 state	
government’s	post	disaster	inspection:	

• Pre-inspections	 provide	 deputized	 inspectors	 to	 have	 an	 intimate	 knowledge	 of	
the	building	in	order	to	make	more	accurate	and	timely	judgements;	

• BORP	 minimizes	 business	 interruption	 after	 the	 disaster	 by	 accelerating	 the	
structural	 inspection	 process	 and	 allowing	 building	 owners/tenants	 to	 safely	
reoccupy	their	building	or	initiate	necessary	repairs.	(SEA)	

	
Related	to	resilience	(see	table	1)	and	sustainability,	“BORP	can	be	easily	adapted	for	

use	in	other	cities	that	have	the	cooperation	of	the	local	structural	engineers…	Maintenance	
of	the	program	requires	annual	renewal	to	address	any	changes	made	to	the	building	or	to	
the	inspection	team	and	to	maintain	current	contact	information.”	(EERI	Northern	California	
Chapter)	
	

Table	1.	BORP	initiatives	related	to	Rockefeller	Foundation	100	Resilient	Cities	resilience	measures.	 Key:		 	
darker	the	hatch,	the	more	present	the	association	between	the	resilience	concept	and	the	program	goals.	

	
After	 a	 hazard,	 the	 “ripple	 effect”	 spreads	 through	 the	 community	 and	 disrupts	

functionality	 (McAllister,	2013).	Critical	 facilities	and	 infrastructure	systems	 (life	 lines	 such	
as	power,	 emergency	 response,	hospitals,	 etc.)	need	 to	be	operational	during	and	after	a	
hazard	 event.	 To	 minimize	 disruption,	 buildings	 and	 infrastructure	 systems	 need	 to	 be	
recovered	 within	 a	 specific	 period.	 Performance	 depends	 on	 the	 codes	 and	 standards	
adopted	 and	 enforced.	 Community	 policies	 and	 private	 organizations	 play	 a	 key	 role	 in	
community	 resilience	 by	 affecting	 these	 codes	 and	 standards,	 potentially	 improving	
recovery	before,	during	and	after	an	event,	contributing	to	resilience.	

San	Francisco	Bay	Area	Planning	and	Urban	Research	Association	(SPUR)	is	a	member	
supported	 non-profit	 organization	 and	 policy	 think-tank	 with	 offices	 in	 San	 Francisco,	
Oakland	and	San	Jose.	Its	mission	is	to	promote	good	urban	planning	and	government	in	Bay	
Area	cities.	SPUR	includes	a	‘Resilience	+	Sustainability’	policy	agenda	focused	on	reducing	
the	 global	 footprint	 and	 increasing	 the	 resilience	 of	 its	 cities.	 Initiatives	 fall	 into	 three	
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categories:	before	the	disaster	(planning	for	preparedness),	emergency	response	(during	an	
event),	 and	 organizational	 support	 to	 improve	 earthquake	 and	 disaster	 response	 and	
community	infrastructure	after	the	disaster.	The	policies	and	initiatives	that	SPUR	advocates	
align	with	the	City	of	San	Francisco’s	100	Resilient	Cities	agenda	(Table	2).	
	

Table	2.	SPUR	initiatives	related	to	the	Rockefeller	Foundation	100	Resilient	Cities	resilience	measures.	

	
	
Programs	 such	 as	 BORP	 and	 SPUR	 contribute	 to	 establishing	 community	 networks.	 In	 a	
recent	 keynote	 address	 Louise	 Comfort	 advocated	 “collective	 action…enlarging	 and	
enhancing	networks	to	create	a	“knowledge	commons,”	presenting	“design	as	a	function	of	
community”	(AEI,	2017).	

Proposition:	Retrofitting	for	Resilience	

A	system-of-systems	approach	that	considers	the	building	in	the	context	of	its	community	is	
necessary	to	realize	more	sustainable	resilient	buildings.	The	total	functionality	of	a	building	
is	the	union	of	the	functionalities	of	the	systems	(Internal	or	external)	that	are	required	to	
fulfil	 its	 intended	 use.	 Internal	 systems	 (Fig.	 4)	 are	 those	 within	 the	 building,	 such	 as	
structural,	 HVAC	 and	 fire	 suppression	 systems.	 External	 systems	 (Fig.	 5)	 are	 related	 to	
community	 life-lines	 (communication,	 first	 responders,	 hospitals/schools/churches,	
transportation,	 utility	 systems).	 Through	 integration	 between	 building	 and	 community,	
capacity	-	defined	as	the	reserve	of	functionality	-	can	be	mobilized	to	recover	and	improve	a	
building	or	system	after	an	event.		
	

	
Fig.	4:	Internal	systems	diagram	 Fig.	5:	External	systems	and	basic	services	diagram	

COM M UNITY 
CONNECTIONS 
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Bruneau	et	al	(2003)	discuss	addressing	seismic	resilience	by	“enhancing	the	ability	of	
a	 community’s	 infrastructure	 (e.g.,	 lifelines,	 structures)	 to	 perform	 during	 and	 after	 an	
earthquake,	 as	well	 as	 through	 emergency	 response	 strategies	 that	 effectively	 cope	with	
and	contain	 losses	and	 recovery	 strategies	 that	enable	communities	 to	 return	 to	 levels	of	
pre-disaster	 functioning	 (or	other	acceptable	 levels)	as	rapidly	as	possible.”	The	retrofit	of	
buildings,	 holistically	 integrated	with	 their	 community,	 provides	 a	 buffer	 during	 an	 event	
and	 contributes	 to	 long-term	 resilience.	 Existing	 historic	 buildings	 are	 likely	 to	 have	 been	
constructed	to	incorporate	regionally	appropriate	passive	design	strategies.	Recognition	and	
enhancement	of	these	strategies,	coupled	with	improvements	to	the	building	envelope	and	
systems	 can	 significantly	 reduce	 the	 energy	 use	 required.	 Associated	 with	 passive	
survivability,	a	building	can	maintain	a	higher	level	of	function	during	a	disaster-associated	
event.	Coupled	with	 redundant	systems,	such	as	a	building-integrated	and	 interconnected	
photovoltaic	 array,	 capacity	 is	 enhanced	 (fig.	 6).	 Organizational	 support	 can	 facilitate	
improvement	and	foster	effective	communication	between	a	building	and	its	community.	
	

	
	
	
	
	
	
	
	
	
	
	
	

Fig.	6:	Diagram	of	limited	functional	relationships	in	a	building	during	an	event	(left);	(right)	a	scenario	 where	
function	is	enhanced	by	retrofitted	with	interconnected	redundant,	sustainable	systems.	

Conclusion	

Capacity	of	a	building	to	recover	and	adapt	is	informed	by	internal	and	external	factors	that	
must	 be	 holistically	 considered.	 National	 and	 local	 organizations	 and	 programs	 can	
contribute	 to	building	 and	 community	 resilience.	However	 limitations	 exist,	 especially	 the	
need	 for	 coordinated	policies	 and	project	 goals.	 Therefore	enhanced	 integration	between	
constituent	 decision-makers,	 especially	 related	 to	 community	 agencies/agents,	 building	
designers,	and	policy-makers/	regulators,	is	essential.	
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Abstract:  Cities,  these  days,  try  really  hard  to  be  perceived  as  the  perfect  places  to  visit  on  a map.  The 
powerful  international brands constantly seek for the perfect place and way to be seen by their targets. But, 
how does the globalization directly affect to the areas declared as World Heritage Sites? This research is based 
on the analysis of a private property at 3 Larios St in Malaga, Spain. The study includes a historic evolution and 
transformation of both, the property and the street. Do market chains really respect the preservation of the 
cities? The  first phase of  the  investigation  started with  an  analysis of  the  architecture design of  the  street 
made by Guerrero  Strachan  (1879‐1930), who  introduced  the Chicago  School  architecture  to Malaga. As  a 
result of the study,  it has been demonstrated that the original shop adjusted  itself to the architecture of the 
buildings, the regionalist trade from the  last quarter of the 20th century didn't respect neither the order nor 
the geometry of the building. On the other hand, the international brand made a complete restoration of the 
facade, with a Boito style, giving unity of style to both, the shop and the building.  

Keywords: Historical investigation, Original state, Restoration, Heritage, Globalization 

Introduction  

There  is  a  great  variety  of  examples  that  show  the  architectural  restorations  since  the 
beginning  of  the  XVI  century  around  Europe,  following  different  theoretical  approaches, 
we've found some of them such us: Boito and the Porta Ticinese of Milan (Medieval Gate of 
Milan,  see  figure 1), Lampérez and  the Cuenca Cathedral  (see  figure 2), and one of  them 
even  closer  to our  research project,  the  implementation of  the  lnternational Charter,  the 
Roman Theatre of Málaga (see figure 3).  

However, a restoration research has never been applied to commercial premises at a 
historic  street,  such as Marqués de  Larios, which has had  so many  changes on  its  façade 
because of the different international brands that have passed by it.  

The investigation analyses a restoration work at a local shop located on 3 Marqués de 
Larios St., in Málaga, corner with Strachan and Salinas St. (see figure 4).  

The  lack  of  information  of  the  building  has  forced  us  into  establishing  a  working 
method  that will  help  for  the  acknowledgement  of  the  equity  value  and  the  restoration 
process  that has been  taking place since  its construction  in 1889, which will be discussed 
below.  

With  the Medieval Gate of Milan, Boito defines  that  it  is  the whole ensemble what 
characterizes the entire piece, wich distinguishes it from the ambiguous style model. 
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Figure 1. Restoration of Porta Ticinense in Milán (Medieval Gate of Milán), 1861‐1865 

 
The restoration of the Cuenca Cathedral seeks the  integrity and unity of the style.  If 

we compare both buildings, we can appreciate that the objective of the restoration  is the 
stylistic  unit,  while  the  Springfield  store  recovers  the  rhythms,  the  cornices,  and  the 
materials used for the haberdashery.  

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Restoration of Cuenca Cathedral, 1903 

 
In  order  to  recover  the  Roman  Theatre,  the  House  of  Culture  is  demolished.  In 

comparison with  the Springfield shop, and on a  totally different scale,  in order  to get  the 
haberdashery´s  traces  back,  they  get  rid  of  the  entrance  of  the  shoe  shop, Nicolás,  and 
finally recover the interior and the façade materials. 

 
 
 
 
 
 
 
 
 
 

 
Figure 3. Malaga´s House of Culture and Roman Theatre, 1989 
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Urban analysis of the street  

The construction of the Marqués de Larios street in Malaga, took place in 1887, designed by 
Eduardo  Strachan  (the  architect  of  the  investigated  local  shop),  and  the  help  of  the 
economic boost from the Larios´ family (see Figure 4). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Situation Larios St. and building's investigation 

 
Different  approaches were  proposed with  the  purpose  of  letting  go  of  the  arabic 

design of the street and to connect the port with the city´s centre (see Figure 5,6 & 7). For 
the new design,  the public health  services established  the  idea of  curved  corners on  the 
buildings in order for the street to get odor free by the port´s breeze (see Figure 8), taking 
into account the city´s deficit of sanitation. 

 
 
 
 
 
 
 
 
 
 
 
 
 

           
                 Figure 6. Larios St. opening, 1891                                Figure 7. Málaga blueprint, 1886 

       Figure 5. Haussmann´s plan 1852 
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Marqués de Larios St, 3  

The building located on Marqués de Larios St., 3, was build in 1889. It has a bourgeois style 
from  the  XIX  century,  designed  by  the  architect  Eduardo  Strachan  Viana‐Cárdenas, who 
introduced  the  University  of  Chicago  architecture  style  to  the  city  of  Malaga,  with  a 
similarity to Haussman´s Parisian boulevards. 

 
 
 
 
 

 
 
 
 
 
 
 
 
 

                        Figure 8. Larios St. construction, Figure 9. Building on 3 Marqués de Larios St. Malaga 
 
The construction preserves  its character of unity with the rest of the buildings  in the 

same street, which were built by the same author(see figure 8 & 9) . 
It´s distributed over  four  floors,  including  the  street  level  as  a  commercial business 

and an atic. The ground  floor and  the mezzanine  (with sills separated by  fluted pilasters), 
show a uniform treatment that seems to be highly disrupted due to commercial facilities. 

The  analysed  local  shop  has  faced many  changes  due  to  its  commercial  use  in  the 
ground floor and the mezzanine.  In the beginning,  in 1889,  it was used as a shoe shop,  its 
interior  distribution  is  unknown  until  1978, when  the Nicolás  shoe  shop was  introduced 
(Figure 10), until today, with the international brand Springfield (Figure 11). 

As for the ground treatment, they first used wood paving stone, with the purpose of 
softening the noise of the carriages and to ennoble the aspect of the street, but a flood that 
took place in 1907 destroyed it all, having to be replaced by cobblestone. 

The missing  information about the restoration during a certain period of time,  led us 
to establish a methodology based on  the analysis of  the entire  street and  the  rest of  the 
local shops with the pupose of finding that missing part of its history. 

 
 
 
 
 
 
 
 
 
 

                                Figure 10. Nicolás. 1978‐2012                                 Figure 11. Springfield. 2013 

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 3081



Applied methodology  

The lack of information found during our investigation of the local shop located on Marqués 
de  Larios  St., 3,  led us  to  investigate more deeply  about  the other buildings  constructed 
during the same period of time in Larios street, also designed by the same author. 

We  focused  on  the  building  right  across  the  street  from  our  investigation  point, 
located on Marqués de Larios St., 4, and that’s where we found the information. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 11, 12. Archaeological restoration of the Arch of Titus, Rome 

 
Based on this, we established a working methodology applied in different restoration 

projects such as the Arch of Titus  in Rome (see Figures 11 &12), by Stern (1817‐1820) and 
Valadier (1820‐1824), where they followed old traces in order to improve the shape of the 
arch, but keeping its architectural lines. 

The  building  located  on  Marqués  de  Larios  St.,  4,(see  Figure  13),  preserves  its 
character  of  unity  with  the  rest  of  the  other  buildings  in  the  same  street,  all  of  them 
designed by the same author.   

The  façade  of  the  ground  floor  and  the  first  floor  shows  sills  separated  by  fluted 
pilasters, keeping a uniform treatment. 

 
 
 
 
 

 
 
 
 
 
 
 
 

Figure 13. Building on 4 Marqués de Larios 

 
On the upper floors there seems to be a main central section flanked by symmetrical 

sides. The cornice its showned horizontally with imposts and a small corbel. 
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Analysis of its original state 

If we compare both of the restoration projects applied to the same local shop, we can jump 
to the conclusion that there is a style unity. On the Nicolas´ shoe shop façade, the entrance 
breaks the rhythm of  it, the columns  interfere with  it, the awning covers the cornice, and 
the materials make the façade lose its homogeneity, until Springfield takes over, and takes 
all of these concepts back (see Figures 14‐17). 

 
 

 
 
 

 
 

 
 

 
 
 
 
 

 

Figure 14. Comparison of the restorations of Nicolás shop (1978‐2012)  
and Springfield (2013‐to date) 

 

 
 

Figure 16. Delete  
(Nicolas) 

Figure 17.  
Refurbishment (Springfield) 

Figure 15. Original 
(Rhytms) 
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Local constructive analysis 

Study of the materials used for the restoration of the Springfield local commercial (2013‐to 
date, see Figures 18‐25): 

 
 

 

 
 
 

 
Table 1 shows the analysed establishment´s material safety data‐sheet were obtained 

from the PEPRI Centre (Interior Protection and Remodeling Special Plan): 
 

Table 1. Material safety data‐sheet 
 

Construction system  Element  Material  State of 
conservation 

Structure  Wall  Brickwork  Good 

Porches  Wood  Regular 

Metallic  Good 

Forge  Wood  Regular 

Roof    Arabic tile  Regular 

Facade    Bay windows  Regular 

  Balcony  Regular 

  Ironwork  Regular 

  Carpentry  Regular 

  Cornice  Regular 

Interior    Ceramic  Good 

  Marble  Good 

Vertical walls    Painting  Good 

Figure 18. Difference of 
style 

Figure 19. Difference of 
factory made materials 

Figure 20. Difference of 
Factory made materials 

Figure 21. Fragments in 
sights 

Figure 22. Usual sign of 
a new fragment 

Figure 23. Noticeable  Figure  24,25.  Descriptions  and  pictures  from  the 
building 
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Conclusions. Lines of investigation 

Along  this  study,  the  restoration process of a  local  shop on Marqués de Larios Street has 
been analysed from a global point of view. 

Main conclusions:  
The  commercial  establishments  in Marqués  de  Larios  Street  have  not  had  a  well 

studied  refurbishment, making  them  lose  the  city´s  identity,  and  destroying  the  existent 
heritage of the city. 

The  lack of  information about  the  studied building does not  represent an excuse  to 
disrespect it.  

The use of materials  to make visible what  is new as a way of merging globalisation 
with historical centres. 

Follow the logic and style of the analysed street, protecting the city´s heritage.  
The  refurbishment  as  part  of  globalisation  can  work  as  the  starting  point  of  the 

preservation of historical constructions.	
Lastly,  the  analysis  of  the  process  of  restoration  to  its  original  state  done  at  the 

commercial  establishment  located  on  Larios  street,  is  established  as  an  extrapolation 
method  for  other  establishments  that  have  faced  any  unfortunate  modifications  (see 
Figures 25 and 27). 

 
 
 
 
 
 
 
 
 
 

                           Figures 26 and 27. Traditional stores in Larios St for apply the methodology 
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Abstract:	Half	of	the	dwellings	in	Europe	have	been	built	between	1945	and	1980,	and	the	average	age	of	our	
total	building	stock	continues	to	grow	increasingly	older.	If	this	trend	continues,	90%	of	our	current	residential	
properties	will	still	be	in	use	by	the	year	2050.	How	to	renovate	the	existing	buildings	up	to	today’s	standards,	
while	still	being	affordable,	healthy	and	scalable?	The	RenovActive	project	 in	Belgium	makes	a	suggestion	by	
renovating	a	social	housing	unit,	situated	in	a	garden	city	built	in	the	1920´s	as	healthy	and	affordable	housing	
for	the	working	classes.	The	renovation	costs	stay	below	the	budget	framework	of	Brussels	social	housing	and	
the	 requirements	 in	 the	Energy	Performance	of	Buildings	standard.	The	concept	consists	of	 seven	 individual	
building	 elements,	 to	 make	 it	 possible	 to	 replicate	 and	 adapt	 to	 different	 depth	 of	 renovation	 needs.	 The	
affordability	 bases	 on	 the	 proven	 quality	 of	 each	 element	 as	 well	 as	 the	 different	 solutions’	 ability	 to	 be	
reproduced,	allowing	economies	of	scale	to	take	effect	as	a	model	for	social	housing	renovation	across	Europe.	
The	concept	is	designed	to	increase	the	level	of	daylight,	improve	ventilation,	strengthen	the	climate	envelope	
and	expand	the	living	space	through	densification	or	extension.		
	
Keywords:	Renovation,	Energy	Poverty,	Active	House,	Healthy	Buildings	

Introduction		

80	million	Europeans	live	in	homes	with	leaking	roofs,	damp	walls,	floors	or	foundations,	and	
rotten	window	frames	(Grün	et	al,	2014)	 (figure	1).	When	addressing	this	challenge	 in	the	
existing	building	stock,	affordability	is	a	key	priority,	to	avoid	increasing	energy	poverty.	The	
RenovActive	 concept	 aims	 to	 suggest	 a	 model	 for	 an	 affordable,	 healthy	 and	 scalable	
renovation.	The	concept	is	elaborated	in	a	partnership	with	the	social	housing	company	Foyer	
Anderlechtois,	which	owns	and	runs	more	than	3600	dwellings	in	Anderlecht	area	of	Brussels,	
Belgium.		
The	concept	is	prototype	tested	on	a	semi-detached	dwelling	from	1923	in	the	garden	city	
Bon	Air	 in	 the	 south	of	Anderlecht.	Bon	Air	garden	city	 consists	of	approx.	350	dwellings,	
where	87	are	due	for	major	renovation.	This	particular	prototype	had	been	uninhabited	for	7	
years,	and	in	a	very	bad	condition.	An	architecture	competition	was	organised	to	generate	
new	 ideas	 and	 innovative	 concepts	 for	 the	 climate	 renovation.	 The	 Antwerp-based	
architecture	office	ONO	Architectuur	won	the	competition	and	developed	the	project	with	
Daidalos	Engineers.	
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Figure	2	–	The	garden	city	Bon	Air	with	prototype	dwelling	front	right	

Specific	targets 

The	first	context	specific	target	 is	an	ambitious	energy	performance	for	a	renovation	case:	
Net	energy	demand	for	heating	and	a	primary	energy	use	that	complies	with	the	Flemish	EPB	
legislation	until	2021	and	the	Walloon	EPB	legislation	until	2017	for	new	built.	Second	comes	
to	strive	for	a	design	delivering	an	outstanding	indoor	climate	with	a	particular	focus	on	high	
daylight	 levels,	 prevention	 of	 overheating	 and	 good	 indoor	 air	 quality	 through	 demand-
control.	 Third	 target	 is	 to	 ensure	 the	 affordability	 of	 the	 renovation	 (incl.	 all	 technical	
equipment)	 to	be	held	within	 the	 financial	 frame	given	by	 the	 social	 housing	 company	of	
Brussels.	 Fourth	 comes	 reproducibility,	 with	 a	 design	 approach	 to	 prioritise	 and	 choose	
technology,	 so	 the	 concept	 can	 be	 reproduced	 by	 the	 social	 housing	 company	 Foyer	
Anderlechtois,	as	well	as	on	a	larger	scale	in	other	housing	communities	as	well	as	for	private	
building	owners	(Foldbjerg	et	al,	2016)	

Methods	

Three	methodological	approaches	are	applied	in	the	project:	For	programming	a	generic	tool	
which	allows	clear	priorisation	and	comparison	of	–	in	this	case	-	10	benchmark	scenarios.	The	
concept	itself	is	an	application	of	design	thinking	principles,	where	user	focus	and	implication	
is	in	focus.	Thirdly,	the	project	will	be	researched	in	use,	subject	to	a	major	post	occupancy	
evaluation.		

Figure	1	–	Europeans	living	in	unhealthy	homes	
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After	completion	of	the	renovation	works,	the	house	is	open	for	visits	during	1	year.	
After	 this,	 the	 social	 housing	 company	 Foyer	Anderlechtois	will	 inhabit	 the	project	with	 a	
social	housing	beneficiary.	During	the	first	two	years	of	occupation,	the	performance	of	the	
house	will	 be	monitored;	 technically	by	measuring	 indoor	 climate	parameters	 and	energy	
performance,	 and	most	 importantly	 by	 psycho-social	 techniques	 like	 questionnaires,	 and	
control	groups.		

Programming 

The	RenovActive	 concept	bases	on	 the	Active	House	 specifications	and	programming	 tool	
(Alliance,	2011).	An	Active	House	is	characterized	by	being	a	building	that	combines	energy	
efficiency	with	specific	attention	to	user	comfort,	indoor	climate	and	the	environment.	The	
Active	House	radar	(fig	X)	shows	the	score	and	priorisation	of	the	prototype	building	before	
renovation	and	after.		The	house	is	connected	to	the	gas	grid,	also	after	renovation	and	uses			
a	condensing	gas	boiler.	4,5	m2	photovoltaic	cells	are	added,	as	standalone	modules	in	the	
garden,	adding	to	the	relatively	high	score	on	environmental	impact.	Reuse	of	roof	tiles	and	
the	 existing	 fabric	 as	 base	 for	 improving	 thermal	 envelope	 gives	 a	 high	 score	 on	 the	
sustainable	construction.	The	indoor	climate	is	predicted	to	perform	well,	achieving	a	score	
of	2	 in	 the	main	categories	daylight,	 thermal	comfort	and	 indoor	air	quality.	This	 is	major	
improvement	from	the	un-renovated	situation,	which	was	in	fact	uninhabitable	(fig	3).		

	
	

Seven	systemic	design	elements		

The	paramount	challenge	of	renovating	the	European	building	stock	will	not	be	successful	by	
one	renovation	project	after	the	other.	Scalability	is	the	key	success	factor	for	implementation,	
therefore	the	RenovActive	concept	in	fact	 is	a	design	resolution,	enabling	application	onto	
several	different	starting	points	of	departure.	The	concept	is	in	fact	consisting	of	a	subdivision	
into	seven	individual	design	elements	which	makes	it	possible	to	create	a	match	between	the	
financial	plan	of	a	project	and	the	different	requirements	of	a	housing	company	/	client.	The	
affordability	is	based	on	the	proven	quality	of	each	element	as	well	as	the	different	solutions’	
ability	to	be	reproduced,	allowing	economies	of	scale	to	take	effect.	

	
	 	

Figure	3	–	Active	House	radar	score	before	&	after	
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Table	1	–	overview	of	the	seven	conceptual	design	elements	

1	Attic	conversion		
	
The	attic	is	converted	into	12,5	m2	quality	living	
space,	connected	to	the	home	via	a	newly	
constructed	open	
stairwell.	 													 	
2	Increased	daylight	area	

A	 balanced	 distribution	 of	 windows	 increases	 the	
daylight	factor	in	all	rooms.	

															 	
3	Staircase	shaft	for	stack	effect		
		
An	open	stairwell	enhances	the	daylight	distribution	
to	all	floors	and	central	rooms	of	the	building;	via	
stack	effect	the	shaft	ensures	efficient	airing	

	 											 	

4	Dynamic	envelope		

Dynamic	external	sun	screening	reduces	solar	heating	
during	 summer	 and	 helps	 to	 maintain	 good	 indoor	
thermal	comfort.	

														 	
5	Hybrid	ventilation	system		
	
During	summer,	windows	and	stairwell	are	used	to	
provide	natural	cooling	in	the	building	and	efficient	air	
exchange.	During	winter,	mechanical	ventilation	
maintains	good	indoor	air	quality		 												 	
6	Upgraded	envelope	
	
New	facade	insulation	and	windows	reduces	energy	
consumption	and	increases	indoor	comfort,	in	
combination	with	floor	heating	(ground	floor)	and	
radiators	on	the	1st	and	2nd	floors		 																		 	
7	Building	extension	

An	extension	of	15m²	creates	additional	living	space	on	
the	 ground	 floor	 to	 accommodate	 a	 family	 of	 five	
people	 as	 opposed	 to	 a	 family	 of	 four	 in	 the	 house	
before	renovation.		
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The	 RenovActive	 concept	 consists	 of	 seven	 cost-effective	 design	 elements	 for	
renovation,	which	can	be	prioritised	and	applied	in	any	order:		

1	-	converting	an	unused	attic	into	living	space,	2	-	increasing	the	daylight	levels,	3	-	
introducing	a	staircase	shaft	for	all	floors,	4	-	enabling	a	dynamic	envelope,	5	-		using	a	hybrid	
ventilation	system,	6	-	upgrading	existing	envelope,	and	7	-	adding	an	extension.		

The	design	elements	enable	a	potential	for	existing	buildings	to	perform	on	the	same	
level	as	newly	built	houses.	Depending	on	the	existing	building	design	and	renovation	budget,	
the	 different	 elements	 can	 be	 implemented	 to	 increase	 the	 level	 of	 daylight,	 improve	
ventilation,	 strengthen	 the	 climate	 envelope	 and	 expand	 the	 living	 space	 through	
densification	or	extension.	The	concept’s	modularity	adapts	to	various	typologies,	and	the	
order	or	integration	or	priority	is	adaptable.		

Design	thinking	principles	have	the	potential	to	be	even	more	powerful	when	applied	
to	managing	the	intangible	challenges	involved	in	getting	people	to	engage	with	and	adopt	
innovative	new	ideas	and	experiences	(Tim	Brown,	2015).	

Energy	consumption	
Here	follows	a	detailing	on	the	calculations	behind	the	energy	design	elements:	The	energy	
calculation	 report	 from	Daidalos	 engineers	 show	 that	 theoretically	 speaking,	 the	 cost	 for	
heating	and	ventilating	the	house	will	be	reduced	by	85%	after	the	energy	renovation	of	the	
house	for	the	same	comfort	level	(table	2).		

	
Table	2	–	comparison	of	before	and	after	energy	specifications	

	
	

In	 reality	 however,	 it	 is	 expected	 that	 people	 adapt	 the	 comfort	 level	 in	 poorly	
insulated	houses	to	reduce	the	energy	cost	(lower	heating	set	point,	only	heating	of	 living	
room,	temporary	heating	of	bathroom).	Due	to	peoples’	adaptive	measures,	the	real	energy	
cost	reduction	will	be	in	the	order	of	40–50%.	This	aspect	is	important	to	consider	not	only	
theoretical	energy	savings	without	consideration	of	comfort	aspects.		

Additional	living	space		
Speculations	whether	to	utilize	attic	or	to	add	extension	and	which	of	these	two	are	the	most	
efficient	and	economical.	Table	3	shows	the	steps	with	A	keeping	the	floor	area	as	before	
renovation	index	100.	Converting	the	attic	into	living	space	(B)	gives	a	10%	more	efficient	use	
of	the	energy,	whereas	only	adding	to	the	dwelling	(C)	will	cost	15%.	The	prototype	built	uses	
both	(D),	an	increase	of	4	%,	however	allowing	more	space	for	the	family	of	five.		
	 	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 3090



Table	3:	benchmarking	index	of	energy	consumption	and	living	space	utilisation	

	
Design	principles	of	ventilation	system	and	dynamic	envelope	
The	 design	 principles	 of	 ventilation	 system	 and	 dynamic	 envelope	 are	 closely	 linked;	 The	
window	design	 has	 been	optimised	 for	 daylight	 and	 natural	 ventilation,	 e.g.	 the	 staircase	
windows	function	as	an	extract	for	natural	ventilation	that	helps	prevent	overheating.	The	
principles	for	air	quality	and	thermal	comfort	are	based	on	the	Active	House	specifications.	
They	 are	 supported	 by	 a	 study	 of	 performance	 in	 Active	 Houses	 (Holzer,	 2014),	 that	 the	
relative	outdoor	temperature	is	used	to	identify	the	most	optimal	mode	of	ventilation.	During	
cold	periods,	 the	ventilation	system	 is	natural	supply	and	mechanical	extract	system,	with	
sensor	based	demand-control.	The	house	is	divided	into	different	zones,	each	with	dedicated	
sensors	of	temperature,	humidity,	CO2	and	VOC	installed	in	the	extract	ducts.		

When	the	outside	temperature	exceeds	approximately	14°C,	the	flow	through	the	
C+	system	will	be	reduced	to	25%	to	minimise	electricity	consumption	but	with	the	sensors	
still	active.	The	control	system	will	then	use	automated	windows	in	each	zone	to	maintain	the	
target	CO2	levels	and	prevent	overheating,	profiting	from	the	stack	effect.	The	system	will	
therefore	be	a	hybrid	ventilation	system,	combining	the	benefits	of	mechanical	and	natural	
ventilation.	The	system	can	be	overwritten	by	occupant´s	direct	control.		

External,	dynamic	and	automatically	operated	solar	shading	is	foreseen	on	façade	and	
roof	windows	facing	south	and	west.	To	ensure	a	simple	and	affordable	control	solution,	the	
windows	and	solar	shading	is	controlled	by	room	units	without	a	central	computer.	The	room	
units	use	CO2	and	possible	temperature	to	control	window	openings,	and	in	addition	external	
solar	radiation	is	used	to	control	shading.	In	addition	to	the	sensor-based	control,	timer	based	
control	may	be	used	in	rooms	with	a	predictable	usage	pattern	(Foldbjerg,	2016).	

Perspectives		

Over	80	million	people	in	Europe	live	in	a	home	where	at	least	dampness	is	present	(Gunnar	
Grün,	2014).	Looking	at	the	status	of	already	modernized	dwellings	in	Europe,	there	is	a	need	
to	enhance	priorities	of	the	indoor	comfort,	not	only	focusing	on	energy	efficiency	measures	
which	may	 not	 include	 the	 user	 experience	 and	wellbeing	 (Susanne	 Urlaub,	 2016).	 Thus,	
improving	 the	 building	 quality	 and	 quality	 of	 indoor	 comfort	 parameters	 would	 equal	 a	
potential	 for	 saving	 health	 costs,	 by	 removing	 the	 presence	 of	 mould	 or	 dampness	 and	
thereby	the	development	or	prevalence	of	respiratory	diseases.	

When	 the	RenovActive	House	 is	 handed	over	 to	 its	 first	 tenants	 in	 June	2017,	 the	
concept	is	being	replicated	in	the	surrounding	Bon	Air	community.	Following	the	inauguration	
of	the	first	house	in	May	2016,	the	authorities	gave	permission	to	implement	the	renovation	
concept	in	86	similar	homes,	owned	by	Le	Foyer	Anderlechtois.	The	majority	of	these	homes	
will	 experience	 exactly	 the	 same	 transformation,	 including	 the	 construction	 of	 a	 central	
staircase	with	automated	roof	windows	at	the	top,	a	better	inclusion	of	daylight,	improved	
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insulation	 and	 an	 intelligent	 hybrid	 ventilation	 system,	 combining	natural	 and	mechanical	
ventilation.	The	ambition	of	the	project	to	thrive	by	design	will	then	be	accomplished.		
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Figure	4	–	Before	photos	2013;	After	photos	2016	
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Development of Traditional Architecture: Typology Transformation of the
Lebanese House

Habib Melki – Associate Professor

Abstract: The Lebanese architectural typologies evolved and changed over the course of history due to a
number of factors and influences. This paper is a study of this development and an analysis of the effects of 
social, economic, cultural and other significant parameters defining the process of this change. The 
transformation from the simple troglodyte “shelter” to reach the well “architecturally” centralized house was 
complex and diversified into several typologies which existed simultaneously at some time in history 
throughout Lebanon; i.e. shepherds house, rectangular house, gallery house, liwan house and finally the 
central hall house. The rectangular house continued to survive alongside more sophisticated forms as the 
dwelling of the less fortunate. The Beirut centralized style house could be considered as the final stage of this 
development till the end of the modern movement in architecture in Lebanon. Many previous authors have 
described these typologies but never were the transformations analyzed nor explained. This paper is a 
continuation of a previous study published in the proceedings of PLEA 2006 entitled: “Windows as 
Environmental Modifiers in Lebanese Vernacular Architecture” and intends to clarify the process and identify 

the guidelines of such typology evolution.  

Key Words: Vernacular, Typology, Development/Evolution, Technology 

Introduction

A number of national and international authors described the different typologies of the 
Lebanese architecture; however, these surveys rarely addressed the reasons and the 
processes of this evolution and diversity. The transformation from the simple troglodyte 
“shelter” to reach the well “architecturally” centralized house was complex and diversified 
into several typologies which existed simultaneously throughout Lebanon. The troglodyte 
shelter and the shepherd house development will not be covered in this paper; this work 
focuses on the development of the rectangular house into the variety of Lebanese 
typologies. 

Rectangular House

The closed rectangular house is the simplest type of flat roof houses dating from 5000 years 
BC (Ragette, 1985, p. 33) (Fig. 1 & 2). This typology was known for its wide use of the “post 
and lintel” structural system as well as its open interior plan. The masonry/earth wall 
thickness was between 50-100cm depending on structural needs, orientation and 
integration within these walls niches and storage areas (Fig.3). The height varied between 
240-280cm due to structural and environmental-comfort reasons. Partitions, for privacy, 
were added at a later stage using furniture or lime-straw construction of storage containers 
for grain (Fig. 3 & 5). A common house width dimension, with no interior support, was 4m 

Department of Architecture: Faculty of Architecture, Art & Design 
Notre Dame University-Louaize, Zouk Mosbeh, Lebanon
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which was limited to the common length of the wooden beams locally available of 4.5m 
(Ragette, 1985, p. 16), while the length of the space had a more flexible dimension 
depending on the number of main beams available. Diverting from a square-shaped to an 
elongated rectangular plan, resulted in an increase of external surface area; i.e. increasing 
the quantity and cost of material and labor. For these reasons, an overlapping of main 
wooden beams, replacing the wall as support, was used for a larger desired width 
dimension, which led to the appearance of a wooden column(s) within the space to support 
the junction between the two main beams (Fig. 6). The height of this typology was not 
affected by this expansion of space. However, and due to the depth of the space, larger 
openings were required in order to provide adequate lighting deep within this space.  

The roof structure was composed of different materials mainly wood, earth and clay. 
This selection was based on locally available material and a main consideration was to 
achieve a thickness resulting in a thermal mass for protection from the elements and 
durability with minimum maintenance requirements. With the above mentioned main 
timber-beams being the main structure of the roof, smaller, shorter and a greater number 
of elements were laid on top and perpendicular to the primary beams which rested on this 
beam at one end and the external wall at the other end. This was repeated until an enclosed 
surface was created acting as a formwork for the pressing of local bushes and ultimately for 
placing a thick layer of clay-earth that was compacted and pressed by a rolling stone in 
order to prevent water penetration during the rainy season (Fig. 7). This was repeated 

Figure 1.                  Figure 2.                      Figure 3. Interior partitioning               Figure 4. “line-of-Arches” 
(all figures are by Ragette, 1985) 

Figure 7. Roof construction. (top: 
author, 2009. Bottom: Ragette, 1985) 

Figure 5. Partitions using storage 
for grain. (author, 2009) 

Figure 6. A column supporting 
beams, junction. (author, 2009) 
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several times during the year depending on the amount of rainfall. If any cracks occurred 
during the hot and dry summers, similar and simple maintenance procedures were made. 
The selection of clay rather than the earth soil used, when available, in building the masonry 
walls is due to the fact that clay is much more durable under all weather conditions (Corpus 
Levant , 2004). In addition to reflecting light within the interior space, a white wash of lime 
was also used as a disinfectant material which discourages the accumulation of insects. On 
exterior surfaces, when cracks occur, they eventually seal and heal during the rainy days by 
dissolving slightly and fill these gaps. (Mack, Repointing Mortar Joints in Historic Brick 
Buildings, (1980)). Following each winter season, maintenance would be made with the 
simplest methods.  

With the increase in population, construction was in demand and therefore further 
resources were required. Lumber, a scarce commodity (Ottomans started the construction 
of the Hijaz Railway which connects Damascus to Hijaz in Saudi Arabia depleting forest 
stocks), began to be noticeably more required for the roofing, door/window lintels and for 
structural purposes involving posts or columns, beams and earthquake-bracing control.  

The flourishing trading industry brought with it new technologies in the building 
business. Stone-work—with its abundant resources—became increasingly popular in 
Lebanon, while innovative techniques opened a wide range of possibilities for the masons 
building methods. Stone gradually replaced many features that had initially required timber 
as a main element of structure. One feature was the wooden column that supported the 
main wooden beam was replaced by neatly cut stacked-stones (Fig.8). While throughout the 
long historical period of such a typology, the height remained approximately the same (240-
280cm), until the arched separation “line of arches” was introduced, as Ragette named it 
(Fig. 4 & 9). Having one to three arches, this “line of arches” became a common practice 
when a double or triple width volume was needed. This method was replacing the structural 
elements, main beam and column, in the middle of the space thus creating a more or less 
separations within the space. As a result, an increase in height of approximately 350-450 
cm; this height evolved as a result to maintain and define aesthetical quality in respect to its 
proportion of the arches. 

Two features were highlighted during this development stage: first, an increase of 
masonry arched-separators, and second, reduction in the use of large timber elements due 
to their unavailability. The increase of arched separators or “line-of-arches” reduced the 
parallel spanning distance within the space, thus reducing the dimension of the timber 
elements and their cost (Fig. 10).  

Although, using the “line of arches”, helped in creating separate compartments for 
privacy, it reduced the amount of natural light and ventilation from openings to reach all the 
spaces. As a result, windows were also increased in size to accommodate this difference. 

Figure 8. Stacked stone 
columns. (Gaube, 1973) 

Figure 9. Line-of-arches increased the 

height of the ceiling. (Gaube, 1973) 
Figure 10. Line-of-arches allowed smaller 

timber elements to be used. (Gaube, 1973) 
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With this stated, the window did not change in position in regards to the added height of 
the arched application; i.e. openings remained closer to the ground (30-50cm from the 
ground level) in order to accommodate the interior functions as users sat or slept on ground 
mattresses. Views, ventilation and light were features essential to the daily life of the 
inhabitants. With the increase of the interior height, entrapped heat at an upper level of the 
space (heat-ponds) began to be noticed especially during the hot season. In addition, 
cooking was sometimes done within this space, usually an outdoor activity, added to the 
discomfort of unwanted heat and smoke. Therefore, additional smaller windows or ‘taka’ 
were introduced to compensate for light and ventilation (Roaf, 2003, p. 130 & 132) within 
the interior space (Fig. 11). The use of these elements was evidently more flexible in the 
original rectangular house, since the walls had similar thickness whereas the vaulted houses 
in all typologies restricted their use to the end part of the vaults where walls became 
thinner; whereas when a cross-vault was employed, all four sides permitted openings and 
were reduced in thickness (Fig. 12). The lower ground openings were also available to allow 
the common domesticated cat—employed as a means of pest control—to enter or exit. By 
placing a rolled cloth, stone or object within these openings, the interior environment was 
easily controlled.  

Concerning massing of the Rectangular House, the external surface area was taken 
into account; in other words, reducing the thermal exchange between the indoors and 
outdoors, in addition to reducing the amount of material employed to build the structure. 
This occurs in two manners: first, using the same wall for two different spaces—as used in 
the Inland Zone—as clusters of room, especially when using mud as the construction 
material. Another is by the geometry and shape of the space—for a space to be constructed 
to approximately fifty square meters (49m²) there are several possibilities, two of which are: 
4x12.25m (rectangular) or approximately 7x7m (square); i.e. approximately 49m². These 
two dimensions were selected on the basis of the typical length of the roof wooden beams 
found for the construction of a single width space or a double-width space with a “line-of-
arches” or beams and posts in this case. The result in the first case: Parameter = 49 lineal 
meters (lm) whereas the second case = 28 lm. Assuming both cases have the same height = 
3m; the external surface area of the first case equals 147m² while the other is equal to 
84m²; almost 47% less. This indicates that the more the geometry approximates being a 
square the more efficient it is, consequently, less surface area, thermal mass and 
workmanship; i.e. less energy.  

Different types of arches began to appear on the exterior openings as well and hence 
the aesthetics began to be considered and the ornamentation value began to overlap with 
the needs and functions. The use of arches with the interior space emerged when economic 
privileges allowed it.  

The well-cut masonry in wall systems and openings obviously differentiated between 
the standards of living within a community as did ornamentation which was later introduced 

Figure 13. Arched openings 
above doorways. (author, 2011). 

Figure 11. Lime-wash (interior), 
with “taka”. (author, 2009). 

Figure 12. Open cross-vault.  
(author, 2012) 
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within all features in the building approach. With the development of the arch in masonry 
systems and the construction of the “line-of-arches”, small openings gradually became 
integral to the ornamentation within the rectangular house. Arched openings began 
replacing the small rectangular windows situated above the entry doorways with 
translucent glass (Fig. 13), thus emphasizing the main entrance and the owner’s social status 
while introducing diffused light to the inside space and respecting privacy. With this, two 
features emerged: First, with the thick walls, this enhanced lighting within the space during 
winter when the shutters remained closed and number of small openings was reduced only 
to compensate for ventilation. Second, due to this arched glazed opening above the 
doorway, an increase of the ceiling height occurred for providing the aesthetics and 
proportions of the arch, as stated before, especially the “pointed” arch. Other variations of 
vaulting occurred depending on the desired typology. It was evidently clear that the high 
social standard of living demanded larger, stronger and better aesthetical suitable dwellings. 
While the less fortunate, remained within the standards of the original typology module.       

Gallery House 

The evolution of the Rectangular house spaces respected precise space usage and privacy 
for inhabitants in line with climatic, cultural and social demands (Fig. 14). Since summer day-
activities occurred in the northern outside spaces, its inhabitants were restricted to a closed 
space. Hence, family members were deprived of privacy and were obliged to socialize 
outdoors during warm and sunny days. Subsequently, communal activities were transposed 
to the outside of the precious typology and led to the creation of a covered space (Fig.14). 
As a result, the layout of rooms was modified into a linear distribution opened to and 
connected by this covered space called “the gallery” or “riwaq”. The southern circulation 
was the most suitable for this typology since “the gallery” protects circulation from the hot 
summer sun and allows the mild, yet important, winter sun to deeply penetrate into the 
interior providing warmth (Fig. 15). The view was important for the orientation of this space, 
converting it to a socializing area during the cool sunny days in all seasons. Openings, doors 
and windows, increased in number and size within this space since interior functions were 
separated and made semi-independent from each other. With the use of translucent glass, 
the low winter solar exposure penetrated deep within the “riwaq” providing additional 
warmth to the interior and to the reduced thickened protected southern wall. In the coastal 
and mid-mountain zones and even before the use of glazing, during sunny winter days, the 
closed wooden shutters were opened allowing solar heat and ventilation into these spaces.    

The ruling factor that determined the wall thickness and height of the structure 
depended on the environmental context, materials availability, social status and the type of 
structure used whether post-and-lintel or cross-vaulting; i.e. arch systems. Both were 
common systems used with the Gallery typology. However, the width of the Gallery was in 
proportion to the height; i.e. the higher the ceiling, the wider the Gallery. This was to 

Figure 14. Transformation of the rectangular to the gallery house. Second 
from left image by (author, 2014); remaining three (Ragette, 1985) 

Figure 15. Solar exposure & 
ventilation. (author, 2014) 
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compensate for protection against rain and solar exposure when using or circulating within 
this covered area. The type of structure used also determined the width; i.e. vaulted 
masonry galleries were wider than the wooden post-and-lintel system due to the limitation 
and availability of the timber elements. In addition, the type of “arch” used was also a major 
factor in determining the width and height of the roof; i.e. a pointed arch, a dominant style 
in Lebanese Architecture, could decrease the width of the gallery by increasing the height. 
Also, it would increase the height of a ceiling more than a Roman arch would and the Trefoil 
arch more than the pointed. Therefore, by this increase in height, the area of the wall above 

the windows was enlarged leading to larger windows as well as an increase of smaller 
openings within the gallery. Smaller openings were also increased on the opposite wall 
enhancing cross ventilation within the spaces. It is important to note that the pointed arch 
had a wider flexibility in distribution along a façade while maintaining the aesthetical value 
in proportions more than the Roman semi-circular arch did if all arches were to be identical. 
The variable element of flexibility was the height of the pointed arch. One main advantage 
of using the pointed arch was the fact that the height achieved was not dictated by the 
span, and allowed the application of the cross vaulting to reach heights of more than 48m 
during the grandeur of the Gothic period. The thrust towards the ground increased with the 
degree of sharpness of the pointed arch. The thrust sideways decreased which increased the 
stability of the construction (Derry, 1985, p. 174). Double height galleries were common in 
palaces protecting the covered-passage from the natural elements while providing an 
abundant amount of natural light and cross-ventilation to be controlled by the user with the 
diverse styles of shutters being developed (Fig.16). 

Liwan House 

The liwan is an open covered space serving as an extension to the house, used for 
circulation and social activities. It could be elevated to define and highlight its importance 
thus resulting in what seems as raised windows from the exterior while maintaining a 
reasonably low window sill from the interior. These openings became larger due to the arch 
construction in the liwan main space in addition to increasing the number of smaller 
windows near the ceiling of the rooms (Fig.17). Due to its function and application, the liwan 
is seldom found in elevated mountain regions; i.e. high-mountain and inland zones; regions 
where this typology becomes obsolete in most of its seasonal (winter, fall and spring) and 
evening activities.  

Central Hall House 

This typology could be considered typically Lebanese and is rarely found in neighboring 
countries such as Syria and Palestine. Although it appeared at a later date than the 
structures previously mentioned, it is the most pervasive type of houses found. According to 

Figure 16. Left: Gallery covered area for circulation.  
Middle: Double height gallery; inner court. (author, 2011) 

Figure 17. Liwan (Gaube Collection, 1973) 
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Figure 19. Central Hall: (left) exterior features; (middle) Interior; (right) arches and openings (author, 2012). 

Victor Khoueiry, the central hall house originated around 3000 years ago, and its design 
could be attributed to the Roman atrium (Khoueiry, 2002). The central hall was surrounded 
by adjacent rooms on two or three sides. It is logical to deduce that all the typologies 
discussed earlier find their origin in the rectangular house, and as the family’s needs 
increased, it developed into the gallery, the liwan or the central hall house. The choice was 
dictated by economic considerations, social and personal preference as well as local 
practices and traditions. However, it is a well-established fact that these various 
architectural edifices coexisted and remained in use simultaneously.  

This was achieved through the many concepts of application; heavy masonry wall 
(thermal mass), solar exterior shading, ventilation, view, daylighting, etc. The evolution of 
the triple arch house, started with an initial typology of U-shaped house composed of three 
units. When glass was introduced, and to avoid the nuisance caused by heavy winter rains, 
the opened portion of the construction was closed and this created the Central Hall house 
(Fischfisch, 2011, p. 68) (Fig. 18). This new construction material made it possible to 
conserve the view while keeping the inside safe from bad weather conditions; in the form of 
a double-arch. As construction methods evolved and the span of this façade reached 4.5 to 
5.5 meter it became possible to install a triple arched bay window. Each of these arches 
measured approximately 1.5m in span which was dictated by the length of the wooden 
beams of Turkish Cedar. Red tile roof was installed to cover the entire space (Fischfisch, 
2011, p. 67).  

According to Robert Saliba, the source of the central hall house which is considered 
the traditional building type is a “hybrid suburban structure resulting from the integration of 
wrought iron I-beams and roof tiles from France, mechanically sawn timber from Romania, 
cast iron balustrades and hardware from England, and marble tiles from Italy. Other than 
the bearing walls built from local lime and/or sandstone, the majority of materials used 
were machine age construction materials imported from Europe.” (Saliba, 1998) (Fig. 19). 

A new residential movement initiated in Beirut and resulted in the development of 
three main housing types: the upper class mansion, the flat roofed farmhouse surrounded 
by gardens referred to as Damascene type, and the bourgeois central hall house with its 
triple arch corbelled marble balcony, and red roof tiles. This typology migrated towards the 
rural areas as its occupants wished to preserve the similar comfort of their city house. The 
spread of the red roof tiles started as wealthy Lebanese emigrants returning from Europe 
and the United States were keen to imitate the latest fashions and exhibit their upper class 
status. The intricately decorated facades expressed the desire of the newly emergent 
merchant class to demonstrate its ability to emulate the western lifestyle in an attempt to 

Figure 18. Evolution of the Central Hall House: court – U-shaped – Central. 
(Fischfisch, 2011, p. 69) 
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portray a favorable image as their trade with Europe expanded (Sehnaaoui, 2002). The 
wealthy class tended to have multistory construction—normally a maximum of three 
floors—with a separate entrance for each level. The flat roof suburban homes were 
characterized by small undecorated openings and a central bay.  

The main dictating rule for orientation of the central hall house, in the coastal, mid-
mountain and high mountain zones, is based on two factors: the view towards the 
sea/street and the topography of the land; the latter causes the urban planning of parcel 
distribution and road development to run perpendicular to the slope. Similarly, the main 
placement of the triple arched windows in the central hall house was based on the principle 
of exposure of the social standing (to be seen from the outside) as well as the view to be 
seen from the interior. In both cases no previous environmental concepts were considered. 
Due to this orientation, certain elements began to appear as additions to the main façade; 
canopies above the triple arches (attempting to reduce the solar exposure during the 
afternoon hours), balconies if more than one floor is involved, vegetation growth, etc. The 
different activities occurring in this space tend to vary throughout the day. When oriented 
west, it is rarely used during the afternoon while the space becomes the center of social and 
family interaction during nighttime. The adaptability and flexibility of a central hall house 
resulted in its evolution into average-cost apartments with a ground floor occupied by 
shops, causing the upper floor to become the residential part of the structure. Such 
buildings extended vertically as high-rise walk-ups or horizontally as adjacent structures 
incorporated under one roof.  

Conclusion 

The wide use of the masonry material in arch and vault construction influenced buildings to 
expand in the upward direction and diverse in typologies. The Central Hall house marks a 
turning point in the shift away from the environmental-aware-architecture. During the 
French mandate (1918-1943), the urbanization process maintained the inner cohesiveness 
and preserved some of its indigenous attributes. With the escalating usage of novel and 
foreign materials, these constructions resulted in the emergence of new professions—such 
as architecture and engineering—whose skilled practitioners competed with the traditional 
craftsmen. These models served later as a reference for fresh edifices such as hotels, offices 
and mixed-purpose buildings as the urban expansion occurred. 
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Abstract:	 This	 communication	 aims	 to	 analyse	 the	 degree	 of	 innovation	 achieved	 in	 the	 construction	 of	
Andalusian	 social	 housing	 during	 the	 third	 quarter	 of	 the	 20th	 century.	 They	 emerged	 within	 the	 general	
response	to	the	urgent	quantitative	needs	of	housing	existing	in	all	of	Europe	after	World	War	II.	In	this	time	
frame,	significant	references	are	recognized	by	experimenting	with	new	building	systems.	They	are	 indebted	
to	the	possibilities	that	the	technique	was	offering	to	the	architectural	discipline.	In	contrast,	these	were	not	
properly	 understood	 in	many	 contexts,	 and	many	 solutions	 employed	 in	 the	 construction	 of	 social	 housing	
were	especially	conditioned	by	traditional	techniques.	This	is	the	case	of	many	neighbourhoods	built	in	Spain,	
and	particularly	 in	Andalusia.	Despite	 sharing	many	 characteristics	with	other	European	 cases,	 this	 research	
has	detected	that	they	present	a	significant	difference	in	the	relation	between	structure	and	enclosure.	They	
are	 characterized	by	 the	 lack	of	 coherence	with	 its	historical	moment	or	 the	excessive	use	of	material	with	
massive	 solutions.	 Definitely,	 it	 is	 intended	 to	 show	 that	 the	 technological	 development	 achieved	 in	 these	
other	contexts	was	far	behind	others,	despite	the	possibilities	to	innovate	that	were	opened	by	the	loss	of	the	
supporting	function	in	building	enclosures.	

Keywords:	Building	Envelope;	Constructive	Innovation;	Modern	Movement	Heritage;	Social	Housing,	

Introduction	

The	paper	focus	on	the	social	housing	neighbourhoods	built	to	solve	the	urgent	quantitative	
needs	of	housing	existing	in	all	of	Europe	after	World	War	II.	They	are	recognised	as	areas	
that	have	grown	up	without	an	overall	view,	urbanised	territories	where	the	concept	of	city	
is	absent,	 following	 the	precepts	of	 the	modern	city	of	 the	Charter	of	Athens	 (1933).	This	
manifesto	that	emerges	from	the	IV	International	Congress	of	Modern	Architecture,	applied	
for	confronting	social	and	political	emergencies	that	classical	planning	had	failed	to	resolve	
by	decomposing	 the	 city	 into	different	 functions.	 Thus,	 the	Fordist	 specialisation	of	 space	
was	 given	 by	 correct,	 and	 thereby	 the	 city	 of	 residence	 and	 it	 defended	 an	 urban	model	
based	in	the	progressive	expansion	of	cities.		
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Therefore,	 these	 growths	 share	 many	 of	 the	 morphological	 and	 typological	
characteristics	in	many	European	cities.	However,	the	housing	policies	that	were	developed	
in	Spain	-within	a	socio-political	context	marked	by	a	strong	control	of	the	State-	distinguish	
Spanish	 cities	with	 certain	 peculiarities	 in	 their	 development.	 It	 is	 also	 important	 to	 note	
that	 the	 particular	 social,	 economic	 and	 cultural	 characteristics	 of	 a	 peripheral	 region	 of	
Europe,	such	as	Andalusia,	may	have	conditioned	the	degree	of	innovation	achieved	in	the	
construction	of	the	neighbourhoods	of	public	promotion.	

	
Carlos	 Sambricio	 (2003)	 is	 one	 of	 the	 main	 authors	 that	 have	 studied	 the	 Spanish	

social	housing	 from	a	global	 conception.	According	 to	 a	previous	 research	 (Navas-Carrillo,	
Rosa-Jimenez,	&	Perez	Cano,	2016:	5)	his	work	has	been	developed	by	other	researchers	for	
the	study	of	those	Spanish	cities	that	had	serious	problems	of	overcrowding	in	those	years.	
All	these	works	focus	on	typological	and	morphological	issues.	However,	it	is	not	common	to	
find	constructive	studies,	and	much	less	a	comparative	analysis	of	European	cases.	This	fact	
justifies	the	approach	of	this	research.	

	
The	 construction	 of	 these	 neighbourhoods	 in	 Spain	 was	 controlled	 by	 the	 National	

Institute	 of	 Housing	 (INV)	 which	 set	 different	 prototypes	 of	 single	 family	 dwellings	 and	
multi-family	 blocks.	 Besides,	 many	 of	 these	 developments	 were	 promoted	 by	 the	 Obra	
Sindical	 del	 Hogar	 (OHS).	 This	 other	 public	 organization	 has	 several	 chief-architects	 who	
were	 in	 charge	of	a	particular	 region.	 In	 the	 case	of	Andalusia,	 interesting	examples	have	
been	 identified,	 such	 as	 the	 neighbourhood	 of	 La	 Paz	 in	 Barbate	 (Cadiz),	 Coronación,	
Consolación	y	Muñoz	Grande	in	Utrera	(Seville)	or	Jesús	Nazareno	in	Sanlúcar	de	Barrameda.	
All	 of	 them	 were	 designed	 by	 Rafael	 Arevalo	 Camacho	 as	 chief-architect	 of	 the	 OSH	 in	
Andalusia.	

	

	
Figure	1.	Neighborhoods	of	the	Coronación,	Consolación	y	Muñoz	Grande	in	Utrera	(Seville)	

	
These	 examples	were	 formed	by	 typologies	 of	 three	or	 four	 bedrooms,	 that	 can	be	

classified	into	two	types	of	blocks.	The	first	one	was	formed	by	the	aggrupation	of	two-story	
single-family	 homes.	 In	 the	 second	 type,	 was	 formed	 by	multi-family	 blocks	 organized	 in	
multi-story	blocks.	The	analysis	has	distinguished	between	these	two	types,	attending	to	the	
different	constructive	requirements	of	the	height	difference	in	each	case.	
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A	methodology	 for	a	comparative	analysis:	From	the	 literature	review	to	the	systematic	
registration	of	references	in	the	use	of	innovative	solutions	

The	 first	 step	has	been	 the	 construction	of	 a	 general	 framework	about	 the	Spanish	 social	
housing	 through	 the	 analysis	 of	 the	 constructive	 legislation	 that	were	 approved	 between	
1950	 and	 1980.	 It	 goal	was	 to	 identify	 the	main	 constructive	 techniques	 used	 inside	 and	
outside	 Spain	 during	 this	 period.	 As	 methodological	 process,	 it	 has	 been	 necessary	 an	
important	literature	and	document	review:	

	
- In	 the	 international	 context,	 the	 works	 of	 Davies	 (2005)	 and	 Bergdoll	 &	

Christensen	 (2008)	 highlight	 as	 basis	 for	 understand	 the	 evolution	 of	
industrialised	housing.	This	shows	a	dichotomy	between	the	compact	and	vertical	
urban	model	 in	most	 European	 cities,	 and	 the	 dispersed	model	 in	 Anglo-Saxon	
countries.	 This	 other	 residential	 typology	 has	 been	 studied	 by	 Vale	 (1995),	
Stevenson	(2003)	or	Harrison	et	al.	(2004).	
	

- Azpilicueta	Astarloa	(2004),	Fernández	García	(2005)	and	Ros	García	(2005)	can	be	
highlighted	 as	 the	main	 authors	 that	 broach	 the	 study	 of	 Spanish	 construction	
systems	used	during	this	period	from	a	general	perspective.	It	is	also	necessary	to	
emphasise	 the	 importance	 of	 authors	 like	 Julian	 Salas	 Serrano	 (1980),	 Pérez	
Arroyo	 (1981)	 or	 Alfonso	 del	 Águila	 (1988)	 in	 the	 analysis	 of	 the	 evolution	
experienced	by	 the	 industrialisation	 in	Spain.	 In	general,	 these	 texts	analyse	 the	
systems	 used	 in	 both	 typologies	 finding	 a	 further	 development	 in	 multi-family	
cases	within	the	European	context.		

	
- No	specific	publications	have	been	found	for	Andalusian	cases.	Most	of	the	social	

housing	 projects	 built	 in	 Andalusia	 during	 this	 period	 of	 time	 (1939-1976)	 are	
archived	in	the	Central	Archive	of	the	Ministry	of	Public	Works.	Thus,	it	has	been	
the	primary	source	for	this	research.	
	

Likewise,	the	amount	of	information	to	be	managed	has	required	the	development	of	
a	systematic	process	for	the	registration	of	international,	national	and	regional	models.	This	
has	 allowed	us	 to	 analyse	 constructive	 solutions	 through	a	 comparative	 analysis	 between	
them.	The	information	obtained	for	the	cases	analysed	(regional,	national	and	international)	
has	been	systematised	 in	a	database	organised	 in	 ten	variables.	As	 it	mentioned	above,	 it	
has	 been	 distinguished	 between	 single	 family	 dwellings	 and	multi-family	 blocks,	 selecting	
references	 in	an	equitable	proportion	(1).	To	characterize	them	other	variables	have	been	
the	name	of	the	item	(2),	authors	(3),	date	of	construction	(4),	dimensions	(5),	height	(6)	or	
location	(7).	They	allow	establish	chronological,	dimensional	comparisons	or	analyse	then	in	
relation	to	weather	conditions.		

	
Another	 variable	has	been	 the	 type	of	 construction	 system	 (8).	 In	 this	 regard,	 three	

basic	 systems	have	been	 identified	according	 to	Ortega	Donoso’s	classification	 (2011)	and	
Aguiló	Alonso’s	definitions	(1974):	framework	systems	based	on	structural	elements	with	a	
certain	level	of	prefabrication	(a);	systems	based	on	large	structural	panels	(b);	or	systems	
formed	 by	 aggregation	 of	 preformed	 modules	 (c).	 Based	 on	 this	 general	 classification,	 a	
brief	description	of	the	specific	structural	and	envelope	system	has	been	included	(9).	That	
allows	 defining	 the	 degree	 of	 industrialization	 achieved	 from	 four	 situations	 (10):	 objects	
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completely	prefabricated	in	factory	(0),	conformed	by	 large	prefabricated	components	(1),	
conformed	by	small	prefabricated	components	(2),	or	 independent	elements	assembled	in	
situ	(3).	

	
Table	1.	Examples	of	single-family	typologies	analyzed.	Compiled	by	autor	

	 Europe	 Spain	 Andalusia	

	

	 	 	
ITEM	 AIROH	House	 Helma	(1956	contest)	 Jesús	Nazareno		
TYPE	 Single	family	 Single	family	 Single	family	
SYSTEM	 Framework	 Framework	 Framework	

AUTHORS	 Aircraf	Ind.	Reseacrh	
Organ.	on	Housing	 Romay	and	S.	Lozano	 R.	Arévalo	and	L.	Marín	

DATE	 1946-49	 1956-57	 1965-1974	

LOCATION	 United	Kingdom	 Leganés	
	(Madrid)	 Sanlúcar	de	Bda	(Cádiz)	

AREA	 55	m2	 80	m2	 60-65	m2	
N.	FLOORS	 1	 1	 2	
G.	INDUST.	 1	 2	 3	

STRUCTURAL	
SYSTEM	&	
ENVELOPE		

Roof	and	facade	structure	
was	 composed	 by	 large	
panels.	 These	 were	
composed	 by	 extruded	
profiles	 and	 sandwich	
panel.	Both	were	made	of	
aluminium.	 Floor	
structure	 was	 resulted	
with	 a	 balloon-frame	
solution	and	covered	with	
a	 wood	 pavement.	 They	
were	 transporting	 in	 fully	
equipped	 modules	 to	 be	
assembled	 in	 situ,	
following	 standard	
dimensions	 (truck	
dimensions).	

Structure	 based	 on	 load-
bearing	walls	of	one	 foot-	
thick	 concrete	 blocks	 of	
and	 perpendicular	 to	
façade.	The	floor	structure	
was	 formed	 by	 vaulted	
joists	 to	 not	 require	 a	
formwork.	They	were	rest	
on	 prefabricated	 beams	
located	parallel	 to	 façade.	
The	 envelope	 was	
supported	 on	 these	
beams,	 made	 up	 of	
prefabricated	 elements	 of	
modular	 width	 and	
overlapped	 with	 cellular	
concrete	panels.	

Metallic	 porticated	
structure	 of	 double	
(columns)	 and	 simple	
(beams)	 IPN	 profiles.	 The	
floor	 structure	 was	
formed	by	a	second	order	
grid	of	 IPN	profiles	placed	
every	 70	 cm	 and	 10	 cm-
thick	 ceramic	 pieces	
between	 them.	 The	
envelope	 was	 composed	
by	 a	 brick	 double-sheet	
façades	with	 a	 5	 cm-thick	
wall	 cavity.	 The	 structure	
(columns	 and	 beams	
situated	 in	 façade)	 is	
partially	uncoated.	

Results:	The	relationship	between	envelope	and	structure	as	differentiating	fact	

Research	has	detected	an	important	milestone	in	the	search	for	new	construction	systems	
from	the	standardisation	and	prefabrication	in	Spain,	as	well	as	from	the	reorganisation	and	
rationalisation	of	the	construction	process:	the	experimental	housing	contest	convened	by	
the	National	 Institute	 of	 Housing	 in	 1956	 (Fernández	 Isla	 and	 Espiga	 Romero,	 1997).	 The	
proposals	 submitted	did	not	 reach	 the	sought-after	goal,	although	managed	to	 rationalize	
the	traditional	methods	by	making	an	effort	of	normalization	and	dimensional	coordination.	
Some	 of	 the	 included	 prefabricated	 elements	 were	 used	 in	 the	 construction	 of	 social	
housing for the first time.	
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The	 competition	 cannot	 be	 considered	 the	 cause	 of	 changes	 in	 the	 construction	

systems,	 but	 the	 analysis	 of	 its	 proposals	 reflects	 that	 these	 changes	were	 already	 taking	
place.	In	a	simplified	way,	the	competition	can	be	used	to	establish	a	division	between	two	
different	constructive	tendencies:	traditional	building	system	of	"tabicadas"	vaults	and	brick	
load-bearing	 walls	 in	 the	 1940s	 and	 early	 1950s,	 and	 porticated	 structures	 in	 reinforced	
concrete	 since	 the	 mid-50s.	 Then,	 the	 independence	 between	 the	 structural	 and	
constructive	systems,	allows	reducing	the	thickness	of	the	building	envelope,	with	double-
sheet	façades	and	cavity	wall	solutions.		

	
In	general	terms,	the	 innovation	must	be	associated	with	the	use	of	 industrialisation	

methods.	 On	 the	 one	 hand,	 heavy	 prefabrication	 systems	 have	 characterized	 the	
construction	of	multi-family	dwellings	between	1950	and	1985,	with	a	predominance	using	
large	 format	 precast	 concrete	wall	 panels.	 On	 the	 other	 hand,	 systems	 of	 wood	 or	 steel	
frameworks	 have	 been	 mainly	 used	 for	 single-family	 homes,	 seeking	 a	 quick	 on-site	
installation.		

	
In	both	cases,	 the	 research	has	verified	a	 significant	 technological	distance	between	

the	Spanish	solutions	and	the	international	references	that	have	been	analysed.	In	the	post-
war	years,	while	Spanish	architects	were	defending	a	traditional	construction,	Britains	were	
developing	single-family	houses	in	series	using	prefabrication	systems,	or	Marcel	Lods	was	
experimenting	 in	 France	 with	 Mopin	 system	 for	 multi-family	 building.	 Likewise,	 when	
reinforced	 concrete	 systems	 and	 double-sheet	 façades	 are	 consolidated	 in	 Spain	 (1961-
1976),	more	than	400,000	houses	with	large	format	precast	panels	were	built	in	France.	In	
this	 regard,	 it	 should	 be	 noted	 that	 the	 use	 of	 these	 systems	 in	 Spain	 has	 also	 been	
identified,	 although	 in	a	 smaller	proportion,	 and	with	a	delay	of	 approximately	 ten	years.	
The	 principle	 examples	 are	 in	 large	 capitals	 such	 as	Madrid,	 and	 especially	 in	 Barcelona,	
culturally	and	geographically	closer	to	large	European	cities.	

	
Some	evolution	in	the	constructive	solutions	used	in	the	construction	of	social	housing	

it	has	been	detected	in	Andalusia.	Reinforced	concrete	systems	were	consolidated	for	multi-
family	 dwellings,	while	 other	 alternatives	 to	 the	 brick	 load-bearing	walls	 can	 be	 found	 in	
single-family	 homes,	 i.e.	 metal	 structures	 or	 concrete	 blocks.	 However,	 they	 present	 an	
inferior	 degree	 of	 innovation	 than	 solutions	 used	 in	 other	 areas	 of	 Spain.	 Some	 of	 the	
analysed	 cases	 evidence	 a	 20-year	 time	 lag	 in	 the	 use	 of	 some	 constructive	 systems	 in	
Andalusia.	It	refused	to	use	systems	of	higher	degree	of	prefabrication	as	the	large	format	
panels	in	neighbourhoods	such	as	San	Pablo	in	Seville	with	a	high	number	of	houses	(20.000	
houses).	That	also	allows	drawing	conclusions	about	the	peripheral	position	of	Andalusian	
cities	 with	 respect	 to	 the	 large	 capitals,	 Madrid	 and	 Barcelona,	 referring	 in	 the	 use	 of	
alternative	solutions.	

	
The	research	has	detected	problems	of	compatibility	between	structure	and	envelope	

system	 in	 Andalusian	 cases.	 These	 are	 a	 direct	 consequence	 of	 a	 poor	 adaptation	 of	 the	
solutions	 traditionally	 adopted	 for	 load-bearing	 wall	 systems	 to	 the	 façade’s	 new	
requirements	 after	 losing	 its	 bearing	 function.	 According	 to	 Paricio	Ansuátegui	 (1995:	 40)	
the	 reproduction	 of	 a	 traditional	 facade	 by	 means	 of	 two	 independent	 and	 thin	 sheets	
introduces	serious	problems.	In	addition	to	the	known	mechanical	and	thermal	issues,	it	 is	
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necessary	 to	 focus	 on	 the	 consequences	 of	 the	 differences	 of	 behaviour	 between	 façade	
and	structure	that	these	actions	can	cause.	In	addition	to	the	own	mechanical	and	thermal	
actions	on	the	facades,	it	is	necessary	to	contemplate	the	consequences	of	the	differences	
of	behaviour	that	these	actions	can	cause	between	enclosure	and	structure.	
	

Figure	2.	Temperature	and	heat	flux	analysis.		Characteristic	facade	of	Andalusian	cases.	
	
But	 undoubtedly,	 one	 of	 the	 weakest	 points	 of	 the	 traditional	 solution	 lies	 in	 the	

thermal	 protection.	 The	 first	 legal	 requirements	 were	 introduced	 in	 1941,	 limiting	 the	
thermal	 conductivity	 of	 façades	 and	 roofs.	 These	 values	 were	 reviewed	 in	 different	
regulations,	 until	 the	 approval	 of	 the	 Basic	 Building	 Standard	 on	 Thermal	 Conditions	 in	
buildings	 NBE-CT-79	 (Royal	 Decree	 2429/79),	 the	 first	 specific	 legislation	 that	 expressly	
introduces	thermal	requirements.	Although	the	envelope	of	these	buildings	can	respond	to	
the	 thermal	 demands	 of	 their	 historical	 moment,	 it	 has	 been	 detected	 that	 the	 main	
problem	 lies	 in	 the	 thermal	 bridges	 generated	 by	 the	 need	 to	 support	 the	 façade	 on	 the	
horizontal	 structure.	 That	 entails	 the	 reduction	 of	 the	 section	 of	 the	 wall	 at	 that	 point,	
interrupting	the	continuity	of	insulation	or	cavity.	Besides,	in	many	of	the	analysed	cases	the	
structure	is	not	protected	by	any	coating	material.		

	
To	verify	 this,	 it	has	been	selected	a	 sample	of	different	case	studies	 to	analyse	 the	

thermal	behaviour	of	this	strategist	point	of	the	building	skin	by	using	THERM.	The	study	has	
included	the	test	of	the	current	situation,	as	well	as,	the	analysis	of	a	hypothesis	of	energy	
rehabilitation	of	the	façade.	The	solution	adopted	has	been	an	external	thermal	 insulation	

Façade	section	 	 Project	 	 Energy	Rehabilitation	
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composite	 system	 (ETICS	 /	 EIFS)	 with	 3cm-thick	 insulating	 lime	 plaster	 base	 and	 low	
conductivity	of	0.042	W	/mK.	Numerical	results	are	not	the	only	reason	in	carrying	out	this	
check.	 It	has	been	sought	a	methodological	 tool	 to	graphically	show	what	 is	happening	at	
those	points,	by	analysing	temperature	and	heat	flux	analysis.	

As	shown	in	the	figure	below,	it	is	possible	not	only	to	reduce	considerably	the	energy	loss,	
but	 this	new	exterior	 layer,	would	majority	absorb	 the	 thermal	gap	between	exterior	and	
interior	sides.	This	would	help	to	gain	thermal	inertia	and	it	would	consequently	avoid	the	
detected	interstitial	condensations.	

This	fact	introduces	a	necessary	reflection	about	the	building	skin	thickness.	Having	using	an	
3cm-thick	 insulating	system	shows	that,	at	 least	 from	an	energy	point	of	view,	 it	does	not	
make	 sense	 to	 have	 reproduced	 the	 thickness	 of	 a	 traditional	 façade.	 Although	 other	
aspects,	such	as	the	resistant	capacity	of	the	façade	or	acoustic	insulation,	should	be	taken	
into	 consideration,	 many	 of	 the	 international	 references	 that	 have	 been	 analysed	
incorporated	 this	 reflection,	 with	 particularly	 light	 solutions	 in	 the	 case	 of	 single-family	
homes.	

Conclusions	

The	main	objective	of	 this	 communication	has	been	 to	evaluate	 the	degree	of	 innovation	
achieved	 in	the	construction	of	Andalusian	neighbourhoods	through	an	analysis	compared	
with	national	and	international	referents.	The	development	of	this	work	has	demonstrated	
the	 significant	distance	between	 the	 technological	degree	achieved	 in	 the	 construction	of	
housing	 in	 countries	 such	 as	 United	 Kingdom	or	 France,	 and	 the	 solutions	 used	 in	 Spain.	
Distance	 that	 becomes	 even	more	 latent	 after	 analysing	 the	 case	 studies	 for	 Andalusian	
cities.		
	

It	 is	 evident	 that	 a	 simple	 comparison	of	 the	 technological	 degree	 achieved	 in	 each	
context	shows	an	 important	gap	between	them.	However,	 this	evaluation	should	consider	
the	 economic	 and	 politics	 situation	 in	 Spain	 after	 the	 Civil	 War	 and	 it	 should	 value	 the	
attempts	that	were	made	to	overcome	this	situation.	Housing	needs	were	accentuated,	and	
Spanish	Government	was	not	able	to	manage	technically	and	economically	its	construction.	
In	view	of	this	situation	it	was	impossible	to	reach	solutions	of	a	certain	technological	level,	
setting	the	number	of	homes	as	the	priority.		

	
It	 is	 true	 that	 from	mid-1950s	 the	 traditionalist	 trend	 that	 had	hitherto	marked	 the	

construction	in	the	country	was	inverted,	increasing	the	search	of	industrialized	solutions.	In	
several	 forums,	 specialists	 began	 to	 debate	 how	 to	 improve	 the	 quality	 of	 construction	
techniques.	 The	 Institute	 of	 Construction	 Sciences	 acquired	 an	 important	 role	 spreading	
among	Spanish	professionals	what	was	happening	beyond	country	borders.	The	study	has	
also	shown	that	the	international	openness	and	economic	development	that	experimented	
Spain	 during	 60s	 and	 70s	 allowed	 developing	 experimental	 models	 in	 certain	 parallelism	
with	 the	 International	 trends.	 The	use	of	 large-format	panels	 appears	 as	one	of	 the	main	
alternatives	 to	 the	 traditional	 brinks-wall	 system.	 Despite	 the	 effort,	 it	 can	 be	 concluded	
that	 these	 innovated	 approaches	 were	 minority	 and	 delayed	 with	 respect	 to	 the	
international	context.	
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According	to	the	results	of	this	work,	and	the	considerations	that	have	been	collected	
in	the	previous	lines,	it	is	concluded	that	the	constructive	solutions	that	were	employed	to	
build	social	housing	in	Spain	did	not	reach	the	technological	development	of	their	European	
counterparts.	Not	having	understood	the	possibilities	to	innovate	that	were	opened	by	the	
loss	 of	 the	 supporting	 function	 in	 façades,	 the	way	 of	 approaching	 the	 relation	 between	
structure	 and	 enclosure	 has	 been	 detected	 as	main	 differentiating	 factor	 in	 one	 and	 the	
other	context.	
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Abstract:	 This	 paper	 examines	 how	 environmental	 criteria	 can	 inform	 the	 decision-making	 process	 in	 the	
restoration	of	historical	buildings	regarding	the	case	study	of	Atares	Castle	in	Havana,	Cuba	and	its	conversion	
to	museum.	The	study’s	objectives	were	 to	assure	 the	conservation	of	 the	building	and	 its	various	historical	
periods	 and	 to	 achieve	 environmental	 comfort	 requirements	 with	 minimal	 energy	 demand.	 In	 hot-humid	
climates,	it	is	commonly	accepted	that	museums	need	to	be	fully	air-conditioned	because	of	the	strict	control	
requirements.	 However,	 in	 most	 developing	 countries,	 maintenance	 and	 correct	 equipment	 operation	 is	
jeopardized	by	power	cuts	or	lack	of	experience.	This	situation	compromises	the	safety	of	the	collections.	Hence,	
passive	strategies	were	identified	and	investigated	to	obviate	to	this	problem.	
Based	on	a	bioclimatic	and	evidence	based	approach	the	study	analyzed	how	the	intrinsic	characteristics	of	the	
building	 can	 influence	 the	 environmental	 parameters.	 At	 the	 same	 time,	 the	 standard	 requirements	 for	
museums	were	challenged	to	be	more	climate	responsive.	Different	passive	strategies	were	evaluated	in	terms	
of	 human	 comfort	 and	 preservation	 of	 the	 collection.	 The	 study	 concluded	 that	 given	 flexibility	 to	 the	
environmental	control	requirements,	the	proposed	design	can	achieve	both	human	comfort	and	provide	the	
collections	with	more	constant	and	unvaried	conditions	
	
Keywords:	passive	design,	historic	buildings,	museums,	human	comfort	

Introduction	

Sensitive	restoration	and	functional	adaptation	of	valuable	buildings	are	unfortunately	not	
always	together.	It	is	commonly	accepted	that	for	an	old	building	to	accommodate	properly	
a	new	 function	 it	 is	needed	 the	addition	 contemporary	 technology.	Current	 standards	 for	
buildings	and	even	human	comfort	appear	to	be	incompatible	with	old	ways.		

In	the	Cuban	context,	adaptation	of	old	buildings	is	a	priority	not	only	because	of	the	
great	amount	of	existing	valuable	structures	but	also	the	dreadful	state	 in	which	they	are.	
One	of	the	areas	with	most	development	in	restoration	in	Cuba	is	the	Old	Havana.	In	this	part	
of	the	city,	the	amount	of	buildings	needing	interventions	grows	every	year,	therefore,	it	is	
needed	 to	 expand	 the	 knowledge	 of	 restoration	 to	 different	 typologies,	 materials	 and	
environmental	performance.	

In	restoration,	the	criteria	of	what	can	be	done	and	to	what	extent	it	can	be	introduce	
contemporary	elements	 in	historic	buildings	have	changed	with	 time.	There	are	examples	
were	“recreation”	was	more	important	than	authenticity,	like	in	the	works	of	Viollet	Le	Duc.	
(Glendinning,	2013).	Others,	like	John	Ruskin,	argued	that	there	is	no	justification	to	intervene	
a	historic	building	unless	to	do	works	of	maintenance.	Recently,	there	have	been	more	focus	
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on	“cultural	significance”	and	the	elements	which	add	value	in	the	built	heritage.	(Worthing,	
2008).	In	addition	to	all	these	theoretical	issues,	there	are	physical	constraints	which	make	
difficult	the	adaptation	of	historic	buildings.	

One	 of	 the	 most	 common	 and	 challenging	 conversions	 of	 historic	 buildings	 is	 to	
museums	 because	 the	 spaces	 housing	 collections	 need	 special	 conditions.	 For	 the	
implications	 that	 the	 building’s	 fabric	 has	 in	 them,	 architects	 have	 more	 influence	 in	
parameters	like	temperature,	relative	humidity	(RH)	and	light.	The	standards	for	temperature	
and	RH	are	easily	applicable	in	temperate	countries,	therefore	in	hot	climates,	dependence	
in	air	conditioning	systems	seems	to	be	the	only	solution.	

Restoration	in	Cuba.	Fortresses	

Today	in	Cuba,	as	well	as	in	the	rest	of	the	world,	there	are	some	principles	in	restoration	of	
heritage	buildings	which	came	from	the	Anti-Scrape	movement,	Camilo	Boito’s	ideas	and	The	
Venice	Charter.	 The	 first	 rule	 is	 to	do	 the	minimum	 intervention	 in	 a	 reversible	way	with	
honesty	in	the	use	of	materials.	Also,	to	consider	that	each	part	of	the	site	is	authentic	in	its	
own	right	and	that	any	action	or	findings	must	be	recorded	(Worthing,	2008).	Nevertheless,	
decisions	 get	 more	 complicated	 when	 the	 objective	 of	 the	 intervention	 is	 to	 adapt	 the	
building	to	a	new	use.	To	identify	the	architectonic	elements	which	carry	historic	values	and	
to	preserve	them	seem	to	be	the	most	secure	ways	of	preservation	of	value	in	adaptation.	
However,	the	architectural	experience	is	not	only	about	separate	elements,	but	also	about	
image	 and	 ambiance,	 that	 is	 why	 camouflage,	 falsifications	 and	 facsimile-practices	 are	
sometimes	justified.	

In	examples	of	restored	and	adapted	forts	in	Cuba,	it	can	be	seen	different	approaches.	
Some,	as	Castillo	de	 la	Punta,	have	 fully	 air-conditioned	 spaces	with	glass	 skylights	at	 the	
openings	 of	 the	 roofs.	 On	 the	 other	 hand,	 in	 Castillo	 de	 La	 Fuerza,	 spaces	 are	 naturally	
ventilated,	as	the	result	of	unsuccessfully	trying	to	put	air-conditioning	units.	This	fort	is	also	
an	example	of	the	dire	consequences	that	closing	hermetically	the	roof’s	openings	brings	to	
the	humidity	balance	of	the	interior	spaces.	

Atares	Castle	

In	the	year	2012,	a	group	of	colonial	fortresses	were	given	by	the	Cuban	army	to	Oficina	del	
Historiador	de	la	Ciudad,	the	institution	which	takes	care	of	the	heritage	in	Old	Havana.	From	
that	point,	came	the	idea	to	open	these	places	to	the	public	and	convert	them	into	museums.	
Atares	Castle	was	one	of	 these	buildings	and	 it	 is	 the	 first	 to	be	 intervened	because	of	 its	
values	and	the	relative	good	conservation	of	its	elements.	The	idea	is	to	locate	in	the	structure	
a	 collection	 of	 Da	 Vinci’s	 replicas	 of	 artefacts,	made	 from	wood,	 leather	 and	 paper.	 This	
fortress	was	part	of	Havana’s	defensive	system,	therefore,	is	considered	World	Heritage.	

	
Figure	1.	Atares	castle	entrance	
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The	fortress’s	construction	started	in	1764	and	was	finished	by	1767.	It	is	located	in	Soto	
hill,	 in	 the	 southern	 portion	 of	 Havana’s	 bay.	 It	 is	 popular	 known	 as	 castle,	 but	 the	
classification	 given	 by	 its	 planners	 was	 “battery”.	 The	 trace	 of	 Atares	 fort	 is	 an	 irregular	
hexagon	without	bastions	but	with	“echaugettes”	or	“garitas”	in	its	6	corners.	The	fortress	
has	a	ditch	and	a	covered	way	surrounding	the	building,	also	with	“echaugettes”.	The	interior	
is	structured	by	vaults	surrounding	the	place-of-arms,	with	a	stoned	stair	which	lead	to	the	
esplanade.	The	esplanade	 is	where	the	artillery	was	 located	and	today	 it	can	be	observed	
several	“colisas”	and	“banquettes”	by	the	parapets	(Quesada,	2013).	

	

	
Figure	2.	Structure	of	the	fort	

The	main	construction	material	is	the	“shelly”	porous	limestone.	It	was	used	as	the	main	
structural	material	in	walls,	foundations	and	vaults.	The	mortars	were	made	with	sand	and	
lime	(Martínez,	Morales,	2005).	

In	Cuba,	museums	are	regarded	as	the	more	 inoffensive	function	that	a	 fortress	can	
have.	Buildings	are	considered	an	 important	piece	to	exhibit	and	only	maintenance	of	 the	
structure	 is	 required.	 However,	 when	 there	 are	 historic	 pieces	 to	 show	 is	 when	 air-
conditioning	system	come	to	play	as	the	only	solution	and	the	building	suffers	aggressions	
and	mutilations	due	to	heavy	 installations.	That	 is	why,	 to	start	with	the	study,	museums’	
standards	were	analysed	and	challenged.	

Museum	requirements	in	the	tropics	

According	to	several	specialists	the	environment	of	a	museum	can	damage	a	collection	due	
to	 two	 principal	 situations:	 high	 values	 of	 temperature	 and	 humidity	 and	 environmental	
fluctuations	(Toledo,	1999).	Any	of	these	can	not	only	stress	the	pieces’	structure,	but	also	
provoke	mould	growth	or	bio-attacks.	What	makes	mould	grow	is	what	specialists	call	“water	
activity”	on	the	surfaces,	which	is	equivalent	to	the	relative	humidity	of	the	air	that	would	be	
in	equilibrium	with	the	specific	material.	The	common	standard	for	RH	is	then,	from	40-65%	
with	no	more	of	5%	of	variation	within	one	hour.	Respecting	the	standards	for	temperature	
inside	exhibition	and	storage	spaces,	some	authors	established	an	ideal	value	of	20°C	with	a	
permissible	fluctuation	of	2	degrees	(Ambrose,	2012;	Cassar,	2011).	While	others,	like	Jones	
(2008)	situated	the	acceptability	in	a	range	between	18	and	25°C,	still	almost	impossible	to	
achieve	passively	in	a	hot	climate.		

Despite	 these	 strict	 requirements,	 several	 specialists	 believe	 that	 the	 pieces	 of	 a	
collection	can	adapt	themselves	to	a	broad	range	of	environmental	conditions	as	long	they	
are	steady	(Toledo,	2007).	It	is	stated	by	some	authors	that	the	strict	conditions	for	museums	
are	not	based	entirely	in	the	real	requirements	of	the	pieces,	but	in	the	human	comfort	band,	
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the	 practical	 limitations	 of	 mechanical	 controls	 and	 the	 historic	 recorded	 values	 in	 the	
National	Gallery	in	London	(Erhardt	et	al,	2007).	Since	any	kind	of	object	try	to	adjust	itself	to	
the	 surrounding	 environment	 by	 releasing	 or	 absorbing	 water,	 collection’s	 pieces	 in	 hot-
humid	climate	museums	are	generally	more	acclimatised	to	high	values	of	temperature	and	
RH.	Nevertheless,	biodeterioration	is	the	principal	risk	of	collections	and	RH	values	of	more	
than	70%	must	be	avoided	(Toledo,	1999).	

In	 different	 studies	 made	 by	 specialists	 of	 the	 Getty	 Conservation	 Institute	 about	
museums	in	hot-humid	climates,	it	was	used	as	strategy	for	the	collections’	preservation	to	
control	the	RH	below	70%	and	let	the	temperature	to	vary	(Maekawa,	2006).	In	different	case	
studies	 in	 United	 States,	 Spain	 and	 Brazil	 the	 methodology	 followed	 by	 this	 group	 of	
specialists	was	to	reduce	the	infiltration	of	humid	exterior	air	into	the	museums,	to	improve	
the	fabric	to	prevent	heat	transference	and	to	dehumidify	the	outside	air	with	a	dehumidifier	
or	with	heaters	to	decrease	RH.	(Maekawa	and	Toledo,	2001).	

There	is	another	case	of	application	of	alternative	methods	for	climate	control	in	hot-
humid	museums,	in	which	the	strategy	was	much	simpler.	In	this	example,	the	doors	of	the	
National	Museum	of	Art	of	Mozambique	were	closed	and	opened	at	different	times	of	the	
day	in	a	way	to	prevent	humid	air	to	enter	the	building.	Doors	were	opened	from	2:00pm	to	
6:00pm,	visitor’s	time	of	the	museum,	but	also	moment	of	the	day	with	lower	values	of	RH.	
The	 results	 showed	 an	 average	 reduction	 of	 6%	 comparing	 with	 historic	 values.	 The	
reductions	were	not	big,	but	they	are	significant	considering	that	no	changes	in	the	envelope	
or	purchase	of	new	equipment	were	made	(Broecke,	2007).	

These	examples	were	useful	for	the	study	on	Atares	castle	because	of	the	characteristics	
of	Cuba’s	climate.	For	most	of	the	country	the	maximum	absolute	value	is	slightly	over	32	
degrees	 and	 the	minimum	 around	 12	 degrees	 (Alemany,	 1986).	 Regarding	 RH,	 there	 is	 a	
constant	transport	of	water	vapor	from	the	sea	to	the	land,	favouring	the	occurrence	of	very	
high	values.	During	evenings	and	nights,	when	the	air	temperature	reach	its	lower	values	it	is	
observed	almost	every	day	values	of	RH	higher	 than	90%,	arriving	 to	saturation	with	high	
frequency.	During	daytime,	RH	reaches	the	minimum	value	at	1pm	around	50%.	Therefore,	it	
is	unlikely	that	the	maximum	values	of	RH	and	air	temperature	coincide	daily.		

	

	
Figure	3.	Temperature	and	RH	in	a	typical	day	

According	 to	 all	 the	 previously	 exposed	 it	 appears	 that	 for	 tropical	 climates	 it	 is	
unpractical	 to	 follow	the	standard	requirements	 for	museums.	This	approach	will	 result	 in	
useless	 energy	 intensive	 systems	 that	 provide	 environments	with	 stricter	 conditions	 than	
what	is	needed.	
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The	approach	

The	main	objective	of	 this	 study	was	 to	use	 the	 intrinsic	 characteristics	of	 the	building	 to	
minimize	 the	 interventions	 to	 achieve	 the	 desired	 performance	 and	 at	 the	 same	 time	 to	
guarantee	a	respectful	adaptation.	The	first	step	was	to	choose	the	right	requirements	for	the	
preservation	of	 the	pieces	 (70%	of	 RH)	 and	 later	 to	 understand	 the	 characteristics	 of	 the	
elements	 of	 the	 building,	 how	 they	 work	 together	 in	 the	 structure	 influencing	 the	
environment	inside.		

To	help	in	the	design	process,	different	simulations	were	done.	The	goal	was	to	see	if	
both	preservation	requirements	and	human	comfort	can	be	achieved	passively.	The	first	step	
was	to	test	separately	how	the	features	of	the	castle	 influence	in	 its	environment.	 In	base	
case	1	the	fort	was	modelled	without	windows	or	openings	to	see	how	the	thick	walls	react	
to	the	climate.	In	the	second,	windows	without	holes	in	the	ceiling	were	tested.	The	third	one,	
used	only	the	openings	in	the	roof	and	in	the	last,	windows	and	holes	were	opened	to	test	
natural	 ventilation.	 From	 this	 set	of	 simulations,	 it	was	 concluded	 that	 the	 solar	 radiation	
entering	the	spaces	via	the	holes	in	the	roof	is	too	high.	Also,	it	was	seen	that	there	is	potential	
for	using	thermal	mass	and	natural	ventilation.	

	

	
Figure	4.	Base	cases	

Daylight	was	also	tested,	using	the	software	Radiance	to	check	illuminance	levels	in	the	
vaults.	The	benchmark	was	set	in	200	lux	to	prevent	light	damage	in	pieces	like	the	artefacts.	
It	was	concluded	 that	 the	openings	need	 to	be	covered	 to	 reduce	 the	amount	of	daylight	
passing	to	the	spaces.		

Taking	into	consideration	all	previous	conclusions,	sets	of	simulations	were	done	testing	
natural	ventilation	applied	for	the	entire	day,	thermal	mass	influence	by	ventilating	the	spaces	
during	night	time	and	taking	as	example	the	case	of	the	museum	in	Mozambique,	let	the	air	
in	only	during	operation	time.	These	strategies	were	applied	to	different	scenarios,	the	first	
with	windows	and	openings	 in	 the	roof	with	the	current	size,	but	covered	with	 louvers	 to	
reduce	 daylight.	 The	 second	 scenario	 was	 with	 windows	 and	 holes	 reduced	 to	 original	
dimensions,	to	reduce	light	and	to	recover	the	original	image	of	the	spaces.	This	was	one	of	
the	requests	that	was	stated	when	brief	was	given	for	the	adaptation.	

	

	
Figure	5.	Strategies	
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This	set	of	simulations	showed	in	both	cases	(large	and	small	openings),	that	24	hours’	
ventilation,	as	expected,	brings	instability,	temperatures	and	RH	varied	according	to	outside	
values.	In	the	second	scenario,	lower	temperatures	were	expected	because	this	is	a	strategy	
used	 normally	 in	 high	 mass	 buildings.	 The	 maximum	 peak	 temperature	 of	 the	 day	 was	
reduced	but	RH	is	too	high	during	the	night.		

In	the	last	strategy,	the	results	were	better	for	the	pieces’	preservation,	stability	and	
low	RH.	However,	the	temperature	was	in	multiple	occasions	above	30°C.	Overall,	the	case	
were	windows	and	openings	were	bigger	had	better	performances	keeping	RH	lower	than	
70%,	 even	 though	 temperatures	 were	 higher.	 That	 is	 why,	 the	 recovery	 of	 the	 original	
openings	is	not	recommended.		

	

	
Figure	6.	Statistics	of	the	strategies	in	the	two	scenarios	

Another	strategy	tested	was	to	shade	the	roof	with	a	textile	element,	separated	from	it	
three	meters.	This	will	protect	the	roof	and	the	people	on	the	esplanade	of	solar	radiation,	
however	it	would	be	a	major	change	to	the	image	of	the	building.	The	results,	as	expected,	
improved	the	values	of	temperature	becoming	very	positive	for	human	comfort,	but	again,	
the	values	for	RH	increased.	As	other	studies	of	the	same	nature	showed,	an	improvement	in	
comfort	 conditions	 for	 humans	will	 signify	 an	 increase	 in	 RH,	which	 is	 dangerous	 for	 the	
collections	 (Toledo,	1999).	Those	 tests	 showed	that	major	changes	 in	 the	envelope	of	 the	
building	will	not	bring	any	advantage	in	terms	of	RH	control.	Therefore,	the	openings	as	they	
were	encountered	are	the	best	option.	

A	further	passive	strategy	was	tested,	to	see	if	RH	control	could	be	more	effective	and	
temperatures	can	be	lowered.	The	tested	strategy	was	to	apply	dehumidification	during	night	
time.	The	dehumidification	device	chosen	was	silica	coated	louvers	encased	in	glass	panels	
introduced	to	the	holes’	covers	in	the	roof.	An	automatic	system	would	force	humid	air	in	the	
night	to	go	through	the	louvers,	adsorbing	the	moisture	and	releasing	drier	air	to	the	inside.	
According	 to	 Chenvidyakarn	 (2007)	 a	 device	 like	 this	 would	 have	 a	 capacity	 of	 4-5	 g/kg	
humidity	 reduction.	 Therefore,	 a	 decrease	 of	 20-30%	 in	 RH	 causes	 an	 increment	 in	 the	
temperature	of	about	two	to	five	degrees.	The	recharge	of	the	system	would	happen	in	the	
day	when	solar	radiation	and	circulation	of	warm	air	between	the	glass	panels	remove	the	
moisture	from	the	silica.	This	time,	the	results	were	better	in	terms	of	RH	and	temperatures.	
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Figure	8.	Natural	ventilation	and	dehumidification	strategies	in	a	typical	day	

The	 final	 proposal	 will	 have	 two	 types	 of	 spaces	 according	 to	 the	 environmental	
performance.	Not-exhibiting	spaces	will	have	natural	ventilation	the	entire	day.	However,	in	
the	rooms	with	the	collection,	louvers	will	be	put	in	all	windows	and	silica	coated	louvers	in	
the	openings	on	the	roof.	The	ventilation	will	happen	during	night-time.	
	

	
Figure	9.	Plan	of	Atares	castle	

Conclusions	

The	evidence-based	approach	applied	in	this	study	was	useful	to	answer	questions	respecting	
whether	 it	will	be	beneficial	 to	do	major	changes	 in	the	 image	of	the	building	such	as	the	
addition	 of	 a	 new	 roof	 or	 the	 reproduction	 of	 the	 original	 openings	 and	 windows.	 The	
application	of	alternative	standards	for	preservation	allowed	the	search	for	alternatives	to	
air-conditioning	systems.	The	process	allowed	to	recognize	the	natural	performance	of	the	
structure	 and	 use	 it	 as	 an	 advantage	 for	 the	 adaptation.	 This	methodology	was	 a	 better	
alternative	to	the	trial-error	approach	that	is	commonly	used	in	Cuba.	
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Abstract:	 There	 are	 over	 10,000	 conservation	 areas	 and	 about	 370,000	 listed	 homes	 in	 the	 UK.	 These	 are	
neighbourhoods	and	homes	protected	because	of	their	architectural	and	historic	importance.	This	means	that	
property	alterations	are	limited	and	require	permission	from	local	authorities.	The	paradox	lies	in	the	fact	that	
most	of	these	are	occupied	and	highly	energy	inefficient,	and	therefore	require	significant	refurbishment	if	the	
UK	carbon	emission	targets	are	to	be	met.	In	this	study,	the	authors	have	used	a	Victorian	house	located	in	a	
conservation	 zone	 in	 Nottingham,	 UK,	 as	 a	 vehicle	 to	 explore	 means	 of	 improving	 comfort	 and	 therefore	
energy	 efficiency,	working	within	 the	 constraints	 of	 the	 property	 protection	 system.	 The	 study	was	 broadly	
divided	 into	 three	 cases:	 pre-base	 case	 (past	 –	 Victorian	 time	 conditions),	 base	 case	 (present	 –	 current	
conditions)	 and	 proposed	 case	 (future	 –	 after	 proposed	 improvements).	 The	 methods	 included	 qualitative	
studies	 consisting	 of	 understanding	 Victorian	 house	 design	 and	 comfort	 and	 quantitative	 studies	 covering	
lighting,	ventilation,	air	quality	and	thermal	comfort.	The	findings	suggest	that	the	house	performed	better	in	
the	 pre-base	 case	 than	 in	 the	 base	 case.	 However,	 with	 proposed	 step-wise	 improvements	 of	 the	 thermal	
envelope	the	house	can	perform	better	without	significant	alterations	to	the	exterior	envelope.		

Keywords:	Victorian	houses,	thermal	comfort,	energy	efficient	retrofit	

Introduction		

Historic	buildings	and	neighbourhoods	are	 important	heritage	assets	and	generally	valued	
by	 authorities	 and	 occupants	 equally.	 In	 order	 to	 protect	 those,	 conservation	 zones	 have	
been	 designated	 in	 the	 UK	 since	 1967	 and	 today	 there	 are	 over	 10,000	 areas	 listed	 by	
councils	and	local	planning	authorities	in	the	UK,	8,000	of	those	located	in	England	(Historic	
England,	2016).	

A	 building	 with	 special	 architectural	 and	 historic	 interest,	 which	 requires	 attention	
from	planning	system	for	its	protection,	is	considered	as	a	listed	building	(Historic	England,	
2016).	 Ninety-two	 per	 cent	 of	 all	 listed	 buildings	 fall	 under	 Grade	 II	 category.	 Grade	 II	
buildings	 are	 of	 special	 interest	 that	 cannot	 be	 altered	 from	 the	 outside.	 Some	 internal	
refurbishment	may	be	possible	without	hampering	the	original	character	of	the	building.		

The	 UK	 has	 committed	 to	 reduce	 80%	 of	 its	 greenhouse	 gas	 emissions	 by	 2050.	
Around	13%	of	 the	UK’s	 total	 emissions	 come	 from	housing,	 and	 29%	 come	 from	energy	
generation	 and	 supply	 (Department	 for	 Business,	 Energy	 and	 Industrial	 Strategy,	 2017).	
Therefore,	 tackling	 energy	 inefficiency	 in	 housing	 is	 a	 key	 priority.	 In	 old	 houses,	 such	 as	
Victorian	homes,	heat	 loss	through	the	envelope	represents	a	significant	energy	efficiency	
problem.	 Typically,	 insulating	 a	 3-bedroom	 home	 can	 prevent	 around	 2.4	 tonnes	 of	
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greenhouse	gas	emissions	per	year	(Department	for	Business,	Energy	and	Industrial	Strategy,	
2017).	

Kenilworth	 House	 is	 a	 Victorian	 semi-detached	 property	 located	 in	 Park	 Estate,	
Nottingham.	The	Park	Estate	is	a	conservation	area	adjacent	to	Nottingham	Castle.	It	has	a	
population	of	about	1,900	with	mostly	residential	development	(Mulcahy,	2007).	The	area	
comprises	of	 two	categories	of	houses:	houses	built	pre-1919	and	houses	built	post-1919.	
The	house	was	selected	for	the	case	study	because	of	its	fairly	typical	Victorian	floor	plans	
and	features,	which	make	the	findings	relevant	to	other	similar	properties.	

This	work	aimed	at	exploring	the	house’s	daylight	and	thermal	performance	through	
on-site	measurements	and	building	simulation	structured	in	three	cases:	pre-base	case	(past	
–	 Victorian	 period),	 base	 case	 (present	 –	 current	 use)	 and	 proposed	 case	 (future	 –	 after	
proposed	retrofit).	The	proposed	energy	efficiency	retrofit	solution	aimed	to	have	none	or	
little	impact	on	the	external	building	envelope.	

Comfort	in	Victorian	Houses	

Typical	 features	of	a	Victorian	house	consist	of	bay	window,	 stained	glass	detailing,	 steep	
roofs,	 fancy	 shingles,	 Flemish	 bond	 brickwork,	 suspended	 timber	 flooring	 and	 balconies.	
One	of	the	typical	features	that	affects	both	positively	and	negatively	the	comfort	levels	is	
the	 suspended	 timber	 flooring	 system.	 The	 idea	 of	 suspended	 timber	 flooring	 was	 to	
provide	 ventilation	 and	 prevent	 mould	 development	 (Figure	 1,	 left).	 It	 had	 some	 health	
benefits	 as	 it	 helped	 in	 avoiding	 termites	 and	 other	 pests.	 The	 only	 drawback	 was	 that,	
ventilation	grilles	present	on	the	lower	part	of	the	wall	acted	as	a	source	of	heat	loss	(Figure	
1,	right).	Practice	of	using	carpet	and	rugs	contributed	toward	decrease	in	overall	U-value	of	
the	floor.	 	Walls	were	generally	made	of	Flemish	Bond	with	high	thermal	mass,	which	has	
the	 ability	 to	 store	 and	 release	 heat	 over	 time	 helping	 in	 moderating	 temperature	
fluctuation.	The	interior	walls	were	covered	with	dark	coloured	wallpapers	and	tapestry.	

	
Figure	1:	Detail	of	suspended	timber	flooring	(left).	Image	source:	Evolution	of	building	elements	(2009),			

ventilation	grilles	on	lower	ground	floor	façade	of	Kenilworth	House	(right)	

As	 a	 result	 of	 abolition	 of	 window	 tax	 in	 1851,	 big	 windows	 became	 prevalent	 in	
design.	Bay	windows	became	common	as	it	helped	in	increasing	the	daylighting	level	of	the	
rooms.	A	form	of	window	decoration	called	“Vitremanie”	was	applied	to	glass	“to	exclude	
unpleasant	views	seen	through	staircase	or	other	windows”	(Yorke,	2010).	Several	layers	of	
protection	were	applied	to	a	window.	The	outer	layer	nearest	to	the	window	was	usually	a	
venetian	blind	 followed	by	 a	middle	 layer	 of	 lace	or	muslin	 to	 keep	 away	dust	 and	 avoid	
glare	in	the	room.	The	inner	layer	consisted	of	heavy,	often	insulated	curtains	(Yorke,	2010).	
Shutters	 were	 used	 for	 security	 purposes	 and	 provided	 further	 protection	 from	 the	
temperature	outside.		

Fireplace	was	the	only	source	of	heat,	helping	in	making	the	room	temperature	more	
bearable	during	winter	days.	Most	Victorian	homes	of	similar	size	would	have	had	servants	
that	would	have	kept	the	fire	on	in	all	rooms	for	most	of	the	day	and	night.		

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 3119



Kenilworth	House	

Kenilworth	House	is	a	semi-detached	Victorian	House	built	in	1888	on	the	former	fishpond	
gardens,	which	was	part	 of	 the	Nottingham	Castle	hunting	 grounds	 (Figure	3).	 The	house	
epitomises	 late	Victorian	domestic	revival	architectural	style	with	red	brick	façade	and	tile	
hung	gables.	Decorative	 tile	 string	courses	and	sills	with	elaborate	 shaped	brick	 lintel	and	
under	 sill	 panels	 adds	 to	 the	 intricate	 detailing	 done	 during	 the	 Victorian	 period	 (The	
Nottingham	Park	Houses,	2015).		

The	 original	 house	 plan	 had	 an	 entrance	 lobby	 in	 the	 South-East,	 which	 acted	 as	 a	
thermal	buffer	 (Figure	2a).	All	 the	 rooms	 in	 the	house	had	a	 fireplace,	most	of	which	are	
currently	inoperable.	Only	the	fireplace	in	living	room	is	used	occasionally	during	cold	days	
of	January	and	February.	At	present,	the	entrance	lobby	in	the	South-East	is	no	longer	there,	
significantly	increasing	heat	losses	through	that	façade,	and	the	entry	to	the	house	is	from	
the	kitchen	on	 the	North-West	 side	of	 the	house	 (Figure	2b).	As	a	 result,	 the	kitchen	 is	 a	
major	source	of	heat	loss	in	the	house.	The	owners	of	the	house	have	proposed	converting	
the	 kitchen	 into	 an	 entrance	 lobby	 in	 the	 near	 future	 as	 a	 solution	 for	 this	 problem.	 The	
dining	 room	would	 then	 function	as	kitchen	and	 the	 living	 room	would	 function	as	dining	
room.	The	parlour	in	the	lower	ground	floor	will	then	be	used	as	living	room	(Figure	2c).	This	
could	be	beneficial	for	the	thermal	performance	of	the	house	as	it	would	help	in	minimising	
heat	loss.		

The	results	of	this	study	were	restricted	to	the	main	spaces	of	the	house,	namely	the	
kitchen,	the	living	room	and	the	master	bedroom	(above	the	living	room).	In	these	rooms,	
many	 of	 the	 original	 window	 openings	 for	 ventilation	 are	 no	 longer	 operable.	 It	 is	 not	
entirely	clear	why	but	 it	 is	believed	that	 it	was	for	safety	reasons.	 In	addition,	carpets	and	
large	 rugs	 that	 would	 originally	 have	 covered	 the	 floors	 have	 been	 removed,	 as	 well	 as	
wallpapers	and	wall	tapestry.	The	current	curtains	are	made	of	light	uninsulated	fabric.		

The	open	fire	is	currently	only	used	in	the	living	rooms	and	sparingly.	It	is	used	when	a	
top	up	to	the	central	heating	system,	which	consists	of	a	boiler	and	radiators,	is	needed.	The	
owners	have	a	Foobot	indoor	air	quality	monitor	to	note	the	level	of	carbon	dioxide	(CO2)	
and	other	indoor	air	pollutants	which	rise	significantly	when	the	open	fire	is	used.		

											 										 												 	
Figure	2a:	original	ground	floor,	2b:	current	ground	floor,	2c:	proposed	ground	floor,	Figure	3:	south-east	view	

	

Methodology	and	Results		

The	 methods	 used	 to	 explore	 comfort	 in	 Kenilworth	 House	 included	 daylighting	
measurements	 using	 lux	 meters,	 ventilation	 assessment	 via	 rules-of-thumb,	 air	 quality	
assessment	using	air	monitoring	devices,	room	temperatures	monitoring	using	dataloggers,	
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thermal	imaging	photos,	daylighting	simulations	and	thermal	performance	assessment	using	
dynamic	computer	simulation	(IES	VE).	These	were	structured	in	three	cases:	pre-base	case	
(past	 –	 Victorian	 period),	 base	 case	 (present	 –	 current	 use)	 and	 proposed	 case	 (future	 –	
after	proposed	retrofit).	

Daylighting	

On-site	daylighting	measurements	were	taken	under	a	varying	sky	condition	from	sunny	to	
overcast	 sky	 to	 illustrate	 the	 current	 conditions	 (base	 case).	 A	 multi-meter	 was	 used	 to	
measure	 the	 lux	 levels	 on	 working	 plane	 level	 on	 grid	 points	 marked	 in	 the	 rooms.	
Measurements	were	taken	in	living	room,	dining	room	and	kitchen.	Average	daylight	factors	
measured	were	9.9%,	6.8%	and	5.6%	respectively,	which	satisfy	the	benchmark	provided	by	
the	Chartered	Institution	of	Building	Services	Engineers	(CIBSE,	2007).		

A	further	analysis	was	done	to	compare	the	illuminance	level	in	the	pre-base	and	base	
case,	as	the	interior	condition	of	the	living	room	in	the	two	cases	were	quite	different.	In	the	
pre-base	 case,	 the	 interior	 walls	 were	 covered	 with	 dark	 green	 wall	 paper	 and	 perhaps	
tapestry	(although	this	could	not	be	confirmed)	resulting	in	a	wall	reflectance	of	16%.	In	the	
base	case,	the	walls	were	light	coloured	with	a	reflectance	of	74%.	Simulations	were	carried	
out	 under	 overcast	 sky	 condition.	 Figure	 4	 shows	 the	 illuminance	 level	 in	 living	 room	 at	
equinox	12pm.	According	to	CIBSE	(2007),	the	recommended	lux	level	in	a	living	room	is	50	
–	300	lux.	The	area	in	green	colour	indicates	surface	area	under	the	threshold	level,	which	is	
50	lux.	

			 	
Figure	4:	Illuminance	distribution	in	living	room	in	pre-base	case	(left),	Illuminance	distribution	in	living	room	in	

base	case	(right);	green	indicates	areas	with	daylighting	levels	under	50	lux	

Comparing	the	two	results,	it	is	observed	that	the	daylighting	level	in	pre-base	case	is	
lower	than	in	base	case.		

Ventilation	

An	initial	rule	of	thumb	test	was	done	to	check	the	effectiveness	of	single-sided	ventilation	
in	 the	 living	 room	 and	 the	 dining	 room.	 For	 this	 purpose,	 the	 maximum	 room	 depth	
compared	to	its	height	and	percentage	of	opening	area	as	per	were	taken	into	consideration.	
The	 results	 showed	 that	 single-sided	 ventilation	 as	 per	 the	 original	 design	would	work	 in	
both,	the	living	room	and	the	dining	room.		

The	 owners’	 air	 quality	 monitoring	 device	 installed	 in	 the	 living	 room	 was	 used	 to	
measure	temperature,	humidity,	carbon	dioxide	emission	and	volatile	organic	compounds.	
Two	days	 in	 the	month	of	March	were	compared	 to	 see	 the	variation	 in	 the	 level	of	CO2	
produced	in	the	room.	The	first	day	(6th	of	March	2016)	was	a	Mother’s	Day	so	the	owners	
had	several	guests	in	the	house	in	the	afternoon	whereas	the	second	day	(8th	of	March)	was	
a	 regular	weekday	when	 the	owners	were	 away	 from	 the	house	during	day	 time.	 	 It	was	
observed	 that	 except	 from	 1	 pm	 to	 8	 pm	 on	 the	 6th	 of	 March	 the	 level	 of	 CO2	 was	
maintained	 within	 the	 recommended	 levels	 in	 a	 liveable	 space,	 which	 is	 1000	 ppm	 as	
recommended	by	CIBSE	(2007).	The	upward	shift	in	CO2	emission	during	the	day	time	was	
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caused	due	to	the	increase	in	occupancy	level	 in	the	room.	However,	on	the	8th	of	March,	
which	 was	 a	 regular	 week	 day,	 the	 CO2	 emission	 was	 within	 the	 recommended	 level	
throughout	the	day	with	a	constant	low	level	during	the	day	time	and	increase	in	the	night	
time	when	the	central	heating	was	switched	on	and	the	living	room	was	occupied	(Figure	5).	
The	windows	were	closed	and	the	open	fire	was	not	used	throughout	the	experiment	so	the	
only	ventilation	was	background	infiltration.		

	
Figure	5:	Carbon	dioxide	emission	in	living	room	

Thermal	Performance	

Tiny	 tag	dataloggers	were	used	 for	on-site	 temperature	monitoring	 from	February	16th	 to	
March	 16th	 2016.	 Temperature	 variations	 in	 the	 rooms	 were	 compared	 along	 with	 the	
external	 temperature,	which	was	measured	 in	a	nearby	 location.	 It	was	observed	that	the	
temperature	 in	the	kitchen	was	 lower	than	 in	the	 living	room	and	 in	the	master	bedroom	
(Figure	6).	Thermographic	images	were	taken	to	identify	leaky	surfaces	in	the	house.	It	was	
observed	 that	 a	 huge	 amount	 of	 heat	 was	 lost	 through	 ventilation	 grilles	 at	 the	 lower	
ground	floor,	bay	windows	and	kitchen	door	(Figure	7).	

   
Figure	6:	Internal	and	external	temperature	variation	from	16th	February	to							Figure	7:	Thermographic	images	
																																																											16th	March							
Thermal	simulation	was	carried	out	for	three	different	cases:	pre-base	case,	base	case	and	
proposed	case.	The	proposed	case	had	three	sub-divisions:	case	1,	case	2	and	case	3.	

Pre-base	 case	 (Victorian	 period):	 The	 house	 as	 built	 in	 1888,	 solid	wall	 construction	
with	uninsulated	suspended	timber	flooring	(floor	U-	value:	0.6	W/m²K),	and	single	glazed	
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timber	frame	window	with	a	protection	layer	of	heavy	curtains	(overall	window	U-value:	2.9	
W/m²K)	(Hunt	and	Suhr,	2013).	The	windows	were	fully	openable.	Open	fire	was	assumed	
as	the	heating	system	and	gas	lighting	was	also	included.	Occupancy	level	of	the	house	was	
taken	as	10	people.	

Base	 case	 (current	 conditions):	 The	 house	 in	 its	 present	 condition	 with	 the	 same	
construction	details	as	pre-base	case	with	a	change	in	openable	area	of	windows	to	40.3%	in	
the	living	room	and	the	master	bedroom	and	50%	in	the	kitchen.	There	was	no	protection	
layer	to	the	window	and	only	light	curtains	were	included	so	the	window	U-value	increased	
to	 4.8	 W/m²K.	 The	 heating	 system	 assumed	 was	 central	 heating	 with	 radiators	 and	
occasional	use	of	the	open	fire	in	the	living	room	during	cold	days	in	the	month	of	January	
and	February.	 	Occupancy	 level	was	down	 to	 the	current	 situation	 (2	people)	and	electric	
lighting	was	included.	

Case	1	(first	proposal):	The	building	envelope	and	simulation	assumptions	were	kept	
the	 same	as	 in	 the	base	 case	 except	 for	 the	windows.	Double	 glazing	windows	with	 a	U-
value	 of	 2.7	 W/m²K	 were	 used,	 keeping	 the	 existing	 timber	 frames	 so	 not	 to	 alter	 the	
façades.			

Case	 2	 (second	 proposal):	 The	 building	 envelope	 and	 simulation	 assumptions	 were	
kept	the	same	as	in	the	base	case	except	for	the	windows.	Secondary	glazing	was	assumed,	
fitted	leaving	a	gap	of	100mm	from	the	existing	pane	changing	the	U-value	to	2.8	W/m²K.		

Case	3	(third	proposal):	The	building	envelope	and	simulation	assumptions	were	kept	
the	same	as	in	the	case	2	but	insulation	was	added	to	the	floor.	Batt	insulation,	a	breathable	
insulation	 layer	of	 220	mm	 thickness	was	used,	which	decreased	 the	 floor	U-value	 to	 0.2	
W/m²K,	without	disturbing	the	traditional	building	construction	system.		

No	changes	to	the	walls	were	made	because	external	wall	insulation	is	not	permitted	
and	 internal	 wall	 insulation	 would	 have	 impacted	 on	 the	 original	 features	 and	 details,	
particularly	prominent	in	the	main	rooms.	However,	proposal	given	by	the	owners	of	inter-
changing	 use	 of	 few	 rooms	 like	 kitchen,	 dining,	 living	 and	 lobby	was	 implemented	 in	 the	
course	of	study.	(Figure	2).	

There	were	 two	major	 conditions	 under	which	 simulations	were	 carried	 out.	 Under	
the	 first	 condition,	 the	 house	 was	 assumed	 to	 be	 free	 running	 without	 any	 heating	 or	
ventilation.	In	the	second	condition,	heating	was	on	in	winter	and	windows	were	opened	as	
required	 in	 summer	 to	encourage	natural	 ventilation.	All	 five	 cases	were	 simulated	under	
these	two	conditions.	Pre-base	case	and	base	case	were	further	simulated	under	the	second	
condition	by	keeping	the	simulation	assumptions	same	in	both	the	cases	i.e.	same	heating	
system	and	 internal	 gains	 as	 in	 current	 condition	 (base	 case).	 This	 served	 the	 purpose	 of	
making	a	like	comparison	between	the	two	cases.	

In	the	annual	calendar,	months	from	January	to	April	and	October	to	December	were	
defined	as	winter.	Months	from	May	to	September	were	defined	as	summer.	Daily	profiles	
were	set	according	to	the	 frequency	of	occupancy	 in	a	room,	which	were	different	during	
the	pre-base	case	and	the	base	case	as	per	the	assumptions	specified	above.	Internal	gains	
were	 considered	 according	 to	 the	 pattern	 of	 room	occupancy.	 In	 pre-base	 case	 and	 base	
case,	 infiltration	 rate	was	 assumed	 as	 0.5	 ach	 at	 atmospheric	 pressure.	 In	 case	 1,	 it	 was	
assumed	that	changing	all	 the	windows	would	 improve	 infiltration	so	this	was	changed	to	
0.3	ach.	In	case	2,	the	infiltration	rate	was	assumed	to	be	0.4	ach	as	secondary	glazing	would	
not	expect	to	improve	infiltration	as	much	as	the	new	windows.	In	case	3,	as	floor	insulation	
was	assumed	in	addition	to	secondary	glazing,	the	infiltration	rate	was	assumed	as	0.2	ach.	
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Without	heating	or	ventilation,	the	temperature	in	the	coldest	week	was	always	under	
the	range	recommended	for	winter	operable	temperature,	which	is	22	-	23˚C	(CIBSE,2007).	
However,	 the	 internal	winter	 temperatures	 in	 the	 pre-base	 case	were	 higher	 than	 in	 the	
base	case	making	it	comparatively	more	comfortable,	as	exemplified	in	Figure	8.		

With	heating	in	winter	and	ventilation	in	the	summer,	the	lowest	temperature	as	well	
as	 the	 highest	 temperature	was	 observed	 in	 kitchen	 in	 the	 base	 case.	 The	 temperatures	
were	fluctuating	more	 in	the	base	case	and	the	pre-base	when	compared	to	cases	1	to	3.	
Similar	 temperature	pattern	was	observed	 in	 the	 living	room	and	the	master	bedroom.	 In	
the	coldest	week,	the	highest	temperature	was	observed	in	the	case	3,	and	the	lowest	in	the	
pre-base	case	(Figure	9).	

	
Figure	8:	Temperature	variation	in	coldest	week	in	living	room	without	heating	or	ventilation	

	
Figure	9:	Temperature	variation	in	kitchen	in	coldest	week	with	heating	in	winter	and	ventilation	in	summer	

A	further	analysis	was	undertaken	with	the	same	assumptions	for	the	heating	system	
and	internal	gains	as	applied	to	the	base	case	in	order	to	investigate	which	case	would	have	
had	the	highest	energy	loads.	It	was	observed	that	the	heating	load	in	the	pre-base	would	
have	been	lower	than	in	the	base	case	if	central	heating	was	used.	
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Conclusion	

The	daylighting	analyses	suggested	that	the	house	performs	better	on	its	current	situation	
than	in	the	pre-base	case	due	to	the	higher	wall	reflectance.		

The	thermal	simulations	suggested	that	due	to	the	way	the	rooms	were	treated	and	
used	in	the	Victorian	period,	people	would	have	been	more	comfortable	in	winter	then	than	
in	the	current	conditions.	The	pre-base	case	performed	better	thermally	than	the	base	case	
without	heating	or	ventilation.	After	the	proposed	improvements	in	thermal	envelope,	the	
percentage	 of	 time	 spent	 in	 operable	 range	 of	 temperature	 has	 increased	 from	 15.7%	 in	
pre-base	case	to	29%	in	case	3	on	an	average.	Table	1	summarises	the	percentage	of	time	
the	temperatures	were	found	to	be	within	the	CIBSE	suggested	operable	temperature	in	all	
the	cases.	

Table	1:	Table	showing	percentage	of	time	in	operable	temperature	when	there	is	heating	in	winter	and	
ventilation	in	summer														

	

It	can	be	concluded	that	the	Victorian’s	decoration	and	life	styles	contributed	towards	
increasing	 the	 thermal	 performance	 of	 the	 house	 when	 compared	 to	 today’s	 preferred	
clean	interior	looks.	However,	the	house	can	perform	better	by	incorporating	the	suggested	
design	 changes	 along	 with	 the	 simple	 thermal	 envelope	 improvement.	 Although,	 the	
proposed	cases	do	not	provide	an	optimum	solution,	it	improves	the	thermal	performance	
when	compared	to	the	current	scenario	without	changes	to	the	façade.		
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Abstract:	As	we	aim	to	improve	the	performance	of	our	existing	building	stock,	both	to	reduce	carbon	emissions	
and	to	improve	occupant	comfort,	even	timber-framed	buildings	that	have	stood	for	hundreds	of	years	are	now	
the	focus	of	energy	retrofits.	This	paper	presents	a	review	of	the	energy	retrofit	of	three	historic,	half-timbered	
buildings	in	Herefordshire,	UK.	Using	u-value	and	airtightness	data	measured	in	situ,	dynamic	energy	simulations	
using	DesignBuilder	have	been	undertaken	to	assess	the	effectiveness	of	each	of	the	applied	retrofit	strategies.	
These	 strategies	 include	 the	 installation	 of	 secondary	 glazing,	 plastering	 of	 thatched	 roofing,	 increased	 loft	
insulation	and	complete	replacement	of	infill	panels.	Initial	results	suggest	that	strategies	that	result	in	improved	
airtightness	have	the	highest	impact	on	energy	demand,	whilst	intrusive	interventions	within	the	timber-frame	
itself	have	limited	positive	impact.	

Keywords:	Energy	Retrofit,	Historic	buildings,	Timber-frame,	Energy	Simulation	

Introduction	

Although	in	the	UK	historic	and	traditional	buildings	are	exempt	from	full	compliance	with	the	
energy	efficiency	requirements	of	the	building	regulations	(HM	Government,	2016,	Scottish	
Government,	2016),	they	must	still	aim	to	“improve	energy	efficiency	as	far	as	is	reasonably	
practicable”	(HM	Government,	2016).	Historic	England	states	that	“an	informed	approach	can	
achieve	significant	energy	efficiency	improvements”	(English	Heritage.,	2012),	although	these	
need	not	reach	Building	Regulation	standards.	As	such,	the	level	of	intervention	often	remains	
at	the	discretion	of	the	building	owner	and	their	professional	advisors,	in	discussion	with	the	
local	conservation	officer.	This	paper	reviews	three	historic	timber-framed	case	studies	where	
differing	approaches	have	been	taken.	Dynamic	building	energy	simulation	has	been	used	to	
evaluate	the	decisions	taken	and	compare	them	to	possible	alternative	scenarios.	By	doing	so	
conclusions	can	be	drawn	as	to	the	effectiveness	of	each	approach	and	the	consequence	of	
this	 on	 the	 retrofit	 of	 the	UK’s	 68,000	historic	 timber-framed	buildings	 (Historic	 England.,	
2014,	RCAHMW,	2014)	and	historic	and	traditional	buildings	in	general.	The	research	in	this	
paper	forms	part	of	an	ongoing	research	programme.	
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Case	Studies	

The	 three	 case	 study	 buildings	 presented	 in	 this	 paper	 are,	 Hacton	 Cruck	 (Figure	 1),	 a	
mediaeval	peasant	hall,	now	let	as	holiday	accommodation;	The	Oaks	(Figure	2),	an	estate	
cottage	built	over	three	centuries,	now	owned	by	the	National	Trust	and	let	as	a	single-family	
residence;	and	The	Old	Mayor’s	Parlour	(Figure	3),	a	gallery	space,	managed	by	a	charitable	
trust,	whose	origins	date	back	to	the	14th	century.	As	such,	the	case	studies	represent	a	variety	
of	ownership	models,	tenancies	and	uses.	Hacton	Cruck	and	The	Old	Mayor’s	Parlour	have	
undergone	substantial	retrofits	and	display	a	variety	of	different	panel	 infills,	both	old	and	
new.	The	work	on	these	properties	was	designed	and	overseen	by	a	local,	sole	practitioner	
architect.	In	contrast,	The	Oaks	has	had	minor	retrofit	interventions	with	no	change	to	the	
existing	wall	construction,	and	the	works	were	specified	by	the	estate	surveyor	in	line	with	
the	 National	 Trust’s	 environmental	 standards.	 The	 construction	 work	 at	 The	 Oaks	 was	
undertaken	 by	 a	 small	 building	 contractor;	 at	 The	Old	Mayor’s	 Parlour	 by	 a	 conservation	
contractor;	 and	 at	 Hacton	 Cruck	 by	 the	 building	 owner	 in	 collaboration	with	 professional	
conservation	contractors.	

	

		 		 	
Figure	1	Hacton	Cruck,	Preston-on-Wye							Figure	2	The	Oaks,	Brockhampton	and							Figure	3	The	Old	Mayor’s	

Parlour	Hereford.	Source:	(Author’s	own,	2015)	

Location	

All	 three	 case	 studies	 are	 all	 located	 in	 the	 county	 of	 Herefordshire,	 in	 the	 English	West	
Midlands,	on	the	border	with	Wales.	Hacton	Cruck	is	situated	in	the	west	of	the	county,	The	
Oaks	in	the	northeast	and	The	Old	Mayor’s	Parlour	in	the	heart	of	Hereford,	the	county	town,	
which	lies	at	the	centre	of	the	county	(latitude	52.06,	longitude	-2.72).	The	predominant	panel	
infill	materials	of	the	region	are	brick	(47%),	plaster	(44%)	and	wattle	and	daub	(8%)	(Figure	
4).	16%	of	the	buildings	with	modern	infill	materials	also	lie	within	the	county	boundaries.		
	

	
Figure	4	Distribution	of	timber-framed	panel	infill	materials,	with	Herefordshire	highlighted	in	red.	Source:	

(Author’s	own	based	on	data	from	(Historic	England.,	2014,	RCAHMW,	2014))	
	

Hacton	Cruck	Hall,	Preston-on-Wye,	Herefordshire	

Hacton	Cruck	is	a	15th	century	cruck	hall	in	the	Wye	Valley,	Herefordshire,	UK	(NGR	SO	38783	
41829).	For	much	of	the	20th	century	it	lay	abandoned	and	derelict,	yet	from	2000	until	2012	
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it	 was	 restored	 by	 its	 owner	 and	 now	 provides	 holiday	 accommodation.	 The	 renovation	
involved	 three	 different	 approaches	 to	 wall	 infill	 panels.	 On	 the	 northern	 elevation	 the	
surviving	oak	lath	and	lime	plaster	panels	were	retained	and	repaired.	Elsewhere	the	original	
infill	had	been	lost	and	new	panels	were	installed.	For	most	of	these	it	was	decided	to	improve	
the	thermal	efficiency	by	introducing	a	modern	multi-foil	insulation,	consisting	of	reflective	
foils	 separated	 by	 polyester	 fleece.	 The	 foil	 is	 held	 by	 upright	 staves	within	 a	 void	 and	 is	
finished	internally	and	externally	with	lime	plaster	on	expanded	metal	lath.	In	a	few	locations	
the	thickness	of	the	wall	was	insufficient	for	this	construction.	Led	by	a	desire	to	experiment	
with	traditional	building	techniques,	the	owner	decided	to	recreate	wattle	and	daub	for	these	
few	panels.	The	distribution	of	these	panels	is	shown	in	Figure	5.	

	

	
Figure	5	Hacton	Cruck.	Diagram	showing	location	of	each	infill	panel	type.	Source:	(Author’s	own,	2016)	

	
The	building	was	completed	with	a	new	thatched	roof	using	reed	from	the	Tay	Estuary	

and	Sedge,	for	the	ridge,	from	the	Norfolk	Broads	(Williams,	2011).	From	2012	until	2015	the	
central	bay	of	the	hall	was	left	with	no	internal	finish	to	the	underside	of	the	thatch.	Following	
pressure	testing	by	the	authors	in	2015	it	was	decided	to	torch	(lime-plaster)	the	underside	
of	this	central	section.		

In	situ	measurements	
In	 situ	 u-value	 monitoring	 using	 Hukseflux	 HFP01™	 heat	 flow	 plates,	 thermistors	 and	 an	
Eltek™	 Squirrel	 data	 logger,	 and	 pressure	 testing	 using	 a	Minneapolis	 Blower	 door,	 were	
undertaken	in	2015	(Whitman	and	Prizeman,	2016).	A	summary	of	the	results	are	shown	in	
Table	1.	

Table	1.	Results	of	in	situ	monitoring	at	Hacton	Cruck,	March	&	November	2015	
U-value	
Material	 Measured	U-value	(W/m2K)	 Calculated	U-value	(W/m2K)	
Repaired	original	lath	and	plaster	 2.51	 2.40	
New	Wattle	and	daub	 3.25	 2.99	
Lime	plastered	Multi-foil	insulation	 0.71	 0.41	
UK	building	regulations	Part	L1B	 -	 0.70†	
Airtightness	 Air	changes	per	hour	@50	Pa	 Air	permeability	@50	Pa	(m3/(h.m2)	
Pre-torching	 130	 154	
Post-torching	 68	 80	
UK	Building	Regulations	Part	L1A	 -	 5*	

†	U-value	for	existing	building	with	change	of	use.	In	this	case	from	farm	building	back	to	house	
*	An	air	permeability	index	is	stated	only	for	new	constructions	

The	Oaks,	Brockhampton	Estate,	Bromyard,	Herefordshire	

The	Oaks	 (NGR:	SO	70112	55441),	 is	a	National	Trust	 let	property	on	 their	Brockhampton	
Estate.	The	small,	two	bedroom,	timber-framed	cottage	has	sections	dating	from	the	16th,	
17th	and	19th	Centuries	(Coope,	2015).	In	February	2015	The	National	Trust	launched	a	new	
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set	of	environmental	standards	specifically	for	their	let	estate.	These	standards	aim	to	ensure	
that	their	housing	is	healthy	and	affordable	to	heat,	has	a	lower	environmental	impact,	and	
achieves	an	Energy	Performance	Certificate	(EPC)	of	E	or	above	(National	Trust,	2015).	In	line	
with	this	policy,	in	the	summer	of	2015	The	Oaks	had	secondary	glazing	installed	and	the	roof	
insulated.	No	interventions	were	made	to	the	walls,	although	thermography	indicated	that	
most	infills	were	of	modern	concrete	block	with	only	a	few	surviving	in	wattle	and	daub.	

	

In	situ	measurements	
Pressure	testing	using	the	same	Minneapolis	Blower	Door	was	undertaken	in	June	2015	prior	
to	the	retrofit	and	in	November	2015	following	its	completion.	The	results	are	presented	in	
Table	2.	

Table	2	Results	of	in	situ	monitoring	at	The	Oaks,	June	&	November	2015	
Airtightness	 Air	changes	per	hour	@50	Pa	 Air	permeability	@50	Pa	(m3/(h.m2)	
Pre-retrofit	 16.5	 17.8	
Post-retrofit	 10.8	 11.7	
UK	Building	Regulations	Part	L1A	 -	 5*	

*	An	air	permeability	index	is	stated	only	for	new	constructions	

The	Old	Mayor’s	Parlour,	Church	Street,	Hereford	

The	Old	Mayor’s	Parlour,	24	Church	Street,	Hereford	is	a	gallery	space	owned	by	the	Church	
Street	Charitable	Trust,	along	with	the	adjacent	property,	25	Church	Street	(NGR	SO	50981	
39895).	The	original	description	by	The	Royal	Commission	on	Historical	Monuments	(RCHM,	
1931)	records	the	building	as	probably	built	early	in	the	16th	century	but	with	a	stone-built	
cellar	under	the	north	part	of	the	building,	containing	15th	century	doorways.	The	gallery	is	
located	 on	 the	 first	 floor	 and	 is	 access	 via	 an	 unheated	 semi-external	 staircase.	 The	 east	
façade	onto	Church	Street	is	timber-framed	at	first	floor	with	underbuilding	and	20th	century	
shopfronts.	The	west	façade	is	tile-hung	timber-frame	with	modern	concrete	block	infill.	The	
most	recent	refurbishment	work	was	carried	out	in	two	phases.	The	first	phase	consisted	of	
internally	lining	the	east	wall,	thereby	removing	the	cold-bridge	formed	by	the	timber	frame.	
Originally,	it	was	not	intended	to	replace	the	infill	panels,	however,	during	this	first	phase	of	
work	it	was	discovered	that	the	infill	was	of	very	loose	concrete	blockwork	(Demaus,	2015).	
A	second	phase	of	refurbishment,	was	therefore	undertaken	to	replace	the	concrete	block	
infill	from	the	timber-framed	east	façade	and	replaced	with	wood-fibre	insulation	using	the	
detail	published	by	Historic	England	(McCaig	and	Ridout,	2012)	(Figure	6).	In	addition	a	multi-
foil	 insulation	was	 installed	 between	 the	 tile-hanging	 and	 the	 concrete	 block	 of	 the	west	
façade.	No	work	was	undertaken	to	the	roof	due	to	the	elaborate	17th	century	plaster	ceiling.	

	

	
Figure	6	Replacement	panel	infill	detail	with	internal	lining.	Source:	(Author’s	own	based	on	(Demaus,	2015)	

adaption	of	Historic	England	detail	(McCaig	and	Ridout,	2012))	
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In	situ	measurements	
In	February	2016	in	situ	u-value	monitoring	of	the	new	infill	panels	and	internal	lining	of	the	
east	 façade	 and	 pressure	 testing	 were	 undertaken	 using	 the	 same	 previously	 detailed	
equipment.	The	results	are	presented	in	Table	3.	
	

Table	3	Results	of	in	situ	monitoring	at	The	Old	Mayor’s	Parlour,	March	2016	
U-value	
Material	 Measured	U-value	

(W/m2K)	
Calculated	U-value	(W/m2K)	

Historic	England	detail	with	woodfibre	 0.13	 0.13	
UK	building	regulations	Part	L2B	 -	 0.28	
Airtightness	 Air	changes	per	hour	

@50	Pa	
Air	permeability	@50	Pa	(m3/(h.m2)	

Old	Mayor’s	Parlour	 22.5	 17.6	
UK	building	regulations	Part	L2A	 -	 5	

†	U-value	for	replacement	thermal	element	(wall)	for	an	existing	non-residential	building	
*	An	air	permeability	index	is	stated	only	for	new	constructions	

Energy	Simulation	

Methodology	

The	simulations	presented	in	this	paper	were	undertaken	using	the	software	DesignBuilder	
Version	4.2.0.54.	This	software	provides	the	graphical	interface	for	the	dynamic	simulation	
engine	 EnergyPlus	 DLL	 v8.1.0.009	 (Design	 Builder,	 2014),	 a	 building	 energy	 simulation	
software	developed	by	the	University	of	Illinois	and	the	University	of	California,	for	the	Office	
of	 Building	 Technology	 of	 the	Department	 of	 Energy	 of	 the	United	 States	 of	 America	 (US	
Department	of	Energy,	2016	p3).		

For	the	building	thermal	zone	calculation,	EnergyPlus	uses	a	heat	balance	model	based	
on	the	assumption	that	the	air	in	each	building	zone	is	homogenous	with	no	stratification	of	
temperature	(Crawley	et	al.,	2001	p323).	As	such	there	is	no	requirement	for	the	height	of	
differential	 wall	 materials	 to	 be	 accurately	 modelled.	 The	 complicated	 timber-frame	 was	
therefore	simplified	to	block	sub-surfaces,	the	area	of	which	accurately	represents	the	area	
of	timber-frame,	if	not	its	precise	location	and	configuration	(Figure	7).		

	

	 	 	
Figure	7.	DesignBuilder	models	of	(from	left)	Hacton	Cruck,	The	Oaks	and	The	Old	Mayor’s	Parlour.	Source:	

(Author’s	own,	2017)	

Climate	Conditions	and	Weather	Files	
Like	the	majority	of	the	UK,	Herefordshire	is	 located	in	a	temperate	maritime	climate	with	
warm	summers	and	cold	winters.	The	climate	is	classified	under	the	Köppen-Geiger	climate	
classification	system	as	Cfb	(C-Warm	temperate,	f-fully	humid,	b-warm	summers)	(Kottek	et	
al.,	2006).	Average	climatic	data	for	the	West	Midlands,	the	larger	region	in	which	Hereford	
is	located,	are	presented	in	Figure	8.	The	heating	season	typically	lasts	from	November	until	
March	 with	 no	 requirement	 for	 mechanical	 cooling	 during	 summer	 months.	 Meteonorm	
version	6.1	was	used	to	create	weather	files	for	each	site	using	the	time	period	1996-2005.		
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Figure	8	Climatic	data	for	the	West	Midlands,	UK	1981-2010.	Source:	(Met	Office,	2016)	

Hacton	Cruck	
Four	 scenarios	of	 infill	panels	were	 simulated.	The	 first	 imagined	 that	all	original	 lath	and	
plaster	panels	had	survived;	the	second	imagined	that	all	panels	had	been	replaced	with	new	
wattle	and	daub;	the	third	that	all	had	been	replaced	with	the	new	multi-foil	panels;	and	the	
fourth	simulated	the	as	built	situation	with	a	mixture	of	all	three	panel	types.	The	measured	
u-vales	were	used	for	each	panel	type.	These	four	scenarios	were	simulated	with	both	the	
pre-	 and	 post-torching	 air-change-rates	 and	 a	 third	 hypothetical	 air-change-rate	 of	 0.5	
ac/h@50Pa.		

The	Oaks	
The	two	retrofit	actions	(secondary	glazing	and	roof	insulation)	were	simulated	separately.	In	
addition	two	hypothetical	retrofit	actions	were	modelled	the	first	replacing	all	concrete	block	
infill	 panels	with	woodfibre	 insulation	 and	 the	 second	 replacing	 all	 infill	 panels,	 including	
historic	wattle	and	daub	with	woodfibre.	Scenarios	with	combinations	of	all	retrofit	actions,	
both	real	and	hypothetical,	were	also	simulated.	

The	Old	Mayor’s	Parlour	
As	 with	 The	 Oaks,	 each	 retrofit	 action	 was	 simulated	 separately,	 in	 addition	 to	 the	
hypothetical	actions	of	insulating	the	roof	and	installing	secondary	glazing.	Again	scenarios	
combining	 retrofit	 actions	were	 also	 simulated.	As	 the	 gallery	 is	 located	on	 the	 first	 floor	
between	adjacent	buildings,	these	and	the	ground	floor	were	modelled	as	adiabatic	volumes.		

Results,	Analysis	and	Discussion	

	
Figure	9.	Simulated	Heating	Energy	Demand	(kWh/m2)	for	Hacton	Cruck.	Hypothetical	scenarios	in	grey	

	

Figure	9	clearly	shows	that	the	performance	of	the	infill	panels	has	little	effect	on	the	heating	
energy	 demand	with	 a	 variation	 of	 only	 +4%	 and	 -0.01%	when	 compared	 to	 the	 current	
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situation.	It	is	however	the	simple	act	of	torching	the	underside	of	the	thatched	roof,	thereby	
improving	the	airtightness,	which	sees	a	36%	reduction.	If	further	work,	such	as	improving	
the	 joints	 between	 panel	 and	 timber-frame	 and	 plugging	 post-holes,	 was	 undertaken	 to	
improve	the	airtightness	to	a	hypothetical	10ac/h@50Pa	then	a	reduction	of	72%	could	be	
achieved.	Whilst	for	this	specific	property	no	historic	fabric	was	lost	in	the	upgrading	of	the	
infill	panels,	the	results	of	these	simulations	should	have	significant	weighting	in	the	planning	
of	future	retrofits	of	historic	timber-framed	buildings.	

At	The	Oaks	(Figure	10	left)	it	can	be	seen	that	just	the	installation	of	secondary	glazing	
is	more	effective	(10%	reduction)	than	replacing	all	the	infill	panels	(9%	reduction).	Whilst	it	
can	be	argued	that	secondary	glazing	is	visually	intrusive	it	is	however	a	fully	reversible	retrofit	
action	and	does	not	result	in	the	loss	of	historic	fabric.	The	insulating	of	the	roof	is	the	retrofit	
action	with	the	greatest	individual	benefit	(25%	reduction)	which	when	combined	with	the	
secondary	glazing	results	in	an	overall	reduction	of	34%	and	is	the	solution	that	was	applied	
in	 reality.	 With	 the	 disruption	 involved	 it	 is	 questionable	 whether	 the	 additional	 11%	
reduction,	achievable	by	replacing	infill	panels,	would	ever	be	justifiable.	Whilst	the	increase	
in	 airtightness	 resulting	 from	 the	 installation	 of	 the	 secondary	 glazing	 is	 beneficial	 with	
regards	 to	 energy	 efficiency,	 there	 could	 be	 some	 issues	 concerning	 increased	 internal	
moisture	levels.	Initial	testing	has	shown	an	increase	in	the	surface	moisture	content	of	the	
exposed	timber-frame,	however	further	monitoring	is	ongoing	to	establish	if	this	is	a	seasonal	
variation	or	a	result	of	the	retrofit	and	further	research	into	this	area	is	ongoing.		

		 	
Figure	10.	Simulated	Heating	Energy	Demand	(kWh/m2)	for	The	Oaks	(left)	and	The	Old	Mayor’s	Parlour	(right)	

Hypothetical	scenarios	in	grey,	individual	retrofit	actions	in	orange	and	as-built	in	red	
	

At	 the	Old	Mayor’s	Parlour	 it	was	however	only	 the	upgrading	of	 the	walls	 that	was	
undertaken,	resulting	in	just	a	6%	reduction	for	each	wall	and	a	combined	reduction	of	12%,	
even	with	the	avoidance	of	cold-bridging.	It	is	interesting	to	note	that,	assuming	secondary	
glazing	would	achieve	a	similar	increase	in	airtightness	as	seen	at	the	oaks,	secondary	glazing	
alone	could	potentially	achieve	a	reduction	of	15%.	The	introduction	of	200mm	woodfibre	
insulation	to	the	roof	could	potentially	have	achieved	a	17%	reduction	alone,	or	42%	when	
combined	with	the	walls,	and	58%	combined	with	walls	and	secondary	glazing.	It	is	however	
understandable	the	architect’s	reluctance	to	intervene	in	the	roof	given	the	historic	value	of	
the	17th	century	plastered	ceiling,	however	thermography	has	identified	a	marked	difference	
in	surface	temperature	between	insulated	walls	and	uninsulated	ceiling.	Potentially	this	could	
lead	to	increased	condensation	on	the	ceiling.	Intervening	in	the	walls	with	their	poor	quality	
modern	infill	and	avoiding	work	to	the	historic	fabric	of	the	ceiling	would	appear	a	sensible	
conservation	approach,	however	if	humidity	within	the	room	is	not	carefully	controlled	this	
decision	 may	 have	 detrimental	 consequences.	 Internal	 hygrothermal	 monitoring	 by	 the	
authors	is	ongoing	at	this	property.	
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Conclusion	

The	 results	 of	 these	 simulations	 and	 associated	 in	 situ	 monitoring	 have	 highlighted	 that	
apparently	 small	measures	 such	as	plastering	 ceilings	 and	 installing	 secondary	 glazing	 can	
have	the	most	significant	impact	on	reducing	the	heating	demand	of	historic	timber-framed	
buildings.	It	is	interesting	to	note	that	the	property	with	the	least	intervention	and	the	highest	
achieved	 reduction	 in	 heating	 demand	 was	 the	 property	 owned	 by	 National	 Trust.	 It	 is	
perhaps	not	surprising	that	an	organisation	with	a	large	property	portfolio	of	historic	buildings	
should	achieve	the	best	balance	between	intervention,	outlay	and	payback.		

In	all	the	cases	it	was	shown	that	improving	the	thermal	performance	of	the	walls	did	
not	dramatically	improve	the	building’s	thermal	performance.	Whilst	no	historic	fabric	was	
lost	 in	these	case	studies,	this	may	not	be	the	case	in	the	retrofit	of	other	historic	timber-
framed	buildings.	Care	must	be	 taken	not	 to	create	 large	discrepancies	 in	 internal	 surface	
temperatures	 that	 in	 turn	 could	 put	 at	 risk	 uninsulated	 historic	 building	 fabric,	 however	
simple	monitoring	and	simulation	such	as	that	presented	in	this	paper	could	have	aided	in	the	
correct	selection	of	retrofit	strategies	and	avoid	the	unnecessary	loss	of	historic	fabric.	

Given	the	relatively	small	number	of	timber-framed	buildings	in	the	UK	(68,000)	these	
energy	retrofits	are	more	 important	with	regards	to	the	ongoing	use	and	survival	of	these	
buildings,	rather	than	significantly	reducing	energy	consumption	at	a	national	level.		

Monitoring	 is	 ongoing	 at	 all	 three	 case	 studies	 and	 associated	 research	 into	 the	
interstitial	hygrothermal	conditions	of	retrofitted	timber-framed	walls	is	underway	as	part	of	
the	wider	research	programme.	
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Abstract:	Daylighting	is	an	important	requirement	to	be	considered	in	the	design	of	buildings	for	enabling	more	
efficient	indoor	environment.	However,	it	is	often	observed	that	urban	configuration	can	restrict	the	availability	
of	this	resource	due	to	building	obstruction.	Thus,	this	paper	presents	a	case	study	of	office	rooms	in	the	city	of	
Florianópolis,	 south	of	Brazil.	 	Urban	virtual	 scenarios	were	defined	 regarding	 front,	 side	and	back	openings	
façades,	different	orientations	and	floors.	To	investigate	the	configurations	of	the	geometry	of	the	buildings,	a	
study	was	carried	out	varying	the	urban	parameters,	using	CityZoom	software.	The	scenarios	were	simulated	
using	the	Climate-Based	Daylight	Modelling	–	CBDM	in	Rhinoceros	5.0	and,	DIVA	4.0	plug-in	in	the	simulation	
stage,	that	allowed	to	calculate	the	Daylight	Autonomy	(DA)	and	Useful	Daylight	Iluminances	(UDI).	The	research	
analysed	the	combination	of	performance	indicators	that	could	be	established	in	legislation	to	benefit	indoor	
daylight.	Urban	legislation	limits	land	use,	but	the	characteristics	of	building	are	the	result	of	architectural	design,	
which	can	be	idealized	in	order	to	produce	higher	quality	spaces.	

Keywords:	Daylight,	daylight	metrics,	virtual	urban	scenarios	

Introduction		

Daylighting	is	an	important	element	to	be	considered	in	the	design	of	buildings	in	order	to	
develop	with	strong	efficiency	and	quality	the	proposed	activities.	However,	 it	 is	observed	
that	 urban	 configuration	 can	 restrict	 the	 availability	 of	 this	 resource	 due	 to	 building	
obstruction.	 As	 well	 as	 the	 building	 design	 –	 private	 activity	 –	 as	 the	 legislation	 –	 public	
regulation	 –	 integrate	 the	 building	 variables	 that	 will	 influence	 its	 indoor	 microclimate	
(SCALCO,	2010).		

Nevertheless,	the	implementation	of	the	urban	parameters	specified	by	the	legislation	
often	 induces	 a	 strong	 urban	 densification,	 with	 little	 flexibility	 in	 the	 geometry	 of	 the	
buildings	and	restricted	space	among	them.	In	2001,	with	the	City	Statute	(Brazil,	2001),	the	
Neighborhood	 Impact	 Studies	 brought	 into	 analysis	 many	 important	 elements,	 such	 as	
daylight.	Even	 though	 there	was	a	 considerable	development	 in	 the	urban	 legislation,	 the	
application	 is	 restricted	 to	 large	 projects.	 Nowadays	 researchers	 have	 been	 even	 more	
concerned	on	considering	the	urban	surroundings	when	analysing	the	daylighting	conditions,	
whether	on	external	surface	or	indoors	environments.	For	some	decades,	one	of	the	most	
known	parameter	 in	the	area	were	Daylight	Factor	and	Vertical	Daylight	Factor.	Yet,	these	
parameters	 can	 be	 considered	 limited,	 since	 they	 consider	 only	 the	 sky	 in	 its	 overcast	
condition.	

The	 availability	 of	 daylighting	 in	 indoor	 environments	 has	 been	 evaluated	 through	
dynamic	metrics.	Known	as	climate-based	modelling,	it	occurs	through	an	annual	data	base,	
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building	a	proximity	from	design	and	its	reality	(Reinhart	et	al.,	2006).	When	considering	the	
variation	 of	 iluminance	 throughout	 the	 day	 and	 year,	 it	 allows	 to	 evaluate	 the	 effects	 of	
façade	orientation,	 latitude,	being	sensitive	to	the	use	of	space,	according	to	daylit	spaces	
and	time	of	occupation.	

From	the	dynamic	metrics,	the	Daylight	Autonomy	(DA)	is	defined	as	a	percentage	of	
hours	 occupied	 per	 year	 in	which	 the	 iluminance	 in	 the	work	 plane	 reaches	 a	 previously	
stipulated	value,	allowing	the	autonomy	from	the	daylighting	towards	artificial	light.	(Reinhart	
et	al.,	2006).		

Another	dynamic	metric,	the	Useful	Daylight	Iluminances	(UDI),	brought	by	Nabil	and	
Mardaljevic	(2006),	considers	a	percentage	of	hours	in	a	year	in	which	the	illuminance	in	the	
work	plane	reaches	a	value	within	a	comfortable	range	(300	to	3000	lux).	The	evaluation	of	
these	combined	metrics	 is	also	necessary,	 since	“a	single	measure	of	performance	cannot	
adequately	indicate	all	the	factors	involved	in	the	success	of	a	daylighting	system”	(IES,	2012).	

Regarding	 the	 south	hemisphere’s	 studies,	 there	are	 still	 few	 that	 consider	 the	built	
environment	in	the	analysis	of	the	dynamic	daylight	metrics.	This	paper	presents	part	of	the	
research	of	the	doctoral	thesis	that	aims	to	verify	the	influence	of	the	urban	environment	on	
the	availability	of	daylight	in	indoor	office	rooms,	inserted	in	virtual	urban	scenarios,	based	
on	the	legislation	of	Florianópolis,	in	Brazil.	

Methodology	

The	methodology	of	this	study	is	divided	in	three	main	steps:	characterization	of	the	analysed	
virtual	 scenarios	 based	 on	 the	 local	 urban	 legislation;	 modelling	 and	 computational	
simulations	and	tabulation	of	data	and	analysis	of	virtual	scenarios.	

Characterization	of	virtual	urban	scenarios	

From	the	urban	zoning	rules	of	Florianópolis,	a	high	density	zoning	selected	area,	intended	
for	 residential,	 commercial	 and	 services	 uses,	 was	 chosen	 to	 defined	 the	 virtual	 urban	
scenarios,	which	were	named	as	Area	1	(A1)	and	Area	2	(A2).	The	blocks	were	defined	with	a	
straight	 topography	 and	 dimensioned	 based	 on	 a	 minimum	 square	 area	 and	 lot	 tested,	
summarizing	a	total	of	14	 lots	per	blocks.	Not	only	the	 lot	sizes	used	were	defined	by	the	
minimum	 are	 of	 the	 selected	 zone,	 they	 were	 also	 chosen	 because	 of	 the	 predominant	
geometry	in	Florianópolis	for	this	specific	use.		

	

	

	

	

	
Figure	1.	(a)	Results	of	occupancy	of	A1	and	A2	and	(b)	layout	of	blocks	from	A1	and	A2	

The	models	were	constructed,	being	replicated	nine	times	from	the	base	block	 in	an	
identical	form.	A	building	located	in	the	middle	of	the	central	block	was	analyzed	in	order	to	
guarantee	an	urban	neighborhood	reality	context.	The	dimensions	of	the	lots	were	stipulated	
with	 15x40m	 and	 30x35m,	 forming	 the	 blocks	 of	 105x80m	 e	 210x70m,	 for	 A1	 and	 A2,	
respectively,	with	a	total	of	8,400	m²	and	14,700m².	The	street	system	was	defined	with	17	
meters.		
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The	CityZoom	program	was	initially	used	to	investigate	the	different	configurations	of	
geometry	 of	 the	 buildings,	 allowing	 to	 analyze	 the	 constructive	 potential	 of	 the	 urban	
structure	through	urban	parameters.	The	constructive	potential	was	simulated,	varying	the	
urban	 parameters,	 such	 as	 occupancy	 rate	 -	 T.0.	 (percentage	 ratio	 between	 a	 building	
projection	 and	 a	 lot	 area),	 utilization	 rate	 -	 C.A.	 (number	 that	multiplied	 by	 the	 lot	 area	
indicates	the	maximum	amount	of	m²	that	can	be	built	in	a	lot,	adding	the	areas	of	all	floors),	
and	setbacks.	As	a	result,	from	this	study,	the	2	stories	and	T.0.	equal	50%	(maximum	allowed)	
(2A	and	2B)	model	was	chosen	in	A1,	as	well	as	the	6	stories	and	lower	T.0.	of	17%	(6).	In	A2,	
the	study	adopted	the	2	stories	and	T.O.	equal	50%	model	 (2A	and	2B)	and	12	(maximum	
allowed)	stories	with	lowest	T.0.	of	34%	(12).	

For	 A2,	 it	 is	 observed	 that	 in	 order	 to	 achieve	 the	maximum	 height	 allowed,	 the	
increase	of	C.A.	to	4.14	was	necessary	from	the	use	of	Onerous	Grant	of	the	Right	to	Build,	
which	 is	a	concession	agreement	 issued	by	the	municipality	for	the	owner	of	a	building	to	
build	above	the	limit	established	by	the	C.A.,	by	means	of	the	financial	consideration	(Brazil,	
2001).	

Table	1.	Results	for	lot	occupancy	of	A1	e	A2	

	
	

The	 model	 with	 2	 stories	 allows	 geometry	 variation	 as	 a	 result	 of	 the	 minimum	
allowable	 setback,	 therefore,	 it	 shows	 variation,	 being	 the	 model	 limited	 by	 the	 lateral	
setback	(variation	A)	or	the	front	and	back	(variation	B).	It	is	observed	that	when	the	buildings	
are	not	limited	by	the	deviations,	it	was	chosen	to	located	the	buildings	in	the	middle	of	the	
lot.	Moreover,	 office	 rooms	were	 defined	 for	 the	 availability	 of	 daylighting	 analysis,	with	
rectangular	format,	with	horizontal	and	vertical	circulation	centralized	in	relation	to	the	floor	
plan.	 The	 openings	 area	 corresponds	 to	 1/6	 to	 the	 floor	 area	 according	 to	 the	minimum	
allowed	 for	 this	 type	 of	 occupation	 in	 the	 Building	 Code	 of	 Florianópolis,	 and	 they	were	
centralized	on	the	wall.	It	was	considered	floor	to	floor	height	of	3m.	

	
Table	2.	Indoors	layout	characteristics	in	A1	and	A2	

	

	
Figure	2.	Model	Floor	Plan	in	A1	

and	A2	
	 	

Front Back
Left/			
Right

Front Back
Left/			
Right

2A 6 50%	(máx.) 300m² 1 1.5 1.5 7.5 7.5 1.5 300,00 600.00
2B 6 50% 300m² 1 1.5 1.5 4 1.5 3.2 296.7 593.4
6 18 17% 100m² 1 3.6 3.6 13.6 13.6 3.6 99.84 599.04
2A 50%	(máx.) 1 7.8 7.8 1.5 523.8 1.047.6
2B	 50% 1 4 1.5 6.15 522.15 1.044.3
12 36 34% 4.14 7.2 7.2 7.2 4.59 7.2 7.2 362.08 4.344.96

1.5
2

6
525

4 1.5

1 4

C.A.	
(aprox.)

Min.	Setback Model	Setback Model	
FAR	per	
floor

Building	
Max.	Area	

Area Stories
Building	
Height	
(m)

	T.0.
Max.	FAR	
per	floor

Length					
(m)

Width				
(m)

Front Back
Left/
Right

1 1 5.775 5.225 29.2 Front 3.8x1.3/0.9
Variation	A 2 5.225 5.1 26.65 Left	/	Right 3.5x1.3/0.9

2 1 5.05 4.075 19.71 Front 2.6x1.3/0.90
2A 5 3.4 17,00 2.2x1.3/0.9

Variation	B 2B 5 3.4 17.00 2.2x1.3/0.9
3 5.05 4.075 19.71 Back 2.6x1.3/0.9

3 6 1 7.5 4.5 33.75 Front 4.4x1.3/0.9 13.6 13.6 3.6
1 1 9.475 5.725 53.19 2	x	3.45x1.3/0.9

Variation	A 1A 8.75 5.725 50.09 5.725x1.5/0.7
2 1 8.625 6.35 53.72 Front 6.9x1.3/0.9

2 6.35 7.9 50.16 Left	/	Right 6.35x1.35/0.85
3 8.625 6.35 53.72 Back 6.9x1.3/0.9
1 7.575 4.775 35.16 Front 4.60x1.3/0.9
2 6.9 3.715 32.95 Left	/	Right 4.3x1.3/0.9

Area
Lot	
Dim.

Stories
Office	
Room

Indoors	
Dimension M²

Position	Opening	
(relative	to	the	

street)

Opening	
Dimension	
(WxH)

Setback
Scenario	

1

15
x4
0=
60

0m
² 2 7.5 7.5 1.5

2 4 1.5 3.2Left	/	Right

2

30
x3
5=
1.
05

0m
² 2 Front 7.8 7.8 1.5

2 4 1.5 6.15

12 4.59 7.2 7.23

Variation	B
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Elaboration	and	modelling	of	the	computational	simulations	

For	 each	 study	 area,	 it	 was	 created	 3	 virtual	 urban	 scenarios,	 computing	 a	 total	 of	 116	
simulations.	The	computational	program	used	for	the	scenario	modelling	was	Rhinoceros	5.0,	
and	 the	plug-in	DIVA	4.0	 for	 simulation.	The	 simulated	dynamic	metrics,	based	on	annual	
climate	 -	 CBDM	were	Daylight	 Autonomy	 (DA)	 considering	 the	 estimated	 of	 300	 lux,	 and	
Useful	Daylight	Iluminances	(UDI),	within	the	variation	of	300	to	3,000	lux.	The	climate	file	of	
Florianópolis	used	for	the	simulations	was	in	the	format	of	SWERA.	In	relation	to	the	materials,	
it	was	defined	reflectance	of	the	floor,	wall	and	ceiling,	respectively,	20%,	50%	and	70%	and	
glass	transmittance	of	88%.	In	lots	and	street	was	used	reflectance	of	20%.	In	the	work	plan,	
the	points	of	analysis,	distanced	between	50	in	50cm,	to	80cm	in	relation	to	the	floor.	

Tabulation	of	data	and	analysis	of	virtual	scenarios	

The	analysis	of	virtual	urban	scenarios	results	was	divided	in	3	stages:	
	

	

	

	

Figure	3.		Stages	of	study	

Analysis	of	the	Results	
In	the	first	stage,	three	parameters	were	chosen	for	the	analysis	of	the	indoor	offices	rooms:	
the	position	on	the	lot	(front,	left,	right	and	back	in	relation	to	the	street),	the	floor	(ground,	
intermediary	and	last	floor),	and	lastly,	the	solar	orientation	(south,	north,	east	and	west).	

On	the	first	parameter,	the	rooms	were	evaluated	according	to	their	opening	position	
to	the	street	and	classified	as:	office	rooms	1	(front),	office	rooms	2	(side)	and	office	rooms	3	
(back).	For	the	tabulation	of	the	data	in	this	stage,	the	results	of	the	three	floors	and	the	four	
simulated	 orientations	 were	 taken	 into	 consideration.	 It	 is	 emphasized	 that	 in	 the	 office	
rooms	1A	from	A2,	due	to	the	layout	limitations	to	meet	the	requirements	of	the	legislation,	
another	opening	was	placed	on	the	side.	This	is	the	only	ambient	that	has	openings	on	the	
main	façade	(front)	and	side	and	 it	was	decided	to	consider	 it	office	room	1,	because	 it	 is	
facing	the	street.		

As	results	of	this	first	parameter,	it	is	possible	to	verify	in	table	3	that	the	office	rooms	
1	were	the	ones	that	obtained	the	highest	values	of	DA	and	UDI,	followed	by	the	office	rooms	
2	and	3,	 computing	mean	values	of	90.40%	and	75.28%,	69.04%	and	71.80%,	65.54%	and	
60.86%,	respectively.	

Table	3.	Average	DA	and	UDI	Percentage	

	
	

It	 is	observed	that	 the	office	rooms	1	are	the	ones	that	present	the	most	significant	
values	of	DA,	besides	having	the	largest	differences	between	buildings	(frontal).	The	greater	
distance	is	due	to	the	presence	of	the	road	system.		

Scenario	3

Room 1 Room 2 Room 1 Room 2A Room 2B Room 3 Room 1 Room 1A Room 1B Room 1 Room 2 Room 3 Room 1 Room 2
DA 91.21 62.16 90.07 85.47 84.65 66.67 91.48 88.08 92.12 96.87 84.33 71.4 82.96 59.77
UDI 77.4 55.54 76.36 75.17 74.5 58.99 74.24 68.61 70.4 62.76 70.14 62.72 72.83 52.34

Dynamic	
Daylight	

Perfomance	
Metric

A1 A2
Scenario	1 Scenario	2 Scenario	1 Scenario	2 Scenario	3

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 3138



The	 lowest	values	of	DA	were	computed	for	office	room	2	(62.16%),	scenario	1,	and	
office	room	3	(66.67%),	scenario	2	in	A1	and	A2,	office	room	2	(59.77%)	of	scenario	3.	It	is	
perceived	that	it	is	exactly	these	environments	that	have	the	minimum	setback	of	sides	and	
back.	Also,	in	table	4,	confirming	the	results	above,	when	office	room	1,	scenario	2,	of	the	A1	
was	simulated	to	the	north	orientation,	and	office	room	2A	and	2B,	to	the	east,	and	finally,	
the	office	room	3	to	the	south,	the	DA	result	was	elevated	in	1	and	2.	

	

Table	4.	UDI	simulation	for	office	rooms	of	scenario	2	in	A1	

	
Figure	4:	Floor	plan	of	
scenario	2	in	A1	

	

The	UDI	values	close	to	the	openings	can	cause	glare	(stipulation	variation	of	3,000	lux)	
at	working	plane	located	near	the	openings,	mainly	in	the	north,	and	thus	the	need	to	use	a	
shading	device	would	result	in	a	decrease	in	the	DA	value.	Nevertheless,	to	the	north,	great	
uniformity	was	observed	in	the	center	of	the	environment,	with	very	high	DA.	However,	in	
office	 room	 3,	 possible	 visual	 discomfort	 occurred.	 The	 illuminance	 in	 the	working	 plane	
(h=80cm)	reached	a	low	value	within	a	comfortable	variable	stipulated	of	300	lux,	mainly	in	
the	background	of	the	environment.	

The	second	parameter	simulated	the	different	floors	in	the	models.	The	ground	floor	
and	the	last	floor,	corresponding	to	1ˢᵗ	and	2ⁿᵈ	in	scenario	1	and	2,	for	the	two	study	areas,	
and	 for	 scenario	 3,	 floors	 1ˢᵗ	 and	 6ᵗʰ,	 and	 1ˢᵗ	 and	 12ᵗʰ,	 for	 A1	 and	 A2,	 respectively.	
Subsequently,	the	differences	of	the	percentages	of	the	intermediate	floors	(3rd	and	6ᵗʰ)	of	
the	scenarios	3	were	also	taken	in	to	consideration.	The	interior	environments	were	divided,	
according	 to	 the	 previous	 criterion,	 and	 it	 was	 respected	 the	 percentages	 of	 the	 four	
orientations.		

As	expected,	the	results	indicate	that	office	rooms	1	were	the	ones	that	obtained	the	
lowest	differences	in	the	percentage	of	DA	and	UDI	among	the	floors	analyzed,	followed	by	
the	office	rooms	2	and	3.	These	results	can	be	justified	due	to	the	minimum	spacings	required	
by	the	legislation.	In	2	and	3,	there	is	a	more	significant	percentage	variation	between	floors,	
with	evidence	on	3,	of	the	A1	and	A2.	

Table	5.	Difference	of	DA	and	UDI	percentage	between	ground	floor	and	last	floor	

	
In	this	office	rooms,	the	back	setback	is	1.50m	(minimum	value	allowed	in	the	legislation)	

and	it	is	observed	in	the	ground	floor	in	A2,	that	the	value	of	the	DA	of	51.90%,	increased	to	
90.90%	in	the	last	floor,	totalizing	a	difference	of	more	than	75%	between	floors.	

Along	 in	 the	 analysis	 of	 the	 floors	 plates,	 the	 simulations	 were	 performed	 with	
intermediate	 floor	 (3rd	 and	 6ᵗʰ,	 from	A1	 and	A2,	 respectively)	 of	 the	 scenarios	 3.	 Results	
confirm	that	the	higher	percentage	differences	between	floors,	the	smaller	the	distance	from	

	Rooms	1	
(Front)

Rooms	2	
(Left/Right)

Rooms	3	
(Back)

Rooms	1	
(Front)

Rooms	2	
(Left/Right)

Rooms	3	
(Back)

Rooms	1	
(Front)

Rooms	2	
(Left/Right)

Rooms	3	
(Back)

Rooms	1	
(Front)

Rooms	2	
(Left/Right)

Rooms	3	
(Back)

Ground	Floor 87.90 64.55 50.29 75.02 58.29 45.77 83.30 58.68 51.90 71.74 51.34 47.54
Last	Floor 93.51 90.3 83.06 79.22 78.51 72.21 96.55 88.03 90.90 65.41 73.25 77.90
Percentage 6.4% 39.9% 65.2% 5.6% 34.7% 57.8% 15.9% 50.0% 75.1% 9.7% 42.7% 63.9%

Stories

A1 A2
DA UDI DA UDI

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 3139



the	environment	study	in	relation	to	other	buildings.	In	office	room	1,	from	A1,	the	frontal	
setback	is	13.60	and	there	is	a	difference	of	7.2%	between	1st	and	6th.	

In	office	room	1	and	2	of	A2,	the	4.59	m	front	and	7.20m	side	setbacks,	respectively,	
correspond	to	the	minimum	required	by	legislation,	and	the	results	already	show	a	significant	
difference	of	27%	difference	between	 the	1ˢᵗ	 and	12ᵗʰ	 in	office	 room	1,	and	 in	office	2,	 a	
difference	greater	than	95%.	

The	 last	 parameter	 of	 this	 first	 stage	 was	 the	 solar	 orientation	 of	 the	 study	
environments.	The	four	solar	orientations	analyzed	were	south,	north,	east	and	west,	and	the	
interior	 environments	 were	 divided	 according	 to	 previous	 parameters,	 as	 well	 as	 all	 the	
evaluated	floors	were	computed.	The	results	of	the	average	values	of	DA	in	office	rooms	1	did	
not	 present	 significant	 differences	 in	 the	 4	 orientations	 studied,	 accounting	 for	 91.45%,	
91.03%,	90.57%	and	88.55%,	for	east,	north,	west	and	south,	respectively.	It	is	emphasized	
that	these	are	the	environments	that	have	greater	distances	(frontal),	and	thus,	are	freer	of	
obstructions.	

The	south	façade	reached	the	lowest	DA	value,	on	the	other	hand,	the	highest	UDI	value,	
represented	73.86%,	followed	by	the	east,	west	and	north	façades,	with	69.89%,	67.70	

%	and	64.97%.	This	result	points	to	the	importance	of	the	combination	of	these	metrics,	
noting	that	despite	having	obtained	the	lowest	DA	(even	close	to	the	value	of	the	façade	that	
obtained	 the	 best	 result),	 daylight	 performance	may	 present	 a	 better	 result	 in	 the	 south	
façade,	 than	 in	 other	 orientations,	 because	 of	 the	 UDI	 having	 less	 probability	 of	 visual	
discomfort.	

A	complementary	study	was	carried	out	to	compare	the	daylight	distribution	of	the	1A	
(front	and	side	openings)	and	1B	(front	only)	of	ground	floor	in	scenario	1	of	A2.	The	results	
(table	6)	indicate	average	DA	values	greater	for	1B	(92%)	than	to	1A	(88%).	In	relation	to	the	
UDI,	 the	average	values	were	higher	 for	1A	 (70%)	 than	 for	1B	 (68%).	 In	 the	north	 façade,	
discomfort	is	observed	in	the	background	(around	50%),	and	in	the	east	and	west	façade,	near	
the	openings.	The	presence	of	the	opening	also	on	the	side	minimizes	the	visual	discomfort	
near	 the	window,	 but	 this	 situation	 in	 particular,	 does	 not	 contribute	 significantly	 to	 the	
improvement	of	the	distribution	of	indoor	daylight,	noting	that	lateral	deviation	has	just	the	
minimum	1.5	m	required	by	the	legislation.	

	
Table	6.	UDI	results	for	environments	1A	and	1B,	in	scenario	1,	of	A2	 	

Figure	 5:	 Floor	 Plan	
of	scenario	1	of	A2	

	

In	 relation	 to	 the	 office	 rooms	 2,	 the	 average	DA	was	 77.93%,	 74.69%,	 74.64%	 and	
73.85%,	 corresponding	 to	 east,	west,	 south	 and	north.	 The	 average	 value	of	UDI	was	 the	
highest,	73.90%	in	the	south	façade.	On	the	other	façades,	67.13%,	63.87%	and	61.57%,	to	
east,	west	and	north.	 In	office	 rooms	3,	 also	very	 close	 results,	with	average	DA	equal	 to	
73.44%,	68.91%,	67.95%	and	65.87%,	to	the	south,	east,	west	and	north,	respectively.	For	the	
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average	values	of	UDI,	it	was	calculated	67.36%,	60.56%,	59.50%	and	56.02%,	for	south,	east,	
west	and	north.		

The	study	of	the	second	stage	analyzed	the	variation	of	the	geometry	in	scenarios	1	and	
2.	In	A1,	office	room	1	and	2	of	scenario	1	were	compared	to	office	room	1	and	2A	of	scenario	
2,	and	in	A2,	office	room	1B	of	scenario	1	was	compared	to	office	room	1	in	scenario	2.	In	this	
study	4	orientation	were	considered	only	for	the	ground	and	last	floor.	These	scenarios	have	
models	with	the	same	occupancy	rate	and	utilization	rate,	but	different	deviations,	as	shown	
in	 figure	1a.	The	 results	 indicate	 in	A1,	87.77%	and	75.77%	 for	DA	and	UDI	 in	 scenario	2,	
totalized	 the	 higher	 values	 than	 scenario	 1	 (76.68%	 and	 66.47%,	 respectively).	 The	 side	
setback	 in	 scenario	 2	 (3.20m)	 doubled	 in	 relation	 to	 scenario	 1	 (1.50m).	 The	 DA	 result	
increased	by	14%	can	confirm	the	importance	of	the	side	sideback	to	benefit	the	availability	
of	daylight.		In	A2,	even	with	the	greater	frontal	setback	in	scenario	1	(7.80m),	the	value	of	
DA	and	UDI	is	higher	for	scenario	2	(96.87%	and	62.76%)	than	scenario	1	(92.12%	and	69.50%).	
In	this	situation,	the	indoor	environment	layout	is	influenced	by	the	availability	of	daylight.	In	
scenario	2,	the	office	room	is	narrower	(6.35m)	than	in	scenario	1	(8.75m).	

In	 stage	 3,	 the	 relation	 of	 geometry	 and	 floor	 plate	 performance	 were	 analyzed.	
Scenarios	 2	 were	 chosen	 to	 compare	 to	 scenario	 3,	 due	 to	 the	 greater	 similarity	 of	 the	
geometry	in	scenario	1.	In	order	for	all	models	to	be	positioned	in	the	front	minimum	setback,	
and	to	allow	a	comparison	with	similar	characteristics,	the	model	of	scenario	3,	of	A1,	was	
repositioned	on	the	minimum	frontal	setback.	The	4	orientation	and	only	the	ground	floor	
were	considered	 in	this	stage.	 It	 is	noticed	that	for	A1,	the	DA	and	UDI	average	values	for	
scenario	2	(86.71%	and	74.09%)	and	3	(87.69%	and	75.38%)	are	close,	as	expected,	since	the	
characteristics	of	the	geometry	(depth,	area	of	the	opening	and	the	indoor	environments)	are	
alike,	as	are	the	similar	urban	parameters,	such	as	frontal	setback	equal	to	4	meters	and	the	
left	and	right	setback,	with	3.20m	and	3.60m,	respectively.		

In	A2,	the	higher	average	value	of	DA	(94.11%)	e	UDI	(78.34%)	indicates	scenario	2	more	
favorable	than	scenario	3	 (72.82%	and	65.91%)	for	the	availability	of	daylighting.	An	extra	
investigation	of	variables	that	influence	the	availability	of	daylight	indoor	environments	was	
carried	as	 a	 complementary	 to	 the	 study,	 such	as	 the	 control	of	 sunlight	 reflected	by	 the	
surrounding	built	environment.	Thus,	office	room	1	(north)	of	scenario	2	and	3,	for	A2	was	
simulated,	without	the	urban	surroundings,	and	also	simulated	by	substituting	the	externa	
surface	reflectance	from	50%	to	10%.	As	a	result,	for	scenario	2,	the	values	of	the	DA	modify	
from	94.72%	to	96.84%	and	when	simulated	with	10%	reflectance,	the	result	was	94.13%.		For	
scenario	3,	 the	DA	disregarding	 the	urban	 surroundings	went	 from	75.45%	 to	95.64%,	 an	
increase	of	26%.	Finally,	the	value	of	61.06%	of	DA	was	obtained	with	the	new	reflectance	
percentage.	

Conclusion	

The	spatial	configuration	of	the	cities	is	strongly	influenced	by	the	application	of	urbanization	
parameters,	which	induce	geometries,	often	impeding	the	adequate	availability	of	daylight.	
Since,	 in	most	 cases,	 urban	 legislation	 is	 limited	 to	 defining	 generic	 occupancy	 rates,	 not	
considering	important	criteria	that	may	benefit	the	performance	of	daylighting.	

On	the	simulation	models,	the	indoor	environments	which	are	located	on	frontal	façade,	
most	of	the	times,	have	bigger	dimensions	than	the	sides	and	back,	are	the	most	favourable	
for	 the	 daylighting,	 with	 less	 obstructions.	 In	 addition,	 from	 setbacks,	 other	 criteria	 also	
influence	 the	availability	of	daylight,	 such	as	a	depth	of	 the	environment,	which	 can	be	a	
consequence	of	the	geometry	of	the	building.	Regarding	the	stories,	predictably,	the	results	
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reveals	a	decline	in	daylight	availability	for	the	lower	floors.	The	legislation	does	not	differ	this	
criterion	 for	 the	 best	 use	 of	 the	 daylight	 in	 the	 indoor	 area.	 Concerning	 the	 study	 of	 the	
openings	in	different	orientations,	it	was	observed	better	DA	results	for	the	east	façade	and	
UDI	for	the	south	façade.		

The	study	of	occupation	of	 the	 lot	building	shows	 the	possibility	of	variations	 in	 the	
geometry	 of	 a	 building,	 for	 a	 given	 occupation	 rate.	 It	 has	 been	 found	 that	 daylight	
performance	is	more	benefit	when	the	building	is	limited	within	the	minimum	deviations	of	
front	and	back,	which	allows	a	greater	distance	between	buildings	on	the	sides.	However,	
more	often	the	opposite	occurs,	when	designer	tends	to	prioritize	the	greater	deviations	in	
the	front	and	back	of	the	lot,	since	it	is	the	situation	that	allows	better	use	of	the	remaining	
free	area,	be	it	for	recreation,	gardening,	parking	lot,	among	others.	

In	relation	to	density,	it	was	observed	that	the	denser	models	(higher	T.0.	and	less	floors)	
are	the	most	favorable	for	daylighting	in	the	interior	spaces.	This	study	was	done	replicating,	
in	identical	form,	the	base	block	nine	times.	It	 is	known	that	the	cities	dynamism	and	how	
difficult	it	is	to	foresee	the	surroundings,	but	the	identical	blocks	was	used	to	compare	the	
geometries	of	the	simulated	models,	without	external	interferences	that	could	interfere	on	
the	results.		

Urban	legislation	limits	land	use,	but	the	shape	of	buildings	is	the	result	of	architectural	
design,	which	 can	be	 idealized	 in	 order	 to	 produce	higher	 quality	 spaces.	 Thus,	 the	 great	
complexity	of	this	phenomenon	constitutes	the	challenge	in	the	study	of	daylighting	in	indoor	
environments,	where	the	process	must	be	evaluated	as	a	whole.	The	conditions	of	daylighting	
must	be	met	in	both	quality	and	quantity,	considering	from	the	distribution	of	daylight,	the	
characteristics	of	the	urban	environment,	the	performance	of	the	building,	defining	materials	
and	elements	used	in	the	exterior	surfaces,	to	effectively	reach	the	indoors.		
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Abstract: Under clear sunny skies, a building requires more knowledge in terms of architectural daylighting 

design because of the complexity of the phenomenon and the wide variety of its parameters and impacts. This 

study focuses on office employees' behaviour in relation to natural and/or artificial lighting and investigates 

the relationships between: i) the natural/artificial lighting use, ii) the perceptual views induced/generated by 

the related internal luminous environment, iii) the impact of the external natural luminous environment on 

the recourse to natural and/or artificial lighting, iv) the office conformation, v) the internal movable shading 

devices use, and vi) the users' characteristics. This POE investigates an office building located in the city of 

Biskra in Algeria, where a clear and sunny sky combined with a hot arid climate prevails. The study results 

revealed that: i) the office employees perceive daylight somehow differently from their attitude towards it, ii) 

the window location and some of the users' characteristics dictate artificial lighting usage, iii) no direct 

relationships were found between the use of the movable shading devices and the recourse to the artificial 

lighting, whilst vi) the impact of the external natural luminous environment on the use of the movable shading 

devices was confirmed.   

 

Keywords: Daylighting, artificial lighting, office building, POE, clear sunny sky 

Introduction 

The environmental lighting issues in buildings could be summarized as: i) a matter of well-

being, and ii) an economic question. Due to the psychological effects consequent to a 

biological deprivation from natural light that have been revealed by different research 

works, some old therapeutic practices gained a new interest and more daylighting design 

guidelines are recommended (Fontoynont et al, 2011; Boubekri, 2008). In contrast, and 

particularly in hot arid regions where clear sunny skies prevail, sunlight overexposure could 

be harmful for the human body and the buildings furniture as well as causing overheating 

problems (Alshaibani, 2015; Baker and Steemers, 2002). 

From an environmental and energy point of view, the natural light is an eternal and 

potentially economical source (Giovannini et al, 2015). Also, the substitution of artificial 

with natural light allows a reduction of the cooling requirements (Ghisi and Tinker, 2005; 

Krarti et al, 2005). In fact, for a similar luminous flux, natural light will produce two to three 

times less heat load than artificial light (Danny et al, 2009; Doulos et al, 2008). 
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Methodology 

A post-occupancy evaluation is undertaken in order to investigate the relationships between 

the internal luminous environment (natural and artificial), the external luminous 

environment, the architectural space (conformation and usage) and the users. Various data 

collection research methods are used: i) questionnaire, ii) observation maps, iii) 

architectural survey, and iv) photometric measurements. 

Theses methodological tools draw from an operationalization of the concept 

'Ambience' (Belakehal, 2013) and the related literature review on daylighting and Post 

Occupancy Evaluations (POE) (Zimring, 2002; Fontoynont, 1999; Hygge and Löfberg, 1999; 

Ander, 1995). The questionnaire included seventy three questions, evaluating the 

occupants’ responses on a five point scale.  A non-parametric statistical analysis of the 

collected data was carried out. Univariate, bivariate and multivariate statistical analysis was 

used as relevant to the nature of the variables.   

This paper presents the relationships between: i) the use of natural/artificial lighting, 

ii) the perceptual views induced/generated by the related internal luminous environment, 

iii) the impact of the external natural luminous environment on the recourse to natural 

and/or artificial lighting, iv) the office conformation, v) the use of internal movable shading 

devices, and vi) the users' characteristics.   

Case study 

The selected case study office building is situated in the city of Biskra located in the 

northern-east part of the Algerian Sahara and where: i) the sunny sky is frequent for 80 to 

85 % of the year (Figure 1) , and ii) the external horizontal illuminance values are about 8800 

lux (Zemmouri, 1987) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The office building CNAS (Caisse Nationale des Assurances Sociales) is a detached 

building with the main façade located on a main street of the city and the other three in  

secondary narrower streets. They are oriented north-west, south-west, north-east and 

south-east (Figure 2). The five levels (G+4) of the building are organised around a narrow 

and deep courtyard (Figure 3). An important number of the offices are small in size (private 

Figure 1. The frequency of sunny skies for the city of Biskra, Algeria.  (Source : www.satel-light.com) 

 

  

BISKRA 
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office type) but open work spaces exist on each floor but in a small number (Figures 4 and 

5).  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. Views of the north-east (left) and the south-east  (right) facades of the CNAS building. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The building includes different-size of windows with either external fixed shading 

devices and internal movable heavy dark colored curtains. The windows facing the inner 
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Figure 3. The selected offices in the third floor of the CNAS building. 
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courtyard are of the same dimensions with curtains only. Twenty-five offices, representing 

46 % of the total number of the CNAS building offices were selected for this research work. 

The number of the office employees taking part in this study is thirty-nine which represents 

20 % of the total number of the CNAS office employees. The survey was held during the 

summer season  where all offices were air-conditioned. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Work duration and luminous environment 

Generally, most of the office employees are working at their desks more than the half of 

their daily work duration: i) 46.2 % spend from 7 to 8 hours, ii) 41 % from 4 to 6 hours and iii) 

only 12.8 % are in for less than four hours. When the office luminous environment is too 

gloomy or glaring, a small number of employees confirmed being capable to work in such 

conditions whilst half of the office employees stated they never worked in such conditions. 

Respectively 71.8 % and 59%  of the office employees stated that the suitable 

condition for a continuous work in the office is an 'appropriate' that means a visually very 

comfortable luminous environment and 'clear' so a visually comfortable one. The opposite 

case of 'gloomy', that is to say a visually comfortable luminous environment, is not an 

  

Figure 5. Internal views of the small size office (on the left) and the Open office (on the right) in 

the CNAS building. 

 

 

 
Figure 4. The small size office (on the left) and the Open office (on the right) in 

the CNAS building. 
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unanimously accepted condition. However, the third of the office employees declared 

operating under such condition throughout the work day (7 to 8 hours).  

Natural versus artificial luminous environment?  

The questionnaire data reveals that the office employees actually work often (61.5 %) and 

occasionally (17.9%) in a natural luminous environment. However, it must be noted that 

fifth of them never entirely worked in such conditions. These luminous working conditions 

remain unchanged throughout 2/3 of the year for employees involved in this study. One 

tenth of them worked in a natural luminous environment except in wintertime where they 

recourse to artificial lighting. 

Additionally, the data collected during the field work, by means of observation, allows 

some results in relation to the luminous environment. For instance, during the summer 

morning work time, it was found that 48.7 % of the employees work in a natural luminous 

environment whilst 51.3 % perform in a mixed one.  

Perceptual patterns and luminous environment  

The statistical analysis, such as Mann and Whitney test, did not confirm any relationship 

between the employees' use of artificial and/or natural lighting and their evaluation of the 

luminous environment or their eyes fatigue. However, the application of the Chi2 and 

Cramer's V tests confirm the relationship between the artificial lighting use and the 

preference in terms of luminous environment (Chi2 calculated= 10.40 > Chi2 read= 5.99; 

V=0.51). 

Remarkably, most of the employees who preferred to work in a natural luminous 

environment did not use the artificial light, whereas an important number of those 

preferring a combined luminous environment used artificial lighting.  

Impact of the external luminous environment  

The histogram extracted from a Kruskal-Wallis' Anova application reveals that the use of the 

artificial light is: i) particularly present in the offices receiving an external vertical 

illuminance, at the window vertical plane, under 20000 lux, and ii) to a lesser extent for 

those passing more than 50000 lux. Artificial light is not used in the offices where the 

external vertical illuminance levels are between 20000 and 30000 lux. Such relationship was 

more deeply examined through the dependency on the artificial light use with the solar 

orientation. This is due to the fact that all the lighting related monitoring field work was 

done during the morning period. This dependency was revealed as significant by the Chi2 

test (Chi2 calculated= 21.09 > Chi2 read = 12.59) and by the Cramer's V test (V = 0.73). The 

extracted histogram shows that the offices where artificial light is used are mostly the ones 

exposed to sunlight rays during the morning.  

Office conformation 

The weakness of the relationship between the recourse to the artificial lighting and the 

employees' location in/out of the luminous effectiveness zone is attested by the Chi2 test 

(Chi2 calculated = 0.014 < Chi2 read = 3.84). However, an average dependency between the 

artificial light use and the window position in relation to the office layout is revealed by the 

Chi2 test (Chi2 calculated = 4.357 > Chi2 read = 3.84) and the Phi test (Phi = 0.334). The 
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corresponding graph shows that the employees working in offices with a centred window 

use the artificial light more than those working with an off-centre window (Figure 6). 

Movable shading devices  

The recourse to the artificial lighting by the office employees due to the use of the movable 

internal shading devices (curtains) has not been confirmed by the Chi2 test and the 

coefficient Phi. Among the employees using or not the movable shading devices, there is a 

similarity between those having recourse or not to the artificial lighting.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6. The relationship between the recourse to artificial lighting and the window position. 

 

However, a dependence between the evaluation of the office general environment 

and the use of the movable shading devices was confirmed by the Kruskal-Wallis test (Chi2 

Calculated = 8.87 > Chi2 Read= 5.59). This result revealed an important use of the shading 

devices by the users judging their luminous environment as appropriate as well as by few 

employees considering it as too clear. In addition, no one of the users considering their 

luminous environment as gloomy is using the movable shading devices.  

User profile and the recourse to the artificial lighting 

The users' education is revealed as the only characteristic among the users' profile ones in 

relation to the recourse of the artificial lighting as attested by the application of a Mann and 

Whitney test. A multiple correspondence analysis gives more explication to this relationship. 

The office employees with a higher level of education did not use the artificial lighting. This 

latter is specially used by the users having been only in primary and middle schools.  The 

users who were in high school are divided into two nearly equal categories in respect to the 

use or not of the artificial lighting, with a little tendency towards the second category.  
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Discussion 

The working time duration spent by the office employees seem to be influenced by the 

luminous conditions. This impact is revealed as globally homogeneous for all users' 

behavioural intentions.  They confirm working as long as possible in a visually comfortable, 

that is not a gloomy luminous environment.  This helps explain the difference between the 

results revealed by the questionnaire and those made known through observation. The first 

results indicate that the presence of the natural light characterizes almost exclusively their 

offices luminous environment and artificial lighting is used only during winter; whereas, the 

second results show a different behavior illustrated by a constant use of the artificial 

lighting. However, the good interaction between the office employees' behavior and their 

preferences reduce and clarify this gap. In general, it is possible to assert that the 

revelations of the behavioral intentions show that, at the perceptual level, the presence of 

the natural light is strongly important but at the behavioral one the situation is different 

because of the common presence of the artificial light.  

Because the office configurations receiving more natural light are those where the 

artificial light is more used, these previous results require more clarification and particularly 

about the impact of the luminous environment on artificial light usage. The reasons of such 

phenomenon seems not to be dependent on the external luminous environment in 

quantitative terms but on a lighting related perceptual pattern. In fact, previous studies 

revealed that gloomy ambiences are not exclusively related to the lighting conditions but 

are in accordance with the thermal prevailing conditions. The employees try to create a 

tolerant internal ambience in contrast with the unbearable outdoor climatic environment 

(Baker, 2000).  This could be validated for the case of the hot, dry and arid regions with clear 

and sunny skies where the obscurity is perceived as freshness, clemency and calm 

(Belakehal et al, 2004;  Rouag-Saffidine, 1987). 

Additionally, the impact of the conformation has been revealed only through the 

window position with respect to the conformation axis. The off-centered position of the 

window could be recommended for buildings under clear sunny skies because it allows the 

best distribution of natural light due to its natural reflection on side (Butera et al, 2014). This 

could explain the fact that artificial lighting is less used in offices with off-centered windows. 

Also, switching on all lights and the use of the curtains create a uniform luminous 

environment which seems to have no impact one the employees’ desks location.  

This study’s indicates that the employees’ level of formal education may express the 

consciousness of those with higher education about energy savings and other 

environmental concerns. Such result has not been found in specialized literature and calls 

for further validation research. 

Conclusion 

This study investigates a noticeable design problem dealing with the building, its context 

and users when focusing on the use of artificial lighting by an office building employees in a 

clear and sunny sky area. The investigation methodology included various research 

techniques in respect to the variety of the studied phenomenon and their relevance to 

different but complementary scientific disciplines. 

The research results confirmed firstly, some general daylighting design aspects dealing 

specifically with work in a comfortable visual environment that implies the recourse to the 

artificial lighting (i.e. cloudy sky in winter time). Secondly, they revealed important space 
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and emotional aspects such as the influence of the window position in the wall and the 

perception of the gloomy environment as synonym of coolness. However, some findings on 

the users' profiles suggested the possibility of further corroborating analysis.  
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Abstract:	The	light	environment	has	an	influence	on	human	performance.	The	objective	of	this	research	is	to	
analyse	the	factors	of	the	luminous	environment	that	intervene	in	the	short-term	memorization	through	the	use	
of	 computer	 screens.	 The	 experiment	was	 carried	out	 in	 an	 artificial	 lighting	 laboratory,	where	 30	 gender	 -	
differentiated	subjects,	carried	out	in	six	lighting	stages	memorization	and	perception	of	visual	comfort	tests,	
designed	with	three	different	illuminations	in	the	horizontal	work	plane	and	two	colours	background	reflected	
on	the	screens.	The	memorization	tests	consisted	of	remembering	lists	with	nonsense	syllables	on	a	computer	
screen	during	two	minutes	for	each	stage.	The	perception	of	visual	comfort	was	determined	by	the	subjects	with	
a	 scale	 designed	with	 values	 of	 perception	of	 the	 environment	 in	 darkness,	 comfort	 and	dazzling.	 The	data	
obtained	 indicate	 that	 there	 is	 a	 differentiated	 tendency	 between	 men	 and	 women	 in	 the	 process	 of	
memorization	 and	 the	 perception	 of	 the	 environment.	 In	 addition,	 comfort	 environments	 in	 the	 use	 of	 a	
computer	are	not	highly	illuminated	and	enviroments	with	lower	luminances	are	preferred.	
	
Keywords:	Computer	screen,	short-term	memorization,	luminous	environment	

Introduction		

Computer	classrooms	in	public	schools	in	Mexico	are	designed	and	constructed	with	spatial	
configurations	 similar	 to	 the	 traditional	 education	 classrooms,	 for	 that	 reason	 the	 light	
requirements	for	the	use	of	new	technologies	in	education	are	not	considered,	in	part,	to	the	
lack	 studies	 on	 the	 visual	 needs	 related	whit	 the	 use	 of	 computer	 screens,	 that	 allow	 to	
determine	an	optimum	light	environment	to	achieve	the	visual	comfort	to	propitiate	a	greater	
efficiency	in	the	cognitive	process.	

	The	 Mexican	 norms	 and	 regulations	 that	 establish	 the	 conditions	 of	 illumination,	
dictate	only	the	minimum	values	of	the	illuminations	in	lux	for	the	spaces	destined	to	the	use	
of	 computers,	 as:	 NOM-025	 (Secretaria	 de	 Trabajo	 y	 Prevision	 Social,	 2008)	 and	 the	
regulations	 for	 the	 construction	 of	 public	 schools	 of	 the	National	 Institute	 of	 Educational	
Infrastructure	(INIFED,	2013).	Although	the	standards	set	the	parameters,	such	as	maximum	
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reflection	for	working	environments,	no	specific	values	are	set	for	spaces	intended	for	the	use	
of	computer	screens;	And	neither	are	maximum	lighting	ranges	set	in	consideration	of	indirect	
glare	by	reflection	on	the	screens.	On	the	other	hand,	the	international	organizations	have	
important	 contributions	 in	 the	 recommendations	 for	 the	 design	 of	 lighting	 in	 offices	 and	
schools	(IDAE,	2001).		

Studies	on	the	effects	of	lighting	in	education	have	increased	in	recent	years.	This	has	
allowed	us	to	understand	the	fundamental	 role	of	 lighting	 in	human	development	 (Kenez,	
1995)	(Heschong,	et	al.,	2002).	The	use	of	the	computer	as	a	working	tool	started	at	the	end	
of	the	last	century,	and	with	it	began	a	study	on	the		visual	tasks,	luminances	and	reflectances	
of	the	environment	in	the	use	of	screens	related	to	indirect	glare	or	reflection	on	the	screens.	
(van	Ooyen,	et	al.,	1987),	(Veitch	and	Newsham,	2000b),	(Boyce,	et	al.,	2006a),	(Ramasoot	
and	 Steve,	 2008).	More	 recent	 authors	 approached	 the	 non-visual	 effects	 of	 light-related	
cognitive	and	psychological	processes	in	the	use	of	computer	screens	(Ramasoot	and	Steve,	
2008),	(Rodriguez	&	Pattini,	2011).	

The	 objective	 of	 this	 research	 is	 to	 determine	 luminous	 comfort	 environments	 that	
favor	the	short-term	memory,	as	part	of	the	cognitive	process,	starting	from	the	relation	of	
the	lighting	factors	involved	in	the	visualization	of	a	computer	equipment.	

Method		

The	experimentation	consisted	in	the	memorization	of	syllables	through	a	computer	screen	
and	the	recording	of	the	perception	of	the	luminous	environment	under	six	lighting	stages.	
To	define	the	experimental	design,	it	began	by	identifying	the	factors	of	the	light	environment	
involved	in	the	use	of	a	screen	and	its	relationship	with	the	human	being	and	the	architectonic	
design.	In	this	sense,	there	are	four	factors:	a)	Luminance	of	the	screen,	b)	Luminance	in	the	
horizontal	field	of	view,	c)	Vertical	illumination	in	the	working	plane,	and	d)	Luminance	of	the	
reflected	 background.	 These	 factors	 helped	 to	 define	 the	 control	 of	 the	 variables	 in	 the	
experimentation.	

Six	 lighting	 stages	 were	 defined	 considering	 the	 vertical	 illuminance	 in	 the	working	
plane	and	the	reflected	background	 luminance,	 integrated	 in	 the	 following	configurations:	
Stage	1	with	an	illuminance	of	1700	lux	with	white	background,	Stage	2	with	an	illuminance	
of	1700	lux	with	Black	background,	Stage	3	with	a	500	lux	illuminance	with	white	background,	
Stage	4	with	a	500	lux	illuminance	with	black	background,	Stage	5	with	an	illuminance	of	300	
lux	with	white	background	and	Stage	6	with	an	illuminance	of	300	lux	with	black	background	.	
In	consideration	of	the	horizontal	field	of	view,	the	walls	of	the	laboratory	were	coated	with	
neutral	gray	cloth;	and	regarding	the	luminance	of	the	screen	known	as	screen	brightness,	
the	Subjects	(Ss)	defined	the	comfort	brightness	level	(CBL)	of	the	screen	for	each	scenario.	

Subjects		

The	experiment	was	carried	out	with	39	Ss	undergraduate	from	the	Universidad	Autónoma	
Metropolitana	(UAM)	Azcapotzalco	unit,	specifically	those	belonging	to	the	area	of	Sciences	
and	Arts	of	Design	(CyAD).	Nine	subjects	were	discarded	because	they	did	not	complete	the	
experimentation.	Of	the	remaining	30	subjects,	57%	were	women	and	47%	were	men;	the	
highest	frequencies	of	the	ages	were	21	and	22	years	old.	

It	was	sought	that	the	Ss	did	not	suffer	from	vision	problems	or,	failing	that,	they	had	
correction	of	mink	problems.	Therefore,	we	worked	with	73%	of	Ss	who	used	lenses	because	
of	astigmatism	and	myopia	problems;	and	with	27%	of	Ss	who	did	not	wear	glasses	and	had	
no	vision	problems.	
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Materials	and	instruments		

The	experimentation	was	carried	out	 in	 the	 laboratory	of	artificial	 illumination	 in	order	 to	
have	total	control	of	the	illumination,	located	inside	the	laboratory	of	Bioclimatic	Architecture	
of	the	UAM	unit	Azcapotzalco.	The	laboratory	has	a	dimension	of	4.0	x	3.75	meters	and	was	
used,	for	the	general	lighting	system,	six	luminaires	with	two	linear	fluorescent	lamps,	at	a	
height	 of	 3	meters.	 The	 floor	 has	 an	 average	 reflectance	 of	 43	 percent,	 the	 ceiling	 of	 76	
percent	and	the	walls	of	68	percent.	
									Inside	 the	 laboratory,	 the	 white	 walls	 were	 coated	with	 a	 neutral	 gray	 color	 with	 a	
reflectance	of	23%	to	avoid	direct	dazzling.	Work	was	done	only	with	 illumination	coming	
from	the	ceiling	using	a	lighting	system	based	on	six	equipments	with	two	fluorescent	linear	
lamps	that	emit	1700	lux	in	the	horizontal	work	plane	to	a	height	of	0.75	m,	this	illuminance	
was	reduced	to	500	lux	and	until	300	lux	to	reproduce	the	minimum	conditions	established	
by	Mexican	regulations.	The	reduction	of	illuminance	was	done	using	filters	of	neutral	density	
to	avoid	alterations	in	the	colour	temperature.						

A	Mac	 computer	with	 a	 23	 "specular	 screen	was	 used,	 the	 color	 of	 the	 screen	was	
previously	calibrated	using	a	spectrophotometer	and	the	luminance	was	measured	in	all	16	
brightness	 levels.	 This	 type	 of	 screen	 was	 used	 because	 the	 UAM	 is	 equipped	 in	 both	
computer	rooms	and	offices	with	this	technology.	

A	test	was	designed	to	evaluate	quantitatively	short-term	memory	and	visual	comfort	
in	a	qualitative	way;	the	test	was	programmed	in	Microsoft	Excel	2016	software	using	the	
Visual	Basic	developer	tools.	The	test	was	performed	considering	that	the	cognitive	process	
consists	 in	 the	 acquisition	 of	 new	 information	 or	 knowledge,	 through	 mental	 processes	
involving	several	cognitive	strategies	such	as	attention,	perception,	memory	and	thinking	in	
general.	 When	 speaking	 of	 mental	 processes,	 it	 necessarily	 involves	 psychology,	 for	 this	
reason	 the	 tests	 used	 in	 the	 experimentation	 are	 based	 on	 this	 discipline.	 The	 cognitive	
process	 is	complex,	and	therefore	difficult	 to	evaluate,	since	 it	 involves	a	 large	number	of	
variables.	In	this	investigation	we	experimented	with	memory	as	a	strategy	of	the	cognitive	
process,	however,	in	the	understanding	that	memory	is	also	a	very	complex	process,	it	was	
decided	for	this	study	to	address	one	of	its	simplest	and	primary	aspects,	which	is	retention	.	
Psychologist	Charles	G.	Morris	determined	three	types	of	records	in	human	memory:	sensory	
registration,	short-term	memory,	and	long-term	memory;	In	this	experiment	it	was	studied	
the	 short-term	 memory	 in	 the	 retentive	 aspect.	 (Morris	 &	 Maisto,	 2005).	 The	 tests	 for	
experimentation	were	 based	 on	 the	work	 done	 by	 the	 psychologist	 Herman	 Ebbinghaus,	
which	 consists	 of	 the	 memorization	 of	 lists	 with	 meaningless	 syllables,	 that	 is	 to	 say,	
composed	by	a	consonant,	a	vowel	and	another	consonant.	The	use	of	meaningless	syllables	
avoids	Ss	predisposing	to	previous	memorizations.	(National	University	of	Colombia,	2003).	

The	second	part	of	the	test	includes	a	qualitative	survey	in	which	the	Ss	determine	their	
perception	of	the	environment	on	a	scale	of	-3P	to	+	3D,	where	-3P	refers	to	the	perception	
of	 space	 in	 darkness,	 0C	 corresponds	 to	 comfort	 and	 +	 3D	 Refers	 to	 the	 perception	 of	 a	
dazzling	environment.	

Procedure	

1700	 lux	 general	 lighting	 equipment	 was	 chosen	 among	 all	 laboratory	 systems;	 the	
experimental	scenarios	were	set	up	by	performing	changes	of	illuminance	through	filters	and	
background	changes	using	black	and	white	fabrics;	Neutral	gray	cloth	was	also	mounted	on	
the	walls;	after	determining	the	position	of	the	Mac	computer	team	regarding	the	fixtures	
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located	on	the	ceiling.	Subsequently	the	Mac	computer	equipment	was	placed	in	the	furniture	
according	to	the	standards	of	ergonomics	ISO	9241.	

Experimentation	was	 performed	 for	 11	 days	with	 groups	 separated	 by	 gender,	 one	
group	 per	 day	 and	 a	 duration	 of	 approximately	 2.5	 total	 hours	 per	 group.	 The	 test	 was	
performed	individually	and	each	subject	entered	the	laboratory	12	times	for	2	minutes;	 In	
total,	180	measurements	of	memorized	syllables,	180	measurements	of	comfort	brightness	
level	and	180	measurements	of	perception	were	considered.	Experiments	started	in	stage	1	
and	ended	on	stage	6,	figure	1.	

The	experiment	was	developed	in	three	phases:	in	the	first	phase,	the	Ss	group	entered	
the	laboratory	individually	and	recorded	their	personal	data,	age,	gender,	use	of	glasses	and	
mink	 problems.	 In	 the	 second	 phase	 the	 Ss	 individually	 determined	 the	 level	 of	 comfort	
brightness	on	 the	 screen	after	 reading	a	 text	 for	1	minute	 for	each	scenario.	After	all	 the	
subjects	registered	the	comfort	brightness,	the	group	brightness	was	averaged	and	adjusted	
on	the	screen	to	continue	with	the	third	stage.	 In	the	third	phase	the	syllables	of	the	 lists	
readed	on	the	screen	were	memorized	for	2	minutes	and	after	this	period	the	Ss	recorded	
the	syllables	remembered,	the	lists	of	nonsense	syllables	were	different	for	each	scenario;	
and	finally,	the	Ss	recorded	their	perception	of	the	luminous	environment	according	to	a	scale	
of	values	ranging	from	semidarkness	to	dazzling.	During	the	wait	to	enter	the	laboratory,	the	
Ss	were	kept	making	paper	figures	to	avoid	the	use	of	computers	or	cell	phones	that	could	
cause	visual	fatigue.	

	

	
Figure	1.	Experimentation	in	laboratory	of	artificial	lighting.	

Results		

The	database	with	the	results	obtained	in	the	experimentation	was	processed	using	the	SPSS	
Software.	In	the	first	phase	of	the	experiment	a	significant	statistical	correlation	was	found	
between	the	Comfort	Brightness	Level	(CBL)	on	the	screen	and	the	illuminance	in	the	working	
plane,	that	is,	the	greater	illumination	in	the	environment,	then	higher	brightness	is	required	
on	the	screen	for	visual	comfort.	The	graph	in	figure	2	shows	the	preference	in	the	CBL	on	the	
screen	 for	men	 and	women,	 this	 indicates	 that	women	 prefer	 lower	 brightness	 and	men	
prefer	higher	brightness	in	the	display	of	a	screen.	
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Figure	2.	CBL	on-screen	comfort	level	graph	for	men	and	women	

Graph	3	compared	the	performance	in	the	mean	of	the	number	of	Memorized	Syllables	
MS	differentiated	between	women	and	men	in	the	six	 luminous	environments.	This	figure	
indicated	that	for	the	most	enlightened	stages	(1700	lux)	women	have	more	memorization,	
while	men	have	less	memorization,	in	the	scenarios	with	medium	illumination	(500	lux),	both	
genders	have	the	same	tendency	in	the	behavior	of	memorization.	In	the	last	stages	(300	lux),	
particularly	in	stage	6,	there	was	a	strange	behavior	in	the	trend	of	the	average	number	of	
syllables	memorized	in	both	men	and	women,	it	is	possible	that	there	was	a	strange	variable	
in	 the	experimentation.	 Since	 there	was	 the	possibility	of	 interference	of	 an	uncontrolled	
variable,	maximum	and	minimum	values	were	discarded	for	the	analysis.	

	

 
Figure	3.	Graph	of	the	number	of	syllables	memorized	MS,	for	men	and	women	

First	analyzed	the	perception	of	the	environment	in	a	general	way	for	the	30	Ss.	Table	
1	indicates	the	minimum,	maximum	and	mean	values	in	the	perception	of	the	environment	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 3155



for	each	of	the	stages;	Stage	4	presented	an	mean	of	0,	that	is,	it	was	generally	preferred	as	
the	 comfort	 environment,	 stages	 1,2,	 and	 3	 tend	 towards	 positive	 values,	 indicating	 a	
perception	of	the	environment	as	dazzling;	while	stages	5	and	6	tend	to	negative	values	that	
are	set	as	values	that	tend	to	a	perception	of	semidarkness.	
	

Table	1.	Perception	levels	for	each	stage 
	

Stages	 Min.	
Perception	

Max.	
Perception	

Mean	
Perception	

Standard	
deviation	

Stage	1	 -1	 2	 .50	 .861	
Stage	2	 -1	 2	 .53	 .973	
Stage	3	 -2	 2	 .17	 .913	
Stage	4	 -1	 2	 .00	 .910	
Stage	5	 -2	 3	 -.20	 1.243	
Stage	6	 -2	 2	 -.43	 .971	

	
The	above	table	indicates	a	difference	of	perception	of	the	environment	when	changing	

the	colors	of	the	reflected	background	on	the	screen,	the	environment	as	a	reflection	of	veil	
had	 an	 influence	 on	 the	 perception	 of	 comfort.	 In	 the	 general	 analysis	 of	 the	 population	
scenario	4,	preferred	as	a	visual	comfort	environment,	had	an	illuminance	of	500	lux	in	the	
working	plane	and	a	black	background,	in	this	scenario	the	performance	of	the	memory	was	
more	homogenous	for	both	men	and	women.	

However,	differences	 in	the	perception	of	the	environment	for	men	and	women	are	
analyzed	separately.	The	graph	of	figure	4	shows	the	behavior	of	the	mean	in	the	perception	
of	the	environment	compared	to	the	red	line	of	comfort	positioned	at	the	value	of	0.		
	

 
 

Figure	4.	Graph	of	perception	of	the	environment	for	men	and	women	
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Then	the	women	are	in	comfort	on	stage	3	(500	lux	with	white	background	),	while	men	
are	in	comfort	between	stage	4	(500	lux	with	black	background)	and	stage	5	(300	lux	with	
white	background).	

In	this	experimentation,	the	environment	was	not	highly	illuminated,	that	is	500	lux	with	
low	luminances	in	the	visual	field,	however,	the	number	of	memorized	syllables	had	no	direct	
correlation	with	the	perception	of	comfort.	It	is	then	affirmed	that	there	are	differences	in	
visual	perception	and	memorization	between	men	and	women.	

Conclusions	

Author	Veitch	found	that	the	preferred	illuminance	in	workspaces	with	computer	screens	is	
423	lux	(Veitch	&	Newsham,	2000	b);	Newsham	discovered	an	illuminance	of	preference	of	
452	lux	(Newsham,	et	al.,	2004);	Boyce	recorded	an	illuminance	of	435	lux	for	the	same	con-
ditions	(Boyce,	et	al.,	2006a);	all	using	a	constant	luminance	of	screen	of	40	Cd	/	m2.	In	this	
sense	there	is	a	relationship	with	the	data	obtained	in	this	research	where	the	comfort	envi-
ronment	was	registered	in	the	500	lux,	however,	this	evaluation	was	made	from	the	percep-
tion	of	comfort	in	the	luminance	of	the	screen,	defined	by	men	and	women	between	44.3	Cd	
/	m2	and	57.1	Cd	/	m2.	

For	the	experimental	population,	the	non-highly	illuminated	environments	were	chosen	
as	 comfort,	 with	 illuminances	 in	 the	 working	 plane	 in	 ranges	 from	 500	 lux	 to	 600	 lux,	
backgrounds	reflected	on	the	screen	with	luminance	of	2.8	Cd	/	m2,	in	this	environment	both	
women	and	men	presented	similar	behavior	in	short-term	memorization.	

Perhaps	 the	 preference	 for	 environments	 not	 highly	 enlightened,	 is	 related	 to	 the	
prehistoric	history	of	mankind,	which	begins	with	the	expressions	of	parietal	art	in	the	caves	
(Pipió,	 2013).	 New	 research	 has	 analyzed	 the	 conditions	 of	 natural	 and	 artificial	 light	 in	
prehistoric	caves,	finding	that	substantial	activities,	consumption	and	drawing	were	done	in	
areas	of	half	shadow	and	dark	(Pastoors	&	Weniger,	2011).	This	research	opens	a	gap	for	new	
research	to	understand	the	non-visual	effects	of	lighting	related	to	the	use	of	the	computer	
and	new	technologies,	always	attached	to	the	area	of	psychology	to	generate	 information	
reflected	in	the	design	of	spaces	that	provide	conditions	for	a	better	life	quality.	
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Abstract:	 This	 paper	 is	 the	 result	 of	 a	 research	 that	 investigates,	 in	 Brazil,	 the	 information	 contained	 in	
the	 lamps	 packaging	 and	 if	 there	 are	 any	 regulations	 about	 that,	 with	 the	 objective	 of	 ascertaining	 if	 the	
final	 consumer	 has	 access	 to	 the	 necessary	 information	 to	 illuminate	 his	 residence	 with	 visual	 comfort,	
inside	Sustainability	parameters.	The	text	discusses	 the	 importance	 of	 the	 information	 regulation	 available	
in	 the	 lamps	 packaging	 front	 the	 changes	 in	 the	 parameters	 of	 definition	 of	 the	 electric	 lighting	 indoor	
that	 are	 bring	 by	 the	 issues	 of	 optimization	 of	 the	 use	 of	 electricity	 for	 any	 purpose,	 including	 for	 lighting.	
Normally,	 people	 choose,	 without	 know	 the	 necessary	 information,	 their	 own	 light	 source.	 Front	 the	
diversity	of	 technologies	on	the	market,	 it	 is	necessary	that	consumer	be	 informed	about	 light	 properties	 of	
each	 lamp	 and	 its	 consequences	 for	 visual	 comfort.	 Without	 comfort,	 it	 is	 not	 possible	 to	 have	 energy	
efficiency	 and	 without	 information,	 it	 is	 impossible	 to	 deconstruct	 ideas	already	 rooted	 in	people's	habits.	
That	 is	 the	 topical	 scientific	 problem	 of	 the	 research,	 which	 sustain	 that	 this	 information	 must	 be	 passed	
through	the	packaging	of	the	equipment	 and	that	this	must	be	regulated.	
	
Keywords:	lamps;	packing;	regulation;	photometric	units	

Introduction	

Lamps	 are	 always	 a	 point	 of	 discussion	 when	 the	 thinking	 is	 sustainability,	 since	this	
equipment	 depends	 of	 electricity	 offer.	 In	 any	 moment	 of	 the	 electricity	 production,	
distribution	 and	 consumption,	 negative	 impacts	 may	occur	 in	 nature.	 It	 is	 important	 to	
consider	 the	 optimization	 of	 the	 use	 of	 electricity	for	any	purpose,	including	for	lighting.	
Therefore,	 the	 lighting	 design	 must	 per	 attention	 on	 lamps,	 which	 are	 the	 primary	
source	 of	 the	 artificial	 light,	and	consider	the	energy	efficiency	concept.	

Energy	 efficiency	 is	 sustanable	 architecture	 strategic	 when	 the	 environment	
sustainability	 is	 at	 the	 forefront.	 It	 consists	 in	 optimization	 of	 energy	 use	 in	 buildings	 to	
reduce	carbon	emissions.	

When	the	theme	is	light	and	energy	efficiency,	the	focus	is	in	the	electric	 consumption	
optimization	during	building	operation.	This	optimization	applied	 to	lamps	is	present	in	two	
fronts.	 One	 of	 them	 is	 the	 offer	 complementary	 use	 of	 natural	 and	 artificial	 lighting	 at	
interior	spaces,	where	the	sun	is	the	lighting	primary	 source	 of	 first	 one	 and	 the	 lamp	 is	
the	 lighting	 primary	 source	 of	second	one.	

The	 other	 front	 is	 the	 choice	 of	 low	 power	 equipments	 to	 decrease	 the	
consumption	 of	 electricity	 caused	 by	 the	 artificial	 lighting	 systems.	 In	 both,	 the	 light	
properties	 information	 of	 lamps	 are	 essential	 when	 thinking	 about	 reducing	 energy	
costs,	 so	 that	 the	 choice	 of	 lamps	 also	 meets	 the	 visual	 comfort	(Brandão;	Bressane;	
Rocha;	2014).	
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The	complementary	use	of	the	two	lighting	systems	is	based	in	the	supply	 of	 the	 sun	
light	 to	 decrease	 the	 carbon	 emissions	 caused	 by	 the	 electric	 consumption	 of	 artificial	
lighting	 equipments,	 during	 the	 day.	 It	 is	 an	 energy	 efficiency	 strategies	 that,	 if	 is	 done	
meeting	 the	 visual	 comfort,	 can	 significantly	 reduce	 energy	 use	 in	 buildings.	 It	 is	
necessary	 know	 very	 well	 both	 systems,	making	 correctly	 use	 of	 their	 resources	 for	 the	
performance	of	 ludic	and	pragmatic	functions.	

The	natural	light	contributes	with	the	room	healthiness	and	is	good	to	the	 psychology	
of	 the	 users.	 It	 promotes	 the	 contact	 to	 the	 nature,	 bringing	 the	 relationship	 between	
space	 and	 time	 that	 is	 very	 positive	 to	 the	 organism	 circadian	rhythm	(biological	clock).	

The	artificial	light,	as	well	as,	is	extremely	valuable	to	the	use	of	the	room	at	night	or	
when	 the	 room	 is	 not	 served	 with	 natural	 light,	 sometimes	 by	 the	 issues	 of	 the	 space	
function,	 or,	 yet,	 when	 the	 day	 light,	 for	 any	 reason,	 is	 not	 enough	 to	 perform	 the	
functions.	

The	 complementary	 use	 of	 natural	 and	 artificial	 lighting,	 in	 fact,	 exist	 since	
before	 the	 concept	 of	 energy	 efficiency	 and	 even	 the	 emergence	 of	 the	electric	 lighting	
system.	

Architecture,	 since	 the	 days	 of	 primitive	 habitation,	 has	 always	 demanded	 for	
lighting.	This	lighting,	in	the	beginning,	occurred	by	the	natural	 light	of	the	sun,	but	also	by	
artificial	light:	radiant	energy	resulting	from	combustion	promoted	by	a	person.	

In	 the	 cave	 times,	 fire	was	used	not	 only	 to	 heat	 people	 or	 to	 cook	 their	 food,	 but	
also	 to	 light	 the	 space.	Torches,	 candles,	 lanterns	and	others	have	 long	served	as	artificial	
light	 for	 architecture.	 These	 artificial	 light	 systems	 compensated	 for	 the	 absence	 of	
sunlight	 and	 allowed,	 even	 if	 only	 limited,	 night-time	operation	of	 the	building	 (Bonallii;	
2001).	

The	 indoor	 artificial	 lighting	 gains	more	 relevance	 with	 the	 arrival	 of	 the	 electricity	
and	 its	 use	 for	 the	 rooms	 lighting.	 The	 electrical	 system,	 compared	 to	 other	 artificial	
lighting	 systems,	 provided	 a	 much	 better	 visual	 comfort.	 The	 electric	 lighting	 was	 so	
efficient	 that	 even	 could	 make	 the	 capture	 of	 natural	 light	 no	 longer	 an	 imperative	 of	
architectural	 design,	 unfortunately.	 Sunlight	 was	 not	 more	 so	 fundamental	 to	 the	
functioning	 of	 spaces,	 though	 it	 is	 subjectively	 and	objectively	 benefic	 for	 visual	 comfort	
(Bonallii;	2001).	

The	 optimization	 of	 energy	 consumption	 to	 reduce	 carbon	 emissions	 as	 a	 demand	
for	 sustainability	 in	 architecture	 brings	 back,	 again,	 this	 issue	 of	 design:	 the	
complementary	use	of	natural	and	artificial	light.	

Nowadays,	 technological	 developments	 of	 controls	 and	 redirecting	 systems	are	used	
to	 assist	 this	 complementation	 and	 further	 improve	 this	 practice.	 However,	 for	 this	
integrated	 design	 of	 good	 natural	 and	 artificial	 lighting		 can		 promote		 visual		 comfort,		
it	 	 is	 	 necessary	 	 to	 	 have	 	 technical	 knowledge	 of	 both	 systems	 and,	 among	 other	
resources,	of	the	two	 lighting	primary	source,	which	are	the	sun	and	the	lamps.	

The	 lamps	 specification	must	 be	 done	within	 the	 energy	 efficiency	 parameters	and,	
as	 was	 mentioned	 above,	 it	 means	 choice	 low	 power	 equipments	 to	 decrease	 the	
consumption	 of	 electricity	 caused	 by	 the	artificial	 lighting	 systems.	However,	without	 lost	
the	 comfort	 visual	 (Brandão;	 Bressane;	Rocha;	2014).	

The	choice	of	energy	saving	light	bulbs	is	based	in	the	measure	of	 Luminous	efficiency	
by	the	ratio	of	luminous	flux	to	power	(lumen/watt).	 The	 point	 is	 offer,	at	 least,	 the	 same	
luminous	 flux	with	 less	electric	 consumption	 (Rodrigues;	2002).	

It	makes	sense,	 if	 the	choice	by	equipments	 luminous	efficiency	 is	made	 considering	
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only	 the	 lamps	 that	 are	 good	 to	 the	 visual	 comfort	 of	 users.	 The	 problem	is	that	the	idea	
is	 been	 diffused	without	 this	motion	 to	 the	 population.	 Simply,	 it	 becomes	 a	 solution	 to	
reduce	the	monetary	cost	of	lighting.	

The	 energy	 saving	 lamps	 specification	 is	 not	 so	 simple.	 A	 lighting	 designer	 can	 do	
that	 without	 lost	 the	 visual	 comfort	 results,	 but	 the	 most	people	are	not	well	informed	
about	how	to	do	that.	Besides	the	luminous	flux,	 that	also	need	attention,	because	 it	must	
be	 adjusted	 to	 reflect	 the	 varying	 sensitivity	 of	 human	 eye	 to	 different	 wavelengths	 of	
light,	 others	 photometric	 units	 should	 be	 considered	 on	 the	 lamp	 choice	 (Rodrigues;	
2002).	 Photometric	 units	 that	 lay	 people,	 normally,	 do	 not	 know	 and,	 as	 they	 are	
import	to	user	visual	comfort,	should	be	informed	at	lamps	packing.	

That	 is	 the	 topical	 scientific	 problem	 of	 the	 research,	 which	 investigates,	 in	 Brazil,	
the	 information	 contained	 in	 the	 lamps	packaging	and	 if	 there	are	 any	 regulations	 about	
that,	 with	 the	 objective	 of	 ascertaining	 if	 the	 final	 consumer	 has	 access	 to	 the	
necessary	 information	 to	 illuminate	 his	 residence	 with	visual	comfort,	 inside	Sustainability	
parameters.	

The	choice	of	lamps	by	photometric	units	information	

The	 choice	 of	 lamps	 must	 be	 made	 searching	 for	 the	 photometric	 units	 of	 each	 one	 of	
them.	Photometric	units	are	very	 important	at	 luminous	stimuli	 production	 that	supply	or	
not	 the	 visual	 comfort	 sensation	 (Costa;	 2006).	 They	 promote	 the	 stimuli	 alone	 and	
together	 with	 the	 optics	 proprieties	 of	 reflective	 surfaces.	 In	 the	 first	 case,	 lamp	 light	
emission,	 called	 luminous	 flux	 (lumen),	 reach	 the	 user	 eyes	 directly.	 In	 the	 second	 one,	
luminous	flux	 reaches	the	user	eyes	indirectly,	through	the	surfaces.	

Therefore,	 lamps	 are	 considered	 the	 lighting	 primary	 sources	 and	 the	 reflective	
surfaces	 are	 the	 lighting	 secondary	 sources.	 These	 lighting	 secondary	 sources	 could	 be	
luminaries,	coating	materials	of	floor,	ceiling	and	 walls,	 as	 well	 as	 furniture	 and	 decoration	
equipment.	 They	 can	 change	 the	 direction	 of	 the	 luminous	 flux,	 as	 its	 power	 and	
intensity	 (Brandão;	 Soares;	 Aranha;	2013).	

Because	 of	 that,	 the	 lighting	 equipments	 choice	 must	 be	 made	 to	 a	 specific	
room,	 considering	 the	 optics	 proprieties	 of	 the	 materials	 of	 lighting	 secondary	 source	
and	 the	 photometric	 units	 of	 lighting	 primary	 source,	 the	 lamps.	

The	 sustainable	 lighting	 design	 that	 has	 at	 the	 forefront	 the	 energy	 efficiency	 to	
reduce	 the	 carbon	 emissions	 must	 considered	 the	 luminous	 efficiency	 of	 lamps,	 but	 it	
should	 make	 the	 choice	 of	 this	 equipment	 by	 this	 parameter	 after	 a	 	 pre	 selection	 of	
lamps	 by	 their	 photometric	 units	 that	 meeting	the	visual	comfort.	

Certainly,	 it	 means	 a	 lot	 of	 information	 to	 lay	 people.	 However,	 the	 information	
to	 do	 a	 good	 lighting	 suggestion	 that	 any	 person	 should	 know,	 at	 least,	 is:	 CRI	 –	 color	
rendering	 index	 (RA);	 CCT	 –	 correlated	 color	 temperature	 (K-Kelvin);	 luminous	 flux	 (Lm-
lumen);	 luminous	 intensity	 (Cd	 -	 candela);	 solid	 angle	(Sr);	power	(w-watts)	(Silva;	2008).	

CRI	 –	 color-rendering	 index	 is	 the	measure	 of	 light	 source	 to	 reproduce	 the	 colors	
in	 comparison	with	 an	 ideal	 or	 natural	 light	 source,	 as	 the	 sun	 at	midday.	In	most	cases,	
this	 is	 critical	 to	 the	 visual	 comfort	 of	 the	 user.	 In	 other	 way,	 CCT	 –	 correlated	 color	
temperature	 indicate	 the	 appearance	 color	of	 light	 source.	 A	 high	 color	 temperature	 has	
a	 white	 appearance	 and	 a	 low	 color	 temperature	 has	 a	 yellow	 appearance.	 This	
classification	 is	 not	 as	 Cartesian	 as	 it	 appears.	 There	 are	 different	 types	 of	 white	 and	
yellow,	which	 are	indicated	by	the	Kelvin	unit.	

The	 white	 appearance	 of	 light	 makes	 people	 more	 active,	 while	 the	 yellow	
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appearance	of	 light	makes	people	more	relaxed.	 In	general,	 the	 group	of	 lamps	with	high	
color	 temperature	 is	 indicated	 for	 spaces	 with	 precision	 tasks.	 On	 the	 other	 hand,	 the	
group	 of	 lamps	 with	 low	 color	 temperature	 is	 usually	 ideal	 for	 spaces	 of	 less	
concentration,	where	the	 interest	is	make	the	place	cozy.	

Luminous	 flux	 is	 the	measure	 of	 how	well	 a	 source	 produces	 visible	 light.	 It	 is	 the	
total	 perceived	 power	 of	 light	 emitted	 in	 all	 directions.	 It	 must	 be	 adjusted	 to	
sensitivity	of	human	eye	and	it	depends	of	the	space	dimensions	 and	coating	materials,	as	
well	as,	the	activities	that	are	performed	in	place.	 There	 are	 tables	 that	 recommend	 the	
ambient	 illuminance	 level	 (lux),	 the	 ratio	of	 luminous	flux	to	room	unit	area	(lumen/m²),	
to	various	activities.	 Therefore,	 when	 a	 person	 replace	 his	 light	 source	 with	 any	 energy	
saving	 lamp,	it	is	important	per	attention	not	only	in	the	less	power	of	the	source,	but	also	
in	the	luminous	flux	that	must	be	adjust	to	the	use	of	the	room.	

Different	from	luminous	flux,	the	luminous	intensity	is	the	perceived	power	 per	 units	
solid	 angle	 (the	 angle	 in	 three-dimensional	 space)	 emitted	 by	 a	 point	 light	 source	 in	 a	
particular	 direction.	 The	 values	 of	 luminous	 intensity	 (candela)	 of	 a	 light	 source	 are	
expressed	 by	 a	 curve,	 called	 distribution	 curve.	 This	 curve	 depends	 of	 the	 solid	 angle	
of	 the	 light	 source	 and	 of	 the	bulb	shape	of	the	lamp.	

Each	kind	of	lighting	will	demand	for	specific	solid	angle	and	bulb	shape,	 according	 to	
the	 necessity	 of	 focus.	 Any	 lighting	 promotes	 a	 luminous	 intensity	 that	 must	 be	
considerate	through	the	possibility	of	direct	and	indirect	 obfuscation.	

Power	or	 Energetic	 flux	 is	 the	 amount	of	 energy	 consumed	by	 the	 light	 source.	This	
shows	the	installation	demand	of	electric	lightings	system	and	the	 electric	 consumption,	 as	
well	 as,	 the	 energetic	 efficiency	 of	 lighting	 design,	 once	 the	 ration	 of	 Luminous	 flux	 and	
power	 is	 the	measure	 of	 how	well	 light	source	 converts	 electricity	 to	 visible	 light	 that	
indicates	 the	 luminous	 efficiency.	

At	 the	 end	 of	 nineteenth	 and	 beginning	 of	 twentieth	 century,	 when	 electric	
lighting	utilization	was	being	diffused,	there	were	few	options	of	 lamps.	The	 incandescent	
lamps	were	good	to	indoor	light	levels	and	it	 dominated	the	market	for	6	decades	or	more.	
Since	1879,	when	 it	was	 invented	 by	 Thomas	 Edison,	 until	 1930’s,	 there	 was	 not	 other	
equipment	 to	 indoor	lighting	design	(Brandão;	Soares;	Aranha;	2013).	

They	 offered	 almost	 the	 same	 CRI	 and	 CCT.	 Their	 bulb	 shapes	 were	 almost	 the	
same	 as	 well	 as	 their	 solid	 angle,	 having	 very	 similar	 candela.	 The	 only	 significant	
difference	 on	 form	 was	 the	 transparent	 bulb	 and	 the	 milky	 bulb.	The	frosted	glass	was	a	
resource	 to	diffuse	 the	 luminous	 flux	and	 reduce	 the	 obfuscation	 of	 users	 that	 were	 not	
accustomed	to	the	 luminous	 intensity	of	electric	 light.	 There	were	not	much	difference	 in	
the	 photometric	 units	 to	 visual	 comfort,	 besides	 the	 information	 about	 luminous	 flux	
that	 could	be	 indicated,	in	that	case,	by	the	energetic	flux.	

On	 that	 time,	 that	 was	 really	 the	 most	 important	 information.	 There	 was	 not	 the	
preoccupation	 with	 environment	 neither	 with	 carbon	 emissions,	 like	 today,	 but	 the	
power	 of	 the	 lamps	 was	 very	 important	 to	 the	 electric	 system	 installation	 and	 to	 the	
monetary	 cost	of	 the	 lighting,	which	always	was	high	 (Brandão;	Bressane;	Carneiro;	Vieira;	
2015).	

The	 population	 learned	 to	 make	 the	 choice	 of	 their	 equipments	 by	 the	 power	 of	
the	 light	 source	 (watts)	 and	 this	 was	 the	 only	 information	 in	 the	 lamps	 packing.	 It	
was	 a	 simple	 relationship	 between	 offer	 and	 demand.	 Therefore,	 the	 lighting	 designer	
could	 access	 the	 necessary	 information	 to	 the	 visual	 comfort	 with	 the	 fabricants,	 but,	
normally,	the	lay	people	could	not.	
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The	 visual	 comfort	 science,	 with	 the	 interest	 in	 decrease	 the	 monetary	 cost	 of	
electric	 lighting	 system	 and	 the	 growing	 demand	 for	 reduce	 the	 energy	consumption	
through	 a	 sustainable	 development,	 boosted	 researches	 about	 other	 lamps	 and,	
nowadays,	 there	 is	 a	 lot	 of	 equipments	 that	 people	 can	 have	 access.	 However,	 the	
lamps	 packing	 still	 show	 the	 same	information	with	few	changes.	

The	information	available	in	the	lamps	packaging:	the	case	of	Brazil	

In	 Brazil,	 the	 information	 available	 in	 the	 lamps	 packing	 is	 not	 always	 the	 same.	
There	 are	 lamp	 fabricant	 that	 put	 at	 the	 packing	 only	 some	 of	 the	 photometric	 units		
listed	above	and	each	one	put	them	how	they	want,	according	marketing	concept.	

The	 incandescent	 lamp	packing	normally	 shows	 its	power	and	voltage.	A	 packing	 of	
energy	 saving	 lamp	 already	 shows	 more	 frequently	 its	 power	 and	 the	 power	 that	 an	
incandescent	 should	use	 to	offer	 the	 same	 luminous	 flux.	 Those	 are	 the	 information	 that	
is	 showed	 more	 frequently	 at	 majority	 of	 packaging	and	are	according	to	the	sustainable	
development	 politics	 of	 the	 government	 that	 includes,	 also,	 the	 end	 of	 some	 light	
sources	 (Brandão;	Bressane;	Rocha;2014).	

Since	 2001,	 the	 use	 of	 incandescent	 lamps	 of	 100watts	 is	 restricted.	 This	 kind	 of	
source	 cannot	be	 fabricated	anymore	and,	now,	 it	only	 can	be	 sold	 if	 it	already	has	been	
distributed	on	the	market1.	

The	 fabricants	 of	 light	 source	 emphasize	 the	 correlation	 data	 on	 the	 packaging	
to	 encourage	 the	 replacement	of	 incandescent	 lamps	with	 energy	saving	lamps,	according	
to	 that	politics.	The	 lamps	packing	highlights	 how	 much	 electric	 energy	 is	 saved	 by	 the	
light	 source,	 which	 means	 less	carbon	emissions.	
	

	
Figure	1.	an	example	of	energy	saving	lamp	packing	

																																																													
1	Law	10,334	 of	 December	 19,	 2001.	 Brazil,	 Federal	 Government:	 provides	 for	 the	 obligation	 to	manufacture	 and	 commercialize	
incandescent	lamps	for	use	in	voltages	equal	to	or	greater	than	the	rated	voltage	of	the	distribution	 network,	and	makes	other	provisions.	

Selo Procel 

Photometric units not 
highlighted in the packing 
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However,	 if	 the	 purpose	 is	 enable	 the	 replacement	 of	 incandescent	 lamps	 with	
energy	 saving	 lamps	 it	 is	 necessary	 much	 more	 information	 at	 packing,	 at	 least,	 the	
photometric	 units	 listed	 above	 at	 this	 paper.	 Information	 important	 not	 only	 to	
replacement	 of	 any	 light	 source,	 but,	 also,	 to	 the	 choice	 of	 lamps	 according	 to	 visual	
comfort	requirements.	

Sometimes,	 many	 important	 photometric	 units	 are	 informed,	 but	 not	 necessarily	
they	 are	 highlights.	 The	 letters	 could	 be	 so	 little	 that	 not	 communicate	any	importance	
and	may	go	unnoticed	by	the	consumer	(Fig.1).	

There	 are	 packaging	 that	 show	 clearly	 a	 lot	 of	 photometric	 units.	 Almost	 all	 those	
listed	 in	 this	 paper	 as	 necessary	 information	 to	 the	 visual	 comfort	 (Fig.2).	However,	 it	 is	
an	option	of	 the	 fabricant	 and	not	 an	 action	 fruit	 of	 a	 regulation,	which	would	commit	all	
the	others	fabricants	to	go	the	same	way.	
	

	
Figure	2.	Examples	of	energy	saving	lamp	packing	that	not	only	emphasize	the	correlation	 data	to	the	

replacement	of	lamps,	but	also	show,	with	same	highlight,	almost	all	photometric	 units	listed	in	this	paper	(only	
luminous	Intensity	–	Cd	–	is	not	informed)	

	
The	 Inmetro	 -	 National	 Institute	 of	 Metrology,	 Quality	 and	 Technology,	 is	 the	

Brazilian	 federal	 autarchy	 that	 has,	 among	 its	 competences	 and	 attributions,	 the	 duty	
of	 develop	 of	 conformity	 assessment	 programs	 in	 the	 areas	 of	 products,	 mandatory	 or	
voluntary,	 which	 involve	 the	 approval	 of	 regulations.	As	well	as	to	plan	and	carry	out	the	
activities	of	accreditation	of	certification	bodies.	

Therefore,	 Inmetro	 is	 responsible	 for	 development	 and	 coordinated	 the	 regulations	
of	information	on	lamps	packing	that	are	sold	in	Brazil,	fabricated	 or	not	in	the	country.	

The	 research	 that	 bases	 this	work	 identified	 some	 regulations	 approved	 by	 Inmetro	
about	 mandatory	 information	 that	 lamps	 packing	 must	 shows.	 However,	 until	 the	
present	 moment,	 those	 regulations	 do	 not	 contemplate	 the	 obligation	 to	 inform	 all	 the	
units	 listed	 here	 as	 essential	 for	 lighting	 with	 visual	 comfort.	 Usually	 they	 refer	 to	
power	 and	 voltage,	 which	 indicates	 a	 greater	concern	with	electrical	installation	than	with	
visual	comfort.	

Another	 reference	 is	 in	 relation	 to	 the	 presence	 mandatory	 of	 the	 PROCEL	 seal	 of	
energy	efficiency,	when	this	certification	is	requested	by	the	 fabricant.	

This	 Brazilian	 certification	 evaluates	 the	 luminous	 efficiency	 of	 the	 equipment,	
photometric	 unit	 that	 usually	 is	 showed	 on	 the	 packaging	 of	 energy	 saving	 lamps,	
but	 that	 is	 guarantee	 only	 when	 the	 fabricant	 asks,	 voluntarily,	for	the	certification.	
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From	 the	 fabricant	 request,	 the	 Inmetro,	 which	 coordinates	 the	 National	 Labeling	
Program	 (PBE),	 in	 partnership	 with	 PROCEL	 -	 The	 Eletrobrás	 National	 Electric	 Energy	
Conservation	Program,	created	 in	1984,	analyze	the	product.	 In	 this	 case,	 the	 Procel	 seal	
is	 required	 to	 be	 presented	 on	 the	 packaging,	 though	 the	 classification	 obtained,	
guaranteeing	 the	 information	 that	 the	 fabricant	shows	(FIG.	2	e	3).	

Those	 are	 the	 existent	 regulations	 that	 contemplate	 photometric	 units.	 Besides	
that,	the	fabricants	can	show	what	they	want	about	this	topic	and	as	 they	want.	

Final	considerations	

Important	 information	 to	 visual	 comfort	 cannot	 be	 covered	 at	 lamps	 packing.	
They	 must	 be	 showed	 and	 highlighted	 in	 order	 to	 possibility	 the	 information	access	by	
the	consumers.	This	would	help	the	correctly	choice	to	 an	efficient	lighting	and	not	only	to	a	
energetic	efficient	lighting.	

The	 people	 must	 easily	 access	 the	 necessary	 information	 to	 make	 their	 choice,	
meeting	 visual	 comfort.	 This	 change	will	 not	 guarantee	 a	 good	 use	 of	 the	 artificial	 light	
indoor,	 but	will	 promote	 best	 results	 to	 sustainable	 lighting	 design.	

Highlight	only	the	luminous	efficiency	of	the	light	source	can	mislead	the	 consumers.	
They	 could	 not	 have	 their	 expectation	 attended	 and	 this	 could	 lead	to	a	bad	 impression	
of	the	light	source,	creating	a	false	idea	that	could	compromise	its	use.	

In	 Brazil,	 it	 seems	 to	 be	 a	 contradiction.	 This	may	 compromise	 the	 replacement	 of	
incandescent	 lamps	 with	 energy	 saving	 lamps,	 not	 meeting	 the	 government	 sustainable	
politics.	

Together	 with	 the	 access	 of	 information,	 it	 should	 be	 necessary	 educate	 the	
population	about	 the	meanings	of	photometric	units	showed	 in	 the	 lamps	 packing.	 In	 the	
past,	 the	 people	 did	 not	 know	 anything	 about	 electric	 lighting	 system.	 They	 were	
educated,	 having	 access	 to	 information	 and	 the	 equipment	announcements	were	used	for	
this	purpose	as	well.	

Nowadays,	 when	 there	 are	 much	 more	 light	 sources	 with	 many	 variations,	 the	
same	 thing	must	 be	 done.	 The	 existence	 of	 photometric	 units	 highlighted	 in	 the	 packing	
also	can	be	seen	as	a	way	to	this	education.	The	 people	will	want	to	know	their	meanings	
and	the	fabricants	will	explain	that	at	their	announcements.	

In	 that	 way,	 it	 is	 important	 regulations	 that	 contemplate	 parameters	 of	 how	
information	 should	 be	 available	 on	 the	 lamps	 packaging	 and	 the	 obligation	 to	 inform,	
besides	 power	 (w-watts)	 and	 luminous	 efficiency	 (lm/w),	 others	 essential	 photometric	
units	 for	 visual	 comfort,	 as:	 CRI	 –	 color	 rendering	 index	 (RA);	 CCT	 –	 correlated	 color	
temperature	 (K-Kelvin);	 luminous	 flux	 (Lm-	 lumen);	 luminous	intensity	(Cd	-	candela);	solid	
angle	(Sr).	
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Abstract:	Our	University	of	Idaho	campus	has	presented	us	with	two	new	buildings,	completed	in	fall	2017,	and	
designed	by	prominent	architects,	each	with	the	goal	to	integrate	daylighting	and	LED	lighting	schemes—the	
first	projects	on	our	campus	to	attempt	this	integration,	and	thus	an	excellent	opportunity	for	a	lighting	seminar	
class	 to	 investigate	 and	 critique	 the	 systems.	 The	 two	 buildings	 present	 similarities	 and	 contrasts	 in	 goals,	
approaches,	and	successes	to	the	students.	Five	teams	of	students	were	formed	to	examine	specific	areas	of	the	
buildings.	They	have	documented	the	lighting	conditions,	interviewed	users	of	the	spaces,	made	physical	and	
digital	 lighting	models,	and	suggested	and	modeled	changes	 that	could	 improve	 the	 integrated	systems	and	
benefit	the	productivity	of	the	users	of	the	spaces.	The	university	facilities	team	is	cooperating	with	the	class	
and	is	interested	in	the	students’	findings.		

Keywords:	Post-Occupancy	Evaluation,	daylighting	controls,	LED	lighting,	

Introduction	

The	first	new	building	by	NBBJ	Architects,	the	Integrated	Research	Innovation	Center	(IRIC)	is	
targeted	for	attaining	LEED	Gold	certification.	The	university	magazine	claims,	“It’s	bright	and	
open,	with	daylight	streaming	in	from	all	angles	in	common	areas,	offices,	and	laboratories.	
Glass-walled	conference	rooms	 line	 IRIC’s	 three-story	atrium,	which	overlooks	the	campus	
mall	and	includes	an	enormous	door	that	can	open	the	lobby	to	the	outside	pavilion	on	nice	
days.”	(Roberts,	2016)	IRIC	features	three	floors	of	daylighted	labs	with	north-facing	windows	
and	more	public	spaces	daylighted	with	south-	and	west-facing	apertures.	The	north	windows	
are	minimally	shaded,	while	the	south	and	west	windows	are	shaded	with	external	perforated	
aluminum	 panels.	 The	 LED	 lighting	 scheme	 employs	 an	 nLight	 networked	 digital	 lighting	
control	system	“that	provides	both	energy	savings	and	increased	user	configurability	by	cost	
effectively	integrating	time-based,	daylight-based,	sensor-based,	and	manual	lighting	control	
schemes.”	 (nLight	web	 site)	 The	 bank	 of	 lamps	 closest	 to	 the	windows	on	 each	 façade	 is	
controlled	by	daylight	sensors.	

The	second	building	by	the	Miller	Hull	Partnership,	the	Education	Building	(Ed	Building),	
while	not	strictly	a	new	building,	was	totally	gutted	and	redesigned	from	building	enclosure	
to	floor	plan.	The	university	magazine	reports,	“The	building	is	LEED	certified	by	U.	S.	Green	
Building	Council	to	increase	efficiency	and	sustainability.	Natural	light	penetrates	all	spaces.”	
(Stormo,	 2016)	 This	 L-shaped	 building	 features	 90%	 glazed	 curtain	 walls	 that	 face	 all	
orientations.	There	 is	no	external	shading	scheme	for	any	of	the	apertures	and	only	a	few	
feature	interior	blinds.	The	lighting	zoning	in	the	building	seems	almost	random	with	different	
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uses	adjacent	to	windows	on	each	floor	and	each	orientation.	Nonetheless,	the	bank	of	LED	
lamps	that	is	closest	to	the	windows	on	each	façade	is	dimmed	by	daylight	sensors	(also	an	
nLight	system).	

IRIC	Analysis	

Overview	of	the	IRIC	project	

As	 a	 LEED	 Gold	 Certified	 building,	 the	 expectations	 for	 a	 fully	 integrated	 design	 with	 a	
successful	program	were	high.	Overall,	IRIC	was	designed	with	a	focus	on	space	to	develop	an	
interdisciplinary	culture.	The	lighting	situations	that	occur	throughout	the	building	can	either	
help	make	these	spaces	successful,	or	lead	to	their	failure.	Throughout	the	fall	semester	of	
2016,	the	architecture	students	have	found	that	the	 IRIC	 is	 technologically	advanced	 in	 its	
lighting	schemes.	However,	even	though	the	building	is	cutting-edge	in	its	lighting	technology,	
parts	of	the	design	have	shown	failure	in	responding	to	specific	situations.	Throughout	our	
research	and	analysis,	we	visited	the	building	and	used	physical	and	digital	models	to	explore	
the	successes	and	failures	of	the	lighting	schemes	in	two	important	sections	of	the	building.	
Examining	the	north	laboratory	spaces,	as	well	as	the	three-story	atrium,	we	were	able	collect	
and	document	lighting	data	and	imagery.		

	

	
Figure	1.	Level	1	floor	plan	of	the	IRIC.	The	3	floors	of	labs	are	identical	and	the	atrium	occupies	3	stories	of	the	

southwest	corner.	
	

Fall	term	findings		

The	 labs	on	north	 side	of	 the	building	 face	 a	brick	building,	which	 is	 about	80	 feet	 away.	
Almost	 no	 sunlight	 penetrates	 into	 these	 labs.	 What’s	 more,	 adequate	 daylight	 cannot	
penetrate	deeply	 into	these	40-foot	deep	rooms.	The	study	model	and	the	on-site	photos	
showed	us	the	relative	darkness	of	the	south	wall,	far	from	the	windows.	The	second	issue	in	
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the	 labs	are	the	small	rooms	within	that	have	no	apertures.	Based	on	these	problems,	we	
added	light	shelves	on	the	exterior	walls	and	added	clerestory	windows	to	the	interior	 lab	
rooms.	 Figure	 2	 below	 shows	 the	 improved	 light	 distribution	 in	 the	 space	 is	 after	 our	
interventions.	

	

	
Figure	2.	Before	and	after	photos	of	the	physical	model.	

	
For	the	atrium,	an	exterior	layer	of	perforated	aluminum	panels	on	the	south	facade	

reduces	direct	sunlight	into	the	building.	While	these	panels	are	effective	shading	devices,	the	
spacing	 of	 the	 rather	 large	 perforations	 obstructs	 views	 to	 the	 exterior.	 Meanwhile,	 the	
atrium	entrance	gets	direct	sunlight	during	the	very	late	afternoon	because	the	3-story	west-
facing	curtain	wall	 is	virtually	unshaded.	Consequently,	there	is	glare	and	direct	sunlight	in	
the	space	causing	visual	and	thermal	discomfort	to	people	in	the	building.	

Based	 on	 these	 issues,	 we	 proposed	 two	 solutions.	 First	 is	 reducing	 the	 exterior	
perforation	diameter	from	1.5	inches	to	1/4	inches	without	changing	the	shading	percentage	
to	improve	view	through	the	perf.	The	second	change	was	to	add	a	double	glass	wall	with	an	
operable	louver	system	on	the	west	façade	and	to	extend	the	perf	to	the	upper	west	façade	
to	improve	afternoon	performance,	avoiding	glare	and	direct	sun.	

	

	
Figure	3.	Before	and	after	exterior	images	of	SW	corner	of	physical	model.	

	

Spring	term	initiative		

In	order	to	determine	if	the	IRIC	building	has	a	successful	lighting	design,	we	have	developed	
a	focused,	survey-based	post-occupancy	evaluation	of	the	building’s	 lighting	design.	We’re	
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using	a	two-pronged	method	to	gather	user	feedback—1.)	one-on-one	interviews	with	users	
who	are	employed	full-time	at	the	IRIC	(evaluations	of	the	building	from	people	who	spend	a	
lot	of	their	time	in	the	spaces	and	can	provide	in-depth	responses)	and	2.)	an	online	survey	
to	get	a	wider	response	from	a	variety	of	IRIC	users	(to	gather	a	more	diverse	examination	of	
the	building	from	most	of	its	inhabited	spaces).		

The	survey	was	designed	to	provide	information	specific	to	the	respondent’s	location	
within	the	building—keyed	to	a	labeled	floor	plan	so	occupants	can	show	exactly	where	they	
spend	most	of	their	time.	It	has	20	questions,	most	relating	directly	to	lighting.	By	keeping	the	
question	count	low,	we	hope	to	get	accurate,	focused	results.	Too	many	questions	will	result	
in	respondents	losing	enthusiasm.	Questions	unrelated	directly	to	lighting	include	questions	
on	thermal	comfort,	general	appreciation	of	the	building,	and	respondent	use	of	the	building.	
Thermal	 comfort	 is	 important	 to	 understand	 when	 researching	 lighting	 because	 the	 two	
subjects	often	affect	each	other.		

In	our	analysis	the	respondents	are	divided	into	three	groups	by	age:	30	or	under,	31-
50,	and	over	50.	Most	of	the	users	of	the	building	are	graduate	students,	faculty	researchers,	
or	university	staff.	With	the	information	we	receive	from	all	the	users,	we	hope	to	identify	
strengths	 and	weaknesses	 in	 the	 current	 design	 and	 how	 to	 improve	 the	 current	 lighting	
situations.		

Education	Building	Analysis	

Overview	of	the	Education	Building	project	

The	second	of	the	two	buildings,	the	Education	Building	(Ed),	was	a	complete	renovation	from	
top	to	bottom	and	has	conditions	entirely	different	from	the	IRIC.	The	LEED	Certified	building	
was	 reinvented	 to	 enhance	program,	 encourage	 student	 interaction,	 and	 facilitate	 faculty	
function.	As	in	any	building,	both	natural	and	electric	lighting	can	be	either	a	detriment	to	or	
a	reinforcement	of	design	intent.	The	building	has	been	praised	as	a	success	and	our	study	of	
its	 lighting	 is	 to	 determine	 the	 degree	 to	 which	 those	 praises	 ring	 true.	 During	 the	 first	
semester	of	 research	 in	 Fall	 of	 2016,	models	both	physical	 and	digital	were	developed	 to	
evaluate	successes	and	failures.	Photographs	were	also	used	as	a	means	of	documentation	
and	for	the	analysis	of	glare	and	other	issues	with	user	perception.		

Fall	term	findings	

The	first	step	in	the	research	process	involved	an	intense	investigation	of	the	Ed	Building	both	
inside	and	out.	The	L-shaped	building	was	studied	in	three	sections	with	similar	conditions	on	
each	 floor;	 the	 upper	 floors	 of	North-South	wing,	 the	 earth-sheltered	 lower	 floors	 of	 the	
North-South	wing,	and	the	East-West	wing	to	allow	specific	groups	to	make	more	detailed	
examinations	of	the	spaces.	Each	part	has	unique	conditions	for	both	lighting	and	program	
and	 thus	 has	 different	 criteria	 for	 success.	 Documentation	 for	 both	 wings	 involved	
photographs,	sketches,	referencing	building	plans,	physical	and	digital	 lighting	models,	and	
hypothesizing	as	necessary.	
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Figure	4.	Level	1	Floor	Plan	of	the	Education	Building.	The	first	two	floors	of	the	east	facade	are	earth-

sheltered.
	
	

	
Figure	5.	West	facade	of	the	north-south	wing;	exterior	and	interior	views	

	
The	upper	floors	of	the	North-South	Wing	feature	curtain	walls	on	the	East	and	West	

façades	with	classroom	spaces	on	the	East	and	circulation	and	lounge	spaces	on	the	West.	
The	image	on	the	left	(Fig.	5),	taken	in	the	late	afternoon,	shows	the	curtain	wall	on	the	west	
façade	of	the	building	in	full	sun.	Note	the	absence	of	shading	devices	or	internal	blinds,	which	
is	common	to	all	levels.	The	image	on	the	right	(Fig.	5)	shows	the	circulation	and	lounge	spaces	
near	the	west	façade	typical	to	each	floor.	The	latter	image,	taken	during	the	morning	before	
the	 low	 afternoon	 sun	 had	 a	 chance	 to	 penetrate	 the	 space,	 confirms	 the	 light	 sensor-
controlled	lamps	nearest	the	window	are	off	when	daylight	is	adequate.		
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Figure	6.	East-facing	classroom	and	west-facing	hallway;	interior	afternoon	views.	

Afternoon	images	(Fig.	6)	revealed	an	intense	glare	issue	due	to	the	lack	of	any	shading	
device.	 However,	 it	 appears	 to	 be	 a	 rather	 pleasant	 space	 during	 the	morning	 and	 early	
afternoon.	The	East	façade	is	treated	differently	as	it	features	both	exterior	trees	and	interior	
blinds	for	shading	as	well	as	earth-sheltering	of	the	two	lower	floors.	The	images	below	(Fig.	
7) show	a	comparison	between	different	classroom	lighting	conditions,	and	it’s	obvious	that
the	trees	help	to	mitigate	glare	and	direct	gain.	The	images	on	the	left	are	with	the	blinds	up
and	the	interior	lights	on/off,	respectively,	while	the	images	on	the	right	are	with	the	blinds
down.	It	appears	that	the	blinds	aid	in	further	reducing	glare	and	distributing	the	light	more
evenly	 across	 the	 space.	 The	 earth-sheltered	 classrooms	 on	 the	 lower	 floors	 have	 no
apertures	and	receive	only	borrowed	light	from	the	corridor.

Figure	7.	East-facing	classroom	analysis.	

The	initial	study	of	the	building	revealed	that	glare	on	the	west	façade	is	an	issue	in	
the	late	afternoons	and	evenings	while	the	sunlight	from	the	East	is	well-mitigated	by	both	
natural	elements	and	interior	systems.	 In	order	to	gain	a	better	understanding	of	how	the	
daylight	worked	in	both	the	classroom	and	lounge	spaces,	physical	and	digital	models	were	
constructed	for	more	detailed	analysis	of	existing	and	proposed	conditions.	The	images	below	
show	the	initial	daylight	model	with	the	same	conditions	as	the	current	Ed	Building.	The	dark	
floor	and	carpet	inhibit	the	distribution	of	light	so	the	spaces	are	relatively	dark	towards	the	
center	of	the	room.	
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		Figure	8.	Upper	floor	west-facing	corridor/lounge	viewed	toward	south	and	east-facing	classroom	viewed	

toward	west.	
	

The	East-West	Wing	of	the	Education	building	also	has	curtain	walls	on	both	north	and	
south	side.	There	are	offices	and	conference	rooms	on	the	north	side	and	corridors	on	the	
south.	 The	 lighting	 strategy	 for	 this	 wing	 is	 natural	 lighting	 with	 electrical	 lighting.	 Light	
sensors	control	the	electrical	lighting	in	response	to	daylight,	dimming	the	outboard	bank	of	
lights	when	daylight	is	sufficient,	which	works	well	in	the	north-facing	office	space	(Fig.	9)—
the	area	close	to	the	curtain	wall	depends	on	the	natural	lighting	as	the	electric	lighting	is	off.	
The	south-facing	corridor,	however,	suffers	from	too	much	direct	sun	through	the	unshaded	
curtain	wall.	When	in	full	sun	there	is	plenty	of	daylight,	but	only	the	lamps	near	the	windows	
are	dimmed.	

	

Figure	9.	Office	space	with	north-facing	glazing.	
	

Based	on	the	physical	and	digital	models,	the	natural	lighting	problem	for	this	wing	is	
the	area	on	the	south	side	has	too	much	sunlight,	and	the	middle	of	the	floor	plate	doesn’t	
have	enough	natural	light.	We	proposed	to	use	a	light	shelf	to	solve	this	problem	(Fig.	10).	
The	exterior	part	of	the	light	shelf	acts	as	a	shading	device,	which	can	block	some	sunlight	
from	the	south.	Also,	the	light	shelf	reduces	light	levels	near	the	glazing	while	maintaining	
levels	deeper	in	the	space,	thus	providing	a	more	even	distribution	of	light.	

	

	
Figure	10.	Sun	penetration	study	with	light	shelf	on	south	façade—full	sun	in	winter,	full	shade	in	summer.	
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Spring	survey	initial	findings	

An	online/physical	survey	has	been	disseminated	university	wide	to	discover	the	opinions	of	
the	Education	building	users.	Our	survey	is	based	on	one	from	the	UC	Berkeley	Center	for	the	
Built	Environment	(CBE	web),	but	was	retooled	to	focus	on	the	building’s	lighting	and	heating	
characteristics.	The	respondents	 to	 the	survey	are	divided	 into	 four	groups—faculty,	 staff,	
international	students,	and	non-international	students.		

Since	most	digital	respondents	were	not	students,	most	were	in	their	late	30s	or	older,	
we	need	to	collect	more	surveys	from	students	to	better	represent	the	building	users,	so	we	
have	 given	 physical	 versions	 of	 the	 survey	 to	 all-student	 audiences.	 Almost	 all	 of	 the	
respondents	would	make	use	of	 the	window	blinds,	 and	a	 few	 less	would	also	adjust	 the	
thermostat.	Some	would	bring	in	a	portable	fan	or	portable	heater	because	the	building	has	
such	a	wide	range	of	temperature	in	the	spaces	throughout	the	day.	.	

This	building	was	recently	redesigned	and	reoccupied.	Unsurprisingly	everyone	prefers	
the	new	building,	this	could	be	the	new	building	effect	or	the	old	building	was	really	bad.	The	
original	design	had	the	exact	opposite	problem—dimly	daylighted	by	vertical	slot	windows	
(the	 dark	 vertical	 stripes	 in	 Fig	 11)	 between	 vast	 expanses	 of	 concrete	 panels	 [the	 new	
building	was	an	overreaction	to	the	old	building].	Their	preference	for	the	remodeled	building	
was	 most	 commonly	 described	 as	 light,	 open,	 and	 inviting,	 the	 opposite	 of	 the	 original	
building,	which	was	prison-like,	enclosed,	dark,	and	uninviting.	

Figure	11.	Exterior	views	from	the	southwest	before	and	after	the	renovation.	

Conclusion	

The	students	at	Idaho	found	the	integration	of	the	LEDs	and	the	daylighting	to	be	satisfactory	
in	the	two	campus	buildings,	except	the	sophisticated	nLight	control	system	in	which	each	
fixture	can	be	controlled	 individually	was	not	used	to	 its	 full	potential—it	only	adjusts	 the	
bank	of	 lights	near	 the	windows	when	dayighting	 is	 adequate	deeper	 into	 the	 space.	 The	
biggest	problem	they	found	was	lack	of	shading	on	daylight	apertures,	leading	to	thermal	and	
glare	 problems,	 more	 so	 in	 the	 Ed	 Building.	 The	 project	 is	 ongoing	 with	 surveys	 being	
conducted	 and	 university	 facilities	 personnel	 expressing	 interest	 in	 their	 findings	 and	
conclusions.	
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Abstract:	 In	an	era	of	climate	change	and	the	depletion	of	scarce	resources,	daylight	harvesting	can	play	an	
important	role	in	the	energy	performance	of	buildings.	Whilst	there	is	strong	evidence	of	the	energetic	benefits	
of	utilising	natural	light	in	buildings	to	reduce	lighting	loads	there	is	now	also	growing	interest	on	the	impact	of	
daylight	on	the	health	and	well-being	of	the	occupants.		Good	daylight	design	is	therefore	imperative	to	ensure	
good	 visual	 acuity,	 comfort	 and	 performance	 of	 occupants	 as	well	 as	 contributing	 towards	 energy	 efficient	
buildings	and	sustainable	cities.	As	a	part	of	this	dialogue,	new	metrics	and	tools	have	recently	been	developed	
related	to	daylight,	and	its	interaction	with	people,	buildings	and	cities.	However,	daylighting	cannot	be	seen	in	
isolation.	A	good	indoor	environment	will	also	need	to	be	successful	in	terms	of	thermal	and	other	aspects.	If	a	
space	is	overheating	people	may	rate	the	visual	environment	poorly	because	they	are	uncomfortable.	Quality	
daylight	design,	that	reduces	glare,	provides	useful	diffuse	light	with	a	view	outside	have	been	shown	to	improve	
the	occupants’	satisfaction,	mood	and	productivity.	An	integrated	approach	is	therefore	needed	and	more	field	
studies	are	needed	to	validate	assumptions.	This	paper	presents	real	data	collected	under	the	SCATS	project.	
Ultimately	a	well	daylit	space	achieves	higher	satisfaction	rates.	It	will	also	prevent	occupants	taking	action	to	
restore	comfortable	conditions	e.g.	by	opening	windows	or	switching	on	lights	which	can	avoid	unnecessary	use	
of	energy	in	buildings.	This	paper	attempts	to	draw	insights	into	this	debate.	
	
Keywords:	Visual	comfort,	adaptive	comfort,	integrated	design	

Introduction		

Ultimately	buildings	are	shelters.	People	are	the	direct	beneficiaries	from	good	design	but	can	
also	actively	intervene	in	uncomfortable	spaces	to	restore	comfort.	Active	behaviour	can	have	
an	impact	in	the	performance	of	the	building.	Blinds	are	putdown	to	avoid	glare,	windows	are	
opened	to	dissipate	heat	and	improve	indoor	air	quality	and	lights	are	switched	on	to	improve	
visual	acuity.	Despite	technological	developments	on	the	luminous	efficacy	of	lamps,	better	
design	 of	 luminaires,	 and	 EU	 directives	 to	 phase	 out	 less	 energy	 efficient	 lamps	 (e.g.	
incandescent),	 electric	 lighting	 is	 still	 responsible	 for	 19%	 of	 the	 total	 global	 electricity	
consumption.	This	accounts	for	1.9	Gt	of	CO2/year,	according	to	figures	from	OECD	from	2005	
(IEA,	2006).	Reducing	lighting	energy	consumption	by	raising	the	energy	efficiency	is	thus	a	
major	 route	 towards	 reduction	 of	 CO2	 and	 to	minimising	 the	 dependence	 on	 fossil	 fuels.	
Whilst	building	regulations	are	imposing	more	airtight	buildings	with	high	standards	of	Fabric	
Energy	 Efficiency,	 more	 efficient	 lighting	 and	 active	 systems,	 minimal	 effort	 is	 put	 into	
improving	 daylight	 and	 taking	 advantage	 of	 this	 free	 and	 non-polluting	 resource	 (Part	 L,	
2013).	In	fact,	the	replacement	of	single	glazing	with	higher	thermal	performance	double	or	
triple	 glazing,	 without	 increasing	 the	 window	 area,	 and	 the	 adoption	 of	 thicker	 window	
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frames	is	significantly	reducing	daylight	availability	to	spaces.	As	the	cost	of	a	glazing	unit	is	
higher	than	the	equivalent	opaque	envelope,	the	latter	solutions	are	more	procured.	Deeper	
room	 and	 low	 ceiling	 heights	 can	 also	 compromise	 light	 distribution	 in	 buildings.	 This	 is	
further	aggravated	in	dense	cities	where	space	is	at	a	premium.	

SCATS	database	

A	well-known	database	 developed	under	 a	 European	Commission	 under	 the	Non-Nuclear	
Energy	Programme	Joule-III	still	provides	a	good	reference	for	the	analyses	presented	in	this	
paper.	Around	850	subjects	yielded	4,655	sets	of	comfort	votes	and	environmental	readings	
over	the	12	months	of	surveys	in	the	following	locations:	Lyon,	France;	Athens,	Greece;	Lisbon	
and	Porto,	Portugal;	Gothenburg	and	Malmo,	Sweden;	London,	England.	Longitudinal	surveys	
also	recorded	their	thermal	comfort	vote	and	thermal	preference,	their	clothing,	activity	and	
their	use	of	controls	up	to	4	times	a	day.	A	background	survey	was	also	conducted	to	deal	
with	 the	 attitude	of	 the	 subjects	 to	 the	building,	 its	 controls	 and	 speed	of	 reaction,	 their	
judgement	of	what	was	important	and	other	details	of	such	things	as	their	health	and	so	on.	
Some	40%	(352)	of	the	subjects	returned	completed	questionnaires. 
Table	1.	Question	associated	with	lighting	in	the	survey.	Note	the	seven	Bedford	adapted	scale	points	adopted	

for	the	assessment	of	the	visual	scale	and	the	preference	scale	with	five	points.		
How	do	you	feel	about	
the	lighting	level	at	your	
work	area	at	this	time?	

LF	 Very	
bright	

Bright	 Slightly	
bright	

Neither	
bright	nor	
dim	

Slightly	
dim	

Dim	 Very	
dim	

I	would	prefer	my	work	
area	to	be	

LP	 Much	
dimmer	

A	bit	
dimmer	

No	
change	

A	bit	
brighter	

Much	
brighter	

-	 -	

Data	collected	and	other	metrics	

Indoor	horizontal	working	plane	Illuminance	data	collected	under	the	SCATS	project	(1998)	
was	complemented	with	global	external	illuminance	readings	retrieved	form	the	Satel-Light	
database	(1998).		Details	of	the	reliability	of	this	data	is	detailed	in	Nicol	(2006).	

Recent	 developments	 of	 digital	 cameras	 technologies	 and	 research	 on	 different	
positions	of	the	sensor	for	visual	assessment	of	the	environment	has	opened	the	possibility	
of	adopting	different	methods	to	quantify	the	luminous	environment	and	visual	comfort.	

Wymelenberg	and	Inanici	(2014,	2016)	made	a	survey	in	an	office	space	where	several	
luminance	maps	(obtained	with	HDR	imaging),	glare	and	illuminance	metrics	were	measured.	
Although	the	vertical	illuminance	at	the	screen	presented	the	highest	correlations	to	several	
questions	posed	to	the	occupants	the	authors	acknowledge	the	measurement	of	the	working	
plane	illuminance	is	still	widely	used	for	the	simplicity	and	ease	of	measuring.		

Criteria	to	assess	light	and	thermal	comfort	as	an	integrated	approach	can	be	used	by	
designers	 to	 promoting	 good	 design	 and	 lead	 to	 healthy	 buildings	 that	 are	more	 energy	
efficient.	Likewise,	good	daylight	design	is	imperative	to	ensure	good	visual	acuity,	comfort	
and	performance	of	occupants	as	well	as	contributing	towards	energy	efficient	buildings	and	
sustainable	cities.	As	a	part	of	this	dialogue,	new	metrics	and	tools	related	to	daylight	and	its	
interaction	with	people,	buildings	and	cities	have	recently	been	developed.	However,	there	
is	 still	 no	 consensus	 on	 an	 ideal	 metric,	 with	 Climate	 Daylight	 Based	 Modelling	 (CDBM)	
approaches	 still	 working	 hand	 in	 hand	 with	 the	 old	 Daylight	 Factor	 (or	 Average	 Daylight	
Factor)	method	(Mardaljevic,	2015,	Reinhart,	2015,	Tregenza,	2014).	CDBM	is	the	prediction	
of	 various	 radiant	 or	 luminous	 quantities	 (e.g.	 irradiance,	 illuminance,	 radiance	 and	
luminance)	 using	 sun	 and	 sky	 conditions	 that	 are	 derived	 from	 standardised	 annual	
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meteorological	 datasets	 (Mardaljevic,	 2009).	 CDBM	 is	 calculated	 with	 simulations	 as	 it	 is	
difficult	to	record	this	metric	in	a	real	building.		

Mardaljevic	et	al	 (2009)	 review	the	present	metrics	and	suggested	a	scenario	where	
criteria	should	be	applicable	for	both	computer	simulations	and	real	measurements.	Further	
discussions	 highlight	 the	 difficulties	 in	 establishing	 criteria	 for	 both	 daylight	 analysis	 and	
energy	 consumption	 in	 a	 building.	 Daylighting	 cannot	 be	 seen	 in	 isolation.	 An	 integrated	
approach	is	therefore	needed.	Further	issues	involve	the	Performance	gap	between	the	real	
data	 and	 simulated	 (ZCH,	 2012).	 More	 real	 data	 to	 validate	 the	 results	 achieved	 with	
recognised	software	is	still	needed.	

Computer	 developments	 have	 also	 boosted	 the	 development	 of	 tools	 that	 aim	 to	
accurately	predict	real	scenarios.	Reinhart	(2006)	presented	the	results	of	an	online	survey	
across	 designers	 and	 consultants	 on	 the	 use	 of	 software	 tool	 for	 daylight	 design	 and	
concluded	that	most	of	the	subjects	are	utilising	the	tool	for	design	stage,	whilst	highlighting	
the	limited	support	for	solving	day	to	day	problems.	However,	there	is	a	need	for	more	holistic	
performance	indicators	and	design	selection	procedures	to	judge	the	quality	and	quantity	of	
daylight	in	a	building	and	well	as	allowing	for	an	index	for	the	non-visual	effects	of	light.		

Heschong	(2012)	presents	substantiated	research	to	justify	the	need	for	a	new	metric	
for	daylight	 analyses.	 Spatial	Daylight	Autonomy,	 sDA,	 is	described	as	 the	proportion	of	 a	
space	that	is	fully	illuminated	by	daylight	for	a	certain	portion	of	the	year.	This	new	metric	is	
expected	to	be	adopted	in	standards	and	applied	to	building	design.	The	report	builds	upon	
the	promotion	of	daylight	to	increase	occupant’s	comfort	and	satisfaction	with	the	space	and	
to	 reduce	 electric	 lighting	 which	 can	 lead	 to	 significant	 energy	 savings.	 The	 programme	
included	questionnaires	to	occupants	and	surveys	by	light	experts	to	a	selection	of	buildings	
and	modelling	some	with	a	variety	of	metrics	to	derive	a	good	prediction	of	the	occupant	and	
expert	 surveys.	Although	 the	300lx	 threshold	was	 considered	 the	best	predictor,	 the	 final	
format	sDA300/50	indicated	the	percentage	of	the	area	in	the	space	that	meets	or	exceeds	the	
300lx	illumination	for	50%	of	the	year.	A	second	metric	was	at	that	time	under	development:	
Annual	 Sun	 Exposure,	 aSE,	 that	 describes	 the	maximum	 exposure	 risk	 to	 sunlight	 that	 is	
acceptable	 in	 a	 daylit	 space.	 The	metric	 sSE	measures	 the	 percentage	 of	 floor	 area	 that	
receives	at	least	1000	lux	for	at	least	250	occupied	hours	per	year,	along	with	sDA	have	been	
adopted	by	LEED	v4	(USGBC,	2017)	

Literature	 review	 by	 Boyce	 et	 al	 (2003)	 considers	 the	 impact	 of	 daylight	 on	 human	
performance,	on	his	productivity,	health	and	financial	opportunity.	Windows	are	favoured	to	
get	 information	 from	 the	 outside	 and	 have	 been	 recognised	 to	 improve	 patient	 recovery	
speed,	provided	it	is	not	a	source	of	thermal	or	visual	discomfort	(glare).	Good	light	levels	that	
allow	the	performance	of	the	task	without	difficulty	can	reduce	eye	strain.	

Likewise,	there	is	an	acceptable	idea	that	a	well	daylit	space	provides	higher	levels	of	
satisfaction	and	can	increase	health,	wellbeing	and	productivity	of	the	occupants,	therefore	
reducing	costs	associated	with	staff	and	having	a	significant	financial	 impact	 in	a	company	
(Pniewska,	2013;	Veitch	et	al,	2005,	2008;	WGBC,	2014).		

Borisuit,	(2015)	field	studies	suggested	a	higher	satisfaction	for	spaces	lit	with	daylight	
versus	artificial	light	alone.	Besides	the	view	through	the	window,	this	preference	may	also	
be	associated	with	non-visual	effects	such	as	mood,	alertness	and	well-being.	Some	variation	
was	also	reported	at	different	times	of	the	day.	This	is	also	found	in	glare	surveys	done	by	
Kent	(2015).	Aries	(2010)	also	confirmed	that	window	view,	quality	and	content	is	preferred	
by	building	occupants	because	it	reduces	discomfort.	A	seasonal	correlation	with	sleep	quality	
at	 home	was	 also	 found.	 However,	 some	 other	 factors	 such	 as	 window	 distance	 did	 not	
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significantly	affect	discomfort	and	a	negative	relationship	was	reported	on	the	impression	of	
the	office	environment	and	discomfort.	

	Other	research	has	highlighted	possible	positive	and	negative	 issues	of	artificial	and	
daylight	to	the	health	and	well-being	of	the	occupants.	Visual	(eg.	glare)	and	non-visual	effects	
(e.g.	impact	on	the	circadian	rhythm)	and	impact	on	illness	such	as	dementia	or	depression.	
Conversely	access	to	daylight,	the	constant	variety	and	stimulation,	a	view	outside,	preferably	
a	 nice	 view,	 reduce	 stress	 and	 increase	 productivity,	 though	 this	 effect	 could	 not	 be	
exclusively	 related	 to	 daylight	 (Ticleanu	 et	 al,	 2015,	 Aries,	 2015).	 Edwards	 and	 Torcellini	
(2002)	further	discuss	the	importance	of	natural	light	to	the	occupants.		

Andersen	 et	 al	 (2012)	 and	Mardaljevic	 (2014)	 set	 up	 the	 framework	 for	 non-visual	
effects	and	the	impact	on	circadian	system	of	daylight	studies.	The	background	is	based	on	
ongoing	research	of	photobiology	model	where	the	simulation	model	utilises	an	adaptation	
of	the	CDBM	to	assess	the	eye	vertical	illuminance.	Currently	it	has	some	limitations,	namely	
assessment	of	a	static	instance	but	it	lays	the	foundations	for	future	development.	

Limitations	to	this	study	

The	 SCATS	project	 involved	 the	 development	 of	 the	 instrumentation	 used	 in	 the	 surveys.	
Horizontal	 desk	 illuminance	 was	 adopted	 for	 ease	 of	 measurement	 and	 affordability	 of	
equipment	as	well	as	references	to	illuminating	guidelines	and	rules	of	thumb.	Advancements	
in	 technologies,	 on	 High	 Dynamic	 Range	 imaging,	 HDR,	 allow	 capturing	 a	 visual	 scene	 in	
photometric	data	(e.g.	 luminance	maps).	Also,	recent	research	into	non-visual	receptors	in	
the	eye,	glare	analysis	that	suggest	taking	readings	at	different	positions	(e.g.	illuminance	at	
the	eye)	were	not	pursued	at	the	time	of	this	survey.		

The	data-loggers’	voltage	has	a	maximum	conversion	range	to	2500lx.	This	makes	all	
readings	above	this	threshold	flat.	This	limits	the	ability	to	analyse	potential	problems	of	glare	
and	 possible	 correlations	 with	 overheating.	 It	 further	 prevents	 the	 assessment	 of	 a	 top	
threshold	 as	 suggested	 in	 the	 metric	 Useful	 Daylight	 Illuminance,	 UDI	 (Nabil,	 2006;	
Mardaljevic,	2015).		

The	Global	horizontal	illuminance	for	the	periods	of	measurements	were	retrieved	from	
Satel	Light	image	database.	This	may	still	be	a	recurring	solution	to	use	data	from	weather	
stations	nearby.	In	this	case,	data	was	retrieved	from	satel	images	taken	from	above	and	may	
have	compromised	the	resolution.		

There	 is	 also	 a	 limitation	 that	 there	 is	 no	 consideration	 of	 the	 orientation	 and	
obstructions	 nor	 information	 about	 the	 geometry	 of	 the	 rooms,	 including	 the	 window	
characteristic	and	size.	This	can	affect	the	amount	of	light	being	admitted	to	the	room	and	its	
distribution	thought	the	space.	

Results	

Figure	1	highlights	a	wide	range	of	illuminance	levels	at	which	people	feel	comfortable.	This	
ranges	from	nearly	zero	to	2500lx.	Note	the	limitation	in	the	sensor	resolution	may	well	mean	
this	top	threshold	may	be	even	higher.	It	is	interesting	to	note	that	voting	indications	that	the	
room	 is	 very	bright	 also	occur	 in	 ranges	which	 are	mainly	below	1000lx.	 This	may	be	 the	
situation	where	the	subject	is	experiencing	some	glare	in	his	visual	environment	but	this	is	
not	directly	 recorded	on	 the	 sensor	on	 the	working	plane.	 Figure	2	 shows	an	asymmetric	
distribution	with	a	mean	at	546lx	with	a	standard	deviation	351lx.	This	is	expected	given	the	
lighting	guidelines	that	suggest	an	artificial	lighting	level	between	300	and	500lx	for	general	
offices	(BSI,	2007,	2011).	Light	depreciation	of	luminaires	to	one	end	and	some	artificial	lights	
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on	at	the	other	end	of	the	range	may	have	compromised	the	lighting	levels.	Nevertheless,	the	
relatively	high	number	of	recordings	may	minimise	this	problem.		
	

	
Figure	1.	Visual	Comfort	vote	versus	illuminance	

level	at	the	working	desk	

	
Figure	 2.	 Frequency	 distribution	 of	 illuminance	
measurements	done	at	desk	level	in	all	five	countries	

	
Figure	3	highlight	a	wide	range	of	distributions	for	preferences	of	no	change	of	the	level	

of	illuminance	measured	on	the	desk.	Figure	4	also	shows	the	clear	majority	of	the	preference	
vote	do	not	infer	a	change.		More	people	would	prefer	the	space	to	be	a	bit	brighter	or	much	
brighter	 than	 a	 bit	 dimmer	 and	 much	 dimmer.	 This	 is	 consistent	 with	 the	 asymmetric	
frequency	distribution	leading	towards	the	lower	values	in	figure	2.	
	

	
Figure	3.	Visual	Comfort	preference	addressing	

illuminance	at	working	desk	

	
Figure	4.	Frequency	distribution	of	visual	comfort	

preference	
	

Adaptive	behaviour	

Comfort	is	a	state	of	mind	that	expresses	satisfaction	with	the	environment.	If	this	condition	
is	affected	people	react	to	their	environment	to	restore	a	comfort	state.	This	 is	a	dynamic	
process	which	can	be	exacerbated	given	the	variability	of	 lighting	conditions.	Physiological	
and	 Psychological	 reactions	 may	 occur.	 The	 former	 may	 be	 unconscious,	 e.g.	 the	
dilatation/contraction	of	the	pupil,	the	latter	an	interaction	with	the	building	e.g.	moving	the	
position	 to	 avoid	 a	 direct	 view	 of	 a	 bright	 element.	 Other	 two	major	 actions	 are	 usually	
performed:	switching	the	lights	if	the	occupant	considers	the	room	to	be	dim	or	is	affecting	
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the	performance	of	a	certain	task	(e.g.	reading	a	book);	activating	Blinds	(or	movable	shading	
devices)	so	as	to	avoid	glare.	All	these	interactions	with	the	building	can	have	an	impact	on	
the	occupant’s	satisfaction	with	the	building,	on	the	environmental	variables	or	the	energy	
use	for	heating,	cooling	and	lighting	(Abela,	2016).	It	has	been	demonstrated	that	reversing	
an	action	 to	 the	 initial	 stage	when	 the	uncomfortable	 condition	has	ended	 is	 rarely	done	
(Leaman	and	Bordass,	2001).	For	 lighting	switching	on/off	 it	 is	 therefore	recommended	to	
implement	light	controls	that	can	activate/dim	artificial	light	to	compensate	for	the	variability	
of	light	levels.		
	

	
Figure	5.	Proportion	of	people	taking	an	action	on	Blinds	(a),	opening	the	window	(b)	or	activating	the	lights	(c)	

to	make	their	environment	fit	their	needs.	
	
Overall,	most	of	the	blinds	are	recorded	as	not	activate	and	in	less	than	a	fifth	of	cases	

the	windows	are	kept	open.	But	a	high	proportion	of	the	answers	in	the	survey	indicate	that	
the	lights	are	on.	This	may	be	the	case	of	a	poorly	daylit	environment	and	that	the	subjects	
felt	the	need	to	turn	on	the	artificial	lights	to	complement	low	levels	of	daylight.		

Figure	6	shows	a	clear	preference	for	a	range	of	illuminances	between	500	and	2000lx,	
which	agrees	well	with	the	Useful	UDI	ranges	(Nabil,	2006).	However,	there	is	still	in	the	three	
ranges	2,	3a	and	4	and	indication	that	the	space	is	perceived	as	bright	and	very	bright.	

	

	
Figure	6.	Percentage	of	visual	preference	in	a	range	

of	illuminance	

1	–	illum	<100lx	
2 –	101<	illum	<300	
3	–	301<	illum	<500	
4	–	501<	illum	<	2000	
5 –	2001<	illum	<2500	

	

	
Figure	 7	 shows	 that	 different	 sky	 distributions	 present	 a	 similar	 response	 attitude,	

including	 indications	that	 the	 light	 is	at	both	end	of	 the	scales	 (bright	and	dim).	However,	
there	is	a	clear	indication	that	the	light	is	neither	bright	nor	dim	and	the	clear	sky	distribution	
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has	recorded	most	of	the	preferences	for	a	neutral	scenario.	Figure	7	shows	that	the	most	
frequent	 global	 horizontal	 illuminance	 is	 around	 18000lx	 which	 is	 consistent	 with	 an	
intermediate	and	cloudy	sky	in	most	of	the	locations	recorded.	This	may	explain	the	need	for	
using	the	complement	of	artificial	light	for	a	significant	period.	

Figure	7.	Frequency	of	visual	preference	
according	to	the	Sky	type	

Figure	8.	Frequency	distribution	of	the	assumed	
horizontal	global	illuminance	

Conclusions	

Results	from	this	survey	indicate	a	high	level	of	satisfaction	with	ranges	of	illuminances	from	
200	to	around	the	mean	546lx	and	low	levels	of	dissatisfaction	even	on	high	illuminances	up	
to	2500	lx.	Likewise,	even	in	lower	ranges	below	100lx	there	are	still	votes	for	the	light	to	be	
dimmer.	This	highlights	a	large	capacity	to	adapt	to	a	wide	range	of	illuminances.	
         The	adaptive	opportunities	can	be	unconscious	(retinal	adaptation),	an	interaction	with	
the	 building	 (e.g.	 closing	 blinds,	 switching	 lights	 on)	 or	 in	 a	 more	 proactive	 approach	
changing	the	layout	to	avoid	glare	or	to	move	closer/away	from	the	light	source.	

Research	associated	with	non	visual-effects	of	daylight	seems	to	draw	new	insights	into	
the	 importance	 of	 daylight	 to	well-being	 of	 the	 occupants	 and	 increase	 their	 satisfaction	
with	 the	 environment.	 This	 further	 emphasises	 the	 relevance	 that	 should	 be	 given	 to	
promoting	good	daylight	design,	 in	an	 integrated	approach	with	energy	efficiency	and	the	
reduction	of	buildings	CO2	emissions.	
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Abstract:	The	use	of	underground	spaces	has	been	pointed	out	as	an	alternative	to	the	growing	demand	for	
more	areas	 in	cities	and	the	presence	of	natural	 light	 is	 seen	as	a	strategy	 for	 improving	the	quality	of	such	
buildings.	 Light	pipes	are	one	of	 the	 technologies	 capable	of	 conducting	 light	over	 long	distances.	However,	
they	 require	 local	 studies	 to	check	 the	most	efficient	performance	 in	each	geographical	 location.	This	paper	
aims	to	study	the	performance	of	a	given	light	pipe	combined	with	a	heliostat	device	in	Porto	Alegre,	a	city	in	
south	Brazil.	We	conducted	an	experiment	in	which	scale	models	were	used.	Different	reflexive	materials	were	
tested	and,	as	a	second	step,	light	pipes	combined	with	the	use	of	a	handmade	heliostat	were	verified.	At	the	
end,	rapid	prototyping	tools	where	used	to	build	and	test	an	automatized	heliostat.	Our	results	pointed	to	a	
great	 potential	 for	 using	 these	 technologies	 in	 deep	 environments	 on	 cloudless	 days.	 However,	 in	 overcast	
weather	 their	 efficiency	 drops	 considerably,	 so	 the	 use	 of	 hybrid	 systems	may	 be	 an	 alternative.	Heat	 load	
conduction	and	glaring	caused	by	direct	sunlight	are	some	of	the	main	limitations	of	these	systems	and	must	
be	addressed	in	future	experiments.	
	
Keywords:	Sunlight,	Light	pipe,	Heliostat,	Underground	spaces,	Sustainability,	Low	energy	architecture.	

Introduction	

Applying	 the	 concept	 of	 compact	 cities	 has	 been	 gaining	 strength	 given	 the	 growing	
population	increase	and	the	consequent	demand	for	new	spaces	in	large	urban	centers.	This	
way	 of	 looking	 at	 the	 city	 seeks	 to	 bring	 together	 efforts	 to	 foster	 sustainable	 urban	
development	 and	 the	 efficient	 use	 of	 already	 consolidated	 spaces,	 thereby	 keeping	 them	
from	spreading	out	horizontally	and	preventing	the	high	monetary	and	energy	costs	deriving	
from	that	(Besner,	2002).		In	this	backdrop,	the	use	of	underground	space	has	been	pointed	
out	as	a	strategy	with	great	potential	to	supply	the	demand	for	new	areas	and	new	uses	in	
the	cities.	Such	use	has	been	increasingly	growing	both	worldwide	and	in	Brazil	(Durmisevic,	
1999;	Isocarp	et	al,	2015;	Kaliampakos	et	al,	2016).			

However,	 there	are	studies	 revealing	a	host	of	negative	opinions	by	users	of	below-
surface	 areas.	 Lack	 of	 visual	 contact	 with	 the	 outdoors	 and	 feelings	 such	 as	 insecurity,	
disorientation,	fear	of	a	building	collapse,	claustrophobia,	and	a	sense	of	a	dark,	unhealthy	
environment	are	some	of	the	effects	found	by	these	studies	(Durmisevic	&	Sariyildiz,	2001;	
Kim	&	Kim,	2010;	Isocarp	et	al,	2015).		

Given	 this	 scenario,	natural	 light	 is	brought	 in	as	an	alternative	 to	help	 improve	 the	
experience	 of	 underground	 building	 users	 (Besner,	 2002;	 Kim	 &	 Kim,	 2010).	 In	 a	 study	
conducted	in	the	Brazilian	city	of	Porto	Alegre,	Franz	and	Martau	(2016)	pointed	out	lighting	
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as	 one	 of	 the	 tools	 mentioned	 the	 most	 by	 interviewees	 to	 make	 subterranean	
environments	more	 pleasant.	 Light	 allows	 plants	 to	 live	 in	 such	 areas	 and	 brings	 people	
closer	to	other	natural	elements	capable	of	helping	improve	human	welfare	(Grahn,	1994;	
Grinde	&	Patil,	2009).	Additionally,	daily	exposure	to	natural	light	is	essential	for	sustaining	
human	 life,	 as	 it	 regulates	 a	 series	 of	 biological	 mechanisms	 that	 must	 be	 considered,	
especially	when	it	comes	to	users	that	remain	in	these	environmental	conditions	for	many	
working	hours	(Boubekri,	2014;	Martau,	2009;	Harb	et	al,	2015).		

One	of	the	technologies	capable	of	conducting	light	over	long	distances	comprises	an	
internally	reflective	pipe	that	guides	the	captured	light	into	buildings,	known	as	a	light	pipe	
(Boubekri,	 2014).	 This	 technology	 is	 one	 of	 the	most	 popular	 in	 the	 international	market	
today	and	is	less	complex	to	put	in	place	than	others	(such	as	the	use	of	lenses,	prisms,	and	
optical	 fibers),	 which	 helps	 make	 the	 system	 less	 expensive	 and	 its	 maintenance	 more	
affordable	(Hansen	&	Edmonds,	2015).		

The	 performance	 of	 these	 systems	 depends	 on	 how	many	 times	 the	 ray	 of	 light	 is	
reflected	 until	 it	 reaches	 its	 final	 destination,	 the	 distance	 to	 be	 traveled,	 and	 the	 inner	
diameter	 of	 the	 pipe,	 as	 well	 as	 on	 the	 reflective	 capability	 of	 its	 inner	 lining	 (Boubekri,	
2014).	The	deeper	the	assembly	is,	the	less	efficient,	as	the	number	of	reflections	increases.	
The	 use	 of	 a	 heliostat	 (a	mirror	 that	 follows	 the	motion	 of	 the	 sun)	 is	 recommended	 for	
places	 far	 away	 from	 the	 light	 capturing	 surface,	 as	 it	 has	 shown	 to	 be	 efficient	 for	
enhancing	the	performance	of	these	systems	(Akhadov	et	al,	2014).	

The	 type	 of	 sky	 and	 local	 geographical	 position	 also	 has	 a	 great	 influence	 on	 its	
performance.	That	is	why	local	studies	are	required	to	check	the	advantages	and	limitations	
of	these	technologies	in	each	location	so	that	the	most	suitable	strategy	can	be	chosen	and	
its	viability	ascertained.	Brazil	is	a	country	where	sunlight	abounds.	However,	few	studies	on	
these	 technologies	have	been	carried	out	 in	 the	 country,	 and	 there	are	no	 references	 for	
research	conducted	in	the	city	of	Porto	Alegre,	in	the	extreme	south	of	Brazil,	which	shows	
the	need	for	a	more	in-depth	investigation	about	this	topic.		

It	should	be	noted	that	the	efficiency	of	these	systems	drops	significantly	in	overcast	
weather	(Boubekri,	2014;	Hansen	&	Edmonds,	2003).	Nevertheless,	in	this	case,	the	use	of	
hybrid	 systems	 that	 resort	 to	 electricity	 when	 illuminance	 is	 low	 may	 be	 an	 alternative	
(Mayhoub	&	Carter,	2009).	Porto	Alegre	(latitude	30°	1’	59’’	S,	longitude	51°	13’	48’’	W)	is	a	
city	where	the	sky	is	partially	clouded	for	the	most	part.	Therefore,	at	times	there	is	direct	
sunlight	(clear	sky)	and	diffuse	light	(the	sun	is	covered	by	clouds).	Still,	even	when	the	sky	is	
cloudy,	 this	 type	 of	 technology	 can	 offer	 advantages	 for	 lighting	 up	 future	 underground	
buildings	in	the	city,	such	as	the	subway	project	currently	under	study	(Porto	Alegre,	2016),	
besides	making	 it	possible	 to	 improve	 the	quality	of	areas	already	 in	existence	and	which	
lack	exposure	to	natural	light.	

Objective	

The	 purpose	 of	 this	 study	 is	 to	 check	 the	 performance	 of	 a	 light	 pipe	 system	using	 scale	
models	considering	the	sky	conditions	in	the	city	of	Porto	Alegre.	The	paper	presented	here	
is	 part	 of	 a	Master’s	 research	 project	 currently	 underway	 to	 test	 this	 system’s	 ability	 to	
provide	suitable	illuminance	for	plants	to	survive	in	underground	buildings.		

Method	

This	is	an	experimental	study	carried	out	in	three	steps	using	scale	models.	In	the	first	step,	
we	tested	four	pipes	(30	cm	high	and	5	cm	diameter,	each)	 internally	 lined	using	different	
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materials	 to	determine	the	most	reflective	 input	to	be	used	 in	the	following	phase.	 In	the	
second	 step,	 a	 150	 cm	 high,	 5	 cm	 diameter	 pipe	 was	 fabricated	 to	 simulate	 a	 10-storey	
building	at	a	1/20	scale,	suitable	for	studies	of	this	kind	(Bodart	&	Deneyer,	2006).	The	pipe	
was	 internally	 lined	 using	 the	material	 chosen	 in	 the	 previous	 step,	 and	 its	 top	 end	was	
fitted	with	a	round	mirror	heliostat	(5	cm	diameter),	which	was	made	and	moved	by	hand.	
In	 the	third	step,	we	tested	a	new	heliostat	system	with	a	square	mirror	 (10	cm	x	10	cm)	
modeled	using	specific	software	and	3D	printed.	This	device	was	moved	manually	and	fitted	
to	the	top	end	of	the	pipe	found	to	be	the	most	efficient	in	the	first	step.	To	measure	the	
amount	of	light,	we	used	HOBO	UA-002-64	data	loggers	and	Dr.	Meter	LX	1330B	luxmeters.		

Experiment	step	1:	procedures	for	choosing	the	inner	lining	of	light	pipe	

We	 selected	 the	 three	most	 reflective	materials	 available	 in	 the	 local	 market	 and	 which	
could	be	handled	to	make	the	pipes	in	the	sizes	and	shapes	required:	a	polished	aluminum	
sheet,	 a	 polished	 stainless	 steel	 sheet,	 and	 reflective	window	 film.	 The	 pipes	were	made	
using	a	1	mm	outer	 iron	plate	 to	protect	 the	 reflective	 lining	during	 the	bending	process,	
which	was	carried	out	by	a	rolling	machine.		

The	aluminum	and	stainless	 steel	 sheets	were	 set	on	 the	 iron	plate	and	 turned	 into	
cylinders.	 The	 film	 was	 pasted	 onto	 an	 aluminum	 sheet	 and	 also	 set	 on	 an	 iron	 plate.	
However,	 the	 material	 crumpled	 in	 the	 bending	 process.	 That	 is	 why	 welding	 was	 used	
inside	 the	 iron	pipe	during	 the	 test.	 	The	 fourth	pipe	was	 internally	coated	 in	white	spray	
paint	applied	directly	to	the	 iron.	This	color	 is	 the	most	reflective	of	those	 in	existence,	 in	
addition	to	requiring	a	less	complex,	and	therefore	less	expensive,	production	method.	For	
those	reasons,	it	was	tested,	too.	

	

Medium-density	fiberboard	(MDF)	boxes	were	made	to	support	the	pipes	and	house	
the	inner	light	sensors	(data	loggers)	so	they	would	be	shielded	from	intrusive	light	capable	
of	interfering	in	the	results.	An	outside	sensor	was	placed	close	to	the	pipes	to	allow	us	to	
calculate	the	illuminance	percentage	transported	by	them	(Figure	1).		

	

	 	 	
Figure	1.	Step	1	 Figure	2.	Step	2.	 Figure	3.	Step	2,	light	beam.	

Experiment	step	2:	procedures	to	test	the	light	pipe	combined	with	manual	heliostat	

To	roll	up	the	metal	sheets	and	make	the	pipes	in	the	required	sizes,	we	had	to	split	them	in	
two	 parts	 of	 75	 cm	 each,	 which	were	 then	welded.	 The	 heliostat	 set,	 whose	 parts	 were	
made	of	MDF	and	laser	cut,	we	put	together	manually	and	taped	to	the	support	rod	located	
at	the	top	end	of	the	pipe	(Figure	2).		

To	 follow	 the	motion	 of	 the	 sun,	 the	 heliostat	 was	 turned	 vertically	 and	 the	 base,	
which	was	supported	on	the	pipe,	was	moved	horizontally.	A	trial	and	error	visual	procedure	
was	used	to	find	the	proper	angle	to	conduct	the	sunlight	into	the	pipe	(Figure	3).	Because	
of	that,	the	base	was	not	covered.	
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Therefore,	 to	calculate	 the	amount	of	 light	 transported,	a	data	 logger	was	placed	at	
the	 bottom	 end	 of	 the	 pipe	 (which	 received	 the	 light	 reflected	 by	 the	 heliostat	 and	 the	
surrounding	diffuse	light)	and	another	in	a	shaded	area	close	to	the	former	(which	received	
only	the	surrounding	diffuse	light).	A	third	device	quantified	the	direct	light	hitting	the	outer	
area	of	the	assembly	to	obtain	the	percentage	of	illuminance	transmitted	by	the	assembly.		

The	data	loggers	available	for	conducting	the	study	measure	illuminance	from	zero	to	
300,000	 lux	 at	 an	 accuracy	 rate	 between	 60%	 and	 80%.	 This	 characteristic	means	 not	 so	
accurate	 amounts	 of	 illuminance.	 However,	 for	 the	 study	 presented	 here	 these	 relative	
values	provide	an	adequate	tool	for	the	proposed	goals	to	be	achieved.		

Nevertheless,	 a	 new	 test	 was	 briefly	 conducted	 in	 which	 data	 was	 collected	 using	
identical	 luxmeters	 in	 order	 to	 check	 very	 big	 discrepancies	 between	 the	 information	
collected	before.		One	of	the	devices	was	placed	at	the	bottom	end	of	the	pipe,	which	end	
was	covered	to	prevent	intrusive	light	from	shining	in.		The	second	luxmeter	was	put	outside	
and	 quantified	 the	 incidence	 of	 direct	 sunlight	 to	 allow	 calculating	 the	 transmission	
percentage	of	the	pipe.		

Experiment	step	3:	procedures	to	start	building	the	electronic	heliostat	

After	 checking	 the	 manual	 heliostat,	 we	 started	 making	 parts	 fabricated	 with	 greater	
accuracy	 and	 which	 may	 be	 used	 to	 put	 together	 an	 assembly	 whose	 movements	 are	
electronically	controlled.	To	do	 that,	 the	parts	were	modeled	using	 the	Autodesk	 Inventor	
2016	software	to	determine	the	most	suitable	size	and	shape,	as	well	as	the	mechanism	of	
the	 assembly	 (Figure	 4).	 After	 that,	 the	necessary	 adjustments	were	made,	 each	 element	
was	3D	printed,	and	the	assembly	was	put	together	(Figure	5).	This	procedure	was	repeated	
until	the	more	appropriate	assembly	was	achieved.	

	

	

										 											 	
																		Figure	4.	Step	3,	software	modeling.																																		Figure	5.	Step	3,	scale	model.					

	

The	device	was	fitted	to	the	end	of	one	of	the	30	cm	high	pipes	(the	one	found	to	be	
most	efficient	in	step	one	of	this	study).	The	purpose	of	this	test	was	to	check	how	assembly	
worked,	albeit	manually.	The	mirror	used	was	made	in	a	rectangular	shape	using	10	cm	x	10	
cm	 pieces	 to	 check	 for	 a	 potential	 efficiency	 increase	 in	 capturing	 natural	 light.	 Another	
purpose	 of	 this	 test	 was	 to	 check	 whether	 the	 frame	 was	 able	 to	 support	 and	 properly	
operate	 with	 the	 weight	 the	mirror	 and	 electronic	 devices	 (servomotor	 and	 step	motor)	
added	 to	 the	 assembly	 (Figure	 5).	 The	 electronic	 components	 will	 be	 managed	 by	 an	
Arduino-type	microcontroller	in	a	future	study.	

The	 servomotor	 lever	arm	 (responsible	 for	 vertical	motion)	was	manually	pushed	 to	
position	the	mirror	 for	 it	 to	 reflect	 the	sunlight	 into	 the	pipe.	A	 luxmeter	was	used	at	 the	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 3186



bottom	end	to	measure	the	illuminance	transmitted	by	the	assembly,	and	another	was	used	
outside	to	collect	the	amount	of	direct	light	shining	on	it.														

Results	and	discussion	

Experiment	phase	1:	the	inner	lining	of	light	pipe	

Table	 1	 shows	 the	 results	 of	 the	 test	 carried	 out	 on	 December	 18,	 2016,	 under	 partially	
cloudy	weather	conditions.	The	duct	coated	white	inside	proved	less	efficient	for	conducting	
natural	 light,	 followed	 by	 the	 polished	 stainless	 steel.	 Polished	 aluminum	 conducted	 the	
highest	amount	of	illuminance	in	most	tests.		

However,	the	reflective	film	showed	some	identical	results	to	those	of	aluminum,	and	
at	 7:30	 p.m.	 exceeded	 the	 latter’s	 performance.	 The	 discrepancy	 between	 the	 data	may	
have	 been	 due	 to	 interfering	 outside	 factors	 at	 the	 time	 of	 measurement.	 	 Another	
hypothesis	to	be	considered	is	that	the	two	materials	may	also	carry	close	reflectivity	rates	
but	the	sensors	are	not	precise	enough	to	detect	such	difference.	For	the	purpose	of	finding	
absolute	 values	 in	 order	 to	 define	 the	 reflectivity	 of	 each	 material,	 we	 recommend	
conducting	tests	using	more	precise	equipment.		

The	purpose	of	this	test	was	to	check	the	material	available	in	the	local	market	which	
showed	 greater	 efficiency	 in	 conducting	 natural	 light	 and	 whose	 fabrication	 was	 viable.	
Hence,	we	found	polished	aluminum	to	be	the	most	suitable	input.	Also,	 its	 light	weight	is	
an	important	feature	so	as	not	to	overburden	the	frame	of	the	assembly.		

	
Table	1.	Performance	of	materials	(lux).		

Line	 Hour	 Polished	
aluminum	

Polished	
stainless	steel	

		Reflective	
film	

White	
paint	

External	
sensor	

Transmission	of	the	
most	efficient	material	

1	 3:30	pm	 21.356	 8.266	 20.667	 2.067	 209.424	 10.2%	
2	 4	pm	 11.022	 7.233	 8.267	 1.636	 198.401	 5.5%	
3	 4:30	pm	 4.822	 1.808	 3.444	 1.378	 176.357	 2.7%	
4	 5	pm	 5.167	 3.100	 4.650	 1.636	 170.846	 3.0%	
5	 5:30	pm	 1.981	 1.722	 1.981	 721	 14.467	 13.7%	
6	 6	pm	 4.994	 4.133	 4.994	 1.464	 49.600	 10%	
7	 6:30	pm		 3.100	 2.583	 3.100	 1.044	 34.445	 8.9%	
8	 7	pm	 495	 355	 484	 151	 8.267	 5.9%	
9	 7:30	pm		 818	 646	 840	 237	 9.644	 8.7%	
10	 8	pm	 236	 194	 237	 75	 1.981	 11.9%	
11	 8:30	pm		 0	 0	 0	 0	 118	 0%	

Experiment	phase	2:	light	pipe	performance	combined	with	manual	heliostat	

This	step	was	carried	out	on	December	23,	2016,	under	partially	cloudy	weather	conditions.	
We	 considered	 only	 the	 data	 obtained	 when	 the	 sky	 was	 clear	 because	 otherwise	 the	
system	was	unable	to	conduct	natural	light.	This	issue	is	one	of	the	limitations	of	this	study,	
especially	given	the	depth	and	diameter	adopted.		

In	the	previous	step,	we	found	that	it	is	possible	to	conduct	diffuse	natural	light	even	
under	 cloudy	 weather	 conditions,	 albeit	 in	 smaller	 amounts,	 when	 compared	 to	 the	
incidence	of	direct	light.	However,	as	depths	increase	and	light	is	mostly	diffuse,	not	even	a	
heliostat	may	be	able	to	improve	the	assembly’s	performance.	Using	hybrid	systems	may	be	
an	alternative,	as	mentioned	early	on	 in	this	article.	The	high	cost	these	technologies	may	
have	must	be	considered,	though.	It	should	be	noted	that	in	places	where	cloudy	weather	is	
prevalent	using	this	strategy	may	not	be	enough	to	light	up	very	deep	areas.				
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Table	2.	System	performance	(lux),	measured	by	data	loggers.		
Line	 Hour	 Sensor	at	the	

end	of	the	duct	
Sensor	in	
shadow	

Amount	passed	
through	the	duct	

Sensor	at	
the	sun	

Heliostat	
acting	

Duct	light	
transmission	

1	 1	pm	 60.623	 26.178	 34.445	 275.557	 No	 12.5%	
2	 2	pm	 19.978	 28.933	 -	 264.535	 No	 -	
3	 3:30	pm		 17.911	 44.089	 26.178	 187.379	 Yes	 13.9%	
4	 4:30	pm		 57.867	 26.178	 31.689	 176.357	 Yes	 17.9%	

	
Under	clear	sky	conditions,	using	the	heliostat	is	effective	for	redirecting	the	light	and	

conducting	over	great	distances	(Table	2).	It	must	be	noted	this	test	was	conducted	on	a	day	
close	 to	 the	 summer	equinox,	when	 solar	 angles	are	higher.	Consequently,	 the	aid	of	 the	
heliostat	was	not	needed	at	1	pm.	It	became	necessary	only	from	2	pm,	when	the	sun	was	
lowering	and	the	pipe	did	not	conduct	light.																																																														

The	light	transported	by	the	pipe	is	direct	and	shows	high	illuminance	rates	(Table	2),	
which	 is	 conducive	 to	 glaring	 and	 heat	 load	 conduction,	 factors	 that	 must	 be	 addressed	
when	undesired.	The	 light	beam	 is	not	distributed	evenly	either,	which	may	pose	another	
issue	to	be	tackled,	especially	with	respect	to	glaring	(Figure	3).	In	this	case,	an	alternative	
may	 be	 a	 more	 in-depth	 study	 into	 materials	 and	 strategies	 capable	 of	 transporting	 (or	
reflecting)	light	more	evenly.		

A	second	test	was	conducted	on	March	17,	2017,	under	clear	skies.	Illuminance	rates	
were	 quantified	 using	 luxmeters	 to	 allow	 us	 to	 compare	 them	 against	 data	 previously	
collected	by	the	data	loggers.	 It	should	be	noted	that	solar	angles	at	the	hour	and	time	of	
year	when	 this	 test	 took	place	are	 lower	 than	 in	December,	which	may	explain	 the	 lower	
illuminance	amounts	collected	(Table	3).		

	
Table	3.	System	performance	(lux),	measured	by	luxmeters.		

Line	 Hour	 Illuminance	transmitted	by	
assembly	

Amount	of	direct	light	
outside	

System	transmission	
percentage	

1	 8:45	am	 20400	 53900	 38%	
2	 8:50	am	 47500	 61100	 78%	
3	 8:55	am	 40200	 58300	 69%	
4	 9	am	 53600	 61500	 87%	
5	 9:05	am	 40100	 53400	 75%	
6	 9:10	am	 61500	 70100	 88%	
7	 9:15	am	 65000	 70300	 92%	

	
However,	 despite	 that,	 on	 that	 day	we	 found	 a	 significant	 increase	 in	 the	 system’s	

ability	to	conduct	natural	light,	when	compared	to	previously	collected	data.	The	light	beam	
reflected	(Figure	3)	by	the	heliostat	can	be	adjusted	to	increase	the	capture	of	light.	Because	
of	the	lack	of	homogeneity	of	the	light	beam	conducted,	at	some	points	it	may	even	exceed	
the	amount	of	light	measured	outside,	as	we	found	during	this	same	test.		

In	this	case,	while	the	illuminance	outside	was	69400	lux,	inside	the	pipe	it	was	90500	
lux.	As	the	sun	traveled,	these	rates	dropped	to	69400	lux	x	82600	lux,	69500	lux	x	70100lux,	
and	65600	lux	and	60000	lux	(inside	x	outside,	respectively).	It	may	as	well	be	that	the	light	
beam	was	not	as	well-adjusted	in	the	test	measured	in	December	as	it	was	in	this	latest	test,	
or	that	the	 light	sensors	had	different	errors,	which	requires	a	more	 in-depth	study	about	
these	 devices.	 Regardless,	 the	 purpose	 of	 this	 study	 is	 to	 check	 the	 ability	 or	 failure	 to	
conduct	natural	light	and	its	relative	values.	Therefore,	the	data	obtained	by	this	study	are	
highly	valuable	and	may	be	used	in	future	research.	
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Experiment	phase	3:	start	build	of	future	electronic	heliostat	and	initial	tests	

The	final	step	of	this	study	was	tested	on	March	31,	2017.	The	heliostat	mechanism	worked	
and	 bore	 the	 weight	 of	 the	 larger	 mirror	 (10	 cm	 x	 10	 cm).	 The	 assembly	 was	 turned	
manually,	which	requires	greater	effort	to	drive	the	servomotor	crank	and	results	in	a	not	so	
precise	 motion.	 The	 electronic	 devices	 are	 expected	 to	 allow	 the	 system	 to	 move	 with	
greater	 precision.	 The	 step	 motor	 slid	 easily	 in	 this	 test.	 However,	 this	 study	 needs	 to	
continue	 to	check	 the	operation	of	 this	gear	along	with	 the	 system	that	will	be	operating	
electronically,	and	also	to	check	the	durability	and	limitations	of	the	parts	during	their	use,	
especially	in	case	of	long-term	use.			

	
Table	4.	System	performance	(lux),	measured	by	luxmeters.		

Line	 Hour	 Illuminance	transmitted	by	
assembly	

Amount	of	direct	light	
outside	

System	transmission	
percentage	

1	 3:29	pm	 93500	 71800	 130%	
2	 3:30	pm		 118000	 71500	 165%	
3	 3:34	pm	 50700	 71800	 71%	

	
In	this	step,	data	were	collected	when	the	sky	was	clear.	The	depth	of	the	pipe	used	

was	 shorter,	 when	 compared	 to	 the	 previous	 step.	 That,	 combined	 with	 the	 use	 of	 a	
heliostat,	led	to	a	significant	increase	in	the	system’s	efficiency	(Table	4).	The	larger	square	
mirror	 features	 a	 larger	 capture	 area	 than	 the	 one	 previously	 used.	 However,	 its	 shape	
directs	a	lot	of	light	to	outside	the	pipe	as	well,	which	may	lead	to	a	waste	of	material.	To	
prevent	 that,	 a	more	 in-depth	 study	 into	 the	most	 suitable	 shape	 for	 the	 light	 reflecting	
element	should	be	conducted.		

Considering	these	results,	we	should	point	out	that	for	pipes	that	do	not	run	too	deep,	
using	a	heliostat	may	not	be	necessary	when	solar	angles	are	high,	 thereby	saving	energy	
and	lessening	wear	and	tear	to	the	mechanism.	Not	using	this	tool	altogether	may	even	be	
considered.	These	devices	are	more	expensive	owing	to	the	complexity	of	their	fabrication	
and	operation,	which	must	be	taken	into	account	when	defining	the	most	suitable	strategy	
for	 lighting	 up	 deep	 spaces.	 Skylights	 and	 central	 atriums	 are	 strategies	 whose	 cost	 and	
maintenance	may	be	lower,	but	they	demand	a	larger	area.	Nevertheless,	in	buildings	where	
the	demand	for	more	space	is	 limited	and	exposure	to	natural	 light	is	required,	using	light	
pipes	along	with	a	heliostat	may	be	an	alternative	whose	potential	to	enhance	the	quality	of	
these	spaces	is	high.			

Conclusions	

Although	 light	 pipes	 technology	 is	 not	 wide	 spread	 in	 Brazil,	 maybe	 because	 the	
reduced	number	of	underground	spaces	comparing	to	European	or	North	American	cities,	it	
has	 a	 potential	 as	 a	 lighting	 solution.	 The	 south	 region	 requires	 more	 studies	 due	 to	 its	
particular	sky	condition	than	the	rest	of	the	country,	where	the	sky	is	most	of	the	time	clear.		
Given	this	context,	this	study	was	carried	out	in	Porto	Alegre,	with	the	purpose	of	verifying	
the	behavior	of	one	of	the	existing	technologies	to	conduct	light	at	long	distances	from	the	
surface,	named	reflective	light	pipes.	Among	the	available	reflective	materials	for	testing	in	
the	 local	 context,	 polished	 aluminum	 presented	 the	 highest	 efficiency.	 However,	 it	 is	
important	 to	 carry	 out	 a	 more	 in-depth	 study	 of	 materials	 in	 order	 to	 test	 others	 that	
present	greater	power	of	reflection.	The	work	described	has	also	shown	to	be	indispensable,	
most	of	the	time,	a	heliostat	use	for	the	reflective	duct	leads	direct	light	30m	away	from	the	
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surface.	A	light	transmitted	by	this	system	does	not	arrive	uniformly	at	the	end	of	the	light	
pipe,	pointing	out	difficulties	to	control	the	transport	of	heat	load	and	glaring,	which	must	
be	faced.	

However,	the	system	is	not	capable	of	conducting	diffuse	light,	corroborating	the	need	
to	 use	 hybrid	 systems,	which	 uses	 an	 electric	 light	 in	 case	 of	 low	 illumination	 rates,	 and	
which	should	be	the	object	of	further	study	in	the	context	of	the	research.	The	experiment	
proved	that,	in	this	area,	the	light	pipe	must	be	combined	with	the	use	of	a	heliostat	to	be	
efficient.	 Although	 this	 lighting	 technology	 offers	 great	 potential	 for	 improving	 the	 space	
quality	of	underground	buildings,	its	high	cost	must	be	a	limitation.	The	results	described	in	
this	paper	can	offer	 information	to	base	decisions	for	the	 lighting	design	of	the	city’s	new	
subway	system,	currently	being	studied.		
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Abstract:	Probably	 the	most	profound	daylighting	paradox	 is	connected	to	utilization	of	sunlight	as	 the	 light	
source.	 Its	 enormous	 luminous	 intensity	 creates	 huge	 but	 not	 utilized	 potential.	 The	 scattering	 of	 sunlight	
proved	to	be	a	successful	method	in	the	new	design	of	skylights	at	NTNU,	Norway;	high	latitude	and	climate	
plied	an	important	role	in	its	design	as	well.	Roof-lighting	provides	greater	potential	for	illumination	than	side-
lighting.	 However,	 its	 application	 is	 limited	 to	 top-floors;	 new	 side-lighting	 solutions	 are	 needed.	 One	 of	
existing	daylighting	systems,	laser	cut	panels	(LCP),	can	be	applied	on	the	window	to	redirect	daylight	toward	
the	 ceiling;	 IEA	 Task21	 studies	 proved	 that	 LCPs	might	 significantly	 increase	 daylight	 level	 at	 high	 latitudes	
(Norway	or	Chile).	However,	patches	of	intense	sunlight	appear	in	the	room	creating	risk	of	glare.	The	aim	is	to	
develop	an	alternative	design	of	window	LCPs	to	simultaneously	scatter	and	redirect	sunlight	upwards.	Their	
performance	was	studied	in	a	scale	model;	LCPs	were	positioned	in	the	upper	part	of	a	vertical	“window”.	The	
model	 was	 tested	 (HDR	 photos)	 in	 artificial	 sun.	 Results	 are	 promising;	 the	 passage	 of	 direct	 sunlight	 is	
decreased	and	the	distribution	of	light	significantly	increased	minimizing	the	risk	of	glare.	
	
Keywords:	daylighting,	laser	cut	panels,	scattering,	window,	high	latitudes.	

Introduction		

Probably	the	most	profound	paradox	in	the	field	of	daylighting	is	connected	to	utilization	of	
sunlight	as	the	 light	source.	 Its	enormous	 luminous	 intensity	creates	huge	potential	but	 in	
practice	sunlight	is	most	often	reflected	out	by	different	forms	of	sun	shading	devices.	There	
are	mainly	two	reasons	why:	overheating	and/or	glare.	The	overheating	risk	depends	very	
much	on	the	size	of	the	window	and	its	thermal	properties,	g-value,	while	the	glare	depends	
on	the	distribution	pattern	of	light	in	the	room.		

As	 the	 illumination	 due	 to	 sunlight	 is	 typically	 one	 magnitude	 higher	 than	 the	
illumination	due	to	the	sky,	it	is	reasonable	to	expect	that	the	glazing	area	needed	for	using	
sunlight	 for	 illumination	 should	 correspond	 to	 a	 small	 fraction	 of	 a	 typical	 window	 that	
delivers	enough	daylight	in	all	conditions,	including	overcast	sky.	Allowing	transmittance	of	
sunlight	through	a	small	part	of	window	reduces	the	danger	of	overheating	significantly.	The	
glare	 is	 even	 a	 more	 pronounced	 issue.	 There	 are	 several	 daylighting	 systems	 utilizing	
sunlight,	which	 also	 aim	 at	 reducing	 glare.	Most	 of	 them	 redirect	 light	 rays	 falling	 at	 the	
window	toward	the	ceiling,	e.g.	laser	cut	panels	(LCP),	known	also	as	Edmonds’	panels	(from	
Australian	inventor	Ian	Edmonds).	The	original	design	of	LCPs	involved	cutting	acrylic	panels	
with	 laser	making	 linear-parallel	 cutting	 lines.	 Previous	 studies	 (Reppel,	 1998)	 (Edmonds,	
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1999),	 (Labib,	 (2012)	 and	 (Ruck,	 2000)	 proved	 that	 LCPs	 covering	 the	 upper	 part	 of	 the	
window	 increases	 daylight	 level	 in	 the	 room	 significantly.	 However,	 patches	 of	 intense	
sunlight	appear	in	the	room	creating	strong	luminance	contrasts	and	periodically	glare	as	a	
consequence	of	the	transmitted,	redirected	and	scattered	sunlight.	 

As	the	illuminance	due	to	sunlight	falling	orthogonally	on	a	surface	(e.g.	50.000	lx)	 is	
typically	two	magnitudes	higher	than	the	illuminance	level	in	interiors	(e.g.	500	lx),	a	simple	
planar	 reflection	of	 sunlight,	 e.g.	 up	 to	 the	 ceiling	 turns	out	 not	 to	be	 sufficient	 for	 glare	
protection.	Could	scattering	solve	the	glare	problem?	The	scattering	of	sunlight	by	circularly	
perforated	 acrylic	 plates	 proved	 to	 be	 very	 successful	 in	 the	 new	 design	 of	 skylights	
developed	 for	 students’	 studios	 (Knoop,	 2016),	 (Matusiak,	 2017).	 The	 project	 has	 been	
developed	for	Trondheim	63°25’	N	(Norway)	where	the	mean	noon	solar	latitude	is	about	
30°.	By	 fine	adjustment	of	 the	relation	between	the	 thicknesses	of	 the	plate,	 the	size	of	
the	holes	and	the	distance	between	them	it	is	possible	to	ensure	sunlight	scattering	also	for	
other	similar	locations.		
Obviously,	 roof-lighting	 provides	 greater	 potential	 for	 illumination	 than	 side-lighting.	
However,	application	of	 roof-lighting	 is	 limited	to	top-floors.	The	aim	of	 the	present	study	
was	 to	develop	a	new	design	of	 LCPs	 for	 side-lighting;	more	 specifically	 for	upper	part	of	
windows;	the	passing	sunlight	was	supposed	to	be	simultaneously	scattered	and	redirected	
upwards.	The	hypothesis	was	 that	 closely	distributed	cutting	 forms	 like	half-circles	or	 fish	
are	the	most	rational	ones	for	the	purpose.	Through	luminance	map	pictures,	panel’s	 light	
behaviour	will	be	analysed	to	estimate	which	design	is	best	when	it	comes	to	the	reduction	
of	 light	 transmittance;	 estimation	 of	 glare	will	 be	 done	in	 a	 further	 real	 scale	
study	with	people	involved.		

Laser	cut	panel	(LCP)	

The	 laser	 cut	 panel	was	 invented	by	 Ian	 Edmonds	 in	 1989.	 It	 is	 a	 thin	 transparent	 acrylic	
panel	having	parallel	laser	cuts	that	are	perpendicular	to	the	panel	surface.	The	idea	behind	
the	 invention	 is	 to	create	reflection	of	 light	 internally	 in	 the	material.	The	surface	of	each	
laser	cut	works	as	an	internal	mirror	that	deflects	light	passing	through	the	panel.	The	cuts	
are	described	by	cut	spacing	D	to	panel	width	W.		

When	positioned	on	the	window	surface	a	LCP	deflects	high	elevation	sunlight,	while	
transmitting	 low	elevation	skylight,	or	 sunlight	during	early	mornings,	 late	afternoons	and	
winter.	A	 very	high	 fraction	of	 light	 is	deflected	upward	 reducing	glare	 (Labib,	 2012).	 The	
researchers	 from	Norwegian	University	of	 Science	and	Technology	 (NTNU),	Heidi	Arnesen	
and	Øyvind	Aschehoug,	studied	daylighting	fluctuations	in	a	test	room	in	Sandvika,	Norway,	
where	LCPs	were	fixed	 in	the	upper	part	of	windows.	Under	overcast	skies,	 the	test	room	
showed	minimal	changes	in	light	level	and	distribution;	however,	under	clear	skies,	the	LCP	
increased	 the	 light	 level	 and	 improved	 the	 light	 distribution	 across	 the	 floor	 during	most	
days	 of	 the	 year	 (Ruck,	 2000)	 (Labib,	 2012).	 LCPs	 can	 be	 also	 used	 as	 a	 louver	 within	 a	
window	system.	Opened	 louvers	act	as	a	shading	system	(summer)	and	when	closed	they	
redirect	daylight	upward	(winter)(Reppel	and	Edmonds,	1998).	LCPs	can	be	tilted,	usually	by	
fixing	them	with	clips	to	cover	around	one-third	of	the	window,	as	secondary	glazing	inside	
tilted	 windows.	 These	 windows	 are	 manually	 tilted	 outwards	 to	 an	 angle	 at	 which	 all	
incident	sunlight	is	redirected	by	the	LCPs,	providing	good	penetration	of	natural	light	into	
the	 building.	 The	 Technical	 University	 of	 Berlin	 (TUB),	 Germany,	 studied	 tilted	 LCPs	 and	
showed	that	when	the	tilt	angle	was	20°,	under	overcast	skies,	 the	panels	did	not	change	
light	 levels	 dramatically,	 whereas	 under	 clear	 skies,	 the	 daylighting	 performance	 was	
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improved	 by	 adjusting	 the	 position	 of	 the	 panel	 depending	 on	 the	 time	 of	 day	 and	 year	
(Ruck,	2000).	LCPs	can	also	be	used	in	skylights	to	admit	low-elevation	light	and	block	high-
elevation	light.		

A	new	design	of	LCP	was	developed	at	NTNU	in	2016,	the	design	of	cuts	was	changed	
from	liner	to	circular	and	LCP	were	positioned	horizontally	beneath	skylights	developed	for	
students’	studios.	The	scattering	of	sunlight	by	circularly	perforated	acrylic	plates	proved	to	
be	very	successful	(Matusiak,	2017).	

Some	of	the	main	advantages	of	a	LCP	are:	It	maintains	the	view	through	the	panel,	a	
very	high	proportion	of	light	is	deflected	toward	the	ceiling,	flexible	manufacturing	process,	
relatively	economical	and	they	require	little	maintenance	(Ruck,	2000).		

Procedures	and	Methodology	

Panel	Design	

Three	 geometries	 configurations	 were	 analysed:	 Edmond’s	 (Figure	 1b)	 and	 two	 new	
proposed	 forms;	 half-circle	 (concave)	 and	 double-convex	 (Figure	 1a).	 From	 these,	 six	
typologies	of	panels	were	defined.	Half	circle	shape	was	presented	 in	 four	 (A,	B,	C	and	H)	
while	 double-convex	 was	 proposed	 in	 two	 panels	 (D	 and	 E)(Figure	 1b).	 The	 variation	
between	same	panel’s	geometry	is	the	spacing	distance	between	cuts	and	the	proportions	
of	shapes.	The	intention	was	to	verify	possible	and	considerable	changes	in	the	way	light	is	
scattered.	The	dimensions	of	 the	panels	were	defined	according	to	the	proportions	of	 the	
model’s	reference	window	(10x17cm)	of	the	office	room	utilized	as	a	case	of	study.	Panel’s	
height	and	 location	correspond	 to	one-third	of	 the	 reference	window’s	height.	They	were	
made	 in	 an	 85x10x52mm	 acrylic	 sheet.	 Edmond’s	 cuts	 were	 designed	 according	 to	
Edmond’s	D/W	ratio	(Edmonds	and	Pearce,	1999),	new	proposed	panel’s	cuts	were	defined	
following	Edmond’s	panel	cut	spacing	and	the	minimum	laser	machine	acrylic	cut	capacity.	

										(a)																															(b)	
	
	
	
	
	
	
	
	

	
	

Figure	1.	(a)	Half	circle	and	double-convex	geometry	(b)	Laser	cut	Panels:	A	–	B	–	C	–	D	–E	–	H	and	Edmonds	
	

Experiment	set	up	and	equipment	

An	existing	office	room	(6.7x5.0x2.76mt)	located	at	NTNU	campus	(Trondheim,	Norway)	was	
selected	as	a	reference	case	for	testing	of	scattering	capability	of	proposed	panels.	A	1:10	
scale	model	(50x32x29cm)	was	built	(Figures	2a)	where	each	panel	was	tested	under	clear	
sky	condition	simulated	in	an	artificial	sun	located	at	the	NTNU	Daylight	lab	(Figures	2b).	The	
size	of	 this	model	was	chosen	to	be	 large	enough	for	a	comfortable	observation,	covering	
two	windows	 for	 testing	 two	 situations	 simultaneously	 and	 enabling	 good	 conditions	 for	
taking	 photos	 of	 the	 interior.	Walls,	 ceiling	 and	 floor,	 were	 constructed	 using	 3mm	MDF	
boards.	 For	 the	 interior,	 it	was	decided	 to	use	 standard	 values	 of	 light	 reflectance	 values	

A 
DOWN 

B C 

D E H 

UP 
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(LRV).	Used	LRV	for	walls,	floor	and	ceiling	were	50	(Pale	grey),	20	(dark	grey)	and	70	(pale	
yellow)	respectively.	LRV	of	the	used	coloured	papers	was	reviewed	with	a	NCS	colour	scan	
2.0	 and	 atlas.	One	of	 side	walls	 had	 circular	 openings	 (Figure	 2a)	 in	 order	 to	 put	 a	 reflex	
digital	camera	(Nikon	D600)	with	a	AF-DX	fisheye-Nikkor	10.5mm	f/2.8G	ED.	These	openings	
were	 covered	with	a	black	 fabric	during	measurements	 (figure	3b).	 From	 the	outside,	 the	
model	was	kept	with	MDF	natural	colour.	The	material	of	the	windows	was	a	sheet	of	3mm	
acrylic.	From	inside	and	outside,	frames	were	covered	with	an	opaque	black	tape	in	order	to	
avoid	light	reflexion	from	them	(Figure	3c).	
	

	
	
	
	
	
	

	
Figure	2.	(a)	1:10	scale	model	(b)	Artificial	sun,	work	area	and	a	plant	distribution.	

	
A	sun	angle	positioner	was	designed	(Figure	3a).	The	model	was	positioned	on	top	of	a	

wood	sheet	(Figure	3b),	which	could	be	sloped	precisely	at	chosen	sun	angles.	The	camera	
was	 also	 stuck	with	wood	 strips	 and	 placed	 on	 a	wood	 surface	 fixed	 on	 the	wood	 sheet	
(Figure	3b).	The	sun	angle	positioner	was	fixed	to	a	one-meter	height	wood	box.		
													

	
	
	
	
	
	
	
	

	
Figure	3.	(a)	Sun	angle	positioner	with	camera	installation	(b)	Digital	camera	mounting	(c)	Windows	settings	

(d)	Acrylic	tilt	angle	positioner	with	panel	from	outside.	
	
Each	 panel	 was	 tested	 and	 located	 in	 the	 one-third	 upper	 part	 of	 the	 model’s	

reference	 window	 in	 order	 to	 redirect	 light	 upwards,	 leaving	 the	 lower	 part	 for	 view.	
Contrary	 to	 traditional	 textile	 curtains,	 screens	 or	 diffusing	 glass,	which	 distribute	 light	 in	
the	rotationally	symmetrical	way	(in	all	directions	including	downwards),	the	proposed	LCP	
scatter	the	transmitted	light	only	in	the	upwards	directions,	clearly	reducing	the	probability	
of	glare.		

Base	 case	 (without	 panel)	 with	 Edmond’s	 panel	 and	 Edmond’s	 with	 each	 proposed	
panel	 light	 performance	 was	 compared.	 In	 the	 artificial	 sun,	 they	 were	 analysed	 under	
different	sun	angles	degrees	from	5°	to	60°	and	in	different	positions:	vertical-up,	vertical-
down	and	tilted	inwards	and	outwards	by	5°	(from	5°	to	40°)(Figure	4c).	In	order	to	test	and	
tilt	each	panel,	it	was	created	a	tilt	angle	positioner	(Figure	3d),	which	was	made	in	acrylic	
for	 avoiding	 extra	 reflected	 light	 or	 obstruction	 towards	 the	 interior	 of	 the	model.	 These	
were	adhered	 in	panel’s	 lateral	sides	(Figure	3d).	Two-third	 lower	part	of	the	window	was	
covered	with	an	opaque	black	paper;	 this	allowed	evaluating	 the	 light	 coming	 from	panel	

(a)	 (b)	

(a)	 (b)	 (c)	 (d)	
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only	(Figure	3c).	All	panels	were	tested	assuming	0°	azimuth	angle	only	(South	façade	in	the	
north	hemisphere	and	north	façade	in	the	south	hemisphere)	and	under	sun	angle	from	5°	
(winter)	 to	60°	 (summer).	 In	Trondheim	 (63°25ʹ47ʺN,	Norway)	during	summer	 the	highest	
sun	angle	is	around	50°	and	in	Punta	Arenas	(53°10ʹS,	Chile)	around	60°.	A	hanger	E4-X	lux	
meter	was	used	 for	evaluating	artificial	 sun	 light	uniformity	over	model’s	 facade.	A	Kodak	
grey	 card	and	hand	held	Minolta	 LS-100	Luminance	meter	have	been	used	 for	 references	
physical	measurements	for	further	calibration	in	HDR	software,	Photosphere.	

	
	

													
	
	
	

	
	

	
Figure	4.	(a)	Façade	grid	for	taking	vertical	illuminance	uniformity.	(b)	Rectangular	black	paper	on	a	wall	for	

taking	Luminance	measurement	for	further	camera	calibration	(c)	Tilted	positions	analysis	

Lighting	monitoring	and	measurements	

Before	 starting	 panel’s	 light	 monitoring	 (pictures),	 the	 uniformity	 of	 the	 light	 from	 the	
artificial	 sun	 over	 the	 selected	 façade	was	 checked.	 For	 this	 purpose,	 it	was	 generated	 a	
4x4cm	grid	and	vertical	Illuminance	measurements	were	taken	over	the	façade	(Figure	4a).	
All	measured	 illuminance	were	around	600	to	650lx.	For	each	tested	panel,	High	Dynamic	
Range	 (HDR)	 photos	 of	 the	 interior	 of	 the	 model	 were	 generated	 in	 order	 to	 develop	 a	
Luminance	map	picture.	HDR	images	were	done	for	every	sun	angle	and	positions	(vertical	
up,	down	and	tilted).	The	camera	was	situated	in	the	middle	plane	of	the	total	height	of	the	
model,	in	order	to	cover	all	light	falling	on	each	interior	surface.	A	Nikon	D600	digital	reflex	
camera	 with	 a	 Nikon	 fisheye	 lens	 was	 utilized	 for	 this	 purpose.	 The	 following	 camera	
settings	 were	 used	 (Reinhart	 and	 Stein,	 n.d.):	 white	 balance	 –	 daylight,	 ISO	 100,	 auto	
bracketing,	off	 sensitivity,	 auto	 focus,	off	 aperture	–	 fixed	 f/5.6.	 Exposure	variations	were	
achieved	by	varying	the	shutter	speed	in	manual	exposure	mode	with	step	1	EV.	Series	10+	
pictures	were	taken	according	to	interior	light	conditions.	In	addition	to	photos,	references	
of	 physical	measurements	were	 taken	with	 a	 calibrated	hand	held	 Luminance	meter.	 The	
readings	were	used	 for	 further	 calibration	of	 the	HDR	 images.	All	 images	were	processed	
and	combined	into	HDR	images	using	Photosphere	software,	which	was	calibrated	according	
to	 the	 measured	 Luminance	 readings	 over	 the	 rectangular	 black	 spot	 inside	 the	 model	
(18.16cd/m2)	(Figure	4b).	 

Results		

Base	case	(without	panel):	Between	5	to	15	degrees,	there	is	soft	sun	patch	on	the	floor	and	
strong	ones	on	 the	wall	 (a	maximum	of	 187	 cd/m2).	 From	20	 to	 60	degrees,	 intense	 sun	
patch	on	the	floor	can	be	seen	(a	maximum	of	210	cd/m2).	From	the	window’s	material	(LCP)	
the	 light	 is	 basically	 transmitted	 to	 the	 wall.	 Redirected	 or	 scattered	 light	 to	 the	 ceiling	
cannot	be	seen	(Figure	5a	or	b).	Therefore,	there	is	no	deep	light	penetration	into	the	room.	
Edmond’s	reference	panel	(vertical):	From	5	to	20	sun	angle	degrees,	no	sun	patch	can	be	
seen	 on	 the	 floor,	 this	 appears	 from	 25°	 to	 60°.	 There	 is	 deep	 light	 penetration	 into	 the	
room	at	5°	and	10°	mainly.	From	5°	 to	15°,	 the	 redirected-scattered	 light	covers	 the	 total	

(a)	 (b)	 (c)	
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width	of	the	room.	At	higher	angles	from	35°	to	55°,	there	is	still	soft	scattered	sunlight	to	
the	ceiling.	Sun	patches	on	walls	and	floor	can	be	seen	at	most	angles	(Figure	5a).	 

Panels	with	 double-convex	 and	 half-circle	 geometry	were	 evaluated	 vertically.	 Half-
circle	 geometry	 panels	 were	 evaluated	 in	 vertical-up	 and	 down	 orientation.	 Under	 these	
positions,	the	panel	with	the	most	favourable	sun	patch	performance	was	selected	for	doing	
tilted	 position	 analysis.	 Analysis	 through	 HDR	 images	 did	 not	 show	 clear	 and	 significant	
evidence	that	the	same	geometry,	but	different	shape’s	proportions	and	cuts	distance	could	
alter	the	manner	and	intensity	of	scattered	light	from	panels.	However,	up,	down	and	tilted	
orientation	 showed	 clear	 changes	 on	 the	 form	 light	 is	 redirected	 and	 scattered.	 After	
analysing	half-circle	versus	double-convex	vertically,	it	could	be	observed	that	the	half-circle	
shape	 presents	 better	 performance	 than	 double-convex.	 All	 the	 up-alternatives	 allow	
sunlight	falling	down	on	the	floor	in	many	pictures	showing	20°-	45°sun	angles.	From	down-
alternatives,	B-panel	 functions	best.	Sun	patch	on	 the	wall/floor	 is	weakest,	meaning	 that	
the	scattering	of	light	is	best	for	20	and	25	degrees,	for	30°	-	45°	it	is	difficult	to	see	a	clear	
difference	 between	 all	 panels.	 In	 concequence,	 B-Panel	 was	 analysed	 in	 tilted	 position.	
Tilted	 inwards	 untill	 15°	 degree	 showed	 better	 light	 behaviour	 than	 outwards.	 There	 are	
several	HDR	pictures,	it	has	been	decided	to	show	pictures	of	B-panel	down	inwards	which	
had	a	better	sun	patch	performance.		

B-Panel	down	and	vertical	behaves	quite	similar	to	Edmond’s	panel.	They	redirect	light	
to	 the	 ceiling	 at	 most	 angles,	 covering	 almost	 half	 of	 ceiling	 from	 5°	 to	 20°.	 The	 main	
difference	is	the	light	falling	to	the	floor.	B-Panel	brings	weaker	sun	patch	on	it.	From	5°	to	
25°	there	is	no	sun	patch	on	the	floor.	From	30°	to	45°soft	sun	patch	can	be	perceived	on	
the	floor	and	from	50	to	60	degrees	small	one	can	be	seen	(Figure	5b).		

B-Panel	down	and	tilted	(5°	to	15°),	 from	5	to	15	sun	angle	degree,	there	 is	soft	sun	
patch	 on	 the	 floor	 (maximum	 around	 50cd/m2),	 but	 intense	 ones	 on	 the	 wall	 (around	
150cd/m2).	 With	 respect	 to	 light	 penetration	 into	 the	 ceiling	 of	 the	 room,	 better	
performance	 can	 be	 seen	 at	 angles	 lower	 than	 10°.	 At	 higher	 tilted	 angles	 there	 is	 the	
possibility	 of	 having	 stronger	 sun	 	 patch	 on	 the	 floor.	 From	 20	 to	 30	 sun	 angle	 degree,	
stronger	 sun	patch	 can	be	 seen	at	 15°	 tilted	 angle,	 being	 the	weakest	 at	 10°	 (10	 cd/m2).		
From	35°	to	45°	sun	angle	and	at	every	tilted	angle,	sun	patch	of	approximately	30	cd/m2	
can	be	detected.	 Light	 is	 redirected	and	scattered	 to	 the	ceiling	 reaching	one-third	of	 the	
ceiling.	 Finally,	 from	 50	 to	 60	 sun	 angle	 degree,	 there	 is	 small,	 but	 intense	 sun	 patch	
(80cd/m2)	on	the	floor.	Light	is	redirected	and	scattered	to	the	ceiling,	this	light	affects	half	
of	the	ceiling	surface	(Figure	5c).	

	
		
	
	
	
	
	
	
	
	

Cd/m2 
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Figure	5.	HDR	images	(a)	Edmond’s	v/s	Base	case	(b)	B-Panel	vertical	v/s	Base	case	(c)	B-Panel	tilted	inwards	

Discussion		

According	to	previous	studies,	in	a	high	latitude	scenario,	the	most	important	sun	angles	are	
20°-	45°.	At	angles	lower	than	20	the	sunlight	will	pass	through	the	material	and	in	order	to	
avoid	this,	the	material	has	to	be	sloped;	for	angles	higher	than	45	the	material	has	to	be	
sloped	 also.	 Furthermore,	 studies	 done	 by	 NTNU	 and	 TUB	 university	 showed	 that	 LCPs	
encrease	 light	 levels	under	clear	sky	conditions,	 this	 improve	when	the	panel	 is	 tilted	20°.	
There	is	no	light	levels	improvement	under	overcast	scenario	(IEA	Task	21).	Compared	with	
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this	 study,	 in	 vertical	 position,	 Edmond’s	panel	 allows	 sun	patch	on	 the	 floor	 and	 intense	
ones	on	the	wall	 (from	20°	 to	45°	 sun	angle).	Light	penetration	 into	the	room	is	weak.	At	
angles	 lower	than	20	degrees,	sun	patch	on	the	floor	are	reduced,	but	there	 is	some	very	
intense	on	 the	wall.	 There	 is	 deep	 light	penetration	 into	 the	 room.	At	 angles	higher	 than	
45°,	 light	penetration	 is	 very	weak,	 strong	sun	patch	are	visible	on	 the	 floor.	B-panel	 in	a	
vertical	position	and	from	20°	to	45°,	there	is	absence	and	weaker	sun	patch	on	the	floor.	
Deep	 light	penetration	 through	 the	 ceiling	 improve	between	5°	 and	20°;	 from	25°	 to	45°	
this	 is	powerless.	At	50°	 to	60°	 this	 is	even	weaker,	 intense	sun	patch	can	be	seen	on	the	
floor.	 B-Panel	 works	 more	 desirable	 at	 10°	 tilted	 inwards,	 there	 is	 very	 deep	 light	
penetration	 into	 the	 room	 and	 sun	 patch	 reduction	 from	 5°	 to	 25°sun	 angles.	 At	 higher	
angles,	 from	30°to	 45°,	 there	 is	 less	 light	 penetration	 into	 the	 room.	 Finally,	 at	 very	high	
angles,	from	50°	to	60°,	light	penetration	is	very	weak	and	intense	sun	patch	are	visible	on	
the	 floor.	 Further	 analysis	 is	 required	 at	 different	 azimuth	 angles	 (e.g	 45°)	 and	 under	
overcast	 scenario.	 As	 a	 reference	 in	 previous	 studies	 (student	 studios	 at	 NTNU)	 diffuse	
transmittance	of	acrylic	LCP	measured	in	an	artificial	sky	(overcast	sky	simulator),	oscillated	
around	90-95%	depending	on	the	form	of	cuts.		

Conclusion 

Edmond’s	reference	panel	works	better	(sun	patch	and	light	penetration)	under	 lower	sun	
angles	(5°	to	15°).	Therefore,	in	a	high	latitude	context,	this	would	be	suitable	during	winter	
where	main	sun	angle	in	Trondheim	and	Punta	Arenas	are	5°	and	10°	respectively.	This	will	
be	possible	as	long	as	there	is	sun	light	availability.	At	higher	angles	(20°	to	60°	-	Summer)	
this	 panel	 allows	 sun	 patch	 on	 the	 floor	 and	walls.	 Edmond’s	 and	 B-Panel	 perform	 quite	
similarly;	 the	main	difference	 is	 that	 the	second	one	scatters	 light	better	allowing	weaker	
sun	 patch	 on	 the	 floor	 and	 wall,	 reducing	 the	 probability	 of	 glare.	 Finally,	 B-Panel	 tilted	
position’s	 results	 are	 promising;	 the	 passage	 of	 direct	 sunlight	 is	 minimized	 and	 the	
distribution	 of	 light	 is	much	more	 even	minimizing	 the	 risk	 of	 glare	 from	 the	 floor.	 Light	
penetration	 into	 the	room	 is	 improved	at	most	sun	angles.	The	slope	should	not	be	more	
than	 10°	 because	 at	 higher	 tilted	 angle	 there	 is	 the	 possibility	 of	 having	 stronger	 sun	
patches	on	 the	wall	and	 floor.	At	very	high	sun	angle	 from	50°	 to	60°,	higher	 tilted	angle	
may	be	required	in	order	to	get	deeper	scattered	light	into	the	ceiling,	but	not	necessarily	
softer	sun	patches	on	the	floor.		
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Abstract:	The	luminous	performance	of	Anidolic	Integrated	Ceiling	(AIC)	is	evaluated	experimentally	under	real	
climate	conditions	by	using	physical	scale	models	(scale	¼),	for	a	12m	deep	room.	This	passive	system	has	proven	
its	 efficiency	 to	 optimize	 daylight	 distribution	 in	 deeper	 spaces,	 ensure	 visual	 comfort	 and	 reduce	 glare	
discomfort.	The	present	paper	gives	a	quantitative	assessment	of	AIC	and	has	two	objectives.	The	first	is	to	use	
photometrical	measurements	(desk	height	illuminance)	in	two	physical	models	(reference	model	and	test	model)	
in	order	to	confirm	the	effectiveness	of	this	system	to	illuminate	deeper	in	spaces.	The	second	objective	is	to	
study	its	performance	to	reduce	glare	discomfort	with	regards	to	the	building	orientation	under	high	exterior	
illuminance	level	by	using	spherical	images.	The	quantitative	evaluation	in	terms	of	illuminance	level	shows	that	
the	 AIC	 improves	 the	 interior	 luminous	 environment,	 channels	 daylight	 to	 the	 depth	 and	 at	 12m	 from	 the	
window,	 the	 horizontal	 illuminance	 reaches	 300lux.	 Results	 from	Daylight	Glare	 Probability	 (DGP)	 analyzed,	
show	 that	 this	 system	 reduce	 significantly	 glare	 discomfort	 (more	 than	 50%)	 and	 performs	 well	 for	 all	
orientations	and	the	north	one	is	the	best	under	high	exterior	illuminance	levels.	
	
Keywords:	 Daylighting,	 Anidolic	 Integrated	 Ceiling,	 Quantitative	 evaluation,	 experimental	 procedure,	 DGP	
analysis,	building	orientation.	

Introduction		

Visual	comfort	is	a	subjective	phenomenon	that	involves	the	perception	of	luminance	in	space.	
It	is	not	just	a	question	of	quantity	but	also	of	quality	and	distribution.	Contrast	levels	and	
glare	can	affect	tremendously	the	interior	luminous	environment.	Designers	need	to	make	
wise	and	sustainable	decisions	in	terms	of	daylighting	to	create	pleasant	interior	spaces,	good	
working	 conditions	 and	 in	 the	 meanwhile	 reduce	 energy	 consumption	 (Smiley,	 1996).	
Performance	 and	 productivity	 will	 depend	 also	 on	 the	 interior	 daylighting	 conditions	 as	
reported	by	many	researchers	(Romm	et	al,	1998;	Edwards	et	al,	2002;	Heschong	et	al,	2002a;	
Heschong	et	al,	2002b).	Daylight	in	hot	and	arid	regions	with	deep	clear	blue	skies,	high	level	
of	 sky	brightness	and	excessive	horizontal	 illuminance	 levels	 (Daich	et	al,	 2016)	 is	often	a	
problematic	 issue	 for	 decisions.	 In	 order	 to	 achieve	 good	 living	 and	 working	 daylight	
conditions,	we	need	 to	be	 able	 to	 choose	design	 strategies	 that	 can	be	 applied	 in	 similar	
luminous	 conditions.	 Many	 research	 projects	 during	 the	 last	 decade	 have	 concentrated	
efforts	to	produce	lighting	systems	and	technologies	in	order	to	control	interior	daylighting,	
such	a	system	is	the	Anidolic	Integrated	Ceiling	‘AIC’.	This	passive	system	was	developed	at	
the	Solar	Energy	and	Building	Physics	Laboratory	(LESO-PB)	in	Switzerland	(Courret,	1999)	and	
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its	design	was	based	on	non-imaging	optics	theory	(Welford	and	Wilson,	1989).	The	system	
comprises	of	an	external	collector	integrated	into	the	upper	part	of	the	facade,	followed	by	a	
reflective	 light	pipe	equipped	with	two	internal	Anidolic	elements	 in	both	extremities.	The	
exit	aperture	is	located	at	the	rear	part	of	the	ceiling	which	redistributes	the	collected	light	
(Santos,	2009).		

Several	studies	had	proved	the	effectiveness	of	this	device	to	illuminate	naturally	deep	
buildings,	control	the	daylight	penetration	in	space,	avoid	glare	and	contribute	effectively	to	
the	energy	saving	for	artificial	lighting	(Marwwen,	2016;	Roshan	et	al,	2013).	The	aim	of	the	
present	 research	 is	 to	 study	 the	effect	of	using	Anidolic	 Integrated	Ceiling	on	 the	 interior	
daylight	distribution	in	deep	office	buildings	under	specific	luminous	conditions.	

Methodology	

The	objective	of	the	methodology	is	to	evaluate,	through	experimental	tests,	the	quantitative	
and	 the	 qualitative	 effect	 of	 specific	 Anidolic	 Integrated	 Ceiling	 (AIC)	 in	 interior	 daylight	
distribution,	 for	 the	 local	daylight	climate	of	Biskra,	Algeria	 (latitude	34°48’).	For	 this,	 two	
physical	scale	models	were	constructed	and	the	performances	analysis	of	the	system	were	
made	through	measurements	and	photographic	support	‘HDR	images’.		

Experimental	models	

Many	studies	had	shown	the	usefulness	of	the	use	of	the	scale	models	to	evaluate	daylighting	
systems	performances	in	buildings	(Baker	et	al,	1993;	Tsikaloudaki	et	al,	2008).	For	this,	two	
identical	physical	models	were	built	with	a	scale	of	1:4	and	have	the	purpose	to	test	the	AIC	
effect	to	enhance	daylighting	in	a	rectangular	office	room	with	6	m	wide,	12	m	deep	and	3.5	
m	high.	One	was	used	as	the	reference	case,	while	the	other	was	the	test	case,	where	the	
Anidolic	Integrated	Ceiling	was	installed	in	the	smallest	façade.	The	reference	façades	of	the	
both	 case	 study	 are	 presented	 in	 fig.1.	 The	 models	 had	 identical	 interior	 photometric	
properties	with	the	following	surface	reflectance:	wall=50%,	floor=40%	and	ceiling=92%.	The	
AIC	was	designed	with	regards	the	geographical	characteristics	of	the	city	of	Biskra	and	we	
have	used	the	mathematical	model	given	by	Welford	and	Winston	(1989).	The	AIC	reflectance	
is	96%.		

	
	
	
	
	
	
	
	
	
	

(1) 																																																																															(2)	
Figure	1.	Reference	façades	for	reference	model	(1)	and	test	model	(2)	

Measurements	and	photographic	images		

Several	measurements	and	photographic	images	were	made	with	the	physical	scale	models	
(reference	and	test	model)	under	the	same	outside	conditions.	The	measurements,	in	terms	
of	illuminance	level,	were	taken	in	the	central	axis	of	the	room	at	the	level	of	working	plan	
(0.9m)	and	performed	for	five	measurements	points	A,	B,	C,	D	and	E	presented	in	figure	2.		
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Figure	2.	Test	model	section	(AIC	and	measurement	points)	

	
The	HDR	images	were	taken	from	a	viewspot	of	10x10cm	located	in	the	center	of	the	

short	wall	facing	the	reference	façades	at	the	eye	level	(160cm)	and	taken	for	four	periods	of	
the	day	(at	9	am,	11	am,	3	pm	and	5	pm)	(see	Fig.3).	The	HDR	photographies	were	taken	by	
using	 1200D	Canon	 EOS	 equipped	with	 a	 circular	 Fisheye	 lens	 Sigma	 (4.5mm	 f/2.8	 EX	DC	
Circular	Fisheye	HSM).	The	Fisheye	HDR	images	were	analyzed	in	Evalglare	software	and	Aftab	
Alpha	software	in	order	to	calculate	the	DGP	in	the	different	situations.	For	the	calibration	of	
the	HDR	images	captured	from	the	physical	model,	Aftab	Alpha	software	was	used	with	its	
calibration	protocol	which	consists	in	taking	luminance	measurements	at	a	given	point	of	the	
image	to	be	a	luminance	of	Reference	for	the	other	luminance	points.		

The	effect	of	the	orientation	on	the	system	performance	was	also	studied	by	rotating	
the	two	scale	models	for	the	four	orientation	(north,	south,	east	and	west).	

	

 
Figure	3.	Physical	scale	model	and	Viewspot	position		

Local	daylight	climate	characteristics	

The	measurements	were	conducted	in	the	city	of	Biskra,	Algeria	(latitude:	34.48,	longitude:	
5.44N)	in	January	under	real	climate	conditions.	The	microclimate	of	this	city	is	characterized	
by	high	temperature,	exceeding	30°c	in	summer,	little	rainfull	and	sunny	skies.	Research	has	
given	by	Daich	et	al	(2014)	shown	that	this	region	is	characterized	mainly	by	an	intermediate	
sky	 cover	 conditions	 which	 approximate	 40%	 and	 has	 a	 very	 high	 exterior	 horizontal	
illuminance	 level	 especially	during	 summer	 seasons,	 reached	83000lux	 in	May.	Moreover,	
research	was	given	by	Daich	et	al	(2015)	has	shown	that	the	sky	condition	was	set	as	a	clear	
sky	with	the	sun	and	high	luminous	level	during	the	day.		
	 	

AIC	

Viewspot		
Reference	
façade	
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Assessing	the	performance	of	AIC	

The	 illumination	 levels	 prevailing	 in	 the	 two	models	 during	 a	 typical	 day	 under	 clear	 sky	
conditions	 are	 compared	 in	 order	 to	 study	 the	 contribution	 of	 the	 AIC	 to	 increase	 of	
illumination	at	the	rear	part	of	the	space,	as	well	as	on	the	uniformity	of	daylight	distribution.	
The	measurements	have	been	performed	according	to	the	orientation	and	the	depth	of	the	
room.	The	quantitative	results	are	summarized	in	Fig.	4.		

	

     
 

       

 
Figure	4.	Desk	height	illuminance	values	monitored	in	the	two	physical	models	for	all	directions	

According	to	the	graphs,	it’s	clear	that	the	AIC	perform	well	for	all	orientations	and	the	
daylight	uniformity	is	approximately	equal	compared	with	the	reference	model.	The	system	
enhances	the	daylight	levels	in	the	depth	and	the	quantity	of	light	at	points	B,	C,	D	and	E	are	
tripled	for	all	orientations.	The	illuminance	values	in	these	points	are	comparatively	situated	
between	400lux	and	700lux.	In	addition,	we	can	observe	that	the	AIC	decrease	the	illuminance	
level	at	point	A	with	its	exterior	Anidolic	element.	Therefore,	it	is	obvious	that	the	horizontal	
illuminance	level	in	north	orientation	is	better	than	other	in	terms	of	quantity	and	quality	of	
the	interior	daylighting.		
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DGP	Analysis		

Daylight	Glare	Probability	(DGP)	is	a	metric	used	to	predict	the	appearance	of	discomfort	glare	
in	spaces.	It	takes	account	the	overall	brightness	of	the	view,	the	position	and	the	size	of	glare	
sources	and	visual	 contrast.	 In	our	 investigation,	 the	DGP	values	are	 calculated	 from	HDR	
images	which	were	captured	in	the	two	models	for	four	periods	of	the	day	at	9:00	am,	11:00	
am,	3:00	pm	and	5:00	pm	for	all	orientations.	The	results	recorded	are	presented	in	Fig.	5	and	
Fig.	6.		

	

   
Figure	5.	D.GI.P		calculated	in	the	reference	model										Figure	6.	D.GI.P	calculated	in	the	test	model	

Comparing	 the	 results	 of	 the	 two	 graphs	 show	 that	 the	AIC	 reduce	 significantly	 the	
discomfort	glare.	Fig.	6	indicates	that	the	DGP	values	recorded	in	the	test	model	are	less	than	
30%	and	the	glare	is	imperceptible	during	the	different	hours	of	study.	However,	we	found	
that	the	north	orientation	gives	stable	values	of	DGP	during	the	day	compared	with	the	others	
directions.	The	maximum	value	of	this	index	is	obtained	in	morning	(20%	in	the	east)	and	in	
the	afternoon	(23%	in	the	west).	In	addition,	the	DGP	values	calculated	in	the	reference	model	
varies	according	to	the	orientation	and	the	time.	The	results	have	shown	that	its	values	are	
greater	than	30%	in	the	various	study	hours.	Therefore,	each	orientation	has	a	specific	time	
when	DGP	is	higher.	The	discomfort	glare	is	intolerable	in	the	east	(at	9	am,	11	am)	and	in	the	
west	(at	3	pm,	5	pm).	Its	considerers	as	perceptible	at	South	(for	the	four	periods),	at	North	
(at	11	am,	3	pm	and	5	pm),	at	the	east	(at	3	pm,	5	pm)	and	at	the	west	(at	9	am,	11	am).	The	
glare	is	barely	perceptible	at	the	north	during	early	morning.	

Conclusion	

The	results	of	this	study	showed	that	the	use	of	the	Anidolic	Integrated	Ceiling	is	an	excellent	
mean	to	enhance	interior	visual	comfort	in	deep	spaces	in	climates	dominated	by	clear	sky	
conditions	 and	 high	 exterior	 illuminance	 level.	 The	 system	 contributes	 to	 a	 better	 use	 of	
daylight	 for	 all	 orientations	 and	 the	 illuminance	 levels	 are	 tripled	 compared	 with	 the	
reference	 model.	 Moreover,	 the	 system	 contributes	 as	 a	 regulator,	 it	 can	 ensure	 a	
homogeneous	 of	 the	 daylight	 distribution	 in	 the	 room	 and	 reduce	 the	 amount	 of	 light	
received	by	the	window,	by	 its	external	anidolic	element,	which	consequently	reduces	the	
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glare.	These	results	as	a	whole	indicate	that	the	performance	of	AIC	in	north	orientation	is	
better	than	other	under	these	specifics	climate	conditions.	However,	the	glare	analysis	results	
have	shown	that	the	AIC	has	shown	a	significant	contribution	to	improve	the	indoor	daylight	
quality	and	reduce	the	discomfort	glare.	It	performs	efficiently	for	all	orientation	and	the	DGP	
values	are	less	than	30%	for	most	of	the	time.	In	conclusion,	this	research	confirms	that	an	
AIC	can	ensure	great	promises	in	terms	of	quantity	and	quality	of	daylighting	in	deep	spaces	
(12m)	and	shows	that	the	north	orientation	is	the	best	from	the	point	of	view	of	uniformity	
of	the	daylight	distribution	as	well	as	the	visual	comfort.	
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Abstract:	Incorporating	daylight	into	buildings	has	great	potential	to	reduce	energy	use	and	positively	impact	
building	occupants.	However,	if	daylighting	designs	are	poorly	conceived,	the	luminous	environment	may	lead	
to	 issues	such	as	glare,	headaches,	eye	strain,	or	migraines.	This	research	presents	results	from	a	 large-scale	
study,	 which	 included	 both	 field	 measurements	 (reported	 elsewhere)	 and	 online	 surveys	 of	 three	 large	
commercial	office	buildings	 in	the	U.S.	Each	building	utilized	a	differing	type	of	shading	strategy:	automated	
blinds,	electrochromic	glazing,	and	roller	shades,	respectively.	This	paper	reports	the	findings	from	the	surveys,	
which	were	sent	to	each	building	to	assess	occupants’	subjective	thermal	and	visual	comfort	perceptions.	 In	
total,	5,031	surveys	were	sent	to	the	three	buildings,	and	1,068	total	occupants	responded	(a	response	rate	of	
21.2%).	Survey	results	indicated	common	thermal	and	visual	comfort	complaints	among	the	three	buildings.	Key	
outcomes	included	the	following:	(1)	it	is	difficult	to	provide	comfort	to	all	occupants,	(2)	an	integrated	design	
process	 is	 extremely	 important,	 and	 (3)	 designers	 need	 to	 better	 understand	 how	 design	 decisions	 affect	
building	occupants.	 It	 is	crucial	 that	designers	understand	daylighting	strategies,	shading,	and	corresponding	
human	perceptions	of	comfort.	
	
Keywords:	daylighting,	shading,	thermal	comfort,	visual	comfort	

Introduction		

Daylighting	has	been	found	to	increase	occupant	productivity,	increase	overall	satisfaction,	
and	to	ultimately,	save	energy	costs	associated	with	electric	lighting	use.	Many	studies	have	
been	 conducted	 that	 show	 the	 energy	 saving	 benefits	 proper	 daylighting	 can	 have	 on	 a	
building	(Chen	et	al.,	2014;	Li,	2010).	However,	issues	can	arise	when	daylight	is	not	controlled	
properly.	 Glare	 and	 overheating	 are	 common	 concerns	 for	 improperly	 designed	 systems	
(Basurto,	 Kämpf	 and	 Scartezzini,	 2017).	 Additional	 concerns	 include	 unfavorable	
psychological	 effects	 and	 non-uniform	 illuminance	 distribution	 (Roshan	 and	 Barau,	 2016).	
Because	of	these	potential	problems,	daylighting	systems	must	be	designed	carefully.	Ideally,	
end	user	preferences	would	be	considered	in	addition	to	quantitative	measures.	

The	 problem.	 Many	 recommendations	 for	 daylight	 shading	 strategies	 (relative	 to	
thermal	performance,	daylight	performance,	and	visual	comfort	performance)	have	emerged	
from	whole	building	analysis	and	simulation	without	fully	understanding	how	the	occupant	is	
experiencing	the	space	(Galatioto	and	Beccali,	2016;	Alzoubi	and	Al-Zoubi,	2010).	To	better	
understand	occupant	responses	to	different	daylight	shading	strategies	for	this	research,	a	
survey	was	sent	out	to	the	employees	 in	three	commercial	office	buildings,	each	of	which	
utilized	 a	 different	 shading	 system.	 Survey	 responses	were	 analyzed	 using	 techniques	 for	
qualitative	and	quantitative	data	and	those	results	are	presented	in	this	study.	
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Purpose		

The	purpose	of	this	study	was	to	analyze	thermal	performance,	daylight	performance,	and	
visual	comfort	performance	for	three	different	types	of	shading	strategies.	

Selected	Research	Questions	
The	 following	 research	 questions	 were	 asked	 to	 better	 understand	 occupant	 responses	
surrounding	thermal,	daylighting,	and	visual	comfort	issues:	

RQ1:	How	does	access	to	daylight	in	the	workspace	relate	to	productivity,	satisfaction,	
and	perception	of	lighting?	
RQ2:	 Is	 there	 a	 relationship	 between	 visual	 comfort	 and	 overall	 satisfaction	 with	
personal	office	workspaces?	
RQ3:	Is	there	a	relationship	between	thermal	comfort	and	visual	comfort?	
RQ4:	Is	there	a	relationship	between	having	a	window	near	the	workspace	and	visual	
comfort?		

Background		

Achieving	thermal	comfort,	visual	comfort,	and	productivity	in	the	built	environment	for	all	
occupants	is	difficult,	however,	providing	individual	operable	daylighting	controls	can	help	to	
maximize	occupants’	thermal	comfort,	visual	comfort,	and	productivity.		Personal	daylighting	
controls	have	been	proven	to	give	occupants	an	improved	sense	of	control	over	indoor	air	
quality,	ventilation,	and	daylighting	as	well	as	a	perceived	decreased	severity	of	sick	building	
syndrome.	In	addition,	desktop	glare,	attributed	to	lack	of	operable	daylighting	controls,	has	
been	 proven	 to	 have	 a	 negative	 effect	 on	worker	 productivity,	 while	 obstacles	 hindering	
access	to	daylight	(i.e.,	cubicle	partitions)	were	correlated	with	slow	performance	(Winchip,	
S.,	2011).	

Daylight,	 and	 corresponding	 operable	 controls	 used	 to	 refine	 that	 light,	 positively	
impacts	 human	 health,	 well-being,	 and	 productivity	 by	 stimulating	 the	 human	 circadian	
rhythm,	 which	 can	 lead	 to	 lower	 levels	 of	 depression,	 poor	 sleep	 quality,	 lethargy,	 and	
illnesses	(Figueiro	et	al.,	2002).	Although	thermal	comfort	and	visual	comfort	are	biased	based	
upon	 occupant	 preferences,	 productivity	 can	 be	 quantitatively	measured.	 According	 to	 a	
study	that	monitored	productivity	in	relation	to	controllable	daylit	environments,	occupants	
who	 were	 exposed	 to	 daylight,	 and	 thus	 could	 control	 their	 environment	 with	 various	
daylighting	 strategies,	were	15%	more	productive	with	work-related	 tasks	 (Figueiro	et	 al.,	
2002).	In	this	case,	access	to	daylight	and	productivity	were	correlated,	which	reinforces	the	
notion	 that	 occupants	 experiencing	 spaces	 should	 have	 access	 to	 operable	 daylighting	
controls	to	increase	thermal	comfort,	visual	comfort,	and	productivity.	

Methodology		

This	 research	 presents	 results	 from	 a	 large-scale	 study,	 which	 included	 both	 field	
measurements	 (reported	 elsewhere)	 and	 online	 surveys.	 The	 survey	 was	 sent	 to	 the	
employees	 in	 three	commercial	office	buildings.	All	employees	worked	 for	 the	same	 large	
bank	company.	The	buildings	were	all	 located	 in	the	same	ASHRAE	climate	zone	(4A),	and	
each	building	utilized	a	differing	type	of	shading	strategy,	which	are	identified	in	Figure	1.	
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Building	2	(Richmond,	VA)	
Electrochromic	glass	

	
	

Figure	1.	Survey	building	sites	and	associated	shading	strategies		
	
This	paper	reports	the	findings	from	the	surveys,	which	were	sent	to	each	building	to	

assess	occupant’s	subjective	thermal	and	visual	comfort	perceptions.	In	total,	5,031	surveys	
were	sent	to	the	three	buildings,	and	1,068	total	occupants	responded	(a	response	rate	of	
21.2%).	Due	to	a	lack	of	replication	of	the	shading	strategies,	care	has	been	taken	with	the	
interpretation	of	results.	Cross	building	inferences	about	the	shading	strategies	were	avoided.	
Rather,	 this	 study	 focuses	 on	 the	 thermal	 and	 visual	 comfort	 perceptions	 of	 building	
occupants	in	relation	to	the	individual	building	shading	strategies.	

Description	of	the	survey	tool		

In	total,	the	survey	included	44	questions,	which	were	broken	into	six	categories: 	
(1)	general	work	space	assessment,		
(2)	general	indoor	environmental	quality	(IEQ)	assessment,		
(3)	lighting	(including	satisfaction,	control	and	productivity),		
(4)	temperature	(including	satisfaction,	control	and	productivity),		
(5)	work	type	characteristics,	and		
(6)	demographics.		

Both	open-ended	and	closed-ended	questions	were	included	on	the	survey.	Satisfaction	
responses	 were	 assessed	 through	 a	 five-point	 Likert	 scale,	 which	 ranged	 from	 “strongly	
disagree”	 (1)	 to	 “strongly agree”	 (5).	 Multiple	 choice	 and	 yes/no	 responses	 were	 used	
throughout	the	survey	as	well.	The	survey	was	sent	on	8/2/16,	a	reminder	was	sent	on	8/8/16,	
and	the	survey	was	closed	on	8/15/16.		

Data	analysis	

The	 survey	 included	 both	 quantitative	 and	 qualitative	 variables,	 which	 were	 analysed	
accordingly.	For	this	research,	a	mixed	method	approach	was	used	to	fully	understand	the	
responses.	Following	methods	proposed	by	Creswell	(2014),	quantitative	and	qualitative	data	
were	analysed	separately	and	then	merged	in	a	side-by-side	comparison.	Quantitative	data	
were	reported	first	and	the	qualitative	data	were	compared	to	either	confirm	or	disconfirm	
the	 results.	 Due	 to	 a	 lack	 of	 replication	 (building)	 for	 each	 shading	 strategy,	 separate	
assessments	were	performed	by	building	to	evaluate	occupants’	subjective	thermal	and	visual	
comfort	perception.	However,	before	analysing	the	data,	a	vigorous	investigation	was	done	
to	gather	preliminary	statistics	to	clean	the	dataset	and	check	accuracy.	Through	the	process,	
some	participants	were	 removed	 from	dataset	 for	 the	 following	 reasons:	having	 seven	or	
more	 blank	 responses	 (n=33),	 not	 identifying	 the	 building	 name	 (n=4),	 or	 providing	 an	
inaccurate	floor	response	(n=3).		

Building	1	(Charlotte,	NC)	
Automated	Venetian	Blinds,	

Light	Redirecting	

Building	3	(Charlotte,	NC)	
Automated	Fabric	Shade	

Screens		
	

Building	2	(Richmond,	VA)	
Electrochromic	glass	
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SAS/STAT	 software	 (v.9.4)	was	utilized	 to	perform	statistical	 analysis	on	 the	 cleaned	
data.	Two-way	contingency	tables	were	generated	using	the	Tabulate	and	Freq	procedures	
inside	SAS.	These	tables	were	used	to	visualize	the	data	comparison	and	to	check	for	data	
sparseness.	 The	 variable	 comparisons	 were	 then	 divided	 into	 two	 categories:	 ordinal	 vs	
ordinal	(this	included	yes-no	variables)	and	ordinal	vs	categorical	variables.	Then,	statistical	
tests	were	performed	for	the	ordinal	vs	ordinal	comparisons.	A	test	of	associations	between	
ordinal	 responses	 was	 performed	 using	 the	 Freq	 procedure	 inside	 SAS	 to	 determine	 the	
Cochran-Mantel-Haenszel	statistic	(M2).	In	addition,	a	measure	of	Pearson’s	correlation	was	
generated	to	indicate	the	strength	of	association	between	the	two	variables.	For	the	ordinal	
vs	 categorical	 comparisons,	 a	 Kruskal-Wallis	 Test	 was	 performed	 using	 the	 Npar1way	
procedure	to	determine	if	there	was	a	significant	difference	between	the	mean	values	of	the	
categories	at	each	ordinal	level.	A	standard	level	of	significance	equal	to	0.05	was	used	for	
both	tests	(p	<	0.05).	

	Survey	participant	open-ended	 responses	were	also	analysed.	To	better	understand	
the	 responses,	 NVivo	 11	 was	 used	 to	 run	 a	 word	 frequency	 query,	 searching	 the	 most	
frequently	used	words	and	terms.	For	consistency,	 identical	 search	settings	were	used	 for	
each	query.		

Results	and	Discussion	

For	the	following	section,	results	are	presented	under	each	corresponding	research	question.		

RQ	1:	How	does	access	to	daylight	in	the	workspace	relate	to	productivity,	satisfaction,	and	
perception	of	lighting?	

Some	 of	 the	 strongest	 correlations	 shown	 by	 the	 two-way	 tests	 dealt	 with	 participants’	
feelings	 towards	 their	access	 to	daylight.	The	Pearson’s	 correlation	 for	overall	 satisfaction	
with	lighting	vs	how	pleased	an	individual	is	with	their	access	to	natural	daylight	indicated	a	
strong	positive	correlation.	The	correlation	value	for	each	of	the	three	buildings	was	greater	
than	0.44.	This	finding	agrees	with	the	findings	of	Xue	et	al.	(2014),	who	also	showed	that	
satisfaction	with	the	quality	of	daylighting	is	an	indication	of	the	level	of	luminous	comfort.	It	
was	also	shown	that	there	was	a	strong	positive	correlation	between	access	to	daylight	and	
the	 perceived	 effect	 of	 lighting	 on	 productivity.	 Participants	 felt	 that	 daylight	 helped	 to	
improve	their	productivity.	This	 is	not	surprising,	as	it	 is	generally	agreed	that	daylight	can	
help	to	improve	work	ability	(Galatioto	and	Beccali,	2016).	However,	this	study	showed	that	
not	 only	 is	 having	 access	 to	 daylight	 important,	 but	 also	 the	 ability	 to	 control	 daylight	 is	
important	too.	In	buildings	1	and	3,	there	was	a	strong	positive	correlation	between	the	ability	
to	alter	blinds	to	meet	your	needs	and	the	perceived	effect	of	lighting	on	productivity.	Building	
2	did	not	show	this	correlation	as	strongly.	

In	addition	to	performing	tests	of	association	and	generating	Pearson’s	coefficients,	the	
summary	statistics	were	also	examined.	One	oddity	that	was	found	was	that	the	mean	value	
of	 the	 responses	 to	 the	 questions	 that	 concerned	 daylight	 and	 lighting	were	 consistently	
lower	 for	 building	 2	 than	 for	 the	 other	 two	 buildings.	 Figure	 1	 shows	 a	 graphical	
representation	 of	 the	 anomaly	 for	 the	 variables:	 access	 to	 daylight	 and	 satisfaction	 with	
overall	lighting	conditions.		

	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 3208



		
Figure	2.	Satisfaction	with	overall	daylight	and	lighting	conditions		

	
This	trend	(i.e.,	lower	satisfaction	appraisals	for	building	2)	was	represented	in	several	

other	responses	as	well.	Table	1	gives	a	summary	of	the	mean	values	for	the	responses	that	
had	an	abnormally	low	mean	value	for	building	2.	
	

Table	1.	Mean	values	of	selected	satisfaction	responses.	
	

		 Building	1	 Building	2	 Building	3	
Pleased	with	workspace	 3.95	 3.39	 3.86	
Pleased	with	quality	of	light	 3.91	 3.33	 4.1	
Pleased	with	access	to	daylight	 3.63	 2.82	 4.02	
Pleased	with	the	ability	to	alter	blinds	 2.52	 1.1	 1.98	
Satisfied	with	overall	lighting	 3.81	 3.43	 3.89	
Lighting	affect	productivity	 3.43	 3.22	 3.29	

	
The	 table	 shows	selected	survey	questions	and	 the	mean	 response	 in	each	building,	

where	1	 is	 the	most	negative	 response	and	5	 is	 the	most	positive	 response	possible.	One	
possible	 explanation	 for	 the	 building	 2	 responses	 is	 the	 building’s	 electrochromic	 glass	
shading	strategy.	Management	had	stated	that	building	2’s	electrochromic	glass	system	was	
newly	installed	at	the	time	the	survey	was	taken	and	that	it	had	not	yet	been	commissioned.	
The	results	indicate	that	at	the	time,	prior	to	commissioning,	the	system	was	not	performing	
adequately.	In	addition	to	their	closed-ended	responses,	building	2	occupants	also	expressed	
their	displeasure	with	the	shading	strategy	in	their	open-ended	responses:	

"I	do	not	sit	near	windows	and	unless	I	go	outside	it	always	feels	like	an	overcast	day.	I	
don't	look	forward	to	winter	with	because	the	new	windows	block	the	sunlight	that	shines	in	
from	other	sections	and	it	always	feels	light	night	time.	I	go	outside	at	every	break	just	to	
get	sunlight.	I	have	requested	repeatedly	to	have	my	desk	light	bulbs	replaced,	but	have	not	
been	successful.	I	am	definitely	more	productive	in	brighter	light.”	-	Building	2	respondent	

RQ	2:	Is	there	a	relationship	between	visual	comfort	and	overall	satisfaction	with	personal	
office	workspaces?	

Another	 research	 question	 that	 was	 explored	 was	 the	 relationship	 between	 overall	
satisfaction	with	 personal	 office	workspaces	 and	 visual	 comfort.	 To	 answer	 this	 question,	
tests	 were	 run	 to	 determine	 the	 relationship	 between	 overall	 satisfaction	 with	 lighting	
conditions	and	how	pleased	an	individual	was	with	their	workspace.	The	Pearson’s	correlation	
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was	greater	than	0.49	for	all	three	buildings	for	this	response	comparison.	A	similarly	strong	
correlation	was	found	for	how	pleased	an	individual	is	with	access	to	natural	daylight	vs	how	
pleased	 they	 are	 with	 their	 workspace.	 The	 relationship	 between	 the	 distance	 from	 your	
workspace	 to	 a	 window	 and	 how	 pleased	 an	 individual	 is	 with	 their	 workspace	 was	 also	
examined.	 For	 building	 1	 and	 building	 2,	 it	 was	 shown	 that	 there	 was	 a	 strong	 negative	
correlation	between	distance	to	a	window	and	satisfaction	with	workspace,	with	a	Pearson’s	
correlation	of	less	than	-0.21.	In	other	words,	the	further	an	individual’s	workspace	was	from	
a	window,	the	less	satisfied	they	were	with	their	workspace.	These	results	clearly	indicate	the	
importance	of	both	visual	comfort	and	access	to	daylight/windows	in	workplace	satisfaction.	

RQ	3:	Is	there	a	relationship	between	thermal	comfort	and	visual	comfort?		

This	 study	 also	 investigated	 the	 relationship	 between	 thermal	 and	 visual	 comfort	 for	
occupants	of	the	three	buildings.	Correlations	were	quantified	for	the	question	comparisons:	
satisfaction	with	overall	lighting	conditions	vs	satisfaction	with	thermal	conditions,	access	to	
daylight	 vs	 being	 satisfied	 with	 the	 thermal	 conditions	 in	 your	 workspace,	 and	 access	 to	
daylight	 vs	satisfaction	with	 temperature	 in	your	workspace.	The	correlations	and	 tests	of	
associations	showed	strong	correlations	for	all	three	variable	comparisons.	Figure	3	shows	a	
mosaic	 plot	 example	 of	 satisfaction	 with	 overall	 lighting	 conditions	 vs	 how	 pleased	 a	
respondent	was	with	the	thermal	conditions	in	their	workspace	for	building	1.		
	

	
	

Figure	3.	Satisfaction	with	thermal	conditions	vs	overall	lighting	conditions		
	

The	plot	provides	a	visual	representation	of	the	relationship	between	the	two	compared	
variables.	The	general	shape	of	the	plot	is	the	same	for	all	positive	correlations.	These	results	
indicate	that	there	is	a	strong	positive	relationship	between	thermal	and	visual	comfort.	Each	
color	 represents	 the	 fraction	 of	 “pleased	 with	 thermal	 condition”	 responses	 as	 they	
correspond	with	 satisfaction	with	 overall	 lighting	 conditions	 (blue	 =	 very	 satisfied,	 pink	 =	
satisfied,	green	=	neutral,	brown	=	dissatisfied,	purple	=	very	dissatisfied).		

In	 addition,	 the	 correlation	 between	 window	 proximity	 and	 thermal	 comfort	 was	
analysed.	An	association	test	was	performed	for	the	distance	from	the	workspace	to	a	window	
vs	satisfaction	with	thermal	conditions	in	the	workspace.	The	Pearson’s	correlation	was	also	
generated	and	it	was	determined	that	there	was	no	significant	correlation	for	these	variables	
in	 this	 dataset.	 The	 same	 was	 true	 for	 having	 a	 window	 nearby	 and	 satisfaction	 with	
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temperature	 for	 building	 2	 and	 building	 3.	 Although,	 building	 1	 did	 show	 a	 negative	
correlation	 for	 this	 comparison	 (if	 there	was	not	 a	window	close	by,	 the	 satisfaction	with	
temperature	was	lower).	The	results	of	this	study	indicate	that	window	proximity	does	not	
appear	to	have	a	consistent	effect	on	thermal	comfort	

RQ	 4:	 Is	 there	 a	 relationship	 between	 having	 a	window	 near	 the	workspace	 and	 visual	
comfort?		

The	effects	of	having	a	window	near	the	respondents’	workspace	were	mixed.	In	building	1	
and	building	2,	there	was	a	positive	correlation	between	having	a	window	close	by	and	being	
pleased	with	the	overall	lighting	conditions	in	an	individual’s	workspace.	The	same	was	true	
for	having	a	window	close	to	the	workspace	and	being	pleased	with	the	quality	of	light	in	the	
workspace.	 As	 expected,	 in	 all	 three	 buildings,	 there	 was	 a	 strong	 correlation	 between	
proximity	to	a	window	and	being	pleased	with	access	to	daylight.	In	general,	people	in	this	
study	were	more	likely	to	have	a	higher	visual	comfort	level	if	their	workspace	was	located	
closer	to	a	window.	

Windows	and	daylighting	can	also	have	negative	effects	on	occupants	if	the	daylighting	
system	 is	not	designed	properly	 (Sherif	et	al.,	2016).	 In	building	1	 there	was	a	correlation	
between	having	a	window	nearby	and	computer	glare.	However,	there	was	little	correlation	
in	the	other	two	buildings.		

Overall,	 while	 there	 were	 many	 positive	 comments	 throughout	 the	 open-ended	
responses,	common	complaints	also	emerged.	In	Building	1,	the	top	concerns	surrounded	the	
shading	 automation,	 instances	 of	 glare	 and	 cold	 temperatures.	 In	 Building	 2,	 occupants	
frequently	complained	of	the	space	being	too	dark,	“cave	like”,	and	they	general	disliked	the	
electrochromic	 windows.	 In	 Building	 3,	 occupants	 also	 complained	 about	 the	 shading	
automation,	 glare,	 and	 cold	 temperatures.	 Several	 open-ended	 responses	 indicated	 the	
occupant’s	displeasure	with	the	daylighting	in	their	workspace:	
• “the	glare	is	so	bad	that	we	can’t	even	use	or	monitors	or	the	tv	in	conference	room”	—	

building	1		
• "it	is	far	too	bright	in	the	office.	I	wish	every	other	light	fixture	were	removed.	while	the	

blinds	allow	some	modulation	of	outside	light,	there	are	times	of	year	when	the	sun	hits	
between	the	upper	blinds	and	makes	my	workspace	very	uncomfortable."	—	building	1		

• "The	glare	in	my	workspace	is	extreme:	with	the	white	cube	walls	and	desktops,	it	creates	
continuous	glare.	I	get	headaches	and	eyestrain	daily	causing	me	to	work	from	home	two	
days	a	week	so	that	I	can	alter	my	light	source.	While	I	have	a	rare	eye	condition,	light	
actually	helps	it;	however,	the	fluorescent	light	in	this	building	coupled	with	all	the	white,	
creates	a	snow	effect	and	places	incredible	strain	on	both	of	my	eyes.	If	the	desktops	were	
a	different	color,	that	would	help.”	—	building	2		

Conclusion		

Based	on	 this	 study,	window	proximity	was	beneficial	 for	 increasing	 visual	 comfort	 in	 the	
workspace.	Office	layouts	that	maximize	window	proximity	for	as	many	users	as	possible	are	
ideal,	if	glare	can	be	minimized.	In	addition,	one	theme	that	continually	emerged	during	data	
analysis	 was:	 People	 want	 control.	 The	 desire	 for	 control	 of	 building	 systems	 by	 their	
occupants	has	been	well	documented	(Fabi	et	al.	2016;	Meerbeek	et	al.,	2016;	Bakker	et	al.,	
2014).	Both	the	qualitative	and	quantitative	data	from	this	study	showed	that	people	wanted	
to	control	their	environment	to	meet	their	individual	needs.	Generated	correlations	showed	
that	in	building	1	and	3	there	was	a	strong	positive	relationship	between	the	ability	to	alter	
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blinds	to	meet	your	needs	and	the	perceived	effect	of	 lighting	on	productivity.	People	also	
expressed	their	desire	 for	control	 through	their	open-ended	responses.	For	example,	"The	
questions	about	our	ability	to	alter	anything	about	our	environment	do	not	apply	because	we	
cannot	alter	anything.	We	were	told	the	blinds	could	be	lowered	manually	but	they	only	stay	
down	for	about	30	minutes	and	then	return	to	the	building	settings.	This	is	the	worst	and	most	
uncomfortable	building	I	have	ever	worked	in	...”-	building	3.		

Overall,	 the	 findings	 of	 this	 study	 echo	much	of	 the	 literature.	 In	 summary:	 (1)	 it	 is	
difficult	to	provide	comfort	to	all	occupants	(mixed	reviews),	however,	providing	personalized	
control	to	occupants	may	alleviate	some	of	the	negative	perceptions	(2)	an	integrated	design	
process	 is	 important	 for	 thoughtfully	developing	a	well-daylit	 space,	 (3)	designers	need	to	
better	understand	how	design	moves	affect	building	occupants,	and	(4)	design	for	the	people!		

Next	Steps		

For	the	next	steps	of	this	research,	more	advanced	analysis	and	regression	modelling	will	be	
performed	 for	 additional	 data	 analysis,	 the	 qualitative	 data	 coding	 and	 analysis	 will	 also	
continue,	and	the	survey	results	will	be	compared	with	the	measured	physical	data.	
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Abstract:	 Façade	 treatments	have	a	 significant	 impact	on	 improving	daylighting	and	energy	performance.	 In	
desert	climate,	clear	sunny	sky	is	the	prevailing	condition	which	can	be	associated	with	excessive	heat	gain	and	
non-uniformity	in	daylight	distribution.	This	paper	aims	to	identify	the	effect	of	two	positions	of	a	solar	screen	
on	daylighting	 efficiency	 and	 energy	 savings.	 First,	 simulation-based	optimization	was	 conducted	 to	 explore	
screen	configurations	 that	meet	daylighting	 requirements	 for	a	generic	 south-oriented	office	 in	Cairo.	Then,	
energy	 savings	were	 quantified	 for	 the	 selected	 optimal	 cases	 to	 find	 the	 balance	 between	 daylighting	 and	
energy	efficiency.	Generative	performative	design	approach	was	adopted,	where	solar	screen	patterns	were	
generated	using	Cellular	Automata	(CA)	as	a	generative	system.	Then,	Genetic	Algorithms	(GAs)	were	integrated	
within	the	design	process	to	optimize	screen	configurations	regarding	the	IES	metrics;	spatial	Daylight	Autonomy	
(sDA)	and	Annual	Sunlight	Exposure	(ASE).	Simulations	were	conducted	using	DIVA-for-Rhino	and	the	parametric	
tool	Grasshopper	to	automate	the	optimization	process.	 	Results	demonstrated	that	the	assigned	daylighting	
criteria	were	met	in	both	cases	whereas,	the	external	solar	screen	was	more	effective	in	decreasing	energy	loads	
which	reached	about	85%	less	than	the	internal.	
	
Keywords:	Daylighting,	Energy	savings,	Generative	performative	design,	Cellular	Automata,	Genetic	Algorithms	

Introduction		

Building	 facades	 protect	 the	 indoor	 environment	 from	 the	 external	 harsh	 conditions;	 like	
excessive	solar	radiations,	and	high	or	low	temperatures.	Different	shading	techniques	can	be	
applied	to	façade	design	aiming	to	enhance	the	indoor	environment.	Particularly	in	a	clear	
sky	condition,	direct	sunlight	is	a	serious	problem	and	shading	strategies	need	consideration.		

A	shading	element	that	used	to	be	applied	in	the	Middle	East	for	privacy	and	shading	
intents	is	the	solar	screen	which	is	known	as	‘Mashrabia’	(Sabry	et	al.,	2012).	The	emphasis	
on	their	aesthetic	role	was	shifted	to	be	on	its	environmental	impact	in	recent	studies.	A	study	
investigated	 different	 perforation	 ratios	 on	 both	 energy	 saving	 and	 daylighting	 autonomy	
through	an	experimental	simulation.	It	was	found	that	perforations	range	between	30%,	and	
50%	 were	 the	 best	 for	 reaching	 a	 good	 compromise	 between	 thermal	 and	 daylighting	
requirements	(Batool	&	M.K.	Elzeyadi,	2014).	In	another	study,	the	problem	of	daylight	non-
uniformity	 and	 heat	 gain	 were	 addressed	 for	 similar	 climatic	 and	 spatial	 conditions.	 The	
effectiveness	of	solar	screens	was	revealed	through	adding	light	shelves,	changing	rotation	
angle,	changing	screen	height	and	aspect	ratio	(Sabry	et	al.,	2012).	According	to	the	above	
literature	 external	 solar	 screen	 parameters	 were	 recommended	 to	 be	 used	 for	 hot	 arid	
climates	for	achieving	daylighting	and	reducing	heat	gain.	It	was	agreed	that	external	shades	
better	control	solar	loads	in	comparison	to	internal	shades	as	it	blocks	solar	radiation	from	
entering	the	space	(Sabine,	2015).	However,	quantifying	the	difference	in	both	energy	and	
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daylighting	performance	between	external	and	 internal	 solar	 screen	was	 the	 investigation	
intent	of	this	paper	using	a	simulation-based	optimization	approach.	

Evaluating	Approaches	

There	was	a	tendency	towards	the	utilization	of	building	simulation-based	approach	and	tools	
for	evaluating	building	performance.	In	this	approach,	a	set	of	variables	are	varied	one	by	one	
to	see	the	effect	of	each	on	performance.	Repeating	this	step	iteratively	for	each	variable	is	
time	consuming	and	it	ignores	the	interaction	between	variables	(Nguyen	et	al.,	2014).	Hence,	
an	effective	approach	that	directly	automates	this	iterative	process	searching	for	the	optimal	
desirable	solutions	should	be	adopted,	where	optimization	techniques	are	 incorporated	 in	
the	design	workflow.	In	simulation-based	optimization	approach,	simulation	results	are	sent	
to	the	optimization	algorithm	which	in	turn	manipulate	design	variables	forming	the	design	
model	 (Nguyen	 et	 al.,	 2014).	 Arafa	 et	 al.	 (2013)	 used	 this	 approach	 to	 optimize	 energy	
performance	of	external	solar	screen	by	changing	 its	perforation	percentage,	aspect	ratio,	
and	depth.	An	optimization	software	was	coupled	with	Energy	Plus	simulation	engine	finding	
out	the	optimum	configurations,	which	achieved	savings	up	to	31%	compared	to	the	non-
shaded	windows.		

Simulation-based	optimization	approach	basically	focused	on	the	assigned	performance	
criteria,	 but	 the	 dimension	 of	 visual	 aspects	 was	 not	 emphasized.	 Hence,	 incorporating	
generative	 systems	 was	 suggested	 in	 this	 paper.	 Integrating	 generative	 systems	 with	
performance	aspects	can	offer	the	subjective	visual	aspects	and	geometric	attributes	without	
violating	the	performance	resulting	in	more	innovative	solutions.	

Generative	Performative	Design	

Based	 on	 the	 previously	 mentioned	 design	 approach,	 an	 integrated	 method	 called	
“Generative	 Performative	 Design”	 has	 emerged.	 It	 integrated	 form	 generation	 and	
performance,	considering	both	through	optimization	algorithms	and	simulation	techniques.	
Optimization	algorithms	and	generative	processes	receive	the	feedback	from	the	simulation	
results	 to	 automatically	 generate	 and	 modify	 designs	 according	 to	 certain	 performance	
criteria	(Fasoulaki,	2008).		

Genetic	Algorithms	 (GAs)	 are	widely	 used	 in	 building	 optimization.	 They	 imitate	 the	
principles	 of	 natural	 evolution	 where	 populations	 of	 solutions	 are	 created	 through	 the	
processes	of	reproduction,	crossover	and	mutation	that	work	on	the	survival	of	the	fittest	
(Machairas	 et	 al.,	 2014).	 Their	 efficiency	 considering	 environmental	 performance	 aspects	
were	demonstrated	through	a	verified	methodology	by	Caldas	and	Norford	(2002).		

Cellular	Automata	is	one	of	the	well-known	generative	systems	that	reveals	a	sense	of	
visual	quality	and	guides	form	generation	through	certain	rules	(Wolfram,	2002).	(Fathy	et	al.,	
2015)	 used	 Cellular	 Automata	 to	 govern	 the	 geometric	 attributes	 of	 a	 solar	 screen	 to	
maximize	daylighting	adequacy	and	minimize	direct	sunlight.		

In	this	paper,	Cellular	Automata	(CA)	was	used	to	generate	external	and	internal	solar	
screen	 and	 Genetic	 Algorithms	 (GAs)	 were	 integrated	 to	 optimize	 their	 daylighting	
performance	(phase	1).	Then,	energy	savings	were	quantified	 in	both	cases	(phase	2).	 It	 is	
intended	to	capture	the	desired	geometric	attributes	of	solar	screen	pattern	while	preserving	
its	performance	for	a	south	oriented	office	in	the	desert	climate	of	Cairo,	Egypt.	
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Methodology	

The	 study	was	 conducted	 on	 a	 generic	 south	 oriented	 office	 space	 located	 in	 the	 desert	
climate	 of	 Cairo,	 Egypt	 (30°6'N,	 31°24'E)	 with	 no	 external	 obstruction.	 The	 office	 space	
configuration	and	the	parameters	of	window	and	screen	were	shown	in	Figure	1	and	Table	1	
respectively,	where	the	base	case	was	considered	without	screen.	

Figure	1.	Space	dimensions	and	screen	configurations	

Table	1.	Space	and	window	parameters	

Space	Dimensions	
Floor	Level	 1st	floor	(+3.45m)	

Internal	Dimensions	 	3m*4m	
Floor	Height	 3m	

Internal	Surfaces	
Reflectance	

Ceiling	 80%	White	colour	paint	
Walls	 50%	off-white	colour	paint 
Floor	 20%	Wooden	floor	

Window	Parameters	

Window	to	Wall	Ratio	(WWR)	 100%	
Window	height	 3m	
Window	width	 3m	

Glazing	 Double	Clear	Pane	(VT=80%)	
Window	Frame	 Metal	Diffuse	

Screen	Modelling	

One-dimensional	Cellular	Automata	was	applied	on	a	regular	square	grid	screen	(reflectance	
35%)	covering	the	whole	facade.	Rabbit	plug-in	for	Grasshopper	(Morphcode)	was	used	to	
simulate	 the	emergent	behaviour	of	 CA	 in	 the	process	of	 generating	 the	 screen	patterns.	
There	are	18	rules	classified	by	(Zawidzki,	2009)	to	be	suitable	for	shading	purposes	and	their	
pattern	 were	 shown	 in	 Figure	 2.	 Several	 parameters	 can	 be	 identified	 to	 explore	 their	
variations	on	daylighting	performance.	In	this	study,	rule	180	was	selected	to	be	investigated	
based	on	pattern	aesthetic.	Three	parameters	were	varied,	which	are	1)	Cell	size;	ranged	from	
0.25	to	0.45m	with	0.05m	increment,	2)	Cell	depth;	ranged	from	±0.15	to	±0.35m	with	0.05m	
increment	 where	 the	 positive	 and	 negative	 values	 represented	 the	 external	 and	 internal	
screens	respectively	and	3)	Black	count	in	the	first	row;	ranged	from	2	to	7	black	cells,	which	
denoted	screen	opacity	ranging	from	about	17%	to	88%	as	shown	in	Figure	2.	These	three	
variables	were	set	as	an	input	to	generate	the	whole	array	of	the	screen	which	resulted	in	300	
different	cases.	

Phase	1:	Daylighting	Optimization	

The	first	phase	was	concerned	with	daylighting	optimization	encompassing	both	external	and	
internal	 screen	 configurations	 simultaneously.	 The	 analysis	was	 conducted	 using	Dynamic	
Daylight	 Performance	Metrics	 (DDPM);	 the	 IES	metrics	 (IESNA,	 2012)	which	 give	 absolute	
benchmark	levels	for	the	pass	or	fail	criteria	for	daylighting.	The	first	metric	(sDA300/50%)	gives	
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an	 indication	 of	 daylighting	 adequacy	 inside	 the	 space,	where	 a	minimum	 illuminance	 of	
300lux	is	meant	to	be	reached	at	50%	of	the	occupied	hours	across	at	least	55%	of	the	space.	
The	second	metric	(ASE1000/250hr)	indicates	excessive	sunlight	exposure	when	receiving	direct	
sunlight	of	1000lux	for	more	than	250	hours.	This	should	not	exceed	10%	of	the	space	area.	
For	this	study,	optimal	cases	should	reach	at	least	75%	sDA	and	a	maximum	value	of	10%	ASE	
to	avoid	possible	visual	discomfort	due	to	sun	penetration.	Illuminance	levels	were	calculated	
on	 the	 work	 plane	 set	 on	 a	 level	 0.8m	 from	 the	 ground	 and	 was	 divided	 into	 a	 grid	 of	
0.5m*0.6m.	The	time	schedule	was	set	from	8am	to	6pm.		Radiance	parameters	used	for	sDA	
and	ASE	calculations	were	adjusted	according	to	the	IES	as	shown	in	Table	2.	

Figure	2:	Screen	Patterns	for	rule	180	showing	opacity%	with	cell	size	and	black	count	

Table	2:	Radiance	Parameters	
Evaluation	Metrics	 Ambient	Bounces	 Ambient	Divisions	 Direct	Threshold	

sDA	 6	 1000	 0	
ASE	 0	 1000	 0	

The	 assigned	 daylighting	 performance	 criteria	 governed	 the	 computation	 of	 Cellular	
Automata	 (CA)	 to	 form	an	external	 and	 internal	 screen	pattern.	 Rhinoceros	 3D	modelling	
software	 and	 its	 graphical	 algorithm	 editor	 Grasshopper	 (Rutten,	 2017)	 were	 used	 as	 a	
common	platform	for	CA	pattern	modelling,	daylighting	simulation	analysis,	and	optimization.	
Simulation	analysis	was	conducted	using	Diva-for-Rhino;	a	plug-in	for	Rhino	which	acts	as	an	
interface	 for	 Radiance	 and	 Daysim	 for	 daylighting	 calculations.	 To	 overcome	 the	
computational	time	needed	to	evaluate	all	cases,	Genetic	Algorithms	(GAs)	were	utilized.	GAs	
have	the	 intelligence	to	 learn	and	form	better	configurations	along	successive	generations	
where	every	generation	 is	seeking	to	better	meet	the	assigned	criteria	than	the	preceding	
generation.	 Fifteen	 generations	 (iterations)	 were	 simulated	 having	 a	 population	 of	 five	
configurations.	Galapagos	plug-in	 for	Grasshopper	 (Rutten,	2013),	which	applies	a	 generic	
solver	using	GAs,	was	then	used	to	find	the	optimal	cases.		

Phase	2:	Energy	Simulation	

After	finding	the	optimal	screen	configurations	for	daylighting,	energy	loads	were	calculated	
for	 these	 cases	 to	 quantify	 the	 differences	 between	 the	 internal	 and	 external	 screen.	
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Comparative	analysis	was	conducted	in	terms	of	cooling	and	heating	loads	while	neutralizing	
lighting	loads	as	illuminance	levels	for	these	cases	were	almost	the	same.	Diva-for-Rhino	was	
also	used	which	 interfaces	Energy	plus	 for	energy	 calculations	using	diva	 thermal	 analysis	
(viper)	component.	All	space	surfaces	were	set	to	be	adiabatic	except	the	window	wall	with	
glazing	U-value	2.71W/m2/K,	solar	heat	gain	coefficient	(SHGC)	0.72	and	visual	transmittance	
0.8.	The	occupancy	of	the	space	was	set	at	a	rate	of	0.1	Persons/m2	and	the	time	schedule	
from	8am	to	6pm	was	assigned.	The	HVAC	control	used	was	ideal	loads	air	system	and	heating	
and	cooling	set	points	were	set	22	°C	and	26	°C	respectively.		

Simulation	Results	

Phase	1	Results:	Daylighting	Optimization	

The	optimization	process	resulted	in	providing	a	range	of	successful	solutions	generated	along	
the	fifteen	 iterations.	 It	 is	 found	that	opacity	(perforations)	ranges	from	17%	to	58%,	with	
certain	depth	lengths,	achieved	sDA	equal	or	more	than	75%	and	ASE	less	than	or	equal	10%.	
For	 example,	 0.25	 cell	 size	with	 2	 black	 count	 representing	 opacity	 17%	was	 found	 to	 be	
effective	with	cell	depth	-0.35,	-0.3,	0.25,	0.3,	and	0.35,	where	sDA	and	ASE	values	ranged	
from	92%	to	100%	and	0%	to	10%	respectively	as	shown	in	Figure	3.	The	sDA	of	the	base	case	
reached	 its	 peak;	 however,	 the	 ASE	 was	 too	 high	 reaching	 75%.	 The	 external	 screen	
succeeded	to	keep	sDA	in	the	acceptable	range	while	dropping	ASE	to	the	bottom	at	0%.	It	
also	 outperformed	 the	 internal	 in	 minimizing	 the	 ASE	 with	 a	 difference	 10%.	 Other	
combinations	of	the	three	variables	resulted	in	surpassing	the	benchmark	of	the	daylighting	
performance	along	the	assigned	range	as	shown	in	Table	3.	

Figure	3:	sDA	and	ASE	at	cell	size	0.25	and	black	count	2	where	opacity	is	17%	

It	is	noticed	that	sDA	reached	its	peak	at	different	ranges	of	the	assigned	variables.	The	
effect	 of	 black	 count	 on	 sDA	 was	 obvious	 at	 cell	 size	 0.25	 and	 depth	 length	 0.35,	 as	 it	
decreases	from	98%	at	black	count	2	to	10%	at	black	count	7,	whereas	ASE	was	constant	at	
0%.	On	the	other	hand,	ASE	decreases	as	black	count	increases	at	the	range	of	depth	length	
from	-0.25	to	0.25.	Although	a	large	range	of	configurations	exceeds	75%	sDA	for	both	internal	
and	external	screen,	only	the	larger	depth	length	succeded	to	pass	ASE	criteria.	In	the	internal	
screen,	optimal	cases	found	mainly	at	depth	lengths	-0.3	and	-0.35	with	black	count	ranges	
from	2	to	4		and	cell	size	0.25	and	0.3.	As	for	the	external,	the	same	range	succeded	along	
with	smaller	depth	length	and	larger	cell	size.	By	comparing	the	performance	of	external	and	
internal	 screen	 configurations,	 it	 is	 noticed	 that	 more	 optimal	 cases	 were	 found	 in	 the	
external	as	shown	in	Table	3.	In	addition,	some	successful	cases	in	the	former	did	not	pass	in	
the	latter	and	vice	versa.	Thus,	daylight	autonomy	and	exposure	hours	across	the	space	were	
demonstrated	 for	 an	optimal	 external	 configuration	 (cell	 size	 0.25,	 black	 count	 2	 and	 cell	
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depth	0.25)	which	did	not	pass	in	the	internal.	Similarly,	an	internal	optimal	case	which	failed	
in	the	external	(cell	size	0.3,	black	count	2,	cell	depth	0.3)	was	illustrated	in	Figure	4.	

Table	3:	sDA	and	ASE	for	all	simulated	cases	highlighting	the	successful	ones	

	

	
Figure	4:	sDA	and	ASE	distribution	for	one	optimal	external	and	internal	screen	

By	 comparing	 the	 daylight	 distribution	 for	 the	 internal	 and	 external	 of	 the	 same	
configuration,	daylight	autonomy	was	almost	the	same;	however,	the	distribution	of	direct	
sunlight	differs	which	affect	ASE	consequently.		

Phase	2	Results:	Energy	Analysis	

In	this	phase,	cooling	and	heating	loads	were	calculated	for	the	optimal	external	and	internal	
configurations	 from	 phase	 one.	 In	 the	 external,	 the	 total	 energy	 loads	 ranged	 from	
77.5KWh/m2	 to	 109.9	 KWh/m2.	 These	 differences	 resulted	mainly	 from	 the	 cooling	 loads	
whereas	heating	loads	displayed	small	variations	ranging	from	12	to	15	KWh/m2.	The	effect	
of	increasing	the	number	of	black	count	on	reducing	total	energy	is	obvious	at	cell	size	0.25	
and	depth	0.25	as	it	decreases	from	90.8	to	77.5	KWh/m2	as	shown	in	Figure	5.	

sDA	% ASE	% sDA	% ASE	% sDA	% ASE	% sDA	% ASE	% sDA	% ASE	% sDA	% ASE	% sDA	% ASE	% sDA	% ASE	% sDA	% ASE	% sDA	% ASE	%

2 17% 92 10 100 10 100 15 100 20 100 32 100 45 100 18 100 8 100 0 98 0
3 25% 82 8 100 8 100 12 100 15 100 45 100 18 100 8 98 0 80 0
4 33% 85 5 100 15 100 30 100 20 100 8 100 0 78 0
5 42% 100 8 100 20 100 15 100 5 70 0 28 0
6 50% 100 20 100 5 25 0
7 58% 90 2 10 0
2 18% 100 0 100 0 100 18 100 65 100 42 100 18 100 12 100 2
3 27% 100 0 100 0 100 15 100 42 100 60 100 40 100 8 100 5 100 0
4 36% 100 0 100 0 100 18 100 20 100 40 100 45 100 8 100 2 98 0
5 45% 100 18 100 35 100 35 100 5
6 55% 100 18 100 30 40 2
7 64%
2 20% 100 30 100 42 100 42 100 50 100 60 100 30 100 25 100 18 100 0 100 0
3 30% 100 22 100 35 100 38 100 45 100 55 100 20 100 12 100 8 100 0 100 0
4 40% 100 40 100 48 100 5 98 5 92 0 58 0
5 50% 100 38 100 48
6 60% 45 8 100 38
7 70%
2 22% 100 32 100 32 100 55 100 42 100 25
3 33% 100 12 100 32 100 32 100 48 100 28 100 15
4 44% 100 32 100 48 100 28 100 25
5 56% 95 18 100 22 100 38
6 67%
7 78%
2 25% 100 30 100 18
3 38% 100 22
4 50%
5 63%
6 75%
7 88%
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Figure	5:	The	effect	black	count	on	decreasing	energy	loads	at	cell	size	and	cell	depth	0.25	

On	the	other	hand,	the	internal	screen	configurations	showed	almost	the	same	energy	
loads	as	shown	in	Table	4.	They	approached	the	base	case	(without	screen)	results	where	the	
heating	and	cooling	loads	hit	10.3	and	465KWh/m2	respectively	with	total	475.3KWh/m2.	The	
neglectable	effect	of	internal	screen	on	energy	loads	returns	to	allowing	all	solar	radiation	of	
the	south	to	enter	through	the	large	glazing	area	(WWR=100%)	and	heating	up	the	screen	
itself	and	thus	the	whole	space.	
Table	4:	Total	energy	loads	in	KWH/m2	highlighting	the	optimal	and	its	corresponding	pattern	and	daylighting		
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Internal	 External	
-0.35	 -0.3	 -0.2	 0.2	 0.25	 0.3	 0.35	

0.
25

	

2	 17%	 473.3	 474.5	 		 		 90.8	 84.9	 81.5	

3	 25%	 473.3	 474.1	 		 		 88.3	 83.4	 80.5	
4	 33%	 473.3	 		 		 		 88.5	 87.9	 83.9	
5	 42%	 		 		 474.5	 		 86.4	 		 		
6	 50%	 		 		 		 		 78.8	 		 		
7	 58%	 	 	 	 	 77.5	 	 	

0.
3	

2	 18%	 466	 473.7	 		 		 		 		 96.1	
3	 27%	 466	 473.7	 		 		 106.7	 94.5	 89.1	
4	 36%	 466	 473.7	 		 		 106.2	 94.5	 89.1	

0.
35

	 2	 20%	 		 		 		 		 		 100	 90.1	
3	 30%	 		 		 		 		 104.2	 94.9	 86.9	
4	 40%	 		 		 		 109.9	 96	 90.6	 		

Discussion	and	Conclusion	

This	 paper	 studied	 daylighting	 and	 energy	 performance	 of	 external	 versus	 internal	 solar	
screen	 formed	 by	 the	 generative	 system	 Cellular	 Automata	 (CA).	 The	 screen	 pattern	was	
varied	 according	 to	 the	 selected	 rule	 180.	 Other	 parameters	 were	 varied	 to	 control	 the	
environmental	performance	of	the	screen	which	are:	cell	size,	black	count,	and	cell	depth.	
These	 variables	 were	 set	 within	 a	 specific	 range	 forming	 300	 different	 configurations.	
Simulation	analysis	was	divided	into	two	phases,	the	first	concerned	with	optimizing	screen	
configurations	to	meet	daylighting	requirements	for	each	position.	Genetic	Algorithms	were	
integrated	 to	 find	 the	 optimal	 cases	 for	 daylighting	 within	 this	 range	 without	 having	 to	
simulate	 all	 cases.	 The	 form	 generation	 complied	 with	 the	 IES	 metrics;	 spatial	 daylight	
autonomy	(sDA300/50%)	and	annual	sunlight	exposure	(ASE1000/250hr).	Successful	solutions	were	
found	to	be	within	the	small	cell	size	from	0.25	to	0.35m	and	depth	length	from	0.2	to	0.35m	
within	the	range	of	black	count	from	2	to	7.		

In	 the	second	phase,	energy	savings	 for	cooling	and	heating	were	quantified	 for	 the	
selected	optimal	cases	to	relate	optimal	daylighting	with	energy	savings.	Results	showed	the	
superiority	of	external	solar	screen	over	the	internal	where	savings	in	the	total	loads	reached	
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more	than	80%.	In	the	external,	it	is	noticed	that	smaller	cell	size,	more	black	count	and	larger	
depth	lengths	were	the	least	in	energy	loads	implying	that	more	successful	cases	can	be	found	
in	 those	 unexplored	 ranges.	 For	 this	 range,	 the	 most	 efficient	 configuration	 for	 both	
daylighting	and	energy	savings	is	of	cell	size	0.25,	black	count	7,	and	cell	depth	0.25.	Whereas,	
internal	configurations	showed	their	indifference	on	decreasing	energy	loads	as	they	could	
not	block	the	solar	radiation	entering	the	space	reaching	a	large	value	of	at	least	466KWh/m2.	
Although	these	configurations	succeeded	to	decrease	the	annual	sunlight	exposure	from	75%	
(base	case)	to	0%,	they	did	not	prevent	the	solar	radiation	passing	through.	In	fact,	the	direct	
sunlight	did	not	reach	the	working	plane;	however,	it	was	projected	on	the	internal	screen	by	
which	the	space	was	heated	up.	

In	general,	creating	solar	screen	using	Cellular	Automata	(CA)	proved	its	efficiency	for	
pattern	generation	that	not	only	meet	the	designers’	subjective	requirements,	but	also	the	
environmental	aspects	giving	a	wide	range	of	possibilities.	This	is	attained	through	generative	
performative	design	approach	where	an	optimization	algorithm	was	integrated	to	optimize	
the	 assigned	 criteria	 without	 having	 to	 simulate	 all	 configurations.	 For	 this	 case	 study,	
external	 solar	 screen	 outperformed	 internal	 screen	 for	 balancing	 daylighting	 and	 energy	
performance	giving	a	range	of	successful	solutions.	Although,	several	internal	configurations	
passed	the	daylighting	criteria,	their	energy	loads	were	too	high	due	to	the	penetration	of	
solar	radiation	inside.	Future	studies	should	explore	the	combination	of	external	and	internal	
with	different	window	to	wall	ratios,	while	considering	the	maximum	depth	as	a	function	of	
height.	Also,	other	generative	systems	can	be	exploited	such	as	L-systems,	Shape	Grammars	
and	Voronoi.	
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Abstract:	A	new	zonal	 lighting	concept	was	developed	by	means	of	a	perception	study	and	for	the	first	time	
applied	at	 a	 refurbished	 specialised	 shop	of	100	m2	 in	a	Norwegian	 shopping	mall.	A	 comprehensive	 set	of	
solutions	was	applied	expecting	energy	savings	of	around	60%	including:	1.	Daylight	harvesting	by	3	light	tubes	
illuminating	the	center	of	the	sale	room	with	natural	light;	2.		Application	of	newly	developed	LED	high	lumen	
retail	wallwashers;	3.	Introduction	of	an	evening	scenario	with	warm-white	light	color	of	2700	K	und	reduced	
intensity;	 4.	Sophisticated	 control	 and	 monitoring	 strategy	 that	 enables	 highly	 differentiated	 space	 areas	
(zonal	 lighting	concept)	and	a	daylight-dependent	control	of	artificial	 light.	The	 installation	was	evaluated	by	
field	measurements	 and	 questionnaires	 regarding	 indoor	 environmental	 visual	 quality	 and	 energy	 demand.	
The	 lighting	 concept	 provided	 62%	 power	 savings.	 Energy	 savings	 and	 light	 quality	 were	 monitored	 and	
provide	 excellent	 proof	 of	 concept.	 This	will	 have	 the	 potential	 to	 convince	 retail	 stakeholders	 to	 invest	 in	
daylighting	technology.	The	validated	results	give	a	very	good	basis	for	decision	making	in	the	refurbishment	of	
retail	buildings.	

Keywords:	energy	simulations,	calibration,	daylight	

Introduction	

City	Syd	is	a	suburban	shopping	centre,	built	on	the	outskirts	of	Trondheim.	Opened	in	1987	
and	covering	an	area	of	28,500	m2,	it	was	redeveloped	in	2000	and	it	is	now	38,000	m2,	with	
1,000	 outdoor	 parking	 spaces.	 Its	 primary	 group	 of	 customers	 comes	 from	 the	 city	 of	
Trondheim,	but	 it	has	a	 large	catchment	area	and	attracts	customers	from	all	over	central	
Norway.	City	Syd	was	the	largest	shopping	centre	in	the	region	until	2009,	and	remains	one	
of	the	largest	in	central	Norway.	

The	shopping	centre	was	a	demo	case	to	test	 innovative	technologies	and	solutions,	
implemented	 between	 2013	 and	 2016	 to	 be	 effective	 in	 2017.	 The	 focus	 there	 is	 put	 on	
natural	ventilation,	iBEMS,	as	well	as	natural	and	artificial	lighting:	

Redesign	of	the	lighting	system,	including	the	use	of	a	rectangular	lighting	system	for	
advanced	 daylighting,	 artificial	 lights	 and	 meters	 in	 the	 shopping	 centre	 gallery	 and	 one	
shop,	and	a	dome	and	light-tubes	in	the	shop.	The	goal	is	to	reduce	installed	power	for	the	
whole	 lighting	system.	Natural	ventilation	with	automatic	shading	and	monitoring	systems	
(Air	 Handling	 Unit,	 AHU,	 in	 the	 common	 area).	 A	 modern	 energy	 management	 and	
monitoring	system	(iBEMS)	allows	an	optimal	control	of	all	technologies,	taking	appropriate	
decisions	to	reduce	energy	consumptions.	
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One	of	 the	most	effective	approaches	 to	minimize	energy	use	 in	 the	non-residential	
sectors	is	by	using	occupancy	based	lighting	control	systems	(IEA,	2006;	Galasiu	et	al.,	2007).	
As	a	 result	of	occupants	not	 turning	 the	 lights	off	when	 they	no	 longer	need	 them,	more	
energy	is	spent	on	non-working	hours	than	during	scheduled	time	as	emphasized	by	Masoso	
&	Grobler	(2010).	Therefore	a	new	collaborative	research	project	was	launched	in	2013.	The	
CommONEnergy	 project	 aims	 to	 transform	 shopping	 centres	 into	 lighthouses	 of	 energy	
efficiency.		

Shopping	centres	are	not	interchangeable	with	other	kinds	of	complex	buildings,	such	
as	office	blocks,	hospitals	or	schools	(ICSC	2008;	Stensson	2014;	Coleman	2006).	Their	form,	
function,	usage,	and	users	provide	shopping	centres	with	a	particular	character.	Both	energy	
load	 profiles	 and	 final	 uses	 are	 not	 comparable	with	 other	 building	 categories,	 (e.g.	 very	
high	 internal	 loads)	which	has	 implications	 for	energy	use	 (Coleman	2006;	Stensson	2014;	
Woods	et	al.	2015).	 	A	 first	 study	about	 the	state	of	 the	art	 in	existing	methodologies	 for	
M&V	was	 carried	 out	 (ref.	 D4.3).	 As	 a	 result,	 IPMVP	 (International	 Performance	Measure	
and	Verification	Protocol)	was	 selected	as	 reference	and	adapted	 into	 the	 shopping	malls	
requirements	 (IPMVP,	 2002).	 It	 presents	 a	 framework	 and	 four	 measurements	 and	
verification	(M&V)	options	for	transparently,	reliably	and	consistently	reporting	a	project’s	
saving.	M&V	activities	 include	 site	 surveys	 (“Energy	audits”),	metering	of	energy	or	water	
flows,	monitoring	of	 the	 independent	variables,	 calculation	and	 reporting.	When	adhering	
to	IPMVP	recommendations,	these	M&V	activities	can	produce	verifiable	savings	reports.	

Energy,	 water	 or	 demand	 savings	 cannot	 be	 directly	 measured,	 since	 savings	
represent	 the	 absence	 of	 energy	 use	 or	 demand.	 Instead	 of	 savings	 are	 determined	 by	
comparing	measured	or	calculated	use	or	demand	with	and	without	the	implementation	of	
a	program,	making	suitable	adjustments	for	changes	in	conditions.	

An	accurate	determination	of	energy	savings	is	a	key	condition	for	long	term	success	
of	energy	management	projects.	Therefore,	this	paper	focuses	on	the	documentation	of	the	
baseline	model.	This	simulation	model	is	validated	in	order	to	guarantee	that	the	baseline	is	
a	proper	starting	point	and	represents	as	close	as	possible	the	real	building	energy	behavior.	
Models	have	been	calibrated	with	monitored	data	with	hourly	or	monthly	resolution.	

Energy	savings	are	determined	by	comparing	measured	energy	use	before	and	after	
implementation	of	an	energy	saving	measurements.		

For	 a	 proof	 of	 concept,	 for	 quantification	 of	 outcome	 (comfort	 and	 energy),	 and	 to	
convince	building	owner	an	integrated	modelling	environment	is	essential.	

Methodology	

The	procedure	for	calculating	results	is	as	follows:	
1. Comparison	of	KPIs	in	reference	building	model	with	measured	data	(electricity	and	

district	heating	bill)	
2. Definition	of	KPIs	for	reference	model	
3. Deduction	of	KPIs	from	reference	model	for	ECM	model	
4. Deduction	 of	 KPIs	 from	 ECM	model	 for	 demonstration	 area	 (e.g.	 installed	 power,	

schedules,	areas,	etc.)	
5. Use	of	new	KPIs	for	demo	area		
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Model	calibration		

Calibrated	 simulation	 (Option	 D	 of	 IPMVP)	 involves	 of	 computer	 simulation	 of	 whole	
building	 energy	 use.	 The	 Post-Construction	 Energy	 Use	 is	 determined	 by	 utility	 metering	
and/or	 sub-metering	 or	 by	 using	 an	 energy	 simulation	 model	 of	 the	 as-built	 building	
calibrated	to	metered	energy	use	data.	The	Projected	Baseline	Energy	Use	is	determined	by	
energy	simulation	of	the	Baseline	under	the	climatic	and	operating	conditions	of	the	M&V	
period.	

From	the	detailed	building	model,	reference	models	were	developed	by	replacing	the	
implemented	 energy	 efficiency	 measures	 with	 standard	 measures.	 This	 will	 obtain	 a	
calculation	 of	 the	 demonstrators	 with	 the	 same	 boundary	 conditions	 as	 the	 as-built	
simulation,	 but	 taking	 into	 account	 a	 standard	 construction	 technology	 and	 standard	
systems	 engineering.	 The	 other	 boundary	 conditions	 such	 as	 building	 geometry,	 local	
climate	and	the	use	of	the	building	(zoning,	user	profiles)	remain	constant.		
Depending	on	the	task,	it	is	possible	to	quantify	the	influence	of	various	efficiency	measures	
in	 different	 levels	 of	 details	 by	 comparing	 the	 post-construction	 energy	 use	 with	 the	
reference-building	energy	use.	

The	following	steps	are	necessary:		
• Implementation	of	the	measured	climatic	conditions	in	the	building	model		
• Adjustment	to	the	real	discovered	occupancy,	including	occupancy	schedules		
• Implementation	of	the	actual	measured	efficiency	of	the	components		
• Consideration	of	maturities	of	components		
• Consideration	of	actual	measured	set	points	for	temperatures	(including	supply	air)		
• Correction	 of	 any	 modified	 boundary	 conditions	 during	 the	 period	 of	 construction,	

which	are	not	included	in	the	as-built	model		
	

As	 under	 ideal	 conditions	 the	 calculated	 energy	 use	 and	 the	measured	 energy	 use	
should	 correspond	by	 adjusting	 the	 as-built	 simulation,	 In	 practice,	 a	 significant	 deviation	
between	calculation	and	measurement	can	be	expected	with	high	probability,	which	occurs	
despite	high	calculation	accuracy.	

The	 calibration	 methodology	 of	 the	 models	 has	 been	 established	 and	 the	 model	
validation	procedure	follows	5	steps:	

1. Define	data	resolution	and	target	tolerances	
2. Data	collection	
3. Input	data	into	the	simulation	model	and	run	the	model	
4. Compare	simulation	model	output	to	utility	data	
5. Refine	the	model	until	an	acceptable	calibration	is	achieved.	

	
To	represent	how	well	the	building	simulation	model	describes	the	variability	 in	measured	
data	 we	 can	 refer	 to	 the	 two	 indices	 defined	 in	 ASHRAE	 guideline	 14:	 the	 coefficient	 of	
variation	of	the	Root	Mean	Square	Error	( ).	

	

	
eq.	(1)	
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where	 	=	utility	data	used	for	validation;	 	=	simulation-predicted	data;	 	=	hour	or	month;	
	=	total	amount	of	hours	or	months	of	the	validation	period,	 	=	1		

The	 target	 output	 depends	 on	 the	 utility	 data	 available.	 According	 to	 the	 ASHRAE	
guideline	14,	 the	 target	 tolerances	 for	whole	building	 simulation	are	defined	according	 to	
the	utility	data	resolution	if	monthly	data	are	used	to	validate	the	model,	 	shall	be	
15%	or	less.		

Data	collection	aimed	at	minimizing	default	values	in	the	simulation	model	and	gather	
utility	data	to	be	compared	with	the	simulation	results	at	same	weather	conditions.	

For	the	model	validation,	utility	bills	(electricity,	gas	or	district	heating)	and	monitoring	
data	 spanning	at	 least	one	year	composed	of	at	 least	12	meter	 readings	were	used.	 Ideal	
would	be	to	have	hourly	meter	readings	available	but	this	was	not	possible	(due	to	outdated	
BEM	system).	Since	utility	data	was	available	for	three	years,	the	one	referred	to	the	actual	
weather	data	 file	was	chosen	 (2014).	The	 input	data	 into	the	simulation	model	was	made	
easier	by	the	Integrative	Modelling	Environment	developed	(Haase	et	al.,	2015a).	Therefore,	
the	input	data	could	be	easily	controlled	through	the	control	cards.	Simulation	outputs	were	
arranged	so	that	they	are	coherent	to	the	utility	data	available.		

Critical	parameters	 for	model	calibration	could	be	effectively	 identified	by	observing	
simulated	 and	measured	 results	 comparison	 or	 by	 performing	 sensitivity	 analysis	 on	 the	
simulation	 model.	 Once	 the	 critical	 parameters	 were	 identified	 the	 model	 was	 refined	
through	an	iterative	process	with	the	CVRMSE	as	output	function.	

Demo	case	building		

The	centre	was	built	in	1987	with	an	extension	for	15	years	ago	(ca.	2000)	to	the	right	side	in	
the	drawings	below.	All	the	shops	face	the	common	areas	which	has	a	circular	layout.	This	
circulation	 space	 surrounds	 a	 central	 atrium	 with	 escalators	 and	 shops,	 cafeterias	 or	
restaurants	located	in	two	intermediate	floors	on	a	mezzanine	adjacent	to	the	atrium.		

The	 building	 model	 is	 divided	 into	 24	 thermal	 zones	 according	 to	 space	 functions	
(internal	 gains	 level),	 HVAC	 systems,	 orientation	 and	 with	 internal	 room	 height	 of	
approximately	 5,4	 -	 6	 meter	 (Figure	 1	 and	 2).	 Individual	 shop	 units	 were	 grouped	 into	
thermal	 zones,	 following	 an	 integrated	 modelling	 environment	 methodology	 developed	
within	 the	 project	 which	 means	 that	 adjacent	 shops	 with	 similar	 properties	 and	 HVAC	
systems	were	merged	(Haase	et	al.,	2015b;	TRNSYS).		
	

	 	
Figure	1.:	Ground	floor	(left)	and	first	floor	(right)	plan	of	the	centre		
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Figure	2.	Sketchup	model	of	the	demonstration	case		

	

Building	envelope	
The	exterior	walls	and	the	roof	are	 in	porous	blocks	 (leca)	with	13	cm	external	 insulation.	
Since	the	walls	are	painted	in	dark	yellow,	a	solar	absorptance	of	0.6	was	considered.	The	
exterior	 roof	 is	 covered	 by	 a	 bitumen	waterproofing	membrane.	No	 detailed	 information	
about	 exterior	 windows	 were	 available.	 After	 site	 inspections	 and	 study	 of	 the	 building	
codes	 from	 construction	 year	 (1986)	 a	 common	 double	 glazing	window	with	 argon	 filling	
and	no	shading	elements	is	considered.	

	
Table	1.	Building	envelope	specifications	and	window	properties	

Construction ID Surfaces U [W/m²K] Solar absorptance 

FO_EXT_WALL Exterior walls 0.261 0.6 

F1_EXT_WALL Exterior walls 0.340 0.6 

FO_ADJ_WALL Adjacent walls 0.668 0.6 

F1_EXT_RF Exterior roof 0.262 0.6 

F1_ADJ_CL Ceiling/ interior floors 0.366 0.6 

F1_GRD_FL Ground floor 0.302 0.6 

EXT_WD Window glazing 1.4 0.614 

EXT_WD_FR Window frame 3.03 0.6 

EXT_SL Skylight glazing 1.4 0.614 

EXT_SL_FR Skylight frame 3.03 0.6 

	

Light	strategy	in	shop	
The	 internal	 gains	 due	 to	 the	presence	of	 persons	have	been	quantified	by	 considering	 a	
specific	density	of	0.25	person/m2	in	 the	shops	and	 the	 food	store,	0.20	person/m2	 in	 the	
medium	 store,	 the	 offices	 and	 the	 common	 areas	 and	 0.10	 person/m2	 in	 the	warehouse	
zones	(EN	ISO	7730).	Since	it	is	not	common	practice	to	control	humidity	within	SC	(because	
of	 too	 high	 investment	 costs	 and	 operational	 costs),	 no	 relative	 humidity	 control	 is	 set.	
Occupancy	 loads	 are	 considered	 from	6am	 to	10pm	during	every	day	except	days	off	 (1st	
January,	1st	May).		

In	 one	 part	 of	 the	 demonstration	 case	 on	 the	 first	 floor	 a	 retrofitting	 to	 enhance	
daylight	was	 conducted	with	 three	 light	 tubes.	 The	 demonstration	 shop	 area	was	 100m2	
(including	15m2	storage).	The	diameter	of	each	light	tube	is	1000mm.	Rooftop	domes	were	
placed	on	top	of	each	light	tube	to	provide	air	and	water	tightness.	
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Table	2.	Lighting	control	strategy	
Case		 no.	of	luminaires	 control	strategy	 power	per	luminaire	

	 	-		 	-		 [W]	
(0)		 43	 constantly	on	during	op.	hours	 70	
(1)		 57	 constantly	on	during	op.	hours	 37.72	
(2)		 57	 constantly	on	during	op.	hours	 33.86	
(3)		 57	 	+	PREP	hours	 27.02	
(4)	 57	 	+	PREP	hours	+	day/night	milieu	 27.02	
(5)	Not	daylit	zone	 31	 	 32.26	
(5)	daylit	zone	 26	 	+	light	tubes	 21.15	

	
Each	case	(0	to	5)	is	described	in	more	detail	in	Tables	2	and	3.	It	can	be	seen	that	the	

resulting	power	per	luminaire	is	reduced	for	cases	(1)	to	(5)	compared	to	case	(0).	
With	 the	 installation	 of	 the	 three	 light	 tubes	 it	 was	 possible	 to	 reduce	 the	 lighting	

according	to	daylight	 illuminance.	Table	3	shows	the	results	of	 the	nominal	power	 for	 the	
demonstration	shop	area	in	the	Trondheim	shopping	centre.	It	can	be	seen	that	cases	(1)	to	
(3)	 reduce	 nominal	 power	 during	 opening	 hours.	 Cases	 (3)	 to	 (5)	 introduce	 additional	
preparation	periods	with	reduced	nominal	power.	Cases	(4)	and	(5)	introduce	in	addition	a	
night	milieu	period	with	again	reduced	nominal	power.	

	
Table	3.	Lighting	power	installed	in	demonstration	shop	area	

case	 power	per	lum.		
	

nominal	power	
during	opening	hours	 during	prep	hours	 during	night	milieu	

	 [W]	 [kW]	 [kW]	 [kW]	
0)		 	-		 3.39	 	-		 	-		
1)		 	-		 2.15	 	-		 	-		
2)		 	-		 1.93	 	-		 	-		
3)		 18.95	 1.54	 1.08	 	-		
4)	 18.95	 1.54	 1.08	 1.08	
5)		 22.58	

For	not	daylit	zone	
1	 0.7	 0.7	

5)		 14.628	
For	daylit	zone	

0.55	 0.38	 0.38	

	

Results	

Figure	 3	 and	 Table	 4	 give	 the	 measured	 and	 simulated	 values	 and	 the	 calculated	
CVRMSD	 (eq.1).	 The	model	 can	be	 considered	validated	 since	 the	 tolerances	 for	CVRMSD	
are	 met.	 The	 key	 performance	 indicators	 shown	 in	 Table	 5	 could	 be	 derived	 from	 the	
calibration.	

	
Table	4.	Measured	and	simulated	values	together	with	the	calculated	CVRMSD	(eq.1)	

[kWh]	 measured	 simulated	 CVRMSD	
electricity	 1491342	 1494888	 0,61	%	
heat	 1166810	 985617	 2,00	%	
total	 2658152	 2480505	 1,02	%	
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Figure	3.	The	simulation	results.	Electricity	use	in	shopping	centre	(simulated	and	measured)		

	
Table	5.	2	KPI	for	lighting	strategies	

Case	 Mean	specific	power	demand	per	area	 Specific	luminous	flux	per	area	
	 [W/m2]	 [klm/m2]	

0)		 39.8	 2.06	
1)		 25.3	 1.69	
2)		 22.8	 1.69	
3)		 17.2	 1.28	
4)	 16.5	 1.23	
5)	 15.2	 1.23	

	

Conclusions	

The	 validation	 of	 simulation	 results	 gives	 confidence	 in	 the	 approach.	 The	 results	 show	a	
good	match	between	simulated	and	measured	data.		

Shopping	 centre	 managers	 are	 normally	 responsible	 providing	 heating	 (and	 often	
cooling,	or	at	 least	cooling	energy)	 to	 the	shops.	Lighting	 is	usually	 in	 the	responsibility	of	
(each)	shop	owner/manager.	The	implications	of	lighting	retrofitting	on	heating	and	cooling	
(besides	the	end	energy	use	savings)	make	the	application	complicated	in	shopping	centres.	
Modelling	 and	 simulation	 of	 a	 shopping	 centre	 can	 help	 to	 understand	 the	 holistic	
consequences	of	single	energy	retrofitting	measures.		

The	 daylight	 harvesting	 system	 consisting	 of	 three	 light	 tubes	 provides	 sufficient	
daylight	in	30%	of	the	shop	area	(centre).	Electricity	savings	strongly	depend	on	amount	of	
areas	where	the	lighting	strategy	is	applied	to.	Electric	power	savings	of	the	LED	account	for	
59%	while	LED	plus	light	tubes	account	for	62%.	Besides	the	straight	forward	end	energy	use	
savings	(electricity),	lighting	retrofitting	has	implications	for	heating	and	cooling	end	energy	
use	and	primary	energy	savings.	Shopping	centre	manager	need	to	collaborate	closely	with	
shop	owners/managers	on	energy	retrofitting	measures	if	the	full	potential	is	envisioned	to	
be	applied.	

Energy	savings	and	light	quality	will	be	monitored	to	provide	further	proof	of	concept.	
This	 will	 have	 the	 potential	 to	 convince	 retail	 stakeholders	 to	 invest	 in	 daylighting	
technology.	 The	 validated	 results	 give	 a	 very	 good	 basis	 for	 decision	 making	 in	 the	
refurbishment	of	retail	buildings.	
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Abstract:	 An	 analysis	 of	 the	 influence	 of	 natural	 light	 on	 the	 interior	 of	 a	 historically	 protected	 premises	 is	
presented.	 A	 case	 study	 of	 daylighting	 in	 a	 residential	 hall	 in	 a	 chateau	 focuses	 on	 the	 assessment	 of	
illuminance	 levels	 in	 accordance	with	 requirements	 for	 light	 exposure.	 Light	 sensitive	materials	 as	 paintings	
and	claddings	and	tapestries	as	well	as	furniture	upholstery	should	be	protected	against	direct	solar	radiation	
and	 the	 influence	 of	 light.	 Long	 period	 of	 intense	 light	 exposure	 causes	 damage	 to	 these	 materials.	 The	
chateau	 interior	 daylight	 level	 was	 studied	 using	 light	 simulation	 outputs	 carried	 out	 for	 different	 external	
conditions.		Daylight	simulations	undertaken	with	the	Velux	Daylight	Visualizer	software	were	completed	for	a	
set	of	sky	models	from	overcast	to	partly	cloudy	and	clear	sky	conditions.		

Keywords:	daylight	simulation,	historical	buildings,	illuminance,	light	sensitive	materials.	

Introduction	

Light	as	a	 form	of	energy	has	a	potential	 to	change	materials	 (Schaeffer	Terry,	2001).	This 
energy causes irreversible change, either through radiant heating or photochemical action (Rea, 
2000). Exposure	to	light	of	sensitive	materials	such	as	textiles	and	tapestries,	paintings	and	
interior	 decorations	 in	 historical	 buildings	 can	 result	 in	 their	 deterioration	 or	 even	
permanent	 damage	 (NEDCC).	 Low	 illuminance	 levels	 over	 a	 long	 period	 of	 time	 can	 have	
similar	 effects	 to	 intensive	 light	 affection	 for	 a	 short	 period.	 That	 is	 why	 valuable	 light	
sensitive	artefacts	have	limited	permitted	exposition	time	and	illuminance	level	(CIBSE SLL 
08:2014).	 The	maximal	permitted	 illuminance	 level	 for	 the	high	 light	 responsive	materials	
(such	 as	 silk,	 highly	 fugitive	 colorants	 and	 old	 newspapers	 etc.)	 is	 50	 lux.	 This	 level	 is	
accepted	as	a	lighting	standard	for	museums.	It	 is	the	minimum	illuminance	level	required	
for	most	people	to	be	able	to	observe	the	artwork.	The	requirement	for	exposure	of	highly	
light	responsive	materials	and	artworks	is	max	illuminance	50	lux	and	exposure	15,000	lux-
hours	(CIE	157:2004).	
Many	factors	influence	the	light	exposure	in	practical	situations,	like	light	sensitivity	and	life	
span	of	the	displays,	permitted	time	for	the	display	and	demands	for	the	visibility	and	visual	
aesthetic	effects.	Finally	it	depends	on	the	decision	of	the	institution	about	the	acceptable	
illuminance	 limit	 and	 permitted	 time	 of	 exposure	 within	 the	 frame	 of	 the	 limitations	
(NEDCC).	

This	paper	summarises	results	of	a	case	study	focused	on	an	assessment	of	daylighting	in	a	
residential	 hall	 of	 an	 historical	 protected	 monument:	 the	 chateau	 Hluboka,	 on	 the	 river	
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Vltava	in	the	Czech	Republic.	The	chateau	is	located	within	a	castle	founded	in	13th	century.	
This	historical	building	was	 the	object	of	 several	 refurbishments	and	modifications	 in	past	
centuries.	The	final	reconstruction	aimed	to	modernize	and	at	the	same	time	to	restore	its	
pseudo-gothic	 style	 as	 a	 chateau	 residence.	 The	 chateau	 hall	 has	 valuable	 interiors	 with	
original	 furniture,	 unique	 walls	 and	 ceiling	 panelling	 and	 wall	 papers.	 It	 also	 contains	
valuable	paintings	(Selucka	et	al,	2012).		High	levels	and/or	extended	exposure	to	light	can	
irreversibly	damage	sensitive	materials.		It	is	therefore	important	to	assess	whether	this	can	
be	 considered	 a	 problem	 in	 particular	 rooms.	 The	 daylight	 study	 was	 completed	 at	 the	
eastern	 hall	 of	 the	 chateau.	 The	main	 aim	 of	 this	 study	was	 to	 evaluate	 the	 influence	 of	
daylighting	on	sensitive	objects	or	artefacts.	The	interior	illuminance	level	was	compared	to	
the	 standard	 requirements	 for	 the	 maximal	 daylight	 exposure	 of	 historically	 and	
architecturally	valuable	interiors	(Selucka	et	al,	2016).	Two	different	scenarios	are	assessed.	
The	first	assumes	the	windows	unprotected	and	for	the	second	an	internal	blind	is	assessed.		

East	 facing	 windows	 will	 allow	 sunlight	 in	 the	 morning	 period.	 The	 low	 angle	 of	
incidence,	results	in	a	high	light	flux	transmitted	indoors.	In	a	location	where	clear	sky	days	
predominantly	 occur	 in	 this	 period	 of	 the	 day,	 this	 can	 exacerbate	 the	 problem,	 and	
effective	measures	 should	 be	 in	 place	 to	 prevent	 sunlight	 being	 admitted.	 Internal	 blinds	
and	 curtains	 are	 the	 solution	most	 commonly	 used.	 At	 the	 same	 time	 it	 is	 important	 to	
maintain	a	certain	level	of	illuminance,	without	utilising	artificial	light.	For	that	reason,	some	
windows	may	 remain	 with	 the	 binds	 up.	 Further	 analyses	 looking	 at	 the	 spectral	 and	 in	
particular	UV	variability	of	light	at	different	periods	of	the	day	were	not	undertaken,	though	
it	is	expected	to	be	part	of	a	development	of	the	study.	Monitoring	of	illuminance	values	on	
representative	days	is	being	undertaken	and	will	complement	this	initial	study.	

	
Figure	1	Chateau	Hluboka	upon	the	river	Vltava,	eastern	elevation	

Daylight	simulations		

Daylight	simulations	(Daylight	simulation	tools,	2017)	were	completed	using	Velux	Daylight	
Visualizer,	version	3	software.		

The	geometry	of	the	hall	was	modelled	in	the	3D	Sketch-Up	(2017)	and	then	imported	
to	the	Daylight	software.	Simulations	were	carried	out	for	the	following	conditions:	21st	June	
and	 21st	 December	 for	 clear,	 overcast	 and	 partly	 cloudy	 sky	 distributions,	 based	 on	 CIE	
standard	skies	(CIE	S	011/E,	2003).	The	latitude	of	the	locality	is	50°	and	the	altitude	432	m	
above	sea	level.		
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Simulation	outputs	 are	presented	 as	 illuminance	 levels	 on	 a	 virtual	 horizontal	 plane	
located	0.85	m	above	the	floor	level.	The	two	design	cases	simulated	are:		

- all	the	windows	without	shading;	
- window	shading	activated	for	50	%	of	the	window	area.	
The	 reflectance	 of	 the	 surfaces	 has	 been	 estimated	 as	 Parameters	 selected	 for	 the	

simulations:	
Light	reflectance:	

-		 internal	 surfaces	 r	 [-]:	 wooden	 panelling	 of	 walls	 and	 ceiling	 soffit	 r	 =	 0.3;	
coloured	wallpapers	r	 =	 0.34,	 floor	wooden	parquets	r	 =	 0.3	 and	dark	 crimson	
carpets	r=	0.28;	window	wooden	frames	r	=	0.3,	glazing	r	=	0.2.	

-		 external	surfaces:	ground	0.3;	plaster	0.7;	floor	of	the	terrace	0.5.	
- Light	 transmittance	 t	 [-]:	 window	 glass	 (double	 glass	 pane)	 t	 =	 0.8;	 balustrade	

round	the	balcony	t	=	0.5.	
First	of	all	a	three	dimensional	model	of	the	hall	including	the	model	of	windows	was	

completed	 in	 Sketch	 Up,	 Fig.	 2.	 The	 model	 was	 transported	 into	 the	 daylight	 visualizer	
software	(Daylight	Visualizer,	2017)	for	the	further	daylight	simulations.		

Figure	2.	The	chateau	eastern	hall	-	Sketch	Up	model	(3D	view	and	plan)	

The	geometrical	model	shows	that	the	three	main	windows	of	the	residential	hall	are	
oriented	to	the	east,	the	side	window	to	the	south-east	and	the	opposite	one	to	the	north-
east.	 It	could	be	estimated	that	the	highest	daylight	 illuminance	 level	 in	the	hall	will	be	 in	
the	morning	because	of	the	hall	shape	and	orientation.	There	is	not	a	high	risk	of	daylight	
glare	during	 the	afternoon.	This	means	 that	 the	potential	 risk	 for	 fading	and	damaging	of	
the	residential	hall	 interior	facings	and	furnishing	due	to	natural	 light	is	mainly	in	the	time	
between	sun	rise	and	noon.	Artificial	light	intensity	is	limited	for	minimal	levels	and	it	is	not	
activated	frequently	during	the	daytime.	

NorthPLAN

balcony	 balcony	

The	residential	hall	
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Simulation	outputs	

Daylight	 illuminance	 (lux)	 distribution	 on	 the	 horizontal	 plane	 during	 between	 8:00	 and	
18:00	in	2	hours	intervals	is	shown	in	Figure	3.	Daylight	conditions	of	the	CIE	clear	sky	model	
and	 21st	 June	 were	 selected	 for	 the	 study	 for	 simulation	 of	 maximum	 possible	 daylight	
illuminance	affected	the	hall	area.	The	hall	windows	are	without	shading	blind	activation.	

	

	

	

	

	

	
Figure	3	Daylight	illuminance	on	the	horizontal	working	plane	(85	cm	over	the	floor	level)	

Simulated	for	21st	June,	CIE	clear	sky	model	

8:00	

10:00	

12:00	

14:00	

16:00	

18:00	
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Morning	 time	 –	 the	 high	 illuminance	 area	 is	 close	 to	 windows	 in	 morning	 time,	 mainly	
between	8:00	and	10:00	because	of	the	orientation	of	the	windows	to	the	east	and	south.	
Daylighting	of	 the	 room	 is	not	uniformly	distributed	on	 the	horizontal	plane.	The	window	
shading	blinds	should	be	activated	permanently	during	the	morning	time.		

Afternoon	 time	 -	 illuminance	 level	 in	 the	 room	 area	 close	 to	 windows	 is	 reduced	 in	
afternoon.	Direct	daylight	from	west	does	not	affect	the	room	illuminance.		Daylighting	on	
the	horizontal	plane	of	the	hall	is	more	uniform.		

Daylight	 illuminance	 in	 an	 interior	 view	 of	 the	 chateau	 hall	 is	 shown	 in	 Figure	 4	
(simulated	for	21st	June	10:00,	the	CIE	clear	sky	model).	

 

	
Fig.	4	View	of	the	hall	interior	(daylight	illuminance	21st	June,	10:00,	clear	sky)	

	
Daylight	simulation	outputs	were	compared	with	standard	requirements	for	maximal	

permitted	light	exposition	in	historically	protected	buildings	with	architectonically	valuable	
interiors.	 In	 accordance	 with	 the	 requirements	 of	 document	 CIE	 157:2004	 the	 maximal	
illuminance	 limit	 is	 50	 lux	 for	 light	 exposure	 for	 light-sensitive	materials	 such	 as	 textiles,	
graphic	art,	photographic	documents	etc.	Simulations	were	carried	out	for	this	limit	value	to	
compare	the	area	of	room	the	with	excessive	daylight	level	during	different	times	of	the	day	
because	of	the	orientation	of	the	hall	windows	to	the	cardinal	points.		

Date	 of	 21st	 June	 and	 21st	 December	 were	 selected	 for	 the	 assessment.	 Both	 the	
evaluations	 were	 completed	 for	 the	 daytime	 of	 10:00.	 The	 simulations	 outputs	 were	
compared	for	different	sky	models	-	the	CIE	clear	sky,	CIE	overcast	sky	and	partly	cloudy	sky	
(ISO	15469:2004)	to	compare	daylight	effect	on	the	studied	interior	in	a	range	of	potential	
daylight	variations	during	the	annual	profile	in	the	locality.	

Figure	 5	 shows	 the	 daylight	 simulation	 outputs	 graphically	 to	 compare	 the	 areas	 of	
internal	horizontal	plane	(85	cm	over	the	floor)	where	horizontal	daylight	illuminance	is:	

- less	than	or	equal	to	50	lux	-	in	the	blue	parts,	
- exceeding	the	limit	50	lux	–	in	the	red	areas.		
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Simulations	of	the	daylighting	of	the	areas	compared	to	the	illumination	limit	of	50	lux	
are	 shown	 in	Figures	5	 for	unshaded	windows	and	 for	 the	variation	with	window	shading	
blinds	 activation	 for	 50	 percent	 of	 the	 glazed	 area	 (upper	 half	 of	 the	 window	 height	 is	
shaded).		
21st	June,	clear	sky	(unshaded	windows)		 	 	 21st	December,	clear	sky	(unshaded	windows)	

	 	
21st	June,	partly	cloudy	sky	(unshaded	windows)	 										21st	 December,	 partly	 cloudy	 sky	 (unshaded	
windows)	

  
21st	June,	overcast	sky	(unshaded	windows)		 	 21st	December,	overcast	sky	(unshaded	windows)	

  
21st	June,	clear	sky	(shaded	windows)	 	 	 21st	December,	clear	sky	(shaded	windows)		

	 	
21st	June,	partly	cloudy	sky	(shaded	windows)		 															21st	 December	 partly	 cloudy	 sky	 (shaded	
windows)	

	 	
21st	June,	overcast	sky	(shaded	windows)	                 21st	December,	overcast	sky	(shaded	windows) 

	 	
 

													≤	50	lux,		 	 >	50	lux.	
Fig.	5	Daylight	illuminance	in	lux	on	the	horizontal	plane	
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Conclusion	

The	 daylight	 simulation	 study	 was	 completed	 for	 the	 eastern	 residential	 hall	 of	 an	
historically	 protected	 chateau.	 The	 eastern	 wing	 of	 the	 chateau	 is	 opened	 for	 public.	 It	
means	that	this	part	of	the	chateau	is	frequently	visited.	The	simulations	presented	above		
show	 that	 the	 daylight	 level	 in	 the	 chateau	 hall	 often	 exceeds	 the	 illumination	 level	
permitted	for	the	light	sensitive	materials	determined	in	requirements	of	CIBSE	SLL	Lighting	
Guide	 08:2015	 and	 CIE	 157:2004.	 It	 appears	 that	 during	 the	 whole	 year	 morning	 times	
represent	the	period	of	the	potential	risk	of	light	degradation	of	the	residential	hall	valuable	
wallpapers,	textiles,	panelling	and	furnishing.	Oil	paintings	on	the	wall	opposite	to	the	main	
windows	 are	 also	 damaged.	 Special	 protective	 coatings	 could	 be	 applied	 to	 protect	 the	
paintings	against	ultraviolet	radiation	bleaching	(Zayat	et	al.,	2007).	

The	 residential	 hall	 interior	 and	 furnishing	 need	 to	 be	 protected	 against	 excessive	
daylight	 levels	and	solar	 radiation.	Full	 shading	 is	 recommended	 in	 the	morning	especially	
during	the	summer	season.	Currently,	the	shading	system	in	the	residential	hall	is	created	by	
internal	 roller	blinds	of	white	colour	and	external	shutters	of	wooden	 lamellas.	The	blinds	
are	replicated	from	the	original	type	of	the	chateau	window	shadings.			

If	 the	 historical	 value	 of	 glass	 panels	 allows	 application	 of	 special	 shadings,	 the	 hall	
windows	 transparent	 spectrally	 selective	 glazing	 (Colleen	 et	 al,	 2010)	 could	 be	 added.	
Special	 glasses	 can	 be	 used	 for	 reduction	 of	 the	 transmission	 of	 ultraviolet	 and	 infrared	
ranges	 of	 solar	 radiation	 into	 the	 interior.	 	 If	 possible	 switchable	 glazing	 is	 also	
recommended	 for	 reduction	 daylight	 transmission	 in	 time	 of	 intensive	 insolation	 (Phatak,	
2014).	The	use	of	different	types	of	window	glazing	should	be	discussed	with	architects	and	
preservation	authorities.	The	selected	glazing	must	not	 influence	the	architectural	style	of	
the	historically	preserved	premise.			

Electric	lighting	should	also	be	controlled.	Artificial	lighting	luminaires	should	use	light	
sources	that	supply	sufficient	light	intensity	for	the	interior	visual	scene	(Druzik,	2004).	Light	
sources	 free	 of	 ultraviolet	 and	 infrared	 part	 of	 radiation	 are	 preferred.	 Neutral	 white	
artificial	 light	 sources	 seem	 to	 be	 convenient	 for	 the	 lighting	 of	 the	 colourful	 interior.	
Dimming	of	lamps	is	recommended	in	response	to	the	daylight	access	for	energy	efficiency	
and	 glare	 elimination.	 Luminaires	 should	 be	 movable	 to	 allow	 flexibility	 in	 the	 artificial	
lighting	scenes	 in	a	mixture	of	direct	and	 indirect	 light	sources	to	provide	uniform	lighting	
with	accentuating	light	spots	directed	on	the	artefacts	and	display	items.		
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Abstract:	Kiasma	 is	a	contemporary	art	museum	designed	by	Steven	Holl.	Because	of	the	high	 latitude	of	 its	
site,	 the	 length	of	 daytime	 changes	 significantly	 during	 the	whole	 year.	 Therefore,	 apart	 from	natural	 light,	
supplementary	artificial	lighting	is	also	needed:	In	his	design,	he	uses	various	integration	methods	to	create	a	
dynamic	luminous	environment.	This	paper	was	conducted	by	both	qualitative	and	quantitative	methods.	The	
second-hand	 references	 help	 to	 analyses	 lighting	 strategies	 in	 each	 exhibition	 space	 of	 Kiasma.	 Then	 the	
software	 IESVE	was	also	used	 to	 simulate	 the	 lighting	performance	of	 these	 spaces.	 The	 result	 shows	 these	
strategies	can	achieve	a	balance	between	natural	lighting	and	artificial	lighting.	Subsequently,	this	article	also	
compares	the	different	luminous	environment	in	each	exhibition	rooms,	and	tries	to	find	an	efficient	lighting	
method	in	this	building.	In	addition,	this	article	also	analyses	how	the	atrium	works	to	improve	natural	lighting	
of	this	museum	by	using	SunCast	in	IESVE.	The	finding	suggests	that,	in	Kiasm,	lighting	strategies	in	the	atrium	
cannot	improve	the	lighting	performance	in	the	museum.	In	its	exhibition	space,	the	combination	of	artificial	
and	natural	light	can	create	an	appropriate	displaying	environment,	although	they	are	not	suitable	for	spatial	
experience.	

Keywords:	natural	light,	artificial	light,	integration	of	light	sources,	lighting	strategies	in	museum	

Introduction		

Kiasma	 is	 a	 contemporary	 art	 museum	 located	 in	 Helsinki,	 Finland.	 It	 was	 designed	 by	
American	 architect	 Steven	 Holl.	 This	 museum	 is	 about	 12000m2,	 including	 9000m2	
exhibition	space	(KIASM	MUSEUM,	no	date).	There	are	5	stories	in	this	building,	exhibition	
rooms	 are	 located	 from	 second	 to	 fifth	 floor,	 with	 a	 main	 atrium	 connects	 them	 in	 the	
central	area.		

Because	of	the	high	latitude	of	Helsinki	(60°10’N,	24°56’E),	daytime	varies	dramatically	
(around	6	hours	 in	winter	and	around	19	hours	 in	summer)	 in	different	seasons	(GAISMA,	
2017).	 Therefore,	 only	 using	 natural	 light	 is	 not	 sufficient	 for	 the	 standard	 of	 exhibition	
space,	 and	 supplementary	 artificial	 lighting	 is	 also	 needed:	 In	 this	 building,	 various	
integration	methods	are	used	to	create	a	sufficient	luminous	environment.	In	addition,	the	
cloudier	part	of	Helsinki	is	from	October	to	April;	while	on	other	months,	the	sky	is	clearer,	
During	the	year,	the	sky	is	overcast	or	mostly	cloudy	from	41	to	75%	of	the	time.	It	can	be	
concluded	that	overcast	sky	condition	is	dominated	this	site,	although	in	summer	the	sky	is	
overcast	or	mostly	cloudy	around	half	of	the	time	(Weather	Spark,	no	date)	
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Figure1	below	shows	the	circulation	of	Kiasma.	The	main	entrance	is	at	the	south	end	
of	the	atrium.	After	passing	through	the	lobby,	there	is	a	big	curved	ramp	in	atrium.	Along	
this	 ramp	and	going	up,	visitors	arrive	at	 the	 first	exhibition	room	and	start	 their	 journey.	
After	finishing	the	visiting	on	the	previous	floor,	visitors	need	to	pass	through	the	ramp	or	
the	bridge	 in	 the	 atrium,	 then	 arriving	 at	 the	next	 upper	 floor.	 The	 circulation	 is	 a	 spiral,	
starting	from	the	bottom,	across	the	atrium,	and	going	upstairs.	

This	paper	analyses	 the	 lighting	 strategies	at	 first:	both	natural	 lighting	and	artificial	
lighting	 are	 integrated	 in	 this	 museum.	 These	 strategies	 are	 similar	 on	 each	 floor,	 but	
address	 different	 illuminance	 distribution	 result.	 Further	 study	 chooses	 two	most	 typical	
cases	 (the	most	 dynamic	 and	most	 uniform	 case)	 and	 analyses	 how	 they	 create	different	
luminous	environment.	Additionally,	based	on	these	two	cases,	this	paper	also	considering	
visual	comfort	aspect:	in	this	part,	modelling	effects,	brightness	contrast	and	glare	problems	
are	analysed.		

Methods	

Construction	drawings	of	kiasma	(Fang,	2003)	and	the	design’s	watercolour	paintings	(Holl,	
2000)	 can	 help	 to	 understand	 the	 light	 performance.	 Apart	 from	 these,	 the	 designer	 has	
explained	his	 lighting	 imagination	and	 strategies	 in	 an	 interview	 (DRAKE,	2005).	 Summary	
and	qualitative	analysis	of	lighting	strategies	are	based	on	the	subjective	perception	of	these	
references.	 Computer	 simulation	 of	 daylighting	 performance	 was	 conducted	 by	 the	
software	IESVE	2015.	The	reference	plane	is	set	at	1500mm	from	the	ground	surface,	which	
is	the	average	high	of	eyes	when	standing.	Shadow	analysis	of	the	atrium	was	conducted	by	
the	software	Sketch	Up	2015	and	IESVE	2015.	

Lighting	Strategies	in	Kiasm	

This	museum	 installs	 a	 large	number	of	 artificial	 lights;	 hence	 the	 combination	of	 natural	
light	and	artificial	light	can	create	a	relatively	stable	luminous	environment.	

Natural	Lighting	in	the	Atrium	

The	designer	claimed	that	the	curvature	of	the	east	building	mass	is	a	reversal	of	sun	path	in	
60°	north	 latitude.	 In	Figure2,	red	colour	represents	the	solar	angle	 in	60°N	from	11am	to	
6pm,	from	April	to	August;	while	the	orange	colour	represents	the	building	mass.	However,	
the	curvature	of	the	curved	wall	is	not	identical	with	the	correct	sun	path.	The	designer	only	
imitated	the	sun	path	to	create	a	concave	wall,	but	he	failed	to	utilize	the	unique	property	
of	60°N	sunlight.	
	
	
	
	
	
	
	
	
	
	
	
	

Figure	2.		The	Curvature	of	the	Building	(Form	Holl,	
2000;	Redrawn	by	the	author)	

Figure	2.		Axonometric	Projection	of	Kiasma	
(Drake,	2005);	Circulation	Analysis	(From	Author)	
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Figure	3.		Typologies	of	4	Cases	

Table	1.		Length	of	Daylight	of	the	Atrium.	

As	the	design	said,	the	idea	of	the	‘light-catching’	atrium	came	from	the	low	angle	of	
sun	 in	 Helsinki,	 it	 is	 necessary	 to	 justify	whether	 the	 section	 and	 form	 of	 the	 atrium	 are	
efficient	or	not.		

Table2	shows	the	duration	of	sunlight	in	4	cases	from	11am	(the	opening	time	of	the	
museum).	 In	 these	 cases,	 the	 length,	width	 and	 high	 of	 atriums	 are	 the	 same.	 From	 this	
graph,	basic	case	enjoys	shortest	sunlight,	comparing	with	the	other	3	cases.	Therefore,	the	
idea	of	reversing	the	sun	path	does	not	contribute	to	extend	the	duration	of	sunlight.	

	

	

Natural	Lighting	in	Exhibition	Rooms	

In	 this	 museum,	 exhibition	 rooms	 on	 the	 second	 floor	 and	 the	 fourth	 floor	 mainly	 use	
skylights	instead	of	traditional	side-windows	for	day	lighting.		

Skylights	 are	 different	 on	 different	 floors.	 On	 the	 top	 floor,	 area	 of	 skylights	 is	
relatively	big.	To	prevent	glare	problems,	one	layer	of	translucent	curtain	is	installed	under	
double-glazing	skylights,	and.	Therefore,	light	becomes	uniform	and	gentle.	Figure4	

	

	
On	the	third	floor,	a	long	and	narrow	skylight	is	punched	along	the	west	roof.	Skylights	

are	 cover	 by	 double	 glazing:	 transparent	 glass	 on	 the	 top	 and	 translucent	 glass	 on	 the	
bottom,	 filtering	 the	direct	 daylight	 (Figure	 5).	 Their	 construction	details	 are	quite	 similar	
with	that	on	the	top	floor,	as	they	both	use	translucent	glazing	or	curtain	filter	daylight.	

Figure	4:	Materials	of	Skylight	on	Fourth	
floor,	From	Author	

Figure	5:	Materials	of	Skylight	on	Third	Floor,	
From	Author	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 3239



	

	

Aerially,	skylights	shape	of	the	second	floor	looks	like	two	joint	pyramids	(Figure	4a).	
Enclosed	 by	 the	 thick	 structure	 layer	 of	 the	 curved	 roof,	 a	 deep	 light	well	 is	 under	 each	
skylight.	These	wells,	working	like	translucent	curtains	on	the	top	floor,	filter	most	of	direct	
sunlight,	and	direct	day	light	is	reflected	by	the	wall	of	the	well	before	enter	the	room.	

Artificial	Lighting	

Because	of	the	extremely	high	latitude	of	Helsinki,	natural	light	cannot	work	solely.	In	winter,	
there	 are	 only	 around	 6	 hours’	 daylight	 in	 Helsinki,	 but	 Kiasma	 opens	 from	 10.00am	 to	
20.30pm.	This	means	that	artificial	 lighting	is	necessary	in	exhibition	spaces.	Overall,	there	
are	mainly	artificial	lighting	3	strategies	in	this	building.	

Two	of	artificial	lighting	strategies	create	indirect	light,	simulating	the	effect	of	natural	
lighting.	The	first	strategy,	on	the	first	 floor,	 fluorescents	are	hidden	 in	the	cavity	of	 the	a	
double-layer	wall.	Light	can	be	filtered	by	the	sandblasted	glass	on	top	of	the	interior	layer	
(Figure7).		

The	other	strategy	 is	called	‘light	pockets’	 (DRAKE,	2011),	used	on	the	first	and	third	
floors.	 Fluorescents	 are	 concealed	 behind	 the	 ceiling	 (Figure8).	 Light	 from	 fluorescents	
becomes	 gentle	 and	 diffuse	 after	 being	 reflected	 by	 ceilings	 and	walls.	 Light	 pockets	 are	
used	in	every	exhibition	room.	

Accent	 lights	 are	 also	 used	 in	 every	 exhibition	 rooms,	 which	 can	 be	 focused	 on	 a	
certain	 exhibit	 (Figure8).	 In	 addition,	 angle	 and	 area	 of	 light	 sources	 are	 adjustable,	
responding	to	the	annually	changing	themes	of	exhibitions.		

	

	

Integration	of	artificial	and	natural	light	

From	this	table1,	although	the	lighting	strategies	on	every	floor	are	different,	light	sources	
are	on	both	side	of	the	exhibition	space,	ensuring	exhibits	are	lit	up	on	both	side:	artificial	
light	on	one	side	ensuring	an	effective	illuminance	level;	ever	changing	natural	light	on	the	
other	side	creates	a	dynamic	luminous	environment.	

Figure	6:	Axonometric	view	of	skylight	on	Second	floor;	section	of	skylight	on	Second	floor	(Author);	skylight	
on	third	floor	seen	from	outside	(Tiainen)	

Figure	8:	Diagram	Of	Light	Pockets	on	Third	Floor	Figure	7:	Diagram	Of	Double-Layer	Walls	on	First	Floor	
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From	 Figure9,	 light	 strategies	 on	 every	 floor	 are	 quite	 similar.	 It	 is	 necessary	 to	
compare	 the	 illuminance	 distribution	 along	 the	 section.	 Illuminance	 level	 on	 the	 second	
floor	 is	most	uniform,	around	700Lux.	The	 illuminance	 level	on	the	third	 floor	 is	 lowest	 in	
the	middle;	 while	 highest	 on	 the	 top	 floor.	 On	 the	 first	 floor,	 illuminance	 level	 increases	
steadily	from	west	to	east.		

	Although	 lighting	 strategies	 look	 sectional	 similar,	but	 the	uniformity	of	 illuminance	
distribution	 depends	 on	 the	 well-orchestrated	 layout	 of	 every	 light	 sources.	 It	 will	 be	
analysed	on	the	next	stage.	

	

	

Luminous	Environment	in	Exhibition	Rooms	

	This	part	mainly	compares	the	lighting	performance	of	the	second	and	the	fourth	floor.	
In	overcast	 sky	condition,	 if	 turn	of	all	 the	artificial	 light	 in	 this	building,	 in	 terms	of	

illuminance	 level,	 4.26%	area	of	 the	 top	 floor	 is	under	300Lux,	daylighting	 is	 sufficient	on	
this	floor.	While	in	the	second	floor	67.6%	area	is	under	300Lux.	After	adding	light	pockets	
on,	all	100%	and	99.4%	area	of	the	third	and	the	fifth	floor	are	above	300lux,	this	means	the	
artificial	light	is	sufficient	for	the	exhibition	need.	

The	 illuminance	 level	 on	 the	 second	 floor	 is	 most	 uniform,	 while	 it	 changes	
significantly	 on	 the	 fourth	 floor.	 Hence,	 it	 is	 necessary	 to	 analyse	 the	 integration	 light	
sources,	and	how	they	create	different	 luminous	environment.	On	2	 floor:	Case1	only	use	
daylighting	 on	 the	 east	 side;	 based	 on	 Case1,	 Case2	 adding	 artificial	 light	 bands	 on	 both	
sides	of	every	room;	Case3	adding	an	artificial	light	in	the	middle	of	the	room,	and	Case3	is	
the	same	lighting	layout	as	the	museum.	While	on	4	floor:	Case1	is	the	same	lighting	layout	
as	the	museum,	with	a	light	band	on	the	west	side	and	large	skylights	on	the	middle	area;	in	
Case2,	 displaying	 walls	 are	 parallel	 to	 skylights;	 and	 in	 Case3,	 displaying	 walls	 are	
perpendicular	to	skylights.	

Judging	from	the	illuminance	distribution	(Figure11),	illuminance	level	turn	to	be	more	
uniform	 after	 adding	 artificial	 lights,	 as	 highlighted	 in	 red.	 Moreover,	 illuminance	
distribution	 in	 Case3	 is	 more	 uniform	 than	 that	 in	 Case2,	 after	 adding	 light	 band	 in	 the	
middle.	Therefore,	it	can	be	concluded	that,	the	light	sources	from	four	sides	are	more	like	
to	create	a	relatively	uniform	luminous	environment.	

The	 fourth	 floor	 has	 a	 similar	 layout	 of	 lighting	 as	 the	 second	 floor,	 except	 large	
skylights.	While	in	Figure12,	although	perpendicular	walls	can	shade	most	of	light	from	west	
light	bands,	illuminance	level	only	drops	on	the	west	area;	while	the	illuminance	level	does	
not	 change	 significantly	 in	 the	 central	 area.	 It	 can	 be	 concluded	 that	 this	 floor	 is	mainly	
illuminated	by	skylights,	which	create	a	brighter	in	the	central	area.		

 West 
End of 
Ceiling 

East 
End 
Ceiling 

1 Floor Artificial Artificial 
2 Floor Natural Artificial 
3 Floor Artificial Natural 
4 Floor Artificial Natural 

West	 East	

Table	2.	Integration	of	artificial	
and	natural	light,	from	author	

Figure	10:	lighting	strategies	on		
each	floor	

Figure	10:	Illuminance	Distribution	in		
Exhibition	Rooms,	From	west	to	east	
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The	Presentation	of	Exhibits	

There	is	no	permanent	exhibition	room	in	this	museum,	hence	the	performance	of	2D	and	
3D	objects	needs	to	be	tested,	and	finds	the	best	method	to	present	them.	

Judging	 from	 Figure10,	 luminous	 environment	 on	 the	 second	 floor	 is	most	 uniform,	
hence	 this	 floor	 could	 be	 more	 suitable	 for	 2-dimensional	 exhibits.	 In	 Figure13,	 lighting	
pockets	 can	 provide	 a	 uniform	 vision	 for	 paints	 on	 east	 and	west	 side.	 However,	 on	 the	
north	and	south	side,	 lighting	pockets	are	too	bright	on	the	top,	and	there	might	be	glare	
problems.		

	

	

While	 on	 the	 fourth	 floor	 luminous	 environment	 is	 most	 dynamic,	 hence	 this	 floor	
could	 be	 more	 suitable	 for	 3-dimensional	 exhibits.	 Figure	 14	 tests	 the	 performance	 of	
spheres	 in	 this	 floor.	 Existing	 lighting	 can	 provide	 an	 adequate	 result	 for	 these	 spheres,	
although	brightness	contrast	of	the	east	sphere	 is	even	more	suitable	than	the	other	two.	
Considering	the	position	of	3	spheres	and	illuminance	distribution	in	this	room,	areas	where	
illuminance	 level	 changes	 significantly	are	more	 likely	 to	have	a	more	obvious	brightness,	
and	3D	objects	can	be	placed	on	the	east	part	on	this	floor.	

Figure	13:	Illuminance	Level	on	Paintings	on	The	Second	Floor	

Figure	11:	Illuminance	Distribution	in	3	Cases	
Through	5	Sections	on	Second	Floor	

Figure	12:	Illuminance	Distribution	in	3	Cases	
Through	5	Sections	on	Fourth	Floor	
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The	recommended	average	brightness	ratio	between	foveal,	near	surround,	far	surround	is	
10:3:1	(Society	of	Light	and	Lighting,	2012).	The	average	brightness	ratios	on	overcast	sky	is	
within	this	range.	However,	skylights	are	very	bright,	the	ration	is	about	1:14.5.	This	is	more	
than	the	comfortable	ratio	1:10,	which	means	glare	problems	might	happen.	Therefore,	the	

designer	adds	a	translucent	curtain	on	the	roof	to	filter	direct	daylight.	(Figure15)	

Conclusion	

The	use	of	artificial	light	is	very	successful	in	this	museum,	the	designer	use	matte	curtain,	
sandblasted	 glass	 to	 filter	 the	 direct	 and	 intense	 light,	 creating	 a	 gentle	 and	 uniform	
luminous	 environment	 inside.	 Natural	 light	 in	 this	 museum	 is	 not	 sufficient	 in	 most	
exhibition	spaces,	but	after	adding	dedicate	artificial	light,	can	meet	the	luminous	standard.	
Basically,	 lighting	 strategies	 on	 every	 floor	 are	 quite	 similar,	 but	 by	 changing	 the	 location	
and	the	intensity	of	light	sources,	illuminance	level	can	be	changed	significantly,	it	helps	to	
present	different	kinds	of	exhibits	(both	3D	and	2D	objects)	in	this	museum.		

However,	 the	 idea	 of	 reversing	 the	 sun	 path	 is	 not	 realistic.	 This	 curvature	 atrium	
typology	does	not	help	to	catch	longer	sunlight	in	summer	as	it	claimed.	In	addition,	same	
lighting	strategies	are	repeated	many	times	on	each	floor.	These	repetitions	might	lead	to	a	
repeated	illuminance	distribution	along	the	visiting	route.	This	is	not	suitable	for	creating	a	
desirable	spatial	experience.	
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Abstract:	The	discovery	of	a	third	photoreceptor	in	the	human	eye	has	shown	that	both,	Non-Image-Forming	
(NIF)	 and	 image-forming	 effects	 of	 light,	 require	 attention	 in	 lighting	 design.	 Laboratory	 experiments	 have	
indicated	that	the	direction	at	which	light	enters	the	human	eyes	may	play	a	significant	role	in	the	magnitude	of	
the	NIF	light	effects	due	to	either	a	non-homogenous	distribution	of	the	NIF	photoreceptors	across	the	retina	or	
varying	sensitivities	of	these	photoreceptors.	A	new	method	is	proposed	in	which	different	retinal	areas	and	
their	NIF	effect’s	contributions	are	included	in	analysis	of	luminous	environments.	The	method	is	implemented	
to	assess	the	influence	of	different	façade	arrangements	and	view	directions	on	the	magnitude	of	NIF	effects	of	
light.	The	findings	show	a	high	influence	of	both	view	direction	and	window	size	on	the	relative	luminance	values	
received	from	different	areas	in	the	visual	field.	A	hypothetical	weighting	factor	was	introduced	to	account	for	
NIF-related	differences	in	sensitivity	of	the	different	retinal	areas.	
	
Keywords:	light	directionality,	human	visual	field,	ipRGCs,	daylighting,	health	

Introduction		

Retinal	light	exposure	is	essential	not	only	for	its	image-forming	effects	which	enable	human	
beings	to	see	and	interact	with	their	surroundings,	but	also	for	its	Non-Image-Forming	(NIF)	
effects	which	influence	human’s	health	and	well-being.	Primarily	responsible	for	stimulation	
of	NIF	effects,	is	the	non-rod,	non-cone	photoreceptor	in	the	human	eye	called	“intrinsically	
photosensitive	Retinal	Ganglion	Cell”	(ipRGC)	(Berson	et	al.,	2002;	Hattar	et	al.,	2002;	Rollag	
et	al.,	2003).		

The	 light	 factors	 influencing	 stimulation	 of	 NIF	 effects	 have	 been	 reviewed	 and	
categorized	 based	 on	 their	 characteristics	 into	 two	 groups:	 luminous	 and	 temporal	
(Khademagha	et	al.,	2016a).	Directionality	of	light	is	an	important	luminous	light	factor	which	
has	been	found	to	play	a	significant	role	in	the	magnitude	of	NIF	effects	in	humans	(Glickman	
et	al.,	2003;	Lasko	et	al.,	1999;	Visser	et	al.,	1999;	Rüger	et	al.,	2005).	

In	nighttime	laboratory	experiments	with	human	subjects,	when	directionality	of	light	
was	investigated,	four	retinal	areas	have	been	studied:	1)	superior,	2)	temporal	(on	the	ear	
side),	3)	inferior,	and	4)	nasal	(on	the	nose	side).	These	retinal	areas,	relative	to	a	point	of	
gaze,	have	a	reverse	relationship	with	the	visual	fields	e.g.,	the	superior	and	nasal	retinal	areas	
correspond	to	respectively	the	lower	and	outer	visual	fields.		
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Nocturnal	 suppression	 of	 melatonin,	 the	 hormone	 that	 regulates	 the	 sleep-wake	
rhythm,	is	often	chosen	as	a	biomarker	for	NIF	light	effects	in	laboratory	experiments	with	
human	subjects.	Results	of	these	nighttime	studies	have	shown	that	illuminating	the	inferior	
(Glickman	et	al.,	2003;	Lasko	et	al.,	1999)	and	nasal	(Visser	et	al.,	1999;	Rüger	et	al.,	2005)	
retina	was	significantly	 (p<0.05)	more	effective	compared	to	 illuminating	 the	superior	and	
temporal	 retina	 in	melatonin	 suppression.	 Based	on	 these	 findings,	 two	hypotheses	were	
suggested:	either	the	inferior	and	nasal	retina	are	more	sensitive	to	light	stimuli	when	NIF	
light	effects	are	concerned,	or	 they	contain	a	higher	density	of	 ipRGCs.	To	 find	out	which	
hypothesis	is	more	likely,	animal	studies	in	which	either	the	distribution	of	ipRGCs	or	the	light	
directionality	were	investigated,	have	been	reviewed	(Khademagha	et	al.,	2016b).	Regardless	
of	differences	in	proposed	spatial	distribution	of	the	ipRGCs,	both	human	and	animal	studies	
have	suggested	an	inhomogeneous	distribution	of	ipRGCs	throughout	the	retina.	

Directionality	of	light	has	been	considered	in	(day)lighting	design	and	evaluations	with	
regards	to	image-forming	effects.	However,	the	influence	of	light	directionality	on	NIF	effects	
has	 not	 yet	 been	 incorporated,	 neither	 in	 (day)lighting	 design	 nor	 in	 the	 evaluations.	
Therefore,	 this	 research	 proposes	 a	 method	 to	 include	 NIF-related	 differences	 in	
distribution/sensitivity	of	the	new	photoreceptors	in	analysis	of	luminous	environments.	The	
method	 has	 been	 implemented	 to	 assess	 the	 influence	 of	 changing	 ‘window	 size’,	 ‘view	
direction’	and	‘view	position’	on	the	non-image-forming	effects	of	light.	

Method	

The	basis	for	analysis	were	High-Dynamic-Range	(HDR)	 images	as	they	can	capture	a	great	
dynamic	 range	 of	 irradiance	 values	 in	 real	 environments.	 The	 (backward)	 ray-tracing	
simulation	software	Radiance	was	used	to	generate	HDR	images	for	different	design	scenarios	
and	to	include	NIF-related	differences	in	distribution/sensitivity	of	the	new	photoreceptors	in	
analysis	of	luminous	environments.	A	standard	CIE	clear	sky	model	(with	-a,	-o,	-m,	-t,	and	+s	
as	input	options)	was	used	for	the	quantitative	analysis.	To	account	for	external	reflections,	a	
ground	plane	with	 luminous	reflectance	of	20%	(mimicking	asphalt)	was	placed	below	the	
modeled	room.	

Simulations	 were	 carried	 out	 for	 the	 IEA	 task	 27	 reference	 office	 room	 with	 an	
adjustment	in	its	façade	design	(van	Dijk	et	al.,	2003).	The	location	was	set	to	Eindhoven,	the	
Netherlands	(51°26ʹN	5°28ʹE).	As	shown	in	Figure	1,	the	reference	office	(dimensions	3.6	x	5.4	
x	2.7	m)	has	a	 facade	with	a	single	daylight	opening	containing	double	pane	 low	E	glazing	
(with	normal	 luminous	reflectance	of	0.1).	The	window	 is	 located	at	 the	South	wall	and	 is	
placed	at	the	center	of	the	wall	in	order	to	maintain/provide	a	view	to	outside.	Two	window	
sizes	were	used:	60%	and	100%	Window	to	Wall	Ratio	(WWR).	The	60%	WWR	was	chosen	as	
it	has	been	a	recommended	window	size	for	the	South	orientation	when	both	visual	comfort	
and	energy	consumption	are	considered	(Ochoa	et	al.,	2012).	The	100%	WWR	was	chosen	as	
representation	of	the	wide	implementation	of	fully	glazed	façades	in	contemporary	building	
design.				

HDR	images	were	generated	for	one	hour	time	intervals	for	every	month	on	15th	day	
(the	middle	of	the	month).	Results	will	be	reported	for	three	of	those	days:	December	15th		
(close	to	least	sun	hours	during	the	year),	March	15th	(moderate	sun	hours	during	a	year),	and	
June	15th	(close	to	most	sun	hours	during	a	year).	Simulations	were	done	for	working	hours	
between	9:00	and	17:00	local	time.	Angular	fisheye	images	were	generated	at	the	occupant’s	
eye	height	in	sitting	position	(1.20	meter	from	the	floor)	in	the	middle	of	the	room	and	at	1.0	
meter	(‘close’)	and	2.7	meters	(‘far’)	distance	from	the	window.	For	each	view	position,	two	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 3246



view	directions	were	 implemented:	 one	 towards	 the	window	 (South	 orientation)	 and	 the	
other	one	parallel	to	the	window	(West	orientation).	

	
Figure	1.	Floor	plan	of	the	reference	office	used	in	this	study	in	addition	to	the	view	positions.	

	
An	example	of	the	human	visual	field	for	both	eyes	reported	by	Lange	(Lange,	2014),	

shown	in	Figure	2,	was	used	to	define	different	masks	each	corresponding	to	a	different	area	
in	the	visual	field	and	consequently	a	retinal	area.	From	four	different	areas	in	the	visual	field,	
two	areas	namely	‘upper'	and	‘lower’	were	chosen	to	be	investigated	and	used	as	a	mask.	The	
right-side	and	left-side	visual	fields	were	not	studied	as	they	overlap	each	other	when	both	
eyes	are	open.		

	
Figure	2.	Human	visual	field	for	both	eyes	after	Lange	(Lange,	2014).	
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A	TIFF	image	was	generated	from	every	mask	using	Adobe	Photoshop	CS6.	Masks	were	
made	such	that	only	the	area	that	they	represent	was	filled	with	white	colour	and	the	rest	of	
the	area	was	covered	in	black.	The	mask	image	had	the	same	size	as	the	HDR	fisheye	images	
that	were	made	in	Radiance	(X=512	and	Y=512).		

When	NIF	 light	 effects	 are	 concerned,	CIE	 (2014)	 suggested	 to	measure	 radiometric	
quantities	 and	weigh	 them	by	 the	action	 spectra	of	 the	desired	 (physiological/behavioral)	
effect.	In	this	paper	the	aim	is	the	comparison	rather	than	the	exact	NIF	effects	of	two	retinal	
areas.	Therefore,	photometric	quantities	are	simulated	and	compared.	The	Radiance-based	
tool	Evalglare	(Wienold	et	al.,	2006)	was	used	for	quantitative	analysis.	Evalglare	version	1.31	
enables	the	application	of	masking	in	evaluation	of	luminous	environments.	The	tool	merges	
the	mask	and	 the	HDR	picture	and	gives	as	output	 the	average,	minimum,	and	maximum	
luminance	value	of	the	masked	field.	In	this	paper,	the	ratios	between	the	average	luminance	
values	of	the	upper	visual	field	compare	to	lower	visual	field	are	reported.	Evalglare	accepts	
mask	images	only	in	HDR	format.	Therefore,	each	TIFF	mask	image	was	first	converted	to	an	
HDR	image	in	Radiance	(using	ra-tiff	–r)	and	then	combined	with	HDR	images	generated	from	
different	design	scenarios	in	Evalglare.	Figure	3	shows	an	example	of	an	HDR	image	and	the	
same	image	when	it	is	masked	with	the	upper	and	lower	visual	field’s	masks.		

	

	 	 	 	
Figure	3.	An	example	of	a	HDR	image	(WWR60%,	15th	March,	9:00,	and	view	towards	South	orientation,	view	
position	‘close’	to	the	window)	and	the	same	image	masked	with	the	upper	and	lower	visual	field’s	masks	

(from	left	to	right).	
	

A	 hypothetical	 weighting	 factor	 was	 applied	 to	 account	 for	 the	 inhomogeneous	
distribution	of	ipRGCs	over	the	superior	and	inferior	retinal	areas.	The	weighting	factor	was	
derived	from	Glickman’s	experiment	(Glickman	et	al.,	2003),	in	which	superior	and	inferior	
retina	were	investigated	using	a	helmet	to	restrict	the	retina	exposure.	In	their	experimental	
conditions,	 the	 superior	 retina	 exposure	 suppressed	melatonin	 by	 ~5%	while	 the	 inferior	
retina	exposure	suppressed	it	by	~29%.	Therefore,	a	hypothetical	weighting	factor	of	6	was	
implemented	when	the	upper	visual	field	was	compared	to	the	lower	visual	field.	

Results	and	discussion	

Table	1	shows	unweighted	ratios	between	the	average	luminance	values	of	the	Upper	(U)	to	
Lower	(L)	visual	fields	for	three	days	of	the	year	(15th	of	December,	March,	and	June)	and	two	
window	sizes	(WWR’s	of	60%	and	100%),	when	the	view	direction	was	toward	the	window	
(South	orientation)	at	two	view	positions	(‘close’	and	‘far’).		
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Table	1.	Ratios	between	the	average	luminance	value	of	the	Upper	(U)	to	Lower	(L)	visual	fields	for	three	days	
and	two	window	sizes,	when	view	direction	is	towards	the	window	(South	orientation)	at	two	view	positions	

(‘close’	to	the	window	and	‘far’	from	it).	

	 Ratios	(U/L)	for	view	position	‘close’	 Ratios	(U/L)	for	view	position	‘far’	
	 WWR	60%	 WWR	100%	 WWR	60%	 WWR	100%	
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9:00	 3.8	 1.4	 1.0	 4.5	 1.6	 1.2	 4.2	 2.9	 2.3	 4.2	 2.9	 2.3	
10:00	 4.6	 1.4	 0.7	 4.7	 1.5	 0.9	 4.3	 2.1	 2.0	 3.8	 2.0	 2.0	
11:00	 4.1	 36.2	 0.7	 3.8	 31.5	 0.9	 3.1	 1.3	 1.7	 2.9	 1.4	 1.7	
12:00	 68.0	 32.2	 0.7	 53.3	 28.4	 0.9	 71.2	 1.0	 1.5	 53.9	 1.2	 1.5	
13:00	 65.1	 33.4	 0.7	 51.3	 29.8	 0.9	 67.5	 1.0	 1.5	 51.8	 1.3	 1.5	
14:00	 4.2	 33.8	 0.7	 3.8	 29.6	 0.9	 3.1	 1.1	 1.6	 2.9	 1.3	 1.6	
15:00	 4.8	 1.6	 0.7	 4.8	 1.6	 0.9	 4.3	 1.6	 1.9	 3.9	 1.5	 1.9	
16:00	 3.9	 1.4	 0.9	 4.4	 1.5	 1.1	 4.2	 2.5	 2.2	 4.1	 2.4	 2.2	
17:00	 6.7	 1.7	 1.2	 7.2	 1.9	 1.3	 6.6	 3.3	 2.5	 6.5	 3.3	 2.5	

	
For	the	‘close’	view	position,	the	ratios	are	higher	than	1.0	on	the	15th	of	December	and	

March	for	both	window	sizes.	Very	high	ratios	on	these	two	days	between	11:00	and	14:00	
hours,	indicate	that	the	average	luminance	value	of	the	upper	visual	field	is	much	higher	than	
that	of	the	lower	visual	field	which	is	due	to	the	sun	entering	the	upper	field	of	view	at	these	
hours.	The	ratios,	during	the	majority	of	the	office	hours	on	June	15th,	are	 lower	than	1.0,	
meaning	that	the	average	luminance	value	of	the	lower	visual	field	is	higher	than	that	of	the	
upper	visual	field.	The	reason	for	the	ratios	lower	than	1.0	during	those	hours	on	June	15th	is	
the	direct	 radiation	 that	 reaches	 inside	 the	 room	because	of	 the	high	 sun	angle	 and	 that	
reflects	up	from	the	floor	adjacent	to	the	window.		

For	 the	 ‘close’	 view	 position,	 increasing	 the	 window	 size	 from	 60%	 to	 100%	WWR	
increase	 the	 average	 luminance	 values	 for	 both	 the	 upper	 and	 lower	 visual	 fields,	with	 a	
slightly	 higher	 increase	 for	 the	 upper	 field	 compared	 to	 the	 lower	 field.	 However,	 the	
influence	of	increasing	window	size	on	the	ratios	of	the	average	luminance	values	was	small	
and	did	not	always	increase	the	ratios.	On	the	15th	of	December	(from	12:00	to	13:00)	and	
March	(from	11:00	to	14:00),	increasing	the	window	size	decrease	the	ratios.	The	reason	for	
such	decrease	in	ratios	is	a	higher	average	luminance	value	observed	by	the	lower	visual	field	
when	the	façade	is	fully	glazed.	The	shadowing	effects	caused	by	the	walls	adjacent	to	the	
window	increases	the	average	luminance’s	ratios	for	the	smaller	window	size.		

Changing	the	view	position	from	‘close’	to	‘far’	decrease	the	average	luminance	values	
of	the	upper	and	lower	visual	fields	for	both	window	sizes.	The	influence	of	changing	the	view	
position	on	the	average	luminance’s	ratios	was	substantial	during	some	hours	(from	11:00	till	
14:00)	in	March.	The	reason	is	a	large	decrease	in	the	average	luminance	values	of	the	upper	
visual	field	as	a	result	of	observing	a	larger	ceiling	area	in	the	‘far’	view	position	compared	to	
the	‘close’.			
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Increasing	 the	window	 size	when	 the	 view	position	was	 ‘far’,	 increased	 the	 average	
luminance	 values	 for	 both	 upper	 and	 lower	 visual	 fields.	 The	 influence	 of	 increasing	 the	
window	size	on	the	ratios	of	average	luminance	values	was	small.	

Table	2	shows	the	ratios	in	average	luminance	values	of	the	upper	to	lower	visual	fields	
when	view	direction	was	parallel	 to	 the	window	 (West	orientation)	 at	 two	view	positions	
(‘close’	and	 ‘far’)	 for	 three	days	of	 the	year	 (15th	of	December,	March,	and	June)	and	two	
window	sizes	(WWR’s	of	60%	and	100%).		
Table	2.	Ratios	between	the	average	luminance	value	of	the	Upper	(U)	to	Lower	(L)	visual	fields	for	three	days	
and	two	window	sizes,	when	view	direction	is	parallel	to	the	window	(West	orientation)	at	two	view	positions	

(‘close’	to	the	window	and	‘far’	from	it).	

	 Ratios	(U/L)	for	view	position	‘close’	 Ratios	(U/L)	for	view	position	‘far’	

	 WWR	60%	 WWR	100%	 WWR	60%	 WWR	100%	
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9:00	 1.8	 0.5	 1.6	 1.9	 0.9	 1.4	 1.7	 1.7	 2.3	 1.8	 1.7	 2.2	
10:00	 1.2	 0.4	 0.8	 1.5	 0.7	 0.8	 0.8	 0.5	 2.4	 1.2	 0.5	 2.3	
11:00	 1.0	 0.4	 0.7	 1.3	 0.7	 0.6	 0.5	 0.4	 2.5	 0.9	 0.4	 2.4	
12:00	 1.1	 0.5	 0.8	 1.1	 0.6	 0.7	 0.7	 0.4	 2.7	 0.9	 0.5	 2.5	
13:00	 1.3	 0.7	 0.9	 1.0	 0.6	 0.8	 1.0	 0.6	 2.7	 1.1	 0.6	 2.6	
14:00	 1.7	 1.1	 1.4	 1.3	 0.9	 1.1	 1.9	 1.9	 2.8	 1.6	 1.3	 2.6	
15:00	 1.9	 2.0	 2.5	 1.7	 1.4	 1.8	 1.9	 2.3	 2.7	 1.9	 2.3	 2.5	
16:00	 1.9	 2.2	 2.8	 1.9	 1.8	 2.5	 2.0	 2.2	 2.7	 2.0	 2.2	 2.5	
17:00	 1.4	 2.1	 2.6	 1.7	 2.0	 2.9	 1.5	 2.1	 2.5	 1.6	 2.1	 2.4	

	
The	ratios	of	the	average	luminance	values	of	the	upper	to	the	lower	visual	fields	for	

the	West	view	direction	are	much	smaller	than	the	ratios	for	the	South	view	direction	for	both	
window	sizes.	This	 is	not	surprising	as	 in	the	West	view	direction	mainly	 indirect	reflected	
light	from	the	West	wall	is	observed.		

Increasing	the	window	size	from	60%	to	100%	WWR	for	both	view	positions	of	‘close’	
and	‘far’	increases	the	average	luminance	values	for	both	the	upper	and	lower	fields.	However,	
the	influence	of	increasing	window	size	on	the	ratios	was	small	and	did	not	always	increase	
the	 ratios.	 Moreover,	 changing	 the	 view	 position	 from	 ‘close’	 to	 ‘far’	 for	 the	West	 view	
direction	both	increased	and	decreased	the	ratios.		

All	 in	 all,	 comparing	 the	 ratios	 in	 different	 design	 conditions	 shows	 that	 luminance	
values	in	the	upper	visual	field	in	most	cases	are	higher	than	those	in	the	lower	visual	field,	
while	in	some	cases	they	are	lower.	The	magnitude	of	both	increases	and	decreases	varies	
depending	on	 the	view	direction,	view	position,	 time	of	 the	day,	day	 in	 the	year,	and	 the	
window	size.		

To	 compensate	 for	 NIF-related	 differences	 in	 distribution/sensitivity	 of	 ipRGCs,	
reported	 ratios	 should	be	weighted	using	a	hypothetical	weighting	 factor.	 If	we	apply	 the	
weighting	factor	of	6	found	by	Glickman	et	al.	for	melatonin	suppression	(Glickmann	et	al.,	
2003),	the	NIF	impact	of	the	upper	visual	field,	corresponding	to	the	inferior	retinal	area,	is	
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always	higher	than	the	NIF	impact	of	the	lower	visual	field	(superior	retinal	area).	Using	this	
method	one	can	take	one	step	further	towards	 including	the	NIF-related	 influence	of	 light	
directionality	in	design	of	our	built	environment.	In	the	next	step,	image-forming	effects	of	
light	(i.e.,	visual	comfort)	can	be	investigated	for	every	design	condition.	Doing	so,	one	can	
define	an	optimized	design	condition	in	which	both	image-forming	and	non-image-forming	
effects	of	light	are	taken	into	account.		

Conclusions	

A	new	method	is	proposed	to	include	NIF-related	differences	in	distribution/sensitivity	of	the	
ipRGCs	 in	 the	 analysis	 of	 luminous	 environments.	 The	 influence	 of	 ‘window	 size’,	 ‘view	
direction’,	and	‘view	position’	on	the	average	luminance’s	ratio	of	the	upper	visual	field	to	the	
lower	visual	field	was	investigated.	Results	show	that	the	ratios	can	both	be	higher	and	lower	
than	1.0	depending	on	design	conditions.	Moreover,	from	the	studied	design	conditions,	view	
direction	showed	the	highest	influence	on	the	average	luminance’s	ratios.		

According	 to	 literature,	 the	 inferior	 retina	 (upper	 visual	 field)	 is	 more	 effective	
compared	to	the	superior	retina	(lower	visual	field)	in	stimulation	of	NIF	effects	(melatonin	
suppression).	 Therefore,	 a	 hypothetical	 weighting	 factor	 of	 6,	 derived	 from	 literature,	 is	
introduced	to	compensate	for	the	NIF	impact	of	the	upper	to	lower	visual	fields.	As	a	result	
of	implementing	the	weighting	factor,	in	all	studied	design	conditions	during	office	hours	for	
three	days	during	a	year,	the	effective	ratios	are	higher	than	1.0.	Nevertheless,	the	weighting	
factor	is	hypothetical	and	is	derived	from	nighttime	studies.	For	a	more	accurate	weighting	
factor	daytime	studies	are	needed	in	which	the	influence	of	directionality	of	light	is	further	
investigated.	

The	method	will	 be	 expanded	by	 including	 the	 ‘spectrum’	of	 light	 in	 the	 analysis	 of	
luminous	environments.	This	is	particularly	important	for	daylight,	as	its	spectrum	changes	
during	the	day	and	is	rich	in	short-wavelength	part	of	spectrum.		
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Abstract:	Hot	arid	areas	are	endowed	with	an	abundance	of	clear	skies.	Thus,	the	solar	energy	available	can	
significantly	raise	the	temperature	of	interior	spaces	and	also	result	in	an	uncomfortable	visual	environment.	
External	perforated	solar	screens	have	been	used	to	control	solar	penetration	through	windows.	Such	screens	
can	also	serve	a	social	function,	that	of	maintaining	privacy.	This	paper	focuses	on	a	special	case	of	girls’	schools	
in	Saudi	Arabia,	where	the	privacy	issue	is	critical	due	to	socio-cultural	and	religious	beliefs.	Windows	in	girls’	
schools	 facing	 public	 spaces	 are	 typically	 covered	 by	 dark	 opaque	 film	 to	 maintain	 privacy.	 This	 window	
treatment	 results	 in	 overreliance	 on	 artificial	 lighting,	 and	 in	 a	 corresponding	 increase	 in	 energy	 use.	 The	
performance	of	 screens	 can	be	 affected	by	many	parameters,	 namely:	 perforation	 rate,	 depth	 ratio,	 shape,	
reflectivity	 of	 colour,	 aspect	 ratio	 of	 openings.	 This	 paper	 looks	 at	 how	 different	 Aspect	 ratios	 affect	 the	
performance	of	screens	by	simulating	a	range	of	cases	of	different	aspect	ratios,	using	the	Daylight	Dynamic	
Performance	Metrics	approach	 (DDPM).	Results	 recommend	using	1:1	aspect	 ratio	 for	 the	south	orientation	
whereas	using	different	aspect	ratios	for	the	North	and	West	orientations	provide	better	daylight	levels	in	the	
studied	context.	
	
Keywords:	Daylight,	Perforated	Solar	Screens,	Schools,	windows,	Daylight	Dynamic	Performance	Metrics.	

Introduction	

Areas	with	hot	arid	desert	climate	are	characterised	by	an	abundance	of	clear	skies.	Thus,	the	
available	 solar	 radiation	 can	 significantly	 increase	 the	 temperature	 of	 interior	 spaces	 and	
result	 in	 uncomfortable	 visual	 environments	 due	 to	 discomfort	 glare	 and	poor	 uniformity	
ratios	(Julian,	2006).	Fixed	external	solar	screens	can	control	solar	penetration	in	spaces	whilst	
improve	 the	visual	 and	 thermal	 comfort	of	 the	users	of	 such	 spaces	 (Harris,	 2006).	 These	
screens	follow	the	general	principles	of	a	shading	device	that	has	been	traditionally	used	in	
hot	arid	areas,	called	“Mashrabiya”.	The	Mashrabiya	has	always	had	a	social	function	to	serve,	
that	of	maintaining	privacy	which	is	of	importance	to	the	Islamic	cultures	(Fathy,	1986).	This	
dual	 purpose,	 explains	 the	 widespread	 use	 of	 these	 devices	 around	 the	 world	 wherever	
Muslims	exist,	from	Moorish	Spain	in	the	West	through	North	Africa	and	the	Middle	East	to	
India	in	the	East	(Alitany,	2014).	The	same	principle	is	used	in	contemporary	architecture	to	
shade	 facades.	 Using	 such	 perforated	 solar	 screens	 is	 also	 proven	 to	 reduce	 energy	
consumption	(Sabry	et	al,	2014).	

The	issue	of	providing	privacy	for	women	is	significant	in	Saudi	Arabia	as	the	country	
follows	an	Islamic	regulation,	which	dictates	that	women	should	be	covered	in	the	attendance	
of	unrelated	men.	Following	the	same	regulation,	women	have	to	wear	“Abaya”,	a	dark	robe	
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which	they	can	only	take	off	when	inside	their	houses	or	in	buildings	occupied	only	by	women,	
such	as	girls’	schools.	To	maintain	privacy	in	girls’	schools,	it	is	common	for	windows	to	be	
completely	covered	by	black	opaque	coatings	or	non-transparent	curtains.	Figure	1	shows	an	
example	of	current	situation	from	a	site	visit	by	the	main	author	(Kotbi	and	Ampatzi	2015).		

	

	
It	 is	 well	 known	 that	 such	 treatments	 could	 affect	 the	 occupants’	 wellbeing	 and	

productivity,	especially	students	in	schools	(Erwin,	Heschong,	2002),	due	to	the	lack	of	access	
to	external	views	and	adequate	natural	light	(Webb,	2006).	These	window	treatments	require	
exclusive	 use	 of	 artificial	 lighting,	 and	 as	 a	 result,	 girls’	 schools	 in	 Saudi	 Arabia	 became	
significant	energy	consumers,	considering	also	the	numbers	of	schools	and	the	fact	that	they	
all	operate	during	peak	hours	 (Abanomi,	 Jones,	2005).	Considering	 the	characteristics	and	
function	of	perforated	solar	screens,	it	is	likely	that	they	are	an	effective	alternative	solution	
to	the	window	treatments	currently	 in	place	in	girls’	schools	 in	Saudi	Arabia.	This	research	
focuses	on	adopting	such	screens	as	a	retrofit	strategy	for	existing	buildings	used	as	schools,	
therefore,	other	solutions	that	could	be	effectively	integrated	in	the	design	process	were	not	
considered,	such	as	organising	teaching	spaces	around	internal	courtyards.	

The	performance	of	perforated	solar	screen	can	be	controlled	by	different	parameters,	
previous	 studies	 have	 summarized	 the	 key	 parameters	 affecting	 the	 performance	 of	
perforated	 solar	 screens	 to:	 perforation	 rate,	 depth	 ratio,	 cell	 shape,	 colour	 reflectance,	
aspect	ratio	of	openings,	tilt	and	rotation	angles.	The	authors	have	already	investigated	the	
effect	of	perforation	rate	on	daylighting	in	the	same	context	(Kotbi	and	Ampatzi	2016),	Sherif	
et	al.	(2012)	also	studied	the	perforation	rate	in	residential	living	rooms.	Aljofi	(2005)	have	
looked	 at	 the	 effect	 of	 the	 cell	 shape	 and	 colour	 reflectance	 of	 the	 screen	 on	 daylight	
distribution	 in	 a	 general	 context.	 The	 latter	 study	 concluded	 that	 a	 light	 colour	 and	 a	
rectangular	shape	result	to	improved	daylight	distribution	in	comparison	to	darker	materials	
or	 round	 openings.	 In	 the	 context	 of	 a	 residential	 living	 room,	 Sherif	 et	 al.	 (2012)	 have	
examined	the	effect	of	depth	ratio	its	effect	on	energy	consumption	for	cooling,	heating	and	
lighting	 ,	 Sabry	et	al.	 (2011)	have	studied	 the	effect	of	 screen	 rotation	angle	on	daylight	 .	
Regarding	aspect	ratios,	Sherif	et	al.	 (2013)	have	investigated	the	effect	of	opening	aspect	
ratios	on	daylighting	and	on	energy	consumption	for	residential	 living	rooms.	However,	no	
previous	research	known	to	the	authors	have	investigated	the	effect	of	aspect	ratio	on	the	
daylight	performance	in	classrooms.	

Figure	1:	an	example	chowing	using	black	opaque	film	to	cover	windows	
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Objective	

This	paper	is	a	part	of	ongoing	research	that	examines	the	parametric	design	of	perforated	
screens	 for	both	enhancing	 interior	daylight	 levels	and	maintaining	privacy	 in	 typical	girls’	
classrooms	in	a	hot	arid	area.	The	objective	of	this	paper	is	to	examine	optimum	aspect	ratios	
for	perforated	solar	screens	to	enhance	daylighting	inside	classrooms	in	hot	arid	areas	for	the	
four	main	orientations	(North,	South,	East	and	West).	This	perspective	 is	considered	to	be	
novel,	as	no	other	research	focusing	on	this	aspect	and	context	is	known	to	the	authors.	

Methodology	

A	validated	virtual	simulation	approach	is	used	for	this	experiment.	A	3D	base-case	classroom	
was	modelled,	representing	a	typical	classroom	with	five	windows.	This	typology	is	based	on	
a	physical	survey	conducted	previously	by	the	authors	for	11	classrooms	(Kotbi	and	Ampatzi	
2015).	 In	 this	 study,	 nine	 perforated	 solar	 screens	 each	 with	 different	 aspect	 ratio	 are	
modelled.	In	a	previous	study	the	optimum	perforation	rate	for	solar	screens	for	the	same	
context	has	been	studied	 (Kotbi	and	Ampatzi	2016),	hence	 the	 recommended	perforation	
rate	 for	 each	 orientation	 is	 used	 here.	 The	 depth	 ratio	 used	 for	 each	 orientation	 is	 set	
according	to	an	optimisation	exercise	conducted	as	part	of	the	overall	research	(unpublished	
at	the	time	of	writing).	Other	parameters	were	fixed	to	control	the	result.	All	fixed	parameters	
are	listed	in	Table	1.	

The	aspect	ratio	is	defined	as	the	ratio	between	the	horizontal	width	(H)	and	vertical	
length	(V)	of	the	cell	H:V.	Screens	with	four	aspect	ratios	with	horizontal	direction	(2:1,	4:1,	
6:1,	12:1)	and	four	with	vertical	direction	1:2,	1:4,	1:10,	1:20	are	examined	and	compared	
with	a	1:1	square	cell.	A	6	cm	module	cell	size	was	used	as	the	basis	for	creating	screens	with	
different	aspect	ratios.	Figure	2	shows	examples	of	different	cases.	
	

Table	1:	Parameters	of	simulated	solar	screens	
Module	size	for	cells	 6	x	6cm	 Depth	Ratio	 0.15	North,	West;	0.6	South;	0.75	East	
Colour	reflectance	 70%	 Perforation	rate	 90%	North,	West,	South	;			80%	East		

	

	
Figure	2:	Examples	of	screens	with	different	aspect	ratios	

	
These	 cases	 are	 tested	 for	 the	 four	 main	 orientations	 using	 the	 Dynamic	 Daylight	

Performance	Metrics	(DDPMs).	These	metrics	evaluate	daylighting	performance	based	on	a	
time	series	of	illuminance	levels	within	a	space.	The	time	series	cover	the	occupancy	schedule	
in	a	calendar	year,	and	based	on	annual	solar	radiation	data	included	in	the	weather	data	file	
used	 in	 the	 simulation	 (Reinhart	 et	 al,	 2006).	 The	 DDPM	 includes	 many	 metrics	 such	 as	
Daylight	Autonomy	(DA),	useful	Daylight	Illuminance	(UDI)	and	Daylight	Availability	(DAv).	The	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 3255



DA	 represents	 the	 percentage	of	 occupied	hours	 of	 the	 year	when	 at	 least	 the	minimum	
required	illuminance	is	achieved;	following	from	that,	the	space	is	divided	as	either	‘Daylit’	
and	 ‘Partly	 lit’	 area.	 Daylit	 is	 characterised	 as	 the	 area	 that	 has	 achieved	 the	 required	
illuminance	level	for	at	least	half	of	the	occupancy	hours,	while	Partly	lit	area	is	the	area	that	
did	not	achieve	that	illuminance	level	(Reinhart,	Walkenhorst,	2001).	The	UDI	uses	the	lower	
and	 upper	 thresholds	 of	 100lx	 and	 2000lx	 accordingly	 to	 determine	 illuminance	within	 a	
useful	range,	UDI	also	represents	area	with	oversupply	of	daylight	(more	than	2000lx)	(Nabil,	
Mardaljevic,	2006).	The	problem	with	the	DA	 is	that	 it	does	not	account	for	the	area	with	
oversupply	of	daylight	in	the	results,	which	is	usually	accompanied	with	visual	and	thermal	
discomfort	especially	in	such	climate.	“DAv”	however,	combines	both	“DA”	and	“UDI”.	When	
using	Daylight	Availability	 	metric,	 the	space	 is	divided	 into	 three	categories:	 ‘Daylit’	area,	
‘Partly	lit’	area	and		‘Overlit’	area,	which	is	the	area	receiving	more	than	ten	times	the	required	
illuminance	for	at	least	5%	of	the	occupancy	hours	(Reinhart,	Wienold,	2011).	The	5%	criterion	
was	selected	according	to	British	Standards	(BSI,	2007).	

Architectural	parameters	

The	dimensions	of	the	base	case	classroom	are	6.90m	x	4.50m	Figure	3.	The	dimensions	of	
each	 of	 the	 windows	 are	 0.72m	 x	 1.2m	 Figure	 4.	 The	 assumed	 indoor	 parameters	 and	
reflectance	values	are	presented	in	Table2.	Most	schools	in	Riyadh	are	surrounded	by	four	
streets	 at	 least	 20m	 wide	 and	 all	 classrooms	 are	 not	 in	 a	 ground	 floor,	 hence	 external	
obstructions	are	ignored	in	these	simulations.	

	

			
Table	2:	Parameters	of	simulated	classroom	

Space	parameters	 	 Windows	parameters	
Dimensions		 4.50m	X	6.9m	X	3.0m	 WWR	 21%	
Working	level	 +0.75m	 No.	of	Windows	 5	
Surface	Reflectance	 Dimensions	 0.72m	x	1.2m	
Interior	walls	 50%	 Sill	height	 1.15m	
Exterior	walls	 35%	 Glass	Transmission	 88%	
Ceiling	 80%	 Solar	Screens	parameters	
Floor	 20%	 Cell	size	 6cm	x	6cm	
Furniture	 50%	 Perforation	Rates	 N&W&S:	90%,	E:	80%	
White	board	 90%	 Depth	ratios	 N&W:	0.15,	E:	0.75,	S:	0.6	
Solar	screens	 70%	 Screen	reflectance	 70%	

	
	
	

Figure	4:	section	of	the	simulated	classroom	Figure	3:	plan	of	the	simulated	classroom	
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Simulation	process	

To	conduct	the	virtual	simulation	three	software	tools	were	used.	The	software	“Rhinoceros”,	
which	is	a	3D	modelling	tool,	was	used	to	build	geometries	of	the	modelled	classroom	and	
perforated	screens	with	different	configurations.	“DIVA”	is	a	plug-in	for	‘Rhinoceros’	(Jakubiec,	
Reinhart,	 2011)	 and	 is	 used	 as	 an	 interface	 for	 the	 simulation	 engines	 “Radiance”	 and	
“Daysim”.	Both	software	engines	are	broadly	used	for	backward-tracing	daylighting	analysis	
and	 have	 been	 previously	 validated	 by	 comparing	 simulation	 results	 with	 physical	
measurements	 (Reinhart,	 Breton,	 2009).	 “Grasshopper”,	 a	 generic	 algorithm	 editor	 that	
works	as	a	parametric	modelling	extension	for	Rhinoceros	(Rutten,	McNeel,	2012),	was	used	
to	produce	the	variation	of	solar	screens	according	to	the	required	parameters.	“Grasshopper”	
was	also	used	with	“DIVA”	to	control	the	simulation	runs	and	export	the	results.	

The	location	is	Riyadh	(24.7°N,	46.8°E).	The	weather	data	file	for	Riyadh	was	obtained	
from	 the	 U.S	 Department	 of	 Energy	 (DOE,	 2015).	 Weather	 files	 represent	 a	 Typical	
Meteorological	 Year	 “TMY”	 and	 are	 generated	 using	 recorded	 data	 including	 global	 solar	
radiation	from	around	23	years	(Hall	et	al,	1978).	The	sky	condition	setup	in	this	study	was	
“clear	sky	with	sun”	as	this	is	a	typical	sky	condition	in	this	climate	(Al-Abbadi	et	al,	2002).	

Simulation	parameters	used	for	Radiance	simulation	engine	are	presented	in	Table	3.	
The	“ambient	bounces”	represents	the	number	of	times	the	light	is	allowed	to	hit	and	bounce	
from	any	plane	in	the	simulated	scene,	and	the	recommended	value	is	at	least	6	to	account	
for	complicated	configuration	such	as	perforated	screens	(IES,	2012).	The	“ambient	divisions”	
parameter	 determines	 the	 number	 of	 sample	 rays	 sent	 out	 from	 a	 surface	 point.	 It	 is	
recommended	 to	 be	 set	 at	 as	 high	 as	 1000	 to	 avoid	 high	 brightness	 variation	 (Reinhart,	
Wienold,	2011).	An	ambient	sampling	parameter	greater	than	zero	determines	the	number	
of	extra	rays	that	are	sent	in	sample	areas	with	a	high	brightness	gradient.	The	combination	
of	“ambient	accuracy”	”,	“ambient	resolution”	and	the	maximum	scene	dimension	gives	a	
measure	 of	 how	 fine	 the	 luminance	 distribution	 is	 distributed,	 according	 to	 this	 formula:	
[(Maximum	scene	dimension	×	ambient	accuracy)	/	ambient	resolution]	(Larson,	Shakespeare,	
2004).	Hence,	setting	the	“ambient	accuracy”	at	0.1	and	“ambient	resolution”	at	300	with	a	
maximum	scene	dimension	of	 100m	means	 that	 the	 smallest	 cell	 in	 simulated	perforated	
screens	can	be	as	small	as	3cm	because	(100m	×	0.1)/300	=	0.03m.	
	

Table	3:	Utilized	Radiance	Simulation	Parameters	
Ambient	bounces	 Ambient	divisions	 Ambient	sampling	 Ambient	

resolution		
Ambient	accuracy	

6	 1000	 20	 300	 0.1	
	

A	grid	of	measuring	sensors	is	used	as	a	reference	plane	to	plot	the	metrics’			data.	The	
reference	plane	is	recommended	to	be	on	the	highest	plane	where	regular	task	is	performed	
in	the	space	(IES,	2012).	In	the	case	of	a	classroom,	the	reference	plane	is	set	on	pupils	desks	
at	0.75m	height	Figure	4.	There	are	 in	total	345	measuring	points	on	the	reference	plane,	
spread	evenly	on	a	0.3mx0.3m	grid,	this	grid	is	the	minimum	recommended	grid	to	improve	
accuracy	(IES,	2012).	

To	 simulate	 DAv,	 we	 need	 to	 set	 a	 required	 illuminance	 threshold	 and	 provide	 an	
occupancy	schedule.	The	standard	adequate	illuminance	for	a	reading	and/or	writing	task	is	
500lx	(Phillips,	2000),	however,	it	is	problematic	to	depend	on	daylight	solely	to	achieve	this	
level	 without	 causing	 discomfort	 glare	 (Mardaljevic	 et	 al,	 2009).	 Therefore,	 the	 required	
illuminance	threshold	was	set	to	300lx	since	the	aim	was	to	reduce	the	use	of	artificial	light	
as	much	as	possible	(Heschong	et	al,	2012).	The	occupancy	schedule	is	created	using	a	typical	
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school	year	in	Saudi	Arabia,	which	has	180	days	in	36	weeks,	with	a	total	of	1080	hours,	the	
school	year	starts	on	mid-September	until	mid-June	in	two	semesters,	each	term	has	one	half	
term	break.	The	school	day	starts	at	6:30	and	ends	at	13:30	to	avoid	the	hot	afternoon	hours	
as	much	as	possible.	

Results	

Each	of	the	345	measuring	points	is	represented	by	a	coloured	square	on	the	classroom	plan	
to	show	daylight	availability	distribution.	The	colour	of	each	square	indicates	the	percentage	
of	time	achieving	300lx	out	of	total	occupancy	time	according	to	a	colour	scale	ranges	from	
Blue	 0%	 to	 Red	 100%.	 Squares	 in	 magenta	 colour	 represent	 Overlit	 conditions.	 Table	 4	
compares	DAv	distribution	for	the	best	and	worst	case	for	each	orientation.	The	percentage	
of	Daylit	area	of	the	total	classroom	area	is	then	calculated	for	each	case	in	each	orientation.	
The	graph	in	Figure	5	displays	Daylit	areas	for	all	cases.	Cases	achieved	more	than	50%	daylit	
area	is	considered	adequate	to	achieve	acceptable	daylight	performance	(Sherif	et	al,	2012).	
	

Table	4:	Comparison	between	daylight	availability	distribution	of	best	and	worst	case	for	each	orientation	
Legend	 	 	 North	 East	 South	 West	

	 Best	
Case	
	

	 	 	 	
H:V	 12:1	 4:1	 1:1	 6:1	
Daylit	area	 91%	 60%	 86%	 88%	
Worst	
Case	
	

	 	 	 	
H:V	 1:1	 1:20	 1:10	 1:1	

	 Daylit	area	 82%	 41%	 73%	 82%	
	
Results	in	Figure	5	show	that	using	screens	with	horizontal	direction	cells	could	provide	

more	daylit	area	in	the	studied	context	for	all	main	orientations	except	South	orientation,	and	
screens	with	vertical	direction	provide	also	more	daylit	area	than	screens	with	square	cells	
for	the	North	and	West	orientations.	In	the	South	Orientation	the	optimum	aspect	ratio	is	1:1	
with	square	cells,	using	other	aspect	ratio	for	Southern	orientation	could	reduce	the	daylight	
performance	of	the	solar	screen.	

Discussion	and	Conclusion	

To	provide	more	daylit	area,	results	of	this	study	recommend	using	different	aspect	ratio	than	
1:1	 in	 the	North	 and	West	 facades,	 and	 using	 1:1	 aspect	 ratio	 in	 the	 South.	 For	 the	 East	
orientation,	results	recommend	using	only	screens	with	horizontal	direction	cells.	Most	cases	
of	aspect	ratios	in	all	main	orientations	achieved	adequate	level	of	daylighting	performance	
providing	daylit	area	of	more	than	50%	of	total	space.	Only	the	screens	with	vertical	direction	
in	the	East	orientation	failed	to	achieve	adequate	daylit	areas	as	shown	in	Figure	5,	in	these	
cases,	overlit	areas	occupied	about	half	of	the	total	area	of	the	classroom	Table	4.	It	must	be	
noticed	that	the	result	of	West	façade	reflects	the	occupation	schedule	used	in	this	context	
as	 the	 school	 day	 finishes	 early.	 Which	 differs	 from	 studies	 of	 residential	 spaces	 where	
occupation	schedule	extend	until	sunset.		
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Figure	5:	percentage	of	Daylit	area	for	all	cases	

Results	of	previous	studies	by	the	authors	recommended	using	90%	perforation	rate	in	
North,	West	and	South	facades,	80%	in	the	East	facades.	It	also	recommended	depth	ratio	of	
0.15	 in	North	and	West	 Facades,	0.6	 in	West	 facades,	0.75	 in	East	 Façade.	Results	of	 this	
experiment	proved	that	using	the	recommended	results	by	the	authors	in	previous	studies	
could	achieve	adequate	daylight	performance	when	using	any	aspect	ratio,	except	for	East	
façade	where	screens	with	vertical	direction	did	not	achieve	adequate	daylit	levels.	Hence,	
architects	 could	use	different	aspect	 ratios	according	 to	 the	 required	daylit	 area	provided	
using	the	chart	in	Figure	5.	
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Abstract: The effects of occupants’ roles on lighting perception have received little attention even though the 
key to gauging the satisfaction of lit environments is dependent on what building occupants’ needs and wants. 
This paper seeks to address such crucial gap and presents an original role-specific approach to identifying specific 
lighting parameter estimates that best predict specific subjective responses. This approach has been developed 
through a comparative analysis of four light settings for evening concerts in Cambridge King’s College Chapel. 
Coupling physical measurements of light obtained from imaging techniques with occupant’s responses collected 
from field experiments, we then identified explanatory variables using a series of collinearity tests and 
regression analyses, and justified the selection based on occupants’ luminance criteria. By focusing on the 
occupants’ responses to visual clarity and perceived brightness, this paper then demonstrates the validation and 
applicability of the method. Comparing the general results regardless of viewing position or role reveals that the 
role-specific approach is better at reducing the risk of omitting important explanatory terms. It also makes the 
selection process more focused and robust, leading to greater confidence in the estimates. 

Keywords: Lighting perception, building occupants, concert lighting, field experiments 

Introduction 

To relate lighting of buildings to people and architecture, much effort has been devoted to 
ensuring visual performance, comfort and well-being are considered (Veitch et al., 2013). 
Accounting for occupants’ roles is often omitted when establishing subjective-objective 
connections. In complex built environment, fulfilling various occupants’ lighting requirements 
is fundamental in order to improve the overall perceived lighting quality. As part of our 
methodological studies to evaluate lighting quality for evening concert performances in 
Cambridge King’s College Chapel, we have developed a role-specific approach to identifying 
and analysing lighting parameters. Using data collected from a series of field measurements 
and experiments (Lo and Steemers, 2014a; 2014b), this approach has been tested through a 
comparative analysis of four concert light settings. Subjective responses were sampled and 
collected through questionnaires at six viewing positions – Spots O and A as Audience (n=208), 
Spot B as the Conductor (n=104), and Spots C, D and E as Musicians (n=312). Using visual 
clarity and perceived brightness as examples, this paper first describes our method, and then 
tests its validity, followed by a demonstration of its applicability. 
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Table 1  Occupants’ lighting requirements Figure 1  Field studies at 
Cambridge King’s College Chapel Audience 

member 
The 

conductor Musician

To be able to read the programme  
To be able to read the musical score   
To be able to see the key 
architectural features of the Chapel  

Good view of the conductor, 
musicians and the stage  

Good balance of light that facilitates 
a visual relationship with musicians 
(Mu)/ the conductor (Co)/audience 
members (Am)/ all occupants (All) 

 
(Mu, Co) 

 
(Mu) 

 
(All) 

Good visibility of musicians (Mu)/ 
the conductor (Co)/audience 
members (Am)/ all occupants (All) 

 
(Mu) 

 
(All) 

To be able to see the facial 
expressions of musicians (Mu)/ the 
conductor (Co)/audience members 
(AM)/ all occupants (All) 

   

Good mood and tone for a 
performance   

To be able to enjoy a complete 
concert/architectural experience

 
(Both) 

 
(Concert) 

 
(Concert) 

Analytical method and procedure 

Broad groupings 

Given the large amount of data that can be extracted from high dynamic range images, the 
number of possible mathematical functions which might be formulated based on the images 
to construct objective measures is nearly infinite. In this study, twenty-two measures were 
derived. Over-fitting and collinearity are thus a risk when estimating regression equations. To 
greatly reduce the number of explanatory variables, we categorised the measures into four 
groups based on their definitions, units, magnitude, nature of the function involved, and their 
relevance for a group. Group 1 is defined using the ratio of target luminance to background 
luminance; Group 2 is associated with the distribution and variation of light; Group 3 is related 
to the overall brightness and contrast of visual scenes; Group 4 gives a numerical description 
of light patches, patterns and visual boundaries. Pearson correlation coefficients were then 
computed for all pairs of the objective measures to quantify any similarities and to justify the 
groupings. In each group, the explanatory variables exhibit relatively strong positive (r ≥0.5) 
or negative correlations (r≤-0.5), confirming the appropriateness of grouping them into the 
same category. The variables of Group 3 show a relatively strong correlation with those of 
Group 4. The rules used to classify the variables into those two groups were, however, 
considerably different, suggesting that each group has an independent explanatory role. 
Hence, it would be unwise to combine further these two groups of variables. 

Having grouped the objective measures, the next step towards linking the subjective 
attributes and objective measures is to select relevant explanatory variables from each group 
based on occupants’ roles (Table 1). These factors were identified as the most responsible for 
the discrepancies among the subjective responses. The aim was to identify specific parameter 
estimates that best predict a specific subjective response. But because the perception of a 
luminous environment never depends on just a single factor, it is imperative to test first 
whether or not there is collinearity among the explanatory variables in order to ensure their 
discriminant validity and the reliability of any subsequent regression analysis. 
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Selecting explanatory variables 

The statistical procedure for selecting the explanatory variables was as follows: i) Pearson 
correlation coefficients were calculated relating the subjective and objective variables, and 
then ranked in descending order; ii) variance inflation factors (VIFs) were computed for the 
variables to detect any possible collinearity; iii) the variable selection was then justified based 
on the occupants’ luminance requirements (see Table 1); and finally iv) whether the 
corresponding confidence intervals were satisfactory was assessed. There is no single set of 
rules which one can apply to eliminate variables and to alleviate collinearity (McPherson, 
2001, 528-529). The selection process used here was iterative and devised to suit the 
purposes and context of this study. Some of the objective measures were rejected because 
of their weak ability to predict a subjective attribute, and/or because of their lack of relevancy 
to the occupants’ requirements in this particular setting.  

Collinearity and luminance criteria 

It is necessary to first set out a threshold for eliminating variables. VIFs are commonly used 
to test for collinearity, eliminating which reduces the variance of regression predictions 
(O'Brien, 2007). The smaller the factor, the less the concern about collinearity. In building 
research, cut-off values of VIF considered acceptable vary widely. For example, values greater 
than 3, 5 or 10 are considered unacceptable in thermal comfort, indoor air quality, thermal 
sensation and occupant perception studies (Cho and Awbi, 2007; Kim and de Dear, 2013). 
O'Brien (2007) has suggested that even for higher VIF values there may not be any substantial 
change in the variance of the coefficients. Because the role-specific analysis drew on a 
combination of variables identified based upon each viewing position, the presence of strong 
collinearity was expected. The threshold value of 10 was therefore first adopted for 
eliminating variables relating to viewing positions, followed by a more liberal approach for 
the role-specific and general analyses.  

Another important selection criterion to be considered is the occupants’ requirements 
for concert lighting (see Table 1). Not every objective measure that belongs to the same group 
is pertinent to specific lighting requirements. For example, the ability to read a musical score 
is essential for the conductor and musicians but not for the audience members. The variable 
VASheets which concerns such quantification therefore may not be a useful indicator of visual 
acuity for the audience members. With these requirements in mind, the selection process 
became more focused, selective and robust. 

Justification 

For the measures associated with Spots O and A were considered together as the variables 
for audience members (n=208); those related to Spots C, D and E were considered together 
as the variables for musicians (n=312). Spot B was considered separately, representing the 
conductor (n=104). All Occupants used the data from all of the viewing spots, enabling a 
further comparison between the role-specific and general approaches. Because the 
explanatory variables were selected specifically for each viewing position, and therefore there 
was no further elimination of variables. 

Three objective measures were selected to quantify each subjective response at each 
viewing position. The chosen variables belonged to different groups, and each group was 
included only once in the analysis. That was felt to deliver a reasonable compromise between 
completeness and uniqueness of the measures. Reducing the number of explanatory 
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Table 2  Independent variables selected for studying the roles 
Selected Independent Variable (Obj.) 

Subj. Role(a) Group  1: 
Visual Acuity 

Group  2: 
Uniformity 

Group  3: 
Brightness 

Group  4: 
Light Pattern 

Vi
su

al
 

Cl
ar

ity
 

Am VAStage (1st)(b) LLMavg:LRMavg (2nd) Lavg (3rd) - 
Co VASheets (2nd) - - AreaLight patches  (1st) 
Mu VAStage (1st) LLMavg:LRMavg (2nd) RLstd (3rd) Perimeter (4th) 

All VAStage (1st)  
VASheets (2nd) 

LLMavg:LRMavg (3rd) Lavg (4th) 
RLstd (5th) 

AreaLight patches  (6th) 
Perimeter (7th) 

Pe
rc

ei
ve

d 
Br

ig
ht

ne
ss

 Am - LLMstd:LRMstd (1st) RLstd (2nd) - 
Co - LLMstd:LRMstd (2nd) - Light : Dark (1st) 
Mu - LLMstd:LRMstd (1st) RLstd (2nd) Light : Dark (3rd) 

All - LLMstd:LRMstd (1st) RLstd (2nd) Light : Dark (3rd) 

(a) ‘Am’ = Audience member; ‘Co’ = Conductor; ‘Mu’ = Musician; ’All’ = All Occupants (General) 
(b) ‘ith’ = Order of a multiple regression coefficient 
‘Subj.’ = a subjective attribute; ‘Obj.’ = an objective measure

variables from twenty-two down to three was not arbitrary. The choices were made by 
maximising the square of the correlation coefficient (i.e. the amount of variability in a 
subjective attribute explained by the objective measures) and minimising the VIFs while 
adhering rigidly to the selection criteria. In no case did adding more explanatory variables 
increase variability in the subjective attributes, nor reduce the collinearity between the 
objective measures. This indeed confirms that the selection approach was meaningful and 
reliable. The chosen variables for Visual Clarity and Perceived Brightness are presented in 
Table 2, and their definitions are given at the end of this paper. 

The choice of variables for the audience members at Spots O and A was identical, but 
this was not the case for the musicians.  We also observed that there was a stronger emphasis 
on light pattern for the Conductor at Spot B. It is not surprising that VASheets was selected from 
Group 1 to explain the variance of Visual Clarity at Spot B because of its stronger correlation 
than VAStage’s. Being able to read the score clearly is exceptionally important for the 
conductor. This suggests that the seemingly more precise measurements of the relationship 
between target and background luminances were indeed considered as supplementary 
variables to quantify the perception of visual clarity.  

All the VIFs were below the predefined threshold value of 10, confirming the 
independence of the selected variables. The VIFs are observed to be much smaller overall 
when there were two or fewer variables (Figure 2). For the attributes with three explanatory 
variables, the VIFs of the second or third variables were among the highest. This implies that 
including more variables increased the risk of collinearity despite improving the variability of 
a subjective attribute. So in most cases two explanatory variables were employed. Adding 
more variables to the analysis not only failed to improve the correlations, but also collinearity 
became more serious. But three variables were needed to account for the variability in Visual 
Clarity at Spots O and A, indicating that more visual stimuli were involved when interpreting 
the perceptions of such attribute. 

The 95% confidence intervals of the selected variables were then compared. A wider 
confidence interval was observed mostly at Spots O, A and B, reflecting the greater degree of 
variability of the responses there, giving less confidence in the corresponding estimates. 
Checking the resulting parameter estimates not only offered a general picture of the effect of 
the selection on the variables, it also provided a preliminary indication of the significance of 
the differences. A closer examination of the results reveals that the intervals of the second 
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Figure 2  Comparison of variance inflation factors 

and third independent variables mostly cross zero, implying that those variables are 
insignificant. Although seemingly unsatisfactory, the inclusion of those variables was 
necessary because of their subordinate roles. In this way, not only did they mitigate 
collinearity concerns, they also improved slightly the overall percentage of variance 
accounted for, supplementing the more powerful predictors. If such variables were 
eliminated, the risk of omitting important explanatory terms in the regression models may 
escalate. 

Findings and discussions 

Model adequacy 

In general, the Visual Clarity models for Audience Members and the Conductor all had VIFs 
below the threshold value. The role with the greatest collinearity was that of the musicians, 
with one variable having a VIF greater than 10 in the case of Visual Clarity. As might be 
expected, increasing the number of explanatory variables increased the likelihood of 
collinearity. It follows that the problem of collinearity was most severe for All Occupants (i.e. 
general analysis). There are strong linear relationships among the variables because all the 
measures related to each viewing position were considered in the case of All Occupants, it is 
therefore not unexpected to observe a pronounced increase in the VIFs, specifically in the 
case of Visual Clarity (VIFavg = 20.73; VIFstd = 16.73), where the two largest VIFs were found 
for the fourth (Lavg, VIFavg = 22.15) and fifth (RLstd, VIFavg = 26.47) variables, as well as the sixth 
(AreaLight patches, VIFavg = 21.13) and seventh (Perimeter, VIFavg = 56.46) variables (Figure 2). 
Those variables belong to the same groups and have similar constructs and nature. 
Nevertheless, including these variables was necessary to reflect the relationship between the 
viewing position and the occupant’s type. The Perceived Brightness models also followed a 
similar pattern, but collinearity was less of a problem. 

F-ratios and the squares of the correlation coefficients were then computed to assess 
whether the selected variables contributed satisfactorily to predicting the subjective 
attributes. The degrees of freedom for the residual sum of squares were different for each 
values at the 0.01 significance level, suggesting that the selected variables thus seem to have 
made satisfactory contributions to predicting the subjective attributes. 
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Table 3  Fit statistics for the ordered logistic regressions by occupant’s role 

(a) ‘Am’ = Audience member; ‘Co’ = Conductor; ‘Mu’ = Musician; ’All’ = All Occupants (General) 
(b) Difference between the maximised log-likelihood for the fitted model and that for the general model = (-2(L0-L1)) 
(c) Pearson’s χ2 
(d) Difference between the maximised log-likelihood for the null model and that for the fitted model = (-2(Ln-Lf)) 
(e) (***) p ≤ .001; (**) p ≤ .01; (*) p ≤ .05; (ns) p > .05; underscore indicates unsatisfactory model fit 
(f) (***) p ≤ .001; (**) p ≤ .01; (ns) p > .01 

Validation 

To valid the method, we examined the extent to which the uncertainties and even disparities 
constrain the model fit by using ordered regression analysis. Having assessed their model 
fitting, goodness-of-fit and proportional odds tests (Table 3), we found that generally the 
ordered models fit the data well for Visual Clarity (chi-square = 45.43 to 230.47), and 
moderately well for Perceived Brightness (chi-square = 58.58 to 177.90). The general models 
appear to have the largest chi-square values. Considering the responses collectively, there is 
a greater disparity between the observed and predicted values, and this is evidenced by the 
goodness-of-fit tests. The general approach is more prone to ill-defined models because it 
essentially disregards the differences among the viewing positions and the occupants’ roles, 
leading to much greater variation and uncertainty. Another observation is that all of the role-
specific models satisfy the assumption (p > 0.01), but this is not the case for the general 
models. A plausible explanation is that pooling data from all the viewing positions led to an 
increase in the degrees of freedom. Not only did this induce greater variability among the 
data, but also constrained the models’ fit, and thus weakening the models.  

Comparing to the general models, the average significance levels for the role-specific 
models are much greater (Role-specific: Visual Clarity = 0.450 (standard deviation = 0.209), 
Perceived Brightness = 0.377 (standard deviation = 0.125); General: Visual Clarity = 0.12; 
Perceived Brightness = null). In fact the general analysis produced unsatisfactory results for 
Perceived Brightness. No test could be performed because the log- likelihood for the fitted 
model was less than that of the null mode, failing to fulfil all the assumptions. Taken together, 
this confirms that the role-specific approach is capable of producing models that better fit the 
data. Not only does this highlight the adequacy of the models, but also this allows greater 
confidence in the prediction of subjective effects. 

Application 

To study the effects of combinations of the measures across the response categories, a set of 
separate odds ratio calculations was performed. The discussion on visual clarity and 
brightness aims to demonstrate the applicability of the role-specific approach rather than to 

Subjective 
attribute 

(by role) (a) 

Model Fitting Goodness-of-fit Proportional Odds 
Chi-

square 
(b) (e)

Degrees 
of 

freedom 
 

Sig. 
Chi-

square 
(c) (e)

Degrees 
of 

freedom 
Sig. 

Chi-
square 

(d) (f)

Degrees 
of 

freedom 
Sig. 

Vi
su

al
 C

la
rit

y Am 83.10*** 4 0.00 18.40 ns 31 0.96 15.63 ns 16 0.48 

Co 45.43*** 2 0.00 21.68 ns 13 0.06 11.34 ns 8 0.18 

Mu 78.15*** 6 0.00 41.59 ns 38 0.32 14.62 ns 18 0.69 

All 230.5*** 12 0.00 87.65 ns 103 0.86 59.68 ns 48 0.12 

Pe
rc

ei
ve

d 
Br

ig
ht

ne
ss

 Am 99.46*** 3 0.00 36.38 ns 39 0.59 14.80 ns 15 0.47 

Co 58.58*** 2 0.00 8.69 ns 10 0.56 8.65 ns 6 0.20 

Mu 105.2** 5 0.00 60.75 ns 50 0.14 20.02 ns 20 0.46 

All 177.9*** 8 0.00 212.9*** 130 0.00 - 40 - 
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Figure 3  Cumulative proportion plots for Visual Clarity and Perceived Brightness 

 

 
establish definite relationships between the subjective attributes and the physical 
parameters. The observed and estimated cumulative probabilities were plotted as a function 
of each subjective attribute for each role and All Occupants (i.e. general analysis). 

A consistent pattern was observed in the models of Visual Clarity (Figure 3). The 
estimated odds ratios are in good agreement with the observed ratios. In general, Setting III 
(i.e. top- and side- lit) has lower observed and estimated probabilities than the other settings 
regardless of the role, indicating that the perception of visual clarity and the number of light 
sources seem to be indirectly related. For Audience Members, Musicians and All Occupants, 
Setting IV (i.e. top-lit with rig lighting and a suspended overhead spotlight) has the highest 
probabilities, followed by Settings I (i.e. side-lit) and II (i.e. side-lit with a suspended overhead 
spotlight). This seems to relate to the higher values of VAStage, and the lower values of Lavg, 
RLstd, AreaLight patches and Perimeter. For the Conductor, Setting I (i.e. side-lit) however appears 
to be associated with more favourable Visual Clarity responses, attributing to the lower values 
of VASheets and AreaLight patches. 

The parallelism of the curves is relatively clear for Perceived Brightness despite the 
responses being somewhat concentrated at the higher end of the response scales. Comparing 
the two highest estimated probabilities shows that while the perceptions of Settings I and IV 
were mostly similar in the case of Musicians and All Occupants, the difference between the 
two settings is considerably greater in the case of Audience Members and the Conductor. For 
Audience Members, Musicians and All Occupants, Setting IV has the highest estimated 
probability, followed by Settings I, II and III, which seems to be explained by the lower values 
of LLMstd:LRMstd, RLstd and Light : Dark. In other words, lowering the luminance contrast seen 
through the left and right peripheral fields, the overall relative luminance contrast and the 
balance between light and dark is more likely to attract higher Perceived Brightness ratings. 

Finally, the results reveal that the combination of the selected variables has 
satisfactory relationships with Visual Clarity and Perceived Brightness (Figure 4). The 
predictive power of the former was found to be a third stronger, and that of the latter was 
doubled. The strongest relationship is that of the Conductor, followed by Audience Members 
and Musicians. The average strength of such models is generally greater than the general 
models’, allowing greater confidence in the estimates. 
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Figure 4  Comparison of variance accounted for by the selected variables 

Conclusion 

Overall, there is little doubt that using the role-specific approach to analyse the subjective-
objective relationship is vulnerable to collinearity because of the similar nature of the 
objective variables. Our findings nevertheless confirm the effectiveness and reliability of the 
role-specific method to analysing complex luminous environments. 
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Definitions 
AreaLight patches Total number of white pixels in a two-level greyscale image 
Lavg Average luminance of a full visual field 
Light : Dark After converting a coloured image into a two-level greyscale image, the ratio is derived by 

calculating the total number of white and black pixels 
LLMavg:LRMavg A ratio of average luminance seen through the left monocular crescent to that seen through 

the right monocular crescent 
LLMstd:LRMstd A ratio of the standard deviation of luminance seen through the left monocular crescent to 

that seen through the right monocular crescent 
Perimeter Total length of the outer edges around the white areas of a two-level greyscale image 
RLstd Standard deviation of the relative luminance values 
VASheets Visual acuity: Ability to discern fine details of the music sheets or programmes 
VAStage Visual acuity: Ability to discern fine details on the stage 
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Abstract: This paper presents an application of the Light Pipe Dimensioning Model (LPDM) to illuminate with 

daylight the boarding platform of the subway station Fradique Coutinho, located in the city of São Paulo. The 

LPDM is based on Lumens Method and it uses the Light Pipes Efficiency (LPE) obtained by the Luminous 

Efficiency Predictive Model of Light Pipes (LEPMLP) to input the lumens flux into the equation (LUZ, 2010). In 

order to verify the LPDM results, the proposal was empirically tested using a scale model (1:20). Eleven 

polished aluminium light pipes, with 95% internal reflectance, were designed and distributed along the train 

boarding platform. Each light pipe has a square section with a 0,7 meter side and 12 meters in length, 

measured from the street level to the subway platform ceiling. The illuminance data obtained one meter 

above the floor and immediately under the pipe is more than 200 lux between 10:00 am and 3:00 pm.  

Keywords: light pipe, daylighting, light pipe dimensioning model, Predictive Model, Light pipes efficiency 

Introduction 

The global scenario has been changing with the exigencies of environmental resources, 

which have been used inconsequently by past generations. Currently, the concern for the 

planet and future generations emphasize the use and development of efficient products 

that rely on clean or renewable energy. In this context, light-pipe systems are developed to 

conduct daylight to indoor environments as, for example, rooms without any direct contact 

with the external environment or underground (Luz et al, 2014). Following the growth of 

large cities, the underground has been occupied. This kind of room is frequently illuminated 

and ventilated by artificial systems (Molteni, et al., 2000). However, the human health could 

be better if more rooms were illuminated by daylighting systems, since daylight influences 

physiological and psychological factors of living beings (Pereira, 2016). 

In this framework, where most large cities own a public underground transportation 

system, it is of great importance to development sustainable, safe and fluid urban 

environment. Thus, there is a big blank to work in favour of bringing environmental comfort 

to the daily user of these public spaces. The artificial light is responsible for a large share of 

energy consumed in buildings (Silva et al., 2005). However, most rooms that are artificially 

lit could be illuminated by natural means, using conventional systems such as windows and 

zenital fenestrations, or unconventional systems, like light-pipes, optical fiber and liquids 

guides (LUZ, 2009).  
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This work comprehends a small part of an exercise that aimed to bring environmental 

benefits to the underground subway station Fradique Coutinho, in use since 2014 in São 

Paulo City. At the boarding platform, the waiting place was of low quality and poorly 

illuminated. Therefore, this paper presents an application of light pipes used to improve 

environmental quality and illuminance at the boarding platform by delivering daylight to the 

user. For this purpose, eleven light pipes were designed, dimensioned by the Light Pipe 

Dimensioning Model (LPDM), distributed on both sides of the boarding platform, A and B, 

and tested under real sky conditions in a scale model. 

Methods 

The adopted method in this work is mathematical predictive, applying the Light Pipe 

Dimensioning model (LPDM). In order to verify the predicted results, an empirical inductive 

method was applied, considering 1:20 scale physical models under real sky conditions. 

Light pipe dimensioning model 

The Light Pipe Dimensioning Model (LPDM) was based on Lumens Method, Zonal Cavity 

Method and the calculation procedure presented in the OSRAM tutorial (Luz, 2014). It uses 

the Light Pipe Efficiency (LPE) obtained by the Luminous Efficiency Predictive Model of Light 

Pipes (LEPMLP) (Luz, 2010) to dimension daylighting systems that use square light pipes. The 

development of the luminous efficiency predictive model of light-pipes (LEPMLP) was based 

on the concept of projected solid angle or principle of unit hemisphere. The developed 

model predicts the value of the light-pipe efficiency (LPE), which is the ratio, in percentage, 

of illuminance in the output section to the available illuminance in the input section. 

The LPE is obtained by Equation 1. 

Equation 1 

Where, i is the number of reflexions in the length of the light pipe, b is the input 

section length (m), h is the length of the light pipe (m), ρ is the light pipe internal reflectance 

and n is the number of the emitter plane reflections. 

The diffusion plane at the ceiling of the room it is considering the natural source into 

the room. The LPE gives the illuminance values at the center of the diffusion plane at the 

exit of the light pipe into a room. The LPE was based on uniform sky condition as a source of 

daylight. The whole luminous flux emitted by the diffusion plane is determined by Equation 

2. 
Equation 2 

Where, Eext is the available illuminance in the unobstructed horizontal plane. 

The LPDM gives the number of light pipes (N) that are necessary to illuminate the 

room (Equation 3). The inputs are the area of the work plane (A), the level of average 

illuminance on the work plane (E), the light pipe luminous flux (ϕpipe) obtained by equation 

2, coefficient of utilization (CU) and light loss factor (LLF). 
Equation 3 
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Where, LLF could be considered 0,7 if it is a clean environment, 0,6 for industrial areas 

e 0,5 for critically clean1; The coefficient of utilization (CU) is based on the room’s 

reflectance. In this application it was adopted CU=3. 

Application of light pipe dimensioning model 

The LPDM was used as a basis to design the daylighting system with light pipes shown in this 

study. The main objective was to define the number of light pipes necessary to bring 

daylight to the boarding area in the train platform. The delimited area was based on user’s 

occupancy of the platform area. For this study were considered both sides of the train 

platform, that were named platform A and platform B (Figure 1). 

Figure 1. Illustration with measurements points localization and areas considered for the calculation 

From the start of the thinking process, the design of the light pipes considered the 

external pedestrian area, existent layout, structure and volume of the station. At the 

beginning there were square mirrored light pipes with around 0,86 reflectance, 0,7 meter in 

horizontal section and 12 meters in length, from the external surface to the platform’s 

ceiling (Figure 2). 

Figure 2.Light pipes position on illustrated section. Subway station Fradique Coutinho, São Paulo city. 

In order to determine the number of light pipes that were necessary, the average 

Illuminance required was established one meter above the floor. Furthermore, the adopted 

parameters were Em=200 lux; External horizontal illuminance Eext=20.000 lux; light loss 

factor LLF=07; coefficient of utilization CU=3[2] and work plane area at the boarding 

platforms were AA=108,24m² and AB=122,82m². The light pipe luminous flux (ϕpipe) was 

obtained by equation 2. As a result, the value reached was of five mirrored light pipes for 

platform A and six mirrored light pipes for platform B. In a second moment, the light pipe 

system was located at the station platform and the resulting layout was reproduced in two 

scale models for real conditions measurements. Both models were made of paper-faced 

foamboard in 1:20 scale. Eleven light pipes were produced in polished aluminum, the same 

material that is used to make artificial luminaries. The internal reflectance of these lights 

1
 Values obtained in the IES Handbook (IESNA,2000). 

2
 This value was based on the room coefficient ratio (RCR) to default school classroom (Luz, 2014), because, 

didn’t have this value based on station platform room.
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pipes is 95%, better than the mirrored light pipes used originally in the project. For this 

purpose, the size of the polished aluminum light pipe was the same as the first mirrored 

light pipe designed. The data obtained on two days of measurements were primarily used to 

confirm the calculation procedure, mainly the CU input.  

Empirical research 

As recommended by the National Standard ABNT-NBR 15215-4, the best scale for a study 

model is between 1:10 and 1:20 and Moore (1991), Robins (1986) and Hopkinson (1975) 

agree that the scale model is limited by sensor dimension. For empirical research two 1:20 

scale models were made, considering just the delimited train platform area, made with 

paper-faced foamboard to facilitate transportation and construction. Due to the size of the 

model, it was needed to break in two parts. The division was the train line, which was 

considered a black surface tangent to the boarding platform area. The wall, ceiling and floor 

reflectances were defined based on what was observed in the real station. Thereafter, the 

model’s inner walls were faced with papers chosen by the similarity of their reflectance with 

the original materials on site. 

In these models were installed eleven aluminum light pipes, with a 0,7 meter 

horizontal section, 12 meters in length and 0,95 internal reflectance. At the end of each light 

pipe there was an acrylic diffuser component applied to spread the light into the room and 

reduce possible light spots when under clear sky conditions. Altogether, there were five 

light pipes at platform A and six at platform B (figure 2) and they were located considering 

the existing building and the street layout around the station. They were carefully implanted 

to promote environmental integration inside and outside the station (Figure 3). 

Figure 3. Light pipes implantation on the sidewalks 

The data was collected in four different days (02/20/2017, 02/21/2017, 03/14/2017 

and 03/16/2017), but in the first two there were many problems that were solved in the 

next two days. The main problem was the paper-faced foamboard, material from which the 

model was made, that was translucent and allowed the entrance of some daylight. Thus, the 

ceiling contributed to the illumination gain obtained in these days. To solve this problem, 

both models were covered with a layer of blackout fabric (Figure 4). Thus, the data of the 

empirical field research considered in this paper was collected during 03/14/2017 and 

03/16/2017.   

Figure 4. Models covered with blackout. and the pyranometer ring that protect the external luximeter from 

the direct sunlight 
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The National Standard ABNT-NBR 15215-4 recommends and Moore (1991), Robins 

(1986) and Hopkinson (1975) agree that measurements in real condition need stable 

requirements: clear sky and overcast sky. On the first day of the experiment (16/03/2017) 

there was an overcast sky condition most of the day, and during the second day there was a 

clear sky condition until midday and partially overcast sky condition after 1pm (figures 6 and 

7). 

The site chosen to take measurements is located between the Architecture School 

building and the laboratories building in the University City. To define this position, pictures 

were taken in three different possible points A, B and C. The position chosen, point C, is the 

spot where there were fewer sky obstructions (Figure 5). 

 
Figure 5. Available places for the essay 

The National Standard ABNT-NBR 15215-4 (2005) recommends distributing the 

sensors in grid. In that case, sixteen sensors were required at a minimum. On the other 

hand, Robins (1986) considers three different ways of organizing sensors into the model: 

punctual (just one sensor), linear (sensors displayed in line, minimum of three) and in grid. 

Because of the limited number of sensors available, data was collected by different kinds of 

sensors. The points to collect the data were named P1 until P19. There were allocated five 

dataloggers HOBOS model H08-004 (P1, P2, P3, P4 e P8) under the light pipe exit and 1 

meter above the floor and six digital luximeters HOMIS model 824 next to point P8 (P5, P6 

and P7 left and P9, P10 and P11 right) in line inside platform A scale model. At platform B 

scale model, all sensors were fixed under the light pipe exit and 1 meter above the floor, 

they were 3 digital luximeters MINIPA model MLM-1020 allocated at points P12, P13 and 

P14 and 3 dataloggers HOBOS U12-012 at points P15, P16 and P17 (figure1). 

The data collected at points P5, P6, P7, P9, P10 and P11 aim to identify the light 

distribution between P4 and P8 considering the contribution of both light pipes and the 

distribution in one direction spread by one light pipe. Two external luximeters 

INSTRUTHERM, were measuring simultaneously the unobstructed horizontal plane, which 

one of them was take the global radiation and the other only the diffuser radiation.  The 

sensor that collect the diffuser radiation was protected by a pyranometer ring (just the 

ring), in other words, the pyranometer was removed giving place to the luximeter, shading it 

(figure 4). This ring simulates the solar path in a determined day on the adjusted latitude. 

The data was collected between 7am and 5pm. However, the focus period to obtain 

daylight autonomy is between 10am to 3pm.  The reference parameter adopted was 200 lux 

to the waiting area of departure in airports, determined by the artificial illumination 

standard NBR ISO/CIE 8995-1: 2013. The data was collected once every hour. The datalogers 

HOBOS were programed to save one data per minute, but the digital luximeter needed 

manual transcription in real time. Thus, to collected data with a digital luximeter, there was 

necessary a minimum of three people for each measurement. At the same time, pictures 

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 3273



were taken outside to illustrate sky condition and inside the model to illustrate quality 

sensation with the illuminance internal distribution (figure 6 and 7). 

 

 
Figure 6. Sky and model pictures by time- 03/14/2017 

 

 
Figure 7. Sky and model pictures by time- 03/16/2017 

Results 

Tables 1 and 2 present results of the Light Pipe Efficiency data measured during two days of 

experimentation under real sky conditions. 
Table 1. Measurement data of platforms A and B – 03/14/2017 – predominantly overcast sky. 
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Table 2. Measurement data of platforms A and B – 03/16/2017 - clear sky until midday and partial overcast sky 

after midday. 

 
 

Table 3. Measurement data of platform A – 03/14/2017 

  

Discussion 

This paper presents an undergraduate study that involved design and dimensioning of 

daylighting systems and unconventional methods to improve environmental quality in an 

existing waiting area of an underground train platform at a subway station. 

At the beginning of the project it was considered that to illuminate 64,43m² of 

platform area with 200 lx were necessary 4,2 mirrored light pipes (ρ=0,86) under 

hypothetical 20.000 lux sky condition and assuming CU=3. By replacing mirrored light pipes 

with polished aluminum ones (ρ=0,95), demand was reduced to 1,6 under the same 

conditions. Nevertheless, the scale model was made with five light pipes based on the initial 

calculation with the change of material from mirror to aluminum. That is one of the reasons 

for the high level of illuminance found during the measurements. 

Even though there were high levels of illuminance indicated under the pipes (1303 lx 

for clear sky and 580 lux for overcast sky), the sensors aligned with P8 weren’t enough to 

show the light distribution spread by a single pipe or the combined contribution of two 

adjacent light pipes. It would be interesting for future studies to consider sensor distribution 

in grid form to preview distribution of lighting around a light pipe exit and its relationships. 

For the analysis of the data collected it was taken as reference the value of 200 lux 

recommended by the standard NBR ISO/CIE 8995-1: 2013. This study considered all points 

measured (P1 to P11 from platform A) in a period between 10am and 3pm, with an overcast 

sky condition, and got as a result the average illuminance  of Em= 128lx. Therefore, the 

outcome is below expected.  

Even so, if it were considered just the points under the light pipes (P1, P2, P3, P4 and 

P8) the result would be Em= 221lx for an overcast sky, that is the worst sky condition. If it 

were estimated the same for a clear sky condition, the result obtained would be Em=326lx 

considering all points from platform A and Em=486lx considering just the points under the 
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pipes. Thus, for a clear sky condition, the values obtained were higher than required in 

average and in absolute values (Table 3). 

Nevertheless, even if the number of sensors used was lower than recommended by 

the standard ABNT-NBR 15215-4 (2005) (16 points in grid, considering the model area), 

obtained results are still significant. For five hours, between 10am and 3pm, this 

dimensioned system could guarantee illuminance autonomy with only daylighting system. 

During the rest of the day the light pipe system could be a complementary source of light, 

contributing to supplement the artificial system. 

In order to verify the calculation of the first results, after the measurement, the data 

collected was used to calculate the CU. The obtained results confirmed that the average 

value under clear sky condition is CU=3 for platform A and CU=1 for platform B. For an 

overcast sky the average value obtained is around CU=1 to both platforms. Based on these 

results we can conclude that the direct radiation exerts a great influence on the 

performance of the light pipe system. Considering low latitude countries like Brazil, that 

have a clear sky condition for most of the year, this kind of system have great potential to 

bring environmental quality to underground spaces.  
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Abstract:	The	new	development	proposals	for	Colombo,	Sri	Lanka,	advocate	high	density	developments	with	
high	Floor	Area	Ratios.	Literature	suggests	the	relationship	between	the	“In”	and	“Out”	plays	an	important	role	
in	energy	efficiency	targets	 in	an	urban	setting.	The	study	attempts	to	identify	the	probable	impact	of	shade	
created	by	urban	canyons	towards	energy	efficiency,	via	daylight	integration	and	reduction	of	cooling	loads.		
Using	 ‘Autodesk	 Ecotect	 Analysis’	 the	 study	 assesses	 the	 impacts	 of	 the	 common	 types	 of	 urban	 canyon	
geometries	and	a	representative	building	typology,	in	Colombo.	Parameters	representing	the	urban	canyon,	the	
form	and	the	building	envelope	were	modelled	for	Shade,	Daylight	Factor	(DF),	Cooling	Load	and	Predicted	Mean	
Vote.	 Statistical	 analysis	 of	 the	 results	 indicate	 that	 only	 34%	of	 the	outdoor	 shade	was	 attributable	 to	 the	
selected	parameters	while	89%	of	canyon	parameters	influenced	Daylight	Factor.	However	shade	on	facade	did	
not	have	a	 significant	 correlation	with	 the	Daylight	 Factor.	 This	 could	be	used	as	 an	advantage	 to	minimize	
cooling	load	(with	maximal	shading)	without	compromising	daylight	availability.	Energy	efficient	buildings	in	the	
tropics	could	thus	aim	for	an	integrated	approach	in	managing	indoor	and	outdoor	climates.	
	
Keywords:	Urban	Morphology,	Outdoor	Shading,	Daylight	Integration,	Autodesk	Ecotect	Analysis,	tropics		

Introduction		

Climatic	issues	caused	by	urbanization	filter	down	from	macro	to	micro	climatic	scales.	This	is	
causing	 growing	 concerns	 for	 energy	 efficient	 cities	 and	 a	 deeper	 understanding	 of	 the	
relationships	that	exist	between	buildings	and	its	micro	climate.	In	most	cases	stakeholders	
tend	to	address	energy	demands	of	buildings	in	isolation.	However	Futcher	et	al	(2013,	2014)	
argue	that	high	rise	buildings	do	not	always	make	good	neighbours.	Thus	buildings	in	urban	
context	cannot	be	considered	in	isolation.	Ng	(2003)	stresses	that	“finding	ways	optimize	the	
natural	 agent	 without	 compromising	 development	 density	 is	 a	 task	 for	 architects	 and	
engineers.”	“Geometry	of	urban	canyons	is	a	key	factor	in	energy	use	in	buildings”	(Sattrup	
and	Strømann-Andersen,	2011)	The	reflectivity	of	urban	canyons	as	well	as	the	sky	view	play	
an	important,	previously	underestimated	role,	which	needs	to	be	taken	into	account	when	
designing	low-energy,	daylight	integrated	buildings	in	dense	cities.	The	present	study	explores	
the	possibility	of	such	an	approach	in	a	tropical	setting	(Colombo,	Sri	Lanka).		

Linking	‘In’	and	‘Out’		

Sattrup	and	Strømann-Andersen	(2011)	and	Futcher	et	al.	(2013)	identify	the	urban	canyon	
as	one	of	the	most	significant	morphological	features	in	an	urban	environment	where	energy	
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exchanges	take	place	between	the	‘in	‘and	‘out’.	Ho,	Ren	and	Ng	(2009)	summarize	key	urban	
morphological	parameters	identified	by	various	studies	as		

1. Density	/	compactness	/	Ground	coverage	ratio	
2. H/W	ratio	
3. SVF	
4. Orientation	
5. LCZ	classification	

These	parameters	have	been	identified	to	influence	outdoor	shade,	wind	flow	at	street	
Level,	daylight	integration	and	indoor	thermal	comfort	(Emmanuel,	2010;	Dogan,	et	al.,2012;	
Iversen,	2013;	Ng	et	al.,	2005;	Iversen	et	al.,	2011;	Kesten,	D.	et	al.,	2010;	Sattrup,	et	al.	2011)	

Literature	suggest	that	the	employment	of	‘shadow	umbrella’	(Emmanuel	2005,	2007),	
as	a	feasible	method	to	optimize	the	outdoor	urban	form	in	a	tropical	city	such	as	Colombo.	
At	the	same	time	it	was	highlighted	shade	could	also	enable	to	reduce	indoor	cooling	loads.	
Even	though	daylight	was	also	found	to	be	a	major	contributor	towards	energy	efficiency;	
(Iversen	et	al.,	2011;	Kandar	et	al.,	2011)	it	has	been	stressed	that	highly-obstructed	urban	
areas	are	often	deprived	of	useful	daylight	and	solar	gains	(Futcher,	2014;	Ng,	2003,	2010).	
Therefore	it	was	concluded	that	an	optimal	architectural	design	would	require	lighting	and	
the	cooling	systems	to	work	in	concert	through	intelligent	control	of	the	urban	form.	
	

	
Figure	1.	Issues	of	urban	form	in	the	tropics	

	
Many	studies	have	attempted	to	identify	the	complex	relationships	between	‘in’	and	

‘out’	with	regard	to	daylight	integration.	The	simulation	based	study	using	Autodesk	Ecotect	
2011	for	a	Greek	city	context	by	Tsirigoti	et	al.	 (2013)	found	that	the	average	 illumination	
values	of	 spaces	 increase	as	 the	 floor	elevation	 increases.	At	 the	same	 time	 the	 relatively	
narrower,	inner	uncovered	space	of	the	urban	block	(inner	court),	as	well	as	the	larger	plan	
depth	contribute	in	the	creation	of	unfavourable	daylight	conditions.	Thus	it	was	concluded	
that	form	parameters,	such	as	distances	between	buildings,	road	widths	and	building	heights	
largely	effected	day	lighting	in	dense	urban	tissues.	Similarly	the	study	by	Sabry	et	al.	(2010)	
involved	 investigating	 the	 daylighting	 performance	 of	 a	 hypothetical	 living	 room	 facing	 a	
neighbouring	building.	the	illuminance	levels	of	three	points	in	the	room		were	measured	in	
different	seasons	for		different		window		orientations,		during		different	times		of		the		day.		
Radiance	was	 used	 as	 simulation	 software.	 	 Outcomes	 showed	 a	 significant	 difference	 in	
daylighting	performance	when	increasing	the	distance	of	the	obstruction,	even	though	the	
sky	view	angle	was	kept	consistent.			

These	findings	are	supported	by	Sattrup,	et	al.	(2011)	and	Iversen	(2013)	who	develop	
frameworks	that	establish	a	holistic	view	and	an	integrated	approach	for	thermal,	artificial	
light	and	energy	analysis.		

Based	on	the	literature;	the	framework	developed	to	test	this	hypothesis	was	composed	
of	 SVF,	 Orientation,	 Height	 to	width	 ratio,	 Floor	 Level	 and	 Façade	 Orientation	 as	 canyon	
parameters	(independent	variables)	while	shade	on	façade,	Daylight	Factor,	Cooling	Load	and	
PMV	were	considered	the	affected	loads	/	factors	(dependent	variables).		
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The	focus	area	–	case	of	Colombo	

The	zoning	plan	for	Colombo	2020	proposed	by	the	Urban	Development	Authority	(UDA)	of	
Sri	Lanka	and	a	LCZ	study	by	Perera	(2015)	was	used	to	identify	the	most	critical	urban	fabric	
in	Colombo.	The	study	was	then	narrowed	down	to	a	representative	plot	form	Colombo	3	
area	which	was	observed	to	be	a	fast	developing	area	with	relatively	large	number	of	office	
building	

	
Figure	2.	Urban	canyons	identified	in	the	representative	plot	

	
The	typical	urban	canyon	typologies	were	then	modelled	based	on	the	physical	mapping	

of	canyons	and	buildings	in	the	selected	representative	plot.	The	base	cases	for	simulation	
were	defined	based	on	three	common	H:	W	ratios	and	two	orientations	found	in	the	area.	
Two	of	these	represent	the	existing	case	while	one	represents	the	future	case.	

	
Figure	3.	The	three	representative	cases	identified	for	the	study	
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Apart	 from	 the	 above	 parameters	 the	 simulation	 was	 be	 based	 on	 the	 following	
parameters	of	a	typical	building	found	in	the	selected	area	of	study.	
	

	
Figure	4.	Representative	room	layout

	
Table	1.	Representative	building	parameters	

Geographic	location	of	Colpetty,	Colombo	3,	
Sri	Lanka	 Building	parameters	

Latitude	 6.9006°	N	 Function	 Air	conditioned	Office	
Longitude	 79.8533°	E	 Operating	time	 8am-6pm	Mon-fri	
Month	 March	 Height	/	floors	 32m,	8	floors	
Sky	condition	 CIE	Overcast	 dimensions	 20m	x	10m		x	4m	
Outdoor	Lux	level	 11000Lux	 frontage	 20m	
	 	 F-F	Height	 4m	

Street	condition	 Windows	
width	 8m,	15m,	32m	 WWR	 50%	

orientation	 N	–	S	and	E-W	 Material	/	reflectance	
Single	Glazed	Alum	
Frame	
1.74	

Sill	height	 700mm	
External	obstructions	 Internal	surfaces	

Height	/	floors	 32m,	8	floors	 ceiling	 Plaster	Insulation	
Suspended	

Materials		 Brick	Plaster	 walls	 Brick	Plaster	
WWR	 50%	 floor	 Conc	Slab		
Window	martial	 Tinted	glass	 Working	plane	height	 700mm	

	

Research	design	

The	 daylight	 factor	 was	 selected	 over	 other	methods	 as	 the	 Code	 of	 practice	 for	 energy	
efficient	buildings	in	Sri	Lanka	(2008)	uses	the	method	to	maintain	to	a	minimum	average	in	
all	buildings	(2-5%).	Thus	it	could	be	used	as	a	benchmark	when	determining	if	the	spaces	
were	 satisfactorily	 lit.	 Further	 “sunlight	 is	 excluded	 from	 the	 daylight	 factor	 calculation,	
limiting	the	light	source	to	diffuse	from	the	sky.	Besides	the	simplicity	of	the	calculation	it	has	
been	widely	accepted	on	the	basis	of	its	independence	of	orientation”	(Brotas	et	al.,	2006).	
This	enables	the	method	to	be	effectively	used	for	the	predominant	overcast	sky	condition	in	
the	area.			

Data	for	36	cases	derived	from	2	street	orientations,	4	façade	orientations,	3	floor	levels	
and	3	H:	W	ratios	were	simulated	based	on	the	process	diagram	given	below	
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Figure	5.	The	research	process

Data	and	analysis	

Data	 on	 sky	 view	 factor,	 shade	on	 façade,	 daylight	 factor	 and	monthly	 cooling	 load	were	
obtained	for	each	case	based	on	the	following	diagrams	and	values	obtained	using	Ecotect	
software.		

	

	
Figure	4.	Example	of	diagrammatic	data	collected	for	a	case	study	using	Ecotect
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IBM	SPSS	(Statistical	Package	for	the	Social	Science)	version	24	was	utilized	for	analysing	
the	above	data.	The	software	was	selected	as	it	is	a	widely	used	package	“that	addresses	the	
entire	 analytical	 process,	 from	 planning	 to	 data	 collection	 to	 analysis,	 reporting	 and	
deployment.”	(IBM,	2016)	

Summary	of	key	findings	

Only	34%	of	the	outdoor	shade	within	the	selected	canyons	was	attributed	to	the	selected	
parameters.	 Only	 street	 orientation	 and	 façade	 orientation	 had	 a	 statistically	 significant	
correlation	with	the	amount	of	shade	on	façade.	This	shows	that	the	impact	of	location	and	
solar	 angles	 pay	 a	 more	 significant	 role	 in	 creating	 outdoor	 shade	 in	 a	 tropical	 country.	
However	89%	of	variation	in	the	DF	can	be	attributed	to	canyon	parameters	selected	in	the	
study.	This	was	due	to	the	statistically	significant	correlations	with	the	DF	shown	by	Floor	level	
and	SVF.	Thus	it	was	noted	that	DF	in	the	canyon	is	more	dependent	on	indirect	sources	of	
light	such	as	the	illumination	of	sky	dome	and	light	reflected	from	external	obstructions.	
Regardless	of	amount	of	shade,	all	cases	selected	 in	the	study	met	the	desired	amount	of	
daylight	identified	by	regulations.	The	fact	that	outdoor	shading	has	insignificant	influence	on	
indoor	 	daylight	could	be	advantageous	 in	 reducing	cooling	 load	as	 it	enables	 to	minimize	
cooling	load	(with	maximal	shading)	without	compromising	the	daylight	availability.	However	
the	 correlations	 between	DF	 and	 PMV	 as	well	 as	 Cooling	 load	 and	 PMV	 suggest	 that	 the	
occupant	comfort	aspects	cannot	be	ignored	during	this	process.	
	

Table	2.	Correlations	between	DF	and	PMV	and	Cooling	load	and	PM	
	

	

	

	

	 Shade DF PMV 
Cooling 

load 
Shade	 Pearson	

Correlation	

1	 -.251	 -.123	 -.340*	

Sig.	(2-tailed)	 	 .139	 .475	 .043	

N	 36	 36	 36	 36	

DF	 Pearson	

Correlation	

-.251	 1	 .416*	 .143	

Sig.	(2-tailed)	 .139	 	 .012	 .404	

N	 36	 36	 36	 36	

PMV	 Pearson	

Correlation	

-.123	 .416*	 1	 .629**	

Sig.	(2-tailed)	 .475	 .012	 	 .000	

N	 36	 36	 36	 36	

Cooling	

Load	

Pearson	

Correlation	

-.340*	 .143	 .629**	 1	

Sig.	(2-tailed)	 .043	 .404	 .000	 	

N	 36	 36	 36	 36	
*. Correlation is significant at the 0.05 level (2-tailed). 
**. Correlation is significant at the 0.01 level (2-tailed). 
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Implications	to	theory	and	practice	

Uniform	building	heights	within	an	urban	plot	tends	to	limit	the	SVF	of	each	building	and	limit	
daylight	 integration.	 The	 current	 development	 proposals	 adopt	 a	 system	 of	 defining	 the	
building	heights	proportionate	to	the	floor	area.	This	enables	to	create	variance	in	building	
heights.	This	method	is	more	effective	than	introducing	standard	light	planes	as	 it	enables	
maximizing	the	usable	floor	space	as	well	as	to	ensure	all	buildings	get	the	desired	light	levels.		

The	results	also	indicate	that	it	is	important	to	consider	the	indirect	light	sources	such	
as	 light	 reflected	 from	external	obstructions	 in	order	 to	get	a	better	understanding	of	 the	
amount	 of	 daylight	 entering	 a	 building	 in	 the	 tropics.	 Therefore	determination	of	 the	 sky	
condition	and	the	nature	of	the	surroundings	towards	daylight	integrations	should	be	taken	
into	account	at	the	initial	stages	of	design	to	ensure	that	the	building	designed	would	meet	
the	 desired	 levels	 of	 daylight	 and	 comfort.	 The	 present	 lighting	 regulations	 do	 not	
acknowledge	the	importance	of	creating	shade	in	outdoor	spaces	and	buildings.	However	the	
present	 results	 reveal	 that	 introduction	 of	 shading	 guidelines	 could	 not	 only	 create	
comfortable	streets	for	the	public	but	also	greatly	enhance	comfort	levels	of	the	occupants	
inside	the	buildings	as	well	as	significantly	reduce	the	cooling	loads	of	buildings	 in	tropical	
urban	canyons,	without	a	daylight	penalty.	

The	 current	 regulations	 for	buildable	 area	 such	as	plot	 coverage,	 road	 frontage	and	
setbacks	are	defined	by	‘zones’	identified	in	the	development	proposals.	However	the	results	
indicate	the	orientations	of	the	streets	and	the	façade	orientations	should	also	be	considered	
as	 they	have	a	significant	 impact	on	 the	solar	exposure	and	solar	angles	 thereby	enabling	
planners	and	architects	to	identify	the	best	situations	to	promote	shading	and	reduce	energy	
loads.	Obtained	DF	values	reveal	that	all	cases	meet	the	desired	amount	of	daylight.	Therefore	
it	is	more	important	to	focus	on	improving	the	quality	of	daylight	through	the	reduction	of	
cooling	loads	and	achieving	better	PMVs.	The	results	also	indicate	that	floor	level	and	SVF	are	
more	important	to	daylight	availability	within	the	canyons	rather	than	H:	W	ratios.	Thus	in	
the	case	of	having	more	than	the	desired	levels	of	daylight	especially	in	the	upper	floors	it	
would	be	important	to	consider	methods	of		mitigating	glare	and	heat	gain	through	external	
shading	devices	and	screens, interior	blinds/shades,	 reduced	WWR’s	as	well	as	using	anti-
reflective	and	low	E	glass	in	appropriate	directions.	

Concluding	remarks	

This	 study	 is	 based	on	 the	assumption	 that	 the	outdoor	 shade	parameter	 can	be	used	 to	
validate	thermal	comfort	based	on	the	concept	of	the	 ‘shadow	umbrella’	and	 is	 limited	to	
critical	/	predominant	urban	canyon	typologies	in	Colombo.	Even	though	the	study	focused	
on	identifying	the	relationships	that	exist	between	outdoor	shade	and	daylight	integration,	it	
was	found	that	there	was	no	significant	correlation	between	the	two	aspects.	Yet	shade	did	
have	significant	impact	on	the	cooling	load	and	the	PMV.	Thus	the	non-significance	of	outdoor	
shading	 towards	 indoor	 daylight	 availability	 could	 be	 used	 to	 prioritise	 a	 design	 focus	 on	
reducing	 cooling	 load	 (with	 maximal	 shading)	 without	 compromising	 too	 much	 on	 the	
daylight	availability.	Thus	it	can	be	seen	that	there	lies	a	complex	relationship	between	the	
urban	canyon	and	the	individual	buildings.	The	system	does	not	behave	as	a	one	way	flow	of	
energy	from	in	to	out	or	vice	versa.	Therefore	it	is	the	responsibility	of	planners	and	designers	
to	consider	a	more	holistic	approach	on	the	influence	of	urban	geometry	towards	indoor	and	
outdoor	energy	efficiency.	
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The	main	avenues	for	future	research	could	be	in	an	in-depth	study	with	varied	canyon	
geometries	with	changing	climate,	solar	angles	and	different	sky	conditions.	The	study	could	
be	further	expanded	with	the	inclusion	of	different	geometric	forms	in	buildings,	introduction	
of	shading	devices,	changing	the	window	to	wall	ratios,	the	surface	materials	and	reflectance	
properties,	depths	of	the	building	and	the	type	of	occupation	within	the	building.	
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Envelope	first	/	Inside	later:	 Aperture	Sunlight	and	Skylight	Indices 
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Abstract:	 This paper describes a back-to-basics rethinking for quantifying the sunlight and skylight potential of 
building apertures. The recently formulated sunlight beam index (SBI) approach has been conflated with a 
complementary metric called the aperture skylight index (ASI). The sunlight beam index is a measure of an 
aperture’s ‘connectedness’ to all of the annually occurring possible sun positions where sunlight can be 
incident on the aperture. In a complementary fashion, the aperture skylight index is a measure of an aperture’s 
‘connectedness’ to the hemispherical sky vault. In the absence of any localised shading/obstructions, the 
sunlight beam index depends on the location, orientation (i.e. azimuth angle), aspect (i.e. zenith angle) and size 
of the aperture. The SBI is the cumulative measure of the cross-sectional area of sunbeam that can pass through 
a window aperture. In contrast, the ASI depends only on the size and aspect of the aperture in addition to 
shading/obstructions – it has no dimensions of time and it is not dependent on the azimuth orientation of the 
aperture relative to the hemisphere of sky. Obstruction of the aperture’s ‘connectedness’ to either the sky or the 
entirety of possible sun positions can de due to: features integral to the facade (e.g. external window reveal); 
shading devices; or, any external structures. The effect of obstructions, whatever their origin or complexity, is 
automatically accounted for in the computation of the indices – the only requirement is that they are included 
in the 3D model of the scene. The approach provides designers and product specifiers with an intuitively simple 
“aperture rating system” to evaluate and compare the in-situ performance of building apertures in combination 
with any shading system. Application of the rating system is demonstrated for a residential dwelling. 

Keywords:	Windows, shading, sunlight, skylight, planning. 

Introduction	

The sunlight beam index (SBI) was originally conceived as a means to rate a window 
aperture’s potential to receive sunlight for planning and solar access purposes 
(Mardaljevic and Roy, 2016). This paper describes a complimentary extension to the 
sunlight beam index. The extension was formulated to be a measure of the 
‘connectedness’ of the aperture to the sky vault. In other words, an indicator of the 
aperture’s potential to supply diffuse skylight to the interior. In rule-of-thumb evaluations, 
the amount of sky visible at the workplane is taken to be a governing factor for general 
daylight illumination. A similar basis is now applied to the window aperture, and the 
measure is called the aperture skylight index (ASI). Together, the two indices form the 
basis of a contextual sunlight and skylight performance rating system for building 
apertures. The rating system accounts for the location, orientation and aspect of an 
aperture in addition to any integrated shading device and/or any external obstructions. 
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The	Sunlight	Beam	Index	

A single, unambiguous measure of sunlight beam potential forms the basis of the sunlight 
beam index. Since the sunlight beam index is a relatively new concept, the theoretical 
basis for it is given below (Mardaljevic and Roy, 2016). 

Theoretical	Basis	for	SBI 

Consider a glazed aperture of area Ag . When this area of glazing is illuminated by the sun at 
normal incidence for a period of time ∆t, the sunlight beam index S∆t for that duration of 
time is equal to the product of the illuminated area Ai and the time period. Thus the sunlight 
beam index (or SBI) is a measure of the cross-sectional area and duration of direct sun beam 
that enters a space. For the case of normal incidence with no obstructions  

However, when the angle of incidence θ is greater than 0◦, the sunlight beam index is re- 
duced by the cosine of the angle because the cross-sectional area of the transmitted beam is 
reduced by that amount, Figure 1. Thus the illuminance at the window plane serves as a proxy 
for the reduced cross-sectional area of the transmitted beam: 

Most window glass will be fixed in a frame that stands proud ‘above’ the surface of the glass, 
i.e. the glass is, in effect, recessed within the frame. Thus, any direct sun illumination on the 
glass at non-normal incidence will result in the frame and/or reveal casting a shadow onto the 
glass. In other words, the illuminated area of glass will be less than the total area of the glazed 
aperture, i.e. Ai  < Ag . The area of glass in shade (or ‘umbra’) is Au: 

Shading of direct sun can also result from any other structure, nearby (e.g. balcony) or more 
distant (e.g. obstructing tall building). Combining the angle and obstruction effects, the 
generalised sunlight beam index equation is: 

With the area given in square metres and the time period given in hours (or more typically, a 
fraction of an hour), the sunlight beam index (SBI) has units of m2 hrs. This formulation makes 
good sense for a number reasons: 

• It is consistent with fundamental illumination physics (e.g. the cosine law of illuminance
as a proxy for reduced area of cross-sectional beam).

S∆t = Ag∆t (1)

S∆t = Ag cos θ∆t (2)

Figure 1: Angle and shading effects in the evalua on of the SBI

Ag = Ai + Au (3)

S∆t = Ai cos θ∆t = (Ag − Au) cos θ∆t (4)

• The penetration depth of the sun’s rays into the space will be reduced with increasing
angle of incidence.
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• Large incidence angle sun illumination on the window will have a proportionate (i.e.
small) contribution in any evaluation without requiring any recourse for arbitrary cut-off
conditions, e.g. ‘dead angles’, etc.

• The glazed area is properly accounted for.
• Shading – whatever its origin – is properly accounted for.

Any meaningful evaluation must account for the entire year of possible sun positions to capture 
all of the potential occurrences of sun and, importantly, shading also. How this is done is 
described in the following section. 

Annual	Sunlight	Beam	Index 

The total sunlight beam index Stot for any glazed aperture – or group of glazed apertures – is 
the sum of all the individual sunlight beam indices for the entire year where the sun altitude 
γs is greater than zero: 

Additionally, the individual values of S∆t for the entire year can be used populate a 2D matrix 
that can be visualised as a temporal map T	which has dimensions 24 × 365 for hourly data (i.e. 
∆t = 1 hr). For a time-step of 15 minutes, the temporal map array has dimensions 96 × 365. 
An example temporal map for an unobstructed 1 m2 south-facing vertical aperture for London, 
UK is shown in Figure 2. Note, the scale shows a maximum of 0.25 m2 because the SBI is 
determined for 15 minute increments (for this 1 m2 aperture). As expected, the highest SBI 
values occur around noon in winter when the angle between the sun position and the aperture 

surface normal is the smallest. 

Figure 2: Temporal map for an unobstructed 1 m2 south-facing vertical aperture for London, UK 

For a space with n multi-aspect windows (or window groups) labelled a, b, etc. the total 
SBI for the space is simply the sum of the individual SBIs: 

Similarly, the temporal map for the space is the sum of the individual temporal map 
arrays: 

If required, the total SBI for a dwelling or building can be obtained by summing all SBIs for 
the relevant windows or window groups. Thus it becomes possible to characterise the sunlight 
beam index for an entire building (e.g. dwelling) with a single SBI value. 

Stot =
∑
γs>0

(Ai cos θ∆t) (5)

Sspace = Sa + Sb + . . .+ Sn (6)

Tspace = Ta + Tb + . . .+ Tn (7)
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The	Aperture	Skylight	Index	

As noted in the Introduction, the aperture skylight index (ASI) is a measure of the 
‘connectedness’ of an aperture to the sky vault in terms of illumination received from a 
uniform luminance sky (Mardaljevic, 2017). This measure was chosen in preference to, say, 
the solid angle of sky visible at the aperture for a number of reasons: 

The CIE standard overcast sky formulation was not used because it is in fact an “extreme” 
type of overcast sky that occurs in reality much less often than its commonplace usage for 
daylight evaluations might suggest (Enarun and Littlefair, 1995). Furthermore, the ASI is 
intended to be a measure of connectedness between the aperture and the sky irrespective of 
any particular sky luminance pattern. In that regard, it is perhaps more in keeping with at least 
part of the original rationale for the daylight factor, i.e. to provide a rating irrespective of 
the actually occurring conditions (Mardaljevic and Christoffersen, 2017). The daylight factor 
approach may be said, with hindsight, to have ‘jettisoned’ that founding rationale when the 
uniform sky was replaced with the CIE standard overcast sky formulation (Mardaljevic, 2013). 

Direct comparison of skylight and sunlight potential is confounding for a number of rea- 
sons. However, the two can be assessed side-by-side, and comparative evaluations made 
readily intelligible provided that suitable normalisations are applied for the computation of 
the indices. The sunlight beam index has a natural normalisation as described in its original 
formulation – it has units of m2 hrs. For a 1 m2 unobstructed vertical aperture, the annual 
SBI for London (UK) varies between 204 m2 hrs (facing north) and 1927 m2 hrs (facing south). 
There is no compelling reason to adjust these numbers with any subsequent normalisation 
of SBI. Whilst there is no direct equivalence between sunlight and skylight potential, for the 
purpose of making comparison and general interpretive simplicity, it is beneficial to have the 
skylight potential normalised so that the skylight index has a similar magnitude to the range 
in SBI (for any given size of window aperture). Thus, the skylight index is normalised so that 
a 1 m2 vertical aperture has a value of 1000. The actual units are lm, or m2 lux to make a par- 
allel with the SBI units of m2 hrs. The sky is defined as a hemisphere of uniform luminance. 
The luminance L assigned to the uniform sky is 2000/π cd m2. This normalises the sky so that a 
1 m2 unobstructed vertical aperture receives 1000 lm (or 1000 m2 lux) of illumination from the 
sky. A horizontal aperture ‘sees’ twice as much sky as a vertical one. Thus the skylight in- dex 
for a 1 m2 unobstructed horizontal aperture is 2000 lm. The relation between the incident 
illuminance Eθ and the angle θ between the (sky) zenith and the aperture is given by: 

The relation is shown plotted in Figure 3 with graphic annotations showing the glazing 
aspect (i.e. zenith angle) for Eθ = 0◦ to 135◦ in steps of 45◦. 

Eθ = 1000 cos θ + 1000 (8)

(i) Illuminance received at the aperture relates more directly to the illumination potential 
of the aperture than solid angle because it already includes the cosine weighting of the 
visible sky. 

(ii) The determination of solid angle has to be made at a point, say, the middle of the 
aperture, whereas the illuminance can be determined across the entire aperture. 

(iii) The use of illuminance determined across the aperture allows for accurate evaluation of 
arbitrarily complex shading structures, e.g. brise-soleil, mashrabiya, etc. 
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Example	Application	of	ASI	and	SBI	

Figure 3: Normalised lux as a function of zenith angle 

The results are given in Table 1. The first column gives the label for the window group and 
the second gives the area of glass for that group. The third column gives the aperture skylight 
index for the window group. Whilst the remaining three columns give, respectively, the total 
annual sunlight beam index for the window group for the orientations 000, 090 and 180 
(London, UK). The total ASI and SBIs are given for the entire dwelling and also for the just the 
three ‘glaz07’ groups that comprise the sunroom (additionally labelled*). The last row of the 
table shows graphics indicating north (compass icon) and the orientation of the dwelling. 

Figure 4: Row house model and site context 
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For the SBI component of the example shown here, the location of the ‘Row House’ 
model was set to London (UK) and the results for three orientations of the house are 
presented. For the ASI component, the location and orientation of the dwelling have, of 
course, no bearing on the outcome. 

The residential dwelling shown in Figure 4 is used to demonstrate the application of the new 
approach to a real world example. This dwelling, referred to as the ‘Row House’ model, is 
surrounded by a sparse arrangement of neighbouring houses, and the effect of horizon 
obstructed by houses in the distance is accounted for by an ‘enclosing’ cylinder (Figure 4). The 
‘Row House’ has 16 window groups labelled according to the 10 distinct internal spaces for which 
the windows provide illumination. For example, ‘glaz01’ is the label for the three window panes 
that comprise the single group for an upstairs bedroom. Whereas the three window groups 
‘glaz07a’, ‘glaz07b’ and ‘glaz07c’ comprise all the windows for the sunroom (Figure 4). 
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Looking first at the total value of the indices for the entire dwelling, the ASI equals 17,739 
normalised sky lumens whilst the SBI has values of 16,130, 24,694 and 20,800 m2 hrs for 
orientations of 000, 090 and 180 respectively (London, UK). The SBI values show how sensitive 
the overall sunlight potential of the dwelling is to the orientation. The total SBI for the 
contribution from sunroom shows a different pattern: it is greatest for the orientation 180 
where it contributes nearly half of the overall dwelling sunlighting potential. The ASI and SBI 
values for any particular window group can be read from the table, allowing for a precision 
evaluation of the skylighting and sunlighting potential for any of the distinct spaces in the 
dwelling. 

At a more strategic level, the temporal dimension of SBI can be applied to evaluate 
overall sunlighting for the dwelling across the year as a function of, say, building orientation. 
Rather than show the temporal maps at their full 15 minute resolution (e.g. Figure 2), the maps 
have been processed to show monthly am and pm totals. Temporal maps for eight building 
orientations are shown in Figure 5. As before, the location for the dwelling is London, UK. Each 
temporal map is annotated with the overall annual total. Presented in this way, the SBI maps 
readily reveal the am/pm and seasonal sunlighting potential of the dwelling for any particular 
orientation. 

Table 1: Aperture skylight (ASI) and sunlight beam (SBI) indices for the all the glazing groups in the residen al
house model. Loca on used for SBI is London (UK) and values for three house orienta ons are given.

Label Area (m2) ASI SBI (000) SBI (090) SBI (180)
glaz01 1.54 945 23 1332 2051
glaz02 1.54 946 24 1359 2024
glaz03 2.33 1543 3130 2213 108
glaz04 1.46 2156 3215 2149 579
glaz05 2.48 1498 3005 2150 47
glaz06a 1.54 821 1099 1749 947
glaz06b 0.48 46 0 87 102
glaz07a∗ 5.19 2804 33 3542 5926
glaz07b∗ 3.46 1078 1500 2210 1622
glaz07c∗ 1.05 1203 268 973 1454
glaz08 0.34 19 25 39 1
glaz09a 0.72 369 506 817 483
glaz09b 0.72 387 595 855 570
glaz09c 1.22 1712 1791 2767 1775
glaz10a 1.21 1827 517 1845 2716
glaz10b 0.24 385 399 607 395
Total 25.52 17739 16130 24694 20800
∗Sunroom only 9.7 5085 1801 6725 9002
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The highest annual SBI of 24,694 m2 hrs is for orientation 090. Conspicuous in the 
temporal map are the three high monthly am totals for May, June and July. Now consider 
orientation 135, here the map shows a similar overall annual total, but much more evenly 
spread throughout the year without any am or pm monthly total exceeding    1320 m2 hrs,    and 
the smallest monthly total never less than 513 m2 hrs. For orientation 225 the annual total of 
17,938 m2 hrs is markedly less than that for orientation 135, however the May, June, July and 
August pm totals are high: ranging from 1492 to 1626 m2 hrs. High monthly pm totals during 
summer could be an indication of overheating risk. For any given dwelling design, a site planner 
may wish to avoid building orientations that exacerbate overheating risk due to solar gain. 

Figure 5: Total am/pm SBI per month for all eight orientations (London, UK). 
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The aperture and sunlight beam indices approach offers a means to readily estimate the 
skylighting and sunlighting potential of building apertures. The approach has much in 
common with simple ‘rule of thumb’ methods, however it is much more precise and, 
importantly, entirely scaleable: it can accommodate almost any level of real-world 
geometrical complexity. Although the Radiance lighting simulation system was used as 
the ‘engine’ in the implementation described here (Ward Larson et al., 1998), lighting 
simulation per se is not required to compute SBI since the method depends only on a line-
of-sight calculation, the modelling of inter-reflection and/or the transmission/scattering 
effects of light are not needed. Thus, SBI could in principle be computed by any 3D 
CAD/BIM tool that can determine if there is line-of- site visibility between two points: one 
in the building model, the other at a sun position on the sky vault. Furthermore, the 
accuracy of the results that one gets are entirely depended on the faithfulness of the 
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model description: good 3D geometry ensures accurate values for the indices. Perhaps 
ASI/SBI values should be determined at the earliest stages of design by a plugin application 
to any widely used BIM tool such as REVIT. 

The skylight and sunlight aperture rating system provides both designers and product 
specifiers with intuitively simple means for both evaluating and comparing the in-situ 
performance of building apertures in combination with any shading system, e.g. brise-soleil. 
The rating system has several qualities that make it well suited for the teaching of skylighting 
and solar shading principles. Indeed, the authors hope that the rating system could help to 
encourage a more ‘mindful’ approach to full-blown daylight simulation than appears to be the 
case today since the proliferation of easy-to-use climate-based daylight modelling (CBDM) tools, 
in particular those that allow for routine parametric analysis, has resulted in something of a 
‘simulate first, think later’ mindset. 

The ASI-SBI approach has the potential to find application is many areas in addition to 
teaching, e.g. first-stage performance evaluation of the building envelope for skylighting and 
sunlighting potential; product specification for any integrated shading system; site planning 
of residential developments; and, perhaps also as a basis for guidelines governing urban 
planning. It is hoped that many if not all of these possibilities will be investigated in the near 
future. 
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Abstract:	 Real-time	visual	 feedback	 can	greatly	 assist	 the	process	of	 identifying	and	understanding	 complex	
cause	and	effect	relationships.	Whilst	not	all	physical	processes	in	the	performance	analysis	of	buildings	can	be	
simulated	 in	 real-time,	 some	 can.	 This	 paper	 introduces	 a	 web-based	 daylight	 simulation	 tool	 that	 uses	
variants	of	 the	daylight	coefficients	and	split-flux	methods	 implemented	on	 the	GPU	to	calculate	 the	spatial	
distribution	 of	 daylight	 factors	 across	 a	 simple	 rectangular	 room.	 By	 combining	 real-time	 simulation	 with	
modern	 games	 technology,	 it	 is	 possible	 to	 create	 a	 highly	 visual	 and	 interactive	 design	 environment	 that	
allows	all	the	governing	parameters	of	internal	daylighting	-	including	room	geometry	-	to	be	manipulated	by	
the	user	in	real-time,	with	detailed	contextual	results	updating	dynamically	with	each	interactive	change.	The	
purpose	 of	 this	 tool	 is	 primarily	 educational,	 allowing	 users	 to	 gain	 a	 comprehensive	 understanding	 of	 the	
relationships	 between	 room	 dimensions,	 window	 placement	 and	 daylight	 distribution	 through	 a	 process	 of	
deliberate	investigative	play.	A	detailed	parametric	comparison	with	Radiance	simulations	resulted	in	a	small	
modifier	to	the	implemented	method	that	produces	a	robust	correlation	which	the	authors	argue	makes	this	
tool	a	valuable	educational	resource	with	potential	applications	in	early	design	decision-making.	
	
Keywords:	Daylight,	GPU,	Real-time,	simulation	

Introduction	

This	paper	describes	a	prototype	web-based	tool	that	utilises	WebGL	and	custom	shaders	to	
dynamically	 calculate	 the	 spatial	 distribution	 of	 daylight	 within	 a	 rectangular	 room	 and	
update	 it	 in	 real-time	 as	 the	 user	 interactively	 manipulates	 room	 dimensions,	 surface	
properties,	window	sizes	and	their	positions	within	the	envelope.	

The	choice	of	daylight	calculation	method	and	 implementation	details	are	described	
as	well	as	the	process	of	comparing	results	against	those	of	the	same	room	configurations	
simulated	 in	 Radiance.	Whilst	 validation	 is	 important	 in	 order	 to	 show	 that	 the	 approach	
taken	does	not	 yield	misleading	 results,	 the	main	aim	of	 the	 comparative	 analysis	was	 to	
gain	a	better	understanding	of	where	the	implemented	method	diverges	and	why.		

This	work	is	part	of	on-going	research	into	the	development	of	design	tools	that	utilise	
analytical	 calculations	 performed	 on	 the	 graphics-processing	 unit	 (GPU)	 to	 create	 highly	
dynamic	 and	 interactive	 building	 simulation	 environments.	 Thus,	 the	 primary	 goal	 is	 to	
undertake	 analysis	 that	 is	 fast	 enough	 to	 provide	 dynamic	 visual	 feedback	 during	model	
manipulations	and	accurate	enough	for	that	feedback	to	be	meaningful	and	useful.	
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The	Spatial	Model	

The	 geometric	model	 used	 in	 this	 prototype	 tool	 is	 limited	 to	 a	 simple	 rectangular	 room	
with	 no	 internal	 obstructions,	 but	 with	 adjustable	 wall	 thickness	 and	 any	 number	 of	
rectangular	 windows	 in	 any	 wall.	 The	 width	 and	 depth	 of	 window	 frames	 are	 also	
customisable	 and	 can	 include	 any	 number	 of	 mullions	 and	 transoms.	 Some	 example	
screenshots	of	the	room	model	and	its	controls	are	shown	in	Figure	1.	
 

     
Figure	1:	Screenshot	of	the	simple	rectangular	room	model	used	in	the	tool		

and	some	of	the	controls	for	interactively	manipulating	it.	
	
The	 decision	 to	 use	 such	 a	 simple	 model	 in	 the	 initial	 implementation	 was	 made	

because	 an	 axially-aligned	 rectangular	 plan	 shape	 is	 well	 suited	 to	 simplified	 daylight	
analysis	methods	 (Winkelmann	 and	 Selkowitz,	 1985),	 is	 broadly	 representative	 of	 a	 wide	
range	of	actual	design	conditions	 likely	to	be	faced	by	designers	and	greatly	simplifies	the	
development	of	interactive	user	manipulation	techniques	for	the	room	and	its	apertures.	

It	 is	 intended	 that	 future	 tools	will	 better	 accommodate	 the	detailed	 geometry	 and	
specific	materiality	of	actual	design	spaces	and	allow	CAD/BIM	data	to	be	directly	imported.	
However,	as	a	proof-of-concept,	this	tool	is	a	necessary	first	step	towards	that	goal.	

Daylight	Calculation	Method	

There	 are	 basically	 three	 methods	 for	 simulating	 the	 spatial	 distribution	 of	 diffuse	
illuminance	within	a	room	-	these	being	the	split-flux,	radiosity	and	ray-tracing	methods.	As	
the	split-flux	method	is	widely	used	for	daylight	estimation	at	early	design	stage,	and	is	the	
default	daylight	calculation	method	used	within	EnergyPlus	(DOE,	2017),	it	was	the	method	
selected	for	implementation	within	this	work.	The	very	first	implementation	of	the	split-flux	
method	was	actually	based	on	the	BRE	Daylight	Factor	Protractor	approach	(BRE,	1986).	This	
approach	was	particularly	interesting	because	the	values	in	each	protractor	already	account	
for	the	effects	of	angular-dependent	transmission	through	glass,	the	 luminous	distribution	
of	an	overcast	sky	and	the	conversion	of	aperture	solid	angle	to	daylight	factor	contribution.	
Thus,	by	digitising	the	daylight	factor	protractor	and	converting	that	data	to	high-resolution	
look-up	tables,	a	significant	number	of	quite	complex	calculations	can	be	sidestepped.	

Using	the	GPU	

The	look-up	tables	for	daylight	factor	are	easily	encoded	as	two-dimensional	textures.	The	
GPU	was	then	used	to	calculate	the	plan	and	sectional	angles	of	each	aperture	from	each	
point	on	 the	spatial	daylight	grid.	These	angles	were	used	 to	 linearly	 interpolate	between	
looked-up	texture	values	to	derive	the	sky	component	of	the	daylight	factor	at	each	point.	

Straightforward	 trigonometric	calculations	such	as	 these	are	 trivial	 for	most	modern	
GPUs	and	they	are	able	to	process	grid	points	in	parallel.	Quantifying	the	exact	capacity	for	
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parallelisation	on	any	GPU	is	a	fraught	process	as	there	are	many	interdependent	criteria	as	
well	 as	 different	 chip	 architectures	 and	 therefore	 different	 nomenclatures.	 However	 as	 a	
rough	 comparative	 measure,	 nVidia	 GeForce	 GPU	 chips	 range	 from	 around	 700	 parallel	
units/cores	 to	 as	many	 as	 4000	 at	 the	 high	 end.	 AMD	 Radeon	 GPUs	 range	 from	 around	
1,000	to	nearly	2,500	whilst	the	Intel	HD	500	series	range	from	110	to	1100	(TechPowerUp,	
2017).	Even	 the	GPUs	 found	 in	most	phones	and	 tablets	are	able	 to	process	more	 than	a	
hundred	points	at	once.	At	250mm	centres,	a	6x10m	room	would	contain	around	960	grid	
points	over	the	work-plane.	

Profiling	 the	 execution	 of	 the	 tool	 during	 interactive	 user	manipulation	 of	 a	 6x10m	
room	 shows	 that	 a	 full	 recalculation	 and	 update	 of	 the	 model	 and	 user	 interface	 takes	
around	12-15	milliseconds	on	a	standard	2014	MacBook	Pro	with	an	i7	CPU,	and	around	28-
36	milliseconds	 on	 an	 iPad	Air	 and	Galaxy	Note	 4	 phone.	 The	 actual	 daylight	 calculations	
across	the	grid	take	up	less	than	3%	of	that	time	on	the	MacBook	Pro	and	only	4%	on	the	
iPad	 and	 Galaxy	 Note.	 More	 importantly,	 the	 majority	 of	 that	 3	 to	 4%	 is	 actually	 spent	
encoding	the	updated	room	and	aperture	data	 into	shader	uniforms	on	the	CPU	and	then	
decoding	the	GPU	results	buffer	back	to	grid	array	values.	The	remaining	96	to	97%	of	that	
CPU	 and	 GPU	 time	 is	 spent	 regenerating	 and	 re-tessellating	 the	 polygons	 forming	 room	
geometry	and	daylight	grid	contours,	as	well	as	updating	the	various	graphical	user	interface	
elements.	

Thus,	this	research	has	found	that	this	approach	to	daylighting	in	such	a	simple	model	
can	 be	 so	 highly	 optimised	 that	 it	 becomes	 an	 insignificant	 component	 of	 the	 frame-by-
frame	workload	required	to	visualise	changes	in	real-time.	

Whilst	 this	was	 something	of	a	 surprise,	even	more	 surprising	was	 the	 fact	 that	 the	
same	approach	can	be	coded	entirely	 in	 JavaScript,	without	using	 the	GPU	at	all,	 and	 the	
execution	 times	are	 very	 similar.	 The	dynamic	 code	optimisation	 capabilities	of	 JavaScript	
compilers	 in	most	modern	browsers	means	 that	highly	 repetitive	numeric	calculations	are	
quickly	optimised	to	near	native	speeds.	Thus	the	time	spent	by	the	CPU	decoding	the	GPU	
results	is	roughly	equivalent	to	it	actually	performing	all	the	calculations	itself.	

All	 of	 this	 essentially	 meant	 that	 there	 was	 significant	 capacity	 for	 additional	
computation,	 on	 both	 the	GPU	or	 CPU,	 before	 the	 frame	 rates	 of	 dynamic	 updates	were	
noticeably	impacted.	

Switching	to	Daylight	Coefficients	

This	 additional	 computational	 capacity	 allowed	 some	 of	 the	 limitations	 of	 the	 protractor-	
based	 method	 to	 be	 reconsidered.	 As	 protractors	 have	 only	 been	 published	 for	 a	 very	
specific	 set	 of	 sky	 luminance	 distributions	 and	 glazing	 types,	 handling	 the	 full	 16	 CIE	
Standard	 General	 Sky	 types	 for	 climate	 based	 daylight	 modelling	 (CBDM)	 and	
accommodating	more	complex	glazing	and	shading	systems	requires	a	different	approach.	

Recent	 work	 on	 CBDM	 has	 used	 hemispheric	 subdivision	 techniques	 to	 simulate	
skylight	 and	 sunlight	 as	 a	 series	 of	 individual	 sky	 patches,	 each	 with	 varying	 luminance	
(Bourgeois	et	al,	2008).	Replacing	the	protractor-based	look-up	tables	with	an	array	of	sky	
patches	and	then	using	the	GPU	to	determine	which	patches	are	visible	from	each	grid	point	
has	several	advantages:	

• The	horizontal	and	vertical	angles	of	each	sky	patch	can	be	easily	encoded	as	a	 two	
dimensional	texture	and	sent	to	the	GPU	in	the	same	way	as	look-up	tables,	
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• Patch	 visibility	 can	 be	 cached	 for	 each	 grid	 point,	 along	with	 additional	 information	
such	 as	 the	 aperture	 through	 which	 it	 is	 visible	 or	 a	 reference	 to	 any	 internal	 or	
external	obstructing	surface(s),	

• The	sky	dome	is	considered	to	be	sufficiently	distant	that	the	angles	of	each	patch	are	
the	same	for	each	grid	point,	meaning	that	angles	of	transmission	through	glazing	or	
surface	incidence	do	not	need	to	be	cached	as	they	can	be	easily	determined	by	look-
up	as	and	when	required,	

• Knowing	 surface	 intersection	 and/or	 aperture	 transmission	 angles	 for	 each	 patch	
allows	more	complex	glazing,	shading	and	light	redirection	systems	to	be	analysed	and	
even	BRDF/BSDF	functions	incorporated,	

• Cached	 aperture	 and	 obstruction	 data	 can	 be	 used	 to	 further	 optimise	 interactive	
manipulations	-	such	as	changing	window	frame	configurations	or	resizing	an	aperture	
which	 requires	 only	 those	 patches	 previously	 passing	 through	 that	 aperture	 or	
obstructed	by	the	containing	wall	to	be	recalculated,	and	

• Having	each	grid	point	check	the	same	number	of	patches	and	therefore	reference	the	
same	 texture	 coordinates	 at	 the	 same	 time	 and	 in	 the	 same	 order	 is	 a	 process	
particularly	 suitable	 for	 the	 single	 instruction,	multiple	 data	 (SIMD)	 architectures	 of	
almost	all	modern	GPUs,	making	it	fast	and	efficient	even	when	several	thousand	sky	
patches	are	used.	

Comparison	of	Results	

Both	the	BRE	and	EnergyPlus	versions	of	the	split-flux	method	are	based	on	early	work	by	
Lynes	 (1979)	on	 the	derivation	of	 a	daylight	 factor	 formula	 for	 side-lit	 rectangular	 rooms.	
Some	 researchers	 have	 found	 that	 Lynes'	 formula	 and	 its	 close	 derivatives	 have	 a	 useful	
correlation	 with	 both	 measured	 daylight	 data	 (Crisp,	 Littlefair,	 1984)	 and	 Radiance	
simulations	of	 the	same	spaces	 (Reinhart,	2010).	Detailed	studies	by	Versage	et	al.	 (2010)	
and	 Yoon	 et	 al	 (2014)	 indicate	 that,	 for	 south	 oriented	 windows,	 the	 split-flux	 method	
predicts	 higher	 illuminances	 than	 the	 radiosity	 and	 ray-tracing	 algorithms	 as	 the	 distance	
from	windows	increases.	However,	follow-up	studies	by	Yoon	et	al	(2014)	comparing	other	
orientations	indicate	that	this	is	not	always	the	case	and	that	much	depends	on	the	settings	
used	in	each	radiosity	or	ray-tracing	run.	

All	 of	 these	 studies	 comparing	 the	 split-flux	 with	 other	 methods	 have	 focused	 on	
absolute	accuracy	and	differences	 in	 individual	 values.	However,	 the	aim	of	 this	 tool	 is	 to	
identity	 and	 illustrate	 relationships,	 so	 relative	 accuracy	 when	 calculation	 parameters	
change	 is	 of	 more	 importance.	 For	 example,	 does	 predicted	 daylight	 fall	 by	 the	 same	
percentage	in	all	methods	when	the	window	area	is	halved?	If	the	relative	trends	match	and	
overall	 correlation	 is	 high,	 then	 the	 results	 can	 still	 provide	meaningful	 and	useful	 insight	
and	design	guidance	even	if	the	absolute	values	do	not	exactly	match.	

Comparison	with	Radiance	

Radiance	 (Ward	 and	 Rubinstein,	 1988)	 is	 a	 widely	 used	 and	 highly	 validated	 daylight	
simulation	 program	 (Mardeljevic,	 1997)	 developed	 by	 Greg	Ward	 and	 Lawrence	 Berkeley	
National	Laboratories.	 It	 is	based	on	a	variant	of	 the	ray-tracing	method	and	 is	used	at	all	
levels	of	lighting	and	daylighting	design	as	the	reference	simulation	tool.	

To	 investigate	 both	 the	 absolute	 and	 relative	 accuracy,	 as	 well	 as	 the	 overall	
correlation,	 results	 from	 the	 GPU-based	method	were	 compared	with	 those	 from	 spaces	
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with	exactly	 the	 same	configuration	 simulated	 in	Radiance.	As	 comprehensive	datasets	of	
measured	 light	 levels	 in	 real	 rooms	 are	 limited	 (Osborne	 and	 Donn,	 2011),	 and	 those	
datasets	 mainly	 exist	 as	 a	 result	 of	 having	 been	 used	 to	 validate	 Radiance	 (Mardaljevic,	
2000),	validating	this	tool	against	Radiance	allows	for	comparison	over	a	much	wider	range	
of	room	sizes	and	aperture	layouts	than	would	be	possible	using	measured	data	alone.	

Also,	 to	 ensure	 that	 any	 correlation	 or	 otherwise	 was	 not	 simply	 a	 matter	 of	
configuration	coincidence,	a	parametric	comparison	was	undertaken	over	a	range	of	room	
and	 aperture	 sizes,	 aperture	 positions,	 frame	 sizes,	 surface	 properties	 and	 work-plane	
heights.	

A	detailed	description	of	 the	process	used	 to	 convert	 room	parameters	 to	Radiance	
models	with	directly	 comparable	 configurations,	 as	well	 as	 full	 details	 of	 each	parametric	
run	with	associated	Radiance	 input	and	output	 files,	are	available	as	a	supplement	 to	 this	
paper	available	via:	http://performativedesign.com/data/RT-Daylight-Report-2017.pdf	

Results	

A	potentially	high	correlation	with	Radiance	was	immediately	obvious	when	first	developing	
the	means	to	import	and	view	Radiance	results	within	the	prototype	tool,	and	dynamically	
switching	between	the	two	results	sets.	The	overall	daylight	distribution	patterns	matched	
very	well,	however	there	was	an	apparent	linear	offset	between	the	two.	Radiance	results	
were	consistently	lower	than	those	from	the	simplified	GPU	method,	being	around	75%	of	
the	absolute	grid	point	values	calculated	by	the	simplified	GPU	method.	An	example	of	this	
is	shown	in	Figure	2.	

	

    
Figure	2:	The	prototype	tool	showing	both	GPU	(left)	and	Radiance	(right)	results	for	the	same	model,		

the	same	distribution	pattern	but	slightly	different	absolute	values.	

Overall	Correlation	

The	 detailed	 analysis	 of	 comparative	 results	 bore	 this	 out,	 showing	 that	 the	 correlation	
between	raw	daylight	factor	distributions	generated	by	the	GPU	method	and	Radiance	using	
the	 same	 room	 configurations	 was	 typically	 above	 0.995	 across	 a	 wide	 band	 of	 room	
parameter	values.	The	correlation	was	found	to	reduce	only	under	the	following	conditions.	

Work-Plane	Above	Window	Heads	
Correlation	falls	to	zero	when	the	work-plane	is	located	above	the	head	height	of	apertures.	
In	the	GPU	method	there	is	no	direct	contribution	from	apertures	located	entirely	below	the	
work-plane,	 so	 the	 only	 value	 at	 each	 grid	 point	 is	 the	 average	 internally	 reflected	
component	 which	 makes	 the	 daylight	 distribution	 entirely	 uniform.	 In	 contrast,	 Figure	 3	
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shows	 what	 is	 happening	 in	 Radiance.	 In	 this	 example,	 reflections	 from	 the	 ground	 and	
window	sill	illuminate	an	area	of	the	ceiling	directly	above	the	window.	As	the	work-plane	is	
very	high	and	close	to	the	ceiling,	it	receives	some	illuminance	from	this	bright	patch	which	
creates	 a	 slight	 variation	 across	 the	 Radiance	 grid.	 Even	 the	 slightest	 variation	 when	
compared	to	an	entirely	uniform	grid	will	results	in	a	zero	correlation.	

	

		 		 	
Figure	3:	A	comparison	of	daylight	distribution	when	the	work-plane	is	above	the	window,	showing	

	the	GPU	method	(left),	Radiance	simulation	(center)	and	a	map	of	the	difference	between	the	two	values	at	
each	grid	point	multiplied	by	10	(right).	

Very	Small	Windows	
Without	using	the	Radiance	mkillum	utility,	correlation	begins	to	fall	below	0.995	when	the	
total	area	of	apertures	becomes	very	small	compared	to	the	total	 internal	surface	area	of	
the	room.	This	is	because	of	unevenness	in	Radiance	results	when	ambient	values	alone	are	
not	sufficient	to	correctly	model	the	internal	daylight	distribution.	Under	these	conditions,	
even	 very	 high	 ambient	 settings	 that	 require	 calculation	 times	 of	 several	 hours	 cannot	
produce	sufficiently	accurate	results	for	a	high	correlation.	Figure	4	shows	just	how	relative	
window	size	affects	 render	quality	 in	Radiance,	as	well	 as	how	significantly	 increasing	 the	
ambient	parameters	still	does	not	solve	splotchiness	issues.		

	

				 				 				  
Figure	4:	Example	variations	in	ambient	unevenness	in	Radiance	using	default	settings	with	different	aperture	

areas	(left)	and	using	very	high	ambient	settings	to	compensate	for	a	small	window	(right).	
	

However,	replacing	apertures	with	illum	sources	using	calculated	luminance/radiance	
based	on	external	 sky	conditions	 is	one	solution	 to	 this	problem.	To	accommodate	 this,	a	
switch	 from	 ambient	 calculations	 to	 the	 use	 of	 illum	 sources	 could	 be	 implemented	
whenever	the	total	aperture	area	 is	below	7.5%	of	the	total	 internal	surface	area.	Though	
expeditious,	 such	 an	 approach	 would	 require	 additional	 consideration	 as	 it	 changes	 the	
Radiance	calculation	mode	from	indirect	to	direct	so,	whilst	the	results	may	be	superficially	
comparable,	the	two	methodologies	are	very	different.	
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Non-Cuboid	Room	Geometry	
Another	condition	that	causes	unevenness	in	Radiance	results,	and	therefore	a	reduction	in	
correlation,	 is	when	one	dimension	of	 the	 room	 is	 very	 small	 compared	 to	 the	other	 two	
and	the	only	windows	are	positioned	 in	the	smallest	wall.	For	example,	when	the	room	is	
very	long	but	also	very	thin,	or	when	it	is	very	large	in	plan	but	has	a	low	ceiling	height.	This	
begins	 to	occur	when	 the	 smallest	dimension	 is	 approximately	25%	of	 the	average	of	 the	
other	two.	

Compensating	for	Relative	Differences	

Whilst	the	overall	correlation	is	very	good,	there	were	still	differences	in	the	absolute	values	
of	 daylight	 factors	 calculated	 by	 the	 two	 methods.	 Closer	 investigation	 by	 isolating	 the	
direct	 and	 diffuse	 components	 in	 each	 method	 show	 that	 this	 difference	 occurs	 almost	
entirely	in	the	diffuse	component.	When	the	internal	reflectances	for	all	materials	are	set	to	
zero,	 the	resulting	direct-only	raw	sky	components	of	 the	daylight	 factor	 in	both	methods	
match	very	closely.		

Some	 relationships	 between	 absolute	 differences	 and	 both	 surface	 reflection	 and	
work-plane	 height	 were	 identified,	 and	 lines	 of	 best	 fit	 generated	 from	 the	 comparative	
data.	A	brute	force	approach	was	then	used	to	test	a	range	of	best-fit	modifiers,	separately	
and	 in	 combination.	 This	 involved	 iterating	 through	 all	 the	 available	 run	 data	 across	 all	
aperture	 configurations	 and	 parameter	 values	 many	 times	 to	 find	 the	 modifier	 with	 the	
maximum	overall	correlation	and	minimum	overall	difference	between	grid	points.	Whilst	a	
number	 of	 arrangements	 of	 best-fit	 functions	 did	 show	 a	 reduction	 in	 overall	 average	
absolute	differences,	they	all	resulted	in	a	reduction	in	overall	correlation.	

After	trying	a	range	of	different	best-fit	functions	and	simple	scaling,	it	was	found	that	
applying	 just	a	simple	 linear	modifier	of	0.52	to	the	 internally	reflected	component	of	 the	
GPU	method	 achieved	 the	 highest	 overall	 correlation	 together	with	 the	minimum	overall	
absolute	 difference	 between	 all	 grid	 point	 values	 across	 all	 aperture	 configurations	 and	
parameter	values.	

Obviously	the	true	nature	of	differences	in	diffuse	values	between	the	two	methods	is	
very	complex	and,	as	the	two	methods	calculate	diffuse	effects	in	very	different	ways,	their	
absolute	 daylight	 factor	 values	 will	 never	 exactly	 match.	 However,	 by	 applying	 a	 simple	
linear	modifier,	 the	absolute	values	 for	most	common	room	configurations	with	 relatively	
small	window	frames,	average	surface	reflectances	and	no	single	dimension	less	that	25%	of	
the	 other	 two,	 can	 be	made	 to	match	 quite	 closely.	 A	 full	 set	 of	 comparative	 charts	 for	
different	room	and	aperture	configurations	are	provided	in	the	detailed	appendix.	

Conclusion	

The	 comparative	 analysis	 showed	 that	 daylight	 factors	 across	 a	 horizontal	 work-plane,	
calculated	using	the	GPU	method	implemented	in	this	work	and	those	from	Radiance	using	
the	 same	 simple	 room	model,	 are	 very	 highly	 correlated.	 It	 has	 also	 shown	 how	 a	 small	
modifier	 applied	 to	 the	 internally	 reflected	 component	of	 the	GPU	method	 can	provide	a	
significant	reduction	in	overall	differences	between	absolute	daylight	factor	values	across	a	
wide	parameter	range	when	compared	to	Radiance	simulations.	

At	the	same	time,	this	work	has	also	verified	some	of	the	limitations	of	the	split-flux	
method	already	noted	by	others,	 in	 that	 it	 is	 less	 suited	 to	 rooms	with	very	high	average	
surface	 reflectances	 and	 geometry	 that	 has	 one	 internal	 dimension	 less	 than	 25%	 of	 the	
other	two.	
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However,	this	method	is	significantly	more	stable	than	Radiance	across	a	wider	range	
of	room,	window	and	surface	parameters,	and	when	dealing	with	small	or	widely	separated	
windows.	Also,	even	though	there	are	conditions	under	which	absolute	values	can	diverge,	
the	high	correlation	between	daylight	distribution	patterns	generated	by	 this	method	and	
Radiance	 suggests	 that	 the	 primary	 cause	 and	 effect	 relationships	 involved	 are	 being	
accurately	captured	and	that	changes	to	room	configuration	are	being	accurately	reflected	
as	relative	changes	in	the	distribution	pattern.	

As	 the	method	 is	 also	 fast	enough	 to	allow	 for	 real-time	visual	 feedback	of	daylight	
distribution	as	calculation	parameters	are	dynamically	manipulated	by	the	user,	the	authors	
argue	that	this	makes	the	prototype	tool	developed	here	a	valuable	educational	resource	-	
allowing	 users	 to	 interactively	 investigate	 the	 relationships	 between	 daylight	 distribution,	
room	dimensions,	surface	properties,	window	sizes	and	their	positions	within	the	envelope.	

This	 work	 has	 also	 shown	 that,	 when	 used	with	 a	 relatively	 simple	 rectangular	 room	
model,	the	process	of	calculating	spatial	daylight	distributions	can	be	so	highly	optimised	that	it	
becomes	a	 trivial	component	of	animation	 frame	updates.	This	provides	significant	potential	
for	 future	 extension	 of	 the	 GPU	method	 to	 handle	 dynamic	 and	 cumulative	 sky	 luminance	
conditions,	climate-based	daylight	modelling	and	more	complex	shading	and	glazing	systems.	
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Abstract:	When	comparing	digital	simulations	with	experimental	field	measurements,	we	often	find	references	
associated	with	a	large	margin	of	uncertainty.	In	other	words,	to	what	degree	do	the	results	come	close	to	the	
real	situations	studied?	Indeed,	a	number	of	research	studies	attest	to	the	significant	difference	between	the	
two	simulated	and	real	situations.	This	work	consists	of	two	comparative	experiments:	i)	Comparison	between	
the	results	of	the	digital	simulation	of	the	levels	of	illuminance	on	a	work	plan	carried	out	by	the	two	software	
Radiance	2	BETA	and	Ecotect5.5.,	As	well	as	ii)	Comparison	of	the	results	obtained	by	a	digital	simulation	of	the	
levels	of	illuminance	on	a	work	plan	carried	out	by	means	of	two	software	programs,	namely	Radiance	2	BETA	
and	 Ecotect	 5.5,	 A	 simulation	 by	 models	 (models)	 under	 a	 clear	 sunny	 sky.	 The	 results	 obtained	 prove	
differences	in	the	comparison.	The	most	important	ones	are	presented	by	the	discrepancies	between	the	data	
measured	and	simulated	by	the	Ecotect	5.5	software.	The	data	measured	and	those	simulated	by	the	Radiance	
2	BETA	software	have	smaller	deviations.	

Keywords:	Digital	simulation,	level	of	illuminance,	experimental	comparison,	scale	model.	Sunny	clear	sky	

Introduction	

During	the	recent	years,	digital	 lighting	simulation	tools	have	made	considerable	progress.	
They	 play	 a	 very	 important	 role	 in	 analyzing	 the	 availability	 of	 natural	 light	 to	 deduce	
optimal	 sizing	 and	 control	 strategy	 of	 lighting	 systems	 (Maamari,	 2004)Today,	 there	 is	 a	
huge	increase	in	the	number	of	digital	lighting	simulation	software	at	the	international	level.	
However,	the	credibility	of	this	software	and	the	accuracy	of	the	results	they	provide	remain	
dependent	on	their	fidelity	in	the	reproduction	of	real	conditions	in	the	form	of	an	artificial	
environment.	

The	case	of	sunny	clear	skies	 is	more	 than	concerned	with	 this	 issue.	First,	we	must	
emphasize	 the	 important	 time	 lag	 separating	 the	 advancement	 in	 knowledge	 about	 the	
overcast	 sky	 and	 the	 clear	 one.	 In	 addition,	 the	 digital	 simulation	 tools	 were	 more	
developed	for	the	case	of	the	overcast	sky	than	for	the	sunny	clear	one.	Also,	the	research	
carried	 out	 uses,	 by	 constraint,	 inappropriate	 software	 for	 the	 case	 of	 the	 clear	 sky.	
However,	some	software	was	considered	more	reliable	than	others	for	the	case	of	this	sky	
following	experiments	carried	out	in	situ.	

Most	of	the	existing	evaluation	work	generally	falls	into	three	categories	of		research	
works	 comparing:	 i)	 computer	 simulation	 and	 measurements	 in	 experimental	 models	
(Grynberg,	 1988),	 (Aizlewood	 et	 al.	 1997),	 ii)	 computer	 simulations	 and	measurements	 in	
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real	 scenes	 (Galasiu	 et	 al,	 1998),(Mardaljevic	 2001),	 iii)	 computer	 simulation	 of	 various	
software	(Fontoynont	et	al,	1999).	The	objective	of	this	study	is	to	verify	the	existence	and	
the	 significance	 of	 the	 gap	 between	 a	 real	 situation	 and	 a	 computer	 simulated	 one	 of	 a	
luminous	environment	under	clear	sky.	This	work	will	consist	of	a	comparative	assessment	
using	the	techniques	of	the	first	from	the	above	categories.	A	comparison	of	the	horizontal	
illuminance	 values	 obtained	 by	 measurements	 in	 the	 model	 and	 those	 obtained	 using	
Radiance	 and	 Ecotect.	 The	 reference	 is	made	 to	 the	 case	 of	 the	 city	 of	 Biskra	 in	 Algeria	
where	the	sunny	sky	is	frequent	at	more	than	80%	during	the	year	(Satel-Light,	2014).	

Methodology	

The	 real	 sky	 experimental	 work	 led	 to	 the	 construction	 of	 a	 model	 of	 the	 simulated	
architectural	 office	 space.	 A	 similar	 model	 is	 drawn	 for	 the	 computer	 simulation.	 The	
horizontal	 illuminance	values	obtained	by	the	measurements	carried	out	in	the	model	and	
those	 obtained	 with	 Radiance	 and	 Ecotect	 software	 are	 selected	 as	 a	 basis	 for	 the	
comparison	between	the	outcomes	of	the	computer	simulation	and	the	real	sky	field	one.		

Experimental	field	work	

The	experimentation	on	the	model	runs	under	a	real	clear	sky.	The	model	is	designed	at	the	
(1/8)	 scale.	 This	 allowed	 to	 have	 a	 very	 detailed	 interior	 view	 (photos	 or	 videos)	 andto	
accurately	study	the	penetration	of	the	natural	light	(Figure	1).	

Figure	1.the	scale	model	(left)	The	openings	in	the	walls	to	place	the	probes	of	the	Light-meter	(right)	
	

The	model	was	made	with	foam	cardboard	of	2cm	thickness.	The	interior	walls	were	
covered	by	a	cream-colored	paper	which	is	the	color	used	in	the	majority	of	office	buildings	
in	 the	city	of	Biskra.	We	made	holes	 in	 the	vertical	wall	 in	order	 to	pass	 the	probe	of	 the	
Light-meter.		

The	latter	will	be	attached	to	the	designated	points	on	the	worktop	inside	the	model	
(Figure.	2).	The	measurement	points	are	those	of	a	grid	with	a	depth	gap	of	100	cm	from	the	
front	bay	and	100	 cm	width.	A	 total	of	35	points	 is	 fixed.	 The	height	of	 these	points	was	
fixed	at	75	cm	from	the	ground	(figure	3).	

Experimental	digital	simulation	work		

The	computer	simulated	model	has	the	same	geometric	and	photometric	characteristics	as	
the	real	 field	simulated	one.	The	digital	simulations	were	carried	out	using	the	software	 i)	
Ecotect	5.5	and;	ii)	Radiance	2.0	BETA	.Two		orientations	were	selected:	iii)	Orientation	East	
with	 a	 window	 equipped	 with	 a	 "Flanks"	 protection	 system	 ii)	 South	 orientation	 with	 a	
"Light	shelf"	system	added	to	the	opening.	The	simulations	were	done	for	a	clear	sunny	sky	
at	12	pm	of	the	September	21	(Figure	4).	
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Figure2.	Light-meterC.A	813	for	indoor	measurements	(left)	and	Light-meter	LX-107for	outdoormeasurements	
(right).	

	

 	
Figure3.Plan	view	of	model	-	Positioning	of	measuring	points	(left)	section	(AA)	indicating	the	measurement	

points	levels	(right).	
	
	
	
	
	
	
	
	
	

Figure	4:	Both	models	simulated,	the	flank	system	(left),	and	the	Light	shelf	system	(right)	
	

For	 the	 computer	 simulation,	 a	 set	 of	 meteorological	 decennial	 data	 was	 used	 to	
create	 a	 basis	 data	 file	 for	 the	 simulation	 conducted	 under	 Ecotect	 (using	 the	 split	 flux	
calculation	method)	and	then	transferred	to	Radiance	(referring	to		the	raytracing	method).			

Results	

The	results	of	the	in-situ	measures	inside	the	scale	model	and	the	digital	simulations	made	
by	means	of	the	software	Ecotect	5.5	and	the	Radiance	2.0	are	presented	on	figures	5	and	
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Figure	5.	Illuminance	output	values	on	the	work	surface	of	the	East-oriented	model	equipped	with	Flanks	for	
the	month	of	September	at	12h	(a)	the	model,	(b)	Ecotect,	(c)	Radiance	

	
	
	
	
	
	
	
	
	
	
	

Figure	6.	Illuminance	output	values	on	the	work	surface	of	the	South-oriented	model	equipped	with	light	shelf	
for	the	month	of	September	at	12h,	(a)	the	model,	(b)	Ecotect,	(c)	Radiance	

	
The	maximum	 and	minimum	 values	 of	 the	 two	 orientations	 South	 and	 East	 for	 the	

three	measurement	tools	are	presented	in	Table	1.	The	points	selected	for	the	comparison	
between	the	values	of	 the	 illuminance	are	 (point	p3	 (near	 the	window),	p18	 (middle)	and	
p33	 (bottom).	 The	 values	 in	 Table	 2	 are	 transformed	 into	 a	 graphical	 presentation,	
comparative	reading	(Figure	7)	and	Figure	8).	

The	comparison	between	the	three	renderings	took	place	through	a	reading	of	three	
values	for	each	of	them.	The	first	value	is	that	of	the	measuring	point	located	on	the	central	
axis	of	the	office	and	the	first	measuring	line	close	to	the	window.	The	second	value	is	that	
of	the	measuring	point	located	on	the	central	axis	of	the	office	and	the	fourth	measurement	
line	at	Middle	of	the	window.	The	third	value	is	that	of	the	measuring	point	located	on	the	
central	axis	of	the	desk	and	the	seventh	measurement	line	at	the	bottom	of	the	window	for	
both	orientations.	

	
Table	1.	Minimum	and	maximum	illuminance	values	received	on	the	work	surface	for	the	three	measurement	

tools'	Model,	Ecotect	and	Radiance	

	 Scale	
model	

Radiance		 Ecotect	

Light	shelf	 E	(max)	 5432	 4293	 2919	
E	(min)	 628	 656	 1231	

Flanks	 E	(max)	 3639	 2772	 1529	
E	(min)	 298	 264	 544	

	 	

	 	

412 432 390 298 345 

433 501 488 455 435 

598 703 698 546 654 

769 832 804 790 754 

878 997 1980 1557 1224 

2453 2314 1996 3123 2045 

2346 2906 3689 3004 2345 

764 876 638 788 679 

791 762 786 892 876 

923 879 980 908 897 

1209 907 942 1349 1464 

2345 3012 2648 2993 3216 

3278 4561 3456 4095 3245 

5389 6482 5223 6123 4361 
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Table	2.	The	points	selected	for	the	comparison	between	the	tools	of	simulation	of	the	illuminance	
illumination	(points	P3,	P18	and	P33)	

Tool	for	
measuring	the	
illumination	
values	

E	(Lx)Close	to	the	
window	

	

E(Lx)	The	middle	 E(Lx)	in	the	bottom	
	

Flanks		 Light	shelf	 Flanks	 Light	shelf	 Flanks	 Light	shelf	
Scale	model	 3639	 5223	 804	 942	 390	 628	
Radiance	 2705	 4293	 807	 2219	 360	 756	
Ecotect	 1529	 2837	 633	 1589	 554	 1253	
	

Orientation	East	
For	the	East-oriented	office	equipped	with	a	"Flank"	system,	we	notice	a	clear	gap	between	
the	 three	 curves	 in	 the	 zone	near	 the	window	 (P3).	However,	 Radiance	 software	 curve	 is	
closer	to	the	scale	model	one	than	the	Ecotect	software	curve.	From	the	middle	(P18)	to	the	
bottom	(P33)	the	three	curves	follow	the	same	course	(Figure	7).	

	
Figure	7.	Comparative	illumination	values	received	on	the	work	surface	simulated	by	Ecotecte	Model	reduced,	

and	Radiance	of	office	equipped	with	Flanks,	orientation	East,	for	the	month	of	September	at	12h.	

Orientation	South	
The	 difference	 between	 the	 three	 curves	 is	 always	 present	 up	 to	 the	 middle	 (P33).	 We	
notice	an	intersection	of	the	curves	at	three	different	depths.	We	also	notice	that	the	curve	
(mock-up	 or	model)	which	 presented	 the	 value	 (P3),	 has	 the	 lowest	 values	 in	 the	middle	
(P18)	 and	 in	 the	 background	 (P33)	 when	 compared	 to	 the	 Ecotect	 and	 Radiance	 curve.	
(Figure	8).	

	
Figure	8:	Comparative	illumination	values	received	on	the	simulated	work	surface	by	Model,	Ecotecte	and	

Radiance	of	office	equipped	with	light	shelf,	orientation	East,	for	the	month	of	September	at	12h.	
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Discussion	

The	 results	 presented	 in	 the	 figures	 (figure.7	 and	 8)	 show	 that	 the	 highest	 values	 of	
illumination	 are	 in	 the	 points	 near	 the	 window	 for	 the	 three	 measurement	 tools.	 This	
increase	 is	 due	 to	 the	 fenestration	 and	 related	 to	 the	 important	 quantity	 of	 light	 passing	
through	the	transparent	glazing	which	helps	to	maximize	the	illumination	in	this	zone.	

The	results	compare	the	simulated	and	measured	light	values	in	terms	of	percentage	
difference	(table	3	and	4).	Reinhart	&	Fitz	(2006)	research	on	the	use	of	daylight	analysis	in	
building	 design	 has	 shown	 a	 growing	 confidence	 in	 the	 accuracy	 of	 Radiance's	 computer	
modeling	(Sharples	et	al	2007).	

The	 values	 presented	 in	 tables	 .3	 and	 table	 .4	 show	 significant	 differences	 ranging	
from	(¼)	to	(½).	However,	the	comparison	(scale	model	and	Radiance,	System	Flanks)	in	the	
middle	 (a	 difference	 of	 0.37%)	 and	 at	 the	 bottom	 (7.69%)	 attests	 that	 this	 difference	 is	
insignificant.	The	comparison	(scale	model	and	Radiance)	for	the	two	orientations	presents	
the	 least	 impotent	 differences	 that	 the	 comparison	 scale	 model/	 Ecotect	 or	 Ecotect	
/Radiance.	
	
Table	3:	Difference	Values	(%)	of	Illuminances	Received	on	the	Work	plane	of	the	Three	Measurement	Tools	

for	East	Orientation	at	12	H	

	 Difference		(	%)	
Close	to	the	window	

Difference		(%)	
In	the	middle	

Difference		(%)	
In	the	bottom	

Scale	model	and	Rdiance	 25.66	%	 0.37	%	 7.69	%	
Scale	model	and	Ecotect	 57.98	%	 21.26	%	 29.60	%	
EcotectetandRdiance	 43.47	%	 21.56	%	 35.01	%	

	 	
Table	4:	Difference	values	of	illumination	received	on	the	work	plan	of	the	three	measurement	tools	for	the	

South	orientation	at	12	H	

	 Difference		(	%)	
Close	to	the	window	

Difference		(%)	
In	the	middle	

Difference		(%)	
In	the	bottom	

Scale	model	and	Rdiance	 17.80%	 57.54	%	 16.93	%	
Scale	model	and	Ecotect	 45.68	%	 40.71	%	 49.88	%	
Ecotect	and	Rdiance	 33.91	%	 28.39	%	 39.66	%	

	
These	 results	 confirm	 the	 validity	 of	 the	 Radiance	 simulation	 tool	 that	 has	 been	

verified	 by	 several	 researchers	 through	 several	 methods.	 In	 the	 work	 of	 Mardeljevic	
(Mardaljevic,	 1995),	 comparing	 the	 illumination	 obtained	 by	 computer	 simulation	 with	
measurements	made	 in	a	room,	the	results	showed	a	small	average	relative	error	of	5.6%	
between	 the	 measured	 and	 simulated	 data.	 This	 concordance	 of	 the	 data	 has	 made	 it	
possible	 to	 affirm	 that	 the	 Radiance	 software	 predicts	 adequately	 the	 lighting.	 It	 also	
confirms	 the	 previous	 research	 works	 revealing	 that	 the	 raytracing	 calculation	 method	
based	software	are	more	accurate	than	the	split	flux	calculation	method	based	ones	(Yoon	
et	al,	2014).	

On	their	side,	Aizlewood	et	al.	(1997)	had	studied	a	very	important	validation	analysis	
for	 Radiance	 in	 an	 atrium	 light	 box	 with	 various	 geometric	 and	 surface	 reflectances.	
Research	 has	 shown	 that	 luminance	 simulations	 are	 consistent	 with	 experimental	
measurements.	Galasiu	 and	Atif	 (2002),	 in	 a	 comparative	 analysis	 between	 the	measured	
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data	of	a	real	atrium	and	the	Radiance	simulation,	have	shown	that	there	 is	a	more	exact	
correlation	between	Radiance	and	experimental	results	under	different	sky	conditions.	

In	 summary,	 it	 can	be	deduced	 that	a	 rigorous	and	objective	 comparison	of	 lighting	
simulation	 software	 is	 anhard	 task	 and	 of	 considerable	 complexity.	 This	 is	 true	 for	 all	
software	based	on	physical	laws.	Through	the	identification	of	the	weak	points	of	a	software	
and	 these	 fields	 of	 application,	 one	 can	 lead	 to	 a	 responsible	 use	 of	 these	 computer	
programs	 (Maamari,	 2004).	 Some	 errors	may	 occur	 in	 the	 experimental	 process,	 such	 as	
reading	errors,	the	precision	of	the	model	and	the	speed	of	change	in	brightness	in	the	real	
sky	(Ghasemi	et	al.,	2013).	

Conclusion	

The	use	of	computer	simulation	software	is	becoming	increasingly	important	in	the	field	of	
architectural	 design.	 These	 programs	 can	 help	 designers	 choosing	 the	 appropriate	
architectural	and	/	or	technical	solutions	for	a	comfortable	environment.	

The	present	 study	 compares	 the	outcomes	of	 a	 computer	 simulation	 and	a	 real	 sky	
field	 measurements	 in	 experimental	 models	 allowing	 the	 calculation	 of	 the	 values	 of	
illumination	on	the	work	surface	of	a	'transparent'	office	equipped	with	a	system	Light	shelf	
for	 the	 South	 orientation	 and	 'Flanks'	 for	 the	 East	 orientation	 under	 a	 sunny	 clear	 sky	 in	
Biskra.	

The	results	obtained	show	differences	in	the	outcomes.	The	most	important	ones	are	
presented	by	the	discrepancies	between	the	data	measured	and	simulated	by	the	Ecotect	
5.5	 software.	 The	 data	measured	 and	 those	 simulated	 by	 the	 Radiance	 2	 BETA	 software	
have	smaller	discrepancies	or	differences.	

It	 has	 become	 clear	 that	 the	 Radiance	 software,	 which	 has	 demonstrated	 ahigh	
credibility	in	many	of	research	works,	including	our	work	which	presents	the	optimal	choice	
of	simulation	software	in	natural	light.	
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Abstract:	External façade shading systems have large potential in reducing a building’s solar loads leading to 
improvements in both energy performance and occupant’s comfort. Compared to static external shading, 
dynamic external shading systems provide additional user control to respond to yearly and daily change in 
solar angle profiles thus increasing visual and thermal comfort of the occupants. This study, reports on an 
Operable Shading Screen (OSS) application with variable perforation and geometry. The OSS prototype is 
composed of operable screen panels that fold to function as light-shelves as well as adjust to different solar 
altitude angles. This operability of the screens allow for a dynamic system that can be configured in response to 
changes in climatic conditions. The system’s performance was assessed and designed by utilizing dynamic 
parametric simulations using IESVE software and a full-scale prototype on a south-facing test cell of the 
Façade Integrated Technologies (FIT) testing facility at the University of Oregon, Eugene, Oregon, USA (http:// 
aaa.uoregon.edu). The experimental design tested various parameters, including perforation ratios, 
geometrical patterns, depth, degree of opening and operability. “Open” and “Closed” conditions of the OSS 
were compared with a base-case(non-shaded) test cell to measure solar gains, glare, daylight distribution and 
reduction in surface temperatures on the glass façade. The OSS with 30% perforation ratio and half inch 
thickness successfully reduced the area with excessive daylight by 68-74% with respect to that in the 
base case. The “Closed” condition of the façade is successful in managing glare. The “Open” condition has the 
potential to maintain “nominally acceptable” daylight levels as per LM-83 criteria. The dynamic nature of the 
OSS can help achieve a balance between maintaining daylight levels and controlling glare. 

Keywords: Operable Shading Screens (OSS), External Dynamic Façade Shading Typologies, Perforation Ratio 
(PR), Visual Comfort 

Introduction 

Compared to internal façade shading, external shading systems is more effective in 
controlling excessive solar heat gain (Wienold et. al, 2011). These external screens lead to 
a reduction in a building’s operational energy consumption and better indoor comfort. For 
the last few decades researchers have proved the impacts of external shading devices 
on the energy savings in commercial buildings for different climates (Palmero Marrero 
et.al, 2010; Bellia L. et. al 2013; Lau et. al, 2016). In addition to energy savings, these 
studies also show that when properly designed the energy savings can be coupled with 
adequate daylight distribution and glare management in perimeter zones of 
commercial office spaces. Furthermore, some of these studies have compared the 
performance of dynamic shades to static ones (Nielsen et. al, 2011; Weinold et. al, 
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2011) or compared the performance of different dynamic typologies against each other 
(Elzeyadi et. al, 2016). Rarely are dynamic shading systems composed of mixed 
typologies and patterns been evaluated or monitored for their performance. This study 
investigated the performance of an Operable Shading Screen (OSS) with multiple 
geometries and perforation percentages. The performance analysis included computer 
simulations as well as a full-scale prototype monitoring. Daylight distribution and glare 
studies were conducted in order to focus on the resulting visual comfort aspect of the 
indoor environmental quality. 

Literature	Review	

Shading screens are integral parts of building facades in the historic buildings of 
South-East Asia, Middle East and North Africa. A series of studies conducted on static 
shading screens in Egypt, found that a solar screen that has wide horizontal openings 
(aspect ratio of 18:1) proved to be successful in the north and south orientations. The 
screen that is at an angle along its vertical axis while having small size openings 
(aspect ratio of 1:1) proved to be more successful in the east/west orientations. This 
application resulted in 66–97% “daylit” areas in the tested spaces and reduced energy 
consumption of the residential building to 25% (Sabry et al, 2014). 

Batool and Elzeyadi (2014) tested the performance of massive and patterned 
shading screens application (“Jali") with 30%-50% perforation ratio, on the south, east 
and west facades of an office building façade in Lahore, Pakistan to achieve an optimised 
performance by balancing energy savings and daylight availability. They found that 
“Jali” screens with 50% perforation ratio and an inch of screen thickness (1:1 perforation 
to depth ratio) achieved the best performance with respect to energy savings and day 
lighting. 

The studies discussed above, have investigated the performance of static shading 
screens through computational simulations and field studies. Understanding the 
performance of external operable/dynamic shading screens should be the step ahead. 
Moreover, these studies have been conducted in cooling dominated climate zones; it will 
be interesting to research a shading screen application in a heating dominated climate. 
Research has proved that application of external static shading systems may lead to a 
higher building energy demand in heating dominated climate zones (Palmero-Marrero et 
al, 2010). However the performance analysis of external dynamic shading systems in 
heating dominated climate zones has proved its benefit in reducing building energy 
demands in the perimeter zones of office spaces (Tzempelikos et al , 2007). 

Previous studies on dynamic shading systems have focused on the performance of 
external operable louvers or roller shades (Reinhart et. al, 2003; Tempelikos et. al, 
2007; Hammad et. al, 2010; Yao et. al, 2013). Research on dynamic shading screens 
would be an advancement that touches upon the building performance with respect to 
façade aesthetics and outdoor views, while studying its impact on energy consumption, 
daylight availability, thermal, and visual comfort. 

Research	Methods	

The study employed a 2x2 experimental design comparing the performance of the 
“Closed” and “Open” conditions of the OSS with the base case (non-shaded) condition 
in test cells. Different perforation ratios, screen depth/thickness, shade positions (open 
and closed) of the OSS on a clear glass façade (with glazing transmittance of 0.8%) 
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were studied under clear sky and sunny sky conditions on extreme summer and winter 
days. These variables were manipulated to study solar gains, daylight distribution, and 
glare management. Results were analysed to inform the movement of the OSS. 

A mixed-methods approach of computational simulation using IES-VE software and 
full-scale prototype testing using the FIT facility at the University of Oregon was 
employed. The OSS full scale prototype application was observed during the extreme 
winter days in Eugene in 2016. The system was inefficient in controlling glare (Figure 4). 
In the following step, the OSS with a denser perforation ratio and more thickness was 
modelled and simulated in IES-VE simulated environment. 

Prototype	details 

Based on the results from the shading screen study by Batool and Elzeyadi (2014), a 
perforation ratio of 50% was targeted for the OSS prototype. However, the variable 
geometric patterns allowed for a perforation ratio of 40-45%. The OSS prototype was 
designed and fabricated out of 1/8” plywood. 2’ x 2’plywood screen panels were 
supported by a wooden frame. This system was installed on one bay of the south façade 
on the second floor of the FIT facility at University of Oregon, Eugene, USA in December 
2016. The 6’ (height) x 4’ (width) part of glazing above lintel was shaded by the 
prototype. The 2’ x2’ panels of the prototype could be manually operated by folding. 
With the consideration that the screens would be installed on office building facades, 
its operability was designed to offer views addressing the occupant’s seated and 
standing positions 

Figure 1. Fabricated OSS Figure 2. OSS Installed 
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Figure 3. “Open” and “Closed” conditions related to viewing positions 

Figure 4. Glare observed 

Figure 5. Test cells in IES-VE with “Closed condition”(left) “Open condition” (right), with 30% perforation ratio 

Simulated	model	details	

Initial observations of the prototype performance, revealed that OSS with 40-45% 
Perforation Ratio and panel thickness of 1/8” failed to manage glare within the field of 
vision of a viewer standing at a distance of more than four feet from the window. In the 
study by Batool and Elzeyadi (2014), screens with 30% perforation ratio performed the best 
in managing glare. Based on these results, in the following stage, a digital model of the 
prototype with perforation ratio and panel thickness of 30% and 1⁄2” respectively was 
modelled and simulated in IES-VE, simulation environment. Three different test cells of 
20’(wide) x 30’ (depth) were modelled for “Open”, “Closed” and base case conditions 
respectively. 

30%

Closed 

Open 
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Results	and	Discussion	

The solar insolation values from the simulated results for both the OSS positions (open and 
closed) showed a decrease within a range of 8-9% in summer and 3-4% in winter compared 
to the base case.  

Daylight distribution was analysed using dynamic daylighting indices of spatial daylight 
autonomy (sDA) and daylight autonomy (DA) values. The sDA values were used to 
determine whether the day lighting levels achieved in the space were “preferred” or 
“nominally acceptable” as per the LM-83 criteria. The DA values above the threshold of 300 
lux were simulated to understand effectiveness of the OSS in reducing excessive daylight 
levels.  

The sDA values indicate that the light levels achieved in the test cells after the OSS 
application do not fall within the “preferred” (75%) and “nominally accepted” (55-74%) light 
levels required by LM-83. On the other hand, the DA values during noon on extreme 
summer and winter days shows the potential of the OSS in removing excessive illuminance 
levels, that causes visual discomfort/glare.  

Closed Open Base Case 
Figure 6. Spatial daylight autonomy values. Green areas indicate the areas of the space that receive more than 

300 lux light levels for atleast half of the annual analysis hours (8:00 am to 6:00 pm) 

13.92% 31.21% 53.53% 11.81% 21.09% 36.59% 

Closed Open Base Case Closed Open Base Case 

Figure 7. Daylight availability in December (left) and June (right) under sunny sky condition at noon. Green 
rendered areas show areas that achieve higher than 300 lux daylight levels 

The viewpoint of analysis was analogous to that of a person standing in the right 
corner of the test cell at a distance of 20’ from the window. Falsecolor luminous 
renderings of “Closed”, “Open” and base case conditions were analysed for 9:00 am, 
12:00 pm and 3:00pm for extreme summer and winter days (21st December and June). The 
highest contrast in the vertical luminance values was observed during winter days and 
summer noon. The variable perforation and geometry of the OSS eliminated large patches 
of areas that created a noticeable contrast in the vertical luminance values. The results 
obtained showed that the OSS prototype was successful in managing glare.  

33.82% 47.06% 74.87%
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Figure 8. Falsecolor Luminous Analysis of Glare for OSS under clear sky condition with 30%perforation ratio. 

Comparing the glare results of “Open” and “Closed” conditions of the OSS prototype 
it was observed that the “Closed” condition performed better in managing glare in the 
summer and winter. However, the “Closed” condition largely impacts the daylight levels. 
This analysis gives a direction for future investigation which can target a detailed glare 
(analysis using daylight glare probability (DGP) values)and daylight analysis (using both 
spatial daylight autonomy (sDA) and annual solar exposure (ASE) values). This analysis will 
inform movement control of the prototype. The challenge is to maintain daylight levels and 
simultaneously reduce glare. 

9:00	am	

9:00	am	

12:00	pm	

December	

12:00	pm	

3:00	pm	

3:00	pm	

Open	

Closed	

Open	

Closed	

June	
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Figure 9. Falsecolor analysis of OSS under clear sky condition Base Case (Top), Optimum Condition (Bottom) 

Solar	Shading	Analysis	

The OSS with half inch thickness and 30% perforation ratio can intercept the summer 
solar radiation to reduce the solar gain from 39% in the base case to 30 to 31% in open and 
closed conditions. During winter, the solar gains reduce from 41% in the base case to 37 to 
38% in open and closed conditions. Having thicker (than half inch simulated) top panels of 
the OSS might lead to more increase in the reduction of summer solar gains 

Conclusions	

The project was a preliminary attempt in understanding an impact of a dynamic 
shading system with variable perforations and geometries on daylighting distribution, 
glare management, and solar heat gains reduction. The “Open” condition of the OSS has 
the potential to maintain DA values within the “nominally acceptable” range of 55-74% 

9:00	am	 12:00	pm	 3:00	pm	

June	

December	

June	

Closed

Closed

Closed

Closed

Closed

Closed
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and the “Closed” condition has the potential to manage glare. The initial findings suggest 
that such systems have a greater potential than static shading systems as well as uniform 
perforation systems. Due to the limitations in this study, variability of patterns geometry 
was only kept to perforation ratios. Future studies can investigate variability in 
perforation patterns,	 depth/thickness, and material compositions. 

It was the goal of this study to test the feasibility of employing computer modelling 
and simulation to test the performance of dynamic shading systems and comparing them 
to field observations. The intent was to use the analysis to inform/guide the occupant 
control of the shade movement. The hope is to spur future application and replication 
studies of the methods employed to future facades and shading prototypes in different 
climate zones and in green buildings of the future. 
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Abstract:	This	paper	reports	seasonal	difference	in	light	exposures	and	health	and	wellbeing	indicators	as	well	
as	predictors	of	sleep	quality	parameters	in	care	home	dwelling	older	adults.	The	quality	of	lighting	in	the	indoor	
environment	can	impact	upon	the	health	and	wellbeing	of	building	occupants.	For	older	adults	in	care	homes	
poor	 light	exposure	has	been	attributed	to	disruptions	 in	 the	sleep/wake	cycles.	The	repeat	measure	design	
explored	personal	illuminance	and	blue	spectral	irradiance	exposure	and	sleep/wake	patterns	in	older	adults	in	
two	seasons	(n=16).	The	cohort	was	assessed	across	a	suite	of	health	and	wellbeing	indicators.	Statistical	analysis	
included	a	paired	means	test	 to	detect	changes	over	 time	and	an	exploratory	analysis	of	predictors	of	sleep	
parameters.	 Light	 exposures	 and	daytime	physical	 activity	were	 significantly	 different	 between	 seasons	 (i.e.	
these	were	higher	 in	 summer).	Morning	blue	 light	 exposure	 (a	predictor	of	 total	 night-time	 sleep),	 daytime	
activity	level	(a	predictor	of	sleep	efficiency)	and	visual	function	(a	predictor	of	minutes	awake	during	the	night)	
may	contribute	to	sleep	quality.	This	paper	presents	insights	into	the	limited	amount	of	light	exposure	in	older	
adults	and	architectural	characteristics	that	that	could	serve	to	promote	health	and	wellbeing.			
	
Keywords:	daylight,	sleep/wake,	circadian	rhythms,	physical	activity,	wellbeing	

Background	

Humans	have	evolved	under	a	diurnal	cycle	of	bright	light	from	daylight	to	darkness,	which	
keeps	circadian	rhythms	in	synchronicity.	Adequate	light	exposure	has	been	reported	as	the	
strongest	cue	in	regulating	and	synchronising	circadian	rhythmicity	(Foster,	2010).	Exposure	
to	light	for	circadian	synchronisation	is	likely	to	differ	with	age.	Turner	and	Mainster		(2008)	
reported	that	a	person	at	age	75	requires	three	times	as	much	light	as	that	of	a	45	year	old	to	
elicit	the	same	circadian	response.	Research	investigating	light	exposures	in	a	natural	setting	
have	suggested	 inconsistency	 in	 illuminance	 level	and	blue	spectral	 irradiance,	particularly	
across	seasons	and	age	groups	 (Thorne	et	al.,	2009).	Evidence	exists	 to	suggest	 that	older	
adults	residing	in	residential	care	homes	may	be	exposed	to	very	low	levels	of	 illuminance	
and	 spend	 short	durations	exposed	 to	bright	 light.	 This	has	been	attributed	as	a	 cause	of	
circadian	misalignment	(De	Lepeleire	et	al.,	2007;	Sinoo,	van	Hoof	and	Kort,	2011).	
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The	architectural	design	and	specifically	the	lighting	requirements	within	the	care	home	
environment	have	been	associated	with	changes	in	health	parameters,	such	as	sleep	quality	
(Ancoli-Israel	et	al.,	1994;	Espiritu	et	al.,	1994;	Shochat	et	al.,	2000).	Poor	light	exposure	and	
insufficient	lighting	design	can	add	to	the	disruption	of	the	sleep/wake	cycle	in	older	adults,	
in	particular	those	living	with	cognitive	impairments	(Shochat	et	al.,	2000;	Sinoo,	van	Hoof	
and	 Kort,	 2011).	Natural	 changes	 in	 light	may	 also	 be	 responsible	 for	 alterations	 in	 sleep	
patterns	–	for	example	seasonal	changes	is	light	from	long	bright	summer	days	to	dark	short	
winter	days	in	northern	latitudes	countries	(Paul	et	al.,	2015).			

It	 is	 well	 documented	 that	 the	 human	 circadian	 system	 is	 most	 sensitive	 to	 short-
wavelength	 light	 (450-500nm),	 i.e.	 the	blue	part	of	 the	visible	spectrum,	and	 that	 the	eye	
facilitates	the	communication	of	light	information	to	the	area	of	the	brain	where	the	body	
clock	oscillates	(Lockley,	Brainard	and	Czeisler,	2003;	Brainard	et	al.,	2008;	Gooley	et	al.,	2010).	
The	human	eye	facilitates	the	‘non-visual’	pathway	to	the	circadian	system	in	the	brain	and	
contains	 light-sensitive	 cells	 (intrinsically	 photosensitive	 retinal	 ganglion	 cells	 or	 ipRGC)	
(Hattar	 et	 al.,	 2002).	 Research	 has	 demonstrated	 the	 eye	 changes	 with	 ageing,	 this	 is	
characterised	 by	 a	 narrowing	 pupil	 and	 yellowing	 lens	 (Hughes	 and	 Neer,	 1981).	 As	 a	
consequence	the	transmission	of	light	is	impeded	through	the	eye	to	vital	non-image-forming	
light	 sensitive	 cells	 (Kessel	 et	 al.,	 2010).	 What	 is	 also	 understood	 is	 the	 ability	 for	
yellow/orange-tinted	 lenses	to	block	blue	 light	wavelengths,	which	happens	naturally	with	
increasing	age	(Sasseville	et	al.,	2006;	Turner	and	Mainster,	2008).	Blocking	these	vital	blue	
light	wavelengths	may	hinder	circadian	entrainment	and	contribute	to	a	fragmented	sleep	
pattern.	Therefore,	reduced	light	stimulus	to	the	circadian	system	would	indicate	that	lighting	
requirements	are	likely	to	differ	across	the	life	span	(Turner	and	Mainster,	2008).	

This	research	is	one	of	the	first	to	present	continuous	objective	measures	of	sleep/wake	
and	light	exposure	patterns	and	measure	visual	function	in	older	adults	living	in	a	residential	
care	home	setting.	The	aim	of	this	research	was	to	investigate,	in	two	seasons,	personal	blue	
light	exposure,	illuminance	levels	and	health	variables	(i.e.	sleep/wake	cycle,	daytime	physical	
activity	 level,	cognitive	ability	and	visual	function).	 	The	following	research	questions	were	
investigated	(1)	what	are	the	seasonal	differences	in	sleep/wake,	activity,	mental	wellbeing	
and	 cognitive	 ability,	 	 (2)	 what	 are	 the	 seasonal	 differences	 in	 blue	 light	 irradiance,	
illuminance	 level	 and	duration	 in	 thresholds,	 and	 (3)	What	are	 the	potential	predictors	of	
sleep	quality	parameters,	measured	by	total	sleep	time,	sleep	efficiency	and	wake	after	sleep	
onset?		

Methods	

Participants	were	 recruited	 from	 six	 care	homes	 across	 central	 Scotland.	A	 visual	 aid	was	
developed	to	communicate	the	study	protocol	and	commitment	required	(Nioi,	2016).	Each	
participant	gave	written	consent	with	additional	written	consent	acquired	from	next	of	kin.	
In	total	20	participants	in	summer	(male=3,	female=17)	and	16	participants	repeated	this	in	
winter	(male=3,	female=13).	The	reduced	participant	numbers	in	winter	were	accounted	for	
by	1	participant	who	passed	away,	2	withdrew	 from	the	process,	and	a	 lost	dataset	 for	1	
further	participant	during	download.	For	the	purposes	of	the	within	group	analysis	the	repeat	
16	participants	datasets	were	used.		
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Sleep/wake	and	physical	activity	

The	sleep/wake	cycle	was	monitored	using	the	Philips	Respironic	Actiwatch.	This	is	a	wrist-
mounted	sensor,	worn	like	a	watch	that	records	sleep/wake	and	activity	movements	(Nioi,	
2016).	

Health	and	wellbeing	indicators	

The	following	health	and	wellbeing	indicators	were	assessed.	A	full	description	of	these	can	
be	sourced	in	Nioi,	2016	and	Nioi	et	al.,	2017.		

1. The	Pittsburgh	Sleep	Quality	Index	(PSQI),	(Buysse	et	al.,	1989)	evaluated	the	sleep	status	
over	the	 last	month.	This	 is	a	self-rated	measure	consisting	of	19	 items	generating	a	7	
component	 score	 (i.e.	 duration	 of	 sleep,	 sleep	 disturbance,	 sleep	 efficiency,	 daytime	
dysfunction	due	to	lack	of	sleep,	medication,	etc.).	The	sum	of	these	scores	yields	1	global	
score,	i.e.	total	sleep	quality.	A	score	of	<5	is	classed	as	good	sleep	quality	and	a	score	of	
>5	is	classed	as	poor	sleep	quality.	

2. The	Mini	Mental	State	Exam	(MMSE),	(Folstein,	Folstein	and	McHugh,	1975)	was	used	as	
an	initial	screening	for	potential	cognitive	impairment.			

3. Deary-Liewald	Cognitive	Reaction	Time	test	(Deary,	Liewald	and	Nissan,	2011).	This	is	a	
computer-based	 assessment	 conducted	 on	 a	 laptop	 computer.	 Participants	 were	
instructed	to	press	any	key	to	start	the	test.	The	computer	screen	presents	a	white	box	in	
the	centre,	within	which	a	black	X	appears.	The	aim	was	to	press	any	key	again	when	they	
saw	the	X	appear	to	make	it	disappear.	This	was	repeated	for	20	counts	and	recorded	in	
milliseconds.		

4. Warwick	Edinburgh	Mental	Wellbeing	Scale	(WEMWBS),	(Tennant	et	al.,	2007).	This	is	a	
14-item	 scale	 that	 covers	 both	 hedonic	 (pleasure)	 and	 eudaimonic	 (meaning	 and	 self-
realization)	aspects	of	mental	health.	

5. Visual	 function	 -	 participants	 completed	 a	 set	 of	 visual	 function	 tests	 selected	 by	
ophthalmologists.	The	first	assessment	was	the	Bailey	and	Lovie	LogMAR	visual	acuity	test	
(Bailey	and	Lovie,	1976).	This	is	a	test	of	the	sharpness	of	central	vision	and	the	ability	to	
see	 fine	 details.	 The	 second	 measure	 was	 the	 Pelli-Robson	 test	 to	 measure	 contrast	
sensitivity	(Pelli,	Robson	and	Wilkins,	1988).	Contrast	sensitivity	is	the	visual	ability	to	see	
objects	that	may	not	be	outlined	clearly	or	that	do	not	stand	out	from	their	background.		

Light	exposure	

There	are	three	key	light	variables	under	exploration,	(1)	mean	illuminance	levels	and	mean	
blue	spectral	 irradiances	over	a	time-period	(morning	(8:00-12:00),	whole	day	(8:00-18:00)	
and	evening	(18:00-22:00),	(2)	durations	spent	in	illuminance	thresholds,	and	(3)	durations	
spent	in	blue	spectral	irradiance	thresholds	(Nioi,	2016).		

Protocol	

A	repeated	measures	design	was	used	to	explore	sleep	parameters	and	health	and	wellbeing	
outcomes	 in	 the	 sample	 between	 two	 seasons	 (summer	 and	 winter),	 in	 relation	 to	
environmental	 blue	 light	 exposure	 and	 illuminance	 levels.	 Sleep/wake	 and	 personal	 light	
exposure	patterns	were	monitored	for	4	days.	Participants	wore	two	body-mounted	sensors,	
(1)	wrist	capturing	sleep/wake	and	activity	levels,	and	(2)	lapel	capturing	light	exposure	on	
the	vertical	plane	more	representative	of	light	incident	at	the	eye.	
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Data	analysis	

Data	analysis	was	carried	out	using	SPSS	21.	A	within	group	Wilcoxon	signed-rank	test	was	
used	 to	detect	 changes	over	 time.	A	new	 form	of	 high	dimensional	 regression	modelling,	
known	as	Correlated	Component	Regression	(CCR)	(Magidson,	2013),	 	was	used	to	explore	
potential	predictors	of	sleep	quality	parameters	-	i.e.	could	light	exposure	level,	duration	of	
exposure	 or	 health	 and	wellbeing	 covariates	 predict	 sleep	 quality	 outcomes.	 	 CCR	 allows	
regression	modelling	to	be	carried	out	on	small	samples	and,	specifically,	can	be	used	when	
the	number	of	predictors	(P)	exceeds	the	number	of	cases	(n),	thus	addressing	the	problem	
of	collinearity	(i.e.	predictor	variables	which	have	a	moderate	to	high	correlation	with	one	
another)	with	a	focus	on	out	of	sample	prediction	(i.e.	uses	existing	data	to	forecast	future	
relationships).		

Results	

Results	are	illustrated	in	Figures	1-3	box	plot	and	whisker	diagrams.	The	box	represents	the	
range	of	scores,	the	dark	line	across	the	box	is	the	median	score	and	the	whiskers	represent	
the	maximum	and	minimum	scores.	

Seasonal	differences	in	sleep/wake,	physical	activity,	mental	wellbeing	and	cognitive	ability		

Daytime	physical	activity	(Figure	1)	was	significantly	higher	in	summer	(mean=454	average	
active	count)	than	 in	winter	 (mean=174	average	active	count)	 indicating	participants	were	
more	 active	 during	 the	 summer	 season	 (Z=-3.51,	 p<0.00).	 Results	 suggested	 a	 significant	
difference	 between	 visual	 acuity	measured	 in	 the	 right	 eye	 between	 summer	 (mean=.39	
logMAR)	 and	winter	 (mean=.54	 logMAR)	 indicating	 visual	 acuity	 decreased	 from	 the	 first	
measurement	(Z=-2.44,	p=0.05).	No	other	health	and	wellbeing	indicators	were	significantly	
different.		
	
	
	
	
	
	
	
	
	
	
	
	

	

	

Seasonal	differences	in	blue	light	irradiance,	illuminance	level	and	duration	in	thresholds	

Morning	blue	light	exposure	(Z=-3.00,	p=0.03)	and	morning	illuminance	level	(Z=-2.98,	p=0.04)	
were	both	 significantly	 higher	 in	 summer	 (Figures	 2	 and	3).	Duration	 spent	 in	bright	 light	
of	 >1000	 lux	was	 significantly	 longer	 in	 summer	 (mean=46	minutes)	 compared	 to	winter	
(mean=3	minutes),	(Z=-2.91,	p=0.04).	The	corresponding	blue	light	threshold	of	>100	μW/cm2	

was	also	significantly	different	between	seasons	(Z=-2.66,	p<0.00).	In	summary,	there	was	a	

Figure	1.	Daytime	physical	activity	in	two	seasons		
(Summer	M=454	average	active	count	and	winter	M=174	average	active	count)	
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significant	 difference	 in	 all	 light	 and	 threshold	 duration	measures	 –	 including	 blue	 light	 –	
between	seasons.	

	

	

	

	

	

	

	

	

	

Predicting	sleep	quality	parameters	using	high	dimensional	regression	modelling	

The	CCR	results	are	represented	in	Tables	1-3	and	should	be	interpreted	in	the	following	way.	
In	each	table	under	‘fit’	there	is	a	report	of	the	R2	values,	i.e.	the	total	variance	in	the	model.	
The	standard	coefficients	for	each	tuning	parameter	of	correlated	component	(K)	are	listed	
below.	The	predictors	(P)	and	the	corresponding	standard	coefficient	for	each	are	reported	in	
rank	 order.	 The	 effect	 size	 quantifies	 the	 strength	 of	 the	 relationship	 between	 variables.	
Cohen	(1988)	suggests	the	following	effects	for	standard	coefficients,	0.2	is	considered	small,	
0.5	moderate	and	0.8	as	large.		
	
(1) Total	sleep	time	(i.e.	 the	total	 time	within	each	rest	 interval	scored	as	sleep)	was	best	

predicted	by	morning	blue	light	exposure	(0.02),	with	a	small	effect	size	of	R2=0.10	(Cohen	
1988),	for	a	sample	of	20.		

	
Table	1.	Predictors	of	total	sleep	time	

Fit	 Training	 Cross-Validation	 SE	
R2	 0.00	 0.10	 0.08	
Std.	Coefficient	 	 	 0.02	
Predictors	 Std.	Coefficient	 	 CC1	
Mean	morning	blue	light	exposure	 0.02	 	 1	
	
(2) Sleep	efficiency	(i.e.	the	percentage	of	time	in	bed	actually	sleeping)	was	predicted	by	(in	

rank	order)	daytime	physical	activity	(0.40)	and	visual	acuity	(-0.29),	with	a	small	effect	
size	of	R2=0.04	(Cohen	1988).		

Table	2.	Predictors	of	sleep	efficiency	
Fit	 Training	 Cross-Validation	 SE	

R2		 0.20	 0.04	 0.02	
Std.	Coefficient	 	 0.47	 0.03	
Predictors	 Std.	Coefficient	 CC1	 CC2	
Daytime	physical	activity	 0.40	 0.92	 -0.79	
Visual	acuity	right	eye	 -0.29	 0.57	 0.49	

Figure	3.	Morning	(8:00-12:00)	blue	light	exposure	
(Summer	M=24	μW/cm2	and	winter	M=3	μW/cm2)		
 

Figure	2.	Morning	(8:00-12:00)	illuminance	level		
(Summer	M=466	lux	and	winter	M=65	lux)		
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(3) Wake	after	sleep	onset	(i.e.	 the	number	of	minutes	awake	during	the	sleep	cycle)	was	
predicted	by	 (in	rank	order),	contrast	sensitivity	 (-0.14)	and	visual	acuity	 (0.27),	with	a	
small	effect	size	of	R2=0.02	(Cohen	1988).		
	

Table	3.	Predictors	of	wake	after	sleep	onset	
Fit	 Training	 Cross-Validation	 SE	
R2	 0.24	 0.02	 0.01	
Std.	Coefficient	 	 0.83	 0.62	
Predictors	 Std.	Coefficient	 CC1	 CC2	
Contrast	sensitivity	left	eye	 -0.14	 -0.06	 -0.17	
Visual	acuity	right	eye	 0.27	 0.02	 0.28	

	

Discussion	

These	results	indicated	that	older	people	had	low	blue	light	exposure	and	illuminance	levels	
in	 both	 seasons,	 with	 this	 being	 markedly	 lower	 in	 winter.	 Similarly,	 participants	 spent	
significantly	longer	durations	in	bright	light	during	summer	compared	to	winter.	This	may	be	
expected,	as	daylight	 is	more	plentiful	 in	northern	 latitudes	during	the	summer.	However,	
intensity	and	durations	in	bright	light	were	very	short	in	both	seasons.	The	findings	here	are	
consistent	with	previous	work	that	indicated	care	homes	may	be	poorly	lit	and	time	spent	in	
bright	light,	particularly	daylight,	is	curtailed	in	older	people	(De	Lepeleire	et	al.,	2007).	This	
has	important	implications	for	the	wellbeing	of	older	people,	for	building	and	lighting	design	
and	care	policy.		

The	key	findings	were	the	low	levels	of	physical	activity	in	both	summer	and	winter	and	
low	blue	light	exposure.	Previous	studies	have	categorised	sedentary	behaviour	as	an	<100	
physical	activity	counts	(van	Alphen	et	al.,	2016).	The	results	in	this	current	study	suggest	that	
activity	levels	in	the	winter	sample	were	very	low	(174	active	counts),	indicating,	on	average,	
participants	had	reduced	levels	of	daytime	physical	activity.	This	 is	further	evidence	of	the	
growing	need	to	boost	physical	activity	in	older	adults	(particularly	in	the	winter	period)	with	
the	potential	to	improve	blue	light	exposure	and	sleep	quality.	

In	estimating	predictors	of	sleep	quality	parameters,	this	study	provides	evidence	of	key	
factors	influencing	sleep	and	the	importance	in	determining	light	exposure	levels	as	well	as	
daily	routine.	In	summary,	these	were	(1)	timing	of	light	(i.e.	morning	light	exposure,	a	crucial	
in	regulating	sleep),	(2)	daytime	physical	activity	level	and	(3)	the	health	of	the	visual	system.	
A	principal	element	 in	 this	 study	was	 reporting	visual	 function	as	an	 influence	upon	sleep	
quality.	 It	demonstrates	that	future	research	must	explore	the	impact	of	the	health	of	the	
visual	 system	 in	 relation	 to	 designing	 appropriate	 lighting	 environments	 for	 older	 people	
living	in	a	care	home	setting.	

Objective	measures	of	sleep	quality,	as	measured	by	the	actiwatch	(e.g.	total	sleep	time,	
sleep	onset	latency,	wake	after	sleep	onset,	sleep	efficiency,	wake	up	time	and	bedtime)	did	
not	 differ	 significantly	 between	 seasons.	 Similarly,	 there	were	 no	 statistical	 differences	 in	
cognitive	function	tests	or	mental	wellbeing.	Reasons	why	there	were	no	observed	statistical	
differences	in	sleep	outcomes	or	other	health	and	wellbeing	measures	could	be	due	to	the	
small	sample	size	and	exploratory	nature	of	this	research.		Confounders	that	may	have	limited	
the	 study	 include,	 medication	 use,	 nursing	 routine,	 diet	 choices	 and/or	 life	 events	 (e.g.	
passing	of	other	residents/family	members).	In	future	studies,	with	larger	numbers,	collecting	
this	information	would	help	better	understand	health	and	wellbeing	indicators	in	older	adults.	
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Analysing	human	biomarkers	 (such	as	circadian	rhythmicity,	hormonal	concentration	
profiles	etc.)	and	their	association	with	the	built	environment	will	help	create	healthier	indoor	
environments,	in	particular,	for	those	with	reduced	mobility	and	limited	time	outdoors.	The	
implications	 for	practice	are	 far	 reaching.	For	example,	post-wake	exposure	to	bright	 light	
helps	synchronise	the	body	clock	and	entrain	the	24-hours	circadian	pattern.	Therefore,	 it	
would	be	advantageous	to	maximise	this	in	the	daily	routine	of	older	adults	–	e.g.	increasing	
time	outdoors	in	the	morning	hours.		Conversely,	reducing	light	exposure	at	night-time	will	
aid	 the	 production	 of	 melatonin	 (the	 sleep	 hormone).	 This	 can	 be	 achieved	 by	 fitting	
bedrooms	with	 heavy	 curtains	 or	 blackout	 blinds	 to	 exclude	 light	 pollution	 from	 external	
sources	(i.e.	bright	light	in	summer	or	excessive	light	from	street	lighting).	

Spatial	 orientation	 of	 the	 building	 layout	 is	 crucial	 in	 achieving	 appropriate	 daylight	
exposure.	Where	possible	rooms	ought	to	face	the	required	circadian	direction	-	e.g.	east	or	
south/east	bedrooms	gaining	morning	light	exposure.	Similarly,	the	positioning	of	furniture	
towards	windows	with	a	stimulating	view	would	be	helpful	for	both	circadian	entrainment	
and	for	general	wellbeing	(Kaplan,	2001).	Architectural	designs	should	always	facilitate	easy	
access	to	outdoors,	be	these	gardens,	balconies	or	terraces.	There	is	no	substitute	for	time	
outside	in	daylight	to	help	circadian	entrainment.	This	brings	additional	health	and	wellbeing	
benefits,	 such	 as	 exposure	 to	 fresh	 air	 and	 is	 the	 primary	 source	 of	 Vitamin	 D	 synthesis	
(Humble,	2010).	Beyond	light	as	a	synchroniser	access	to	other	environmental	cues	are	vital.	
Time	of	day,	ambient	air	temperature,	noise	and	acoustic	levels	all	play	a	role	in	entraining	
circadian	rhythms.	Creating	light	and	view	filled	destinations	in	rooms	would	facilitate	access	
to	these.			

In	conclusion,	the	findings	suggested	that	light	exposure	and	health	outcomes,	such	as	
physical	 activity	 and	 visual	 function	 could	 be	 responsible	 for	 sleep	 quality.	 This	 has	
implications	for	design	and	health	interventions	promoting	wellbeing.		
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Comparing	the	Effects	of	Daylight	Illuminance	and	Solar	Radiation	on	
Students'	Spatial	Behaviour	in	Campus'	Outdoor	Spaces	
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Abstract:	This	paper	tries	to	clarify	the	impact	of	natural	light	on	students'	stationary	behaviour	and	their	spatial	
distribution	within	campus’	courtyards	at	a	hot	arid	 region.	Students’	behaviour	in	 two	similar	and	enclosed	
courtyards	 in	 Jordan	 University	 of	 Science	 and	 Technology	 were	 recorded	 during	 five	 weekdays	 using	 pre-
established	observation	protocols.	The	counts	and	spatial	location	of	students	were	compared	and	evaluated	in	
relation	to	climate-based	daylight	information	of	courtyards	during	the	same	space	occupation	hours.	Solar	and	
daylight	information	were	generated	through	computer	simulations	using	Grasshopper	in	Rhinoceros	simulation	
software.	Simulation	studies	 include	(1)	 illuminance	 levels	analysis	and	(2)	solar	radiation	analysis.	Statistical	
correlation	analysis	demonstrates	that	daylight	variables	can	impact	the	spatial	distribution	of	students	within	
the	courtyards.	Where	students	tend	to	locate	in	spaces	that	have	lower	levels	of	daylight	and	solar	radiation.	
This	 research	 methodology	 extends	 the	 use	 of	 simulations	software	 beyond	 research	 about	 daylight	 data,	
connecting	it	to	the	study	of	human	behaviour.	Since	the	study	relies	on	computer	simulation	rather	than	on	
direct	measurement	of	daylight	levels.	The	methodology	can	also	serve	as	a	useful	tool	during	early	stages	of	
designing	courtyard	spaces.		

Keywords:	Courtyard	design,	Students’	distribution,	Simulation,	Daylight,	Grasshopper	

Background	Information	

Environmental	 behavioural	 studies	 involving	 small-scale	 urban	 public	 spaces	 at	 campuses	
identified	 various	 spatial	 and	 environmental	 factors	 associated	 with	 students’	 spatial	
behaviours.	 For	 example,	 outdoor	 space	 layout	 configuration,	 types	 of	 movement	 and	
accessibility,	 spaces’	 visual	 qualities,	 the	 presence	 of	 seating	 spaces,	 and	 the	 presence	 of	
natural	elements,	such	as	trees	and	plants	(Abu-Ghazzeh,	1999,	Aydin	and	Ter,	2008,	Salama,	
2008,	Ünlü	et	al.,	2009).	However,	 in	designing	outdoor	environments,	 literature	indicated	
the	 significant	 of	 understanding	 the	microclimate	 conditions	 of	 a	 certain	 environment	 in	
determining	the	design	of	outdoor	spaces	(Almhafdy	et	al.,	2013,	Nikolopoulou	et	al.,	2001).	
Studies	also	indicated	the	importance	of	daylight	as	a	major	factor	that	influence	occupants’	
perception	 and	 acceptance	 of	 spaces	 (Jamaluddin	 et	 al.,	 2015).	 Daylight	 can	 improve	
individuals’	 well-being,	 increase	 their	 performance	 and	 productivity,	 and	 improve	 their	
satisfaction	towards	designed	spaces.		

Among	the	architectural	design	components,	the	courtyard	seems	to	have	drawn	the	
attention	of	many	designers	and	used	it	in	different	buildings	in	all	the	climatic	regions	due	
to	its	numerous	environmental,	social,	economic,	and	sustainable	benefits	(Almhafdy	et	al.,	
2013,	Taleghani	et	al.,	2012).	Courtyards	are	also	used	as	a	daylight	design	strategy	to	increase	
daylight	penetration	and	distribution	into	interior	spaces.	Literature	related	to	the	daylight	
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performance	 of	 courtyards	 mainly	 examines	 inter-courtyard	 sun-shadow	 relations,	 and	
formal	configurations	(Littlefair,	2002,	Calcagni	and	Paroncini,	2004).	

Studies	on	evaluating	courtyard	usage	and	the	spatial	behaviours	of	its	users	in	respect	
to	daylight	distribution	in	courtyard	space	at	the	hot-dry	climates	are	few.	In	this	regard,	this	
study	 investigates	 daylight	 qualities	 at	 two	 courtyard	 spaces	 in	 a	 university	 campus	 and	
evaluates	 the	 impacts	 of	 daylight	 on	 students’	 spatial	 behaviour.	 Two	 methods	 of	 data	
collection	were	employed	in	this	investigation:	behavioural	mapping	and	daylight	simulations.	
(1)	 Behavioural	mapping	 is	 a	 technique	 that	was	 developed	 by	 Ittelson	 (1970)	 to	 identify	
patterns	and	frequencies	of	human	behaviour	in	a	space	and	map	them	on	that	space	layout.	
Researchers	such	as	Whyte	(1980),		Marcus	and	Francis	(1998),	and	Gehl	(2011)	applied	this	
method	to	investigate	the	impact	of	physical	characteristics	of	places	in	relation	to	the	users’	
behaviour.	 While,	 (2)	 daylight	 simulations	 are	 a	 set	 of	 computer	 programs	 that	 were	
developed	 to	 simulate	 the	 lighting	 performance	 of	 places	 depending	 on	 their	 climatic	
information.	Based	on	these	simulations,	designers	can	evaluate	and	optimize	space’s	layout	
to	 improve	 daylight	 qualities	 inside	 it.	 Rhinoceros	 with	 its	 graphical	 algorithm	 editor	
Grasshopper	 is	 an	 architectural	modelling	 software	 that	was	 developed	 by	 David	 Rutten.	
Grasshopper	covers	a	broad	range	of	simulation	and	analysis	functions	(Rutten,	2012).	The	
software	is	used	in	this	research	to	conduct	daylight	simulations.		

Methodology		

The	research	methodology	includes	solar	and	daylight	simulations	for	the	selected	courtyards,	
onsite	 observation	 study,	 and	 statistical	 analysis.	 This	 study	 was	 carried	 out	 using	 two	
identical	courtyards	at	Jordan	University	of	Science	and	Technology	(Figure	1).		
	

											 	
																																																										A.	Courtyard																																																																																						B.	Courtyard	

	
Figure	1:	Courtyards	Under	Investigation		

	
The	courtyards	(A)	and	(B)	have	a	rectangular	open	form	with	an	area	of	2500	m2.	As	

Figure	(1)	illustrates,	courtyard	spaces	consist	of	grass	surfaces,	trees,	seating	spaces,	and	a	
centralized	fountain.	The	university	buildings	surround	the	courtyards	from	their	four	sides.		
The	two	courtyards	(A)	and	(B)	differ	in	their	orientation,	where	the	elements	of	the	courtyard	
(A)	are	at	opposite	locations	of	the	other	courtyard	(B).	All	simulation	had	been	conducted	in	
Irbid,	Jordan	(latitude;	31.9°	North,	longitude;	35.9	East).	In	Jordan,	the	daylight	is	available	
throughout	the	year	during	day	time.	
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The	dependent	variables	of	the	study	are	the	number	of	students	who	are	occupying	
the	 spaces	 and	 their	 static	 behaviours.	 The	 independent	 variables	 are	 illuminance	 levels	
measured	in	lux	and	solar	radiation	measured	in	kWh/m2.		

On-site	Observation	

Site	observations	were	conducted	during	five	days	in	the	summer	solstice	of	June	20th	to	June	
24th.		During	each	day,	observations	were	carried	out	from	8:00am	to	2:00pm	within	a	regular	
interval	of	30	minutes.	The	counts	of	students	and	their	locations	were	recorded	on	the	plan	
of	 each	 courtyard	 (Figure.2).	 Overall,	 12	 rounds	 of	 observations	were	 completed	 in	 each	
courtyard,	 and	 3867	 of	 the	 students’	 conditions	 and	 locations	were	 identified	 during	 the	
observation	period.	The	courtyards	were	divided	into	four	parts	in	order	to	record	patterns	
of	behaviour	across	each	zone	in	detail.		
	

	
	
	
	
	
	
	
	
	
	
	

																																																			A.	Courtyard																																																																																												B.	Courtyard	

	 																				 

Figure	2:	Recording	Students’	Behaviour	and	Position	during	Observations	
	

Computer	Simulation	

In	order	to	compare	the	effects	of	solar	and	daylight	conditions	on	students’	situations	in	the	
courtyards,	two	types	of	climatic	and	grid	based	simulations	were	conducted	in	Grasshopper	
software.	Simulations	include	illuminance	analysis,	and	radiation	analysis	as	shown	in	Figure	
(3)	 on	next	 page.	Grasshopper	open	 source	plugins	 Ladybug	 and	Honeybee	were	used	 to	
evaluate	the	daylight	performance.	Ladybug	imports	standard	EnergyPlus	weather	files	(.EPW)	
into	 Grasshopper	 and	 provides	 a	 variety	 of	 3D	 interactive	 graphics	 of	 tested	 variables.	
Honeybee	 perform	 daylight	 and	 environmental	 analysis	 using	 four	 validated	 simulation	
engines	-	specifically,	EnergyPlus,	Radiance,	Daysim	and	OpenStudio	(Roudsari	et	al.,	2013).		

Statistical	Analysis	

Using	IBM	SPSS	22	(SPSS,	2013),	correlation	analyses	were	performed	to	compare	the	effects	
of	 solar	 and	 daylight	 variables	 (solar	 radiation	 and	 illuminance	 levels)	 on	 the	 number	 of	
students’	who	were	occupying	courtyards	spaces	and	their	 locations.	Statistical	study	tests	
the	following	hypothesis:	Different	solar	and	daylight	variables	of	campus	courtyards	would	
show	 different	 but	 consistent	 relationships	 with	 students’	 aggregate	 numbers	 who	 are	
occupying	the	courtyard	spaces.	
	 	

	Students	Locations		Students	Locations	
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																											Courtyard	A	 																							Courtyard	B	

	 	
Illuminance	analysis	(Lux)	

	 	
Radiation	analysis	(kWh/m2)	

	

Figure	3:	Three	solar	and	daylight	Studies	using	Grasshopper	in	Rhinoceros	
	

The	Aggregate	Number	of	Students		

The	correlation	coefficients	 in	Table	(1)	 illustrate	significant	negative	correlations	between	
the	 total	 number	 of	 students	 existing	 in	 the	 courtyard	 and	 daylight	 measurements;	
illuminance	levels,	and	solar	radiation	(Pearson	r	=	-	0.636	and	-0.69	respectively).	Accordingly,	
any	 increase	 in	 the	 level	 of	 daylight	 falling	 on	 the	 courtyards’	 surfaces	 will	 decrease	 the	
number	of	students	occupying	the	courtyards.	Taking	gender	as	a	moderating	variable,	the	
analysis	shows	strong	negative	correlations	between	the	total	number	of	male	students	 in	
the	 courtyard	 and	 illuminance	 levels	 and	 solar	 radiation	 (Pearson	 r	 =	 -	 0.690,	 and	 -0.668	
respectively).	 The	 correlation	 coefficients	 also	 show	 strong	negative	 correlations	between	
courtyard	average	solar	radiation	and	the	number	of	 female	students	who	were	using	the	
courtyards	 (Pearson	r	=	 -	0.680).	The	statistical	analysis	noticeably	shows	that	 the	 level	of	
daylight	falling	on	the	courtyards’	surfaces	would	have	more	effects	on	the	number	of	male	
students	who	 are	 using	 the	 courtyards	 than	 female	 students.	 In	 contrast,	 the	 number	 of	
female	 students	 in	 the	 courtyards	 is	more	 influenced	by	 the	 solar	 radiation	 values	of	 the	
courtyards.			

Supporting	 Hypothesis-1,	 different	 courtyards’	 solar	 and	 daylight	 features	 show	
different	but	consistent	relationships	with	the	number	of	male	and	female	students	who	were	
using	 the	 courtyards.	 However,	 solar	 radiation	 values	 show	 stronger	 effects	 on	 female	
students’	numbers	comparing	to	male	students’	numbers.	Daylight	illuminance	values	show	
stronger	impacts	on	male	students	than	female	students.	
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Table	1:	Correlation	between	the	numbers	of	students	and	thermal	variables	
		 Illuminance		 Solar	Radiation	
	 Person	r	 Sig.(2-tailed)	 Person	r	 Sig.(2-tailed)	
Students’	Total	 -.636*	 .090	 -.696*	 .055	
Male	Students	 -.690*	 .058	 -.668*	 .070	
Female	Students	 -.580	 .132	 -.680*	 .064	

*.	Correlation	is	significant	at	the	0.1	level	(2-tailed).		**.	Correlation	is	significant	at	the	0.05	level	(2-tailed).	
	

Mapping	students’	locations	on	solar	radiation	and	daylight	illuminance	maps	

Statistical	correlation	analysis	showed	that	the	number	of	students	occupying	the	courtyards	
are	influenced	by	the	average	solar	radiation	and	daylight	illuminance	values	recorded	in	the	
courtyards.	Mapping	students’	locations	on	solar	radiation	and	illuminance	maps	show	that	
students	mostly	located	in	spaces	with	lower	solar	radiation	and	illuminance	values.	These	
spaces	 as	 shown	 in	 Figure	 (4)	 are	 either	 spaces	 close	 to	 the	 surrounding	 buildings	 of	 the	
courtyards	or	spaces	close	to	grass	surfaces	and	trees.		

	
																												A.	Courtyard	 																								B.	Courtyard	

	 	
Illuminance	analysis	(Lux)	

	 	
Radiation	analysis	(kWh/m2)	

																													
Figure	4:	Mapping	Students’	locations	on	microclimate	air	temperature	maps.		

The	surrounding	buildings	provided	shaded	spaces	 that	have	 lower	solar	 radiation.	
The	 surrounding	 buildings	 hinder	 light	 penetration	 into	 courtyard	 spaces.	 Similarly,	 the	
presence	of	trees	and	grass	surfaces	 lower	the	values	of	solar	radiation	of	the	courtyards.	
Therefore,	more	number	of	students	would	be	attracted	to	the	courtyards’	green	spaces.		
	 	

Students	locations		

Students	locations		Students	locations		

Students	locations		
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Discussion	and	Conclusions	

Studies	have	 identified	 some	critical	 design	elements	 that	 affect	 the	way	 that	people	use	
public	spaces.	There	are	several	physical,	climatic,	and	cultural	factors	impacting	the	usage	of	
the	outdoor	spaces.	The	design	of	outdoor	social	spaces	literature	identifies	the	importance	
of	 understanding	 the	 space	 microclimate	 and	 environmental	 performance	 and	 designing	
around	it.	This	research	used	field	observation	and	computer	simulations	to	investigate	the	
relationship	between	the	space’s	illuminance	daylight	levels,	solar	radiation	and	space	usage	
and	 its	 environmental	 performance.	 Statistical	 analysis	 results	 verified	 that	 the	 courtyard	
daylight	levels	and	solar	radiation	impacts	the	number	and	distribution	of	the	students	who	
are	occupying	the	courtyard	spaces.	The	study	indicated	that	solar	radiation	values	are	more	
correlated	with	the	number	of	students	than	daylight	illuminance	values;	and	that	male	and	
female	 students	 are	 affected	 differently	 by	 different	 daylight	 and	 solar	 features.	 Female	
distribution	 in	 the	 courtyards	 was	 influenced	 by	 solar	 radiation	 values	 more	 than	 male	
students.	In	order	to	design	courtyard’s	spaces	in	hot	arid	regions	like	Jordan,	it	is	important	
to	provide	more	shaded	and	green	spaces.	These	 two	strategies	will	 lower	 solar	 radiation	
values	in	outdoor	spaces	and	hinder	high	values	of	light	penetration.		

The	study	concludes	that	despite	the	differences	in	the	courtyards	orientations,	there	
is	no	significant	difference	 in	students’	behaviours	 in	response	to	courtyards’	daylight	and	
solar	features.	Generating	daylight	illuminance	and	solar	radiation	maps	using	Grasshopper	
can	help	campus	designers	to	understand	the	environmental	performance	of	their	outdoor	
space	designs	and	make	design	decisions	regarding	users’	distribution	at	early	stages	of	the	
design	process.	The	findings	of	this	research	contribute	to	the	design	of	campuses	outdoor	
spaces	in	hot	dry	regions.	
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Abstract:	The	influence	of	geometry	and	non-uniform	distribution	of	openings	on	solar	screens	installed	on	a	
south	facing	façade	of	an	office	room	are	investigated	in	this	paper	from	daylighting	performance	point	of	view.			
Annual	daylighting	analysis	is	done	for	comparison	of	seven	geometries	in	solar	screens	and	results	reveal	that	
for	satisfying	a	predefined	overall	opening’s	area	and	material,	Rhombus	cells	are	the	best	forms	in	regard	of	
sDA	(special	daylight	autonomy)	due	to	their	potential	of	acquiring	the	larger	cell’s	area	in	a	base	grid	compared	
to	other	geometries.	Moreover,	for	a	constant	size	of	cells,	screens	with	square	cells	obtain	higher	sDA	while,	
cross	 shape	 cells	 are	 less	 effective	 samples.	 Finally,	 adopting	 non-uniformity	 approach	 in	 distribution	 of	
apertures	has	different	effect	on	screens	which	already	acquired	sufficient	cell’s	area	or	not.	In	former	situation	
using	 this	 technique	with	 assigning	upper	 and	middle	 attractor	 line	 horizontally	will	 decrease	daylight	 glare	
probability	(DGP),	while,	in	latter	screens	it	will	enhance	sDA	up	to	10%	by	adjusting	attractor	line	in	the	middle	
of	 screen	 vertically.	Non-	uniformity	 in	 solar	 screens	 represents	plenty	of	 alternatives	 adaptable	 for	 various	
situations	based	on	interior	furniture	composition	and	exterior	aesthetical	approaches.		
	
Keywords:	efficient	solar	screen,	daylighting	performance,	non-uniformity,	cell's	geometry,	Islamic	geometric	
patterns.	

Introduction		

In	general,	dealing	with	daylight	by	solar	screens,	fixed,	movable	and	combinatorial	devices	
are	three	alternatives	(Bellia	et	al.,	2014).	Due	to	the	cost	efficiency	of	fixed	solar	shadings,	
these	 components	 can	 be	 suitable	 shadings	 for	 plenty	 of	 situations.	 Additionally,	 from	
conventional	point	of	view,	there	is	a	plethora	of	vernacular	architectural	elements	such	as	
Mashrabiya,	 Rowshan,	 Shobak	 in	 hot	 and	 arid	 countries	 which	 have	 the	 potential	 of	
transforming	 to	 the	 higher	 quality	 and	 can	 be	 ameliorated	 based	 on	 current	 complex	
parametric	approaches.			

Overhangs,	horizontal	louvers,	vertical	louvers,	and	egg	crate	systems	are	members	of	
fixed	shading	categories.	Venetian	blinds	are	the	most	common	controllers	investigated	by	
researchers,	while,	egg	crate	systems	are	the	least	systems	analysed	(Kirimtat	et	al.,	2016).	
Fixed	solar	screens	are	sub-category	of	egg-crate	systems	and	designing	these	devices	needs	
the	balance	between	a	spectrum	of	different	criteria	such	as	acquiring	sufficient	daylight,	view	

																																																								
*	This	paper	is	extracted	from	Farzaneh	Oghazian’s	Master	of	Architecture	Thesis	at	Tarbiat	Modares	University	
with	the	title	“Recreation	of	geometric	patterns	of	Shobak	based	on	daylight	optimization”	
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toward	 the	 outside,	 controlling	 glare	 probability,	 reducing	 cooling	 loads	 in	 summer	 and	
heating	loads	in	winter.	

Solar	 screens’	 property	 is	 one	 essential	 criterion	 in	 daylighting	 efficacy	 of	 these	
components,	and	shape	of	the	cells	is	the	most	characteristic	factor	of	these	kind	of	shading	
devices.	In	Islamic	architecture,	solar	screens	incorporated	geometric	patterns	for	different	
practical	and	cultural	purposes	and	have	a	different	level	of	complexity	based	on	the	location,	
material,	 and	 purpose	 of	 installation.	 In	 this	 study	 the	 effect	 of	 these	 geometries	 are	
scrutinised	as	one	important	factor	in	performance	of	solar	screens.		

Previous	studies	

Some	researchers	targeted	performance	of	solar	screens	in	regard	of	daylighting,	for	example,	
Sherif	 et	 al.	 in	 their	 paper	 focused	on	perforation	percentage	 and	depth	of	 quadrangular	
screens	 in	 hot	 and	 arid	 climates.	 They	 found	 out	 that	 the	 optimum	 range	 of	 80-90%	
perforation	and	depth	on	cell’s	size	1:1,	will	save	up	to	30%	of	total	energy	consumption	in	
west	and	south	orientation.	Therefore,	by	decreasing	the	volume	of	solid	part	in	screens	and	
increasing	the	depth,	new	screens	will	have	more	efficacy,	compared	with	traditional	samples	
(Sherif	et	al.,	2012).	

In	an	integrated	approach	of	assessment	daylighting	and	structural	performance,	the	
writers	 analysed	 one	 geometry	 of	 screens.	 They	 investigated	 a	 non-	 uniform	 screen	with	
Rhombus	 cell’s	 shape	 and	 proposed	 an	 optimum	 self-	 standing	 perforated	 panel	 for	 the	
façade	of	an	office	(Emami	et	al.,	2014).	

In	another	 study,	 the	authors	have	combined	 solar	 screens	and	 light	 shelves	as	 two	
efficient	 daylighting	 devices	 and	 investigated	 the	 effect	 of	 screen’s	 rotation,	 aspect	 ratio,	
presence	 of	 light	 shelf	 and	 ceiling	 reflectivity	 in	 the	main	 orientations	 on	 annual	 daylight	
availability	(Sabry	et	al.,	2012).	

Transparency	 of	Moshabaks	 (Iranian	 traditional	 solar	 screens)	 and	 characteristics	 of	
them	are	investigated	by	on-site	measurements	for	seven	traditional	houses	in	Kashan	which	
shows	the	effect	of	overall	dimension,	perforation	percentage,	cell’s	size	and	orientation	of	
the	building	on	transparency	level	of	this	devices	(Babaei	et	al.,	2013).		

Objective	

As	review	of	studies	shows,	in	most	of	these	studies	one	geometry	is	chosen	and	investigated	
related	 to	 the	 objective	 of	 the	 paper.	 However,	 there	 is	 a	 lack	 of	 experiment	 over	 the	
potentials	of	different	geometries	as	screen’s	cells	and	the	effect	of	non-uniform	distribution	
of	cells	on	enhancement	the	quality	and	quantity	of	daylight	inside	the	space.			

Methodology	

DA-	sDA-	Glare	

In	 this	 study	 DA,	 sDA	 and	 daylight	 glare	 probability	 (DGP)	 are	 calculated	 based	 on	 IES	
standards.	These	criteria	are	investigated	for	evaluation	of	screen’s	performance	based	on	
the	 Reinhart	 and	 Wienold’s	 daylighting	 dashboard	 (Reinhart	 and	 Wienold,	 2011).	 sDA	 is	
defined	as	the	percentage	of	floor	area,	in	which	the	illumination	level	is	more	than	300	lux	
for	 at	 least	 50	 percent	 of	 occupied	 hours	 during	 a	 year	 (IES	 Virtual	 Environment,	 2016).	
Preferable	 value	 for	 this	 criterion	 is	 75	percent,	 55	 to	74	percent	 is	 nominally	 acceptable	
threshold	and	below	55	percent	is	unacceptable	(IESNA,	2012).	Rhino	and	Grasshopper	are	
chosen	 as	 the	 platform	 for	 construction	 of	 geometries	 and	 solar	 screens.	 Additionally,	
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Honeybee	for	Grasshopper	is	opted	for	the	daylighting	simulation	(Sadeghipour	Roudsari	et	
al.,	2013)	and	as	a	platform	for	visualization	of	RADIANCE	and	DAYsim	analysis.			

Base	model	

Reference	 building	 is	 a	 unit	 of	 a	 closed	 office	 in	 Tehran,	 Iran,	 and	 its	 dimensions	 are	
4(Width)*7.5(Depth)*2.66(Height)	with	the	solar	screen	installed	on	the	south	facing	façade.	
Due	 to	 the	 time-consuming	 process	 of	 simulation	 and	 frequent	 usage	 of	 the	 especial	
geometries	 in	 conventional	 latticed	 screens,	 seven	 simple	 geometries	 Circle,	 Hexagonal,	
Square,	Cross,	jagged	Hexagonal	(circle),	Rhombus	and	Tabl	(decagram	tile)	are	opted	for	the	
cells.	Distribution	of	these	cells	on	the	screen	is	in	which	all	of	them	acquire	ten	rows	(Fig1).	
Furthermore,	Mahdavinejad	et	al.	in	their	study	on	optimized	WWR	(window	to	wall	ratio)	in	
office	buildings	proposed	the	range	between	30-40%	as	an	efficient	proportion	for	acquiring	
sufficient	daylight	in	office	buildings	in	Tehran	(Mahdavinejad	et	al.,	2011).	So	in	this	paper,	
30%	of	wall’s	area	in	which	the	solar	screen	is	installed	is	chosen	as	the	overall	size	of	openings.		

	

	
Figure	1:	selected	geometries	for	solar	screen’s	cells	in	three	overall	size	as	S1,	S2	and	S3	

Stage	one	

Dealing	with	screens	instead	of	a	single	window,	there	is	a	spectrum	of	alternatives	between	
the	smallest	and	the	biggest	overall	size	of	screen.	The	former	screen	(S1)	will	be	2.5m*2.5m	
in	 size,	 based	 on	 some	 control	 variations	 such	 as	 minimum	 thickness	 between	 the	 cells	
(2.5CM),	 the	number	of	 rows	 (10)	 and	a	 constant	 frame	 for	 all	 samples.	While,	 the	 latter	
screen	can	be	as	big	as	the	whole	wall	in	which	screen	is	installed	(S2).	Analysing	the	start	and	
the	end	point	of	the	spectrum	helps	to	understand	behaviour	of	all	screens	situated	between	
them.	S1	and	S2	samples	reveals	the	combinatorial	role	of	form	and	cell’s	area	in	daylighting	
performance	of	solar	screens.		

Moreover,	 eight	 screen	 samples	 (S3)	 with	 the	 same	 overall	 size	 (in	 the	 middle	 of	
spectrum)	 and	 cell’s	 area	 are	 considered	 to	 investigate	 the	 role	 of	 cell’s	 geometry.	 For	
constructing	 these	screens,	based	grids	are	stretched	or	 rotated	to	acquire	an	overall	 size	
which	support	all	the	selected	cell’s	geometry	(Fig1-	S3)	.Therefore,	there	are	three	types	of	
screens	for	investigation	and	by	Applying	30%	WWR	(1)	,	the	smallest,	biggest	and	medium	
screens	obtain	51.2%,	32%	and	43%	perforation	percentage	respectively.		

	 (2.66	(H)*	4	(W))*	30/100	=	3.192	≈	3.2m2	 (1)	
Based	on	an	investigation	on	thermal	performance	of	square	screens	in	hot	and	arid	

climate,	screens	with	60%	PP	and	0.5	depth	ratio	in	south	orientation	show	a	significant	saving	
of	 annual	 energy	 consumption,	 additionally,	 screens	 with	 40%	 PP,	 with	 the	 Depth	 Ratio	
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between	0.5-1,	acquire	minimum	energy	consumption	(Sherif	et	al.,	2012).	So	the	depth	of	
screens	in	this	study	is	chosen	as	13	cm	for	all	screens	to	acquire	optimum	depth	ratio	for	
samples.			

S1	and	S2	samples	

Annual	daylighting	analysis	was	run	for	all	three	sample	groups	based	on	the	climate	based	
metrics	which	 takes	 in	 to	 consideration	 the	 Local	 climate	 data	 of	 individual	 places	 for	 all	
around	year	and	work	 time	hours	 (Reinhart	et	 al.,	 2006).	Basic	 information	 for	 setting	up	
simulation	are	presented	in	Table1	

Table1:	simulation	settings	

Reference	
plane	

property	

Particular	
settings	

Floor	
level	Material	reflectance	Time(	hour)	Date	Analysis	

type	Function	Location	

Sensor	
grid:	
50	*50	

2cm	

ab	4	
ad	1000	
as	20	
ar	300	

Ground	
floor	

Interior	Wall	(0.68)	
Interior	Ceiling	(0.86)	
Interior	Floor	(0.32)	

Glass	(T:	0.85)	
Shading	mat	(0.35)	

Occupancy	
hours	(9-17)	All	year	Annual	

daylight	

Closed	
Office	

Tehran,	
Iran	

(semi-arid)	 15	June	21	Glare	 Distance	
from	floor	
80	cm	

	
Comparison	of	S1	and	S2	samples	in	Fig	2	shows	that	just	choosing	different	geometries	for	
cells	while,	keeping	constant	the	overall	opening’s	size	(3.2	m2),	depth	of	screen	and	solid	
volume,	causes	screens	with	different	daylighting	performance.	Area	and	sDA	diagrams	show	
almost	close	correlation	between	these	two	criteria	in	all	screens;	however,	the	combinatory	
screen	of	cross	and	square	in	S1	reveals	more	different	value	for	sDA,	even	though	it	has	cell’s	
area	close	to	the	circle,	hexagonal	and	j-hexagonal.		

	

	
Figure	2:	step	one-	comparison	of	sDA	and	cell’s	area	for	S1,	S2,	S3	samples.		

Analysing	 screens	of	 the	other	extremity	of	 the	 spectrum	shows	 that	 increasing	 the	
overall	size	with	the	constant	overall’s	opening	area	(3.2	m2),	will	cause	decreasing	the	cell’s	
size	and	the	cell’s	area,	while	increasing	the	number	of	cells	and	spreading	the	openings	on	a	
wider	 ground.	 In	 different	 window	 configurations,	 illuminance	 will	 be	 more	 uniformly	
distributed	 in	 space	 if	windows	are	 spread	out	 rather	 than	 concentrated	 (Lechner,	 2015).	
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However,	for	solar	screens	with	constant	overall	opening	size	and	depth,	cell’s	area	is	more	
effective	than	the	number	of	apertures	and	distribution	on	a	wider	ground.			

Therefore,	 when	 dealing	 with	 designing	 screens	 which	 should	 have	 same	 overall	
perforation	and	depth,	and	distinguished	base	grid,	the	geometry	which	maintains	the	larger	
area	for	its	cells	acquires	more	illuminance	and	performs	better	in	acquiring	illuminance	level.	
In	this	study	Rhombus	has	higher	potential	of	acquiring	sDA.	The	combinatorial	effect	of	cell’s	
shape	and	area	caused	16.67%	difference	of	sDA	between	the	best	screen	(Rhombus:	61.67%)	
and	the	worst	case	(Cross+	Square:	45%)	of	S1	samples	and	for	S2	samples	difference	is	12.5%	
between	(Rhombus:	43.33%)	and	(Cross+	Square:	30.83%)	

Screen3	

In	samples	of	screen1	and	2,	cell’s	size	are	varied	in	different	screens,	therefore,	samples	of	
screen3	are	designed	to	have	the	same	cell’s	area	and	overall	opening’s	area.		
Fig2	shows	even	though	the	area	for	all	cells	of	various	geometries	are	equal,	sDA	differs	for	
defined	screens.	Cross	screen	has	the	least	sDA	(50.83%),	while	the	Rhombus	screen	acquires	
the	 highest	 sDA	 (64.17%).	 	 This	 investigation	 reveals	 that	 changing	 the	 cell’s	 geometry	
between	presented	cases	in	this	paper	causes	14.17%	difference	in	sDA.			

Glare	analysis	

For	investigating	the	performance	of	solar	screens	in	regard	of	daylighting,	another	important	
factor	is	glare	probability.	This	part	states	a	glare	based	analysis	for	investigating	the	role	of	
cell’s	geometry	in	visual	comfort	for	a	predefined	view	(Fig3)	at	hour	15	PM	on	June	21	as	the	
worst	time	of	glare	occurrence.	The	spectrum	of	values	for	DGP	are	defined	as	Intolerable		for	
DGP	≥	45%,	Disturbing	40%	≤	DGP≤	45%,	Perceptible	35%	≤	DGP≤	40%,	Imperceptible	DGP≤	
35%	(Wienold,	2009).	Rhombus	screen	of	S1	and	Hexagonal	screen	of	S3	obtain	the	highest	
DGP	value,	while	all	samples	of	S2	acquire	the	lowest	DGP	value.	Even	though	all	around	year	
for	glare	analysis	require	more	information,	analysis	for	limited	days	also	reveals	the	potential	
of	screens	with	different	geometries	which	should	be	taken	in	to	consideration	in	designing	
solar	screens.		

	
Fig	3:	glare	simulation	results	at	hour	15	on	June	21	(right)	-	predefined	view	in	Rhombus	screens	(left)	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 3336



Stage	two	

Analysis	of	sDA	and	DGP	for	samples	in	stage	one	reveals	some	pros	and	cons	of	different	
screens	such	as	advantages	of	adequate	cell’s	area	for	S1	samples	in	acquiring	higher	sDA	and	
the	potential	of	S2	samples	in	obtaining	lower	DGP.	Therefore,	in	this	stage	a	combinatorial	
approach	of	mixing	these	two	approaches	in	one	screen	by	producing	different	cell’s	size	in	
solar	screens	is	represented.		

To	follow	up	the	study,	Rhombus	shape	of	S1	and	S2	samples	is	opted.	In	fact	there	are	
a	plethora	of	possibilities	for	non-	uniform	distribution	of	cells	on	a	screen.	So	to	 limit	the	
investigation	process,	six	horizontal	and	vertical	lines	are	selected	as	a	centralized	location	of	
openings.	Horizontal	lines	are	located	at	the	top,	middle	and	bottom	part	of	the	screen	and	
vertical	 lines	are	at	 right,	middle	and	 left	side	of	 the	screen.	Annual	daylight	analysis,	and	
glaring	simulations	are	run	for	these	experimental	screens.	

As	 shown	 in	Fig4	applying	non-uniformity	has	different	effect	on	S1	and	S2	 samples	
since	this	method	affects	the	openings’	size	on	the	screen.	As	was	apparent	in	the	previous	
stage,	Rhombus	sample	of	S1	already	acquired	adequate	cell’s	area,	therefore,	adopting	non-
uniformity	has	not	significant	effect	on	its	sDA.	However,	the	change	of	sDA	factor	is	more	
noticeable	 in	 S2	 screen	 since	 the	 base	 screen	 has	 insufficient	 cell’s	 area.	 In	 S2	 sample,	
compared	with	the	based	screen	(43.33	sDA),	applying	vertical	attraction	line	in	the	middle	
of	the	screen	will	cause	9%	increase	of	sDA	factor	(52.5%).	Additionally,	compared	to	the	base	
case,	all	samples	have	much	higher	level	of	sDA,	and	DA	(Fig4).		

	

Fig4:	stage	three,	comparison	of	sDA	after	assigning	non	–uniformity	in	Rhombus	sample	of	S1	and	S2	screens	
and	the	base	samples.		
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Glare	analysis	

As	previous	section	a	glare	calculation	was	run	for	the	experimental	samples	in	this	part.	As	
shown	in	Fig5,	results	of	DGP	analysis	reveals	while	in	the	Rhombus	screen	of	stage	one	with	
ten	rows,	DGP	is	0.413	which	is	an	annoying	glare,	in	the	new	screen	with	attraction	line	on	
the	upper	part	of	screen,	DGP	drops	down	(0.377)	and	glare	sets	in	perceptible	range.	On	the	
other	hand,	the	screen	with	the	vertical	attractor	line	in	the	middle	of	screen	acquires	same	
disturbing	glare	as	the	base	screen	(DGP	0.413).	Therefore,	this	method	still	has	potential	for	
screens	 already	 gained	 adequate	 cell’s	 size	 by	 affecting	 the	 glare	 probability	 (DGP).	
Furthermore,	all	non-uniform	samples	of	S2	acquire	less	DGP	compared	with	the	base	screen	
(Rhombus	S2).				

So	this	stage	reveals	one	method	of	 improving	the	quality	of	daylighting	distribution	
without	changing	the	quantity	of	materials	(solid	volume)	which	is	considerable	for	designing	
prefabricated	solar	screen	panels.	Additionally,	this	method	proposes	more	alternatives	for	
the	external	panels	which	are	adaptable	for	different	places	with	different	interior	furniture	
configuration	and	aesthetic	approaches.	

	
Fig	5:	the	effect	of	non-	uniformity	approach	on	DGP	for	Rhombus	screen	samples	of	S1	and	S2	

Conclusion	

This	 study	 reveals	 how	 screens	 with	 various	 cells’	 geometries	 and	 different	 opening	
configurations	perform	differently	in	regard	of	daylighting.	Fundamental	achievements	of	this	
study	are	summarized	as:	
-	 Due	to	the	correlation	between	geometries	and	their	based	grid,	 in	case	of	using	a	
constant	 overall	 opening’s	 area,	 just	 applying	 various	 shapes	 for	 cells	 causes	 creation	 of	
screens	 with	 various	 cell’s	 area.	 The	 geometry	 which	 has	 the	 advantage	 of	 acquiring	
maximum	cell’s	area	in	the	optimum	spectrum	will	be	more	successful	in	acquiring	sDA.		
-	 Geometry	has	a	significant	effect	on	daylighting	performance	of	solar	screens	and	this	
criterion	can	undertake	the	weakness	of	other	factors.	For	example,	screens	with	Cross	cells	
obtain	14.17%	sDA	value	less	than	Square	screen	with	the	same	cell’s	area	and	overall	size.	
-	 Non-uniformity	in	the	distribution	of	screen’s	openings	due	to	its	effect	on	the	path	
of	sunray’s	penetration,	cell’s	area	and	the	probability	of	glaring	is	a	substantial	technique	
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which	supports	 screens	 to	 reach	an	adequate	 illumination	 level.	Different	 locations	of	 the	
attractor	line	can	cover	the	weakness	of	other	factors.	For	example	dealing	with	a	particular	
shape	for	the	screen’s	cell,	by	using	this	strategy	designers	can	overcome	the	foible	of	weaker	
geometry.	Assigning	vertical	attractor	line	in	the	middle	of	screen	with	Rhombus	shape	and	
overall	size	of	2.5*4	improves	sDA	9.17%.		
-	 Non-uniformity	 strategy	has	different	effect	on	 screens	which	have	optimum	cell’s	
area	or	not.	In	the	former	casee	it	will	affect	DGP	and	in	the	later	samples	it	will	raise	the	sDA.		
-	 Area	of	cells	is	related	to	their	form	and	size,	therefore,	in	situations	of	dealing	with	
cell’s	 form,	 if	 the	 influence	of	geometry	 is	negligible	 then	the	area	of	 the	cells	can	be	 the	
determinative	factor	for	selecting	the	best	alternative.	The	larger	the	cell’s	area,	the	higher	
sDA	value	will	obtain.			
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Abstract:	This	paper	analyses	two	main	renovations	of	a	University	building	façade	retrofit	from	the	viewpoint	
of	annual	daylighting	improvement.	Currently,	this	building	consists	of	some	teaching	rooms	connected	by	a	hall	
but	 it	 is	 expected	 that	 this	 arrangement	 will	 change	 in	 order	 to	 accommodate	 two	 open-plan	 spaces	 for	
architecture	students.	The	renovated	design	will	increase	the	height	of	the	North-East	windows	and	introduce	
shading	 devices	 on	 the	 South-West	 facade.	 These	 renovations	 were	 explored	 to	 determine	 if	 the	 internal	
luminous	conditions	will	maintain	adequate	levels.	Five	degrees	of	visual	screening	(100,	90,	70,	45	and	34%)	
and	 two	 slats	 positions	 (horizontal	 and	 vertical)	were	 evaluated	 in	 relation	 to	 the	building	with	no	 screens.	
Climate-based	daylight	modelling	(CBDM)	was	carried	out	by	using	Diva-for-Grasshopper.	The	study	revealed	
that	 effectiveness	 of	 convergence	 testing	 depends	 strongly	 on	 the	 choice	 of	 CBDM	metrics	 employed	 as	 a	
diagnostic	–	an	important	consideration	when	modelling	light	transfer	through	louvres.	Results	recommended	
using	 louvred	 panels	 with	 no	 more	 than	 70%	 of	 visual	 screening	 as	 higher	 percentages	 decrease	 useful	
illuminances	over	the	range	300-3000	lux	(UDI-a),	to	less	than	50%	of	the	occupancy	time.	Furthermore,	vertical	
louvres	were	better	suited	to	increase	UDI-a	than	horizontal	slats.	
	
Keywords:	Climate-based	daylight	modelling,	façade	retrofit,	louvred	panels,	visual	screening.	

Introduction		

Loughborough	 University	 is	 a	 public	 research	 university	 located	 in	 Loughborough,	
Leicestershire.	Keith	Green	Building	 (KGB)	 is	a	 campus	building	and	currently	has	multiple	
functions	 for	 students.	 It	 consists	 of	 two	 levels,	 each	 one	 with	 some	 teaching	 rooms	
connected	by	a	hall.	However,	this	distribution	will	change	shortly	in	order	to	accommodate	
two	main	open-plan	spaces	 (with	566	m2	at	each	 level)	 for	architecture	students.	For	 this	
renovation,	some	recommendations	will	be	 taken	 into	account	 to	 improve	the	daylighting	
performance	of	the	new	distributed	spaces.		

Because	the	amount	of	sky	visible	at	the	workplane	is	a	governing	factor	for	general	
illumination,	it	is	common	to	estimate	the	̀ no-sky	line’	i.e.	that	point	on	the	workplane	where	
the	sky	just	ceases	to	be	visible.	If	there	is	no	obvious	external	horizon	then,	it	is	assumed	that	
daylight	can	penetrate	into	a	space	a	distance	twice	that	of	the	floor	to	ceiling	height.	In	KGB,		
the	no-sky	 line	 position	 is	 only	 a	 few	meters	 away	 from	 the	North-East	window	with	 the	
existing	glazing.	This	shadow	depth	position	is	because	of	the	combination	of	the	low	window	
head	height	and	the	roof	ridge	line	of	the	nearby	opposing	building.	Increasing	the	window	
head	height	would	significantly	shift	the	no-sky	line	position	to	much	deeper	in	the	space.	The	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 3340



much	greater	direct	visibility	of	the	sky	that	this	increased	window	head	height	would	afford	
will	add	significantly	to	the	daylight	illumination	deeper	into	the	space.	Accordingly,	this	work	
tests	the	current	glazing	in	relation	to	the	increased	window	head	height.	The	aim	is	to	review	
the	daylight	illumination	achieved	with	this	renovation.		

Added	to	this,	narrative	evidence	collected	from	previous	occupants	showed	that	KGB	
spaces	present	a	high	risk	of	over-heating	due	to	the	effect	of	solar	radiation.	This	situation	
has	 reinforced	 the	 need	 to	 protect	 the	 glazing	 in	 the	 KGB,	 mostly	 in	 the	 South-West	
orientation	 where	 the	 façade	 is	 highly	 glazed.	 Consequently,	 the	 renovated	 design	 will	
introduce	some	shading	devices,	placed	in	front	of	the	South-West	façade.	Depending	on	the	
type	and	reflective	nature	of	the	selected	shading	system,	undesirable	effects	for	daylighting	
tend	to	occur	in	the	spaces.	Therefore,	this	work	tests	different	alternatives	of	louvred	panels	
to	guarantee	that	the	internal	luminous	conditions	will	maintain	adequate	levels.	Hence,	the	
aim	is	to	evaluate	the	effect	of	changing	the	degree	of	visual	screening	and	the	position	of	
the	slats	on	the	louvred	panels	in	the	daylight	illuminances	for	tasks	relative	to	the	KGB	with	
no	solar	shading	devices.	

Methodology	

A	3D	model	of	the	KGB	is	constructed	in	Rhino	in	two	stages.	First,	the	current	status	(CUR)	
of	the	KGB	glazing	is	considered.	As	shown	in	Figure	1,	KGB	has	one	double	clear	glazed	façade	
oriented	towards	South-West.	Currently,	KGB	also	has	some	different	sized	windows	within	a	
translucent	 panel	 facing	 North-East;	 the	 other	 two	 façades	 are	 composed	 of	 different	
materials	 and	 window-wall-ratios	 properly	 modelled.	 In	 the	 second	 stage,	 the	 existing	
windows	at	the	North-East	façade	are	replaced	with	new	ribbon	windows	with	a	higher	head	
height.	This	last	status	is	considered	as	the	reference	model	(REF)	for	subsequent	comparison	
with	the	CUR	model	and	with	the	implementation	of	louvred	panels.	Building	surroundings	
are	 also	modelled.	 Reflectance	 and	 transmittance	of	 all	 interior	 and	outdoor	 surfaces	 are	
defined	 in	Table	1.	These	values	have	been	 taken	 from	the	custom	Diva	 library	materials,	
except	 for	 the	 translucent	 panel	 used	 in	 the	 North-East	 walls.	 For	 this	 material,	
measurements	 of	 diffuse	 reflection	 and	 diffuse	 transmission	 were	 taken	 on	 site	 to	
characterize	it	as	a	'Radiance	Trans	Material'	by	using	the	Gen	Trans	Widget	(McNeil	2016).		

	
Figure	1.	View	and	plans	of	KGB.	

	
Different	alternatives	of	louvred	panels	are	selected	from	a	catalogue	commonly	used	

in	the	UK	market	and	which	has	great	potential	to	be	used	in	this	renovation.	An	important	
point	to	check	in	these	panels	is	the	degree	of	visual	screening	or	through-visibility.	This	will	
ensure	not	merely	that	solar	shading	 is	achieved	but	also	that	daylighting	 is	still	available.	
Here,	 the	main	 focus	 is	 to	evaluate	the	effect	of	 the	degree	of	visual	screening	on	annual	
daylighting	performance.	Five	degrees	of	visual	screenings	are	studied:	100,	90,	70,	45	and	
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34%.	The	louvred	panels	are	placed	in	front	of	the	South-West	glazed	façade,	covering	the	
exterior	corridor.	As	Figure	2a	shows,	the	section	louvre	is	40×2	mm	and	the	vertical	bar	is	
30×2	mm.	 The	 louvres	 are	 inclined	 45˚	and	 spaced	 at	 different	 increments	 to	 provide	 the	
desired	amount	of	visual	screening	and	free	area.	Horizontal	louvres	(H)	are	generally	better	
for	controlling	the	solar	gain	and	allowing	views	to	the	exterior,	nonetheless	vertical	louvres	
(V)	might	work	better	on	 the	East	and	West	elevations.	Therefore,	 two	slats	positions	are	
compared	 due	 to	 their	 use	 on	 the	 South-West	 glazed	 façade.	 Accordingly,	 the	 horizontal	
louvres	 described	 above	 are	 positioned	 vertically	 and	 rotated	 45˚	clockwise,	 as	 Figure	 2b	
displays.	Table	2	specify	the	main	characteristics	of	the	tested	louvred	panels.	

	
Table	1.	Material	characteristics	of	the	3D	model.	

	 Reflectance	 	 Transmittance	
Ceiling	 80	 Translucent	panel	 12	
Floor	 40	 Skylights	 12	
Wall	 50	 Double	clear	glazing	 80	
Frame	windows,	stairs	 25	 	 	
Louvres	at	top	 40	 	 	
Louvred	panel	 40	 	 	
Outside	ground	floor	 20	 	 	
Outside	façade	 30	 	 	

	
Table	2.	Characteristics	of	the	louvred	panels.	

Visual	screening	(%)	 100	 90	 70	 45	 34	

	

Free	area	(%)	 60	 63	 65	 67	 67	
Louvre	centres	(mm)	 22	 33	 44	 66	 88	
Clear	space	(mm)	 0	 3	 14	 36	 58	
Louvre	section	(mm)	 40×2	 40×2	 40×2	 40×2	 40×2	

	
Figure	2.	Louvred	panels.	

	
Daylight	 simulations	 are	 performed	with	 Diva-for-Grasshopper	 (Reinhart	 &	Wienold	

2011).	The	daylighting	performance	is	evaluated	at	the	first	and	ground	floor	levels,	so	two	
reference	planes	are	used,	as	blue	grids	in	Figure	1	shows.	Each	reference	plane	contains	512	
sensors,	located	at	0.80	m	above	the	floor’s	level,	spaced	1	m	each	and	placed	0.50	m	apart	
from	walls.	The	occupancy	schedule	is	set	to	be	8-18	h	and	the	weather	file	used	is	EPW	for	
Birmingham.	The	simulation	results	were	expressed	with	the	following	CBDM	metrics:	
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• sDA	and	DA	with	three	thresholds	recommended	for	educational	buildings	(SLL	2012):	300	
lux	 if	 the	main	activities	will	be	 lecture	and	computer	practice,	500	 lux	 if	 the	tasks	will	be	
relative	 to	 art	 and	 CAD	workstations,	 and	 750	 lux	 if	 technical	 drawing	 will	 be	 a	 priority.	
Besides,	sDA300	must	meet	at	 least	55%	and	75%	of	the	workplane	for	an	‘acceptable’	and	
‘preferred’	space,	respectively	(USGBC	2015).	DA300	must	meet	at	least	50%	of	the	occupied	
hours	for	a	good	daylighting	(in	short	DA300,50%)(IESNA	2013).	
• Useful	Daylight	Illuminance	(UDI)	with	four	bins:	<100	lx	(non-sufficient,	UDI-n),	100-300	lx	
(supplementary,	UDI-s),	300-3000	 lx	 (autonomous,	UDI-a)	and	>3000	 lx	 (exceeded,	UDI-x).	
The	UDI-a	is	subdivided	into	three	bins	to	be	coupled	with	the	sDA	targets:	300-500	lux,	500-
750	lux	and	750-3000	lux.	

Test	of	Radiance	simulation	parameters	

To	make	sure	that	the	simulation	parameters	are	appropriate	for	the	specific	louvred	panels	
tested	 in	 this	work,	 a	 preliminary	 parameters	 calibration	was	 carried	 out.	 This	 evaluation	
consisted	in	running	simulations	of	the	3D	model	with	the	most	complex	louvred	panel	(100%	
of	visual	screening)	placed	in	front	of	the	South-West	façade.	The	daylighting	performance	is	
evaluated	 in	 32	 sensors	 distributed	 in	 a	 centred	 line	 at	 ground	 floor.	 These	 sensors	 are	
separated	1	m	each	and	located	at	a	height	of	0.80	m,	as	the	red	crosses	indicate	in	Figure	1.	
Different	sets	of	radiance	parameters	appearing	in	Table	3	are	compared	to	choose	the	most	
appropriate	combination,	in	terms	of	run	time	and	accuracy	of	the	results.		
	

Table	3.	Set	of	the	tested	radiance	parameters.	

Set	 Ambient	
accuracy	

Ambient	
bounces	

Ambient	
division	

Ambient	
resolution	

Ambient	
sampling	

Limit	
reflections	

Runtime	
(min)**	

Gr
ou

p	
1	

very	low	 0.15	 1	 512	 256	 128	 6	 -	
low	 0.1	 1	 1024	 256	 256	 12	 -	
medium	 0.1	 1	 2048	 512	 512	 12	 -	
high*	 0.1	 1	 2048	 512	 1024	 12	 -	
very	high*	 0.1	 1	 4096	 512	 1024	 12	 -	

Gr
ou

p	
2	

h_ab2	 0.1	 2	 2048	 512	 1024	 12	 23	
h_ab3	 0.1	 3	 2048	 512	 1024	 12	 77	
h_ab4	 0.1	 4	 2048	 512	 1024	 12	 108	
h_ab5	 0.1	 5	 2048	 512	 1024	 12	 120	
h_ab6	 0.1	 6	 2048	 512	 1024	 12	 128	
h_ab7	 0.1	 7	 2048	 512	 1024	 12	 134	

Gr
ou

p	
3	

vh_ab2	 0.1	 2	 4096	 512	 1024	 12	 46	
vh_ab3	 0.1	 3	 4096	 512	 1024	 12	 175	
vh_ab4	 0.1	 4	 4096	 512	 1024	 12	 269	
vh_ab5	 0.1	 5	 4096	 512	 1024	 12	 316	
vh_ab6	 0.1	 6	 4096	 512	 1024	 12	 329	
vh_ab7	 0.1	 7	 4096	 512	 1024	 12	 335	

Note:	*High	is	equivalent	to	h_ab1	and	very	high	to	vh_ab1.	**Runtime	is	for	calculations	at	the	centred	line	
sensors;	runtime	for	visualizations	was	considerably	raised	(3	or	4	times).	

	
The	 first	group	 is	based	on	 the	 raytrace	quality	settings	of	Diva-for-Grasshopper	but	

with	ambient	bounces	set	at	1.	Figure	3a	displays	the	five	visualizations	corresponding	to	this	
group.	Thus,	it	can	be	observed	that	the	high	(h)	and	very	high	(vh)	sets	get	the	best	image	
resolutions.	Added	to	this,	some	CBDM	metrics	achieved	in	the	sensors	line	through	these	
radiance	 parameters	 are	 also	 compared.	 As	 Figure	 4a	 displays,	 Continuous	 Daylight	
Autonomy	(cDA)	metric	is	used	to	assess	the	results	of	the	first	group.	cDA	is	similar	to	DA	but	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 3343



unlike	DA,	cDA	awards	partial	credit	for	daylight	levels	below	a	user-defined	threshold	in	a	
linear	 fashion	 (Reinhart	et	al.	2006).	cDA	 is	used	here	because	 it	allows	to	appreciate	 in	a	
better	way	 the	differences	among	 the	 test	 results.	 If	DA	had	been	used,	 its	values	 (which	
resulted	very	similar	in	these	sets)	would	be	unable	to	evidence	the	differences	in	group	1.	
cDA	results	confirm	that	the	h	and	vh	sets	raise	the	results.	Then,	both	sets	are	selected	for	
subsequent	comparison	of	different	ambient	bounces	values.		

	
Figure	3.	Visualizations	of	the	set	of	the	tested	radiance	parameters.	

	
Figure	4.	Results	derived	from	the	set	of	the	radiance	parameters.	

	
In	the	groups	2	and	3	(h	and	vh,	respectively)	of	Table	3,	the	ambient	accuracy,	ambient	

division,	ambient	resolution,	ambient	sampling	and	limit	reflections	remain	fixed.	So,	just	the	
ambient	bounces	(ab)	change	from	1	to	7.	The	difference	between	both	groups	is	the	ambient	
division	 that	 increases	 from	 2048	 in	 h	 to	 4096	 in	 vh.	 Figure	 3b	 displays	 the	 first	 five	
visualizations	of	h	group.	The	last	two	(h_ab6	and	h_ab7)	are	not	rendered	since	the	image	
resolution	 is	 good	 from	 –ab	 4.	 Besides,	 the	 rendering	 time	 increases	 considerably	 as	 –ab	
increases.	Figure	3c	displays	two	visualizations	of	vh	group	which	are	consciously	selected	for	
saving	time.	As	Figure	4	(a	and	b)	shows,	DA	is	used	to	compare	the	results	between	the	h	
and	vh	groups	for	the	seven	–ab	values.	Here,	 it	can	be	observed	that	DA	achieves	higher	
values	starting	from	–ab	5	for	both	groups,	h	and	vh.	In	Figure	3,	the	visualizations	h_ab5	and	
vh_ab5	can	be	compared,	showing	no	significant	differences	between	the	two	resolutions.		
However,	 the	 run	 time	 increases	 considerably	 in	 vh_ab5	 in	 comparison	 with	 h_ab5	 (see	
runtime	in	Table	3).	Thus,	the	h_ab5	resolution	was	selected	for	the	simulations	of	this	work.	

Results	

Figures	5a	and	5b	respectively	present	the	sDA	and	DA	results	obtained	for	several	shading	
configurations	and	for	the	two	baseline	designs:	the	renovated	one	with	increased	window	
height	(REF);	and	the	current	design,	before	refurbishment	(CUR).	Thus,	it	can	be	observed	
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that	the	renovation	increases	the	workplane	percentages	with	sDA300,	sDA500	and	sDA750	and	
the	annual	time	percentages	with	DA300,	DA500	and	DA750,	on	the	two	levels.		

	
Figure	5.	Simulation	results.	

	
Regarding	the	louvred	systems	comparison,	Figure	5a	shows	the	sDA	results.	At	ground	

floor,	all	panels	achieve	sDA300	in	more	than	the	55%	of	the	workplane	recommended	for	an	
'acceptable'	space.	Besides,	almost	all	louvred	cases	(excepting	those	with	a	visual	screening	
of	100%	and	those	with	horizontal	slats	and	visual	screenings	of	70	and	90%)	achieve	sDA300	
in	 more	 than	 the	 75%	 recommended	 for	 a	 'preferred'	 space.	 For	 sDA500,	 only	 the	 visual	
screenings	of	45	and	34%	get	the	55%	required;	also	the	visual	screening	of	70%	but	just	with	
vertical	slats.	For	sDA750,	no	louvred	panel	reaches	the	workplane	percentages	required.	At	
first	floor,	the	sDA	percentages	are	higher	than	in	the	ground	floor	due	to	the	skylights.	Here,	
all	louvred	panels	accomplish	the	75%	required	for	sDA300	and	sDA500	(excepting	that	with	a	
visual	screening	of	100%	and	horizontal	slats).	For	sDA750,	all	vertical	slats	achieve	the	55%	
requirement;	 however,	 the	 horizontal	 slats	 only	 accomplish	 that	 percentage	 if	 the	 visual	
screening	is	of	45	and	34%.	Contrasting	the	two	slats	position,	vertical	slats	trends	to	increase	
the	three	illuminance	targets	at	the	workplane.		
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Figure	5b	summarizes	the	DA	results.	At	ground	floor,	all	louvred	panels	achieve	DA300,	
50%.	However,	only	the	louvres	with	visual	screenings	of	45	and	34%	reach	DA500	for	at	least	
50%	of	the	occupied	hours	(in	short	DA500,50%)	and	no	louvred	panel	gets	DA750	during	the	50%	
of	 the	 time	 (in	 short	 DA750,50%).	 At	 first	 floor,	 all	 percentages	 of	 DA	 increase	 due	 to	 the	
presence	of	skylights.	Then,	all	louvred	panels	achieve	DA300,50%	and	DA500,50%.	However,	only	
the	louvres	with	visual	screenings	of	45	and	34%	reach	DA750,50%;	also	the	visual	screenings	of	
70	and	90%	but	just	with	vertical	slats.	Once	again,	the	vertical	slats	raise	the	percentages	of	
the	occupied	hours	with	DA	at	the	three	illuminance	targets,	on	the	two	levels.		

As	Figure	5c	 indicates,	the	 increased	window	head	height	at	the	ground	floor	of	REF	
raises	the	total	UDI-a,	mostly	over	the	range	of	750-3000	lux,	in	relation	to	CUR	at	that	level.	
In	contrast,	the	renovation	at	the	first	floor	slightly	decreases	the	total	UDI-a	(although	the	
range	of	750-3000	lux	still	increasing).	At	the	two	levels,	the	renovation	in	REF	achieves	lower	
percentages	 of	 UDI-n	 and	 UDI-s,	 in	 relation	 to	 CUR;	 however,	 UDI-x	 rises	 in	 both	 cases.	
Regarding	 the	 implementation	of	 the	 louvred	panels	at	 the	ground	 floor,	UDI-n	and	UDI-s	
increase	as	the	visual	screening	 increases.	At	this	respect,	 it	 is	noticed	that	with	the	same	
visual	screening,	the	UDI-n	and	UDI-s	increments	are	higher	with	the	horizontal	louvres	than	
with	 the	 vertical	 ones.	 Conversely,	UDI-a	 increases	 as	 the	 visual	 screening	decreases.	 The	
three	UDI-a	bins	show	proportional	reductions	to	the	total	UDI-a	referred.	These	reductions	
are	higher	with	the	horizontal	slats.	For	UDI-x,	all	 louvred	panels	get	similar	values	to	that	
obtained	in	the	CUR	status.	Regarding	the	implementation	of	the	 louvres	 in	the	first	floor,	
UDI-n	and	UDI-s	obtain	similar	results	in	all	cases.	UDI-a	over	the	ranges	of	300-500	lux	and	
500-750	 lux	 slightly	 decrease	 as	 the	 visual	 screening	 decreases,	 with	 both	 vertical	 and	
horizontal	louvres.	In	contrast,	the	750-3000	lux	bin	and	the	total	UDI-a	increases	as	the	visual	
screening	decreases,	and	these	increments	are	bigger	when	using	the	vertical	louvres.	Once	
again,	all	louvred	panels	get	similar	values	of	UDI-x	to	that	obtained	in	the	CUR	status.	

Conclusions	

This	work	has	concluded	that	the	increased	window	head	height	results	in	improvements	to	
both	DA	and	sDA	(at	their	three	illuminance	targets)	on	the	two	levels.	Thus,	this	renovation	
will	 be	 useful	 for	 improving	 the	 absolute	 levels	 of	 daylighting	 for	 tasks,	 not	 just	 over	 the	
occupancy	time	but	also	on	the	workplane.	Added	to	this,	the	renovated	windows	let	the	total	
UDI-a	rises	at	ground	floor	but	slightly	decreases	at	first	floor.	In	spite	of	that,	UDI-a	over	the	
range	of	750-3000	 lux	 shows	 increments	 in	both	 levels.	As	 regards	UDI-n	and	UDI-s,	both	
slightly	 decreases	 in	 REF	 at	 the	 two	 levels.	 These	 improvements	 are	 because	 daylight	
illuminances	are	higher	in	the	space	due	to	much	greater	direct	visibility	of	the	sky.		

When	considering	the	aforementioned	metrics,	the	optimum	solution	would	appear	to	
be	 the	 refurbished	 design	 (REF),	 without	 any	 shading	 device	 at	 all.	 However,	 narrative	
evidence	clearly	identified	an	overheating	issue	in	the	building	areas	close	to	the	South-West	
façade,	consequently	indicating	the	need	for	shading	devices.	UDI-x	reasserts	this	issue	as	its	
results	 rises	 from	 CUR	 to	 REF.	 Therefore,	 although	 it	 is	 recommendable	 to	 increase	 the	
windows	 height	 because	 of	 its	 contribution	 with	 the	 increment	 of	 UDI-a,	 the	 renovation	
should	 be	 accompanied	 by	 the	 implementation	 of	 louvred	 panels	 for	 keeping	 the	 lowest	
possible	UDI-x.	In	this	respect,	the	results	showed	that	the	use	of	louvred	panels	can	reduce	
UDI-x	at	similar	levels	of	CUR.	So,	the	UDI-x	increments	derived	from	the	increased	windows	
can	be	minimized.	 In	 this	 case,	 a	multi-objective	optimisation	 could	be	more	benefitial	 in	
aiding	the	designer	 judgement,	rather	than	a	single	parameter	one.	For	example,	the	best	
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visual	screening	solution	could	be	found	by	a	combination	of	the	highest	UDI-a	and	the	lowest	
UDI-x.	Future	research	could	further	explore	these	approach.	

Additionally,	this	investigation	can	contribute	with	other	conjectures	to	evaluate	design	
proposals	 for	 KGB.	 First,	 depending	 on	 the	 activities	 prioritized	 in	 the	 KGB	 spaces,	 one	
illuminance	target	could	be	selected	among	the	three	options	studied.	Thus,	the	implemented	
louvred	 panels	 could	 be	 coupled	 with	 the	 goal.	 Second,	 different	 visual	 screenings	 are	
recommended	to	use	at	the	ground	and	first	floors.	In	the	former,	visual	screenings	of	70,	45	
and	34%	are	better	suited	as	they	achieves	the	55%	of	the	workplane	with	sDA500	(which	is	
the	medium	target	illuminance).	Higher	values	of	visual	screening	will	reduce	the	daylit	area	
on	the	workplane.	Besides,	these	three	visual	screenings	get	DA500	and	UDI-a	at	least	50%	of	
the	occupied	hours.	Higher	percentages	of	visual	screening	reduce	the	time	percentages	with	
useful	illuminances.	Regarding	the	first	floor,	the	skylights	rise	the	illuminances	and	minimize	
the	 effect	 of	 the	 louvred	 panels.	 Therefore,	 all	 visual	 screenings	 result	 in	 similar	 sDA	
percentages	and	all	cases	get	more	than	55%	of	the	workplane.	Moreover,	DA500	and	UDI-a	
are	reached	for	at	least	50%	of	the	occupied	hours	with	all	visual	screenings.	

On	the	other	hand,	the	analysis	indicate	that	the	position	of	the	slats	can	improve	the	
daylight	illuminances	on	the	workplane	and	also	over	the	occupied	period.	Accordingly,	sDA,	
DA	and	UDI	(at	their	three	illuminance	targets)	reach	higher	values	with	vertical	slats	than	
with	horizontal	ones.	For	some	illuminance	targets,	the	use	of	vertical	slats	allow	achieving	
the	recommended	percentages	of	the	CBDM	metrics	even	with	a	high	visual	screening.	This	
is	an	important	point	to	consider	in	the	KGB	renovation,	especially	since	the	louvred	panel	
will	 be	 implemented	on	 the	 South-West	 façade.	 Finally,	 this	work	 tested	different	 sets	of	
radiance	 simulation	 parameters.	 Results	 derived	 from	 sDA,	 DA	 and	 cDA	 revealed	 that	
effectiveness	 of	 convergence	 testing	 depends	 strongly	 on	 the	 choice	 of	 CBDM	 metrics	
employed	as	a	diagnostic	–	an	important	consideration	when	modelling	light	transfer	through	
louvres.	This	is	because	the	aforementioned	metrics	account	the	annual	percentages	of	the	
workplane/occupancy	time	that	achieve	certain	range	of	 illuminances.	Therefore,	 they	are	
not	showing	the	absolute	values	of	the	annual	illumination	and	cannot	help	to	highlight	some	
differences	between	the	tested	cases.	Further	investigation	will	be	developed	on	this	basis.	
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Abstract:	An	atrium	is	a	spatial	technique	used	inside	modern	business	and	utility	buildings.	Its	main	appeal	is	
the	well	of	 large	dimensions	with	a	 glass	 roof,	which	 serves	multiple	purposes.	 Indoor	daylight	 is	 key	 in	 the	
design,	since	it	offers	a	sense	of	well-being	and	visual	connection	with	the	natural	environment.	The	atriums	of	
Santiago	(33º41’S)	didn't	consider	the	daylight	conditions	of	a	Mediterranean	climate.	From	a	database	of	the	
atriums	constructed	over	the	last	35	years	in	Santiago,	a	model	with	4	sides	was	developed.	Indoor,	the	effects	
of	orientation	were	evaluated,	as	well	as	the	roof	and	the	height	of	the	geometric	configurations,	in	daylight	on	
the	ground	 level,	applying	 the	static	metric	Daylight	Factor	and	the	dynamic	metrics	Daylight	Autonomy	and	
Useful	Daylight	Illumination,	using	the	analysis	software	Daysim;	according	to	the	methodology	IES-LM	83	with	
the	goal	of	providing	useful	guidelines	in	the	first	stage	of	architectural	design.	The	progressive	closure	of	the	
glass	surface	of	the	roof	in	accordance	with	the	variation	in	height	of	3,	5	and	10	floors,	demonstrated	a	better	
daylight	performance	in	the	atriums	with	a	greater	height	in	contrast	with	those	of	a	lower	height,	where	the	
result	were	very	unfavorable	daylight	levels.	

Keywords:	Atrium,	daylight	metric,	geometric,	glass	roof.	

Introduction		

The	 interior	atrium	proliferated,	 in	contemporary	business	and	service	buildings,	 from	the	
second	 half	 of	 the	 19th	 century	 at	 the	 same	 time	 as	 the	 development	 of	 glass	 and	 steel	
technology	(Saxon,	1986).	For	different	reasons,	the	incorporation	of	an	atrium	in	buildings	
were	of	a	social	order	and	resulted	in	a	visually	striking	element	in	enclosed	spaces;	they	were	
of	 great	 dimensions	 and	 provided	 multiple	 uses.	 At	 the	 present	 time,	 it	 offers,	 on	 a	
monumental	 scale,	 an	 animated	 continuous	 spaciousness,	 where	 different	 activities	 for	
gathering	 take	 place	 among	 the	 inhabitants	 of	 the	 building	 through	 the	 openness	 of	 the	
space,	with	different	 levels	allowing	 interior	and	exterior	views.	However,	the	presence	of	
natural	light	in	the	interior	was	the	main	condition	for	achieving	maximum	potential	in	the	
interior	spaces	and	was	key	in	creating	a	typical	hallmark,	promoting	good	functioning	of	the	
mechanisms	of	light	and	shadow,	reinforcing	the	natural	Circadian	rhythms,	(Brainard	et	al,	
2001),	synchronizing	life	in	the	interior	spaces	with	the	passing	of	the	day	and	at	the	same	
time	reducing	the	use	of	artificial	lighting.	

Currently,	the	atrium	has	been	used	globally	in	a	certain	type	of	architectural	space	for	
many	decades,	and	increasing	more	frequently,	 it	 is	 incorporated	in	buildings	from	diverse	
geographical	latitudes,	climates	and	cultural	contexts	(Saxon,	1993;	1986),	as	is	the	case	with	
Santiago,	Chile.	It	is	unknown	if	there	is	a	publication	or	previous	local	study,	regarding	the	
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adaptation	of	an	architectural	type	from	colder	climates	and	acclimatized	spaces,	leaving	the	
question	of	how	well	the	system	worked	in	these.	

Santiago	 (33º41’S)	 is	 located	 at	 the	 foot	 of	 the	 Andes	Mountains	 in	 a	 valley	with	 a	
moderate	Mediterranean	climate	with	winter	rains	and	a	prolonged	dry	season.	The	annual	
thermal	 behavior	 is	 characterized	 by	 a	 wide	 temperature	 oscillation,	 20	 degrees	 Celsius	
difference	 in	 summer,	 while	 in	 winter	 the	 average	 minimum	 is	 2.5	 degrees	 Celsius	 with	
occasional	frost	and	maximums	that	can	rise	to	over	15	degrees	Celsius.	There	is	a	high	solar	
radiation	 during	 the	 year,	 up	 to	 850	W/m2	 in	 summer.	 The	 atmospheric	 transparency	 is	
affected	 for	 many	 days	 by	 high	 pollution	 levels	 of	 volatile	 organic	 compounds	 from	
combustion	engines	along	with	solar	radiation	and	high	temperatures	(Prendez	et	al,	2013);	
in	 winter	 the	 pollution	 predominantly	 consist	 of	 particles	 that	 generate	 haziness	 to	 an	
uncertain	quantity.	Even	so,	during	the	year	the	sky	is	well	illuminated,	41%	clear,	29%	partial	
and	30%	covered	(Piderit	et	al,	2014).	

From	reviewing	the	architecture	magazines	since	1978,	a	database	was	created	of	the	
atrium	buildings	in	Santiago	built	during	the	last	35	years,	from	which	a	model	was	created	of	
the	 most	 frequent	 atrium	 type,	 with	 4	 sides-interior	 façades	 with	 top	 lighting.	 The	
performance	of	natural	interior	lighting	was	evaluated,	according	to	the	orientation,	as	well	
as	 the	 roof	 and	 height	 of	 the	 geometric	 configuration	 of	 the	 spatial	 atrium,	 through	 the	
coefficients	of	the	most	used	proportions,	in	plain	(PAR),	in	section	(SAR)	and	the	well	index	
atrium	(WI),	aspect	ratio	(AR)	and	room	atrium	(RI),	to	identify	the	performance	of	natural	
lighting	on	the	ground	floor.	

The	evaluations	of	natural	interior	lighting	had	the	goal	of	providing	useful	guidelines	in	
the	 first	 stage	 of	 the	 architectural	 design	 starting	 from	 the	 daylight	 performance	 to	 the	
interior	of	the	atrium	regarding	multiple	functions.	Levels	of	lighting	in	the	interior	horizontal	
plan	were	 analyzed	with	 different	 calculation	methods,	 from	 the	 traditional	 Daylight	 (DF)	
under	cloudy	skies	to	the	recent	dynamic	metrics	(Reinhart	et	al.,	2006)	of	Daylight	Autonomy	
(DA)	 and	 Useful	 Daylight	 Illumination	 (UDI)	 according	 to	 the	 local	 weather	 database,	
Santiago.epw	file;	loaded	in	Daysim	daylight	analysis	software,	in	which	it	was	simulated	and	
evaluated	according	to	the	IES-LM	83	methodology.		

Methodology	

1. The	database		
2. Geometric	parameters	
3. Study	model		
4. Evaluation	of	natural	light	

The	database	

In	 order	 to	 obtain	 an	 architectural	 model	 based	 on	 the	 Santiago	 atriums,	 a	 database	 of	
different	 spaces	 was	 done,	 whose	 proportions	 of	 the	 well	 atrium	 were	 apt	 for	 multiple	
purposes;	 and	 they	 were	 found	 in	 business	 and	 service	 buildings.	 A	 revision	 of	 the	
architectural	magazines	and	publications	in	the	70's	was	made.	A	catalogue	was	completed	
with	27	selected	buildings	of	which	55%	were	destined	for	higher	education	establishments,	
another	21.6%	for	offices,	and	within	the	remaining	cases	were	2	cultural	centers,	1	hotel,	1	
council	building	and	1	judicial.		

The	 interior	 geometric	 configuration	 of	 the	 atrium	well	was	 analyzed	 (Saxon,	 1986);	
(Bednar,	1986);	(Yoshino	et	al,	1995);	(Chow	and	Wong,	1999),	selecting	2	groups	with	general	
interior	 well	 characteristics,	 19	 regular	 ones	 and	 8	 irregular	 ones;	 identifying	 rectangular	
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configurations	of	16	atriums,	1	square	atrium	and	2	circular	atriums.	In	the	second	group	there	
were	 8	 polygonal	 atriums,	 difficult	 to	 evaluate	 because	 of	 the	 diversity	 of	 the	 particular	
situations	of	each	one.		

The	atrium	well	was	classified	according	 to	 the	 interior	 facades	calling	 them	“sides”	or	
faces.	The	4	side	type	is	that	which	is	contained	in	an	environment	and	illuminated	from	the	roof;	
this	was	the	typical	type	in	the	historical	center	of	the	city	and	30%	of	the	atriums	of	this	database	
belong	 to	 this	 type,	whose	 rectilinear	configuration	of	 the	geometry	of	 the	 interior	well	was	
furthermore	 apt	 for	 evaluating	 the	 behavior	 of	 atmospheric	 lighting.	 With	 respect	 to	 the	
dimensions,	74%	have	surfaces	less	than	500	m2	and	a	volume	less	than	8000	m3;	in	Figure	1.	

	
Figure	1.	Identification	of	each	atrium	according	to	surface	and	volume.	
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Geometric	parameters		

The	absolute	dimensions	of	the	atrium	can	be	described	by	the	length	(l),	width	(w)	and	height	
(h).	According	to	the	relation	of	the	interior	geometric	aspect,	the	atrium	of	4	faces	can	be	
identified	in	2	dimensions	according	to	the	proportion	of	the	aspect	of	the	plan	(PAR)	and	in	
the	section	(SAR),	also	in	3	dimensions	according	to	different	proposals;	the	index	of	the	well	
(WI),	(Liu	et	al,	1991),	the	proportion	of	the	aspect	(AR),	(Baker	et	al,	2000)	or	the	proportions	
of	the	room	(RI).	

From	 the	 inventory,	 the	 atrium	 dimensions	 were	 obtained	 from	 the	 average	 of	 the	
buildings.	The	height	of	the	floor	was	3.56	m	and	according	to	the	most	frequent	number	of	
levels.	In	Table	1,	the	Atrium	Model	(AM)	permitted	the	study	of	the	performance	of	natural	
lighting.	MA	was	obtained	in	atriums	with	3,	5	and	10	floors.	In	Table	2,	a	unique	aspect	of	the	
plain	is	 indicated	PAR=0.5,	as	it	had	a	special	configuration,	the	width	of	12.8	m	is	half	the	
length	of	 24.7	m.	 The	effect	of	 the	height	 can	be	appreciated	 in	 geometric	 indicators;	 for	
example	a	lower	height	SAR,	in	the	case	of	a	similar	atrium	well,	also	with	the	aspect	RI,	in	
contrast	with	AR	that	is	the	reverse	of	the	dimension	of	(h).		

	
Table	1.	Aspect	ratio	of	model	

The	study	model	

According	 with	 the	 geometric	 parameters	 identified	 in	 the	 atrium	 model,	 the	 AM	 open	
reference	base	was	used.	Besides	the	variable	height,	the	roof	and	orientation	were	added,	in	
350º	N	and	 then	was	 turned	90º	 to	 the	NE.	The	 roof	materials	of	 the	5	models	where	of	
laminated	glass	of	10	mm	and	alveolar	double	polycarbonate	of	16	mm,	with	a	transmission	
index	of	0.85	and	0.72	respectively;	both	colored	and	reflective	is	0.08.	Furthermore,	it	was	
combined	with	a	panel	of	white	steel	zinc	with	6	mm	of	high	reflectivity	0.8.	The	walls	and	
floor	in	concrete	have	a	reflectivity	of	0.23	and	0.8	in	white	skies	from	balconies	in	Figure	2.	

	

	
AM	base_open									AM_glass										AM_polycarbonate						AM_60-40							AM_36,5-63,5						AM_Side	Windo	
																																																																																																																															60%	Glass												36,5%	Glass																			100%		
	 	 	 	 	 	 																																					40%	Steel	Panel					64,5%	Steel	Panel								Steel	Panel								
																																																																																																																																																																																																																							Side	Window	

Figure	2.	Identification	of	each	atrium	according	to	surface	and	volume.	

The	model	 Dimensions	(m)	 SAR	 PAR	 WI	 AR	 RI	

	

Floor	 Height	 h	/w	 w	/l	
	h	(w	+	l)								
2	x	w	x	l	

	(w	x	l)									
h2	

	(	w	x	l	)								
h	x	(w	+	l)	

AM_3		 h	=10,7		 0,8	 0,5	 0,6	 2,8	 0,8	

AM_5		 h	=17,8		 1,4	 0,5	 1,1	 1,0	 0,5	

AM_10		 h	=35,6		 2,8	
0,5	

2,1	 0,2	 0,2	

l = 24,7 m
a = 12,8 m

 h
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Evaluation	of	natural	lighting	

Besides	the	traditional	evaluations	of	Factor	of	Daylight	(FLD)	under	cloudy	skies	(Calcagni	et	
al,	2004),	the	current	dynamic	calculation	methods	for	natural	lighting	were	used	according	
to	the	local	climate.	The	file	Santiago.epw,	contains	the	dynamic	metrics	for	a	complete	year,	
including	 Daylight	 Autonomy	 (DA)	 and	Useful	 Daytime	 Illumination	 (UDI),	 (Reinhart	 et	 al,	
2006).	DA	was	defined	as	the	percentage	of	hours	used	in	a	year,	in	which	the	minimum	level	
of	 illumination,	according	to	the	recommendation	for	each	activity	(threshold),	 is	achieved	
with	natural	lighting	(Reinhart	et	al,	2006).		

The	 index	 of	 Useful	 Daylight	 Illumination	 (UDI)	 is	 given	 for	 a	 frequency	 of	 annual	
illumination,	 in	 accordance	with	 the	working	day;	 this	 allowed	 to	 verify	 the	proportion	of	
environmental	lighting	in	useful	values,	within	a	range	of	illumination	in	a	percentage	during	
the	year	(Nabil;	Mardaljevic,	2006).	The	same	as	the	FLD,	both	dynamic	metrics	DA	and	UDI	
are	expressed	in	percentages,	and	were	associated	with	a	criteria	for	natural	lighting	used	in	
interior	spaces	given	in	the	quantity	of	useful	hours.	

The	simulation	conditions	of	Illumination/Lighting	were	registered	for	a	matrix	of	165	
points	(sensors)	for	80	cm	floor	space.	In	agreement	with	the	IESNA	Handbook	for	multiple	
activities	 in	 the	atrium,	 a	 requirement	of	 300	 lux	was	 considered,	 in	 accordance	with	 the	
standard	suggested	in	IES	LM-83-12.	A	framework	was	used	of	weekly	use	connected	to	office	
services	necessary	for	241	days	of	the	year	(Monday	to	Friday),	in	a	timetable	from	8:00	to	
18:00.	2460	hours	in	total	were	evaluated,	in	each	sensor	of	the	matrix.	The	simulations	were	
done	in	DAYSIM	3.1	software,	whose	calculation	engine	is	RADIANCE	Desktop,	which	permits	
calculating	different	daylight	performance	percentages	depending	on	the	local	climate.	

Results		

	
Figure	3.	Comparison	of	DF	of	15	sensors	in	the	longitudinal	axis	of	each	AM.	

	
The	simulations	of	3	metrics	in	each	AM	were	analysed;	the	first	results	were	comparative,	
assimilated	in	the	central	transverse	axis;	only	the	longitudinal	axis	is	presented.	The	Daylight	
Factor	 (DF)	 showed	 a	 high	 percentage	 that	 is	 common	under	 a	 cloudy	 sky	 in	 the	 33.4º	 S	
Latitude.	The	highest	percentage	of	57%	corresponded	to	the	base	model	of	3	open	floors,	
decreasing	to	32%	in	the	center	of	 the	curve	of	the	5	 floors	base	model	 (AM_base).	 In	10	
floors	it	decreased	to	10%.	In	the	case	of	the	glass	model	(AM_glass)	in	3P-5P	and	10P,	the	
peaks	 were	 38.5%,	 22.8%	 and	 7.4%	 respectively.	 In	 accordance	 with	 this,	 as	 the	 height	
increased,	the	percentage	of	DF	decreased	due	to	the	shade	given	by	the	walls.	
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Figure	4.	Comparison	of	DA	for	15	sensors	en	the	longitudinal	axis	of	each	MA.	

	
The	comparative	simulations	of	Daylight	Autonomy	(DA)	in	the	atriums	of	3	and	5	floors,	

give	a	satisfaction	level	of	over	90%	regarding	to	the	lighting	level.	In	the	atriums	of	10	floors,	
a	 satisfaction	 level	 of	 between	 75%	 and	 85%	was	 obtained.	 Only	 the	 atrium	with	 lateral	
windows	of	10P	had	the	lowest	satisfaction	level,	between	1%	and	18%	in	350	N	increasing	
towards	the	NE	in	48%	and	62%.	In	the	case	of	the	UDI,	it	showed	discomfort	of	the	occupants	
and	the	excessive	solar	illumination	in	the	interior	spaces,	the	curves	were	associated	with	
percentages	 lower	 than	 75%	 corresponding	 to	 an	 UDI	 exceeding	 the	 range	 of	 2000	 lux.	
Nevertheless,	 it	was	achieved	 in	 some	models	of	10	 floors,	AM	60-40,	AM	36.5-63.5.	 The	
useful	illuminations	of	lower	percentages	correspond	to	the	AM-open	base	6%,	14%	and	55%,	
in	3P,	5P	and	10	P	respectively,	revealing	excessive	illumination	making	the	space	useless.	

	

	
Figure	5.	Comparison	of	UDI	for	15	sensors	in	the	longitudinal	axis	of	each	AM.	
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From	the	perspective	of	the	average	of	top	 illumination,	according	to	the	evaluation	
Useful	Daylight	Illumination	(UDI),	in	the	atriums	with	higher	percentages	of	annual	hours	of	
use,	it	is	satisfactorily	achieved	in	the	atriums	of	10	floors	with	glass	roofs	and	with	a	panel	of	
zinc	 steel.	 Also,	 the	model	 of	 5	 floors	 achieves	 this,	 with	 the	 entrance	 of	 natural	 lateral	
illumination;	 the	same	applies	 to	 the	remaining	AM	exceeding	 the	range	 for	all	models	of	
translucent	 roofs	and	 in	 the	case	of	 lower	percentages,	 totally	over	 illuminated,	 revealing	
serious	problems	of	visual	discomfort.	

	

	
Figure	6.	Comparison	of	average	UDI	for	77	central	sensors	in	each	AM	

Conclusions		

The	rectangular	configuration	of	the	atrium	in	Santiago	was	dominant,	the	type	with	4	sides	
was	incorporated	in	the	buildings	of	compact	plans,	as	is	the	urban	layout	in	the	historical	
center,	 with	 foundational	 characteristics	 in	 accordance	 with	 the	 cardo	 romano	 of	 the	
colonizers.	The	atrium	was	built	in	these	cases	for	the	necessity	of	allowing	in	natural	lighting	
to	the	interior	part	at	the	opening	of	the	roof.		

In	evaluating	natural	lighting,	using	the	dynamic	method	UDI,	a	strategy	became	clear	
for	useful	illumination	in	the	atriums	of	10	and	5	floors	in	height,	of	aspect	ratio	SAR=2.8	and	
WI=2.1	with	the	entrance	of	controlled	natural	lighting,	combining	roofs	with	transparent	and	
opaque	closures	in	the	superior	roof	or	definitely	with	lateral	windows.	

In	the	atriums	of	3	floors,	the	evaluation	of	interior	daylight	was	not	favourable	for	the	
purpose	of	multiple	purpose	spaces,	resulting	in	spaces	completely	over-illuminated,	with	a	
high	 risk	 of	 discomfort	 by	 excessive	 light.	 Even	 so,	 an	 analysis	 in	 relation	 to	 the	 formal	
configuration	and	lighting	conditions	of	the	roof,	together	with	the	thermal	performance	that	
favours	 openings	 in	 the	 upper	 levels,	 will	 be	 absolutely	 necessary	 to	 provide	 natural	
ventilation	according	to	the	local	climate.	

In	the	3	and	5	floor	atriums,	the	results	of	the	interior	illuminance	were	not	favourable	
according	to	the	goal	regarding	multipurpose	spaces,	resulting	in	over	illuminance,	with	a	high	
risk	of	blinding	and	overheating.	New	testing	in	relation	of	the	formal	and	light	configuration	
of	 the	 roof,	 along	 with	 the	 annual	 thermal	 performance,	 will	 allow	 the	 incorporation	 of	
optimized	design	criteria	and	variables	starting	with	the	ones	proposed	in	this	stage.	Between	
the	most	relevant	variables	to	explore,	are	the	ones	that	favours	roof	openings	to	achieve	
cross	 ventilation,	 and	 using	 the	 thermal	 difference	 between	 the	 lower	 and	 upper	 floors	
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reduce	the	risk	of	overheating	by	air	stratification	during	the	hot	seasons	and	also	reduce	the	
risk	of	air	cooling	during	the	cold	season,	with	the	intervention	of	the	solar	orientation	and	
predominant	wind.	 Furthermore	 there	 are	 also	 several	main	 cities	 in	Chile,	with	different	
climates,	where	atrium	buildings	are	rapidly	developing.	It	might	be	interesting	to	extend	this	
research	 to	 other	 climates	 and	 evaluate	 the	 influence	 of	 the	 thermal	 and	 daylight	
architectural	strategies	in	energy	demand.	
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Urban	density	versus	light,	health	and	sun	
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Abstract:	 In the current planning discussion, these two design targets often compete vigorously. As a 
sustainable urban planning strategy, the urban demand is usually in contradiction to energetic, ecological and 
health goals. In order to combine the benefits of high density with adequate solar exposure, features such as 
urban form, density and orientation are assed in a parametric model. Daylight and thermal simulations are 
used to evaluate all possible combinations of urban form, density and orientation. 

Keywords: Archetypes, Density, Climatic performance, Urban density simulation. 

Introduction	

The question of what is the best use for land has been puzzling urban planners for many 
years. The performance of different urban layouts has always been related to the 
environmental quality. Starting with Le Corbousier´s basic principle: Dwellings should be so 
planned that, even of the worst day of the year, the winter solstice, sunlight (in the absence 
of light) should penetrate for a minimum of two hours into each living room 
[Broadbent,1990]. 

The research on the nature of efficient land use by Martin and March [1972] on the 
late 1960´s delivered the concept of “Archetypical forms”. By these means they were able to 
test a wide range of urban forms and different levels. Their studies led them to conclude 
that the most efficient of all in terms of land-use would be a four-storey courtyard. It is 
however noteworthy, that these studies were carried out for a specific area coverage and a 
single location, the city of Cambridge. 

Previous	studies	

The “Archetypical Forms” approach represents a flexible framework to analyze urban 
morphology. This is the reason why it has been used in addition to environmental modelling 
to evaluate quality of the urban texture. 

Thermal performance for hot-dry climate was explored by Gupta [1984] using this 
approach. The selected archetypes were: Pavilion, Street and Pavilion-Street. For cooling 
dominated climates, the required shading can be provided either by the urban context or by 
the building skin. This analysis is useful to draw conclusions concerning the influence of the 
urban texture on Indoor-Thermal Comfort. 

An additional analysis of the Outdoor-performance of the archetypes for hot and arid 
climate was carried out by Ratti and Steemers [2003].  An evaluation of the 6 archetypes 
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regarding four aspects: surface to volume ratio, shadow density, daylight distribution and 
sky view factor. 

The aforementioned studies shed light on the performance of the Archetypical	Forms	
using a specific Building Coverage Ratio (BCR). This index is the result of dividing the area of 
the buildings footprint by the site area. Figure 1 shows the building coverage ratio for the 6 
Archetypes. 

Figure 1. Archetypical Forms 

The density can be increased by adding levels. For the previous studies, the number of 
levels varies from 3 to 10. Therefore, the Floor to Area Ratio (FAR) will increase. This 
value is calculated by dividing the total floor area by the site area. The number of levels of a 
generic building represented by an archetypical form can be would be the ratio of the FAR 
and BCR. This two concepts where brought together by Berghauser Pont and Haut in 
Space Density and Urban Form [2009]. The Spacematrix creates an array representing on 
the vertical axis, the FAR and on the horizontal axis the BCR. 

Density can be defined in various ways, for instance, Population Density (inhabitants/ 
hectare), Dwelling density (dwellings / hectare) or land use intensity (FAR). According to 
this thesis the density of a neighbourhood can be estimated using three indicators. 

The main indicators are the Floor-space- index, comparable to the FAR and the 
Ground- space-index, analogous to BCR, henceforth FSI	and GSI	correspondingly. The third 
indicator, network density (N) is expressed as the ratio of paths and ground area. It describes 
how well connected the urban fabric is. 

This matrix comprises a maximum FSI of 4, represented on the vertical-axis. This scale 
is divided in 12 segments. The Horizontal-axis represents the GSI (coverage ratio). This scale 
is divided in 17 segments. An archetypical form mapped with a resolution of 12 x 17 
encloses 204 possible density configurations for every archetypical form. Each one is 
represented on the following chart with a point. The totality of possible density 
configurations, henceforward “Density	 spectrum” will be used to generate and compare 
urban morphologies. 

Space	matrix	and	archetypes	

FSI and GSI constitute the fundamental dimensions of the Density	 Spectrum. The 
performance of the urban morphology represents further dimensions. It can be related, as it 
is discussed in the next section, to Geometry, Climate, Location and Orientation. 
Forthcoming charts and analysis use the point grid as a third dimension of the urban 
spectrum and display results using a color map. This investigation aims to create a 
framework suitable to design, evaluate and optimize the urban texture for different climate 
regions. Twenty exemplary cases from the Density	Spectrum	of the Pavilion-Court	Archetype 
are represented on Figure 3. 

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 3357



Figure 2. Urban spectrum for Pavillion-Court Archetype 

Geometric	studies	

Geometrical models for the 6 archetypical forms were parametrized to be evaluated on its 
Density Spectrum. The geometric properties of an urban morphology are the first hints of 
the quality of indoor and outdoor space. The ratio of FSI to GSI is equal to the average 
number of levels. The result of this number multiplied by the typical floor height is the 
average building height. The perimeter zone of a building is considered to be the area where 
daylighting and natural ventilation has potential. The most relevant energy exchange 
between interior and exterior takes place in this zone. 

Exhaustive thermal and daylight modelling is usually carried out for these zones. 
According to ASHRAE Std90 [2016] the depth of this zone is 15ft. (roughly 4.5m) however; 
the influence of the exterior on the perimeter zone depends on floor height and opening 
size. Perimeter and core area estimations on this study considered 6m (20ft.) as perimeter 
depth. The percentages of perimeter and core surfaces are estimated as well. This ratio, 
presented on Figure 3 for two archetypes, can be used anticipate how well distributed floor 
plans might be. For instance, a compact and efficient circulation area takes between 20 and 
30% of a floor area. [Jocher, 2010] 

The volume to area ratio describes the compactness of a body. On the subject of 
buildings, it is important to consider that this index is related to the building envelope. For 
instance, a construction with the following dimensions (width, depth and height); 10, 
10, 30m and another one of 10, 30, 10 would have the same area and volume, 
however one would resemble a tower and the other a block or a slab according to March 
and Martin´s archetypes. In both cases the roof and footprint would have the same area, 
nevertheless on the first case it would comprise 100m² and on the second case 300m². For 
this purpose, the volume would be related to the facade and distinctly to the envelope 
(façade and roof). The façade to volume  ratios would be  0.40 and 0.26m-1 and the  
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envelope to volume ratio therefore 0.43 and 0.36m-1. This indicator is related to thermal 
performance and heat loss. 

The following chart (Fig. 4) presents the envelope/volume ratio on the Pavilion 
Archetype and a reference of other urban morphologies regarding the abovementioned 
ratio are presented as well. [Hegger,2007]. 

Figure 4. Perimeter area percentage for two archetypes 

Concerning the outdoors, properties of a street canyon a street canyon, such as its 
width and proportion (height/width) can be design advice for the use of vegetation 
and lane layout. Geometric information can be simplified by means of pattern 
recognition. Case in point, the street canyon ratio can be mapped in the same way as the 
number of levels by the use of isolines, as in Figure 5. This pattern would be different for 
every archetype due to the coverage distribution. 

Figure 3. Envelope / Volume Ratio
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Figure 3. Isoline representation of a street canyon 

The fundamental geometric properties are the following: Height and number of 
levels, Perimeter and Core (surface and ratio), Roof Area, Area / Volume Ratio, Surface / 
Volume Ratio, Effective Area, Street Canyon and Network Density. 

Climate	performance	studies.	

A second group that relates to environmental performance regardless of climate encloses: 
The Sky View Factor, used to analyze radiation exchange between a horizontal surface, for 
instance a street and the sky. This factor is given in percentage, is used in heat island 
calculations. The maximum value is 100% and would correspond to an unobstructed surface 
such as a roof [Oke, 1981]. 

The Vertical Sky Component is used for vertical surfaces, namely facades. It is related 
to daylight, given is percentage as well with a maximum possible value of 50%. It can be 
related to a Daylight Factor. 

The third group relates to environmental performance entirely. It takes into 
consideration a certain location and orientation. 

As we have seen, the openness of an outdoor space to the sky can be measured 
with the Sky	 View	 Factor,	 and this factor can be associated with urban heat island 
effect (UHI), nonetheless, the heat gain by means of solar irradiation and depends on 
different sky conditions of a particular climate region and its orientation. The amount of 
sun hours or direct solar irradiation data can be coupled with air temperature in order to 
resolve whether solar gain should be maximized or minimized [Oke, 1981]. 

Figure 4. Sky View Factor 

The following charts illustrate the solar exposure on outdoor space. Two 
orientations, N-S and E-W are compared for Munich. The result, presented on Figure 7, is 
given in cumulated sun hours of the Slab archetype. 
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Figure 5. Solar hours for two different orientations 

The previous result describes the point in time on which an unobstructed solar 
vector intersects the outdoor surface. And the average value is estimated for every hour 
of the year. This means that the solar exposure on a horizontal plane is represented by a 
single value. As will be discussed later in this paper, this approach would not describe 
accurately the solar exposure on the different levels of facades, since the solar gains 
difference between upper and lower levels are quite considerable. Furthermore, the 
amount of sun hours does not measure potential for passive solar gain and heating. 

Air	movement 

Another important component of outdoor environmental performance is the air movement. 
According a wind speed and direction metrics such as average air speed and air exchange 
rate for exterior can be evaluated. The Pavillion-Court	archetype was used to carry out as 
CFD simulation, considering a FSI: 3.5 and GSI of 0.4, due to the remarkable resemblance 
between and the district of Eixample	 in Barcelona. As a proof of concept the chamfer 
corners were added to the model with the purpose of examining the influence on 
perpendicular streets. The outcome of the use of chamfer is a reduced velocity on the main 
street and an increased air movement on secondary streets. 

Figure 6.Chamfering on corners 

It is often discussed whether the entire layout of a neighborhood should be oriented 
with the purpose of optimizing wind or solar exposure. Some argue that local solutions 
such as exterior shading are even more effective than shading by increasing the urban 
density. [Gupta,1981]. In the matter of air velocity, the chamfered corners prove to 
increase air velocity on secondary streets. However, a 45° rotation of the layout 
evidenced a more constant and even distributed velocity. Sensitivity analyses like this are 
to be carried out for the totality of the urban spectrum. 
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Solar	Irradiation	on	Façade 

The FSI represents the same built area for different coverages, and accordingly the number 
of levels. The lower the coverage the more built levels. The following chart presents on the 
vertical axis, the number of levels and on the horizontal the percentage of coverage (GSI). 
The displayed information is the amount of levels that are above a certain solar irradiation 
range. 

This comparison is useful to evaluate not only orientation and density concerning solar 
irradiation but also related to the urban morphology, specifically the effect of incoming light 
from the corners as opposed to long blocks. 

Figure 7. Irradiation distribution on a South Facade 

The information on Figure 12 is valid for Munich and can be interpreted as follows. 
Point A denotes that 14 levels receive an average solar irradiation higher than 700 kWh/m²a. 
On the second chart (for the Terraces archetypes) only 3 levels, which are 
understandably the upper ones, are above the same value. Flowingly, there are 7 levels 
above 600 kWh/m²a, this includes the aforementioned 3 upper levels. Point A and B depict 
the effect of incoming solar radiation from the sides. This information can be coupled 
with other information, such as orientation. For instance, if the annual solar irradiation 
on a West and a South façade are equivalent, they are to be understood differently since 
most of the radiation on a West façade occurs during summer due to low sun position on 
the evening. For the same period of time, a south façade receives a lower radiation due 
to the higher solar altitude, additionally it can be easily reduced by means of overhangs. 
The passive heat gain can be assessed in the same way. However, solar irradiation during 
the wintertime is critical. 
The same approach can be considered to estimate unwanted heat gain for warmer climates 
or during hotter seasons. 

Further	developments	

The entire scope of the climate performance studies comprises thermal and daylight 
simulation. Energy consumption for heating and cooling was calculated by means of urban 
thermal modelling. Such a model gives information not only regarding comfort but also 
related the energy consumption concerning to the number of dwellers. This means, that a 
profile for users can be incorporated into urban modelling. Moreover, the energy 
production according to the location orientation and size of energy recovery system can 
help define the absolute consumption of a neighbourhood and how it relates to density. 
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Figure 8. Energy production according to number of dwellers and PV roof coverage [BMWi,2012]. 

Conclusion	

The incorporation of space matrix and urban form, by means of archetypes, in an 
environmental analysis accomplishes a holistic understanding of dweller and built density, 
environmental quality, energy consumption and production for a specific climate. 
Dependencies and mutual influences can be easily seized easily by increasing or reducing 
the complexity of the model. 
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Abstract:	 Daylight	 being	 a	 primary	 source	 of	 light	 has	 been	 used	 in	 build	 spaces	 from	 time	 immortal.	 This	
dissertation	investigates	the	use	of	daylight	in	Outpatient	department	(OPD)	of	five	hospitals	in	Mumbai,	India	
and	identifies	strategies	for	adequate	and	comfortable	daylight.	Firstly	visual	and	daylight	survey	of	OPDs	were	
done	along	with	 survey	questionnaire	of	OPD	 staff,	 visitors	 and	patients’	 attendant.	 The	data	 collected	was	
compiled	and	critically	analysed.	The	analysis	of	visual	survey	showed	that	there	are	various	physical	daylight	
obstructions	 like	 trees,	 horizontal	 projections,	 etc.	 Further,	 survey	 questionnaire	 analysis	 of	 patients’	
attendant/visitors	 showed	 that	 58%	 visit	 OPD	 at	 regular	 intervals	 and	 87.8%	 prefer	 natural	 light	 in	waiting	
areas.	The	analysis	of	survey	questionnaire	of	OPD	staff	showed	that	96.2%	spend	6hrs	to	8hrs	working	in	OPD	
and	64%	visit	OPD	every	day.	Further,	OPD	staff	prefers	working	in	natural	light.	From	the	daylight	analysis	of	
OPDs	it	was	found	that	there	are	various	factors	which	contribute	to	the	availability	of	daylight	within	spaces.	
After	 analysis,	 the	 case	 with	 least	 availability	 of	 daylight	 was	 simulated	 on	 Ecotect	 software	 and	 retrofit	
proposal	was	suggested.	The	research	concluded	by	suggesting	design	guidelines	for	daylight	optimization	 in	
OPD	spaces	for	new	hospitals.	
	
Keywords:	Hospital,	Outpatient	Department,	Daylight,	Daylight	Optimization		

Introduction		

Light	is	critical	for	human	functioning,	it	allows	us	to	see	things	and	perform	activities.	Right	
from	 the	 earliest	 time	 people	 have	 appreciated	 the	 use	 of	 natural	 light.	 Light	 was	
considered	as	the	means	for	time	calculation.		It	was	taken	into	the	interior	space	by	various	
kinds	of	apertures/openings	which	enabled	the	residents	to	understand	things	in	relation	to	
the	external	environment.	As	settlements	developed	elements	like	courtyards,	gardens,	etc	
were	made	part	of	the	buildings	to	capture	daylight	 into	the	 internal	spaces.	But	over	the	
decades	 with	 the	 widespread	 introduction	 of	 artificial	 lightings,	 the	 use	 of	 daylight	 has	
become	minimal	(Jakmauh,	2005).	

This	 dissertation	 will	 emphasise	 about	 the	 study	 of	 Daylighting	 in	 Outpatient	
departments	(OPD)	in	Hospitals	and	its	effects	on	the	people	using	it	such	as	medical	staff,	
visitors/patient's	attendant	and	patients.	It	will	examine	various	architectural	elements	like	
windows,	courtyards,	light	wells,	sky	lights,	etc	which	play	a	role	in	daylighting	and	evaluate	
quality	of	daylight	offered	by	them	in	OPD	spaces.	The	opinion	of	occupant	using	the	space	
and	 data	 collected	 from	 the	 existing	 outpatient	 department	 of	 hospitals	 will	 help	 in	
identifying	existing	scenario	and	necessary	recommendations.	Further,	the	existing	research	
on	Hospital	with	respect	to	daylight	is	on	inpatient	departments	(wards)	with	major	ones	on	
private	or	semi-private	wards	and	nurse	stations.	Mostly	all	these	are	international	studies.	
In	India	there	is	hardly	any	study	related	to	role	of	daylight	in	hospitals	(Pritam	et	al,	2012).	
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This	research	aims	at	studying	the	potential	of	daylight	 in	outpatient	departments	 in	
hospitals	and	at	the	same	time	identify	design	strategies	which	can	be	used	in	these	areas	to	
create	visually	comfortable	spaces.	

Outpatient	Department	(OPD)	

Outpatient	 care	 was	 once	 on	 the	 sidelines,	 originally	 designed	 with	 a	 limited	 scope;	 it	
offered	 only	 basic,	minor	 services.	 Today	 outpatient	 care	 has	 changed	 as	 a	major	 service	
encompassing	 a	 wide	 range	 of	 treatments,	 diagnostic	 test	 and	minor	 surgeries,	 some	 of	
which	 required	 hospitalization	 earlier	 (Kunders,	 2004).	 It	 is	 the	 point	 of	 first	 contact	
between	 a	 hospital	 and	 the	 patients.	 An	OPD	 is	 therefore	 appropriately	 called	 the	 “Shop	
Window”	of	a	hospital	(Gupta	et	al,	2007).	Caring	of	the	sick	is	the	primary	function	of	the	
outpatient	department.	In	addition,	it	functions	as	a	centre	for	imparting	education	to	staff	
as	well	as	patients.	The	outpatient	department	comprises	of	examination	rooms	and	large	
waiting	areas	for	patients	and	visitors.	It	caters	to	three	different	traffic	flows,	i.e.	Medical	
staff,	 Patients	 and	 Visitors/Patient's	 attendant,	 belonging	 to	 different	 age	 groups.	 These	
areas	 needs	 to	 be	 appropriately	 illuminated	 either	 by	 natural	 or	 artificial	 lights.	 Hospitals	
must	pay	attention	towards	the	proper	planning,	designing,	organization	and	functioning	of	
outpatient	department. 

The	indoor	illumination	within	a	space	is	dependent	on	daylight	conditions	and	it	plays	
a	very	important	role.	Also	the	requirement	of	 lighting	levels	 in	any	space	depends	on	the	
kind	of	task	performed.	In	outpatient	department	the	lighting	level	in	the	waiting	area	will	
differ	 from	 the	 consulting	 rooms.	 If	 these	 lighting	 levels	 are	 achieved	 by	 using	maximum	
amount	of	daylight	and	minimum	artificial	lighting,	then	it	will	contribute	to	energy	savings.	
Further,	OPD	mostly	functions	in	day	time	as	compared	to	other	hospital	services.	Hence,	it	
is	the	area	where	maximum	potential	for	utilization	of	daylight	is	available.	Natural	lighting	
maximizes	 user	 comfort,	 and	 provides	 more	 satisfying	 and	 pleasant	 indoor	 environment	
with	 higher	 performance	 and	productivity.	When	hospital	 lighting	 is	 carefully	 designed,	 it	
transforms	the	appearance	of	the	space,	making	it	attractive	and	welcoming.	Studies	have	
shown	 that	 natural	 light	 offers	 both	 patients	 and	 care-givers	 substantial	 health	 benefits	
(physically	 and	 mentally)	 (Figueiro	 et	 al,	 2001).	 Presence	 of	 daylight	 and	 exterior	 views	
reduces	feeling	of	isolation	and	claustrophobia	(Dalke	et	al,	2004).	

Daylight	Standards	
Earlier	it	was	common	with	light	levels	in	the	range	100	-	300	lux	for	normal	activities.	Today	
the	 light	 level	 is	 more	 common	 in	 the	 range	500	 -	 1000	 lux	depending	 on	 activity.	 For	
precision	 and	 detailed	 works,	 the	 light	 level	 may	 even	 approach	1500	 -	 2000	 lux	 (www.	
engineeringtoolbox.com).	 In	hospital	 the	required	 illumination	 level	 in	various	OPD	spaces	
can	be	seen	in	the	table	below.	

	
Table	1.	Daylight	Standards	for	Hospitals.	

Hospitals	
Sr.	No.	 Activity	 Illumination(lux)	 Source	

1	 Consulting	Rooms	
	 NBC,	2005	a	 General	 200-300-500	

b	 Desk,	Examination	couch	 300-500-750	

c	 Examination	&	Treatment		 1000	 Booklet	7	–	German	Institute	of	
standardization	

2	 Reception/enquiry	 200-300-500	
NBC,	2005	

3	 Waiting	rooms	 100-150-200	
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Methodology	

There	were	various	steps	followed	for	the	study	as	shown	in	the	flow	chart	below.	Firstly,	a	
list	of	hospital	was	prepared	based	on	the	selection	criterion	which	was,	random	sampling	
of	different	sizes	of	Municipal	and	Private	Hospitals	 from	the	Western	Suburbs	(Bandra	to	
Dahisar),	 North	 &	 South	Mumbai	 parts	 of	Mumbai	 city.	 Based	 on	 this	 criterion	 hospitals	
were	shortlisted	and	observation	survey	was	conducted	 in	 the	same.	After,	 completion	of	
observational	 survey	 a	 list	 of	 hospital	 was	made	 based	 on	 criteria	 such	 as	 availability	 of	
natural	 light	 in	OPD	and	 the	minimum	 size	 of	OPD	 in	 terms	of	 area	 should	be	 500	 sq	m.	
Accordingly,	out	of	16	short	listed	hospitals,	14	were	finalized	and	permissions	for	the	same	
were	applied.	Further,	out	of	14	final	hospitals	permissions	were	granted	for	5	hospitals.	

Once	 the	 permissions	were	 granted	 in	 5	 hospitals,	 data	 collection	 of	 the	 same	was	
done	which	included	Visual	survey	of	OPD,	Questionnaires	survey	of	OPD	staff	and	visitors	
and	Daylight	survey	of	OPD.	The	data	collected	was	then	compiled	and	analysed	individually	
and	comparatively.	Further,	the	case	with	least	availability	of	daylight	in	activity	spaces	was	
identified	 and	 the	 same	was	 then	 simulated	 on	 Ecotect	 to	 find	 solutions	 to	 enhance	 the	
daylight.	Firstly	a	base	case	was	modelled	on	Ecotect	and	calibrated	to	average	readings	of	
daylight	taken	at	1:00	pm	on	case	site.	The	outdoor	design	sky	 illumination	for	the	model	
was	considered	9000	lux	as	per	NBC	2005.	Various	individual	design	strategies	were	applied	
followed	 by	 combined	 design	 strategies,	 and	 accordingly	 the	 best	 daylight	 strategy	 with	
maximum	daylight	optimization	was	found	suitable	for	retrofit	proposal.	Lastly,	based	on	all	
the	 analysis	 recommendations	 for	 optimizing	 daylight	 design	 in	 OPD	 spaces	 for	 new	
hospitals	were	suggested.	

	

	
Figure	1.	Methodology	Flow	Chart.	
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Table	2.	Final	List	of	Case	Studies.	
Sr.	No.	 Name	 Location	 Code	

1	 Bombay	Port	Trust	Hospital	 Vadala	 BPTH	
2	 B.	J.	Wadia	Children	Hospital	 Parel		 WCH	
3	 Sir	J.	J.	Hospital	 Byculla	 SJJH	
4	 Nowrosjee	Wadia	Maternity	Hospital	 Parel	 WMH	
5	 Dr.	R.	N.	Cooper	Municipal	General	Hospital	 Ville	Parle	 CMGH	

	

Instruments	for	Data	Collection	and	Software	used	

Measuring	 Tape	 (while	 preparing	 architectural	 drawings	 &	 measuring	 distance	 of	 spots	
selected	for	readings)	and	Digital	Lux	Meter	(for	measuring	the	illumination	levels)	were	the	
instruments	used	for	data	collection.	The	brand	of	Digital	Lux	Meter	was	MECO	and	model	
no.	was	 930	 P.	 Further,	 software	 used	 for	 the	 study	were,	 Autodesk	 Auto	 CAD	 2010	 (for	
preparing	architectural	drawings),	Autodesk	Ecotect	Analysis	2011	(for	day	lighting	analysis),	
MS	word	(for	documentation)	and	MS	excel	(for	data	analysis).	

Daylight	Measurements	
The	 daylight	 measurements	 (readings)	 were	 taken	 in	 OPD	 rooms	 (consulting	 rooms),	
Registration	office,	Registration	area	and	Waiting	area.	

	
Figure	2.	Example	of	Sample	Points	for	Daylight	Measurements	in	Plan	&	Section.	

	

Findings	and	Conclusions	from	Daylight	Analysis		

After	analysis	of	the	case	studies	it	was	found	that	the	availability	of	daylight	in	OPD	spaces	
of	SJJH	&	CMGH	was	 sufficient	 (as	per	NBC,	2005).	However	 the	availability	of	daylight	 in	
BPTH,	WCH	&	WMH	was	 found	deficient	 (below	 standards).	 The	 case	WCH	had	 the	 least	
availability	of	daylight	within	OPD	spaces.	There	are	various	 factors	 that	contribute	to	the	
availability	of	daylight	within	the	activity	spaces	as	listed	below.	

External/Internal	daylight	obstructions	and	Room	Dimensions	
Table	3.	External/Internal	Daylight	Obstructions	in	Case	Studies.	

Name	of	Hospitals	
Cases	 BPTH	 WCH	 SJJH	 WMH	 CMGH	

External/Internal	
Obstructions	

Trees	 close	 to	
window	openings	

External	 shed,	
Trees,	Mosquito	net	
(laden	with	dust)		

Ground	 +	 1	
structure	 near	 OPD	
room	no	1	&	2	

Trees	&	Chajjas	Chajjas	

	
After	analysing	all	the	cases	(see	Table	3)	it	can	be	concluded	that	one	has	to	plan	external	
landscape	 and	 various	 horizontal	 projections	 in	 a	 manner	 which	 would	 not	 compromise	
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daylight	 availability	 within	 the	 spaces.	 Also	 internal	 elements	 like	 mosquito	 net	 can	 be	
avoided	as	 it	not	only	obstructs	daylight	but	disconnects	users’	 connectivity	with	external	
environment	and	 such	unmaintained	nets	 also	 raise	hygiene	 issues.	 Further,	 the	depth	of	
the	consulting	rooms	of	SJJH	&	CMGH	was	4.5m	and	3.0m	respectively,	whereas	the	depth	
of	 the	consulting	rooms	of	BPTH	&	WCH	was	6.72m	and	8.53m	respectively	due	to	which	
daylight	quantity	was	very	 low	along	the	depth	of	the	rooms.	This	concludes	that	depth	is	
inversely	proportional	to	available	daylight.		

From	the	analysis	of	the	waiting	areas	it	was	found	that	in	cases	BPTH,	SJJH	&	CMGH	
sufficient	daylight	was	available	as	compared	to	cases	WCH	&	WMH.	This	is	because	in	BPTH	
the	depth	of	waiting	area	was	2.1m	due	to	which	daylight	was	able	to	reach	along	the	depth.	
Similarly	 in	SJJH	 there	were	 skylights	present	at	 the	 regular	 intervals	 (4.5m)	due	 to	which	
sufficient	daylight	was	available.	Also	in	CMGH	there	were	skylights	present	throughout	the	
waiting	area	providing	excess	daylight	(above	the	standards).	In	such	cases	roof	sheets	with	
lesser	 transparency	 should	be	used.	However,	 in	waiting	 area	of	WCH	 the	 source	of	 light	
was	light	well	at	first	floor	surrounded	by	rooms	on	all	four	sides	due	to	which	daylight	was	
obstructed.	Similarly	in	WMH	the	skylights	were	irregularly	placed	creating	pockets	of	high	
and	low	illumination.		This	concludes	that	waiting	areas	should	be	designed	considering	the	
position,	proportion,	size	and	VLT	of	skylights/light	well,	inorder	to	get	sufficient	daylight.		

Window	to	wall	ratio	(WWR),	Internal	finishes	and	Aperture	Position	

From	the	analysis	of	all	 the	cases	(see	Table	4)	 it	can	be	concluded	that	reflective	finishes	
should	be	used	 for	enhancing	daylight	quantity	&	quality	within	a	 space.	Also	 rooms	with	
greater	 depth	 should	 have	 higher	WWR	 along	with	 reflective	material	 finishes	 (reflective	
matt	finishes).	

	
Table	4.	Window	to	Wall	Ratio	&	Internal	Finishes,	Comparison	between	Cases.	

Name	of	Hospitals	
Sr.	No	

	
BPTH	 WCH	 SJJH	 WMH	 CMGH	

1	 Average	WWR	of	
Consulting	rooms	

20%	 (room	
depth	6.72m)	

34%	 (room	
depth	8.53m)	

24%	(room	depth	
4.5m)	

24%	 (room	
depth	3.15m)	

26%	 (room	
depth	3m)	

2	 Registration	
office	WWR	

18.07%	 (room	
depth	6.72m)	

31.53%	 (room	
depth	5.5m)	 -	 16.62%	 (room	

depth	4.41m)	
27.92%	 (room	
depth	5.80m)	

3	 Material	
Reflectivity	

wall:-	30,	Floor:-	
45	

wall:-	 30,	 Floor:-	
45	

wall:-	 65,	 Floor:-	
70	

wall:-	 30,	
Floor:-	45	

Wall	 :-	 70,	
Floor:-	45	

	
Further,	the	aperture	position	in	consulting	rooms	of	SJJH	was	close	to	the	ceiling	due	

to	which	there	was	better	distribution	of	daylight	within	the	space.	This	concludes	that	the	
reflective	 quantity	 of	 daylight	 from	 ceiling	 is	 directly	 proportional	 to	 the	 height	 of	 the	
window.	

Findings	and	Conclusions	from	Survey	Questionnaires	

From	the	analysis	of	survey	questionnaires	of	Patients	attendant/visitors	 in	all	 the	cases	 it	
was	 found	 that	majority	 of	 the	 respondents	 (58%)	 visit	 OPD	 once	 or	 twice	 a	 week.	 Also	
majority	 of	 the	 respondents	 (55.4%)	 spend	 1	 to	 2hrs	 in	 OPD.	 Similarly	 majority	 of	 the	
respondents	(87.8%)	prefer	to	wait	in	the	areas	where	there	is	natural	light.	This	concludes	
that	people	visit	OPD	at	regular	intervals	and	spend	lot	of	time	during	each	visit.	Also	they	
prefer	natural	light	in	waiting	areas	of	OPD	as	they	not	only	feel	comfortable	in	natural	light	
but	they	are	also	connected	with	the	external	environment.	
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Further,	from	the	analysis	of	survey	questionnaires	of	OPD	staff	in	all	the	cases	it	was	
found	 that	majority	 of	 the	 respondents	 (64%)	 visit	OPD	every	day	whereas	 some	 (42.5%)	
respondents	visit	OPD	once/twice	a	week.	Also	majority	of	respondents	(96.2%)	spend	6	to	
8	 hrs.	 working	 in	 OPD.	 Further,	 majority	 of	 the	 respondents	 feel	 comfortable	 (88.2%)	
working	 in	 natural	 light.	 Presence	 of	 natural	 light	 improves	 their	 work	 efficiency	 (85.6%	
respondents	agree)	 and	 it	 is	 easier	 to	examine	patients	 in	 room	with	natural	 light	 (71.8%	
respondents	agree).	This	concludes	that	OPD	staff	prefers	working	in	natural	light.	

Design	recommendations	for	daylight	optimization	in	OPD	in	hospitals	

Based	on	all	the	analysis,	recommendations	for	optimizing	daylight	design	in	OPD	spaces	for	
new	hospitals	were	suggested.	

Increase	in	window	to	wall	ratio	(WWR)	

Higher	the	WWR,	greater	will	be	the	floor	space	available	with	daylight.	In	OPD	WWR	can	be	
increased	by	providing	higher	windows	close	 to	 the	ceiling.	Lower	sills	 shall	be	avoided	 in	
OPD	spaces	for	privacy	purpose.	The	sill	height	can	be	0.8m	to	1.2m	from	finish	floor	level.	

Light	shelves	

Light	shelves	helps	 in	better	penetration	of	daylight	within	a	space.	They	act	as	a	shading	
device	and	helps	 in	directing	 light	on	to	the	ceiling	for	deeper	penetration.	The	top	of	the	
light	shelf	should	be	matt	white	(70	–	80%	reflective)	and	should	not	obstruct	vision	from	
the	space	to	outdoor	environment.	Exterior	light	shelves	are	better	than	interior,	but	both	
should	be	used	for	better	distribution	of	daylight	throughout	the	year.	

Reflective	material	along	rear	side	wall	and	dead	corners	near	windows	

In	 rooms	 with	 higher	 depth	 (ratio	 1:2)	 introduction	 of	 curved/angular	 reflective	material	
(70%	 reflectivity,	 matt	 finish)	 along	 rear	 side	 wall	 enhances	 daylight	 quantity	 in	 deeper	
zones	of	a	room.	Similarly	providing	reflective	material	(70%	reflectivity,	matt	finish)	along	
dead	corners	near	window	helps	in	better	distribution	of	daylight	within	a	space.	

	
Figure	3.	Reflective	Material	along	Dead	Corners	and	Rear	Side	Wall.	

	

Curved/angular	wall	panelling	along	walls	

Curved/angular	wall	panelling	along	walls	enhances	the	illumination	level	within	the	space	
through	better	reflection	of	daylight,	incident	on	it.	The	material	reflectance	shall	be	70%.	

	
Figure	4.	Curved/Angular	Wall	Panelling.	
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Visual	Light	Transmission	(VLT)	

Increase	 in	 visual	 transmission	 of	 light	 improves	 daylighting.	 Windows	 facing	 north	 and	
northeast	 façade	should	be	provided	with	high	glazing	visible	 transmission	 to	admit	more	
daylight.	

Separate	openings	for	daylight	and	view	

A	separate	opening	can	be	provided	for	daylight	and	view.	Clear	glazing	(VLT	80	–	90%)	can	
be	provided	at	higher	opening	in	order	to	get	maximum	daylight	whereas	tinted	glazing	for	
the	lower	opening	for	glare	control.	The	structural	element	between	the	two	provides	visual	
break	and	an	opportunity	to	provide	a	light	shelf.	

Horizontal	fins	

Shading	devices	can	be	designed	as	a	combination	of	horizontal	louvers	in	order	to	increase	
the	 daylight	 quantity	 within	 a	 space.	 Similarly	 larger	 overhangs	 can	 be	 broken	 up	 into	
smaller	horizontal	louvers	for	better	daylight	distribution.	

Horizontal	projections	outside	windows	(Translucent	sheets)	

In	 spaces	 which	 are	 provided	 with	 larger	 horizontal	 projections	 (opaque	 sheets)	 outside	
windows	(especially	in	registration	office),	translucent	sheet	(polycarbonate	sheets,	VLT	30	
–	50%)	shall	be	used	instead	of	opaque	sheets	(cement	sheets)	in	order	to	get	unobstructed	
daylight	 within	 the	 space.	 Also	 there	 shall	 be	 reflective	 pergolas	 (70%	 reflective)	 below	
sheets	in	order	to	enhance	the	illumination	level	within	the	space.	

Deep	wall	section	and	Material	finishes	of	exterior	surfaces	

Deep	wall	section	provides	self	–	shading,	allows	easy	integration	of	light	shelf	and	creates	
surfaces	that	mitigate	glare.	Further,	light	coloured	surfaces	will	reflect	more	daylight	than	
dark	 surfaces.	 Glazed	 surfaces	 (e.g.,	 glazed	 tiles)	 shall	 be	 avoided	 as	 it	may	 create	 glare.	
Diffused	daylight	from	reflective	finishes	(50	–	60%)	can	increase	daylight	availability.	

Internal	Finishes	

Avoid	 using	 dark	 colour	 surfaces	 since	 they	 impede	 daylight	 penetration	 and	 cause	 glare	
when	 seen	 beside	 bright	 surfaces.	 Choose	 matt	 over	 specular	 surface	 finishes	 for	 good	
distribution	of	daylight	and	no	reflected	glare	(hot	spots).	

	
Table	5.	Internal	material	finishes.		
Outpatient	Department	(OPD)	

Consulting	rooms,	Waiting	area	&	Registration	office	
Sr.	No.	 Surfaces	 Reflectance	Factor	(%)	 Finish	

1	 Ceiling	 70	-	80		
Matt	2	 Wall	 60	–	70	

3	 Floor	 50	–	60	

	

Use	light	transmitting	materials	for	partitions	

Use	 clear	 or	 translucent	materials	 in	 the	 upper	 portion	of	 the	 full	 height	 partition.	 If	 this	
approach	 is	 taken	 in	 corridor	 walls,	 corridors	 will	 be	 adequately	 lighted	 just	 by	 the	
reflective/bounced	daylight.	This	shall	be	used	in	areas	of	doubly	loaded	corridors	in	which	
there	are	consulting	rooms	on	both	sides	of	the	central	corridor.	
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Use	of	skylights	and	light	well	

Skylight	and	 light	well	 is	 an	effective	 tool	 to	get	 in	daylight	within	 central	 spaces	 (waiting	
areas),	 where	 there	 is	 no	 opportunity	 to	 get	 in	 daylight	 from	 the	 sides.	 They	 should	 be	
placed	at	regular	intervals	in	order	to	provide	adequate	daylight	throughout	the	space.	Also	
the	 roofing	 sheet	used	 for	 the	 skylight	 should	be	 translucent	 (VLT	30	 –	50	%)	 in	order	 to	
avoid	excess	daylight	within	the	space.	There	are	other	alternates	which	can	be	used	instead	
of	roofing	sheet	like	ribbed	slab	with	glass	block,	combination	of	opaque	and	clear	roofing	
sheets	as	shown	in	the	figure	below.	

	

	
Figure	5.	Skylight	Placement.	

	

Future	scope	

This	dissertation	suggest	daylight	strategies	for	enhancing	daylight	based	on	reflectance	of	
internal	 surfaces,	 ground	 reflectance,	 window	 to	 wall	 ratio,	 light	 shelf	 and	 visual	
transmission	of	light.	Future	research	can	be	done	by	using	other	strategies	like	light	pipes,	
room	dimensions,	etc.		

Further,	 research	 can	 also	 be	 done	 on	 daylight	 quality	 with	 respect	 to	 glare	 and	
amount	 of	 heat	 gain,	 fenestration	 and	 ventilation	 strategies.	 One	 can	 also	 study	 on	 the	
potential	 of	 energy	 savings	 due	 to	 adequate	 daylight	 design	 in	 OPD	 spaces,	 impact	 of	
furniture	and	related	equipment	on	daylight	quantity	within	a	space.	Research	can	also	be	
done	on	obstructions	due	to	landscape	elements	on	daylight.	
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Abstract: Good daylight is an important aspect of building design. Various metrics have been developed to 
predict annual daylight performance using Climate Based Daylight Modelling (CBDM). However, National 
Building Code (NBC) and Energy Conservation Building Code (ECBC) of India do not require compliance using 
CBDM. LEED (Version4 BD+C) requires compliance using Spatial Daylight Autonomy (sDA300/50%) and Annual 
Sunlight Exposure (ASE1000,250h) based on IES LM-82-12. Up to 3 points can be scored in LEED version4 based on 
achieved sDA but compliance to ASE, which predicts the potential for visual discomfort due to exposure to direct 
sunlight, becomes mandatory and hence critical. ASE not only depends on the position of the sun but also on 
dynamic climatic conditions, which is highly challenging while designing and predicting performance of 
fenestration during preliminary design stages. The research provides a matrix of Projection Factor (depth) 
required for external shading for deep plan (9m and 12m) office spaces, four orientations and seven 
geographical locations in four climate zones of India. This matrix will help architects to make informed decisions 
at initial design stage before conducting detailed simulation. The research also makes important observations 
in the way ASE changes for various cases and points out practicalities of design. 

Keywords: Annual Solar Exposure (ASE), Indian Cities, Projection Factor, External Shading, Design Guidelines 

Introduction 

Good daylight is an important aspect of building design and it has various advantages for 
saving energy as well as improving health and wellbeing of occupants. Climate Based Daylight 
Modelling (CBDM), which considers the annual daylight performance using weather data of 
the location, provides a comprehensive understanding of the daylight performance for the 
entire year over other methods using only point-in-time analysis. Various metrics have been 
developed to evaluate daylighting performance on an annual basis. However, the building 
codes in India, which include the National Building Code (NBC 2005) and the Energy 
Conservation Building Code (ECBC 2007) (BEE, 2012) as well as Handbook on Functional 
Requirements of Buildings (SP:41 by Bureau of Indian Standards) do not require compliance 
using any of the CBDM metrics. Hence, there is a need to adopt CBDM. Two such metrics - 
Spatial Daylight Autonomy (sDA) and Annual Sunlight Exposure (ASE) - have been discussed 
in IES LM-83-12 to improve the predicted performance of the space (The Daylight Metrics 
Committee, 2012). sDA and ASE have been also been adopted by LEED v4 (Leadership in 
Energy and Environmental Design, version4 BD+C - EQ Credit: Daylight - Option 1) (USGBC, 
2013). Both these metrics are based on an extensive analysis of open offices, classrooms, 
meeting rooms, multipurpose rooms, and service areas in libraries and lobbies. 
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Spatial Daylight Autonomy (sDA) 

sDA is a measure of daylight illuminance sufficiency in indoor spaces. sDA reports a 
percentage of an analysis area that exceeds a specified illuminance level (e.g. 300 lux) for a 
specified number of annual hours (e.g. 50% of the hours from 8am to 6pm). The illuminance 
level and time fraction are included as subscripts, as in sDA300,50% (The Daylight Metrics 
Committee, 2012). 

Annual Sunlight Exposure (ASE) 

ASE describes the potential for visual discomfort (glare) in indoor spaces caused when 
illuminance levels in the space increase above 1000 lux due to direct sunlight. It reports the 
percent of an analysis area that exceeds a specified illuminance threshold (1000 lux) more 
than a specified number of hours (250 hours) per year and is denoted as ASE1000,250h. The 
analysis period is 10 hours per day, from 8am to 6pm local clock time accounting for daylight 
savings time and longitude adjustments, which results in 3,650 hours for a complete annual 
analysis. ASE depends on sun position (latitude, longitude and time zone), solar radiation, 
cloud cover as well as exterior obstructions such as buildings, vegetation, shading and internal 
obstructions such as opaque partitions and furniture (The Daylight Metrics Committee, 2012).  

LEED v4 (BD+C) and Daylight 

In LEED v4, both sDA and ASE have to be reported to evaluate daylight performance of the 
space. Upto 3 points are awarded to the project for daylight credit based on the sDA300,50% 
achieved for regularly occupied floor areas. However, to achieve points for daylight credit 
through sDA, it is mandatory to meet ASE1000,250h requirements. Hence, compliance to ASE is 
extremely critical. To demonstrate compliance through annual computer simulations 
ASE1000,250h (denoted as ASE from here on) achieved should be less than 10%. Determining 
ASE is more complex than conventionally designed external shading devices using sun path 
diagrams only. Hence, the current research focuses on understanding the implication of using 
ASE metrics on fenestration design of commercial deep plan offices for Indian context. It aims 
to provide general shading requirements to architects and consultants to take design 
decisions during intial stages; without the need for complex simulation for various cases. 

ECBC and Projection Factor 

External shading is critical to meet ASE requirements. ECBC is the national code for building 
energy efficiency in India . It specifies Solar Heat Gain Coefficient (SHGC) requirement of 0.25 
and 0.20 for fenestration with Window to Wall Ratio (WWR) threshold of 40% and 60% 
respectively. A combination of glazing and external shading devices can also meet the 
required SHGC. Hence, a façade with an external shading can use a glazing system with higher 
SHGC (assume 0.35) and still meet the same SHGC requirement of 0.25 for an unshaded 
glazed façade. ECBC uses Projection Factor (PF) to determine effectiveness of external shade 
in shading the building. PF is the ratio of overhang projection and height from window sill to 
bottom of overhang (refer Figure 1). PF ranges provided in ECBC are 0.25–0.49, 0.50-0.74, 
0.75-0.99 and 1.00+ (BEE, 2012). Hence, based on ECBC, the current research uses various 
Projection Factor in multiple of 0.25 to quantify external shading systems for simulation. 
Results will also create groundwork for comparison between requirements of ECBC and LEED 
for future research. 
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Methodology 

Annual daylight simulation are performed using DIVA4Rhino to evaluate daylight 
performance of cases considering options for Geographical Location, Orientation, Floor Depth 
and Projection Factors. The simulation provides sDA and ASE values for each of the cases. The 
current research focuses on comparison of ASE only, which will be further analysed for 
compliance to LEED v4 and determine optimum shading solution for each case. 

Base model 

Base model is a deep plan office space with window on one side with following specifications: 
Space – Width = 12m; Height = 3m; WWR = 50%; Window Height = 1.5m; Sill Height = 0.9m 
Surface Reflectance – Wall = 50%; Floor = 20%; Ceiling = 80%. Window VLT = 50%. 
Analysis Grid – 0.6m grid spacing at 0.76m height from the floor level (refer Figure 3) 
 

 
Figure 1 Projection Factor (PF) and Base Model 

 
Figure 2 Location, Latitude and Climate Zone 

 
Figure 3 Schematic Model and Analysis Grid 

Simulation Cases 

Various cases have been simulated using the base model for each of the following parameter: 

Geographical Location (GL) 
Selection of top seven highly populated cities (Office of the RGCC, 2017) was based on the 
following primary criteria:  

- Covers various latitudes across India and have significant population (High 
population has been used as an indirect indicator of high existing building stock and 
future development in India - potential to provide comfort to more people.) 

- Includes four major climate zones (India has five climate zones but Cold climate 
zone has been excluded from the study as it consists of sparsely populated areas.) 

Typically, shading devices are designed considering latitude and sun path diagrams. 
However, designing shading to meet ASE is more complicated as it depends on weather data. 
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Selected cities also fulfil another crucial criteria - considering two locations with same latitude 
but different climate zones and/or longitude, which will help to understand the impact of 
longitude and weather data on ASE (refer Table 1). Bengaluru and Chennai have similar 
latitude but small difference in longitude and are located in Warm & Humid and Temperate 
climate respectively. Ahmedabad and Kolkata have similar latitude but significant difference 
in longitude and are located Hot & Dry and Warm & Humid zones respectively.  
 

Table 1 Geographical Location, Latitude, Longitude, Population (in million) and Climate Zone 

City Code Latitude Longitude Population Climate Zone (NBC) 

Bengaluru Ben 13.0 77.6 8.4 Temperate (TEM) 

Chennai Che 13.1 80.3 9.1 Warm & Humid (WnH) 

Hyderabad Hyd 17.4 78.5 6.7 Composite (COM) 

Mumbai Mum 19.1 72.9 12.4 Warm & Humid (WnH) 

Kolkata Kol 22.6 88.4 8.8 Warm & Humid (WnH) 

Ahmedabad Ahm 23.0 72.6 5.6 Hot & Dry (HnD) 

New Delhi Del 28.6 77.2 11.0 Composite (COM) 

Orientation (OR) 
Four directions have been considered – South (S), North (N), East (E) and West (W). 

Floor Depth (FD) 
Floor depth of 9m and 12m have been considered with an assumption that change in depth 
will impact ASE even though façade remains the same. The study aims to quantify the impact. 

Projection Factor (PF) 
Selection of PF depends upon the orientation and achieving required ASE. Out of many 
simulation cases, only relevant PF are presented in the paper (South = 0.25, 0.50, 0.75 and 
1.00; North = 0.25 and 0.50; East = 0.50, 0.75, 1.00, 1.25, 1.50 and 1.75; West = 1.00, 1.25, 
1.50, 1.75, 2.00 and 2.25). PF of 0.25 for South facade is represented as S0.25. Fixed external 
shading system has been considered with projections from lintel and two sides of window. 

 
Figure 4 Summary of simulation runs for ASE analysis 

 
A total of 252 cases have been simulated using combinations shown in Figure 4 to 

analyse the impact and determine optimum shading solution for each case. 
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Results and Discussion 

Outputs from the simulation are in the form of ASE and sDA for the entire space. Only ASE 
values are considered for current research and are shown in Figure 5, Figure 6 and Figure 7 
for each of the 252 cases. As per LEED v4, cases with projection factor having ASE less than 
10% (threshold represented by red dotted line) meet the credit requirement. 

 
Figure 5 ASE for South Façade, FD of 12m and 9m, and PF from 0.25 to 1.00 

 
Figure 6 ASE for East Façade, FD of 12m and 9m, and PF from 0.50 to 1.75 

 
Figure 7 ASE for West Façade, FD of 12m and 9m, and PF from 1.00 to 2.25 

 
For North Façade, PF = 0.25 meets ASE requirements for all locations and floor depths. 
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Figure 5 shows ASE for seven cities and floor depth of 12m and 9m with projection 
factors from 0.25 to 1.00 for South Façade. For Bengaluru, PF of 0.25 and 0.50 are required 
for FD of 12m and 9m while same PF of 1.00 meets the requirements of both FDs in case of 
New Delhi. In certain cases, required PF may not increase with the increase in latitude as 
expected while designing shading using sun path diagrams - higher the latitude, deeper is the 
overhang required for south façade for achieving same shading. For example, for PF of 0.50, 
even though Hyderabad located at lower latitude than Mumbai, has higher ASE for both FD = 
12m and 9m. It is due to the impact of weather. 

Figure 6 shows that for East, Hyderabad requires maximum PF = 1.75 of all the cities 
for both FD = 12m and 9m. Figure 7 shows that for West, Ahmedabad requires maximum PF 
= 2.25 of all the cities for FD = 12m and 9m to meet ASE requirement, which is extremely 
stringent – prompting the need for innovative and/or dynamic shading systems. For both East 
and West façade, Kolkata located on similar latitude as Ahmedabad, but significantly different 
longitude, requires significantly lower PF for FD = 12m and 9m. However, Bengaluru and 
Chennai located on same the latitude and closer longitude have remarkably similar ASE values 
for FD = 12m and 9m space. Variation of ASE for all the location and PF required for East and 
West façade indicates that latitude does not have significant impact on the shading required. 
Difference in longitude along with weather plays a critical role. It indicates that shading design 
to meet ASE requirements needs detailed analysis using annual simulations. 

Table 2 indicates the PF range required to meet ASE requirements for seven locations, 
four orientations, and two Floor Depths. Exact PF required to precisely meet the ASE of 10% 
will be between the given range (eg. from 0.50 to 1.00). However, no direct mathematical 
correlation can be found to find exact PF within the range because the variation in ASE values 
does not follow a definite pattern. Figure 8 shows graphical representation of the extent of 
PF range required based on Table 2. Blue line represents the height of the window while lines 
in black and green show ‘from’ and ‘to’ of PF range respectively. For example, for case D, the 
ideal PF required is between 0.75 and 1.00. Hence, as per Table 2, for South façade in 
Ahmedabad with FD = 12m requiring PF from 0.25 and 0.50, the ideal solution is graphically 
represented by B in Figure 8. Table 3 combines the information in Table 2 and Figure 8. 

 
 

Table 2 Projection Factor (range) required to achieve ASE for various cases 

Location Lat FD 
South North East West 

From To From To From To From To 

Bengaluru 13.0 12m 0.00 0.25 0.00 0.25 0.75 1.00 1.25 1.50 

Chennai 13.1 12m 0.00 0.25 0.00 0.25 0.75 1.00 1.25 1.50 

Hyderabad 17.4 12m 0.00 0.25 0.00 0.25 1.00 1.25 1.50 1.75 

Mumbai 19.1 12m 0.00 0.25 0.00 0.25 0.75 1.00 1.00 1.25 

Kolkata 22.6 12m 0.25 0.50 0.00 0.25 0.00 0.25 1.25 1.50 

Ahmedabad 23.0 12m 0.25 0.50 0.00 0.25 0.75 1.00 2.00 2.25 

New Delhi 28.6 12m 0.75 1.00 0.00 0.25 1.00 1.25 1.50 1.75 
   

Bengaluru 13.0 9m 0.25 0.50 0.00 0.25 1.00 1.25 1.50 1.75 

Chennai 13.1 9m 0.25 0.50 0.00 0.25 1.00 1.25 1.25 1.50 

Hyderabad 17.4 9m 0.50 0.75 0.00 0.25 1.50 1.75 1.75 2.00 

Mumbai 19.1 9m 0.50 0.75 0.00 0.25 1.25 1.50 1.50 1.75 

Kolkata 22.6 9m 0.75 1.00 0.00 0.25 0.75 1.00 1.25 1.50 

Ahmedabad 23.0 9m 0.75 1.00 0.00 0.25 1.25 1.50 2.00 2.25 

New Delhi 28.6 9m 0.75 1.00 0.00 0.25 1.25 1.50 2.00 2.25 
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Figure 8 Graphical Representation of required PF range 

 

Table 3 Ready reference matrix showing shading required to meet the ASE value 

Location   South North East West  Depth South North East West 

Ben 13.0 12m A A D F  9m B A E G 

Che 13.1 12m A A D F  9m B A E F 

Hyd 17.4 12m A A E G  9m C A G H 

Mum 19.1 12m A A D E  9m C A F G 

Kol 22.6 12m B A A F  9m D A D F 

Ahm 23.0 12m B A D I  9m D A F I 

Del 28.6 12m D A E G  9m D A F I 
 

Table 4 Difference in Projection Factor required for 12m and 9m Floor Depth (PF 12m – PF 9m) 

    South North East West 

Ben 13.0 0.25 0 0.25 0.25 

Che 13.1 0.25 0 0.25 0 

Hyd 17.4 0.5 0 0.5 0.25 

Mum 19.1 0.5 0 0.5 0.5 

Kol 22.6 0.5 0 0.75 0 

Ahm 23.0 0.5 0 0.5 0 

Del 28.6 0 0 0.25 0.5 
 

Table 5 Difference in ASE due to increase in PF by 0.25 for case (eg. Ben S0.50 – Ben S0.25 = 5.4) 

OR PF Ben Che Hyd Mum Kol Ahm Del  Ben Che Hyd Mum Kol Ahm Del 

South S0.25 - - - - - - -   - - - - - - - 

  S0.50 5.4 4.5 1.2 6.3 4.5 5.1 3.2   4.0 3.4 0.9 1.8 3.4 3.9 4.3 

  S0.75 6.2 6.2 5.9 3.9 1.8 1.2 3.0   4.8 4.8 4.5 4.3 1.4 0.9 0.5 

  S1.00 0.0 0.0 5.4 6.2 6.2 6.2 6.3   0.0 0.0 4.1 3.4 4.8 4.7 4.7 

East E0.50 - - - - - - -   - - - - - - - 

  E0.75 6.2 6.2 6.3 5.6 6.0 5.9 0.6   0.9 0.5 0.7 4.0 0.7 4.5 4.6 

  E1.00 6.0 6.0 5.9 5.4 5.9 0.6 5.6   4.3 4.5 4.5 4.1 4.5 4.1 0.2 

  E1.25 5.4 6.0 5.7 1.5 5.1 6.0 6.3   4.8 4.8 4.8 1.4 3.9 0.9 4.8 

  E1.50 1.4 0.8 0.9 5.3 0.0 5.9 5.9   0.4 0.4 0.2 4.1 0.0 4.5 4.5 

  E1.75 4.8 5.4 6.2 4.8 0.0 5.1 0.6   3.9 4.1 4.8 3.6 0.0 3.9 0.2 

West W1.00 - - - - - - -   - - - - - - - 

  W1.25 6.2 5.6 1.5 0.6 5.9 6.2 1.5   1.1 1.4 4.8 4.1 0.7 3.6 0.7 

  W1.50 6.0 6.3 5.3 6.0 6.0 6.3 5.9   4.5 4.3 0.5 0.9 4.3 2.8 4.6 

  W1.75 5.0 5.3 5.7 5.9 5.3 0.6 5.7   3.9 4.1 4.3 4.5 4.3 3.1 4.3 

  W2.00 1.2 4.5 1.5 4.5 0.0 5.3 0.3   0.7 3.6 4.3 3.4 0.0 3.4 3.8 

  W2.25 4.5 0.0 5.0 0.0 4.5 9.8 5.3   3.6 0.0 0.2 0.0 3.4 7.5 0.5 
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Table 3 can be used as a ready reference by architects and façade designers as the 
starting point and for checking feasibility of design ideas to meet ASE requirements before 
conducting detailed simulations; thus saving time and effort and enable quick decision making.  
From Figure 5, for South façade in Ahmedabad, Projection Factor (PF) required is twice for FD 
= 9m (S1.00) as compared to FD = 12m (S0.50) to meet ASE requirement. However for New 
Delhi, PF of S1.00 is required for both FDs. Higher PFs may be required to meet ASE in cases 
with FD = 9m as compared to FD = 12m for the same orientation in various locations. Typical 
difference obtained by subtracting PF of FD = 9m from FD = 12m is shown in Table 4. Except 
North, significant difference in PF range can be observed between floor plates of 12m and 9m. 
Hence, for façade design, considering depth of the space is critical even though the actual 
area (near window) having direct solar exposure remains the same. 

Table 5 indicates the difference between values of ASE when PF is increased by 0.25 for 
each cases for same location and orientation (eg. ASE of S0.50 – ASE of S0.25 = 5.4). There is 
no uniformity or identifiable pattern in change in ASE for all the cases, which makes it difficult 
to derieve generalized rules of thumb. It also indicates a need for a detailed matrix providing 
PF for wide range of cases (for additional GL, OR and FD) across India for quick reference. 

Conclusion 

The research provides preliminary understanding of the impact of ASE on shading design as 
per LEED v4 for the Indian context. Weather data has major impact on ASE along with latitude 
and longitude, which makes shading design more complex than the usual practice of using 
sun path diagram only. Hence, a matrix of Projection Factor for external shading required for 
specific cases is a useful reference resource for architects and façade designers. It provides a 
starting point for checking feasibility of design ideas during initial stages to meet ASE 
requirements before conducting detailed simulation; thus enabling quick decision making. 
Increasing Floor Depth considerably reduces ASE and PF required but may reduce sDA also. 
Hence finding optimum FD requires a balance between ASE and sDA. Deep overhangs 
required for East and West orientation due to sun at lower altitude to meet ASE requirements, 
which may not be practical for buildings. This may necessitate the building design to have no 
(or minimum) openings on East and West façade or innovative/dynamic shading solutions. 

Further Research 

This pilot study will be repeated for other Locations, Orientation and Floor Depth to create a 
detailed matrix for India. Quick analysis of sDA showed that most cases, while meeting ASE, 
may not achieve required sDA to gain credits for LEED v4; possibly suggesting a need for 
innovative strategies and light redirecting solutions. A detailed combined analysis of sDA and 
ASE will be conducted to understand the complexities and eventually find practical solutions. 
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Abstract:	Provision	of	adequate	daylighting	 in	hospital	patient	rooms	can	contribute	positively	 to	healthcare	
outcomes	 and	 reduce	 staff	 stress.	 This	 becomes	 challenging	under	desert	 clear	 sky	 conditions	 that	 typically	
result	 in	uneven	daylight	distribution	and	discomfort	glare	 in	hospital	rooms	due	to	direct	solar	penetration.	
This	 is	 especially	 the	 case	 for	 the	 commonly	 used	 patient	 room	 design	 with	 an	 outboard	 bathroom	 that	
occupies	a	 significant	part	of	 the	 façade.	A	daylighting	 system	can	prove	useful	 in	achieving	adequate	year-
round	 daylight	 distribution	 and	 visual	 comfort.	 In	 this	 paper,	 utilization	 of	 a	 combined	 daylight	 redirection	
system	 that	provides	 solar	 control	 is	parametrically	 configured	by	Grasshopper	and	Diva	 for	Rhino	 software	
packages.	 It	 consisted	 of	 fixed	 inner	 and	 outer	 window	 light-shelves.	 The	 study	 examined	 the	 effect	 of	
changing	 the	 shelves’	 rotation	 angle	 independently	 on	 daylighting	 performance	 using	 the	 Spatial	 Daylight	
Autonomy	 (sDA)	 and	 Annual	 Sunlight	 Exposure	 (ASE)	 metrics.	 Analysis	 demonstrated	 that	 the	 outer	 shelf	
rotation	is	more	influential	on	the	sDA	and	ASE	values	in	comparison	with	the	inner	shelf.	Also,	for	adequate	
daylighting	performance,	usage	of	both	light-shelves	is	required	under	the	study	conditions.	Utilization	of	inner	
and	outer	light-shelves,	rotated	at	20°and	10°	respectively,	provided	acceptable	daylighting	performance	that	
satisfies	LEED	v.4	criteria.	
	
Keywords:	Daylighting,	hospital	patient	room,	light-shelf,	clear	sky,	simulation,	desert	

Introduction		

Natural	 lighting	 is	 considered	 one	 of	 the	 important	 factors	 of	 the	 built	 environment	 that	
contribute	to	the	success	of	healthcare	delivery.	It	can	help	provide	positive	effects	on	the	
mood	 and	 recovery	 time	 of	 patients.	 It	 can	 also	 help	 reduce	 stress	 and	 improve	 job	
satisfaction	of	the	nursing	staff	(Verso,	et	al.,	2016)	(Wang,	et	al.,	2015).	In	a	desert	climate,	
that	is	characterised	by	year-round	clear	skies,	direct	solar	penetration	is	the	main	cause	of	
uneven	daylight	distribution	and	glare	in	building	spaces	(Zomorodian	&	Tahsildoost,	2017)	
(Berardi	 &	 Anaraki,	 2015).	 This	 gets	 exacerbated	 in	 the	 case	 of	 commonly	 used	 patient	
rooms	 having	 an	 outboard	 bathroom.	 In	 these	 rooms,	 the	 bathroom	 occupies	 a	 large	
percentage	of	the	façade,	while	the	patient	space	is	located	at	the	deep	end	of	the	room.	A	
daylight	redirection	system	that	sends	daylight	deep	into	the	space	while	controlling	direct	
solar	penetration	could	prove	useful	in	this	situation.		

Recent	studies	of	daylight	redirecting	systems	explored	use	a	number	of	technologies	
for	 daylight	 enhancement	 (Freewan	 &	 Ahmed,	 2015).	 This	 included	 investigation	 of	 the	
effect	of	 light-light-shelf	 geometry,	both	alone	and	 in	 combination	with	blind	 systems,	on	
daylighting	(Eltaweel	&	Su,	2017)	(Gago,	et	al.,	2014).	Other	research	work	aimed	at	defining	
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optimum	 characteristics	 of	 the	 redirection	 system,	 including	 light	 light-shelf	 width,	
mounting	height,	 inclination	and	reflection	 index.	However,	most	 studies	did	not	consider	
year-round	performance	as	they	focused	on	arriving	at	daylighting	performance	on	certain	
days	 of	 the	 year	 (Raphael,	 2011)	 (Kontadakis,	 et	 al.,	 2017).	 Moreover,	 most	 studies	
addressed	the	optimization	of	daylight	enhancement	devices	rather	than	aiming	at	defining	
the	parameters	influencing	performance	(Manzan	&	Clarich,	2017).		

A	 limited	 number	 of	 publications	 addressed	 the	 utilization	 of	 daylight	 redirecting	
systems	in	healthcare	facilities.	The	larger	body	of	literature	investigated	their	utilization	in	
office	spaces	and	educational	facilities.	In	a	recent	study,	light	light-shelf	design	for	an	office	
space	was	found	to	be	most	helpful	in	glare	reduction.	The	most	promising	design	was	the	
one	 that	 incorporated	 both	 inner	 and	 outer	 light-shelves	 (Cheng	 &	 Jet	 Tseng,	 2014).	 In	
another	experiment,	which	focused	on	measuring	performance	in	selected	days	of	the	year,	
optimum	 light	 light-shelf	 design	 proved	 capable	 of	 increasing	 light	 uniformity	 by	 up	 to		
178.6%	for	an	office	space	(Lim	&	Heng,	2016).	In	an	educational	facility,	the	effect	of	light-
shelf	 configuration	on	 visual	 comfort	 and	daylight	 availability	was	 addressed	 for	 different	
orientations.	Southern	orientation	light-shelves	were	found	to	increase	daylight	by	40%.	Use	
of	 an	 outer	 (1.2m)	 light-shelf	 and	 an	 inner	 (1m)	 light-shelf	 produced	 optimum	 daylight	
availability	with	maximum	glare	reduction	(Moazzeni	&	Ghiabaklou,	2016).	Also,	year-round	
optimization	 of	 a	 daylight	 redirecting	 system	 in	 combination	 with	 different	 WWRs	 was	
studied	for	an	educational	facility	where	sDA	metric	was	utilized	(Kazanasmaz,	et	al.,	2016).		

The	publications	that	examined	the	utilization	of	daylight	reflecting	devices	in	hospital	
patient	 rooms	 under	 a	 desert	 clear	 sky	 are	 almost	 non-existent.	 Relevant	 publications	
focused	 on	 control	 of	 sun	 penetration	 by	 use	 of	 sun	 shading	 systems.	 In	 a	 study	 that	
addressed	the	utilization	of	sun-breakers	for	controlling	solar	penetration	in	hospital	patient	
rooms	 under	 a	 clear	 sky,	 horizontal	 sun-breakers	 achieved	 successful	 results	 for	 a	 wide	
range	of	window	to	wall	ratios	(WWRs).	Also,	the	sun	breakers’	cut-off	angle	was	found	to	
be	more	 influential	 than	 the	 tilt	 angle	 in	 provision	 of	 adequate	 daylighting	 (Wagdi	 et	 al.,	
2017).	In	a	related	study,	horizontal	blind	slats	were	found	to	be	most	effective	in	providing	
adequate	 daylighting	 performance	 in	 a	 similar	 environment	 (Sherif,	 et	 al.,	 2016).	 While	
using	a	horizontal	sun-breaker	fixed	at	the	window	soffit,	WWRs	that	suite	different	patient	
room	designs	were	 identified	(Sherif,	et	al.,	2014).	 In	a	similar	type	of	space,	utilization	of	
multiple	 shading	devices	 for	 control	 of	 solar	 access	 into	 an	 intensive	 care	 unit	 space	was	
examined.	 The	 study	 arrived	 at	 optimized	 shading	 devices	 that	 enhance	 daylighting	
performance	(Sherif,	et	al.,	2015).	

Objective	

The	 objective	 of	 this	 paper	 was	 to	 identify	 the	 effect	 of	 changing	 the	 rotation	 angle	 of	
window	 light-shelves	 on	 daylighting	 performance	 in	 one	 of	 the	 commonly	 used	 hospital	
patient	room	designs:	the	outboard	bathroom	patient	room	layout.	The	aim	is	to	arrive	at	
the	shape	of	a	daylighting	redirection	system	which	provides	light	reflection	and	at	the	same	
time	 solar	 control.	 In	 this	 study,	 the	 optimum	 rotation	 angles	 of	 fixed	 inner	 and	 outer	
window	light-shelves	were	identified	under	the	desert	clear	sky	of	Cairo,	Egypt.		

Methodology	

The	 study	 examined	 a	 typical	 south-oriented	 hospital	 patient	 room	 having	 an	 outboard	
bathroom	(Figure	1).	The	room	was	assumed	to	be	on	the	second	floor	(level:	+	6.0	m)	and	
having	a	floor	area	of	22.0	m2.	The	internal	walls	of	the	room	were	assumed	to	be	off-white	
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medium	coloured,	while	the	ceiling	was	white	coloured,	and	the	floor	was	assumed	generic.	
Their	reflectance	values	were	50%,	80%	and	20%	respectively.	The	WWR	was	assumed	to	be	
16%.	This	ratio	was	based	on	the	smallest	window	size	identified	in	a	previous	study	where	
a	 good	 balance	 between	 daylight	 availability	 and	 glare	 avoidance	 was	 achieved	 while	
reducing	 energy	 consumption	 (Sherif,	 et	 al.,	 2015).	 The	 window	was	 assumed	 to	 have	 a	
double	clear	pane	(VT	=	80%)	glazing,	mounted	on	a	metal	diffuse	frame.		

	
	

Figure	1.	Section,	floor	plan	of	the	tested	Patient	room,	day	lighting	analysis	gird	points	illustrated	
	

A	daylight	redirection	system	composed	of	an	outer	and	an	inner	light-shelf	having	a	
projection	depth	of	1.0	m	was	mounted	at	a	height	of	2.0	m.	These	parameters	were	based	
on	the	results	of	previous	studies	(Meresi	&	Aik.,	2016)	and	(Moazzeni	&	Ghiabaklou,	2016)	
respectively.	 In	 order	 to	 focus	 on	 the	 effect	 of	 changing	 the	 light-shelf	 rotation	 angle,	 its	
reflectivity	was	assumed	to	be	95%.	

	
Figure	2:	The	proposed	light	redirecting	system	in	section	

	
A	parametric	model	of	 the	 room	and	 the	 redirecting	 light-shelves	was	generated	by	

use	 of	 the	 Grasshopper	 plugin	 for	 the	 Rhinoceros	 modelling	 software.	 Simulations	 were	
automated	by	linking	the	Grasshopper	plugin	with	Radiance,	where	Diva-for-Rhino	was	used	
as	 an	 interface.	 Simulations	 were	 conducted	 using	 the	 climatic	 data	 of	 the	 city	 of	 Cairo,	
Egypt.	 The	 Radiance	 parameters	 are	 summarized	 in	 Table	 1.	 The	 patient	 bed	 level	 plane	
(0.90	 m	 height)	 was	 used	 as	 a	 reference	 plane	 on	 which	 daylighting	 performance	 was	
measured.	The	analysis	points	were	set	at	a	0.3m	*	0.3m	grid	as	illustrated	in	Figure	1.	

	

Table	1.	Radiance	simulation	parameters	(IESNA,	2012).	

Metrics	 Ambient	bounces	 Ambient	division	 Ambient	sampling	 Ambient	accuracy	 Ambient	resolution	

sDA	 6	 1000	 20	 0.1	 300	
ASE	 0	 1000	 20	 0.1	 200	

The	Spatial	Daylight	Autonomy	(sDA)	and	Annual	Sunlight	Exposure	(ASE)	metrics	were	
used.	 Maximizing	 the	 sDA	 improves	 room	 illuminance	 and	 daylight	 distribution,	 while	
minimizing	the	ASE	results	in	a	reduction	of	the	possibility	of	glare	occurrence.	The	LEED	v.4	
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requirements	were	used	as	acceptance	thresholds,	where	sDA	was	to	be	kept	greater	than	
or	equal	to	75%	and	ASE	less	than	or	equal	to	10%	(USGBC,	2014).	

Simulation	results	

Base-case	simulation	was	conducted.	Simulation	of	the	room	having	a	window	without	light-
shelves	produced	unacceptable	daylighting	performance.	The	sDA	value	was	only	49.8%	and	
the	 ASE	 value	 reached	 18.3%.	 These	 values	 are	 far	 different	 from	 the	 acceptance	 limits	
described	above.		This	is	illustrated	in	Figure	3.	

	
Figure	3	Graphical	representation	of	the	base-case	sDA	and	ASE	values	

	
In	order	to	understand	the	effect	of	changing	the	rotation	angle	of	each	light-shelf	on	

performance,	simulations	were	first	conducted	individually	for	each	of	the	outer	and	inner	
light-shelves	without	the	presence	of	the	other	one.		

The	performance	resulting	from	having	an	outer	light-shelf	only	(without	the	presence	
of	an	inner	shelf)	is	shown	in	Figure	.	The	Figure	demonstrates	the	effectiveness	of	changing	
the	 rotation	 angle	 of	 the	 outer	 light-shelf	 on	 the	 sDA	 and	 ASE	 metrics.	 The	 sDA	 values	
changed	 dramatically	 with	 the	 change	 of	 the	 light-shelf	 rotation	 angle.	 The	 highest	 sDA	
value	 was	 achieved	 at	 a	 30°	 rotation	 angle,	 while	 the	 lowest	 was	 at	 an	 angle	 of	 60°.	
Acceptable	sDA	values	were	achieved	for	rotation	between	25°	and	40°.	On	the	other	hand,	
the	ASE	value	increased	to	its	maximum	at	a	45°	rotation	angle.	All	ASE	values	were	higher	
than	the	acceptance	threshold	of	10%.	

	
	

Figure	4:	sDA	and	ASE	Values	Related	to	Outer	Light-shelf	Rotation	Angles		
	
The	Performance	resulting	from	having	an	inner	light-shelf	only	(without	presence	of	

an	 outer	 light-shelf)	 are	 shown	 in	 Figure	 .	 The	 Figure	 demonstrates	 that	 changing	 the	
rotation	angle	of	the	inner	light-shelf	is	not	as	effective	in	changing	the	sDA	and	ASE	metrics.	
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Their	values	changed	by	a	very	small	margin	as	a	result	of	changing	the	shelf	rotation	angle.	
All	values	do	not	satisfy	the	acceptance	thresholds	identified	above.	

Figure	5:	sDA	and	ASE	Values	Related	to	Inner	Light-shelf	Rotation	Angles	

As	 a	 second	 step,	 the	 effect	 of	 using	 the	 two	 light-shelves	 (inner	 and	 outer)	 at	 the	
same	time	and	changing	their	rotation	angles	was	examined.		

Figure	illustrates	the	effect	of	changing	the	rotation	angle	of	the	two	light-shelves	on	
sDA	values.	It	was	observed	that	rotation	of	the	outer	light-shelf	is	more	influential	on	the	
sDA	values	in	comparison	with	the	inner	shelf.	

Acceptable	sDA	values	(above75%)	appear	for	outer	light-shelf	rotation	angles	of	25°	
and	 30°	 in	 association	 with	 all	 inner	 shelf	 rotation	 angles,	 and	 also	 the	 outer	 light-shelf	
rotation	angle	of	20°	in	association	with	inner	shelf	rotation	angles	of	0°	to	22°.	On	the	other	
hand,	minimal	 changes	occur	 in	 sDA	values	with	 changing	 the	 rotation	angle	of	 the	 inner	
light-shelf.	Rotation	angles	of	 -10°	to	-15°	show	the	highest	sDA	values	for	the	 inner	 light-
shelf.		

Figure	6:	Light-Shelf	Rotation	Angle	and	sDA	values.	

Figure	7	illustrates	the	effect	of	changing	the	rotation	angle	of	the	light-shelves	on	ASE	
values.	It	was	also	observed	that	rotation	of	the	inner	light-shelf	from	0°	to	-20°	is	not	at	all	
influential	 in	 affecting	 the	 SDA	 values	 for	 almost	 all	 examined	 outer	 light-shelf	 angles.	
Higher	 inner-shelf	 rotation	 angles	 seem	 to	 be	 more	 effective,	 but	 in	 increasing	 the	 SDA	
values.	It	was	also	observed	that	the	ASE	values	were	within	the	acceptance	limit	for	outer-
shelf	angles	between	0°	and	15°	that	are	associated	with	all	inner	shelf	rotation	angles.		In	
addition,	 acceptable	 performance	 was	 achieved	 for	 the	 outer-shelf	 angle	 of	 20°	 when	
associated	with	inner	shelf	angles	of	-5°	to	-15°.			
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Figure	7:	Light-Shelf	Rotation	Angle	and	ASE	values	

Summary	and	conclusions	

This	paper	addressed	 the	utilization	of	 fixed	 inner	and	outer	window	 light-shelves	 for	 the	
improvement	 of	 daylighting	 performance	 in	 a	 southern	 oriented	 patient	 room	 having	 an	
outboard	bathroom	under	a	clear	sky.	The	effect	of	changing	the	light-shelf	rotation	angles	
on	 sDA	 and	 ASE	was	 identified.	 The	 aim	was	 to	 arrive	 at	 solutions	 that	 improve	 daylight	
distribution	 and	 at	 the	 same	 time	 reduce	 glare	 to	 acceptable	 levels.	 The	 analysis	 of	 this	
paper	revealed	that	use	of	an	outer	light-shelf	is	more	influential	on	changing	the	sDA	and	
ASE	values	in	comparison	with	an	inner	light-shelf.	

The	 results	 are	 summarized	 in	 Table	 2	 where	 acceptable	 sDA	 and	 ASE	 values	 are	
highlighted	 in	 yellow	 and	 blue	 colours	 respectively.	 The	 light-shelf	 rotation	 angles	 that	
satisfy	both	criteria	are	indicated	by	a	green	highlight.		

Table	2:	Light-Shelf	Rotation	Angles	and	sDA	and	ASE	values	

Outer	 0	°	 5	°	 10	°	 15	°	 20	°	 25	°	 30	°	

Inner		 sDA		 ASE	 sDA		 ASE	 sDA		 ASE	 sDA		 ASE	 sDA		 ASE	 sDA		 ASE	 sDA		 ASE	
0	 53.2	 13.5	 59.2	 13.8	 62.9	 14.2	 67.3	 15	 73.5	 15.4	 80.2	 16.6	 81.6	 20.9	
-5	 53.6	 6.9	 59.2	 7.6	 63.3	 7.6	 68.7	 8.4	 74.1	 10	 78.3	 10.6	 83.3	 12.5	
-10	 55.6	 6.9	 61.5	 7.6	 67.6	 7.6	 73.4	 8.4	 78.2	 10	 83.5	 10.6	 86.4	 12.5	
-15	 56.3	 6.9	 63.3	 7.6	 66.9	 7.6	 72.7	 8.4	 80.8	 10	 83.8	 10.6	 86.4	 12.9	
-20	 56.7	 6.9	 61.3	 7.6	 67.7	 7.6	 74.1	 8.4	 77.2	 10.4	 80.8	 11	 85.1	 14.4	
-25	 56	 6.9	 61.1	 7.6	 64.9	 7.6	 69.2	 8.4	 76.4	 10.4	 81.5	 11	 83.8	 14.1	
-30	 56.1	 8.1	 60.7	 8.8	 64.1	 8.8	 70	 9.6	 73	 11.6	 78.5	 12.6	 82	 16.8	

It	could	be	concluded	that	acceptable	daylighting	performance	can	be	achieved	with	a	
light	 redirecting	 system	 composed	 of	 an	 outer	 light-shelf	 rotated	 at	 an	 angle	 of	 20°	
associated	with	an	inner	light-shelf	having	a	rotation	angle	between	-10°	and	-15°	(Figure	8).	
Use	of	this	system	resulted	in	an	improvement	of	both	metrics.	The	sDA	and	ASE	resulting	
from	use	of	this	configuration	are	illustrated	in	Figure	9.	
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Figure	8:	The	shape	of	the	light	redirection	system	that	satisfied	the	sDA	and	ASE	criteria	
	

	
Figure	9:	sDA	and	ASE	graphical	representation	for	the	successful	case	of	the	light	redirecting	system	

(Outer	Shelf	20°,	Inner	Shelf	-5°)	
	
The	combined	utilization	of	inner	and	outer	light-shelves	has	improved	the	sDA	from	

that	 of	 the	 base	 case	 where	 no	 light-shelves	 were	 employed	 (49.8%),	 to	 the	 acceptable	
levels	of	78.2-80.8%	with	the	rotation	angles	 identified	above.	The	ASE	was	also	 improved	
from	18.3%	in	the	base-case	to	10%	with	these	light-shelf	combinations.	

In	addition,	it	was	recognized	that	the	successful	light	redirecting	system	(outer	shelf:	
20°,	 inner	shelf:	-10°)	could	enhance	the	patient	room	illuminance	almost	by	289%	(Figure	
10).	

	

	
	 Base-Case		 	 	 	 Light	Redirecting	System	

	 	 	 	 	 	 								(Outer	Shelf	20°,	Inner	Shelf	-5°)	
	

Figure	10:	Illuminance	on	21	Dec.	and	21	June	for	the	base-case	and	for	the	light	redirecting	system	
	

It	is	suggested	that	further	research	would	be	conducted	to	test	other	variables	such	
as	the	effect	of	different	WWRs	and	shelf	reflectivity	on	the	sDA	and	ASE	values.	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 3386



Acknowledgement	

This	 publication	 is	 based	 on	 research	 work	 supported	 by	 a	 research	 grant	 from	 The	
American	University	in	Cairo.	

References	
Berardi,	U.	&	Anaraki,	H.,	2015.	Analysis	of	the	Impacts	of	Light	Shelves	on	the	Useful	Daylight.	In	Perino	

M.,	C.V.,	ed.	6th	International	Building	Physics	Conference,	IBPC	2015.	Torino,	2015.	ElSEVIER.	
Cheng,	S.	&	Jet	Tseng,	K.,	2014.	Assessment	of	climate-based	daylight:performance	in	tropical	office	

buildings:	a	case	study.	International	Journal	of	Low	Carbon	Technologies,	9,	pp.100–08.	
Eltaweel,	A.	&	Su,	Y.,	2017.	Controlling	venetian	blinds	based	on	parametric	design;	viaimplementing	

Grasshopper’s	plugins:	A	case	study	of	an	officebuilding	in	Cairo.	Energy	and	Buildings,	139,	pp.31–43.	
Freewan	&	Ahmed,	A.,	2015.	Developing	daylight	devices	matrix	with	special	integration	withbuilding	

design	process.	Sustainable	Cities	and	Society,	15,	pp.44–152.	
Kazanasmaz,	 T.,	 Grobe,	 L.,	 Bauer,	 C.	 &	 Krehel,	 M.,	 2016.	 Three	 approaches	 to	 optimize	 optical	

properties	and	size	of	a	Southfacing.	102,	p.243e256.	
Kontadakis,	A.,	Tsangrassoulis,	A.,	Doulos,	L.	&	Topalis,	F.,	2017.	An	active	sunlight	redirection	system	

for	daylight	enhancement.	Building	and	Environment,	113,	pp.267-79.	
Lim,	 Y.	 &	 Heng,	 C.,	 2016.	 Dynamic	 inner	 light	 light-shelf	 	 for	 tropical	 daylighting	 in	 high-rise	 office	

buildings.	Building	and	environemt,	106,	pp.155-66.	
Manzan,	M.	&	 Clarich,	 A.,	 2017.	 FAST	 energy	 and	 daylight	 optimization	 of	 an	 office	with	 fixed	 and	

movable	shading	devices.	Building	and	Environment,	113,	pp.175-84.	
Meresi	&	Aik.,	 2016.	Evaluating	daylight	performance	of	 light	 shelves	 combined	withouter	blinds	 in	

south-facing	classrooms	in	Athens,	Greece.	Energy	and	Buildings,	116,	pp.190–205.	
Moazzeni,	 M.	 &	 Ghiabaklou,	 z.,	 2016.	 Investigating	 the	 Influence	 of	 Light	 Light-shelf	 	 Geometry;	

Parameters	 on	 Daylight	 Performance	 and	 Visual	 Comfort,	 a	 Case	 Study	 of	 Educational	 Space	 in	 Tahran.	
Buildings.	

Raphael,	 B.,	 2011.	 Active	 Control	 of	 Daylighting	 Features	 in	 Buildings.	 Computer-Aided	 Civil	 and	
Infrastructure	Engineering,	26,	pp.393–405.	

Sherif,	A.,	H.	Sabry,	A.	Wagdy,	 I.	Mashaly,	R.	Arafa,	2016.	Shaping	the	slats	of	hospital	patient	room	
window	blinds	for	daylighting	and	outer	view	under	desert	clear	skies.	Solar	Energy,	133,	pp.1-13.	

Sherif,	 A.,	 H.	 Sabry,	 A.	 Elzafarany,	 M.	 Gadelhak,	 R.	 Arafa,	 M.	 Aly,	 2015.	 “The	 Impact	 of	 Hospital	
Intensive	Care	Unit	Window	Design	on	Daylighting	and	Energy	Performance	in	Desert	Climate,”	 International	
Journal	of	Environmental,	Chemical,	Ecological,	Geological	and	Geophysical	Engineering,	Vol.	9,	No:	7,	pp.	745-
751.		

Sherif,	A.,	Sabry,	H.,	Arafa,	R.	&	Wagdy,	A.,	2014.	Energy	Efficient	Hospital	Patient	Room	Design:	Effect	
of	 Room	 Shape	 on	Window	 to-Wall	 Ratio	 in	 a	 Desert	 Climate.	 In	30th	 INTERNATIONAL	 PLEA	 CONFERENCE.	
CEPT	University,	Ahmedabad,	2014.	

USGBC,	2014.	LEED	v4	for	BUILDING	DESIGN	AND	CONSTRUCTION.	Green	Building	Council.	
Verso,	L.,	V.R.M.,	Caffaro,	F.	&	Aghemo,	C.,	2016.	Luminous	environment	 in	healthcare	buildings	for	

user	 satisfaction	 and	 comfort:	 An	 objective	 and	 subjective	 field	 study.	 Indoor	 and	 Built	 Environment,	 25(5),	
pp.809-25.	

Wagdi,	A.	et	al.,	2017.	Daylighting	Simulation	for	The	Configuration	of	Outer	Sun-Breakers	on	South	
Oriented	Windows	of	Hospital	Patient	Rooms	under	a	Clear	Desert	Sky.	Solar	Energy,	149,	pp.164-157.	

Wang,	C.H.,	Kuo,	N.W.	&	Anthony,	K.,	2015.	Impact	of	sunlight	on	pain	interference	—	natural	energy	
and	recovery.	In	Patty	A.,	C.S..S.,	ed.	 International	Conference	on	Energy	Equipment	Science	and	Engineering,	
ICEESE	2015.	China,	2015.	CRC	Press/Balkema.	

Zomorodian,	S.	&	Tahsildoost,	M.,	2017.	Assessment	of	window	performance	 in	classrooms	by	 long	
term	spatial	comfort	metrics.	Energy	and	Buildings,	134,	pp.80-93.	

	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 3387



An Experimental Investigation on the Adaptive Luminous Comfort
in the Built Environment 

Masanori Shukuya1 and Shogo Kadokura2 

1 Professor, Ph.D., Department of Restoration Ecology and Built Environment, Tokyo City 
University (TCU), Yokohama, Japan, E-mail: shukuya@tcu.ac.jp 

2 Engineer, Sagamihara-City Municipal Office, Japan (Former graduate student at TCU) 

Abstract: Building occupants have become exposed to more electric light than they were 50 years ago. People 
have become adapted gradually over the last several decades to higher level of illumination; it is particularly so 
in Japanese society. Having this in mind, a subjective experiment was performed to ask twenty-seven persons 
to visit several indoor and outdoor spaces with a variety of lighting conditions during daytime and answer their 
perceived brightness. We found that the higher values of exposed illuminance did not necessarily make the 
subjects perceive bright. A series of analyses revealed that the percentage of people who perceive either “dark” 
or “very dark” had a strong correlation to the ratio of the logarithmic exposed illuminance at present (exactly at 
voting) to that in the past (running mean illuminance) as a form of logistic curve. If this result is taken into 
account, we may reduce the present value of illuminance at 750 lx to 60 to 70% less, that is, 200 to 300 lx, with 
the satisfaction of more than 90% of occupants. This may lead to the whole of electric lighting to be more 
harmonious with daylighting and thereby to a significant reduction in electric power use for lighting. 

Keywords: Perceived brightness, Exposed illuminance, Subjective experiment, Running mean illuminance 

Introduction 

In principle, indoor luminous environment should be designed primarily with passive means, 
daylighting, and then with active means, electric lighting. But, the practice is quite the 
opposite. The required illuminance for electric-lighting system design in Japanese office 

spaces has increased since early 1950s up to present, from 150 lx to 750 lx, so that people 
have become exposed to more electric light than they were 50 years ago. In other words, 
people have gradually adapted over the last several decades to higher level of illumination. 
In due course, daylighting has been regarded not to be primary but to be secondary. 

Having such circumstance in mind, an experimental investigation was performed to 
ask twenty-seven subjects to visit several indoor and outdoor spaces with a variety of lighting 
conditions in order to know the relationship between the perception of brightness and the 

exposed light levels indoors and outdoors. 
This paper describes the results of analyses performed with the experimental data to 

re-clarify how the subjects respond to a variation of illuminance made available by both 

daylighting and electric lighting. A major finding was that the perception of brightness does 
not necessarily depend on the illuminance level itself but on its variation in a period of several 
minutes. This result suggests that it should be possible to redesign a variety of indoor 

luminous environment with less exergy consumption required. 
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Research Background 

The reference value of required illuminance is considered to have increased since the 
invention of incandescent lamps in 1879 by Edison et al and fluorescent lamps in 1938 by 
Inman et al. Figure 1 shows the transition of nominally required illuminance, which has been 
mainly used for determining the number of electric lighting fixtures to be mounted on the 
ceiling, together with the transition of annual electricity use in Japanese office buildings (Maki, 
2009; Yamada, 2011). The median of required illuminance increased from 200, to 500, even 
to 1000 lx, but it decreased a bit to 750 lx in the year 2010. The annual rate of electricity use 
in office space has increased in a manner consistent with the increase of required illuminance. 

The range of required illuminance for office spaces is very wide from the lowest of 100 
lx, for example in Denmark, to the highest of 750 lx or more, for example in Japan (Mills et al, 
1999; Yamada, 2011). It seems that high values includes both purposes of task lighting and 
ambient lighting and low values the purpose of ambient lighting alone. 

The values shown in Figure 1 is the reference illuminance for the design of electric 
lighting in office spaces, but not the illuminance realized by electric lighting together with 
daylighting. In actual built-environmental space, the building occupants are exposed to ever-
changing visible light as will be shown later in this paper. Therefore, we humans are 
consistently responding to a series of change in the visible light given in the built environment 
both by daylighting and by electric lighting and also by our behaviours such as coming in and 
out the room spaces, staying here and there for a while for reading, writing, eating, resting 
and others (Naoi et al., 2003; Shukuya, 2015). 

Therefore, we thought that it is necessary to discuss a feasibility of renewing artificial 
lighting systems by referring to an experiment performed in order to clarify how our 
perceived brightness is affected by the changes of illuminance in actual built environment. 

Subjective Experiment 

This experiment was designed to invite 27 persons (fifteen men and twelve women, college 
students at the age of early twenties) and ask them to visit 26 places and experience a variety 
of luminous environment during about a one-hour period as summarized in Table 1. Among 
26 places, 19 are indoors and 7 are outdoors. Indoor luminous environment was provided 

 
Figure 1. Transition of required illuminance and annual electricity use in office buildings in Japan 

(Maki 2009; Yamada, 2011) 
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either by daylighting or by electric lighting. In the course of visiting 26 places, the subjects 
were asked to vote their perceived brightness. 
 Each of the subjects were asked to wear photometers at the forehead during the 
period of tour as shown in Figure 2_a). Each forehead illuminance was measured at one-
second intervals and recorded electronically to portable data loggers carried by each subject, 
while at the same time, the horizontal illuminance and the vertical illuminances of four 
directions were measured in the vicinity of the subjects at ten-second intervals with the 
sensors and recorders on a cart shown in Figure 2_b). 
 Based on the respective perception of overall luminous environmental condition in 
each place, while they were seated and read newspaper or while they stopped for a moment 
in a corridor and so on as shown in Figures 2_c) and d), the subjects made voting by choosing 

Table 1  The route for experiencing a variety of luminous environment 

 

a)       b)   
 

c)     d)  

Figure 2.  Measurement of forehead, horizontal and vertical illuminances. a) wearable sensor 
(TR-74Ui, T&D) for the measurement of forehead illuminance attached to a cap, b) photometers 
(PHR-51, T&D) for measuring horizontal and vertical illuminances on a cart, c) a scene in a room 
with daylighting, d) a scene in a corridor space.  
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one of the five categories: “dark”; “slightly dark”; “bright enough”; “slightly too bright” and 
“too bright” and checking one of the corresponding boxes (Maki et al, 2009; 2012). The 
subjects voted 42 times as indicated in Table 1. It took about twenty seconds to answer all of 
the questions at each of 42 times, which comprise not only the perceived brightness but also 
thermal perception and others. 
 The experiment was performed twice a day, one session from 10:30 to 11:30 and the 
other session from 12:30 to 13:30, for three days from 7th to 9th August, 2012. In each session, 
four or five subjects participated in and altogether 1134 votes from 27 persons were gathered. 

Experimental Results 

Figure 3 shows the measured forehead illuminance and the voting results of two subjects, 
who participated in the same session. Their forehead illuminance varies from 10 to 10,000 lx. 
Five categorical votes are indicated by closed circles. Although the variations of forehead 
illuminance look quite similar to each other, there are some differences in their respective 
votes. Figure 4 summarizes the whole profile of forehead illuminance measured at the times 
of voting. The illuminance lower than 100 lx was 35 % of the whole of measured illuminance 
values, that from 100 to 1000 lx was 45 %, and that over 1000 lx was 20 %. The total number 
of votes and their associated forehead illuminance is 1134 (=27 subjects x 42 times/subject). 

Figure 5 shows the relationship between the forehead illuminance measured when 
the subjects were voting and the resulting votes. As a whole, there is a tendency that the 
perceived brightness moves from the category of “too dark” to that of “too bright” as the 
forehead illuminance are higher. But, there is such a characteristic that a certain value of 
illuminance does not necessarily correspond to a single category of perceived brightness but 

 

Figure 3.  Variations of forehead illuminance (denoted by lines) and perceived brightness of 

two subjects (denoted by closed circles). 

 
Figure 4. The cumulative occurrence of forehead illuminance during the experiment. 
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a couple of categories. The vote of “dark” emerged even when the forehead illuminance was 
higher than 2 x 102 lx, while on the other hand, the vote of “slightly too bright” emerged even 
when the forehead illuminance was lower than 2 x 102 lx. The votes of “bright enough” are 
obtained within a quite wide range, from 10 lx to 2 x 104 lx. 

These results suggest that it might be possible to design indoor luminous environment, 
in which sufficient brightness is provided with the requirement of small exergy input for 
lighting (Shukuya, 2013). 

The Relationship between the Exposed Illuminance and Perceived Brightness 

The fact that a certain category of perceived brightness emerges depending on quite a wide 
range of forehead illuminance suggests that the perception of brightness is determined not 
only by the intensity of visible light coming into our eyes right at the moment when the 
perceived brightness is being asked, but also by the memory of luminous environment built 
up and etched in our brains as the relationship between the subjective brightness and the 
amount of visible light in the past. 
 For this reason, it is necessary to set up a reasonable variable that can reflect both 
effects of visible light at present and in the past. The variable should also reflect the general 
characteristic that an increase in the amount of visible light causes the perceived brightness 
be brighter. Here we propose the ratio of logarithmic illuminances at present and in the past 
(RIPP) defined as follows. Let us denote RIPP with symbol   (Kadokura & Shukuya, 2013). 
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where fh,nE  is forehead illuminance at present, n  is integer representing the present time,  

fh,nE  is the running mean of forehead illuminance, which is defined by eq.(2).  
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 The running mean of forehead illuminance, fh,nE , is the weighted average of two 

illuminance values: one at present and the other the running mean illuminance at the time 

one interval before,  1n t  . The value of fh,nE  may be regarded as the forehead 

illuminance, in which a series of illuminances in the past is taken into account.                                            

 
Figure 5. The relationship between forehead illuminance and perceived brightness. 
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The value of weighting factor,  , is somewhere between 0 and 1. The value of   
being equal to unity implies that the present value of illuminance alone affects the perceived 
brightness, while on the other hand,   being smaller than unity implies that the illuminance 
in the past influences more or less the perception of brightness. 
 The relationship between RIPP as a stimulant and the relative number of subjects 
perceiving either “dark” or “too bright” as the response is in general to be expressed in the 
form of logistic function, which is known to be applicable to a variety of biological behaviours 
associated with the environmental stimulation. Their correlation was examined with respect 
to the logistic curves with a range of weighting factor,  . 

To do so, all votes are first sorted into the bins of RIPP, such as 0 0.1  , 0.1 0.2  ,

    with a certain assumed value of weighting factor,  , and then for each bin, the relative 
number of the subjects voting either “slightly dark” or “dark” is calculated. Next, all those 
numbers of subjects voting either “slightly dark” or “dark” as the response was expressed as 
a logistic function of RIPP as the stimulant. Following this procedure, the coefficient of 
determination (the square of correlation coefficient) was calculated for all logistic curves with 
respective values of weighting factor,  , assumed. As the results of this series of analysis, it 
was found that the correlation was the highest with the largest coefficient of determination 
being 0.956 in the case of weighting factor,  , being equal to 0.02. 

The values of  1 k
   appeared in eq.(2) , where 0,1, 2,3 ,k M , indicate how far 

past of the exposure to the variation of light affects the numerator of RIPP. The interval of 
time, t , is one second in this experiment and it was found that 240M  . It implies that the 
illuminances over 240 seconds (= 4 minutes) prior to voting affect RIPP, but not further past. 

Figure 6 shows the relationship between the values of RIPP expressed by eq.(1) with 
0.02  and the relative number of the subjects. The closed circles are the relative number 

of those voting either “slightly dark” or “dark” corresponding to the respective bins of RIPP 
on the abscissa. The open circles represent the relative number of those voting either “slightly 
too bright” or “too bright” in the same manner as in the case of “slightly dark” or “dark”; the 
coefficient of determination was also the highest at 0.842 with 0.02  . 
 The logistic curve with solid line is the regression of the case of either “slightly dark” 
or “dark” and that with dotted line the case of either “slightly too bright” or “too bright”. They 
are expressed in the following equations, respectively (Kadokura & Shukuya, 2013). 

1ln 6.365 8.084D
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    ,     

1ln 13.461 16.495TB
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  ,                (3) 

where Dp  is the relative number of people who would vote either “slightly dark” or “dark”, 

and TBp  is the relative number of people who would vote either “slightly too bright” or “too 

bright”. 
 The dashed line in Figure 6 indicates the percentage of people who would vote neither 

of “slightly dark” and “dark” nor of “slightly too bright” and “too bright”; that is, 1 D TBp p   

as a function of RIPP. Its peak is about 0.75 for RIPP=1.04 on the abscissa. This suggests that, 
for example, if the whole lighting system of a room space together with its corridor space is 
designed so that the value of RIPP is about 1.04, then it would be likely that 75 % of the 
occupants hardly perceive darkness in the room space. The value of RIPP should not go 
beyond about 1.1, since the number of people, who would perceive either “slightly too bright” 
or “too bright”, starts increasing.  
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 Among all votes of “bright enough” shown in Figure 4, those obtained under the 
condition of 1.0 1.1   were found to be with the horizontal illuminance ranging from 100 

lx to 1000 lx and the most occurred within this set of horizontal illuminance values were 
between 100 and 250 lx, while the second most were between 600 and 800 lx. 
 The horizontal illuminance from 100 to 250 lx corresponds to the lowest values of 
required illuminance, which was taken as the norm in late 1950s in Japan as can be seen in 
Figure 1. For the lighting designers, architects, building-service engineers and others, who are 
used to high values of required illuminance such as 750 lx or 1000 lx may regard that the 
horizontal illuminance between 100 and 250 lx must be too low, but with the experimental 
results discussed here in mind, such cognition could be due to the fact that they themselves 
have been exposed so much to the luminous environment with very high illuminance. 

Exergy Requirement for Lighting 

Taking what has been described here so far in this paper into consideration, let us imagine 
that the lighting system of an office space having the floor area of 50 m2 including the lighting 
system of corridor space surrounding the office space designed with RIPP being equal to 1.1. 
If the horizontal illuminance in the office space is assumed to be 300 lx, then the horizontal 
illuminance in the surrounding space should be at 180 lx. If 200 lx, then 125 lx. 
 Following the procedure for exergy calculation (Shukuya, 2013), a comparison of the 
whole exergy consumption patterns from the liquefied-natural-gas fired power plant to the 
wall and window of the assumed office space was made. Figure 7 shows the results. The 
horizontal axis represents four subsystems from power plant, via luminaire, room space to 
the wall and window. The vertical axis represents exergy input and output of each subsystem. 
A significant reduction in the exergy input should be possible: from 87 W/m2 with 
conventional required illuminance at 750 lx to 35 W/m2 at 300 lx, or to 23 W/m2 at 200 lx, 
with the assumption of a new lighting design taking the human adaptive nature into account. 
 If a half of all office buildings existing in Japan, the floor area of which is about 110 x 
106 m2 (JREI, 2015), adopt such a lighting system discussed here, then the reduction in total 
exergy input could reach the order of 3.5 GW, which is equivalent to three or four gigantic 
(nuclear) power plants to be replaced by more flexible and benign power supply systems in 
the future to come. 

 

Figure 6.  Relationship between RIPP and relative occurrence of votes 
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Conclusion 

This paper discussed the relationships between the perceived brightness of subjects and their 
surrounding ever-changing illuminance levels in order to re-clarify how much the required 
illuminance could be for the electric lighting to be designed together with daylighting, the 
passive means of lighting. 

It was found that the perceived brightness is strongly correlated to the ratio of the 
logarithmic forehead illuminance at present and that in the past four minutes and if an electric 
lighting system is redesigned taking the present results into consideration, then a significant 
reduction in electric power use for lighting should be possible. 

This would lead to the whole of electric lighting to be more harmonious with 
daylighting and thereby to a significant reduction in electric power use for lighting while at 
the same time providing the building occupants with rational luminous comfort. 
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Abstract:	 Interactions	between	human	beings	and	 the	built	 environment	are	mediated	by	physiological	 and	
psychological	 stimuli,	which	may	 interfere	 in	 the	perception	of	 indoor	 comfort	 variables.	 The	 study	 aims	 to	
explore	 the	 relationship	 between	 daylighting	 features	 and	 possible	 impacts	 on	 humans	 as	 regards	 visual	
perception.	The	influence	of	different	daylighting	configurations	(glazed	façade	orientation,	season	of	the	year)	
on	visual	aspects	in	human	beings	were	evaluated	by	means	of	tests	in	a	climate	chamber	which	sits	on	top	of	
a	rotating	platform	with	monitoring	of	environmental	variables,	developed	by	the	(NOT	INFORMED	FOR	BLIND	
REVIEW)	Germany.	The	sample	(n	=	16)	is	composed	of	German	male	students	(height	SD=1.80m	(SD	=	0.06),	
body	weight	SD=80	kg	(SD	=	8.9)	and	age	SD=24.9	years	(SD=	3.6)).	Under	controlled	thermal	conditions	(PMV	
approx.	 ±	 0.5)	 participants	 remained	 in	 two	office-like	 environments	 over	 five	 hours	 (8:00	 am	 to	 1:00	pm	 -	
local	 time)	 three	 days	 in	 a	 row,	 for	 three	 seasons	 of	 the	 year,	 totaling	 nine	 days	 of	 data	 collection	 per	
participant.	Objective	variables	were	measured	by	spectroradiometers	positioned	at	desk	height	(sensor	h	=	ca.	
0.90	m)	 and	 comfortmeters.	 Subjective	 perception	 of	 daylighting	 features	was	 assessed	 by	 a	 questionnaire	
with	 Likert-scale	 alternatives,	 administered	 online	 at	 8:50	 am,	 10:30	 am	 and	 12:30	 pm.	 Objective	 and	
subjective	 data	 were	 analyzed	 statistically	 (Spearman’s	 rho,	 rs),	 suggesting	 possible	 correlations	 between	
visual	 perception	 and	 objective	 variables,	 including:	 E	 (lx),	 CCT	 (K),	 DWl	 (nm)	 and	 the	 circadian	 metric	 acv	
(circadian	action	factor).	
	
Keywords:	daylight,	circadian	action	factor,	climatic	chamber,	visual	perception.	

Introduction		

The	 importance	 of	 having	 adequate,	 task-related,	 lighting	 conditions	 indoors	 in	 terms	 of	
visual	comfort	is	widely	recognized	(Phillips,	2004;	Boubekri,	2008;	Silvester	&	Konstantinou,	
2010).	However,	recent	studies	(Kulve	et	al.,	2016)	show	the	influence	of	light	also	on	non-
visual	responses,	such	as	circadian	cycle,	mediated	by	the	main	organ	of	the	visual	system,	
our	eyes.	Depending	on	the	intensity	and	spectral	composition	of	light,	aspects	such	as	the	
sleep-wake	cycle	(Hubalek	et	al.,	2010),	physical	and	mental	health	(Galasiu	&	Veitch,	2006;	
Eagles,	2009;	Karatsoreos,	2012),	among	others,	can	be	impacted.	In	this	context,	this	study	
aims	to	explore	the	relationship	between	different	daylighting	configurations	(glazed	façade	
orientation	and	season	of	the	year)	on	visual	aspects	in	human	beings.	
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Materials	and	methods		

Characterization	of	office	tests	and	standard	configurations	

The	 study	 was	 carried	 out	 inside	 a	 climate	 chamber	 located	 at	 the	 NOT	 INFORMED,	
composed	 of	 two	 adjacent	 24m²	 offices	 (Figure	 1a	 and	 1b).	 The	 climatic	 chamber	 was	
designed	 as	 a	 semi-controllable	 climate	 chamber	with	 operable	windows	 so	 that	 the	 two	
office	 spaces	 with	 two	 workstations	 each	 would	 closely	 resemble	 a	 conventional	 office	
environment,	with	triple-paned	windows	and	a	window-to-wall	ratio	of	approximately	70%.	
An	innovative	feature	of	LOBSTER	is	the	fact	that	it	sits	on	top	of	a	tracking	system,	which	
allows	it	to	rotate	to	diverse	façade	orientations.		
	

	
	 	

(A)Floor	plan	 (B)	General	view	of	climatic	chamber	 (C)	 Standard	 configuration	 of	 offices-like	
chamber	 cells:	 closed	 windows,	 natural	
light	and		external	blinds	removed	

Figure	1:	Overview	of	climatic	chamber	and	standard	configuration	of	offices	

Three	campaigns	were	carried	out	(winter,	spring	and	summer	of	2015),	comprising	12	
monitoring	days	each,	from	8	am	to	1	pm.	Two	distinct	configurations	were	tested	and	dealt	
with	 in	 this	paper:	 façade	orientation	S/SW	(azimuth	200°/255	°	 -	 ‘equatorial	orientation’)	
and	 N/NW	 (335°	 -	 ‘non-equatorial	 orientation’),	 over	 three	 seasons	 of	 the	 year	 2015.	 In	
addition,	daily	climatic	conditions	were	recorded.	The	façade	orientations	to	be	tested	were	
defined	 by	 means	 of	 daylight	 simulations	 (Weiss	 et	 al.,	 2015),	 which	 helped	 us	 identify	
orientations	 with	 a	 maximum	 differentiation	 between	 possibilities	 of	 daylight	 access	
without	glare	situations	at	the	workspace.	Table	1	shows	daylight	configurations	tested.	
Table	1.		Configurations	for	the	tests	days	(glazed	façade	orientation	and	climatic	conditions)	for	winter,	spring	
and	summer	

	 Experimental	Day	 1	 3	 5	 6	 7	 8	 10	 11	
Winter	 Orientation	 E	 NE	 NE	 E	 E	 NE	 NE	 E	

	 Sky	Conditions	 CS	 OC	 OC	 OC	 CS	 OC	 CS	 OC	
	 Experimental	Day	 13	 15	 16	 17	 19	 20	 23	 24	

Spring	 Orientation	 E	 NE	 NE	 E	 E	 NE	 NE	 E	
	 Sky	Conditions	 PC	 CS	 CS	 CS	 CS	 CS	 PC	 PC	
	 Experimental	Day	 26	 27	 28	 30	 31	 33	 34	 35	

Summer	 Orientation	 E	 NE	 NE	 E	 E	 NE	 NE	 E	
	 Sky	Conditions	 PC	 CS	 CS	 CS	 CS	 OC	 OC	 CS	

E	=	equatorial	façade	orientation;	NE	=	non-equatorial	façade	orientation;	CS	=	clear	sky;	OC	=	overcast;	PC	=	partly	clouded	

Monitored	variables		

Variables	 monitored	 in	 terms	 of	 lighting	 and	 thermal	 conditions	 were	 the	 following:		
illuminance	(E	-	lx),	correlated	color	temperature	(CCT	-	K),	dominant	wavelength	(DWl	-	nm),	
circadian	action	factor	(acv)	and	predicted	mean	vote	(PMV).	
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E:	total	luminous	flux	(φ)	incident	on	a	surface,	per	unit	area	(m²).	As	the	luminous	flux	
is	not	necessarily	uniformly	distributed,	E	can	differ	among	different	locations	within	a	given	
room,	thus	normally	the	mean	value	Em	is	used.	A	minimum	of	500	lx	is	used	as	reference,	as	
recommended	by	the	standard	EN	12464-1	2011.	We	measured	Eh,	corresponding	to	E	on	
the	workspace	(h=0,75),	and	Ev,	the	illuminance	recorded	at	forehead	level	of	subjects.	

CCT:	a	specification	for	white	light	sources	used	to	describe	the	dominant	color	tone	
along	with	the	dimension	from	“warm”	(yellow	and	red)	to	“cool”	(blue).	Light	sources	with	
a	CCT	 rating	below	3200	K	 are	usually	 considered	 “warm”	 sources,	whereas	 those	with	 a	
CCT	above	5000	K	are	usually	considered	“cool”	 in	appearance.	Temperatures	 in	between	
are	considered	neutral	in	appearance.	

DWl:	 is	 a	 useful	 measure	 of	 the	 effective	 wavelength	 of	 non-monochromatic	 light	
sources.	 It	 is	 defined	 in	 relation	 to	 a	 specified	 standard	 illuminant	 (usually	 Illuminance	 E,	
though	this	is	arbitrary).	It	is	a	measure	of	the	hue	(or	color	sensation)	produced	by	the	light	
source.	Visible	light	falls	within	the	range	380	nm	(violet)	to	770	nm	(red).		

acv:	 specified	 by	 DIN	 V	 5031-100	 (2009),	 represents	 the	 ability	 of	 a	 light	 source	 to	
influence	the	regulation	of	circadian	functions	(Hraska,	2015).	Larger	values	indicate	greater	
effectiveness.		

PMV:	six	variables	(air	temperature,	globe	temperature,	air	velocity,	relative	humidity,	
clothing	insulation	level	and	metabolic	rate)	were	used	to	calculate	the	predicted	mean	vote	
(PMV)	(Fanger,	1973).	The	PMV	predicts	the	level	of	thermal	comfort/discomfort	of	subjects	
for	 a	 given	 built	 environment	 according	 to	 a	 seven-point	 thermal	 sensation	 scale	 ranging	
from	-3	(cold)	to	+3	(hot)	with	0	as	the	thermally	neutral	sensation.		

Daylighting	conditions	tested	and	equipment	used		

For	 measuring	 workspace	 (horizontal)	 illuminance	 (Eh	 -	 lx),	 color	 temperature	 (CCT	 -	 K),	
dominant	wavelength	 (DWl	 -	 nm)	 and	 circadian	 action	 factor	 (acv)	 two	 JETI	 Specbos	 1201	
spectroradiometers	 were	 used,	 one	 in	 each	 test	 environment.	 The	 equipment	 was	
positioned	approximately	1,5m	from	the	glazed	façade,	on	the	participants’	desk,	collecting	
data	at	0.90m	from	the	ground.	The	 frequency	of	data	collection	was	set	 to	 five	minutes,	
though	 sampling	 time	 varied	 from	 five	 to	 seven	 minutes;	 interpolated	 values	 with	 a	
frequency	of	1	min	were	used	in	this	study.	Objective	measurements	(averages	for	the	two	
offices)	at	the	workspace	are	shown	in	Figures	2	and	3.	Boxplots	present	minimum,	average	
and	maximum	values	as	well	as	 standard	deviations,	except	 for	DWl	values,	which	do	not	
have	 the	 representation	of	 this	 last	 value.	The	values	plotted	on	 the	x-axis	 correspond	 to	
experimental	day	(as	shown	in	Table	1).	
	

	 	
(A) Illuminance	(Eh	–	equatorial)	

	
(A) Illuminance	(Eh	–	non-equatorial)	
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(B) Dominant	wavelength	(DWl	–	equatorial)	

	
(B) Dominant	wavelength	(DWl	–	non-equatorial)	

	 	
(C) Correlate	color	temperature	(CCT	–	equatorial)	

	
(C) Correlate	color	temperature	(CCT	–	non-equatorial)	

	 	
(D) Circadian	action	factor	(acv	-	equatorial)	

	
(D)		Circadian	action	factor	(acv	–	non-equatorial)	

Figure	2:	Medium	values	for	(A)	E,	(B)	DWl,	(C)	CCT	
and	(D)	acv	for	equatorial	façade	
	

Figure	3:	Medium	values	for	(A)	E,	(B)	DWl,	(C)	CCT	
and	(D)	acv	for	non-equatorial	façade	
	

Lighting	 variables	 recorded	 for	 the	 two	 configurations	 were	 aligned	 with	 the	 area	
literature.	Larger	values	of	Eh	were	recorded	in	the	equatorial	façade	orientation.	As	for	the	
minimum	 illuminance	 required	 to	 perform	 visual	 tasks,	 the	 test	 environments	 remained	
predominantly	 above	 that	 limit	 (>500	 lx),	 except	 for	 early	morning	periods	 in	winter,	 just	
after	dawn	(after	8	am).	

CCT	 values	were	 all	 above	 6000K,	 corresponding	 to	 a	 cold	 color	 (blue).	 DWl	 values	
corroborate	such	characteristic.		acv	remained	larger	during	the	first	hours	of	the	experiment,	
decreasing	as	it	approached	at	12:30	pm	(cf.	Table	3).	There	was	a	discrete	increase	of	such	
factor	for	the	non-equatorial	façade;	this	fact	was	due	to	a	greater	portion	of	unobstructed	
sky	from	the	window,	as	verified	at	a	later	stage	from	fisheye	images.	

Eye-level	(vertical)	illuminance	Ev	was	also	measured	(not	shown	in	the	graphs),	by	an	
actimeter	with	embedded	luxmeter	(Actiwatch	Spectrum	Respironics),	which	was	attached	
to	 a	 headband	 and	 placed	 on	 the	 forehead	 of	 each	 participant	 during	 the	 test	 period.	
Sampling	 time	was	 1	min,	 recorded	 data	 for	 the	 eventual	 periods	when	 subjects	 left	 the	
precincts	 of	 the	 climate	 chamber	were	 subsequently	 excluded	 from	 the	 data	 set.	 Results	
obtained	 showed	 large	 discrepancies	 among	 participants	 (resulting	 from	 their	 activities	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 3399



while	 in	 the	offices).	Nonetheless,	 vertical	 illuminance	was	 found	 to	be	well	 correlated	 to	
horizontal	illuminance	data	Eh.	

Indoor	thermal	conditions	during	experiments	

In	order	 to	minimize	 the	 (for	 this	 study	undesired)	 influence	of	 thermal	variations,	 indoor	
conditions	 were	 pre-programmed	 and	 continuously	 monitored.	 An	 AHLBORN	 -	 ALMEMO	
2690	 comfortmeter	 was	 used	 in	 each	 office,	 which	 monitored	 at	 10-second	 intervals	 air	
temperature	 (Ta	 -	 °	 C),	 globe	 temperature	 (Tg	 -	 °	 C),	 relative	 humidity	 (RH	 -%)	 and	 air	
velocity	 (v	 -	m/s).	 Indoor	 thermal	 conditions	were	 subsequently	post-processed	 in	 the	UC	
Berkeley	Thermal	Comfort	Program	WinComf	batch-version	1.01	(1994-1995)	for	assessing	
PMV	data.	

Measured	 data	 show	 relatively	 stable	 thermal	 conditions	 inside	 the	 chamber	
throughout	 the	 indoor	 exposure	 of	 the	 participants.	 Slight	 fluctuations	 of	 Ta	were	 found	
during	the	first	hour,	but	there	were	no	significant	changes	in	PMV	over	the	remaining	four	
hours	of	exposure.	Most	of	the	PMV	values	(85%	of	the	total)	at	the	approximate	time	for	
filling	out	questionnaires	were	close	to	0.	Overall,	PMV	values	lied	within	the	range	-0.5	to	
+0.5,	 so	 that	offices	 can	be	 classified	as	 ‘Class	B’	 thermal	environments	 (ISO	7730,	2005),	
which	correspond	to	thermally	stable	indoor	spaces.		

Characteristics	of	the	sample	and	survey	questionnaire	

For	 the	 present	 study,	 16	 male	 German	 students	 were	 tested	 in	 groups	 of	 two	
simultaneously	 in	 the	 twin	 offices.	 Subjects	 had	 an	 average	height	 of	 1.80m	 (SD=0.06m),	
weight	 of	 80kg	 (SD=8.9kg),	 and	 were	 24.9	 years	 old	 (SD=3.6years).	 All	 wore	 standard	
clothes	(sneakers,	t-shirt	and	jeans).		

All	 subjects	 signed	 a	term	 of	 consent	 prior	 to	 the	 start	 of	 the	 tests,	 and	were	 duly	
informed	about	all	procedures	 involved,	 the	 right	 to	discontinue	participation	at	any	 time	
and	the	guarantee	of	confidentiality	of	the	data	gathered.	The	research	was	duly	approved	
by	the	university’s	Ethics	Committee.	

A	series	of	subjective	responses	related	to	well-being	(anxiety,	stress),	susceptibility	to	
seasonal	 affective	 disorders	 and	 evaluation	 of	 the	 environment	 (thermal	 and	 visual	
perception)	 were	 evaluated	 throughout	 the	 experimental	 days	 by	 means	 of	 online	
questionnaires	(in	an	online	platform	developed	for	that	purpose).	 In	this	paper,	we	focus	
on	reported	visual	perception	only.	

	
Table	2:	Questions	and	range	of	answers	concerning	visual	perception	

Q2	–	How	satisfied	are	you	with	the	room	illumination?	
-3	 -2	 -1	 0	 1	 2	 3	 Null	

Dissatisfied	 	 	 	 	 	 Satisfied	 No	response	
Q4	–	What	is	your	opinion	about	the	illumination	level	at	the	workplace?	

-3	 -2	 -1	 0	 1	 2	 3	 Null	
Too	dark	 	 	 	 	 	 Too	bright	 No	response	

Q5	-	I	would	like	the	illumination	level	at	the	workplace	to	be:	
-3	 -2	 -1	 0	 1	 2	 3	 Null	

Significantly	darker	 	 	 	 	 	 Significantly	lighter	 No	response	
Q7	-	I	would	like	the	room	illumination	level	to	be:	

-3	 -2	 -1	 0	 1	 2	 3	 Null	
Significantly	darker	 	 	 	 	 	 Significantly	lighter	 No	response	
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The	perception	of	the	environment	as	regards	daylighting	conditions	was	assessed	by	
means	 of	 a	 questionnaire	 based	 on	 the	 LiTG	 -	 Questionnaire	 for	 Assessment	 of	 Light	
Situations	(Deutsche	Lichttechnische	Gesellschaft	e.V.	(Vandahl,	Moosman	&	Funke,	2016).	It	
contains	 nine	 questions	 concerning	 the	 perception	 of	 the	 environment;	 the	 vote	 cast	 is	
usually	 assigned	 by	 the	 subjects	 according	 to	 a	 seven-point	 Likert	 scale,	 with	 variable	
semantic	values.	The	questionnaire	used	assesses	the	degree	of	satisfaction	with	variables	
such	 as	 room	 illuminance,	 light	 distribution	 and	 glare.	 Questionnaires	 have	 been	
administered	at	three	time	stamps:	8:50	am,	10:30	am	and	12:30	pm.	Only	four	questions	
and	response	options	are	dealt	with	here,	whose	correlations	yielded	significant	results.	

Results	

Given	the	non-parametric	nature	of	the	evaluated	data,	verified	with	Shapiro-Wilk	test,	for	
comparisons	 between	 objective	 daylighting	 data	 and	 subjective	 responses	 (visual	
perception)	Spearman	correlations	(rs)	were	drawn	using	IBM's	SPSS	Statistics®	22	software.	
Only	significant	correlations	between	pairs	of	data	(Table	3)	are	discussed.	

Eh:	in	winter,	at	the	first	time	stamp	and	for	the	equatorial	façade	orientation,	Eh	was	
considered	insufficient	by	 individuals	 (at	8:50	am,	mean	illuminance	=	120	lux),	with	rising	
visual	perception	(Q4)	for	increasing	illuminance	(rs=0.545).	In	the	midmorning	(10:30	am),	
the	 most	 significant	 correlation	 (rs=0.554)	 was	 for	 summer	 in	 the	 non-equatorial	 façade	
orientation,	between	visual	preference	at	the	workplace	(Q5)	and	Eh	data	(average	of	1047	
lux).	At	12:30	pm,	 the	strongest	correlation	 found	was	 for	winter	 in	 the	equatorial	 façade	
orientation.	However,	there	is	an	inverse	relationship,	with	preference	for	less	illuminance	
at	desk	level	with	increasing	Eh.	

Ev:	this	variable	is	highly	correlated	to	Eh.	Significant	correlations	were	found	only	for	
winter,	at	the	first	time	stamp	for	the	non-equatorial	façade	orientation	and	at	the	last	time	
stamp	for	the	equatorial	façade	orientation.	Noteworthy,	at	8:50	am,	when	both	Eh	and	Ev	
were	 well	 below	 recommended	 Em	 according	 to	 EN	 12464-1	 (2011),	 Q4	 and	 Q5	 showed	
significant	 correlations	 to	 Ev.	Q5	 (visual	 preference	at	 the	workplace)	had	a	 strong,	direct	
relationship	to	Ev	(rs=0.581).	At	12:30	pm,	however,	there	is	inverse	and	somewhat	stronger	
relationship	between	such	variables	for	the	equatorial	façade	orientation	(at	Ev	1012	lx).	

CCT:	 as	 expected,	 CCT	 values	 decreased	 over	 the	 5-hour	 indoor	 exposure,	 in	 all	
seasons.	There	were	no	significant	correlations	in	the	first	questionnaire	round	(8:50	am).	At	
10:30	am,	a	 significant	 correlation	was	 found	between	Q5	 responses	and	CCT	 in	 the	non-
equatorial	 façade	 orientation,	 according	 to	 an	 inverse	 relationship.	 The	 same	 situation	
occurred	at	12:30	am	for	winter,	in	both	façade	orientations.	At	that	time	stamp,	however,	a	
directly	 proportional	 relationship	 is	 identified	 between	 CCT	 and	 Q7	 (visual	 preference	 of	
room	illumination	level)	responses	in	the	non-equatorial	façade	orientation.	

acv:	as	described	by	Andersen	et	al.	(2012),	acv	values	decreased	as	the	morning	hours	
went	by.	No	significant	 correlations	between	subjective	 responses	and	acv	were	 found	 for	
the	 first	 time	 stamp.	 At	 10:30	 am	 and	 12:30	 pm,	 correlations	 (strength	 and	 pattern	 of	
relationship)	 had	 the	 exact	 same	 values	 as	 CCT,	 which	 is	 explained	 by	 the	 high	 linear	
correlation	between	the	two	variables,	as	reported	by	Gall	et	al.	(2004),	with	R²=0.9744.	

DWl:	 overall,	 an	 inversely	 proportional	 relationship	 between	 acv	 results	 and	 DWl	
correlations	was	found,	except	for	the	first	time	stamp	(at	8:50	am).	

Winter	correlations	were	most	evident	at	statistical	levels	of	significance	0.01	and	0.05	
in	the	early	morning	and	at	noon,	followed	by	summer	results	which	had	somewhat	strong	
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correlations	at	the	0.05	level	in	the	mid-morning	and	stronger	correlations	at	the	0.01	level	
at	noon.		

	
Table	3:	Spearman	rho-correlations	(rs)	between	objective	data	and	subjective	responses	

Season	 Façade	
orientation	 Variable	 Subjective	

	response	
Spearman		
correl.	(rs)	 Ev	(lx)	 Eh		(lx)	 CCT	(K)	 DWl	(nm)	 acv	

Time	stamp:	8:50	am	
Winter	 Non-equatorial	 DWI	(nm)	 Q.4	 .510**	 233	 180	 8038	 491	 1.05	
Winter	 Non-equatorial	 Ev	(lx)	 Q.5	 -.522**	 233	 180	 8038	 491	 1.05	
Winter	 Non-equatorial	 Ev	(lx)	 Q.4	 .581**	 233	 180	 8038	 491	 1.05	
Winter	 Equatorial	 Eh	(lx)	 Q.4	 .545*	 177	 120	 8923	 487	 1.11	

Time	stamp:	10:30	am	
Summer	 Non-equatorial	 Eh	(lx)	 Q.5	 .554*	 1307	 1047	 7615	 488	 1.02	
Summer	 Non-equatorial	 DWl	(nm)	 Q.5	 .554*	 1307	 1047	 7615	 488	 1.02	
Summer	 Non-equatorial	 CCT(K)	 Q.5	 -.554*	 1307	 1047	 7615	 488	 1.02	
Summer	 Non-equatorial	 acv	 Q.5	 -.554*	 1307	 1047	 7615	 488	 1.02	
Spring	 Equatorial	 DWl	(nm)	 Q.2	 .531*	 980	 963	 7654	 490	 1.00	
Spring	 Equatorial	 acv	 Q.2	 -.531*	 980	 963	 7654	 490	 1.00	

Time	stamp:	12:30	pm	
Summer	 Non-equatorial	 DWl	(nm)	 Q.7	 .715**	 877	 1246	 7335	 491	 0.98	
Summer	 Non-equatorial	 acv	 Q.7	 -.715**	 877	 1246	 7335	 491	 0.98	
Summer	 Equatorial	 Eh	(lx)	 Q.2	 .509**	 1351	 2199	 6955	 494	 0.94	
Winter	 Non-equatorial	 CCT(K)	 Q.7	 -.715**	 502	 691	 7201	 492	 0.97	
Winter	 Equatorial	 CCT(K)	 Q.5	 .624*	 1012	 1162	 6314	 503	 0.87	
Winter	 Equatorial	 acv	 Q.5	 .624*	 1012	 1162	 6314	 503	 0.87	
Winter	 Equatorial	 Eh	(lx)	 Q.5	 -.624*	 1012	 1162	 6314	 503	 0.87	
Winter	 Equatorial	 DWl	(nm)	 Q.5	 -.624*	 1012	 1162	 6314	 503	 0.87	
Winter	 Equatorial	 Ev	(lx)	 Q.5	 -.657*	 1012	 1162	 6314	 503	 0.87	
**	Statistical	significance	at	0.01	level	(two-tailed);	*at	0.05	level	(two-tailed).	

Conclusions	

The	 lack	 of	 Spearman	 correlations	 between	 objective	 data	 and	 subjective	 responses	 for	
spring	and	 summer	at	 the	 first	 time	 stamp	 (at	8:50	am)	 suggests	 that	daylight	availability	
affects	 the	 sensitivity	 of	 the	 subjects	 to	 changes	 in	 monitored	 variables.	 Such	 increased	
sensitivity	was	most	 noticed	 as	 regards	 visual	 perception/preference	 at	 the	workplace	 as	
well	as	at	eye	level.	The	intercomparison	between	illuminance	values	measured	at	eye	level	
over	 the	 four	 days	 for	 per	 orientation	 (Equatorial	 vs.	 Non-equatorial)	 shows	 a	 natural	
increase	in	the	mean	but	keeping	a	similar	dispersion	in	the	1st	and	3rd	quartiles	(25%	and	
75%).	

During	 winter,	 the	 gradual	 increase	 of	 illuminance	 values	 towards	 the	 third	 time	
stamp	 lead	 also	 to	 an	 inverse	 relationship	 between	 Eh,	 Ev	 and	 visual	 preference.	 There	
seems	to	be	thus	a	seasonal	influence	of	daylight	availability	and	daylight	sensitivity.		

The	absence	of	significant	correlations	between	CCT	and	subjective	visual	perception	
indicates	 that,	 even	when	 lighting	 conditions	were	 unsatisfactory	 for	 visual	 purposes	 and	
incoming	daylight	CCT	corresponded	to	the	"cool"	range	of	color	appearance,	there	were	no	
perceived	 impacts	 of	 that	 variable	 on	 the	 subjects.	 The	 strong	 linear	 and	 directly	
proportional	 correlation	 between	 CCT	 and	 acv	 (Gall	 et	 al.,	 2004)	 allows	 us	 to	 further	
conclude	that	despite	acv	having	high	values,	which	might	benefit	circadian	functions,	such	
impact	could	not	be	observed	under	the	monitored	conditions.	
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Finally,	 as	 regards	DWl,	 CCT	 and	 acv,	 the	 inverse	 relationship	 between	DWl	 and	 the	
other	two	variables	was	well	followed	by	the	pattern	of	relationship	observed	in	Spearman	
correlation	tests	for	a	same	questionnaire	item.	For	example,	for	Q5	in	summer	and	for	the	
non-equatorial	 façade	 orientation.	 It	 should	 be	 stressed	 that	 Q5	 (visual	 preference	 for	
illuminance	level	at	the	workspace)	was	found	to	be	the	most	important	questionnaire	item	
to	gauge	discrete	changes	 in	objective	variables	measured.	Such	 findings	are	aligned	with	
the	literature	reviewed	(Dietrich	&	Bieske,	2004).	
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Visualizing	Daylight	as	a	Material	of	Architecture:	Empirical	and	Literary	
Explorations	
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Abstract:	This	paper	offers	a	pedagogical	approach	to	visualizing	daylight.	Recognizing	that	light	is	an	intangible	
and	 transitory	substance,	 the	aim	 is	 to	equip	 the	designer	with	visual	data	and	conceptual	analogy	 that	will	
develop	facility	 in	utilizing	 light	as	an	architectural	material.	While	a	number	of	universities	offer	daylighting	
coursework,	there	is	ample	room	for	creative	investigation	into	the	nature	of	daylight.	This	paper	reports	on	an	
Integrated	Design	Research	(IDR)	studio	model	that	focuses	on	data-driven	and	creative	research	as	insight	into	
contemporary	design	 issues.	Two	streams	of	 inquiry	are	presented.	The	first	 is	 to	uncover	the	visual	data	of	
daylight,	with	the	understanding	that	daylight	is	in	perpetual	shift	relative	to	color,	directionality,	and	intensity.		
The	second	 inquiry	uses	analogy	 to	envision	daylight	as	a	 fluid	substance;	creative	writings	are	 leveraged	to	
uncover	language	and	to	envision	behaviors	of	light.	
	
Keywords:	daylight,	daylighting,	pedagogy,	analogy	

Introduction		

“For	me,	 light	 is	matter,	 and	 light	 is	 a	material,	 a	basic	material.	Once	 you	
understand	 how	 light	 varies,	 and	 varies	 our	 perceptions,	 your	 architectural	
vocabulary	is	immediately	extended,	in	ways	that	classical	architecture	never	
thought	of.	An	architecture	of	ephemerality	becomes	possible...”	Jean	Nouvel	
(Morgan,	1999)	

It	is	easily	argued	that	daylight	is	a	primary	material	of	architecture,	with	countless	impacts	
on	 building	 design,	 building	 performance,	 and	 the	 aesthetic	 experience.	However,	 light	 is	
energy	rather	than	a	tangible	material;	paradoxically,	we	see	light	only	when	it	encounters	
physical	matter.		To	further	muddle	the	problem,	daylight	is	ephemeral;	that	is,	the	luminous	
condition	 is	 temporary.	 The	 defining	 qualities	 of	 natural	 light	—	 intensity,	 directionality,	
distribution,	and	color	—	are	in	perpetual	flux	relative	to	solar	patterns,	sky	conditions,	and	
environmental	and	interior	context.	Thus,	daylight,	an	intangible	and	transitory	material,	is	a	
challenge	for	the	architect	to	fully	appreciate,	predict,	and	ultimately,	to	shape.	Computer	
modeling	and	renderings	are	valuable	tools	but	the	data	is	abstracted	and	lacks	sensitivity	to	
many	 of	 the	 qualitative,	 temporal,	 and	 behavioral	 aspects	 of	 daylight.	 Furthermore,	
architecture	 has	 not	 developed	 a	 robust	 visual	 and	 verbal	 language	 around	 daylight	 and	
daylighting;	one	that	has	the	capacity	to	describe	its	visual	contours	and	physical	behaviors	
as	well	as	its	environmental	and	phenomenological	impacts.				

This	 pedagogical	 scholarship	 presents	 strategies	 and	 outcomes	 that	 enable	 the	
visualization	of	daylight	as	an	architectural	material.	The	focus	is	two-fold:	first,	to	develop	a	
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visual	database	that	reveals	characteristics	of	daylight,	and	second,	to	develop	a	conceptual	
analogy	that	assists	students	to	make	creative	leaps	in	how	they	think	about	the	substance	of	
daylight.		This	paper	reports	on	the	Integrated	Design	Research	(iDR)	studio	model;	the	focus	
is	 on	 conducting	 original	 design	 research	 that	 develops	 curiosity	 and	 knowledge	 in	
preparation	for	a	related	design	problem.	

Teaching	Light		

The	 prevailing	 academy	model	 teaches	 daylighting	 as	 part	 of	 the	 environmental	 systems	
coursework;	the	focus	is	on	building	performance	and	system	integration.	This	pedagogical	
method	 is	 teacher-centered	with	 illustrated	 lecture.	 In	 this	 case,	 students	are	primarily	 in	
passive	learning	mode.	Some	schools	also	offer	subject	courses	devoted	to	daylighting;	these	
courses	 will	 often	 develop	 proficiency	 with	 physical	 or	 computer	 modeling,	 and	 provide	
students	a	deeper	understanding	of	the	theoretical	and	applied	approaches	to	using	daylight.	
It	 is	 not	 unusual	 for	 schools	 to	 offer	 studios	 where	 daylighting	 is	 introduced	 as	 a	 form	
generator,	often	hand-in-hand	with	a	sustainable	design	approach.	In	this	type	of	venue,	the	
student	may	start	with	a	pre-packaged	schema	(basic	approach	to	daylighting),	adapting	as	
needed	to	fit	the	demands	and	development	of	a	particular	design	problem.	In	studio	courses,	
the	pedagogical	orientation	is	grounded	in	constructivist	learning,	often	described	as	a	spiral	
process:		concrete	experiences	are	followed	by	reflective	observation,	formation	of	abstract	
concepts,	 and	 active	 experimentation	 in	 new	 situations	 (Kolb,	 1984).	 This	 approach	
encourages	 the	 student	 to	 actively	 construct	 knowledge	 paradigms	 that	 are	 adaptive	 to	
unique	problems.		

The	available	literature	on	teaching	light	to	architecture	students	shows	that	educators	
recognize	the	multi-faceted	aspects	of	light	and	recommend	expanding	learning	opportunities	
throughout	 the	 curriculum	 (Fontein,	 1997;	Millet	&	 Loveland,	 1997;	Madsen	&	Osterhaus,	
2005).	A	prevalent	theme	in	the	research	is	that	lighting	education	should	seek	to	coordinate	
the	 technology	 side	 with	 design	 perspectives	 and	 creative	 investigations.	 At	 University	 of	
Washington,	 Millet	 and	 Loveland	 (1997)	 emphasized	 lighting	 design	 rather	 than	 lighting	
science,	and	developed	coursework	that	cuts	vertically	in	the	architectural	curriculum.	Their	
methods	were	largely	constructivist,	often	using	modeling	as	it	provides	both	quantitative	and	
qualitative	feedback.	Madsen	and	Osterhaus	(2005)	noted	that	in	the	studio	setting,	simple	
lighting	guidelines	and	assessments	do	not	generally	lead	to	quality	lighting	design	solutions.	
They	 recommended	 a	 pedagogical	 approach	 to	 help	 students	 draw	 correlations	 between	
subjective	 knowledge,	 based	 on	 personal	 experience,	 and	 objective	measurements	 of	 the	
physical	environment	as	a	step	to	expand	their	experiences	and	skill	sets.	Dubois	(2006)	and	
Stannard	(1997)	are	among	a	number	of	architectural	educators	that	have	used	a	studio	setting	
to	advance	light	as	a	generator	of	architectural	concept	and	form.	Dubois	presented	a	studio	
dedicated	to	learning	daylighting	that	is	organized	around	design	research	into	historical	and	
contemporary	precedents,	biological	needs,	luminous	patterns,	and	the	use	of	modeling	and	
measurement	tools.	Stannard	developed	a	series	of	design	investigations	around	space,	light,	
and	shadow	using	methods	similar	to	those	of	Dubois,	also	emphasizing	iterative	modeling.	In	
both	cases,	the	educators	advocated	exposing	the	students	to	multiple	representations	of	the	
subject	and	engaging	in	constructivist	learning	methods.		

Integrated	Design	Research	Studio	Model	

The	Integrated	Design	Research	(IDR)	model	was	conceived	by	Washington	State	University	/	
School	of	Design	+	Construction	as	an	 initiative	 that	 integrates	design	disciplines	 to	 tackle	
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contemporary	 design	 issues.	 Teachers	 and	 students	 collaboratively	 engage	 in	 exploratory	
creative	and	data	driven	research	with	the	intent	being	to	form	a	foundation	for	innovative	
design	 ideation.	 IDR3:	 Places	 of	 Light,	 comprised	 graduate	 students	 in	 architecture	 and	
interior	 design.	 Both	 groups	 had	 basic	 exposure	 to	 daylighting	 in	 environmental	 systems	
courses.	The	architecture	students	had	no	previous	experience	with	light	as	a	generator	of	
architectural	 ideas	 /	 form;	 the	 interior	 design	 students	 had	 some	 experience	 working	
abstractly	with	 light	models.	 The	 studio	was	 roughly	 60%	 research	 investigation	 and	 40%	
design	 with	 research	 investigation	 including	 case	 studies	 relative	 to	 phenomenological	
impacts	of	light;	abstract	modeling	involving	collecting,	shaping,	and	filtering	light;	a	data	of	
light	project;	and	exploration	into	the	light-water	analogy.	The	subsequent	design	projects	
varied	according	to	discipline.	This	paper	reports	on	two	of	the	research	investigations:	Data	
of	Light	and	Light-Water	Analogy.		

Data	of	Light	

The	 overarching	 purpose	 of	 the	Data	 of	 Light	 assignment	 is	 to	 codify	 and	 develop	 visual	
sensitivity	 to	 the	variability	of	natural	 light.	 Students	are	prompted	 to	develop	a	scientific	
method	—	using	observation,	comparative	analysis	and	/	or	experimentation	—	to	 isolate	
specific	 characteristics	 or	 behaviors	 of	 light,	 or	 light	 effects	 on	 materiality.	 Sample	 data	
projects	are	presented.	

Illuminance	Mapping:	See	Figure	1.	This	is	a	standard	method	of	testing	daylight	models.		
In	 this	particular	project,	 the	technique	 is	used	for	 field	mapping.	Two	 identical	studios	at	
47oNorth	are	comparatively	mapped;	one	is	south	facing,	receiving	direct	sunlight,	and	the	
other	 is	 north	 facing,	 receiving	blue	 skydome	 light	 and	 some	direct	 sunlight	 through	east	
facing	 windows.	 The	 time	 is	 mid-October,	 mid-morning.	 This	 map	 demonstrates	 that	
daylighting	intensity	and	distribution	is	orientation	specific.		Mapping	the	conditions	over	the	
course	of	a	day	will	further	document	the	incremental	movement	of	the	light	source.	

	

	
Figure	1.	Illuminance	mapping	of	daylight	only	conditions	in	south	space	(lower)	and	north	space	(upper);	mid-

morning,	October	at	47N,	by	M.	Rosati	
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Colour	and	Solar	Position:	See	Figure	2.	This	exercise	documents	the	variation	in	color	
and	solar	position	at	the	time	of	sunset	by	recording	a	patch	of	light	entering	through	a	west	
facing	aperture	over	the	45	minute	period	at	sunset.	Sky	conditions	are	clear	but	there	is	a	
fair	 amount	 of	 particulate	 which	 scatters	 the	 light	 waves	 into	 distinct	 colours	 that	 are	
rendered	onto	 the	white	wall	 surface.	 The	 student	 then	 isolated	 the	 colour	data	 (right	of	
photos)	to	demonstrate	the	transformation	over	this	period.	
	

	
Figure	2.	Sunset	light:	color	and	directionality	by	V.	Cahyadi	

	
Light	and	Materiality:	See	Figure	3.	This	exercise	documents	light-material	behaviors.	

The	 light	 source	 remains	 constant;	 the	 variable	 is	 the	material	 texture.	 	 The	 student	was	
interested	in	contrast	and	patterning	and	took	the	photography	exercise	further	by	applying	
Photoshop	filters	for	additional	analysis	

	

																						 	
Figure	3.	Light	and	textured	wall	surface	by	Jenna	Scott	
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These	sample	projects	represent	just	a	few	of	the	infinite	possibilities	for	collecting	light	
data.	Other	projects	 include	experimental	 light	colour	mixing;	colour	shifts	under	differing	
sources	of	light;	shade,	shadow,	and	patterning	studies;	and	variability	in	how	objects	appear	
under	different	daylight	 filters.	This	exercise	develops	observation	and	provides	a	tangible	
method	in	which	students	can	come	to	know	the	qualitative	aspects	of	natural	light.	Lighting	
designer	Howard	Brandston	(2000)	argues	that	the	“process	of	learning	to	see	is	the	simplest	
defining	characteristic	of	lighting”	and	suggested	students	need	disciplined	observations	of	
light	to	build	“a	databank	of	real	knowledge.”	Feedback	from	this	exercise	is	very	enthusiastic.	
Students	are	surprised	by	the	richness	of	the	visual	data.	Moreover,	they	begin	to	see	light	as	
a	tangible	substance,	one	that	they	might	capture	and	manipulate.	Furthermore,	they	begin	
to	appreciate	the	immense	range	of	light	character	and	interactions.		

Light	as	Water		

This	second	stream	of	inquiry	uses	analogy	as	a	form	of	design	research.	Zeisel	(1981)	notes	
that	the	use	of	analogy	“enables	investigators	to	temporarily	picture	and	use	what	they	do	
not	 know	 by	 substituting	 known	 elements	 for	 gaps	 in	 their	 knowledge.”	 Analogy	 is	
instrumental	in	innovation	and	idea	generation;	it	requires	a	creative	leap	to	transpose	the	
known	characteristics	of	one	entity	to	a	lesser	known	entity.	In	the	studio,	we	explored	the	
analogous	 relationship	 between	water	 (the	 known	 entity)	 and	 light.	 In	 previous	 research	
(Theodorson,	2016),	it	is	found	that	creative	writings	—	fiction,	memoir,	travel	literature	—	
are	a	rich	source	of	testimony	and	language	around	the	phenomena	of	daylight.	Importantly,	
authors	often	write	about	light	in	terms	analogous	to	water.	For	example,	light	is	said	to	pour	
from	the	sky,	 flood	 into	spaces,	and	 leak	 through	spatial	gaps.	Luminous	 intensity	 is	often	
likened	 to	 flows	 of	 water—	 rivers	 and	 streams,	 falls	 and	 cascades,	 trickles	 and	 dribbles.	
Similarly,	light	is	described	as	precipitation—	rain,	showers,	sprinkles.		Buildings	collect	and	
contain	 light;	 luminaires	hold	and	spill	 light.	Table	1	 is	a	 taxonomy	of	vocabulary	 found	 in	
creative	writings.	 In	 total,	 (109)	 instances	were	 found	 in	 (53)	works;	 the	 size	of	 the	word	
indicates	frequency.	
	

Table	1.	Light-	water	taxonomy	by	author	(2016)	
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A	 number	 of	 architectural	 writings	 and	 works	 reference	 the	 analogous	 relationship	
between	light	and	water.	Architect	Steven	Holl’s	metaphorical	concept	for	the	Chapel	of	St.	
Ignatius	is	“seven	bottles	of	light	in	a	stone	box,”	with	each	bottle	representing	a	program	of	
the	 Jesuit	worship.1	The	 interior	 is	 shaped	 into	 luminous	volumes	 through	coordination	of	
aperture,	orientation,	spatial	configuration,	color,	and	materiality.	At	night,	the	building	is	a	
beacon,	 light	 leaking	out	 into	 the	darkness.	Holl	 is	 a	 strong	proponent	of	 physical	model,	
which	figured	prominently	in	this	design	process.	 In	another	example,	Jean	Nouvel’s	Louve	
Abu	Dhabi	is	conceived	as	an	oasis;	the	roof	is	designed	“as	a	parasol	creating	a	shower	of	
light.”2	Under	this	dome,	the	light	intermingles	with	a	pool	of	water	to	create	a	shimmer	of	
light	throughout	the	space.		

Given	 the	 context	 of	 the	 light-water	 vocabulary,	 literary	 readings,	 and	 precedents,	
students	were	prompted	to	create	abstract	models	that	conceptualize	light	as	precipitation;	
that	revealed	flows	of	light;	and	that	explored	the	idea	of	containing	light.	See	Figure	4.	
	

	
Figure	4:	abstract	models:	light	as	precipitation	(top);	flows	of	light	(middle)	and	containing	light	(bottom).	By	

IDR	students:	A.	Amiri,	V.Cayhadi,	B.	Kreem,	S.	Murano,	J.	Scott,	C.Wilcken.	

																																																								
1	http://www.stevenholl.com/projects/st-ignatius-chapel	

2	http://www.jeannouvel.com/en/desktop/home/#/en/desktop/projet/louvre-abou-dabi	
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The	light-water	analogy	is	conceptually	clear	and	therefore	easily	grasped	by	students.	

The	 language	 functions	 as	 poetic	 scaffolding,	 enabling	 students	 to	 talk	 about	 light	 and	 to	
imagine	 how	 it	 intertwines	with	 building	 form,	 aperture,	 interior	 spaces,	 and	materiality.	
Furthermore,	 the	 testimony	 found	 in	 the	 creative	 writings	 provides	 a	 familiar	 human	
perspective,	offering	snapshots	of	 the	role	 light	plays	 in	setting	an	ambiance	or	marking	a	
phenomenological	moment.		Light	artist	Christopher	Wilmarth	states	that	he	associates	“the	
significant	moments	 of	my	 life	 with	 the	 character	 of	 the	 light	 at	 the	 time.	 The	 universal	
implications	of	my	original	experience	have	located	in	and	become	signified	by	kinds	of	light.”		

Conclusions	

This	point	of	departure	for	this	paper	is	to	find	ways	to	‘see’	and	‘know’	light	as	a	tangible	
material	 of	 architectural	 design.	 The	 methods	 described	 here	 invest	 in	 design	 research	
pedagogies	that	privilege	the	self-construction	of	knowledge.	Given	this	backdrop,	students	
are	excited	to	undertake	an	architectural	design	problem	that	is	focused	on	light,	especially	
given	 their	 newly	 constructed	 visual	 and	 verbal	 language.	 In	 the	 iDR	 studio,	 the	 students	
subsequently	tackled	light-driven	design	projects	and	instinctively	used	processes	--	sketching	
and	modeling	(Figure	5)	--	that	pursued	a	more	tangible	consideration	of	light.	
																									

	
	

Figure	5:	sketching	and	modelling	studies	for	light-driven	design	problems:	light	eroding	darkness	(left)	by	
Cahyadi;	light	washing	walls	and	pouring	into	space	(middle)	by	Cahyadi;	mixing	colours	of	light	(right)	by	

Scott.	
																																			

Students	were	 highly	 enthusiastic	 about	 these	 approaches.	 	 Several	 outcomes	 are	
notable.	 One,	 they	 learned	 to	 objectively	 observe	 and	 codify	 light-material-architectural	
interactions.	Coinciding	with	this,	they	learned	that	natural	light	is	not	still;	it	ebbs	and	flows	
with	quiet	motion,	 forming	and	dissolving	 luminous	microclimates.	They	also	 learned	 that	
light	is	colour,	that	light	needs	a	surface	to	fall	upon,	and	that	light	sources	vary	considerably.		
More	conceptually,	they	began	to	think	of	buildings	as	containers	of	 light,	 that	 light	might	
erode	spatial	mass,	and	that	light	from	above	can	be	thought	of	as	precipitation.	Additionally,	
they	 learned	 to	 appreciate	 the	 value	 of	 modelling	 light	 over	 computer	 representation,	
especially	to	test	materiality,	filters,	and	various	light	sources.	This	theme	is	consistent	with	
many	architects:	Pallasmaa	 (2005)	notes	 that	model	making	puts	 the	designer	 into	haptic	
contact	with	the	object	or	space	(and,	presumably,	light).		

In	conclusion,	this	paper	argues	for	more	constructivist	and	creative	encounters	with	
light	in	the	architectural	and	design	curriculum.	The	types	of	encounters	described	within	this	
paper	 develop	 fluency	 with	 light	 as	 a	 material.	 Such	 fluency	 is	 prioritized	 over	 technical	
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expertise	which	raises	a	point	of	discussion.	How	do	we,	as	educators,	balance	the	technical,	
well-structured	knowledge	of	daylight	with	the	more	poetic	and	experiential	aspects?		

	

References	
Brandston,	H.M.	(2008).	Learning	to	see:	a	matter	of	light.	New	York:	Illuminating	Engineering	Society	of	

North	America.	p.11.	
Corbusier,	L.	(1931)	Towards	a	new	architecture.	Courier	Corporation,	p.	114.	
Dubois,	M.	C.	(2006).	 Integration	of	daylight	quality	 in	the	design	studio:	from	research	to	practice.	 In	

PLEA2006-The	 23rd	 Conference	 on	 Passive	 and	 Low	 Energy	 Architecture,	 6-8	 September	 2006.	 Geneva,	
Switzerland.		

Fontein,	 L.	 (1997).	 Teaching	 lighting	 to	 architecture	 students:	 technology	 as	 design	 inspiration.	 In	
Proceedings	of	RIGHT	LIGHT	(Vol.	4),	pp.	159-163	

Kolb,	 D.	 A.	 (1984).	 Experiential	 learning:	 Experience	 as	 the	 source	 of	 learning	 and	 development,	
Englewood	Cliffs,	N.J.:	Prentice	Hall.		

Madsen,	M.,	 &	Osterhaus,	W.	 (2005).	 Exploring	 simple	 assessment	methods	 for	 lighting	 quality	with	
architecture	and	design	students.	In	Fabricating	sustainability.	Proceedings	of	the	39th	Annual	Conference	of	the	
Australian	and	New	Zealand	Architectural	Science	Association	(ANZAScA),	pp.	17-19.	

Millet,	M.,	&	Loveland,	J.	(1997).	Teaching	light:	its	importance	in	architectural	education.	In	Proceedings	
of	RIGHT	LIGHT	(Vol.	4),	pp.	169-173.		

Morgan,	C.	L.	(1999).	Jean	Nouvel:	the	elements	of	architecture.	Adam	Biro.	
Pallasma,	J.	(2005).	The	eyes	of	the	skin:	Architecture	and	the	senses.	Chichester:	Wiley,	p.	14.	
Stannard,	S.	(1997).	Designing	with	light:	a	studio	investigation.	In	Proceedings	of	RIGHT	LIGHT	(Vol.	4),	

pp.	175-180.		
Theodorson,	J	(2016).	Architectural	vocabularies:	exploring	the	analogous	relationship	between	light	and	

water.	3rd	International	Conferences	on	Ambiances,	Volos,	Greece,	9/2016.			
Wilmarth,	Christopher.	as	quoted	in	the	Wadsworth	Atheneum	exhibition	catalog	Nine	Clearings	for	a	

Standing	Man.	Meriden:	Meriden	Gravure	Company,	1974,	unnumbered	page	22.	
Zeisel,	J.	(1981).	Inquiry	by	design.	Cambridge	University	Press.	

	
	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 3411



 
 

Low	Carbon	Daylighting	Design:	Proposal	of	an	Innovative	Daylighting	
Ceramic	Facade	System		

	
Elina	Triantafyllidou1	,	Rosa	Urbano	Gutierrez1		
	
1	School	of	Architecture,	University	of	Liverpool,	Liverpool	L69	7ZN,	United	Kingdom		

	
Abstract:	 This	study	is	focused	on	the	design	of	an	 innovative	Daylighting	Ceramic	Façade	system	(DCF)	that	
explores	 the	 potentials	 of	 an	 anidolic	 profile	 implemented	 within	 a	 ceramic	 block	 in	 order	 to	 improve	 the	
illumination	 distribution	 of	 deep	 plan	 office	 buildings.	 The	 proposed	 system	 combines	 three	 key	 design	
decisions:	 the	 use	 of	 ceramics	 as	 a	 low	 impact	 material,	 the	 optimisation	 of	 daylight	 distribution,	 and	 the	
advantages	of	prefabricated	building	construction	systems.	This	paper	describes	the	first	stage	of	the	study,	in	
which	the	DCF	system’s	shape	was	designed	and	its	daylighting	performance	evaluated.	A	ray	tracing	method	
was	used	to	define	the	DCF	system’s	profile,	taking	 into	account	only	direct	sunlight	and	specular	reflection.	
Having	defined	the	optimised	section	of	the	profile,	 the	whole	system	was	finalised	as	a	stackable	thermally	
efficient	 facade	 system.	Daylighting	 simulations	 in	 a	 full-scale	 room	were	 conducted	 to	 assess	 the	 system’s	
effect	 on	 indoor	 daylighting	 levels	 and	 distribution,	 as	 a	 first	 step	 to	 obtain	 a	 proof-of-concept.	 The	 results	
show	that	the	DCF	system	would	enable	adequate	daylight	distribution,	generally	outperforming	the	reference	
cases.	

	
Keywords:	daylighting,	innovative,	facade,	ceramic,	anidolic		

Introduction		

Maximising	daylight	use	in	deep-plan	office	buildings	is	a	current	design	challenge	in	order	
to	decrease	energy	consumption	in	connection	with	lighting,	heating,	and	cooling	(European	
Commission	 Energy,	 2016).	 Daylighting	 technologies	 help	 to	 reduce	 electrical	 lighting	 use	
(currently	 responsible	 of	 20-60%	 of	 the	 building’s	 energy	 consumption)	 (Bodart	 and	 De	
Herde,	 2002),	 manage	 solar	 gains,	 and	 provide	 an	 efficient	 and	 healthy	 luminous	
environment	(SHC	Task	31,	2015),	but	most	of	the	materials	and	processes	involved	in	the	
development	of	these	technologies	have	in	turn	high	embodied	energy	and	carbon,	exerting	
a	critical	impact	on	our	natural	environment	(Harris,	1999).	It	is	therefore	crucial	to	research	
the	 implementation	of	 low-impact	materials	 in	the	design	of	daylighting	systems.	Clay	can	
play	a	key	role	in	this	endeavour.	An	extruded	clay	brick	has	an	embodied	energy	of	3	MJ/kg,	
whereas	 materials	 typically	 used	 in	 the	 production	 of	 daylighting	 technology,	 such	 as	
aluminium	and	acrylic,	have	an	embodied	energy	of	214	MJ/kg	(extruded	profile)	and	90.67	
MJ/kg	respectively	(Hammond	and	Jones,	2008).	A	number	of	other	attributes	contribute	to	
characterise	clay	as	an	ecological	material:	it	provides	high	thermal	mass	capacity,	does	not	
‘off-gas’,	 is	 fully	 recyclable,	 very	 durable,	 easily	 accessible,	 and	 its	 surface	 can	 be	 treated	
with	 lead-free,	 non-toxic,	 germicidal,	 self-cleaning,	 free	 volatile	 organic	 compounds,	 and	
pollution	capturing	finishes	(Urbano	Gutierrez	and	Wanner,	2016).	The	use	of	prefabrication	
as	a	production	process	can	further	optimise	the	ecological	profile	of	building	components.		
Production	off-site,	 in	a	well	controlled	environment,	allows	for	numerous	energy-efficient	
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benefits:	accurate	and	less	wasteful	construction,	more	precise	weather-tight	joints,	faster	
assembling	and	disassembling	processes,	decreased	use	of	raw	materials	and	energy,	and	a	
more	efficient	and	cleaner	atmosphere	around	the	construction	site	(less	traffic,	waste,	dust	
and	pollution).			

This	 project’s	main	 objective	 is	 therefore	 to	 investigate	 an	 efficient	 combination	 of	
these	 three	 sustainable	 aspects,	 proposing	 daylighting	 control	 integrated	within	 a	 façade	
modular	solution,	based	on	the	use	of	clay	and	prefabrication	as	a	low	carbon	strategy.	This	
paper	 introduces	 the	 first	 developmental	 stage	 of	 a	 Daylighting	 Ceramic	 Facade	 (DCF)	
system,	 whose	 fundamental	 goal	 is	 to	 offer	 in	 one	 single	 compact	 solution	 optimised	
daylighting	performance,	minimised	ecological	 footprint,	and	an	efficient	structural	 façade	
system.	 		

Description	of	the	System		

The	 DCF	 façade	 system	 is	 a	 vertical	 array	 of	 ceramic	 blocks	 that	 collect	 and	 redirect	
incoming	light	through	an	internal	channel	deep	in	the	interior	of	the	building.	This	channel	
follows	a	profile	 composed	of	 four	 reflective	 surfaces,	which	 splits	 the	 ceramic	block	 into	
two	parts:	 the	 top	part	contains	surfaces	B	and	C,	and	 the	 lower	part	contains	surfaces	A	
and	D	(Figure	1).		This	profile	departs	from	the	geometry	and	proportions	used	in	an	existing	
louver	 system	 based	 on	 a	 zenithal	 anidolic	 collector	 and	 a	 compound	 parabolic	 collector	
(Thuot	 and	 Marilyne,	 2014),	 that	 has	 been	 further	 adjusted.	 Two	 glass	 panes	 seal	 the	
channel	 towards	 the	 outside	 and	 inside	 environments,	 bringing	 structural	 integrity	 to	 the	
block	 and	 generating	 an	 independent	 insulated	 façade	 building	 unit.	 The	 sealed	 glazing	
provides	protection	from	dust	and	scratching	of	the	 internal	optical	surfaces,	ensuring	the	
proper	operation	of	the	system	and	reduced	maintenance.	Argon	gas	and	other	alternative	
insulating	materials	can	be	 inserted	 in	the	block	to	further	 increase	 its	 insulating	capacity,	
which	will	be	the	focus	of	a	second	stage	of	this	study.	

To	 protect	 users	 from	glare,	 there	 should	 be	 no	 view	 through	 the	 ceramic	 element	
towards	the	outside.	Consequently,	the	system	is	envisioned	to	be	located	above	eye	level,	
in	 the	upper	 part	 of	 the	 south	 facade,	with	 its	 bottom	part	 no	 lower	 than	 approximately	
2.1m	 from	 the	 floor,	 to	 allow	 for	 clear	 visual	 contact	 with	 the	 outside	 in	 the	 area	
underneath	the	system.	

		
	

	

	

	

	

	
	
	
	
	

Figure	1.	Daylight	Ceramic	Facade	system	(DCF)	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 3413



Methodology		

This	 paper	 presents	 the	 DCF	 system’s	 daylighting	 performance	 in	 comparison	 to	 two	
reference	cases.	A	 ray	 tracing	method	using	Ecotect	was	used	 to	define	 the	DCF	system’s	
profile	while	 computational	 simulations	using	DesignBuilder	have	been	used	 to	predict	 its	
daylight	 performance.	 The	 design	 conditions	 were	 set	 taking	 into	 consideration	 both	
optimised	daylighting	performance	and	a	contemporary	office	building	setting	–sidelit	deep	
plan	space,	alongside	appropriate	response	to	the	predominantly	cloudy	skies	with	low	sun	
altitudes	of	Liverpool,	in	the	UK.		

All	the	profiles’	sections	were	assessed	for	the	53°25'12"N	latitude	at	12:00-13:00	pm	
with	 the	 system	 facing	 south.	 The	 lighting	 performance	 of	 each	 ceramic	 profile	 has	 been	
assessed	 in	 summer	 and	 winter	 solstices,	 and	 autumn	 and	 spring	 equinoxes,	 using	 2°	
intervals.	Light	 incidence	angles	at	solar	noon	for	each	of	the	four	situations	are	shown	in	
Table	1.		

Table	1.	Solar	altitude/angles	(elevation	angles)	of	Liverpool,	UK	
City	location	 Maximum	solar	

altitude/angle	
Minimum	solar	
altitude/angle	

Equinox	solar	
altitude/angle	

	 21st	of	Jun.,	1PM	 21st	of	Dec.,12PM	 21st	of	Mar.,12PM	
21st	of	Sep.,1PM	

Liverpool	 60°	 13°	 36°	

DCF	Profile’s	Design	

The	 first	 half	 of	 the	 channel	 was	 defined	 first,	 with	 the	 aim	 to	 capture	 as	much	 light	 as	
possible:	surface	B	as	a	 flat	 reflector,	and	surface	A	as	a	parabolic	reflector.	 	According	to	
the	reference	system,	the	ideal	minimum	angle	of	a	flat	reflector	is	45°	with	respect	to	the	
horizontal	plane,	so	that	any	incoming	light	with	an	elevation	angle	α	of	0°	or	greater	could	
pass	through	the	daylighting	system.	In	this	system	the	angle	of	surface	B	had	to	be	58°,	due	
to	 the	 louver's	 construction	needs.	As	 a	 result,	 the	majority	of	 incoming	 light	 rays	 at	 less	
than	27°	are	rejected,	which	is	a	negative	consequence	for	our	location.	As	anticipated,	an	
angle	of	45°	in	surface	B	in	our	system	also	proved	to	be	more	efficient	than	an	equivalent	
profile	with	an	angle	of	58°	(Figure	2).	

	
	
	
	
	
	
	

	
Figure	2.	Comparison	of	the	ray-tracing	patterns	when	angle	of	surface	B	is	45°	(Right)	and	58°	(Left)	above	the	

horizontal	plane,	at	53°25'12"N	latitude	at	12:00PM	in	the	winter	solstice	(13°)		

In	order	to	obtain	a	more	effective	system,	another	parameter	had	to	be	examined.	It	
is	 obvious	 that	 any	 changes	 in	 the	 angle	of	 surface	B	have	direct	 impact	on	 surface	A,	 in	
order	to	maintain	the	geometric	proportions	of	the	profile.	Specifically,	as	long	as	the	angle	
of	 surface	 B	 is	 equal	 to	 the	 ideal	 minimum	 angle,	 the	 parabola	 of	 surface	 A	 becomes	
excessively	long,	increasing	the	opaque	part	of	the	system	to	an	extent	that	fails	to	conduct	
sufficient	 daylight.	 For	 this	 reason,	 the	 angle	 of	 surface	 B	 is	 ideally	 greater	 than	 45°	 and	
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lower	than	58°.	Furthermore,	taking	into	account	that	the	proposed	system	is	a	permanent	
structural	design	element	of	the	building,	its	depth	was	set	at	30cm.	To	meet	this	dimension,	
the	 selected	 angle	 of	 surface	 B	must	 be	 52°.	 To	 confirm	 the	 efficiency	 of	 this	 angle,	 we	
looked	at	the	ray	tracing	diagrams,	which	showed	how	all	the	incoming	rays	with	elevation	
angles	between	13°	and	60°	are	deflected	by	 the	system	and	none	exit	 the	channel	at	an	
angle	less	than	0°	above	the	horizontal	plane	(Figure	3).	However,	the	majority	of	light	rays	
coming	 in	 at	 less	 than	 10°,	 defined	 as	 cut	 off	 elevation	 angle,	 are	 partially	 or	 completely	
blocked	 by	 the	 system,	 which	 were	 regarded	 as	 acceptable	 losses.	 Thus,	 surface	 B	 was	
defined	at	an	angle	of	52°.		

	
Figure	3.	Ray	tracing	through	proposed	system	for	incoming	elevation	angles:	60°	-	summer	solstice	(1st),	36°	-	

spring	and	autumn	equinox	(2nd),	13°	-	winter	solstice	(3rd)	and	10°-	cut-off	elevation	angle	(4th)		

For	 the	 second	 half	 of	 the	 channel,	 special	 consideration	 had	 to	 be	 given	 to	 the	
upward	rotation	angle	of	the	CPC	profile	(surfaces	C	and	D).	In	the	reference	case,	the	CPC	
profile	was	rotated	upwards	by	20°	 (maximum	output	angle).	 In	our	proposal,	 the	rotated	
angle	 of	 the	 CPC	 profile	 is	 slightly	 higher,	 reaching	 22.5°;	 therefore,	 the	 output	 angle	 is	
between	0°	and	45°.	By	doing	this,	the	system	is	adapted	to	the	needs	of	a	9m	deep	room,	
and	 it	 is	 assumed	 that	 each	 individual	 space	 conditions	 will	 have	 an	 impact	 on	 final	
adjustments	in	the	system.	

The	 following	 ray	 tracing	 diagrams	 show	 that	 in	 our	 case,	 with	 an	 output	 angle	
between	 0°	 and	 45°	 above	 the	 horizontal,	 the	 light	 was	 distributed	 in	 a	 larger	 area,	 in	
contrast	with	 the	 reference	 case,	 in	which	 a	 large	 portion	 of	 light	 is	 less	 dense	 near	 the	
ceiling.	Although	the	difference	might	seem	negligible,	the	CPC's	22.5°	angle	was	integrated	
in	the	final	profile.		

	
Figure	4.	Distribution	of	daylight	in	a	9m	deep	room:	outcoming	angle	0°-	40°	in	the	reference	case	(Right)	and	

outcoming	angle	0°	-	45°	(Left)		

Model	Description	

Lighting	simulations	were	run	to	get	illuminance	results	for	a	generic	south-facing	room	(9m	
deep	x	4m	wide	x	2.8m	high),	with	 the	 full	daylighting	 system	operating.	The	 system	was	
compared	to	two	reference	cases	(Figure	5).	The	room	was	defined	as	sidelit	only,	therefore	
all	the	walls	other	than	the	south	facade	were	modelled	as	completely	opaque.		
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All	 cases	 were	 examined	 under	 totally	 overcast	 sky	 conditions,	 partly	 cloudy	 sky	
(intermediate	day)	 in	summer	solstice	and	spring/autumn	equinox,	clear	sky	 in	winter	and	
summer	 solstice,	 as	 well	 as	 in	 spring/autumn	 equinox,	 considering	 the	 building’s	 south	
façade	has	an	unobstructed	view	of	the	sky.	The	intermediate	sky	in	winter	solstice	can	be	
disregarded	 since	 in	 Liverpool	 during	 the	 winter	 months	 the	 average	 sky	 cover	 is	
approximate	13.5	hours	a	day	(Energy	Plus,	Liverpool's	weather	data).	On	the	other	hand,	
the	clear	sky	in	winter	solstice	is	presented	typically,	in	order	to	examine	the	system	in	low	
sun	altitude.	Illuminance	values	are	reported	on	a	workplane	at	0.75m	from	the	floor,	along	
the	centreline	of	the	room	moving	away	from	the	south	facade.	Additional	modelling	details	
are	provided	in	Table	2.	

Table	2.	Model	Parameters	
Wall	Reflectance;	white	paint	 70%	

Floor	Reflectance;	wood	finish	-	light	colour	 35%	
Standard	Ceiling	Reflectance	 60%	

Window	Transmittance	(Double	glass	unit)	 70%	

Results	and	Discussion		

Considering	the	recommended	illuminance	of	300–500	lux	evenly	distributed	for	office	work	
(CIBSE,	 2015),	 and	 given	 that	 the	 proposed	 system	was	 designed	mostly	 to	 increase	 light	
levels	in	the	deeper	part	of	the	room,	mainly	under	overcast	sky	conditions,	its	daylighting	
performance	is	deemed	successful	(Figure	7).	Regarding	the	sunny	cases,	 it	 is	obvious	that	
the	system	performs	better	for	depths	of	2m	to	3m	and	greater	compared	to	conventional	
facades,	 however	 occasional	 support	 from	 blinds	 may	 be	 needed.	 In	 particular,	 in	 the	
overcast	case,	the	proposed	system	outperforms	both	reference	cases	at	distances	of	3m	or	
greater	from	the	daylit	facade,	reaching	an	average	illumination	of	approximately	250	lux		
Figure	7).	On	the	other	hand,	the	reference	cases	present	an	excessively	high	illuminance	in	
the	 area	 near	 the	window,	which	 reaches	 900	 lux	 or	more,	while	 for	 a	 distance	 over	 3m	
from	the	daylit	facade,	the	illumination	levels	drop	sharply	reaching	100	lux	or	even	less.	

	
Figure	7.	Overcast	case	(Left)	and	Partly	Cloudy	case:	21st	June	at	13:00	(Right)		

Figure	6	Sections	of	the	model	rooms	
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For	situations	where	the	sky	is	partly	cloudy	(intermediate	day),	21st	of	June	at	13:00:	
Figure	7	shows	that	the	DCF	system	shows	a	very	efficient	performance,	with	 illumination	
levels	varying	between	600	–	250	lux	in	distances	further	than	1.5m	from	the	daylit	facade,	
providing	 also	 a	 homogeneous	 illumination	 more	 likely	 to	 provide	 visual	 comfort.	 The	
results	seem	even	better	if	compared	with	Reference	Case	1,	in	which	for	depths	of	4.5m	or	
greater,	the	illumination	levels	are	less	than	150	lux.	Compared	with	Reference	Case	2,	the	
system	seems	to	perform	better	only	for	depths	of	6.5m	or	greater.	

For	the	partly	cloudy	case,	autumn/spring	equinox	at	13:00	(Figure	8),	the	DCF	system	
always	performs	better	 than	both	standard	glazing	 facades	 for	depths	of	4.5m	or	greater.	
Unfortunately,	 it	 also	 presents	 particular	 high	 illumination	 levels	 in	 the	 area	 near	 the	
window	 (<1m),	 because	 of	 the	 quite	 big	 uncovered	 glazing	 area	 of	 the	 model	 room.	
Certainly,	both	reference	cases	present	uncomfortable	peak	illuminance	near	the	window	-	
more	than	4500	lux.	Clearly,	the	effect	is	more	intense	in	Reference	Case	2.		

	
Figure	8.	Partly	Cloudy	case:	Autumn/Spring	equinox	at	13:00	(Left)	and	Sunny	case:	21st	June	at	13:00	(Right)		

	 For	a	sunny	sky	on	21st	June	at	13:00,	the	DCF	system	outperforms	the	Reference	Case	
1	for	depths	of	3.5m	or	greater,	but	it	matches	the	Reference	Case	2	only	for	depths	of	5m	
to	 6m.	 The	 DCF's	 performance	 is	 slightly	 better	 for	 depths	 of	 7m	 or	 greater,	 with	
illumination	levels	of	approximately	200	lux.	In	general	while	the	system	performs	well	for	
the	rear	area	of	the	room,	the	uncovered	window	disturbs	the	uniformity	illuminance	of	the	
space	resulting	from	direct	sunlight	transmission	(Figure	8).	In	the	sunny	case	on	21st	March	
at	12:00pm,	 the	DCF	system	provides	acceptable	 illumination	 levels	which	 range	between	
500	 -	200	 lux	 for	depths	of	3m	or	greater	 (Figure	9).	The	sunny	case	on	21st	December	at	
12:00pm,	presents	 the	worst	of	 the	results.	This	 is	 the	only	case	 in	which	the	DCF	system	
performs	worse	than	Reference	Case	2;	only	 for	depths	of	7m	or	greater,	 the	DCF	system	
matches	Reference	Case	2	performance.	These	results	were	expected,	as	already	seen	in	the	
ray	 tracing	 diagram	 for	 the	 winter	 solstice,	 a	 high	 proportion	 of	 the	 radiation	 is	 not	
accessing	the	system.		

	
Figure	9.	Sunny	cases:	21st	of	September	at	13:00pm	(Right)	and	21st	of	December	at	12:00pm	(Left)	
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Conclusions	

As	shown	from	the	daylighting	analysis,	 the	proposed	system	successfully	collects	daylight	
with	the	outer	part	of	its	profile,	and	redistributes	it	with	its	inner	part	to	the	deep	gloomy	
zones	 of	 the	 room.	 The	 DCF	 system,	 when	 compared	 to	 two	 conventional	 façade	
configurations,	 shows	 a	 more	 efficient	 performance	 improving	 lighting	 levels	 where	
required,	mainly	under	cloudy	and	sunny	conditions.	Homogeneous	illumination	throughout	
the	space	 is	observed	only	 for	cloudy	conditions,	as	the	system	presents	peak	 illuminance	
near	the	window	(<1m)	for	sunny	cases.	The	study	presents	several	limitations.	It	is	focused	
on	the	design	of	the	DCF	system	based	on	daylighting	performance,	and	assessed	for	only	
one	space	with	one	orientation	 in	one	climate	zone,	Liverpool's	sky	type	and	sun	altitude.	
Therefore,	more	testing	with	different	locations,	latitudes	and	building	shape	could	confirm	
the	universality	of	 the	proposed	 system.	However,	 it	 could	be	argued	 that	 it	might	be	an	
efficient	solution	for	a	sufficient	number	of	UK	and	other	Central	and	Northern	Europe	areas	
with	similar	sky	conditions.	To	confirm	these	results,	a	subsequent	step	will	be	to	undertake	
a	more	extensive	evaluation,	running	annual	on	hourly	base	simulations,	as	well	as	looking	
at	 daylight	 sufficiency	 assessment,	 such	 as	 continuous	 daylight	 autonomy	 and	 useful	
daylight	illuminance.	The	DCF	system	was	assessed	in	relation	to	clear	conventional	glazing	
(both	reference	cases).	However,	 in	practice,	most	offices	have	 their	glazing	areas	shaded	
with	blinds	 in	order	 to	avoid	direct	 solar	heating	 in	 summer	and	act	as	a	glare	protection	
screen.	Therefore,	additional	modelling	could	be	done	comparing	the	system	with	standard	
venetian	blinds.	The	DCF	system	is	envisioned	as	a	structural	building	component,	forming	
part	of	a	walling	system	using	piling	blocks.	As	such,	other	critical	environmental	parameters	
will	need	 to	be	assessed:	 thermal	performance,	ecological	profile,	and	cost.	DesignBuilder	
was	 chosen	 because	 it	 provides	 a	 single	 digital	 environment	 to	 obtain	 preliminary	
simulation	results	for	all	of	these	parameters,	planned	for	the	next	step	of	this	project.	 	
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Abstract:	 Occupants’	 visual	 comfort	 is	 an	 important	 consideration	 in	 sustainable	 building	 design.	 To	 help	
create	 visually	 comfortable	 environments,	 building	 designers	 need	 an	 easy-to-use	 method	 to	 predict	 visual	
discomfort	through	simulations.	This	paper	aims	to	present	a	proof-of-concept	predictive	method	that	analyses	 the	
contrast	 ratios	 of	 multi-region	 luminance-based	 images.	 Grasshopper	 and	 Radiance	 were	 used	 to	 develop	 an	
analysis	 algorithm	 that	 examines	 per-pixel	 luminance	 values	 of	 a	 high-resolution,	 180-degree	 fisheye	 High	
Dynamic	 Range	 image	 (HDRi)	 and	 represents	 the	 luminance	 information	 at	 different	 (lower)	 resolutions	
relative	 to	 the	 average	 luminance	 value	 of	 the	 task.	 The	 proposed	 framework	 succeeded	 in	 reducing	 the	
complexity	 of	 the	 data	 by	 segmenting	 the	 HDR	 image	 into	 lower	 resolution	 without	 compromising	 the	
minimum	 luminance	detail	 needed	 to	 identify	 the	main	 glare	 sources.		 Illustrating		 the		 luminance	 distribution	
pattern	 of	 the	 visual	 field	 in	 lower	 resolutions	 opens	 opportunities	 in	 simplified	data	analysis	 and	 the	 visual	
communication	 of	 luminous	 conditions.	 Preliminary	 analysis	 suggest	 that	 this	 multi-region	 contrast	 method	
could	 be	 used	 as	 a	 simple	 and	 fast	 glare	 source	 detection	 method.	 This	method	will	 be	 further	developed	
and	validated	using	field	data,	then	it	will	be	published	as	a	tool	for	practical	application	by	 building	designers	in	
the	near	future.	
	
Keywords:	Visual	Discomfort,	Glare	Evaluation,	Luminance	Analysis,	Relative	Glare,	Parametric	Simulations	

Introduction	

The	field	of	lighting	simulation	is	growing	among	diverse	types	of	users	(including	researchers,	
architects,	physicists,	 lighting	designers,	 and	 interior	designers),	 as	 it	 provides	 them	with	 fast	
and	 flexible	 information	 about	 design	 choices.	 For	 example,	 lighting	 simulation	 yields	
accurate	 and	 sophisticated	 results	 much	 faster	 than	 solving	 lighting	 equations	 by	 hand.	 In	
addition,	 not	 only	 is	 it	 more	 flexible	 than	 rigid-scale	 models,	 but	 it	 can	 also	 store	 multiple	
design	 iterations	with	 its	 lighting	performance	(which	can	be	visualized	as	well)	 (Ochoa	et	al.,	
2012).	 In	 2004,	 Reinhart	 and	 Fitz	 (2006)	 conducted	 an	 online	 survey	 for	 more	 than	 185	
individuals	 from	 a	 building	 simulation	 mailing	 list,	 and	 they	 found	 that	 79%	 of	 participants	
were	using	computer	simulation	for	daylighting	analysis.	These	figures	only	increase	over	time,	
as	 building	 codes	 and	 green	 rating	 tools	 require	 sophisticated	 ways	 to	 demonstrate	
compliance	with	 their	 codes	 (Ibarra	 and	Reinhart,	 2009).	Demonstrating	 compliance	 typically	
requires	 the	 sound	 use	 of	 good	 daylight	 strategy	 that	 can	 simultaneously	 accommodate	
sufficient	light	for	the	workplace	and	produce	a	comfortable	visual	environment	with	minimal	
discomfort	glare	(Ibarra	and	Reinhart,	2009).	

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 3419



Discomfort	glare	is	subjective,	as	it	is	related	to	users’	individual	responses,	and	for	this	
reason	it	 is	a	difficult	phenomenon	to	predict	or	simulate.	Algorithms	for	glare	detection	and	
prediction	 have	 been	 developed	 and	 incorporated	 into	 simulation	 tools	 to	 evaluate	 glare	
based	 on	 image	 assessment	 (Wienold	 and	 Christoffersen,	 2006).	 Currently,	 the	most	widely	
used	glare	assessment	tools	are	Findglare	and	Evalglare.	

Findglare	analyses	HDR	images	in	Radiance	format.	Based	on	the	luminance	distribution	
recorded	 for	 a	 specific	 observer	 view,	 the	 software	 seeks	 to	 identify	 glare	 sources	 and	
calculate	 the	 vertical	 illuminance.	 Thresholding	 is	 the	 main	 approach	 used	 by	 this	 tool,	 an	
analysis	 method	 where	 glare	 sources	 are	 detected	 when	 the	 luminance	 value	 within	 a	
potential	 glare	 source	 region	exceeds	 an	 identified	 threshold.	 This	 threshold	 is	 a	multiple	of	
the	average	 luminance	of	 the	visual	 field.	The	default	glare	 threshold	multiple	 is	7	 times	the	
average	field	luminance,	although	it	can	be	adjusted	manually	(Ward,	1992).	

Evalglare	 is	 another	 Radiance-based	 evaluation	 tool	 that	 analyses	 glare	 according	 to	 a	
range	of	 common	glare	prediction	metrics	 (Wienold	and	Christoffersen,	 2006).	 The	 software	
uses	 image	 processing	 algorithms	 to	 detect	 the	 pixels	 with	 luminance	 exceeding	 a	 given	
threshold,	 identifying	 the	 excessive	 luminance	 regions	 as	 glare	 sources	 and	 subsequently	
calculating	 the	average	 luminance	minus	 the	 glare	 region	within	 the	picture.	Multiple	 image	
processing	options	can	be	adjusted	in	Evalglare,	including	the	luminance	threshold,	as	well	as	
the	 search	 distance	 between	 pixels	 and	 the	 task	 location.	 It	 can	 identify	 glare	 sources	 and	
present	 them	 in	 different,	 random	colours.	 It	 can	detect	 and	 assess	 glare	 in	 various	 lighting	
scenes,	 either	 from	 HDR	 captured	 images	 or	 simulated	 Radiance	 pictures	 (Wienold	 and	
Christoffersen,	2006).	However,	this	method	is	slower	than	Findglare	and	limited	to	two	types	 of	
image	projection	methods	 (angular	and	hemispherical).	Due	 to	code	 limitation	Evalglare	 can	
handle	a	maximum	image	dimension	of	1200	x	1200	pixels.	

Predicting	 visual	 discomfort	 through	 the	 use	 of	 simulations	 is	 a	 promising	 technique;	
however,	choosing	the	appropriate	metric	and	cut-off	threshold	is	crucial	to	ensure	reliability.	
By	 calibrating	 these	metrics	 and	modifying	 their	 cut-off	 threshold	 based	 on	what	 we	 know	
from	the	post-occupancy	evaluation	(POE),	we	can	enhance	these	metrics’	prediction	power.	A	
number	 of	 studies	 have	 found	 that	 occupants	 reported	 discomfort	 from	 glare	 in	 green	
buildings	 (Baird	 and	 Thompson,	 2012,	 Hirning	 et	 al.,	 2014,	 Hirning	 et	 al.,	 2017).	 Moreover,	
this	 discomfort	 sensation	 can	 distract	 office	 workers,	 and	 has	 a	 significant	 impact	 on	
occupants’	 satisfaction	 (Rodriguez	 et	 al.,	 2016).	 When	 building	 occupants’	 subjective	
responses	 are	 compared	 to	 the	 predicated	 visual	 discomfort	 level	 as	 a	 result	 of	 the	 current	
glare	metrics,	most	of	 these	metrics	 lack	a	 strong	 correlation	with	 their	 responses	 (Van	Den	
Wymelenberg	and	Inanici,	2016).	The	main	reasons	for	this	are	centred	on	other	factors	such	 as	
the	 architecture,	 the	 environment,	 and	 human	 variability,	 which	 are	 not	 included	 in	 most	
glare	 equations	 aside	 from	 the	 photometric	 parameters	 (i.e.,	 position	 and	 luminance	 of	 the	
glare	source,	background	luminance,	etc.)	(Altomonte	et	al.,	2016).	

Simulation	 methods	 are	 much	 less	 equipment-expansive	 than	 field	 studies	 or	
controlled-laboratory	studies.	The	key	advantage	of	simulation	 is	 the	 fact	that	the	simulation	
outcomes	 calibrate	 with	 the	 field	 or	 experimental	 outcomes;	 this	 gives	 the	 calibrated	
simulation	 technique	 the	 ability	 to	 evaluate	 different	 scenarios	 that	 can	 enrich	 the	 analysis	
phase.	 The	 advantages	 of	 the	 simulation	 techniques	 are	 amplified	 when	 combined	 with	
parametric	 tools	 and	 techniques	 that	 incorporate	 optimization	 and	 exhaustive	 search	
algorithms	 (Wagdy	 and	 Fathy,	 2015).	 With	 the	 tools	 available,	 it	 is	 easy	 to	 generate	 large	
volumes	 of	 simulated	 data	 on	 the	 luminous	 conditions	 in	 any	 environment.	 Given	 the	
abundance	of	information	that	can	be	obtained	through	the	simulation	process	-	it	would	be	
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useful	to	develop	a	method	of	analysis	that	reduces	the	complexity	of	the	data.	An	approach	
that	reduced	the	resolution	(volume)	of	the	data	but	did	not	compromise	on	the	quality	 (i.e.	
still	 had	 sufficient	detail	 to	 identify	 the	necessary	 glare	 sources)	 could	open	opportunities	 in	
simplified	data	analysis	and	the	visual	communication	of	luminous	conditions.	

This	 paper	 introduces	 a	 simplified	 and	 easy-to	 use	 analysis	 framework	 that	 allows	 for	
rapid	 assessment	 of	 luminance	 information	 from	 HDR	 images	 forming	 per	 pixel	 luminance	
maps.	 This	 post	processing	method	 enables	 simple	 and	 fast	 glare	 source	detection	methods	
and	may	aid	in	the	identification	of	luminance	patterns	that	lead	to	visual	discomfort.	

Methodology	

The	development	of	 the	new	post-processing	 framework	was	based	on	High	Dynamic	Range	
images	(HDRi),	as	they	can	store	both	luminance	information	and	color	values	for	a	captured	
scene.	These	values	can	be	displayed	by	selecting	a	single	pixel,	or	by	highlighting	a	region	of	
interest	 on	 screen,	 which	 calculates	 the	 average	 luminance	 of	 the	 selected	 area.	 To	 reduce	
the	resolution	of	 luminance	data	from	a	captured	HDRi,	a	grid	of	tessellated	regions	must	be	
created.	 However,	 extracting	 the	 average	 luminance	 values	 over	 a	 grid	 of	 equally-sized	
regions	(squares	or	circulars)	can	be	quite	challenging,	as	the	only	way	to	highlight	these	areas	 is	
by	hand,	for	example,	by	using	the	wxfalsecolor	tool	in	Radiance.	This	presents	a	challenge,	 as	
we	need	to	store	all	 these	values	over	a	new	false	color	 image	and	repeat	 this	process	over	
hundreds	of	other	images.	Therefore,	a	new	parametric	method	is	needed	to	extract	the	per-	
pixel	 luminance	 values,	 calculate	 the	 average	 luminance	 for	 grid-based	 regions	 across	 the	
image	and	post-process	these	values	to	generate	custom	multi-region	luminance	and	contrast	
maps.	This	procedure	consists	of	four	consecutive	steps	and	can	be	summarized	as	follows:	

1. Extracting	the	per-pixel	luminance	values	from	a	HDR	image.	
2. Segmenting	the	HDRI	image	into	smaller	equally	sized	regions	(solid	angles).	
3. Calculating	the	per-region	luminance	value	for	each	region.	
4. Performing	contrast	analysis	between	regions	using	multiple	region	resolutions.	 	
To	 develop	 and	 validate	 the	 new	 simplified	method	 for	 both	 simulated	 and	 captured	

HDR	 images,	 the	 proposed	 method	 should	 have	 the	 ability	 to	 deal	 with	 different	 image	
projection	 methods.	 However,	 the	 first	 (current)	 version	 of	 this	 method	 is	 limited	 to	
equidistance	projected	 images.	 This	 image	projection	was	 chosen	 to	match	 the	 fisheye	 lens	
configuration	 used	in	an	associated	field	study,	which	will	be	used	to	determine	thresholds	of	
discomfort.	 However,	 the	present	paper	presents	the	proposed	methodology	using	 just	one	
simulated	 image	 to	 demonstrate	 the	 process	 and	 proof-of-concept	 which	 will	 later	 be	
applied	to	field	 data.	

Step	1:	Extracting	Per-Pixel	Luminance	and	illuminance	Values	

In	 order	 to	 develop	 a	 parametric	 method	 for	 extracting	 the	 per-pixel	 values,	 Grasshopper	
0.090076	 and	 Radiance	 5.0.a.11	 for	 windows	 64	 system	 were	 used	 to	 create	 an	 in-house	
algorithm,	which	 processes	 the	HDRi	 files	 inside	Grasshopper	 and	 generates	 and	 executes	 a	
separate	Radiance	code	to	obtain	the	required	results.	This	step	outputs	a	series	of	per-pixel	
luminance	 and	 illuminance	 values,	 loading	 them	 back	 into	 Grasshopper	 to	 start	 the	 post-	
processing	procedures.	Since	the	per-pixel	luminance	and	illuminance	values	were	saved	into	 a	
text	 file,	 custom	 2D	 or	 even	 3D	 luminance	maps	 could	 be	 generated	 using	 these	 values	 (as	
shown	in	Figure	1).	These	3D	luminance	maps	may	provide	invaluable	data	for	various	lighting	
analyses,	and	present	new	glare	evaluation	techniques.	
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Figure	1.	2D	and	3D	luminance	maps	showing	per-pixel	luminance	values	in	exploded	form.	
	
It	worth	noting	that	 luminance	values	are	available	for	the	both	captured	and	simulated	HDR	
images.	However,	only	the	simulated	images	can	have	Illuminance	values	if	the	“–i”	option	of	
rpict	parameter	 in	Radiance	 is	activated.	 In	 this	 case,	each	pixel	 carries	an	 illuminance	value	
rather	 than	 luminance	 value.	 This	method	has	 the	potential	 to	be	 scaled	up	 to	 simulate	 the	
annual	assessment	for	visual	comfort.	

Step	2:	Evaluating	Lower	luminance	distribution	resolution	in	the	field	of	view	

The	 next	 step	 involved	 altering	 the	 image	 resolution	 and	 dividing	 the	 image	 into	 smaller	
regions;	 this	was	done	on	Grasshopper	 to	 create	multi-region	masks	 at	 different	 resolutions	
(region	size),	with	the	aim	of	finding	the	most	effective	size	that	can	predict	visual	discomfort	
based	on	the	contrast	ratio	between	these	regions.	The	algorithm	should	consider	each	region	
as	 a	 singular	masked	 area	 of	 the	 picture,	 and	 separate	 all	 luminance	 data	 for	 further	 post-	
processing	analysis.	Figure	2	shows	a	sample	of	how	these	regions	can	be	defined	in	different	
resolutions.	

	
Figure	2.	Lower	luminance	distribution	resolution	in	the	field	of	view	of	different	resolutions.	

	
Clearly,	 this	 overall	 approach	 intentionally	 reduces	 the	 resolution	 of	 the	 image	 and	

subsequently	 there	 is	 a	 risk	 of	 missing	 very	 small	 glare	 sources	 as	 the	 regions	 get	 larger.	
However,	 this	workflow	 is	 designed	 to	 evaluate	 at	what	 resolution	 the	 risk	 of	 losing	 fidelity	
balances	 the	 benefits	 of	 using	 a	 simplified	 and	 low-resolution	 prediction	 method.	 The	
selection	of	equal	circular	regions	is	acceptable	for	analysis	of	equidistance	projected	images;	
but	cannot	be	applied	in	the	case	of	all	computer-simulated	images	which	use	angular	fisheye	
or	 hemispherical	 projection	methods.	 Therefore,	 further	 development	 is	 still	 under	 progress	
which	aims	to	provide	multiple	projections	that	will	require	modification	of	circular	shapes	in	
order	to	match	the	available	projections	methods.	

Step	3:	Post-Processing	the	Per-Region	Luminance	Data	

The	 third	 step	 focused	 on	 the	method	 used	 to	 post-process	 the	 per-region	 luminance	 data.	
Two	 methods	 were	 implemented	 to	 calculate	 the	 per-region	 luminance	 value	 and	 can	 be	
descried	as	follows:	

1-	 The	 first	method	 selected	 the	 luminance	 value	of	 the	pixel	 located	at	 the	 centre	of	
each	region.	The	advantage	of	this	method	is	that	it	is	able	to	highlight	the	boundaries	where	
regions	of	high	 luminance	are	adjacent	to	dark	areas	(i.e.,	glazing	area	relative	to	window	
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frames	 or	 to	 the	monitor),	 as	 shown	 on	 the	 right	 image	 of	 Figure	 3.	 In	 addition,	 it	 can	 be	
helpful	 to	 identify	 the	 luminance	 variation	 in	 a	 per-region	 scale,	 especially	 with	 high-	
resolution	regions	of	a	smaller	region	size	as	shown	in	the	left-hand	side	of	the	image	on	the	
left	side	in	Figure	3.	

2-	In	contrast,	the	second	method	considered	not	only	the	luminance	value	of	the	pixel	
located	 at	 the	 centroid,	 but	 also	 the	 other	 values	 in	 the	 region.	 This	method	 calculates	 the	
average	 luminance	of	all	per-pixel	 luminance	values	 in	each	region,	and	provides	a	smoother	
luminance	 ratio	 than	 the	 first	method.	 There	 is	 one	major	drawback	 to	 the	 second	method,	
however	—	 the	 resultant	 gives	 an	 average	 luminance	 of	 both	 bright	 and	 dark	 areas	 in	 the	
region,	which	may	underestimate	the	negative	effect	of	the	bright	pixels	that	are	a	source	of	
glare.	

The	centroid	method	(the	first	method)	was	found	to	be	superior	to	the	average	method	 in	
detecting	edges	and	the	boundaries	of	regions	with	similar	luminance,	as	evidenced	in	the	 left	
image	 of	 Figure	 3.	 This	 highlights	 the	 potential	 application	 of	 the	 centroid	 method	 for	
detecting	 the	 specific	 regions	 in	 an	 image	 (including	 glare	 sources).	Once	 regions	have	been	
mapped,	 the	 average	 value	 or	 the	 median	 can	 then	 be	 used	 to	 represent	 the	 average	
luminance	value	of	each	identified	region.	

	
Figure	3.	Example	of	the	first	method	of	calculating	the	luminance	value	of	each	region	on	the	left	and	the	 second	

method	on	the	right	
	

Circles	were	 chosen	 to	 represent	 the	 regions	 as	 they	 are	 the	 best	 presentation	 of	 the	
solid	 angles.	 Tessellating	 a	 180	 degree	 hemisphere	with	 equally	 sized	 solid	 angles	 results	 in	
gaps,	as	circles	do	not	tessellate.	To	minimize	gaps,	the	circular	regions	were	mapped	inside	 a	
hexagonal	grid	as	shown	in	the	right	image	of	Figure	3,	each	covering	90.7%	of	the	total	area	 of	
each	hexagonal	grid.	There	is	a	possibility	that	very	small	high	intensity	glare	sources	might	 fall	
between	the	gaps,	however,	this	situation	is	not	a	priority	in	this	study	where	the	main	 focus	
is	 analysing	 glare	 from	 windows.	 This	 risk	 is	 reduced	 with	 the	 higher	 resolution	 data,	 and	
further	 exploration	 of	 the	 technique	 will	 assess	 whether	 this	 proves	 to	 be	 an	 issue.	
However,	further	investigation	may	include	Tregenza	or	Klems	patches,	using	smaller	regions,	
or	using	adaptive	region	sizes	may	be	useful	for	minimising	error.	

Step	4:	Performing	Per-Region	Contrast	Analysis	

In	the	next	step,	contrast	ratio	analysis	 is	performed.	This	process	starts	after	calculating	the	
luminance	 value	 of	 each	 region.	 These	 values	were	 rendered	 as	 a	multi-region	 false	 colour	
map,	as	shown	in	Figure	4.	In	addition,	the	luminance	value	of	each	region	was	compared	to	
the	average	luminance	of	the	task	area	in	order	to	plot	multi-region	contrast	maps	and	multi-	
region	glare	source	maps	
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Figure	4.	Three	types	of	luminance	and	contrast	analyses	(false	colour	map,	cut-off	and	contrast	ratio	analysis)	

	
Presenting	 the	multi-region	 luminances	 as	 a	multiple	 of	 the	 central	 task	 luminance	 is	 useful	
as	 a	 simple	 to	 understand,	 at-a-glance	 way	 of	 communication	 of	 the	 extent	 of	 luminous	
conditions	in	the	field	of	view.	

Discussion	and	Conclusion	

This	 paper	 has	 introduced	 a	 new	 parametric	 method	 that	 can	 extract	 and	 evaluate	
luminance	 information	 from	 HDR	 images	 to	 enable	 multiple	 visual	 contrast	 analyses.	 The	
simplified	 method	 can	 easily	 segment	 the	 HDRi	 image	 into	 small	 regions	 and	 evaluate	 the	
luminance	 information	 of	 all	 pixels	 found	 inside	 the	 region.	 The	 image	 resolution	 can	 be	
reduced	and	 the	 image	divided	 into	 smaller	 regions	 to	calculate	 the	contrast	 ratios	between	
these	regions	based	on	both	absolute	and	relative	glare	thresholds.	This	method	can	produce	
various	 types	 of	 outputs	 to	 inform	 design	 decision	 making,	 including	 false	 colour	 maps,	
contrast-based	maps	 and	 grid-based	maps.	 Reducing	 the	 complexity	 of	 images	 can	 facilitate	
the	 rapid	 assessment	 of	 luminance	 patterns,	 which	 shows	 great	 potential	 and	 could	 be	
investigated	 for	 use	with	 low-resolution	 imaging	 techniques.	 The	 goal	 of	 this	 approach	 is	 to	
achieve	a	balance	between	accuracy	and	simplicity,	and	this	study	details	a	method	that	can	
be	 applied	 as	 a	 simplified	 method	 for	 predicting	 visual	 discomfort	 based	 on	 low-resolution	
data	analysis.	

However,	 defining	 the	 threshold	 between	 comfort	 and	 discomfort	 is	 still	 under	
examination	using	HDR	images	captured	from	field	studies.	As	a	part	of	ongoing	research,	the	
new	proposed	analysis	method	can	be	coupled	with	detailed	glare	analysis	made	in	Evalglare	
and	 Diva-for-Rhino	 as	 shown	 in	 Figure	 5.	 This	 step	 allows	 further	 development	 of	 the	 new	
simplified	method	by	calibrating	its	output	with	the	established	glare	ratings.	
Further	steps	will	be	taken	to	validate	and	calibrate	the	simplified	simulation	protocol	in	order	to	
enhance	the	predictability	of	the	new	visual	discomfort	during	the	early	design	phase.	
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Figure	5.	series	of	HDRi	luminance	analysis	using	false	colour	maps	in	the	upper	part	of	the	image	(Diva-for-	

Rhino),	the	pre-region	contrast	analysis	in	the	middle	(new	simplified	method	using	grasshopper)	and	detailed	
glare	analysis	in	the	lower	part	of	the	image	(Evalglare).	
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Abstract: During Louis Kahn’s professional career, the First Unitarian Church of Rochester was the only built 
church architecture which had brought Kahn to a confident architectural maturity and confirmed his unique 
method of designing with daylight. By creating a cross roof with the light wells at the corners which prevents 
the direct solar ingress and lets in the diffused light to illuminate the interior spaces, Kahn’s light philosophy, 
Silence and Light, was well implemented and immaculately rendered in both atmosphere and detail. The aim of 
this study is to investigate the spatial rhythm and luminous environment of the First Unitarian Church of 
Rochester through qualitative and quantitative analysis, especially focus on the core part sanctuary. Through 
field work, the subjective appreciation of the sacred space and light in this church was recorded by using tonal 
sketches and photos. Physical model studies and computer aided parametric analysis were conducted to further 
explore the luminous environment with an aim to have a holistic understanding of how the cross roof design 
contributes to the divine atmosphere and visual comfort. The research findings establish an appreciation and 
better understanding of Kahn’s lighting design strategies, and also reveal that as a religious building, how the 
spatial rhythm can be created, enriched and enhanced by daylight. 

Keywords: Silence and Light, Spatial rhythm, Luminous environment, Visual and light dramas 

Introduction 

The First Unitarian Church of Rochester (Figure 1) was designed by Louis Kahn, who was one 
of the key American modernism architects. According to Paul Goldberger, the Pulitzer-Prize-
Winning architectural critic of the New York Times, Kahn was “in the opinion of most 
architectural scholars, America’s foremost living architect.” His First Unitarian Church of 
Rochester was described as one of “the greatest religious structures of the Twentieth 
Century.” In this project, Kahn introduced what he called a “Form Drawing” to begin the 
design process, a story that is “almost classic in architectural history and theory.” He also 
illustrated key concepts in Form and Design, his most important essay, by describing the 
process he used to design the First Unitarian. As Kahn’s colleague, Vincent Scully, who is on 
the faculty at Yale University said, the designing of the First Unitarian Church of Rochester 
had brought Kahn to a confident maturity and confirmed his method of design. From here 
Kahn almost immediately went to create his most famous building. 
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Figure 1:  The exterior form of the Unitarian Church 

It is said that Kahn’s control of light is his most significant achievement. That could 
certainly be found in the First Unitarian Church, which has long been noted for its spiritual 
qualities. Kahn made it clear in his writings that certain almost mystical concepts were key to 
his work. While designing this church, he said “the essence of atmosphere for a church is 
silence and light.” Later, Silence and Light became his light philosophy which was shown in 
the First Unitarian Church. One can really experience the feeling of silence by seeing the silver 
light floods down upon the light wells, while the heavy roof is lifted overhead. 

This paper the author analyses the First Unitarian Church both from theoretical and 
practical aspects to figure out the light performance inside the church. A qualitative analysis 
and a quantitative analysis have been carried out. The qualitative analysis is based on the 
author’s subjective perception while the quantitative analysis is conducted by computer 
model simulating and physical model testing as well. An on-site field visit gains a lot additional 
data. According to this the author gives a conclusion in the end. 

General lines 

History 

In 1958, the membership of the Unitarian Church in Rochester were confronted with a severe 
problem. A new church was in urgent need for the former one, a Gothic church designed by 
Richard Upjohn, they had used for generations was located in the scope of the city 
redevelopment area. Since filled with nineteenth-century American architectures in the city, 
the congregation made a decision to hire a contemporary architect. Instead of inviting the six 
selected architects, including Louis Kahn (1901-1974), to give presentations, the 
representatives interviewed them in person and visiting their projects at the meanwhile. 
(Goldhagen, Kahn, 2001) Finally Louis Kahn impressed the congregation by his Unitarian 
philosophy reflected in the AFL Medical Services and the Yale Art Gallery designed by him. 
“They were entering on the ground floor of a new incarnation of his career.” (Wiseman, C. 
2007) 

The Unitarian Church was the only built church architecture during Louis Kahn’s 
professional career. By showing an initial symbol of Kahn’s mature form in design, this 
compact small sacred building indicated his distinguished works in the coming days, the Salk 
Institute in La Jolla for example. The design process had experienced three phases. The 
original scheme (Figure 2), a three-story octagonal sanctuary surrounded by classrooms 
linked with a cloister, was declined due to the huge mass and the limited budget. In inspire of 
Frank Lloyd Wright’s Unity Temple in Oak Park (1904-05), (Wiseman, C. 2007) Kahn came up 
with a more flexible plan with a centralized square sanctuary in the second phase and 
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achieved the final plan in March 1960 which contained a cross roof with four light wells at 
each corner. 

Figure 2: The plan and physical model of the first phase of the design 

Project Information 

The First Unitarian Church in a faceted but unitary appearance is located on a quiet outskirts 
of Rochester, New York, USA.  The site has a gentle slope starting from the eastern entrance 
to the garden in the west. This two stories red brick building possesses 14900 square feet, 
small but delicate, providing a church with a sanctuary accommodating approximate 400 
people, a church school, a nursery, a library and some offices based on  the demand of the 
committee in church. The double height sanctuary is surrounded by classrooms. The 
ambulatory can be regarded as the bridge linking the two function or the boundary to divide 
the sacred space and mundane space. “I made a square centre in which I placed a question 
mark....I meant it to be the sanctuary….Around the ambulatory I drew a corridor which 
belonged to an outer circle enclosing a space, the school. It was clear that school which gives 
rise to question become the wall which surrounds question.” (Wiseman, C. 2007)Two years 
away from the completion of the church, Kahn was assigned to design an extension to satisfy 
the increasing need of the church. The whole civil work was finished in 1969 (Figure 3). 

 
Figure 3: The final plan of the design 

Research Questions & Methodology 

As is well-known, the nature light plays a significant role in Louis Kahn’s buildings, especially 
in the case of the Unitarian Church in Rochester which just has one light well in each corner 
on the roof inside the sanctuary.  This paper focuses on the daylight performance in relation 
to the shape of the window, the new style roof created by Louis Khan and the orientation of 
the church. Due to a combination of these elements is the daylight sufficient for the interior 
space inside the sanctuary? 

In order to figure out the answer of these questions, various types of analytical ways 
had been used to research the luminous environment of the Unitarian Church of Rochester.  
A qualitative analysis of the luminous environment was carried out to study the effects of the 
light performance in different rooms.  This was based on the author’s subjective perception 
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by travelling through the building with the help of tonal sketches and photos so that the 
author can understand the light philosophy of Louis Kahn which was known as Silence and 
Light. This kind of way was introduced by the research adopted by Lau (2000) for the 
Ronchamp Chapel. A quantitative analysis was conducted by using the computer model to 
simulate the interior luminous environment and test in ECO-Tech and IESVE. The photos taken 
on site from the field visit contributed to gain extra accuracy data for both the physical model 
and computer model. (Lau, B. 2008) 

The luminous environment of The Unitarian Church of Rochester 

Louis Kahn’s Design and Light Philosophy 

Until 1960s Louis Kahn had been engaged in education for about 20 years. At that time, most 
people started regarding the modern architecture as a tool to pursuit utility. But he 
contributed the modern architecture not only from the spiritual level but also in art by 
developing his philosophy. (Gast and Kahn, 1998) Like he mentioned that “Order” related to 
the pure geometric forms. We can clearly see that this method had been practicing in 
designing the Unitarian Church of Rochester. One of the key principles illustrated constantly 
in his drafts throughout the whole design process was starting from the centre which was the 
sanctuary. It reflected the Unitarian concept Kahn insisted from the first phase. At the 
meanwhile it revealed the philosophy witch every architect needed their own “form concept” 
which was presented in his famous lecture “Form and Design”. The form is a “way of life” that 
should not be changed by either considering the clients’ alterable and petty demands or 
relying on the changeless ideal.  

The design of the Unitarian Church of Rochester was where the author thought the 
Louis Kahn’s light philosophy started to take shape. He introduced the gentle natural light 
inside without any diffusing glare by opening side windows in square light well. “Glare is killing” 
he said. Then he believed by using the quality, hue and the intensity, the light could be the 
boundary of different spaces (Kahn, 1965). In his words, “A great building, in my opinion, must 
begin with the unmeasurable, go through measurable means when it is being designed, and 
in the end must be unmeasurable.” Here the unmeasurable represents Silence and 
measurable means Light. “Inspiration is the feeling of beginning as the threshold where 
Silence and Light meet. Silence, the unmeasurable desire to be, desire to express, the source 
of new need, meets Light, the measurable, give of all presence, by will, by law, the measure 
of things already made, as a threshold which is inspiration, the sanctuary of art, the treasury 
of shadow.” 

Spatial Sequence 

The entrance of the church faces northeast by north where the tour begins. In contact to 
churches with a grand entrance at the front of the building that leads directly into the 
sanctuary, this entrance is a doorway at the side that leads into a lobby which is the narrowest 
part of the church. The lobby is illuminated by 6 pieces of French windows on the north wall 
which give it a peace and quiet atmosphere. To it left there is a gallery which was built in an 
expansion in 1969. A right turn past other spaces is required to reach the sanctuary. The 
sanctuary space flows up and over the tops of the surrounding corridors, giving the room an 
expansive character. The interior space is illuminated by the four light wells in the corners 
which add to the expansive feeling. A podium (the low, wide platform) with a lectern and a 
credenza in the centre is in the front of the sanctuary. On the opposite side there is a choir 
loft right above the entrance. The cruciform shape of the roof was carefully designed by Khan. 
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Rather than giving it an oppressively heavy appearance by setting it directly on top of the 
sanctuary walls, he let it rise a little above. The whole sanctuary gives people a feeling that 
God is there not far away from us. (Figure 4)  

 
Figure 4: The special sequence 

The Qualitative Analysis of Luminous Environment   

By studying the design philosophy of Louis Kahn, the sanctuary is the centre of the whole 
building. The sanctuary is entered beneath the cantilevered choir loft, creating a sequence 
from shadow into light, from a feeling of enclosure into one of spaciousness. This is also 
reflecting the “Order and Form” and the “Silence and Light” that Kahn believed. (Goldhagen 
and Kahn, 2001) The dark narrow entrance can be regarded as the unmeasurable silence that 
a great building should start with. On the contrary, the natural light coming from the roof is 
measurable. They meet inside the sanctuary and in the end they go back to the very beginning 
entrance where still is unmeasurable. Kahn used the rhythm of light to identify spaces. There 
are two key architecture elements which contribute to the luminous environment, one is the 
light wells and the other is the roof. As illustrated in the section plan below, the light wells 
have glass on their inner sides only, which prevents direct sunlight from reaching the 
sanctuary floor while the height of the window makes sure that no direct sunlight can get in 
to the floor in any time of a year based on the solar angle. The inward-sloping, two-way folded 
cross roof sculpts a clear outline on the top by blocking the other light. With this only kind of 
almost invisible light sources the sight captured by eyes is in pale, cool colour with soften light 
fall in the corner. This sanctuary has accommodated all the poetic imagery that Kahn insisted 
in his philosophy for designing this church.  

On the other hand, Kahn thought natural light compared with artificial light is more 
changeable no matter it is within a day or within a year. According to this Khan organized the 
natural light carefully. The windows are set facing all directions so that direct natural light can 
get into the interior space anyway. This makes the inner space of sanctuary varying 
throughout a year. The picture shows the simulated views in different time on selected date 
inside the sanctuary (Figure 5). 
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Figure 5: Simulated views of sanctuary in selected date and time 

The Quantitative Analysis of Luminous Environment 

Solar angle is the altitude oh the sun, the angle between the horizon and the centre of the 
sun. By using the sun-path diagram we can find the solar angle in selected date. The sun light 
coming from different solar angles provides different solar gain. The latitude of Rochester is 

43.9°N  and according to the sun-path diagram the highest solar angle is 71°while the 

lowest one is 23°. As it illustrated in the picture (Figure 6), the height of the window in the 

light wells is 18.m, By calculating, even the sunlight from the highest angle (71°) could not 
get into the floor of the sanctuary. The light is reflected by the wall and the diffused light 
illuminates the inside space. 

 
Figure 6: Illuminance of sanctuary 

Luminance is a photometric measure of the luminous intensity per unit area of light 
travelling in a given direction. It describes the amount of light that passes through, is emitted 
or reflected from a particular area, and falls within a given solid angle. The bigger of the angle, 
the larger of the luminance. Since there is no sunlight in vertical angle goes into the light wells, 
the luminance is relatively smaller. With a combination of the impact provided by diffused 
light, the sanctuary achieved the luminous environment that Kahn wanted. 

Daylight Factor shows a quality of radiating or reflecting light. By calculating Daylight 
Factor we can know that whether the natural light is efficiency under an overcast day .By 
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testing the simulated model in Eco-tech, the distribution of luminous environment in the 
sanctuary under overcast sky condition is approximately uniform. The average Daylight Factor 
value is 1.34%, which is much low. The high brightness zones were identified at four corners 
with the Daylight Factor is around 2.2% while the darkest area is under the loft (Daylight 
Factor is from 0.2% to 0.7%) (Figure 7). Daylight factor can only indicate the situation in the 
overcast sky, which is not enough to analyse. So the author also tested the UDI (useful daylight 
index) to see the performance of the daylight in a whole year in IESVE. UDI is based on the 
result of a percentage of daylight illuminances in a range are achieved in a year. According to 
Mardalievic (Mardalievic. J, 2015), achieved UDI is defined as the annual occurrence of 
illuminances across the work plane that are within a range considered “useful” by occupants.  

 
Figure 7: Daylight factor of sanctuary 

From the figure below (Figure 8), the author can conclude the target UDI (300-3000lux) 
of 50% is not achieved in any part of the church space. And the UDI (<300lux) is 100% in the 
whole room, what’s more, in southwest part, the UDI (<100lux) is over 75%. As a result, this 
room can hardly benefit from daylight. It is a dark space. Only the northeast part can benefit 
a little which is under the roof light. Although it is a dark space, it is reasonable for a church 
to create this kind of atmosphere, which is that the whole space is dark, but the platform part 
is brighter. 

 
Figure 8: The UDI of sanctuary 
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Conclusion 

To summary, as a religious building, the First Unitarian Church of Rochester achieved an 
orderly and mystery atmosphere inside the sanctuary refer to the Louis Kahn’s philosophy, 
which is “Order and Design”, “Silence and Light” by the carefully designed luminous 
environment.  But daylighting effect in the sanctuary is relatively poor. The insufficient 
luminance would cause problems for people inside. 

The key principle for this design is the Unitarian. It is reflected not only in starting the 
design from the centre which is the sanctuary, but also just using the only kind of roof light to 
illuminate the interior space. In order to achieve the natural light, two architectural elements 
are catered for. One is the light wells, the other is the cross roof. The light wells with side 
windows prevent the direct sunlight get into the room so that there is no glare but soften 
diffused light. The inward-sloping, two-way folded concrete roof blocks the most direct 
sunlight and gives the space a clear outline. The silence environment is the result of the 
interacting between these two elements. 

In terms of illuminance inside the sanctuary, the Daylight Factor is quite low (1.34% in 
average). The illuminance inside the space could not be illuminous effectively. It can not meet 
the basic requirement for church which is around 200 to 300 Lux besides the space under the 
light wells (over 950 lux).  According to these analysis the First Unitarian Church of Rochester 
succeed in architectural illuminous environment but do have issue in lighting. 
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Abstract: Although fabrics are widely used as shading devices, reliable simulation models are rather rare and 
therefore the choice of a fabric with appropriate material characteristics is difficult. This paper presents a 
simulation model, which can be applied to most of the common available fabric shading materials. Furthermore 
a comprehensive simulation study has been conducted in order to derive simple to use tables for the selection 
of appropriate shading properties for a designer. These tables enable the user to select the "right" fabric 
according to a combination of multiple boundary conditions (location, orientation, window sizes, user positions).

Introduction 

Textile fabric shading devices are widely used as glare protection and sun shading systems in 
buildings. The decision on a fabric type usually depends on an optimization of several 
performance characteristics. Ideally the fabric should provide glare and sun protection, a 
good view and a good daylight provision. Since the glare criteria is generally opposing the 
other two daylight criteria, it is essential to have a good knowledge of the real performance 
of the fabric in order to find the optimal solution. 

The optical behaviour of fabric shading devices is rather complex (Jonsson et. al, 2008; 
Deneyer et al., 2014; Tzempelikos, 2016). Advanced simulation models based on BSDF exist 
(Jonsson et. al., 2008), but the applicability is limited to the measured fabric types. Since there 
is a huge variety of fabrics on the market produced with different weaving processes and 
colours, it can be expected that these detailed data will be available only for few types. On 
the other hand commonly used simulation models favour simplicity and therefore, in most 
cases, do not allow a reliable comparison of the energy and visual comfort performance of 
different façade solutions. As a consequence, a non-angle-dependent transmission results in 
errors predicting illuminance values and, as result, also daylight metrics (Tzempelikos, 2016). 

Objectives 

The aim of this study is to derive simple to measure fabric characteristics, which allows a 
designer choosing the appropriate fabric as glare protection for different boundary conditions 
without performing time-consuming simulations. The idea is to derive for typical situations 

Keywords: Glare, fabrics, simulation, shadings. 
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(geometry, orientation, location…) maximum normal-normal and normal-diffuse 
transmission values for fabrics to fulfil a glare protection criterion. 

Method 

To retrieve fabric characteristics allowing a non-advanced designer to choose a fabric with 
suitable glare protection properties, a combined measurement and simulation approach is 
applied. In a first step, a suitable simulation model is derived from goniophotometer 
measurements accounting for the angular behaviour of the direct and diffuse transmission of 
fabric materials (details see below). This model with varying fabric properties is applied to 
annual glare simulations (timestep 1h) using a reference space with varying fabric properties 
and room and location boundary conditions. For each variant within typical office times (8-
18:00), a 95% percentile DGP (Daylight Glare Probability, Wienold et al. ,2006) value is 
extracted. This means this DGP-value is exceeded not more than 5% of the office time. This 
value is called DGPe<5%. For three different glare protection levels (“minimum glare 
protection”, “medium glare protection” and “good glare protection”), the necessary fabric 
characteristic for each variant is extracted. 

Simulation tools 

For the climate-based simulations, a linux-version of DAYSIM (Reinhart, 2012) is used. Daysim 
is based on the RADIANCE (Ward, 1994) simulation engine.  For the hourly glare evaluation 
the advanced simplified glare evaluation method (Wienold, 2009) is applied, using the tools 
gen_dgp_profile and evalglare (v1.31). Due to the used special material model (see fabric 
simulation model) and the needed accuracy, the simulation of one variant takes around 3-5 
days on a single core (Intel(R) Xeon(R) CPU E5-2680 v3). A 48-core machine was used to 
conduct this study.  

Fabric simulation model 

Textile fabrics of many different characteristics (colours, transmissions) for solar shading are 
available on the market. Typically, these fabrics are weaved in a way that holes are created 
to retain a view to the exterior when the shading is closed. The threads themselves scatter 
and reflect the incoming light. The scattering causes a diffuse transmission, which strongly 
depends on the colouring of the thread/fabric.  

The fraction of holes from the total shading is named openness factor. The direct 
transmission of such a fabric slightly differs from the openness factor. This is due to the 
production process and the non-perfect creation of the holes.  

Since the weaving of threads creates a 3-dimensional structure, the direct transmission 
of such a fabric is depending on the angle of incidence.  The larger the angle of incidence, the 
smaller is the direct transmission. At a certain angle, the direct transmission is reduced to 
zero: this angle is called cut-off angle and lies typically for glare protection fabrics between 
65-75°. This angular effect is very important when it comes to the reduction of glare. If the 
sun is in the field of view, either the size of the sun disk or the luminance of the sun should 
significantly be reduced in order to have a good glare protection. In addition an increase of 
the diffuse transmission is causing a higher luminance of the shading, which results in an 
increased glare risk. 

As conclusion two fabric characteristics influence the glare occurrence: 
1. The normal-normal transmission
2. The normal-diffuse transmission
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As mentioned above, these characteristics depend on the angle of incidence. Therefore a 
reliable simulation model should consider this. 

Measurements 
The measurements serve as a basis to develop suitable simulation models. In order to 
characterize the angular behaviour of the fabric and to retrieve the information about the 
direct-direct and the direct-diffuse transmission, measurements are taken with a PG2 
goniophotometer (manufacturer: pab advanced technologies Ltd). A variable angular 
resolution is used with a fine resolution less than 0.1° around the peak. The direct-direct and 
direct-diffuse transmission is derived from the raw BTDF-data by integrating the values of the 
hemisphere and around the peak in a 5° cone.    

Fabric Model 
For this study three typically used fabric types have been selected for the model development: 
1. Dark grey fabric with openness factor of 3%. The direct transmission for normal incidence 

(n,n) is 3.6%, the normal-hemispherical transmission n,h=5.4%. 

2. Black fabric with openness factor of 6%, n,n=6,4% and n,h=7% 

3. White fabric with an openness factor of 2%, n,n=2,8% and n,h=17% 
 

Typical material definitions for describing fabrics (e.g. trans material in RADIANCE) are not 
able to describe an angular behaviour of the transmission (neither the direct-direct nor the 
direct-diffuse transmission).  
To be able to consider the angular behaviour of the transmission, a special model has been 
developed based on two layers: 
1. Outer layer: this layer considers the drop of the transmission for high angles of incidence. 

To this layer the glass material type is applied with a transmissivity of 1.0 and a refraction 
index of 1.05. These properties guarantee “just” to drop the transmission for large angles 
of incidence (>60°) 

2. Inner layer: this layer “controls” the direct-direct transmission, depending on the angle 
of incidence. The diffuse transmission is constant. As material type BRTDfunc is used. The 
function of the angular transmittance is based on the energy transmission function of 
(Roos et al ,2001). This function has been modified by a term to be able to change the 
cut-off-angle of the fabric. 

 
 

Figure 1: Comparison between simulation model (full lines) and measurements (dashed lines) for the direct-
direct transmission (left graph) and for the direct-diffuse transmission (right graph) for the three fabrics. 
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The angular direct-direct and direct-diffuse transmission behaviour of the simulation model 
for the three fabrics is shown in Figure 1 in comparison to the measurements.  

It can be seen that the model reproduces the angular behaviour of the three 
investigated fabrics. The maximum deviation between measured and simulated transmission 
values is 0.004 and occurs for the direct-direct transmission of fabric 3. This deviation is 
acceptable, also considering measurement uncertainties. It can be assumed, that for similar 
weaved fabrics with other opening factors and/or diffuse transmissions the model can be 
applied in the same way. 

Reference-room geometry and calculation points 

A series of simulations were conducted with a reference office, whose dimensions are 
expected to create similar “problematic” situations than in an open-plan office. Compared to 
a smaller office type (i.e. for two or four persons), the duration of the sun in the field of view 
is much longer and creates potentially more glare situations. The office has a rectangular 
shape (10 m wide, 5 m deep and 3 m high). Two different façade layouts were used: a façade 
with 50% glazing fraction (horizontal band) and 70% glazing fraction (glazed from the 1m high 
sill to the ceiling) – see Figure 2. The reflectance factors (purely diffuse) for the simulations 
are: 20% for the floor, 60% for the walls and 80% for the ceiling. 

Figure 2: Layout of the simulated reference room and calculation points. Left image: Configuration with a 50% 
glazing fraction; Middle image: Configuration with a 70% glazing fraction; Right image: Floor plan with 

calculations points (red dots) and viewing directions (arrows) for the glare calculation. 

The glare calculations are conducted on six points and for two viewing directions. The points 
are located in 1m, 2m and 3m distance to the façade and all of them in 1m distance from the 
side wall. Viewing direction is either parallel to the façade or facing towards the façade in a 
45° angle measured from the parallel axis. Position and direction are illustrated in Figure 2. 

Simulation variants and parameters 

To receive simple to use data for the choice of a fabric fulfilling a glare criteria, a set of 
simulations are calculated for different boundary conditions. In the following, these 
conditions/parameters and their range are listed: 

Fabric properties 
Direct-Direct transmission: 0, 0.01, 0.02, 0.03, 0.05 0.08 
Direct-Diffuse transmission: 0, 0.03, 0.06, 0.10, 0.15, 0.20 
Cut-off angle 65°, 90° 

Window sizes 
Small window: 50% glazing fraction, Large Window: 70% glazing fraction 

10 m 

5 m 

3 m 

10 m 

5 m 

3 m 
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 Orientations 
South, Southwest, West, North-West 

Locations 
Rome, Frankfurt, (Stockholm, calculated, but not evaluated in this paper). The EPW-weather 
files are downloaded from the energyplus web-site (energyplus, 2017). 

Visible transmission for the glazing 
For Frankfurt and Stockholm: 75% as “typical glazing” and 60% as “low transmission 
glazing”,for Rome: 60% as “typical glazing” and 50% as “low transmission glazing”. 

Daysim (Radiance) simulation parameters 
ab 5, ad 8192, as 4096, ar 256, aa 0.12, lw 0.00002, lr 6, st 0.15, sj 1.0, dp 512. The other 
parameters are default settings from Daysim. 

DGP calculation and thresholds 

The glare calculation is based on the Daylight glare probability DGP (Wienold, 2006) and its 
implementation for climate based simulations (Wienold, 2009). The calculations are 
conducted at the six calculation points and for the two viewing directions. For each of the 
points and directions a DGP e<5%-value is extracted. For each combination of distance to façade 
and viewing direction only the higher value is used. That means only the worst of the two 
positions (right of left side of the room) is taken; the information about distance and viewing 
direction is kept. Based on (Wienold, 2009) the different DGP e<5%-threshold values are used 
to describe the level of glare protection: 

 
1.  Good glare protection:             DGP e<5%  ≤ 0.35 
2.  Medium glare protection:  0.35 < DGP e<5%  ≤ 0.45 
3. No glare protection:             DGP e<5% > 0.45 

Results 

The evaluation of the simulation data shows that the strongest influence on the level of glare 
protection is the direct transmission of the fabric. For that reason, in all upcoming figures the 

normal-normal transmission (n,n)of the fabric is used for the x-axis. 

Influence of the diffuse transmission and the distance to the glazing  

In Figure 3 (left graph) the influence on the DGP e<5% value can be seen, when the direct- and 
diffuse transmission of the fabric and the distance to the window is varied. The graph shows 
data for a fabric with 90° cut-off angle for Frankfurt in a south orientation and having a parallel 
viewing direction and using a 70% glazing fraction for the facade.  

The graph shows that the direct transmission and distance of the user to the window 
are important influence factors for the glare protection. The diffuse transmission plays a 
larger role only for positions close to the façade or if the viewing direction is facing more 
towards the façade (see Figure 3, right graph). Changing the distance from the façade by one 
m is roughly reducing the DGP e<5%-value by 0.05-0.10. A good glare protection is hard to reach 
for normal-normal transmissions larger than 1%, except being at least 3m away from the 
façade. This behaviour is mainly caused by the fact that this distance reduces automatically 
the amount of hours the sun can potentially be in the user’s field of view. 

Both a reduced glazing transmission and a smaller cut-off angle reduce the glare risk in 
combination with a fabric. A reduction of the glazing transmission of 0.15 (from 0.75 to 0.6) 
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reduces the DGP e<5% -value between 10-20%. A similar behaviour occurs when using a 
reduced cut-off angle for the fabric. A change of the cut-off-angle from 90° to 65° results in 
around 10% reduced DGP e<5% -value (see Figure 3, graph on the right side).  

 

 
Figure 3: Data for both graphs: Frankfurt, south orientation, parallel viewing direction and 70% glazing 

fraction. Left image: Influence of the direct and diffuse transmission and the distance to the window on the 
level of glare protection (DGP e<5%). Cut-off-angle of the fabric is 90° and glazing transmission 75%. 

  Right image: Influence of the glazing transmission and the cut-off-angle of the fabric on the DGP e<5%. Distance 
to the façade is 2m and the normal-diffuse transmission of the fabric is 0.10.  

 

Influence of geographic location, orientation, viewing direction and window size 

Figure 4 (left graph) shows very clearly, that the necessary glare protection mainly depends 
on the occurrence of the sun in the field of view. For the Rome climate, the sun is nearly as 
frequent in the field of view for south, southwest and west orientations and therefore the 
values are very similar. For Frankfurt, only south and southwest are similar. For a west-
orientation the glare situations are much less frequent (because of less sun occurrence for 
that orientation), which means a less dense material can be used.  

 

 
Figure 4: Influence of the location and orientation on the DGP e<5% (left image) and influence of window size 

and viewing direction (right image) 

“Selection tables”  

The main objective of this study is to derive tables, allowing to choose a suitable fabric for 
specific conditions without the need to simulate the behaviour. For this, some simplifications 
have been applied: the data show that, for most cases, the influence of the diffuse 
transmission is rather small when staying below 0.15 for the normal-diffuse transmission. In 
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any case it is not recommendable using a diffuse transmission higher than 0.10. Therefore the 
tables were derived for a value of 0.10.  In addition, a diagonal view to the façade should be 
avoided in principle in order not to have a large contrast between a potential computer screen 
and the immediate background. As a result, the tables are valid only for the parallel viewing 
direction. We assume a symmetrical behaviour when deviating from the south orientation, 
therefore e.g. southeast is treated in the same way as southwest. For some orientations, the 
differences are rather small, in these cases they are summarized in one value.  
The selection tables for Frankfurt and Rome are shown in following tables. They allow 
extracting the maximum normal-normal transmission of a fabric to fulfil either a minimum 
glare protection (Table 1) or a good glare protection (Table 2). A “large window” corresponds 
to a glazing where the fraction of the glazing area to the façade area is larger than 50% and 
the upper border of the glazing is higher than 2m above floor. A small window corresponds 
to all other glazing configurations. 

From the evaluation of the data it can be assumed that for locations with similar 
sunshine probability a similar fabric can be chosen. In the upcoming daylight standard 
prEN17037 this approach is used. Europe is classified into two sunshine zones. Locations with 
more than 2100 sunshine hours are classified as high (basis data: Rome) and the others as 
low (basis data Frankfurt).  

Table 1. Maximum normal-normal transmission of a fabric to achieve a minimum glare protection  
(DGP e<5% -value ≤ 0.45). A parallel viewing direction and a maximum normal-diffuse transmission for the fabric 

of 0.1 is assumed. 

 
 

Table 2. Maximum normal-normal transmission of a fabric to achieve a good glare protection  
(DGP e<5% -value ≤ 0.35). A parallel viewing direction and a maximum normal-diffuse transmission for the 

fabric of 0.1 is assumed. 

 

Limitations  

The applied simulation model cannot cover all available fabrics. The characterization of a 
fabric by using “just” the normal-normal, the normal-diffuse transmission and the cut-off 
angle is a simplification. Some forward-scattering materials/fabrics cannot be modelled with 

Cut-off-angle fabric

Orientation
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this simplification; in that case a detailed BTDF is necessary. In addition the DGP in its current 
form underestimates contrasted glare in darker situations. Also, the study also does not 
consider reflections on a computer screen. The applied method is limited to spaces, where 
the usage is similar to office type tasks (reading/writing on computer screen and/or paper). 

Conclusions 

Intensive simulations of different fabric types under different conditions have been 
conducted to derive simplified tables, which enables a designer to choose a suitable fabric. 
Fabrics with a smaller cut-off-angle should be preferred in general– they allow higher normal-
normal transmission and a better view to the exterior. Currently the cut-off angle is not 
provided by the manufacturers, but with the revision of the EN14501 they will be encouraged 
to produce fabrics with smaller cut-off angles and to provide this data. The results of these 
calculations are also the basis of the revision of the standard EN14501 (“Performance 
characteristics and classification of a solar protection device or roller shutter with regard to 
visual and thermal comfort”). In that standard, a classification for fabrics based on DGPe<5% 
and reflections on a computer screen is used. Also the glare evaluation in the new European 
Daylight Standard EN17037 (“Daylight of buildings”) is based on the presented methodology. 
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Abstract:	A	prediction	of	the	free-floating	temperature	is	essential	in	thermal	comfort	control.	Although	many	
studies	have	been	successful	in	developing	the	free-floating	temperature	prediction	model,	they	still	overlooked	
or	simplified	an	 influence	of	 internal	heat	gain	on	free-floating	temperature.	There	are	mainly	three	 internal	
heat	gain	factors	which	affects	the	free-floating	temperature	in	office	buildings:	equipment,	light	fixtures,	and	
occupants.	 Among	 them,	 light	 fixtures	 in	 the	 system	 produce	 heat,	 which	 in	 turn	 affects	 free-floating	
temperature	in	cooling	season,	in	ways	that	are	difficult	to	quantify;	heat	produced	by	the	light	is	absorbed	into	
surfaces,	 then	gradually	emitted	to	ambient	air.	This	 time-delay	complicates	estimating	 influence	of	 internal	
heat	on	free-floating	temperature.	Thus,	indoor	daylight	illuminance	needs	to	be	predicted	in	advance	in	relation	
to	lighting	power	demand,	to	reflect	the	time-delay	in	heat	transfer,	as	a	first	step	in	providing	more	precise	
indoor	temperature	gradient.	In	1995,	P.R.	Tregenza	proposed	the	procedure	for	estimating	the	mean	indoor	
illuminance	 from	solar	normal	 illuminance	and	diffuse	horizontal	 illuminance.	Although	 the	method	enables	
indoor	daylight	illuminance	calculation,	on	basis	of	the	external	illuminance	condition,	it	does	not	incorporate	
dynamic	 sky	 conditions.	 Because	 dynamic	 sky	 conditions	 are	 essential	 for	 short-time	 step	 indoor	 daylight	
illuminance	 predictions,	 integration	 of	 weather	 forecast	 data	 for	 sky	 condition	 into	 Tregenza’s	 method	 is	
necessary	to	enable	indoor	daylight	illuminance	prediction.	This	paper	presents	a	way	of	predicting	short	time	
step	indoor	daylight	illuminance	from	both	solar	irradiance	and	dynamic	sky	conditions.	Daylight	availability	is	
obtained	 from	 Perez’s	 luminous	 efficacy	 model,	 and	 indoor	 daylight	 illuminance	 is	 calculated	 based	 on	
Tregenza’s	mean	daylight	 illuminance	model.	Then	hourly	weather	forecast	data	(cloud	cover	and	dew	point	
temperature)	are	integrated	into	the	model,	so	that	dynamic	sky	conditions	are	updated	at	regular	time	intervals.		
	
Keywords:	 Free-floating	 temperature,	 Indoor	 illuminance	 prediction,	 Perez’s	 luminous	 efficacy	 model,	
Tregenza’s	mean	daylight	illuminance	model,	Weather	forecast	

Introduction	

A	free-floating	temperature	refers	to	an	indoor	temperature	level,	which	is	determined	by	a	
building	physical	property	and	temperature	difference	between	indoor	and	outdoor.	Because	
the	free-floating	temperature	affects	occupant’s	thermal	comfort	directly,	a	prediction	of	the	
free-floating	temperature	is	essential	to	control	occupant’s	thermal	comfort	effectively.		

However,	 the	 prediction	 of	 the	 free-floating	 temperature	 is	 difficult	 because	 the	
building	envelope	has	heat	capacity	to	store	the	heat	passing	through	it,	which	in	turn	delays	
the	heat	flow	through	the	building	envelope.	In	this	vein,	many	researchers	have	developed	
a	free-floating	temperature	prediction	model,	considering	the	heat	capacity	of	the	building	
envelope.	 The	 figure	 1	 shows	 the	 conceptual	 diagram	 of	 the	 free-floating	 temperature	
prediction	model.	
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Figure	1.	Conceptual	diagram	of	the	free-floating	temperature	prediction	model	
	

Although	 many	 studies	 have	 been	 successful	 in	 developing	 the	 free-floating	
temperature	 prediction	 model	 (C.	 P.	 Underwood,	 2014,	 Ion	 H.	 et	 al.,	 2012),	 they	 still	
overlooked	 or	 simplified	 an	 influence	 of	 internal	 heat	 gain	 on	 free-floating	 temperature.	
According	to	(Szymon	F.	et	al.,	2013),	the	simplification	in	internal	heat	gain	may	cause	up	to	
a	 20%	 gap	 between	 the	 estimated	 energy	 demand	 and	 the	 actual	 energy	 consumption.	
Furthermore,	in	case	of	medium	three-story	office	buildings,	internal	heat	gain	accounts	for	
up	 to	 22%	of	 total	 cooling	 energy	demand	 (ASHRAE,	 2004).	 Thus,	 clearly	 the	 influence	of	
internal	heat	gain	on	the	free-floating	temperature	needs	to	be	studied	further.	

There	 are	 mainly	 three	 internal	 heat	 gain	 factors	 which	 affects	 the	 free-floating	
temperature	in	office	buildings:	equipment,	light	fixtures,	and	occupants	(Figure	2).	Among	
these	factors,	only	light	fixtures	operation	schedule	has	strong	correlation	to	indoor/outdoor	
conditions,	 which	 can	 be	 predicted	 through	 the	 weather	 forecast	 data.	 Furthermore,	
according	to	the	(ASHRAE,	2004),	in	case	of	medium	three-story	office	buildings,	the	internal	
heat	gain	from	the	light	fixtures	accounts	for	up	to	8%	of	the	cooling	energy	demand,	which	
cannot	be	neglected	in	free-floating	temperature	prediction.	
	

	
Figure	2.	Cooling	load	components	in	a	typical	medium	three-story	medium	office	building.	

	
However,	 heat	 from	 the	 light	 fixtures	 cannot	 be	 counted	 towards	 the	 free-floating	

temperature	directly,	because	the	radiation	and	conduction	heat	from	the	light	fixture	will	
contribute	 to	 the	 free-floating	 temperature,	 only	 after	 the	 heat	 has	 been	 absorbed	 and	
emitted	by	the	room	surfaces.	Thus,	to	reflect	this	time-delay	in	heat	transfer	from	the	light	
fixtures	to	the	free-floating	temperature,	upcoming	lighting	schedule	needs	to	be	predicted.	
The	predicted	lighting	schedule	will	provide	required	lighting	power	demand	in	advance,	in	
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relation	 to	 required	 indoor	 illuminance	 level	 (500	 lux),	 to	 reflect	 the	 time-delay	 in	 heat	
transfer,	as	a	first	step	in	predicting	a	more	precise	free-floating	temperature.	

Literature	review:	indoor	daylight	illuminance	prediction	model	

Daylight	availability	and	outdoor	to	indoor	illuminance	conversion	are	two	main	elements	in	
indoor	 illuminance	 prediction.	 There	 have	 been	 several	 studies	 have	 modeled	 daylight	
availability	under	different	sky	conditions.	A	luminous	efficacy	model	was	presented	(Perez	
R.,	1990)	to	convert	solar	irradiance	data	into	daylight	availability	(global,	direct	and	diffuse	
daylight	illuminance).	A	sky	luminance	angular	distribution	model	was	presented	(Perez	R.,	
1993)	 for	all	 sky	conditions	 from	overcast	 to	clear	skies.	Later,	15	standard	sky	 luminance	
model	was	proposed	(Kittler	R.	et	al,	1998)	based	on	a	detailed	analysis	of	selected	luminance	
scans.	The	proposed	15	standard	sky	 types	 include	 the	existing	CIE	 standard	overcast	and	
clear	skies,	covering	the	whole	spectrum	of	skies	in	the	world.	In	1999,	Kittler’s	15	standard	
sky	 luminance	 model	 was	 tested	 (Tregenza,	 1999),	 by	 measured	 data	 from	 Singapore	
(1.5°N/103.8°E),	 Fukuoka	 (33.5°N/130.5°E),	 Garston	 (51.7°N/0.4°W),	 and	 Sheffield	
(53.5°Ni/1.5°W).		

With	daylight	availability	calculation,	an	indoor	illuminance	level	can	be	acquired	from	
an	 outdoor	 to	 indoor	 illuminance	 conversion	 method.	 The	 daylight	 coefficient	 concept	
(Tregenza,	1983)	is	the	most	widely	used	outdoor	to	indoor	illuminance	conversion	method.	
The	daylight	 coefficient	 concept	 considers	 the	 changes	 in	 the	 luminance	of	 sky	 elements,	
which	 in	 turn	 provides	 an	 effective	way	 of	 calculating	 indoor	 daylight	 illuminance,	 under	
various	sky	conditions	and	sun	positions.	In	the	concept,	the	distribution	of	the	sky	and	the	
luminance	level	of	each	sky	patch	are	essential	for	outdoor	to	indoor	illuminance	conversion.	
Then,	 a	 procedure	 for	 estimating	 mean	 internal	 illuminance	 on	 the	 working	 plane	 was	
developed	 (Tregenza,	1995),	when	there	 is	both	sunlight	and	skylight.	 In	 this	model,	 solar	
normal	 illuminance	 and	 diffuse	 horizontal	 illuminance	 are	 the	 initial	 input	 values	 for	 the	
calculation.	He	referred	to	(IES	Calculation	Procedures	Committee,	1984)	to	simply	calculate	
solar	normal	illuminance	and	diffuse	horizontal	illuminance.	Although	simplified	calculation	
for	both	solar	normal	illuminance	and	diffuse	horizontal	illuminance	are	available	from	(IES	
Calculation	 Procedures	 Committee,	 1984),	 this	may	 cause	 critical	 error,	 when	 the	 simple	
outdoor	illuminance	calculation	is	converted	to	indoor	daylight	illuminance.	

Although	 many	 studies	 have	 proposed	 a	 way	 of	 calculating	 instant	 indoor	 daylight	
illuminance,	there	is	still	missing	part	for	indoor	daylight	illuminance	prediction:	incorporating	
dynamic	 sky	 conditions.	 Because	dynamic	 sky	 conditions	 are	 essential	 for	 short-time	 step	
indoor	 illuminance	predictions,	 integration	of	weather	 forecast	data	(cloud	cover	and	dew	
point	temperature)	into	indoor	daylight	illuminance	model	is	highly	required.		

Therefore,	as	a	first	step	in	predicting	free-floating	temperature	influenced	by	artificial	
light-fixtures,	this	paper	explores	a	way	of	predicting	short	time	step	indoor	illuminance	from	
both	solar	 irradiance	and	dynamic	sky	conditions.	Daylight	availability	 (global,	diffuse,	and	
direct	normal	 illuminance)	 is	obtained	 from	 luminous	efficacy	model	 (Perez	R.,	1990),	and	
indoor	 daylight	 illuminance	 is	 calculated	 the	mean	 daylight	 illuminance	model	 (Tregenza,	
1995).	Then	hourly	based	weather	forecast	data	(cloud	cover	and	dew	point	temperature)	are	
integrated	 into	 the	 model,	 so	 that	 dynamic	 sky	 conditions	 are	 updated	 at	 regular	 time	
intervals.		

Methodology		

The	indoor	daylight	illuminance	prediction	model	was	developed	in	mainly	three	steps:		
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1.	Indoor	daylight	illuminance	model	development	
2.	Solar	irradiance	and	indoor	daylight	illuminance	measurement	
3.	Integration	of	weather	forecast	data	into	the	indoor	illuminance	calculation	model		
Indoor	 daylight	 illuminance	 level	 can	 be	 calculated	 from	 integration	 of	 two	models:	

Perez’s	 luminous	 efficacy	 model	 (Perez	 R.,	 1990)	 and	 Tregenza’s	 mean	 indoor	 daylight	
illuminance	model	 (Tregenza,	1995).	Two	models	were	 integrated	with	C++	computational	
language	tool.		

	
Figure	3.	A	whole	work	flow	of	the	indoor	daylight	illuminance	prediction	model.	

	
To	 test	 the	 indoor	 illuminance	 calculation	model,	measured	 irradiance	 data	 (global,	

diffuse,	and	direct	irradiance)	are	required.	To	obtain	those	irradiance	values,	experiments	
were	conducted	under	two	sky	conditions	(clear	sky	and	over	cast	sky).		

A	contribution	of	this	study	is	 integrating	the	weather	forecast	data	into	the	existing	
indoor	 daylight	 illuminance	 model,	 which	 in	 turn	 enable	 indoor	 daylight	 illuminance	
prediction.	Figure	3	shows	a	whole	work	flow	of	the	proposed	 indoor	daylight	 illuminance	
prediction	model.	

Indoor	daylight	illuminance	calculation	model	development	

Based	on	the	(Perez	R.,	1990),	the	global	illuminance	can	be	derived	from	global	irradiance	
by,	

𝒈 = 𝑮[𝒂𝒊 + 𝒃𝒊𝑾 + 𝒄𝒊 𝒄𝒐𝒔 𝒁 + 𝒅𝒊𝑳𝒏(∆)																				(1)	

where,	𝑮	is	 the	 horizontal	 global	 irradiance	 (W/m2),	𝑾	the	 atmospheric	 precipitable	
water	 (cm),	𝒁 	the	 solar	 zenith	 angle	 (rad),	 and	∆ 	the	 atmospheric	 brightness	 parameter	
(dimensionless).	 The	 global	 luminous	 efficacy	 (𝒂𝒊,	𝒃𝒊,	𝒄𝒊 ,and	𝒅𝒊)	 are	 referred	 to	 (Perez	R.,	
1990).	

Diffuse	 illuminance	 may	 be	 derived	 from	 diffuse	 irradiance	 and	 the	 sky	 condition	
parameters	through:	

𝑬𝒅 = 𝑫𝒉[𝒂𝒊 + 𝒃𝒊𝑾 + 𝒄𝒊 𝐜𝐨𝐬 𝒁 + 𝒅𝒊𝑳𝒏 ∆ ]																				(2)	
where,	𝑫𝒉	is	the	horizontal	diffuse	irradiance	(W/m2),	and	the	diffuse	luminous	efficacy	

(𝒂𝒊,	𝒃𝒊,	𝒄𝒊,and	𝒅𝒊)	are	referred	to	(Perez	R.,	1990).	
	

Direct	 illuminance	 ( 𝒊 )	 is	 obtained	 from	 direct	 irradiance	 and	 the	 sky	 condition	
parameters	through:	

Measured
diffuse horizontal

irradiance

Perez’s luminous 
efficacy model

Measured
global horizontal

irradiance

Cloudiness Dew point
temperature

Weather forecast

Solar Irradiance 
Measuring Equipment

Measured
indoor daylight

illuminance

Predicted
daylight

availability

Tregenza’s mean 
indoor daylight 

illuminance model

Curve-fitting process 
with optimization solverImprove prediction model

Predicted
indoor daylight 

illuminance

Predict indoor
daylight 

illuminance 
at regular time 

interval

Validation:
measured vs calculated

Indoor Illuminance 
Measuring 
Equipment

Curve-fitting
Experiment
Simulation
Weather Forecast

VOLUME II PLEA 2017 PROCEEDINGS - DESIGN TO THRIVE 3446



𝒊 = 𝐦𝐚𝐱	{𝟎, 𝑰 𝒂𝒊 + 𝒃𝒊𝑾 + 𝒄𝒊 𝐞𝐱𝐩 𝟓. 𝟕𝟑𝒁 − 𝟓 + 𝒅𝒊∆ }																				(3) 
where,	𝑰	is	the	direct	irradiance	(W/m2),	and	the	direct	luminous	efficacy	(𝒂𝒊,	𝒃𝒊,	𝒄𝒊,and	

𝒅𝒊)	 are	 referred	 to	 (Perez	 R.,	 1990).	 For	 sky’s	 clearness	 (𝜺),	 sky’s	 brightness	 (∆),	 and	 the	
atmospheric	precipitable	water	content	(𝑾),	refer	to	(Perez	R.,	1990).	

Next	step	is	to	convert	outdoor	illuminance	into	indoor	daylight	illuminance.	Let	𝑨𝒘	be	
the	glazed	area	of	the	window	and	let	𝑨𝒄,	𝑨𝒗,	and	𝑨𝒑	be	respectively	the	areas	of	the	ceiling,	
of	the	walls	above	the	working	plane	level,	and	of	the	working	plane	itself.	The	mean	direct	
illuminances	on	these	room	surfaces	are	then,	

𝑬𝒄𝒊 =
𝑨𝒘
𝑨𝒄
[𝑬𝒘𝒔𝒕𝒔𝒄 + 𝑬𝒘𝒐𝒕𝒐𝒄 + 𝑬𝒘𝒈𝒕𝒈𝒄]	 		 		(4)	

𝑬𝒗𝒊 =
𝑨𝒘
𝑨𝒗
[𝑬𝒘𝒔𝒕𝒔𝒗 + 𝑬𝒘𝒐𝒕𝒐𝒗 + 𝑬𝒘𝒈𝒕𝒈𝒗]	 		 		(5)	

𝑬𝒑𝒊 =
𝑨𝒘
𝑨𝒑
[𝑬𝒘𝒔𝒕𝒔𝒑 + 𝑬𝒘𝒐𝒕𝒐𝒑 + 𝑬𝒘𝒈𝒕𝒈𝒑]	 	 		(6)	

where,	𝒕	is	the	component	of	window	transmittance	referred	to	(Tregenza,	1995).	For	
𝑬𝒘𝒔,	𝑬𝒘𝒐,	and	𝑬𝒘𝒈	calculation,	refer	to	(Tregenza,	1995).	

The	mean	illuminance	over	all	room	surfaces	from	inter-reflected	light	is	approximately:	

𝑬𝒓 =
𝑬𝒄𝒊𝑨𝒄𝝆𝒄S𝑬𝒗𝒊𝑨𝒗𝝆𝒗S𝑬𝒑𝒊𝑨𝒑𝝆𝒑

𝑨(𝟏U𝝆)
	 		(7)	

The	reflectance	𝝆𝒄,	𝝆𝒗,	and	𝝆𝒑	are	respectively	of	the	ceiling,	walls,	and	working	plane.	
A	 is	 the	total	enclosing	surface	area	of	 the	working	plane,	walls,	and	ceiling,	 including	the	
window	and	window	wall.	𝝆	is	the	mean	reflectance	of	all	these	surfaces.	The	above	equation	
becomes	increasingly	reliable	as	the	reflectance	and	the	shape	of	the	room	become	uniform	
and	symmetric.	The	final	illuminances	on	the	room	surfaces	are	then:	

Ceiling:	𝑬𝒄 = 𝑬𝒄𝒊 + 𝑬𝒓	 																			(8)	

Window	wall:	𝑬𝒗𝒘 = 𝑬𝒓																													(9)	

		Other	walls:	𝑬𝒗 = 𝑬𝒗𝒊 + 𝑬𝒓																							(10)	

		Working	plane:	𝑬𝒑 = 𝑬𝒑𝒊 + 𝑬𝒓																	(11)	

Solar	irradiance	and	indoor	daylight	illuminance	measurement	

To	 test	 the	 indoor	 illuminance	 calculation	model,	 solar	 irradiance	 data	 (global	 horizontal	
irradiance,	 diffuse	 horizontal	 irradiance,	 and	 direct	 normal	 irradiance)	 for	 the	 site	 are	
required.	The	experiment	was	conducted	in	Ann	Arbor	(42.3°N/83.7°W).	The	global	horizontal	
irradiance	(W/m2)	and	the	diffuse	horizontal	irradiance	(W/m2)	were	measured	in	November	
7th	 (clear	 sky_11:00am-17:00pm)	and	8th	 (overcast	 sky_08:00am-17:00pm)	2016.	Table	1	
and	 Figure	 4	 show	 the	 measurement	 instrumentation	 and	 experiment	 set-up	 for	 solar	
irradiance	experiment.	

Table	1.	key	measurement	and	instrumentation	for	solar	irradiance.	
Measurement	 Instrumentation	
Global	horizontal	irradiance	 SP-110	(0.2mV	per	μmol/m2s)	

(±	5%	at	75°	zenith	angle)	
Diffuse	horizontal	irradiance	 SP-110	with	shadow	band	
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Figure	4.	Experiment	set-up	for	global	horizontal	irradiance	and	diffuse	horizontal	irradiance	measurement	

	
The	 measured	 solar	 irradiance	 data	 are	 shown	 in	 Figure	 5.	 For	 clear	 sky	 day	 (left)	

measured	irradiance	data	shows	peak	around	noontime,	then	continually	decrease	until	sun	
set.	 For	 the	 overcast	 sky	 day	 (right),	 the	measured	 irradiance	 values	 were	 unpredictable	
because	of	dynamic	changes	in	cloud	cover,	and	dew	point	temperature.		

	

	
Figure	5.	Solar	irradiance	measurement	result	(left:	clear	sky,	right:	overcast	sky)	

	
The	indoor	daylight	illuminance	measurement	was	conducted	at	the	same	date	and	the	

location	as	the	 irradiance	measurement.	The	 indoor	daylight	 illuminance	was	measured	 in	
south-facing	small-scaled	chamber	(width_550mm	×	height_440mm	×	depth_820mm)	with	
30%	 windows	 to	 wall	 ratio.	 Table	 2	 shows	 the	 measurement	 instrumentation	 for	 the	
illuminance	measurement.	The	 indoor	daylight	 illuminance	 levels	were	measured	at	every	
minute.	

Table	2.	key	measurement	and	instrumentation	for	illuminance.	
Measurement	 Instrumentation	
Indoor	daylight	illuminance	 Testo	435	+	TS	Lux		

(±0.1%	of	reading)	

	
Figure	6.	Experiment	set-up	for	indoor	daylight	illuminance	
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Integration	of	weather	forecast	data	into	the	indoor	illuminance	calculation	model	

So	 far,	 the	 indoor	 illuminance	 calculation	 model	 was	 developed	 using	 C++	 and	 solar	
irradiance/indoor	daylight	illuminance	were	measured.	Next	step	is	to	integrate	the	weather	
forecast	data	 into	 the	developed	 indoor	 illuminance	 calculation	model.	 Basically,	weather	
forecast	data	from	the	Weather	Underground	(https://www.wunderground.com/)	was	used	
(Figure	7).	The	cloud	cover	and	dew	point	forecast	data	are	read	from	the	website	and	written	
in	txt	format	automatically	at	regular	time	interval.	The	forecast	data	downloaded	from	the	
website	are	used	for	the	indoor	illuminance	prediction.	
	

Figure	7.	Weather	forecast	data	(Dew	point	temperature	and	cloud	cover)	from	Weather	Underground	

Conclusion	

Figure	8	shows	the	comparison	of	measured	indoor	daylight	illuminance	level	and	predicted	
indoor	illuminance	for	clear	sky	day	and	overcast	sky	day.	In	general,	both	day’s	results	show	
similar	trends;	however,	for	overcast	sky	day	there	is	significant	error	occurred	when	there	is	
direct	solar	coming	into	chamber.	This	gap	may	be	derived	from	either	calculation	error	or	
measurement	error.	For	instance,	the	measurement	error	may	occur	from	reduced	scale	of	
chamber	 or	 discrepancy	 between	 theoretical	 reflectance	 and	 actual	 reflectance	 in	 the	
chamber.	Thus,	to	improve	accuracy	of	this	weather	forecast-integrated	indoor	illuminance	
prediction	model,	a	 specific	 scale	 factor	and	 reflectance	value	are	 required.	However,	 the	
specific	scale	factor	or	reflectance	value	are	hardly	obtainable	and	not	applicable	to	other	
chamber	models.	To	overcome	these	limitation,	integration	of	the	curve-fitting	process	into	
the	model	is	essential	

	

	 	
Figure	8.	Measured	and	predicted	indoor	daylight	illuminance	(left:	clear	sky,	right:	overcast	sky)	

Future	works	

To	 improve	 the	 indoor	 daylight	 illuminance	 prediction	 accuracy,	 the	 curve-fitting	 process	
needs	to	be	integrated	into	the	model.	The	cost	function	and	the	constraints	are	the	main	
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parts	of	the	curve-fitting	process.	By	solving	the	cost	function	(minimizing	error)	within	each	
time	 interval,	 the	 optimization	 solver	 consistently	 searches	 for	 the	 best	 prediction	 curve	
(Amin	M.	et	al,	2016).	A	framework	for	curve-fitting	process	is	given	by	the	following	finite	
horizon	optimization	problem:	
	

	 J 𝑥X = min 𝑙]^U_
]`X 𝑥], 𝑢]                Cost	function	(12)	

	
subject	to,	

	 𝑥], 𝑢] 	∈ 𝑋]×	𝑈]																																									Constraints	
	 𝑥X = 𝑥				 	 	 	 						Current	state		
	 𝑥]S_ = 𝑓(𝑥], 𝑢])																																																Dynamic	

	
Where	𝑁	=	prediction	horizon,	𝑋]=	states,	𝑈]=	inputs,	𝑋]=	constraint	sets	for	states	𝑥]	at	the	
time	step	𝑘,	𝑈]=	constraint	sets	for	states	𝑢]	at	the	time	step	𝑘	

For	 the	 indoor	 daylight	 illuminance	 prediction	 model,	 a	 goal	 of	 cost	 function	 is	 to	
minimize	error	between	actual	illuminance	level	and	predicted	illuminance	level.	The	Genetic	
Algorithm	will	be	used	as	an	optimization	solver.		
	 Furthermore,	 the	daylight	 illuminance	prediction	model	 should	 include	 the	 interior	
blinds	or	shades,	because	these	have	substantial	impact	on	both	indoor	daylight	illuminance	
and	 free-floating	 temperature.	 Thus,	 future	 research	 will	 also	 test	 influence	 of	 interior	
blinds/shades	on	the	daylight	illuminance	prediction	accuracy.	
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Abstract: Building	on	the	results	of	a	larger	study	aimed	at	improving	the	lighting	quality	in	residential	buildings	
built	and	managed	by	Thailand’s	National	Housing	Authority	(NHA),	the	purpose	of	this	study	was	to	investigate	
the	electricity	use	impact	from	façade	redesign	if	air	conditioning	was	used	in	bedrooms. It	has	been	found	that	
while	glazing	areas	increase	with	the	new	design	in	all	building	types,	electricity	uses	for	air	conditioning	systems	
slightly	 decreased	 at	 3% to	 7%. This	 is	 because	NHA	housings	 are	mostly	 occupied	 by	 low	 to	middle	 income	
residents	who use	air	conditioning	systems	only	at	night in	their	bedrooms. With	larger	glazing	areas,	heat	can	
dissipate	better	 from	buildings	after	sunset. Room	temperatures are slightly lower	compared	to	the	buildings	
with	existing	design	by	the	time	residents	turn	on	their	air	conditioning	systems	when	they	go	to	bed. The	new	
design	proposal	proves	to	be	efficient	both	in	term	of	lighting	quality	and	electricity	use.	
	
Keywords: Low-cost	 residential	 housings,	 Daylighting	 renovation,	 Building	 energy	 simulation	 modelling,	
Sustainable	architecture,	Energy	conservation	buildings	

Introduction  

Lighting	is	one	of	several	important	indoor	environment	factors	that	affects how	well	humans	
perceive,	productivity,	and	health	restoration	and	treatment	(Boyce	et	al.,	2003,	Farley	et	al.,	
2001). Light	 is	 needed	 both	 during	 the	 day	 and	 during	 the	 night	 for	 various	 activities	 in	
residential	buildings. Good	lighting	design	results	in	visual	comfort,	energy	saving,	aesthetics 

quality,	atmosphere,	and	safety.	
The	National	Authority	Housing	(NHA) of	Thailand	is	aware	of	the	importance	of	lighting	

quality	 in	 its	 low-cost	housing	stock	and	sponsored	the	research	work	 in	order	to	 improve	
indoor	 lighting	 quality	 in	 buildings designed	 and	 constructed	 by	 the	 NHA	 for	 low-income	
people	across	the	country. The	project	scope	includes: 	

1. Survey	of	lighting	conditions	in	all	NHA	building	types.  The	survey	was	carried	out	in	
68	 residential	 buildings	 in	 Bangkok	 and	 five	 regions	 across	 Thailand.  NHA	 housing	 types	
included	 in	 the	 survey	 were	 two	 types	 of	 two- story	 houses,	 two	 types	 of	 two- story	 row	
houses,	and	two	types	of	five-story	apartments.  The	results	showed	that	using	only	daylight	
could	not	make	the	 illuminance	 level	achieve	standard	 levels,	 in	multi-purpose	rooms	and	
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kitchens,	 especially	 in	 row	 houses	 and	 five- storey	 apartment	 buildings.  However,	 using	
daylight	only	could	achieve	illuminance	level	standards	for	bedrooms	in	all	six	building	types.	

2. Survey	of	Thai	visibility	in	order	to	find	out	whether	other	countries	Illuminance	level	
recommendations	 could	 be	 applied	 to	 the	 visibility	 of	 Thai	 people. Sixty-eight	 residential	
buildings	of	the	NHA	were	used	as	case	studies	and	950	subjects’ visibility	were	explored. The	
results	 suggested	 that	 an	 increase	 in	 illuminance	 level	 leads	 to	 an	 increase	 in	 visual	
performance	of	Thai	people	in	all	types	of	residential	buildings. The	results	of	this	study	also	
suggested	 that	 the	 illuminance	 levels	 recommendations	 from	 other	 countries	 can	 not	 be	
directly	applied	to	Thai	people	visibility	and	the	levels	for	Thai	people	should	be	higher. 	

3. Lighting	condition	analysis	and	ways	for	improvement	were	carried	out. New	design	
prototypes	were	 proposed. The	 new	design	 suggested	 light	 bulb	 changing,	 interior	 colour	
changing,	and	façade	redesign	to	allow	more	daylight	and	reduce	glare	by	increasing	window	
areas	integrated	with	shading	devices	and	light	shelves	(Figure	1).		

	

          	
                Existing	design                        		New	design 

     
                 Existing	design                           		New	design	

Two-story	house	with	2	bedrooms	 Two-story	house	with	3	bedrooms 
 

 
Existing	design                          New	design 

          
Existing	design                New	design	

Two-story	row	house,	L	shape	 Two-story	row	house,	I	shape	

	

     	
                  Existing	design                    		New	design	

  	
   Existing	design                     		New	design	

Five-story	apartment,	studio	type	 Five-story	apartment,	1	bedroom	
 

Figure	1. NHA	existing	design	and	new	design	with	larger	glazing	areas	and	added	light	
shelve	and	shading	devices (Tuaychareon	et	al,	2016).	

	
The	new	design	lighting	conditions	in	bedrooms	are	illustrated	in	Figure	2. The	designs	

lighting	quality	were	then	tested	using	virtual	reality	equipment	with	subjects	for	approvals.	
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Two-story	house	with	2	bedrooms	 Two-story	row	house,	I	shape 

Figure	2. Lighting	condition	in	new	building	design	prototypes	bedrooms (Tuaychareon	et	al,	2016).	
	

Daylighting	 and	 views	 have	 gained	more	 interest	 in	 recent	 years	 because	 they	 can	
increase	occupant	visual	comfort,	health,	and	productivity.	However,	their	effects	on	power	
consumption	are	less	clear.	To	investigate	this	issue	in	NHA	housing,	an	additional	research	
study	was	carried	out	to	evaluate	the	effects	of	façade	redesign	with	larger	glazing	areas	and	
shading	devices	and	 light	 shelves	 to	air	 conditioning	 system	electricity	 consumption	using	
building	energy	simulation	software.	

Study	objective 

To	study	the	influence	of	building	façade	redesign	to	introduce	more	daylight	on	building	air	
conditioning	electricity	consumption. 	

Daylighting	and	heat	transfer	into	building	

Larger	and	continuous	glazing	areas	with	proper	shading	devices	are	usually	recommended	
to	introduce	more	daylighting	and	view	into	buildings. Daylighting	can	reduce	electricity	use	
in	 artificial	 lighting	 systems. On	 the	 other	 hand,	 solar	 radiation—which	 is	 source	 of	
daylighting—also	has	a	heat	portion	that,	without	careful	design,	could	raise	the	temperature	
inside	buildings	and	lead	to	higher	power	consumption	for	cooling. Too	much	daylighting	also	
causes	glare	 to	building	occupants. Shading	devices,	both	 interior	and	exterior,	have	been	
studied	to	optimize	their	role	in	preventing	excessive	heat	into	a	building	while	still	allowing	
enough	 daylight	 or	 help	 by	 reflecting	 more	 daylight	 into	 buildings	 (Eltaweel	 et	 al.,	 2017,	
Fernández	et	al.,	2016,	Kim	et	al.,	2016,	Lee	et	al.,	2013,	Pellegrino	et	al.,	2017). 	

The	effects	of	daylighting	on	building	cooling	energy	consumption	depends	on	many	
factors	 such	 as	 building	 location	 (longitude,	 latitude,	 and	 altitude),	 site	 climate,	 building	
orientation,	 window	 to	 wall	 ratio,	 window	 shape	 and	 properties,	 shading	 system	 design,	
occupant	characteristics,	and	building	use	schedules	(Franzetti	et	al.,	2004,	Shen	et	al.,	2014). 	

Methodology		

For	electricity	use	in	air	conditioning	systems,	the	energy	simulation	program	eQUEST	3.64	
was	used. eQUEST	3.64	is	an	energy	simulation	program	using	DOE-2	as	a	simulation	engine.	
The	software	has	been	tested	and	passed	ANSI/ASHRAE	Standard	140-2007	method	of	test	for	
the	 evaluation	 of	 building	 energy	 analysis	 computer	 programs. It	 is	 one	 of	 the	 programs	
approved	by	the	U.S. Government	to	simulate	building	energy	use	for	tax	reduction	purposes. 
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eQUEST	3.64	 can	 also	be	used	 for	 LEED	 green	building	 rating	 systems	 for	 building	 energy	
simulation. 	

Because	low-cost	housing	normally	has	few	air-conditioned	rooms,	for	study	purposes	
the bedrooms	were	assumed	to	be	the	only	room	to	have	air	conditioning	(Figure	3). The	air	
conditioning	systems	is	assumed	to	run	from	9:00	pm	till	6:00	am. 	

	

	

	 	

Two-story	house	with	2	bedrooms	

	
Two-story	house	with	3	bedrooms Two-story	row	house,	L	shape	

	 	

	

	

Two-story	row	house,	I	shape	 Five-story	apartment,	studio	type	 Five-story	apartment,		
1	bedroom 

	 	 	
Figure	3. Bedrooms	in	six	residential	building	types where air	conditioning	systems	are	assumed	to	be	installed	

and	run	at	night.	
	

Detail	inputs	for	simulations	are	as	follows:	
-	 Weather	data			 	 Bangkok	484560	(IWEC)	 	
-	 Walls		 	 	 	 Brick	wall	0.1	m	thick	
-	 Glazing		 	 	 Clear	float	glass	6	mm	thick	
-	 Roof		 	 	 	 Roman	tile (30°) with	air	gap	and	gypsum	board	ceiling	
-	 Air	Conditioning	system		 Split	type	with	EER	12	

	

Bedroom

Bedroom

Bedroom

Bedroom

Bedroom

Bedroom

Bedroom

Bedroom Bedroom

Bedroom

Bedroom
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Figure	4. NHA	residential	building	simulation	models	in	eQUEST	3.64.	

Results	and	discussion	

Table	 1	 shows	 the	 simulation	 results	 of	 electricity	 used	 for	 air	 conditioning	 systems	 in	
bedrooms	of	all	six	building	types,	both	for	existing	design	and	the	new	design. It	is	found	that	
even	 though	 glazing	 areas	 have	 been	 added	 to	 allow	 more	 daylight	 into	 buildings,	 the	
electricity	consumptions	during	the	night	in	air	conditioning	systems	slightly	decreased. The	
results	also	imply	that	even	without	air	conditioning	systems,	residents	in	bedrooms	of	new	
designed	buildings	would	have	slightly	better	thermal	comfort.  	
	
Table	1. Comparison	of	electricity	use	in	bedroom’s	air	conditioning	systems	between	existing	design	and	new	

design with	expanded	glazing	area.	

Building	type	

Air	
conditioned	

area	
(m2

)	

Electricity	demand	for	air	
conditioning	systems	 %	

change	Existing	
design (kWh)	

New	design 

(kWh)	

Two-story	house	with	2	bedrooms	 28	 1,463.1	 1,366.4	 -7	

Two-story	house	with	3	bedrooms	 42	 2,299.8	 2,134.2	 -7	

Two-story	row	house,	L	shape	 24	 1,665.7	 1,561.5	 -6	

Two-story	row	house,	I	shape	 22	 1,424.8	 1,370.4	 -4	

Five-story	apartment,	studio	type	 23	 1,420.0	 1,380.0	 -3	

Five-story	apartment,	1	bedroom	 27	 1,080.0	 1,048.0	 -3	
	

In	a	hot	and	humid	climate,	construction	design	that	can	prevent	heat	from	entering	
buildings	during	the	day	could	trap	heat	accumulated	during	the	day	from	indoor	activities	
from	dissipating	from	the building	during	the	night	when	the	outdoor	temperature	is	lower	
than	the	indoor	temperature (Puthipiroj,	2007,	Yimprayoon,	2015). Some	studies	using	energy	
simulations	found	that	daytime	spaces	should	use	high	mass	materials	for	building	envelope	
while	night	time spaces	should	use	lightweight materials	for	building	envelope	(Tantasavasdi	
et	al.,	2011).  In	NHA	new	housing	designs,	glass—which	has	less	thermal	mass	than	an	opaque	
wall,	 allows	 heat	 accumulated	 inside	 buildings	 during	 the	 day	 to	 dissipate back	 into	 the	
environment	faster	after	sunset. By	the	time	bedrooms	are	used	and	air	conditioning	systems	
are	turned	on,	 less	heat	remains	 in	the	buildings	 in	the	new	designs	compared	to	existing	
designs.  	
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The	bedrooms	used	in	the	simulation	were	mostly	facing	north	or	south. Solar	radiation	
in	 the	 early	 morning	 or	 late	 afternoon	 might	 affect	 the	 amount	 of	 heat	 received	 in the	
bedrooms	 during	 daytime,	 resulting	 in	 different	 heat	 accumulation	 and	 possibly	 affecting	
energy	saving	in	air	conditioning	systems	during	night	time. Solar	radiation	could	penetrate	
bedrooms	and	elevate	room	temperature	and	heat	could	be	stored	more	in	rooms	facing	east	
or	west. Additional	simulations	were	carried	out	to	see	effects	of	bedroom	orientation.  	

Figure	5	shows	the	electricity	used	in	existing	design	air	conditioning	systems	compared	
with	electricity	use	in	new	design	air	conditioning	systems	in	a	two-story	house	with	three	
bedrooms	and	an	I-shaped	two-story	row	house. The	new	design	reduces	electricity	used	for	
air	conditioning	systems	for	all	building	orientations	in	both	building	types. 	

	
Figure	5. Comparison	of	electricity	used	in	air	conditioning	system	installed	in	bedrooms	between	existing	
design	and	new	design	of	two-story	house	with	three	bedrooms	and	L-shaped	two-story	row	house,	when	

houses	face	south,	west,	north	and	east	directions.	

Conclusions	

For	residential	housing	in	a	hot	and	humid	climate,	it	can	be	concluded	that	using	large	glazing	
area	with	appropriate	daylighting	systems	and	direct	sun	protections	could	result	in	better	
visual	quality,	better	thermal	comfort,	and	less	electricity	use	in	air	conditioning	systems	for	
rooms	utilized	during	the	night	such	as	bedrooms. 	

Investment	costs	 for	upgrading	 lighting	systems,	 retrofitting	building	 façades	 to	new	
design,	and	constructing	the	new	design	housings	were	also	calculated	in	this	project. For	low-

cost	residential	buildings,	 retrofitting	to	 the	new	façade	design	and	more	efficient	 lighting	
systems	could	result	in	high	investment	cost. However,	building	new	housing	with	the	new	
design	could	be	a	better	option	and	the	investment	cost	is	just	slightly	higher	compared	to	
existing	designs	with	many	return	benefits. Low-cost	housing	developers	 in	hot	and	humid	
climates	 could	 redesign	 their	 building	 prototype	 to	 be	 able	 to	 use	 daylighting	 in	 building	
efficiency.	
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Abstract: An experiment is made interposing a piece of glass with multiple layers of transparent duct tape 
between a polarizer and an analyser, observing the changes that occur as it rotates and discovering the colours 
this interaction produces. Based on this, the experiment is recreated by using the natural polarized light from 
the sky. It is here where an opportunity is seen to bring this particularity to the architectural context, focusing 
on the design of openings that respond to the light conditions that the treatment with polarization can provide. 
A diagram is created from the movements of the sun, with which it could be found the provenience direction 
of celestial polarized light along the day, at any time of the year, in the city of Medellín, leaving open the 
possibilities for it to be adjusted to anywhere in the world. It is also suggested that polarization can be used as 
a daylight shading system or an element that significantly reduces glare generated by reflections on the floor. 
Hence, in this paper, a different way of interacting with the natural light of the environment is presented, 
seeking to generate experiences for the user, offering comfort at the same time. 

Keywords: Light, polarization, scattering, design, architecture. 

Introduction 

Polarized light is a state of light in which its oscillations exhibit a characteristic behaviour, 
organized in a single plane in space or with specific patterns. Its properties are widely 
employed in studies of mechanical stresses in materials, electronic elements such as LCD, 
LED or Plasma screens, and/or technological devices such as microscopes, and it is given due 
to certain physical phenomena, either by natural or human-induced interactions. 

Having as many applications as mentioned above, how could it also be applied to 
architecture? The possibilities are subject to imagination and, of course, to technological 
development. By understanding the behaviour of the phenomenon it is possible to 
experiment systematically with it, finding the way to translate the theoretical data into 
graphic elements relevant to the exercise of architectural design. 

Indoor experimentation 

Polarization of light 

When the light is polarized, its wave is oriented in only one direction in space or in 
combinations of two of them (linear, circular or elliptical polarization). The light can be 
polarized in 4 ways: 
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1. Selective absorption
2. Reflection
3. Birefringence
4. Scattering
This first form (selective absorption) dictate the operation of the polarizer sheets, 

which filters the electromagnetic waves of light depending on its axis of transmission. That 
is to say, these sheets function as meshes that only allow the passage of light in a single 
direction of wave in the space. 

Figure 1. Representation of light passing through a linear polarizer (Electromagnetic Polarization, 2017). 

Preliminary tests, getting to understand the polarized light 

Knowing the behaviour of light through linearly polarized sheets, we proceed to interpose 
translucent objects between polarizers to find out how polarized light transforms while 
passing through this objects. The experiment uses a LED monitor (M) which issues a linearly 
polarized light of a white background, a translucent object (O) to be used for study in front 
of the monitor, a polarizer (P) that works as an analyser, and in front of it, a camera (E) that 
captures the events of the experiment. The monitor light has a polarizing direction and the 
analyser will allow its light to pass only if the monitor polarized light and transmission axis of 
the analyser are parallel, causing the monitor to appear white (M parallel to P). And vice 
versa, if the monitor polarized light is perpendicular to the transmission axis of the analyser, 
there will be no light passing through, so the monitor will be displayed black (M 
perpendicular to P). 

Figure 2. Scheme of the light process from the monitor. 

Figure 3. PET foil with a tint film adhered to one side. Left side picture: (M parallel to P). Right side picture: (M 
perpendicular to P). 
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Figure 4. Left side picture: flat conventional glass surface (M perpendicular to P). Right side picture: cup of 

glass (M perpendicular to P). 

 
Photographs are taken with a constant exposure of 4 seconds to a diaphragm aperture 

of approximately 7.0. The white background in the monitor is used to avoid colour 
disturbance. 

In Figure 3 notice the vibrant colours seen on the PET foil, that is because this material 
has internal mechanical stresses and the polarized light passing through the object is 
sensible to that, making it to bend in different frequencies and get captured by the analyser 
to be seen. In the other hand, Figure 4 has conventional glasses in front of the monitor and 
it can be noticed that the polarized light doesn’t get affected by this material1. 
Polymers derived from cellulose have birefringent2 properties, such as cellophane sheets or 
transparent duct tape, which means that they also alter the polarized light that passes 
through it (creating colour) and brings the possibility to test it. To understand and regularize 
the way in which the colours appear, a conventional flat glass surface is used as a base to 
place 10 rows of transparent tape vertically, each of different layers of thickness in 
increasing numbers. 
Note that in Figure 5, after the fourth layer, the colours are unclear and ambiguous, so they 
were omitted in the following table. 

 
Figure 5. Colour variation by layer thickness and angle. 

1 Thermal tempered glass does have mechanical stresses that affects the polarized light (Illguth, Schuler and 
Bucak, 2015). 
2 Birefringence: The refraction of light in an anisotropic material (such as calcite) in two slightly different 
directions to form two rays 
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Table 1. Colour variation table. 

TAPE LAYERS ANGLE RELATIVE TO M COLOUR 

0 

0 Transparent 

60 Grey 

90 Black 

1 

0 Transparent 

60 Blue 

90 Beige 

2 

0 Transparent 

60 Golden 

90 Cyan 

3 

0 Transparent 

60 Cyan 

90 Pink 

4 

0 Transparent 

60 Fuchsia 

90 Green 

 

Outdoor conditions 

Rayleigh scattering 

Linear polarization of light may also occur by light scattering. It happens when the sun’s rays 
get in contact with the particles of the atmosphere and it’s especially visible on non-cloudy 
days (Sandler et al., 1998). This kind of polarization is often utilized by photographers who 
employ polarized lens to get better quality pictures, and since it’s a natural source of light, it 
can also be applied in the architectural field of design. 

The light from the sky is polarized in a perpendicular angle to the sunlight incidence in 
an arch pattern (Yang et al., 2017), changing position and form through the day and the year, 
depending on the time and the weather. In the following picture, it is shown a distribution 
of the degree of polarization where the red areas are close to a 100% degree of polarization 
(Illguth, Schuler and Bucak, 2015). 

 
Figure 6. Rayleigh scattering model. 
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Natural light test reproduction 

Taking into account the above, a recreation of the first experiment with the transparent 
duct tape is made, but this time taking the sky as the linearly polarized light source. This is 
done to check if the results obtained in a controlled medium will be similar to those with the 
environment as the source of light. 

 
Figure 7. Scheme of the light process from the sky. 

 
Rectangular pieces of glass serve as support for the transparent tape that then will be 

posted on a grid that mimics the framework of a window. In this case, the configuration of 
the layers is not organized in a logical design, but maintains the necessary variables to 
analyse the event. 

Figure 8 shows a comparison of the object in front of the light of the monitor (M) to 
have an idea of what the colours are, and the same object exposed to the sky (C) aiming to 
the area with greater degree of polarization. As can be seen, the behaviour of polarized light 
from two different sources makes no difference in colour tone and response across the 
object in question. 

                
Figure 8. Left side picture: (P at 0° of M and C). Right side picture: (P at 60° of M and C). 

 

Graphic diagram 

Now, for purposes of the practice of architectural design, it is very useful to have a graphic 
element that helps to indicate geometrically the position of the point of greatest degree of 
polarization in the celestial vault. 

To achieve this, you must first know the latitude of the place of interest to then search 
its respective solar angle, either by calculating the equations shown in several documents3, 
or getting help with a solar path diagram; in the end, everything is summed up to 
trigonometric relations. 

 In this case, the city of Medellín, Colombia (6°13’51’’N75°35’26’’W) and, for your 
interest, the City of Edinburgh, Scotland (55°57’00’’N 3°11’56’’O) are the locations chosen to 
compare the presence of celestial polarized light in notoriously different places. 

3 (‘Declinación solar y pendiente de los colectores’, no date) 
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Figure 9. Celestial polarized light diagram to the city of Medellín, Colombia. 

 
Figure 10. Celestial polarized light diagram to the city of Edinburgh, Scotland. 
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As seen in Figure 11, an imaginary stick of size 1 is placed in the centre. If you want to 
know the direction and angle over the horizon of the polarized light at certain time of the 
day, you have to connect the top of this imaginary stick with the point in the diagram you 
wish. The projection of this line in the sky shows the point of provenience of polarized light. 

An easy way to understand the diagram is to look at the dots. The closer they are from 
the centre, the more vertical will be the polarized pattern in the sky. 

Figure 11. Scheme of diagram usage. 

Alternative explorations 

All these phenomena can also be employed to some other applications such as daylight 
shading systems or reduction of glares. 

Following the same logics, by interposing a linearly polarized sheet directed in a 
perpendicular angle to the plane of wave propagation from the sky, it may reduce its 
intensity by blocking these specific waves. 

Also, polarizing the incoming light from the sky is a way to reduce the reflections on 
the floor. The floor, in most cases a non-conductive material, absorbs the waves 
perpendicular to itself (polarization by reflection), which leaves a very low quantity of light 
to be bounced, eliminating glare. It must be said that the smoothness of the surface is a 
conditioner to this statement. The smoother the better. 
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Discussion and conclusions 

 If the light it’s a fundamental element in the process of the architectural design, it
could be understood far beyond its ability to illuminate spaces and start to take
different forms and colours to bring the people a new kind of living space.

 Searching for the possible tones that polarization can bring by interacting with the
transparent duct tape, it doesn’t show a large variety of colours. It could be due to
its great thickness and molecular tensions. Also, when thinking on a bigger scale, it
might be not the best option, because of its size and low manageability.

 Application of this work as a project is tied to availability of polarizing materials.
 These experiments were also performed using a cheap commercial cellophane, but it

didn’t show any response. The access to better materials and instruments was very
limited.

 By using other birefringent materials with different thicknesses, it could be possible
to achieve a larger range of colours (at least in theory).

 One first thought is to employ this phenomenon to make “stained glasses” with
multiple colour changes over the day, making it very pleasant to, for example, a
cathedral atmosphere or kindergarten classrooms.

 It is also meant to be an invitation for the further exploration of this phenomenon,
invisible for our eyes, but yet so habitual.
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Abstract:	Daylighting	can	significantly	affect	human	health	&	well-being	 in	buildings.	This	article	presents	an	
experiment	of	the	impact	of	several	coloured/neutral	glazing	systems	on	visual	performance,	alertness,	mood	
and	wellbeing	of	occupants	in	a	daylit	office	in	Beijing,	China.	From	10:00	to	16:50	in	four	days	of	spring	2016,	
a	total	of	15	participants	(age:	28.53±5.07)	attended	the	experiment.	Both	visual	and	non-visual	performances	
have	been	assessed	using	subjective	evaluation	measures.	In	the	meantime	the	daylighting/colour	conditions	
were	also	recorded.	It	has	been	found:	the	bronze	glazing	was	given	the	least	preference	when	compared	with	
the	blue	and	clear	glazing;	the	blue	glazing	can	achieve	similar	visual	and	non-visual	performance	as	the	clear	
glazing,	even	though	there	were	big	differences	of	spectral	transmittances	in	between.	In	addition,	this	study	
indicated	that	further	investigations	would	be	required	to	clarify	the	preference	of	glazing	colour,	taking	into	
account	human-beings’	biological	performances,	cultural	and	ethnic	backgrounds.		
	 	 	 		
Keywords:	Coloured	glazing,	Visual	comfort,	Alertness	and	mood,	Human	wellbeing,	Daylit	office	

Introduction		

In	 modern	 buildings	 the	 daylighting	 condition	 has	 been	 recognized	 as	 a	 critical	
environmental	 factor	 that	 significantly	 affects	 occupants’	 visual	 comfort	 and	 non-visual	
performances,	e.g.	circadian	rhythm,	mood,	alertness,	physical	well-being,	etc.	(Aries	et	al,	
2015).	 Some	 experiments	 have	 substantially	 exposed	 the	 link	 between	 daylighting	 and	
visual	performance	and	alertness	and	mood	in	office	buildings	(Borisuit	et	al,	2015).	Based	
on	surveys	of	both	winter	and	summer,	a	recent	study	enhanced	the	importance	of	daylight	
availability	 in	 offices	 in	 terms	 of	 its	 positive	 effects	 on	 the	 productivity,	mood	 and	 sleep	
quality	(Figueiro	&	Rea,	2016).	More	investigations	will	still	be	encouraged	in	order	to	find	
more	 proofs	 justifying	 how	 daylight	 regulates	 sleep	 and	 mood,	 especially	 in	 the	 indoor	
working	places	(Figueiro	&	Rea,	2016).	

Currently	 coloured	 glazing	 systems	 have	 been	 broadly	 found	 in	 modern	 buildings	
across	the	world,	due	to	increasing	applications	of	coated	and	tinted	glass	(SLL,	2014).	These	
applications	 are	 generally	 based	 on	 a	 basic	 aim	of	 solar	 control	 (e.g.	 to	 reduce	 glare	 and	
overheating	 risk).	 Some	 research/practice	 activities	 pointed	 out	 that	 current	 coloured	
glazing	products	can	possibly	distort	the	colour	appearances	of	daylight	in	modern	buildings	
(Matusiak	 et	 al,	 2012).	With	 an	 aim	 to	 assess	 the	 relationship	 between	 glazing	 types	 and	
visual	comfort	and	alertness,	a	physical	model	study	preliminarily	revealed	that	the	bronze	
glazing	 receives	more	preferences	 than	 the	blue	and	 clear	 glazing	 (Arsenault	 et	 al,	 2011).	
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However,	few	studies	have	been	conducted	to	explicitly	display	detailed	strategies	relevant	
to	 the	design	of	 coloured	glazing	 in	 terms	of	human	performances	 in	a	 real	 space.	As	we	
have	 noticed,	 on	 the	 other	 hand,	 the	 colour	 temperature	 of	 artificial	 lighting	 in	 working	
places	 does	 affect	 occupants’	 performance	 (Sahin	 &	 Figueiro,	 2013).	 For	 example,	 the	
narrow	 long-wavelength	 /	 red	 light	 (2568K)	 can	 obviously	 increase	 alertness	 and	working	
performance	 during	 the	 daytime	 (Sahin	 et	 al,	 2014).	 How	 the	 broad-wavelength	 daylight	
combined	with	coloured	glazing	works	on	human’s	psychological	and	biological	functions	is	
still	 unclear.	 Therefore,	 it	 is	 necessary	 to	 carry	 on	 more	 surveys	 of	 this	 impact	 in	 real	
buildings	(Figueiro,	2013).			

This	article	presents	the	first	results	of	a	research	project	focusing	on	occupants’	visual	
and	non-visual	performances	 in	a	daylit	office	 room	with	various	 coloured/neutral	 glazing	
systems.	Daylighting/colour	measurements	and	subjective	assessments	were	implemented.	
This	research	project	has	been	planned	to	include	three	stages:	1)	a	pilot	study	in	the	spring	
(31	March	---	06	April	2016);	2)	winter	period	(17	November	2016	---	11	January	2017);	3)	
summer	period	(from	May	to	August	 in	2017).	Only	main	results	 from	the	first	pilot	study	
have	been	reported	in	this	article.		

Materials	and	Methods		

Location,	climate	and	office	building		

The	office	room	used	for	the	experiment	is	located	at	the	3rd	floor	of	a	university	building	in	
Beijing	(Lat:	39.9042°	N,	Long:	116.4074°	E),	China. Beijing	has	a	temperate	and	continental	
monsoon	climate.	On	average	there	are	2707	hours	of	sunshine	per	year.	 	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	1.	(A):	Plan	and	dimensions	of	the	office	room;	(B):	Window	configurations	and	dimensions	(left),	and	

interior	views	(bronze	and	blue	glazing)	(right).	
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Figure	 1	 shows	 the	 plan,	 dimensions,	window	and	 interior	 view	of	 the	 room.	 It	 has	
only	one	south-facing	window.	The	room	has	the	dimensions	of	6.3m	(L)	×	3.2m	(W)	×	3.6m	
(H)	 and	 the	 surface	 reflectances	 including:	 0.3	 (floor),	 0.88	 (wall),	 and	 0.88	 (ceiling).	 The	
room	has	been	divided	into	two	spaces:	one	is	for	working	and	testing	(length	4.6m)	and	the	
other	is	used	as	the	preparation	room	(length	1.7m).	The	working	and	testing	space	(office	
room)	has	five	siting	positions	(A	–	E)	where	the	participants	can	stay	and	work.	With	a	total	
dimension	 of	 2.3×2.3m,	 the	 window	 has	 a	 two-layer	 structure.	 The	 external	 layer	 is	
composed	of	single	clear	glazing	and	dividers,	while	the	 internal	 layer	adopts	a	removable	
structure	 with	 easily	 installed/dismantled	 glazing	 and	 dividers.	 Two	 pictures	 display	 the	
interior	appearances	with	bronze	and	blue	glazing	respectively	(Figure	1).					

Lighting	conditions	and	glazing	types		

All	measurements	and	subjective	assessments	have	been	carried	out	only	under	daylighting	
conditions	 (during	 the	working	 time:	9:00	 ---	 17:00).	No	artificial	 lighting	was	used	during	
the	 experiment	 even	 if	 the	 daylight	 illuminance	 was	 lower	 than	 the	 requirement	 at	 the	
working	plane	(e.g.	300	lux).		

This	study	includes	four	various	glazing	systems	of	the	window:	Clear1	(neutral),	Blue	
(coloured),	 Bronze	 (coloured)	 and	 Clear2	 (neutral),	 which	 are	 typically	 found	 in	 current	
Chinese	window	market.	Overall	visible	transmittances	(VT)	of	the	glazing	are	0.91	(Clear1),	
0.55	(Blue),	0.37	(Bronze),	and	0.92	(Clear2).	Figure	2	shows	the	transmission	spectrum	of	
Clear1,	 Blue	 and	 Bronze.	 According	 to	 the	 feedback	 from	 the	 glazing	 manufacturer	 the	
overall	spectral	response	of	Clear2	has	little	difference	from	Clear1.		
	
	
	
	
	
	
	
	
	

Figure	2.	Transmission	spectrum	of	window	glazing	systems	used	in	the	office.		

Participants	and	Procedures		

Using	 an	 online	 post	 the	 experiment	 has	 recruited	 fifteen	 Chinese	 participants	 (female	
number:	seven;	male	number:	eight.)	from	students	and	staffs	of	the	University.	The	mean	
(±SD)	age	of	all	participants	is	28.53	(±5.07)	years.	The	basic	requirement	of	the	recruitment	
is:	participants	should	not	have	any	medical	and	psychiatric	diseases,	and	sleep	disorders.	
When	attending	the	experiment	they	have	been	asked	to	carry	out	their	regular	office	work	
(e.g.	 reading,	 writing,	 etc.)	 at	 the	 five	 positions	 mentioned	 above.	 The	 pilot	 study	 was	
conducted	in	four	spring	days	(31	March,	01,	05	&	06	April,	2016).	In	each	day,	one	of	the	
four	glazing	 systems	was	 installed	at	 the	 internal	 layer	of	window	and	 three	 time	periods	
were	measured	as	follows:	10:00-11:50,	13:00-14:50,	and	15:00-16:50.		

Lighting	and	colour	measurements		

During	 the	 experiment,	 a	 portable	 Illuminance	 Colour	 Spectral	 meter	 (SPIC-200BW)	 was	
adopted	to	get	the	illuminance	(lux)	and	Correlated	Colour	Temperature	(CCT,	K)	values	at	
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the	vertical	plane	in	front	of	participants’	eyes.	Each	meter	reading	was	recorded	every	10	
minutes.		

Subjective	assessment		

The	visual	and	non-visual	performances	were	evaluated	using	two	questionnaires.	A	paper-
based	VAS	(Visual	Analogue	Scale)	(Monk,	1989)	was	a	measurement	tool	for	each	question	
(scale	 range:	 0-100mm).	 Six	 questions	 for	 the	 visual	 assessment	 include:	 Q1,	 Lighting	 is	
comfort?	 (0mm,	 extremely	 comfort;	 100mm,	 extremely	 discomfort);	 Q2,	 Room	 is	 bright?	
(0mm,	OK;	100mm,	very	bright);	Q3,	Room	is	dark?	(0mm,	OK;	100mm,	very	dark);	Q4,	Glare?	
(0mm,	 no;	 100mm,	 intolerable);	 Q5,	 Light	 colour	 is	 comfort?	 (0mm,	 extremely	 comfort;	
100mm,	extremely	discomfort);	Q6,	Colour	appearance	 is	proper?	(0mm,	perfect;	100mm,	
absolutely	 not).	 Four	 questions	 for	 the	 non-visual	 assessment	 are:	 Q1,	 Alertness	 (0mm,	
extremely	alert;	100mm,	extremely	sleepy),	Q2,	Mood	(0mm,	very	good;	100mm,	very	bad),	
Q3,	Physical	well-being	(0mm,	very	comfort;	100mm,	very	discomfort),	Q4,	Relaxation	(0mm,	
very	 relaxed;	 100mm,	 very	 tense).	 Each	 participant	 was	 asked	 to	 complete	 the	 two	
questionnaires	 every	 40	 minutes.	 The	 feedbacks	 were	 statistically	 analysed	 using	
IBM_SPSS(v23).				

Results	and	discussions		

Lighting	levels	and	CCT		

Figure	3	displays	the	variations	of	mean	illuminance	and	CCT	(near	eyes)	in	terms	of	times.	
Generally,	two	clear	glazing	systems	have	a	higher	illuminance	at	most	times	than	the	blue	
and	bronze	glazing.	With	the	lowest	transmittance	(see	Fig	2)	the	bronze	glazing	gives	rise	to	
the	 lowest	 illuminance	 across	 the	 working	 time.	 Interestingly,	 the	 light	 colour	 with	 all	
glazing	systems	did	not	substantially	vary	with	the	changing	time.	The	bronze	glazing	sees	
lower	CCT	values	than	two	clear	systems;	although	the	differences	between	them	are	not	
big	(the	average	is	around	500K).	The	highest	CCT	(around	6600K)	can	be	found	at	the	blue	
glazing	at	any	time.	The	similar	CCT	variations	of	two	clear	systems	also	response	to	the	fact	
that	they	have	the	same	overall	spectral	transmission	mentioned	above.		
	

	
	
	
	
	
	
	
	
	
	
	
	

Figure	3.	Mean	illuminances	and	CCT	measured	near	the	eyes	of	participants.		
Moreover,	Table	1	shows	the	mean	(±SD)	of	 illuminance	and	CCT.	 It	 is	not	surprising	

that	 two	 clear	 glazing	 systems	 achieved	 the	 highest	 mean	 illuminance	 while	 the	 lowest	
value	was	based	on	 the	bronze	glazing.	The	blue	glazing	has	a	medium	value	 in	between.	
These	results	well	reflect	the	differences	of	glazing	transmittances.	Under	variable	daylight	
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conditions,	the	blue	glazing	brings	 in	the	cold/bluish	 light	colour	(around	6600K);	however	
bronze	and	clear	glazing	 systems	have	 the	white/neutral	 light	 colour	 (4000	–	4600K).	 The	
two	clear	glazing	systems	achieve	a	very	similar	performance.			

Table	1.	Measured	mean	±SD	illuminance	and	CCT	near	the	participants’	eye.	
Mean	±SD	

	 Clear	1	 Blue	 Bronze	 Clear2	
Illuminance(eye)	(lux)	 991.1	±733.2	 641.3	±369.0	 471.9	±315.7	 956.7	±634.1	
CCT	(K)	 4628.3	±124.5	 6609.6	±453.5	 4166.4	±462.9	 4563.8	±511.0	

Visual	performances	

Comparisons	between	various	glazing	systems	
According	to	Table	2,	the	performance	differences	of	various	glazing	systems	in	terms	of	six	
visual	questions	and	relevant	mean	values	of	all	feedbacks	were	analysed	using	a	two-tailed	
paired	 t-test.	 The	 value	 of	 ‘Mean’	 was	 defined	 as	 the	mean	 difference	 of	 each	 question	
between	 two	 glazing	 systems.	 The	 significance	 was	 achieved	 when	 p<0.05.	 The	 sample	
correlations	 and	 effect	 size	 have	 been	 assessed	 (not	 presented	 in	 the	 article).	 Only	 the	
results	of	Clear1,	Blue	and	Bronze	glazing	are	discussed	here.			

Table	2.	Two-tailed	paired	glazing	types	t-test	of	visual	performances	(six	questions:	Q1-6).	
Pair	 Mean	 t	 df	 Sig.(2-paired)	

Q1:	(Clear1	–	Blue)	 -2.66667	 -1.015	 44	 0.316	
Q1:	(Clear1	–	Bronze)	 -15.11111	 -4.209	 44	 0.000	
Q1:	(Blue	–	Bronze)	 -12.44444	 -3.206	 44	 0.003	
Q2:	(Clear1	–	Blue)	 -1.33333	 -0.453	 44	 0.652	
Q2:	(Clear1	–	Bronze)	 -4.44444	 -1.431	 44	 0.160	
Q2:	(Blue	–	Bronze)	 -3.11111	 -1.069	 44	 0.291	
Q3:	(Clear1	–	Blue)	 -0.69767	 -0.203	 42	 0.840	
Q3:	(Clear1	–	Bronze)	 -13.33333	 -2.772	 44	 0.008	
Q3:	(Blue	–	Bronze)	 -11.86047	 -2.633	 42	 0.012	
Q4:	(Clear1	–	Blue)	 -2.00000	 -0.942	 44	 0.351	
Q4:	(Clear1	–	Bronze)	 -6.00000	 -1.789	 44	 0.081	
Q4:	(Blue	–	Bronze)	 -4.00000	 -1.198	 44	 0.237	
Q5:	(Clear1	–	Blue)	 -7.55556	 -2.761	 44	 0.008	
Q5:	(Clear1	–	Bronze)	 -20.00000	 -5.300	 44	 0.000	
Q5:	(Blue	–	Bronze)	 -12.44444	 -2.862	 44	 0.006	
Q6:	(Clear1	–	Blue)	 -8.88889	 -3.546	 44	 0.001	
Q6:	(Clear1	–	Bronze)	 -23.11111	 -6.457	 44	 0.000	
Q6:	(Blue	–	Bronze)	 -14.22222	 -3.489	 44	 0.001	

As	for	the	colour	comfort	and	rendering	(Q5	&	6),	apparently,	a	significant	difference	
can	be	found	between	the	three	glazing	types	(all	p	values	<0.05).	The	clear	glazing	would	
deliver	 a	 more	 comfortable	 colour	 environment	 with	 a	 higher	 rendering	 ability	 than	 the	
coloured	glazing	systems.	Compared	with	the	bronze	glazing,	participants	would	choose	the	
blue	glazing	(mean=-12.4	or	-14.2;	p<0.05).	Interestingly,	feedbacks	of	‘bright’	(Q2)	&	‘glare’	
(Q4)	 have	 not	 brought	 in	 big	 differences	 between	 the	 three	 glazing	 systems	 (all	 p	
values	>0.05),	even	though	their	transmittances	are	significantly	different.	With	the	bronze	
glazing,	 however,	 it	 has	 a	 higher	 possibility	 for	 the	 participants	 to	 feel	 darker	 and	 less	
comfortable	than	the	clear	and	blue	glazing	(Q1	&	3)	(each	p	value	<0.05);	while	the	results	
of	 clear	 and	 blue	 glazing	 show	 no	 substantial	 differences	 (each	 p	 value	 >0.05).	 The	
differences	of	comfort	between	bronze	and	clear	glazing	systems	might	be	explained	by	the	
various	 illuminance	 levels	 near	 eyes.	 Surprisingly,	 the	 big	 gap	 of	 transmittance	 and	
illuminance	levels	between	blue	and	clear	glazing	did	not	give	rise	to	significant	divergence	
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of	 visual	 performance.	 This	 finding	would	 support	 that	 the	 glazing	 colour	might	 be	more	
critical	than	the	visual	transmittance	of	glazing	and	the	illuminance	level.	

Time	and	glazing	types			
Figure	4	displays	the	effects	of	glazing	types	and	daily	 times	on	the	six	questions	of	visual	
performances	(two-way	ANOVA).	The	significant	can	achieved	based	on	‘p<0.05’.	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	4.	Subjective	assessments	of	visual	performance	(Q1--6):	the	impact	of	glazing	types	and	daily	times.	

A	significant	impact	of	time	can	be	just	found	at	the	question	‘dark’	(Q3)	[F(8,	139)=3.4;	
p<0.05].	Normally,	the	participants	would	feel	darker	in	the	late	afternoon.	Other	questions	
concerning	light/visual/colour	comfort	(Q1-2,	4-6)	have	no	clear	relationships	with	the	time	
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(p>0.05).	With	the	varying	time,	the	glazing	types	do	clearly	affect	the	Q1,	3,	5-6	(p<0.05).	In	
the	later	afternoon	(after	15:30),	the	bronze	glazing	sees	a	higher	mean	value	than	others,	
which	indicates	more	complaints	of	discomfort.	In	addition,	a	clear	interaction	effect	of	time	
and	 glazing	 only	 occurs	 at	 Q1	 [F(24,	 141)=2.1;	 p=0.004)].	 The	 visual	 comfort	 would	 be	
significantly	linked	to	the	interaction	of	time	and	glazing	type.		

Non-visual	performances	

Comparisons	between	various	glazing	systems	
Table	3	shows	a	two-tailed	paired	t-test	of	the	impact	of	glazing	types	in	terms	of	four	non-
visual	 questions.	 The	method	 of	 t-test	 analysis	 is	 the	 same	 as	 the	mentioned	 above.	 The	
Clear2	is	not	included.	According	to	the	Q2	(‘mood’),	the	glazing	colour	would	significantly	
influence	 the	participants’	mood	during	 the	working	 time	 (each	p	value	<0.05).	Both	blue	
and	bronze	glazing	systems	have	more	negative	effects	on	the	mood	than	the	clear	glazing.	
Similar	 to	 the	 visual	 performance,	 the	 bronze	 glazing	 expresses	 a	 big	 difference	 of	 non-
visual	performance	 from	the	blue	and	clear	glazing	 for	 the	 ‘Alertness	 (Q1)’,	 ‘Physical	well-
being	 (Q3)’,	 and	 ‘Relaxation	 (Q4)’	 (each	 p	 value	 <0.05).	 The	 blue	 glazing	 can	 however	
achieve	a	similar	performance	as	the	clear	glazing	(p>0.05).		

Table	3.	Two-tailed	paired	glazing	types	t-test	of	non-visual	performances	(four	questions:	Q1-4).	
Pair	 Means	 t	 df	 Sig.(2-paired)	

Q1:	(Clear1	–	Blue)	 -3.77778	 -1.107	 44	 0.274	
Q1:	(Clear1	–	Bronze)	 -14.88889	 -4.115	 44	 0.000	
Q1:	(Blue	–	Bronze)	 -11.11111	 -3.052	 44	 0.004	
Q2:	(Clear1	–	Blue)	 -4.44444	 -2.119	 44	 0.040	
Q2:	(Clear1	–	Bronze)	 -15.55556	 -4.495	 44	 0.000	
Q2:	(Blue	–	Bronze)	 -11.11111	 -2.911	 44	 0.006	
Q3:	(Clear1	–	Blue)	 -3.77778	 -1.544	 44	 0.130	
Q3:	(Clear1	–	Bronze)	 -16.44444	 -3.733	 44	 0.001	
Q3:	(Blue	–	Bronze)	 -12.66667	 -2.637	 44	 0.012	
Q4:	(Clear1	–	Blue)	 -1.11111	 -0.520	 44	 0.606	
Q4:	(Clear1	–	Bronze)	 -9.11111	 -2.884	 44	 0.006	
Q4:	(Blue	–	Bronze)	 -8.00000	 -2.273	 44	 0.028	

Time	and	glazing	types			
In	the	Figure	5	&	6,	 the	effects	of	glazing	types	and	daily	 times	on	the	mean	variations	of	
each	non-visual	question	are	given	(two-way	ANOVA).		
	
	
	
	
	
	
	
	
	
	
	
Figure	5.	Subjective	assessments	of	non-visual	performance	(Q1--	2):	the	impact	of	glazing	types	and	times.	

Interestingly,	 no	 significant	 impact	 of	 time	 was	 found	 according	 to	 all	 non-visual	
performances	 (each	p	value	>0.05).	On	the	contrary,	 the	glazing	 type	plays	a	clear	 role	 to	
affect	 the	 alertness	 [F(3,	 141)=7.5;	 p<0.05],	mood	 [F(3,	 141)=12.3;	 p<0.05],	 physical	well-
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being	 [F(3,	 141)=9.9;	 p<0.05]	 and	 relaxation	 [F(3,	 141)=5;	 p<0.05].	 The	 big	 performance	
differences	 between	 the	 bronze	 glazing	 and	 others	 occur	 at	 14:50,	 and	 then	 increase	
towards	 the	 late	afternoon.	The	bronze	glazing	gives	 rise	 to	more	negative	 impact	on	 the	
non-visual	performance.	Except	for	the	Q1	(p>0.05),	the	significant	interaction	effect	of	time	
and	 glazing	 can	 be	 found	 at	 other	 questions	 including	 mood	 [F(24,	 141)=2.1;	 p<0.05],	
physical	well-being	[F(24,	141)=2.7;	p<0.05]	and	relaxation	[F(24,	141)=2.1;	p<0.05].			
	
	
	
	
	
	
	
	
	
	
	
Figure	6.	Subjective	assessments	of	non-visual	performance	(Q3--	4):	the	impact	of	glazing	types	and	times.	

Conclusions	

Several	findings	could	be	concluded	from	the	results	as	follows:	1)	compared	with	the	clear	
and	blue	glazing,	the	bronze	glazing	could	be	less	acceptable	based	on	the	visual	and	non-
visual	 feedbacks	 of	 occupants,	 especially	 at	 the	 late	 afternoon.	 This	 could	 be	 due	 to	 the	
combined	effect	of	 glazing’s	 low	 transmittance	and	colour.	2)	The	blue	glazing	has	no	big	
differences	 of	 the	 impact	 on	 human	 performances	 (visual	 and	 non-visual)	 from	 the	 clear	
glazing,	even	though	there	is	a	significant	transmittance	divergence	in	between.	This	again	
enhanced	 the	 complexity	 of	 glazing	 design	 in	 office	 buildings.	 3)	 Under	 daylighting	
conditions	it	could	be	hard	to	justify	the	relationship	between	human	performances	(visual	
and	non-visual)	 and	 the	 light	 colour,	 especially	when	 considering	 the	 fact	 that	 the	 colour	
preference	is	strongly	linked	to	the	cultural	and	ethnic	backgrounds.		
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Abstract: Carlo	Scarpa	believed	that	the	best	exhibition	designers	are	those	who	can	exploit	and	utilise	the	
complexities	of	natural	light	for	illuminating	work	of	art	architecturally.	In	his	Canova	sculpture	gallery,	daylight	
is	the	main	source	of	exhibition	illumination.	The	aim	of	this	study	is	to	explore	the	daylit	luminous	environment	
of	this	gallery	and	to	understand	Scarpa’s	lighting	design	strategies.	This	study	started	with	background	research	
and	spatial	analysis,	then	followed	by	field	work,	physical	modelling	and	computer	aided	parametric	analysis.	
The	subjective	appreciation	of	the	spatial	and	light	dramas	were	supported	by	model	studies	using	artificial	sky	
and	heliodon.	Further	theoretical	computer	studies	were	undertaken	by	using	IES	VE.	The	findings	suggest	that	
Scarpa	skilfully	orchestrated	space	and	light	 in	this	gallery	and	provided	well	balanced	and	tailored	luminous	
environment	 for	 the	sculptures.	Throughout	 the	year,	 the	modelling	of	 sculptures	 in	 this	gallery	 is	vivid	and	
changeable	according	to	the	sky	conditions	and	the	course	of	the	sun.	Occasional	high	brightness	contrast	may	
be	 experienced	 in	 the	 gallery	 during	 the	morning	 hours	 in	 the	 summer	morning.	 The	 seamless	 connection	
between	space,	light	and	the	sculptures	provides	unique	and	appropriate	ambience	and	luminous	environment	
for	the	art	lovers.	

Keywords:	Spatial	delight,	Daylit	gallery,	Window	apertures,	Modelling,	Visual	Comfort	

Introduction	

Light	plays	a	decisive	role	in	the	design	of	exhibition	space.	In	the	museum	environment,	light	
source	could	be	divided	into	two	categories:	natural	light	and	artificial	light.	Comparing	two	
kinds	of	 light	sources,	artificial	 light	has	many	advantages,	such	as	flexible	 installation	and	
stable	 source	 of	 light.	 But,	 natural	 light	 has	 a	 better	 performance	 than	 artificial	 light	 in	
showing	exhibits’	texture,	structural	features	and	colour	rendering.	Today,	artificial	light	has	
been	widely	used	in	the	museum	and	gallery,	and	the	using	of	both	artificial	and	natural	light	
is	also	common.	However,	it	is	rare	to	find	an	exhibition	space	which	mainly	uses	natural	light	
to	 illuminate	the	exhibits.	Scarpa’s	sculpture	gallery	of	the	Canova	Museum,	which	mainly	
rely	on	the	natural	light	continues	to	be	regarded	as	an	exemplar	building	for	the	study	of	the	
interplay	between	light,	space	and	the	exhibits.	Through,	personal	visit,	theoretical	studies	
and	the	parametric	analysis,	Carlo	Scarpa’s	lighting	strategies	could	be	revealed.	

In	1955,	for the	celebration	of	the	second	centennial	of	the	birth	of	Antonio	Canova,an	
Italian	neoclassical	 sculptor.	The	commission	of	 fine	Arts	of	 Italydelegated	Carlo	Scarpa	 to	
expand	a	new	Sculpture	Gallery	at	the	west	narrow	site	of	the	original	Canova	exhibition	hall	
in	 Possagno,	 Two	 years	 later,	 the	 construction	 of	 extension	 completed	 in	 a	 modernistic	
architectural	form,	which	is	totally	different	to	the	existing	basilica.	This	new	wing	is	only	one	
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layer	but	defined	by	three	distinct	volumes,	each	a	small	area	of	 the	gallery.	Eight	unique	
types	of	windows	were	used	to	bring	natural	light	into	the	gallery,	revealing	the	modelling	of	
sculptures	 under	 different	 sky	 conditions,	 and	 each	 window	 has	 a	 precise	 position	 and	
function,	 and	 offers	 desired	 luminosity	 and	 rendering	 for	 the	 exhibit.	 In	 addition	 to	 the	
windows,	Scarpa	wisely	controlled	the	reflectivity	of	interior	surfaces	by	choosing	appropriate	
materials	so	that	the	reflected	light	further	enhances	the	modelling	of	the	exhibits.	

This	study	analysed	the	basic	interplay	of	light	and	space,	and	two	parameters	of	the	
daylighting	performance:	illuminance	level	(daylight	factor,	useful	daylight	illuminance)	and	
the	luminous	contrast	in	the	field	of	view.	Overall,	Scarpa	successfully	created	an	exhibition	
space	lit	by	natural	light.	In	addition	to	providing	adequate	illumination,	daylight	play	decisive	
roles	in	spatial	division,	spatial	sequence	and	the	subjective	experience	of	the	visitors.	The	
relatively	 high	 daylight	 factor	 (7.2%)	 indicates	 that	 the	 entire	 gallery	 has	 an	 excellent	
luminous	environment	for	exhibition	under	overcast	sky	conditions.	The	target	of	UDI	(100-
3000	lux)	of	80%	is	achieved	in	most	area	of	this	gallery.	Regardless	of	sky	conditions,	the	
modelling	of	 the	 sculptures	 is	 clear	 and	 changeable.	Disability	 glare	would	never	happen,	
whereas	discomfort	glare	potentially	occurs	at	 the	wall	and	 floor	 in	 the	summer	morning.	
Instead	of	causing	undesirable	visual	discomfort,	this	 lighting	phenomenon	dramatizes	the	
visual	environment.	
	

								 	
						Figure	1.	The	interior	views	of	the	Canova	Gallery	(SoKolov,	2012)	

Spatial	sequence	

The	new	extension	designed	by	Scarpa	is	an	irregular	‘L’	shape	building	(figure	3),	consisting	
of	 three	 volumes.	 The	 first	 volume	 forms	 a	 transitional,	 narrative	 space	 between	 the	 old	
museum	and	new	gallery,	and	the	height,	depth	and	length	are	similar	to	the	hall	of	entrance.	
It	is	worth	mentioning	that	this	area	is	the	only	place	where	visitor	can	see	four	contrasting	
spaces:	 the	 old	 basilica,	 the	 two	 distinguishing	 volumes	 of	 the	 extension	 and	 the	 outside	
landscape.	Although	this	place	does	not	have	conspicuous	spatial	 feature,	 it	always	 tempt	
visitor’s	next	direction.	The	second	volume	(figure	4),	which	called	‘high	gallery’	(Buzas	2014)	
is	the	highest	and	brightest	place	of	this	new	extension.	When	people	move	from	the	first	
volume	 to	 this	 area,	 the	 intense	 spatial	 contrast	 produces	 a	 sense	 of	 broad,	 upward	 and	
enlightenment.	Corner	skylights	which	are	the	most	remarkable	design	of	the	whole	gallery	
placed	at	the	four	roof	corners	of	this	gallery.	Those	skylights	allow	dynamic	luminous	balance	
which	dramatizes	the	exhibition	spaces	and	enhances	the	modelling	of	the	sculptures	during	
daytime.	The	third	volume	(figure	4)	of	 this	gallery	 is	called	 ‘long’	gallery	 (Buzas	2014),	 its	
volume	decreases	progressively	in	width.	A	glass	window	wall	ends	this	volume	at	the	south,	
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offering	an	unique	outdoor	 view,	 also	 creating	an	extension	of	 the	 sight	 line.	Beyond	 the	
glazing,	 the	basin	of	water	reflects	 the	sky	and	supplies	a	shimmering	 light	 from	below	to	
counter	the	strong	light	from	the	sky.	
	

 
Figure	3.	The	extension	plan	(edited	by	author)								Figure	4.	The	two	distinguishing	volumes	(edited	by	author)	

Window	typology	and	lighting	principle	

Carlo	 Scarpa	 created	 eight	 types	 of	 windows	 in	 this	 new	 extension,	 and	 defined	 the	 the	
location	and	the	size	of	each	window	carefully.	The	most	remarkable	openings	are	the	corner	
skylights	(figure	5).	These	3D	dimensional	openings	allow	sunlight	to	access	the	high	gallery	
from	sunrise	to	sunset,	creating	a	diverse	luminous	environment.	In	a	quiet	moment,	the	light	
became	time	and	hands	of	the	clock,	four	skylights	are	division	of	space,	also	are	the	modulus	
of	times	(Buzas	and	Carmel-Arthut,	2014).	To	be	exact,	under	sunny	sky	conditions	in	equinox	
(figure	6),	because	of	the	impediment	of	the	basilica,	sunlight	will	access	the	high	gallery	at	
7:30am	in	the	morning	through	two	square	corner	skylights	(2	and	3).	In	the	majority	time	of	
the	day,	sunlight	can	pour	into	the	interior	space	by	crossing	the	two	long	corner	skylights	(1	
and	4),	and	the	sunlight	trapped	in	the	gallery	will	gradually	disappear	through	the	two	west	
windows.	The	southwest	skylight	of	the	high	gallery	is	the	main	entry	point	of	sunlight.	The	
order	of	sunlight	access	the	high	gallery	in	this	day	is	in	the	order	of	2-3-4-1.	

	

	
Figure	5.	The	corner	skylights	of	the	high	volume	(edited	by	Unknown)	
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Figure	6.	Solar	ingress	of	the	high	gallery	in	equinox	(edited	by	author)	

	
In	addition	to	the	astonishment	of	the	corner	skylight,	other	kinds	of	openings	were	

placed	at	the	different	position	of	this	gallery	deliberately,	and	the	lighting	purpose	of	these	
windows	 could	 be	 divided	 into	 two:	 mainly	 acquire	 direct	 light	 or	 reflected	 light.	 Carlo	
ScarpaFor	example,	these	four	corner	windows	which	connect	two	volumes’	ceilings	and	the	
south	glass	wall	can	allow	direct	sunlight	to	pour	in.	However,	the	shutters	which	placed	at	
the	middle	of	two	top	openings	can	block	most	of	the	direct	sunlight.	The	reflected	light	can	
access	the	interior	space	through	the	east	corner	glass	wall	and	the	small	holes	of	the	long	
volume.	From	above	basic	lighting	analyses,	Carlo	Scarpa’s	strategies	of	spatial	formulation	
and	natural	lighting	are	gradually	clear.	
	

	
Figure	7.	The	estimated	lighting	purpose	of	windows	(edited	by	author)	

	

Solar	ingress		

The	 luminance	mappings	of	 the	physical	model	were	generated	under	 the	artificial	 sky	by	
using	 PhotoLux.	Overall,	 in	 the	overcast	 sky,	 the	brightness	 contrast	 is	 adequate.	We	 can	
easily	identify	the	sculptures	in	the	high	gallery.	More	specifically,	the	two	sculptures	which	
closed	to	the	transitional	hall	have	four	different	 luminous	 levels,	 including	high	 light,	two	
general	brightness,	and	shadow	(figure	8).	The	small	one,	which	under	the	long	corner	skylight	
has	three	luminous	levels,	and	it	is	brighter	than	other.	As	to	the	spatial	brightness,	the	high	
gallery	 is	brighter	 than	rest	of	 the	 two,	and	the	brightness	distribution	of	 the	 floor	 is	well	
balanced.	In	terms	of	the	long	gallery,	the	place	which	closed	to	the	south	glass	wall	is	brighter.	
The	luminous	levels	are	continously	and	steady	increase	from	north	to	south.	
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Figure	8.	Luminance	mappings	of	the	physical	model	(edited	by	author)	

Luminous	journey	through	Daylight	factor	assessment	

As	we	can	see	from	the	below	simulations,	 the	average	daylight	 factor	of	 the	extension	 is	
7.2%,	which	 is	 the	highest	one	than	rest	of	 the	 two	 indoor	exhibition	areas:	entrance	hall	
(4.2%)	and	basilica	(2.6%).	According	to	CIBSE	Lighting	Guide	10,	with	daylight	factor	higher	
than	5%,	this	indicates	that	the	entire	space	of	the	new	extension	does	not	need	any	artificial	
light	even	under	the	overcast	sky	conditions.	It	is	interesting	to	note	that	the	change	of	the	
daylight	factor	is	rhythmic.	First	of	all,	it	decreases	sharply	from	the	half-open	corridor	to	the	
entrance	hall.	 The	door	of	 the	hall	 is	 the	 threshold.	Then	 the	daylight	 factor	 continues	 to	
decline	gradually	 in	 the	new	transitional	hall.	At	 the	edge	of	 the	high	gallery,	 the	daylight	
factor	increases	abruptly	from	3.2%	to	7.8%.	It	is	important	to	obverse	that	there	is	no	division	
between	the	high	gallery	and	the	transitional	gallery	and	the	daylight	factor	of	the	high	gallery	
is	very	balanced:	around	7%.	Returning	to	the	transitional	hall,	at	the	same	time	this	index	
drop.	However,	it	ascends	again	to	about	6.5%	at	the	central	place	of	the	new	extension.	To	
access	 the	 south	glass	wall	of	 the	 long	gallery,	 the	daylight	 factor	decrease	and	meet	 the	
minimum	value	(2%)	at	the	central	place	of	the	long	gallery.	At	the	end	of	the	long	gallery,	it	
rises	to	6.8%.	Walking	along	this	luminous	journey	in	this	new	extension,	the	daylight	factor	
changes	six	times	which	indicates	a	well-orchestrated	light	journey	with	interesting	variation	
in	luminousity.	This	is	a	clear	evidence	illustrating	Carlo	Scarpa’s	unique	spatial	and	lighting	
design	strategy.	
	

	
Figure	9.	The	daylight	factor	assessment	of	the	Scarpa’s	gallery	(edited	by	author)	
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Useful	daylight	illuminance	assessment		

According	to	the	SLL	Code	for	Lighting:	reaching	the	range	between	100-3000	lux	in	80%	of	
the	occupied	time	is	appropriate	for	learning.	Most	areas	of	the	extension	gallery	achieve	this	
target.	The	central	place	of	transitional	gallery	reaches	the	target	in	50%-80%	of	the	occupied	
time.	The	south	area	of	 the	 long	gallery	has	25%-50%	time	 that	 reaching	above	3000	 lux.	
According	to	CIBSE	Light	Guide	10:	the	appropriate	Lux	level	in	museum	should	above	200	lux.	
Most	places	of	the	gallery	can	reach	above	300	Lux	under	overcast	sky	conditions,	and	entire	
gallery	 can	 achieve	 this	 target	 in	 sunny	 sky	 conditions.	 As	 to	 spatial	 daylight	 autonomy	
assessment,	 the	entire	gallery	pass	 the	target	 that	at	 least	300	 lux	 for	at	 least	50%	of	 the	
annual	occupied	hours.	

	
Figure	10.	Useful	daylight	illuminance	assessment	of	the	Scarpa’s	gallery	(edited	by	author)	

	

Modelling	and	glare	phenomenon			

Modelling	describes	the	balance	between	diffuse	light	and	direct	light.	The	good	modelling	
should	be	a	combination	of	direct	and	diffuse	light.	Lighting	should	not	be	too	diffuse	or	it	will	
appear	bland	and	may	not	reveal	necessary	detail,	nor	should	it	be	too	directional	or	it	will	
produce	harsh	shadows	(James	Thomas,	2012).	As	to	glare,	The	IESNA	recommend	that	the	
luminance	ratios	between	the	task	and	immediate	surroundings	should	not	exceed	3:1	(or	
1:3)	and	that	between	the	task	and	far	surroundings	should	not	exceed	10:1	(or	1:10).	Other	
standers	recommend	luminance	ratios	between	any	points	within	the	visual	field	should	not	
exceed	20:1	(or	1:20)	or	40:1	(or	1:40)	(IESNA,	2000).	For	example,	the	daylight	glare	index	
(DGI),	 a	 performance	 indicator	 for	 predicting	 discomfort	 glare	 from	 daylight,	 should	 be	
restored	 within	 the	 comfort	 zone	 ranging	 from	 16	 (the	 just	 perceptible	 rank)	 to	 22	 (the	
acceptable	rank).	From	above	analyses,	the	lighting	source	of	Scarpa’s	gallery	could	be	divided	
into	 two:	 direct	 sunlight	 (key	 light)	 and	 reflected	 light	 (sight	 light).	 To	 understand	 the	
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illumination	performance	of	natural	lighting	of	this	gallery	more	specific,	two	common	angles	
of	views	(figure	11)	have	been	choosing	for	modelling	and	glare	testing.			

	

       
Figure	11.	The	estimated	lighting	strategies,	red:	direct	light,	blue:	reflected	light	(edited	by	author)	

Under	the	overcast	sky	condition	

In	this	study,	the	luminous	contrast	of	sculptures	in	the	high	gallery	and	the	sculpture-Three	
Graces	has	been	tested	by	using	IES	VE	and	Radiance.	As	shown	in	Figure	12,	all	the	sculptures	
are	clearly	displayed.	When	entering	this	gallery,	it	is	easy	for	visitors	to	identify	the	sculptures	
from	the	background.	Then,	the	highlighted	area	and	the	shadow	area	of	the	sculptures	are	
distinctly	displayed.	The	whole	luminous	contrast	of	sculptures	is	keeping	in	an	appropriate	
balance.	As	far	as	glare	is	concerned,	the	task	luminance-immediate	surround-far	surround	
are	 1:1.73:1.27	 and	 1:1.21:2.50.	 This	 is	 clearly	 within	 the	 guideline	 of	 1:3:10.	 When	 the	
brightest	 point	was	 considered,	 the	 ratios	 are	 1:14.29	 in	 figure	 13	 and	 1:12.17	 in	 figure.	
Although	this	is	much	higher	but	it	is	still	within	the	ratio	of	1:20,	which	means	this	gallery	
does	not	suffer	from	discomfort	glare	under	the	overcast	sky	conditions.	
	

                      	
Figure	12.	The	modelling	simulations	under	the	overcast	sky	condition	(edited	by	author)	

Under	the	sunny	sky	condition	

Since	the	interior	lighting	conditions	is	continuously	changing	in	a	sunny	day.	The	luminous	
contrast	of	three	times	(9:30-open	time,	12:00	and	15:00)	in	the	summer	solstice,	equinox	
and	winter	solstice	have	been	simulated.	In	the	most	situations,	the	direct	key	light	and	the	
supporting	side	light	can	improve	the	luminous	contrast,	as	a	result,	enhancing	the	brightness	
of	highlighted	area,	making	sculptures	more	vivid.	However,	there	is	occasional	glare	problem	
at	the	high	gallery	in	the	morning	of	the	summer	solstice,	as	shown	in	Figure	13,	the	luminance	
ratios	between	the	task	and	the	brightest	point	is	1:29.7.	But	this	ratio	is	below	1:40,	which	
means	this	area	would	not	suffer	disability	glare	problem.	In	addition,	the	brightest	point	is	
not	on	 the	sculptures,	 thus	 the	modelling	of	 the	sculptures	have	not	been	affected.	From	
another	point	of	view,	this	dynamic	luminous	contrast	can	also	display	a	vivid	and	changeable	
condition	for	sculptures.		
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Figure	13.	The	modelling	simulations	under	the	sunny	sky	condition	(edited	by	author)	

Conclusion		

From	the	above	analysis,	it	is	clear	that	the	volumetric	relationship	and	the	natural	lighting	
design	of	 this	 gallery	 show	an	appropriate	 response	 to	 the	problematic	 site	 and	 the	 local	
environment.	 In	 terms	 of	 spatial	 sequence	 and	 visitors’	 visual	 experience	 in	 this	 gallery,	
Scarpa	successfully	used	three	different	volumes	and	diverse	 illumination	 level	 to	 form	an	
interesting	luminous	journey.	In	terms	of	modelling,	it	has	been	observed	that	all	sculptures	
are	 illuminated	 properly	 under	 the	 different	 sky	 conditions.	 Carlo	 Scarpa’s	 ingenious	 and	
unique	 way	 of	 dealing	 with	 the	 space,	 light	 and	 the	 exhibits	 in	 this	 gallery	 could	 be	 an	
excellent	example	and	reference	for	exhibition	design.	As	Dean	Hawkes	rightly	pointed	out:	
The	new	extension	of	the	Canova	sculpture	gallery	is	a	supreme	instance	of	the	environmental	
imagination	(Hawkes	2008).	
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