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PREFACE 

 
 
 
The vocation of the CISBAT international conference cycle is to present new perspectives 
offered by renewable energies in the built environment as well as the latest results of 
research and development in sustainable building technology in a setting that encourages 
interdisciplinary dialogue and networking at the international level. The 2011 edition gathered 
on the EPFL campus the largest number of scientists, engineers and architects of its 20 year 
long history. Travelled from all over the World in an effort to promote clean technologies for 
sustainable buildings and cities, the participants presented 171 scientific papers during three 
intense days of conference. 
 
Major international events, such as the “Deepwater Horizon” oil spill in the Gulf of Mexico 
and the Fukushima-Daiichi nuclear accident, which occurred in the last few years, certainly 
account for the growing interest of the scientific community - as well as the interest of 
stakeholders - for energy efficient technologies and decentralized energy systems in the built 
environment, such as promoted by the conference. 
 
CISBAT was organized for the fourth consecutive time in scientific partnership with the 
Massachusetts Institute of Technology (MIT) and Cambridge University. Furthermore, the 
organizing committee is proud to have been supported again by a renowned international 
team of scientists in order to ensure the scientific quality and rigor expected from the 
conference. CISBAT 2011 also teamed up with the Swiss Chapter of the International 
Building Performance Simulation Association (IBPSA-CH) to strengthen the subject of 
“Building and Urban Simulation”, one of the conference's leading topics. 
 
Thanks to the financial support of a growing number of institutional and private partners, 
such as the Swiss federal Office of Energy (SFOE), Bank Julius Bär and the public utility 
Romande Energie, the CISBAT international conference cycle has undoubtedly gained 
maturity and recognition on the international scene for its 20th Birthday Anniversary, and 
deserves a promising sunny future. 
 
 
 
 
       Prof. Dr Jean-Louis Scartezzini 
                          Conference Chairman 

Solar Energy and Building Physics Laboratory 
                      Swiss Federal Institute of Technology Lausanne 
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SUMMARY 
 

In May 2011 the plenary of the Intergovernmental Panel on Climate Change (IPCC) accepted 

the final version of the Special Report on Renewable Energy Sources and Climate Change 

Mitigation. This comprehensive report, which was written by more than one hundred experts 

from all parts of the world set out to highlight the possible contribution of the use of 

renewable energy sources to the mitigation of climate change.  
 

In its Fourth Assessment Report the IPCC had come to the conclusion that a successful 

mitigation of climate change will require a global reduction of anthropogenic greenhouse gas 

(GHG) emissions by about 50% by the year 2050 to avoid the most drastic impacts of climate 

change (see: IPCC 2007, p. TS 39). As the CO2 emissions from fossil fuel combustion for the 

supply of energy caused about 60% of the human induced GHG emissions world wide by 

2004, with an ever growing share, the anthropogenic greenhouse effect can only be mitigated 

successfully, if these CO2 emissions from our energy system are reduced drastically. 

 

 

Figure 1: The development of global greenhouse gas emissions and the emissions of CO2 

since 1970 in Gt of CO2ea/a (source: IPCC 2007, p. TS 28) 
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For the necessary ‘decarbonisation’ of our energy supply four major options are available. 

These are the capture and underground storage of CO2 from combustion processes, the 

increased use of nuclear energy, the more efficient conversion and use of energy and the use 

of renewable energy sources. As the accidents of Harrisburg, Chernobyl and Fukushima have 

shown nuclear energy has other massive problems, which disqualify it as a major future 

source of energy. The possible contribution of carbon dioxide capture and storage (CCS) to 

the reduction of CO2 emissions have already been dealt with by the IPCC in its Special Report 

on Carbon Dioxide Capture and Storage, which was published in 2005 (IPCC 2005). The 

possible contribution will be limited by available save storage volumes as well as by public 

acceptance of such storage. While the possibilities for improved efficiency in the conversion 

and use of energy have been dealt with at length in the Contribution of Working Group III to 

the Fourth Assessment Report of the IPCC published in 2007 (IPCC 2007) the possible 

contribution of an increased use of renewable energy sources had not received an extensive 

treatment by the IPCC. Thus, the 192 member countries of the IPCC unanimously decided in 

April 2008 to order the preparation of a special report on the possible contribution of the 

increased use of renewable energy sources to the mitigation of climate change. At the same 

time the plenary decided on the structure of the report based on a comprehensive scoping 

document prepared by a group of more than one hundred international experts. 
 

After about 400 scientists were nominated by the member countries of the IPCC about 120 lead 

authors from all parts of the world were selected to write the report. The writing process started in 

January 2009 and went through a five stage internal and external scientific and government review 

process of all written texts. After all comments from the scientific review and the government 

review were considered in the development of the final text the Summary for Policy Makers 

(SPM) of the Special Report was scrutinized in a one week line by line discussion and approval 

process by the IPCC plenary in Abu Dhabi in May 2011. On this basis first the SPM and 

thereafter the full report was accepted unanimously by all member states of the IPCC. Thus, it 

can be claimed that the Special Report on Renewable Energy Sources and Climate Change 

Mitigation (SRREN in the following) is one of the most widely accepted documents on the 

possible future role of renewable energy sources for the mitigation of climate change. 
 

As Figure 2 shows, the Special Report covers the six major renewable energy sources, puts 

the use of renewables into the context of climate change and deals with issues of integration 

into the energy system, the overall mitigation potentials and costs as well as with questions 

pertaining to sustainable development, policies, financing and implementation. 

 
 



   

 

Figure 2: Structure of the IPCC Special Report (source: IPCC 2011, p.2) 

 

Based on the available scientific assessment literature the IPCC concludes that the global 

technical potential of renewable energy sources is many times larger than the present global 

primary energy supply (492 EJ/a in 2008) and the present global electricity demand of 61 EJ 

(2008). With 85 EJ/a even the lowest estimate of the global wind energy potential alone is 

higher than the total global electricity demand, while the technical potential of solar energy is 

3 to 100 times as large as the global primary energy supply of 2008 (see IPCC 2011, p. 8). 

Figure 3 summarizes the findings of the IPCC on the ranges of technical potentials of the 

different renewable energy sources. 

 

Figure 3: Ranges of global technical potentials of renewable energy sources given in the 

IPCC SRREN (source: IPCC 2011, p. 8) 

 

 



   

At the same time the IPCC points out that the energy costs of renewable energy sources vary 

widely. While in some cases some renewable energy sources may be competitive to non-

renewable energy sources in most cases the electricity, heat or fuels generated or produced 

from renewable energy sources are more expensive than their non-renewable competitors, as 

Figure 4 shows. Nevertheless, the cost of energy based on renewable energy sources has 

decreased quite substantially over the last decade as the cumulated global capacity has 

increased. This is shown in the form of logarithmic experience curves for the price of silicon 

photovoltaic modules and for onshore wind power plants in Figure 5.  

 

 
 

Figure 4: Range of levelized cost of energy for selected commercially available 

renewable energy technologies in comparison to recent non-renewable energy 

costs (source: IPCC 2011, p. 10) 

 
Figure 5: Selected experience curves in logarithmic scale for the price of silicon PV 

modules and onshore wind power plants per unit of capacity (source: IPCC 

2011, p. 12) 

 



   

Besides their almost unlimited availability over time the major advantage of renewable energy 

sources are their comparatively low direct and indirect greenhouse gas emissions. Although 

biomass may have comparatively high net CO2 emissions as compared to wind or solar 

energy, it offers the unique advantage to combine it with CCS technologies to create 

substantial negative CO2 emissions. While fossil fuels still have substantial CO2 emissions, 

even if they are combined with CCS, biomass can have negative CO2 emissions reducing the 

atmospheric CO2 balance by up to 1.4 kg CO2/kWh of electricity produced from biomass, as 

Figure 6 shows. 

 

 
 

Figure 6: Estimates of lifecycle GHG emissions (g CO2eq/kWh) for broad categories of 

electricity generation technologies, plus some technologies integrated with 

CCS (source: IPCC 2011, p. 17) 

 

 

The IPCC comes to the conclusion that ambitious greenhouse gas stabilization targets in the 

range of 400 ppm CO2eq can not be attained without a substantial use or renewable energy 

sources (see IPCC 2011a, p. 147). The IPCC SRREN shows that the lower the targeted GHG 

stabilization level, the larger will be necessary contributions of renewable energy sources. 

This is shown in Figure 7, which gives the renewable primary energy supply in EJ/yr 

depending on the allowed CO2 emissions from fossil fuels in different scenarios. Especially 

for the longer range scenarios until 2050 there is a clear correlation between the contribution 

of renewable energy sources and the targeted GHG stabilization level. In the highest scenarios 

the global share of energy from renewable sources reaches 43% in 2030 and 77% of the 

global energy supply in 2050 (IPCC 2011, p. 19). 

 



   

 
Figure 7: Global primary energy supply from renewable energy sources from 164 long-

term scenarios versus fossil and industrial CO2 emissions in 2030 and 2050. 

(source: IPCC 2011, p. 19) 
 

The IPCC Special Report shows that renewable energy sources can and most likely will play 

a central role for the mitigation of climate change. Their massively increased use can supply a 

major share of the global energy demand in all different sectors and uses. Nevertheless, this 

will require enabling policy support to further reduce costs and to help overcome various 

barriers (see IPCC 2011, p. 23). 
 

In the most advanced countries renewable energy sources may supply 100% of the national 

electricity demand by 2050, if the necessary grid infrastructure and storage capacities are 

build on time, as a report by the German Council of Environmental Advisors shows 

(Sachverständigenrat für Umweltfragen 2011). 
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With the title quoting from the alternative 1970’s Hollywood movie starring Jack 
Nicholson, a series of five projects will demonstrate the development of alternative 
energy concepts in the work of agps architecture.  

Our first design project involving sustainability was the Esslingen Town Center project in 
the early 1990’s. At the time, the term was sufficiently new that research was conducted 
as to what it meant. Our definition of sustainable design became efficiency in land use, 
materials use, and energy use – which has held up over time, involving a series of 
research investigations in building construction. 

1) Almost ten years later, the competition brief for the Midfield Terminal at the Zurich 
International Airport asked for the most progressive environmentally designed airport 
terminal in Europe. Our proposal, in collaboration with Martin Spühler and Amstein + 
Walthert Engineers, incorporated geothermal heating and cooling with imbedded tubes in 
the 250 structural foundation piles. Tempered air is distributed vertically, not requiring 
horizontal ducts in the 500 meter long building. The long north and south walls are 
thermally protected by glazed buffer zones, providing maximum day lighting and views 
out to the airfield and landscape beyond. Photovoltaic panels are incorporated into glazed 
louver shade screens on the accessible rooftop, which with a planted landscape and wood 
deck becomes the fifth facade for the building. 

2) The Zürich International School was configured as a dense bar, demonstrating 
efficiency in land use to the extent that space on the site could be given back to the 
community as a public park. The building itself is a campus, a dense block with flexible 
spaces that can be reconfigured over time. In terms of energy, heat pumps are fed by 30 
borehole heat exchangers 150 meters deep. In ZIS, the air-box was developed, a 
decentralized system of fresh air supply tempered by the heat pump system. Ceiling 
panels provide additional thermal and acoustic control with integrated lighting and 
sprinklers. Structural concrete is exposed, industrial materials are used as cladding, and 
additional layers are minimized. This allowed the school’s construction costs to be 
significantly lower than standard while the flexibility for future needs is far greater. 

3) IUCN, or the International Union for Conservation of Nature, in Gland near Geneva, is 
the largest and oldest conservation network in the world. Philosophically, their new 
headquarters addition needed to be sustainably progressive, while their funds were 
limited. The design concept expanded upon the previous buildings’ approach of reducing 
to the max in order to afford new systems. The 14 geothermal boreholes for IUCN are 
250 meters deep, being fewer but deeper than before; air-boxes have been relocated to the 
floor to reduce conflicts with various trades during construction, and the ceiling panels 
are thermo-active acoustic with integrated lighting, sprinklers, CO2 sensors, and air 
returns: all a further level of development. Exposed concrete, including insulated 
concrete, and anhydrite floors – usually used as a leveling compound – generate the 



language of minimal construction. Whatever could be avoided was cut but flexibility is 
inherent with non-structural interior walls and open plan spaces. 

4) The housing project B35 continues the exploration of geothermal to a new level. Only 
two boreholes have been dug to 380 meters in depth. The boreholes are insulated to 150 
meters, and uninsulated below. Heat from rooftop hybrid solar/water collectors will 
gather the heat from the summer sun and store it below ground for use throughout the 
year, with the deeper depth yielding hotter temperatures for winter use. With this project, 
it became clear that energy from the sun and the earth are abundant and free, and 
therefore it can be wasted – with the result that building envelopes can be lighter and 
consume fewer materials. This also means that all current energy codes are out of date, in 
an evolving process of research and development.  

5) The Esslingen Town Center, the first project referred to at the beginning of this talk, 
has continued in its development for over 20 years. The most recent component, now in 
design, is housing with 40 apartments. Here we are taking the concepts of B35 even 
further with geothermal storage of heat using a swarm of earth piles.  This allows for 
significant material savings due to less insulation - reducing "grey energy". 

These “5 Easy Projects” together make up a series of explorations involving heating and 
cooling buildings from the sun and the earth. Except that they are not always so easy. 
This brings me to another figure, this time in physics: Richard Feynman. I want to 
conclude with a final project inspired by his book 6 Not So Easy Pieces. 

As sustainability includes social and financial as well as environmental sustainability, our 
“From the Ground Up” project addresses the synthesis of the three. Located in upstate 
New York, which has been hit hard by the recent economic downturn, the project 
proposes revitalized urbanism by recycling abandoned buildings. The generic housing 
stock is wood framed houses that can be relocated, re-wrapped, re-powered, and re-stored 
based on community needs and empowered stakeholders. This project was developed 
with the logic of “Why not?” which is how we are approaching our continuing work 
toward zero emissions architecture. 
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INTRODUCTION 

Sustainability has various meanings, but often the word is associated with reducing negative 

impacts on the Earth, either through limiting energy use, limiting entry of waste products or 

hazardous materials into the environment, or limiting negative health or economic impacts on 

other humans or on other species [1]. These are important and laudable goals; indeed, they 

are essential objectives for achieving a sustainable planet. But if these were the only 

objectives for sustainability, we would simply close our factories, shops, schools, and offices. 

By closing them, we would no longer need electric energy and we would no longer produce 

or consume manufactured products, thereby reducing the emission of mercury and acid rain 

into our water and air. This approach would be an unacceptable and, indeed, an unsustainable 

strategy. In that light, sustainability must not simply be about the elimination or reduction of 

the negative impacts, or costs, but sustainability must also be about the creation or 

improvement of the positive impacts, or benefits. Thus, sustainability should be considered a 

value proposition, whereby both the costs to the environment and society are reduced and the 

benefits to the environment and society are increased. 

This is a logical conclusion to which most people 

would agree, even though the value of sustainability 

has been much more closely associated with reducing 

the costs than with increasing the benefits. This focus 

on the denominator of the value ratio for 

sustainability is a result, at least in part, of the fact 

that it is often easier to measure costs than it is to 

measure benefits. We can measure energy 

consumption of a building, a cost, but it is much 

more difficult to measure worker productivity in that 

building, a benefit. To be fair, regulators interested in 

sustainability do try to use measurable surrogates for 

the benefits of energy use, but these measures are 

often poor or incomplete characterizations of 

expected benefits. For example, illuminance level is 

used almost exclusively in building standards as a 

surrogate for the benefits of lighting [2-4], even 

though many studies have shown that illuminance level can be a poor predictor of visibility, 

preference, and comfort [5,6].  Because illuminance level is such a poor predictor of the 

benefits of lighting, we waste electric energy, put more toxins into the environment, and 

compromise health and productivity. Therefore, we formally institutionalize unsustainable 

lighting systems day after day. 

The present paper is based upon a simple, three-part logical framework for sustainable 

lighting. First, we do what gets measured; second, we need new measures for the benefits of 

lighting; and third, we need to create a stakeholder-wide, public discussion about the value of 

lighting.   

 



WE DO WHAT GETS MEASURED 

Constructs like security, safety, and health are often reduced to surrogate metrics. 

 We do not directly measure national economic security; we measure trade balance ($). 

Many believe that for a country to be successful, a positive trade balance is essential.   

 We do not directly measure roadway safety; we measure and enforce driving speeds 

(km/h). It is generally believed that enforcing speed limits has led to lower traffic 

fatalities. 

 We do not directly measure personal health; we measure blood pressure (mmHg) and 

cholesterol (mg/dL) levels. Many believe that the drugs commonly prescribed by 

physicians to reduce blood pressure and cholesterol levels will extend life expectancy. 

These example measures ($, km/h, mmHg, and mg/dL) of important constructs (economic 

security, roadway safety, and personal health) have a very large impact on our political and 

personal actions because we believe these measures gauge our quality of life and our lifespan.  

But do they? 

National competitiveness in the world economy has been used 

by politicians and economists alike as a measure of prosperity 

and social well-being. Although we often measure trade balance, 

it is largely unrelated to social well-being. Mexico, for example, 

ran a very large trade surplus in the 1980s, but the standard of 

living for its citizens was not better than it was in the 1990s 

when it ran a very large trade deficit [7]. Labor prices are often 

blamed for uncompetitive trade balance, but Sweden, Germany, 

and Switzerland have very high labor rates while still enjoying a 

high standard of living [8]. The reason that trade balance has 

little to do with social well-being appears to be a result of the 

fact that most products produced by a country are consumed within that country. In the 

United States, for example, 90% of its production goes to the United States. Productivity 

(price of the output produced divided by cost of labor or capital input [8,9]) appears to be 

more aligned with national prosperity [7,9], and is largely determined by domestic policies, 

not whether there is a positive or negative trade balance. If people within a country produce 

value-added products, that is, they are productive, they tend to prosper. Trade balance is 

largely the wrong measure of economic security of nations. 

Many believe that lower speed limits save lives.  Indeed, after speed 

limits on interstate highways were increased from 55 mph to 65 mph 

in 24 of the United States in 1987, there was an increase in fatalities 

on interstate highways of approximately 15% [10]. This would seem 

to indicate that measuring and enforcing lower speed limits saves 

lives and therefore is good social policy. A study by Lave and Elias, 

however, argued that this view on the social good derived from lower 

speed limits was much too narrow [11]. They showed that in those 

states where speed limits had increased, there was actually a 3 to 5% 

reduction in statewide fatalities of all kinds, arguing that this was the 

result of shifting police resources from enforcing speed limits to 

other safety activities, such as truck safety inspections or drunk driving checkpoints. 

Furthermore, they argued that with an increase in speed limit, traffic on a road will increase 

as well, naturally leading to an increase in the number of fatalities. Lave and Elias suggested 

that the rate of fatalities, or fatalities per vehicle mile traveled, is a more appropriate measure, 

which can account for the change in traffic patterns and can more appropriately compare 

Figure 1: Trade balance is often 

thought to be a measure of 

economic security. 

Figure 2: Many believe that 

enforcing lower speed limits 

can save lives. 



fatalities before and after the change. Measuring and enforcing speed limits can improve 

roadway safety, but the study by Lave and Elias demonstrates that reliance on one measure 

may mislead and misinform social policy. 

Many of us are on blood pressure and cholesterol medicine with the 

implicit belief that our life span will be extended. In fact, lower 

cholesterol is associated with reduced mortality, but apparently 

primarily in those under 50 years of age [12]. The impact of lower 

cholesterol decreases with age, and, interestingly enough, high 

cholesterol is associated with longevity over 85 years of age [13]. 

Among the general population, the interaction between cholesterol 

levels and type of illness is critical to understanding the health 

impact of cholesterol medicine. There was an improvement from 

cholesterol reduction in longevity for those diagnosed with heart 

disease but there was actually an inverse relationship between cholesterol-reducing medicine 

and longevity in those with illnesses unrelated to heart disease [14]. With regard to blood 

pressure, a different picture emerges. The evidence supports the conclusion that 

antihypertensive drugs provide a clear benefit for reducing stroke and major coronary events 

for those diagnosed with those diseases, thereby increasing longevity [15-17]. So, making the 

appropriate measurements for a given application can make a real difference. 

In terms of lighting, we primarily measure and regulate illuminance 

(lm/m
2
) and luminous efficacy (lm/W). Indeed, these measures drive 

our lighting designs.  As a result of societal emphasis on sustainability, 

illuminance levels have been reduced [18] and light sources have been 

made more efficacious [19]. Less efficacious light sources, such as 

incandescent lamps, are even being banned [20-23]. These measures are 

commonly believed to improve sustainability.  But do they? 

 

 

 

 

 

WE NEED NEW MEASURES FOR THE BENEFITS OF LIGHTING 

Illuminance and luminous efficacy are both based upon the photopic luminous efficiency 

function institutionalized in 1924 by the International Lighting Commission (Commission 

Internationale de l’Éclairage, CIE).  The photopic luminous efficiency function (Figure 5) 

weights the spectral irradiance distribution of any light sources to characterize the “visual”' 

effect of the light.  As visual science has progressed, however, the photopic luminous 

efficiency function is now known to be based upon only two of the three cone types in the 

retina [24], so it is inherently incapable of capturing the effectiveness of different light 

sources for many applications.  Importantly, V{λ) does adequately represent the effect of 

light on the speed and accuracy of reading achromatic tasks (e.g., newspaper print), but it 

does not characterize the perceived brightness of an indoor or outdoor space, the sense of 

discomfort glare from windows and headlights, the ability to discriminate between subtle 

hues, or the effectiveness of light for regulating our biological rhythms. It is remarkable then 

that illuminance level is the sole lighting application criterion for many national standards 

when it has such narrow relevance to the luminous environment. 

Figure 4: The benefits of 

lighting are currently 

measured in terms of 

illuminance levels on work 

surfaces. 

Figure 3: Blood pressure is 

considered to be a reliable 

measure of health. 



 

Figure 5: A wide variety of spectral weighting functions could be used to measure the benefits of lighting; see text for 

explanations of each function.  Presently we rely almost solely on one function, the photopic luminous efficiency function.  

Doing so compromises sustainable lighting. 

 

What is needed for sustainable buildings are new and better metrics for the benefits, and 

therefore the value, of lighting. As with illuminance and luminous efficacy, these new metrics 

must be quantifiable and easily measured. Without convenient and consistent measurement 

technologies and techniques, any new metric will have very limited effect on building 

practice and therefore building sustainability - again, we do what we measure, but we should 

be measuring the right things. 

The metrics discussed briefly below reflect the fact that the visual system is not a monolithic, 

single-dimension system, as implied with our focus on illuminance level and luminous 

efficacy. Rather, we use multiple, parallel channels to process different kinds of visual 

information important for performance, comfort, and aesthetics. Among the many pathways 

in the visual system, we have different neural channels to compute color, detect movement, 

discriminate fine detail, and make an overall assessment of how much light is present in the 

environment. Each of these channels weights the electromagnetic spectrum differently 

because different combinations of photoreceptors provide input to these channels. Defining 

“good” lighting in terms of illuminance levels or luminous efficacy diminishes, and even 

compromises, the benefits that lighting can produce. Discussed below are some practical 

metrics researched in our laboratory that better characterize the response characteristics of 

these visual channels. 

Color rendering 

After illuminance, color rendering index (CRI) is the most commonly used criterion for 

characterizing the benefits of lighting, although it is not regulated. In simple terms, CRI 

reflects how different the color rendering properties of a light source are from the reference 

light sources, natural daylight or incandescent light. The higher the CRI value, the closer the 

lamp is to revealing colors as they would appear under a reference light source (Figure 6). 

 



 

Figure 6: Good color rendering by a light source depends upon providing an optimum amount of color saturation.  Panel 

(a) renders the fruit pale and desaturated, while panel (c) makes the fruit appear unnaturally vivid.  By using both color 

rendering index (CRI) and gamut area index (GAI) to measure the color rendering properties of a light source, a color 

balance can be achieved, making natural objects like fruit appear appealing, as shown in panel (b). 

CRI, developed in the early 1960s [25,26], has been particularly important as a metric in 

retail applications, such as groceries and cosmetic stores, where colors are important for 

sales.  It is considered to be the most commonly used criterion for color rendering, and is 

recognized internationally [27]. A number of recent studies have shown, however, that CRI is 

not a completely satisfactory measure of people's perception of the color rendering properties 

of a light source. Indeed, some studies have shown that CRI is negatively correlated with color 

preference [28] and the perceived “naturalness” of fruits and vegetables [29]. These results 

suggest that electric energy (and money) may be wasted on light sources that are intended to 

provide good color rendering, but in fact do not. Thus, CRI alone is an unsatisfactory metric 

for accurately characterizing the color benefits of lighting under some conditions. 

A new adjunct metric, Gamut Area Index (GAI), was recently developed to address these 

documented limitations to CRI. In simple terms, GAI is a measure of the vividness of colors 

provided by a light source. GAI is very easy to determine because it relies on the very same 

measurement methods employed in the CRI calculation, but the GAI calculation utilizes the 

data in a slightly different way. Research has shown that when used together, light sources 

associated with high CRI and optimal GAI (high, but not too high) provide colors that look 

more natural and are generally more acceptable in a retail application [30,31]. Interestingly, 

reliance on a single metric, either CRI or GAI alone, leads to less acceptable color rendering. 

Importantly, many commercially available light sources provide suitable values of both CRI 

and GAI, and these sources are not more expensive, in terms of both initial and operating 

(energy and maintenance) costs. 

Mesopic Vision 

The human visual system is often referred to as having a duplex 

retina because it contains two different classes of photoreceptors, 

rods for night-time vision and cones for day-time vision. Photometry 

is the internationally accepted system for the measurement of light, 

and two spectral response functions, the scotopic (night-time) and 

photopic (day-time) luminous efficiency functions, are formally 

recognized by the CIE (Figure 5) [32,33]. The scotopic function is 

intended to be applied when rod-only vision is considered and the 

photopic function is to be applied when cone-only vision is of 

relevance. No photometric system has been formally adopted for 

roadway lighting recommendations, under mesopic (i.e., “middle”) 

conditions when both rods and cones are operating, as is the case for 

most outdoor lighting applications [34]. In practice, the photopic 

luminous efficiency function underlies all formal electric lighting 

recommendations, including mesopic conditions. 

Figure 7: Most night-time 

outdoor lighting provides illu-

mination in the mesopic region 

where both rods and cones 

provide visual information. 



A reliance only on the photopic luminous efficiency function for outdoor applications can be 

a problem for maximizing visibility as well as for minimizing electric energy use from a light 

source. Since the spectral weighting function, V(λ), does not match the spectral sensitivity of 

the visual system under mesopic conditions, both visibility and energy efficiency are 

compromised. The rods are sensitive to shorter wavelengths than is measured by the photopic 

luminous efficiency function, so outdoor light sources that emit energy at shorter 

wavelengths will stimulate the visual system more under mesopic conditions than is being 

measured by a light meter that has been calibrated in terms of the photopic luminous 

efficiency function. In other words, two light sources at the same measured (photopic) light 

level will be differentially effective for visibility under outdoor lighting if they differ in terms 

of their short-wavelength emission spectra. 

A unified system photometry was developed [35,36] to bridge the CIE scotopic and photopic 

luminous efficiency functions throughout the mesopic region of visual response, where both 

rods and cones are functioning. One of the many mesopic luminous efficiency functions is 

shown in Figure 5. The foundation of this unified system is based upon studies of the speed 

of visual processing [34]. This is generally considered a suitable response criterion for 

roadway applications because the speed of visual processing should be related to driving 

safety; the faster one can see a hazard, the faster one can make an appropriate response. Since 

outdoor lighting applications are commonly in the mesopic region, the application of a 

unified system of photometry should help ensure that the visual benefits (and presumably 

safety) of the light source are maximized while the electric energy needed to operate the lamp 

is minimized [37].  A version of the unified system of photometry has recently been adopted 

by the CIE [38] and is being considered by some countries as a basis for prescribing roadway 

lighting. 

Apparent Brightness 

The apparent brightness of a visual scene changes with light level; as the light level increases 

from scotopic, through mesopic, to photopic conditions, the world looks increasingly 

brighter. The unified system of photometry tracks the spectral sensitivity of the speed of 

visual processing, but research shows that combinations of the scotopic and photopic 

luminous efficiency functions in the unified system of photometry do not track the change in 

apparent brightness. Physiologically, a different combination of visual channels is used to 

assess apparent brightness than is used to react quickly to a hazard. In particular, the short-

wavelength S-cone mechanisms that contribute to color are also very important to perceptions 

of brightness [39], even though this mechanism does not contribute significantly to the speed 

of visual processing.  Consequently, brightness cannot be measured appropriately with 

illuminance level, even if based upon a unified system of photometry. Also, recent data 

suggest that the contribution from the S-cone mechanisms to brightness differentially 

increases with light level [37]. At low, mesopic levels the S-cone mechanisms play a minor 

role in brightness perception, but at higher, photopic levels this system begins to dominate. A 

brightness response function at high levels is shown in Figure 5. At office lighting levels 

(300-1000 lx) a room illuminated with “cool lamps” (e.g., 6500 K) that look bluish white will 

appear brighter than a room illuminated with “warm lamps” (e.g., 2800 K) at the same 

measured illuminance level (lm/m
2
). Lighting standards based upon providing equal apparent 

brightness rather than equal illuminance on the work plane could provide significant energy 

savings. 

 



 

Figure 8: Two boxes illuminated to the same photopic light level.  The box on the right illuminated with a blue-white “cool” 

light source (6500 K) appears brighter than the box on the left illuminated with a yellow-white “warm” light source (2800 

K). 

Circadian Light 

In effect, the retina is a triplex retina, not a duplex retina, because it contains rods, cones, and 

a non-visual photoreceptor system that regulates the timing of our biological rhythms. An 

intrinsically photosensitive retinal ganglion cell (ipRGC) was recently discovered [40], which 

plays the central role in converting light into neural signals to the superchiasmaitic nuclei 

(SCN) in the brain, which contain our master circadian (circa one day) clock. This clock 

orchestrates control over almost every aspect of our physiology, including production of 

hormones such as melatonin and cortisol, glucose metabolism, body temperature, blood 

pressure, sleep, and cognitive functions such as learning and memory consolidation [41]. 

Like the visual channels, this neural channel formed in the retina 

has a unique spectral response. The human circadian system 

exhibits a non-linear characteristic known as “subadditivity,” 

illustrated by the positive and negative regions of the spectral 

response function in Figure 5. In effect it is a “blue sky detector” 

with a peak sensitivity at short-wavelengths. Interestingly, it is 

essentially blind to long-wavelength light to which our visual system 

is quite sensitive [43]. This non-visual, but light-sensitive, system is 

responsive to the oscillations in the natural, 24-hour light-dark cycle. 

Disruption of this daily cycle, as with shift work or rapid trans-

longitudinal travel, may result in a wide variety of maladies from 

sleep disturbances to diabetes to cancer [44]. Modern architecture has created deep-core 

buildings with electric lights that can shield us from the bright daytime and extend night into 

day, both of which provide the potential to disrupt the regular 24-hour pattern of light and 

dark needed to maintain circadian timing and, consequently, good health.     

Would adopting these additional lighting metrics make any real difference? For outdoor 

lighting where a unified luminance, rather than photopic illuminance on the roadway, is the 

design criterion, switching from the mainstay lighting system of high-pressure sodium (HPS) 

to, for example, white light-emitting diodes (LEDs), the energy savings can be as much as 

40% [45]. In principle too, the safety benefits of the outdoor lighting system can be increased 

while energy use can be held constant [46,47]. In either case the value ratio, and therefore 

sustainability, of the outdoor lighting system has been increased by using a new and better 

metric to design outdoor lighting. 

Figure 9: The circadian 

system is effectively a “blue 

sky detector,” with peak 

sensitivities at short wave-

lengths. 



For indoor lighting, apparent brightness of the visual environment is often more important 

than photopic illuminance on the workplane [48]. Where apparent brightness is the design 

criterion, energy savings of 20% to 30% can be readily achieved with existing technologies. 

Similarly, where color rendering is important, existing technologies can be used to achieve 

high CRI and optimal GAI. This change will have little or no impact on energy use, but 

would improve the benefits, and therefore the value, of the lighting system. By joining the 

new apparent brightness and color rendering criteria into standards, the sustainability of the 

lighting system will be increased because both the cost denominator has decreased and the 

benefit numerator has increased in the value ratio.   

To promote the regulation of biological rhythms in buildings, daytime lighting energy use 

might increase by 20% because circadian light levels are probably too low in existing 

buildings that have used workplane illuminance as the sole design criterion. Lighting controls 

become critical in this value proposition because high circadian light levels are not needed all 

day long. Rather, it seems that high circadian light levels are primarily effective for 

regulating biological rhythms in the early morning, and high light levels have little or no 

effect on the circadian system in the afternoon. It is beyond the scope of this paper to discuss 

lighting control strategies for buildings operated at night or over the full 24-hours with 

multiple shifts, but such strategies based upon the evolving science of circadian rhythms are 

beginning to be discussed more widely among application engineers [49]. 

 

WE NEED TO DISCUSS THE MEASURABLE BENEFITS, AND THEREFORE THE VALUE, OF LIGHTING 

Unfortunately, logical, evidence-based arguments do not necessarily persuade.  We have 

already seen that commonly held beliefs about trade balance, speed limits, and cholesterol 

levels are not necessarily valid. Yet, many of us believe they are. J. Edward Russo and Paul 

Schoemaker make a very strong argument that we believe what we hear, and the more we 

hear it, the more we believe it, whether or not what we hear is true [50]. They compared 

peoples' beliefs about health risks with what was published in newspapers about health risks.  

What they found was that peoples' beliefs were not based upon the facts, but rather, on the 

frequency of newspaper reports devoted to a topic. For example, stomach cancer is a greater 

killer than all motor vehicle accidents combined, but stomach cancer is not covered by the 

newspapers, while motor vehicle accidents are (Table 1). Consequently the majority of us 

believe that more people die from motor vehicle accidents than from stomach cancer. The 

Lighting Research Center (LRC) performed a similar study comparing the amount of press 

coverage devoted to different outdoor light sources with what was actually specified, and 

found a nearly perfect correlation between what was talked about in the trade press and what 

got applied in practice, despite clear evidence that, objectively, the least specified technology 

was superior to all others based on existing lighting design criteria [51]. 
 

Cause of Death People’s Choice 

in Each Pair 

Annual U.S. 

Total 

(in 1,000s) 

[Typical] 

Newspaper Reports 

Per Year 
        

Stomach Cancer 14% 95 1 

Motor Vehicle 

Accidents 

86% 46 137 

    

Emphysema 45% 22 1 

Homicide 55% 19 264 

    

Tuberculosis 23% 4 0 

Fire and Flames 77% 5 24 
 

Table 1: Russo and Schoemaker compared what people believe with what was true and what was covered in the press [50]. 



If we are going to improve sustainability of lighting, we must 

publically talk about the value of lighting. Evidence-based results are 

not going to be effective on their own. We must therefore draw 

attention to the fact that the benefits of lighting go well beyond 

workplane illuminance and luminous efficacy. Current lighting 

recommendations and standards based on illuminance and luminous 

efficacy may, in fact, compromise health, well-being, productivity, 

and energy efficiency; in other words, existing standards based upon 

illuminance and luminous efficacy likely compromise sustainability. 

Talk is cheap, so we have to agree on quantifiable metrics on which to 

base new recommendations and standards. These ideas must be 

broadly discussed and resolved if we are to make real strides in 

developing sustainable lighting practices.   

 

CONCLUSION 

In sum then, we do not have sustainable lighting practices today because we are focused on 

inadequate metrics, illuminance and luminous efficacy. We can change that for the better by 

defining, measuring, and specifying metrics that better characterize the benefits as well as the 

costs of lighting. Perhaps most importantly, we must also begin to publically talk about the 

value of lighting so that new and better metrics can be accepted and used by regulators and 

lighting practitioners. 
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ABSTRACT 

Most promising technology for cost-effective decentralized solar electricity production is 

based on thin film photovoltaics. Lowest production costs per output power are reached with 

thin film solar modules based on the inorganic compound semiconductors CdTe and 

Cu(In,Ga)Se2 (CIGS). The high conversion efficiency potential of these two technologies has 

been demonstrated on laboratory scale solar cells reaching 16.5% and 20.3%, respectively, 

resulting in high power output per installed area. Substituting the commonly used rigid glass 

substrate by flexible and lightweight materials such as polyimide films or metal foils will 

further reduce production costs due to the possibility of fast roll-to-roll manufacturing and 

will also open new markets and enable advanced applications. In addition to mobile solar 

energy production in consumable electronics as well as in vehicles on land, on sea, in air, and 

in space, the flexibility and lightweight of this technology allows new concepts for solar 

electricity sources integrated in facades or roofs of sustainable buildings in future. 

Latest results on the development of flexible thin film solar cells and monolithically 

interconnected modules based on CdTe and CIGS absorber materials are presented in this 

paper. The concept of coloured solar cells for architectural glazing or shading elements will 

also be presented. CdTe and CIGS devices are multilayer stacks of thin films and precise 

structuring on nanometre scale is essential to obtain high efficiencies. We focus on low-

temperature deposition processes for both technologies which allow exact control of required 

nanostructure at the interfaces and grain boundaries of the polycrystalline layers. For CIGS 

we developed an innovative multi-stage deposition process yielding an optimized energy band 

gap profile across the absorber layer thickness in order to reduce recombination losses in the 

device. We present conversion efficiencies for flexible CdTe solar cells exceeding 13% and 

for flexible CIGS solar cells crossing 18%. We also demonstrate the feasibility of up-scaling 

of the processes and fully laser based monolithically interconnected mini-modules with 

conversion efficiency towards 10% for CdTe and 15% for CIGS. 

 



INTRODUCTION 

Inorganic thin film photovoltaics based on chalcogenide semiconductors such as 

Cu(In,Ga)Se2 (CIGS) and CdTe proved high potential as the most cost-effective PV 

technology in the near future. This is due to the lower production costs compared to wafer 

based PV technologies and higher achievable conversion efficiencies compared to other thin 

film approaches like amorphous/micromorph silicon, dye sensitised, or organic solar cells. 

The latter two might, however, become even more cost-effective in remote future.  

In this paper we present the latest achievements in the development of flexible and 

lightweight CIGS and CdTe solar cells and modules. We discuss the feasibility of up scaling 

of these technologies and the impact on sustainable building development.  

METHOD 

The CIGS and CdTe solar cells and modules presented in this paper are grown by low 

temperature processes on polyimide films.  

For CIGS solar cells a Molybdenum based metal layer structure  is deposited as back contact 

by dc-sputtering onto the flexible polyimide substrate. The p-type CIGS absorber layer is 

grown by a multi-stage co-evaporation process in high-vacuum. The maximum substrate 

temperature during the evaporation process is in the nominal range between 450-500°C as 

measured contactless with a k-type thermocouple behind the substrate. The n-type CdS buffer 

layer is grown by chemical bath deposition followed by a transparent i-ZnO/ZnO:Al bi-layer 

front contact. The solar cells are finished with Ni/Al/Ni fork-shaped grid fingers and 

separated by mechanical scribing to nominal 0.6 cm
2
 device area. Details of the fabrication 

process can be found elsewhere [1,2]. 

CdTe solar cells are fabricated in the superstrate configuration where the choice of substrates 

is limited to transparent materials since the light enters the solar cell through the substrate. In 

the superstrate configuration a transparent conductive oxide (TCO) front contact ZnO:Al layer 

and a highly transparent and resistive i-ZnO layer are grown by rf-magnetron sputtering on 

the polyimide substrate. The n-type CdS and p-type CdTe layer stack is deposited by high 

vacuum thermal evaporation from the compounds and subsequently annealed at 420°C in a 

chlorine and oxygen containing ambient. The solar cells are finished by evaporation of a 

Cu/Au bilayer onto Te enriched CdTe surface. The solar cell area of 0.15 cm
2
 is defined by 

the back contact geometry. More details of the process can be found elsewhere [3]. 

The photovoltaic properties of the flexible solar cells are measured by current-voltage 

characteristics at standard test conditions under simulated AM1.5G illumination at 1000 

W/m
2
 irradiation intensity and 25°C device temperature following the international standard 

IEC 60904-1 Ed.2.  

RESULTS AND DISCUSSION 

The chalcopyrite thin film solar cells are multilayer devices which can be grown on large area 

substrates. Figure 1 illustrates schematically the built-up of the layers of the two devices 

discussed in this paper. In both technologies the core of the device is a pn-junction formed 

between the p-type absorber layer CIGS or CdTe, respectively, and the n-type CdS layer. In 

this system the incoming light is absorbed and free charge carriers are generated which are 

then separated by the built-in electrical field in the pn-junction. The charge carriers are 

extracted by two electrical contacts, a transparent conductor at the front which is commonly 

made of a transparent conductive oxide (TCO) and a metallic structure at the back. 



 

Figure 1: Schematic built-up of the CIGS and CdTe thin film solar cells. CIGS devices are 

commonly grown in the illustrated substrate configuration while highly efficient CdTe devices 

are achieved in the superstrate configuration. In the superstrate configuration the choice of 

substrates is limited to transparent materials because the light enters the solar cell through 

the substrate. 

Conversion efficiencies of 20.3% for CIGS and 16.5% for CdTe are reported for solar cells on 

glass substrate fabricated with high temperature deposition methods (>600°C) [4-6].  

Low temperature deposition processes for both the CIGS (<500°C) and CdTe (<450°C) 

technology were developed in our laboratory. These processes allow the utilization of a larger 

variety of substrate materials. This includes polyimide films, stainless steel and mild steel 

foils as well as aluminium foils for the CIGS process and transparent materials such as soda 

lime glass and polyimide film for the CdTe process. 

Figure 2 shows the conversion efficiency values achieved for flexible CIGS and CdTe solar 

cells within the last decade. The photovoltaic performance continually increased due to 

improved understanding of material synthesis and interface engineering. For CIGS 

technology the most recent advancement was achieved by optimization of the CIGS 

composition grading, the sodium doping and the microstructure. This led to reduced 

recombination losses in the device and to a solar energy conversion efficiency of 18.7% for a 

flexible CIGS solar cell. This is the highest reported efficiency for any flexible and 

lightweight technology [7]. In case of CdTe the most recent improvement was achieved by 

reducing the parasitic light absorption in the substrate material. With a clear polyimide film 

the conversion efficiency was increased to 13.8% [8]. 

 

Figure 2: Conversion efficiencies of flexible CdTe and CIGS solar cells fabricated by low 

temperature processes. Also shown is the in-house reference on glass and the highest 

reported efficiency for each technology. 



Photographs of flexible CIGS and CdTe solar cells on polyimide substrate are shown in figure 

3. The solar devices have a critical radius of curvature below 1 cm and a power density 

without lamination of >2.3 kWp/kg and >1.7 kWp/kg for CIGS and CdTe, respectively.  

 

Figure 3: Photographs of flexible CIGS (left) and CdTe (right) solar cells on polyimide 

substrates. 

In operating conditions (maximum power point) CIGS and CdTe solar cells have a typical 

voltage of about 0.6 V and 0.7 V, respectively. This voltage is too small for most applications 

and also would result in major resistive losses in the cabling. The device voltage is increased 

by serial interconnection of the solar cells to solar modules. A key advantage of thin film 

photovoltaics is the possibility for monolithical interconnection. The flexible solar modules 

presented in this paper are monolithically interconnected using laser scribing technique for all 

patterning steps [9]. 

Figure 4: Flexible and lightweight CIGS (left) and CdTe (right) solar modules. 

Figure 4 shows photographs of flexible CIGS and CdTe solar modules where all patterning 

steps are performed with laser scribing. For the CIGS solar module with an aperture area of 

13 cm
2
 eight cells are connected in series yielding a device voltage of 5.22 V and an active 

area efficiency of 14.7%. For the first time we proofed the concept of flexible CdTe solar 

modules. Eleven cells are connected to a module with an aperture area of 32 cm
2
 yielding a 

voltage of 8.35 V and an active area efficiency of 9.4% [9].  

The flexibility and lightweight of the highly efficient CIGS and CdTe solar devices allow 

building integration (and also building application) in structures which can not take the 

additional load of heavy and rigid glass laminated solar modules. Flexible photovoltaics can 

be integrated in light constructions in order to reduce the overall footprint. The flexible solar 

modules can be laminated to building elements such as flat roof membranes, tiles or metallic 

covers without adding weight and thus, the installation costs can be reduced significantly. 

Furthermore, the flexibility and lightweight allows for new concepts in design oriented PV 

application. 

For optimized light absorption an additional optical coating is applied in order to match the 

refractive index at the interface and reduce reflection losses over a broad wavelength 



spectrum. Furthermore, the additional optical coating can be used to engineer constructive and 

destructive interference effects. By changing the thickness of the optical coating the narrow 

wavelength region for constructive reflection can be tuned, i.e. the colour of the thin film PV 

devices can be selected (fig. 5).  

 

Figure 5: Illustration of the effect of constructive interference for colour selection. Choosing 

the colour of the PV devices for architectural glazing is possible. 

Beside the advantages of flexibility and lightweight of the finished product the rollable 

substrate material enables the use of cost-efficient and fast roll-to-roll production methods 

which proofed very high throughput in applications like food packing or newspaper printing. 

With the roll-to-roll technology not only a higher throughput but also lower investment costs 

for the equipment are expected. Currently several companies such as Global Solar (USA), 

Ascent Solar (USA), Odersun (Ger), Solarion (Ger) or Flisom (CH) are developing or 

ramping up production facilities using roll-to-roll based manufacturing.  

The high efficiency, flexibility, and lightweight of the presented thin film PV technologies 

have significant advantages and allow new concepts in PV application: 

 Smaller surface area for same output power 

 Lower balance of system costs 

 Application on windows, roofs, and facades possible also in light constructions and 

curved surfaces 

 Customizable for design oriented PV applications 

 

These results show that conversion efficiencies of flexible and lightweight inorganic thin film 

photovoltaics are approaching the values achieved on rigid glass substrate yet with additional 

advantages not only of the product but also during manufacturing. The flexibility and the 

lightweight of the CIGS and CdTe thin film devices as well as the projected low production 

costs make the application in new concepts for building integrated photovoltaics possible. 
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ABSTRACT 
For building integration of solar-powered energy systems, aesthetic aspects play an important 
role. Covering a standard solar collector with a coloured glazing, opaque to the human eye but 
highly transparent to solar energy, permits a perfect architectural integration of solar thermal 
panels into glazed building façades. The thermal energy produced can be used for both solar 
heating and cooling, as well as for domestic hot water. The principle of the coloured 
appearance is based on interference in the thin-film coating on the reverse side of the cover 
glass. Different interference filters based on nano-composite materials deposited by the sol-
gel method were presented at CISBAT 2007 [1]. 

Currently, we are developing new plasma-deposition processes, which are more suitable for 
industrial large-scale production. A new state-of-the-art ultra-high vacuum (UHV) system for 
magnetron sputtering deposition of novel nano-composite solar coatings has recently been 
designed, constructed, and installed at the Solar Energy and Building Physics Laboratory 
(LESO-PB). Up to five different magnetron sources can be used simultaneously, in reactive 
and non-reactive mode. The geometric configuration of the chamber has been optimised for 
best film homogeneity and allows the deposition on substrates up to 100 mm in diameter. 

The optical and electronic properties of thin films are closely interrelated and highly relevant 
for solar coatings. Photoelectron spectroscopy provides information on the coating structure, 
the deposited material and its chemical state inside the coating, as well as the nature of the 
interface between different layers. A system for ESCA analysis (Electron Spectroscopy for 
Chemical Analysis) has recently been installed and put into operation at LESO-PB. By 
ellipsometry and spectrophotometry, we can determine exactly the different optical properties 
of the coating, such as layer thickness, refractive index, or absorption coefficient. This 
provides best conditions for highly efficient research and development on new materials for 
further optimisation of the coloured interference filters.  

First results have been obtained with our new experimental infrastructure and will be 
presented in this contribution. 

INTRODUCTION 
A perfect architectural integration of standard solar thermal collectors, which are either glazed 
or unglazed, is difficult to obtain. Perfect building integration means that the collector is part 
of the building's envelope or an architectural design element and can therefore not be 
recognised immediately as solar collector [2,3]. Nowadays, most thermal collectors are 
installed on rooftops and produce domestic hot water or heat swimming pools. Very rarely 
one finds collectors mounted on the façades of buildings [3]. The main reason for this is the 
black or dark bluish colour of the selective absorber, which is highly visible through a 
standard cover glass. However, associating the visible and exposed part of the collector with a 
colour would grant architects complete freedom for a perfect architectural integration into the 



building's envelope [2,4]. By using not only the roof but also the façade, a much larger 
surface will be available for active solar energy conversion and will enable the possibility of 
solar cooling for commercial buildings with limited space on their rooftops [5]. 

At the Solar Energy and Building Physics Laboratory (LESO-PB) of the École Polytechnique 
Fédérale de Lausanne (EPFL) several coloured filters based on thin-film nanotechnology were 
developed [6-8]. Those filters combine a visible coloured reflection with a very high 
transmittance of solar radiation. The work benefitted considerably from the collaboration with 
the Physics Department of the University of Basel. 

For the thin-film deposition we work with reactive magnetron sputtering, which is today the 
state-of-the-art coating technique used for a wide range of optical applications going from 
thin-film photovoltaic cells to precision optical filters and large area window glass. A new 
ultra high vacuum (UHV) deposition system for magnetron sputtering was recently designed, 
constructed and installed in our brand-new NanoSolar Lab. For physical and chemical 
analysis of the coating we use a UHV system for ESCA analysis (Electron Spectroscopy for 
Chemical Analysis), which was installed and put into operation recently. Furthermore, we 
perform spectrophotometry and ellipsometry measurements for the optical characterisation of 
the deposited thin films. 

This paper reports on recent developments and results obtained within the scope of a 
technology transfer to our industrial partner SwissINSO SA. The energetic performance of the 
coloured filters was improved in comparison to the real-size collector glasses at the LESO-PB 
and we obtained in our new deposition chamber a seven times larger homogenous zone for 
laboratory samples. Additionally, the possibility of matching the reflection colour with the 
colours of commercial window glasses was demonstrated. Another contribution to this 
conference will present the recent status in application and building services [5]. 

METHODS 
Photoelectron Spectroscopy (PES, ESCA) is a powerful analysis method for measuring the 
elemental composition and the chemical state of the elements in a coating, as well as its 
electronic properties, which are directly linked to its optical properties [9,10]. In PES 
measurements the sample is exited with energetic photons. Due to the external photo effect, 
electrons are ejected from the sample. Depending on the different energy of the 
photoelectrons leaving the sample, the chemical composition of the surface of a sample and 
the chemical status of the atoms can be determined. Since the electron escape depth is only a 
few Å, which corresponds to several monolayers of atoms, this method is very surface 
sensitive.  

Our ESCA system, shown in figure 1a, is equipped with X-ray and monochromatic X-ray 
sources for quantification of the elements and their chemical state on the sample. For the 
characterisation of the valence band and the metallic properties of a material our spectrometer 
has additionally a UV source [11,12]. 

Thin-film deposition by magnetron sputtering is a high-tech and complex state-of-the-art 
plasma process for a large variety of coatings on glass. For our research on novel 
nanostructured materials we use a very flexible and modular deposition chamber, which is 
equipped with five magnetrons positions, which allows us to deposit different materials 
simultaneously by co-sputtering on substrates up to 100 mm in diameter.  

The plasma based sputtering process is schematically shown in figure 1b, as well as a 
photograph of the chamber with an on-going co-sputtering process in figure 1c. Already 
without any bake-out of the chamber, the background pressure obtained is in the range of 



10-8 mbar. The geometry of the chamber and the process parameters were optimised in order 
to achieve a large homogenous deposition zone across the substrates. 

 

a)      

Figure 1: a) The UHV deposition chamber for magnetron sputtering and the ESCA analysis 
system of the NanoSolar Lab. b) Schematic drawing of the reactive sputtering process in our 
chamber. The magnetron with the target is located underneath the rotating substrate. 
c) Photograph of chamber during co-sputtering: By using two magnetrons with different 
target materials, nanostructured optical thin-film coatings are obtained. 

Experiments for optimising the sputtering parameters to achieve good material properties and 
at the same time a large homogenous zone were performed. A suitable gas flow for the 
sputtering gas (argon) was determined to obtain a stable plasma with a RF power of 100 W at 
13.56 MHz. By using the hysteresis of the self-bias voltage for Si and TiO targets versus the 
Ar:O2 ratio, we obtained a first indication for the argon-oxygen ratio suitable for the 
deposition of completely oxidised SiO2 and TiO2 layers. To ensure that we reached the correct 
stoichiometry of the oxides, we worked in the stable reactive deposition regime of the 
hysteresis. XPS measurements support finding optimised sputtering conditions at higher 
deposition rates with the intended film stoichiometry. 

RESULTS 

Homogeneous laboratory samples of 70x60 mm2 with highly transparent coloured filters are 
shown in figure 2. The interference filters, based on multilayers of nanostructured oxidic 
materials, consist of silicon dioxide (SiO2), titanium dioxide (TiO2), and compounds 
TixSi1-xOy with y close to 2. The homogeneity was achieved by rotating the substrate during 
deposition, after optimising the target-substrate distance. The layer designs are scope of the 
technology transfer, and therefore confidential. 

For a good solar performance of the solar thermal collector glazing a direct solar 
transmittance τsol greater than 85% was envisaged to have nearly the same performance as a 
standard collector with an extra-white solar glass (τsol = 91%). Several coloured samples with 
colours from blue to green to yellow with a total solar transmittance from 88% up to 91% 
have been produced. A selection of the produced coloured samples is shown in figure 2. For 
the reddish and orange-reddish (brick red) coloured samples we achieved a performance of 
83% of solar transmittance.  
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Figure 2: Demonstration boxes with eight homogenous coloured thin-film filters on 4-mm-
thick extra white glass samples (70x60 mm2) with front surface treatment by chemical etching.  
The coloured filters hide perfectly the parts of a real solar thermal absorber mounted at the 
bottom of the demo boxes. 

Depending on their colour the coatings consists of different multilayer stacks. The stacks were 
designed with the method of the characteristic matrices for thin films by multiplication of 
their mathematically complex components starting from the multilayer design types presented 
by Schüler et al. in 2005 [8,13]. The measured optical data is in good agreement with the fit-
curves (see the spectral reflectance of selected design types in figure 3b). The optical 
constants n(λ) and k(λ) used for fitting the data were determined by ellipsometry 
measurements. The high accuracy and reproducibility of the multilayer stacks offer the 
possibility of refinement of colours.  Due to this we could match the interference filters with 
colours of existing commercial glazing (see figure 3a).  

 

 a)          b)     

Figure 3: a) Photograph of green and blue coloured samples (middle) which match to given 
commercial sun protection glasses. b) Reflectance curves of sputtered samples with different 
layer design and colours are presented. The measured data are in good agreement with the 
fit-curves (dotted lines). The colours in the graph indicate approximately the reflection 
colours of the samples. 

The presented greenish and bluish samples match the colours of the commercial sun 
protection glasses shown in the same photograph. For the colour matching the commercial 
glasses were investigated with the Window Stand, with which reflectance and transmittance 
spectra of real-size glazing can be measured angular depended [14]. The colours of the 
samples were optimised for an angle of incidence of 15°, the smallest angle for the reflectance 
measurements of the glazing.  
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DISCUSSION AND OUTLOOK 
Homogeneous coloured samples for solar thermal collectors were successfully produced by 
magnetron sputtering. The samples are very promising, as they can have a high solar 
transmittance τsol greater than 88%, which is close to the one of standard collector cover glass 
(τsol ≈ 91%), and at the same time they are completely opaque to the human eye. Furthermore, 
we achieved for laboratory samples an outstanding homogeneity in layer thickness and 
therefore in their colour reflection. By fine-tuning of the coloured filters the reflection colour 
of the cover glass for the collector can be matched with the colour appearance of commercial 
products. As bluish and greenish colours are widely used for glazing on façades, we 
demonstrated it for a dark blue and a green-bluish commercial sun protection glass. 

Those coloured filters, by accepting 3% of energy loss, will grant all flexibility for building 
and façade integration and therefore will increase the accessible surface used for solar thermal 
energy tremendously, especially on high-rise buildings. Since the interference colour can be 
varied, it is also possible to re-produce colours of existing commercial sun protection glasses 
to provide a completely uniform colour appearance on a façade of a building.  

So far, the deposition parameters for the reactive sputtering with oxygen, determined with the 
characteristic hysteresis, were chosen conservatively for depositing in a stable sputtering 
regime with high oxygen content in the gas mixture. The advantage of this was to achieve a 
good layer quality with the correct stoichiometry inside the coating. However, high oxygen 
content is reducing the deposition speed, which limits the flexibility in layer thicknesses. In 
order to increase the sputtering yield without altering the coating stoichiometry, we will use a 
lambda probe for controlling more precisely the partial oxygen pressure during film 
deposition. With transmittance measurements by spectrophotometry the film stoichiometry is 
verified and ESCA analysis supports the research for new suitable coating materials for 
advanced interference filters. 

The requirements for physical, chemical, and optical properties of those materials are: 

• Transparency: Near-zero absorption over a wide range of the solar spectrum. 

• Durability: The coating must be chemically stable and must stick to the glass for the 
lifetime (~20 years) of the collector itself. 

• Tempering stability: Heating and shock cooling persistence, to be able to integrate the 
coloured glass in façades.  

• Hardness: For handling and mechanical resistivity the coating material has to be hard 
and scratch resistant. 

• Tuneable refractive index n for high-index layers and a very low n for low-index 
layers. 

The current results and the gained experience, in combination with our brand-new NanoSolar 
Lab will support the development of those novel nanostructured materials. They will grand 
more flexibility in the multilayer design of the interference filters and with it in the reflection 
colour of the solar panels. As already now architects show a large interest in building 
integration of solar energy devices, a free choice of their colours combined with a good 
energetic performance will promote the usage of the building’s façade for solar energy 
conversion.  
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ABSTRACT 

Photovoltaic electricity has already proven its ability to compete with other well established 

technologies for energy production. The abundant and non-toxic raw materials, the yearly 

increasing efficiency as well as the production cost of silicon thin-film solar cells getting 

lower and lower make this technology always more interesting for a wide spread use.  

Beside the functional features, the size, colour and glass texture of a PV module determine its 

appearance and aesthetics. In order to be more compliant with the built environment, 

photovoltaic installations have to be improved in terms of visual rendering, matching of 

colour of the existing roof-tops and parasitic reflections. The crystalline technology already 

offers various types of systems with a large choice of shapes, textures and colours as well as 

“semi-transparent” modules more easily integrated in the roof-tops or facade. By changing the 

anti-reflective coating (ARC) of a crystalline solar cell, it is possible to modify their colour 

[1]. However, for thin-film silicon technology the challenge is completely different, and up to 

now, the only way to modify the module colour is to reduce the thickness of the active layer 

and consequently its efficiency. Therefore new ways to enhance the visual rendering of the 

thin-film modules have to be explored. A study led in the frame of the ArchinSolar project [2] 

has shown that architects are ready to integrate PV modules with enhanced aesthetic aspect, 

even though there was a 10 % loss in efficiency. 

The present study shows how new coloured filters can be used to enhance PV modules’ 

appearance while minimizing power loss, to achieve a better integration in the traditional 

urban or rural environment. 

INTRODUCTION 

The enhancement of aesthetics for a better building integration of solar thermal collectors has 

already been developed by the use of coloured filters [3]. The challenge of the ArchinSolar 

project is to develop further these techniques and adapt them to PV modules, for which the 

requirements concerning the range of light transmission are completely different [4]. In this 

purpose, a special chemical treatment of the outer side of the novel glass element shall 

produce a textured or matt appearance while decreasing light reflection. In order to vary the 

module’s colour, an optically selective filter is applied on the inner side. Minimizing energetic 

losses, this filter should only reflect a selected part of the incoming radiation. The coloured 

filters have to be optimized to combine an intense colour with a good light transmission. 
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A first version of these selective filters was tested on amorphous silicon (a-Si:H) thin-film 

modules. Each combination of cell, filters, back-reflector and texturized glass was 

characterized optically and electrically. Transmission and reflection spectra were recorded in 

the UV-Visible-NIR range by spectrophotometry and the quantum efficiency and the current-

voltage characteristic were measured. 

 

Figure 1: Sketch of the measured stack  

METHOD 

Two different selective filters, reported hereafter as Filter 1 and Filter 2 were tested. They 

were both orange, filter 1 having a low reflection, while filter 2 was more reflective and its 

colour appeared more intense. Commercially available a-Si:H mini-modules were used for the 

measurements. The modules were monolithically inter-connected; therefore, to connect one 

cell, wires were soldered at the back of the cell n
th

 and n+1
st
. To get an as low as possible 

contact resistance with the back ZnO, the wires were soldered with the USS9200 ultra-sonic 

soldering station from MBR Electronics. The filters were placed on top of the cell covered 

with an index matching liquid, Immersol 518N from Zeiss, corresponding to the glass and 

encapsulant indices, to avoid the presence of air between the filters and the glass of the 

modules. Between the measurements, the different parts of the stack were cleaned in an ultra-

sonic bath filled with isopropanol. 

External quantum efficiency was measured with an in-house setup, current-voltage 

characteristics was measured with a Wacom sun simulator and the transmission and reflection 

spectra were recorded using a Lambda 900 spectrometer from Perkin-Elmer, with an 

integrating sphere. 

RESULTS 

External Quantum Efficiency measurements 

External quantum efficiency (EQE) setup allows measuring the amount of charge carrier 

created at each wavelength with the cell in short circuit. A grating selects the wavelength of 

the light illuminating the cell and the current is collected through two wires directly soldered 

on the zinc oxide electrodes. The incident power at each wavelength is reported to the solar 

spectrum AM1.5, in order to determine the current density in short circuit Jsc, at 1000 W.m
-2

. 

Only a small area of the cell was illuminated (2mm
2
), therefore 3-5 measurements were made 

for each conditions, moving the sample each time, in order to average the values. The 

standard deviation of the short circuit current density measured with EQE was below 1% for 

each sample. For each cell, the measurements were done under 6 different conditions (bare 



cell, cell with white back-reflector (BR) on the back, cell + filter 1 on top, cell + filter 2 on 

top, cell + BR + filter 1, cell + BR + filter 2). Due to the design of the EQE setup, it was not 

possible to include the texturized glass in the set of samples. 

A higher loss due to reflection was observed for the cell + filter condition (see Figure 2) in the 

blue part of the spectrum as compared to the bare cell condition. The reflection in this region 

did not participate to the colour of the stack and therefore this part would have to be 

optimized. The amount of current lost in the blue region was only 0.5% for the filter 1 

whereas it was 2.5% for the filter 2. By reducing the reflection of the filter 2 in the blue 

region, the loss in current density could be reduced to a value around 10%.   

 

Figure 2: Measurements of the EQE and the losses due to reflection and absorption in the 

front part of the cell (glass and filters), for the bare cell (plain curves), the cell with the filter 

1 (dotted curves) and the cell with filter 2 (dashed curves). Plot on the left corresponds to the 

cell without back-reflector; plot on the right corresponds to cell with white reflector. 

Optical simulation of EQE 

1-dimension optical simulations of a-Si:H solar cells with filters were performed using the 

Sunshine software [5] developed by the University of Ljubljana, Slovenia. Simulations 

allowed us to avoid taking into consideration the power loss due to the module quality and 

other parasitic electrical effects present in the measurements. Simulation of the bare cell fitted 

well the measured EQE (see Figure 3). 

 

Figure 3: EQE and 1-R curves for the a-Si:H cell measured (plain curves) and simulated 

(circles) 



Based on the transmission measurements of the filters, the solar spectrum AM1.5 was 

transformed and inserted in the simulator. Conditions with and without back-reflector were 

considered. 

Due to some imprecision in the calculation, this method overestimated the loss in current. The 

loss was found to be 3.6 to 4.4% higher than the one measured with EQE (see Table 1 and 

Table 2). But when those simulated losses were compared to I-V data, the difference was 

found to be below 3.5%. Even though the losses were different, the trends remained the same; 

therefore Sunshine could be an interesting tool for the optimization of the filters, before 

manufacturing. 

Current-Voltage measurements 

The I-V characteristics were recorded for the same combinations as described above. The 

texturized glass was also placed on top of the stack. 

 

Figure 4: I-V curves of a mini-module with filters, back-reflector and texturized glass. The 

voltage was divided by the number of cells connected. 

Introducing an additional textured glass on the top of the stack should lead to a decrease in 

reflection and though an increase in efficiency. However, during the measurements, there was 

light leakage, due to the thickness of the glass, on the edges of the cell. This was the reason 

why the loss in current was higher for the I-V measurements than for the EQE measurements. 

This leakage will be reduced by increasing the area of the module. 

The relative efficiency loss was below 9.1% for the cell with filter 1 and below 14.4% for the 

cell with filter 2 (see Figure 4).  

 

 
Loss in Jsc 

from EQE (%) 

Loss in Jsc 

from IV (%) 

Loss in Jsc from 

Simulation (%) 

Cell + Filter 1 5.4 6.2 9.6 

Cell + Filter 1 + 

Texturized glass 
 7.7  

Cell + Filter 2 11.0 12.9 15.4 

Cell + Filter 2 + 

Texturized Glass 
 13.4  

Table 1: Loss in short circuit current when filters and texturized glass are placed on top the 

cell. The reference is the bare cell. 



 
Loss in Jsc 

from EQE (%) 

Loss in Jsc 

from IV (%) 

Loss in Jsc from 

Simulation (%) 

Cell + Filter 1 6.3 7.8 9.9 

Cell + Filter 1 + 

Texturized glass 
 9.0  

Cell + Filter 2 11.8 13.5 16.0 

Cell + Filter 2 + 

Texturized Glass 
 13.8  

Table 2: Loss in short circuit current when filters and texturized glass are placed on top the 

cell with back-reflector. The reference is the bare cell with back-reflector. 

Colour determination 

The aim of this study was to show the colour changes when adding coloured filters on 

modules. The CIE (International Commission on Illumination) Yxy colorimetric co-ordinates 

shown in Figure 5 were evaluated from the pictures of each element, under standard 

illuminant D65 and standard observer 1931. 

 

Figure 5: Blurred picture and CIE xy co-ordinates of each stack 

xy values of the different stacks showed that adding the filters allowed to tune the tint to get 

closer to the colour of a typical roof tile and that the role of the white reflector could also help 

for a better visual rendering. 



CONCLUSION 

This study shows clearly that by using filters 1 and 2, the loss of efficiency is lower than 16%, 

which is much lower than the 33% considered in the work of Selj et al. for crystalline 

technology [1]. A module with the filter 1 would be in the acceptable range of efficiency, if 

we consider the limit of 10% loss in efficiency the architects would accept. For the filter 2, it 

has been shown above that reducing the reflection in the blue range of the spectrum could 

reduce the loss in current (and therefore in efficiency) to a value closer to the 10%. For both 

filters, any absorption will be avoided by tuning finely the deposition parameters. The present 

study shows us the importance, for a better precision, to consider the simulation of the whole 

stack instead of combining spectrophotometry measurements and simulation of the cell only.  

Despite the filters optimization is still needed for better performances as well as the design of 

others colours, our results are really promising for designing more esthetical modules better 

adapted for a respectful architectural integration. 
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ABSTRACT 

CuInSe2 thin films have been grown on Corning glass and Si (100) substrates by a modified 

substrate temperature. X-ray diffraction and SEM measurements show that the films have an 

excellent crystallinity and crystallize in a tetragonal structure. Scanning electron microscopy 

investigations show that the films have a structure with large grains of 80 – 200 nm in 

diameter. An increase of the deposition temperature from room temperature to 300 °C leads to 

a change in the composition and morphology after annealing at 450°C. In the X-ray 

diffraction pattern of the CuInSe2 on Si (100) sample prepared by SEL technique, 

characteristic peaks of the chalcopyrite structure such as (101), (211) and (311) were clearly 

observed for a both layers. The determined lattice parameters were a = 0.57725 (6) nm, b = 

1.1621 (2) nm for sample prepared at room temperature and a = 0.57770 (4) nm, b = 1.1602 

(1) nm for Ts = 300°C. The crystallographic structure of the CuInSe2 sample was analyzed by 

Rietveld analysis using X-ray powder diffraction data. 

Spectrophotometer was used to measure the optical characteristics of different Cu/In/Se/Se 

thin layers the spectral range between 300 – 2000 nm, and the band-gap energy of the material 

increases from 0.95 to 1.01 eV. 

 

INTRODUCTION 

CuInSe2 (CIS) compounds have been some of the most extensively studied photovoltaic 

materials due to their a high value of absorption coefficient (10
4
-10

5
 cm

-1
) within the visible 

and near infra-read, its near-optimum band gap Eg and a excellent outdoor stability [1]. Thin 

film solar cells have produced using this material or quaternary alloy of I-III-VI2 group, with 

a record efficiency of 19.5% [2, 3]. CuInSe2 thin films can be prepared by various techniques 

including, three source evaporation, flash evaporation, rapid thermal processing, radio-

frequency magnetron sputtering, pulse laser deposition, metalorganic chemical vapor 

deposition molecular beam epitaxy and spin coating technique. The best results were obtained 

only for the layers grown using the coevaporation technique, which uses sophisticated 

technology so it needs high fabrication costs. Studies were undertaken to deposit films by a 

lower costs deposition technique such as stacked elemental layer (SEL) processing and 

selenization of stacked metallic precursor layers [4]. Compared to other deposition methods, 

SEL offer some advantages, such as a precise control of the composition, a high homogeneity, 

and the ability to deposit large area films on complex substrates. Here, we report the 

synthesis, structure, and optical properties of the semiconductor CuInSe2 thin films as well as 

the results of effect of substrate temperature and substrate on these properties.  



EXPERIMENTAL 

Elemental layers of copper, indium and selenium were thermally evaporated sequentially onto 

7059 glass and on Si (100) substrates at room temperature and at TS = 300°C under high 

vacuum conditions (  10
-3

Pa). Cu, In were evaporated from W boats, while Se was 

evaporated from a graphite effusion source. The Cu, In and Se thickness were chosen of about 

14nm, 28nm and 63nm respectively. After a heat treatment of these films at 250°C for 30min, 

we have deposed a layer of Se (30nm) (figure 1). The selenium was used in excess to be sure 

to obtain p-type material. The thickness of these elemental layers were controlled by a quartz 

crystal monitor. Samples were then subjected to annealing at 450°C under Ar flow. This 

second annealing step transforms the elemental layers into a polycrystalline CIS films. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Schematic diagram of the elemental layers.  

In this work, structural analysis of the samples has been done by grazing incidence X-Ray 

diffraction (GIXRD), XRD, scanning Electron Microscopy (SEM) and Transmission Electron 

Microscopy (TEM). Compositional analysis was made by Energy Dispersive X-Ray 

Spectroscopy (EDS) line scan of Cu/In/Se/Se and optical properties were studied with UV-

VIS- NIR Spectrometer (Perkin Elmer For electron microscopy investigation, the 

starting materials were evaporated directly on carbon film supported by Ni grids (3mm, 

200mesh). The data were obtained at incident electron energy of 200kV using Jeol 200CX 

transmission microscopy. 

 

RESULTS  

Cu/In/Se/Se on glass substrat 

The SEM photograph of the CIS produced by SEL technique, with Cu/In ratio of (a) 1.16, (b) 

0.82, is shown in figure 2. The TEM photographs of the starting elements Cu, In and Se on Ni 

grids are also shown for reference (figure 3). SEM studies (figure 2a) revealed smooth 

amorphous-like structures with an almost complete absence of defined grain structure. An 

increase in growth temperature to 300°C resulted in a significant improvement in crystalline 

quality on a morphological level. SEM studies (see figure 2b) revealed a dense and compact 

structure of well-defined grains with typical sizes between 0.4 and 1.6µm. This morphology 

was also observed by several authors [5, 6] and photomicrographs similar to theirs are not 

produced here. Many studies have investigated the effect of temperature substrate and have 

suggested that increasing the substrate temperature during film growth increases the grain 

sizes [7] and reduces the number of defects inside the CIS grains [8].  

 

Cu (14nm) Cu (14nm) 

In (28nm) In (28nm) 

Se (63nm) Se (63nm) 

Se (30nm) Se (30nm) 

Glass Si (100) 

The layers obtained were 

followed by a annealing at 250°C 



 
2a) Room temperature 

 
2b) Ts = 300°C 

Figure 2: SEM micrographs, illustrating the surface morphology of Cu/In/Se/Se film 

produced by the SEL technique at different substrate temperature after annealing. 

   

Cu on Ni In on Ni Se on Ni 

Figure 3: TEM photographs of the starting materials Cu, In, and Se. 

The Cu/In/Se/Se films were examined using X-ray diffraction (XRD) to check the structure in 

the overall samples. It revealed that the thin films grown by SEL process are of the 

chalcopyrite structure. This is confirmed by the presence of the main diffraction peaks in their 

XRD spectra: (112), (211), (220/204) and (312/116). 
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Figure 4: XRD 2 /  scan of a CuInS2 film grown on glass substrate after annealing. 

Thus, XRD indicates that the film contains no secondary phase. Although substrate 

temperature had a dramatic influence over morphology as described above, it had little impact 

on the underlying orientation. Both samples were polycrystalline and displayed a high degree 

2µm 
2µm 



of (112) orientation. At the temperature of 300°C the FWHM becomes smaller and the signal 

from the (112) orientation is the strongest as shown in figure 4. The broadening of the XRD 

peaks is mainly related to the size of grains. Because the grain size is of the order of 

nanometers, its effect on peak broadening obscures the much smaller broadening effect 

because of the size of the starting material, which is in the micron range. Hence, XRD 

broadening was not used to measure the grain size; instead, direct measurements were made 

from SEM graphs.  

Figure 5 depicts the glancing incident x-ray diffraction (GIXRD) scans at incident angles of 

0.2º, 0.5° and 1.5º for the best layer. Figure 5 show GIXRD measurements of the diffraction 

patterns of (112) peak of the sample deposited at 300°C. The set of GIXRD patterns reflect 

the uniformity of the film. The scattering volume decreases with decreasing incidence angle. 

The main feature in the patterns is therefore a decreasing intensity for smaller incidence angle, 

besides these, no significant changes and no additional peak are found in the scans.  
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Figure 5: Grazing-Incidence X-Ray Diffraction (GIXRD) patterns of the (112) peak of sample 

prepared by SEL method at Ts= 300°C. 

The optical characteristics of the layers were obtained by means of transmittance 

measurements at room temperature. To estimate the energy gap Eg we have plotted (αhν)
2
 

versus hν and extrapolated the linear part of the curves to an intercept on a photon energy 

axis, yielding the band gap of CIS layer crystals. Figure 6 shows the variation of band gaps 

with the substrate temperature onto glass. The figure depicts that values increase with 

increasing substrate temperature. The values obtained for CuInSe2 films at room temperature 

(empty triangles) and TS = 300°C (empty squares) are 0.95 and 1.01 eV, respectively, which 

lie in the reported range of values for CuInSe2 [9, 10]. 

 

Cu/In/Se/Se on Si (100) substrat 

The X-ray diffraction pattern of the CIS sample prepared by the conventional SEL method on 

Si (100) substrate is shown in figure 7. Phase identification in thin films can be accomplished 

by determining the d-spacings of the phases present in the film and comparing them with the 

d spacings of the known phases compiled by the Joint Council for Powder Diffraction Studies 

(JCPDS). X-ray patterns were analysed by MAUD program [11], which is based on the 

Rietveld method [12] combined with a Fourier analysis. This method thus allows the 

refinement of the structural and microstructural parameters, the lattice parameters and the size 

of crystalline domains. 
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Figure 6: Plot of (αhν)
2
 vs photon energy hν of CuInSe2 layers: (a) at room temperature and 

(b) at 300°C after annealing at 450°C. 
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Figure 7: XRD 2 /  scan of a CuInSe2 epitaxial film grown on [100] oriented Si Substrate. 

 

The principal peak of CuInSe2 phases in thin films is the (112) peak. The (204) and (220) 

peaks are the next strongest peaks, followed by (312) and (116). All of these peaks and  with 

(101), (211), (105) and (301) characteristic peaks which they had low intensity, of the CIS 

prepared by the SEL can be indexed on a basis of a tetragonal unit cell having lattice 

parameters listed in table I. 

Sample a(nm) b(nm) c/a Thickness 

(nm) 

Structural formula Grain 

size(nm)  

Cu/In 

Room 

temperature 

0.5772  

 

1.1621  

 

2.0132 

 

609.0  Cu0.73(7)In0.85(5)Se2.34(7) 

 

37.5  

 

0.64 

TS=300°C 0.5777  1.1602  2.0083 946.8 Cu0.80(4)In0.85(3)Se2.50(7) 78.5 0.91 

Table I: Crystallographic parameters of CIS on Si (100) substrate from the Rietveld analysis 

(Maud program). 



These values are a little smaller than the reported lattice constants of a chalcopyrite-type CIS 

of JCPDS number 40 - 1487, ac=0.5782(1) nm and cc=1.1619(1) nm. As expected, the 

substrate temperature during evaporation critically influenced the structural properties 

(morphological features and formation of crystalline phases) of the thin film and showed that 

the annealing process reduced the full width at half-maximum (FWHM) value from 0.24 to 

0.16° indicating a change in both film composition and microstructure.  

If we compare RX results obtained from comparable Cu/In/Se/Se on different substrates. We 

remark that there is a striking difference between the XRD of non stœchiometric CIS layers 

grown on Si (figure 7) and those ones CIS (figure 4) on glass substrate. Additionally, the 

XRD spectra observed from CIS on Si substrate is practical identical to those reported in [13, 

14] prepared with the same technique and without excess of Se. 

 

CONCLUSION 

We have shown in this work that the control of substrate temperature Ts can be used to obtain 

CuInSe2 thin films after annealing, produced by SEL technique, with suitable properties: 

formation of Chalcopyrite structure with big grains and preferentially oriented [112] and with 

direct band gap. 

The result indicates also that the CIS sample prepared by the SEL method on Si (100) has the 

good crystallinity as well as the sample synthesized by the conventional methods 

(cooevaporation or flash). The crystallographic parameters and chemical formula of the CIS 

on Si substrate prepared by the SEL technique were determined by the Rietveld analysis using 

X-ray diffraction data. From the analysis of chemical composition, the CuInSe2 crystals were 

found non-stoichiometric compounds 
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ABSTRACT 
Nanocrystalline CuIn0.25Ga0.75Se2 alloy powders have been prepared by mechanical alloying using 

high-energy ball milling. The formation and the structural properties have been investigated by X-

ray peak broadening analysis.  In the XRD patterns, characteristic peaks similar to that of 

tetragonal chalcopyrite are observed. The crystallite size and lattice strain, for CuIn0.25Ga0.75Se2 

nanoparticles have been estimated by Scherrer’s equation and by Williamson–Hall (W–H) plot 

from powder X-ray diffraction data. It is found that the average crystallite size measured by W–H 

plot method is in good agreement with TEM results. The scanning electron microscopy (SEM), 

show that for short milling times, the welding effect overrides the fracture phenomenon and by 

increasing milling time, the refinement of the structure continues. The TEM results confirm the 

nanometric nature of CuIn0.25Ga0.75Se2 powders with an average size in the range [50-100] nm. 

 

INTRODUCTION 

Ternary and quaternary semiconductors are promising as absorber materials because of their high-

efficiency and potential for low-cost production. Solar cells utilizing Cu(In,Ga)Se2 (CIGS) have 

recently reached 20.3% efficiency, which is the highest efficiency ever reported for a thin film 

solar cell [1]. Of additional importance, solar cells based on CIGS absorber material are 

sufficiently stable to radiation exposures without ant degradation problems [2]. Many kinds of 

processes have proven their suitability for large-scale Cu(In,Ga)Se2 deposition including the 

coevaporation from individual sources [3], physical vapour deposition [4], electrodeposition [5], 

selenization of metallic Cu/In layers [6] and by flash evaporation [7]. In recent years, much 

attention has been paid to the synthesis and investigation of nanoparticles. The controlled particle 

size and morphology facilitate the desired characteristics in the materials. A non vacuum 

technique called mechanical alloying (MA) has received considerable interest in material science. 

This technique has been used by several research groups to synthesize CuInSe2 [8-10], 

CuIn0.7Ga0.3Se2 [11], CuIn1-xAlxSe2-CuInS2 and ZnS [12] powders. Mechanical alloying is a 

processing technique adapted to form nanostructured materials from blended elemental powder 

mixtures. This technique is considered as a solid-state powder processing involving repeated 

fracturing and welding of powder particles in a high-energy ball mill. The present work describes 

the experimental results obtained on the CuIn0.25Ga0.75Se2 powders prepared by mechanical 

alloying. A comparative evaluation of the mean particle size of nanoparticles obtained from direct 

TEM measurements and from powder XRD procedures is been reported. The strain associated 

with the as-prepared CuIn0.25Ga0.75Se2 powders has been estimated by Williamson-Hall model. 

EXPERIMENTAL 

Polycrystalline ingot of CuIn0.25Ga0.75Se2 has been grown by vacuum fusion of stoichiometric 

mixture of elemental starting materials Cu, In, Ga and Se. The product has been introduced into a 

specially cleaned and prepared quartz tube and pumped down to a vacuum of 4.10-6 Torr and 

sealed off to form an ampoule, closed at both ends. The sealed ampoule with its charge of 



elements has been placed in a resistance .furnace where the temperature has been first increased to 

220°C at the rate of 20°C/h to allow the selenium and indium to react together exothermically. 

The temperature has been then raised to 1100 °C above the melting point of the compound to be 

grown. The melt has been then maintained for 24 h with mechanical vibrating to enable the 

compound synthesis to be completed and to ensure compositional homogeneity of the mixture. At 

the end of the process, the ampoule has been cooled by decreasing the lower furnace temperature 

at a controlled rate of approximately 4°C/h. Crystals intended for mechanical alloying have been 

extracted from the central zone of the ingot which is considered as the best zone. The starting 

powders and 12 mm diameter steel balls have been loaded into steel container inside an argon gas 

filled in glove box. The ratio of the weight of the balls to the powder has been maintained at 20:1. 

The milling process has been conducted in a planetary ball mill (Fritsch P-7) under a rotational 

speed of 250 tr/mn and milling periods of 1h and 3h. The structural state of the as-milled powders 

have been given by X-ray diffraction measurements (XRD) by means of a Philips diffractometer 

with a Cu Kα radiation (λ = 1.541837Å) at 40 kV and 40 mA settings.  The crystallite size and 

lattice strain in the powder particles can be determined .from peaks broadening. As milled powder 

particles were cold-pressed in the form of circular wafers of 10 cm in diameter and 0.5 mm in 

thickness by isostatic pressing at 7tn/cm2. The compacted samples have been characterized by 

energy dispersive spectroscopy (EDS) for the chemical composition and scanning electron 

microscopy (SEM) for surface observation at incident electron energy of 20 kV using a JSM Jeol 

6400-scanning microscope. Transmission electron microscopy (TEM) image has been taken on a 

JEOL 2010 transmission electron microscope at 200 kV accelerating voltage.  

 

RESULTS  

Structural analysis 

Figure 1 shows the X-ray diffraction patterns of the unmilled mixture and ball milled samples 

recorded by the XRD method. All of the peaks of the Cu0.25Ga0.75Se2 corresponding powders have 

been indexed on a basis of a tetragonal unit cell in comparison with JCPDS cards. The main 

characteristic peaks (112), (204/220) and (116/312) reported in the diffraction patterns, confirm 

the chalcopyrite-type structure of the Cu(In,Ga)Se2 material. Secondary phase ascribed to InSe 

has been also detected. During the early stage of milling, the characteristic peak of InSe gradually 

decreases in amplitude and after 3 h of milling there is no trace of reflections of InSe. It is also 

observed from figure 1, that XRD patterns of the milled powders show a broadening of the 

diffraction peaks and a decrease of their intensities. This type of observation is quite common in 

mechanosynthesized nanomaterials and may be attributed to the reduction in crystallite size and to 

the internal stresses induced by the mechanical milling. With increasing milling times, the 

evolution of the (112) lines show a shift towards lower angles and this is due to the expansion of 

the lattice on CIGS alloy formation.  

 
Figure 1: Experimental XRD diffraction patterns of CuIn0.25Ga0.75Se2 for various milling times 



Taking into account the quadratic form for the tetragonal system, the lattice constants a and c of 

CuIn0.25Ga0.75Se2 unit cell, have been determined from: 
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a

kh

d
                                             (1) 

h, k, and l are the Miller indices corresponding to a particular diffraction peak at an X-ray incident 

angle . The results obtained are a little smaller than the reported lattice constants of a 

chalcopyrite-type CuInGaSe2 [13-14]. The relationship between the lattice constants and the 

milling time in the CuIn0.25Ga0.75Se2 alloy is shown in figure 2. It is observed that milling gives 

rise to larger lattice parameters. The expansion of lattice parameters with milling time is due to 

the disordering of the alloy and can also be explained by the increase of internal strain induced by 

ball milling. For long milling period, the observed plateau can be attributed to a solubility limit 

and therefore crystallite size become less dependent on milling time.  

 
Figure 2: Milling time dependence of the  CuIn0.25Ga0.75Se2 lattice parameters. 

The crystallite size D for the intense peak (112) was first estimated using the Scherer equation as 

follows:  

 
cos.

.k
D                                                                    (2) 

where k = 0.9 (assuming the particles are spherical in shape), λ, ß and θ are the X-ray wavelength, 

Bragg diffraction angle, and the full width at half maximum (FWHM) of the diffraction peak, 

respectively. In the Scherrer’s formula, large crystallite size values are obtained as a result of 

neglecting the microstrain components in the Scherrer equation. There is a significant difference 

between crystallite sizes obtained by the Scherrer analysis and the TEM analysis.  The crystallite 

size values were then compared with those deduced from the Williamson–Hall model and TEM 

analysis results. Furthermore, it is known that FWHM is represented by the sum of the 

contributions of crystallite size and strain present in the compound. Assuming that the strain 

present in the material is uniform, thus considering the isotropic nature of the crystal, the average 

crystallite size and lattice strain were calculated using the Williamson–Hall (W-H) equation [15] 

for the total peak broadening: 

    sin4cos.
D

k
                                            (3)  

where ε is the average internal strain 

In both methods, the lines broadening are assumed to be Lorentzian profile. In W-H method, the 

effective particle size taking strain into account is estimated by plotting β.cosθ vs. 4.sinθ. For the 

experiment, the plot was drawn only for the (112), (204) and (116) planes. The curve .cos  vs. 

4sin  shows approximately a linear variation as seen in figure 3.  



 

Figure 3: William-Hall plots of nanocrystalline CuIn0.25Ga0.75Se2 

The crystallite size and strain are calculated using a linear equation y= x+1/D. The strain may be 

estimated from the slope of the line and the crystallite size from the intersection with the vertical 

axis. The average crystallite size obtained from Scherrer’s formula and W–H analysis shows a 

variation, this is because of the difference in averaging the particle size distribution. In 

comparison, there is a good agreement between the crystallite size values obtained by W–H model 

and that obtained by TEM analysis. Figure 4 shows that with increasing milling time, the 

crystallite size decreases, while the internal strain increases (figure 5).  

 

Figure 4: The variation of average crystallite size obtained by Williamson-Hall and Scherrer 

method at different milling times 

 
Figure 5: The variation of internal strain of CuIn0.25Ga0.75Se2  

This behaviour is explained by the formation of defects during the milling process. The positive 

slopes for the milled powders indicate the presence of tensile strain in the crystal lattice. From the 

W–H plots, it is observed that the better fit of the experimental data points confirms the 

uniformity of the lattice strain. Current analysis demonstrates that the Williamson- Hall formula is 

the most suitable to determine the size of crystallite and strain variance in the CIGS powders.  



Morphological analysis  

During the initial stage of ball milling, particles are formed for short milling time as shown in 

figure 6a.  At this stage, the fracture process result in fragmentation particle fracture. The mixture 

is composed of dispersed particles with a size in the range [0.05-10] m. Some particles are 

composed of large agglomerate states of crystallites as shown in figure 6b. With increasing 

milling time, welding becomes the predominant mechanism. The particles change into a large 

platelet shape as seen in figure 6c. For milling period of 3h, the large amount of fine particles is 

reduced and their agglomeration leads to the formation of particles with a wider size distribution 

as a consequence of a better weldability.  

 

                

                                        

Figure 6. SEM micrographs of the CuIn0.25Ga0.75Se2  powder for different milling times. 

 

TEM observations 

Bright field TEM has been employed to further examine the nanocrystalline nature crystal of the 

produced powders. The TEM micrographs reported in figure 7 show the aggregated nature of 

nanoparticles with size [50-100] nm and an average lattice parameter of 0.58 nm. 

                                                                                                                                                                                      

    
Figure 7 : TEM images of CuIn0.25Ga0.75Se2 nanoparticles.  

Composition analysis  

The global chemical composition of CuIn0.25Ga0.75Se2 powder milled for 1h is Cu: In: Ga: Se: O = 

31.06 at.%: 15.64 at.%: 5.02 at.%: 37.75 at.%: 10.53 at.% whereas for 3h this composition is Cu: 

In: Ga: Se: O = 36.57 at.%: 15.09 at.%:5.65 at.%: 35.18 at.%: 7.51 at.% and correspond 

respectively to the chemical formula Cu124In0.62Ga0.2Se1.40 and Cu1.46In0.6Ga0.22Se1.40.  Both 

powders showed deviation from the ideal stoichiometry. The sticking to the stainless vial wall of 

selenium and indium could explain their amounts decrease. To check the homogeneity of the 

composition, different selected particles labeled X, Y, Z and W have been analyzed as shown in 

112 

204/220 

116/312 



figure 6.  As reported in table I, the elemental composition reported differs from a particle to 

another. To complete the refinement of the powders and to form chalcopyrite structure with the 

desired properties more milling times are required to achieve a steady state between the fracturing 

and cold welding mechanisms. Chemical analysis of the mechanically alloyed powders shows 

also the presence of oxygen. The presence of this element is due to the oxidation of the starting 

ingot. The composition analysis shows that the oxygen content decreases for long period milling 

as well for the global composition as for the particles.  

Table I:  Results of local composition analysis  

CONCLUSION 

Nanocrystalline CuIn0.25Ga0.75Se2 in the range of 50–70 nm has been prepared by dry mechanical 

alloying technique in a high energy planetary ball mill. XRD diffraction patterns of the as milled 

powders show that the main phase is the chalcopyrite. Ball milling process leads to an expansion 

of the tetragonal unit cell and a decrease in crystallite size. Williamson–Hall model results in 

more accurate estimation of crystallite size compared to Scherrer analysis. The crystallite size and 

the lattice strain values obtained from the Williamson–Hall model can be further extended to 

estimate the dislocation densities present in the material. Composition measurements reveal a 

deviation from the ideal stoichiometry and on the other hand inhomogeneous distribution of the 

elemental constituents has been detected in individual grain.  
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     1h – Composition (at.%)  

 

3h – Composition (at.%) 

[Cu]      [In]       [Ga]     [Se]      [O] [Cu]      [In]       [Ga]      [Se]      [O]             

X   30.02    20.56    4.06     45.36    - Z 27.31    13.85    6.45     40.68    11.71 

Y   28.06    15.64    5.02     37.75   13.53 W 50.23     18.08    2.96      24.43   4.30                                     
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ABSTRACT  

As the interest increases in the concept of zero energy buildings that do not consume any non-

renewable energy from the utility grid, improving the energy efficiency of buildings has been 

attracting great attention. Windows may constitute some 50% of the total energy loss through 

the building envelope due to their poor thermal insulation property, and may, therefore 

represent a crucial bottleneck in this field. Several technologies are currently being researched 

to improve the energy efficiency of windows, including low-emissivity coatings, vacuum 

windows, aerogel windows, and gas-filled windows. However, the properties of these window 

products are static and can not change according to seasonal and daily solar radiation and 

temperature variations. One way to improve the energy efficiency of buildings would be to 

develop dynamic glazing systems such as electrochromic (EC) smart windows, which can 

change the solar radiation throughput (both visible and near infrared) by application of an 

external voltage, e.g. taking advantage of passive solar heat gain in winter and rejecting 

unwanted solar radiation in summer. The application of EC smart windows may provide 

opportunities to maximize energy efficiency of buildings by reducing a certain amount of 

heating, cooling, and lighting loads.  

The success of EC smart windows and also other highly insulating window products depends 

not only on the potential benefit that will be realized by the end user, but also by a 

sophisticated design and selection of materials to make the device durable and affordable. So 

far, the manufacture cost associated with some of these high performance windows is high and 

appears to be an inhibiting factor for their large-scale applications. The past couple of decades 

have witnessed an exponential growth of activities in nanotechnology, which contribute to a 

variety of technical applications ranging from microelectronics to constructions. We address 

here the recent progress on advanced glazing technologies for energy efficient buildings, with 

emphasis being given to the application of nanomaterials in low-emissivity coatings and EC 

smart windows.  

KEYWORDS: Glazings, Energy Efficiency, Nanotechnology, Electrochromism  

1. INTRODUCTION  

In recent years, there is an ever increasing interest in zero energy buildings―a residential or 

commercial building with greatly reduced energy needs through efficiency gains such that the 

balance of energy needs can be supplied with renewable technologies. Obviously, improving 

the energy efficiency of buildings is very important. Buildings consist of various structural or 

functional materials and components, such as windows, walls, and roofs; each of them has 

rather different energy features and plays different but important roles on the overall energy 

efficiency of the buildings.  



 

Windows as a building element allow light, solar energy and fresh air to promulgate the living 

area and offer an indoor–outdoor interaction, thus having a large impact on occupant comfort. 

Windows have also an impact on the energy efficiency of buildings, e.g., up to about 50% of 

the total energy loss through the building envelope coming from its windows. The thermal 

insulation of windows remains a bottleneck compared with walls and roofs in the building 

envelope. For example, walls have a typical U-value (a measure of the heat lost due to indoor-

outdoor temperature differences) of about 0.1–0.2 W/(m
2
K), whereas today’s efficient double-

glazed windows with low emissivity (low-e) coatings have a U-value of about 1.2 W/(m
2
K) 

[1]. So far, several window innovations have been developed to produce highly insulating 

window glazings [2]; many efforts have been dedicated to the development of an insulating 

glass unit with a U-value of 0.5–0.7 W/(m
2
K) to meet the requirement of zero energy 

buildings. Such windows can now be achieved with multilayered gas-filled low-e windows [2] 

or aerogel glazings [3]. However, these window products are costly for most applications.  

Recent research has indicated the promising potential of dynamic window systems (i.e. smart 

windows) [4]. A smart window may optimize its solar-gain characteristics according to 

ambient conditions, e.g., taking advantage of passive solar heat gain in winter (or cold 

weather) and rejecting unwanted solar radiation in summer (or hot weather). Smart windows 

may also control glare and improve the indoor thermal and visual comfort. Various materials 

and technologies have so far been tried for smart windows, where electrochromic (EC) 

materials that exhibit a reversible color change induced by an externally applied electric 

voltage probably represent the most promising candidate [4]. Many industrial institutions have 

been investigating EC smart windows, and commercial products are starting to emerge. 

However, most EC smart windows on the market are still rather small in size compared to 

most glazing requirements and are also quite expensive.  

Though not specifically analyzed in this paper, we believe that high performance window 

systems, i.e., highly insulating windows and dynamic glazing systems are helpful for fulfilling 

the vision of zero energy buildings. In this paper, we outline the status of current window 

innovations and address the applications of nanomaterials in high performance windows.  

2. NANOTECHNOLOGY AND NANOMATERIALS   

The past couple of decades have witnessed an exponential growth of activities in 

nanotechnology dealing with small-sized materials with typical dimensions of 0.1–100 nm. 

Due to their small size and large surface area, nanomaterials usually exhibit new or improved 

properties that are different from those seen in the corresponding bulk counterparts, hence 

contributing to a variety of technical applications ranging from microelectronics to 

constructions [5].  

The majority of nanotechnology research in construction has been focused on cement-based 

materials, although a variety of nanomaterials may have beneficial applications in high 

performance windows that encompass various functional coatings (Table 1). Despite the 

relatively high cost of nanomaterials, their applications in high performance windows—and 

elsewhere in the construction sector—is likely to increase because of (1) highly valuable 

properties can be achieved at relatively low dosage of nanomaterials and (2) decreasing cost of 

nanomaterials as they are produced in larger quantities. Moreover, nanomaterials with small 

featured sizes are ideal for large-area and large-scale window applications, where many cost-

effective wet chemical approaches such as dip coating and layer-by-layer assembly can be 

employed. 



 

Table 1: Selected examples of nanomaterials for window glazings. 

Nanomaterials Expected Benefits Ref  

SiO2 nanoparticles anti-reflection coatings [6] 

TiO2 nanoparticles self-cleaning coatings [7] 

WO3 nanoparticles chromogenic films [8] 

SnO2(F) nanoparticles low-e coatings [9] 

Aerogel thermal insulating glass  [3] 

Since the applications of nanomaterials are mostly dependent on their properties, the research 

dedicated to fundamental issues such as the structure-property relationship is of importance. It 

is worth pointing out that the control of composition, size and morphology at nanometer scale 

may lead to a myriad of possibilities (Figure 1), whereas it also results in a certain complexity 

in understanding the involved thermodynamics and/or kinetics [10]. Note that the small sizes 

and large surface area of nanomaterials may endanger their durability/stability during the 

operation. This is of primary concern because windows are intended to last for 20–50 years. 

Moreover, the safety and environmental effects of nanomaterials need to be evaluated. 

Obviously, there are many opportunities and challenges for the application of nanomaterials in 

the window sector.  

 

Figure 1: Properties of nanomaterials depend on various parameters, among others, 

composition, dimensionality, size, and surface.   

3. ADVANCED WINDOW TECHNOLOGIES  

3.1 Low-Emissivity Windows   

Developed during the 1970s and 1980s, low-emissivity (low-e) windows have significantly 

reduced window-related energy use and peak demand [11]. Windows with low-e coatings 

typically cost about 10–15% more than regular windows, but they can reduce energy loss by 

as much as 30–50%. By reflecting long-wave radiant energy, low-e glazings can reduce the 

radiative heat transfer, thereby reducing the windows’ U-values. Although valuable in all 

climates, low-e windows with reduced U-values are most useful in cold climates where the 

heating load dominates the energy use.   

Low-e coatings must have low emissivity in the infrared wavelength range and high 

transmittance in the visible range; moreover, the coatings should have a low luminous 

reflectance and preferable be essentially colorless (for most applications, but wishes from the 

architect may result in other specifications). Low-e coatings in practice generally comprise an 

ultrathin metallic layer, in particular Ag, for infrared reflectance and low emissivity, 

sandwiched between dielectric layers of metal oxides to reduce the visible reflectance. 

Adhesion layers and/or protection layers are also commonly applied to ensure the durability of 

the coatings. A typical multilayered structure of low-e coatings is illustrated in Figure 2.  



 

 

Figure 2: Multilayered structure of low-e coating on glass.        

The multilayered low-e coatings are usually prepared by sputtering or chemical vapor 

deposition, which can be performed with either online process with flat-glass production or 

offline coating with more possibilities, such as the use of new materials or the formation of 

new structures. The use of nanoparticles as low-e and/or dielectric layers may open 

possibilities for high performance and cost-effective products. For example, recent progress 

indicates the excellent antireflection properties of mesoporous SiO2 nanoparticles [6]. We are 

currently investigating the application of Ag nanoparticles as low-e layer and the results will 

be reported in subsequent work.  

3.2 Gas-filled Low-Emissivity Windows   

Gas-filled low-e highly insulating windows have usually three glazing panes. These windows 

are available today and can reach an insulation value of insulating glass unit with a U-value of 

0.5–0.7 W/(m
2
K) [2]. Challenges in this field include increased costs, increased weight and 

thickness, and the leakage of gas fillings as the cavities between two layers of glass are usually 

filled with low conductivity gases such as argon (Ar) or krypton (Kr) instead of air.   

3.3 Vacuum Windows   

Since vacuum can eliminate all conduction/convection between two layers of glass, vacuum 

windows may offer theoretically high insulating glazings. In practice, however, the 

performance of vacuum windows is compromised by various parameters, such as the thermal 

bridge through the frames/spacers and the gas (water and air) diffusion. Vacuum glazings are 

commercially available in Japan and a U-value of about 1 W/(m
2
K) for the centre-of-glass 

area has been reported [2].  

3.4 Aerogel Windows   

Aerogel is a porous solid consisting of SiO2 matrix and nanopores of diameters about 20 nm. 

Aerogel is a very low-density silica-based solid (2-3 mg/cm
3
) composed of up to 99.8% air. It 

has high compressive strength and very low thermal conductivity (~ 0.01 W/mK). Moreover, 

aerogels can be produced as either opaque, translucent, or transparent materials, thereby 

enabling a wide range of building applications.  

Aerogel windows consisting of a 15-mm-thick aerogel layer sandwiched between two glass 

panes has been reported [3], where the windows transmit 76% of the visible light and have an 

average U-value of about 0.72 W/(m
2
K), which is very promising compared to multilayered 

low-e windows. In this field, minimizing manufacturing costs remains a major challenge. 

Aerogel windows in some/most cases have a translucent appearance, which may represent an 

excellent way to reduce direct light transmission and glare, dispersing natural full spectrum 

light evenly within a space, e.g., classroom (Figure 3). However, such window glazings may 

show limitation when a clear view is required.  



 

 

Figure 3: A comparison between clear windows (left) and translucent aerogel windows 

(right).   

3.5 Electrochromic Smart Windows 

The properties of highly insulating glazings such as aerogel windows are static and usually 

provide less-than-optimal performance. For example, an insulating window that reduces solar 

gain will lower summer cooling energy consumption but also reduce the solar gain that can 

significantly offset wintertime heating costs. In this regard, dynamic glazing systems such as 

electrochromic (EC) smart windows offer obvious advantages [2,4,11].  

An EC smart window is an electrochemical cell integrated in or attached to a window glazing 

and consists of various functional components (Figure 4). The optical switching part has an 

EC layer, an electrolyte, and an ion storage layer that can also be another EC material. Under 

an external voltage of the order of 1 V, an electrochemical reaction cycles between the EC 

layer and the ion storage media, thereby changing the overall optical properties by forming 

colored compounds; a voltage pulse with opposite polarity makes the device regain its original 

state [10].   

 

Figure 4: Architecture of an EC smart window, showing the transport of cations under an 

external electrical field.   

For window applications, many EC materials, both organic and inorganic compounds, have 

been reported, where WO3 represents the most studied compound [4]. Usually, the amorphous 

WO3 have better EC performance than the crystalline ones, though their durability/stability 

remains problematic. Recent studies have demonstrated that, due to the improved crystallinity, 

WO3 nanoparticles have excellent cycling stabilities compared to amorphous WO3 [12]. 

Moreover, the application of WO3 nanoparticles can lead to improved EC performance such as 

high coloration efficiency, high color contrast, and fast switching, indicating a promising 

potential for the assembly of high performance windows by using EC nanomaterials [10]. 



 

4. CONCLUDING REMARKS  

The application of high performance window systems, i.e., highly insulating windows and/or 

EC smart windows, is helpful for fulfilling the vision of zero energy buildings. The progress 

depends on not only the potential benefit that will be realized by the end user, but also a 

sophisticated design and selection of materials to make these window systems durable and 

affordable. Nanotechnology in this regard may offer the possibilities for high performance and 

cost-effective products.  
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ABSTRACT  

Buildings use 40% of the energy consumed in the EU and in order to reduce this 

consumption, the building energy standards are becoming stricter in many countries, leading 

to the integration of thermal insulating elements, temperature regulation systems, shading and 

glare protection and micro generation technologies such as photovoltaic collectors. 

Many different photovoltaic technologies are available on the market. Among them, thin film 

silicon presents many advantages for building integration, especially for a large scale 

integration of photovoltaics in the future energy mix. 

- No use of toxic materials, 

- Low process temperature and material consumption,  

- Better usage of solar spectrum than c-Si, due to multiple absorbers, 

- Higher kWh/kWp output performance, due to the small temperature coefficient (-

0.30 %/K) and the lower sensitivity to the angle of installation, 

- No feedstock limitation, 

- Aesthetic aspects,  

- Compatibility with flexible substrates.  (See www.uni-solar.com and 

www.flexcell.com in Switzerland) 

The technology has the advantage to be less expensive than crystalline Si in euro/m
2
, reaching 

already today production costs around 50€/m2.  

10% stable efficiency modules are available on the market with promising perspectives 

demonstrated in laboratories; Record lab cells reaching 12.5% stable efficiency have been 

demonstrated by United Solar [1] and calculations predicting efficiencies up to 17% were 

presented by Krc et al at the 21
st
 EU-PVSEC [2]. 

 

In this paper, the authors present the state of the art of thin film photovoltaics, focusing more 

specifically on thin film silicon. Then, some of the most important research topics on thin film 

silicon are discussed, as well as the latest results achieved at EPFL: 

- Latest developments and results on advanced nano-structured substrates and 

Transparent Conductive Oxide layers, 

- Some investigations and results on newly developed cell designs and deposition 

regimes, 

- Some reliability tests performed in our laboratory, and perspective towards new 

encapsulation solutions. 
 

These topics are addressed in the frame of many different projects, including two 

collaborative projects financed by the European Commission and involving EPFL: 

 - PEPPER project (http://pepper.epfl.ch/),  

- The silicon-light project (http://www.silicon-light.eu/). 

 

http://www.uni-solar.com/
http://www.flexcell.com/
http://pepper.epfl.ch/
http://www.silicon-light.eu/


INTRODUCTION 

PV market has become more and more important over the last decade; the awareness about 

the PV’s capabilities grows in the public opinion and PV appears now on the energy map of 

several countries. According to the European Photovoltaic Industry Association (EPIA), 

penetration in Spain went up to 4% of the electricity production during 2010 summer and 

prices for large systems decreased as low as 2.5 Eur/Wp in some countries.  

The total of newly installed capacity added in 2010 represents in average the electricity 

production of two large coal-fired power plants. In several countries, grid parity for residential 

systems is reachable in the coming years. In some specific cases in countries or regions with 

very high electricity prices, PV could already become competitive very soon.  

Several photovoltaic technologies are currently investigated and developed, including 

crystalline silicon and various thin film approaches like CIGS, CdTe and thin film silicon.  

In this paper we report on thin film photovoltaic technologies with a special focus on thin film 

silicon. 

THIN FILM SILICON TECHNOLOGY OVERVIEW 

As shown on Fig. 1, crystalline silicon dominates 

the market. Nevertheless, three thin film 

technologies have become between 15 and 20% 

of the market in 2009 (Photon estimate 2009). 
 

Thin film approaches are particularly attractive 

because they offer the prospect of low material 

usage, low production cost and high production 

throughput. Until recently, they have suffered 

from their relative immaturity and the lack of 

dedicated equipment suppliers in contrast to the 

well established crystalline silicon technology 

case but the situation is now changing.  
 

Today, CdTe technology is the most dynamic on 

the market, due to the success of the American 

company First Solar with manufacturing costs 

below 0.7€/Wp.  
 

Thin film silicon is in second position. Production costs around 0.5€/Wp were announced by 

the Swiss production line manufacturer Oerlikon Solar in 2010 and the technology presents 

many advantages such as: 

- No use of toxic materials, 

- Low process temperature and material consumption,  

- Better usage of solar spectrum than c-Si, due to multiple absorbers, 

- Higher kWh/kWp output performance, due to the small temperature coefficient (-

0.30 %/K) and the lower sensitivity to the angle of installation, 

- No feedstock limitation, 

- Aesthetic aspects (See contribution to CISBAT 11 from Dr. L.-E. Perret-Aebi et al),  

- Compatibility with flexible substrates (United Solar or Flexcell) 

Several tens companies started the production of single junction and multiple junctions 

amorphous and microcrystalline silicon modules (over 80 worldwide and more than 25 in 

Europe). Among these companies Pramac Solar, Inventux Solar Technologies, Bosch Solar or 

Fig. 1 : Market share of the different 

photovoltaic technologies  



Gadir Solar in Europe commercialize amorphous or tandem microcrystalline/amorphous 

silicon modules reaching up to 10% efficiency (see X3-140 series from Inventux Solar 

Technologies). Sharp in Japan announced also 10% stable efficiency; United Solar in the US, 

Flexcell in Switzerland and Fuji in Japan commercialize thin film silicon flexible panels. 
 

The challenges faced now by these companies are to prove the technologies as reliable and 

cost competitive when compared to the mature crystalline silicon market, to follow the 

aggressive cost reduction route and to resist the competition of other technology routes. 

The state of the art of thin film technologies is presented in the table below. 

Table 1: State of the art of thin film photovoltaics  

 CdTe CIGS TFSi 

Record lab efficiency 

(>1cm2) 
16.7% (1cm2) 19.4% (1 cm2) 

12.5% triple junction  

11.9% micromorph on 

glass,  

10% micromorph on 

flexible substrates 

Commercial module 

efficiency 
8-11% 8-12% 6-10% 

Production quantity 2009 1140 MW 150 MW 750 MW 

Main producers 2009 
First Solar, (Abound 

Solar) 
Würth Solar, Showa Shell 

Unisolar, Kaneka, Sharp, 

MHI,, Trony, Bosch, 

SCHOTT, Gadir Solar, 

Pramac, Flexcell 

Strength 
Fast and « easy process » 

for absorber deposition 
Efficiency close to c-Si 

Synergy with flat panel 

display sectors, 

ressources unlimited 

Weakness 

Concern on Te 

availability, reliability of 

back contact, acceptance 

linked to Cd 

Concern on In 

availability, sensitive 

process for absorber 

deposition 

Medium efficiency 

 

PVLAB ACTIVITIES TOWARDS HIGHER EFFICIENCY, LOWER PRICE AND BUILDING 

INTEGRATION 

The PVLab at the EPFL represents at the international level one of the main driving forces in 

the field of photovoltaic energy. The PV-Lab introduced several breakthrough innovations 

during the last 20 years, holds several patents and has triggered the creation or development 

of many companies such as Oerlikon Solar (Leading European supplier of production 

equipments for thin film silicon modules), Flexcell (flexible panels), Indeotec (Chemical 

vapor Deposition Clusters for laboratories), or R&R Switzerland (equipment manufacturer for 

heterojunction modules).  

The activities in BIPV are focused on the idea that BIPV products have to become 

“commodity objects”, which color, shape and function can be chosen depending on the client 

and application. In addition it should be cost effective, reliable, easy to install and respect the 

historic traditions, architecture and geographic situations. 

 



 

Fig. 2: Examples of thin film silicon module integration; (left) Demonstrator realized at the 

PVLab of EPFL, (right) Flexible modules produced and commercialized by Flexcell on the 

roof of an industrial building. 

On thin film silicon,  the PVLab’s projects are focused on the development of: 

- Thin film silicon solar cells deposited on glass, light trapping optimization and plasma 

processing, 

- Thin film silicon solar cells deposited on flexible low cost plastic substrates, 

- Module integration and reliability testing 

Today, 1m2 of thin film silicon module produces 100-220kWh annually depending on the 

average annual illumination, corresponding to 2500-5500kWh over the 25-year lifetime.  

 

LATEST DEVELOPMENTS AND RESULTS ON ADVANCED NANO-STRUCTURED TRANSPARENT 

CONDUCTIVE OXIDE LAYERS 

Amorphous and microcrystalline thin film 

silicon modules 

Thin Film silicon modules are made from 

extremely thin layers of photosensitive materials 

(amorphous and microcrystalline silicon) and 

Transparent Conductive Oxide (TCO) on glass, 

stainless steel or plastic substrates. Once deposited, 

the thin layers are cut into solar cells with a laser 

and connected together. Thin Film modules are 

most often enclosed between two sheets of glass 

and frameless. If the photosensitive material is 

deposited on a thin plastic foils, the module 

becomes flexible and offers unique possibilities for 

building integration. Figure 3 presents the typical 

design of a tandem junction thin film Si module.  

 

 

 

 

 

 

Fig. 3: SEM image and scheme of 

amorphous /microcrystalline silicon 

tandem cell 



Latest developments and results on light trapping management 

One important research topic towards higher efficiency and lower production costs is the 

optimization of the interface roughness in order to simultaneously enhance the light trapping 

in the active layer and ensure the growth of high quality active layers. A way to achieve 

optimal properties is to control and optimize the surface roughness of the substrate, either by 

replication of a suitable roughness in a lacquer previously spread on the substrate [4] or using 

rough TCO layers. 

The recent work published by Dr. S. Nicolay and L. Ding has shown that the roughness shape 

and size of the surface features at the TCO surface can be tuned by using multi-layers 

processes or by varying the deposition regime. Detailed information is published in recent 

papers [3].  

 

 
Fig. 4: Different surface roughness obtained by varying the LPCVD-ZnO deposition 

parameters 

Investigations on new deposition regimes and cell designs 

In order to use the best compromise between 

efficient substrate roughness for light trapping 

(see above) and high quality active layers 

which are more difficult to obtain on very 

rough substrates, many investigations have 

been realised on the effect of the deposition 

parameters, the thickness and exact chemical 

composition of the silicon layers. The doped 

layers were shown particularly important for 

the solar cell and module performances on 

rough substrates. 

In his work, Dr. M. Despeisse [5] studied the 

effect of doped layers obtained from nano-

structured silicon phases embedded in a 

silicon oxide matrix implemented in thin film 

silicon solar cells. Their combination with 

optimized deposition processes for the silicon 

intrinsic layers is shown to allow for an 

increased resilience of the cell design to the 

substrate texture, with high electrical 

properties conserved on very rough substrates. 

Fig. 5: FIB cut imaged by SEM of the 

amorphous silicon/microcrystalline silicon 

tandem cell: Zoom in the cell structure to 

illustrate the implementation of the doped 

nanostructured silicon rich silicon oxide 

layers used for the top cell and the bottom 

cell. 



The optimizations presented in this work permit turning the efficient light trapping provided 

by highly textured substrates into increased cell efficiencies. Stabilized efficiencies up to 

11.3% were reported for thin tandem cells with only 1.1µm thick microcrystalline silicon 

bottom cell. 

Module reliability 

Most of thin film silicon modules available today on the market are fully glass encapsulated 

and 80% of their initial performances are guarantied over typically 25 years.  

Nevertheless, in order to develop new flexible products and reduce the weight and production 

costs of today standard thin film silicon modules, the trend is to replace at least one of the two 

glass sheets by a polymer foil.  

Towards this goal, the mechanisms and environmental influences that cause photovoltaic 

modules performance degradation are intensively investigated. A recent study published by S. 

Pelisset et all [6] has show that the gases permeation of the polymer is not the only important 

criterion, but that the components and by-products coming from the polymer degradation are 

probably also directly involved in the degradation process of thin film silicon solar cells.  

Investigations are ongoing on the introduction of dielectric layers such as SiOx or SiNx 

between the device and the polymer foils in order to minimize the degradation effect.  

These experiments have shown that the optimization of the interaction between the active 

layers and the dielectric/polymer stack is the most important and that high performance 

polymers are not compulsory for a good protection of the solar cells.  

CONCLUSION 

Thin film silicon photovoltaics is well established on the market, with the presence of many 

module suppliers in Europe and worldwide.  

Today modules have typical efficiencies between 7% for single amorphous silicon modules to 

10% for tandem amorphous and microcrystalline silicon modules. 

The technology offers the advantage to use small amounts of material, promising perspectives 

in term of production costs and efficiency, as well as nice homogeneous appearance for 

building integration. 

The main research axes are basically focussed on: 

- Flexible technology, 

- Light management in the device, 

- Best compromise between the active layers quality and the interface roughness 

necessary for light trapping, 

- Innovative and lower cost encapsulation processes. 

At the PVLab of EPFL, two European funded projects are currently ongoing on this 

technology: PEPPER and Silicon-Light projects (http://pepper.epfl.ch/ and 

http://www.silicon-light.eu/  ) 
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ABSTRACT  

Energy-plus, zero energy and zero emission buildings denote some of the best buildings of 

today and the future with respect to energy efficiency and environmental impact. A zero 

emission building might be defined in different ways. Nevertheless, the main concept is that 

renewable energy sources produced or transformed at the building site have to compensate for 

CO2 emissions from operation of the building and for production, transport and demolition of 

all the building materials and components during the life cycle of the building. In order to 

fulfill this, CO2 emission data has to be made available and verified for traditional building 

materials (e.g. concrete, wood and mineral wool), new „state-of-the-art‟ building materials 

(e.g. vacuum insulation panels, VIPs) and the active elements used to produce renewable 

energy (e.g. photovoltaic panels).  

An initial literature review found that although there are databases of embodied carbon values 

for most building materials, the range in results for various materials are varied and 

inconsistent. This paper presents the first stage of development of a transparent and robust 

method to calculate CO2eq emissions from materials use in future ZEB buildings at all stages 

of design. This is underpinned by the development of a materials database containing a list 

emission factors (kgCO2eq/kg) which should be flexible enough to add and evaluate new „state 

of the art‟ materials for ZEB. The method should also make it easy for the user to visualize 

the impact on CO2eq emissions of their choice of material. Emission factors (kgCO2eq/kg) for 

use in the ZEB database are sourced and compared from three existing databases including 

Klimagassregneskap.no, Version 3.0 [1], Ecoinvent (Althaus & Ökobilanzdaten and 

Bauteilkatalog) [2], Inventory of Carbon & Energy Version 2.0 (ICE) [3] and published 

Norwegian Environmental Product Declarations (epd-norge.no) where available. 

INTRODUCTION 

In order to assess the performance of ZEB pilot projects, an accurate, transparent and robust 

method of emissions accounting in terms of embodied carbon is needed. Embodied carbon 

can only be used in the context of materials, for example, activities related to the construction 

and demolition of a building, including the production of materials. [4] Current options to 

assess emissions are numerous including (but not limited to) at one level conducting a full 

Life Cycle Assessments (LCA) and at the other, using green house gas accounting tools or 

manual calculations using published materials databases. An initial literature review by the 

authors found that although there are existing databases of embodied carbon values for most 

building materials, the range in results are varied and inconsistent. Discrepancies amongst 

existing databases can arise from the choice of system boundaries and the emission factor 

used for electricity production in the country where the material is produced. Recent studies 

stress that the year of construction of the building, hence year of production of the material, 

will have an impact on the choice of emission factor due to future changes in the energy mix 

of the European grid. This has particular relevance for emissions calculations of future Zero 

Emissions Buildings in Norway due to the existence of cross border trade of electricity with 



the continental European grid. The emissions from the different energy mixes vary 

considerably, for example, the Norwegian energy mix is approx. (50-100gCO2eq/kWh), 

Nordic in excess of (200gCO2eq/kWh) and European (400 - 500gCO2eq/kWh) depending on 

the number of countries included e.g. EU15 (450gCO2eq/kWh) and EU27 (500gCO2eq/kWh). 

Advanced and comprehensive simulations of the European electricity system towards 2050, 

have been undertaken by SINTEF Energy. [5] The simulations show that the proposed 

measures together with a large increase in transmission capacity between countries and 

regions will reduce the European average specific emission to 31 g/kWh. This is a reduction 

by more than 90 % compared to the 2010 level. If we assume a linear development, we get a 

CO2-factor trend which when extrapolated beyond 2050 leads to a zero emission level in 

2054. [6] This is corroborated by Jones [4] who points out that a failure to consider a year on 

year improvement in electricity will result in an over-estimation of the total GHG emissions 

of electricity by as much as 270% between now and 2050 which is clearly significant. This 

point has also been addressed in the new version 3.0 of Klimagassregnskap.no where they 

have replaced the European figure by a function based on the gradual reduction in emissions 

from electricity generation European. [7] As a result the emission factor used in the emissions 

calculation will then be determined by year of construction. 

For example, the boundary conditions within the ICE database are „cradle to gate‟ for most 

but not all materials. However, even within these boundaries there are many possible 

variations that affect the absolute boundaries of the study. One of the main problems of using 

secondary data resources is variable boundaries which can be responsible for large differences 

in results. Transport is included within specific boundaries i.e. typically cradle to gate. In 

klimagassregnskap.no, the boundary conditions are cradle to gate and include extraction & 

transport of raw materials, refinery& production of basic materials and in some cases further 

production to an end use product (depends on the complexity of the end-use product). 

Transport from gate to building site is not included and demolition and “grave” is not 

included. These two last steps have to be site-specific and calculated as such. In Ecoinvent 

(used by Althaus/Ökobilanz/Simapro databases and Bauteilkatalog) the boundary conditions 

are not explicitly stated or defined and therefore require some interpretation. The input 

categories (modules/materials) normally give an indication of the boundary condition, for 

example „at plant‟ which for this study can be interpreted as „to gate‟ for the purposes of 

consistent terminology for the development of the database. Transport for materials to the 

plant is included while the transport to site is not included in „cradle to gate‟. Direct emissions 

(production) should be included in „cradle to gate‟ but it was noted that it is often not 

included. Demolition is only included in a „cradle to grave‟ while reuse would be included in 

„cradle to cradle‟. An exact method for allocating offsets (inputs) to the next phase/generation 

is a classic dilemma in LCA-making and is not included in the „cradle to gate‟ scenario.  

Another limitation was the use of a „black box‟ method of emissions calculation in some 

cases. In general, LCA methods were found to be complex and too time consuming for the 

average user. A more specific problem for Norwegian ZEBs is that some materials or 

components will be produced in Norway and would therefore not be included in the 

European/Swiss based databases. A particular limitation for ZEB was the lack of flexibility in 

existing online accounting tools and databases to add and assess the impact on emissions of 

„state of the art‟ materials where a full LCA would not be yet available nor would their 

emission factors be included in any databases. It was concluded that currently none of these 

methods are suitable to assess ZEBs in the Norwegian context and underlines the need for the 

development of an accurate, transparent and robust method to calculate CO2eq emissions from 

materials use for future ZEB buildings at all stages of design. 



METHOD 

The database and calculations are made using Excel for transparency and flexibility and to 

ensure that it can be easily updated as and when new „state of the art‟ materials become 

available. To ensure simplicity, the selection of emission factors (kgCO2eq/kg) has been 

limited to those used in an existing ZEB case study project in the first instance due to the vast 

amount materials available in the databases. The boundary conditions, reference sources and 

specific comments are also carefully recorded to ensure transparency in the database. The 

basic principle for the calculations of emissions from material use is: 

Quantity of Materials (kg) x Emissions Factor (kgCO2eq /kg) = CO2 Emissions (kgCO2eq) 

To demonstrate the application of the accounting method, to test its robustness and 

rigorousness and whether the results are credible, this method has been used to calculate and 

compare the CO2eq emissions from materials use for an existing ZEB case study project in 

Løvåshagen, Bergen. The project comprises 80 apartments, of which 52 are low energy units 

and 28 built to Passive House standards. A materials inventory is created from the existing 

Bills of Quantities for the Løvåshagen project and includes a list of materials and quantities 

used for the project. The input for quantities of materials is (kg) which in some cases requires 

additional information about the density of the materials for conversion. The results confirm 

the findings of the literature review that the most significant impact on the resulting emissions 

is caused by the choice of boundary conditions i.e. cradle to gate or cradle to grave and 

emission factor for electricity mix in the material production. It was also found that in further 

development of the database for other project using „state of art‟ materials that the choice of 

density of material is particularly significant as seen in phase change materials (PCM). 

ZEB Database 

The database contains a list of emission factors for selected materials specified in an existing 

ZEB case study project. Emission factors (kgCO2eq/kg) for use in the ZEB database are 

sourced and compared from the three existing databases previously referred to. The inputs for 

each reference database include information on the emission factor used, boundary conditions 

and other relevant comments that impact the calculation. For example, it is important to know 

the country of the production of the material and which emission factor was used for 

electricity production i.e. European, Nordic (regional) or Norwegian (national). The Swiss 

databases Althaus & Ökobilanzdaten, which underpin the Ecoinvent database, contain 

additional emission factors for materials to those found in Ecoinvent and are included for 

reference in the ZEB database. 



 

Material
Klimagassregnskap  

(kgCO 2 eq/kg)

Boundary 

Conditions
Comments

Ecoinvent  
(kgCO 2 eq/kg)

Boundary 

Conditions
Comments

ICE  
(kgCO2eq/kg)

Boundary 

Conditions
Comments

Steel/Iron 3,22 Cradle to gate

European avg, not Fossdal el 

quantity! 1,94
UCTE el mix, Swiss techn

2,89

World Steel Association data, UK 

average mix of steel products

Concrete 0,19 Cradle to site

Production and forming on site 

(EPD), Fossdal gives el req
0,13

Swiss el mix, German 

technology 0,11

Assumed use of UK weighted 

average

Alu 10,63 Not defined

European industry avg, EEA 

2000, Fossdal el data 12,40

European alu ind el mix and 

technology 12,79

IAI data, average UK mix of 

aluminium

Wood laths/massive 0,45 Cradle to gate

Wood taken as proxi, Fossdal el 

data 0,09

Hardwood taken as proxi, 

UCTE el mix, german 

technology 0,24

Sawn hardwood used as proxi, 

high uncertainty stated by ICE, 

plus 0,63 in biocarbon

Wood parquet 0,44 Cradle to gate

Wood taken as proxi, Fossdal el 

data 0,07

Scandinavian softwood as 

proxi (no parquet module), 

UCTE el mix, german 

technology 0,24

Sawn hardwood used as proxi, 

high uncertainty stated by ICE, 

plus 0,63 in biocarbon

Glulam wood 0,34 Cradle to gate

No el data, Puettmann and 

Wilson 2005
0,46

UCTE el mix, German 

technology 0,42 Plus 0,45 in biocarbon

OSB-plate 0,64 Cradle to gate

Forestia Gulv 1998, Particle 

board used as proxi, Fossdal el 

data 0,64

UCTE el mix, German 

technology 0,45 Plus 0,54 in biovarbon

Glass 1,56 Cradle to gate

Pilkington Fasadeglass, Fossdal 

el data 0,98

Coated flat glass, UCTE el 

mix, German technology 0,85

Average UK mix of glas, 38 % 

recycled

Insulation - EPS 10,35 Not defined Plastics Europe, Fossdal el data 4,26
European technology

3,29 APME data

Insulation - mineral 2,34 Cradle to site

Incl. Tranport to site, Fossdal el 

data 1,50
Swiss el mix

1,28 No comment

Damp proof layer plastic 8,30 Gate to gate?

PVC membrane, Production, 

AMPE, European data, Fossdal el 

data 2,70

No documentation found

2,60 LDPE film, APME data

Wind proof layer plastic? 8,30 Gate to gate?

PVC membrane, Production, 

AMPE, European data, Fossdal el 

data 2,70

No documentation found

2,60 LDPE film, APME data

Plasterboard 13 mm 9 mm 2,13

Cradle to site 

(gate?) Fossdal el data 0,35

German el mix, Swiss 

technology 0,39 Data from WRAP, incl disposal

Ceramic tiles 1,68 Gate to gate?

Porsgrunn bad data, not well 

defined reference, Fossdal el 

data 0,78

UCTE el mix, Italian large 

scale plant
0,78

Ceramic cladding element EPD, 

ref 292

NB: Fossdal el data means that the 

total energy has been used for 

calculating new GHG emissions from 

el generation (358 g/kWh)

Cradle to 

gate

Cradle to 

gate

 
 

Table 2. Summary table extracted from the emerging ZEB database showing emission factors, boundary conditions and other comments for 

selected materials used in ZEB case study project. (Note: Detailed inputs for each material are not shown in this paper, for example, there are 

different emission factors for different types of concrete.)



 

RESULTS 

The results show the range in resulting emissions for the same materials vary depending on 

the database used as seen in Figure 1. It should be noted that these emissions do not include 

emissions for window, door and balcony railing components due to, in some cases, 

insufficient information or in other cases, lack of published data. 
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Figure 1: Comparison of total CO2eq emissions for materials use for the ZEB case study project.  
 

From Figure 1, it can be seen that there is almost a two fold difference in resulting emissions 

between databases. Furthermore, the three materials responsible for most of the emissions 

include concrete, steel/iron and aluminium as seen in Figure 2. It can be seen that the 

emissions from concrete, using the ICE database, are approximately 10% higher than the 

other two databases whereas those for aluminium, using the Ecoinvent database, are three 

times those calculated using Klimagassregnskap.no database. It was found that the most 

significant impact on the resulting emissions are the choice of boundary conditions i.e. cradle 

to gate or cradle to grave and emission factor for electricity mix in the material production 

which explains the difference in resulting emissions shown in Figure 1. 

 

 

 

Figure 2: Comparison of total emissions for materials use for ZEB case study project.  



DISCUSSION  

This paper presents the first stage of development of an accounting method which provides 

the reliability, transparency and flexibility required by ZEB to add and assess the CO2 

performance of emerging „state of the art‟ materials to be used in future pilot projects. 

Moreover, it provides an easy-to-use method for use in the early design stage when feedback 

to the designer on the impact on emissions of different choices of materials is most critical. 

 

At the outset of this research, it was envisaged that a single column of emission factors could 

be developed for each material if there was correlation between the emissions factors sourced 

from the three databases. However, as shown in this paper there is much complexity in the 

calculation of these factors which vary depending on the year of data, choice of boundary 

conditions and fuel mix in the country of production. Moreover, information on the density of 

material was also found to be a significant factor particularly in the case of phase change 

materials. As a result, the proposed accounting method instead provides a „palette‟ of 

transparent, reliable emission factors sourced from three existing databases from which the 

user can select the most appropriate emission factor for the selected material. However, a 

current limitation to introducing such a „palette‟ of emission factors is that there are 

differences between the boundary conditions used in different databases.  In addition, further 

work on the development of the database will need to address the fact that different emission 

factors are used for the electricity production depending on the country of production. Further 

work should also clearly define what is included/excluded for example, extraction, transport, 

refinery & production in the definition of cradle to gate, cradle to grave etc. until such time 

that consistent terminology is mandatory in any future standardization of emissions 

accounting methodology. To conclude, the key requirement of this accounting method is that 

it is flexible enough to add, edit and evaluate new „state of the art‟ materials using a simple, 

standard, transparent and above all accurate method. The method makes it easy for the user to 

assess and visualize the impact on emissions of their materials choice at all stages of design.  
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ABSTRACT  
The necessity to decrease the building energy demand for heating and for cooling and to reach 
a high level of indoor thermal comfort in summertime is the subject of many current scientific 
researches. In particular, a recent study, carried out by Università Politecnica delle Marche 
(UNVPM), has shown that considering the values of superficial mass (Ms) and periodic 
transmittance (Ymn) of external walls is not sufficient in order to achieve energy savings and a 
high level indoor comfort in the summer period. For this reason experimental reference values 
for the parameter of internal areal heat capacity (k1) were introduced. The aim of this study is 
to understand the interdependencies between some thermal parameters (U, Ms, φ, Fa, Ymn and 
k1) of massive and lightweight external walls with respect to their summer energy 
performance in use. The study analyses in a first step eight external walls with good values of  
U and Ymn. Then the same selected walls have been modified in order to reach an average  k1-
value. The energy demand for heating and for cooling, necessary to ensure a defined level of 
indoor thermal comfort, has been verified by means of thermodynamic simulations applied to 
a virtual test room localized in two different Italian cities: Milano and Catania. The results of 
this research are: to show the relationship between the Ymn and k1 values of the selected 
external walls; to demonstrate that for both types of external walls, massive and lightweight, it 
is possible to obtain good k1 values, with easy and often economic building envelope design 
solutions; to describe some design solutions for external walls to improve their thermal 
performance and the level of indoor thermal comfort;  and to quantify the energy demand for 
heating and cooling of the improved walls in comparison to the selected walls. 

INTRODUCTION AND METHODOLOGY 

Several studies have demonstrated the importance of having a building envelope with a high 
thermal inertia, both for saving energy and for indoor comfort. Some authors have particularly 
pointed out the importance of preferentially choosing building envelopes with an external 
insulation and a high density rather than a thermal insulation on the inner side, in order to 
save energy for heating and cooling [1]. Furthermore, the new European regulation [2] and 
the Italian legislations [3] [4] [5] have introduced other parameters and have defined their 
reference values - in addition to the thermal transmittance (U in W/m²K) and the superficial 
mass (Ms in kg/m²) - for the evaluation of the thermal inertia and the summer thermal 
performance of building envelopes. These parameters are: thermal time shift (φ in hours), 



thermal decrement factor (Fa, dimensionless) and periodic thermal transmittance (Ymn in W/m² 
K). The periodic thermal transmittance incorporates the concepts of thermal transmittance, 
time shift and decrement factor. Recent research [6] has also demonstrated that a low value of 
Ymn of building envelopes is not sufficient to realize energy savings and a high level indoor 
comfort during the summer period. In fact a low Ymn -value leads to a reduction of the impact 
of thermal loads from outside, particularly from direct sunlight irradiation on the external 
walls, but it is not able to reduce the contribution of the internal thermal loads. Internal heat 
loads are however the main cause of excessive indoor temperatures in office buildings during 
the summertime. For this reason the UNI EN ISO 13786/2008 have introduced a new 
parameter: the internal areal heat capacity (k1 in kJ/m²K). This parameter describes the actual 
capacity to accumulate heat on the inner side of a building element and characterizes the 
internal thermal mass. An envelope with a high potential for heat accumulation on the inner 
side has a high k1 value. Whereas the European Regulation [2] doesn’t define a minimum 
value for k1, recent research, carried out by UNIVPM [6], has defined minimum values for k1 
depending on the values of Ymn. Our study is organized in three steps and analyzes the 
influence that the values of thermal parameters of external walls have on the thermal comfort 
level of rooms with high internal thermal loads (e.g. office buildings). 

FIRST STEP: ENERGY PERFORMANCE OF THE SELECTED EXTERNAL WALLS 
In order to evaluate the relation between thermal transmittance (U), superficial mass (Ms), 
time shift (φ), decrement factor (Fa), periodic thermal transmittance (Ymn) and internal areal 
heat capacity (k1) of external walls, 8 massive and lightweight walls (fig 1), commonly used 
or available in Europe, have been selected. The selected walls are characterized by different 
layers, materials and thickness. The first step has been to analyze and compare - conforming 
to the Italian legislation (tab.1) - the above mentioned parameters of the selected walls (tab.2).  

 
 Legislation Reference value 
U D.Lgs. 311/2006 U <  0,34 W/m²K - climate zone E (a cold Italian zone) 
Ms D.Lgs. 311/2006 Ms > 230 kg/m² (exception to zone F, the coldest one) 
 φ D.M.- 26th June 09 8h ≥ φ > 6h average - φ > 12h excellent 
Fa D.M.- 26th June 09 0,40 ≤ Fa < 0,60 average - Fa < 0,15 excellent 
Ymn DPR 59/2009 Ymn < 0,12 W/m²K  
k1 - k1 ≥  50  if  Ymn ≤ 0,04 / k1 ≥  70 if  0,04 ≤ Ymn ≤ 0,08 / 

k1 ≥  90 if 0,08 ≤ Ymn n ≤ 0,1 

Table 1: Thermal parameters  of external walls according to the Italian law. 

External 
walls 

s 
[cm] 

U 
[W/m²K] 

Ms 
[kg/m2]

Fa 
[-] 

φ 
[h] 

Ymn 
[W/m²K]

k1 
[kJ/m²K] 

Min. k1 value 
[kJ/m²K] 

M - 01 32,50 0,34 240 0,123 12,39 0,04 14,70 50 
M - 02 34,50 0,34 252 0,367 9,55 0,12 49,50 90 
M - 03 31,50 0,34 239 0,356 9,32 0,12 38,90 90 
M - 04 33,00 0,34 542 0,253 8,61 0,09 24,70 90 
L - 01 23,25 0,34 141 0,350 9,62 0,12 37,30 90 
L - 02 15,40 0,33 83 0,370 7,88 0,12 41,40 90 
L - 03 24,50 0,34 146 0,200 11,13 0,07 27,50 70 
L - 04 24,80 0,23 55 0,499 6,80 0,12 12,00 90 

Table 2: Thermal parameters of the selected external wall and minimum k1-values that should 
be achieved in relation to the value of Ymn. 



Table 2 shows that all the selected walls do not have a k1-value corresponding to the reported 
minimum values although they meet the current European and Italian regulation on the 
summer thermal performance for external walls. Hence they do not reach good thermal 
performance in relation to the internal heat loads, which are extremely relevant in office 
buildings, generally characterized by a high demand of cooling energy during summer. 
Therefore, to improve the level of indoor comfort during summer it is suggested [6] to allot 
modifications to the selected external walls in order to increase their k1-values above the 
limits specified in Tab.1, or to reduce the value of Ymn. The reduction of Ymn implies in fact a 
lowering of the minimum value of k1 (Tab.1), making it in this way easier to reach the 
minimum value of this parameter. 

  

Figure 1: Description of the selected external walls (M01-M04 massive walls and L01-L04 
lightweight walls). 

SECOND STEP: IMPROVING THE EXTERNAL WALLS  
Analyzing one by one the selected walls and making changes to their layers characteristics 
and layers sequence in order to achieve an adequate k1-value (in relation to the Ymn-value) it 
has been noticed that it is possible to identify similar strategies of improving the values of 
their thermal parameters. Two possible amendments to decrease the value of Ymn and to 
increase the value of k1 have shown to be most efficient. The first one is moving the layers 
with a higher value of specific weight (ρ) towards the inner side and the insulation towards 
the outer side of the wall. The position of layers is irrelevant for the U-value and it has a only 
a light influence on Fa, φ, Ymn, but it has a high influence on the k1-value. The inner side layer 
density influences the wall capacity of absorbing the internal thermal loads more than the 
density of the rest of the external wall. The second one is choosing for the internal lining a 



material characterised not only by high density but also by high specific heat and low value of 
periodic penetration depth of heat (δ in m), such as clay plaster instead of gypsum plaster 
(tab.3). The δ (which depends on the density and specific heat) shows the thickness of the 
wall that is affected by a temperature increase and hence by the internal thermal load. The 
bigger  wall material mass and thickness affected by the internal thermal loads are, the higher 
capacity of the wall to absorb heat from internal thermal loads resulting in a positive 
contribution to the indoor comfort is. 

 
Figure 2: Description of the improved external walls.  

Based on these considerations, the selected external walls have been improved (fig.2) in order 
to obtain good k1-values in relation to the Ymn-value (tab.4). 

 
External 
walls 

S 
[cm] 

U 
[W/m²K] 

Ms 
[kg/m2]

Fa 
[-] 

φ 
[h] 

Ymn 
[W/m²K]

k1 
[kJ/m²K] 

Min. k1 value 
[kJ/m²K] 

M – 01 34,00 0,33 305 0,055 15,97 0,02 76,60 > 50 
M – 02 37,50 0,29 286 0,222 9,44 0,06 70,20 > 50 
M – 03 34,00 0,25 328 0,172 9,71 0,04 51,60 > 50 
M – 04 32,00 0,34 537 0,180 10,34 0,06 85,40 > 70 
L – 01 31,50 0,23 179 0,162 14,69 0,04 55,00 > 50 
L – 02 18,50 0,16 96 0,235 11,39 0,04 54,30 > 50 
L – 03 27,00 0,30 163 0,122 14,30 0,04 53,40 > 50 
L – 04 37,30 0,19 148 0,205 14,40 0,04 54,30 > 50 

Table 4: Thermal parameters of the improved external wall and minimum k1-values that should be 
achieved in relation to the value of Ymn. 

 



Materials λ [W/mK] c [J/kgK] ρ [kg/m3] δ [m] 
thin clay plaster 0,350 2100 3000 0,039 
mineralised wooden board 0,260 2100 1800 0,052 
clay plaster  0,900 2100 1800 0,081 
gypsum fiber board 0,320 1100 1000 0,089 
lime and gypsum plaster 0,350 1000 1200 0,090 

Table 3: Comparison between some characteristics of the different interior lining materials. 

THIRD STEP: THERMODYNAMIC SIMULATIONS 
In the third step the energy demand for heating and for cooling [kWh, €, kg of CO2 ] - 
necessary to ensure good indoor thermal comfort (21°C in winter and 26°C in summer) - has 
been verified by means of thermodynamic simulations, using the software package “Energy 
Plus”, applied to a virtual test room localized in two different Italian cities characterized by 
different climatic conditions: tempered continental for Milano and Mediterranean for Catania. 
Tab.5 shows the methodology of the thermodynamic simulations. 
 

Test room 
characteristics  

Office space 5,0 x 4,5 x 3,0 m. Walls, floor and roof are adiabatic, except 
the south oriented wall with a window = 3,00 x 1,35m, no solar shading.  

Locations Latitude Longitude Altitude a.s.l. Max temp. Min temp. 
MILANO (MI) 45°27’ E 9°11’ N 122 m  29 °C -2 °C 
CATANIA (CT) 37°30’ E 10°05’ N 7 m 33,6 °C 5 °C 
Internal heat loads 2 people + 2 computers + 1 lamp 180 + 150 + 50 W
Ventilation Natural vent. rate in air changes = 0,6 h-1. Mechanical vent. = not exist  

Heating  Fuel = gas.  Temp. set point of heating device < 20°C  
Milano: October 15th – April 15th / Catania December 1st – March 15th 

Cooling  Energy source = electric power. Temp. set point of cooling device 
>26°C. Milano and Catania May 1st – September 30th 

Schedules of heat loads, heating and cooling  9 a.m.- 1 p.m. & 3 - 7 p.m. (Mo.- Fr.)  
Output simulation Heating, cooling, total annual energy demand [kWh, €, kg of CO2] 

Table 5: Simulation methodology: input and output. 

RESULTS AND CONCLUSIONS 

This study has demonstrated how the achievement of certain values of k1 –corresponding to 
the standard defined by the above mentioned study [6]– can effectively reduce the energy 
demand necessary to ensure good indoor thermal comfort. The analysis of the walls and the 
proposal for improving them have shown that a good design (reachable with some simple 
changes) can enable massive and lightweight external walls with good values of k1 (in relation 
to the value of Ymn). If the value of Ymn is already fairly low, it is possible to obtain significant 
results modifying the inner layer of the wall (choosing materials with high ρ and c and a low 
δ) without changing the thickness or the type of the insulating material. If the Ymn-value is 
quite high, increasing the thermal insulation is necessary in order to reduce the value of Ymn 
(which also depends on U) and therefore decreasing the minimum value of k1. In massive 
walls it is usually enough to modify the inner layer; on the other hand the improving of 
lightweight walls, characterized by many layers, is more complex and it is necessary to know 
the physical properties of each layer to be able to determine its correct position and thickness. 
The design strategy for lightweight walls (Ms < 230 kg/m2) is to reduce the Ymn value below 
0,04 W/m2K in order to have 50 kJ/m2K as limit for k1.  



Furthermore the results of the thermodynamic simulation in 2 Italian cities have demonstrated 
that the same improved walls give different results: in Catania cooling energy savings have 
been higher than in Milano; in Milano the heating energy savings have been higher than in 
Catania. This result has confirmed the necessity to design the envelope building according to 
the climate conditions. In addition, tab. 6 shows that there isn’t a direct proportionality 
between costs for improving the walls and the consequent energy saving (kWh/m2 year, €, kg 
of CO2). Walls M-01, M-04 and L-03 allow for the lowest cost variation of building materials. 
Of these, the massive ones also allow for cost savings, since the improved walls have less 
thickness of inner lining materials. The very expensive changes to improve the wall’s thermal 
performance are related to the use of the VIP panels (L-02) and to the necessity to increase the 
thickness of the insulation materials (L-01 and L-04) of more than 6 cm. 
In conclusion this study has demonstrated that: 1) in massive and lightweight external walls it 
is possible to get a good k1 value in relation to Ymn making cheap changes; 2) the improving 
of the k1-value doesn’t always lead to a reduction of the energy demand for cooling or 
heating; 3) the improving of the k1 value allows for energy and cost saving only in the walls 
characterized by a low Ymn-value; 4) it isn’t possible just introducing lower values of Ymn to 
obtain improvements for indoor comfort: low Ymn values don’t necessary corresponding to 
appropriate k1-values (tab.2). In fact, in these walls it is possible to get an improvement of the 
k1, a reduction of the energy demand and a better level of thermal comfort indoor thanks to 
economic and easy modifications: e.g. choosing a different type of inner plaster. 
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energy saving 
 [kWh/m2 year] 

fuel cost 
savings 

[€] 

kg of 
CO2 

saving
energy demand 
[kWh/m2 year] 

fuel cost 
savings  

[€] 

kg of 
CO2 

saving 

heating cooling total total total heating cooling total total total 

M-01 -1,37 € - 9,01 - 2,60 - 11,61 - 0,74 € - 2,46 - 1,30 - 2,36 - 3,65 - 0,21 € - 0,71
M-02 65,91 € - 9,04 - 1,43 - 10,47 - 0,69 € - 2,26 - 1,39 - 2,52 - 3,91 - 0,21 € - 0,75
M-03 41,34 € - 33,89 - 1,55 - 35,44 - 2,39 € - 7,80 - 3,15 - 4,87 - 8,02 - 0,45 € - 1,55
M-04 -1,42 € - 4,63 - 6,25 - 10,88 - 0,62 € - 2,13 - 2,61 - 5,01 - 7,62 - 0,42 € - 1,47
L - 01 196,84 € - 19,93 0,49 - 19,43 - 1,34 € - 4,34 - 1,58 - 0,79 - 2,37 - 0,15 € - 0,49
L - 02 575,36 € - 37,65 7,33 - 30,31 - 2,22 € - 7,07 - 1,80 - 11,21 -12,27 - 0,67 € - 2,38
L - 03 32,79 € - 16,74 - 1,59 - 18,33 - 1,22 € - 4,00 - 1,70 - 2,97 - 4,67 - 0,26 € -  0,90
L - 04 377,06 € - 39,74 1,82 - 37,92 - 2,63 € - 8,51 - 5,69 - 3,12 - 8,72 0,27 € 1,02 

Table 6: Materials cost for improving the thermal performance of the selected walls, and 
saving of energy demand, fuel cost and CO2 emission after the improving. 
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ABSTRACT  
Dynamic, responsive facades - especially ones that target energy use optimization, energy 
production and climate adaptive automation - are currently at the forefront of architectural 
research for commercial buildings. Yet the questions surrounding such technology uptake for 
residential building design are often quite different, and include the incorporation of 
appropriate technologies, functions and interfaces, as well as issues of individual comfort and 
expectations of building/inhabitant relationships. Performance of residential buildings also 
varies by use, with differences in individual behaviour producing up to 300% variation in 
energy consumption [1]. If we consider that the domestic realm as a territory where 
behaviours are conditioned and developed, the relationship between the physical components 
of a responsive façade and the associated user interface are positioned as a critical site of 
design intervention and research, where such systems may play a key role in fostering 
sustainable behaviour. The North House Project [2] is utilized as a case study The North 
House Project operates within a paradigm of high-performance housing that embraces 
advanced integrated technologies to develop dwellings that reconfigure occupant’s sustainable 
behaviour in relation to their surroundings. North House was developed to perform beyond 
net-zero energy consumption/production and produce a net energy positive dwelling. Such 
homes are capable of annually producing more energy than they consume, and contributing to 
a distributed grid-tied energy infrastructure thus rendering each homeowner and domicile an 
energy producer. North House prioritized design strategies tailored to address issues specific 
to near northern climates (42° – 55° Latitude) where heating loads are often significant 
relative to annual energy use. These climates are further characterized by wide annual 
fluctuations in temperature and humidity, and during much of the annual cycle, periods of 
available daylight are short, placing special emphasis on maximizing available daylight to the 
project’s interior.  

INTRODUCTION 
A goal specific to the North House as a research undertaking was to challenge the dominant 
‘best practice’ paradigms projected by benchmark and measurement metrics such as LEED, 
which assume that buildings with high window-wall ratios are considered to be energy 
inefficient. Low-energy and passive buildings, particularly in northern climates are often 
designed to minimize glazing areas, in response to traditional glazing design that contribute 
the smallest insulation value and the highest air leakage coefficient relative to opaque 
insulated assemblies. Most energy standards restrict the window-wall ratio to 40% or less as a 
result. This paper discusses a tripartite interdependent suite of technologies utilized within the 



North House characterized by three primary systems that, in aggregate, constitute a climate 
and occupant responsive net energy-producing residential envelope system: (i) DReSS: 
Distributed Responsive System of Skins, (ii) CHAS: Central Home Automation Server, and 
(iii) ALIS: Adaptive Living Interface System. 
I   DRESS: DISTRIBUTED RESPONSIVE SYSTEM OF SKINS 
In order to respond to the broad spectrum of seasonal climate extremes characteristic of near 
northern regions, and to achieve environmentally responsive envelope performance, the 
overall project design was based on an ecological systems approach, wherein the building 
skin was composed of performative and interdependent layers. Like the body’s epidermis, 
these layers serve individual as well as cumulative environmental functions and are capable of 
automated modification in response to external conditions and internal demand.  

The schematic design of the opaque components of the envelope (walls, roof and floor) 
deployed building simulations to determine high thermal resistance values targets for the 
design, which are typical of cold-climate, low-energy design. Hygrothermal analysis 
performed with WUFI suggested that a fully vented rainscreen wall system should be used for 
the vertical faces of the assembly. Each of the opaque components of this system are 
developed as engineered wood structural panel assemblies utilizing offset framing to create a 
continuous thick assembly eliminating direct thermal bridges. Cavities are filled with R-
7.2/inch soy-based polyisocyanurate foam insulation to produce an airtight enclosure varying 
across assembly type from R72-R60. Exterior and interior 5/8” MDO panel skins manage 
shear and face-related forces while providing continuous anchorage support. These are 
finished on the exterior face with a liquid applied air barrier system over which subsequent 
assemblies are added as a rainscreen.  

Above the roof membrane of the project, a system of 8.3 kWp Building Applied Photovoltaic 
(BAPV) modules are horizontally arrayed (capturing high summer sun). This PV array also 
integrates solar thermal evacuated tube collectors (4 kWp) tied to domestic hot water and 
supplementary space heating. A 600mm airspace between roof and the underside of the 
modules assists in mediating heat gain beneath panels, which enables optimum performance 
during periods of intensive solar exposure. Vertical exterior surfaces on the east and west, 
combined with the southern facing fascia, are clad with a glass encapsulated 5.3 kWp 
Building Integrated Photovoltaic (BIPV) dry-jointed façade system anchored to extruded 
aluminum face-mounted rails, integrating electrical power generation with the building 
envelope system. These active vertical BIPV facades extend the daytime electrical power 
generation period and are intended to capture low incidence solar energy typical of winter and 
shoulder seasons. Transparent assembly components for the project infill all remaining spaces 
on the east, south and west facades, and are comprised of a number of distinct layers to enable 
its performance as a net-energy producing assembly [3]. Active exterior shading capacity is 
delivered via a motorized horizontal aluminum venetian shading system aligned by vertical 
tension members to the structural ordinance of the façade. Primary glazed assemblies consist 
of a custom designed quad-glazed wood curtainwall system with a very high thermal 
resistance.  Inboard of the primary envelope, a proprietary system of motorized interior blinds 
deliver daylight diffusion on demand and a custom fabricated interior soffit distributes light 
deep into the space. The final layer of performance in this system is delivered via Phase 
Change Materials (PCM) embedded in the floor assembly to chemically provide the 
performance of thermal mass within the prefabricated wood framing system. (see Fig. 1) 



 
Figure 1: (top left) North House completed façade detail at BIPV cladding and exterior 
dynamic shading; (top right) User interface components and embedded design; (bottom left) 
DReSS components diagram; (bottom right) Exterior shade configurations based on climatic 
and solar data and as prioritized in CHAS logic controls. 

Early energy models using customized ESP-r and TRYNSIS determined that the use of 
exterior shading could significantly lower the cooling load, while allowing the glazed areas to 
take advantage of passive solar radiation during the heating months. Venetian exterior shades 
were selected and offered two significant advantages over other formats: (i) the shades can 
easily and automatically be fully retracted from the face of the building behind its fascia to 
admit maximum solar penetration, daylight, and views; and (ii) the individual slats are 
capable of a rotational range of almost 180° allowing for extremely high fidelity solar control. 
The field of shades was divided to enable individual rotational control of an upper clerestory 
zone and a lower zone. Shade location on the exterior of the envelope is critical to overall 
system performance by allowing solar block to prevent energy entry and impact on the 
envelope. Roof mounted daylight and wind sensors provide primary data regarding exterior 
resource availability to this system. Blind controllers are actuated to retract below exterior 
lighting levels of 100 lux and at wind speeds over 12 m/s. The use of this active shading 
system on the outside of the house is expected to reduce cooling load by as much as 46%. 

Given that cooling is managed by the exterior shading, the glazing system is designed to 
provide maximum thermal resistance combined with optimized passive solar heat gain. Based 
on extensive energy modelling and constraints related to product availability and 
constructability the chosen IGU was a Quad-Glazed Krypton-filled unit comprised of two 6.5 
mm sheets of clear low-iron glass sandwiching two sheets of Heat Mirror 88 (HM-88) mylar 
films with low-emissivity (low-E) coatings on glazing surfaces 3, 5, and 7. The coatings are a 
softcoat low-E with emissivities on the order of 0.004, 21 times lower than clear glass [4]. 
Low-E coatings minimize long-wave thermal radiation transfer across the cavity which 
typically accounts for about 60% of the thermal transmission in typical IGUs [5]. To optimize 
the balance between thermal resistance and solar heat transmission, HM-88 was chosen over 
films with lower emissivities for its clarity and solar transmittance while a lower emissivity 



was chosen for surface seven. Krypton gas fill further reduced convective heat transfer across 
the IGU. Krypton is a denser noble gas with lower convective heat transfer properties 
compared to air, and it has an optimal cavity width of 9mm, as opposed to 12.7mm, resulting 
in a reduced overall IGU thickness with increased overall thermal resistance. This Quad-
Glazed IGU has a Centre-Glass insulating value of R12 (U-value of 0.474 W/m2K), a Solar 
Heat Gain Co-efficient of 0.404, and a Visual Transmittance of 0.5434. The overall design of 
the glazing system first minimized locations of edge and mullion incidence by developing an 
uninterrupted floor to ceiling frame with large areas of individual IGU panels (nom. 3’-8”x9’-
6”) which reduce the ratio of centre of glass (highest resistance) to frame (lowest resistance), 
resulting in a performance of R8 across the whole assembly. In order to improve the thermal 
resistance of the spacer, the team worked directly with the manufacturer to integrate a 
proprietary low conductance material for all perimeter spacer locations.  
Solar heat gained throughout the day is not only used to passively serve immediate heating 
requirements but can be stored for use as latent heat throughout the night through the use of 
Phase Change Materials (PCMs) embedded in the floor assembly directly underneath 5/8” 
engineered hardwood flooring, where they absorb thermal energy from the sunlight falling 
directly on the floor. The large heat storage capacity and specifiable temperature of the PCM 
helps to reduce both total heating and cooling loads, by storing heat when there is an excess 
and releasing it when there is a deficit, as well as peak heating and cooling loads by 
mitigating the daily variations in interior temperatures. The PCM selected for application in 
the North House is a proprietary salt-hydrate solution encapsulated in 15 mm thick 
polypropylene panels. This particular PCM is engineered to melt at 24°C (76°F) and solidify 
at 22°C (72°F). A total of 62.1 m2 of PCM panels were installed under the finished floor. 
With a latent heat capacity of 158 kJ/kg, the panels have an approximate heat storage capacity 
of 62.6 kWh [6]. Because the PCM is not directly exposed to the interior space, the resulting 
assembly will experience a 15 minute delay in the absorption and release of heat. The PCM 
contribute significantly to the overall energy performance of the home, and ESP-r simulations 
predicted the overall space conditioning load of the home is reduced from approximately 2800 
kWh/yr to less than 2000kWh/yr through their contribution.  

II   CHAS: CENTRAL HOME AUTOMATION SERVER 
In order to manage the high degree of building adaptability, Team North developed a 
customized Central Home Automation Server (CHAS). CHAS is a computerized controls 
architecture that manages all of the systems and subsystems of the house and is designed to 
make high-level decisions to enhance energy performance by continually optimizing available 
energy flows. For example, the CHAS will determine the operation of the external shading 
system depending on the internal air temperature of the home, the amount of incoming solar 
radiation, the exterior wind speeds, and the detected position of the sun. Based on these 
conditions the system will determine if the house should go into solar heat harvest mode to 
save on heating energy or solar heat rejection mode to save on cooling energy. Similarly, the 
CHAS also controls the HVAC system in conjunction with the operation of the exterior 
shades to ensure thermal comfort while maximizing energy efficiency. Throughout most of 
the year the house’s heating and cooling needs can be managed and delivered by the exterior 
shades and passive building envelope assembly. As this is the more energy efficient strategy, 
the CHAS privileges this method of thermal management whenever possible, reserving the 
HVAC system as a backup. This integrated approach offers significant savings in operational 
energy as well as capital costs, since the majority of the HVAC equipment can be 
significantly downsized and in some cases completely eliminated. The team developed a 
customized solar domestic hot water and HVAC system comprised of a three-tank system 
combined with one variable capacity heat pump. Because of the unique way in which the 



system was implemented, it is estimated to provide on average 65% of the required hot water 
for space heating, cooling and domestic uses with collected solar thermal energy alone.  
Embedded sensors on the interior ceiling and exterior sensors located on a rooftop weather 
station provide continuous real time data to the CHAS system. For all system components that 
would operate in different states depending on conditions, such as the interior temperature, 
relative humidity, and exterior shading, a hysteresis control algorithm allows the CHAS to 
make intelligent decisions based on real-time inputs and the previous state of the system. This 
ensures smooth transitions between states and avoids frequent chattering between different 
settings. In total, the CHAS provides interface with and co-ordinates seven systems, including 
the HVAC, domestic hot water production, exterior shades, interior blinds, lighting, bed 
retraction, energy monitoring, and the ALIS. The CHAS system performed well during initial 
testing, and during the period of the Solar Decathlon competition produced a net energy 
positive performance. While the hysteresis control algorithm developed for CHAS was based 
on design logics prioritizing energy performance, system logistics were pre-determined 
relative to a range of anticipated scenarios.  

III   ALIS: ADAPTIVE LIVING INTERFACE SYSTEM 
Although all of North House’s building envelope and engineering systems are automated 
through the CHAS, the ALIS interface gives inhabitants the ability to set predefined modes, to 
override the system and to operate the home as meets their needs and lifestyles through an 
intuitive graphical touch screen interface. The broad intent of this system is to provide 
meaningful feedback to the user around the home’s systems without requiring expert 
knowledge regarding any one of the specific components of the house. A great deal of the 
operational energy consumed by a typical building is dedicated to the provision of comfort: 
heating, cooling, ventilation, humidity control, and lighting. While efficient equipment and 
advanced building envelope technologies can reduce this energy load, further energy 
conservation can be achieved by involving the inhabitant directly in the control of comfort 
provisioning [7]. 

The ALIS moves beyond automated controls to directly address the needs of inhabitants by 
providing an easy-to-use ubiquitous interface and supporting tasks that help the inhabitant 
control the systems of the house. It is integrated with the house design and inhabitant lifestyle 
and delivers meaningful performance feedback across a range of didactic, haptic and ambient 
formats. As such it is intended to support long term behavioural transformation towards 
energy-saving living patterns. Three types of user interface components comprise the ALIS. 
These include (i) active touchscreen control panels distributed throughout the house; (ii) a 
web application, extended to a smartphone application for providing detailed graphic 
information feedback and advanced control options; and (iii) an ambient display that provides 
user feedback in subtle, haptic formats.  

The touchscreen control panels are located at central and convenient locations throughout the 
house so that both control and feedback is easily accessible and can help the inhabitant sustain 
energy conscious living practices. A large touchscreen panel PC located in the kitchen 
provides access to fine grained control of all home systems, while a small touchscreen is 
positioned at each entrance to offer control of local lights. A similar smartphone application 
allows ubiquitous access to home monitoring and control. The web-application provides the 
inhabitants with an array of features, including visualizing resource usage, managing house 
settings according to ‘modes’ and schedules, and accessing community networks. Operational 
modes can be scheduled through the house calendar within the web-application, which can 
import common calendaring applications such as Google Calendar™ and iCal™ so that the 
house settings can be easily integrated with the inhabitant’s personal schedule. When 



inhabitant preset overrides compromise energy use optimization, the system informs the 
inhabitant so that they have the opportunity to choose a setting that does not compromise 
energy usage. 

The ‘Community Network’ feature is a platform that recognizes the potential agency of online 
communities toward education and motivation for energy and resource use reduction. This 
application encourages personal and communal goal setting, friendly competition, and 
community information and resource sharing. Lastly, the Ambient Canvas illuminated 
backsplash subtly delivers visual cues pertaining to the performance of the house in real-time, 
while also acting as an aesthetic element in its own right. It is comprised of a series of LED 
rope lights mounted behind a translucent Corian™ surface. The LEDs glow with varying 
intensity in different zones according to net-energy consumption/production and water 
consumption, and their appearance can be customized through the ALIS relative to other 
formats of user-related goals. The intent of this haptic feedback is to provide a continuous 
non-quantitative yet sensorially available registration of the home’s performance that 
compliments the other forms of didactic feedback comprising the ALIS system. In aggregate, 
the overall intent of ALIS is to address through design the social and occupancy related 
potential of sustainable buildings as active agents in a dynamic relationship, and to educate 
inhabitants about energy efficient practices to support intelligent home use. 
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ABSTRACT 

Beyond constructing buildings with very small demands of energy out of non-renewable 
sources, cf. passive house standard, more and more buildings with even no demand of these 
sources are erected, so-called energy-plus-buildings. Therefore, renewable energy sources, 
such as biomass, geothermal, solar thermal or photovoltaics are directly used in family 
houses, offices and industrial buildings, thus converting more renewable energy than 
consumed for heating, cooling and electricity. By integrating renewable energy systems into 
buildings requirements of architects, system planners, manufacturers, building companies and 
end-users must be taken into consideration. Sound energetic design, ease of fabrication, 
proper functionality and architectural quality must be ensured over the whole life-span of 
decades. 

The Austrian research project “Multifunctional Plug & Play Façade” (MPPF) treats the 
building envelope as an active part of the building. The conversion of various renewable 
energy sources is integrated directly into the façade. In addition, heating and cooling out of 
the façade as well as ensuring a suitable indoor climate is developed. Our consortium, 
consisting of façade builders, system planners and manufacturers as well as research 
institutes, entangles the various interest groups right from the beginning. 

In the second year of the five years lasting MPPF-project the first demonstration façade was 
installed in Stallhofen near Graz (Austria) including innovative solar thermal collectors (ST) 
and photovoltaic modules (PV). 

In order to study the energetic behaviour of the various technologies as well as the influence 
of single functional façade elements on the building core an intensive monitoring was set up. 
Important building physical aspects, such as temperature loads, moisture content, and heat 
transfer were recorded via temperature, humidity and heat flux sensors at various positions. 
Analysis of the energy yield of ST collectors was done via mass flow meters and temperature 
sensors, the energy yield of PV modules was detected by their short circuit current. 
Measurements of the ambient conditions, such as solar radiation, wind speed, wind direction 
and outside temperature complemented the monitoring. 

In addition to the very concept as well as the installed demonstration façade itself we show 
continuous monitoring results starting from June 2010 covering the periods of low-standing 
sun, most important for these façade modules. 

INTRODUCTION 

Beyond constructing buildings with very small demands of energy out of non-renewable 
sources, cf. passive house standard, more and more buildings with even no demand of these  



 
Figure 1: First demonstration façade at FIBAG façade test building (Stallhofen, Austria) 

sources are erected, so-called energy-plus-buildings. Therefore, renewable energy sources, 
such as biomass, geothermal, solar thermal or photovoltaics are directly used in family 
houses, offices and industrial buildings, thus converting more renewable energy than 
consumed for heating, cooling and electricity [1]. By integrating renewable energy systems 
into buildings requirements of architects, system planners, manufacturers, building companies 
and end-users must be taken into consideration. Sound energetic design, ease of fabrication, 
proper functionality and architectural quality must be ensured over the whole life-span of 
decades [2, 3]. 

The Austrian research project “Multifunctional Plug & Play Façade” (MPPF) treats the 
building envelope as an active part of the building. The conversion of various renewable 
energy sources is integrated directly into the façade. In addition, heating and cooling out of 
the façade as well as ensuring a suitable indoor climate is developed. Our consortium, 
consisting of façade builders, system planners and manufacturers as well as research 
institutes, entangles the various interest groups right from the beginning. 

METHOD 

Demonstration façade 

After a literature study and a development phase the first demonstration façade including 
innovative solar thermal collectors (ST) and photovoltaic modules (PV) was installed in 
Stallhofen near Graz (Austria), see figure 1. 

In the opaque fields 1 to 3 (southward facing) and 4 to 6 (westward facing) of the 
demonstration façade the outer end panels were replaced by polycrystalline glass-glass 
modules with an anthracite enamelling. Instead of the original fixed glazing in the modules 7 
and 8, fixed glazing with integrated amorphous semi-transparent silicon thin-film modules 
was installed. Module 9 intented for combining shading and photovoltaics is still in the 
development phase. Two solar thermal collector fields (10 to 12 and 13 to 15) are integrated 
into the south facing façade and are connected in parallel to charge a hot water tank (500 litre) 
via a controlled solar pump group. The tank provides hot water for the façade-integrated 
module for heating, ventilation and air conditioning (module 16). To investigate several 
technologies the two collector fields have different glazing, different selectively coated 
absorber materials (copper / aluminum) and different insulation, see figure 2. The modules 17 
and 18 are prototypes of electro chromic windows for controlling the radiation input into the 
building by changing their light transmissibility. 

Modules 1-3, 7-15, 17 facing southwards 

Modules 4-6, 16, 18 facing westwards 

 

 

 

 1-3 opaque polycrystalline PV 

 4-5 opaque polycrystalline PV 

 7 amorphous semi-transparent (10%) PV 

 8 amorphous semi-transparent (20%) PV 

 9 daylight photovoltaics module 

 10-12 solar thermal collectors 

 13-15 solar thermal collectors 

 16 HVAC module 

 17, 18 electrochromic windows 



Monitoring 

An intensive monitoring was set up in order to study the energetic behaviour of the various 
technologies as well as the influence of single functional façade elements on the building 
core. Important building physical aspects, such as temperature loads, moisture content and 
heat transfer were recorded via temperature, humidity and heat flux sensors at various 
positions in the solar thermal collectors, the HVAC module and the photovoltaic modules 
(cell and glass temperatures), see figure 2. 

Measuring of the fluid temperatures and volume flows through the solar thermal collectors as 
well as the hot water tank temperatures allow for energy balancing. Short circuit 
measurements were taken in order to characterize the performance of the photovoltaic 
modules. 

The ambient conditions have been characterized by monitoring solar radiation, wind speed, 
wind direction and outside temperature. 

 

 

Figure 2: Lower left: demonstration façade with hydraulic scheme of the solar thermal 

energy system (collectors, hot water tank and HVAC module). Upper picture: sectional view 

of solar thermal collectors with sensors. 

RESULTS 

Solar thermal façade collectors 

The weather conditions and the behaviour of the solar thermal system in 2010 are shown 
exemplarily for one week at the beginning of autumn (calendar week 38), see figure 3. The 
controlled solar pump group keeps the temperature difference between the inlet and outlet of 
the collector field equipped with copper absorbers in the range of 10 to 15 Kelvin. The 
calculated thermal output of the two different collector fields is nearly the same – peaks range 
from 1.5 kW to 1.8 kW at a global radiation of about 800 W/m². Figure 4 shows the current 
efficiencies calculated out of the mean values of 2.5 minutes intervals (referring to absorber  
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Figure 3: Weather conditions and behaviour of the solar thermal system in calender week 

38/2010. (For better legibility see colour version on CD-ROM of CISBAT 2011 Proceedings) 



 
Figure 4: Efficiency of the façade modules referring to absorber area and gross area 

respectively in periods of fine weather in 2010. (For better legibility see colour version on 

CD-ROM of CISBAT 2011 Proceedings) 

area and gross area respectively) over the reduced temperature difference (i. e. the difference 
of the mean temperature of the collector and the ambient temperature divided by the global 
radiation) in chosen periods of fine weather in 2010. In order to compare the monitoring 
results of the two collector fields with results of common laboratory tests one can calculate 
fitting lines. It turns out that the efficiency of the collector field equipped with aluminum 
absorbers is slightly higher and that both collector fields have efficiencies like the reference 
product of our collector manufacturer. 

Photovoltaic Façade Elements 

By reference to one sunny day in summer 2010 performance and temperatures inside the 
photovoltaic modules can be shown, see figure 5. 

As expected, the short circuit current of the polycrystalline façade elements is higher than that 
of the amorphous semitransparent photovoltaic modules. A temperature difference of up to 20 
Kelvin in vertical direction have occured inside the polycrystalline PV module on the south 
façade. Since higher temperatures reduce the efficiency of the modules, reasons for this 
behaviour have to be found. On the one hand it is possible that the lower cells are cooled by 
natural convection. On the other hand shading due to a ledge at the top of the façade element 
could alter the upper cells into ohmic resistors which heat up while they are current-carrying. 
Further investigations are necessary to exactly identify the reasons for this problem. 

CFD simulations of the façade-integrated solar thermal collectors 

It has turned out that the temperature of the inner wall of the façade elements is too high in 
terms of comfort. This is a crucial problem in particular in times of stagnation of the solar 
thermal system. In order to investigate and optimise the physical processes inside the façade 
elements, CFD simulations are used. At the beginning radiative heat transfer has been 
neglected and temperature boundary conditions have been chosen. The results have been 
satisfying. 



 
Figure 5: Left graph: Short Circuit Current of PV modules. Right graph: vertical temperature 

distribution of the southward facing polycrystalline PV module for a sunny day (19.7.2010). 

Modelling of the solar thermal façade collectors by means of Dymola and Genopt 

The parameters of simulation models of the two collector fields were determined via Dymola-
simulations combined with Genopt-optimisation on the basis of the monitoring data collected 
in calendar week 26/2010. The types provide the medium-temperature on the outlet port of the 
respective collector field, as a function of volume flow, inlet temperature, global radiation, 
outside temperature and wind speed. The type only provides reasonable results if the flow in 
the respective collector field is different from null. Therefore, results in standstill periods of 
the equipment must be filtered out of the simulation. It turns out that the simulation results 
largely meet the monitored values. 

SUMMARY AND OUTLOOK 

On the basis of the operating data collected in the first operating year characteristics of the 
solar thermal system, building physical aspects of the façade-integrated collector fields and 
the behaviour of the photovoltaic modules have been found out. Based upon that CFD as well 
as Dymola simulations have been started, which allow for further characterisation and 
optimisation of the ST modules as well as for the complete solar thermal system. Further 
development of the St collectors will lead to the next prototypes which will be equipped with 
new insulation materials (e. g. Aerogel) in order to reduce the temperatures on the inner walls 
of the façade modules. Some of the insulation materials to be considered have already been 
characterised by thermo physical measurements. 
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ABSTRACT  

After the development of prefabricated elements in timber frame construction and their common 

application for non-ventilated flat roofs (the so called “Multibox” flat roof), the instances of 

reported damage to these flat roofs increased in Vorarlberg (Austria). 

Due to the lack of investigations into the factors influencing the moisture behaviour of non-

ventilated flat roofs the reasons for damage are often difficult to determine [1]. The present study 

investigates the influence of climate conditions on the hygrothermal behaviour of “Multibox” flat 

roof systems. For this purpose, data of realized flat roofs was collected in the Vorarlberg region in 

order to base the investigation on realistic assemblies. 25 flat roof types were examined by both 

calculation according to Glaser and through dynamical simulation. Both calculation methods were 

applied to three different climate locations in the Vorarlberg region. 

The analysis of the results of these comparative studies reveals the influence of climate conditions 

on the hygrothermal behaviour of “Multibox” flat-roof systems. 

Firstly, it turns out that a Glaser calculation based on Austrian standards is inadequate to 

reproduce realistic results for these constructional elements.  

Moreover, a Glaser-calculation based on radiant air temperature values discloses the inadequacy 

of this calculation method to provide realistic data for the moisture behaviour of non-ventilated 

flat roofs. 

Furthermore climate conditions are proven to have a significant influence on the total amount of 

moisture within the Multibox flat-roof systems. One major factor highly influencing the process is 

solar radiation. To add further support to this discovery, a hygrothermal simulation of  varying 

absorptivity for solar radiation of the outer surface was carried out. 

INTRODUCTION 

In the late 1990s prefabricated flat roof timber-frame construction (the so called “Multibox-

Element”) was developed in Vorarlberg, a region in Austria where timber frame construction is 

commonplace. 

As beam and insulation are arranged on one common level between vapour-barrier or vapour-

brake and roof membrane, the height of the element is reduced compared with the traditional 

arrangement of insulation on top of the beam. Therefore this box-section element responds 

perfectly to the aesthetical demands of architects and allows, at the same time, a better insulation 

performance and shorter construction time. 

However, regarding their moisture behaviour, these building elements do show some 

disadvantages. Professionals in Vorarlberg are nowadays aware of the sensitivity of these 

constructional elements and try to avoid them particularly in regions with high altitudes, because 

simple calculations according to Glaser show more problems for non-ventilated flat roofs if 

realized in severe climates [1]. 



But do climate conditions at high altitudes really have a worse influence on the moisture 

behaviour of “Multibox” flat roofs than mild climates at lower altitudes? And is the influence of 

climate conditions on the non-ventilated flat roof significant? And moreover, which parameters 

(temperature, humidity, radiation) show the most significant impact on moisture behaviour for 

these roof systems? 

In the present investigation 25 elements constructed in Vorarlberg are examined using three 

different climate conditions. Thus, the impact of solar radiation on the moisture behaviour of the 

“Multibox” flat roofs can be deduced.  

In addition, the ability of the Glaser-calculation to produce realistic results is examined. For this 

purpose, the influence of solar radiation on the outer surface of the assembly is integrated into the 

ambient air temperature values used for the calculation.  

METHODS 

Description of the “Multibox” flat 

roof 

In principle, the “Mulitbox-Element” 

consists of beams arranged between 

an upper and a lower board of 

plywood (figure 1).  

Some flat roofs in timber frame 

construction are constructed with a 

ventilation zone between the roof 

membrane and the insulation. Roofs 

with ventilation like this do not form 

part of this investigation. Figure 1. Schematic illustration of a “Multibox” flat roof 

Data of “Multibox” flat roofs 

Existing flat roofs in the Vorarlberg region were examined, thus grounding this research on 

realistic construction methods. In order to collect information about flat roofs, several architects, 

carpenters and claim experts have been consulted. Among the examined flat roofs, 25 assemblies 

met the criteria for a “Multibox” flat roof as shown in figure 1 and were chosen for this study.  

In general, the exterior layer of a flat roof can consist of a membrane, gravel, concrete slab or a 

green covering. This study is solely based on cases for which the roof membrane is the exterior 

layer. 

Calculation methods and climate data 

Moisture behaviour for the 25 construction elements was calculated using the Glaser-method as is 

set out in EN ISO 13788 [2] in the first instance and using the moisture transfer simulation 

program WUFI [7] in the second. In both methods, the location in the Vorarlberg region was 

introduced as an additional variable of the cities of either Bregenz, Bürs or Schröcken. 

Their climate can be characterized as follows: 

Bregenz (Br): altitude 400 m. Situated in the Rhine Valley riparian to Lake Constance, Br has a 

mild climate that is rather humid with frequently overcast sky and fog in spring and autumn. 

Bürs (Bü): altitude 570 m. Bü is situated in the southern Rhine Valley in Vorarlberg. Its climate is 

dryer and cooler than the climate of Br: The monthly average ambient air temperature in Bü is in 

December 2.9 K cooler than in Br. 

Schröcken (Schr): altitude 1269 m. Schr is a village in the mountains where winter can be very 

cold and dry with little cloud. 

The climate data of the three cities are taken from different data-bases: 

roof membrane 
upper timber board 
beams | insulation 

vapour barrier 
lower timber board 

exterior 

interior 



climate data set 1 (Glaser-calculation): Monthly average ambient air temperature and relative 

humidity pursuant to Austrian standard ÖNORM B 8110-5 [5]. 

climate data set 2 (Glaser-calculation): Radiant air temperature values based on long-term 

monthly average values of ambient air temperature and relative humidity recorded by the Austrian 

Central Institute for Meteorology and Geodynamics [8, 9, 10]. The influence of solar radiation on 

the outer surface of the construction element was integrated into the ambient air temperature 

values as shown by Koch & Pechinger [4]. Solar radiation data was taken from PVGIS [6]. 

climate data set 3 (dynamical simulation):  Semi-synthesised climate data records ( German: 

HSDK = halbsynthetische Klimadatensätze) were created using the method according to Heindl et 

al. [3]. Long-term monthly average values of climate data for the three locations (Br, Bü, Schr) 

were converted into hourly data based on recorded hourly data of the climate station Vienna, 

“Hohe Warte” between January 1, 1951 and December 31, 1988 [6, 8, 9, 10].  

For each city three different sets of climate data were applied in the calculations. 

CLIMATE INFLUENCE ON THE MOISTURE BEHAVIOUR OF “MULTIBOX” FLAT 

ROOFS 

Glaser-calculation based on climate data set 1 

For the city Schr formation of condensate can be observed for more flat roof systems than for Br 

and Bü, especially in the beam layer. Moreover, the evaporation of the accumulated condensate 

during summer months is higher in Br and Bü than in Schr. When comparing the two, more 

condensate can be detected in Bü than in Br [1]. 

As the only difference between the calculations for the three locations is given by the climate 

data, the inhomogeneity of the calculation results is affected by the ambient air temperature and 

relative humidity.  

According to the Austrian standard ÖNORM B 8110-5 [5] the monthly average ambient air 

temperature is determined by the region and the altitude of the location. Since pursuant to 

ÖNORM B 8110-5 [5] all three positions are located in the same region, the only variable is the 

altitude. The higher the altitude of the location, the lower is the average ambient air temperature. 

And as a consequence, more condensation in winter and less evaporation during summer months 

appears according to the Glaser-method. 

Figure 2. Number of “Multibox” flat roof systems showing non-evaporation of accumulated 

condensate for the Glaser-calculations based on climate data set 1 and climate data set 2 and 

elements showing increase of the total moisture content for the WUFI-simulation based on 

climate data set 3. 
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Dynamical simulation and comparison of climate conditions 

Dynamical simulation based on climate data set 3 

In Br, 52 % (insulation layer) or 68 % (beam layer) of the “Multibox” roof systems shows 

increase in total moisture content. In Bü and Schr fewer elements are exposed increasing the total 

moisture content: In the insulation layer 40 % (Schr) to 44 % (Bü); in the beam layer 16 % (Bü) to 

20 % (Schr). Moreover, more flat roof systems show an increase of total moisture content in Br 

than in Bü and Schr. 

The results of the Glaser-calculation based on climate data set 1 shows the opposite tendency. 

Whereas the Glaser-calculation determined Schr to be the least favourable place for the flat roof 

system, the output of the WUFI simulation identifies Schr as the most suitable of the three cities. 

What is the difference between the climates of the three cities? 

The components of climate data set 3 are: ambient air temperature; relative humidity; global 

radiation; diffuse solar radiation; wind velocity; wind direction; rainfall. As the WUFI simulation 

was established without an exterior heat transfer coefficient - dependent on wind and without 

absorption of rain - the data of wind velocity, wind direction and rainfall do not affect the 

simulation results. 

Comparing ambient air temperature and relative humidity of climate data set 3 for Br, Bü and 

Schr to those of climate data set 1, no discrepancy can be detected that would serve to explain the 

opposed outcome of the investigation. In Br, the monthly average of ambient air temperature of 

climate data set 3 is higher than the monthly average of climate data set 1. In Bü, climate data set 

3 shows for winter months cooler monthly averages of ambient air temperature than climate data 

set 1. Only in Schr could ambient air temperature be a factor of influence on the moisture 

behaviour of the flat roofs: In December, January and February the monthly average of ambient 

air temperatures is about 1.0 K higher than the monthly average of climate data set 1.  

When comparing the data of global radiation and diffuse solar radiation of climate data set 3 for 

Br, Bü and Schr, radiation turns out to be the main influence on the varied simulation results. The 

sum of the monthly averages of the daily totals of both global radiation and diffuse solar radiation 

is every month higher in Bü than in Br. Even though the disparity between the radiation in Br and 

Schr is less important than between Br and Bü, the city Schr always shows higher radiation sums 

than Br (with the exception of global radiation in August). 

This explains why more “Multibox” flat roofs show decreasing total moisture content in Bü and 

Schr than in Br, despite a higher altitude and lower ambient air temperatures. The influence of 

radiation on the roofs contributes to the drying-out of accumulated moisture. 

Simulation results with differing radiation absorptivity  

A second WUFI simulation (simulation b) was carried out for “Mulibox” flat roof number 3 in 

order to prove the influence of radiation on these roof systems. For this purpose, the absorptivity 

for solar radiation and the emissivity for long wave radiation of the outer surface were modified 

compared to the first dynamical simulation (simulation a) thus: 

Coefficients used for simulation a: - Absorptivity for solar radiation: 0.4 

  - Emissivity for long wave radiation: 0.9 

Coefficients used for simulation b:  - Absorptivity for solar radiation: 0.8 

  - Emissivity for long wave radiation: 0.97 

The modification of these values is indicated by a different colour of the roof membrane. While 

simulation a assumes a light-grey colour of the membrane, simulation b adopts a dark-grey 

membrane colour. 

The results for the total moisture content of simulation a and simulation b are compared in 

figure 6. For simulation b total moisture content is decreasing in all three climate locations. Even 



in Br a decreasing Δu’m can be observed for simulation b, although simulation a showed little 

decrease in the insulation layer and even an increase of total moisture content in the beam layer. 

No variation was applied in the investigation except of the radiation coefficients, which 

determines the effect of global and diffuse solar radiation on the construction element. Therefore, 

this study highlights that radiation has a major influence on the moisture content of “Multibox” 

flat roofs. 

Figure 3. Evaluation of the total moisture content for simulation a and b for “Multibox” flat roof 

no.3 (dynamical simulation, climate data set 3). 

Glaser-calulation with inclusion of the influence of solar radiation (climate data set 2) 

A second calculation according to Glaser was carried out based on climate data set 2 to examine 

the suitability of a Glaser-calculation to display the moisture behaviour of “Multibox” flat roof 

systems. 

In Br no accordance can be detected comparing the results of this Glaser-calculation to the results 

of the dynamical simulation. The same observation can be made for the insulation layer in Bü. In 

the beam layer, the same number of construction elements show non-evaporation of condensate 

and increase of total moisture content in Bü. In Schr, the calculation based on climate data set 1 

determines the same number of construction elements showing non-evaporation in the insulation 

layer as the WUFI simulation. However, the results of the Glaser-calculation based on radiant air 

temperatures do not correspond to the WUFI simulation results. In the beam layer, the Glaser-

calculation based on climate data set 2 for Schr is able to produce results corresponding to the 

dynamical simulation.  

Thus, the inclusion of radiation in ambient air temperatures for a Glaser-calculation only for the 

beam layer in Schr produces similar results to the output of a dynamical simulation. 

Furthermore, the amount of condensate was also compared. In Br and Bü, the roof elements show 

more condensate with the Glaser-calculation based on climate data set 2 than with climate data 

set 1. In Schr, the calculation based on radiant air temperatures determines less condensate and 

more evaporation than the calculation based on climate data set 1. The application of radiant air 

temperatures contributed to higher evaporation in Schr, which accords better with the dynamical 

simulation than the results of the calculation based on climate conditions according to Austrian 

standards. However, it is not possible to reproduce a realistic output by employing radiant air 

temperatures in a Glaser calculation corresponding to the standard EN ISO 13788 [2]. 

Hence, there is no satisfying accordance between a Glaser-calculation based on radiant air 

temperatures and the increase of total moisture content after the dynamical simulation. 

Evaluation of the total moisture content
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CONCLUSION 

The present study shows the high impact of climate conditions on the moisture behaviour of 

“Multibox” flat roof systems. In particular solar radiation was identified as the main factor of 

influence on the total moisture content of non-ventilated flat roofs. Thus, the current philosophy to 

not use “Multibox” flat roofs in high altitudes appears to be problematic. The opposite can be 

advisable as there is often more solar radiation in such locations than in valleys with 

predominantly mild but humid conditions and frequent fog. Therefore the climate conditions of 

locations situated on the mountainside can be more appropriate for non-ventilated flat roofs. 

Furthermore, the important contribution of solar radiation to achieve a stable value of the total 

moisture content shows clearly that the construction of these roofs should be avoided in places 

where exposition to sufficient solar radiation cannot be guaranteed. 

Moreover, the present study shows the impact of solar radiation on the moisture evaluation of flat 

roofs and it delivers useful advice for future dynamical simulations. The selection of climate data 

for such dynamical simulation is limited. Frequently, data is not available for the location under 

investigation. For this reason, data for sites with similar or more severe climate conditions are 

often used as substitutes. When choosing the appropriate climate for an investigation of non-

ventilated flat roofs the impact of radiation should be considered. Thus, colder climates could 

even lead to more favourable climate conditions for these construction elements. 

In addition, it was shown that calculations according to Austrian standards are not appropriate to 

predict the moisture behaviour of non-ventilated flat roofs. Even Glaser-calculation based on 

radiant air temperatures fails to generate realistic data. 
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ABSTRACT 

Natural sources of energy exist in many forms and in adequate quantities on Earth, but they 

are not always available when needed. How can we take advantage of the warm daytime 

during the night or, vice versa, exploit the cool night temperatures far into the day? One 

traditional measure is the use of the thermal storage capacity of solid materials, such as 

timber, stone, bricks or concrete. In lightweight forms of construction building elements of 

great mass are not used. In such situations, thermal-storage media offer new possibility for 

storing heat Thermal energy storage (TES) systems using phase change material (PCM) have 

been recognized as one of advanced energy technologies in enhancing energy efficiency and 

sustainability of buildings. The use of PCMs in buildings provide the potential for a better 

indoor thermal comfort for occupants due to the reduced indoor temperature fluctuations, and 

lower energy consumption due to the load reduction/shifting.  

This paper presents a retrofitting study of a residential double-row house based on dynamic 

simulation. The existing light-weight façade will be replaced by an air-tight high-performance 

construction with an increased transparent area using a translucent panel with phase change 

material. 

The innovative component, X-comfort, is a translucent wall element without any mechanical 

components or electronic devices. It consists of a triple glaze unit (TGU) with a hydrate of 

salt  sealed in polycarbonate hollow cellular slabs in the inner gap. These cells are coloured 

grey to improve the heat absorption. The thickness of such PCM hollow is about 25mm. The 

glazing can be equipped in the outer side with a prismatic-glass skin that reflects the high-

angle rays of the sun away from the building. 

INTRODUCTION 

Buildings account for almost 40% of overall energy consumption both in Europe and USA. 

The majority of this demand is due to the energy needed to provide sufficient indoor comfort. 

The majority of the existing building stock has to be renovated in order to reduce the energy 

consumption both for heating and cooling. This paper presents a dynamic simulation for an 

innovative façade concept which can be used for standardised refurbishment. 

The simulations demonstrate that the use of a PCM wall (X-comfort) in the parapet area the 

heating energy demand can be reduced of about 20% and in summer the indoor temperature 

can be decreased by 2K. 



METHOD 

In order to define the best façade  design and to investigate the influence of the new PCM 

glazing system (X-comfort) on comfort and energy demand a three step method is applied. 

In the first step, the X-comfort system is measured in the laboratory of Fraunhofer ISE. The 

direct transmission and the g-value (total solar energy transmittance) were evaluated for 

different incident angle in order to assess the angle dependency of the transparent façade  and 

to model it correctly in the building simulation software (ESP-r). 

 

     

Figure 1: The seasonal PCM translucent façade with and without prismatic skin. The solar 

transmission of the whole system is pre-calculated with a bi-directional description (5° step). 

The second step interpolates the measurement to get the complete angles spectrum of 

solarsolar  , (solar transmittance and reflectance) and the g-value, Fig. 1. 

In the final step dynamic building simulations with ESP-r [1] are performed for different 

situations in order to assess the internal temperature and the energy demand for heating and 

cooling. 

 The behaviour of PCMs is modelled using ESP-r’s special materials facility according to the 

Heim model [3]. The effect of phase transition is added to the energy balance equation as a 

latent heat generation term according to the so-called effective heat capacity method. 

MODEL SETUP 

The ESP-r simulation programme has been modified to allow the modelling of such complex 

system, see [1], [2] and [5]. Thermal simulations were performed to evaluate the effect of the 

proposed design on the thermal behaviour and the energy demand of a residential building. 

The simulated building is modelled with four different rooms. The zones are considered to be 

surrounded on the West and on the East site by similar zones (no heat flux is considered 

through the partition walls). The basement of the zone is linked to the ground and the roof to 

the external air. The building is South West oriented. To leave the model simple no 

transversal ventilation is considered between the north and the south zones.  

Both the heating energy demand and the room temperature are investigated in order to assess 

the impact of changing the external glazing façade. The parapet area is changed in order to 

have four different façade configurations. 



   

Figure 2: Representation of the simulated model. The model consists of four zones. 

Occupants, light and equipment are considered as internal loads. During the whole year the 

internal gains are 2.1W/m
2
. The construction is described in Table 1 

 

Construction U-value Boundary condition 

 [W/m²K]  

External wall 

(Sandwich element) 

0,18 

 

Facing outside 

Partition 

(plasterboard with insulation) 

 

0,7 adiabatic (no heat flux just thermal 

mass) 

Internal floor 2,8 adiabatic (no heat flux just thermal 

mass) 

Roof 0,17 Facing outside 

Table 1: Building Constructions properties 

The air exchange between indoor climate and outside is simulated via air change rate which is 

varied according to the seasons (winter and summer) and to the temperature difference 

between inside and outside regarding window opening. 

The simulations are carried out during winter period to assess the energy demand for the 

heating system and during summer period to assess the cooling energy demand and to 

evaluate the indoor air temperature. The heating set point is 20°C and the cooling set point is 

26°C. 

Two different climates are considered: Stockholm and Frankfurt. Both weather files are 

generated with Meteonorm. 

Façade  design 

Four façade  concepts are simulated for different parapet areas facing South West 

(respectively in the Wohnen and Schlafen_1 zones, see Figure 2). One configuration has an 

external shading device to protect the PCM parapet during summer and is activated only 

during cooling period (Table 2). 

 

concept window parapet technology PCM 

V01 Heat mirror Glass Opaque wall Without 

V02 Heat mirror Glass Solar Control Glazing Without 

V03 Heat mirror Glass X comfort With 

V04 Heat mirror Glass X comfort with external shading With 

Table 2: Four different concepts. 



RESULT 

A 6 minute time step was used within the simulations. The values of the resultant temperature, 

PCM node temperature and energy demand for cooling and heating were saved at each time 

step and evaluated in monthly time periods. The energy demand is also presented for the 

whole year. 

Energy demand 

The latent heat stored in the PCM panel is expected to partially cover the heating energy 

demand at the beginning and end of the heating season. The most important feature of the 

material is the solidification temperature. The solidification point should be above, but 

relatively close to, the required internal air temperature. Therefore, a material with a 

solidification temperature of  22 °C is the most suitable. 

The results obtained for concepts V03 and V04 reveal the importance of considering a 

seasonal shading device in front of the PCM parapet in order to reduce the cooling energy 

demand in summer (see Figure 3 and Figure 4). 

 

 Frankfurt Stockholm 

 Heating Cooling Heating Cooling 

  kWhr/m
2 
a kWhr/m

2 
a kWhr/m

2 
a kWhr/m

2 
a 

v01 18.74 4.34 60.52 0.57 

v02 17.75 11.16 60.41 0.91 

v03 14.64 26.51 47.18 3.70 

v04 14.92 4.72 48.12 0.67 

Table 3: Annual energy demand for Frankfurt and Stockholm. 
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Figure 3: Monthly energy demand for the Frankfurt situation. 
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Figure 4: Monthly energy demand for the Stockholm situation. 

Operative room temperature 

The thermal behavior of the PCM glazing façade affects the operative room temperature. 

Figure 5 shows the profiles over a selected winter period periods in Frankfurt. It can be shown 

that due to the latent heat capacity of the X-comfort parapet the system can store heat energy 

during the day and release it during the late afternoon / night. The summer situation for case 

v02 is worse because the parapet inside temperature can reach 40°C during summer. 
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Figure 5: Indoor temperature for a typical winter week in Frankfurt. The inside surface 

temperature of the parapet for v02 (solar control glazing) and for v04 (X-comfort) is also 

plotted. 



CONCLUSION 

The obtained results show the effect of latent heat storage on the thermal behaviour of the 

building. While this effect does not cause a considerable reduction in diurnal temperature 

fluctuation, it decreases the internal air temperature in the seasonal transitions periods when 

the solar energy can effectively be stored. The energy for heating and cooling can also be 

reduced both in Stockholm and in Frankfurt. 

In winter solar thermal gains are optimally attained, stored and released over a long period of 

time (more than a conventional concrete wall). Due to the high thermal capacity of the PCM 

the system can increase the thermal mass of the building with a minimum volume.  

The software ESP-r is used for the thermal simulations and the solar processing routine is 

used for the direct transmittance and to calculate the absorptivity of each façade layer.  

The simulations demonstrate that the use of a PCM wall (X-comfort) in the parapet area the 

heating energy demand can be reduced of about 20% and in summer the indoor temperature 

can be decreased by 2K. 

Used properly, PCMs can increase the thermal comfort in lightweight structures and allow 

service installations to be dimensioned more economically. 

The system guide carefully metered daylight into the interior of the building independently of 

the season in order to guarantee a good daylight performance during the whole year. 

Further analysis have to be done in order to enhance the daylighting and to reduce the 

artificial lighting. Additionally, a more accurate description of the PCM structure with 

variable density and conductivity is planned. 
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ABSTRACT  

Concerning the resource depletion and global warming, the realization of sustainable 

constructions is crucial because the building industry has a big impact on the greenhouse gas 

emission. Recently the interest in the buildings in subtropical regions has been growing due to 

the high growth rate of their urbanized areas. From the view point of building physics, those 

regions are challenging because they have both heating and cooling demands. Also the 

prediction of indoor air humidity is acquiring a greater interest concerning the envelope 

durability, the comfort and the energy consumption. Authors developed a new building 

envelope system for subtropical regions. This envelope is a vapor-open and sorption-active 

system which allows the moderate transfer of the water vapor in both directions i.e. from 

exterior to interior and from interior to exterior. It consists of hygroscopic materials such as 

wood and clay, and its design system enables the make-up of the envelope to be flexibly 

changed according to the individual design conditions such as local climate, preferred room 

temperature and humidity and so on. The wall make-up is optimized so that no occurrence of 

interstitial condensation is predicted by transient heat and moisture transfer simulations.  

The energy consumption and the comfort of the building with this system, which will be built 

in central Japan, was analyzed. The dynamic energy simulation on hourly basis of an example 

case was carried out by means of a simulation program in accordance with ISO 13790. Based 

on the heat balance simulation, the indoor humidity of the living room was predicted by 

means of a simplified moisture balance equation. This equation included the ventilation rate, 

the internal moisture load and the moisture buffering by the interior materials. The result of 

the heating and cooling energy need was 13.9 kWh/m
2
 and 9.8 kWh/m

2
 respectively. The 

moisture buffering by the interior finishing reduced the fluctuations of the humidity and the 

acceptability of the room air. As a result, it was concluded that the utilization of the building 

envelope system has a high potential to provide the low-energy-consuming and durable 

houses in subtropical regions. However, there still remains a need to improve the indoor 

comfort situation in summer. The model will be validated by the in-situ measurement in the 

test house in the near future.  

INTRODUCTION 

Concerning the resource depletion and global warming, the realization of sustainable 

constructions is crucial because the building industry has a big impact on the greenhouse gas 

emission [1]. Especially, the interest in the buildings in subtropical regions has been growing 

due to the high growth rate of their urbanized areas in the last decades. It is also worth noting 

that subtropical area could be geographically extended due to the global warming.  



From the view point of building physics, those regions are challenging because they have 

both heating and cooling period which creates the vapor pressure difference between interior 

and exterior. The direction of the moisture transfer across building envelopes changes 

throughout the year. In hot and humid summer, the moisture transfer happens from exterior to 

interior, and vice versa in cold and dry winter. There already are solutions for cold regions to 

make buildings more energy efficient and more comfortable dealing with the moisture 

transfer in winter. However it is inappropriate to implement such design methods to 

subtropical regions since they are not taking into account the moisture transfer in hot and 

humid summer. There is a need of new building envelope which can deal with the moisture 

transfer in both directions.  

Also the prediction of indoor air humidity is acquiring a greater interest concerning the 

envelope durability, the comfort and the energy consumption. Inappropriate design of 

envelopes results in the interstitial condensation in the envelopes which eventually causes 

biological deteriorations such as mold growth. This makes the longevity of the building 

shorter and causes health problems of the inhabitants. Thus it is very important to ensure by 

building physical means that there is no condensation taking into account the local climatic 

conditions and the user behavior such as preferred temperature and humidity. 

In this study a newly developed building envelope for subtropical regions, which is vapor-

open and sorption-active, is introduced. The indoor humidity prediction is carried out using an 

example case of a building with this system which will be realized in central Japan. In the end 

the energy consumption and the comfort of the building with this system is analyzed. 

METHOD 

Vapor-open and sorption-active building envelope 

Figure 1 shows the newly developed envelope which is vapor-open and sorption-active 

allowing the moderate transfer of the vapor in both directions. It consists of hygroscopic 

materials such as wood and clay, and its design system enables the make-up of the wall to be 

flexibly changed according to the individual design conditions such as local climate, preferred 

room temperature and humidity and so on. The sustainability aspect of this system is also of 

major concern. The materials used for this system contain no substances which are harmful to 

the humans and the environment, and they have the potential to be produced locally since the 

basic materials are common materials. The wall make-up is optimized so that no occurrence 

of interstitial condensation is predicted by transient heat and moisture transfer simulations. 

The detailed design concept, the prediction of its hygrothermal property and its validation is 

described in [2]. 

 

 

 

 

 

 

Figure 1: The illustration of the vapour-open and sorption-active building envelope. 



Example case 

Within this project, several test houses are planned to be erected in central Japan whose 

climatic condition is subtropical. In the present study, one of those test houses whose gross 

floor area is 58.7 m
2
 (hereafter called “Test House”) was chosen for carrying out the in-situ 

measurement of the room climate (Figure 2). Test House will be located in Ohmihachiman 

city (at latitude 35.13 degree north and longitude 136.08 degree east), and two inhabitants will 

be living in it. The wall make-up consists of external finishing with wooden cladding, 18 mm 

thick air layer, 180 mm thick wood fiber insulation, wind-tight and vapor-open membrane, 

structural wooden panel, 14mm thick clay board and thin layer of plaster as interior finishing.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: The drawings of Test House (floor plans, elevation plans). 

Heat and moisture balance simulation 

The heat balance simulation of the whole Test House throughout one year was carried out 

using the simulation program Helios which was developed by EMPA [3]. Helios is able to 

perform dynamic energy simulations on hourly basis in accordance with ISO 13790 [4]. For 

the energy calculation, a one zone building model was used. The thermal property of the 

envelope was defined according to the actual layer design of the building. The corresponding 

U-value of the wall and roof was 0.20 W/m
2
K and that of the windows was 1.3-1.5 W/m

2
K. 

The heating and cooling set-point temperature was 20 °C (maximum heating power: 3.0 kW) 

and 27 °C (maximum cooling power: 1.5 kW). Regarding the solar gains, it was modeled that 

movable shading is activated when the room temperature is 25 °C or higher. The daily 

schedule of the internal heat gain due to the human activities and the appliances were defined 

in accordance with the Swiss energy standard SIA 380/1 [5] (yearly mean value per floor 

area: 3.15 W/m
2
). Regarding the ventilation, the mechanical ventilation with heat recovery 

was translated into a reduction of ventilation rate considering the actual efficiency of the heat 



exchanger. The input of the modified ventilation rate was 0.14 1/h. The climatic conditions at 

this site were generated with METEONORM 6.1 (©Meteotest, Bern, 2010) for Hikone city 

where there is the nearest weather station around Ohmihachiman city. Its temperature and 

absolute humidity is shown in Figure 3. 

 

 

 

 

 

 

Figure 3: Exterior temperature and absolute humidity of Hikone city. 

From the heat balance simulation, one can acquire the predicted indoor temperature 

throughout the year in addition to the heating and cooling load. Using this predicted room 

temperature, the indoor humidity of the living room was calculated by means of a simplified 

moisture balance equation [6] (equation (1)) which includes the ventilation rate, the internal 

moisture load due to human activities and the moisture buffering by the interior materials.  

                                                                                                                                                  (1) 

 

Where VR (m
3
) is the volume of the room, Vsor (m

3
) is the equivalent volume of air 

representing the sorption capacity of the interior surfaces, vi (g/m
3
) is the absolute humidity of 

the room, qv (m
3
/h) is the exchanged airflow rate, ve (g/m

3
) is the absolute humidity of the 

supply air, Gint (g/h) is the resulting internal moisture load. Vsor is calculated by equation (2).                       

                                                        

                                                                                                                                                  (2) 

 

Where A (m
2
) is the area of the sorption-active interior surface, MBV (g/m

2
%RH) is the 

moisture buffer value which was defined in NORDTEST project [7] and vi,sat (g/m
3
) is the  

humidity of the room air by volume at saturation.  

By solving equation (1), the absolute humidity of the room air can be given as a function of 

time as shown by equation (3). 

 

                                                                                                                                                  (3) 

 

Where nL (1/h) is the ventilation rate. 

In the present study, two MBVs were used. One was the MBV of untreated wood which 

covers the large percentage of the ceiling. The actual experimental MBV was 1.2 g/m
2
%RH 

which is given in [7] as the value of untreated spruce wood. The other one was the MBV of 
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the finishing of the walls with clay and plaster. For getting more reliable simulation results, 

the measurement of its MBV was carried out in accordance with the NORDTEST protocol. 

The actual experimental MBV was 1.5 g/(m
2
%RH). The daily schedule of the internal 

moisture load of the living room was defined according to the inhabitants’ behavior. The 

input of occupancy of the living room (30m
2
) was as follows: 1 hour by two persons in the 

morning, one hour at noon by one person and 6 hours in the evening by two persons resulting 

in a daily mean moisture load per floor area of 2.0 g/(h·m
2
). The supply air flow rate was 50 

m
3
/h. For taking into account the dehumidification in summer, the moisture load was reduced 

assuming a radiator type dehumidifier with the surface area of 4.6 m
2
. It was modeled that this 

equipment was activated giving the surface temperature of 18 °C when the room air was 25°C 

or higher.  

RESULTS 

The result of the heating and cooling energy need was 13.9 kWh/m
2
 and 9.8 kWh/m

2
 

respectively. The predicted room air temperature and the relative humidity which took into 

account the moisture buffering throughout the year is shown in Figure 4 (a) for the living 

room.  The relative humidity was calculated in two cases, namely one case which takes into 

account the moisture buffering by the interior and the other case which does not. Those results 

in a humid period (from 22.08 to 01.09) are shown in Figure 4 (b).  

 

 

 

 

 

 

 

 

 

Figure 4: The predicted air temperature and relative humidity for the living room 

DISCUSSION 

The energy consumption for both heating and cooling is fairly low. This is because of the 

sufficient amount of the insulation and the design considering the solar gains in winter. Over 

heating in summer can be avoided by implementing an appropriate shading system.  

From Figure 4 (b), it is shown that the moisture buffering by the interior finishing reduced the 

humidity fluctuations. According to Fang et al. [8], the indoor air quality can be predicted 

with an acceptability-index (Acc), based on the air temperature, humidity and the pollution 

level. Acc. is given between 1.0 and -1.0. The higher the value is, the more comfortable the 

air is. Figure 5 (a) shows the predicted acceptability-index in the living room throughout the 

year for clean air. Figure 5 (b) shows the comparison with the two cases, namely with and 

without buffering. The mean values of the Acc. did not change with the buffering function. 

However it is worth noting that the fluctuation of the Acc. was reduced by significant level. 

For the summer period, there is a need to improve the acceptability-index. 
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          (a) The predicted room temperature                  (b) Comparison of with/without buffering 

 



 

 

 

 

 

 

 

 

 

Figure 5: The predicted acceptability of air quality in the living room. 

In the end, the transient heat moisture transfer simulation across the envelope described in [2] 

was carried out using the temperature and the humidity obtained in the present study. The 

result showed that there was no interstitial condensation inside the envelope.   

As a result, it was concluded that the utilization of the building envelope system introduced in 

this study has a high potential to provide the low-energy-consuming and durable houses in 

subtropical regions. However, there still remains a need to optimize shading, ventilation and 

cooling strategy in summer to improve the indoor comfort situation. This should be 

considering the preferred way of living. The present model will be validated by the in-situ 

measurement in Test House in the near future.  
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ABSTRACT 

With the increasing need for higher energy efficiency in buildings, thermal regulations are 

evolving toward more stringent rules in buildings at the European and national level. In 

France, new constructed buildings will have to comply with mandatory regulations that 

promote low-energy buildings from 2012 and positive-energy at the horizon of 2020. 

In this context, air tightness becomes a major performance issue in buildings. In fact, the part 

of heat loss due to air leakage in well insulated buildings becomes more important. Besides, 

air leakage can lead to cold draught and construction pathologies.  

The French thermal regulation sets a compliance scheme to guaranty good air tightness in 

new constructed buildings based on the evaluation of the overall building air tightness, 

through field measurements. However, there are often practical, technical and economical 

limitations to measure the global air tightness in large or multi-family buildings. In this case, 

building air tightness is evaluated through partial measurements in few apartments of the 

building using a sampling method. This method does not account for the leakages in the 

untested zones, including other apartments, halls, stairwells, etc.  

Actually, a research project (MININFIL) associating national institutions, research 

laboratories, resource centres and building professionals is conducted in France in order to 

enhance the knowledge on the air tightness and its impact on the energy performance in 

buildings, and to support building professionals to achieve much better envelope air tightness. 

MININFIL includes a campaign of air tightness measurements in ten residential buildings in 

order to identify the sampling methods that characterize the air tightness of a whole building 

through limited set of measurements in apartments, hall, stairway, etc. 

This paper presents a bibliographical review of the sampling methods followed by the 

measurement campaign that was carried out in ten new buildings. In each building, the air 

tightness was measured on the whole building and in each apartment of the building. The 

results have served to identify the typical air leakage paths, and the appropriate sampling 

method for the air tightness evaluation in large residential buildings. 

INTRODUCTION 

As recommended by the EPBD, the new French thermal regulation imposes that new 

constructed buildings must be low energy buildings from 2012. Different studies have shown 

that the impact of the infiltration losses becomes more important on the energy efficiency in 

the case of high performance buildings [1, 2]. Therefore, air tightness requirements have been 

included in the French regulation with an obligation for air tightness measurements in 

residential buildings, especially in multi-family buildings. 



The European standard EN ISO 13829 [3] describes the measurement method of air 

permeability of buildings. This measurement is planned to be done on the whole building. In 

the case of multi-family buildings, there are often practical limitations to measure the air 

permeability of the whole building (main reasons: building is too large, floors are not 

connected with an internal airflow path, or very leaky elements in the stairway). For these 

buildings, the standard allows separate measurements on individual parts of the building; e.g. 

apartments of multi-family buildings can be measured individually. In many European 

countries, the measurement is done on a sample of apartments for practical and technical 

reasons. A sampling method is given to specify the sample size, the selection criteria, and the 

airtightness requirements for the sample. Walther [2] has presented a review of the different 

sampling methods in Europe. Table 1 gives the German, UK, and French methods. The 

French sampling method has been included in the EN ISO 13829 implementation guide [4].  

 

Sampling 

Method 
Sample size Selection criteria 

Extrapolation method for the 

whole building 

Germany 

At least 20% of 

the total number 

of apartments 

Apartments located at 

the top, in-between 

and ground floor. 

1. The weighted average based 

on the volume must be lower 

than the limit value. 

2. Air permeability of tested 

apartments can be 30% greater 

than the limit value. 

UK 

At least 20 % of 

the buildings 

envelope area 

Areas representative 

of the whole envelope 

construction. 

1. Air permeability of tested 

apartments must be 10% smaller 

than the limit value. 

2. No requirements for the whole 

building. 

France 

(GA P50-

824) 

= 3 apartments if 

the building has 

30 units or less 

= 6 apartments 

otherwise 

1. Apartments with 

the largest length of 

floors and windows. 

AND 

2. Apartments located 

at the top, in-between 

and ground floor. 

1. The weighted average based 

on the envelope area must be 

lower than the limit value. 

2. No requirements for the tested 

apartments. 

Table 1: The sampling methods for the air tightness measurements in multi-family buildings. 

In France, the research project MININFIL has been conducted since 2008 in order to enhance 

the knowledge of professionals on the air tightness and its impact on the energy performance 

in buildings. Under the task 3 of the project, an extensive campaign of airtightness field 

measurements has been carried out in ten new multi-family buildings. In each building, the air 

tightness was measured for all the apartments and for the whole building. The results have 

enabled the evaluation of the sampling methods for the measurement of airtightness in muti-

family buildings. This paper presents the results of this work.  

METHOD 

The air permeability measurements have been realised with the fan pressurisation method 

according to the standard EN ISO 13829 [3] using Minneapolis Blower Door systems. The 

aim of the measurements is to identify separately the air permeability of each apartment, the 

common areas, and the whole building. Therefore, three types of air permeability 

measurements have been carried out in each building: 



1. Individual measurements of each apartment of the building with a blower door positioned 

on the entrance door of the apartment. The entrance door of the building is fully opened. 

2. A global measurement of the whole building, including leakages in apartments and 

common areas. This measurement is realised with a blower door using a single or double 

fans. The blower door is positioned on the entrance door of the building. The doors 

between apartments and common areas are fully opened 

3. A measurement of the common areas. This measurement is similar to the previous, but 

this time the doors between apartments and common areas are closed, in order to eliminate 

the leakage in apartments from the measurement. This requires that the doors are air-tight. 

Table 2 presents the multi-family buildings characteristics. The number of apartments per 

building varies between 12 and 38, and the number of the levels between 2 and 7. The volume 

of buildings varies between 2365 m
3
 and 5704 m

3
, with 2 buildings larger than 4000 m

3
.  

 

Building code B01 B02 B03* B04 B05* B06 B07 B08 B09 B10 

# of levels 4 3 2 4 3 5 5 4 7 5 

# of flats 17 12 17 20 16 17 17 16 38 36 

Area (m²) 1325 956 1266 1486 1150 1455 1248 1375 2256 2246 

Volume (m
3
) 3280 2365 3150 3700 2893 3544 3446 3031 5704 5175 

Table 2: The description of the assessed buildings. 

The measurements have been done at the end of the building construction. All apartments 

were unoccupied, in order to facilitate the access to all the parts of the building. However, the 

global measurements of buildings B03* and B05* have been disturbed by the presence of 

workmen during the tests. The global measurements for these building will not be considered 

in the analysis. 

RESULTS 

In France, the air permeability (Q4Pa-Surf) is calculated as the ratio between the infiltration 

airflow rate at 4 Pa with the envelope area of the building except the floors area (AT bat). The 

new thermal regulation sets the limit value required of air permeability to 1.0 m
3
/h/m

2
 for the 

case of multi-family buildings. This value is based on the French low-energy building 

standard. In this paper, the results will be presented with the French air permeability indicator. 

The ten buildings represent a total of 208 apartments. For the individual measurements, more 

than half of the apartments (52%) show lower results than the limit value 1.0 m
3
/h/m

2
. For the 

global measurement of the whole buildings, only three buildings (over eight) are lower than 

the limit value. The major part of the leakage in the apartments (40%) has occurred across the 

fenestration (joints at window sash, window sill, and shutter box), while 30% of the leakage 

occurs at the joints of hatch and ducts, and 25% across the electricity plugging. The leakage 

across the joints between walls and slabs are negligible. 

Figure 1 presents the results of the individual and global measurements for each building. We 

can observe that the individual measurements of air permeability are very heterogeneous 

between buildings, and between apartments in the same building in some cases. The buildings 

can be classified into two categories: 

 Buildings B05*, B06, B07 and B08 having the global measurement and the individual 

measurements globally below the required limit value (1.0 m
3
/h/m

2
). For these 

buildings, the individual measurements are uniform and vary in a narrow range. 



 For the other buildings, both the global measurement and the median of the individual 

measurements are greater than the limit value. The individual measurements in each 

building are very heterogeneous and vary in a wide range. In B09, the upper value of 

the individual measurements is almost ten times greater than the lower value. 
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Figure 1: Box plot of the measured air permeability values in each building: the box lines 

indicate the statistic results of individual measurements and the red marks indicate the global 

measurement of the whole building in each case. The global measurements of B03* and 

B05*have been excluded. 

In order to evaluate the sampling methods, the GA P50-784 method has been tested and 

compared to the results of the measurements. Table 3 presents a comparison of the GA P50-

784 method with other methods in terms of the sample size criterion. Only one building has a 

sample with more than 20% of the total number of apartments as required by the German 

method [2]. Whereas, 7 buildings have samples with more than 20% of the building envelope 

as required by the UK method. This can be explained by the fact that the selection criterion of 

the GA P50-784 method privileges the apartments with the largest envelope areas. 

 

Building code B01 B02 B03* B04 B05* B06 B07 B08 B09 B10 

# of flats 17 12 17 20 16 17 17 16 38 36 

# of tested flats  3 3 3 3 3 3 3 3 6 6 

% of tested flats 18% 25% 18% 15% 19% 18% 18% 19% 16% 17% 

% of tested AT bat 20% 22% 22% 20% 29% 21% 18% 24% 19% 16% 

Table 3: Comparison of the GA P50-784 sampling method against the other methods. 

The left panel of Figure 2 presents a comparison between the weighted average air 

permeability of the sample of apartments and the weighted average of all the apartments for 

each building. For the buildings with uniform individual measurements lower than the limit 

value (B05*, B06, B07, and B08), the results of the samples are very close to those obtained 

with all the apartments. For the other buildings, the difference is more significant.  

This figure gives also the statistical values of the weighted average air permeability that can 

be obtained with the different possible random samples of apartments for each building. The 



random samples are selected according to the required size of the sampling method with the 

apartments being at the top, in-between and ground floors. The median values are globally 

close to the weighted average of all the apartments. For buildings B01, B02, B04, B09 and 

B10, the difference between the minimal and maximal values that can be obtained with a 

random sample is very important. The minimal values can be as low as the half of all the 

apartments in the case of B10. The sample size and the selection criterion are critical for the 

sampling method.  
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Figure 2: Comparison of the weighted average air permeability of the samples of apartments 

against the weighted average air permeability of all apartments on the left panel, and against 

the global measurement of whole building on the right panel. 

The GA P50-784 method evaluates the air permeability of the whole building through the 

weighted average of the sample of apartments. Besides it doesn’t impose any requirement on 

the individual measurements. The use of a selection criterion is important to guarantee that the 

air permeability of the sample is at least equivalent to all the apartments. The GA P50-784 

method uses the ratio of the length of floor and windows per unit of floor area as a selection 

criterion. The method selects the apartments with the largest value of this ratio, as they are 

considered to be potentially the leakiest apartments. Figure 3 shows on the right panel the 

variation of the air leakage rates at 4 Pa against this ratio. As we can see, there is no 

correlation between these two parameters, and besides the air leakage rate shows a decreasing 

tendency with this ratio. The correlation is more significant with the envelope area as we can 

see on the right panel of figure 3. The envelope area seems to bee more relevant as a selection 

criterion than the ratio of the length of floor and windows per unit of floor area. 

Now we will compare the results of individual measurements against the global measurement. 

The right panel of Figure 2 presents the comparison of the weighted average air permeability 

of the samples of apartments (the sample of GA P50-784 method, and the sample of all the 

apartments) against the global measurement of the whole building. For both samples, the 

weighted average air permeability of apartments is always lower than the air permeability of 

the whole building as it doesn’t account for the leakage in the common areas caused by the lift 

shaft, the parking basement and other shafts and hatches. The greatest difference was found in 

the case of buildings B08, B09 and B10 with lift shaft and basement parking in the common 

areas. 
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Figure 3: The variation of the measured air leakage rates at 4 Pa as a function of the 

sampling criteria (the GA P50-784 sampling criteria on the left panel and the envelope area 

excluding floor on the right panel). 

CONCLUSION 

A detailed campaign of air permeability measurements has been carried out in ten multi-

family buildings in France. For each building, the air permeability of individual apartments 

and the whole building have been measured, and the sampling method of the implementation 

guide GA P50-784 has been evaluated. The results showed that the sampling method gives 

good results only in the case of buildings with uniform individual measurements. The method 

is as good as a random sampling. Nevertheless, in the case of buildings with heterogeneous 

individual measurements, the result of a random sampling varies in a very wide range. The 

selection criterion of the GA P50-784 sampling method doesn’t identify the apartments with 

greater risk of leakage. The use of another criterion based on the envelope area can be more 

relevant. The results have shown that the leakage in the common areas are significant and can 

have an important impact on the air permeability of the whole building in the case of common 

areas with lift shaft and basement parking. These leakages should be considered in the 

measurement method if it extrapolates the individual measurements to the whole buildings. 
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ABSTRACT    
So far, strategies to reduce the environmental impact of buildings focused on lowering the 
energy needs. Improving the characteristics of the building leads to a lower heating energy 
demand but also needs more construction materials to be used, especially insulation and 
airtightness materials. In the Walloon Region, a system of financial subsidies for envelope 
insulation has been implemented. In addition to the basic subsidy, an additional one of 3€/m² 
is granted if a «natural insulation material» is used.  « Natural insulation material » is 
currently defined by the Ministerial Decree of the Walloon Government as a material 
containing 85% or more fibers originating from plants or animals, or cellulose. 

The present contribution aims to analyse and improve this current definition. The authors 
show that a pertinent choice cannot only be based on raw materials composition but must 
refer to many other criteria, taking into account the whole life cycle of the material. An 
assessment model and a weighting of the criteria were developed and tested on 39 generic 
materials based on the data coming from available database and scientific literature.  

INTRODUCTION 
In the Belgian building sector, during the last ten years, a will to significantly reduce the 
building heating energy requirement has appeared. It is undoubtedly related to the increasing 
price of fossil fuels but also increased awareness of some environmental impacts such as 
climate change, natural resources depletion and biodiversity decrease. Reduction of heating 
energy requirement in Belgian houses is essentially reached by higher performance of the 
envelope, and more specifically by higher insulation and airtightness. 

With the objective of promoting the renovation of low energy houses, the Walloon 
Government, has implemented a system of financial subsidies for building envelope 
insulation. Based on a mandatory energy audit, this system offers subsidies from 10€/m² to 
30€/m² of insulated area, according to the type of walls and the insulation system (outside, 
inside...). Moreover, an additional subsidy of 3€/m² is granted if a «natural insulation 
material» is used. « Natural insulation material » has been defined by the Ministerial Decree 
of the Walloon Government voted on March 2010 and adapted on January 2011 as insulation 
material containing 85% or more fibers originating from plants or animals, or cellulose. 

Nevertheless, when improving the energy performance of houses more materials and 
components are applied. The environmental impact of building materials becomes then 
proportionally very important in the context of very well insulated buildings. Environmental 
impact of building could be currently assessed by a lot of LCA tools, over its lifespan, taking 
into account the building materials, components and systems. But none of those tools presents 

mailto:sophie.trachte@uclouvain.be


specific analysis on the “natural character” of building products, considering the nature and 
characteristics of materials used, the processing undergone by raw materials, the additives 
used for implementation, the emission of pollutants during the life and treatment opportunities 
at the end of life.  On the other hand, “natural” insulation material based on plant or animal 
fibers have more and more success though they are not as thermally efficient as minerals or 
synthetic insulation materials. But do these insulation materials actually have a lower 
environmental and health impact due to their raw materials? 

The paper presents a proposal that the authors submitted to Walloon Government, showing 
that this definition still does not guarantee a pertinent choice of materials. The authors showed 
that some insulation with mineral base could also be regarded as « natural ». This pertinent 
choice cannot be only based on raw materials composition but must refer to many other 
criteria, taking into account the whole life cycle of the material.  

This paper introduces an assessment and a weighting model tested on 39 generic insulation 
materials. Firstly, the paper describes the life cycle steps and considered criteria, the data 
collection and the boundaries of the study. The assessment model and the weighting are 
subsequently presented. Finally the results of the study are discussed. 

METHOD 

Goal and scope of the research 
Regarding the current definition, the goal of this study is to assess the “natural “character of 
insulation materials over the whole life cycle and to propose to the Walloon Government a 
more accurate definition of “natural insulation material”.  

Two steps were proposed but the paper only presents the second one (more complete): the 
Decree definition will be refined through a set of criteria based on the insulation material life 
cycle. This definition involves a full analysis of the environmental and health impacts of the 
proposed materials and a requirement on their treatment at the end of life. The “natural” 
insulation material is defined as a material coming from nature, without any impact on nature 
nor health and returning to nature.  

The environmental impact were calculated for 1m² of insulation layer with an equivalent 
thermal resistance R = 2 m²K/W. This value is the minimum required by the Walloon Decree 
to obtain the basic subsidy for wall and floor insulation. For roof insulation, the Decree 
requires a value R ≥ 3.5 m²K/W. 

Life cycle analysis and selection of criteria 
The authors have divided the life cycle of material into five steps. For each step, some criteria 
were selected: 

→ Raw material (non-energy resources): some raw materials provide the insulating 
character; others are additives that provide additional properties. Each of those materials is 
characterized by its nature, its place of extraction, its environmental impact (culture, 
extraction); its health impact (hazardous matters), its availability and its intrinsic qualities. 

Criteria: nature of resources (main and additional raw material), geographical origin 
(main raw material), resource availability (main and additional raw material), impact of 
culture, farming or mining on the environment (main raw material), natural resistance 
(main raw material), environmental impact (additional raw material), impact on worker’s 
health (additional raw material) 



→ Production process: the production process can involve different types of processing: 
change of t°, form, physical or chemical state. The energy used and the environmental 
impact are assessed. 

Criteria: type of transformation, embodied energy (total and Non Renewable Energy), 
environmental impact (Global Warming Potential, Acidification Potential, Photochemical 
Ozone Creation Potential) 

→ Implementation process: according to the type of assembly, the material can be reused or 
recycled, or not. Some insulating materials are implemented with an additive: glue or 
binder. This additive must also be evaluated. The implementation of the building materials 
may cause nuisances to workers, due to the texture of the material, its emission or its 
additives (toxic substances). 

Criteria: reversibility of assemblies, additive required for assembly, noxiousness related to 
the implementation 

→ Life in use: most of toxic emissions occur when materials are handled or in direct contact 
with the indoor air. Moisture in the building is a significant health problem. It can promote 
mould growth, degradation of surface materials and a decrease of the indoor air quality. 

Criteria: pollutants emission, hazardous substances, humidity and thermal inertia 

→ End of life / elimination: some materials are reusable, some may be used in a new cycle 
of production, while others are destined to be incinerated or landfilled. The ability of a 
material to be recycled or treated is not enough: the recycling or the treatment must really 
exist and perform (market demand). The lifespan of material is also important to assess the 
number of replacements needed on the buildings lifespan. 

Criteria: type of treatment/elimination, existing treatment processes, material lifespan 

Data collection and collaboration with manufacturers 
Unlike other European countries, Belgium does not have database related to the 
environmental impact of construction materials. Considering the difficulty of obtaining 
complete and valid data for all insulation products, the authors have used several databases [9 
to 16]. These databases have been established by independent organizations and are based on 
life cycle analysis. 

To assess the health impact, the authors have considered the “hazard phrases (EUHxxx)” of 
each of the components present in the insulation material, according to the Regulation CLP on 
the classification, labelling and packaging of substances and mixtures but also precautions 
according to the risks incurred by workers during the implementation. These are indicated in 
precautionary statements issued by manufacturers of substances, according to the Regulation 
CLP.     

Moreover, the authors developed a direct cooperation with manufacturers of insulation 
materials. The aim was firstly to collect data on materials, secondly to initiate a substantive 
debate on the topic of natural insulation. An online questionnaire was implemented in 
December 2010. Manufacturers were invited to complete it in order to make available the 
necessary data. This approach has been well received by most manufacturers, but only a few 
gave complete information.  

Systems boundaries 

Due to the lack of relevant data, some insulation materials such as straw, reeds, duck feathers 
and seashells were not included in the study. 



Due to the time allotted to this study, the authors have voluntarily limited the quantitative 
criteria of environmental impact to a "cradle to gate" scheme taking into account only 
embodied energy, Global Warming Potential, Acidification Potential and Photochemical 
Ozone Creation Potential. Other criteria are more qualitative, except the availability of 
resources, moisture behaviour and thermal inertia of insulation material. In the assessment 
model, the authors have also considered others certifications or environmental labels such as 
Natureplus, FSC, PEFC, Der Blaue Engel, Öko Plus AG. 

Performance evaluation and weighting 
With the objective of defining insulation material as “natural” or not following the previously 
detailed definition, the evaluation of criteria needs to be done, in a quantitative manner, on the 
five steps of life cycle. To compare the criteria that are expressed with completely different 
units, the authors developed a weighting system that is divided into three levels: first, each 
criterium is evaluated individually, then the criteria of a single stage are weighted, and finally 
the five phases of the life cycle are weighted together.  For the individual evaluation 
(according to each criterium), the authors have proposed to work with a scale of 1 to 5. This 
choice of weighting makes the definition of categories sufficiently accurate but also simple to 
understand: 
Weighting Qualitative criteria Quantitative criteria: the limit values between levels 

(X1, X2…) are determined by dividing the difference 
between worst and best value on the market. 

1 Very bad from [worst value on market] to X1 [unit]; 
2 Bad from X1 to X2 [unit]; 
3 Average/ neutral from X2 to X3 [unit] –including average value; 
4 Good from X3 to X4 [unit]; 
5 Very good from X4 to [best value on market] [unit]. 

Table 1: Weighting system for each criterium 

RESULTS 
The authors have worked on a baseline scenario and five specific scenarios, each testing a 
different version of “natural insulation material” definition : (0) Baseline scenario, (1) “Main 
raw material” Scenario, (2) “Additional raw material” Scenario, (3) “Environmental impact 
on the all life cycle” Scenario, (4) “Insulation material close to nature” Scenario, and (5) 
“Production with a low environmental impact” Scenario. A last scenario was defined to 
quantify the impact on health. Due to the lack of available data and information - the 
classification and labeling of chemicals being done on voluntary basis until December 2010 - 
the authors chose not to include it in the study. 

The scenarios were tested using an excel tool and a list of 39 generic materials. Most of 
insulation materials were analysed in various forms or products: rigid or semi-rigid panels, 
mattress or roll and in bulk. The list was compiled based on manufacturer’s technical 
information and on the reference [1] for the following values: embodied energy, NRE, GWP, 
AP and POCP. 

For all scenarios, the authors have proposed to consider the score of 3.5 as the minimum to 
achieve in order that insulation material could be regarded as “natural”. A score of 3 
corresponds to a neutral result (average value), but a score higher than 3.5 seems too severe. It 
is clear that this threshold should be chosen according to the accuracy with which the values 
obtained by insulation materials have been determined. 



 
Figure 1: Various scenarios, weighting factors and insulation materials analysed 

 
Figure 2: Results obtained by all insulation materials according to each scenario 

DISCUSSION 

Considering the 6 scenarios as a whole defining the “natural” character of a insulation 
material, some conclusions can be drawn: 

- Generally speaking, insulation material “in bulk”, based on plant, animal or mineral 
achieve good results (n°3,11,16,19, 27, 31); 

- Synthetic insulation (n° 34 to 39) materials cannot be considered "natural" because they 
get a result between around 1.5 and 3 for all the scenario; 

- Mineral-based insulation materials, that have not undergone chemical processing, such as 
expanded clay, perlite or vermiculite get a very good score (> 4) for all the scenario except 
the scenario 5; 

- Results for mineral wool (n°20 to 25) fluctuate around 3.5 depending on the scenario. 
Generally wool without formaldehyde obtain higher scores; 

- Insulation materials based on plant, animal and/or recycled fibers get higher scores (> 4) 
for all scenarios except the coconut fibers materials 

The results obtained by the 39 analysed insulation materials show that it is insufficient to 
provide a subsidy for insulation based exclusively on the composition of the insulation 
material. For example, according to the definition of the Walloon Decree, insulation material 



like perlite or vermiculite is rejected. According to the new accurate definition, it is accepted. 
Integration of environmental and health impact in the material assessment, throughout the 
whole life cycle, is essential to ensure a sustainable renewal and improvement of the housing 
stock in Wallonia. 
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ABSTRACT

Glass is a valuable building material: it is strong, durable, easily maintained, and most
importantly, transparent. This transparency reduces artificial lighting loads and heating loads
in the heating season, but results in undesirable solar heat gain in the cooling season. As a
result a design compromise exists between high and low window-to-wall ratios, in terms of
energy used in heating, cooling and lighting. Buildings with a high window-to-wall ratio are
generally unable to maintain a comfortable and temperate internal environment in the cooling
season without the use of energy-intensive HVAC systems; those with a low window-to-wall
ratio do not exploit the potential solar hear gain in winter and require more artificial lighting.
Smart glazing units, which can alter their optical properties through a reversible reaction,
allow energy savings to be made, but typically have greater embodied energy than their static
competitors.

This paper considers how current state-of-the-art glazing technologies might be used to create
a carbon negative building envelope. Following a literature review, the decision is made to
compare electrochromic (EC) glazing with a high performance static solar-control (SC)
glazing.  Figures for embodied energy of these technologies are quoted. The energy demand
of a typical office room is assessed using building simulation software. This simulation is
evaluated for an office facing north, south, east and west. The locations of London, Abu
Dhabi and Singapore are considered to evaluate the effect of local climate. The window-to-
wall ratio that delivers the lowest energy use is chosen for each location. The office is
subsequently tested with each technology and the energy demand calculated. The sensitivity
of the results to the size of the office is evaluated. The EC glazing is defined as carbon neutral
if it delivers a greater reduction in carbon emissions through its use than are emitted in its
production. The findings are considered in the context of a high profile highly glazed building
to evaluate their relevance with regards façade design decisions. A façade life of 25 years is
assumed.

It is found that EC glazing delivers net lifetime carbon savings of 13.0% in London, 10.8% in
Abu Dhabi and 7.6% in Singapore, averaged across the four orientations, when compared to
SC glazing. It is thus found that EC glazing is carbon negative. The maximum net carbon
saving of 329 kgCO2 per square metre of office floor space was realised for a south facing
façade in Abu Dhabi. The greatest relative reduction is 20.5% for a south facing façade in
London. It is found that potential savings reduce with room depth. When considered in the
context of the construction of the Shard, London, the cash value of the savings at the current
carbon price is found to be negligible.

INTRODUCTION

The building envelope is arguably the most important factor in determining the energy use of
a building. The properties of a façade, for example the window-to-wall ratio or G-value, are
variables in complex non-linear relationships that relate building energy use and occupant



comfort to the transient external environment. This complexity is difficult to deal with in the
early design stages. Aesthetic considerations tend to dominate the design of many façades,
with occupant comfort provided through the extensive use of building services, often at the
expense of energy efficiency.

Glass is a building material that has the potential to create a façade that satisfies the
conflicting requirements of aesthetic demands, energy efficiency and occupant comfort. Its
transparency is architecturally attractive and can be used to create dramatic spaces. The flow
of radiation through a façade can be harnessed to reduce energy demand, but excessive solar
gain will create energy demand through a need for cooling. Thus for a transient external
environment, there is a set of optimum façades, as defined by their window-to-wall ratios, G-
values, U-values and visible transmittances, which deliver the lowest building energy loads.
The energy loads mainly depend on the type of building, its location, the geometry of the
internal space, and the orientation of the façade in question. Energy savings are possible if a
façade that can dynamically alter its properties to match the varying external boundary
conditions to deliver the lowest energy loads. Several technologies exist to create this “Wall
for all Seasons” [1]. They are evaluated below.

One tool that could be used to rationalise the design process is Life Cycle Analysis (LCA). It
divides the life cycle of any product into four phases: raw materials, production, use and
disposal [2]. For façade components, the use-phase can be evaluated using building energy
simulation. LCAs are greatly simplified when used to compare two similar products, as the
common aspects of each can be neglected.

Building energy simulation also represents a powerful tool for the designer. This paper uses a
small, simple model of a typical office room to compare the energy loads placed on building
services by façades comprising of the static and dynamic technologies.

Technology Review
Four dynamic glazing technologies were considered, as shown in Table 1.

Technology Advantages Disadvantages
Liquid Crystal Proven technology widely used as

privacy glass.
Consumes energy to maintain clear

state.
Thermotropic No energy input required. No occupant control
Gasochromic Can control large uninterrupted

areas of glazed.
Liquid system give rise to a risk of

leaks.
Electrochromic Energy only consumed when

changing state.
Effective only for limited size

glazing.
Table 1: Summary of Technology Review [3].

Electrochromic (EC) glazing was chosen for this study. Research has found it capable of
delivering significant energy reductions [4]. Papaefthimiou et al. [5] conducted an LCA to
calculate the embodied energy of materials used in EC glazing manufacture. A market-leading
static solar control (SC) glazing was chosen as the comparison.

METHOD

Building Energy Simulation
A typical rectangular office room was constructed using EnergyPlus Version 6.0.0. London,
Abu Dhabi and Singapore were chosen as three locations spread over a range of latitudes with



a high demand for commercial office space. A preliminary investigation was used to find the
optimal window-to-wall ratio in a range from 50% to 99% for each location. 99% was
considered the maximum feasible and 50% the minimum acceptable window area for a
commercial office. The aim was to find a window-to-wall ratio that gave the lowest energy
use, assuming that a designer would aim to use a geometry that minimised energy use before
then deciding the glazing specification. The glazing units used in the simulation were
uncoated double-glazing and the default switchable glazing defined within EnergyPlus. The
results were the same for all four façade orientations. The window-to-wall ratio that resulted
in the lowest office energy use was 99% in London and 50% in Abu Dhabi and Singapore.

The heating system was fuelled by natural gas with an overall system efficiency of 76.5%.
The cooling system was an electrically powered heat pump with a seasonal energy efficiency
ratio of 3. The heating and cooling setpoint temperatures were 19.9°C and 23.9°C
respectively. The lighting and electrical equipment loads were set to be 15W/m2 each, and the
required work plane illumination was 500 lux. Occupation density was 10 m2/person and
ventilation provision was 8 litre/s/person [6]. Electricity for cooling, lighting and equipment
was based on the UK National Grid [7], with average emissions of 0.125 kgCO2 per MJ. The
generation and transmission efficiency of the grid were assumed to be 40%.

The simulation was extended to consider offices of different sizes but each with the same
floor plan aspect ratio. The offices considered are shown in Table 2.

Width (m) Depth (m) Floor Area (m2) Façade Area (m2)
Office 1 3 4.68 14.05 6.82
Office 2 6.65 10.38 69.07 15.14
Office 3 9.34 14.61 136.8 21.31
Office 4 12.47 19.46 242.7 28.36
Table 2: Offices considered in the study of room depth.

Life Cycle Analysis
It was assumed that the EC and the SC glazing units use the same amount of glass, sealants
and frames, manufactured with the same processes. If the embodied energy due to the
components is the same, then in a comparative study they can be neglected. The static SC
glazing consisted of a double-glazed insulated glass unit (IGU), with a thin-film coating
applied to surface two of the unit. The process energy of the coating process was the most
significant component of the embodied energy of the SC glazing.

The EC glazing included materials and processes not found in the SC glazing. Papaefthimiou
et al. [5] accounted for the production and preparation of the EC glazing polymer electrolyte.
The manufacture of the EC film was counted, but the embodied energy of the material used in
the layer is small and was therefore neglected. Values of 2.25 kgCO2 and 120.1 kgCO2 per
square metre of façade are found for SC glazing and EC glazing respectively.

The values from the building energy simulation and life cycle analysis were combined as
follows. The above-mentioned efficiencies for the office building services were used to
convert the energy loads into kilograms of carbon dioxide emitted due to primary energy
consumption each year. This is factored for an assumed 25-year service life, and then
normalised per square metre of office floor space. This was added to the normalised embodied
energy to find the total carbon footprint for each technology. The net carbon savings were
then found by calculating the difference between EC glazing and SC glazing in total carbon
footprint.



Case Study
The office room simulation was subsequently altered to match the floor to ceiling height and
façade tilt of the Shard, which is currently under construction in London. This building has a
complex façade shape formed of seven facets or “Shards”. Offices 2, 3 and 4 have depths
chosen to represent “Shards” 8, 1 and 3 respectively. The carbon savings due to an EC façade
are calculated as before, and are converted into a cash value by adjusting the savings in
kilograms into pounds sterling using a carbon price of £15.80/tonne [8].

RESULTS

Life Cycle Analysis
The highest magnitude net lifetime carbon saving of 329 kg CO2 / m2 was achieved for a
south facing façade in Abu Dhabi. The greatest relative net saving was 20.5% for a south
facing façade in London. Figures 1, 2, 3 and 4 show the results of the LCA.
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Figure 1: Net Lifetime Carbon Savings for
EC Glazing with respect to SC Glazing for
Office 1 at different orientations (window-
to-wall ratios in parentheses).

Figure 2: Geometric view of Net Lifetime
Carbon Savings for EC Glazing with
respect to SC Glazing for Office 1 at
different orientations.
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facing south. Error bars represent carbon
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Case Study

Shard Number: 1 3 8
Cash Value of Savings (£) per m2 0.53 0.54 1.89
Table 3: Lifetime Cash Value of Carbon Savings per metre square of office floor space, based
on a carbon price of £15.80 per tonne [8].

DISCUSSION

The carbon saving potential of EC glazing for different façade orientations in the three
locations considered in this study is shown in Figure 1. This figure shows that EC glazing,
despite its higher embodied energy, can deliver net carbon savings over its lifetime when
compared with SC glazing. By the definition set out in this paper, EC glazing is carbon
negative. The greatest potential carbon saving was achieved for a south facing façade in Abu
Dhabi, showing that EC is particularly effective in locations with high peak temperatures and
intermediate sun angles.

The change in potential savings with orientation shown in Figure 1 follows a similar pattern
for London and Abu Dhabi, both of which lie in the Northern Hemisphere. The behaviour is
different in Singapore, which lies on the Equator. The energy loads vary depending on
east/west orientation rather than north/south, due to the high sun angle. The office is occupied
for longer in the afternoon than in the morning, so the west facing office offers greater savings
than the east facing one. For a location in the southern hemisphere, a reflection in the
east/west plane of the pattern of behaviour for London and Abu Dhabi would be expected.

Referring again to Figure 1, it is perhaps surprising that the savings potential of EC glazing on
a south facing façade in London exceeds that for all the orientation in Singapore other than
west. In addition, from Figure 1 the average relative carbon saving of 13.0% achieved in
London is the highest of the three locations. The high sun angle and consistent high air
temperature throughout the year in Singapore means that the performance improvement of EC
over SC glazing is less significant. This is reinforced by Figure 4, which shows that in
Singapore EC glazing reduces total energy loads while maintaining the proportions of cooling
and lighting energy. In contrast, EC glazing in London reduces the cooling load with respect
to the total energy demand from 24.1% to 19.7%. These cooling loads are associated by high
solar gains that occur at low sun angles.

Figure 3 shows the change in potential carbon savings with room depth for south facing
façades. In London and Abu Dhabi the net benefit of EC glazing falls consistently with
increased depth. The capacity of the façade to influence the internal conditions reduces with
depth, and this is reflected in the reduced performance enhancement offered by EC glazing.
The behaviour of offices 1 to 4 in Singapore is different, with the greatest savings achieved
for Office 2. At this depth the proportion of the energy use due to lighting falls to a minimum
of 16%. Artificial lighting is more carbon intensive than cooling, and so this minimum value
for the proportion of energy use required for lighting coincides with greater carbon savings.

Table 3 shows the cash value of the net lifetime carbon savings per square metre of floor
space for offices modelled with ceiling height, room depth and orientation to match three of
the façade facets of the Shard, London Bridge. This assumes a carbon price of £15.80 per
tonne [8], over a service life of twenty-five years. It is evident that at the current carbon price,
the cash value of the carbon savings due to EC is negligible. The carbon price would need to
be orders of magnitude higher to become pay back the capital cost of upgrading from SC
glazing to EC glazing, based on the value of the carbon savings alone.



CONCLUSIONS AND FUTURE WORK

This study has shown how a simplified life-cycle analysis that includes the building energy
simulation of a typical office can be used to calculate the net lifetime carbon savings of one
glazing technology over another. Compared to SC glazing, EC glazing offers greater potential
savings in locations and at orientations that experience the greatest variation in external
boundary conditions, including specifically peak air temperatures and incident solar radiation
from low sun angles. These conditions are found on south facing façades in Abu Dhabi and
London respectively.

Offices with greater floor depths benefit less from the added performance of EC glazing. At
the current carbon price, however, the cash value of even the greatest potential carbon savings
is insignificant. The reduction in the operating energy costs resulting from the use of EC
glazing and the potential increase in occupant comfort and performance would have a more
significant impact on the whole life cost.
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ABSTRACT 

For well insulated buildings the annual solar irradiance onto the building facades exceeds the 

buildings energy demand by a multiple. Even for Central European climate conditions the 

irradiance in the winter season is about two to three times higher than the buildings energy 

demand. In order to make this irradiance available, a glazing of the façades is necessary on 

the one hand, on the other hand at least a short-time storage that is able to effectuate a day-

night phase shift is required. As the investigations with the simulation framework Tachion 

show, an entirely solar façade heated building is within reach. 

However, glazed façades have as well as transparent insulations the problem of overheating in 

the summer. This can be defused either by means of active measures, such as shading ele-

ments (shutters) in front of or inside the façade and/or by ventilating the absorbed heat away, 

or by means of passive measures, such as particularly shaped lamellas, prisms or other geo-

metrical forms with seasonally variable transmission. 

In this paper, a passive method is presented that achieves solely with the help of a particularly 

configured glazing the desired effect in a very efficient way. The contrast ratios, i.e. the ratio 

of maximum to minimum transmission of direct solar irradiance depending to the season, of 

up to 10:1 are possible. Compared to present-day systems, the winter/summer transmission 

ratio is improved substantially. If the glazing configuration is tailored individually to the spe-

cific situation of the building, even higher values can be obtained. Moreover, the diffuse part 

of the irradiance is used more effectively than with present-day setups. Thanks to all of these 

advantages, further overheating measures can in most cases be omitted. In the last section we 

shall present an effective and environmentally friendly way for a short-term storage of the 

gained irradiance energy. Investigations with the elaborated physical and mathematical simu-

lation framework Tachion are promising for the design of an entirely self-supplied building 

solely based on façade irradiance. 

INTRODUCTION 

Covering the energy demand of well insulated buildings for Central European climate condi-

tions without seasonal storage of solar thermal energy and without overemphasizing the 

envelope insulation (“passive house”) is a major challenge in the development of self-

sufficient buildings. Detailed irradiance simulation of the diffuse and direct irradiance onto a 

building’s façade show good evidence that this goal can be reached provided the irradiance 

can be absorbed and stored to a certain extend. 

Since sunlight as heating energy source is considered and used, overheating has become a 

sincere problem of comfort in summer time. Several strategies to handle this problem have 

since been developed: active system to prevent irradiance when it is not needed work well as 

long as they operate accordingly, in general they are rather laborious in handling and main-

taining, and prone for malfunctions. Passive systems have less problems of this kind, but they 
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are less sensitive to the building’s energy needs. In order to establish the desired properties, an 

accurate planning of such elements is necessary. Especially for renovations, adapted solutions 

are a necessity to obtain good results. 

Our search for an adaptive, flexible, cost and power effective and purely passive concept led 

us to the glazing structure called SunPattern
1
 whose characteristics shall be presented in the 

following. 

 

As a realistic example we shall consider a square, two floor, single family building of (mere-

ly) Swiss Minergie standard with an energy reference area of 200 m
2
 with exterior dimensions 

of 10 x 10 x 6 meters (façade height 5.5 m). The annual heating energy demand equals Qh = 

4500 kWh. As meteorological data, the Meteonorm dataset for Wetzikon (near Zurich) is 

used. Wetzikon, located 532 meter above sea level, has a yearly global irradiance of Gh = 

1108 kWh/m
2
 and a mean ambient temperature of 9.7 °C. The façades are assumed to be 

oriented exactly towards north, east, south and west. The Perez model
[1]

 is applied to compute 

the distribution of the hemispheric diffuse irradiance, partitioned into isotropic sky, horizon 

ribbon and a contribution for ground reflection. The albedo model, also applied in Meteo-

norm, considers albedo variations on a daily basis
[2]

 which is quite crucial for a reliable façade 

irradiance model.  Based on this simulation setup, the monthly façade irradiance looks as fol-

lows: 

 
Fig. 1: Specific monthly irradiance onto all façades where the window fraction is 30 % for 

the south façade, 20 % for the east and west façade and 10 % for the north façade. The direct 

radiation amounts to 40.8 % of the global irradiance. 

 

The annual irradiance onto the building’s façade amounts to 114’250 kWh for global and 

46’670 kWh for direct irradiance, which is more than an order of magnitude above the heating 

energy demand. 

To compare façade irradiance with the buildings energy demand, we make use of the building 

simulation within the Tachion framework on the basis of the hourly R5C1 model from the 

ISO EN 13790
[3]

 which has been upgraded by a strongly improved irradiance routine. The 

window area fractions are assumed to be 30% on the south, 20% on the east and west, and 

10% on the north side. Internal loads contribute with constant power of 600 Watt. Mechanical 

ventilation, heat recovery, standard values for infiltration and transmission losses for different 

parts of the building envelope are defined in detail. For the above described building with a 

specific heating demand of 22.5 kWh/m
2
 of the energy reference area, the comparison of the 

total irradiance onto the entire façade and the required heating energy yields the following 

graph: 

From figure 2 we conclude that if a building concept is able to transform 30-50 % of the 

façade and window irradiance into usable heat and if that heat is available for one to five days 

                                                            
1 The patent for the corresponding glazing structure is applied for. Please contact Solar Campus for details. 



that this kind of (passive) heating system would able to keep the temperature setting without 

supplementary energy. 

 

Fig. 2: Relative heating demand as a 5-days integral compared to the total façade (and win-

dow) irradiance for the same time intervals for the entire year. Already on this time basis (not 

only a monthly integral) the required irradiance for heating need not even be 50% of the 

available irradiance.  

ANGEL SENSITIVE STRUCTURE 

Covering the energy demands in winter is certainly the main task for our climate zone. More 

details about the constructive aspects are given in the second last paragraph of this paper. 

Another crucial aspect of using the building’s envelope as source of energy is the problem of 

overheating in summer. The energy savings during the cold season should not be made up by 

an air conditioning demand during the summer. In order to solve this problem, a number of 

concepts have been developed in the past and are applied in many existing building. A com-

mon aspect in all these overheating preventers is the angle dependent transmission properties 

according to high sun elevation in summer and low elevation in winter. An illustrative exam-

ple is the following sketch of such an angle selective blind:  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: Schematic sketch of an angle selective façade glazing as it is used to control the sea-

sonal irradiance transmission. On the south façade, in summer, the steeply incoming irra-

diance is reflected back to the ambient, in winter, the flat angles of the sun elevation allow a 

transition through the structure. This sketch represents a reference case of an angle selective 

construction, hence referred to as “standard structure”. 

 

The setup in figure 3, hence referred to as "standard structure", represents a typical construc-

tion with an angle sensitive behavior in order to have high transmission rates in winter and 

low transmission rates in summer. The reflecting lamellas in this example are enclosed be-

tween two glasses. In the following we will present the energetic properties of the standard 

structure and of SunPattern.  

Winter 
angles 

Summer 
angles 



ENERGY GAINS 

The ability to control the seasonal irradiance or energy flow is of course only one aspect in 

covering the heating demands of the building under consideration. In order to obtain the ac-

tual energy gains, the direct and diffuse irradiance values have to be integrated, as shown in 

the following figure: 
 

  
Fig. 4: Monthly energy transmission for a clear glazing (left diagram dotted line), for the 

standard structure (narrow dashed line) and for SunPattern (solid line). The dotted line in the 

right diagram represents the buildings energy demand. The difference between standard 

structure and SunPattern in summer with respect to overheating is evident. Furthermore, the 

direct irradiance for SunPattern is almost suppressed completely during summer. Both scal-

ings are in kWh/a. 
 

The annual, transmitted irradiance values in case of the left diagram amount for the entire 

building to 93’670, 29’080, 20’490, resp. 6’640 kWh. The comparison of the standard struc-

ture and SunPattern shows especially in the summer a substantial lowering of the irradiance 

of approximately 50 %. In the winter time, both structures have similar transition rates. Fur-

thermore, the left diagram shows the energy gain due to direct irradiance (wide dashed line). 

As can be seen from this curve, almost all of the summer gains in case of SunPattern arise 

from diffuse irradiance, whereas the standard structure is equivalently transparent also for 

direct sunlight. This aspect points at another advantage of the SunPattern concept: for Central 

European climate conditions, buildings often require heating energy also during the summer 

half-year when bad weather periods occur with sparse direct sunlight. Under these conditions, 

the exploitation of this source of energy is reasonable and helpful in the substitution of sup-

plementary energy. 

The right diagram in figure 4 relates the monthly irradiance integrals of SunPattern with the 

buildings energy demand. The demand could just be covered by irradiated when the entire 

absorbed energy could be used for heating purposes. In the next chapter, we will present a 

possible solution to handle the temperature shift problem between day and night by using a 

short-term storage concept. 

STORAGE CONCEPT 

Storing the irradiated energy is not easy for a couple of reasons. First, the building envelope is 

well separated from the buildings core and thermal mass. Any means of energy transportation 

like fans offer potential wickets of loss and require mechanical equipment and electricity 

supply. Another aspect is the thermal mass to store the energy. 

Since the temperature level should be kept low in order to have small losses when collecting 

the irradiance energy, the corresponding mass should be large. And finally, the temperature 

level should be possibly the lowest in the system, also to obtain high solar yields. To this situ-

ation described, a known concept of placing exterior thermal masses used as secondary build-

ing skin is able to decouple the interior from the façade processes. 



 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: Constructive setup of a glazed façade, using an exterior capacity made with wood in 

that example. The carriers of the glazing are solely hold by the exterior construction, prevent-

ing heat bridges to the interior construction. In order to ventilate surplus energy away in 

summer, the construction can be passively air conditioned by natural convection which oc-

curs as soon as the ventilation lid on top of the glazing is opened. This needs only be opened 

or closed once in a year. 

 

Since irradiance reliably occurs during day time, even if it is only diffuse light of 100 W/m
2
 

and the transmission rate is assumed to be 50 %, a temperature difference of 10 K can be es-

tablished after some time, reducing the transmission energy loss from the building substantial-

ly and accumulating energy for the evening and night which lowers the façade’s energy loss 

also during night. Due to the low temperature level, the energy losses when gaining the radia-

tion energy are minimal. As a well suited material for this outer mass, wood brings interesting 

properties with respect to its thermal capacity, low heat conductivity, and of course its tre-

mendous processing and static properties. 

The façade’s glazing allows for temperature differences of 20 – 30 K in case of direct irra-

diance shining onto the façade. But dynamically, this temperature is achieved only after some 

hours the corresponding energy is stored within the wood’s capacity. 

In summer, if an almost perpendicular irradiance of 800 W/m
2
 enters the façade, the actually 

transmitted irradiance only comes from diffuse irradiance which is of order 100 W/m
2
. So 
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also in this case, the temperature difference will not exceed 10 K, or even less, since the 

heated air can escape the air gap through the ventilation lid. The left diagram in figure 4 

shows a reduction of the summer irradiance of a factor 6 in case of SunPattern with respect to 

a clear glazing. From these considerations it is clear that the presented building envelope 

helps in a very effective way to keep the inside temperature on a comfortable level (as long as 

the energy flow through windows is well controlled). And no need for electric air condition-

ing arises. 

CONCLUSION 

The art of designing buildings for an optimal environmental energy supply is characterized by 

the intensive interaction of geometrical, material property, heating installation and controlling 

aspects, and need to be tailored to the users heating and cooling demands. The geometrical 

nature of direct and diffuse solar irradiance is still a challenge to incorporate into a project in a 

beneficial way. Material and component properties are subject of a rapid development. Long, 

middle and short term heat storage, the control of energy flows and forecasting the availability 

of irradiance and the varying demand of energy is another player in this complex game. 

SunPattern brings in a highly differentiating element for all kind of façade, roof and other 

glazed building parts. It is clear that this broad spectrum of requirements with competing as-

pects, cannot be handled with a simple recipe, but require a comprehensive simulation han-

dling high temporal and spatial resolutions. In order to analyze waste fields of variations and 

to follow the path of improvement with thousands of iterations, preferment algorithms need to 

be developed and proven in practice.  
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ABSTRACT 
Most of the studies on the thermal evaluation of building envelopes have been done for air- 
conditioned buildings. For that condition, the total energy per unit area consumed to maintain 
the indoor temperature constant at the comfort temperature is the evaluation parameter most 
used. In this study, three thermal performance indexes for building envelopes are proposed as 
parameters for their evaluation in non air-conditioned buildings. The envelope thermal 
performance index (ETPI), the hot thermal performance index (HTPI) and the cold thermal 
performance index (CTPI). The three indexes give a number from 0 to 100, a higher number 
means a better thermal performance. The ETPI is the average of HTPI and CTPI. HTPI 
quantify the ability of the envelope to avoid overheating and CTPI to avoid overcooling, both 
with respect to a comfort temperature.  A one dimensional heat transfer model for periodic 
outdoor conditions for a typical day of a month is used to simulate heat transfer through the 
envelope. The effect of solar radiation, convection and infrared emission on the outdoor 
envelope surface is included via the sol-air temperature and the outdoor film heat transfer 
coefficient. The indoor film heat transfer coefficient is used to account for the effect of 
radiative and convective heat transfer on the indoor envelope surface. Four monolayered and 
three multilayered envelopes are tested. The four monolayered envelopes are made of high 
density concrete (HDC), aerated concrete (AeC), expanded polystyrene foam (EPS), and zinc 
(Zinc). The multilayered envelopes are made of HDC and of EPS, with different locations of 
the EPS: in the exterior side, in the middle, and in the interior side. The envelope performance 
of air-conditioned buildings is also evaluated using the total energy per unit area.  

INTRODUCTION 
Walls and roofs of the building envelope play an important role in the heat transfer between 
the exterior and interior of the building. From the thermal point of view a good wall/roof 
keeps the interior temperature as close as possible to the comfort temperature without the use 
of an air-conditioning system or minimizes the energy consumption if an air-conditioning 
system is used. 

For air-conditioned buildings (A/C), parameters such as the total energy per unit area or the 
decrement factor with the time lag have been used to evaluate an envelope wall/roof [1], the 
decrement factor with the time lag has also been used to evaluate envelopes in non-air 
conditioned buildings (nA/C). In a previous work, the authors have used the decrement factor 
to evaluate six roof configurations in non-air conditioned buildings [2].  

In this work, thermal indexes to evaluate the thermal performance of a wall/roof are proposed 
for nA/C. These indexes are used to evaluate the performance of seven roofs, these roofs are 
also evaluated in A/C buildings using the total energy as the performance parameter. 



 

 

MODEL 
The heat transfer equation through a roof/wall composed by N layers of different materials, 
with a total width L, is  [3] 

                                                    (1) 

This equation describes the temperature inside the jth layer, Tj as a function of time and 
position x. The coefficient αj is the thermal diffusivity of the corresponding material. Given 
energy conservation, between layers the following condition must be satisfied 

                                                       (2) 

 

and in the exterior and interior surfaces 

  (3)                        

where k1 and kN are the thermal conductivity of the first and last layer (from exterior to 
interior), and ho and hi are the film  heat transfer coefficients for the exterior and interior, 
respectively. To and Ti are the outside and indoor air temperatures Two and Twi are the surface 
wall temperatures at the outside and inside side of the wall/roof.  

When simulating an air-conditioned room (A/C), the indoor temperature is kept constant and 
known. For non air-conditioned rooms (nA/C), the indoor temperature is assumed to be only a 
function of the heat transfer through the wall [3] 
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where ρa and ca are the density and specific heat of the air, d is a distance where the heat 
transfer is assumed to be zero.  

ENVELOPE THERMAL PERFORMANCE INDEXES 
The proposed indexes qualify the thermal performance of an envelope wall/roof. The indexes 
are scaled with the worst configuration. The indexes have values from 0 to 100 and the 
wall/roof is better as the value approaches to 100.  

 

The hot thermal performance index (HTPI) evaluates the ability of the wall/roof to avoid 
overheating respect to the comfort temperature and is scaled with the maximum possible 
overheating, given by the sol-air temperature considering an absorptivity equal one. It is 
defined as  

 

                                    (5) 

such as  Tij >  Tc and Tsa(1)j>  Tc.  Where Tsa(1) is the sol-air temperature [1] for an 
absorptivity a=1 and Tc is the comfort temperature [5]. The subindex j indicates the 
discretization of time. 

The cold thermal performance index (CTPI) evaluates the ability of the wall/roof to avoid 
overcooling respect to the comfort temperature and is scaled with the maximum possible 
overcooling, given by the sol-air-temperature considering an absorptivity equal zero. Thus, it 
is given as  
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such as  Tij < Tc and Tsa(0)< Tc. 

 

The envelope thermal performance index (ETPI) is defined as the average of the hot thermal 
performance index and the cold thermal performance index, 

.                                                   (7) 

RESULTS 
For all simulations the outdoor temperature was calculated using the equation proposed by 
Chow and Levermore [6], the solar radiation was approximated by a sinusoidal with the day 
duration according to the place and the month. The weather data needed to calculate the 
ambient temperature correspond to Torreon, Mexico, for the month of June. Roofs are 
evaluated considering d=2.5m and the values for the film coefficients for the exterior and 
interior are ho=13W/m2 oC y hi=6.6W/m2 oC.   

Seven roof configurations were chosen to prove the utility of the indexes. The configurations 
are described in Table 1 and all of them are evaluated considering A/C and nA/C rooms. The 
properties of the materials used are presented in Table 2. In all roofs the absorptivity was 
a=0.2 but for Zinc a=0.8, also all roofs have a total thickness of 0.10m, but Zinc is 0.01m.  
The first six configurations are the same than the ones used in [2]. 

 

EPS Expanded Polystyrene Foam  0.10 m 

AeC Aereated Concrete 0.10 m 

HDC High Density Concrete 0.10 m 

EPS_ext EPS 0.02m + HDC 0.10 m 

EPS_int HDC 0.08 m + EPS 0.02 m  

EPS_mid HDC 0.04 m + EPS 0.02 m + HDC 0.04 m 

Zinc Zinc 0.01m 
Table 1: Configurations described from the outside to inside. 

 

Material k 

[W/moC] 

ρ  

[kg/m3]

c 

[J/kgoC]

AeC 0.12 550 1004 

HDC 2.00  2400 1000 

EPS 0.04      15 1400 

Zinc 110 7130 390 
Table 2: Properties of the materials, k thermal conductivity, xxx density and xxx specific heat. 
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The total energy per unit area used in A/C buildings for the seven configurations is presented 
in Figure 1. The EPS is the best configuration, followed by the EPS_ext. In this case, the roof 
made of Zinc is the configuration that has the largest energy consumption, almost 32 times 
more than the EPS, and the HDC is the second worst, using more than 6 times the energy 
needed by the EPS. 

 

Figure 1: Energy per unit area used in A/C buildings . 

In Figure 2, the three indexes are presented (CTPI, HTPI and ETPI) for the seven 
configurations in nA/C buildings. The best configuration according to the ETPI is EPS_ext 
(94), followed by EPS_mid (91), AeC (79), HDC (77), EPS_int (74), EPS (65), and Zinc (32). 
The HTPI and CTPI give the same order.    This order is the same as obtained using the 
decrement factor as the parameter [2].  The Zinc was not considered in that work.                    



 

 

 
Figure 2: Thermal performance indexes for the six configurations. 

CONCLUSIONS

The main conclusion of this work is that the use of the envelope thermal performance index 
(ETPI), as a parameter to evaluate the thermal performance of an envelope wall/roof in non 
air conditioned buildings orders the configurations in the same way than the decrement factor. 
The advantage of the ETPI is that it gives a grade ranging from 0 to 100, which is simpler to 
interpret than the value of the decrement factor.   The results show that the best envelope for 
air-conditioned buildings (EPS) can be not suitable for non air-conditioned buildings. 

ACKNOWLEDGEMENTS 
Partial economic support from CONACYT and from CONACYT-SENER 118665 projects is 
acknowledged. 

 

REFERENCES 

1. Givoni B. Man, climate and architecture. Applied Science Publishers, London, 1981. 

2. G. Barrios, G. Huelsz, R. Rechtman and J. Rojas. Wall/roof thermal performance 
differences between air-conditioned and non air-conditioned rooms. Energy and Buildings 
43, pp 219-223, 2011. 

3. Incropera, F. P. and De Witt, D. P. Fundamentals of Heat and Mass Transfer, pp 88-93 
and 239-324, John Wiley & Sons, New York, 2002. 

4. ASHRAE. SI Edition , American Society of Heating, Refrigerating and Air-Conditioning 
Engineers, 1997. 



 

 

5. M. A. Humphreys, F. J. Nicol, Outdoor temperature and indoor thermal comfort-raising 
the precision of the relationship for the 1998 ASHRAE database files studies, ASHRAE 
Transactions 106, 2000. 

6. Chow D. H. C., Levermore G. J. New algorithm for generating hourly temperature values 
using daily maximum, minimum and average values from climate model. Building Serv. 
Eng. Res. Technol., 28(3), 237–248, 2007. 



 

ENERGY PERFORMANCES OF AN ETFE ROOF APPLIED TO A 

SWIMMING POOL 

A. Bellazzi
1
, S.Galli

1
 

 

1
ITC-CNR, Construction Technologies Institute – National Research Council 

Via Lombardia 49, 20098 San Giuliano Milanese - Italy 

 

 

ABSTRACT 

The forward-looking analysis of the energy demand plays a key role in the design of 

sustainable buildings in terms of energy consumption and impact on the environment; in 

particular, the use of new materials and advanced architectural solutions needs to be taken 

into account also while calculating the building envelope efficiency. This research aims to 

evaluate the performances of an innovative material, such as ETFE (Ethylene 

Tetrafluoroethylene), using dynamic simulation tools, applied to the case study of a 

swimming pool, a scenario which is very far from a traditional building because of the 

presence of water in a confined environment. 

The building modelling process is particularly complex with regard to the roof of the 

swimming pool zone, both due to its complex shape and geometry and to the peculiar 

envelope stratigraphy. The roof is composed of two different types of ETFE, an innovative 

high performance material. The roof surface  is constituted by “cushions” of different shapes, 

which are built up by laying a different number of polymeric sheets one upon the other, with 

an air gap in between.  

All the internal gains have been introduced in the model, which include gains linked to the 

presence of people in the building, those due to the lighting system and to the presence of 

water in the pool, which considerably affects the energy demand in terms of latent load. 

The energy demand has been evaluated both through the monthly net energy demand, which 

is indicative of the envelope’s performances, both in terms of monthly energy consumption 

for heating and cooling: these last data take into account also the energy need due to the air 

treatment, which is necessary in order to satisfy the thermo-hygrometric comfort and to 

ensure the internal target values of temperature and relative humidity. The achievement of 

comfort conditions is verified by analysing the detailed data of internal air temperature and 

operative temperature in the different building zones, in particular the daily data related to the 

most critical months, especially July for the cooling period and January for the heating 

season, as well as the hourly data of the coldest and the warmest days of the year. The results 

analysis allowed to confirm that the design solution using the ETFE roof is able to satisfy the 

desired internal conditions, avoiding overheating during summer, which could affect a 

building using a roof with similar characteristics but made with traditional materials. 

INTRODUCTION 

The use of new materials and innovative architectural solutions should be considered in terms 

of energy efficiency. The aim of the research, carried out by ITC-CNR of San Giuliano 

Milanese, was the evaluation of the energy performances of an innovative roofing material 

such as ETFE (Ethylene Tetrafluoroethylene) through the use of dynamic simulation tools 



applied to a swimming pool case-study, a context which is very different from a normal 

building due to the presence of water in a closed environment 

The research is a part of an agreement with Tekser Srl, focused on the study of the energy and 

environmental impact of the ETFE, used as roofing for an aquatic park which is on the cutting 

edge as far as structural, architectural and plant solutions are concerned. 

The target of the project managers (Sering Srl) was the realization of an aquatic centre to be 

used all over the year, giving the visitors the feeling of being in an open-air space even when 

they are in the internal swimming pools. The roofing material of the internal pool area had to 

permit the maximum entry of daylight and the maximum visibility towards the outside, 

without increasing the energy consumption related to both summer and winter air 

conditioning. The EFTE option was chosen for the reasons above. 

The aquatic park consists of 12 swimming pools, some of which are located under the ETFE 

roof. The construction of the dynamic simulation model was focused on the area of the 

internal pools, named “dome area”, consisting of two basement floors and one floor above 

ground, which has a mezzanine floor with a refreshment bar that faces the pools area. 

Description of the roofing material - ETFE 

Multiple layers of Ethylene Tetrafluoroethylene can be composed in order to build “air 

cushions” that can be used as envelope components. The sheets are 50-150 mm thick and they 

form a set of air cushions, fixed by aluminium extruded bars and sustained by a light 

structure. The standard component, made of three layers separated by two air gaps, can reach 

a thermal transmittance of 1,96 W/m2K and a solar factor of 78,4%. The solar factor, which 

represents the ratio between transmitted solar energy and incident solar energy , can be 

reduced by using graphic patterns made by opaque or translucent fluorine-polymers, or using 

variable patterns which can be modified if necessary. Light transmission varies from 97% of a 

single sheet to lower values according to the number of layers and their composition. ETFE 

allows the transmission of UV rays and facilitates photosynthesis phenomena in indoor 

environments. The material, developed for the aerospace industry, has excellent performances 

in terms of resistance to UV rays and pollutant agents in the atmosphere. Its resistance 

facilitates the construction of complex structures and its smooth surface requires little 

maintenance. 

METHOD 

Description of the design approach 

The project management group was assisted in choosing the roofing material, in order to grant 

a high level of thermo-hygrometric comfort, without increasing energy consumptions for 

heating and cooling purposes. The evaluation of energy performances of the ETFE roof has 

been structured in the following steps: 

- gathering of information about the building and setting the input data; 

- realization of the model through the dynamic simulation software Energy Plus and the 

GUI Design Builder; 

- implementation of energy simulations in winter and summer seasons, with a more 

thorough analysis on the most critical days; 

- results analysis. 

The dynamic simulation model  

Dynamic simulations allow to perform very accurate analysis of the building’s energy 

performances and can produce a great amount of output data; for these reasons, a very deep 

knowledge of the case-study building’s characteristics is required, as well as the definition of 



many input data, in order to put up an adequate building model. Simulations can calculate 

thermal balances even at very short time intervals; hourly time steps are typically used, but 

some software give the opportunity to use even hour fractions as time steps.  

During the simulation of the energy performances, the real building’s envelope behaviour is 

represented (heat storage and transfer, thermal losses, infiltrations) according to climatic 

conditions and heat gains due to sunlight or internal loads, and the HVAC plant operation is 

reproduced, taking account of transient periods. This last aspect is fundamental when 

simulations are used for plant dimensioning, as it allows to choose the solutions that can best 

be integrated into the building, while ensuring optimal conditions in terms of indoor comfort. 

The realization of the simulations model of the “dome area” faced many difficulties in 

reproducing the complex morphology of the structure and in defining the physical 

characteristics (both thermal and visual) of the innovative roofing material. The ETFE sheets 

are separated by air gaps and they assume a peculiar “cushion” shape, and it was therefore 

extremely important to reproduce their average performance when calculating the global roof 

performance. Another critical situation was represented by the simulation of the internal latent 

load due to the high occupancy and to the presence of water pools at different temperature 

levels which change according to the season and to the people’s activity. 

The climatic data used in the model are referred to the Energy Plus database, of the 

“International Weather for Energy Calculation” (IWEC). The “dome area” has been divided 

in thermal zones which are homogeneous in terms of internal gains, design temperatures and 

occupancy profiles: due to the complexity of the building’s geometry, only four thermal zones 

have been defined in order to avoid excessive extensions of the simulation’s duration and to 

prevent any distortion of the expected results: 

- thermal zone 1, “Swimming pool”, which represents the zones of the water pools; 

- thermal zone 2, “Sunbeds”, representative of the relax areas near the swimming pools; 

- thermal zone 3, “Plants”, including the whole second underground level and some 

parts of the first underground level; 

- thermal zone 4, “Refreshment bar”, representative of the bar zone located on the 

mezzanine floor. 

Particular attention has been paid to transposing” the shape of ETFE “cushions” into the 

simulation software. The performances of two different types of roofs have been analysed: the 

former, named “ETFE clear”, made of three layers separated by two air gaps, allows the 

maximum visibility towards the exterior, and has a solar factor of 0,784 and a light 

transmission of 75%. The latter, “ETFE white”, which is used in order to create an acoustic 

barrier towards the residential area near the aquatic park, is made of just two ETFE sheets, 

separated by an air gap, and by a layer of internal acoustic panels. 

Solar Heat Gain Coefficient (SHGC) 0,784 

Direct Solar Transmission 0,776 

Light Transmission 0,751 

Table 1. ETFE Clear technical characteristics (data provided by the manufacturer) 

Latent load calculation 

Internal gains of the “dome area”, apart from solar gains, are caused by people, lighting 

system and equipment. In swimming pools, more than 50-60% of heat transmission is related 

to evaporation phenomena (ASHRAE, 1999), so it is fundamental to calculate latent loads. 

Evaporation depends on several factors, such as pools surface, water temperature, relative 

humidity, number of occupants in the area and their type of physical activity, difference of 



vapour pressure. Evaporation increases as air temperatures increase or as relative humidity 

decreases.  In literature, many studies have been carried out in order to calculate latent loads 

of indoor and outdoor swimming pools: the calculated value for the global latent load for the 

internal swimming pool is 665 kW. The internal pool has a maximum occupancy of 1200 

people, divided into four thermal zones. The internal gains due to the lighting plant and to the 

equipment are illustrated in Table 2, divided by thermal zone.  

Thermal zone Lighting and equipment 

(W/m
2
) 

Weekdays Weekends 

SWIMMING POOL 40 9:00-23:00 9:00-1:00 

SUNBEDS 40 9:00-23:00 9:00-1:00 

REFRESHMENT BAR 100 9:00-23:00 9:00-1:00 

Table 2. Internal loads due to lighting and equipment 

The internal load of 100 W/m2 calculated for the refreshment bar zone has been divided in 40 

W/m2 of sensible load and 60 W/m2 of latent load. People in the Sunbeds zone are assumed 

to be sitting, while people in the Swimming pools zone are assumed to be doing some 

physical activity. Metabolic rates (met) and the clothing insulation degree (clo) are defined 

according to the standards presented in ISO 7730. Input data about ventilation and internal 

design temperatures have been taken from the design data. 

Thermal zone 
Setpoint temperature (°C) RH (%) 

Air change 

l/sp 
Tinlet air °C 

 Summer Winter   Summer Winter 

SWIMMING POOL 29 29 65 6,5 21 35 

SUNBEDS 29 29 65 6,5 21 35 

REFRESHMENT BAR 28 28 55 10 20 32 

Table 3. Indoor design temperature and air changes per person 

RESULTS 

Energy analyses have been first carried out on a whole year period with a daily time step, in 

order to point out the most critical months and days, both in winter and summer period. Then, 

more exhaustive analyses have been carried out for the most significant periods, through 

hourly simulations whose aim was to analyse the energy consumption and the comfort 

indexes in the most critical days of winter and summer. Energy analyses have considered the 

consumption of the whole building, while comfort analyses have been detailed independently 

for each thermal zone, in order to verify any anomalous result in any part of the building. The 

simulation produced the following output data: energy consumption for heating and cooling 

(kWh), indoor air temperature (°C), operative temperature (°C) and internal surface 

temperature of the roofing (°C). 

Comfort analysis 

The simulation has been used also for the verification of the design indoor comfort 

conditions. Analysis have been carried out independently for each thermal zone, in order to 

verify that the different boundary conditions (type of envelope, presence of water, internal 

gains due to occupancy) did not cause any considerable difference in the correct operation of 

the building. The analysis considered daily internal mean temperature in the opening hours, 

during the months of January and July, and focused on: 

- air temperature (°C); 



- operative temperature (°C) 

- radiant temperature (°C). 

Following the identification of the most significant days corresponding to the peak values of 

energy consumption, the temperature hourly data have been analysed to verify that there were 

no excessive deviations from the design values and no discomfort situations. 

 

 
Opening hours Closing hours 

Air temp Operative temp Air temp Operative temp 

18th January: minimum value 
°C 29,0 25,0 18,0 17,9 

Hour - 10:00 24-1:00 8:00 

18th January: maximum value 
°C 29,0 26,0 27,8 23,5 

Hour - 13-14:00 9.00 9:00 

Table 4. Hourly temperature values – Sunbeds zone, 18th January 

 
Opening hours Closing hours 

Air temp Operative temp Air temp Operative temp 

15th July: minimum value 
°C 29,0 29,6 18,7 21,8 

Hour - 10:00 2:00 2:00 

15th July: maximum value 
°C 29,0 31,8 29,0 28,9 

Hour - 14:00 9:00 9:00 

Table 5. Hourly temperature values – Sunbeds zone, 15th July 

At the end of the study, specific analyses have been conducted on the surface temperatures of 

the roofing elements with the acoustic insulation. The inner and outer surface temperatures 

have been calculated during the months of January and July and then, the temperature trends 

in the coldest and in the hottest days of the year have also been calculated into detail. 

During winter, the internal surface temperature is quite constant, while the external surface 

temperature varies according to the variation of the external temperature. Some variations 

related to the HVAC plant operation can be noticed over the course of the day.  

In summer, the daily average internal surface temperature follows the external temperature. A 

daily analysis shows that there are strong variations between day and night (up to 35°C of 

temperature range throughout the day), with peaks over 55°C. The internal surface 

temperature shows a softened behaviour, keeping the temperature range within 20°C, but it 

reaches values up to 45°C. Such high values of surface temperature justify the maximum 

operative temperature calculated during summer simulations. 

DISCUSSION 

Verification of preliminary plant design  

The first analysis carried out on the simulation model was the verification of the preliminary 

design of the HVAC plants. The total heating power needed for the “dome area” has been 

then calculated at winter design conditions (outdoor temperature of –5°C). It is a nearly 

steady-state analysis where the worst possible conditions are considered, thus excluding any 

external and internal gain, related to solar radiation and to electrical equipment or occupancy. 

Thermal losses due to ventilation and transmission through the envelope are considered; the 

sum of these components is then multiplied by an adequate safety factor, obtaining a final 

value of 834 kW. 



HEATING 

Maximum loss due to ventilation  (kW) 464 

Maximum loss through the envelope (kW) 370 

Total losses (kW) 834 

Table 6. Heating design power 

The simulation software Design Builder calculates the cooling power by considering the day 

with the highest external temperatures throughout the year (named “Summer Design Day”). A 

new nearly  steady-state analysis is carried out, considering also all the internal gains, which 

represent an additional load during the cooling period. The energy consumption for cooling is 

analysed during the day, in order to determine the time of the peak load, considering both 

losses due to transmittance through the envelope and ventilation. Taking into account also the 

internal and solar gains helps to determine the real peak value of the cooling demand, which is 

used to calculate the design cooling power, always considering the safety factor. The load is 

divided into latent and sensible, in order to underline the importance of the load related on the 

one hand to the presence of people, and on the other hand to the mass of water contained in 

the pools: the total value is 1.512 kW. 

COOLING 

Sensible load (kW) 560 

Latent load (kW) 665 

Maximum loss due to ventilation (kW) 287 

Total load (kW) 1.512 

Table 7. Cooling design power 

Both values are very similar to the design values calculated by the project managers in 

designing the HVAC plant: this is an important confirmation concerning the accuracy of such 

a complex simulation model. 

Calculation of energy requirements 

The energy consumption has been calculated with daily time step and monthly values have 

been analysed in order to determine the consumption trend over the whole year. The results 

analysis shows that there is always a cooling consumption, even in winter. This can be 

explained through the analysis of the software’s calculation model: the air treatment needed to 

achieve the desired humidity level is included in the cooling consumption. A 

dehumidification process is always active in order to maintain relative humidity at 55-65%, 

because of the presence of water within the structure. This causes a considerable energy 

consumption which is included in the cooling load (because this energy is used to eliminate 

the latent load). Similarly, heating consumption is always greater than zero because of the 

treatment of the fresh air entering the building all the year round. The net energy consumption 

represents the thermal losses related to the building envelope, without considering any air 

treatment process. The calculated values are 915.000 kWh for heating and 2.110.000 kWh for 

cooling. The analysis has been carried out with daily detail both in January and July in order 

to determine the days with the highest energy demand. The daily analysis shows that during 

the weekends there are higher consumptions because the swimming pool opening period is 

longer. The hottest day in July and the coldest day in January have been analysed into further 

detail, with a hourly time step, which allowed to estimate the simulated peak loads and 

compare them with the values calculated during the plant design stage.  
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ABSTRACT 

New buildings and the retrofit of existing buildings must comply with indications and rules 

concerning specific environmental requirements focused on the improvement of the quality of 

the building context and of the areas used by occupants. 

ITC-CNR carried out a specific energy retrofit case-study which includes the assessment of 

the environmental sustainability of a building and the definition of construction and 

technological solutions with low environmental impact involving the application of renewable 

energy sources systems integrated into the building. The purpose of the work was to verify the 

possibility of bringing a non-sustainable building close to the best practice level of 

sustainability by applying efficient and effective technical and economic solutions, managed 

through the use of the national sustainability assessment tool: “Protocollo ITACA”.  

“Protocollo ITACA” consists of a set of evaluation criteria used to assess issues such as 

Quality of the site, Resources Consumption, Environmental Loadings, Indoor Environment 

Quality and Service Quality. Starting from the performance of each criterion, the tool provides a 

concise final score about the overall performance of the building. 

The methodological approach used in this study involves the assessment of the actual energy 

and environmental performances of a social housing building located in Southern Italy, 

conducted by means of “Protocollo ITACA” contextualized to the regional characteristics 

(“Protocollo ITACA Puglia”).  

This analysis allowed to point out the building’s most critical aspects and to set performance 

targets to be achieved by each assessment criterion. Afterwards, several design solutions were 

identified and validated with the “Protocollo ITACA” tool in terms of technical feasibility, 

energy and environmental efficiency, local availability, cost-effectiveness and with respect to 

the targets set. The case study building was finally reassessed using the tool after the 

application of the most efficient configuration of design solutions. 

The result of the experimentation allowed to provide the Region with feasible technical 

directions, justifying the cost/benefits of a design that would reach at least a level of environmental 

and energy sustainability better than that achieved by the standard construction practice. 

INTRODUCTION 

The environmental sustainability-based approach to constructions is focused on the definition 

and aware management of a healthy built-up environment, making an effective and ecological 

use of resources. It takes into account environmental issues and the quality of life, social 

equity, cultural characteristics and economic constraints. The evaluation of the environmental 

sustainability needs a general framework to gather the different criteria under examination 

subdivided into main themes and categories. During the different life phases of a building, the 

evaluation approaches range from the simulation of the behaviour of the building and its 

components to the verification of their actual performances under real working conditions. 
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Through such evaluation the level of environmental performance of a construction can be 

objectively measured by assigning a score, then classifying it according to a quality scale. 

The aim of this research, carried out by ITC-CNR, is to define efficient and effective technical 

and economic solutions with a low environmental impact for a social housing building, 

located in Southern Italy, managed with the use of the sustainability assessment tool 

“Protocollo ITACA”. 

METHOD 

The methodological approach used in this study consists of the following activities: 

1. Identification of the case study building and definition of the performances targets. 

2. Analysis of the actual state of the building, which includes the energy evaluation, the 

calculation of the mean environmental indicators and the evaluation of the energy and 

environmental sustainability. 

3. Definition of the optimal energy and environmental improvement strategies, related to the 

technical feasibility, the energy and environmental efficiency, the cost-effectiveness, the 

local available technologies and performance targets. 

4. Energy diagnosis and evaluation of the energy and environmental sustainability (with the 

same tools used to analyse the actual state of the building) following up the identified 

improvement strategies. 

5. Financial sustainability, cost-effectiveness and sensitivity analyses. 

Identification  of the case study and definition of performance targets 

The first step of this study focused on the choice of a case study related to the real relevance 

of the Puglia territory through the selection of a public residential building with reinforced 

concrete load-bearing structure and horizontal distribution. 

The reference performances targets were then defined, that is the performances levels that the 

“Protocollo ITACA Puglia” criteria have to achieve after the utilization of the improvement 

strategies. 

In particular, the sustainability levels to achieve using the improvement strategies are: 

 CASE A: average score of 0/5 with “Protocollo ITACA Puglia”, representing the 

minimum acceptable performance defined by national laws and/or regulations or, in the 

absence of a specific requirement, the standard practice; 

 CASE B: average score of 2/5 with “Protocollo ITACA Puglia”, representing a significant 

improvement of the performance compared with national laws and regulations or, in the 

absence of specific requirements, the standard practice. 

 

 

Figure 1. View of the case study building Figure 2. Plan of the standard floor  

 



Analysis of the actual state of the building 

Energy audit and assessment of environmental sustainability 

The analysis of the energy performance of the current state of the building and the energy 

simulations concerning design alternatives are carried out using DOCET
pro

, a diagnosis and 

energy certification software developed by ITC-CNR, on a web platform in accordance with 

the calculation methodology of standard UNI EN 13790 and series UNI TS 11300 1 and 2, 

the Presidential Decree 59/09 and Italian national guidelines for energy certification. 

The analysis of the environmental sustainability of buildings before and after the application 

of design improvement strategies is carried out with the energy and environmental 

sustainability assessment tool "Protocollo ITACA Puglia”. 

In order to support the calculation of the performance indicators of the Protocol criteria, 

independent tools have been developed and contextualized to the specific climate context of 

the Puglia Region implementing the procedures for the calculation of "quantitative” 

indicators. 

“Protocollo ITACA Puglia”, contextualized to the regional characteristics allows to evaluate 

the level of environmental sustainability of new residential constructions and retrofit 

buildings. It consists of a set of evaluation criteria which assess issues such as Quality of the 

site, Resources Consumption, Environmental Loadings, Indoor Environment Quality and 

Service Quality. Starting from the performance of each criterion, the tool provides a concise 

final score about the overall performance of the building. 

Characterization of design strategies 

The methodological approach used to define the technical characteristics of different design 

strategies involves the following activities: 

 Analysis of the results obtained with the "Protocol ITACA Puglia" that is a critical 

analysis of the performance achieved with the goal of determining the priorities of the 

redevelopment. The priority interventions are those that improve the performance of the 

building below the minimum level of sustainability and then those that affect the criteria 

with progressively higher scores. 

 Optimization of performance targets in relation to the case study building: detection of the 

"target performances" for each criterion testing the room for improvement of the 

performance of the as-built building in relation to technical feasibility and cost 

effectiveness. 

 Filing of technology solutions: development of the sheets of technological solutions in 

relation to performance targets and to specific areas of intervention. (Table 1). Each sheets 

contains: 

- Description of the technological solutions identified to achieve the predetermined 

performance level; 

- Criteria of "Protocollo ITACA Puglia" influenced by the application of each 

intervention with the respective performance indicators that measure the performance 

of each evaluation criterion influenced by the interventions,  

- Analysis tools that is software, spreadsheets, databases, etc.., useful for the calculation 

of the indicators,  

- Technical feasibility that is the technical constraints affecting the application of each 

intervention,  

- description of the Application methodology of each intervention  



- Assessment of environmental sustainability that is the description of energy-

environmental effects produced by the interventions on the whole building and in 

relation to all assessment criteria. 

1. Envelope (opaque and transparent) 

2. Heating system and DHW 

3. Renewable energy systems 

4. Environmentally-compatible materials 

5. Water system 

6. Layout of indoor common areas  

7. Layout of outdoor areas 

8. Telecommunication and management control system 

9.  Development and implementation of a maintenance management plan and building log. 

Table 1. Areas of intervention 

Assessment of environmental sustainability after the application of strategies 

After the design strategies are characterized, the analysis of the environmental compatibility 

after application of the design strategies to the building, is carried out with the same 

procedure adopted for the as-built building. The building is assessed with the "Protocollo 

ITACA Puglia" getting the scores for each criterion and the overall score for environmental 

sustainability. (Table 2) 
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       Qualilty energy tool      

CRITERIA    

Energy quality                     2.15  2.45 

1. Heating                       0.83 0.25  0.87 0.26 

1.1 Thermal transmittance   2.03 0.51  1.62 0.41 

1.2 Energy need for heating   0.15 0.04  0.45 0.11 

1.3 Annual non-renewable primary energy used for facility operations (for heating)   0.75 0.28  0.94 0.35 

1.4 Direct penetration of solar radiation   0.04 0.00  0.04 0.00 

2. Cooling                       3.43 1.71  2.96 1.48 

2.1 Solar radiation control   3.46 0.94  3.46 0.94 

2.2 Thermal wave reduction and phase-shift   4.99 1.35  3.28 0.89 

2.3 Energy need for cooling   3.40 1.01  3.37 1.00 

2.5 Natural ventilation efficiency  0.81 0.13  0.81 0.13 

3. Renewable Energy                     0.07 0.01  3.10 0.46 

3.1 Thermal energy for DHW   0.00 0.00  2.00 0.67 

3.2 Provision of on-site renewable energy systems (electric).   0.11 0.07  3.64 2.43 

4. Other Primary Energy                   3.50 0.18  5.00 0.25 

4.1 Annual non-renewable primary energy used for DHW   3.50 3.50   5.00 5.00 

Table 2. Score report of energy performances CASE A and CASE B after the application of 

design strategies 



Financial sustainability, cost-effectiveness and sensitivity analyses  

When the planning solutions are finally defined, the analysis of the financial sustainability 

and of the social cost-effectiveness of each CASE is carried out. 

The financial sustainability analysis includes: 

1. Evaluation of the financial situation related to the actual state of the building that includes 

the operating costs (fuel and electric consumption for heating, domestic hot water, other 

electric uses and potable water) 

2. Evaluation of the financial situation related to the intervention that includes the 

intervention costs, the operating costs (fuel and electric consumption for heating, domestic 

hot water, other electric uses and water) and the applicable incentives. 

3. Summary of the financial results: the benefits/cost analysis is made on the basis of the 

financial values (difference between costs and credits with or without intervention) 

calculating the economic feasibility indexes. The financial parameters used in the 

calculation are the inflation and discount rate and the life of the project The economic 

feasibility and the social cost-effectiveness indexes calculated are: 

 NPV: Net Present Value 

 IRR: Internal Rate of Return 

 B/C Index: Benefit/Costs Index 

In parallel with the financial analysis a sensitivity analysis is also carried out. This analysis 

consists of the study of the variation of the financial and economic results related to the 

change of the costs and credits: the aim is to verify the validity and the stability of the 

hypotheses and of the financial values assumed and to identify the most uncertain areas.  

RESULTS 

The energy and environmental improvement hypotheses have led to different conclusions and 

the results show that the performance improvement is not always proportional to the financial 

benefits. 

In order to assume interventions that are cost-effective and non-invasive (to limit users 

discomfort during the intervention operating phase), design actions involving the modification 

of the exterior facades and of the internal arrangement of the residential units have been 

avoided. These choices have limited the improvement of the environmental performances in 

particular those that are related to the indoor environmental quality, which has achieved, in all 

the cases, the lowest score. 

The strategies are in the first instance applied to CASE A (lowest targets) and primarily 

involved the thermal envelope performances (i.e. thermal transmittance, solar radiation 

control) and the energy systems (reduction of the primary energy and CO2 emission and 

increase in the production of renewable energy); subsequently the interventions involved the 

less relevant criteria (i.e. highly environmentally-compatible materials, layout of indoor 

common areas and layout of the outdoor areas. 

The economic benefits related to envelope and systems interventions have effects only on the 

operating costs savings (use of energy and water) except for the photovoltaic system that is 

related, in addition, to the Italian “Conto Energia” grants program. The financial sustainability 

analysis shows that all interventions are cost-effective (all the financial indicators are 

positive) and so the choice of the best case of intervention could be based on sensitivity and 

risk analysis. 



The analysis of the results obtained shows that it is more convenient to achieve standard 

performances (CASE A intervention) than advanced performances (CASE B intervention). 

The reason of this result is due to the absence of financial risks, also in case of a parallel 

increase of investment and operation costs within the specific analysis range (Table 3). 

Case 

study 

Score  Initial costs 

(euro) 

Initial costs 

(euro/m²) 

NPV 

(euro) 

IRR B/C 

index 

Intervention 

risk
1
 

A 1.31 / 5 300000 318.5 137698 9.5% 1.45 0% (0/50) 

B 1.98 / 5 530000 552.0 29481 5.6% 1.06 28% (14/50) 

Table 3. Environmental and financial scores’ analysis - CASE A and B 

DISCUSSION 

The result of the experimentation allowed to provide the Region with feasible technical 

directions, justifying the cost/benefits of a design that would reach at least a level of 

environmental and energy sustainability better than the standard construction practice. 

The performance-based approach and the structuring of the requirements system into various 

stages make “Protocollo ITACA” a tool that helps checking the conformity of design choices 

in relation to the objectives defined by the benchmarks set according to the specific features 

of the local context of reference, managing the whole process of selection of the alternative 

solutions and design with an integrated approach. 
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ABSTRACT 

The road to sustainable development, more than ever must ensuring the welfare of people, 

without compromising the availability of natural resources for future generations. The 

exploitation of these resources in some places, has implications for other parts of the planet. 

Considering this, the modification of the environment to create the human habitat is no 

exception. The daily work of designers and builders, positively or negatively affect the 

sustainability of human settlements, and therefore affects the quality of life for its inhabitants. 

It is urgent that experts in the human habitat, have a vision of sustainable development. 

This paper shows the comparative analysis of the impact caused by conventional buildings 

and vernacular architecture. We understand conventional architecture, when the works made 

primarily with industrial materials such as steel, aluminum and cement. As vernacular 

architecture, we consider traditional buildings made without architects, mainly earthen 

architecture. We propose a simplified method of qualitative analysis, which  detect  impacts 

generally at sustainability. At the end we present the results, and suggests corrective actions 

leading, which may be of mitigation, compensation and restoration.  

Keywords: impact on sustainability, sustainable construction, conventional construction, 

vernacular architecture. 

INTRODUCTION 

Reference so, mention that the results of several studies, data that ensure that residential and 

trade buildings, consume 20 to 40 percent of total energy  contributing 9.9 and 5.4 percent, 

respectively, at global emission CO2, and specifically in Mexico, the total emissions of CO2 

of the building industry,  contribute with 7.6 and 3.5 percent, respectively (Del Toro, M.R., 

2009). 

For the analysis of architectural phenomenon from the perspective of sustainability, we must 

consider the cultural axis, in addition to the traditional three: the environment, the economic 

and the social axis. 

This paper presents partial results of the research project entitled "Characterization of the 

bullring La Petatera of Colima, Mexico, with criteria of sustainability." In particular, it 

describes the methodological approach used in this research project, for the comparative 

analysis between the conventional architecture (which involves the use of cement, steel and 

other industrial materials) and vernacular architecture, in the Mexico western. Yet, it is 

intended that this methodology, once developed, can be applied in other geographic contexts 

for the analysis of impacts on the sustainability of the architecture heritage. 



 

We present a preliminary version of the proposed methodological framework, which has its 

starting point in methods of assessing environmental impacts of common use, but including 

the analysis of social impacts, cultural impacts and economic impacts. With the analysis of 

the impacts of the four axes, it is intended to determine the impacts to the sustainability of the 

building. 

We need to measure the real impact of both the traditional and the conventional construction 

systems to define a decision-making basis for designing truly sustainable buildings. We 

should not romanticize buildings made of traditional materials as if “the past was better”. We 

should weigh actual operating conditions from both systems and use the best of each to suit 

present and future requirements. 

Earthen architecture is habitable constructions made of soaked natural soil, molded into bricks 

and sun dried. This technological process lies in the solidity and stability of molded natural 

soil. 

We compare the environmental impact caused by conventional architecture with use cement, 

steel and cement-sand brick, and traditional architecture which includes the use of different 

natural soils: adobe, compressed clay brick (BTC), wall daub, or bajareque, techno-daub, and 

rammed earth. 

 

VERNACULAR CONSTRUCTION SYSTEMS  

Traditional construction techniques can be grouped into five categories: 

Adobe: Bricks are popular for their similarity to masonry construction systems in terms of 

having the possibility to store prefabricated pieces for later use. The use of geometric patterns, 

leads to increased production of handmade bricks. 

Compressed Clay Bricks (BTC): Compressed clay bricks are Similar to Those of traditional 

adobe, but hand pressed Into a mold, or with Specialized machinery. The Bricks Are Often 

mixed with Small Amounts of lime. 

Rammed earth: Earth-wall or tapia is also known as mud, cob, or rammed earth. It is a single 

process where the soil handling and the dwelling construction happen at the same time. Soil 

selection and work organization are key components in this process. Evidence of walls built 

using this technique thousands of years ago are in places as far apart as India, China, Egypt, 

Syria, Lebanon, Bolivia and Peru. In China the use of this technique to make forts and palaces 

are found during the Shang Dynasty, dating from the period between 1766 and 1045 B.C. The 

technique was also found in various sections of the Great Wall built between the fifth and 

third centuries B.C.   

Wall daub, or bajareque: The system is a moist soil mix and plant material. Possible origin of 

this material dates back to the days of settled communities over seven thousand years, when 

primitive man had to hunt animals for food, temporary shelters were built with materials made 

in motion as mats, skins and parts plants such as poles, straw and leaves. Gradually, when 

evolved basketry, the construction technology improved cabins with woven materials. 

Techno-daub, or Tecno-bajareque, or Quincha Metalica: Is a mixture of moist soil with a 

three-dimensional structure of steel. We propose the use of this material as a viable alternative 

for contemporary use in the construction of affordable housing. This material has a high 

sustainable yield when considering environmental issues, economic, social and cultural rights. 



METHOD 

In another development, the formulation of indicators and benchmarks to "measure" the 

transition towards sustainability, has advanced significantly in the international arena, 

however, requires the development of methodological tools in several application areas as in 

the case of overall architecture and architectural heritage in particular. Current indicators are 

not applicable in the case of architectural phenomenon. 

Consequently, we need a qualitative methodological tool, which is rather general, to 

determine trends of architecture under sustainability criteria, considering its four pillars: 

environmental, economic, social and cultural. This tool is not to be used by experts in 

sustainability, is designed to be used by any professional involved in the design, construction 

and management of human habitat. 

Recent visions vinculated to sustainable development through a process of sustained and 

equitable improvement of quality of life of people, based on appropriate conservation 

measures and environmental protection. The fundamental principle is not to exceed the 

resilience of their surroundings: environmental, economic, social and cultural. 

This is a transit rich and poor countries should do together to succeed, the transition to 

sustainability. Thus sustainable development considered economic growth, social equity, 

cultural roots and environmental protection. In this context, the environmental impact 

assessment (EIA), contributes to this transition to sustainable development, and can help to 

guide responsible decision making in that route. 

Among the various methodological approaches and systems proposed so far by various 

authors, we cite the following: Canter (1977), Holling (1978), Munn (1979), PADC (1983), 

Westman (1985), Alberti (1988); Estevan Bolea (1989), Gómez Orea (1992); ITGE (1992), 

Conesa (1993), Bettini (1995), Morris et Therivel (1995), Canter (1996), Gómez Orea (1999), 

Nixon et Harrop (1999 ). In principle, the EIA for the construction, can be used the 

combination between two or more of them. As in other areas of knowledge, the claim that the 

EIA for the building are completely objective is impossible, since this is not a precise science, 

according Beder (1993), but this also occurs in disciplines such as law, economics or 

medicine. 

The construction of indicators allows for greater certainty in the EIA, so it is convenient, as 

pointed out by Schneider (1997), differentiate in each case the reading more objective, 

measurable, testable, for those data that come from value judgments or more subjective 

assessments. This observation is consistent with the more human side of environmental 

science, which is considered inseparable from the objective data measured environmental 

parameters and how they view themselves, not only scientists and technicians, and the rest of 

the people and groups related to or involved with these environmental elements. 

In this sense, the incorporation into the EIA for the construction of impact indicators, as well 

as life cycle analysis of buildings, the concept of EIPRO Study (Environmental Impact of 

Products), and the determination of the ecological footprint materials and processes associated 

with the implementation stages, construction, operation and abandonment of buildings, is 

inescapable. This encourages a more objective analysis of information in the EIA, and reduces 

subjective valuations, leading to more consistent performances. 

The work with indicators required to reduce the large amount of scientific information related 

to the environment to a manageable number of appropriate parameters for these processes of 

decision making and public information, Environment Canada (1991). For the construction of 

indicators on environmental issues. For purposes of this research, we opted for a Type PSR 

(Pressure-State-Response), which is based on human actions that create pressure on the 



environment, which changes the quality and quantity of natural resources (State). The 

company responds to these changes by adopting measures environmental and economic 

policy (Response). This model studies the interactions between human actions and the 

environment. 

The Scope of study, you should consider not only the site where the building, also the origin 

and pre-processing of building materials and the different stages of the work: 

   • Site preparation, 

   • Preliminary maneuvers, 

   • Construction 

   • Occupation 

   • Abandonment 

It is considered that the interactions at territorial level, mainly at three levels: 

   • Interactions of the building with its immediate surroundings. 

   • Interactions of the building to its surroundings. 

   • Interactions of regional capacity. 

 

The intention is that the method is useful to reflect on existing cases, and above all serve as a 

prevention tool that is useful in planning and decision making. 

RESULTS 

Once the analysis by comparing the vernacular architecture and the conventional architecture, 

through the detection and characterization of the sustainability impacts were grouped in each 

of the four pillars of sustainability (look Table 1): 

ENVIRONMENTAL SUSTAINABILITY AXIS  IMPACT. 

When considering the impacts in terms of energy conservation and reduced use of non-

renewables materials, reuse and recycling and resource management, then definitely earthen 

architecture generates the least amount of negative impacts of the environment, is more 

sustainable than conventional building systems, with use of industrial materials. 

ECONOMIC SUSTAINABILITY AXIS IMPACT. 

Efficiency and economic performance are critical in terms of sustainability, have a positive 

impact on employment generation, in the extraction and material processing, and 

implementation of construction and preparation site. There are also other positive effects of 

conventional construction, especially in industrialized country, the modular building systems 

that enable faster construction process, and this results, reduce costs. In contrast, cause a 

reduction in the workforce, creating a negative impact in terms of equitable distribution of 

wealth. This situation does not exist in earthen architecture, because when the material 

removal takes place near the land where construction takes place, costs are considerably 

lower. 



 

Environmental Axis Economic Axis Social Axis Cultural Axis 
Vernacular Architecture: 

Generates the least amount of 
negative impacts of the 

environment.  

Vernacular Architecture: 
Efficiency and economic 
performance are critical in terms 

of sustainability, have a positive 

impact on employment 
generation, in the extraction and 

material processing, and 

implementation of construction 
and preparation site. In 

vernacular architecture, because 

when the material removal takes 
place near the land where 

construction takes place, costs 

are considerably lower.  

Vernacular Architecture: 

Each person can build your own 
home with raw earth, since most 

people live in the architecture 

without architects. Earthen 
architecture does not require the 

transfer of technology on a large 

scale. 

Vernacular Architecture: 

Cultural sustainability is directly 
related to the demystification of 

scientific knowledge as the only 

knowledge and try to recover some 
of the traditional wisdom. 

Conventional Construction: is 

more in-sustainable, with use of 

industrial materials, generating 
waste and contamination. 

Conventional Construction: 

Efficiency and economic 

performance are critical in terms 
of sustainability, have a positive 

impact on employment 

generation, in the extraction and 
material processing, and 

implementation of construction 

and preparation site. There are 
also other positive effects of 

conventional construction, 

especially in industrialized 
country, the modular building 

systems that enable faster 

construction process, and this 
results, reducing costs. 

Conventional Construction: 

is also affected by the 

phenomena of self-construction, 
but the formal and informal 

builders are captives of the use 

of certain building systems as a 
result of the need to acquire the 

materials provided with the same 

supplier and are also dependent 
on technology transfer. 

 

Conventional Construction: 

Identity loss, globalization and 

distortion of the attributes the 
building materials, due to 

marketing. 

Table 1: Synthesis of detected impacts. Source: Own authors.  

SOCIAL SUSTAINABILITY AXIS IMPACT. 

Each person can build your own home with raw earth, since most people live in the 

architecture without architects. Earthen architecture does not require the transfer of 

technology on a large scale. This also makes possible social equity, which is another 

requirement for sustainability. Conventional construction is also affected by the phenomena 

of self-construction, but the formal and informal builders are captives of the use of certain 

building systems as a result of the need to acquire the materials provided with the same 

supplier and are also dependent on technology transfer. 

CULTURAL SUSTAINABILITY AXIS IMPACT. 

Cultural sustainability is directly related to the demystification of scientific knowledge as the 

only knowledge and try to recover some of the traditional wisdom. That is, with the 

traditional wisdom of each part of the world related to the resources available for the creation 

of human habitats, this is a trait of cultural identity. In these terms, earthen architecture is 

much more sustainable than conventional construction. In Mexico, there has been a cultural 

phenomenon: the substantial reduction of the building with raw earth, due to the emergence of 

construction materials like steel and cement. 

 

DISCUSSION 

The starting point of this work deals with a comprehensive view of vernacular architecture, 

the building systems, their structural relationship, their behavior on an urban scale and 

harmony with the natural and cultural environment that surrounds it.  This way of thinking 

helps to explain some concepts related to holistic perception of the building systems, 



preservation of architectural heritage, through appropriate and ongoing maintenance of the 

vernacular buildings and its study as a source for contemporary design of houses.  

Lot of buildings of raw land in countries like Mexico, are not monumental, most are houses in 

rural or suburban areas, which remain unprotected by the laws of conservation of existing 

architectural heritage. Today interventions should take into account the earthen architecture 

and its relation to new buildings that surround, built with other materials and other building 

systems, looking for proper integration. We must promote a balance between past and future, 

respecting the natural environment, economic development and social and cultural 

development to which they belong. 
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ABSTRACT 
In this paper, by using a calculation code developed by the Authors, an analysis of the dynamic 
thermal behavior of some Ventilated Wooden Roofs (VWRs), lightweight building structures 
characterized by different stratigraphies which are currently used in Italy, is shown. From the results 
of the analysis carried out, some general criteria required for the right design and sizing of this type of 
ventilated structures are obtained and discussed. 

1. INTRODUCTION 
The use of passive cooling systems, in particular the use of ventilated roofs and walls, has 
recently been subject of remarkable development, especially after the adoption of the 
European Directive 2002/91/EC (EPBD), which recommends the use of these systems in 
order to increase the energy efficiency of buildings. The Ventilated Wooden Roofs (VWRs), 
lightweight building structures characterized by low and very low values of surface mass, are 
undoubtedly one of the most widespread example of passive cooling systems [1-4]. In the last 
few years, to improve the summer indoor thermal comfort, the analysis of thermal behavior of 
opaque building envelope under dynamic thermal conditions has become very important [5-
6], even from the standpoint of European and national legislation. In Italy, for instance, limit 
values of the dynamic thermal transmittance (YIE, W·m-2·K-1), decrement factor (fa, 
dimensionless) and time lag (φ, h) have been fixed for the opaque building structures of new 
realization [7]. 
In this paper, by using a calculation code developed by the Authors [8-10], an analysis of the 
dynamic thermal behavior of some VWRs, characterized by different stratigraphies which are 
currently used in Italy, is shown. In particular for each VWR analyzed, the parameters YIE and 
φ are evaluated in function of a dimensionless parameter γ, proportional to the air mass flow 
rate into the duct. 

2. DYNAMIC THERMAL BEHAVIOUR: PERFORMANCE PARAMETERS 
The dynamic thermal behavior of a VWR can be characterized by the same parameters used 
for non-ventilated walls [5, 8]: YIE, fa and φ. Considering the external thermal field oscillating 
with amplitude TE and period P and assuming the indoor air temperature to be constant, the 
heat flux Q exchanged through the VWR is given by [8]: 

 ETAQ =  (1) 
with: 
 [ ] )/1()/R()/1()e1()/c(A c/ Γ−Δ−Γ−ΓΔ= ΔΓ−  (2) 

The following has been stated: 

 22,112,212,111,2 ZZZZ +=Γ    ,     12,212,1 ZZR +Γ=Δ  (3) 

In the Eqs. (2) and (3) it has been indicated with: 
 Zi,11, Zi,12, Zi,21, Zi,22 (i=1, 2), the elements of the transfer matrix of the outer slab (i=1) 

and of the inner one (i=2) composing the VWR (see Fig. 1); 



 c=Gcp/ℓL, the heat capacity rate (W·m-2·K-1) of the air flowing into the duct, referred to 
the roof surface unit, where G (kg·s-1) is the mass flow rate into the duct, cp (kJ·kg-1·K-1) 
is the specific heat at constant pressure (mean value among the temperatures of interest), 
ℓ (m) and L (m) are, respectively, the duct width and length (in the direction of the air 
flow); 

 R=r01r02/(r01+r02+R0) the thermal resistance (m2·K·W-1) due to convective and radiative 
heat transfer within the duct, where r01 and r02 are the convective resistances of the air 
flowing in the duct, related respectively to the heat transfer toward the inner face of the 
outer slab and toward the inner face of the inner slab, R0 is the radiative thermal 
resistance between the two slabs. 

 
The parameters YIE, fa and φ, for each VWR, can be wrote as: 

 AYIE =  (4) 

 0IEa U/Yf =  (5) 

 )A/1arg()2/P( π=ϕ  (6) 

having indicated with: U0 (W·m-2·K-1) the overall thermal transmittance of the VWR in case 
of closed air duct (under steady state thermal conditions) and with arg(1/A) the argument of 
the complex quantity 1/A. For general purpose can be considered 0≤arg(1/A)≤2π so that it 
results: 0≤φ≤P. 
From what has been explained above, for a given VWR, the parameters YIE, fa and φ turn out 
to be dependent on: the wall overall thermal resistance and thermal capacity, the sequence of 
the layers, the air mass flow rate within the duct and the period P of the outdoor temperature 
oscillation. In absence of air flow into the duct (c=0), Eq. (2) gives: A=−1/Γ and, according to 
Eq. (4), it results: 
 Γ= /1YIE  (7) 
The dynamic thermal transmittance YIE is given by the modulus of the reciprocal of the first-
line, second-column element of the wall transfer matrix (EN ISO 13792/2005). 

3. DYNAMIC THERMAL BEHAVIOUR: NATIONAL TECHNICAL RULES 

In Italy, with a Decree of the President of the Republic [11], for the Italian municipalities in 
which the maximum intensity of the solar radiation on a horizontal plane is higher than 290 
W·m-2, the following requisites have been imposed: 
 for the vertical opaque walls (facing South, South-West and South-East), the value of the 

surface mass M should be higher than Mlim=230 kg·m-2 otherwise the value of the 
dynamic thermal transmittance YIE should be lower than (YIE)lim=0.12 W·m-2·K-1; 

 for the horizontal and tilted opaque walls (e.g. roofs), the dynamic thermal transmittance 
YIE should be lower than (YIE)lim=0.20 W·m-2·K-1. 

 
In a companion Ministerial Decree [12], on the national guidelines for energy certification of 
buildings, in order to rate the “performance level” on summer of the opaque building 
envelope, two methods valid for all building’s uses are indicated: one based on the evaluation 
of a performance indicator for summer cooling (EPE) suitably defined, the other based on the 
parameters fa and φ (see Tab. 1). In [12] is also specified that, in the cases where values of fa 
and φ do not belong to the same performance level (see Tab. 1), the assignation of the 
building performance level is based on the value of the time lag. Note that the parameters fa 
and φ are used in the Guidelines for Sustainable Building of the Tuscany Region (April 2006). 
It is also important to remember that, in Italy, as European Directive EPBD implementation, 
limit values (Ulim) of the overall thermal transmittance for the external walls of buildings have 



been fixed for each of the six climate zones (A÷F) in which the Italian territory is split up [11-
12]. In particular, the more stringent limit values (Italian colder climate zone F) are: Ulim=0.33 
W·m-2·K-1 and Ulim=0.29 W·m-2·K-1 for vertical walls and roofs respectively. Building 
structures with values of the overall thermal transmittance lower than the previous limits can 
therefore be used throughout the Italian territory. 
 

Table 1 – Performance level attribution for opaque building envelope. 
 

Performance Decrement Factor 
fa (-) 

Time Lag 
φ (h) Level Description 

I Excellent fa < 0.15 φ > 12 
II Good 0.15 ≤ fa < 0.30 12 ≥ φ > 10 
III Medium 0.30 ≤ fa < 0.40 10 ≥ φ > 8 
IV Sufficient 0.40 ≤ fa < 0.60 8 ≥ φ > 6 
V Poor fa ≥ 0.60 φ ≤ 6 

 
 

4. CALCULATION EXAMPLES 
Two different examples of ventilated roofs VWR1 and VWR2, representing common types of 
ventilated wooden roofs, have been analyzed. The stratigraphies of the roofs are shown in Fig. 
1 and in Tab. 2. 
 

(a) (b) 

 

Figure 1: Stratigraphies of analyzed roofs: (a) VWR1, (b)VWR2 (see also Tab. 2). 
 
 
Both the roofs have an outer slab realized with terracotta tiles layer placed on a continuous 
layer (properly waterproofed) in Oriented Strand Board OSB panels (VWR1) or in spruce 
wood panels (VWR2). The VWR1 has an inner slab realized with two layers of thermal 
insulation panels in wood fiber with a OSB panel interposed and plasterboard panels are 
facing toward the interior environment. The inner slab of VWR2 consists of two layers of 
continuous spruce wood panels with interposed an insulating layer in wood fiber, in this latter 
case one of the two spruce layers is facing towards the interior environment. Both roofs can 
be considered as lightweight building structures and can be realized completely with “dry 
technique”. 



In Tab. 2 the materials composing the various layers, of the roofs VWR1 and VWR2, with the 
respective thicknesses (d) and thermophysical properties (density ρ, thermal conductivity k, 
and specific heat at constant pressure cp) are specified. In Tab. 2 the following values are also 
reported for each VWR: the overall thickness dT, the surface mass M, the overall thermal 
resistance RT0, the thermal transmittance U0=1/RT0 and the overall thermal capacity C. In the 
calculations the standard values for inner (ri) and outer (re) surface thermal resistances and for 
thermal resistance (r0) of the closed air duct have been assumed (EN ISO 6946/2003 and EN 
ISO 13792/2005): ri=0.13 m2·K·W-1, re=0.07 m2·K·W-1, r0=0.21 m2·K·W-1. 
 

Table 2: Thermophysical properties of different layers for VWR1 and VWR2. 
 

Roof Layer Material d 
(cm) 

ρ 
(kg·m-3) 

k 
(W·m-1·K-1) 

cP 
(kJ·kg-1·K-1) 

VWR1 
1 

(outer slab) 
Terracotta tiles 2.0 2000 1.0 0.8 

2 Waterproofing 0.5 1100 0.23 1.0 
3 Oriented Strand Board (OSB) 5.0 650 0.13 1.7 

dT=39 cm 4 Air (ventilation duct) 12.0 
M=171 kg·m-2 5 

(inner slab) 

Wood fiber 4.0 160 0.040 2.1 
RT0=3.6 m2·K·W-1 6 Oriented Strand Board (OSB) 10.0 650 0.13 1.7 
U0=0.28 W·m-2·K-1 7 Wood fiber 4.0 160 0.040 2.1 
C=245 kJ·m-2·K-1 8 Plasterboard 1.5 1000 0.47 1.0 

VWR2 1 
(outer slab) 

Terracotta tiles 2.0 2000 1.0 0.80 
2 Waterproofing 0.5 1100 0.23 1.0 

dT=34 cm 3 Spruce wood 2.5 450 0.12 1.4 
M=97 kg·m-2 4 Air (ventilation duct) 12.0 
RT0=3.6 m2·K·W-1 5 

(inner slab) 
Spruce wood 4.0 450 0.12 1.4 

U0=0.28 W·m-2·K-1 6 Wood fiber 9.0 50 0.040 2.1 
C=113 kJ·m-2·K-1 7 Spruce wood 4.0 450 0.12 1.4 

 
 
Both the analyzed roofs are characterized by the same value of overall thermal transmittance 
(U0) with closed air duct. The value of U0 is lower than the limit value Ulim=0.29 W·m-2·K-1, 
the analyzed roofs can be hence realized in all the Italian climate zones (see Section 3). 

5. CALCULATION RESULTS 
For the analyzed VWRs, the following reference values for the air duct have been assumed: 
thickness d=0.12 m, width ℓ=10 m, length L=10 m. The roofs have been considered with a 
pitch inclination angle θ≅20° (pitch inclination percentage of 40%), as usual in Italy. 
The modeling of the air flow inside the air duct has been carried out as described in [8-10]. 
The following has been considered: the friction factor of the heat losses localized on the inlet 
section λ′i=1/2 and the friction factors on the outlet section λ′u=1. For the evaluation of the 
friction factor λ along the duct the Haaland’s equation has been used [9-10]. For the relative 
roughness of internal surfaces inside the air duct, the value β=0.050 has been considered, such 
a value is equivalent to a roughness of about 0.01 m, considering for example the presence of 
the support structures [9]. The convective heat transfer coefficients inside the air duct have 
been evaluated with the Gnielinski’s equation [9-10]. For a typical summer situation the 
following reference climatic conditions have been assumed: air temperature in the shade 
T0=28°C, indoor air temperature Ti=24°C and incident solar radiation intensity I=400 W·m-2 
(with a=0.85 the absorption coefficient to solar radiation). All the calculations have been 
performed by using an iterative calculation procedure implemented on MAPLE software. 
In Tab. 3, for the analyzed VWRs, the values of the thermal dynamic parameters fa, ϕ and YIE 
have been shown, with reference to a time period P=24 h and in case of closed air duct (c=0). 
In Tab. 3, the values of M, RT0 and C are also indicated for each VWR. 



 
Table 3: Comparison between the dynamic thermal performance of VWR1 and VWR2 

(case of closed air duct and P=24 h). 
 

Roof M 
(kg·m-2) 

RT0 
(m2·K·W-1) 

C 
(kJ·m-2·K-1) 

fa 
(-) 

ϕ 
(h) 

YIE 
(W·m-2·K-1) 

VWR1 171 3.6 245 0.081 15.6 0.023 
VWR2 97 113 0.54 8.1 0.15 

 
 
From Tab. 3 it is clear that, for the analyzed roofs, the values of YIE largely satisfy the limit 
values set out in the Italian legislation, YIE<(YIE)lim=0.20 W·m-2·K-1 (see Section 3). The 
VWR1 has a very high value of ϕ, this value allows the attribution of “excellent” performance 
level (see Tab. 1), unlike the VWR2 has a value of ϕ that leads to “medium” performance 
level (see Tab. 1). The VWR2 could reach the “excellent” performance level (ϕ>12 h) for 
example by increasing the thickness of the thermal insulation layer (wood fiber, layer 6) up to 
20 cm or doubling the thickness of the spruce wood panels (layers 5 and 7) constituting the 
inner slab of the roof (see Tab. 2). 
For the VWR1 and the VWR2 the trend of the parameters YIE and ϕ (in the case of P=24 h) 
with the dimensionless quantity γ=cRT0, proportional to the air mass flow rate and, then, to the 
velocity of the air flowing into the duct, are shown in the Figs. 2a and 2b. For values of γ 
lower than 50, the air flow in the ventilation duct can be considered as natural (head pressure 
generated by stack effect), while for values of γ higher than 100 the air flow can be considered 
as forced (head pressure generated thanks to the presence of a fan with low electric power 
consumption). For the analyzed roofs, characterized by the indicated values of geometrical 
and physical parameters, the values of γ turn out about 20. The dependence of YIE and ϕ on β 
(0≤β≤0.050), for a given value of γ, has been verified to be small and negligible [8]. 
 
 

(a) (b) 

 

Figure 2: (a) Trend of the dynamic thermal transmittance YIE (W/m2K) as a function of the 
dimensionless quantity γ; (b) trend of the time lag ϕ (h) as a function of the dimensionless quantity γ. 
In the Fig. 2a the horizontal line represents the (YIE)lim value, in the Fig. 2b the horizontal dashed lines 
represent the performance levels, based on the time lag, as described in Tab. 1. 
 
 
In the Figs. 2a and 2b, on the ordinates axis the values assumed by YIE and ϕ, in case of 
closed air duct (see Tab. 3), are pointed out with a circle. In the area included between the 
ordinates axis and the dashed vertical line, the air flow within the duct is laminar and thus not 
suitable for the used relations [8-9]. 



From the trends shown in Figs. 2a and 2b, YIE and ϕ turn out to decrease as γ increases. The 
remarkable reduction of YIE (80% for the VWR1 and the VWR2) is to be considered as a 
positive effect (see Fig. 2a). The small decrease of ϕ is a negative effect (see Fig. 2b); the 
reduction of ϕ is moderate and keeps, for the considered values of γ, lower than 12% for the 
VWR1 and lower than 26% for the VWR2. 
Moreover analyzing the graphs of Figs. 2a and 2b it can be state that lightweight ventilated 
roofs with M<Mlim, which are designed to meet the requirements imposed by the Italian 
legislation on the parameter YIE (YIE<0.20 W·m-2·K-1) in case of closed air duct, are able to 
satisfy this limitation also in case of open air duct. 

6. CONCLUSIVE REMARKS 

The results obtained from the analysis carried out by the Authors show in particular, from 
both qualitative and quantitative point of view, how: 
 the parameters YIE, fa and φ, can be considered as characterizing to the thermal behavior 

of VWR under dynamic conditions; 
 lightweight building roofs (e.g. VWR), if carefully designed, can satisfy the most recent 

Italian legislation concerning the energy performance of building, especially in terms of 
limit values fixed for YIE (and fa) and φ; 

 the ventilation air mass flow rate influences the parameters YIE and φ, in particular YIE 
(and fa) decreases as the air mass flow rate increases, also φ decreases as the air mass flow 
rate increases but this decrease is moderate and turns out to be, generally, acceptable. 

 
This analysis carried out by the Authors can be used as a tool for designers and building 
constructors in order to obtain the indication of general criteria required for the right design 
and sizing of this type of ventilated structures of building envelope. 
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ABSTRACT 
Responsive Building Elements (RBEs) are technologies for the exploitation of the 
environmental and renewable energy sources. Their aim is to achieve optimal environmental 
performances with minimum fossil fuel consumption. Their implementation in buildings is 
considered a crucial step towards the nearly Zero Energy/Emission Building target.  

Among the RBE concepts investigated by the IEA-ECBCS Annex 44, Advanced Integrated 
Façades (AIFs) are probably one of the most promising technologies. The growing interest 
towards these systems is demonstrated by the fact that some of the most important 
manufacturers in the field of façade technology have started to develop integrated modular 
façade solutions that show an active and dynamic behaviour, that incorporates various 
components for environmental control and solar energy exploitation, and that can be 
connected with the building services network. In the framework of a decade-long research 
activity on AIFs, a new Multifunctional Façade Module (MFM) has been conceived and a 
prototype realized to test the performance of this type of technology. During the design phase 
of such a multifunctional façade module (MFM) called ACTRESS (ACTive, RESponsive and 
Solar), different numerical analyses were performed to simulate the behaviour of the system 
and to find the optimal combinations/specifications for the module subsystems. 

The paper briefly illustrates the ACTRESS MFM concept and its functional strategies, which 
have been designed to suit various boundary conditions and to allow different actions to be 
performed according to the different season. The paper focuses on some numerical analyses 
that were conducted to select the components’ features and to size a particular subsystem of 
the façade module (i.e. a Phase Change Material layer coupled with an electric heated foil and 
PV panels). The numerical simulations allowed the optimal amount of PCM and the PCM 
nominal melting temperature to be determined. The annual total energy performance of the 
façade module was also assessed and compared against the one of a reference façade. The 
proposed MFM allows the total energy consumption to be reduced by more than 50%.  

INTRODUCTION 
The key role that the building envelope plays in managing the energy fluxes between the 
indoor environment and the exterior is both a crucial issue and a great challenge. Within the 
IEA Annex 44 research activity [1], devoted to study the most promising Responsive Building 
Elements (RBEs), dynamic building envelope systems (also known under the name AIFs) 
have been widely investigated and the huge potentiality of such a kind of technology has been 
outlined. Although it is not correct to state that the dynamic building envelope alone should 



represent the only solution to reach the Zero Emission/Energy Building target, it is expected 
that advanced integrated façade systems should provide a substantial contribution, if 
coherently integrated with the other building components and services, to a drastic increase in 
the energy efficiency of the building.   

A Multifunctional Façade Module (MFM) is a concrete solution to realize an almost “self-
sufficient” building skin that presents a dynamic behaviour, incorporates different 
technologies (e.g. ventilation systems, decentralized heating/cooling units, heat exchangers, 
energy supply/conversion devices, energy storage, lighting equipments, shading devices, 
ventilated cavities, et cetera) and interacts with the other building services, with the ultimate 
goal of reducing the energy consumption and maximizing the indoor comfort conditions. 
Even if MFMs are at the present not a reference solution in the market, but the leading-edge 
products of the industrial and academic research, it is relevant to notice that some of the most 
important players in the field of the façade technology (e.g. Schüco, Wicona) have put 
remarkable efforts on developing and manufacturing integrated modular façade systems.    

The ACTRESS façade module 
The concept of the ACTive, RESponsive and Solar (ACTRESS) façade module has been 
developed to overcome some of the limitations given by present-day AIFs. For the sake of 
brevity, only a short description of the façade module technology and functional strategies is 
herewith given, but a more detailed explanation and artworks can be found in [2, 3, 4].  

The façade module (frontal area: 1.5m (w) x 3.5m (h)) is divided into two sub-modules of 
equal size: a transparent one and an opaque one. The transparent sub-module is made of two 
different glazing systems (triple-pane glazing with low-e coating and argon gas), 
incorporating in one of the two cavities either a granular aerogel layer or a high-reflective and 
low-e coated venetian blind. The other half of the façade module is an Opaque Ventilated 
Façade (OPV), which outdoor surface is made of aSi PV panels. A 120mm cavity (fan-
assisted ventilated) separates the outer PV layer from the inner sandwich wall panel. The 
structure of this component is (moving from the outer to the inner layer): a gypsum-board 
layer, a Vacuum Insulation Panel (VIP) layer, a gypsum-board layer, a Phase Change Material 
(PCM) layer that incorporates an electric heating foil (to activate the PCM on demand). 

As far as the functional strategies are concerned, the module has been design to enable 
different level of integration with the centralized HVAC systems. The OVF shall be operated 
in exhaust air façade mode, supply air façade mode or outdoor air curtain mode, according to 
the season and to the desired level of integration with the building services and ventilation 
strategies. Electrical power generated by the PV layer can be used to power the hybrid (fan-
assisted) ventilation of the OVF, to move the shading devices and to activate (to heat up) the 
PCM layer for Latent Heat Thermal Energy Storage (LHTES) purpose. A detailed description 
of the functional strategies and ventilation issues can be found in [3].  

Aims of the paper 
During the design phase of the ACTRESS MFM, numerical models have been developed and 
simulations performed, making use of various software products. The aims of the activity was 
to size the façade module’s components, to foresee the overall behaviour of the MFM, and 
lastly to test the limitations and potentials of using commercial codes to model complex 
building technologies such as AIFs. The overall energy performance of the façade module is 
presented. For the lack of space, the paper then focuses on the sizing and on the assessment of 
only one component: i.e. the PCM layer combined with the PV layer. Additional and more 
detailed information about the entire modelling activity can be found in [3, 4].   



METHODS 

The commercial software IES VE has been used to assess the total energy performance of the 
ACTRESS façade module. Given its different sub-modules, IES VE can be used to evaluate 
not only the behaviour of a single component, but above all to assess the whole building 
energy performance. As far as the ACTRESS energy modelling activity is concerned, the 
main restrains of the software are related to the OVF sub-system, in particular to the hybrid 
ventilated cavity and to the PCM layer facing the indoor environment. 

Modelling the total Energy Performance (EP) 
The overall building energy demand of an office equipped with the ACTRESS façade module 
was estimated and compared against the one of a reference office. The two identical 30 m2 
office rooms (6m x 5m x 3,5m) were located in Turin (Lat.45°N, Long. 7.65°E), Italy. The 
ACTRESS façade (4 modules are used to cover the entire office room elevation) faces south 
and the other walls are adiabatic. The façade of the reference office room was made of a 
massive wall and presented the same glazed area as the ACTRESS one. The main physical 
properties of the reference envelope were such to comply with present day building 
regulations (Uop = 0,35 W/m2K, Uw = 1,97 W/m2K, g = 0,64). The internal heating loads were 
20 W/m2 (people and appliances) and 2 Wm-2 in non occupation period. The occupation 
period was 8:30-6:30 pm, Mon. to Fri. The indoor temperature set-point was 21 °C during 
winter and 26 °C in summer, with two ACH from the HVAC system as auxiliary ventilation.  

Modelling the PCM performance assessment 
Few commercially available software products permit, as part of the standard routine, to 
model directly a PCM. Additional modelling tricks are then often required to assess the 
behaviour of a PCM layer. The key feature of PCM is to absorb energy as latent heat rather 
than sensible heat over a small range of temperatures; hence, a PCM exhibits no sensible 
temperature rise within the melting range. In many commercial software products, it is not 
possible to set the specific heat capacity of a material as a function of the temperature, and the 
latent heat storage of the PCM can’t be modelled unless simplifying assumptions are done.  

The “conditioned cavity method” [5] has been adopted to model the PCM layer in IES VE. In 
this method, a virtual cavity, that simulates the PCM layer, is maintained at a set-point 
temperature (which corresponds to the nominal melting temperature of the chosen PCM) by 
means of an ideal HVAC system1. When this method is applied, an infinite latent heat storage 
capacity is thus assumed for the PCM layer; this implies a further verification to be performed 
to properly adopt the method: i.e. the sum on a daily base of the cavity’s heating and cooling 
loads needs to be equal or lower than the actual latent heat storage capacity of the PCM. This 
verification can be also used as a design tool to estimate the optimal quantity of PCM to be 
used. The proper approach that provides the foundation of the conditioned cavity method 
implies the modelling of an infinitesimal volume cavity which wall surfaces have an (almost) 
null thermal resistance (at least lower than 10-4 m2K/W) and no heat capacity (the sensible 
heat capacity is neglected and the entire latent heat capacity is accounted for in the cavity 
loads); the cavity itself exhibits a thermal resistance equal to the one of the PCM layer. 

Within the ACTRESS module, the PCM layer is coupled with an Electric Heating Foil (EHF) 
in order to activate “on-demand” the PCM (i.e. to store energy within the PCM layer). The 

                                                 
1 The virtual HVAC heating and cooling loads to maintain the virtual cavity at the desired set-point are not 
accounted for in the overall building performance (provided that their daily sum does not exceed the latent heat 
storage capacity of the PCM). 



EHF can be powered either from the grid or (primarily) from the PV panels placed on the 
outer surface of the OPV. A complete evaluation of the system PV-EHF-PCM is therefore 
needed to assess the efficiency of the system. Tests were carried out in order to evaluate the 
optimal design of the solar power system (PV-EHF), to characterize the system in terms of 
circuit working point (according to the PV MPP with high and low solar irradiance), and to 
provide an uniform power distribution within the PCM layer. The evaluation of the PV-EHF-
PCM system has been done by accounting the amount of the energy produced by the PV that 
covers the conditioned cavity heating loads during the occupation period in winter. 

RESULTS AND DISCUSSION 

Total Energy Performance (EP) 
The EP indexes of the office equipped with the ACTRESS façade and the reference one are 
compared in Figure 1. In the Outdoor Air Curtain mode, the overall reduction of the primary 
energy demand EEtot is 52%, i.e. from 19,1 kWh/m3y to 9.1 kWh/m3y. A considerable 
decrease in heating loads EEh is also observed; this can be associated to the use of PV energy 
to activate the PCM in the OVF (almost 53%). Furthermore, it is remarkable that the electric 
consumption for lighting and appliances, on an annual basis, can be almost covered (ca. 95%) 
by the PV power production (the energy released into the PCM layer and the power to feed 
the fans are already included in this calculation). The possibility to exploit the air that is 
preheated by the OVF cavity as a supply air for the HVAC system (during winter and mid 
season) was assessed by means of a dedicated simulation. With this configuration, a further 
reduction in the EEtot can be achieved (from 9.1 kWh/m3y to 8.5 kWh/m3y), resulting in a 
total energy conservation of about 55% in comparison to the reference building envelope.  

Figure 1: Annual total Energy Performance of the office equipped with the ACTRESS façade 
module (Outdoor Air Curtain or Supply Air mode) and the reference office equipped with a 
conventional façade system (Traditional).  

PCM performance and component design 
In order to select the optimal quantity and type (nominal melting temperature, TPCM) of the 
PCM to be used in the ACTRESS façade module, several simulations where run to perform a 
parametric analysis. In particular, the following nominal melting temperatures were tested: 
TPCM = 23 °C, 25 °C, 26 °C and 27 °C; the influence of the different amount of PCM (DPCM) 
was investigated too: i.e. DPCM from 0.5 kg/m2 to 4 kg/m2 (in steps of 0.5 kg/m2), in 
combination with three possible PV panel surfaces (i.e. SPV = 1.67 m2, 2.50 m2, 3.34 m2). The 
optimal combination of the three parameters (TPCM, DPCM and SPV) is affected, among the 
others, by three main variables (i.e. daily latent heat storage capacity, daily solar energy, 
heating degree-days) which correlations may not be linear. 



The results of the simulations performed to select the proper amount and the nominal melting 
temperature of the optimal PCM (and to test the model reliability) are shown in Figure 2 
(cooling season, “passive” use of PCM). The PCM with TPCM = 25 °C is able to completely 
absorb (nearly 100% of the time) the virtual heating/cooling load of the virtual cavity, if at 
least 2-2.5 kg/m2 are used. This combination represents the optimal configuration of the 
system, since a PCM with a higher TPCM has a worse behaviour than the optimal solution (it is 
not fully activated for a longer period); a PCM with a lower TPCM is always activated and the 
sum of the heating/cooling load exceeds the latent heat storage capacity of such a PCM. In 
Figure 3, a detailed analysis on the behaviour of the optimal solution is illustrated. It can be 
noticed that, during the occupational period, the PCM is maintained within the melting range 
for about 91%, 95% and 97% of the time in summer, midseason and winter, respectively.  

The coupling between the PCM layer and the PV power production has been investigated 
during the winter season only, since the aim of this system is to store a certain amount of 
energy available during the daytime for heating purpose (heating season, “active” use of 
PCM). Considering the optimal design solution (PCM with Tm = 25 °C, DPCM = 2 kg/m2), on 
seasonal basis, it can be noticed that the PCM layer is able to store only 76% of the energy 
produced by a 1.67 m2 PV surface (Figure 4). If the PV surface were increased (i.e. SPV = 2.50 
m2, or 3.34 m2), a lower percentage of the PV-generated energy could be stored within the 
PCM layer (nearly 60% and 20%, respectively). If DPCM = 4 kg/m2 were used instead, the 
entire amount of energy generated by the 1.67 m2 PV surface could be stored. On seasonal 
basis, with DPCM = 2 kg/m2 and SPV = 1.67m2, the operation time of the heating system can be 
reduced by an average of about 2.5 h (Figure 5). 

 
Figure 2. Time percentage in which the PCM is within the melting range (cooling season). 
Figure 3. Time percentage in which the TPCM = 25 °C PCM is within the melting range. 

 
Figure 4. Percentage of the energy produced by the PV panel that is stored in the PCM layer. 
Figure 5. Cumulated frequency of the winter night hours during which the PCM is within the 
melting range. 



For the record, the actual specifications adopted in the ACTRESS façade module prototype 
(which is currently tested in a Test Cell apparatus) are: two layers of PCMs, where the outer 
one has TPCM = 27 °C and the inner one has TPCM = 23 °C; DPCM = 1 kg/m2 each layer, for a 
total DPCM = 2 kg/m2; SPV = 1.67 m2. The EHF is placed between the two PCM layers. The 
double layer with different TPCM is aimed to further enhance the performance of the PCM 
system (due to considerations on the use of multiple PMCs in LHTES system [6]). 

CONCLUSION 
Together with the RBE concepts, Advanced Integrated Façades are expected to contribute 
significantly to the reduction of the energy demand in buildings. A new façade module called 
ACTRESS has been conceived and a prototype realized for experimental measurements. 
During the design phase of the façade module, numerical simulations were performed to size 
the module’s subsystems. A numerical analysis performed with IES VE allowed the optimal 
configuration of a PCM layer, coupled with a PV layer, to be determined. The PCM layer is 
designed to work “passively” in summer, and “actively” in winter, when energy is stored 
during the daytime by means of an EHF that is directly powered by the PV system. The 
annual total energy performance was assessed by means of the numerical analysis too. It was 
estimated that, in an office building, the façade module is able to reduce the energy 
consumption by more than 50% with respect to a traditional building envelope configuration. 
Comparison between simulations and experimental data will be performed in the future to 
assess the reliability of the software product in simulating advanced building components.   
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ABSTRACT 

Glazing systems are probably among the most interesting and investigated element of the 

building envelope. Together with several positive features, they still show a poor thermal 

inertia, which reduces the efficiency of these systems in controlling the energy flows between 

outdoor and indoor. As far as the heat capacity of the glazing systems is concerned, the 

adoption of Phase Change Materials (PCM) has been proposed to increase the ability of the 

glazing to store (and later, to release) energy. One of the main advantages of these materials is 

their partial transparency to visible radiation that makes them particularly suitable for the use 

in transparent/translucent building envelope components. 

The aim of the PCM glazing concept is to let the visible part of solar radiation enter the 

indoor environment while absorbing the infrared radiation and storing it within the PCM layer 

as latent heat. PCM glazing systems can therefore exploit solar energy in a more efficient way 

than the conventional glazing systems and at the same time provide daylight for the interior. 

The first concepts and assessments of PCM glazing systems were developed for cold climates, 

but this technology presents interesting features for warmer climates too. 

The purpose of the whole research activity, which is partially presented in this paper, is to 

analyze different configurations of PCM glazing systems in various climates by means of 

experimental campaigns and numerical simulations, as well as to find optimal solutions for 

each climate and building type. A dedicated physical-mathematical model has been developed 

to simulate the behaviour of these glazing systems and the first version of the physical-

mathematical model has been validated with data derived from a previous experimental 

activity. The work presented in this paper focuses on a numerical analysis of various triple 

glazing configurations, where one of the two cavities is filled with a PCM. Different layout 

and PCM melting temperatures were investigated, and the simulated glazing systems show 

promising features both in terms of thermal comfort and energy performance.   

INTRODUCTION 

During the last decades, highly glazed façades have been widely adopted in commercial and 

office building envelopes. Although considerable improvements have occurred in the field of 

glazing technology, especially as far as thermal resistance and solar control are concerned, the 

use of large glazed surface often poses significant problems of overheating and thermal 

discomfort. The positive features of a conventional transparent building envelope (i.e. visual 

contact with the outdoor, exploitation of daylight and passive solar heating) are 

counterbalanced by very little thermal inertia and its capability of acting as an energy buffer is 



extremely low. A high coupling between indoor and outdoor environment may thus occurs in 

buildings characterized by large transparent, which results in high energy consumption.  

The adoption of Phase Change Materials (PCM) in combination with transparent elements has 

first appeared in the 1990s and some works concerning transparent building envelope 

components filled with PCM can be found in literature [1-4]. The PCM layer is used to absorb 

and store (thanks to the latent heat) the largest part of the solar infrared (IR) radiation, and to 

let part of the solar visible (VIS) radiation enter the indoor environment in order to provide 

daylighting. The aim of this technology is therefore to minimize the unwanted heat loss and 

solar gain due to the buffer effect provided by the PCM layer, but still allowing the utilization 

of natural light. While the first concepts of PCM glazing systems have been developed for 

continental and cold climates, a more recent experimental activity [5-6] has proved the 

potentials of these systems in warm climates too.  

The optimal configuration of a PCM glazing system is a complex issue, since different 

variables (e.g. the multi-layer structure, the PCM thickness, the PCM temperature range, etc) 

are involved and non-linear phenomena often occur. The aim of the work presented here is to 

deepen the knowledge with respect to two of the main variables that influence the problem: 

the location of the PCM layer and the melting temperature of the PCM. The results reported 

in this paper concern the numerical analysis of south facing PCM glazing systems with a 

southern exposure in a humid subtropical climate (Cfa - Köppen climate classification). 

METHOD 

Physical-mathematical model 

For the sake of brevity, the detailed description of the physical-mathematical model is not 

given, but a short overview of the model structure and of some relevant assumptions is 

presented. The comparison between the simulations of a simple PCM glazing system (a 

double glazed unit with the cavity filled with PCM) and experimental data [5-6] of the same 

PCM glazing configuration has been carried out to validate the model under dynamic 

conditions and in different seasons. 

The model is a 1D nodal model (heat and light transmission along x-y axes is not considered). 

Three nodes are associated to each glass pane, while the PCM layer is represented by five 

nodes. Heat and light transport equations are implemented for the glass panes and the PCM 

layer. Energy conservation equations are written for each node and numerically solved to 

obtain the heat transfer process. The heat capacity of both the glass panes and the PCM is 

taken into account, so that the model can simulate the behaviour of the PCM glazing system 

under dynamic conditions. The following hypotheses have been adopted for the model 

development: each node represents a layers that is supposed to be homogeneous; the glass 

surface is considered a grey body (for IR heat exchange with the surrounding environments); 

the surfaces of the outdoor and indoor environment are considered as black and/or gray body; 

the convection within the PCM layer (when in liquid state) is neglected; the radiative 

exchange between the two glass surfaces facing the cavity filled with PCM is also neglected; 

the optical properties of the glass panes are only function of the incidence angle of solar 

radiation; the thermal properties of the glass are temperature independent; the optical and 

thermal properties of the PCM depend on the temperature (state of the PCM) [6]. 

Numerical simulations and boundary conditions 

The behaviours of the various PCM glazing configurations have been simulated in two 

seasons (summer and winter). The indoor air temperature is supposed to be maintained at the 

desired set point (26°C in summer, 20°C in winter). The simulated environment has five  



 

Figure 1: Scheme of the simulated triple-pane PCM glazing systems and reference glazing. 

adiabatic surfaces (three walls, the floor and the ceiling) that are at the same temperature of 

the indoor air. The façade (equipped with a different PCM glazing system for each 

simulation) is the only non adiabatic surface and faces south. Outdoor air temperature profile 

and sun irradiance profile (on the vertical plan) used in the simulation derive from actual 

measurements [6] and are not reported here for the sake of brevity.  

PCM glazing system configurations 

As far as the multi-layer structure is concerned, two different configurations have been tested: 

a triple glazing with the outer cavity filled with PCM (codes: PCM_xx_O) and a triple glazing 

with the inner cavity filled with PCM (codes: PCM_xx_I). The cavity that does not contain 

the PCM layer is filled with Argon instead. All the cavities (filled with PCM or Argon) are 

15mm thick, the glass panes are all made of a 4mm thick clear glass and a low-E coating ( = 

0.1) is always applied on one of the surface that faces the Argon-filled gap (see Figure 2). 

Three different PCM have been considered: a paraffin whose nominal melting temperature is 

35°C (codes: PCM_35_y), a 30°C paraffin (codes: PCM_30_y) and a 25°C paraffin (codes: 

PCM_25_y). The three paraffin materials share the same optical and thermal properties, with 

the exception of the nominal melting temperature, that obviously changes from paraffin to 

paraffin. A 10°C melting range is maintained constant for the three paraffin waxes. The latent 

heat associated to the phase change is also a constant value for the three materials (i.e. 140 

kJ/kg). Combining the two different multi-layer structures and the three paraffin materials, a 

total of 6 different PCM glazing system configurations were simulated
1
 (Figure 1). A triple-

pane glazing (4/15/4/15/4) with the two cavities filled with Argon and a low-E coated surface 

( = 0.1) is also simulated for reference purpose (code: REF).   

Data analysis procedure 

The behaviour of the glazing system with respect to both energy and thermal comfort 

performance has been analyzed considering two “typical” days each season: a sunny day and 

a cloudy day (solar irradiance is by far the main driving force that influences the behaviour of 

these systems [5]). The performance with respect to thermal comfort issues has been assessed 

by comparing the hourly profiles of the indoor surface temperature of the different glazing  

                                                 
1
 A PCM glazing system that hosts the 35°C paraffin layer on the outer cavity is named PCM_35_O, while the 

ones that contains the 25°C paraffin layer on the inner cavity is named PCM_25_I, and so on.  



systems
2
. The energy efficiency evaluation has been carried out considering the energy that, 

on a daily base, enters (E
+
) (1) and leaves (E

-
) (2) the indoor environment through the glazing. 

In particular, it holds:   

24

( ) ( )surf

h

E q I d  (1)    
24

( )surf

h

E q d  (2) 

where ( )I  is the transmitted solar irradiance, ( )surfq  and ( )surfq  are the positive (entering 

the indoor) and negative (leaving the indoor) surface heat fluxes
3
, respectively. 

RESULTS AND DISCUSSION 

Thermal comfort performance 

Hourly profiles of the surface temperatures of the 7 glazing systems are illustrated in Figure 2. 

It can be observed that the position of the PCM layer (inside the inner or the outer cavity) 

affects to a great extend the behaviour of the system.  

The PCM_xx_I configurations show always during the daytime a higher surface temperature 

than the reference. This behaviour may have a positive influence on the indoor thermal 

environment during the winter season (increasing the global comfort condition and, above all, 

avoiding local discomfort due to cold vertical surfaces, especially from 17:00 to 24:00). On 

the other hand, the indoor surface temperature drops approx. 5°C lower than the reference 

during the winter nights, because of the position of the low-E coating, with a negative impact 

on the thermal comfort. The various PCMs show different dynamics (the lower the melting 

temperature, the faster the melting process and the slower the re-solidification process), but 

the behaviour is very similar. In summer, the temperature profile is always higher than the 

reference one, for all cases regardless the PCM used, with unfavourable consequences on the 

thermal comfort. Even if the PCM_xx_I configurations may present some advantages in 

winter daytime, they pose considerable drawbacks in summer and during cold winter nights. 

The PCM_xx_O configurations show a better performance, thanks to their ability to reduce 

the fluctuations in the surface temperature profile and to provide a more stable environment. 

In particular, during the summer days, these configurations are able to smoothen (especially in 

 

Figure 2: Hourly profile of the indoor surface temperature of the glazing systems. 

                                                 
2
 A more comprehensive analysis, which would have involved the evaluation of more complex parameters, such 

as PMV and PPD (see [6]), is on the way and cannot be here reported for the sake of brevity.  

3
 The term surface designates the heat flux exchanged between the indoor surface of the glazing and the indoor 

environment. It includes the long-wave radiative heat flux and the convective heat flux. 



cloudy days) and delay (especially in sunny days) the peak of the surface temperature profile 

and to maintain a more comfortable indoor surface temperature. In winter time, problems may 

arise during cloudy days, when the PCM layer is scarcely activated and it acts mainly as a 

shading device; however, the performance during sunny days is still appreciable. If compared 

to the reference, a slightly lower surface temperature is observed during the winter night time; 

it is probably due to the thermal conductivity of the PCM ( = 0.2 Wm
-1

K
-1

) that determines a 

lower thermal resistance than the one that occurs within the cavity filled with Argon.  

Energy efficiency performance 

The energies that flow through the PCM_xx_I and PCM_xx_O glazing systems are reported 

in Table 1 and Table 2, respectively. As for the thermal comfort performance, the layer 

structure has a wide impact on the behaviour of the glazing system, but the adopted PCM 

melting temperature affects the performance of the system too. 

As far as the PCM_xx_I configurations are concerned, the following observations can be 

made. In summer, during the cloudy day, the E
+
 is reduced by more than 50% with the 30°C 

paraffin and by about one third if the 35°C paraffin is used instead. In sunny days, both the 

30°C and 35°C paraffin waxes reduce by about 15% the E
+
. The E

-
 is always zero, because of 

the discharge phase of the PCM that keeps on releasing heat towards the indoor environment 

even during the nigh (cf. Fig. 2a). The PCM_25_I system shows a behaviour that is similar to 

the reference glazing one, since the indoor/outdoor air temperatures are always within the 

melting range of the PCM or higher, and the PCM is hence activated most of the time.  

In sunny winter days, it is remarkable how the PCM_xx_I configurations are able to reduce 

the energy losses E
-
 (PCM_25_I: more than -70%; PCM_30_I: more than -60%; PCM_35_I: 

about -50%), by converting and storing part of the income solar radiation during the daytime. 

In fact, the E
+
 is also reduced of more than 40% (PCM_25_I and PCM_35_I). The same 

behaviour can be noticed for the cloudy days too, but with lower values. The systems show a 

good performance if it is desired to lower the solar gain during the daytime and to reduce the 

energy losses during the nigh. 

The PCM_xx_O configurations show a notable performance in summer when, in sunny days, 

they are able to reduce of about one third (PCM_30_O and PCM_35_O) and of about one 

fourth (PCM_25_O) the E
+
. In cloudy days, the reduction is in the range of -70÷75%.   

    REF PCM_25_I PCM_30_I PCM_35_I 

    E
+
 E

-
 E

+
 E

-
 E

+
 E

-
 E

+
 E

-
 

    [Wh m
-2

] [Wh m
-2

] [Wh m
-2

] [Wh m
-2

] [Wh m
-2

] [Wh m
-2

] [Wh m
-2

] [Wh m
-2

] 

Summer 
cloudy 782 -85 735 -21 357 0 521 0 

sunny 2043 -38 2049 -5 1761 0 1793 0 

Winter 
cloudy 411 -446 93 -240 139 -321 122 -379 

sunny 2207 -432 1258 -115 1810 -163 1231 -210 

Table 1: Transmitted energy through the PCM glazing systems (PCM_xx_I) and reference. 

    REF PCM_25_O PCM_30_O PCM_35_O 

   E
+
 E

-
 E

+
 E

-
 E

+
 E

-
 E

+
 E

-
 

   [Wh m
-2

] [Wh m
-2

] [Wh m
-2

] [Wh m
-2

] [Wh m
-2

] [Wh m
-2

] [Wh m
-2

] [Wh m
-2

] 

Summer 
cloudy 782 -85 196 -65 205 -66 239 -97 
sunny 2043 -38 1553 -28 1376 -13 1356 -24 

Winter 
cloudy 411 -446 30 -586 30 -584 30 -584 

sunny 2207 -432 452 -440 469 -445 485 -463 

Table 2: Transmitted energy through the PCM glazing systems (PCM_xx_O) and reference. 



The E
-
 is generally reduced too, both on sunny and cloudy day (with the exception of 

PCM_35_O under cloudy weather conditions), due to the discharge phase of the paraffin. 

However, this issue seems not to be of particular relevance. 

A more complex behaviour occurs during winter, when the PCM_xx_O systems are able to 

lower the solar gain during the daytime (as happened with the PCM_xx_I configurations), but 

do not reduce the energy loss E
-
 during the night This is due to the position of the PCM layer 

(that faces the outdoor), which increases the dissipation towards the outdoor environment of 

the heat stored during the daytime within the PCM layer. In cloudy days, because of the lower 

thermal resistance of the PCM glazing and the poor activation of the PCM layer, the heat loss 

through the PCM_xx_O systems is higher than through the reference (about +30%). In sunny 

days, the E
-
 is slightly increased in the case of the PCM glazing, but E

+
 and E

-
 are of the same 

order, so that these configurations can be virtually considered a “nearly adiabatic” surface 

(due to the facts that the magnitude of the positive and negative energy flows is low and that 

the positive energy flow is equivalent to the negative one).   

CONCLUSION 

Different PCM glazing configurations have been tested by means of a numerical analysis to 

assess their behaviours with respect to the energy efficiency and thermal performance in a 

humid subtropical climate. These glazing systems (especially the ones with the PCM layer 

that faces the outdoor) can be beneficial in terms of thermal behaviour. A more complex 

evaluation is needed when the energy performance is addressed instead. All the systems are 

able to reduce the solar gain during the daytime, acting like solar shading device, and to store 

a certain amount of heat within the paraffin layer. The release of this energy is only driven by 

the boundary conditions, so a limited active control over this process is possible, and 

sometimes the behaviour of the system is less efficient than the reference one. 
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ABSTRACT 
This paper presents a case study of a single-family house, where the effect of using thermal 
energy storage integrated in the floor is evaluated regarding GHG-emissions during the life 
cycle. The house has a lightweight wood frame construction, is well insulated, and fulfils the 
Norwegian energy regulations from 2010. Different floor configurations have been studied, 
both regarding energy demand and emissions. Floors with PCM panels have been compared 
with a reference case without thermal energy storage integrated in the floor, and have also 
been compared with concrete and wood as replacement for the PCM panels. The effect of 
changing the thickness of the PCM, concrete and wood has also been investigated (5 mm, 
25 mm and 50 mm), as well as the effect of changing the emission factor of the energy supply 
to the building. The simulations have been carried out with three different climates: Oslo in 
Norway, Prague in the Czech Republic and Rome in Italy. The conclusions are: 

• PCM gives the highest energy savings, compared with concrete and wood, but have 
also significantly higher GHG-emissions related to production of the materials. Due to 
this, the total GHG-emissions is very dependant on the emission factor for the energy 
supply to the building. 

• When the emission factor of the energy supply is 0.050 kg CO2 eq/kWh, the PCM 
causes increased GHG-emissions at 25 mm and 50 mm thickness. The wood and the 
concrete give only small reductions in emissions at all thicknesses. 

• When the energy supply to the building is 0.500 kg CO2 eq/kWh, the PCM causes the 
highest reduction in GHG-emissions at 5 mm and 25 mm thickness, and concrete 
causes the highest reduction at 50 mm thickness. 

• The reduction in energy demand and emissions is slightly higher in Prague than in 
Oslo, but significantly higher in the hot climate in Rome. 

INTRODUCTION 
It is well known that a large share of the global energy consumption and the greenhouse gas 
(GHG) emissions is related to the building sector. Due to this, there has been a lot of focus on 
low energy buildings and passive houses, i.e. buildings with low energy consumption during 
the operational phase of the life cycle. Lately, the new focus has become Zero Emission 
Buildings (ZEB), i.e. buildings with “zero emissions” during the life cycle.  



Energy efficient buildings often have a cooling demand, especially during the summer season. 
Phase change materials (PCMs) have introduced a new way of reducing the cooling and 
heating demand of buildings, due to the effective thermal energy storage and release 
capabilities of PCMs [1,2,8]. One of the products that have found their way to the market is 
DuPontTM Energain®, which is PCM panels with a mixture of ethylene based polymer and 
paraffin wax laminated on both sides with an aluminium sheet [3].  

This paper presents a case study, where the effect of using thermal energy storage integrated 
in the floor is evaluated regarding GHG-emissions during the life cycle. A well insulated 
building with different floor configurations have been studied, both regarding energy demand 
and emissions. Floors with PCM panels have been compared with a reference case without 
thermal energy storage integrated in the floor, and have also been compared with concrete and 
wood as replacement for the PCM panels. The effect of changing the thickness of the PCM, 
concrete and wood has also been investigated, as well as the effect of changing the climate 
and the emission factor of the energy supply to the building. 

DESCRIPTION OF THE BUILDING 
The building is a single-family house with a lightweight wood frame construction. The heated 
floor area is 160 m2, divided on two floors. The house fulfils the Norwegian energy 
regulations from 2010 [9]. Input parameters were taken from NS3031 [10, 11]. The building 
energy simulations were carried out with the software TRNSYS version 17.00.0019 [6, 7]. 
The main input parameters are summarized in Table 1. 
 

Dimensions 
(internal) 

Length x Width: 10 m x 8 m  
Height: 5 m (2 floors) 
Heated floor area: ABRA = 160 m² 
Heated air volume: V = 384 m³ 

External walls 
Internal area including windows and door: Awall = 180 m² 
Internal area excluding windows and door: Awall net = 148 m² 
Thermal transmittance: Uwall = 0.18 W/(m²K) 

Windows and 
door 

Total area of windows and door: Awd = 32 m² (Awd/ABRA = 20 %) 
Thermal transmittance of windows and door: Uwd < 1.2 W/(m²K) 

Roof Internal area: Aroof = 80 m² 
Thermal transmittance: Uroof = 0.13 W/(m²K) 

Floor Internal area: Afloor = 80 m² 
Thermal transmittance: Ufloor = 0.15 W/(m²K) 

Thermal bridges Normalized thermal bridge value: ψ’’ = 0,03 W/(m²BRAK) 
Air tightness Air changes at 50 Pa: n50 = 2.5 h-1 

Ventilation 
system 

CAV ventilation (operating hours 24/7/52) 
Heat exchanger efficiency: γhe = 80 %  
Ventilation rate: VV = 192 m³/ h 
Specific Fan Power: SFP = 2.5 kW/(m³s) 

Heating and 
cooling 

Electrical heating and cooling system 
Heating and cooling efficiency: γhc = 100 % 

Internal loads 

Lighting (operating hours 16/7/52): Pl = 312 W (312 W heat gain) 
Technical equipment (op. hours 16/7/52): Pt = 480 W (288 W heat gain) 
Domestic hot water: Pdhw = 544 W (0 W heat gain) 
Heat gain due to people: 240 W 

Table 1: Main input parameters for building energy simulations. 



METHODOLOGY 
In order to obtain a zero emission building, it is necessary to consider the emissions 
throughout the whole life cycle, i.e. GHG-emissions with CO2-equivalents as the 
environmental indicator. The reduction in GHG emissions related to the energy savings 
during operation can be calculated on basis of the energy source(s) being used in the building. 
The GHG-emissions related to the additional use of materials, should consider the emissions 
related to production, transportation, construction, maintenance and disposal. If the materials 
can be recycled, this should also be taken into account. 

In this case study, identical buildings with 10 different floor constructions were compared. 
The reference case was a lightweight wood frame construction insulated with glass wool, 
which was 300 mm thick, i.e. there was no layer for thermal energy storage. The remaining 9 
configurations were modelled with one additional layer on the inside: 

• 5 mm, 25 mm and 50 mm layer of concrete 

• 5 mm, 25 mm and 50 mm layer of wood 

• 5 mm, 25 mm and 50 mm layer of PCM 
The thickness of the wood frame with glass wool was adjusted for each configuration, to get 
identical thermal transmittance (Ufloor = 0.15 W/(m²K)), i.e. only the thermal energy storage 
and release capacity is changed. 
All the buildings, i.e. with the 10 different floor constructions, were simulated with weather 
data for three different climates, extracted from the software Meteonorm version 6.1.0.20: 

• Northern European – Oslo in Norway 

• Central European – Prague in Czech Republic 

• Southern European – Rome in Italy 

The reduction in GHG-emissions was calculated according to the formula: 

                              MaterialsOperationTotal GHGGHGGHG ∆−∆=∆  (1) 

The reduction of GHG-emissions, related to reduced heating and cooling demand: 

                              
floor

iref
Operation A

KTEE
GHG

)( −
=∆  (2) 

The increase of GHG-emissions, related to increased use of materials: 

                              
floor

refMaterialsiMaterials
Materials A

GHGGHG
GHG

−
=∆  (3) 

 
Eref  total energy demand for the building with the reference floor (kWh/year) 
Ei  total energy demand for the building with alternative floor i (kWh/year) 
K  GHG emission factor for energy, including emissions related to building of  

the transformation and transportation systems for the transformation of the 
primary energy to delivered energy (kg CO2 eq/kWh) 

T  life cycle of the building (years) 
Afloor  internal floor area (m2) 
GHGMaterials ref life cycle emissions related to the materials in the reference floor (kg CO2 eq) 
GHGMaterials i life cycle emissions related to the materials in alternative floor i (kg CO2 eq) 



LIFE CYCLE ASSESSMENT 

System boundaries 
In this simplified life cycle assessment, only the following processes were included: 

1. Production of the materials which were used in the initial construction of the floor 

2. Transportation of the materials from the manufacturer to the building site 

3. Operational energy use 

Item 1 and 2 is the basis for the calculation of ∆GHG Materials, while item 3 is the basis for the 
calculation of ∆GHGOperation. 

Data collection 
Emission data for production of the PCM was received from DuPont [4]. Emission data for 
the remaining materials and emission factor for transportation was taken from 
Klimagassregnskap.no version 2 [14], which is a Norwegian tool for calculation of building 
related GHG-emissions. The electricity specific part of the emissions related to production of 
the materials can be adjusted according to a user specified emission factor for electricity in 
Klimagassregnskap.no. It was decided to use the emission factor for low voltage electricity in 
Luxembourg, 0.597 kg CO2 eq/kWh [15], to make the results as comparable as possible to the 
PCM which is produced in Luxembourg. The life cycle of all the materials and the building 
was assumed to be 60 years, and the transportation distance of all the materials was assumed 
to be 1000 km. 

Thermal conductivity, density and specific heat capacity was taken from NS-EN ISO 10456 
[12], product data sheets [3, 5] and a test report from CSTB [13].  

NOTE: The DuPontTM Energain® PCM panels is only 5.26 mm thick. Since this is a 
theoretical study, the material properties have been assumed to be applicable for different 
thicknesses. E.g. the emission for 50 mm thickness is calculated as: 50 mm/5.26 mm = 9.5 
layers of PCM, although one thick layer sealed with aluminium may have given less emission. 

RESULTS 
Figure 1 shows the total reduction in heating and cooling demand (left side), and the increase 
of GHG-emissions related to the materials (right side). Figure 2 shows the total reduction in 
GHG-emissions with emission factor 0.050 and 0.500 kg CO2 eq/kWh for the energy supply. 
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Figure 1: Left side: Reduction in energy demand due to the added thermal mass (Eref – Ei). 
Right side: The increase of GHG-emissions, due to increased use of materials (ΔGHGMaterials).  
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Figure 2: Left side: Reduction in emissions with factor K = 0.050 kg CO2 eq/kWh for energy. 
Right side: Reduction in emissions with factor K = 0.500 kg CO2 eq/kWh for energy. 

DISCUSSION 
The results on the left side in Figure 1 show that the PCM gives the highest energy savings, 
but the effect flattens out when the thickness is increased from 25 mm to 50 mm. When the 
thickness of the concrete is increased to 50 mm, the energy savings is almost as high as with 
PCM. The energy savings is only slightly higher in Prague than in Oslo, but significantly 
higher in the hot climate in Rome. 

The results on the right side in Figure 1 show that wood causes the lowest increase in GHG-
emissions due to the increased use of materials. The emissions related to concrete is slightly 
higher than wood, while PCM causes significantly higher emissions than wood and concrete. 

The results on the left side in Figure 2 show that the PCM with 25 mm and 50 mm thickness 
causes increased emissions when the emission factor for the energy supply to the building is 
0.050 kg CO2 eq/kWh. The wood and the concrete give only small reductions in emissions. 

The results on the right side in Figure 2 show that the PCM causes a large reduction in 
emissions when the emission factor for the energy supply to the building is 
0.500 kg CO2 eq/kWh. PCM gives the highest reductions when the thickness is 5 mm and 
25 mm, but concrete with 50 mm thickness gives slightly higher reductions than PCM with 
25 mm thickness. The reduction in emissions is only slightly higher in Prague than in Oslo, 
but significantly higher in the hot climate in Rome. 

CONCLUSIONS 

• PCM gives the highest energy savings, compared with concrete and wood, but have 
also significantly higher GHG-emissions related to production of the materials. Due to 
this, the total GHG-emissions is very dependant on the emission factor for the energy 
supply to the building. 

• When the emission factor of the energy supply is 0.050 kg CO2 eq/kWh, the PCM 
causes increased GHG-emissions at 25 mm and 50 mm thickness. The wood and the 
concrete give only small reductions in emissions at all thicknesses. 

• When the energy supply to the building is 0.500 kg CO2 eq/kWh, the PCM causes the 
highest reduction in GHG-emissions at 5 mm and 25 mm thickness, and concrete 
causes the highest reduction at 50 mm thickness.  

• The reduction in energy demand and emissions is slightly higher in Prague than in 
Oslo, but significantly higher in the hot climate in Rome. 
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ABSTRACT  

This paper discusses using adaptive kinetic shading screens as a solution to ubiquitous glass 

facades when dealing with excessive solar exposure. The paper is based on case study – an 

international competition won by Aedas Architects in 2007 to design a landmark development 

for the Abu Dhabi Investment Council New Headquarters (Al-Bahr Towers) in Abu Dhabi, 

United Arab Emirates. The office twin towers will stand 150 meters high and are due to 

completion in 2012.  

Islamic & Regional Architecture, Sustainable Technology and Inspiration from Nature form 

the triangular foundation of the design concept. For centuries, local Middle Eastern 

architecture has been well known for its sustainable features like wind catchers, solar screens, 

ventilation domes, and many others. The philosophy aims at recapturing some of those 

features used in the past coupled along with deriving bio-inspired design methodologies to 

enhance the performance of contemporary buildings in humid sunny regions. The power of 

the concept lies in the algorithmic rules developed via computation merging the design 

principles and translating them into a performance oriented form and integrated mechanized 

system able to adapt to the changing environment. The building comprises of many novel 

features including a secondary shading screen which comprises of 1049 automate units linked 

to a computerized control system that simulates the path of the sun. The shading screen acts 

like a dynamic ‘Mashrabiya’ (a traditional lattice shading screen particular to the Middle East) 

which fold/unfold like an umbrella/origami – driven by central linear actuators.  

The concept is inspired from natural adaptive systems like leaves and flowers that open/close 

in response to the changing environment to overcome limitations of traditional 

vertical/horizontal louvers especially when applied to geometrically complex buildings 

reacting to the sun’s changing location.  

The dynamic screen will reduce solar gain and solar glare while providing better visibility by 

avoiding dark tinted glass and blinds distorting the appearance of the surrounding view. This 

intelligent system will better distribute natural diffused light and optimize the use of artificial 

lighting and reduce air cooling loads. The system will help reducing the overall energy 

consumption, carbon emission, and plant room size. 

The Al-Bahr ICHQ Towers are currently under construction. The unique form, kinetic façade 

solution, and added value they bring to the towers will place the building as worldwide 

benchmark for performance oriented design and adaptive architecture. 



INTRODUCTION 

A major challenge that designers/engineers always face is meeting the required energy 

performance and user comfort in a changing environment. In nature we may find many 

solutions to similar problems; ‘natural systems’ are anything but static as they constantly 

adapt to their changing environment between day and night and from season to season. This 

was one of the major inspirations behind the concept design of the case study presented in this 

paper and which comprises of a novel smart adaptive façade following the sun path. 

THE PROJECT; AL-BAHR TOWERS, ABU DHABI INVESTMENT COUNCIL  

Aedas won an international competition in 2007 to design a worldwide unique landmark 

development for the Abu Dhabi Investment Council New Headquarters (Al-Bahr Towers) in 

Abu Dhabi – United Arab Emirates (Figure 01).  The office twin towers will stand 150 meters 

high and are due to completion in 2012. 

KEY ELEMENTS 

Geometric Composition: The intersection of the infinite arrangements and populations of 

circles (2D) & spheres (3D) generate infinite arrangements of nodes that – when connected 

following a mathematical logic – generate the famous Islamic patterns and forms. 

Main Form: All floor-plates and vertical profiles of each tower – made of tangential arcs 

following specially devised mathematical rules – generate an intelligent fluid form that 

maximizes volume to envelope ratio and natural lighting distribution while minimizing wind-

load impact on the building skin and structure. 

Main Structure: An intelligent honeycomb formation – inspired from beehives and uniquely 

applied to towers – provides a highly efficient and redundant structure. 

 

Figure 01. Al-Bahr ICHQ Towers; Emerging from the landscape, the energy and structural 

performance driven design dictated the organic form and geometric formation of the 

surrounding kinetic shading components.   



Façade: a series of smart folding kinetic shading components generate a screening layer to 

the weathering glass skin protecting the building from excessive solar gain. 

The design brief was based on the desire to create a building which would represent the ethos 

of the Investment Council, while relating to the context and also reflecting the underlying 

cultural tradition of Abu Dhabi in a contemporary idiom.   

CONCEPT & PHILOSOPHY 

Islamic & Regional Architecture, Sustainable Technology and Inspiration from Nature form 

the triangular foundation of the design concept of the ICHQ towers (figure 02). For centuries, 

buildings in the Middle East have been well known for their sustainable features like wind 

catchers and solar screens. While carefully avoiding mocking traditional styles or directly 

mimicking systems in nature, the philosophy aims at recapturing some of those features used 

in the past and deriving bio-inspired methodologies to enhance the performance of the 

building under similar weather conditions. The power of the concept lies in the algorithmic 

rules developed via computation transforming the design principles into performance oriented 

form and integrated mechanized system able to adjust and adapt to the changing environment. 

FAÇADE DESIGN 

A relatively clear glass curtain-wall forms the weather-tight layer of the towers’ skin. A 

secondary layer comprises of intelligent automated shading components – opening/closing via 

centrally located linear actuators – linked back to a computerized control system that follows 

the sun path. The shading screen acts as a dynamic ‘Mashrabiya’ (Wooden lattice shading 

screen particular to the Middle East - Figure 03). The screen will reduce solar gain and glare 

while providing better visibility by avoiding dark tinted glass and blinds distorting the 

appearance of the surrounding view. This system will better distribute natural diffused light 

and optimize the use of artificial lighting through dimmers linked to sensors and reduce air 

cooling loads. The system will help reducing the overall energy consumption, carbon 

emission, and plant room size.  

Figure 02. ADIC Concept & Philosophy displaying the key design drivers 



THE CHALLENGE; WHY GLASS? 

For the past two decades, ‘naked’ glass facades have dominated the vast majority of buildings 

in general and iconic office towers in particular in the Gulf Region becoming the norm in 

terms of clients and users expectations – mainly sponsored and encouraged by local 

governments. Therefore, it will take some time to re-educate the market and gradually re-

orient expectations accordingly and introducing the dynamic Mashrabiya shading screen was 

viewed by the Design Team as step forward towards moving away from completely ‘naked’ 

glass facades. It is also becoming more encouraging now that the authorities in Abu Dhabi for 

example are rethinking this devotion to the transparent and issuing new regulations that may 

limit glass to no more than 30% of the façade. 

THE RESPONSE; MASHRABIYA - DYNAMIC SHADING SCREEN 

Concept: The Dynamic Mashrabiya is a kinetic shading system that comprises of triangular 

units that fold like an umbrella at various angles providing shading surfaces in various angles. 

The design concept was inspired by natural adaptive systems like leaves and flowers that open 

and close in response to the changing environment. The flexible smart folding geometry was 

carefully worked out to overcome the limitations of traditional vertical and horizontal louvers 

especially when applied on geometrically complex buildings.  

Distribution: There are 1049 units fitted to each of the towers covering the East, South and 

West zones leaving the North face exposed (Figure 01) where there is no exposure to direct 

sunlight. When a façade zone is subjected to direct sunlight, the Mashrabiya units in that zone 

will deploy into their unfolded - closed state providing shading to the inner glazing skin. As 

the sun moves around the building each Mashrabiya unit will progressively open (Figure 04). 

Building Management System: The Mashrabiya system will be automatically controlled from 

a BMS central control room with capability to control individual units or move groups of 

Mashrabiya for servicing purposes or special events. The main control system is based on a 

program pre-set to follow the sun path that will update the position / opening of each shading 

unit three times per day. The control system will be linked to an anemometer situated at that 

will send feedback to a wind-speed graph. In the event of excessive wind-speeds, the safety 

control system will override the pre-set system and fold the Mashrabiya units at their most 

robust positions.  The system also links to a light sensor that detects unusual conditions 

(cloudy day) hence overriding the pre-set program and operates the shading units in real time.  

 

Figure 03. Traditional Mashrabiya Shading Screen and Geometry Derivation. 



Hardware: The mechanism is driven by a centrally located electric screw-jack linear actuator. 

The actuator strokes up to 1000mm folding the mechanism up to 80% open area.   

Materials: The supporting structure is made of duplex stainless steel, the shading mesh is 

made of FTPE coated fibre glass and the fabric frames are made of PVDF coated aluminium. 

Power & Data Supply: Electrical outlets are provided at each floor to power the actuators and 

controllers. Data transmission from control room to actuators is via a dedicated Ethernet to 

PLC controllers using SCADA protocols.  

Software: during the competition stage, the Aedas R&D team collaborated to produce a 

bespoke program using a Java stand-alone applet which simulated the path of the sun. 

Siemens control system will be utilized to program the actuators’ operation. 

Key Qualitative Benefits – User Comfort & Psychology: the responsive façade will provide 

many advantages to the occupants by offering better naturally lit spaces and external natural 

views, less use of obstructive blinds, reducing AC flow & drag. 

Key Quantitative Benefits – Energy Performance: In addition to the advantages stated above, 

the Mashrabiya system will provide further benefits such as 20% energy saving (up to 40% to 

the offices), 20% reduction in carbon emission, and 15% reduction in plant capital cost 

Testing and Verification: Regimes included a wind load (up to 90m/s) testing where a one-to-

one Mashrabiya unit was built in a wind tunnel at the CSTB facilities in Nantes – France 

(figure 05).  Another was carried out in Basel – Switzerland in order to test the mechanisms 

long term durability where a unit was built in a special chamber controlling temperature and 

humidity up to 60 degrees Celsius and 100% consecutively (figure 06). The Mashrabiya unit 

was sprayed with salty water, sand, and dust particles on a regular basis and was left to 

operate for 30,000 cycles – roughly equating 80 years of performance. 

                   

Figure 04: Mashrabiya grouped in six units at unfold, mid, & maximum fold (right). 



LOOKING FORWARD 

If the dynamic Mashrabiya shading screen of Al-Bahr Towers is successfully delivered and 

meets the performance criteria projected by the Design Team and Client’s aspiration, it may 

present new standards to follow and will allow for others to build upon the current solution 

and improve it. Just like other technologies, the more it becomes more popular and common, 

the more it becomes reliable and affordable… 
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Figure 05: Wind-tunnel test at CSTB.             Figure 06: Durability test in Basel 

 

Figure 07: Six Mashrabiya units in operation, Figure 08: Al-Bahr Towers under construction 
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ABSTRACT 

Integrated Design is defined by the multi-functionality of each architectural element and 

its capacity to serve structural, thermal, building physical and spatial mandates. For both 

engineers and architects, this degree of resolution has enormous intellectual appeal; for 

low-exergy approaches to the built environment, it means optimized performance. In 

practice, however, integrated design has meant a struggle to frame information 

appropriately so as to support the simultaneous resolution of structural, mechanical, 

building physical, fabricational and architectural problems. The quest for building 

systems and knowledge integration has often devolved into a series of add-ons chosen 

from market-available products. 

The increased focus on energy efficiency and human comfort has driven the development 

of many computational building envelope assessment software tools.  Yet the promise of 

computational analysis to contribute significantly to a truly integrative, rather than 

additive, design process for the detailing architect is far from realized. This paper builds 

on the premise that the detail scale is well-suited to a truly integrative approach to 

building systems if it is paired with analytic software that gives early performance 

feedback to detail considerations. To gauge the appropriate range of values and to map 

the process of resolution for envelope design as a support to more appropriate 

collaborative software interface, this paper considers detailed wall sections at the juncture 

of wall and a window, assuming a low-exergy model of acclimatization. It also applies a 

similar approach to a “ground-up” study of envelope-integrated acclimatization in which 

building components respond symbiotically to technical and architectural requirements. 

This paper‟s contribution to the additive-integrative dilemma is two-fold: analytic, 

addressing the need to define the benchmarks and appropriate capacity for dynamism 

upon which relevant software in support of systems integration at the detail scale might 

be based; and creative, testing instances in which materials and design approaches both 

within and outside of the traditional repertoire of small-scale residential construction 

might realize better-integrated envelope systems.  

 

INTRODUCTION 

Integrated Design is defined by the multi-functionality of each architectural element and 

its capacity to serve structural, thermal, building physical and spatial mandates. For both 

engineers and architects, this degree of resolution has enormous intellectual appeal; for 

low-exergy approaches to the built environment, it is paramount to optimized 

performance. In practice, however, integrated design has meant a struggle to frame 

information appropriately so as to support the simultaneous resolution of structural, 

mechanical, building physical, fabricational and architectural problems.  

The January 2011 issue of Architect Magazine, the official publication of the American 

Institute of Architects, may be a bell weather of the status of integrated design as it is 

currently practiced in the US. It featured an article by Kiel Moe, entitled „Do More With 



Less: Double-glazing vs. masonry‟, in which his diagnosis of the double glazed curtain 

wall‟s “cascade of compensations” for its environmental inadequacies is predicated on the 

insight that “the linear model of progress in architecture is invariably additive. When 

architects encounter new problems and obligations, they often respond by layering 

materials, technologies, consultants, software.” The quest for building systems and 

knowledge integration has devolved into a series of add-ons: an “integrated” wall as an 

assembly of exterior shading devices, user-operable shades, multiple glazing layers, air 

gaps, cleaning mechanisms and other gadgets.   

The building envelope is a site for the integration of technologies, which advance human 

comfort while also supporting optimal building performance. The building envelope is 

also the locus of enormous effort and activity on the part of the architect as he or she 

negotiates these demands and translates a design idea into reality via the detailing 

process. The detailing process has generally been an empirical one, reliant on good 

practice, precedent study and ratiocination. While not inherently incorrect, this has 

proven increasingly inadequate to meet the current need for building envelope innovation. 

The increased focus on energy efficiency and human comfort has driven the development 

of many computational building envelope assessment software tools.  Yet the promise of 

computational analysis to contribute significantly to a truly integrative, rather than 

additive, design process for the detailing architect is far from realized.  

In [2,3], a parametric approach to the detailing process is proposed, designed to bridge the 

gap between current practices and computational analysis at early stages of design 

detailing.  This approach is captured by the following steps:  

1.     Benchmarking: In this initial step, typical cases of assemblies are identified as cases 
from which other versions can be derived. The criteria for benchmarking should 
consider best practice for thermal and building physical performance 
while architectural expression may be neutral or conventional. 

2.     Formulating the problem parametrically to facilitate subsequent iterations:  Rules 

that govern the detailing decisions for these benchmark cases are extracted to create 

a framework for systematic variation. Positioning benchmarks as a part of a 

continuum typically requires a clear articulation of desired architectural expression, 

but also lightens the iterative process since considerable investment at this stage is 

placed on understanding relationships and anticipating potential trade-offs as a 

parameter is varied. 

3.     Establishing a dynamic link to existing computational tools:  The analytical software 
appropriate to the particular focus of study is sought, its efficacy tested and 
recommendations for more interactive modes of operation shared.  Applied to the 
parametric model, these computational tools are used to compare energy 
performance as parameters vary.  An analysis at each iteration is used to refine the 
rules that govern the parametric formulation and as a basis to propose changes in 
detail strategy. 

This paper considers a case study of systems incorporation at the juncture of wall and a 

window, assuming a low-exergy model of acclimatization. It also applies a similar 

approach to a “ground-up” study of envelope-integrated acclimatization in which building 

components respond symbiotically to technical and architectural requirements. 

CASE STUDY:  INTEGRATED HEAT EXCHANGERS FOR VENTILATION IN SOLID 

CONCRETE CONSTRUCTION 

This approach can be demonstrated on a simplified design problem of incorporating a 

heat air exchanger in concrete wall construction with exterior insulation and rain screen. 

From an exergy standpoint, the choice of concrete wall construction offers an extensive, 

thermally stable wall surface for low temperature heating. From a low energy need and 



building physical standpoint, the exterior insulation and rain screen construction represent 

proven methods of mitigating thermal transmission and both ultraviolet and water-based 

degradation of the insulating layer.  

In a previous study, benchmark cases at the window were developed for typical locations 

of the window in the depth of such a wall construction [3]. To test the potential of the 

proposed parametric approach to envelope detailing for the promotion of systems 

integrated design, the problem here focuses on the location and detailing of a heat-pump-

based air exchanger (BS2‟s Airbox1) relative to localized thermal performance in the 

window-to-wall assembly as the window position moves in the depth of the wall. Based 

upon the manufacturer‟s recommendations for the installation of the heat recovery 

ventilation unit, benchmarks for this augmented problem were devised relative to the 

different opportunities afforded by the window location.  

In the construction details of the benchmarks in Fig 2, the location of a through-wall vent 

line is held constant, assuming a horizontal penetration below the windowsill behind the 

windscreen cladding.  
 

  

 

   

 
Figure 2: Construction details and THERM analysis for heat recovery unit locations as window 

position varies; from left to right: interior flush; thermal neutral axis and exterior flush 

                                                        
1 See http://bs2.ch/de/products/airbox.php 



In the interior flush case, the ventilation line could be routed horizontally, as depicted, or 

vertically to emerge beneath the sill, both suggested positions given by the manufacturer. 

In keeping with architectural merits of the interior flush window, its capacity to 

emphasize the interior surface of the room as a continuous, unbroken plane, the logical 

installation point for the heat recovery unit would be a niche below the window, in front 

of which an access panel that could be installed in plane with the finish wall surface. 

When the window is located in the neutral axis (within the insulating layer), the use of a 

wood casing on the interior is used to conceal the insulation layer and the installation 

brackets which hold the window in place.  It is logical to imagine the extension of that 

casing as a cover for the heat recovery unit, which could then be located adjacent to the 

wall inside the tempered space rather than requiring a niche in the wall. Such casework 

details are a commonplace feature in the location and integration of conventional 

radiators. For an exterior flush window installation, which in architectural terms would 

allow the full expression of the concrete wall as both finish surface and deep envelope. 

Since no casing is foreseen at the window and the continuity of the concrete surface 

would be undermined by an access panel as foreseen as in either of the two cases to be 

described below, the heat recovery unit is located in the floor slab, one of the installation 

solutions suggested by the manufacturer.  

Despite their substantial differences in appearance, this series of details represents a 

continuum as the parameter of window position varies.  The advantage of conceiving of 

this problem parametrically is that it allows for comparative studies to be conducted at the 

early stages of the design detailing process during which a primary role is to support a 

detailing architect to distinguish competing alternatives, rather than to quantify absolute 

performance. The infrared color maps shown in Fig. 2 are appropriate for early stage 

evaluative response in the detailing process, and can be useful to draw initial conclusions 

that might affect detailing choices.  Tradeoffs in architectural expression and thermal 

performance, for example, can be articulated in a way that would be difficult to do using 

empirical or typological approaches. 

For all cases, the vent line perforation distends the isotherms, showing far greater thermal 

transmissivity near the window aperture. The better thermal performance of the exterior 

flush window installation is negatively impacted directly at the site of the perforation and 

in the sill area. Some loss of thermal capacity results from the displacement of solid 

concrete in the wall surface by the conduit, and colder surface temperatures are indicated 

from the sill downward but the lower portion of the wall appears to perform fairly 

consistently along its length. The trade-off for better localized performance at the window 

is the much longer conduit run to the heat recovery unit located somewhere in the floor 

slab and the reduced accessibility of the floor-based unit. In comparison to the exterior 

flush case, the neutral axis case displays similar thermal impact at the perforation, which 

is amplified by the greater transmissivity in the sill area associated with this window 

location. Loss of thermal performance along the length of the wall is, on the other hand, 

mitigated by placing the heat recovery unit on the warm side of the concrete wall. This 

case demonstrates superior thermal performance based upon surface temperature at the 

interior plane of enclosure, the trade-off being the need for an ancillary enclosure around 

the heat recovery unit, which protrudes into the interior space. The extent to which this 

solution is actually necessary depends on the ingenuity of the architectural design and its 

capacity to understand the enclosure box as, for example, contributing to furnishing. At 

first glance, the interior flush case could be discounted at the outset because of its poor 

thermal performance; from the perspective of architectural design and expedient 

installation, however, the preservation of the continuous wall plane and the short conduit 

run and easy accessibility of the heat exchange unit, it is the most plausible of the three 

installations. The ability to be able to do a quick performance study at this early stage of 



design allows the detailing designer to anticipate conflicts that might arise despite an 

initial decision in favor of a construction strategy amenable to systems integration. 

 

ALTERNATIVE PREMISES: SYSTEMS INTEGRATED DESIGN FROM THE GROUND UP 

Even with the simple example just discussed, it is clear that choices made at a 

building-wide scale about systems and assemblies cannot guarantee truly integrative 

approaches to thermal performance. In fact, if one adds the mandates of 

reusability/recyclability, lower material intensity and an envelope balance point 

approach which takes into account the human desire for certain fluctuations in interior 

climate (as in opening a window), this goal is only rarely achieved by the assembly of 

available building products outside of an additive mode of working. Ultimately, by 

identifying these requirements and testing their interplay at detail scale, it may be 

possible to conceive of new families of assemblies and components that account for 

perforations, wall depth, fasteners and finish surfaces on a specific, as-needed basis. 

This approach to building components would start from the exceptions – windows, 

doors, parapets – rather than the typical approach, in which the standard envelope 

assembly is given primacy. 

For illustrative purposes, we will consider the potentials of new families of materials 

relative to the demands of integrative design, for example, such high-strength, light-

weight freely formable materials as natural fiber reinforced epoxy composites. Given 

their material and fabrication qualities, the means to address distributed building 

systems, structural capacity, low thermal transmissivity and architectural expression 

could be resolved in an integrated way rather than by the addition of components as 

the list of requirements grows. One example based upon the preceding exercise of 

locating a heat recovery ventilation system relative to a window appears in the 

speculative project for a thin wall house illustrated in Fig 3. 

 

 
 

Figure 3: Study for a natural fiber reinforced low-rise house with integral structural, thermal, spatial 

and envelope considerations (Project: L.Widder, J.Ko, E.Nelson with J.Atkins, J.Honsa, T.Sheridan) 



Inherently water and air infiltration resistant fiber reinforced walls, crenellated at two 

different scales for local bending and lateral/gravitational loading, comprise a thin, light 

exterior wall given thermal resistance by vacuum insulation and UV protection by a 

shorter-lived rainscreen façade. At the windows, however, the material efficiency of the 

thin shell defers to a deep, hollow wall construction, which would facilitate the 

installation of heat recovery ventilation, accommodate deeper operable window 

components and can provide additional lateral stability [4]. At a detail scale, the 

material‟s formability is exploited to create fasteners and brackets with reduced thermal 

transmissivity; this limits building physical problems from thermal transmission and the 

combination of unlike materials. 

Without early-stage evaluation, the application of these new materials to the built 

environment is difficult to conceive at a detail scale. There can be no reliance on 

precedent or good practice, nor can manufacturer testing and specs be presumed. The 

prospect of working in a material in which any number of formal possibilities exist can 

much more productively translate into a collaborative, iterative process when quick, 

visually-couched feedback is available. Furthermore, the holistic development of a 

building assembly approach can model an integrative, rather than an additive, method of 

working which could be transposed to other assemblies. The transfer of emergent 

building materials and systems technologies to built environment implementation can be 

facilitated by the use of detail-scale feedback, accelerating industry uptake and leading 

the way out of the additive/integrative dilemma. 

 

CONCLUSION 

Many valuable modeling and visualization tools already exist at site, building and 

systems scale to aid in the prediction and realization of the most intelligent resolution 

of the energy needs accruing to human habitation. By complimenting these scales of 

inquiry with responsive tools at detail scale, the basis for true symbiosis in systems 

integration can be accelerated. 
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ABSTRACT 

The Swiss Minergie
®

-standard is, by the number of labelled buildings (> 20'000) one of the 

most successful building energy labels in the world. It is obviously a strong incentive for 

designing comfortable, low energy buildings. This standard is now valid for temperate - cold 

climates only. There is therefore a need for a similar standard for buildings dominated by 

cooling loads, as it is common in the tropical and sub-tropical climates of the world. Since the 

new EPFL campus planned in Ras al Kaimah (United Arab Emirates) should be exemplary, a 

project was launched by the Dean of EPFL Middle East, together with Minergie
®

-Association 

and the Solar Energy and Building Physics Laboratory of EPFL, aiming to set-up such a 

standard. In order to initiate this project, two buildings (a single family dwelling and an office 

building) were chosen. The single-family dwelling was simulated at an hourly time step using 

a detailed dynamic thermal model based on the computer simulation programme Energy plus 

issued from LBNL. The monthly energy consumption of the dwelling shows a good 

correlation with the monitored data. In addition to that, both energy consumptions, calculated 

with the dynamic and the simplified models are close to each other, giving confidence to the 

predictions of the latter. Therefore, both buildings were assessed using a simplified monthly 

energy balance method. Starting from the current buildings configurations, several variants 

implementing various improvements towards energy efficiency were considered. These 

simulations show that considerable energy saving (up to a factor 5) can be achieved by 

implementing together several improvements to these buildings. In addition, the building 

reaches a higher level of users comfort. 

INTRODUCTION 

The Minergie
®

-standard [1] is among the most applied building energy label in the world 

(about 20’000 labelled buildings in Switzerland by the end of 2010). It is obviously a strong 

incentive for designing low energy buildings in a perspective of climate change, as the 

standard not only asks for low energy consumption, but for above average comfort and 

competitive cost. It has even been extended by “Minergie
®

-Eco” (low environmental impact 

buildings) and “Minergie
®

-P” (optimized for passive solar gain). However, the methodology 

applied to evaluate the building energy performance and the conditions for getting the label 

are yet valid for temperate - cold climates only, where buildings are dominated by space 

heating and domestic hot water production and where cooling is only a minor issue. For hot 

and humid areas, a Minergie
®

-standard exists for villas in southern Japan only, where heating, 

cooling and dehumidification are equally required. There is therefore a need for a similar 

standard that can be applied to different types of buildings in areas dominated by cooling 

loads, as it is common in the tropical and sub-tropical climates of the world. 



The new EPFL campus planned in Ras al Kaimah (United Arab Emirates) should be 

exemplary and gather buildings with high user comfort and top energy performance. 

Therefore, a project was launched by the Dean of EPFL Middle East, together with 

Minergie
®

-Association and the Solar Energy and Building Physics Laboratory of EPFL, in 

order to set-up a new Minergie
®

-standard for tropical climates. 

METHOD 

The Minergie® label is awarded to buildings that achieve the largestpossible energy 

performance with an optimal comfort at a competitive cost. These limits depend on local 

climate, building habits, available materials, etc. Therefore, we intended to simulate buildings 

in the climate of Ras-al-Khaimah for exploring various ways for reaching the goals. Passive 

ways such as thermal insulation, sun shadings, free cooling, as well as improvement of active 

ways such as artificial cooling, dehumidification or solar water heating should be explored.  

Starting from typical local buildings, computer simulations using acknowledged and validated 

models allow estimating the effect of any energy saving measure applied to these buildings. 

Impacts on cost and comfort can be also assessed this way. A series of simulations of 

different types of buildings should provide the precise criteria for labelling buildings.   

In order to initiate this project, a single-family dwelling was simulated both at an hourly time 

step using a detailed dynamic thermal model based on the computer simulation programme 

Energy plus issued from LBNL [2], as well as by a simplified model using monthly mean 

values [3]. The monthly energy consumption of the dwelling shows an excellentcorrelation 

with the actual energy use of the single family home, carefully monitored (Figure 1). In 

addition to that, both annual energy consumptions, calculated with the dynamic and the 

simplified models are close to each other (divergences lower than 10%), giving confidence to 

the predictions of the building models used in the simulation. 

 

Figure 1: Measured monthly energy use and results of dynamic simulation of the family 

house.  
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The same technical improvements towards comfort and energy efficiency were considered for 

the calculation of an office building, assessed by the simplified monthly energy balance 

method, again starting from the current buildings configurations [4]. Only the results for the 

single family building are presented here. 

RESULTS 

Energy savings 

The simulated home is an existing building for which annual energy use is known. Its actual 

view and model are shown on Figure 2. Its basic thermal characteristics are given in Table 1. 

  

Figure 2: The modelled single family home in Raz al Khaimah. To the right is the 3-D model 

used for calculations.  

Table 1: Characteristics of the reference building. 

- Heated/cooled gross floor area: 437 m
2
 

- Surface of envelope to cooled floor area ratio:  2.1 - 

- Cooled floor area per number of inhabitants:  73 m
2
/p 

- Set point room temperature winter:  22 °C 

- Set point room temperature summer:  25 °C 

- Window area: 103 m
2
  

- Window ratio per cooled floor area: 103m
2
/498m

2
 =  0.24  

- Windows ratio of total walls area:  17 % 

- Glass ratio of total window area:  80 % 

The simulated improvement measures include, namely: 

 Thermal insulation of the building envelope (walls, roof and windows) 

 Efficient adjustable solar shadings  

 Airtight envelope and enthalpy recovery through efficient HVAC systems 

 Efficient appliances and lighting 

 Improvement of the cooling quipment 

 Solar hot water heater. 

Typical values for these improvements are listed in Table 2, resulting energy use is given in 

Table 3 and illustrated in Figure 3, showing a dramatic reduction of electrical energy use. 



Table 2: Reference characteristics and Minergie
®

 improvements. 

 Existing Minergie
®
 

1. U-Value roof 1.8 0.2  W/m
2
K 

2. U-values walls  1.3 0.2  W/m
2
K 

3. U-value windows:  2.8 1.0  W/m
2
K 

4. g-value windows:  0.6 0.5 

 shading factor  0.3 0.8 

5. air infiltration through cracks, open windows 0.6 0.1 h
-1 

 air exchange by HRV/ERV:  - 0.46  m
3
/m

2
h 

 efficiency of heat recovery:  - 0.85 

 efficiency of enthalpy recovery:  - 0.6 

 annual electricity use for ventilation - 1.4  kWh/m
2
 

6. annual electricity use for lights, appliances:  34 14 kWh/m
2
 

7. domestic hot water, 300 l/day, 60°C     electric solar 

8. EER of cooling machine 3 4 

Table 3: Energy use for all purposes in the existing home and in the optimised one. 

 Existing Optimised 

Energy user Load 

Electricity 

use Load 

Electricity 

use 

Transmission through envelope 195.0  65.0  27.6  6.9  

Solar radiation through windows 61.5  20.5  17.6  4.4  

Air infiltration 131.2  43.7  24.8  6.2  

Enthalpy losses through heat recovery   19.3  4.8  

Appliances  34.0  14.0  

Load from appliances 34.0 11.3 14.0   3.5  

Domestic hot water 13.0  13.0  13.0  0  

Fan for ventilation   1.5  1.5  

Total 434.7  187.5 117.8  41.3  

Figure 3: Representation of the energy use of the existing building (left) and the optimised 

one (right). Energy amounts are proportional to areas. 



Cost 

An important requirement of the Minergie
®

 standard is that improvements shall be obtained at 

a reasonable cost. The estimated costs of recommended measures are listed in Table 4. 

Table 4: Estimated cost of measure to reduce the energy use. 

 Measure, description Cost 

1. Roof insulation, 226m
2
 100 CHF/m

2
; (equal to wall); 23’000.- 

2. Wall insulation, 494m
2
 140-170 CHF/m

2
; 70’000.- 

3. Window insulation, triple heat mirror glazing 

instead of ordinary double glazing, 103m
2
 

double glazing: 350 CHF/m
2
; triple 

glazing heat mirror: 400 CHF/m
2
 

4. Shading between window panes, approx. 

90m
2
 

Cost difference of internal to inter-

glazing shading: 300 CHF/m
2
; 

5. Air tight envelope, Enthalpy recovery 

ventilation in all rooms, type ComfoAir 550, 

ComfoFresh 

5000 CHF for air tightness 

20’000 CHF for Comfort Ventilation  

6. Optimized appliances and lights 5000 CHF (rough estimation),  

7. Hot water by unglazed solar collector 5000 CHF (rough estimation),  

8. Highly efficient cooling machine, oversized 

for exclusively night time use, distribution of 

cooling water in radiant ceiling 

15000 CHF (rough estimation),  

At electricity cost of 0.20 CHF/kWh, a life span of 20 years and an interest rate of 6%, 

investments of up to 2.50 CHF/kWh are economically interesting, if energy savings are the 

only one gain. With this point of view, wall insulation, insulating glazing and solar protection, 

which costs are between 3 and 4 CHF/kWh are not cost-effective. However, a well-insulated 

and air tight building envelope has many additional advantages related to comfort and hence 

building-value: avoid sand infiltration, better thermal comfort, lower cooling power, hence 

less draft and smaller cooling system, better acoustic insulation, less noise, no mould growth 

risk. Moreover, such investments fall below the short time economic limit if the life span is 

expanded to 40 years. 

DISCUSSION 

The energy consumption in this climate is mainly determined by space cooling. If the 

domestic hot water is heated by solar thermal collectors (preferably unglazed to avoid 

overheating), the demand is reduced to cooling and ventilation only. The load can be reduced 

to low values by : 

- thermal insulation of roof and walls to U-values of 0.2 - 0.3 W/m
2
K 

- air-tight envelope (leakage rate at 50 Pa less than1/h) to reduce uncontrolled infiltration of 

hot, humid ambient air 

- high efficiency enthalpy recovery ventilation to reduce the cooling needs for the required 

fresh air and to improve dramatically indoor comfort (no mould, no sand, no bad odours, 

no humid air) 

- adjustable shading to reduce radiation through windows, while allowing for day-light on 

windows not hit by the sun (systems mounted between window panes exist) 

- double or triple heat mirror inner glazing to reduce heat transmission 



- highly efficient cooling machine, thanks to radiant cooling with water loop, over-sizing 

and enlarging heat exchangers. Oversizing allows using the cooling machine at night only, 

when outdoor air is cooler, thus improving its COP. 

Photovoltaic system could provide electricity at reasonable cost, thanks to the 2100 sunshine 

hours of peak power per year. It is also a perfect means to reduce electricity demand, since the 

sun is available every month. However, according to users of the dwelling, PV absorbers have 

to be cleaned weekly from sand, to maintain a good efficiency. It must be assumed that this 

would not be done by average local users. It therefore makes less sense to include PV as a 

mandatory means of the standard.  

A first draft of the definition of a Minergie® standard for the tropics is as follows 

Maximum annual use of electricity 30 kWh/m
2
 for space cooling and heating, domestic hot 

water and ventilation. This is close to twice the value in Switzerland, as a result of the 

difficult climate conditions. 

Primary requirements:  

- Air tightness of building envelope: nL50 < 0.6h
-1

 

- Automatic ventilation with heat recovery 

- Minimal level of thermal insulation: Uwalls and Uroof < 0.3 W/m
2
K, Uwindows <1.5 W/m

2
K 

- Shading of windows with g < 0.15, for all windows receiving direct sun-light 

- water consumption:  

 - dishwasher < 7 l/use for 12 standard covers 

 - washing machine < 45 l/use per 7 kg of laundry 

 - shower heads < 12 l/min 

 - water heads on sinks < 9 l/min 

 - toilet flush < 6/3 l/use with choice of flush amount 

 - only traditional plants in garden, to avoid or strongly reduce watering 
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ABSTRACT 
Under the global challenges of climate change, it becomes necessary to integrate the 
developing countries into the improvement of the environmental footprints of the built forms. 
Based on a PhD thesis on sustainable architecture and on the professional field studies carried 
out in Africa, this research aims to optimize the performances of educational spaces under 
tropical climates. The main goal is to develop innovative, adapted and yet simple systems for 
the building envelopes under the developing context.  

The study is located under the tropical savanna climate in Ouagadougou, Burkina Faso. Until 
very recently, the realized models of schools are not scientifically optimized, in regard to the 
environmental performances as well as to the thermal & visual comforts. The used materials 
do not necessarily correspond to the economic and climatic realities of the countries in the 
South. In 2010, a pilot project, supported by governmental funds, is dedicated to the education 
of children affected by muscular dystrophy. The paper’s authors are commissioned to its 
realization. 

First, the study identifies a grid of major criteria on visual and thermal ergonomics within the 
educational spaces. Second, by measures and simulations, the performances of some existing 
best practices such as the Center for the women’s well-being Gisèle Kambou in Ouagadougou 
are evaluated. Third, the paper proposes three guidelines to optimize the conventional roof 
structures in educational buildings. The priority is given to the passive means but the 
building’s capacity to integrate active systems such as solar PVs is also considered. 

This research participates to the development of new constructive models for the educational 
spaces under tropical climates. The optimization strategies are tested and applied to the pilot 
project, currently under construction. These built examples will constitute a pool of reliable 
references useful to the developing world. The envelope typologies proposed by the paper can 
be reproduced under similar climatic and economic contexts. In this process, the collaboration 
of local institutions and NGOs is indispensable to further adapt the models into different 
applicable variants. 

mailto:ning.liu@epfl.ch


INTRODUCTION 
Ouagadougou, the capital city of Burkina Faso, is situated at the 12.37° north to the Equator 
and 1.52° west to the Greenwich Meridian line. The location of the city makes it still belongs 
to the most southern part of the Sahel belt. Sahel, means in Arab “coast”, “border” referring to 
the Sahara desert. In fact, even though Ouagadougou is situated far from the real desert 
border, the climate is still much affected by the Sahara. This typical savanna climate translates 
into a short rain period during summer followed by a hot period and a very hot and very dry 
period until the next year summer’s rain time. Each year from November to March, the 
Harmattan blows from the Sahara to the Gulf of Guinea bringing dust and epidemics through 
the African continent with it. In Ouagadougou, the relative humidity is often insufficient for 
comfort during the hot and arid period but too important during the rainy season. The outdoor 
temperature is very high except in December and in January. These climatic specificities 
require constructions to provide sunlight shadings to human activities in both outdoor and 
indoor situations. On the street, the sun path plays a definitive role in shaping the use of the 
public spaces through the daytime and the shadows are looked for in most of the outdoor 
activities. In addition, from the inside, ventilation is necessary to evacuate the heat. 
Furthermore, the humidity difference between the hot seasons and the raining season should 
also be controlled and regulated. Mechanical system such as the air-conditioning is expensive 
and energy consuming. Electric fans are more used to improve the indoor thermal comfort but 
the electricity provision is still very unstable in the capital city even today.  

After the old city being burnt out by the European colonials in 1870s, Ouagadougou became 
“Bancoville”. With the typical building material made of the local red lateritic earth, 
Ouagadougou was populated over the years by typologies of houses very similar to the rural 
dwellings. The density of the city centre is relatively low. After the country’s independence in 
1960, the new leaders have sought deliberately for a more modern image of the capital city 
built with more “noble” materials such as concrete and steel. Traditional materials such as 
adobe for walls and thatch for roofs are progressively abandoned. During the 1970s and 
1980s, important research studies and field works on traditional building skills have been 
carried out in West Africa by academic researchers, architects and engineers such as CraTerre 
(Hugo Houben, Patrice Doat, Hubert Guillaud) and ADAUA (Atelier pour le Développement 
naturel d’une Architecture et d’un Urbanisme Africains) [1,2,3]. However, because of 
political turmoil and African elite’s aspirations for modernism, these models have not been 
applied. Very recently in Ouagadougou, the adobe constructions have even been more 
disregarded because of the damage cause to the unprotected earth walls during the flooding 
happened in September 2009. The AT technology, meant to the African context, developed 
and promoted by the French School of architects since the 1970s, has failed to be 
institutionalized in the end. 

Today, all the self-constructed households in Ouagadougou are legally counted on the number 
of iron sheets covering the indoor spaces and built on an empty plot [3]. Currently, the school 
construction models in use by the Ministry of Education (MENA) in Burkina Faso are also 
based on the use of single iron roof sheet. The functional scheme of this model is also very 
basic. Each time, classrooms are juxtaposed one after the other in a linear form. The most 
used model is the three-class model without dedicated latrine. This model was applicable to 
the rural context because in a village, little space was required due to the small number of 
children. But in Ouagadougou, simple multiplication of the basic three-class models produces 
very poor urban configurations for playgrounds and even to the surrounding neighbourhood. 
Overheating and discomforts both in exterior and interior spaces are the serious problems 
everywhere these models are applied. Despite of this general phenomenon of poor 
performances, some exceptional buildings have been achieved in West Africa since the last 



ten years. They have been mostly conceived by European educated architects and financed by 
international funding. The results show spectacular improvements on both building qualities 
and environmental performances. But because of their specific imported characters in terms of 
expertise, investment and material provision, there has been by so far very few if not at all 
impacts on the rest of building practices. 

Figure 1: The existing basic model of schools applied by the Ministry of Education in Burkina 
Faso, aerial photo of a school in Ouagadougou and 3D scheme of the model’s composition 

This research, inspired by the low-tech and the light-tech thinking (K. Daniels, 1998) [4,5], 
defines its objective as to theorize the conceptual milestones settled by these recent projects, 
to seek for further maximal optimization from these existing built examples and to propose 
simplified building prototypes in order to have wider applications in the future. 

Figure 2: The case study - CBF centre for the well-being of women, a European Commission 
financed and NGO supported educational building located in the northern suburb of 
Ouagadougou, aerial photo of the project, the exterior view and its roofing system 

The main idea is to investigate in the first place some recently built educational buildings after 
several years of occupancy period. From the comparison between the initial intentions of the 
architects and the real state of use, the research attempts to find out how well each building 
serves the local users and whether the designed structure in use fits completely the comfort 
requirements.  And in the second place, this research aims to propose simple procedures about 
enquiries and measures that could be taken later on by local actors to evaluate other 
educational buildings. The weak point of the basic school models built all over the country is 
above all the simple sheeted iron roof which is exposed to very important solar radiation. 
Therefore, the study finds necessary to summarize in a simple way a few guidelines on 
optimization principles for the roofing. 

These guidelines enable the roof of an educational building to evolve from a single layered 
structure to a more complex system. They are applied in the construction example of the 
Fitima center of reference for handicapped children in Ouagadougou. At the beginning of 
2010, the NGO Fitima has commissioned the authors as architects of this project. In phase 
with the research steps, the Fitima center offers ideal conditions to test locally different 
prototypes of roofing in coherence with local constraints such as feasibility and cost issues. 



METHOD 
The research project aims to improve the existing educational building models in Burkina 
Faso by new prototypes of roof systems capable of providing sufficient indoor comfort for 
studying activities under very hot outdoor temperature. The following steps are conducted to 
pursue this general objective: 

- Identification of the key indoor comfort criteria 

This process consists of studying the geographical and climatic conditions of the 
region of Ouagadougou in order to establish a simplified check-list mainly focused on 
thermal and visual comforts. The high air temperature due to the excessive solar 
exposure is the main issue for the thermal discomfort. In traditional buildings, high 
inertia heavy masonry walls are used and only small openings are allowed. As 
consequence, only small amount of daylight comes into the rooms. This is 
understandable: as an important adaptation to the local climate, most Burkinabe only 
come back to the “case” for sleep at night. However, in the case of schools and more 
extensively to all educational buildings, lecture rooms and assembly rooms need 
reasonable amount of daylight. There is a trade-off to be found between the allowed 
amount of incoming daylight and the wished freshness inside without overheating by 
the sun. European standards of illumination in working and educational spaces (325-
425 lux in French regulation of lighting for example) can obviously not be met if no 
additional lighting is used. The thermal comfort standard of 26°C is very difficult to 
achieve without mechanical systems such as air-conditioning. By discussions with the 
local users, consensus is established as to the acceptable temperature, the relative 
humidity and the lighting conditions in the study cases. 

- Making software simulations by modeling the case study building envelopes using 
Google sketch-up, Autodesk Ecotect and Daysim dynamic daylight simulation tool 

Figure 3: The case study - CBF centre for the well-being of women, 3D modelling of 
the educational block and daylight evaluations 

The set of 3D modeling and daylight simulation tools are available to architects and 
relatively simple to use. The climate data are provided by Meteonorm 6.1. Further 
information on climate variations comes from the onsite enquiries with the inhabitants. 
Within the 3D models, indoors areas directly exposed to the sunlight at one moment 
during the day time can be easily identified by running the solar course at the typical 
periods of the year. These areas are minimized thanks to the large covering roof in the 
case of the CBF centre. However, some peripheral working spaces are still exposed to 
the afternoon sun, which means the risk of overheating. By simulations with the 
Daysim modules, the outline of lighting conditions in the main studying spaces can be 
evaluated. Furthermore, insolation analysis is made by month and through the year to 
optimize the shape of the zenithal openings in the experimental project of Fitima 
reference center. The best orientation for the solar PVs is also studied.  



Figure 4: The experimental project - FITIMA centre of reference for handicapped 
children in Ouaga2000. The roof shape studies on 3D modelling and solar simulation 

- Conducting field studies 

The onsite visits are necessary to truly understand the climatic constraints and to 
gather the occupants’ points of view. With rather simple and portable instruments, 
temperature and humidity are measured several times a day during the visit. The 
daylight conditions are evaluated both by direct observation and by a light meter. The 
authors found out that the light contrast is important between the covered spaces and 
the exterior in the case of the CBF centre. Inside the working spaces, despite of 
zenithal openings, the light conditions at the table level are not optimized mainly 
because with the dust covering the flat plastic ceiling, there is no sufficient reflected 
sunlight coming into the room. All the observations and measures are listed in details 
in a written report apart. Several study trips are scheduled at different moments of the 
year to better understand the seasonal variations. 

RESULTS 

Figure 5: FITIMA centre: the aerial view of the neighbourhood, the construction site on 
February 2011 and the proposed optimized roof model for the educational block 

As synthesis to this comparative study, three guidelines are proposed to optimize the existing 
conventional roof in the basic school model used today by the Ministry of Education 
(MENA):  

- Double structure is needed; the separation of roof and ceiling is useful to avoid the 
direct overheating by the sun in the indoor spaces; 

- Natural cross ventilation can be worked out together with optimized zenithal openings 
in the roof structure; 

- Good inertia of walls should be obtained and lateral vertical openings on the walls 
should be shaded to minimize the direct sun glare. 



The roof can be multifunctional by laying solar PVs with optimized orientation. In this case, 
the solidity of the roof and the complementary cost issues need to be studied during the 
conceptual stage.  

Figure 6: optimized indoor light conditions in the educational block of Fitima centre 

DISCUSSION 
The sustainable construction principles are currently totally absent from the construction 
legislation of the country of Burkina Faso. The urban regulation tools and competencies are 
also still very limited. The authors find out that a European Commission financed and NGO 
supported project like CBF centre for the women’s well being is an “avant-garde” case in 
terms of technology input, construction know-how and work organization. On the aspect of 
the trade-off between the visual comfort and the thermal comfort, there is certainly still space 
for innovation and optimization. However, this building’s global standard (study cost, 
expertise requirement and construction investment) is too demanding for further extensive 
local applications. Some materials used such as the umbrella shaped steel beams and the glass 
louvers are exceptional products for Ouagadougou and therefore they are not directly 
available on the market for other educational buildings. The other problem is if one of the 
parameters required for the sustainable architecture is missing during the conception and the 
construction process, there is no guaranty of the results at the end. For this reason, single 
realizations are not sufficient to improve the overall mean qualities of the constructions, 
guidelines should exist and simple prototypes such as a ventilated roofing system could also 
be alternatives. The construction case of Fitima centre of reference is an example to use at the 
maximum potential the available products on the market like the small section wood beams, 
the corrugated steel roof, the woven panels and the compressed earth bricks. Furthermore, to 
seek for possible ways on building innovation under the developing context, legislative 
insufficiency and local bureaucracy should also be taken into account. 
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ABSTRACT 
The building envelope is a dynamic and selective limit between interior and exterior and may 
be made of opaque or transparent surfaces.  Adopting the distinction described by Rowe and 
Slutzky, transparency can occur in a literal manner, through the physical characteristics of 
glass that interfere with reflections and other lighting effects; or in a phenomenological 
manner, through the creation of intermediate spaces that provide three-dimensionality to the 
envelope. Since the introduction of modern architecture, glass has been used very dominantly 
in architecture all over the world providing lightness and transparency. In hot climates, 
however, it causes problems like overheating and unwanted glare. The shading seemed to be 
the logical solution to these environmental problems, thus avoiding the negative effects of the 
incidence of direct solar radiation on the glass and maintaining its advantages by providing 
daylight, integrating interior and surroundings and offering endless possibilities of forms. 
This confirmed the importance of sun protection as one of the main bioclimatic strategies in 
hot climates. The envelope shading occurs through the phenomenological transparency 
represented by covered transitional spaces identified in the architecture of different countries 
over time. These spaces have the advantage of functioning as both environmental barriers and 
connectors working as environmental filters. In Brazil a significant number of residential 
projects use the solution with verandas, a kind of transitional space that provides three-
dimensional transparency. The presence of a veranda has impact not only on the creation of 
shaded areas and sun protection of exterior walls, but also in other areas, such as daylight and 
natural ventilation. This paper studies the solutions of residential building envelopes 
distinguishing those with physical (literal) from those with phenomenological transparency 
(three-dimensional). Software Heliodon 2 compares the thermal radiation accumulated in the 
two types of solution and shows the contribution of transition spaces in hot humid climates, 
preserving the desirable transparency and contributing to more comfortable energy-efficient 
and therefore more sustainable solutions. 

INTRODUCTION 
The building envelopes are a dynamic and selective limit between interior and exterior and 
may be made of opaque or transparent surfaces (1). Since the introduction of modern 
architecture, glass has been used very dominantly in architecture all over the world providing 
lightness and transparency. 

Glass is often exposed entirely, but in some cases it receives some type of solar protection. 
Many houses in the early twentieth century, for various reasons, were eventually fitted with 
glass windows protected by upper horizontal planes, like Frank Lloyd Wright houses, partly 



in the Schröder House of Rietveld and even Mies' Barcelona Pavilion, which synthesizes the 
solution of one junction of vertical and horizontal planes. Le Corbusier, in some of his 
projects, protects the long window on a higher plane, but in others, as Villa Savoye, the 
windows are exposed despite the shaded sites in the pilotis and part of the terrace. Uzon 
(2007) notes that three of the five points of architecture described by Corbusier – the free 
design of the ground plan, the free design of façade and the horizontal window - were related 
to the façade transparency. In turn, architects such as Gropius and others influenced by the 
Bauhaus have continued to seek for the devices of transparency and maximum use of 
radiation in their projects (2).  

If on the one hand the glass provided transparency and lightness for architecture, on the other, 
it was the source of serious environmental problems as overheating and unwanted glare. 
Facing some problems caused by these aspects, Le Corbusier later led architects to 
(re)discover the logical solution already used by the traditional architecture: the shadow (3). 
By avoiding direct sun on the glass, they could maintain their functional advantages of good 
lighting interiors and integrate the surrounding environment without losing the formal 
possibilities.  

Regarding this issue, Rowe and Slutzky distinguished and described two forms of 
transparency in modern architecture: literal and phenomenological (4). The literal 
transparency is directly related to the physical characteristics of the material, which interfere 
with the reflections and other effects of light. The phenomenological transparency is related to 
the spatial organization and composition of solids and voids, and provides three-
dimensionality to the envelope. Transparency can be an inherent quality of the material used 
in construction, a wall of glass or metal mesh, as well as a quality inherent to the spatial 
organization. Both options can work in the field of the aesthetic dimension of architecture, but 
with different answers. Rowe and Slutzky compare projects and attitudes of Gropius 
(Bauhaus, 1925-26) and Le Corbusier (Villa Stein in Garches, 1927); while Gropius was 
spatially aware of the nature of light and visual transparency of the glass, Le Cobusier 
devoted attention to flatness. 

 

 a   b 

Figure 1. Examples of literal (a) and phenomenal (b) transparency on Modern Architecture. 
 

In addition to the aesthetic dimension, the understanding of the two concepts of transparency 
can also be used to study environmental repercussions. This can be illustrated by the 
comparison of two works: the Farnsworth House by Mies (Illinois, 1946-51), considered the 
paradigm of transparency; and Le Corbusier´s  La Villa Shodan  (Ahmedabad, 1956) (4). 
Mies's house is a completely transparent glass box where all nature is seen from within and 
around, often reflecting the view from the outside, located in a temperate site, with 
temperatures ranging from -6 in the winter to 25ºC in the summer.  La Villa Shodan, on the 
other hand, is characterized by a volume surrounded by a concrete structure forming a large 
brise-soleil, which provides shade in spaces and enclosing surfaces. It is situated in a tropical 
climate with temperatures ranging between 25 and 33 º C.  



In the first example, with a physical transparency, the vertical glass almost disappears, giving 
the impression that there are only floor and ceiling, even more because the floor is lifted off 
the ground and enhances the image of transparency and lightness. Depth is mainly perceived 
because furniture and wooden inner planes exist; depending on the angle, it may  reflect the 
interior or landscape. In the second instance, with phenomenological transparency, light and 
shade graduation through holes of sunscreen change image and depth throughout the day. 
Depending on the angle, the planes are opaque or review fragments of the landscape. The free 
visual and spatial organization of the three-dimensional façade is accentuated by the 
dynamism of the shadows. 

Besides the visual effects, transparency in modern architecture has provided a symbolic 
character. One meaning is a result of the trend of Hegelian thought seeking for the ethereal 
dimension of buildings. There has also been the intention to express the ideology of progress 
and the ideas of hygienist principles of the early twentieth century, considering the axiom of 
the healthy (5). Transparency is materialized by two different aspects; one is material, the 
glass itself, and the other is spatially represented by the permeability and ability to visually 
scroll through the space. 

The strength of the solutions of physical transparency, with the indiscriminate spread of glass 
curtain walls all over the world, under the most diverse and unsuitable weather conditions, 
may be found stamped on the covers of architectural publications. The phenomenological 
transparency, with the help of solar protection, is mainly present in the architecture more 
sensitive to regional and environmental values, especially in places with climates different 
from the cold characteristic of northern and central Europe. 

From the moment the search of transparency began to be assumed in tropical and temperate 
climates,  the need to simultaneously consider the protection of  the transparent planes became 
clear (6). In hot climates long unprotected exposure of glass causes problems like overheating 
and unwanted glare. The shading seemed to be the logical solution to these environmental 
problems by avoiding the negative effects of the incidence of direct solar radiation on the 
glass and maintaining its advantages providing daylight, integrating interior and the 
surroundings and offering endless possibilities of forms. The brise-soleil, in particular, but 
also transitional shaded spaces were being pointed out as a strategy to obtain shading, 
conferring depth to the façades while shading the vertical glass surfaces. 

In Brazil, a country with a predominantly warm-humid or semi-humid climate, the most 
common transitional space in architecture is the veranda, which has the special possibility to 
provide a three-dimensional transparency to the building envelope. In addition to acting as a 
filter between indoors and outdoors of countless environmental conditions, they represent a 
specific place in the dwellings (7). Although verandas are not an architectural element unique  
to Brazil, their considerable presence in the buildings of  almost all Brazilian regions and 
periods of history has had a significant impact on Brazilian architecture. From an 
environmental perspective, the veranda can be summed up as a habitable, covered transitional 
space that is added to a building and open to the exterior on one or more sides. It protects both 
the building envelope and the space itself from rain and unwanted radiation. The veranda is 
ventilated with fresh outside air and illuminated with less intense light than the exterior. (8) 

 

METHOD 

The first step was to draw a comparison between the residential projects with literal 
transparency and phenomenological transparency in Brazil in  two representative periods: the 
former 25 years of introduction of modern architecture in the country (1930-1955) and the 



latter 25 years (1994-2009). The objects were selected from relevant architectural publications 
on the national scene in each period.  

We developed some simulations in order to determine solar radiation impacts according to the 
existence or not of a veranda, the existence of the literal or the phenomenological 
transparency. We used a veranda model with dimensions 6.0x3.5x2.5m protruding from the 
building façade and without columns. In order to check its impact, this model was compared 
with two others: one without a veranda and another with an inserted veranda. The model was 
tested at different latitudes intended to represent the situations found in Brazil (0o, 15oS and 
30oS, corresponding to the northern, central and southern regions). Moreover, the model was 
tested at summer solstice on three different periods of the day (8 h, 12 h and 16 h) and with 
different orientations (north, south and west). The variations were analyzed at 15oS, the 
average of the country, and the typical model and all the other situations of hours and 
orientations were compared.orientations. 
 

 
without veranda 

 
veranda model  

inserted veranda 
Figure 2. The model and its variations 

 
The model and its variations were analyzed with program Heliodon 2, version 2009, used to 
construct the sun paths at different latitudes and to analyze the impact of direct and diffuse 
solar radiation, taking into account the masking of the veranda produced by the model and its 
variations. The program proved to be useful in studying variations with different projections 
(shaded plan, stereograph, isochronous) and graphs. As it is easy to use and offers many 
options for analysis (an attribute highlighted by architects), it is complementary to other 
programs such as those used for ray tracing and radiosity (9). The calculations were carried 
out on two selected surfaces: the vertical surface immediately below the veranda (6x2.5 m) 
and the horizontal surface formed by the horizontal projection of the veranda (6x3.5 m); one 
representing the windows or walls, and the other representing the floor protected by the 
veranda. The latitudes considered for simulations are equivalent to the cities of Boa Vista (on 
the equator), Brasília and Porto Alegre. Figure 3 show examples of the simulation results. 

 
 

 
Solar radiation on floor and wall 

from Dec. to Jan. 

 
Masking graph 

 
Isochronous projection of solar radiation flux 

during one year 

Figure 3. Examples of the solar radiation simulations on the veranda. 



RESULTS 
Research has suggested that the veranda is the main strategy used in the Brazilian architecture 
to obtain shadow on the glass surfaces, resulting in the use of phenomenological transparency 
on the envelopes. The veranda could be said to hold three-dimensional transparency by the 
depth of shaded space, by its deep shadows that protect the envelope, then allowing the use of 
physical transparency of a glass wall. There are not many projects with physical transparency. 
The most common is the veranda, but some projects studied in the research show ambiguous 
solutions, exemplified mainly by the outcome of the pilotis with deep shadows on the ground 
floor topped by unprotected glass boxes. 

 

 

Figure 4. Examples of different models of transparencies on Brazilian architecture. 

The results obtained by the simulation with Heliodon 2 (Fig. 5) show the variation of the 
accumulated solar radiation in a model without veranda (maximum values) to the model with 
an inserted veranda, passing by  other types: shorter, less deep, normal model and with 
columns.    

 

Figure 5. Overall comparison of total annual incidence of solar radiation at 15ºS on 
simulated verandas. 

 

DISCUSSION 
In tropical climates, warmth is usually due to a combination of high air temperature, humidity 
and rainfall combined with a considerable action of solar radiation. The general term 
"tropical" is used to describe a range of situations, as tropical climates are not homogeneous. 
However, in tropical zones, seasons with the aforementioned characteristics predominate. The 
rigorous climate of the tropics can be mitigated by two essential strategies: blocking solar 
radiation and ensuring air movement; in other words, by providing shade and fresh air (7). If 
we remember that the most significant energy input into a building is solar radiation (10), and 
that unshadow glass surfaces are the most vulnerable to direct sun beams, we see the reason 



why the shading devices and therefore the phenomenological transparency are the primary 
strategy to obtain  comfort in hot climates: by reducing the accumulated solar radiation. 

It is possible to observe that the environmental efficiency (with respect to sun protection and 
consequent reduction of radiation gains) through the use of phenomenological transparency 
was confirmed by the simulations.  We saw that the reduction of accumulated solar radiation 
incident on a transparent surface in comparison to a shaded surface can be approximately  75 
to 100% northwards (protruding and inserted verandas, respectively); from 72 to 85% 
eastwards and westwards; and  90 to 100% southwards − very significant values. Thus, 
without compromising the transparency of the building envelopes aimed at by a considerable 
number of architects – and using the phenomenological transparency instead of physical 
transparency in hot climates, we can get more luminous and thermal comfort, more energetic 
efficiency, and contribute to a more sustainable architecture.  
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ABSTRACT  

The objective of this research was to verify which textile membrane would give better 
environmental performance, in terms of thermal comfort, as an envelope of an exposition building 
in the city of Sao Paulo, the greatest Brazilian metropolitan area with over eighteen million 
inhabitants. The method adopted was based on simulations using a computational application that 
allows choosing membranes and sizing them for tensioned structures in order to provide thermal 
comfort. The computational modeling consists of: thermo-physiological balance; radiation model; 
calculation of sky temperature following the Bliss model; calculation of surface temperatures of 
ground, vegetation and membrane. The Heat Load index was adopted for assessing thermal 
comfort. The model validation was done through positive comparisons with results of empirical 
data gathered in field research. The membrane database was developed through: field researches 
of solar transmittance using Kipp & Zonen CM6B piranometer; field researches of solar 
absorption using Type J thermo couples and globe thermometers; and lab researches using Cary 
500 UV-Vis-NIR spectrophotometer. Different configurations with single and double membranes, 
of different types, were tested. The assessments are done hourly for a typical day of each month of 
the year, for thermal performance. The process of simulation assessed the comfort in the 
environment and aided choosing and designing the membrane solution for the envelope of the 
building. 

INTRODUCTION 

This study verified two office buildings in the metropolitan area of the city of São Paulo, Brazil. 
Both of them have the same plate and number of stories, but one is oriented north-south, whilst 
the other is east-west. The main façades are all glazed without any kind of solar protection. 
Considering that glazed façades are responsible for solar heat gain and penetration of direct sun 
radiation on people, work plan and equipment, this study was performed in order to obtain the 
design of a system of sun protection and its check in terms of reducing heat load and its possible 
effects in the energy consumption of air conditioning system. Different solutions were checked 
and compared, including coated film, screen and brise-soleil. In order to perform simulations of 
thermal energy, an annual weather database on hourly basis was used. Given the lack of specific 
data on the place where the buildings are under study, the availability of existing data was 
considered, focusing on their reliability and proximity to place of study. Thus, the database 
project Solar and Wind Energy Assessment Resource [1] was chosen to be used. The database 
refers to the meteorological station of Congonhas [2], S23°37',W46°39',GMT-3.0,803M above 
sea level, standard atmospheric pressure of 92043Pa. Data were collected from 1973 to 2002, 
having been treated statistically to the creation of one year from the months typically 
representative of climatic conditions of the period.  

SOLAR ANALYSIS 

In the solar analysis, firstly, the need for masking the sky was determined, for each of the façades 
involved, in order to take advantage of daylighting and preserve the maximum possible visibility 
to the outside, determining the dimensions of the brise-soleils.  

The mask proposed for the south façade allows the penetration of sun in the summer solstice after 
18:30. Considering the conditions of the surroundings (other buildings), a considerable part of the 
building will not even receive this incidence. Moreover, that time is outside the period of 



occupation provided by the client (Monday to Friday, from 8:00 to 18:00). In geometric terms, we 
have then an angle β = 55 ° (angle of vertical brise protection in relation to the normal of the 
facade) and about an angle α = 75° (angle of protection of the brise horizontal to the horizon). In 
fact, the solution of brise-soleil in the south façade, as will be seen, needs no horizontal plates, 
only one grid for each floor, which serves as the "closure" to the vertical brise and allows the 
maintenance of the façade. As can still be seen from Figure 1, the mask proposed for the north 
facade allows the entrance of the solar rays especially during the fall and winter. In the limit of the 
winter solstice (22/06), the penetration of direct solar radiation is from 6:45 until 12:30. In the 
months before and after (from early April until mid-September) the period that receives direct 
solar radiation decreases, to the extent that it penetrates only a small slit for a moment at 8:20. In 
geometric terms, it has remained the same angle β = 55° (angle of vertical brise protection in 
relation to the normal of the facade) in order to standardize the two solutions brises in the north 
and south facades, also using the same solution grid to maintain the facades. However, due to 
higher solar incidence, an angle α = 75° (angle of protection of the horizontal brise to the horizon) 
was determined. Thus, in the south façade vertical brises are enough for solar protection, whilst in 
the north facade horizontal brises are also required. 

 

 

Figure 1. Elevation of North Façades, with Horizontal Brise-Soleil (black stripes) and Vertical-
Brise Soleil (thin vertical lines) 

          

Figure 2. Section with the brise-soleil solution             Figure 3. Detail with the brise-soleil (North 
Façade) 

The next studies aim to check the penetration of direct solar radiation in the openings of different 
façades, respectively for the case of winter and summer. The goal was to compare the penetration 
of direct sun penetration to the current situation and the situation with the use of the proposed 
systems of brise-soleils. Figure 4 shows the results. 

  Fig.3 
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Figure 4. Solar penetration in the summer (South Façade) without brise-soleil (from 13h to 18h) 
and with brise soleil (only at 18h). 

DAYLIGHTING ANALYSIS 

For the quantification of the daylighting system, the availability of daylight was considered in the 
order of 20,000 lux for the frequency of occurrence of 67% of daylight hours of the year in the city 
of São Paulo. To calculate the Daylight Factor (DF), the celestial component was considered, the 
external and internal reflection components being the sum of these components weighted by 
frame, maintenance and the light transmission of glazing coefficients [3]. The following spots (see 
Table 1) were studied to determine the values of sky component and availability of daylight.  

Table 1: Results of Daylight Factor and iluminance in different spots of the two buildings  
 
 

North Façade 
(2m from façade) 

North and South Façades 
(8,2m from façades) 

South Façade 
(2m from façade) 

Building A DF Ep DF Ep DF Ep 
Actual 5,7% 1140 lx 3,3% 660 lx - - 
Film 3,8% 760 lx 2,2% 440 lx - - 

Screen 3,0% 600 lx 1,7% 340 lx - - 
Brise-Soleil 2,8% 560 lx 2,0% 400 lx - - 
Building B       

Actual 5,2% 1040 lx 1,6% 320 lx 4,7% 940 lx 
Film 3,5% 700 lx 1,1% 220 lx 3,1% 620 lx 

Screen 2,6% 520 lx 0,8% 160 lx 2,3% 460 lx 
Brise-Soleil 1,5% 300 lx 1,1% 220 lx 1,9% 380 lx 

As can be seen, in building A, the three solutions provide sufficient daylight, for office activities, 
considering the NBR 5413[4], which recommends values between 300 and 700 lx, and one may 
note that the three solutions satisfactorily meet this criterion in situations of the studied sky 
conditions. With respect to Building B, the three solutions also comply with that in the facades, 
with values between 300 and 700 lx. Note that the dimensioning of horizontal plates in the 
previous topic was done exactly based on meeting the criterion of 300 lx in this situation. 
Regarding the situation of the inner situation in building B, it should be noted that the results have 
been between 160 and 220 lx. They appear quite favourable since, although not sufficient for the 
practice of labour activities, they are sufficient for general lighting or for lighting for circulation. 
Finally, we emphasize once again that the adoption of the value of 20,000 lx refers to a situation 
of overcast or partly cloudy skies and when there is sun exposure, the availability of daylight will 
be up to five times greater than that shown in the results. Thus it is considered that the intensity 
and distribution of solutions of daylighting proposals are appropriate, but may reach values much 
higher than necessary on a clear day. Thus, the brises solution proved to be more advantageous to 
minimize the situations of glare by blocking the direct solar radiation, as shown earlier in this article. 

EXTERIOR VISUAL ACCESS 

Among the three solutions under verification, the application of coated film is the one that least 
affects the visibility of the exterior, just causing some changes in terms of tone colours. The use of 
the screen remains visible outside, but its quality is impaired, reducing, for example, recognition 
of details of the external environment. The option of brise soleil also significantly alters the 



external visibility, but in a different manner. The visibility is reduced vertically by the lower 
horizontal edge of the plates (which is above the eye level of people), while the presence of 
vertical elements segments the visual as a whole. These consequences can be seen in the drawings 
presented earlier in this article, when considering the solutions proposed for the brise soleil. 

THERMAL ENERGY ANALYSIS 

Thermal energy simulations, based on the annual climate database, aimed to compare the 
reduction in heat load, and thus the energy consumption of the system of artificial air 
conditioning, for different interventions in the buildings (Table 2).The internal heat sources 
considered were: A) Occupation: According to data supplied by the client, Building A has 
capacity for 362 people and Building B for 370 people. Thus, considering the activity of office, 
which has metabolic rate of 130W, in which 65W are sensible heat and 65W are latent heat, the 
internal heat load factor was calculated, resulting in the 7W/m2 for sensible heat and 7W/m2 for 
latent heat. B) Equipment: Specific data regarding the thermal loads of equipment were provided 
only to a lab of the 4th floor of Building A. Thus, for the generalization to other environments, it 
was assumed that each user has a computer, with an estimated load of 120W, resulting in 13W/m2 
sensible heat. C) Lighting: considering all the fixtures, lamps and their powers, it resulted in 13.5 
W/m2; considering the whole lighting system, ie, the power of the lamps, plus their control 
equipment used in conjunction (ballast, ignitor, transformer, etc), it resulted in 21W/m2. Once the 
computer simulations finalized, considering all the hygrothermal trades of energy balance, Tables 
4 and 5 show the thermal loads to be removed respectively from Building A and B, considering 
the system of artificial air conditioning operating in a way to provide environmental conditions 
with an air temperature at 24°C, relative humidity 50%, Monday to Friday, from 8h to 18h, with a 
total of 2.600 conditioning hours per year (approximately 60% of daylight hours of the year). 

Table 2: Material properties used for the annual hourly basis thermal energy simulations 
Components:  
façades, ceilings, 
and pavements 

Thermal 
conductibility 
λ (W/mºC) 

Density 
 
d (kg/m3) 

Specific 
heat 
c(J/kgoC) 

Global Heat 
transmission 
U (W/mºC) 

Solar 
absorption 
α 

Emissivity 
 
ε 

Exposed concrete 1,65 2200 1005 3,196 (↔) 0,65 0,90 
Structured concrete 1,75 2400 1005 3,226 (↔) - - 
Corrugated metal roof 43 7800 500 4,759 (↓) 

7,137 (↑) 
0,53 0,25 

Epoxy 0,31 1381 1600  
 

0,391 (↓) 
0,413 (↑) 

0,60 0,90 
Concrete 1,28 2000 1005 - - 
Air layer - - - - - 
Glassfiber 0,04 64 754 - - 
Veil of white glass - - - 0,40 0,90 
Carpet 0,06 186 1360  

 
   0,384 (↓) 
   0,405 (↑) 

 

0,60 0,90 
Felt 0,04 150 754 - - 
Concrete 1,28 2000 1005 - - 
Air layer - - - - - 
Glassfiber 0,04 64 754 - - 
Veil of white glass - - - 0,40 0,90 

ENERGY SAVINGS 

In order to verify the savings in the consumption of air conditioning the coefficient of 
performance (COP) of air conditioning system and the pricing adopted by the energy supplier are 
required. According to available data, the value of the contract price is R$0.256/kWh. 
(1R$=0.54US$= 0.37 EURO, in Nov 10th 2010). The HVAC in Buildings A and B is composed of 
a central chilled water of 360 TRs, supplied by 4 refrigeration units (chillers) with air condensers 
and scroll type compressors. The expansion system is indirect, by cold water and fancoils, with no 
cooling towers. The chillers are Trane, model CGAD090-90TR. The cold water at 5°C is pumped 
to the buildings for bombs with spin control to keep the pressure at 6 kg/cm². Each floor has two 
fancoils, except the ground floor of Building A and the 1st floor of Building B that have only one 
each. Adjustment of temperature environments is done by controlling the volume of air blown by 



flow control valve installed in the distribution pipeline. The return air is full of the liner, or 
without ducts to the fancoil. Considering the description provided by the client, a coefficient of 
performance of the system COP = 3.0 was adopted.Considering an area of 3500m2 per building, 
the values, presented before in this article, can be applied to forecast electricity consumption for 
artificial lighting system and equipment, considering the period from 8 to 18h from Monday to 
Friday throughout the year. Tables 3 and 4 present the results. 
 
Table 3. Annual.Energy.Costs. and. Savings for Building A (1R$=0.56US$=0.39EURO, in Dec 15th 
2009) 
  Actual  % Film  % Screen  % Brise  % 
HVAC R$ 79.226  33,3 R$ 78.020  33,0 R$ 77.381  32,8 R$ 76.403  32,5 
Lighting R$ 97.844  41,2 R$ 97.844  41,4 R$ 97.844  41,5 R$ 97.844  41,7 
Equipments R$ 60.570  25,5 R$ 60.570  25,6 R$ 60.570  25,7 R$ 60.570  25,8 
TOTAL R$ 237.640   R$ 236.434   R$ 235.795   R$ 234.817   
Reduction -  0,5%  0,8%  1,2%  
Savings     R$ 1.205   R$ 1.845   R$ 2.823   

 
Table 4. Annual Energy Costs and Savings for Building B (1R$=0.56US$=0.39EURO, in Dec 15th 
2009) 
  Actual  % Film  % Screen  % Brise  % 
HVAC R$ 79.894  33,5 R$ 73.508  31,7 R$ 70.181  30,7 R$ 67.038  29,7 
Lighting R$ 97.844  41,1 R$ 97.844  42,2 R$ 97.844  42,8 R$ 97.844  43,4 
Equipments R$ 60.570  25,4 R$ 60.570  26,1 R$ 60.570  26,5 R$ 60.570  26,9 
TOTAL R$ 238.308   R$ 231.922   R$ 228.595   R$ 225.452   
Reduction -  2,7%  4,1%  5,4%  
Savings     R$ 6.386  R$ 9.714   R$ 12.856  

THERMAL COMFORT ANALYSIS  

For the evaluation of thermal comfort, ASHRAE 55 [5] was used. Thus, considering the 
climate-controlled environments, PMV model was applied, which considers the air 
temperature, relative humidity, air velocity, mean radiant temperature, user activity and type 
of clothing.  Considering the studies that were conducted, the following variables were 
considered for verification of thermal comfort: air temperature = 24°C (kept constant by the 
system of artificial air conditioning); Relative humidity = 50% (kept constant by the system of 
artificial air conditioning); Air velocity <0.2 m/s (at the user level, given the conditions of 
system); metabolic rate = 1.3 Met (rate of metabolic heat on the daily activities of office); 
clothing insulation = 0.5 clo (summer clothing: pants and social shirt). Therefore, the mean 
radiant temperature remains to be determined to see if the conditions are, or not, providing 
comfort. These values were obtained by the performed thermal energy simulations. As a 
result, the curves of mean radiant temperature for the first and fourth floor of each building 
proved to have lowest and highest values, whilst the results of the second and third floors are 
intermediate to the previous curves. Thus, the results are going to be considered in terms of 
the extreme cases. For the given conditions was calculated the operative temperature, which, 
for the typical situation in question, was estimated from average of the mean  air temperature 
and mean radiant temperature, as recommended by the standard. Performing the procedures 
prescribed by the standard, it is observed that for the conditions listed above, the operative 
temperature which provides comfort conditions (percentage of people dissatisfied with the 
environment in general, considering the criteria of less than 10%) is ≤ 27.2ºC (represented by 
the strong black line in graphics of operative temperature).  

SUMMARY 

Table 5 presents a synthesis of the results found considering the solar and daylighting analysis, 
exterior visibility, energy saving and thermal comfort for different solutions (coated film, screen 
and brise-soleil) for the façades of the two different studied buildings. Considering the results 
presented, the solutions found to the first building (facing mainly North and South) show results 
with small reductions in energy consumption for air conditioning, respectively 1.5%, 2.3% and 



3.6% for solutions with coated film, screen and brise-soleil, whereas estimates total energy 
reduction in respectively of 0.5%, 0.8% and 1.2%. When considering the results for the second 
building (facing mainly East and West), the results show more significant reductions in energy 
consumptions for air conditioning: 8.0%, 12.2% and 16.1%, estimating total energy reduction for 
respectively of 2.7%, 4.1% and 5.4%. Considering the results presented, the coated film solution 
provided an excessive daylight penetration, although it does not alter the exterior visibility. On the 
other hand, it provides very low to low energy savings and worse thermal comfort conditions than 
the actual ones. The screen solution provides satisfactory illuminance levels and reasonable 
homogeneity, but with some alterations in the exterior visibility. Energy savings can be very low 
to considerable, providing better thermal comfort conditions than the current ones. 

Table 5. Final results for solar, daylighting, exterior visibility, energy saving and thermal 
comfort (R$=0.54US$=0.37EURO, in Nov 10th 2010) 

 Film Screen Brise-Soleil 
Solutions Prestige Line 

Model P70 
Brand 3M 
 

Generic (to be produced) 
Luminuous transmission  and 
solar transmission: 50%  

According to drawings presented 
in this article 

Daylighting Satisfactory to excessive  
Reasonable homogeneity 
 

Satisfactory  
Reasonable homogeneity  

Satisfactory  
Adequated homogeneity 

 Façade: North, Centre, South 
Bldg.A: 760,  440,    -   lx   
Bldg.B: 700,  220,  620 lx 
 

Façade: North, Centre, South 
Bldg.A: 600,  340,    -   lx 
Bldg.B: 520,  160,  460 lx 

Façade: North, Centre, South 
BlocoA: 560,  400,    -   lx 
BlocoB: 300,  220,  380 lx 

Exterior 
Visibility 

Practically no alteration Alteration in quality Alteration in quantity 

Energy 
Saving 

Bldg.A: Very Low 
Bldg.B: Low 
 

Bldg.A: Very Low 
Bldg.B: Considerable 
 

Bldg.A: Very Low 
Bldg.B: Considerable 
 

 HVAC Energy Saving  
Bl.A: 1,5%  Bl.B: 8,0% 
Total Energy Saving 
Bl.A: 0,5%  Bl.B: 2,7% 
Annual Financial Saving 
Bl.A:R$1.205  Bl.B:R$6.386 

HVAC Energy Saving  
Bl.A: 2,3%  Bl.B: 12,2% 
Total Energy Saving  
Bl.A: 0,8%  Bl.B: 4,1% 
Annual Saving 
Bl.A:R$1.845  Bl.B:R$9.714 

HVAC Energy Saving  
Bl.A: 3,6%  Bl.B: 16,1% 
Total Energy Saving  
Bl.A: 1,2%  Bl.B: 5,4% 
Annual Financial Saving 
Bl.A:R$2.823  Bl.B:R$12.856 

Thermal 
Comfort 

Worse than actual 
(heating of glasses due to 
greater solar absorption of the 
film)  

Better than actual  
(cooling of glasses due to their 
partial shading by the screen)  

Far better than actual  
(better cooling of glasses due to 
their shading by the brises-soleil) 

 Discomfort (hot summer): 
Bldg.A Pav1: 16h 
Bldg.B Pav4: 13h to 18h 

Desconforto (hot summer): 
Bldg.A Pav1: None 
Bldg.B Pav4: 14h 

Discomfort (hot summer): 
Bldg.A Pav1: None 
Bldg.B Pav4: None 

Finally, the brise-soleil solution proved to be the most adequate one in the relation between 
energy and environment. It provides satisfactory illuminance levels and adequate homogeneity, 
although reduction in exterior visibility. Energy savings vary as well from very low to 
considerable, but are the most significant among the three studied solutions and, considering 
thermal comfort, it provides the better results. As a conclusion, based on the results found for the 
specific case studies, despite the difference in the amount of energy savings in each building, in 
both of them the results point to the coated film as the weakest solution, the screen as a quite good 
one, and the brise as the most adequate of them. 
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ABSTRACT 

Climate is getting hotter over the last two decades over Europe and North America. Especially 

in the urban area the air temperature has been growing at a faster rate (Urban Heat Island 

UHI) leading to greater use of air-conditioning and energy demand. One possible strategy to 

lower ambient temperature is to increase the amount of greenery in the city. In this context we 

have assisted recently to a rediscovering of covering of  buildings envelopes by green facades 

and green roof. Actually green facades may consist in traditional creepers or in more 

technological green vertical claddings. In this paper the authors report the results of two 

monitoring campaigns, carried out in Italy in 2009 on a traditional greenery covering and on a 

vertical modular turf cladding .The aim was to better understand the thermal effect of the 

green cover on walls and be the starting point for a more detailed investigation on the effects 

on energy consumptions for summer air conditioning.  

Two monitoring campaigns have been performed during warm summer periods and show that 

relevant decreases in surface temperatures can be reached by the use of creepers and vertical 

turf claddings as shading devices for building surfaces. In the first case-study located in 

Venice (Veneto, North Italy) were studied two external surfaces West and  South oriented 

covered by Parthenocissus and Jasminum. The external surface temperature of the bare wall 

was 11°C higher than the covered one for the south oriented wall, during a sunny day. The 

second case-study was located in Pisa (Tuscany, Central Italy) concerns a SouthEast oriented 

test wall with turfgrass cladding. Reductions of around 10°C on building surface temperatures 

have been measured also in this test facility confirming the huge shading effect of the green 

covers directly related with high values of solar radiation during sunny days. A specific 

simplified index called Green Factor has been assessed and validated for the natural creeper 

covered wall, in order to foresee surface temperatures of the green wall. 

INTRODUCTION 

The aim of this work is to provide field measurement data about thermal behaviour of 

building envelopes covered by green facades. Actually green facades may consist in 

traditional creepers [1] [2] [3] or in vertical green technological claddings [4] [5]. The two 

monitoring campaigns have been performed in 2009 in order to better understand the effect of 

the green cover by a traditional greenery and by a innovative vertical turf cladding. The first 

field measurement concerns a residential building in Venice with two external surfaces 

covered by creepers. The second field measurement, located in Pisa, concerns a test wall with 

turfgrass cladding. Both the monitoring campaigns used the same instruments. For surface 

temperature measurement were utilized platinum resistance sensor (PT100) with an accuracy 

of 0,15°C. Air conditions indoor and outdoor were recorded by mini-dataloggers (TinyTag 

Ultra) with temperature and  humidity sensors. Total irradiance on a plane surface was 

recorded by Kipp&Zonen CM6B Pyranomter with a spectral range from 305nm to 2800nm. 

After the monitoring campaign, the result’s analysis has started and some key days have been 



identified during the monitoring period, to better understand the green facade thermal 

performance related to the climatic variable course, e.g. during the day with the strongest 

solar radiation. Some interesting considerations have been carried out about surface 

temperature reduction during sunniest and cloudiest day for both residential building surfaces 

and test wall surfaces. 

FIELD MONITORING: CASE STUDY ONE 

The first field campaign in Venice regarded the surface temperature monitoring of a West 

oriented wall covered by Parthenocissus tricuspidata and a South oriented wall covered by 

Jasminum. Each one are very common greenery at Italian latitudes, they have a deciduos 

seasonal cycle and are suitable for covering half sun exposed and sun exposed walls 

respectively. Building walls are made up of an internal plaster layer 1cm thick, and of a brick 

external layer of 25cm. The monitoring period go on from 17
th

 of July to 31
st
 of August. Four 

temperature probes on each wall are coupled as follows: the first couple has been positioned 

on the inside surface and on the outside surface of the bare portion (without creeper cover) of 

the wall and the other couple has been positioned on the inside surface and on the outside 

surface of the creeper covered portion of the wall. Were also monitored internal and external 

air temperature and humidity. Some key days have been selected to better understand thermal 

behaviour of the covered walls under strong climatic conditions. The identified key days are: 

the day with the highest irradiation values (August, 5
th

), the day with the lowest irradiation 

values (August, 3
rd

). It is evident, from the graph in figure 1 (on the left), that, during the day 

with highest irradiation, the external surface temperature of the South bare wall reaches 11°C 

higher than the covered portion. The internal surface temperatures behaviour is similar 

between the bare portion and the covered portion, with the bare surface temperature slightly 

higher, 1,8°C, than the covered one during the night. The time lag of the building walls is 4 

hours for the bare one and 7 hours for the covered one. Similar considerations could be done 

about West oriented wall surface temperatures, shown in figure 1, on the right. During the day 

the external surface temperature of the West bare wall is 5°C higher than the covered portion. 

During the night the external surface temperature of the bare wall is lower than the 

temperature of the covered one. Probably this is related to radiative heat transfer with the sky.  

  

Figure 1: sunniest day surface temperatures on the South wall (left) and West wall (right) 

Again, internal surface temperatures are very similar both for bare portion of the wall and the 

covered portion of the wall. A similar behaviour is confirmed also for the day with the lowest 

irradiance. External surface temperature differences between the bare portion and the covered 

portion are shown in figure 2 for the South wall (left) and for the West wall (right). A positive 

value of the temperature difference means that the external surface temperature of the bare 

wall is higher than the external surface temperature of the covered one, being ΔT = Teb – Tec 



with Teb = surface external temperature of the bare wall and Tec = surface external 

temperature of the covered one. The south wall shows an external surface temperature of the 

bare wall always higher than the covered one. The only ΔT negative value is during the day 

with the lowest level of irradiation, in which the radiation collected by the wall is not enough 

to significantly heat the wall. Thus, during night, the bare portion cooled itself by radiation 

towards the sky more than the covered one. ΔT values reach 12°C 13°C during days with high 

values of irradiation. This means a very high level of shading of the wall by the green cover. 

On the West wall the ΔT behaviour is different from the South one. The external surface 

temperature of the bare wall is always higher during the day. However, during night, the 

surface temperature of the bare wall is always lower than the covered one. This behaviour is 

confirmed both in sunny and cloudy days, this means that it is not related with solar 

irradiation. This particular behaviour of the West wall could be explained through an 

obstruction analysis of the measurement field near the probes. 

  

Figure 2: external surface temperature difference on South wall (left) and West wall (right) 

It is possible that the presence of buildings or trees near the West wall reduces the possibility 

for the wall to heat itself during the day. This lower heat absorption allows to the bare wall to 

cool itself by radiation during night reaching temperature values lower than the covered wall. 

From another point of view the lower bare wall surface temperatures show that the covered 

portion has a limited heat transfer by radiation. This could be due to a higher density of the 

shading creeper on the west wall. 

FIELD MONITORING: CASE STUDY TWO 

The second monitoring campaign concerns a SouthEast oriented test wall located in San 

Giuliano Terme (Pisa, Italy), at Pacini nursery, with a turfgrass architectural wall cladding, as 

shown in figure 3, on the left. The test facility is 10,80 m long, 2,80 m high and is made up of 

126 recycled polypropylene panels in which many type of turf grasses are pre-sown. The 

different kind of turf are: Zoysia matrella 'Zeon', Zoysia tenuifolia, Zoysia japonica 'El Toro', 

Cynodon dactylon X Cynodon trasvalensis 'Patriot', Stenotaphrum secondatum, Dicondra, 

Paspalum vaginatum, Cynodon transvalensis. The temperature monitoring for the covered 

portion of the test wall has been performed just next to the Dicondra turfgrass. Dicondra is an 

herbaceous plant suitable to all Mediterranean latitudes. It prefers warm climate and it is 

much in demand for low maintenance turf-grasses, thanks to its characteristics of low growth, 

and low irrigation demand, it doesn’t grow above 4cm – 5cm. Monitoring campaign has 

lasted 4 weeks from September 5
th

, to October 2
nd

. The South-East orientation doesn’t offer 

the best irradiance conditions, but relatively to the site availabilities, it was the best solution. 

Four probes have been positioned on the bare wall side of the test wall, with probe T3 on the 

internal wall surface, and probe T1 on the external wall surface (figure 4). Other six probes 



have been positioned on the Dicondra covered side of the test wall, and precisely on the 

internal surface (probe T9), inside the cavity, as shown in figure 3 (on the right), between the 

wall and the polypropylene panel (probes T5,T6,T7), and just next the Dicondra under the 

turfgrass (probe T8). The T4 probe has been positioned to monitor internal air temperature. 

  

Figure 3: turf cladding system and probes positioning 

 

Figure 4: PT100 probes positioning. Bare wall section(left), covered wall section (righ). 

Also in this case, as key days were selected the highest irradiation (September, 12
nd

) and the 

the lowest irradiation day (September, 14
th

). In figure 5 on the left is shown the day with the 

highest values of irradiation, it is clear that external surface temperature of the bare wall 

depends on solar irradiation. The higher the value of irradiation the higher the external surface 

temperature. Moreover, during night the external bare surface temperature is lower than the 

covered one. This is probably due to the protection effect of the polypropylene panel which 

reduce the possibility of the wall to loose heat by radiation towards the night sky. The time 

lag of the bare wall is 10 hours and the time leg of the covered wall is 5 hours. During the day 

with the lowest value of solar irradiation the external surface temperature of the bare wall is 

always lowest than the covered one. A reduced irradiation doesn’t allow the bare wall to heat 

enough itself, thus the surface temperature of the covered side of the test wall is warmer. This 

happens also to internal surface temperatures which are higher for the covered portion of the 

wall. The internal and external surface temperature trend is very clear if related to solar 

irradiation during an entire week. During the hottest week, from 21
st
 to 27

th
 of September, as 

shown in figure 6, it is evident that the external surface temperature of the bare wall is always 

higher, during the day, than the covered portion of the wall. The ΔT reaches values of 10°C – 

12°C. This temperature behaviour reverses its trend during night when the ΔT value is 

negative. This means that the covered wall keeps its temperature at higher values. A similar 

trend could be seen for internal surface temperature values with a time lag of 6 hours and with 

ΔT reduced at 0,5°C 1,5°C. During the coldest week, from 14
th

 to 20
th

 of September, the 



temperature trend doesn’t change and during diurnal hours the surface external value of the 

bare wall is higher. 

  

Figure 5: Surface temperatures with highest irradiation (left) and lowest irradiation (right) 

  

Figure 6: bare wall and covered wall ΔT during hottest week (left) and coldest week (right). 

An exception is during the day with the lowest value of irradiation in which the bare wall 

surface temperature keeps its value lower than the covered one all day long. The direct 

relation with the solar irradiation is again clear and evident. During days with low irradiation, 

the green cladding protects the wall keeping temperatures high. During sunny days the 

shading effect of the green cladding is very useful to maintain lower surface temperatures. 

During the coldest week the ΔT reaches values of 5 – 8°C on external surfaces and 0,5 -1°C 

on internal ones. 

THE GREEN FACTOR 

For the first case study, the natural creeper one, also the green factor    [2] has been 

calculated. This synthetic simplified  index is able to characterize the performance of the 

traditional green walls in reducing summer cooling loads by predicting surface temperatures. 

The green factor could be expressed as: 

    
        
       

 (1) 

With    = external surface bare wall temperature,      = external surface green wall 

temperature and     = ambient temperature. The green factor for the South wall covered with 

Jasminum is 0,77 and the green factor for the West wall covered with Parthenocissus is 0,73. 

With these values is now possible to predict the external surface green wall temperature 

behavior as shown in figure 7. It is clear that the South orientation is the best situation to 



predict surface temperatures because of the strong solar radiation and the lack of obstructions. 

In this case the    and the related calculated temperatures are close to real ones. West wall 

case, because of obstructions and reduced solar radiation is not representative. 

  

Figure 7: surface temperatures of the South green wall ( left) and West green wall (right) 

CONCLUSIONS 

The two monitoring campaigns have pointed out the extremely useful shading effect of green 

facades both with natural creepers or artificial claddings. The surface temperature reduction 

due to the shading effect could be summarized in 10°C – 12°C of temperature difference 

between a bare wall, and a covered one with natural creeper or turfgrass sown on 

polypropylene claddings. A clear relation between solar irradiation and external surface 

temperatures has came out. During days with highest values of solar irradiation the external 

surface temperature of the bare wall is always higher than the covered one. During days with 

lowest values of solar irradiation the external bare wall temperature tends to reduce its values 

and during night the surface temperature is lower than the covered surface. Thus, the shading 

effect of the green cover is clear and effective during sunny days and the protection effect 

from heat loss is helpful during cloudy days. Also the green factor has been assessed for the 

natural creeper and  for the south wall has been validated with experimental results. 
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ABSTRACT  

Buildings represent one of the basic components of a city. Yet, walls are one of the basic 

elements of a building. From a metabolic perspective of building, we consider the energy 

consumption of the wall on his full life cycle. This article focuses on the assessment of the 

energy required by buildings during their building process. We separate the energy 

consumption deriving from the use of the building from the one depending on the choice of 

the technical solutions. We study the result considering the entire life cycle. All the technical 

solutions studied have an equivalent thermal performance.  

First, the principal components analysis (PCA) was used to prove that « nonrenewable 

energy” is the most representative indicator in the data set. Second, we consider a wall area 

unit (i.e. 1 sqm) and we determine a long time span of service function. Third, we choose 

technical solutions in agreement with the specifications. Fourth, we determine the expected 

lifespan of each technical solution. Fifth, we find the corresponding energy’s indicator value 

through appropriate database. Sixth, we simulate the time evolution of the indicator defined 

previously. Several technical solutions based on concrete, brick, stone and aerated concrete 

were tested under lifespan ranging from a few years up to centuries. The results suggest that 

lifespan has a significant impact over the value of the energy’s indicator. The best technical 

solution considered on a short time span may be worst on a longer duration or vice versa. In 

order to make these results understandable to anyone, they are translated into the equivalent 

distance traveled by car in a year. We then consider each technical solution with different 

lifespans to observe the evolution of the energy consumed. We show that equivalent energy 

consumptions may be found among different technical solutions but under different lifespans.  

Keywords: sustainability - lifespan – buildings –  energy - decision making 

1. INTRODUCTION  

In recent decades, many studies have addressed the issues of energy consumption by 

buildings while in phase of use. They provided knowledge that lead to the production of many 

tools. The energy consumption by buildings has actually decreased. Thus, the relative share of 

the energy needed to achieve the buildings, as well as the associated environmental impacts, 

have increased. Studies for the production stage are few and the durations of the building's 

function are short [1], [2] or there is no neutralization of the energy consumption for the use 

phase [3]. The European Committee for Standardization has established sizing and 

justification standards for building structures and civil engineering. In its EUROCODE 0 

edition, the committee recommends ordinary lifespans for ordinary buildings according to 

use. The specified lifespan for the calculation of sizing for ordinary buildings such as housing 

is 50 years. Moreover, in the very interesting Environmental and Health Declaration Notes 

(FDES) of INIES building products database, « typical » lifespans are used to define the 

impacts of the Functional Unit (UF). These lifespans, are identical by definition whatever the 

product in the same function of use, do not allow to measure the impact of lifespan in the 

performance comparison. 



 

First, we study the sensitivity of the available data to determine the number of indicators that 

best represent  the environmental impact indicators. To do this, we use the principal 

components analysis to reduce  the amount of data to representative indicators.  The result of 

the PCA show that « nonrenewable energy” is the most representative indicator [4]. Next, 

regarding the choice of technical solutions for the manufacture of building, the aim of this 

study is to highlight the impact of their lifespan on « nonrenewable energy and to measure 

their importance. We propose in this paper to study the impact of lifespan of a bearing wall 

facade unit of a building housing, or 1 sqm, on energy. The span of the function to fill in by 

our wall area unit is fixed. In order to compare different technical solutions, the method has 

been to characterize the need through functions that must be met by the wall with the help of 

the development of synthetic functional specifications. This document allows us to propose 

different technical solutions satisfying all the desired functions with the same rigor. To assess 

the nonrenewable energy consumption, we use the information provided in the base FDES. In 

a first phase, we will fix on a hypothetical basis the lifespans of various options and we will 

evaluate the cumulative energy over the life of the desired function. In a second phase, we 

will seek to provide a size scale of the impact from the choice of the technical solution. 

Finally, these livespans being not very « objectivable » considering our present means, we 

present for each of the solutions, changes in nonrenewable energy consumption based on 

changes in their own lifespan. 

2. STUDY METHODOLOGY 

2.1. The principal components analysis (PCA) and energy 

First, for external supporting wall, we select multiple products and FDES. These products are 

listed in Table 1 below.  

2.2 From the lifespan of building to “nonrenewable energy”. 

2.2.1. Conditions 

The studied object is an outside bearing wall unit from a home style detached house. Location 

and environmental constraints are considered average. They are the same whatever the 

evaluated technical solution. 

Span of the evaluated function: 

The evolution of the nonrenewable energy consumption emissions of this wall unit is 

measured for a function of use of 300 years. This may seem a long time. However, this choice 

reflects both the problem and the large number of century-old homes in our cities. Whereas 

the function of accommodation, a duration of 300 years does not seem so extravagant as the 

needs may be considered temporally unlimited. It seems that no cause is likely to remove the 

physiological needs, of security, belonging and esteem in Maslow's sense, whatever the time 

scale considered. Qualitatively, the needs met by the function are changing but the old homes, 

sometimes several centuries old, seem to adapt to the changing original needs or to meet new 

needs [5]. In 2006, in France, more than 5.33 million housing units were over a century old. 

When the lifespan of the proposed technical solution is less than that of the function, the 

assumption is identical reconstruction and identical accounted data from those used originally. 

This hypothesis is simplistic because technological developments and means of producing 

energy are important. Nevertheless, the results produced in this article are determined 

considering current knowledge and practice. When lifespan is longer than the remaining term 

of the function, the respect of equity will lead us to include the last index to the "prorata 

temporis". 

Concrete block  Mineral coating Multi cell brick Plasterboard 

Aerated concrete   Insulator LV Stone Shuttered concrete 

  



 

Wall unit study – Exerpt from simplified Functional Specifications 

The various solutions that are proposed, must meet the same functional specifications based 

on the NF X50-151 standard. The element must be able to bear structural and operating loads 

of another level while protecting the interior space and its occupants from external 

disturbances. Elements of specifications are regular carrying function, insulation coefficient 

R=3.7, regular interior and exterior finishing 

Solutions adopted 

Different solutions meeting the specifications in the same way are available. These 
solutions are described in the Table 1. The outside finishing is mineral coating. The inside 

finishing is plasterboard 

Data gathering and critics  

The data used are provided by the INIES database within the Environmental and Health 

Declaration Notes (FDES) conducted within the frame of the NF P01-010 standard. The latter 

is established on the basis of the ISO standard 14040 series fixing the conditions of the life 

cycle analysis. These are the values established throughout all the product life cycle (LCA). 

These values result from the addition of emissions through all stages from raw material 

extraction to demolition. Only the impacts related to production facilities are neglected. We 

can not use established values of functional units (FU). Typical lifespans, by definition are 

identical whatever the product with the same function, and do not allow a comparison of 

performances of different technical solutions throughout time. How could one imagine that a 

solid wood frame has the same lifespan as a frame made out with trusses? With the objective 

of evaluating the impact of lifespan of different technical solutions on environmental 

performance and enable comparison, we use values of the entire cycle. 

The index values of “nonrenewable energy” of products, thus retained for full life cycle, are 

considered constant over the period of 300 years. This hypothesis is simplistic because 

changing technology and modes of energy production are important. However, as explained 

in the paragraph about the lifespan of the function, the results found in this article are 

determined taking into account current knowledge and practice. 

Note: - Since there is no FDES reference in INIES for structural wood, the impact of the 

wood solution is assessed on the basis of other "wood" products. In this database, the 

“nonrenewable energy indicator of wood product account the internal energy product. The 

other databases, such as KBOB, provide the value with just energy necessary to made it. We 

keep the two indicators.  

Development  

1
st
 phase: Simulation of “nonrenewable energy” based on lifespan of solutions accepted 

as hypothetical  

During this first phase, lifespans are determined as hypothesis according to expert opinions. 

Evaluation of lifespans of the proposed solutions  

This evaluation of lifespan may be the result of method called « according to expert » [6]. 

This method, used within a first approach based on intervals, allows simulation that provides 

approximate results. These lifespan are described in the Table 1. 



 

 

Type of wall Insulator Lifespan Sources 

Stone 190 mm insulator LV 500-1500 On existing 

Wood frame 190 mm insulator LV 60-80 Chief of mission cultural Quebec 

Shuttered concrete 80mm PSE + 50mm LV 180- 200 Concrete engineer 

Concrete blocks 170 mm insulator LV 100 Industrials 

Aerated concrete 20 mm insulator LV 100 Industrials 

Multi cell bricks 40mm insulator LV 100 Industrials 

Insulator LV  40-60 Industrials and scientists  

mineral coating  25-35 Technical   Director HLM  

Table 1: Technical solutions used  and estimated lifespan 

Data processing  

The technique used is cumulative index values, established in the LCA, during the function of 

300 years. This simple technique allows for the results on span and for observation on the 

changes in time accordingly. 

2
nd

 phase: variable lifespans 

Lifespan of a product is difficult to be objectified. For this reason, during this phase, lifespans 

of the different solutions are variables. Evaluation is performed without any a priori on 

product lifespans. This phase assesses the impact of lifespan of the solution itself on its own 

results but also allows to compare the solutions to each other. 

3. RESULTS 

Result 1 : The principal components analysis (PCA) and energy 

By using the PCA, we establish a relationship between values of nine environmental 

indicators and the matrix reveals strong correlations for the 8 products. The correlations are 

with nonrenewable energy and primary energy, energy process, GHG, resource depletion, 

acidification, water, radioactive waste, ozone photochemical,  inert waste. The correlation 

coefficients are 0.87 to 1. 

Result 2 : Processed data in determined conditions give these results: 

The variations of “nonrenewable energy” overtime are represented in Chart 1 below. 

 

 

Chart 1 : Sum of nonrenewable energy to answer the function 



 

Result 3 : Impact of lifespan of technical solutions on “nonrenewable energy” 

In this second phase, we calculated the level of “nonrenewable energy” to meet the public use 

for 300 years, depending on lifespan of the technical solutions chosen. Changes in emissions 

are represented by the curves in Chart 2. The results show profiles of type of the inverted 

function « y=1/x ». We can notice :1) Significant reductions in emissions for extensions from 

50 to 100 years or 150 years 2). The curve of the solution « wood INIES index », curves on an 

inverted trend compared to the others. 

 
Chart 2: Changing of emissions according to lifespan 

4 . DISCUSSION 

4 .1 PCA and energy 

Analyze the behavior of the indicator "nonrenewable energy" statistically allows to observe the 

behavior typically 9 of 16 environmental indicators maps Product with a sensitivity very correct. 

4.2 Cumulative emissions. 

We can see several observations about chart 1. The « stone » solution is effective whatever 

the considered lifespan for our wall unit. This solution allows a significant reduction of 

between 40 and 74% emission for a period of 300 years compared to other solutions. This 

performance is achieved through the extremely long lifespan found, energy requirement 

restricted and finally with the absence of coating. In the case of building rapid obsolescence, 

the stone can be easily reused. Overall, the « wood » solution, combined with  “KBOB”, 

seems to be a successful solution, whatever the lifespan. There is a paradox. These two 

solutions of stone and wood which are the most effective because they do not use energy for 

their transformation are the least ones used, at least in France. Since the life of a wall is never 

known in advance with certainty, this solution limits the consequences of an « early » 

demolition and deals with uncertainty based on the precautionary principle. The solution of 

block concrete block is just after. The solution "aerated concrete" relatively efficient for a 

period of 70 years, became one of the worst solution to the "multi cell brig. The solution 

"Shuttered concrete" was less well for a period of 100 years. After this period, it is more 

efficient than the solution "multi cell brig" and becomes more efficient than the solution 

"aerated concrete" the past 140 years. 

We can assess the significance of the difference of impacts between the choices of extreme 

performance solutions. The average surface of a home in France is 91 sqm in 2006 (source: 

INSEE). This represents a typical example, about 78 sqm of bearing wall. The difference in 

consumption between the extreme solutions for a home represents an annual motor vehicle 

travel of 449 km.  



 

4.3 Impact of lifespan of technical solutions on “nonrenewable energy”  

This third result allows for more analysis. The interest of extending lifespan is obvious. Like 

shown in chart 2, whatever the solution, to extend lifespan from 50 to 100 years or 300 years 

can reduce emissions respectively by 50% and 83%. It is also established that a solution 

presented as less performing may be just as good if lifespan is proportionately longer (dashed 

black marker). For example, a wood structure built (KBOB index source) for 45 years has a 

similar impact as a wall made of stone if kept for about 40 years, hollow concrete blocks for 

140 years or aerated concrete for 180 years, multi cell brick for 250 and shuttered concrete for 

300 years. cellular concrete for 225 years. What is required from these observations is : 

- to obtain scientifically based assessments of product lifespans ; 

- to choose products in order to maximize the impacts of “nonrenewable energy” while taking 

into account the wanted lifespan of buildings;   

- To design the buildings so that they give the best answer best to changing needs thus timing 

away obsolescence  and educate the contractor in his choices during construction or in his 

decisions between potential renovation or demolition.  

5. CONCLUSION 

The study of the impact of the lifespan of a bearing wall unit outside on the indicator 

"nonrenewable energy", is equivalent to the study of nine among fourting initial 

environmental indicators exist. This study demonstrates the importance of lifespan of a 

building component on “nonrenewable energy”. To extend lifespan reduce the energy 

consumption. Whatever the level of energy consumption allowed, there are equivalents on the 

basis of different lifespans. By indicating lifespans of 50 years for current buildings, and 

although the objective is a design based on a calculation of failure probability, this European 

standard will result in the building industry to try to nearer the value for economy reasons. It 

is shown that it would not favor an optimization in terms of “nonrenewable energy”. This 

implies lifespan indications from EUROCODE to be reviewed. The FDES provide on the 

LCA basis a lot of useful information. However, the index values of functional units cannot 

be used as is. The qualities of the products and technical solutions chosen have obviously an 

impact on decisions to keep or demolish a building. How can one imagine that a frame of 

trusses has the same lifespan as the solid wood solution? It is necessary that manufacturers 

specify lifespan of their products by using scientifically established existing assessment tools. 

Designers and builders will then be able to adapt their choice and the quality of their project 

to the desired durability. Decisions for renovation or demolition should also consider the 

materials that were used originally. To design and build in a responsible way, designer and 

contractor should be able to better understand these lifespan issues and their consequences. 

The difficult assessment of wood products requires a quick consensus that allows to provide 

usable data. These initial results encourage us to examine the consequences on other themes:  

the impact of lifespan on the impact of lifespan on the other component and entire building.  
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ABSTRACT 

This paper reports a part of a research, commissioned by the Lombardy Region with regard to 

the preparation of a guide for the public housing development, where our contribution is 

focused on developing a decision-making tool, that support in the choice of building products. 

Although the proposed method is valid in order to make a responsible choice of any product 

involved in building construction, nevertheless here we intend to focus on finishing products, 

due to their high responsibility to create conditions of safety and health of indoor 

environments. The tool offers various decision-making steps that highlight and prioritize the 

critical moments during the choice of building materials and, through a series of cards 

requirements/criteria, helps the designer in the selection of materials with more 

environmentally-friendly features. 

INTRODUCTION 

The choice of building products, taking into consideration the heavy impacts related to all 

stages of life cycle, is a decisive moment in a perspective of building sustainability, which 

doesn’t match the appropriate awareness of how to make that choice. The eco-friendly 

product for excellence doesn’t exist, rather, more realistically, it refers to a series of products 

with their environmental, technical, aesthetic and economic features, that may influence the 

various environmental components along the product life cycle. Therefore the designer must 

choose mediating between advantages and disadvantages. In the absence of an open and 

impartial guidance to lead the designer towards sustainability criteria in the selection of 

building products, the role is partly covered by the methods of environmental assessment of 

buildings, such as LEED (Leadership in Energy and Environmental Design). It’s important to 

note that a building product that can be considered eco-friendly should be checked not only 

by the environmental impact indicators that assess environmental aspects, but also through 

indicators related to all those aspects that characterize the topic of Indoor Air Quality (IAQ). 

METHOD AND RESULTS 

The research work has been carried out in two work-packages (WP),  with related but distinct 

aims. 

WP1 – Decision-making tools 

Decision-making tools have been developed to support the identification, through the design 

process, of the most significant environmental guidelines to be used as a guide for the choice 

of building products, for the specific building project. 

At first, the path of choice for building products has been analyzed in the different phases of 

the project process and in reference to the specific features of the building project. The path 

has been viewed through flow charts. 

The following is the proposed diagram for the choice of finishing products  (fig.1).  

 
 



 
 

Fig. 1- Diagram for the choice of finishing products.   
 

 

The path starts by identifying the most significant environmental requirements for each 

product to choose. Therefore, to help the designer to decide, it was developed a selection tool 

in order to identify those requirements according to the elements of the specific project.  

This tool, formalized in “Item / Requirements Scheme”, is shown below (fig.2):  



 

Fig. 2 - Item / Requirements Scheme. 

WP2 – Information tools 

In parallel, the information about the environmental aspects related to building products were 

systematized in form of “Requirements Card” and, for finishing products, also as preselected 

list of building products with a synthetic assessment of the requirements for IAQ. 

Made an initial choice of the building products, the designer can verify their compliance with 

the requirements identified as significant by the guidelines proposed in “Requirements Card”, 

preceded by a short thematic framework of reference. The cards are provided for requirements 

related to the main potential environmental impacts of building products at different stages of 

life cycle  (tab.1). 

Topic Specific subject Requirement 

Environment preservation 

  Consumption of resources  Minimum consumption of materials 

  Emissions Minimum embodied energy and limited CO2 

emissions 

  Waste Limited waste (of production, construction and 

demolition) 

Indoor air quality 

  Indoor emissions Limited VOC  emissions 

    Limited Radon   

  Limited MMMF  emissions 

    Limited microbiological  emissions 

Tab.1- The main potential environmental impacts of building products. 
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The considered requirements can find references in the most common methods of 

environmental assessment of buildings such as the Itaca Protocol, adopted in some italian 

regions, the international system LEED, the French HQE method. 

For finishing products, the path of choice also indicates a more direct procedure; this 

procedure uses a list of products with a concise environmental assessment. The following is 

an example of “Products / Requirements” List for flooring systems (tab.2). 
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Ceramic tiles Cotto     

 Glazed ceramics      

 Grès      

Parquet Wood mosaic       1)   

 Solid wood       1)   

 Solid bamboo       1)   

 Solid plank wood       1)   

Stone Marble    

 Granite    

 Marble with resin     

Carpet Wool    

 Coconut fibres    

 Polyamide fibres      

 Synthetic fibres     

Resilient Rubber    

 Rubber-PVC    

 PVC    

 Linoleum    
1) The problems are negligible if the wood comes from managed sources. 

Tab.2 - Example of “Products / Requirements” List for flooring systems. 

 

The classes of the materials or products are shown in the first two columns.  The third column 

of the table gives information on possible effects on occupants.  

As to environmental issues, which are also highly complex, assessments are made by taking 

note of the following: effect on air quality, effects on the environment (increase in the 

greenhouse effect, increase in acidity), quality of resources, possibility to recycle, energy 

consumption over the whole life of the product, that is, from the acquisition of the raw 

material to the elimination of a no longer used item. 

The last column gives the effects of the material or product on the overall performance of the 

building. A series of factors, such as its contribution to the achievement of good 

heat/humidity, sound, visual, and tactile conditions. A material which, for example, does not 

make it possible for the building to breathe, is considered as negative with respect to another 

which is able to ensure good heat and humidity conditions inside the building. And we will 



have a better assessment for a material which can be more easily cleaned or maintained or is 

durable.  

The assessment ranges from unapproved to recommended, with intermediate levels, as shown 

below: 

 unapproved;  not recommended;  neutral;  acceptable;  recommended. 

CONCLUSION 

To sustainable architecture, the impact of building products is widely recognized; at the same 

time, there is a lot of  technical and environmental product information available to the 

designer.  

The questions on the matter, however, are not completely solved, primarily because it can not 

be easy for the designer to navigate between information that is not always consistent or 

equally reliable. 

Moreover, in the current technical and scientific context, generally, the environmental quality 

of a building is fragmented in a set of aspects and relative criteria/indicators and assessed by 

the sum of scores achieved for the various aspects. In this context the designer has to choose 

the environmental criteria to be taken as guide, sometime without considering the interaction 

among the assessed elements, the selected criteria and the whole project. To this issue, in 

particular, this paper has tried to give an initial answer, with this believe: if the environmental 

building quality can be measured as the sum of single quality aspects, it’s essential to provide 

the designer with some tools to decide which are the most significant aspects and criteria to 

take in count, in order to guide the design process, in relation to the features of each project. 
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ABSTRACT  

A large number of buildings constructed in the second half of the twentieth century consume a 

big amount of energy. The housing society “Volkswohnung Karlsruhe” has 35 residential 

buildings in the area of Karlsruhe-Rintheim with more than 1.000 apartments built in the 

1950s and 1960s. 

In cooperation with “Volkswohnung Karlsruhe” and the University of Applied Sciences 

Karlsruhe, a field test on energy modernization with different combinations of innovative 

solutions in the area of building’s physics and technical installations, including a control 

system has been planned and realized, accompanied by extensive monitoring and simulations. 

Each building has a different retrofit scenario in terms of insulation, heat production and 

delivery, domestic hot water production and air-handling systems. In this case six different 

retrofit solutions are realized and compared to the standard retrofit model of the 

Volkswohnung. Each retrofit solution is realized for ten apartments, an adequate number to 

evaluate the user-behavior. 

For the evaluation of the efficiency of each retrofit solution a high resolution monitoring 

system for rooms, apartments and engineering system (heat production, storage, distribution 

and delivery) has been installed. In each room, for example, a monitoring module collects the 

relative humidity, window opening, CO2 and VOC, the temperature of the air inside the room, 

outside the room and supplied to the room. 

The better the building envelope is insulated, the more it becomes important to realize a heat 

bridge reduction or even a heat bridge free building structure. For the analysis of the thermal 

and energetic performances of the buildings, the heat bridges of the buildings have been 

calculated through the Finite Element Method. All the results are published in a heat bridge 

atlas. 

The preliminary analysis with Energy Saving Ordinance [EnEV] [4] has shown a potential for 

reducing the energy consumption up to 85%. However, first analyses of the monitoring data 

show that the heat consumption of the buildings is above the heat demand calculated 

following the EnEV procedure. 

INTRODUCTION 

Over the last years the federal government has greatly tightened the requirements for new 

buildings, in order to limit the primary energy demand as a way of conserving resources. In 

parallel, the Renewable Energy Law [EEG] [1] and the Renewable Energy Heat Law 

[EEWärmeG] [2] were created to promote the use of renewable energies. Most of these laws 

relate to new buildings and only in part to the retrofitting of old buildings. The energy 

consumption of households makes up about 29% of primary energy consumption. A closer 

analysis of the energy distribution shows that nearly 75% of the energy is consumed for space 



heating. For existing residential buildings (detached single-family homes and small apartment 

buildings) it should be noted that the final energy demand has been decreasing significantly in 

recent decades, due to the new legislation. The biggest savings can be achieved for the 

building built between 1950 and 1960 [3]. In Germany, about 5 million residential units exist 

in this age group. To a large extent these buildings were built and administered by building 

societies and the classical housing floor plan is between 45 and 60 square meters [3]. 

The housing society “Volkswohnung Karlsruhe” owns approximately 20,000 apartments, 

which will gradually be refurbished. There are 35 residential buildings in the area of 

Karlsruhe-Rintheim with more than 1.000 apartments built in the 1950s and 1960s, 1.5 km 

from the city center. The particularity of this refurbishment project lies in the fact that it 

focuses on three identical blocks of flats with the same orientation. 

A block consists of three buildings with separate entrances. Each entrance has 10 apartments. 

Per block there are 30 and in sum 90 identical apartments with same orientation available. 

The west front of each building has a length of 52m and is aligned to the garden. The total 

floor space of each building is 721m²; the envelope-surface is 1,097m² for the frontage-

buildings, 959m² for the buildings in the middle. Each apartment has a kitchen, a bathroom, a 

living room, two sleeping rooms and a small central corridor, for a total floor space of 72 m². 

 

 

 

 

 

 

Figure 1: left: Building alignment / right: Qualitative layout of one floor of the first buildings 

of each block / KITC. is the Kitchen 

Apart from the energetic redevelopment also a revaluation of the buildings` substance was 

made. The old inserted balconies were removed, and replaced with new thermally decoupled 

elements. Existing thermal bridges were reduced through this measure. Outside the area of the 

buildings a thermally decoupled elevator was set up, which facilitates the access to the floors. 

In terms of technical building issues, the complete pipeline network was renewed and adapted 

to modern standards, with all the equipment to be replaced during the operation. The plant 

technology varies from building to building. In course of the project different process 

engineering approaches have been developed and implemented each retrofit solution is 

realized for ten apartments, an adequate number to evaluate the user-behavior. 

The buildings were built in 1955, originally without insulation and with single glass windows. 

The heat was provided by a cackle stove installed in each living room, domestic hot water 

(DHW) was supplied by electrical or gas circulatory type water heater. In the course of time 

the buildings had been lightly refurbished. Before the first retrofit the buildings had double 



glass windows with an overall heat transfer coefficient U equal to 3.1 W/(m²K), those 

windows have been installed during a previous refurbishment process in the eighties. In 1970 

the south and the north façades were insulated with 4 cm insulation with =0.04 W/(mK). The 

U-values for the external walls were between 1.22 and 0.55 W/(m²K). The ceiling of the last 

floor, under the pitched roof space, had a U-value of 2.58 W/(m²K). There was no insulation 

between the basement and the ground floor, therefore the U-value amounted to 1.93 W/(m²K). 

The walls between the flats and the stairs had a U-value of 1.25 W/(m²K). The specific heat 

demand per year and square meter of floor space qh amounted to 190 kWh/m²with small 

differences in the terms of each building. The cause of this are small geometric variations of 

the buildings, for example the windows orientation. The specific primary energy demand of 

the buildings per year and square meter floor space qP amounts to 350 kWh/m². The heating 

system, as well as the domestic hot water (DHW) plant, is equal for each building: as 

consequence, qh and qP are proportional.  

METHOD 

The retrofit solutions are analysed and compared in order to better understand the importance 

of buildings’ retrofits in terms of primary energy saving per year and square meters. In 

parallel, the aim is to comprehend which retrofit solution is more effective, in terms of heat 

consumption and primary energy savings. 
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Figure 2: Refurbishment solutions: the white text on dark background is related to the 

thermal insulation, the dark text on the grey background is related to the engineering system 

solutions 

The first block will be considered as reference case and represents the standard refurbishment 

solution of the Volkswohnung. This means that every entrance of the first building is equal in 



terms of thermal insulation and engineering system with common standard products available 

on the market. The retrofit of the second block makes use of state of the art insulation and a 

more advanced engineering system technology, which are as well to be found on the market. 

The most advanced refurbishment solutions are realized for the third block with the use of 

vacuum panels together with high efficiency heat pumps and waste heat recovery units. The 

third block is designed to reach the lowest primary energy demand. In Figure 2 the 

refurbishment solutions are described. WHRU indicate waste heat recovery units, the number 

in percent next to WHRU is the efficiency of the heat exchange process. The thermal 

conductivity  of the insulation is indicated by a number in each box, for example 035 means 

=0.035 W/(mK). 

For the evaluation of the efficiency of each retrofit solution a high resolution monitoring 

system for rooms, apartments and engineering system (heat production, storage, distribution 

and delivery) has been installed. The installed measuring technique and the detectable 

measured variables were selected in such a way that the influence of the building construction 

and technical components on energy consumption and the space comfort can be determined. 

The collection of the room climate data in the apartment is made via a bus system (M2-Bus) 

developed at the University for Applied Sciences of Karlsruhe, with which the data of the 

individual apartment are obtained (The topology of the measurement system is described in 

Figure 3). 

 

Figure 3: Overview of the topology of the measuring system 

In each room a monitoring module collects the relative humidity, window opening position, 

CO2 and VOC concentrations, the temperatures of the air inside the room, and supplied to the 

room. In each apartment (of the second and of the third building) a volume flow meter 

measures the volume flow through the heating system, flow and return water temperatures are 



measured as well. Also the consumption of DHW is monitored through flow meters and 

temperature sensors. In four apartments per entrance a heat meter has been installed for each 

heating device. 

CONCLUSION 

One of the main tasks of this work is to outline the possible savings in terms of primary 

energy in the field of building refurbishment. The second main task is to evaluate which of the 

refurbishment measures is more effective. 

The complete redevelopment of the buildings has been finalised. In the first block all three 

entrances are supplied by district heating and have exactly the same engineering system. All 

apartments of the second block have been occupied from February 2010 onwards. The third 

block presents the most advanced refurbishment solutions. Each entrance has a separate 

engineering system. 

 

Figure 4: Primary Energy demand per square meter of floor space and year, for the blocks 

before and after refurbishment. In per cent, the primary energy saving of the retrofit 

solutions, compared to the primary energy demand of the buildings before the retrofit 

Static calculation results [EnEV] [4] showing the qP and the primary energy savings are 

presented in Figure 4. Before the redevelopment, the primary energy demand amounts to 

350 kWh/m². After the renovation a significant reduction is observed. Compared to the stock 

an energy saving of about 80% is reflected to the standard redevelopment. In the third block 

with the most expensive retrofit solution a further reduction of 10% to only 20-30 kWh/m² is 

expected. As shown in Figure 4 the CO2 ground heat exchanger installed in the first entrance 

and in the middle entrance ensure better energy performances than the air heat pump. 

Figure 5 shows the comparison between the measured heat consumption and the calculated 

heat demand. The measured consumptions vary greatly. The average consumption of all 

apartments is 40% above the EnEV [4] calculation. It should be noted that the EnEV 

calculations used standard user profiles and therefore a deviation is to be expected, because no 

tenants behave according to standards. Because of the high deviation the emergence of a 

rebound effect can be concluded. Rebound effect describes in the energy economy the fact 

that the potential savings from increased efficiency is not or only partially met, as users tend 

to increase their consumption. 



 

Figure 5: Comparison between measured heat consumption and calculated heat demand 

After the completion of another measurement period we plan to further increase our 

understanding on the tenants’ behavior and the technology acceptance. Parallel to the 

evaluation of the measurement technique a dynamic building and system simulation using 

Modelica is performed, in order to be able to test different control strategies and to evaluate 

the resulting system efficiency. 
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ABSTRACT  
Issues about the evaluation of the environmental sustainability of products and industrial 
processes are slowly involving every industrial sector among which, building and 
construction sector. While National strategies are finally moving toward an agreement for the 
reduction of green-house gas emissions, in order to mitigate the global warming effects, 
buildings, which are also responsible for a significant share of non-renewable energy use, are 
not yet enough analyzed in every different life cycle phase: the discussion about the choice of 
environmental indicators to be considered [1], their computational methodology and the limits 
to be respected is still open. 
Life Cycle Assessment (LCA), fully defined in a series of International Standards for 
industrial products, seems to be the only holistic tool able to give an objective measure of the 
environmental impact of a building and, from it, its sustainability. Nevertheless, its 
application in the building sector is particularly difficult, due to the intrinsic complexity of the 
building itself: the variety of products it is made of, the many impacts it generates during its 
life cycle, the length of its life and the difficulty to forecast its use and maintenance during its 
service life and disposal or reuse opportunities after more than fifty years. Different models 
and approaches have been developed and carried out, in the two last decades, by several 
authors [2], to cope with this complexity and the literature review shows that there are still 
different opened critical issues for the identification of a valid methodology [3].  
The aim of the paper is to make the point of the environmental assessment of building 
envelope subsystems and to pave the way for a LCA-based measure of the environmental 
performances of the design solutions and the evaluation of the sustainability propensity  of 
building technologies in general, as a tool to support not only detail design choices but also 
strategic choices. A preliminary environmental comparison of one technology against another, 
in fact, can be used to take decisions in the very first phases and to compare life cycle impacts 
to life cycle costs and performances. 

INTRODUCTION 
In the last decades, as a result of the community commitments to reduce the impacts of the 
built environment [4], the traditional design, by which for centuries buildings have been 
designed, has been integrated with other competences into a new design concept in order to 
reduce the energy consumption and the greenhouse gasses emissions. Although the energy 
performance improvement of the new constructions rose to higher limits, much more severe 
than in the recent past, the need for a holistic methodology to assess the sustainability of the 
built environment still remains [5], which often is not proportional to the reduction of energy 
consumption during the service life. In order to estimate how much a building or a particular 
design choice is or might be better than another one from the environmental prospective, the 



analysis of the whole life cycle is strictly essential, from the extraction of the use of natural 
resources (cradle) to the end of the service life (grave) of the building.  
Several authors already faced this issues. Kennedy [6], for example, investigated the critical 
issues about the environmental choices, nevertheless without proposing a specific model. 
Cole [7] discussed many LCA-based models to compare the sustainability of different design 
choices. Kohler [8] evaluated the need to set up a specific LCA approach for the selection of 
construction materials. Other fundamental contribution have come from Canadian Wood 
Council and Swedish Institute for Wood Technology Research (Trätek) published several 
studies about the inventory of building products and components. Other contributions [9] 
proposed a LCA-based model to evaluate the sustainability of different envelope systems. 
The main problem that always arises from these experiences is the lack of inventory data or 
their poor reliability to give clear and doubtful results. In fact, although a large amount of data 
is available worldwide, their use needs systematic reviews in order to tune up them with the 
many differences encountered locally (e.g. the incidence of the transportation in the 
production process or the different mix energy for the different regions). Therefore an 
uncritical use of these data might compromise the effective measure of the sustainability and, 
eventually, its achievement. Another critical issue concerns the functional unit (F.U.) 
considered for the calculation of the various environmental indicators. Most of the material’s 
data are reported to the mass or volume/area, and often the comparison of data measured with 
different F.U. is very difficult. 

METHOD 
In this paper a specific model for the comparative assessment of the environmental sustain-
ability of vertical envelope systems and building components has been adjusted considering a 
F.U. that is linked to the measure of the extension of its surface but to its specific 
performance. In this case we tried the thermal resistance (RT) of envelope components, 
because of its strong connection with for heating and cooling energy consumption, during the 
operating phase of the whole building, that is not the only but the most important parameter to 
be optimized, in the design phase of any envelope system design.  

At first, four different envelope technologies have been considered, each one designed to 
assure a thermal resistance value of 4 m2K/W. Each functional layer is codified, in reference 
to the main performance requested to provide a specific requirement. 
        

 
Figure 1: Type A – Lightweight wood-framed system (WFS).  

N° Cod. Material description t [m] ρ [kg/m3] λ [W/mK] Rt,i [m2K/W]
1 IFL Gypsum plasterboard 0,025 900 0,21 0,12 
2 IL Woodwool + timber stucture 0,2 218 0,054 3,73 
3 SL Oriented strand board 0,015 650 0,13 0,12 
4 LL Fibre-reinforced cementboard 0,015 1150 0,32 0,04 
5 EFL Cement mortar 0,006 2000 1,40 0,004 



 

 
Figure 2: Type B – Wood-massive system (XLAM). 

N° Cod. Material description t [m] ρ [kg/m3] λ [W/mK] Rt,i [m2K/W]
1 IFL Gypsum plasterboard 0,025 900 0,21 0,12 
2 IL Fibreglass 0,05 125 0,037 1,35 
3 SL Wood cross-laminated panels 0,11 450 0,12 0,92 
4 AL Cement-based adhesive  0,002 2000 1,40 0,001 
5 IL Cork 0,06 160 0,04 1,63 
6 EFL Cement mortar 0,006 2000 1,40 0,004 

 

 
Figure 3: Type C – Masonry system (BRICK). 

N° Cod. Material description t [m] ρ [kg/m3] λ [W/mK] Rt,i [m2K/W]
1 IFL Gypsum mortar 0,015 1400 0,70 0,02 
2 EL Light bricks 0,08 1088 0,30 0,27 
3 IL Non-ventilated air gap 0,01 0 0,067 0,15 
4 IL Rockwool 0,10 100 0,035 2,86 
5 LL Cement mortar 0,01 2000 1,40 0,01 
6 SL Light bricks 0,18 850 0,30 0,66 
7 EFL Cement mortar 0,015 2000 1,40 0,01 

 



 
Figure 4: Type D – Aerated autoclaved concrete blocks system (AAC). 

N° Cod. Material description t [m] ρ [kg/m3] λ [W/mK] Rt,i [m2K/W]
1 IFL Gypsum mortar 0,015 1400 0,70 0,02 
2 SL Autoclaved concrete blocks 0,24 450 0,101 2,38 
3 LL Cement mortar 0,01 2000 1,40 0,01 
4 AL Cement-based adhesive  0,002 2000 1,40 0,001 
5 IL EPS 0,06 80 0,038 1,58 
6 EFL Cement mortar 0,006 2000 1,40 0,004 

 

For the inventory and the definition of the eco-profiles of the various materials, the Inventory 
of Carbon & Energy database (ICE v.2.0) [10] have been used assuming to operate in a 
British context. The only indicators that are considered in the model are the CO2 equivalent 
emissions (GWP) and the Embodied Energy (energy consumption during extraction/ 
production phases EE). Each value is calculated with boundaries of the system "from cradle to 
gate". The database does not consider the capacity of some materials to store carbon over its 
lifetime or, alternatively, the feedstock energy, typical of combustible materials. For the 
energy evaluation the values of non-renewable energy is considered, whereas the contribution 
of renewable energy resources is considered zero in terms of environmental impact. The 
impact indicator of each material Im,i is related to its mass, , a F.U. of 1 kg of product. From 
these elementary indicators for the materials used it is possible to define a performance 
indicator IT of the envelope component, that comes out to be a simple function of the 
thickness of every layer, the ratio between the sum of the impact of every layer and the sum of 
their thermal resistance: 
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where: IT is the impact indicator defined according to the requirement of thermal resistance 
[MJ/(m2K/W) o kgCO2,eq/(m2K/W)], Im,i is the impact indicator of the layer defined as 
function of the mass unit [MJ/kg o kgCO2,eq/kg], ρi is the density of the considered layer 
[kg/m3] and λi is the coefficient of thermal resistivity of the layer [W/mK]. These indicators, 
as seen from the equation, are functions independent from the thickness considered, therefore 
they can be considered as characteristics of the material.  



RESULTS 
Applying the equation (1) to the defined values of the individual functional layers for  the four 
types of envelope systems, it is possible to calculate the impact in terms of CO2,eq emitted 
and non-renewable energy consumption. 
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Figure 5: Total embodied energy and greenhouse gas emission for the “cradle to gate” 
phases for the four envelope systems analysed. 

That approach, applied to the insulation layers, set up the scale of the impact levels of the 
considered different type of materials, defining in a more appropriate way the environmental 
qualities of the various solutions. 
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Figure 6: Comparison among the five different thermal insulation materials, considering as 
functional unit both the area and the thermal resistance.  
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Figure 7: Total impact of the four envelope solutions considering the thermal resistance as 
functional unit and the variation of the insulation thickness.  



Above the sensitivity analysis of the solutions considering a variation of the thermal 
insulation thickness to obtain consequentially an increment of a unit of thermal resistance 
from 4 m2K/W to 7 m2K/W.   

DISCUSSION 
From obtained results it can be seen that the proposed model is easily applicable for the 
comparison of the sustainability of envelope systems, resulting a practical support in the 
planning stage. As shown in Figure 7, the two wood-based solutions (WFS and XLAM) have 
a very low values of GWP than the other two traditional solutions, as well as a very low 
sensitivity to the increments of the insulation thickness. These values, if the capacity of wood-
based materials to store the carbon is considered, would be even more lower. 

However, many limitations still remain, including the limited boundaries of the analyzed 
system, with a condition "from cradle to gate" which does not allow to assess adequately the 
sensitivity of the solutions to reduce the consumption and emissions in every  life stage (in 
particular in the stages of use & maintenance and end of life). In addition, the model considers 
only two indicators of environmental impact, probably the most important, but that does not 
give an exhaustive measure to evaluate the solutions’ footprint on the ecosystems. 
Also the problem about the weighing of the impact indicators, in order to have only an 
indicative parameter for the comparison, is still open. This operation, however, is subjective 
and may provide very different results depending on the weight that is considered for one or 
another indicator. For this reason, in this text, none of weighing is considered. 
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ABSTRACT

In an attempt to improve the overall energy sustainability in buildings, the idea of integrating 
Small Wind Turbines (SWT) in building envelopes is gaining popularity despite numerous 
practical problems. In addition to the safety and security issues, very important question is the 
energy  efficient  SWT integration  in  the  building  envelope,  having  in  mind  very  limited 
energy potential of the wind in urban areas.

The  present  paper  addresses  this  question  by  investigating  the  influence  of  the  building 
geometry on the  SWT energy potential.  This  investigation  is  performed by means of  the 
Computational Fluid Dynamics (CFD), where the wind energy fluxes of the air flows around 
buildings  in  urban environments  (obtained from numerical  simulations)  are  compared  for 
several different urban geometries.

INTRODUCTION

When  analyzing  energy  efficient  inclusion  of  Small  Wind  Turbines  (SWT)  in  building 
envelopes it is very important to obtain accurate information about the actual velocity field in 
the building vicinity. On one hand, the wind energy flux that is available in urban flows is 
very limited due to strong influence of the flow effects (such as the air flow impingement,  
separation  and  its  reattachment)  which  are  related  to  the  presence  of  the  solid  obstacles 
(buildings). And on the other hand, there is very strong dependency (power three) between the 
energy flux and the local velocity magnitude, hence the error in obtaining the actual velocity 
data leads to very high errors in the wind energy flux predictions.

This is why the Computational Fluid Dynamics (CFD) is appropriate engineering tool which 
can  provide  all  information  necessary  for  understanding  the  problems  of  energy efficient 
SWT building integration. Namely, on such a large scale it is practically impossible to acquire 
by means of field measurements sufficient amount of data necessary to reconstruct the urban 
flow field totality, whereas the laboratory measurements can hardly reproduce the actual wind 
characteristics  in  an  urban  environment.  On  the  other  hand,  however,  by  solving  the 
governing equations of fluid motion CFD provides a full insight into urban flow situation and 
all  relevant  flow  characteristics.  Still,  the  open  issues  for  CFD  predictions,  such  as  the 
boundary conditions and wind characteristics, are best derived from the field measurements. 
In that respect the combination of numerical simulations supplied with the field data obtained 
from the on-site measurements is the best approach for the present analysis.



In the present paper the investigation of the energy efficient integration of SWT in building 
envelopes is organized as follows: in the first step the starting numerical setup is presented for 
the urban flow in a realistic residential neighborhood in Vienna (Austria), and the obtained 
results  are  compared  with  the  measured  values  (averaged  over  main  wind  directions, 
according to the wind occurrence frequency), and in the second step this realistic geometry is 
slightly simplified and subsequently varied in order to test  the influence of this  geometry 
variation on the predicted wind energy flux around buildings.

NUMERICAL SIMULATIONS

For the present analysis,  the numerical  simulations  are  performed using commercial  CFD 
package  FLUENT [1].  Shown in  Figure  1  is  the  realistic  urban  area,  selected  for  these 
calculations in order to compare the obtained results with the available measurements [2]. The 
computational domain (commercial and residential neighborhood in Vienna, Austria) consists 
of  several  groups  of  residential  buildings  spread  along  the  underground  line  and  the 
underground station,  several  public  buildings,  as well  as the shopping mall  complex of a 
futuristic  design  (blue  in  Figure  1,  the  focal  point  of  the  investigation).  For  the  flow 
simulations  of  such a  developed  urban organism it  is  important  to  have  full  geometrical 
representation in the numerical domain: exact building shape, bridges, and alike.

Figure 1: geometry of a developed urban organism, with exponential inlet wind velocity  
profile (left), and prevailing wind directions with their occurrence frequencies  (right).

As shown in Figure 1 for a single wind flow direction, the wind was simulated by imposing 
the exponential velocity profile on the appropriate domain boundary faces. For assessing the 
entire flow situation a series of flow simulations is performed for all relevant wind directions, 
to include the spacial wind distribution following measured data at the given location. To this 
purpose  the  representative  wind  profile  is  imposed  for  each  selected  wind  direction 
(prevailing  wind  directions),  and  the  resulting  wind  velocity  fields  are  then  averaged 
according to the occurrence frequency of each wind direction (Figure 2).  As for the wind 
speed distribution, a widely used approach for modeling the wind speed variations is two-
parameter Weibull distribution [3], which can be written as:

f U =k U k−1
/ck

e−U /c k (1)

where U is the velocity magnitude, c and k are respectively the scale and shape parameters of 
the  Weibull  distribution,  with  mn=cn

1n /k   being  the  nth raw  moment  of  this 
distribution.



With the wind speed variations modeled using Eq.(1), the 1st raw moment (n=1) relates the 
velocity magnitude to the scale parameter ( m1=U=c 11/k  ), while from the 3rd raw 
moment (n=3) a rough but simple and fast estimation of the effective energy flux (in W/m2) at 
any specific SWT location can be estimated:

Eeff=
1
2
m3=

1
2
[c3 13

k ] (2)

where  Γ denotes  the Gamma function,  and  ρ is  the  density  of  the  air.  As the  averaging 
procedure (depicted in Figure 2) is producing the representative velocity field, Eq.(2) can be 
used for the analysis of the energy efficient SWT integration in an urban environment.

NW NE E

SW SE

Figure 2: wind velocity in the roof vicinity – per direction (denoted by NW, NE, E, SW and  
SE, with appropriate colors) and the resulting averaged velocity field (in the box).

RESULTS

The first numerical simulations are performed for a realistic geometry, in order to compare 
the simulations results with measurements. Four measurement masts are mounted on the roof 
of the central building, with two measurement points on each mast. The comparison between 
the  averaged  velocity  field  and  the  wind  velocity  measurements  for  the  period  June-
September 2010 is presented in Figure 3.

Figure  3:  comparison between  the  wind  measurement  (symbols)  and the  velocity  field  
predictions (lines), at four measurement points at the roof of the central building.



The overall flow pattern for this case can be identified from the flow path-lines around the 
buildings, shown in Figure 4. Clearly, urban environment flows are characterized by mutually 
interacting flow effects  (separation,  impingement  etc.)  which are typical  for flows around 
bluff bodies. As the geometrical complexity increases the interaction between these effects 
becomes  more  complex,  especially  when  the  flow quantities  in  the  near-wall  region  are 
considered (which is exactly where SWT are to be included in building envelopes).

Figure 4: depicting an urban flow pattern, the path-lines of the flow around building (left)  
have the flow features characteristic for the flow around a bluff body (right).

In order to quantify the influence of the building geometry on the wind energy flux in an 
urban flow, this realistic geometry is simplified so that it can be easily varied and the obtained 
results compared. The geometry produced as the simplification of the realistic one, as shown 
in Figure 5, will be referred to as the basic case. The first variation includes the change of the 
horizontal disposition of buildings, where the central building is shifted successively for 10m 
and 20m, so that the space free of obstacles between the buildings is increased For the second 
variation, the height of the building previously shifted for 20m is increased successively for 
10m and 20m, and hence the wind from higher altitudes becomes more important in this case.

Figure 5: average velocity (left) and energy flux (right) for the basic case of the simplified  
geometry, in  the cut-plane 6m above the building roof.



The results obtained for varied urban geometries are summarized in Figures 6 and 7, where 
the influence of different horizontal and vertical building disposition can be seen from the 
contour plots of the energy flux obtained from the averaged velocity magnitude, plotted in the 
cut-plane 6m above the roof of the building under consideration. The regions of high energy 
flux  can  easily  be  identified  (because  in  Eq.(2)  the  velocity  comes  to  the  power  three), 
although some of the high energy flux regions are not practical for SWT building integration 
(e.g. chimneys). It should be noted that the Figures 6 and 7 show predicted energy fluxes that 
are based on the representative velocity field which is obtained by averaging the velocity 
fields from the prevailing wind directions (Figure 2), and by using the  Weibull distribution 
defined by Eq.(1) for the wind speed distribution. Hence, the predicted energy fluxes should 
be understood as the expected values following these assumptions.

Finally, please note that the figures in this paper are provided in full color, and therefore they 
might not be legible in the black and white printed version. The full color version of this 
paper can be found on the CD-ROM issue of the CISBAT 2011 Proceedings.

Figure 6: wind energy flux in the cut-plane 6m above the building roof, for the horizontal  
building disposition modified  for 10m (left) and 20m (right).

Figure 7: wind energy flux in the cut-plane 6m above the building roof, for the vertical  
building disposition modified for10m (left) and 20m (right).



CONCLUSIONS

In the wind energy flux expression given by Eq.(2) the velocity magnitude comes with the 
power three, hence for the accuracy of the wind energy flux predictions the wind velocity 
predictions accuracy is essential. Furthermore, as depicted in Figure 4, the velocity field in the 
urban environment is characterized by numerous flow effects (separation, impingement etc.) 
which are influencing one another.  Naturally,  as the geometrical  complexity increases  the 
interaction between these effects becomes more and more complex, and the resulting flow 
field is more difficult to predict in the near-wall region (which is exactly the region where 
SWT are to be installed in an urban context).

In the first part of performed numerical simulations, the flow field was analyzed for the exact 
geometry  for  which  the  measurements  have  been  performed.  For  this  case  the  imposed 
boundary conditions were resembling the realistic conditions as close as possible (Figure 1), 
however the perfect matching can hardly ever be reached. On the other hand, also the field 
measurements have a very large uncertainty factor, as they are very vulnerable to numerous 
external influences. The discrepancies between the measured values and the numerical results 
can be viewed from that perspective, and Figure 3 shows the difference of  20-30% for the 
obtained velocity profiles, which can be acceptable. As for the wind energy flux predictions, 
however, from the velocity magnitude in the cut-plane  6m above the roof of the building 
under  consideration,  shown  in  Figure  5,  the  regions  of  high  energy  flux  can  easily  be 
identified (by virtue of the power three dependency). Some of the high energy flux regions, 
however, are not practical for installing SWT (e.g. the chimneys top, and similar protrusions), 
and therefore areas clear of obstacles have to be found for SWT building integration.

Finally, the analysis of the geometry variation (the difference between the base case, and the 
horizontal  and vertical  disposition) shows some tendencies which can be explained by the 
virtue of the urban flow pattern. Comparing the base case (Figure 5) with the geometries with 
different horizontal building disposition (Figures 6), one can see that for the geometries with 
the same height but with the difference in space in the immediate surrounding that is free of 
obstacles, the resulting velocity magnitude is not significantly changed. On the other hand, 
comparing  the  base  case  (Figure  5)  with  the  geometries  of  changed  vertical  disposition 
(Figures  7),  one  can  see  that  as  the  building  height  is  increasing  the  resulting  velocity 
magnitude  (and  corresponding  energy  flux)  is  increasing  as  well.  However,  the  obtained 
increase  is  not  as  high  as  intuitively  (or  wishfully)  expected,  and the  reason for  such  a 
behavior is the interaction of the complex flow phenomena that are taking place for the given 
flow situation. This interdependency of different factors makes difficult any generalization of 
the obtained results, and hence only this quantitative description is possible for a guideline for 
SWT building integration in an urban environment.
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ABSTRACT 

The Information Communication Technology Centre project was commissioned by the 

Chamber of Commerce of Lucca. The ABITA Centre was in charge of the green design of the 

project. This allowed us to test new technologies related to energy efficiency of the office 

building. The project focused on: the development of components and advanced energy 

saving systems, integration of dynamic facades to reduce heat loss through the building 

envelope, and energy production through renewable energy sources. Currently the building is 

under construction, and will be completed by the end of 2011.  

Three buildings are connected by a central atrium, which is covered by a large glass and steel 

roof, (on the east-west axis), while the laboratories are covered by a green roof. 

The project is focused on the adoption of intelligent facade systems to control the solar 

radiation in summer and heat loss in winter. All the windows have mobile aluminium shutters, 

which allow sun protection. The south facing glass roof of greenhouse is made of semi-

transparent polycrystalline silicon photovoltaic panels. Those panels are integrated also on the 

south wall of building one. The selective low-E glass skylight and transparent surfaces have 

been designed to ensure excellent natural lighting inside the building. Solar pipes have been 

integrated in the roof of the laboratories. Air exchange is provided by a natural ventilation system.  

The building will be certified – according to national legislation – as class A, thanks to the 

choice of materials. The materials are ecological and sourced from the project site. The choice 

of the building envelope uses a metal wall system with a low U value, thermal inertia and the 

integration on renewable energy system. In fact, the building’s annual consumption is around 

20 kWh/m
2
 compared to 170kWh/m

2
 in a traditional office building. 

 

1. INTRODUCTION 

The New ICT of Lucca project has been developed with the aim of spreading sustainable 

construction methodology in Italy. The aim is to reach the goals of 20/20/20 and to diffuse 

regulations that govern energy efficiency in buildings. The European Union established these 

regulation through the Energy Performance Building 2002/91/CE and EU Directive 2010/31. 

These aim to diffuse local and national regulations to guarantee high the efficient buildings, 

using appropriate policies which consider local climate conditions. From 31st December 

2018, we must start building zero energy public buildings. 

In Southern Europe, we must think about on winter and summer conditions and avoid copy in 

Northern Europe energy efficiency architectural solutions, to create appropriate solutions in 

energy efficient buildings. Southern Europe has specific climatic conditions, with the 

problems of indoor summer comfort, and the consumption of water resources and natural 

resources. Therefore it is necessary to improve research into new technologies for envelope 

solutions with regard to the energy consumption. 
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In Italy, the constant dependency on fossil fuels, oil and methane gas is still high in housing 

and office buildings sector. At a national level, Italy has adopted the European Directive 

2002/91 with the dlgs 192/2005, that has been integrated and modified over the years. So, in 

2009 the energy certification of buildings was made compulsory. In July 2009 the National 

Guide Lines, about the energy certification of buildings were issued. The UNI TS 11300, that 

follow the CEN regulations, were adopted. These propose a new and improved calculation 

method, including which incorporates energy consumption. The new regulation introduce new 

parameters of evaluation, like the periodic thermal transmittance or the indices of summer 

energy consumption. 

In this paper we report on the strategies and technologies that we adopted to improve the 

energy performance of the new Lucca office building, to reduce the costs of heating, cooling 

and lighting, responding to national and international energy laws.  

 

 

Fig. 1: East facade with Smart Skin Envelope  

2. APPROACH 

2.1 OFFICE IN ITALY: THE ENERGY SITUATION 

The standard practice in Italian office buildings shows the following situation: 

- full dependency on air conditioning systems to compensate deficiencies in the design’s 

buildings  

- high maintenance costs for the buildings and plants 

- high electricity consumption 

- an inexistent indoor environmental control system 

Moreover it’s important to note that energy consumption data is rarely available. 

This is symptomatic of the lack of objectives to improve the quality of the environment:  



- outdated environmental conditions in terms of air quality, visual quality and thermal 

performance  

- environmentally-friendly and energy conscious design have been completely ignored 

due to a lack of knowledge about handling natural resources like natural day-light and 

ventilation; 

- no environmental monitoring and control. 

For these reasons this research needed project for a sustainable future in southern Europe, 

deals with successful solutions to decrease the growing effects of energy consumption trough 

air conditioning in urban buildings. In this contest, the ICT of Lucca offers great margins for 

energy improvement to promote a sustainable approach. 

 

2.2 OBJECTIVES OF THE PROJECT 

The reduction of energy consumption and the attention to environmental requirements are the 

main objectives of our project. The design concept of the building has been characterized by 

the adoption of solutions which improve solar gains and natural ventilation, and guarantee the 

integration of technologies to produce renewable energies with the building envelope. During 

the stage of design we simulated every energy performance of the building, choosing the 

system which would most reduce energy consumption. During the first design stage we 

employed an energy concept which corresponded to the features of the functional plan, the 

site, the local conditions weather and climate. On the basis of those parameters, the shape and 

consequently the structure were defined. 

The project objectives of the new ICT Centre of Lucca are: 

 To implement a concept design and a building construction based on technological 

solutions for passive cooling, natural lighting and ventilation, renewable energies, 

geothermal systems, greenhouses and a smart skin envelope 

 To apply and test new and innovative energy saving technologies in order to improve 

the energy performance and the indoor environment of office buildings 

 To realize a 50% reduction energy consumption and CO2 emissions 

 To set a new standard for energy consumption and CO2 emissions in offices, while 

fully maintaining comfort conditions for workers 

 To demonstrate, that energy efficient and sustainable office buildings can fully meet 

all the architectural, functional, comfort, control and safety features required, through 

the application of innovative and intelligent and integrated design. This demonstration 

could contribute to greater acceptance of innovative and renewable technologies in 

public buildings 

 To diffuse and capitalize the results to increase the awareness of energy saving 

practices (in the medium and long term), and to integrate and improve policies for 

energy performance in buildings in Italy 

 To use a monitoring system to compare the energy performance of buildings and 

define a new energy standard, in accordance with EU Energy Labels for the 

Mediterranean Area. 

 

2.3 HOW CAN WE REDUCE ENERGY CONSUMPTION? 

The construction of this new office building incorporates energy efficient measures, which are 

not only current innovations for the actual state of art but are also replicable in other offices in Italy. 

The importance of this project, with regards to our current situation, is the introduction of 

some specific, innovative, energy saving techniques, which set new energy, environmental 

and health standards for office buildings. In this framework, the following measures have 

been incorporated: 



- An appropriate orientation of the building and envelope design. 

- Smart façades and highly insulated building. 

- Use of natural ventilation thought a good design. 

- The sun space between the buildings acts as a buffer zone to reduce heat loss. 

- Use of skylights for even distribution of daylight. 

- Use of a geothermal system with a heat pump for cooling and heating. 

- Integration of renewable energy, in the form of photovoltaic and solar thermal panels 

in the building envelope. 

Thanks to its materials and innovative technologies, this building aims to spread the use of 

renewable resources and bio-architecture strategies. 

3. SUSTAINABLE STRATEGIES 
 

3.1 CLIMATIC ANALYSIS 

Lucca is located at latitude 43° north and longitude 10° East, and has a typically 

Mediterranean climate with a cold winter (average temperatures ranging between -1.7-

15.6°C) and hot summer (average temperatures ranging between 13-30°C), and rainfall 

mainly between November and March (precipitations of 125 mm/month).  

Global radiation on a horizontal plane in summer may rise above 24 MJ/m
2
day, while a 

winter value may rise above 4.5 MJ/m
2
day. This data allows us to use active and passive 

strategies to reduce the energy consumption in the building. So, we have integrated PV panels 

in the roof of the big sun space and in the south façade. 

The climate is dry with an average humidity in summer of about 70%, so we have adopted 

solutions about to control the humidity value inside the building in these months. 

Finally, this climatic analysis has showed that the Lucca climate requires both heating (in 

December, January, February and March) and cooling (in June, July and August). Throughout 

the design process the aim has been to maximize heat gain in winter and minimize it in 

summer, and to encourage heat loss in the summer and limited in winter. In the intermediate 

months (April, May, September and October) the building won’t be heated or cooled with 

artificial systems. 

 

3.2 INTEGRATION OF PV SYSTEMS IN THE BUILDING ENVELOPE  

In this project, to reduce the electricity needs, we integrated in the building envelope of a system: 

-  The sunspace roof; 48 glass PV panels integrated in half of the sunspace roof to improve 

the shading of the open space, this system produced 11.52 kWp. 

-  South façade; 84 opaque PV panels are integrated in the opaque modules of the vertical 

envelope (2.92 x 1.48 m), this system produced 15.96 kWp. 

-  The building roofs; this system is integrated in the roofs of buildings 1 and 3 and is made 

to 108 PV panels with amorphous cells, and it produced of 17.00 kWp 

 

3.3 GEOTHERMAL HEATING AND COOLING 

The ITC of Lucca is equipped with a geothermal system. The geothermal system is made to: 

-  18 geothermal probes (90.00 m. Long). 

-  A heat pump with a cooling capacity about of 43.5 kw and heating capacity about of 45.00 kw. 

-  Radiant ceiling with an area of 5000.00 m
2
. 

The purpose of using the geothermal energy for cooling and heating ensure the decrease of the 

environmental impact of the building, in fact, this system produces renewable energy, it saves 



about 50 % of the heating costs and supplies the energy needs for heating, cooling and water 

thought the year. 

For energy consumption control, each office and laboratory is equipped with a heating, 

electricity and water meter so that the office user can see their energy consumption. 

 

3.4 SUN SPACES  

The sun space in the ICT Centre of Lucca has a surface of 1000,00 m
2
, and was designed as 

an active roof, permitting the integration and flexible management of all mechanisms 

designed for heat and soundproofing, natural light and ventilation.  

The design objective has considered not only the energy and environmental aspects but also 

the social impact: the primary objective is to create a pleasant, social atmosphere space which 

can be used for semi-outdoor activities through much of the year without any extra energy 

consumption.  

Moreover, each office, is opens into the greenhouse, to improve daylight and to reduce the 

energy needs for lighting. 

Particular attention was given to the design of the sun space envelope. The roof has a specific 

shape, with an angle of about 30% facing south, to ensure the integration of the PV panels, 

thus providing an overhanging surface which shadows the glazed roof from the sun. A 

motorized adjustable venetian blind is integrated in to the south and north façade, to improve 

ventilation in the summer. The main structure of the glass of the entrance hall as crescent 

shape, and is made of square steel beams, and tubular steel elements 

4. FACADE ENGINEERING 

The envelope of the building has two types of surface, according to the different orientation: 

- Type 1 is the north and west façade, this uses a ventilated façade and has a U value of 

0.28 W m
2
 

- Type 2 is the south and east façade, this is a smart façade with an internal transparent 

surface which has a U value of 1.2 W m
2
 and a solar factor equal to 40%; the internal 

opaque model has a U value of 0.3 W m
2
; external glazed surface has a U value of 

4.00 W m
2
 and solar factor equal to 57%; the PV cells are placed above the south 

façade, in front of the opaque module. 

 

4.1 Smart facade 

The south and the east façade have been designed as a smart skin that can change 

performance with the outdoor climatic conditions. The smart skin is a mobile double skin 

with a 50% opaque module, where a PV or solar thermal panel can be integrated, and a 50% 

transparent module. The façade consists of several parts assembled "dry" with a window 

frame whit an aluminum metal coating. 

The modules are dynamic and can change configuration because the façade is integrated with 

two mobile pannels with a shading device and a glass pannel. In front of the trasparent 

module a metallic mosquito net is installated that allows the window of the transparent 

module to be opened at night to improvenight cooling in the building, in summer. 

In winter a mobile glass panel is placed in front of the transparent module. So the smart 

facade will have the shape of double skin facade with a buffer zone that increase its U value 

to 0.8 W/m
2
K. 

In summer a panel with a shading device is placed in front of the transparent module, to 

regulate direct solar radiation and increase heat loss in the office.  



5. CONCLUSION  

The ICT Centre demonstrates that the energy efficient in the office buildings can fully meet 

all the requirements of the sustainability (architectural, functional, comfort and control) 

trough the application of innovative, intelligent and integrated design. This experimental 

project could contribute to a better dissemination of innovative and renewable technologies in 

public buildings in Italy. 

 

Office 1 Office 2 

  

 
 

E. Medium 267 lx E. Medium 784 lx 

E. Min 84 lx E. Min 360 lx 

E. Max 619 lx E. Max 2450 lx 

Table 1: Office Daylight Analysis. We have integrated a window in the wall to the atrium to 

improve the natural lighting in the office. 
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ABSTRACT 
Wide conception of «zero» ecobuildings and of «zero» ecocities is based on 

three principles: «zero» interference in the nature, «zero» consumption of consumable 
resources from state networks, «zero» issue of pollution. «Zero» interference in the 
nature is the «zero» built-up area of buildings; it includes the minimal interference to 
natural circulation of matter, to migrations of animals; it signifies the sensory likeness to 
nature (use of sensory ecology – visual, odor and sound ecology); gardening of 
buildings, etc. «Zero» consumption of consumable resources includes: energy economy; 
renewable electric and thermal energy generation; natural ventilation and air-
conditioning without energy consumption; decrease of expenses for internal 
illumination; reduction of water consumption, etc. «Zero» issue of pollution includes 
«zero» life cycle of buildings, recycling of waste products, use of ecological and 
recycled materials, the «zero» water drain, etc. The basis of «zero» ecobuildings and 
ecocities creation is new branch in building ecology - ecological infrastructure (it is 
complex of natural resources, constructions and systems, providing support of 
environment of human life at all levels - from the whole country up to cities and to 
separate buildings). Environment of life and environments of «zero» buildings and cities 
must be subject to all-embracing ecologization. All-embracing ecologization is system 
of upbringing of ecological thinking for respective activity and for use of ecological 
decisions based on ecological postulates, ecological philosophy and ethics, principles of 
sustainable building, adoption into account ethnical and geographical traits, social-
psychological and social-economical features of inhabitants in city. This ecologization 
is the hierarchical system (from global up to local).  

INTRODUCTION 

Three principles of wide conception of «zero» ecobuildings and of «zero» ecocities 
creation include the following important parts of positive interaction of mankind with 
nature: «zero» interference in the nature; «zero» consumption of consumable resources 
from city networks; «zero» issue of pollution. Every part consists of several factors (tab. 
1). One of the most important factors is preservation of landscapes with soil - vegetative 
layer from buildings and engineering structures. The surface of the ground in ecocity 
should be free; it may be filled by natural and cultural landscapes, and exempted from 
transport (fig. 1). This problem can be solved by overground and underground 
construction.  

«Zero» ecocities with ecobuildings may include all components of natural landscapes; 
all complex of protected natural territories; all technosphere, all directions of human 
activity - architecture, construction, industry, power, transport, water supply, removal 
and processing of waste products; socio - psychological and socio - economic 



environment; ecological satisfaction of needs of inhabitants. Ideological base of «zero» 
ecocities creation should be ecological postulates.  
 

Three principles of creation of  «zero» ecocities and ecobuildings  
«Zero» interference in the 
nature 

«Zero» consumption of 
consumable resources from 
city networks 

«Zero» issue of pollution 

«Zero» built-up area of 
buildings 

Use of natural technologies  
in lighting, ventilation, 
conditioning, etc. 

Use of ecological life cycle 
by creation and maintenance 
of buildings and cities 

Overground and underground 
buildings 

Energy-active buildings Use of ecological and 
recycled building materials 

Sensory likeness of built-up 
territory to nature 

Energy-efficient buildings Use of systems of  renewable 
energy from bio-waste 

Minimal interference to 
natural circulation of matter 

Reduction of water 
consumption 

Use of systems of  biological 
purification of waste  

Planting of greenery of all 
artificial surfaces of 
buildings 

Renewable thermal energy 
generation 

«Zero» water drain 

Support of being of small 
animals and birds  

Utilization of thermal waste Utilization of all waste 

Creation of green corridors 
for support of biovariety 

Use of intelligent (clever) systems in building and city for  
achievement of  «zero» effect 

Table 1. Principles of creation of  «zero» ecocities and ecobuildings 

Figure 1. Scheme of “zero” ecocity with ecobuildings: 1 – overground buildings: 2 – 
underground parts of buildings; 3 – green roof; 4 – soil-vegetable layer; 5 – 
underground structures; 6 – underground street with sun lighting; 7 – “green hill” 

Results 

It is possible to believe, that the «zero» ecocities with ecobuildings with equality 
between their citizens can be created by help of new scientific complex inclusive urban 
ecology, architectural ecology, building ecology, ecological infrastructure, resilience of 
life in city, sensory ecology, ecological philosophy, ecological ethics, socio-
psychological and socio-economic decisions [1-5]. This new scientific complex and its 
usage will allow creating ecological healthy cities and settlements, to stop retreat of 
nature, and to achieve a state of ecological equilibrium. Urban, architectural and 
building ecology is interconnected sciences about making of settlements and buildings, 
which are in balance with nature, and allow creating high-quality environment in region, 
cities and in buildings. These purposes are achieved by ecological decision of territorial, 
planning, geological, geographical, biological, hygienic, architectural, technical and 
aesthetic problems starting with general town planning scheme and ending with 



construction of biopositive buildings. Solution set includes many directions of 
ecological construction, from biopositive buildings for preservation of soil-vegetable 
layer with flora and fauna, to backing of flora and fauna by help of creation of 
ecological framework, etc. (tab. 2) The new scientific complex should help to solve 
problems of «zero» ecocity and ecobuildings creation, including at gradual ecological 
reconstruction of any city. This complex consists of three principal directions: 
ecological environment, ecological activity, and ecological society. All these directions 
are equally important for forming of «zero» ecocity and ecobuildings.  
 

Ecological environment Ecological activity  Ecological society  
All-embracing ecologization 
of environment 

All-embracing ecologization 
of all activity 

Support of equality  

Support of ecological 
balance between city and 
nature 

Resilience of socio-
ecological system of city 

Support of equal rights in 
free access to all world 
resources 

Creation of ecological 
framework of city and region 

Resilience of social 
component of system  

Ecological upbringing and 
education 

Creation and support of well-
founded ecological 
infrastructure  

Resilience of ecological 
component of city. Support 
of well-founded eco-footprint 

Eco-philosophy, ecological 
ethics of inhabitants 

Support of well-founded 
volume of nature 

Urban ecology. Phyto-
melioration.  

Maintenance of ecological 
rights of inhabitants 

Maintenance of flora and 
fauna by help of human 
activity 

Architectural-constructive 
ecology. Sensory ecology 
(visual, smell, sound) 

Ecological rights and duties. 
Participation in support of 
healthy environment 

Restoration of all 
components of landscapes  

All-embracing ecologization 
of industry, transport, etc. 

Upbringing with help of 
beauty environment. Love to 
city 

Table 2. Scientific complex for «zero» ecocity and ecobuildings creation    

New complex of interconnected sciences for healthy cities creation includes the 
sciences about ecological, healthy, sustainable and beauty cities with high-quality 
environment of person’s life and with environmental technologies: urban ecology, 
architectural ecology, building ecology, ecological infrastructure, sensory ecology, and 
ecological ethics. Creation of «zero» ecocity is based on inculcation of ecological 
thinking, ecological culture, eco-philosophy, and ecological ethics. It is possible to 
assert, that ecological compatibility, biopositivity of «zero» ecocity, their life in 
harmony with the natural environment as allied component is the good way of the 
development, allowing carrying out eternal mankind’s dream of unity with nature.    

The fundamental concept of ecocities will be invariable: they will be in ecological 
equilibrium with nature, and thus to create ecologically well-founded high quality 
environment life for inhabitants. But they will differ essentially from each other by set 
of individual decisions - from the size of city up to a degree of use of renewable 
resources, from a degree of preservation of the natural environment up to use of local 
materials, from a degree of equality of inhabitants up to a level of satisfaction of needs 
of inhabitants, etc. A base of new scientific complex is ecological infrastructure (tab. 3). 
Ecological infrastructure is complex of natural resources, constructions and systems, 
providing support of environment of human life at all levels - from the whole country 
up to cities and to separate buildings and engineering constructions. Ecological 
infrastructure includes interactive among themselves completely natural environment, 
quasi-natural cultural environment - cultural landscapes etc., artificial technical 



environment of cities, socio - psychological and socio - economic medium (tab. 3). 
Ecological infrastructure is the interactive among themselves mastered and natural 
territories, ecological framework of city and green corridors, soil - vegetative layer, 
biopositive and «clever» buildings, systems of phyto-melioration and permaculture, 
ecologically restored landscapes and ecologically reconstructed buildings, favourable 
perceptible city environment, favourable conditions of life.  
 
Artificial environment with 
all-embracing ecologization 

Completely natural 
environment 

Quasi-natural (cultural) 
environment 

Technological systems with 
their ecologization 

All natural territories with 
natural flora and fauna 

Created by the person 
green areas 

Traditional infrastructure with 
ecologization 

All natural resources Ecological built 
environment 

Systems warning and 
liquidating adverse 
phenomena  

Natural ecological framework 
with ecological corridors 

Ecological cities and 
towns. Ecological 
buildings 

Socio-economic and socio-psychological medium 

Table 3. Frame of ecological infrastructure 

Urban ecology is most general science for ecological design of territories of cities and 
towns. It includes the decisions of ecological problems of big territories. The major 
problem of urban ecology is creation of the ecological framework of big territory. 
Ecological framework of Earth is system of large natural territories which are 
interconnected by ecological corridors, indissoluble interrelation of which allows 
supporting ecological equilibrium, environment of life, and biovariety.  

Natural and improved cultural landscapes are the basis of ecological framework of city, 
united by "green corridors”, “green wedges” sites of nature of various areas. The ideal 
ecological framework of city should look like a network with "cells" of nature including 
all components of natural and cultural landscapes in regular intervals distributed on the 
area - forests, parks, rivers, lakes, meadows, hollows, heights, squares, gardens and so 
forth. At their absence, it is necessary to create cultural green corridors that can be 
accompanied by formation of new "cells" of framework if their area on territory of city 
is small or if their number is insignificant.  

Architecturally - constructive ecology contains two complexes of ecology knowledge’s: 
complex of general knowledge that allows forming the ecological thinking of builders, 
and complex of special ecology thinking for ecologization of building. Resilient 
environment of life of person presupposes a presence of conditions providing long, 
practically endless, satisfaction of essential (prime) and other ecologically well-founded 
needs necessary for human life, raising quality of the life, forming the harmonious 
social environment. For achievement of ecological equilibrium and high quality 
environment of life, it is necessary to keep ecologically well-founded territory of nature 
in all its biodiversity, to change interaction of person and technologies with nature.  

«Zero» ecobuildings should be multifunctional, and alongside with the basic function 
(apartment house, industrial building, see shore construction etc.) can carry out one or 
several nature protection functions. «Zero» ecobuildings can use the renewable energy; 
they can clean polluted air and water through surfaces of buildings contacting with air 
and underground water by way of setting on all surfaces of walls of filters with 
compulsory circulation of polluted air and water(fig. 2).  



Figure 2. “Zero” buildings: a – with use of renewable energy; b – with cleaning of 
polluted air and water:1 – overground building;2 - winter garden; 3 - natural 
ventilation (such as a hood); 4 - solar battery; 5 - receipt of light due to reflecting a 
venetian blind; 6 - daylight into basement; 7 - computers for receipt of the data from 
devices (sensors); 8 - trees under building; 9 - solar energy for night illumination; 10 –
“living machine” for black water cleaning; 11- thermal pump of system of geothermal 
heating; 12 - collection of "grey" water; 13 – vertical greenery; 14 – polluted air; 15 – 
wind turbine; 16 – canal for air;17 – filter; 18 – polluted water; 19 – pump; 20 - 
perforated pipe; 21 – underground part of building; “A”, “B” - details  
 

In «zero» ecocity may be used intelligent («clever») buildings. They supervise 
constantly through system of sensors the condition of the external and internal 
environment and at deviation of parameters from norm includes the effectors clearing, 
for example, environment from pollution, or improving other parameters. The «clever» 
building should create optimum conditions for people which are in it. Automatic sensors 
serve for support of normal physical and psychophysiological conditions of people 
environment. Such building contains sensors (converters), located in places of the best 
selection of the information on parameters of physical and psychophysiological 
conditions of people (they determine blood pressure, frequency of breath and heartbeat, 
a timbre and loudness of a voice, a condition and color of iris of the eyes, weight and 
growth of the person etc.). They transmit these parameters in the computer. The 
computer analyzes normal and current parameters on the basis of medical expert system 
(MES) and at deviation from norm, it signals about the beginning of illnesses. On the 
basis of the data incorporated in memory the computer gives out signals on the 
executive mechanisms giving in rooms medical aerosols and the appropriate additives 
for smells; in potable water, in water for douche or bath - medicinal additives; creating 
necessary (raised or lowered) temperature and humidity indoors; giving out on the 
monitor in kitchen of the recommendation for a meal; including appropriate (the 
soothing or stimulating music, appropriate holographic or other pictures on walls; it 
allows to support in due time health of the person and to remove a psychological 
pressure (fig. 3). 

 

 

 



 

Figure 3. Plan of intellectual home with the indication of the locations of detectors 
(sensors) and effectors (executive mechanisms) (a); details (b-d); soil-filled building 
(e): 1 - external wall; 2 - spray for supply of aerosols; 3 - resistive-strain sensors on 
bed; 4 - sensor (receiver) of exhaled air; 5 - lighter with color filters; 6 - sensors of 
weight of body in floor; 7 - photo resistors in a jamb of door; 8 - mirror; 9 - 
transmitting color TV camera; 10 - supply of medicinal additives in potable water; 11 – 
wash-bowl; 12 - display with conclusion of the data on a recommended diet and a 
healthy way of life; 13 - the sensorы in «clever» toilet; 14 - tube for introduction of 
medicinal additives in water in douche and in bath; 15 - thermovision camera; 16 - 
equipment for control by method Kirlian - effect; 17 - system of executive mechanisms; 
18 - microprocessor; 19 - loudspeaker; 20 - sensors of blood pressure and heartbeat; 
21 - resistive-strain sensors in sitting of armchair; 22 – microphone; 23 – sensors of 
shuffling in floor; 24 - sources of light; 25 – green roof; 26 – soil in vertical canals; 27 
- soil on floors  

 
Conclusion.  Undoubtedly, the «zero» ecocities and ecobuildings are the attractive 
future of mankind. New scientific complex may help to form new ecological thinking of 
future specialists – authors of «zero» ecocities. All-embracing ecologization of all 
directions of people activity may be the basis of creation of future realistic ecocities.  
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ABSTRACT 
TEENERGY SCHOOLS  is a EU project co-financed by the MED programme which gathers 
8 international partners operating in 4 strategic Mediterranean countries: Italy, Greece, Spain 
and Cyprus. The project aims at solving 2 common problems of the Mediterranean area: the 
lack of energy saving benchmarks targeted to south Europe climatic conditions and the low 
energy efficiency of existing school buildings. The project works on the improvement of 
existing Secondary Schools’ energy efficiency by developing a Common Strategy, based on 
the 3 typical climatic models that characterize the MED area: coast, mountain and plain. An 
internet based Platform is helping to implement a strategic approach in benchmarking of the 
comparable energy data of the selected Schools.  

The main activities are:  
- the realisation of Energy Audits, Surveys and Benchmarks;  
- the redaction of a common Action Plan throughout the international  partnership;  
- the elaboration of a Concept Design for 12 innovative Pilot Projects, also through the 

organisation of 3 thematic Workshops and 1 international Campus involving experts, 
designers, students and decision makers;  

- the creation of an in ICT Platform that works as an interactive operational tool 
gathering audit data and cataloguing laws, best practises and existing technologies; it 
contains the Guidelines of the Common Strategy for energy management; it is 
addressed to local authorities and decision makers, schools, technicians, public and 
private operators and all citizens interested in the construction sector and energy 
related  issues; 

- the diffusion and capitalisation actions directed also to raise awareness on the use of 
new energy techniques and standards and – in medium long term – to integrate and 
improve the energies policies and rules in the MED area and Europe; 

The Specific objectives of the project are: 
-  to create a trans-national network amongst partners, other Public Authorities, Universities or 

technical bodies and schools, involving students in the educational dimension of Teenergy 
Schools; 

-  to experiment Benchmark activities for comparing buildings energy performances and 
defining a MED Action Plan, useful also for new construction; 

- to implement a Concept Design action based on technological solutions for (passive) 
cooling, natural lighting and ventilation, renewable energies, also through the organisation 
of international events (3 Workshops and 1 Week international Campus); 

- to diffuse and capitalize the results with the aim of increasing the awareness on energy 
saving practises and standards and –in medium long term – integrating and improving the 

policies at MED level. 
INTRODUCTION  



Teenergy Schools has developed a Decalogue to meet the needs for the providing a Common 
Method of decisional support involving stakeholders to fulfill the challenge of improving the 
school environment of education for the next generation of pupils, by starting today. The 
Teenergy Schools Decalogue aims at giving the basic indications for the implementation of  
existing schools retrofitting action a process.  It is targeted to all the  actors,  but particularly 
to the public authorities—who must set themselves up as promoters of the process—and the 
scientific experts in charge with the coordination and the management of its application.  

This Decalogue  aims to illustrate the way towards an appropriate energy efficient retrofitting 
of school buildings in the specific Mediterranean context, going beyond the usual isolated 
interventions and taking into account new aspects such as bio-climatic technologies:  solar 
architecture, passive cooling, intelligent windows for natural ventilation, energy efficient 
facades including sun shading, cool or green roofs and the use of materials from natural local 
resources with positive LCA evaluation. 

 
Figure1: Thermography has been a fundamental instrumenti in the diognosis fase: heat losses can be localized 
easily 

METHOD 
Teenergy Schools Decalogue for the Mediterranean Area 
1. Setting the targets:  

definition of  the Quality objectives  to be reached  in the retrofitting of existing schools 
and for the construction of new school buildings aiming at energetic efficiency and good 
indoor climate in all seasons 
• High Energy efficiency for heating and cooling 
• Efficient natural and artificial lighting  
• High standard of natural ventilation in classrooms guaranteeing low CO2 rate during 

the  lessons ensuring good study conditions 
• Use of sustainable building material based on critical LCA analysis 
• Bioclimatic Strategies for energetic efficiency and good indoor climate in all seasons 

using Passive cooling (Ground Cooling/Night Cooling)  Sun shading and Natural 
Ventilation systems against Summer overheating 



• Correct Use and management  of renewable resources: use of appropriate, cost- and 
energy-efficient technology 

• Acoustic quality inside the building for good audio comfort in the classrooms  
• High Outdoor Environmental Quality ( outside microclimate) 
• Good visibility and media communication to guarantee wide spreading of results 
• Didactical aspect of the intervention as added value of  retrofitting / new construction 

for the active involvement of pupils ( change of mindset/behavior)  
 

2. Energy Audit: 
Checking  the State of Art of the building and  the energy performance of the envelope 
and energy consumption on HVAC (Heating, Ventilation and Air Conditioning ) systems  
throughout data collection including bills, measurements and software simulations: 
• energetic behavior of the building taking into account the real consumption, the 

simulations ( expressed in kwh/a/m3)  
• thermographic anaylis for the detection of heat losses for efficient problem solving 
• Analysis of the functionality, occupancy (pupils/m2), use and costs for the running of 

the building (euro/pupil/year) 
• Evaluation of the Security norms 
• Evaluation of Level of maintenance 
• Structural characteristics,  anti-seismic aspects 
• Sanitary equipment 

 

 
Figure 2: The definition of the Quality Objectives defined by energy efficiency AND indoor comfort in the school 

buildings within the Mediterranean climate context  

3. End user feed-back questionnaire: 
• Analysis of the feedback of pupils and teachers throughout a specific ( anonymous) 

Questionnaire in order to define the psycho-physical aspects regarding the actual 
perception of indoor comfort by the end users 

• Involvement of the students and end user to improve their awareness  



• Evaluation of indoor quality 
• Comparison between assessed performances of the e school building, the monitored 

use and occupancy and the satisfaction of the end users of the building in order to 
obtain a critical view of the actual situation. 

 

4.  Mapping and Evaluation  
• Analysis and mapping the results with the support of  adequate tool for the 

homogenization of the data at an appropriated decision scale (Municipality context, 
Provincial/Regional/National/ International) and Analysis and graphical visualization 
of the collected data  from the Energy Audit, the End User Feedback Interpretation 
and  graphical visualization of the collected data from the Energy Audit  and the End 
User Feedback  

• Evaluation of  the gap between State of Art and Target,   
• Analysis of the critical point where the data of energy performances of the school 

buildings are below the average (Mapping and Positioning of the results in a larger 
context ( regional, national, European) taking into account  specific  3 climatic sub 
areas: Coast, mountain  and plain.  

 
      5.  Benchmarking in the context :  

• Comparison of the monitored school buildings to obtain a performance-ranking for the 
definition of preferences : which school building need to be refurbished first? 

• Analysis throughout multi issue criteria: what are the main criteria? 
• Definition of thresholds of energy performance, indoor quality level, available budget 
• Definition of acceptable limits  

 
6. BEST PATH Methodology 
• The Best Path Methodology aims at defining the most adapted solution in terms of 

economical technical and human aspects following the elaborated quality criteria as 
indicated  above. On administrative and political level a critical weighting of the 
importance of each of the following four main objective must be considered: energy 
efficiency B. indoor comfort  C. quality of communication of the project,  D. technical 
aspects ( for instance obligatory issues such as anti-seismic norms, fire-security, 
sanitary aspects)  

• Obviously each refurbishment or new construction of a school has an important 
mediatic value for the local administration, therefore the quality of the communication 
has to be considered an important issue. Building Sustainable Schools in the 
Mediterranean Area with bioclimatic principles in an energy efficient, socially and 
politically participated approach has a high value in terms of innovation.  

• Each one of these aspects will have a weight expressed in %  following the strategic 
decisions of each single administration.  

 
7. Interdisciplinary involvement in the Participated Planning Process 

 

• involving all the stakeholders of the school environment: pupils, parents and teachers, 
driven by the initiative of  the administrational responsibles engaged in a transparent, 
participatory round table with the help of qualified  technicians: the project bases for 
new schools or the refurbishment strategies for existing schools has to be elaborated in 
an interactive and interdisciplinary  process involving all parts, taking into account the 
above mentioned ranking of priorities following the Best Path integrating previous 
analysis such as Energy Audit and the End User Satisfaction. 



• The continuous illustration and monitoring  of the proceedings of the process with  is 
of great importance to guarantee satisfaction of all interests. 

 

8.  Concept Design Implementation of Architectural Solutions /Retrofitting strategies 
• The Concept Design Solutions will be based on sustainable, energy efficient building 

technologies taking into account bio-climatical aspects in order to respond adequately 
in each single micro-climate area. 

• High Indoor comfort is targeted by improving thermal, acoustic and visual comfort in 
the classrooms  

• at least three scenarios with low medium and high outputs proportioned to the 
dedicated investment will be elaborated 

 
9. Cost benefit evaluation  
• Critical choice of the most suitable solution in terms of energy efficiency, satisfaction 

of the end users, economic context and communicational aspects for the local 
administrator’s political targets 

 

 
 
Figure 3: The three-scales scenario permits a ranking that takes into account energy 
performances of the proposed retrofitting solution, indoor comfort and economical aspects: 

10. Diffusion and Communication of the results: towards Best Practice 
• Constant monitoring of the feedback within the participated process 
• Promotion of the results within the context of a Pilot Project that has a didactical 

vocation 
• Networking of similar experiences in order to promote wide speading of the initiatives 

and guarantee efficient  research results in collaboration with scientific institutions and 
exponents of the building industry.  

 

RESULTS 
 

A common Action Plan has been published gathering the obtained results of the project. It 
illustrates the partnership’s methodology and shows tangible results by integrating the 12 
Pilot Projects for retrofitting and new building of climate orientated, high energy performance 



school building in the Mediterranean Area. The Projects have been developed in Mountain, 
Coast and Plain area in the 4 different partner countries: Italy, Spain , Greece and Cyprus. 
 

 
 

Figure 4: The 12 Pilot Projects have been elaborated by each territorial partner with the help 
of a scientific partner. The results take part in an international exhibitioni all partner countries.  
 

REFERENCES  
1.  C.A. Roulet Ventilation and airflow in buildings Methods for diagnosis and evaluation. Ed. Earthscan Ltd., 

London, UK, 2007 
2.  F. Allard C. Ghiaus Natural ventilation in the urban environment Assessment and design. Ed. Earthscan Ltd., 

London, UK, 2005 
3.  M. Sala (a cura di) Integrazione Architettonica del Fotovoltaico Casi studio di Edifici Pubblici in Toscana. 

Alinea editrice, Firenze, 2003 
4.  M. Sala, a cura di, I percorsi della progettazione per la sostenibilità ambientale,Atti del Convegno Nazionale 

ABITA, Firenze, 20-21 ottobre 2004. Alinea editrice, Firenze, 2004.F. Sartogo M. Bastiani 
5.  P.F. Smith Building for a Changing Climate The Challenge for Construction, Planning and Energy. Ed. 

Earthscan Ltd., London, UK, 2009 
6.  Santamouris M. Energy Rating of Residential Buildings; Earhscan, London, 2005 
7.  Santamouris M, Mihalakakou G, Patargias P, Gaitani N, Sfakianaki K, Papaglastra M, et al. Using Intelligent 

Clustering Techniques to Classify the Energy Performance of School Buildings, Energy and Buildings, Vol. 
39, Issue 1, January 2007, p.45-51. 

8.  S.Burton, M. Sala “Energy Retrofitting in office buildings” James&James, London, 2000 
9.  Serghides D., “Bioclimatic and Low Energy Buildings in the Mediterranean Region” Proceedings IAES & 

WREC, 2009, Sohar, Oman. 



 

LIFE CYCLE ASSESSMENT (LCA) OF BUILDINGS APPLIED ON AN 
ITALIAN CONTEXT 

N. Villa1; E. De Angelis2; G. Iannaccone3; L. Zampori4; G. Dotelli5 

1: Politecnico di Milano, Dip. BEST, Milan, Italy - (nadia-villa@libero.it) 

2: Politecnico di Milano, Dip. BEST, Milan, Italy - (enrico.deangelis@polimi.it) 

3: Politecnico di Milano, Dip. BEST, Milan, Italy - (giuliana.iannaccone@gmail.com) 

4: Politecnico di Milano, Dip. di Chimica, Materiali e Ingegneria Chimica “G.Natta”, Milan, 
Italy - (luca.zampori@chem.polimi.it) 

5: Politecnico di Milano, Dip. di Chimica, Materiali e Ingegneria Chimica “G.Natta”, Milan, 
Italy - (giovanni.dotelli@polimi.it) 

 

 

ABSTRACT  
The present study is focused on the application of Life Cycle Assessment (LCA) in the design 
of residential buildings, in the Italian context. The aim of the analysis is to use LCA as a tool 
to compare design choices (for structures, envelope technologies, building services etc.) in 
term of environmental impacts. 
Three different buildings, in different geographical localization but in a similar climate, 
characterized by different size, structure, and material used, were analyzed. The case studies 
focused their attention on the same environmental impacts: i) the embodied energy of the 
building materials, ii) the energy consumption of the operating phase and iii) the CO2-
equivalent emissions in the atmosphere during both phases. Transports, the energy involved 
during the construction operations, materials used to produce the components of the building 
services, maintenance operations, end of life (reuse or recycling) and disposal of the whole 
buildings, have not been analyzed, because of the lack of reliable primary data, either from 
each specific case or from databases. 
The cases considered faced some different aspects connected to the LCA of buildings: 

– Case study A analyzed a residential building realized in L’Aquila, after 2009 
earthquake, made with prefabricated wood panels. The real building was compared with 
two traditional alternatives: loadbearing masonry and concrete frame. The analysis took 
into account both construction and operation phases of the three alternatives with the 
following databases: IBO (based on Austrian context), ICE (UK context), ITACA 
(Italian context); 

– Case study B focused on two other residential buildings realized in L’Aquila with steel 
and prefabricated concrete technologies, following Case study A guideline; 

– Case study C focused on a Class A residential house built near Milan in the same 
period. In this case, the building life have been analyzed on wider boundary conditions, 
i.e. including average value of transports, construction site energy consumption and 
maintenance phases. 

A direct comparison of these cases was possible due to the similarity of the boundary 
conditions or to the adaptation of the existing boundaries condition to the most restrictive 
ones. Also, the choice of applying the same databases (i.e. IBO, ICE and ITACA) to the three 
case studies considered made the comparison possible, under the known hypothesis that each 



database was built to respond to the production system and the energetic context of the 
country selected as reference and accordingly to the most applied technologies in the area. 
As common baseline, the operational phase was found to have the highest environmental 
impacts, even when a significant reduction of the operation energy needs was reached by 
improving thermal insulation, air-tightness and ventilation heat recovery to a standard A-class 
value. 

Due to the various possible applications of Life Cycle Assessment in the building sector, it 
would be highly desirable and useful for nowadays designer to have a univocal tool to support 
the design since the early phases of the building scheme, in order to reach the optimization of 
the process, starting from the choice of materials to the best suitable plants. 

INTRODUCTION 
Nowadays there is a growing concern about the environmental impact caused by buildings 
and following this trend the aim of this study is to perform a comparison among different 
residential buildings in the Italian context, using LCA methodology. 
LCA application to buildings must deal with numerous variable parameters: lifetime, climatic 
conditions, assumed indoor air temperature, amount of hot water use, system boundaries of 
included building parts and processes, data on material production, production of electricity, 
rates of materials spread at the building site, transport distances, the most probable service life 
of components and elements, their maintenance treatments and frequency,... 

For a reasonable comparison of design choices, the overall performance has to be considered, 
but this is not always possible due to the lack of data during the many phases of the long 
service life of a building. For this reason the energy and environmental evaluations of the case 
studies focus on values concerning material production and on the energy required during a 
standard 50 years long operational phase and similar climatic conditions. 

METHOD 
Three macro-case studies of residential buildings have been analyzed with a LCA method. 

LCA consists in analyzing the entire life cycle of the object of the analysis (a building in this 
case), considering all phases, from the production to the end-of-life. For each phase, the 
various energy and materials flows are assessed and then various impact indicators can be 
computed. 

Boundary conditions: 
For each building an inventory of installed building materials is compiled and their 
operational energy requirement is evaluated (heating, domestic hot water and electrical 
devices) over 50 years. These restrict boundary conditions result from data fault related to 
transports, construction operations and maintenance plan. 

Assumption and limitations: 
It is assumed that the energy mix for electrical services will be the same over the entire life 
span of the building. The impacts for the facilities used for installation were not considered 
for the energy services and all the construction materials. 

Functional unit 
The functional unit used for the buildings considered is one square meter of floor area. 

 



Buildings characteristics: 
Each buildings is realized with different materials and technological solutions, as shown in 
Table 1: 

 

 
Table 1: Case studies. 

 

Case A: 
A dwelling in L’Aquila built in 2009 after the earthquake, with a cross-lam, wooden panel 
structure (Case A1) and then hypothetically re-designed with a masonry (Case A2) and 
concrete (Case A3) structure, keeping the same U-value for the envelope solutions. The 
environmental impact of these case is studied applying three databases: IBO (based on 
Austrian context), ICE (UK context), ITACA (Italian context). 

Case B: 

Following Case A scheme of analysis, two other residential buildings realized in L’Aquila in 
2009 are studied. These buildings have similar shape and a size to Case A, but with a steel 
(Case B1) and concrete (Case B2) structure. 

Case C: 
A building realized in Arluno, near Milan in 2009, on an area with the same climatic 
characteristics of L’Aquila, but with a lower size concrete frame. 



The analysis of this building does not spread over three databases, but it is focused only on 
ITACA database, considering also an average value for transports, the construction site 
energy consumption and a maintenance program, as shown in Table 2. 

 

  
Table 2: Case C analyzed phases and impacts 

 

Environmental impact categories: 
There are a lot of environmental impacts that can be evaluated in a LCA scenario, but when 
buildings are considered, the two most important indicators are: i) global warming potential 
(GWP) [kg CO2eq] and ii) energy, both embodied in materials and operational [MJeq]. 

RESULTS 

Databases comparison 

  
Graph 1 and Graph 2: Global Warming Potential and Energy of the case studies and their 
database comparison. 

 

Graph 1and Graph 2 show that the environmental impact of the same building can vary on 
the basis of the chosen database: every source of data is based on a defined scenario or 
specific equations that create the unitary impact values associated to materials and energy. 

Each Case has its own operational energy, whose quantification depends on the software used 
for the thermal simulation and it does not vary when changing the database. For this reason 
the differences observed for GWP and energy values is due to the amount of the impact 
associated to each specific material and its quantity in the building. 

The mean GWP value variation among the database considered is about 200-300 kg CO2eq, 
but the greatest difference in GWP value reaches about 500 kg CO2eq in Case A1 because 
negative values are connected to the use of wood that has a positive contribution on the 



environment, thanks to carbon storage characteristic of wood and the few manufacturing 
processes needed. It is important to underline that wood manufacturing industries could also 
be largely energy self-sufficient by using biomass residues as fuel. 

From the energetic point of view the highest discrepancy is connected to Case A1 where a gap 
of about 7500 MJeq was observed. This great gap is due to the different method considered 
by the three databases to quantify energy impact connected with wooden products. 

Italian context: ITACA database 
Focusing on the Italian database ITACA, a comparison among the cases is carried out 
considering only materials and operational energy requirement over 50 years. 

 

   
Graph 3 and Graph 4: Database ITACA - Global Warming Potential and Energy of the case 
studies. 

 

As previously seen, the wooden building (Case A1) presents a CO2 saving, on the contrary the 
one with a  steel structure (Case B1) has the highest impact in term of GWP . 

Considering Case C the embodied energy is higher than in the other cases, but its wooden 
frame demonstrate to be less energy intensive during the operational phase than other 
structural materials that fulfill the same function. 

Even if the contribution of the building materials themselves is low compared to the values of 
the whole life cycle, their careful choice, together with an appropriate design of the building 
structure and orientation, can lead to important energy savings during the operation phase. So, 
the optimization of the operation phase is necessary starting from the initial design of a 
building, exploiting the use of renewable resources, making a rational use of energy (changes 
in consumption patterns) and focusing on technologies which require and consume less 
energy and have lower  emissions. 

 

The variability of the outputs, related to the dynamic behavior of a building and to the 
availability of different databases, makes the LCA a tool that should be carefully managed in 
order to obtain reliable data. In this scenario, a reliable and trustable comparison, in order to 
guarantee a competition to get the best performances (not only from an energetic point of 
view, but also environmental), is not easy to reach. To avoid the spreading of troubles 
connected to the large amount of databases available it is desirable to create a unique 
reference source with a large spread of materials, to cover the whole Life Cycle of a building. 
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ABSTRACT 

The proposal of a multi-layer dry element will add a contribution to the research industry already 

developed by unprecedented project proposals in the field of ventilated building envelopes, with the 

new "shading screen", a slab designed to help improve the global facade performance with a reduced 

solar absorption, thermal insulation and rationalization of the components: the advanced screen with 

mechanical assembly, in fact, was created with a configuration capable of changing the values of the 

hygrothermal and environmental parameters of the internal microclimate, contributing to the 

improvement of savings and building energy efficiency. 
 

INTRODUCTION 

The advanced ventilated multilayer element
1
 was created with the objective to investigate the systems 

of building envelopes designed as multilayer membranes, with high-energy performances and formed 

by the dry assembly of advanced facade components. The specific subject of the investigation were 

commercial buildings located in hot and humid climates. 

The theme develops concepts related to product and process innovations, aimed at achieving greater 

levels of energy efficiency and, consequently, to methods and design tools essential to the introduction 

of these innovations. The validity of the project proposal has been confirmed by thermal and 

hygrometric tests (in static and dynamic conditions) using energy simulation software. 
 

THE SYSTEM 

The proposed multilayer ventilated envelope element is composed of two sub-systems: the first, the inner 

layer, is formed by a dry-mounted system, while the second, the external closing system, consists of a 

"ventilated wall package". Each of the two sub-systems is in turn divided into several functional layers. 

The external closing advanced screen system is composed of extruded brick slabs mounted - through 

mechanical anchor pins – on metal structure uprights (with a "groove" profile of 300 x 200 x 2 mm) 

anchored in turn, to the main structure of the building by "L" shaped brackets (around 500 x 500 x 5 mm). 

The stratigraphy of the screen is formed by: 

 bearing facade substructure (columns, brackets, anchor elements); 

 accessory elements and joints (PVC spacer pads with circular section and rectangular shading rods); 

 insulating rock wool layer (density 50 kg/m
3
); 

 control layer; 

 ventilation layer; 

 brick slabs 
- Shading screen TR1 slab (tile used in two directions) 

- Shading screen TR2 slab (angular horizontal and/or vertical) 

- Shading screen TR3 slab (sill) 

- Shading screen TR4 slab (string course) 

- Shading screen TR5 slab (shading rods). 
 

SHADING SCREEN SLAB  

The "shading screen" slab was designed to create a self-shading ventilated facade cladding.  The slab is 

obtained by optimizing the geometry of the outer surface, so that in itself it helps to reduce heat absorption 

through the creation of the largest possible dispersion area. The "shading screen” slab indeed has an outer 

surface which is 2,8 times the size of a normal dry curtain wall slab. The slab also features a design of 

the external surface which can be applied in two different directions (horizontal and vertical), both to 

suit aesthetic requirements and to ensure protection from the solar radiation under different orientation 

conditions. The choice of colour also contributes to the thermal improvement of the slab. Light colours 

are more reflective and less absorbent towards solar radiation, allowing the slab to cool down more easily; 

on the other hand, in the case of dark colours, the absorption of solar radiation is significantly higher. 



 

 
Fig.1 “Shading Screen” slab 

 
Fig 2. Stratification layer 

TRANSMITTANCE CALCULATION  

The calculation of transmittance
2
 values was performed with the program CRTherm which complies 

with the requirements of UNI EN ISO 1745, Appendix D, using the finished elements method applied 

to a two-dimensional flat section of the slab parallel to the macroscopic direction of the heat flow. 

The thermal resistance of the cavities of the slabs was evaluated following the method described in 

UNI EN ISO 6946-1996, Section 5.2. 

The calculation was carried out on two specimens. The first with a slab of 400 x 400 mm, considering clay 

of 1800 Kg/m with a conductivity, increased for humidity, of 0.62 W/mK. There is the following data: 

Conductivity λ 1,080 W/mk 

Conductance C 14,994 W/m
2
k 

Resistance R 0,067 W/m
2
k 

U-value U 4,227 W/m
2
k 

 

The second slab of 500 x 500 mm, with the same input data, results in: 

Conductivity λ 1,26 W/mk 

Conductance C 13,44 W/m
2
k 

Resistance R 0,074 W/m
2
k 

U-value U 4,66 W/m
2
k 

 

During the calculation applied to the proposed slab an improvement of thermal behaviour was found 

(reduction of heat absorption), both because of the present air cavities and of the dispersant shape. 
 

VERIFICATION OF THE ENERGY PERFORMANCE OF THE DRY ENVELOPE ELEMENT  

The audit was performed
3

 through the simulation carried out for a building located in Abu Dhabi (latitude 

24.6°N); the choice of location was made to evaluate the system’s behaviour under extreme conditions.  

The audits of the energy performance of the dry multilayer casing element were conducted in three phases: 

 hygrothermal tests; 

 physical and thermal tests; 

 energy consumption on a Test-Room with the application of the facade component. 
 

The thermal tests were performed using the energy simulation program "Termus”. Results show that 

under all weather conditions interstitial condensation problems do not occur. The thermal tests were 

conducted by considering the values of radiation on the surface of the claddings and the calculation of 

the heat flow by conduction and convection inside the wall in the direction from the outside towards 

the inside the building. The simulation was carried out using the energy simulation "TRNSYS" and 

calculating "ECS” programs. The initial conditions are: 
 assessment of an area of 100 m

2
 (10x10 m); 

 slab colours: red and sand; 



 

 size of air gap: 2.5 cm, 5 cm and 10 cm; 
 horizontal arrangement of the corrugated outer surface of the slab; 

 comparison was made with a terracotta slab with a constant section of 7 cm. This allows to evaluate 

the performance of the "shading screen” slab in relation to another component that has the best 

features of the considered range, and therefore the survey is carried out under the most 

disadvantageous conditions for the proposed slab. 

In addition, the survey was developed with a progressive induction methodology of data values from a 

sequence of calculation steps on various parameters, such as: 

 percentage of shaded area of the slab; 

 average temperature of the outer surface of the slab; 

 heat flow from the outer surface of the slab to the inner surface of the wall.  

For the slab of red colour the diagrams reveal, however, an efficacious reduction of surface area 

exposed to radiation, showing that: 

 in the case of eastern orientation
4
, the shading of the surface of the slab reaches a maximum of 68.81%; 

 in the case of western orientation, shading of the surface of the slab reaches a maximum of 71.51%; 

 in the case of  southern orientation, the shading of the surface of the slab reaches a maximum of 60.09%. 

   
 

Fig 3. Horizontal and vertical orientation slab 

EST FACADE 

SEASONAL AVERAGE BY MONTHS 

  SOLAR 
RADIATION 

  

λ sunny 
surface% 

Λ shaded 
surface% 

JANNUARY 317,4 33,38% 66,62% 

FEBRUARY 314,2 34,21% 65,79% 

MARCH 418,4 38,34% 61,
 6% 

APRIL 363,9 42,60% 57,40% 

MAY 427,8 39,78% 60,22% 

JUNE 402,1 38,81% 61,19% 

JULY 354,8 39,97% 60,03% 

AGOST 392,4 42,11% 57,89% 

SEPTEMBER 387,6 42,77% 57,23% 

OCTOBER 395,1 39,48% 60,52% 

NOVEMBER 466,4 31,19% 68,81% 

DECEMBER 330,0 31,81% 68,19% 
 

SHADING SCREEN 

SLAB 

FLAT 

SLAB 

  

Wh/ 
(m2*day) 

Wh/ 
(m2*day) 

Wh/ 
(m2*day) 

Wh/ 
(m2*day) 

  

sunny shadow sum flat slab Dif % 

84,18 -60,98 23,20 50,94 -27,74 -54% 

84,44 -58,02 26,43 52,18 -25,76 -49% 

113,58 -48,75 64,83 96,69 -31,86 -33% 

111,74 -42,24 69,50 82,94 -13,44 -16% 

125,16 -36,46 88,70 117,49 -28,79 -25% 

118,49 -34,51 83,99 111,11 -27,12 -24% 

110,92 -28,57 82,35 100,78 -18,42 -18% 

125,28 -28,25 97,03 112,83 -15,80 -14% 

125,08 -32,61 92,47 104,75 -12,29 -12% 

116,58 -39,51 77,07 97,90 -20,83 -21% 

108,08 -58,27 49,81 109,56 -59,75 -55% 

84,08 -58,98 25,10 63,19 -38,09 -60% 
 

 

WEST FACADE 

SEASONAL AVERAGE BY MONTHS 

  SOLAR 
RADIATION 

  

λ sunny 
surface% 

Λ shaded 
surface% 

JANNUARY 316,1 33,86% 66,14% 

FEBRUARY 372,2 36,73% 63,27% 

MARCH 425,2 37,40% 62,60% 

APRIL 329,8 40,42% 59,58% 

MAY 390,5 38,42% 61,58% 

JUNE 354,1 36,69% 63,31% 

JULY 312,4 36,78% 63,22% 

AGOST 350,2 39,07% 60,93% 

SEPTEMBER 386,7 39,05% 60,95% 

OCTOBER 384,6 38,72% 61,28% 

NOVEMBER 346,9 28,49% 71,51% 

DECEMBER 290,5 30,03% 69,97% 
 

 

SHADING SCREEN 
SLAB 

FLAT SLAB  

Wh/ 
(m2*day) 

Wh/ 
(m2*day) 

Wh/ 
(m2*day) 

Wh/ 
(m2*day) 

  

sunny shadow sum flat slab Dif % 

88,66 -47,53 41,12 63,39 -22,26 -35% 

102,49 -43,24 59,25 86,65 -27,40 -32% 

119,37 -35,74 83,63 113,92 -30,29 -27% 

110,12 -26,62 83,49 89,32 -5,83 -7% 

123,25 -18,81 104,44 122,15 -17,71 -14% 

113,31 -17,68 95,62 110,94 -15,31 -14% 

105,58 -14,39 91,18 100,80 -9,62 -10% 

119,42 -12,26 107,16 114,64 -7,48 -7% 

125,22 -17,42 107,80 121,36 -13,56 -11% 

121,46 -22,81 98,65 113,88 -15,23 -13% 

89,03 -44,61 44,42 86,12 -41,70 -48% 

79,72 -45,44 34,27 62,10 -27,82 -45% 
 



 

 

SOUTH FACADE 

SEASONAL AVERAGE BY MONTHS 

 SOLAR 
RADIATION 

 

λ sunny 
surface% 

λ shaded 
surface

% 

JANNUARY 408,1 53,45% 46,55% 

FEBRUARY 351,0 48,25% 51,75% 

MARCH 318,9 44,39% 55,61% 

APRIL 188,4 43,40% 56,60% 

MAY 141,4 40,75% 59,25% 

JUNE 123,6 39,91% 60,09% 

JULY 123,9 40,23% 59,77% 

AGOST 164,9 42,02% 57,98% 

SEPTEMBER 258,8 43,90% 56,10% 

OCTOBER 365,8 48,61% 51,39% 

NOVEMBER 547,0 51,06% 48,94% 

DECEMBER 420,7 53,61% 46,39% 
 

  

SHADING SCREEN 

SLAB 

FLAT SLAB  

Wh/ 
(m2*day) 

Wh/ 
(m2*day) 

Wh/ 
(m2*day) 

Wh/ 
(m2*day) 

  

sunny shadow sum flat slab Dif % 

111,53 -37,15 74,37 83,99 -9,62 -11% 

99,74 -39,82 59,92 69,36 -9,43 -14% 

101,93 -36,73 65,21 69,86 -4,65 -7% 

72,24 -31,67 40,57 25,93 14,65 56% 

61,85 -24,99 36,85 17,83 19,02 107% 

54,82 -23,36 31,45 13,48 17,98 133% 

57,68 -19,41 38,27 20,53 17,74 86% 

74,35 -18,35 56,01 37,93 18,08 48% 

98,92 -22,66 76,26 67,62 8,64 13% 

120,45 -24,98 95,47 99,17 -3,70 -4% 

146,93 -34,68 112,25 145,59 -33,34 -23% 

117,68 -33,81 83,88 96,89 -13,01 -13% 
 

 

During the calculation phase of the average temperature of the outer surface of the red slab, as in the 

following stages, comparison is made between the effects of radiation on the "red shading screen" slab 

and those on the flat slab. 

The results show that even if on one hand the temperatures reached by the external surface of the slabs 

under consideration are very similar, despite the morphological diversity, on the other (as the next stage 

of calculation will show), the loss of heat by the "red shading screen” is greater than that of the flat slab, 

demonstrating not only the efficacy of the corrugated surface as a system of heat dissipation, but also that 

the performance of the corrugated sheet improves even more in the more extreme geographical contexts. 

Regarding the stage of calculating the heat flow from the outer surface of the slab to the inner surface 

of the wall, the procedure sets a stable internal temperature of the surface of 20 °C and sets as input 

data the temperature change of the outer surface during the day, during every day of the year and the 

variation of the thermal resistance values of the entire wall package. The results show that: 

 with the "red shading screen" applied on East orientation, the heat flow is equal to 23.20 Wh/m
2
* day; 

 with the flat slab, the heat flow entering the wall is at best 50.94 Wh/m
2
 * day, not subtracting the 

value of any outgoing heat flow; 

 in the comparison, the resulting heat flow entering the wall with the "red shading screen" is less 

than the flow into the wall with the flat slab, with a difference ranging from 12% to 60%, which 

represents the efficiency of the "red shading screen" versus the flat slab on the side facing east. 
 

 
Fig 4. Heat flow- east orientation 

  

 
Fig 5. Heat flow west orientation 

  

 with the "red shading screen" applied on the West face, the resulting heat flow is of 34.27 Wh/m
2
* day; 

 with the flat slab, the heat flow entering the wall is at best 62.10 Wh/m
2
 * day, not subtracting the 

value of any outgoing heat flow; 

 in the comparison, the resulting heat flow entering the wall with the "red shading screen" is less 

than the flow into the wall with the flat slab, with a difference ranging from 7% to 48%, which 

represents the efficiency of the "red shading screen" compared to the flat slab with the front facing west. 

 with the "red shading screen" applied in a northern or southern direction, the resulting heat flow is 

of 83.88 Wh/m
2
 * day; 

 with the flat slab, the incoming heat flow on the wall at best is 96.89 Wh/m
2
 * day; 

 in the comparison, the resulting heat flow entering the wall with the "red shading screen" is less 

than the flow into the wall with the flat slab in the months with higher irradiance, with a difference 

ranging from 7% to 23%. 



 

 
Fig 7. Heat flow – north-south orientation 

 

The same procedures were followed for calculating the "sand shading screen" slab with an absorption 

value of 0.2 and the results reveal that the temperature reached by the outer surface of the slabs under 

consideration, despite the morphological diversity, are very similar, but the loss of heat by the "sand 

shading screen" is more or less identical to that of the flat slab, due to poor absorption of heat caused 

in turn by a strong reflection. In this case, the screen is not confirmed as a more effective system of 

heat dissipation for the corrugated surface versus the flat surface. 

CASE STUDY RESULTS 

The data which can express the amount of energy consumption for heating or cooling indoor air 

depending on the temperature difference between outdoor and indoor air set operating at 20 ° C, are 

expressed in Wh, and refer to a volume called "test room" of 10 m per side, allowing for a kind of 

spatial-energy unit represented by the perimeter of the 10x10x10 unit volume, comparable to the 

design of a building structure. 

The calculation procedure allows detection of: 
 average annual consumption of each of the sides of the test room, depending on their orientation; 
 average annual consumption of the test room as a whole.  

Consumption is obtained as a direct function of the factors considered in the previous stages and 

includes, as in these stages, the comparison between walls with shading screen slabs, divided into red 

and sand colour walls, and walls equipped with the reference flat slab. 

As shown by the graphs in the case of Abu Dhabi, total energy consumption of the test room by 

applying the "sand shading screen" slab is higher (+8%) than with the flat slab. This allows us to 

understand that a light coloured shading screen is inefficient in the analysed context (considering 

however, as already mentioned, that the simulation is limited to the analysis of the passing heat flow 

and does not include fluid dynamics evaluations). 

Applying instead the "red shading screen” slab the situation is reversed and the same consumption is 

significantly reduced (-16.1%) in comparison to that with the application of a flat slab, as there is a 

greater absorption and dispersion of heat. The best results (higher savings) occur on the eastern and 

western faces, while on the north and south sides, as can be imagined, benefits could be obtained by 

orienting the slab with vertical corrugations. These excellent results are even more encouraging, as: 
 the simulation does not consider the needs of smaller indoor humidity control due to a lower inflow; 
 the simulation provides the less advantageous "conditions" for the application of the shading screen, 

since the flat slab has a greater width (7 cm) compared to the thickness of the common wall slabs (3 cm). 

ABU DHABI 
VENTILATED AIR GAP 2.5 cm - ABSORPTION 0.2 

  SHADING SCREEN SLAB FLAT SLAB DIFFERENCE 

EAST 144352 Wh 132319 Wh 12033,36 Wh 

NORTH / SOUTH 280910 Wh 268438 Wh 12471,49 Wh 

WEST 174691 Wh 153250 Wh 21440,58 Wh 

TOTAL 599953 Wh 554007 Wh 45945,42 Wh 

          8,3%   

VENTILATED AIR GAP 2.5 cm - ABSORPTION 0.5 

  SHADING SCREEN SLAB FLAT SLAB DIFFERENCE 

EAST 388603 Wh 491765 Wh -103162 Wh 

NORTH / SOUTH 637477 Wh 729577 Wh -92099,2 Wh 

WEST 466158 Wh 558244 Wh -92085,4 Wh 

TOTAL 1492238 Wh 1779585 Wh -287346 Wh 

          -16,1%   



 

   
 

Fig 8. Construction details 

CONCLUSIONS ON THE DESIGN OF THE SHADING SCREEN SLAB AND  POSSIBLE DEVELOPMENTS  

On the basis of the simulation tests results described above, it was possible to verify and validate the 

intuitive hypothesis that a component covering ventilated facades can have properties which reduce 

the absorption of solar energy in climates with high radiation. Test results not only validate the above 

assumptions, but envisage that the efficiency demonstrated by the proposed slab may help even in 

temperate climates, especially with regards to hot seasons. 

The association between factors such as the heat resistance of brick, the design of a corrugated surface 

that can cast shadows on the surface, holes in the interior designed to improve the resistance to the passage 

of heat, seems therefore, on the basis of the obtained results, a  "good optimization strategy of the outer skin" 

of a facade with advanced screening, as part of a systemic logic oriented towards sustainable development. 

The levels of reduction of the heat flow through the component that have been recorded in the tests are 

to be allocated only to the shape factor, and therefore future developments could be further in-depth 

studies that also consider the fluid dynamic aspects of the heat transfer flow, in order to have an even 

more accurate picture of the functioning and performance of the slab. These further investigations 

could also affect the cladding system with a slab placed horizontally and vertically, as it is expected 

that at the facades facing north and south the vertical arrangement can help to increase performance. 
 

NOTES 
1. The following paper will develop contents of PhD thesis in Architectural Tecnology and Design of 

University of Florence (XXI Cycle).Energy Efficiency of Building Envelope for Hot-Humid climate.  

2. The calculation of slab’s thermal properties was carried out in collaboration with Eng. G. Zanarini(Alveolater Gr.) 

3. The energy performance of building envelope was developed in collaboration with the Department of Energy 

“S. Stecco” to University of Florence – prof. M. de Lucia and Ing. D. Fissi. 

4. In locations close to equator, the east and west surfaces are subject to higher irradiation 
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ABSTRACT  
Zero Energy performance buildings have gained more attention since the publication in 2010 
of the EPBD recast [1]. Meanwhile the USA promotes “marketable zero energy homes in 
2020 and commercial zero energy buildings in 2025” [2]. Japan proposes “carbon neutralized 
buildings”, including existing buildings, by 2050 [3]. The UK government aspires to achieve 
a zero carbon standard by 2016 [4]. With countries well on the way to putting this new 
standard into effect, worldwide around three hundred buildings are already claiming Zero 
Energy or similar performance [5]. Successful implementation of such an ambitious target 
depends on a great variety of factors. For designers and code writers these include: balancing 
climate driven-demand for space cooling with climate-driven supply for renewable energy 
resources and/or matching building design to shade from the sun in summer while providing 
for good daylight. With a literature full of theoretical advice and a building industry rife with 
myths about the value of technologies, the study of these existing buildings may be decisive 
in establishing the best strategies for achieving true Net Zero energy performance.  

The authors of this paper, who are active participants in the IEA Task 40/Annex 52 
(“Towards Net Zero Energy Solar Buildings”) [6] intend to present and discuss the strategies 
used for cooling a number of selected buildings identified in the project database as zero-
energy balance, with the aim of defining solution sets and indicators of relative performance. 
The buildings, which incorporate solutions for passive cooling, have been divided into three 
functional component sets: overheating prevention, heat rejection, and modulation and 
control. The IEA NZEB buildings demonstrate a range of passive solutions for both 
residential and non-residential situations to show that it is possible to reduce cooling loads 
through passive design. This has contributed to reduction of the size of the active systems 
with the aim to cover the residual energy demand through Renewable Energy Systems, 
getting the overall building energy balance to zero. This paper will review the insights that 
this classification process has revealed. 

 
 



PASSIVE APPROACHES FOR COOLING IN NZEB DESIGN 

Net Zero Energy Design 
A Net Zero Energy Building (NZEB) is defined as a high energy performance building that 
over a year is energy neutral. In the international context, the most frequently cited definitions 
are “net zero site energy” and “net zero source energy” [7]. “Net zero site energy” means that 
the annual balance is based on the grid interaction at the boundary of the building site, i.e. the 
overall energy delivered to the building from the utility grid has to be offset by the overall 
energy feed in to the grid. In the “net zero source energy” definition, which is the one that 
matches the currently used by EPBD recast in a nearly zero-energy context [1], the energy 
(delivered from and feed into the grid) has to take into account primary energy conversion 
factors. Although there is no exact approach for designing and realizing a net-zero energy 
building (there are many different possible combination of building envelope, utility 
equipment and on-site energy production equipment able to achieve net-zero energy 
performance) there is some consensus that zero energy buildings design should start from 
passive sustainable design [8, 9]. It is in the line of this principle that most of the zero energy 
buildings are now designed [e.g. Enerpos building in cooling dominated climate]. According 
to this, the net zero-energy performance may be achieved as a result of executing two 
fundamental steps (Figure 1a): (a) reduce building energy demand - energy efficiency and (b) 
generate electricity or other energy carriers, to get enough credits to achieve the desired 
energy balance - energy generating. 

As one can observe from Figure 1a, “energy saving” is the start-up step in NZEB design. 
Passive approaches play a fundamental role in addressing NZEB design as they affect directly 
the loads put on the buildings mechanical and electrical systems, and indirectly the strive for 
renewable energy generation. In general, in heating and cooling dominated climates, the 
passive heating solutions must be studied together with the cooling solutions in order to avoid 
undesired overheating and glaring by daylight. Passive cooling are pursued mainly by 
increasing building time constant through thermal inertia increasing, to allow a significant 
building cooling load reduction while the benefits of natural ventilation and daylighting are 
explored. On the other hand, in cooling dominated climates characterised by a high potential 
for natural ventilation, wall insulation should be avoided to allow an easier cooling of the 
house during the night (something that the insulation will prevent). Generally, the design of 
passive solutions of NZEB´s may be a challenging task given the constraints related to desired 
energy performance level/CO2 emission reduction target, climate, type of building, etc. 
Although the main principles applied in passive sustainable design are well known, the 
fundamental issue here is to find if the same can be applied in NZEB as well. 

Passive Cooling Approaches 

The passive approaches used for cooling the building usually is divided into three functional 
component sets: overheating prevention, heat rejection, and control. Whereas the purpose of 
the passive heating is to draw heat into the building, the purpose of a passive cooling is to 
prevent, remove or reject the heat from the building. Thermal insulation can work both ways – 
preventing building heat loss keeping the indoor warm, or preventing the heat transfer from 
outdoor to indoor, keeping indoor cold. The external shading devices (overhangs, screens), 
represent another effective passive cooling system reducing or preventing overheating on the 
building south and west oriented spaces. The rejection of the building heat gain from the 
external environment can be achieved by facilitating heat loss to the following natural sources 
of cooling: air movement, cooling breezes, evaporation and earth coupling. One of the most 
successful cooling strategies used to reduce the internal loads of the building, by means of 



heat rejection, is natural ventilation. Natural ventilation relies on the natural airflow and 
breezes to reduce the need for mechanical cooling and to improve the indoor air velocity 
when the building is occupied. Ventilation coupled to an earth tube system that use the earth 
as the cold source, is another strategy often used to reduce the building internal loads by pre-
cooling ventilation air and evacuation, rejection. In synthesis there are three categories of 
passive cooling systems which can prevent or disperse the heat reducing building cooling 
load: by radiation to the sky, convection to the air and conduction to the ground. 

CASE STUDIES 
In order to find out details and discuss the strategies used for cooling in NZEB design, twenty 
projects have been selected from the IEA Task 40 project data base for analysis. These case 
studies, which represent zero-energy/near zero-energy or plus-energy balance buildings, are 
well documented in terms of physical characteristics, monitored and/or simulated energy 
performance, as well as lessons learned about designing, operating, and post-evaluating 
processes. The twenty selected projects are of residential and non-residential type and 
correspond to three different categories of climates-heating dominated, heating and cooling 
dominated and cooling dominated, as it can be seen from Table 1. 

 
Residential buildings Non-residential buildings 
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Table 1: Case studies 



Energy Performance 
The building design associated to 20 selected cases comprises a variety of energy-saving 
strategies able to provide an energy performance, at least 50% better than that of a standard 
building (a criterion used for selection). The energy performance of the selected buildings in 
terms of energy efficiency versus energy production can be seen in Figure 1b which clearly 
illustrates a number of 7 net zero-energy buildings, the remaining being either nearly zero-
energy (6 buildings) or plus-energy balance (7 buildings). Primary energy is used as metrics 
for the annual energy balance. 

 

(a) (b)
 

Figure 1: (a) NZEB fundamental steps; (b) Annual energy performance of 20 case studies 
estimated relative to “zero-energy” 

Passive Cooling Approaches of 20 Case Studies 
In order to have a clear picture of the cooling strategies adopted in the 20 case studies, the 
passive strategies were summarised and then ordinated according to relevance in Figure 2.  

 

 
Figure 2: Relevance of passive cooling measures across 20 case study buildings according to 
building type (percentage) 



As it can be seen in Figure 2, all residential buildings rely on thermal insulation and 
sunshading in terms of “prevention”, whereas natural ventilation (50% share), followed 
closely by ground cooling (30% share), are applied for “rejection”. To obtain a clearer picture 
on this issue, the passive cooling strategies adopted for each building were summarised 
according to climate and building type in Figure 3.  
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Figure 3: Passive cooling measures across 20 case study buildings according to building type 

According to Figure 3, the most common heat rejection strategy used in heating dominated 
residential buildings is natural ventilation. Earth tube exchanger is mostly used in heating and 
cooling dominated climate, where natural ventilation is likely less effective during cooling 
season due to the high temperature during the night too. 

A similar analysis applied to non-residential buildings (Figure 2 and 3) reveals that thermal 
insulation and sunshading are used as prevention measures, although not always. Natural 
ventilation appears as the most common strategy for heat rejection (90% share), whereas earth 
tube exchanger, night cooling green roofs/façades, thermal chimney and evaporative cooling 
come in second place with equal shares (Figure 2). Figure 3 shows that heat rejection 
strategies are usually applied in combinations higher or equal than 2 in order to reduce the 
building cooling loads. The exception to this rule is made by “Solar XXI” and “Acciona”, 
with 3 and 4 rejection strategies applied at the same, respectively. This approach is likely to 
be due to lack of existence of HVAC equipment in both cases.  

FINAL REMARKS 
In order to present and discuss the strategies used for cooling in NZEB design, a number of 20 
case studies have been selected from IEA Task 40/Annex 52 (“Towards Net Zero Energy 
Solar Buildings”) project database.  



The analyses carried out regarding the strategies and indicators of relative performance of 20 
case studies revealed that it is possible to achieve zero-energy performance using well known 
passive cooling strategies, a fact which provides evidence in the support of the theory that 
zero-energy buildings design is a progression of passive sustainable design.  

A close inspection on the results revealed that zero-energy performance of residential 
buildings can be properly addressed, in terms of passing cooling approaches, using thermal 
insulation in combination with either natural ventilation or earth tube exchanger, according to 
climate type. With regard of non-residential building types, the results shown that passive 
cooling approaches become more diverse, a fact easily explained by the greater cooling loads 
and different type of use.  

Although the role played by each strategy individually remains to be demonstrated, it is 
believed that this paper presents useful insights into decisions relating to type of strategies 
likely to succeed in achieving a true zero-energy performance in a certain type of climate. 
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ABSTRACT 

The year round operating safety of computer servers is evident in the day-to-day business. To 

reach stable climatic server room conditions the whole electric energy supplied the room plus 

the external heat load has to be removed via an air-conditioning system. To reduce the electric 

energy consumption for cooling of the server room a system for “free cooling” and 

“adsorption cooling” mode was installed. The first measurement data show the stable 

operation and a reduction of the electric energy consumption of this promising concept.   

 

INTRODUCTION 

Our enterprise has the ambitious goal of reducing the overall energy consumption while 

continuously growing its business. In 2009 a second server room for redundant data backup of 

the whole company was installed. For the cooling of this server room different cooling 

methods and systems were analyzed in depth. As compressor based air conditioning systems 

use a significant amount of electric energy and therefore well controlled and reliable computer 

server room cooling is very expensive. An air conditioning system using solar thermal energy 

looked highly promising since the cooling demand correlates also with the level of solar 

radiation. 

To reduce the electric energy consumption level, we have realized an air cooling system 

combining an adsorption chiller with a solar thermal system using flat plate collectors [1]. The 

goal of this field experiment was to track, analyze and verify the cooling performance in a day 

to day operation of the computer server room under real weather and operation conditions 

throughout the summer 2010. In the following the schematic and photos of the installed 

system are presented and first results are discussed. 

 

COOLING METHOD AND SYSTEM 

The cooling system was designed for a yearly cooling energy demand of Q=70’080 kWh 

representing our enterprise’s computer server room with a cooling power load of Pcool=8 kW 

and a coolant inlet temperature of Tin=20°C to the water-air cooling rack of the computer 

server. The cooling system has two operating modes - “free cooling” and “thermal driven 

adsorption cooling” - which are selected depending on the ambient temperature Tamb. The aim 

is of the concept is to keep the energy ratio in the modes of “free cooling” to “adsorption 

cooling” in the range of approx. 80% to 20%. Free cooling is activated if the outside 

temperature Tamb is below 18°C and for all other temperature levels the system operates in the 

adsorption cooling mode if the temperature in the hot water storage tank is above T=65°C. 

The target cooling temperature of the adsorption chiller is adjusted to T=15° (outlet 

temperature). 

In Fig.1 a schematic of the cooling system is shown. The heat rejection subsystem for both 

modes is equipped with a re-cooler mounted on the roof top of the building in which the 

server room is located, Fig.2. To prevent freezing of the water coolant of the server a heat 

exchanger is installed to separate the indoor circuit from the outdoor circuit which is filled 



with antifreeze liquid. So, the excessive heat of the server room is either directly transferred to 

the re-cooler (ambient) or through the adsorption machine. The adsorption machine is a 

Pcool=8kW SORTECH ACS08. 

 
Figure 1: Schematic of the cooling system with an adsorption cooling chiller. 

 

 
Figure 2: Photo of the flat plate collector field (back) and the heat rejection cooler (front 

right). 
 

The ACS08 adsorption chiller consists of two separated chambers of which each has one 

integrated adsorption-desorption silica gel coated heat exchanger. For a quasi continuous 



operation one chamber is in the desorption-mode and the other in the adsorption-mode [2]. In 

the adsorption machine the cooling effect is achieved through the evaporation of water out of 

the evaporator chamber into the adsorption chamber. The major advantage of adsorption 

chillers compared to absorption machine is that they run with a lower operation temperature 

range of TDes=55° to 90°C. This was a very important consideration when using flat plat 

collectors as their working temperature matches quite well with that of the adsorption chillers. 

The thermal energy source of the adsorption cooling machine is a flat plat collector field with 

10 collectors having a total absorber area of ACol=23 m
2
, see Fig.2. A conventional closed 

loop hydraulic pump system is installed to transport the solar energy from the collector field 

to a V=1000 liters hot water storage tank. This storage tank acts as a buffer for a certain sun 

less time. 

All key data like temperature, fluid flow, valve positions and status of the pumps were 

acquired in a logging system. A conventional solar controller system was used to implement 

the above described trigger points. 

 

RESULTS 

A typical temperature profile of the outside temperature on a typical summer day in Hedingen 

(Switzerland) is shown in Fig. 3.  

As it can be seen, the mode of free cooling alone cannot achieve the requested cooling 

temperature of maximum 20°. After 8 AM the outside temperature was already above 20°C. 

At around 11 AM the storage temperature exceeds the required 65°C and the adsorption 

cooling machine starts its operation. From this start on the fluid inlet temperature decreases 

from Tin=24°C down to Tin=15°C, it oscillates around this value with an amplitude of 1°C and 

increases from 6:30 PM on up to 25°C. The adsorption cooling machine ends its operation at 

55°C. 

 

 
Figure 3: Typical temperature profile of the ambient temperature Tamb (roof top) and the fluid 

inlet temperature Tin (Rack Fluid In) in function of day time. 
 



In Fig. 4, the curve shows the temperature in the cooling fluid circuit of the server room 

achieved with the combined modes of free cooling and adsorption cooling. The temperature 

peaks Tin>20°C in the morning was caused by the hot water temperature in the storage tank 

being below 65°C and so the operation temperature of the adsorption cooing machine was not 

reached and the adsorption process could not start yet while free cooling was continuously 

running. This behavior was also partially caused by the south orientation of the flat plate 

collectors. The cause of the temperature peak in the evening was from the hot water storage 

tank being depleted. Because the ambient temperature was higher than Tamb>18°C the system 

was running in the free cooling mode but could not match the necessary load. 
 

 
Figure 4: Temperature Tin by using combination of free cooling and adsorption cooling. 

 

DISCUSSION 

The combined solar thermal cooling and free cooling system proved to provide reliable 

cooling throughout the year. Especially during weeklong hot summer days the computer 

server room temperature was mainly in the defined temperature range and the server was 

7x24h fully functional. The system has also shown that conventional flat plate collectors 

perform well even under a higher temperature application of 75°C and provide the thermal 

energy to the chiller when a higher load results. Nevertheless the morning and evening 

temperature peaks above Tin=20° are demanding for additional measures. One possible 

solution is the implementation of a cold storage tank. Thus providing not only a longer free 

cooling period in the morning because of heat rejection through the colder night time but also 

the storage of cold water from the adsorption machine throughout the day in order to support 

the free cooling in the evening. In our system setup we expect a V=1000 liter cold storage 

tank to be large enough to eliminate those server room temperature peaks even under most 

unfavorable ambient temperature conditions. 
 

The analysis of the weather data are showing that at our geographical location in Hedingen / 

Switzerland the annual ambient temperature Tamb is approximately 20% above 18°C. 

Therefore 80% of the cooling demand can be provided by the free cooling circuit.  
 



A drawback of our solar cooling system is its high investment cost. Further optimization 

potential lays in the heat rejection subsystem (re-cooler) where the highest part of the 

electrical energy consumption can be identified. The electric energy use of the various fluid 

pumps could in parts also be reduced by using other “Class A” pumps. All of them were 

operated in an ON / OFF modus but will be operated in a variable speed (0 - 10 V control) 

mode. The performance of the re-cooler can also be further optimized by relocating to a 

shadier and thus colder place to reduce the influence of the roof top sun heated ambient air. 

The results are showing a good coincidence of high cooling demand and solar energy input to 

the solar thermal system i.e. to the adsorption cooling machine. The double use of the re-

cooler in the two modes has shown to be a very efficient way to reduce the overall electric 

energy consumption. Calculations showed that an optimized system can reach a COP of 13, 

resulting in an energy reduction of more than 50% compared to conventional compressor 

based air conditioning systems. The results are reflecting the high potential of thermal solar 

energy for cooling application. 
 

In a further project supported by the Federal Commission of Technology and Innovation 

(CTI) the planned system improvements will be tested in collaboration with the HSR Institute 

for Solar Technology SPF (HSR University of Applied Sciences of Rapperswil). 
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ABSTRACT 

School buildings in Italy traditionally haven’t a cooling plant as during the peak summer 

period they are closed. Otherwise nowadays the teaching period has been expanded and the 

classrooms in many cases are used also for recreations of pupils free from school by local 

authorities. During months like June or September also in North Italy are present periods of 

high diurnal temperature and humidity. Consequently at least in the design of new school 

building some kind of cooling strategy is needed and considering the limited economic budget 

for functioning of this kind of institutions have to be low energy demanding. In this context 

night natural ventilation seems a promising solution able to provide cooling when requested. 

Even if its cooling capacity is limited, an optimized design process can lead to comfortable 

and controllable conditions for the occupants and can reach relevant decreases in energy 

consumption. As a case study the authors assumed the design of a new school building near 

Treviso in the North-East Italy. The purpose of the work is to analyse for northern Italian 

climate the performances of natural ventilation strategies such as stack chimney effect and 

wind induced cross ventilation by means of computational fluid dynamics simulation (CFD). 

Through a climatic analysis the mean wind directions and velocities and the mean ambient 

temperature fluctuations have been calculated. After the climatic analysis a urban CFD 

simulation has been performed to investigate wind behavior near the school building. A first 

design step was the sizing of openings and ventilation chimney by means of normographs and 

after that an internal CFD simulation has been performed with the aim of evaluate air flow 

patterns inside the classrooms. Vent placement and ventilation chimney shape and height have 

been verified and optimized considering a night ventilation flow pattern during summer. The 

internal analysis has highlighted that during a typical summer night the air moves across the 

school room entering from the bottom window and going out from the top chimney, providing 

an air changes value of 9 volumes per hour. This night summer air flow pattern lead to a 

surface temperatures reduction of about 2,2°C and to an air temperatures reduction of about 

4,7°C. 

INTRODUCTION 

In recent years cool night air flow into the buildings has been rediscovered as one way to 

reduce energy consumptions for conditioned spaces and decrease air and building’s structures 

temperatures. Many natural ventilation strategies have been developed and analysed for 

different climate. Wittchen [1] used local weather forecast to control the passive night cooling 

obtaining indications of improvements to the indoor climate. Macias [2] worked on solar 

chimneys with absorber and building shape to allow totally passive night time cross 

ventilation without window opening, obtaining night temperatures drop down to around 20°C 

starting from the 28°C of the reference case. Lomas [3] studied temperature reduction related 

with passive ventilation, pointing out that passive ventilation can reduce greatly mean radiant 

temperatures. Field experiments performed by Kubota [4] indicate that the cooling effect of 

night ventilation is larger than those of the other ventilation strategies during the day and 

night in hot humid climate; it was observed that the night ventilation technique lowered the 



peak indoor air temperature by 2,5 °C and reduced nocturnal air temperature by 2,0 °C on 

average, compared with other ventilation patterns. The major obstacle, pointed out by Kubota 

in applying night ventilation is the high humidity values carried in. Other studies on reliability 

of the design of natural night ventilation have been performed from Breesch [5] considering a 

list of influencing input parameters for the building simulation in energy and airflow network 

simulation tools, and a suitable long term evaluation criterion. The analyses has pointed out 

that reliability of building simulation results depends on the accuracy  of the input data and a 

practical guideline has been suggested. Related to night cooling efficiency  Geros [6] studied 

urban microclimate and its influence on the performance of the passive cooling techniques. 

The result of the latter research shows that the use of the undisturbed climatic conditions 

dominant outside the urban context is not appropriate for the study of night ventilation; both 

temperatures and wind profiles are very different and using undisturbed climatic conditions 

passive cooling efficiency is overestimates. Concerning building energy simulation, an 

overview of pressure coefficient data has been done by Costola [7], in which the influence by 

a wide range of parameters on pressure coefficient has been highlighted and the lack of 

information about the uncertainty associated with the values, provided by each data source 

raises questions about the accuracy of building performance simulation based on these data. 

This paper presents a detailed study of natural ventilation contest for a primary school in 

Montebelluna near Treviso, Italy. During summer period, natural ventilation conveys, as 

much as possible, fresh external air inside the building. In many schools, where the 

occupational period is limited to diurnal hours, natural ventilation can be used to remove heat 

stored by the building structures and as pre-cooler system during the morning of the next day. 

However, it is important to put in evidence that the greater is the internal-external temperature 

difference, the higher natural ventilation effect. Thus, natural ventilation technology is 

particularly useful especially during summer nights when the above mentioned temperature 

conditions are satisfied [8]. The aim of this work is to verify and optimize natural ventilation 

strategies such as stack chimney effect and wind induced cross ventilation by means of 

computational fluid dynamics analysis. The results will be compared in terms of air 

temperatures, radiant temperatures and comfort indexes. 

CLIMATIC ANALYSYS 

As a starting point a local climatic analysis was performed. Direction and velocity of wind 

and air temperatures have been analyzed in order to evaluate if the local climate are suitable 

for the natural ventilation strategies. Successively an urban CFD study has been performed to 

understand the possible wind impact in terms of velocities and pressures, near the school 

openings. Finally, a CFD analysis, has been performed inside the school for the south oriented 

classrooms and the air and surfaces temperatures and comfort indexes have been analyzed 

before and after the natural ventilation process. The local meteorological service authority 

(ARPAV, Environmental Agency of Regione Veneto) was able to make available hourly the 

following variables: air temperature, air humidity, solar radiation, wind direction, wind 

velocity and rainfall. Since no climatic data was available for the design site (Montebelluna) 

weather data of three adjacent sites (Volpago, Maser and Castelfranco Veneto) with a 

maximum distance of 18 km, have been used. The data find out covered a time period from 

2005 to 2009. As consequence a new weather file with averaged hourly values has been 

created for the climatic analysis and for the energy simulation process performed to calculate 

the boundary conditions for the CFD simulation. A wind analysis has been performed for the 

wind direction during summer nights for the three sites. In the city of Castelfranco, the wind 

blows mainly both from NorthWest and NorthEast, for the Maser climate, the wind blows 

mainly from North East, and in Volpago the wind blows mainly from North West and North 

during summer nights. It is reasonable to consider the wind in Montebelluna blowing, during 



summer nights  from North, North West and North East directions. A further study on mean 

wind velocity has been performed pointing out that the wind doesn’t achieve significant 

velocities during summer nights and the velocity values are roughly 0,6 m/s. These values 

doesn’t create high dynamic pressures on building facades, however a comparison with 

pressure gradient generated by temperature differences between inside and outside the school 

must be done, to avoid conflicts between the two pressure gradients and for a correct 

positioning of the natural ventilation openings. Another crucial parameter for natural 

ventilation analysis is the ambient air temperature. A basic condition for natural ventilation, 

used as passive environmental control technology, is that the ambient night summer air 

temperature is lower than the inside air temperature. This temperature difference contributes 

to create vertical pressure gradients which is partially responsible of the so called “stack 

effect” in which the higher the difference between the inside and outside air temperature, the 

greater the heat removed from the room. In figure 2 a typical temperature behavior in a 

summer month is shown. Low minimum temperatures corresponds to night period in which 

the air temperature values are between 15°C and 20°C. These ambient air temperature values 

are low enough for generating temperature differences of about 5°C – 6°C with the inside air 

temperature. 

  

Figure 1: External air temperature fluctuation during the month of July (left). Givoni’s chart 

for July with different comfort area: usual summer conditions, presence of exposed mass plus 

night purge ventilation (EM+NPV)  and natural ventilation (NV) (right). 

A Givoni’s chart has been developed to support the natural ventilation approach at the design 

and is reported in figure 1. The two passive technologies connected with natural ventilation, 

exposed mass plus night purge ventilation (EM+NPV) and natural ventilation (NV) expand 

the comfort zone during summer night. Givoni’s chart supports previous considerations about 

wind and ambient air temperatures, confirming that natural ventilation is a useful passive 

technique in this area that can contribute to cooling energy reduction. 

URBAN AREA FLUID DYNAMICS ANALYSIS 

On the basis of the climate analysis outputs a computational fluid dynamics (CFD) model was 

set up to study the wind velocities and pressures near the natural ventilation inlet and outlet 

openings using PHOENICS from CHAM [9]. It is based on the solution of the differential 

equations expressing the balances of mass, momentum and energy integrated in a finite 

volumes scheme [9]. A steady-state CFD analysis at an urban scale was performed. The 

simulation domain are 220 metres long, 220 metres large and 30 metres high. A 3D analysis 

grid has been specified with 2.282.280 cells. Two different scenario were set up considering 

the average summer night condition the two nearest cities, Maser (scenario A) and Volpago 

(scenario B). Specifically the air get in at the boundaries of the domain with mean velocity 



and direction obtained from climatic analysis. It was assumed a logarithmic wind vertical 

velocity profile with an effective roughness height of 0.5 (because of the presence of 

numerous obstacles). The absolute wind speed at the reference height was 0.4 m/s for scenario 

A with reference height of 5 m, and 0,6 m/s for scenario B with reference height of 2 m. Air 

get in the numerical domain with a wind direction of (the wind direction in degrees relative to 

north, clockwise is positive ): 45° (North-East) in scenario A and 337,5° (North-West) in 

scenario B. The velocity fields reported in figure 3, show that the wind velocity, initially not 

so strong, is further reduced by the effect of the ground roughness and the building 

obstructions in the neighbour area. In the two scenarios A and B respectively the mean 

velocity near school building are respectively 0,28 m/s and 0,44 m/s. 

  

Figure 3: The computed velocities fields around school for scenario A on left and B on right 

Further considerations could be done about wind pressures against the building. It is 

necessary to verify that the pressures generated by the wind are consistent with the ventilation 

openings position. A good practice [12] is design natural ventilation inlet openings in positive 

pressure conditions, i.e. windward side of the building, and design natural ventilation outlet 

openings in negative pressure conditions, i.e. leeward side of the building. This design 

technique assures that wind blows through the building entering from the windward side and 

going out from the leeward side of the building, assuming no obstruction inside the building. 

As shown in figure 4 the inlet openings of the building school are on the windward side of the 

building (positive pressure) for scenario A and the same conditions are verified for scenario 

B, also in this case a positive pressure value near the inlet opening is calculated by the CFD 

simulation.  

  

Figure 4: Wind pressures  for scenario A on left and B on right 



CLASSROOM ENVIRONMENT ANALYSIS 

A CFD and energy analysis has been performed also for indoor school's rooms; the energy 

simulation has been undertaken with EnergyPlus software [10] and the CFD simulation has 

been undertaken with DesignBuilder software [11]. The energy simulation results, in terms of 

surface temperatures and air flow rates through openings, have been used as boundary 

conditions for the CFD simulations. In the energy simulation vents have been considered 

opened during night hours from 23:00 to 6:00 and closed during day hours from 7:00 to 

22.00. The energy simulation has been performed with one hour time-step during a 

representative day for the typical week during summer. The section of the typical classroom is 

shown in figure 5. The architect for ventilation considered the utilization of windows and the 

adoption of a chimney. There are 4 openings, two of them are at the top of the ventilation 

chimney and the others are in the south-exposed window. The double ventilation chimney’s 

openings, towards the North and towards the South, is designed with the aim to promote 

natural ventilation both by means of temperature driving force and by means of wind driving 

force. If the wind driving force is stronger than the temperature one, the north chimney 

opening will let the wind enter the room. At the opposite, if the temperature driving force is 

stronger than the wind one, the north chimney opening will let the air go out the room. 

 
 

Figure 5: Typical school room section (left) and temperature distribution at 23:00 (right). 

Figure 5 shows the results of CFD analysis in a section of the school's classroom. At 22:00 the 

school room air temperature, just before vents opening, is roughly 24°C. After one hour, 

figure 5 (left), the temperature falls down because of the effect of fresh air entering the room 

and at 1:00, the air temperature value is quite uniform and equal to 21°C. By the end of the 

night the air temperature goes down until its minimum value of 20,1°C at 5:00. Air velocities 

inside the room are under 0,25 m/s and the mean air changes rate is equal to 9 1/h. The air 

flows from the bottom openings to the upper openings towards the ventilation chimney. For 

this particular moment, in the summer night, the temperature driving forces are stronger than 

the wind driving forces, thus the air comes into the room from the south-exposed openings 

and goes out from the top of the chimney. The air movement during night hours affects both 

air temperature and radiant temperatures. During typical summer week, in night time, mean 

air temperature values are 24,2°C and 20,3°C and mean radiant temperature are 23,8°C and 

22,7°C respectively before and after night cooling. Using environmental parameter values 

obtained from simulation (mean radiant temperature of surfaces, temperature, velocity and 

humidity ratio of the air) a further analysis has been performed on comfort inside the 

classroom. The comfort indexes (PMV “predicted mean vote” and PPD “percentage people 

dissatisfied during diurnal hours with and without night natural ventilation has been 

calculated assuming a clothing resistance of 0.5 clo and an activity level of 1.2 met. In typical 

summer conditions starting from not highly critical climate with a PMV around 0,3 (slightly 

warm) without natural ventilation, after the adoption of night ventilation strategy the index 



resulted closer to 0 (thermal neutrality), during the central hours of the day. Regard to PPD 

index, values very close to 5%, essentially during week days, have been calculated after 

adoption of the night natural ventilation, in contrast with 7% or 8% of PPD values without the 

natural ventilation. 

CONCLUSIONS 

A natural ventilation strategy shall be adopted by means of a very integrated design process 

starting from a detailed climatic data analysis supported by CFD analysis. The climatic 

analysis is very useful to understand if the project location climate is really suitable for 

passive technologies like natural ventilation. In the case study the climatic and CFD analysis 

has pointed out that the local wind intensity are very low (0,2 m/s – 0,4 m/s). However the 

ambient night summer air temperatures, between 15°C and 20°C, are low enough to provide 

fresh air movement and recirculation inside the school room and natural ventilation benefits. 

The CFD urban analysis has pointed out that in the local urban context vent openings can 

receive a useful air flow. The next step in the design process is an indoor CFD analysis in 

order to evaluate the indoor air movements. This analysis in the case study has highlighted 

that the effect of the natural ventilation operating from 23:00 to 7:00 is to reduce air 

temperatures of 4°C - 5°C and radiant temperatures of 1°C - 2°C. This temperature reduction 

directly affects energy consumption for building conditioning by pre cooling structures during 

night. Finally a indoor comfort analysis has highlighted that,  with night natural ventilation, 

PMV and PPD comfort indexes are very close to neutral sensation in typical summer 

conditions. PMV index is between -0,2 and 0,1 and PPD index is between 5% and 6%. 
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ABSTRACT  

The reduction of air-conditioning energy consumptions is one of the main indicators to act on 

when improving the energy efficiency in buildings. 

In the case of advanced technological buildings, a meaningful contribution to the reduction of 

thermal loads and energy consumptions could depend on the correct configuration and 

management of the envelope systems. In recent years, the architectural trend toward highly-

transparent all-glass buildings presents a unique challenge and opportunity to advance the 

market for emerging, smart, dynamic windows. 

A prototype  dynamic glazing system was developed and tested at ITC-CNR; it is designed to 

actively respond to the external environmental loads. Analyses by theoretical models were 

carried out, aimed at evaluating the possible configurations depending on different boundary 

conditions, such as weather conditions and airflow. Therefore, the analytical models of the 

building envelope were defined by using a software, called WIS, setting up physical models, 

calculating a solution and analyzing results. 

The variables that determine the system performance, also influenced by the boundary 

conditions, were analysed, such as U and g value and surface temperature of the internal 

glazing; they concern the morphology of the envelope system, such as dimensions, shading 

and glazing type, gap airflow thickness, in-gap airflow rate, air path and management, in 

terms of control algorithm parameters tuning fan and shading systems, as a function of the 

weather conditions. 

The configuration able to provide the best performances was finally identified by also 

assessing such performances, integrating the dynamic window in the heat recovery system. 

The dynamic envelope system prototype has become a commercial product with some 

applications in façade systems, curtain walls and windows. 

The paper describes the methodological approach to prototype development and the main 

results obtained. 

 

CONTEXT 

The building energy efficiency improvement should be pursued, first of all, by reducing the 

building net energy demand. This can be achieved through suitable architectural and 

constructive choices in order to control the energy fluxes induced by the weather conditions 

and building operation. A good building envelope allows the size of both HVAC and lighting 

systems to be reduced. These aspects are significant  for office building design where wide 

transparent surfaces are used and the request for high performance components boosted the 
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façade market towards technologically improved products, without actual performances that 

could justify the high prices. 

The phases of design, development, realization, commissioning and the management of a 

dynamic envelope component should be carried out by focusing on the needs of building 

typologies, not defining a close system, but an open one, able to be tailored to the specific 

building where it will be installed. 

A dynamic glazing system prototype was studied at ITC-CNR to evaluate the performance 

and the capability of the system itself to fit all the possible working conditions.  

SYSTEM DESCRIPTION 

The analysed dynamic system is a double glazing. The system envisages internal blinds and 

the possibility to mechanically ventilate the inner gap by a fan. 

 

 

Figure 1. Operation of VetroVentilato 

 

The gaps’ sizes, the panes typology, the shading component characteristics and the 

management of the whole system are defined and set in the design and commissioning phases, 

and the system can operate stand-alone or be integrated with the HVAC plants. 

The control system allows the main operational parameters to be monitored and to actively 

drive the fan, in order to optimise the passive gains and the indoor environmental comfort. 

Such versatility allows also the designers a broad freedom to refurbish energivorous buildings 

acting on the existing windows without replacing them, but by integrating the upper frame 

with the mechanical ventilation system, called VetroVentilato. The dynamic system 

performance was assessed in comparison with a reference glazing system with the same type 

of glass. The same type of windows were considered. The difference is that, regarding the 

dynamic system, the air is drawn from the indoor environment by a fan placed at the top of 

the internal gap and ejected in summer and winter, while in the reference glass there is no air 

change in the gap. 

 

 



GLAZING 

ELEMENTS 
Reference glass VetroVentilato 

Outside Clear glass 4+4 Clear glass 4+4 

 Air gap: 12 mm Air gap: 12 mm 

 Glass  low-E 3+3 Glass  low-E 3+3 

 Air gap: 20 mm Ventilated gap: 20 mm 

Inside Semi-transparent blind Semi-transparent blind 

Table 1. Glazing considered in the analysis 

METHODOLOGICAL APPROACH 

The dynamic system performance was assessed in comparison with a reference glazing 

system, both through an experimental campaign, using the methodological approach of the 

outdoor test cells, and analytically, using WIS, that is a tool to assess the performance of the 

glazing system with a given air flow inside the gap. The heat transfer coefficients were 

calculated by the software in compliance with ISO 15099. 

The last stage of the analysis was aimed at generalising the experimental results, obviously 

dependent on some boundary conditions which were not controlled (e.g. weather conditions).  

An experimental campaign foresees the analysis of the innovative envelope system and all of 

its characteristics for the purpose of identifying the independent and dependent variables. 

Independent variables are: fan power; type of fan; difference between the air gap and the 

indoor air temperature. Dependent variables are: U-value, g-value, energy consumption; 

predicted percentage of dissatisfied (PPD); air change. Dynamic simulations were used, in 

order to generalize the experimental results, trying to apply the dynamic envelope system to a 

real building and in different climatic conditions. 

Outdoor test-cells 

The test cells at ITC-CNR allowed to compare the energy efficiency of different envelope 

systems. Throughout the experimental campaign the system operative parameters were 

directly measured, and then used as inputs for the simulations. In order to compare the 

measures obtained during the experimental campaign, two main parameters were used: energy 

consumption to maintain the set indoor comfort conditions and the air change rate (assessed 

through the tracer gas method). 

 

Figure 2. Outdoor test-cells 



RESULTS 

The results obtained with the experimental campaign and the analytical analysis are illustrated 

below.  

Experimental campaign 

Energy consumptions were measured in active conditions by a thermostatic control of the two 

test cells at 20 °C. Such a comparison allowed the estimation of a mean energy saving of 

about 10% for the cell with the dynamic system compared with the standard one.  
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Figure 3. Energy consumption 

In a steady operational mode, the dynamic system ensures a better comfort (Δ ≈ 50%) when 

the external temperature reaches the maximum value (T ≈ 30°C). Andamento orario PPD
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Figure 4. PPD comfort index in a spring day 

 



Simulations 

The analytical analysis carried out with WIS shows that in the case of ventilated gaps (from 

lower/in to upper/out in winter conditions and in summer conditions) short-cuts (pathways) 

are created for energy flows that would not be present in the case of non-ventilated gaps. 

Again, this will influence the U-value, but less strongly than with gaps ventilated from indoor 

to indoor. 

 

 

Figure 5. U-value pattern depending on the air change per hour  

 

Figure 5 shows the curve fitting, in winter and summer conditions, describing the relationship 

between U-value and ventilation air flow rate; on the graph are also plotted the mean U-values 

of the same double pane glass, without ventilation (calculated in compliance with EN 673), of 

1.4 W/m
2
K. The asymptotic curve decreases as ventilation increases, starting from a U-value 

of about 1.0 W/m
2
K (no ventilation), it goes down to 0.2 W/m

2
K, with a hypothetic 

ventilation rate of 150 m
3
/h. 

CONCLUSIONS 

The experimental campaign shows quite good energy saving and comfort performances. The 

analysis of the heat fluxes, and subsequently of the temperatures, allows the detection of a 

significant improvement of the internal environmental conditions between a double glazing 

and the analysed dynamic system, with more or less relevant variances according to the 

configurations. It is shown that the best thermal comfort condition is reached when the fan is 

activated. 

Following the used methodological approach it is possible to handle a complete assessment of 

the component. In this way the choice of the best configuration of the dynamic system, in 

relation with planning requirements, can be carried out with full knowledge of all its 

capabilities and the requirements it can satisfy. 
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ABSTRACT  
In hot-arid climate of Yazd, there is a great heritage of traditional underground structures. 
These undergrounds are considered as shelters against high temperature extremes and intense 
solar radiation. The earth mass can serve as a natural passive cooling source for these 
buildings. In summer the soil temperature, at a depth of a few meters, is always below the 
average ambient temperature, and is especially below the daytime air temperature. Due to its 
density and specific heat, it has a high heat capacity. The high heat capacity allows a damping 
of the aboveground temperature fluctuations at a rate exponential to soil depth. It thus has the 
potential to serve as a heat sink with either passive or active mechanisms of heat transfer from 
the building. 

In order to gain an understanding of the subsurface climate, we should well document it. 
Unfortunately the subterranean climate in Yazd has not been studied over a long period of 
time. The subsurface environment is governed by a number of factors, including the 
prevailing climatic conditions of the locale and thermal and physical properties of the soil, 
such as density, thermal diffusivity and moisture content. 

In this article, a predicted profile of the periodic variation of subsurface temperature with 
depth is presented for the soil conditions of Yazd. The generation of the profile is based on 
Lab’s equation for subterranean temperatures, which takes into account the thermal and 
physical properties of the soil and the local climate. The equation makes use of a 
straightforward mathematical model, the soundness of which has been substantiated by 
sizeable empirical research at different locations. The accuracy of the equation depends on the 
accuracy of quantifying the thermal and physical properties of the soil and surface 
temperatures. The soil properties found in the literature have been measured locally and the 
surface temperatures have been estimated with reasonable accuracy. The subsurface 
temperatures are then compared with the ambient dry-bulb temperature. The profiles are then 
used to analyse the seasonal variations in subsurface temperatures at different depths 
compared with sol- air temperatures. The resulting charts and graphs should be a useful tool 
for those interested in the energy conversation potential of earth-sheltered and earth-bermed 
structures in Yazd. 

INTRODUCTION 
The city of Yazd is located in the central desert of Iran. It has a rich historical architecture that 
is built of heavy mass, thick adobe walls, and vaulted roofs. Almost all the buildings have 
basements that are considered as shelters against high summer temperature. Yazd’s climate is 
characterized by high temperature extremes and intense solar radiation with little cloud cover. 
During the summer, maximum mean temperature is 37.2°C; minimum mean temperature is 
21.2°C, and mean daily range is about 15 to 17°C. In winter, that is almost cold, maximum 
mean temperature is 16°C; minimum mean temperature is 2.6°C, and mean daily range is 



about 13 to 13.5°C. Typical of dry regions, very little precipitation is observed. Average 
relative humidity ranges from 12 to 28% in summer and 25 to 73% in the winter. The amount 
of precipitation is about 61.5 mm in a year. The percent of sunshine hours is 63% in winter, 
69% in spring, 83% in summer, and 75% in autumn [1]. 

From this data, it can be seen that Yazd has hot-dry summers. In regions with extreme 
climates such as Yazd, the underground environment will be noticeably less extreme, with 
relatively small temperature fluctuations. These fluctuations will also be seasonal, rather than 
the wide daily fluctuations of the aboveground environment, and will be subject to a large 
time lag. So, it would be advantageous to investigate the potential thermal benefits of the 
subterranean environment. In Yazd, the local climate is well documented, however, the 
subterranean climate is not. In order to gain an understanding of the subsurface climate, the 
soil must be characterized. Soil is a very good moderator of temperature. Due to its density 
and specific heat, it has a high heat capacity. The high heat capacity allows a damping of the 
aboveground temperature fluctuations at a rate exponential to soil depth [2]. The physical 
properties of soil differ from location to location. These properties and the local climate affect 
the subsurface temperature profiles of a particular location. A favourable subterranean 
environment has the energy conservation potential of reducing heat transfer between the 
surrounding earth and an earth-sheltered or earth-bermed building. Therefore, a prediction of 
subsurface temperature profile as a function of time and depth could be a useful tool. Such a 
profile for the city of Yazd will be presented here. 

It will be shown here that compared with the aboveground climate in Yazd, the predicted 
subsurface environment is much milder. 

METHOD 
Soil temperature, as a function of depth and time, is usually expressed as a sum of one or 
more exponentially damped temperature waves. The formulae of the temperature waves are 
solutions to the heat equation in which the ground is considered to be a semi-infinite solid 
with a plane surface at a uniform temperature. 

Moreland (1978), Kusuda (1975), and Labs (1989) have used models that incorporate surface 
temperature data [3]. Since their equations are similar, only Labs’ model will be discussed 
here. His equation is: 
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Where: tzT , is the soil temperature at depth z and day t, Tm the mean annual ground 
temperature, As the annual surface temperature amplitude,t the time of the year(in days), to 
date of the minimum surface temperature, α soil thermal diffusivity (in m2 per day). 

In several studies the annual patterns of the earth’s temperature have been measured at 
different depths. Givoni has compared the experimental data bringing to a common basis: the 
relative range, at a given depth, relative to the range of the surface temperature. On the basis 
of these experimental studies, which were conducted in regions with different climatic 
characteristics, the values in Table1 is suggested for the range damping factor (F) for soils in 
different climatic regions. The suppression of the annual temperature with depth, for 
intermediate soil in arid and in wet climates, is shown in Table2. [3] 

Combining together the formulae for the range damping factor,F, and the time lag, L, a 
generalized formula estimating the soil temperature, Tz,t , for any depth and time is suggested 
by Givoni [3]:  



( ) ( )zLtSinATT ZF
smtz ×−−××+= ×− 125986.0exp,                                 (2) 

Where: tzT , is the soil temperature at depth z and day t (°C); Tm the mean annual ground 
temperature (°C); As the annual surface temperature amplitude; t the time of the year (in days); 
F, range damping factor, depends on climate and soil type; z, depth under the surface (in m); 
L, time lag per meter depth, depends on climate and soil type (in days) 

 
Climate Soil type 

Loam/clay Intermediate Sandy 
Desert 0.45 0.50 0.55 
Arid 0.40 0.45 0.50 
Intermediate 0.35 0.40 0.45 
Humid 0.25 0.35 0.40 
Wet 0.20 0.30 0.35 

Table1: Damping factor (F) for different climates and soil types. 
 
 

Climate Soil type 
Loam/clay Mixed Sandy 

Desert 24 25 26 
Arid 22.5 23.5 24.5 
Intermediate 21 22 23 
Humid 19.5 20.5 21.5 
Wet 18 19 20 

Table2: Time lag(L) for different climates and soil types. 
 

Unfortunately, long-term experimental values for mean annual ground temperature in Yazd is 
not available. However, according to Watson and Labs [4], adding about 1.7°C to the average 
annual air temperature can approximate the mean annual ground temperature. In Yazd, the 
long-term average annual air temperature is 19.3°C, thus making mean annual ground 
temperature, Tm=21°C. 

The annual temperature amplitude, As , corresponds to the maximum elevation temperature 
from annual mean of the soil surface. Since the ground temperature is not available, Watson 
and Labs[4] suggest As can be estimated by taking one-half the difference between the July 
and January monthly average air temperatures and adding 1.1°C. The July and January long-
term monthly average temperatures, taken from 50 years of statistics, are 32.51 and 5.47, 
respectively[1]. This leads to a value for As of 14.62.  

As Yazd is located in a desert region with desert climate, and its soil is mixed of loam and 
sand in defferent places, damping factor (F) of 0.50 and time lag(L) of 25 is suitable for it.  

RESULTS 
Eq. (2) can now be expressed for Yazd with variables that are based on long-term climatic and 
soil conditions. The resulting equation is: 

( ) ( )ztSinT Z
tz ×−−××+= ×− 25125986.0exp62.1421 5.0

,                                 (3) 



Eq. (3) can now be used to predict a subsurface temperature profile for Yazd at any depth. The 
results at different depths are graphed and compared to the annual average air temperatures in 
Fig.1. It can be seen that the average air temperature can reach as high as 32.5°C, whereas at a 
depth of only 1 m, the maximum temperature reaches about 29.5°C. At a depth of 7 m, the 
temperature is almost a constant 21°C, that is in summer and winter thermal comfort range.  

Fig.2. compares subterranean temperatures to sol-air temperatures on south wall for a typical 
summer day(15 Aug.). Sol-air temperature is calculated for two different solar absorptivity 
(a=0.4 for cream bricks and a=0.7 for brown ones) that are common materials for external 
surfaces in Yazd.  

Using this data in building heat- transfer applications will reveal the savings in energy. 

 

 
Figure1: Average daily air and subsurface temperature at various depths. 

 
Figure 2: Air, sol-air(on south wall), and underground temperature for August 15. 



DISCUSSION 
It is obvious from Fig.1 that the subsurface cyclical temperature wave is considerably 
dampened when compared to the air temperature wave, especially at increasing depths. The 
subsurface temperatures are shown to be significantly lower when air temperatures are at their 
peak. This observation implies that structures sheltered by the earth will result in decreased 
energy consumption. 

Close study of Fig.1 can give designers insight as to where the optimum depths a building 
should lie and how much of the building should be left exposed, if any. 

Another comparison one could make is the difference in degree-days. When the total heat 
flow for a building envelope is known for a 1°C temperature difference, the degree-day 
concept can be used to find the total energy consumed for known outside temperatures at a 
specific locality. Summing the difference each day of external average temperature and a base 
temperature for days when the average external temperature is above the base temperature in 
summer or under the base temperature in winter, makes cooling and heating degree-day 
calculation. Using the data in Fig.1, with a base temperature of 21°C as an upper limit of 
thermal comfort, and 18°C as the lower limit of thermal comfort, the cooling and heating 
degree-days can be calculated and compared to aboveground. The results are given in Table3, 
which shows that at a depth of 3 m, there is a reduction of 68% in cooling degree-days 
compared with aboveground. At depths beyond 5 m, cooling degree days is almost zero. It 
must also be noted that the comparison is being made to outside air temperatures, neglecting 
the effects of solar radiation that an aboveground building will receive. Since heat-transfer 
calculations normally account for sol-air temperature, the difference between aboveground 
and underground degree days will be more. 

 
 Cooling degree-days (base:21°C) Heating degree-days (base:18°C)
Aboveground 1190.1 1337.4 
Subsurface (m) 
1 1030.57 538.91 
2 625.07 173.33 
3 379.00 8.17 
4 229.80 0 
5 139.35 0 

Table3: A comparison of above- and subsurface cooling and heating degree-days 

Another obvious observation from Table3, shows that at a depth of 3 m, the temperature is 
above 18°C and the heating degree days is zero. So the underground structures can also 
benefit earth thermal stability during cold months of the year. 
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ABSTRACT 
Air conditioning is an important part in building services world-wide in both commercial and 
residential buildings. With the general attempt to reduce the usage of fossil fuels and increase 
the usage of green solutions, the market for solar air conditioning is growing rapidly. 
Solar air conditioning combines solar thermal absorbers to transfer solar radiation into heat 
with heat-driven cooling technologies. Common heat-driven cooling technologies are 
absorption and adsorption chillers using heat to produce cold by a thermodynamic cycle.  

However, solar thermal collectors are currently limited to roof applications, as their black 
surface with its tubing is not aesthetic. This limits the potential amount of possible heat gain, 
which could be used for solar air cooling or heating. 
By using the Klymaa™ opaque coloured solar thermal collectors of SwissINSO, the solar 
coverage for air cooling and/or heating can be significantly increased, as they are aesthetically 
integrated into the façade. SwissINSO’s coloured collectors use a cover glass with a thin 
coating developed by the Solar Energy and Building Physics Laboratory (LESO-PB) of the 
Ecole Polytechnique Fédérale de Lausanne (EPFL). The coating is a multilayer system 
deposited by magnetron sputtering on solar float glass. The solar transmittance e of these 
coatings is high to assure a maximum efficiency of heat absorption by the black absorber 
behind the coloured cover glass. The absorber can be flat-plate or vacuum tubes, depending 
on the needs for the air conditioning, as the cover glass is opaque. 

INTRODUCTION 
Air conditioning in the commercial as well as in the residential building sector is nowadays 
becoming standard. The cooling power is generally provided by electrical-driven compressor 
cooling equipments with huge energy consumption, leading to an increased power demand 
during summer. This means in turn that the emission of greenhouse gasses increases, due to 
this energy demand, which contribute to climatic changes [1].  
There is thus a desperate need to supplement or even better, to replace, the use of fossil 
energies by renewable energies to generate the power needed to control the temperature of 
public or commercial buildings, large residential complexes, educational institutions or 
hospitals. From the renewable energies - wind, sun, water or biogas - the solution of choice is 
the use of solar energy. Solar energy has the great advantage that the solar gains and the 
cooling loads of buildings occur at more or less the same time [1]. Furthermore, it can also be 
used for heating of the building as well as for providing the necessary domestic hot water.  



The incoming solar radiation can be transformed by different processes into cold air to 
provide cooling for buildings. One possibility is the conversion to electricity by photovoltaic 
cells and the usage of a classical electrical-driven compressor cooling equipment. This 
concept is not highly considered, as the maximum use of photovoltaic is achieved by feeding 
the obtained electricity into the public grid [2,3]. The other possibility is to convert the solar 
radiation into heat by using solar thermal collectors, and to run thermal-driven chillers for 
providing the desired cooling [4].  

Solar thermal collectors typically consist of a metallic absorber sheet, which is covered with a 
black optical selective coating, converting the incoming solar radiation into heat by 
absorption. However, the visibility of the unaesthetic inside of the thermal panels (tubes, 
corrugations of the metal sheet, etc.) has limited their acceptance as integrated elements of the 
building’s envelope. “Integration” in conventional architecture is often considered 
synonymous to “invisible” [5]. 

Due to their unpleasant visual aspect, solar thermal collectors have been until now considered 
as technical components to be hidden and are confined to roof-top applications, where they 
are less visible and have less impact on the architectural design [6]. As a consequence, the 
surface available for collecting solar energy is very limited in most cases, and therefore the 
solar gain available to be used for the thermal control of a building is very low.  
A solution to overcome this difficulty of aesthetic architectural integration is to use the 
Klymaa™ opaque coloured solar thermal collectors of SwissINSO. They use a front face 
cover glass with a thin coating developed by the Solar Energy and Building Physics 
Laboratory (LESO-PB) of the Ecole Polytechnique Fédérale de Lausanne (EPFL) [7-9]. The 
coloured collectors and their application for solar air cooling will be presented in this paper. 

COLOURED COLLECTORS 
SwissINSO’s approach for the integration of the Klymaa™ solar thermal collectors is 
illustrated in Figure 1, which schematically shows a thermal solar collector with a coloured 
coating applied to the inner surface of the covering glass pane. This coating reflects only a 
very small part of the visible light giving the coloured impression of the collector [7,8]. The 
main part of the solar radiation passes the coating and is absorbed by the thermal absorber 
mounted behind the glass. The necessary spectral-reflection band needed for the coloured 

Figure 2: Showing the spectral distribution of 
the solar radiation in comparison to the 
spectral sensitivity of the human eye and the 
coloured reflection of a SwissINSO solar 
panel. 

Figure 1: Principle of the SwissINSO 
coloured solar thermal panel indicating that 
most of the solar radiation is transmitted 
through the coating and only a few percent 
are reflected. 



impression is very narrow compared to the spectral distribution of the incoming solar 
radiation, as can be seen in Figure 2 [10]. In this figure also the spectral sensitivity of the 
human eye is shown. This shows only a very small part of the solar spectrum is used for the 
coloured appearance of the collector, whereas most of the solar energy is transmitted through 
the glass. 

The coloured coating is combined with a diffusing treatment on the outer surface of the cover 
glass to further enhance the amount of energy transmitted to the absorber. In combination 
with this surface treatment the energetic losses compared to a standard glass covered absorber 
are only a few percent [8]. The advantage of the coloured cover glass in comparison to a 
coloured absorber is that the function of optical selectivity and coloured reflection are 
separated, giving more freedom to coating optimisation [7].  

The current development towards new colours and new materials for coloured coatings will 
be presented in another contribution of this conference [11]. 

SOLAR CURTAIN WALL SOLUTION 
The overall aesthetics of the building’s envelop can be 
kept uniform by SwissINSO’s coloured solar thermal 
collectors. On the surfaces of a building exposed to solar 
radiation, the Klymaa™ solar collectors are installed as 
spandrel areas. Whereas in areas with low or no sun 
exposure, the cladding panels use the same coloured 
opaque glass not mounted on solar collectors but used 
simply as conventional glazed spandrels with isolation 
material behind them. This provides a homogeneous 
façade from the aesthetic point of view and on the same 
time the investment costs are kept low, as only the solar 
active parts of the façade are equipped with a solar thermal 
collector. 

The configuration of the solar thermal collector can be 
adapted to the usage of the gained heat as well as to 
climatic conditions. For the solar collector in the 
SwissINSO’s coloured panels it is possible to use flat-
plate, evacuated tube as well as CPC (Compound Parabolic 
Concentrator) collectors [12-14]. The type of collector 
used is always adapted to the needs of each building, as a 
function of usage of the gained energy, climatic 
conditions, window to wall ratio or building usage. An 
advantage of evacuated tube collectors is that the solar 
gain can be increased by turning the individual tubes in 
such a way, that the absorber fines in each tube are optimal 
orientated towards the incidence angle of the solar 
radiation [15]. 

Besides providing the uniformity of the building envelope, the Klymaa™ solution renders the 
exact curtain wall expression sought by the architect, because the glass panes can be produced 
in colour shades and patterns designed to custom specifications. An example is shown in 
Figure 3. 

Figure 3: Klymaa™ coloured 
opaque solar thermal panel of 
SwissINSO.  
Design: Munari-Probst 



SOLAR AIR COOLING 
Air conditioning is the process of treating air to control simultaneously its temperature, 
humidity, distribution and cleanliness. Since cooling loads and solar gain occur at more or 
less the same time, it seems logical to use solar energy for cooling purposes. Solar cooling 
systems consist of the following main components: The solar collectors (flat-plate, evacuated 
tubes or CPC), a heat buffer storage, the heat distribution system, the thermally driven chiller, 
an optional cold storage, a cooling tower to remove auxiliary heat from the system, the air 
conditioning system, and a backup system. 
In the following section only the thermally driven chillers, the cooling towers and the back-up 
heat source are described, as the collectors have already been described in the previous. 

Chillers consume energy to transfer heat from a 
low temperature source to a sink at medium 
temperature. The necessary energy to run the 
chillers can be gained by SwissINSOs coloured 
solar thermal collectors by transferring solar 
radiation into heat. The principle and the different 
temperature levels are shown in Figure 4 for 
thermal-driven chillers. 
Thermally driven chillers using the chemical 
process of absorption consist of two chemical 
components, one of them serving as sorbent and 
the other as refrigerant [2]. Absorption cycles are 
based on the fact that the boiling point of a mixture 
is higher than the corresponding boiling point of 
the pure liquid. The different operational steps of 
such systems are well documented and not 
described here [3]. 

An alternative to absorption is the physical process of adsorption, where the liquid sorbent is 
replaced by a highly porous solid adsorber. To obtain a quasi continuous operation with 
adsorption cycles it is necessary to have at least two compartments working parallel [3]. The 
advantages of those systems are, their simple mechanical construction and their very low 
electrical consumption, as no internal solution pump is required [1]. 
The operation temperature of the different chilling system as well as the desired temperature 
for the cooling system influence on one hand the chiller choice, and on the other the collector 
type [4,16]. The collector efficiency of flat-plate and evacuated tube over the generated 
temperature is shown in Figure 5. Furthermore, the working areas of the different sorption 
technologies are indicated, showing that it is crucial to choose the correct combination for a 
efficient cooling system. For absorption and adsorption systems it is therefore possible to use 
flat-plate, evacuated tube collectors and CPCs. 

To complete the chilling system, a cooling tower is needed to remove extra heat at medium 
temperature. Hereby two possibilities exist; The open-circuit system, with direct contact 
between the primary cooling water and air, and the closed-circuit system, with only indirect 
contact between the two media across a heat-exchanger wall. Both systems use latent heat 
transfer where the coolant, which has to be water, is cooled by evaporating about 2-3 % of 
itself [3]. This is a very efficient method of cooling, but it is accompanied with significant 
water consumption. Therefore in areas of low water availability it is advisable to use closed-

Figure 4: Schematic drawing of the 
energy flows and the temperature levels 
in a thermally driven chiller. 



circuits in combination with dry-air coolers which transfer just sensible heat and no water to 
the ambient air [3].  

Additionally, back-up heaters are needed to assure that air conditioning is also provided at 
times when the solar energy is not sufficient (cloudy days, night time or exceptional internal 
loads). 

CONCLUSIONS 
Solar cooling is a clean, energy thrifty and sustainable solution for air conditioning of urban 
buildings. The demand of renewable energy sources for air conditioning is sharply increasing 
and the necessity to find sustainable solutions is becoming more and more important. To 
benefit from the available solar coverage for solar air conditioning, it is necessary to have a 
sufficient amount of collectors to gather the necessary solar energy and transform it into cold. 
The Klymaa™ coloured solar thermal panels of SwissINSO provide the opportunity to 
aesthetically integrate solar thermal collectors into façades, thus offering much larger active 
surfaces for solar energy collection. This provides the possibility to increase the potential heat 
gain, which can be used for air conditioning or heating of the building. To provide the best 
solar coverage for each building it is necessary to adjust the components of the solar system to 
the building’s character and to the occupants’ behavioural pattern. The flexibility of 
SwissINSO’s collector to use flat-plate, evacuated tube or CPC collectors is a large step 
towards this adjustment. 
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ABSTRACT 
This paper studies the potential to improve thermal comfort in Vietnam thanks to passive 
strategies. First, a thermal comfort zone for the Vietnamese is proposed by using the PMV-PPD 
heat balance model of Fanger and the effects of adaptive mechanism of the people living in 
tropical hot humid region. Then, the comfort zone is enlarged using the algorithms proposed by 
the authors to calculate the effects of the passive heating and cooling strategies. Typical 
Meteorological Year (TMY) weather data are used for graphically printing of hourly 
environmental parameters on the psychrometric chart and for climate analysis, subsequently. The 
limitation and the scope of this method are also specified. Results of this study show that in all 
climatic zones of Vietnam, natural ventilation is an efficient cooling solution, low-cost and easy to 
apply. Thermal comfort improvement of natural ventilation strategy varies with the climatic zones, 
increasing from 17.1% in Hanoi, 21% in Danang to 31.4% in Hochiminh city. Meanwhile, passive 
solar heating is not really effective since winter in Vietnam is usually not too cold and the 
capacity of the passive solar collector system is usually limited. Direct evaporative cooling also 
has a great cooling effect compared with that of natural ventilation, but significant humidity 
augmentation in the air in hot and humid conditions may be inappropriate. Seasonal analysis 
reveals that natural ventilation gives higher performance than other methods and is particularly 
effective in mild seasons. During 12 months in Hanoi, the analysis clearly shows significant 
contribution of natural ventilation in the period from April to October during which comfort 
period achieved might vary from 30% to 81%. The combination of all passive strategies 
considerably improves thermal comfort: 22.6%, 31.7% and 47.6% of total time in Hanoi, Danang 
and Hochiminh city, respectively. Finally, the findings of this study indicate that conventional 
heating and cooling methods are also needed during extreme weather conditions in summer and 
winter, especially in Hanoi. 

1. INTRODUCTION 
A full understanding of local climate is the main requirement for the designs of climate responsive 
architecture towards sustainable development. There have recently been some weather tools 
developed for climate analysis, but they are usually aimed to the application on people living in 
temperate climate and thus inappropriate when being applied to people living in hot humid 
climate. This study proposes a simple method for hot humid climate analysis with which the 
potential of comfort improvement of passive cooling and heating strategies in many regions of 
Vietnam is examined. In this analysis three typical sites, including Hanoi (21° North), Danang 
(16° North) and Hochiminh city (11° North), have been selected. They represent 3 climatic 
regions in the North, Centre and South of Vietnam. 
The method proposed will be carried out through three steps: (1) proposition of an appropriate 
comfort zone for people living in hot humid climate; (2) printing of climate data and (3) 
quantitative analysis and assessment of heating and cooling potential of passive strategies. 

2. COMFORT ZONE FOR PEOPLE LIVING IN HOT HUMID CLIMATE OF VIETNAM 
There is still an argument that under a specific condition the comfort zone for different climatic 
regions is unchanged. Based on Fanger’s study , ASHRAE [1] reported that under steady-state 



condition, “people cannot physiologically adapt to preferring warmer or colder environments, and 
therefore the same comfort conditions can likely be applied throughout the world”. However, the 
comfort zone proposed by ASHRAE standard [2] seems to be inappropriate for Vietnamese since 
it neglects the adaptation to the humidity of people living in hot humid climate. Some computer 
weather tools also failed to predict comfortable period for the climate of Vietnam since they used 
inappropriate comfort boundaries. The comfort zone for Hanoi proposed by Climate consultant 
software [3] (using comfort model of ASHRAE standard 55) gives that only 4.9% of total time in 
a year should be comfortable, which is extremely low. Also in Hanoi, Fig. 1 shows the comfort 
prediction of another weather tool [4] in which Szokolay’s method [5] was adopted. The 
significant weakness of this method is that a steady-state condition was imposed, but the adaptive 
comfort model was employed to find neutral temperature. According to this prediction, only 2.5% 
of total time in a year is considered comfortable, extremely underestimating the real thermal 
environment. 

 
Figure 1: Incorrect prediction of comfort zone for Hanoi by weather tool [4] 

The above analysis indicates that it is essential to create appropriate thermal comfort boundaries 
for Vietnamese considering the adaptation to humidity. This study proposes a thermal comfort 
zone for Vietnamese as shown in Fig. 2 using a steady-state thermal comfort model. This comfort 
zone, which is applied for a normal Vietnamese (height of 1.65m and weight of 60kg) in 
sedentary work (60W/m2 – 1 met) and in still air condition (0.15 m/s), is established for 90% 
occupant acceptability. Clothing insulation values may vary from 0.5 clo (summer) to 1 clo 
(winter), reflecting the change of clothing style to suit seasonal weather.  

 
Figure 2: Comfort zone proposed for Vietnamese and its enlargements 

The cooler and warmer boundaries of the comfort zone are defined by the PMV-PPD model (-0.5 
≤PMV≤0.5; PPD ≤ 10%). These boundaries are the lines AB and CD respectively (Fig. 2). Point 
B and C rely on 70% RH since PMV-PPD model is assumed to be inaccurate at RH higher than 
70% [6]. These lines nearly coincide with the lines of constant ET*.  

The lower humidity lever of the comfort zone was fixed at 30% relative humidity since it hardly 
falls below this value in humid climate and Vietnamese are not acquainted with dry nose, throat, 
eyes and skin caused by extremely dry air. The upper humidity limit is more complicated due to 



lack of specific survey on this issue. ASHRAE [2] specifies an upper humidity ratio limit of 0.012 
kgw/kgdry air. That is based on avoiding condensation and mold growth in the ducts of HVAC 
system [7] and hygienic conditions rather than on human thermal comfort requirements. Besides, 
in hot humid climate surface temperatures are closer to the ambient air temperature which is 
normally very high. This reduces the potential for condensation and mold growth, allowing the 
higher acceptable humidity limit in hot humid climate. Olgyay [8] proposed around 78% relative 
humidity as upper limit for U.S. moderate zones inhabitants. In his book, Givoni [9] suggested 
that upper limit could be enlarged to 90% relative humidity and up to 93% with ventilation. Pham 
[10] conducted a small comfort survey in Vietnam in 2002. His result revealed that over 80% of 
subjects found to be thermally comfortable at 28.5 – 29.5°C and 90% relative humidity. Adaptive 
comfort standards [2,11] even indicated that no humidity limit was required for thermal comfort. 
Based on above-mentioned studies and findings, the upper limit of comfort zone shown in Fig. 2 
was fixed at 90% relative humidity. In summer, this humidity limit may be even enlarged to 95% 
under effect of a wind speed of 0.8 – 1m/s due to the effect of air change.  

3.  COMFORT CONTROL POTENTIAL ZONE BY USING PASSIVE COOLING AND HEATING 
STRATEGIES 

3.1 Passive cooling by natural ventilation 
Precise comfort improvement by elevated air speed has not been established. Both ASHRAE 55 
[2] and ISO 7730 [6] recommend a maximum wind speed of 0.82 m/s for sedentary activity. 
However, this mainly bases on the requirement of stabilization of loose paper rather than human 
draught. It is not difficult to create thermal comfort for a person exposed to a wind velocity of 1 
m/s [12] and under overheated conditions air velocities up to 2 m/s may be welcome [5]. The 
velocity of 1 m/s is, therefore, adopted in comfort enlargement shown in Fig. 2. Temperature 
offset above warmer limit of comfort zone by increased air velocity is strictly followed these two 
standards [2,6]. This enlargement neglects the effect of humidity on cooling potential of air 
movement since this effect is rather minor.  

3.2 Passive cooling by Direct evaporative cooling 
In direct evaporative cooling, water evaporates directly into the airstream, reducing the air’s dry-
bulb temperature and raising its humidity, but wet-bulb temperature is always unchanged. The 
total heat content of the system does not change, therefore it is said to be adiabatic. The cooling 
performance or leaving air temperature of the cooler may be determined: 

                                        TLA = TDB – (TDB – TWB) * ε                                                  (1) 
where 
TLA = Leaving air dry-bulb temp; TDB = Inlet Dry-bulb temp; TWB = Inlet Wet-bulb temp; ε = Efficiency of the 
evaporative cooler. 

The cooler efficiency usually runs between 80% and 90%. Under typical operating conditions, an 
evaporative cooler will nearly always deliver the air cooler than 27°C. A typical residential 
'swamp cooler' in good working order should cool the air to within 3°C – 4°C of the wet-bulb 
temperature [13]. Based primarily on previous experiment of other authors, Givoni [14] stated that 
ambient air can be cooled by 70–80% of the DBT-WBT difference. This observation led him to a 
comfort limit of ambient DBT of 42°C controlled by direct evaporative cooling. It is impractical 
to lower dry-bulb temperature more than 11°C by direct evaporative cooling [5], thus in Fig. 2, 
comfort zone was enlarged 11°C along wet-bulb temperature line.  

3.3 Passive heating using Solar energy 
This section will examine the lowest temperature at which the solar gain by the passive solar 
system (e.g. trombe wall system, massive masonry wall, south-facing glazing façade, 
sunspaces…) can match the heat losses of the building. Useful solar energy gained by a solar 
collector can be estimated on the following basis: 

                                                24                                              (2) 



where  
Qu = useful energy delivered by solar collector in a day, Wh; Ac = solar collector area, m2; It = Global solar 
irradiance, Wh/m2.day; τ = transmittance, dimensionless; α = absorptance, dimensionless; UL = overall heat loss 
coefficient, W/(m2·K); tp = average temperature of absorbing surface, °C; ta = atmospheric temperature, °C 

Some parameters in equation (2) are very difficult to identify. For convenience, equation (2) is 
empirically simplified using solar collector efficiency η (the fraction between useful heat 
distributed and total solar radiation falling on a solar collector system):  

                                                                                                                               (3) 
According to ASHRAE [15], η can theoretically achieve maximum value of 0.82. For preliminary 
calculation, η is about 0.5. The limiting condition will be when the solar heat input equals the heat 
loss (ignoring heat loss caused by ventilation and infiltration): 

                                                       *24                                                       (4) 

and then rearranging for ta :                                                                           (5) 
where  
U = building overall thermal transfer value (U-value), W/m2.K; A = total building surface area, m2; ti = lower 
limit of comfort temperature - indoor, K; ta = atmospheric temperature at which thermal balance is achieved, K  

Assume a standard building of 4.0x4.0x3.6 m with overall thermal transfer value (U) of 1.58 
W/m2.K; solar collector area (Ac) of 2.0 m2 on the roof; ti = 22.3°C at RH = 30% (see Fig. 3); total 
solar irradiance (It) (coldest month) of Hanoi, Danang and Hochiminh city are 2678, 3718 and 
5161 Wh/m2.day [16], respectively. Thus ta for Hanoi, Danang and Hochiminh city are 21.51°C, 
21.21°C and 20.78°C. These are lowest temperature at which heat delivered by a passive solar 
system can compensate for achieving comfort temperature. 

4.  CLIMATE ANALYSIS AND ASSESSMENT USING TYPICAL METEOROLOGICAL YEAR 
WEATHER DATA SET 

 
Figure 3: Hourly plot of Hanoi weather data on psychrometric chart 

The TMY files for more than 2100 locations of the world can be obtained from the opened 
database of the U.S. Department of Energy [17]. A TMY data set provides users with a 
reasonably sized annual data set that holds hourly meteorological values for a one-year period 
that typify conditions at a specific location over a longer period of time, such as 30 years. 
Consequently, hourly weather data of any season, any month or any day can be separately 
printed out. In this step, hourly meteorological parameters of Hanoi, Danang, and Hochiminh 
city were graphically printed on the psychrometric chart (see Fig. 3) using TMY weather file. 
The comfort zone and its enlargements in Fig. 2 were then superimposed. All analysis and 
statistics were carried out on this two-layer psychrometric from which comfortable, 
potentially comfortable and uncomfortable period can be determined.  

  



5. RESULTS 
5.1 All year assessment 
Fig. 4 shows the potential for comfort improvement of various passive cooling and heating 
strategies and their combinations. The weather in Hanoi is found to be naturally comfortable 
during only 23.6% of total time of a year whereas in Danang and Hochiminh city this value was 
around 32%, revealing that the climate of Hanoi seems more severe than the others.  

 
Figure 4: Potential of comfort improvement using passive heating and cooling strategies 

In Hanoi, natural ventilation proves to be the most effective strategy for comfort improvement 
(17.04%). The combination of all strategies does not give considerable further improvement 
(22.60%). Maximum potential of comfort is only 46.23%, revealing that Hanoi mainly rely on 
many other solutions to obtain all year comfort. In Hochiminh city, natural ventilation is an 
extremely effective solution by which the comfort period can be doubled. Direct evaporative 
cooling is also a good promise since it may provide comfort for over 66% of total time. Nearly 80% 
of total time would be thermally acceptable if all strategies were combined, revealing that passive 
solutions must be considered as the first choice in building design in Hochiminh city. Danang is 
geographically located in the centre of Vietnam, consequently its climate in Fig. 4 is intermediate 
compared to those of Hanoi and Hochiminh city. In all cities, passive solar heating is not effective 
(comfort improvements were minor - smaller than 4.4%) due to much cloud cover as well as high 
average temperature in Vietnam in winter.  

5.2. Four-season and twelve-moth assessment in Hanoi 

Figure 5: Comfort improvement (a) during 4 seasons and (b) during 12 months in Hanoi 

A further analysis was carried out to examine the potential of comfort improvement of these 
strategies in each specific season and month in Hanoi. Fig. 5a shows that in winter, no 
strategy would be effective. In other seasons, natural ventilation would provide comfort at 
least of 50% of the total time. Combination of various strategies is not recommended as the 
effect is not noticeably higher. Comfort improvement during 12 months by natural ventilation 
is presented in Fig. 5b. According to this, natural ventilation is effective from April to the end 



of September. The most effective period falls within summer (from June to the end of August), 
confirming that natural ventilation would significantly reduce cooling load. Maximum 
comfort occurs in mid-spring and mid-autumn. This figure also reveals that during winter 
natural comfort is extremely low (lower than 15%) due to the cold weather. Suitable heating 
solutions and building designs are therefore needed to keep indoor environment comfortable. 

6. DISCUSSION AND CONCLUSION 
In this study, natural ventilation and direct evaporative cooling almost have similar cooling 
effectiveness. Direct evaporative cooling requires sophisticated equipments and may raise the 
air humidity and mold growth on walls and clothes. Natural ventilation is low-cost, easy to 
apply and provides good indoor air quality but strongly relies on natural wind and building 
configuration as well as its location. Since Vietnam has hot and humid climate, natural 
ventilation in most cases would be the better choice for passive cooling because the increase 
of air humidity due to direct evaporative cooling is less appropriate for humid climates. The 
passive solar heating system does not have high efficiency since it can not store solar energy 
for nighttime heating. Active system with thermal energy storage and heat exchanger might 
perform better, even at night or under cloudy conditions. Relying completely on passive 
solutions to maintain human comfort is not feasible in Vietnam but there is a significant 
potential of comfort improvement. 

This method has its own limitations as the TMY weather files are required for the analysis, 
but in current data resource they are available for only 2100 locations (1042 locations in the 
U.S.). For a certain location, weather file can be manually created using computer –aided 
tools (e.g. weather tool) with acceptable accuracy providing that sufficient input data exist. 
The method proposed in this paper can give reliable results and can be refined and applied by 
software programmers who focus on computer weather tools and building simulation tools. 
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ABSTRACT

This study aims to evaluate the thermal behaviour of a new passive cooling system working with
a non-continuous ventilation pattern. The research is based on numerical studies and experiments per-
formed on the full-scale phase shifter which was designed and installed at CSTB (Scientific and Technical
Centre for Building research), a French building research center. In the first part of this study, we de-
scribe a model implemented on the SimSpark simulation platform. The validation phase is in two parts:
first, we validate the implementation against the analytical solution for constant airflow and harmonic
temperature profile: then we use experimental data to assess its predictive capability with an intermittent
airflow pattern. The second part focuses on the optimisation of the system considering the ventilation
stop and start times and the quantity of storage material. To investigate its efficiency, two indexes were
proposed and computed; one concerns the environment cooling potential and the other the energy stor-
age efficiency which represents its capability to transfer nocturnal potential into daytime potential. The
environmental evaluation shows an optimal relations between ventilation stop and start times start exist
in order to maximise the mean cooling potential. For non-continuous airflow, the energy storage effi-
ciency index shows that a reduction in the daily ventilation must be combined with a reduction in the
material storage volume. Finally, simulations were done for an experimental building with very high
energy efficiency (INCA, INES, le Bourget-du-lac, France) for several ventilation strategies. The results
in terms of summer thermal comfort show that intermittent ventilation with optimised work periods is
an interesting alternative to the more usual continuous ventilation. The choice of appropriate periods of
operation permits a damping of the daily temperature swings so that the behaviour approaches one of a
high-inertia building.

INTRODUCTION

Low inertia buildings are subject to internal higher daily temperature swings than more massive
buildings and this usually leads to thermal discomfort. In the summer, the low thermal storage of these
buildings makes passive cooling strategies such as nocturnal ventilation inappropriate, because they in-
crease the day/night temperature difference. In order to use this free cooling potential, we propose the
use of thermal mass by associating an air/mass storage system called"phase-shifted ventilation"to the
HVAC building system[1]. The aim of the phase-shifted ventilation is to delay the input temperature sig-
nal without damping it[2]. Our work consists of reducing the system’s size and electricity consumption
to optimal levels.

NUMERICAL MODEL

The physical phenomena that take place in thermal phase-shifting are similar to those in a packed bed.
A mechanically induced air flow passes through storage elements that are homogeneously distributed
within a duct with cross sectionS and lengthL. The void fraction is defined asη = (1−Vb/V). The
two-phase model is based on the following assumptions:

• Temperature in each storage element is homogeneous (lumped capacity models).
• The arrangement of the storage elements, air flow and convective coefficient are independent on

the cross-section and along the length of the system.



• Axial heat transfer is negligible.
• The ducting is totally adiabatic.

These assumptions lead to the two-phase Schumann model [8] in which equations represent the
energy balance on air and on material. This system is numerically solved using the finite volume method
on a SimSpark platform [6]. Equations for theith control volume are presented below:

Cpaṁa(Tei −Tsi) = Abi hci (Tai −Tbi)+ρaCpaVadtTai (1)

Abi hci (Tai −Tbi) = ρbCpbVbdtTbi (2)

Tai = (Tei +Tsi)/2 (3)

To confirm that the implementation is correct and the discretisation sufficient, the model was com-
pared to the analytical solution of Zgraggen [9]. The validation concerns the air temperature outlet in the
case of harmonic excitation (Ta = θcos(wt)) and constant air flow. Further investigation has been done
on model validity with non-constant airflow using the prototype presented below.

PROTOTYPE DESCRIPTION AND EXPERIMENTAL VALIDATION

fan

1000 500 3500mm 500 1000

air inlet

insulation storage material

air outlet

220

1100
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Figure 1:Diagram and photo of the prototype.

Our prototype differs from models of previous experiments [5] in three main ways. The first is
that the airflow rate can be made time-dependent; the second concerns the structure and dimensions of
the duct that allow the use of material in sufficient quantities to enable phase-shifting greater than 8h,
considering an air flow rate of 250m3.h−1. Finally, the system is designed for external use and therefore
it could be easily coupled to a small building or test cell. The prototype consists of a duct which is 4.5m
in length and 1.1×0.6m in cross-section with 20cmof polystyrene insulation around it. A fan provides
the airflow and the rate can be controlled with a 0− 10V controller. Water was chosen as the material
due to its high sensible heat, which can reduce the required quantities by 40% [4]; water is held in
10cmdiameter polyolefine ball (Cristopia nodules). The duct was filled with 2200 nodules in a compact
hexagonal arrangement occupying 1.25m3, so the void fraction was approximately 0.34. We carried out
experimentation over several weeks with an airflow of 380m3.h−1.m−2. There are temperature sensors
along the channel (air and surface material) and measurements are made of the airflow rate at the outlet
and of pressure losses in the packed bed. The analysis of these measurements was decomposed in Fourier
series. Transmission and phase-shift were deduced from the component with the 24-hour periods. We
obtained a transmission of 33% and a phase-shift of eleven hours. Compared to the 80% transmission
obtained with the 16/13 PVC tubes placed perpendicularly to the airflow, the 33% transmission is not



satisfactory. Reducing the diameter of the nodules may enhancethe transmission by increasing the
surface per volume unit but nodules are not produced in a smaller size. In spite of a transmission that
was lower than expected, the experimental set-up could assess the validity of the numerical model for
intermittent airflow circulation.

The first step consists of calibrating the model parameters for permanent airflow circulation. Two
parameters were chosen - the convective heat transfer coefficient and the effective volume of material.
Calibration is obtained by minimizing the quadratic error between experimental and numerical output
temperature. The value of the convective heat transfer resulting from the optimisation is 11.8W.m−2.K
and the volume is 0.92m3 - a reduction of 27% as compared to the real volume. This difference could
arise from the non-homogeneous airflow on the section and along the axis. Furthermore, the experimen-
tal result revealed that 24 hours are needed to initialise the dynamic variables, after which only small
differences (of less than 0.5oC) persist. In the second step, we were mainly interested in assessing the
validity of our model for alternated airflow circulation (alternating 6-hour periods with and without ven-
tilation). The previously calibrated model was used unchanged and the airflow pattern used was the
same as the experimental one. The experimental and numerical comparison for this case is shown in
FIGURE 2. In this case, it took approximately 48 hours to achieve an accurate result. The current model
can be used with different ventilation patterns.

Figure 2: Comparison of experimental and numerical output temperature in non-continuous airflow
circulation.

INTERESTS OF AN INTERMITTENT AIR FLOW PATTERN

For the moment, very few studies deal with the interest of linking a phase-shifter to building venti-
lation ([3], [7]) and, as far we know, none deal with its intermittent use. Sinceits only consumption is
the electricity needed for ventilation, we are interested in optimising the period during which the storage
material is cooled, as well as the capability of the system to store potential during the night and release
it in the day.

The calculation presented in FIGURE 3adepicts, for the period of a day, the external air temperature
andthe mean temperature difference between external air and a reference (25.5oC) depending on the
periods considered (a combination of the ventilation start time and duration). The positions of the iso-
values reveal an optimum start time for each ventilation period. Further work is needed to assess the
constancy of this relation which could be useful in systems using air-cooling potential. After this brief
analysis of the cooling source, we were interested in the effect of intermittent ventilation on the energy
effectively transferred to the building. We have studied the thermal storage efficiency defined as the
capacity of the system to transfer the cooling potential available at night to the day. The numerical model
previously presented has been used to calculate the thermal storage efficiency of a system with 73%
transmission and a 12 hour phase-shift and functioning 24h a day for variable material quantities and
ventilation time lapses. The result ( FIGURE 3b) indicates that storage efficiency could be optimised
by combining shorter ventilation cycles with less storage material. For example, for 2× 8h cycles per
day, the optimal efficiency is obtained with a reduction of 38% of the initial material quantities. While
the functioning period is reduced by 34%, FIGURE 3c shows that the mean daily cooling potential of
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Figure 3:Environmental cooling potential, thermal efficiency and mean daily cooling load.

the optimised system is reduced by about 29%. Nevertheless, intermittent functioning presents several
advantages: the system is more compact, the energy consumption is reduced (less loss of pressure and
shorter ventilation periods) and cold supplied by the system could be adapted to the cooling needs of the
building.

EXAMPLES OF INTERGRATION

We propose to apply the system to the wood-framed building of the experimental platform INCAS (
FIGURE 4) of the French National Institute of Solar Energy. This is a two-storey building with insulation
ranging from 20cm (slab and vertical wall) to 40cm for the ceiling. Overhang size and south windows
surfaces have been optimized to reduce heating consumption and heat gain during summer.

Heat recovery ventilation Direct (0.54 Vol/h) or Phase-shifter discharging Phase-shifter charging
0.54 Vol/h

- Continuous ventilation, 2Vol/h,3.4m3

- 2 x 8h ventilation, 2Vol/h,2.3m3

Figure 4:Integration into the building ventilation system and INCAS Building experimental platform.

We plan to test two thermal phase-shifting systems that deliver an air-flow rate of up to 2vol.h−1.



One is continually ventilated and requires 3.4m3 of storage material while the other ventilates 8h at night
and 8h during the day and requires 2.3m3 of storage material. The analysis concerns the overheating
duration and temperature change for a summer period. The latter system was compared with a wooden
structure and with an externally insulated concrete structure which was not fitted with the system. The
features common to these four configurations are: the Chambery meteorological data set, a direct night
ventilation of 4vol.h−1 (period from 20 : 00 to 09 : 00), internal gains corresponding to those of a family
of 4 people and a free floating summertime temperature. The airflow into the building is controlled via an
algorithm which selects the best strategy in order to have the lowest temperature at the inlet. The different
ventilation modes are presented in FIGURE 4. Simulations over the year were carried out with SimSpark
in two steps. First, the storage system was pre-simulated and then the building response was simulated
using system output as input for building ventilation. Building temperatures for each configuration are
presented in FIGURE 5aand overheating duration for the year in FIGURE 5b. Our conclusions are as
follows:

• Without the system, a low inertia building is subject to higher temperature swings than a more
massive building. The number of hours when the temperature is over 27oC is negligible in massive
construction whereas it approaches 500h in low inertia buildings.

• The behaviour of the low-inertia building coupled to a phase-shifting system is similar to the high-
inertia building.

• Considering cumulated temperatures higher than 27oC, the distribution provided by the intermit-
tent system is identical to that of the continuously ventilated system and contributes to a 38%
reduction in electricity consumption and a 30% reduction in the size of the system.

(a) Internal temperature evolution during summer.

(b) Overheating cumulated temperatures on a year simulation, overview and zoom on temperature higher than25oC.

Figure 5:Simulation results.

To conclude, the thermal phase-shifter system significantly improves the summer thermal comfort of
the low inertia building. Indeed, thanks to the adoption of the phase-shifter for ventilation (weigh-
ing 340+ 30kg.m−2), its performance is not so different from the one made of concrete (weighing
1300kg.m−2). Our proposition consists in limiting the use of the system to periods when environmental



potential and building cooling needs are at a maximum, which permits a considerable reduction (more
than 30%) in the size and in the electricity consumption of the system.
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ABSTRACT  

This paper presents the results of some daylighting design applications which were developed 
within courses and works of theses carried out at the Faculty of Architecture of the 
Politecnico di Torino. Different approaches were used depending on the characteristics and 
aims of the analyzed case-study: in particular physical models under a sun simulator facility 
and numerical tools such as Daysim and Lightsolve. Final goal of the paper is to show 
potentials and limits concerned with each approach in usefully analyzing and representing the 
results of a lighting analysis from a designer’s point of view and in which stage of the design 
process its application is more appropriate.  

1. INTRODUCTION  

During the last decade a number of new metrics and numerical simulation tools have been 
developed and made available, which allowed passing from a static to a dynamic building 
modelling. The so-called Dynamic Daylight Performance Metrics DDPM [1] are parameters 
able to account for the dynamic variation of skylight and sunlight conditions during the course 
of the year as a function of the specific climate conditions of a site and of the orientation of 
the considered building. Although the higher level of advance in dynamically analyzing the 
overall performances of daylit spaces, current daylighting design practice still favors prior 
experiences and rules of thumbs during schematic design and largely relies on the daylight 
factor [2]. More over a methodological guideline for applying a dynamic daylighting design 
approach has not been standardized yet. Most of daylighting design tools presently available 
are based on Radiance, with the result that expert users are often needed to carry out 
simulations. As a result, designers still have troubles to adopt a dynamic approach since the 
early design stages and throughout the whole design process. In the following sections, some 
case-studies of architectural designs where daylighting was considered as one of the key 
design factors are presented together with a discussion of how the dynamic approach was 
addressed during each design stage through different design tools. 

2. DAYLIGHTING DYNAMIC DESIGN APPROACHES IN ARCHITECTURAL DESIGN  

The presented case-studies are concerned with redesigning a no longer used industrial 
building to be converted into a public library: this is a type of building for which daylight 
plays a crucial role with regard to both the visual tasks users have to carry out and their 
perception of visual comfort conditions. The existing building is characterized by large open-
plan spaces which are both sidelit and toplit through large clerestory windows (figure 1). Two 
projects in particular are described in detail: these were both aimed at optimizing daylighting 
conditions within the redesigned building through a dynamic design approach, but different 
procedures and tools were used. Furthermore, different design concepts were assumed: in the 
first case, a ‘conservative’ approach was chosen, aimed at keeping the shape and the structure 
of the existing building, whilst in the second case the whole structure and the roof were 
completely redesigned. As a result, a totally new building was conceived.  



  

 

 

 

 

 
Figure 1: Design site and images of the existing building  

2.1  ‘Conservative’ project  

The design concept was based on taking advantage of the large open-plan toplit spaces the 
building offers. For this purpose, a dynamic daylighting design approach was adopted, 
consisting of the following phases:  
1. analysis of direct sunlight penetration for some representative days and hours throughout 

the year (December 21st from 9 to 16, March 21st from 7 to 18, June 21st from 8 to 20), 
aimed at visualizing areas where glare/overheating problems due to sunlight might occur;  

2. definition of spaces lay-out and first hypothesis for daylighting systems;  
3. verification of resulting daylight availability through a Climate-Based Daylight Modeling, 

CBDM [3], and critical analysis of obtained values of Dynamic Daylight Performance 
Metrics, DDPM [1];  

4. further analysis of direct sunlight penetration to better investigate the contribution of 
sunlight to DDPM values and to identify time-steps during the year with potential 
thermal/visual discomfort problems;  

5. identification of solutions to correct problems which were observed, based on modifying 
daylighting systems’ properties and on designing specific shading systems;  

6. further analysis of daylighting results to verify the efficacy of defined daylighting and 
shading systems.  

Different design tools were used throughout the design stages to achieve above design goals. 
For the analysis of direct sunlight penetration a 1:100 scale model under the sun simulator 
available at Politecnico di Torino was used: for each aisle of the building the images of direct 
sunlight penetration corresponding to different hours of the day and days of the year were 
superimposed, so as to identify which parts of the floor area may suffer from glare or 
overheating during the year due to direct sunlight (figure 2a). Architectural strategies in terms 
of space lay-out and transparent/opaque materials were set based on this analysis (figure 2b 
shows an example relative to the reading room). The resulting overall annual daylight 
availability was then verified through a CBDM by means of Daysim 2.1, a Radiance-based 
software which allows running a climate-based annual simulation (with a time-step down to 5 
minutes) and provides with values of the Daylight Factor (DF), and of DDPM based on a 
user-defined occupancy profile and target illuminance. The results found for the reading room 
are shown in figure 2c: the average Daylight Factor over the room met the value prescribed by 
Italian standards (DFmean>3%) but a non-uniform distribution of illuminances was 
highlighted. The average UDIachieved over the room yielded a high level for most of the reading 
area. Beside this, values of Maximum Daylight Autonomy over 5% were observed, which 
suggests a possible occurrence of direct sunlight or other potentially glary conditions [4]. It is 
important to stress out that DDPM values provide a synthesis of daylighting conditions 
occurring during a time interval: thanks to this synthesis, they can result useful to identify 
areas with good daylight potentials as well as areas with potential problems. On the other 
hand it’s not possible to identify if sunlight or diffuse skylight is responsible of the obtained 
DDPM and for which time-step critic conditions appear. For this purpose, a further set of 
analyses of direct sunlight penetration was specifically carried out by using a virtual model in 



Ecotect with the aim of detecting specific time-steps during the year with potential 
thermal/visual discomfort problems. Based on this analysis, new design solutions were 
defined: in particular, movable shading devices and opaque partitions plus fritted glazing were 
adopted respectively for the skylight clerestory windows and the west-facing windows to 
reduce sunlight penetration within the reading area. The resulting daylight availability was 
then calculated through Radiance simulations so as to verify the illuminance distribution 
within the space for specific time-steps identified through earlier sunlight analysis with 
Ecotect and for which movable shading devices resulted to be necessary. In this phase, 
Radiance was used as Daysim doesn’t allow running a simulation for a period of time other 
then the full year and to simulate specifically designed movable shadings. 
 
a) overall sunlight penetration in the west 
aisle of the building  

 

b) architectural strategies in terms of space 
lay-out and transparent/opaque materials 

 
c) spatial DF and DDPM values over the reading room 

 
DF (DFmean = 3.47%) 

 
UDIachieved (UDIm = 74.5%) 

 
DAmax (DAmax,m = 2.03%) 

Figure 2: Results of the analyses carried out for the case of the ‘conservative’ project.  

2.2  Design of a new building  

The concept of the project was to design a new building with a public terrace on the roof for 
users of the library. As a consequence, the existing roof, with zenithal daylighting system, 
was completely redesigned. On this first design hypothesis a dynamic daylighting analysis 
was carried out to verify the annual daylight availability, and results were used to correct the 
preliminary project in order to optimize daylighting condition with respect to visual comfort. 
Unlike the previous example, in this case a single tool was used to study the interaction 
between daylight and the building, and the analysis was reiterated, modifying different 
building features such as internal partitions, openings dimension, shape and characteristics, 
until a satisfactory solution was achieved. The tool adopted for the lighting analysis is 
Lightsolve, a software developed by the M.I.T. Daylighting Lab, Department of Architecture, 



Building Technology Program [5,6] whose aim is to support the daylighting design process 
using a goal-based approach. The tool proposed is a quickly calculating annual data sets for 
which temporal maps and spatial renderings are the graphical outputs. For user-defined 
illuminance thresholds, the temporal maps gives an outcome with different colors, based on 
the portions of the results that meet, overstep or don’t reach the goals set by user. The annual 
data set is simplified splitting the year into 8 periods of similar season and 7 daily moments.  

The first step of the daylighting design approach was to create a 3D model of the building and 
of the outdoor context using Sketch-up. The model was simplified as much as possible, taking 
care of reproducing all the building elements influencing daylight penetration while 
simplifying all other details. After preparing the 3D model a simulation with Lightsolve was 
carried out to evaluate both direct sunlight penetration and global illuminance in different 
building areas where daylighting was of particular importance, in some case for the need of 
maximizing its availability in other case for the need of reducing it (reading areas, conference 
room, multimedia areas, etc.). Results obtained from the first simulation for some 
representative areas are presented in figure 3a. Illuminance temporal maps pointed out an 
excessive amount of daylight in the reading areas compared to the designer illuminance 
requirements. Furthermore, as shown by internal renderings, direct solar radiation, penetrating 
through skylights and vertical east-facing windows, interested the reading area during most 
hours of the day and months of the year with high probability of glare and summer 
overheating occurrence. A number of changes were applied to the initial project on the basis 
of the daylighting results and new Lightsolve simulation were run until satisfactory results in 
terms of sunlight protection and daylight availability were achieved for the whole year and for 
the different library areas. In figure 3b the final solution and the corresponding daylighting 
results for the previously presented library areas are reported. 

3. RESULTS  

Applying a dynamic daylighting approach to the case-studies described earlier showed some 
main potentials and limits concerned with the design tools which were adopted, especially 
with regards to the different stages of the design process.  
With regard to the early daylighting design stage, in the case of the ‘conservative’ project, an 
analysis of sunlight penetration into the building was carried out with a scale model under a 
sun simulator. This offered the advantage of a direct visualization of sun patches, but on the 
other hand evaluations were limited to a number of time-steps and days throughout the year, 
since an overall annual simulation would have been time-consuming. Furthermore, the 
analysis was qualitative, limited to the direct sunlight component only, thus without 
accounting for diffuse skylight, with a consequent lack of quantitative results. This implied to 
proceed to more detailed, software based, analysis to have an exhaustive description of 
dynamic daylight availability in indoor spaces. In the second case instead, the early 
daylighting design stage was addressed through Lightsolve. This produced fast climate-based 
annual analyses with reasonably comprehensive outputs, hence allowing the design team 
comparing different design solutions. Available outputs consisted of both quantitative and 
qualitative data, in terms of temporal maps of illuminances and spatial renderings. The 
temporal maps display the dynamic variation of illuminances averaged over the space: as a 
result, no quantitative information is given about the illuminance spatial distribution. This can 
be qualitatively assessed through rendered images. Moreover, the possibility for users to set 
the illuminance requirements offers a consistency with the objectives of daylighting design 
for the specific building usage. On the other hand, main drawbacks appeared to be concerned 
with some difficulties in setting up the model consistently (Lightsolve can hardly handle 
increased model complexities) and with the limited number of time-steps the program 
assumes to run the annual simulation. 
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Figure 3: Lightsolve results referred to some of analyzed areas: first design concept (a) and 
final design solution (b) 

In short, Lightsolve proved to be effective in assessing the dynamic annual daylight 
availability in the early design stage, whilst it appears to be somewhat limited to address a 
detailed annual analysis, in presence of complex daylighting systems (i.e. movable shadings). 

As far as the more advanced design stages are concerned, these were addressed for the case of 
the ‘conservative’ project only, mainly through Daysim. This allowed running detailed annual 



simulations taking advantage of short time-steps users can set (down to 5 minutes). The 
results available for the design team consist of a set of metrics which synthesize the daylight 
availability throughout the year, including potential occurrence of glary conditions. It is 
possible to observe the spatial distribution of daylight within a space, but it is not possible to 
identify the daylight levels which are available for desired time-steps. Other limits seem to be 
concerned with the impossibility for users to define the illuminance thresholds to which refer 
the UDI or the DAmax calculation and with long simulation times in presence of complex 
models. Furthermore, being a Radiance based calculation tool, it requires expertise on how to 
set the calculation parameters with respect to the desired results accuracy. 

It is worth noticing that in the case of the design of a new building, the design team did not 
proceed to a ‘detailed’ daylighting design, as the information provided by Lightsolve during 
the early design stage was considered sufficient to prove the efficacy of the design solutions.  

4. CONCLUSIONS  

Addressing a daylighting design through a dynamic approach allows assessing daylight 
availability within a space with higher accuracy than an analysis based on the daylight factor 
only, in terms of both determining quantity and quality of daylight and of verifying potential 
visual and thermal discomfort problems due to direct sunlight penetrating into a room. A 
dynamic approach allows a more conscious architectural design which is integrated with the 
design site and its climate conditions, also accounting for the effect of the orientation. 
Nevertheless, it should be noted that, while the dynamic daylighting design approach is 
becoming more and more diffuse within the scientific community, it still results hard to be 
correctly understood and applied by the designers. Certainly as long as building standards and 
rating scheme have generally remained on static approach designers are not involved to move 
towards more advanced daylighting analysis [2]. Consequently, a more widespread 
knowledge of a dynamic daylighting approach is desirable to make accessible to practitioners.  
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ABSTRACT 
Patterns of light and dark in today’s built environment are often inconsistent with the natural 
24-hour rhythm of sunset and sunrise. Light exposures in buildings, with or without windows, 
may be low enough to induce “circadian darkness” during the day, but some sources of elec-
tric light in the evening may be bright enough to prolong daytime into the night. Weak or ir-
regular light-dark patterns can induce circadian disruption, which, in turn, can have a negative 
effect on our health and well-being. In fact, recent studies using animal models showed that 
circadian disruption by irregular light/dark patterns are associated with increased mortality, 
higher risks for developing diabetes, obesity, cardiovascular disease, and even cancer [1]. 

Sustainable buildings must be able to minimize wasted energy while maximizing human ben-
efits. Light obviously should be provided to occupants of sustainable buildings to see well, 
but light should also be provided to minimize circadian disruption.  Exposure to weak or irre-
gular light/dark patterns may be particularly prevalent in modern offices and schools. Because 
humans spend so much time indoors, we may be inadvertently creating “architectural jet lag” 
in our buildings that may result in chronic conditions such as sleep disorders and reduced per-
formance.  

Discussed here are laboratory and field studies investigating the impact of light and daylight 
on biomarkers and performance. In the field studies, which were performed in schools with 
teenagers, we examined how restriction of circadian-effective light exposures impacted dim 
light melatonin onset (DLMO), a marker of circadian time [2-4]. Since a regular, 24-hour pat-
tern of light and dark appears essential for human health, the measurement of light as it affects 
circadian rhythms is at the very core of creating sustainable buildings. In these field studies, 
students wore a circadian light dosimeter, the Daysimeter, which measured actual circadian 
light exposures for the study weeks [5, 6].  

In the laboratory studies, we investigated the impact of daylight exposure as well as intermit-
tent blue light exposure on performance and feelings of sleepiness. Subjects were kept awake 
for 26 hours and performance was measured every 4 hours. Subjects either remained in a dim-
ly illuminated room or sat in front of a window all day. During the performance tests, they 
were exposed to 40 lux of 470-nm (blue) light, which has been shown to increase alertness at 
night. Results suggest that nighttime performance is improved by light compared to darkness 
but that daylight exposure did not have a differential impact on performance compared to day-
time darkness. 

In summary, to help minimize sleep restriction and circadian disruption, and thereby increase 
human performance, health, and well-being, sustainable buildings should provide users with 
high levels of morning light and low levels of evening light. The present results demonstrate 
that, in both laboratory and real-life environments, light can impact humans in important ways 
that go beyond recommended levels of illumination based upon seeing. Therefore, sustainable 
buildings should be about more than lumens per watt. 



BACKGROUND 

Sustainable buildings should be able to minimize wasted energy while maximizing human 
benefits. The daylighting of buildings is often associated with sustainability and is seen as a 
technique for increasing energy efficiency. For daylighting to be a successful energy-saving 
technique, sophisticated lighting control systems must be used where the photoelectric control 
system is adaptable to local architectural elements, building orientation, seasons, and most of 
all, occupant preferences. Therefore, even though daylighting can save energy and expenses, 
implementing successful daylighting techniques is neither trivial nor common. 

With regard to maximizing human benefit in sustainable buildings, it is often argued that day-
light improves worker productivity. Although there is a wealth of studies showing that people 
like daylight, there is no compelling evidence that daylighting actually improves human per-
formance [7-11]. Light can potentially affect human performance through three pathways: the 
visual system, the perceptual system, and the circadian system [2]. Lighting characteristics for 
stimulating the visual system is well understood and there is no reason to believe that daylight 
is a special light source to improve vision and, thus, improve performance through the visual 
system. Studies that have tried to show a reliable relationship between daylight and improved 
psychological well-being and, thus, improved performance through the perceptual system, 
have been consistently unsuccessful. Models that predict how light affects behaviour through 
the circadian system have not been developed; however, an understanding of how lighting 
characteristics affect the circadian system has been developed [12].  

Daylight is an ideal light source for the circadian system. Thus, it is reasonable to pursue the 
hypothesis that daylight might improve performance through the circadian system. The hu-
man circadian system regulates the timing of all behavioral, physiological and cellular activi-
ties to a 24-hour cycle on Earth. The sleep-wake cycle is perhaps the most commonly ob-
served circadian rhythm, but performance, digestion, hormone production, and cellular DNA 
repair also follow a regular 24-hour pattern. Light is the most important regulator of timing of 
circadian rhythms, and people across the entire surface of the Earth are able to coordinate 
their circadian cycles to the local times of sunrise and sunset.  

Although light must enter the eye to stimulate both the visual and the circadian systems, the 
biophysics of activation for the two systems is quite different. In particular, the circadian sys-
tem has a much higher threshold to light activation and is more sensitive to short-wavelength 
(blue) light than the visual system used for reading. Most importantly, it is differentially sen-
sitive to the time when the light is presented to the retina; light incident on the retina in the 
morning will advance the circadian clock, whereas light in the late evening will delay it [13]. 
Exposure to weak or irregular light/dark patterns may pose an increased risk for circadian sys-
tem disruption. Therefore, daylight through windows or skylights would seem to be an ideal 
source of light for circadian entrainment during the daytime, and could be particularly impor-
tant in offices and schools where occupants have limited access to the outdoors. Often, how-
ever, access to sufficient levels of daylight for circadian entrainment are not available to 
building occupants, either because their activities are remote from windows or skylights or 
because occupants use window shading for visual comfort. This limited access to daylight 
may result in what we call “architectural jet lag,” with all the associated maladies of ordinary 
jet lag, such as poor sleep and digestion. Potentially more serious maladies may occur from 
circadian disruption, such as breast cancer [14].     

Discussed here are one laboratory and two field studies investigating the impact of light and 
daylight on biomarkers and performance. In the field studies, which were performed in 
schools, we examined how restriction of short-wavelength, circadian light exposure in teenag-
ers impacted performance and dim light melatonin onset (DLMO), a marker of circadian time 



[2-4]. In both studies, students wore a circadian light dosimeter, the Daysimeter [5], which 
measured their personal circadian light exposures. In the laboratory study, we examined the 
acute effect of exposure to daylight as well as intermittent blue light exposures on perfor-
mance. 

METHODS AND RESULTS – FIELD STUDIES 
In the first phase of the first field study we examined how restriction of short-wavelength, cir-
cadian-effective light impacted evening DLMO [2]. This field study was conducted at a mid-
dle school in North Carolina with unusually high levels of daylight in the classrooms. After 
11 teenage subjects wore special orange glasses in the morning to remove short-wavelength, 
circadian light for five consecutive school days, their DLMO was delayed by about 30 mi-
nutes relative to the previous week when they did not wear the orange glasses. During the 
second week, when Daysimeter data were collected, the Daysimeter sensors were equipped 
with the same orange filter.  Figure 1 shows the spectral transmittance of the glasses and Fig-
ure 2 shows the cumulative frequencies of the DLMO times the week before and the week 
after students wore the orange glasses. The orange glasses allowed them to see well enough to 
perform their visual tasks, but their circadian pacemaker was not receiving enough stimulation 
in the morning to advance its period. 

  
Figure 1 (left): The spectral irradiance distribution of a phase of daylight (6500 K) and the spectral 
transmittance of the orange glasses. Short wavelengths below approximately 540 nm are removed. 

Figure 2 (right): Cumulative frequencies of DLMO times before and after students wore the orange 
glasses.    

 
In the second phase of the study, 22 students participated in a 5-day field study conducted at 
the same North Carolina middle school [4]. Half of the students studied (n = 11) wore the 
orange glasses that removed short-wavelength, circadian light for five consecutive days, while  
the other half did not. Again, the Daysimeter was equipped with the orange filter for those 
students who wore the orange glasses. DLMO times were significantly delayed (approximate-
ly 30 minutes) for those students who wore orange glasses compared to the control group. 
Sleep durations were slightly, but not significantly, curtailed in the orange-glasses group. 

In the second field study, DLMO was measured for 16 teenage students attending an upstate 
New York school one winter evening and one spring evening. Circadian light exposures in the 
evening were significantly greater in the spring than in the winter (Figure 3) and DLMO was 
delayed by about 20 minutes in the spring relative to that in winter (Figure 4). Sleep onset was 
also significantly delayed in the spring by about 16 minutes relative to that in the winter [3]. 
The delays in DLMO and in sleep onset shown in the studies were consistent with the meas-
ured differential circadian light exposures. Namely, restricting circadian light exposure in the 
morning and extending it in the evening can delay evening DLMO and sleep onset.   



    
Figure 3 (left): Circadian light exposures (CLA) in the evening were significantly greater in 
the spring than in the winter.  
Figure 4 (right): Cumulative frequencies showing the number of students who reached DLMO 
between 19.0 and 22.0 hours. DLMO was delayed by about 20 minutes in the spring relative 
to the winter. 

METHODS AND RESULTS – LABORATORY STUDY 
Eight subjects, (2 females) participated in a 3-session, within-subjects study without sleep. 
Each session was separated by at least one week. Each 26-hour session began at 07:00 and 
concluded at 09:00 the following day. During the control session, subjects remained in conti-
nuous dim ambient light (< 3 lux) for 26 hours. For the other two sessions, conducted 7 
months apart, the same lighting conditions were experienced by subjects. During these two 
sessions subjects were exposed to daylight and to 40 lux of 470-nm (blue) light for one hour 
every four hours starting at 08:00. During all three sessions subjects were seated at desks fac-
ing a window that was either covered or not with opaque black-out shades to occlude the nat-
ural daylight. During the blue-light exposure periods, performance was measured on the Mul-
ti-Attribute Task Battery (MAT) for Human Operator Workload and Strategic Behavior Re-
search software program (NASA COSMIC collection, Open Channel Foundation). The 54- 
minute MAT Battery was comprised of (i) a monitoring task, (ii) a tracking task, (iii) a com-
munication task, and (iv) a resource management task. Subjects were also asked to fill out the 
Karolinska Sleepiness Scale (KSS), a 9-point scale used to assess their subjective sleepiness; 
higher values of KSS indicate that subjects felt sleepier.  
Figure 5 shows the KSS and tracking data for the three sessions. The KSS data represent the 
average responses from all eight subjects. For the tracking task, subjects used a joystick to 
maintain a moving circle on a fixed target presented at the center of a computer-generated 
display. Average deviation distances of the circle from the target for one minute were record-
ed. The root mean square (RMS) data from all eight subjects represent the one-minute average 
pixel deviations from the central target over six nine-minute epochs (i.e., over 54 minutes); 
higher values of the RMS deviations indicate poorer performance.  
As shown in Figure 5, the rate of deterioration in self-reports of sleepiness and of perfor-
mance becomes faster at normal sleep time. This deterioration probably reflects the physio-
logical transition between the time for daytime wakefulness to the time for nighttime sleep 
[15]. The results also indicate that the rate of deterioration of self-reports of sleepiness is 
greater than the rate of deterioration of performance across 26-hours of wakefulness, suggest-
ing that feelings of sleepiness can be overcome to improve performance. The exposure to day-
light did not affect performance nor did it affect subjective sleepiness relative to continuous 



dim ambient light exposure. Not only is this true during the daytime, but it is also true at 
night, indicating that there is no carryover effect of daylight into nighttime hours. Blue light 
exposure at night reduced subjective sleepiness and increased performance, but not during the 
day. It should be added that these results are for subjects who slept the night before and whose 
circadian systems were entrained to a regular light-dark cycle. 

 
Figure 5: Self-reports of sleepiness and performance for 26 hours; subjects were continuous-
ly awake during each of three sessions. The Karolinska Sleepiness Scale (KSS) was used to 
measure subjective sleepiness (solid symbols); higher values indicate greater feelings of slee-
piness. Performance was measured using a computer-screen tracking task; larger root mean 
square (RMS) deviations between the circle and the target indicate higher tracking errors 
(open symbols). For one session subjects were in continuous dim ambient light (Dk). For the 
other two sessions (DB1 and DB2) subjects were exposed to 40 lux of blue light at the cornea 
for one hour every four hours and sat in front of an uncovered, west-facing window at all oth-
er times.  

DISCUSSION  

Daylighting is often associated with sustainable buildings. The results presented here suggest 
that daylighting is important for maintaining our circadian rhythms, sleep and well-being, but 
that it has little if any effect on tracking performance and feelings of fatigue in the daytime, or 
later that night, despite some reports that daytime light exposures increase performance and 
alertness [15, 16, 17]. 
The field data presented here suggest, consistent with our collective understanding of the cir-
cadian system, that morning light can set and synchronize our circadian clocks to a common 
time. In situations where a strict schedule is necessary, as it is for school, restricting our even-
ing light may be just as important for maintaining an entrained circadian clock. This has im-
plications for modern electric display devices such as computers and tablets, which are often 
used late into the night [18]. In the laboratory study, blue light at night, known to be sufficient 
to suppress the nocturnal hormone melatonin [19], improved performance and feelings of 
sleepiness, suggesting that during normal sleep times light can have a positive alerting effect. 
Unpublished data from another study by the Lighting Research Center (LRC) suggest that red 
light exposures at night, ineffective for suppressing melatonin, has comparable effects on per-
formance as blue light exposures. From a still different study, it was shown that caffeine has 
comparable effects on performance as blue light exposures at night. The long-term conse-
quences of blue light exposure at night exposure (or caffeine) may, however, have untold con-
sequences to health and well-being. Future research is aimed at understating how other colors 
of light impact acute performance and sleepiness as well as circadian disruption and health 
[15, 19, 20].  
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ABSTRACT 

The implementation of Complex Fenestration Systems (CFS) in the day-to-day life by 

practitioners, such as lighting designers, architects and façade makers is not an easy task. 

However, computer design tools can reinforce their usage through the determination of the 

luminous properties of a building interior prior to its construction or refurbishment. This 

paper presents a methodology based upon computer daylighting simulations carried out with 

RADIANCE in which the mkillum procedure was improved in order to render the light 

distribution due to diffuse daylight and sunlight on the inner surface of a fenestration system 

by the way of BTDF data. For the sake of standardization, the BTDF data accepted as input 

may be formatted according to the course of IEA Task 31 “Daylighting in Buildings” (e.g. 

following Tregenza format). 

Keywords: Complex Fenestration Systems (CFS), Bi-directional Transmission Distribution 

Function (BTDF), RADIANCE software, backward ray-tracing, video-goniophotometer 

INTRODUCTION 

Complex Fenestration Systems (CFS) available today on the market are mainly constituted of 

solar shadings and light redirecting devices. They can contribute to substantial reduction of 

the heating and electricity loads in non-residential buildings through an optimal use of passive 

solar gains and daylighting [1]. Their implementation in the day-to-day life by practitioners, 

such as lighting designers, architects and façade makers is not an easy task, as long as the 

latter will be unable to: i) integrate and combine CFSs with efficient luminaries for the sake of 

energy savings (optimal use of daylighting and electric lighting) and ii) improve 

simultaneously the users’ visual comfort and performance in computerized office spaces 

(avoiding glare risks and excessive task luminance). Computer simulation tools such as 

RADIANCE [2] can help to achieve these objectives through the determination of the 

luminous properties of a building interior prior to its construction or refurbishment. 

Nowadays, new photometric equipments, such as bidirectional video-goniophotometer [3], 

can be used to assess the luminous transmission properties of CFSs, the so-called 

Bidirectional Transmission Distribution Function (BTDF). Measurements can be realized 

according to the sensitivity of the human eye V(λ) [4] and even in the near infrared [5]. A 

collection of measured BTDFs corresponding to a bunch of CFSs is available today at EPFL 

[6], but currently not sufficiently used in practice. The collection is stored in an international 

standard for BTDF data defined in the course of IEA Task 31 “Daylighting in Buildings” [7]. 

The first approach of CFS simulations with RADIANCE was carried out using an 

approximation of the measured BTDF data with the prism2 primitive [8] and successfully 

applied for sharp redirecting CFS (Laser Cut Panel, Holographic Film and 3M Film) [9]. 

Recently, RADIANCE has been improved [10] to be able to render the light distribution due 



to diffuse daylight and sunlight on the inner surface of a fenestration system by the way of 

BTDF data. The latter is stored in an XML file according to a data format defined at 

Lawrence Berkeley National Laboratory (e.g. suggested by Klems) [11]. 

The computer methodology presented in this paper aims at being a link between the 

international standard for BTDF data storage [7] and the improved RADIANCE version [10]. 

The paper describes the modifications brought in this prospect to the RADIANCE ray-tracing 

programme along with simulation results of a non-sharp redirecting CFS (Veglas Lumitop) 

whose BTDF data were monitored at EPFL. 

METHODOLOGY 

The RADIANCE mkillum routine in the official release 4.0 is able to read and use an XML 

file that contains BTDF data [10]. However, this XML file format has nothing to do with a 

prior defined BTDF data standard of goniophotometers such as the one defined in the course 

of IEA Task 31 “Daylighting in Buildings” [7]. In the latter, a text file is given for each pair 

of incoming angles (azimuth and elevation) according to the Tregenza subdivision of the 

hemisphere in 145 zones. In the case of symmetry of the sample (vertical and/or horizontal), 

the number of measured pairs of incoming angles may be reduced down to 42. The C++ 

programme btdf2prism2 [8], that has already been developed by the authors to approximate a 

BTDF with two main redirecting components using the RADIANCE prism2 routine, was 

used as a basis for reading the IEA 21 BTDF file format. The programme was renamed to 

btdf2radiance and modified to generate the BTDF data as a matrix of size (input directions) 

times (output directions) in the XML file format. As mentioned earlier, with EPFL’s 

goniophotometer the input directions are the centroid of the 145 Tregenza zones, and the 

output directions are each 5° in azimuth and 5° in elevation leading to 1297 zones. This last 

number being equal to (90°/5°) times (360°/5°) plus the zenithal zone, the corresponding 

BTDF matrix is rectangular. Two steps were required to achieve the link between the 

measurements of EPFL’s goniophotometer in IEA 21 format and the BTDF data usable by the 

RADIANCE routine mkillum: 

1) Modify the RADIANCE mkillum routine to take into account the basis in which the 

145 input Tregenza directions and the 1297 (5° by 5°) output directions are defined, 

2) Write the btdf2radiance routine to convert the IEA 21 BTDF format in the XML file 

format usable by mkillum. 

The following two paragraphs present the last points in details. 

Modifications in the RADIANCE mkillum routine 

The source code of RADIANCE is modular; all what concerns the basis of BTDF data is 

located in the file /common/bsdf.c. Three existing basis can be found in the latter: 

LBNL/Klems Full, LBNL/Klems Half and LBNL/Klems Quarter. Those are given by couples 

of inclination and number of subdivisions of the band that is in between the current and next 

inclinations. Symbolically the couples can be represented by: 

 1 2 2 3 3 3 4,1 , , , , , , ,0ns s
,
 (1) 

in which  is the inclination angle (accounted for from the normal, see Figure 1) and 
( 1)a as

is the number of subdivisions between a  and 1a  for 1..( 1)a n . The first number of 

subdivisions is always 1 in common hemisphere subdivisions, e.g. the zenithal zone is unique. 

The last number of subdivisions on the other hand is always 0 to end the series. The Tregenza 



basis, named in the modifications brought to mkillum “EPFL/Tregenza Full”, is thus given in 

this notation by: 

 -6,1 , 6,6 , 18,12 , 30,18 , 42,24 , 54,24 , 66,30 , 78,30 , 90,0 , (2) 

and the 5° by 5° basis, named in the modifications brought to mkillum “EPFL/5deg Full”, is 

given by: 

 -2.5,1 , 2.5,72 , 7.5,72 , 12.5,72 , 17.5,72 , , 87.5,72 , 90,0 , (3) 

in which we notice a fixed number of subdivisions of the bands and a fixed step increment of 

5° in . The first inclination angle of each series is negative and equals in absolute value to 

the second inclination angle to indicate the extent of the unique zenithal zone. With the basis 

defined, each zone of the hemisphere is then identified by a unique number which starts by 

the zenithal zone and follows with the successive bands. The numbering goes according to the 

right-hand rule associated with the reference frame shown in Figure 1. 

 

Figure 1: The coordinate system associated with the glazing used by default by mkillum 

(up=+Z) on the left-hand side, the numbering of the zones in the “EPFL/Tregenza Full” basis 

on the right-hand side (in blue the minimum of 42 zones for a complete set considering 

symmetries).  

When defining a surface in RADIANCE to be represented by a BTDF, the user should define 

the vertex order to arrange for the normal of the surface to point inside the room. The mkillum 

routine then associates another reference frame to the surface: (x’’,y’’,z’’). The latter is 

defined by taking as default an “up” direction equals to the z-axis in the room’s Cartesian 

coordinate system (x,y,z): the vector product between “up” and the surface normal defines the 

x’’-axis, the vector product between the surface’s normal and x’’ defines y’’ and finally the 

normal itself defines the z’’-axis. 

Remember that a fully transparent glazing represented by its BTDF matrix using the 

“EPFL/Tregenza Full” basis in input and output directions is diagonal. 

Conversion of the IEA 21 BTDF file format to the mkillum XML file format 

The programme btdf2radiance makes the link between the IEA 21 BTDF file format and the 

XML file format requested by mkillum after the previous modifications. The IEA 21 BTDF 

file format defines a separate file for each pair of incoming angles, each of which contains the 

BTDF values associated with a pairs of outgoing angles. Those angles (incoming and 



outgoing) are measured in a reference frame attached to the considered CFS sample (x’,y’.z’), 

that is different from the one used by mkillum (see Figure 2). 

 

Figure 2: The coordinate system associated with the measured BTDF in the international 

standard IEA 21 and a visualization of the measured BTDF of Veglas Lumitop for impinging 

angles of 12° in inclination and 60° in azimuth (z’-axis goes downwards). 

The transformation that goes from IEA 21 coordinate system (x’,y’,z’) shown in Figure 2 to 

the mkillum coordinate system (x’’,y’’,z’’) shown in Figure 1 can be written, in spherical 

coordinates, as: 

 , , (4) 

in which 0,  is the inclination angle and 0,2  the azimuth angle in IEA 21 

reference frame. The algorithm which produces an XML file usable by mkillum from IEA 21 

BTDF files contains six steps: 1) transformation of the incoming angles in the mkillum 

reference frame, 2) identification of the incoming zone number (in the “EPFL/Tregenza Full” 

basis from 1 to 145), 3) transformation of all outgoing angles to the mkillum reference frame, 

4) identification of the outgoing zone number (in the “EPFL/5deg Full” basis from 1 to 1297), 

5) attribution of the BTDF values in the asymmetrical matrix (of size 145*1297) and 6) in 

case of symmetries defined, copy the values accordingly in the matrix. The final asymmetrical 

matrix is written in the form given by Table 1. 

 

<?xml version="1.0" encoding="UTF-8"?> 
<WindowElement> 
 <Information Material="Lumitop" Source="btdf2radiance"/> 
 <Optical> 
  <Layer> 
   <WavelengthData> 
    <Wavelength>Visible</Wavelength> 
    <WavelengthDataBlock> 
     <WavelengthDataDirection>Transmission Front</WavelengthDataDirection> 
     <ColumnAngleBasis>EPFL/Tregenza Full</ColumnAngleBasis> 
     <RowAngleBasis>EPFL/5deg Full</RowAngleBasis> 
     <ScatteringData> 
      ... the asymmetrical BTDF data in 1297 rows of 145 columns ... 
     </ScatteringData> 
    </WavelengthDataBlock> 
   </WavelengthData> 
  </Layer> 
 </Optical> 



</WindowElement> 

Table 1: The structure of the XML file for the simulation of BTDF data with mkillum. 

As illustration of the matrix structure, the normal-hemispherical transmission of a monitored 

CFS sample can be computed using the first column of the matrix which corresponds to the 

incoming zone 1 (normal to the sample). Furthermore, the BTDF visualization in Figure 2 of 

Veglas Lumitop for incoming angles (12°,60°) corresponds to the incoming zone 4, in other 

words the 4
th

 column of the matrix. 

Usage of the resulting XML file with mkillum 

The routine mkillum is used exactly in the same way as for any kind of glazing, except that 

one need to mention the name of the XML file to be used. Table 2 shows a RADIANCE file 

describing a surface that should behave in the same way as the XML file specified. For more 

details about RADIANCE simulations please refer to [2]. 

 

#@mkillum i=void c=d d=btdf2mkillum145x1297.xml s=40000 l+ u=+Z 
 
void polygon upper_glazing 
0 
0 
12 
 0.1   0  2.7 
 3.35  0  2.7 
 3.35  0  2.1 
 0.1   0  2.1 

Table 2: The radiance description file (.rad) of a glazing with mention of the XML data file. 

SIMULATION RESULTS 

An office room in the LESO Solar Experimental Building located on the EPFL campus in 

Switzerland was chosen as virtual model for producing renderings (see Figure 3). The glazed 

facade faces south, with a standard double glazing in its lower part and a hypothetical 

installation of a Veglas Lumitop in its upper part. The device redirects the sun rays towards 

the ceiling in winter, spring and autumn; it blocks the sun rays in summer. 

 

Figure 3: RADIANCE renderings of a virtual model of a simple room in LESO-PB office 

room (Switerland), from left to right: winter solstice, spring/autumn equinox and summer 

solstice at noon (local winter time). 



These renderings give convincing results, which is not the case for the ones that can be 

realized with the prism2 primitive in RADIANCE [8]. Indeed, the Lumitop has a diffuse 

directional redirection property (see Figure 2 for an illustration) that cannot be represented by 

two sharp directions. 

CONCLUSION 

The approximation of monitored BTDF data using the RADIANCE prism2 primitive 

developed previously by the authors comes to a limit when considering CFS having a 

significant diffuse component. To overcome this and bring compatibility between the 

international standard IEA 21 for BTDF data storage and the recent improvement of the 

RADIANCE mkillum routine, a new C++ programme btdf2radiance was developed. The 

renderings are convincing so far; however a further verification procedure is foreseen for the 

next months. 
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ABSTRACT  
Non tracking daylight systems, which redirect the light from solar altitudes between 15° and 
65° deep into the room without causing glare effects, have been applied successfully in 
several office buildings recently. Based on these macro structured systems, fixed in the upper 
area of windows above eyelevel, advanced solutions with micro structures are developed now. 
Main objective is the reduction of material input (e.g. PMMA) and production costs. 
Additionally the optical properties and redirection performance are to be improved. Ray 
tracing calculations were carried out for principal solutions of micro structured optical 
systems capable of redirecting daylight with high and almost homogeneous efficiency over 
the relevant angular range of solar altitudes and not showing colour effects. The production 
process of hot embossing has been optimized and prototypes of PMMA panels with 
dimensions of 1400 mm x 400 mm x 4 mm were tested. Design principles for integration of 
the panel in triple glass units in windows are shown. 
 

1. REQUIREMENTS OF COMBINED SOLAR CONTROL AND DAYLIGHTING  
Windows have to control solar heat gains effectively in order to avoid uncomfortable room 
temperatures respectively high energy consumption for cooling. The main design parameters 
of the façade influencing this performance are window area and orientation as well as shading 
coefficient of glazing and additional shading facilities.  

Simultaneously the façade has to provide a high daylighting performance, especially in non-
residential buildings like offices, in order to create a high quality illumination as to visual 
tasks and biological (circadian) effects of the user as well as to reduce the electricity 
consumption for artificial lighting. Latest research results demand illuminances much higher 
than the standard (DIN EN 12464-1) values for artificial lighting (300 lx to 750 lx). Desirable 
values should be up to 2000 to 4000 lx [1-1 to 1-2], at least under daylight conditions. The 
main design parameters in addition to those of solar control are position and shape of window, 
light transmittance of glass and shading facility. A differentiation of sky conditions, i.e. 
diffuse and direct sunlight, has to be taken into account. 
 

2. PRINCIPAL SOLUTIONS  
Conventional solar control systems like external louvers or roller blinds have the side effect to 
reduce the daylight transmission strongly so that the minimum illumimance often can only be 
provided by artificial light. In order to utilize the available daylight but control the solar heat 
gains simultaneously, combined shading and daylighting solutions have been developed [2-1]. 
They improve the illuminance, as the comparison of conventional louvers, partly light 
directing louvers and light directing glass in Fig. 2.1 shows.  



 
Fig. 2.1, left: Illuminance (lx) and distance from window (m), south / north orientation, 
shading device closed in south, opened in north [2-2], right: Three daylight and shading 
solutions: Conventional louvers, light directing  louvers, light directing glass in upper and 
louvers in lower window area.  

 
Relatively small window areas are 
sufficient for redirecting sunlight to 
the depth of the room because of the 
intensity of direct solar light. In 
order to avoid glare only the upper 
part of the window above eye level 
should be used for sunlighting. If 
louver systems are used the lamellas 
have to be highly reflective, 
especially shaped and tracked 
according to the solar position. 
More robust are redirecting systems, 
which have not to be moved and 
which are protected against external 
impact like dust, wind and rain, e.g. 
in the gap of a double glass unit.  
 
This study focuses on the fixed type 
of solar redirection with the 
following task: Redirection of direct 
sunlight in windows, facing east, 
south and west, from solar altitudes 
up to 65° in Middle Europe to the 
ceiling and depth of the room 
without causing glare. Because of 
reduced radiation intensity and 
obstructions close to the horizon a 
minimum solar altitude of 20° can 
be assumed. Most of the light has to 
be redirected above a horizontal 
level. The remainder of light with 

Table 2.1: Principle solutions for redirection of           an emergent angle smaller 0° must 
direct sunlight by fixed systems (no solar tracking)           be less than 10% to avoid glare. 

Principle solutions, all of which
have a translucent image, are given 
in Table 2.1. 



The systems based on refraction have a higher efficiency than those based on reflection, as 
total internal reflection works without losses. The protection against external impact and 
deposition of dirt helps to avoid performance losses, thus the encapsulation in a multilayer 
glass unit is recommended. Although principle No. 3 with light conductors has proved a good 
performance in numerous applications [2-2], it was taken as a challenge to reduce the 
complexity of the 11 mm PMMA profiles in the gap of a double glass unit. Solution No. 4 
was chosen for an advanced approach, a simple pane of transparent material with optical 
surfaces to be placed in a glass unit [2-3]. The development of suitable surface structures and 
their production in micro dimensions is shown in chapter 4 to 6. 
 

3. BOUNDARY CONDITIONS OF APPLICATION  
The boundary conditions of 
architecture and building 
construction have to be 
considered for the development: 
Different kinds of facades with 
single windows or larger glazed 
areas have to be taken into 
account as well as various types 
of solar control, which can be 
fixed or movable. There can be 
continuous glazing or a 
separating frame between upper 
and lower window part. A survey 
is given in Table 3.1., including 
approximate performance 
characteristics for lighting and 
solar heat gain. For the time 
being a maximum dimension of 
1500 mm x 400 mm for light 
directing panels was derived 
from existing buildings with 
state of the art daylight systems.  

Table 3.1: Boundary conditions for light directing systems 
in side windows 
 

4. OPTICAL MICRO STRUCTURES AND RAY TRACING CALCULATIONS  
Research work by the Institute of Solar Energy (ISE) in Freiburg on prismatic structures 
showed that micro prism arrays are principally suited for light redirection [4-1], however with 
the drawback that the redirection efficiency varies considerably over the angular range of the 
daily solar altitudes. In consequence, at certain hours of the day the light redirection works 
with high efficiency, while at other hours the incoming sunlight causes severe glare. In this 
work ray tracing has been employed to develop a micro structured optical system which is 
capable of redirecting light homogeneously over the whole angular range of the daily solar 
altitudes.  
The ray tracing calculations lead to a double sided microstructure as optimized configuration. 
The system combines lens-like structures at the light incident and prismatic structures at the 
light redirection side (see Fig 4.1). The implementation of the lens-like microstructures at the 
light incident side leads to reasonably homogeneous angular redirection efficiencies and 
avoids colour effect which are generally present in pure prismatic systems.  



 
 
Fig. 4.1 Schematic configuration of light 
redirection by double sided micro 
structured surface 

Fig. 5.1: First large-scale prototype with 
dimensions of 1500 mm x 300 mm x 4 mm 
for implementation in windows / skylights 

 

5 PRODUCTION TECHNOLOGIES, PROTOTYPING, LARGE SCALE PRODUCTION  
For the fabrication of micro optical elements a variety of high precision replication processes 
are available like precision injection moulding, hot or UV-embossing, or casting. All 
materials with high optical transparency are principally suited for the realization of such 
micro structured components, with preference of polymeric materials - due to their easier 
mass production capabilities. 
In this work, the numerically optimized designs have been successfully implemented in 
casting and in hot embossing processes. Casted prototypes were fabricated by using PDMS ( a 
highly transparent silicone polymer). The structure dimensions of the lenses and prisms were 
in the range of 250µm. After demonstrating experimentally the high light redirecting 
efficiency of PDMS prototypes (dimensions: 100mm x 100 mm) the technology has been 
transferred to large scale industrial production by hot embossing (Jungbecker Technology, 
Olpe, Germany). The size of the fabricated panels allows for 1500mm x 400 mm x 4 mm, 
which is a size well suited for implementation in standard windows or skylights. 
 
In order to achieve a window image with continuous glazing (no separating frame between 
upper and lower part), two solutions are possible: Joint of PMMA and glass pane in the gap or 
continuous glass pane with micro structured plastic foils laminated at the desired position on a 
glass sheet. Fig. 5.2 shows the appearance of a window which has been laminated with a 
micro structured PDMS foil in the upper part. 
 

            
 
Fig. 5.2, left: Separating frame between upper and lower window area, right: Lamination of 
micro structured foils (900 mm x 300 mm x 1.5 mm) in the upper part of a continuous glass 
panel  
 
 



6. EXPERIMENTAL TESTS, OPTIMIZATION PROCESS  
 

While a simple test with a torch already demonstrates the systems efficiency (see Fig. 6.1), 
the redirection performance was also measured with a goniometrical setup. The obtained 
results prove the expected high efficiency in redirecting daylight without causing glare and 
confirm the estimated results of the numerical simulation. First samples achieve a redirecting 
overall efficiency which surpasses the values of existing commercial systems.  
 

 
 
Fig. 6.1 Demonstration of light redirection performance: light distribution without (left) and 
with inserted daylighting system (right). 
 
The diagram in Fig. 6.2 shows the percentage of transmitted light directed upwards (green 
line) and downwards (red line) over the solar altitude of the incident light. Overall, about 70% 
of the incident light (between solar altitudes of 15 to 60 degrees) is redirected and scattered to 
the ceiling. The remaining 10% of the transmitted light (red line) is diffusely scattered and 
may contribute to an additional illumination of the working area.  
 

 
 
Fig. 6.2 Diagram of redirection performance (based on measurements of a PDMS prototype).  
 

7. CONCLUSIONS 
The development of non tracked, micro structured solar lighting systems has been successful 
as to large scale embossing technology in dimensions of 1500 mm x 400 mm as well as to 
prototype testing. By mounting the PMMA pane between two glass panels the characteristics 
of a triple glass unit, as shown in Fig. 7.1, can be achieved. Depending on dimensions, coating 
and gas fill the following characteristics are expected:  



- U-value = 0.7 – 0,8 W/m² K  (2 low-e coatings & argon) 
- Solar heat gain g = 0,25 – 0,30 (selective coating) 
- Light transmission Τ   = 0,50 - 0.60 
In comparison to state of the art solutions efficiency of redirection and light transmission 
could be improved and material input of PMMA as well as complexity of construction be 
reduced. Depending on the boundary conditions like room geometry, window size, 
orientation, solar and glare control, high daylight quality (illuminances > 1000 lx), and low 
annual lighting energy demand (reduction 20% to 40% compared to conventional systems) 
can be achieved [2-3]. 

 
Figure 7.1: Example of micro structured light directing pane integrated in glass unit 
 
The reported advanced micro structured daylighting system was designed to be manufactured 
by high-productivity processes. In addition, the slim design leads to a reduced material 
consumption and simplifies the assembly process of the final glass unit significantly. The 
resulting lower costs as well as the capability of integrating the system into windows with 
separate clerestory (frame) as well as without is considered a favourable pre-condition for a 
successful and deep market penetration. 
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ABSTRACT 
Visual comfort is a key element at work places and at home. Besides task illuminance and 
color rendering it is the indoor light distribution, which strongly impacts visual comfort. We 
aimed to show possible relations between subjective and objective visual comfort and non-
visual functions such as mood, alertness, and wellbeing.  

Twenty-two healthy young volunteers were recruited to spend six hours in the afternoon in a 
testing room at our laboratory. They were exposed to daylight in the range between 1000 and 
2000 lx. Artificial lighting was added when daylight illuminance decreased below this target 
range. In order to determine objective visual comfort, luminance ratios of the room were 
extracted from high dynamic range (HDR) images, taken three times during the afternoon. 
From these HDR images we calculated glare indexes by using specialized software (Evalglare 
v0.9, Fraunhofer ISE). Those glare indexes served as objective visual comfort assessments. At 
several occasions we asked subjects to assess their subjective visual comfort and glare as well 
as alertness, mood and well-being on visual analogue scales. We correlated objective and 
subjective glare assessments with those from alertness, mood and wellbeing. 

We found that objective visual comfort exhibited a time of day-dependent positive or negative 
association with subjective physical wellbeing, visual comfort and alertness. Higher objective 
glare indexes at the beginning of the afternoon slightly correlated with greater physical 
wellbeing (p<0.1); whereas in the middle of the afternoon, higher objective glare indexes 
were significantly correlated with lower subjective visual comfort and lower alertness. 
Towards the end of the afternoon, we found that higher objective glare was associated with 
significantly lower physical wellbeing (for all significant results: p<0.05).  

Taken together, our results show that objective glare indexes were associated not only with 
subjective visual comfort but also with non-visual functions such as subjective physical 
wellbeing and alertness. However, these assessments varied with the time of day, reflecting 
the effects of dynamic light conditions on subjective homeostatic and circadian functions. 
This might have implications on the lighting environment at many work places and homes in 
the future. 

INTRODUCTION 
Beyond vision, light influences many non-visual functions such as mood, alertness and 
wellbeing. It has recently been shown that visual and non-visual functions share common 
neuronal pathways which depend on photo biological properties, such as the lighting 
environment[1-2]. Light is the most important zeitgeber to synchronize the internal biological 
clock to the external 24-hours light-dark cycle [3-5]. Besides the spectral composition of 
visible light, light intensity (vertical illuminance, Ev) and the timing of light exposure play an 
important role in modulating these non-visual light effects in humans [3, 6-9].  



To achieve an optimal visual comfort in a working environment, we have to take into account 
not only the task illuminance and color rendering, but also the luminance distribution. The 
avoidance of discomfort glare is one aspect of visual comfort which is used to assess optimal 
indoor light quality. Several glare indexes have been developed to evaluate discomfort glare 
[10-14]. High dynamic range imaging (HDR) techniques have been applied as a tool to 
capture a lit scene and to assess its luminance distribution [15-17]. In order to determine 
objective visual comfort, we can extract those luminance ratios from HDR images and 
calculate glare indexes, by using specialized software[18-19].  

In this study, we aimed at investigating the associations between objective glare, visual 
comfort and non-visual functions, at different times of day. We assessed objective visual 
comfort from three different glare indexes by using HDR imaging techniques. We compared 
those objective glare indexes with subjective visual comfort, alertness, mood and well-being 
ratings in young subjects, who spend an afternoon in our laboratory under daylighting 
conditions. 

METHODS 

Study design 

Twenty-two healthy young volunteers were recruited (14 men; 8 women; age 23.5 ± 2.4 
years; mean ± SD). We only included healthy subjects without any medication (except for 
oral contraceptive). Seven days before the study started, subjects were asked to maintain a 
regular sleep-wake cycle. Compliance was controlled by a wrist activity monitor and sleep 
logs. All subjects were requested to spend two afternoons and evenings in a testing room at 
the Solar Energy and Building Physics Laboratory (LESO-PB) at the Swiss Federal Institute 
of Technology in Lausanne (Switzerland) under two different lighting conditions, in a 
balanced cross over design (between October and February). In this paper, we report results 
from the first six hours during the afternoon under daylighting conditions. Subjects were 
exposed to daylight with a vertical target illuminance between 1000 and 2000 lx (mean: 966 
lx; SE±94.8 lx). The lower part of all windows was covered with translucent blinds in order to 
avoid vertical outside view. Artificial light (from six ceiling luminaires: 58W, 4000K) was 
added when vertical illuminance dropped below 1000 lx. Subjects came 4-5 hours after their 
habitual wake time to the laboratory and spent the afternoon (from noon to 6pm) in the testing 
room, in a steady sitting position. They were allowed to read, work or listen to music, (no 
computer work). In order to ensure vertical gazing, subjects worked on vertically tilted table 
boards. Study procedures were approved by the local ethical board and subjects gave their 
written informed consent before the study. 

Objective & subjective assessments 

Vertical illuminance was continuously recorded in 5 minutes intervals throughout the study 
by using a spectroradiometer (Specbos 1201, JETI, Germany). Three times during the study 
(at 12pm, 3pm and 5:30pm) a sequence of 14 photos was taken in vertical gaze direction of 
the subjects by using a camera with a fisheye lens (Nikon Coolpix 5400). From these photos 
we created HDR images and calculated glare indexes by using the software Photosphere [20] 
and Evalglare (Evalglare v0.9, Fraunhofer Institute, Germany) [14, 19]. Three different glare 
indexes served as objective visual comfort assessments: the Daylight Glare Probability (DGP) 
[14], the Daylight Glare Index (DGI) [10] and the Unified Glare Index (UGR) [21]. 

 Subjective visual comfort, light preference and glare ratings as well as alertness, mood and 
well-being were estimated on visual analogue scales at the same clock times when the photos 
for the HDR calculation were taken. We finally correlated objective visual comfort 
assessments with subjective ratings.  



RESULTS 

Objective visual comfort 

Vertical illuminance measured with the spectroradiometer and vertical illuminance calculated 
from the HDR images correlated well (r = 0.84; p< 0.01). Both, vertical illuminance and the 
calculated glare indexes (DGP, DGI and UGR) changed in the course of the afternoon (one-
way repeated analysis of variance; ANOVA; p< 0.001; Figure 1). The change of objective 
glare over time was such that all glare indexes (DGI, UGR, DGP) were significantly lower at 
5:30 pm when compared to those earlier in the afternoon (t-test for independent samples; p < 
0.05).  
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Figure 1: Dynamics of averaged glare indexes (mean of different days) in the course of the 
afternoon. DGP=Daylight Glare Probability, DGI=Daylight Glare Index, UGR=Unified 
Glare Index; mean ± SEM  

 

 

Correlations of subjective and objective visual comfort 

Lower subjective visual comfort was significantly correlated with greater objective 
discomfort (higher objective glare index) in the middle of the afternoon (3pm; r = -0.44 for 
DGI; p< 0.05) and was slightly associated with UGR at the same time (r = -0.40; p< 0.1; 
Table 1). Light preference had a slight relation with all glare indexes (DGP, DGI and UGR) at 
the beginning of the study, such that higher objective glare tended to be correlated with 
greater subjective preference of the lighting condition (Table 1; r >0.37; p< 0.1). There was 
no correlation between objective and subjective glare assessments (r < 0.28; p> 0.1).  
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Subjective 
 Assessments 

Objective Glare Assessments
12:00 AM 

 
Objective Glare Assessments 

3:00 AM 
Objective Glare Assessments 

5:30 PM 

 DGP  DGI   UGR DGP  DGI  UGR DGP   DGI   UGR 

Visual  - -  - - −0.44* −0.40† -  -  - 
Comfort           ↑ glare    ↓  comfort   

Light  0.37†  0.40†   0.38† -  -  - -   -   - 
Preference  ↑ glare    ↑ preferred                   

Relaxation - -  - 
−0.60

* −0.46* −0.47* −0.41†  −0.36†  −0.48* 
    ↑ glare    ↓  relaxed ↑ glare    ↓  relaxed 

Physical  0.38†  -   0.40† -  -  - 
−0.50

*   −0.48*   −0.59* 
 Comfort ↑ glare    ↑  comfort   ↑ glare    ↓  comfort 

Alertness - -  - 
−0.42

* −0.36† −0.37† -  -  - 
    ↑ glare    ↓  alert   

Table 1: Correlation coefficients (r) between objective glare indexes and subjective 
assessments (visual comfort, light preference, subjective wellbeing and alertness) at different 
times during the afternoon; * p< 0.05, † p< 0.1 and - p=ns. For significant values or 
tendencies, the direction from correlation coefficients is indicated with arrows. 
 
Associations of objective glare with non-visual functions 

Higher objective glare was significantly associated with lower subjective relaxation at 3pm (r 
> -0.46; p< 0.05) and at 5:30pm (r= -48; p< 0.05 for UGR and r >-36; p< 0.1 for DGP and 
DGI; Table 1). For the relations between objective glare and physical comfort we found a 
slight positive correlation at the beginning of the afternoon (r > 0.38; p< 0.1) and a significant 
negative correlation at the end of the afternoon, such that at 5:30pm, subjects felt less 
comfortable, when there was greater objective glare (r > -0.48; p< 0.05). Subjective alertness 
was negatively correlated with objective glare indexes in the middle of the afternoon (3 pm), 
such that greater objective glare indexes (i.e. higher objective discomfort) were associated 
with lower subjective alertness (r = -0.42; p< 0.05 for DGP; r > -0.36 and p<0.1 for UGR and 
DGI). There was no significant correlation of objective glare indexes and mood assessments 
(r< 0.24; p> 0.1). 

DISCUSSION 

We investigated, whether objective visual comfort (via the calculation of glare indexes) 
correlated with simultaneously rated subjective visual comfort, wellbeing and alertness in 
young subjects at different times of day. Our results showed a time of day-dependent positive 
or negative association between objective visual comfort with subjective visual comfort and 
non-visual functions, such as subjective physical wellbeing and alertness.  

Significant correlations between subjective visual comfort and objective glare assessments 
were only found at 3pm, even though objective glare indexes did not differ between 12pm and 
3pm, indicating a certain dynamic in subjective assessments but not the indoor daylight 
distribution and glare sources. Similarly, we found slight positive correlations of subjective 
light preference and objective visual comfort at 12pm but not at 3pm.  



The correlations of objective visual comfort with physical comfort and relaxation also showed 
a time of day dependency, such that at the beginning of the afternoon lower objective visual 
comfort (i.e. higher glare indexes) were slightly associated with higher physical comfort but 
significantly lower physical comfort at the end of the afternoon. This was the case even 
though absolute objective visual comfort (i.e. lower glare indexes) was better at 5:30 pm than 
before. Lower subjective relaxation and alertness were also associated with lower objective 
visual comfort, starting in the middle of the afternoon. From these results it seems that at the 
beginning of the afternoon absolutely higher glare indexes (i.e. higher objective visual 
discomfort) did not reveal negative repercussions on physical comfort, relaxation and 
alertness, only later in the afternoon those subjective variables went in the same less favorable 
direction. The change of subjective assessments in the course of a day was also shown by 
Boyce et al.[22], where subjects rated their lighting conditions poorer in the later afternoon 
than in the morning hours.  

We did not find significant correlations with subjective and objective glare ratings as it was 
the case in a study reported by Wienold and colleagues, even though we used a similar glare 
assessment for the calculation of the DGP glare formula [23]. One explanation might be that 
we tried to avoid discomfort glare caused by direct sunlight during the entire study duration. 
We therefore had lowered the translucent blinds to prevent a vertical outside view but also to 
avoid direct sunlight. Secondly, we performed the study in a room which was equipped with 
anidolic daylighting systems [24-25]. These systems enable a more even light distribution 
even deeper in the room and reduce the glare risk[17]. 

In this study, we investigated rather the effects of indoor light distribution, not light intensity 
or the spectral composition of light per se. Lower objective visual comfort (i.e. higher glare 
index) does not necessarily mean a brighter light source but indicates a poorer distribution of 
the incoming daylight flux. One new finding from this study is that subjects felt significantly 
less comfortable, less relaxed and less alert under poorer indoor daylight distributions. 
However, these associations went not always in the same direction, depending on the time of 
day assessment and were not reflected in absolute values of glare indexes. 

To conclude, we found that objectively assessed indoor light distributions by HDR imaging 
techniques led to correlations with time-dependent non-visual functions. Further 
investigations regarding the effects of indoor light distribution on non-visual functions are 
needed to quantify the latter in larger populations. We also need longer lasting studies in order 
to better understand the impact of light on visual comfort and non-visual homeostatic and 
circadian functions in humans. 
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ABSTRACT  

Discomfort glare, among different aspects of visual discomfort is a phenomenon which is 

little understood and hard to quantify. As this phenomenon is dependent on the building 

occupant’s view direction and on the relative position of the glare source, a deeper knowledge 

of one’s visual behavior within a space could provide pertinent insights into better 

understanding glare. To address this need, we set up an experiment to investigate 

dependencies of view direction distribution to a selected range of brightness and contrast 

distributions in a standard office scenario. The participants were asked to perform a series of 

tasks including reading, thinking, filling in a questionnaire and waiting. The direction of their 

view was monitored by recording participants’ eye movements using eye-tracking methods. 

Preliminary results show that different facade configurations have different effects on the eye 

movement patterns, with a strong dependency on the performed task. This pilot study will 

serve as a first step to integrate eye-tracking methods into visual comfort assessments and 

lead to a better understanding of the impact of discomfort glare on visual behavior. 

INTRODUCTION 

Daylight, while undeniably a desirable component in any working and living space [1, 2], can 

create uncomfortable situations that may reduce visibility and create dissatisfaction and visual 

discomfort. Among the different types of visual discomfort that can be caused by daylight in 

an indoor environment, a phenomenon known as discomfort glare is recognized as the most 

common problem; yet, despite years of study, it still has not been fully quantified and 

understood. The studies on discomfort glare are mainly subjective and based on light 

measurements combined with conventional psychophysical procedures [1]. They have 

resulted in a series of glare indices that predict the expected degree of discomfort an occupant 

will experience as caused by different light settings. These indices are in general drawn upon 

four physical quantities: the luminance, the size and the position index of the glare source, 

and the general field of luminance that the eye adapts to (cf. Fig. 1). The position index is a 

complex equation, which expresses the change in discomfort based on the angular 

displacement of the glare source from the line of sight [3, 4]. The main assumption in the 

definition of this index is that the line of sight is fixed and focused on a given point. 

In a natural experience of a space, the view direction is not fixed but varies through time and 

space. To change their line of sight, humans move body, head and eyes. The hypothesis is that 

there might be clear relations between these movements and discomfort glare perception.  

Eye-movement analysis is used in fields such as car safety, surgery, software usability, 

product design, and also in assessing glare from monitor screen. Very few studies so far have  



 

     

Figure 1:  Discomfort glare depends on four general variables a) Luminance of glare source, 

b) Solid angle of source, c) Background luminance, and d) Position index  

investigated the relationship between eye movements and building-induced visual context, 

such as a window [5, 6]. None went as far as connecting findings on eye-movements patterns 

to glare perception. The use of this new method can lead on one hand to novel and 

quantitative insights in the cognitive factors driving eye movements in natural settings, and on 

the other hand to objective measures of comfort and more reliable predictions of occupant 

response, that together contribute to support improved workplace design. 

To investigate this, a pilot study was designed in a realistic scene using eye tracking methods. 

The experiment included five participants and was carried out in an office-like room where 

photometric quantities relevant to visual comfort were gathered. A sequence of four daylight 

conditions was created by changing the facade configuration, and a fifth light configuration 

was considered using artificial lighting. Eye movements were recorded for each light-

condition sequence and task event by means of an eye-tracker. 

This paper describes the overall methodology adopted to approach this problem and illustrates 

the potential for new insights offered by integrating eye-tracking methods in discomfort glare 

assessments. It also presents preliminary results of the pilot study conducted in the daylight 

test room at Fraunhofer-ISE, Freiburg, Germany. 

METHODS 

The method adopted for this study included measuring eye movements of human participants 

in an office-like environment. In natural visual behavior, we avoid the discomfort glare 

sensation changing our view direction and putting the source of glare out of our visual field. 

Looking into this behavior by means of objective measurements such as eye movements, can 

lead to a better understanding of this phenomenon in indoor spaces. 

Eye-tracking  

Using eye tracking has the potential to provide objective measures of comfort and more 

reliable predictions of a building occupant’s response, which contributes to improved 

workplace design. Eye movements in general are divided into volitional and reflexive 

movements and in natural stimuli are driven by local features of visual stimuli [7], visual 

context [8] and task [9, 10, 11]. In addition to eye movements, humans may change their line 

of sight by head and body movements, which frequently interact with eye movements. For 

applicability to realistic scenarios, the eye-tracking method should not constrain the 

participant’s movements. To monitor gaze and head movements simultaneously, we therefore 

employed the EyeSeeCam (Fig. 2), a mobile, state-of-the-art eye tracker [12] that performs 

binocular video oculography and records real-time head-centered and gaze-centered movies.  

a b c d 



 

 

 

 

 

Figure 2: EyeSeeCam a) EyeSeeCam worn by a participant b) Eye-tracking analysis: Heat 

maps of eye positions recorded with the EyeSeeCam. 

Because eye-tracking is an objective, quantifiable method, it provides a new perspective in 

visual discomfort glare assessment. It adds an objective measurement of occupant response 

through eye-movement recordings and moves beyond the conventional subjective assessment 

based on questionnaires. 

Experimental setup 

As a first step, a pilot study was conducted, whose objective was to investigate the possible 

relations between eye-movement patterns and light distribution in the room. The experiments 

were performed in an office-like side-lit module located on top of a four story building in the 

south-western part of Germany in Freiburg. The module is 360º rotatable so as to allow 

reasonably repeatable experiments for varying sun positions. The glazing type is a double 

glass with a light transmission of 54%, a U-value of 1.1 W/m²K, and a total solar energy 

transmission of 29%. The room is equipped with control systems such as interior venetian 

blinds, roller blinds, and covering sheets for reducing the glazing surface.  

The sequence of light conditions ranging from dark and low contrast to bright and extreme 

contrast was determined through initial testing with different facade configurations compared 

in simulation using Radiance [13] and in the real space with the help of High Dynamic Range 

imaging techniques [14]. The main concern was to have different significant contrast 

conditions and glare situations in the room while maintaining the view contact to the outside 

and ensuring an easy flow of the measurement procedure. Based on this comparison, four 

daylight conditions were considered for the experiment (cf. Fig. 3). In addition, an artificial 

situation was also considered as the fifth light system. 

Each task event started with the participant coming in from the outside, first to the neighbor 

module and then to the test scene so as to have a similar eye adaptation processes to indoor 

light. Light variations outdoors were monitored with a meteorological station that records the 

global, total and diffuse illuminance (lux), as well as the global horizontal irradiance (W/m
2
) 

[15]. Indoor light distribution was monitored by lux meters and calibrated HDR cameras 

equipped with a fish-eye lens used as a multiple point luminance-meter. Eye-movements were 

recorded by means of the EyeSeeCam eye-tracker system. Photometric quantities relevant to 

visual comfort as well as subjective glare rating were gathered. 

Test procedure  

The test procedure consisted of five parts with five different light settings and included five 

task events: 1) reading from the monitor screen, 2) thinking/waiting, 3) answering one 

multiple choice question on the reading, 4) filling in the questionnaire, 5) pause. 
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Figure 3: The visualization of the four daylight conditions: a) dark and low contrast, b) dark 

and high contrast c) bright and high contrast d) bright and extreme contrast (direct sun). 

In order to ensure the homogeneity of the reading task for all participants, its appearance on 

the monitor screen was standardized based on ergonomics of human-system interaction (ISO 

9241-303). To avoid uncontrolled skimming or skipping that occurs naturally when reading a 

continuous paragraph [16] the text was carefully adjusted and set to the center of the monitor. 

The texts were chosen with a text difficulty that could be read in 1 minute.  

Five volunteers were recruited in the age group of 20 to 30 of native German speakers 

amongst the Fraunhofer-ISE staff. Participants wore the EyeSeeCam to measure eye 

movements, and performed one trial per facade condition. Each trial consisted of five one-

minute tasks as described above. The reading text was chosen randomly among six different 

paragraphs and displayed on the monitor at the beginning of each trail. The order chosen for 

the lighting condition sequence was randomized across participants to avoid any order effects. 

For each task (except for the 3
rd

 event), eye-tracking parameters and subjective comfort 

ratings were assessed as dependent variables, the overall luminance distribution (resulting 

from each facade configuration) being considered the independent variable. Photometric 

quantities relevant to visual comfort were recorded continuously during each task. These 

measured quantities included: work plane illuminance (lux), illuminance (lux) on the monitor 

plane, vertical illuminance (lux) at the participant’s eye, and luminance distribution (cd/m
2
). 

RESULTS 

The effect of light condition sequence and task was addressed in a preliminary analysis of the 

eye movement data. This analysis will be restricted to the two extreme facade configurations 

for glare, namely the dark and high contrast and the bright and extreme contrast, further 

discussed below. Variance over the horizontal eye-in-head position signal (‘horizontal 

variance’) is likely to measure behavior with some more sensitivity than radial variance or 

vertical variance as window is always to left.  

The illuminance measure at the eye level of participants for each facade configuration, have 

created a good diversity of perceived light and have kept a reasonable consistency through 

each trail (cf. Fig. 4) . 

Horizontal variance increased in the tasks that invite participants to explore the surroundings 

(‘think’ and ‘pause’) as compared to the two tasks where gaze is restricted to the monitor 

(‘read’ and ‘question’) (cf. Fig. 5a). During the ‘think’ phase of the trials this increase is 

lower for the bright and extreme contrast facade. This suggests that horizontal variance of 

eye-in-head orientation is sensitive to the effects of light conditions on comfort.  

To quantify this, a three-way ANOVA was performed on horizontal variance. The factors 

used were facade (‘2: dark and high contrast’, ‘4: bright and extreme contrast’), task (‘read’, 

‘wait’, ‘question’ or ‘pause’) and eye (‘left’ or ‘right’). 

a b c d 



 

             

Figure 4: Measurement results a) Comparison between illuminance (lux) at the eye level of 

participants in all four facade configurations b) Representation of the four façade 

configurations 

 

Figure 5: Analysis results a) Horizontal variance between two facade configurations: ‘2: 

dark and high contrast’ ‘4: bright and extreme contrast’ b) The two facade configurations 

and the glare sources within the field of view  

There are main effects of facade (F (1, 40) = 34.49, p<.001) and task (F (3, 40) = 70.94,         

p < .001). There is no main effect of eye (F (1, 40) = 3.04, p = .088). There is a two-way 

three-way interactions (all p > .643). Interaction between facade and task (F (12) = 17.99,      

p < .001). There were no other two- or three-way interactions (all p > .643). 

The effect of the facade means that eye-orientation varies depending on which system is used. 

A glare evaluation made by Evalglare, a Radiance-based tool [15], illustrates the distribution 

of glare sources in the field of view (cf. Fig. 5b) which shows that more glare sources in the 

field caused has created a different effect. The results also indicate that facade effect is 

different for different tasks. For example, when participants are reading, the variation of eye-

orientation is mainly determined by the task, but when they are thinking or making a pause 

variation of eye-orientation is mainly determined by the facade. 

DISCUSSION 

This paper presents the preliminary results of a pilot study conducted to evaluate the potential 

of integrating eye-tracking methods as an objective insight to visual comfort assessment. An 

experiment was designed as a first step towards this end that demonstrated there are 

significant changes of eye movement behavior in different light settings. This method can 

reveal new perspectives in understanding discomfort glare. 

a  b 
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The goal of this research is, ultimately, to refine our understanding of dependencies of view 

direction as a function of light distribution. To reach this goal, further detailed analysis needs 

to be done on the light distributions based on head-in-room orientation to allow for more 

precise assessment of comfort dependent gaze. Moreover, subjective glare ratings are also to 

be considered in order to have a better understanding of subjective assessments. The inclusion 

of measurable gaze in visual comfort studies creates a basis for identifying objective 

relationships between eye-movement patterns and perceived comfort, and between occupant 

response patterns and lighting conditions. 

Findings will advance the state of the art in visual comfort assessment in interior spaces by 

providing new insights into the position index as a parameter that is - possibly - dependent on 

light distribution and forming a basis on which lighting conditions, glare perception and gaze 

patterns can be brought together. 
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ABSTRACT 

A study is presented about the effects of three glazing colour types (blue, neutral, bronze) of 

equal visual transmittance on daylight quality, self-reported arousal levels and switch-on 

patterns for electric lights. This study was carried out using a large scale model (1:4) of a 

typical office room where the luminous conditions were evaluated by subjective assessments 

of 36 participants (mean age 23.8 years), who had their upper body immersed in the model. 

The evaluation of daylight quality relied on a questionnaire assessing five key factors of light 

quality: 1) visual comfort; 2) naturality; 3) pleasantness; 4) precision and 5) light level. The 

questionnaire’s oral and written questions were then analyzed using mixed model analyses, 

which revealed statistically significant higher scores for pleasantness (written questions 

p=0,003; combination of oral and written questions p=0,017), comfort (written questions 

p=0,015) and light level (written questions p=0,044) for the bronze glazing compared to the 

blue and neutral types. The neutral glazing was also preferred over the blue one for 

pleasantness (written questions p=0,021). The participants’ arousal level was also evaluated at 

the beginning and end of each assessment session using the Karolinska Sleepiness Scale 

(KSS). A t-test performed on the KSS scores indicated that the level of arousal decreased in 

the presence of the blue glazing, which was contrary to the initial hypothesis. Finally, 

participants were also asked to switch-on the electric lights at the end of each assessment 

session and adjust the light level according to their own preference using a dimmer. This 

study did not reveal any significant effect of the glazing types on switch-on patterns and 

preferred illuminance level at this point, but this could be due to methodological limitations. 

Overall, the study shows that there is a preference for daylight filtered through bronze 

window glazing, confirming results of earlier research. The study also indicates that glazing 

colour type may have a significant effect on arousal with blue glass yielding a reduction in 

self-reported arousal level.  

INTRODUCTION 

In work environments, particularly in office buildings, one strong architectural trend of the 

last decades has been to design buildings with large glass facades. One consequence of this 

design trend is the wide spread of solar-protective glazing (reflective and tinted or heat-

absorbing glass). Modern window glass is moreover nowadays coated with low-emissivity 

coatings in order to reduce radiative heat losses to the outside and the heating load of 

buildings. Coatings and tints distort the natural colour of daylight reaching the eye and skin of 

building inhabitants, which may have implications for the visual system’s performance and 

perception, but also for all photobiology-related or so-called non-visual effects of light. 

Earlier studies by Pineault et al [1] and Bülow-Hübe [2] have intended to measure the 

variation in visual comfort of occupants as well as the perceived light quality inside a room in 



relation to glazing colour types. The rooms studied in those two cases were a living room and 

a bedroom. The present study considers instead an office space facing southeast. Earlier 

studies suggest that there is a preference for a warm shift [3, 4]. But the non visual 

photobiological effects of light on vigilance and performance are better achieved with cold 

light such as blue light 5. Therefore, a colder (blue) and a warmer (bronze) shift were tested 

in the present research along with a neutral glazing which was slightly greenish in appearance. 

METHOD 

Experimental setting 

The study was entirely carried out using a large scale model (1:4) of a typical office room 

with a single window facing southeast (Fig. 1). The 1:4 scale was selected in order to allow 

research participants to have their upper body completely immersed in the scaled room. 

 

Figure 1: Photograph of the interior of the scaled office room taken from the viewpoint of the 

research participant. Starting from left to right: views with the blue, neutral and bronze 

glazing. 

The scaled room was furnished as a typical office space. The walls and ceiling had a white 

mate finish that yielded to a surface reflectance of around 80%. The model was fixed on a 

table 86 cm high, which allowed the participants to be seated on a chair with only the upper 

body immersed (waist-height to head) while performing their evaluation.  The model was also 

provided with a ceiling-mounted artificial lighting system consisting of six xenon lamps 

(serial number I-K303WH, CCT: 2700°K, 220 lumens per lamp using 20W xenon light bulbs) 

connected to a dimmer. The model’s window, which measured 836 mm (width) by 465 mm 

(height) and was located at 230 mm from the floor, was divided into three sections surrounded 

by a white coloured 28 mm thick frame. The model box was inserted inside the opening of an 

existing window of the Architecture School building and directly exposed to the natural 

climate of Quebec City (46°48'N). The experiment was performed over a five-week period 

that was completed at the end of March 2010. 

Glazing colour types 

The three glass conditions that were evaluated had a similar visual transmittance but different 

dominant colours: blue (VT 0,526), neutral (VT 0,538) and bronze (VT 0,538) (see Fig. 2 for 

spectral transmittance properties). The three glass samples were provided by a local glass 

manufacturer, who certified that these were rather common glazing types often selected by 

architects in the region of Quebec City. 

 

 

 



 

 

 

Figure 2: Spectral transmittance of the glazing samples studied. 

Experimental procedure 

A total of 36 persons participated in the research (23 females, aged 18-45 years). They were 

recruited at Laval University during the months of February and March 2010. The participants 

did not present any major vision problems. They were all naive about the objectives of the 

study and were monetarily compensated for their participation. 

Each experiment started with a verbal explanation of the procedures before the participant 

was instructed to sit in the model and assess subjectively its level of arousal using the 

validated 9 points Karolinska Sleepiness Scale (KSS [6]). Reading tasks were performed in 

order to allow the subject to adapt chromatically to the lighting conditions in the room for 

about five minutes. An oral questionnaire was then performed followed by a written 

questionnaire (see next section for details) before a second assessment of the level of arousal 

with the KSS scale was performed. At the end, the participant was instructed to adjust the 

electric lighting to the desired level using a dimmer. The same procedure was repeated, once 

with each glazing sample with the total experiment lasting 90 to 120 minutes including a 5 to 

10 minutes pause between conditions to change the glazing samples while the participant was 

asked to go for a short walk indoors. The three glazing samples were evaluated by each 

participant using a counter balanced order of presentation (see 10 for details). 

Oral and written questionnaires 

The main interest of this research concerned the evaluation of light quality, as determined by 

five subjective factors such as: 1) visual comfort; 2) naturality; 3) pleasantness; 4) precision 

(of details and textures); 5) light level. Oral questions were used primarily to allow the 

participant to concentrate on the model’s atmosphere without glancing back and forth at a 

questionnaire. The oral questionnaire focused on the ambient light conditions in the room, the 

general atmosphere of the room and finally, the perception of the environment as seen through 

the windows. Questions were answered out loud using a scale from 1 to 5, where 1 stands for 

"fully agree" (see [10] for details).  

The written questionnaire contained a total of five groups of questions, which could be 

answered with five-degree Lickert scales with semantic opposites (Table 1). The participants 

had to circle a number from 1 to 5, where 1 corresponded to the most positive score and 5, to 

the most negative. Written questions concentrated on similar topics as the oral ones but were 

answered directly by the participants, in order to reconfirm their opinion. Opposite adjectives 

used in this exercise were selected from previous research in the field [2, 7, 8, 9]. Photometric 

measurements were also performed throughout the experiments (see 10 for details). 



 

Table 1: Written questionnaire (freely translated from French). 

RESULTS 

Mixed model analyses were used to compare groups of answers from the oral and written 

questions corresponding to the five qualitative factors (visual comfort; naturality; 

pleasantness; precision; light level). The results for the five factors are presented in Table 2.  

Results corresponding to each factor were combined to obtain an average score for written 

questions, oral questions, and the two combined, for each of the glazing condition. A low 

mean score indicated that the participants were in favour of the affirmation, and a higher 

mean score indicated a tendency towards a negative opinion. Statistical analyses were 

performed using SPSS version 18.0. 

Overall, the level of significance ended up to be higher for the written questions than for the 

oral questions. Significant results for the written questions were found for: visual comfort: 

p=0.015; pleasantness: p=0.003; light level: p=0.044 (Table 2). Since the oral and written 

questionnaires related to the same factors, the answers were combined and further analysed to 

validate the results. The combined answers remained significant for visual comfort (p=0.014) 

and pleasantness (p=0.015), see Table 2. In all cases, these results indicate that the bronze 

glass was perceived as being more comfortable for the eye and more pleasant than the two 

other samples.  



 

Table 2: Results for the five factors analysis for the written questions and a combination of 

oral and written questions. 

The average score from each of the five written questions (see Table 1), were further analyzed 

by comparing each group of questions (Q1 to Q5) performing Wilcox Son paired t-tests for 

each glazing type. Due to the multiple comparisons, significance was considered only with 

p<0.017. From these analyses, two groups of questions yielded to significant results in favor 

of the bronze glass. Those questions refer to the appearance and texture of the objects in the 

model (Q3, p=0.013) and to the general lighting ambiance inside the model (Q5, p=0.004). A 

trend was observed for two other questions; namely daylight color (Q4, p=0.022) and general 

daylight ambiance in the room (Q2, p=0.02), still favoring the bronze glazing (see Table 3). 

 

Table 3: T-test results from the five groups of written questions: Q1-color appearance; Q2-

daylight in general; Q3- appearance & textures; Q4-daylight's colour; Q5-general ambiance. 

The participant's level of arousal recorded at the beginning and end of each evaluation was 

compared using a paired t-test analysis. Significant results (p<0,05) indicate that when the 

blue glazing was being tested, the arousal level decreased slightly over the evaluation period 

(p=0,042), see Table 4. 

 

Table 4: Analysis of arousal level with KSS scale at time 1 and time 2 of the experiment. 

The adjustment of electric lighting, recorded at the end of each glass evaluation, was analysed 

with a logistic regression, but no significant results were obtained. 



DISCUSSION 

Results for the qualitative factors analysis indicate a preference for the bronze glass, in terms 

of visual comfort, pleasantness and light level. Results from the grouped written questions 

indicate that in presence of the bronze glass, the appearance and textures of the objects in the 

room and the general lighting ambiance were perceived as more natural and pleasant. Other 

results from the written questions regarding daylight’s colour and daylight presence in general 

indicate again a tendency in favour of the bronze glazing. Finally, the participant’s self-

reported level of arousal had a slight decrease with the blue glazing. We believe that the latter 

results could be related to the fact that the eye could perceive a bluish ambient environment as 

less bright and therefore less stimulating, since in daylight, the eye is most sensitive to green-

yellow light but not much to blue light. But, in that case, we would have expected participants 

to increase the level of light at the end of the study, which was not the case: the adjustment of 

the lighting level was not significant during this research. An other explanation for this could 

be that visible light transmittance of the three glass samples was very similar; therefore the 

participants generally felt that the lighting was sufficient inside the model.  
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ABSTRACT 
Several studies have shown that in the built environment, natural light is highly preferred over 
electrical lighting for its positive effects on user satisfaction, health, and the potential on 
saving electrical energy. However, natural light is highly variable and limited by time and 
space. For example, significant fractions of working population in the world do their work 
during nighttime. Shift workers experience various discomfort issues, and increased long-term 
risk of some types of cancer due to a lack of synchronisation between the shift work schedule 
and the worker’s light-dark cycle. Many buildings also have several inside spaces, while 
admission of natural light into work places is strongly suggested. 

A possible way to overcome this problem is to develop and apply a Virtual Natural Lighting 
Solution (VNLS), which is a system that provides virtual natural light, with all of its qualities, 
which can be integrated inside new and/or existing buildings. One of the first challenges in 
developing such solutions is modelling their behaviour and predicting their impact on spatial 
use and performance of buildings. In order to model a VNLS, it is necessary to understand the 
relevant properties that the solution itself should have, as well as the relevant performance 
indicators which show how the solution affects performance of buildings where it is applied. 

For the case of VNLS, the performance indicators of a building will be described in terms of 
visual comfort, space availability, thermal comfort, and energy consumption. A study is 
presented, based on literature reviews, in which the properties of currently known artificial 
windows and skylights are compared to that of real ones. The comparison shows that each 
existing solutions addresses a subset of all aspects required for a VNLS. The paper concludes 
by summarising the relevant properties and performance indicators with their expected range 
of values, which will be the input for developing a computational model of VNLS. 

INTRODUCTION 
Human beings have a strong preference for natural light. Several studies have shown that 
natural light is highly preferred over electrical lighting in the built environment for its positive 
effects on user satisfaction and health, (e.g., [1, 2]); as well as for the potential to save on 
electrical energy by reducing artificial lighting consumption by 50% to 80% (e.g., [3, 4]).  

However, natural light is highly variable and limited in time and space. For example, 
significant fractions of the working population in the world do their work during nighttime [5, 
6]. Night shift workers experience various discomfort issues and even increased long-term 
risk of some types of cancer due to a lack of synchronisation between the shift work schedule 
and the worker’s light–dark cycle [7]. Furthermore, many office buildings have inside spaces 
which cannot be used as working space, because, for example according to Dutch regulations, 
admission of natural light into work places is strongly recommended. 
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A possible way to overcome those problems is to develop and apply a Virtual Natural 
Lighting Solution (VNLS), which is a system that ideally has the possibility to provide virtual 
natural lighting, with all of its qualities, including a realistic outside scene view, which can be 
applied and integrated inside new and/or existing buildings. One of the first challenges in 
developing such solutions is modelling their behaviour, and predicting their impact on   
building performance. Therefore, it is necessary to understand two main ideas: (1) describing 
the relevant properties that the solution itself should have and (2) describing the relevant 
performance indicators which show how the solution affects performance of buildings where 
the solution is applied. The objective of this paper is to classify the relevant properties and 
performance indicators and their expected range of values, in relation with VNLS. The 
properties are also used as mean for comparison, based on literature reviews, of the currently 
known artificial light windows and artificial view windows and skylights. 

PROPERTIES REQUIREMENT OF VNLS 
In the design stage of VNLS, it is important for product designers and developers to know 
what properties are required to present in the solution. The properties can be determined from 
that of the real natural light solution (i.e., window). Related to daylight and view, Boerstra [8] 
and Hellinga and Bruin-Hordijk [9] proposed quality levels for themes that influence visual 
comfort. Depth perception cues, i.e., movement parallax, occlusion, and blur, are also taken 
into account based on experimental research of IJsstelsteijn et al. [10]. Some of the quality 
levels are given in A, B, C, and D, which respectively represents the best, good, sufficient, 
and insufficient choice.  

Table 1 summarises the requirement of VNLS properties as follows. The requirement can be 
taken as a general guideline, and continuous improvements are consequently needed. 

 

Properties Symbol Unit Possible range Target range 
Light quality 
Surface luminance Ls cd/m2 0 ~ 8000  125 ~ 6000 
Correlated colour temperature CCT K 2600 ~ 12000 2700 ~ 12000 
Colour quality scale CQS - 0 ~ 100 82 ~ 98 
Directionality DIR - A, B, C, D A or B 
View quality  
Presence of green, sky, distant objects [9] GSD - A, B, C, D A or B 
Information [8, 9] INF - A, B, C, D A or B 
Complexity and coherence [8, 9] ORG - A, B, C, D A or B 
Depth perception cues [10] DPC - A, B, C, D A or B 

Table 1: Requirement of VNLS properties. 
 

PERFORMANCE INDICATORS OF A BUILDING WITH VNLS  
In order to model VNLS in a building, it is necessary to gain a complete understanding of all 
indicators which are relevant to describe the performance of the system. The term 
performance indicator (PI) will be used, which is a quantified expression of performance, 
having a range, definition, unit and a direction of increasing or decreasing value, in order to 
enable more structured negotiation between stakeholders, so that the design task can be 
expressed in the same set of criteria [11]. The indicators can be based on the principles of 
physics (“hard” indicators) or on environmental psychology (“soft” indicators) [12]. 
In the case of natural light, Dubois [13] suggested a number of simple PIs, i.e. workplane 
illuminance, illuminance uniformity, and luminance ratios. For design purposes, Reinhart et 

380 Proceedings CISBAT 2011, Lausanne, Switzerland



al. [14] suggested illuminance-based dynamic performance metrics such as daylight 
autonomy, continuous daylight autonomy, and useful daylight index. Pati et al. [12] suggested 
several PIs related to general work place lighting, which were classified in terms of energy 
efficacy, task lighting, view to outside, and visual comfort. Other aspects are also considered 
to describe indicators of the work environment, in terms of thermal comfort and energy. 

For the case of a building with VNLS, the relevant PIs can be classified in the following terms. 
1. Visual comfort: workplane or task illuminance, illuminance uniformity on the workplane, 

task-to-surround luminance ratios [14], task-to-wall luminance ratio, directional-to-diffuse 
luminance ratio [14], and unified glare rating [16]. 

2. Space availability: virtual criterion rating and space availability ratio (discussed below). 

3. Thermal comfort: predicted mean vote, percentage people dissatisfied and summed 
weighted overheating hours [17]. 

4. Energy consumption: total annual electrical energy demand and total annual heating and 
cooling energy demands [8, 18]. 

 
 
 

PI Symbol Unit Range Target 
Visual comfort  
Task illuminance Etask lx 0 ~ 25000 200 ~ 800 
Illum. uniformity on workplane U - 0 ~ 1 ≥ 0.6 
Task-to-surround lum. ratio  LRt-s - 0 ~ ∞ 1:20 ~ 20:1 
Task-to-wall luminance ratio LRt-w - 0 ~ ∞ 10:1 ~ 40:1 
Directional-to-diffuse lum. ratio  LRd-d - 0 ~ ∞ 1.4:1 ~ 2.5:1 
Unified glare rating UGR - 10 ~ 30 ≤ 16 
Space availability   
Virtual criterion rating VCR % 0 ~ 100 ≥ 70 
Space availability ratio SAR - 0 ~ ∞ to be refined 
Thermal comfort   
Predicted mean vote PMV - –3 ~ +3 –0.5 ~ +0.5 
Predicted percentage of dissatisfied PPD % 0 ~ 100 5 ~ 10 
Summed weighted overheating hours  WOH-∑ hrs 0 ~ 375 ≤ 225 
Energy consumption  
Total electrical energy demand Eed kWh/m2/yr 0 ~ 20  ≤ 15 
Total heating energy demand  Ehd kWh/m2/yr 50 ~ 500 ≤ 325 
Total cooling energy demand Ecd kWh/m2/yr 50 ~ 250 ≤ 60 

 

Table 2: Performance indicators for a building with VNLS. 
 

For visual comfort, an image-based lighting analysis procedure and tool called Virtual 
Lighting Laboratory (VLL) was introduced by Inanici and Navvab [15]. VLL is a computer 
environment where the user has been provided with matrices of per pixel data of luminance 
and illuminance values extracted from High Dynamic Range (HDR) images, processed 
through mathematical and statistical operations to perform more detail lighting analysis.  

As suggested by Inanici [19], per pixel data analysis allows even more detailed study. For 
instance, it can be used to calculate a PI which quantifies the probability that a specific 
criterion (such as luminance, illuminance, and contrast) is met within a defined space or area 
[20]. The PI is called Virtual Criterion Rating (VCR), which is defined as:  

         VCR = 
pixels ofnumber  Total

surface aon  / space ain criterion   thesatisfying pixels ofNumber  × 100%       (1) 
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As a guideline, it is suggested to study the task illuminance values to ensure that they are 
between 2/3 and 4/3 of the target values. It is suggested to aim for achieving the 2/3 to 4/3 
range in 90 percent of the task locations [19]. 

Related to the VNLS application, the VCR can be applied to indicate how much additional 
space can be used for working (e.g. on paper or computer task), due to enhancement of the 
lighting and view quality, after installation of the VNLS in a given building space. The idea is 
to show the comparison between the VCR of the given space before and after the installation, 
in terms of task illuminance and surface luminance. Therefore, a new PI is proposed, namely 
Space Availability Ratio (SAR) in a given space at a given time, which is defined as: 

                              SAR = 
oninstallati VNLS  thebefore space ain  VCR

oninstallati VNLS after the space ain  VCR                               (2) 

 

PROPERTIES COMPARISON OF VNLS PRECURSORS 
Several products have been developed to provide, or to mimic some aspects of real natural 
lighting solutions (e.g., windows and skylights). Based on their main function, the early 
attempts to approach VNLS (precursors) can be classified into two types: one that is dedicated 
mainly to provide “virtual” natural view (usually outdoor scenery); and one mainly to provide 
“virtual” natural light (for quality lighting or curing diseases).  

Table 3 presents comparisons of some properties of some selected existing precursors of 
VNLS. The PIs presented in the Table 2 are not yet available to be compared for the 
precursors, since it requires a selected building case study followed by applications of 
modelling and simulation, which will be the next step to be taken. 
 

Properties Light quality View quality 

 
Ls CCT CQS DIR GSD INF ORG DPC Features (cd/m2) (K) 

Natural view  
Static, backlit 
transparent photos on 
lamp’s surface 

≤ 1200 2700 
~6500 64~80 C~D A~C B~D A~C B~C 

Projection simulating 
sunlight and shadows ≤ 500 6500 64~80 A~C B~C D C~D C~D 

Luminous / backlit 
translucent material  ≤ 2500 2700 

~6500 82~92 A~D C~D D D C~D 

Dynamic images on 
arrayed monitor ≤ 2500 2700 

~6500 82~92 D A~B B~D A~C B~C 

Real-time dynamic 
images without parallax ≤ 1000 6500 82~92 D A~B A~B A~B B~C 

Dynamic images with 
parallax ≤ 1000 6500 82~92 D A~B A~B A~B A~B 

3D technique with 
parallax ≤ 1000 6500 82~92 D A~B A~B A~B A~B 

Natural light 
No images, provide 
very bright light  ≤ 8000 2700 

~6500 82~92 D D D D D 

No images, provide 
enhanced blue light ≤ 250 6500 82~92 D D D D D 
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No images, provide 
gradual light levels ≤ 2500 2700 

~6500 82~92 D D D D D 

LED light ≤ 50 2700 82~92 D D D D D 
Fluorescent light ≤ 500 6500 64~80 C D D D D 

Table 3: Comparison of properties of some VNLS precursors. 

DISCUSSION 
Based on the properties comparison in Table 3, it is clear that existing virtual natural view and 
light solutions have their own limitations. The virtual natural light solutions do not provide 
any viewed image, and therefore obtain the lowest score for the view quality properties. The 
virtual natural view solutions do provide viewed image with different levels of quality. The 
presence of green, sky, and distant object on the view can be provided either in static or 
dynamic solutions. For the information quality, the biggest challenge is to provide a 
constantly changing impression of the displayed information. The static solutions will mostly 
fail, since they only provide still image without any view variation. The dynamic solutions are 
also better in providing organisation (i.e., more detailed image) and depth perception cues. 

The depth perception cues are determined by movement parallax, occlusion, and blur effects 
[10]. The movement parallax comes out as the hardest effect to imitate. The static solutions 
definitely cannot give any movement parallax; neither can the dynamic solutions which use 
normal large monitor display. The technique using head tracker for the viewer position and/or 
novel 3D television set should be applied to provide the effect, even though it seems to be still 
limited to one or two viewers. 

For the lighting quality, it is very difficult to provide an artificial light source that can give 
25000 lx of illuminance on workplane, without combining several sources. Most virtual 
windows or displays with light source can provide up to 5000 lx illuminance near the source, 
while most monitor display can provide up to 1000 lx. Virtual windows, which normally use 
lamps behind an image-covered translucent screen, generate light with CCT between 2700 
and 6500 K. Typical monitor displays generate light with CCT of 6500 K. 

Directionality of the incoming light (i.e., the balance between directional and diffuse 
component) is also an issue to be considered. Directionality can be evaluated by observing the 
light intensity polar diagram. Most virtual windows and large monitor displays will give 
almost only a diffuse light. Nevertheless, it is more meaningful to evaluate the effect on the 
luminous environment where the solution is placed, which will be discussed in later stages 
with the other performance indicators (PIs). 

The PIs that belong to space availability, thermal comfort, and energy consumption are not 
yet available to be compared for the precursors, since they are very dependent on the building 
environment where the solutions are placed in. Therefore, to evaluate different PIs of the 
existing precursors and even non-existing solution, a building environment should be taken as 
case study. Again, comparisons are to be performed, with reference to the real windows. To 
this purpose, computational modeling and simulation will be used for steering the innovation 
process and early feasibility testing of the VNLS. Computational modeling is chosen since it 
comes with considerably lower required time and cost than real prototyping.  

CONCLUSION 
For the case of VNLS, the required properies can be given in terms of light and view quality. 
Performance indicators of a building with VNLS are currently classified in terms of: visual 
comfort (workplane or task illuminance, illuminance uniformity, task-to-surround luminance 
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ratios, directional-to-diffuse luminance ratio, and unified glare rating); space availability 
(virtual criterion rating and space availability ratio); thermal comfort (predicted mean vote, 
percentage people dissatisfied, and summed weighted overheating hours); and energy 
consumption (total annual electrical energy demand and total annual heating and cooling 
energy demands). Comparisons of some properties of some selected existing precursors of 
VNLS are presented. The completeness of the PIs for VNLS cannot be fully tested yet, since a 
specific architectural conditions is required. For further research, a building environment will 
be defined as a case study, to completely evaluate PIs of the existing precursors, and compare 
to the real windows.  Computational modeling and simulation will be used for this purpose.  
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ABSTRACT  

This study uses a domestic dwelling as the setting to investigate and explore the applicability 
of daylighting metrics for residential buildings, including the formulation of metrics for non-
visual effects. The simulation approach used to generate the performance data from which the 
metrics are derived is called climate-based daylight modelling (CBDM). This approach 
delivers predictions of various luminous quantities using sun and sky conditions that are 
derived from standardised annual meteorological datasets.  

Although there are uncertainties regarding the precise calibration, there is now sufficient 
empirical data to parameterise models that also simulate the non-visual aspects of daylight, 
e.g. for circadian entrainment and a general sense of ʻalertnessʼ. For these non-visual aspects, 
vertical illuminance at the eye was predicted using a modified climate-based daylight 
modelling approach. In the paper, we consider what relation there might be between the three 
aspects of daylight provision and if these relations appear to be complementary or conflicting 
in nature: for task; to reduce electric lighting usage; and, for non-visual effects. The 
implications for future building guidelines for daylighting are also discussed. 

INTRODUCTION 
It is now widely accepted that the standard method for daylighting evaluation - the daylight 
factor - is due for replacement with metrics founded on absolute values for luminous 
quantities predicted over the course of a full year using sun and sky conditions derived from 
standardised climate files [1]. The move to more realistic measures of daylighting introduces 
significant levels of additional complexity in both the simulation of the luminous quantities, 
and the reduction of the simulation data to readily intelligible metrics. The simulation 
component, at least for buildings with standard glazing materials, is now reasonably well 
understood and is widely known as climate-based daylight modelling (CBDM). Typically, 
these metrics address daylight provision for task and electric lighting usage [2,3]. There is no 
consensus however on the composition of the metrics, and their formulation is an ongoing 
area of active research.  

This study uses a domestic dwelling as the setting to investigate and explore the applicability 
of daylighting metrics for residential buildings. In addition to daylighting provision for task 
and disclosing the potential for reducing electric lighting usage, we also investigate the 
formulation of metrics for non-visual effects such as entrainment of the circadian system, 
which is the focus for this paper. This fomulation is built upon a methodology developed by 
Pechacek, Andersen & Lockley [4]. 



Previously thought of mainly in terms of task illumination and aesthetics/design, it is now 
believed that daylight in buildings might serve another purpose through non-visual effects. In 
addition to building occupants having subjective preferences for daylit spaces, it has been 
firmly established that daylight has measurable biochemical effects on the human body, in 
particular with respect to maintaining a healthy sleep-wake cycle [5]. Recent findings on these 
non-visual aspects of occupant light exposure have led to a reconsideration of the function of 
daylight in buildings. Evidence is indeed suggestive of links between daylight exposure and 
both health and productivity. The duration, intensity and spectrum of the light received at the 
eye are the principal factors determining the suppression in the production of melatonin by the 
pineal gland (mostly during nightime), and thus a key component in the entrainment of the 
circadian cycle - the maintaining of which is believed to have significant short and long-term 
beneficial health effects [5]. Another important factor is the time of day when the light is 
applied. Compared to the luminous efficiency function of the eye, which has a peak value at 
555nm, the action spectrum for the suppression of melatonin is known to be shifted to the 
blue end of the spectrum [6]. The body of empirical data from photobiology studies is now 
sufficient to elaborate preliminary non-visual lighting evaluation methods, which has become 
a relevant quantity to consider when assessing the overall performance of a space. The various 
modelling procedures and assumptions that were developed for this purpose are described in 
the paper, and a novel means of visualising the ‘circadian potential’ of a point in space is 
presented. 

GENERAL METHODOLOGY 
In this study, conventional climate-based daylight modelling [2] is combined with a refined 
approach for occupant exposure to non-visual effects. These refinements include accounting 
for the variation in spectrum between light from ‘grey’ overcast skies, ‘clear blue’ skies and 
‘warm’ direct beam sunlight.  
The setting, a residential building with and without skylights, was evaluated using climate-
based daylight modelling for all 32 combinations of eight European climates (Hamburg (D), 
Madrid (E), Paris (F), London (UK), Rome (I), Warsaw (PL), Moscow (RU) and Ostersund 
(SE)) and four building orientations (N, S, E, W). Daylight for task was assessed using the 
Useful Daylight Illuminance (UDI) schema [7]. Electrical lighting usage was predicted on the 
basis of typical schedules and daylight availability using the RT 2005 switching model [8]. 
For non-visual effects, the eye-level vertical illuminance was predicted at sixteen locations, 
and at each one, for four cardinal view directions to account for the arbitrary nature of view 
direction in a residential space.  

The CBDM approach used in this study delivers predictions of various luminous quantities 
using sun and sky conditions that are derived from standardised annual meteorological 
datasets. Thus the performance data accounts for the prevailing local climate, the building 
orientation and light from both the sun and the sky [2].  

However, their application in a model for non-visual effects (N-VEs) requires that the spectral 
characteristics of the various sources (i.e. direct beam, overcast skylight and light from a clear 
blue sky) be inferred from values in the basic climate data. It also requires new threshold 
values to be determined, which would be relevant to generating non-visual effects yet would 
be based on traditional building simulation methods. 

INCORPORATING NON-VISUAL EFFECTS 

Overall, the proposed approach uses outcomes of photobiology research to define threshold 
values for illumination in terms of spectrum, intensity, and timing of light at the human eye, 
and translates these into goals for simulation and, ultimately, into goals for building design.  



Relevant findings from the photobiology field 
An action spectrum was determined for our non-visual circadian photoreceptor system 
(melanopsin) by Brainard et al in 2001 [6]. It led to the sensitivity curve illustrated in Figure 
1(a) (for now called C(λ)) that peaks in the blue region of the spectrum and is represented 
alongside our well-known photopic curve V(λ). 

On the other hand, threshold photon densities (photons/cm2 s-1 on the retinal surface) have 
been found to be necessary to have a significant effect on circadian photoreception, and a 
dose-response curve was determined by Cajochen et al in 2000 for subjective alertness during 
a prolonged night-time exposure to polychromatic light [9]. This particular study found that a 
(visual) illuminance of about 300 lux1 was required to achieve a 100% subjective alertness 
effect when the light source was fluorescent lighting (4100K) and exposure duration was 6.5 
hours. As of yet, very few alertness studies for polychromatic light are available during 
daytime exposure and none provides a dose-response curve. One daytime study of reference is 
the one conducted by Phipps-Nelson et al in 2003 [10] that compares the effect on alertness of 
daytime exposure to bright (1000 lux) and dim (< 5 lux) light for 5 hours, for slightly sleep-
deprived subjects and using fluorescent lighting. Unlike previous related studies [11,12] that 
used higher `dim' light levels (50 lux e.g.), this one reported a significant effect of bright light 
exposure during daytime, probably due to the combination of having particularly dim 
comparison levels and having sleep-deprived subjects.  
Light timing and exposure history have a critical influence on how the circadian system is 
stimulated and how the circadian clock is reset or can be slightly shifted, such as to help 
combat jet-lag for example. Research in this area indicates that the above-mentioned 
thresholds will be strongly dependent on the duration of light exposure. This discussion being 
beyond the scope of the present paper and not advanced enough to provide more tangible 
hypotheses, we will use these thresholds as indicative exposure levels for which one might 
expect a non-visual effect (alertness increase e.g.) during nighttime and daytime, respectively. 
The following sections will describe how these selected findings in the photobiology field can 
be applied to building simulation and the assessment of the `circadian potential' of a space.  

Spectral properties and conversion factors 
The spectral properties of the daylight are important because the action spectrum C(λ) for the 
non-visual photosensitive ganglion cells in the eye is different from the visual sensitivity 
curve V(λ). Thus, the vertical daylight illuminance assessed at the eye for a person inside a 
building has to be considered as a set of individual contributions from direct sunlight, diffuse 
daylight from the blue sky and diffuse daylight from an overcast sky, but also account for the 
spectral alteration of light when transmitted through glass and when reflected on internal & 
external surfaces before reaching the eye.  
As a first approximation, we will consider that all surfaces and glazings that daylight will 
encounter are spectrally neutral (grey). While this is obviously a rough assumption, it 
becomes acceptable if the aim is – like here and in [4] where this point was discussed 
previously - to build a methodology rather than trying to get to quantitative conclusions. Thus, 
the calculated vertical illuminance only has to be split into the different daylight ‘sources’ 
involved because they have a distinct relative spectra. To convert climate-based vertical 
illuminance calculations into their equivalent ‘circadian-lux’ (based on the C(λ) action 
spectrum), we use the approach described [4] and illustrated in Figure 1(a). We can then use 
this relationship to derive preliminary ‘circadian-lux’ thresholds from photobiology findings.    
                                                
1 Based on a visual reading of Fig 5 (left), p. 81 in [10]. 



       
Figure 1: (a) Spectral power distribution for CIE daylight illuminants and sensitivity curves 
V(λ) and C(λ) (b) Ramp function for likelihood of non-visual effect.  

Intensity of illumination 
Until these more reliable thresholds are determined, and the duration of exposure is more 
reliably included, we can prospectively use the dose response curve from the night-time 
Cajochen study [9] in combination with the daytime Phipps-Nelson results [10] as a lower and 
an upper bound, respectively, for alertness effects: one can reasonably assume that the 
illuminance threshold required to have a significant effect on alertness during daytime will be 
at least as high as what was found out during night-time. On the other hand, one can also 
reasonably assume that if an effect was found during daytime with a given illuminance, those 
effects will also be observed with a higher illuminance. One should note that the Phipps-
Nelson study was run with slightly sleep-deprived subjects but the argument for now is more 
on the method than the exact values. In both cases, fluorescent tubes were used as the light 
source (approximated as Illuminant F7), so we can determine that the threshold for a 100% 
alerting effect would be equivalent to an illuminance at the eye of 210 lux, 190 lux, and 180 
lux for Illuminant D55 (used for sunlight), D65 (used for overcast sky light) and D75 (used 
for clear (blue) sky light) respectively, based on the ‘circadian-equivalent’ relationships 
discussed in [4]. As one would expect, the bluer spectrum corresponds to the lowest 
equivalent illuminance threshold. 
We then have all the data necessary to determine the ‘circadian’ illuminance with daylight 
that would be equivalent to 1056 lux of fluorescent (F7) light [4]: we find 960 lux, 870 lux 
and 830 lux for Illuminants D55, D65 and D75. To avoid having to calculate the equivalent 
circadian illuminance, and then apply the relevant alertness thresholds independently for 
overcast sky light, clear sky light and sunlight, we will arbitrarily choose a single light source 
of reference, and thus consider 210 lux as the lower bound ‘circadian’ threshold  and 960 lux 
as the upper bound ‘circadian’ threshold  for the Illuminant D55 used to approximate sunlight.  
Accounting for the noted uncertainties, a simple ramp-function appears as a reasonable proxy 
to represent the likelihood that the vertical illuminance at a given point in time and for a given 
view direction is sufficient to affect the circadian system and have either circadian 
entrainment and/or subjective alertness effects: low likelihood (0%) below 210 lux and high 
likelihood (100%) above 960 lux with a linear interpolation between these, as illustrated in 
Figure 1(b), expressed in terms of D55 equivalent. This and other parameters will be refined 
with advances in measurements from photobiology studies. 

Timing of exposure 
The timing of the exposure determines the type of effect and whether it is beneficial or 
detrimental. Given our incomplete knowledge, the boundaries are ‘fuzzy’, but nevertheless it 
is possible to delineate three distinct periods, illustrated in Figure 2(a): early to mid-morning 

(a)                    (b) 



(where sufficient daylight illuminance can serve to ‘lock’ and maintain a preferred (i.e. 
healthy) sleep - wake cycle); mid-morning to early evening (where high levels of daylight 
illuminance may lead to increased levels of subjective alertness); and the rest as notional 
night-time (daylight exposure that might trigger the N-VE is to be avoided so as not to disrupt 
the natural wake-sleep cycle). The timing factor includes not only the duration and time of 
occurrence but also the history, i.e. recent exposure. However we do not know enough yet to 
warrant the additional complexity of including this factor, so we consider only time of 
occurrence in isolation of the duration and history of the exposure.  

      
Figure 2: (a) Three day periods according to type of non-visual effect (b) Sombrero plot  

Visualizing ‘circadian potential’  
We present the cumulative N-VE occurring in these three periods using a simple graphical 
device that we have called the ‘sombrero’, illustrated in Figure 2(b). The boundaries for the 
periods were set following the above-mentioned periods of the day: 06h00 to 10h00 (inner 
circle of the ‘sombrero’); 10h00 to 18h00 (middle circle of the ‘sombrero’); and, 18h00 to 
06h00 (outer circle of the ‘sombrero’). The cumulative effect of N-VE for these three periods 
is apportioned to the respective segments in the three circles according to view direction. 
The four quarter-segments of the sombrero indicate the view direction, i.e. to the ʻbo ttomʼ, 
ʻtopʼ, ʻ leftʼ and ʻ rightʼ according to the inset floor plan. Each ring segment gives the 
cumulated percentage of that time period across the year for which the circadian potential 
(likelihood of having an effect) would be achieved for that view direction and at that location.  

STUDY RESULTS 
The resulting eye-level vertical illuminances predicted on a 15 minute time-step are shown 
using annual temporal maps in Figure 3(a). The four maps are for the four view directions. 
Illuminances of 960 lux or greater are shaded white (i.e. 100% likelihood of non-visual effect) 
and illuminances 210 lux or less are shaded black (i.e. 0% likelihood of effect). Hours of 
darkness are shaded grey. Although the quantities in the temporal maps and the sombrero are 
different, they share the same scale (i.e. 0-100%) and false-colour shading.  
The lower and right-hand temporal maps represent views away from the corner and directed 
towards the opposing walls, i.e. ‘right’ and ‘down’. These views look in part towards the 
window wall and the centre of the room, which, in this case is illuminated by a skylight. 
These directions show a much greater occurrence of N-VE than the other two view directions 
(which look away from the middle of the room and into one corner, ‘up’ not shown here). The 
pattern is what we might expect. The ‘sombrero’ plot shows the percentage of the cumulative 
occurrence of N-VE across the year for each of the three periods described in the previous 
section. Thus a cumulative value of 40% could represent a full N-VE occurring for 40% of the 
time, a 40% N-VE occurring for all of the time, or, as is more likely, something in between. 

(a)             (b) 
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Figure 3: (a) Example time-series (temporal maps) and cumulative occurrence (sombrero) 
plot for skylit living room in Ostersund. (b) Application ranges for three lighting perspectives.  

DISCUSSION 
The methodology and initial findings from an exploratory study of three aspects of daylight in 
a residential building have been described in this paper, with a focus on non-visual effect 
evaluation that was an extension of the method proposed by Pechacek, Andersen & Lockley 
[4]. Key enhancements include the concept of a ramp-function from a lower to an upper 
vertical illuminance threshold, based on photobiology findings, that expresses the increasing 
potential for circadian effects. Another enhancement is the ability to treat independently light 
from the sun and sky, thereby accounting for the varying circadian efficiency of the light 
according to its spectral type, i.e. D55, D65 or D75. And, in terms of data visualization, we 
introduce the sombrero plot as a simple graphical device to display the cumulative non-visual 
effect at a point in space and as a function of view direction.  
When considered in combination with the other two aspects of daylight – electric lighting 
savings and visual illumination – we realize that the electric light switching sensitivity is 
essentially contained within a 0 to 200 lux band, which makes it somewhat separate from UDI 
or N-VE considerations that both start around 200 lux or more (Figure 3(b)). Relations 
between UDI-a [7] and N-VE will probably depend on the nature of the daylight illumination 
(more likely for top-lit situations e.g.). One must however keep in mind that given the very 
early developmental stage of photobiology in this field, any finding has to be considered as a 
possible approach to solve the problem rather than as a design guideline.  
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ABSTRACT  
Designing spaces that are able to balance illumination, glare and solar gains over a whole year 
is a real challenge, yet a problem faced every day by building envelope designers. To assist 
them in this search, a full year, climate-based daylighting simulation method was developed, 
called Lightsolve, meant to be used early on in the design process when façade and space 
details have not yet been defined. It focuses on the variation of daylight performance over the 
day and the year, combining temporal performance visualization with spatial renderings, and 
including an expert system to support a guided search process.  

This paper describes the foundations and set of innovative simulation resources that 
Lightsolve offers as a whole, and puts its different components - including a time reduction 
method, a set of three goal-based metrics and an expert system - back to Lightsolve’s overall 
context aiming to an early stage, comprehensive, prospective support for daylighting design.  

INTRODUCTION 
Daylighting design is both highly relevant to cutting edge societal issues such as energy 
conservation, sustainability and health, and highly sensitive to careful planning and control. 
With lighting being responsible for the greatest energy requirements in commercial buildings 
[1] - that are also mostly used during daytime -, and with heating and cooling being the two 
second most energy-demanding building functions [2], it appears very clearly how efficient 
daylighting and solar control strategies can have a tremendous impact on energy use. Savings 
predictions for lighting can vary between 20% and 80% [3,4]; but these savings can only be 
effective if one also carefully accounts for our visual needs and our comfort and health 
criteria. The main challenge resides in the reconciliation of the many factors influencing how 
daylight and sunlight each interact with the built environment and in the great variations they 
show in intensity and distribution depending on location, weather and time.  

If one wants to propose new methods to inform designers about daylighting management, 
these methods have to be developed in harmony with the way architects work and think. 
Today, simulation tools have become the dominant form of design support [5,6] but due to the 
large number of parameters involved and the need for detailed, climate-based analyses to be 
realistic about daylighting potential [7,8], evaluating annual daylighting performance of a 
schematic building project interactively and comprehensively is particularly challenging.  

An innovative simulation project called Lightsolve has been initiated to address this 
challenge, that intends to inform the design process through a goal-driven, interactive guided 
search process. It is based on expert rules, and on combining an inverse (goal-based) approach 
with a simultaneous visualization of quantitative and qualitative aspects of space and of its 
annual, climate-based performance.  



LIGHTSOLVE OVERALL CONCEPT 
Lightsolve aims to provide building designers with the means necessary to assess critical 
parameters of a successful daylighting design by efficiently combining qualitative and 
quantitative criteria in the search process. The question of daylighting metrics has become a 
key design issue to solve in today’s environmental context: what kind of metrics would be 
appropriate to provide a comprehensive yet condensed assessment of the daylighting 
performance of a space? The challenge is to approach this problem both from quantitative and 
qualitative perspectives, while still conveying enough information about the variability of 
daylight over time and space, and its dependence on location and climate. With so many 
parameters involved, it is essential to gauge the extent to which these metrics will still be able 
to inform design.  
The general approach for Lightsolve is to inform well-balanced daylight design during early 
design stages through an interactive visualization and a pro-active, guided improvement of 
full-year time-varied daylighting performance [9]. One of the underlying principles in terms 
of how daylighting performance is evaluated is to make it specific to the user’s own 
performance objectives and to his or her areas of interest, as well as to combine a synthetic 
perspective of full-year data with a visual impression of what the space looks like over time.  
The metrics used in Lightsolve differ from most existing daylighting simulation programs in 
two ways: they are goal-based and they place emphasis on the variation of daylight 
performance over the day and the year. The temporal map [10] indeed appears as a form of 
graphical representation of performance that is particularly well suited to schematic design 
stages because it is able to inform designers at a glance about how a given metric of interest 
varies over time, daily and annually. The days/months of the year are plotted along the 
horizontal axis, and the times of day are plotted along the vertical axis (see Figure 1(b)).  
In the Lightsolve framework, we use that representation to show how closely the users’ 
current design fulfills their own (or standard-based) visual comfort, solar gain and light 
distribution goals, on an annual yet time-varied basis that accounts for weather conditions 
[11]. An intuitive color scale (Figure 1(a)) indicates how closely the goals are met over the 
year: yellow indicates that the goals were met for this sensor (or that solar gains are neither 
excessive nor insufficient), red indicates that values were too high, and blue that they were too 
low. The three Lightsolve metrics express the performance of each entire area of interest (big 
or small, defined by the user) rather than on a point per point basis, as discussed below. 
 

(a)         (b)              (c)  
Figure 1: Reading Lightsolve Temporal Maps – (a) Color scale (b) Correlation of time/day 
with performance (color) and (c) with lighting distribution (renderings).  

Year-representative series of renderings are also produced and associated to a given time of 
day/year and weather condition (the dominant one e.g., Fig 1(c)). In the Lightsolve interface 
(Figure 2(a)), these renderings (right + 2(b)) are interactively displayed together with sky type 
occurrence (2(a) upper left) as one moves a cursor over the temporal map (middle), and are 
combined with the goal-based visualizations of annual performance (temporal maps) for 
illumination (based on desired illuminance ranges), glare (based on desired glare tolerances) 
and solar gains (based on probable heating/cooling needs), whose basis is detailed below. 



  
Figure 2: Lightsolve analysis interface – (a) Time-varied display of performance interactively 
linked to renderings of the space (b) Annual Image Map showing all renderings over time.  

One of Lightsolve’s major innovations also resides in its user-interactive expert system 
approach. The expert system allows designers to create a 3d model of their own design and to 
input project-specific performance goals for illuminance and glare within the space; it aims at 
providing performance-based decision support while respecting the role of the architect and 
his or her design intent and is described in further detail below.  

FULL-YEAR, TIME-VARIED ANALYSIS 
To allow for climate-specific calculations, illuminance and glare values are calculated for 
each sensor plane patch and for each of four sky types [12], ranging from overcast to clear. A 
climate-based representative value is then calculated as a weighted average from each sky 
type based on their respective occurrence during that time period. To make whole-year 
calculations more efficient, the year is split into 56 periods and climate-based data are 
calculated for each of them as far as the diffuse component of daylight is concerned [9]. The 
comparisons between temporal maps produced using the data reduction method and those 
produced using detailed illuminance data extracted from the program Daysim at 5 minute 
intervals showed a strong visual and numerical correlation [13], illustrated in the example 
shown on Figure 3. A separate calculation for zero-bounce direct sunlight is performed for 
1200 sun positions (80 times of year and 15 times of day) and results are combined to the first 
(diffuse) set [14].  
 

  
Figure 3: Condensing annual data. Museum case study (a) used to compare the 56 time 
period reduction method with sun overlay (b) against Daysim (shadow casting mode) (c).  

(a)             (b)

(a)   (b)          (c) 



RENDERING AND CALCULATION ENGINE 
The overall intent of Lightsolve being to inform design in an exploratory way, there was a 
need for a quick calculation engine that could produce both numerical results (at the basis of 
temporal maps) and renderings over a whole year so that interactivity could be maintained.  A 
hybrid global illumination method was developed for this purpose at the Rensselaer 
Polytechnic Institute, called the LightSolve Viewer or LSV [15]. It relies on patch-based 
radiosity for the sky and uses indirect illumination and shadow volumes for pixel-based 
shadows for direct illumination by the sun. This rendering system was validated through a set 
of qualitative and quantitative comparisons with Radiance and a pixel difference of less than 
10% was found between LSV and Radiance for a variety of different scenes, camera 
positions, and daylighting conditions [15]. 

GOAL-BASED METRICS 
Unlike most daylighting analysis tools, the three metrics that were developed for Lightsolve 
and are represented as colored temporal maps emphasize the time-variation of light over its 
detailed spatial distribution. They are also explicitly goal-based: performance objectives in 
daylighting can indeed vary greatly depending on the type of space and the intentions of the 
designer. A set of three metrics, whose underlying principles are illustrated in Figure 4, were 
developed to display goal-based performance information for a user-defined area of interest 
on a single temporal map and to offer a comprehensive and intuitive way to represent annual 
daylight performance of a design proposal; details can be found in [11]. A color scale - 
consistent amongst the three metrics - indicates how closely the goals are met over the year. 
 

  
Figure 4: Lightsolve Metrics – (a) Acceptable Illuminance Extent (AIE) credit system (b) 
Glare Avoidance Extent (GAE) derived from DGP and based on window luminance and 
radiosity model (c) Solar Heat Surplus/Scarcity (SHS) based on cooling/heating daily totals.  

Illumination 

The illumination metric, called Acceptable Illuminance Extent (AIE), calculates how the 
portion of a user-defined area of interest in which the illuminance stays within a chosen range 
varies over time. In other words, this metric condenses the portion of a user-defined area of 
interest in which the illuminance stays within a chosen range to a single percent, and displays 
the variation of that percent over time. It assigns full credit to sensor portions within range, 
and partial credit to sensor portions out of range but within a user-defined ‘buffer’ interval. It 
is referred to as Acceptable Illuminance Extent (AIE), as shown in Figure 4(a). 

Glare perception 
Similarly, a single number representative of overall glare perception within an area of interest 
is introduced as Glare Avoidance Extent (GAE) and based on the Daylight Glare Probability 
(DGP) metric. The derived GAE metric used in Lightsolve indicates the proportion of the 

(a)     (b)               (c) 



glare zone or glare sensor area that falls above the glare threshold considered non-acceptable 
by the user. It can therefore represent the glare risk for a particular location and a particular 
viewpoint over the year (small unique glare sensor with its normal facing that direction) but 
can just as well indicate the overall glare risks for a space or a range of viewing locations (e.g. 
for all the students in a classroom). Because this glare analysis is run annually and often for 
multiple viewpoints, it required more efficient methods for computing glare, that were 
developed for that purpose and are schematically illustrated in Figure 4(b) [16]. It relies on 
threshold values suggested by the DGP author for glare tolerance. 

Solar gains  
Finally, a new solar gains metric called Solar Heat Scarcity/Surplus (SHS) is used to convey 
the urgency of either allowing more direct solar gain or avoiding it, based on revisited balance 
point calculations [17] (see Fig 4(c)). Although dynamic energy analyses should ultimately be 
used in determining energy loads, balance point can be as useful indicator in the earliest 
stages of design. The recently released 16 DOE Benchmark Commercial Buildings [18] was 
used to validate this approach. Within the Lightsolve environment, the Solar Heat Scarcity 
and Surplus metric requires additional input about the thermal properties of the envelope and 
building type and occupancy but is able to provide a good approximation of how much of a 
liability or benefit the daylight-associated solar gains are for the proposed designs. 

Although the non-spatial aspect of solar heat gain usually makes it more difficult to analyze 
along side illuminance or glare, the value of resorting to time-variant graphics was made 
evident from its ability to provide a basis of comparison so that solar heat gain information 
can be comparable with location-based data.  

EXPERT SYSTEM 
The expert system consists of two major components: a daylighting knowledge-base which 
contains information regarding the effects of a variety of design conditions on resultant 
daylighting performance [19], and a fuzzy rule-based decision-making logic which is used to 
determine those design changes most likely to improve performance for a given design [20]. 
As in Lightsolve’s analysis mode, the user starts with an initial design, and be guided towards 
improved performance like by a “virtual daylighting consultant. By involving the designer 
and utilizing his or her knowledge as well as the intelligence built-in the tool, the process is 
made more efficient while the exploration space is expanded.  

 
Figure 5: Lightsolve Expert System interface (Virtual Consultant) – Guided search to 
increase annual performance for all areas of interest and all and all performance objectives.  



The expert system is currently implemented in Google SketchUp as a plug-in; its user 
interface, illustrated in Figure 5, displays the current performance of a given design and the 
list of design changes suggested to the user. The tool was evaluated against high performing 
benchmark designs generated with a genetic algorithm [21] and tested for varying levels of 
aesthetic constraints. The results of these studies indicated that the expert system was 
successful at finding designs with improved performance for a variety of initial geometries 
and daylighting performance goals [20]. It has also been tested by a group of designers who 
were asked to complete a design task with the system and to evaluate their experiences using 
the tool. These studies demonstrated a good acceptance by designers and demonstrated its 
ability to effectively guide a design process while offering an educational potential [22].  

CONCLUSION 
This paper discusses the underlying principles of the different components of a new approach 
in daylighting simulation named Lightsolve. The main innovations are pointed out, and 
brought together in a more holistic overview of the project. Lightsolve shows promise as a 
complementary method to daylighting performance evaluation: instead of summarizing time 
and emphasizing spatial light distribution, Lightsolve offers a way to evaluate broader areas 
within a space with an emphasis on how this performance varies over the seasons and time of 
day. This perspective thus seems particularly relevant to early design stages. The positive 
feedback received during the expert system user study [22] encourages the authors to pursue 
this development effort into a tool that could be used more broadly. Such resources could 
indeed enable a desirable shift in schematic stage design practices and move daylighting 
analysis one step closer to achieving “best practice” recognition. 
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ABSTRACT 
 

The intensive use of daylight in buildings is beneficial at many levels: it provides sufficient levels 
of illumination to perform working activities throughout the day and it reduces the use of artificial 
light, which in turn leads to lower electricity consumption [1-3]. The spectral composition of 
daylight often leads to higher visual comfort in humans, compared to electric lighting. There are 
also illuminance and spectrally-dependent light effects on the human circadian system, which 
regulate hormonal rhythms, alertness and (visual) performance across 24 hours [4-6]. The main 
objective of this work was to assess luminous performance in office buildings and to test 
optimizations by virtually applying different daylighting strategies by computer simulations.  
We first assessed the daylight distribution in two different office rooms, set-up as test modules on 
the EPFL campus in Lausanne (46° 32'N, 6° 39'E). One of these test modules is equipped with a 
standard double-glazing; the second one comprises anidolic daylighting systems [7], which 
convey diffuse daylight and sunlight deeper in the room, and reduce glare risk. In both rooms, we 
also assessed vertical spectral irradiance in the visible range, which gave us additional information 
with respect to photo biological properties of the available daylight. We then measured the real 
daylighting situation in an office room located in the city of Zacatecas, Mexico (22°47'N 
102°34'W), which is equipped with a standard double-glazing window. In a next step we tested, 
whether the daylight distribution for this room could be improved by virtually applying different 
complex fenestration systems (such as prismatic panels and laser cut panels) by using computer 
simulations. The results of these simulations showed higher indoor luminous performance with 
the two advanced daylighting systems. This new method may contribute to an improved and 
tailored design of daylight availability in real buildings at different geographical locations. 
 
 
INTRODUCTION 
 

Daylight in buildings often leads to benefits for energy efficiency and to positive effects on visual 
and non-visual functions in humans. Because of these benefits the efficient use of daylight has 
become more relevant recently [2]. Many strategies have been developed to effectively use this 
natural light source, including the development of advanced daylighting systems. Their common 
principle is the efficient collection of the exterior daylight (direct and indirect components) its 
redirection into the interior space and thereby improvement of light distribution in the room [7]. 
One of the main characteristics of daylight is its temporal variation caused by meteorological and 
seasonal parameters [8] and therefore, different types of advanced daylight systems were designed 
to fit the geographical location of a building. For example, at locations with predominantly 
overcast weather conditions, the main task of the advanced daylighting system is to collect and 
redistribute the diffuse daylight component inside the room. Different advanced daylighting 
systems, based on non-imaging optics (anidolic systems), were developed for this purpose. The 
physical principle of these non-imaging optics systems is an angular selection of the admitted 
light rays with a minimal number of inter-reflections so that the system efficiently collects diffuse 
daylight from the sky vault and re-distributes it in the interior space [7]. In the case of locations 
with predominantly clear sky conditions, the objective is not only to collect and re-distribute the 
daylight indoors but also to protect from the incidence of direct sunrays and to avoid overheating 
and the risk of discomfort glare. Therefore, for locations at low geographical latitudes different 
solutions are required and only few advanced systems have been implemented so far [9]. 



 
 

One of the objectives of this work was to analyse the performance of an already implemented 
advanced daylighting system in a real size test room, and to compare the distribution of daylight 
to a second test room with standard double glazing windows in Switzerland. A second aim was to 
evaluate the lui nous performance at low latitude locations with prevailing clear sky conditions 
(Zacatecas, Mexico 22°47'N 102°34'W). We finally simulated the efficiency of different complex 
fenestration systems (CFS) by using ray tracing simulation methods (Radiance-based, [10]). For 
the CFS, we used a laser-cut panel and a prismatic panel, which are recommended for prevailing 
clear sky conditions [2]. 

 
 
METHODOLOGY 
 

1. Assessment of daylight availability in two test modules (with and without advanced 
daylighting systems)  
The two test modules are located on the EPFL campus in Lausanne, Switzerland (46°32'N, 6°39'E 
Altitude: 410 m), with an equal size of 3.05 x 6.55 x 3.05 m and south orientated windows. One of 
these two modules is equipped with a standard double glazing window and serves as reference room, 
while the second module contains two different anidolic daylighting systems (ADS): an anidolic 
ceiling (AC) and an integrated anidolic system (IAS) [11]. Both modules have identical photometrical 
and geometrical features (Figures 1 and 2). For this work, we have chosen to compare the IAS to the 
standard double glazing window, because of its lower cost and presumably easier adaptation for 
potential building retrofits in México. 
 

                          
Fig.1 Outside view of the two test modules on the EPFL campus. 
The test module on the left side contains integrated anidolic 
systems (IAS) and the test module on the right side is equipped 
with a standard glazing window. 

Fig.2 Interior view of the standard double glazing 
module at the EPFL campus (Switzerland). 

 

In order to better understand the advantages of the IAS vs. the glazing system in the reference room, 
we conducted on-site monitoring: We first assessed the daylight distribution in both test modules by 
calculating their daylight factors (DF). The DF is defined as the ratio of indoor illuminance on a 
horizontal surface (Ei) and the simultaneously available outdoor iluminance (Eo) by using the formula: 
DF=(Ei/Eo) x100 (%). [11, 12]. To account for the non-visual aspects of daylight, we also assessed the 
vertical C(λ)-weighted spectral irradiance [13] in the blue range of the visible light spectrum, using a 
portable digital spectroradiometer (Specbos 1201, JETI Technische Instrumente GmbH, Jena, 
Germany). The spectroradiometer was placed in the centre of the room, by directing the device on a 
vertical plane to the wall at 1.2 m height (i.e. at the approximate eye level of a sitting person). 
Measurements were taken every 15 minutes, alternating for both modules from 9am until 6pm, under 
intermediate sky conditions. 
 

2. Luminous performance assessment in an office without advanced daylighting systems at a 
different geographical latitude 
We selected an existing building in the city of Zacatecas, Mexico (22°47'N 102°34'W) and assessed its 
real luminous performance by performing illuminance and luminance measurements. We used two 
different illuminance meters (Chauvin Arnoux C.A. 811 Lightmeter) for interior and exterior 
measurements, which had prior been referenced to a calibrated device (Spectroradiometer, Specbos 
1201, JETI Technische Instrumente GmbH Jena, Germany). For luminance measurements we used a 
special customized device made of a tube with an aperture of 3° (diameter of opening= 2 cm) covered 
inside with a black foil and placed on the illuminance sensor; the calibration of this device was made 
by using a luminance meter as reference (LS-110 Minolta).  



 
 

The selected room was the Library’s office of a private educational University (Tecnologico de 
Monterrey campus Zacatecas, México). The room showed poor availability of daylight due to the 
very low glazing transmittance of the tinted glass (31%) and a South-West orientation of the building. 
Two pictures taken at  imes of day show the interior view of the Library’s office in the morning 
(Figure 3) and in the evening hours (with direct sun shining on the working area; Figure 4). 
 

     
Fig. 3. View of the Library’s office under 
overcast sky conditions in the morning 

Fig. 4. View of the Library’s office under clear sky  
conditions in the evening 

 

 

 

In order to perform a detailed analysis of the real luminous performance in the office showed on 
Figure 3 and 4, we carried out measurements under overcast and clear sky conditions, using the 
DF as a metric to assess the indoor daylight distribution.  
 
3. Luminous performance optimization for an office with poor daylight availability  
The optimization of daylight availability in buildings requires a strategy which includes early 
decisions in the architectural design, such as interior material properties, window configuration and 
glazing transmittance as well as the use of CFS. Different combinations of these previously mentioned 
parameters were virtually assessed and tested by using computer simulations, based on ray tracing 
software (Radiance [10]). In order to simulate the implementation of two different CFS [14], we 
used existing BTDF data (Bi-directional Transmittance Distribution Function[15]). Simulations with 
two different CFS, laser-cut panel and prismatic panels (3M Optical Lighting Film), were performed.  
 
 
RESULTS 
1. Assessment of daylight availability in two test modules 
Overall, there was a significant difference of the DF’s between both test modules (p<0.05). 
Morevover, the DF in in the middle of the room of the reference test module was only 2.5%, but 
4% for the module equipped with the IAS, which suggests a different light distribution deeper in 
the room (Figure 5). 

 
Fig. 5 Daylight Factor (%) in the test modules with the integrated anidolic system and the standard room. 

The vertically C(λ)-weighted spectral irradiance of the visible light spectrum was significantly higher 
in the module with IAS compared to the reference test room with standard double glazed window 
(1.295 W/ m² vs. 0.5089 W m²; p<0.05, Figure 6).  



 
 

 
Fig.6. Spectral irradiance (W/m2), measured in a vertical direction from the centre of the two test modules, 
across different times of day. 
 
2.  Luminous performance assessment in a real office without advanced daylighting systems 
The calculation of the DF in the Library Office in México showed a rapid decrease deeper in the 
room. Starting with a DF of 5.9% at a distance of 0.4 m from the window, the DF gradually 
decreased and was only 0.9% in the back of the room (Figure 7). The luminance measurements 
further showed low levels and inadequate luminance-ratios between paper tasks, screen and walls, 
as well as a high contrast between the window and the surrounding areas (data not shown). These 
on-site measurements were used to compare the optimization strategies which we carried out with 
computer simulations. 

 
Fig.7. Daylight Factor measurements in the Library Office, México (measurements were taken every m) 

 
 

3.  Daylight simulation of a real office with and without complex fenestration systems 
Figure 8 illustrates the simulated Library’s office room situation in México, where we measured 
in average a minimum illuminance of 926 lx. After increasing the transmittance of the glazing up 
to 80% (Figure 9), the same room showed a minimum illuminance of 3451 lx. When we virtually 
applied a prismatic panel, a minimum illuminance of 3531 lx (Figure 10) was obtained, and with a 
laser-cut panel we reached a minimum illuminance of 3540 lx (Figure 11); all simulations were 
carried-out using BTDF data. 
 



 
 

  
Fig. 8 Print screen of the simulated real illuminance 
situation in the office in Mexico, with South-West 
orientation of the building and a glazing 
transmittance of 31%.  

Fig. 9. Simulated higher illuminance in the same office 
room in Mexico when the glazing transmittance was 
increased to 80% (South-West orientation). 

   
Fig.10.Simulated optimized illuminance situation by 
using a prismatic panel as a complex fenestration 
system (South-West orientation; Film 3M interior) 

Fig.11. Optimized daylight situation by using a laser-
cut panel as a complex fenestration system (South-
West orientation). 

 

DISCUSSION 
 

We assessed the real daylighting situation by monitoring the daylight factor in two test modules in 
Switzerland and in an office room in Mexico. For the two test modules in Switzerland, we found a 
slightly better daylight distribution in the module equipped with the IAS, when compared to the 
module with the standard double-glazing window. The C(λ)-weighted spectral irradiance in the 
blue range of the visible spectrum was significantly higher in the module with the IAS, suggesting 
that the interior daylighting environment may be beneficial not only in terms of energy savings 
but also for visual and non-visual human functions. We also showed by computer simulations that 
the luminous daylight performance could be improved in real office rooms at low geographical 
latitudes (library office in México) by using different complex fenestration systems. Further 
studies are needed to investigate different daylighting metrics in order to also include time of day 
and year, weather conditions and local climates [16]. Future work should also address problems 
related to discomfort glare and thermal comfort, in order to avoid potential overheating due to 
excessive solar gains - both are non-negligible risks for buildings located at low geographical 
latitudes. To summarize, our results showed possible improvements for indoor daylight 
performance by virtual application of advanced daylighting systems, using computer simulations. 
This might be used to improve daylight performance in the design of new buildings or the retrofit 
of existing buildings at low geographical latitudes. 
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INTRODUCTION 

The proper entry of solar energy in an office should be carefully analysed as it affects both the 

visual, psychological and physiological well-being of users and the energy demand for 

heating, cooling and electrical requirements of a building. It is important to analyse whether it 

is useful to privilege heat gains during the winter as a function of the specific intended use of 

the building, the exposure and the climatic conditions, taking care to avoid overheating during 

the summer; the solar radiation in the visible field makes it possible to take advantage of 

daylighting to perform specific activities, reducing the use of artificial light, taking care to 

avoid glare; daylighting in working places influences the mood, the body and the working 

activity of the employees, with advantages in terms of productivity. The influence of solar 

radiation on the energy demand for heating, cooling and electrical requirements of a building 

produces two main effects: solar radiation can reduce energy demand for heating but can 

increase the one for cooling; the possibility to take advantage of daylighting instead of using 

artificial light can lead to energy and economic saving, reducing the impact on the 

environment. A holistic design approach is necessary when all these aspects are viewed as a 

whole. 

Unfortunately European and Italian regulations tend to be sector-based and do not promote 

integrated design that should be able to evaluate more aspects at the same time, from visual 

and thermal comfort to energy saving. At the moment the benchmarks are either only about 

well-being or about consumption and they are often annual benchmarks which do not consider 

the cyclicality of seasons or the dynamicity of daylighting.  

PERFORMANCE ANALYSES OF SHADING SYSTEMS THROUGH ANALYTIC CALCULATIONS 

The performances of six different glazing systems of an office room in Milan were analysed 

using the Energy Plus software, developed at the Lawrence Berkeley National Laboratory of 

the University of California. The test room indoor dimensions are 2,80 x 5 x 2,80 metres and 

the south façade is completely glazed, in order to evaluate the real behaviour of the 

transparent system. The glass dimensions are 2,60 x 2,60 metres and the frame and dividers 

are made of aluminium without thermal break, as shown in Figure 1. Internal gains, 

occupancy and HVAC operation profiles were calculated using standard values defined by the 

regulations in force. 



 

Figure 1. Layout and front view of the test room (south view) 

The analysed situations are shown in Figure 2. 

 

Figure 2. Shading systems to improve the thermal and visual performance of Case 0 

The calculations of Solar Factor (g, expressed in percent) and thermal transmittance (U, 

expressed in W/m
2
K) were carried out using the software Window 6.0 (developed at the 

Lawrence Berkeley National Laboratory of the University of California), in accordance with 

UNI 15099, which describes winter and summer climatic conditions, thus defining two 

different values for winter and summer performances. Case 6 uses the same electrochromic 

glazing as in case 4, but its visible transmittance coefficient is regulated by a control system 

depending on the internal illuminance value in the middle of the test cell in order to maintain a 

constant value of 500 lux. All glazed windows have the same U-value of 1,35 W/m
2
K, while Solar 

Factor and Visible Transmittance Coefficient are variable, as shown in Table 1. The simulated 

space is provided with a control system which is capable to switch the lights on and off, 

depending on the illuminance value measured by the sensor placed in the middle of the room. 

  Case 

  0 1 2 3 4 5  

g Winter 0,53 0,375 0,162 0,541 0,075 0,401 Min  

0,48 

Summer 0,544 0,40 0,172 0,545 0,121 0,418 Max  

0,09 

LT 
65,6% 19,4% 16,9% 65,9% 2,9% 57,7% 

62%-

3,5% 

Table 1. Solar Factor and visible transmittance coefficient in the analysed situations 

RESULTS 

The software EnergyPlus is able to evaluate both energy demand and visual comfort 

indicators at the same time. The most important values analysed are the primary energy 



demand for heating, cooling and artificial lighting, the illuminance value, the glare index 

value, the number of hours in which the illuminance and the glare index threshold values of 

500 lux and of 22 are exceeded respectively. The graph in Figure 3 shows the monthly 

primary energy demand of the simulated solutions: the value is the sum of energy demand for 

heating, cooling and artificial lighting in order to maintain a target illuminance of 500 lux.  
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Figure 3. Annual Total Primary Energy demand (kWh/month) 

The heating energy demand in Figure 4  does not show a linear trend: it decreases as the Solar 

Factor (g) increases, but it is also influenced by the Visible Transmittance Coefficient (VT), 

which acts as the control parameter for the operation of the artificial lighting system. Case 1, 

for example, has a smaller g-value than case 5, but the VT is very small and causes a 

considerable increase in the use of artificial lighting, with a consequent increase of internal 

gains and a decrease in the heating energy demand. 

 

Figure 4. Primary energy demand related to winter Solar Factor 



The increasing trend of g-value does not imply a linear growth of cooling primary energy 

demand (Figure 5), as it is influenced by the variation of VT: case 1, which has a high value of 

g-value and a low value of VT shows the highest result for cooling energy demand, which can 

be explained with the sum of solar radiation and high gain due to artificial lighting. When VT 

increases keeping a constant value of g, the variation of cooling energy demand is closely 

related to the entry of direct solar radiation: even if similar in cases 0 and 3, the cooling 

energy demand of the glazing system with external louvers, which facilitates the entry of 

diffuse solar radiation, is smaller by 30% with respect to the system with no shading device. 

 
Figure 5. Primary energy demand related to summer Solar Factor 

Also considering the visual comfort, graphs shown in Figure 6 and in Figure 7 point out how 

a small value of g-value is extremely limiting in terms of use of natural lighting provided by 

sunlight: higher values of g-value can frequently lead to glare-related problems. Cases 1, 2 

and 4 show an excessive reduction of transmitted solar radiation, also outlined by the high 

energy demand for artificial lighting; cases 0, 3, 5 and 6 allow a better use of daylight for 

natural lighting of the indoor environment, even if only case 3 shows a good behaviour in 

reducing glare. 
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Figure 6. Time exceeding Daylight Illuminance set point at reference point in the middle of 

the room (hours/monthly) 
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Figure 7. Time exceeding Daylight Glare Index set point at reference point in the middle of 

the room (hours/monthly)  

The total primary energy demand of the electrochromic glass with the domotic control is the 

lowest among all the simulated solutions and the 500 lux illuminance is very often provided 

without resorting to artificial lighting. The monthly assessment shows a high percentage of 

hours during which the glare limit is exceeded; however, an analysis of hourly data shows that 

the limit value is exceeded by just a few points (Figure 8). The best situations as to the 

reduction of glare are those of cases 3 and 6; cases 1 and 2 show a very small value of glare 

index, but the use of natural lighting is also reduced. In cases 3 and 6 the 500 lux illuminance 

is often reached without using artificial lighting and the primary energy demand values are the 

lowest among the analysed solutions. 

 

Figure 8. Total primary energy demand related to the mean value exceeding the DGI limit 

The illuminance hourly trend in Figure 9 represents the trend on the central sensor and shows 

that case 6 reaches a constant value of 500 lux, while other cases denote a bell-shaped 

distribution. The domotic control is able to guarantee the desired minimum illuminance level 



while reducing overheating and total primary energy requirements, which takes into account 

both cooling and artificial lighting consumption.  
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Figure 9. Illuminance in the middle of the room on July 21
st
 

CONCLUSIONS 

These studies emphasize the importance of a holistic design approach able to evaluate energy 

and comfort-related aspects at the same time. The paper outlines the importance of 

performing annual energy and comfort balances with monthly steps, as well as elaborating on 

the hourly trends in some days of the year. During the hourly analyses it is also important to 

examine the internal distribution of some indicators, such as illuminance.  

In an office, where the internal gains are very high, the increasing of g-value influences more 

the glare effects than the reduction of the heating energy demand. Heating energy demand is 

influenced by g-value and indirectly by the VT which acts as the control parameter for the 

operation of the artificial lighting system. The regulations should give indications about g-

value and VT at the same time: these are two indicators that need to be considered together. 

Considering the visual comfort, on the one hand a small value of g-value could limit the use 

of natural lighting provided by sunlight, while on the other hand higher values could lead to 

glare-related problems. Analysis results show that dynamic technologies are the most 

appropriate solutions for heterogeneous geographic contexts, while the usage of a unique g-

value during the whole year can lead to poor results both concerning glare problems and 

energy consumption. 

Each glazing system analysed during this research could be a good solution in a specific day 

or hour of the year, but it is important to consider the energy and comfort performance during 

the whole year. A domotic control of the shielding system is essential to guarantee both 

comfort and energy saving as a function of the climatic conditions and the room’s intended 

use. 
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ABSTRACT 

The solar radiation is the main energy for the biosphere. During millions of years of 

evolution, living organisms have been adapting to the radiation that comes through the 

atmosphere. The Plasma Lighting Technology can reproduce the spectrum of this radiation 

like no other. As a psychological effect, a sense of summer day inside buildings is obtained at 

any time. The richness of the spectrum gives an impressive rendering of the indoor 

architecture, furniture and decoration.  

The Plasma Lighting Technology reduces the environment footprints of buildings in two 

respects. The high luminous efficiency reduces the electricity consumption. Moreover, the 

design principle of this technology makes it suitable for intelligent heat management systems 

because most of the heat emission can be collected at its source. 

In comparison to other discharge lamps, this technology offers a much longer lifetime. 

Substantial savings can be therefore expected on bulbs replacement and related maintenance 

operations. 

Besides this technology is complementary to the LEDs, because the efficiency of the first 

increases as the bulb temperature increases, in opposite to the second. The today commercial 

offers of Plasma Lamps concerns mainly high power luminaires (700W and more). The LEDs 

are not competitive in this market segment. 

This technology gives all its potential in the illumination of large volumes or large areas. It is 

particularly well suited for shopping centers, stadiums, halls, atriums, exhibition halls, 

television studios and theaters. 

This innovative technology contributes to the CleanTech conversion for two reasons; it allows 

saving energy and stopping the release of mercury into the environment by lighting. She 

meets the new lighting standards set for 2016 by the European commission. 

 

INTRODUCTION 

The lamp is designed as a chain of modules going from the plug to the bulb (Figure 1). A 

power module outputs a direct voltage above 3 kV in order to supply a magnetron. This 

second component outputs microwaves at 2.45 GHz. The bulb, which is filled with a rare gas, 

is coupled to the magnetron so that a discharge appears at the electromagnetic resonance. 

Then the substance contained inside the bulb evaporates and heats up by induction, and as a 

result, a flux of light is produced. After a short warm-up, the light becomes very similar to the 

sunlight, as showed by spectral measurements. 
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Figure 1: The design principle 

 

SPECTRUMS 

The light produced by the sun that comes through the atmosphere has a continuous spectrum 

in the visible (Figure 2). Most of its energy is spread from the UVB to the close infra-red. 

 

Figure 2: Solar spectrum on the earth [1] 

 

Figure 3: Spectrum of plasma lamps of the type “sunlight” of three different versions [2] 



Comparing with the solar spectrum reveals an exceptional matching (Figure 4). We note 

however four peaks that rise above the solar spectrum, among which three are in the visible 

range. These peaks have no visible effect since they cover a neglectable area in respect to the 

total area covered in the visible range. 

 

Figure 4 Comparison of the plasma lamp M61 (dash line) and the sunlight (double line) 

SPECIFICATIONS 

The light source has the following specifications: 

- Solar spectrum or very high efficiency light (dependent of the bulb content) 

- Lifetime : 40’000 h, 12h/day during 10 years 

- Efficiency : 65 or 140 lm/W [2] 

- Colour rendering : 98 (65 lm/W) or 80 (140 lm/W) [2] 

- Colour temperature : 3500 K to 7000 K 

- Power of light source : 1000W or 3000W 

- CleanTech (without mercury or arsenic) 

 

ADVANTAGES 

The flow of energy comes into the bulb by induction. There is hence no electrode. This 

provides great advantages over standard discharge bulbs since electrodes suffer from erosion, 

and as a result, modify the content. Hence the light output fades continuously during 



utilization and the spectrum changes as well (cf. Figure 5). With the Plasma Lamps, the 

quality and the quantity of light are preserved throughout the lifetime of the bulb. 

 

 

Figure 5:  Output fading of the discharge lamps that meet indoor lighting requirements [3] 

ENERGETIC RANKING 

Plasma Lighting Technology is the best compromise in terms of energy efficiency, lighting 

quality and durability. It ranks among the Class A lighting technologies. It extends more than 

double the return sought by the class A in the configuration "energy efficiency". 

 

    

 

 

 

 

 

 

 

 

 

CLEANTECH 

This technology is the only discharge lamp technology that meets the requirement of color 

rendering in building and that uses no harmful substance, unlike nowadays technologies 

which uses bulbs containing mercury. 

Classe Efficacité 

A > 50 lm/W 

B 51< lm/W<21 

C 20< lm/W<16 

D 15< lm/W<13 

E 13< lm/W<11 

F 11< lm/W<9 

G < 9 lm/W 



 

 

Figure 6: Mercury content of the discharge lamps that meet indoor lighting requirements [4] 

The high efficiency and the reduction of consumable reduce the environmental footprint. 

 

IMPACT ON AIR CONDITIONING 

The design principle of the Plasma Lighting Technology makes it suitable for intelligent heat 

management systems. Indeed, almost half of the heat emission is localized in the power 

module and the magnetron. In operation, these modules are cooled by a forced air flow. Using 

a low speed fan the noise has been reduced below any perception for the users. If this air flow 

is extracted outside in the periods of cooling demand, the load of air conditioning due to 

lighting is then cut by half. Of course, in order to get even more energy savings, the air flow 

can be directed advantageously into the occupied volume in the periods of heat demand 

(Figure 7). 



 
Figure 7: Heat management [5] 

CONCLUSION 

Thanks to their longer lifetime, nowadays Plasma Lamps are economically competitive. The 

today commercial offers concerns mainly high power luminaires (700W and more). This 

technology gives all its potential in the illumination of large volumes or large areas. It is 

particularly well suited for shopping centers, stadiums, halls, atriums, exhibition halls, 

television studios and theaters. Moreover, comparing to other discharge lamps that meet the 

indoor lighting requirements, this is the only available solution to prevent any risk of 

dissemination of toxics, as the competing discharge lamps use bulbs containing mercury. 

Plasma Lamps meet the new environmental standards, which will come into force in 2016 in 

Europe. LEDs do not contain mercury, but contain heavy metals. In addition LEDs are not 

suitable for luminaires of high power, the segment market addressed by the Plasma Lamps of 

nowadays. 

The Plasma Lighting Technology is classified as Class A in the luminous efficiency ranking. 

It even exceeds the value of a factor two in its optimal configuration. 

The Plasma Lighting Technology can reproduce the spectrum of the solar radiation like no 

other. This gives a sense of summer day inside buildings at any time, and an impressive 

rendering of the indoor architecture. 
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ABSTRACT  

A mechanism to accurately assess the performance of complex fenestration systems (CFS) is 

crucial for driving the appropriate adoption of these technologies to improve user comfort and 

energy use in both new construction and retrofit design.  Typically, CFS are not provided 

sufficient consideration because user intuition is lacking: existing metrics, while valid for 

conventional systems, fail to reveal the dynamic nature of the performance of CFS.  

Conducting and reporting elaborate simulation results is neither feasible nor useful for 

manufacturers and users and thus a comprehensive rating system based on novel performance 

metrics has been identified as a means to describe CFS.  This paper describes the 

methodology used to determine the simplified calculation procedure for three metrics defined 

in a previous paper, and the rational for the ultimate decision.  The three metrics, the Relative 

Energy Impact (REI), the Extent of Comfortable Daylight (ECD), and the View-Through 

Potential (VTP) aim to provide context in three important areas of daylighting technology 

performance, namely energy efficiency, occupant visual comfort, and view through the facade 

respectively, such that the user can select systems to address his or her own priorities.  

Conducting and reporting full resolution calculations for all input conditions would be 

unfeasible and unwieldy because of the quantity of data that would have to be managed and 

the effort that would be spent on such en enterprise for every system. A method to eliminate 

redundancies and minimize the number of input parameters and calculations thus becomes 

necessary. This paper proposes an approach based on trends, sensitivity analysis, and error 

minimization techniques and presents the iterative simplifications required to produce the 

same relative ranking performance of the sample systems as a benchmark analysis would.   

INTRODUCTION 

Complex Fenestration Systems (CFS) are defined as daylighting facade systems that 

manipulate light in a variety of innovative ways in order to achieve improved performance 

objectives.  When used appropriately, these advanced daylighting systems have the potential 

to reduce a building’s energy use by up to 41% [1].  Buildings in the United States account 

for about 40% of the nation’s energy use, 33% of which is attributed to heating and cooling 

and an additional 18% of which is associated with lighting energy use [2].  A building’s 

facade system affects both these categories of total energy use as well as the visual comfort of 

occupants within the space.  Broadly and qualitatively, occupants prefer well daylit spaces to 

spaces that are lit only with artificial light [3].  However, direct sunlight can present contrast 

problems, especially in spaces in which occupants use computer or television screens.  

Finally, windows are considered to be a channel by which occupants connect with the 

outdoors via the view to the outside.  Ultimately, there are tradeoffs to performance in each of 

these categories as systems are typically optimized for a particular consideration.   



The mathematical quantity which describes the angular behaviour of light through a facade is 

known as the Bi-Directional Transmission Distribution Function (BTDF).  The BTDF is a 

relationship between the flux of light transmission and its angles of incidence and emergence, 

not a measure of system performance under actual facade conditions, which makes it difficult 

for anyone to relate the system to its contextual environment intuitively.  The gap between 

BTDF values and system performance is complex enough to require a simulation workflow, 

which obviously renders the performance as being project-specific. Metrics that could relate 

BTDF quantities directly to at least relative performance (which would also make the 

information more generic) have the potential to fill this gap and provide context and intuition 

about a complex fenestration system to its users.   

Existing metrics for conventional fenestration systems do describe aspects of each of the three 

categories presented previously, energy efficiency, occupant visual comfort, and view through 

the facade, for conventional systems. Reporting of fenestration specifications using these 

metrics is described in the United States by the National Fenestration Rating Council (NFRC), 

which mandates the calculation process and the labels that window manufacturers must 

provide on their windows upon sale to end users.  The definition and calculation process of 

these metrics is adequate for simple window facades that do not exhibit significant angularly 

or spectrally changing properties.  But because the existing approach is based on a single set 

of environmental conditions, it cannot be used as a reliable measure of annual performance 

for CFS, as these systems are often highly sensitive to solar position and climate conditions.  

Thus, there is a need for metrics that utilize the whole BTDF, rather than a single incident 

condition, and real climate data that changes with location and season in order to reveal the 

dynamics of complex fenestration systems.   

THREE METRICS TO DESCRIBE CFS PERFORMANCE 

In order to accomplish the needs described previously, three metrics have been defined to 

address the three most critical aspects of fenestration system performance mentioned 

previously, namely: energy efficiency, occupant visual comfort, and view through the facade.  

Relative Energy Impact (REI) 

The Relative Energy Impact or REI metric is defined as the effect on energy load that can be 

attributed to a particular fenestration system as compared to a base case scenario. The full 

resolution calculation of the REI metric uses climate data provided by the US Department of 

Energy and heat transfer and solar heat gain models in order to calculate the absolute value of 

energy that traverses the facade system [4, 5].  The net direction of energy flow is then 

identified as contributing to (increasing) or decreasing the energy load of the building’s 

heating or cooling system. Lighting is accounted for using a simple algorithm that divides the 

test space into three zones, the perimeter, the middle, and the interior zones.  Each zone is 

considered to have lights on unless all sensor locations within the zone exceed a given 

illuminance threshold chosen to be 200 lux, whereby the lights are dimmed.  If all locations in 

the zone exceed 300 lux, the lights are turned off.  But if the vertical illuminance produces a 

Daylight Glare Probability of more than 0.47, blinds are assumed to be drawn and lights are 

turned on, dimmed, again [4]. It is then possible to determine a value for the annual electricity 

required for the space for the base case window (double pane clear window) scenario and thus 

for each CFS as compared (normalized) to the base case. 

Extent of Comfortable Daylight (ECD) 

Meanwhile, although a subjective concept, occupant visual comfort can be described 

quantitatively using metrics that based on a virtual occupant’s viewpoint in a space [6].  These 



metrics are inherently disconnected from the fenestration system and rely on simulations, 

renderings, or measurements to calculate.  The Extent of Comfortable Daylight or ECD has 

thus been defined to provide a reference of visual comfort as it relates to the particular facade 

system [4].  It is the percent of time and space which achieves comfortable daylighting 

conditions – exceeds a minimum illuminance threshold (similar to Daylight Autonomy [7]) 

and remains below a threshold of glare acceptability (based on Daylight Glare Probability  

thresholds [5]) – rather than relying on a particular field of view.  Using a generic test space, 

values are calculated over the course of the year to provide a single value that describes the 

overall visual comfort, again with respect to a base case [4].  The ECD metric is calculated 

using vertical and horizontal illuminance readings for 300 sensors in the test module.  The 

values for these illuminance sensors are calculated using the genklemsamp command that 

allows Radiance to use a Klem’s basis BTDF and generate renderings and measurements with 

its ray-tracing engine [9].  (The same horizontal illuminance values are used to determine 

lighting loads in the REI metric.)  This simulation provides values for each sample at 56 

moments of the year, suggested as being representative of the year’s lighting conditions [10]. 

As with the energy efficiency calculations, the ECD metric will be reported as a comparison 

to the base case window scenario.  This provides a physical reference for how a complex 

fenestration is performing relative to a standard alternative. 

View Through Potential (VTP) 

Finally, the visible transmittance is a value that is widely accepted to describe facade systems 

and also available to users via the labels required by the NFRC.  It can be calculated using 

BTDF values associated to normal incidence of sunlight penetration.  Although this value 

does not change significantly for other incident light angles with conventional systems, 

angularly selective facades can exhibit large ranges of transmission values.   

The View Through Potential addresses this property of a system by measuring its degree of 

scatter: because direct (undistorted) light, i.e. light that has not been bent or scattered, is 

required to produce a faithful image, direct light transmission can arguably be used as a proxy 

for the potential of clear view through a system. A fenestration system may provide a clear 

view from only one or a few selected view directions, unlike a standard clear window e.g. 

which would provide a clear view from most angles. In some cases, for example a bathroom 

window, a clear view may be unnecessary, or even undesirable. Ultimately, an occupant’s 

most direct connection with a facade is how it looks and feels in a space, so the ability to view 

through is likely to be a critical performance argument in addition to energy and visual 

comfort performance.  

The VTP metric approximates the capability of view through a façade by using the proportion 

of direct (undistorted) light transmission compared to non-direct (distorted) transmission as a 

basic proxy for an occupant’s ability to view an undistorted image through it.  

By using the transmission of a hole as a reference, it is possible to determine what portion of a 

system’s BTDF can be considered as direct transmission: the BTDF of a sample is compared 

to the measured BTDF of a hole, where the hole represents a perfectly clear and undistorted 

view and, numerically, the “sharpest” peak in BTDF (Figure 1).  

The amount of light that is transmitted in perfect transmission (a hole) is BTDFA, BTDFC, and 

BTDFF.  The ratios below refer to the drop off associated with ideal transmission.   

,          (1) 



             

Figure 1:  Visual representation of the BTDF of a hole (left) and a sample system (right) for a 

given view angle. 

The amount of light that is transmitted directly due to the sample façade is a.  The amount of 

light attributed to direct transmission in a given emerging direction is shown below, where 

BTDFa refers to the amount of light that is being transmitted in the view direction.   

     (2)  

Light that is being transmitted in directions along which it is modified or distorted – i.e. 

providing light but not view – is shown in Equation 3.   

    (3) 

The light transmitted in the b, d, and e directions is entirely non-direct.  Once these fluxes 

have been separated into the direct and non-direct components (BTDF in Equation 4), the 

associated direct and non-direct integrated transmission is calculated [12].   

(4) 

The degree of scatter, defined as S in Equation 5 below, is determined by calculating the ratio 

of direct transmission to scattered (everything but direct) transmission for a particular incident 

and emerging angle.  represents the sum of fluxes for a given incident direction. 

      (5) 

The degree of scatter is conducted for each view angle in the generic test space and 

consolidated into a single VTP value: the VTP metric is calculated using 300 sensor locations 

at eyelevel in the test module viewing 70 grid locations on the facade system so as to take into 

account that some view angles will be more relevant than others once the system is considered 

in a spatial context: while it may appear intuitive to disconnect the fenestration system from 

the space by identifying direct and diffuse transmission for each of the Klem’s basis angles, 

integrating the test space in this analysis allows a weighting of view angles depending on their  

relevance to a user (view directions from a ceiling are typically irrelevant).  

The averaging process applied to the room and window locations thus automatically weights 

the important angles more heavily than grazing angles that are unlikely occurrences for view.  

Again, normalization with the base case is important for comparison purposes since spaces 

are undeniably more complex than the test module.   

RELATIVE RANKING AND DATA REDUCTION 

Each of the metrics were evaluated for a generic space for 5 different systems using detailed 

hourly climate data and lighting simulation techniques. This full resolution dataset was then 

used as a benchmark for system performance ranking.  



The systems covered a wide range of behaviours and included: a reflective, bi-colour fabric 

blind, a Holographic Optical Element, curved mirrored blinds, opalescent plexiglas and a 

prismatic panel, for which measured BTDFs were available [12]. The REI and ECD metrics 

were calculated using the highest resolution of input parameters for location, climate, and 

orientation, totalling 300 values for each, and about 120 hours of simulation processing time. 

The VTP metric was calculated independently of climate and location as it related to light 

transfer through a system but independently of sky conditions and sun position.  

The data reduction procedure aims to reduce the quantity of input conditions by reducing the 

resolution of each input parameter, without affecting the ranking provided by the benchmark 

case. Beginning with the benchmark data set, the authors selected a number of reductions in 

resolution which simplify the process yet do not significantly affect the accuracy of the REI 

and ECD values.  Each level of simplification was added to the previous and the percent 

difference in REI and ECD value with respect to the full resolution case was calculated and 

reviewed.  If the simplifications caused unacceptable discrepancies compared to the full 

resolution data, they were revised or eliminated from the process. 

Climate zones and heat transfer for REI   

The simplification process to the REI metric was conducted in three steps.  From the initial 

fifteen climate zones, cities that consistently produced the same ranking were grouped into a 

single zone.  This initial simplification reduces the number climate zones to eight based on 

latitude, nearly a 50% reduction in the number of calculations required.  The most 

representative climate zone was identified among those grouped by calculating the mean 

square variance of each climate zone and selecting the zone that provides the least total mean 

square variance across all the sample systems.  The Maximum Variation column in Table 1 

refer to a particular sample and climate location that is worst affected by the data reduction 

process, even if the ranking of systems remains constant. 

Second, although the quantity of heat that passes over the facade varies greatly with climate 

zone due to indoor and outdoor temperatures, the U-factor remains fairly constant (variance of 

about 0.02 W/m
2 

or less).  Returning to the NFRC procedure to calculate the U-factor does 

not affect the overall accuracy of the REI metric substantially.  Finally, condensing the solar 

heat gain factor to be a function of only time of day further increases the maximum variation.  

 

 REI simplification Max variation ECD simplification  Max variation 

Four climate zones 
22% Four climate zones 5% 

NFRC U-factor [8] 
27% Perez Intermediate sky [11] 18% 

SHGF: time of day 35% Direct/diffuse irradiance + sky 

clearness: time of day 
25% 

Table 1:  Simplification process and maximum variation from benchmark calculation, south.   

Latitude and sky conditions for ECD 

Similarly, we applied a step by step simplification process to the full resolution calculation of 

the Extent of Comfortable Daylight (ECD) metric.  The climate locations were reduced in the 

same manner; in this case, only one climate zone per orientation is necessary to produce the 

accurate ranking.  Further simplifying the inputs to the Radiance simulation by defining all 

skies as Perez Intermediate skies increases the maximum variation to 18%.  Finally, reducing 

the resolution of climate parameters to time of day affects the ECD metric less than the REI 

metric, but still increases the maximum variation.   



Benchmark for VTP 

The approach considered for the VTP metric was different.  Since the ability to view through 

the facade is not related to solar position or climate conditions but rather on the degree of 

scatter of the system from a given view position, the quantitative calculation for VTP will be 

compared to a human opinion of overall view.  

User studies will thus be conducted to validate the occupant ranking of view through by 

having Participants will be asked to observe various CFS samples and provide a ranking on 

view clearness going from perfectly clear to no view at all, with intermediate levels such as 

sense of contrast/distorted view, clear contrast/slightly distorted view, etc. We will then be 

able to evaluate calculated VTP values for these samples against perceived view through.  

DISCUSSION 

This paper proposed three performance metrics named Relative Energy Impact (REI), Extent 

of Comfortable Daylight (ECD) and View Through Potential (VTP) that are able to provide a 

link between optical properties – expressed as BTDFs – and relative benefits or limitations for 

an application as a façade element. It also proposes a way to reduce the overall complexity of 

the calculation procedure for determining the REI, ECD, and VTP metrics for CFS.   

Ultimately, the metrics described will be calculated using an analytical prediction that 

eliminates the need for annual simulation, such that they can be calculated using only climate 

data and BTDF values.  The ultimate metric system is projected to be a ranking system that 

does not report absolute metric values but a system’s relative performance (grade e.g.) for 

each of the input parameters.  

The thermal performance that achieves a high ranking in a hot climate will not achieve the 

same degree of energy performance in a cold climate.  The performance could potentially be 

reported on a specification sheet that accompanies the sale of a CFS, but this approach 

requires greater initiative from the user than the current metric structure does.  In an effort to 

maintain the current metric reporting structure that is mandated for fenestration systems, the 

critical information must be represented in an easy-to-use manner at the scale of a label.  

Rather than being bound to the current value reporting approach, various mechanisms of 

representing different climate zones and orientations are being explored based on the results 

of this simplification procedure.  Most notably, the reduction of the number of climate zones 

requires users to identify the location as being only one of four zones as opposed to fifteen.   

ACKNOWLEDGEMENTS 

The financial support for this research was provided by the MIT Energy Initiative Seed Grant 

(S. Dave) and through MIT and EPFL (Prof. M. Andersen). 

REFERENCES 
1. Arasteh, D., Apte, J., Huang, Y.J. “Future Advanced Windows for Zero-Energy Homes”, ASHRAE Transactions, 109, 2 (2003).   

2. Environmental Information Administration (2008).  EIA Annual Energy Outlook.   

3. Saxena, M., Heschong, L et. al., “61 Flavors of Daylight, American Council for an Energy Efficient Economy”, ACEEE (2010).   

4. Dave, S., Andersen, M. “A comprehensive method to determine performance metrics for complex fenestration systems.”  27th 

Conference on Passive and Low Energy Architecture.  (forthcoming).   

5. Karlsson, J., Karlsson, B., Roos, A., “A simple model for assessing the energy performance of windows,” Energy&Buildgs, 33 (2001).   

6. Wienold J. “Dynamic daylight glare evaluation.” Proc. IBPSA Conference, Glasgow, July 27-30, pp. 944-951, (2009).   

7. Reinhart, C.F., Walkenhorst, O., “Validation of dynamic RADIANCE-based daylight simulations for a test office with external blinds,” 

Energy & Buildings, 33 (2001) 

8. Saxena, M., Ward, G., Perry, T., Heschong, L., Higa, R.  “Dynamic radiance – predicting annual daylighting with variable fenestration 

optics using BSDFs” SimBuild – forthcoming.  (2010).   

9. Kleindienst, S., Bodart, M., Andersen, M., “Graphical Representation of Climate-Based Daylight Performance to Support Architectural 

Design”.  LEUKOS - The Journal of the IESNA, 5, 1 (2008).  

10. National Fenestration Rating Council.  <www.nfrc.org>  Accessed 14 October 2010 

11. Perez, R., Seals, R., Michalsky, J “All-weather model for sky luminance distribution – preliminary configuration and validation” Solar 

Energy, 50, 3 (1993).   

12. Andersen, M.  “Validation of the performance of a new bidirectional video-goniophotometer” Light. Res. & Technology, 38(4) (2006).   

http://www.nfrc.org/


 

ENERGY SAVING POTENTIAL AND STRATEGIES FOR ELECTRIC 

LIGHTING IN FUTURE LOW ENERGY OFFICE BUILDINGS:  

A LITERATURE REVIEW 

M.-C. Dubois
1
, M Arch PhD, Å. Blomsterberg

1
, M Sc PhD 

1: Div. Energy and Building Design, Dept of Architecture and Built Environment, Lund 

University, P.O. Box 118, SE-221 00 Lund, Sweden, marie-claude.dubois@ebd.lth.se 

 

ABSTRACT 

This paper presents a literature review carried out as part of a large Swedish research project 

entitled ‘Energy-efficient office buildings with low internal heat gains: simulations and design 

guidelines’. This literature review specifically concerns energy saving potential and strategies 

for electric lighting in future very low energy office buildings. This review reveals that 

realistic energy saving figures of around 50% are achievable if the base line for comparison is 

the average office lighting energy intensity of around 21 kWh/m
2
yr (valid for Sweden). Thus 

an electricity use of around 10 kWh/m
2
yr for lighting office rooms is a realistic target in new 

low energy office buildings and building retrofits, assuming typical illuminance levels for 

office rooms.  

This paper also discusses strategies for reducing lighting electricity use, which include: 

improvements in lamp, ballast and luminaire technology, use of task/ambient lighting, 

improvement in maintenance and utilization factor, reduction of maintained illuminance 

levels and total switch-on time, use of manual dimming, occupancy switch-off sensors and 

photoelectric dimming. Strategies based on daylight harvesting are also addressed and some 

design aspects such as window characteristics, reflectance of inner surfaces, ceiling and 

partition height are briefly discussed.  

Overall, this review reveals that energy savings may be achieved by simply improving the 

electric lighting system i.e. by replacing or planning the electric lighting installation with 

energy-efficient luminaires fitted with T5 fluorescent lamps and CFL (or LED lamps) for task 

lighting and a combination of task/ambient lighting design, manual dimming, occupancy 

switch-off, etc. Daylight harvesting based on photoelectric dimming can provide additional 

energy savings even considering ‘reasonable’ glazing-to-wall ratios (GWR) of no more than 

20-40%.  

INTRODUCTION 

Commercial buildings, and primarily office buildings, are classified among the buildings 

presenting the highest energy consumption. A recent inventory of energy use in 123 Swedish 

office buildings of different age revealed that office buildings have an energy intensity of 210 

kWh/m
2
yr in average, with a high electricity use by square meter (93 kWh/m

2
yr excluding 

heating) 1. However, office buildings also have a high potential for energy savings 

according to previous research in this field 2.  

Electric lighting is one of the areas where energy savings are achievable at reasonable cost in 

new buildings as well as in retrofit projects. This article explores the potential for energy 

savings as well as strategies to reduce energy use in office lighting in the context of Northern 

Europe, with emphasis on the Swedish context. The article is based on a literature review 



carried out as part of the Swedish research project ‘Energy-efficient office buildings with low 

internal gains: simulations and design guidelines’. 

METHOD 

This review consisted of reading the literature from 1990 to 2011 related to electric lighting in 

office buildings for the Northern European or Nordic context. Around 150 scientific articles 

and reports were selected and summarised. Some information was also retrieved from 

websites of lighting organisations in Scandinavia. 

RESULTS 

1. Potential for energy savings in office lighting 

An existing office uses around 21-23 kWh/m
2
yr for electric lighting whereas a modern 

advanced installation may only use 11 kWh/m
2
yr. If occupancy and daylight sensors are 

integrated in the installation, the annual energy consumption for lights may come down to as 

low as 5 kWh/m
2
yr 3. The potential for electricity savings is thus large. Besides direct 

electricity savings due to reduced use of electric lights, indirect energy savings can also be 

obtained in the warm season because of the reduced heat production and energy consumption 

for air conditioning. The following sections explore the strategies for reducing electricity use 

in office lighting. 

2. Energy saving strategies related to the electric lighting system 

2.1 Improvement in lamp technology 

Although T5 fluorescent lamps have existed for 15 years, recent statistics (for Sweden) 1 

indicate that the majority of existing lighting installations still use T8 or even, older T12 

lamps, which have a much lower luminous efficacy (lm/W). Replacing T12 with T8 lamps 

can save up to 10% of the energy consumption while giving 10% more light 4. Newer, T5 

16 mm lamps have even higher efficacies (90-104 lm/W) achieving a 40% reduction in 

energy use (compared to T12 lamps of 60 lm/W with magnetic ballasts) but these lamps need 

different fittings 4.  

According to current predictions, LEDs will provide the majority of light sources by 2035 5. 

The light efficacy of LEDs is increasing very quickly; it has nearly doubled every other year. 

In 2009, white LEDs with a light efficacy of 100 lm/W were available. However, it is 

expected that more traditional light sources will have a major role to play for some time yet 

3. This means that it will be developments in the design and control of the lighting 

installations that are likely to provide substantial energy saving opportunities in the immediate 

future 3. 

2.2 Improvement in ballast technology 

In order to improve efficiency, high-frequency (HF) ballasts have been developed in the 

course of the last decades, which have fewer losses. HF lighting has many advantages: an 

improved lighting quality, flicker-free lighting, and reduction in power demand, compatibility 

with occupation sensing and daylight control, better controllability and longer life. HF-

ballasts are used in only 50% of today’s lighting installations in spite of the fact that they have 

existed for more than 15 years and that conventional ballasts create negative effects both for 

energy-use and health 6, 7.  

 



2.3 Improvement in luminaires 

Lighting equipment essentially consists of a lamp, controls and control gear if needed, and a 

luminaire, each contributing to the overall efficiency 4. New lighting fixtures reflect light in 

such a way that more light can be used where needed and less light gets lost in the light 

fixture itself 9. Fittings with HF ballasts can result in savings of 20-25%, with a 20% longer 

life. Savings of up to 70% can be expected if HF is combined with other lighting 

improvements such as new luminaire designs and control 8. 

2.4 Use of task/ambient lighting 

A good general strategy used when integrating daylighting into a project is task/ambient 

electric lighting strategies, which use two levels of lighting to provide the illuminance 

requirements of the space; one providing an ambient level of lighting adequate for circulation 

and general tasks, and one providing higher illumination localized to the specific tasks that 

require it 8, 10. Since daylighting is an effective method for providing the ambient needs of 

the space, but is not as effective in maintaining high localized illuminance requirements, a 

task/ambient lighting approach can better integrate with available daylight 11.  

2.5 Maintenance factor 

In offices, schools and shops, the lighting output can be reduced by up to 5% per year 12. 

This reduction in light output depends on the fact that lighting fixtures, light sources, walls 

and ceiling, become dirtier and also some lamps get older or burn. A high maintenance factor 

(cleaning) together with an effective maintenance programme promotes energy efficient 

design and limits the installed lighting power requirements 13. A high degree of installation 

maintenance involves cleaning of the luminaires every year, and of room surfaces every three 

years, as well as bulk lamp replacement every 10000 hours 8. 

2.6 Utilance and utilization factor 

As for lighting fixures (see 2.3), an important principle of energy efficient lighting is to make 

the most of any light sources available by directing light to where it is needed in the room 

10. Rea 14 introduced the term ‘application efficacy’ that is, first, based upon the lamp and 

luminaire combination rather than, as usually considered, solely on lamp luminous efficacy. 

The utilance U relates the luminous flux from the luminaires to the luminous flux on the 

target area. A target U for efficient interior lighting has been recently proposed 13. One 

strategy in energy-efficient office lighting consists of placing light fixtures where they are 

needed. This should not be done, however, at the expense of acceptable contrast ratios. 

2.7 Reduction of maintained illuminance levels 

Recommended maintained illuminance levels are prescribed over the task area on the 

reference surface which may be horizontal, vertical or inclined. In many countries including 

Sweden, 500 lx on the work plane are often recommended for office work. Many studies 

indicate that office workers generally prefer illuminance levels which are lower than 

recommended by the standards 15-20. However, several other studies 21-23 have indicated 

a preference for very high illuminance levels (including daylight) ranging from 0-3000 lx. 

Recently, Fotios & Cheal 24 demonstrated that the preferred illuminance is significantly 

influenced by the range of illuminances available to the research participant (the stimulus 

range), and that occupants tend to select the middle point of the range available. They 

concluded that studies with different stimulus range will lead to different estimates of 

preferred illuminance, with studies with large range resulting in higher preferred illuminance 

selected. Other research results have indicated that for a fixed output lighting installation, the 



mean maintained illuminance to achieve the maximum percentage of people close to their 

preferred illuminance was 400 lx 16. By using 400 lx as a design criterion, a 20% decrease 

in energy consumption could be gained together with a likely increase in the percentage of 

office workers who are within 100 lx of their preferred illuminance 16. A universally 

preferred illuminance does not exist since the range of illuminance deemed acceptable is 

greater than the range considered as unacceptable 25. Boyce 26 noted a lack of association 

between illuminances and their subjectively viewed suitability when subjects were carrying 

out realistic tasks, i.e. tasks for which visibility requirements were satisfied at relatively low 

levels of illuminance. 

2.8 Duration of switch-on time 

The total number of units of electricity consumed by the lighting installation will also 

obviously be affected by the length of time the lighting is switched on. The European standard 

EN 15193 27 considers a total utilization time for electric lighting in offices of 2500 hours 

(2250 daytime hours + 250 nighttime hours). An annual time budget of 2500 hours 

corresponds to about 48 hours per week and thus 9.6 hours per day (5 days/week) of total 

switch-on time, which is feasible even taking into consideration flextime. Limiting the range 

of total switch-on time implies in practice that lighting systems must be switched-off after 

work hours, a practice which is unfortunately still not implemented in many countries. Also, 

even with a maximum switch-on time of 2500 hours and a lighting power density (LPD) of 10 

W/m
2
, the resulting annual energy use is 25 kWh/m

2
yr. Therefore, in order to reach total 

energy intensity for lighting of around 10 kWh/m
2
yr, it is necessary to either reduce the LPD 

to around 4W/m
2
 or to switch-off lights at least 60% of the time, by using control systems 

such as manual dimming, occupancy switch-off and/or daylight dimming. 

2.9 Use of occupancy sensors and manual/automatic dimming 

Several studies have generated promising results showing that electrical energy use can be 

substantially reduced by using lighting control systems such as manual dimming and 

occupancy sensors. For manual dimming, the electric lighting energy savings obtained range 

between 7-25% 15, 28, 29. Moore, Carter & Slater 30 reported on a survey of user 

attitudes toward control systems and the luminous conditions they produce in 14 similar UK 

office buildings. They observed that controllable systems were typically operated at 50% of 

maximum output. For automatic switch-off occupancy sensors, lighting electricity savings in 

the range 20-35% have been reported 15, 31, 32.  

2.10 Use of photoelectric dimming 

Photoelectric dimming allows saving energy by replacing electric lights by daylight, which 

has also many positive effects because people generally prefer daylight 35. Two studies 36, 

37 achieved recently in Sweden with the simulation program DAYSIM have shown that 

perfectly commissioned photoelectric dimming allows saving at least 50% compared to a case 

with manual switch near the door with a mix of active and passive users. Also, several studies 

have shown that increasing window area does not necessarily lead to a reduction in energy use 

for lighting the building properly 36, 37, 38. Glare problems that can be caused by the large 

amount of daylight entering a highly glazed working space often reduce the quality of visual 

comfort. Shading devices are used more frequently in highly glazed buildings often 

maintaining the same levels of daylight used in a building with a conventional facade 36. It 

has been shown that for individual office rooms in Sweden, the optimal glazing-to-wall ratio 

lies in the range 20-40% depending on the orientation. The use of brighter colours for inner 

walls is necessary to maximize the reflection of natural light in the space and even the 

reflection of electric lights on walls and can have an effect of the same magnitude as a change 



of orientation from south to north 37. Another study in the USA showed that reducing 

partition reflectance seriously reduces the amount of daylight at 2nd row offices (for 

landscape office layouts) and should be avoided if daylighting is desired 39. The ceiling is 

also a crucial design element since the majority of daylight that penetrates into a building 

beyond the 1st work station is reflected from the ceiling at least once. Increasing the ceiling 

reflectivity has a positive effect on energy savings and leads to a more uniform distribution of 

daylight throughout the space 39. The same research showed that reducing the ceiling height 

from 9ft to 8ft cuts the energy savings in half for second row offices and that lowering 

partition heights from 64" (reference geometry) to 48" nearly doubled energy savings. 

DISCUSSION 

Key figures for energy consumption and energy saving potential for office lighting were 

presented based on a review of relevant literature, with a special emphasis on a North 

European context. The review reveals that the replacement of older lighting installations (T12 

fluorescent lamps) with modern energy-efficient T5 lamps with HF ballasts and energy-

efficient luminaires could provide up to 40% energy savings. An additional 40% energy 

savings could be obtained by using a combination of task/ambient lighting, occupancy switch-

off and daylight dimming, making it possible to achieve totally 80% energy savings compared 

to older T12 fixed lighting installations. However, if the base line for comparison is the 

average office lighting energy intensity of 21 kWh/m
2
yr (valid for Sweden), realistic energy 

saving figures using existing technology in combination with occupancy sensors, 

manual/automatic dimming, automatic switch-off and daylight dimmers are rather around 

50%. Thus an energy intensity of around 10 kWh/m
2
yr in office rooms is a realistic target for 

energy intensity in new low energy office buildings and retrofitting existing office buildings, 

assuming typical illuminance levels for office rooms (300 lx general space, 500 lx on task). 

This figure however varies according to room type (i.e. individual office rooms versus 

landscape rooms and common rooms). Lower energy intensities are even achievable by 

accepting lower installed illuminance levels and task/ambient lighting using very energy-

efficient task lamps. 

Strategies for reducing energy use for electric lighting were also presented and discussed, 

which include: improvements in lamp, ballast and luminaire technology, use of task/ambient 

lighting, improvement in maintenance and utilization factor, reduction of maintained 

illuminance levels and total switch-on time, use of manual dimming and occupancy sensors. 

Strategies based on daylight harvesting were also addressed and some design aspects such as 

window characteristics, reflectance of inner surfaces, ceiling and partition height were 

discussed. Daylight harvesting based on photoelectric dimming can provide additional energy 

savings. A number of studies have indicated that daylight harvesting can be achieved in 

peripheral spaces with ‘reasonable’ glazing-to-wall ratios (GWR) of no more than 20-40%. 

An increase in GWR does not provide substantial additional lighting energy savings and 

creates risks for overheating, glare and a consequent abusive use of shading devices, with 

associated reduced daylight benefits. 
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ABSTRACT  

Many different software applications exist to simulate indoor daylighting and/or electrical 

lighting. They are generally classified into two categories: software dedicated to research and 

commercial software (usually dedicated to consulting firms and individuals).  

The first software category prefers to use computer codes and high performance physical 

models (which give very realistic values) while the second software category prefers to use 

more simplified tools that give very approximate values to describe reality.   

In the case of indoor daylighting simulation, three software categories can be classified in 

relation with numerical, simplified and empirical (or experimental) models. .  

All three different categories of models need to be improved, as. the numerical model requires 

a high calculation time the simplified models have limited conditions of use and finally, 

experimental models need major financial resources or perfect control of experimental 

devices (e.g. scale model) and climatic characteristics of the location (e.g. in situ experiment). 

The PIMENT research Laboratory (located at the University of Reunion Island) has 

developed software capable of simulating lighting (artificial and natural) inside buildings 

called CODYRUN [1]. The software uses simplified models that were developed by the 

laboratory.  Initially CODYRUN was dedicated to thermal building simulation; the natural 

lighting code was introduced in the software by Fakra for his PhD thesis work in 2009 [2].   

Currently, the code is capable of describing the illuminance distribution of any point on a 

work plane, using a meteorological database. The software is also able to simulate the outdoor 

illuminance from the different values of irradiance given by the weather file [3]. This tool is 

very user-friendly both for physics researchers and designers or operators.  

The daylighting model present in CODYRUN has been validated numerically, comparatively 

(comparison with other numerical simulation software) and experimentally.  

Our remarks shall be illustrated with an application example on the optimization of visual 

comfort in natural illuminance. A method based on the percentage of glare inside the room 

shall also be denoted.  

This paper equally presents a user guide and the different steps of a building description in 

CODYRUN.  

 

 

 



INTRODUCTION 

The description of the illuminance distribution is very important when attempting to study 

visual comfort within a building. Indeed, the sun is a potential source of discomfort, causing 

overhead and disability glare, both indoors.  

Daylighting systems can produce discomfort glare. Increased interior electric lighting may be 

required to balance luminances and reduce glare produced by daylight, thus increasing energy 

use when daylighting is used. Direct glare is critically dependent on the luminance of the 

window. In fact, window brightness, due to direct glare, can be uncomfortable to view.  

The degree of luminance control to be designed into a luminaire depends on its intended use 

and the luminous environment in which it is used.   

Frequently, design compromises are required between visual comfort, use, and aesthetics.  

Computational and measurement systems exist to evaluate the potential glare from 

daylighting. The established criteria were commonly used to guide luminaire designers and 

engineers in determining acceptable limits of maximum and average illuminances.  

Many methods - predicting the presence of glare from large area sources - have been 

developed. This paper presents possibilities to simulate indoor daylighting and study glare 

with a new module of the software CODYRUN. The new module predicting daylighting 

(indoor and outdoor) was introduced in the software and validated by Fakra [3,4].  

NUMERICAL SIMULATION 

An example of application of the software CODYRUN to predict glare is presented in this 

paragraph. The aim of the study is to verify the areas where frequencies glare are observed 

during the year. This is a classroom (TD2) located at the University Institute of Technology at 

Saint – Pierre (Reunion Island). 

Description of the building 

TD2 classroom (see Figure 1 and 2) is located at Saint-Pierre (Latitude: 21°19’ South; 

Longitude: 55°28’ East; and Altitude: 68 m).  

The climate is tropical and humid. It is between TD1 classroom (at the North) and TD3 (at the 

South) as mentioned in the scheme of Figure 3. Below is TD4 classroom.  

The dimensions of TD2 classroom are: 7.2 m in length, 6.74 m in width and 3 m in height, 

that is to say an area of 145 m
2
. Two large windows are located on the West side and three 

others on the East side (one small and two large openings).  

The dimensions of the large openings are 1.10 m high by 1.50 m width each, whereas those of 

the small window are 1.1 m high by 1.2 m width.  

The doors are 2.1 m high by 1 m width each. There are three doors and positioned 

respectively in the South, North and West side of the classroom.   

The reflection coefficients of the walls, ceiling and floor are respectively estimated at 80%, 

70% and 60%.  

The transmission coefficients of each simple glass pane of the windows are 85% (given by the 

manufacturer). The reflection coefficients of each door are estimated at 70%.  

 

 



 

 

 

 

 

 

 

 

 

Figure 1. Perspective view of classroom TD2 

 

 

 

 

 

 

 

 

 

 

Figure 2. Ground plan of the classrooms at the IUT of Saint-Pierre (University of Reunion)

  

Hypothesis of the simulation 

The description of the TD2 classroom and the meteorological database (provided by the 

weather forecast station of the Laboratory [3]) were introduced into the software.  

The simulations conditions are: 

 The building is described in the space (Cartesian coordinates); 

 We consider the simulation of daylighting on a workplane (0.85 m in height) of 36x33 

position points inside the room and for minutely time step during the year (Figure 3); 

 The software is capable of dynamical studies; 

 It does not consider overhangs in daylight simulations; 

 No daylight calculations on vertical or inclined walls are considered; 

 It does not consider obstructions inside the room (furniture, occupants, etc.), 

bidirectional transmissions (BRDF) and lightwell when simulating daylighting; 

 All doors are considered closed; 

 The openings should only be sidelight; 
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Figure 3. Grid surface plane (nodal points) for the calculation of the indoor illuminance  

Percentage of discomfort glare study 

The new method consists in determining and measuring the percentage of glare (hourly, daily, 

monthly or yearly) i.e Gglobal in a given room. To perform this study, CODYRUN uses the 

following report: 

 

 Gt

SGlare,i,t
i 1

p

SFloor , j
j 1

n
100  (1) 

 

 

     Gglobal Average(Gt )          (2) 

When: 

Gt : percentage of glare at the time t (in %) 

SGlare,j,t : Surface glare (or sunspot) number i inside the room at the time t (in m
2
) 

Sfloor,i : Surface of the floor (at the building) number i (in m
2
) 

Gglobal : Global percentage of mean glare inside the room (in %) 

Results of the simulation 

Figure 4 gives the Daylight Factor (DF) coefficient in classroom TD2, which was simulated 

by CODYRUN. The mean DF value is 4.34% (minimum value is 0 % around the perimeter of 

the surface of the work plane and the maximum value is 15.62% near openings). 

Figure 5 presents the yearly occurrence frequency of the surface glare at the workplane (0.85 

m height) in classroom TD2. The occurrence frequency of the glare (OFG), coming directly 

from the sun, does not exceed 50% in the annual simulation, because the hypothesis 

simulation included the night (50% of the simulation does contain daylighting). The results 

show that there is only 0.74 % of the glare in the annual simulation (less than 1%). TD2 

classroom has no major problems of natural glare all year along.  



The occurrence frequency of the glare is more frequent on side openings. Solar shading 

systems should be installed near the top of the openings on the West side of the room. 

 

 

 

 

 

 

 

 

 

 

Figure 4: The distribution of Daylight Factor (DF) in  classroom TD2 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Yearly occurrence frequency of the glare in classroom TD2 

Similarly, hypotheses were used to simulate global indoor daylighting on the work plane 

during the year.  

The objective of the study is to represent the quantity of the light distribution on the work 

plane.  Figure 6 shows this mean illuminance distribution on the work plane during the year. 

Global illuminance in the classroom is 1000 Klux in the year.  

The maximal value is 111 Klux (in clear day) when direct light from the sun enters through 

the openings. This study shows that the openings are very well positioned to allow natural 

light into the room during the year. However, precautions must be taken at the located 

openings to prevent the light coming directly from the sun from entering the room. 
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CONCLUSION 

Daylight can be an excellent source of ambient illumination. The potential for daylight 

utilization should be evaluated early in the design development of a space. Architectural 

features such as overhangs, light shelves, and window treatments may be incorporated into the 

design to enhance daylight utilization and control. The manner in which daylight is distributed 

in the space is important. The glare coming from the windows should be controlled. 

CODYRUN is able to predict these discomfort situations, as it allows simulating the 

occurrence frequency of surface glare within a room.  

This new method permits to detect the problem of visual comfort. CODYRUN was used to 

view areas of glare and to provide technical or architectural solutions in order to remedy the 

uncomfortable situation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Average yearly global daylight in classroom TD2 
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ABSTRACT 

Daylighting is one of the important environmental factors that affect the health, emotions and 

academic performance of students as well as the energy consumption of school buildings [1]. 

These days it is well known that daylighting systems in buildings should be considered from the 

view points of quantity and quality. The final aim of this research is to develop design 

methodologies to improve the lighting environment in school classrooms in Iran, utilizing 

daylight for lighting systems, with respect to Iranian culture. The purpose of this research is to 

improve the design of the windows and shading devices in order to obtain better daylight 

conditions  by uniforming the daylight distribution on the working plane and creating ideal and  

light, in quantity and in quality. Coordinated by the “Tehran school Organization of renovation 

and development”, some schools were selected as prototypes. In this paper we present a survey of 

observation, geometric assessment of devices and the results of measurements of daylight levels 

in selected classrooms in Tehran, focusing on hourly changes of illuminance distribution in 

different types of classrooms. Most classrooms in Tehran are either facing north or south. The 

selected case studies include two classrooms, one of them with a north-faced windows on the 

second floor and the second with south-faced windows, also on the second floor.  We present the 

results of monitoring illuminance levels under overcast, sunny and intermediate sky. The location 

of the points of horizontal illuminance measurements in the classroom has been chosen to be in 12 

different locations on the working plane, which corresponds to desk height, 70 cm above the floor. 

The illuminances were measured in this experiment by means of light meters in selected 

classrooms. In addition, some simulations were carried out in the selected samples using the 

simulation software “ECOTECT v 5.6”. Finally, some unique aspects of Iranian classrooms and 

comparison results are discussed.  

KEY WORDS:  Daylight/ classroom / measurement /Analysis / Iran 

INTRODUCTION 

Classrooms are the places where students spend most of their time. The main purpose of schools 

is the promotion of learning and the educational level of students. For doing this, they have to 

create a suitable and attractive environment for students, especially in case of lighting. The design 

of schools can improve learning by providing appropriate lighting and air quality while 

simultaneously reducing energy consumption [2]. The research framework of this study is as follows; 

 Surveys of the lighting environment of Iranian schools, through measuring daylight 

conditions such as illuminance values in selected classrooms. Identifying problems and 

analyzing the lighting environments in the Iranian schools of today. 

 Finding and developing a simulation programs that can work as design tools and can 

support the design of lighting environment of the Iranian schools. 

METHODOLOGY 

The study area of this research includes schools of Tehran City located in the center of the Tehran 

province. These schools were selected in coordination with the “Tehran school organization of 

renovation and development“. The classrooms in Tehran are either facing north or south. The 



methodology of the present project is aimed at assessing the general daylighting performance of 

existing Iranian classrooms by evaluating the illuminances due to the daylighting strategy in the 

studied classrooms using physical model experiments. The illuminance was measured in this 

experiment by using two instruments: light meter and color analyzer. The experiment was 

conducted to represent the four seasons in Tehran. These seasons are the fall season (September 

21), the winter season (December 21), the spring season (March21), and the summer season 

(June21). The measurements were recorded on 10 January, 2009, three times in a day. (10 AM, 13 

PM, 16 PM). The sky conditions on the day of the experiment was intermediate sky (half-way 

between sunny and overcast state) [14]. The curtains were open and electric lights were off. 

Objective Observations of the Case Studies 
In order to distinguish the two types of classrooms, we use “MN” for the one with north-faced 

windows on the second floor and ”KS” for the one with south-faced windows on the second floor. 

(Fig.2).  

 
Fig 1: Satellite images showing location of case studies in Tehran; Left image is “Khalatbari”        

High School of Art” and right image is Motahari High School. Source: Google Earthpro4. 

 
Fig 2: The selected classrooms. 

 

 

 

 

 

 
 

 

Fig 3: The outside and inside in the classrooms under study 

The overall picture was disappointing because there was no shading element used outside of 

the classrooms (i.e.in a country with so many hours of sunshine) and shading should have 

been seriously taken into consideration. Actually, the curtains were the only shading devices 

in the classrooms under study (Fig.3). The location of the points of horizontal illuminance 

measurements in the classrooms was chosen to be in 12 different locations on the working 

plane (i.e. 0.70 mm above the floor on desks level). These points inside the classroom were 

placed on the intersection points of a grid of about 2 m by 2 m (Fig.4). 



 

Fig 4: The comparison of illuminance values of the measurement points in “MN” &” KS”. 

Results of measurements 

For both  classrooms, daylight illuminances diminish rapidly with increasing distance from 

the windows. The average illuminance in the north orientated classroom (MN) (Ave: 445 lux) 

was higher than the illuminance in the south oriented classroom (KS) (Ave: 386 lux). For both 

of the classrooms, a seating position near a window was considered moderately comfortable 

for visual performance and was close to the local standard lighting requirement. In the north 

oriented classroom, the blackboard area did not receive enough daylight. The average 

illumination on the board was 222 Lx which was much lower than the recommended 

illuminance. In the south oriented classroom, the blackboard area had comfortable visual 

field, the average value was 504 lx, and the illuminance was in the range of 300-500 lx. 
 

Calibration model in the simulation program (Ecotect v5.6) 

To investigate the status of existing daylighting in the selected classrooms (photometry), we 

needed to simulate them on the same day and at the same sampled hour. To have more 

accurate and actual results, it was necessary to enter accurate materials and colors of walls, 

ceiling andfloor. Simulations were carried out in the selected samples by means of the 

simulation software “ECOTECT v 5.6”. This program has an acceptable interface to define 

the geometry. Since color recognition and its reflection value cannot be measured by eyes, 

color analyzers were used to measure the rate of colors. After inputting R.G.B values in the 

simulation program, we calibrated models and compared illuminance values at measurement 

points (photometry). The measurement results were used to verify the adequacy of the 

simulation program (Fig.5). 

 

Fig 5: Illustrates the comparison of illuminaces between measurement and simulations in 

classroom “MN” and “KS”. (Output from Microsoft Excel program) 



Results and Analysis of Simulation 

The case studies with existing materials were reproduced and calculated in the “Ecotect” program. 

These simulations predict the illuminance values (i.e. illuminance values in this simulation 

program show the amount of light falling on each surface) [14] over the measurement grid for 10 

JAN at 10 under intermediate sky condition. 

 
Fig 6: False color rendering image to study classroom “MN& KS”. 

The intention here is to compare the evaluative potential of the three different sky conditions. The 

simulations were recorded for the 15th of each of the 12 months of a year, at three different times 

in a day. (8 AM, 11 AM, 14 PM) and forthree different sky conditions: intermediate sky, sunny 

sky and overcast sky. Thus, The daylighting performance was evaluated for all 216 unique 

combinations of classroom type ( x2), climate and sky condition (x3), for the 12 months of year 

and 3 times a day. A schematic showing the various parameters is given in Fig.7. 

 
Fig 7: Parametric scheme 

 
Fig 8: False-colored surface plots that show the illuminance values across the grid for classroom” 

KN” and “KS” on 15 JAN at time11.00 Am. (Output from Ecotect v5.6 program) 

 
Fig9: Percentage of class level in terms of received illuminance during one year according to 

diagram 



 

Table 1: Percent of class level in terms of received illuminance during one year according to 

figures 

 

Fig 10: The percent of area had illumination amount of 100 to 2500 lux, in sunny, 

intermediate and overcast sky at 8AM, 11AM and14 PM. 

Method of Analysis Results 
The illuminance on the work surface was compared with the reference values given by the 

(CIBSE) [4], Lighting Guide, International Energy Agency (IEA) [12], (JIS) handbook [13], and 

(ISIRI) [11], the national lighting committee of standard and industrial organization of Iran. The 

reference value of illumination for classrooms is 300 ~ 500 lux. To achieve a comfortable 

brightness balance, it is desirable and practical to limit brightness ratios between areas of appreciable 

size (from normal view points) as follows(Moore, Fuller et.al.): [19] 10 to 1  between task and 

adjacent surroundingand 10 to 1 between task and more remote darker surface. On the other hand, 

(Dr. John Mardaljevic, et.al.) [15] applies the UDI scheme determining the occurrence of daylight 

illuminances as follows: 1. 100 lux to 2500 lux are within the range defined as useful.2. Less than 

100 lux  falls short of the useful range 3. Greater than 2500 lux exceeds the useful range.  

RESULTS 

Light categorization shown in Fig.9 was based on three factors found in the above mentioned 

reference books and papers (we suppose that in selected class rooms, room length and glazed 

surface are defined by standards and regarding the required illuminance in classrooms, the 

obtained results may complement former standards). According to the obtained results, the range 

of 0-100 lux is dark and the range of 100-300 lux (UDI supplement-tray) as well as a range of 

300-900 lux are suitable light. A range of 900-2500 lux is excess light and may lead to discomfort 

glare, and the range of 2500-3000 lux will definitely cause disability glare or blind glare. 

According to moor Law [20], the ration of min lux to max lux must not exceed 1/3. For example, 

if light values for the entire room are between 900-2500 lux, this would be acceptable, but if they 

correspond to 300 lux by the window and 2500 lux on the blackboard, this would cause 

discomfort glare (i.e. light contrast).  

CONCLUSION 

Under overcast sky and in class rooms with south oriented windows, it is better to use light 

shelves to have even light, because light is much stronger by the window than further in the room. 

Under sunny sky, there is a glare problem and direct sunlight should be prevented because, 

according to results obtained in Fig 10, the light range of 2500-3000 lux leads to disability glare. 



Under intermediate sky, everything is ok and there is no problem. Under sunny and intermediate 

sky and in class rooms with north oriented windows, there is no problem and we have the best 

situation. However, under overcast sky, light reflective tools such as light shelves are needed. In 

north facing class rooms, the wall opposite the window should be painted in a  light colour so that 

a more even light is provided by more light reflection. 
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ABSTRACT 

This work is part of the project “Low energy commercial buildings” (LECO) run by SINTEF 

Building and Infrastructure. The project’s principal objectives are to develop more energy-

efficient building solutions and new methods for the design of energy efficient commercial 

buildings. The project includes performance analyses of advanced building facades applied in 

different kinds of climates, different uses, and different construction methods.  

Optimum control of daylight is a strategy with high energy savings potential in office and 

commercial buildings. Existing building regulations and tools suffer from several 

shortcomings in planning advanced facades for the maximum use of daylight.  

In this context, the relation between solar control, lighting and energy consumption was 

investigated. The reason for this is that the sunshade often results in the use of electric 

lighting. In addition to the "unnecessary" use of electric energy, this leads also to the increase 

in temperature in the room and increased use of refrigeration. The purpose is to develop an 

energy efficient control strategies for the use of solar shading. 

This paper presents results from work done on simulating the daylight performance of a room 

with backward ray tracing method. A rectangular room 4.8m x 7.2m with two windows on the 

south facing façade was modelled and different shading control strategies and different user 

types were simulated. In combination with four different user behaviours that has been used 

for both shading systems a comparison of the thermal performance of the office building was 

possible. The combination of daylight availability and user behaviours produced a schedule 

that was then linked to TRNSYS in order to calculate the thermal performance of different 

facade options. Results for total energy consumption of the office room were calculated, 

compared and performance differences assessed.  

Results for annual net energy demand show total net energy demand for the options with 

external shading device are lower than for the options with internal shading device. The 

daylight control strategy provided a reduction in net energy demand for lighting which results 

in the lowest total net energy demand for both shading systems.  

INTRODUCTION 

This study is part of the research project "LECO, Low Energy Commercial buildings". Energy 

consumption related to non-residential buildings accounted for 36 TWh in 2007, which equals 

approximately 45% of energy consumption in buildings. The potential for energy efficiency 

of this part of the buildings through the use of existing technologies, assumed to be 6.5 TWh 

in 2020 (Low Energy Commission) [1]. 



LECO is intended to collect existing and developing new knowledge about energy efficient 

solutions to reduce energy consumption in commercial buildings. The goal is to create 

guidelines respectively. 50%, 75% and 90% reduction of energy consumption (4/2/10 factor) 

to a typical office of today (reference building = 300 kWh/(m
2
 a) [2]. 

Energy for lighting accounts for a large portion the building's energy needs [3]. According to 

normative values in NS3031, this amounts to 25 kWh / (m2 year). This corresponds to 8 

W/m
2
 of installed power for lighting and 3120 hours annual operating hours in offices (12 

hours per day, 5 days per week, 52 weeks per year). In addition to energy for lighting, this 

power is also considered in the calculations as additional internal heat gain [4].  

The rules in NS3031 state that the heat contribution from lighting can be reduced by 20% if 

the management system for the utilization of daylight or management system based on 

presence sensors is used. Alternatively, other values for installed power for lighting can be 

used in the calculations and should be documented according to EN 15193 or equivalent [5]. 

In this context, the relation between solar control, lighting and energy consumption was 

investigated. The reason for this is that the sunshade often results in the use of electric 

lighting. In addition to the "unnecessary" use of electric energy, this leads also to the increase 

in temperature in the room and increased use of refrigeration. The purpose is to develop an 

energy efficient control strategies for the use of solar shading. 

METHOD 

Thermal simulation 

A single room was modelled in TRNSYS, a dynamic building simulation software [6], with 

4.8m width, 7.2m depth and 3.2m height. In Figure 1 the room geometry and technical details 

are given such as the following (according to models used in [2]): 

 The model air-conditioned by a balanced mechanical ventilation system with airflow 

of the day Vday = 10m
3
/(hm

2
) which is lowered at night to Vnight = 3m

3
/(hm

2
). The 

supply air temperature is assumed to be 19 °C and lowered to 16 °C in summer (May-

August). 

 The heating system consists of a local heating element that regulates the room 

temperature to 21 °C. A local cooling element is deactivated in this study. Cooling is 

only done by precooling ventilation air. 

 Technical equipment is assumed to Pequipment = 11 W/m
2
 and internal heat gain from 

persons is set to Pperson = 4 W/m
2
. Light installation is assumed to Plighting = 8 W/m

2
.  

 South facing facade has two windows (U value 1.12 W / (m
2
K)) consisting of 2-layer 

low emissivity glass with argon filling (U-value 1.1 W/(m
2
K)), isolated frame with 

superspacer (U-value 0.09 W/(m
2
K)). 

Shading systems 

The south facing windows were equipped with two different shading systems. The windows 

are fitted with either internal or external sunshade with the following specifications in relation 

to NS3031 and specified in Appendix A, Table A.2 [4]. 

• Internal sunshade consists of typical shading system with 28mm wide slats that 

together with glass (gt = 0.51) gives a transmission factor of T = 0.38. 

• External sunshade consists of typical shading system with 80mm wide slats that 

together with glass (gt = 0.51), gives a transmission factor of 0.06. 



 

Figure 1 Model of office room   

Shading control 

The shading systems were equipped with two different control systems. One option closes the 

shading devices when radiation is above 200 W/m
2
 (and opens again when radiation is below 

150 W/m
2
) (options (1) and (3)), the other option makes use of a daylight control which 

reduces the use of electric light according to daylight levels at the workplace.  

The office user has a large influence on the thermal performance of office buildings if they 

are allowed to individually control lighting and blind systems. A key finding from field 

studies on manual lighting and blind control in commercial buildings is consciousness and 

consistency [7]. For different behaviours of occupants Lightswitch has been developed which 

approximates individual switching behaviours that have been observed in field studies [8]. In 

combination with the computerized user behaviours that has been used for both shading 

systems a comparison of the daylight autonomy of the office room was possible. Daylight 

autonomy is a measure of how often (e.g. percentage of the working year) a minimum work 

plane illuminance threshold of 500 lx can be maintained by daylight alone. Radiance was used 

for daylight simulations. Calculations for daylight autonomy were done using Daysim which 

uses daylight coefficients proposed by Tregenza and Waters [9, 10]. 

In order to find the sensitivity of their behaviour two extreme cases were analysed. In the first 

case the user is active, in the second case the user is passive. An active user is a user who 

operates the electric lighting in relation to ambient daylight conditions, opens the blinds in the 

morning, and partly closes them during the day to avoid direct sunlight. A passive user keeps 

the electric lighting on throughout the working day and keeps the blinds partly closed 

throughout the year to avoid direct sunlight. 

Lighting and Blind Control 

The electric lighting system has an installed lighting power density of 8.00 W/unit area and is 

controlled in three different ways:  

 manually controlled with an on/off switch. The shading device is manually operated.  

 automatically controlled via an on/off occupancy sensor with a delay time of 5 

minutes. The shading device is automatically controlled. The automated control 



lowers the shading device as soon as direct sunlight above 50W/m
2
 hits the work pane. 

The device is automatically retracted otherwise.  

o Without dimming 

o With dimming: The dimming system has an ideally commissioned photocell 

control with a ballast loss factor of 20.00 percent.  

The combination of daylight availability and user behaviours produced a schedule that was 

then linked to TRNSYS to calculate thermal performance of different shading options [7]. 

RESULTS 

Results for daylight autonomy are shown in Figure 2 for two types of users. While an active 

user can increase daylight autonomy considerably in the whole depth of the office room the 

passive user shows less daylight autonomy and restricted to the facade perimeter (up til 3.7m). 

 

Figure 2: Results of calculated daylight autonomy for active and passive user profile.  

Option  Ref. basecase 

(0) 

external shading                       

(1)                      (2) 

internal shading               

(3)                        (4) 

kWh/(m
2
 a) TEK07 no 

shading 

radiation control 

(150-200 W/m
2
) 

daylight 

control 

radiation control 

(150-200 W/m
2
) 

daylight 

control 

Room heating 54 27.9 29.6 30.7 28.2 22.6 

Ventilation 

Preheating 

incl. 27.7 28.1 28.4 27.7 27.0 

DHW 5 5.0 5.0 5.0 5.0 5.0 

Fans  22 16.8 8.5 13.6 14.7 15.5 

Pumps incl. 3.2 3.5 2.8 4.0 3.5 

Lighting 25 25.1 25.1 10.1 25.1 10.1 

Equipment 34 34.5 34.5 34.5 34.5 34.5 

Ventilation 

precooling 

25 35.0 19.5 14.5 31.4 25.9 

Total 165 175.1 153.6 139.5 170.5 144.0 

Table 1: Summary of results for net energy demand for different cases. 



Results for annual net energy demand are presented in Table 1. It can be seen that total net 

energy demand for the options with external shading device (options (1) and (2)) are lower 

than for the options with internal shading device (options (3) and (4)). Also, a reduction in 

cooling energy demand (between 19.5 and 14.5 kWh/(m
2
 a) for external shading compared 

with 31.4 and 25.9 kWh/(m
2
 a) for internal shading) can be observed in addition to an 

increase in heating demand (between 29.6 and 30.7 kWh/(m
2
 a) for external shading 

compared with 22.6 and 28.2 kWh/(m
2
 a) for internal shading). The daylight control strategy 

provided a reduction in net energy demand for lighting (10.1 kWh/(m
2
 a)) in both cases (2) 

and (4)).     

Figures 3 and 4 show the results of TRNSYS calculations of operational temperatures during 

summer for different shading systems. While Figure 1 shows the results for external shading 

compared with the base case (0) (without shading device), figure 2 shows the results for 

internal shading compared with the base case (0) (without shading device).  

Both control strategies provide a reduction of operational temperatures in the office room 

during the summer periods. From figure 3 it can be seen that an external shading system keep 

operational temperatures below 24°C with lower temperatures (below 23°C) for the daylight 

controlled system. The level of operational temperatures are higher in the cases with internal 

shading (Figure 4) and frequently exceed the 26 °C threshold [4]. 

 

Figure 3: Results of calculated operational temperatures during summer in room with 

external shading.  

 

Figure 4: Results of calculated operational temperatures during summer in room with 

internal shading.  



DISCUSSION 

To quantify the potential of solar shading two different solar shading types were investigated 

with different control strategies. Integrated thermal and daylight simulations were carried out 

to demonstrate comparable results of the performances of the facades with respect to energy 

consumption and indoor environment. The performances of the facades were evaluated in 

terms of total energy demand, the individual energy demands for heating, cooling and 

artificial lighting, and also the amount of daylight in terms of daylight autonomy. Using 

external shading in Norwegian climate reduces the total energy demand in an office room in 

Norway. While an external shading device reduces cooling demand during summer, it 

increases heating demand during winter. The external shading device reduces the 

temperatures below 26°C for both control strategies. However, with daylight control the 

summer temperatures are below 23°C. The internal shading device shows higher temperatures 

and frequently exceeds the threshold of 26°C. 

Each simulation was only performed on a single, but representative room in the south facing 

perimeter zone of a building, and the interaction with the rest of the building was considered. 

The actual performance of the entire building however depends on the control strategy for the 

entire building. More work is needed to investigate these issues. 
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ABSTRACT  
This paper presents methods to predict sky conditions based on CIE standard general skies 
and hourly zenith luminance by cloud index n  derived from visible channel data of 
geostationary satellite. Instantaneous cloud index averaged from nine pixels derived from 
satellite visible channel data was used to predict sky types. Two cut-off values of cloud index 
based on the cumulative frequency distribution under three sky conditions were determined to 
classify sky types. Three sky conditions based on CIE standard general skies can be classified 
by cloud index: 0.38n > , 0.13 0.38n≤ ≤  and 0.13n < , corresponding to overcast, partly 
cloudy and clear sky conditions, more specifically to sky 1, sky 8 and sky 13 of the “Hong 
Kong Representative Sky”.  Hourly zenith luminance can be derived as a function of the 
combination of relative standard overcast sky zenith luminance and relative standard clear sky 
zenith luminance determined by cloud index. The mean bias error and the root mean square 
error of hourly zenith luminance are 0.49 kcd/m2 and 3.37 kcd/m2 respectively. 

The overall frequency of occurrences of three sky conditions predicted by satellite data can 
give a general understanding to architects and engineers about the local daylight climate. With 
the zenith luminance and the sky conditions predicted by cloud index, the absolute values of 
sky luminance distribution can be approximately estimated from CIE standard general sky 
model for daylight design. If one representative sky could be estimated by other climatic 
information under each sky condition (overcast, partly cloudy and clear skies) for a place; for 
example, sky type 1, 8 and 13 are “Hong Kong Representative Sky”. The absolute values of 
sky luminance distribution might be better estimated with the zenith luminance and the 
frequency of occurrence of three sky conditions predicted by cloud index. 

The accurate sky luminance distribution is essential for advanced daylight design. However, 
before obtaining detailed luminance records for the main climatic regions of the world, it is 
important to know the daylight climate to define regions that are with similar cloudiness and 
radiation condition and predictable by standard meteorological parameters. Satellite-based 
methods could be an effective approach to achieve this objective to some extend as satellite 
data can extend spatially the ground measurements over a large area.  

INTRODUCTION 
This study is to predict sky conditions based on the CIE standard general sky and zenith 
luminance from the cloud index derived from the visible channel data of a geostationary 
satellite. For ground measurement, sky data with 10-min intervals were collected from the 
International Daylight Monitoring Programme (IDMP) research class station in The Chinese 
University of Hong Kong (22˚25΄N, 114˚12΄E). For satellite data, the visible channel data of 
Geostationary Operational Environmental Satellite (GOES)-9 in the same period as the 
ground measurements from June 2003 to May 2005 were used in this study. Both data sets, 
including ground measurement and satellite data for sky classification and zenith luminance 



prediction, were randomly separated into two groups respectively, 80% for fitting the models 
and 20% for accuracy assessment. 

DERIVATION OF CLOUD INDEX 
GOES-9 takes one or two images per hour in the visible channel. The gray-scale values of the 
GOES-9 visible channel range between 0-255 representing black to white. Our previous study 
used cloud index to predict global illuminance [1]. The procedure for deriving cloud index is 
similar in this study. 

The cloud index n  originally proposed by Cano et al. [2] was determined as follows: 
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where '
norC  is the air mass corrected pixel value , minC , and maxC  are corrected values of 

minimum and maximum satellite values, which are two horizontal lines determined by least 
squares fitting to the 2nd  and 98th percentiles of air mass corrected pixel values in each 5-
degree solar elevation bin. Here we adopted 2nd and 98th percentile pixel values instead of 
minimum and maximum values in each bin to avoid some outliers. 

This study based the analysis on the average cloud index of 9×9 pixels surrounding the IDMP 
station in the Chinese University of Hong Kong.  

CLASSIFICATION OF SKY CONDITIONS  
Previous research shows that no single climatic parameter can classify all 15 CIE standard 
general sky types effectively [3]. So it could be impossible to classify 15 sky types by the 
single parameter of cloud index. In addition, some sky types, for example, sky type 15, are 
rare in Hong Kong [4]. It is difficult to analyze the relationship between the cloud index and a 
sky type with very low frequency of occurrence. Therefore, this study grouped the 15 CIE 
standard general sky types into three categories: overcast skies (sky nos. 1-5), partly cloudy 
skies (sky nos. 6-10) and clear skies (sky nos. 11-15).  

Figure 1 shows the frequency distribution of cloud index n  at 0.02 intervals. To classify the 
three conditions, two cut-off values of cloud index should be found taking into account the 
balance of the overlaps of three sky conditions. It is difficult to determine the two cut-off 
values of cloud index by eye. The two cut-off values can be estimated by the following 
expressions: 

                              1 min{| (1 ( )) ( ) ( ) |}i i iC FDO n FDP n FDC n= − − −    (2) 

                            2 min{| ( ) (1 ( )) (1 ( )) |}i i iC FDC n FDO n FDP n= − − − −    (3) 

where 1C  is the value of cloud index to separate overcast skies and partly cloudy skies; 2C  is 
the value of cloud index to separate partly cloudy skies and clear skies; ( )iFDO n , ( )iFDP n  
and ( )iFDC n  are frequency distributions at a given cloud index in  ( 1, 2,3,...,i N= ) at 0.01 
intervals for overcast skies, partly cloudy skies and clear skies respectively.  Finally, 1C  and 

2C  were determined to be 0.13 and 0.38 by Equation (2) and (3).  

 

 



 
Figure 1:  Frequency of occurrence of cloud index based on three sky conditions 

 

 
Figure 2:  Comparison of frequency of occurrence between measured and predicted skies 
under three sky conditions 

 



Figure 2 gives the frequency of occurrence of measured and predicted skies under the three 
sky conditions. It shows that the two cut-off values of cloud index, generally speaking, can 
classify the three sky conditions. 

Our previous study proposed a reduced set of CIE general skies to represent the sky 
conditions of Hong Kong known as the “Hong Kong Representative Sky (HKRS)” [4]. 
Studies conducted by Tregenza [5] and Li et al. [6] suggested that eliminating some skies 
could simplify the sky model without a significant loss of overall accuracy. The subset of 
three sky types include sky types 1, 8 and 13, representing the overcast, partly cloudy and 
clear sky. Based on the cloud index categories mentioned above, the CIE general sky type can 
be predicted for further daylight analysis. Table 1 gives a summary of the relationship 
between cloud index categories and sky types. 

 

Cloud index bins Sky conditions   HKRS 

0.13n <  Clear skies Sky 13 

0.13 0.38n≤ ≤  Partly cloudy skies Sky 8 

0.38n >  Overcast skies Sky 1 

Table 1:  Sky types classified by cloud index 

 

PREDICTION OF ZENITH LUMINANCE  
The hourly average of zenith luminance from June 2003 to May 2005 was used in this study 
to formulate a model taking into account the temporal resolution of the satellite which is 
around an hour most of the time. This study investigates the formulation of hourly zenith 
luminance ( zL ) for all-sky conditions as a function of the combination of relative standard 
overcast sky zenith luminance ( zocl ) and relative standard clear sky zenith luminance ( zcll ) 
determined by cloud index as follows: 

                                        ( )z zoc zcl vL Al Bl E= +                          (4) 

where A  and B  are the coefficients; zocl  and zcll  are the relative zenith luminance  for 
standard overcast sky and standard clear sky respectively, which can be defined from CIE 
standard general sky functions by choosing corresponding parameters [7]: 

                            0.7( ) (0) 1 4 2.986zoc sl f Z eϕ −= = + =      (5) 

           3 2( ) (0) 0.274(0.91 10 0.45cos )sZ
zcl s sl f Z e Zϕ −= = + +    (6) 

where sZ  is the solar zenith angle (rad).   

vE  is the extraterrestrial horizontal illuminance[3]: 

                                                        sinv vo sE Eε γ=               (7) 

where ε  is the eccentricity correction; the luminous solar constant 133.8voE =  klux; sγ  is the 
solar altitude (rad).  



This data set of hourly zenith luminance was divided into ten bins for overcast skies 
( 0.38n > ), ten bins for partly cloudy skies ( 0.13 0.38n≤ ≤ ) and 5 bins for clear skies 
( 0.13n < ) respectively, based on cloud index.   

The total 25 regression equations in all the bins were then reduced to one equation by least 
square fitting the coefficients in all 25 bins as a function of cloud index. 

The coefficients A , B  were determined by the regression analysis mentioned above as 
follows: 

2-0.0682 0.0757A n n= +                                                                (8) 
20.1085 0.2262 0.1177B n= − +                                                      (9) 

where n  is the cloud index. When 0n = (no cloud), coefficient 0A = , zenith luminance ( zL ) 
is the function of CIE clear sky; while when 1n =  (cloudy), coefficient 0B = , zenith 
luminance ( zL ) is the function of CIE overcast sky. 

 

 

Figure 3:  Calculated against measured hourly zenith luminance 

 

The hourly calculated and measured zenith luminances are compared in Figure 3. The mean 
bias error (MBE) and the root mean square error (RMSE) are 0.49 kcd/m2 and 3.37 kcd/m2 
respectively. 

CONCLUSION 
This study has presented simple methods to predict sky conditions and zenith luminance 
based on cloud index derived from satellite GOES-9 visible channel data. Three sky 
conditions based on CIE standard general skies can be classified by cloud index n : 

0.38n > , 0.13 0.38n≤ ≤  and 0.13n < , corresponding to overcast, partly cloudy and clear sky 
conditions respectively, more specifically to sky 1, sky 8 and sky 13 of the “Hong Kong 
Representative Sky”. In addition, this study has presented a model to predict hourly zenith 
luminance as a function of the combination of relative standard overcast sky zenith luminance 
( zocl ) and relative standard clear sky zenith luminance ( zcll ) determined by cloud index. The 



mean bias error (MBE) and the root mean square error (RMSE) are 0.49 kcd/m2 and 3.37 
kcd/m2 respectively. 
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ABSTRACT 
This paper reports a method about artificial lighting simulation. More precisely, we present a 
case study with software simulation. The software used is 'CODYRUN', a powerful tool 
developed by the PIMENT laboratory. This software has been developed by the building 
physics team of the PIMENT laboratory since 1993. It has been completed with a specific 
model dealing with artificial and natural lightning in 2009. The goal of this study is to 
analyse, with CODYRUN, the indoor artificial lighting repartition and optimization. In this 
way, we will be able to appreciate the quantity/quality of this repartition, and find a better 
solution if needed. Beyond this particular case, the method can be used in every other study 
configurations to find the artificial lighting repartition. Considering that, a succinct 
presentation of the newest CODYRUN lighting functionalities and applications is made. 
Moreover, we explain briefly how these are implemented.  

The case study is a classroom located in a tropical island called 'La Réunion' (Indian ocean). 
The initial set-up is a classroom-typical light disposal. After simulation, mean artificial 
lighting values of 433 lux with an inadequate distribution is found. More precisely, it evolves 
between two hot spots of 794 lux in the centre of the room and 66 lux in the corners. This 
means, considering visual comfort, only 45% of the work plan is adequately lit. After 
correction, the distribution is much better. The new mean artificial lighting level has risen to 
500 lux but with a better homogeneity. In this new configuration, there is no real hot spot, and 
the lighting level evolves between 550 lux and 250 lux, respectively at the centre of the room 
and in the corners. Considering visual comfort, 91% of the working plan surface is now 
adequately lit. So we improved the lighting quality by 46%. 

Thus, this tool induces a good prediction of light distribution and allows optimising it, which 
means making a better choice considering economy and comfort of occupants (with good 
lighting, there will be no need for additional devices). 

Key Words:  CODYRUN, optimization, artificial lighting, simulation, comfort. 

INTRODUCTION 
Nowadays, in western countries, human beings spend most of their time in buildings. In order 
to provide quality lighting, leading to a good visual comfort in function of the activities, it is 
important to take care of the light intensity and distribution in the building. For this purpose, 
both natural and artificial light need to be taken into account and their evolutions all 
day/month/year long. These functions have been included in the software CODYRUN, which 
can thus be used to optimise natural and/or artificial light distribution.  



CODYRUN is a research building-simulation software allowing to understand and predict 
complex configurations behaviour. Thus, it induces a good prediction of light distribution and 
allows optimizing it. The present paper presents the software and its application in an analysis 
and optimisation case study. 

SOFTWARE PRESENTATION: CODYRUN 
CODYRUN is a powerful building numerical simulation tool developed by the PIMENT 
laboratory. This software has been developed at the PIMENT laboratory building physics 
team by Harry BOYER [1] since 1993. Initially specialized on thermo-aerolic heat transfer, 
several models were implemented throughout the years improving the software capacities. 
Detailed elements of algorithm and validation of this software are presented in several papers 
[2,3]. CODYRUN philosophy is based on semi-detailed models, which allow to get precise 
results with low computational costs. Due to its numerous applications in the fields of thermal 
comfort and energy consumption, it is an appreciated research and predictive tool. 

In 2009, a specific model dealing with artificial and natural lightning has been added. 
According to Fakra [4], this model is more precise than current software references such as 
RADIANCE, SUPERLITE or LESO-DIAL. It was validated following BESTEST procedures 
and successfully confronted to experimental data.  

More precisely, considering the model, the light study is performed on a virtual horizontal 
surface called 'work plan'. This surface is located at a specified height from the floor. The 
work plan is simulated by a variable number of points specifically distributed in a plan, called 
grid. Each point corresponds to a location where the light intensity is researched, computed. 

 
( ) ( )ρ()+α

d
I

=E
SP

PS,
Pglo, 1cos2 ⋅⋅

 (1) 

In artificial lighting, for one source, the direct and diffuse radiations are expressed and 
summarised by the equation (1). Where 'E' is the global artificial lighting at a position P (in 
lux), 'I' is the light intensity of the source S into P direction (in Cd), 'd' is the distance SP (in 
m), 'ρ' is the averaged walls reflection coefficients and 'α' is the angle between the work plan 
normal and the SP light segment. 

CASE STUDY  

The case study is a classroom located in a tropical island called 'La Réunion' (Indian ocean).  
The initial set-up is a classroom-typical light disposal (Fig. 1). The aim of this study is to 
appreciate the quantity/quality of the light distribution, and find a better solution if needed. 
This study focuses only on artificial light, but the same study could be done for natural light 
or a combination of both in function of the day time (etc.). 

Nota: Beyond this particular case, the following method can be used in every other study 
configuration to find the artificial lighting distribution. 

Hypothesis 
Simulations are made on an work plan localised at 0.85 m from the floor. Artificial sources 
are considered Lambertian, punctual and isotropic. The grid discretisation has a regular 
pattern, the distance between two nodes is the same following x or y axes, Δx=Δy=0.2m. 



 

Description 
 

Figure 1: Classroom presentation and light disposal. 

The classroom has seven neon lights. L1 to L6 are lighting the student desks (~1300 Cd) and 
L7 is lighting the blackboard (~950 Cd). The L1 to L7 intensities were found by 
measurement, they are expressed into Table 1, for localisation see Figure 2. After classroom 
description in CODYRUN, the simulation can be run. 
 
Light Position L1 L2 L3 L4 L5 L6 L7 
Intensity (Cd) 1290 1370 1350 1148 1164 1372 955 
Utilisation Desk Desk Desk Desk Desk Desk Board 

Table 1: Measured light intensities. 

RESULTS AND DISCUSSION 

Real set-up simulation 
After simulation, a mean artificial lighting level of 433 lux with an inadequate distribution is 
found (Fig. 2). More precisely, it evolves between two hot spots of 794 lux in the centre of the 
room and 66 lux in the corners. Around 50% of the work plan is lit by more than 500 lux as 
imposed by the European norm (NF/EN 12464-1), whereas 5% shows a lighting level below 
300 lux (next to the borders). 

This light distribution implies a correct lighting distribution on 45% of the work plan leading 
globally to a bad visual comfort (both too much or not enough light). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Classroom real light disposal and intensities distribution. 



 
Optimization simulation 
Considering the real light disposal intensities distribution and values, another light 
distribution was proposed in order to get a relatively homogeneous intensity throughout the 
classroom. Several methods could be used to get a new sizing. Here the main idea was a 
better distribution of the light, so the sizing is based on the global intensity conservation. In 
this case, nine identical lights of 1767 Cd (Fig. 3) were chosen. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Optimized classroom light disposal and intensities distribution. 

Corrected light disposal simulation gives a better distribution. The new artificial lighting 
mean rose from 433 to 500 lux but with a better homogeneity. In this distribution, there is no 
real hot spot, and the lighting evolve between 550 lux and 250 lux, respectively at the centre 
of the room and in the corners. Considering visual comfort, 91% of the working plan surface 
is adequately lit. So we improved the lightning quality by 46%. 

 
CONCLUSION 
CODYRUN allowed us to diagnose a classroom's artificial lighting in intensity and 
distribution. This predictive tool could also simulate another configuration to find a better 
light disposal, improving significantly visual comfort and lighting quality (+46%). Similar 
diagnostics could be performed for natural lighting or a time evolving mix of both natural and 
artificial lighting. 
Considering the thermo-aerolic model implemented in CODYRUN, the light and thermal 
models can be coupled to get simultaneously an energy, thermal and visual study in the same 
simulation. 

REFERENCES 
1. Boyer, H.: Thermal building simulation and computer generation of nodal models, 

Building and Environment, Vol. 31, 207-214, 1996, ISSN 0360-1323. 
2. Boyer H., Garde F., Gatina J.C., Brau J.: A multi model approach of thermal building 

simulation for design and research purposes, Energy and Buildings, Vol.28, 71-79, 1998, 
ISSN 0378-7788. 

3. Boyer H., Miranville F., Bigot D., Guichard S., Jean A., Fakra A.H., Calogine D.:Heat 
transfer in buildings : application to air solar heating and Trombe wall design, 2011. 

4. Fakra, A.H.: Intégration de modèles d'éclairage à un code de calcul en physique du 
bâtiment, modélisation, validation et applications, Ph.D. Thesis, University of La 
Reunion, France, 2009. 



TOWARDS MICROSTRUCTURED GLAZING FOR DAYLIGHTING 
AND THERMAL CONTROL

Kostro A.1, Geiger M.1, Scartezzini J.-L.1, Schüler A.1

1:  Solar  Energy  and  Building  Physics  Laboratory,  Ecole  Polytechnique  Fédérale  de  
Lausanne: LESO-PB, Station 18, Bâtiment LE, EPFL, 1015 Lausanne, Switzerland.

ABSTRACT

Glass is a central element to modern architecture and can cover up to 100% of a building 
façade. The main purpose of large glazed areas is to create bright, comfortable and healthy 
spaces. It was shown that increasing natural light in offices reduces sickness but high visual 
transmittance (τv) and excessive energetic transmittance (τe) can have opposite consequences: 
a  high  τv can  cause  glare  and  visual  discomfort  for  occupants  while  a  high  τe induces 
overheating which has to be balanced with air conditioning in summer. The energetic and 
daylighting  performances  of  a  fenestration  system  are  central  and  important  issues  for 
architects  and the right compromise between good lighting levels,  electrical  savings, solar 
gains in winter and overheating in summer is not easy to find.

Over the past decades, progress was made and some solutions to these problems were found. 
Various types of blinds and shadings have been introduced to prevent glare, achieve a good 
daylight factor even far from the window and permit to adapt to conditions all along the year. 
Sun protection glazings on the other side are static systems with a selective coating to limit 
the transmitted part of the solar spectrum: traditionally a step function with maximum values 
in  the  visible  range and minimal  values  in  the  infra-red  and ultraviolet  range  cuts  down 
excessive solar gains. Recent research show that the transmitted spectrum can be refined and 
applying a 'M' shaped transmittance distribution, a ratio of τe  /  τv = 0.33 can theoretically be 
reached  [1].  A  market  study  on  complex  fenestration  systems  integrating  daylighting 
functions and thermal control shows that apart from blinds and coatings which can be found 
in  many  variations,  few  products  exist.  Cutting  edge  elements  such  as  laser  cut  panel, 
prismatic sheets and other micro-structures were studied. The study showed that there is no 
existing static complex fenestration system (CFS) combining the advantages for both daylight 
and energetic aspects with a seasonal behaviour.

We  are  investigating  a  novel  micro  structure  combining  functions  of  daylighting,  glare 
protection,  overheating protection in summer and thermal insulation in winter. The optical 
performances  of  envisaged  structures  were  evaluated  with  a  simple  two  dimensional  ray 
tracing program developed specially for the study of laminar structures. This tool permits to 
optimize parameters and search for new solutions.

INTRODUCTION

To provide modular  daylighting,  solar  gains and solar  protection,  the traditional  Venetian 
blinds,  roller  shades  and screens  have  been introduced  long ago.  It  is  clear  that  a  smart 
management of available energy is interesting: good lighting levels are comfortable, prevent 
'sick building syndrome' [2] and lower the energy bill due to electrical lighting [3]. A good 
exploitation of solar radiation can reduce heating costs in winter and cooling loads in summer. 



In  the  first  part  of  this  study,  some of  the  most  recent  innovations  with  such  goals  are 
reviewed.

The development of new solutions requires modelling tools, ray tracing software are often 
used  to  calculate  the  Bidirectional  Scattering  Distribution  Function  (BSDF)  of  complex 
fenestration systems [4]. To the best of our knowledge, no dedicated tool or model exists for 
the  characterisation  of  complex  fenestration  systems  that  are  geometry  and  material 
dependent.  Existing  commercial  tools  provide  complete  and  time  consuming  3D 
characterisation,  the  resulting  outputs  are  complex  and  make  it  hard  to  compare  several 
solutions. In the second part of the present study, a simple and efficient ray tracing tool will 
be presented. Using this tool, a complex solution combining daylighting, solar gains and solar 
protection is pursued. This study presents preliminary results regarding the daylighting aspect.

RECENT INNOVATIONS FOR BETTER DAYLIGHTING AND SOLAR CONTROL

This section will introduce existing concepts and products for complex fenestration systems. 
It  focuses on elements of the dimension of common windows and does not include large 
architectural elements such as light shelves, large integrated anidolic systems, light tunnels, 
heliostats and solar tubes.

Over the years, the profile and functionality of blinds and shadings was fine tuned to prevent 
glare  and  protect  from  overheating  while  keeping  a  sufficient  daylight  level  and  good 
energetic  performance.  Engineers have  optimised  blind  shapes:  Retrolux blinds  by 
RETROSolar are an example of very interesting geometry (see figure 1a). At high incidence 
most  rays  are  reflected  outwards,  while  the  more  horizontal  rays  are  partially  redirected 
towards the ceiling and deep into the room. Recently, split blinds with different inclination 
angles have been introduced and the upper and lower part of the blinds can be separately 
controlled. Automated control for blinds was introduced to optimize the position of shadings 
and adapt to changing conditions all along a day.

Figure 1: Photographs and schematic illustrations of existing products and application. a)  
Retrolux blinds [5] b) Solartran Lasercut Panels in a classroom [6] c) Lumitop [7].

Another approach uses static glazing with special angular properties. Laser cut acrylic panels, 
for example, use total internal refraction to redirect light upwards when it is incoming with a 
certain  angle.  The  Lumitop glazing  by  St-Gobain  (see figure  1c) traps  light  into  banana 
shaped elements and guides it upwards.  The Serraglaze  sheets take advantage of the same 
concept and seek the same goals as laser cut panels but with a different fabrication scheme 
and slight different geometry (mainly differing by its smaller scale). Prismatic structures and 
holographic  optical  elements  use geometric  shapes  and the  index of  refraction  difference 
between air and glass or some acrylic to select rays from a certain angle.



For advanced thermal properties of transparent glazing, thin film coatings were introduced. 
For solar control, an interferometric coating composed of a succession of thin films “selects” 
a range of the spectrum for transmission. For low emissivity, a coating reduces heat losses 
through the window. Such coatings reduce lighting and cooling cost [8] but they don’t have a 
seasonal behaviour, do not redirect light and can create too low light levels in winter.

Limitations of existing static solutions

Some CFSs are only partially transparent or distort the view and are thus often placed in the 
upper third of the window only in order to preserve a clear view in the bottom part. Others 
have  the  inconvenience  that  they  only  work for  specific  angles  and therefore  have to  be 
mounted on tracking systems. It has been observed that the only existing product combining 
the advantages  for both daylight  and energetic  aspects with a seasonal behaviour  still  are 
dynamic blinds systems with complex geometry. There is a strong interest for CFSs and they 
are used in public buildings and offices (see figure 1b), but comparatively to the simplest 
blinds,  they  remain  pricey.  Beside  the  growing  coated  glazing  market,  split  blinds  are 
introduced in new buildings. They provide a dynamic control at a relatively low cost and a 
simple system to separately control  daylight,  view and thermal  contributions.  It would be 
ideal  to  have  a  static  glazing  achieving  similar  performances,  with  no  mechanical  parts 
subject to wear. Such a system does not exist.

RAY TRACING TOOLS

In order to investigate more complex systems, and because existing tools did not provide 
satisfaction, a custom ray tracing tool is developed. The goals are to make it simple to design 
new shapes and parameterize them; change and compare the effects of parameters; assess the 
propagation  of  light  through  the  system rapidly  and  visually;  compare  multiple  different 
systems  regarding  different  criteria  and  finally  produce  usable  BSDFs  for  rendering  of 
daylighting  in  rooms with  tools  such as  Radiance.  Most  blinds,  redirecting  glazings  and 
structured systems are 2D profiles  projected into the third dimension.  A two dimensional 
approach was selected to simplify computation, programming and output. Neglecting the third 
dimension is exact in the plane that is perpendicular to the system and contains the normal 
vectors of all surfaces. Considering only variations of the elevation angle  θ with a constant 
azimuth angle φ is sufficient to roughly and rapidly characterise systems.

Assessment of performances

The live visualisation of rays through the system at different incoming angles (see figure 2) 
give  valuable  indications  about  relevant  parameters  and  approximate  values.  To  get  a 
quantification of the performance of a system, the ray tracing is performed for given incoming 
elevation angles θin on the outer side off the CFS. The intensity distribution of θout (transmitted 
and reflected) can then directly be displayed as a polar plot (see figure 3). The information 
given by this polar plot is not always sufficient since the incoming distribution in natural 
conditions is not uniform and changes with season, location and weather. For these reasons 
the transmission depending on the incoming angle is interesting and displayed in a second 
plot. But this ratio does not give sufficient information about daylighting and glare protection, 
we introduce the transmitted upward ratio indicating the proportion of light that is transmitted 
upward  (see figure 5). This representation is useful to assess behaviours dependent both on 
the solar elevation and the transmitted angle (potential daylight or glare contributing part). 
Because the amount of information is relatively limited in both representations, it is possible 
to  compare  two  designs,  eventually  three.  The  angular  distribution  of  outgoing  angles 



depending on incoming angles can also be exported as a angular matrix (BSDF) for other 
analysis or use in a program such as Radiance.

Figure 2: Simulated ray 
trajectories illustrating the  
Lasercut Panel principle.

Figure 3: Screen-shot of the developed graphical  
Interface with a polar plot of output angle distribution  

for a laser cut panel with -90° < θin < 90°.

To complete the model and fully describe the desired systems, several improvements are in 
process and partially implemented. In order to be able to use selective coatings in the model, 
thin  films  will  be  introduced  with  wavelength  dependent  indices  of  refraction  for  more 
precision in interferometry and reflection / refraction. Diffuse reflection will be introduced to 
model diffusing interfaces and mirrors. The third dimension will be introduced to model the 
azimuth dependent behaviour. The characterisation will include plots for τe and τv.

RESULTS

On million rays being computed in less than a minute, the software allows rapid assessment of 
the  designs.  This  section  presents  some results  for  optimisation  of  tilt  angle  in  laser  cut 
panels, then for optimisation of cut period. In the simulations, the CFS is vertical and rays are 
traced from left to right, uniformly distributed with 0° < θin < 90° where θin is the elevation 
from the horizon. Figure 4a shows how a laser cut panel (LC) and a clear glass (SG) transmit 
and reflect light. The SG transmits better towards the normal and reflects grazing light. The 
Laser cut panel partially redirects the light and creates a peak in the upper quadrant; this peak 
is due to the air-glass interval in the panel where light hitting with angles higher than 41° is  
reflected. As expected and shown in figure 4b, the tilt angle of the cuts directly influences the 
direction of the peak in the distribution of light. The steep step in the intensity (at 60° for 
example for the -3° tilted laser cut panel) is due to the inclination of the cuts, incoming rays 
are refracted at the air-glass interface into the panel: for 67° < θin < 90°, the first transmission 
cone is very narrow: 40° ± 2°. Due to the reflection at the cut, this angle is shifted by twice 
the tilt angle: 28° ± 2° for a 6° cut and light hits the exit interface with a much smaller angle 
than the initial transmitted angle. In this interval the transmission cone is much smaller: 41°- 
49° instead of 67°- 90° for direct transmission.  The effect  is a directional  transmission at 
preferred angles where light is concentrated, and the overall transmission can also be slightly 
increased by this effect (see table 1).



  a)   b)   c)

Figure 4: Polar plot of outgoing intensity distribution for 0° < θin < 90°. a) Clear glass (SG) 
and Laser cut panel (LC) . b) Laser cut panel at different tilt angles. c) Optimised Laser cut  

panel (LCP) and Microstructure (MS).

SG LC 0° LC 1° LC 2° LC 3° LC 5° LC 2° 
3.5mm

LC 2° 
4mm

LC 2° 
4.5mm

LC 3° 
3.5mm

LC 3° 
4mm

LC 3° 
4.5 mm

MS

Mean Transmission 78.0 75.0 76.8 77.7 78.4 78.8 76.0 76.7 77.3 76.2 77.0 78.0 81.7

Mean T up Quadrant 0 41.7 42.9 42.9 42.2 39.7 42.0 44.3 44.6 42.3 44.4 44.4 56.2

Redirected 20° < θin < 70° 0 55.6 54.8 54.1 52.7 50.0 58.7 59.9 57.7 59.4 59.9 56.9 74.7

Redirected 50° < θin < 70° 0 68.5 69.2 69.5 68.7 67.5 57.8 70.8 73.5 62.6 73.7 74.0 84.8

Table 1: Mean percentages for different glasses and different laser cut panels. SG is a  
standard single glazing with BK7 glass. LC stands for laser cut with different tilts angles and 
a 5mm periodicity. The periodicity is specified when different. MS stands for micro structure,  

a custom microstructure developed using the ray tracing tool.

Lines  1  and  2  in  table  1 show  the  mean  values  for  the  total  transmission  and  upward 
transmitted quarter. At angles of incidence corresponding to direct solar radiation in Lausanne 
in summer (50 to 70°) the 2° laser cut panel is the most efficient at redirecting the light with 
68.7% transmitted upward. The influence of periodicity of the cuts for 2° and 3° tilts was 
studied next. We find that the best design is a 3° cut with a 4.5mm periodicity. As stated in 
table 1 with a 4.5 mm period, 74.0% of light incoming between 50° and 70° is redirected 
against  68.7% with  a  5mm period.  A custom micro  structure  (MS)  reaching  84.8% was 
developed, the transmission distribution for this MS is compared with the 3° 4.5mm laser cut 
panel  in  figure  4c  and  5b.  This  design  is  also  superior  for  overall  transmission,  overall 
redirection and most important, the “useful” redirection between 20 and 70°: the span of solar 
elevation during a year in Lausanne. The redirected light is distributed around 30° for the MS 
when it is centred around 50° for the laser cut panel. Figure 5a and 5b illustrate the difference 
in  transmission  and  redirected  light  between  different  designs.  The  MS  design  is  much 
superior for angles around 40° and at very low angles, around the normal, it does not redirect 
light.

CONCLUSION

There  is  no existing static  system combining daylighting,  solar  protection  and a  seasonal 
behaviour  for thermal  control.  To design an ideal  CFS, a simulation  tool  was developed. 



Preliminary  results  show  that  the  daylighting  goals  can  be  reached  and  the  parameters 
optimised.  The  resulting  CFS  outperforms  existing  structures  in  the  simulations.  The 
objectives differ depending on the type of building, the orientation of façades and the latitude 
on earth.  A target  function adapted to these conditions  and evaluation  simultaneously the 
visible light redirection for daylighting, the angular dependent energetic transmission, and a 
clear view factor needs to be developed.

Figure 5: Comparing transmitted and redirected ratio in different CFS a) for Laser cut panel  
optimisation. b) For custom microstructured glass.
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ABSTRACT 

This study has been devoted by its authors to an examination of lighting conditions within the 

New Diocesan Museum based at the former St. Augustine’s Convent (Piombino, Tuscany 

region, Italy). The lighting project has been developed with the aim of creating ideal 

conditions for conservation and enjoyment of the exhibited artworks, in an effort to ensure a 

significant energy saving while complying with adequate standards of interior comfort. 
 

1. INTRODUCTION 

The restoration of unused buildings is part of a wider strategy embraced by the Italian 

Government for many years with special care to preserving the rich architectural and building 

heritage to be found in the country. The majority of restored historical buildings are applied to 

public uses (such as offices, libraries, museums etc.) in compliance with specific requirements 

of interior comfort, particularly as far as lighting aspects are concerned [1-3]. 

In this paper, the study of lighting has focused on exhibition rooms at the New Diocesan 

Museum and forms part of a restoration and adaptive reuse project dealing with the former St. 

Augustine’s Convent [4]. Along with the Convent itself, a large fourteenth century Church 

and its Cloister costitute the Monumental Complex of St. Antimo the Martyr’s Co-cathedral 

(see figure 1). The Complex is placed in the oldest part of the Old Town in Piombino 

(Tuscany region, Italy). Having survived religious orders suppression decreed by Napoleon at 

the beginning of the nineteenth century, the Church is still being used for worship. In 1806, 

the remaining part of the Complex (consisting in both Convent and Cloister) was desecrated 

and heavily modified to become a barrack lodging. In 1998, the Convent (converted to house 

barracks for the command of the Financial Guard in Piombino) was declared unfit for use and 

abandoned. 
 

2. THE ARCHITECTURAL DESIGN FOR THE NEW DIOCESAN MUSEUM 

The Diocese of Massa Marittima and Piombino has recently announced its intention of using 

the former Convent to house the New Diocesan Museum, by widening the small existing 

museum. Accordingly, a planimetric and altimetric survey has been conducted on the 

Monumental Complex, carried out parallel to documentary investigations at the main 

historical archives in Tuscany [4]. These investigations have led to the discovery of a large 

amount of historical evidences, allowing to trace the interesting chronological background of 

the Monumental Complex as well as its architectural developments from the year 1377 (when 

the Church was founded) until now. 

The proposed project includes a restoration of the existing exhibition rooms (110 m
2
) located 

on the Convent’s ground floor, along with new exhibition rooms to be placed on the first floor 

(190 m
2
), see figure 2a. On the ground of a considerably expanded investigation range due to 

this increase in the museum’s floor area, assumptions have been made as to the placement of 

more than 60 artworks, mainly represented by stone items and marble sculptures, in addition 

to vestments and religious ornaments (such as silver chalices, wooden crucifixes, manuscripts 

and paintings), partly stored in the ancient halls and partly disseminated in several buildings 

owned by the Diocese. The exhibition path goes from the first floor (housing the lapidarium), 



proceeds to the ground floor and leads finally to a fresco from the fourteenth-fifteenth 

century, recently discovered on a wall in the last exhibition hall, which originally functioned 

as the Convent’s chapterhouse [4]. 

 

 

 

 

 
 

Figure 1: Complex of St. Antimo the Martyr’s Co-cathedral, restoration project: (a-up) general plan, 

(a-down) section of the exhibition rooms, (b) aerial view. Photos of the current state: (c) north view, 

(d) east view. 

 

3. THE LIGHTING DESIGN FOR THE EXHIBITION ROOMS 

When conceived for a museum, lighting projects are usually very complex [5] as they imply 

compliance with different, occasionally conflicting requirements. On the one hand, care must 

be taken to safeguard respect for artworks by exposing them to a controlled lighting source 

(artificial light) at low illumination levels; on the other hand, attention must be paid to ensure 

their enjoyment by the public through a lighting system with high efficiency. 

In the case examined, compliance with these requirements has been achieved by means of 

both a total shielding from direct sunlight (responsible for deteriorating light radiation 

sensitive materials) and the use of LED lights (i.e. particularly suitable sources in terms of 

energy savings, low damage rate and building adaptation). The overall lighting design for 

exhibition rooms has been based on the European standard EN 12464-1 [6], according to the 

following requirements: average illuminance Em=300 lx, illuminance uniformity 

U=Emin/Em>0.5, glare index UGR<22. As to the lighting of artworks, reference has been made 

to the Italian standard UNI 10829 [7] on indoor conditions for the preservation of artworks 

(see table 1). Equal account has also been taken of the following lighting quality parameters 

(a) (b) 

(c) 

(d) 



[5]: lamp color rendering Ra>90, lamp color temperature 3100÷4200 K, on artworks Umax<5 

(with Umax the ratio between maximum illuminance, Emax, and minimum illuminance, Emin). 
 

Table 1: Lighting parameters for the conservation of artworks (UNI 10829). 
 

Sensitive to light 
Emax 

(lx) 
Q 

(lxch/year) 

low (e.g. marble and metal objects) 300 Over 500.000 

medium (e.g. oil paintings and frescoes) 150 500.000 

high (e.g. textiles and manuscripts) 50 50.000 
 

Note – Q is the overall yearly energy exposure [7], expressed by hourly conventional lux per year (lxch/year). 
 

 

(a) 

 
(b) (c) (d) 

   
 

Figure 2: The New Diocesan Museum: (a) plan of exhibition rooms at the first floor (the numbers 

show exhibited artworks); (b) artwork n.12, Badge of the Confraternity of the Blessed Sacrament 

(1470-1480); (c) artwork n.13, Wall Tabernacle (1470-1480); (d) artwork n.15, The Holy Virgin with 

the Christ Child and Angels (1465-1470). 

 

On the basis of a study of artworks placement along the exhibition path (extending from 

lapidarium to fresco’s room), an artificial lighting system has been set out so as to allow a 

progressive lowering of illuminance levels in the halls, aimed at making spot lighting on all of 

the artworks stronger than overall lighting [8]. Therefore, Em values for overall lighting in the 

exhibition rooms have accordingly been kept at around 50% of the Em level determined by the 

standard [6]. 

 

 

 

 

 



The artificial lighting project for the exhibition rooms within the New Diocesan Museum has 

been software-aided by ReluxPro2010 (www.relux.biz). The use of this software has allowed 

a thorough geometric modeling of both exhibition rooms and artworks (see figure 3). The 

reflection coefficients (r) used in exhibition rooms are as follows: r=0.65 for vertical walls 

(white plaster); r=0.60 for the ceiling (white plasterboard panels); r=0.38 for the floor (brick 

tiles). As to artworks, reflection coefficients have been taken into account as factors related to 

whether material or finish type (in the case of matt white marble, they correspond, for 

instance, to 0.55). The following shows only the results obtained with regard to the first floor 

exhibition rooms (lapidarium), for further discussion on results see Refs. [4, 8]. 

 

 

 

 
 

Figure 3: Modeling of the exhibition rooms of the New Diocesan Museum (first floor). 

 

3a. Lamps and luminaires 

According to the project, whilst recessed fixed luminaires have been used for the overall 

lighting, both artworks and didactic panels would be lit by relying on luminaires running on 

electrified tracks (adjustable spotlight), in a condition to provide a higher flexibility for the 

lighting system. The selected luminaires are installed in a way as to avoid surface reflection 

effects on artworks and minimize direct glare along the exhibition path. 

The installation includes as many as 105 luminaires, supplied by LED lights (see table 2) and 

accommodated as follows: 30 luminaires in the ground floor and 75 in the first floor, of 

which, 29 luminaires devoted to overall lighting (recessed fixed luminaires) and 46 to artwork 

lighting (adjustable spotlight). The total installed electric power is equal to 1120 W, 

respectively distributed as follows: 331 W in the ground floor and 789 W in the first floor, of 

which, a 76% for overall lighting and a 24% for artworks lighting. 
 

3b. Calculation results 

Figures 5a-b show both isolux curves and isochromatic maps as related to overall lighting in 

the Museum’s first floor. In particular, Em values have been found to range from 160 lx (room 

I, see figure 2a) to 140 lx (room V, see figure 2a), along with U>0.5. It must be noted that the 

resulting rate has been established at UGR<21 with regard to all of the main sight directions 

in each room. Figures 5c-e show 3D images from isochromatic illuminance maps related to 

representatively selected artworks (see figures 2b-d). 

Each exhibited artwork has been provided with a summary information sheet reporting its 

description, placement, luminaires in use as well as the main calculation results from a 

lighting point of view [8]. For instance, an examination on artwork n.12 (see figures 2b and 



5c, Badge of the Confraternity of the Blessed Sacrament), gave the following results: 

Emax=224 lx, Em=175 lx, Umax=1.7, Q=47.6 klxch/year. An examination on artwork n.13 (see 

figures 2c and 5d, Wall Tabernacle) gave: Emax=294 lx, Em=197 lx, Umax=2.9, Q=53.6 

klxch/year. An examination on artwork n.15 (see figures 2d and 5e, The Holy Virgin with the 

Christ Child and Angels), led to these results: Emax=290 lx, Em=178 lx, Umax=3.2, Q=48.4 

klxch/year. Q values relate to a lighting exposure of 1088 hours, being received on the basis of 

a weekly opening time of 34 hours, the same duration assumed to determine the LENI index. 
 
 

Table 2. Characteristics of lamps and luminaires (exhibition rooms at the first floor). 
 

Photos and dimensions Photometric curves Main characteristics Qty. 

 
 

Name: iGuzzini The Reflex professional 

(Recessed fixed luminaire) 
Optical: professional optic for a LED lamp 

Luminaire efficiency: 0.91 

 Lamp: LED (18W) Neutral White 

 Electric power: 18 W 

 Luminous flux: 1100 lm 

 Luminous efficacy: 61 lm/W 

 Color temperature: 4200 K 

29 

 
 

Name: iGuzzini Le Perroquet Spot 

(Adjustable spotlight) 
Optical: optics with plastic lenses and 

medium beam (25°) 

Luminaire efficiency: 0.65 

 Lamp: LED (3x1W) Warm White 

 Electric power: 3.68 W 

 Luminous flux: 252 lm 

 Luminous efficacy: 68.5 lm/W 

 Color temperature: 3100 K 

27 

 
 

Name: iGuzzini Faretto Parallel 

(Adjustable spotlight) 

Optical: optics with plastic lenses and 
medium beam  (25°) 

Luminaire efficiency: 0.69 

 Lamp: LED (8x1W) Warm White 

 Electric power: 8.82 W 

 Luminous flux: 604,8 lm 

 Luminous efficacy: 68.5 lm/W 

 Color temperature: 3100 K 

9 

 
 

Name: iGuzzini Express 
(Adjustable spotlight) 

Optical: optics with plastic lenses and 

medium beam (25°) 
Luminaire efficiency: 0.61 

 Lamp: LED (8x1W) Warm White 

 Electric power: 8,82 W 

 Luminous flux: 604.8 lm 

 Luminous efficacy: 68.5 lm/W 

 Color temperature: 3100 K 

10 

 
 

3c. Evaluation of the LENI index 

The LENI index, calculated from the following equation [1, 9], refers to the yearly energy 

demand of a lighting system: 

LENI = (WL+WP)/S  (kWh/m
2
year) 

where: WL energy demand needed by luminaires, in order for them to comply with the 

conditions set forth by the lighting project; WP energy demand necessary to emergency 

luminaries; S floor area. 

For this study’s aims, the LENI index has been calculated with reference to the rooms located 

on the first floor, by using the comprehensive method specified in [9], which was 

implemented in software LUX R2.0 [1]. The obtained LENI values look as follows: in terms 



of overall lighting, LENI=9.0 kWh/m
2
year; in terms of lighting for the exhibited artworks 

(lapidarium), LENI=1.4 kWh/m
2
year. In the first floor, the lighting system’s total value gave 

a result of LENI=10.4 kWh/m
2
year (lower than the smallest benchmark default value 24.8 

kWh/m
2
year, indicated in EN 15193 for the educational buildings). 

 

 

  

 

 

 
 

Figure 5: Overall lighting of the museum’s first floor: (a) isolux curves, (b) isochromatic illuminance 

maps; 3D isochromatic illuminance maps: (c) artwork n.12, (d) artwork n.13, (e) artwork n.15 with 

isolux curves. 
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ABSTRACT  

A type of terrace house is frequently found in Brazil, mainly as low income houses, under its 

diverse tropical climates, especially in the Northeastern region. Originally from the Brazilian 

colonial period, the terrace houses consist of a set of several single family units attached to 

each other on their sidewalls, forming a row of dwellings settled in narrow plots. This 

architectural typology presents bedrooms without openings for daylighting or natural 

ventilation. In tropical climates, natural ventilation associated with solar shading is the most 

efficient building design strategy to reach thermal comfort by passive means. One of the 

architectural techniques to provide efficient natural ventilation is the use of wind-towers. This 

device consists on shafts with openings located above the roof, designed to improve air 

circulation inside buildings. Recent qualitative studies concerning the use of wind-towers for 

natural ventilation in Brazilian terrace houses have been carried out. These studies showed 

that this device may constitute an efficient technique in promoting air changes as well as 

thermal comfort. In order to complement these studies, this paper presents the analysis of the 

potential use of the same wind-tower shafts to provide daylighting, considering the daylight 

coefficients obtained inside the enclosed rooms (alcoves) presented in the above mentioned 

typology. Parametric computational simulations using Daysim software to evaluate the 

dynamic daylight performance inside the alcoves were performed. Different geometries and 

opening characteristics of the component were analysed. Results indicate that the use of wind-

towers shaft in enclosed environments, such as the Brazilian terrace houses alcoves shows a 

good potential to provide satisfactory interior daylighting, depending on its geometry and on 

characteristics of the opening located above de roof. Wind-tower models adopting an internal 

deflector conducted to more inter-reflections inside the examined rooms allowing a more 

uniform daylight distribution. The dynamic daylight simulation enabled to compare different 

models performance, identifying the configuration achieving best results which may be used 

to provide daylighting autonomy through a whole year.  

INTRODUCTION 

A traditional building pattern inherited from the Portuguese colonizers has still been widely 

applied either in warm-humid and hot-dry regions of Brazil, mainly as low-income houses.  It 

can be described as a ground-floor house with a street facade generally composed by a single 

door and window (Figure 1). The terrace house is set on the alignment of public streets and 

presents its side walls straight on the limits of the building plot, without any setbacks or 

gardens. Its plan presents enclosed rooms (alcoves) lined up along an internal corridor, all 



 

 

settled on a long and narrow plot. The building main facade can range from 3 to 5 m while the 

width of the plot can go up to 25m (REIS FILHO, 1973) (Figure 2). 

 
Figure 1: Examples of terrace house commonly found in Brazil (After: Martins, 2008). 

 

Figure 2: Plan and longitudinal section of the studied house. 

Concerning the environmental performance of the building, this architectural typology does 

not provide solar shading on its front or back external walls, nor an effective natural 

ventilation or daylight inside most of its rooms especially due to the absence of building 

setbacks.  
 

In tropical climates, however, natural ventilation associated with adequate solar shading is the 

most efficient building design strategies to reach thermal comfort by passive means. These 

strategies aim to reduce external heat gains, filter the high sky luminance while providing air 

movement (FATHY, 1986; BAHADORI, 1994; GIVONI, 1994).  
 

Brazil, as many other equatorial countries, is a developing nation. This fact allied to the high 

costs of electricity generation, makes energy saving a national priority, including efforts 

toward low energy architecture. Most of its inhabitant´s household income cannot afford to 

neither buy air-conditioning devices (which can be founded in 7,5% of Brazilian households) 

nor pay for high electricity bills (IBGE, 2003).  
 

On the other hand, concerning the Brazilian Northeast Atlantic coast, for example, the wind 

features have already been proved to be easily and widely exploited to provide thermal 

comfort by passive means, especially through the use of wind-catching devices 

(BITTENCOURT; LÔBO, 2003; MARTINS et al., 2010). Although barely considered in 

local architectural design, this kind of device may represent not only an important thermal 

performance strategy, but also a high potential to provide daylight autonomy, improving 

energy performance of buildings. 

Objective 

This paper aims to examine the potential use of wind-towers shafts to optimize daylighting in 

enclosed rooms of a typical Brazilian terrace house.     

METHOD 

Three main methodological steps were taken: 

1. Selection and definition of the geometrical models to be studied; 

2. Definition of the context and the parameters to be examined; 

3. Computational parametric simulations over Daysim software. 



 

 

Definition of the studied models 

The research was developed considering three main geometrical models: the original house 

configuration and, two different variations of the model with a wind-tower shaft.  

The two wind-tower shaft models can be distinguished from each other for the presence of an 

internal deflector placed at the shaft bottom. At previous study (MARTINS et al., 2010), this 

deflector performed efficiently regarding wind flow circulation inside the alcoves. Yet, at the 

external opening of the shaft, it was considered models without window glass, with double 

glass and solar factor of 90% and window glass with solar factor of 67% (Table 1). 

Table 1: Simulation models. 

Without shaft With wind-tower shaft 

Door open 
Door 

closed 

Straight shaft Shaft with internal deflector 

Without 

glass  

Glass 

6mm FS 

= 90% 

Glass 

6mm FS = 

67% 

Without 

Glass  

Glass 

6mm FS = 

90% 

Glass 

6mm FS = 

67% 

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8 

   

The Brazilian tropical climate – case-study 

To carry on with the proposed study, one particular city situated at the Brazilian tropical semi-

arid climate was selected; the selection followed the criteria of representation in terms of 

recurrence in which the studied typology is verified in the region.  

The city of Pão de Açúcar, chosen as case-study in the present research, is located at 9 ° 44 ' 

54 ' South latitude and 44 ° 26 ' 12 '' longitude, located in West-Central portion of the 

Brazilian State of Alagoas, at an altitude of 29 m (IBGE, 2008), on the banks of the São 

Francisco River. This city is situated at the Brazilian tropical semi-arid climate. 

This region climate can be defined predominantly by the occurrence of large daily and 

seasonal air temperature oscillations, low air humidity and intense solar radiation.  The annual 

mean air temperature in the city is 36,5°C and the daily air temperature variation can reach up 

to 15,4°C during summer time. Though, air humidity can vary considerably throughout a 

typical climatic year. During winter it reaches up to 85% due mainly to the rain concentration 

in this season. However, during summer, it can reach 53,6% (INMET, 2008). Solar radiation 

levels and sky luminance measured for the city showed one of the highest in the state of 

Alagoas, Brazil (ATLAS SOLARIMÉTRICO DE ALAGOAS, 2008), showing good solar 

energy and daylighting potential. 

The studied variables 

Computational simulations were carried out using parametric analysis at the software Daysim. 

The dynamic daylight methodology was performed within the above presented models, 

through the analysis of the Daylight Autonomy distribution (DA)
1
.  

For each studied model, internal surfaces (wall and ceiling) and the shaft internal surfaces 

were considered with 80% of reflectance. The room floor had a reflectance of 20%. The shaft 

                                                 

1 Daylight Autonomy (DA) is defined as the percentage of occupied hours per year, in which a minimum level of 

illuminance can be maintained only provided by daylight (REINHART e MORRISON, 2003). 



 

 

top opening was southeast-oriented (since it consists on the wind predominant orientation in 

the region), and the occupation period considered was from 8 am to 5 pm. 

The minimum acceptable illuminance for the rooms was 150 lx (value required for this type 

of occupation according to the Brazilian Standards for Interior Illuminances - NBR 5413).  

For the evaluation of Daylight Autonomy (DA), the room was divided into proportional areas, 

forming a mesh starting always in the center of each area. The mesh of points is a horizontal 

area situated 0,75 m from the floor plan (Figure 4). 

 
Figure 4- Analysis plan. 

Computational parametric simulations – Daysim software 

As already mentioned, the daylight simulations were performed over the Daysim software 

which provides data for de daylight autonomy calculation. To start the simulations, it was 

necessary to prepare the geometrical models over a software CAD. Then, configurations 

parameters were adjusted. As the software simulates daylighting through RADIANCE, its 

tutorial suggests that some of the input data files must be introduced according to the 

characteristics of the used model (see Table 2 and Table 3). The simulation parameters may 

be different according to the constructive features of the model which determines simulation 

accuracy and duration. 

Table 2: Input data of the models (adapted from Reinhart, 2006) 

Models 
Ambient 

bounces 

Ambient 

division 

Ambient 

Sampling 

Ambient 

accuracy 

Ambient 

resolution 

Direct 

threshold 

Direct 

sampling 

Without shading device 5 1000 20 0.1 300 0 0 

With shading device 7 1500 100 0.1 300 0 0 

The climatic data file 

The simulations were performed using meteorological data file TRY (Test Reference Year). 

The climatic TRY files are based on a climatic database resulted from a reference year for the 

local climate, regarded as typical of each place. 

RESULTS 

As previously explained in this paper, the Daylight Autonomy indicates the percentage of 

occupied hours in which the minimum required amount of illuminance can be reached. 

Simulation results were presented with isoDA (Iso Daylight Autonomy) curves, represented 

by different shades of gray. Each shade representing the percentage value obtained in 

different zones of the studied room.  

Results show that illuminance inside rooms of the original building typology (terrace house 

without wind-tower shaft, as displayed in Model 1 and 2) did not reach the minimum required 



 

 

of 150 lx. The original model performance results were compared with results obtained with 

proposed models with different settings. 

Figure 5 and Figure 6 present the other two groups of models: building models with the wind-

tower straight shaft and models with the wind-tower provided with a deflector at the bottom 

of the shaft. 

  
a) Model 3and 4: Wind-tower shaft openings without glass (left) and with glass solar factor of 90% (right) 

  
b) Model 5: Wind-tower shaft openings with glass solar factor of 67%. 

Figure 5: Results for the rooms with wind-tower straight shaft 

  
a) Model 6: Opening of the shaft without glass. 

  
b) Model 7 and 8: Openings with glass solar factor of 90% (left) and 67% (right). 

Figure 6 - Results for the rooms with wind-tower shaft and an internal deflector. 

As it can be observed, the straight shaft without external window glass was the model 

presenting the greatest illuminance, featuring daylight autonomy for the time period examined 

of 100% in the area next to the shaft and of 90% in other areas of the room.   

Regardless the changes in the shaft window glass features, the geometry of the wind-tower 

with straight shaft produces higher illuminance levels in the mesh points located right below 



 

 

the shaft bottom-opening. But on one other hand if the solar factor of the glass decrease the 

heat gain from solar radiation, in the other hand, it may significantly diminish the percentage 

of daylight autonomy, reducing the illuminance levels especially over the points farther from 

the outlet shaft for up to 60% (Figure 5b).  

For the shaft model with the deflector, the curves isoDA presented themselves more 

generously spaced, which means greater uniformity in the distribution of daylight, as can be 

seen in Figure 6. The simulation pointed out an autonomy of 90% on the entire room (room 1) 

for the period considered. This fact can be explained by the increase of inter-reflections inside 

the rooms. The deflector works similarly to a light-shelf, reflecting the sun rays towards the 

ceiling and thus re-distributing it more uniformly around the room. However, it was verified 

an illuminance reduction when adopting glass with higher solar factor. 

DISCUSSION 

The present work examined the daylight potential through the use of two models of wind-

towers for a particular type of Brazilian terrace house. These models, previously examined for 

qualitative performance of wind flow distribution, were now investigated as daylighting 

shafts. Despite some limitations of the geometries analyzed, the results suggest that the use of 

wind towers may increase significantly daylighting potential depending on its sizing and 

configuration. The shaft models provided with a deflector allowed important internal 

reflections, hence better light distribution. The simulations carried out with the dynamic 

measure methodology, enabled the identification of the impact produced by different shaft 

configuration on illuminance levels and uniformity ratio considering daylight autonomy. 
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ABSTRACT  

This paper evaluates a tubular daylighting system using spectrophotometric measurements 

with both diffuse and direct illumination. The spectral transmittance of three scaled tubular 

systems is determined experimentally as a function of incident angle. The tubular systems 

have a length to diameter aspect ratio of 5, 7, and 9, and are lined with a flexible reflective 

foil. The spectrophotometric measurements are compared to ray tracing simulations of the 

same system, where the geometry of the pipe and the experimentally determined angle 

dependent spectral reflectance of the foil are used as input to the model. The measured 

hemispherical transmittance corresponds well to the integrated transmittance obtain from the 

ray tracing simulations. The ray tracing of the tubular system also provides the bi-directional 

scattering distribution of the system, which can be used for performance evaluation and 

daylight calculations.  

INTRODUCTION 

In Sweden, the building sector accounts for approximately 35% of the total energy use [1]. 

The goal of the European Union member states is to reduce the energy use in buildings with 

20% (compared to 2005 year’s level) by year 2020. To achieve this goal, significant upgrades 

of the existing building stock and implementation of energy efficient solutions in new 

construction are necessary. The Swedish Energy Agency has commissioned a detailed study 

of the energy use in buildings to provide a foundation for improved energy efficiency. The 

part of the study that investigated a selection of office buildings showed that electric lighting 

constitutes 21% of the building’s total energy use [2]. This makes electric lighting the single 

most significant item and the potential for cost-effective savings is significant.  

Multiple studies have shown that the implementation of daylighting systems can reduce 

electric energy use, while improving visual comfort and well-being of the building 

inhabitants. Only a handful of studies have, however, been conducted to establish the 

feasibility of daylighting systems in Scandinavian climates [3].  

The transmittance of tubular daylighting systems have been studied by several authors. An 

early theoretical model was provided by Zastrow and Wittwer [4], which was refined by Swift 

and Smith [5] who also complemented the theoretical analyses with spectrophotometric 

measurements. Ray tracing simulations have also been employed [6, 7] for system evaluations 

and the collected knowledge regarding the systems were summarized in a CIE technical report 

published in 2006 [8].  

The purpose of this paper is to validate a spectral ray tracing model using spectrophotometric 

measurements of three scaled tubular daylighting systems. Once the simulation procedure has 



been validated the intention is to use the bi-directional scattering distribution data (BSDF) for 

performance evaluation of tubular daylighting systems in Swedish climates.  

METHOD 

Properties of tubular system 

The measured and simulated tubes had length to diameter aspect ratios of 5, 7, and 9, and 

were lined with a thin highly reflective foil developed by 3M. The reflective material was 

laminated onto the diffuse side of an aluminum foil before positioned in a rigid plastic tube. 

The spectral reflectance of a plane surface of the reflective foil is presented in figure 1 as a 

function of incident angle. In the visible part of the spectrum the reflectance of the foil is 

between 96-99% and the variation for different incident angles is low. The reflective 

properties of the film are obtained by thin film interference and at longer wavelengths the 

reflectance drops abruptly as a function of incident angle.  

 

Figure 1: Reflectance spectra flexible foil as a function of incident angle. The angle 

dependent reflectance is used as input in the ray tracing simulations 

Spectrophotometric measurements  

The three scaled tubular daylighting systems were evaluated using a single beam 

spectrophotometer developed at Uppsala University [9]. The spectrophotometer is equipped 

with an integrating sphere detector and can be used for angle dependent measurements. For 

the characterization, the port of the integrating sphere was modified to the same size as the 

aperture of the tubular daylighting system. The instrument was set-up for characterization of 

the tubular system using both direct and diffuse illumination, as illustrated schematically in 

figure 2.  

For the measurements with direct incident light, a thin light diffusing film was positioned 

across the sphere port to reduce errors due to nonuniform sphere response [10]. The spectral 

measurements were carried out in 10-degree steps for incident angles between 0 and 70 

degrees. Different incident angles were obtained by rotating the tube and detector 

combination with the entrance port of the tube at the center of rotation. For the reference 

scans the tubular system was removed and the port of the integrating sphere positioned at the 

center of rotation. By moving the integrating sphere into the same center of rotation as for the 

system measurements the size and intensity distribution of the light spot is maintained 

between measurement and reference scan.  



For characterization of the system with diffuse illumination an additional integrating sphere 

was attached to the entrance port of the tubular daylighting system. The incident light is 

scattered in the first integrating sphere, creating a diffuse light source with a nearly 

hemispherical distribution. Due to the intensity loss when two integrating spheres are 

connected in series the tubular system was only evaluated for white light for which higher 

intensities can be obtained.  

 

                  a) Direct illumination                                         b) Diffuse illumination 

Figure 2: Schematic illustration of the instrumental set-up for characterization of the tubular 

daylighting system (TDS). In a) for direct illumination and in b) for diffuse illumination.  

 

Ray tracing simulations 

The simulations were carried out using TracePro, a commercial ray tracing software 

developed by Lambda Research [11]. In the program a virtual sphere consisting of a source 

and a detector hemisphere iss constructed. Each hemisphere is divided into 145 patches 

according to Klems’ coordinate system [12] and each patch functions as a detector or a light 

source. During the simulations the tubular daylighting system is positioned in the center of the 

sphere and rays are traced from each individual patch. The result of the simulation is a BSDF 

containing 145 145 values, one for each pair of incident and exiting direction.  

Five tubular daylighting systems with different aspect ratios where simulated using TracePro. 

To be able to compare the simulations with the spectrophotometric measurements only the 

reflective duct of the tubular system was evaluated. The angle dependent spectral reflectance 

of the reflective foil (see figure 1) and the geometry of the tubular system were provided as 

input to the simulations.  

 

RESULTS 

Transmittance of direct light  

Figure 3, shows the measured and simulated transmittance of direct light through a tubular 

daylighting system. The evaluated tubular system has an aspect ratio of 7 and the 

transmittance is presented for the incident angles of 10, 40, and 70 degrees. Overall, the 

simulated transmittance values correspond well to the measured transmittance of the system. 

The ray tracing simulations were carried out for 13 different wavelengths and were for the 

most part able to reproduce wavelength dependent properties caused by small absorption 

bands in the reflective foil.  

 

TDS 

Detector 

Diffuse 
light  
source 

in 

Detector 

TDS 

Incident  
light 



The discrepancy between measured and simulated transmittance increases at wavelengths 

beyond the high reflectance cut-off. This is especially pronounced at low incident angles and 

is most likely caused by a measurement error that could be associated to the nonuniform light 

intensity across the light beam.   

 

a)  Angle of incidence: 10°                              b) Angle of incidence: 40° 

 

 

c) Angle of incidence: 70° 

Figure 3: Comparison of the measured and ray traced transmittance of direct light through 

the tubular daylighting system. The aspect ratio (length/diameter) of the measured pipe is 7 

and the results are presented for three angles of incidence a) 10°, b) 40°, and c) 70°. 

The spectral transmittance of two tubular systems with length to diameter aspect ratios of 5 

and 9 were also determined. Rather than presenting spectral data for these measurements the 

visible transmittance was calculated and in figure 4 compared to the ray tracing simulations. It 

can be noted that the measured and the simulated transmittance values correspond well, but 

that the discrepancy increases slightly for larger incident angles.  



 

Figure 4. Visible transmittance for light with an incident angle of 10, 40, and 70 degrees.  of 

tubular daylighting system as a function of aspect ratio.  

Transmittance of diffuse light  

The transmittance of diffuse light through the tubular daylighting system is presented in 

figure 5. The measurements were carried out using two integrating spheres connected in 

series. It can be noted that the transmittance is significantly lower for diffuse compared to 

direct illumination. However, it should be noted that losses around the port edge are more 

significant than for a system evaluated with direct incident light.  

 

 

Figure 5. Transmittance of diffuse light as a function of the aspect ratio of the tubular 

daylighting system.   

DISCUSSION 

In this paper the transmittance of direct and diffuse light through a tubular daylighting system 

is determined using spectrophotometric measurements. The experimentally determined 

transmittance was used to validate the spectral and angle dependent properties of a ray tracing 

model. The advantages of ray tracing are that more complex systems can be evaluated and the 

scattering distribution for the system obtained. The intention is to use ray tracing to evaluate 

daylighting systems for a Swedish climate, which is characterized by low solar altitudes and 

mixed sky conditions. The BSDF obtained from the ray tracing simulations can also be used 

to evaluate the visual aspects of daylighting systems.  
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ABSTRACT 

Door-window is one of the prevalent types of windows in Iranian traditional architecture. Among 20 

different kinds of windows in 6 main lighting systems in Iranian architecture, it seems that door-

window has a good potential to be used in classrooms. Ameriha Houses Complex in historical city of 

Kashan with 7 yards, is a good case study for examine this idea. Traditional houses in Kashan have 

their own regulations that are a sample of climatic design in hot-dry climate. Door-window rooms of 

these houses are placed in a context with some specific climatic solutions such as central yards with 

vegetation which modifies the microclimate, winter and summer places with appropriate solar income 

in different seasons, underground and pavilion spaces with pounds for controlling the temperature 

swing and humidity balance [4]. This article introduces the results of a field study research that has 

been done for 6 types of different rooms with door-windows in Ameriha house according to the 

illumination level and uniformity of its distribution in the room. Light level is divided to 5 groups 

according to the standards of lighting requirements in classroom. Door-windows have a specific detail 

for door design to control the heat exchange and daylight income through the glasses. Determining the 

role of these details on the success of door-window to improve the thermal condition and illumination 

demand in the room, is done by monitoring the climatic data using data logger and lux-meter in two 

days of observation in April 2011. Data of illumination, temperature, humidity and wind speed is 

gathered in the selected rooms, main yard and the roof of the building. Comparing indoor and outdoor 

temperature and light condition will show the positive or negative effect of door-windows. Isometric 

lines of illumination were drawn to show the distribution of light in the rooms. Analyzing these results 

and determining the efficiency of the daylight condition in these rooms for a classroom will show the 

ability of renewing door-windows for school design.  

Keywords: daylighting system, door-window, glare, sun-patch, data logger, lux-meter, 

INTRODUCTION 

A glance at Iranian traditional architecture, with around six thousand years of history, shows the 

richness of this architecture in many aspects of design including the way it provides natural light for 

the building. 6 main types including 20 different kinds of windows are distinguished in a study 

research of Iranian traditional architecture [1]. Each type has its own discipline and modules and is 

used for a specific situation in the building. One of these types is a special wall window called “door-

window”. This kind of window has been used in the houses for living rooms (side rooms) and the 

main rooms that are placed in the main axis of the house, with the best view for a luxury usage. 

According to the size and shape of the room, door-windows are divided to three, five or seven 

modules. Door-windows have specific shape, size and dimension according to their related room.  

 The hypothesis of this article is that the lighting condition of door-window is one of the 

appropriate solutions that can be used in classrooms according to the light standards for educational 

spaces [2]. To examine this idea, door-windows and their related rooms are monitored in a complex 

traditional house in Kshan according to different aspects such as illumination distribution and glare 

problem. Other needs in the classroom such as thermal comfort, social or economic needs will be 

considered as the complementary studies. Determining the dimension, size and shape of the room 

related to its orientation and the number of door-windows will give a criterion for classroom’s design.  



FIELD STUDY RESEARCH 

The monitoring has taken place in a traditional building complex in Kashan city called Ameriha 

House. Kashan is placed in the north part of Isfahan province in the edge of the central desert of Iran. 

It has hot and dry desert climate with very hot and dry summer and cold winter. Table 1 shows the 

average climatic information of this city for the period of 1966-2005 [5].  

Comparing the gathered data in the field study research with the long term climatic data of 

meteorological station of Kashan [6] will show the condition of the chosen days in comparison with 

normal climatic condition. Climatic calendar of Kashan shows that there is a harsh condition in 

summer noon when the temperature goes over 35○C.  In winter there is chill wind phenomenon when 

the temperature goes under 7○C (Fig 1 left). Most of the time in the year wind is in calm condition but 

in spring’s noon and afternoon, fast winds may happen (Table 1 right). In the days of observation that 

was 25 and 26 of April 2011 weather was in moderate condition but stormy winds with some rain 

happened.  It caused a lack of data for the information gathered of the roof illumination.   
STATION     KASHAN            (40785)           I.R OF IRAN METEOROLOGICAL ORGANIZATION (IRIMO)

 LATITUDE    33 59 N

 LONGITUDE   51 27 E                                         DATA PROCESSING CENTER

 ELEVATION   982.3 M

                                                 CLIMATOLOGICAL NORMALS FOR THE PERIOD 1966-2005

JAN. FEB. MAR. APR. MAY JUNE JULY AUG. SEP. OCT. NOV. DEC. ANNUAL

AIR TEMPERATURE (C) 5 7.7 13.2 20 25.4 31.4 34 32.6 27.8 20.6 12.8 7 19.8

MINIMUN AIR TEMPERATURE  (C) -0.3 1.5 6.3 12.1 16.9 21.9 24.8 23.3 18.4 12.5 6.2 1.5 12.1

MAXIMUM AIR TEMPERATURE  (C) 10.2 13.4 19 26.3 31.8 38.2 40.8 39.9 35.3 27.6 18.9 12.1 26.1

TEMPERATURE RECORDS LOWEST(C) -12.5 -10 -5 -1 5.4 12 17 17 10 2 -3 -12 -12.5

TEMPERATURE RECORDS HIGHEST(C 22 27 32 36.4 42 48 48 47 43 39 31 24.5 48

RELATIVE HUMIDITY (MEAN% 03UT C)  76 71 64 57 51 39 35 36 40 52 66 75 55

RELATIVE HUMIDITY (MEAN% 09UT C)  52 44 37 30 27 20 19 20 21 28 39 49 32

AMOUNT OF PRECIPITATION MM. 26.3 19.6 26.1 17.5 13.3 1 0.5 0.5 0.2 4.3 12.2 16.9 138.4

DAYS WITH SKY CLEAR  (0-2)/8 15.4 14.3 13.8 12.1 18.1 27.3 27.8 29.2 28.6 24.2 17.4 15.3 243.5

DAYS WITH P.CLOUDY   (3-6)/8 9.3 8.9 10.9 13 10.1 2.5 3.1 1.7 1.1 5.6 9 9.3 84.5

DAYS WITH CLOUDY     (7-8)/8 6.3 5.1 6.2 4.9 2.6 0.2 0.1 0.1 0 1.2 3.6 6.2 36.5   
 

 
Table 1:above: climatic data of Kashan [5], below: wind calendar of Kashan [6] 

 

Sky condition is sunny in 2/3 time of the year. In summer sunny sky has the most portions (over 80%) 

but in winter and spring it has the lowest portions (1/3). In the days of observation (25 and 26 April) 

cloudy and partly cloudy sky has the most portions (60%). Therefore overheating and glare problems are 

not in the worst condition for the interior spaces in the days of observation. (Fig 1 middle and right) 
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Figure 1: left: climatic needs calendar, middle and right: Sky condition in Kashan [6]  

DATA GATHERING AND OBSERVATION 

Ameriha house is placed in the traditional part of Kashan city. It has 7 big and small yards as a 

complex house [3] (Fig 2 left). To do the observation, data loggers where settled in different parts of the 

house. One Lux-meter and personal weather station were placed in the roof to collect the local climate 

data. One personal weather station was placed in the main yard to collect the data of microclimate in 

the yard. In the chosen rooms, data was gathered in a mesh of 60 cm and height level of 60 cm (Fig 2 

right). Illuminations, temperature, relative humidity and wind speed are the gathered data in all places.  



 

  

   
Figure 2: ameriha house (right) and data gathering in roof, yard and room (left) 

ILLUMINATION ANALYSIS 

In Ameriha house there are several rooms with door-windows. To clarify the effect of architectural 

design and details of rooms and windows on the level of illumination, distribution of light and 

darkness or glare problem, 9 rooms were selected in different yards. The rooms are located in 

different orientations and stories with different size and dimension of the room, height and shape of 

the ceiling, number of door-windows, shape and detail of the frame and glasses used in the door-

windows. The data was gathered in 25
th
 and 26

th
 April 2011 form morning to the evening. According 

to the changeable condition of sky from overcast to partly cloudy and clear in the period of 

observation, the data of illumination on the roof is used as a reference for comparison. Figure 3 shows 

the illumination level in the roof and table 2 shows the information and analysis of the data gathered 

in 6 rooms among observation rooms according to illumination and distribution of light. To help the 

analysis of the illumination in the rooms, the legend of iso-lux diagrams in the plan and the section of 

the rooms are divided to some meaningful zones according to different illumination levels in 

classrooms [2, 7]. 

Illumination in the roof level - Monday 25/04/2011
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Figure 3: Illumination in the roof of Ameriha house Kashan in days of observation 

 
Illumination  legend (lux) 
0-100 very low 
100-300 low acceptable 

300-500 standard 

500-900 slightly high acceptable 
900-2100 medium high acceptable 

2100-2500 high acceptable 

More than 2500 glare problem 

 

 



Room A   25/04/2011 

Fixed Windows  

at  11:20 to 12  

Roof: 80-120 Klux 

 
Fixed Windows 

afternoon 13:50 to 14:00 

Roof: 80 Klux ?? 

 

   

 

 

 

 
T = 27○C, RH=30% 

 

T = 24.7○C, RH=35% 

Before noon and in partly cloudy and clear sky condition, all parts of the room have acceptable illumination except 

near the window that has glare in some small parts. In the afternoon only 1/3 part of the room has acceptable 

illumination. The long depth of the room is not appropriate for a good distribution of illumination.  

Room B  25/04/2011 

Close Windows 12:30 to 

12:45 

Roof: 35-50 Klux  

 
Open Windows 

 13:20 to 13:35  

Roof: 80-90 Klux 

 

 

  
 

 

T = 25.7○C, RH=30% 

 

T = 23.6○C, RH=37.5% 

In the partly cloudy sky condition with close windows, 1/3 of the end part of the room has not acceptable 

illumination. In sunny sky with open windows, 2/3 parts of the room has enough illumination. 1/3 part of the room 

near the window (in sun patch condition) glare is happening. The short depth of the room is appropriate for a good 

distribution of illumination. By controlling the sun-patch, this room will have a good condition of illumination.   

Room E      26/04/2011 

 Closed Window 

 12:15 to 12:35  

Roof: 60 Klux ?? 

 

     

  

 

T = 24○C, RH=38% 

 

 

 

 

  

In partly cloudy sky condition by close windows, the illumination in all parts of the room is very good. In clear sky 

by sun patch in the room, glare will happen near south windows. The dimensions of the room related to the two 

side windows, prepared the best distribution of illumination. Sun patch needs to be shaded in clear sky condition. 



Room F   
26/04/2011 

Close Window  

14:40 to 14:55  

Roof: 60-110 Klux 

 

 
 

  

T = 24○C, RH=39% 

This south/east oriented room has a good illumination in all parts of the room even with close and fixed windows. 

Near the window because of sun-patch, there may be glare problem. The special windows frame has been a good 

solution to decrease the glare problem in the room. This room is a winter living room with low height ceiling. 

Room G   26/04/2011 

 Close Window 

 16:10 to 16:50  

Roof: 75-85 Klux 

 

  

 

T = 22○C, RH=40% 

   

 
This north oriented room with tall ceiling and several windows in three walls, has enough light with a very good 

distribution of illumination in the all parts of it. The luxury mirrors fixed in the ceiling and upper part of the walls, 

have increased the reflection of light and prepared more illumination in the end part of the room. Several doors in 

three walls of the room prepare a better uniformity of illumination and give it a good potential for natural 

ventilation.  The semi open trace as a complementary space, make it a desirable place for rest in summer hot days.  

  

 

Room I   26/04/2011 

 Close Window  

16:50 to 17:10  

Roof: 40-80 Klux 

 

   

 

T = 23.5○C, RH=38.5% 

Small square shape room oriented toward south with three door-windows prepare a warm and illuminted space as a 

winter living room. It has glare in the evening with direct solar radiation that will increase the room’s temperature. 

Small parts of glasing surfaces in the frame of door windows help to control the energy loose in cold periods. This 

room with close windows is not appropriate for Summer evenings, but it will become a semi open space with 

opening the door-windows.  

Table 2: Different door-windows analysis according to classroom illumination requirement 



CONCLUSION  

This article presented a part of the research has been done in Ameriha house in Kashan. It shows 

the results of a field study that has been done in two days of April 2011 in some door-window 

rooms. The illumination, temperature, humidity and wind speed data were gathered in the roof 

and inside the rooms and the iso-lux diagrams were shown in plan and section of the rooms. 

Illumination data on the roof is used as a reference for comparison the results. According to the 

classroom illumination requirement the results can be concluded as follow: 1- The orientation of 

the room and the dept of the room according to the window position is one of the main factors to 

create uniform distribution of light in the room. Rooms toward north with less dept and more 

door-windows have the best potential for uniform distribution of light (room E). Rooms with long 

depth have the least potential (room A and F) 2- For the rooms toward south, east and west, direct 

sunshine and sun-patch is the cause of glare. Using appropriate shades or overhangs outside the 

room is one of the solutions for this problem. Using small colour glazing surfaces in window 

frame as a lattice is another solution. Otherwise these rooms (room A, F and I) are not appropriate 

for classroom but may be good for other activities with less sensitivity to glare. 3. Using lattice 

with colour glasses in door-windows in small size rooms will create more privacy and relaxation. 

These rooms are appropriate for private activities such as sleep, pray or private living (room F 

and I).  4- Using extra holes or windows in other walls or over the main door-window will help to 

get more reflected light from adjacent places. This strategy helps to modify the uniformity of 

inside light. Natural ventilation will modify as well (room D, E, G). 5- Large rooms with tall 

ceiling and more door-windows (or sash windows) have potential to get more illumination. To 

uniform the distribution of illumination, using extra windows in other walls or over the door-

window is a kind of solution (room E). Using reflected surfaces such as mirror on the walls or 

ceiling is another solution (room G). To control the sun-patch in this condition, using external 

shades for rooms toward south, west or east is necessary. For rooms toward north there is not any 

glare problem (room G)  

Other factors such as temperature, humidity and wind speed where gathered in this field 

study but are not analyzed here because of the moderate climatic condition in April. another 

observation in hot summer with more sunshine hours is needed. 
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ABSTRACT  

Luminance maps for different view positions and directions within a luminous environment 

are most effective in evaluating luminous comfort, as they represent what the eye really sees. 

They also allow the determination of luminance ratios within the field of view, which can be 

used to determine potential for glare. Luminance distributions are either computed using 

lighting simulation software, or determined in real environments using High Dynamic Range 

(HDR) photography, an approach that has been long used by researchers and is now 

increasingly used in lighting practice. 

Determination of luminance distributions using HDR photography requires use of a digital 

camera to capture the same view using a wide range of light exposures, from completely 

overexposed to completely underexposed, and software that can combine the multiple light 

exposure images into a luminance map. 

Glare due to high luminance ratios is a common problem in window and skylight applications 

in buildings, when the exterior luminance values are significantly higher than interior 

luminance values. As daylight varies continuously through the day, effective daylight 

performance evaluation involves the acquisition of multiple luminance distributions for 

different times of the day and the year, which requires significant effort if the images are 

captured manually.  

This paper presents an automatic approach for HDR time-lapse photography and the 

validation of the measured results using high accuracy calibrated luminance meters. The 

approach is based on the use of a Canon point-and -shoot digital camera with a Canon Hack 

Development Kit (CHDK), which allows use of UBASIC scripts that automatically set 

exposure to prescribed values and take photographs at prescribed time intervals. The 

photographs are automatically transferred to a remote computer using a wireless memory 

card. The photographs were combined into luminance distributions using the Photosphere 

software, which is available for free at www.anyhere.com. 

Skylights are widely used in single story commercial and industrial buildings to save energy 

through the use of electric lighting controls. A common negative effect of this strategy is the 

increased brightness of the skylights after all electric lights are off or at minimum, especially 

during the middle of the day, when daylight reaches peak levels. Daylight luminance 

distributions can be used to evaluate skylight glare through time and to determine the 

effectiveness of automated light transmission modulation systems in reducing glare. 

 

                                                 
1
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Several tests were performed at the California Lighting Technology Center at the University 

of California, Davis, that involved HDR time-lapse photography during daylight hours. The 

accuracy of the approach was validated against simultaneous individual point luminance 

measurements using a Minolta LS-110 luminance meter. The results showed acceptable 

correlation between HDR luminance values and Minolta measurements. 

INTRODUCTION 

Daylight is a vital source of lighting in buildings. Windows, clerestories, and skylights are the 

most common daylight apertures in building walls and roofs. However, one of the most 

common problems in window and skylight applications is glare due to high luminance ratios 

between bright glazing and relatively dark interior wall and ceiling surfaces. 

In an ongoing study aiming at reducing this contrast and associated glare and to improve the 

lighting quality, a number of advanced window and skylight systems are being developed to 

modulate the transmittance of the daylight aperture and possibly redirect some of the 

incoming daylight to illuminate walls and ceiling surfaces.  The evaluation of the 

effectiveness of alternative systems is performed through measurement of luminance 

distributions (a.k.a. luminance maps) under real daylight conditions. 

 

 

System 
Tool No. of exposure Image 

Luminance 

mapping 

LDR  1. Digital camera 

Single exposure 

 

One LDR image 

 

None 

HDR  

1. Digital camera 

2. Tripod 

3. Computer and 

HDR generator 

software 

Multiple 

exposures 

 

One HDR image 

 

Single luminance 

mapping 

Time lapse HDR  

1. Canon digital 

point and shoot 

camera 

2. Tripod 

3. Computer and 

HDR generator 

software 

4. CHDK 

software 

Multiple 

exposures at 

interval 

 

Multiple HDR 

images 

 

Continuous 

luminance 

mappings 

Table 1: Low Dynamic Range (LDR), High Dynamic Range (HDR), and time lapse HDR 

photography for determining luminance distributions. 

 

Luminance maps from viewpoints of interest are some of the most effective ways to assess 

visual comfort and glare potential. Using conventional luminance meters to determine 

luminance distributions is very expensive and impractical, and as a result, the use of 

luminance maps for evaluation of luminous comfort has been very limited. Digital 

photography has made it possible to determine luminous distributions using High Dynamic 



Range (HDR) photography along with specialized software. HDR photography requires 

capturing a series of photographs of a luminous scene from the same viewpoint, varying the 

exposure for fully under-exposed to fully over-exposed images, which then are processed by 

specialized software to produce luminance maps [1]. 

Glare due to high luminance ratios is a common problem in window and skylight applications 

in buildings, when the exterior luminance values are significantly higher than interior 

luminance values. As daylight varies continuously through the day, effective daylight 

performance evaluation requires multiple luminance distributions for different times of the 

day and the year, which requires significant effort if the images are captured manually. 

Automation of HDR luminance mapping and time-lapse photography has also been very 

expensive, requiring sophisticated equipment and effort, such as a high-end single-lens-reflex 

digital camera and a computer program that controls the camera and stores the data [2]. As 

HDR imaging is becoming increasingly popular, several high-end digital cameras are now 

supporting it, mainly for enhanced photography, rather than determination of luminance 

maps. Canon has also introduced models that support easy automation of HDR time-lapse 

photography (Table 1). 

This paper is focused on the measurement methodology and validation that has been 

developed for the study of skylight glare and the development of automated systems that 

modulate skylight transmittance to minimize potential for glare.  

DETERMINATION OF LUMINANCE MAPS 

System and Setting 

The system used to automate the determination of luminance maps over time included the 

following: 

• Canon point-and-shoot digital camera (Ixus or PowerShot series) 

• Memory card and card reader 

• Tripod (for most uses) 

• Canon Hack Development Kit (CHDK) software and script for automated time-lapse 

photography 

• Photosphere software 

 

Figure 1: The process of determining luminance maps over time. 



 

Figure 2: UBASIC script for time-lapse HDR image acquisition. Ellipsis in square brackets 

denotes part of routine omitted for compactness. 

The CHDK is installed on the camera’s memory card. CHDK [3] is free software that allows 

many models of Canon Ixus or PowerShot series to perform several special functions that are 

not supported by the camera’s built-in firmware. Such functions are specified using scripts in 

simple scripting languages, such as UBASIC and Lua [4]. A custom script was developed to 

automate HDR time-lapse photography, i.e., the capturing of multiple consecutive 

photographs of the same scene varying exposure at desired settings, and repeating the process 

at desired time intervals.  

To set up the system, the camera is installed with the memory card that contains CHDK and 

time-lapse HDR script, normally mounted on a tripod, and pointed at the scene of interest. 

The script is activated through the camera’s user interface and the system is left to acquire 

images for the desired period of time. A wireless memory card [5] with wireless Internet 

connection was used to overcome memory card limitations and the Canon AC adapter was 

used to overcome battery life limitations.  The determination of the luminance maps was 

performed using the Photospere software [6, 7], which supports many standard HDR image 

formats and removes lens flare and ghost effects (Figure 1). 

 

Figure 3: Time-lapse luminance mapping system. 



System testing 

In this study, a Canon PowerShot S90 and CHDK with a simple script (Figure 2) to activate 

the Time-lapse HDR imaging were used. The camera was initially calibrated with a reference 

light source, with luminance values from 600 to 22,000 cd/m
2
, to ensure the reliability of the 

system. Later on, tests were conducted by monitoring the luminance of a skylight and ceiling 

at the California Lighting Technology Center’s Daylighting Lab (Figure 3). A Minolta LS-

110 luminance meter was used to validate the accuracy of the luminance maps’ values. The 

images were processed using Photosphere into a series of time-lapse luminance maps. 

RESULTS  

To confirm the reliability of the results, the system calibration was done for different 

luminance values. Figure 4 provides the comparison of luminance measured using a 

luminance meter and luminance acquired from the HDR luminance mapping. Regression 

analysis confirmed the linearity of the HDR system’s response, with R
2
 higher than 0.99.  

 

Figure 4: Comparison between luminance values acquired using HDR luminance mapping 

and the Minolta LS-110 luminance meter. 

For the skylight testing, the comparisons of HDR luminance and the luminance measured 

using the luminance meter were done considering thirteen points of interest at the skylight 

glazing, frame, and ceiling. False color images were processed using Photosphere into a series 

of time-lapse luminance maps (Figure 5). These luminance values can be used for the 

prediction of glare potential. The same approach will be used to assess the effect of glare 

reduction using different automated transmittance modulation systems.  

CONCLUSION 

Digital photography combined with scripting for automated HDR time-lapse photography and 

use of free software for determination of luminance maps is a very effective way to determine 

luminance distributions for visual comfort evaluation. The luminance values acquired using 



this technique are reasonably close to those gathered with a conventional spot luminance 

meter.  

 

Figure 5: Time-lapse luminance maps. Luminance values in cd/m
2
. 
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ABSTRACT 

The illumination performance and light balancing behaviour of solar fibre optics light systems 

have been studied in office environment aiming to show that daylight through optical fibres 

can be used for illumination of indoor working environments supplement electric lights that 

are commonly used in daytime, resulting significant saving of electric energy. Even though 

the system studied here is an older version of this quickly advancing, very promising, 

illumination technology, the results show that solar fibre optic lights can be used to 

supplement successfully illumination for offices, corridors and other indoor environments to 

save energy. During direct sunlight in combination with daylight coming through the 

windows, the illuminance level exceeded 500 lux all over the office while the electric lights 

were switched off. In total 1000 – 3000 sunlight hours are available depending on the country 

and location. With solar fibre optic lights the energy consumption for lighting (now 10 - 12 

W/m
2
) can potentially be decreased down to 0.2 - 0.4 W/m

2
 for offices and to 0.02 W/m

2
 for 

corridors during fully sunny weather. For a country like Sweden with ca. 31 km
2
 of heated 

office spaces the savings potential is in the order of 380 GWh per year (50 % of energy for 

electric light), estimated as a consumption for 1100 sunny hours when electric lights could be 

switched off. At Siemens tests were performed using fibre optic solar lights in combination 

with electric lights controlled to constant illumination and in combination with automated 

blinds. The decrease of electric energy depended on the weather and test configuration. 

Further tests are in progress to define the saving caused by the fibre optic lights. The tests on 

sunlight transmission for two types of optical fibres show that the coupling efficiency and 

transmitted daylight intensity can be further improved for this quickly advancing technology. 

INTRODUCTION 

The solar fibre optic light systems (Figs. 1 - 3) are currently tested for lighting of offices in 

daytime by the European research project Clear-up (www.clear-up.eu). They are aimed to 

supplement the electric lights and also decrease the electric cooling at offices, corridors and 

other parts of large buildings, where electric lights are used during daytime. The project aims 

to determine the illumination performance, energy saving capacity and increase of human 

comfort of these systems. The suitability for light balancing, i.e. for replacing the light loss 

caused by solar heat and radiation controlling window structures (such as blinds and electro-

chromic windows), is also studied. -- Here we report the first results, showing the illumination 

provided by the solar optical fibre luminaires and the energy saving obtained in the test office 

in Zug, Switzerland during spring 2011. 

http://www.clear-up.eu/


One light collecting panel of a solar fibre optic light system (Figs. 1 - 3) can couple sunlight 

(which intensity is typically 110 000 lumens/m
2
) into optical fibres altogether 2000 - 10000 

lumens depending on the system construction and optical fibres. Theoretically estimated 

intensity coupled into a fibre can be as high as 1200 lumens. The fibres in optical cables 

transmit (guide) the light from the roof panel of a building to the luminaires installed in an 

office or other spaces of a building (Fig. 1). The intensity of the output light is dependent on 

the coupling efficiency and on the attenuation and length of the fibre cables.  The lenses of a 

solar panel that couple the sunlight into the fibres, or the entire panel, track the sun position 

and follow its direction, thus providing all the time the high intensity of direct sunlight into 

the fibres. (Figs.1-3) Electric energy consumption of a whole system is 2 W. 

 

 

a) 
 

b) 

 

c) 

Figure 1: a) Sunlight hours yearly in Europe [1] and b) in Sweden [2]. (The grey scales are opposite 

in these two maps.) c) A room illuminated by solar fibre optic luminaires. 

Sunshine duration, which is the number of hours with direct solar radiation above a certain 

threshold, varies geographically and over time depending on the local climate and other 

insolation conditions such as horizon elevation. In Europe, sunshine duration varies from 

1000 to 3000 hours per year between geographical regions [1] and there are large differences 

between sites within a country. For example, in Sweden, the sunshine duration is 1900 hours 

on the east coast and below 1100 hours only in the north-western mountainous areas [2]. 

The savings potential from an increased use of daylighting applications depends both on the 

number of available sunshine hours and on the current use of artificial lighting during these 

hours. It is hard to find any general statistics on the time variability of office lighting loads, 

but figures on annual totals are available in some cases. For example, in a Swedish 

monitoring study of 123 office and administration buildings, the average electricity use for 

lighting was 23 kWh per m
2
 and year. The variability between buildings is considerable, 

ranging between 7 and 53 kWh per m
2
 and year [3].  

In the specific study cited above, the average installed lighting power (which was a mix of 

different light sources in different types of office spaces) was 10 W/m
2
, giving an estimate of 

the average runtime of about 2300 hours per year. It is uncertain how many of these hours 



with lighting coincide with sunshine hours. Assuming a perfect match and a lighting demand 

virtually independent of the outdoor daylight level, the artificial lighting demand could be 

reduced by 50 % (i.e. switched off for 1100 h), which corresponds to 11 kWh per m
2
 and 

year. Noting that Sweden has around 31 km
2
 of heated office spaces [4], the savings potential 

of lighting energy would be in the order of 380 GWh per year. 

The standard requirement for working room illumination is 350 – 500 lux (lumens/m
2
), 

dependent on the European country, and for corridors only 100 lux. Thus for a 10 m
2
 area 

office in total 3500 – 5000 lumens are needed, if no other light is available at all. The 

fluorescent electric lights used in daytime in offices consume 10 - 12 W/m
2
 of electric energy. 

When mechanical blinds or other heat controlling structures are shut down, the illuminance 

decreases below 200 lux in an office room, especially in the areas far from the window. The 

missing light, 150 - 300 lx, is needed from somewhere, and here especially we see an 

opportunity for the non-heating and extremely low energy solar fibre optic lights. 

  
Solar panel, Parans SP2 Weather station 

 

 
Window and two luminaires 

 
Parans luminaire, Waldmann 
luminaire, brightness and presence 
sensors 

Two luminaires by the door 

  

Figure 2: The Clear-up project test office at Siemens HVAC Lab in Zug.  The components and layout 

for the equipment steered by an automatic building management system. 

METHODS 

Two kinds of test results are reported here. The automatic light balancing tests have been 

performed by using the building management system (Figs. 2 - 3): consisting of the outside 

weather station, illumination sensors, controller for venetian blinds and roller blinds (the 

roller blinds mimicking electro-chromic windows), solar fibre optic lights and dimmable 

fluorescent Waldmann lights. 



Furthermore, in order to understand the potential for the light coupling efficiency of these 

systems, two kinds of plastic fibres have been tested for their sunlight transmission. The 

illuminance has been measured with a calibrated, V-filtered and cos-direction corrected 

Hagner E4-X lux-meter at 1 m distance from the fibre end inside a light transmission 

protected box (50 cm * 50 cm * 100 cm), by coupling direct sunlight into the fibres with a 

one lens containing sun tracker. The sunlight illuminance has also been measured with the 

same meter for the test system at Zug test office. 
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Figure 3: The locations of the sensors and luminaires for the test office.  

RESULTS 

The illuminances measured at the test office working desks under varies conditions were kept 

above 500 lux, by supplementing electric light by the dimmable Waldmann luminaires until 

the illuminance of 500 lux was achieved. By the window the illuminance exceeded 2000 lux, 

the upper limit of the sensor’s measuring range (Table 1).  

The energy consumed by the Waldman lamps depended on the weather, the shading device 

(roller blind or Ventian blind) and the supplement light provided by the fibre luminaires, and 

varied from 1155 Wh down to 342 Wh per day (Tables 1 - 2). These consumptions are 

slightly higher than they could have been at other location, because another building shaded 

the sunlight from both the window and the fibre light collector for a few afternoon hours. The 

electric lighting energy obtained was 18 to 60 % smaller during 5 of the 6 test days (150 Wh - 

522 Wh/day less) when fibre lights were used together with the Waldmann lights that were 

dimmed, compared with the sunny day (Apr 28) without the fibre lights. It is unclear what 

share of the decrease is due the influencing factors (weather, type of shading device) and 

what share is due to the fibre luminaires.  During two days (Apr 25 and 26) the electric lights 

were switched off and the full illuminance over 500 lux was achieved in the office during the 

morning hours up to mid-afternoon until a building shaded the access to the sunlight. To 

assess the electric energy savings by the fibre luminaries the most comparable test cases are 

the ones with Venetian blind control. Compared to the case with the fibre luminaries off, 

reductions of electric energy consumption of 37 % (Apr 21), 18% (Apr 24) or 28 % (May 1) 

were obtained, (322 Wh, 156 Wh or 238 Wh respectively). The diversity of these results 

shows the influence, that the weather has, even so the weather look comparable on these days. 

Therefore further tests are in progress. So far, saving of the order of 20 – 40 % is suggested. 

The intensities of light, transmitted through the 20 m optical fibre bundles and measured by 

the lux meter at the working desks by the window and door of the test office, at the 1.8 m 

distance from the luminaire end surfaces were 1160 lux and 370 lux during the sunshine of 

100 000 lux with blinds open (Table 3). When the roller and Venetian blinds were closed, the 

intensities decreased to 245 and 230 lux respectively which are in accordance with the 

automatic light balancing tests results (Table 1). 



Date Solar fibre 

lights 

Waldmann 

lights 

Roller 

blinds 

Venetian 

blinds 

Weather Energy cons. 

Window/ 

Rear lights 

Illuminance: 

By window/ 

By rear door 

Apr 21 On Const. light 

contr. 

Open Contr. by 

weather 

station 

Almost 

Sunny 

139 Wh / 

403 Wh 

600 – 2000 lux/ 

500 – 650 lux 

Apr 23 On Const. light 

contr. 

Contr. by 

weather 

station 

Open Half day 

sunny 

94 Wh/  

248 Wh 

600 – 2000 lux / 

500 – 1000 lux 

Apr 24 On Const. light 

contr. 

Open Contr. by 

weather 

station 

Sunny + 

clouds 

199 Wh/ 

509 Wh 

500 – 2000 lux/ 

500 – 700 lux 

(occasionally) 

Apr 25 

Apr 26 

On Off Contr. by 

weather 

station 

Open Sunny, + 

glare, 

Clouds 

- >1000 lux 

250 – 600 lux* 

Apr 27 On Const. light 

contr. 

Contr. by 

weather 

station 

Open Cloudy + 

2 h 

sunny 

411 Wh/ 

744 Wh 

500 – 1000 lux/ 

500 lux 

Apr 28 Off Const. light  

contr. 

Open Cont. by 

weather 

station 

Half day 

sunny 

131Wh/ 

733 Wh 

600 – 800 lux/ 

500 lux 

Apr 29 Off Off Down Down Cloudy, 

dark 

0 0 lux/ 

0 lux 

Apr 30 On Const. light 

contr. 

Contr. by 

weather 

station 

Open Almost 

sunny 

172 Wh/ 

516 Wh 

1000 – 1500 lux/ 

500 – 700 lux 

May 1 On Const. light 

contr. 

Open Cont. by 

weather 

station 

Sunny + 

clouds 

170 Wh/ 

465 Wh 

>1000 lux/ 

500 lux 

Table 1: Summary of the light balancing test results in the test office (Fig. 3) at Siemens HVAC-Lab in 

Zug. For each test of 24 hours, the illuminance was continuously measured at the test points (Fig. 3) 

and the energy consumption by both Waldmann lights was recorded. The energy used for steering of 

the equipment is not included. The low energy tests are marked by the grey colour. Note*: Below 500 

lux by the rear door was obtained only late afternoons, when the blinds were shut and another 

building shaded first the window and later the fibre light collecting panel (Apr 25, Apr 26). 
Date, solar 

fibre lights 

Energy, rear 

lamp, [Wh] 

Energy, 

window  

lamp, [Wh] 

Sum energy 

consumed,  

[Wh] 

Energy 

consumed 

 *, [%] 

Energy 

consumed 

 **, [%] 

Apr 21, On 403 139 542 47 63 

Apr 23, On 248 94 342 30 40 

 Apr 24, On 509 199 708 61 82 

Apr 27, On 744 411 1155 100 134 

Apr 28, Off 733 131 864 75 100 

Apr 30, On 516 172 688 60 80 

May 1, On 465 170 635 54 72 

*: Compared with the cloudy day Apr 27, when the fibre lights did not give light 

**: Compared with the sunny day Apr 28, when the fibre lights were off  

Table 2: Analysis of the electric energy consumed by the electric Waldmann lights obtained by using 

the solar fibre optic light system together with roller or Venetian blinds (Table 1). 

The wavelength spectrum, the colour, of the output light, is dependent on the fibres due to the 

intrinsic absorption spectrum of them. For the tested system the light colour is very white or 

slightly greenish. The total area that the four luminaires can illuminate at the level given 

above is obtained to be about 5 - 10 m
2
 dependent on the office conditions, walls and 

furniture. This results in an electric energy consumption of the fibre system of 0.2 - 0.4 W/m
2
 

as the operation of this system consumes only 2 W. 



In order to examine the light transmission properties of fibres, the sunlight intensity was also 

measured at “our standard” 1 m distance from the fibre luminaire end, inside a box of 0.5 m * 

0.5 m * 1 m (Table 3).  The output illuminances from the two luminaires were 900 and 950 

lux. The output intensity of the 20 m fibres at 1 m distance for the SP2 system luminaires was 

obtained 62 ± 3 lux/fibre. 

 
Luminaire At 1.8 m, blinds 

open, [lux] 

At 1.8 m, blinds 

closed, [lux] 

At 1 m in 

box, [lux] 

At 1 m in box, 

[lux/fibre] 

By window desk, 16 fibres 1160 ± 6 245 ± 5 950 ± 10 59 

By rear desk, 14 fibres 370 ± 10 230 ± 10 900 ± 10 64 

Table 3. Illuminance values measured by Hagner E4-X for the SP2 system at Zug test lab under 100 

000 ± 10 lux sunshine intensity, 10 March 2011. 

Furthermore, we have checked at Uppsala lab the light transmission of the fibres used for 

Parans system SP2 and for the new generation system SP3 at 1 m in box. The transmitted 

intensities were 60 ± 5 lux/fibre for 2 m SP2 fibres, under 120000 lux sunshine. About double 

intensities, 116 ± 6 lux/fibre, were obtained for 14 m long SP3 fibres under the same coupling 

optics and sunshine conditions. These numbers are not directly comparable with the data of 

Table 3 or any installed system, because they are strongly dependent on the fibre end 

preparation and coupling optics used, but they show that at least double illumination intensity 

per fibre can be provided by the new fibres and SP3 system technology. 

CONCLUSIONS  

For offices and indoor environment the greatest saving can be reached having the fibre 

luminaires there where the light is mostly needed; at the working desks and far away from the 

windows. Full illumination, i.e. above 500 lux arriving from the window and solar fibre 

luminaires, was obtained in daytime for most of the light balancing tests in office with 

automated blinds and dimmable electric lights. On direct sunshine, the tested older type of 

solar fibre optic light system can supplement illuminate a total area of 5 - 10 m
2
. A reliable 

quantification of the electric savings caused by the fibre system requires further data (the 

respective tests are currently running). It can be expected that new fibre systems can on 

sunshine fully cover the usual working illumination level. The tests on sunlight transmission 

for two optical fibres show that the coupling efficiency and transmitted daylight intensity will 

be greatly improved for this quickly advancing technology. Thus, the energy consumption of 

lighting (now 10 - 12 W/m
2
 with fluorescent lights) could be decreased down to 0.2 - 0.4 

W/m
2
 for offices and to 0.02 W/m

2
 for corridors during sunny hours by solar fibre optic 

lights. It is also significantly lower than 5 - 7 W/m
2
 for LED lights.  Further interesting is that 

the need for electric cooling is expected to decrease by another significant amount per square 

meter. This will be studied further by Clear-Up project.  
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ABSTRACT  

Daylight harvesting is among the most promising strategies to save energy and reduce peak 

demand, and create a more desirable indoor environment. Interior daylight levels have been 

traditionally determined using a single photo sensor.  The photo sensor placement and 

relationship to daylight and electric light sources has traditionally followed two main 

approaches: Open Loop and Closed Loop. However both approaches have their limitations. 

The single photosensor shortcomings are being resolved through use of two or more photo 

sensors, aimed at different areas in the space that are unlikely to be simultaneously affected 

by space changes at the same time. A “dual-loop” system, using a combination of open and 

closed loop sensors has been very successfully in increasing daylight sensing reliability and 

accuracy in skylight applications.  Following the success of the dual-loop system, the multi-

sensor approach is being explored for lighting control in side-lit spaces. This paper is focused 

on the options considered and the evaluation of their ability to accurately measure daylight 

changes in interior spaces considering long- and short-term changes in the geometry and 

reflectance of interior surfaces, as well as changes in the daylight transmittance of the window 

through use of operable shading systems. A number of experiments were carried out to find 

out the best combination of photo sensors, considering positions, directions, fields of view, 

directional sensitivities, people movement, window treatment changes, exterior changes, 

variations in sky conditions, weather, etc. Results so far indicate that the best location for the 

closed loop photo sensor is on the ceiling, looking at the space area where maintenance of 

lighting design levels is important.  The open loop sensor needs to be carefully configured so 

that it only sees the window within its field of view, from a distance that is far enough from 

the Venetian blinds to eliminate effects of vertical placement relative the horizontal slats of 

the blinds. Properly configured, the system seems to handling daylight and space changes 

very effectively.  Commercial prototypes are being considered for evaluation of the approach 

in real spaces. 

INTRODUCTION 

Photo-sensor based controls for daylight harvesting 

Daylight harvesting can save significant electric lighting and cooling energy through use of 

photo sensor based controls that automatically adjust electric lighting levels based on 

available daylight.  As daylight availability coincides with peak electricity demand, daylight 

harvesting is also a very effective strategy to significantly reducing peak electricity demand.  

The key to successful daylight harvesting for energy reduction is reliable sensing of available 

daylight for the control of electric lighting.  While it seems simple and straightforward, 

reliable sensing of interior daylight levels is challenging. 
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Traditional daylight sensing approaches 

Interior daylight levels have been traditionally determined using a single photo sensor.  The 

photo sensor placement and relationship to daylight and electric light sources has traditionally 

followed two main approaches: 

1. Open Loop, where the signal of the control photo sensor is NOT affected by the electric 

lighting being controlled, and 

2. Closed Loop, where the signal of the control photo sensor IS affected by the electric 

lighting being controlled. 

The placement of the photo sensor in open loop applications is usually outdoors, looking 

towards the sky dome, or indoors, looking at a daylight aperture, such as a window or a 

skylight.  The placement of the photo sensor in closed loop applications is usually indoors, 

looking towards areas illuminated by both electric light and daylight.  Both approaches, 

however, are limited in their effectiveness to provide reliable information about daylight 

changes through time. 

The main limitation of open loop applications is the inability to sense daylight levels indoors, 

as indoor and outdoor light levels do not have the same rate of change, especially for lower 

solar altitudes, during the early and late hours of the day, as well as during large variations in 

daylight levels during partly cloudy days.  In addition, open loop systems cannot respond to 

changes in the space, such as long term changes in the geometry and reflectance of interior 

surfaces (which requires recalibration) or when shading systems are deployed, significantly 

reducing indoor daylight levels, without corresponding changes to outdoor daylight levels. 

The main limitation of closed loop applications is the inability to differentiate between true 

daylight changes and  

1. Long-term changes in the geometry and reflectance of interior surfaces (which requires 

recalibration), and 

2. Short-term changes due to people with different reflectance clothing moving within the 

field of view of the photo sensor. 

Short-term changes have been traditionally addressed using time delays before adjusting 

electric lighting levels.  These, however, also happen during true daylight changes, when 

electric lighting is expected to be pretty responsive, especially when the changes are 

significant, e.g., during partly cloudy days. 

New and emerging multi-sensor daylight sensing 

The single photosensor shortcomings are being resolved through use of two or more photo 

sensors, aimed at different areas in the space that are unlikely to be simultaneously affected 

by space changes at the same time. 

A “dual-loop” system, using a combination of open and closed loop sensors has been very 

successfully in increasing daylight sensing reliability and accuracy in skylight applications.  

The dual-loop system controller is using the signals of both photo sensors to determine 

interior daylight changes.  The algorithm used for the determination of daylight changes and 

the adjustment of the electric lighting is based on the closed loop photo sensor signal 

differences for different states of the electric lighting.  This results in support for automatic, 

continuous calibration of the closed loop sensor, resolving the issue of changes in geometry 

and reflectance of interior surfaces [1]. A prototype installation in a big-box retail stores with 

skylights showed significant improvement in daylight sensing, offering 50% more electric 
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lighting savings than a single, open loop sensor approach [2]. The dual-loop approach is now 

available in commercial products. 

MULTI-SENSOR LIGHTING CONTROL FOR SIDE-LIT SPACES 

Following the success of the dual-loop system, the multi-sensor approach is being explored 

for window applications.  This paper is focused on the options considered and the evaluation 

of their ability to accurately measure daylight changes in interior spaces considering long- and 

short-term changes in the geometry and reflectance of interior surfaces, as well as changes in 

the daylight transmittance of the window through use of operable shading systems. 

Experiment setup 

The side-daylighting laboratory is located at 633 Peña Drive in Davis, California. Outside the 

lab is a small parking lot with a few trees and plants. The interior space has a rectangular 

footprint.  It is 4.87m deep, 5.49m wide and 2.74m tall, with two 1.83m wide by 1.5m tall 

windows on the North-facing wall.  The windows are equipped with horizontal aluminium 

Venetian blinds.  The electric lighting system is comprised of four 0.6m X 0.6m recessed 

Lithonia RT5 luminaires, using lamps powered by 0-10V Sylvania PowerSense dimming 

ballasts. (Figure 1, left) 

Light levels are measured using an array of digital photo sensors, two of which measure work 

plane illuminance at different distances from the window wall and the rest light levels from 

various view points for electric lighting control consideration.  An infrared occupancy sensor 

monitors occupancy status.  The signals of the photo sensors are used as input to various 

control algorithms developed in LabVIEW on a personal computer.  The LabVIEW program 

receives sensor signals, processes them and then sends 0-10V analog signals to the ballasts 

that control the electric lighting. The output signals of the system were sent through a 

National Instruments SCB68 M series data acquisition device. (Figure 1, right) 

EXPERIMENTAL WORK AND RESULTS 

Several combinations of photo sensors have been used to identify and evaluate combinations 

that could be used to reliably sense interior daylight changes.  Efforts so far have been 

focused on the use of two photo sensors, similar to the “dual-loop” approach for the skylight 

Figure 1: Side Daylighting Lab (left) and NI Data Acquisition Device (right) 
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applications. A number of experiments were carried out to find out the best combination of 

photo sensors, considering positions, directions, fields of view, directional sensitivities, 

people movement, window treatment changes, exterior changes, variations in sky conditions, 

weather, etc. 

Results so far indicate that the best location for the closed loop photo sensor is on the ceiling, 

looking at the space area where maintenance of lighting design levels is important.  The open 

loop sensor needs to be carefully configured so that it only sees the window within its field of 

view, from a distance that is far enough from the Venetian blinds to eliminate effects of 

vertical placement relative the horizontal slats of the blinds. (Figure 2) 

 

 

 

Several versions of the control algorithm were tested with various types of geometry and 

surface reflectance changes, as well as testing of occupants’ movement and control of 

Venetian blinds.  

Figure 3 shows the signals of the control photo sensors, as well as the electric lighting output 

during various changes in the space through time, during a cloudy day (March 16th, 2011). In 

morning, when the space was occupied and daylight was insufficient, electric lights were 

switched on with 20% electric light output.  As daylight level increased and overall light level 

reached to set point, the electric lights dimmed and eventually switched off, around 10:45 am.  

At 12:30PM, after a period of occupant inactivity, the system performed re-calibration, which 

resulted at a slightly higher set point when the space was again occupied around 1:30 pm. 

Between 10AM and 3PM, despite the very cloudy day, daylight was sufficient to maintain 

electric lights off. After 3PM, as daylight decreased resulted in light level below the set point, 

electric lights were adjusted frequently as needed with significant variability in daylight levels 

Figure 2: Closed- and Open-loop Sensor Placement 
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due to partly cloudy conditions.  Daylight were reduced continuously after at 5PM resulting in 

dimming of the electric lights, which reached full light output around 6:30 pm. (Figure 3). 

 

 

 

Figure 4 shows the signals of the control photo sensors, as well as the electric lighting output 

during a series of tests on April 26, 2011, which are also documented with photographs. The 

first photograph is the original state of the space. The set point of the lighting system was 2.6 

fc and current ballast voltage was 2.6V.   A black board was then placed on the white table to 

change the reflectance of the table within the view of the closed loop sensor.  The control 

system updated the set point of the closed photo sensor to 2.3 fc, maintaining the ballast 

voltage at 2.6V.  After half minute, the black board was then taken away, the set point was 

updated again back to its original value (2.6 fc) and the ballast voltage was again maintained 

at the same level.  Later a white felt was placed on the floor, resulting in a set point 

adjustment of the closed loop signal to 3 fc, without changing the ballast voltage. Next, the 

Venetian blinds were closed, causing both open loop and closed loop sensor changes.  The 

electric lighting output was increased to a ballast voltage of 6.8V. Then the window treatment 

was pulled up.  Both sensors detected the light level change.  The electric lights dimmed back 

to the previous voltage. Then the white felt was taken away, resulting in automatic change to 

the set point, which again fell to its original level (2.6), while the ballast voltage remained 

unchanged. (Figure 4) 

 

Figure 3: Dual-photo-sensor Lighting Control Operation for a Day 
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CONCLUSION AND NEXT STEP 

Dual sensor controls seem to be promising for reliable daylight sensing for window 

applications.  They require careful design and placement of the “open loop” photo sensor to 

maximize the effect of the daylight introduced through the window.   Properly configured, the 

system seems to handling daylight and space changes very effectively.  Commercial 

prototypes are being considered for evaluation of the approach in real spaces. 
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Figure 4: Experiment with Interior Change and Window Treatment Adjustment 
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ABSTRACT

The scope of the adaptive control strategies for single room heating is the reduction of energy
demand by optimizing control strategies and thus decrease the waste of energy. To achieve this
goal, the control system will adapt in two different ways.

First, the control system adapts to the user’s demand profile. With a simple interface (“too
cold” or “too warm”) the user can provide feedback to the actual room temperature. The system
calculates an usage profile for every single room and controls the room temperature according
to this usage profile. This adaptation works without being noticed by the user and requires no
more feedback than a thermostatic valve (i. e. feedback if “too cold” or “too warm”). This is
necessary to keep the system useful for all levels of society.

The second adaptation of the control system is the adaptation to the system itself. By means
of an iterative learning control, the behaviour of the room the day before will help to optimize
the control strategy for the next day. Additionally it can be predicted, when the re-heating of a
room has to start after it was left to cool down because the user was absent to ensure thermal
comfort on the user’s return.

The algorithm will be tested by simulations in Modelica, laboratory experiments and a field test
to evaluate the ease of use and the thermal comfort for the user. In this paper simulation-only
results will be discussed.

First simulative results show that an adaptation to the user profile yields energy savings around
18 %. Simultaneously, the mean room temperature is reduced and the predicted mean vote
worsens. One main problem is that the room could not be re-heated fast enough because the
temperature changes were too steep. With a second algorithm, limiting the temperature setpoint
to values above 18 ◦C, energy savings up to 7 % are possible and the mean room temperature
dips only slightly. When the user is present almost the same amount of energy is needed as in
comparison to the base-case (constantly 20 ◦C) but the energy demand is reduced significantly
when the user is absent.

It is concluded that the challenge of changes in the temperature demand profile has to be treated
with a control algorithm which is aware of the upcoming changes in the profile and the thermal
inertia of the building to ensure user satisfaction.



INTRODUCTION

Room heating accounts for approximately a third of the European primary energy consumption.
Therefore optimizing the energy consumption of room heating can lead to high energy savings.
One option of reducing the energy demand would be optimizing the control strategies for room
heating which comes at relatively low costs compared to other measures (e. g. retrofitting).
The E.ON Energy Research Center of RWTH Aachen University1 develops an adaptive control
system for single room heating.

Room heating is mainly controlled by thermostatic valves which ensure a constant room tem-
perature. Normally, these thermostats are set to satisfy the user’s thermal comfort. Especially
from the point of energy efficiency it is sensible to provide this “comfort temperature” only if
the user is present. If the user is absent, a reduction of the room temperature is possible. In case
of a “normal” thermostatic valve, the user must actively reduce the room temperature and set
it back on return. To avoid this, programmable thermostatic valves can be used. These valves
allow programming of different schedules for heating. But as shown in Meier et al. [3] these
programmable thermostatic valves are often not properly set up, the setup is not re-evaluated
on a regular basis, or these valves are used as “normal” thermostatic valves. Besides existing
misconceptions in the understanding of energy use and the way how thermostats work, one rea-
son for the improper use are problems with the usage. Programming of different schedules is
assumed to be too complicated for non experts [3].

The system under development adapts to the user’s need in two different ways. First, an adap-
tation to a usage profile, secondly to the room’s behaviour itself. To avoid problems with the
setup, the user profile does not need any setup and will adapt to the user’s need by using the
most basic feedback options “too cold” and “‘too warm”. The second way of adaptation is
implemented as an iterative learning control algorithm, improving the results from day to day.

ADAPTATION TO THE USAGE PROFILE

The main objective of the adaptive control system is to ensure the thermal comfort of the user.
The secondary objective is the reduction of energy consumption. The system will start with
a profile with equal values for every time-step. Depending on the user’s feedback, the system
will lower or rise the temperature-setpoint. To ensure low energy consumption the system will
reduce the temperature setpoint randomly if no feedback is provided. The probability of this
randomly reduction is correlated to the number of days without a feedback. If the “too cold”
feedback was given just the day before, it is more unlikly that the temperature is reduced than
if the last feedback was 10 days ago. The probability for a random temperature reduction is
50 % if no feedback was given for 20 days. In addition, no reduction will take place, if the real
temperature is 2 K above the setpoint. If this is the case, the thermostatic valve will already be
closed, so no additional energy saving can be expected. This situation can occur, for example,
due to solar radiation or the thermal inertia of the building. Picture 1(a) shows a simplified
flow-chart for the temperature profile.

ADAPTATION TO THE ROOM

Using an iterative learning control (ILC) algorithm, the quality of the control system is expected
to improve. In particular, changes in the temperature profile can be anticipated, so that the

1www.eonerc.rwth-aachen.de



(a) Flow chart of adaptation to user profile

1.

2.
3.

4.
5.

1. Room Model
2. Radiator Model
3. Valve Model
4.  Pump Model
5.  Boiler Model

(b) Graphical representation of the simulations
top-level

Figure 1: Flow-Chart for the user profile and simulations setup

user’s “comfort temperature” is achieved when the user returns home and not 30 minutes after
his arrival.

As many boundary conditions, especially the weather, can not be controlled, an underlying
control algorithm is compulsory. For the ILC algorithm today’s weather will be assumed to be
tomorrow’s weather as the most reasonable assumption without any additional data available.
The final implementation of the ILC algorithm is still pending and thus results are not discussed
in this paper.

METHOD

In a first step both algorithms are tested in a simulation-only environment. The algorithm for the
usage profile is implemented in Python, the simulation is conducted in Modelica with Dymola
as developer environment, employing the extensive building and HVAC library of the E.ON
Energy Research Center.

The simulation features a room of ≈ 20 m2 with one outside wall and three inside walls. The
inside walls are connected to a temperature source at a constant value of 20 ◦C, the outside
temperature is taken from the german test reference year, zone 4 [1]. For the simulation one
day is repeated, so the external weather is the same for every day. A window is included in
the outside wall and solar radiation is accounted for. A thermostatic valve with no hysteresis
is used to control the temperature of the room. Heat is brought into the room by means of a
multi-layer radiator model. To close the hydraulic loop, a boiler, some pipes, hydraulic resistors
and a pump are added. The simulative setup is shown in picture 1(b).

To model the user behaviour, the predicted mean vote (PMV) is calculated as described in DIN
EN ISO 7730 [2]. The optimal value for the PMV is zero. At a PMV equal to zero, 5 % of the
people would be statistically dissatisfied with the thermal comfort. At a value of 1.5 or -1.5,
50 % of the people would be dissatisfied. Negative values indicate a thermal sensation being
too cold, positiv values indicate a thermal sensation as too warm.



Time clothing factor metabolic Rate T with PMV≈0 in ◦C

7:00-7:30 0.4 0.8 28.0

7:30-8:00 1.0 1.0 23.0

8:00-17:00 absent

17:00-19:00 1.0 1.6 18.0

19:00-22:30 1.0 1.0 23.0

22:30-23:00 0.4 0.8 28.0

23:00-07:00 3.1 0.8 18.0

Table 1: Parameters influencing the PMV-Vote of the user. Note: For people wearing normal
clothing, the optimal temperature is above the normally suggested 20 ◦C
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(b) Algorithm with minimal temperature set to 18 ◦C

Figure 2: Evolution of the daily mean PMVs

The simulation runs for 15 minutes then the mean PMV is calculated and a user feedback
is assumed, depending on the PMV. If no feedback is given (i.e. user absent or satisfied) a
decrease of 0.5 K of the temperature setpoint can occur on a random basis. The probability of
this decrease depends on the time since the last user’s feedback. User feedback will be ignored
if the measured temperature is not equal to the temperature setpoint in a range of 1 K, because
the feedback is then not related to the temperature setpoint but more to a problem in the control
algorithm, which should be addressed using the iterative learning control.

To account for differences in user behaviour, the feedback of the user is not calculated by the
theoretical PMV, but by the PMV plus a random number between -1 and 1, as differences in
clothing, activity level or external heat can occur at any time. The range of -1 to 1 ensures that a
good PMV between -0.5 and 0.5 will never lead to a negative feedback. PMVs lower than -1.5
or above 1.5 will lead to a negative feedback.

At this point, variations in the user’s time schedule are neglected. Table 1 shows the assumed
presence, clothing and metabolic rate of the user.

RESULTS

A first simulation of the adaptive control algorithm shows a constant increase of the PMV
towards zero, stating that the algorithm continually improves the thermal comfort of the user.
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Figure 3: Temperature setpoint vs. simulated temperature and the PMV

A graph of the development of the daily mean PMV can be found in figure 2(a). Analysis of
the temperature data shows that the decrease in room-temperature while the user is absent leads
to a cooling of the room, which eventually leads to a too cold temperature on the user’s return.
Thus an alternative algorithm was used where the minimal temperature was set to 18 ◦C. This
increased the mean PMV (figure 2(b)), but especially in the morning the room temperature was
too low. Figure 3 shows the temperature setpoint against the simulated temperature. It can be
noticed that in both cases the match of temperature with the setpoint is not good enough. This is
due to the steep changes in the temperature profile and the thermal inertia of the building. Table
2 shows the mean temperature at Day 60 of a base case (TSP = 20◦C), and both algorithms. It
also shows the mean PMV and the energy needed.

The energy demand can be reduced by up to 50 % with algorithm 1. This improvement in
energy consumption is linked to a reduction of room temperature when the user is present by
2.2 K and by 3.4 K when the user is absent. The PMV worsens by the factor of three. Some of
the energy savings can be accounted to the static boundary conditions for the inner walls. Thus
the energy savings were corrected by adding respectively substracting the heat gains or losses
to the total energy demand. This corrected Qdemand is shown in table 2. The energy savings are
then ≈ 18 %.

Algorithm 2 reduces the corrected energy demand by ≈ 7,5 %, the room temperature is down
0.5 K when the user is present and 1.7 K when the user is absent. The PMV worsens slightly.
The energy demand raises by 4.6 % when the user is present and decreases by 30 % when the
user is absent. This shows that the energy is used when specifically needed by the user.

The standard deviation for all algorithms shows that, although the mean PMV values are accept-
able for all three simulations, but several incidents with an unacceptable PMV per day are likely
to occur. And although the mean PMV is best for the simulation with the constant temperature,
the standard deviation is highest. This was to be expected as a constant temperature can not
satisfy a user with varying activity rates. For both adaptive algorithms, the standard deviation
of the PMV decreases as a sign of a successful adaptation process. For the first algorithm, the
standard deviation is 0.93 on day one and 0.48 on day 60. For algorithm 2, the respective values
are 0.90 and 0.53.

SUMMARY AND OUTLOOK

It was shown by simulation that the energy demand for heating can be reduced significantly by
using a user dependent temperature profile. The applied algorithm did not need any setup and
evolved over time by user feedback. Thus an ease of use close to that of a simple thermostatic



Tmean
when
user
present
in ◦C

Tmean
when
user
absent
in ◦C

mean PMV corrected
Qdemand
in kWh

corrected
Qdemand,
user
present
in kWh

corrected
Qdemand,
user
absent,
in kWh

Base case 19.9 20.0 −0.18 ±0.76 10.76 7.18 3.58

Algorithm 1 17.7 16.6 −0.54 ±0.48 8.85 7.16 1.69

Algorithm 2 19.3 18.3 −0.26 ±0.53 9.99 7.51 2.48

Table 2: Results of the simulation day of base case (temperature setpoint constant at 20 ◦C) and
two adaptive algorithms (standard algorithm and a minimal temperature setpoint of 18 ◦C).
Day 60 of the simulation is analysed

valve can be achieved.

Still, the challenge remains that steep gradients between temperature settings when the user is
present and when he’s absent lead to uncomfortable temperatures at re-entering. This problem
could be solved by a different setup (earlier increase of the temperature setpoint) or by an
advanced control strategy. The idea of an iterative learning control is briefly mentioned but is
not discussed in this paper.

Nonetheless, the results show that a room control system equipped only with a user profile can
not fulfill the comfort requirements, because the thermal inertia of the building prevents fast
temperature changes. Thus an advanced control strategy is needed, which is aware of upcoming
changes and can ensure thermal comfort at any time.

In the next step, the iterative learning control will be included in the algorithm. After testing
the algorithm in a simulation, tests in a laboratory and a field test will follow. The field test will
be conducted in close cooperation with ista International GmbH.
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ABSTRACT 
The design, construction and utilisation of low energy buildings have brought experiences 
that an excessive tendency towards energy savings could also lead into problematic indoor 
environments in buildings such as issues related to overheating and insufficient ventilation in 
order to achieve occupant satisfaction and environmental sustainability. Designing buildings 
for better indoor comfort and energy efficiency would therefore require consideration of 
optimisation during early design stages as well as at post occupancy phases. 

The purpose of the paper is to present a post occupancy indoor environment evaluation of a 
newly built office building at the University of Sheffield campus in the UK, which is part of 
an ongoing investigation. The building accommodates three social sciences faculty 
departments at the same time holds the university administrative offices. It has fully glazed 
facades partly filled with non-transparent component positioned at window sills. The 
evaluation provided further information about thermal condition levels in several indoor work 
environments. 

A long term monitoring of thermal regime in the investigated building will help determine 
indoor comfort conditions. The study consists of evaluating thermal profiles of both outdoor 
and indoor temperature and humidity levels using the same time intervals. HOBO monitoring 
apparatuses were used for indoor environment measurements. All locations of thermal sensors 
were determined to estimate overall indoor comfort conditions in the building during its 
occupancy and throughout one year period of monitoring. 

The paper presents the analysis and results using the post occupancy monitoring data obtained 
after two weeks of measurements. Indoor air temperature, relative humidity (RH%), and 
carbon dioxide (CO2) were monitored to investigate conditions within selected rooms and to 
compare them  to accepted standard guidelines. 

INTRODUCTION 

The building envelope provides a separation between the interior and the exterior 
environments, and at the same time plays an important role in solar heat gain management, 
thermal load control, air infiltration and exfiltration, ventilation, noise control, design quality, 
and aesthetic definition. Traditional envelope design regarded the external skin as a barrier 
between the variable outdoor climate and the highly controlled interior environment [1]. 

Double-skin facades are an architectural concept that is gaining wider acceptance and 
application in Europe, North America and Japan. A double-skin facade is composed of two 
facade layers separated by a cavity. It came in vogue in Europe, followed by various claims of 
its superior ability to introduce natural ventilation while reducing noise propagation indoors. 
Transparent glazing is normally used on the exterior leaf to maintain a distinct transparent 
appearance to buildings. Double-skin facades are still under scientific scrutiny to optimise 



their configuration to improve their thermal, light transmittance, acoustic properties. The 
methodologies used in research are mainly based on verifying simulation results by using 
experimental methods and there is limited research which has been done on actual buildings 
[2]. 

In January 2009, the Jessop West building with a double skin facade became the new home to 
the School of English Literature, Language and Linguistics, the Department of History and 
the School of Modern Languages and Linguistics for the University of Sheffield. The eco-
friendly building is a model of sustainability with many features built into the design to 
maximise energy efficiency and make the best use of natural light. The building incorporates 
a number of environmental features both to preserve energy and to ensure comfort of staff and 
students based in the building [3]. These include: 

- Natural ventilation so there is no need for energy or inefficient air conditioning. 

- A design which makes the most of natural light. 

- Green roofs to improve insulation, help with water run-off and encourage biodiversity. 

- Heating provided from the energy-from-waste district heating network. 

- Window design that reduces noise, increases natural ventilation and air circulation and 
allows room users to control their working environment. 

 

Increasing the attention to indoor air quality has contributed to the awareness of poor health 
associated with a poor indoor environment. Two types of illnesses related to poor indoor air 
quality have been identified: Sick Building Syndrome (SBS) and Building Related Illness 
(BRI). While the definition of SBS varies slightly in the literature, SBS can be defined as the 
discomfort or sickness associated with poor indoor environments with no clear identification 
of the source substance. BRI is defined as a specific recognised disease entity caused by some 
known agents that can be identified clinically [4, 5]. 

The objective of this study is to monitor indoor air quality and to investigate conditions and 
performance within the newly built energy efficient office building with double-skin facade 
for the University of Sheffield, England, UK and to compare results to accepted standard 
guidelines. 

METHOD 
A measurement programme of internal environmental parameters was undertaken for a two 
weeks period (9th April – 21st April) in 2010. 

Indoor air temperatures and relative humidity levels were measured at the six rooms of east 
wing using HOBO U10-003 data loggers. Indoor carbon dioxide levels were also recorded 
using Telaire 7001 CO2 meters. Although CO2 is not toxic, it is commonly used as an 
indicator of air quality. High levels of CO2 indicate inadequate ventilation in a space. 

All equipment was placed in the six rooms, specifically in the breathing zone of a person 
sitting on a chair (approximately 1.5 m above the floor) and away from open windows. In 
addition participants were requested to behave as normal within their office during the 
monitoring period in order to obtain realistic data. 

 



RESULTS 
The data were collected from the indoor monitoring equipment and statistically analysed to 
investigate the indoor thermal condition and air quality form April to August in six offices. 

Temperature and relative humidity levels within an indoor environment will vary with the 
time of year and physical indoor environment. However, increased temperature within a 
confined space such as an indoor environment can create a more suitable environment for the 
growth of unwanted bacteria and fungi. In general, it would be reasonable to maintain a 
temperature of around 19°C to 20°C within an office [6]. 

Figure 1 shows the daily mean of indoor temperature in all rooms of east wing and concurrent 
outdoor temperature. It can be seen that level of indoor temperature in one office (R1.02) 
followed a pattern that to rise and fall with concurrent outdoor temperature for a period of two 
weeks. The main reason for this office to follow the pattern of outdoor temperature is because 
the space is an open plan and not enclosed. Table 1 show how the indoor and outdoor air 
temperatures varied over a ten day period from 9th of April to 21st of April 2010. The dashed 
line in Figure 1 is the internal air temperature of 20 °C recommended in office room. Average 
temperatures ranged from a low of 18.2 °C to a high of 23.5 °C. 

If levels of humidity become too dry, below 40% this can have adverse effects, some people 
susceptible to sore throats due to the dryness of the air. The optimum level of humidity should 
be between 40-70% [6]. The average relative humidity ranged from 19 to 44 of RH% and 
does not agree with the standard guidelines for these six offices. 

One office (Room 1.03) nearly complies with the standard guidelines as seen in figure 2 this 
is because the room has a humidifier in present. From figure 2, it can be seen that the rest of 
the five rooms has relative humidity levels which is lower than the recommended standard 
guidelines i.e. under 40%. 

Figure1: Daily mean of indoor temperature in all rooms of east wing and concurrent outdoor 
temperature 

 



Dates Outdoor 
(°C) 

Room 
1.01 
(°C) 

Room 
1.02 
(°C) 

Room 
1.03 
(°C) 

Room 
1.04 
(°C) 
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1.75b 
(°C) 

Room 
2.13 
(°C) 

Corridor 
East 
(°C) 

9/4/10 

10/4/10 

11/4/10 

12/4/10 

13/4/10 

14/4/10 

15/4/10 

16/4/10 

17/4/10 

18/4/10 

19/4/10 

20/4/10 

21/4/10 

12.0 

13.2 

9.5 

7.9 

7.5 

7.4 

7.8 

10.2 

12.1 

10.6 

6.4 

7.6 

7.7 

21.4 

22.4 

22.0 

22.1 

22.5 

21.8 

23.2 

23.5 

22.3 

21.6 

22.9 

22.4 

22.7 

22.6 

22.5 

22.2 

22.6 

22.5 

22.6 

23.0 

23.2 

23.0 

22.7 

22.9 

22.3 

22.6 

19.4 

22.0 

22.1 

19.9 

17.7 

18.2 

20.0 

20.6 

21.6 

21.8 

20.7 

21.5 

20.8 

22.9 

22.8 

22.5 

23.0 

22.8 

22.7 

22.3 
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21.5 

22.6 

22.6 
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22.5 

22.2 
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22.9 
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22.9 
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22.1 

21.4 

21.9 

22.2 

22.3 

23.1 

22.9 

22.6 

22.8 

22.7 

22.6 

22.0 

23.0 

22.8 

22.2 

22.4 

22.5 

23.3 

23.6 

23.2 

23.1 

23.4 

23.4 

23.3 

23.3 

23.3 

22.7 

22.3 

22.4 

22.7 

22.4 

Table 1: Summary of temperature data (daily mean) from six rooms in the east wing with the 
concurrent outdoor temperature 

 

The relative humidity and ventilation should be kept at levels that prevent discomfort, dry 
throat or other problems. In addition, there were some of common complaints in the offices 
such as dry throat, itchy and sore eyes, and dry mouth which can be associated with low 
relative humidity. The use of plants and humidifier was recommended as they release steam 
and moisture into the air which is required in this office environment. 

 
Figure 2: Percentage of indoor relative humidity for all rooms in the east wing 

 

Carbon dioxide is present in the natural environment, being produced by combustion of 
biological processes. Carbon dioxide is present at typical levels of about 360 ppm in the 



ambient urban environment though this can rise substantially inside occupied buildings. The 
American Society of Heating, Refrigerating and Air Conditioning Engineers (ASHRAE) 
recommend that carbon dioxide levels should not exceed 1000 ppm inside a space. However, 
carbon dioxide levels are often used as a guide to whether or not a space has a sufficient 
quantity of fresh air. 

The indoor CO2 levels in 6 rooms were around expected values of 1000 ppm which indicated 
the presence of fresh air supply. Only one room (1.04) has a CO2 level higher than the 
expected value as seen in figure 2. 

Room (1.04) exhibited a higher level of CO2 than 1000 ppm and it was recommended to 
adjust the ventilation systems (i.e. open windows more often and/or regularly) to achieve the 
target values of carbon dioxide (see figure 4). Moreover, figure 4 indicates that the indoor 
CO2 level followed a pattern in the six rooms. Levels were seen to rise during working days 
and drop at weekends, and rise again at working days. 

 

 
 

Figure 3: Percentage of indoor CO2 for all rooms in the east wing 
 



 
Figure 4: Level of CO2 in room (1.04) 

CONCLUSIONS 
This study aimed to investigate air temperature, relative humidity and CO2 levels in a 
university office building. In this case, a newly built energy efficient building with a double-
skin facade were chosen at the University of Sheffield in England, UK and the study aimed to 
compare measured values to accepted standard of temperature, relative humidity, and CO2 for 
its selected offices. The conclusions from this study are based on a limited number of samples 
(six offices). To further generalise the results, it would be necessary to do more sampling on a 
larger population which will be the future work. From this limited data, measured values in 
April 2010 of relative humidity have been found not to comply with standard guidelines. 
Levels were under 40% and as a result, it was recommended to use of plants and humidifier as 
they release steam and moisture into the air which is required in this office environment. The 
indoor CO2 levels of one of the rooms have a CO2 level higher than the expected value and 
therefore, it was recommended to adjust the ventilation systems by opening windows more 
often. The study shows that the rising pattern of CO2 is in the working days which may be due 
to the increase of indoor human activity. 
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ABSTRACT 
Today sustainable development is a well-known approach to solve the crisis of the modern world 
including the damages that human has caused to the nature. On the other hand, environmental design 
for providing thermal comfort without using fossil fuel is one of the significant characteristics of 
Iranian historical architecture. Therefore, study and analysis of one of these valuable architectural 
features became the main subject of this research. 
The buildings which are going to be studied in this article are water-cistern and ice-house. These 
building are brick buildings with large deep underground cisterns which have been respectively 
fulfilled the people’s demand for potable water and ice during hot summers in arid regions of Iran in 
ancient time. Water-cisterns were filled with cold water in winters, and kept cool through the summer 
by providing a continuous and natural evaporation of water from their surfaces and being underground 
and ice-houses were filled with ice during winter and their low temperature were conserved by their 
underground cistern during summer. The use of cisterns has been diminishing rapidly in Iran because 
of the widespread use of piped water, household refrigerators and concerns about health issues. They 
are the valuable historical buildings in Iranian architecture worth of keeping which are fallen into ruin 
but still can be studied for their environmental lessons. In this article after brief introduction to the 
case studies and the city of Yazd, the data collected in a water-cistern and an ice-house in small 
duration of three seasons -winter 2008, spring and summer 2009- will be presented and their thermal 
behaviour will be analyzed. Then with comparison of their behaviour with each other and with the 
outside temperature and considering differences in their physical features the reasons of their 
performance and their efficiency will be described. Also their behaviour in the three different seasons 
will be compared. 
Keywords: water-cistern – hot and arid climate – environmental design – ice-house 

INTRODUCTION 
The concept of using the ground for cooling the living spaces is not a new idea and has been used 
through the history and modern world by means of earth-sheltered buildings or ventilating the building 
by using the air that passed through one or several underground tunnels.  
The examples of this technique which has been applied in Iran and its neighbouring countries for 
several centuries are water-cistern and ice-house. 
By testing this idea as a cooling source, we can both keep these buildings safe and use the similar 
pattern for cooling more buildings. 

THE CASE STUDIES 
Climate of Yazd: Yazd is located beside the central mountains, far from the sea and adjacent to two 
deserts, and has an arid and semi-arid climate with the average annual rain fall of 60 millimetres. Its 
air temperature during summer frequently gets above 40 ° with blazing sunshine and no humidity. [1] 



The case studies: The first objective of the data collecting was to compare an above-ground building 
with an underground building through an experiment. Four buildings with brick construction (heavy 
thermal mass) have been chosen: 1- Tomb (Boghe): a semi-open building above the ground, 2- 
Pigeon-house: an almost closed building above the ground, 3- Water-cistern: a semi-open building 
under the ground, 4- Ice-house: an almost closed building under the ground. The mentioned buildings 
were preserved and almost untouched except the water-cistern that an above ground building has been 
added over its entrance stairs (which will be called parent building in this paper) and is used as a small 
museum It is usually open to the public from 9am to 1pm and 3pm to 6pm. Figure 1 and 2 show 
pictures and possible air movement pattern of the selected buildings.  
Temperature Monitoring: According to the fact that the deep ground temperature is relatively stable 
during a season, one whole day in every season was chosen for monitoring the buildings. Therefore, 
the temperatures for a day in December, March and June of 2008-09 were monitored by data loggers 
(called tinytags). The surface temperature was collected with the help of infrared thermometers (by 
hand) once or twice in every period of monitoring. Air velocity was measured by means of 
anemometer. The recording intervals of 5 minutes were chosen. Small circles in figure 1 and 2 are 
diagrammatic representation of the location of the data loggers in each building. 
Ventilation in each season: In December and June, the only ventilation in the water-cistern was 
between the two wind-catchers as the openings of the above ground building connected to it were 
closed. However, should be noted that the wind speed during winter in Yazd is high. But, in March, 
the ventilation in the water-cistern consisted of normal ventilation between the two wind-catchers and 
from the wind-catchers toward the parent building. The openings on the two sides of the parent 
building were open during occupancy hours (9am-1pm and 3pm-6pm).Because of the high wind 
velocity inside the building above-ground, the air entering the water-cistern through the wind-catchers 
would pass the cistern and exit from the openings of the parent building, so the ventilation rate is also 
high in the cistern. 

 
Figure 1: Picture and plan: The pigeon-house– On the left, the tomb – On the right  

 
Figure 2: Picture and section: The ice-house – On the left, water-cistern which is restored as a 
museum and is connected to a building above the ground (called parent building) – On the right  

MONITORING AND THE RESULTS 
The data collected in the three different periods are presented in the form of graphs in the following 
figures and their results are analyzed. 



 
Figure 3: Thermal Performance of 4 buildings in December.  

Observations: The average temperature and the temperature fluctuation for the inside and outside of 
the buildings are shown in the following table. It can be seen that the most stable temperature is in the 
ice-house which has the least ventilation and is underground and the most fluctuation happens in the 
tomb which is aboveground and has the most ventilation. The fluctuation in the water-cistern is more 
than the pigeon-house because of more ventilation. However, the mean temperature in the water-
cistern is 3 to 4 °C more than the pigeon-house because of it being underground. This proves that the 
ground can have heating effect in winter (even with more ventilation relative to an above-ground 
building). Even though the pigeon-house has a heavy mass, it is not as effective as an underground 
building in moderating the interior temperature. 
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fluctuations (°C)  
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The ice-house 4.3 
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The water-cistern 2.3 2.7 11.7 4.1 
The Pigeon-house 2.3 3.5 8.1 3.4 
The Tomb  2.3 6.5 6.7  4.3 
Table 1: Average temperature and temperature fluctuation of the cases in December. 

 
Figure 4: Thermal Performance of the cases in December: the water-cistern– On the left, the ice-
house – On the right (to have a more detailed view of the internal temperature the outside temperature has 
not been presented here.) 

Observations: In the water-cistern the temperatures collected by the three lower data loggers are 
almost the same (average temperature of 11.7 °C). However, the forth one which is on the top shows 
lower temperatures (average of 11.1 °C) due to direct contact with ambient air which circulates 
between two wind-catchers. In the ice-house approximately the higher it gets the lower the 
temperature becomes; (1st= 14.7, 2nd= 15, 3rd= 14.9, 4th= 14.8, 5th= 14.7, 6th= 14.3, 7th= 14.1 °C). 
The one at the top is the coldest as it is the closest to the hole in the apex of the dome. When the air 
next to the apex becomes colder and denser, it goes down and gradually become warmer again (even 
before reaching the bottom of the ice-house as the height is too much). In general however, there is no 
significant difference in temperature in the ice-house in different points from the bottom to the top and 
it remains almost stable during a whole day. 



 
Figure 5: Comparison of Thermal Performance of the ice-house and the water-cistern in March  

Observations: As expected, the temperature fluctuation in the water-cistern is higher than the ice-
house. But at the time of no ventilation, water-cistern temperature is almost the same as the ice-house 
temperature. The small difference of 0.5 °C between the average temperature of the water-cistern and 
that of the ice-house is due to the temperature fluctuations when ventilation exists. 
 
 Average temperature (°C) Amplitude of fluctuation (°C) 
The ice-house 16.6 1.2 
The water-cistern 17.1 3.5 
Outside 22.4 11.9 
Table 2: Average temperature and temperature fluctuation of the cases in March. 

 
Figure 6: Thermal Performance of the cases in March: the water-cistern– On the left, the ice-house – 
On the right 

Observations (the water-cistern): The average temperature at – 3.00 is 17.3 °C and at – 1.50 is 18 °C 
which show thermal stratification. Although the outside temperatures differ in the first and second day 
of monitoring, the interior temperature of the cistern does not change significantly from day 1 (average 
temperature of 17.5 °C) to day 2 (average temperature of 17.7 °C). Even this slight difference is due to 
the high ventilation rate in the occupancy hours and shows that, as expected, the inside temperature 
does not follow the outside temperature unless when the ventilation rate is so high. On the other hand, 
the amplitude of temperature fluctuation at – 3.00 is 3.4 °C compare to 4.9 °C in the parental building. 
It affirms that although the ventilation rate is the same, the temperature fluctuation in the underground 
is less than an over-ground heavy mass building. 
Another observation is that the temperature of the cistern which is stable (about 16.5 °C) increases at 
occupancy hours (from 9am-1pm and from 3pm-6pm) that doors in the parental building are open and 
therefore the ventilation is higher. Additionally, the surface temperature (collected by the infrared 
thermometers) also shows increase after a time of high ventilation (compare 6pm on the 14th (about 
15.3 °C) after 7 hours of high ventilation to 12pm on the 16th (about 13.7 °C) after 3 hours of high 
ventilation) and thus the underground cistern cannot have the same cooling effect after longer duration 
of high ventilation as it has for a lower ventilation rate. This is because the rate of ventilation is higher 
relative to the cooling capacity of the cistern. The conductivity of soil cannot compensate for this 
amount of ventilation rate and is less efficient in this situation. 



Observations (the ice-house): Although the outside temperatures differ from day 1 to day 2 of 
monitoring, the interior temperature of the cistern with average of 16.6 °C does not differ. As 
expected, the inside temperature does not follow the outside temperature at all. Comparing the 
fluctuations at +3.00 (1.7 °C) and -3.00 (1.2 °C), which is under the ground, avers a higher amplitude 
of fluctuation for +3.00.  

 
Figure 7: Thermal Performance of The ice-house and the water-cistern in June.   

Observations: While the amplitude of fluctuation of outside temperature is 15.8 °C, both of the 
buildings temperatures remain stable. On the other hand, the average temperatures for the outside, the 
ice-house and the water-cistern are 31.2 °C, 27.9 °C and, 24.8 °C respectively. The ice-house average 
temperature is 3.3 °C higher than that of the water-cistern. This can be explained as follow: The roofs 
in both buildings gain heat from high solar radiation in Yazd which would consequently increase the 
thermal radiation heat exchange between the cisterns and the ceiling. However, there are two 
differences between the two buildings’ conditions; first the high rate of ventilation under the dome in 
the water-cistern which according to [2] keeps the ceiling temperature of the dome at about the air 
temperature all the time; and second the bigger dome of the ice-house relative to the water-cistern 
would result in more heat gain from the sun and even the very hot ambient air. 

 
Figure 8: Thermal Performance of the cases in June: the water-cistern– On the left, the ice-house – 
On the right 

Observations (the water-cistern): The average temperatures from the bottom to the top in the water-
cistern were 23.5, 24.1, 24.9 and 26.3 °C respectively which show significant thermal stratification 
due to no air mixture and obvious heat source (ambient air). The process starts when the air becomes 
warm and goes up and as there is no source to cool it, the air partly remains under the dome and partly 
exits from the wind-catchers and since the air is not a good conductor the lower layers don’t gain heat 
and so results in stratification.  
The average surface temperature is 22.5 °C with 0.6 °C amplitude of fluctuation. This confirms that 
when the ventilation rate inside the cistern is not high (because the openings of the above building are 
closed and the only ventilation is between the two wind-catchers) the surface temperature does not 
change and it has the capacity to remain stable and also cools down the air inside it. 
The temperature fluctuations in the water-cistern are 1, 1.7, 2 and 3.2 C from bottom to top. 
Comparing these numbers to the outside fluctuation of 15.8 again shows the stabilizing effect of being 
underground.   
The average temperature inside the above building is 30.9 with amplitude of fluctuation of 2.4. By 
comparing this with the cistern temperature, it was concluded that when the ventilation rate is higher 
inside the cistern relative to the building (like the temperature at top of the cistern), even though the 



amplitude of fluctuation would be higher (3.2 compare to 2.4 °C), but the general temperature would 
be lower. This confirms the cooling effect of the underground building in addition to its stabilizing 
effect (dampening the temperature fluctuation) compared to a heavy mass building.  
Additionally,, the inside temperature of the cistern during the night in June ranges about 0.4 to 2.4 °C 
lower (from the bottom to the top) than the minimum outside temperature. This shows that at night, 
sometimes the air inside the cistern is warmer than outside. It can be argued that in these situations, the 
ambient air would have more cooling effect for the building than the air from the water-cistern and 
letting more ventilation to the cistern at night makes the cistern even cooler during the night to being 
more efficient for cooling during the following day.  
Observations (the ice-house): The amplitude of fluctuation at +3.00 (2.2 °C) is higher compared to -
3.00 (1.8 °C) which is under the ground. The average temperature of 28.5 °C at +3.00 and 27.9 °C at -
3.00 show thermal stratification. Although there is not enough air ventilation as a heat source but the 
ice-house absorbs heat through its envelope which is a massive dome with the height of 15 meters. 

DISCUSSION 
In this article, we first compared the temperature of four heavy mass buildings (1-ventilated above the 
ground, 2- closed above the ground, 3- ventilated under the ground and 4- closed under the ground) 
and the results confirmed the conditioning and stabilizing effect of the underground construction.  
Afterwards, we analysed the monitoring of an ice-house and a water-cistern in three seasons (winter, 
spring and summer), from which the following conclusions are drawn: 
In none of the seasons, monitoring buildings showed any significant temperature variation in contrast 
with the variable outside temperature during a day which is of course one of the weather 
characteristics of desert areas. This again confirms the dampening effect of underground buildings 
which is the main reason for using this system as a ventilating and cooling system. 
Temperature fluctuation in the ice-house was less than the water-cistern which is because of less 
ventilation and infiltration. This comparison along with different temperature of the water-cistern with 
different ventilation rates shows that ventilation at certain rates does not change the interior 
temperature of the cisterns while the high ventilation rate (as can be seen in the water-cistern in 
March) can have noticeable influences and even sometimes can be useful like it was seen at nights in 
June. Furthermore, ventilation can have more positive effects as it is seen in June which the warmer 
dome of the ice-house (without any ventilation) compare to the cooler dome of the water-cistern (with 
ventilation) can have negative effects. Another result is that the portion of the building above the 
ground compare to its portion inside the ground can have different influences on its cooling 
performance.  
Table 3 show that the increase of the temperature from winter to summer which is 10.2 °C for inside 
the water-cistern compare to 28.8°C for outside temperature. 
 
 Winter day Spring day Summer day Alteration 
Average outside temperature °C 2.4 17.1 31.2 28.8 
Average water-cistern temperature °C 13.8 22.4 24 10.2 
Table 3: Comparison of outside and the water-cistern average temperature from winter to summer 
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ABSTRACT 

This study is to optimize the glazing area to ensure the thermal comfort inside a building (i.e. 
room temperature 20 ± 2°C) for two different kinds of climatic zones i.e. cold-sunny (Leh, -
14°C to -2.8°C) and cold-cloudy (Shillong, 3.6°C to 15.5°C). Single zone isolated house, 
having dimension 4m × 4m × 3m, has been analyzed in this study. The periodic solution of 
the heat conduction equation describing heat transmission through the different building 
components, floor, walls and roof has been adopted. Ambient temperature and total solar 
radiation intercepted by building envelope have been represented through Fourier series. 
Traditional construction with 22 cm thick brick wall, plastered 15 mm on both sides (U=2.0 
W m-2 K-1) and the other construction of same dimensions, but insulated with 10 cm of 
expanded polystyrene insulation on four walls and roof (U= 0.31 W m-2 K-1) have been 
analyzed. It is observed that for the two stations considered, different glazed areas are not able 
to ensure thermal comfort if the building is traditional. If the building is insulated, 15% for 
Shillong and 40% for Leh is sufficient to ensure thermal comfort inside the building. 
 
1. INTRODUCTION  

     

In this study, with the help of the periodic solution of heat conduction equation, the explicit 
expressions for time variation of the room air temperature inside a building have been 
obtained. Glazing on the south wall has been taken to allow direct solar gain. As the 
expression completely depends on an exact energy balance, they can be used in any kind of 
climatic zone for any building. The calculations are performed for two types of climatic zones 
i.e. cold-sunny and cold-cloudy. The amount of glazing area is calculated to ensure the 
thermal comfort inside the building for each of two climates.   
  
2. MATHEMATICAL MODELING  
A single zone isolated house, having dimension 4m × 4m × 3m, has been analyzed in this 
study. The heat flows through fours walls, roof and ground by conduction. The inside room 
air exchanges the heat by convection with the internal surfaces of the room. There is a direct 
gain of heat via window i.e. glazed area. The heat exchange between the inside room air and 
the ambient air is in the form of ventilation and infiltration. The heat flux which contributes 
towards room temperature by each mode is calculated and summed over all the modes. The 
rate of increase in internal energy of the room air is equal to the sum over all the modes of 
heat gain. This results in an energy balance equation in terms of a Fourier series of harmonics 
for each variable.               

 The well known conduction equation for heat flow through a solid is given as 
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The heat flux transmitted through the walls and roof can be expressed as 
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The floor has been treated as a semi-infinite medium, the energy flux through the floor is 
obtained as 
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Hourly calculations have been done for the direct gain through the glazing. The effect of 
direct gain has been found hourly by assuming that floor is absorbing 60% of radiation and 
8% is absorbed by each of the four walls and ceiling. 

The heat gain due to infiltration of air from ambient into room has been calculated 
from the expression  
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The expression for ventilation heat gain is given as 
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 Heat conduction through the glazing and the door has been expressed in terms of their 
respective U-values, i.e. 
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Room air temperature has been calculated by the net amount of heat gain/loss by the 
room air through all its components. It has been expressed in the form of energy balance 
equation as 
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The hourly variation of room temperature is expressed as 
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3. INPUT DATA  

The structure of walls and roof used in this study has been given in Fig.1 and Fig.2 
respectively. 10 cm of RCC has been considered on floor. And 10 cm of expanded 
polystyrene has been provided on the external surfaces of all walls and roof to account for the 
effect of insulation on the room temperature. Glazing area has been expressed as a percentage 
of floor area and it has been provided on the south wall only. Table 1 is showing the standard 
values of thermophysical properties of the materials used in this particular problem for 
simulation. Other related parameters used in the thermal analysis have been provided below. 



           

Fig. 1 Structure of the External Wall.                          Fig. 2 Structure of the Roof. 

 
Table 1. Thermo-physical properties of the building material used in this study 
 
S. No. Material Specific Heat 

(J kg-1 K-1 ) 
Density 
(kg m-3) 

Conductivity 
(W m-1 K-1) 

1. Brick 880 1820 0.81 
2. RCC 880 2280 1.58 
3. Plaster 840 1762 0.72 
4. Broken Tiles 880 1820 0.81 
5. Mudphuska 880 1622 0.52 
6. Insulation 

(Expanded Polystyrene) 
1340 34 0.035 

     
Table 2. Meteorological hourly data of the four stations used in this study 
 
T: Ambient Temp. (°C);  G: Global Radiation (kWh m-2);  D: Diffuse Radiation (kWh m-2)  
 

 Leh Shillong 
Time 
(hr) 

T G D T G D 
      

1 -12.5   5.1   
2 -13.1   4.6   
3 -13.6   4.1   
4 -13.9   3.7   
5 -14.0   3.6   
6 -13.8 0.100 0.100 3.8 0.100 0.100 
7 -13.2 0.100 0.100 4.4 0.116 0.108 
8 -12.2 0.207 0.129 5.5 0.284 0.139 
9 -10.8 0.362 0.146 7.1 0.457 0.153 

10 -9.1 0.485 0.156 8.8 0.595 0.163 
11 -7.2 0.565 0.161 10.9 0.679 0.167 
12 -5.4 0.592 0.163 12.8 0.708 0.168 
13 -4.0 0.565 0.161 14.2 0.679 0.167 
14 -3.1 0.485 0.156 15.1 0.595 0.163 
15 -2.8 0.362 0.146 15.5 0.457 0.153 
16 -3.1 0.207 0.129 15.1 0.284 0.139 
17 -3.9 0.100 0.100 14.3 0.116 0.108 
18 -5.2 0.100 0.100 13.0 0.100 0.100 
19 -6.6   11.5   
20 -8.1   9.9   
21 -9.3   8.6   
22 -10.4   7.4   
23 -11.3   6.5   
24 -12.0   5.7   



1. Heat transfer coefficients (W m-2 K-1) 
Wall;       External surface ho: 20.00, Internal surface hi: 8.29 

             Roof;      External surface ho: 23.00, Internal surface hi: 9.26 
2. Transmission of glazing, τ for single glazed (dimensionless)  : 0.85 
                                               τ for double glazed (dimensionless) : 0.73 
3. Solar radiation absorption, α (dimensionless) 

Wall;      External surface αo: 0.40, Internal surface αi: 0.08 
         Roof;      External surface αo: 0.70, Internal surface αi: 0.08 

            Floor                                    αi: 0.60 
 
Leh (Latitude 34°09’N; Longitude 77°34’E; Altitude 3514m) and Shillong (Latitude 
25°34’N; Longitude 91°53’E; Altitude 1500m), have been chosen for this study. Leh 
represents a cold and sunny climate while Shillong belongs to cold and cloudy climatic 
conditions. January, the coldest month of India has been chosen for simulation. The Table 2 is 
showing the monthly mean hourly temperature, global radiation and diffuse radiation [4]. 
 
3. RESULTS AND DISCUSSION  

 

The results have been obtained in terms of hourly variation of room temperature for a typical 
winter day for Leh and Shillong. The effect of glazing area upon the room temperature, for 
different combinations of U-values of walls and roof has been determined.  

 
3.1 Cold and sunny region; LEH  

Leh is having cold and sunny climate where the ambient temperature varies from -14°C to -
2.8°C in winter month (January). For this station, only well insulated building is considered. 
For the traditional building, no amount of glazed area can ensure the thermal comfort. In an 
insulated building, the inside room temperature has been calculated on hourly basis for the 
five different values of glazed area i.e. 10%, 20%, 30%, 35% and 40%.    
 

        
Fig. 3. Time variation of room air temperature in severe cold conditions at Leh, for different    

glazing areas (U= 1.5 W m-2 K-1 in day and 0.5 W m-2 K-1 in night); glazing, % of 
floor area, ACH=0.5; 

 
 

 



3.2 Cold and cloudy region; Shillong  

Shillong is having different climate than Leh i.e. cold and cloudy. Here the effect of glazed 
area has been optimized for insulated as well as non-insulated buildings. The results are 
shown in Fig. 4.  It has been observed that glazing is beneficial for the insulated buildings 
only. 

                
Fig. 4. Time variation of room air temperature for a non-insulated building at Shillong, for           

different glazing areas (U= 5.0 W m-2 K-1); glazing, % of floor area, ACH=1.0; 
 
For a well insulated building, four different values of glazed area have been used to decide the 
optimum area of glazed surface to get the comfortable room air temperature.  
 

                   
Fig. 5. Time variation of room air temperature for an insulated building at Shillong, for   

different glazing areas (U= 1.5 W m-2 K-1 in day and 0.5 W m-2 K-1 in  night); glazing,             
% of floor area, ACH= 0.5; 

 
 
 
 
 



4. CONCLUSIONS 
1. The insulation on the outside surface of walls is having significant effect on room air 

temperature as well as on the swing of this temperature. The temperature swing is 
about 3°C to 4°C.  

2. For the two stations considered here, if the building is non insulated, the amount of 
glazed area which ensures thermal comfort becomes too large and hence 
impracticable. 

3. With insulation on the external surface of the building it has been observed that 
a) For Leh, 40% of the glazing area gives a comfortable room air temperature 

where the climatic condition is cold and sunny. 
b) For Shillong where the difference in max. and min. ambient temperature is 

about 10°C, 15% of the glazed area is advised to use for the building.  
 
NOMENCLATURE 

A      area of the fabric (m2);      AF     area of the floor (m2) 
C      heat transfer coefficient for air exchange (W K-1) 
Cinf   infiltration coefficient;      Cv     ventilation coefficient 
c       specific heat (J kg-1 K-1) 
h       convective heat transfer coefficient (W m-2 K-1) 
I        radiation flux (W m-2);     L       thickness (m) 
k       thermal conductivity (W m-1 K-1);    M      thermal mass (J K-1) 
N       number of air exchanges per hour 
Q&       rate of heat flow across any fabric surface (W) 
q&        rate of heat flow across any surface per unit area (W m-2) 
T        temperature (°C);       t         time (sec) 
ACH  Air changes per hour 
Q, S   as defined by Eq (3) (see mathematical modeling) 
U       conduction transmittance (W m-2 K-1) 
V        volume of room (m3) 
X        coefficient matrix of order 13×13 
Y         column matrix of order 13×1 
 
Greek letters 
ρ density (kg m-3); α absorptivity (dimensionless); ω angular frequency, w = 2π/86,400 rad s-1  
Subscripts 
 a   air;  d  door;   f  floor;  i  inside surface;  n  nth harmonic;   o  outside surface; 
 r    room;  v   ventilation;  w  wall;  WN  window; 
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ABSTRACT  

The environmental management of listed buildings provides particularly difficult challenges, 

both because any necessary alterations have to avoid destroying the historic character of the 

building and because changes in the internal environment can easily have unexpected effects 

on sensitive historic fabric.  This research focuses on a particular type of historic building: – 

the church. Managing churches in the UK environmentally is a great challenge as more than 

2/3 of churches (16,000 in total) are listed buildings. Thus conservation of historic fabric 

needs to be carefully considered before adjustments are made. The paper suggests that the 

environmental performance of historic churches (and similar spaces) is highly dependent on 

the improvement of building services. The research looks specifically at the potential of 

adapting efficient heating systems and strategies to the historic church environment and is 

based on the results of a four case-study surveys undertaken in church buildings in 

Cambridge.  

INTRODUCTION 

Making an existing building more sustainable often means retrofitting environmental 

adaptation measures to the building envelope. In the modern structures this is achieved by 

insulating, sealing and draught-proofing the building envelope, which promises reduced heat 

losses via walls, ground floors, roofs and loose windows frames. However, historic structures 

are 'leaky', and much of the required ventilation is provided by this air leakage [1]. Sealing 

and draught-proofing can often cause deterioration of the internal fabric and have a 

detrimental impact on the overall Indoor Air Quality and the occupants’ health. Reduced 

ventilation rates can result in damp indoor environments. Failure of excessive moisture to be 

removed can have adverse impacts on historic fabric and artefacts due to mould growth; and 

condensation of vapours on cold walls, ceilings, floors and glass surfaces. Moreover adequate 

air-movement is required to avoid dust and smoke from candles and open fires settling on the 

historic fabric and other elements. 

In most cases, in listed buildings, improvements to the fabric cannot be implemented, 

especially those with important interiors, fixtures, fittings and details [2]. Special attention has 

to be given to ensuring that the building structure and elements are well understood, 

minimising any adverse impact on the existing fabric and only making changes to mechanical 

services which do not damage the internal fabric [3]. 



 

 

THE RISKS OF INTERVENTIONS 

Listed buildings are often structures with solid walls, permeable materials and no damp-proof 

courses. Old buildings operate differently than modern structures and may require more 

ventilation to ensure their conservation and the comfort of their occupants [4].  

Interventions on the historic fabric 

A wide variety of interventions could theoretically be applied to elements of the fabric of 

historic structures but each carries risks:  

- Windows: Draught stripping, secondary glazing and in some cases double glazing. 

There is an increased risk of condensation forming on other surfaces if windows are 

upgraded in this way. 

- Floors: Insulation of suspended floors, insulation of solid ground floors and provision 

of underfloor ventilation and/or heating. Rarely possible because of the historical 

value of the floor and problems created with rising damp. 

- Walls: Rarely possible either internally or externally for archaeological reasons and 

because of the increased risk of interstitial condensation. 

- Roofs: Thermal insulation and ventilation provision of cold roofspaces, warm roof 

design. Usually possible but with risks of interstitial condensation. 

Most interventions to the fabric aim at sealing the structure by limiting any heat losses by 

conduction, convection and air-infiltration, which often means limiting ventilation. However, 

older buildings allow moisture to move through the structure. The permeable materials of the 

historic structures allow the buildings to dry out in balance with any moisture ingress. 

Therefore any intervention to building envelope should respect the special requirements of 

historic structures as far as permeability; capillary action and hygroscopicity are concerned.  

Heating 

Sustainability of historic structures implies that Historic buildings should also be reasonably 

energy efficient, comfortable and provide healthy indoor conditions. In the case of old 

churches heating has been installed with the aim of providing thermal comfort for the 

occupants, with little consideration given to conservation of the building. Most churches use 

heating only during services. However, this intermittent operation of heating causes sharp 

fluctuations of relative humidity and major interruptions to the microclimatic conditions of 

historic buildings [5]. 

Given that the levels of humidity determine the adequacy of microclimatic conditions in terms 

of conservation particular care is required to ensure that heating does not cause major 

disruption to humidity equilibrium between building elements and the ambient indoor 

environment, which can cause evaporation of water, which is contained in the historic 

elements and condensation of vapours on cold surfaces. Water vapour condensation can then 

cause several types of fabric deterioration; Salt Activity due to hygroscopic salts dissolution 

and crystalisation due to humidity sharp fluctuations; Bio-deterioration can cause either 

physical disruption (the microorganisms colonise an area of the affected element), or chemical 

disruption, due to the by-products, which are produced by the life-cycle of the 

microorganism; Dimensional Changes - Expansion or contraction of different layers of 

materials, due to Relative Humidity fluctuations can cause flaking on the surfaces of multi 

layered elements, such as painted wood. [6]  



 

 

 

Ventilation  

Adequate ventilation strategies are very important for the maintenance of historic structures. 

Controlled natural or mechanical ventilation needs to ensure removal of excess humidity, dust 

and smoke from the interior. In the case of natural ventilation schemes, the risk lies on the 

fact that external air often contains more moisture than the internal; therefore excessive 

natural ventilation might increase the volume of moisture in the historic structure [6].
 
 

Mechanical ventilation usually offers the solution for the control of air movement and 

microclimate, but the air rates, movement patterns and speed need be carefully regulated and 

the sound may be a problem [7]. A characteristic example is a parish church in Geneva, which 

tried to reduce heating costs by adding insulation, in order to make heating system more 

efficient. Three years after the last renovations, it was observed that the internal surfaces of 

the naves had already become dusty because of the incense and candle combustion [8]. 

Energy use and Heating of historic churches  

Heating is considered as the major factor that affects the three main axes of sustainability for 

historic churches: (1) occupants’ satisfaction, (2) conservation of historic fabric and artefacts 

and (3) carbon footprint.  

Heating systems and strategies were originally designed to serve economy and thermal 

comfort requirements, while conservation issues have been very rarely considered [9]. Each 

heating system has particular benefits and drawbacks in terms of thermal comfort and 

conservation provision, while it is generally accepted that the heating for historic churches 

and similar spaces should have the least possible impact on the internal microclimate, which 

should be maintained in rather stable thermal humidity conditions.  

Moreover According to a report of CofE (Church of England) in 2008, space-heating accounts 

for the majority of carbon emissions from churches [10]. Therefore this study suggests that 

improving heating services is the most efficient way to enhance the sustainability of listed 

churches and similar structures and seeks to provide adequate guidance by investigating in 

depth the impact of different heating systems and strategies on the environmental 

performance of historic churches.  

METHOD 

The current study being conducted in Cambridge involves a sustained monitoring of internal 

environmental conditions coupled with carefully-designed questionnaires used to determine 

perceived levels of indoor air quality and comfort. Energy consumption of the case-studies is 

estimated by information collected by regular meter readings. Modelling is also intended to be 

included in the final project, using advanced simulation software to test possible alternative 

strategies for improving the indoor conditions. In this paper only part of data from monitoring 

and questionnaires is presented. The survey has been conducted in four representative 

churches with different types of heating strategies: 

- Gt St Mary’s church, Cambridge: Constant Central (Trench) heating  

- St Botolph’s church, Cambridge: Intermittent Local (Electric Panels on Pews) heating 

- All Saints church, Cambridge: Constant Central heating, Thermostatically controlled to 

keep the church at conservation temperatures (11.5°C -12°C)  
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- Queens’ College Chapel: Central heating with water pipes on windows level.  

RESULTS ANALYSIS 

The comparison of internal with external temperatures during a typical Sunday in Winter 

shows that the thermal mass of the churches help the structures maintain internal temperature 

that are higher than external conditions. (Figure 1a) Those with central heating systems have 

relatively stable thermal conditions throughout the day, even when services with large 

congregations take place, while the church with intermittent heating operation (St Botolph’s) 

manages to provide quite high temperatures during services and afterwards maintain higher 

temperatures than at the beginning of the day. Therefore although historic churches are leaky 

structures due to high infiltration rates through doors and un-insulated fabric they provide a 

building envelope, which responds well in environmental terms.  

However relative humidity is more problematic. Low comfort temperatures of 20°C and 

relative humidity 40% - 70% are likely to provide pleasant conditions but for conservation, 

RH needs be kept within the range of 30% – 60% [11], to ensure that conditions are neither 

too humid nor too dry. Regressing Temperature against Relative Humidity, offers a clear view 

of condition patterns in the case-studies [12]. The intermittent local heating in St Botolph’s 

church produces dispersed results due to large fluctuations of Temperature (°C) and RH(%), 

which increases the risk of deterioration [9]. Apart from All Saints church, Central heating 

systems produce less scattered data and seem to offer more reasonable conservation and 

comfort conditions. (Figure 1b) 

 

 

 

 

 

 

 

 

Figure 1: a). Left: Temperature fluctuations on a Typical Sunday (24/10/2010). b). 

Regression of temperature against Relative Humidity during a typical Sunday  

In terms of thermal comfort provision, several factors can affect the thermal comfort 

perception by the occupants: (1) personal variables (Activity, Age, Clothing, Sex, etc.) and (2) 

physical variables (air temperature, humidity, surface temperatures, air movement), which 

were taken into account while conducting survey with Questionnaires.  

The intermittent local heating system (St Botolph’s church), provided the highest percentage 

of votes indicating that thermal conditions in the church during services are within the cold 

range of the thermal comfort scale. It is also interesting to notice that although the All Saints 

system was initially set to heat the church to low temperatures for conservation reasons, it 

achieved a higher percentage of temperatures which provided satisfactory. (Figure 2) 

Therefore heating the whole hall volume (regardless of whether to low or high temperatures), 

seems to be a more effective way of achieving comfort conditions, as it helps maintain the 
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radiant temperatures of the fabric at a relatively high level and thus enhance the feeling of 

warmth.  

 

 

 

 

 

 

 

Figure 2: Thermal comfort levels in four case-studies in Cambridge  

CONCLUSIONS AND SUGGESTIONS 

Most historic churches are listed structures, which retain the historic fabric and host valuable 

artefacts (paintings, painted wooden ceilings, stained glass windows, historic furnishing, 

organs etc). Interventions to building envelopes are likely to cause adverse effects to the 

appearance of buildings and have major negative impacts on the indoor air quality. Therefore 

environmental adaptation of historic structures should mainly consider correct maintenance 

and adequate design of building services. In the case of historic churches, heating plays the 

most important role in total energy consumption, conservation and comfort provision. 

Therefore major carbon emission reduction, energy savings and improvements in the quality 

of indoor environment needs to be achieved by appropriate control and design of heating 

systems and strategies respectively.  

The case-study survey has shown that low, constant heating helps to dispel damp and reduce 

the risk of condensation and keeps the internal conditions within low but acceptable levels of 

thermal comfort, as higher radiant temperatures occur due to constant heating loads. 

Therefore, it seems likely that the optimum heating strategy combines ambient warm 

conditions in low temperatures with a localised heating system acting as an additional source 

of heat during specific periods, when there is need for increased thermal comfort provision, 

e.g. Sunday services or other community events.  

Time/switch controls with separate time channels can regulate various heating schedules, 

throughout a seven day period. Suitable heating schedules can then be formed according to 

the specific heating requirements, frequency of different activities and density of congregation 

that take place in the building and then major energy savings can be achieved.  

Several factors now need to be studied in greater detail. In addition, and especially in 

connection with under-floor heating, the use of renewable energy sources such as ground heat 

source in combination with photovoltaics, could reduce or potentially eliminate carbon 

emissions.  

For intermittently heated churches adequate ventilation needs to be provided to remove any 

excess moisture in the end of popular services. Indoor air movement needs to be adequately 

controlled by allowing acceptable levels of natural ventilation (occurring by the loose fitting 

of windows (i.e. infiltration), and opening windows when necessary) together with  

mechanical controls to regulate the air rates, movement patterns and speed and most of all the 



 

 

moisture content of the incoming air, thus achieving conservation.  Exactly how this is best 

achieved needs further research. 
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ABSTRACT  

The research quantifies the correlations between the urban microclimatic variables air 
temperature, humidity and velocity and thermal radiation) and subjectivity variables (perception 
of thermal sensation variables), mediated by means of individual variables (clothing insulation 
and metabolic rate), allowing the prediction of the outdoor thermal environment adequacy to a 
population adapted to a given climatic condition. The objective is to verify the question of thermal 
adaptation in urban outdoor spaces. In order to achieve that, this paper verifying the influence of 
different metabolic rates (by means of commonly practiced physical activities in the open urban 
space) and of different clothing thermal insulation (also by means of commonly used clothing in 
urban open spaces) in the perception of thermal sensation. In order to do so, it also takes into 
account three factors: gender, acclimatization and adaptation. The methods applied were: 
experimental inductive (field research of microclimatic, individual and subjective variables), 
statistic (numeric regression), analytic (thermo-physiological model) and comparative (equivalent 
temperature). The results indicate that the outdoor thermal sensation prediction requires a model with  

aspecific empirical base for a given population adapted to certain climatic conditions, verifying yet 
the adaptation to the previous climatic conditions (considering the mean air temperature of a 
previous period of time), concluding with the proposition of an adaptive model in terms of 
adaptation to climate conditions.  

INTRODUCTION 

This research proposes an adaptive model for user behavior prediction in terms of clothing 
thermal insulation and different metabolic rates according to activities, regarding urban outdoor 
thermal comfort. The proposition allows the verification of the thermal adequacy of urban outdoor 
spaces in the subtropics and the adaptive opportunities in such areas. The method adopted is 
empirical, by means of field research of micro-climatic variables (air temperature, humidity, 
velocity, and mean radiant temperature), personal variables (clothing thermal insulation and 
metabolic rate according to activity) and subjective answers of thermal sensation and thermal 
comfort perception. Gender, acclimatization and previous climate adaptation (considering the 
mean air temperature of a previous period of time) were also considered aiming, together with the 
possibilities of adaptation through clothing and activities, to propose an adaptive model. 

METHODS 

The methods applied were: experimental inductive (field research of microclimatic, individual and 
subjective variables), statistic (numeric regression), analytic (thermo-physiological model) and 
comparative (equivalent temperature). The background for this paper can be seen in [1], in which 
is made a historical review of predictive models of thermal comfort. The same work presents the 
empirical research of 72 microclimatic situations and application of 2258 questionnaires, the 
procedures for the correlations between the variables air temperature, humidity and velocity and 
mean radiant temperature and the perception of thermal sensation gathered empirically and, 
finally, the different metabolic rates and clothing thermal insulation.  

In the sequence will be considered: activities, clothing, and adaptation. It must be emphasized that the 

studies done until now, considering gender, did not bring any specific conclusion, in other words, the 

results tends to be the same for men and women. Considering the acclimatized and not acclimatized 
group of people, the differences were not so significant, and it was decided to wait for an increase 
in the data base. Until now there are only 476 questionnaires of non acclimatized people, who had come 
not randomly distributed by the country (Brazil), it is to say, they came more from hotter areas than 
colder areas, so it is not possible to deduce any tendency. Thus, only the questionnaires of 
acclimatized people (2258), who were living in the metropolitan area of Sao Paulo for over a year, 
were considered. 



Activities 

Different metabolic rates are considered, regarding the activities commonly performed in open 
spaces and the consequent results. Thus, the following models are considered for achieving not 
only thermo physiologic balance but also the prediction of the relative velocity between air and 
the individual. Following, there are the procedures for simulation.  

Considering the most comprehensive set of data, seventy-two microclimate situations and 1750 
questionnaires, it was found in [2] and [3] that the models that showed better results with the 
empirical counterparts were MENEX [4] apud [5] and [6], using index of thermal load [7] and 
Seville [8], using the rate of sweat required. The latter is based on the model of Vogt et al. [9], 
which also considers the rate of sweat required. This model showed satisfactory results, with 
correlation coefficients only slightly inferior to the two models mentioned. It should be noted that 
the model of Seville is only the beginning, the discovery of thermal heat situations. Thus, the 
thermophysiologic MENEX balance model proposed by Blazejczyk [4] is considered here, but 
with some modifications. Due to the characteristics of this model, which considers the solar 
radiation independently through empirical correlations, we chose to consider the radiative heat 
exchange of long wave according to Vogt et al. [9], using still gain from solar radiation was 
proposed by Dominguez et al. [7]. The work of these authors was presented in [10]. This is using 
a hybrid model based on the authors cited, considering as criteria for interpreting the thermal load 
index proposed by Blazejczyk et al. [8], for being among those derived from analytical models 
that consider thermal conditions of heat and cold, which showed the best correlation with 
empirical base in use. Considering the activities in open spaces, part of which involves shifts. In 
some cases the shift is what characterizes the activity, as occurs in traffic areas. Thus, in these 
cases, it is important to consider not only the speed of the air, but the relative velocity between air 
and the individual, since in many cases the speed of the individual is more significant than that of 
air. Therefore, it is necessary to know not only the magnitude of air velocity, but also its direction 
and meaning. In the fieldwork data were presented for wind direction. However, consideration of 
the sum vector implies also know the direction and sense in which people get around. Even in 
specific cases, determining the flow is not always accurate. In traffic areas, usually has the flow in 
one direction, but either way is possible. Thus, to evaluate a particular case, sometimes there is 
more than one answer, depending on the direction and sense of displacement of the individual, or 
a representative average value is reached. Since the goal here is to determine a general equation, it 
is preferred to reach a representative average value. The issue raised here pointed to the solution 
being used. It is, then the vector sum of the relative velocity between air and the individual, but 
assuming that the wind always relates laterally to the displacement of the individual. That is, the 
vectors are always perpendicular.  

v r = (v + v 2 air i 
2) 1 / 2             (1)  

Therefore, it is not necessary to know the direction and sense of displacement of air, nor the 
individual. Imagine a typical situation in a place of passage, in which people move in the same 
direction and opposite directions, it has to be the vector sum to ninety degrees eventually because 
of possible underestimation of the relative velocity for one direction, but with consequent 
overestimation in the other direction. It is believed, therefore, to reach a representative average. 
Similarly, in a local residence, where the flows of people are not well defined, if the assumption 
that people are moving in random directions and senses, the incidence of side wind generates, 
once again, an average situation representative of the reality in question. Therefore, the vector 
sum to ninety degrees for the consideration of the relative velocity between air and individual is 
adopted here. To verify the change in metabolic rates, we used the temperature of equivalent 
perception, by Monteiro [15], presented also in [1], performing simulations using the model 
described above, adapting to the one proposed by Blazejczyk [4], Vogt et al. [9] and Dominguez 
et al. [7]. The full range of application of TEP index between its limit values for air temperature 
(T air = 15 ~ 33 ° C), mean radiant temperature (T rm = 15 ~ 66 ° C), humidity (RH = 30 ~ 95%), 
air velocity (v air = 0.1 ~ 3.6 m / s) and thermal insulation of clothing (I cl = 0.3 to 1.2 clo) were 
considered. Simulations were made in increments of t = 3 ° C air, trm = 6 ° C, RH = 15%, vair = 0.5 
m/s I cl = 0.25 clo. The following adjustments were made: for trm considered until the value of 69 ° 
C for RH started at 35% cl and I started and finished at 0.25 clo to 1.25 clo, thereby ensuring the 
integrity of the intervals. It also ensures the coincidence with the values of tair, in the case of  rm, 



and the values commonly used in the case of RH and Rcl. All possible combinations of these 
variables (seven values of t air, 10 trm, 5 HR, 8 v air and 5 Rcl) amounted to 14 000 simulations for 
each the metabolic rate, enabling the determination of perceived equivalent temperature values 
that provide the same thermal sensation in different activities.  

Clothing 

The procedures are presented here for the determination of a model to estimate the thermal 
insulation of clothing based on empirical data. The final model predicts the thermal insulation of 
clothing based on climatic data environment. We present here the regressions performed for the 
more limited set of microclimates. Considering that the air temperature and relative humidity have 
a high correlation, UR was not initially considered. The regression data led to the following 
equation, with statistical characterization in Table 1. 

Icl = 1.237 to 0.0312 · t air - 0.0179 · v air + 0.00308 · trm              (2) 

with: r = 0.844, r 2 = 0.712, r 2 adj = 0.707 and p = 0.064, p <0.001 

Table 1 - Summary statistics and analysis of variance 

  

As observed earlier, the air temperature is the only one to present very low p value (p <0.001), 
and thus can possibly be able to individually predict the independent variable in question. The 
results for the linear regression of the variable air temperature are presented in sequence.  

I cl = 1.203 to 0.0263 · t air                                   (3) 

with: r = 0.832, r 2 = 0.691, r 2 adj = 0.687 and p = 0.067, p <0.001  

Table 2- Summary statistics and analysis of variance 

 
 

As can be inferred from the results, the correlation shown only by the variable air temperature (0.83)  is  

significant compared to the correlation with three dependent variables (0.84). Considering the F 

statistical test, there is a greater value for the regression with only the variable tair in the more 
comprehensive data set (156.87 against 61.01), reiterating that this regression provides the best results.  

Adaptation 

This item is considered to adjust thermal sensation prediction depending on previous exposure to 
the weather, using the results of empirical surveys and climate data time series of meteorological 
stations. Below, we present climatic data for the years 2004, 2005 and 2006. It is noteworthy that 
in 2004 were performed only pre-tests, having been effectively used data collected between 2005 
and 2006. However, all the climatic data for the period is considered to better characterize the 
climatic conditions prior to the survey. Finally, they are still considered the values of the climatic 
reference year for the city of São Paulo. Thus, the data, monthly and annual average, maximum 
and minimum air temperature were considered, the same data were taken into account for relative 
humidity and also data, monthly and annual average and maximum air speed recorded 10m from 
the ground. These data were recorded by the Meteorological Station of the Technical Section of 
the Meteorological Institute of Astronomy, Geophysics and Atmospheric Sciences, of University 
of São Paulo, registered with the World Meteorological Organisation under number 83004, 
located in the Parque Estadual das Fontes do Ipiranga, in the neighborhood Agua Funda, latitude 
23 ° 39'S and longitude 46 ° 37'W [16]. The data, monthly and annual average and maximum 
incident solar radiation in the horizontal plane were recorded by the micrometeorological Platform 

 c ep t p VIF 

Constant 1.237 0.0504 24.527 <0.001  

tair -0.031 0.0029 -10.77 <0.001 2.1 

vair -0.018 0.022 -0.814 0.418 1.135 

trm 0.0031 0.0011 2.854 0.006 1.915 

 DF SS MS F p 

Regression 3 0.75 0.25 61.01 <0.001 

Residue 68 0.279 0.0041   

Total 71 1.028 0.0145   

 c ep t p VIF 

Constant 1.203 0.0515 23.373 <0.001  

tair -0.026 0.0021 12.53 <0.001 - 

 DF SS MS F p 

Regression 1 0.711 0.711 156.87 <0.001 

Residue 70 0.317 0.0045   

Total 71 1.028 0.0145   



Lab of Micrometeorology, belonging to the Group of the Institute of Astronomy, Geophysics and 
Atmospheric Sciences, University of São Paulo, located on the campus of University City, in the 
district of Butantan, latitude 23 ° 24'S and longitude 46 ° 42'W [17]. The data for the reference 
climate (TRY: Test Reference Year) considered are shown by [18]. According to [19], the 
climatic reference year is made through the elimination of years for which data contain monthly 
mean temperatures high or low, until you get only one year of average data, thus becoming a 
reference climate situation in question.  

RESULTS 

The methodological description of the simulations indicated the use of perceived equivalent 
temperature (TEP) as a criterion for comparing the variation in metabolic rate. The index values 
of heat load (HL) were used for the determination of TEP, 'which is the new value of perceived 
equivalent temperature found for the different metabolic rates tested. The variation ("correction") 
is the difference between the values of TEP and TEP’. Table 10 shows the correction to be applied 
in the equation of TEP originally proposed for M = 1.3 met. Included also the limits within which 
the corrections were obtained and estimated error for each value.  

Table 3: Summary of simulation results to determine the TEP for different metabolic rates  

Activity sitting standing walking 

speed of person (m/s) - - 0.9 1.1 

speed of person (km/h) - - 3.2 4 

metabolic rate (Met) 1 1.3 2.0 2.4 

TEP considered (° C) 12~45 12~45 12~39 12~39 

correction (° C) -1.5 0.0 3.5 5.7 

estimated error (° C) ± 0.0 ± 0.0 ± 0.1 ± 0.5 

As can be seen for metabolic rates of 1.0 and 2.0 Met, the results are quite accurate. To 2.4, the 
estimated error is around 0.5 ° C. In cases of higher metabolic rates, it appears that the estimated 
errors are increasing, even in the most restricted ranges of applicability. According to several 
authors, [4], [8] and [14], the average speed of walking down the street is 1.1 m/s. Thus, the 
metabolic activities of greatest interest for the assessment of open spaces can be summarized as 
three: 1.0 Met (occupant), Met 1.3 (a person standing with little activity) and 2.4 Met (person 
walking an average speed of 1.1 m/s). Thus, the corrections to be applied are between -1.5°C for 
seats and 5.7°C for people walking. Considering that for the metabolic activity of 2.4 Met the 
estimated error of 0.5°C is acceptable, it is proposed to follow a linearization of the values found 
for activity between 0.0 and 2.4 Met, giving up so an equation for application in activities 
commonly found in open spaces.  

∆TEP = -6.648 + 5.118 M                                (4)  

where: ∆TEP = change in perceived equivalent temperature in °C. The above equation, for the 
range of values proposed, presents a correlation of r2=1, r2= adjusted 0.999. The standard error is 
0.080 and the significance of p <0.001. In practical terms, the proposal maintains the linearization 
correction of values between 1.0 and 2.0 Met. For the value of 2.4 Met, the equation predicts a 
value of 5.6° C, while the correct would be 5.7°C. Since the estimated error for the results of the 
metabolic rate was already 0.5 ° C at worst, though unlikely, the accumulated error would be 0.6 ° 
C. It is important to mention that for greater than 2.4 Met, it is observed that the growth of the 
equivalent variation in temperature is no longer linear. So, if it is used for these cases, there will 
be an underestimation of the variance. Therefore, for M = 2.6 Met, the prediction would be 6.5° 
C, while the value was 7.5° C for M=3.0 and 3.5 Met, have respectively 8.5° C and 11.5° C versus 
13.5 ° C and 20.5°C originally found. Thus, the use of the equation must be restricted to metabolic 
rates specified. It would be possible to determine a nonlinear model that embraces the entire fees 
considered. However, as seen in Table 3, these cases just mentioned have errors estimated 
considerable and still growing (respectively 0.8, 2.0 and 3.3). Therefore, as a linear equation 
includes activities commonly practiced in open spaces, we chose to keep it. It is emphasized that 
the corrections shown in Table 4 may be used, provided that the tracks to which they apply and 
their estimated errors are recognized. Moreover, it is believed that the newly proposed equation is 
justified by the possibility to be added to the equation originally proposed.  



In Table 4, the maximum and minimum values observed among the mean values of the seventy-
two cases considered regarding the individual surveys conducted are listed.  

Table 4: Limit values for the variables of clothing insulation and air temperature 

 

These values are presented here to reaffirm the limits within which the above considerations are 
valid. Beyond these figures, the results are extrapolated verifiable. So, as determined along the 
explanation of methods, the proposed model to predict the thermal insulation of clothing 
according to environmental microclimatic variables occurs in fact only a function of air 
temperature, as follows.  

Icl = 1.203 to 0.0263 · t air                                  (5)  

For practical applications of the model, the establishment of reference values to limit the 
minimum value of insulation of clothing was suggested, since for physical issues that isolation 
will never be less than zero and for cultural reasons there are minimum values of even greater 
isolation. Table 10 shows schematically these limits.  

Thus, if there were  no cultural constraints, the limit could be adopted, even theoretical, at 45.5°C, 
in which Icl=0.00 clo. Considering swimsuits for tair> 44.0°C, we have Icl=0.05 clo. However, 
roughly speaking, we can put that in general situations in open spaces for t air>30.0 ° C, we have 
Icl=0.40 clo. If one considers the restriction of clothing commonly used in office activities (social 
trousers, short-sleeved shirt, shoes, socks and underwear), it appears that for tair>26.5° C, we have 
Icl =0.50 clo. Considering the values of perceived equivalent temperature of neutrality (TEPn) for 
the days of summer and winter of two years in which surveys were conducted and the average 
temperatures of the thirty days prior to each day's survey, we obtain the following equation. 

TEPn = 20,033 + 0,1742 · tm                               (6)  

It is noteworthy that due to the surveys having been conducted only in summer and winter days of 
two consecutive years, the equation presented is based on very sparse data. Thus, it is considered 
in order to present a possible approach that considers adaptation to prior climatic conditions. A 
greater amount of surveys conducted throughout the year and over several years is necessary for 
proper verification of the adaptive conditions of a given population in relation to climate 
variations. Recognizing the restrictions lifted, the following equation of the equivalent 
temperature is presented as a function of perceived neutrality of the average monthly temperatures 
(tm), covering the limits contained in the reference climate years for Sao Paulo. Considering the 
role of activity, clothing and adaptation to prior weather conditions to the perceived equivalent 
temperature (PET) [1], one may come to the following equation. 

PET = -29,877 + 0,4828 · tair + 0,5172 · trm + 0,0802 · UR - 2,322 · vair +                                               

+ 5,118 · M + 38,023 · Icl - 0,1742 · tm         (7) 

In order to use the equation without all the three adaptive terms, the reference values are M=1,3 
met; Icl = 0,6clo and tm=19,3 oC 

FINAL CONSIDERATION 

The results indicate that the outdoor thermal sensation prediction requires a model with a specific 
empirical base for a given population adapted to certain cultural and climatic conditions, verifying 
yet the adaptation to the previous weather conditions (considering the mean air temperature of a 
previous period of time), concluding with the proposition of the adaptation of the perceived 
equivalent temperature (PET) in terms of an adaptive model considering activities, clothing and 
previous weather conditions. 

variable minimum value 
observed 

maximum value 
observed 

I cl absolute 0.26 1.17 

I cl mean 0.39 0.86 

t air 15.1 33.1 

limit  t air  I cl  

theoretical  > 45.5 ° C  0.00  

for swimsuits  > 44.0 ° C  0.05  

for garments used in urban spaces > 30.0 ° C  0.40  

for garments used in offices  > 26.5 ° C  0.50  
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ABSTRACT  

‘Nothing is as variable as the weather’ is a well-known Dutch expression demonstrating the 

instability of the Dutch climate and as a consequence the daylight availability. In rapidly 

changing climate conditions, a non-adjustable, structural shading device is unsuitable. 

Therefore a system that blocks the direct sunlight when necessary without obstructing the 

diffuse daylight next to keeping view intact would be the best solution, both for user comfort 

as for energy consumption. A glazing system with a rapidly adjustable transmittance might be 

a good solution for such climate. Smart Energy Glass (SEG), a glazing system being 

developed by Peer+ can quickly switch between two light transmittance values (max. range of 

30%). The research question of this project was to determine, based on users comfort, these 

two values.  

An experimental set-up was made in the laboratory of Building Physics and Systems group 

with five identical rooms. All rooms were equipped with an equal sized daylight opening; 

four rooms had a different light transmittance (0.08, 0.25, 0.52, and 0.70). The fifth was the 

reference room and had normal glass with a transmittance of 0.70.  During summer, autumn, 

and winter, the same 24 healthy test-persons (age 23±4 years) participated in the tests. By 

filling out a questionnaire regarding comfort, preferred transmittances and lighting situation 

under different daylight conditions was determined. 

The test people considered their working condition as comfortable with horizontal 

illuminance on the workplace of at least 267 lx. Regarding visual comfort, window luminance 

values of 6500 cd/m² were still accepted by the subjects, and glare was barely experienced or 

indicated. It could be concluded that during measurements with sunlight on the façade, the 

test space with a transmittance of 0.25 was mostly evaluated for its good lighting by daylight. 

During measurements without sun, the test spaces with a transmittance of 0.52 and 0.70 were 

mostly positively evaluated for their good lighting by daylight. In the summer period, 

transmittances of 0.25 and 0.52 were most preferred by the subjects. This also applies for 

sunny days in the autumn. During overcast days in the autumn and during winter, there was a 

desire for higher light transmission. Taken into account the maximum range of 30%, a 

transmittance range between 0.40 - 0.70 most users are satisfied with the lighting by daylight 

namely at least 71% of the time, up to 89% of the time.  

INTRODUCTION 

In the Dutch office environment, about 25% of the energy is used for lighting [1]. A better use 

of daylight could reduce the energy load. Since Dutch weather provides a rapidly changing 

sky condition, a daylight control system should be able to respond very quickly to these 

changes. Conventional daylight control systems are often noisy, partially or completely block 

the view, and prevent the use of daylight. Automated systems control for energy reduction 

and do not always take the users’ preference into account, or actions of the system are too 

fuzzy for the user to understand and therefore often lead to sabotage. The energy saving of 



manually-controlled systems largely depends on the user behaviour; a non-active user will 

close the shielding system when glare or heat is perceived but forgets to reopen it when the 

problem has disappeared. The ideal solution would be a system that quickly responds, leaves 

view intact, blocks only the disturbing light, and does not consume energy. Smart Energy 

Glass (SEG) under development by Peer+ [2] is a glazing system that instantly can be 

darkened or lightened for comfort improvement, and simultaneously generates enough 

energy, allowing for self sufficient switching. At the same time it guarantees an unblocked 

view due to a minimum of haze. The system is based on switchable luminescent solar 

concentrator technology as developed by Debije [3]. However, values for the darkest and 

lightest setting of the system in order to provide optimal comfort are not determined yet. In 

the literature, minimum transmittance values between 0.1% [4], <10% [5], and 25%-38% [6] 

were given to avoid visual discomfort under all weather conditions. Also, the appreciation of 

the room itself is positively correlated to the glass transmittance [7]. In this study, 

transmittance values of the glazing were investigated based on user perception and assessment 

in order to provide a visually comfortable environment. 

METHOD 

For this experiment a full scale study has been executed, to enable user evaluation alongside 

of measured values. In the laboratory of the Building Physics and Systems group of 

Eindhoven University of Technology, the Netherlands, a full-scale experiment set up was 

built, to accommodate five similar test rooms with a true West-facing window of 1.2 x 1.2 m
2
. 

The rooms were 1.8 m wide, 3.9 m deep and 2.7 m high. Figure 1 (LTA means transmittance) 

shows a floor plan and a façade view of the built test spaces in the laboratory. The test facility 

is equipped with a full-glass façade with HR
++

-glass (U=1.3 W/m
2
K, transmittance=0.70). 

Four of the rooms were equipped for subjects; a fifth room functioned as a reference room. 

              

Figure 1:  Floor plan and facade laboratory test spaces (left); photo of test room (right) 

The four rooms had different combined glass properties due to the use of films with different 

light transmittances. The transmittance of the glass-film package was 0.08, 0.25, 0.52 and 

0.70, determined by LBNL software Windows 5.0. The rooms were lit by daylight only with 

no additional electric lighting. To maintain a comfortable constant room temperature the 

rooms were equipped with heating and air conditioning.  



Test subjects 

In total, 18 male and 14 female subjects participated. Measurements with subjects were 

executed during three periods in 2010: summer, autumn, and winter. Each season about 

twenty-nine healthy subjects, all students (age 23±4 years old), evaluated the test spaces. 

Twenty-four healthy test subjects participated in all three periods, six subjects evaluated the 

rooms in only two periods, and two only participated once. The subjects were all students 

because of their flexible schedules. As a result of a tight schedule, measurements could be 

performed during office hours, two sessions per day, for two weeks. Subjects were paid for 

their participation in the experiment. 

Procedure 

As mentioned above, measurements with subjects were executed during three periods in 2010: 

summer from 20 August till 6 September, autumn from 11 October till 21 October, and winter 

from 13 December till 23 December. Three periods were chosen for their different sun 

elevations: a high sun during summer, middle high sun during autumn, and a low sun during 

winter. Measurements were executed in morning (start 10h00) and afternoon (start 14h00) 

sessions, of which 57% were morning measurements and 43% afternoon. The total 

experimental time took about 2 hours. The test subjects were asked to perform an office task: 

entering business card information in a database software program. After 10 minutes they had 

to fill in a questionnaire about visual comfort. This questionnaire has partially been adopted 

from Osterhaus [8]. The questionnaire took the general room evaluation into account, as well 

as the evaluation of daylight in the room, and well being and preferences of the office space 

users. For the current study, the questions about the workplace description were eliminated 

since these were constant and identical. Questions about the view were added, as well as 

questions about changes experienced by the subjects between the different rooms. After 

completing the questionnaire, the participants took place in a neutral ‘waiting’ room to adapt 

to a constant, low light level (avg. Ehor = 54lx), before they continued to the next room. This 

procedure was repeated until the subject had evaluated each of the four rooms. At the end of 

the sequence the subject repeated one randomly chosen room, serving as a validation of the 

evaluation. 

Measuring equipment 

Tests with subjects were performed in four different test spaces. During the test sessions the 

illuminance was logged continuously at four different positions in each room: vertically on 

the window, horizontally on the desk, vertically on the wall at eye level of the participant, and 

vertically on the rear wall of the room. Illuminance was logged in order to link the values to 

visual performance and visual comfort during the tests. On account of knowledge of the 

environment during user evaluation, room temperature and the relative humidity were 

continuously monitored in every room. The fifth room was used as a reference room, were a 

luminance picture was taken at the beginning and at the end of each session.  

Data analyses 

The data was analyzed using SPSS PASW 18.0. Evaluation results have been studied by 

means of a Factor Analysis in order to combine them into new variables. Hereafter a 

Reliability Test with a Cronbachs’ alpha larger than 0.7 did point out whether a combination 

can be reliably made [9]. A Repeated Measures ANOVA and a one-way ANOVA test were 

used in order to find relations between the dependent variables as user comfort, transmittance 

values, and independent measured values as window luminance and the horizontal desktop 

illuminance. For a significant difference between variables, the probability level was set at 



smaller than 5% with an F-value larger than 3. Post Hoc Tests were used to point out where 

the differences within groups are to be found. The data consisted of repeated evaluations of 

the different rooms in different seasons by the same participant. This is taken into account by 

the Repeated Measures ANOVA. The Partial Eta Squared (ηp
2
) presents the contribution of 

each factor to the variable (effect size). 

RESULTS 

The average temperature during the 344 subject measurements in the test rooms was 

21.6±1.3°C with an average relative humidity of 49.5±4.3%. There was no statistical 

significant difference in measured temperature and humidity between the different rooms. 

There were 15 sessions with direct sunlight in the room and 71 sessions with no direct 

sunlight present. The total average horizontal illuminance at the desk of all sessions ranged 

from 4 to 3191 lx and the maximum window luminance from 36 to 21800 cd/m². 

Daylight comfort scale 

The questionnaire used for evaluating the test spaces contained questions concerning the 

evaluation of the indoor environment and specifically the lighting by daylight. Several 

questions concerning daylight were distilled from the data by means of a Factor Analysis. 

These questions were: 1) How do you evaluate the lighting by daylight on your desktop?; 2) 

How do you evaluate the lighting by daylight in the surrounding space?; and 3) How do you 

evaluate the lighting by daylight of the window surface?All three questions had a 5-point 

rating scale; too dark, a bit too dark, good, a bit too bright, and too bright. The questions 

were re-coded from -2 till 2 and by summation combined into a new parameter Daylight 

Comfort, with a Cronbach’s Alpha of 0.793. The Daylight Comfort parameter describes the 

overall evaluation of daylight in the test space. A score between -1 and 1 was considered as 

‘good’ daylight comfort; scores over respectively -4 or 4 as ‘too dark’ and ‘too bright’. 

Illuminance and luminance 

For insight in comfort of daylight in the test rooms and its relation to desktop lighting, the 

results of the Daylight Comfort parameter were plotted versus the measured average desktop 

illuminance, see Figure 2. Each dot represents one session. 
 

 

Figure 2: Scatter plot of Daylight Comfort and average horizontal illuminance workplace [lx] 



Looking at the part from too dark (-6) till good (1), the figure shows a general increase of the 

horizontal illuminance at increasing daylight comfort. The test people considered their 

working condition as comfortable with horizontal illuminance on the workplace of at least 

267 lx. Regarding visual comfort, window luminance values of 6500 cd/m² were still accepted 

by the subjects, and glare was barely experienced or indicated. 

Preferred transmittance 

Analysis of the Daylight Comfort parameter shows a statistically significant difference 

between the four different transmittances of the test rooms. Post-hoc tests showed the 

significant difference was present between all four of the rooms. Since there was a statistically 

significant effect for season, the difference between the rooms was analyzed per season 

(summer session F=52.465, p=0.000, ηp
2
=0.856; autumn F=68.434, p=0.000, ηp

2
=0.888; and 

winter F=85.174, p=0.000, ηp
2
=0.911). Results show that the transmittance has a large effect 

(Partial Eta Squared) on the Daylight Comfort parameter. If the focus is on the situation 

where at least 75% of the time the perception ‘good daylight’ is obtained, a light 

transmittance in the range of 0.21 – 0.70 is desired for non-sunny summer days.  At sunny 

days the range would be limited at transmittance=0.6 (only based on two measurements). 

During sunny autumn days a transmittance range between 0.21 - 0.70 falls in the 75-100% 

satisfaction area. For days without sun on the façade a transmittance of at least 0.65 is desired. 

During the winter period, the evaluation of daylight never reaches the 75-100% satisfaction 

area. Here, the highest transmittance value is desired; a transmittance of 0.7 provides a good 

lighting by daylight for 71% of the time.  

In Figure 3 the results per season are combined in an overview for all three seasons. The 

results show that optimum satisfaction is reached when the light transmittance could change 

from 0.21 to 0.70.  

 

Figure 3: Positive daylight evaluations during measurements of all three seasons 

DISCUSSION 

According to this study, the optimal transmittance for every sky condition would be about 

0.65 (see Figure 3). When taking the Peer+ requirement of switching with a maximum step of 

0.30 into account, the transmittance should range from 0.35 to 0.65. In determination of this 

range the satisfaction percentages for sunny summer days were not taken into account because 

of the little number of measurements at this situation. 

Transmittance [-] 



The conclusions of this experiment are based on a relatively young population of students, 

who are not used to working in an office environment. The assumption is that an older 

population might need more light for visual comfort. They also might encounter more glare 

issues due to the changed lens opacity.  

In this study glass transmittance values for visual comfort in the Dutch climate have been 

examined. An optimal window design could also contribute to energy saving in an office 

building. However, this part is not examined in this study, the focus was visual comfort. 
 

CONCLUSIONS AND RECOMMENDATIONS 

When assuming a linear progress of the preferred transmittances and a maximum switching 

step of 30%, predictions can be made for the evaluation of the transmittance values located 

between the tested values. At a transmittance range of 0.4 – 0.7 the users are satisfied with the 

lighting by daylight at least 71% of the time, up to 89% of the time. At a transmittance range 

of 0.35 – 0.65 the users are at least 65% of the time satisfied, up to 90% of the time. A 

transmittance range of 0.4 to 0.7 is most sufficient for young (23±4 years) office users in the 

Dutch climate. When selecting a fixed range based on light comfort, the dominate parameter 

is the bright state instead of the dark state. Therefore the challenge for switchable glazing 

technologies (electrochrome, SPD, etc) is to get a bright state with a high light transmittance, 

although it will decrease the switching range. 

The results are based on research with young participants (23±4 years old). For making 

statements concerning a larger group of office users, more research is necessary with an older 

population. This also counts for giving a transmittance advised for visual comfort in other 

climates. Here for more research is necessary. During the measuring sessions for this 

experiment the summer days did not include many sunny days. More experiments with a high 

direct sun are necessary for including those evaluations in the advised transmittance range. 
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ABSTRACT 

As it is known, the energy consumption of buildings is directly linked to their energy demand. 

Therefore, the most direct strategy to reduce the energy consumption of a building is to 

minimise its energy demand. This can be done in two ways. On the one hand, the energy 

demand can be reduced by minimising the size of some energy consuming spaces in the 

building. It can also be reduced by minimising the requirements of their comfort conditions. 

This second strategy is especially effective in transitional spaces, where the comfort 

requirements have wider limits than in normally occupied zones so energy savings are 

possible by allowing for a modest relaxation of the comfort standards. This paper reports on 

an analytical study into the energy-saving potential associated with modifications in thermal 

comfort limits in transitional spaces in commercial buildings. Such transitional spaces may 

not require the same high level and close control as more fully indoor or fully occupied areas, 

and thus a wider variation in conditions and interpretation of thermal comfort may be 

permitted. They also take up a significant fraction of the total volume of these kinds of 

buildings and give rise to significant energy use to provide comfort by means of heating or 

cooling systems. Initial trial calculations have been conducted using standardised commercial 

building layouts in order to determine the potential for energy savings. Commercial buildings 

have been chosen not only due to the extensive presence of this kind of building in almost all 

cities, but also because of the considerable percentage of transitional spaces that these 

buildings have in a standard floor plan. The relationship between these transition al spaces and 

the indoor areas will also be considered in this study. Estimates are made of the energy-saving 

potential based on different commercial buildings located in the climate of the Barcelona area 

in Spain. 

INTRODUCTION 

Transitional spaces 

There are spaces in architecture that cannot be classified as either indoor or outdoor and 

whose existence cannot be explained in terms of any precise or specific use [1]. We can find 

this kind of space between the indoor environment and the outdoor environment, without 

defined limits between inside and outside. They are the transitional spaces and they have 

existed across different cultures throughout the history of architecture. Moreover, although 

transitional spaces may not have any specific use, they are required to fulfil a function of 

transition between the outdoors and the internal constructed environment, so this is why they 

are such adaptable and comfortable spaces, as well as why they are found in such a diverse 

array of places. 

This paper deals with transitional spaces from an environmental point of view, due to the 

opportunity that such spaces provide for possibly modifying the comfort requirements. 

 



Strategies to lower energy consumption 

The energy consumption of buildings is directly related first to the efficiency of artificial 

energy systems and secondly to the energy demand of the buildings themselves. Due to the 

fact that the rise in the energy efficiency or performance of air conditioning and heating 

systems has its limits, and therefore there is little margin for reducing consumption, the 

challenge lies in reducing the energy demand without changing the users’ perception of 

comfort. 

From the standpoint of architectural design, this drop in the building’s energy demand can be 

made both by minimising the size of some of the spaces inside the building that consume 

energy (which would have clear repercussions on the formal resolution of buildings and the 

consequent use and behaviour of the users), and by lowering the requirements in certain areas 

of the building, which would be more or less feasible depending on the kind of space in which 

we are acting. In this sense, the second strategy is particularly effective in transitional spaces, 

where we can allow greater variation in the thermal conditions and where the environmental 

needs have much broader limits than in the remaining spaces, leading to potentially 

quantifiable energy savings. Furthermore, in many cases transitional spaces bring added value 

to the architectural design regarding the users’ perception of thermal comfort, as they 

dynamically adapt to environmental conditions halfway between indoor and outdoor and thus 

are not as static as the unvarying interior conditions. 

Lowering the demand in transitional spaces 

As a direct consequence, according to the typology of the building being studied, this 

reduction in consumption can be more or less important. This study concentrates on all the 

transitional spaces in public buildings. Despite the fact that they might also show private 

transitional elements (such as galleries, balconies, etc.), most of their functional demands 

require them to have large communal transitional spaces (such as entry lobbies, hallways, 

etc.). 

Within these public buildings, we can find a series of examples (such as schools, museums, 

markets, airports and commercial buildings) that are based on the routes the users take 

through the building. That is, they all share the common feature of possessing large 

transitional spaces. In these cases, the hallway is one of the transitional elements between 

outdoors and indoors, and it is also the element that joins the different service-providing units 

(such as classrooms, works of art, market stalls, shops or products for sale, etc.). 

By analysing the thermal needs of these transitional spaces, we reach the conclusion that they 

largely depend on the thermal needs of the different units to which the spaces lead, as well as 

on the relationships existing with these units. Furthermore, the thermal needs of transitional 

spaces also depend on the degree to which they are exposed to the outdoor environment 

(closely or loosely related) as well as on their own function, that is, how long the users are in 

them and these users’ expectations, adaptation time, etc. 

Therefore, this study focuses specifically on commercial buildings since a priori they seem to 

be clear examples of transitional spaces with a vast potential for energy savings, associated 

first with the wide margin of their levels and environmental control limits and secondly with 

the high percentage of the total volume they occupy in the standard floor of this kind of 

buildings. What is more, there are extensive examples of this building model throughout 

history as well as in the majority of cities in the world today: from the Mediterranean Greek 

and Roman agorae and stoas to the bazaars and souks of the warm Islamic climates, and even 

the porticoed galleries found in rainy climates and today’s shopping malls. 



METHOD 

Existing environmental conditions 

This study is based on real examples and was calculated for the city of Barcelona, which is 

located at a latitude of 41º 20’ N and in a mild, humid Mediterranean climate which is hot in 

the summer (Csa), according to the Köpen-Geiger climate classification from the University 

of Melbourne. Regarding the temperatures, the winters are mild with average temperatures of 

9º C to 11º C, while the summers are hot, with average temperatures ranging between 23º C 

and 24º C and a moderate thermal amplitude and average yearly rainfall of around 600 mm. 

Study models 

Based on an analysis of the contemporary casuistic of shopping centres in the city, we 

generated three basic calculation models. The first is the traditional shop model, usually on a 

local scale and relatively small in size, rectangular-shaped and attached to other shops on the 

side facades and with a relatively permeable facade facing the street outdoors through which 

customers enter (model A). On the other extreme is the mall-type building, which usually has 

a large interior volume and is shaped compactly and hermetically as a building. This model 

usually has a percentage of opaque facade and slightly lower percentage of glass-encased 

facade. Furthermore, the circulation to reach the goods for sale takes place inside the building, 

so in this case the goods for sale and the transitional space have the same environmental 

conditions (model C). Between model A and model C are commercial buildings which, like 

bazaars or ancient porticoed galleries, contain a series of independent shops connected to a 

transitional space with its own environmental conditions, halfway between the indoor 

conditions of the shops and the outdoor conditions. Therefore, these are rectangular-shaped 

shops attached to each other on their side facades with a highly permeable main facade 

leading towards a transitional space with environmental conditions between indoors and 

outdoors and an opaque rear facade facing outdoors (model B). 

 
Figure 1: From right to left, model A, model B and model C of shops used in the simulation. 

The top exponent of this kind of commercial building (model B) in Barcelona is Illa Diagonal, 

a building dating from 1993 designed by Rafael Moneo and Manuel de Solà-Morales. This 

building was taken as the reference for obtaining the initial values of volumes, surfaces, 

compactness, etc. Likewise, the shops near the city’s commercial arteries, such as Sants 

Street, and the shops in Barcelona’s Ensanche district were taken as references for model A. 

The El Corte Inglés department store in Francesc Macià Square was taken as a reference for 

model C. 

 
Figure 2: Ground floor of the Illa Diagona. Heated/air conditioned shops (gray), semi-h./a.c. 

transitional spaces (dark squares) and not h./a.c. transitional areas (light squares). 



Calculations and simulation 

A simulation was planned of the three basic models using the Archisun v3.0 software [2] 

developed by the Architecture and Energy research group at the U.P.C. This programme 

calculates the energy behaviour of buildings in a natural scheme and provides climatic and 

consumption results for 15 days in the four seasons. A variety of general parameters are taken 

into consideration in the calculations, including the building’s location and its climatic data, 

those related to the definition of its immediate environment, as well as parameters related to 

the building’s shape (such as the orientation, compactness and porosity), the volume, internal 

contributions and how it is used. Other more specific parameters are also taken into account, 

related to the interior design of the model and the definition of its skin (with variables on its 

placement, attachment to other buildings, the average coefficients of its skin thermal 

transmission, the hermeticity of its practicable surfaces, reflectances and transparencies, 

weights, protective and obstructive factors, and many others). 

Therefore, a simulation was performed based on the three. In all three models, we assumed 

average outdoor temperatures of 26.6º C in the summer and 8.1º C in the winter. 

Regarding model A, the standard volume was taken, and it was assumed that both the floor 

and ceiling and three of the four facades are attached to areas with the same environmental 

conditions (24º C in summer and 21º C in winter). To the contrary, the main facade, which is 

in contact with outdoor conditions, has a higher thermal transmission coefficient (U), since it 

is made of glass, and is also more permeable to the air. 

Regarding model B, the same standard volume was taken, and it was assumed that the floor, 

ceiling and two of the four facades are attached to spaces with the same environmental 

conditions described above. Likewise, the rear facade has a low thermal transmission 

coefficient (of a standard opaque closure) in relation to the outdoor conditions. In contrast, the 

main facade has a greater thermal transmission coefficient since it is made of glass, plus it is 

more permeable to the air. However, the main facade does not exchange with an atmosphere 

in outdoor conditions; rather it exchanges with the naturally controlled atmosphere of the 

transitional space. 

Since the Archisun software only allows one outdoor atmosphere to be presented, we 

introduced a coefficient “α” which relates the outdoor temperature conditions with the 

temperature conditions of the transitional area, such that in model B the exchanges of the rear 

facade are calculated by relating the indoor atmosphere with the outdoor atmosphere, and the 

exchanges of the main facade are calculated by relating the indoor atmosphere with the 

atmosphere in the transitional area (outdoor atmosphere times coefficient “α”). 

This coefficient “α” is obtained as follows: 

- Assuming that the artificially heated or air conditioned shops will exchange energy primarily 

with the transitional space (due to the fact that the ground, ceiling and two facades in model B 

are attached to spaces with the same conditions and that the rear facade has a very small 

thermal transmission coefficient in relation to the large coefficient of the main facade and its 

extreme permeability to the passage of air). 

- Assuming as well that the transitional space exchanges energy primarily with the outdoor 

atmosphere (due to its permeability to the air and the presence of large glass-encased spaces). 

We conclude that the heat flow lost from the commercial spaces to the transitional space 

should be equal to the heat flow lost from the transitional space to the outdoor environment 

(bearing in mind in both cases the transmission, ventilation and internal contribution). 

Thus, if the heat flow is equal to 0: 
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With this, we obtain a function with three unknowns: the indoor temperature, the temperature 

of the transitional space and the outdoor temperature: 
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Thus, we obtain the values: summer α = 0.4; and winter α = 0.26, in order to simulate with 

Archisun. 

Regarding model C, the standard volume was once again taken, but adding the proportional 

part of the transitional area which is integrated into the inside of the shop and in the same 

environmental conditions. We also assumed that the floor is attached to a space with the same 

environmental conditions. To the contrary, we assumed the same kind of attachment for the 

ceiling, but with the percentage of roof proportional to the total volume of the building (since 

in this case there are neither homes nor offices above it). The four side facades were assumed 

to be open to spaces in the same environmental conditions, but also with the corresponding 

percentage of glass-encased or opaque facade corresponding to the volume of the model in 

relation to the total volume of the building. 

RESULTS 

The results of the simulations are as follows: 
 

SUMMER Model A Model B Model C 

Outdoor temp. (ºC) 26.6 26.6 26.6 

Transitional area temp. (ºC) - 24.8 - 

Natural indoor temp. (ºC) 27.1 27.1 27.6 

Cooling energy consumption (kWh/m
3
·year) 0.59 0.60 0.85 

Table 1: List of outdoor temperature, temperature of the transitional area and natural indoor 

temperature as well as energy consumption for air conditioning in the summer scenario. 

WINTER Model A Model B Model C 

Outdoor temp. (ºC) 8.1 8.1 8.1 

Transitional area temp. (ºC) - 17.6 - 

Natural indoor temp. (ºC) 13.7 14.7 13.4 

Heating energy consumption (kWh/m
3
·year) 3.99 2.76 4.36 

Table 2: List of outdoor temperature, temperature of the transitional area and natural indoor 

temperature as well as energy consumption for heating in the winter scenario. 



DISCUSSION 

Based on the simulations, we can see that the natural temperature results and therefore 

consumption are not significantly different. However, we can conclude that there are two 

variables that are particularly influential when calculating the results and which therefore 

must also be particularly influential when designing commercial spaces. First, we found that 

the parameter of the renewals per hour that the space experiences is particularly influential, 

that is, whether it is a very hermetically sealed place or, on the opposite extreme, highly 

ventilated (and therefore with high accessibility, but also with a higher energy exchange with 

the contiguous space). Secondly, we also noted that the parameter of internal contributions 

from the shop is also particularly influential, that is, the amount of heat dissipated inside it 

due to the activity of people, lighting points, computers, etc. Thus, we can see how the 

influence of the energy exchange due to the thermal transmission of the walls is not a priority 

parameter in the commercial spaces, and therefore when designing them a sound study of the 

ventilation and internal contributions from the commercial space will be much more decisive 

than the thermal insulation itself. 

CONCLUSION 

Finally, we should note that bearing in mind that the results of consumption are much more 

balanced than what might have been forecasted at first, model B does show an advantage 

regarding comfort, since it manages to achieve a more gradual thermal adaptation of the shop 

users with a higher adaptation time since they go from an outdoor to a fully heated and/or air 

conditioned indoor atmosphere through an intermediate atmosphere in environmental 

conditions that are halfway between indoors and outdoors. 

ACKNOWLEDGEMENTS 

This paper was supported by the Spanish MICINN under project ENE2009-11540. 

REFERENCES 

1. Coch, H.: La Utilitat dels Espais Inútils. Una aportació a l’avaluació del confort ambiental 

a l’arquitectura dels espais intermedis. PhD Thesis, Barcelona, 2003. 

2. Rafael, S. and Roset, J.: Energy Conscious Design. World Renewable Energy Congress 

VI, 2000, p. 494-499. 

3. Nicol, J. F. and Humphreys. M. A.: Adaptative thermal comfort and sustainable thermal 

standards for buildings. Energy and Buildings 34, p. 563-572. 

4. Jentsch, M. F.; Bahaj, A. S. and James, P. A. B. Climate change future proofing of 

buildings – Generation and assessment of building simulation weather files. Energy and 

Buildings 40, p. 2148-2168. 

5. Palme, M.; Coch, H.; Isalgué, A.; Marincic, I.; Fanchiotti, A. and Rafael, S: Dynamic 

sensation of comfort in buildings: the temperature changes effects. 2
nd

 PALENC 

Conference Proceedings, Crete, Greece 27-29 September 2007, p. 13-18. 

6. Palme, M.; Isalgué, A.; Coch, H. and Rafael, S: The possible impact of climatic change on 

the built environment: the importance of flexibility and energy robustness of the 

architecture. World Renewable Energy Congress XI, 2000, p. 544-549. 

http://www.sciencedirect.com/science/article/pii/B9780080438658500933?_alid=1778248059&_rdoc=1&_fmt=high&_origin=search&_docanchor=&_ct=2&_zone=rslt_list_item&md5=25c378a6685751e017387668205469f1
http://www.sciencedirect.com/science/article/pii/B9780080438658500933?_alid=1778248059&_rdoc=1&_fmt=high&_origin=search&_docanchor=&_ct=2&_zone=rslt_list_item&md5=25c378a6685751e017387668205469f1


EXPERIMENTAL EVALUATION OF INDOOR VISUAL COMFORT 

CONDITIONS IN OFFICE BUILDINGS WITH THE INTEGRATION  

OF EXTERNAL BLINDS  

Kleo Axarli
1
; Katerina Tsikaloudaki

1
; Charoula Ilioudi

1
 

1: Laboratory of Building Construction and Physics, Department of Civil Engineering, 

Aristotle University of Thessaloniki, P.O. Box 429, 541 24 Thessaloniki, Greece. 

 

 

ABSTRACT 

The use of solar control devices contributes to the energy efficiency of buildings during the 

summer period and controls daylight levels throughout the year; however, it can result in 

increased heating loads in winter due to limited solar gains. Especially in modern office 

buildings with extensive glass surfaces, sun protection is essential and is often realized as 

unmovable blinds on the exterior of façades. 

The objective of the proposed paper is to present the results of an experimental analysis 

regarding the impact of integrating external blinds on the transparent elements of the building 

envelope on the formation of indoor daylight conditions. The analysis is based on data 

derived from recording the illuminance on the working plane of two building models 

constructed for this purpose. The building cells are orientated due south and have identical 

geometrical and optical characteristics, with the exception of solar shading: one has no solar 

protection, while the other is shaded with unmovable horizontal blinds mounded on the 

external side of the window façade. 

The evaluation parameters referred to both quantity and quality of daylighting. More 

especially, as regards daylight quantity, the distribution of illumination on characteristic 

points of the working surface of the two models is studied for two building cells for a period 

of one year. The quality of daylighting prevailing in the examined cells was approached by 

studying the uniformity of daylight distribution, as well as by conducting an in situ visual 

comfort survey among persons who used the space and filled in relative questionnaires. 

The presentation of results for the two building cells, as well as their intercomparison, 

indicate the contribution of external blinds to the formation of daylight levels and visual 

comfort in office spaces. 

INTRODUCTION 

Nowadays, the bioclimatic building design regarding daylight is an important parameter, 

since it positively affects mental and physical health, workers’ efficiency and environmental 

performance of buildings. However, careful study is required for the admittance and 

distribution of daylight in order to ensure its adequacy as well as its uniformity, so that glare 

occurrence is minimized. 

At the same time, sun protection is necessary, especially in summer and particularly in the 

Mediterranean countries. The overall aim is to control the entry of direct solar radiation in 

buildings, which generally contributes to glare control and reduced cooling energy loads, 

without affecting the entry of diffuse radiation, leading thus to enhanced daylight levels and 

lower energy consumption for artificial lighting [1]. 



THE DESCRIPTION OF THE PROJECT 

The effect of solar control devices on the optical behavior of spaces can be calculated 

theoretically or by measuring levels of daylight in an appropriate building [2]. For this reason, 

a special experimental building unit was constructed in Northern Greece (Thessaloniki, 

latitude 40°38'N, longitude 22°58'E), in order to investigate the optical behavior of external 

blinds. It was designed and developed in order to represent a typical module of an office 

building, with an aluminum and glass façade (curtain wall), which nowadays has wide 

application [3]. 

The building module is oriented due south and consists of two identical rooms, two separate 

"test cells" in contact (Figure 1). It is of rectangular shape, with external dimensions 7.10 m 

length in the direction east - west and 7.05 m width in the direction north - south. Its height is 

equal to 3.10 m and it covers a total area of 50.00 m
2
. The cells are prefabricated, made of 

reinforced concrete and are fully insulated. Their entrance is placed on their northern side. 

Each cell has a similar south-facing opening (2.90 m x 1.70 m), which acts as a passive solar 

direct gain system. In the west cell (cell A) a system with movable aluminium blinds 

extending from floor to ceiling has been mounted on the southern façade (Figure 1). The slats 

are 20 cm wide, gray-colored and the reflectivity of their surface was measured equal to 0.46. 

Their axis is placed at a distance of 15 cm from the south façade, while the distance between 

the slats is equal to 10.5 cm. The movement of the slats is achieved mechanically by an 

electrically driven mechanism, which allows their rotation of slats from 0
o
 (horizontal 

position, blinds completely open) up to 90
o
 (vertical position, blinds completely closed). 

Reverse rotation is not feasible. 

The indoor conditions in both cells were recorded with a monitoring system. It includes 2 

illuminance sensors placed horizontally in each cell at a height of 0,90 m above floor and at a 

distance of 1,75 m and 5,35 m respectively from the opening (Figure 2). Moreover, global 

solar radiation was also recorded for the simultaneous monitoring of ambient climatic 

conditions. 

The experimental site and the monitoring system operated from August 2008 to July 2009. 

The blinds were regulated at 0
o
, which means that they were placed in a horizontal position, 

except of the period of August and September 2008, during which the angle of the blinds was 

altered every 4 days, per 15
o
.  

 

Figure 1: The south side of the experimental cells [3]: Cell A with the integrated blinds on the 

left and cell B without solar protection on the right. 



 

Cell Β 

 

Figure 2: The mounting positions of sensors in relation to opening. 

EXPERIMENTAL RESULTS OF MEASUREMENTS  

The unmovable blinds on the exterior of façade of cell A is an integral element of the 

building, has an impact on the radiation that passes through the opening and participates in the 

configuration of visual comfort. The quantification of this impact, as well as the control of the 

efficiency of shading devices regarding daylight is the subject of this section. In general, 

visual comfort is defined from two aspects: the quantity and the quality of daylight in the 

interior of the building [4]. 

In order to study the influence of the blinds on both quantity and quality of daylight typical 

days representing cloudy and sunny sky conditions were selected on the basis of the intensity 

of global solar radiation [5], [6]. Two days were selected: the 21
st
 of January 2009, as 

representative of a cloudy day and the 15
th

 of July 2009, as representative of a sunny day. 

Quantity of daylight  

In Figures 3 and 4 the illuminance close to the opening and at the rear of the two cells is 

presented during the typical cloudy day respectively. Illumination levels in cell A is plotted 

on the left vertical axis (continuous line), while illumination in cell B (without solar 

protection) is plotted on the right vertical axis (dashed line). In general, the two lines follow 

the same distribution; maximum levels appear simultaneously, but their levels are 

significantly different. For example, the maximum illuminance recorded on the point near the 

opening in cell A is equal to approximately 1100lx, while the respective value for cell B 

reaches 115000lx. The difference becomes smaller at the rear of the building module; in cell 

A the illumination levels does not exceed 300lx, while in cell B it is almost six times higher. 

It must be mentioned that during the evening hours the illuminance in the interior of the cells 

is not equal to zero, due to external artificial lighting. The presence of blinds has led to 

reduced illumination levels on the horizontal plane near the window, which ranges from 82% 

to almost 90% of the levels recorded in the unshaded building module. The highest reduction 

of daylight levels is observed at noon, when the sun reaches its highest point in the sky vault. 



At the rear of the room, the blinds reduce the illuminance at a rate ranging from 84% to 86% 

when compared to cell B. 

The illuminance close to the openings of the two cells during a sunny day of July 2009 is 

presented in Figure 5. Again, illumination levels in cell A is plotted on the left vertical axis 

(continuous line), while illumination in cell B (without solar protection) is plotted on the right 

vertical axis (dashed line).  

 

Figure 3: The illuminance close to the opening of cells (cloudy day of January 2009) [3]. 

 

Figure 4: The illuminance away from the opening of cells (cloudy day of January 2009) [3]. 

 

Figure 5: The illuminance close to the opening of the two test cells during the sunny day of 

July 2009[3]. 

   Cell A 

-------  Cell B 



Considering all the experimental results of measurements during one year, it is observed that 

the illuminance close to the opening of a building with integrated blinds is reduced from 75% 

to 98% when compared to an identical module without shading devices. Similarly, the 

illuminance away from the opening of the cell with integrated blinds is reduced from 80% to 

94% compared to a module without shading devices. These rates depend on the prevailing 

weather conditions. It is obvious that external blinds influence the distribution and the levels 

of indoor illuminance at a great extent, since the transparency of the system “opening-shading 

device” alters significantly [7]. 

Quality of daylight  

Quality of daylight can be assessed with qualitative characteristics, which interrelate the 

illuminance on the working plane with that of surrounding surfaces. A uniform distribution of 

light in the field of vision is required; otherwise, excessive contrasts can lead to visual 

comfort problems [8]. The illumination level on surrounding surfaces may be lower than the 

illuminance of the working plane, but it is recommended that both exceed threshold values. 

The uniformity of daylight can be expressed as the ratio of minimum to average value of 

illuminance in a space; ratio values greater than 0.7 contribute to visual comfort [9].  

As has been already mentioned, the quantity of daylight is reduced at a great extent during 

both sunny and cloudy conditions. Due to the extremely high daylight levels prevailing under 

sunny skies, it is expected that the presence of the blinds and the consequent reduction of 

daylight levels at the front of the room would lead to a better lit environment. However, the 

question is whether the reduction of daylight under cloudy conditions would also contribute to 

the formation of visual comfort. The methodology described above was used in order to study 

the influence of external blinds on the formation of visual comfort in the building modules 

under cloudy conditions. For the most descriptive presentation of the results, it was assumed 

that the illuminance levels recorded close to the opening in cells A and B (named E1 and E3 

respectively) represented the maximum values, while the illuminance recorded at the rear of 

the cells (named E2 and E4 respectively) represented the minimum values. The uniformity in 

the distribution of daylight in both cells was calculated for each hour of the selected cloudy 

day of January 2009 as the ratio of the minimum and average illuminance values (fractions 

a=E2/[(E1+E2)/2] and b=E4/[(E3+E4)/2). When a and b-values exceed 0.7, it can be regarded 

that the recommendation met in bibliography is satisfied. If a-value is greater than b-value, it 

is concluded that due to the presence of blinds the uniformity of daylight in cell A is enhanced 

in comparison to cell B. 

Figure 6 shows the distribution of a and b-values during the selected cloudy day of January 

2009. During the typical cloudy day, the a and b-values are significantly lower than 0.7. More 

 

a - value 

b - value 

 

Figure 6: a and b-values for cells A and B respectively during a cloudy day in January 2009 

[3]. 



specifically, a-value is greater than b-value from 09:00 to 16:00; that means that during the 

typical working hours the distribution of daylight in cell A is more uniform than the 

distribution of daylight in cell B, therefore the visual conditions in the interior of cell A are 

enhanced due to the presence of blinds.  

CONCLUSIONS 

The blinds in office buildings contribute to the formation of indoor daylight conditions by 

reducing illumination levels both in the front and at the rear of the room. The existence of 

horizontal blinds improves the distribution and uniformity of daylight, especially during 

working hours. The inclination of the blinds is responsible for the amount of daylight that is 

admitted indoors; the greater the inclination is (90
o
 corresponds to closed blinds), the lower 

the maximum illuminance becomes.  
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ABSTRACT 

Influence of occupant behaviour on the energy performance of dwellings is an emerging 

research topic: Not only the amount of studies is insufficient, but also they provide 

contradictory results. The aim of this study is to reveal the sensitivity of dwelling energy 

performance to the presence of occupants in different dwelling types, assuming that presence 

is the precondition of behaviour. Sensitivity of dwelling energy performance to occupant 

presence is analysed using Monte Carlo method, which is one of the most commonly used 

methods to investigate the approximate distribution of possible results (energy performance) 

on the basis of probabilistic inputs (presence). For this study, the hourly inputs of presence are 

derived from a database of 319 dwellings in the Netherlands. 4 different types of Dutch 

reference dwellings are selected for the simulation model: Row house, Corner/Semi-detached, 

Free standing, and Flat. Steps of the methodology are as follows: (1) Pre-processing 

behaviour data (the maximum and minimum values of the input parameters); (2) Gathering 

samples from SimLab pre-processor; (3) Simulating each sample by a dynamic simulation 

program to collect output data. (The simulations are made with „one at a time‟ approach. Each 

input is perturbed in turn while keeping all other inputs constant at their nominal value); (4) 

Combination of inputs and outputs in post-processor of SimLab to run Monte-Carlo analyses. 

Results of this study showed that presence varies at the weekends more than it does during the 

weekdays. Corner/semi-detached dwelling is the dwelling type that presence is the most 

consistent during the weekdays, and row house at the weekend. Flat is the dwelling type that 

demands the least heating energy, and corner/semi-detached is the most. Weekdays are more 

influential on the heating energy demand than the weekends. Corner/semi-detached dwelling 

energy performance is the most sensitive to presence on weekdays, row house at the weekend.  

INTRODUCTION 

A building consumes energy depending on its envelope characteristics, the systems installed 

for its services (heating and ventilation systems, electricity production and hot water), the site 

and climate it is located in and the behaviour of its occupants. Presence and occupant 

behaviour is an aspect of building energy performance that has been studied for the last two 

decades. In this paper, assuming that presence is the precondition to occupant behaviour in a 

building, the sensitivity of dwelling energy performance to the presence of occupants in 

different dwelling types is studied.  

Sensitivity analysis, the study of how the variation in the output of a model can be 

qualitatively or quantitatively apportioned to different sources of variation, is conducted based 



on a mathematical model defined by a series of equations, input factors, parameters, and 

variables aimed to characterize the process being investigated. Input is subject to many 

sources of uncertainty including errors of measurement, absence of information and poor or 

partial understanding of the driving forces and mechanisms. This uncertainty imposes a limit 

on the confidence in the output of the model (e.g. Hamby et al, 1994; Helton et al, 2006) 

One of the most common sensitivity analysis practice works is based on sampling (random, 

importance, Latin hypercube). In general, a sampling-based sensitivity analysis is one in 

which the model is executed repeatedly for combinations of values sampled from the 

distribution (assumed known) of the input factors. There are several examples of the 

application of sensitivity analysis in building thermal modelling (e.g. Spitler et al, 1989; 

Corson, 1992; Fülbringer and Roulet, 1999; McDonald, 2004; Harputlugil et al, 2009; Bedir 

et al, 2011). For sensitivity of energy simulation models, a set of input parameters and their 

values are defined and applied to a building model. 

The simulated energy performance of the model is used as a base for comparison to determine 

how much the output (here measured in terms of heating energy demand in the heating 

season) changes due to particular increments of input values (here presence) (Corson, 1992). 

Consequently the results show which parameters can be classified as “sensitive” or “robust”. 

Sensitive parameters are the parameters that by a change in their value cause effective 

changes on outputs (in this case heating energy demand). Contrarily, change of robust 

parameters causes negligible changes on outputs. 

The aim of this study is to find how sensitive or robust the dwelling energy performance is to 

occupant presence, and presence only. Accordingly, the analysis looks for the thresholds that 

energy performance of a dwelling becomes sensitive to presence. The sensitivity analysis is 

conducted on 4 different types of Dutch reference dwellings from year 2010: Row house, 

Corner/Semi-detached, Free standing, and Flat, considering that the sensitivity of dwelling 

energy performance could be different in different dwelling types. 

METHOD 

Monte Carlo method is used for the sensitivity analysis. It is one of the most commonly used 

methods to analyse the approximate distribution of possible results on the basis of 

probabilistic inputs (Lomas and Eppel, 2007; Hopfe et al, 2007). In this research, the inputs 

(parameters) include presence at home, thus the internal heat gain resulting from presence. 

The steps of the analysis are as follows (Figure-1): 

o Pre-processing survey data (see next section) in statistical analysis program (the 

maximum and minimum values of the input parameters are determined) 

o Gathering random samples which are uniformly distributed from max and min values 

from SimLab pre-processor (SimLab) 

o Simulating each sample by a dynamic simulation program to collect output data. The 

simulations are made with „one at a time‟ approach. Each input is perturbed in turn 

while keeping all other inputs constant at their nominal value. 

o Combination of inputs and outputs in post-processor of Sim-Lab to get Monte-Carlo 

o Interpretation of the results 

Data 

4 Dutch reference dwellings for row, corner/semi-detached, free standing, and flat (Referentie 

woning, 2010) are modelled using the simulation software. The characteristics of the 



reference dwellings are explained below: Figure 1, the architectural drawings, and Table 1, 

the envelope properties. 

    

Row house      freestanding house 

    

Semi-detached house     flat 

Figure 1: Plans and sections of the reference dwellings. 

Characteristics of the 

reference dwelling 

Row Corner/semi-

detached 

Free standing Flat 

Width (m) 5,1 5,8 6,0 8,3 

Depth (m) 8,9 9,0 10,2 11,9 

Height (m) 2,6 2,6 2,6 2,6 

Floor area (m
2
) 45,4 52,2 61,2 98,8 

Volume (m
3
) 118,0 135,7 159,1 256,8 

Rc façade (m
2
K/W) 3,0 4,0 4,0 4,0 

Rc roof (m
2
K/W) 4,0 5,0 4,0 5,0 

Rc ground floor (m
2
K/W) 3,0 3,0 3,0 3,0 

U window (W/m
2
K) 1,8 1,7 1,7 1,7 

U front door (W/m
2
K) 2 2,0 2,0 2,0 

EPC value (NEN5129) 0,78 0,80 0,80 0,80 

Yearly energy use (MJ/m
2
) 359 401 417 346 

Table 1: Dimensions, envelope and energy use characteristics of the reference dwellings. 

Data about presence is collected in two neighbourhoods that began to develop in 1996, in the 

Netherlands. The survey was conducted in Winter 2008, in 319 dwellings. Hourly presence 

patterns of these dwellings (based on the dwelling type) are converted to single daily presence 

values, and descriptive statistical analysis is applied to be able to obtain the maximum and 

minimum values of presence. These values are processed in SimLab pre-processor for 

gathering the generic presence patterns for 4 different dwelling types (see Pre-processing 

survey data step, in previous section). 

Based on the 40 samples generated from pre-processor of SimLab, heating energy demand for 

each sample during the Dutch heating season (assumed as 01.October-01.April) is calculated 

with „one at a time‟ approach (see previous section), using a dynamic building simulation 

program. Note that, semi-detached house is one of the two houses in the cluster, and the flat is 

one of the units that are located in one of the intermediary storeys of an apartment building. 



The analysis of the results is conducted using the Monte Carlo statistical analysis method, in 

the post-processor of SimLab. 

RESULTS AND DISCUSSION 

The presence inputs generated from the survey sample for each dwelling type show that 

presence during weekdays in corner/semi-detached dwelling does not vary a lot (R²:0.78). 

Second most constant is the weekdays presence for flat type (R²:0.66). Weekdays presence for 

row houses (R²:0.59) and free standing (R²:0.09) follow the flat type. At the weekends, the 

variance of presence for different dwelling types is as such: Row house (R²:0.28), flat 

(R²:0.20), corner/semi-detached (R²:0.13), and free standing (R²:0.03). 

 

 Minimum presence sample 

(w/day) 

Minimum presence sample 

(w/end) 

Maximum presence sample 

(same w/day & w/end) 

 W/day 

(person) 

  W/end 

  (person) 

     Heating 

     Energy 

     Demand 

     (kWh) 

W/day 

(person) 

  W/end 

  (person) 

     Heating 

     Energy 

     Demand 

     (kWh) 

W/day 

(person) 

  W/end 

  (person) 

     Heating 

     Energy 

     Demand 

     (kWh) 

Row 1  2 43.56 2 1 41.80 4  5  31.89 

Corner/ semi-detached 1  1  61.81 1 1 61.81 4  5  49.54 

Free standing 1  2 51.30 2 1 50.45 3 3 47.53 

Flat 0  1  9.10 1 0 8.47 3 3 5.41 

Table 2: Minimum and maximum presence values for the weekdays and the weekend and the 

heating energy demands. 

In addition, the samples of each dwelling type, with minimum and maximum presence for 

weekdays and weekends are compared (Table 2). The sample with minimum presence for 

weekday and the sample with minimum presence for weekend are considered separately for 

minimum presence samples. For the corner/semi-detached dwelling type, minimum presence 

for weekday and weekend is the same (1/1). Maximum presence for weekday and weekend 

are the same in all dwelling types. For flat, the minimum presence sample for weekday 

includes „0‟ person presence. The row and the corner/semi-detached dwelling have more 

presence than the flat and the free standing (4/5 to 3/3). 

Presence has a negative influence on the heating energy demand of the dwelling, by means of 

the internal heat gain; and, flat is the least energy demanding dwelling type vs. corner/semi-

detached dwelling type. Samples with minimum presence for weekend result in lower heating 

energy demand values than the ones with minimum presence for weekday. The minimum 

presence for weekday and weekend is the same for the row house and the free standing. The 

heating energy demand is higher in the latter, 15% for the minimum presence sample 

weekday (1/2), and 17% for the minimum presence sample weekend (2/1). The maximum 

presence values for weekday and weekend are the same for the row house and the semi-

detached (4/5). The heating energy demand is 36% more in the latter. (Table 2 - Figure 2). 

 



Row house      freestanding house 

 

Semi-detached house     flat 

Figure 2: The heating energy demand values for minimum and maximum presence in 

weekday and weekend for different dwelling types. 

When the pear values for different type of dwellings for the weekday and weekend presence 

values are compared, it could be seen that the most sensitive dwelling type to presence is the 

corner/semi-detached for the weekdays. The flat, the row and the freestanding dwelling types 

follow the corner/semi-detached dwelling type, from the most to the least sensitive, for the 

weekdays. When a similar comparison is made for the weekend, the row house is the most 

sensitive to presence. The flat, the corner/semi-detached, and the freestanding dwelling types 

follow the row house (Figure 3). 

 

Figure 3: PEAR values for presence in weekday and weekend for different dwelling types. 

CONCLUSION 

In this paper, we focused on exploring the sensitivity of energy performance of a dwelling to 

presence, assuming that presence is the precondition of behaviour. Results of this study 

showed that weekdays are more influential on the heating energy demand than the weekends.  



In addition, corner/semi-detached dwelling type is the most sensitive to presence in terms of 

the energy performance, during the weekdays, and row house is the most sensitive during the 

weekend. 

Another result is that presence varies at the weekends more than it does during the weekdays. 

Also, corner/semi-detached dwelling is the dwelling type that presence is the most consistent 

during the weekdays, and row house at the weekend. Lastly, flat is the dwelling type that 

demands the least heating energy, and corner/semi-detached is the most.  

This paper covers only presence, and it is necessary to include ventilation, and heating 

behaviour in further analysis. In order to reveal the interrelations among presence and 

different behavioural patterns, and their influence on the heating energy demand of dwellings, 

a further analysis is still under progress with 250 samples, and the factors of presence, 

ventilation, and thermostat settings. 
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ABSTRACT 
 

In the context of a growing change in the way we inhabit and regarding the time spent 

indoors, the quality of indoor air and, more generally, all the factors related to the indoor 

environmental comfort such as air temperature, humidity and air movement, have become 

issues of major relevance. In this study we will analyze and pinpoint the relation between a 

set of physical factors that we present as contributing to the indoor environment quality, the 

bioclimatic and passive solar measures, together with other architectural solutions, and the 

quality of indoor environments; for that we referred to the case-study of urbanization of Casas 

de Santo António, which was developed in 2007 as a pioneering project for an eco-

neighbourhood in Portugal. This way, we will begin by analyzing and systemizing which type 

of factors contribute in the process for obtaining indoor air quality and why; then we will 

analyze the case-study at the level of passive strategies, active and passive systems used to 

implement the project, such as the strategic importance of solar orientation of each volume 

housing, their places of permanence; and the relationship between them, given the emphasis 

attributed to exposure to direct sunlight in a continuous mode for all buildings. Therefore, we 

will also study a set of elements that have a direct impact on the quality of internal air, like the 

thermal insulation, the solar gains / losses, the natural ventilation, the ratio of glazed area in 

relation to its orientation and to the outside shade, materials and finishing, lighting, energy 

systems and solar thermal systems. It has also been considered interesting to assess the 

feedback from the residents of the urbanization, regarding their perception of indoor 

environment quality. In order to assess this relation, we will carry out a survey with residents 

designated A and B. This option is related to the belief that the quality of indoor environment, 

as well as thermal comfort levels, is largely influenced by users‟ behaviours. 
 

INTRODUCTION 
 

The analysis of the construction process regarding residential buildings, points out as relevant 

the fact that in its different constructive aspects it contributes for a better and more efficient 

environmental comfort and, simultaneously allows a reduction of the energy consumption 

from the project phase until its future use [5]. 
 

The relation between buildings and their users has been evolving in the last few decades; this 

evolution is reflected in the fact that individuals, particularly in urban spaces, spend 80 to 

90% of their time indoors. The increasing concern to improve the environmental comfort 

inside buildings led to more frequent building envelop interventions and consequently to a 

growth of the energy consumption; indoor air quality has been left behind, leading the 

average concentrations of various pollutants in indoor air to increase substantially, with main 

consequences at the ecological and human level. The latter are already known to compromise 
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health and work performance in individuals. Such decrease in indoor air quality has come to 

be known as "Sick Building Syndrome” (SBS), which applies to situations where the poor 

quality of the air is at the origin of temporary unhealthy living conditions for the users. In this 

context, the quality of indoor air and, more generally, all the factors related to the internal 

environmental comfort such as air temperature, humidity and air movement, have become 

issues of major relevance in a number of countries. 
 

In order to achieve an environmental comfort inside our buildings, minimize avoidable 

spending, rationalize natural resources, minimizing the environmental impacts, it becomes 

necessary to explore a methodology, converging to the operativeness of the sustainable 

building process [3]. This way, the present study aims to analyze the different factors that 

contribute to obtaining indoor environment quality and their role in it. Afterwards, we will 

relate those factors to what has been implemented on the case study, the urbanization of Casas 

de Santo António in Barreiro; we will analyze its architecture at the level of passive 

strategies; active and passive systems used to implement the project; the strategic importance 

of solar orientation of each volume housing, their places of permanence; and the relationship 

between them, given the emphasis attributed to exposure to direct sunlight in a continuous 

mode for all buildings. Therefore, we will also study a set of elements that have a direct 

impact on the quality of internal air, such as the thermal insulation, the solar gains / losses, the 

natural ventilation, the ratio of glazed area in relation to its orientation and to the outside 

shade, materials and finishing, lighting, energy systems and solar thermal systems. 
 

Indoor Environmental Comfort 
 

The factor of indoor comfort can be difficult to define, as a range of environmental and 

personal factors must be taken into consideration when deciding what makes people feel 

„comfortable‟. J. Fergus Nicol and Michael A. Humphrey (2002) defined thermal comfort 

though the parameters: temperature, humidity and wind velocity, where the activity and 

clothing are important [8]. Another concept of thermal comfort was defined in British 

Standard BS EN ISO 7730 as “that condition of mind which expresses satisfaction with the 

thermal environment”[12]. The Health and Safety Executive has stated that the “best that you 

can realistically hope to achieve is a thermal environment that satisfies the majority of people 

in the workplace”. It considers 80% of occupants as a reasonable limit for the minimum 

number of people who should be thermally comfortable in an environment [12]. 
 

The efforts made towards the achievement of the desirable indoor environmental comfort 

during the different seasons, lead to important energy consumption through acclimatization 

solutions with mechanical equipment application, ventilation and air renewal. Even though 

the level of environmental comfort desired varies depending on the geographic location and is 

subjective from one person to another, some of its parameters can be standardized, through 

measures and procedures, making it possible to reach it with low levels of energy 

consumption. A division into two types of factors was considered: Physical and Sensitive 

factors (figure 1). 
 

Since the sensitive factors are more difficult to standardize, given the aesthetics, sociological 

and cultural components they depend on, we opted to analyze the physical factors regarding 

its specific contribution to indoor environment quality. 

 

 

 

 

 



  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1:  Factors contributing for Indoor Environment Quality 
 

Method - Indoor Air Quality 

Is variable according to the dimension and volume of the space, the speed and volume of the 

renewal of the air and the located sources of pollution inside the buildings [4]. Indoor air 

quality is a very important factor in the level of environmental comfort, and its improvement 

is associated with enhancing natural ventilation conditions. Various factors can influence the 

degradation of indoor air quality, such as the existence of dust and particles in suspension, 

odours, smoke and combustion gases and the gas release from products and materials used in 

the construction. 

 Indoor Temperature 
Temperature constitutes a highly determinative factor to the level of environmental comfort, being 

associated for this reason to the greatest energy consumptions of buildings use, throughout the 

different seasons of the year. The indoor temperature is conditioned by factors such as the inertia 

of the construction, the area of direct solar display, volume and air speed. [7] 

 Natural Illumination 
Is directly dependent of the solutions adopted in the conception of buildings, its form, dimension 

of glazed areas and solar protection systems. Natural light conditions should adapt to building 

functions, in order to prevent additional and permanent need of extra energy consumptions. [6]  

 Indoor Noise Level 
The level of noise depends essentially on two aspects: the space configuration and the 

constructive system adopted. We still verify that aerial noises and noises of percussion are, in a 

general way, inexistent or badly conceived in the project phase. Furthermore the acoustic 

insulation can prevent a level of noise that could be at the origin diseases of the users of the same 

buildings. [13] 

 Indoor Air Humidity 
A high level of indoor air humidity is in its great majority of times due to the lack of air 

renovation inside a building [4], and it is safe to say that in a general way the constructed 

residential buildings present a poor level of natural ventilation. The adoption of systems of 

general and permanent ventilation, incorrectly scaled and executed, without any control 



  

  

possibility for the periods of summer and winter, leads to the use of mechanical equipment for 

humidity control, consuming a large amount of energy. Also, inadequate air moistness levels 

propitiate the appearance of building pathologies with negative effects in its users‟ health. Thus, 

building envelopes should guarantee adaptable natural ventilation systems and surface materials 

selection according to the hygrometric behaviour in the interior and exterior of the building [6].  

 

RESULTS AND DISCUSSION 
 

The chosen case-study for the analysis of these parameters and other architectural solutions 

contributing to the indoor environment quality is the urbanization of Casas de Santo António, 

a pioneering project for an eco-neighbourhood in Portugal; the project stemmed from a desire 

to combine sustainable urban planning and a bioclimatic architecture, embracing an 

ecological lifestyle. Its program is essentially residential, complemented with commercial and 

services areas. Within the residential area (253 dwellings) we have single and multi-family 

housing. The main goal was to develop a project with a bioclimatic basis, complemented with 

architectural systems and solutions that would allow the obtainance of a model of energetic 

efficiency and indoor environment quality. The intervention has prioritized factors such as the 

articulation between the set of the urbanization with the woods next to it, the solar orientation 

of each volume, its permanence spaces, with an emphasis regarding the natural light exposure 

in a continuous way to each dwelling. Also, the strategies of natural ventilation to obtain a 

good air quality, the proportion of glazed areas in relation with its solar orientation e 

respective solar protections, thermal insulation, solar thermal systems, the acoustic insulation 

and the guidance for the use and maintenance of each dwelling [10].  In the following table 

(Figure 2) we synthesize the referred measures according to the different intervention stages: 

Project, Construction, Utilization and Maintenance [2]. 
 

The results of the various bioclimatic features and architectural solutions contributing to the 

indoor environmental quality of the urbanization were verified on the one hand by a Class A+ 

[1] Energy Efficiency and indoor air quality Certificate, according to the new certification 

regulation, and on the other hand by the surveys made to residents A and B of the 

urbanization, the first one living in an apartment in a multifamily building and the second one 

occupying an isolated single family house.   
 

As a complement to the bioclimatic strategies and systems, a building utilization and 

maintenance manual was made for each type of habitation, in order to obtain the highest level 

of comfort, in a sensitive, thermal, acoustic and functional level. The main topics are 

essentially the ventilation, the heating, the cooling, and the selective separation of trash and 

for the multifamily housing the use of the common spaces [11]. From the analysis of the 

surveys, it was understood that many of the procedures held on by the residents are very much 

the same as those expressed by the architects in the manual. Such procedures would be for 

example the utilization of equipments classified as A or superior, low-consumption 

illumination, water saving, among others. The general adherence to these “good procedures” 

can be explained by the fact that both residents A and B considered the opportunity to 

integrate a sustainable project as the most attractive factor in the urbanization. Globally, in 

terms of comfort the residents were satisfied; especially in terms of the crossed-ventilation 

system and the indoor air quality, the residents confirmed that humidity, condensations and 

odours were avoided, constituting a great improval regarding their previous houses. 

Regarding the thermal comfort, the solar orientations were referred as strategies for obtaining 

thermal comfort (Northeast Southwest and North/South for the single family houses and  

 

 



  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2:  Intervention stages and measures for Indoor Environment Quality 



  

  

East/West for the multifamily houses); such as the exterior blinds, the displacement of the 

concrete slab facing south, the conduction of the main winds with the use of vegetation, the 

thermal break window with two leaf-glass and vacuum box, the type of materials near the 

window and the exterior thermal insulation, were referred in the surveys as efficient methods. 

However, it was pointed out that the houses would have a behaviour a little bit under the 

expect at this level, revealing colder than expected in the winter (for the multifamily houses) 

and just a bit hotter in the pick of the summer, and colder in the winter (for the single-family 

houses). Regarding the illumination, the residents enhance the natural light quality, in fact 

with an almost continuous presence for the entire day. The levels of internal illumination were 

determined in the Project phase, for each space and in function of the type of activities 

happening there. As the acoustics are concerned, both residents consider that the interior 

space is well isolated, with the windows with tow-leaf with acoustic insulation, and also the 

green space surrounding the urbanization.  

To sum up, the case study was chosen for being a pioneer project in Portugal and for 

prioritizing sustainable measures leading to indoor environmental quality and energy saving; 

the project was developed in order to implement all the measures that we considered that 

contributed for indoor quality environment, and therefore the synthesis of those measures, 

confronted with the feedback of the residents, allowed us to conclude regarding their 

efficiency. Globally, it was possible to verify that the set of physical factors synthesized on 

Figure 1 actually permits us to obtain a satisfying indoor environment quality, especially 

regarding the ventilation strategy and consequent good air quality, the natural illumination 

constantly present for the entire day and in terms of the acoustics insulation. Only to what the 

thermal comfort was concerned, the residents pointed out that it hadn‟t reach their 

expectations, even thought it was enhanced that the house behaviour is still better than the 

average constructions. The fact that the residents of this urbanization choose it for its 

bioclimatic features is a positive contribution for sustainability in the society development.  
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ABSTRACT  
In order to limit the risk of overheating and reduce therefore energy needs for cooling, passive 
standard office buildings often present external motorized shading devices. However, the 
frequent use of solar screens may deprive the occupants of visual contact with the 
environment and of the benefits of natural light. Moreover, the artificial lighting system must 
regularly compensate the lack of natural light, involving large variations of internal gains and 
increasing energy consumption. The choice of the control parameters for the closure of 
shading devices is therefore crucial. 

Based on the case study of the research project BTP1000 whose main objective was to 
conceive a passive office building with a fixed cost of 1000 €/m², this paper describes an 
evaluation of control strategies for solar screens. It shows the impacts of the choice of control 
strategy on energy consumption for lighting, heating and cooling as well as on visual comfort. 
Several control strategies were tested: internal temperature, direct and global vertical radiation 
on façades, separately and combined. Energy consumptions are evaluated using iteratively 
two dynamic software: TRNsys for thermal assessments and DAYSIM for lighting 
assessments. In parallel, visual comfort is characterized by the evaluation of the Useful 
Daylight Illuminance and a view contact to exterior parameter. Control strategies are then 
discussed on base of these results describing visual and thermal comfort as well as energy 
consumption.  

This analysis shows that an optimized global energy consumption cannot be obtained without 
considering precisely all energy consumption posts (including lighting). This paper also 
illustrates the importance of combining parameters (i.e. temperature and power radiation) for 
the control of motorized shading devices. In conclusion, this analysis shows that, for the case 
study, a control strategy based only on thermal parameters is not sufficient to preserve the 
occupants against the too high illuminance levels, pointing out the importance of considering 
together visual comfort and energy consumption in order to ensure an optimized screen 
control strategy.  

INTRODUCTION 
In Belgium, we are currently attending the application of passive house standard in 
commercial buildings. This construction standard promotes a building skin conception that 
minimizes thermal losses. Mainly, it requires a very high level of insulation and air tightness 
(n50<0.6vol/hour) to reach an annual heating energy demand lower than 15kWh/m² [1].   

If the concept seems to be appropriate for the residential sector, the thermal behavior of office 
buildings presents some specificities. Mainly due to high occupation rates, equipment and 
lighting, internal gains may reach high values in office buildings. In these conditions, rises in 
temperatures can appear quickly with the superposition of solar radiation (and/or heating in 
service in winter) [2]. To limit the risk and reduce energy needs for cooling, passive office 
buildings are often equipped with motorized shading devices.   



The choice of the control strategy directly affects the view to exterior and the use of artificial 
lighting, modifying therefore internal gains which influence cooling and heating energy 
consumptions. This paper evaluates these impacts for different control strategies for 
motorized white screens. 

CASE STUDY DESCRIPTION  
This research is part of the BTP1000 project. The main objective of this project funded by the 
Walloon region is to improve the passive office building conception, with a fixed cost of 1000 
€/m². It includes 4 levels of offices, meeting rooms and facilities. Each level has a gross area 
of around 1000m². Table 1 presents the data set up, the thermal properties of the building and 
the key hypothesis.  Only the main façades of the building, oriented North and South, are 
glazed (around 30% of glazing). 

U-values Roof  and façades : 0.17 W/m²K – Ground floor : 0.19 W/m²K 
Windows Triple glazing: 0.59 W/m²K; frame: 0.95W/m²K ; g factor : 0.58 
Hygienic air 
flows 

Determined according to EN 13779  
Hygroscopic wheels with an 70 % heat recovery and bypass  

Free cooling Windows opened by occupant according to Humphrey’s algorithm [3] 
Internal gains Between 4.5 and 5 W/m²: people, equipment and lighting. 
Shading devices External white screen with a 0.8 shading factor 
Weather data Brussels- IWEC [4] 
Workings hours From 8 am to 7 pm. 

Table 1: Building properties. 

METHOD  
The study is made coupling two dynamic simulation software: DAYSIM for lighting 
assessment [5] and TRNsys17 [6] for thermal and energy simulations. 
First of all, daylight simulations are run for two blinds positions: totally lowered or totally 
retracted. For both cases, illuminance levels and dimmed artificial lighting power are 
determined. Internal gains input in the thermal model are based on these results. Indeed, by a 
simple algorithm, taking into account the closure or the opening of the blinds, the lighting 
consumption from Daysim results is selected at each time step according to the screen 
position. TRNsys determines the energy consumptions for lighting, cooling and heating as 
well as hourly shading devices position. In total, 68 simulations were computed with a 30min 
time step, testing the following blind control strategies (Table 2):  
Internal temperature from 22 to 24.5 °C by an increment of 0.5°C 
Direct vertical radiation1 (DR) from 50 to 250 W/m² by an increment of 50 W/m² 
Global vertical radiation (GR) from 100 to 300 W/m² by an increment of 50 W/m² 
Internal temperature and beam 
radiation 

from 50 to 200 W/m² by an increment of 50 W/m² 
and from 22.5 to 24.5 °C by an increment of 0.5°C 

Internal temperature and global 
radiation  

from 100 to 250 W/m² by an increment of 50 W/m² 
and from 22.5 to 24.5 °C by an increment of 0.5°C 

Table 2: studied control strategies     

This parametric analysis permits to determine for each control strategy the parameter(s) which 
minimize(s) the annual primary energy consumption of the building: internal temperature of 

                                                 
1 Radiations are calculated by orientation on each façade 



24.5°C; direct radiation (DR) of 100W/m²; global radiation (GR) of 300W/m²; combined 
internal temperature and direct radiation of 24°C and 50W/m²; combined internal temperature 
and global radiation of 24°C and 250W/m². 

For these relevant cases, visual comfort is then evaluated by the Useful Daylight Illuminance 
and the view contact to exterior, taking into account the screen closure scheme. Only results 
for these five cases and the case without shading devices are presented below.  

VARIABLES DESCRIPTION 

Annual primary energy consumption 
Heating and cooling loads are calculated by TRNsys to maintain respectively 21°C and 25°C 
during the presence time. The final energy consumption is then calculated taking into account 
machines efficiencies according to the Belgian Energy Performance Building calculation 
method. The annual performance of the centralized gas furnace is thus taken as 100% and the 
annual COP of the cooling unit is taken as 3. The ventilation network is used as heat and cold 
vector. Thermal control is made for each thermal zone. 

The artificial lighting installation has a maximal power density of 7.5W/m² in the working 
spaces and a dimming possibility. Consumptions are calculated to maintain 500 lux on the 
working planes, as recommended by the norm EN 12464 for office buildings. 

Conversion coefficients for primary energy are 1.1 for thermal energy and 2.995 for electric 
energy, according to the GEMIS4.4.2 database for Belgium. All the results are expressed in 
gross area for the entire building. 

Useful Daylight Illuminance  
In order to quantify the impact of natural light on visual comfort, the UDI was computed 
taking into account an occupancy pattern matching the work schedule for typical North and 
South offices. The UDI measures how often in the year daylight illuminances within some 
ranges are achieved [7]: 

Illuminances Less than 100 lux 100 lux to 2000 lux More than 2000 lux 
Sensation Insufficient: too low Useful: comfort Discomfort: too high 
Table 3: ranges of illuminances defined by UDI and associated sensation. 

View contact to exterior/blinds obstruction 
In order to quantify this parameter which strongly influences the visual comfort and the mood 
of occupants [8], the view contact to the outside is characterized taking into account the 
percentage of presence time when the blinds are lowered.   

RESULTS 

Annual primary energy consumption 
As illustrated by Figure 1: 

 The control strategy based on internal temperature of 24.5°C leads to the lowest energy 
consumption for cooling (5.14 kWh/m²), the half of the case without solar screen. 
Nevertheless, the lighting consumption of this control strategy leads to the highest total 
energy consumption (35.14 kWh/m²), which exceeds the case without screen. 

 Control strategies based only on radiation increase the energy consumptions for heating 
(5.09 and 5.47 versus 3.85 kWh/m² for the case without solar screen). 



 Control strategies based on internal temperature and radiation preserve a similar 
heating consumption respectively with the case without solar screen (3.91 and 3.94 
kWh/m²). This strategy presents the best reduction of energy consumption: 7.5%.  

 Controls strategies based on global radiation slightly decrease the energy consumption 
in comparison with those based on beam radiations.  

 
Figure 1: primary energy consumption for heating, cooling and lighting  

Useful Daylight Illuminance 

Figures 2, 3: UDI for typical South (left) and North (right) workspaces 

Figures 2 and 3, illustrating the UDI obtained for the different control strategies, show that:  

 Controlling screens on internal temperature increases the “comfort” category to 74%, 
compared to 54.6% for the case without screen for the South configuration. Moreover, it 
reduces the visual discomfort induced by too high illuminances (9.5% compared to 
34.6% without screen). However, this control increases the “too low” range to 16.5% 
against 10.8% in the base case.  

 Control based on temperature and global radiation leads to the best compromise for 
South, with a high comfort category obtained for 71.9% of the presence time, a “too low” 
category maintained to 10.8%, and a “too high” reduced to 17.3%. For North, the highest 
“comfort” category is achieved for the control strategy based on internal temperature with 
77.2%. However, the “too low” category increases for this case significantly (20.3%).  

 Comfort ranges are generally higher for North (76.1% versus 54.6% for South without 
solar protection), for a reduced “too high” category and a similar “too low” category. 
North spaces offer a better range of illuminance levels for offices.   

View contact to exterior/blinds obstruction 
Table 4 gives the percentage of working time during which the solar screens are lowered in 
the South and North offices for the different control strategies. 



 Tint 24°C; 
P250W/m² (GR) 

Tint 24°C; 
P50W/m² (DR)

P300W/m² (GR) P100W/m² (DR) Tint 
24.5°C 

South 23.92% 24.27% 21.35% 21.28% 58.55% 
North 2.94% 0.03% 0.17% 0% 48.58% 
Table 4: %  of working time with screen closure for typical South and North offices.  

For a shading control based on an internal temperature of 24.5°C, screens are lowered for 
59% of the presence time for South local and 49% for North local. The other control strategies 
lead to lowering the solar screens during around 22% of the working time for the south office. 
In these cases, the use of screens is very limited for North offices (only a slightly increase is 
seen for controls based on global radiation). 

DISCUSSION  
As shown in Figure 5 presenting a summary of the relevant results, no solar screen leads to a 
non-optimal energy consumption (second highest) and the worst results regarding the comfort 
“category” of the UDI evaluation. However, the view contact to exterior is optimal. 

 
Figure 5: Total building primary energy consumptions, screen closure and UDI comfort 
category for typical South office of the case study. 

The control strategy based on internal temperature reduces considerably the energy 
consumption for cooling. Nevertheless, it induces a too frequent use of solar screen (more 
than 50% of working time). Even if the UDI “too high” category is then reduced, the high 
frequency of too low illuminances increases lighting consumption. As a result, this strategy 
leads to a higher total energy consumption and not optimal visual comfort possibilities. 

Control strategies based only on the value of radiation hitting the façade reduce the solar 
passive gains increasing thus the heating consumption. To avoid it, if the shading control 
strategy is based on only one parameter, the threshold value of this parameter should be 
differentiated according to the seasons, as already proposed by Bodart [9]. The best solution 
being to use a control strategy based on combined parameters, as it optimises the UDI as well.  

Indeed, combining internal temperature and radiation control strategies offers better results in 
terms of energy consumptions and useful illuminance levels. On the other hand, view contact 
to exterior decreases compared to control strategies based on radiation. Basing the control 
strategy on global radiation permits a slightly reduction of the energy consumptions, reducing 
the time of screen closure for South offices and increasing a bit this closure time for North. 

To conclude, basing the shading control strategy on a maximal internal temperature of 24° 
and a maximum global radiation of 250 W/m2 is the optimal choice in the case of this highly 
insulated building. This strategy ensures low primary energy consumption while maintaining 
visual and thermal comfort in the offices during the whole year.  



CONCLUSION 
This study shows that in a commercial passive building, shading control strategies based on 
radiation present better performances than those based on interior temperature. Indeed, the 
latter do not consider the glare induced by the penetration of too much daylight. If the control 
strategy is based on internal temperature and if no additional interior blinds are present, it is 
thus necessary to offer the occupants the possibility to « by-pass » the automatic management 
system in order to allow them to protect themselves from too high quantities of daylight. 

Another point is that for South façades, and in the case of control strategies based on interior 
temperatures, the shading devices will be closed during about half of the year. It is thus very 
important to choose shading devices that can still let a part of daylight (for example the 
diffuse part) penetrate the building. Otherwise, the electric light should be used to compensate 
a lack of daylight and the total building energy consumption will rise dramatically. This 
confirms the necessity of considering together all the energy consumptions posts in order to 
optimize blinds control in very high insulated buildings.  

OUTCOME 
This study has tested the influence of several control parameters on the global energy 
consumption of a high insulated commercial building. However, some parameters were not 
tested and should be analysed as well. Among them, we find: 

- External temperatures, internal or external illuminance values. 
- Type of shading devices and possibility of intermediate position. 
- Differencing the control strategies by orientation and seasons.  
- Analysing the impact of the choices in terms of HVAC, passive cooling. 

The optimal shading strategy will be tested on the real building, and accurate measurements 
will allow a post-construction evaluation of the chosen strategy. 
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ABSTRACT  

The Indoor Environmental Quality (IEQ) of our buildings is essential to our health. In 
developing sustainable residential buildings of the future there lie a great challenge in 
combining energy efficiency with healthy and good IEQ while creating beautiful buildings 
and environments that give more than they take. The Active House vision approached exactly 
this challenge by combining energy indoor climate and environment to develop ideas and 
knowledge of our future buildings. The ModelHome 2020 project grasps the Active House 
vision and materialises it by designing and constructing six buildings as suggestions on our 
future sustainable buildings. These buildings constitute a live scaled laboratory for 
exploration of every aspect possible. Real people move into these buildings to make it 
possible to explore not merely the technical performance of the buildings but especially also 
creating the possibility of exploring the qualities and experiential performance of the house. 
This paper focus on exploring the IEQ in the first of the ModelHome 2020 projects the 
residential single family house Home for Life in Denmark. The house is measured through 
one year while a test family live in the house – carrying out normal everyday-life-activities. 
Thereby both the technical performance of the house is measured and the occupants’ 
experiences are measured. To be able to perform this holistic hybrid measurements methods 
from different scientific fields are applied. Natural and engineering science methods support 
measuring the quantitative performance of the buildings as temperature and CO2-level. 
Methods from artistic and humanistic sciences are applied for measuring occupants 
experiences – and thereby the building’s ability to perform in a more qualitative manner. 
These methods include observation, interviews and cultural probes. The paper describes 
results on the daylight environment, the thermal environment and the indoor air quality – 
presented through both quantitative and qualitative means. Lastly the paper discuss how the 
different results can challenge and support each other and support creating a wholesome 
evaluation of our future sustainable homes – based on a human centric perspective. 

INTRODUCTION 

In the Northern European countries we spend up to 90 percent of our time indoors – often in 
buildings with doubtful indoor environment [1]. Therefore, Indoor Environmental Quality 
(IEQ) of our residential buildings is a central subject that affects us all in our everyday lives – 
whether we are conscious of it or not. We wish to do something about these issues and aim at 
creating better and healthier environments for people with plenty of daylight and fresh air. 
Through the Active House vision we aim at developing buildings that give more than they 
take by uniting carbon neutral buildings with good IEQ adapted to the surrounding 



environment [2]. The vision is realised in an extensive living laboratory through the 
ModelHome 2020 project [3]. The purpose of the project is to demonstrate different solutions 
and approaches to the challenge of combing a healthy and comfortable indoor environment 
with carbon neutrality. The project is unfolded through design and construction 
demonstration buildings. Architecture and energy systems are optimised to each of the six 
specific locations and seven criteria for both energy performance and IEQ are defined to 
realise the vision of the project 
year period to test and experience

Fig. 1. “Home for Life”. South

 

This paper studies the IEQ of the first realised ModelHome2020 through considerations and 
analysis of both quantitative 
constructed in Denmark and has been tested for a one year period 

The paper describes the methodology used for measuring the house 
approach combining quantitative methods from natural and engineering science with 
qualitative methods from the artistic and humanistic sciences. The setup aim at explori
IEQ from various sides by illuminating how the sciences can support each other when e.g. the 
measured optimum IEQ does not meet the occupants experiences. We wonder, should a good 
IEQ be determined through means of numbers solely 
an indicator? Through presenting results on daylight, thermal environment and indoor air 
quality we illuminate how respectively quantitative and qualitative methods can provide data 
that tells the story from different perspectives. Lastly
challenge and support each other and support creating a wholesome evaluation of our future 
sustainable homes – based on a human centric perspective. 

METHOD 

In this paper the case study house is subject to explorat
quantitative and qualitative methods with focus on the kitchen/dining room as it is the most 
used room in the house (also see fig. 2).

The Mixed Methods approach 
considering all of them equally important. This approach illustrates that the aspects are inter
dependent and inter-connected 
studying the qualitative aspects and vice versa. Below, we summarise the quantita
qualitative methods used for exploring and assessing the IEQ of Home for Life.

Methods for quantitative and qualitative evaluation

Results on daylight are based on calculated daylight factor levels as continuous measurements 
of daylight levels will require a permanent grid of sensors in the house during occupancy 
impossible setting in a family’s everyday life. As the daylight factor is independent of actual 

. The vision is realised in an extensive living laboratory through the 
. The purpose of the project is to demonstrate different solutions 

and approaches to the challenge of combing a healthy and comfortable indoor environment 
with carbon neutrality. The project is unfolded through design and construction 
demonstration buildings. Architecture and energy systems are optimised to each of the six 
specific locations and seven criteria for both energy performance and IEQ are defined to 
realise the vision of the project [3]. When built, test families move into the houses

period to test and experience these designs of a future generation of sustainable homes.

 
. “Home for Life”. South facade (left). Daylight, ventilation and energy

studies the IEQ of the first realised ModelHome2020 through considerations and 
quantitative and qualitative aspects. This first house, 

constructed in Denmark and has been tested for a one year period by the Simonsen 

The paper describes the methodology used for measuring the house –
approach combining quantitative methods from natural and engineering science with 
qualitative methods from the artistic and humanistic sciences. The setup aim at explori
IEQ from various sides by illuminating how the sciences can support each other when e.g. the 
measured optimum IEQ does not meet the occupants experiences. We wonder, should a good 
IEQ be determined through means of numbers solely – or can human expe
an indicator? Through presenting results on daylight, thermal environment and indoor air 
quality we illuminate how respectively quantitative and qualitative methods can provide data 
that tells the story from different perspectives. Lastly we discuss how the different results can 
challenge and support each other and support creating a wholesome evaluation of our future 

based on a human centric perspective.  

In this paper the case study house is subject to explorations and analysis using both 
quantitative and qualitative methods with focus on the kitchen/dining room as it is the most 

see fig. 2).  

The Mixed Methods approach [4] combined methods from different sciences while 
ll of them equally important. This approach illustrates that the aspects are inter

connected – it is often possible to explain the quantitative aspects by 
studying the qualitative aspects and vice versa. Below, we summarise the quantita
qualitative methods used for exploring and assessing the IEQ of Home for Life.

Methods for quantitative and qualitative evaluation 

Results on daylight are based on calculated daylight factor levels as continuous measurements 
l require a permanent grid of sensors in the house during occupancy 

impossible setting in a family’s everyday life. As the daylight factor is independent of actual 

. The vision is realised in an extensive living laboratory through the 
. The purpose of the project is to demonstrate different solutions 

and approaches to the challenge of combing a healthy and comfortable indoor environment 
with carbon neutrality. The project is unfolded through design and construction of six 
demonstration buildings. Architecture and energy systems are optimised to each of the six 
specific locations and seven criteria for both energy performance and IEQ are defined to 

into the houses for a one 
designs of a future generation of sustainable homes. 

 
aylight, ventilation and energy concept (right) 

studies the IEQ of the first realised ModelHome2020 through considerations and 
qualitative aspects. This first house, Home for Life, is 

the Simonsen family.  

– a mixed methods 
approach combining quantitative methods from natural and engineering science with 
qualitative methods from the artistic and humanistic sciences. The setup aim at exploring the 
IEQ from various sides by illuminating how the sciences can support each other when e.g. the 
measured optimum IEQ does not meet the occupants experiences. We wonder, should a good 

or can human experience be as good 
an indicator? Through presenting results on daylight, thermal environment and indoor air 
quality we illuminate how respectively quantitative and qualitative methods can provide data 

we discuss how the different results can 
challenge and support each other and support creating a wholesome evaluation of our future 

ions and analysis using both 
quantitative and qualitative methods with focus on the kitchen/dining room as it is the most 

combined methods from different sciences while 
ll of them equally important. This approach illustrates that the aspects are inter-

it is often possible to explain the quantitative aspects by 
studying the qualitative aspects and vice versa. Below, we summarise the quantitative and 
qualitative methods used for exploring and assessing the IEQ of Home for Life. 

Results on daylight are based on calculated daylight factor levels as continuous measurements 
l require a permanent grid of sensors in the house during occupancy – an 

impossible setting in a family’s everyday life. As the daylight factor is independent of actual 



weather conditions, a calculation based on the actual geometry of the house provides a 
indication of the actual conditions 
relative humidity (%) are continuously measured in 11 zones
recorded providing a detailed illustration of the indoor environment dyna
and year. EN 15251 is used 
categorizing a space from I to IV 

Methods for qualitative evaluation of IEQ are a rather un
sustainable homes – however a few examples have surfaced during the last couple of years 
(e.g. [7] [8]). The evaluation is approached in a holistic manner by using a triangulation of 
methods deriving from artistic and h
of methods making it possible to approach the problem of interest from several different 
angles [4]. Thereby the various methods can support or contradict each other in the quest for 
making an extensive exploration of the problem. The qualitative measurements include an 
anthropological study through participant observations of the families’ experiences in the 
house [4], diaries written by the family following a Cultural Probe
interviews carried out between researcher and occupants 

Data registration and analysis are carried out through the same weaving approach where 
quantitative and qualitative aspects merge together to support and challenge each othe

RESULTS 

Extensive qualitative and quantitative measurements have been performed on IEQ of 
for Life between July 1st 2009 and July 1
period through which the commissioning and adjustment of all system
this period which influenced the results.

Daylight Environment 

The daylight factor calculations 
rooms on the ground floor and in most of the bedrooms at the upper floor. Esp
kitchen/dining room at the ground floor receives high daylight levels.

 

Fig. 2. Calculated daylight factor iso contours for ground floor (left) and upper floor (right).  

Rooms with an average DF of 2% or more ar
daylit when the average DF is above 5% 
be used during daytime, according to CIBSE 
occupants verbalise the quality of having high daylight levels: 
house compared to the old is the daylight. The daylight is better
house is the huge intake of daylight 

weather conditions, a calculation based on the actual geometry of the house provides a 
indication of the actual conditions [5]. Indoor temperatures (oC), CO2

relative humidity (%) are continuously measured in 11 zones (rooms) and hourly values are 
recorded providing a detailed illustration of the indoor environment dynamics during both day 

EN 15251 is used to evaluate the thermal comfort and indoor air quality 
categorizing a space from I to IV - where category IV indicates an unacceptable situation

Methods for qualitative evaluation of IEQ are a rather un-explored field of research regarding 
however a few examples have surfaced during the last couple of years 

. The evaluation is approached in a holistic manner by using a triangulation of 
methods deriving from artistic and humanistic sciences. A triangulation implies a combination 
of methods making it possible to approach the problem of interest from several different 

. Thereby the various methods can support or contradict each other in the quest for 
sive exploration of the problem. The qualitative measurements include an 

anthropological study through participant observations of the families’ experiences in the 
, diaries written by the family following a Cultural Probes [4]

terviews carried out between researcher and occupants [4] and photo documentation.

Data registration and analysis are carried out through the same weaving approach where 
quantitative and qualitative aspects merge together to support and challenge each othe

Extensive qualitative and quantitative measurements have been performed on IEQ of 
2009 and July 1st 2010. The results presented here are 

he commissioning and adjustment of all systems als
this period which influenced the results. 

The daylight factor calculations show an average daylight factor (DF) above 5
rooms on the ground floor and in most of the bedrooms at the upper floor. Esp
kitchen/dining room at the ground floor receives high daylight levels. [5] 

. Calculated daylight factor iso contours for ground floor (left) and upper floor (right).  

Rooms with an average DF of 2% or more are considered daylit. A room will appear strongly 
daylit when the average DF is above 5% in which case electrical lighting will most

according to CIBSE [9]. Through the semi-structure interviews the 
quality of having high daylight levels: “The best thing about the new 

house compared to the old is the daylight. The daylight is better” and “What characterizes the 
house is the huge intake of daylight – and that is what I want!” 

weather conditions, a calculation based on the actual geometry of the house provides a good 
2 levels (ppm) and 

(rooms) and hourly values are 
mics during both day 

e the thermal comfort and indoor air quality 
ategory IV indicates an unacceptable situation [6]. 

explored field of research regarding 
however a few examples have surfaced during the last couple of years 

. The evaluation is approached in a holistic manner by using a triangulation of 
umanistic sciences. A triangulation implies a combination 

of methods making it possible to approach the problem of interest from several different 
. Thereby the various methods can support or contradict each other in the quest for 

sive exploration of the problem. The qualitative measurements include an 
anthropological study through participant observations of the families’ experiences in the 

[4], semi-structured 
and photo documentation. 

Data registration and analysis are carried out through the same weaving approach where 
quantitative and qualitative aspects merge together to support and challenge each other. 

Extensive qualitative and quantitative measurements have been performed on IEQ of Home 
The results presented here are from that 

s also took place during 

(DF) above 5% in the main 
rooms on the ground floor and in most of the bedrooms at the upper floor. Especially the 

 
. Calculated daylight factor iso contours for ground floor (left) and upper floor (right).   
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which case electrical lighting will most likely not 
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“The best thing about the new 

“What characterizes the 



The plenty amounts of daylight 
the daylight levels sometimes are too resulting in the occupants closing the curtains. When 
confronting the occupants with this they explain their frustration about this relation 
they are very much aware of the energy aspects knowing that the sunlight brings heat into the 
house which supports reducing the heat demand of the building. 
called upon to draw back the curtains 

Fig. 3. The test family in the kitchen/dining room (left). Kitchen/dining room (middle + right).

 

The well-lit house influences the way the occupants use the electrical light and they 
experience using considerable less e
obvious! We actually don’t switch on the electric light. Of course we do it at night. When it 
becomes dark outside it is necessary

Thermal Environment  

The family experiences large temperature swings relating to whether the sun falls directly into 
the house or not and express this experience as a deterioration of the indoor climate: “
temperature fluctuations are much more dependent on whet

When evaluated against EN 15251 
overheating and under heating is considered, while it meets cat. II when only overheating is 
considered. See Fig. 4. Underheating (uncomfortably low temperatures) is generally caused 
by airings performed by the occupants during winter and spring/autumn. Underheating is 
considered less problematic than overheating as the cause of underheating in this c
matter of occupant preference rather than a consequence of the house design. The 
observations tell that the family is very aware of the indoor climate in the house. They use the 
information screen to follow the different levels but are not 
temperatures. Overheating occurs particularly during the spring period. This is to some extent 
due to the control system for the solar shading, which initially had two modes of operation; 
winter and summer. During the first year of operation
uses the sun screening and blinds to prevent overheating. This has resulted in an increasing 
awareness of the consequences of preventing e.g. view out: 
bay [...] it's fantastic!" Often the family has deactivated the automatic solar shading to be able 
to enjoy the view out; in this case they 
view is more important in the specific situation.

The use of solar shading illustrates a choice be
often has to make; dependent on the actual situation, the family balanced indoor temperature 
against the nice view out and the visual connection to the outdoor. Often they prefer the view.

light also bring side effects and the anthropologist observed that 
the daylight levels sometimes are too resulting in the occupants closing the curtains. When 
confronting the occupants with this they explain their frustration about this relation 
they are very much aware of the energy aspects knowing that the sunlight brings heat into the 
house which supports reducing the heat demand of the building. “Yes, one doesn’t really fell 
called upon to draw back the curtains – it is almost too much (the light)”. 

The test family in the kitchen/dining room (left). Kitchen/dining room (middle + right).

lit house influences the way the occupants use the electrical light and they 
experience using considerable less electrical light than in their previous house: 
obvious! We actually don’t switch on the electric light. Of course we do it at night. When it 
becomes dark outside it is necessary, but we actually don’t switch on the electric light much.”

The family experiences large temperature swings relating to whether the sun falls directly into 
ot and express this experience as a deterioration of the indoor climate: “

temperature fluctuations are much more dependent on whether the sun or not is outside.

When evaluated against EN 15251 [6] the kitchen/dining room meets cat. 
overheating and under heating is considered, while it meets cat. II when only overheating is 

Underheating (uncomfortably low temperatures) is generally caused 
by airings performed by the occupants during winter and spring/autumn. Underheating is 
considered less problematic than overheating as the cause of underheating in this c
matter of occupant preference rather than a consequence of the house design. The 
observations tell that the family is very aware of the indoor climate in the house. They use the 
information screen to follow the different levels but are not always 
temperatures. Overheating occurs particularly during the spring period. This is to some extent 
due to the control system for the solar shading, which initially had two modes of operation; 
winter and summer. During the first year of operation those was changed. The family actively 
uses the sun screening and blinds to prevent overheating. This has resulted in an increasing 

nces of preventing e.g. view out: "We can also look out over the 
the family has deactivated the automatic solar shading to be able 

to enjoy the view out; in this case they – subconsciously – accept mild overheating as the 
tant in the specific situation.  

The use of solar shading illustrates a choice between different alternatives which the family 
often has to make; dependent on the actual situation, the family balanced indoor temperature 
against the nice view out and the visual connection to the outdoor. Often they prefer the view.

also bring side effects and the anthropologist observed that 
the daylight levels sometimes are too resulting in the occupants closing the curtains. When 
confronting the occupants with this they explain their frustration about this relation – because 
they are very much aware of the energy aspects knowing that the sunlight brings heat into the 

“Yes, one doesn’t really fell 
 

 
The test family in the kitchen/dining room (left). Kitchen/dining room (middle + right). 

lit house influences the way the occupants use the electrical light and they 
lectrical light than in their previous house: “It is very 

obvious! We actually don’t switch on the electric light. Of course we do it at night. When it 
but we actually don’t switch on the electric light much.” 

The family experiences large temperature swings relating to whether the sun falls directly into 
ot and express this experience as a deterioration of the indoor climate: “So 

her the sun or not is outside.” 

he kitchen/dining room meets cat. III when both 
overheating and under heating is considered, while it meets cat. II when only overheating is 

Underheating (uncomfortably low temperatures) is generally caused 
by airings performed by the occupants during winter and spring/autumn. Underheating is 
considered less problematic than overheating as the cause of underheating in this case is a 
matter of occupant preference rather than a consequence of the house design. The 
observations tell that the family is very aware of the indoor climate in the house. They use the 

always satisfied with 
temperatures. Overheating occurs particularly during the spring period. This is to some extent 
due to the control system for the solar shading, which initially had two modes of operation; 

was changed. The family actively 
uses the sun screening and blinds to prevent overheating. This has resulted in an increasing 

"We can also look out over the 
the family has deactivated the automatic solar shading to be able 

accept mild overheating as the 

tween different alternatives which the family 
often has to make; dependent on the actual situation, the family balanced indoor temperature 
against the nice view out and the visual connection to the outdoor. Often they prefer the view. 



 
Fig. 4. Operative temperature in the kitchen/dining room depicted vs. outdoor temperature 
and comfort range limits according to the adaptive method of EN 15251. 

 

Indoor Air Quality  

The CO2-level is used as indicator of air quality. The CO2 concentration in the kitchen/dining 
room was above 1200 ppm for 210 hours during the measured year. The kitchen/dining room 
meets cat. III of EN 15251, see fig. 5.. The natural ventilation scheme during summertime 
provides low CO2 levels, whereas the CO2 levels during wintertime were higher.  

 
Fig. 5. Monthly CO2-levels in the kitchen/dining categorised according to EN 15251. 

 “There is much more CO2 since we do not get aired out automatically. And it is clear that 
when I've been here and open doors, typically so you can see that the CO2-level goes down. It 
improves the CO2 levels." The quote illustrates how the family has developed a dependency of 
the information screen – they have a firm belief that the quantitatively measured CO2-levels 
solely determine their health, but they are not able to judge if a specific CO2 level is too high; 
they often react on a rising trend. They air out for long periods even though the change of air 
is not needed and has no effect regarding health.  

DISCUSSION 

The adaptive evaluation approach of EN 15251 of thermal environment seems in accordance 
with the family’s experience of the thermal environment. The building is free running during 
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the summer time, as it is naturally ventilated, and the family could control solar shading and 
open windows on room level, giving them control over their environment, which generally 
contributed to increasing their satisfaction.  

Results on thermal comfort show both some underheating and some overheating. The 
overheating occurred mainly in the spring period when the automatic external solar shading 
remained in “winter” mode, indicating that the family either trusted that the “system” was 
working correctly, or was unable to make efficient use of the shading. Another explanation 
could be that they simply enjoyed the elevated temperatures along with the light after a long 
Nordic winter, and preferred the view out. Their statements support the last explanation.   

The calculations of daylight performance showed high daylight levels, and the occupants 
particularly expressed satisfaction with the daylight conditions in the house.  

It is challenging to present the IEQ of a house through both quantitative and qualitative 
aspects due to the differences in their representation. Can a recorded quotation weigh as much 
as a measured number?  

As de Dear [10] showed, the concept of thermal adaptation is better explained when a 
psychological angle is applied. Similarly, many nuances are added to a quantitative recording 
of e.g. temperature, when a structured analysis based on social sciences is applied. Qualitative 
recordings provide insight into what the family actually liked and disliked in their house.  
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ABSTRACT  
Water-cisterns are valuable historical buildings in Iranian architecture which have fallen into ruin. 
These buildings should be preserved for both historical and aesthetic reasons. Also they have 
significant environmental potential because their architecture (containing wind-catchers and being 
underground) creates stable annual temperature and appropriate ventilation. One of the examples of 
these buildings which has been rehabilitated is Amirchakhmagh water-cistern in Yazd. This water-
cistern is now used as an Iranian-traditional-sport-hall (zoorkhaneh). 
This article will investigate actual conditions achieved in this selected example. First, its rehabilitated 
design features and strategies will be mentioned. Second, the observations made by the author via field 
research, data collecting, interviews and using questionnaire in March 2009 will be described with 
tables, graphs and pictures. These observations include Today’s building condition; heating, cooling, 
air conditioning and other artificial facilities; temperature, humidity and ventilation measurement; 
airflow pattern; and occupants’ conditions and behavior. Meanwhile, the above information will be 
analyzed thoroughly by considering human comfort conditions. The results show that the temperature 
is relatively stable throughout the year. Actually, not many steps have been taken to use the potential 
of the wind-catchers in different seasons. It is found that with the stable temperature of the 
underground building, proper ventilation for providing fresh air (and sometimes cooling in summer) 
could have removed the need for heating and cooling facilities. In this case, it could work properly as a 
zero carbon building if the wind-catchers and the ground cooling effect of it had been used correctly. 
On the other hand, even with the current design it is obvious that building underground makes it easier 
to deal with thermal comfort. 
 
Keywords: Amirchakhmagh water-cistern – Yazd – thermal comfort – natural ventilation 

INTRODUCTION 
Seasonal storage of winter coolness in the forms of ice and chilled water in cisterns is centuries old. 
The use of cisterns in Iran has been diminishing rapidly due to the widespread use of piped water and 
household refrigerators. Most of the water-cisterns have: either given way to new developments; been 
remodeled as tourist attractions; or are in future plans to be rehabilitated. These buildings should be 
preserved for historical and aesthetic reasons and the fact that they have significant environmental 
potential because their architecture (containing wind-catchers and being underground) allows for 
stable annual temperature and appropriate ventilation. This article will investigate actual conditions 
achieved in a selected example. 

CASE STUDY DESCRIPTION 
The case study is a rehabilitated water-cistern called Amirchakhmagh (rehabiliated by Mohammad 
Hassan Khademzadeh) in one of the most populated urban areas (Amirchakhmagh square) in Yazd, 
Iran which its primitive shape is represented in figure 1. 



 
Figure 1: Section and plan of the water-cistern before rehabilitation (figure from the architect) 

Rehabilitation: To rehabilitate this water-cistern a new structure (a 40 centimeter-thick wall placed 
next to the wall of the cistern and a new dome placed on top of it) was inserted into the main cistern to 
protect the existing fabric and divide the whole building into two spaces with different functions (over 
and below the new dome). Figure 3 shows the new spacial organization of the whole building. 

 
Figure 2: Amirchakhmagh water-cistern after rehabilitation (figure from the architect, amendments 
made by author), place of Data loggers is shown by letters in boxes. 

All the spaces are almost related to each other which can be useful to: (1) Use the wind catchers for 
ventilation of the whole building; (2) Use the stable underground temperature. In this rehabilitation 
this characteristic has been achieved by employing three features: (1) leaving openings between 
different floors. This feature is accomplished by: First, locating the sport arena at 1 meter below the 
rest of the F00 while leaving the 1 meter descend open to the F-1; Second, by creating two big 
openings between the F-1 and the F-2 (a staircase and an opening in one of the sectors of the circle); 
Third, four openings on the top of the new dome are created which relate this floor to the inside of the 
cistern. (2) allowing the wind-catchers to ventilate both the F00 and the F-1 by placing the F00 in the 
middle of the inlet of the wind-catcher. (3) connecting rooms with wind-catcher inlets to adjacent 
rooms with no wind-catcher inlet on the same floor, to the F-2 and to the new cistern. (Visualized 
details available in figure 3) 

 
Figure 3: Strategies to connect all the spaces in the building (from author)  



Today’s building condition: The entrance door is opened every day from 5 30am to 10pm throughout 
the year. Inlets of some of the wind-catchers on the F00 are blocked by plastic to exclude dust. The 
inlets of the wind-catchers on the F-1 are blocked to some extent because the bottom of the wind-
catchers has been used for putting maintenance materials. A small fan has been located by the owner 
in one of the 12 windows on top of the dome. The F-2 is a descriptive water gallery which is unused 
because of some official issues. Therefore, visitors are not staying very long. Furthermore, the new 
reservoir is empty because of the same dispute. 
Heating, cooling, air conditioning and other artificial facilities: The only heating, cooling and 
ventilation facilities available are a small gas heater, an evaporative cooler and a fan. The only person 
responsible for the use them is the porter. He claimed that the gas heater works on the lowest level 
during whole winter and is only turned higher at dawn. The evaporative cooler (which cools down the 
air by adding water drops) works on medium level from the second month of spring until the end of 
fall when sport is on, while in June, July and August it works most of the day. The fan on top of the 
dome is used only during sport time in evenings due to smell. The heat gain from the lamps on the 
F00, F-1, F-2 and cistern are 120, 337, 576 and 120 watt respectively. 

MONITORING THE BUILDING 
The temperatures have been monitored by data loggers (called tinytags) from Friday 13/3/2009 
8:00pm to Monday 16/3/2009 4:00pm.  The place of data loggers are shown in figure 2.  

Temperature measurements 
Temperature was monitored in the cistern, the F00, and two rooms in the F-1 (one room with and one 
without a wind-catcher). Average temperature of the F-1 and the cistern is almost as same as the 
average of the outside temperature which both are almost the same as Yazd average annual 
temperature, but with clearly less fluctuation. This is one of the big advantages of being underground. 
The fluctuation on all floors (excluding the cistern) is around 2.5 degree centigrade because of the 
natural ventilation through wind-catchers. Both monitored rooms have similar temperature conditions 
(although the room with wind-catcher has a bit more fluctuation) because of the pipes that connect 
each wind-catcher to adjacent rooms. The cistern has no temperature fluctuation because it is 
underground and has no ventilation. The average temperature on the F00 is significantly more (6 
degrees) than on the F-1 and outside which is caused by heat gains such as gas heaters, lights and 
people. Both, however, have the same fluctuation because they have the same ventilation rate.  

 
Figure 3: Results of the monitoring from Friday 13/3/2009 8:00pm to Monday 16/3/2009 4:00pm  

 (A1)  (B1) (B2) (C1) (C2) (C3) (C4) Outside 
Average Temperature °C 25.8 20.0 19.7 19.3 19.5 19.5 19.3 20.1 
Min Temperature °C 25.1 19.3 18.6 18.9 19.2 19.5 18.9 12.3 
Max Temperature °C 27.2 21.4 21.2 19.5 19.9 19.5 19.5 27.6 
Temperature Fluctuation °C 2.1 2.2 2.5 0.6 0.7 0.0 0.6 15.3 
Average RH  % 30.4 24.5 26.6 72.1 74.4 64.0 59.9 20.5 

Table 1: Results of the monitoring from 14/3/2009 1:00 pm to 15/3/2009 1:00 pm 



Ventilation measurements and airflow pattern 
Airflow was measured (with a thermo-anemometer) both in the afternoon and in the evening in the 
following locations: next to the wind-catcher inlets; in the middle of each floor; on the inlet and outlet 
of the pipes; and in the open area around the sport arena in the morning. Measured air velocities were 
around 0.2 to 0.5 and rarely got to 2 m/s next to the inlet of the wind-catchers. In other areas of the 
building the air velocity was about 0.2 to 0.3 m/s. All this time, the outside wind speed was about 0.5 
to 8 m/s. During the sport time, the small fan was turned on by the porter.  
The air flow (averaging around 0.2 m/s) was verified by a smoke test and observed in the whole 
building. The direction of airflow between the floors was always up, apart from next to the inlets of 
the wind-catchers where it was both towards the inside and towards the outside of the building. 
Direction of the air flow in the whole building was changing because of the effect of the wind 
catchers.  

Occupants 
Occupancy: This sport which is practiced in the sport arena is just played in certain hours of the day 
(6-7am, 5-6pm and 8-9pm on weekdays and 11-12am on holidays, in this case the Sunday was bank 
holiday). There are almost 10 men doing the sport in the morning and about 25 men in the evenings 
and weekends. Sport spectators in the mornings are usually less in number than in the evenings 
(sometimes about 30 visitors for each sport period). Visitors for the water-cistern come randomly 
throughout the day, averaging around 30 persons per day. 
Occupants’ responses: Visitors and participants’ responses were gathered during five days using a 
questionnaire and doing interviews.  
Visitors’ opinion: In total 20 visitors have been interviewed. Visitors’ opinions (15 men) are as 
follows: Morning visitors and evening visitors (not in sport times): 100%Comfortable 
Evening visitors (more crowded with athletes and the visitors): (1) thermal Condition: 46% 
comfortable, 33% slightly uncomfortable and 20% uncomfortable (the last two groups preferred colder 
condition) (2) Ventilation: 6.6% comfortable, 40% slightly uncomfortable and 33% uncomfortable 
(because of the bad smell in the hall). Five women that were available were comfortable with the 
temperature but preferred more fresh air.  
Visitors for the water-cistern during sport time: 90% comfortable with thermal conditions, 10% 
slightly uncomfortable. 90% of the total complained about bad smell upon entry. 
Athletes’ opinion: 30 athletes were interviewed by questionnaire. With regard to figure 4, it is obvious 
that most of the athletes are satisfied and the most problematic aspect is the ventilation. The condition 
of the moment of answering the questionnaire was neutral for 80% and slightly warm for 20% of the 
athletes. Clearly athletes were more comfortable than spectators (cf. visitors’ opinion). 

 
Figure 4: Result of athletes’ questionnaire  

The porter said that in spring and in fall, the temperature is comfortable both on the F00 and on the F-
1. In summer, during days in which an evaporative cooler is on, the temperature is good, he prefers to 
sleep on the F-1 which is colder without any cooling facility. In winter he sleeps on the F00 because 
his room on the F-1 is too cold. During winter days the F00 temperature is comfortable with a small 
heater on the lowest level, while at dawn he prefers to turn the heater a bit higher. 



Analysis 
Thermal Satisfaction: Regarding the fact that the temperature of human comfort zone varies in 
different regions and seasons, the comfort zone calculated in Yazd in March is 19.5 to 24.5 °C. 
Surprisingly, the main users of the building are satisfied with thermal conditions throughout time 
monitored, despite the temperature being above comfort zone in the sport hall which can be noticed in 
table 2. In order to explain this, we can refer to the fact that although temperature is usually the most 
important environmental variable affecting thermal comfort, a person’s sensation of warmth is 
influenced by other physical parameters as well (environmental factors such as air temperature, mean 
radiant temperature, relative air speed and humidity; and personal factors such as metabolic heat 
production and clothing) [1]. 

 
Figure 5: Results of the monitoring from 14/3/2009 1:00 pm to 15/3/2009 1:00 pm with specifying 
number of occupants during the sport time  
 
                             
 

5-6pm-14/03/09 
10 Persons 

8-9pm-14/03/09 
22 Persons 

11am-12pm-15/03/09 
29 Persons 

5 30am-
10pm 

10pm- 
5 30am 

Average Temperature 26.1 26.5 26.5 27.2 26.9 
Min Temperature  25.8 25.8 26.9 25.1 25.1 
Max Temperature 25.9 26.2 26.7 25.9 25.6 

Table 2: temperature during occupancy hours from 14/3/2009 1:00 pm to 15/3/2009 1:00 pm with 
specifying number of occupants during the sport times 

In this case, environmental and personal factors influence warmth sensation in three ways: (1) a 
change of three degrees according to the table of ‘Thermal sensation scale’ will change the response 
on the scale of subjective warmth by about one scale unit for sedentary persons, while more active 
persons are less sensitive to changes in room temperature. This reason explains why spectators are less 
satisfied. (2) the cooling effect of air movement is well known. Furthermore, regard to CIBSE [2] 
people are more tolerant of air movement if the direction of the air movement varies. As mentioned 
earlier, the function of the wind-catchers causes the air direction to vary. This makes the condition 
more satisfying. (3) according to CIBSE [2], where air speed in a room is greater than 0.15 m/s, the 
operative temperature should be increased from its ‘still air’ value to compensate for the cooling effect 
of the air movement. Furthermore, air speeds greater than about 0.3 m/s are probably unacceptable 
except in naturally ventilated buildings in summer when higher air speeds may be desirable for their 
cooling effect. In the case study, the air movement varied from 0.2 to 0.3 m/s. This range (more than 
0.15 and less than 0.30 m/s) makes people feel cooler in high temperatures on the F00 while not being 
too high to annoy them.  
Humidity Satisfaction: Humidity in the range of 40–70 % RH is generally acceptable. Consider 
CIBSE [2], Lower humidity is often acceptable for short periods of time. The average humidity on the 
F00 is 30% which is relatively low. However, during drier seasons (i.e. spring and summer) this has 
been compensated by the use of an evaporative cooler but, in cold seasons the air is very dry and some 
other techniques should be used to humidify the air. In the new cistern the humidity is strangely high. 
Ventilation Satisfaction: Athletes and non-spectator visitors found the air freshness fine, but 
spectator visitors were not completely satisfied with the amount of fresh air. According to CIBSE [2] 
Guide, 10 l/s/person air supply rate is needed for sport halls. The calculated ventilation rate in the 



building is 14 l/s/person (see calculation below). This rate is not completely used on the F00 because 
the inlets of the wind-catchers are partly inside the rooms on the F-2 instead of being completely 
exposed to the sport hall. Another fact is that the air flow rate in the sport arena is more than in the 
spectators’ place because only the sport arena has a direct opening to the F-1 and the inlets of the 
wind-catchers around the spectators’ place on the F00 have been blocked by the owner. So, when the 
small fan in the apex of the dome is working, it forces the air to flow from the wind-catchers directly 
to the outside via the opening around the sport arena. This is why athletes are satisfied with ventilation 
and spectators are not. 

SUGGESTIONS AND CONCLUSIONS 

Discussion and Suggestions 
By mapping the occupants’ responses onto temperature and airflow data, we would surprisingly see 
that occupants are satisfied while the temperature is not in the comfort zone. So, their impression of 
comfort does not relate to physical temperature. But, in the same time, the temperature is quite stable 
(fluctuation of at most 0.5 °C during occupancy) and the air velocity rate compensates the high 
temperature. It is concluded that occupants can be tolerant to high temperature if there is no 
fluctuation and there are some other elements like humidity, wind etc. to help the condition.  
In theory, the temperature of an underground building should be the same as the average annual 
temperature which in Yazd, this is about 20 degrees centigrade). However, in reality, because of the 
ventilation, heating and cooling facilities and occupants, this is not what actually happens which can 
be seen also in the case study. 
The environmental potentials of the building have been maximized by relating its different parts to 
each other which causes the usage of the stable underground temperature and the ventilation provided 
by the wind-catchers for the whole building. However, the issue here is the unreasonable usage of the 
heater for compensating the high air velocity during winter. This can be solved simply by controlling 
the ventilation during winter with modernization of the wind-catchers. On the other hand, during 
summer the evaporative cooler is in use while the F-2 is slightly cold. The evaporative cooler can be 
substituted by the colder air of the F-1 and the humidified air from the water-cistern. Furthermore, 
facilities with less heat emission should be used. As a result, wind-catchers should be modernized in 
order to solve the problem of dust and the impossibility of controlling the wind. 
In Yazd, six months of the year are too dry while the rest of the year is not comfortably humid. Given 
that the new cistern is too humid, this humidity can also be used to humidify the dry air. One of the 
most effective techniques would be to try mixing the air of the whole building more by automatic 
sensors and fans. 

CONCLUSION 
This converted water-cistern is interesting because of mixture of wind cooled and underground spaces 
to provide comfort. The results show that the temperature is relatively stable, but it is obvious that it 
cannot be expected that the same amount of openings in different seasons work properly throughout 
the year. Actually, no steps have been taken to use the potential of the wind-catchers in different 
seasons. It is clear that with the stable temperature of the underground building, proper ventilation for 
providing fresh air (and sometimes cooling in summer) could have been done a lot better and may 
have even stopped the usage of heating and cooling facilities. In this case, it could work properly as a 
zero carbon building if the wind-catchers and the ground cooling effect of it had been used correctly. 
On the other hand, even with the current design it is obvious that building underground makes it easier 
to deal with thermal comfort issues because it has a naturally stable temperature. So, the most 
important fact in using the potential of underground sealed building is how to manage the ventilation. 
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ABSTRACT 

Building codes and certifications require maximal building performance in different aspects. 

However, focusing on achieving a single purpose can prevent obtaining additional ones. This 

work aims to help building designers balance energy and visual performance design criteria. 

Correct window size selection is part of early design stage decisions that influences total 

building performance. The study is based on temperate climates, but procedures can be 

applied to different locations. 

Large numbers of techniques have been used to optimize building features for one objective. 

However, it is not common to find an integrative approach to visual and thermal aspects of 

window design. The difficulty to achieve many goals resides in high degrees of complexity 

introduced when many building features must be considered in an infinite number of possible 

design solutions. Multi-objective optimization techniques start to be applied in building 

science. Nevertheless, choosing adequate acceptance criteria presents additional dilemmas. 

Different assessment criteria applied to a single problem can lead to diverse valid solutions. 

A brief review was made of commonly used energy consumption and visual comfort and 

performance criteria. The study was made through whole-building computer simulations of a 

standardized test room. The influence of window size variations on energy consumption, 

visual performance and visual comfort was examined. The window-to-wall-ratio (WWR) of 

the facade prototypes varied from 10% to 100% in 10% steps. Energy consumption and visual 

comfort criteria for acceptance were defined based on the review. A graphical optimization 

method was used to select a range of recommended window sizes for different orientations. 

This provided a solution space with “compromise sizes” satisfying both energy and visual 

aspect objectives. However, unprotected windows cannot meet all these criteria. This makes 

the provision of sun-protecting elements necessary. A selection procedure based on design 

needs is detailed. When various related criteria are applied using adequate values, the variety 

of acceptable solutions is increased, but too many can limit it. Clear acceptance ranges and 

objectives that can be translated to decisions have to be conceptualized beforehand. 

INTRODUCTION 

Windows characterize energy consumption and visual comfort patterns in buildings. 

Choosing their size is among many fundamental early stage decisions. Therefore, determining 

optimal characteristics for building performance is essential. Multiple aspects must be 

considered at once in order to accomplish project objectives. Even though, most research 

efforts are dedicated to find optimal properties of a single element for one purpose only. 

Multi-objective optimization starts to be applied in building science, considering several 

variables at once. However, appropriate evaluation criteria must be considered beforehand. 



Applying different assessment measures to a single aspect of the same problem can lead to 

diverse valid solutions. Additional new criteria are then needed to define a solution [1]. 

Daylighting systems have been evaluated through indicators involving illuminance and glare 

[2]. However, assigning importance values to each visual factor and their interaction with 

energy consumption requires further exploration.  

Whole-building computer simulation was used to examine window size variations and their 

energy consumption, visual performance and visual comfort patterns for temperate climates. 

A solution space is defined, and results are examined different design criteria. A method is 

shown on how to use them in order to define a “compromise size” from the solution space. 

AVAILABLE VISUAL AND ENERGY EVALUATION CRITERIA 

Energy 

Energy use can be measured on site and is of economic interest for building operation. It is 

usually expressed in terms of energy units (kWh or GJ) per unit area per time unit. It 

quantifies consumption of heating, cooling, lighting and ventilation. The goal is to select the 

least energy-consuming system. Other methods include evaluating adaptive thermal comfort 

[3] and the degree-days method [4]. 

Visual performance and comfort 

Discomfort due to visual effects is reported more frequently than discomfort by thermal 

effects. This is due to the time delay in experiencing the latter [5]. Visual performance and 

comfort criteria will be divided into illuminance-based and glare-based criteria. 

-Illuminance-based criteria serve to evaluate if a lighting setup provides the amount of light 

needed to carry out a task, usually in the horizontal plane. Examples include the daylight 

factor, range of useful illuminances, and illuminance uniformity (understood here as the ratio 

between maximum and minimum illuminance in a space) [6]. Suitable values for different 

activities are provided in various standards. 

-Glare-based criteria are meant to assess visual comfort in a space. A comprehensive account 

of glare indexes and evaluation methods is detailed by [7]. Each measure is specific to a 

particular situation, such as luminance ratios [8]. Regarding natural light, a widely used 

measure is the Daylight Glare Index (DGI). A value of 22 is assigned to the evaluation “just 

acceptable”. Other methods include the daylight glare probability (DGP) [9]. 

Dynamic evaluations involving the above criteria require statistical measures such as averages 

but these can mask severe occurrences of an indicator [10]. For yearly evaluations, it is usual 

to add the number of hours a certain condition (border, extreme or average) is met.  

METHOD 

Location and test room description 

Computer simulations were made using EnergyPlus for a fictional office module located in 

Amsterdam, the Netherlands. The IEA Task 27 model [11] was used as basis. It consists of a 

hypothetical room (dimensions 3.5x5.3x2.7m) with a single external wall. The U-value at the 

opaque section of the external wall follows NEN 2916:2004 (0.32 W/m2K). Slabs and 

internal walls are assumed adiabatic. Visual properties and thermal load conditions follow the 

IEA Task 27 model. A single opening is placed on the centre of the external wall, providing 

view at all times. WWR of the opening varied from 10% to 100% in 10% steps. Glazing for 



all window sizes was double pane clear (U-value at centre 1.7 W/m2-K), without any shading 

device. Evaluations were made for the four main orientations. 

Mounted ceiling lamps provided a lighting density of 4x50W. They were controlled through a 

two-zoned dimmer. Lamps would supplement natural light if levels fell below 500lx at the 

working plane (0.8m from the floor). Daylight illuminance was measured at two sensor 

points, located at the centre of each lighting zone. P1 was the sensor closer to the window, 

while P2 closer to the back of the room. Glare was measured at P2, looking directly to the 

window. 

Criteria used for optimization 

The desired boundaries for the solution space are given below, detailing their yearly 

evaluation. Letters in italics refer to the notation used in equations (3.1) to (3.4). 

a) Combined yearlong energy consumption (En) of heating, cooling, ventilation and artificial 

lighting had to be minimized. 

b) Illuminance at P2 (E) had to be equal to or exceed 500lx for a minimum of 50% total 

occupancy hours. A value of 500lx is required in many standards to perform office tasks. 

c) Illuminance uniformity, U, (Ep2/Ep1) had to be equal to or less than 3.5 for a minimum of 

50% total occupancy hours. There is higher tolerance to daylight contrast than from artificial 

lighting. 

d) Daylight glare when looking directly to the window from P2 (G), had to be equal to or less 

than DGI 22 [12] for a minimum of 50% total occupancy hours. Only this viewing direction 

was considered. 

e) For this study, a solution was considered into the solution space if it accomplished 

illuminance criteria and at least one visual comfort criteria. 

Compliance of a given criteria during all occupancy hours is unity. The above criteria can be 

stated as follows: 

Minimize  En        (3.1) 

Subject to  E ≥ 0.5        (3.2) 

G ≥ 0.5       (3.3) 

U ≥ 0.5        (3.4) 

RESULTS 

Figure 1 presents energy consumption and visual comfort for the analyzed cases. Stacked bars 

represent energy consumption detailed by heating, cooling, artificial lighting and ventilation. 

Curves represent percentage of occupancy hours for uniformity, glare and illuminance 

criteria. The graphical optimization method used is as follows: a shaded region covers the area 

below 50% occupancy hours. Curve points outside this area represents a given visual criteria 

being met. These results are valid for a single opening, placed in the centre of the facade. 

In terms of energy consumption, larger window sizes for South increase cooling demand, 

while for North heating demand. East and West orientations have the highest overall energy 

consumption. Least energy use was observed at 30% WWR for North, and at 20% WWR for 

South, East and West orientations. 



 

 

Figure 1: Energy consumption, visual performance and comfort for variable window-to-wall-

ratio (WWR) of a hypothetical test room. Location: Amsterdam, the Netherlands. The four 

main orientations are shown. Unshaded areas on the graphs represent visual criteria being 

met.  

However, window sizes with least total energy consumption are among the worst regarding 

visual aspects. Even though all visual criteria had equal importance values, illuminance 

performance at P2 was deemed a requisite to be met as it is stated in many standards. Window 

sizes achieving one of the two visual comfort criteria at P2 were found in the following 

window size range. For North: 50 to 100% WWR, for South: 60 to 100% WWR, for East and 

West: 50 to 100% WWR. 

A “critical region” was observed for electric lighting consumption, occurring when reductions 

on electric lighting energy caused by daylight were less than 5% from the previous case. For 

North orientation, this was seen from 70% WWR. For South, East and West this was 

observed from 60% WWR. 

The solution space is delimited by the intersection between compliance with at least one 

visual comfort criteria, compliance with illuminance criteria and start of the critical region. 



The window size range is then for North: 50 to 70% WWR, for South: 60% WWR, for East 

and West: 50 to 60% WWR. 

Higher-level information needs to be introduced to choose a single window size that also 

accomplishes other project objectives. If such additional objectives can be satisfied by a 

window size within the solution space, a “compromise” can be reached. For example, larger 

windows respond to improved views. Smaller windows respond to privacy, concerns on 

energy consumption, etc.  

As an example, a designer wants to give the most views to the North, but keep energy 

consumption minimal. From the results, the solution space for that orientation comprises 

window sizes between 50 to 70% WWR. For most views, the designer can choose 70% 

WWR, as this is the upper limit in the solution space without wasting lighting energy.  

DISCUSSION 

Optimizing window size only for low energy consumption, results in an internal environment 

not meeting any visual acceptance criteria. This translates to an office environment dominated 

by high electric lighting usage. Window sizes optimized exclusively for visual comfort 

produce large heating or cooling energy consumption patterns. The inclusion of diverse visual 

comfort criteria enabled selecting more alternatives. For example, the glare acceptance 

criterion was not met by any alternative. However, including uniformity allowed other valid 

solutions to be accepted. It can also be discussed that measuring glare according to the 

accepted DGI formulas is not realistic, as it implies a user viewpoint directed towards the 

window year round. 

It was also observed that the solution space, for this particular configuration and climate type, 

has limited window size options. The prototype already has high performance elements 

optimized for energy savings (insulation thickness, lighting control and luminaire zoning). 

Shading elements were not included in this study. This implies that adding too many criteria 

can limit excessively the solution space. 

Differences in energy consumption between the window size using least total global energy 

and the smallest window size in the solution space are as follows: for North 3.25%, for South 

21%, for East 11% and for West 13%. Except for South, this means that a relatively small 

increase in energy consumption can translate to a more acceptable space in terms of visual 

comfort, meeting illuminance requirements. Nevertheless, the increase in window size for 

South can be justified as an investment on visual comfort and views for higher acceptance and 

productivity from users. Shade elements can bring down this energy consumption. 

The results also show that architectural propositions not providing visual control are 

problematic. Therefore, a careful design is needed that takes into account climatic elements 

such as glazing type and shade. 

CONCLUSIONS 

Window size is important in defining total energy consumption and overall visual comfort 

and performance. However, by itself is not enough to provide both low energy consumption 

and be an efficient visual system. More elements need to be taken into account from the 

earliest design stages. These include but are not limited to shading devices, adequate glazing 

types and adaptable personal visual comfort. Optimized building design requires that design 

teams set tolerance amounts to achieve compromise for each indicator. Multi-objective 

optimization methods can introduce additional complexity to the design process, but help 

reduce decision uncertainty.  



From the results, it can be seen that optimizing window size for a single objective can hinder 

attaining additional ones, while failing to meet performance standards and comfort 

recommendations. Combining two suitable and clear objectives produces an acceptable 

environment in terms of visual comfort, performance and energy consumption. 

The definition of “compromise sizes” includes a set of trade-off solutions found in the 

intersection of different criteria such as energy consumption, illuminance performance and 

visual comfort. Selecting a final size depends on additional project objectives set to meet user 

expectations. A larger variety of design elements can enrich options within the solution space. 

However, further research must be made to assign corresponding weight to visual 

performance and comfort criteria. 

This paper presented an example of a trade-off selection procedure. It also presents a case 

where not all criteria can be met and a sample procedure on deciding acceptance for such 

cases. The solution space satisfies visual legal requirements, uniformity and is close to using 

the least energy. Objectives have to be clear in order to translate them to criteria, and in turn, 

show designers the range of solutions from which they can choose.  

REFERENCES 

1. De Antonellis, S., Joppolo, C.S., Molinaroli, L.: Simulation, performance analysis and 

optimization of desiccant wheels. Energy and Buildings, 42: 1386-1393, 2010. 

2. Moeck, M., Selkowitz, S.E.: A computer-based daylight systems design tool. Automation 

in Construction, 5: 193-209, 1996. 

3. Toftum, J., Andersen, R.V., Jensen, K.L.: Occupant performance and building energy 

consumption with different philosophies of determining acceptable thermal conditions. 

Building and Environment, 44: 2009-2016, 2009. 

4. CIBSE: Degree-days: Theory and Application, Document TM41:2006. Available from: 

cibse.org (accessed October 2010). 

5. Achard, G., Laforgue, P., Souyri, B.: Evaluation of Radiative Comfort in Office 

Buildings. Proc. CLIMA 2000 Session 1. Brussels, 1997. 

6. Mardaljevic, J., Heschong, L., Lee, E.: Daylight metrics and energy savings. Lighting 

Research and Technology, 41: 261-283, 2009. 

7. Osterhaus, W.K.E.: Discomfort glare assessment and prevention for daylight applications 

in office environments. Solar Energy, 79: 140-158, 2005. 

8. Rhea, M. (ed.): Lighting Handbook-Reference and application, 9th Ed. IESNA. New 

York, 2000. 

9. Wienold, J., Christoffersen, J.: Evaluation methods and development of a new glare 

prediction model for daylight environments with the use of CCD cameras. Energy and 

Buildings, 38: 743-757, 2006. 

10. Lee, E.S., Tavil, A.: Energy and visual comfort performance of electrochromic windows 

with overhangs. Building and Environment, 42: 2439-2449, 2007. 

11. Van Dijk, D.: Reference office for thermal, solar and lighting calculations. IEA Task 27, 

Performance of Solar Facade Components. TNO Building and Construction Research. 

Delft, 2001. 

12. Nazzal, A.A.: A new evaluation method for daylight discomfort glare. International 

Journal of Industrial Ergonomics, 35: 295-306, 2005. 



 

AN ANALYSIS OF SCHOOL BUILDING DESIGN EVALUATION TOOLS  

Pereira, Paula R. P
 1

; Kowaltowski, Doris C.C.K.
2
 

1: Department of Architecture and Building, School of Civil Engineering, Architecture and 

Urban Design, State University of Campinas, UNICAMP 

CP 6021, 13083-852, Campinas, SP, Brazil 
paulapzr@hotmail.com  

2: Department of Architecture and Building, School of Civil Engineering, Architecture and 

Urban Design, State University of Campinas, UNICAMP 

CP 6021, 13083-852, Campinas, SP, Brazil 
doris@fec.unicamp.br  

 

 

ABSTRACT  

Projects for school buildings in the State of São Paulo are managed by the Foundation for 

School Development (Fundação para o Desenvolvimento Escolar - FDE), which is also 

responsible for verifications and approvals. Results of post-occupancy evaluations have 

shown that these buildings present a less than satisfactory performance, mainly in 

environmental comfort issues and are not sufficiently stimulating to students and teachers, 

affecting the quality of education. The literature that argues the school environment issues 

evidences the aspects of sustainable and the relation of school environment and quality of 

education. Studies on the FDE design process show that professionals need support during the 

design process, especially to verify designs that are still being developed. This article has the 

objective to analyze design evaluation tools so as to verify the applicability of its elements for 

the construction of one that is specific to school buildings designs in the State of São Paulo. A 

survey was held and two tools were selected for analysis: DQI for Schools (Design Quality 

Indicator) and Evaluation method for school building design with optimization of aspects of 

environmental comfort. The sample is composed by FDE school building designs. Results 

show that both tools need to be adequate to a specific application. The final results highlight 

the necessities for a building design evaluation tool that includes specific instruments to 

analyze both objective and subjective data within its structure. The evaluation of projects 

requires objectivity both in the process of tool application and in the process of result 

visualization, alongside a quick return of information to support the architectural design 

process. It is essential to create a grid with design requirements specific to brazilian values. 
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INTRODUCTION 

The international literature of schools design is large and emphasize the relevant works like 

Sanoff (2001), Nair & Fielding (2005), Dudek (2007) and Ford & Huton (2007). These works 

discuss the curriculum and architectural trends. They receive the support from researches that 

are concentrated in the quality of the architectural programming. In Brazil, the discussions 

about the school environment are, in most cases, about the results of post-occupancy 

evaluation (POE), (PIZARRO, 2005; ORNSTEIN & MOREIRA, 2008; RHEINGANTZ et al, 

2008; ELALI & GONDIM, 2010; KOWALTOWSKI, 2011), it is not completely related to 

the design process or design evaluation. 

The researches from POE are concentrated on the problems of the physical environment. The 

easy way to apply them allowed the development of own methods and concepts, even this 

presents a slow feedback to the projects, being, in such a way, more popular in the academy 

then in architecture offices. The professional design evaluation is informal, so this is the 

object of discussion for the architectural critics. 

The results of POE in the Brazilian schools indicate that the environment comfort, the relation 

by curriculum and architecture and the integrate projects can be improved. The studies on 

these design process buildings can improve the quality of this aspect. In the State of São 

Paulo the Foundation for School Development (FDE) is responsible for verifications and 

approvals of projects developed by contracted offices. The FDE gives to the offices the design 

program defined by the Secretariat of the Education, the topographical issues and catalogues 

(constructive components and modulation), beyond a list of the norms that have to be 

consulted. Recently the FDE also introduced sustainability indicators into the catalogues to 

obtain the certification Environmental High Performance (AQUA) (FCAV, 2007). 

It is notice that the design processes of high performance schools are integrated and have 

many evaluation phases. On this way, it is recommended the use of evaluation tools to 

guarantee good results and make possible the quickly design corrections. 

This work compares the efficiency of two design evaluation tools. The tools Design Quality 

Indicator and Evaluation method for school building design with optimization of aspects of 

environmental comfort were selected because are specific to the schools buildings designs. 

Both had been applied in a sample of FDE design schools and its performances had been 

compared. This article is related to the first results of a thesis in progress named “New 

practical of school design evaluation for the school architecture in the State of São Paulo”, 

developed in the UNICAMP - State University of Campinas. 

METHOD 

The school design evaluation tools DQI for Schools and Evaluation method for school 

building design with optimization of aspects of environmental comfort are described, 

clarifying their concepts, morphology. The facilities and difficulties of the application are 

verified as positive and negative characteristics in each one. The results and the way as each 

one give a feedback of data to the design process. The sample is composed by 81 FDE school 

building designs (FDE, 2006). All the 81 designs had been evaluated by Evaluation method 

for school building design with optimization of aspects of environmental and one, by DQI for 

Schools. 

 



ANALYSIS 

Design Quality Indicator (DQI for Schools) 

The Design Quality Indicator tool is composed by four structural elements: conceptual grid, 

data collection, weight and “questionnaire”, which have four different versions for design and 

construction phases: Program, Project, Occupation and Post-Occupation Evaluation. The 

conceptual grid presents three main issues - functionality, construction quality and impact. 

The questionnaire that makes data collection presents ten indicators: use, access, space, 

performance, engineering systems, construction, form and materials, internal environment, 

social and urban integration, innovation and characteristics. The DQI tool evaluates every 

design, however a specific version for school building designs, called DQI for Schools, have 

being used successfully, mainly in the United Kingdom and some case studies are displayed 

in the DQI website (DQI, 2010). 

The weight is presented through the notes, varying between “strong disagrees” to “strong 

agrees”, and have the options “not applicable” and “I do not know”, in a scale of seven 

degrees. The tool is friendly because each indicator has a dialogue box with a summarized 

explanation about the relation between the note and the design. In each issue the 

characteristics must be judged and, finally, each indicator also has its evaluation. It does not 

have pre-definition of importance. The tool is known by the format that stimulates the 

dialogue and the ideas exchange between the participants. Some authors already have 

presented critical about this tool (MARKUS, 2003; THOMSON et al., 2003; DEWULF & 

VAN MEEL, 2004), however none of them criticized the specific school design tool, 

therefore, this work apply it in a sample design and put together notes that had been already 

done with the results of the analysis. 

In this paper DQI for Schools was applied in a design of the school EE Conjunto habitacional 

Campinas EB-1. It was noted that all the evaluated aspects have appeared in the three quality 

indicators (Functionality, Construction Quality and Impact) with different approaches. The 

subjective issues are complemented with indications of norms and regulations verification. It 

was noted that the subjective data collection encloses many activities as the need to establish a 

dialogue with all the participants of the process (what could not be done because this 

application involved only the author as an evaluator), 2D design observations (or even other 

representations of the design) and superposition about the future environment function. The 

nature of these activities is a deviation of the objective of data collection, which encloses the 

norms and regulations verifications. The scale with seven degrees is more appropriate for the 

objective issues. The subjective data collection does not need a point scale to be really 

evaluated. 

It was used two perspectives and the design plants to evaluate the school design. The DQI 

does not indicate the type of material the respondent must have in hands during the analysis. 

To answer technician questions included in Construction Quality it was noted the need of 

more details about the design. 16.81% answers were annulled by the option “don’t know”. 

There was amount of “strong disagrees” answers presented in all the attributes. This result 

was related to the fact that DQI for Schools do not represents the reality of the Brazilian 

public schools, reinforcing the need to create a tool that has State of São Paulo specific 

values. 

The final results were represented in a bar graphic that showed the difference between the true 

results and the goal results. The evaluation showed some difficulties; however, the 



“questionnaire” application stimulated the reflection about the design situation. The results 

format characterizes much more a work summary then an instrument of design feedback. The 

professional can’t use only the bar graphic to increase the design quality, he must need 

participate in all the design evaluation process. It was noted that DQI for Schools is a valuable 

tool for the architectural program, because stimulated the dialogue. To evaluate final design 

quality it would need more objective issues during the application and detailed results. 

Evaluation method for school building design with optimization of aspects of 

environmental comfort 

The optimization of multi-criteria takes into account a compromised solution in the analysis 

of interdependent variable because it’s impossible to optimize all variable in a design. Thus, 

the design solutions are divided in two sets: not excellent set and excellent set. The main 

intention of the optimization theory is to help the designer to choose a design that has a set of 

viable solutions, giving the direction for the process of design decision through the 

comparison between the excellent set designs and those that presents the better alternatives. 

The Evaluation method for school building design with optimization of aspects of 

environmental comfort developed by Graça (2002), can be divided in three phases. In the first 

one, it has the analysis of the school site dimensions; therefore many school designs suffer 

restrictions because the sites have small sizes. The second phase consists in a graphical 

analysis of typology variations done by environmental comfort experts. They evaluated the 

conditions of acoustic, thermal and luminous comfort in school designs. The criteria used to 

identify the compromise solutions, is: design solution that have, at least, one comfort variable 

evaluation superior in relation to another design. 

Initially, 28 schools designs were eliminated because the site sizes, some in function of the 

width dimensions, others, of the length, others had presented reasons below of the 

recommended one. The number of schools in the sample was large, so the designs were 

drawing in the AutoCAD and it was created blocks that simulated each typology, to facilitate 

the analysis. It was found 10 compromise solutions in the sample. 

The application of tools that work with indicators generally does not leave doubts about the 

data selection and analysis. However, this characteristic restricts the evaluation objective 

because considers only comfort issues. To develop a quality school design the architect needs 

a tool that analysis much more requisites, sometimes, subjective requisites. Although the 

typology have graphic express, the results present a scale. The architects not use to work with 

this kind of information. 

RESULTS 

The DQI for Schools is a special tool because presents the design language, that can improve 

the dialog between the participants of de design process. The application stimulated 

reflections about the design situation. These characteristics become the tool a rich support for 

the development of the program, however to evaluate final design quality it would need more 

objective issues during the application The results format characterizes much more a work 

summary then an instrument of design feedback. 

The Evaluation method for school building design with optimization of aspects of 

environmental comfort showed needs of revisions. The method is not applied to the schools 

implanted in small sites; however, the analysis showed that some schools with good comfort 

performance were excluded in the site evaluation. It was necessary to create AutoCAD blocks 



to evaluate a large number of designs. To develop a quality school design the architect needs a 

tool that analysis much more requisites, sometimes, subjective requisites, not only comfort 

issues. Although the typology have graphic express, the results present a scale. The architects 

not use to work with this kind of information. The use of drawings to evaluate the design is a 

positive aspect of this tool. 

DISCUSSION 

The final results highlight the necessities for a building design evaluation tool that includes 

specific instruments to analyze both objective and subjective data within its structure. The 

evaluation of projects requires objectivity both in the process of tool application and in the 

process of result visualization, alongside a quick return of information to support the 

architectural design process. It is essential to create a grid with design requirements specific to 

brazilian values. 
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ABSTRACT  

Offices represent an important work environment and are a worthwhile challenge in the 

context of designing sustainable buildings with low energy consumption, high comfort and 

appropriate functionality for the employees. Against this background the main objective of the 

described project was the development of a method for the evaluation of building 

performance from the occupants' point of view and their day-to-day experiences with comfort 

at the workplace. The addressed comfort parameters thermal, visual and aural comfort, air 

quality as well as different workplace and building related aspects are compatible with the 

description of the socio-cultural dimension of the German `Sustainable Building´ Quality 

Label for office and administrative buildings. 

Based on the statistical evaluation of surveys in 26 buildings in Germany an overall building 

index has been developed and calculated, which allows a quick evaluation of individual 

buildings or building stocks. By using different statistical procedures such as ‘Factor 

Analyses’, 'Principal Component Analysis' and 'Correspondence Analysis' it could be shown 

that a summed score of the above mentioned satisfaction parameters without weighting 

factors could be used as the overall index. Hence, benchmarks can be derived for the building 

performance as indicative information which then can be used for portfolio analysis by real 

estate managers. Beyond this index differentiated information on perceived comfort can be 

used for a comprehensive building assessment. By examining single comfort parameters 

information about strengths and weaknesses of a building from the occupants' perspective can 

be obtained. The outcome supports monitoring procedures, provides guidance for building 

performance improvement and contributes to evaluate interventions. As a further result from 

the project the instrument INKA (Instrument für Nutzerbefragungen zum Komfort am 

Arbeitsplatz) has emerged. It includes a questionnaire in paper and online version as well as a 

report sheet that shows the main survey results using Excel-based analysis routines. In an 

accompanying guideline information for the implementation and evaluation of surveys is 

given. With this systematic procedure a significant step towards a comprehensive building 

performance evaluation regarding sustainability is initiated. A useful application is thus given 

in two ways: in terms of a practical assessment procedure for the real estate market as well as 

of building up a substantial database for comparative scientific building analyses and 

discussion. In this paper results for the development of the index and practical implications of 

the survey instrument are reported. 

 

INTRODUCTION 

With approx. 40% of the German primary energy consumption, buildings are of special 

interest in the context of sustainability. Driven by policy guidelines and interest of the real 

estate market, building performance evaluation is becoming a growing marketing factor. 



Offices represent an important work environment, thus building design should consider the 

needs of the occupants besides low energy strategies for heating, cooling, ventilation and 

lighting [1]. At present, little is known about approved criteria for the socio-cultural quality of 

buildings, whereas methods and tools for the monitoring of technical or economical 

characteristics are becoming more and more established. Particularly there is a lack of time- 

and cost-effective procedures with regard to evaluation of comfort at workplaces.  

To meet targets Post-Occupancy Evaluation (POE) is a useful diagnostic tool and system 

which allows facility managers to identify and systematically evaluate critical aspects of 

building performance based on the employees’ day-to-day experiences [2]. As complement to 

technical monitoring or lifecycle analyses, surveys have a great potential of gaining relevant 

feedback from the occupants as a basis for various improvements in energy efficiency 

regarding day-to-day operations. Experiences show that there is often a gap between the 

calculated and the metered energy consumption for a variety of reasons which can be assessed 

by continuous monitoring. This is expected as well in the wide field of comfort.  

In Germany, a voluntary certification system for office and administration buildings has 

been launched recently. The Federal Ministry of Transport, Building and Urban Affairs 

(BMVBS) [3] in cooperation with the German Sustainability Buildings Society (DGNB) [4] 

developed a certification system for sustainable new office and administration buildings. 

Based on standards and calculated data topics such as ecology, economy, techniques, 

functionality and processes as well as the socio-cultural quality are considered. This topic 

includes comfort parameters like thermal, visual and aural comfort, air quality and options for 

occupants’ control (e.g. operable windows) as well as safety and security aspects. Currently 

the certification system is expanded to existing buildings. It is intended to implement user 

surveys within a continuous monitoring procedure. The occupants’ votes would allow a 

continuous check whether forecasted comfort parameters can be achieved in real building 

operation. 

Main goals of the presented project were: (1) the development of an overall building index 

which allows the ranking of single buildings in comparison to a building stock on an 

aggregated level and (2) the development of a manageable (time- and cost-saving) and praxis-

oriented instrument with focus on occupant satisfaction.  

METHOD 

Building Sample and Participants  

The field studies were conducted from 2008 to 2011. The range of the assessed 26 buildings 

includes different types, such as new, certified, old or refurbished buildings. The occupants 

were employees from civil service and the private sector (total of 2,832 datasets; the response 

rate averaged 46%). 

 

Measures 

Participants were asked to fill in a questionnaire which was provided as paper-pencil version 

(2008 and 2009) as well as an online survey (2010 and 2011) where technical requirements 

were given. The questionnaire was developed in accordance to frameworks from 

environmental psychology, findings in the field of the sick-buildings-syndrome [5, 6] and the 

questionnaire of the Center for the Built Environment, University of California, Berkeley [7]. 

Besides demographic information (e.g. gender, age) and background information (e.g. 

orientation of the office, distance to window) the items focus the degree of satisfaction with 

the ambient comfort parameters in the workspace such as (1) temperature, (2) light (natural 

and artificial light, shades/blinds), (3) air quality, (4) acoustics/noise, (5) furniture/layout and 



(6) spatial conditions (e.g. amount of space, privacy). Additionally, items were added which 

broach the issue of (7) the entire building (e.g. restrooms, conference rooms) and which 

coincide with the criteria for the German certificate (e.g. safety, security). Each of the 7 main 

comfort parameters includes a subset of items and the accordant concluding question `Overall, 

how satisfied are you with … in your workspace?´. Answers concerning the degree of 

satisfaction were coded continuously on a 5-point-Likert-scale from very dissatisfied (-2) to 

very satisfied (+2). 

 

Statistical Analyses 

The approach was to use different statistical procedures to prove if there is statistical evidence 

for an overall building index: (a) Factor Analysis, (b) Principal Component Analysis (PCA) 

with optimal scaling and (c) Correspondence Analysis. The aim was to prove if large sets of 

variables could be reduced to one factor by aggregating individual-level data to construct 

measures for units at a higher level. The applied software was PASW (Predictive Analysis 

SoftWare) and SPSS 18 (Statistical Package for the Social Sciences). 

RESULTS 

Statistical Analyses 

After having tested that reliability for the 7 indicator subsets is given (Cronbachs alpha for 

winter survey = .84, Cronbachs alpha for summer survey = .81) all 7 concluding `Overall…´-

questions were comprised in the analysis to test for the underlying dimensions in the data. The 

computations by PCA revealed a one-factor solution with high positive loadings for all seven 

indicators (> 0,7) and an eigenvalue greater 1 (3,856). The results were confirmed by 

correspondence analyses (for a more detailed description see [8, 9]). Table 1 shows results 

from the factor analysis. 

 

Comfort parameter 
Winter Survey 

N = 1,578 
Summer Survey 

N = 1,254 

Overall, how satisfied are you with  the building? .72 .77 

Overall, how satisfied are you with furniture/layout  

in your workspace? .70 .70 

Overall, how satisfied are you with spatial conditions  

in your workspace? .75 .81 

Overall, how satisfied are you with acoustics/noise 

in your workspace? .74 .77 

Overall, how satisfied are you with air quality  

in your workspace? .69 .71 

Overall, how satisfied are you with temperature  

in your workspace? .74 .73 

Overall, how satisfied are you with lighting conditions  

in your workspace? 
.70 .56 

Table 1: Component loadings from factor analyses for comfort parameters. Component 

loadings: > 0, 7 = very high, 0, 5 - 0, 69 high, 0, 3-0, 49 poor, < 0, 3 very poor. Sample: 26 

buildings. 

All variables have very high or high loadings. A high value for the Kaiser-Meyer-Olkin-

statistics (winter survey: KMO = .84, x
2 

= 3318, p < .001, eigenvalue 3,614, other eigenvalues 

< 1; summer survey: KMO = .84, x
2 = 

1423, p < .001, eigenvalue 3,652, other eigenvalues < 1) 

shows that homogeneity in the data is given. An overall index could be developed (Figure 1) 



which is applicable for the survey instrument INKA (Instrument für Nutzerbefragungen zum 

Komfort am Arbeitsplatz). The index results as the mean score of the 7 indicators (Figure 2). 

 

 
Figure 1: Facets of the final `Overall Building Index´ 

 

Instrument INKA 

For wider application in practice we developed a time- and cost-effective survey instrument 

including a computer-based questionnaire and an easy to handle automatic evaluation 

procedure for the Facility Management staff respectively personnel from the real estate 

market. The given information includes a report sheet showing the index, mean values for 

comfort parameters (overall-questions) concerning the workspace and the building. 

Additionally, the frequency distribution for the comfort parameters is given based on three 

categories (very dissatisfied/dissatisfied, neutral and satisfied/very satisfied). On a general 

level, the overall building index and the mean scores for comfort parameters serve as 

benchmarks with respect to a comparison of larger building stocks and to screen monitoring 

processes regarding occupants' feedback in single buildings (Figure 2).  

 

 
Figure 2: Results for a building with certificate in `gold´ (bars) in comparison to a sample of 

26 buildings (*  N =1,578) assessed in winter seasons 2008 to 2011.  

 

The graph shows results for a building with a certificate in `gold´ from the German 

certification system. In comparison to the scores of the sample most comfort parameters in 

this building are in line or even better, but obviously the occupants experienced less comfort 

http://dict.leo.org/ende?lp=ende&p=5tY9AA&search=respectively


with temperature. This information is helpful for the Facility Management staff either for a 

portfolio analysis or for planning interventions. The benefit of occupant surveys as part of the 

new German certification system for existing buildings is to compare the results to the 

predicted outcome for the socio-cultural quality based on plans, standards and audits and to 

detect the potential for optimization (Table 2). 

 

 

Comfort parameters 

Predicted comfort 

from  

certification system 

Experienced comfort  

based on occupant survey 

satisfied/very satisfied dissatisfied/very dissatisfied 

thermal comfort in winter 100% 43% 31% 

thermal comfort in summer
1
 100% 45% 26% 

air quality 100% 50% 16% 

acoustics/noise 100% 66% 6% 

visual comfort 85% 73% 18% 

Table 2: Ratings for the building with certificate in `gold´: predicted comfort from 

certification procedure (degree of compliance) and results from occupant surveys (N = 115) 

regarding comfort parameters (
1
survey in 2008, other comfort data derive from a survey in 

winter 2009.  

 

Even if it is not realistic to obtain 100% satisfaction for comfort by subjective ratings, the 

outcome for this building shows an enormous gap between the predicted comfort and the 

results from the occupant surveys concerning the indoor environment conditions 

`temperature`, `air quality´ and `acoustics/noise´. Values for visual comfort are more 

congruent, maybe due to the fact that in the certification procedure the architectural feature 

`atrium´ was taken into account which resulted in a reduced degree of compliance.  

DISCUSSION 

The main scientific objective of the project was to develop an overall building index for 

comfort assessment. A result from statistical analysis was that general satisfaction with 

comfort at workspaces and in the building can be represented by one factor. The overall 

satisfaction can be expressed by an overall building index based on simply summed mean 

scores from the included comfort parameters. This score can be expressed comprehensible by 

the same codes used in the questionnaire (very dissatisfied (-2) to very satisfied (+2)) and 

therefore needs no further transformation into threshold values. 

The high attractiveness of an `overall building index´ obtained from surveys expresses 

itself by the possibility of a quick ranking of buildings in terms of occupant satisfaction. With 

regard to portfolio analyses the index can be used as a first orientation in the sense of a 

screening instrument for investors or owners. An index has limitations as well. Buildings are 

complex due to e.g. architectural features, functionalities, and maintenance Thus an index 

should not replace an in-depth evaluation in buildings to detect the potential for optimization. 

Furthermore, when considering comfort as `a matter of culture and convention´ [10], changes 

in importance of comfort parameters over time respectively generations are expectable, and so 

instruments for measuring subjective issues should be well defined and adjusted for its scope. 

The discussed aspects illustrate the complexity of the social issues in the field of building 

performance and the challenge of translating social reality into scores. Another limitation to 



the findings could be the sample size. The acquisition of buildings is often complicated and 

troublesome for a variety of reasons.  

The database for occupant surveys in Germany is still too small to define threshold values 

or standards for the socio-cultural quality (presuming this is basically a realistic approach). 

For this a standardised sample would be required. Nevertheless, a continuous assessment of 

occupants’ feedback seems to be a useful part for evaluating the sustainability of buildings in 

certification systems. With respect to the demand of energetic refurbishments, the huge 

number of existing office buildings is a crucial issue also in the field of comfort at 

workspaces. Besides energy efficiency and optimal building operation a great potential lies in 

occupants’ behaviour. The development and evaluation of smart feedback-systems which 

enable occupants to understand and to react properly to the energy concept of a building are a 

future challenge in the field of post-occupancy evaluation as well as in the long run for 

updating certification systems. 
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ABSTRACT  

The Stratus Project is an ongoing body of design research that investigates the potential for 

kinetic, sensing and environment-responsive interior envelope systems. The research emerges 

from a consideration of our attunement to the soft systems of architecture – light, thermal 

gradients, air quality and noise – to develop and prototype envelopes that not only perform to 

affect these atmospheres, but also to promote continual information and material exchange, 

and eventually dialogue, between occupant and atmosphere. The work aims to reclaim the 

environmentally performative elements of architecture – in this case, specifically, interior 

mechanical delivery and interface systems – to within the purview of the architectural 

discipline, as territories of material, formal, technological and experiential innovation, where 

performance and form are integrated conceptually, operationally and aesthetically. The 

physical research of the Stratus Project explores material fabrication, flexible systems, and 

integration of digital sensing and digital control, prioritizing a distributed approach to 

structural, mechanical and communications systems design and delivery, focusing on 

localized response to demand. The first constructed and installed prototype develops of a 

thick suspended ceiling that produces a light and air-based architectural environment. The 

work is being explored through the construction of prototype testbeds and is currently 

supported by institutional, industry and government funding.  

From the perspective of building science, the Stratus Project is concerned with mediating 

indoor air quality and occupant comfort, and with providing live air quality information to the 

occupant in both analog and haptic ways. The research aims to advance the development of 

responsive, or adaptive architectures; architectures that include real-time sensing, kinetic 

climate-adaptive components, smart materials, automation and the ability not only for user-

interactive characteristics such as computational algorithms which operate under the 

principles of second-order cybernetics, wherein both user and system are capable of shaping 

an unlimited set of performance outcomes so that both “learn” over time. It is anticipated that 

through this approach, inhabitants might develop more sensible and cognitive relationships 

between their own actions, the buildings they inhabit, and the larger environment. In this 

way, inhabitants might also be able to better understand their impact and agency within the 

air-based environment. 

INTRODUCTION 

The Stratus Project is concerned with mediating indoor air quality and occupant comfort, and 

with providing live air quality information to the occupant in both analog and haptic ways. In 

this pursuit, it prioritizes a distributed approach to sensing and actuation, air delivery and 



environmental response. The project is conceived of as a layered system that extends from a 

raised floor assembly housing displacement ventilation, to a kinetic superstructure that 

provides distributed and personalized spatial and environmental adaptability. Through the 

gross movement of the ceiling, the volume of conditioned space is altered in response to 

occupation. Micro-fans respond to increases in temperature, altering perceptions of comfort 

and reducing the extent of cooling demand. LED lighting arrays pair illumination with the 

presence of the body. A distributed approach to the provision of air and light proposes to 

adjust in real time mechanical response to situational need. These strategies are aligned with 

ambitions to both minimize the energy consumption associated with air delivery, and provide 

a much more responsive and fine-grained approach to air quality provision driven by demand. 

 

Figure 1: The Stratus Project v1.0 installed; light and air responding to individual 

occupancy.  

METHOD 

The method described will account for the approach and technologies deployed in the first 

generation prototype construction (Figure 1). The structural foundation of Stratus is a flexible 

tensegrity weave that organizes and supports the operational components. A tensegrity-based 

system was selected for its lightweight and stable properties, as well as for its potential 

capacity to deform as a textile without failing or disturbing the attached components. A cable 

strut system was adapted from a system developed by mathematicians Wang & Liu [1]. Each 

individual tensegrity unit is comprised of three rods connected with elastomer cord, selected 

to enhance overall flexibility. The individual units are woven together to create a 2.5m x 

1.5m array. Woven into the tensegrity structure is a distributed array of sensors, actuators, 

lights, micro-fans and diffusing thermally absorptive fabric panels. On the underside of the 

structure are located the “breathing cells”: individually actuated cells that form a translucent, 

light-diffusing skin and that open to allow thermal conditioning and air extraction. (Figure 2)  

The breathing cells comprise the primary visible surface of the Stratus Project. Each cell is 

made from a single die-cut piece of translucent vinyl, folded and taped into form, and 

attached to a laser-cut acrylic substructure. Vinyl was chosen for its visual depth, high 

diffusion properties, and workable ease. In the next stage of the research, more 

environmentally benign materials will be explored for the cells. These cells are designed like 

scales, to provide a tight continuous surface across multiple formations of the ceiling plane 

when closed. The acrylic substructure consists of two main parts – the cell frame and the 

motor platform – and provides consistent details for support, mechanical motion, and 

mounting to the tensegrity fabric. A micro-servo motor is mounted into each motor platform 



to open and close the cell. Like standard servos, these micro-servos will rotate to a specific 

angle based on electrical signals received from the control board. Each motor draws only 0.75 

watts of power. Rotating the servo to 90° pulls the cell closed while rotating to 0° opens the 

cell. Motion is triggered by input from the temperature sensor; when the temperature 

threshold is exceeded, the cells open to create ventilation and airflow, closing them again 

when excessive heat is relieved.  

A layer of elastic nylon fabric panels is woven into the tensegrity structure. In the first 

prototype, this layer contributes to light diffusion. In future explorations, these fabric panels 

will be impregnated with Phase Change Materials (PCMs) that will contribute to regulating 

the interior microclimate of the space. The fabric layer is designed to maximize its exposed 

surface area in order to provide as much absorptive PCM area as possible. Future tests will 

examine the ambient impact of PCM fabric coatings at varied densities. 

A simple circuit consisting of a microprocessor, small servos, LED lights, sensors, and 

micro-fans forms the basic operational building block of the complete installation. One 

circuit controls a territory of six units, which is referred to as a module. The circuits are 

mounted to laser cut acrylic electronics platforms attached to the top of the tensegrity weave. 

Each circuit relies on an individual Arduino Uno prototyping board to read sensor inputs and 

generate the operations. Each Arduino reads input from one temperature sensor and one 

passive infrared (PIR) motion sensor; it also provides power and control signals to six micro-

servos, and controls a group of six LED lights and one micro-fan. The lights and the fan each 

receive variable amperage signals from the Arduino through a transistor. This allows us to 

vary the intensity of the LED lights and the speed of the fan so that Stratus might not only 

respond to occupancy, but can tailor its output to individuals and specific conditions. A 

switching diode across the output and ground pins of the fan‟s transistor prevents reverse 

current from reaching the Arduino.  

The distributed electronics platforms also house Celsius based, low-power temperature 

sensors with a -40°C - 150°C detection range that output analog voltage proportional to the 

ambient temperature. When the circuit is first powered up, the microcontroller takes 100 

readings from the temperature sensor every 5 milliseconds and generates an average of these 

readings to determine the ambient air temperature. The control program for the Stratus 

Project was composed in the Arduino programming language (a Wiring based language 

similar to C++). It uses the baseline measurements to establish a temperature threshold, 

which governs the actuation of the cells and the operation of the fans. Once Stratus is in 

operation (ie in its “loop”), the program calls on a number of subset programs to control the 

separate systems of lighting, cooling, and cell activation. Custom Boolean logics generate 

feedback loops that inform Stratus when it is in an active cooling state or a passive state, and 

uses a similar structure to track light intensity levels in relation to occupancy. Tracking the 

operation of the servo actuators mitigates electrical interference that could disrupt the analog 

sensors. The program employs a modified Variable Speed Servo Library to choreograph the 

movements of the cells within each circuit and minimize conflict. 

Passive Infrared (PIR) sensors distributed throughout the weave detect changes in infrared 

radiation levels across a 20‟ range. Using infrared insures that only motion created by 

occupancy will trigger operation. The sensors are nested in openings between the cells, and 

control the lighting in each module. This location permits a direct sight-line to movement in 

the space, but also brackets the detectable range to an area immediately below the module, in 

order to achieve personalized response. Working in conjunction with the breathing cells, 

distributed micro-fans provide localized, focused heat relief for occupants. Each fan requires 

12V DC with a power draw of approximately 200 mA. The cooling fans are mounted via 



wire stand-offs above the electronics platforms. They respond to input from the temperature 

sensors; when the ambient temperature exceeds the established threshold, the fans turn on at 

full power until the temperature is reduced. The fans are also outfitted with blue LED 

indicator lights that turn on when the fan is active, providing performance feedback to the 

occupants. 

Low-energy high-brightness lights illuminate and track motion within the space. Each light 

contains one 0.5 watt 4000 K white LED module with a diffuse distribution and 30-lumen 

output. These LEDs require 3.5V forward voltage and draw 150mA each. The lights are 

wired in parallel in groups of six, one group for each module. The lights respond to the input 

from the PIR sensors: when activity is detected within the adjacent area, the lights begin to 

fade on. If activity continues, the lights continue to fade on until they reach full brightness, at 

which point they remain on until activity ceases. When no motion is detected in the 

immediate area, the lights begin to fade off at the same rate until they are completely off. 

In addition to the modules that control lighting, cooling, and cell movement, additional 

circuits control an array of air extraction fans. These circuits consist of an Arduino 

microcontroller, a CO2 sensor, and six extraction fans. In the first prototype application, the 

CO2 sensor has been outfitted with a prefabricated circuit that allows the user to manually set 

a threshold level for CO2 concentration. When the threshold level is exceeded, the sensor 

outputs a digital signal to the micro-controller, triggering the bank extraction fans. These fans 

are intended to help displace stale air and permit the movement of fresh air into the space.  
 

Figure 2: (left) The flexible tensegrity structure allows for the surface to undulate and 

respond to occupant presence and thermal requirements; (center) Sensing and response 

logics and connection diagrams of sensors, lighting, cooling and air extraction fans; (right) 

Deployment of breathing cells relative to sensed temperature fluctuation 

 

RESULTS AND FURTHER DEVELOPMENTS 

The current sensor and response regime for Stratus v 1.0 experimented with cooling and CO2 

responses to air sensing. One of the goals of the project is to attune attention to the immediate 

air-based environment and to the physical conditions that produce it. Running concurrent to 

the operation of the air modifying apparatus, a custom graphing program provides visual 

feedback on atmospheric conditions to the occupant. This program also employs an Arduino 

platform to intake data readings, and interfaces it with a Processing-based animation. While 



the visualization program could provide relatively accurate real time temperature readings, 

tracking of CO2, VOC, and humidity levels were presented more relatively than 

quantitatively, tracking variation over time rather than specific parts per million levels or 

percentage humidity. The next phase of research will include developing further ways to 

affect the „design‟ of gaseous agents, especially in response to airborne pollutants and 

investigating further ways in which the structure itself might be able to register and 

communicate information, either biologically or electronically, providing to the breather a 

consciousness of their own agency within the air environment.  

Further iterations of the project will deploy more robust generations of Micro 

Electromechanical Systems (MEMS) and Wireless Integrated Microsystems (WIMS). 

Specifically, the next generation will be developed to incorporate distributed wireless sensing 

networks utilizing the low power Narada wireless nodes capable of processing raw 

measurement data directly in the network, eliminating the need for a centralized server to 

process and aggregate data. Powering the wireless sensor and actuator network, could rely on 

energy harvested from thermal gradients at the building envelope via distributed thermal 

electric generators (TEGs), making the operation of Stratus a net-zero energy installation. 

Further exploration of Multi-Agent Systems (MAS) will enhance the intelligence and 

performance flexibility of Stratus. “Agents” are software abstractions that are capable of 

perceiving their environment through sensing, and then acting upon that perception through 

actuation based on a rational decision process of embedded intelligence. Multi-agent systems 

are particularly attractive for performing control for ubiquitous networked assemblies such as 

Stratus, as they represent a scalable control approach well suited for a decentralized sensor 

and actuator network. 

The term “responsive” has often been used interchangeably with interactive and adaptive, and 

most simply can be described as “how natural and artificial systems can interact and 

adapt.”[2] In a responsive milieu, user and system are able to shape an unlimited set of 

outcomes; rather than the designer predetermining appropriate responses to user inputs, the 

system measures reactions to its outputs and continually modifies its actions according to 

these responses. One of the goals of The Stratus Project is to develop a computational script 

with algorithms that allow the system to self-adjust and learn over time, both relative to 

environmental variable conditions and to occupancy patterns, preferences and habits, 

exploring how the system could become a second order cybernetic learning environment. [3]  

CONCLUSION / PROJECTION 

The Stratus Project anticipates applications across a range of spatial configurations and 

programs by providing dynamic, flexible, and responsive lighting, thermal, ventilation, and 

acoustic systems. Each system can be tailored and adjusted independently to provide 

optimum support for a range of activities while minimizing overall energy draw. The 

adjustable displacement of the soffit creates a stratification of thermal space, which reduces 

the amount of air to be conditioned when a space is unoccupied, limiting energy devoted to 

inactive spaces. Lighting levels can be calibrated from low ambient levels to high task 

requirements both through dimming controls and through adjusting the distance between the 

light source and the illuminated surface. This permits higher illumination levels where 

needed while keeping energy density well under 1 watt per square foot. Similarly, thermal 

comfort and ventilation systems could target individual bodies and occupation density. 

Central heating and cooling elements would condition the air to the appropriate temperature, 

while the breathing cells and micro-fans activate only in occupied zones to deliver the desired 

effect of cooling with air speeds as low as 0.1 m/s. Ventilation can also be improved by 

increasing air flow rates in response to increased occupation or decreased air qualities. Air 



quality sensors distributed in the space, or attached to personal technology devices, could 

provide vital feedback to the operating system, allowing it to balance energy loads across 

multiple spaces and occupation types based on activity and pollutant levels. It is anticipated 

that the utilization of the distributed sensing network will simultaneously control localized 

response, and will be tied to building-wide controls, to permit coordinated interaction 

between Stratus and broader systems including the building envelope itself; for example, 

feedback balancing interior demand and exterior conditions tied to automated operable 

windows might prioritize passive ventilation over HVAC delivery when possible. When 

expanded to the full scale of a building Stratus promises a fully integrated interior interface 

and responsive lining that can be tuned locally to individual demand and desire. 
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