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Abstract: A social housing project was carried out in a developing country (Benin, West Central Africa). A 
complex of twenty two-storey houses was designed in the city of Cotonou, in order to achieve the best 
architectural solution with the lowest cost. The project was carried out taking into account the bioclimatic and 
passive architectural devices in a h ot-humid climate site. By using the software ECOTECT V 5.50 the 
hygrothermal behavior of the buildings was assessed. Every building was supposed with a reinforced concrete 
structure, and unfired brick walls. The raw earth was also used as a filler layer in the floor and roof slabs. None 
HVAC was assumed. The simulation has led the best results in terms of thermal performances and indoor 
comfort conditions. A partial do-it-yourself building was also supposed in the project, allowing to bring down, 
with use of the earthen materials, the cost of the whole project of almost 30%.  
Further investigations on the earthen materials were started at the Laboratory of Thermophysics of Materials 
(LTM), University of Politecnico di Bari. The aim of the study is to obtain a low-cost high-energy performance 
building material suitable to achieve a better hygrothermal comfort in sustainable buildings. 
 
Keywords: Earth, Hygrothermal behavior, Social housing  

1. Introduction  
One of the most important issue in the developing countries is the very poor quality of the 
houses. Several people build by themselves their houses by using local available materials; 
producing in the most cases a very high level of indoor discomfort, moreover increasing the 
environmental pollution. 
 
In terms of architectural design, a global policy attempts to invert this trend by increasing the  
energy efficiency of the building themselves [1]. 
 
Several authors [2,3] pointed out the importance to design a building in regards to the 
bioclimatic and passive architecture devices, taking into account the climate of the site 
besides the availability of the local resources. In the tropical climates, heat as well as moisture 
poses an important consideration that must be factored into design of suitable and affordable 
housing in such an environment [4].  
 
It can be remarked that the temperature and the relative humidity of the indoor building 
environment are mainly related to the construction materials [5].  
 
Many studies highlighted the importance of the earth, as an ancient eco-friendly building 
material, able to keep constant indoor temperature and relative humidity values [6,7,8,9]. 
Different earthen building techniques and several codes are used also in the hot-humid climate 
countries [10].  
 
The main aim of the present work was to design in a developing country, Benin, an 
architectural complex of social affordable houses with the highest energy efficiency and the 
lowest economic cost. The project, started from the social and economic site analysis, has 
carried out following the bioclimatic and passive architecture devices and was analyzed by the 
software ECOTECT V 5.50. 

1741



2. Methodology 
2.1. Site analysis 
The work was carried out in the city of Cotonou, which belongs to the country of Benin, in 
Central West Africa. Before starting the project several social-economic and climatic aspects 
were taken into account in order to obtain a sustainable project. As refers by the lists of the 
UNDP [11] Benin is one of the poorest countries in the world; a study extracted by the 
Government of Benin [12] has demonstrated that 79,1% of the houses were built with metal 
sheet roofs in 2002.  
 
According to Koppen’s climate classification the city of Cotonou was characterized by a 
tropical wet climate. The main features of this climate are a very small annual temperature 
range, heavy rainfalls and wet-warm winds. During the year the average daily temperature is 
included between 27°C and 32°C; the relative humidity of the air is very high with frequent 
peaks of about 80%. 
 
Several aspects of the prevailing winds were also taken into account: during the driest season 
(from November to April) the wind, named Harmattan, with direction North-East, is warm 
and dry. The wetter season (from April to July), instead, is characterized by the Monsoni 
winds; their speed can achieve 72 km/h. 
 
2.2. Design of the residences  
The project area was a popular zone of the city of Cotonou. The main objective to accomplish 
was to create an integrated design building form and material as a total system able to achieve 
the optimum indoor comfort with the best energy saving and the lowest economic cost. 
Twenty two-storey houses were designed. There were considered two types of residences: 
type A was supposed as a duplex house for two different low-income households of 4/5 
people; type B was assumed as a s implex house for one medium-income household for 6 
people.  
 

   
Fig. 1.  The project of the residences (From left to right: Urban layout; type A building; type B 
building) 
 
None HVAC system was assumed in the buildings. Different passive cooling strategies were 
taken into account: prevailing winds and solar irradiation analysis, shape of the buildings in 
regard to the site climate, study of the shape of the single building respect to the whole 
architectural complex, set up of the internal spaces with the different functions and use of 
building materials suitable to keep constant indoor temperature and relative humidity values. 
According to the bioclimatic architecture devices for the hot-humid climate [2] the  buildings 
were designed along the East-West axis with a surface/volume ratio of 0,64.  
All the residences were placed along North-South direction, at the sides of the area. Some 
“cooling corridors” were also created by using the vegetation and thus different sun path 
diagrams during the day were analyzed in order to study the daily percentages of shadow. 

1742



The layout of each house was built up by a starting modular grid of 6 m by 3,5 m; then some 
modules were staggered with the aim to produce some external cohorts which can allow to 
reduce the wind speed and work as sunscreens avoiding the overheating of the internal rooms. 
Furthermore in each building was created a central natural ventilation chimney [13] by using 
the stairwell; the sizes and the position of the windows were also taken into account to 
optimize the indoor comfort by studying the direction of the airflows.  
 
Since the relative humidity rate was very high during the whole year, it was assumed that all 
the non l oad-bearing walls and some layers of the floor slabs and the roofs were made 
respectively of unfired bricks and unbaked earth layer. Several studies pointed out the good 
moisture buffering capacity of the loam as a building material [6,7,8,9].  
 
3. Results 
3.1. Analysis of the thermal performances  
According to the EN ISO 13786 [14] the thermal transmittance (W⋅m2/K), the time lag (h) and 
the decrement factor of the walls and the floor slabs were evaluated (tab.1-2). Every building 
was assumed with a reinforced concrete structure. The non-load bearing walls were supposed 
with an air cavity of 7 cm, two internal and external layers of earthen bricks of 15 cm covered 
with common plaster layers of 1,5 cm. About the floor slabs the thermo-acoustic layer were 
supposed of a mixture of wood shavings and raw earth. Minke pointed out the excellent 
thermal capacity of the unbaked earth [15]. 
 
The results showed in the tables 1 suggest that by using the unbaked earth it can be achieved a 
good thermal inertia; thus it was possible to keep constant values in terms of indoor 
temperature during all the day even if high variation of external temperature values occur. 
According to the EN ISO 13788 [16] the internal moisture of the walls was also verified by 
using the MC4 software. It can be seen by the figure 2 t hat during the whole year the 
saturation vapor pressure (red line) was higher than the vapor pressure (blue line) in each 
layer of the wall. This means that none internal moisture condensation is possible. 
 
The performance of a passive cooling system through an underground duct was estimated. 
According to the EN ISO 13370 [17] the average annual ground temperature was assessed at a 
deepness of about 1 m. It was calculated that this allows to reduce the indoor temperature in a 
range between 1,5°C and 7,5°C during the summer. 
 
Table 1.Thermophysical properties. 

 Surface 
Mass 

(kg/m2) 

Thermal 
Resistance 
(m2K/W) 

Thermal 
Transmittance 

(m2K/W) 

Thermal 
lag (h) 

Decrement 
factor (-) 

External 
walls 306,1 2,246 0,445 14,69 0,136 

Roof slab – 
type B 453,3 1,991 0,502 12,94 0,102 
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Fig. 2.  Water Vapor Pressure profile in the external wall (in red the saturation vapor pressure, in 
blue the vapor pressure) 
 
3.2. Analysis of the energy performances with ECOTECT 
Both the two residences (type A and B) were assessed by the software ECOTECT V 5.50.  
Each type of building was supposed as a block of different “thermal zones”, each of one set 
with specific hygrothermal and physical properties as shown in the table 2. T he database, 
previously calculated according to the EN ISO norms, was used to carry on the simulation. 
 
Table 2. Hygrothermal and physical properties of the zones. 
 Clo value  Air relative 

humidity 
(%) 

Air speed 
(m/s)  

Illumination 
level (lux) 

Comfort 
Band (°C) 

Latent -
sensibile 
heat gain 
(W/m2)  

Living 
area 0.40 60 0.5 300 18-26 2.14-0.86 

Night area  0.40 60 0.5 200 18-26 2.14-0.86 
Bathroom 0.20 65 0.5 200 18-26 5-2 
Kitchen  0.40 65 0.5 300 18-26 5-2 
Corridor 0.40 60 0.5 150 18-26 5-2 
 
 
3.2.1. Indoor temperature analysis  
The graph 3 s hows the annual temperature distribution of the main internal zones. The 
comfort band (in yellow) was considered included in the range between 18°C and 26°C. 
The temperature of the living area (in red) is in the comfort band for 70% of the hours.  
Moreover in the sleeping area (in green) the temperature is in the comfort area for 79% and 
89% of the hours. This condition changes in regard to the floor in which the area is.  
Conversely the warmest zones of the building are the corridors, the bathrooms and the 
kitchen. 
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Fig. 3.  Annual temperature distribution (in red the living area; in green the sleeping area, in yellow 
the comfort band) 
 
3.2.2. Internal gain analysis  
It was carried out, also, the annual and daily thermal gain and loss analysis due to the 
temperature gradient in the building.  
 
Due to the solar radiation intensity the main daily gain, of about 1.760 Watts, was achieved 
during the first afternoon hours in the first and the last months, i.e the driest season of the 
year. In the night hours there were found the best indoor comfort conditions. 
 
This is owing to the good thermal transmittance, the time lag and the decrement factor 
described above (table 1) of unfired brick walls. 
 
3.2.3. Wind and solar radiation analysis  
The passive ventilation is one of the most effective strategies to use in a hot-humid climate. 
This is the reason why the buildings were designed in regard to the direction and the type of 
the winds. The buildings were set with the direction North–South, using the opposite direction 
of the winds that allowed to dump the discomfort effect produced by the external relative 
humidity and temperature. On the other hand the design of the external cohorts could also 
reduce the speed of the air fluxes, when the wind speed is too high. 
 
The design of the buildings was carried on t aking into account the solar exposure. Fig. 4 
shows the average daily absorbed solar radiation. It can be noticed that the roof is the part of 
the building mainly involved, with a value between 480 and 600 Wh/m2. This is the reason 
why it was created a system of ventilate roof by an air cavity of 4 cm (type A) and a second 
upturned cover above the roof slab (type B). 
 
The annual sun path diagrams were also studied in order to design the best solution in terms 
of passive sunscreens. The sun path diagram (Fig. 4) shows that each building is in the shady 
area for the most time during the whole year. 
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Fig. 4.  Solar radiation analysis (Left: Absorbed Radiation; Right: Sun path diagram) 
 
3.2.4. Indoor comfort analysis 
According to the EN ISO 7730 [18] the PMV value (Predicted Mean Vote) was computed. 
The analysis was carried on considering the hottest and coldest days of the year. The graph in 
figure 5 refers to the warmest day of the year (April 21th) at midday. The main areas of the 
house, i.e the living and the night areas, show an average PMV value of 1.20. According to 
the software settings this value means a feeling of lightly warm.   
 

 

 

Fig. 5.  Thermal comfort – Predicted Mean Vote 
 
3.3. Cost accounting and sustainability of the project 
Several economic saving factors were taken into account in order to accomplish to low cost 
housing objective. The whole design of the architectural complex and the tree-shaped disposal 
of the buildings (fig. 1) can allow to suppose an expansion of the houses themselves in the 
future, solving one of the most pressing problem of a developing country: the uncontrolled 
population grow. 
 
The structure of the buildings was supposed simple with a modular grid of 3,5 by 6 m. This 
allows to realize the housing typologies partially with do-it-yourself building, employing the 
future users. 
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In order to support the local economy, the use of many local building materials was assumed 
in the project. Thus it was used unbaked earth both as unfired bricks for non-load-bearing 
walls and as filler layer of the slabs.  
 
A comparison between the use of fired bricks and unfired bricks was carried out; by the cost 
analysis it could be noticed that the unbaked earth as a building material allows to bring down 
the full economic cost of the project of almost 30%. As common strategy in a developing 
country, assuming the structure cost is at expense of the government, it was calculated that the 
total cost of a duplex house is about 16.900 euro and the total cost of a simplex house is about 
8.500 euro at expense of the future users. 
 
Moreover it w as also calculated that with the do-it-yourself building it can be achieved a 
further lowering cost of about 30%; in this latter case for example the simplex house cost 
could be 6.000 euro at expense of the user. 
 
4. Conclusion 
The main objective of the work was to project an architectural complex of low cost houses in 
a developing country, characterized by a hot-humid climate. Several architectural devices and 
socio-economic aspects were taken into account.  
 
The results obtained by the software analysis demonstrated that by using the unbaked earth as 
a building material it can be achieved a good thermal performance of the whole building 
envelope, in terms of thermal inertia.  
 
Furthermore the use of many passive cooling strategies, starting from the shape of the 
buildings themselves up to the whole architectural configuration, have led to obtain excellent 
results in terms of indoor comfort. 
 
In order to achieve a low-cost high-energy performance housing many economic strategies 
were also considered. Among these, the use of a local and sustainable material as unbaked 
earth, on t he one hand, and the hypothesis of partial do-it-yourself  bui lding, on t he other 
hand, have allowed to bring down the total housing cost of about 60% if compared with a 
common house built with fired bricks and traditional labor. 
 
Several experimental investigations were started in the Laboratory of Thermophysics of 
Materials (LTM) (Politecnico di Bari) in order to study the hygrothermal behavior of the 
unbaked earth building materials.  
 
Two different research lines are carrying on: the lightweight earth by using different 
additives, like straw and sawdust, and stabilized earth by the addition of the lime. The main 
objective of the ongoing research is to study how to optimize and obtain a sustainable 
building material suitable to reduce the energy consumption of the buildings with the lowest 
economic cost. 
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Abstract: This study was conducted to determine a significant relationship between energy performance of 
residential buildings and their architectural configuration. It is known that there are high amount of energy expenses 
of residential buildings while they are in use. Utilizing knowledge to decrease costs in housing construction and 
energy consumption during their lifetime, it has been worth to study this subject here. Case study examples were 
selected from residential buildings in İzmir, Turkey, which were 5-11 storey-blocks with various construction dates. 
Utilizing architectural and mechanical production drawings, certain area-based ratios and building dimensions were 
determined as architectural configuration indicators. Energy performance of case buildings were determined by using 
a calculation method according to the Thermal insulation Requirements for Buildings-TS825. The significant 
relationship between architectural configuration aspects and energy performance of buildings were analyzed through 
statistical analysis and scatter charts. Findings were discussed on the basis of TS825. Thus, instead of renovation of 
existing buildings’ energy performance by limited solutions (to add insulation material etc.), taking simple and 
inexpensive precautions in design process and their application might provide a wide energy saving potential.  
 
Keywords:  Energy performance, Design efficiency, Architectural, Residential buildings. 

1. Introduction 
Energy efficiency has been a critical issue to design residential buildings of good quality, all over 
the world, and in Turkey as well. It is a high indicator of thermal and visual comfort, and also a 
significant and powerful impact on energy costs. Due to sheltering needs of increasing population 
and providing a qualified habitat, the field of housing design is rife with proposals that lay claim 
in improving efficiency [1-3]. As the residential heating is the main source for energy and 
resource consumption in Turkey, residential design has gained utmost concern nowadays to 
reduce energy and resource consumption. Utilizing dwellings offering comfortable interior 
spaces, it would also be possible to reduce harmful gases released into the environment [4-6]. 
 
It is clear in literature that architectural configuration of buildings and design norms have direct 
impact on energy performance of buildings. Several studies have been conducted about thermo- 
physical characteristics of the exterior walls, building orientation and geometry, building location 
together with energy efficiency of buildings [7-10]. In a study, for example, optimum window 
dimensions and heat insulation with an optimum thickness together resulted in a high energy 
performance among case buildings [11]. In another study, the impact of glass types and 
overhangs on the heat conductance of wall and roofs were analyzed [12].  
 
Studies on energy rating offered a variety of methods and software (design tools) to design and 
analyze energy efficient indoor environments [13-18].  Especially the attempt of construction 
sector consuming high energy in developed countries was to take measures and programs to 
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rationalize energy consumption in residential buildings. The main objective was to reduce energy 
consumption for heating [1-3]. To achieve this goal, the design and evaluation process should be 
in accordance with the proposed method [19].  Considering the lack of comprehensive studies on 
the relations of energy performance and architectural parameters of buildings in Turkey, a 
detailed research has been conducting in Izmir and the initial findings will be discussed here.  
 
From the beginning of the 1990s, the Member States in Europe dealt with the legal regulations 
about energy consumption in order to reduce carbon dioxide emissions, according to Kyoto 
Protocol. Turkey is now responsible to provide regulations to comply for the latest European 
Energy Performance of Buildings Directive 2010/31/EC. [20]. In particular, the Thermal 
insulation requirements for buildings-TS825 and Heat Insulation Regulation (2000) were legally 
adopted in 2000: the latter is the complementary regulation of the former which offers the 
calculation method for the energy demand for heating in buildings [21]. Heat Insulation 
Regulation sets rules for all buildings to reduce heat loss, to provide energy saving and to 
determine application guideline [22]. Turkey complied with the rules by Directive 2010/31/EC, 
through Energy Efficiency Law (2007) and Building Energy Performance Regulation (2008). As 
regards these regulations, following actions were proposed: the evaluation for the energy 
consumption of buildings, the classification of buildings, determination of minimum energy 
performance requirements of existing buildings for their renovation [23,24]. “Standard 
Assessment Method for Energy Performance of Buildings” has been developed by The Ministry 
of Public Works and is expected to be published in January 2011. It will be legally adopted and 
will draft energy certificate and compare the energy performance of a building with ascertained 
energy limits. This method will include heating, cooling, domestic hot water production, lighting 
energy consumptions and CO2 emissions. This study, however, included the calculation method 
which is currently in use.    
 
Design efficiency in architecture is a concept to design and construct buildings and spaces inside 
more efficiently. It is derived from architectural configuration factors. By this way, it provides 
construction and maintenance costs at an optimum level. Energy performance is an indicator for 
the energy cost of the building and for the visual and thermal comfort conditions of users, as well. 
Again, Turkey, preparing legislations for energy performance, is responsible to ensure 
compliance of 2010/31/EC and these legislations offer to conduct several studies for new and 
existing buildings in a 10-year-period. In view of these resent research and ongoing knowledge, 
this study was constructed for residential buildings in İzmir, which is the third most populated 
city of Turkey to analyze their energy performance and architectural configuration. The objective 
is to determine relations between energy performance of residential buildings and their design 
efficiency. Energy performance of case buildings were determined by using a calculation method 
defined by TS825. The significant relationship between architectural configuration aspects and 
energy performance of buildings were determined through statistical analysis and scatter charts. 
To rank buildings according to their energy performance, the ratio of calculated energy demand 
to maximum allowed energy demand defined in TS825 were used.  
 
2. Methodology 
2.1. Residential buildings in İzmir 
Case study examples were selected from İzmir which is situated in the western part of Turkey 
(latitude 38°25'N, longitude 27°08'E), along the Gulf of İzmir, by the Aegean Sea. İzmir has a 
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typical Mediterranean climate which is characterized by long, hot and dry summers; and mild to 
cool, rainy winters. The average minimum temperatures during winter months vary between 6 
and 8°C. Average daytime temperatures, however, during summer months (May to October) are 
almost 25°C or higher.  
 
To determine case buildings, Building Construction Statistics by Turkish Statistical Institute were 
analyzed. According to these, the number of multi-story residential buildings is 40% of the whole 
residential buildings constructed from 1960s to 2008, in İzmir.  This rate tends to increase 
because of increasing population and lack of construction area. Thus, subject buildings in this 
study were defined to be 5-11 storey residential buildings. A total of 30 buildings were selected 
from three municipalities due to variation in zoning status and high construction rate. Among 
these, ten out of 30 were in Konak (designated as K1,K2, …), the other ten were in Karabağlar 
(designated as Ka1,Ka2…), and the rest in Balçova (designated as Ba1,Ba2…). Architectural and 
mechanical production drawings were obtained from archives of related municipalities. Buildings 
were classified with reference to zoning status, orientation, floor number, designer and 
construction year. The data obtained from drawings included address, construction year, number 
of flats, floor number, zoning status, designer’s professional status, width and height of the 
building, total floor area, total floor area of common spaces, total volume, total area of façade. 
The principal aim of this study was to analyze existing residential buildings in İzmir with respect 
to their architectural configuration as a representative tool for their energy performance. It was 
also thought that results of this analysis would provide much-needed feedback for designers and 
professionals in İzmir and in other cities.  
 
2.2. Architectural configuration indicators 
Relevant attributes of the architectural configuration are basically building form, orientation, 
zoning status together with several building envelope factors and climate [7-11]. In addition to 
data cited in previous section, relevant areas of architectural configuration calculated from 
drawings in this study were the following: net-usable floor area (inclusive of all internal areas 
left out from footprint area of all structural elements); external surface area(calculated from 
external perimeter and the floor to ceiling height of residential building); net-usable common 
floor area (the exclusive of all residential flats from net-usable floor area); window area (area 
where high amount of heat would be gained/lost); external wall area and external 
dimension(width and length). Architectural configuration indicators, as shown in Table 1, were, 
then, offered to conduct the assessment for the occurrence of significant relations between energy 
performances and architectural configuration of buildings. These ratios derived from above areas 
are described below; 
 
Ratio of external surface area to net usable floor area: This is an indicator that reflects form of 
building by its volume in zoning status. So it is highly related in exterior surface design and in 
cost efficiency of energy consumption by concerning surfaces. Ratio of window area to external 
surface area: This was viewed as the indicator for the equilibrium of solid-void, describing 
effects of void surfaces to hold minimum heat load. Ratio of width to length: This is an indicator 
of plan configuration. The objective here was to determine maximum utility spaces and building 
surfaces in suggested zoning plan. Ratio of external wall area to net-usable area: This ratio was 
used to define design efficiency indicator related flexibility, utility and cost efficiency of 
designed spaces. It is the one of the general design principle, creating minimum wall area and 
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minimum fragment plan scheme. Ratio of net-usable common floor area to net-usable floor area: 
Minimum common spaces have great potential on useful spaces to make them usable and 
generative.  It is related in management cost of first and after construction. 
 
Table 1  Architectural configuration indicators(Balçova:Ba, Konak:K, Karabağlar:Ka) 

Build 
no. 

building 
surface/     net-

usable  area 

window 
area/ 

building 
surface 

width 
/length 

wall 
surface/ 

net-
usable 
area 

net-usable 
common floor 

area/ net-usable 
area 

Ba1 1,86 0,22 0,54 1,45 0,11 
Ba2 0,87 0,22 0,69 0,68 0,04 
Ba3 0,50 0,35 0,88 0,32 0,06 
Ba4 1,09 0,17 0,67 0,90 0,15 
Ba5 1,02 0,13 0,88 0,88 0,06 
Ba6 1,19 0,16 0,99 1,00 0,09 
Ba7 0,74 0,21 0,29 0,59 0,09 
Ba8 0,64 0,30 0,56 0,44 0,10 
Ba9 0,90 0,19 0,51 0,57 0,07 
Ba10 0,84 0,18 0,67 0,69 0,11 
K1 0,59 0,16 0,52 0,50 0,10 
K2 0,32 0,46 0,71 0,17 0,06 
K3 1,09 0,15 0,40 1,15 0,02 
K4 0,17 0,38 0,41 0,07 0,03 
K5 0,55 0,32 0,61 0,37 0,04 
K6 0,51 0,34 0,79 0,34 0,03 
K7 0,50 0,57 0,59 0,21 0,06 
K8 0,99 0,15 0,36 1,05 0,02 
K9 0,74 0,31 0,80 0,51 0,10 
K10 0,61 0,42 0,45 0,35 0,10 
Ka 1 0,31 0,37 0,39 0,20 0,04 
Ka 2 0,73 0,42 0,37 0,42 0,08 
Ka 3 0,30 0,54 0,36 0,14 0,09 
Ka 4 0,56 0,39 0,54 0,34 0,05 
Ka 5 0,64 0,56 0,58 0,28 0,07 
Ka 6 0,57 0,55 0,50 0,26 0,09 
Ka 7 0,40 0,48 0,52 0,21 0,06 
Ka 8 0,69 0,36 0,46 0,44 0,05 
Ka 9 0,59 0,37 0,48 0,37 0,05 
Ka 10 0,02 0,40 0,49 0,01 0,00 

 
2.3. Thermal Insulation Requirements for Buildings -TS 825 
TS 825 [21] “Thermal Insulation Requirements for Buildings” is an official obligatory standard 
of Turkey derived from DIN V 18599. TS 825 has been in use since 2000 which is revised in 
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2008 by lowering maximum allowable total heat transfer coefficient. Main purpose of TS 825 is 
to limit building’s energy demand according to exposed area to volume (A/V) ratio. TS 825 uses 
solar radiation and outdoor air temperature values which are tabulated according to climatic 
regions specifically determined for Turkey using degree-day method. Heat demand is calculated 
monthly including specific heat loss, efficiency factor, internal and solar gains. Thermal bridging 
effect is taken into account with length of the element (I) and longitudinal heat loss coefficient 
(UL) according to TS EN ISO 14683 (2004). In TS 825, internal gains are simplified as 5 W/m2 
for net floor area. Gain utilization factor (η) is used to correct the total of internal and solar gains 
to calculate average monthly useful gains in a statistical way. Calculation of yearly heat demand 
is followed by comparison of limiting values given in TS 825 according to A/V ratio. If the 
yearly heat demand is within the limits, the procedure is completed; otherwise properties of the 
building elements should be re-evaluated and re-calculated. 
 
2.4 Statistical Analysis  
The relations between variables, namely, ratio of external surface area to net usable floor area, 
ratio of window area to external surface area, ratio of width to length, ratio of external wall area 
to net-usable area, ratio of net-usable common floor area to net-usable floor area and energy 
performance ratio were tested by single-factor ANOVA at a 5% level of significance (α=0.05). 
Scatter plots were derived from paired values of variables, namely, heating energy demand, ratio 
of building surface area to net usable floor area, ratio of window area to external surface area, 
ratio of width to length, net-usable common floor area to net-usable floor area. These were 
constructed to understand the relation between architectural configuration indicators and heating 
energy demand.  
 
3. Results and Discussion 
3.1 Findings obtained from TS825. 
The results of calculation method-TS825 were tabulated according to construction year, 
orientation and zoning status. Here, external surface area per volume, heat loss, solar gain, 
calculated energy demand, max. energy demand, energy performance ratio, and annual fuel 
demand were tabulated according to construction year as shown in Table 2. In the analysis, heat 
loss through ventilation and heat gain from internal environment were also calculated. Energy 
performance ratio of 9 buildings range from 0,94 to 1,00, while 11 of them were from 1,03 to 
1,92. Rest of the buildings’ energy performance ratio varies between 2,14 and 2,88. Most of the 
buildings with high energy performance were situated in Balçova. They were the recently 
constructed buildings according to construction year. However, buildings constructed mostly in 
1970s in Karabağlar were having low energy performance.  
 
3.2 Findings obtained from statistical analysis.  
The null hypothesis was H0:τi=0; there is no relation among energy performance according to 
ratio of window area to external surface area. Accordingly, H0 was accepted at 5% level of 
significance. It was concluded that ratio of window area to external surface area did not varied 
significantly according to energy performance. All findings showed that there was no relation 
between architectural configuration indicators mentioned above and energy performance ratio. 
Scatter charts also supported this result. 
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Table 2 Building energy performance data obtained from TS825 according to construction year 

Year build. 
no A/V 

heat 
loss 

(W/K) 

solar 
gain 
(W) 

calculated 
energy 
demand 

(kWh/m3) 

max. energy 
demand 

(kWh/m3) 

energy per. 
ratio 

cal.energy/ 
max.energy 

annual 
fuel 

demand 
(kg) 

1960-
1969 K9 0,42 1169,70 61276 18,00 9,36 1,92 7291,54 

1970-
1979 

Ka 10 0,18 2638,28 94290 13,25 6,20 2,14 19721,04 
Ka 5 0,34 3761,00 371190 12,49 8,24 1,52 18721,95 
Ka 6 0,32 4874,74 307516 21,48 7,95 2,70 28624,84 
Ka 7 0,27 3531,69 161045 20,29 7,22 2,81 23744,44 
Ka 8 0,37 3681,05 155100 23,76 8,59 2,77 22747,55 
Ka 3 0,23 2078,27 104923 17,04 6,64 2,57 14156,78 
Ka 4 0,28 4106,35 224229 15,98 6,51 2,45 25889,27 

1980-
1989 

BA1 0,37 2399,00 134625 13,48 8,67 1,55 16055,33 
BA2 0,44 2827,20 108958 21,04 9,65 2,18 19688,14 
K3 0,49 2144,20 101650 13,43 10,35 1,30 14323,37 
K4 0,19 1642,00 122282 9,25 6,20 1,49 10493,66 
K7 0,13 1945,20 191959 5,84 6,20 0,94 13818,38 
K10 0,28 2885,90 175195 9,83 6,22 1,58 8424,46 
K8 0,35 2325,10 101560 10,95 8,38 1,31 16829,06 
K6 0,29 3456,60 275989 9,05 9,05 1,00 21982,30 
K5 0,39 1540,40 156551 11,19 10,82 1,03 8507,13 
Ka 9 0,33 4362,80 198601 22,77 7,98 2,85 28731,50 
Ka 1 0,23 1724,94 62394 14,46 6,66 2,17 12817,99 
Ka 2 0,39 3912,23 209748 25,44 8,84 2,88 24115,27 

1990-
1999 

BA3 0,23 3483,80 244071 9,77 6,60 1,48 10473,92 
K1 0,37 344,90 15174 9,90 8,63 1,15 2640,02 
K2 0,14 2247,30 113928 6,10 6,20 0,98 21462,84 

2000-
2009 

BA4 0,61 441,09 38941 11,95 11,55 1,03 3370,58 
BA5 0,27 2655,97 39810 9,15 9,54 0,96 5470,00 
BA6 0,43 1047,77 32318 11,27 11,92 0,95 23250,00 
BA7 0,33 1909,56 114991 7,90 7,98 0,99 15003,07 
BA8 0,44 1001,88 74182 8,77 9,17 0,96 7239,95 
BA9 0,49 951,31 52132 9,86 10,24 0,96 6712,55 
BA10 0,73 464,34 38135 13,06 13,64 0,96 3412,85 

 
4. Conclusions and Recommendations 
The analyses of variance and scatter charts were applied to determine relation between 
architectural configuration indicators and energy performance of residential buildings. Energy 
demand calculations were constructed by TS 825. A number of results about architectural 
configuration indicators and their relationship with energy performance ratio were considered as 
noteworthy on their own merit. One was that the energy performance ratio was independent of 
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architectural configuration indicators, despite literature [7-14], showing distinct impact of 
architectural aspects on building energy performance. Another noteworthy observation was the 
independence of zoning status and orientation on the energy performance ratio. Several 
conditions may indicate such an anomaly. One is that the study included a limited number of 
sample buildings. The other one is that the calculation method is independent from orientation, 
building form. TS 825, as a static method, is well established to control overall heat transfer 
coefficient and limit heating energy demand of a building. However, using monthly average 
climatic values, single zone assumption, ignoring thermal mass, assuming continuous heating 
regime, lack of internal gain details and control of HVAC systems leads inaccurate results 
compared with measurements.  Results of the static methods give an estimate of monthly heating 
load and idea about applicable measures to reduce the heat loss of the building.  On the other 
hand, dynamic methods calculate gains and losses from different elements in a building, giving 
details about different zones and their interactions with the building. Therefore, once the dynamic 
method which has been developed for building energy performance for Turkey is released, this 
study will be repeated accordingly. The authors hoped that the new method will exhibit the 
relationship with building energy performance and architectural parameters. It is necessary to 
conduct further investigations with inclusion of high number of sample buildings in Turkey. 
Then, all findings which will be resulted by objective evaluations about existing buildings will be 
presented to all correspondings’ knowledge and use.    
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Abstract: This paper deals with the energy consumption of existing owner-occupied detached houses and the 
question of how they can be energy renovated. Data on the age of the Danish housing stock, and its energy 
consumption is presented. Research on the potential for energy reductions in the Danish housing sector is 
presented, and it is shown that there is a huge potential for reductions. It is a well-known problem that even if 
there are relevant technical means, and even if it is economically feasible, the majority of house owners do not 
energy renovate their homes. This paper intends to address what can be done with this problem. The paper draws 
on different sources of why, when, how, and why not people renovate their home. These results are then 
compared and discussed together with a presentation and discussion of the Danish policy measures that are put 
forward in order to encourage people to energy renovate their home. These policy measures include building 
regulations, energy tax and different types of incentives and information dissemination. The conclusion calls for 
new innovative policy measures to cope with the realities of energy renovations of owner-occupied houses.  
 
Keywords: Detached houses, Energy renovations, User practices, Energy policy. 

1. Introduction  
In low-energy architecture focus is often on new buildings and their potential for reducing or 
eliminating energy consumption for heating purposes as is seen in zero-emission buildings 
and passive houses. Figure 1 shows the construction age of the Danish building stock in 2004. 
In the figure is seen that buildings typically have a lifetime of more than 50 years and if we 
envision the same level of construction activities for the next 20 years as seen for the last 10-
20 years, for a very long time the majority of the Danish building stock will continue to be 
built before the era of low energy housing. This corresponds to British data suggesting that 
70% of all homes that will exist in 2050 have already been built [1]. 
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Fig. 1.  The construction year of the Danish housing stock in 2004, source Statistics Denmark.  
 
Questions have been raised whether it is better, from an environmental perspective, to 
demolish buildings and build new ones rather than to renovate, and a few case studies based 
on LCA analysis have been conducted; however, there does not seem to be agreement on the 
results [1], [2]. Furthermore there might be other arguments than energy and environment 
calling for renovating rather than demolishing, including the arguments of cultural heritage 
and people’s personal relation to their homes. 
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Thus attention has to be paid to how energy reductions in existing buildings can be achieved. 
In 2009 the final energy consumption in households was 192,145 TJ, representing 30.4% of 
the total Danish energy consumption, and out of this approx. 83% was related to heating 
purposes in households [3]. Studies have documented the potential for energy savings if the 
existing building stock were proper energy renovated [4]. Here the Danish building stock is 
divided into five groups, including farm houses, detached houses, terraced houses, multi-
storey buildings and commercial buildings. In a scenario where only energy renovations that 
have a payback time of less than 15-25 years are considered, the total amount of energy 
savings are calculated to 37 PJ, which corresponds to 23% of the annual energy used for the 
heating of buildings. The building type with the highest potential for energy savings is the 
detached house, which stands for 41% of the possible energy savings relating to energy 
renovation in all of the building stock. The reason for the high potential for energy savings in 
detached housing is a combination of the volume of this type of buildings - the majority of the 
Danish population lives in detached housing (the Danish housing stock consists of approx. 
40% apartments, 46% single-family houses and 14% terraced houses) and these homes are 
typically considerably bigger compared with e.g. apartments in multi-storey buildings - and 
the fact that many of these houses were built in the 1960s and 1970s, or earlier, and thus 
before stricter energy requirements in the Danish Building Regulations came into force.  
 
On the whole there are good arguments for having a closer look at how energy renovations of 
the existing housing stock, especially the detached owner-occupied housing, can be promoted. 
In the following, empirical investigations on why people renovate their home will be 
presented and compared with the policy measures that are put forward in Denmark to 
encourage energy renovation. 
 
2.  Methodology  
Results presented in this paper have been conducted in two previously reported studies. The 
first study is from 2000 and focused on to what extent environment and architecture were 
considered when people renovated their homes [5]. This study deals with two middle class 
neighbourhoods from the 1960-70s and from the 1940-50s respectively and it contains a 
questionnaire survey and qualitative interviews with four house owners. Another study from 
2005 included people who had bought a house within the last three years, and focused on 
what renovations they had so far carried out or planned to do, and to what extent the energy 
label on their home had influenced their buying of the home or the renovations they had done 
[6], [7]. This study included 10 qualitative interviews. All 14 interviews have been recorded, 
transcribed and analysed according to qualitative social science standards [8]. The survey 
questionnaire was mailed to approx. 350 households, approx. 50% of which responded, i.e. 
170 house owners, and the answers have been analysed by the use of SPSS. The new 
approach in this paper is that these empirical findings are combined and analysed together 
with a review of Danish energy policy directed at house owners. Furthermore the majority of 
the empirical results have not been published in English before. As some of these data are 
more than 10 years old, they will be compared with more resent data on renovation, though, 
as will be shown, these types of data are rather scarce.  
 
3. Results 
The following will first present extracts from studies on house owners' renovation of their 
homes followed by a review of existing policy measures in Danish energy policy to induce 
energy renovations of detached single family housing.  
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3.1 Why, what and how households renovate their homes  
According to the survey the renovations made by most of the house owners are kitchen and 
bathrooms, which 52% and 40% respectively of the house owners have done, whereas for 
example new windows or roof are only done by 32% and 22% respectively of house owners. 
Connection to district heating is also made by many of the house owners; however, this 
should be seen in light of Danish law where authorities can impose this connection. 
Furthermore Table 1 shows that more than one third of the households have insulated their 
house. Thus it is seen that renovations including the indoor aesthetics and functions are higher 
on the agenda than renovations which might save energy for heat consumption. Interviews 
with house owners supplement and support this: A new kitchen is something to dream about, 
make plans for and show to others. Renovation of the roof on the contrary is typically made 
because of necessity more than because of dreams and passion. In Figure 2 this tension is 
illustrated by an axis called Lifestyle vs. Wear and tear.  
 
Table 1. Results from survey on what type of renovations the present house owners had made to their 
house. Results are divided between answers from the neighbourhood with houses built in 1960-70s, 
and in 1940-50s and show the overall percentages as well.  
 1960-70s  1940-50s  Overall  
Kitchen 44% 57% 52% 
Bathroom 38% 41% 40% 
Windows 21% 40% 32% 
Extensions 30% 16% 22% 
Roof 15% 27% 22% 
Façade 15% 14% 14% 
Patio 17%  8% 12% 
Connection to district heating 48% 35% 40% 
Radiators and pipes 22% 32% 28% 
Insulation 34% 37% 36% 
Electric installations 6% 21% 15% 
Number of answering households  71 99 170 
 
Table 2. Results from survey on the relation between how long people have resided in their house and 
whether they have made any renovations 
How long have they lived in the house Have not renovated Have renovated 
0-5 years 65% 35% 
5-10 years 42% 58% 
10-20 years 31% 69% 
More than 20 years  19% 81% 
Answers (numbers) 58 104 
 
When looking at who is doing the renovations, the survey shows that in most cases the house 
owners do some or the majority of the renovations themselves and only in a minority of the 
houses are renovations made solely by craftsmen. Craftsmen might be involved in the DIY 
(Do-It-Yourself) renovations as well, because the house owners, or their friends or family 
helping them, are craftsmen as we heard in several interviews. Furthermore the survey shows 
that the longer people have lived in their house, the higher the possibility that they have done 
any renovations (see Table 2). This breaks with a myth indicating that when people buy a 
house, they renovate it before they move in. On the contrary, renovations are typically 
something that is done continuously during all the years people live in the house. Also from 
interviews we know that house owners often have a sort of imaginary list of renovations they 
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could do or would like to do, but as there is not always  time, money or other resources, and 
as it is not always funny to live in a house that is being renovated, some renovations are 
postponed and others are carried out. From the interviews, however, we also know that for 
some families the renovations are not only a dull duty, it might be a creative task, which 
people appreciate. For several house owners it might even be part of the reason why they have 
bought a house that they wanted a house to work on and build and that renovating the house is 
an integrated part of living in it. This tension on the one hand between seeing renovations as 
something that is interesting in itself because of the process and on the other hand wanting to 
renovate the house primarily, because one is interested in the result of the renovation is shown 
in Figure 2, as the axis Process vs. Project. 
 

Life style

Wear and tear

ProjectProduct

 
Fig. 2.  Reasons for renovating. The figure distinguishes between whether house owners are primarily 
interested in doing the actual renovating (project) or in the result of (product) the renovation, or 
whether the renovation is primarily done because of necessity due to wear and tear or because house 
owners like to have something new (lifestyle). Different house owners, as well as different types of 
renovations, will be placed differently in the figure.  
 
Different types of renovations thus might have to be interpreted in different terms. Some 
renovations are done because of aesthetics and dreams of having what friends or family have 
or what can be seen in catalogues. These renovations might best be understood within 
understandings of lifestyle, status and consumer choice [9]. This is often the case with 
kitchens and bathrooms that are renovated without it actually being necessary from a more 
functional perspective. Outdoor renovations like roofs and windows are more often done as 
maintenance resulting from wear and tear, though in some of the interviews there are also 
examples of this being done primarily because of aesthetics. In some families, an important 
aspect of why people renovate their house is that they actually like to work physically on their 
house, they enjoy the project and the process. This may include light maintenance like 
painting walls or it might include completely new construction work like building extensions 
etc. During these DIY projects people often feel that by working on their own house they get 
more attached to their home and feel that the house becomes more of a home, as compared 
with just buying a new and maintenance-free house. In other families, maintenance and 
renovation are, however, primarily seen as a dull duty that they would rather be without. 
When understanding this, it is important to see renovation as a part of the specific everyday 
life of every different family. For example, in some families and at some times living in a 
house being renovated is a big problem and at other times and families it is easily part of the 
everyday life. As an example, one of the interviewed families had just had quadruplets, and 
could thus envision not having any time at all for renovating for the next many years to come. 
Under other circumstances this family might have liked to renovate their house themselves, 
however, they had decided to have new windows installed by craftsmen before they moved in. 
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There might be different types of energy-related issues connected with the renovations. 
Renewing the windows or the roof most often also include improving the energy efficiency of 
the house, and renovating the kitchen might include buying new and more efficient 
technologies. However, in most of these cases energy concern is not part of the main reason 
for doing the renovation, even though the renovation includes improved energy efficiency. It 
is just something following from other wishes and dreams. On the other hand some 
renovations might also include higher levels of comfort, e.g. more heated square meters, a 
higher indoor temperature or bathrooms with spa, and thus involve increasing energy 
consumption.  
 
As some of this empirical material is up to 10 years old, it is relevant to compare it with more 
recent results and with international results. A study comparing the residential building stock 
in eight European countries (AT, FI, FR, DE, NL, SE, CH, UK) observes that there is not any 
statistics on the renovation of the building stock in any of the countries [10]. Instead this study 
uses interviews with key stakeholders to estimate size and type of renovations, and they 
conclude that modernisation of kitchen and bathrooms is the most common renovation 
activity in all the studied countries, and furthermore that most of these modernisation 
activities take place before the end of the components' service life is reached. A recent 
German study based on a survey of 1000 households [11] and 44 qualitative interviews [12] 
gives a more solid base for comparison. In the qualitative studies as well as in the survey, it is 
found that the everyday life situation of the house owners is important for the decision to 
renovate, and that the reasons for renovating are diverse and include other arguments than a 
response to an urgent need and that the economy of energy renovation is not a main argument.  
 
3.2 Danish energy policy directed at house owners 
The following will present a review of the different elements of Danish energy policy which 
seeks to promote energy renovation of owner-occupied detached housing [13]. 
 
3.2.1 Danish Buildings Regulations  
In 1979 for the first time, the Danish Building Regulations included minimum requirements 
for energy consumption for new buildings. Since then, the Building Regulations have been 
tightened several times and since 2006 they have also included provisions on the renovation 
of existing buildings. Here the Building Regulations distinguishes between whether activities 
include more or less than 25% of the building’s physical surface or economic value. If it 
includes more than 25%, all renovation measures stated in the energy label that are 
economically profitable have to be implemented. Furthermore the U-values, as required in the 
Building Regulations for different types of building components, have to be kept, as well as 
do standards for heating supply etc. If the rebuilding includes less than 25% of the existing 
building, only the U-values and the standards for heating supply have to be kept.  
 
3.2.2 Energy label and energy inspection schemes 
The energy label system in Denmark dates back to the 1980s and since 2006 the labelling 
system follows the implementation of the EU Directive 2002/91 on the Energy Performance 
of Buildings (EPBD), which partly builds on the ideas and early experiences in Denmark with 
energy labels for buildings. The label has to be issued for houses sold as well as for new 
buildings, and the label includes grades from A1 to G, based on the calculated energy 
consumption, together with the grade that could be achieved if the house was renovated 
according to the recommendations. Recommendations are given in an energy plan where the 
proposals are divided into profitable improvements and “other improvements” respectively 
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and include estimates of necessary investments, annual savings from improvements (in DKK 
and energy units) and the payback period of investments. 
 
3.2.3 Utilities' saving obligations  
Utilities have been advising their customers on energy since the beginning of the 1990s, and 
the legal obligation for the utilities to promote energy savings has been part of the law since 
1996. According to the energy agreement from 2009, the utilities are responsible for their 
costumers realizing 6.1 PJ in saved energy. Utilities are free to choose their methods which 
typically include different types of advice, communication and economic incentives. As 
regards heating consumption in detached housing, it is primarily the district heating 
companies that have had the responsibility to promote savings; however, as will be described 
later, they have primarily focused on change of type of heat supply, to more efficient 
technologies and to gas and district heating rather than electric heating. The energy authorities 
require documentation from the utilities that they actually reach these targets on energy 
savings. 
  
3.2.3 Economic means 
There have been energy taxes in Denmark since 1977, and today they represent a considerable 
amount of what households pay for their energy. Compared with other European countries, 
Denmark is among those with the highest energy taxes in per cent of GDP [14]. The Danish 
authorities estimate that over the last 30 years energy taxes have resulted in a 16% reduction 
in energy [14]. It must be assumed that this has been realized partly through energy efficient 
renovation.  
 
Economic incentives to households have to a lesser degree been part of Danish energy policy 
towards households. Examples include a governmental "Growth Fond" with 1.5 billion DKK 
(200 million euros) to get the Danish construction sector going in 2009. The fond provided 
subsidy for renovation and building projects in private housing including energy renovations. 
 
3.2.4 Information dissemination 
Informative initiatives have been part of the utilities’ saving obligations and obviously the 
energy label on buildings is also an example of an informative mean. However, there are also 
other initiatives in Denmark that use information as a means of promoting energy savings. 
Besides different types of campaigns aimed at households, throughout the years the most 
relevant to mention is a Knowledge Centre for energy savings in buildings. The purpose of 
the Knowledge Centre is to collect knowledge on how to reduce energy consumption in 
buildings and communicate it to the professional actors in the building sector, including 
craftsmen. In the years 2008-2011, 10 million DKK are allocated to the centre.  
 
4. Discussion and Conclusions 
As described in paragraph 3.1, energy renovations seen from the perspective of the house 
owner is an integrated part of living in and continuously renovating the house. Energy 
renovations are typically done as an integrated part of other renovations, and considering the 
tear and wear of e.g. roofs or windows, however, the renovation rate has so far been too slow, 
as the majority of the houses still lack sufficient insulation. This is partly because these types 
of renovations are prioritised lower than other renovations and according to available time, 
money and mental surplus. Most often indoor renovations of kitchen and bathroom are higher 
on the priority list, than renovations related to reducing energy consumption for heating. So a 
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relevant question is how to make people do more renovations on their home and how to make 
them prioritise those related to energy savings higher.  
 
As described in paragraph 3.2, there have been political efforts over the last thirty years to 
make house owners energy renovate their homes. Apart from the mandatory elements of the 
Danish Building Regulations, all these efforts have focused on information on rational choices 
related to energy and economy and on economic incentives making it more economically 
attractive to choose the most energy efficient when renovating. Policy measures thus 
indirectly assume that economic and rational decision making is decisive when house owners 
decide what and how to renovate. As shown in paragraph 3.1 this is, however, not necessarily 
the case. Economy can be decisive in the sense that the amount of money that the house 
owner is able to, or interested in, spending on renovations is limited, though this does not 
imply that house owners also make an economic calculation on payback time. Kitchens and 
bathrooms do not pay back in any economic meaning of the word, and they are still at the top 
of the priority list. If the family has decided to change windows or renew the roof, then 
rational economic calculations on saved energy might be decisive for the decision on the 
amount of insulation material or the energy quality of the windows, however, when deciding 
to  renovate or not, or what renovation to implement, economic payback time is very seldom 
included as grounds for decisions. 
 
This can be elaborated by including Figure 2, summarising the different reasons that people 
have for doing renovations. Thus the majority of policy efforts so far can be said to have 
focused on the right bottom part of the figure: renovations done because of necessity owing to 
wear and tear, and because of an interest in the result (product) of the renovation, and on how 
it can be more economically attractive to include energy in this type of renovation. However, 
as the text in 3.1 describes and Figure 2 illustrates, there are other, and maybe stronger, 
reasons why people renovate their homes. They include that the house owner wants 
something new and more fashionable (lifestyle) and that they enjoy working on the house, and 
in this way appropriate it and make it their home (project). Based on the results presented in 
this paper, it is relevant to raise the question of how to make policy or in other ways to 
promote that energy renovation is also seen as something that is done because of fashion and 
lifestyle or because the project in itself is interesting.  
 
I will conclude by giving two examples of what this might include. The first example comes 
from a Belgian project, which includes interviews with house owners having had an energy 
assessment [7]. Some of the interviewees indicated that they had thought about installing PVs, 
and they were rather disappointed because the energy adviser advised against it based on 
economy. These house owners found PVs interesting more from a lifestyle perspective than 
from an energy-economic perspective. PVs are visible from outside, you can show them to 
your neighbours and you can feel good about them – like a new kitchen. Insulation in 
comparison has none of these qualities. However, having an energy adviser arguing against 
installing PVs, made the house owners change their mind. This point to the need of energy 
advisers to be educated in other approaches than the simple economic rational approach as 
well as the informative materiel also appreciating lifestyle arguments for doing energy 
renovations. The other example calls for more user-oriented products in energy renovation. 
What would happen if insulation companies put more emphasis on developing new products 
with an explicit emphasis on making it interesting, fun and easy to insulate your building, and 
at the same time give people a possibility of putting a personal stamp on their home, through 
these products? 
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Abstract: Energy-autonomous buildings are possible. Completely energy self-sufficient houses can be found, 
for example, in Europe. If it is possible to cover the entire energy demand of a household from only renewable 
energy generated on site in a central European climate, what is required in a temperate climate, typical of 
southern Australia? This paper describes an investigation to broadly assess the technical, practical and financial 
feasibility of energy-autonomy for a hypothetical suburban house in Melbourne, Victoria. The findings firstly 
demonstrate the importance of reducing energy demand by using passive solar building strategies and energy 
efficient appliances to reduce demand to a reasonable level. The paper then discusses four scenarios and 
combinations of technologies to meet this reduced demand. The three scenarios which give energy autonomy 
increase the capital cost of a typical house by between 15% and 33%, and there would be insufficient roof area to 
accommodate the solar technologies required in two of the scenarios investigated. It is therefore concluded that 
while the goal of energy autonomy is technically feasible, it is not likely to be financially or practically 
acceptable. A fourth scenario of an energy-exporting house was also investigated and is shown to be a much 
more attractive option. 
 
Keywords: Energy autonomy, Housing, Melbourne, Conservation, Solar Technologies 

1. Introduction 
Globally there is a long tradition in energy-autonomous housing. Examples include the Vale 
home built in 1974 [1] and more recently, the Solar House at Freiburg built in 1992 [2]. If 
energy-autonomous buildings can be realized in Europe, what does it take for residential 
housing in the temperate climate of southern Australia to be energy-autonomous? This paper 
explores the potential for an energy-autonomous home in the suburbs of Melbourne. The 
purpose is to broadly assess the available renewable energy (RE) technologies in terms of 
their likely cost and physical requirements in order to determine whether energy-autonomy is 
feasible and worthwhile. The current energy consumption of a hypothetical household has 
been analysed. The assumptions made to reduce this demand using accepted conservation 
strategies are then described. Various approaches to meet the remaining energy demand from 
renewable sources have then been assessed.  
 
2. Residential energy consumption in Victoria 
Residential energy consumption can be divided into five end-use groups (Fig. 1). Space 
heating accounts for 44.3 GJ per household per year or 58% of the total energy demand. 
Electrical appliances and water heaters are the next two major energy consumers, accounting 
for 20% and 18% of usage respectively. Energy used for cooking and space cooling is only 
3% and 1% respectively, despite the large increase in the penetration of air conditioning since 
1990 [3]. 
 
3. Energy conservation 
Reducing the demand for energy for heating and cooling through energy conservation 
measures is crucial for an energy-autonomous building. Melbourne has a mild, temperate 
climate with cool winters and mean minimum temperatures of approximately 7° C. The 
summers are mild-to-hot with mean maximum temperatures of approximately 24°C from 
December until February. Peak temperatures, however, can exceed 40°C on occasions. The 
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average daily horizontal solar radiation levels in winter and summer are 2.0 and 6.4 kWh m-2 
respectively. Proper passive design is essential to moderate internal temperatures within a 
dwelling to minimise the need for conditioning. In this study, it has been assumed that 
accepted passive design practices in terms of: house orientation and aspect ratio; magnitude of 
north-facing glazing; thermal mass and insulation; living room and bedroom location; 
provision for cross ventilation; summer shading; and reduced infiltration have all been 
followed. Minimum energy performance requirements for new homes in Victoria currently 
require an energy rating of 5-stars. This rating equates to using 165 MJ.m-2 annually for 
heating and cooling the home. However, sections of the building industry are already 
demonstrating that much more efficient homes can be constructed. One commercial builder of 
mass housing has unveiled a 9-star home, which has a predicted energy consumption of 21.9 
MJ.m-2. This practice should mean that the heating and cooling demand can be reduced 
substantially. In this study, it has been assumed that heating demand can be reduced by almost 
90% and that cooling can be achieved without air conditioning. For a 220 m2 home, the 
energy consumption will therefore be 4818 MJ per annum (1338 kWh). 
 

 
Fig. 1. Residential energy consumption by end use in Victoria (source: adapted from [3]) 
 
The average electricity demand of Victorian households in 2008 was 5,824 kWh per year or 
16 kWh per day [3]. The electricity consumption of several families (three or four persons), 
who have made a conscious decision to reduce their energy use, shows that a daily use of 5 
kWh is easily achievable without abandoning a modern and comfortable lifestyle [4][5]. 
Typical strategies to achieve this reduction include: choosing energy efficient appliances; 
reducing the size of the appliances e.g. the refrigerator to be appropriate to the demand; 
eliminating standby energy consumption (alone equal to about 10% of the total electricity 
use); and installing more efficient lighting. According to [6], most homes could reduce their 
energy use for lighting by 50 per cent or more by using more efficient technologies.  In this 
study, it has been assumed that most or all of these strategies have been used to reduce annual 
electricity requirements to 1825 kWh i.e. 5 kWh per day. 
 
In Victoria, 74% of household uses a gas cook top and 60% use an electric oven [3]. In an 
energy-autonomous home powered by RE,  gas would not be used. The production of gas 
from biomass is an unrealistic proposition for a normal suburban household and therefore it 
has been assumed that electricity will be used for cooking using a combination of electric and 
microwave ovens, and an induction cook top. An induction cook top is about twice as 
efficient as a gas cook top [7]. In this study, a modest 5% reduction in energy required for 
cooking has been assumed because of the uncertainty of the usage patterns of the three 
cooking technologies to be employed. 
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The daily hot water usage of an average Australian household is about 193 litres i.e. 76 litres 
per person [8]; 57% of the hot water is used for showering, 11% for clothes washing and 32% 
for washing dishes and general household cleaning. High efficiency shower heads can reduce 
water usage in the shower to 7 litres per minute. Cold water clothes washing can reduce this 
hot water requirement by at least half. Although improvements in hot water system efficiency 
could produce further savings in the hot water energy use, this study has assumed that energy 
consumption for hot water will be achieved by a reduction in hot water usage alone and this 
will cut the demand down to 50 litres per day per person. Table 2 shows a summary of the 
current average and reduced annual energy demand for various tasks for a Victorian 
household. 
 
Table 2: Current and reduced annual energy demand for a Victorian household [3] 

  Average household consumption (kWh) Reduced demand (kWh) 
Electrical appliances 4,207 1,825 

Water heating 3,851 2,460 
Cooking 740 700 

Space heating 12,292 1,338 
Space cooling 109 0 

Total 21,199  6,323 
 
4. Renewable energy technologies 
A wide range of technologies are available to harness RE sources. These technologies include 
solar photovoltaic and thermal systems, hydro, wave or tidal energy systems, wind turbines, 
biomass burners and digesters, and heat pumps. However, many of these systems are 
unsuitable either for a single residential dwelling or the RE sources are unavailable in an 
urban location. Micro-hydro, wave and tidal systems obviously cannot be employed in an 
urban area like Melbourne. Although wind turbine systems have been developed for rooftop 
installation in urban areas, wind energy technology is considered unsuitable for Melbourne 
[9].  
 
Biomass burners in the form of woodstoves are currently used to heat Melbourne homes but 
their popularity is declining in preference to natural gas. It is predicted that residential energy 
supplied by wood will decline from 21% in 1990 to 8% by 2020 [3]. In Europe, high 
efficiency stoves burning pellets made from wood waste are used on a wide scale and 
encouraged. Although pellet stoves are still relatively new in Australia, pellets from plantation 
forests are set to become easily available in coming years in Australia. Whether pellet-burning 
stoves will reverse the preference for gas space heating is uncertain and therefore this 
technology is not considered in this study. Individual biogas digesters are also not considered 
because of the need for a reliable supply of feedstock, which is unrealistic for a suburban 
residence. Solar (electric and thermal) systems and heat pumps using geothermal energy are 
therefore considered to be the most suitable RE technologies for an energy-autonomous house 
in a Melbourne suburb and are discussed in more detail below. 
 
4.1. Space heating 
There two options for solar heating systems. One system is water-based i.e. hydronic, using 
radiators or coils in a concrete slab. A system capable of heating a 232 m2 house would need 
eight 12-tube evacuated collectors and a 1200 litre storage tank [10]. The cost of the solar 
components of a hydronic system is estimated to be approximately A$19,000. However, the 
system would also provide domestic hot water, which would therefore reduce the cost by 
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about A$5,000. The other system is air-based and would consist of a solar air heater, fan and 
thermal storage. In the 1970s and 1980s, rockbeds or piles were the preferred thermal storage 
medium [11]. However, solar air heating systems have declined in popularity and few systems 
have been installed in recent times and were therefore not considered in this study. 
 
A ground-source heat pump uses the year-round relatively-constant temperature of the earth at 
2-3 m below the surface. In Melbourne, this is approximately 15°C. A heat pump uses the 
energy in the ground to heat the house in winter. In summer, the process can be reversed for 
cooling by transferring the heat from the building to the ground, using it as a heat sink. In the 
case of a well-designed house, cooling should not be required. The pipe heat exchanger 
system, containing water or refrigerant, can be installed either vertically or horizontally. 
Vertical pipes require boreholes of 30 to 120 metre in depth. A horizontal system requires 
more space, but it is cheaper to install the pipes at depths of 1-2 m. In addition to space 
conditioning, ground-source heat pumps can also be used for hot water production. Their 
main disadvantage is the higher first cost for the excavation work compared to conventional 
HVAC technologies. In this study, it is assumed that the pipe heat exchanger is installed 
vertically because of the space restriction of a small urban garden and that the installed price 
is approximately twice the price of the heat pump alone [12].  
 
4.2.  Hot water production 
A 30-tube evacuated tube system with a 315 litre storage tank and electric booster has a 
recommended retail price of approximately A$6500 [13]. In Melbourne, a correctly-sized 
domestic solar water heating system is generally estimated to contribute about 60-65% of a 
household’s hot water demand. In order to achieve a higher solar fraction and therefore 
greater energy autonomy, a larger area would be required. 
 
4.3. Electricity generation and storage 
Depending on the type of RE system, the electricity generation will vary depending on the 
daily and seasonal conditions. Compared to a grid-interactive system which uses the main 
electricity grid as backup, a stand-alone power supply has to provide the entire energy 
demand either from the generation system directly or from a storage system. This means that 
the system has to be larger to meet peak loads, and therefore will be oversized at other times. 
Stand-alone photovoltaic systems in particular require energy storage to enable the energy 
generated during the sunshine hours to be available for later use. The most common storage 
system in Australia for stand-alone systems is a large capacity battery bank. 
 
Fuel cells, like batteries, are electro-chemical power sources but, unlike batteries which store 
energy, fuel cells transform energy, the primary fuel source being hydrogen. Hydrogen can be 
produced from water by electrolysis with low emissions, if the electricity used for the process 
is generated by a RE technology such as a photovoltaic array or wind turbine. Such a system 
could provide electricity on demand and therefore offers the potential to overcome the 
intermittence of RE sources. The system will require an RE electricity supply, an electrolyser, 
compressor, purification system, storage cylinders and a fuel cell. The feasibility of a similar 
system in Australia has been investigated [14] and although the load requirement was ten 
times greater, some of their findings are relevant to this study. The PV system was the least 
cost of any combination investigated, and the electrolyser represented about half of the system 
costs, which was over A$300,000. One manufacturer has sold its first 4 kW RE fuel cell 
systems and the price of these is approximately A$57,000 [15]. 
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5. Methodology 
The various RE technologies considered have been sized and their cost estimated using on-
line calculators. To simplify sizing, various assumptions have been made. The energy demand 
for water heating, cooking and general electricity is assumed to be independent of ambient 
conditions. Because of the solar passive design features and energy conservation measures, 
space heating is required now only in the three main winter months i.e. June, July and August. 
Energy demand is assumed to be equally spread across these three months. Fig. 2 shows the 
energy demand for the proposed autonomous house throughout the year. 
 

 
 
Fig. 2: Daily energy demand (kWh) throughout the year 
 
6. Scenarios 
Using different combinations of RE systems, three scenarios to provide the required energy to 
the autonomous house have been analysed. A fourth scenario using RE technologies in 
combination with conventional energy systems has also been included for comparison (Table 
3). In each case, the house is a detached dwelling with a floor area of 220 m2 and is occupied 
by three people. The assumed energy requirements for space heating, hot water and cooking 
are the ‘reduced demands’ shown in Table 2 and, depending on the technologies, the demand 
for electricity will increase above the requirements just for electrical appliances. In Scenario 
1, 2525 kWh is required and spread evenly throughout the year. In Scenario 2, an additional 
14.9 kWh per day are required in the winter months from the fuel cell. In Scenario 3, the heat 
pump will require electricity to provide hot water for both washing and space heating. 
Operating continuously in the winter months, it will therefore require an additional 5.3 kWh 
per day, assuming a COP of 4. In Scenario 4, only 1825 kWh is required because natural gas 
is used for cooking. 
 
7. Results and discussion 
In Scenario 1, a 17 m2 evacuated tube array would provide both the space heating and water 
heating demand, although the system will be greatly oversized for the non-winter months. The 
photovoltaic system is sized to provide sufficient energy for the daily use in the winter 
months. A 6.6 kW system with a 1515 Ah battery bank to provide five days of backup is 
required to provide the electricity for cooking and appliance use [16].  
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Table 3: Scenarios of RE systems for energy-autonomous and grid-connected houses 
 

End use Scenario 1 Scenario 2 Scenario 3 Scenario 4 
Space 

Heating 
Solar hot water 

 
Hydrogen fuel cell Ground source 

heat pump 
Solar hot water 

 
Hot Water Solar hot water 

 
 

Solar hot water + fuel 
cell waste heat 

Ground source 
heat pump 

Solar hot water + 
gas booster 

 
Cooking 

 
Photovoltaics Fuel cell - cooktop 

Photovoltaics - oven 
Photovoltaics Natural gas 

Appliances Photovoltaics 
 

Photovoltaics 
 

Photovoltaics 
 

Photovoltaics 
 

Energy 
Storage 

 

Batteries 
 

Hydrogen in storage 
cylinders 

Batteries Grid-connected 

In Scenario 2 the output from the photovoltaic system can be used both directly and indirectly 
to meet the various energy demands. Electrical appliance use and oven cooking can be met 
directly. The heating system and the cook top use the PV electricity indirectly in form of 
electrolysis-produced hydrogen. For space heating the hydrogen is fed to a fuel cell. The cook 
top is powered by hydrogen gas. Assuming a combined efficiency of 0.74 for the electrolyzer 
and purifier [14] and a fuel cell hydrogen-electricity conversion efficiency of 0.5, Scenario 2 
has an annual electricity demand of 6181 kWh. However, the PV array size required is 
smaller than Scenario 1. If the electricity generated from the solar panels is insufficient in the 
winter months, the household can draw from the excess hydrogen energy stored over the 
summer, thus obviating the need for battery storage and an overly-large PV array size 
designed to produce the daily requirements in winter. The 4.2 kW system requires an area of 
approximately 34 m2 [16][17]. The solar thermal system in this scenario provides 70 per cent 
of the hot water demand. It consists of a collector area of 5 m2 with evacuated tubes and a 
storage tank of 315 litres. When the solar hot water production is insufficient, the waste heat 
from the fuel cell can be used as a back-up system.  
 
In Scenario 3, a 2.1 kW ground-source heat pump (A$12,000 installed) provides the 
household with domestic hot water and space heating; a total of 21.28 kWh per day during the 
winter months. Assuming a COP of 4, this means that 5.32 kWh per day must be generated by 
the PV array in addition to that required to provide energy for the appliances and cooking. An 
11.4 kW system is therefore required. In Scenario 4, the space heating demand is covered by a 
solar thermal heating system, as in Scenario 1. The photovoltaic system is sized to cover the 
annual electricity demand, rather than the daily load. A 1.5 kW solar system would generate 
2,132 kWh over the year providing an excess of 307 kWh [16]. Natural gas is used for 
cooking and also to back up the solar hot water system with a solar fraction of 0.65, thus 
using another 1,561 kWh in total. A 2.5 kW photovoltaic system with an annual output of 
3,553 kWh would make the household a net energy-exporter. 
 
8. Feasibility Assessment 
Table 4 shows the estimated area requirements and cost for each scenario. The median price 
of a house in Melbourne in mid-2010 was approximately A$560,000 and a typical house of 
the size assumed would have a north-facing roof of approximately 50 m2. In terms of the 
physical feasibility, Scenarios 1 and 3 require a larger roof area than is available and are 
therefore not practical unless alternative unobstructed north-facing areas are available. The 
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data in Table 4 also indicates that a fully energy-autonomous house would add between 15% 
and 33 % to the median price (Scenarios 1-3). However, a net-energy exporting house would 
only increase the price by 6%. It is acknowledged that the solar system costs are from one 
supplier only and lower prices may be available. In addition, the costs used do not include 
government rebates, which would also reduce the price, but only by approximately 10%. 
Reducing the number of days of battery storage would also reduce capital costs. The purpose 
of this exercise, however, is to achieve an order-of-magnitude assessment rather than detailed 
costing.  
 
Table 4: Additional costs and roof area requirements for an energy-autonomous house 
 

 Scenario 1 Scenario 2 Scenario 3 Scenario 4 
Area 
(m2) 

SHD/HWS - 17 
 

PV (6.6kW)  - 48 
 

Total = ~ 65 

HWS - 5 
 

PV (4.5 kW)  - 34 
 

Total = ~ 39 

PV (11.4 kW) - 
88 
 
 

Total = ~ 88 

SHD/HWS - 17 
 

PV (2.5kW) - 19 
 

Total ~ 36 
Cost 

(A$k) 
SHD/HWS ~ 19 

 
PV(6.6kW) ~ 100 

 
 
 

Total =  ~119 

HWS ~ 6.5 
 

PV(4.5kW) ~ 22 
 

H2 ~ 57+ 
 

Total = ~86 

HP ~ 12 
 

PV(11.4kW) ~ 
174 

 
 

Total = ~186 

SHD/HWS ~ 19 
 

PV(2.5kW) ~ 15 
 
 
 

Total = ~ 34 
 
9. Conclusions 
The purpose of this study was to broadly assess the technical, practical and financial 
feasibility of an energy-autonomous house in Melbourne. It is concluded that the energy-
autonomous home in Melbourne is technically possible. With reduced demand, RE 
technologies are capable of providing a household’s complete energy needs, but energy 
autonomy can only be achieved by installing over-sized systems, the output from which is not 
used much of the time. This means that very large and expensive systems are required, which 
are likely to be unacceptable to most homeowners. It is therefore concluded that the goal of 
energy-autonomy in a suburban Melbourne house is currently not worth pursuing. The 
alternative option of a low-energy house, which exports electricity produced from renewable 
sources to the grid offers many benefits in comparison to the autonomous version. Electricity 
storage systems are not necessary and the energy generating systems can be smaller and 
cheaper because seasonal differences can be balanced out by the grid. Furthermore, any 
excess energy produced in summer is not wasted but supplied to other grid users.  
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Abstract: Here, the capability of the SC-EAHE system to meet the required thermal needs of individuals and 
also the dependence of the system performance on environmental and geometrical issues, have been studied. To 
determine the heat transfer characteristics of the system, a mathematical model based on energy conservation 
equations has been developed and solved by an iterative method. The results of study for the effect of air gap 
size variation on the air change per hour (ACH) at various solar radiation values shows that this effect (air gap 
depth on the ACH) is significant up to 0.2 (m), and the ACH and room air temperature remains almost constant 
beyond the 0.2 (m). The results also revealed that the design of EAHE with the diameter of 0.5 (m) would lead to 
the best performance. It is found that, with proper insulation, SC system can provide thermal comfort condition 
even at the ambient temperature as low as 5 oC and the solar radiation intensity of 185 (w/m2). 
 
Keywords: Solar chimney, Earth-to-air heat exchanger, Natural heating, Building. 

Nomenclature (Optional) 
A area ......................................................... m2 
ACH air change per hour ............................... h-1 

C specific heat of air ............................. J/kgK 
c pressure loss coefficient of fittings .............  
d air gap depth, diameter ........................... m 
H distance .................................................... m 
h convective heat transfer coefficient W/m2.K 
hr radiative heat transfer coefficient ... W/m2.K 
I total solar radiation on surface .......... W/m2 
k thermal conductivity ........................ W/m.K 
L length ....................................................... m 
m mass flow rate of air ............................. kg/s 
Q heat transfer to air stream .................. W/m2 
R thermal resistance........................... m2.K/W 
r radius ....................................................... m 
T temperature ............................................... K 
t thickness .................................................. m 
U overall heat transfer coefficient ...... W/m2.K 
u air velocity ............................................. m/s 
V volume of room ......................................  m3 

x coordinate system .................................... m 
 
Greek symbols 
α absorbtion coefficient .................................  

γ constant in Eqs.(9) and,(10) ........................ 
δ heat penetration depth .............................. m 
ε emissivity ..................................................... 
λ thermal diffusivity ................................. m2/s 
ξ friction factor ............................................... 
ρ density.................................................kg/m3 
ω frequency of temperature oscillation .. rad/s 
 
Dimensionless terms 
Nu Nusselt number ................................. hf.L/μf 
 
Subscripts 
a ambient ........................................................ 
abs absorber wall ............................................... 
f air flow ........................................................ 
g glass ............................................................. 
hyd hydraulic ...................................................... 
i internal ........................................................ 
r room ............................................................ 
s soil ............................................................... 
su undisturbed soil ........................................... 
t pipe .............................................................. 
o outlet ............................................................ 
 

 
1. Introduction 
Traditional energy resources such as fossil fuels which lead to the greenhouse effect, global 
warming, are expected to dwindle gradually. As environmental regulations are becoming 
strict, further investigation on alternative solutions to meet the energy needs of residential  
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Fig. 1.  Schematic diagram of integrated EAHE and SC.    Fig. 2. Adaptive Comfort standard.                                                                                       
 
units as well as industrial ones is also on the table. The use of passive techniques is an 
effective tool for attenuating the growth of the energy consumption for air conditioning. Earth 
to air heat exchanger (EAHE) and solar chimney (SC) are passive heating systems which are 
commonly used for reducing energy consumption.  
 
Many researches have been conducted on using EAHE for producing cool or warm air so far. 
Hollmuller [1] considered a periodic input for the air in the buried pipe, yielding a physical 
interpretation of the amplitude-dampening and the phase-shifting of the periodic input signal. 
Al-Ajmi et al. [2] developed a theoretical model of an EAHE for predicting the outlet air 
temperature and cooling potential of these devices. They showed that it have the potential for 
reducing cooling energy demand in a typical house by 30% over the peak summer season.  
 
Solar chimneys have attracted much attention of researchers. Bansal et al. [3] analytically 
studied a solar chimney-assisted wind tower for natural ventilation in buildings. The 
estimated effect of the solar chimney was shown to be substantial in inducing natural 
ventilation for low wind speeds. Gan and Riffat [4] also investigated solar assisted natural 
ventilation with heat-pipe heat recovery in naturally ventilated buildings, using a CFD 
technique. Mathur et al. [5] analytically studied the effect of absorber inclination on the air 
flow rate in a solar induced ventilation system using roof solar chimney. The results showed 
that optimum absorber inclination depending upon the latitude of the location. Maerefat and 
Haghighi [6] introduced and investigated integrated EAHE-SC system. They showed that the 
solar chimney can be perfectly used to power the underground cooling system during the 
daytime, without any need for electricity. The review of the related literature shows that the 
combination of EAHE and SC as a heating system has not been fully investigated yet.  
 
Fig.1 illustrates a schematic plan of the system. The solar chimney comprises a glass surface 
oriented to the south and an absorber wall which acts as a capturing surface. The EAHE 
consists of horizontal long pipe that is placed underground. The air is heated up in the SC by 
the solar energy, and by natural convection mechanism the outside air is sucked-in through 
the pipe. It will be shown that this system can provide good indoor condition in accordance 
with the Adapted Comfort Standard (ACS). The required indoor temperatures according to 
the adaptive comfort model are shown in Fig. 2. ACS does not recommend the ventilation rate 
[7]. Therefore, the minimum ventilation rate is set around 3 ACH [8].  
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2. Problem formulation 
The modeling includes models of earth to air heat exchanger (Fig. 3) and solar chimney     
Fig. 4). The following assumptions are made in this analysis. 

1. Only buoyancy force is considered, wind induced natural ventilation is not included. 
2. The flows in the channels are hydro dynamically and thermally fully developed. 

                                  
       Fig. 3.  Cross section of an EAHE.                      Fig. 4.  Diagram of the heat transfer in the SC.                 
 
3. The glass cover is opaque for infrared radiation. 
4. Thermal capacities of glass and absorber wall are negligible. 
5. The air flow in the channel is radiation non-participating media. 
6. The soil is homogeneous and the soil type does not change along the channel. 
7. The system is at steady-state condition. 
 
2.1. Mathematical modeling of EAHE 
The cross section of EAHE used in the model is shown in Fig. 3. In order to impose the 
ground thermal loads as boundary conditions at the EAHE wall, the undisturbed soil 
temperature ( suT ) has been used. The soil temperature is nearly constant at the penetration 
depth. It is defined when the surface of the soil is subjected to a periodic temperature [1].  

ωλδ /2 s=   (1) 
The air temperature through the EAHE is calculated by the following equation [6]. 

( ) ( ) ( )( )totalftsuasuft RmC/xexpTTTxT −−+=    (2) 
Where totalR  represents the overall thermal resistance and is given by [6]: 
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2.2. Mathematical modeling of SC 
An element of the model for SC is shown in Fig. 4. In principle and based on the energy 
conservation law, a set of differential equations are obtained along the length of SC [6]. 
The energy balance equation for glass cover is: 

( ) ( ) ( )aggagfscggggabsabsgabsgg TTAUTTAhTTAhrIA −+−=−+ −−α  (4) 
The overall top heat loss coefficient from glass cover to ambient air agU − , can be written as: 

agskygwindag hhrhU −−− ++=  (5) 
The convective heat transfer coefficient due to the wind is windwind uh 0.38.2 += [9]. 
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The radiative heat transfer coefficient from the outer glass surface to the sky and between 
absorber plate and glass cover may be obtained from [9]: 

( )( )( ) ( )agskygskygskyggskyg TTTTTTTThr −−++=− /22σε  (6) 

( )( ) ( )1/1/1/22 −+++=− absgabsgabsggabs TTTThr εεσ  (7) 

Where, the sky temperature is 5.10552.0 asky TT = [9].  
The convective heat transfer coefficient is given by: [5]: 

Lkh fsc /Nu=  (8) 
All property values are evaluated at average surface – air temperatures.  
The energy balance equation for air flow in the chimney is: 

( ) ( ) ( ) γ/ftofscfscfscgggfscabsabsabs TTmCTTAhTTAh −−=−+−  (9) 
The mean air temperature was experimentally determined to follow the non-linear form [10]: 

( ) fscinfscofsc TTT γγ −+= 1  (10) 
Value of the constant γ  is taken as 0.74 according to Ref. [10].  
The energy balance equation for the absorber plate is written as: 

( ) ( ) ( )rabsabsrabsgabsabsgabsfscabsabsabsabsabs TTAUTTAhrTTAhIA −+−+−= −−α  (11) 
The overall heat transfer coefficient from the absorber wall to the room aabsU −  is given by: 

( )insinsrrabs kthU //1/1 +=−  (12) 
In the above equation rh has been taken as 2.8 W/m2 K [10]. 
 
2.3. Room ventilation and temperature 
The buoyancy pressure due to increasing air temperature in SC, sucks the air through the 
EAHE. The friction losses due to fluid flow through the channels and across the fittings, 
refrain from the fluid flow. If the buoyancy pressure overcomes the sum of all flow pressure 
losses, the natural ventilation may take place.  

A mathematical model based on Bernoulli’s equation has been used to estimate the system 
flow rate. Thus, the chimney net draft can be calculated by the following equation: 
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Where the jc is the pressure loss coefficients at the locations which are indicated in Fig. 1.  
The EAHE pressure loss EAHEP∆  is: 
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The chimney effects EAHEDraft  and RoomDraft  can be expressed as: 
( ) ( )scrtftfaEAHE LHgDraft −−= −ρρ  (15) 

( ) roscofscofrr gHDraft −−= ρρ  (16) 
The required draft for heating system SystemDraft  is the sum of the pipe pressure loss and the 
positive pressure EAHEDraft and RoomDraft . 

rEAHEEAHESystem DraftDraftPDraft ++∆=  (17) 
Under steady-state conditions, we can write: 

scSystem DraftDraft =  (18) 
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The air mass flow rate at the chimney and EAHE are the same if there is no air infiltration: 

EAHEinletChimneyoutletChimney AuAuAum ρρρ ===  (19) 

By expanding equation (18), the air velocity in the SC can be obtained as:  
Table 1. Comparison of experimental and theoretical results for solar chimney included ACH No. 

Solar 
radiation 
(W/m2) 

Absorber 
Length 

(m) 

Inlet chim. 
Dimens 
(m×m) 

Ambient 
temp. 
(K) 

ACH Errors 
of 

[10] 
(%) 

Errors 
of 

present 
study 
(%) 

Exp. 
[10] 

Theo. 
[10] 

Theo. 
(present 
study) 

500 0.8 1.0×0.2 298-304 4.53 4.89 4.68 7.95 3.31 
500 0.9 1.0×0.1 294-296 2.66 3.46 3.44 30.07 29.32 
700 0.8 1.0×0.2 298-304 5.33 5.17 5.31 3.00 0.37 
700 0.9 1.0×0.1 294-296 2.93 3.67 3.32 25.25 13.31 
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The ACH is calculated under steady-state conditions by the following equation [10]: 
( )V/m3600ACH fscρ=  (23) 

The room air temperature which depends on room heat gain is given by: 
( )frrfscoutr mCQTT /−=  (24) 

Where rQ is sum of the heats that the room gains through the walls and the heat generated by 
internal heat sources.  

The coupled governing equations (2), (4), (9), (11) and (20) are the full description of the 
system and have to be solved iteratively until convergence of the results. 

3. Model validation 
There is no experimental data to validate the results of theoretical model for the integrated 
system. So, the calculation has been carried out for SC and EAHE separately under same 
conditions of experimental studies of [10] and [11]. Table 1 shows the results of present 
model and the theoretical and experimental results of Mathur et al. [10]. The quantitative 
comparison shows a reasonable agreement between the results obtained by the present study 
and the published results of [10]. The results of present study are closer to the experimental 
results than the theoretical results of Ref. [10]. It should be noted that the calculation carried 
out at the same conditions of Ref. [10] in which the room volume is 27.0 (m3). Fig. 5 shows 
the air temperature variation along the cooling pipe. The results of the present work are 
calculated at the conditions of experiments based on Ref. [11]. As the figure shows, there is 
good agreement between the present theoretical results and the experimental results of Ref. 
[11]. However, it is reasonable to conclude that the mathematical model can predict air 
temperature quite accurately and the calculated results are reliable. 
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4. Results and discussion 
The following dimensions and specifications are used in the modeling. The room has size of 

 
    Fig. 5.  Comparison present results with experimental data. 

 

         
Fig. 6.  ACH variation with changes of air gap depth       Fig. 7.  Room air temperature variation with                          
                               of SC (Ta=10oC).                                    changes of air gap depth of SC (Ta=10oC). 
 
4.0(m)×4.0(m)×3.125(m) without air infiltration. The heating demand is assumed to change 
within the range of 0.0-1000 (W) in the calculations. A solar chimney with the length of 3.125 
(m), width of 4.0 (m) and air gap depth of 0.2 (m) is considered. The thickness and thermal 
conductivity of the insulation located in south wall of the room are 0.2 (m) and 0.046      
(Wm-1K-1), respectively. The transmissivity of the glass wall is 0.84 and the absorber wall has 
an emissivity and absorptivity equal to 0.95. The outlet sizes of SC and room (Fig. 1) are 
0.05(m)×4.0(m) and 0.1(m)×4.0(m) respectively. The heating pipe of EAHE is a PVC pipe 
with 25.0 (m) length, 0.01 (m) thickness, and inside diameter of 0.5 (m) and is buried 3.0 (m) 
below the soil surface. The initial soil temperature at it, is approximated to be 19°C for a dry 
shaded soil surface condition and it is considered to be the heat source temperature. 
 
4.1. Effective dimensions of the system 
There are many geometrical dimensions which affect the system performance: i) air gap depth 
of the SC, ii) heating surface area of the EAHE. Fig. 6 shows the effect of air gap size 
variation on the ACH. It shows that the effect of air gap depth on the ACH is significant up to 
0.2 (m) and, the ACH remains almost constant beyond 0.2 (m). Fig. 7 shows that as the air 
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gap depth increases, the room air temperature decreases gradually. This decrease is due to the 
result of increasing the ACH which causes reduction in the energy gained by the absorber. A 
comparison between these figures shows that as the chimney air gap size increases up to 
almost 0.2 (m), any further increase does not have a significant effect on room air temperature 
and it is considered as an optimum required value of the air gap.  
 
Table 2. Effects of diameter of EAHE on system performance. 
Heating  
demand 

(W) 

Solar 
radiation 
(W/m2) 

Ambient 
air temp. 

(oC) 

Length 
of EAHE 

(m) 

Diameter 
of EAHE 

(m) 
ACH 

Room 
air temp. 

(oC) 

Number of SC 
and EAHE 

0 300 10 25 0.3 3.82 27.2 1 
0 300 10 25 0.5 6.85 21.9 1 
0 300 10 25 0.7 7.72 20.7 1 

500 300 10 25 0.3 Thermal comfort cannot be provided. 
500 300 10 25 0.5 5.04 20.0 1 
500 300 10 25 0.7 5.74 18.5 1 

 
Table 3. Effects of length of EAHE on system performance. 
Heating  
demand 

(W) 

Solar 
radiation 
(W/m2) 

Ambient 
air temp. 

(oC) 

Length 
of EAHE 

(m) 

Diameter 
of EAHE 

(m) 
ACH 

Room 
air temp. 

(oC) 

Number of SC 
and EAHE 

0 300 10 25 0.5 6.85 21.9 1 
0 300 10 35 0.5 6.35 23.2 1 
0 300 10 45 0.5 5.89 24.4 1 

500 300 10 25 0.5 5.04 20.0 1 
500 300 10 35 0.5 4.73 21.3 1 
500 300 10 45 0.5 Thermal comfort cannot be provided. 

 
In order to increase the heating surface one may increase the diameter and/or the length of the 
pipe. Table 2 shows the effect of EAHE diameter on system performance. A comparative 
survey shows that that as the diameter of EAHE increases up to almost 0.5 (m), any further 
increase does not have a significant effect on ACH and room air temperature. Therefore this 
value is adopted as default value of diameter. Table 3 shows the effect of EAHE length on 
system performance. For the length of EAHE more than 35 (m), the comfort temperature may 
not be provided and smaller EAHE should be employed. 
 
4.2. Effect of environmental conditions on the system performance 
The results of Table 4 also show that when air temperature rises, thermal comfort can be 
achieved in lower solar radiation. It is also found that when the heating demand is high, 
thermal comfort can be achieved only at high solar radiation. However, with proper insulation 
and reduction of the heating demand, SC can provide good indoor condition in the poor solar 
intensity and low ambient air temperature. The results show that when the heating demand is 
low, SC can provide thermal comfort condition even when the ambient temperature and solar 
intensity are equal to 5 oC and 185w/m2, respectively. 
 
5. Conclusions 
Natural ventilation and heating of a room which uses SC and an EAHE have been studied in 
this paper. The results show that there is an optimum size for air gap size of SC (0.2 (m)) and 
diameter of heating pipe (0.5 (m)). It has been found that the long EAHE with the length of 
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less than 35 (m) should be employed to provide the thermal comfort condition. The results 
also show that when the ambient temperature is low, although providing thermal comfort is 
difficult, proper configurations could provide good indoor condition even in the poor solar 
intensity. 
Table 4. System performance at different indoor and outdoor conditions. 
Heating  
demand 

(W) 

Solar 
radiation 
(W/m2) 

Ambient 
air temp. 

(oC) 

Length of 
EAHE 

(m) 

Diameter 
of EAHE 

(m) 
ACH 

Room air 
temp. 
(oC) 

Number of 
SC and  
EAHE 

0 400 0 15 0.5 8.59 15.9 1 
0 250 0 25 0.5 5.11 15.9 1 
0 250 5 15 0.5 6.28 17.5 1 
0 185 5 25 0.5 3.45 17.5 1 

500 560 0 15 0.5 8.59 15.9 1 
500 550 0 25 0.5 8.47 15.9 1 
500 390 5 15 0.5 6.79 17.5 1 
500 320 5 25 0.5 5.67 17.5 1 
1000 - 0 15 Thermal comfort cannot be provided. 
1000 - 0 25 Thermal comfort cannot be provided. 
1000 500 5 15 0.5 6.26 17.5 1 
1000 - 5 25 Thermal comfort cannot be provided. 
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Abstract:  The potential for reducing greenhouse gas emission from buildings comes from both operational and 
embodied emissions.  To date the focus has been on reducing the operational element, although, it is suggested 
that it is also important to consider early embodied carbon reductions. 
This paper describes a case study on the whole life carbon cycle of a building in the UK.  Specific issues 
addressed are the relationship between embodied carbon (Ec) and operational carbon (Oc), the proportions of Ec 
from the structural and non-structural elements, carbon benchmarking of the structure, the value of ‘cradle to 
site’ or ‘cradle to grave’ assessments and the significance of the timing of emissions during the life of the 
building. 
The case study indicates that Ec can be an important consideration and that the structure was responsible for 
more than half of the Ec.   
An indicative structural benchmark for the building is between 260kgCO2/m2 and 286kgCO2/m2. 
Weighting of future emissions appears to be an important factor to consider.  The PAS 2050 reduction factors 
had only a modest effect but weighting to allow for future decarbonisation of the energy supply had a large 
effect. 
 
Keywords: Embodied carbon, Carbon emission, Building, Operational carbon, CO2. 

1. Introduction 
The potential for reducing greenhouse gas emission from buildings comes from both 
operational emissions, produced by buildings during use, and embodied emissions, produced 
during manufacture of materials and components, and construction and demolition of 
buildings. 

To date the UK government has focused attention on reducing the, apparently, larger 
operational element.  This is reflected in the current methods of environmental assessment of 
buildings, which allow the highest environmental ratings to be achieved without any 
consideration of embodied emissions.  This, together with the lack of readily available and 
usable data on embodied emissions, has hampered the consideration of embodied carbon 
during building design. 

UK Building Regulations are employing a phased approach to increasing energy conservation 
criteria, resulting in reduced carbon emissions, in the period up to 2020.  However, this only 
applies to operational carbon. 

In terms of meeting the UK carbon reduction targets of 34% by 2020 and 80% by 2050 
(measured against the 1990 baseline), it may be equally, if not more, important to consider 
early embodied carbon reductions, rather than just future operational reductions.  Future 
decarbonisation of energy supply and more efficient lighting and M&E equipment installed in 
future refits is likely to significantly reduce operational emissions, lending further weight to 
this argument.  Methods of emission discounting to evaluate the present value of future 
emissions, may allow more realistic comparisons to be made between the embodied and 
operational elements. 
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Currently, there is lack of a consistent and accepted approach to the calculation of embodied 
emissions, the relationship and interaction between the embodied and operational elements is 
not well understood, and there is considerable uncertainty and variability in the available 
information on emission factors for building materials and processes.  Work under the 
European Standards Mandate M350 ‘Sustainability of Construction Works’ [1] seeks to 
remedy this by developing a harmonised approach to the measurement of embodied and 
operational environmental impacts of construction products and whole buildings, across the 
entire life cycle.  At this stage, it is not clear when this will become available.  In the 
meantime, PAS 2050 [2] is available, which builds on the life cycle analysis frameworks 
given in the BS EN 14040 [3] suite of standards and the Greenhouse Gas (GHG) Protocol [4] 
developed by the World Resources Institute and the World Business Council for Sustainable 
Development in 2004.  PAS 2050 focuses exclusively on GHGs produced during the life of a 
product and services.  However there is huge scope for variability in the data, life cycle 
boundaries selected, and assumptions made [5]. 

This paper describes a case study on the whole life carbon cycle of a book storage building in 
the UK.  This is part of a research project aimed at producing data on embodied carbon for 
different types of building, components and forms of construction to assist designers in 
optimising building designs and minimising carbon emissions. 

The paper investigates the following specific issues: 
- the relationship between embodied carbon emissions (Ec) and operational carbon 

emissions (Oc) 
- the proportions of Ec from the structural and non-structural elements, in order to 

determine the relative importance of Ec from the structure and to provide data for carbon 
benchmarking 

- how ‘cradle to site’ and ‘cradle to grave’ based assessments compare 
- the significance of considering when emissions occur during the life of the building. 

2. Methodology 
2.1. Description of the case study building 
The case study building is a book storage facility, completed in October 2010, with a total 
internal floor area of 11,578m2, designed to house around eight million volumes, in carefully 
regulated internal temperature and humidity conditions. It has a steel framed structure on 
mass concrete foundations, in-situ concrete floor and precast concrete insulated sandwich 
cladding panels to the external walls. The 12m-high main storage chamber has insulated metal 
deck roof cladding and the lower 7m high section has a composite concrete and metal deck 
roof to support the building plant and equipment.  The building is well insulated, with high 
thermal mass provided by the external wall panels, and is well sealed, achieving an on-site air 
test result of 1.6m3/h/m2. 

2.2. Assumptions and procedure 
In the majority of cases, available emission factors are for CO2, and do not include the full 
basket of greenhouse gases (GHGs).  Therefore, this study is based on CO2 emissions only.  It 
is estimated [6] that, for most building materials, CO2 represents the vast majority of GHGs 
(e.g., around 95%), although for plastics other GHGs are more significant.  It is anticipated 
that as materials data evolves and becomes more comprehensive, factors including all GHGs 
will become available. 

A building life of 60 years has been assumed for the purposes of this study. 
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Ec values include emissions from materials and components (‘cradle to gate’), transport to 
site and site construction (‘cradle to site’), three M&E refits at 15, 30 and 45 years, a general 
building refurbishment at 30 years, demolition, transport and end of life treatment for 
demolished materials.  End of life treatment has been assumed to be based on the following 
hierarchy: recycled where possible (e.g., steel); downcycled to a usable but lower grade 
material (e.g., concrete); incinerate for energy generation (e.g., timber); landfill. 

Ec values for structural elements and non-structural have been calculated separately to assess 
their relative importance and to provide information for structural benchmarking.  These are 
then compared with predicted Oc.  This information can be valuable when assessing where to 
concentrate effort most effectively to reduce emissions. 

Both ‘cradle to site’ and ‘cradle to grave’ assessments are carried out.  The former is more 
straightforward to establish at the design stage.  It is, therefore, useful to investigate if the 
additional effort required for a ‘cradle to grave’ assessment produces very different overall 
results.  In this study ‘cradle to site’ also included site construction. 

Previous studies [7] have shown that lifetime Oc is generally larger than Ec.  However, Oc 
occurs over the lifetime of a building (generally 60 to 100years), whereas the vast majority of 
Ec occurs at the start of a building’s life.  In terms of the timeframe in which carbon 
reductions need to be made, it is possible that carbon savings made at the start of a building’s 
life could be more valuable than predicted savings in the future.  The effect of future 
decarbonisation of energy supply could have a profound effect on future emissions, as could 
more efficient lighting and M&E equipment installed in future refits.  It is argued [8] that the 
cost of measures to mitigate climate change increase for every year the measures are delayed.  
For these reasons two methods of weighting future emissions are investigated, which may 
allow more realistic comparisons to be made between EC and OC. 

The first is based on PAS 2050 [2] which accounts for the reduced period emissions are 
present in the atmosphere during a 100-year assessment period and the weighting factor is 
given by Eq.(1).  This is a simplified version of the approach outlined by the IPCC[9]. 

 (1) 

Where i is the year in which emissions occur and X is the proportion of total emissions 
occurring in that year i. 

The second approach is based on the UK Government Markal-Med model scenarios for 
decarbonisation of the electricity supply over the period 2010 to 2050 [10].  Mean values of 
the scenarios considered have been used to give reduction factors to be applied to each of the 
annual Oc and the future Ec.  These factors apply to future electricity supply but for the 
purposes of this study they are applied to energy supply as a whole. 

2.3. Operation emissions (Oc) 
The predicted annual ‘Building Emission Rate’, provided by the building designers, is 
20kgCO2/m2.  This gives a predicted annual Oc of 231tCO2 for the whole building. 

2.4. Embodied emissions (Ec) 
The process of determining embodied carbon, although simple in principle, is not 
straightforward in reality due to uncertainty and lack of information on emission factors for 
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all the materials and processes involved.  There is considerable variability between the 
currently available databases for emissions from materials alone and there are a plethora of 
software tools and online ‘carbon calculators’ available purporting to provide whole life 
assessments.  In many cases it is unclear exactly where the assessment boundaries have been 
drawn and which data sources have been used. 

For these reasons Ec in this case study has been assessed using the authors own estimates of 
embodied CO2 for materials from ‘cradle to grave’ using ‘as constructed’ data. Reference has 
been made to published UK and global figures from a variety of sources to achieve this [11], 
[12], [13], [14], [15], [16], [17], [18]. 

2.5. Transport 
Transport emissions were determined using the UK Government published figures [19] and 
actual travel distances from suppliers to site, where this was known.  Distances could be 
determined for the majority of the large quantity materials, but estimates were made where 
this information was not available. 

2.6. Construction and demolition 
Emissions from construction and demolition works on site were assessed using UK 
Environment Agency base data [12], the actual construction period and an estimate of the 
period required for demolition. 

3. Results 
3.1. Relationship between Ec (structure and non-structure) and Oc 
Table 1 shows the relationship between Ec(structure), Ec(non-structure) for the different 
scenarios considered in the study. 

Table 1. Case study building: proportions of Ec and Oc 

  unweighted PAS 2050 
PAS 2050 + 

Markal 

 

Cradle 
to 

site 

Cradle 
to 

grave 

Cradle 
to 

site 

Cradle 
to 

grave 

Cradle 
to 

site 

Cradle 
to 

grave 
Ec             

structure 17% 18% 19% 18% 35% 35% 
non-structure 10% 14% 12% 14% 22% 22% 

sub total 27% 32% 31% 32% 57% 57% 
       

Oc 73% 68% 69% 68% 43% 43% 
Total 100% 100% 100% 100% 100% 100% 

 

The range of Ec as a percentage of the total emissions was found to be 27% to 57%, with 
structure 17% to 35%.  Ec(structure) was always greater than Ec(non-structure). 
 
The two extreme cases are shown as pie charts in Fig. 1 and Fig. 2 together with calculated 
values of tCO2. 
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Figure 1. Case study building: embodied and operational emissions (cradle to site, unweighted)  

            
Figure 2. Case study building: embodied and operational emissions (cradle to grave, PAS 
2050+Markal) 

3.2. Structural benchmarkingc 
The range of values of Ec(structure)/m2 of floor area was found to be between 260kgCO2/m2 

(‘cradle to grave’, unweighted) and 286kgCO2/m2 (‘cradle to site’, PAS 2050 and PAS 
2050+Markal). 

3.3. ‘Cradle to site’ and ‘cradle to grave’ 
Overall percentage differences between ‘cradle to site’ and ‘cradle to grave’ were relatively 
modest with a maximum of 5% in the unweighted case.  The differences reduced if future 
emissions were weighted.  However, for a comparison of individual materials, the end of life 
scenario can be significant, which indicates that material choices base purely on ‘cradle to 
site’, can give misleading results. 

3.4. Weighting of future emissions’ 
Fig 3 shows CO2 emissions for the case study building lifetime phases. 
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Figure 3. Case study building: lifecycle CO2 emissions 

Applying the PAS 2050 reduction factors has a relatively small impact, whereas applying the 
PAS 2050+ Markal reduction factors has a large effect.  The emission profiles over the 
building lifetime are clearly demonstrated in Fig. 4.  This indicates that Ec is equivalent to 
approximately 23 and 25 years of Oc respectively in the unweighted and PAS 2050 cases and 
more than 60 years in the PAS 2050+Markal case. 

 
Figure 4. Case study building: Ec and Oc (cradle to grave) as a percentage of whole life emissions 

4. Discussion and conclusions 
The case study indicates that Ec can be an important consideration in lifecycle CO2 emissions 
from buildings, and that in this case the structure was responsible for more than half of the Ec.  
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A review of other previous case studies [7] indicated that Ec varied between 79% and 108% 
of Oc for warehouse buildings and was as low as 2% for some other buildings.  In this study 
the range was found to be between 27% and 57% demonstrating that different assumptions 
and boundary conditions can produce widely differing results and confirming the need for 
standardisation of Ec data and assessment methods.  Assessment of lifecycle carbon emissions 
should not be considered a precise process due to the many uncertainties and assumptions that 
have to be made.  Nevertheless, it can be a useful tool in assessing where emission reductions 
can be made most effectively. 

An indicative structural benchmark for the building is between 260kgCO2/m2 and 
286kgCO2/m2. 

Oc in this case study is based on predicted values.  The building was only completed in 
October 2010 and, therefore, there is currently no data available to assess their accuracy, 
although these will be available for future updates of the study. 

Weighting of future emissions appears to be an important factor to consider.  The PAS 2050 
reduction factors, to reflect the period emissions are present in the atmosphere during a 100-
year assessment period, had only a modest effect, possibly due to the relatively short building 
life.  Longer life buildings would increase this effect but would conversely tend to reduce the 
Ec proportion of the whole life emissions.  In contrast, weighting due to decarbonisation of 
the energy supply has a large effect, although a more detailed analysis of whether the rate of 
decarbonisation of the electricity supply will be reflected in the overall energy supply is 
required before the method used in this study can be validated.  No attempt has been made to 
include discounting based on the cost of measures to mitigate climate change increasing with 
time but is considered that it would be useful to investigate this issue further. 

It is considered that the results of this case study make a useful contribution to the overall 
bank of data on Ec in buildings.  
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Abstract: This paper presents a study on how the energy concept for passive houses is interpreted and used in 
the daily life of householders. It examines the gradual process by which householders both adapt to and shape 
passive house technology in their material and social context, thus creating a comfortable home. The theoretical 
concept of domestication was used in order to understand this process. The empirical material was based on 
qualitative interviews with residents of passive houses in Sweden. Two rounds of interviews were conducted 
with 22 informants from 16 households and 21 informants from 15 households. The results show that from a user 
perspective, the passive house is an active house. An active house has event-based heating. The indoor 
temperature changes in relation to the household’s daily routines and rhythms, their everyday activities and use 
of appliances. Event-based heating creates different conditions for individual households and alters the meaning 
of many daily chores. Another result shows that domestication of the passive house concept is a dynamic and 
long-term process, where the view of indoor temperature and use of technologies change over time. Examining 
the domestication of passive houses leads to a more informed design process and an opportunity to educate new 
residents.   
  
Keywords: Passive houses, Domestication, Households, Space heating 

1. Introduction 
Passive houses have been highlighted as an important solution to the problems associated with 
high energy use for heating in the built environment [1] [2]. The last ten years have witnessed 
a considerable increase in the market for passive houses in north and central Europe, which is 
proof of the value of this energy concept. In other words, it has passed the trials connected 
with its use. The energy use of passive houses has been found to be far below the average and 
papers have been published about satisfied residents, containing descriptions of comfortable 
climate conditions [3]. However, the results often show a static product which may be 
misleading for new residents. Expressed differently, a common impression is that the user 
simply and immediately adapts to what is offered. The users are seen as passive receivers of 
the technology. As with any new technology, residents of a recently acquired passive house 
are confronted by unfamiliar features, to which they have to accustom themselves in one way 
or another. This paper presents a study of how the energy concept for passive houses is 
interpreted and used in the daily life of householders. It examines the gradual process in 
which the householders both adapt to and shape the passive house technology in their material 
and social context, thus creating a comfortable home. The focus is on the energy concept for 
heating these buildings:  
 
There are three main factors that affect the amount of energy required for heating a building: 
1) the quality of the envelope of the building, including heat exchange. 2) The efficiency of 
the heating system and 3) the householders’ activities, preferences and needs related to 
heating [4]. Considering the first factor, typical components and requirements for a passive 
house are a very well insulated and tight building envelope combined with a ventilation 
system equipped with an efficient heat exchanger. With regard to factor two, the heating of 
the building is supposed to be mainly managed by “passive” sources such as solar irradiation, 
human body heat and the residents’ use of appliances and lighting [3]. In the case of the 
energy concept of passive houses, a grouping between factors two and three is made. Through 
their body heat and use of household appliances, the members of the household constitute a 
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major part of the heating system. The research questions are: How is the energy concept for 
heating the building interpreted from a user perspective? How do the residents become 
accustomed to the energy concept of passive houses? The paper specifically contributes to an 
understanding of the passive house concept from a user perspective. It provides an 
understanding of the dynamic yet gradual process of domesticating new technologies. The 
paper begins with an introduction of the concept of domestication, which is used to describe 
how passive house technology is gradually integrated into the everyday life of users. The next 
section outlines the empirical method and data. Thereafter, the results of the two research 
questions are presented. Finally, conclusions are drawn that highlight the importance of 
examining the gradual implementation of energy efficient technology.   
 
2. Theoretical approach 
This paper examines the domestication of the energy concept in passive houses. In the 
concept of domestication, the users are regarded as active agents in shaping the way 
technology is used and, in the long term, its future development [5]. In this paper 
domestication is regarded as a process, in which the individual both adapts to and shapes the 
novel technology in his/her social and material context [6] [7]. The user undertakes both 
practical and symbolic work in relation to the technology as well as learns how to handle it in 
an appropriate way. In this process, the reciprocal influence of the user and the technology is 
not totally predictable. Thus, the passive house concept leads to a change in how the heating 
of buildings is achieved. This change is ultimately manifested in the social environment 
where the technology is used and particular meanings are assigned [8].  
 
In this process the users´ relationship to the technology changes over time. For instance, 
Silverstone et al. analysed the domestication of new technology by means of four non-discrete 
phases [5]. The first phase occurs when the technology is introduced to the domestic 
environment. The second is when the technology is assigned a physical space in the home, 
where norms and values attached to the technology are highlighted, and the initial use begins. 
The third phase emphasises the subsequent use of the technology and how it is incorporated 
and fitted into the routines of daily life. Finally, the fourth phase describes the communication 
between the household and the outside world. By demonstrating different phases, Silverstone 
et al. highlighted the integration of a new technology as a dynamic and changeable process, 
where the users´ relationship to and strategies associated with the technology vary. Thus, the 
interplay with technology is reviewed and reassessed over time [7]. In a similar vein, 
Lehtonen interpreted the domestication of new technologies, although he studied the phases of 
domestication as a set of trials in which the capabilities of the users and the technologies were 
tested in multiple ways [9]. For instance, one type of test is the process of learning what the 
technologies can do and what the user can do with them, while another is the process of 
judging that the technology is no longer of any value. In this paper, I will examine the gradual 
integration of the energy concept for passive houses in relation to the householders’ previous 
situation and collective norms in society. Passive house technology provides a new way of 
heating buildings, and these features are compared with what the residents were used to in 
their former accommodation and the houses of others.  
   
3. Methodology 
In-depth interviews were conducted with residents living in the first passive houses in Sweden 
situated south of Gothenburg. The buildings, which were completed in 2001 and were sold as 
co-operative flats, consist of 20 terraced houses divided into four blocks. Each house is 120 
m² and comprises a ground floor, an upper floor and an attic. The south side of the houses has 

1790



large window areas, while the north facing side has smaller windows. The passive house 
standard has a maximum space heating load of 10W/m² [10]. In these buildings a 900 W 
integrated heater connected to the supply air is intended to cover some of the space heating 
demand during cold periods. Moreover, solar collectors were installed on the roofs to cover 
parts of the hot water demand. The measured mean values from all of the passive houses 
during the second year, show an indoor temperature of 23 ºC (from two measuring points 
central in the buildings). The occupants stated that the average temperature was about 20-
21ºC [11]. It is worth noticing that these temperatures do not say anything about the heat 
sources used.  
 
The interviews were conducted in two sessions, 2002 and 2005, with 22 members of 16 
households and 21 members of 15 households. (During both rounds of interviews one of the 
apartments was uninhabited and used for research and demonstration purposes). The 
interviews took place in the householders’ homes and lasted between one and two hours, 
depending on how many family members were present. In six of the interviews, both in 2002 
and 2005, two adults from each household were present, while one adult participated in the 
remaining interviews. In total, 31 informants took part in the study and 12 were interviewed 
twice. The interviews were audio-taped and later transcribed for analysis. A quoted informant 
is referenced by an assumed name and the interview year, since they participated 
anonymously in the investigation [12]. 
 
Qualitative interviews were chosen, since they are successful for promoting a user-centred 
approach where the point of departure is the residents’ own perception of how they use and 
relate to the technology. The strength of qualitative interviews is their ability to capture a 
variety of opinions and provide a multifaceted and comprehensive picture of the phenomenon 
studied [13]. The main topic of the interviews was heat comfort and different ways of 
managing the heating in passive house apartments. Investigations and evaluations of heat 
comfort often fail to consider the residents’ perceptions and activities, instead relying on 
physical measurements or different statistical standards. Thus, the users are seen as passive 
recipients of an indoor climate achieved by means of installations such as heating systems 
[14]. However, this paper is more in line with the so called “adaptive approach” where the 
residents actively adapt to certain conditions with the help of building technologies and other 
resources such as clothes, slippers, candles etc [15]. Moreover, the users’ management of 
heating is situated in a social and cultural context that shapes their handling of the heating and 
what they consider to be an acceptable indoor temperature [14].  
 
4. Result 
In the energy concept of passive houses, the residents are explicitly described as being part of 
the heating system by means of their use of household appliances and human body heat. The 
first section briefly considers how this heating system is interpreted from a user perspective, 
whereas the second analyses its gradual integration into the everyday life of householders.  
 
4.1. Event-based heating 
When addressing how the households perceive indoor temperature, some dominant features 
become evident. One of them is fluctuating indoor temperatures [16]. The temperature in 
passive houses changes during the day. In the morning when the household wakes up, it is 
warmer on the second floor where the bedrooms are situated, but colder on the first floor 
where the living room and kitchen are located. Nevertheless, the temperature increases rather 
quickly when the family gathers on the first floor and household appliances are used for 
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making breakfast. The temperature decreases after the members of the household leave the 
building for work and school, but rises again shortly after they return to the building in the 
afternoon. Whether it is warmer on the second or first floor in the evening when everybody is 
at home appears on first sight to be an issue of where the family members usually are. This is 
interesting, as the passive house concept seems to change the way the indoor temperature is 
normally perceived to function.   
 
In a cross-cultural study between Norway and Japan, Wilhite et al. identified differences in 
how buildings are heated [17]. Norwegians tend to heat the whole building and have a 
relatively constant indoor temperature, whereas the Japanese, only tend to heat the room they 
occupy. The culture in Sweden is closer to that of Norway, but the energy concept has led to a 
change. This partly means a shift from heating the whole building to heating the room in 
which one usually finds oneself.  However, the indoor temperature in passive houses does not 
only fluctuate during the day. Another striking feature is the difference in temperatures 
between the weekend and weekdays, since to a large extent the members of the household are 
at home during the weekend: ”When one is at home and doing things, washing, using the dish 
washer, cooking and suchlike, I think that there is good heat circulation and it feels warm” 
(Frida 02). Frida’s description does not really coincide with the heating culture mentioned 
above. It indicates something different from generating heat for the rooms that the family 
members normally use, namely a heating system made up of human activities; an event-based 
heating system. Heat is supplied when they are engaged in daily activities such as cooking 
and cleaning, or when they have guests for dinner, thus the term “passive house” is 
misleading. From a user perspective, it is an “active house”, where the heat is generated from 
the everyday activities of the residents.   
 
Two different tendencies can be discerned within event-based heating. One is that the more 
activities the household members engage in, the warmer it becomes. That is, people and their 
participation in everyday activities at home “add” heat for the benefit of each other. The other 
is that it becomes cooler when there is no one or only a few household members at home or at 
the times when the household members change location in the house to a place where they 
have not been for a long time. This mainly concerns going from the second to the first floor or 
vice versa, such as in the example above when the householders come down to the first floor 
in the morning.   
 
The concept of domestication underlines the fact that the use and meaning of the technology 
is integrated and shaped by the social milieu, everyday rhythms and routines of the 
households [5]. Domestication of the energy concept for passive houses gives rise to an event-
based heating that is highly dependent on the social milieu and activities of the households. 
An event-based heating creates different conditions for different households. Smaller 
households may not generate enough body heat or heat from human activities. Moreover, the 
result shows that households in which members perform many activities outside the home will 
have difficulty making the energy concept work adequately, i.e. it does not fit their daily 
routines and rhythms. In addition, there is a relatively large difference between living in an 
apartment located at the gable end and living in the middle apartment of the passive house, 
since heat was better retained in the middle one. In conclusion, the concept generally better 
fits a four-person household in a middle apartment when the residents spend a considerable 
amount of time at home. However, the individual conditions of those living in the apartment 
are also important to consider. For instance, an addition to the family means more body heat 
as well as increased use of household appliances, which makes it warmer indoors. 
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Simultaneously, the responsibility that comes with the new family member often leads to a 
demand for a warmer indoor climate.  
 
4.2. Domestication of the energy concept for passive houses 
The following subsections consider the gradual process by which householders both adapt to 
and shape the content of the event-based heating by means of four types of interplay between 
their previous experience and the new way of handling heating. In particular, the first three 
reveal how the householders use of technologies and their view of the indoor temperature 
changes over time.  
 
4.2.1.  Re-creating an acceptable heat comfort 
In the 2005 interview session, when the residents looked back on their years in the passive 
houses, the first two were described as more troublesome, slightly cooler and sometimes too 
cold. The resources offered by the energy concept were simply not regarded as sufficient to 
create a comfortable indoor temperature at home. This led to frequent use of other resources – 
not compatible with the energy concept – such as external electric heaters: ”We used fan 
heaters. We had one downstairs and one upstairs with the timer set for three times per day. 
Because we didn’t have the temperature we wanted” (Maria 02). Maria’s family was used to a 
temperature of around 23-24ºC from her previous home, which she tried to re-create in the 
passive house with the aid of electric heaters. The term re-creating indicates that the 
difference between the new way of heating the building and the household members´ previous 
experience is large and also perceived as such and that the members somehow try to recreate 
the former conditions.  
 
Furthermore, the resources used for re-creating a comfortable indoor temperature were not 
limited to external heaters. Domestication of technology may give rise to meaning and usage 
not intended by the producers [5].  One such consequence of the event-based heating is that it 
alters the meaning of many daily chores at home, such as washing dishes and drying clothes:  
“If I put the dishwasher on it gets warm” stated Hanna (05), one of the informants. The 
tumble drier is “really nice and warm” said Maria (02). The dishwasher and the tumble drier 
were not only appliances that could dry clothes and clean dishes, they also meant a warm and 
comfortable indoor temperature during the cold winter months. In general, this “double 
meaning” of the use of household appliances did not stimulate the conservation of energy and 
an opposite tendency was found. For example, households sometimes washed clothes or 
turned on the oven, not because they needed to wash or cook, but because the appliances 
contributed to a comfortable indoor temperature. Use of other resources compatible with the 
energy concept, such as extra clothing, was not acceptable to these residents.  
 
4.2.2. Re-evaluation of the indoor heat  
Thus during the first year, the households where unfamiliar with living in a passive house and 
many felt that the indoor temperature was to some extent too low. However, while the use of 
external radiators occurred relatively frequently during the first and second winter in many of 
the apartments, they became much less common in the following years. In addition, as time 
passed, the indoor temperature was perceived as normal. A change in how they related to the 
event-based heating obviously occurred: I think that I have got used to the temperature, that 
it’s a little cooler. It is really too hot at work” (Hannes 05). As Hannes put it, the change in 
perception also involved an aspect of re-evaluation of the indoor temperature where previous 
conditions were regarded as less favourable in the light of the present ones.  
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One interesting reason for this change can be found in what Berner defines as a “perceptual 
and bodily adjustment” [18]. Berner, who studied industrial workers´ interaction with 
machines, described it as a process where the human being is forced to “filter out” what one 
would normally notice in a new environment, such as smell, sound and the speed of new 
machines etc. It happens simultaneously, as one has to learn how to recognize and act on the 
basis of new phenomena of which one was previously unaware. The perceptual adjustment to 
event-based heating occurs by living in the passive house and noticing how the indoor heat 
changes in relation to the activities and daily rhythms of the household. Moreover, by 
comparing the heat generating capacity of various technologies and appliances, the household 
becomes aware of the most suitable method of heating the building. This was demonstrated by 
Nina who reported that “the effect is better with the candles than with household appliances” 
or when Johanna compared the use of candles with that of electric light, concluding that the 
former was more effective. Such comparisons probably facilitate the handling of the heating 
in the passive house. Other reasons for the change in how the energy concept of passive 
houses was interpreted are the household’s increasing competence in handling the integrated 
heater in the ventilation system and improved functioning of the energy technology 
installations. (During the first two years, the ventilation system sometimes malfunctioned). 
Moreover, some of the informants mentioned the damp remaining from the construction of 
the houses, which they said gradually vanished. These issues are beyond the scope of this 
paper, but they all point to the fact that the interplay with technology is reviewed and 
reassessed by the residents over time [7].   
 
4.2.3. Familiar circumstances 
One explanation for their re-evaluation of what an acceptable indoor temperature should be is 
found in the references to other people’s homes, and what is considered a normal indoor 
climate. “They [the cold floors] made me react a little at first but on the other hand they are 
cold in other houses too and I don’t think they are colder here than in other terraced houses” 
(Caroline 02). Here, the similarities between the heat comfort in passive houses and other 
buildings were highlighted, pointing to the existence of ordinary and familiar aspects in the 
confrontation with the new way of handling heating. The term ordinary indicates that the 
routines for handling indoor comfort, such as the use of slippers and cardigans, as well as the 
perception of the indoor temperature are similar to what the household members are used to or 
are common in society in general.  
 
4.2.4. Innovative ways of managing indoor heat  
A re-evaluation of the indoor temperature also highlights positive differences. Although the 
differences between the household members’ previous ways of handling heating and the 
passive house energy concept are large, they are not necessarily seen as negative. As 
Bakardjieva who studied the use of internet stated, technologies are often used as innovative 
tools for changing the present circumstances [19]. Thus, passive house technology becomes 
interpreted as an innovative tool for changing previous ways of handling indoor heat and 
creating a more pleasant and comfortable indoor temperature. For Paulina, this was the case 
from an early stage: “As I left a house that was really very warm I thought that it was more 
comfortable to live in a house where I can put extra clothes on instead of a house where it’s 
too hot” (Paulina 02). The differences outlined above are overcome by the fact that the energy 
concept for passive houses leads to a desirable change. In addition, resources such as clothes, 
slippers and blankets are regarded as “nice and cosy” and as a prerequisite for a healthier and 
comfortable indoor climate. 
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Other examples of new routines, or new ways of thinking about indoor climate in buildings, 
are keeping the heat inside by quickly closing the door when entering and seldom airing. This 
is a new habit that is partly due to the limited possibilities of heating the passive house. 
Moreover, as highlighted above, the household appliances have become “producers of heat.” 
Another aspect of this is that the householders utilized the heat from the appliances, for 
instance by facilitating the spread of heat by opening interior doors. These activities are not a 
“passive” adaptation to the circumstances in a passive house. From the perspective of the 
householders it is an active process and interpreted as the most appropriate way to handle 
indoor heat. Other desirable changes that come with the passive house energy concept are an 
improved economic situation as well as environmental protection. The former included 
feelings of participation in fulfilling the intentions of the product developers in the creation of 
an energy efficient home.   
 
5. Conclusion 
This paper has examined the domestication of the energy concept for passive houses. Using 
the term ‘event based heating’ I have highlighted some important features that newcomers to 
passive houses may encounter. The gradual process of getting used to the energy concept has 
been explored by means of four types of interplay between the householders’ previous 
experiences and the new way of handling heating influenced by the energy concept. In a 
sense, these types reflect what users may be confronted by when leaving old technology 
behind and experiencing new. Some features are missing, which the householders try to 
compensate for, whereas others are improved or fairly similar to what they were used to. 
Nevertheless, their relationship to these features is changeable and might be re-evaluated over 
time. It is important to identify the content and development of the reciprocal influence 
between the energy related technology and the user. For instance, does living in passive 
houses give rise to non-energy efficient routines in relation to household appliances? The 
result of this study indicates that it does, which in part questions the establishment of a 
maximum space heating load of 10W/m². However, there are also long term tendencies that 
demonstrate the creation of a more environmentally friendly view of indoor temperature as 
well as routines in line with an energy efficient way of life. By examining the domestication 
of the energy concept in passive houses, an improved understanding of user practice in these 
buildings can be developed. This would lead to a more informed design process as well as an 
opportunity to provide information to new residents of passive houses. 
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Abstract: The integration of Phase Change Materials (PCMs) into the building envelope provides a higher 
thermal inertia that, combined with the thermal insulation effect, can reduce the energy consumption.  
Using a 2-dimensional simulation model based on the enthalpy formulation, a latent heat storage system has 
been numerically designed and parametrically optimized to take advantage of solar thermal energy for buildings 
space heating during the winter in Coimbra, Portugal. The main purpose of this study is to show the potential of 
incorporating PCMs in structural cells of shading elements associated to southward façade windows.  
In view of the low thermal diffusivity of the Phase Change Material (PCM) chosen, the distance between metal 
fins is directly proportional to the energy storage/release capacity of the system. The results of the parametric 
study also show that solar radiation flux has a strong effect on the melting/charging process. On the other hand, 
the indoor temperature and the indoor heat convection transfer rate, during the night, play an important role in 
PCM solidification/discharging process. 
In conclusion, an optimal thermal storage system – PCM shutter – can be designed for any given location and 
characteristic climatic data during the winter. The optimum depends strongly on the thermophysical properties of 
the PCM and on the internal boundary conditions considered. 
 
Keywords: Phase Change Material, PCM, Enthalpy formulation, Energy storage, Numerical modelling. 

Nomenclature  
CM thickness of the metal fin ..................... m 
E total energy stored and released by the 

system during a day cycle .................... kJ 
F total PCM melted fraction ................... % 
FL thickness of the system  ........................ m 
H enthalpy of the system .......................... kJ 
h volumetric sensible enthalpy ...........J m-3 
he external convection heat transfer 

coefficient  .............................. W m-2 ºC-1 

hi internal convection heat transfer 
coefficient  .............................. W m-2 ºC-1 

HL inter-fins distance ................................ m 

L latent heat of fusion ........................ J kg-1 

radq  solar radiation .............................. W m-2 

,rad refq  reference solar radiation .............. W m-2 
Rvi thickness of the metal liner ................... m 
t time ........................................................h 
tm time needed to melt all the PCM volumes 
Te outdoor air temperature ...................... ºC 
Te,ref reference outdoor air temperature ...... ºC 
Ti internal air temperature ...................... ºC 
Tm PCM melting temperature ................... ºC 

 
1. Introduction  
As referred by many authors [1-5], the thermal energy storage systems using PCMs have been 
recognized as one of the most advanced energy technologies to enhance the energy efficiency 
and sustainability of buildings. An interesting feature of PCMs is that they can store latent 
energy as well as sensible energy. Their high latent heat storage capacity combined with 
friendly energy systems employing endogenous energies, such as solar thermal energy, can 
reduce the energy consumption of buildings in a passive and sustainable way. The systems 
incorporating PCMs benefit also from the isothermal nature of the phase change process. For 
a review, see [1-5]. At the same time as the demand for thermal comfort in buildings in 
Portugal increases, so does the energy consumption for buildings’ indoor environmental 
control, particularly, for space heating during the winter. The main goal of the present work is 
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to design a latent thermal energy storage system incorporating PCM, taking advantage of 
solar energy, which is an abundant resource in Mediterranean climates, for space heating 
during the winter season in Coimbra, Portugal. The numerical simulation of the system is 
performed using a code specifically developed for this purpose, based on a 2-dimensional 
model following the enthalpy formulation. 
 
The enthalpy formulation has been extensively employed by many authors in the modelling of 
phase change problems [6-11] and it is one of the most popular fixed-domain methods for 
solving the Stefan problem [4]. The problem of predicting the behaviour of phase change is 
difficult due to its nonlinear nature at the moving interface and, in addition, to the fact that the 
material at the two phases has different thermophysical properties. When the PCM undergoes 
a phase change, both the solid and the liquid phases are present and are separated by a moving 
interface between them. The difficulty in solving a phase change problem is the presence of a 
moving boundary or region in which heat and mass balance conditions have to be met.  
 
2. Methodology  
2.1. System Descriptions  
The scheme of the architectural configuration of the system is shown in Fig. 1a. It consists of 
2 shutter panels, each 0.5 m by 1.5 m and composed of a set of several aluminium rectangular 
cavities filled with the PCM. The horizontal walls of the cavities are supposed to act as a fin 
arrangement and enhance the rate of heat transfer to the PCM. To compensate the low thermal 
conductivity of PCM, the use of metal fins in a latent heat storage system has been studied by 
many authors [7-11]. The insulation layer on the back surface of the shutter is essential to 
enable the control of the direction of the stored heat delivery, especially during the thermal 
discharge of the system.   
 

 
Fig. 1. (a) Schematics of the latent heat storage system; (b) Schematics of the functioning of the PCM 
shutter during a winter day – PCM charging when the system is opened; (b) Schematics of the 
functioning of the PCM shutter during a winter  night – PCM discharging when the system is closed. 
 
The rationale of the system operation during a consecutive day and night in winter is sketched 
in Figs. 1b and 1c. The system must operate cyclically, reflecting the ongoing cycles of the 
daytime and of the PCM phase change process (from solid to liquid and vice versa) and, at the 
same time, enabling the storage and release of thermal energy. The system is to be opened 
during the day to maximize the solar direct gains through the glass window and the charging 
of the system – PCM melting. During the night the system must be closed to minimize the 
heat losses through the glazing and to allow the discharging of the system by releasing the 
thermal energy indoors through the window arrangement – PCM solidification. During the 
night the window must be somehow opened to ensure the ventilation of the air cavity 
separating the window glass and the PCM shutter promoting the heat release indoors.  
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Many authors have considered the design and analysis of a system with the same goals as the 
one we propose here, particularly Costa et al. [7] and Brousseau and Lacroix [8]. Both works 
define and study latent heat thermal energy storage systems designed to store the off-peak 
electrical energy in the form of thermal energy via PCM phase change processes. Using off-
peak electricity, a PCM can be melted to store electrical energy in the form of latent heat 
thermal energy, and the heat is then available when needed for space heating, during the 
period when the electricity is most expensive. The system proposed in this work aims to take 
advantage of the solar energy, instead of the electrical energy, to melt the PCM. 
 
2.2. General Assumptions  
The chosen PCM for this simulation is similar to an n-Octadecane – CH3(CH2)16CH3. The 
thermophysical properties of this PCM and of the heat exchanger material (aluminium) are 
given in Table 1. One uses all of n-Octadecane’s thermophysical properties, except for the 
melting temperature, which shall be considered lower than that of n-Octadecane and closer to 
indoor comfort temperature in wintertime.  
 
Table1. Thermophysical properties of the system materials. 

Thermophysical properties PCM Aluminium 
Latent heat of fusion (J kg-1) 243500 - 
Density – solid (kg m-3) 865 2707 
Density – liquid (kg m-3) 780 - 
Specific heat – solid (J kg-1 ºC-1) 1934 896 
Specific heat – liquid (J kg-1 ºC-1) 2196 - 
Thermal conductivity – solid (W m-1 ºC-1) 0.358 204 
Thermal conductivity – liquid (W m-1 ºC-1) 0.148 - 

 
The main reference outdoor conditions, Eq. (1), are the external air temperature, Te,ref, and the 
solar radiation in a vertical South facing wall in Coimbra in January, ,rad refq , both calculated 
according to the climatic data of SOLTERM® during the period when the system must be 
opened – from 9 am until 5 pm. The external convection heat transfer coefficient considered 
is he = 25 W m-2 ºC-1. 
 

( )
( )

,

,

8.2 5.5sin 0.32
   , with  in hours and  in rad

160.0 350.0sin 0.385
e ref

rad ref

T t
t

tq
θ

= −

= −



 

 (1) 

 
The indoor air temperature, Ti, is influenced by outdoor conditions, by the internal loads and 
by the buildings envelope constitution. However in this study, during the time when the 
system must be closed – from 5 pm until 9 am – the average indoor air temperature is 
considered fixed and equal to 15 ºC. The internal convection heat transfer coefficient, hi, can 
vary according to the model chosen for its determination, as explained below.  
 
2.3. Numerical Simulation and Numerical Solution 
The model was developed using the enthalpy formulation, as sketched in Fig. 2. In the 
discretized energy conservation equation, the volumetric sensible enthalpy, h, is the 
dependent variable and the latent energy rate involved in the phase change process is 
considered in the source term, which in turn is expressed in terms of the local fraction of 
melted PCM. The main advantages of this method are: (i) the dispense of a condition to be 
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satisfied at the solid-liquid interface (as it automatically obeys the interface condition), (ii) the 
existence of a mushy zone between the two phases in each control volume, (iii) the fact that 
the energy conservation equation is similar to the one of the pure heat diffusion model 
(without phase change) and (iv) that this method guaranties the isothermal nature of the phase 
change process. This model is meant to solve the problem of heat diffusion associated to the 
PCM phase change in a 2-dimensional domain. The differential equation governing the 
underlying physical phenomenon is integrated using the finite-volume method proposed by 
Patankar [12]. The system of equations is iteratively solved by a tri-diagonal-matrix algorithm 
and the evolution in time is modelled according to a totally implicit formulation. Further 
details concerning the numerical implementation of present enthalpy method may be found in 
the previous work of the authors [13]. 
 

 
Fig. 2.  Sketch of the enthalpy formulation. 
 
3. Results and Discussion  
This section is devoted to the identification of the optimal PCM volume, and of the optimal 
PCM melting temperature, Tm. The first part shows the existence of the optimum PCM 
volume and its calculation for a specific case. The following parts are concerned with the 
estimation of the impact of some parameters: outdoor condition, indoor conditions and PCM 
thermophysical properties. Finally, the optimal configuration is discussed. 
 
3.1. Determination of the PCM volume 

Case of:
-1

-2 -1
, , 

18 º ,  243500  ,  estimated by natural convection over vertical surface  

15 º , 25  º , , , 0.002 , 0.03 

 m i

i e e e ref rad rad ref

T C L J kg h

T C h W m C T T q q CM Rvi m FL m

= =

= = = = = = =



  

 

 
In order to find the optimal PCM volume to incorporate in the shutter, a set of numerical 
experiments was held using the methodology presented in Section 2.3, for the test case 
described in Section 2.1 and for the values above. The optimum PCM volume corresponds to 
the one that can be totally melted during the charging period (daytime) and totally solidified 
during the discharging period. Due to the low thermal diffusivity of the PCM, the total 
volume melted and solidified is strictly related with the distance between the metal fins. 
 
For a given inter-fins distance HL, the enthalpy of the system, H, and the total PCM melted 
fraction, F, were computed. Figure 3a shows that the PCM can be totally melted considering 
HL = 0.004 m. This means that the total volume of PCM with which the container described 
in Section 2.1 can be filled represents 40 % of the total volume of the system. Results with 
higher PCM volumes (larger distances between fins) are not so attractive because they cannot 
be totally melted during the day, and so, the enthalpy of the system is smaller (Fig. 3b) and 
the PCM potential as a latent heat material is overvalued. The results considered in Fig. 3a 
and in Fig. 3b were obtained for three consecutive day cycles numerically simulated, starting 
from a condition of no PCM melted and the whole system at a uniform temperature Tm. 
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For the PCM volume corresponding to HL = 0.004 m the discharging process is not completed 
during the night, which can mean that there will be an enduring melted PCM fraction 
overvaluing the potential of PCM as a latent heat material. In order to enhance the discharging 
of the system and the solidifying process of the PCM, indoor forced airflow must be induced 
in the air gap between the shutter and the glass to enhance heat convection in that period. 
 

  
(a) (b) 

Fig. 3. Evolutions (a) of the total PCM melted fraction, F, and (b) of the enthalpy of the system, H, 
during three consecutive day cycles simulated.  

 
3.2. Impact of the internal heat transfer coefficient  

Case of:
-1 -2 -1

, ,

 18 º ,  243500  ,  15 º ,  25  º    

,  ,  0.002 ,  0.03 ,  0.004 
m i e

e e ref rad rad ref

T C L J kg T C h W m C

T T q q CM Rvi m FL m HL m

= = = =

= = = = = =



  

 

 
A set of numerical experiments was held in order to evaluate the influence of the hi value on 
the total energy stored in the system via the PCM phase change from solid to liquid and 
released by the system to the indoor air via PCM phase change from liquid to solid. The 
different values for hi considered in the simulations are shown in the legend of Fig. 4.  
 

  
(a) (b) 

Fig. 4. (a) Evolution of the F value, during the first four numerical cycles for different values of hi; (b) 
Evaluation of the E value during the fourth simulated cycle for the different models considered for hi. 
 
The results presented in Fig. 4a were obtained for the first four numerical day cycles 
simulated, the point in time when steady cyclic behaviour was achieved. The values of the 
total energy stored and released indoors by the system during a complete day cycle, E, 
showed in Fig. 4b, correspond to those of the fourth day cycle simulated. By matching the 
results of Fig. 4a and Fig. 4b one can see that the E value is proportional to the fraction of 
PCM solidified during the discharging period. The larger the value of hi the larger is the 
fraction of PCM solidified during the night and the heat released to the indoor space. For very 
large values of hi the system is totally discharged but the PCM volume cannot be totally 

1801



melted during the day. Fixing hi = he = 25 W m-2 ºC-1 one can enhance the performance of the 
system during the night without compromising the melted fraction during the day. 
 
3.3. Impact of the indoor temperature 

Case of: , ,

-2 -1 -1  

 , estimated by natural convection over vertical surface   

25 W m ºC 243500  , 0.002 , 0.03 , 0.004 

,  

,
e e ref rad rad ref i

e

T T q q h

h L J kg CM Rvi m FL m HL m

= =

= = = = = =





 
 

 
In order to evaluate de impact of the indoor temperature considered, Ti, a set of numerical 
experiments was held with a range of values for Ti and Tm. The results are shown in Fig. 5. 
One can see that the E value grows proportionally to the difference between Tm and Ti. That 
is because the driving potential for the heat flow rate to the inside is enhanced and the release 
of energy during the night is improved while the PCM changes phase from liquid to solid. 
 

 
Fig. 5. Evaluation of the total energy stored and released by the system, E, during the fourth 
numerical day cycle for the different values considered for Tm and Ti. 
 
3.4. Impact of the outdoor conditions  

Case of: 
-1

-2 -1 
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Fig. 6. Evaluation of the time needed to melt all the PCM volume, tm, considering the reference 
outdoor conditions and 3 different sinusoidal swing approaches to calculate Te and radq  evolutions. 
 

The impact of the outdoor air temperature, Te, is evaluated through the time needed to melt all 
the PCM volume, tm, using three different sinusoidal swing approaches to estimate the Te 
evolution during the time when the system must be opened, and comparing them with the 
reference sinusoidal curve presented in Section 2.2. The same methodology is carried out for 
the solar radiation, radq . The results are presented in Fig.6 showing that the higher the outdoor 
air temperature and the solar radiation are, the less time it takes to melt all the PCM volume.  
 

3.5. Impact of the PCM melt temperature 

Case of: 
-1 -2 -1

, ,

 243500  ,  15 º ,   25  º  
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1802



 
The total energy stored and released by the system, E, is strongly influenced by the melt 
temperature of the PCM, Tm. When it is lower than the optimum Tm, the charging process is 
faster and less time is needed to complete it, thereby melting all the PCM mass. On the other 
hand, if the difference between Tm and Ti is very small, the discharging process of the system 
is compromised and the time needed to complete it is larger than the time available (period of 
system closed). When Tm is higher than the optimum temperature, the discharging process is 
more efficient. However, the charging (melting) process will not be completed in the time 
specified by the operating conditions. Figure 7 illustrates the influence of Tm in the E value. 
 

 
Fig. 7. Influence of Tm in the total energy stored by the system during the day-time and released to the 
interior during the night in a complete day cycle under the same operating conditions. 
 
3.6. Existence of the optimum 
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The reference test case above shows an optimum configuration for the system. The total 
energy stored and released by the system, E, during a complete 24 hours day cycle is 
compared with that of other 0.03 m thick building materials under the same operating 
conditions. The results are shown in Fig. 8. 
 

 
Fig. 8. Total energy stored and released by the system during a complete day cycle, E, compared it 
with that of other 0.03 m thick building materials under the same operating conditions. 
 
4. Conclusions  
The outdoor air temperature and the solar radiation flux play an important role during melting 
and consequently have a strong effect on the time needed to melt the PCM volume. On the 
other hand, the indoor temperature and the convection heat transfer rate on the inner side of 
the shading element, during the night, play an important role for the PCM solidification and 
have a strong effect on the energy release indoors. To enhance the discharging of the PCM a 
ventilator must be adjoined to the inner side to increase the internal heat transfer coefficient.  
In conclusion, using the numerical simulation as carried out, an optimal system configuration, 
with an optimal PCM melting temperature, can be found for any given location and 
characteristic climatic data during the winter season. The results for stored and released 
energy in a complete day cycle, using a 0.03 m thick layer of different materials, show the 
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enhancement of the thermal inertia of the building envelope obtained by using the system 
described. The Tm value has a strong influence on the energy storage capacity of the system. 
The optimal melting temperature of the PCM to be incorporated in the system for the location 
of Coimbra is 20 ºC. According to the present predictions, the total energy stored and released 
by the optimum system during a complete 24 hours day cycle can reach 2501.3 kJ. 
 
Further work has to be done to assess the behaviour of the system in a physical testing – 
prototype and cell test. A building dynamic simulation has also to be carried out to evaluate 
the influence of the latent heat loads in the thermal behaviour of the building. 
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Abstract: Research shows that, as a result of poor energy efficiency, a significant amount of the UK’s total 
energy expenditure is wasted. Changing building occupants’ behaviour could help to prevent this energy loss and 
considerably cut carbon emissions per year. This paper presents an overview of the impact of occupants’ 
behaviour on the energy performance of non-domestic buildings. It further introduces Halcrow’s current research 
project on how to improve the energy performance of their recently refurbished and occupied Headquarters in 
London, while increasing the satisfaction and well-being of their employees. An employee benchmark survey 
was conducted at the pre-occupancy stage. The purpose of this survey was to identify the employees’ level of 
satisfaction with their current workplace and, also, to indicate employees’ motivation and energy awareness 
level. The mean score of 2.98 indicates that the majority of the respondents are neither satisfied nor dissatisfied 
with their current workplace. The results of this survey also show that employees who work in cellular offices on 
their own are less satisfied than those who work in open-plan offices. Regarding employees’ sustainability 
awareness, most of the respondents said that they were not fully aware of Halcrow’s sustainability targets. This 
paper provides the results of this survey in detail. 
 
Keywords: Energy Awareness, Non-domestic Building, Sustainability, Refurbishment, and Carbon Reduction 

1. Introduction 
About one fourth (25%) of carbon emissions in the UK, which is about 100 million tonnes of 
CO2 per year, are generated by non-domestic buildings [1]. Considering the fact that 60% of 
the total non-domestic buildings in 2050 exist today [2], sustainable building refurbishment 
can significantly contribute to meeting the UK government’s target. Every day about £7 
million, which is about 21% of the UK’s total energy costs, is wasted in UK industry due to 
poor energy efficiency [3]. In comparison, it is estimated that changing buildings users’ 
behaviour could save this money for the companies and cut carbon emissions by 22 million 
tonnes per year [4].  
 
It is argued that green technologies such as efficient lighting and advanced ventilating systems 
will enhance interior environmental quality and therefore be beneficial to human well being 
and productivity.[5]. Technologies which are designed to improve the energy efficiency of a 
building must engage with the users, or the building will underperform and energy savings 
will be limited [6]. Organizational scientists pay little attention to the physical environment, 
despite its impact on social behaviour [7]. Working space affects the user’s performance [8], 
and productivity is also believed to be associated with the provision of high quality interior 
environments [9]. However, there is little understanding of how such benefits might be achieved 
by a satisfactory work environment.  
 
Halcrow Group Ltd has recently refurbished a leased 1930’s, 5-storey office building in 
Hammersmith, London. This building is now occupied by about 450 people who have moved 
from Halcrow’s previous offices (Vineyard House (VH) and Shortlands) adjacent to the site. 
As staff satisfaction has a central place in social sustainability, Halcrow wishes to investigate 
innovative interventions currently available to reduce their energy consumption in their new 
HQ, while increasing their employee’s satisfaction and well-being. To do this, a survey was 
carried out at the pre-occupancy stage to understand employees’ needs and expectations 
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regarding their work environment. The findings from this questionnaire were considered at 
the design stage of the new building and also used as a benchmark for evaluating the new 
building’s performance. This paper demonstrates some of the findings from the questionnaire.  
 
2. Methodology 
An employee survey was conducted to collect data regarding employee satisfaction, needs and 
expectations. This benchmark survey was used as a tool to enable the employees to 
confidentially express how they felt about their work environment. The first part of the 
questionnaire included items concerning demographic factors such as age, sex and 
employment status. Also, in this part, employees were asked to specify their modes of 
transportation to work and their willingness to work at home. In the second part, employees 
were asked to indicate their levels of satisfaction with their workplace physical environment, 
use of interior space, indoor facilities and current policies. For these questions, 5-point 
response scales were used, where: 1= Strongly Agree, 2= Agree, 3= Neither Agree nor 
Disagree, 4=Disagree and 5 = Strongly Disagree. In the latter part, employees were asked to 
state whether they were aware of Halcrow’s sustainability targets and whether they felt 
personally responsible for contributing to Halcrow’s sustainability objectives.  This survey 
was sent via internet to all employees in Vineyard House (VH) and Shortlands buildings and 
stayed open for two weeks. Initially, 197 completed surveys were returned, (representing 34% 
response rate). Having excluded data from ineligible participants and questionnaires with 
missing data on more than 70% of items on “satisfaction with workplace” questions, the final 
sample consisted of 189, 162 from VH and 27 from Shortlands.  
 
3. Results 
This part of the paper illustrates the findings from the pre–occupancy employee survey, for 
VH employees only. 
 
3.1. Demographic Questions  
Over two-thirds of the 162 VH respondents were male, 32.7% (53) were female. Most  
respondents, 41% (66), were between 26 and 35 years old, 5.6% (9) were 25 years old and 
under, 23.6% (38) were between 36 and 45, 16% (26) were 46 and 55 and 13.7% (22) were 
over 55 years old. In terms of employment status, the majority of the respondents, 95.1% 
(154), were full-time. More than 70% respondents (115) indicated that they were based in VH 
75%-100% of the time.  
 
3.2. Mode(s) of Transport 
About 98% (159) respondents answered this question. Their responses are shown in Table 1. 
 

Table 1: Mode(s) of transport you normally use to commute to your office 
 Frequency Percent 
Bus/Train/Underground/Foot/Bicycle 64 40 
Car (in combination with other modes) 27 17 
Bicycle (in combination with other modes) 32 20 
Foot (in combination with other modes) 79 49 
Bicycle (only) 5 3 
Foot (only) 11 7 
Car (only) 7 4 
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3.3. Working from Home  
Of 154 respondents, 47.4% (73) indicated that they already worked occasionally from home; 
while 39% (60) said that they would consider working from home given the opportunity. 
Among the latter, 7 respondents reported driving to work for part, or the whole of their 
journey, with a total mileage of 9701.379 km per year.  
 
3.4. Working in the Office after Office Working Hours 
The majority of respondents, 57.1% (92), specified that they rarely worked after 7.00pm (0-1 
evenings/ month). However, a good number - 40% (65), indicated that they needed to work in their 
office for 2-10 evenings/month. Only 2.5% (4) needed to work for more than 10 evenings/ month. 
 
3.5. Using the Canteen in VH  
About half the respondents (81) specified that they rarely used the canteen facilities in VH.  
 
3.6. Office Set Up:’ Where You Sit in the Office’ 
The majority of the respondents, 76.4% (123) worked in an open plan office with more than 5 
people, 17.4% (28) worked in a multi-occupant cellular office (5 people or less), 5.6% (9) had 
their own single cellular office and only 0.6% (1) of the respondents hot-desked in an open 
plan office.  
 
3.7. Employees’ Satisfaction with Their Workplace 
Physical Environment 
Approximately 86% (139) of participants answered all the questions (8) in this category; the 
results are illustrated in Figure 1.  
 

 
Figure 1: I feel satisfied with the physical environment of my workplace 
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Use of Interior Space 
Approximately 84% (136) of the participants answered all the questions (13) in this category; 
the results are illustrated in Figure 2.  
 

 
Figure 2: I feel satisfied with the use of interior space in my workplace 

 
Indoor Facilities 
Approximately 92% (149) of the participants answered all the questions (5) in this category; 
the results are shown in Figure 3.  
 

 
Figure 3: I feel satisfied about the indoor facilities in my workplace 
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The Policies 
Approximately 98% of participants (159) answered this question; the results are shown in 
Figure 4. 
 

 
Figure 4: I feel satisfied with the policies available at my workplace 

 
Table 2 shows the mean employees’ satisfaction level in each category. The 4 items together 
showed a satisfactory level of reliability (Cronbach’s alpha = 0.89), so overall satisfaction 
scores could be derived; overall satisfaction mean scores are also shown in Table 2. 
 

Table 2: Mean Scores for Employee's Satisfaction  
 Physical 

Environment 
Use of 
Interior Space 

Indoor 
Facilities 

The 
Policies 

Overall Employees’ 
Satisfaction Level at VH  

Frequency 139 136 149 159 111 

Mean 3.45 3.18 3.20 2.02 2.98 

 
Analysis was conducted to assess whether overall satisfaction differed between office set-ups 
(e.g. open plan, cellular offices, etc) (see Figure 5 overleaf). Overall satisfaction of 
respondents in single cellular offices (Mean=2.61, Std. Error of Mean=0.14) was higher than 
that of those in open-plan offices (Mean= 2.98, Std. Error of Mean=0.047). This difference 
was significant, t (92) = -2.104, p=0.038. 
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Figure 5: VH Employees' Satisfaction in different office set-ups. 

 
3.8. The Positive Effect of Office Environment on Employees’ Productivity, Well-being 

and Enjoyment 
Figure 6 indicates the degree to which respondents felt that their current workplace had a 
positive effect on their productivity, well-being and enjoyment at work. The overall mean 
score (Cronbach’s alpha = 0.902) was 3.07.  
 

 
Figure 6: The Positive Effect of VH Environment on Employees' Productivity, Well-being and 
Enjoyment 
 

1810



An analysis was performed to assess the correlation between employees’ overall satisfaction 
in VH and the positive effect of VH environment they perceived. A significant positive 
correlation (r = 0.602, p < 0.001) was found, indicating that satisfaction was positively 
associated with perceived positive effect 
 
3.9. Employees’ Awareness of, and Attitudes towards, Halcrow’s Sustainability Targets  
Figure 7 shows the level of employees’ awareness of Halcrow’s sustainability targets and 
whether they felt personally responsible for contributing to these targets. 
 

 
Figure 7: Employees' Awareness of and Attitudes towards Halcrow's Sustainability Targets 

 
4. Discussion and Conclusions 
A sustainable workplace is no longer just about technical fixes. Now, it is felt that behavioural 
intervention is perhaps going to be the key and that physical work environment might help 
drive certain behaviours. In this study, an employee survey was used as a tool to improve 
workplace sustainability by engaging the building’s occupants. 
 
The sample of respondents was broadly representative of the employees at VH, as indicated 
by responses to the demographic questions and the question regarding office set-up.  
 
The overall employees’ satisfaction score indicated that the respondents, on average, were 
neither satisfied nor dissatisfied with their workplace. Considering the four categories of 
employees’ satisfaction separately, the respondents, (as was expected due to the poor air 
conditioning system in VH), were not satisfied with their workplace indoor temperature, 
indoor air quality and opportunity for personal control of the immediate environment. 
Inappropriate thermal conditions affect dexterity and increase physiological stress [10]; 
therefore, it was important to consider these issues in the building’s refurbishment. Regarding 
the use of interior space, most of the respondents were not satisfied with the availability of 
contemplation areas and also with the auditory privacy of the individual workspace. Providing 
spaces for different work-styles, in the new building, was considered at the design stage.  
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The data presented in Table 1 (Modes of transport) indicate that the majority of the employees 
used sustainable modes of transport to commute to work. Giving the home-working 
opportunity to those who drive to work could save about 20.6 tCO2/year.  
 
About half the respondents indicated that they rarely used the canteen facilities in VH. This 
was expected, as the canteen was too small to accommodate the number of the employees in 
VH and was not a welcoming place for the employees to socialize during their lunch breaks.   
 
As is shown in Figure 5, and as confirmed by t-test, respondents who worked in single 
cellular offices were more satisfied than those who worked in open plan offices. However, it 
should be borne in mind that the sample size for single cellular offices was small compared to 
that for the open plan offices.  Figure 7 indicated that the majority of the respondents did not 
know about Halcrow’s sustainability targets and most reported that they did not know how to 
contribute towards Halcrow’s sustainability objectives. This could be because the channels of 
communication were ineffective  
 
This survey and the post-occupancy survey will indicate whether the refurbishment is meeting 
expectations that the new building is more sustainable than the old HQ building, and guide 
thinking on the need for new technical, behavioural and policy changes that are necessary to 
maximise sustainability performance within the budget and other practical constraints that 
have been identified. 
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Abstract: Environmental problems caused by energy usage threaten the world. High CO2 emission emitted into 
the atmosphere by combustion of fossil fuels cause global warming. As a result of combustion of fossil fuels 
used for heating buildings, air pollution occurs.  E ffective thermal protection in residential sector playsan 
important role towards the reduction of energy consumption for space heating. Insulation reduces fuel 
consumption, undesirable emissions from the burning of fossil fuels, and increases thermal comfort by 
minimizing heat losses from buildings. In this study, the four different cities of Turkey, Antalya, Istanbul, 
Eskişehir and Erzurum are selected to determine the optimum insulation thickness of the external wall of 
buildings. Optimum insulation thicknesses for two different energy sources (coal and natural gas) by using 
extruded polystyrene as an insulant are calculated and compared to each other. Annual savings in energy 
consumption and CO2 emissions have been determined after optimization of insulation thickness. The result 
proved that when the optimum insulation thickness was used, the energy consumption and the emission of CO2 
decreased. 
 
Keywords: Environmental impact, Insulation thickness, Energy 

Nomenclature  

Ayear Difference of annual total heating 
cost ($/m2 year) 

Cfuel Cost of the fuel, ($/m3, $/kg ) 
Cinsulation Cost of the insulant, ($/m2) 
Ctotalinsulation  Total heating cost of the insulated 

building, ($/m2 year) 
Ctotal Total heating cost of the insulated 

building, ($/m2 year) 
Cy Cost of the insulant ($/m3) 
Cyear Annual heating cost for unit 

surface, ($/m2 year) 
DD Degree-day value, (oC-days) 
g Inflation rate, (%) 
Hu Low heat value of the fuel, (J/kg) 
i Interest rate, (%) 
k  Thermal conductivity, (W/mK) 
N Lifetime, (year) 
pp Pay-back period (year) 

PWF Present worth factor 
q Annual heat loss, (W/m2) 
R Thermal resistance, (m2K/W) 
Rd thermal resistances of the 

Outdoor, (m2K/W) 
Ri thermal resistances of the 

Indoor, (m2K/W) 
Rinsulation  Thermal resistance of the insulant, 

(m2K/W) 
Rwall total   Thermal resistance of non-

insulated wall, (m2K/W) 
Tb Base temperature (ºC) 
T0 Mean daily temperature (ºC) 
U Overall transfer coefficient, 

(W/m2K) 
x Insulation thickness, (m) 
η             Efficiency of the combustion system  

 
1. Introduction 
In recent years, the amount of the energy consumption is increasing depending on t he 
development of technology, social and economic life. Although this shows the welfare of the 
society level, increase in energy consumption has brought environmental problems. One of 
the most crucial impacts resulting of consumption of variety of energy resources is changing 
the global climate which is known as the greenhouse effect or the global warming. During the 
recent years, greenhouse gases concentration has occurred continuous increase in the 
atmosphere.  Turkey has a dynamic economic development besides its rapid population 
growth and industrial developments. Therefore, energy consumption has dramatically 
increased. Both the increase in energy need and the environmental problems make it 
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necessary to utilize energy in the most efficient way. In the "climate change report" 
announced by the UN, it is indicated that global warming has been created in the last 50 years 
by the human being [1]. Among the order of countries emitting carbon dioxide- the US(5.5 
billion tons), Russia(2.8 billion tons) and Japan(1.3) billion tons-,  with carbon dioxide 
emmision of 294 million tons annually, Turkey was annnounced to be 13th. CO2 emission in 
Turkey results  42% from industry, 30% from residences, 20% from transportation, 5% from 
agriculture and 3% from consumption out of the energy. The importance of environmental 
problems originating from residences will be better understood, when the amount of 
consumed energy for heating is considered in the portion of total energy. CO2 emissions 
produced by the fuels for heating in residences will be reduced by insulating the buildings. 
When the insulation in optimum thickness is applied to the outer walls of the building, CO2 
emissions will be reduced 30%  by status of uninsulated. 

Dombaycı et al [1] calculated the optimum insulation thickness for Denizli by using two 
different insulants and five different fuel types. Dombaycı [2] further calculated the optimum 
insulation thickness of external walls of buildings in Denizli by using the expanded 
polystyrene insulant and coal. He determined that with a decrease of 46.6% in fuel 
consumption. CO2 and SO2 emissions dropped by 41.53%. 

Çomaklı and Yüksel [3] calculated the optimum insulation thickness for Erzurum which is the 
coldest cities in the IV. degree-day zone of Turkey in accordance with the TS Standard no 
825 on Rules of Heat Insulation in Buildings. He has been determined that CO2 emissions 
amount decreased 50% 

Ucar A. and Balo F.[4] calculated the optimum insulation thickness of the external wall, 
energy cost savings over a lifetime of 10 yr, and payback periods for the four different wall 
types in Elazığ. It is found that when the optimum insulation thickness is used, the amount of 
fuel consumption and the emissions of CO2, SO2, NOx, and CO are decreased depending on 
the wall type. 

 For this purpose in this study, the optimum insulation thicknesses of external walls were 
calculated by using two different fuel types (coal and natural gas) for heating and expanded 
polystrene as the insulation material in buildings at selected cities of Turkey in four degree-
day zones such as Antalya, Istanbul, Eskişehir and Erzurum, respectively. Annual savings in 
energy consumption and CO2 emissions have been determined after optimization of insulation 
thickness.  

2. Methology 
Turkey is divided into four climatic zones depending on average temperature degree days of 
heating. Table 1 shows the degree-day values with reference to an equilibrium temperature of 
18oC in provinces within the four degree-day zones of Turkey as per the TS Standard no 825 
on Rules of Heat Insulation in Buildings [5]. 

Table 1 Degree-day values with reference to an equilibrium temperature of 18˚C [6] 
Region Provinces Degree-day value 

I Antalya 1083 
II Istanbul 1865 
III Eskişehir 3049 
IV Erzurum 4827 
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2.1. The Heat Loss Calculation For External Walls 
Heat losses in buildings generally occur through external walls, windows, roof, floors and air 
infiltration. In this study, the optimum insulation thickness has been calculated in 
consideration of heat losses only occurring in the external walls. 

 The external wall of a building is an externally-insulated wall composed of a 2 cm internal 
plaster. 13 c m bricks, insulant and a 3 cm external plaster. Physical characteristics of 
constituents of the wall are given in Table 2. In calculations, only the heat losses occurring in 
external walls were considered to calculate the optimum insulation thickness. 

Table 2 Physical properties of the materials of external wall 
Constituent Thickness(m) k ( W/mK) R ( m2K/W) 

Internal Plaster(Lime-based) 0.02 0.87 0.02 
Bricks 0.13 0.45 0.28 
External plaster(cement-based) 0.03 1.4 0.02 
Ri 0.14 
Ro 0.04 
Rwall total 0.50 

 
In the study, extruded polystyrene (k=0.032 W/mK) was used as an insulation material. The 
price of insulation material is 158 $/m3. 

The heat loss per unit area of external wall is  

( )0b TTUq −⋅=                     (1) 

The annual heat loss in unit area,q, can be determined using the degree days,DD asoccurring 
in unit surface is calculated by using U and the degree-day value [6]. 

UDD86400qyear ⋅⋅=                     (2) 

The annual energy requirement can be calculated by dividing the annual heat loss to the 
efficiency of the heating system η: 

η
DD.U86400Eyear ⋅
⋅

=                      (3) 

where U is the overall heat transfer coefficient for a t ypical wall that includes a layer of 
insulation is given by  

oinsulationwalli RRRR
1U

+++
=                     (4) 

 Ri and Ro are the the inside and outside air film thermal resistances respectively and Rwall is 
the total thermal resistance of wall layers without insulation. Rinsulation is the thermal resistance 
of the insulant and calculated as follows:  

k
xRinsulation =                      (5) 
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 Total resistance of the non-insulated wall layer Rwall. total  is 

owalli totalwall, RRRR ++=                     (6) 

As a result, the annual heating load is then given by 

( ) ηRR
DD86400E
insulation totalwall,

year ⋅+
⋅

=                     (7) 

Annual energy cost for unit surface Cyear is calculated with the following equation: 

( ) ηHuRR
CDD86400

C
insulation totalwall,

fuel
year ⋅⋅+

⋅⋅
=                     (8) 

The price and lower heating values of fuels and efficiencies of heating systems used in these 
calculations are given in Table 3. 

Table 3 The parameters used in calculations 
Parameter Value      Parameter Value 

      Natural gas           Coal 
Chemical formula CH4    Chemical       

formula 
C7.078   H5.149 O0.517  S0.01  

N0.086 
Hu (J/kg) 34,526.106   Hu (J/kg) 29,295.106 

η 0,93 η 0,65 
Cfuel    ($/m3) 0,72      Cfuel    ($/kg) 0,2216 

Interest rate (i) %7 
Inflation rate (g) %10 
Life cycle (N) 10 years 
Present Worth Factor (PWF) 11.67 

 

 The life cycle cost analysis method was used in calculating the optimum insulation thickness. 
Annual energy cost was calculated based upon t he present worth factor and the lifetime 
determined [1]. The interest rate adapted for inflation rate r is given by if 

 

i >g → g1
gir

+
−

=      

                     (9) 

i<g→ i1
igr

+
+

=  

                    

The present worth factor is calculated based upon the inflation and interest rates as follows: 

( )
( )N

N

r1r
1r1PWF

+⋅
−+

=                    (10) 
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Insulation cost is calculated as follows:  

xCC yinsulation ⋅=                    (11) 

Ultimately, the total heating cost of an insulated building as per the life cycle cost analysis is 
calculated as follows:  

xCPWFCC yyear total,insulation ⋅+⋅=                    (12) 

Energy savings ($/m2) obtained dring the life time of insulation material can be calculated as 
follows: 

insttotalyear CCA −=                    (13) 

where, Ctotal and Ctins are the total heating costs of the building when insulation is not and is 
applied, respectively. 

Pay-back period 

year

total

A
Cpp =                     (14) 

the fuel consumption per year as follows: 

                                                         (15) 

2.2. Calculation Of Annual Combustion Gases Amount 
Building lose heat through the wall and insulation reduces this heat loss giving increased 
comfort conditions and fuel consumption reduced. The general chemical formula of 
combustion for fuel is given by 

( ) 2222222qpzyx NDOBSOpOH
2
yxCON763OANSOHC .... +++






+→++α                  (16) 

The constants A, B and D calculated from the oxygen balance formulas given in (17), (18)and 
(19) respectively: 







−+






+=

2
de

4
baA                    (17) 

( ) 





 −+++−=

2
de

4
ba1B α                    (18) 

2
f

2
de

4
ba763D +






 −++= α.                                        (19) 

Total emission of CO2 products resulting from the burning 1 kg of fuel can be calculated by 
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fuelkgCOkg
M

COxM 2
2

CO2
/.

. ==                                                             (20) 

.
M is the weight of mol for fuel which can be calculated using, 

kmolkgp14q32z16yx12M /
.

++++=                                                                                 (21) 

2.3. Results 
In this study, the optimum thickness of insulation with heating load for four different walls 
used for the buildings in turkey is determined. The effect of insulation thickness on total cost, 
fuel cost and investment cost for Antalya, Istanbul, Eskişehir and Erzurum province has been 
calculated. Optimum insulation thickness, pay-back period and energy saved over a period of 
10 years calculated for two different fuel types are shown in Table 4. The effect of insulation 
thickness on the total cost over the lifetime of 10 year in Erzurum,which is the coldest city in 
Turkey, is given in Figure 1a-b. As shown in the figure 1, while the optimum insulation 
thickness for Erzurum with extruded polystyrene used for the insulation of the external wall 
within a natural-gas fuelled heating system is 14 cm, it is 9 cm when coal used as a fuel. 

Table 4.  Optimum insulation thickness, pay-back period and energy saving for different fuel types 
 

 Insulant Extruded polystyrene 

City Fuel type Thicknes
s (m) 

Pay-back 
period 
(year) 

Energy Saving (10 years) 

($/m2) 

A
nt

al
ya

 Coal  0.03 2.14 11.84 

Natural gas 0.05 1.67 29.22 

Is
ta

nb
ul

 Coal  0.05 1.73 25.28 

Natural gas 0.08 1.46 57.69 

Es
ki

şe
hi

r Coal  0.07 1.51 47.22 

Natural gas 0.09 1.3 4 102.93 

Er
zu

ru
m

 Coal  0.09 1.38 82.03 

Natural gas 0.14 1.26 173.5 
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                              (a)                                                                                  (b) 
Fig. 1 Effect of insulation thickness on total cost for Erzurum a) natural gas b) Coal 
 
The variations of the emissions of CO2 versus insulation thickness for a 1m2 external wall of a 
building for four different cities of Turkey are shown in Figure 2 a by using natural gas and 
2.b by using coal respectively. 
 

 
                                   (a)     (b) 
Fig. 2 Emissions of CO2 versus insulation thickness  a)For natural gas b) For Coal 
 
As shown in the figure 2, CO2 emission release from coal is greater than the natural gas when 
the coal is fired in Erzurum, located in the 4th climate region.The use of low- quality coal will 
increase the air pollution in particular. CO2 emissions produced by the fuels for heating in 
residences will be reduced by using insulate the buildings. As shown the figures 2a, if we 
apply 14 cm insulation, which was found  to be the optimum when natural gas is burned, the 
emission rates of fuel 7 kg/m2. If insulation was not applied, CO2 emission rate would be  71 
kg /m2. Similary,  if we apply 9 cm insulation, which was found  to be the optimum when coal 
(Figure 2b) is burned, the emission rates of fuel 20 kg/m2. If insulation was not applied, CO2 
emission rate would be  135 kg /m2. 

Conclusion  
As energy sources of our country are limited and foreign-dependent, conservation and 
efficient use of energy particularly in housing sector where energy is intensively consumed, 
and heat losses are much gain more significance day by day.  In this study, optimum 
insulation thickness for external walls with two different fuels in four climatic zones of 
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Turkey have been calculated. The life cycle cost analysis method has been used in the 
calculations. Though variable by the fuel used selected, pay-back period of insulations applied 
to buildings are usually too short. Investments in insulation shortly pay off and contribute to 
diminishing the dependency of our country in terms of fuel sources. At the present, where fuel 
and energy costs drastically increase, this situation becomes vitally important. It is found that 
when the optimum insulation thickness is used, the amount of fuel consumption and the 
emissions of CO2 decreased depending on the fuel. The highest values of the CO2 emission 
rates is reached for coal. The results indicate that the optimum insulation thicknesses show 
significant variation due to fuel and climatic conditions.  
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Abstract: This paper presents a pilot study which considers the overheating risk of classrooms in school 
buildings. Four schools in Southampton in the South of the UK, constructed during the period of the 1950s-
1980s were used as case study examples. The schools were studied in terms of the parameters or the combination 
of parameters that may drive classroom overheating. Topographic features, built-up area, urban density, 
adjacency to roads and parks and other characteristics such as building form and materials were assessed, 
looking at the urban, building and classroom scale. In addition to this a questionnaire survey was conducted to 
assess the teachers’ perception of their classrooms’ thermal environment. The survey responses are discussed 
and compared to the outcomes of the school parameter analysis, also considering the limitations of the survey 
approach. It was found that gaining an understanding of the occupants’ perception of the thermal conditions in a 
school’s classrooms is essential for developing recommendations for addressing overheating. The study appears 
to indicate that individual perception of overheating may outweigh the objective influence of urban design and 
construction parameters on the indoor thermal conditions. 
 
Keywords: School buildings, Overheating, Microclimate, Refurbishment, Classroom. 

1. Introduction 
Over recent years, children and teachers in the UK have been experiencing uncomfortably 
warm thermal conditions inside school classrooms during non-heating periods [1]. This 
potentially has implications on learning outcomes since it has long been understood that an 
increase in the indoor temperature may lead to a decline in the productivity of students [2]. 
 
Some school buildings constructed between the 1950s and the 1980s are unsuitable for hot 
summer periods, due to characteristics such as low thermal mass and highly glazed facades. 
Building performance simulations of typical UK school building types have shown that their 
overheating risk is likely to be exacerbated under the predicted future climates [3]. Due to 
cuts in public budgets new school projects have been cancelled in the UK [4] and the life of 
the majority of the existing school building stock will have to be extended further. In terms of 
internal thermal comfort, summer overheating could be addressed by installing air 
conditioning systems, a solution which has been widely adopted in southern Europe over the 
past decades [5]. The adaptation of such a measure would however conflict with the goal to 
reduce building related greenhouse gas emissions [6]. It would also set a precedent where air-
conditioning would become the expected norm. 
 
The aim of this study is to investigate methodological approaches for evaluating the 
overheating risk of school buildings. It considers the schools’ characteristics and the teachers’ 
perception of their classroom’s thermal conditions. 
 
2. Parameters that drive overheating 
The thermal conditions inside a building are determined by the interactions between the 
external climate and the building, the building shell and the internal space and the internal 
space and the occupants [7]. Accordingly, the parameters which influence the risk of 
overheating in buildings are: 
 

1821



- The external climatic conditions, i.e. the air temperature; solar radiation; rainfall; relative 
humidity and wind velocity.  

- The microclimatic profile, i.e the local scale climate which is affected by the surrounding 
surfaces (albedo, thermal capacity); topography; vegetation; soil structure and urban form 
(industrial processes, transportation, buildings, human metabolism) [8].  

- The building shape and form, i.e. the geometric relations (envelope area to volume ratio, 
building height) which determine the building’s exposure to solar radiation and the 
ambient air [9]. 

- The building fabric properties, i.e. the thermo-physical properties of its construction 
materials (U-values, g-values and albedo, thermal capacity). 

- Internal gains, i.e. the sensible and latent heat emitted by human bodies, lighting, 
computing and office equipment, electric motors and appliances [10]. 

 
During the last 30 years, there has been a trend towards warmer summers [11]. This trend is 
likely to continue as projections for the future UK climate in the 2020s, under a medium 
emissions scenario, predict about 1.5 ºC higher summer mean temperatures and up to 3 ºC 
higher summer mean daily maximum temperatures, relative to a modelled 1961–1990 
baseline period [12]. This can be expected to further drive the occurrence of summer 
overheating in buildings. 
 
3. Methodology for overheating risk assessment 
Four primary schools in Southampton on the South coast of the UK were chosen as case study 
examples in order to evaluate overheating risks of existing school buildings. Primary schools 
were selected as the teachers and students remain in the same classroom during the school 
hours ensuring uniformity in terms of occupancy. The study consisted of two components: (i) 
an aerial photo analysis of the schools and their surrounding environment and (ii) a 
questionnaire survey of the teachers. 
 
3.1. Aerial-photo analysis 
The aerial photo analysis, which is highlighted in Fig.1 for three of the schools discussed in 
this paper, included: 
- the surrounding urban environment (urban density level, building heights, adjacency to 

roads/parks/fields/water).  
- the school ground (density level, greenery/hard surfaces, location of the building within 

the school ground, shape of the school ground in relation to the orientation) 
- the building (form, shape, roof cover) 
- the classrooms (materials, window/wall ratio, shading conditions) 
 
The area within 100m around the schools was studied since the local microclimate of this area 
was considered as influential for the building performance.  
 
3.2. Questionnaire survey 
The teachers of the 4 schools were requested to complete an 11 question survey investigating 
their perception of their individual classroom’s thermal environment. In case they had been in 
that classroom for less than 1 year, they were asked to answer for their previous classroom 
(within the same school). Most of the questions were closed type questions (fixed-response). 
The survey forms were filled in face-to-face with the respondents in an interview style. The 
aim of the questionnaire was to identify the following: 
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- when, where and under which circumstances overheating occurs 
- the duration of overheating occurrences in the school/classroom 
- the teachers’ understanding of the factors which cause overheating 
- the mitigation measures taken to date with respect to overheating 
- the teachers’ perceived impact of overheating on students 
 
The pilot study of four schools has highlighted limitations of the survey which need to be 
taken into account in the analysis of the results. These limitations are: 
 
- the subjective perception of individuals 
- the possibility of an established view in each school about the thermal conditions in the 

classrooms 
- the expectations of individuals based on their perception of the outside climatic alterations 

throughout the year. 
 
4. Aerial photo analysis of the four investigated schools 
The four schools used in this study are denoted as A, B, C and D in Fig.1. They share their 
school grounds in pairs and are surrounded by residential areas of a relatively low density 
with detached 2-storey houses. The schools are not shaded by surrounding buildings or trees. 
Vegetation is limited to grass surfaces with few trees in the school grounds. The outdoor 
space material surrounding the buildings is mainly tarmac, covering 58 and 68% of the open 
spaces for schools A, B and C,D respectively (excluding sports fields). 
 

 
Fig. 1.  Analysis of the main urban characteristics of three of the studied schools 
 
School A is a compact one-storey building with an assembly hall in the centre and the 
classrooms located around it. School B consists of two parts which create an enclosed yard, a 
2-storey L shaped building housing the classrooms and a 1-storey building with the remaining 
school spaces. Schools C and D both consist of linear sections. The building parts which face 
southeast (SE) accommodate the classrooms. In school D the classroom part has 2 storeys. 
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C 

D 

Sports field School building 
Green surfaces 

Studied area 

A 

B 
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Schools A and B were built in 1978 using a light-weight construction with steel frames and 
pre-fabricated concrete panels. The other two schools (C and D) were constructed in 1950 
using a brick cavity wall system. 40 to 60% of the façades are glazed in all four schools 
(Fig.2). Windows in schools A and B are single glazed whilst they are double glazed in 
schools C and D. All buildings are internally shaded with blinds or curtains. In schools C and 
D most classrooms face SE while in school A most classrooms open to two orientations and 
in school B half of the classrooms face northeast (NE) and half southeast (SE). This is shown 
in Fig.3. 
 

 
Fig. 2.  Schools’ facades: a. Northeast elevation of school A, b. Southeast elevation of school B, c. 
Southeast elevation of school C and d. Southeast elevation of school D.    
 

Fig. 3.  Classroom clusters of the case study schools 
 
From the aerial photo analysis 9 classroom clusters were identified based on construction, 
orientation, storey and surrounding environment (Fig.3). Clusters 5 and 6 (school B) appear to 
have the highest potential risk of overheating. Their NE and SE orientation in combination 
with the outdoor tarmac surfaces, a flat bitumen roof, a light-weight construction, single 
glazing and a lack of wind exposure are parameters which may drive overheating in the 
classrooms. Ground floor clusters 3 and 4 have the same characteristics like 5 and 6 apart 
from the missing heat absorption from the roof. In school A (clusters 1 and 2) the classrooms 
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benefit from 2 facades due to the building form which increases their ventilation potential. 
Cluster 2 is adjacent to a small green area and it is relatively exposed to prevailing SW winds. 
However, the light-weight construction, single glazing and flat roof indicate a high risk of 
summer overheating later in the day. Schools C and D (clusters 7-9) benefit from the cavity 
wall system and double glazing but the large SE oriented windows and the lack of ventilation 
and shading suggest high penetration of solar radiation. 
 
5. Questionnaire survey results of the four investigated schools 
50 teachers completed questionnaires across the 4 schools for their individual classroom. 
Their responses are analysed below and subsequently compared with the outcomes of the 
aerial photo analysis. 
 
5.1. Thermal performance of the classrooms 
The teachers were asked to evaluate their classroom’s thermal performance for the occupancy 
period from April to October 2010. As shown in Fig.4, June and July are considered as the 
months with the greatest overheating occurrence, whilst in May and September are perceived 
as less problematic, yet with about half of the teachers stating that the classroom is either 
‘warm’ or ‘too warm’. April and October are generally perceived as acceptable. It should be 
noted however that the teachers might be influenced by the general perception of the climatic 
alterations throughout the year. 
 

   
Fig. 4.  Perceived classroom temperature conditions from April-October 
  
When comparing individual responses in relation to the clusters described in section 4, a high 
variation in responses on a single façade orientation was identified for the months of April, 
May, September and October. In some cases the temperature of adjacent classrooms with 
exactly the same characteristics was assessed as ‘OK’ by one respondent and as ‘too warm’ 
by another. This suggests that in the spring and autumn months individual variation in 
perception appears to be more significant for overheating perception than absolute classroom 
temperatures. 
 
5.2. Overheating occurrence 
The teachers were asked about the magnitude and duration of overheating in their school and 
classroom. As shown in Fig.5, 80% of the teachers stated that in the non-heating season more 
than 60% of their school’s classrooms experience overheating. In winter the responses vary. 
One of the reasons for this variation was found to be that in schools A and B the heating 
system is controllable and some teachers switch it off when temperatures are too high. 
 
Almost 60% of the respondents answered that overheating occurrences in the non-heating 
season last for more than a week (Fig.6). For the heating season the responses are less clear. 
30% of the teachers voted for ‘not applicable’ and about 25% for ‘more than a week’. 
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Fig.5. Perceived percentage of the school’s 
classrooms that have experienced overheating  

Fig.6. Perceived duration of overheating 
occurrences in the teachers’ classrooms 

 
The teachers were also asked to assess the frequency of overheating occurrences in various 
school spaces (Fig.7). For the classrooms, 80% of the teachers agreed that overheating occurs 
very often while for the assembly hall, circulation areas and library the responses are less 
pronounced. This difference in perception may be related to the characteristics of the 
classrooms (high occupancy density, large windows, small window openings, internal gains 
etc) but it may also be due to the stronger concern of the teachers for the spaces where most of 
the school activities take place. 
 
Fig.8 shows the months which are perceived to cause greatest classroom overheating during 
the school occupancy periods. As expected, June and July were indicated by almost all 
respondents as the two months with the greatest overheating problems. 
 

 
Fig.7. Perceived overheating occurrence in 
different school spaces 

Fig.8. Months perceived to cause greatest 
overheating (School year: Sept ‘09-July ‘10)  

 
5.3. Possible causes of overheating and mitigation measures applied by the teachers 
In an open question the teachers indicated the factors which they believe to drive overheating 
in their classroom (Fig.9). Poor ventilation, a poorly controlled heating system and the 
number of students were the most frequent answers followed by room size and not-openable 
windows. 
  
Achieving appropriate ventilation is a problem in many classrooms as cross ventilation is not 
possible. Also, in all 4 schools the windows open only to a certain extent and the internal 
shading obstructs the air flow. The heating system was often highlighted as an issue because 
some teachers cannot control it in their classroom or they weren’t aware that they could. 
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The students’ habits and behaviour towards heat stress were identified as a point of concern. 
According to some teachers, children may be clearly too warm and yet do not take off their 
jumpers or ask for help. Teachers felt that children’s perception of heat is different from 
adults and that this should be taken into account when school buildings’ thermal conditions 
are studied. This furthermore indicates that more research is needed addressing the perception 
of children, looking at temperature thresholds from a children’s perspective and the 
implications of classroom overheating for their learning experience. 
 
Fig.10 shows the measures taken by the teachers when overheating occurs. The question was 
fixed-response with the opportunity to add further measures. All teachers selected window 
opening and almost everyone drinking of water. 
 

 
Fig. 9. Causes for overheating of their classroom 
according to teachers’ responses 

Fig. 10. Mitigation measures taken by teachers 
when overheating occurs 

 

 
Fig. 11.  Perceived effect of different factors on 
students’ learning experience 

Fig. 12. Complains from children about 
excessively high temperatures in classroom 

 
5.4. Impact on students 
The teachers were asked to rate 9 factors in terms of their impact on students’ learning 
experience, using a scale of 0-5, 0 representing no impact and 5 standing for a highly 
detrimental impact. As shown in Fig.11, summer overheating gathered the largest number of 5 
and 4 rates. This is followed by a wet lunch break and the class size (number of occupants in 
classroom). However, it should be taken into account that this result may have been affected 
by the specific interest of the survey in summer overheating. 
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Teachers were also asked whether students have complained about excessively high 
temperatures (Fig.12). 50% of them said that this was ‘very often’ the case during the non-
heating season and some noted that children may not complain even though they feel 
discomfort. 
 
6. Discussion 
This work investigated the overheating risk of four UK schools through an aerial photo 
analysis and a questionnaire survey of the schools’ teachers. The aerial photo analysis 
suggested a high overheating risk within all 4 schools which was verified by the teachers’ 
survey responses. However, a detailed comparison at the classroom level showed variations in 
individual responses for the spring and autumn months. This appears to indicate that the 
individual perception of thermal comfort may outweigh the impacts of the building’s design 
and its surrounding landscape conditions on indoor temperatures. The teachers’ observations 
that children may have a different thermal perception to adults suggest that more work is 
needed looking at the relation between children’s perception and building overheating. 
 
The study furthermore highlighted that teachers are often not aware of how their classroom 
operates (widow opening, heating system). Therefore, low-cost measures such as training may 
be an effective way to address hot classroom conditions and should be explored prior to 
taking any retrofitting measures. 
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Abstract: Within the existing building stock, schools occupy a large segment of public real estate but are rarely 
involved in widespread retrofit investment plans. For example, according to Italian statistics, two thirds of 
existing schools are hosted in buildings constructed between 1940 and 1990, many of which have not undergone 
substantial changes and transformations over time. Verifications made by Public Administrations and users 
demonstrate that these structures have many building problems related to the consumption of resources, the well-
being and security of users and, not least, the management by local government units.  
Operating substantially and in a scheduled way on existing school buildings, by adapting the physical 
environment and optimizing the use of resources, would, on the one hand, increase the quality of construction 
and conditions of use (and then last but not least the effectiveness of the educational system) and, on the other 
hand, improve the economic management of resources by local government units. 
 
Keywords: Existing educational buildings, Energy retrofit technologies, Indoor climate 
enhancement, Operating procedures. 

1. Introduction 
Within the Italian existing building stock, schools occupy a large segment of public real estate 
(throughout the country there are about 42,000 schools). Schools host a very sensitive group, 
but currently don’t provide the necessary well-being and use a large amount of resources. 
Nonetheless, they are rarely involved in widespread investment projects of national interest. 
The national annual reports provided by Legambiente [1] show that about 1 out of 3 buildings 
needs urgent maintenance because of many problems related to resource consumption, indoor 
environmental quality, security conditions and management by Public Administrations. 
 
The present paper presents the results of a syudy aimed at establishing planned, systematic, 
substantial and integrated operating procedures for energy retrofit and indoor environmental 
quality enhancement on existing school buildings to increase construction quality, reduce 
energy consumptions and optimize economic management of resources by the Owner. Even if 
this topic has already been developed on the international landscape (IEA ECBCS Annexe 36 
[2] is one of the most important experience), it hasn’t found a pragmatic approach yet in Italy 
where, because of the low qualification of the public technical staff and of the few economical 
investments by the Owners, it is (and even more will be in the next few years) a real problem 
for Public Administrations from the economical, management and security points of view. 
 
2. Methodology and phases 
Given that the Ministry of Education or Local Goverments do not provide any comprehensive 
technological database concerning building elements and plant systems, it has been decided to 
directly investigate an existing school building stock by studying a sample of buildings that 
has been considered to be representative of the wider national situation (different climatic 
conditions, various building technologies and plant systems, different energy contracts and 
management). The survey procedure has been essential to define energy benchmarks and 
technological state of the art that has been compared with best practice projects, choosen from 
national and international landscape and concerning exemplary and innovative requalification 
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processes on existing school buildings. The direct results of the study sample survey have 
been compared with the performance requirements coming from national regualtions and lows 
that are considered to be the minimum level of success of the future retrofit strategies. Retrofit 
measures has been defined through: energy and environmental goals (from the previous 
survey and best practice analysis), needs-performance framework (from low and regulations) 
and best technical solutions for energy and quality enhancement (referring to the outcome 
state of the art of the surveyed study sample).  
 
The operating procedure has been systematically developed to support decision-makers 
during the retrofit strategy choice, considering performance targets, technological (energy 
saving and environmental quality enhancement) and economical (payback period 
optimization) aspects, people involved (technical staff, Owners, Designers, Energy Managers) 
and in order to obtain an appropriate management of the existing school building stock. 
 
3. State of the art: the technological point of view 
The study sample has focussed on the municipalities and provinces of Rovigo, Ferrara and 
Modena and has been composed of 232 buildings. The abovementioned municipalities and 
provinces have been chosen because of the information available and their geographical 
location, in a temperate area requiring more attention in the building and plant system design. 
The survey shows that existing school buildings of the study sample are in a critical situation. 
 
Table 1 List and geographical distribution of the study sample. 

Municipality or Provincial Administration Number of investigated buildings 
Municipality of Ferrara 53 

Province of Ferrara 27 
Municipality of Rovigo 25 

Province of Rovigo 24 
Municipality of Modena 69 

Province of Modena 34 
Total 232 

 
Table 2 Overview results of existing buildings actual technological features. 
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3.1. Building envelope 
From an energy point of view, heat losses through the building envelope are mainly due to the 
lack of thermal insulation in walls, roofs and ground floors. Traditionally, Italian 
constructions have a strong brick enclosure, which can be single layered or combined with 
other materials (concrete blocks, plaster, stone and wood), and whose performance is 
particularly poor in buildings dating from the Fifties and Seventies. 
 
Even windows and glazed systems have a very low performance. This aspect is particularly 
relevant because school buildings have many large window areas in order to archieve lighting 
targets. The study sample also has a low proportion of low-emissivity glass (most of the 
buildings are single-glazed) and frames, which are primarily wooden but without seals, or 
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metal but not thermally decoupled. Importantly, however, windows replacement is the 
owner’s first item of intervention.  
 
3.2. Heating system 
Investigated school buildings have traditional heating plant systems (consisting of boilers 
which are mainly powered by natural gas) with no zoning. The output terminals in classrooms 
are large radiators, mostly made by cast iron, which, with rare exceptions, don’t have any 
thermostatic control valves or any room regulation. Because of the amount of air to be heated, 
mechanical ventilation systems (without any heat recovery) or plants heaters (fan-coils) are 
often used in larger rooms (gymnasiums, lecture halls, laboratories). The employment of air 
heating system (air vents) is much more limited in classrooms, because of noise transmission, 
air movement and filter maintenance. Mechanical ventilation systems are also rarely used and 
are almost completely absent in the existing school buildings which have been evaluated. 
 
3.3. Summer air conditioning system 
Since school buildings are used in Italy from September to June, air conditioning systems are 
quite rare and the study sample has confirmed this trend. The only exceptions to be found are 
school staff offices where low-performance and high-consumption independent air 
conditioning units which are not connected to the centralized system have been installed. 
 
3.4. Lighting system 
The investigation demonstrated that schools are only lightened by fluorescent tubes without 
any occupancy sensor (for example in hallways or bathrooms) or automatic dimming of light 
intensity according to the amount and distribution of natural light in classrooms. 
Beside the absence of energy saving devices, a comprehensive design based on different 
lighting needs in classrooms (especially to avoid glare and to promote a homogeneous 
distribution of natural light) and in other parts of school buildings is also lacking.  
 
3.5. Energy sources 
Natural gas is currently the most widely used energy source, but few buildings still use diesel. 
Usually, these are isolated buildings located in the outskirts of cities and villages which are 
not yet served by the distribution network because of local conditions. A good practice is the 
connection to the district heating network, but it is still incomplete and quite limited in some 
areas. Renewable energy sources (mainly photovoltaic and solar thermal) have begun to be 
used only in recent years, particularly in structures with continuous use and extra-curricular 
functions. 
 
4. The operating procedure: application phases 
Enery and environmental analysis of the study sample direct survey data have demonstrate 
how existing educational buildings are distant from the minimum performance requirements 
given by lows and how uncomfortable many scool buildings are for occupants. The operating 
procedure minimum level of success is the archievement of the minimum performance values 
given by national lows and regulations for the parameters that are responsible of considerable 
variations of energy consumption and environmental quality (air, temperature, humidity, 
lighting, noise). The further level of success is the archievement of the maximum level of 
energy saving and indoor environmental quality enhancement (increasing comfort perceived 
by occupants), together with the optimization of the Owner’s economical investment. 
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Therefore, the operating procedure deals with several topics (technology, energy, economy, 
management, etc.) which are considered in subsequent and linked phases and should be seen 
as a decision support tool for recovery strategies of existing educational buildings. 

 
Fig. 1 Operating scheme of energy and indoor environmental refurbishment process. 
 
4.1. Step 1: establishment of the working group 
The first step of the procedure is the establishment of a working group composed of people 
involved in the management, design and educational process. At this stage, several 
stakeholders meet the Public Agency that promotes the intervention, which ca be the 
municipality or the province depending on the specific competences on the school building 
stock; the Educational Institution, that has the double task of informing about the critical 
problems related to the use and to initiate educational activities to raise awareness among 
students (for example, daily actions aimed at savings and at the management of energy 
resources); the Designer, who is tasked with drawing up the project and coordinating the 
activity; and the Energy Manager, who optimizes energy management in different building 
redevelopment stages.  

4.2. Step 2: preliminary evaluation 
The second phase is a preliminary evaluation of the existing building, aimed at identifying 
morphological features and general technologies which are useful to define the retrofit 
strategy to be adopted. In particular, the following aspects must be evaluated: 

 building orientation and evaluation of the surrounding natural or urban elements that may 
affect energy and environmental behaviour (shading from adjacent buildings that limit 
solar direct gains, proximity to noise sources, presence of vegetation shielding, etc.);  
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 building type (geometry) and internal distribution of rooms. This can be done by reading 
the project plans with their subsequent modifications and implementations. This 
information is aimed at finding a first guidance for action based on the savings potential 
inherent in any type of building; 

 existing construction technologies of technical element. Information in this regards can be 
retrieved in the project documentation submitted during the execution of works (if any), in 
owner’s and manager’s databases or through a direct visual examination;  

 plants systems. This can be studied basing on the direct experience of Energy Managers or 
through visual inspection of books and equipment (in this case, the potential for savings 
depends not only on the optimization of the plant system, but also on the verification of the 
supply contracts, especially in the context of energy market liberalization). 

 
The most critical part of this phase is the definition of the technological features, due to 
owner’s or managers’ lack of knowledge about construction techniques and plants systems of 
the building heritage. Public Administrations do not usually have any monitoring tools to 
manage the building stock and leave the transmission of information to the “historical 
memory” of the contractors carrying out maintenance.  

4.3. Step 3: energy audit and deep evaluation 
This phase may require external professional support to evaluate parameters that affect energy 
and environmental building behaviour. There are three main subtasks: 

 determination of metric and morphometric building data for calculation of gross floor 
areas, heated volume and dispersant surface, aimed at energy evaluations; 

 survey of physical phenomena related to energy and environmental building behaviour 
concerning the whole technological system (enclosures and internal partitions), by 
studying the main factors affecting energy consumption and indoor comfort (air, 
temperature, humidity, lighting, noise); 

 evaluation of plant equipment and energy supply contracts (which may cause consumption 
not attributable to the efficiency of plant system). 

Since this phase requires where direct investigations on the building several conditions must 
be met to be able to gather data, such as: 
 full accessibility to different parts of the building, including basement, attics and spaces 

normally closed to the public; 
 guarantee of the complete safety of the building; 
 availability of technical original and subsequent versions of design documents, as a basis 

for the determination of the status quo. 
 
4.4. Step 4: performance verification 
The fourth phase, which is closely linked to the previous one, is a comparison between 
measured performance and laws or regulations requirements in relation to the parameters 
involved in energy consumption and indoor environmental quality. By comparing the actual 
performance and with the binding framework of needs-performance reference for each 
building element, the main critical elementsd of the existing building are identified. 

4.5. Step 5: definition of retrofit measures 
The people involved are the same as in the preliminary working group but the Designer is 
definitely the emerging personality. He is tasked with coordinating the different needs and 
defining technically and morphologically relevant design solutions. 

Before planning any activity, the presence of some prerequisites has to be verified, as: 
 compatibility of works with building uses and users; 
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 evaluation of the works execution timetable and its relationship with school activities; 
 management of building sites (possibility of storage of materials, accessibility, etc.). 
 connections and weight of the new components compared to existing structures; 
 ease of connection of any new elements to existing structures; 
 interchangeability of juxtaposed parts related to future opportunities for interventions; 
 recyclability of integrated parts. 
Apart from these considerations, the Designer shall, in collaboration with the Promoter, verify 
and analyze the available budget and experts involved through: 
 a preliminary verification of expenditure competence of the works 
 an analysis of the funds allocated by the local Administration or the Owner; 
 the evaluation of the actions to be performed depending on the priority and urgency of 

interventions; 
 the evaluation and development of an action plan accompanied by a timetable. 
 
Once these steps are completed, the most appropriate intervention strategy can be chosen 
basing on the evaluation process (preliminary or in-depth), the issues raised during the 
performance evaluation (energy and environmental factors involved), the Owner’s budget or 
investments availability and the main features of the building site. Given that these involved 
factor are several and complex, it has been decided in the study to define a panel of retrofit 
measures [3], aimed at finding the best technical solution for the specific case and based on 
the need-performance requirements. Therefore, the action to be identified are those which can 
optimize the payback period (expressed in years), maximize the energy savings (expressed by 
the percentage reduction of primary energy consumption compared with the previous 
condition) and enhance the environmental quality to the greater extent (expressed by an 
occupant’s sensation scale from 0 – neutral to +2 – considerably perceived; action with 
negative influence on occupants’ perceived comfort will not be taken into consideration). 
 

 
Fig. 2 Main criteria involved in the definition of operating procedure’s retrofit actions, starting from 
preliminary or deep evaluation of existing educational building. 

4.6. Step 6: design and execution of works 
This phase includes the following:  

 drafting of the call or of the special tender specifications; 
 preparation of technical documents in collaboration with other experts and stakeholders 

involved (the document will be entirely drafted by the Administration in case of internal 
procedure, otherwise they will be contracted out to Designers); 
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 works planning taking possible interaction with building use and users into consideration; 
 execution of works. 
 
The drafting of the documents containing the technical specifications of the project and for 
the tender is the most critical point of this phase. This phase may be rather long because of the 
high number of experts to be involved and the unexpected prolongation of the timing of the 
tender. In addition, the organization of timing and of the different phases of the works, 
together with the potential overlapping with school activities, may lead to moving classes in 
other temporary structures, is another complex aspect in this phase. 
 
5. Further suggestions 
5.1. The potential of integrated and optimized procedures for morphometric and energy 

data collection on existing buildings 
The current research in the field is even more focussed on the definition of integrated and 
optimized procedures for data gathering by integrating experimental acquisition methods and 
instruments (advanced survey). Consequently, proper planning and scheduling of all survey 
phases is crucial, with the aim of determining an optimized sequence of steps for acquisition, 
processing and management of data. Each phase is not independent and autonomous, but 
functional and closely related to the others. Thanks to technological innovation and economic 
competitiveness, the more advanced techniques are reaching levels that make them 
comparable with traditional ones, but with the addition of the features of the advanced survey, 
especially in terms of productivity because they significantly increase the amount of 
information gathered, reducing the time needed for the survey. 
 
5.2. Importance of post occupancy evaluations and participatory management 
Once works have been executed, it is essential to carry on with building management 
activities, i.e. all operation, maintenance and monitoring phases on the reskilled building 
aimed at comparing project design criteria to real performances obtained. They include: 
 
 students awareness and training on how to use the building in a proper way in order not to 

waste energy that would result in a reduction of the achievable savings and, therefore, in 
the extension of the payback time. 

 participatory management of the redeveloped building through the involvement of users; 
 post-occupancy evaluation, also through the participation of users (even students and 

teachers) to data acquisition and monitoring of the building; 
 periodic monitoring of contracts for energy management, consumption and counters, to be 

carried out by an Energy Manager. 
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Abstract: Aim of this paper is the analysis of the energy performance of secondary school buildings in North 
Greece and the investigation of proposals for their energy upgrade. The survey was carried out by monitoring the 
energy performance of 20 secondary school buildings in the prefecture of Evros in Thrace and by simulating 
representative school buildings. Energy data both for heating and electricity, together with other information 
concerning structural details and operational characteristics for a period of 5 years (2001-2005) were collected. 
The energy data for the secondary schools are presented and compared with data from other regions in Greece. 
The mean heating energy consumption of secondary school buildings in the prefecture is 70.6 kWh/m2, with 
insulated buildings performing with 27% less energy consumption than non-insulated buildings. Simulation of 
representative school buildings in this area suggests that measures for natural lighting, reduction of infiltration 
losses, controlled ventilation during the winter, shading and natural ventilation during summer and the effective 
functioning of heating and lighting system are the major priority for the school building stock. Especially in the 
‘old school buildings’, this type of interventions are necessary not only for achieving energy efficiency but for 
obtaining thermal comfort conditions in their interior.    
 
Keywords: Energy efficiency, Schools, Monitoring, Simulations 

1.  Introduction  
The mean annual energy consumption of buildings in Greece is allocated as : 406.8 kWh/m2 
in hospitals, 273 kWh/m2 in hotels, 187 kWh/m2 in offices, 152 kWh/m2 in commercial 
buildings and 93 kWh/m2 in schools [1]. Although the energy consumption in school 
buildings is lower than other building categories, the overall energy consumption at national 
level is considered high due to the big number of school units, and the fact that they mainly 
operate during the heating period - they operate about 9 months -, they are not equipped with 
cooling systems and the majority of energy is spent for heating. The inadequate energy design 
of existing buildings, their age (40.9% is older than 30 years), their initial design (87.3% 
designed for schools), their location and proximity with disturbance sources (33.5% with high 
traffic roads, 15.9% with manufacturing premises and polluting areas), lack of regular 
maintenance and refurbishment can lead to education spaces with low thermal, visual and 
noise comfort, at reduction of pupils educational perception and additionally, at considerable 
environmental implications as a result of the increased energy consumption [2]. 
 
School buildings, due to their specialized operational characteristics and their social/ 
educational character have special requirements for environmental design for heating, 
cooling, ventilation and daylighting of their buildings. Collection of reliable energy data can 
facilitate to creation of a n ational data base that is useful to support reliable energy 
certification of school buildings and also to facilitate national energy policy measures to be 
taken. Aim of this paper is the analysis of the energy performance of secondary school 
buildings in North Greece and the investigation of proposals for their energy upgrade. 
 
2. Methodology 
2.1 Energy Consumption in School Buildings 
All school units in Greece are equipped with heating systems (99.9% during the school year 
2003-04) and the majority has a central heating system (88.0%). According to the opinion of 
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the Master of the school units, a portion of 11.1% considered as inadequate the operation of 
the heating system and in only 1.5% there was lack of heating operation during the years 
2003-04 [2]. The energy consumption of school units, irrespective of education level 
(primary, secondary) based on previous surveys carried out in school units around Greece is 
reported in table 1. School buildings in Greece consume electrical energy mainly for artificial 
lighting and during the lasts years, especially in secondary schools, for new technologies (e.g. 
PCs). The mean energy consumption for heating and electricity in school buildings in other 
European countries, based on da ta from EC (Energy, E. C, 2000) [7] and other literature 
sources [8, 9, 10] are presented in table 2: 
 
Table 1. Mean annual energy consumption in school buildings in Greece 

Region / 
Climate zone 

Year of 
research  

No of 
buildings 

Mean heating energy  
(kWh/m2) 

Mean electrical 
energy 

(kWh/m2) 

All Greece [1] 1993 238                       67 Difference 26 40% 
All Greece [3] 2006 340 68 27 

Evros / C 
Climate zone 

[4] 

2001-
2005 

10 
primary 
Schools 

72.8  
8.65 No-insulated Insulated Difference 

89.4 56.65 37% 

Grevena / D 
Climate zone 

[5] 
2004 9 

123.31 
14.31 No-insulated Insulated Difference 

139 115.38 17% 
Kozani / D  

Climate zone 
[6] 

2003-
2007 

11  
nursery           

10 primary 

  135.9                            
  105.8  

7.5                              
9.3  

 
Table 2. Mean annual energy consumption in school buildings of the member states of the European 
            Union [7, 8, 9, 10] 

Member States of the European 
Union  

Heating energy 
(kWh/m2/ year) 

Electrical energy 
(kWh/m2 /year) 

Mean annual 
(kWh/m2/year) 

England (Mean value) 137-189  20-27    
Secondary school (Gateshead) 177     

Denmark (Skive)              
Primary school  

      
170-175      

Sweden (Karlskrona)                
Secondary school  

      
210     

Portugal (Agueda/Crato) 
Secondary school  64 /67   

Ireland [8]     96 
Italy [9]     110 

Slovenia [10]      192 
 
3. Energy monitoring of secondary school units in the prefecture of Evros 
The energy monitoring survey was carried out in 20 secondary school units out of 45 in the 
prefecture of Evros (NE Greece) covering 10 Junior High Schools, that is the 42% of 
corresponding units in the prefecture and 10 High Schools, corresponding at 48% of the 
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majority of high schools in the prefecture. The 5 out of the 10 j unior high schools were 
located at the municipality of Alexandroupolis (the capital of the prefecture) thus, 
corresponding at 83% of the units in the municipality. The 8 out of 10 high schools were also 
located at the municipality of Alexandroupolis, covering the 63% of high schools in the 
municipality. During the survey, energy data for 5 years were collected (2001-2005), both for 
heating and electricity, together with other information concerning structural details and 
operational characteristics (e.g. no of pupils, heating system operation schedule, etc). 
 
Table 3: Total mean annual energy consumption in 10 junior high schools of Evros Prefecture during 

the period 2001-05 
   Heating energy Electricity Total 

No Construct
ion year  

Heating 
floor 

area (m2) 

Oil cost 
(Euro) 

Oil 
quantity 

(kg) 

Heating 
energy        

(kWh/m2) 

Cost 
(Euro) 

Consumption           
(kWh/m2) 

Total 
energy          

(kWh/m2) 
1 1964 2.048.62 6,834 13,524.84 78.69 2,510 12.90 91.59 
2 1976 2,300 7,420 14,605.08 75.69 1,724 7.89 83.58 
3 1978 2,214 4,835 9,746.52 52.47 1,809 8.60 61.07 

4 1978/ 
1992           3,089.6* 

6,055 12,437.04 78.72 
4,339 14.78 93.50 

5 1980 902.23 4,761 9,476.04 125.19 975 11.38 136.57 
6 1986 809 2,826 5,765.76 85.00 649 8.45 93.45 
7 1990 2,745.54 6,318 12,588.24 54.65 2,250 8.63 63.28 
8 1992 1,613.15 4,008 7,847.28 57.99 1,720 11.22 69.21 
9 1996 2,398.5 5,414 10,887.24 54.11 2,023 8.88 62.99 
10 1957/1995 2,348.96 5,350 11,340 57.55 1,928 8.64 66.19 

                               Total Mean Consumption:                  72.00                  10.14           82.14 
* 1,883.15 (1978) + 1,206.45 (1992) = 3,089.6 m2 
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Fig. 1: Mean heating energy consumption in         Fig. 2: Mean electrical energy consumption in 
           a sample of 10 junior high  schools in the             a sample of 10 junior high  schools in the 
          Prefecture of Evros for the period 2001-05          Prefecture of Evros for the period 2001-05 
 
Mean heating energy consumption for: 

non - insulated junior high schools (1, 2, 3, 4, 5) :                                 82.16 kWh/m2    

insulated junior high schools (6, 7, 8, 9):                                   62.94 kWh/m2 

“Old” with “New” additions in junior high schools (4, 10) :              57.55 kWh/m2 

All junior high schools       72.00 kWh/m2 
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The monitored energy consumption data, based on data of 5 years for the period 2001-2005, 
together with the construction year are summarized at tables 3 a nd 4 for the junior high 
schools and high schools respectively. The annual records for heating costs were available in 
each school and these values were quantified into energy consumption (in kWh/m2) based on 
the mean annual price of diesel oil from the records of the Ministry of Development. 
 
It is observed from figure 1 that the heating energy consumption in junior high schools ranges 
from 52.47 kWh/m2 up to 125.19 kWh/m2, with a mean value of 72 k Wh/m2, showing the 
higher values in ‘old’ buildings. Building 10 concerns an old building with an addition and its 
energy consumption is in the levels of the ‘new’ buildings. Junior high school nο 4 is “old” 
with “new” additions, but the heating energy consumption concerns only the ‘old’ buildings 
while the electricity energy consumption both of them. 
 
Table 4: Total mean energy consumption in 10 high schools of the Prefecture of Evros (2001-05)   

   Heating energy Electricity Total 

No 
Constru

ction 
year  

Heating 
floor area 

(m2) 

Oil cost 
(Euro) 

Oil quantity 
(Kg) 

Heating 
energy        

(kWh/m2) 

Cost 
(Euro) 

Consumption           
(kWh/m2) 

Total 
energy          

(kWh/m2) 
1 1970 3,300 10,828 21,215.04 76.63 4,104 13.09 89.72 
2 1976 2,100 6,091 12,122.88 68.81 2,126 10.66 79.47 
3 1976 4,405 20,103 40,057.92 108.39 7,032 16.8 125.19 
4 1977 2,030 7,917 16,136.40 94.75 2,547 13.21 107.96 
5 1981 3,500 18,799 39,170.88 133.4 6,595 19.83 153.23 
6 1984 1,377 5,866 11,103.96 96.12 1,222 9.34 105.46 
7 1985 2,716 7,768 15,333.36 67.3 2,969 11.51 78.81 
8 1987 2,067.5 4,057 7,866.60 45.35 3,095 15.76 61.11 
9 1996 1,404 3,609 7,203.84 61.16 2,009 15.06 76.22 
10 1999 2,398.,5 6,646 12,701.64 63.12 3,523 15.46 78.58 

                          Total Mean Consumption:                   81.50                         14.10         95.60 
 
Concerning high schools (fig 3), the heating energy consumption ranges from 45.35 kWh/m2 
up to 133.40 kWh/m2 with a mean value of 81.5 kWh/m2, showing the higher values in ‘old’ 
buildings. Energy consumption in units nο 3 and 5 is increased (table 4 and fig. 3 και 4) as 
they concern technical high schools, which are equipped with different laboratories 
(mechanical, computers, horticulture sunspaces, etc), resulting at high energy consumption.  
 
The mean electrical energy consumption is 10.14 kWh/m2 in junior high schools 14.10 
kWh/m2 in high schools (tables 3 and 4) and 8.56 kWh/m2 in primary schools in the 
prefecture of Evros [4]. The electrical energy corresponds only to about the 1/6th of the 
heating energy (fig. 5 and 6), mainly in the ‘old’ buildings’, while in the new ‘ones’, electrical 
energy has a higher merit at the overall energy balance as the heating energy is reduced due to 
the improved building construction. 
 

1840



76,63
68,81

108,39

94,75

133,40

96,12

67,30

45,35

61,16

63,12

0,00

20,00

40,00

60,00

80,00

100,00

120,00

140,00

K
W

h/
m

2

1 2 3 4 5 6 7 8 9 10

10 High School Evros Prefecture
               

13,09

10,66

16,80

13,21

19,83

9,34
11,51

15,7615,0615,46

0,00
2,00
4,00
6,00
8,00

10,00
12,00
14,00
16,00
18,00
20,00

K
W

h/
m

2

1 2 3 4 5 6 7 8 9 10

10 High School Evros Prefecture  
Fig. 3: Mean heating energy consumption in         Fig. 4: Mean electrical energy consumption in 
           a sample of 10 high  schools in  the                         a sample of 10  high  schools in the 
          Prefecture of Evros for the period 2001-05            Prefecture of Evros for the period 2001-05 
 
Mean heating energy consumption for: 

non-insulated high schools (1, 2, 3, 4, 5) :                                  96.40 kWh/m2    

insulated high schools   (6, 7, 8, 9, 10):                                   66.61 kWh/m2 

All high schools        81.50 kWh/m2 
 
The mean heating energy of the school units in the region (Climatic zone C) corresponds at 
the 85% - 88% of the total energy consumption, compared to 72% that was recorded from 
previous studies [1] for all grades school buildings around Greece. This may attributed at the 
low temperatures recorded at this climatic zone and consequently the increased heating needs 
of the buildings, at the old age of buildings and lack of envelope insulation, at the fact that 
existing insulation in some buildings may be deteriorated, at the inadequate maintenance of 
the envelope and of the mechanical installations.   
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 Fig.5: Mean energy consumption for heating     Fig. 6: Mean energy consumption for heating 
           and electricity (in %) in junior high                        and electricity (in %) in high schools in 

schools in the Prefecture of Evros                         the Prefecture of Evros 
 
Analyzing the energy performance of all secondary school buildings in the prefecture of 
Evros (climate zone C) (fig. 7) the mean heating energy consumption is 70.6 kWh/m2, with 
insulated buildings (‘new’) performing with 27% less energy consumption than non-insulated 
(‘old’) buildings. The 100% of insulated buildings show an energy consumption less than 100 
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kWh/m2, compared to 70% of the non-insulated ones (table 3 & 4). In an older study of 180 
insulated and 58 non-insulated school buildings in different climatic zones [1], the heating 
energy consumption differs between them by 40%, while the 88% of insulated buildings have 
energy consumption lower than 100 k Wh/m2 compared to 79% of the ‘non-insulated’ 
buildings [1]. 
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Fig. 7: Mean energy consumption according to the antiquity of 20 sschool buildings  
 
4. Assessment of the thermal performance of 6 school buildings 
For the thermal assessment of the school buildings, 6 units were chosen, 5 junior high schools 
and 1 hi gh school. The 4 junior high schools are located at the municipality of 
Alexandroupolis, representing 67% of junior high school buildings as well as the high school. 
From the 6 studied buildings, the 2 are ‘old’ones constructed before 1981, and the 4 are ‘new’ 
ones, constructed after 1985. The thermal assessment of the studied school building and 
investigation of alternative energy saving measures was performed with the software tool 
XENIOS. The XENIOS is a European software tool that was developed in the frame of an 
Altener programme, partly financed by the EC DG on Energy and Transport. For each 
building the existing thermal performance was evaluated and alternative scenarios of energy 
upgrade were investigated.  
 
4.1. Conclusions from the thermal analysis   
4.1.1. Heating period 
The following conclusions were drawn from the thermal analysis of the six buildings:  
 Replacement of the windows with new ones and improving their overall transmittance of 
windows from 5.2 W/m2K to 2.56 W/m2K in the ‘old’ buildings resulted at reduction of the 
energy requirements during the heating period by about 12%. Improvement of the thermal 
properties of the windows in the ‘new’ buildings from 3.26 W/m2K to 2.56 W/m2K results at 
reduction from 1% up to 3%. 
 Insulation of the external walls results at reduction of the energy consumption up to 12%. 
 Insulation of the building envelope, with addition of insulation at the external walls, roof 
and windows replacement has an energy reduction up to 25% in ‘old’ buildings. In the ‘new’ 
ones a small energy reduction, in the order of 2% to 3% was observed. 
 In most school buildings, the heating system is oversized, not well maintained and in the 
majority, there is no provision for control of their operation [12, p.25]. Improvement of the 
efficiency of the boiler up to 90% may bring energy savings up to 27% in all school buildings.  
 Improvement of the efficiency of the distribution system, with appropriate pipes 
insulation, especially in they case they pass through unheated spaces, may bring considerable 
energy reduction, up to 15% in the studied buildings. 
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 Control of the indoor air temperature with thermostats in classrooms may lead to energy 
reduction up t o 21% in all studied buildings. Installation of time-controllers, low control, 
room temperature sensors or external temperature based controllers or more advanced control 
systems (e.g. optimizers) achieving synchronization of the external and internal climatic 
conditions with the operation of the heating system can achieve indoor thermal comfort and 
energy savings. A thermostatic valve in the heating system is considered necessary for 
achieving the desired temperature in a space and achieving energy savings. 
 The combined measures of improvement of the efficiency of the boiler and the 
distribution system and of the control of the indoor thermal conditions can increase the energy 
savings up t o 52% both in the ‘old’ and the ‘new’ ones. Taking into account that in most 
school buildings, the heating system operates for a few hours, manually, with no room air 
temperature control, irrespective of indoor thermal conditions and outside climatic conditions 
and considering that the payback period for the improvement of the boiler and the distribution 
system efficiency is relatively low, it is  considered imperative the replacement of the old 
systems with new ones. 
 Applying all the proposed measures in the studied school buildings, an energy reduction 
from 53% up to 64% may be achieved.   
 
4.1.2. Cooling period 
 Insulation of the walls and of the roof would reduce energy cooling demands in ‘old’ 
buildings by about 2% in each case separately. 
 Painting the outside surface of the external walls with a light colour reduces by 5% and by 
3% the energy demand in cooling loads in the “old” buildings while in the “new” buildings 
only by 1%. The light colour on the roofs does not show a remarkable change in their thermal 
performance. 
 The installation of interior blinds on all openings of the buildings, especially of southern, 
eastern and western orientation, may conserve energy of up to 61%. 
 Installation of ceiling fans in the centre of each classroom, of power 100-200W, is 
sufficient to create the conditions for thermal comfort, provided that is combined with 
adequate shading and natural ventilation [12, p.30]. It may result in conservation of cooling 
energy up to 100% when combined with shading devices and light colored roof and walls. 
This is due to the fact that while the limit o f thermal comfort in a natural cooled space is 
27oC, when a fan operates, the heat is dispersed because of air currents and the comfort level 
is raised over 29oC. 
 Also noctumal ventilation in schools is very effective especially during the hot days where 
the daily ventilation heats the building. It stores coolness in the thermal mass of the building, 
thereby reducing the thermal burden of the building during the next day. Schools are kept safe 
all night, so night ventilation can be applied without any risk. 
 Energy conservation with implementation of all scenarios can reach up to 100%. At the 
same time, thermal comfort conditions are created in the classrooms that are considered 
necessary for the educational process and also contribute to reduction of air pollution with a 
lot of environmental and social benefits. 
 
5. Conclusions 
To ensure the efficient function of a school building and the reduction of problems that 
usually arise with time and the use of systems, the proper and regular maintenance of the 
building and its systems is essential. Collection and analysis of their energy data is essential 
for monitoring their energy performance and to react by taking the appropriate energy saving 
measures. In a national context, collection of energy data for different building categories can 
create reliable databases for certification of buildings and for prioritizing energy policy 
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measures. The assessment of the thermal performance of the school buildings in this study 
may provide useful conclusions for the actions to be considered in school building of the C’ 
climatic zone in order to improve energy efficiency and achieve comfort conditions in the 
working space. Actions like planning and monitoring of an energy management plan, 
maintenance of the electromechanical installation and regulation procedures of natural 
lighting, reduction of losses from air infiltration, controlled ventilation for the winter period, 
shading and natural ventilation for the period of cooling and interventions in the exterior 
building structure particularly in the “old” school buildings are required, both to achieve 
thermal comfort and conservation of energy. 
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Abstract: The new recast of the Energy Performance of Buildings Directive (EPBD) calls for all new buildings 
to be nearly zero energy buildings by the end of 2020. Besides, there are many evolving new definitions of Net 
Zero Energy Building (NZEB) that need to be fulfilled. To achieve the above mentioned targets is quite 
challenging. In this paper the author presents his approach for the optimum deign method for NZEBs, which is 
by using combined simulation-optimisation. The method takes the problem as one-integrated design problem, 
where all possible components of the on-site renewable production, energy conversion, HVAC systems, building 
envelope and grid-connection are considered together as options in the design. It is a multi-objective problem, 
because it is to simultaneously minimise energy, CO2 emission, cost and indoor discomfort. Since these are 
conflicting objectives, thus it is an optimisation problem. An optimisation example is presented, which is solved 
by two methods: as a single objective problem and a two-objective problem. 
 
Keywords: NZEB, cost-optimal design, simulation, optimisation 

1. Introduction 
The new recast of the Energy Performance of Buildings Directive (EPBD) calls for all new 
buildings to be nearly zero energy buildings by 31.12.2020 and two years prior to that for new 
public buildings. The rest of the energy is to be covered by renewable sources. Achieving the 
above mentioned targets is quite challenging. In order to fulfil the requirements for a Net Zero 
Energy Building (NZEB), it is to find the answers to the following question: What are the 
“best” components to be used in the building (materials of constructions, windows, air-
tightness, insulation thickness, daylighting .vs. artificial lighting, shading type, etc), in the 
Heating, Ventilating and Air Conditioning (HVAC) systems (type of systems and 
equipments) and in the energy supply (including options for on-site renewable energy 
sources)? Those “best” components used to fulfil the energy target should not impose very 
high investment costs; otherwise the concept will not be economically viable. Besides, 
thermal comfort should also be kept on a high level. In addition, those best solutions will be 
different according to different definitions of the NZEB Concepts (e.g. NZ Site- Energy 
Buildings, NZ Primary Energy Buildings, NZ CO2 Emission Buildings, NZ Cost Buildings, 
etc). This leads us to think about: how to find the “best” components since there many targets 
to be achieved related to energy, cost, indoor-air comfort etc? 
 
Then about the way to design a NZEB: the conventional way is to go first for minimising the 
energy demand on the building side and then to introduce on-site renewable energy. So is this 
the “optimum” approach?  
 
In this paper an overview of the general method proposed by the EPBD, and as described by 
the Buildings Performance Institute Europe (BPIE), for finding cost-optimal solutions for 
nearly energy buildings is presented.  Besides, the conventional method for designing 
buildings for the fulfilment of the NZEB definition according to the IEA-SHC Task 40 /  
ECBCS Annex 52 i s also presented. Then, the author presents his own approach for the 
optimum deign as a part of his position as a research-fellow of the Academy of Finland 
(2010-2015). The project aims for developing a combined simulation-optimisation tool for the 
optimal design of the NZEB’s. 
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2. The EPBD recast 2010 and the IEA-SHC Task 40 Annex 52 
2.1. The EPBD recast 2010 [1] 
According to the recast of Energy Performance of Buildings Directive (2010/31/EU), all new 
buildings shall be “nearly zero energy buildings” as of end of 2020, and two years prior to 
that for the public sector. Such buildings should have very high energy performance. The 
nearly zero or very low amount of energy required should be covered to a very significant 
extent by energy from renewable sources, including energy from renewable sources produced 
on-site or nearby. Minimum energy performance requirements should be set for all existing 
buildings that undergo any energy relevant renovation. Besides it is to specify the level of 
minimum energy performance requirements for new buildings and renovations by developing 
benchmark method to achieve cost-optimal levels.  
 
Overview of the cost-optimal method  
The method in brief is: 

• To define and select representative reference buildings (residential and non-
residential, both for new and existing). 

• To define combinations of compatible energy efficiency and energy supply measures 
to be applied to the reference buildings (packages of measures) 

• To assess the delivered energy and primary energy of the selected building 
• To find the corresponding global costs 
• To develop cost curve(s) and derive an optimum. 

 
The EPBD recast prescribes that the cost-efficiency of different packages of measures 
(combinations of compatible energy efficiency and energy supply measures) can be assessed 
by calculating and comparing the energy-related lifecycle costs. From the variety of specific 
results for the assessed packages, a cost curve (global costs .vs. primary energy) can be 
derived (Figure 1). Global costs are defined as the net present value of all costs during a 
defined calculation period (investment costs, maintenance and operating costs, earnings from 
energy produced and disposal costs). It is first to start with packages of measures that comply 
with the minimum performance requirements in force, and then to find ambition solutions 
beyond current minimum requirements up to and including nearly zero-energy buildings. The 
lowest part of the curve in Figure 1 represents the economic optimum for a combination of 
packages.  
 
To establish a comprehensive overview, all combinations of commonly used and advanced 
measures should be assessed in the cost curve. The packages of measures should range from 
compliance with current regulations and best practices to combinations that realise nearly 
zero-energy buildings. The packages should also include various options for local renewable 
energy generation. The variety of solutions will form a “cloud” of data points from which a 
cost curve can be derived. The minimum energy performance requirements are represented by 
the portion of the curve that has the lowest cost in Figure 1. The part of the curve to the right 
of the economic optimum represents solutions that underperform in both aspects 
(environmental and financial). To prepare for higher energy or environmental targets related 
to 2020, certain Member States might choose even stricter requirements than the economic 
optimum (left part of the curve). The distance to the target for new buildings “nearly zero-
energy buildings as from 2021” is shown in Figure 1. 
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Fig. 1. Cost optimum and distance to target [1].  

 
Fig. 2. Conventional way to achieve NZEB [2]. 

  
2.2. IEA-SHC Task 40 Annex 52 definition for NZEB [2] 
For a NZEB, the balance between energy export (feed-in energy to the grid) and import 
(delivered energy from the grid) over a period of time must be zero or positive. The following 
inequality defines a NZEB:   

Export – Import ≥ 0.  
 
The balance is normally calculated by means of some credits rather than directly on physical 
units of energy. The terms of the above inequality are expressed as follows: 
 

Import = ∑i delivered energy(i) × credits(i) 
Export = ∑i feed-in energy(i) × credits(i) ,  where i is the energy carrier. 
 

The credits are therefore the metric used to calculate the balance.  Figure 2 gives a graphical 
representation of the general pathway for the design of NZEBs in two steps (indicated by the 
orange circles): it is firstly to reduce the energy demand on the building side and secondly to 
generate renewable energy to get enough credits to achieve the balance. 
 
2.3. Comments on the above mentioned methods 
A crucial issue in the EPBD method is how to define the packages of measures (i.e. how can 
we say that for this package let us take x1, x2, x3 and x4 as the insulation thickness in the 
external wall, roof, floor, and the U-value of the window, respectively?). This is also pointed 
out by the IBPE publication [1]. On the other hand, and even for one package, searching for 
the optimum values and types of the design variables by making a comprehensive overview of 
all possible combinations of commonly used and advanced measures is not a simple task. This 
is because if we make an exhaustive search, the total number of combinations is a result of 
multiplication of the options for each variable. This will produce a huge number of 
combinations to be investigated. And then for both EPBD and IEA-Annex 52 methods, the 
approach should not be split into two steps, firstly reducing the energy demand to nearly zero 
energy and secondly introducing on-site renewable energy production. This is because if we 
apply this approach, we will first end-up with an extremely low-energy house or a passive-
house before giving a very small chance for on-site renewable energy production to 
participate in the solution, which is not the best method for all cases (e.g.  a case using micro-
CHP). 
 

1847



 

3. Optimum Method for Designing NZEBs 
The optimum method is to take the problem as a one-integrated problem, where all possible 
components of energy production (e.g. on-site renewables), energy conversion (e.g. via heat 
pumps), HVAC systems, building envelope and grid-connection are considered together as 
options. It is a multi-objective problem, because it is to simultaneously minimise the targets of 
energy (heating/cooling energy, primary energy), CO2 emission, cost (investment cost, 
operating cost, net present value costs), indoor discomfort, etc. Since these are mostly 
conflicting objectives, thus it is an optimisation problem, where optimal trade-off designs are 
searched. This holistic approach will produce a huge optimisation problem. However, it could 
be converted into a manageable size using e.g. problem specifying heuristics and considering 
most promising components in the building and the HVAC system. An optimisation problem 
is formulated by specifying the variables and objectives of the problem. The parameters are 
classified as fixed and variable parameters. These latter we call “design variables”, are the 
ones we seek to find their optimum values that will make the best impact in achieving the 
objective functions (i.e. targets).   
 
The implemented approach is “combined simulation-optimisation”, which is made by 
coupling the dynamic building simulation program with optimisation algorithms, to find 
optimal values of the design variables. Figure 3 shows a typical combination of an 
optimisation program with a simulation program. To perform the optimisation, the 
optimisation program automatically writes the input files for the simulation program. Then it 
starts the simulation program, reads the value of the function to be minimised from the 
simulation result file and then determines the new set of input parameters for the next run. 
The whole process is repeated iteratively until a p re-defined criterion is fulfilled or a 
maximum number of iterations is reached. Two optimisation programs are implemented in 
our studies. In our implementations, we have modified those programs [3, 4], so that we are 
able to handle single and multi-objective function problems, with or without constraints, 
having continuous and discrete variables. Discrete design variables are very common in 
building designs (e.g. different types of windows, walls, shadings, HVAC equipments etc). 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 Combined simulation-optimisation. 

Table 1. Design variables and bounds. 

Min. is the lower bound value 
Max. is the upper bound value 
dX    is the additional insulation thickness to be added to the 
standard  
Uwindow is the window’s thermal transmittance 
Eff.  is the efficiency of the heat recovery unit  

 dXextwall 
(m) 

dXroof 
(m) 

dXfloor 
(m) 

Uwindow 
(W/m2K) 

Eff.  
 

Min. 
(m) 

0 0 0 1.0 
 

Or 
 

1.4 

07  
 

or  
 

0.8 

Max. 
(m) 

1.0 1.0 1.0 

Step 
(m) 

0.05 0.05 0.05 

Initial 
(m) 

0 0 0 1.4 0.7 

3.1. Example 
To demonstrate the method, a building design example is presented here. In this example, a 
detached house (floor area 147 m2) designed according to the Finnish Building Standard-2003 
is studied (Standard House). The task is to modify the house by finding optimal values for 
five design variables that will need minimum investment while making best impact on 
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lowering the operating energy cost. These variables are: three continuous variables as 
additional insulation thicknesses to be added to the Standard House (in the external wall, roof 
and floor) and two discrete variables (types of windows and ventilation heat recovery 
exchanger). The given bounds for the values of those variables are indicated in Table 1. The 
problem is solved in two ways, as a single objective problem and a two-objective problem. In 
this paper, data from [4 and 5] are reproduced to explain the implementation. 
 
3.1.1. Solution as a Single Objective Problem 
The objective is formulated as a single objective optimisation problem for minimising of one 
objective (ΔLCC) (€), the difference in the life cycle cost of the house discounted to net 
present value compared with its standard design. ΔLCC is defined as 
 
 ΔLCC = ΔIC + ΔRC + ΔOC 
 
ΔIC difference in the investment cost (€) for the specified design variables 
ΔRC difference in the replacement cost (€) due to replaced items (in the building envelope 

or system) in specified years due to shorter life of those items with respect to the 
building life. 

ΔOC difference in the operating cost (€) due to difference in energy consumption 
 
All above cost differences are with respect to those for the Standard House. This is an 
optimisation problem because it in cludes conflicting targets (i.e. increasing the investment 
cost will decrease the operating energy cost and vice-versa). An exhaustive search method to 
find the optimal values of the design variables will need a huge number of simulations even 
for this simple case. For example, if we assume that there is 1 cm step in the additional 
insulation thickness in Table 1, t hen the total number of possible combinations to be 
investigated is 100 × 100 × 100 × 2 × 2 = 4×106. The combined simulation-optimisation does 
it in much less number of simulations. 
 
For this example, eight cases were studied [5] with different assumptions for the life-cycle 
span n, escalation in the energy price e and the source of the design variable prices. Figure 4 
shows the optimisation-simulation iterations for one case (n = 20 years, e = 0.01 and real 
interest rate = 4.90 %). Only 241 simulations were needed to find the cost-optimal solution 
using a hybrid algorithm (PSO and Hooke-Jeeves). Each point in the figure is a full-year 
hourly dynamic simulation. From this figure, it can be seen that the solution has a minimum 
value of ΔLCC (−2102 €) as a r esult of the reduction made in the energy cost for space 
heating ΔOC (−4229 €) when investment is made in the insulations, windows and heat 
recovery including associated replacement costs ΔIC+ΔRC (+2127 €). Since ΔLCC for the 
Standard House is 0, therefore the negative value of ΔLCC means lower LCC cost is reached 
compared with the Standard House. The optimisation results give the optimised values of the 
five design variables to achieve this target. The simulation-iteration runs, when searching for 
the optimal solution, are indicated in Figure 5 as ΔLCC .vs. annual space heating energy. 
From this figure, we can conclude that there is no need to make an exhaustive search and 
draw the whole energy-cost curve to find the cost-optimal solution because the optimisation 
algorithm finds shortest ways to that. In addition to minimising the LCC, Figure 5 shows that 
the annual space heating energy demand at the cost-optimal solution is about 71 kWh/m2a, 
which is 28% lower than that for the Standard House. This means that the obtained cost-
optimal solution achieves both the financial and energy targets. By this method, the 
optimisation method took the problem as one investigation for minimisation of the LCC, 
which inherently accomplished the environmental target. 
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Fig. 5.  Finding the cost-optimal solution. 

    
3.1.2. Solution as a Multi-Objective Problem 
By taking the problem as a multi-objective optimisation problem, we can draw the cost-curve, 
find the cost-optimal solution and specify other potential solutions towards nearly zero energy 
buildings, without making an exhaustive search. To explain this method, the previous 
example is converted into a two-objective optimisation problem where it is to simultaneously 
minimise both the difference in the investment cost (ΔIC) and the annual space heating 
energy demand. Figure 6 shows the optimisation solutions for this two-objective problem 
using combined simulation and a Genetic-algorithm optimisation [4]. In this figure, the results 
of an exhaustive search (Brute-force) made on preferable solutions are also shown. The Brute-
force search is made by keeping the floor thickness according to the Standard House. This 
makes the number of variables four. Besides, a maximum value of 0.39 m is considered for 
(dXextwall) and (dXroof). Assuming a 1 cm step in the insulation thickness, the total number of 
Brute-force candidate solutions is 40×40×2×2 =6400 and as shown in Figure 6. These hints 
were concluded from the single-objective case results; otherwise a complete exhaustive search 
will be needed with 4×106 candidate solutions. It can be seen that the optimisation solution 
captures the optimal Pareto-front of the Brute-force, which is an indication of the high 
accuracy of the optimisation results. Figure 7 presents the difference in the life cycle cost 
(ΔLCC) based on the data from the optimisation solutions and the Brute-force results from 
Figure 6. It can be seen from Fig. 7 that the cost-curve is constructed and the cost-optimal 
solution can be found. In comparison with the single-objective solution, this two-objective 
solution facilitates assessing potentials for nearly-zero buildings (range of optimal solutions to 
the left of the cost-optimal in Fig. 7), which is a big advantage over the single objective 
approach. It is to note that a constraint of 6000 € was applied on (ΔIC) in the optimisation 
problem to obtain similar range of results as those got from the brute-force search in Fig. 6. 
We could have got a more complete cost-curve without such a constraint. 
 
Similarly for the NZEB case, the optimisation method can find optimum solutions (indicated 
by the red squares in Figure 2) without going through the conventional two-step solution 
method. 
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Fig. 6. Two-objective optimisation results and Brute-force candidate solutions [4]. 
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Fig. 7. Cost-curve and cost-optimal solution found from the two-objective optimisation results.  
 
4. Conclusion 
It is concluded that optimisation tools have to be combined with simulation tools for finding 
optimal designs of NZEBs. This is valid for the two methods discussed in this paper: the 
EPBD recast method and the IEA-Annex 52 NZEB definition. Otherwise it is very difficult 
for a designer to make a “good” guess at best candidate combinations of measures that will be 
compared for their cost-energy performance especially when there are many variables in the 
problem and also due to the nonlinear interaction between the variables. Another way is to 
make exhaustive searches for each case to define candidate packages, which will then need a 
huge number of simulation iterations.  
 
The approach should not be split into two steps, firstly reducing the energy demand to nearly 
zero energy and secondly introducing on-site renewables. If we apply such approach, we will 
end-up with an extremely low-energy house before giving a very small chance for on-site 
renewables to participate in the solution, which is not the best method for all cases. For 
example a house with on-site energy generation from a micro-CHP dose not need to have high 
quality windows or very thick insulations because of the ample heat accompanied with the 
generation of electricity. Besides, the selection of the optimal measures should not be only 
dependent on achieving cost and energy targets, but indoor air comfort should be considered 
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as target in the problem as well, otherwise overheating could be faced when using more 
insulations and air-tight envelopes or overcooling could be faced when low-energy value 
sources are used for heating. 
 
The optimum design method for NZEBs is by taking the problem as one-integrated problem 
(envelope + HVAC systems + en ergy supply including renewables) using combined 
simulation-optimisation. The optimisation tool will find the best combinations of measures 
that will fulfil the objectives of the problem. This approach was applied in the presented 
example. The problem was solved by two methods. In the first method, the problem was 
formulated as a single objective LCC minimisation problem, where search was done for 
finding the cost-optimal solution. In the second method, the problem was formulated as a two-
objective problem, where search was done for minimising both energy and investment cost, 
from which the whole cost-curve was constructed and the cost-optimal and other alternative 
solutions were found.  
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Experimental performance of unglazed transpired solar collector for air 
heating  
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Abstract: Unglazed transpired solar collectors are usually mounted on the side of the building that receives the 
most sunlight. It is a fan-assisted system, whereby air is drawn through the holes into the plenum and the warm 
air is then ducted into the building. The primary reason for using the unglazed transpired metal plate as the solar 
collector is not only to absorb the solar heat but also to reduce the convection heat loss. These in return will have 
higher heat exchange effectives and heating efficiency. Though many research have been carried out to study the 
Nusselt number correlations, heat exchange effectiveness, wind effects and pressure drop, yet only hand full of 
research that involved heat transfer study that including the vertical airflow in the plenum. This paper is to assess 
the heating performance of this system through experimental tests which involve the study of temperature rise 
along the vertical air flow in the plenum. Results show that the temperature of the air flowing vertically is 
increasing gradually from the bottom to the top of the plenum.  This is contrast with the previous studies which 
assumed that the temperature of the air in the plenum is constant and same as the outlet air temperature at the top 
of the plenum. The temperature rise is increasing with solar radiation intensity. Temperature rise along the 
plenum contributes between 30 to 60% of the total temperature rise at a constant suction velocity. On the other 
hand, temperature rise is decreasing with suction velocity. Values of temperature rise along the plenum are 
between 30 to 50% of the total temperature rise for suction velocity of 0.03 to 0.05 ms-1 at 600Wm-2 of solar 
radiation.  T herefore, this study has proved that heat transfer of vertical airflow in the plenum has a crucial 
heating effect. 
 
Keywords: Unglazed transpired solar collector, Air heating, Solar façade. 

Nomenclature  
d hole diameter  .......................................... m 
D plenum depth ........................................... m 
ΔP pressure drop ...................................... Pa G 
H collector height  ....................................... m 
I solar radiation intensity  .................... W⋅m-2 
L collector width ......................................... m 
Nu Nusselt Number 
Pit pitch ......................................................... m  
Re Reynolds number 
Ta ambiant temperature ................................. K 

Ti air temperature at the bottom of the 
plenum also air temperature after pass 
through the hole  ...................................... K 

Tout outlet air temperature (on top of plenum) K 
Tp collector plate temperature ...................... K 
Uw wind velocity ........................................ m⋅s-1 

vs suction velocity  ................................... m⋅s-1 
 

 
1. Introduction  
The heat transfer of the transpired plate occurs at the front-of-plate (the upstream-facing 
surface), the hole and the back-of-plate. The diameter, pitch and geometrical of the hole 
together with the porosity of the plate and suction velocity of airflow rate are the key factors 
for the heat transfer coefficient. However, there are limited studies on t ranspired plate heat 
transfer. Kutsher [1] has developed an empirical correlation of Nusselt number which is 
appropriate for thin transpired plates with porosity less than 2%, low suction flow rates and 
triangular hole arrays. To-date, this is the only study considering the porosity, hole diameter 
and crosswind conditions to reach the empirical correlation Nu. The correlation covers heat 
transfers from the front-of-plate, hole and back-of-plate but excludes the vertical airflow in 
the plenum. The author ignore heat transfer between the back surface and the vertical airflow 
because it is believed that the flow in plenum has little effect due to the injection effect on the 
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back-of-plate side and the air laminarization induced by acceleration.  The numerical results 
show that the heat transfer that occurs at the front surface dominates heat transfer in the hole 
and on the back surface at suction flow rates of 0.02 to 0.07 kg s-1m-2. The crosswind data for 
the narrow transverse spacing are correlated as Nu=2.75[(Pit/d)-

1.2Re0.43+0.011PRe(Uw/vs)0.48] with 0.001≤P≤0.05 and 100≤Re≤200 [1]. Augustus and Kumar 
[2] use the same Nu correlation in their mathematical modelling of transpired solar collector 
performance. The assumptions made are the same as Kutscher’s [1, 3] and Dymond’s [4] 
studies.  The plate is a mild steel absorber coated with black paint with input parameters as 
follows: 400≤I≤900Wm-2, 0.02≤vs≤0.03ms-1, 25≤ΔP≤80Pa, 0.050≤D≤0.150m, 
0.012≤Pit≤0.024m and 0.00080≤d≤0.00155m.  
 
Gunnewiek et.al have studied the airflow in plenum but only considering the vertical direction 
by using 2D CFD model. The transpiration of air through the plate is modelled as a process 
occurring through discrete holes. The collector height range is 3.0 ≤H≤6.0 m, and the plenum 
aspect ratio range is 10 ≤H/D ≤50. The results show that different settings of parameters yield 
different airflow profiles. The nature of the profile depends on whether the flow is dominated 
by buoyancy or by the forced-flow produced by the fan. When the flow is non-uniform, the 
code predicts that an important amount of heat transfer can take place from the back-of-plate 
to the vertical air in the plenum. The non-uniform flow is favoured in flows that are buoyancy 
dominated. Besides improving the efficiency, non-uniform flow is also keeping the fan power 
at a minimum, so there is a dual benefit [5]. Poor flow distribution occur in large building 
applications; this has been shown by infrared photographs [4]. Such poor distribution would 
cause penalties in performance due to greater radiation and convective heat losses at hotter, 
flow-starved surfaces. In order to study the uniformity of the airflow, Dymond and Kutsher 
[4] have developed a computer program to allow designers to predict flow uniformity and 
efficiency by applying pipe networks concept. The studied range of plenum depth, D is 
between 5 and 30cm. In terms of the energy balance the authors acknowledge additional heat 
transfer from the plate to the air in the plenum is possible, which has been indicated by 
Gunnewiek et. al [5] simulation results.  However this part of heat transfer is ignored due to 
the absence of heat transfer correlation between the back-of-plate and the vertical airflow. 
Hence, it is assumed that the air temperature leaving a junction is the same as the perfectly 
mixed temperature of the air entering the junction. The overall results show that the air inside 
the collector plenum experiences three plenum pressure drops, i.e. acceleration, friction, and 
buoyancy. The larger the air flow through the collector, the better the heat is transferred away 
from the collector, which results in a higher collector efficiency. 
 
Though there are quite a number of studies that ignored the heat transfer from the back of the 
plate, study [5] has proved that this part of heat transfer is possible and the authors [4, 6] also 
acknowledge this possibility if the collector is vertically tall. Thus, this paper is to discuss the 
heating performance of this system through experimental tests which involve the study of 
temperature rise along the vertical air flow in the plenum. 
 
2. Methodology 
A chamber is built inside a laboratory. Fig. 1 illustrates the schematic view of the 
experimental system. The wall of the façade that contacts with the ambient is a black painted 
aluminium transpired plate which adjuncts with three other solid walls, and so they form a 
plenum. As shown in Fig. 1. The sandtile wall is made of eight sandtile blocks with the 
dimension of 0.25m x 0.25m x 0.06m for a single block. The other two adjunction walls that 
attached to both aluminium plate and sandtile wall are rigid polyisocyanurate foam boards 
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with glassfibre of 0.07m of thickness and U-value of 0.023W m-2K-1. The opening of the air 
outlet is 0.23m x 1.0m. Two fans are installed at the air outlet. Nine K-type thermocouples are 
placed on each aluminium plate, the plenum and the sandtile wall as shown in Fig. 2. The 
locations of thermocouples between the wall and the plate (the plenum) are in line with the 
thermocouples on the sandtile wall except at the bottom they are in line with the first row of 
the holes from the bottom. The thermocouples are connected to a computer-controlled data 
logger. Temperatures data are started to be taken only after the test has begun for 2hours to 
reach a steady state. Air velocities are measured at the centreline of the plenum and at the 
outlet of the plenum.  
 

 

 

 

 

 

 

 

 

 

Fig. 1. Schematic view of experimental set up. 
 

 
 

 

 

 

 

 

 

 

 
Fig. 2. Thermocouples’ location on the plate and santile wall. 
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2.1. Test conditions and analytical parameters  
The test conditions and some of the interested parameter to be investigated in this study are as 
shown in Table 1. The parameters that vary from one cycle to another of the tests are among 
solar radiation intensity and suction velocity. Only one design of the transpired plate is 
involved in this study, which the circular holes are arranged in triangular geometry. Pressure 
drops across the collector for all the tests are ensured to be at least 10 times greater than the 
pressure drops in the plenum and so as positive values of pressure coefficient.  This step is to 
avoid outflow air from the plenum. The solar radiation that absorbed by the plate is assumed 
to be homogenous.  
 
Table 1. Parameters for the experiment tests. 

Parameter Value/ range 
Solar radiation intensity (I), Wm-2 300-800 

Suction velocity (vs), ms-1 0.03-0.05 
Plenum depth (D), m 0.25 

Pressure drop across the collector (ΔP), Pa 12-36 
Pitch (Pit), m 0.012 

Hole diameter (d), m 0.0012 
Height of the collector (H), m 2.0 
Width of the collector (L), m 1.0 

 
3. Results 
Effects of suction mass flow rate and solar radiation intensity have been studied and results 
are as discussed in the following sections.   
 
3.1. Effect of suction airflow rate 
Fig. 3 shows the temperature rise for different depths of the channel at different suction mass 
flow rates with a solar radiation intensity of 614Wm-2. The temperature rise of (Tout-Ta) is 
the overall temperature rise for the system, which is the temperature difference between the 
outlet air and the ambient air. The temperature rise of (Ti-Ta) is the temperature difference 
between the heated air after passing through the holes (normal flow) and the ambient air. 
Whereas the (Tout-Ti) is temperature change of the vertical flow from the bottom to the top of 
plenum. The values of these temperature rises decrease with the suction mass flow rate.  
Increasing the suction mass flow rate by about 0.02kgs-1m-2, Tout-Ta decreases nearly 3K, 
while (Ti-Ta) and (Tout-Ti) decrease about 1K and 3K respectively.  T he shares of 
temperature rises contributed from normal and vertical flows remain almost the same between 
0.04 to 0.06kgs-1m-2 (Fig. 3).  The degrees of temperature decrease for the normal and vertical 
flows are about the same.  Nonetheless, results shows that in term of percentage the vertical 
flow (Tout-Ti) contributes about 39-49% of the total air temperature rise (Tout-Ta). Thus the 
air temperature rise along the plenum should not be ignored.   
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Fig. 3. Values of total, normal and vertical temperature rise at different suction mass flow rates.  
 
3.2. Effect of solar radiation intensity 
Fig. 4 shows the temperatures of the ambient, the plate and the air in the plenum for plenum 
depth of 0.20, 0.25 and 0.30m respectively, at a constant suction mass flow rate. The values of 
the temperatures increase with the solar radiation intensity and are as shown in Figure 8. The 
overall rise in temperature (Tout-Ta) from 307 t o 820Wm-2 is about 6 t o 18K, which 
approximately increases 3K for every increase of 100Wm-2. Thus, the solar radiation 
intensity plays an important role in the thermal performance of the system. Fig. 5 shows the 
shares of temperature rises contributed by the normal (Ti-Ta) and vertical (Tout-Ti) flows at 
constant suction mass flow rate and solar radiation intensity. In terms of percentage, vertical 
flow contributes 34% of total temperature rise at 307Wm-2 and increases to 58% at 820Wm-2. 
Therefore, this indicates that the temperature rise in the plenum should not be ignored.  
 

 
Fig. 4. Temperatures of ambient, at the plate, bottom of plenum and the outlet at a constant suction 
mass flow rate and different solar radiation intensities. 
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Fig. 5. V alues of total, normal and vertical temperature rise at different solar radiation 
intensities. 
 
4. Discussion and Conclusions 
Experimental results show that the vertical flow contributes about 50% of the total air 
temperature rise. This is contrast with previous studies. As most of the transpired solar 
collector related studies adopt the same Nu heat transfer correlation [1] and lack of correlation 
between the plate and the air in the plenum, they accept the same assumption which is 
neglecting the heat transfer from the back of the plate to the air in the plenum. One of the 
possibilities for being disagreed with this assumption could be the height of the collector in 
Kutscher’s study [6]. The height for the collector was 0.5m which is quarter of the height of 
present study. In the study, the author acknowledges that heat transfer from the back of plate 
might occur for tall vertical collector. Moreover, this could be due to buoyancy-dominated 
pattern of the vertical flow and causes heat transfer takes place from the back of the plate [5]. 
Present results show that vertical flow heat transfer is significant for the total air temperature 
rise. The air temperature rise from the bottom to the top of plenum is between 2 to 10K 
depends on the operating parameters. However the pattern of the vertical flow is beyond this 
study. A more precise correlation for vertically tall solar collector need to be developed which 
include the heat transfer along the plenum whether experimentally or through CFD 
simulation.  
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Improving thermal performance of offices in JUST using fixed shading 
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Abstract: Large windows and highly glazed façades have been increasingly used in new buildings, allowing the 
access to daylight, solar gain and external view. Solar gain through non-shaded windows and glazed facades 
extremely increases the air temperature in summer especially in hot climates regions, like Jordan. Therefore, it 
affects thermal comfort, increase the cooling load and become a s ource of glare which harms the visual 
environment. Generally, shading devices are used to protect inner spaces from direct solar gain through 
openings, windows and glazed surfaces. The current research examined the effect of using shading devices on 
thermal environment and air temperature in offices facing south-west façade at Jordan University of Science and 
Technology (JUST).  I n such orientation windows required especial considerations to control solar gain in 
summer and winter. The research used real experiments to study effects of shading devices on thermal comfort. 
Three fixed shading devices; vertical fins and diagonal fins and egg crate, were installed in three identical 
offices. Thereafter, the air temperature was monitored and compared to non-shaded office. The results showed 
that the temperature in offices with shading devices compared to the office without shading devices was reduced 
to acceptable level. At the time of measurements diagonal fins perform better compared to other shading devices.  
 
Keywords: Shading devices, Thermal comfort, Cooling load. 

1. Introduction 
1.1. Shading devices 
Building around the world required a large amount of energy for cooling, heating and 
lighting. Well-building design requires integration of many factors, such as orientation 
shading devices and building form, to compromise energy consumption through a building. In 
additions windows, glazed façades and openings have an important role in building energy 
consumption whether for heating, cooling or lighting. Highly glazed façades and large 
windows have been increasingly used in new buildings, allowing the access to daylight, solar 
gain and external view. Therefore, their impact on cooling, heating and lighting demand in the 
building is significantly needed to be considered in building design. Proper shading design 
can contribute well to indoor illumination from daylight, improve thermal comfort, control 
solar heat gains and reduce glare at the same time as keep the view out.  
 
Datta [1] studied the effect of using shading devices on thermal performances of buildings in 
Italy. The study used TRNSYS computer simulation to study many variables related to 
horizontal shading devices in different cities in Italy. It found that well shading devices could 
help save energy and improve thermal performance of buildings.  Palmero-Marrero and 
Oliveira [2] studied the effect of using shading devices on thermal performance in many 
cities, around the world, with different latitude and climatic conditions using TRNSYS. The 
study showed that shading devices have a great impact on saving energy and improving 
thermal performance in offices in different climatic conditions. Bessoudo and other [3] and 
Tzempelikos and other [4, 5] studied how shadings devices effect the thermal comfort in 
offices with glazed façades in cold climate in Montreal-Canada. They studied interior glazing 
and shading devices temperature, operative temperature and radiant temperature under 
different variables such as: Venetian blind, roller shade, and blind rotated angles. The study 
showed that shading devices could improve the thermal condition in cold and sunny 
conditions. They also developed a transient building thermal model. However, many 
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researchers have studied the effect of using of shading devices on t hermal comfort, energy 
consumptions and daylight performance of buildings [6-13].   
 
The literature review has shown the need for studying the effect of shading devices on real 
building in regions with hot summer and cold winter like Jordan. The current research will 
investigate the effect of using of shading devices in south-west façade of offices in Jordan 
University of Science and Technology (JUST) on thermal conditions and air temperature.  
 
1.2. Case Study 
Jordan is classified as subtropical area, which is characterized by hot and dry summer and 
cold winter. Clear sky conditions dominate around the year with medium to overcast sky and 
moderate rainfall in winter. The average direct sun component is generally about eight hours a 
day. The major characteristic of Jordan’s climate is the contrast between a r elatively rainy 
season from November to April and dry weather for the rest of the year. The country has a 
long summer with a peak in August while January is the coolest month.  
 
Jordan University of Science and Technology (JUST) is in Irbid (latitude 31.9˚ North, 
longitude 35.9˚ East) around 80 km to the north of Amman. The campus was designed by the 
Japanese architect Kenzo Tange. Buildings were constructed using prefab concrete panels and 
blocks. Office are on second floors, while ground and first floors used for lectures halls and 
labs respectively. The plan of the office levels, like wing A3 level 3, is double loaded corridor 
with offices at each side.  T he number of offices in south-west facade is 11 offices; each 
office is 3.5m width, 4.25m deep and 2.75m high as seen in figure (1). The façade height 
comprised three sections; 0.80m sills, 1m windows and 0.5m upper windows figure (2).  
 

A3L3/01

A3/L3

A3L3/02 A3L3/03 A3L3/04 A3L3/05 A3L3/06 A3L3/07 A3L3/08 A3L3/09

A3L3/11A3L3/12A3L3/14A3L3/15A3L3/17A3L3/18A3L3/19A3L3/20

A3L3/00

 

Figure 1 plan of offices level 3 wing A3 at JUST 
 
Buildings oriented toward south-west with large windows area such office spaces in wing A3 
at JUST suffer from uncontrolled solar gain throughout the year. In such orientation windows 
required especial considerations to control solar gain in summer and winter. The offices in 
wing A3-L3 at JUST expose to direct sunrays from noontime to sunset. The total hours of 
exposing is more than seven hours in summer raising the air temperature to intolerable level. 
Sunny area starts increasing gradually inside the offices from noontime to cover most of the 
office area thereafter as seen in figure (3).  
 
1.3. Current situation 
Author noticed that offices oriented to south-west such as offices in wing A3 experiencing 
high indoor temperature during sunny days at the same time lack of sufficient daylight due to 
occupants reactions.   
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Figure 2 office façade (left), single office’ windows details ( right) 
 
Occupants’ reactions to discomfort almost have negative impact from energy view. Users 
spontaneously used curtains to overcome the problems shaped by large glazing area, 
especially the increasing sunny area, to block the direct sunrays and to avoid glare figure (3). 
So, the daylight level inside the offices decreased that needed auxiliary artificial light to keep 
the light level up to the needed task level. Curtains are 40cm from the window because of 
architectural design details. Therefore, they could block the direct sunrays, but the heat gain 
inside the offices will remain with same rate. It will heat up the space between the curtains 
and the windows which automatically raise the temperature inside the whole office by direct 
gain, re-radiation and convection currents.  F igure out a solution that overcoming such 
problems needs blocking the direct sunrays from outside before reaching the windows by 
shading device.  
 

  
Figure 3 sunny area in the office without shading devices (left) the office with vertical fins (right) 
                  
2. Experiment set up 
Three fixed temporary shading devices; egg-crate, vertical fins and diagonal fins, were 
installed in three offices. Thereafter, experimental measurements were conducted in three 
offices with different common shading devices, in addition to a base case office, an office 
without shading devices being installed. The offices are identical in all parameters like; area, 
geometry, orientation, windows design, glazing area and transmittance ratios, function, 
opening and surfaces material. The exposed façade of the tested offices is oriented to 12 south 
of the west.  
Experimental measurements were taken in offices spaces on fully sunny days. Accordingly, 
measurements from tested offices fitted with the selected shading devices were compared to 
the measurement of the base case. 
 
The dimensions and materials of these temporary devices were preliminary designed to keep 
the original building without major change to ease installing the devices in order to set the 
requirements of the permanent design. This is a part of long-term program aims at improving 
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environmental and climatic conditions of JUST buildings to improve thermal conditions, 
visual environment and reduce energy consumptions. The next step of the research will be to 
study natural lighting environment and thermal comfort to compromise between thermal 
comfort, visual environment and energy saving.  And so, the current research will be an initial 
stage for the long-term program to design the permanent shades to compromise between 
building changes and energy saving. Indoor air temperatures were measured using pre-
calibrated thermometer. Data were collected every five minutes using EXTECH thermometer.  
 
Vertical slats of 10cm width were arranged with a small gap of 5cm between the slats to admit 
some light, provide a view and allow for ventilation. They were not adjustable or designed to 
be angled.  Diagonal fins consist of vertical fins of 30cm width rotated at 45˚ with a gap of 
17cm between the slats. Egg crate consists of verticals slats and horizontal louvers of 10cm 
width. Vertical slats were arranged with a gap of 15cm between the slats and horizontal parts 
with 7.5cm between the louvers. It could admit light, provide a view to outside and allow for 
ventilation.  
 
3. Results 
Figure 4 (left) shows the results of air temperature in office with vertical fins compared to the 
base case. Clearly, using vertical fins help reduce the inner temperature compared to non 
shaded office. It helped reduce air temperature up 17% in the afternoon with an average of 
9%. In the morning the air temperature almost closed in both offices, while the difference start 
to increase gradually as the sunrays start reaching the windows as seen in figure (3). 
Generally verticals fins reduce the air temperature in the period from 1pm to 4pm by an 
average of 4C˚ with maximum reduction by 7C˚. On the other hand, diagonal fins as seen in 
figure 4 (right) reduced the air temperature by up to 21% compare to the base case with an 
average of 13%. The difference in the morning is neglected while it s tarts to increase 
dramatically from 12pm to 4pm. The maximum decrease occurred after 3pm by 8.5C˚. Figure 
5 (left) shows how the egg–crate shading improves the thermal performance of the office. It 
reduced the air temperature by an average of 12% in the period from 12pm to 4pm compare to 
the base case. Between 3pm and 4pm it reduced the air temperature by 8C˚.  
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Figure 4 air temperature in office with vertical fins compared to the base case (left) air temperature in 
office with diagonal fins compared to base case. 
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Figure 5 air temperature in office with  egg-crate  compared to base case and outdoor temperature 
(left) shows the percentage of reduction in air temperature as a result of using shading  (right) 
 
Figure 5 (right) shows the percentage of reduction in air temperature as a result of using 
shading compared to the base case office. It clearly can be inferred the diagonal fins 
performed better than verticals and egg-crate in the period from 1pm to 3pm during the period 
of measurement in September and October.  
 
Graphically analysis of applying shading and shade angles on s undial diagrams show how 
each type of shading devices perform around the year. Table 1 shows how the shading devices 
will perform all the time according to solar angles, altitude and azimuth, during the time of 
the experiments. Diagonal fins will block all sun rays while vertical fins will block the 
sunrays in the period 12pm-1pm and 2pm to 4pm and allow the sunrays to enter the offices 
from 1pm to 2pm. Egg-crate shading will allow sunrays to enter the offices between 1:30pm 
to 3pm and block before and after that. 
 
Studying the performance of shading devices around the year shows that verticals fins 
partially shade inner spaces in the period from October to February and allow sun to reach 
inner spaces after 2pm. In contrast, it allows the sunrays to reach the inner spaces in the hot 
period of the year, March to September, and in the hot time of the day from 1:30pm to 3:30 
pm. Diagonal fins fully shade inner spaces in the period October to March and partially in the 
period April to September.  It will block the sunrays only before 1 pm in the period from May 
to July when the shading are crucially needed.  Egg-crate will perform well in hot period and 
allow for sun rays to enter inner spaces in such orientation in cold period. The analysis of the 
results show, that well shading design could help improve the thermal performance of the 
offices oriented to south-west.  
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Table 1 Installed shading devices and shading angles with sundial diagrams   
 Installed shading devices Shade angles Sundial  Diagrams 
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4. Discussion and Conclusions 
This paper summarizes the experimental results of thermal environment and air temperature 
in highly glazed offices with shading devices. In general, results indicate a major influence of 
shading on s olar gains and thermal performance of offices. All shading devices helped 
improve the thermal environment in the offices in time of the experiments in September and 
October. It is clear that until 1pm all shading devices reduced the air temperature 
approximately with same rate. On the contrary, after 1pm the diagonal shading devices 
performed better as it helped block all the sunrays all the time.  On the other side, vertical fins 
and egg-crate shading devices allowed some part of sun shine to enter the offices in the period 
1pm-3pm. 
 
Designing of shading devices requires taking into consideration around the year 
measurements in both hot and cold periods. Therefore, egg-crate shading devices could 
perform well around the year if the horizontal part extends to the outside by the half of the 

 South 

 South 

  South   
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current width. It will block the sunrays in hot period and allow it to enter in cold period. 
Diagonal fins will completely block the sun rays in the clod period when the sun is crucially 
required it cloud perform well in intermediate period such as in September. Moreover, 
diagonal fins block the view to outside while egg-crate will allow for kind of connections to 
outside. Modified egg-crate could go well with current situation, fewer modifications, as 
vertical slats of small width can be easily installed on the window sills and horizontal part can 
be fixed on vertical slats. Further studies are required to study the effect of shading devices on 
daylight, visual environment and view out.  
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Abstract: The performances of light shelf systems are evaluated in the context of various interior configurations 
typical of multistory office buildings by using CBDM (climate-based daylight modeling). A physical scale 
model of one of the light shelf systems is tested in the first phase under real sky conditions in Raleigh, North 
Carolina, USA. The data collected from the experiments are used to validate the simulations by a computer-
based dynamic daylighting research tool - DAYSIM which is based on the concept of CBDM (Radiance + Perez 
Sky Luminance Model + Daylight Coefficient). In the second phase, additional simulations utilizing the 
validated tool are conducted to study the effects of system geometries and interior space characteristics.  
Specifically, the following parameters are identified and assessed: light shelf length, ceiling height, and interior 
configurations typical of North American office building settings. The findings have displayed the impact of 
various system parameters and interior design approaches on daylighting performances. The limitations of the 
study include possible errors in both computational simulations and the physical testing, and errors caused by the 
process of generating the sky models from solar radiation data for DAYSIM.  
 
Keywords: Lightshelf, Ceiling Height, Interior Configuration, CBDM, Simulation 

1. Introduction 
Although electric lighting has now assumed the role of being the primary means of 
illumination for many buildings, people generally express a strong preference for natural light 
in their work environment. There also has been an interest in daylighting as a means of 
reducing nonrenewable energy use. In multistory office building, one of the strategies for 
achieving the comfortable interior environment is to redirect daylight from primary surfaces, 
such as a light shelf, to secondary room surfaces (ceiling and walls), which in turn will 
illuminate horizontal work surfaces. A light shelf is a small area of horizontal reflecting 
surface mounted just below the daylight glazing in the façade. Typically, the designer of the 
building will have a high degree of control over the placement and optical properties of that 
reflective surface, which makes it a much better candidate light reflecting source than the 
ground plane. Furthermore, this reflecting surface can be placed above eyelevel for the 
building occupants, thereby avoiding the potentially severe glare effects of intense upward 
light in the eyes of occupants near the window. There are two functions to a light shelf 
system: To reflect light deeper into the building, thereby providing more light in the interior, 
and to block excessive light from entering spaces close to the perimeter wall. 
 
There have been a limited number of studies on light shelves. The early studies focused on 
flat simple light shelves. Simple light shelf is referred to the system with interior shelf length 
of about 4-6 feet. In a study presented by Selkowitz, et al. [1], it was concluded that “in 
general, simple light shelf designs provide improvements in light penetration.”  This study did 
not assess the effects of changing the length of the shelf. Burt Hill Kosar Tittelmann 
Associates also presented a study on simple light shelves, showing that light shelves do 
improve the quality and quantity of light in perimeter zones. In this study, a fixed length 
exterior light shelf was investigated [2]. Advanced light shelf systems were also developed 
and tested. Some of these studies focused on ceiling configuration. Fardeheb found that 
exterior shelves in conjunction with a sloped ceiling were most effective among nine different 
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light shelf designs that they studied [3]. Another category of advanced light shelf research 
dealt with the shape and movement of the shelf. Place and Howard developed and assessed 
two advanced daylighting systems, one involving a static curved-mirror and the other 
involving a tracking flat-mirror system [4]. Based on the behaviors of the two systems in 
different seasons under different sun angles, design guidelines were developed.  An external 
curved light deflector was designed and tested by Close as one of the three features of the 
daylighting system designed for a high-rise building in Hong Kong [5].  The performance of 
the system was simulated by computer and then verified against physical scale models. 
Finally, some researchers were interested in the effects of varying the reflectance of light shelf 
surfaces. Claros and Soler investigated the performances of two light shelves with different 
types of reflecting materials [6].  
 
This list of studies generally delineates a picture of what has been covered by the efforts of 
previous researchers. It also introduces the three topics to be explored in this study:  

• Length of light shelves - Throughout the literature there has been little effort to 
systematically assess the impact of light shelf geometries, especially, of longer light 
shelves (more than 6 feet). 

• Ceiling height - Ceiling height is a crucial factor in daylighting design. This is also the 
area where “battles” tend to occur between daylighting designers and other members 
of the design team, such as the structural and mechanical engineers.  It is thus 
important to quantify the importance of ceiling height for delivering light into a space.  

• Interior configuration - Very few researchers have considered the impacts of interior 
partition designs (layout & material) on lighting environment. Almost all the 
experiments were performed in an open space. Modern office buildings take on a 
variety of interior layouts, which can drastically affect lighting performances.  

 
2. Methodology 
The traditional daylighting research approach – the Daylight Factor method, only addresses 
overcast conditions and leaves out important design factors, such as building orientation. 
Understanding daylight from a climate-based point of view would therefore be more practical 
to assess daylighting systems in areas with a highly luminous climate, in which case various 
types of sky conditions (e.g. clear sky or intermediate sky) are all taken into considerations. 
However, climate-based experimental testing can be time consuming, since monitoring design 
options in a full year is normally not feasible for most design projects. As an alternative, a 
dynamic Radiance-based simulation tool - DAYSIM can be adopted for carrying out Climate-
Based Daylight Modeling (CBDM) using meteorological dataset [7, 8, & 9]. By the 
comparisons with experimental measurements, DAYSIM has been proven to be accurate for 
performing annual daylight predictions for regular daylit spaces [8]. However, it would be 
prudent to validate the tool before it is used for assessing any advanced daylighting systems, 
such as light shelves in conjunction with various interior design approaches in this study.   
 
2.1. Validation of DAYSIM simulations by experimental measurements 
A physical scale model (scale: 1:6) is established to represent a 30’ x 40’ (9.14M x 12.19M) 
portion of a typical office floor (Figure 1). A daylighting system incorporating a 6-ft (1.83 M) 
lightshelf and a 3-ft (0.92 M) overhang is integrated on the south elevation (Figure 2). The 
ceiling height is 11’ (3.35M) and the top of view glazing is at 7’-2” (2.18M) above the finish 
floor. The surface reflectances are: ceiling and walls: 90%; floor: 20%; lightshelf top and 
bottom surfaces: 90%; overhang top and bottom surfaces: 15%; exterior ground reflectance is 
assumed at 20%; glazing transmittance: 70%. The interior space is divided into five equal 
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daylit zones. Annual daylight levels in each zone are predicted by both physical experiments 
and DAYSIM. 
 

      
 
 
 

2.1.1. Physical experiments 
To simplify the experimental procedures, the model is only tested under a diffuse sky – a blue 
sky in this case (clear sky without the sun component), because a diffuse sky is a much more 
reliable light source than the sun. Sunlight is highly variable depending on seasons, solar 
angles and weather conditions. A Licor photocell sensor (Model 210L) is installed at the 
center of each daylit zone (Sensor Ez1 through Ez5). An exterior sensor (Ev) is mounted on a 
vertical plane facing the same direction as does the window.  To simulate a blue sky condition 
on a clear day, the system designed for facing south is rotated so that it faces only diffuse sky 
(Figure 3). This approach allows for the system to be tested only under diffuse blue sky by 
eliminating the sun component. A Coefficient of Utilization can then be developed for each 
zone to establish the relationship between the sky and interior illuminances. Using Zone 1 as 
an example, the CU is calculated by the following formulas: CU1 = Ez1 / Ev.  Note that a CU 
relates the interior illuminance to exterior vertical illuminance while a Daylight Factor relates 
the interior illuminance to exterior horizontal illuminance. Exterior horizontal illuminance 
only depends on solar altitude, which makes the factor of building orientation out of the 
question, whereas exterior vertical illuminance depends on both solar altitude and azimuth. 
Therefore, vertical illuminance is a better indicator of lighting conditions outside especially 
for assessing sidelighting systems. In addition, the exterior vertical illuminance (Ev), which is 
taken at the window surface, provides a direct measurement of how much light actually enters 
the room.  
 

 
 
Fig. 3. Model being tested under blue sky. (The lightshelf system is designed for south-facing. 
However, it is rotated in the experiment to face away from the sun, towards diffuse sky light only) 

Fig. 1. Physical scale model being 
tested on a heliodon. 

Fig. 2. The daylighting system with a 
light shelf and an overhang 
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Hourly daylight levels in Lux in all zones can be developed in a full year by multiplying the 
CUs by the annual exterior illuminance data (Ev), which were made available by the 
Daylighting Research Lab at NC State University. The data set, including hourly Ev values in 
a full year, was collected in a two-year period (1991 & 1992) in Raleigh, North Carolina [10]. 
Table 1 shows this process for the 1st day (From 7:00am to 5:00pm) of the year. 
 
Table 1: Using CUs to predict hourly illuminances (Lux) for the 1st day of the year by multiplying CUs 
by the south-facing vertical sky illuminances (Ev in Lux) from the annual sky illuminance data set. 

    CU 0.0938 0.06647 0.05194 0.04342 0.04227 
Day Time Ev Ez1 Ez2 Ez3 Ez4 Ez5 

1 700 66 6 4 3 3 3 
1 800 3,074 288 204 160 134 130 
1 900 7,804 732 519 405 339 330 
1 1000 13,424 1,259 892 697 583 567 
1 1100 12,617 1,183 839 655 548 533 
1 1200 28,730 2,695 1,910 1,492 1,248 1,214 
1 1300 29,434 2,761 1,956 1,529 1,278 1,244 
1 1400 64,603 6,060 4,294 3,355 2,805 2,731 
1 1500 52,715 4,945 3,504 2,738 2,289 2,228 
1 1600 11,934 1,119 793 620 518 504 
1 1700 528 50 35 27 23 22 

 
2.1.2. DAYSIM simulations 
A virtual model of the building is built in a CAD tool, which coincided with the physical 
model. Similarly, five study points are placed along the center line of the daylit zones. The 
weather file of the site (Raleigh-Durham International Airport) is used as the climate data for 
the simulation. With a proper ambient parameter setting, the annual illuminance values are 
calculated by DAYSIM 3.0 and can be presented in the same format as in Table 1. 
 
2.1.3. Comparison 
Daylight Autonomy, the numbers of hours in which interior illuminances are above minimum 
light level for performing the designed tasks (500 Lux in this case), is used as the indicator to 
assess the two methods (Figure 4).   
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Fig. 4. The numbers of hours in which interior illuminances are above 500Lux predicted by DAYSIM 
and the experimental methods 

1870



To estimate how close the results are between DAYSIM and the experimental methods, the 
differences in percentage between the two methods are shown in Table 2.  DAYSIM 
generates reasonably close predictions comparing with the experiments.  The differences are 
below 9% in all five zones. For internal zones (Ez3 through Ez5) where daylight levels are 
lower, the results are even closer (5% and below).  

 
Table 2: Daylight Autonomy values in each daylit zone and percentage of differences when comparing 
results from the experimental method with those from DAYSIM. 

  Ez1 Ez2 Ez3 Ez4 Ez5 
DAYSIM 3,615 3,405 3,044 2,747 2,609 
Experiment 3,348 3,101 2,885 2,699 2,678 
Difference -7.39% -8.93% -5.22% -1.75% 2.64% 

  
2.2. Assessments of daylighting systems and interior configurations 
The validation study reported in section 2.1 demonstrates the effectiveness of the computer-
based simulation tool – DAYSIM for predicting climate-based performances of the light shelf 
system. The tool is then used for the following assessments of the parameters in various 
daylighting systems and interior configurations.  
 
2.2.1. Length of light shelves  
The light shelf lengths of 2’, 4’, 6’, 8’ 10’, and 12’ are simulated in DAYSIM respectively 
based on the model in Figure 3. Ceiling height, light shelf mounting height, overhang length, 
and all interior surface reflectances are kept constant. The interior space is open layout. 
 
2.2.2. Ceiling height 
Again, based on the model in Figure 3, ceiling heights of 9’, 10’, 11’, and 12’ are assessed 
assuming other systems parameters remain constant (Light shelf length is 6’ long in this case). 
 
2.2.3. Interior configuration 
Four interior configurations typical of multistory office buildings are identified and compared 
by using the same method as in the above comparison studies (Figure 5). The same five daylit 
zones are incorporated in these plans, where there are always two measuring points in the 
private offices and three in the open area. These configurations are: 
 
Configuration 0: Open office plan where there are no private offices. A section of this 

design is illustrated in Figure 3. 
Configuration 1A:  Private offices are located at the perimeter of the floor plate. The 

partition parallel to the window wall consists of a lower portion (7’ 
high) and an upper portion. The lower portion is an opaque wall; the 
upper portion is clear glazing (transmittance: 90%). The partitions 
perpendicular to the window wall are opaque (Figure 5).  

Configuration 1B:  Same as 1A except that the lower portion of the partition parallel to the 
window wall is constructed with translucent glazing (transmittance: 
50%) (Figure 5). 

Configuration 2:  Private offices are located at the core area of the floor plate. The lower 
portion of the partition parallel to the window wall is made of 
translucent glazing (transmittance: 50%); the upper portion is clear 
glazing (transmittance: 90%). The partitions perpendicular to the 
window wall are opaque (Figure 5). 
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Fig. 5. Interior configuration 1A, 1B and 2.  
 
3. Results & Discussions 
Hourly illuminance data in each zone are generated for the above comparison studies.  
Daylight Autonomy data are then developed based on these values as performance indicators. 
  
3.1. Length of light shelves 
The performances of light shelves with various lengths (2’ through 12’ with 2’ increment) are 
illustrated in Figure 6. For internal zones (Ez3 through Ez5), the 4-ft light shelf performs 
slightly better than the 6-ft version. However, the longer light shelf outperforms the shorter 
one for the purpose of blocking the direct sunbeam penetration through the daylight glazing 
(Figure 7). In general the 6-ft light shelf appears to be the optimal solution among all the 
lengths tested and will be used for later phases of the study.   
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3.2. Ceiling height 
The impact of ceiling height on light quantity is fairly significant as illustrated in Figure 8.  In 
conjunction with the light shelves, higher ceilings are obviously desirable for the purpose of 
delivering daylight deeper in the space.  
 

0

500

1000

1500

2000

2500

3000

3500

4000

Zone 1 Zone 2 Zone 3 Zone 4 Zone 5

9ft_Ceiling

10ft_Ceiling

11ft_Ceiling

12ft_Ceiling

         
0

500

1000

1500

2000

2500

3000

3500

4000

Zone 1 Zone 2 Zone 3 Zone 4 Zone 5

0_Open Office

1A_Perimeter 
Offices Opaque 
Lower Partition

1B_Perimeter 
Offices 
Translucent Lower 
Partition
2_Core Offices 
Translucent Lower 
Partition

 
 
 
 
 
3.3. Interior configuration 
As shown in Figure 9, among the four interior configurations proposed in section 2.2.3, open 
office layout (Configuration 0) certainly gives the best performances in that it maintains 
higher light levels across the space and produces a fairly uniform distribution without any 
abrupt change of light levels. Introducing private enclosed offices at the perimeter of the floor 
plate (Configuration 1A) dramatically lowers the daylight quantity in the inner open office. 
Switching the material from opaque to translucent for the lower portion of the partition that 
divides the perimeter offices and the open office improves the condition to some extent 
(Configuration 1B). However, if private offices have to be provided, relocating them to the 
core of the space and leaving the open office at the perimeter greatly (Configuration 2) 
improve the overall lighting conditions, especially at the open area which is occupied by more 
users. In addition, comparing the results between Configuration 0 and 1A, by adding 
partitions perpendicular to the window wall to define the private offices in 1A, the light levels 
in the perimeter zones (Zone 1 and 2) are lowered as well as in the inner open office. 
 
4. Conclusions 
Although light shelves generally help project daylight deeper in the space under certain solar 
angles, it is a misunderstanding that the longer a light shelf is, the better it performs. It is the 
proportion of the daylighting glazing height and light shelf length that determines the 
performance of the system. Therefore, the length needs to be optimized based on other 
geometries of the system, such as ceiling height and daylight glazing height, and the system 
needs to be evaluated in terms of both light quantity and quality. For the particular daylight 
system assessed in this study, the 6-ft light shelf is proven to be the optimal solution.  

Fig.8. The numbers of hours in which 
interior illuminances are above 500Lux for 
interior space with different ceiling heights 

Fig.9. The numbers of hours in which 
interior illuminances are above 500Lux for 
different interior configurations 
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The benefits of raising the ceiling are significant.  Even though there are many factors 
motivating towards lowering the ceiling, including construction cost, fire rating, 
accommodating structure, duct work, etc., a carefully designed and highly integrated building 
system needs to be in place to assure adequate ceiling height for daylighting.   
 
Adding partitions that are either parallel or perpendicular to the south-facing window wall to 
divide open space into small offices creates a fairly big drop in the illuminance deeper inside 
the space. If private offices have to be incorporated in the floor plate due to programmatic 
requirements, it is recommended that the small offers be located at the core of the building.  
Comparing with opaque partitions, translucent partitions give superior illuminance levels deep 
inside the building and they also produce superior light quality in the form of less extreme 
luminance ratios in both interior and perimeter spaces. It is highly desirable to use clear 
glazing above the level required for visual privacy (e.g., from the top of the door up to the 
ceiling).  It is also desirable to minimize the number and width of mullion elements, to allow 
as much light as possible through the partition. 
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Abstract: The objective of this paper is to present the computer simulation results that we have obtained with a 
new window design. This prototype is equipped with the elements necessary to capture and distribute natural 
daylight in an optimum way. The whole window system is able to be adapted to the weather conditions of most 
of the Iberian Peninsula. Its design contains elements to let the sunlight into the room, and elements to control it. 
The initial results of the daylight experimental analysis we have carried out so far, demonstrate the system´s 
overall efficiency, however, we continue to research about the light shelf´s optimal configuration in order to 
obtain the maximum and most flexible performance. There is demonstrated in this work that the Modular 
window with a top hollow of 40 cm, instead of 30 cm of the original one, improves the luminous conditions of 
the room. Once the preliminary analysis phase is concluded, the window will be installed in one of the two 
testing houses being constructed at Cáceres (Spain), so that real-scale conclusions can be obtained, and 
recommendations be set, aimed to improve the quality of the construction process, while maintaining the high 
standards of sustainability we pursue.   

Keywords: Windows, Daylighting, Solar Protection, Sustainability, Industrialization. 

 
1.  Introduction  
This paper summarizes the design process, and the final results, for the development of a 
Modular window, capable of effectively responding to the climatic conditions of the Iberian 
Peninsula. It is part of the INVISO research project (Industrialization of Sustainable Housing) 
under development at the ETSAM (Escuela Técnica Superior de Arquitectura de Madrid). It 
is being carried out by the Researching Group ABIO (Bioclimatic Architecture in a 
Sustainable Environment).  
 
The design process started off with the definition of the objectives that the Modular window 
must achieve, which at the same time, determined it´s basic constitutive elements: a solar 
shading box, a light shelf for daylight projection into the inner parts of the room, direct light 
and solar radiation control elements, as well as phase change materials (PCM) for thermal lag 
profiting. With this basic component list, two 1:10 scale models were built and exposed to 
real external environmental conditions. Continuous light level measurements [1] were taken 
with these models, which, along with thermal balance calculations [2] and the simulations 
presented here, allowed us to correct of the original design until the current Optimized 
version. This Optimized Modular window consists of three vertically aligned apertures: the 
top one with a 0.40 m height and light shelf; the central one, with a 1.38 m height and low 
emissivity glazing; and the lower one with an 0.82 m height and an externally glazed Trombe 
wall with paraffin as PCM.  
 
Partial prefabrication is intended to make the installation easier, and allow some flexibility in 
the aspect of the final result.  
 
2. Design objectives 
 

In order to reduce environmental impact associated with buildings envelope, external 
windows in medium latitude countries, as in the case of Spain, must keep a balance between 
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daylight entry and it´s implicated heat transfer [3,4]. The window must be industrializable, so 
its main elements will be pre-assembled in the factory and later brought to the building site. 
Materials employed will be light, safe, economic and, as far as possible, not aggressive with 
the environment.  
 
The future objective of the present work is not only the prototype design, but it´s construction 
and installation in a housing building which will be used as a laboratory. Monitored data from 
the different thermal and daylighting parameters will be compared to those obtained in an 
identical building with conventional windows, so that real conditions results and conclusions 
can be obtained from them. In Cáceres (39º 28’ N and 405 m.a.s.l) far from big water masses 
which would mild the value oscillations, temperature fluctuations per day and per year are 
very important. In a summer day up to a 15 ºC difference can be measured. Taking into 
account the annual behavior, external temperature differences can reach 25 ºC between a 
summer and a winter day. These marked fluctuations require different strategies of 
environmental conditioning. In summary, it can be said that in Cáceres, like in Madrid, cities 
of soft and large winters, there´s a need for a mechanical heating system during 73 % of the 
annual period, furthermore, the short and strong summers require cooling during the 27 % 
left. The dimensioning stage of the design process, has considered current regulations on 
daylight and ventilation minimal areas: the Modular Window has an area that accounts for the 
22.30 % of the test room´s total floor area, which, by far, surpasses the value stated in the 
current regulation. 
 
3.  Components 
 

The components that make this window an innovative product, Fig. 1, can be grouped in three 
zones: Upper zone or clerestory. It is 0.30 m high, its main function is to light the interior of 
the room by reflecting daylight on the shelf [5]. The light shelf is 0.9 m deep and it is covered 
on its upper side by a 90% reflectance mirror. The light shelf is partly inside the module (1/3 
of its depth). The Central zone, or window view. It is 1.48 m high. Its main function is to 
allow observation and contact with the outside environment. It is also able to open and allow 
ventilation. And finally, the Bottom zone, 0.82 m high, and designed to integrate phase change 
materials in order to maximize thermal benefits. Besides, the Central zone and the Lower 
zone are surrounded by a frame which overhangs 0.6 m in order to reduce the direct sun 
radiation and also the diffuse sun radiation. 
 
4. Experimental analysis of the Modular Window´s daylighting performance 
 

In the previously undertaken experimental study, two 1:10 scale models were used. These 
were situated on an obstacle-free (no overshadowing) terrace in Madrid. One of the models 
was equipped with a simplified Modular window, consisting of its three basic parts: top light 
shelf, central shaded opening, and lower completely opaque box. The second model was 
equipped with a conventional window, without the light shelf, nor any shading device. This 
was used as the reference model. Continuous measurements were taken, for global horizontal 
illuminance using five photometric sensors Li-Cor 210SA, two scenarios were tested: the first 
one, allowing light only through the top opening (clerestory only), and the second one, 
allowing illumination through both the top, and central openings (clerestory and view). Los 
the results are summarized in the following statements: 

• With the top section opened (clerestory), and the rest of the window shut (opaque), the 
sensor located furthermost from the window, registered higher illuminance values for 
the Modular window, during 75% of the time. Reaching a maximum difference value 
of 1.87 times in a Modular – Conventional comparison. Therefore, the light shelf on 
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the Modular window significantly contributed to a better illumination of the inner 
room area farther from the window. 
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Fig. 1.  The components of the original Modular Window 
 

• When the two upper sections of the window (clerestory and view) were open on 
both models, the inner sensor (furthermost from window), registered higher 
illuminance levels for the Modular window during 21% of the time. The difference 
with the result mentioned on the previous statement is due to the effect of the solar 
shading box on the Modular window.  

• The Modular Window improved the lighting conditions in the area closest to the 
window because the solar shading reduced the high illuminance values of that 
particular zone (especially during summer´s high solar angle period). 

• The differences in illuminance levels obtained with the sensors located near and 
far from the window, were smaller in the Modular window equipped model. This 
demonstrates a more uniform daylight distribution in the room´s interior, and thus 
a significant glare reduction. 

 
5.  Clerestory modifications for the optimization of the Modular window  
 

The study described so far, corresponds to the basic design of the Modular window, which 
had a 30 cm high top opening (clerestory). In order to improve the previously obtained results, 
we have carried out a brief comparative analysis with a variable clerestory dimension, ranging 
from 30, 35, 40, and 45 cm, Fig. 2. This range is derived from the limits established as 
acceptable: for starters a vertical dimension less than 30 cm is not constructively or 
functionally possible; on the other hand, the light shelf´s vertical position must correspond to 
a certain height that does not cast any direct reflexion at the occupant’s eye level. 
Accordingly, with a 45 cm clerestory, the light shelf sits at a top height of 215 cm from the 
floor, which is enough to avoid any light reflexion related disturbances. This analysis has 
been developed with the use of the simulation tools Autodesk Ecotect, and LBNL Radiance[6]. 
In the first place, the annual periods with different thermal requirements have been defined, 
and consequently, their relationship with the window design. Based on the climatic records 
from the Spanish Weather for Energy Calculations (SWEC) [7] for the city of Madrid (very 
similar conditions to the ones found at Cáceres) and with the use of the Adaptive Comfort 
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Chart, developed by J. Neila, and his research group at ETSAM [8], we have defined a basic 
human comfort temperature range that goes from 18 ºC up to 26 ºC. 
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Fig. 2. Detail sections of the four dimensioning options analyzed for the clerestory(dimensions in m). 
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Fig. 3. Average temperature trend and human comfort range for the city of Madrid. 
 
From here, the annual period with average temperature values under 18 ºC, has been 
established as “Heating Requiring Period”, and inversely, the period with average temperature 
values over 26 ºC, has been defined as ”Cooling Requiring Period”. Fig. 3 shows the average 
temperature trend throughout the year, along with the previously mentioned comfort range. 
Fig. 4 shows the monthly heating/cooling requirements as well as the solar radiation available 
so as to clearly observe each period and its thermal requirements. With the start-end dates 
established for each period, the clerestory´s dimension was analyzed so that it would allow the 
maximum collect of direct solar radiation during the underheated period, but at the same time, 
it would offer the maximum protection from possible heat gains during the overheated period. 
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Fig. 4. Thermal requirement curves (heating: red ; cooling: blue) and solar availability (yellow) for 
the city of Madrid. 
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5.1.  Shading coefficient analysis 
 

In order to optimize the clerestory dimensions and ensure the light shelf´s máximum 
efficiency, the following premise has been set: a very small opening, offers a good protection 
(shading) during the overheated period, but limits the thermal contribution of solar direct 
radiation during the underheated period; in an opposite way, a very big opening maximizes 
thermal benefits during this cold period, but also contributes to interior space overheating 
during the warm period. To be able to objectively compare this factor, we have analyzed the 
Shading Coefficient value, which has been defined by the australian research group 
SquareOne[9] as: “…an hourly averaged value that represents the shaded area of a vertical 
opening in relationship to the opening´s total area ". The values of each dimensioning option 
have been studied considering a minimum inset of 18 cm (typical value of an unshaded 
window built with a conventional system). Fig.5 shows the respective performance in terms of 
the capture/protection balance described above. Amongst the multiple interpretations that can 
be made, the one we are more interested in is the one related to each of the openings behavior 
during the warm and cold periods. For instance, it is clear that all of the openings offer 100% 
shading during May, June, and July, however, the 45 cm opening considerably loses 
effectiveness during August and September, at a monthly ratio slightly superior to 15 %. In a 
similar way, the original 30 cm opening minimizes the heat gain profits during the cold 
period, with a minimal shading coefficient of 30 % year-round. For these particular reasons 
we have focused on the 35 cm and 40 cm openings, of which a very similar performance can 
be apreciated. Nonetheless, the 40 cm hole has an average shading coefficient 3% smaller 
than the 35cm hole one during the underheated period of the year (months with heating 
requirements). This results in a slightly better solar-thermal energy penetration and minor 
savings in heating-energy. Hence, the 40 cm hole has been selected to undertake the 
daylighting performance simulation analysis. 
 
5.2  The use of Ecotect/Radiance for daylight simulation. 
 

Having selected the optimized dimensions for the clerestory (40 cm), and keeping the original 
design dimensions (30 cm) as a reference, we carried out computational daylight simulations 
of interior luminous distribution. Furthermore, in order to visually determine the advantages 
of the proposed design, we have compared both Modular windows (original and optimized) 
with a conventional window. The simulation has been done using a software combination of 
Autodesk Ecotect + LBNL Radiance, and therefore all of the results obtained are subject to 
the accuracy and acknowledgement of these programs. All of the analysis have been 
undertaken in an hourly sequence, the luminous internal penetration and distribution results 
are presented for 13h (legal time), and accordingly there are  three images for each date.  
 
Fig. 6 shows the illuminance range for a date representative of the underheated period: 
December 21st (winter solstice). There are no remarkable differences between the three 
models (Conventional, Modular, and Optimized Modular), mainly due to the low angular rise 
of solar rays (23º at noon).  
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Fig. 5. Monthly shading coefficients comparison for the four dimensioning options. 
 
The conventional window (on the left) shows the highest illuminance levels both during 
morning and evening hours, plus, it performs similarly to the Modular (center) and Optimized 
Modular (right) models during midday. In spite of this, a slightly better performance (more 
depth) can be observed for the Optimized Modular against the original design.  
 
Fig. 7, shows the same analysis done for a date representative of the overheated period: June 
22 (summer solstice). For this second series of analysis, a better performance on behalf of the 
Optimized Modular Window becomes quite evident: a deeper luminous penetration, along 
with a more uniform light distribution, and mainly a better shading protection against direct 
solar radiation during all day.  
 
Finally, the last analysis series correspond to a “thermal neutrality” date: September 21 (fall 
equinox), Fig. 8. Clearly demonstrates the functioning of the three window models in a 
moderate solar height scenario. On top of a better overall illumination, the Optimized 
Modular Window offers the best shading against direct solar radiation and thus, it avoids as 
much as possible the potential glare effect. 
 

                                        
Fig. 6. Internal illuminance distribution (plan view of the room) for the three window: Conventional 
(left), Modular original (center), Modular optimized (right), during December 21st at 13 h. 
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Fig. 7. Internal illuminance distribution (plan view of the room) for the three windows: Conventional 
(left), Modular original (center), Modular optimized (right), during June 22nd, at 13 h. 

 

                                         
Fig. 8. Internal illuminance distribution (plan view of the room)  for the three windows: Conventional 
(left), Modular original (center), Modular optimized (right), during September 21st at 13 h. 

6.  Conclusions 
 

The Modular window consists of three parts: i) the top section, which is a 30 cm high opening 
equipped with a light shelf to improve the illumination of the inner room area, farthest from 
the window: ii) the central section, with a 148 cm high opening that not only pursues natural 
illumination and visual contact with the exterior surroundings, but also counts with the 
protective shading elements required by our climatic conditions; and iii) the lower section is 
an opaque, 82cm high element, that includes a trombe wall formed out of paraffin, which is an 
innovative building material that changes its physical state (solid-liquid) at specific 
predetermined temperatures, thus reducing and retarding the heat exchange through itself. In 
order to be able to test its luminous performance, a previous study was made with the use of 
scale models, for which the Modular window design was compared against a conventional 
unequipped window; this study demonstrated that the Modular window improved daylighting 
intensity in the inner part of the room, located farther from the window. However, since the 
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experimental study advanced very slowly, and was too dependent to the highly variable 
environmental conditions (i.e. cloud cover), we set to study the modification of the upper 
opening and its light shelf, with the use of photometric simulation tools: specifically the 
combination of analysis programs Autodesk Ecotect + LBNL Radiance. Four dimensioning 
possibilities for the upper opening were tested: the original 30 cm height, plus another three: 
35, 40, and 45 cm. The four options provided a protection of 100% from solar direct radiation 
during the first three months of the overheated period (May, June, July), however the 45 cm 
opening considerably lost its protective effectiveness during the months of August and 
September, at a monthly rate slightly superior to 15 %.  In a similar way, but during the 
underheated period, the 30 cm opening was too limiting on the required solar heat reception, 
as its shading coefficient didn’t go under the 30 % value during any month of the year. A very 
similar behavior was appreciated with the 35 and 40 cm openings. Nonetheless, and although 
it was only by a small difference, the 40 cm opening performed 3 % better to the thermal 
requirements of the cold period. Taking into account the balance between solar heat profiting, 
and excess direct radiation shading, during the two annual periods with heating and cooling 
requirements, the analysis results are that the 40 cm opening performed better, hence, it has 
been proposed as the new dimension to use with the Optimized Modular window design. It 
has been demonstrated that the Optimized Modular window produces the best overall daylight 
conditions in the interior of the room, because it improves the illuminance levels on the 
deeper area (far from the window), contributes to a more uniform light distribution, and at the 
same time protects from overheating and potential glare effect. 
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Abstract: The relationship between architectural shape and daylight is very well known. The geometry of the 
building and its context influence quantitatively and qualitatively indoor natural illumination. But this 
architectural feature highly determines also the thermal environment and sometimes these two requirements are 
contradictory. 
 
The results presented in the paper are part of a wider research that intends to evaluate the influence of the 
transitional spaces (indoors – outdoors) on the interior spaces environment. In order to do that, measurements of 
temperature and humidity have been carried out in housing buildings in some urban areas in Habana City, and at 
the same time, daylight conditions in those buildings and spaces have been simulated. The results of this 
computer simulation and its discussion are presented in the paper, focused on the performance of the geometry 
of these transitional spaces. 
 
A representative sample of apartment buildings typologies that are being studying in different urban areas was 
selected in order to simulate daylight performance indoors, using the professional software “DIALux”. The 
better daylight conditions are got in spaces related to wide streets. On the contrary, small yards are not enough, 
depending on its proportions.  
 
Keywords: Daylight, Simulation, Architectural design, Apartment buildings. 

1. Introduction 
Taking advantage of the urban land is an essential condition to a sustainable built 
environment. That’s why many developed countries are intending to increase density in cities. 
On the other hand, conservation of traditional urban centers is another important requirement 
in order to pass to the future generations the historical legacy of each society. 
   
Related to that, the National Institute of Physical Planning in Cuba is promoting the integral 
rehabilitation of traditional cities, and a departing point for what should be the  insertion of 
new housing buildings in the available plots. But how should these new housing building be? 
What architectonic references should be taken?. 
 
During the 60’s and the 70’s, mostly new urbanizations were developed out of the traditional 
urban grid, using block type building by repetitive projects in open urban areas. When no 
repetitive projects were built in the consolidated urban zones during the 80’s in Havana, the 
mistakes committed [1] showed the lack of knowledge about the traditional repertory of 
apartment buildings preexisting in these urban contexts. Finally, the last two decades has been 
characterized by disperse low density urbanizations that generate a disproportioned and 
unsustainable urban growing.   
 
Then, projecting and constructing new apartment buildings in traditional urban centers is 
unavoidable as part of their integral rehabilitation process and for that, it is necessary to know 
the wide precedent repertory of buildings integrated to the context and conforming the city, to 
take them as references of the good practices to be recovered and the mistakes to be avoided. 
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Several researches have been carried out in the Faculty of Architecture of Havana during the 
last ten years, driven to characterize the repertory of existing apartment buildings in the 
traditional urban centers and to evaluate their performance according to the quality of the 
thermal and luminous indoor environment, taking into account besides, the inhabitant’s 
perception.   
 
The results of the evaluation of the volumetric and spatial solution of apartment buildings 
existing in three different urban contexts of Havana City according to their influence on 
indoor daylight are specifically presented in this paper. 
 
2. Methodology 
In order to evaluate the influence of the building volumetric - spatial design on the indoor 
daylight levels, real spaces were selected from the study sample composed by 279 apartment 
buildings located in three different context in Havana City (Centro Habana, El Vedado y 
Miramar) [2], to simulate interior daylight. The selected spaces are related to outdoors in 
different ways, according to the volumetric – spatial solution of the building and the urban 
context. 
 
Indoor daylight depends on several variables. The geometry of the transitional space between 
indoors and outdoors is the one to be evaluated in this work, which determines the exposition 
angle to the sky and to direct daylight (e0), and also to the light reflected by the exterior 
elements in the context (ee).  
 
The interior daylight level is also influenced by the reflection coefficient of the surfaces 
(indoor or outdoor ones), the window area, its location, proportions and type of enclosure (the 
windows itself) and color, that determine the reduction coefficient for daylight incoming. In 
order to isolate the studied variable (the transitional space geometry), the rest of the variables 
were cancelled, assuming the same values or features in all the simulated cases. 
 
The volumetric – spatial design solution was characterized by angles (horizontal and vertical) 
that determine the exterior geometry respect to the exposed façade of the indoor space to be 
evaluated. Each way of indoor – outdoor relationship was identified by the angles, the surface 
that they determine (closed or open) and one dimension, since having only one dimension and 
the proportions (angles), it is possible to get the characterization of the whole geometry  
Indoor – outdoor relationship ways were classified in precedent researches [3]: 
 

- To the streets: main streets (15m) and secondary ones (6m), considering longer 
dimensions as exceptional.  

- To corridors, parallel or perpendicular to the street, belonging to the building itself, it 
means, inside its volume, as part of the architectural solution.  

- To lateral, back and surrounding corridors: open spaces (without roof) annexed to the 
building as port of the urban context.   

- To internal yard: open spaces (without roof) located to the interior of the plot, with 
width between 1.7m and 4.0m, and length between 4.0m and 26.0 m. 

- To lateral yard: open spaces (without roof) located to the interior of the plot, but 
laterally, where one of the dimensions is considerably larger than the other, with width 
between 1.0m and 6.0m and length between 9.0m and 25.0m. 

- To small yards (“patinejos” or wind boxes): open spaces (without roof), but closed in 
their four vertical surfaces, located to the interior of the plot, with smaller dimensions 
than the yards (width between 0.5m and 1.7m, and length between 1.2m and 4.0m). 
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- To “grecas”: open space (without roof) similar to small yards, but also open by one of 
the vertical surfaces.    

 
Departing from this detailed classification, only three general types of transitional spaces have 
been identified for the simulation, according to the geometric characterization: corridor 
(Figure 1), yard and “greca” (Figure 2). 
 

 

 

 

Fig. 1. Corridor type spaces: closed in the front and open laterally (corridors and streets). 
 
 
 
 

 

 
 
 

 

 
Fig. 2. Yard and Greca type spaces 
 
Where X: frontal obstruction angle in section; Y: angle of opening to the sky in section (x +y 
=90o); Z: frontal obstruction angle in plan; W: lateral opening angle in plan (z +2w =180o); r: 
lateral obstruction angle in section; t: frontal opening angle in plan; p: lateral obstruction 
angle in plan (t +2p =180o); a: distance from the angle origin to the frontal obstruction 
surface. 
 
2.1. Study cases 
Taking into account this geometric characterization of the transitional in – out spaces, 44 
spaces were selected from the repertory of apartment buildings studied in precedent 
researches, representatives of each of the three urban context considered (Centro Habana, El 
Vedado and Miramar), and of each transitional type, including diverse orientations.  
 
Despite orientation was taken into account to select the study cases (because of its influence 
in the thermal environment studied in other parallel research), this variable was not 
considered in the simulation of daylight performance, since the used software departs from a 
uniform sky to determine the daylight factor.  
 

Street section Street and corridor 
 

Corridor section 

Yard Plan Yard Section Greca Plan Greca Section 
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The spaces selected in Centro Habana are related to outdoors by streets and yards, streets with 
different sections (proportions) and orientation, and yards with extreme proportions. In El 
Vedado and Miramar, the spaces selected are related to yards, corridors and “grecas”. (Table 
1) 
 
Table 1. Study Cases, according to type of transitional space and urban context. 

Urban Context Corridor Yard Greca Total 
Centro Habana 6 8 - 14 
El Vedado 8 8 1 17 
Miramar 4 4 5 13 
Total 18 20 6 44 
 
2.2. Software 
Four software were evaluated to simulate indoor daylight performance: DIALux 4.6 (2007), 
Ecotect (2007), Relux (2007), Adeline (1998), by comparing the results achieved with each of 
them to real values measured by De la Peña in 1986 [3] in a living room rectangular in plant 
(5.2m x3.6m) with unilateral daylight through a balcony, locating the luxometer in the center 
of the space. The daylight factor achieved in the measurement was 0.56. 
 
In order to simulate daylight using Dialux 4.6 a transference coefficient for windows was 
considered as 0.90 (glass windows), reflection coefficients for ceiling, walls and floor as 0.70, 
0.50 and 0.20 respectively, and the sky type was assumed as uniform, according to the model 
defined to Havana. The daylight factor (e) was simulated on a surface located 0.75m over the 
floor, and the point located in the middle of the space was used to compare to the real 
measurements. The coincidence between the values simulated and measured (e=0.56) 
confirms the possibility of using Dialux 4.6 for interior daylight simulation. Dialux 4.6, 
besides, allows making the model of the space easily, quickly and with high precision, and 
offers numerical and graphic results with high quality renders.  
 
2.3. Simulation 
The study cases were considered in extreme conditions, that’s why the spaces were located on 
the ground floor, and the time assumed was December at 4.00 pm, the more critical for indoor 
daylight.  
 
Dialux 4.6 considers an overcast sky that corresponds to the uniform sky as a theoretical 
model, with the same luminance in all directions. The model is appropriate to Havana’s sky, 
defined as partially cloudy, with tendency to be overcast and not permeable to the solar rays, 
intermittent light and constant luminosity, as an isotropic model with the alternative presence 
of the sun [4]. Fort the latitude of Havana, in December at 4.00 pm Dialux 4.6 assume diffuse 
daylight values on an outdoor horizontal plane, equivalent to 10 163 lux.  
 
In order to simulate indoor daylight in the selected study cases, a standard space (3.60m by 
3.60m in area and 2.80m in height) was taken, with a louver wooden windows (1.40m wide 
by 1.20m height), white colored and located to the center of the wall, as traditionally used. 
The reflection coefficients considered to surfaces were: 0.2 to the floor, 0.5 to the ceiling and 
0.7 to the walls, as well as 0.5 to the exterior ones, coincident to the values recommended by 
the software; the windows transmittance was assumed as 36% and reflectance as 79% (light 
color). The values of indoor daylight were considered on a gridded plane located at 0.75m 
height from the floor level. 
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The simulation process started with a space directly exposed to outdoors in an open context, 
which result was compared to the simulation of spaces related to outdoors by different types 
of transitional spaces with their particular geometry, in order to evaluate the influence of the 
volumetric – spatial solution on the indoor daylight.  
 
3. Results 
The results got in the simulation process were summarized in relation to the geometry of the 
transitional space and the percentage of reduction in comparison to a similar space connected 
to outdoors without obstruction, where “a” is infinite and “x” equivalent to 00. 
 
The simulated spaces didn’t compliment the required daylight level (daylight factor value=1.5 
for kitchens), and only in one case, the minimum uniformity (0.3) is achieved. The higher 
daylight levels are got in spaces related to corridors (width streets and the more favorable 
urban context is Miramar, with lower land occupation. (Table 2) 
 
Table 2. Daylight Factor and Uniformity indoors according to transitional space and context 

Urban Context Corridor Yard Greca 

 e0 U e0 U e0 U 
Centro Habana 0.32 0.09 0.03 0.18 - - 
 0.09 0.03 0.01 0.02 - - 
 0.46 0.15 0.02 1.00 - - 
 0.17 0.06 0.01 1.00 - - 
 0.20 0.09 0.00 0.00 - - 
 0.32 0.11 - - - - 
El Vedado 0.01 0.07 0.05 0.07 0.02 0.05 
 0.01 0.07 0.05 0.07 - - 
 0.03 0.04 0.05 0.07 - - 
 0.03 0.04 0.05 0.07 - - 
 0.15 0.05 0.01 0.25 - - 
 0.02 0.05 0.05 1.00 - - 
 0.02 0.05 0.00 0.00 - - 
 0.02 0.05 0.00 0.00 - - 
Miramar 0.16 0.04 0.04 0.26 0.08 0.05 
 0.14 0.05 0.04 0.26 0.06 0.31 
 0.33 0.09 0.04 0.26 0.19 0.08 
 0.14 0.04 0.04 0.26 0.19 0.08 
 - - - - 0.12 0.08 
 
However, the influence of the geometry of the transitional space on the indoor daylight can be 
evaluated taking into account the reduction of daylight level (in %) respect to the reference 
space directly related to an open outdoors.  
 
4. Discussion and Conclusions 
There is a direct relationship between the type of transitional space and the reduction of 
indoor daylight. The corridors constitute spaces only closed on the front, but open to the top 
and laterals. Those spaces, as well as the “greca” type, opened by one of their vertical surfaces 
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(frontal or lateral ones) besides the top, are more favorable than yards from the daylight point 
of view. (Figure 3) 
 

                
 
Fig.3. Percentage of daylight in spaces related to each transitional space, respect to a direct 
relationship to an open outdoors. 
 
Of course, the dimensions and proportions of the transitional spaces also influence indoor 
daylight that decreases with the reduction of the separation between volumes, it means, with 
the dimension of the transitional space. In that sense, spaces with width minor than 10m 
reduce daylight levels in more than 50%. Something similar happen related to the building 
height that determines the vertical angle (x). With angles over 600, also indoor daylight 
decreases to less to the half of the value achieved in relation to an open context (x=0.0).  
For the same height of building volume and distances between them, open corridors are better 
than closed yards respect to daylight.  
 
These results reinforce some conclusions formerly achieved respect to the convenience of 
reducing land occupation in current compact urban areas and to avoid using small yards to 
provide daylight and natural ventilation in housing buildings. Next steps in the research 
requires an evaluation of this transitional spaces also from the thermal point of view, 
according to the Cuban climate, to get a balance about what could be really more appropriate 
form an integral point of view. 
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Abstract: The daylight factor model given by Charted Institute of Building Services Engineers (CIBSE) was 
modified in this paper to incorporate time variations with respect to zenith angle (θz) and vertical height (h) of 
working surface above ground surface which was normalized with central height (H) of skylight dome. The 
modified model contains constant exponents which are determined using linear regression analysis based on 
hourly experimental data of inside and outside illuminance for each month of the year 2007–2008. The 
prediction of modified model is found in good agreement with experimental observed inside illuminance data on 
the basis of values of root mean square percentage error (e) and correlation coefficient (r). The annual average 
daylight factor values for big and small dome skylight rooms are determined as 2.3% and 4.4% respectively. The 
energy saving potential of skylight rooms for selected climatic locations in India is also presented in this paper. 
This paper also investigates embodied energy of an existing eco-friendly and low embodied energy adobe house 
with dome shape roof located at Solar Energy Park inside IIT Delhi campus in New Delhi (India). Based on 
embodied energy analysis, the energy payback time for the adobe house was determined as 18 years. The 
embodied energy per unit floor area of reinforced cement concrete (R.C.C.) building (3702.3 MJ/m2) is quiet 
higher as compared to adobe house embodied energy (2298.8 MJ/m2).  
 
Keywords: Skylight, Dome shape roof, Daylight Factor, Illumination, Mud house 

Nomenclature  
Ae effective area………………….…   m2                       H       height of source                                     m 
Af  floor area………………………...  m2                       Ag      total area of glazing            m2 
As  working surface area ………….   .m2                     At      total area of room-surface                     m2 
BF  ballast factor or efficiency…    0 ≤ BF ≤ 1    C       correction factor for glazing          0.5 ≤C ≤ 0.9 
DF  percentage daylight factor           %              h       vertical height above ground surface     m 
Id  diffuse solar radiation                W/m2                  Ig       global solar radiation                         W/m2  
Li  illuminance  inside the room   lux or lm/m2     Lo      outside diffuse illuminance           lux or lm/m2 
MF  maintenance factor                  0 ≤ MF ≤ 1    m       constant exponent                              ….. 
n  constant exponent                     …….             OF      glazing orientation factor      0.97 ≤ OF ≤ 1.55 
R  average reflectance of surface  0 ≤ R ≤ 1     UF      utilization factor                          0 ≤ UF ≤ 1 
 
Greek letters 
ε  light source luminous efficacy       lm/W          Ø   total luminous flux                                    lumen 
τ   transmittance of glazing           0 ≤ τ  ≤ 1      θ    vertical angle of visible sky from horizon degrees 

Zθ  zenith angle                                degrees 
 
1. Introduction 
Daylighting is an important issue in modern architecture affecting the functional arrangement 
of spaces, occupant comfort (visual and thermal), structure and energy use in building [1]. 
Daylight is considered as the best source of light for good color rendering and its quality is the 
one light source that most closely matches with human visual response. It gives a sense of 
cheeriness and brightness that can have a significant positive impact on the people. The 
amount of daylight penetrating a building is mainly through window openings which provide 
the dual function not only of admitting light for indoor environment with a more attractive 
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and pleasing atmosphere, but also allowing people to maintain visual contact with the outside 
world. People desire good natural lighting in their living environments [2,3].  
 
The energy consumption of lighting in buildings is a major contributor to carbon emissions, 
often estimated as 20–40% of the total building energy consumption as reported by Building 
Research Establishment (BRE) energy consumption guide [4] and Chartered Institute of 
Building Services Engineers (CIBSE) [5]. Furthermore, the heat gains produced from 
artificial and natural lighting have an important influence upon he ating and cooling loads 
reported by Peacock et al. [6]. Using controls for demonstrating the optimized configuration 
for daylight supplemented electrical lights is well-documented by Greenup et al. [7], Reinhart 
[8] and Li and Lam [9], with particular interest on the effect of thermal loads reported by 
Franzetti et al. [10]. However, the more advanced and material-based solutions were reported 
by Lee et al. [11], Tong et al. [12] and Smith [13] for optimizing daylight. They provide 
innovative solutions for reducing lighting-energy consumptions.  
 
With the project considering a large number of buildings, it is important that the approach 
should be as efficient as possible with regards to the available time as reported by Reinhart 
and Fitz [14]. While building-simulation packages and time-series techniques can be used for 
detailed predictions of lighting use [15]; they can be both time consuming and unnecessary 
for obtaining first-order estimate. The annual variation in daylight availability in UK can be 
represented using data reported by CIBSE [16] and Hunt [17,18]. The domestic lighting 
demand was determined using simple model developed by Stokes et al. [19]. The economics 
of lighting retrofits for emission reduction was reported by Mahlia et al. [20]. Daylighting is 
one of the basic components of passive solar building design and its estimation is essential. 
Laouadi et al. [21] had reported that the daylight factor of building depends upon position of 
light source with respect to the room orientation, the room geometry, the optical 
characteristics of the room indoor surfaces, any outdoor obstructions and the optical 
behaviour (transmission, reflection and light scattering) of the fenestration system through 
which light is admitted into the room space. Daylight coefficient is independent of sky 
luminance distribution as reported by Tregenza and Waters [22]. Recently, calculating indoor 
natural illuminance in overcast sky conditions was reported by Rosa et al. [23]. In India and 
many parts of the world, the availability of measured outside illuminance values are very few. 
The Indian climate is generally clear with overcast conditions prevailing through the months 
of June–September, which provides good potential to daylighting in buildings as reported by 
Joshi et al. [24]. This paper investigates a mathematical model for existing skylight integrated 
dome shaped mud-house to estimate daylight factor based on the modifications in the model 
developed by CIBSE [25]. The daylight factor model developed by CIBSE [25] was validated 
for ground surface illuminance by Chel et al. [2] using experimental data of the existing 
building. The model developed by CIBSE [25] does not include time variation in a day and 
vertical height (h) of the work plane above ground surface. Hence, there is need for the 
modification in the model developed by CIBSE [25] to incorporate vertical height (h) 
normalized with respect to central height (H) of the skylight room and time variations in terms 
of zenith angle (hz). This concept of modeling for skylight is rarely reported in the literature 
for New Delhi composite climate. The constant exponents in the modified model were 
determined on the basis of linear regression analysis which is explained in depth in this paper. 
The values of exponent were determined based on hourly inside and outside illuminance data 
for typical clear day in each month. 
 
Using the modified model, the daylight factor is determined for three different work planes at 
different vertical heights (h) from ground surface, i.e. at h = 0 (or ground surface), 0.75 m and 
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1.5 m above ground surface. The study of work plane at ground level implicates to the 
students seating on floor and reading and writing in rural village schools in India. The vertical 
height of 0.75 m imp licates to reading on w ork plane (or table) in modern schools and 
colleges in India while the 1.5 m vertical height implicates to standing posture of a working 
person like engineer in the factory (or teacher in school/conference room). The daylight factor 
values using modified model and experimental data were tabulated and presented in this 
paper. The energy saving potential of the skylight big and small domes for different selected 
climatic conditions is reported in this paper. 
 
The annual average artificial lighting energy saving potential and corresponding CO2 
emission mitigation were evaluated for the existing building by Chel et al. [2]. The research 
pertaining to energy savings due to existing experimental setup of mud-house integrated with 
an earth to air heat exchanger and embodied energy analysis of building were respectively 
reported by Chel and Tiwari [26,27]. The existing dome shape building is found to be a 
promising example of sustainable and low carbon building (or green building) integrated with 
stand-alone photovoltaic reported by Chel and Tiwari [28]. 
 
2. Pyramid shape skylight over dome shape roof of Mudhouse 
Laouadi and Atif [29] and Chel et al. [2] had reported other different skylight shapes for 
daylighting in buildings. The existing mud-house has vault (or dome shape) roof structure 
integrated with pyramid shape skylight as shown by the pictorial view in Fig.1. The inside 
view of skylight circular aperture is also shown in Fig.1.  
 

      
Fig. 1 Pyramid shape skylight over the dome shaped roof of Mudhouse 

 
3. Percentage daylight factor, DF (%) for the naturally illuminated work plane 
The percentage daylight factor, DF (%) is the percentage ratio of inside illuminance, Li (lux) 
on the horizontal work plane and outside diffuse illuminance, Lo (lux) on horizontal surface. 
The daylight factor for skylight integrated dome shape building at ground level is given by 
Eq.(1) developed by Chartered Institute of Building Services Engineers (CIBSE) [25] and 
validated by Chel et al. [2] as follows: 
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The various parameters in Eq. (1) are tabulated with their values considered in Table 1. The 
variation of daylight factor (%) with the time of the day and vertical height (h) above ground 
surface is developed by Chel et al.[30] and expressed in the Eq. (2) as follows: 
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Line equation can be easily written as follows: 
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Where, 'n M= = slope of line and 'C = intercept of line on 'Y axis 

The total power of lighting, P (W) can be determined by considering the artificial light source 
luminous efficacy, ε  (lm/W) and efficiency of ballast, BF (or ballast factor). The total power 
of artificial electrical lighting required for the measured amount of total luminous flux, Ø 
(lumen) from the existing skylight in building can be determined mathematically by Eq.(7) 
using Jenkins and Newborough [31] as follows: 

P = 







×εFB

Ø      (7) 

Ø = [ ]sA×iL     (8) 
Where, Li is measured illuminance level (lux or lumen/m2) inside the skylight building on the 
horizontal working surface area, As (m2). 

The total lighting-energy consumption, E (W h/day) can be determined by multiplying 
total power of lighting, P (W) and required number of hours of operation per day, N (h/day). 
The total lighting-energy consumption can be expressed mathematically using Eq.(9) as 
follows: 
E = [ ]NP×     (9) 
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Table 1. Values of parameters considered for daylight factor estimation  
No. Parameter Value Parameter Value 
1 Total area of room surfaces in 

big dome (At , m2) 
80 Total area of room surfaces in 

small dome (At, m2) 
25 

2 Floor area of big dome (Af , m2) 26 Floor area of small dome (Af , 
m2) 

5 

3 Transmittance of glazing (τ ) 0.8 Vertical angle of visible sky from 
horizon (θ , degrees) 

90 

4 Correction factor for glazing 
due to poor maintenance/dust 
(0.5 ≤ C  ≤ 0.9) 

0.6 Vertical height of work plane 
above floor surface (h, m)          
[0, 0.75 m, 1.5 m] 

0, 0.75, 1.5 

5 Orientation factor for glazing 
(0.97 ≤ OF  ≤ 1.55) 

1 Average reflectance of all room-
surfaces (0 ≤ R ≤ 1) 

0.3 

6 Total area of glazing (Ag, m2) 
for big dome 

2.6 Total area of glazing (Ag, m2) for 
small dome 

1.5 

7 Ballast factor (BF) 0.9 Artificial light luminous efficacy   
(ε , lm/W) (CFL lamp) 

40 

 
4.  Results and discussion:  
Based on e xperimental data of inside and outside diffuse illuminance, the daily average 
experimental value of percentage daylight factor is determined and compared with daily 
average predicted value of daylight factor using modified model Eq.(2) for each month in 
Table 2 (DF- Daylight Factor (%), B- Big Dome, S-Small Dome with h= 0 cm, 75 cm, 150 cm). 

 
Table 2. Experimental comparison of daylight factor with developed skylight model 

Month 
Model/ 
Experimental 
values 

DF-0 B 
(%) 

DF-75 B 
(%) 

DF-150 B 
(%) 

DF-0 S 
(%) 

DF-75 S 
(%) 

DF-150 S 
(%) 

Jan Model 1.54 1.99 2.41 2.85 3.23 3.97 
 Experimental 1.58 1.90 2.35 2.80 3.37 4.15 
Feb Model 1.54 1.58 2.20 2.86 2.87 3.34 
 Experimental 1.19 1.57 2.08 2.48 3.00 3.52 
Mar Model 1.51 2.05 2.89 2.86 5.39 6.30 
 Experimental 1.52 2.11 2.99 4.02 5.49 7.07 
Apr Model 1.54 2.55 3.22 2.88 4.54 5.57 
 Experimental 1.91 2.55 3.20 3.55 4.56 6.20 
May Model 1.54 2.59 2.97 2.81 4.51 6.30 
 Experimental 1.78 2.41 2.91 3.78 4.80 6.07 
Jun Model 1.53 2.02 2.42 2.84 4.24 6.25 
 Experimental 1.61 2.07 2.53 3.00 4.49 6.61 
Jul Model 1.51 2.09 2.75 2.85 4.50 5.60 
 Experimental 1.95 2.40 2.86 3.74 5.14 6.10 
Aug Model 1.53 2.26 2.82 2.83 4.11 5.39 

Experimental 2.02 2.45 2.92 3.55 4.41 5.46 
Sept Model 1.50 2.22 2.94 2.81 3.95 5.16 
 Experimental 2.03 2.47 2.95 2.69 3.87 5.31 
Oct Model 1.52 2.27 2.82 2.84 3.87 5.54 
 Experimental 1.98 2.43 2.88 3.27 4.24 5.72 
Nov Model 1.52 1.87 2.37 2.83 3.72 4.58 
 Experimental 1.83 2.20 2.59 3.05 4.12 5.30 
Dec Model 1.52 1.57 1.98 2.82 2.89 4.54 
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 Experimental 1.18 1.69 2.12 2.22 2.87 3.64 
The linear regression analysis was carried out as explained in section 3 and the results were 
potted for big dome for h= 0.75 m as follows in Fig.2. 

Curve Fitting: Equation of Straight Line Fitted with Experimental Results for h= 0.75 m
For Big Dome (Jan.19, 2008)

Y' = -0.0068X' + 0.6844
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Fig.2. Linear regression of experimental results for big dome at h=0.75 m 
 
The validation of daylight factor (DF) using experimental data of daylight factor for big and 
small domes at three different heights above floor surface were carried out for January and 
June based on t he prediction of developed skylight model Eq.(2) and plotted as shown in 
Fig.3 (for January). The annual average energy saving potential for three heights for big and 
small domes were determined for selected locations in India and plotted as shown in Fig.4. 
 

Validation of Daylight Factor 
January 19, 2008
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Fig.3. Validation of daylight factor model for big and small dome in January 
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Fig.4. Annual energy saving potential of skylight for big dome room in India 
5. Conclusions 
The following key conclusions can be drawn from the study as follows: 

1. It is found that the root mean square percentage error is small and varies in the range of 5–
8% for the developed model Eq.(2). Hence, the proposed daylight factor model 
represented by Eq.(2) can be used to estimate the daylight factor (%) and corresponding 
inside illuminance at different vertical heights in skylight integrated dome shape roof 
mud-house which can be seen from Figs.5. 

2. The illuminance level inside the mud-house was found sufficient for office work inside the 
room from 9 am to 5 pm. The small dome room has maximum illuminance value (for h = 
0–1.5 m) in the range of 450–650 lux (in winter) and 800–1800 lux (in summer) while big 
dome room with maximum illuminance value (for h = 0–1.5 m) 250–400 (in winter) and 
400–900 lux (in summer) in New Delhi (India). 

3. The illuminance level was found 100 l ux (minimum) inside both small dome and big 
dome rooms from 9 am to 4 pm in all months of the year in New Delhi composite climatic 
conditions. 

4. The experimental daylight factor over the year for big dome room (for h = 0–1.5 m) are 
found in the range of 1.5–2.5% (January) and 1.5–3.5% (June) while for small dome 
rooms (for h = 0–1.5 m) it varies in the range of 2.5–4.5% (January) and 3–7.5 (June) 
based on skylight performance in both winter and summer. The annual average value of 
percentage daylight factor (for h = 0–1.5 m) is determined as 2.3% and 4.4% for big and 
small dome skylight rooms respectively. Hence, the skylight rooms are suitable for office 
building, e.g. state government offices in rural and urban areas of India, temple, church, 
mosque, etc. 

5. The vertical height (h) of work plane above floor surface for the skylight room gets 
significantly different amount of illuminance. This effect shows that distance of work 
plane from skylight is directly proportional to amount of illuminance received on t hat 
work plane surface. This can be observed from different values of daylight factor (%) at 
different vertical height (h) above floor for working surfaces inside big and small dome 
rooms. 
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Abstract: The aim of this paper is to assess the use of an intelligent glass envelope in the refurbishment of 
existing buildings in Italy in order to fit their energetic performance considering Mediterranean climate inputs. 
With the new European and Italian regulations on energy efficiency of buildings, envelopes are not only forced 
to respect heat transmission limits (e.g. U value) and to improve their thermal insulation, but also to use and 
receive benefits from environmental input such as passive solar gains. Comparing to the North European 
solutions, a glass envelope seems not to be the most suitable solution for a Mediterranean climate, mainly due to 
the great incidence of solar gains and the risks of overheating during summer season. Examples presented in this 
paper indicates how double skin glass façades, that are commonly used in new constructions where the concept 
starts from a low environmental impact, can be also employed in the refurbishment of existing buildings, which 
is the main challenge for the global reduction of CO2. An overview on the main technical of intervention can 
indicate to architects and planners the weakness/strength points to take in consideration in the use of a double 
layer glass façade in a Mediterranean climate in order to reduce the overall energy balance.  
 
Keywords: Building envelope, Sustainable technologies, Energy retrofit, Double skin glass façades. 

1. Introduction 
This paper purpose to remark the importance of the use of sustainable technologies, such as a 
double layer glass envelopes, in the renewal of existing buildings in order to fit their energetic 
performance to different climatic inputs. This solution is mainly used in public buildings 
(offices and productive buildings) where the potential of a new high-tech image may easily 
justify high costs of realization. Moreover, the use of double layer glass envelopes is heavily 
conditioned by the climatic factor. The main purpose of the double glass envelope is to 
balance the desire for daylight and outdoor view with the concerns for heat gain and loss. The 
air cavity can be heated by the sun to create a warm buffer zone that protects rooms in winter 
and can be configured to function as a thermal chimney in summer utilizing the stack effect to 
remove excess heat. Case studies presented in this paper indicates how double glass 
envelopes, that are commonly used in new constructions, can be also employed in the 
refurbishment of existing buildings, which is the main challenge for the global reduction of 
CO2. An overview on the main technical of intervention can indicate to architects and 
planners the potentiality for the improvement of the existing buildings, in order to reduce the 
overall energy balance. The energy failure in existing building stock is mainly due to the poor 
insulating efficiency of the façades. Making use of hi-tech envelopes, not only the energetic 
balance, but also the architectural value of a building can be improved. A set of rules 
concerning energy efficiency in buildings has been acknowledged in Italy by enacting the 
Decree 311/2006, that states new standards for the energetic performance including also the 
existing building stock, except for cultural heritage. The experiences gained till now in other 
Countries suggest wide chances of interventions on building stock by promoting the use of 
“intelligent envelopes”: dynamic and active bounding surfaces automatically able to gear their 
performance to the changes of the environmental conditions, as they integrates a great deal of 
working functional devices. Following these experiences it is possible, therefore, not only to 
introduce basic standard improvements but even proper architectural lifting on the building 
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façades, mainly considering post war building stock that is one of the most cause of energy 
consumption due to the poor building techniques and the heavy state of decay. 
A sustainable upgrade should mainly provide active or passive energy from renewable 
sources in order to achieve the highest indoor comfort by restricting the use of HVAC 
(Heating Ventilation Air Cooling) units and artificial lights. The most efficient technical 
solutions that can be used to refurbish buildings are based on fundamental principles of the 
sustainable architecture such as: heat gaining by collecting and storing solar energy in winter, 
use of passive cooling and natural ventilation in summer, maximum natural day lighting, 
reduction of heat loss through the walls, use of systems with low environmental impact such 
as dry technologies. 
 
1.1. Methodology 
This study examines three case studies in Italy where the refurbishment of existing building 
envelopes was done using a double layer glass façade. The aim of this study is to assess which 
technical solution can improve the energy efficiency and the global quality of the building by 
considering some variables: 
- The climatic conditions: in Italy climate is very different from Northern Europe, where the 
double layer glass envelopes are largely used. The main problem is the risk of overheating in 
spring/summer season as, in Mediterranean climate, the energy efficiency is based not only on 
the performance of thermal insulation such in Northern countries, but also on the necessity to 
reduce big solar gains and improve ventilation in summer; 
- The composition of the technical solution: in the most cases of refurbishment the original 
inner façade is conserved and improved by insulation, so the “double layer glass” systems 
turns in “hybrid” system where opaque parts of parapets are present; 
- The applicability of different solutions (full height façades, cell façades, natural or forced 
ventilation) to the existing façade by considering operations and costs/benefits. 
 
The evaluation was done on the basis of the following steps: 
- Energetic diagnosis of the building before the intervention (mainly considering energy 
consumptions in operational phase); 
- Examination of the project/design/technical details; 
- Visit in building site during the construction; 
- Monitoring of the building for one year, by considering the grade of satisfaction/comfort of 
the occupants and energy consumption recording. 
 
2. Double layer glass façades: the technical solution 
A typical double glass envelope system includes a single glass layer and a double-glazing low 
emissive layer separated by an air space. An operable shading device is installed in the cavity 
to minimize the solar heat gain in summer. In addition to the energy savings, the double 
envelope system has other potential benefits such as: acoustic control, water penetration 
resistance and an enhanced office atmosphere because of the external view and the utilization 
of daylight. Double glass façades in the refurbishment are generally hybrid systems, formed 
by the existing wall and a new glass envelope. The external envelope is a glass façade: during 
the winter season it supports the solar gain that, by heating the air cavity, consequently 
improves the thermal capacity of the whole system. The use of high – performing glasses is 
fundamental to obtain solar reflection and to prevent overheating. If the refurbishment is 
oriented to the complete substitution of the existing envelope, also the internal wall is a glass 
façade, forming the conventional double-layer skin. In the most cases, it’s more convenient to 
conserve the existing wall and, after the changeover of the windows, to add up insulating 
panels on the structure and on the parapets. 
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In winter, during the warmest hours, the heating of the air cavity is the fundamental factor that 
reduces the thermal losses and the air permeability through the wall. During the night, the air 
vents are closed, preventing the entrance of cold air. In summer, through the solar shadings, 
good levels of internal comfort can be obtained. Throughout the day, the cavity is closed to 
avoid the entrance of warm air, while during the night the natural air flue cools down the 
walls and the rooms.  
 
The thermal performance of double façade systems depends on many factors, such as: 
- The composition and performance of the layers (glass/glass or glass/wall, kind of glass 
used); 
- The (height) extent of the air cavity (which can be continuous or divided in floor-height 
cells, in this case the ventilation is related to each cell); 
- The thickness of the air cavity (which can range between 20 cm to 90, if it encloses 
maintenance routes); 
- The type of ventilation in the cavity (natural or forced) that is strictly related to the height of 
the façade and to the climatic conditions; 
- The relationships between air cavity and HVAC systems (possibility to utilize warmed air 
from the cavity and expel internal air. This is rare occurrence in the refurbishment). 
 
2.1. Typologies of construction 
Double layer glass façades can be realized in three main typologies of construction: 
Full height: in this case the air cavity is continuous and comprehends the whole façade 
surface. The external glass layer is fixed on the existent envelope in a limited number of 
points (generally in correspondence of concrete border beams). Air cavity thickness ranges 
between 40 to 90 cm. Pipes: the external façade is fixed to the internal by means of a common 
frame or punctual anchorages. The cavity is sectioned in vertical or in horizontal: this means 
that the surface is divided in several ventilations chimney, instead of an unique air cavity area. 
Air cavity thickness ranges between 40 to 90 cm. Cells: The façade is formed by the 
aggregation of modular cells, independent each other, one floor height and generally not more 
than 30 cm thick. Each cell has his inlet airs. Table 1 analyzes the suitability of the typologies 
of construction in the refurbishment of existing buildings. 
 
Table 1. Main typologies of construction and applicability in the refurbishment 
Typology of façade Scheme Description Applicability 

Full Height  Air cavity is continuous. 
Anchorages are punctual  

Thickness ranges from 40 to 90 
cm 

high 

Pipes  Air cavity is vertically sectioned. 
The thickness ranges from 20 to 

50 cm 
 

medium 

Cells  The façade is formed by the 
aggregation of modular cells, 
independent each other. Each 

cell has his inlet airs. The 
thickness is 20 - 40 cm 

 

medium 
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2.2. Air cavity ventilation 
The cavity in double glass façades is either naturally or mechanically ventilated. In case of 
natural ventilation, the air in the cavity flows naturally: if properly designed, wind flowing 
over the façade can create pressure differences between the inlet and outlet inducing air 
movement. Air vents at the bottom and at the top of the façade allows the natural flowing in 
the cavity by the so called “chimney effect” of the warmest air that naturally rises up. In this 
configuration the internal layer is the layer with thermal performance (insulation on parapets, 
low-e glass windows) while the external layer is single glass. The temperature in the air cavity 
is closer to the external temperature. Internal windows can be opened or not. If internal 
windows can be opened, this allows the natural ventilation of the rooms, even it’s necessary 
to carefully evaluate the right period of opening (winter day- summer night), otherwise the 
positive effect of the natural air could be neutralized. Natural ventilation is not without risk. It 
may create a door-opening problem due to pressurization. Besides, if the air path is not 
appropriately designed, the solar heat gain within the façade cavity will not be removed 
efficiently and will increase the cavity temperature. If windows can not be opened this helps 
in the air cavity control, but decreases the user requirements (necessity of fresh air). In the 
case of forced ventilation air is compressed into the cavity by mechanical devices. The 
mechanically assisted ventilation systems usually use an under floor or overhead ventilation 
system to supply or exhaust the cavity air to ensure good distribution of the fresh air. This air 
rises and removes heat from the cavity and continues upwards to be expelled or re-circulated. 
Because air is not pumped in directly from the outdoors, there is potentially less risk of 
condensation and pollution in the cavity. The internal façade is generally closed and single 
glass made while the external layer is the insulated and performing layer. The temperature in 
the air cavity is more similar to the air temperature in the rooms. In areas with severe weather 
conditions or poor air quality, the mechanically assisted ventilation system can keep 
conditions in the buffer zone nearly constant to reduce the influence of the outdoor air to the 
indoor environment. The relationship between type of ventilation and applicability in the 
refurbishment is synthesized in table 2. 
 
Table 2. Main typologies of ventilation and applicability in the refurbishment 
Typology of façade Scheme Description Applicability 
Natural ventilation  The air in the cavity flows 

naturally by chimney effect 
Internal layer= performing glass 

External layer= single glass 

high 

Forced ventilation  The air in the cavity flows by 
means of mechanical devices. air 

is utilized by HVAC systems. 
External layer= performing glass 

Internal layer=single glass 

low 

 
2.3. Case studies 
2.3.1. Torno International Headquarter in Milan 
Originally built in 1950, the building had many problems mainly related to: lack of thermal 
and noise insulation, overheating in summer season, lack of natural light into the offices. Big 
consumption was registered due to the necessity of heating in winter but most of all for the 
big air conditioning use in summer. An average consumption date was estimated in about 250 
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Kwh/m2 per year. The strategy of intervention was to coat opaque parts of façade (e.g. 
concrete skeleton, ground floor) with a dry coat finished with gypsum panes. The south 
façade, made by single layer windows and thin brick wall parapets, was replaced with full 
height double low-e glass windows. Starting from the first floor, a full height glass facade was 
overlapped. The air cavity is 55 cm wide, air flows naturally: at the bottom the cavity is 
always open thanks to a metallic grid (also helpful for maintenance routes), at the top 
moveable glass louvers can control the air flow in the different climatic conditions (maximum 
ventilation in summer, minimum in winter). Solar shadings are in the air cavity: aluminum 
venetian blinds in front of the internal windows. Internal wall can not be opened, this helps in 
the control of the natural phenomenon of the chimney effect in the cavity. Main benefits with 
this intervention were obtained. For first, the reduction of thermal losses due to the air cavity 
that acts like a warm buffer zone in winter and improves solar gain: this caused the reduction 
of HVAC of  about 35% in winter and 40% in summer. Moreover, the improvement of noise 
insulation (a reduction of 6 Db was registered). The cost of the intervention is about 1100 
Euro/m2. 
 

 
Fig. 1.  Image and technical details (bottom – top)  of the new façade  
 
2.3.2. Johnson Wax Headquarter in Milan 
The building, 20 m tall, was originally built in 1977 with a curtain wall façade. Main 
requirements that was asked to the designers were: 
- to allow the natural ventilation that could be independently managed by the users of each 
office; 
- to achieve high thresholds of natural light, even for environments located in the central part 
of the buildings, while avoiding the phenomena of glare and overheating of indoor air; 
- to ensure adequate levels of sound insulation from noise coming from the adjoining 
highway; 
- to carry out the remediation of asbestos cladding; 
- to improve the quality of architecture. 
The facade of the building was replaced with a double skin façade made by aluminum 
windows (internal layer) and 8 mm safety glass layer supported by a system of spiderglass 
and rotules (external layer). A full height natural ventilated façade was designed to meet users 
and owners’ s requirements. In the cavity, 90 cm thick, air flows naturally but mechanical fan 
at the top of the façade were installed to provide to forced ventilation in case of low-pressure. 
The façade works as a dynamic filter for the regulation of energy exchange between inside 
and outside. In winter time the cavity acts as a "thermal buffer" by reducing heat loss and heat 
gain by allowing the greenhouse effect. Internal wall can be opened: three doors per side 
allows natural air exchange and the access to the corridors for maintenance routes. Aluminum 
blinds in the cavity allows to avoid summer overheating, moreover also 90 cm grilled 
corridors contributes to shield the solar radiation. Concerning the indoor comfort, an average 
temperature of the rooms was calculated, ranging between 18 ° and 20 ° C for opaque 
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surfaces, and between 16 ° and 17 ° C for glass panes. Indoor relative humidity is about 
50/60%: this means that the temperature inside of the cavity can exclude any risk of 
condensation. Main technical data after the refurbishment are: the reduction of thermal losses 
of 30%, reduction of HVAC of 30% in winter and 40% in summer, noise insulation damping: 
7 Db, The cost is about 1300 Euro/m2  

. 
 

 
Fig. 2. Image and vertical section of the new double glass façade  
 
2.3.3. Hines Headquarter in Milan 
The building is a part of  a commercial area, consisting of 4 buildings of the '60s. The project 
was organized around some architectural choices towards environmental design and energy 
conservation. Main design guidelines were: a new double skin glass façade on the main 
building, the partial covering of the internal courtyard, the creation of an indoor garden, the 
careful control of the natural day light. In particular, for the building towards via Bergognone, 
characterized by significant thermo-acoustic lacks (single-glazed windows and wooden panels 
as parapets without insulation) the energy retrofit was done by the removal of the existing 
façade that was replaced by a double skin façade on the south-west front. The air cavity is 75 
cm thick, full height and natural ventilated. The inner envelope, made by low-e double glass, 
acts as thermal and acoustic insulation and solar control factor, while the external front (a 
system suspended by metal cables to fixed glass components), due to a special surface 
treatment with oxides of iron, is able to harness the positive effects of solar radiation in winter 
and to control the flow during the summer (solar factor g of 65%). Natural ventilation is 
ensured by the openings at the base and the top of the façade. Moreover joints between the 
glass panes are open: a distance of 10 cm, allows ventilation in the cavity during the summer 
to avoid overheating. For this reason, it was chosen not to govern the dynamic condition by 
systems of opening/closing of the inlet and outlet air vents. Main results after the 
refurbishment are: the reduction of reduction of HVAC of 35% in winter and 40% in summer. 
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Fig. 3. Front of the building  and vertical section of the new double glass façade  
 
2.4. Results 
By considering the case studies examined some conclusions can be made. The most useful 
typology in the refurbishment is the full height façade: generally the overlapping of a new 
glass layer doesn’t greatly alter the whole system: in these cases, the original windows are 
replaced with double-glass windows and an insulating coating is applied on the opaque parts. 
The natural ventilation of the cavity doesn’t involve big plant variations, this is the reason 
why the solution is the most suitable in case of refurbishment. The careful design of the air 
cavity (thickness, position and dimensions of air vents) is fundamental, so that the 
phenomenon of the natural draught can properly occur. The use of cells façade is the most 
convenient when the building is so high that the natural flow of air is impossible, even if it’s 
not suitable for in each case. The operational route of the double skin façade in Mediterranean 
countries such as Italy remains unknown today. The climate conditions, warmer and wetter 
than in the North-European Countries, make very difficult to exploit a system of natural 
ventilation of the facade able to make use of its full potential performance. For this reason, the 
design strategies undertaken by the Italian projects have used the double-skin "buffering" 
system, that can reduce the heat load and meet the sound insulation and sealing requirements, 
rather than operate on the heat and energy recovery through installations. Because of the 
typical Mediterranean conditions, the natural ventilation of the rooms through the cavity was 
generally avoided in the most examined projects, keeping the skin closed and obtaining 
internal comfort through air conditioning systems. The decision to equip the inner shell with 
opening windows has a helpful effect on the psychological health of the people, but must be 
assessed in relation to the climatic conditions of the site. In the Italian context, the choice may 
not be appropriate since it does not provide guarantees on the benefits offered by the air 
present in the cavity. This choice also involves the reduction of the noise level of the system. 
For the project of renovation of the Hines company in Milan, for example, the strategy of 
refurbishment has prioritized the issue relating to the control of the thermal load and the 
daylight through the use of high-performance glass rather than the use of natural ventilation in 
the offices. In the renovation of the Johnson Wax building, the possibility of opening the 
inner façade exist: this helps the comfort of users, who can enjoy natural ventilation in the 
workplace, even if, in the reality, the optimal conditions for opening the windows occur only 
during the summer night-time and the achievement of the comfort is largely delegated to the 
air conditioning. For the Torno International headquarters the internal façade can not be 
opened and an external skin made by laminated security glass was realized. The lower air vent 
is full open, the upper is electronically adjustable by made of moveable louvers. In tall 
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buildings, when the cavity is over 20 meters, an area of low pressure can occur: this can block 
the chimney effect and consequently, the need to move this critical area as high as possible. 
One solution should be to design the outlet air vent (at the top), according to a generalized 
average of 2 to 1 respect to the inlet air vent (at the bottom). 
 
3. Conclusions 
Double skin glass façades are in the most cases used in the refurbishment of office and public 
buildings where high investment costs can be justified with the architectural renovation of the 
building. In the summer season in Italy, the maximum performance obtainable from a 
naturally ventilated double skin glass façade is mainly to act as a “buffer space” to reduce 
overheating. This implies that the main result that could be obtained is the reduction of 
operating costs for cooling, due to the increased thermal performance of the envelope.  
All of these case studies demonstrated that a reduction of energy consumption both in summer 
that in winter season is possible: the average consumption of the buildings before the 
interventions was about 250-270 Kwh/m2 , that was reduced of about 30-40% thanks to the 
realization of the new envelope. The most suitable solution might be an integrated plant that 
regularly provide for a mechanical ventilation of the cavity and it should be operative when 
the outside conditions are extreme. An interesting way that might really enhance the 
management of the energy balance, should also include to support the system with integrated 
photovoltaic panels or solar collectors, combining the benefits offered by the double skin 
structure (in terms of ventilation, noise protection and control of the pressure exerted by the 
wind), with the possibility of an active exploitation of the solar energy. 
The payback for incremental investment in energy efficiency using a double glass envelope 
has been estimated at 20-25 years. Investment costs could have a fast payback if the glass 
envelope integrates active solar energy devices (e.g. photovoltaic systems). 
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Abstract: Daylight has been regarded as a significant environmental advantage of atrium buildings because the 
natural light can illuminate potentially dark core areas and decrease energy consumption. This study has 
investigated the average daylight factors (overcast sky conditions) and annual lighting energy load (real weather 
conditions of Sheffield, UK) in adjoining spaces to assess the fundamental daylight performance and energy 
performance in an atrium model. Radiance and Daysim (based on Radiance algorithm) were the tools to simulate 
the daylighting and lighting energy use. A comparison of the measurement and simulation showed the validation 
of the basic Radiance simulation in the model.  In terms of the well façades (decided by the ratio of window area 
to solid wall area) and well surface reflectance, the variations of daylight level and annual electrical lighting use 
in the adjoining rooms have been analysed and some design strategies for supporting preliminary design 
decisions are presented. Only the square atrium model and relatively simple climate conditions have been 
considered in the investigation. 
 
Keywords: Atrium Building, Daylight Performance, Lighting Energy Saving, Simulation 

1. Introduction 
Daylight use in an atrium is particularly beneficial as the atrium well can allow natural light to 
reach potentially dark core areas in adjoin rooms, decrease energy use by artificial lighting 
and improve the indoor environment on psychological and ergonomic grounds. In general, the 
daylight levels in the adjoining rooms are directly influenced by the vertical daylight levels on 
the well facade and the room properties (size and surface reflectances) [1, 2]. A linear 
relationship between the vertical daylight factor at the facade and the average daylight factor 
in the room with a specific dimension and reflectance can be given by a theoretical expression 
[3]. It has been found that well geometries and surface reflectances have a direct effect on the 
decay of vertical daylight levels across the well wall in atria [4]. Well geometry can be 
quantified in terms of the well index (WI) [1], equation (1) which is a function of well length 
(l), width (w) and height (h) (Fig. 1): 

 
 
Fig. 1.  Atrium geometry and WI definition [1]. 
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Two measurements using scale models [5, 6] pointed out that changing the proportion of 
glazing or opening areas between well and adjacent spaces could be a practical solution to the 
imbalance of light flux received at the top and bottom of the atrium walls and adjoining 
spaces. A common rule was suggested: small glazing areas on the top floor and the fully 
gazing areas on t he ground floor. Nevertheless, a recent study [7] based on Radiance 
simulation indicated that increasing well surface reflectances had little impact on the daylight 
level of full glazed rooms at ground floor because of the lack of solid reflecting surfaces. This 
demontrates the complexities of refleted light in atria. It is still essential to carry out more 
investigations on daylighting performance of rooms in atria with various facade systems. 
Moreover, the lighting enegy saving under the conditions of daylight use in atria is another 
significant toipc to be studied. A field measurement [8] in two large atria showed that 
daylighting illumination can displace 46% and around 15% of annual lighting consumptions 
through introducing two different lighting control systems respectively. By providing 
sufficient daylighting illumination, the daylight use in atria displaces the artificial lighting 
load in the adjacent spaces, which is regarded as one of the most important and hardest-to-
achieve objectives of atrium environmental design [2]. 
 
This study investigated the daylight performance and energy performance (annual lighting 
use) of adjoining rooms in a five-story atrium model with various façade systems and well 
reflectances. Radiance and DaySim (Radiance-based package) were used in the calculations 
of daylight factor and annual lighting load respectively. Firstly, a comparison between model 
measurements and Radiance simulations was undertaken to validate the basic Radiance 
outputs. Next, more Radiance simulations were carried out to display the impact of façade 
configurations and well reflectances on t he average daylight factors in rooms. Thirdly, the 
lighting energy consumption of rooms in the atrium model was considered. Finally, some 
design strategies have also been suggested. 
 
2. Comparisons of simulation and measurement 

 
 

 

 

 

Fig. 2.  Physical atrium model in a mirror box artificial sky. 

A physical atrium building model was tested in a mirror box artificial sky that reproduced a 
CIE standard overcast sky (Fig.2). The measured data were compared with simulated data 
from Radiance. The scale building model had an atrium well and adjoining spaces. In the 
centre of the building, the well had a square plan of 200mm × 200mm whilst the whole 
building had a square plan of 500mm × 500mm. With a height of 350mm the atrium well had 
a WI value of 1.75, which represents a medium atrium. Four-storey adjoining spaces were set 
around the well and the height and the depth of each side room at each floor were 70mm and 
150mm respectively. There were two different façade types: rooms with unobstructed 
windows and rooms with balconies on t he border of the well (balcony height = 1/3 room 
height). The well floor had been given three different surface reflectances: low (black), 
medium (grey) and high (white).  
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For models with balconies, the comparisons of measured and simulated average daylight 
factors (ADF) in rooms are indicated in Fig.3. It can be seen that, generally, the simulations 
are close to the measurements at the ground, 1st and 2nd floors. However, the measured data 
are underestimated by the simulations at the top floor, which is dominated by direct sky light. 
Taking the measurements as reference, the percentage differences of simulations are 18.5% 
(maximum), 0.06% (minimum) and 9.5% (average) respectively.  

 
Fig. 3.  Comparison of measured (M) and simulated (S) average daylight factors at each floor in a 
four-story atrium model with balconies. 
  
For models with open facades, Fig.4 shows the comparisons of measured and simulated ADF 
in the adjoining rooms. The models without balconies have a very similar form of variation of 
average daylight level to the models with balconies: the top floor has a divergence between 
the two values; other floors have achieved a good agreement. Likewise, the three percentage 
divergence values are: 17.8% (maximum), 0.43% (minimum) and 8.6% (average).  

 
Fig. 4.  Comparison of measured (M) and simulated (S) average daylight factors at each floor in a 
four-story atrium model without balconies. 
 
Overall, the varying trends of the simulated data are similar to those of the measured data in 
the atrium models with various facades and well floor reflectances. The trends express an 
exponential form from the atrium base to the top. For all the models studied, the average 
percentage difference between simulation and measurement was less than 10% even though a 
few positions see a relatively larger divergence. The bigger disagreements between the 
measurement and simulation can be explained by the geometric and photometric deviations 
between the physical model and the Radiance model, which have been analysed in two earlier 
papers [9, 10]. In addition, the nature of some Radiance algorithms also contributed to the 
divergence brought by the reflected light from the lighter surfaces. In general, the Radiance 
simulations have been validated by the measurements in this study.  
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3. Daylighting performance in an atrium 
Radiance was used in this section to calculate the average daylight factor in adjoining rooms 
of an atrium model. The ADF was used as an indicator of fundamental daylight performance 
in rooms of atria under CIE overcast sky conditions.  
 
3.1. Atrium model 

 
 
 
 
 
 
 
  
 
Fig. 5.  Plan and section of a five-story atrium model (dark part: rooms; white part: well). 

The atrium model studied consisted of a five-story building with a centre square well and 
four-sided rooms with the same size (Fig. 5), where N, E, S and W indicate the direction the 
well opening is facing. The WI value of the atrium model was 1.55, which means a medium 
atrium. The solid part of the well (including well floor and balcony) had reflectance values of 
0, 0.2, 0.4, 0.6 and 0.8. The rooms had a fixed ceiling reflectance (0.8), wall reflectance (0.5) 
and floor reflectance (0.25). In addition, the models were divided into three groups in terms of 
the façade/balcony type - see Fig. 6 where (a) = window with no balcony (opening façade); 
(b) = 1/4 room height balcony; (c) =1/2 room height balcony. 

 
 
 
 
 
Fig. 6.  Three different types of façade. 
 
3.2. Average daylight factors in rooms 

The rooms at the top floor (4th floor), middle floor (2nd floor) and ground floor were studied. 
Fig. 7 shows the variations of ADF in rooms at the three different heights in the atrium with 
various well reflectances and façade systems. Apparently, the higher balcony reduces the 
incident light for the rooms, giving a lower ADF. The 1/2 balcony room had the least daylight.  
At different floors, the daylight levels in the 1/4 balcony room are close to those in the room 
with no balcony, which are much larger than those of 1/2 balcony room. Interestingly, when 
the positions of room become lower, the differences between curves of the 1/2 balcony and 
the curves of the open window tended to be smaller. This implies that the impact of the 
balcony on ADF is decreasing near the base. On the top floor, the ADF values of rooms are 
not significantly influenced by the increasing well solid surface reflectances. The middle floor 
and ground floor, nevertheless, see that an increasing well surface increases the ADF in rooms. 
The lower are the floors then the slopes of the curves (reflectance as a function) are steeper. 
This means increased magnitudes of ADF by increasing reflectance tend to be larger at lower 
floors than those at upper floors, especially for the model with 1/2 balcony. For instance, the 
relative differences between refl0 and refl0.8 of the open window and 1/2 balcony on the top 
floor are 2% and 12% respectively, whilst the two values have greatly increased to 73% and 
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188% on the ground floor. This might be due to the fact that the main components of ADF 
consist of reflected light. For all models, the rooms on the top floor have the largest daylight 
level which decays in an exponential form toward the atrium ground (see the sub-figure at the 
right of the below part in Fig.7). This responds with the results of scale model measurement in 
section 2. 

 
Fig. 7. Variations of ADF in rooms of different floors in an atrium with various façades and well 
surface reflectance. 
 
4. Energy performance in an atrium 
DaySim (using basic Radiance algorithm) [11, 12] was utilized here to predict the annual 
electrical lighting energy usage in adjoining rooms of the atrium model. The annual lighting 
consumption per unit area was used for the assessment of fundamental lighting energy 
performance in the daylit adjoining rooms. Based on the weather datasets, Daysim can derive 
the sky conditions include a large range of sky models like overcast sky, intermediate sky and 
clear sky [11].  
 
4.1. Simulation preparations 

The atrium model studied for energy analysis was the same as the model in section 3.1. The 
location of the atrium was in Sheffield, UK (Lat: 53.50′N; Lon: 1.00′E). According to Fig.5, 
the rooms at different sides can be named as: east-facing room (e), west-facing room (w), 
south-facing room (s) and north-facing room (n). The reflectances of room components were 
still kept the same while only a m edium value 0.4 was adopted as the well solid surface 
reflectance. The facades followed the three types shown in Fig.6. 
 
For lighting energy calculation, several fundamental aspects [12] were quoted as follows:  
(1) Daylight savings time is from April 1st to October 31st; (2) The atrium is in an office 
building. All adjoining spaces are used as the working zone, which is occupied Monday 
through Friday from 8:00 AM to 17:00 PM; (3) A minimum illuminance level of 500 lux is 
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needed to support the working task of occupants; (4) The electric lighting system has been 
installed in the adjoining spaces with a typical lighting power density of 14.00 W/m2;  (5) The 
adjoining rooms do not  use any dynamic shading device system and the lighting system is 
manually controlled with an on/off switch.  
 
4.2. Lighting energy usage in rooms 

Fig. 8 shows the annual electrical lighting energy consumptions (unit area) of rooms at the 
three different heights and four different sides in the atrium with various façade systems. It is 
obvious that generally the rooms on the higher floors have the lowest electricity load for the 
task illuminations in a whole year because the positions can receive the most incident daylight 
from the sky. The ground floor rooms are the ones which consume the most electrical lighting 
energy. Surprisingly, the lighting energy usage in rooms in the middle floor is just a little 
lower than the rooms on the ground floor while it is much larger than the top floor. Taking the 
east-facing side room as an example, the average annual lighting load at three different floors 
are 24.23 kWh/m2 (top), 30.87 kWh/m2 (middle) and 31.30 kWh/m2 (ground) respectively. 
Considering the energy algorithm in Daysim [11], the orientations of the rooms also have 
some impact on the lighting energy usage. The rooms facing south or east apparently consume 
the less energy (28.76 kWh/m2 or 28.8 kWh/m2) whilst the rooms facing west and north need 
more electricity for task lighting (29.14 and 29.23 kWh/m2). Interestingly, the differences 
between rooms with ‘good’ orientation and rooms with ‘bad’ orientation are not very large. 
This might be explained by a fact that the building location (Sheffield, UK) is dominated by 
overcast sky conditions, which has a radial symmetric sky luminance distribution [12].       

 

 

 

 

 

 

 

 

 

 

  

Fig. 8.Annual lighting energy consumptions (kWh/m2) of adjoining rooms at different floors and 
different sides in an atrium. 

Table.1 expresses the effect of façade systems on the annual lighting energy consumption in 
adjoining rooms. For the top floor and the ground floor, the higher is the balcony then the 
more is the lighting energy usage. This actually coincided with the basic daylight performance 
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(worst scenario: overcast sky) of rooms in section 3.2. H owever, the middle floor sees a 
different trend: the rooms with two different balconies have the same energy consumption 
which is less than the value of rooms with an open façade system. The trend displays a little 
difference from the variation of basic daylight performance (overcast sky) on t his floor. It 
should be noted that the daylighting calculation used in the Daysim energy analysis is based 
on real weather dataset and the sunlight has also been included. Also, the daylight levels in 
the room of middle floor would be significantly influenced by the well wall, which can bring 
more reflected light into the rooms than other floors [3, 4]. But, the average lighting 
consumption in all rooms with opening façade is 28.88 kWh/m2, while the values in all rooms 
with 1/4 balcony and 1/2 balcony are 28.94 and 29.12 kWh/m2 respectively. So, increasing the 
balcony height generally increases energy consumption if all the rooms of in the atrium are 
considered. 
 
Table 1. Annual lighting energy consumptions (kWh/m2) and atria with various facade systems. 

Floor Side 
Annual lighting consumption (kWh/m2)  

opening 1/4 balcony 1/2 balcony 

Ground 
floor 

E 31.2 31.3 31.4 
W 31.3 31.3 31.3 
S 31.1 31.3 31.5 
N 31.2 31.4 31.6 

4 sides 
average 31.2 31.3 31.5 

Middle 
floor 

E 31 30.8 30.8 
W 31.2 31.2 31 
S 30.9 30.6 30.6 
N 31.1 31 31.1 

4 sides 
average 31.0 30.9 30.9 

Top 
floor 

E 24.1 24.1 24.5 
W 24.7 25 25.3 
S 24 24.2 24.6 
N 24.9 25.1 25.7 

4 sides 
average 24.4 24.6 25.0 

 
5. Conclusions 
This study has given an assessment of daylight performance and artificial lighting 
consumption in adjoining spaces in an atrium model. Some findings can be drawn from the 
results and discussions above: 
(1) There is an agreement between scale model measurements and Radiance simulations on 
average daylight levels of rooms in a medium height atrium. This enhances again the 
validation of basic Radiance algorithm in calculating atrium daylight levels. 
(2) Under overcast sky conditions, the varying trend of average daylight levels in rooms 
expresses an exponential form along the vertical direction from the top to the base. 
(3) Under overcast sky conditions, only the highest balcony can have a detrimental effect on 
the average daylight levels in rooms.  
(4) The rooms on the top floor mainly receive direct sky light and are clearly not influenced 
by the variation of well reflectances; the rooms on the middle floor get both the direct 
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daylight and reflected daylight; the rooms at ground floor level are substantially dependent on 
reflected daylight. 
(5)  In an atrium with four-sided adjoining rooms, the rooms on the top floor need the least 
energy for electrical lighting; the lighting energy performances are similar for the rooms at the 
middle floor and ground floor, both of which are much worse than the top floor.    
(6) In an atrium with four-sided adjoining rooms located in the northern hemisphere, the 
rooms facing east and south perform better than the rooms facing north and south in terms of 
the lighting energy saving through daylight usage. 
(7) In a four-sided atrium with adjoining rooms, the well facade consisting of the higher 
balconies and open windows would generally have a more negative impact on lighting energy 
saving in rooms than the open facades or facades with lower balconies (façade types in fig. 6).  
The limitations of the study are: (i) only the model with a square plan was analyzed, whose 
four sides were the same length; (ii) the façade configurations were relatively simple and no 
glazing has been considered in the models; (iii) the energy calculations are just focused on a 
site with a simple cloudy sky condition with little sunlight involved. Future work will focus 
on models with a broader range of geometries, more complicated well facades and a variety of 
sky luminance conditions at typical climate zones around the world.  
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environments containing devices called “Double Light Pipes” 
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Abstract: In this paper the authors present the results of a numerical analysis concerning the study of daylight 
transmission and thermal comfort in underground areas and basements of a building without any direct openings 
toward the external environment. The study was carried out on a two-level building, illuminated by the "Double 
Light Pipe" (DLP), an innovative technological device developed in the Laboratory of Technical Physics, 
Faculty of Architecture, Pescara, Italy. 
 
The DLP consists of two concentric pipes of different diameter, able to illuminate both the final room and the 
intermediate one and  to allow the entry and the extraction of the air inside the environments of life. 
 
In this first phase, the authors carried out a numerical analysis by the soft-wares RADIANCE and ECOTECT 
with the aim to define the illuminance distribution in the intermediate room illuminated by the DLP in standard 
conditions of sky; in addition the CFD code FLUENT/AIRPACK is employed with the aim to define the thermal 
comfort level considering external wind condition, air temperature and solar radiation. The indoor air 
temperature and velocity, mean age of air and the indexes PMV  and PPD have been evaluated so verifying the 
indoor air quality. 
 
Keywords: Light pipe, Lighting, Daylight, Indoor air quality, Numerical analysis 

1. Introduction 
Buildings use almost 40% of the world’s energy [1] and artificial light is responsible of a 
significant part of the whole energy consumption of a building. A considerable reduction of 
energy consumption is achieved when natural light inlet is optimized and this can be achieved 
both by traditional sources, as windows or skylights, or by technological devices, as light 
pipes [2, 3]. The latter are particularly suitable in underground areas of buildings, in large 
commercial or  industrial buildings, with windows placed on perimetral walls away from the 
centre of the room, or in exhibition rooms, museums or similar, where a particularly diffuse 
light with not too high illuminances on the work plane and a uniform luminance distribution 
of walls are preferred in order to guarantee a correct perception of the work of arts, 
particularly paintings on display. Moreover underground areas or rooms without any direct 
interface outwards need mechanical ventilation systems to make the necessary change of air 
in order to realize comfortable conditions for the occupants. In this paper the authors address 
the problem and propose a solution which is the Double Light Pipe (DLP), an innovative 
technological device recently developed in the laboratory of Technical Physics of  Pescara [4, 
5]. The DLP is an evolution of a traditional light pipe. The latter transport daylight from the 
collection point, commonly on the roof top of the building, trough the ceiling to the final 
rooms where it is distributed by a diffuser [6, 7]. When an intermediate area has to be crossed 
by the system, its encumbrance makes it a problem to position the device in the centre of the 
passage room. The idea is to give the system an illuminating function both for the destination 
room and the passage area. In this case it becomes acceptable indeed desirable, particularly in 
wide plant area rooms such as museums or exhibition areas, in which a high quality light, 
characterized by low illuminances on the work plane and quite a uniform distribution of 
luminances of the walls, is requested. In this paper the authors present the double light pipe 
modified in its geometric configuration in order to allow an efficacy circulation of air in the 
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passage room able to effect the necessary change of air requested for the comfort of the 
occupants. This is a ventilated double light pipe, whose performances have been analyzed in 
the Laboratory of Technical Physics of Pescara through a numerical analysis, by which the 
thermal and visual comfort level are realized in a large area room without any direct interface 
to outwards, by the ventilated double light pipe. 
 
2. Methodology 
A numerical analysis was carried out by the authors: the soft-wares RADIANCE and 
ECOTECT were used with the aim to calculate the illuminance distribution in the 
intermediate and final room illuminated by the DLP in various standard conditions of sky. 
The CFD code FLUENT/ AIRPAK [8] is employed to determine the values of the parameters 
by which the thermal comfort level for the occupants can be defined, depending on external 
wind condition, air temperature and solar radiation. In particular, by means of the numerical 
tool, the indoor air temperature, air velocity, mean age of air and the indexes PMV  and PPD 
have been evaluated in order to verify the indoor air quality. [9] 
 
2.1. Description of the test room  
The test room modeled by the sw is a two levels square modular form. Each level consists of a 
12x12 m plant area room, 4 m high, in which four ventilated double light pipes are installed, 
able to introduce daylight both in the passage and the final level, while natural ventilation is 
achieved in the passage room thanks to openings properly applied on the top and the bottom 
of the pipes. In Fig. 1 a three-dimensional representation and a cross section of the device are 
shown. The DLP described in [4, 5] is modified in order to allow the air circulation in the 
room. The inner pipe is narrow at the top and the outside is narrow at the bottom, so the air 
cavity between the two concentric pipes has a convergent section at the bottom for the 
introduction of air and the inner pipe has a convergent section at the top for the extraction of 
air. In the test-room four DLP are installed, two for the extraction and two for the introduction 
of air. At the top and the bottom of each DLP openings are properly realized in order to allow 
air introduction and extraction from the environment.  

                   
Fig. 1.  A three-dimensional representation and a quoted section of the Double Light Pipe  
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3. Daylight results  
In Fig. 2 the daylighting levels distribution on a 0,8 m high horizontal work plane by the sw 
Ecotect is illustrated on December the 21st under CIE Overcast sky (a) and on June the 21st 
under CIE Clear sky  (b) . 
 

        
Fig. 2.  Daylight Illuminance (lux) by Ecotect in Winter (a)  and Summer (b) conditions  
 
In Figg. 3 and 4 the luminance and illuminance data by Radiance are shown, respectively in 
winter and summer conditions. In the first case, the simulation is effected under Overcast sky 
on December the 21st , while, in the second, under Clear sky on June the 21st.  
 

   
Fig. 3.  Daylighting simulation by Radiance in Winter condition 
 

   
Fig. 4.  Daylighting simulation by Radiance in Summer condition 
 
4. Thermal comfort results  
The numerical analysis was carried out by Fluent/Airpak in steady state summer and winter 
conditions. The following results regard the test on September the 16th at 13 a.m. with the 
following boundary conditions:  

a b 
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External air temperature: text = 27°C; 
Mean radiant temperature tmr = 27°C; 
Mean internal surface temperatures of floor, tf = 25°C 
Mean internal surface temperatures of walls tw = 26°C 
Mean internal surface temperatures of ceiling tc = 26,5°C 
Inlet air velocity close to the vent 1 and 2: vin = 3 m/s; 
Surface temperature on the polycarbonate collector: tg = 36°C.  
The external air temperature was experimentally measured at the same time, while a higher 
temperature of the collector was imposed to take into account the solar radiation heating. 
In Fig. 5 a qualitative trend of air introduction and extraction by the device is shown. Each 
DLP can function as an extraction or introduction system. In the extraction pipe the inner tube 
is open at the top and the bottom, and the air cavity is closed, while in the introduction pipe 
the air cavity is open and the inner pipe is closed.                                                
 

                          
Fig 5. Qualitative Air circulation through the two DLP in the room 
 
In Fig. 6 (a) the air speed distribution on a horizontal plane 1,6 m high on the floor is shown: 
a good uniformity is verified in the room. In Fig. 6 (b) the air speed distribution is calculated 
on a vertical cross section 1 m distant from to the extraction DLP. This last image underlines 
higher values of speed in correspondence to the openings used for the air circulation. 
However the air speed is comfortable in the whole environment, with very low values 
everywhere in the room as confirmed by Fig. 7 (a). The  Fig. 7 (b) shows the air temperature 
on a vertical plane vs the height on the floor. It is evident that a low vertical gradient of 
temperature is obtained. Fig. 8 confirm this trend.    
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Fig 6.  Air speed distribution (m/s) on a horizontal plane 1,6 m high on the floor (a)  and on a 
vertical plane 1 m distant from the DLP (b) 
 

                 

Fig 7.  Air speed  vs distance  from wall to wall at the centre of the room on a horizontal plane 1,6  m 
high on the floor (a); air temperature vs height  exactly at the centre of the room (b). 
 

 
Fig. 8.  Air temperature field (°C) on a vertical cross section at   the centre of the room 
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The predicted mean vote (PMV) is commonly used as a measure of the average response 
about thermal comfort from a large group of people voting on a range included between -3 
and +3. In this work the PMV has been calculated on a reference horizontal plan in the room 
and the results are shown in Fig. 9. A satisfactory condition is obtained considering that the 
PMV is very uniform and close to the optimum value 0. This is confirmed by the predicted 
proportion dissatisfied (PPD) index which provides a measure of the percentage of people 
who will complain of thermal discomfort in relation to the PMV. In this case it is about 13-14 
%  as shown in Fig. 10. The PMV and PPD are evaluated considering a metabolic rate level of 
1,6 met and a clothing level of 0,9 clo. 
 

 
Fig.  9.  PMV index distribution on a horizontal plane 1,6 m high on the floor  
 

 
Fig. 10. PPD index distribution (%)  on a horizontal plane 1,6 m high on the floor  
 
In Fig. 11 the mean age of air distribution calculated by the numerical tool on a horizontal 
plane 1,6 m high on the floor is shown. It is obviously higher in the corners of the room and 
very low in correspondence of the DLP where the change of air is very efficacy, but in the 
whole environment the air change seems to be very comfortable. 
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Fig 11.  Mean age of air distribution (s) on a horizontal plane 1,6 m high on the floor  
 
The results obtained in winter conditions are similar to the summer ones about the indoor air 
speed field, but with higher values. On the contrary the indoor temperatures are obviously 
very different, as shown in Fig. 12. In winter condition the thermal comfort is not assured due 
to the absence of a thermal plant.  
 

      
 

Fig 12.   Air temperature vs height  exactly at the centre of the room (a); air speed  vs distance  from 
wall to wall at the centre of the room on a horizontal plane 1,6  m high on the floor (b) in winter 
conditions. 
 
5. Conclusions  
The DLP previously developed by the authors with the aim to distribute daylight in a 
two/level underground building has been modified in order to allow the air circulation in the 
upper level necessary to ensure the thermal and hygienic comfort for the occupants. The first 
numerical results show how the Ventilated Double Light Pipe can be successfully used both 
to introduce daylight and to allow natural ventilation in the room. It is suitable for large area 
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exhibition rooms or museums due to its encumbrance and the features of daylight distribution 
in the environment. Quite uniform illuminace data with low luminances of the boundary walls 
of the room is realized, except for the higher portion of the system which is characterized by 
high luminances with the risk of glare. The authors are developing a solution for this problem, 
using a diffusing film applied on the upper portion of the system, but this work is chiefly 
devoted to demonstrate the capacity of the system to be employed as a tool for the air change 
of the room. The first results encourage the authors to carry on the work. Transient numerical 
analysis has to be carried out in order to simulate the behavior of the system with various 
external conditions of wind velocity and test its capacity of making an efficacy change of air 
of the room. 
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Abstract: In this paper the authors present the first experimental results about  the natural ventilation obtained 
by a device called Ventilated Illuminating Wall (VIW), which carries out the function to introduce natural light 
in underground areas or that don't have facing outwards, contemporarily operating in the same areas a natural 
ventilation effective action  necessary to guarantee thermal comfort and healthy conditions to the occupants. 
The VIW is represented by a 1:1 prototype scale model, constituted by a precast removable manufactured 
product set to a window of a room. Such device is able both to transport the natural light, captured by the 
coverage, in underground areas and to introduce outside air for the required ventilation  through the vents 
positioned both inside the room and in the retaining structure of the coverage. 
 
Our study’s objective is to verify experimentally, through air speed measurements in different points, if in every 
condition the indoor air quality is guaranteed.  
 
The results about daylight performances of the system are satisfactory; besides they show that the VIW is able to 
assure a significant natural air ventilation, but the thermal analysis can be improved measuring the air mass flow 
rate and the comfort parameters for the occupants.  
 
Keywords: Ventilated illuminating wall, Natural ventilation, Energy efficiency, daylight, Experimental analysis. 

1. Introduction 
Buildings are often equipped by underground areas in which the absence of natural light and 
ventilation create uncomfortable conditions for human activities. In many cases mechanical 
ventilation and artificial light are used to ensure comfortable conditions for the occupants. It is 
known that buildings use almost 40% of the world energy [1] and, obviously, a meaningful 
part of the whole energy consumption of an edifice is due to artificial light and mechanical 
ventilation of  underground rooms.  
 
Moreover, the case can be considered of buildings utilized as museums, exposition rooms or 
similar. These spaces need a particularly soft luminance distribution, avoiding direct solar 
radiations from windows or skylights or very intense reflections from shiny surfaces that may 
be present in the environment, which can generate the risk of glare. Besides, the paintings on 
display can be sensitive to light and deteriorate in the presence of high values of illuminance. 
Usually in museums or exhibition rooms  low illuminances are preferred over the illuminated 
surfaces because, in this case, a favorable balance of luminances is more easily obtained 
between the visual task and its background.  
 
For these reasons, in these cases any direct interface to outdoor environment through 
traditional windows or skylights is often avoided and artificial light is adopted all the time. 
The absence of windows and skylights makes it impossible natural lighting and ventilation. 
On the other hand it is known that the enjoyment of works of art is better in the presence of 
natural light than in the absence of it, and a significant energy saving can be achieved by 
using natural light instead of artificial light. Taking into account that every effort must be 
made in order to reduce energy consumption of buildings, many technological systems have 
been applied in architecture with the aim to ensure comfortable conditions for the occupants, 
concurrently providing a significant energy saving. In recent years many technical devices, 
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such as light pipes and similar, have been proposed with the aim to introduce natural light in 
areas without direct interface with outwards and many papers have been published in order to 
explain the way to design tubular light pipes or similar technological devices [2, 3, 4, 5] .  
 
In some cases light pipes are equipped with technological systems able to ensure air 
extraction from the room in which they are installed  [6]. In this work the authors present an 
innovative device able to capture daylight from a transparent horizontal surface on the top of 
the device and redirect it into the room, and simultaneously allow the introduction and 
extraction of air. This device, called Ventilated Illuminating Wall (VIW), was built in real 
scale and experimentally tested in order to verify its lighting and air circulation performances, 
in order to reduce the use of electric light and mechanical ventilation and so diminishing the 
energy request of the building. 
 
2. Description of the V. I. W. 
An innovative technological system was developed by the authors named “Ventilated 
Illuminating Wall (VIW)”. Moving from the idea of building an apparatus able to introduce 
daylight in underground areas or rooms without direct interface to outdoor, simultaneously 
ensuring the necessary air circulation, the authors developed a multilayer boundary wall, 
equipped with a glass plate cover on the top able to capture daylight and a vertical interspace 
internally covered by a highly reflective film (3M Radiant Mirror Film) by which light is 
redirected to a transparent surface, like a window, and introduced into the room.  
 
Thanks to a second exterior vertical air cavity, which allows the greenhouse effect in presence 
of thermal solar radiations in the case of not underground buildings, and fifteen openings with 
wire mesh properly practiced on the walls, air is allowed to circulate for extraction and 
introduction in the room so creating an effective air change able to ensure internal 
comfortable conditions for the occupants. The Ventilated Illuminating Wall is particularly 
suitable in large exposition areas, which don’t have facing outwards and need diffuse light, 
avoiding glare phenomena which occur when intense direct light from windows comes 
towards the illuminated surfaces.  
 
3. Methodology  
An experimental analysis was carried out on a 1:1 prototype scale model of the V.I.W. The 
tests were carried out by measuring internal and external illuminance, wind velocity and 
direction, and internal air velocity in various positions of the room: near the air inlet and 
outlet vents and in the centre of the room.  
 
3.1. Experimental apparatus  
The test room is a 5x3 m plant area room, 2,7 m high. The V.I.W. is constituted by a precast 
removable manufactured product placed against the window in the north-west wall perimeter 
of the room. In Fig. 1 some pictures of the system are shown taken during successive stages of 
its construction: an iron frame was applied against the window on the perimeter wall of the 
laboratory (a, b); an air space was created between the window and the first opaque layer, 
which consists of a 4 cm black painted polystyrene panel which gives the necessary thermal 
insulation and improves the greenhouse effect in the second vertical hole. This last is a 10 cm 
air space between the polystyrene panel and the external 1 cm transparent polycarbonate panel 
applied on a second iron frame (c). On the top of the system a glass plate cover is applied 
which allows daylight entering the room (d).  
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Fifteen openings with wire mesh allow the natural air circulation necessary to ensure 
favorable hygienic conditions in the room. The internal ones  are shown in Fig. 1 (e) and the 
external in Fig. 1 (f), where the final configuration of the apparatus is shown.  
 

 
Fig. 1.  Realization steps of the VIW. 
 
The experimental line used to carry out the analysis consists of four CIE Lux-meters sensors, 
range 0-25 klux, accuracy 3% of the reading value, for the internal illuminance, a CIE sensor 
range 0-100 klux, tolerance 1.5 %, for the external illuminance, a data-logger with 20 inputs, 
by which data are registered and elaborated; three internal hot wire anemometers, range 0-20 
m/s, accuracy 0,01 m/s, 1%; one tacho-gonioanemometer with direct output. 
In Fig. 2 a section of the device with a description of the principal components of the V.I.W. 
and a quoted section of the system are shown. 
 
3.2. Description of the experimental test conditions   
The experimental tests were carried out positioning the sensors in the room as represented in 
Fig. 3, in which a plant and a section of the room are shown with the position of each sensor.  
The tests were carried out in summer and autumn conditions. Air temperature was measured 
in positions 1, in the center of the room, and in positions 2 and 3, close to the wire mesh 
applied on the inferior and superior openings. In the same positions air velocity was 
measured, while illuminance was measured in positions 4, 5, 6 and 7  (Fig. 3).  
On the roof top of the building, close to the transparent  glass covering plate by which light is 
collected from the sky, the external lux-meter and the tacho-gonioanemometer dedicated to 
measure wind velocity and direction were positioned. 

a 

b c 

d 
e 

f 
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Fig. 2.  Sections  of the VIW. 
 

 
  Fig. 3. Section and plant of the test room with the measure positions  
 
4. Results   
In Fig. 4 illuminance data measured on September the 16th are shown. External illuminance is 
referred to the right axis while the ratios between internal and external illuminance in the 
measure positions are referred to the left one. In this case, with a very regular trend of  
external illuminance, the influence of the V.I.W. on internal distribution of illuminance is 
significant up to quite 2 m from the system for a large range of daytime, but in the morning 
some very high pick values are verified in positions 4 and 5 close to the V.I.W and the 
influence of V.I.W. is meaningful also in positions 6, quite 3 m distant from the VIW, as 
shown in table 1, thanks to reflections directly coming from the Radiant Mirror Film. 
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Fig. 4. Illuminance data in positions 4-7 on September the 16th  
 
Table 1. Minimum, Medium and Maximum illuminance data in positions 4-7, on September the 16th 

 Pos. 4 Pos. 5 Pos. 6 Pos. 7 
Minimum (lux) 9 4 0 0 
Medium  (lux) 572 222 46 24 

Maximum (lux) 5664 2722 497 372 
Distance from V.I.W. (m) 0,5 1,3 2,1 2,9 

 
In autumnal conditions, with lower and less regular external illuminance, in the measure 
positions a similar situation is verified, but pick values of illuminance in the morning are 
absent and the influence of the system to internal illuminance is significant up to 2 m from it, 
as shown in Fig. 5.  
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Fig. 5. Illuminance data in positions 4-7 on November the 5th  
 
The natural ventilation allowed by the V.I.W. permits the necessary change of air in the room 
and different ways are traced in summer (night and day) and winter conditions. In the design 
phase the authors provided for the behavior of the system as shown in Fig. 6 in which a 
representation of expected natural ventilation in summer and winter is shown, obtained by 
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different configurations (close/open) of the openings. In particular, the Fig. 6 (a) shows the 
expected natural ventilation in daily summer condition, while Fig. 6 (b) the expected natural 
ventilation in night summer and in winter (night and day) conditions. 

 

                            
Fig. 6. Natural ventilation in daily summer conditions (a), night summer and winter conditions (b) . 
 
In Fig. 7 data of wind direction and velocity on September the 17th are shown. Higher speeds 
are verified from 9 am to 5 pm with a medium wind direction angle from North of about 97°, 
while a medium value of about 158° is verified in night conditions, just favourable for a good 
air circulation. All the summer tests carried out confirm this trend, that can be considered 
representative of summer conditions. 

Wind direction and velocity - September the 17th
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Fig.7. Wind direction and velocity on September the 17th 

 
In Fig. 8 air speed is shown on September the 17th, measured in positions 2 and 3 close to the 
air inlet and outlet vents. Table 2 shows minimum, medium and maximum data. During the 
day the vent 2 is the outlet opening and the 3 is the inlet one, while at night the reverse 
situation occurs. In the centre of the room (position 1) air velocity is less than 0,03 m/s all the 
day with a mean value of about 0,005 m/s, while in night conditions the maximum value is the 
same with a lightly higher value of the mean velocity, of about 0,007 m/s. 

a b 

close 
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Air velocity - September the 17th
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Fig. 8. Inlet and outlet air velocity on  September the 17th 

 
Table 2. Minimum, Medium and Maximum air velocity  in positions 2 and 3 on September the 17th 

 DAY NIGHT 
 Pos 3 - inlet Pos 2 - outlet Pos 2 - inlet 

 

Pos 3 - outlet 

 Min. air velocity (m/s) 0 0,021 0 0 
Med. Air velocity  (m/s) 0,7 0,64 0,39 0,05 
Max. air velocity (m/s) 2,17 1,36 2,38 0,78 

 
In Fig. 9 data about wind direction on November  the 5th are shown. In daily conditions from 
10.30 am and 6.30 pm the medium wind direction angle from North is 132°, while a medium 
value of about 195° is verified in night conditions. This is a less favourable situation than in 
summer, particularly in daily condition, nevertheless the VIW seems to assure acceptable 
performances also in this case, thanks to an efficacy stack effect. 
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Fig. 9.Wind direction and velocity on November the 6th 

 
In Fig 10 air speed in positions 2 and 3 are shown with winter configuration of openings. 
During the day the inlet and outlet air speeds are similar because they are only influenced by 
the difference of temperatures between internal and external environments, while during the 
night a more favourable wind direction allows to obtain higher values of inlet air velocity. 
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Fig. 10. Air  velocity on  November the 6th with winter configuration of openings 

 
5. Conclusions 
The V.I.W. is a new daylight technological device able to make also an efficacy natural 
ventilation in underground areas of buildings or rooms without direct outward interface. The 
building steps of the V.I.W. are described and the first experimental data of indoor 
illuminances and air speed are shown. The  V.I.W. seems to allow an efficacy change of air of 
the test-room, although the mixing of air does not probably involve the whole                                                                                                          
environment. The daylighting efficacy is completely satisfactory in presence of high external 
illuminance, but must be improved with low external illuminance, by an efficient cleaning of 
the reflective film. The continuous monitoring the V.I.W may prove its efficacy in terms of 
energy saving and the spin-off uses of the system, particularly in museums or large exhibition 
rooms in which it may be used together with traditional or double light pipes.   
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Ventilated Illuminating Wall (VIW): Natural ventilation numerical analysis 
and comparison with experimental results 
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Abstract: The authors propose a comparison among the first experimental and numerical results of an analysis 
carried out about the theme of the natural ventilation and the energy efficiency relatively to a d evice called 
Ventilated Illuminating Wall (VIW). The VIW is represented by a 1:1 prototype scale model, constituted by a 
precast removable manufactured product set to a window of the room, able both to transport the natural light, 
captured by the coverage, in underground area, and to introduce outside air for the required indoor ventilation. 
The experimental data, object of a work previously carried out, are obtained from temperature and air speed  
measurements in different points inside the tested room. 
 
Based on  s ome meaningful environmental parameters, internal and external temperature of the building, 
direction and wind speed  i n different times of the year, the device performances are evaluated through the 
software Fluent/Airpak, able to make fluid dynamics modeling and simulations, with the aim to calculate the air 
flow rate distributions, air speed and temperature field inside the room. The numerical analysis is carried out in 
steady state condition and produces results that, sometimes, are overestimated with respect to experimental ones. 
The results may be improved by a transient analysis.  
 
Keywords: Ventilated illuminating wall, Natural ventilation, Energy efficiency, Thermal comfort, CFD. 

1. Introduction 
The energy consumption of buildings takes a significant role in the energy question, because 
buildings are responsible of about 40 % of the whole world energy demand  [1]. In buildings 
in which underground areas are present the energy consumption is increased because they 
need to be artificially enlighten and ventilated. Particularly mechanical ventilation is generally 
adopted in these cases. Moreover, when internal environments of buildings are used as 
museums or exhibition rooms, they need a particularly uniform luminance distribution of the 
walls with low illuminances all over the work plane in order to allow the correct perception of 
works of art on di splay, particularly in the case of paintings, with the right contrast of 
luminances between the visual task and the background, avoiding the risk of glare. Since this 
risk is often present when natural light is introduced in the room through traditional daylight 
sources, for the presence of intense direct solar radiations that can be reflected by shiny walls, 
in these cases it is better avoiding natural light entering through windows or skylights and 
technological daylight systems, as light pipes or double light pipes [2, 3], can be used in order 
to provide better conditions for visual comfort. The absence of windows makes it impossible 
the natural ventilation of the room. In some cases light pipes, used to introduce daylight in 
underground areas, are equipped with technological systems able to ensure air extraction from 
the room [4, 5]. The innovative system presented in this paper, named Ventilated Illuminating 
Wall (VIW), has been developed by the authors in order to simultaneously allow natural 
lighting and ventilation for the environment. So, when underground areas are used or rooms 
without any direct interface to outwards the VIW allows air ventilation and natural light inlet, 
giving the room a high quality of light and comfortable conditions of indoor air. It is a 
combination of a daylight transport system and a passive solar system set up in a real scale by 
the authors. In this paper a numerical analysis of the device is presented and the results are 
compared with some experimental data of air circulation parameters. 
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2. Methodology 
Moving from the availability of some data obtained by the experimental analysis, such as 
internal and external temperatures, wind direction and speed  in different times of the year, the 
authors carried out a numerical analysis with the aim to evaluate the performances obtainable 
by the VIW. In particular they analyzed the system in steady state conditions and compared 
the numerical results with experimental ones in order to test the used numerical code with the 
aim to be sure that it is a suitable tool of analyzing the performances of the VIW. 
 
2.1. Numerical analysis 
The numerical analysis was carried out by the software Fluent with the aim to calculate the air 
flow rate distributions, air speed and temperature field inside the room. Due to the complexity 
of the geometry and the 3D characteristics of the flow, only numerical methods, often referred 
to as CFD, can be used to solve the velocity, pressure and temperature field. The fundamental 
set of partial differential equations (PDEs) describing fluid flow, known as the Navier-Stokes 
equations [6], can be applied to the problem under consideration, assuming the hypothesis of  
incompressible flow. 
 
The governing PDEs of fluid flow (conservation of mass, momentum and energy) can be 
written in a generic form as the following: 
 

( ) ( ) ( ) φφρρ Sgraddivvdiv
t

+ΦΓ=Φ+
∂

Φ∂ 
    (1) 

 
in which Φ represents the predicted variable, ρ the density of the fluid, ΓΦ the diffusion 
coefficient and SΦ the source term. If Φ =1 the continuity equation is obtained. The actual 
form of the variables in Eq. (1) is summarized in Table1. 
 

Table 1 - Variables in eq. 1 
Φ ΓΦ SΦ 
vx μeff 

x
P

∂
∂−  

vy μeff gy
P −∂

∂−  

vz μeff 
z

P
∂

∂−  

CpT k+kt Q 
 
In order to simulate the turbulent behaviour of the flow, the RNG (“renormalization group") 
k-ε model was used, which requires the solution of two additional equations [6]. Details of 
turbulence model are referred in [7, 8, 9 and 10]. 
 
In this work, a commercial program package called Ansys/Fluent (Airpak) was used to 
simulate the airflow. It adopts a control-volume-based technique. The linearization of the 
discretized equations is accomplished using a first-order accuracy upwind scheme.  
The pressure field is computed by the body-force-weighted scheme, which is good for high-
Rayleigh-number natural convection flows. The problem domain was subdivided into 
2.034.334 tetrahedral elements whit 352.215 nodes. 
 
The linearized governing equations are written in an “implicit" form with respect to the 
dependent variable of interest. The calculated variables are used within the various 
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postprocessing with the aim of determining the volume flow rate, which is a derived scalar 
quantity computed from the velocity field.  
 
2.2. Experimental analysis 
The experimental analysis was carried out by measuring the environmental parameters (air 
temperature and speed, wind direction and speed) in a test room properly built in the 
Laboratory of Technical Physics of the Faculty of Architecture of Pescara, between 
September and November in various external climatic conditions.  
 
2.3. Experimental apparatus  
The experimental apparatus is constituted by a 5x3 m plant area room, 2,7 m high in which a 
1:1 scale prototype of the Ventilated Illuminating Wall (VIW), is placed against the window 
in the north-west wall perimeter of the room. The VIW is a removable structure applied to the 
window able to introduce natural light and ventilation in the room. The daylight is captured 
by a horizontal glass plate cover applied on the top of the system and redirected in the room 
thanks to a multilayer highly reflecting film applied on the vertical internal closing panel of 
the device.  
 

 
Fig. 1.  External and internal views of the VIW. 
 

         
Fig. 2.  Section of the VIW with qualitative air circulation and the positions of inlet and outlet vents  
 
In Fig. 1 two external and internal views of the device are shown. The natural air circulation 
necessary  t o ensure favorable hygienic conditions in the room is guaranted by fifteen 
openings with wire mesh practiced on the internal and external closing panel of the system. In 

Vent 1 Vent 2 

Vent 3 

Vent 4 

(a) (b) 

close 

close 
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Fig. 2 a qualitative representation of the expected air circulation is shown. In particular, the 
Fig. 2 (a) shows the expected natural ventilation in daily summer condition and Fig. 2 (b) in 
night summer and in winter (night and day) conditions. 
 
The experimental line consists of a data-logger type LSI/BABUC-ABC, characterized by 20 
inputs, by which data are registered and elaborated, three internal hot wire anemometers type 
BSV105#S-LSI, range 0-20 m/s, accuracy 0,01 m/s, four temperature probes PT 100, t ype 
LSI BST101#S – DIN IEC 751, class A; one tacho-gonioanemometer with direct output, 
model DNA021-LSI. The air temperature and speed are measured in three positions, in the 
centre of the room (1), near the opening at the bottom of the wall (2) and near the opening at 
the top of the wall (3), as indicated in Fig. 3.  
 

 
Fig 3.  Air temperature and velocity sensors positions. 
 
3. Numerical Results  
The Figg. 4-8 show the steady numerical results by Fluent/Airpak in winter configuration, 
with the following boundary conditions, experimentally measured on November the 7th at 9 
a.m.:  
External air temperature: text = 11°C; 
Mean internal surface temperatures (floor, walls and ceiling): ts = 22°C; 
Inlet air velocity close to the vent 1: vin = 0,6 m/s; 
Wind direction: 210° from North; 
Wind velocity: 2,8 m/s. 
Surface temperature on the glass plate cover: tg = 18°C; 
Surface temperature on the external polycarbonate vertical panel: tp = 15°C. 
In Fig. 4 the air speed field and the flow lines in the room are shown while in Figg. 5 and 6 
the air velocity distribution on two horizontal planes, 2,4 m high on the floor, close to the vent 
3, and 0,3 m from the floor, close to the vent 2, are illustrated. The comparison between the 
two images highlights the different trend of the air speed distribution in correspondence of the 
two inlet and outlet vents of the wall. The inlet and outlet velocities involve a mass flow rate 
of =0,0854 m3/s, which correspond to about 6,6 a ir changes per hour, considering that the 
volume of the room is equal to 46,1 m3. A second test carried with data of the same day at 2 
p.m. allowed to calculate a mass flow rate of 0,058 m3/s, corresponding to 4,5 air changes per 
hour. 
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Fig 4. Air speed field and flow lines in the room. 
 

 
Fig 5. Air velocity (m/s) on a horizontal plane 2,4 m high on the floor, close to the outlet vents. 
 

  
Fig 6.  Air velocity (m/s) on a horizontal plane 0,3 m high on the floor, close to the inlet vents. 
 
In Figg. 7 and 8 the temperature field in the room and the temperature vertical trend in the 
centre of the room and on a vertical plane containing the measure positions 2 and 3 close to 
the inlet and outlet vents are shown. It’s evident how the temperature profile is influenced by 
the absence of any heating system and the introduction of low temperature air from the 
opening at the bottom of the wall, particularly close to the vents.   
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Fig 7.  Air temperature field (°C) in the room. 
 

                           
Fig 8.  Air temperature vs height  on the floor in the centre of the room (a) and close to the outlet and 
inlet vents (b). 
 
4. Comparison between numerical and experimental results 
A comparison was carried out between the numerical results by Fluent/Airpak and the 
experimental data in the measure positions 1, 2 and 3. The comparison was made with 
reference to the data of November the 7th at two different times: 9 a.m. with a wind velocity of 
about 2,8 m/s and a favourable direction (210° from North), and 2 p.m. with a very a lower 
wind velocity of about 0,9 m/s and a different wind direction (45° from North). This last does 
not give any contribution to air inlet, and in this case the only stack effect allows the air 
circulation.   
 
As shown in table 2, a good agreement is obtained between numerical and experimental air 
temperatures both at 9 a.m. and at 2 p .m. On the contrary, the comparison between the 
numerical and experimental air velocities shows a good agreement in position 1, in the centre 
of the room, while a more significant discrepancy is verified in positions 2 and 3, close to the 
air inlet and outlet vents, partially due to the influence of the boundary conditions. This 
disagreement is verified in both the situations considered.  

Temperature (°C) Temperature (°C) 

height (m) height (m) 
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As an example, in Figg. 9 and 10 the air velocities comparison is shown between data at 9 
a.m. 
 

Table 2 – Comparison between numerical and experimental air temperature Ta 

 Position 1 Position 2 Position 3 
 Exp. Num. Exp. Num. Exp. Num. 
Ta (°C) at 9 am 14,75 14.74 11,77 11.37 17,74 16.1 
Ta (°C) at 2 pm 17,4 18,7 16,8 16,8 18,2 19,3 
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Fig 9. Experimental and numerical air velocity in position 1 in the centre of the room 
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Fig 10. Experimental and numerical air velocity in positions 2 and 3, close to the inlet and outlet vents 
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5. Conclusions 
The numerical analysis carried out by the sw Fluent/Airpak allows to determine the main 
features of the VIW in terms of its capacity of making an efficacy natural ventilation in rooms 
without direct interface to outwards. Data about the temperature field are satisfactory if 
compared with experimental ones, while the air velocities seems to be affected by a 
significant degree of error partially due to the steady state analysis and the boundary 
conditions. Even if overestimated, data of mass flow rate show how the VIW can assure an 
efficacy change of air only by natural ventilation. A transient analysis may certainly provide a 
more precise determination of the behavior of the system. The availability of a large quantity 
of experimental data will be a useful tool for the validation of the sw. In any case the first 
results encourage the authors to carry on the analysis, since the VIW seems to be an             
efficacy system of daylight transport and natural ventilation for underground areas of 
buildings or rooms without any direct interface to outwards. It seems particularly suitable for 
large exhibition rooms or museums where the absence of windows or skylight makes it 
impossible daylight and natural ventilation of the environment.      
 
References 
[1] M. Santamouris, Alternative cooling techniques for building (Keynote lecture), 

Proceedings of the 6th International Conference on Sustainable Energy Technologies SET 
2007, Santiago de Chile,  2007, pp. 19-24. 

[2] C. Baroncini, F. Chella, P. Zazzini, Numerical and experimental analysis of the Double 
Light Pipe, a new system for daylight distribution in interior spaces, International Journal 
of Low Carbon Technologies, 3/2, 2008, pp.110-125. 

[3] C. Baroncini, O. Boccia, F. Chella, P. Zazzini, Experimental analysis on a 1 :2 scale 
model of the Double Light Pipe, an innovative technological device for daylight 
transmission, Sola Energy, 84, 2010, pp.296-307. 

[4] S. Varga, A. C. Oliveira, Ventilation terminal for use with light pipes in buildings, 
Applied Thermal Engineering 20, 2000, 1743-1752. 

[5] A. C. Oliveira, A. R. Silva, C. F. Afonso, S. Varga, Experimental and numerical analysis 
of natural ventilation with combined light-vent pipes, Applied Thermal Engineering 21, 
2001, 1925-1936. 

[6] F. M. White, Fluid Mechamics, 2nd ed. McGraw Hill, New York, 1986. 

[7] S. V. Patankar. Numerical Heat Transfer and Fluid Flow. Hemisphere, Washington D.C., 
1980 

[8] Airpak 2.1 User’s Guid Fluent Inc. April 2002. 

[9] B.E. Launder, D.B. Spalding, The numerical computation of turbulent flows, 
Computational Method. Applied Mechanical  Engineering, 3 (1974) 313. 

[10]  P.V. Nielsen, F. Allard, H.B. Awbi, L. Davidson, A. Schalin, Fluidodinamica 
computazionale applicata alla progettazione della ventilazione ed. D. Flaccovio 2009. 

 
 

1937



Experimental and numerical study on the performance of solar walls in 
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Abstract: This article focuses on the behavior of an accommodation with Trombe walls in a M editerranean 
climate, in terms of energy savings and comfort during wintertime and summertime.  
The aims of this study are to identify experimentally temperatures and heat fluxes of the solar wall; compare the 
solar wall’s behavior with a traditional wall from the point of view of consumptions and comfort; optimize the 
wall in relation to energy savings. In order to do that, various activities were carried out: a series of monitoring 
activities for several years in different seasons (in this paper only the results obtained for winter and autumn are 
reported); dynamic simulations with software EnergyPlus on a virtual model calibrated by comparison with 
experimental results; parametric analyses for the optimization of the wall. 
The results demonstrated that solar wall is an efficient system in temperate climates, with an energy savings of 
12,2% and summer comfort comparable to that provided by traditional housing. Finally it was possible to 
identify optimal design features (Thickness of the wall, absorbance, type of glass). 
 
Keywords: Trombe walls, Building envelope, Thermal comfort, Monitoring, Parametric analyses. 

Nomenclature  
s component thickness ............................... cm 
U thermal transmittance ...................... W/m2K 
Ymn periodic thermal transmittance ....... W/m2K 
fd decrement factor ........................................ - 
φ time shift ................................................... h 
Tout outdoor air temperature ......................... °C 

Ts,int internal surface temperature .................. °C 
Troom ................................ indoor air temperature °C 
Top indoor operative temperature ................. °C 
Fsolar glob hor horizontal global solar radiation 
  ............................................................ W/m2 
Fint internal surface heat flux density ....... W/m2 

Ts,ext external surface temperature .................. °C  
 
1. Introduction 
The recent European Directives on the energy performance of buildings established a 
common direction for the reduction of buildings energy consumptions. Consequently the 
Member States set up a series of minimum requirements and made it n ecessary to achieve 
high building envelope performances. Solar passive systems can give a significant 
contribution to achieve these performances and they may help to save energy both for winter 
heating and for summer cooling. However there are still few studies in literature on the 
behavior of solar passive systems, especially on solar walls, in summer [1, 2], on de sign 
recommendations [3, 4, 5], on c omfort conditions produced [6], in Mediterranean climates 
and in well-insulated envelopes required by national regulations.  
 
Solar wall is a passive solar system used to store heat and transfer it inside the building. It is 
generally made of a concrete or masonry wall painted black, an air layer and glazing on the 
exterior. Trombe wall is a particular type of solar wall equipped with vents for the air 
circulation. Precedent studies [7, 8], focusing on t he mode of use of Trombe walls, 
highlighted that recirculation vents determine consistent heat losses during the cold season 
and problems of powder rising. For this reason this study focuses on unvented solar walls. 
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The objectives of the study are: the assessment of solar walls’ effects on energy consumptions 
and indoor comfort of residential buildings; the development of design recommendations for 
solar walls in a Mediterranean climate. The methodology used comprehends experimental and 
analytical activities: a series of monitoring activities on a case study to collect data related to 
the thermal behavior of solar walls; numerical simulations in dynamic conditions on a model 
calibrated by comparison with the experimental data; simulations and parametric analyses to 
extend the results. 
 
2. Case study 
The case study is a residential building in Ancona, central Italy, and it was built in 1983 to 
test many passive solar systems. The building includes nine flats on three floors, each 
equipped with a different passive solar system on the south-facing wall (Fig. 1). The house 
has a compact shape and it is oriented along the E-W axis in order to maximize solar supply. 
 
The research focused on the accommodation with Trombe walls (Fig. 2), that resulted from 
precedent studies [7] the best solar system among the ones in the house. The system is made 
up of a 40 cm concrete wall painted black, a 10 cm air layer and glazing on t he exterior. 
Adjustable vents are placed on the top and on the bottom of the wall and on the top of the 
external glazing to activate ventilation. Roller shutters and horizontal overhangs provide solar 
radiation control. The configuration of solar wall considered in this study is: ventilation not 
active (closed vents); movable shading open in winter and middle seasons, closed in summer. 
 

 
Fig. 1.  View of the case study. 

        
Fig. 2.  External view of Trombe wall.

 
3. Methodology 
The research consisted of experimental activities in autumn and winter and analytical 
activities to extend the study to other periods. 
 
3.1. Experimental activities 
Monitoring activities in the case study were performed for several years in different seasons. 
In this paper we report only a part of the data measured, regarding these periods: 
 
- Autumn monitoring: 12th October 2007 – 21st October 2007  
- Winter monitoring: 20th December 2008 – 7th January 2009  

 
Trombe walls were used with closed vents during experiments to reproduce unvented solar 
walls. Heating system was off during autumn monitoring, while it was switched on in winter 
with set point 20°C and program: 1:30-3:30, 7:30-9:30, 17:30-21:30. 
Experimental set-up is described in Fig. 3 a nd Fig. 4. Data loggers and different types of 
probes were used to carry out the following investigations: survey of the outdoor climate 
conditions using an external weather station that included hydro-thermal probe, wind speed 
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and direction probe, solar radiation probes (Fig. 5); survey of indoor environmental conditions 
using indoor microclimate stations with hydro-thermal probe and black-globe temperature 
probe (Fig.6); detailed thermal survey of Trombe wall using a set of thermo-resistances to 
measure internal and external surface temperatures and heat flux sensors (Fig.7). External 
probes were screened from direct solar radiation to avoid values alteration.  
 

  
Fig. 3.  Experimental set-up: plan of the house 

 

 
Fig. 4.  Experimental set-up: vertical section of 
Trombe wall indicating the position of probes. 

 

 
Fig. 5.  View of weather station. 

  
Fig. 6.  View of indoor 
microclimate station. 

 
Fig. 7.  View of the probes on the 

outside face of Trombe wall. 
 
3.2. Analytical activities 
Numerical simulations were performed in dynamic state using software EnergyPlus. Trombe 
walls can be modeled in EnergyPlus using the algorithm “TrombeWall” validated BY ELLIS 
[9]. 
 
3.2.1. Model inputs and comparison with experimental data 
Data collected during experimental activities were used as inputs for the model in order to 
reproduce the real conditions: we developed a climatic input file containing the outdoor 
conditions measured during experiments, then we defined programs regarding the real users 
profiles for the building (occupancy, air ventilation, heating system program and set point).  
The values obtained by calculations were compared with data collected during experimental 
activities in order to verify the reliability of the simulation tools in reproducing real situations. 
Indoor air temperatures, surface temperatures and the heat fluxes of the trombe wall were 
compared. Once the model had been calibrated, it w as possible to generalize the results 
running the calculation for a whole year and setting standard input data for the model, 
according to national reference UNI/TS 11300:2008.  
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3.2.2. Analytical studies on solar walls 
Numerical simulations were performed all over the heating season (1st November to 15th April 
in Ancona, according to national requirements) in order to determine the thermal behavior of 
solar walls. Total energy contribution, defined as the difference between solar gains and heat 
losses through the wall, was used to evaluate the performance of solar wall compared to a 
traditional one, with the characteristics in Table 1.  
 
 Table 1. Thermal characteristics of solar wall and traditional wall according to ISO 13786:2007. 

Type of wall s  
(cm) 

U  
(W/m2K) 

|Ymn|  
(W/m2K) 

fd 
(-) 

φ 
(h) 

Solar wall 51,4 2,267 0,12 0,10 12,48 
Traditional wall 34,5 0,343 0,12 0,54 6,83 

 
3.2.3. Analytical studies on building envelopes with solar walls 
In order to assess how solar walls can contribute to the performances of a building complying 
with current energy regulations, the insulation level of envelope components of the case study 
(except solar walls) was varied to meet national requirements. Then the energy performance 
of the same accommodation was calculated varying the type of south-facing wall between 
solar wall and traditional wall, defined above, to assess the energy efficiency of solar wall in 
comparison with the traditional one. 
 
Indoor thermal comfort analyses were performed to assess indoor quality. Thermal comfort 
conditions were estimated for the whole year with simulations. PMV method, according to 
UNI EN ISO 7730:2006 and UNI EN 15251:2008, was applied in winter when the heating 
system is on. PMVe method [10] was applied in summer (with coefficient e = 0,7) with the 
hypothesis that the cooling system is not present. Category II, according to UNI EN 
15251:2008, was assumed in the assessment of comfort limits.  
 
3.2.4. Parametric study on solar wall characteristics 
A parametric study was performed using the level factorial plan technique [5]. With this 
technique it is possible to calculate the effect of variations of single parameters and 
combinations of parameters on a  given phenomenon. The parameters listed in table 2 were 
chosen. For each of the eight combinations of parameters in Table 3 a simulation was run to 
determine the effects of variations on the seasonal energy needs for heating of the house. 
 
Table 2. Parametric analyses on the solar wall system. 

Parameters Designation Minimum value Maximum value 
Storage wall thickness (cm) X1 30 40 

Absorbance  X2 0,85 0,90 
Type of glazing X3 Single glass (SG) Double glass (DG) 

 
Table 3. Combinations of parameters. 

Parameters 1 2 3 4 5 6 7 8 
X1 30 40 30 40 30 40 30 40 
X2 0,85 0,85 0,90 0,90 0,85 0,85 0,90 0,90 
X3 SG SG SG SG DG DG DG DG 
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4. Results 
4.1. Results of experimental activities 
Monitoring activities allowed the assessment of the thermal behavior of solar walls in 
different conditions and periods. 
 
4.1.1. Autumn monitoring 
Data measured during three typical sunny days in October are reported in Fig. 8 and Fig. 9. 
On sunny days the wall reaches temperatures over 50°C on t he external surface. Internal 
surface reaches temperature peaks during nighttime, with a time shift of about 10 hours, and 
maintains an average temperature of 23,6°C. Internal surface temperature is higher than room 
temperature all time, consequently heat flux is directed from the wall to the room and 
determines a daily heat gain of 0,95 MJ/m2. It can be noticed that heat flux is higher during 
nighttime, when the difference between surface and air temperature is higher. This contributes 
to maintain a constant temperature of about 20°C inside the room, with benefits for thermal 
comfort.  
 

  
Fig. 8.  Climatic data. 
 

Fig. 9.  Temperatures and heat fluxes of Trombe 
wall and temperature of the room.

4.1.2. Winter monitoring 
Fig.10 and Fig.11 show the results of monitoring during three winter days, the first sunny, the 
second cloudy the third sunny again. On sunny days external surface temperatures can get up 
to 35-40°C, while on cloudy days the temperatures are not far from outside air temperature. 
After a sunny day, internal surface temperatures remain higher than room temperatures and 
heat flux is directed toward the room, with daily heat gains of 0,45 MJ/m2. On cloudy days 
internal surface temperatures are lower than room temperatures and this fact causes the 
inversion of heat flux, from the room to the wall, and daily heat losses of 0,54 MJ m2. 
 

 
Fig 10.  Climatic data. 

  
Fig. 11.  Temperatures and heat fluxes of Trombe 
wall and temperature of the room. 
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4.2. Results of analytical activities 
4.2.1. Comparison with experimental data 
The comparison demonstrated a good agreement between experimental data and simulated 
data. Fig. 12 shows the results of surface temperatures comparison, the same analysis was 
performed for heat fluxes. Deviations for internal surface temperatures and heat flux densities 
are lower than 5%. Deviations for external surface temperatures are around 10%.   
 

  
Fig. 12.  Comparison of surface temperatures measured and calculated in autumn and winter. 
 
4.2.2. Energy performance of solar walls 
Total energy contribution was used to compare the performances of solar and traditional wall 
in winter (Fig. 13) and in summer (Fig. 14).  
 

 
Fig. 13.  Total energy contribution of solar wall 
and traditional wall in winter. 

 
Fig. 14.  Total energy contribution of solar wall 
and traditional wall in summer. 

 
Solar wall’s heat losses are higher in the coldest months, due to the high transmittance, but 
these losses are balanced in other months when solar gains are higher. Considering the whole 
heating season, traditional wall disperses 37,29 MJ/m2 while solar wall disperses 0,20 MJ/m2. 
In summer solar wall, even if shaded from solar radiation, behaves worse than traditional 
wall, because the high transmittance determines higher unwanted heat gains. Considering the 
whole summer season, solar wall produces heat gains equal to 3,21 MJ/m2, while traditional 
wall determine heat losses equal to -3,47 MJ/ m2. 
 
4.2.3. Energy performance of building envelope with solar walls 
Energy analysis confirmed that the house with solar walls has a saving of 12,2 % in heating 
energy needs compared to the house with traditional walls (Fig. 15). The energy saving is 
0,46% for each square meter of surface of solar wall. 
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 Fig. 15.  Seasonal heating energy of building with different types of envelope. 
 
The results of thermal comfort analysis in winter (Fig. 16) are very similar for the building 
with solar wall and with traditional wall because the influence of heating system is relevant in 
this season. However in the middle seasons solar walls’ heat gains determine higher indoor air 
temperature and consequently higher PMV values. In these periods it could be necessary to 
shade solar walls to avoid overheating problems. 
 

 
Fig. 16.  Comfort analysis with PMV method in winter. 
 
In summer the building with solar walls, shaded from solar radiation, has indoor comfort level 
comparable to the traditional one. The results of PMVe analysis for summer (Fig. 17) 
highlighted overheating problems for the hottest days, when PMVe exceeds the comfort 
superior limit of 0,5 for both the cases considered. 
 

 
Fig. 17.  Comfort analysis with PMVe method in summer. 
 
4.2.4. Optimization of solar walls 
Results of parametric analyses on the configuration of solar wall are in Fig. 18. The single 
variation of wall thickness from 40 cm to 30 c m (X1) increases energy needs; the single 
variations of external surface’s absorbance (X2) or the type of glazing from single to double 
(X3) decrease energy needs. The type of glazing resulted to be the parameter with a greatest 
influence, with a reduction of -4,28 kWh/m2 on energy needs.  
 
The interactions between parameters are small, except the one between wall thickness and 
type of glazing. This implies that, even if the single effect of reducing wall thickness is 
disadvantageous, combining this variation with the variation of glazing from single to double 
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has a b eneficial effect. The best performance as obtained with a wall thickness of 30 cm, 
absorbance 0,90 and double glasses.  
 

 
Fig. 18.  Results of parametric analyses with level factorial plan. 
 
5. Conclusions 
An experimental and analytical study on the performances of solar walls in a residential 
building in central Italy was carried out. The study confirmed that solar wall is an efficient 
system in reducing energy needs for the heating season and assuring suitable comfort levels. 
Some problems of overheating emerged in summer in buildings with well-insulated envelope. 
This drawback can be reduced using adequate solar protections for solar walls; however we 
consider necessary further investigations on the behavior of the system in summer. Parametric 
analyses made it possible to compare different configurations of solar wall; the results may be 
used as design recommendation for solar walls. 
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Abstract: Domed roofs (DRs) have been used in Iran and many other countries to cover large buildings such as 
mosques, shrines, churches, schools, etc. They have been also employed in other buildings like bazaars or market 
places in Iran due to their favorable thermal performance. The aim of this research is to study about DRs thermal 
performance in order to determine how they can be helpful in reducing the maximum air temperature of inside 
buildings during the warm seasons considering all parameters like air flow around them, solar radiation, 
radiation heat transfer with the sky and the ground as well as some openings on the building. The results of the 
study show that the thermal performance of the investigated DR is better than the building with flat roof (FR), 
particularly when the dome is covered with glazed tiles. In addition to their aesthetic values, domes covered with 
glazed tiles have thermal benefits of keeping the inside air of these buildings relatively cool during the summer. 
Moreover, openings cause passive air flow inside building, which is helpful for human comfort. 
 
Keywords: domed roof, thermal performance, air flow, solar radiation, numerical simulation, thermal network 

Nomenclature 
C Specific heat ................................... J.kg-1K-1 l′  Depth of ground ....................................... m
CD Discharge coefficient ..................................  m Inside building air mass .......................... kg
Cp Pressure coefficient ....................................  m  Air mass flow rate .............................. kg.s-1

D Wall or roof thickness .............................. m q  Heat transfer rate ............................... w.m-2

F View factor ..................................................  t Time ........................................................... s
H,h Height ...................................................... m β  Slope ............................................................
R flow resistance .............................. kg.m-4.s-1 ε  Surface emittance ........................................
T  Temperature ............................................. C 

sε  Sky emissivity ...............................................

V  Volumetric air flow rate .................... m3.s-1 ρ  Density ............................................... kg.m-3

V  Velocity ................................................ m.s-1 σ  Stefan-Boltzmann constant .............. w.m-2.k
Subscript
R Roof .............................................................  i Inner surface, Inside building, i opening
W Wall, roof ....................................................  j j opening ......................................................
H Height .........................................................  m Maximum .....................................................
a Air ...............................................................  n Minimum, Natural, North ............................
abs Absorbed .....................................................  o Outer surface, Ambient................................
c Convection ..................................................  r Radiation .....................................................
dp Dew point ....................................................  rg Radiation with ground .................................
e East .............................................................  rs Radiation with sky .......................................
f Floor ...........................................................  s Absorbed solar radiation, Sky, South ..........
g Ground ........................................................  
 

w West ............................................................. 

1. Introduction 
DRs have traditionally been used throughout the world to cover large areas. Solar energy 
absorbed by a DR causes its temperature to rise above the ambient air temperature. Wind 
blowing over the dome increases the convection heat transfer to the ambient air. Furthermore, 
the heat loss from the roof is increased by thermal radiation to the sky. The rest of the heat 
absorbed by the dome is conducted through the dome material, and is finally transferred to the 
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inside air by convection, and to the interior walls by radiation. The geometry of these roofs 
causes the wind velocity to increase over them, resulting in an increase in the convection heat 
transfer coefficient. Furthermore, the heat transfer from these roofs is increased by the fact 
that their areas are greater than the comparable flat ones. In addition to their structural 
applications, DRs have been employed in Iran for natural ventilation and passive cooling of 
buildings. A cross section of a typical DR employed in such applications is shown in Fig. 1. 
 

 
Fig. 1. Cross section of a typical DR, with air circulation in and over it [1] 
 
In 1978, Bahadori introduced the important role of DRs in providing cold water in cistern as 
well as indoors air condition in warm and dry areas in Iran [1]. Konya [2] showed that the 
temperature of domed roof buildings (DRBs) is lower compared to flat ones. Mainstone [3] 
professed that the main reason of lower temperature of inside DRBs in comparison with FRs 
is the higher ground and sky reflected radiation heat loss. Olgyay [4] guessed that lower 
indoor air temperature in DRBs is due to the lower absorbed solar radiation in comparison 
with FRs. Tang [5] showed greater solar radiation and heat transfer through DRs and refused 
what Bahadori [1] had been asserted before. The aim of this research is to study about DRs 
thermal performance considering all parameters like air flow, solar radiation, radiation heat 
transfer with the sky and the ground as well as some openings on the building by using the 
thermal network method. Constant wind velocity and direction is assumed, and the IAT 
during a day is the comparison index. 
  
We investigated air flow over domed and FRBs numerically [6] and experimentally [7] to find 
proper data for our own study. In these studies we consider the three-dimensional model of 
the dome of the School of Theology (the reference dome) shown in Fig. 2 which is located in 
Yazd, Iran (a city with very high solar radiation) with a specified boundary layer air flow. For 
this study, the absorbed solar radiation reported by the authors in [8] for the reference dome 
and the corresponding flat one with the same base area is used. In [8] it is found that DRs 
receive more solar radiation in comparison with flat ones. 
 

  
Fig. 2. Model of the reference DR 
 
2. 1BAbsorbed Heat 

In Eq. (1), solar radiation ( sQ ) in each hour is assumed to be constant and is equal to its exact 
amount in the middle of the specified hour. The convection heat transfer between the ambient 
air and the outer surface of the building is defined in Eq. (2) [9]. 

rgrscsabs QQQQQ +++=     (1) 
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VW is the air flow velocity near the wall which is defined by the authors numerically and 
experimentally in [6, 7]. Boundary layer air velocity profile near the ground defined in Eq. (4) 
[10] is assumed in those studies. V400 is the wind velocity at height 400 m. hn in Eq. (3) is the 
natural convection coefficient defined in Eq. (5) and (6) for upward and downward heat 
transfer respectively [11]. 
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β  is the slope of each surface and T∆  is the temperature difference between the ambient and 
each surface in the specified time. The ambient air temperature is defined using Eq. (7) [12]. 
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The radiation heat transfer between the outer surface of the building and the sky and the 
ground is defined by Eq. (8) and (11). Note that ε  is assumed to be 0.85, Ts is the sky 
temperature defined in Eq. (9) [13] and Tg is the ground temperature which is similar to the 
ambient temperature at each time. 
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3. Boundary Conditions 
The outer surface: This surface receives absorbed heat transfer which is discussed in Section 
2. The absorbed coefficient of the ordinary material and the glazed tile are assumed to be 0.8 
and 0.4 respectively. The FR and the wall are covered with the ordinary material, but both the 
ordinary material and the glazed tile are considered to cover the DR. wall thickness: 
Conduction heat transfer parameters are k=1.4 w.m-1.k-1, C=880 J.kg-1.K-1, and =ρ 2300 
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kg.m-3. The inner surface and the floor: For simplification, constant convection heat transfer 
coefficient (3 w.m-2.k-1) is considered. The wall base: assumed to be insulated. 
 
4. Initial Conditions 
The initial temperature of the walls, roof, floor, and inside air are equal to the ambient air 
temperature at initial time, which is 6 A.M. lumped system is considered for the IAT and 
changing of this parameter can be determined by Eq. (12). t∆  is time step, m is the inside 
building air mass, and Cv is assumed to be 717 J.kg-1.K-1. Deviations of the IAT during a 
specified day (6 August) in the city of Yazd, in the central desert region of Iran (31.54 N; 
54.17 E; maximum air temperature: 37.9 oC; minimum air temperature: 21.7 oC; dew point: 8 
oC), for the domed and the FRBs are compared. 
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5. Thermal Network 
A cylinder with the height of 3m and diameter of 6m is assumed to be a building for both 
models (Fig. 2). The height of the dome and the wall thickness in both models are 3m and 
15cm respectively. In the air flow study of these models V400 = 48.6 m/s, therefore according 
to Eq. (4) the air flow velocity on top of the DR (6 m) is 15 m/s (Re=5.8×105). In this 
method, the geometry of the building has been simplified to take the radiation heat transfer 
between inner surfaces of the building into account. Fig. 3 shows the simplified geometry. All 
view factors can be determined in this simplified geometry. In this geometry, the heights are 
similar to the actual model, but the dome is assumed as a triangular pyramid. Each surface of 
this pyramid faces to the north, south, east or west. To have similar base area, the base width 
and length are assumed to be 5.32m. 
 

 
Fig. 3. The simplified model of the DRB used in the thermal network method 
 
5.1. Heat Transfer Equations  
The thermal network of the DRB used in this study consists of 18 nodes. 8 nodes are located 
on the outer surfaces (4 nodes on the roof surfaces and 4 nodes on the wall surfaces), 8 nodes 
are located on the inner surfaces, 1 node representing the inside building air and 1 node 
representing the floor. There are 12 nodes in the thermal network of the FR. Fig. 4 shows the 
thermal network of the southern roof in the simplified DRB. As shown in Fig. 4, the inner 
surface of the southern roof has radiation heat transfer with the three other inner surfaces of 
the roof (north, east and west) as well as four inner surfaces of the wall. There is a convection 
heat transfer with the inside building air as well. Eq. (13) and (14) show the energy balance of 
the inner and outer nodes of the southern roof. 
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Fig. 4. The thermal network of the southern roof in the simplified DRB 
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In Eq. (13), sq  is the averaged absorbed solar radiation of the quarter of the dome face to the 
south. caoq  is the convection heat transfer which is calculated based on Eq. (2) and (3). Air 
flow velocity is the average air velocity near the quarter of the dome face to the south. Energy 
balance equations for all nodes are derived similarly. Emittance of all surfaces is assumed to 
be 0.85 in this study. Fig. 5 shows the thermal network of the floor. As shown in Fig. 5, there 
is a conduction heat transfer between the floor and the depth of the ground ( l′=5m) [14] with 
the annually averaged temperature (T ) of the under study area (Yazd) which is reported 18 
oC. Eq. (15) shows the energy balance of the floor node. 
 

 
Fig. 5. The thermal network of the floor 
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In this study fρ =1300 kg.m-3, kf=0.75 w.m-1.K-1 and Cf=970 J.kg-1.K-1. Eq. (16) shows the 
energy balance of the inside building air. In this Eq. m  is the air mass flow rate (kg.s-1) which 
is equal to zero, when there is no opening on the building.  
 
Energy balance equations define all temperatures for next time steps. This method is not 
sensitive to the time step. We consider the time step of 15 seconds for both the domed and the 
FRBs. The simulation starts from 6 A.M. and it continues until we get 0.1 oC difference 
between the IAT for the specified day (6 August) and a day after that at 6 A.M.  
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5.2. Thermal Network Results 
Fig. 6 shows the sky, the ambient, and the IAT for the DRB covered with the ordinary 
material, when the wind direction is south. There are similar figures for other cases, but they 
are not presented here for the sake of brevity. Table 1 compares the maximum IAT. The 
reference DRB has better thermal performance in comparison with the FRB with similar 
conditions. It can be also seen that using glazed tiles improves DRB thermal performance. 
Wind direction does not have considerable affect on the thermal performance of buildings. 
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Fig. 6. The sky, the ambient, and the IAT for the DRB covered with the ordinary material 

 
Table 1. Maximum air temperature, using the numerical simulation method 

Time Max. Temperature Roof Absorb Coefficient Type of Roof Wind Direction 
16:43 37.30 0.8 Flat 

South 17:35 37.09 0.8 Dome 
17:35 36.04 0.4 Dome 

 
Fig. 7 shows the deviation of all heat transfer to the outer surface of the DRB covered with 
the ordinary material, when the wind direction is south. Convection heat transfer between the 
outer surface of the building and the ambient air is always negative except from 4.5 to 7 
A.M., which shows that most of the time the walls and the roof are warmer than the ambient. 
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Fig. 7. The deviation of all kinds of heat transfer to the outer surface of the DRB 
 
5.3. 8BOpenings 
To investigate the effect of openings, we consider the model shown in Fig. 8. This Fig. 
depicts the locations and dimensions of two openings on the wall and one hole on its apex. 
One opening faces to the wind flow (windward) and the second one is behind (leeward). In 
the following, we study two scenarios which are "no wind flow" and "with wind flow". 
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Fig. 8. The locations and dimensions of two openings on the wall and one hole on its apex 
 

5.3.1. No Wind Flow 
Air temperature difference causes air flow in this condition. Air flow rate can be defined by 
Eq. (17) or (18) [11]. CD in these equations is opening discharge coefficient [11]. Considering 
Eq. (16), as well as the air flow rate we can define the IAT in the next time step ( aiT ′ ). The 
convection heat transfer coefficient between the inner surface of the building and the IAT is 
assumed to be always 4 w.m-2.K-1. 
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The results show that the maximum IAT in this scenario is 42.95 which is at 16:27. In the 
same situation when the wind direction was south in section 5.2, the maximum IAT was 
37.09. This means that without wind flow, openings cannot be helpful. Furthermore, we see 
that the convection heat transfer reduces in this situation. It is due to the reduction in the air 
flow velocity near the building's roof and wall. Increasing in radiation heat transfer with the 
sky is sensible because the temperature difference between walls and the sky increases. 
 
5.3.2. With Wind Flow 
In the wind flow scenario, both air temperature difference and air pressure difference between 
openings cause air flow inside the building. To define the air flow caused by pressure 
difference, flow network method is used in this study. In this method, air volumetric flow rate 
from each opening (j) is defined by Eq. (20). Where Pi is the inside air pressure and Pj is the 
air pressure on the related opening. Pj can be determined by Eq. (21). Cpj is defined in 
previous surveys [6, 7]. Cp is assumed to be -1.1, 1, and 0.3 for the hole on apex, windward 
opening, and leeward opening respectively. In this study all openings discharge coefficients 
are assumed to be 0.65. The inside air pressure coefficient (Cpi) is defined by using Eq. (21) 
with i as its index. Combining Eq. (20) to (22), the air flow rate of the opening can be found 
by Eq. (23). 
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Using Eq. (21) with i as its index and (23) and try and error method, Cpi and jV  can be 
determined. For the wind velocity profile similar to (4), the network flow method leads to the 
value of 1.28 m3/s. We use the reference velocity of 15 m/s. This amount is assumed to be 
constant during the day. The convection heat transfer coefficient between the inner surface of 
the building and the inside building air is assumed to be constant and equal to 6 w.m-2.K-1. 
This coefficient is the greatest one in comparison with the other cases (3 and 4 w.m-2.K-1) due 
to the higher air flow velocity near the inner surface of the building. Maximum air 
temperature in this condition is 37.46 occurred at 15:09. In similar conditions with no 
openings, maximum air temperature was 37.09. So again in the wind flow condition the 
thermal performance of the building with no opening is better, however the air flow inside the 
building caused by openings can be helpful for human comfort on warm days. 
 
6. Conclusions 
Based on the analysis carried out the following conclusion can be made: Thermal 
performance of the DRB under investigation is better than the building with FR on warm 
days, particularly when the dome is covered with glazed tiles. Wind flow direction is not an 
important parameter in decreasing room temperature of the DRB of the specified cases. For 
no wind flow condition, the FRB performs better than the DR one. The passive air flow inside 
the DRB caused by openings can be helpful for human comfort on warm days. 
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Abstract: Passive design strategy is an important approach to reduce energy consumption of a building such as 
improving indoor thermal comfort through enhanced natural ventilation performance. This is crucial in achieving 
a more sustainable building especially for a tall high density residential development where energy consumption 
is huge. This paper looks into the potential of high-rise residential buildings to utilize abundant naturally 
available prevailing wind by mean of passive design strategy. Its objective is to investigate the potential to 
improve the ventilation performance of a single-sided ventilation strategy of high-rise residential buildings by 
introducing a series of balconies on their façades. Computational Fluid Dynamics (CFD) was used as a tool for 
investigation. Since CFD requires a validation process to investigate its reliability, existing wind tunnel 
experiments and empirical models were used in the validation process. This study found that an appropriate 
combination of balcony configurations and single-sided ventilation strategy could improve indoor ventilation 
performance of high-rise residential buildings; however, incorrect combination could further reduce the 
ventilation performance of an already inefficient ventilation strategy.  Therefore, understanding the concept of 
single-sided ventilation strategy is crucial, and application of appropriate tools such as CFD is important to 
ensure ventilation performance optimization is achieved. 
 
Keywords: Single-sided ventilation, Balcony, High-rise residential building, CFD.  

Nomenclature 
Q ventilation rate ................................... m3⋅s-1 
A inlet opening area ................................... m2 
CD discharge coefficient of opening .................  
………………………………………dimensionless 

ΔP pressure difference ............................. N⋅m-2 

CV opening effectiveness ............ dimensionless 
V air velocity ........................................... m⋅s-1

1. Introduction 
The only solution to solve the human’s basic need for shelter in urban environment through 
vertically constructed high-density residential buildings leads to either favorable or 
unfavorable impacts to the environment as well as to its occupants. There are various 
opportunities associated with high-density tall residential buildings such as optimization of 
land with less floor plinth, greater control of water and energy usage through central 
management, reduced transportation distance to workplaces, opportunities to waste recycling, 
utilization of natural lighting and ventilation for indoor environmental quality, etc. Therefore, 
vertical construction such as high-density residential building is an option of sustainable 
building approach if properly designed and managed. 
 
This study looks into the potential of high-rise residential buildings to utilize naturally 
available prevailing wind. Optimization of the outdoor wind environment for indoor air 
quality and thermal comfort by mean of passive design strategies can reduce dependency on 
mechanical ventilation and, subsequently, reduces the energy consumption of buildings. 
Optimization of the prevailing wind for ventilation requires micro and macro investigations to 
ensure the objective of enhanced indoor airflow is achieved. This includes better 
understanding on the relationship between local wind climate and indoor ventilation 
performance.  
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While cross ventilation strategy is a well accepted and recognized ventilation approach, the 
potential of single-sided ventilation strategy is always neglected by designers and policy-
makers. Coupled with a common provision of balconies in high-rise residential buildings, this 
paper discusses the relationship between single-sided ventilation strategy and the provision of 
balconies in the context of high-rise residential buildings. Therefore, the outlined objective of 
this paper is to discuss and investigate the potential to improve the ventilation performance of 
single-sided ventilation strategy of high-rise residential buildings by introducing a series of 
balconies on the façades of the buildings. 
 
2. Ventilation 
2.1. Single-sided ventilation 
Ventilation strategies for building are categorized into two: single-sided ventilation and cross 
ventilation. In the context of this study, single-sided ventilation is defined as a condition 
where one or more openings exist only at one façade of a closed room or building, whereas, 
for cross ventilation, two or more openings are exist at two or more façades. Existence of an 
opening at more than one building facades in cross ventilation strategy potentially creates a 
much higher pressure gradient encouraging better natural ventilation performance. Therefore, 
generally, cross ventilation has a greater potential to manipulate the pressure gradient 
developed around buildings. However this is not the case for single-sided ventilation where it 
is limited to pressure gradient developed only at a single façade. Thus, ventilation 
performance of cross ventilation is always assumed to be better than single-sided ventilation. 
Despite the disadvantage of single-sided ventilation strategy in ventilation performance, it is 
still commonly used as a ventilation solution for apartments. This is due to various factors 
such as site constraint and unit number optimization. Since there is a greater potential of 
single-sided ventilation to fail in ventilating indoor residential spaces, but still, it is widely 
adopted as ventilation strategy in many residential apartments, greater understanding of its 
potential and limitation shall be attained to ensure that the potential of single-sided ventilation 
strategy is optimized and to avoid failure in indoor ventilation performance. 
 
The ventilation performance of a single-sided ventilated apartment can be enhanced through 
appropriate façade treatments. There are various façade treatments and detailed building 
configurations which may change the pressure distribution across the building façades. For 
examples, the provision of balconies on the façade of a building as well as protruding and 
sunken floor plan layout. Complex façade treatment and floor plan result in a more 
complicated pressure distribution across building’s façades and, consequently, causes changes 
in indoor ventilation performance. Therefore, these changes, if positively utilized, can 
enhance indoor ventilation performance by optimizing the available prevailing wind. 
 
2.2. Balcony as a passive design strategy 
Balcony is defined as “a platform projecting either from an inside or an outside wall of a 
building” [1]. A balcony can provide various benefits from the aspects of social, economy and 
environmental, for examples, it provide private outdoor spaces, enhanced the monetary value 
of a building and provides protection from extreme outdoor climate, respectively [2,3]. There 
are many studies on the impact of balcony on airflow [3, 4, 5, 6]; however, none of 
researchers looking into the affect of the provision of balcony on the performance of single-
sided ventilation strategy in the context of tall buildings. Since a provision of balconies could 
change the pressure distribution on the façades of a building [4, 6], it is seen as a potential 
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which can be utilized to induce indoor ventilation performance of single-sided ventilated 
buildings.  
 
3. Methodology 
Computational fluid dynamics (CFD) is the main tool for this study which has been widely 
used to predict indoor ventilation performance. However, CFD comes with two great 
setbacks: it requires huge computational effort and validation and verification process. With 
current advances in computer technology and greater affordability, CFD has been widely used 
by researchers such as van Hooff and Blocken [7] and Cheng et al. [8] to investigate 
ventilation performance of large buildings. 
 
There are various approaches to predict indoor ventilation performance for tall buildings. The 
followings are commonly used approaches: 

A. Combination of small-scale models and empirical models (Approach A). 
B. Combination of CFD models with empirical models (Approach B). 
C. Coupled CFD simulation (Approach C). 
D. De-coupled CFD simulation (Approach D).  

 
According to Jiru and Bitsuamlak [9], Approach C is a preferred approach compare to 
Approach D since the accuracy of Approach D can easily be compromised though it gives an 
advantage of lower computational effort. Among all the approaches, only Approach D was 
excluded in this study, while the others were used to predict ventilation rate. Empirical 
models used for the validation study were Equation 1 [10] and Equation 2 [11]. The value of 
discharge coefficient of opening, CD, used for this study was 0.5 since the opening area was 
less than 10% of the area of the façade. In the case of single opening, the inlet area, A, was 
taken to be half of the opening, and the reference pressure is taken to be at the middle of the 
inlet. For Equation 2 the value of opening effectiveness, CV, was 0.025. 
 

)/2( ρPACQ D ∆⋅⋅⋅=                      (1) 
 

VACQ V ⋅⋅=                      (2) 
 
This study utilized existing wind tunnel experimental data [12] to validate its results with 
initial validation study for cross ventilation strategy with perpendicular wind direction which 
was completed earlier [13]. An additional validation study for single-sided ventilation strategy 
(wind angle 45° only) and cross ventilation strategy (0° and 45°) was completed, where 
Approach C was validated against Approach A and Approach B. 
 
3.1. Computational Fluid Dynamics (CFD) 
This study used commercial code CFD software which was Ansys CFX 12.0. The turbulence 
model used is standard k-epsilon turbulence model. The turbulence model was selected due to 
its robustness which was important in this complex and huge coupled outdoor and indoor 
simulation study though it may be less accurate in areas with vortex shedding [14, 15]. It was 
a steady-state CFD simulation simulated under isothermal condition where the effect of 
buoyancy force on ventilation was not included. Mesh independence study is an important 
procedure in CFD simulation to understand the simulation accuracy as well as to optimize 
computational effort. Since this paper is a subsequent study to the previous investigation [13] 
which uses similar overall building forms, mesh independence study and the setup of 
computational domain were not discussed in this paper. The maximum number of element 
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used in this study was around 2.4x107 which consists of mainly tetrahedral mesh except at the 
ground of outdoor domain where prism shape was used. Tetrahedral mesh was selected due to 
its robustness where it can easily mesh all building configurations used in this study. 
 
3.2. Simulation setup and model configurations 
Table 1. A list of case studies tested. 

Test case Ventilation strategy No. of opening 
 

Façade treatment Wind angle 

Case 1 Cross 2 Flat 0° 
Case 2 Single-sided 1 Flat 0° 
Case 3 Single-sided 1 Balcony (1.5m) 0° 
Case 4 Single-sided 2 Balcony (1.5m) 0° 
Case 5 Cross 2 Flat 45° 
Case 6 Single-sided 1 Flat 45° 
Case 7 Single-sided 1 Balcony (1.5m) 45° 
Case 8 Single-sided 2 Balcony (1.5m) 45° 

 

a.  b.  c.  d.  e.    
Fig. 1.  The building configurations for Case 1and 5 (a), Case 2 and 6 (b), Case 3 and 7 (c) and Case 
4 and 8 (d), together with ABL wind profile with mean speed exponent of 0.28 (e). 
 
This study used the building configuration similar to the models used in wind tunnel 
experiment by Ismail. The overall dimension of the model was 30m (width) x 50m (height) x 
10m (depth) to resemble 36 units apartment with 12-storey height. Three units were located at 
each floor with floor to floor height is 4m. While Ismail’s models did not include opening an 
indoor space, this study provided a single or double openings (Fig. 1). The dimension of the 
opening was 4.4m (width) x 1.15m (height) for setup with single opening, and 2.2m (width) x 
1.15m (height) each for double openings located at a single façade or at two opposite façades. 
The total opening area provided at each unit was 5.06m2, which was approximately 5% of the 
floor area. This study only focused on units located at the middle. 
 
4. Analysis and Findings 
4.1. Validation Study 
Fig. 2 and Fig. 3 (see below) show that CFD predictions of wind pressure on facades of a 
building were inaccurate at areas located at the bottom leeward of the building where CFD 
over predicts the values of wind pressures. Therefore, if the wind pressure data were used in 
Approach B to predict indoor ventilation rate, it will result in under prediction on units 
located at the bottom of the building. The figures also suggest that if Approach C is used, it 
might also result in under prediction of indoor ventilation rate for lower units. Generally, the 
wind pressure distribution predicted by CFD was found to be acceptable. 
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Fig. 2.  Windward wind pressure distributions for flat façade and façades with balconies (opening is 
not provided). 

 
Fig. 3.  Leeward wind pressure distributions for flat façade and façades with balconies (opening is not 
provided) 

 
Fig. 4.  Predicted ventilation rates for Case 1and Case 5 using Approach A, B and C. 
 
For cross ventilation strategy (Fig. 4), it was found that Approach B and Approach C 
provided acceptable ventilation rate predictions for 0° wind angle with the worst prediction 
occurs at units located at lower floors. The average inaccuracies for Approach B and 
Approach C were found to be 6% and 12.5%, respectively. The inaccuracy at the lower level 
was expected due to the difficulty of the selected turbulence model to predict the recirculation 
zone at the bottom leeward side of the building. 
 
For wind angle of 45°, it was found that Approach B and Approach C under predict indoor 
ventilation performance in comparison to Approach A, with the average inaccuracies of 24% 
and 11%, respectively. It was also found that the inaccuracies were relatively similar to all 
units. These greater inaccuracies can be due to the fact that the value of discharge coefficient 
of opening, CD, used was 0.5 even though the wind direction close to the opening is travelling 
almost parallel to the facade of the building which shall suggests that the value may not be 
appropriate and shall be lower. This is supported by Equation 2 which suggests that the 
ventilation rate for wind angle of 45° shall be between 50 to 70 percent of the ventilation rate 
for 0° wind angle based on the suggested values of opening effectiveness, CV, by ASHRAE 
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[11] (ASHRAE suggests the value to be 0.25-0.35 for 45° and 0.5-0.7 for 0°). This is also 
supported by an experiment completed by Larsen and Heiselberg [16] which found that the 
ventilation rate for a cross ventilated single cell building at 45° wind angle is reduced by 
around 55% in comparison to 0°. 
 

 
Fig. 5.  Predicted ventilation rates for Case 6, 7 and 8 using Approach B and C. 
 
In the case of single-sided ventilation strategy, only wind direction of 45° was used for 
validation study. For Case 6, Approach B with Equation 2 was used. Approach B with 
Equation 1 was used for Case 7 and Case 8 assuming that the CFD wind pressure difference 
across two reference point is acceptably describing the reality though it may come with some 
inaccuracies. Even though, both approaches might have not provided accurate predictions due 
to being applied to a difference building context, more or less, it shall give some idea on the 
ventilation rate. Fig. 5 shows that Approach C under predicted ventilation rate for all cases. 
The average percentage of difference between Approach C and Approach B for Case 6, 7 and 
8 were 25%, 45% and 30%, respectively. Though the prediction differences for the values of 
ventilation rate were found to be high, Approach C was found to acceptably predict 
ventilation rate improvement due to changes on façade treatment. 
 
Validation of single-sided ventilation strategy for building with 0° wind angle was not 
performed in this study. This is due to the limitation of Equation 1 and Equation 2 in 
predicting single-sided ventilation for the building configuration under the 0° wind angle. For 
example, in Equation 1, two reference pressures (if taken at a midpoint of each opening) are 
equal or almost equal, thus prediction of ventilation rate is zero or almost zero. In reality, this 
is not the case since there is a distinct pressure difference across each of the openings, thus 
inlet and outlet exist within the opening itself. On the other hand, Equation 2 is not 
appropriate due to the immediate outdoor air characteristic of airflow is different from low 
rise building where the equation is normally used and derived from. Thus, it was assumed that 
if Approach C was acceptably validated in earlier validation studies, the approach should also 
give an acceptable prediction under the 0° wind angle. 
 
4.2. Ventilation Rate for Various Façade Treatments 
Fig. 6 (see below) shows that cross ventilation strategy was far more effective in comparison 
to single-sided ventilation strategy. Cross ventilation strategy was also able to optimize the 
increased wind speed at upper floors. However, this was not the case for single-sided 
ventilation trategy with wind direction of 0° wind angle. This finding shows that under the 
circumstances, the ventilation performance of units located at upper units was relatively lower 
than units at the lower floor. This was due to the units being located within the stagnation 
zone, where the pressure difference across the facades was very low (see Fig. 2). Under 0° 
wind angle, the provision of balconies (Case 3) was also found to reduce indoor ventilation 
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performance of single-sided ventilated apartments, however, by splitting the opening into two 
(Case 4), it slightly increased the ventilation performance. 
 

 
Fig. 6.  Comparison between predicted ventilation rates for Case 1 to 8 using Approach C. 
 
In the other hand, in the case of 45° wind angle, it was found that ventilation performance of 
single-sided ventilation strategy was improved in comparison to 0° wind angle, while for 
cross ventilation strategy, it was slightly reduced. For units with a balcony, their ventilation 
performances were higher than units with flat façade. This was due to external airflow 
travelling almost parallel to the openings at the building with flat façades, thus reducing its 
impact on ventilation performance. Additional to this, with a simple reconfiguration of 
opening from a single opening to double openings located close to protruding vertical walls of 
a balcony (Case 8), it has enhanced indoor ventilation rate by almost four times the ventilation 
performance of the model with a single opening with flat façade (Case 6). 
 
5. Conclusions 
Being a less effective ventilation strategy, single-sided ventilation strategy should be adopted 
in building design with clear understanding of its effectiveness and potential. This study 
found that cross ventilation strategy is a preferred option. However, if single-sided ventilation 
strategy is the only option, its ventilation performance effectiveness can be improved with 
appropriate façade reliefs such as a balcony. Below are the findings on the potential of 
balconies to enhance ventilation performance of single-sided ventilation strategy for tall 
buildings: 

a. Perpendicular wind towards the façade of a tall building shall be avoided, where an 
introduction of a series of balconies could reduce indoor ventilation performance. This 
can be observed in Case 3. Under this wind condition, it is found that the balconies act 
as a buffer protecting the indoor spaces from direct penetration of wind. 

b. For 45° wind angle, it was found that the provision of balconies, such as in Case 7 and 
Case 8, significantly improve indoor ventilation performance in comparison to a flat 
façade building (Case 6). However, the improvement shown in Case 7 and Case 8 was 
still much lower than Case 5, which adopt cross ventilation strategy. 

c. Opening configuration plays an important role to improve an indoor ventilation 
performance. An appropriate combination of a balcony and opening configurations 
improves indoor ventilation performance (Case 8); otherwise, it reduces the indoor 
ventilation performance (Case 7). 
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Abstract: In this study we analyze the primary energy implications of ventilation heat recovery (VHR) in 
residential buildings, considering the entire energy chains. We calculate the operation primary energy use of a 
case-study apartment building built to conventional and passive house standard, both with and without VHR, and 
heated with electric resistance heating, bedrock heat pump or district heating. VHR increases the electrical 
energy used for ventilation and reduces the heat energy used for space heating. The primary energy savings of 
VHR are greater for the passive building than for the conventional building. Significantly more primary energy 
is saved when VHR is used in resistance heated buildings than in district heated buildings. For district heated 
buildings the primary energy savings are small. VHR systems can give substantial final energy reduction, but the 
primary energy benefit depends strongly on the type of heat supply system, and also on the amount of electricity 
used for VHR and the airtightness of buildings. This study shows the importance of considering the interactions 
between heat supply systems, VHR systems, building thermal properties and its airtightness to reduce primary 
energy use in buildings. 
 
Keywords: Mechanical ventilation; Heat recovery; Heat supply systems; Electric resistance heating; Heat 
pumps; District heating; CHP plant; Primary energy.  

1. Introduction 
Ventilation has a significant impact on the energy performance of buildings, accounting for 
30 to 60% of the energy use in buildings [1, 2]. Energy is used to cover the heat losses due to 
the ventilation air and to move the ventilation air for mechanical ventilation. The ventilation 
system also influences the air infiltration through the building envelope.  
 
Building regulations currently require high energy efficiency of buildings, and therefore 
considerable efforts have been made to improve airtightness and insulation of buildings. In 
such buildings mechanical ventilation with heat recovery (VHR) is often used to recover heat 
from exhaust air to reduce ventilation heat losses. Ventilation heat losses can be typically 35-
40 kWh/m2-year in residential buildings, and up to 90% of this can be recovered with VHR 
depending on airtightness and insulation of buildings [3]. VHR is therefore gaining increasing 
interest in low energy and retrofitted buildings. In very low energy buildings, such as passive 
house buildings, VHR units are often equipped with additional air heaters to cover the space 
heating demand.  
 
Sweden has set targets to reduce the final energy use per heated building area by 20% and 
50% by 2020 and 2050, respectively, using 1995 as the reference [4]. Heat recovery from 
exhaust ventilation air is considered an important means to reach this target, and increased 
attention is being placed on VHR. There is a technology procurement project to develop and 
promote VHR systems which can be adapted for existing Swedish apartment buildings [5].  
 
Most studies on t he energy impact of VHR have focused on f inal energy use [e.g. 6-8]. 
Primary energy use, in contrast to final energy use, largely determines the natural resource use 
and the environmental impact of end-use energy services. The concept of primary energy is 
used to denote the total energy needed in order to generate the final energy service, including 
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inputs and losses along the entire supply chains. Fewer studies have analyzed the primary 
energy implication of VHR in buildings. In this study, we analyze the impact of VHR on the 
operation primary energy use for residential buildings. We determine situations where 
mechanical ventilation with heat recovery can reduce primary energy use for building 
operation.  
 
2. Methodology 
This analysis is based on simulation modeling of a case-study apartment building with 
mechanical ventilation. We model the primary energy use for the original and improved level 
of energy efficiency of the building, both with and without VHR. Next we compare the 
primary energy use of the buildings and calculate the net primary energy savings achieved by 
the VHR, taking into account the changed electricity use due to VHR, as well as the changed 
heat demand due to VHR and changed air infiltration. 
 
2.1.  Building description  
Our case-study building is a 4-storey multi-family wood-frame building with 16 apartments 
and a total heated floor area of 1190 m2. Persson [9] describes the construction and thermal 
characteristics of the building in detail. A new building is then modeled with thermal 
properties of passive house but otherwise identical to the existing building. Table 1 shows the 
thermal characteristics of the existing, conventional building and the new, passive building. In 
addition to lower U-values, the passive building is assumed to have much better airtightness 
than the conventional building. 
 
Table 1. Thermal properties of the building components 
Building U-value (W/m2K) Air leakage 

Ground 
floor 

External 
walls 

Windows Doors Roof l /s m2  
at 50 Pa 

Conventional 0.23 0.20 1.90     1.19      0.13 0.8 
Passive 0.23 0.10 0.85     0.80     0.08 0.3 
 
For both the conventional and passive buildings, we analyze the use of mechanical ventilation 
with and without VHR. The designed airflow rate for the building is 0.35 l/s m2, based on 
Swedish regulations [10]. For the buildings without VHR, exhaust air is extracted from the 
kitchens, bathrooms and closets with fan and duct system, and fresh air is supplied through 
slot openings under windows in the bedrooms and living rooms. For the buildings with VHR, 
the ventilation system provides the same airflow rate as in the buildings without VHR. For the 
existing, conventional building the existing ventilation system is complemented with 
ventilation ducts for incoming air and a heat recovery unit [5].  
 
2.2.  Heat supply  
We analyze cases where space heat is delivered by electric resistance heating, heat pump or 
district heating. For the electric resistance heating and heat pump we assume that the 
electricity is supplied from a stand-alone plant based on biomass steam turbine (BST) 
technology. We assume that the district heat is supplied from a combined heat and power 
(CHP) plant based on biomass steam turbines technology (CHP-BST). We consider scenarios 
where the CHP plant accounts for either 50% or 90% of the district heat production, with oil 
boilers accounting for the remainder. To show the impact of energy supply technology being 
developed, we also analyze a cas e where biomass integrated gasification combined cycle 
(BIGCC) technology is used instead of the BST technology for both CHP and stand-alone 
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power production. Furthermore, Gustavsson et al. [11] explored the structure of district heat 
production under different environmental taxation regimes. They found that the CHP 
production should be 80-83% of the total district-heat production when using BST technology 
and 76-78% when using BIGCC technology. The difference in share of district-heat 
production between the technologies varies because the BIGCC technology is more efficient 
and capital intensive than the BST technology. To explore the implications of this for VHR, 
we calculate the primary energy savings when district heating is based on s uch CHP 
production systems.  
 
2.3.  Final energy calculations 
We simulate the annual final energy use of the conventional and the passive buildings, both 
with and without VHR, using the ENORM software [12]. This software calculates the space 
heating, ventilation, domestic hot water, and household and facility management electricity 
use of a building based on the building’s physical characteristics, internal and solar heat gains, 
occupancy pattern, outdoor climate, indoor temperature, heating and ventilation systems, etc. 
We use climate data for the city of Växjö in southern Sweden, and assume an indoor 
temperature of 22○C. Table 2 shows principal values used to calculate the electricity use for 
ventilation. Other values including fan efficiency and operation mode of the ventilation 
systems are based on the default assumptions of the ENORM software.  
 
Table 2. Major ventilation input values 
Description Value 
Air change rate (l/s m2) 0.35 
Heat recovery efficiency (%) 85 
Ventilated volume (m3) 2861 
Supply air flow rate (m3/h) 1540 
 
2.4.  Primary energy calculations 
We use the ENSYST software [13] to quantify the primary energy that is used to provide the 
final energy use in the different cases. The software calculates primary energy use considering 
the entire energy chain from natural resource extraction to final energy supply. We credit the 
electricity cogenerated by the CHP plant to the district heat system, assuming that it replaces 
electricity produced by a stand-alone plant with similar technology and fuel [14]. We assume 
the increased electricity use due to VHR is covered by stand-alone plant with similar 
technology and fuel as the heat supply system used. 
 
3. Results  
Table 3 compares the annual final energy use of the conventional and the passive buildings 
with and without VHR. The annual total final energy use of the passive building with VHR is 
about 21% lower than for the alternative without VHR. The corresponding value for the 
conventional building with VHR is 10%. VHR decreases the final energy for space heating, 
but increases the electricity used to operate the ventilation system. Overall, VHR reduces the 
final energy for space heating and ventilation by 55 a nd 22% for the passive and the 
conventional building, respectively, relative to the alternatives without VHR.  
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Table 3. Annual final operation energy use for the building scenarios 
Building Final energy use (kWh/m2-year) 

Space   
heating 

Ventilation 
electricity  

Tap 
water  

heating 

Household  
and facility 
electricity  

Total 

Conventional building 70 4 40 52 166 
Conventional building with VHR 50 8 40 52 150 
Passive building 43 4 40 52 143 
Passive building with VHR 13 8 40 52 113 

 
Table 4 shows the annual operation primary energy use for the conventional and the passive 
buildings when using different end-use heating systems with energy supply based on B ST 
technology. Ventilation accounts for 2-11% of the operation primary energy use. The primary 
energy for heating for the district heated buildings is low due to the high overall efficiency of 
district heating systems with CHP plants. The cogenerated electricity replaces electricity that 
otherwise would have been produced in a stand-alone plant with much lower efficiency.  
 
Table 4. Annual operation primary energy use for the building with different end-use heating systems 
with energy supply based on BST technology 
Description Primary energy use (kWh/m2-year) 

Space 
heating 

Ventilation  
electricity 

Tap  
water 

heating 

Household 
and facility 
electricity  

Total 

Resistance heating:      
Conventional building 209 12 119 155 496 
Conventional building with VHR 149 24 119 155 448 
Passive building 128 12 119 155 415 
Passive building with VHR 39 24 119 155 337 
Heat pump:      
Conventional building 78 12 45 155 290 
Conventional building with VHR 55 24 45 155 280 
Passive building 48 12 45 155 260 
Passive building with VHR 14 24 45 155 239 
District heating, 50% CHP:      
Conventional building 66 12 38 155 271 
Conventional building with VHR 47 24 38 155 264 
Passive building 41 12 38 155 246 
Passive building with VHR 12 24 38 155 229 
District heating, 90% CHP:      
Conventional building 42 12 24 155 233 
Conventional building with VHR 30 24 24 155 233 
Passive building 26 12 24 155 217 
Passive building with VHR 8 24 24 155 211 
 
Table 5 compares the percentage primary energy savings of VHR in relation to the primary 
energy use for space heating and ventilation, and to the total  p rimary energy use for 
operation, including space heating, ventilation electricity, tap water heating and household 
and facility management electricity. The VHR primary energy savings ranges from 0-55% of 
space heating and ventilation primary energy use.  
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Table 5. Percentage primary energy savings of VHR, in relation to the primary energy used for space 
heating and ventilation for the different end-use heating systems with BST energy supply technology  
Building Relative primary energy savings 

Resistance 
heating 

Heat 
pump 

District heating,  
50% CHP 

District heating,  
90% CHP 

Conventional 22% 12% 9% 0 
Passive 55% 37% 32% 16% 

 
The change in annual primary energy use for space heating and ventilation electricity when 
using VHR with different end-use heating system with BST or BIGCC energy supply are 
shown in Figure 1. T he net savings are shown in Figure 2 f or both BST and BIGCC 
technologies. The primary energy savings of VHR is significantly greater when using 
resistance heating, followed by heat pump and district heating with 50% CHP. However, 
much smaller or no primary energy savings is achieved when using district heating with 90% 
CHP. The savings of VHR are larger for the passive building than for the conventional 
building. The BIGCC technology gives similar results as the BST technology, but the net 
primary energy savings are lower compared to the case of BST.  
 

 
Figure 1. Change in annual primary energy use for space heating and ventilation electricity when 
using VHR with BST or BIG/CC energy supply 
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Figure 2. Net annual primary energy savings for VHR when using BST or BIGCC energy supply. The 
error bars show the savings when electricity use by the VHR is 7 kWh/m2 

 
In cold climatic regions VHR systems usually encounter frost during severe winters, and 
additional energy may be needed for defrosting. VHR systems may be fitted with additional 
preheating device to overcome this problem, increasing the electricity use for VHR [15]. Our 
base calculations are based on electricity use of 4 kWh/m2 for the VHR and do not  include 
electricity to defrost the system. Tommerup and Svendsen [3] reported that electricity use in 
VHR system of 80-90% efficiency is typically 7 kWh/m2 under Danish conditions, and 
suggested this might be reduced to 3 kW h/m2 with more efficient systems. In Figure 2 t he 
error bars show the change in net primary energy savings for VHR, when the electricity use 
for VHR is 7 kWh/m2 instead of 4 kW h/m2. The higher electricity use for operating VHR 
reduces the net primary energy savings, in particular for the district heated buildings. In fact, a 
ventilation electricity use of 7 kWh/m2 increases the net primary energy use for the buildings 
with district heating based on 90% CHP. Hence low electricity use for VHR is important. For 
the conventional building with lower airtightness together with district heating based on a  
large share of CHP production, VHR may be counterproductive and increase primary energy 
use. 
 
In our base case calculations, the CHP production accounts for 50 and 90% of the total district 
heat production [16]. In this section, we show the net primary energy savings for VHR when 
more optimally designed CHP production systems are used. Figure 3 shows the net primary 
energy savings for VHR when district heating is based on the lower and upper optimal CHP 
productions according to Gustavsson et al. [11]. VHR increases net primary energy use for all 
buildings when the electricity use for VHR is 7 kWh/m2. The net savings is positive, but very 
low, for the conventional buildings with VHR systems using 4 kWh/m2. 
 

-20

0

20

40

60

80
BST BIGCC

N
et

 p
ri

m
ar

y 
en

er
gy

 s
av

in
gs

 (
kW

h/
m

2 )

Conventional Passive Conventional Conventional ConventionalPassive Passive Passive
Resistance heating Heat pump District heating, 

50% CHP
District heating, 

90% CHP

1967



 
Figure 3. Net annual primary energy savings for VHR when more optimally designed CHP production 
systems are used 

 
4. Discussion and conclusions  
Our results show that primary energy savings of VHR can be very significant, depending on 
the type of heat supply system, the airtightness and thermal properties of buildings, and the 
amount of increased electricity used to operate the VHR system. The biggest savings is 
achieved when VHR is installed in a resistance heated building. However, small primary 
energy savings is achieved when the VHR is installed in CHP-based district heated buildings. 
VHR gives much smaller primary energy savings for the district heating with 90% CHP than 
with 50% CHP, supporting the findings of Dodoo et al. [16] and Gustavsson et al. [11]. For 
district heating systems mainly based on CHP, the reduced heat demand reduces the potential 
to cogenerate electricity, and is more significant if BIGCC technology is used instead BST 
technology.  
 
The primary energy savings of VHR are greater for the passive building than for the 
conventional building, confirming that VHR systems perform better with improved 
airtightness [3, 6]. Hence, the air-tightness of buildings should be in the range as for newly 
constructed passive houses to minimize primary energy use when using VHR systems. We 
found that the greatest primary energy savings is achieved when VHR is incorporated in 
resistance heated passive building. The primary energy savings of VHR depend on t he 
electricity use to operate the VHR system. Therefore the amount of electricity required to 
operate VHR system should be minimized.  
 
Our results show that VHR may give low or negative primary energy savings in passive house 
buildings when combined with energy-efficient heat supply systems. For example, the case-
study passive building with VHR in some cases uses greater primary energy than the same 
building without VHR. It is important to build houses with airtightness comparable to that of 
passive houses but such houses need to be ventilated using strategies that minimize primary 
energy use.  
 
When deciding on i nstalling VHR, attention should therefore be given to the interaction 
between the electricity use for VHR, the airtightness of the building and the type of heat 
supply system. This is particularly important when using district heating with a large share of 
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CHP production, as suggested by Dodoo et al. [16]. A primary energy analysis is necessary to 
evaluate the energy benefits of VHR in residential buildings.  
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Abstract: The Mediterranean architecture was characterized by passive solutions able to ensure thermal comfort 
conditions in the built environment during the hot season. This cultural heritage is almost disappeared, 
delegating the comfort conditions to artificial systems. One of the above mentioned passive solutions concerns 
the use of light colors to redirect most of the incident solar radiation. Cool roofs are a mix of these old concepts 
and modern technologies. The paper reports the results of a cool roof application in a senior recreation center, 
belonging to Roma Tre University. The cool roof was applied on a part of the whole surface of the roof in order 
to assess the difference in thermal conditions obtained with this solution compared to the original case. The 
experiment was carried out in two phases. During the first phase the building was monitored with sensors of 
temperature, humidity and solar radiation. The second phase concerned the creation of a building model inputted 
in a dynamic simulation tool used to evaluate the building performances due to this cooling technique. This 
study demonstrate the positive impact of the technology in terms of cooling and total energy savings as well as 
on the indoor thermal conditions in Mediterranean buildings. 
  
Keywords: Cool roof, Passive cooling, Reflectance, Emissivity 

1. Introduction 
Global warming is a planetary problem monitored depending on latitude and economic 
development but with completely different intensity and consequences in relation to these two 
influences. The Mediterranean area is particularly vulnerable, with a predicted temperatures 
increase of 2 °C by 2030, and with alarming expectations by 2100 (IPCC, 2007). This is the 
scenario in which lies the need for new energy-saving techniques for conserving nature and 
preserving public health in every area of development. This problem is present even in the 
civil sector and in particular it is mainly due to two factors: The emergence of the urban heat 
island phenomenon and the continuing growth in electricity consumption for summer air 
conditioning of buildings, not only for the tertiary but recently also for the residential sector. 
One of the techniques used to limit the dangers associated with the temperature rise is the 
passive cooling of buildings that includes the use of cool roof [1].  
 
Cool materials are those materials that do not rise significantly their surface temperature 
under solar radiation. They are characterized by a high solar reflectance (high ability to reflect 
solar radiation incident on the material) and thermal emissivity (high ability to radiate heat in 
the infrared wavelengths). The high reflectivity is due to pigments characterized by a high 
reflectance in the infrared portion of the solar spectrum, maintaining the typical profile in the 
visible spectrum. This means that the material does not warm up significantly during daylight 
hours. High emissivity allows the material to stay cool during the night, radiating towards the 
sky the heat absorbed during the day. The employ of these materials is very useful for the 
construction of roofs, being the most used building materials characterized by high solar 
absorption (and therefore low reflectance). The application of cool roof technology can 
produce a surface temperature profile lower than a normal coating. This leads to a reduction 
of heat flow entering the building, contributing to an effective reduction in the average indoor 
air temperature or a reduction in consumption for cooling [2]. The large use of materials with 
these characteristics in an urban area also leads to indirect energy savings related to the high 
solar reflectance which reduces the temperature of the agglomerate of buildings. The decrease 
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of temperature induces a better energy balance in the areas involved and facilitates the 
mitigation of urban heat island effect [3]. Cool roofs are not necessarily realized with paints, 
in fact different technological solutions exist for the reflective cool coatings: Membranes, 
sheaths, asphalt, bitumen, paving bricks [4]. The most common construction materials for 
roofs have a reflectance between 20 and 30%, with a significant solar load for the rooms 
directly under the ceiling. Fig. 1 shows the trend of the reflectance as a function of 
wavelength for some cool materials and common materials. 

 
Fig. 1. Solar Reflectance [%] for Cool Materials and Typical Materials 

The thermal emissivity of building materials is generally between 0.8 and 0.9. Only the metals 
have lower values of emissivity and this limits the radiant power towards the sky during night. 
For this reason, metal cool roofs shall be efficient only if they have extremely high values of 
solar reflectance (greater than 0.75-0.8). An unexplored aspect is related to the maintenance 
of the initial properties of the products. A rapid decrease in efficiency of material would 
render useless the economic investment. 

2. Case Study: Social and cultural center “Vasca Navale” 
The building examined in this work is situated in Rome close to San Paolo district. It is 
located on a plot belonging to Roma Tre University, and recently has been used as a senior 
recreation center.  
 
The choice fell on this building because it has standard features for study to which it was 
submitted. Indeed it is an excellent test bench to verify the performances of a high reflectance 
roof. This is due to the extended horizontal surfaces that capture solar radiation. The plan of 
the structure extends mainly in length and has an area of 275 m2. The layout of the rooms is 
very simple: There are five rooms arranged in a row and they are all characterized by a 
rectangular plan. The orientation of the longer sides is South-North. The entire structure has a 
low insulation level characterized by transmittance values significantly higher than those 
established by Italian reference standard for the climate zone of Rome [5]. The Table 1 shows 
the layers of vertical walls, ceiling, floor, internal walls, their thickness and transmittance. 

Table 1. Wall Layers 

 Ext.Wall Ceiling Floor Int.Wall WindowSingleGlazed 
Thickness [m] 0.350 0.310 0.475 0.210 - 
Transmitt. [W/m2K] 1.23 0.96 0.91 1.6 2.8 

The windows are single glazed (Table 1) equipped with a dark gray aluminum frame for 
which it was suggested an absorbance of solar radiation of 85%. The frame area occupies 
about 30% of the total area of a window.  
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Fig. 2. Plan of Recreation Center 

Inside, the ceiling has a height of 3.8 meters except in the classroom and in the relax room 
(Fig. 2) where there is a suspended ceiling made of plasterboard to 3.1 meters above the 
ground. In these two rooms the phenomena of heat exchange with the outdoor take on 
different characteristics compared to the other three rooms, due to the presence of an air gap 
in the ceiling of 70 centimeters. In blue (Fig. 2) it is shown a portion of the roof of 133 m2 on 
which a cool roof was applied, corresponding to the "Dance Hall". The material used for the 
roof is a white mineral membrane based on milk and vinegar of Ecobios Laboratories. The 
original roof is a bituminous sheath. The superficial layer is made of slate. Samples of the two 
types of materials were analyzed with a double beam spectrophotometer from which the trend 
of the reflectance was obtained as a function of the wavelength of the incident beam between 
300 and 2500 nanometers. The bituminous slated sheath does not have a uniform color. For 
this reason three tests were carried out in three different portions where the beam generated by 
the spectrophotometer affects the corresponding sample. An arithmetic average was carried 
out to obtain the trend of the reflectance. With the data obtained by the spectrophotometer, it 
was performed a weighted average of the reflectance values in the range considered (300 nm - 
2500 nm) according to ISO 9050 2003 following the energy distribution of the solar spectrum 
[6]. The integrated reflectance for the slate is 13.7%. It is very low if compared to the one of 
the mineral membrane Ecobios which reaches a value of 86.4%. The Fig. 3 shows the 
comparison between the measured reflectance: In blue it is shown the cool material, the other 
three trends are the tests relating to slate, they have slight differences depending on the point 
of incidence of the light beam outgoing from the instrument on this surface. Regardless the 
expected behavior in the wavelength of visible (the membrane is white mineral, slate is dark 
gray), the cool material presents very interesting values of reflectance in the wavelength of 
near infrared. Indeed it has a value of more than 95% in a range that goes from 770 to 1100 
nanometers. The reflectance of the slated sheath remains consistently below 20% throughout 
the measuring range. Both materials have a thermal emissivity of 0.88. 

 
Fig. 3. Solar reflectance [%] of Ecobios Clima cool membrane and a slated sheath 
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3. Placement of Sensors 
A pyranometer to measure the intensity of solar radiation and a sensor for measuring outdoor 
temperature and humidity were placed on the roof. In this way it was possible to collect data 
on the weather during the measurement campaign [7]. This data were also inserted into the 
TRNSYS processor radiation software to obtain more realistic simulation results. To compare 
the surface temperatures between the two different roofs, two heat-resistance were placed on 
the cool roof and two on the slated sheath. In order to monitor the temperature on each side of 
the roof two other heat-resistance were placed in the inner surfaces of it. Sensors for indoor 
air temperature and humidity were placed in the "Dance Hall" where the cool roof is applied, 
in "Services" and in "Office". In this way it was possible to verify the efficiency of a cool roof 
on the indoor temperature of a room in comparison to the other indoor temperatures. On 12th 
August, after a routine check on the conditions of the cool roof, a layer of dust and soil was 
found on its surface probably caused by the presence of a dockyard adjacent to the building in 
question. This incident has caused the depletion of the surface properties of the cool material, 
decreasing its efficiency. The TRNSYS simulation software was used to determine the new 
value of reflectance detected in the points most affected by the problem just mentioned. 
Indeed, after creating a model of roof to simulate the surface temperature, the reflectance of it 
was changed to obtain a temperature profile very similar to the one measured by the sensors. 
By performing the above procedure, the new solar reflectance value found is 68%. 

4. Comparative analysis of measured data 
4.1. Temperature profiles 
Through the data stored by the surface temperature sensors, it was possible to produce the 
temperature profiles of the outer and inner surfaces of the roof slab. The profiles of the 
"Dance Hall" above which was applied the membrane with high reflectance (blue) were 
compared to the profiles of the area called "Office" characterized by the slated sheath (red). 
The comparisons, shown in Fig. 4, refers to two days of August. The temperature of the 
surface of the reflective membrane is significantly lower than the one of the slated sheath. The 
maximum of the difference between the two outer surfaces is in the middle of the day at the 
peak of solar radiation when cool roof has the highest efficiency. 

 
Fig. 4. Surface temperature profiles of the roof (Cool Membrane and slated roof) 

The difference in temperature is above 20 °C. A lower surface temperature will decrease the 
heat flow through the roof changing the indoor temperature. 
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4.2. Comparison of internal temperatures 
It was not possible to monitor simultaneously the difference in indoor air temperature due to 
the cool membrane and the original slate mantle in the same thermal zone. For this reason two 
periods of two days were chosen, corresponding to the beginning of two heat waves in July 
and August whit almost identical trends of solar radiation and outside temperature. In the first 
of these two periods the cool roof had not yet been applied to the area of interest. In this way 
it was possible to compare the values of indoor air temperature in a room equipped with and 
without a cool roof. 

 
Fig. 5. Indoor air temperature of the “Dance hall” 

In the Fig. 5 above, the trend in blue, typical of a cool roof, denotes the positive effect of this 
technology of passive cooling by limiting the maximum temperature below 28.5 °C. With the 
slated sheath the values are higher than 31 °C. It is important to remember that the 
performance measured are relative to a cool roof not at its maximum efficiency, but with 
limited performance due to dust and soil deposited on it. 

5. Simulations Results 
The model included in the simulation software TRNSYS was calibrated to the measured 
indoor temperature profile and to the external surface temperature of the roof. To achieve 
optimal calibration, the parameters of air infiltration and the values of internal and external 
shading of non-opaque surfaces were modified obtaining a maximum deviation between the 
real temperatures and those obtained with the simulator under three tenths of a degree. The 
first session of simulations is aimed at obtaining a comparison of results for the internal 
operative temperature with no cooling systems. The second part concerns the evaluation of air 
conditioning loads. Both sessions were conducted considering three reflectance values of the 
roof slab. 
Three models were created, each one with a different value of insulation: 
1. Real values of insulation of the building; 
2. Real values of insulation of the building except the transmittance of the roof according to  
Italian standard reference; 
3. Insulation according to Italian standard reference Zone D (vertical wall = 0.36 W/m2K, 
ceiling = 0.32 W/m2K, floor = 0.36 W/m2K, window = 1.9 W/m2K, window with frame 
including 2.4 W/m2K) for the entire building. 
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5.1. Operative Temperatures 
The operative temperature of a zone is the temperature which takes into account both the 
internal air temperature and the average temperature of the inner surfaces of the structure. 
From the simulations results was extracted the total number of hours in which the operative 
temperature of the "Dance Hall" exceeds some chosen values in the period from 17th June to 
1st September. The values of solar reflectance used are: 16% to simulate the original coating, 
86% for the mineral membrane and 68% to simulate mineral membrane with performances 
compromised by dust and soil. The following are histograms for the three chosen levels of 
insulation. 

 

 
Fig. 6. Operative Temperature, three insulation levels 

The use of a high reflectance material is a contributory factor to increase the number of hours 
in which there are thermal comfort conditions. On the other hand, increasing insulation level, 
the number of hours in which the temperature is greater than a specific value tends to 
increase. Indeed, being equal the reflectance, the configuration with insulation according to 
Italian standard reference has internal temperatures higher than the ones registered in the 
building with the real level of insulation. This phenomenon occurs in the climatic zone of 
middle Mediterranean in buildings characterized by high solar gains through non-opaque 
surfaces. The significant solar gains through windows increase the indoor air temperature. 
The value of the latter become very similar to the outdoor temperature during daylight. The 
low transmittance value determines a small outgoing heat flow which lasts even during the 
night. The heat is trapped inside, creating a sort of greenhouse effect. In warmer climates the 
gap between indoor and outdoor temperatures is generally high and the phenomenon 
described above is less evident.  
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5.2. Air conditioning loads 
The simulations performed on the model equipped with an air conditioning system of 
unlimited power, conducted during summer (17th June - 1st September), are designed to assess 
the extent of energy savings depending on the reflectance of the roof. The reflectance of the 
roof of the "Dance Hall" assumes the three values previously used. From the results were 
extrapolated the net loads for the summer period necessary to maintain the temperature of the 
zone below the set-point of 26 °C for the three levels of insulation. 

 

 
Fig. 7. Air conditioning loads, three insulation levels 

Fig. 7 shows a decrease of load proportional to the increasing of reflectance. Again, as in the 
previous group of simulations, the more insulated building results less sensitive to changes in 
reflectance. Comparing building with real insulation and roof reflectance of 16% and building 
with roof insulation level established by Italian standard reference and roof reflectance 86%, 
the value of energy used to cool the "Dance Hall", decreases from 3200 kWh to 2050 kWh, 
with a saving of about 9 kWh per square meter. Considering the insulation level in accordance 
with Italian standard reference for the whole structure of the building, the consumption 
decreases from 3200 kWh to about 1700 kWh with an energy saving for air conditioning in 
the area of about 12 kWh per square meter. Considering the entire warm season, including the 
months of May and September, the savings would be greater, even more if a cool roof were 
applied over the entire roof surface. 

6. Conclusions 
The application of a cool roof reduces roof surface temperatures, limiting the incoming heat 
flow from it and, in any case, decreasing the temperature of the indoor environment. The case 
study examined in this report has demonstrated, through appropriate measurements of 
temperature, the potential of a cool roof. The Ecobios Clima reflective membrane has proved 
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to be an excellent material for this use. The ease of application on any surface is another 
quality of this product. The area of the building that received the benefits from the application 
of this membrane is affected by a large number of thermal factors that have tested the 
capabilities of the cool roof. The large glass surfaces exposed to the South are subjected to 
heavy solar gains and even if they were shielded from direct sunlight they influenced the 
indoor temperatures. Adding to this, the poor insulating level and low volume of air 
circulation make the Dance Hall the more thermally critical zone of the building. The cool 
roof decreased the indoor air temperatures by 2.5 °C in average. This is a very interesting 
result considering the fact that it did not work at its maximum value of reflectance because of 
external agents described above. It was possible to quantify the extent of energy saving on 
internal loads, noting in this case as it increases in direct proportion to the level of reflectance. 
Benefits relating to this passive technique of cooling are obtained even only increasing both 
levels of reflectance and insulation of a roof. From the observations made in this report, it is 
possible to note that the employ of a cool roof on existing buildings and on new buildings 
under construction with expected high insulation levels offers significant advantages in both 
cases. 
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Abstract: Cooling energy load can be reduced by reflective roofs. The reflective roofs are recognized by 
Turkish architects, contractors and manufacturers, however, the solar reflectance performance of new and aged 
roof coverings produced in Turkey is still unknown. Purpose of this paper is to assess short-term and long-term 
solar reflectance performance of these roof coverings. In this context, solar reflectance measurements were 
conducted both in laboratory and in field. Firstly, solar reflectance performance of 13 unexposed test samples 
including clay, cement, bituminous and metal based was measured in laboratory. Then, 6 of these test samples 
were exposed to simulated solar radiation for a duration that is equivalent to 1-year exposure. The laboratory 
measurements indicated that white and shiny ceramic tile is the most reflective covering while black corrugated 
sheet is the most absorptive one. Secondly, two test specimens (red clay tile and bituminous shingle covered 
surfaces) with an automated weather observation system were set up in a field in order to measure the solar 
reflectance performance of the roof surfaces. The initial results demonstrated that the clay tile-covered roof 
surface had higher reflectance values. This paper will enable designers to choose the roof covering appropriate 
for reflective roofs that can be used to rehabilitate existing roof coverings or to design new roofs. 
 
Keywords: Solar reflectance performance, Roof covering, Reflective roof. 

1. Introduction 
Future climate projections demonstrate that the western part of Turkey will experience 
temperature increases up to 6⁰C notably in summer in addition to urban heat island effect, 
whereas the temperature increase for the entire country is estimated to be around 2-3⁰C (The 
Ministry of Environment and Foresty, 2007). Increase in temperature will result in increase in 
summer cooling load, electricity consumption and amount of carbon dioxide in atmosphere. 
Survey of literature indicates that cooling energy load can be reduced by reflective roofs 
which comprise high-albedo roof coverings that have high solar reflectance and high infrared 
emittance and maintain these properties for the service life of the covering (Liu, 2005). 
 
There are many researches that assess short-term and long-term solar reflectance performance 
of materials both in laboratory and in field. In one of these researches, a series of field 
measurements was conducted on 9 residential buildings in Florida, USA (Parker et.al., 1995) 
in order to determine the impact of reflective roof coatings on buildings’ air-conditioning 
energy use. Results of the research indicated that application of white coloured reflective 
coatings can reduce cooling energy consumption in between 2% and 43%. In the same study, 
reflective coatings under actual conditions experience a reduction in their solar reflectance 
rates from 71% to 47% in value at the end of 1-year. 
 
Another research (Prado and Ferreira, 2005) conducted in laboratory presents the long-term 
solar reflectance performance results of roofing materials commonly used in Brazil. In this 
study, long-term solar reflectance rates were calculated from a mathematical equation defined 
by California Energy Commission. The roofing materials’ surface temperatures were 
calculated according to their emittance and reflectance rates. The results demonstrated that 
same coloured metallic and ceramic materials reached different surface temperatures 
according to their emittances. 
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Benefits of reflective roofs are recognized by Turkish architects, contractors, and 
manufacturers, however, the solar reflectance performance of new and aged roof coverings 
produced in Turkey is still unknown. Therefore, short-term and long-term solar reflectance 
performance of roof coverings that are produced and commonly used in Turkey were 
measured in laboratory and in field. Purpose of this paper is to describe methodology and to 
present results of the measurements. 
 
2. Methodology 
Solar reflectance measurements of the roof coverings were conducted both in laboratory and 
in field. 
 
2.1. Laboratory measurement 
2.1.1. Test specimens 
Types of roof coverings were determined according to the research conducted by Çatıder 
(Association of roofing industrialists and businessmen in Turkey) which presented the market 
share distribution of roof coverings in Turkey for the year of 2007 (Ozturk, 2008). Clay, 
cement, metal and bitumen based 13 roof coverings were determined. 2 of them are 
commonly used in flat roofs while the remaining are the coverings having highest market 
shares defined at the list of the research. The selected roof coverings with their materials and 
colour/surface characteristics are given in Table 1. 
 
Table 1. Test specimens. 

Roof Coverings/Test specimens Colour / Surface 
Characteristics 

Roof Slope 

Clay based 

Tile Red Steep 

Ceramic tile White Low slope 

Ceramic tile White-shiny Low slope 
Cement 
based Concrete Tile Red Steep 

Metal based 

Tile Red/natural granule covered Steep 

Galvanised sheet White Low slope 

Aluminium sheet Silver Low slope 

Copper sheet Bronze Low slope 

Titanium-zinc sheet Black Low slope 

Titanium-zinc sheet Silver Low slope 

Bitumen 
based 

Membrane Red/natural granule covered Low slope 

Shingle Red Steep 

Sheet Black/corrugated Low slope 
 
Red colour was held constant for a later comparison between some test specimens depending 
on the material composition and surface roughness since most of the roof coverings can be 
produced in red colour. Dimensions of the specimens range from 4x4-cm to 10x10-cm as 
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described in ASTM E 903-96 “Standard Test Method for Solar Absorptance, Reflectance and 
Transmittance of Materials Using Integrated Spheres”. 
 
2.1.2. Test instruments 
Spectrophotometer; a radiation measuring device in a sensitivity range between 200 nm and 
2500 nm was used for the solar reflectance measurements. It has a 150-mm diameter-
integrating sphere attached at its center where the test specimens were placed. At the 
beginning of the measurements, the spectrophotometer was calibrated with a mirror (as a 
reference sample) for calculating the reflectances of other materials (ASTM E 903-96, 1996). 
Accelerated weathering tester; a device was used for exposure of the specimens to xenon arch 
light (simulated solar radiation). It can run out at the spectral range of 300 to 800 nm. The 
environmental stresses on roofing; exposure to wind, moisture, atmospheric gases, pollutants 
and biological growth were not within the scope of this simulation. 
 
2.1.3. Test protocol 
The test method described in ASTM E 903-96 “Standard Test Method for Solar Absorptance, 
Reflectance and Transmittance of Materials Using Integrated Spheres” was followed for 
measuring reflection rates of new and aged roof coverings in laboratory. 
 
Initially, the spectrophotometer was calibrated at 1 nm intervals and then a 12-minute 
measurement was performed for each test specimen. UV-WIN software was used to obtain 
test results and graphics. The test results and the graphic demonstrations were converted to 
Excel format, then, calculated and assessed as average reflectance rates at each spectral range 
(ultraviolet, visible and infrared). After that, 6 of these test samples excluding metallic ones 
were determined to be exposed to xenon arc light in accordance with the standard ASTM 
G155-05a “Standard Practice for Operating Xenon Arc Light Apparatus for Exposure of Non-
Metallic Materials”. The selected specimens were put into the accelerated weathering tester 
for 50 day-period which corresponds to 1-year exposure. One sample of each material was left 
as unexposed for making comparison between new and aged situations. Finally, a series of 
measurement was conducted using the spectrophotometer for aged test specimens. 
 
2.2. Field measurement 
Field measurements were performed at the campus of Istanbul Technical University in 
Ayazağa, Istanbul. For conducting the measurements, approximately 100-m² area was 
organized. 
 
2.2.1. Test specimens 
2 types of test specimens were specified as clay based tile and bitumen based shingle. Both of 
the roof coverings were in red colour and were applied in order to set up 4.00x4.00-m 
dimensioned two roof surfaces. The roof surfaces were sloped to provide drainage of rain 
water. 
 
2.2.2. Test instruments 
Automated weather observation system (AWOS) were set up for field measurements. It 
comprises a pyranometer, a data logger, a solar panel, a temperature sensor, wind direction 
sensor, a moisture sensor, a rain sensor and a sensor measuring earth’s temperature. In 
addition to AWOS, a pyranometer and a portable data logger were placed in order to measure 
reflected solar radiation. Thus, incoming solar radiation data was obtained from the data 
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logger of the AWOS while reflected solar radiation data was obtained from the portable data 
logger. 
 
Pyranometer; a radiation measuring device in a sensitivity range between 305 nm and 2800 
nm was used for the solar reflectance measurements. 2 pyranometers were located back to 
back to build up an albedometer. 
 
Data logger: Pyranometer’s analog data was converted to and collected as digital data by the 
data logger. 
 
2.2.3. Test setup and protocol 
Test specimens were located facing the south direction. The automated weather observation 
system was erected on wheels to be driven over the two test specimens. Test setup is shown in 
Fig. 1. The measurements were conducted under the actual environmental conditions 
according to test method given in ASTM 1918-06 Standard Test Method for Measuring Solar 
Reflectance of Horizontal and Low Sloped Surfaces in the Field. The data obtained from the 
measurements in ASCII format was transferred to a PC computer and converted to Excel 
format. Then the averages of initial solar reflectances were calculated. 
 

 
Fig. 1. Test setup. 
 
3. Results 
3.1. Laboratory measurement 
The test results of new and 1-year aged test specimens are given in Table 2. Solar reflectance 
rates of each roofing material for each spectral range and situation (new-aged) are presented. 
Spectral ranges are stated in four sections as ultraviolet (UV), visible (VIS), infrared (IR) and 
total. 
 
 
 
 
 

AUTOMATED WEATHER 
OBSERVATION SYSTEM 

BITUMINOUS SHINGLE 

CLAY TILE 

PYRANOMETER 
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Table 2. Solar reflectance rates of new and 1-year aged roofing materials. 

ROOFING 
MATERIALS /  
TEST SPECIMENS 

SOLAR REFLECTANCE RATES % R 

NEW (UNEXPOSED) AGED (1-YEAR EXPOSED) 

SPECTRUM (NM) SPECTRUM (NM) 

UV VIS IR TOTAL UV VIS IR TOTAL 

200-
380 

380-
780 

780-
2500 

200-
2500 

200-
380 

380-
780 

780-
2500 

200-
2500 

CLAY BASED 

TILE-RED 6.05 21.28 73.46 35.40 7.10 22.42 73.60 35.90 

CERAMIC TILE-
WHITE 15.09 71.73 75.80 70.40 --- --- --- --- 

CERAMIC TILE-
WHITE,SHINY 27.98 83.00 76.96 77.80 29.39 82.16 76.70 78.10 

CEMENT BASED 

CONCRETE TILE-RED 6.98 24.71 43.20 29.70 7.16 25.10 43.59 29.70 

METAL BASED 

TILE-RED, N. 
GRANULE COVERED 3.62 10.13 36.64 17.20 --- --- --- --- 

GALVANISED SHEET-
WHITE 7.16 77.72 64.61 70.70 --- --- --- --- 

ALUMINIUM-SILVER 41.56 61.32 75.88 64.00 --- --- --- --- 

COPPER-BRONZE 7.25 22.97 63.32 33.20 --- --- --- --- 

TITANIUM ZINC-
BLACK 6.75 6.03 9.58 6.20 --- --- --- --- 

TITANIUM ZINC-
SILVER 43.30 55.10 72.61 54.70 --- --- --- --- 

BITUMINOUS BASED 

ROLL-RED, N. 
GRANULE COVERED 5.36 12.84 21.75 14.80 5.59 13.38 22.00 15.20 

SHINGLE-RED 3.66 9.32 10.09 9.30 3.64 9.78 10.68 9.70 

CORRUGATED 
SHEET-BLACK 4.33 4.03 3.99 3.60 4.64 4.66 8.43 5.20 

 
3.2. Field measurement 
Initial results of field measurements are demonstrated graphically for each roof surface in Fig 
2. and Fig. 3. 
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Fig. 2. The initial measurement results of clay tile covered roof surface for 20 February 2010. 
 

 
Fig. 3. The initial measurement results of bituminous shingle covered roof surface  for 12 February. 

 
The measurement results enable comparative assessment between the same colored and same 
sloped (3%) roof surfaces under actual weather conditions. The average solar reflectance 
performance of roof surfaces was calculated from the initial measurement results of the days 
without rain. Accordingly, the initial solar reflectance performance of clay tile covered roof 
surface is 29%, while bituminous shingle covered roof surface has an initial value of %8. 
 
4. Discussion and Conclusions 
This paper presents the solar reflectance performance of roof coverings used in Istanbul, 
Turkey. In accordance with this purpose, the laboratory and the field measurements were 
conducted.  
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The laboratory measurements’ results can be assessed in two ways as short-term and long-
term solar reflectance performance of roof coverings. For the short-term performance, the 
most reflective roofing material is the white and shiny clay based ceramic tiles while the 
black corrugated bituminous based sheet has the lowest solar reflectivity. On the other hand, 
only in the ultraviolet spectrum, the silver coloured titanium-zinc is the most reflective 
material. Reflectivity in the UV region indicates the sensitivity to UV radiation, hence 
material degradation. After accelerated 1-year exposure, all the materials had almost the same 
performance with their short-term performance and no change in appearance was observed 
(Table 2). 
 
The field measurements’ initial results enable the comparisons between 2 roof surfaces under 
the same conditions. The red coloured clay tile covered roof surface is more reflective than 
the same coloured shingle covering. The laboratory and the field measurements have 
approximately the same results when initial solar reflectance rates of red clay tile and red 
bitumen shingle are considered. 
 
Environmental Protection Agency (EPA) had described the reflective roofing materials 
according to their application on low-sloped or steep roofs. Based on EPA, for instance, the 
red clay tile can be considered as reflective roof covering while red bitumen shingle as 
absorptive material. 
 
Field measurements will be conducted for 1-year in order to evaluate effect of weathering on 
the solar reflectance performance. Then, the long-term solar reflectance performance results 
of laboratory and field measurements will be compared. 
 
Results of this paper will enable designers to choose the roof covering appropriate for 
reflective roofs that can be used to rehabilitate existing roof coverings or to design new roofs, 
which in return will provide cooling energy savings and hence sustainable development of 
Turkey. 
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Abstract: The hydrogen economy is a proposition for the distribution of energy by using hydrogen, in order to 
potentially eliminate carbon emissions and end our reliance on fossil fuels. Some futuristic forecasters view the 
hydrogen economy as the ultimate carbon free economy. Hydrogen operated vehicles are on trial in many 
countries. The use of hydrogen as an energy source for buildings is in its infancy, but research and development 
is evolving. Hydrogen is generally fed into devices called fuel cells, to produce energy.  
A fuel cell is an electrochemical device that produces electricity and heat from a fuel (often hydrogen) and 
oxygen. Fuel cells have a number of advantages over other technologies for power generation. When fed with 
clean hydrogen, they have the potential to use less fuel than competing technologies and to emit no pollution (the 
only bi-product being water). 
However, hydrogen has to be produced and stored in the first instance. It is possible to generate hydrogen from 
renewable sources, but the technology is still immature and the transformation is wasteful. The creation of a 
clean hydrogen production and distribution economy, at a global level is very costly.   
Proponents of a world-scale hydrogen economy argue that hydrogen can be an environmentally cleaner source of 
energy to end-users, particularly in transportation applications, without release of pollutants (such as particulate 
matter) or greenhouse gases at the point of end use. Critics of a hydrogen economy argue that for many planned 
applications of hydrogen, direct use of electricity, or  production of liquid synthetic fuels from locally-produced 
hydrogen and CO2 (e.g. methanol economy), might accomplish many of the same net goals of a hydrogen 
economy while requiring only a small fraction of the investment in new infrastructure. 
This paper reviews the hydrogen economy, how it is produced, and distributed. It then investigates the different 
types of fuel cells and identifies which types are relevant to the built environment, both in residential and non-
residential sections. It concludes by examining what are the future plans in terms of implementing fuel cells in 
the built environment, and discussing  some of the needs of built environment sector. 
 
Keywords: Hydrogen, Fuel cells, Hydrogen economy, PEM Fuel Cells 

1. Introduction- Hydrogen 
1.1. The Hydrogen economy 

A "Hydrogen Economy" is proposed as an ultimate solution for clean energy and the 
environment. Hydrogen communities have been formed for the promotion of this goal. They 
produce publications  and organise meetings and exhibitions. The excitement is mainly about 
having a carbon free world. Electricity is considered one of the main CO2 emission sources 
relying on burning fossil fuels. A change in the production sources of energy is essential. 
Hydrogen is seen as a potential electricity carrier which is 100% clean and natural, but the 
challenge remains in its production, storage and distribution processes. Hydrogen is not found 
on its own in the globe, so it needs to be extracted from other elements that contain it. A key 
question is: is mass production of hydrogen physically possible? Similarly one needs to pose 
the question of: are the costs of producing, storing and distributing hydrogen affordable? 

Hydrogen is not a natural fuel, but a synthetic energy carrier. It only carries energy generated 
by other processes. For example, hydrogen may be produced from electricity by electrolysis 
of water. In addition, high-grade electrical energy is also required to compress or liquefy it, 
and to transport, transfer, and store it [1]. Without question, the technology for a hydrogen 
economy exists or can be developed. In fact, vast amounts of hydrogen are generated, 

1986



handled, transported and used in the chemical industry today. But this hydrogen is used as a 
chemical substance, not an energy source. Hydrogen production and transportation costs are 
absorbed in the price of the synthesized chemicals. The cost of hydrogen remains irrelevant as 
long as the final products find markets. However, today’s debate for the use of hydrogen as an 
energy source is governed by economic arguments and not merely theoretical considerations. 

In the academic literature, the production and the use of hydrogen have attracted significant 
attention, while the practical aspects of a hydrogen economy are rarely addressed. Fig.1 below 
shows that like any other product, hydrogen must be packaged, transported, stored, and 
transferred to bring it from production to final use. These common market processes require 
energy [1]. Can we justify the transition to a hydrogen economy, based on practical and 
financial considerations? Some authors believe not! 

 

 

 

 

 

Figure 1: Schematic Representation of an elemental "Hydrogen Economy [1]  

On the other hand, some scientists argue that novel energies need long, and sometimes very 
long periods of time; typically many decades to find their way onto the market. It may require 
up to half a century in order to establish of a novel energy regime in an irrevocable fashion. 
Hydrogen is no different. It is the right time to start the implementation of the hydrogen 
energy economy and see it through [2]. Winter [2] argues that Hydrogen is on track, because 
sustainable energy without the hydrogen economy is difficult to achieve, although there are 
still many milestones ahead.  

Currently one needs to increase awareness amongst professionals and scientists around new 
technologies so that further development into realistic solutions becomes possible. “It takes 
about 50 years for a new idea to break through and become vogue; no one likes an intruder, 
particularly when he is upsetting the commonplace”[2].This paper provides some background 
to the hydrogen economy. 

1.2. Sources of Hydrogen 

Dunn [3] pointed that Hydrogen is hard to find on Earth as a separate element. Instead, it is 
primarily found in combination with oxygen in water, in combination with carbon in a range 
of hydrocarbon fuels, and in combination with carbon in plants, animals, and other forms of 
life. Once it is extracted, this colourless, odourless, and tasteless element becomes a useful 
“feedstock”, or input, to a variety of industrial activities and a potentially ubiquitous fuel 
sufficient to energize virtually all aspects of society, from homes to electric utilities to 
business and industry to transportation. Therefore, hydrogen production means extracting and 
isolating hydrogen in the form of independent molecules, at the level of purity required for a 
given application [4]. 
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Hydrogen is not widely used today in the Built environment sector, but has been tested on 
vehicles as exemplars and showcases. Winter [2] stated three main sources of Hydrogen, 
mentioning some of each source requirements and obstacles. He stated that Hydrogen can be 
produced from fossil fuels, renewable sources, or nuclear fission. (1) From fossil fuels via 
reformation or partial oxidation or gasification, preferably from natural gas, like today, or 
from coal, in the future, with capture and sequestration of coproduced carbon dioxide in order 
to prevent its release into the atmosphere. (2) From renewable electricity via electrolysis, but 
not before a number of further decades of development and in competition with the direct use 
of renewable electricity in the power market; or (3) From nuclear fission, if society accepts it. 

Hydrogen production systems using renewable energy sources have been developed mostly in 
the United States (US) [5]. Example of that is the Telonicher Marine Lab in Trindad, 
California where they have installed the first solar hydrogen-Fuel cell system. The three major 
renewable hydrogen projects that have been completed in Europe are the Utsira hydrogen 
project, launched in July 2004 in Norway, the HARI project at West Beacon Farm, 
Leicestershire, UK, and PURE project in Unst (Shetland), opened in May 2005.  

According to the DTI report Meeting, The Energy Challenge [6], Hydrogen and fuel cells are 
linked technologies with significant carbon-saving potential where the hydrogen is produced 
from renewable or low carbon sources.  Furthermore, Hydrogen would facilitate the shift from 
limited non-renewable stocks of fossil fuels to unlimited flows of renewable sources, playing 
an important role in reducing and eliminating Carbon dioxide (decarbonisation) in the global 
energy system needed to avoid the most severe effects of climate change. Replacement of oil 
and other fossil fuels with hydrogen would achieve reductions in carbon emissions and avoid 
a doubling of pre-industrial carbon dioxide (CO2) concentrations in the atmosphere [3].  

Total’s company publication [7] on hydrogen and fuel cells indicates that hydrogen can be 
produced through two broad process technologies: 

1. By reforming or gasification of fossil fuels (e.g., natural gas, petroleum, coal) or 
products derived from the biomass (e.g., ethanol); 

2. Alternatively, by electrolysis of water (using electricity generated by nuclear, wind, 
solar or other power). 

According to Pant and Gupta [8], the current global hydrogen production is 48% from natural 
gas, 30% from petroleum, 18% from coal, and 4% from electrolysis. 

1.3. Hydrogen Production in Reality 

Hydrogen is a fascinating energy carrier. It can be produced from electricity and water. Its 
conversion to heat or power is simple and clean. Hydrogen forms water when combusted with 
oxygen. No pollutants are generated or emitted. The water is then returned to nature where it 
originally came from. But hydrogen, the most common chemical element on the planet, does 
not exist in nature in its pure form. 

Hydrogen has to be separated from chemical compounds by electrolysis from water or by 
chemical processes from hydrocarbons or other hydrogen carriers. The electricity for the 
electrolysis may eventually come from clean renewable sources such as solar radiation, 
kinetic energy of wind and water or geothermal heat. Therefore, hydrogen may become an 
important link between renewable physical energy and chemical energy carriers [1]. 
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Hydrogen is considered the “forever fuel”, since, like electricity, it can be produced from any 
primary energy fuel: coal, oil, natural gas, nuclear, all sorts of renewable energies, and from 
grid electricity. Certainly, because of its environmental and climatic cleanness, hydrogen 
made from renewable energies is the ultimate aspiration. This is, however, not a pre-requisite 
for building a hydrogen energy economy.  

Dunn [3], stated that about 99 % of the hydrogen produced today comes from fossil fuels. 
Over the long run, this proportion needs to be shifted towards renewable sources, for 
hydrogen production to be sustainable. Hydrogen, produced from renewable energy (e.g., 
Solar) sources, would result in a permanent energy system, which will not need to be changed 
[9].  

Bossel [10] believes that electrolysis may be the only practical link between renewable energy 
and hydrogen. Although solar or nuclear heat can also be used for high-temperature cyclic 
processes, it is unlikely that a recognisable fraction of the global energy demand can be 
served with hydrogen from solar concentrators or high-temperature reactors. Local wind 
farms are likely to deliver energy at lower costs than distant solar or nuclear installations. 

Winter [2] argues that the future of electrolytic hydrogen depends clearly on the price of 
electricity. If the price of the electrolysis process for the production of hydrogen is high, the 
production will become harder, and vice versa. He notes that in all likelihood  the future 
average electricity price will increase rather than decrease (at least in industrialized countries), 
electrolytic hydrogen may get its market only where the electricity demand is temporarily 
low, e.g., at night, or where base load (nuclear) power station has been underused.  

A case study by Bossel in 2006 [10] finds interesting questions and indicates major 
challenges. He states that if about 50 jumbo jets leave Frankfurt Airport every day, each 
loaded with 130 tons of kerosene, to replace the energy by hydrogen, 50 tons of liquid 
hydrogen are needed per plane.  The daily needs would be 2500 tons or 36 000 m3 of the 
cryogenic liquid, enough to fill 18 Olympic-size swimming pools. Every day 22 500 tons of 
water would have to be electrolyzed. The continuous output of eight 1-GW power plants 
would be required for electrolysis, liquefaction, and transport of hydrogen. If all 50 planes 
leaving the airport were converted to hydrogen, the entire water consumption of Frankfurt and 
the output of 25 full-size power plants would be needed to meet the hydrogen demand of air 
planes leaving just one airport in Germany. This case study demonstrates that the hydrogen 
economy is not a panacea and more effort in understanding the cost and the effort is required.  

This doesn’t prove that hydrogen is not the ideal solution. It does indicate that electrolysis 
(depending on water and electricity) is not the right solution at least for now, and an 
alternative should be studied before rising the issue of producing hydrogen from renewable 
sources. This indicates that current studies could be seen as misleading, from the point of 
view that they are just seeing and arguing about the benefits of using hydrogen for energy 
generating, which is true. Yet, more studies about the real life possible applications with all 
disadvantages must be considered as well. As mentioned before, the development and storage 
costs of hydrogen are to be explored before committing to using it. 

1.4. Storing and transporting Hydrogen  

Hydrogen seems to have some difficulties in storing and transporting. Some researchers have 
made remarkable points about this subject as hydrogen molecules are extremely tiny and will 
leak from almost any container or pipe, meaning that it needs to be liquefied at temperatures 
near absolute zero. Compressed hydrogen, at very best, would take up at least 4 times as much 
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space in a tank as gasoline for the same amount of energy. Plus the storage tanks for 
compressed hydrogen cost 100 times the cost of a gas tank. Also, stronger materials, like 
steel, are more likely to react with hydrogen and become brittle. Combined with the high 
pressure, this makes the tanks susceptible to bursting [11]. 

Winter [2] added a few words on storage, he stated that: stationary hydrogen storage is at 
hand, both for gaseous and liquid hydrogen in high pressure steel flasks or cryogenic dewars*.  

Large capacity underground storage for gaseous hydrogen in leached salt domes may build on 
what has been learned from operational underground air or natural gas storage, though special 
care needs to be taken to prevent leakage of the smallest element of the periodic table of 
elements: hydrogen! The most challenging venture is the tank onboard motor vehicles. For a 
usual vehicle range of, say, 500 km, the tank for gaseous hydrogen requires an inner pressure 
of 700 bar, which from a manufacturing and lifelong safety standpoint, is not at all trivial to 
achieve and maintain. 

2. Fuel Cells 
2.1. Main characteristics of Fuel Cells 

Stambouli and Traversa [12] stated that, a Fuel Cell is an energy conversion device that 
produces electricity by electrochemically combining fuel (hydrogen) and oxidant (oxygen 
from the air) gases through electrodes and across an ion conducting electrolyte. According to 
the DTI report, Meeting the Energy Challenge [6], the fuel cell does not run down or require 
any recharging; unlike a battery, it will produce energy as long as fuel is supplied. The battery 
is an energy storage device where all energy available is stored within the battery itself [13]. 
According to the European commission summary report [14], because of fuel cells’ low noise 
and high power quality, fuel cells systems are ideal for use in hospitals or IT-centres, or for 
mobile applications. 

Fuel cells generally have a heat to power ratio of roughly 1:1 with overall efficiencies of 
around 80% when fired on hydrogen. Fuel cells powered with pure hydrogen have potential 
power efficiencies of up to 45% i.e. 45% of the hydrogen is converted into electrical energy. 
However, when we add a reformer to convert other fuels to hydrogen, this can drop 
significantly [15].  

Neef [16] argues that hydrogen and fuel cells are technologies that still need to prove their 
capability in order to produce marketable products. 

Three application areas for fuel cells are emerging: (1) In portable electronics fuelled with the 
help of hydrogen or methanol cartridges (e.g. laptops and mobile phones) (2) in stationary 
applications, (e.g. buildings) and (3) in the transportation sector in busses, passenger and light 
duty vehicles, later in heavy duty trucks, in aviation and at sea [2]. 
*Dewar: a double-walled flask of metal or silvered glass with a vacuum between the walls, used to hold liquids 
at well below ambient temperature. 
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2.2. Fuel Cells types for buildings 

Stambouli and Traversa [12] explain that there are many types of fuel cells, which are 
normally sorted by either by their operating temperature or by their classification. The latter is 
generally done according to the nature of electrolyte. The basic differences in the different 
types of fuel cells are: 

 The electrolytes used; 

 The operating temperature of the device; 

 The design, and their fields of applications, bearing in mind that each fuel cell type has 
specific fuel requirements [17].  

Operating temperatures of fuel cells vary depending on their type. There are two main 
categories for classification:  

Firstly, the low temperature fuel cells with operating temperatures as low as 80°C. These can 
be installed in private households, light commercial operations, and large industrial 
operations. An examples of this type is the Proton exchange membrane fuel cell (PAFC). In 
low-temperature fuel cells, all the fuel must be converted to hydrogen prior to entering the 
fuel cell.  

Secondly, the high temperature fuel cells, such as molten carbonate (MCFC) and solid oxide 
(SOFC), may be adapted for larger industrial applications. With operating temperatures 
between 600-1100°C these high temperature cells can tolerate a contaminated source of 
hydrogen and hence can use unreformed natural gas, diesel or gasoline. Furthermore, the heat 
generated can be used to produce electricity by driving steam turbines.  

Fuel cells in the stationary sector, i.e. for residential energy and for industrial application, will 
use different fuels and convert them into hydrogen as long as there is no hydrogen 
infrastructure in place. In the case of low temperature fuel cells, a reformer is used that 
converts natural gas into hydrogen and CO2, for example. High temperature fuel cells can 
convert the fuel, e.g. biogas, internally. Once again, the advantages of such stationary fuel cell 
systems compared to the competing condensing boilers or conventional heat and power plants 
consist of higher efficiencies and reduced emissions, but also of a contribution to the 
decentralised electricity production and to stability of the electric grid [16]. 

The most common fuel cells types found in the literature today and suitable for buildings are: 

 Proton Electrolyte Membrane Fuel Cells (PEMF   C),  
 Alkaline Fuel Cells (AFC),  
 Phosphoric Acid Fuel Cells (PAFC),  
 Molten Carbonate Fuel Cells (MCFC) and  
 Solid Oxide Fuel Cells (SOFC)  

listed in the ascending order of their operating temperature, where the most electrical efficient 
of them is found to be the SOFC which has a high operating temperature. Lipman et al., [18], 
explain that low temperature PEM fuel cells are considered the leading contenders for 
automotive and small stationary applications. SOFC, PAFC, and MCFC operate at higher 
temperatures (from 2001C to 10001C) and are expected to be used for larger stationary 
applications. Regarding efficiency, generally fuel cells have high efficiency, where they 
convert up to 50–70% of available fuel to electricity (90% with heat recovery ) [12].  

1991



Winter [2] stated that depending on the type of fuel cell, it provides the right temperature for 
heat applications in stationary use: 100 C for proton exchange membrane (PEM) fuel cells 
(FCs), around 200 C for high-temperature PEMs or phosphoric acid FCs (PAFCs), 600–650 
_C for molten carbonate FCs (MCFCs), and 700–900 _C for solid oxide fuel cells (SOFCs).  

Low to high temperature PEMs are exactly what is needed for homes or buildings or 
hospitals, depending under which climate and weather conditions they serve; MCFCs fit the 
exigencies of many small-to-medium size industries, hospitals and large laboratories, and 
SOFCs are an excellent topping technology for gas turbine/steam turbine combined cycles [2]. 

But to be more precise the types we are concerned with in this project, are the types that rely 
on hydrogen only as their fuel, and from the existing applications. Table 1 below shows that 
PEM and PAFC are the two fuel cells types that could generate electricity for buildings with 
the use of hydrogen as their fuel.  According to Lidderdale and Jones [15] PAFC type is the 
most successful technology, in terms of numbers deployed above 200 kWe, where it is used 
primarily for large back-up and remote power applications in hospitals, schools, and other 
locations where an engine generator would traditionally be used. Increasingly being used in 
environments where high availability of either electrical or thermal power is a criterion. 

 

 

 

 

 

 

 

Table 1: fuel cells types and main characteristics [16] 
 
Realistically speaking and because the technology (Fuel cells) is still newly introduced to the 
built environment, a definite answer about the most appropriate type for buildings cannot be 
stated yet, it will take several years and many real life pilots to proove what is and what is not 
suitable for buildings. 
 
2.3. Future plans for Fuel Cells implementations 

Winter [2] stated that like any other energy, hydrogen energy has to meet a range of criteria 
before successfully entering the market. The two major, perhaps dominating criteria are costs 
and CO2 emissions. Of course, costs are the key for the entry of any energy into a competitive 
large scale market, and hydrogen energy is not different.  

Same is applicable for fuel cells technology; cost, reliability and lack of experience are the 
major issues. To resolve these problems and to answer all unclear questions, implementing the 
technology in several projects is a necessity and this should be supported by the government 
and large private energy companies as a start, because like any other technology the cost of it 
at present is considerably high which makes it hard for the end users to even consider 
installing such technology in their houses or projects, especially that sustainable and clean 
hydrogen sources are not readily available as yet. Therefore, support is required at this stage 
to implement the technology for a small community and learn from the experiences. 
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According the Fuel cells handbook 2004 [13], for a fuel cell to compete with other generation 
sources, its price must be reduced dramatically and research and development is required to 
improve the performance and reduce the cost of renewables, storage, and fuel cell 
technologies. Technologies are needed that can produce hydrogen for the same price as 
gasoline. Storage technologies must be developed to allow cheap, safe hydrogen storage. 
Finally, fuel cell technology must advance to improve efficiency. 

In addition, Safety is seen as a prime consideration for stationary fuel cells. As fuel cells come 
closer to the customer, codes must be written and building inspectors educated to allow the 
introduction of fuel cell power systems.  

Another interesting point to be taken care of for moving forward with fuel cells technologies 
is obtaining insurance for hydrogen projects. This needs to be undertaken by the government 
to provide a layer of insurance coverage. In addition, insurance companies must be educated 
as to the proper handling of hydrogen and the associated risks. This would allow for property, 
liability, and efficacy insurance to be offered at reasonable rates. 

3. Future directions and future research needs 
Renewbles are one of the few rapidly growing business sectors, and developers are working 
hard to forge a link between renewable and fuel cell technology in order to put power 
generation on a sustainable basis. In the next five to ten years biogas fuel cells are supposed to 
operate worldwide, and active research will take place on wood and biomass gasifiers for 
hydrogen production. Wind power will be used to generate hydrogen in some locations, while 
solar hydrogen will be produced in others to power a small fleet vehicles [19].  

The fuel cell industry itself is in its infancy. The early products have problems with reliability 
and affordability. It is as yet unclear which types of fuel cells will prove more appropriate for 
the different types of buildings and usage. Early piloting of the technology must be facilitated 
by government organisations and major corporations. 

The construction industry is still not prepared for the introduction and maintenance of such 
eventual novel technologies. The design, implementation, and maintenance of them require 
specialist knowledge, which is still non-existent within the industry. 

Future research needs to be collaborative, including stakeholders from the construction 
industry, the energy sector and the fuel cell technology sector (i.e. chemical engineers). 
Possible research areas include: 

 Potential solutions for hydrogen production on site; 
 Hydrogen harvesting, i.e. the best sustainable source for hydrogen production with the 

least cost; 
 A critical analysis of the different types of fuel cells for different building types; 
 Hydrogen onsite storage mechanism; 
 Legislative barriers and enablers. 
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Abstract: The effect of projected climate change on building performance is currently a growing research area. 
Building designers and architects are becoming more concerned that buildings designed for the current climate 
might not provide adequate working and living environments in the coming decades. Advice is needed to guide 
how existing buildings might be adapted to cope with this future climate, as well as guidance for new building 
design to reduce the chances of the building failing in the future. The Low Carbon Futures Project, as part of the 
Adaptation and Resilience to Climate Change (ARCC) programme in the UK, is looking at methods of 
integrating the latest climate projections from the UK Climate Impact Programme (UKCIP) into building 
simulation procedures. The main obstacle to this objective is that these projections are probabilistic in nature; 
potentially thousands of equally-probably climate-years can be constructed that describe just a single scenario. 
The project is therefore developing a surrogate procedure that will use regression techniques to assimilate this 
breadth of climate information into the building simulation process. 
 
Keywords: Climate change, Building simulation, Overheating 

Nomenclature 
To(t) internal air temperature at hour t ........... °C 
θ0 regression constants ...................................  
mj regression coefficients ................................  
χj(t) hourly climate parameter ...........................  
 
1. Introduction 
In the UK, for both new build and building refurbishment sectors, legislation is currently 
being discussed to achieve low-carbon buildings through the use of new design and 
technologies [1]. It is therefore inevitable that a level of uncertainty exists with regards to the 
future energy performance of such buildings. In addition to this, with future climate warming 
being predicted over the coming decades for the UK, there is an uncertainty with regards to 
the comfort performance of such buildings – will future climate warming negate certain 
design assumptions for buildings designed or retrofitted for a current climate? For a naturally 
ventilated building this might mean internal temperatures exceeding design thresholds for 
significant periods of the year, whereas a mechanically cooled building might be operating 
with an under-sized cooling plant. This describes the problem that the concept of “adaptation” 
is trying to solve; what changes to our current approach should be taken now to ensure a 
building will maintain adequate levels of thermal comfort in the future? Such an analysis 
requires a suitable form of future climate projections, which themselves are inherently 
uncertain. Previous approaches to climate projections have been deterministic [2], in that they 
specify an estimated value of expected climate change for a specific scenario. The most recent 
UK Climate Projections (UKCP’09[3]) from the UK Climate Impact Programme (UKCIP) 
takes a different approach, with climate projections provided in a probabilistic form. These 
have been constructed from multiple iterations of climate models, which have undergone a 
degree of downscaling by geography and temporal resolution. The result of this can be many 
thousands of possible climate files describing just a single future scenario (see section 2). If 
such information is to be incorporated into building design approaches, it is clear that an 
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additional step is required which can either simplify this climate information or provide an 
algorithm which processes this data in a way that might be useful for a building designer. If 
this goal can be achieved, then the result will be a method for incorporating the uncertainty of 
climate projections into building design and allowing the designer to choose adaptation 
options (such as shading or ventilation techniques) which will give a high probability of 
adequate thermal comfort in that building for a future climate. This work forms part of the 
Low Carbon Futures project, sponsored by the Adaptation and Resilience in a Changing 
Climate (ARCC) Programme [4].  
 
2. Methodology 
The following section will describe the approach being taken by the Low Carbon Futures 
project, which includes obtaining weather data, carrying out extensive building simulation 
and then using the obtained relationships to construct a regression relationship between 
climate and internal temperatures of a building. 
  
2.1. Weather Generator 
The Low Carbon Futures project [5] obtains future climate projections from the UKCP’09 
Weather Generator. This can provide a number of statistically equivalent 30-year time series 
projections which describe a specific future scenario (e.g. low-emission, 2020-2049) for a 
specific location (based on a grid map of the UK). The weather variables can be generated at 
monthly, daily or hourly scales and include: total hourly precipitation (mm), mean hourly 
temperature (ºC), vapour pressure (hPA), relative humidity (%), sunshine fraction (of an 
hour), downward diffuse radiation and direct radiation (both W/m2). If the user is 
downloading 100 time-series (the maximum allowed for each iteration), each run will produce 
3000 (30years x 100 files) equally probable climate years at an hourly resolution. The 
resulting climate information can therefore be vast in scale. If using building simulation, the 
options might be to either i) choose just one (or a small number) of these representative 
climate-years to simulate a building with or ii) provide a short-cut or emulation step to make 
the building simulation process itself, over many climates, more efficient. The Low Carbon 
Futures project is investigating the latter approach. The timelines looked at for this study will 
be 2020-2049, 2040-2069 and 2060-2089 (referred to as “2030s”, “2050s” and “2080s” 
respectively). The Weather Generator provides three future emission scenarios, namely “low”, 
“medium” and “high” (as defined by UKCP’09), all of which will be included in the analysis. 
With two locations currently being investigated by the project (Edinburgh and London), this 
provides a total of 20 climate scenarios, including a baseline “current” climate (from 1960-
1990 data) in both locations. 
 
2.2. Building Simulation 
While the described approach could be used with any building simulation software, the 
project uses ESP-r, an open-source package. To adequately describe internal temperature 
profiles (and therefore provide useful information with regards to overheating metrics), it is 
important to carry out these simulations with dynamic simulation software and at a suitable 
temporal resolution (in this case hourly). Such software will allow for the thermal response of 
the building over time to be suitably expressed, as well as providing a method for defining 
various adaptation scenarios. A range of buildings are being simulated by the project, some 
taken from real case-studies while others are adopted from previous simulation studies such 
as the Tarbase project [6]. This paper overviews two of these buildings: a standard dwelling 
[7] and a primary school [8], both of which are naturally ventilated. Different buildings have 
different overheating definitions and might have specific adaptation options that are related to 
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the occupancy and construction characteristics. It is therefore important, when assessing 
overheating risks through simulation, to have a method that can be used for a range of 
buildings and a range of overheating metrics. The hypothesis of the project is that one initial 
simulation can identify the relationship between an hourly climate file and hourly internal 
temperatures of a building, summarised by an appropriate regression equation. This 
regression equation can then be used for a vast array of climates, without the designer having 
to resort back to full building simulations for all the other climates. This methodology is seen 
as an acceptable compromise between maintaining the detailed calculation of dynamic 
simulation software (as such a calculation will be required to start the process), while 
providing a means to achieving the equivalent of (up to) thousands of climate inputs through a 
given building model. 
 
For validation purposes, each building in the project is simulated for a total of 2000 climate-
years, encompassing the described range of emission scenarios, timelines and locations. A 
script has been developed for the project (by University of Strathclyde, who develop ESP-r) 
that allows many climates to be simulated in succession. While this is still a time-consuming 
process (and would not be practical for use in industry), it allows the project team to carry out 
a validation exercise across a large number of climates. For each iteration, the hourly internal 
temperature profile for the entire year is recorded for use in the regression exercise.   
 
2.3. Validation of regression analysis 
Following the building simulations, a large database of hourly climate metrics and hourly 
internal temperatures (by zone in the building, where the user may choose to focus on the area 
of the building that is most prone to overheating or has the highest occupancy) is created. The 
next step is to demonstrate a statistical relationship between the climate projections and the 
resulting building temperatures. A regression equation can be formulated describing this that 
is calibrated using just one climate, i.e. calculating the appropriate regression coefficients, and 
this same relationship can be used for all the other climates to investigate whether the same 
relationship will hold for that building. A simple regression equation will have a large number 
of terms; not only should the range of influential climate metrics be included (listed in section 
2.1) for a given hour, but also the same metrics for previous hours, due to the dynamic 
thermal response of a building to such changes over time. It is found that the regression 
equation can emulate simulation results if climate information from the previous 72 hours is 
included. Taken across seven different climate metrics this potentially provides 504 terms in 
the regression equation (i.e. 72 x 7 = 504). However, using the established statistical 
technique of Principal Component Analysis (PCA), these terms can be reduced to just 33 (this 
is discussed in detail elsewhere [9]). The resulting regression equation is then of the form: 
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For adaptation scenarios (e.g. a physical change to the building that might combat 
overheating), Eqn. (1) can either be recalibrated following another simulation or a series of 
correction equations applied that are specific to those adaptation choices [9]. 
 
The results of the validation exercise, comparing hourly internal temperatures from the 
calibrated regression equation to that of ESP-r simulation, are demonstrated in Fig. 1. This is 
for the case of a domestic building, without any adaptation measures and with 100 climate-
years representing a London 2030, medium emission scenario (though similar results have 
been obtained from other buildings and adaptation and climate scenarios).   
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Fig. 1.  Comparison of ESP-r and regression equation hourly temperatures scenarios for “no 
adaptation”, London 2030 Medium emission scenario 
 
In summary, Fig. 1 presents (top graph) over 400,000 data points between April and October 
for the specific scenario, where “residual” is the difference between the internal hourly 
temperature of ESP-r and the regression equation (in degrees). Due to the large amount of 
data, it is difficult to discern a typical error from this graph alone, hence the use of the left 
graph which shows that the majority of the “error” between ESP-r and the regression equation 
is ±1°C – deemed an acceptable error over such a vast amount of data and for an hourly 
resolution. The right graph demonstrates that almost 80% of the data is within this error. The 
validation exercise provides an indication that an appropriately calibrated regression equation 
can be used to emulate a dynamic simulation over a large number of climates, providing an 
initial simulation has been carried out to establish the relationship in the first place. 
 
2.4. Design approach 
The integration of any future-climate design tool into the building design process involves an 
understanding of existing design practices. To investigate this, the project is running several 
focus groups to obtain feedback from a wide range of design professionals in the UK. These 
focus groups will discuss how current overheating analyses are carried out for domestic and 
non-domestic buildings, and how low-energy buildings might be more susceptible to future 
overheating for certain scenarios.  
 
In summary, it is imagined that the methodology discussed in sections 2.1 to 2.3 might be 
used as follows:  

1. A building is designed to current building regulations with an overheating analysis 
based on dynamic simulation of, nominally, a current hourly climate file  

2. The proposed regression tool, working in parallel with the simulation engine for step 
1, generates a series of regression coefficients based on the documented principal 
component analysis framework (see section 2.3) 
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3. A random selection of 100 climate years for a specific future scenario can be selected 
from the UKCP’09 database (e.g. the user would choose: London, medium emission, 
2020-2049) – this can be integrated into the tool so that the user would not need to 
access the climate information separately. These climates will not need to be 
simulated through the dynamic building software 

4. The user chooses an overheating metric, such as the percentage of hours over 28°C or 
another defined threshold, that is suitable for that building type  

5. The regression tool provides an overheating risk output, demonstrating the probability 
of different scales of overheating for that building in a future climate (see section 3 for 
examples) 

 
If a building is designed to achieve adequate thermal comfort for a current climate, the above 
methodology can estimate whether that same building will meet thermal comfort criteria for 
chosen future climates.  
 
3. Results 
The project is looking at a selection of buildings, two of which will be used below to 
demonstrate the way that the analysis described in section 2 can be used to quantify the effect 
of adaptation scenarios to prevent overheating in a naturally ventilated building. The 
technique is also being applied to mechanically cooled buildings, with results forthcoming.  
 
3.1. Domestic building 
The domestic building case study is designed to represent a typical UK 3-bedroom dwelling, 
with infiltration rate of 0.7ac/h, with wall U-value of 0.37W/m2K. Detail of the construction 
and internal activity can be found in previous publications [7]. Fig. 2 shows the simulation 
diagram used by ESP-r. 

 
Fig. 2.  ESP-r diagram of ground floor (left) and first floor (right) of modelled dwelling 
 
While a large range of overheating criteria could be specified for this building type, the 
chosen metric for this paper is the number of hours in the bedroom that exceed 23.9°C at 
night. This definition, justified elsewhere [7], proposes that the lack of options to adapt to 
overheating at night may cause an occupant to take other measures (e.g. purchase a domestic 
air-conditioning unit) to provide an improved level of thermal comfort. The building is 
simulated for all the climate scenarios identified in section 2.1, and for three adaptation 
scenarios, applied cumulatively: i) “no adaptation”, where the occupant does not react to 
overheating at all; ii) “window opening”, where windows are opened in the bedroom zones if 
that zone exceeds 23.9°C (and closed if the temperature then drops below); iii) “external 
shading and reduced internal gains”, where horizontal slats are placed above every window to 

 N 

1 
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reduce solar gain, while internal heat gains (from appliances and lighting) are reduced by 25% 
to represent more efficient technologies. For simplicity, Fig. 3 only shows the results for the 
2030s medium emission scenario for a London location, though the same format can be 
applied to any climate scenario. The x-axis of the graph shows relative change in the 
overheating metric (i.e. number of hours above the 23.9°C threshold at night) against a 1960-
1990 baseline. With 100 equally probable climate-years used for this future climate scenario, 
it is possible to construct a cumulative frequency plot that suggests the probability of different 
levels of overheating occurring. The effect of the adaptation scenarios is clear, with the 
overheating risk curves being morphed in the negative direction on the x-axis – representing 
reduced overheating risk. Such a graph could be used to design a building to be sensitive to a 
future climate: for example, the “no adaptation” scenario estimates a 96% probability of more 
overheating (i.e. the part of the cumulative curve that is to the right of the “zero” dotted line 
representing no change) for the future climate used. Applying both adaptation scenarios 
reduces this to just 14%; i.e. the building now has just a 14% chance of being warmer in the 
future. This may be a suitably low future overheating risk, providing the client with the 
confidence that their building should provide adequate thermal comfort in the future. 

 
Fig. 3.  P redicted increase in dwelling overheating for 100 r andom climates for London, Medium 
Emission, 2030 scenario  
 
3.2. Primary School 
The exercise is repeated for a primary school building, previously analysed with deterministic 
climates in the Tarbase project [8]. The construction and internal activity is specified in detail 
in this aforementioned reference and relates to UK Building Regulations for the assumed 
build date of 2000. The overheating criterion used for this building is the percentage of hours 
above 28°C in teaching areas, as suggested by UK building guides [10]. As with the previous 
case-study, the methodology of section 2 is carried out to assess future overheating risks. 
Fig.4 summarises the floor plan and building design. 
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Fig. 4.  Layout and plan of primary school case-study 
 
Fig. 5 demonstrates the predicted overheating curves, again for the 2030s medium emission 
scenario for a London location. The adaptation scenarios are: i) “no adaptation”; ii) “Increase 
Vent”, where maximum ventilation rates are increased from 8l/s/person to 12l/s/person; iii) 
“Reduced gains”, for energy-efficient appliances and lighting that reduce internal heat gains 
(as quantified elsewhere [8]); iv) “External shading”, with simple horizontal shades added 
above each window. As with the domestic case study (Fig. 3), a substantial improvement is 
made as a result of the adaptations – ranging from a 96% chance of increased overheating for 
“no adaptation” to a 0% chance once all adaptations have been applied. 

 
Fig. 5.  Predicted increase in school overheating for 100 random climates for London, Medium 
Emission, 2030 scenario 
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4. Discussion and Conclusions 
The Low Carbon Futures project aims to provide guidance for designing buildings, or 
retrofitting existing buildings, so that they will provide adequate thermal comfort for a future 
climate. There are essentially two problems to be addressed: i) how can designers be 
encouraged to design for a future climate, rather than just using existing climate definitions 
and ii) if future climates are presented in a probabilistic form (as with UKCP’09), can this be 
integrated into the design process in an efficient way? If this latter problem provides an 
additional barrier to building design, then it will not be adopted in practice. However, if this 
form of climate projection can be linked to an overheating “risk analysis”, which might have 
parallels with existing risk assessments that the building industry are required to carry out, 
then the described method might be seen as attractive to both building professional and their 
client. The methodology described in this paper, which produces probabilistic overheating 
curves for a specific building once that building has undergone a single simulation, is suitable 
for use in a design tool that would not require a dramatic increase in building simulation time, 
despite the use of hundreds of climate-years from the UKCP’09 database. The results suggest 
that it should be possible to find a compromise between an efficient calculation method and a 
reliable output that maintains the detail from the probabilistic climate projections used, 
though it should be stressed that the proposed tool emulates building simulation output, not 
empirical data. The project will subsequently be testing this approach against a wider 
selection of buildings and adaptation scenarios to determine if the described methodology is 
truly universal for future overheating analyses of buildings in the UK. 
 
References 
[1] UK Government Department of Communities and Local Government, Proposals for 

amending Part L and Part F of the Building Regulations, April 2010 

[2] M. Holmes and J.N. Hacker, Climate change, thermal comfort and energy: Meeting the 
design challenges of the 21st Century, Energy and Buildings 39, 2007, pp. 802-814 

[3] P.D. Jones et al., UK Climate Projections science report: Projections of future daily 
climate for the UK from the Weather Generator, available from 
http://ukclimateprojections.defra.gov.uk  

[4] Adaptation and Resilience in a Changing Climate Network (ACN), Programme website 
http://www.ukcip-arcc.org.uk/content/view/605/519/  

[5] Low Carbon Futures project summary page, http://www.ukcip-
arcc.org.uk/images/stories/pdfs/lowcarbon_future_leaflet.pdf  

[6] Carbon Vision Buildings “Tarbase” project website, http://www.tarbase.com  
[7] A.D. Peacock, D.P. Jenkins and D. Kane, Investigating the potential of overheating in 

UK dwellings as a consequence of extant climate change, Energy Policy 38, 2010, pp. 
3277-3288 

[8] D.P. Jenkins, A.D. Peacock and P.F.G. Banfill, Will future low-carbon schools in the UK 
have an overheating problem?, Building and Environment 44, 2009, pp. 490-501 

[9] S. Patidar, D.P. Jenkins, G. Gibson, and P.F.G. Banfill, Statistical techniques to emulate 
dynamic building simulations for overheating analyses in future probabilistic climates, 
Journal of Building Performance Simulation, In Press, 2010 

[10] Chartered Institution of Building Services Engineers (CIBSE), Environmental Design, 
CIBSE Guide A, 2006 

2003

http://ukclimateprojections.defra.gov.uk/
http://www.ukcip-arcc.org.uk/content/view/605/519/
http://www.ukcip-arcc.org.uk/images/stories/pdfs/lowcarbon_future_leaflet.pdf
http://www.ukcip-arcc.org.uk/images/stories/pdfs/lowcarbon_future_leaflet.pdf
http://www.tarbase.com/


Energy Efficient Buildings with Functional Steel Cladding  

M. A. Joudi, M. Rönnelid, H. Svedung and E. Wäckelgård* 

School of Technology and Business Studies, SERC, Dalarna University, SE-791 88 Falun, Sweden 
* Corresponding author. Tel: +46 23778738, E-mail: ewc@du.se 

Abstract: The aim of the study is to develop a model for the energy balance of buildings that includes the effect 
from the radiation properties of interior and exterior surfaces of the building envelope. As a first step we have 
used ice arenas as case study objects to investigate the importance of interior low emissivity surfaces. 
Measurements have been done in two ice arenas in the north part of Sweden, one with lower and one with higher 
ceiling emissivity. The results show that the low emissivity ceiling gives a much lower radiation temperature 
interacting with the ice under similar conditions. The dynamic modelling of the roof in ice arenas shows a 
similar dependence of the roof-to-ice heat flux and the ceiling emissivity. 
A second part of the study focus on how to realise paints with very low thermal emissivity to be used on interior 
building surfaces. 
 
Keywords: Energy balance, Low emissivity, Radiation properties 

1. Introduction 
The need for buildings to be highly energy efficient requires that a building envelope must be 
air tight and well insulated. It is also important that both interior and exterior surfaces has 
appropriate optical functions. The exterior surfaces (roof and facades) should in a hot climate 
have high solar reflectance and high infrared emissivity in order to reduce space-cooling 
loads. Buildings in colder climates should have exterior surfaces with high solar absorptance 
and low thermal emissivity to reduce space-heating loads. Buildings in all types of climates 
should have interior walls and ceilings with low thermal emissivity which will reduce the 
radiation exchange between persons and interior surfaces and thereby the need for 
decrease/increase the air temperature in order to compensate for too high/low interior 
radiation temperature.  
 
The research has been extensive in finding solutions for hot climates to prevent over heating 
and one concept here is the so called cool roof, works from Synnefa et al [1] and Levinson et 
al [2] shows that it is a large potential for reducing energy use for cooling by use of near 
infrared high reflectance exterior paints. There has not been as much focus on interior 
surfaces and how functional optical properties can influence the energy demand in hot or cold 
climates. Development in paint formulation has made it possible to produce coating with 
higher reflectance in the long wave radiation spectra. This kind of coatings has been found 
mainly useful for interior coatings where it is expected to act like a thermal barrier for the 
radiation energy potentially emitted or absorbed by the surface when the radiation 
temperature differs significantly from the panel surface temperature. For instance, Daoud et al 
[3] has shown that low emissive interior coatings can contribute to the energy savings in an in 
doors ice rink. 
 
In a previous work by Joudi et al [4] introduces a model for calculating the effect of both 
interior and exterior optical properties of a horizontal roof sandwich panel in terms of net 
energy flux per unit area. Sandwich panels usually consist of two coil coated steel sheet 
profiles, which are tightly pressed and glued to an insulation core. They can be manufactured 
even without trans-sectional supports to avoid thermal bridges. The results from the study 
indicate potential energy saving by the smart choice of optical properties of interior and 
exterior surfaces. In the present report we introduce a model that includes a roof panel and a 
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floor and vertical heat exchange. The model is applied on indoor ice rinks as a case study 
where it has been performed measurements. 
 
Due to the importance of having low thermal emissivity of the interior surfaces a part of the 
study was devoted to investigate the potential to further reduce the thermal emissivity in low 
emitting paints for interior use applied on coil coated stainless steel in sandwich panes. The 
main components of the paint counted from the steel surface are the primer, and the paint 
layer comprising the binder, pigment and aluminium flakes. The aluminium flakes are used 
for enhancing the infrared reflectance and by that reduce the thermal emissivity.  
 
2. Methodology 
As a first step we have used two ice rinks situated in the north of Sweden (Luleå) as case 
study objects to investigate the importance of the emissivity of the ceiling for the ice 
conditions. One of the ice-rinks has a highly emissive coil-coated steel sheet interior roof 
whereas the other ice-rink has a low emissive galvanized steel sheet interior roof. These 
buildings are of comparable design with similar roof heat transfer values.  In order to study 
the dependence of the radiation heat flux on the interior surface thermal emissivity in building 
interior spaces with considerable surface temperature differences, continuous measurements 
of surface-, air-, and radiation temperatures in the two different indoor ice-rinks were made. 
Surface- and air temperatures were measured using T-type thermocouples and radiation 
temperatures were measured using pyrometers facing the ceiling and the ice floor 
respectively. The measurement data were collected using Intab loggers. 
 
To investigate the flux of thermal radiation from the ceiling to the ice in indoor ice rinks with 
both low and high emissive interior roofs surfaces, the simulation environments IDA SE and 
IDA ICE 4.0 are used to solve a system of non-linear equations simultaneously, based on the 
work presented in [4]. In this model both interior and exterior surface temperatures, as well as 
discrete cell temperatures through the roof panel are simultaneously solved and coupled in an 
hourly dynamic simulation with varying outdoor conditions (i.e. solar irradiance, ambient and 
sky temperature) and different inside air and interior radiation temperatures (i.e. a radiation 
temperature as seen by the interior roof surface). Table 1 shows the model input parameters. 
Note that the location in the simulation is Stockholm, due to presently lack of data for Luleå. 
 
Table 1. Model input parameters 
Location Stockholm  

Insulation 

thickness 0.3 m 
Thermal conductivity 0.036 Wm-1K-1 
Density 20 Kgm-3 

Specific heat 750 Jkg-1K-1 

Exterior roof  
optical properties 

Total Solar Reflectance 0.3 - 

Thermal Emittance 0.9 - 
Ground reflectance 0.7 - 
Air temperature under the ceiling 12 °C 
Ice surface Temperature -4 °C 

 
Effective emittance, εeff with embodied view factor, fci are calculated from Eq. (1) where ε 
and A  are long wavelength emittance and area in m2 and subscript c and i represent ceiling 
and ice, respectively [5] 
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The emittance of the low emissivity interior paint and its main components were determined 
from optical measurements of reflectance in the infrared wavelength range. For the primer, 
binder and the full paint formulation a Bruker Tensor 27 FTIR with gold-coated integrated 
sphere was used to measure in the wavelength range 2.5 to 20 µm. The flakes could be 
measured individually using a Hyperion microscope attached to the Technor FTIR. The 
thermal emissivity is calculated as an average emittance weighted by the black body radiation 
distribution for room temperature. 
 
The binder was applied with a metal roll stick on optically smooth aluminium substrates. The 
thickness of the coatings was varied using different applicator rods. The primer was also 
applied on the same type of aluminium substrate and roll technique. The whole paint 
formulation was applied on stainless steel in a full-scale roll coating industrial process. 
 
3. Results 
Surface- and radiation temperatures measured in the two ice-rinks during a couple of warm 
summer days clearly indicate a reduced radiation heat flux from the ceiling to the ice floor in 
the low emissivity interior roof ice-rink compared to that in the ice-rink with the highly 
emissive interior roof surface. In Fig. 1a, it can be seen that the radiation temperature seen by 
the upwards looking pyrometer in the highly emissive interior roof surface ice-rink is very 
close to the interior roof surface temperature measured by a thermocouple mounted in contact 
with the surface. In contrast, as shown in Fig. 1b, in the ice-rink with the low emissive interior 
roof surface the corresponding radiation temperature is much lower and closer to the ice-
temperature. 
 

a)   
Fig. 1. The interior roof surface temperature, the radiation temperature measured by the upwards 
viewing pyrometer facing the interior roof surface and the radiation temperature measured by the 
downwards viewing pyrometer facing the ice are given vs. time during a series of summer days in a) 
the highly emissive interior roof surface ice-rink. 
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b)  
    b) The low emissive interior roof surface ice-rink. 
 
Calculations with the dynamic model show in Fig. 2 the thermal radiation to the ice surface, 
on monthly basis, for three different sets of effective emittance values of the ceiling. It shows 
that using low emissive coating on the roof interior decreases the radiative heat dissipation to 
the ice surface, resulting in less cooling load to maintain the ice surface at desired 
temperature. On the other hand, the monthly variation in the low emissive ceiling are almost 
negligible, arguably as the interior air temperature is maintained constant. 

 

 

Fig. 2. Thermal radiation to the ice surface for each month for a ceiling for Stockholm climate. 

Combining a high TSR (total solar reflectance) exterior roof coating and low emissive interior 
can reduce the total heat flux into the building; increasing the total solar reflection, TSR of the 
exterior coating reduces the solar gain, thus total heat flux into the building (heat surplus) will 
decrease. Further more, low emissive interior, reduces the radiation heat dissipation to the 
interior surfaces as demonstrated in the Fig 3. 
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Fig. 3. The effect of combined different infrared emittance interior and high TSR exterior coatings on 
the heat surplus (cooling load) per roof area for Stockholm climate. 

The reflectance measurements of the paint components are shown Fig. 4. The reflectance of 
the flakes cannot be measured for the longest recorded wavelengths due to the limited flake 
size (about 50 µm on average). It is notable that the flake reflectance is about 0.90 (emittance 
0.10) as the best case for the shorter wavelength, which is considerable lower than for a 
smooth aluminium surface (0.05). It is seen by visible inspection in the FTIR-microscope that 
the flakes have surface defects that will cause a reduced reflectance. The binder, which is a 3-
micrometer thick polyester shows a thermal emittance of 0.4. Results from optimization of the 
paint system shows an emittance of about 0.35 for an optimized paint layer. The optimised 
paint contains 25 % volume fraction of flakes and is about 7 µm thick. The quality of the 
aluminium flakes that are used in the paints as emissivity-reducing components has also been 
studied. It was found that the paint with non-leafing type of flakes had lower emissivity than 
paints with leafing type. 

     
a)                b) 
Fig. 4. The reflectance measured on a) the main paint components: a single non-leafing aluminium 
flake, polyester binder on optical smooth aluminium and primer on the same substrate and b) a 
complete paint with the same types of components on galvanised steel. 
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4. Discussion and Conclusions 
The results show the importance of using low-emitting interior surfaces in such applications 
as indoor ice-rinks. The ice-rink measurements have so far only been presented for a few 
summer days but are now continuously being measured in order to cover a whole year. The  
dynamic model of the roof for vertical heat transfer gives an estimate of the amount of energy 
involved in the radiant transfer from ceiling to ice and also the amount of saved energy on an 
annual basis. The model will be further developed in order to account for dynamic effects 
from the convection in the interior space and how it relates to the emissivity of the ceiling. 
There is obviously a potential to save energy in ice-rinks using low-emissivity paints instead 
of ordinary paints and it is therefore important to continue the work on paints to reach as low 
emissivity as possible. However the low-emissivity paints developed so far has about twice 
the emissivity of a pristine galvanised steel surface and work is needed to develop binders 
with weaker infrared absorption (especially in the range 8 to 10 µm) and flakes with higher 
reflectance.  
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Abstract: The paper presents a tool for defining the most appropriate energy and environmental retrofit on 
cultural heritage, to enhance the historical value of a building, to preserve the surrounding landscape, to reduce 
energy consumption and to improve human comfort, health and safety. It allowed the evaluation of the 
conservation risks, energy consumption, spatial layout and maintenance procedures and also led to a proposal on 
the most appropriate energy actions. The tool examines the synergies and difficulties of integrating green 
practices with historic preservation, and offers recommendations for ways in which sustainable standards could 
be more accommodating for historic and bounded buildings. The approach was used in the Renaissance building 
of Sant’Alessandro University located in the centre of Milan (Italy).  
 
Keywords: Renewable energy, Cultural heritage, Compatibility, Integration, Reversibility 

1. Introduction 
The architectural heritage is a capital of irreplaceable spiritual, cultural, social and economic 
value. Old buildings help to understand the past and the concerns of the society that created 
them. The interplay between historic buildings, energy efficiency and sustainability is a topic 
of great importance. Environmental sustainable and energy savings measurements can be 
considered as a means of protecting real estate, not necessarily in contrast with conservation 
policies. There are numerous compelling reasons to believe that preservation concerns with 
environmentally sustainable development. Historic buildings are often located in densely 
populated urban areas, where infrastructure and mass transit already exists, thereby 
eliminating the need for new infrastructure and encouraging alternative models of 
transportation. Historic buildings are also typically constructed with durable and local 
materials, and are often sited for having full advantage of their surrounding environment. 
Furthermore, there is high embodied energy in ancient patrimony, which is defined as the sum 
of energy required to extract or harvest a raw material, manufacture and fabricate that material 
into a useful form, and transport it to the place of use. Heritage conservation is also a key 
component for economic revitalization of cities’ centre. Often, historic buildings serve as 
small business incubators. Finally, to increase the preservation of cultural heritage is an 
important component of social sustainability. 
 
1.1. Energy efficiency policies 
Energy efficiency is a cen tral theme in the European policies. The Directive on energy 
performance (2002/91/EC) requires minimum energy standards for new and existing 
buildings that undergo major renovation. Despite the Directive admits a few exception for 
listed buildings, the International Energy Standards cannot be completely waived. Energy 
performance requirements can be excluded only “(…) where compliance with requirements 
would unacceptably alter their character or appearance” (Art. 43). At the same time, recent 
European policy officially introduces the concept of energy balance towards nearly zero-
energy buildings and incentives the decreasing of 20% of environmental emissions and the 
increasing of 20% of renewable energy technologies within 2020 (2010/31/EU Directive). To 
achieve these goals, it is necessary to reduce user demand as well as to improve the efficiency 
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of energy systems and to use renewable sources. Heritage must adapt to changes, physical and 
intellectual, within its environment. The decision, inevitably, must be faced with the energy 
efficiency of existent buildings, independently by local bounds. Therefore we should develop 
techniques to maintain, refurbish and adapt the existing buildings to new requirements. 
 
1.2. Environmental sustainability policies 
Preservation-based sustainability is offered as a m ore comprehensive approach to 
development, as it takes into consideration environmental, economic, social, and cultural 
implications of buildings. These principles constitute the basis of the more important 
sustainable tools (1). These programs emphasize design, construction and operation for 
obtaining a “high green performance” building to reduce environmental impacts through 
energy efficiency, use of recycled materials, storm water management, and other innovations.  
 
1.3. Sustainable conservation principles 
High energy and environmental performances may lead the preservation of a building, but 
each action on historic and listed heritage gives attention to the matter of vulnerability, 
physical alteration, and decreasing of immaterial and material value. The most important 
principles for sustainable conservation regard:  
- Compatibility: modern materials tend to be harder, less flexible, and less moisture 

permeable than traditional ones. For these reasons when are used in direct conjunction with 
historic fabric can greatly accelerate decay in the original work;  

- Aesthetic integration: history and authenticity of historic building should be respected as 
essential to its significance;  

- Reversibility: the unavoidable changes of the building should wherever possible be made 
to be fully reversible. Adopting this principle, the valuable historic fabric can be returned 
to its original state without damaging the building; 

- Emphasis on effective maintenance: care, planned conservation, and management should 
include regular inspections so that defects can be discovered whilst still small and easily 
fixable. This permits to preserve historic fabric, minimize cost and disruption to the 
building’s owners and users. 

The retention of older buildings or the re-using of components in-situ and allowing for their 
energy upgrading in benign and sympathetic ways, can provide excellent finished results 
which are fully in accordance with the principles of building conservation and sustainability.  
 
2. Methodology 
Energy efficiency and environmental sustainable programs should be developed on the basis 
of a thorough knowledge of the property, blending technological and landscape requirements. 
This means understanding original construction, alterations, actual conditions, qualities, 
material and immaterial values, lacks, and retrofitting opportunities. The tool is structured in 
the following phases: 
- Historical analysis of city, urban site and heritage building; 
- Analysis of functions, performance and needs of users;  
- Building energy audit;  
- Evaluation of environmental performance;  
- Individualization of energy and environmental lacks; 
- Definition of possible retrofitting actions; 
- Evaluation of the compatibility, the integration and the reversibility of each action.  
                                                           
1) See: U.S. Green Building Council’s “Leadership in Energy and Environmental Design” (LEED), “Building Research Establishment 
Environmental Assessment Method” (BREAM), “Comprehensive Assessment System for Building Environmental Efficiency” (CASBEE), 
Green Star, Minergie and Ecolabe programs. 
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The tool allowed the evaluation of the conservation risks, energy consumption, spatial layout 
and maintenance procedures and led to propose the most appropriate actions (Fig. 1).  
 

 
Fig. 1.  Method for analyzing energy and environmental performance of historic building. 
 
3. The case study: Sant’Alessandro University in Milan 
The tool was used in the Renaissance building of Sant’Alessandro University located in the 
centre of Milan (Italy). The construction has been modified during the centuries. The most 
important projects regard the addition of a Baroque Church and the transformation into a 
Public University in XXTH Century.  
 
3.1. Historical analysis  
Technical compatibility and aesthetical integrations are guarantee only by a deep knowledge 
of history, dimensions, structures, original and restoration materials, and management 
procedures. Also, it is important to comprehend how modern materials and technical 
approaches impact on ancient buildings. Failure to understand the nature of the building being 
inspected can have serious technical consequences, physical damage and possible legal 
claims. The historical analysis comprehend the physical relief, the study of traditional 
construction and local techniques, the instrumental tests of original and restoration materials. 
Cartographic map, land registry, cadastral map, historical and construction drawings permit to 
reconstruct the original form, the spatial relation and the history of the building. First of all, 
the original drawings, the construction documents and the restoration projects were collected. 
The geometric relief was made to verify dimensions, performances, and damage of structures. 
It was conducted using linear meter, photogrammetry and laser scanner, in order to 
reconstruct the morphology, the form, the dimensions, the spatial layout, the external and 
internal features. Final result after processing of the raw data produced drawings, CAD 
models, 3D surface models and video animations. Particularly, the analyses permitted to 
verify the reliability of historical documentation and to comprehend the constructive phases 
and the modifications realized in different ages.  
 
3.2. Performance and functional analysis  
First of all, it is important to define the meaning of “high performances” in historic building 
through the right balance with requirements, rules, norms, physical and legal bonds that 
condition the quality of life for occupancies. The international literature (ASHRAE, English 
Heritage) proposes to provide specific “classes of performance” for satisfying needs of access, 
comfort and security. For this purpose, all activities made by the users (students, teachers, 
staff, stakeholders) were investigated during different hours and periods of the year. In this 
way, a specific knowledge of the real requests was obtained. 
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3.3. Energy audit 
Building audit is a process to evaluate the energy consumption of the building in order to 
identify the opportunities for retrofit actions (2). This means to effect inspection, analysis and 
survey of energy flow, for reducing energy inputs, improving comfort, health and safety. 
Energy performance of envelope, functioning of mechanical systems, and management data 
are necessary to realize the audit. Particularly, the following data was obtained: 
- Location, urban planning, orientation and environmental context; 
- Dimensions of the buildings; 
- Construction features of building envelope;  
- Efficiency, functioning and maintenance of mechanical and electric systems; 
- Leakage rate or infiltration of air; 
- Energy consumption. 
 
3.4. Evaluation of environmental performance 
Environmental evaluation considers the opposite exigencies for caring and valorizing the 
cultural heritage. The balance for conservation and human comfort was defined through the 
confront among environmental, caretaker and management standards. The evaluation 
regarded the following analyses:  
- Microclimate monitoring of light (illumination level, luminance, UV and IR radiance), 

temperature (external and internal temperature, daily and seasonal gradient), relative 
humidity (external and internal relative humidity, daily and seasonal gradient) and air (air 
change rate, indoor air movement, CO2 concentration, and pollutants dissemination);  

- Thermal, visual and acoustic comfort of users;  
- Maintenance procedures and operating data (opening times, operation hours, number and 

frequency of the visitors). 
 
4. Results: energy and environmental performance 
In Sant’Alessandro University was particularly difficult to find information about the 
technological characteristics because of the lack of original plans and of the alterations of the 
original asset. In order to individualize the original structure, destructive testing, such as 
coring or endoscope techniques, were excluded because the methods are not suitable for the 
architectonic values of the building. For this reason, technological data were estimated 
comparing handbooks, regulations, heat flowmeter measurements, infrared thermography and 
computations of energy performances.  
 
4.1. Evaluation of energy performance 
Non-destructive testing gave a p recise recognition of constructive phases, authentic parts, 
original and restoration materials, constructive techniques, decay, durability and resistance of 
the structure. Particularly, infrared thermography verified the historical data and 
individualized the most important energy problems. IR inspection evidenced the presence of 
thermal bridges, low U-value of envelope, heat gradient through the walls, internal moisture, 
mould and air leakage at windows, joints and junctions of the building envelope. Sonic trial 
proved the presence of some mechanical anomalies and confirmed the real composition of the 
envelope realized by double masonry in bricks and rubble mix. Heat flowmeter measurement 
calculated the thermal conductance of the walls (Fig. 2).  
 

                                                           
2) The European Directive 2006/32/CE related to energy efficiency in final users defines energy audit as a «[…] systematic procedure to 
obtain adequate knowledge of the energy consumption profile of a building or group of buildings, an activity and/or industrial facility or 
public or private services, to identify and quantify energy saving opportunities from a cost-effectiveness profile and to report the results». 
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Fig. 2.  Confront among visual test, infrared thermography and sonic trial of opaque envelope. 
 
On plants, infrared thermography showed the high temperature of radiators (80°C) and of 
artificial lighting (60°C) and the functioning of plant in unused ambient. Visual test and 
environmental monitoring illustrated the low energy performance of HVAC, the incorrect 
energy management relating to the continual opening of windows and doors, the internal high 
temperature of air and ignition of lighting during all the day (Fig. 3).  
 

 
Fig. 3.  Environmental monitoring and infrared thermography showed the high temperature of air. 
 
Energy monitoring confirmed the low performance of HVAC and the high fuel bills of the 
last five years. Energy opportunities of the building regard the thermal mass of envelope, the 
breathable, and the natural moisture management. Energy performances were evaluated using 
static and dynamic simulations. The building was in the lower class of energy label with high 
annual energy consumption.  
 
4.2. Evaluation of environmental performance 
Environmental tests verified the presence of damage due to great flux of people and of 
incompatibility of the protecting policies. Users comfort was appraised with questionnaires 
and interviews conducted using the Post Occupancy Evaluation method. The analyses were 
realized on t hree categories of users: students, teachers and staff. The comparison between 
discomfort problems and environmental conditions showed the malfunctioning of mechanical 
systems and the use of incorrect management procedures. Particularly, environmental treats 
regarded high temperature and heat gain in the attics (mean temperature: 24°C in winter and 
33°C in summer), high value of relative humidity in the laid undergrounds (60-65%), 
temperature fluctuation, low light level (200-300lux), discomfort glare and inadequate 
lighting (Fig. 4).  
 

 
Fig. 4.  Monitoring of light level, temperature and relative humidity of air in a room. 
 

Comfort analysis demonstrated the abuse of artificial lighting and the use of wrong light 
sources (neon light). There is a direct relationship between environmental condition and 
surface decay. Damage regards cracks, surface breaking, moisture sources, water absorption, 
and percolation (Fig. 5). 

2014



Fig. 5.  Decay problems are directly related to environmental condition and regard cracks, surface 
breaking, moisture sources, water absorption, and percolation. 
 
5. Retrofit actions 
The integration of conservation, design and operation is a radical approach to future-proofing 
historic buildings. Compatibility, integration and reversibility of retrofit actions are the 
principal items involved in the study of historic buildings. The lack of compatibility may 
cause serious long term problems of decay, such as bacteriological germination due to air 
permeability of windows or cracking in masonry due to low mechanical performance, water 
absorption, percolation and internal moisture. The lack of integration could have a negative 
effect on the physical composition and static resistance of the structure.  
 
First of all, in Sant’Alessandro University was necessary to understand how traditional 
buildings behave as environmental systems. Non-destructive testing shows that the envelope 
didn’t require insulation systems because the walls guarantee good thermal and hygrometric 
performances, both in winter and in summer. However, the invasiveness of internal or 
External Thermal Insulation Composite Systems (ETICS) or double façades may erase the 
historical traces and artistic value of the heritage. On the laid undergrounds it is possible to 
insulate with thermal plaster or internal rigid insulation in transpiring materials, because of 
the absence of historic traces. The basement and the roof have high energy losses due to the 
missing of insulation. To insulate the lower insole preserving the original floor, it is possible 
to add rigid or sprayed foam insulation on the internal surface. To insulate the roof could be 
installed underside insulation or insulated ceiling characterized by mechanical, chemical and 
physical compatibility with the original roof. Transparent envelope has high thermal losses 
and air infiltrations. For this reason, it i s necessary to evaluate the replacement of existent 
glasses and frames with new windows (low-e glasses and wooden frames) having better 
performances of thermal insulation, air permeability, water resistance and UV protection. The 
PVC cover on the roof presents convection, air leakage, water adsorption and solar gain. It is 
necessary to study the replacement with Transparent Insulating Materials, solar control or 
selective glasses. For protecting the office from solar gain and discomfort glare can be 
installed internal shading devices and curtain (Table 1).  
 
The main problem is caused by mechanical plants. The existent boilers have very low thermal 
performance. May be evaluated the replacement with an innovative heat pump, that balances 
heating and cooling needs. The low performance of radiators and fan-coil get worse by the 
absence of insulation on thermal distribution, climatic control and heat accounting systems. 
Furthermore, air-conditioning systems damages the artifacts and the buildings because the 
movement of air masses soils and dusts the walls, the frescoes, the inlays and the decorations. 
The intervention requires the evaluation of the insertion of radiant panels on e xisting floor 
(not characterized by particular historic value). Instead, it is  necessary to insert thermostatic 
valves on existing radiators and heat accounting systems. The electric system not always is 
safety from risks. The lighting has discrete energy performances, guaranteed by the 
integration with daylight, halogen lamps and periodic maintenance on inefficient devices. To 
increase the level of light can be installed diffusers on existent glasses of the office and high 
efficiency sources. Solar energy technologies must be integrated within buildings and their 
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surrounding landscapes, in order to obtain financial support and to increase their efficiency. 
The use of photovoltaic panels is recommended for decreasing the high electric consumption 
(Table 2).  
 
Table 1. Definition of possible retrofit actions for the building envelope. 

Measurements  Compatibility Integration Reversibility 
Roofs 

Add rigid insulation on the top surface ■ ■■ ■ 
Apply sprayed foam insulation to the top ■ ■■ - 

Install underside insulation ■ ■ ■ 
Install insulated ceiling ■■ ■ ■ 

Walls 
Insulate with thermal plaster or wall ■ ■ - 

Basement 
Install underside insulation ■ ■ ■ 

Windows and doors 
Install high-efficiency doors and windows ■ ■ - 

Install low-e glasses on existing frames ■ ■■ - 
Transparent Insulating Materials ■ ■ - 

Install selective materials  ■ ■ - 
Install weather-stripping on windows ■ ■■ ■■ 

Shading devices 
Install internal shading devices ■ ■ ■ 

Day lighting systems 
Install diffusers on existent glasses  ■ ■ - 

Install interior curtain ■■ ■■ ■ 
Incompatible actions: replace with insulated or green roof; insert ETICS or double façades; install 
storm windows, films or supplemental glazing; add veranda or solar greenhouse; maintain fit, 
closure and sealing of windows; install external shading devices, skylights, light pipes or light 
shelves; painting for minimizing the sunlight absorption 
Note:    ■■ = Yes     - = No     ■ = Specific project is required 
 
Table 2. Definition of possible retrofitting actions for plants and renewable technologies. 

Measurements  Compatibility Integration Reversibility 
Boiler plants 

Test boiler efficiency ■■ ■■ ■■ 
Optimize the air-fuel ratio ■■ ■■ ■■ 

Install air conditioning units and heat pumps ■■ ■ - 
Install an exhaust air heat recovery system ■■ ■ ■ 
Clean and repair radiators and convectors ■■ ■■ ■■ 

Replace exiting systems with radiant panel  ■ ■ - 
Install single-zone systems ■■ ■ ■ 
Install thermostatic controls ■■ ■■ ■ 

Optimize the operating temperatures ■■ ■■ ■■ 
Electric systems and artificial lighting 

Install the most efficient lamps and ballast ■ ■ ■■ 
Install dimmers ■■ ■ ■ 

Maintenance of lamps ■■ ■■ ■■ 
Solar energy technologies 

Install photovoltaic panels ■ ■ ■ 
Install solar heating panels ■ ■ ■ 

Incompatible actions: install mechanical ventilation pant; insulate the distribution system; insert 
wind technology systems 
Note:    ■■ = Yes     - = No     ■ = Specific project is required 
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A software simulation with Design Builder allowed to verify the energy benefit related to 
various retrofit actions. In this way, the proper interventions have been selected in order to 
improve energy and environmental efficiency of the building (Table 3).  
 
Table 3. Retrofitting actions to be realized in Sant’Alessandro University . 

Measurements  Reduce of 
Thermal 

loss 
Thermal 

gain 
Air 

infiltrations 

A Roofs Add insulation on the top surface 70-80 % - - 
Install insulated ceiling 60-70 % - - 

B Walls Insulate with thermal plaster 30 % - - 
Insulate with thermal wall 50 % - - 

C Basement Install underside insulation 50-60 % - - 
D Doors Install high-efficiency 10-20 % - 70 % 

E Windows 
Install high-efficiency windows 50-70 % 25-40 % 90 % 
Install low-e glasses on frames 30-40 % 25-40 % 60 % 

Install weather-stripping  - - 40 % 

F Curtain Roof 
Transparent Insulating Materials 50-80 % 30-40 % 50 % 

Install selective materials 50-60 % 50-60 % 50 % 
Install internal shading devices - 20-30 % - 

G Boiler plants 
Test boiler efficiency - - - 

Optimize the air-fuel ratio 20 % - - 
H Install thermostatic controls 30 % - - 
I Electric 

systems 
Install the most efficient lamps 30 % - - 

L Maintenance  - - - 
Note:    ■ = Most efficiency action 
 
The most important problem regards the education of staff and stakeholder to a correct 
thermal and light management of rooms, corridors and foyers. The building can save up to 
35% energy, without compromising heritage value and occupancies comfort, by 
implementing the mentioned ECMs. 
 
6. Conclusion 
The objective of energy end environmental quality in historic building can only be achieved 
by combining a diversification of energy production from various renewable sources together 
with cutting greenhouse gas emissions. The goal may be obtained only by an integrate 
analysis of historic, dimensional, functional, energy and environmental matter. A deep 
knowledge of a real need permits to propose the most appropriate retrofit actions. On the 
contrary, non-critical application of energy standards and general models disadvantage the 
existing building or its parts, without getting a real advantage in the overall energy balance.  
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Abstract: All dwellings in the UK are required to have an Energy Performance Certificate (EPC) when sold or 
let, giving potential owners or tenants information on the cost and associated CO2 emissions of heat and power. 
The Scottish traditional construction of solid stone walls tends to get unfavourable EPC ratings, leading to a 
perception that ‘old is cold’: this paper uses alternative calculation methods to question that perception. 
 
The difference in results from steady-state and dynamic energy assessment methods is investigated for a 
dwelling with high thermal mass. The study focuses on modelled data and concludes that SAP 2009’s monthly 
assessment estimates lower energy use and therefore gives a more favourable EPC rating than the annually based 
RdSAP 2005; and further that the application of dynamic simulation models may not be the optimum solution to 
further understanding energy efficiency of this type of dwelling. 
 
Keywords: Energy assessment, Behaviour, Thermal mass, Heritage, Dynamic simulation 

1. Purpose of the research 
1.1. Introduction 
In Scotland, nearly 20% of the housing stock was built pre-1919[1], and is considered to be of 
traditional construction. For the purpose of this research, traditional construction is defined as 
a dwelling with solid stone walls, although it is worth noting that other construction types 
were used in this pre-1919 era. For many people there is a perception that these types of 
dwellings are draughty, cold, and expensive to heat. The introduction of EPCs has tended to 
affirm that perception, with very low ratings for larger dwellings of this construction. 
However, work by Historic Scotland, the Government department responsible for the historic 
environment in Scotland, and others, is starting to question this perception. The perception of 
“old is cold” can be viewed from many angles, as different variables are important to different 
groups. For example, a government may look at statistics provided via EPCs, a homeowner 
may consider fuel bills, a tenant whose rent includes bills (and therefore has little concept of 
the cost of heating) may purely consider the temperature of surfaces (stone walls feel cooler to 
the touch) or the feel of draughts. If the relationship between thermal inertia, occupancy and 
energy use can be better understood, energy modelling can be instrumental in changing 
people’s perceptions of energy use within dwellings, better educating them towards reducing 
energy use.  
 
This research sets out to compare three energy assessment methods for a case study dwelling 
– a traditional mid-terrace, mid-floor, tenement flat in Edinburgh. It aimed to investigate how 
well the models predict energy demand, and how they assimilate the high levels of thermal 
mass seen in solid wall construction throughout the model, including feedbacks.  
 
2. Approach and methodology 
2.1. Dwelling types 
The research aimed to be relevant to as many stakeholders as possible. Therefore, the most 
recent Scottish House Condition Survey (SHCS) report data from 2009 is used to assess the 
Scottish housing profile. Direct comparison can be made between just the pre-1919 dwellings 
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using detailed data - Table 1 shows the dwelling types and which are most prevalent within 
the age band, hence the choice of tenement flat as the case study dwelling, being a 
considerable proportion of the pre-1919 housing stock[1]. 
 
Table 1. Housing split across pre-1919 housing stock in Scotland[1]. 

House type Number Percentage of pre-1919 stock 
Detached 109,000 24 

Semi-detached 68,000 15 
Mid-terrace 53,000 12 

Tenement flat 180,000 40 
Other flats 39,000 9 

Total 449,000 100 
  
2.2. Models 
There are a number of building performance simulation models available globally and in the 
UK. To maintain relevance for the widest audience, the project uses models that are 
accredited in the UK to produce energy performance certificates and carry out Building 
Standards compliance checks.  
 
Standard Assessment Procedure (SAP)[2] is used for new-build dwellings, Reduced Data 
SAP (RdSAP) is used for existing dwellings[3], and IES<VE> is a dynamic simulation 
software used for non-domestic buildings. The background to each model used is explained, 
with a summary of how the model was used and the assumptions made. 
 
2.2.1. SAP 2009 
The primary purpose of energy assessment in the UK is producing Energy Performance 
Certificates (EPCs) for both domestic and non-domestic buildings, at the point of sale or rent.  
 
Standard Assessment Procedure (SAP) began in 1993, with a number of both major and minor 
alterations to the methodology since[2]. The largest overhaul was following the introduction 
of the Energy Performance of Buildings Directive (EPBD) in 2002: an update to SAP was 
needed to ensure it was consistent with energy assessment methods across the EU. 
 
The latest update to SAP came in April 2010, as the Government released SAP 2009, v9.90, 
to be used from October 2010[2]. This new model has updated carbon emission factors, fuel 
prices, climate information, and also now includes space cooling. The biggest difference to 
v9.90 is that it has moved from an annual calculation to a monthly calculation. SAP uses a 
steady-state calculation, in that it assumes that variables are constant within each time step, 
implying that the method has become more detailed and aims to be more accurate, however, it 
does not include feedbacks within the system. 
 
While the technical guide and calculation methodology for SAP are open to anyone to view 
and download, the majority of software providers allow access to their SAP programmes only 
to qualified assessors. A minority allow unlimited or academic access. The defined SAP 
methodology[2] has therefore been put into a bespoke spreadsheet model to enable detailed 
examination of the calculations and relationship between variables.  
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2.2.2. RdSAP 2005[3] 
The most significant change to SAP has been the introduction of RdSAP in 2007, used solely 
for predicting the energy demand in existing dwellings. It does this by providing a database of 
information to be used in the calculation where an assessor finds information unobtainable 
(such as wall construction, thickness, U-values) as the dwelling is already built. For dwellings 
built in the 20th century the system is relatively fair, creating age bands of dwellings. For 
example all housing post-1984 will have the same characteristics. However for dwellings built 
prior to 1919, the focus of this research, there is a single age band, which may lead to 
unrepresentative information being used in the model, affecting the modelling result[4]. 
 
Figure 1 shows that the frequency of updates to SAP and RdSAP has increased, but also 
shows that the model used for RdSAP is consistently behind SAP which is used for new-
builds. Since October 2010, new-build dwellings are required to use SAP 2009, v9.90, whilst 
existing buildings continue to use SAP 2005, v9.83, using the previous set of carbon factors 
and out of date fuel prices. 
 

Model 1993 … 1998 … 2001 … 2005 2006 2007 2008 2009 2010 2011 
                
SAP               
Introduced                           
Ratings changed                          
SAP 2001                           
SAP 2005       2005 v9.80      
                    2005 v9.81     
SAP 2009                       2009 v9.90 
                
RdSAP               
Introduced                 2005 v9.80       
Updated                     2005 v9.82   
Updated                     2005 v9.83 

Fig 1. Changes to SAP since its introduction in 1993[2] 
 
Similarly to the method used for SAP, the defined RdSAP methodology[3] has been put into a 
bespoke spreadsheet model, enabling in-depth examination of the calculations and 
relationships between variables. This method also allows direct comparison between entering 
known values and those from the construction database. 
 
2.2.3. Dynamic Simulation Models 
There may be scope for non-domestic models, their principles or methods to be included 
within domestic models, or to replace them. In addition to the standard domestic (SAP and 
RdSAP) and non-domestic methods, the UK National Calculation Methodology (NCM) 
includes Dynamic Simulation Models (DSMs). These DSMs look at both high spatial 
resolution as well as high temporal resolution to model the changes that occur over time using 
fundamental mathematics of the heat transfer processes that occur both inside and around a 
building.  
 
As well as the basic heat gains and losses calculations, DSMs also include convection, heat 
transfer by air movement, thermal radiation transmitted by surfaces, solar transmission, and 
absorption and reflection by any glazing. The heat gains utilised are both sensible heat (the 

2020



temperature change in the air of the room) and latent heat (the change in humidity in the 
room). Dynamic models require the building to be divided into multiple zones, and use much 
more detailed weather data than in SAP and RdSAP, from the Chartered Institute of Building 
Services Engineers (CIBSE)[5]. 
 
In the UK, there are two DSMs accredited to produce EPCs for non-domestic buildings: this 
research uses IES<VE>, or Virtual Environment. IES originated from academic research, but 
became commercial in 1994 with a user-friendly interface[6], and by using the same user-
interface as professionals in the construction sector it is believed that the conclusions of this 
research will be accessible to a larger number of readers. 
 
2.3. Occupancy 
The SHCS provides information on the demographics of occupants in dwelling types within 
the pre-1919 age band of housing[1]. Using this data three occupancy profiles were produced, 
summarised in Table 2. These are expanded upon using studies by the Energy Saving Trust 
and reasonable assumptions (by the authors), to provide a list of appliances used in each 
occupancy profile, and assumptions are made with respect to use of heating and behaviour 
towards ventilation and heating where possible within the models used. 
 
Table 2. Summary of occupancy profiles to be assumed in the research.  
 Occupancy Profile 

1 2 3 
Description Single adult Small family Older smaller 
Number of adults 1 2 2 
      Age of adults 16-34 45-54 70-80 
Number of children 0 2 0 
      Age of children - 14-17 - 
 
To assess the effect of occupancy on energy use in dwellings of traditional construction, 
IES<VE> is used, as neither SAP or RdSAP include appliance use in energy consumption 
calculations. During the initial model runs when comparing IES<VE> and the two SAP 
methods, occupancy profiles from the NCM are used, to ensure that as many variables as 
possible are the same in the DSM as in SAP 2009 and RdSAP 2005. However, to assess 
occupancy effects, the profiles from Table 2 are used, with tailor-made equipment, lighting, 
appliances and occupant activity profiles defined within the DSM. 
 
2.4. Data Collection 
For any type of building performance simulation, certain basic details are required, such as 
dimensions, heating system information, and constructions. Depending on the model used and 
therefore level of information required, additional details are sometimes required. A complete 
data set for the Case Study dwelling was collected by the author, through consulting with 
architectural plans and discussions with the homeowner/occupant. Typically, however, 
assessments of existing dwellings are done by site visits and physical measurements made. 
For this case study, architectural plans were available following work carried out on the flat in 
1992. 
 
By collecting sufficient data for a DSM, certain variables are known in greater detail than are 
needed for SAP and certainly for RdSAP. The methodology within RdSAP requires that 
certain variables are entered as defaults, and others are entered in more detail.  
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3. Results 
3.1. SAP 2009 vs RdSAP 2005 
When comparing the two domestic energy assessment methods, the variables that differ 
greatly are solar gains, fuel for space heating, and CO2 emissions from space heating (see 
Table 3). The factors contributing to these variables can be traced back through the 
calculation to further understand the differences. 
 
3.1.1. Solar gains 
The method used to calculate solar gains in RdSAP 2005 uses a UK average vertical solar 
flux for the year, applied to each area of glazing. The SAP 2009 method is far more detailed, 
doing a monthly calculation using the mean global solar radiation on the horizontal for 
latitude 53.4° (approximately Manchester, UK), then calculating the vertical solar flux from 
that using orientation, and then calculating solar gain, again applied to each area of glazing. 
 
3.1.2. Fuel for space heating 
The fuel used for space heating is a factor of the heating system efficiency (identical in both 
SAP 2009 and RdSAP 2005 and therefore negligible) and the heating requirement – the 
kWh/year needed to heat the dwelling to the required internal temperature. This heating 
requirement is where the difference between the methods lies. 
 
In SAP 2009, the heating requirement is a factor of the Heat Loss Coefficient, the total 
internal gains, the average external temperature, and the average internal temperature. In 
RdSAP 2005 the heating requirement is a factor of just the internal gains and the Heat Loss 
Coefficient. The SAP 2009 calculation is therefore more detailed and is also monthly. In both 
methods, the solar gains are a direct factor towards calculating heating demand, so any errors 
or differences in calculating solar gains will feed through and enhance the differences in fuel 
used for space heating. 
 
3.1.3. CO2 emissions for space heating 
These are a direct function of the fuel used for space heating, and will always be different 
between models where the fuel demand is different. Additionally, the CO2 emissions are 
calculated using emission factors (kgCO2/kWh) which were updated in 2009 and for mains 
gas are now 2% higher.  
 
3.2. SAP 2009 vs IES<VE> 
The results that can be analysed from IES<VE> are similar to those from SAP 2009, as they 
are both in monthly formats. However, IES<VE> allows the user to go into more detail down 
to hourly level, and view in graphical format the energy use, emissions, and internal variables 
such as temperature. 
 
Table 3 compares the key variables from SAP 2009 with those from IES<VE>. IES includes 
equipment in its total electricity figures while SAP and RdSAP do not, therefore only 
electricity for lighting is shown here for more accurate comparison.  
 
It is obvious from Table 3 that IES<VE> is the most onerous method of assessing energy and 
emissions from this tenement flat. Additional analysis may assess whether the reason is 
inaccuracies in the database’s default values, the calculation method, or inconsistencies in 
data entry across all three models due to the inputs required.  
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Table 3. Summary of key variables across the three models.  
Variable Units RdSAP 2005 SAP 2009 IES<VE> 
Space heating demand kWh/year 6813 3366 13,067 
DHW demand kWh/year 2791 2371 161 
Lighting electricity demand kWh/year 317 298 1457 
Total energy demand kWh/year 10,052 6165 15,900 
     
Space heating emissions kgCO2/year 1322 666 } 2566 DHW emissions kgCO2/year 542 469 } 
Lighting emissions kgCO2/year 134 154 615 
Total emissions kgCO2/year 2052 1357 3674 
     
SAP rating n/a 78 87 * 
EPC rating n/a C B * 

Notes: * = Not calculated within IES<VE> for this dwelling. 
 
3.3. Occupancy effects 
Both SAP 2009 and RdSAP 2005 use a standard assumption of the number of occupants in a 
dwelling. The equations used differ but both are factors of the total floor area. In this case 
study the results are the same, assuming occupancy of 2.13 people, while in reality the flat is 
home to 2 adults. Consequently, in this case study it can be suggested that the energy 
requirements for domestic hot water, heating and lighting may not differ wildly when using 
the exact figure of 2 people. However, as mentioned in 3.2, SAP does not include the energy 
for equipment and appliances. By including these, it is suggested that the total energy demand 
and total emissions will both increase. This case study has two bedrooms, and could 
potentially also house two young children in the second bedroom, increasing the equipment 
use with additional televisions etc, but also increasing all other loads within the dwelling, as 
more showers are taken, more food is prepared, and more rooms require heating and lighting. 
 
4. Discussion 
Energy assessment in the domestic sector has one main purpose – the production of EPCs. 
With new-build dwellings, energy assessment methods can be used during the design phase to 
reach a particular level of design and CO2 and energy savings as required by planning 
conditions, by suggesting constructions, insulation levels, and low or zero carbon 
technologies. For existing dwellings, energy assessment can also be used for this, but if the 
assessment is inaccurate, it may result in inadequate, deficient or inefficient retrofits.  
 
While the EPC system is designed to be standardised across the UK, with standardised 
occupancy and location information used (in RdSAP at least), it only serves its purpose truly 
for sale and rentals, as it informs the new occupier of suggested costs. The methodology as it 
is cannot identify areas of high energy use or optimum areas for retrofit for a particular 
occupancy. For example, in a large house with occupancy profile 3, greater emissions savings 
may be made with retrofit options that favour reduced heating thereby reducing bills and 
raising quality of life as the occupants regain use of rooms previously cut off as ‘too cold’. In 
a small flat with occupancy profile 2 where appliance and equipment use is heavy, it may be 
wiser to reduce electrical demand through efficient appliances, or introduce renewable 
electricity supply. 
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In terms of the human impact on energy assessment and on the occupant’s energy use the 
second biggest factor is the way the assessor carries out the data collection and RdSAP 
calculation. There are a number of areas within RdSAP where detailed information can be 
found if the assessor has the time or inclination to find it, but due to time constraints on a 
project they may use more default information from the database than is ideal. While 
assessors undergo training and examination, there is currently no quality control stipulated in 
the Building Standards for Scotland [7]. Only if an assessor is accredited through an English-
based company will they undergo recurrent checks on their assessments. It is suggested that 
these assessor errors could be significant, and further research on this is in progress. 
 
As outlined earlier, energy assessment needs to be as accurate as possible for informed 
decision making, but there are varying levels of complexity of models, and balance is needed 
between simplicity and complexity. DSMs use detailed input data and are time intensive, 
whereas simplified steady state methods use a less accurate approach in a faster time. It 
remains to be seen whether a single optimal method can be found that combines improved 
levels of detail with short timescales. To combine accuracy and speed, a statistical approach 
could be used to define polynomial functions from the DSM to provide statistical methods 
that in essence are a simplified dynamic approach [8,9]. Table 4 outlines the main differences 
between the types of model looked at within this research.  
 
Table 4. Summary of main variables and differences between assessment methods 
 SAP RdSAP Dynamic 
UK Accredited for: New-build Domestic Existing Domestic Non-domestic 

Construction details Exact, from plans Database unless 
known 

Database unless 
known 

Thermal Mass Limited   

Include heat gains    

Overheating risk  
(as standard)    

Climate variables Monthly Annual Hourly 

Time to assess 1-2hrs 1-2hrs 
+ site visit 

1-2 days 
+ site visit 

Cost to assess ££ ££ £££ upwards 
 
RdSAP and SAP both require a number of simplifications in the data input. In both methods, 
a default database U-value for solid sandstone walls was used; however work is ongoing at 
Historic Scotland to measure U-values in-situ. It may be possible in future to use measured U-
values to better represent a particular dwelling’s heat loss. 
 
The research in this paper could be compared to real energy bills in an attempt to validate the 
analysis, but there will still be inconsistencies, as so many aspects of the SAP and RdSAP 
methodologies are standardised and fail to include equipment and appliances. An energy 
assessment was carried out on this property in 2009, but comparisons between the assessment 
here and the EPC are difficult for three main reasons: the EPC assessor assumed no flats on 
the ground floor, substantially increasing the area of heat loss; the EPC assessor used a 
different floor area (75m2 to the 65m2 used from plans); a new boiler was installed in 2010, 
improving the space and water heating efficiency and therefore energy demand. The first two 
points here are indicative of the human error aspect explored in Section 4. 
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Rapid changes within the construction industry and Building Standards equally past, present 
and future, combined with updates to the energy assessment methodology, mean that energy 
assessment stakeholders work in a rapidly changing arena. Updates to Building Standards are 
expected in 2013 and beyond, and changes in the EPBD cannot be ruled out. Future Standards 
may require different things of existing buildings, and energy assessment may have a different 
purpose. Therefore, while the outcomes of this research are relevant in 2011, their relevance 
in the future cannot be predicted. 
 
5. Conclusions 
It can be seen here that the models disagree on key variables. Where SAP 2009 and RdSAP 
agree quite well as to the energy required for DHW and lighting, IES predicts a far higher 
lighting demand, but a much lower DHW demand. Similarly to the lighting, IES predicts far 
higher space heating demand than the domestic models. If comparing just the domestic 
models, SAP 2009 predicts lower energy use for all variables than RdSAP 2005. Further work 
will be carried out into the variations in energy demand predicted by the models used.  
 
This work shows there is still potential for improving energy assessment, and the complexity 
of precise energy assessment does not necessarily lead to accurate energy assessment. 
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Abstract: In many historic buildings, conservation heating has been used to control the RH in winter. Heat 
pumps are much more energy efficient than direct electric heating, so this technology may be adapted for climate 
control. Dehumidification has not been regarded as appropriate for historic buildings due to poor regulation, but 
recent development in electronic hygrostats makes this technology an attractive alternative. The annual energy 
consumption for both control strategies was calculated from statistical meteorological data for Denmark. The 
most energy efficient control strategy is determined by the U-value of the building, the air exchange rate and the 
volume. For large buildings conservation heating with heat pump technology seems to be the most energy 
efficient, unless the thermal insulation is very poor. For small buildings dehumidification is more efficient unless 
the building is very leaky. The two strategies for climate control were tested in historic houses owned by the 
National Museum in Denmark and used for exhibition only in the summer season. Kommandørgården has an 
uncontrolled climate in summer due to open doors in the opening hours. In winter the RH is controlled to 60-
70% by hygrostatic heating. Liselund is an 18th century mansion located in a romantic garden on the island Møn 
at the Baltic Sea. The house is open only for guided tours in the summer, and the RH is controlled all year by 
dehumidification.  
 
Keywords: Dehumidification, conservation heating, air infiltration, historic building, climate control 

1. Introduction 
Denmark has a mild and humid coastal climate due to the influence of the Atlantic Ocean and 
the Gulf Stream. The average relative humidity is high, and frequent rainfall and mist from 
the sea is a source of humidity to any building. An ordinary house usually has a moderate RH 
inside due to heating and ventilation. But a historic building, which is not used for living or 
working anymore, has a high RH even if there is no human activity. The humidity comes 
from the outside air and in some cases also from rising damp or rain penetrating the walls. A 
permanent high RH has dramatic consequences for preservation of the interiors. Woodworms 
may eat up the furniture and moth will feed on the textiles if nothing is done to reduce the 
RH. There are two options for a simple humidity control strategy in historic houses which are 
not permanently occupied by humans: Conservation heating or mechanical dehumidification. 
The question is which of the two strategies is the most energy efficient, and how to decide for 
the one or the other. In the present paper the question is dealt with through energy calculation 
of a generic building and a case study of two Danish buildings: Kommandørgården is a 
traditional farmhouse on the island Rømø, and Liselund is a mansion located on the island 
Møn. 
 
Conservation heating is a well established practice to control the relative humidity for 
preservation purposes [Staniforth et al 1994]. It is a simple and robust method, but the 
stability of RH depends on the air infiltration rate and the temperature control. A leaky house 
with a thermostatic control will experience large variations in RH. Hygrostatic control is more 
flexible, but may suffer the problem of positive feedback due to evaporation from damp walls 
or floors. Another peculiar aspect of conservation heating is that heating is required also in 
summer to maintain a moderate RH. The summer heating may be avoided if the house has 
large south facing windows [Rademacher 2010]. As energy conservation becomes more and 
more important, heating all year is less attractive for climate control. The heat loss is much 
larger from historic buildings than from modern houses due to poor thermal insulation of 
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walls and ceilings. Leaky doors and windows further increase the heat loss. In a historic 
house, the potential to improve the thermal performance is limited. Instead, the source of 
energy must be efficient. Electric heaters are frequently used because they need little 
installation work. Heat pumps are much more energy efficient, so this technology might be 
adapted for use in historic buildings [Brostrom and Leijonhuvud, 2008].  
 
Dehumidification has until recently not been regarded as an appropriate control method due to 
the risk of damage caused by too much drying. Surely old fashioned dehumidifiers without 
proper RH control used in buildings sites were not suitable for historic houses. But the 
development of electronic hygrostatic control has made dehumidifiers an attractive alternative 
for historic buildings, where heating is not needed for human comfort. There are two methods 
for dehumidification of atmospheric air; absorption and condensing. The condensing 
dehumidifier contains the same elements as a refrigerator, but in a different combination: A 
fan drags the air through the cooling unit to extract the moisture, which drips into a bucket or 
to a drain. The cooled air then passes through the heating unit and back into the room a little 
warmer than before. This method works well in heated buildings but is less efficient below 
8˚C. The absorption dehumidifier passes the air through a desiccant, usually silica gel, which 
absorbs the water vapour from the air. When the desiccant is full, a supply of warm air 
removes the moisture to the outside. The advantage of this method is that it works at low 
temperatures, even below zero degrees. The humidity is not transformed into a liquid, so the 
device does not need a drain or a bucked to be emptied. However, the device requires ducts 
for the release of the warm humid air to the outside. 
 
2. Theory 
A model building with a total volume of 500 m3 was used for the calculation of energy 
efficiency. The building had one level with a rectangular plan of 10 x 17 m2 and 3 m to the 
ceiling. The U-value of the ceiling and the walls was 1.0 W/m2K, which equals 50 cm solid 
brick masonry or 5 cm wood planks. The model did not take into account heat loss or gain 
from the floor. Solar radiation to the building and heat radiation to the open sky was not 
considered. The building was empty and had no internal sources of humidity. The only source 
of moisture into and out of the building was the outside air, which would enter at a constant 
rate. If nothing was done, the inside climate of the building would be almost the same as 
outside. But the RH was to be maintained constant at 60% all year, either by heating or by 
dehumidification. The calculation used the monthly averages of temperature and relative 
humidity in Denmark. For every month the appropriate temperature for conservation heating 
and the excess moisture to be removed by a dehumidifier was determined. These data are 
presented in table 1.  
 
The energy needed for conservation heating and dehumidification as a function of the Air 
Exchange Rate (AER) is shown in Fig. 1. In the case of dehumidification (blue line) the 
energy demand depends only on the AER. It was assumed that an absorption dehumidifier 
would use 1 kWh to remove one kg of water from the air. The energy was used to heat up the 
air stream that evaporated the moisture from the adsorbent. In the case of conservation heating 
(red line) the energy needed to achieve the target RH depends on the temperature difference 
between inside and outside. It is assumed that the heat pump gives of 3 kWh of heat for each 
kWh of electric power (COP = 3). As for dehumidification, the energy demand increases 
proportional to the AER. But even an airtight structure needs heating due to the heat loss by 
transmission thought the walls and ceiling. This depends on the U-value and defines the 
intersection with the Y-axis. The crossing point of the two straight lines divides the diagram 
into two segments. Dehumidification is more energy efficient than heating with a heat pump if 
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the air exchange rate is lower than 1 per hour. At higher air exchange rates heating becomes 
more favorable. The heat loss from a highly insulated building (U = 0.1 W/m2K) and a very 
lightly build house (U = 2.0 W/m2K) is shown for comparison. A heat pump is more energy 
efficient for climate control in a well insulated building if the AER is higher than 0.1 per hour, 
whereas dehumidification is favorable in a building with little thermal insulation if the AER is 
below 2 times per hour.  
 
Table 1. Monthly average for outside temperature (Out T), relative humidity (Out RH) and outside 
absolute humidity (Out AH) for Denmark. Estimated inside temperature (In T ) and temperature 
difference (T dif) for conservation heating to a constant RH at 60%. Estimated inside absolute 
humidity (In AH) and difference in absolute humidity (AH dif) for dehumidification to a constant 60% 
RH. 

Month Out T Out RH Out AH In T T dif In AH AH dif
(°C) (%) (g/m3) (°C) (°C) (g/m3) (g/m3)

Jan 0 87 4.2 5.5 5.5 2.9 1.3
Feb 0 85 4.1 5.0 5.0 2.9 1.2
Mar 2 83 4.6 7.0 5.0 3.4 1.2
Apr 7 76 5.9 10.5 3.5 4.7 1.2
May 12 68 7.2 14.0 2.0 6.4 0.8
Jun 16 68 9.2 18.0 2.0 8.2 1.0
Jul 18 71 10.8 21.0 3.0 9.1 1.7
Aug 17 74 12,0 22.5 5.5 8.7 3.3
Sep 14 78 9.4 18.5 4.5 7.2 2.2
Oct 9 83 7.3 14.0 5.0 5.3 2.0
Nov 5 87 5.9 11.0 6.0 4.1 1.8
Dec 3 88 5.2 9.0 6.0 3.6 1.6

DehumidificationMeteorological data Conservation heat

 
 
For every U-value there is an AER, at which heating and dehumidification is equally efficient. 
The relation between AER and U-value is linear as shown in Fig. 2. If a building with 500 m3 
volume has a combination of AER and U-value above the blue line, then dehumidification is 
the most efficient way to control the RH to 60% over the year. This is typical for historic 
buildings which are not used for living or working. If the combination of AER and U-value is 
below the blue line, then a heat pump is more efficient for climate control. Modern buildings 
which are ventilated for human comfort are in this segment. Similar lines for equal energy 
efficiency is shown for a large building (2000 m3) and a small building (100 m3). Heating is 
favorable for most combinations in a large building, whereas dehumidification is more 
efficient in small buildings for most combinations of AER and U-value. 
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Fig. 1. The energy used per year by two different strategies to control the relative humidity to 60% in 
a 500m3 building. The calculations were based on monthly statistic data presented in tab. 1. The star 
represents Kommandørgården and the heart represents Liselund. 
 
 

                
 
Fig. 2. Lines of equal energy efficiency with dehumidification and heating by a heat pump for 
controlling the RH to 60%. The size of the building is indicated for each line. The star represents 
Kommandørgården and the heart represents Liselund. 
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3. Conservation heating at Kommandørgården 
The concept of conservation heating was implemented in Kommandørgården (Fig.3). The 
traditional farmhouse is located on the island Rømø at the west coast of Jylland, exposed to 
the strong winds from the North Sea. The building has solid walls of brick masonry with 
wooden panels or glazed tiles on the inside. The floors and ceilings are wooden planks and the 
roof is thatched. The average U-value of the walls and ceiling is 1.0 W/m2K. The volume of 
the ground floor is 250 m3. It is used as an open air museum in summer, and climate control is 
not possible due to the many visitors during the day. In the winter 2006 conservation heating 
was introduced with portable heating fans in the three main rooms. Each heater was controlled 
by a hygrostatic switch placed in some distance from the warm air stream. Climate records for 
1 January to 1 July 2006 shows that the temperature was raised from 2-3 ˚C to 8-12 ˚C, and 
the RH dropped from 90% to 65 – 55 % (Fig. 4). The heating was stopped when the museum 
opened at the end of March, and the RH soon rose back above 80%. The RH dropped to 60-
70% again in the two first weeks of May, when the house was heated due to conservation 
works. This episode shows that conservation heating would be feasible also in the spring.  
 
The air exchange rate in winter was measured by the PerFlour-Tracergas method (PFT) in 
collaboration with the Building Research Institute (Bergsøe). An inert fluorcarbon gas was 
emitted at a constant rate to the interior from metal tubes distributed in the rooms. The gas 
was collected by glass tube samplers mounted in distance from the emission tubes. The 
amount of gas collected over a 4 weeks period was a measure of the average concentration, 
which depended on the infiltration of outside air. Usually the procedure should be repeated 
both in summer and winter to account for the different outside conditions, but in this case the 
measurement was done only in February, where the AER was 0.5 h-1. This result is plotted 
with a star in the diagrams in Fig. 1 and 2. From Fig. 2 it seems that dehumidification would 
be more energy efficient for controlling the RH in winter, and perhaps also in summer if an 
air lock was installed at the entrance. 
 
4. Dehumidification at Liselund Mansion 
Dehumidification has been used for climate control in Liselund mansion, which dates back to 
1800. The building is situated at a small pond in a romantic park on the island Møn at the 
Baltic Sea (Fig. 5). The walls are 50 cm solid masonry and the roof is thatched. The floors are 
wooden planks and the ceiling is gypsum plaster. The building has large single glazed 
windows and doors, which take up 25% of the wall surface area. The volume of the basement 
and the ground floor is 650 m3 and the average U-value is 1.5 W/m2K. In summer there are 
guided tours, but apart from that it remains closed all year.  
 
The RH is controlled by an absorption dehumidifier (Munters) located in the basement. The 
dry air is distributed with ducts into each room through small grills in the floor. The air is 
returned though the staircase to the basement. The desiccant is embedded in a revolving unit, 
which enables the dehumidifier to work continuously. Absorption and evaporation takes place 
simultaneously from separate segments of the unit. The RH was 55-65% all year, whereas the 
temperature was drifting from around 0 ˚C in winter to 20 ˚C in summer (Fig. 6). The annual 
energy consumption for dehumidification was 13 MWH or 20 kWh per m3 per year. The Air 
Exchange Rate was not measured, but can be estimated to 1.5 h-1 from Fig. 1. The doors and 
windows are indeed rather leaky, and much energy would be saved by improving the air 
tightness of these components. 
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Fig. 3. View of Kommandørgården from the southeast. The traditional farmhouse is located on the 
island Rømø at the West coast of Jylland close to the North Sea.  
 
 
.              

 
 
Fig. 4. Indoor climate records from Kommandørgården over six months in the winter and spring 2006. 
Conservation heating with hygrostatic control to 60% was started in mid January and terminated at 
the end of March when the museum opened for the Easter holidays. 
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Fig. 5. View of Liselund Mansion from the southwest. The building is located in a romantic garden on 
the island Møn close to the Baltic Sea.  
 
               

 
 
Fig. 6. Indoor climate records from Liselund Mansion in 2009. The relative humidity (RH) was 
controlled to 55- 65 %RH by dehumidification. The indoor natural temperature variation was 0 – 20 
°C due to the influence of the outside temperature. 
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The combination of U-value and estimated AER is plotted in Fig. 2 with a heart. According to 
this, conservation heating with a heat pump would be more energy efficient if nothing is done 
to reduce air infiltration. Another reason for the high energy consumption could be 
evaporation of moisture from the ground. The basement floor is only slightly above the water 
level of the pond outside. Such external sources of moisture are not included in the 
calculations and are a potential source of error. 
 
5. Conclusion 
The strategy for climate control in historic buildings depends on whether the house is 
occupied by humans or not. In many historic buildings, conservation heating has been used to 
control the RH in winter. But the heat loss is usually large, because historic buildings are 
leaky and have poor thermal insulation. It is difficult to improve the performance of the 
building envelope, so the energy source must be efficient. Heat pumps are much more energy 
efficient than direct electric heating, so this technology may be adapted for climate control. 
Dehumidification has not been regarded as appropriate for historic building, but better 
regulation makes this technology an attractive alternative. The paper gives a general method 
to determine the most energy efficient strategy for humidity control in relation to buildings 
characteristics. The most energy efficient control strategy is determined by the U-value of the 
building, the air exchange rate (AER) and the volume. For large buildings, conservation 
heating with heat pump technology seems to be the most energy efficient, unless the thermal 
insulation is very poor. For small buildings dehumidification is more efficient unless the 
building is very leaky. The results are only valid for locations with natural climatic conditions 
similar to Denmark. Further research will generalize the method and also take into account 
internal moisture sources as well as other types of dehumidifiers. 
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Abstract: The use of solar energy in a building of cultural-heritage value is an issue that brings the trade-off 
between aspects of use and preservation to a head. A sustainable use and preservation of historic buildings 
requires broad and long term compromises between social, economic and environmental aspects. The objective 
of the present paper is to present and discuss a decision framework for such compromises regarding the use of 
solar energy in historic buildings. 
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1. Introduction 
The heavier demands that society now places on the efficient management of finite resources 
in general and energy in particular is bound to have consequences for our ability to use and 
thus preserve the built cultural heritage. When rising energy prices coincide with people’s 
greater insistence on indoor comfort, all the more historically valuable buildings stand the risk 
of being insufficiently heated and, ultimately, either abandoned or vulnerable to damp, mould 
and vermin. Such a trend runs diametrically counter to the goal of long-term use and 
preservation of these buildings.  

The use of solar energy in a building of cultural-heritage value is an issue that brings the 
trade-off between aspects of use and preservation to a head. On the one hand, solar energy 
facilitates long-term use as it makes it possible for buildings to be heated with renewable 
energy at a lower running cost; on the other hand, the visible installations – the solar 
collectors or solar cells – have a marked impact on their appearance and cultural heritage 
value. Conversely, while non-installation protects the buildings’ cultural-heritage values, in 
the short term, there is a danger that such a decision will make them less attractive for long-
term use and thus limit opportunities for their preservation. Economically and ecologically 
sustainable heating solutions must therefore be found that make it possible to use the 
buildings without jeopardising their cultural heritage value. 

There is a general agreement that the use of solar energy in historic buildings must be 
considered carefully. The problem today is that decisions too often are based on relatively 
short term techno-economic and ecological considerations on one hand and considerations of 
vaguely defined cultural  heritage values, with a focus on aesthetics, on the other hand.  

A sustainable use and preservation of historic buildings requires broad and long term 
compromises between social, economic and environmental aspects. The decision context is 
multi-disciplinary and decisions are elaborated on the basis of both qualitative and 
quantitative data. There is therefore clearly a need for a structured approach to the decision-
making which minimizes the risk for arbitrary and ad-hoc decisions which will have negative 
long-term impact on energy use, preservation or, in the worst case, both. The objective of the 
present paper is to present and discuss a simple decision framework for such compromises 
regarding the use of solar energy in historic buildings.  

The cultural heritage can be seen as a cultural capital not unlike other forms of capital, with 
the important differences that it is possibly irreplaceable and its societal value is likely to be 
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higher than its market value1. Given this irreplacability, the cultural heritage should be 
considered a non-renewable national resource that demands efficient and careful management 
with a long time perspective.  

A fundamental consideration when taking a decision on energy saving or energy transition, 
such as the introduction of solar energy, should thus be whether it will facilitate the 
sustainable management of the building, taking into account both long-term use and 
preservation. To achieve this, as with all other aspects of sustainable development, one must 
act from a perspective that aims to satisfy today’s needs without it compromising the 
opportunities for future generations to satisfy theirs.  

This fundamental tenet of the sustainability discourse is, not new. A similar philosophy was 
espoused by John Ruskin back in 1849 in his The Seven Lamps of Architecture, in which he 
describes older buildings thus: “They are not ours. They belong partly to those who built them 
and partly to all the generations of mankind who are to follow us.”2 

2. Sustainability in cultural heritage buildings 
2.1. A model 
The following is a development of  Kohler’s3  model  for sustainability in the built 
environment, based on the three general dimensions of sustainability. Ecological values 
comprise embedded energy and the resource use of the building. Economic values are market 
value, running costs and revenues.  Social values are functional values and cultural values.  
Cultural values are referred to as cultural heritage values which in turn are divided into 
documentary values and experiential values. The objective is not to add to the scientific 
discussion of these value categories, but rather position them in the overall context of the 
present paper. 

 
Fig 1: Conditions for sustainable cultural heritage buildings 

If we are to achieve a truly sustainable management of buildings, we must take all three 
categories of values into account. A sustainable approach to the built heritage thus requires 
showing far-sighted consideration for all value categories, seeking balance between them, and 
understanding that they are mutually dependent rather than isolated quantities.1 Such 
management demands the identification of the built environment’s values in order to ascertain 
how they are affected by change. In the following section the three value categories are 
discussed in a generic way, with a focus on the dependency between cultural heritage values 
and the two other value categories. 
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2.2. Social values 
Social values help to promote human wellbeing and can be broken down into functional and 
cultural-heritage values. All building types embody functional values, which is to say values 
that help to fulfil people’s practical, aesthetic and symbolic needs.  

The built heritage also contains cultural values, which, like their functional counterparts, 
contribute to human wellbeing. However, these latter values can also be of more overarching 
significance to sustainable development. The Faro Convention defines European cultural 
heritage as a resource for memory, understanding and identity.  

The functional value of a building would generally increase with the use of solar energy. In 
some building where there are no viable options, for example unheated buildings with 
moisture problems, the use of solar energy can have a strong positive effect. 

Cultural-heritage values can be divided into documentary and experiential values.  The 
documentary value is associated with the building’s function as source material – which on 
examination and analysis can yield information about the past – and chiefly comprises 
traditional value criteria based on historical knowledge (e.g. architectural-historical and 
personal-historical value). Estimating the documentary value of a building or built 
environment requires a degree of prior knowledge of the observer.  

Experiential values are, by definition, more subjective than documentary values, and focus on 
the architectonic  and aesthetic expression of a building or built environment. Experiential 
values are based mainly on immediately perceivable properties and qualities that thus require 
no prior knowledge to appreciate. Experiential values include architectonic value, artistic 
value, patina, environmental value and continuity value.   

In the short term, the use of solar energy would have a negative effect on cultural heritage 
values. It is important to differentiate between irreversible effects on documentary values and 
reversible effects on experiential values. Ultimately, the fundamental cultural heritage values 
are dependent on the long term use and preservation of the building and thus on all other 
values. 

2.3. Economic values 
The economic aspects that are to be considered for a sustainable building management  are 
market value, running cost and revenue. In addition to that we need to consider communal 
values related to the building in its context. 

The market value of the building depends, of course, on running costs and revenues. Culture  
heritage values generally have a positive effect on the market value, even though this relation 
hardly lends itself to be quantified. 

Revenue values, through direct utilisation (e.g. entrance fees) or indirect utilisation 
(restaurants, hotels and dwelling),  are affected by culture heritage value in the same way as 
market values  are.  

Running costs are usually the main driving force when it comes to energy efficiency 
measures. High running costs can jeopardise the building’s use or maintenance, which can 
lead to disrepair and dilapidation. This can reduce its value as a building as both its functional 
and market value are brought down, which, in the long run, will impact on its cultural-
heritage value.  
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On being classified as “cultural heritage”, a building undergoes a process of commoditisation 
to become a product, by which is meant an item or phenomenon possessing economic value. 
The “cultural capital” of a town or region has become an important resource in the scramble 
to attract desirable businesses and consumers with purchasing power, competition in which 
cultural heritage is exploited as a product around which the image and character of the area 
can be assembled. Such marketing also enables a property owner to use a building’s cultural-
heritage values in order to offer business and residential space that appear more attractive than 
offices and houses lacking such value.4 Cultural-heritage values can thus be a factor that 
boosts the market value of a building, but if the building, by virtue of such a classification, is 
granted legal protection, the effect can be the opposite in that its market value drops.5 It is not 
only the owner of such a building who can profit from its cultural heritage status; since 
property prices are location-bound and thus determined, for example, by the qualities of the 
cultural heritage environment, neighbouring buildings can also benefit. A change in the 
qualities that characterise an environment can thus impact upon the market value of other 
buildings in the vicinity. 

That the market value of a built environment increases by virtue of the experiential values to 
which other buildings of cultural-heritage value give rise can therefore be seen as an 
externality, i.e. a side-effect that is of benefit to a third party.  The built heritage can also 
generate other kinds of externalities, such as tourism, jobs and regional development5, and in 
so doing contribute to national economic growth. In this way, the building, even if privately 
owned, can serve as a kind of collective utility and thus as something that benefits the wider 
community.6 

2.4. Ecological values 
Part of the ecological value is the embedded energy. The building  is a non-renewable 
resource that, like other non-renewable resources, should be managed efficiently and 
carefully. Existing buildings can be seen as ecological capital comprising different type of 
construction materials, the consumption needs of which can be limited by their preservation, 
maintenance and continuing use. This also reduces the need for energy-demanding newbuilds.  

The other part of the ecological values is related to the use of energy and other resources. 
Prudent energy efficiency measures can make this kind of building more energy efficient as 
well, and thus increase its value as a resource for sustainable development.  

The use of non-renewable resources would in most cases decrease with use of solar energy, 
adding to the ecological value. More importantly, a sustained use of the building would make 
a continued use of the energy embedded in the building. 

3. The impact of solar energy installations on a buildings values 
A decision to introduce solar energy is usually motivated with an expected increase  in the 
building’s economical, ecological or functional value. At the same time, the installations risk 
damaging the cultural-heritage value of the building and/or its surroundings which in turn 
could have an effect on the other values. 

A decision not to introduce solar energy has the least impact on the cultural heritage value, in 
the short term. However it will reduce the ecological values. More important is that a non-
decision in the long term may reduce economic and functional values even to the point where 
it might eventually threaten the use and condition of the building and thus also more 
fundamental cultural-heritage value.  
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This line of reasoning sheds light on two aspects of the point at issue: firstly, the various value 
categories are, in different ways and to different degrees, interdependent, which means that 
the preservation or reinforcement of all value categories is a decisive factor in achieving the 
goal of long-term use and preservation of the built heritage. Secondly, it shows how 
vulnerable the value categories are to mutual conflict. The decision-making process therefore 
demands of the various actors involved an ability to take judicious decisions that can help to 
optimise the preservation of the different values of the building or the built environment. 
Looking solely to the cultural-heritage values in such a situation, for example, can ultimately 
damage opportunities for a building’s long-term use and preservation, which can have a 
knock-back effect on its cultural-heritage value. Decisions on energy measures for buildings 
of cultural-heritage value therefore require a conscious and insightful balance of priorities 
between the various value categories of the building in question.  

4. Risk assessment 
Having identified the various values of a building, a risk analysis can be made in order to 
assess the short and long-term effects of a proposed change on all the value categories. A 
similar analysis should also be conducted on the basis of a no-installation scenario in which 
no change is made.   

A simple risk-benefit matrix, see Fig 2,  can be used to identify different types of problems. In 
cases with a low benefit or a high risk, marked in red, one should be restrictive. Low risk and 
high benefit, marked in green, is generally a win-win situation. Cases involving medium risk 
and medium to high benefit, marked in yellow, would probably need more attention. 

 
Fig 2: A matrix for a risk – benefit analysis 

 

5. Two generic examples 
5.1. A medieval church. 
From a technical point of view, the steep and large south facing roof  are a good place for 
solar collectors or solar cells, see fig 3. Depending in the alternatives, the use of solar energy 
adds to the ecological value in most cases. Depending on the investment, there might also be 
an economic value added in a lower energy cost. The visible impact would be considerable 
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and, for most people, have a negative effect on the experiential cultural heritage value of the 
church as well as its surroundings. The document value of the building need not necessarily 
be affected, if installations are made in a careful and reversible manner. 

If solar cells are used to produce electricity for the grid, one should consider the option of 
producing electricity somewhere else. If this is an option, the only benefit of installing solar 
cells on the church roof  would be an added symbolic value, allowing the church to make a 
green statement. Thus there is a low or medium risk and small benefit. 

In the case of a church with moisture problems, mould is a common, solar panels could be 
used for conservation heating.  This would add to, or at least secure, the functional value as 
mould may render a building unfit for use. In the long term, the use of the building is the most 
important factor for a sustained preservation of the building and it’s cultural heritage values.  
Here, the use of solar heating would have a positive and maybe decisive effect on the 
functional and cultural heritage values of the building. Thus there would a high benefit, and a 
low to medium risk. 

   
Fig 3 An illustration of the examples, a medieval church and the roofscape of Visby 

5.2. A hotel in a World Heritage town. 
The Hanseatic town of Visby on the island of Gotland is a world heritage site: 

“A former Viking site on the island of Gotland, Visby was the main centre of the 
Hanseatic League in the Baltic from the 12th to the 14th century. Its 13th-century 
ramparts and more than 200 warehouses and wealthy merchants' dwellings from 
the same period make it the best-preserved fortified commercial city in northern 
Europe.”7 

A small family hotel situated in the Visby wants to use solar energy to produce hot water in 
the tourist season. The main building has a large south facing roof well suited for solar 
collectors, but it is also well visible to the public. The use of solar energy would add to the 
ecological value in most cases. The added economic value is significant  since any other 
option would give a high investment in relation to the short period of use. The  building itself 
is ordinary, the risk is associated with the visible impact on the roofscape of the city, se fig 3. 
As the installation would be visible Visby has a lot of visitors, the overall effect on the 
experiential value would be high. In the long term, extensive solar energy installation could 
have a negative effect on tourism, thus reducing the economic viability of both the hotel and 
the city. Thus we have both a high risk and high benefit. A more depth investigation of this 
case should focus on optional solutions, either finding a less visible location for the solar 
collectors or another source of energy. 
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6. Closing discussion 
The management of the built cultural heritage should strive to ensure its posterity to future 
generations. Since the value categories of buildings are mutually dependent, long-term use 
and preservation require a management process that takes their economic, ecological and 
social values into consideration.  

It is thus impossible to provide a general answer to the question of whether the installation of 
solar energy technology should be considered a measure that contributes to the long-term use 
and preservation of a building of cultural-heritage value, or whether it constitutes a threat to 
the cultural-heritage values that make the building or the built environment worth preserving 
in the first place. This is a judgement call that must be made on a case-by-case basis by 
weighing the potential risks and benefits (fig. 4). Should the risks be deemed relatively high, 
installation should not proceed. Conversely, if the benefits are relatively high, installation can 
be considered appropriate. However, the most problematic cases arise when both the risks and 
benefits of solar energy are equally high. These cases require a thorough impact analysis to 
ascertain the best action to take in the interests of long-term use and preservation.  

Much of the debate around solar energy and built heritage concerns individual cases. A 
challenge for the future is to seek a more coordinated, inter-sector planning and decision-
making process based on a holistic view of the built environment. Such a process should take 
account of all the value categories represented in the building in question and the environment 
in which it stands. Involving all concerned parties at an early stage of the process and 
identifying all values makes it possible to create a planning and decision-making process with 
clear allocations of rights and responsibilities. This, in its turn, will enable an assessment of 
the positive and negative consequences an installation might have for the various value 
categories, and thus of which decision creates the most favourable opportunities for the 
sustained use and preservation of the building and the built environment.  
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Abstract: Energy use in the building stock represents a major contribution to the total energy use in developed 
countries. Increasing limitations to the energy demand of the new buildings have been imposed by the building 
codes in the last decades, which resulted in improved building envelopes. 
Yet, in many cases it is not either technically or economically feasible to improve the existing building shells. A 
typical example is represented by historical buildings, such churches and old buildings, which often may not be 
improved for aesthetical or economic reasons. Often poorly insulated, such buildings would require a high 
energy demand to keep them at the preferable hygro-thermal conditions. As a consequence they are often left 
unheated, which also affects the usability of these buildings. However, the risk of moisture damage often 
requires them to be slightly heated to a certain temperature. 
As the energy demand is linked to the possibility of improving the building shell, for instance by adding 
insulation or making it more airtight, the exergy approach gives interesting insights on the problem. Exergy 
analysis emphasizes the thermodynamic valuable part of the energy demand in the building and 
straightforwardly defines the minimum energy demand for a certain process. The energy demand being equal, it 
is still possible to lower the exergy demand and consumption. A lower exergy demand paves the way to the 
exploitation of renewable sources, such as solar power. 
Often the main task is to keep the RH humidity within a certain range. Aim of this paper is to perform a 
theoretical exergy analysis of three different solutions for lowering the RH in the building. The basic approach 
keeps the temperature of the indoor space at a constant level. A second approach-the so-called conservation 
heating- consists in letting the temperature vary according to the maximum allowed indoor relative humidity. In 
the third case the target is reached by means of a dehumidification process. Advantages and disadvantages of the 
different approaches are shown under the energy and exergy points of view.  
The present research is done within the framework of the “Spara och bevara” project, which targets cost-efficient 
solutions for the conservation and the use of heritage buildings in Sweden and the IEA Annex49 and ESF 
COSTexergy projects, which aim at energy-efficient buildings and communities through the application of the 
low-exergy approach. 
 
Keywords: Exergy analysis, Energy efficient buildings, Heritage buildings, Renewable energy. 

Nomenclature  
Exs,th thermal specific exergy ....................... J/kg 
Exs,th chemical specific exergy ...................... J/kg 
Ra  ideal gas constant for air ............... J/(kgK) 
Ti  room temperature .................................... K 
T0  environment temperature ......................... K 

RH  relative humidity ...................................... - 
ω i  room humidity ratio ....................... kgw/kga 
ωo  environment humidity ratio ............ kgw/kga 
∆v humidity added from the building 

structure ............................................... g/m3 
  
1. Introduction 
In European countries, residential and commercial buildings are the sector with the largest 
share of primary energy use, 25% (1) and a relevant share of that is supplied by fossil fuels. 
The reduction of the energy demand and the exploitation of renewable energy sources has 
then become a priority in the EU political agenda. A widely used approach to reduce the 
energy demand in buildings is to improve their thermal insulation. While cost-effective during 
the construction phase of the building, this approach is expensive in existing buildings and 
alternative strategies should then be applied. The reduction of the quality of the energy supply 
in buildings is recognized as beneficial to reduce the environmental impact due to the energy 
use in buildings. An effective tool to quantify the quality of energy is exergy. 
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The IEA ECBCS Annex 37 (2) and the IEA ECBCS Annex 49 (3) showed that a g reat 
potential for improving the energy use in buildings resides in lowering the energy quality, i.e. 
the exergy, in buildings. A relevant share of the energy demand is represented by space 
heating and domestic hot water, (4) and (5), which is energy with low quality; buildings have 
a high energy demand but a low exergy demand. In contrast to this they are often supplied 
with valuable energy sources, such as direct electricity heating and gas. The exergy analysis 
applied to buildings explains how to use the energy in a more rational way by reducing the 
exergy losses, i.e. the energy quality mismatch between sources and end-use energy. This 
reduction can be obtained by supplying the building demand with degraded forms of energy, 
such as waste and low-temperature heat, that would be unsuitable for high-exergy processes, 
which occur for example in industry and transportation. 

The application of the low exergy approach benefits also the exploitation of renewable 
sources. Renewable energy supplies have often low specific power. So-called low-exergy 
systems are systems with low temperatures and therefore low specific power. A floor heating, 
for instance, has low emission temperatures and lower emission power per unit area than 
radiators. It is therefore suitable for low supply temperatures, i.e. low exergy supply, such as 
energy from ground heat storages or from solar panels. 

Optimized low-exergy systems need to be integrated and require a holistic approach. A 
prerequisite to an improved use of energy is to perform an exergy analysis of the system 
demand to highlight what is the potential for improving the overall system. In the present 
paper, exergy analysis was applied to the specific case of the historical buildings. 

In such buildings the control of the relative humidity, RH, is important to decrease the risk of 
formation of mould and condensation. The lowering of RH can be obtained by heating, i.e. 
increasing the temperature of the air, or by dehumidifying, i.e. decreasing the water vapor 
contained in the unit mass of air. A common process in dehumidification consists in 
decreasing the air temperature needs below the dew-point, to condense the water vapor, and 
then to reheat it, thus making the process energy demanding. 

Aim of this paper is to explore the potential for the reduction of the relative humidity. Three 
different approaches have been chosen and analyzed exergy-wise in two different Swedish 
locations. 

2. Methodology 
Exergy is defined as the maximum work that can theoretically be extracted by a d evice 
working between two states in non-equilibrium. When temperature, pressure and chemical 
composition are the same as the surroundings, thermodynamic equilibrium is reached and no 
more work can be extracted. These conditions are called dead-state. For buildings, the 
surroundings are represented by the environment and the dead-state conditions, often called 
reference conditions, are represented by environment temperature, pressure and chemical 
composition. In buildings exergy analysis the chemical composition regards the moisture 
content of the air, which some studies have shown to affect in a relevant way the exergy 
calculation, especially in warm and humid climates, (6) and(7). 

In the present paper, exergy analysis has been applied to the three strategies for reducing the 
risks of condensation in historical buildings. An upper limit of 70% RH has been considered 
safe in this paper, following the approach used in (8). The building has been modeled into 
indoor room space and outdoor environment, whose conditions represent the so-called 
reference state.  
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To reach certain set-point conditions of the indoor air, a flow of exergy has to be supplied. 
The minimum flow needed is determined by the physical conditions of the unit air, i.e. the 
exergy content per unit mass. The minimization of the exergy content is the necessary 
prerequisite to the decrease of the exergy demand. The air exergy content resulting from the 
different strategies to lower the RH has then been compared. This approach allows to keep a 
general approach that can be applied to several types of buildings and also to benchmark the 
expected performance of the different strategies in terms of exergy.  

Two different Swedish locations have been simulated, Gothenburg and Östersund. 
Gothenburg is located on the southwest coast of Sweden (latitude 57º43´) and it has a coastal 
climate with high RH most of the year. Östersund is located in the middle of Sweden (latitude 
63º) and it has an inland climate, considerably colder than Gothenburg. 

The first strategy is the background heating, which consists in keeping the indoor temperature 
at 12 ˚C by providing heat to the room. If the ambient temperature is higher than this set-point 
temperature, the building is left unheated. 

The second strategy is the so-called conservation heating, which consists in the use of heating 
to keep the internal humidity under a certain level above which the risk of mould formation is 
considered to increase consistently. This target relative humidity, which in this paper is set to 
70% (8), is kept by raising the indoor temperature. As the temperature increases, the 
saturation pressure of the water vapor decreases, i.e. the air is capable to dilute more vapor, 
and so does the relative humidity decreases. When the indoor RH was higher than the 70% 
set-point, then the indoor temperature was set to the value corresponding to this RH set-point, 
by calculating the saturation pressure of the vapor. When the RH was lower than the RH set-
point, no change in the indoor temperature took place.  

In the third case, the target relative humidity is kept to 70% by dehumidification. This process 
is usually done by decreasing the temperature of the air under the dew-point, condition at 
which the water contained in the air starts to condense. By removing it and post-reheating it 
the air becomes drier. The exergy content in an ideal dehumidification process (9) was 
calculated when the RH was higher than the 70% set-point.  

In the second and the third strategy, indoor thermo-hygrometric conditions have also been 
investigated for two different levels of internal moiσturε generαtion, ∆v=1 g/m3 αnd ∆v=2 
g/m3, with ∆v (gvapor/m3

air) being the humidity added from the building structure.  

In the Table 1 a summary of the set-points for RH and temperatures are shown for the 
different strategies. 
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Table 1: Summary of temperature and RH set-points in the different strategies. The temperature in the 
constant temperature heating is kept at 12˚C or higher in warmer seasons. In the conservation heating 
strategy, the values of the internal temperature depends on the relative humidity. In the 
dehumidification strategy, the temperature in the room is the same as the environment. 

Strategy Room set-point tεmperαturε [˚C] Room set-point RH [%] 
Constant temperature 

heating 12 - 

Conservation heating Dependent on RH 70 
Dehumidification - 70 

The expressions for the calculations of the specific exergy have been derived from (7) and (9): 
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In the equation (1) Exs,th is the thermal specific exergy, Ti is the ambient temperature, T0 is 
the environment temperature and cp is the specific heat capacity of the air. In the equation (2) 
Exs,ch is the chemical specific exergy, Ra is the ideal gas constant for air, T0 is the 
environment temperature, 1.608 represents the molar mass of air to that of water vapor, ωi is 
the humidity ratio of the room and ω0 is the humidity ratio of the environment. The air exergy 
content of the three different strategies have been calculated with time-steps of 1 hour for a 
whole year. This simplified model doesn’t take into account the moisture storage in the 
structure; the structure itself acts as α constαnt moiσturε gεnerαtor (∆v=1 αnd ∆v=2 g/m3). The 
exergy calculated in each time-step is then the exergy needed to keep the air in conditions of 
temperature and humidity considered safe to avoid condensation and mould growth.     

3. Results 
In Figure 1, the average monthly values of the temperature and the relative humidity, derived 
from the hourly calculations, are displayed. The temperatures are plotted for all the analyzed 
cases; the simulαtions of the consεrvαtion heαting σtrαtεgy αrε σhown for the diffεrεnt ∆v 
(cases 2a, 2b and 2c). The RH is the same in all the simulations of the case 2 due to the RH 
control strategy. The environment RH is above the 70% limit for most of the year. The 
constant temperature heating strategy (Case 1) has an indoor temperature constantly set to 12 
˚C, εxcεpt in σummεrtimε, when it iσ higher. This strategy decreases the moisture to very low 
levels in winter time, which is not a favorable condition for artworks possibly present in this 
type of buildings. In the conservation heating strategy (Case 2) and dehumidification (Case 3) 
the RH indoors is in the range between 60 and 70% during the whole year, due to the control 
of the humidity. The indoor temperature of the dehumidifying case is the same as the outdoor 
temperature, while the case of the conservation heating case it is slightly higher when a 
decrease of the RH is needed.  
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Figure 1: Monthly temperature distribution (left) and relative humidity RH (right) in the three cases in 
the Gothenburg simulations. Case 1 is the constant temperature heating, Case 2a is the conservation 
heating for ∆v=0 g/m3, Case 2b for ∆v=1 g/m3, Case 2c for ∆v=2 g/m3 and Case 3 i s the 
dehumidification.  

In the Figure 2 results from the calculations for Gothenburg are presented. The exergy content 
for three different cases, sum of the time-steps for εαch month, iσ σhown. For ∆v=0 g/m3, the 
exergy content in the air is significantly lower for the conservation heating and 
dehumidification strategies in the cold period of the year, when compared to the constant 
temperature strategy. In fact, in the January average conditions with an environment 
temperature of -1.9 ˚C and RH of 89 %, the temperature necessary to keep the RH under 70% 
is 1.5 ˚C. By hεαting up to 12 ˚C the RH falls to 34%, which is a low level of moisture in the 
air at the expense of a great exergy content. 

The exergy content increases for both constant heating and dehumidification strategies ασ ∆v 
increases, due to the higher temperatures that must be reached in the room to decrease the 
relative humidity for the conservation heating and to the greater potential of chemical exergy 
in the dehumidification case. Yet, in the period between December and February the exergy 
content of the constant temperature heating is the double of the conservation heating with 
∆v=2 g/m3. 

In the warm season, i.e. from May until September, the exergy content of the constant heating 
gradually decreases, due to the increasing environment temperatures, but the relative humidity 
of the room in these conditions is higher than the limit value of 70%. 

In the warm season the exergy content of the conservation heating and the dehumidification 
αpproach iσ comparαblε for the diffεrεnt valueσ of ∆v. Howεver, the εxεrgy contεnt of the αir 
in the conservation heating cases becomes remarkably higher in the cold months, from 
December to March, when the environment relative humidity has the highest yearly peaks. 
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Figure 2: Comparison of the minimum exergy expenditure per kg of indoor air, in the Gothenburg 
climate. The air exergy content is the sum of the values calculated for each time-step. Case 1 is the 
constant temperature heating, Case 2a is the conservation heating for ∆v=0 g/m3, Case 2b for ∆v=1 
g/m3, Case 2c for ∆v=2 g/m3, Case 3a is the dehumidification for ∆v=0 g/m3, Case 3b for ∆v=1 g/m3, 
and Case 3c for ∆v=2 g/m3.  

In Figure 3, average monthly temperatures are shown for Östersund, together with the average 
values for the monthly temperatures for RH. The temperature patterns are similar to the ones 
obtained for the Gothenburg climate, but the minimum average temperature is lower (-5.9 in 
February) than in Gothenburg (-1.9 in January). The relative humidity is also lower: the 
yearly average RH in Östersund is 74.8% while in Gothenburg is 79.9%. This makes it 
possible that all the three approaches keep the average value of the RH under the 70% limit 
value. The temperature difference between environment and room in the cold period is greater 
than 15 ˚C in four months for the constant temperature heating case, causing the RH of the 
room to drop down to values in the range of 20-30%. The range of RH for the conservation 
heating and the dehumidification are within 60% and 70% during the whole year, which is an 
ideal condition.  

  
Figure 3: Monthly temperature distribution (left) and relative humidity RH (right) in the three cases in 
the Östersund simulations. Case 1 i s the constant temperature heating, Case 2a is the conservation 
heating for ∆v=0 g/m3, Case 2b f or ∆v=1 g/m3, Case 2c for ∆v=2 g/m3 and Case 3 i s the 
dehumidification. 
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In Figure 4, the exergy content of the room air in the different cases is shown for Östersund. 
In the cold season from October to March, the constant temperature heating approach has an 
exergy content three times higher than the conservation heating and ten times higher than the 
dehumidificαtion with ∆v=2 g/m3. The incrεασε of ∆v haσ a rεlεvαnt effεct on the increment of 
exergy content both for the conservation heating and dehumidification strategies. Similarly to 
the Figure 2, the exergy content is significantly lower in the cold season in the 
dehumidification when compared to the conservation heating, while in warmer season there is 
little difference between the two strategies. 

 
Figure 4: Comparison of the minimum exergy expenditure per kg of indoor air, in the Östersund 
climate simulation. The air exergy content is the sum of the values calculated for each time-step. Case 
1 is the constant temperature heating, Case 2a is the conservation heating for ∆v=0 g/m3, Case 2b for 
∆v=1 g/m3, Case 2c for ∆v=2 g/m3, Case 3a is the dehumidification for ∆v=0 g/m3, Case 3b for ∆v=1 
g/m3, and Case 3c for ∆v=2 g/m3. 

4. Discussion 
For both Gothenburg and Östersund, some general trends can be highlighted.  

• In the cold season the temperatures reached in the constant temperature approach are 
too high, causing both the RH to decrease too much, and at the same time the exergy 
content to increase significantly. In the warmer period it is ineffective in maintaining 
the RH under the 70% limit in one of the two cases analyzed (Gothenburg). 

• The increase of the internal moisture generation ∆v decreases the advantage of the 
conservation heating and dehumidification strategies on t he constant temperature 
heating, due to the higher temperatures that must be reached in the room to decrease 
the RH and the higher moisture exergy content.  

• The dehumidification approach has a s ignificantly lower exergy content in the cold 
months, when compared to the constant temperature and the conservation heating 
approach. 

• In warmer months, the difference of the exergy content between conservation heating 
and dehumidification is minimal 
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5. Conclusions 
In the present paper the exergy concept has been applied to explore the potential energy 
savings to limit th e relative humidity of the air, which plays an important role in the 
preservation of historical buildings. Three different strategies have been simulated in two 
different locations in Sweden, Gothenburg and Östersund. 

Constant temperature heating has proved to be inefficient and not efficacious at the same 
time. This strategy is not able to limit the RH under the target values and it consumes 
unnecessary exergy in cold periods due to the large temperature difference between the 
environment and the room.  

In the conservation heating approach, the temperature differences between environment and 
room are approximately constant during the year, also with increasing ∆v. Thiσ fεαturε iσ very 
important when a heat pump is used. The coefficient of performance (COP) of a heat pump is 
highly dependent on the difference of temperature between condenser and evαporαtor, ∆Tc-ev. 
The σmaller the ∆Tc-ev, the higher is the COP of the heat pump, which makes this strategy 
attractive for the building heritage. 

References 

[1] Commission of the European Communities, Action Plan for Energy Efficiency: Realising 
the Potential, 2006. 

[2] International Energy Agency ECBCS Annex 37, Heating and Cooling with Focus on 
Increased Energy Efficiency and Improved Comfort - Guidebook to IEA ECBCS Annex 
37 Low Exergy Systems for Heating and Cooling of Buildings. VTT, Technical Research 
Centre of Finland, 2003. 

[3] International Energy Agency. Low Exergy Systems for High Performance Buildings and 
Communities. [Online] 2005-2009, http://www.annex49.com. 

[4] International Energy Agency ECBCS Annex 39, Vacuum insulation panels, study on VIP 
components and panel for service life prediction of VIP building applications, 2005. 

[5] European Commission, Directorate General for Energy & Transport, The new Directive 
on the energy performance of buildings – Moving closer to Kyoto, 2003. 

[6] P. Sakulpipatsin Exergy Efficient Building Design, Doctoral Thesis, Department of 
Building Technology, University of Delft, 2008. 

[7] M. Shukuya, A. Hammache, Introduction to the concept of exergy - For a b etter 
understanding of low-temperature heating and high-temperature cooling systems, VTT 
Research Notes, 2002. 

[8]  T. Broström, G. Leijonhufvud, Heat pumps for conservation heating. Proceedings of the 
8th Symposium on Building Physics in the Nordic Countries. 2008, pp. 1143-1150.  

[9] M. Alhazmy, Minimum work requirement for water production in humidification-
dehumidification desalination cycle, Desalination, 2007, pp 102-111. 

[10] P. Sakulpipatsin et al., An Exergy Application for Analysis of Buildings and HVAC 
systems. Energy and Buildings, 42, 2009, pp 90-99. 

[11] D. Camuffo, (editor). Church Heating and the Preservation of the Cultural Heritage. 
Guide to the Analysis of the Pros and Cons of Various Heating Systems. Electa, 2006.  

[12] A. Bejan, Advanced Engineering Thermodynamics. John Wiley, New York, 1997. 

2048



 

New software for generation of typical meteorological year 

Abdulsalam Ebrahimpour1,* 

 
1Departament of Mechanical Engineering, Islamic Azad University,Tabriz Branch, Tabriz, P.O.Box 51589, Iran 

P

* 
PCorresponding author. Tel.:  98 9123060463; fax: 98 411 3317146, E-mail addresses: Salam_ebr@yahoo.com 

Abstract: The correct selecting of typical meteorological year is an important factor for accurate building energy 
simulation. In this study, the Sandia method has been applied to prepare the new TmyCreator software for selecting 
the proper data as the typical meteorological year (Tmy2). Also, the results of this new software have been compared 
with the available Tmy2 weather data file for two cities. It is found that, the results of TmyCreator software have 
good agreement with the old created Tmy2 weather data file for these cities.      
 
Keywords: Typical meteorological year; Building energy simulations; Finkelstein–Schafer statistics 

1. 0BIntroduction 
The weather data is the most important factor for building energy simulation software. The 
hourly data of meteorological parameters such as solar radiation, dry bulb temperature, relative 
humidity, wind speed, atmospheric pressure and etc are usually needed to simulate building 
energy. 
 
Many methods have been suggested to provide the typical meteorological year. Typical 
meteorological year has been presented in different types for examples Tmy2 (NREL 1995) and 
WYEC2 (ASHRAE 1997) in the United States and Canada and TRY (CEC 1985) in the Europe. 
The Tmy2 and WYEC2 typical weather years contain more solar radiation and illumination data 
than older formats such as Tmy (NCDC 1983), WYEC (ASHRAE 1985) and TRY (NCDC 
1981).  
 
From 1970 to 1983, Ashrae commissioned three research projects to represent weather year data 
for energy calculations (WYEC), which used the TRY format but included solar data (measured 
data, if available or calculated based on cloud cover and type). In the early 1990s, Ashrae began 
to update the WYEC data set. New WYEC data sets were listed in Tmy format, and calculated 
hourly illuminance data, data quality as well as source flags, were included [1]. 
 
Typical meteorological year has been obtained in various types and for different cities in the 
earth's surface. Apple L.S. Chan [2] reviewed various types of typical weather data sets in a paper 
and then the Finkelstein–Schafer statistical method applied to analyze the hourly measured 
weather data of a 25-year period (1979–2003) in Hong Kong. A. Kalogirou [3] presented the 
generation of a type 2 typical meteorological year (Tmy2) for Nicosia, Cyprus. Also, Joseph. C. 
Lam [4], Zhang Qingyuan[5] and T. N. Anderson[6] in the different researches, provide d the 
various typical meteorological years based on different year periods and in many places of the 
Earth’s surface. The author (A. Ebrahimpour[7]) in previous research, created the typical 
meteorological year data from the measured weather data of a 14-year period (1992–2005) in 
Bandarabass using Sandia method [8]. 
 
In spite of this fact, the majority energy simulation softwares use typical Meteorological Year, so 
the exact values are necessary in order to correct estimation of the building energy consumption 
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at the year. In this study, the Sandia method [8] has been used to create the TmyCreator software.  
Using the TmyCreator software,   the typical meteorological year can be select from the 
measured weather data of a available year period (such as 1961–2010) in a city. The result of 
TmyCreator software has been compared with the available Tmy2 weather data file for various 
cities such as Salt Lake City. 

2. Sandia method 
The Sandia method is an empirical approach that selects individual months from different years 
of the period of record. For example, in the case that contains 30 years of data, all 30 Januarys are 
examined and the one judged most typical is selected to be included in the Tmy. The other 
months of the year are treated in a similar manner, and then the 12 selected typical months are 
concatenated to form a complete year. Because adjacent months in the Tmy may be selected from 
different years, discontinuities at the month interfaces are smoothed for 6 hours on each side. The 
Sandia method selects a typical month based on nine daily indices consisting of the maximum, 
minimum, and means dry bulb and dew point temperatures; the maximum and mean wind 
velocity; and the total global horizontal solar radiation. For each month of the calendar year, five 
candidate months with cumulative distribution functions (CDFs) for the daily indices that are the 
closest to the long-term CDFs are selected. The CDF gives the proportion of values that are less 
than or equal to a specified value of an index. Candidate monthly CDFs are compared to the 
long-term CDFs by using the following Finkelstein-Schafer (FS) statistics for each index. 

( )∑
=

=
n

i
inFS

1
1 δ           (1) 

 Where, δi is absolute difference between the long-term CDF and the candidate month CDF at xi 
and n is the number of daily readings in a month. 
  Because some of the indices are judged more important than others, a weighted sum (WS) of the 
FS statistics is used to select the 5 candidate months that have the lowest weighted sums. The 
weighting factors listed in Table 1 for Tmy type. 

ii FSwWS ∑=           (2) 

Where, wi is weighting for index and Fsi is FS statistic for index. 
  All individual months are ranked in ascending order of the WS values. A typical month is then 
selected by choosing from among the five months with the lowest WS values the one with the 
smallest deviation from the long-term CDF. In Hall's original method, persistence structures 
characterized by frequency and run length of days are included. The persistence of mean dry bulb 
temperature and daily global horizontal radiation are evaluated by determining the frequency and 
run length above and below fixed long-term percentiles. For mean daily dry bulb temperature, the 
frequency and run length above the 67th percentile and below the 33rd percentile are determined. 
For global horizontal radiation, the frequency and run length below the 33rd percentile are also 
determined. The persistence data are used to select, from the five candidate months, the month to 
be used in the Tmy. The highest ranked candidate month in ascending order of the WS values 
that meet the persistence criterion is used in the TMY. Then, the 12 selected months were 
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concatenated to make a complete year and smooth discontinuities at the month interfaces for 6 
hours each side using curve-fitting techniques. [9 & 10] 
 

Table 1: The weighting factors in Sandia method 
weighting factor Wearher index 

1/24 Maximum dry bulb temperature 
1/24 Minimum dry bulb temperature 
2/24 Mean dry bulb temperature 
1/24 Maximum dew bulb temperature 
1/24 Minimum dew bulb temperature 
2/24 Mean dew bulb temperature 
2/24 Maximum wind speed 
2/24 Mean wind speed 
12/24 Total horizontal solar radiation 

-- Direct normal solar radiation 

3. 2BTmy2 selection procedure in TmyCreator software 
 For using the TmyCreator software, The hourly measured weather data of Dry Bulb Temperature 
{C}, Dew Point Temperature {C}, Relative Humidity {%}, Atmospheric Pressure {Pa}, Wind 
Direction {deg}, Wind Speed {m/s}, Global Horizontal Radiation {Wh/m2},Direct Normal 
Radiation {Wh/m2} and Diffuse Horizontal Radiation {Wh/m2} have been prepared.  
 
In Sandia method, the hourly measured data of dry bulb temperature, dew point temperature and 
wind speed have been used to select the Tmy2. So, calculating the maximum, minimum, and 
mean dry bulb and dew point temperatures and the maximum and mean wind velocity during a 
day and total global horizontal solar radiation during a day have been based on hourly measured 
data in TmyCreator software.  
 
Other remained data in the Tmy2 weather file has not been calculated and the default values of 
Energyplus document software have been used [11].  

4. 3BThe TmyCreator software 
To use the TmyCreator software (Figure 1) the hourly measured weather data must be prepared 
for the desired period (such as 1990-2010). Also, the hourly measured weather data are the Dry 
Bulb Temperature {C},Dew Point Temperature{C}, Relative Humidity{%}, Atmospheric 
Pressure{Pa}, Wind Direction {deg},Wind Speed {m/s}, Global Horizontal 
Radiation{Wh/m2},Direct Normal Radiation{Wh/m2} and Diffuse Horizontal 
Radiation{Wh/m2}. 
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Figure 1: The TmyCreator software 

4.1.  Correct Missing Data 
The TmyCreator software corrects the missing data using other available data as following 
method:   
The missed data = (the amount of after three hour+ the amount of before three hour)/2  

5. Validating the TmyCreator software 
To validating of the TmyCreator software two methods have been used. In the first method, the 
Tmy2 weather data for the two city of the USA have been created by TmyCreator software from 
hourly weather data and the created Tmy2 file have been compared with the created Tmy2 
weather data by NREL1. 

5.1. Comparing the Tmy2 Weather file 
In the first stage, the 30 year period (1961-1990) hourly weather data for two city of the USA 
have been provided from the NCDC P1F

2
P and NSRDBP2F

3
P (for solar radiation data) and using this data 

the Tmy2 weather file have been created by TmyCreator software . Then the information about of 
selected year in the Tmy2 weather file created by TmyCreator software and NREL has been 
compared. 
 
The Table 2 and 3 shows the number of not available hourly weather data for Abilene and Salt 
Lake City in USA in the year. It can be seen that the missing data for Abilene City is more than 
Salt Lake City. 
 
The result of running the TmyCreator software using this hourly weather data for mentioned 
cities have been displayed in the Table 4 and 5. 
 
                                                 
1 National Renewable Energy Laboratory 
2  http://www1.ncdc.noaa.gov 
3  http://rredc.nrel.gov 
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Table 2: number of not available hourly weather data for Abilene in the year 
Wind Wind Dry Bulb Wet bulb Dew Point Relative Atmospheric Global Horizontal Direct Normal Diffuse Horizontal

Year Direction{deg} Speed{m/s} Temperature{C}  Temparature{C} Temperature{C} Humidity{%}  Pressure{Pa}  Radiation  Radiation  Radiation
1961 981 2 2 2 2 2     
1962 665 2 2 2 2 3     
1963 702   1 1 1     
1964 227 4 4 4 4 4     
1965 5883 5836 5836 5837 5837 5836     
1966 5914 5840 5840 5840 5840 5840     
1967 5888 5840 5840 5841 5841 5840     
1968 5880 5840 5840 5840 5840 5840     
1969 5864 5840 5840 5840 5840 5840     
1970 5854 5840 5840 5841 5841 5840     
1971 5854 5840 5840 5840 5840 5840     
1972 5845 5840 5840 5840 5840 5840     
1973 166 149 151 156 157 2501     
1974 156 92 97 99 100 601     
1975 286 209 203 216 219 246     
1976 280 208 210 222 225 703     
1977 240 165 159 165 168 179     
1978 245 203 197 205 206 213     
1979 308 205 205 204 206 229     
1980 224 147 146 150 150 159     
1981 217 99 106 107 108 113     
1982 92 2 2 2 2 2     
1983 263 1 1 1 1 1     
1984 84 1  1 1 1     
1985 108   1 1      
1986 186          
1987 233 1 1 1 1 2     
1988 209          
1989 140 1         
1990 171           

 
Table 3: number of not available hourly weather data for Salt Lake City in the year 

Wind Wind Dry Bulb Wet bulb Dew Point Relative Atmospheric Global Horizontal Direct Normal Diffuse Horizontal
Year Direction{deg} Speed{m/s} Temperature{C}  Temparature{C} Temperature{C} Humidity{%}  Pressure{Pa}  Radiation  Radiation  Radiation
1961 387 1 1 1 1 1     
1962 322          
1963 296   2 5      
1964 363 1         
1965 320          
1966 190  1  1      
1967 186     1     
1968 421    8      
1969 318   1 3      
1970 301   12 12 12     
1971 159   1 1      
1972 201          
1973 210 1 1 1 1 1     
1974 195 1  1 2      
1975 309 1         
1976 350 6 2 2 7 1     
1977 301 91 78 75 91 80     
1978 285 13 7 3 14 6     
1979 269  1  2      
1980 359          
1981 258          
1982 193          
1983 217   1 1      
1984 284    2      
1985 323 1 1 1 1 1     
1986 323 2 2 3 3 2     
1987 216   1 1      
1988 179          
1989 274   1 1      
1990 409   1 1       

Table 4: Compared result of TmyCreator software and available Tmy2 data by NREL for Salt Lake City  
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City Name Salt Lake 
Name of years used by NREL Name of years used by TmyCreator software

1 JANUARY 1976 1976
2 FEBRUARY 1971 1973
3 MARCH 1967 1987
4 APRIL 1976 1976
5 MAY 1989 1988
6 JUNE 1968 1968
7 JULY 1976 1976
8 AUGUST 1973 1989
9 SEPTEMBER 1972 1972

10 OCTOBER 1967 1968
11 NOVEMBER 1962 1962
12 DECEMBER 1965 1965  

 
Table 5: Compared result of TmyCreator software and available Tmy2 data by NREL for Abilene City 

City Name Abilene TX
Name of years used by NREL Name of years used by TmyCreator software

1 JANUARY 1974 1974
2 FEBRUARY 1980 1961
3 MARCH 1961 1961
4 APRIL 1969 1969
5 MAY 1981 1981
6 JUNE 1979 1979
7 JULY 1974 1988
8 AUGUST 1981 1970
9 SEPTEMBER 1962 1970

10 OCTOBER 1980 1980
11 NOVEMBER 1977 1971
12 DECEMBER 1967 1979  

 
In these tables the selected year for each month of the year by TmyCreator software and NREL 
have been showed. It can be seen that the TmyCreator software selected the years for 7 month 
like as selected year in NREL weather data for Salt Lake City and also selected the years for 6 
month like as selected year in  NREL weather data for Abilene City. Complete dissimilarity years 
selected for each month in the NREL file and the file produced by TmyCreator software is the 
following reasons: 
1- As shows in Table 2 and 3, the missing data for these cities is more and not known that NREL 

How corrected the missing data when created the Tmy2 weather data file. The TmyCreator 
software corrects the missing data using other available data as following method :   

The missed data = (the amount of after three hour+ the amount of before three hour)/2 
2- Because the solar radiation data have important role in selecting the year of the Sandia method, 

it not known that NREL used of hourly measured radiation data or predicted data.   
So, we can say that the TmyCreator software is acceptable. 

6. 5BConclusions 
In this study, the Sandia method has been applied to prepare the new TmyCreator software for 
selecting the proper data as the typical meteorological year (Tmy2). Also, the results of this new 
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software have been compared and it is found that, the results of TmyCreator software have good 
agreement with the old created Tmy2 weather data file. Using this software the Tmy2 weather 
file can be prepared for anywhere of the earth. The Tmy2 weather data file have been prepared 
for 6 city of IRAN (Tehran, Tabriz, Esfahan, BandarAbass, Shiraz, Boshehr and Yazd).  
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Abstract: Compliance with building codes in many countries requires energy simulation of designs in local 
climate conditions.  However, over a building’s lifespan, weather conditions may alter considerably due to 
climate change.  There is a risk therefore that a future climate may alter lifecycle heating and cooling demands 
from those experienced today.  The development of ‘stochastic weather generators’ provides an opportunity to 
produce synthetic weather data representative of a future climate.  These models are calibrated against observed 
data, before being refitted to the climate change projections of global circulation models.  The generator’s output 
is thousands of years of weather data for a particular future time period.  Theoretically these outputs would be 
appropriate for building energy demand simulation, although analysis of such a high number of projected years 
would be impractical.  This research has developed a method whereby a unique energy “fingerprint” is created 
for a building and used to estimate heating and cooling demands without the requirement for hours of 
computation.  Energy demand estimates from the fingerprint have been crosschecked with dynamic simulation, 
indicating a high degree of correlation.  The weather generator utilised in this study has been produced by the 
UK Climate Impact Programme (UKCIP) and is freely available on-line. 
 
Keywords: Climate change, building energy demand 

1. Introduction 
The 2008 Climate Change Act commits the UK to a challenging 80% reduction in greenhouse 
gas (GHG) emissions from a 1990 baseline by 2050 [1].  With buildings responsible for 
almost half of UK emissions [2], the construction industry will play a significant role in 
achieving this aim. 
 
To drive reductions in GHG emissions, many countries have adopted energy benchmarking 
processes that require calculation of building energy demand over a single year [3].  For 
example, the Energy Performance of Buildings Directive (EPBD) in Europe requires member 
states to develop calculation methodologies to allow building energy demand to be 
determined [4].  These calculations are required to account for the fabric and systems 
proposed within a design, as well as the outdoor climate conditions typically found at the 
location of the building.   
 
Measures such as the EPBD may be effective in reducing GHG emissions assuming steady 
climate conditions.  However, evidence suggests that significant changes to the climate in 
recent years have already altered the energy performance of buildings.  Wright [5] was able to 
demonstrate changes in heating degree-days over the period 1976-2000 consistent with a 
warming climate.  Similarly Jenkins et al. [6] indicated an 18% reduction in heating degree-
days, along with a 32% increase in cooling degree-days in London over the period 1961-2006. 
 
Given the long lifespan of many buildings, it is reasonable to assume the climate a building is 
exposed to over its life could be different to that assumed during the design stage.  This could 
influence the heating and cooling loads of the building, and potentially increase the GHG 
emissions beyond those expected.  To ensure GHG emissions resulting from energy demand 
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are limited across the lifecycle, a method of analysing the possible influences of climate 
change is required.  This paper describes how hourly weather sequences representative of a 
range of possible future climate alternatives may be produced in a format suitable for routine 
building energy analysis.  The following section outlines work previously completed by 
others in this field. 
 
1.1. Background 
Hundreds of software applications have been developed for the estimation of building energy 
demands [7].  The most advanced of these tools simulate the performance of designs against 
hourly (or even sub-hourly) inputs.  Weather sequences representative of the proposed 
building site are therefore required at this hourly resolution.  However, there is a lack of data 
at this level of detail that accounts of the influence of climate change in the future. 
 
1.1.1. Building analysis and climate change 
Cole and Kernan [8] first identified the need to consider the influence of a changing climate 
on building lifecycle energy demands in 1996.  However, at the time no suitable weather data 
were available to undertake such a study.  Since then various methods have been developed to 
address the problem.  The most simplistic approach has been to substitute weather data local 
to the site for that of a remote location that may be representative of a changed future climate. 
Gatrell and McEvoy [9] used this approach by using weather data from Rome and Milan as an 
approximation of London’s possible future climate.  The drawback of this method is that the 
relative humidity and diurnal temperature range of the substitute location may be quite 
different to that of the present site, even if the temperatures are similar to those expected for 
the future.  In addition, the hours of sunlight and solar inclination may be unrealistic and 
would clearly not be subject to variation, even considering climate change. 
 
1.1.2. Morphed weather data 
In an effort to produce more suitable weather data accounting for future climate change, 
Belcher [10] developed an approach whereby the weather conditions of a given site are 
“morphed” inline with the projections of large scale climate models.  In this work, Belcher 
used the Global Circulation Models completed by the United Kingdom Meteorological Office 
Hadley Centre and presented by the UK Climate Impacts Programme (UKCIP) in 2002 [11].  
The process provided an estimate of possible future conditions by “shifting and stretching” 
hourly recorded weather data.  This created a new annual sequence with monthly average 
conditions equal to those projected by climate models.  The morphed data produced by this 
process have been applied by many researchers [12] [13] [14], although it does suffer from 
two potential drawbacks.  Firstly, only one year of data can be produced for a given time 
period in the future, so the uncertainty in the projection cannot be satisfactorily addressed.  
Secondly, the morphing technique relies on the baseline recorded weather being from the 
same time period as the baseline in the climate model.  This is not always possible. 
 
1.1.3. Weather generators 
More recently a new method has been made generally available that offers an alternative form 
of ‘future’ hourly climate data – stochastic weather generators.  In 2009 the UKCIP produced 
an on-line user interface that allows generation of hourly synthesised weather data for any 
decade up to 2080 at any location following a 5km grid [15].  A full technical description of 
the weather generator and reference to the underlying scientific papers is provided by Murphy 
and Jones [16] [17].  A simplified description of the workings of the weather generator is 
however now provided by way of introduction. 
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The main difference between the 2002 and 2009 projections presented by the UKCIP is that a 
spread of probabilistic climate change is presented rather than one prediction.  UKCIP have 
achieved this by simulating a number of subtly different, but equally plausible, models that all 
represent the climate in a slightly different way.  From each of these models, “change factors” 
are produced that provide an indication of possible variation in weather variables at a monthly 
time scale.  The weather generator is then used to downscale the monthly projections into a 
synthesised daily, and finally hourly, time step.  Jones et al. [17] describe that like most 
weather generators a stochastic rainfall model is used to synthesise other weather variables 
based on the rainfall state.  To achieve this, the weather generator is first calibrated using 
observed rainfall data and other weather conditions to produce relationships between the 
variables.  The monthly change factors from the probabilistic models are then used to produce 
a future rainfall condition, which in turn is used to generate other future weather variables 
including temperature, humidity and cloud cover.  To ensure that a wide range of plausible 
climate models are applied, a minimum of 100 sequences of data are produced by the weather 
generator.  In addition to this, to ensure that a future climate can be well defined from the 
synthesised weather, each sequence is 30 years in length.  This means that the weather 
generator produces at least 3,000 years of possible future weather data for any future decade.   
 
The challenge for building energy modelling is how to apply such a vast quantity of data to 
assess the probabilistic performance of buildings in the future.  Some progress has been made 
by Smith et al. [18] in the application of the new data.  However in this study all 3,000 years 
were applied to a specific case study requiring specialised batch simulation and advanced 
processor power.  The work discussed here aims to simplify the process so that analysis can 
be completed quickly as a routine activity within building design. 
 
2. Methodology 
The objective of simulating building energy performance against future weather conditions is 
to determine the sensitivity of the design against a range of future scenarios.  In doing so, the 
energy required over a lifecycle may be reduced.  However, the energy required by one 
building in the future may be different to that of another.  For example, a heated and naturally 
ventilated building may use less energy in a ‘warm future’, as no air-conditioning system is 
present.  Conversely, a building with high casual heat gains and a full air-conditioning system 
may require much more energy in a warmer climate.  Many buildings may fall between these 
extremes.  The method adopted therefore first tests a building’s response to different weather 
conditions to define a unique ‘fingerprint’.  The fingerprint is then used to estimate energy 
demand (in the form of equivalent carbon dioxide, CO2eq, emissions) from all 3,000 years of 
data.  The following sections outline how this has been achieved. 
 
2.1. Selection of example weather years 
To understand how a building responds to differing climate conditions, a range of example 
years are required to define a suitable profile.  In this analysis, dry-bulb temperature is used to 
differentiate between the years and indicate the potential energy demand of the building. 
However, taking a simple average of annual temperature does not indicate how much energy a 
building may require for heating and cooling.  This is because it is the variation of hour-by-
hour temperature either side of the average that indicates energy demand.  For example, if an 
annual average temperature is 14°C, it is not known if the temperature spends a long time 
around this value, therefore requiring little heating or cooling energy in the building, or if 
wide extremes are experienced over the course of the year leading to high energy loads.  
Therefore, to indicate the amount of time in a year when temperature is at a particular value, a 
Cumulative Distribution Function (CDF) is produced for each of the 3,000 years.   
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When these CDFs are plotted and overlaid, a complete ‘envelope’ is created.  Fig. 1 shows a 
hypothetical example of CDF plots of temperature.  Example years are then chosen from 
across the full range of the envelope to test the building against a wide range of conditions.  
These are selected by plotting percentile positions across the envelope, then selecting the year 
which has the closest fit to the percentile points.  To achieve this, a “goodness of fit” test is 
applied in a similar way to that used in the development of Test Reference Years (TRYs) for 
the UK Chartered Institute of Building Services Engineers (CIBSE) [19] [20]. 
 

 
Fig. 1. Hypothetical example of Cumulative Distribution plots from UKCIP Weather Generator 
output.  Each line represents a single synthesised year. In practice the generator would produce at 
least 3,000 years, each with equal probability of occurring.  
 
In total, nine years are selected from the envelope at a spread of 10 percentile intervals.  These 
years are then used as the external weather conditions in a thermal simulation of a building.  
To illustrate the process, an example building is described in the next section. 
 
2.2. Testing of building performance 
The building used to create an example fingerprint is a small Police Station in the south of the 
UK.  It consists mainly of offices and meeting rooms, but also includes a relatively large 
computer server room.  To complete the dynamic thermal simulation of the nine weather 
years, Integrated Environmental Solutions1 (IES) v5.9 has been used.  The outputs of heating 
and cooling energy demand are converted to CO2eq values using a conversion factor typical 
to the UK [22] (0.198 kgCO2eq/kWh for natural gas and 0.517 kgCO2eq/kWh for grid 
supplied electricity).  The hourly values are then aggregated into daily totals and a 
corresponding average daily temperature is calculated. 
 
A binned frequency approach is then applied, where frequency of occurrence of daily average 
temperature in 1°C bins is determined.  Using the same bins, the corresponding heating and 

                                                           
1 The IES software determines annual building energy demands by modelling heat transfer processes 
at an hourly, or sub-hourly, time step.  It is approved for use in building regulations compliance in the 
UK [21]. 
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cooling energy demand (in CO2eq) is summated.  An example of the output of this process is 
shown in Fig. 2.  Unsurprisingly, most building heating load occurs at low external 
temperatures and more cooling demand is found at higher temperatures.  In addition to this, it 
is seen that of temperature frequency shows some correlation with the emissions, particularly 
cooling.  This indicates some consistency between average daily dry bulb temperature and 
total heating and cooling load.  The final stage is to use this profile to define a unique building 
energy fingerprint. 
 

 
Fig. 2. Total CO2eq emissions from example building heating and cooling demands and temperature 
frequency of occurrence in daily average temperature bins of 1°C 
 
2.3. Production of unique fingerprint 
To produce the fingerprint, the heating and cooling emissions are simply divided by the 
frequency of temperature occurrence.  This gives a varying heating and cooling coefficient at 
each of the temperature bins with units of kgCO2eq/day.  Fig. 3 shows the unique fingerprint 
for the example police station building.  In this particular case a minimal year round heating 
demand can be seen regardless of external temperature.  This is due to a continual 
requirement for domestic hot water.  Similarly a continual baseline load is also present for 
cooling as a result of the computer server room air conditioning equipment.  In this case 
CO2eq emissions are clearly dominated by cooling demand. 
 
Once the fingerprint is created, annual CO2eq emissions can be determined for any year with 
no need for further dynamic thermal simulation.  This is achieved by simply multiplying the 
coefficient by the frequency of temperature occurrence for a given year, which can be readily 
achieved using a spreadsheet application.  
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Fig. 3. Unique fingerprint of example building built from heating and cooling coefficients  
 
3. Results of validation 
To check the validity of the developed approach, the accuracy of the fingerprint at estimating 
building energy demand has been crosschecked using dynamic thermal simulation.  To 
complete this, a number of years have been selected from the UKCIP weather generator and 
energy demand for heating and cooling has been determined in the example building using 
both methods.  The years chosen for this process did not include those used to produce the 
fingerprint.  Figure 4 shows the correlation between total (heating plus cooling) CO2eq 
emissions for the example building against fourteen different years of weather. 
 

 
Fig. 4. Comparison of CO2eq emissions between estimated figures using fingerprint method and 
dynamic thermal simulation 
  
An r2 value of 0.94 has been found between the two methods, indicating a high degree of 
correlation.  This would suggest that for the case study examined, the fingerprint method is an 
acceptable way of estimating building energy demand for multiple years of data without 
requiring thermal simulation of each year. 
 
4. Discussion and conclusions 
The process developed here allows building CO2eq emissions to be estimated directly from 
probabilistic climate change projections with minimal computation.  The degree of correlation 
of the ‘fingerprint’ estimate to that determined by dynamic thermal simulation is very high, 
and greater than anticipated.  It was previously assumed that a lower correlation may have 
been found, as the fingerprint method does not consider varying solar radiation and 
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(de)humidification requirements, focusing instead only on external dry-bulb temperature.  It is 
however well known that these weather variables may affect building energy demand 
separately form dry-bulb temperature.  It is assumed that as the weather data are produced by 
a ‘generator’, there may be a stronger link between the variables than experienced in reality.  
For example, in the generator it may be that warm days are generally also sunny and that cool 
days are frequently cloudy.  This is not always true in reality.  It may therefore be that the 
Weather Generator produces weather sequences where the variables are more correlated than 
reality (due to the known link to the stochastic rainfall state) and therefore particularly 
suitable for building energy estimation.  However, as the method described in this paper is 
only applicable to generated weather sequences, this limitation is not a primary concern.  
Despite this, the issue is recommended for investigation in future work. 
 
The method developed in this study allows any building design to be tested against possible 
future climate conditions.  The advantage of using a weather generator as the basis of this 
work is that a wider range of climate conditions can be investigated than previous methods 
allowed.  This will allow a design to be checked in multiple scenarios, allowing poor 
performing systems to be focused on for improvement.  The main benefit of the approach is 
that a wide range of weather conditions can be explored without excessive levels of thermal 
simulation.  It is hoped that this approach will be applicable to the routine thermal analysis of 
buildings.  Further work is however required to investigate the accuracy of the fingerprint 
method in different building types in different locations to fully validate the method. 
 
Ultimately, by investigating building energy demand performance over a range of possible 
weather conditions a better insight is provided into possible CO2eq emissions that may be 
released as a result of heating and cooling a building over its operational lifecycle.  The 
situation to be avoided is one where emissions in the future increase as a result of increases in 
cooling demand due to a warmer climate.  This would be counterproductive to the UK 
achieving its target reduction of 80%. 
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Abstract: Indoor Ecology (IE) is an emerging research field that aims to develop new approaches and 
technologies which allow indoor environments and occupants to dynamically co-adapt to each other in order to 
enhance human wellbeing and productivity while simultaneously optimizing energy efficiency. The central idea 
in IE is that humans, building systems and the interior environment form a single, integrated complex 
‘ecosystem’. One way to IE optimization is though lighting, especially daylighting and daylight simulation. 
Current approaches to energy-efficient buildings emphasize only limited aspects of interior lighting, such as the 
carbon footprint, without regard to the multiple effects lighting has on human health, wellbeing and productivity 
which must be considered if truly sustainable interior spaces are to be designed. This paper documents five on-
going investigations which study various aspects of the lighting-human interaction in a variety of circumstances. 
For example, students in the classroom setting are exposed to wide changes in lighting as well as inadequate light 
during early classes, likely affecting attention, retention and performance. Subjects displayed a marked 
preference for natural lighting when given the option; supporting a general hypothesis that daylighting might be 
a solution to the twin problems of promoting health and productivity while decreasing energy use.  
 
Keywords: Daylighting, Low-energy lighting, Visual acuity, Health, Wellbeing 

1. Introduction 
The emerging discipline of Indoor Ecology seeks to develop the theories, methodologies and 
technologies needed to recast building design and architectural space in terms of flexible, 
sustainable and evolving human-building ecosystems. As part of this larger initiative, the 
effects of environmental lighting on human physiology and behavior must be investigated 
alongside the physical parameters of architectural space. The objective of the current research 
initiative into the effects of lighting on vision/visual acuity and health/wellbeing is to establish 
guidelines that can assist in the development of sustainable lighting solutions to promote the 
health and wellbeing of building occupants. This process-based research investigation looks to 
nature as a way of remodeling the built environment by considering the human-building 
relationship as a complex, evolving ecological network. Such an approach requires that 
environmental lighting be viewed from multiple perspectives – visual acuity, mood, 
chronobiology, health, energy efficiency, etc. – in order to inform the technological 
development of sustainable interior lighting systems [1]. Sustainable in this sense is broader 
that typically used in architectural design and includes the effects of light on human health 
and productivity as well as energy-efficient lighting design. The overall on-going research 
objective is to develop design criteria, guidelines and parameters to support the development 
of low-energy sustainable architecture at the nexus of health, energy and technology.  
 
1.1. Background 
Recent research indicates that lighting has increasingly become a public health issue [2]. 
These studies have shown that individuals working in natural sunlight are more productive, 
more effective, and happier than those who work under traditional artificial light. In addition, 
several studies have demonstrated a connection between environmental lighting levels and 
higher productivity and better performance from building occupants [6, 7]. Natural changes in 
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daylight balance the body’s circadian rhythm, which determines sleeping and eating patterns, 
cognitive activity, heart rate, hormone levels – in fact, virtually all physiological and 
behavioral parameters. Circadian phase shift and transmeridian travel have been shown to 
contribute to jetlag, seasonal affective disorder (SAD), delayed sleep phase syndrome (DSPS), 
and is implicated in more various diseases and disorders, including cancer [3]. In 
industrialized nations it is estimated that up to 20% of the workforce are involved in some 
kind of shift work [4] which is associated with exposure to unusual or abnormal levels and/or 
patterns of light and dark. Studies have associated these unusual levels and patterns with 
higher incidences of breast cancer and colorectal cancers [1]. Thus, the sustainability of 
human productivity and well-being, even life itself, is directly tied to environmental lighting. 
 
Lighting is also a sustainability issue in terms of energy use. Buildings consume 39% of the 
primary energy in the United States—on average 18% is used by lighting systems alone [5]. 
Also, the heat produced by a lighting system can generate up to 24% of the total building 
cooling load [6]. Proper lighting utilization using low-energy systems that generate little heat 
could result in significant cooling energy savings for buildings and a smaller carbon footprint.  
 
The twin requirements of promoting human health and productivity and designing energy 
efficient lighting systems appear to be at odds. How can lighting be designed sufficiently 
bright enough to sustain human health and productivity while suitably energy efficient enough 
to sustain the planet? One possibility is the creative use of natural daylight. Daylight brings 
enough light to meet lighting needs of 50 to 70% of the occupancy period in the temperate 
zone of the earth while saving energy up to 50% of the gross full yearly use of light [8, 9]. 
 
For proper health and energy savings it is important to understand how light affects 
physiology and behavior. Ocular light, or light reaching the eye, serves two major functions: 
vision and control of circadian rhythm [10]. Daylighting provides the quality light necessary 
for maximum vision and visual acuity [11] and provides the full spectrum of light needed for 
health and wellbeing [3]. Circadian rhythm is regulated by changes in visible light from the 
sun throughout the day [12] and is controlled daily by the full spectrum of natural light 
together with darkness in the environment [10]. 
 
1.2. Physiology and Daylight 
Natural daylight is crucial to promote productivity, health and wellbeing due to light’s visual 
and non-visual effects.  In addition to object recognition or visual information, light provides 
data on the timing and intensity of light and dark to synchronize the body’s biological 
rhythms. Photonic information (non-visual effects of light) is transmitted from the eye to the 
suprachiasmatic nucleus (SCN) located in the hypothalamic region in the center of the brain, 
leading to a cascade of hormonal changes in the pituitary, pineal, adrenal and thyroid glands. 
 
The SCN serves as master pacemaker or biological clock in humans, synchronizing the 
circadian rhythms that regulate and modify virtually every physiological and behavioral 
process in the human body. The human SCN displays a natural period slightly longer than 24 
hours and must be reset by light of the appropriate spectrum and intensity, at the proper time, 
to provide a consistent temporal order. When this temporal order is significantly disrupted – 
through inappropriate interior lighting, for example – it can lead to damaging emotional and 
physiological effects such as those associated with seasonal affective disorder, jet lag, delayed 
sleep phase syndrome, and may exacerbate serious conditions such as cancer. These effects 
are especially evidenced by people involved in shift work [13, 14, 15], such as the doctors and 
staff working in the Emergency Department at Hahnemann who are part of this research. 
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Fig. 1.  Plan of the Hahnemann Emergency 
Department Waiting Room (north side top of 
drawing). 

The hominid ancestors of humans did not live in buildings and evolved their circadian system 
– which present humans have inherited – exposed to the natural day/night cycle. The full 
spectrum of light available in this cycle includes UVA, UVB and visible light: at noon there is 
high intensity in the blue light region, in the late afternoon blue light is preferentially scattered 
out of (removed from) incoming sunlight so that the late afternoon sun provides red and 
orange light, and when the sun sets it becomes dark. Circadian rhythms are controlled 
primarily by daily exposure to levels of light in the blue-green spectrum together with 
alternating darkness in the environment. Blue light triggers the production of serotonin in the 
body, which enhances alertness and cognitive performance, while red or amber light signals 
the onset of dusk; the absence of light encourages melatonin secretion [16, 17]. Returning 
buildings to a natural light environment through the use of daylighting or mimicking the full 
spectrum of natural light using energy-efficient artificial lighting would both conserve energy 
and promote the wellbeing of building occupants [18]. 
 
2. Methodology 
There are five on-going investigations to determine the effects of a variety of lighting options 
in different architectural settings. These studies are designed to test environmental preference 
for natural light, artificial light effects on human health and productivity, different artificial 
light sources effects on vision and visual acuity with respect to energy use, and the effects of 
light shelves on indoor illumination levels. Preliminary results are documented in this paper. 
 
3. Results 
3.1. Hahnemann Hospital Emergency Department Waiting Room Daylighting Study 
The waiting room of the Hahnemann Hospital Emergency Department is a poorly monitored 
space: patients suffering from an accident, illness or even fear, are also unsure as to how long 
they may be waiting or what will happen once they see the doctor. After the recent death of a 
Philadelphia man waiting for care, attention has been refocused to emergency department 
waiting rooms. While it is not clear what led to his death, the event does suggest that health 
care providers should know more about what is happening to patients, both in the short and 
long term, while they are in the waiting room of emergency departments. 
 
Although the effects of the environmental 
lighting should influence designs for 
healthcare spaces, this is rarely the case. Light 
exposure of specific frequencies and 
intensities has been shown to affect mood and 
performance [20, 21, 22] and even treat 
certain aspects of depression [23]. Not known 
is whether lighting can affect a person’s health 
and wellbeing over short and irregular time 
periods such as while waiting for care at 
emergency departments. Waiting durations 
vary from less than a minute to as much as 12 
hours – longer wait times are associated with 
increasing levels of impatience and agitation. 
In addition to effects of lighting on patient attitude and mood, lighting may also affect the 
underlying health problem that brought the patient to the hospital in the first place. The 
current lighting of the Emergency Department waiting room at Hahnemann Medical Center 
was analyzed as a first step in assessing effects of lighting on waiting patients (Fig. 1). 
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Fig. 2. Actogram from wrist 
actigraph demonstrating 
ambient light exposure, sleep, 
rest, and activity periods for an 
average subject over 21 days. 

The next step is to determine the effects of the current lighting on patients. The initial 
hypothesis is that patients will aggregate in areas of high light intensity or natural lighting. In 
the daytime, the seats adjacent to the north windows receive the most natural daylight. The 
prediction is there will be a natural gradient of persons within the waiting room tending to sit 
near the windows. However, at night there is little difference in lighting (all artificial lighting) 
and no gradient of persons is expected as a result of lighting conditions. The artificially-lit 
waiting room of the evening hours will be used as a control to determine if there is a 
preference to sit near the windows. Other factors must be considered such as location relative 
to televisions, where other persons have already occupied a seat or even proximity to 
bathrooms or vending machines. The lighting measurements will be correlated to seat 
positions in another series of measurements. Data is presently being gathered; initial results 
support the hypothesis suggesting a trend to prefer sitting near the windows in daylight hours. 
 
3.2. Hahnemann Emergency Department Baseline Staff Productivity Study 
Another aspect of patient care is the performance of the health care providers. Given the well 
known performance deficits associated with circadian disruption and sleep deprivation, is it 
possible for environmental lighting to act as a counter agent to these effects? Current practice 
for emergency room service delivery involves doctors participating in schedules that involve 
8- or 10-hour shifts of two days of daytime, two days of afternoon/evening, two days of 
overnight and two days off. An initial staff productivity study will serve as a baseline 
inventory of sleep, self reported quality of wellbeing, burnout, sleepiness and preferred phase 
of circadian activity as well as the Emergency Department (ED) lighting environment. In this 
second ED study, resident physicians will wear light sensing wrist actigraphs that measure 
movement to assess objective sleep-wake activity patterns in different lighting conditions for 
one work cycle. Within the ED, lighting apparently varies little and there is no natural lighting 
once inside the patient treatment areas. However, lighting conditions may change based upon 
specific tasks being undertaken and/or the influence of lighting on performance may be task 
dependent. Lighting levels will be measured and correlated to tasks to assess how the 
Emergency Department lighting could be better designed to support ED staff performance.  
 
3.3. Lighting and the Educational Environment 
It is well known that time of day affects performance and 
learning. Sleep deprivation and fatigue are detrimental to an 
array of neurocognitive functions and, by extension, decrease 
learning. However, these observations have not been 
systematically applied to scheduling classes with the goal of 
enhancing a student’s learning experience. 
 
Lighting levels are being documented in several Drexel 
University classrooms and show significant variation from 
room to room and at different times of day in the same room. 
In fact, the lighting levels have been found to vary 
significantly from desk to desk within a single room even 
when the room is artificially illuminated. The discrepancy in 
lighting levels is even more pronounced when the room also 
has access to natural daylight, compounded with orientation to 
the sun (whether east, west, north or south orientation). To 
determine how these varying lighting conditions effect 
learning, students are being monitored for activity and light 
exposure using wrist actigraphy (Fig. 2). The data will be 
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Fig. 3. Light Boxes, from left to 
right: LED, Phillips incandescent, 
CFL, GE incandescent 

 

 

Fig. 4. Light Source Preference 

cross-referenced with the student’s performance to determine the effects of lighting and 
sleep/wake cycles on academic achievement. Further studies will evaluate classroom seating 
position with respect to lighting and effects of lighting on mood, sleepiness and performance. 
 
Preliminary investigations consist of data collection using wrist actigraphy for 2 weeks during 
a school term. Weekdays were analyzed to determine the average light exposure students 
received during the day. Light was recorded in 60 second epochs. 180 epochs were averaged 
to create six, 3 hour bins from 06:00-24:00. Average light exposure (lux) was compared 
across the bins. While previous analysis failed to reveal a significant exposure to ambient 
light during the night (24:00-06:00), daytime exposure was shown to vary significantly by 
time of day. A one-way ANOVA was used to test for differences in average light exposure in 
3 hour bins from 06:00-24:00. Exposure differed significantly across the six time bins, F (5, 
102) = 3.78, p = .003. Also, a trend toward increasing light exposure was seen as a result of 
time of day with the hours of 12:00-14:00 showing the highest average lux per subject. 
Additionally, during students’ earliest waking hours, from 06:00-09:00, analysis revealed 
significantly reduced light levels, equivalent to the sleeping environment, despite student's 
schedules and activity measurements correlating this time period as active class time. 
 
3.4. Light Source, Vision and Visual Acuity 
Not only are lighting levels, light with respect to time of day, and physiologically 
experiencing the full spectrum of natural daylight important for the work environment, but 
also the quality of the light can be crucial—especially in an emergency medicine situation 
when the attending physician may be tired and yet responsible for completing tasks that 
require precise visual acuity, such as making incisions and stitching wounds. 
 
During the summer 2010, five lighting experiments were 
set up to compare and contrast five different light sources 
for visual acuity and comfort, which were cross-
referenced with age, gender and whether or not corrective 
lenses were used. Each lighting experiment had an eye 
chart with verse from Ralph Waldo Emerson’s The 
Conduct of Life, with point sizes varying from 1pt to 7pt, 
each illuminated by a different light source. The test 
subject looked through goggles to ensure the same focal 
distance from the eye chart and selected the smallest point 
size that could be read. The lighting level was been set at 
+/- 530-650 lux for each of the four artificial light 
sources: LED, Phillips incandescent, compact fluorescent 
and GE incandescent (Fig. 3). The fifth lighting 
experiment used available natural daylight and the test 
subject noted the lighting level at the time of the test; 
daylighting levels tended to vary within the range set up 
for the artificial lighting sources at +/- 530-650 lux. The 
test subject was requested to indicate which one of the 
light sources was the most comfortable (Fig. 4). Sixty-
five people were surveyed with ages ranging from 9 to 77 
years. While the use of corrective lenses did not seem to 
affect the study, the daylight source was overwhelmingly 
preferred. However, this was not the case during the 
spring when daylighting levels varied 200-500 lux.
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Fig. 5. Office 
(oriented north up). 

Determining quality of light with respect to light source and energy consumption is critical to 
meet today’s energy conservation needs. Daylighting is ideal because it consumes no energy 
and is cost-free. On the other hand, radiant energy from light results in heat gain; potentially 
in the winter a reduction in heating costs, while in the summer an increase in cooling loads. 
Indirect daylight is ideal because of lowered radiant heat gains. A comparison of the artificial 
light sources used in this experiment reveals that although users indicated little preference 
between the artificial light sources, while the LED (light emitting diode) light source is 
considerably more sustainable, it costs nearly double the CFL (compact Fluorescent); 
however, both use considerably less energy than either incandescent (Table 1). Additionally, 
while not measured in this study, both the LED and CFL also generate less heat. 
 
Table 1. Artificial light sources. 

LED: Pharox 40 
Warm White Light 

Incandescent: Philips 
Duramax R20 

Compact 
Fluorescent: 

Ecosmart Soft White 
Cold Cathode 

Incandescent: GE 
Soft White 25 

230 
lumens 

5W 36K 
hours 

205 
lumens 

30W 2.5K 
hours 

200 
lumens 

5W 20K 
hours 

210 
lumens 

25W 2.5K 
hours 

No mercury, no UV, 
100% recyclable 

 contains mercury  

cost over 36,500 
hours = $76.38 

Cost over 36,500 
hours = $219.15 

Cost over 36,500 
hours = $39.35 

Cost over 36,500 
hours = $159.15 

 
3.5. Natural Daylighting and Light Shelf Efficacy 
Lighting energy accounts for a large portion (30-50%) of total energy consumption of typical 
commercial buildings [l9], and about 15% percent of residential consumption in the U.S. [5]. 
Daylight generates enough light to meet lighting requirements of 50 to 70% of the occupancy 
period in the temperate zone of the earth. Energy savings by using daylighting can be up to 
50% of the gross full yearly use of light for interior conditions [8, 9]. For these reasons, 
techniques that can maximize daylight use in indoor spaces while minimizing heat gain would 
be useful to ensure both quality light and energy savings in buildings.  
 
A south-facing room was used as a test site. It is a typical office plan 
illuminated by windows all along the south wall from about 42” 
above the floor to the ceiling at ten feet above the floor. The 
orientation is skewed from true south as indicated in the plan (Fig. 5). 
Light shelves were installed along the central horizontal dividing 
mullion at approximately six feet above the floor level. A 99.7% 
reflective coating provided by 3M Corporation was installed on the 
top surface of the light shelf and on the ceiling above to redirect the 
reflected sunlight back down into the room. Lighting levels were 
documented at one hour intervals from 10:00-15:00. It was noted 
whether or not it was Sunny (Clear Sky), Partly Cloudy, Cloudy, or 
Rainy. Three separate readings were taken each hour: no light shelf, 
light shelf horizontal to the floor, and light shelf inclined at 10o below 
the horizontal. Readings were taken on twenty separate days over a 
period of six weeks at three locations as indicated on the plan (Fig. 6).  
 
Preliminary results suggest that light shelves help to evenly distribute interior lighting levels 
across the room when located on south-facing windows; glare is reduced at the window due to 
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Fig. 6. Section through office 
showing light shelf and locations 
of daylight readings. 

 

Fig. 7. Light distribution. 

the shelf shading adjacent work surfaces while lighting levels are increased at work surfaces 
within five to eight feet from the window (Fig. 7).  Surfaces beyond eight feet receive much 
less benefit. Daylighting is most effective when the sun is perpendicular to the window, 
explaining why illumination levels for this test location were highest at 14:00 instead of noon. 
 
4. Conclusions 
While human behavior is occasionally considered in 
the design of low-energy architecture, energy use and 
efficiency can often take precedence over human 
comfort, performance and/or wellbeing. Buildings 
have been designed to efficiently use energy while 
illuminating building interiors. However, rarely is 
visual acuity a consideration in lighting design nor are 
the effects of lighting on physiology and behavior. As 
a result, lighting is often energy-efficient while 
building occupants have difficulty succeeding in tasks 
requiring keen vision, such as suturing a wound or 
reading fine-print text. Additionally, buildings with 24 
hour illumination generally produce the same intensity 
and wavelengths throughout the period, increasing 
chances for circadian disruptions with consequent 
health and performance decrements. The quality and 
timing of light should be controlled to ensure the 
physical and mental wellbeing of building occupants. 
Future areas for research include: 1) evaluating the 
feasibility of artificially mimicking the full spectrum 
of light by phase-shifting the day of night-shift 
workers to reset their biological clocks to be in sync 
with their natural circadian rhythms; 2) optimizing the 
educational environment by coordinating course 
schedules with time of day and classroom lighting 
levels to enhance student academic performance and 
alertness; and 3) developing criteria for sustainable 
architectural design at the nexus of health, energy and 
technology. 
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Abstract: Passive Houses have gained popularity the last ten years as a way of improving the energy efficiency 
in the housing stock. The challenge of avoiding external heating during the cold winter climate in Sweden has 
pushed the design of a Passive House in a direction where problems with excessive temperatures might occur 
summertime. The aim of this paper is to evaluate comfort cooling strategies for attaining good indoor climate 
summertime while maintaining good energy efficiency. Also, to add knowledge of comfort cooling strategies for 
Swedish conditions as the summer season is short and comfort cooling is normally not installed. The studied 
strategies include: airing, shading, increased ventilation, cooling machine and evaporative cooling. Additionally, 
combinations of these methods are studied. To evaluate the cooling strategies and their impact on the indoor 
temperature and the amount of electricity needed for their operation, computer simulations have been made 
using the simulation tool IDA Indoor climate and energy. The building model is based on an existing Passive 
House in the district Lambohov in Linköping, Sweden, where continuous logging of temperatures are available. 
Without comfort cooling the simulations show excessive temperatures summertime which is consistent with the 
field measurements from the real house. The overall judgement is that passive cooling strategies can provide 
sufficient cooling during the hottest part of the summer and that both shading and airing strategies should be 
used for a maximum cooling effect.  
 
Keywords: Building simulation, Comfort Cooling, Passive House  

1. Introduction 
Passive Houses have gained popularity the last ten years as a way of improving the energy 
efficiency in the housing stock. A Passive House uses only the internal heat gains from 
lighting, equipment, humans and the incoming solar radiation to heat the building. This is 
possible through a combination of a highly insulated building envelope and a heat exchanger 
that heats the incoming air with the exhaust air. A Passive House has therefore no need for a 
traditional heating system, but occasionally, when the temperature drops fast during a cold 
period, there might still be a need for additional heating. The challenge of avoiding external 
heating during the cold winter climate in Sweden has pushed the design of a Passive House in 
a direction where problems with excessive temperatures might occur summertime. 
 
The aim of this paper is to evaluate comfort cooling strategies in order to attain good indoor 
climate summertime while maintaining good energy efficiency. Can a clever use of shading, 
airing and ventilation provide enough cooling to avoid an installation of comfort cooling 
equipment. Moreover, the use of a cooling machine as well as evaporative cooling is also 
evaluated. 
 
Socialstyrelsen (The Swedish National Board of Health and Welfare) recommends that the 
indoor temperature does not exceed 24 and 26 °C wintertime and summertime respectively 
(Socialstyrelsen 2005). Further, Boverket (The Swedish National Board of Housing Building 
and Planning) recommends an indoor temperature between 23 and 25 °C summertime 
(Boverket 2007) and FEBY(Forum for Energy Efficient Buildings) recommends that the 
indoor temperature does not exceed 26 °C more than 10 % of the time summertime in the 
hottest part of the building (FEBY 2009).  
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A study by SP (Technical Research Institute of Sweden) with temperature loggings from 20 
terraced house apartments in 4 Passive Houses in Lindås, Sweden, show a mean indoor 
temperature of 25.2 °C summertime (Ruud and Lundin 2004). Some of these apartments have 
temperatures within good levels throughout the summer but others have periods with 
temperatures between 25 and 30 °C and there are occasions when the indoor temperature 
reaches 30 °C. Dwellers in Passive Houses in the districts of Oxtorget, Glumslöv and Frillesås 
responded to a questionnaire study about their indoor temperature summertime. The outcome 
of the questionnaire gave the result that in Oxtorget 31 %, in Glumslöv 56 % and in Frillesås 
11 %, respectively, claimed it was too warm during this period (Samuelsson and Lüddeckens 
2009). More reports of excessive temperatures summertime have been made from dwellers in 
a two-storey Passive House in Lidköping and from dwellers living on the top floor in a three-
storey apartment building in Brogården, Alingsås (Janson 2010). In Lambohov, Linköping, 
temperature measurements from two Passive Houses also show excessive temperatures 
summertime. During the month of July 2010, the mean value of the exhaust air temperatures 
from these two apartments were 27.3 °C. Further, the exhaust air temperatures from these two 
apartments were 26 °C or higher during 60 % of this time (KTC 2010).  
 
In contrast to warmer countries, comfort cooling equipment is normally not installed in 
Swedish dwellings. However, the combination of the isolating capacity of a Passive House 
and the large solar gains summertime could result in excessive temperatures even in this cold 
climate. Methods for comfort cooling in warmer countries are normally: shading, ventilation, 
cooling machines, evaporative cooling, solar chimneys, earth tubes, reflectors and night-time 
radiation cooling. 
 
2. Methodology 
With the use of computer simulations this paper investigates strategies for comfort cooling for 
a Passive House in a Swedish climate. The simulations have been carried out using the 
software IDA Indoor climate and energy (ICE), a software that since its release in 1998 has 
grown to become one of the leading international tools (U.S. Department of Energy 2009). 
The input data representing the human presence, the use of electricity and domestic hot water 
are based on a collection of user related data from Boverket (2007). Applied to this household 
it results in the internal gains of 4.6 W/m2. The building model in the IDA ICE-simulations is 
based on an existing Passive House apartment in Lambohov, Linköping, Sweden, where 
continuous logging of temperatures are available, see Fig. 1. It is one of two 4-room 
apartments in a Passive House building, both with two floors and an area of 105 m2. The 
ground floor has a ceiling height of 2.5 meters and the second floor has a ceiling height of 2.4 
meters. The apartment is equipped with an FTX-system that recovers the heat in the exhaust 
air to heat the incoming air and a constant air volume (CAV) ventilation system with two 
temperature meters controlling the ventilation. Further, a climate file from Meteonorm is used 
in IDA ICE to simulate the climate in Linköping. More details are presented in Appendix. 

In order to evaluate the different comfort cooling strategies, the first ten days in the month of 
July, a period with excessive temperatures in the real Passive House are simulated. The 
reference case without different measures to cool the apartment is compared with 
implementations of different strategies for comfort cooling. Their individual cooling 
performances as well as the combinations of these are then evaluated. 
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Fig. 1.  Temperature loggings during July 2010 from the real Passive House in Lambohov, to the right 
presented in a duration diagram. 
 
3. Comfort cooling strategies 
The simulated comfort cooling strategies and their implementations in IDA ICE are here 
presented.  
 
3.1. Integrated and external window shading 
Integrated and external window shadings of separate types are used. In the simulations the 
integrated window shading is controlled by the solar radiation, the time of the day and the 
indoor temperature. It is activated if the direct normal radiation exceeds 100 W/m2 and if the 
room temperature is higher than 22 °C. For the integrated shading the solar gains factor (g-
value) equals 0.14, the short-wave shading coefficient (T-value) equals 0.09 and the U-value 
equals 1.0. Moreover, the integrated window shading is not used on the east façade since it 
could make the apartment too dark inside. This restriction is not made on the use of the 
external window shading, where an awning is implemented on every window at all times of 
the day.  
 
3.2. Airing with windows 
In contrast to shading, airing with windows is due to safety reasons only allowed certain hours 
of the day and only with the windows on the second floor. The hours for airing are set to 
18:00-22:00 but only if the room temperature is higher than 22 °C and higher than the outdoor 
temperature. In that case the windows will be 25 % opened. 
 
3.3. Increased ventilation 
When the ventilation system is used as a mean to remove excess heat, the ground state of the 
CAV-ventilation and its airflow of 45 l/s is increased to 90 l/s.  
 
3.4. Airing with a roof hatch 
As an option for airing with windows which is only allowed daytime, a roof hatch is 
implemented in order to investigate how much night-time airing can lower the temperature. It 
is assumed that security measures are taken in order to keep it open night-time. The roof hatch 
has an area of 0.7 m2 and is located in the upper hall. It is intended to be open between  
18:00–08:00 but only if the indoor temperature in the room is higher than 22 °C and higher 
than the outdoor temperature.  
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3.5. Cooling machine 
The cooling machine is connected to the FTX-system which distributes the cooling to the 
building. The set-point for the exhaust air temperature is 24 °C and the minimum allowed 
supply air temperature is set to 15 °C.  
 
3.6. Evaporative cooling 
Evaporative cooling is investigated as an alternative to the cooling machine. It is connected to 
the FTX-system and has an efficiency of 80 %. The set-point for the exhaust air temperature 
is 24 °C and the minimum allowed supply air temperature is set to 15 °C. 
 
4. Results 
The simulation results in Fig. 2 show that passive cooling can provide sufficient cooling 
during the hottest part of the summer. The best cooling result is obtained when both shading 
and airing strategies are used. Here, the most effective strategy is the combination of the 
external window shading and the roof hatch. The roof hatch proves to be the best single way 
to lower the temperature in the apartment. Fig. 3 shows that the combination of the increased 
ventilation with window shading also can provide a satisfactory cooling result. If the cooling 
machine or the evaporative cooling is used, the best combination are in both cases either with 
the external window shading or with the increased ventilation as can be seen in Fig. 4 and  
Fig. 5. The cooling machine has a better cooling performance than the evaporative cooling but 
with the standard ventilation airflow none of them can lower the temperature to a comfortable 
level. Higher ventilation or lower supply temperature than 15 °C is required.  
 
The electricity use of the fans during the ten simulated days is 14.4 kWh/10 days with the 
standard flow of 45 l/s. The extra power demand for the doubled ventilation is 100 kWh/10 
days. In comparison the power demand of the cooling machine for reducing the supply air 
temperature to 15 °C is about 30 kWh/10 days (cooling demand 100 kWh /10 days) but the 
temperature reduction is less. 
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Fig. 2.  Simulation results with passive cooling methods. The period is 1 – 10 of July. 
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Fig. 3.  Simulation results with an increased airflow in the ventilation system, with and without 
window shading. The period is 1 – 10 of July.  
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Fig. 4.  Simulation results with the cooling machine, with and without passive cooling methods or an 
increased airflow in the ventilation system. The period is 1 – 10 of July. 
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Fig. 5.  Simulation results with evaporative cooling, with and without passive cooling methods or an 
increased airflow in the ventilation system. The period is 1 – 10 of July. 
 
5. Conclusions 
The simulation for the reference case agrees well with the practical experiences of excessive 
summer temperatures in Passive Houses. It seems likely that passive cooling strategies can 
provide sufficient cooling during the warmest part of the summer. A combination of shading 
and airing strategies should be used for the maximum cooling effect. However, in these 
simulations it is assumed that sophisticated devices are controlling the airing and shading 
based on the indoor and outdoor temperature and the solar radiation. Such devices are 
normally not yet installed in Passive Houses but nevertheless, the results demonstrate the 
potential with the use of passive cooling. On the other hand Fig. 2 illustrates that the best 
result of the passive cooling strategies is obtained with the roof hatch and the external 
window shading, two strategies that necessarily do not need any controlling devices.  
Instead of using a roof hatch, an already existing window could be kept open night-time, this 
would also require that security measures are taken but the installation of a roof hatch would 
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not be needed. In addition, since an increased airflow in the ventilation system appears as an 
effective tool for lowering the indoor temperature, it should be made possible for the dwellers 
to control the airflow after their needs. Neither the cooling machine nor the evaporative 
cooling can by itself lower the temperature to a comfortable level, it has to be combined with 
higher ventilation or the supply temperature must be allowed to be lower than 15 °C.   
 
The outcome of these results shows that options for passive cooling should be applied before 
any cooling machine or such equipment is installed. Since Passive Houses can contribute to 
increased energy efficiency in the housing stock, it is of great importance that they are well 
adapted to the summer climate, ensuring a comfortable living.  
 
The outcome of simulations of this sort is highly depending on the implementation of the 
internal gains and the compilation of user related data used for this in this paper only offers an 
indication of these amounts. Furthermore, the amount of solar gains summertime is 
responsible for the excessive temperatures and different simulation software will differ in this 
result (Lundh and Wäckelgård 2009). Other sources of error come from the software’s 
limitation in computational accuracy. Additionally, a more exact study of the ventilating 
capacity of a single roof hatch or window could be made using CFD-tools (Computational 
Fluid Dynamics). In our case the simulated reference case agrees very well with the actual 
temperature loggings in the house as can be seen by comparing Fig. 1 and 2. 
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Appendix 
 Simulation input data 
 
Building envelope            m2 W/m2K 
Apartment area 105  
External wall  0.1073 
Internal wall  0.6162 
Internal floors  0.2259 
Roof  0.08735 
External floor  0.1289 
Glazing  0.8800 
Outer door, front  0.7500 
Outer door, back  0.9000 

 
 

Thermal bridges m W/mK 
Edge beam 54 0.094 
Wall corner 45 0.027 
Windows & Doors 120 0.041 
Wall/Joists 63 0.025 
      
   
Ventilation  
Air leakage (at +/- 50 Pa) 0.24 l/s,m2 
Mechanical ventilation 45  l/s 
Fan pressure 488 Pa 
Fan power 60  W 
Efficiency of ventilation fan 73  % 
Efficiency of heat exchanger* 87  % 
* During the cooling season the heat exchanger is only used if the outdoor temperature 
exceeds the indoor temperature         
            
Ground reflection   20 %  
Internal gains    4.6 W/m2     
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Abstract: Climate change made governments introduce energy performance regulations like the Energy 
Performance of Buildings Directive (EPBD) and these regulations will be tightened in the future. However, the 
real performance of current low energy dwellings does not always match the theoretical expected performance 
and therefore lessons can be learned from the real performance of these houses for future low energy houses.  
For four low energy houses, energy consumption and indoor climate have been analyzed through calculations, 
monitoring and occupant surveys. All houses appeared to be more energy saving in theory and practice than the 
current Flemish building standard, but with large differences between the houses and with still a large potential 
for improvement, especially the heating systems. Also the measured CO2 concentrations in winter strongly 
differed between the houses and the occupants’ perception of indoor air quality did not always match the 
measured quality. The weakest point according to the surveys was summer comfort, especially in the sleeping 
rooms, but this was not always confirmed by measurements and calculations. This shows that common comfort 
theories are not adapted to dwellings and that summer comfort should be evaluated in detail during design. These 
lessons should be taken into account when designing and evaluating future low energy houses. 
 
Keywords: Post-occupancy evaluation, Energy, Thermal comfort, Indoor air quality, Occupant behavior 

1. Introduction 
The challenges of climate change and the exhaustibility of natural resources made 
governments all over the world introduce energy performance regulations in order to avoid 
the construction of energy devouring buildings. These regulations will be tightened in the 
future, as is already the case with the recent recast of the EU EPBD. Architects and building 
occupants however do not wait for the tightening to build dwellings that performa better than 
the legal standard. In Flanders, Belgium, in 2006 at the introduction of the Flemish EPBD 
version (called EPB), only 2.5% of all new dwellings performed at least 40% better than the 
legal standard (according to the theoretical calculated energy performance level) whereas in 
2009 already 11% of all new dwellings performed at least 40% better than the legal standard 
[1]. Weak point is that these are theoretical performances and that there often is a discrepancy 
between theory and practice [2,3]. In order to improve the real performance of future low 
energy houses, the knowledge of real energy and comfort performance of present low energy 
houses should be increased. In this research the post-occupancy performance of four low 
energy houses has been analyzed for the aspects of energy consumption and indoor climate 
(thermal comfort and relative humidity (RH) in winter and summer, and indoor air quality 
(IAQ) in winter). Underlying to the analysis were following questions: (1) are these houses as 
energy saving in practice as calculated in theory? and (2) is the indoor climate satisfactory in 
these houses, both in winter and summer? In this paper, first, the methodology is presented 
with a description of the four houses and the calculation method for energy consumption and 
summer comfort. Also the monitoring campaign is described as well as the survey and the 
evaluation criteria for energy and indoor climate. Then, the main results of this evaluation are 
presented and discussed. Finally conclusions are formulated on lessons to learn from this 
post-occupancy evaluation for the design of future low energy houses. 
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2. Methodology 
2.1. Description of the low energy houses 
The dwellings are all located in the province of Limburg, Flanders, near the border with The 
Netherlands and Germany. Three dwellings are newly constructed and one old dwelling is 
thoroughly renovated. House 1, 2 and 3 are designed (or renovated)  by the same architect, 
chosen by the occupants for her expertise with energy saving dwellings, whereas for the 
architect of house 4, it was his first low energy house and also the occupants were not familiar 
with low energy concepts. The main characteristics of the dwellings are given in Table 1. 
 
Table 1. Characteristics of the dwellings 

 House 1 

 

House 2 

 

House 3 

 

House 4 

 
Construction 

year 
2005 2004 1830, renovated in 

2002 
2007 

Typology Detached Detached Detached Semi-detached 
# occupants 6 5 5 3 

Volume 687 m³ 952 m³ 770 m³ 629 m³ 
Floor area 294 m² 333 m² 278 m² 252 m² 

Heat loss area 549 m² 549 m² 530 m² 419 m² 
Umean 0.30 W/m²K 0.28 W/m²K 0.50 W/m²K 0.30 W/m²K 

Glass to floor 
ratio 

24% 18% 28% 14% 

Heat 
production 

system 

Soapstone wood 
stove + backup 
boiler on gas 

Condensing boiler 
on gas + wood 

stove 

Soapstone wood 
stove + electrical 

heater in bathroom 

Condensing 
boiler on gas 

Domestic hot 
water system 

Storage tank 
connected to 
wood stove + 
boiler backup 

Storage tank 
connected to  
boiler on gas 

Storage tank 
connected to wood 
stove + electrical 

backup 

Storage tank 
connected to 
boiler on gas 

Heat emission 
system 

Floor and wall 
heating 

Floor heating and 
radiators 

Stove Floor heating 

Ventilation 
system 

Balanced 
ventilation with  
ground pipe and 
heat recovery, 

summer bypass 

Balanced 
ventilation with 
ground pipe and 
heat recovery, no 
summer bypass 

Mechanical supply, 
connected to 
ground pipe, 

natural exhaust 

Balanced 
ventilation with 
ground pipe (not 

yet installed) 

Renewable 
solar energy 

10m² thermal 
collectors 

4.7m² thermal 
collectors 

4.14m² thermal 
collectors 

4.8m² thermal 
collectors 

 
2.2. Calculation of energy consumption and summer comfort 
Both the calculation method for energy consumption and the assessment method for summer 
comfort, applied in this research, form part of the Flemish version of the EPBD (further called 
EPB). The main principles of these calculation procedures are described below. 
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2.2.1. Calculated energy consumption 
The end energy and primary energy consumption for heating and domestic hot water are 
calculated with the calculation procedure for the EPB. The procedure is mainly based on the 
EN ISO 13790(2004). It is a steady state monthly based one-zone model, taking into account 
the insulation quality of the building envelope, useful internal and solar heat gains, 
performance of ventilation system and heating system and presence of renewable energy 
systems. Despite the simplifications, the energy consumption calculated with a monthly based 
steady state one-zone model is very comparable with the energy consumption calculated with 
a dynamic multi-zone model [5]. The average indoor temperature is 18°C for heating. The 
outdoor climate is the Test Reference Year of Brussels, Belgium. In the calculation procedure, 
the volume of domestic hot water used depends on the building volume and the energy 
consumption for domestic hot water depends on the performance of the heat production 
system, presence of a storage tank and a solar collector and length of pipes. Also the auxiliary 
electricity consumption for pumps and fans is calculated. The EPB considers a primary 
energy conversion factor for electricity of 2.5.  
 
2.2.2. Calculated risk for summery overheating 
In the EPB for dwellings, also the risk for summery overheating is assessed, through the 
overheating indicator. The indicator is calculated based on the yearly surplus heat gains 
compared to the set point temperature of 18°C. The surplus gains depend on the overall 
monthly heat gains (internal and solar), the thermal capacity of the building and the 
proportion of heat losses to heat gains. For the overheating indicator a threshold value of 
8000Kh and a maximum value of 17500Kh is set. Below the threshold value, no risk for 
summery overheating is expected, above the maximum value the summer comfort is totally 
unacceptable and the designer is obliged to take measures to improve the summer comfort. 
Between threshold and maximum value, a real risk for summery overheating is assumed, 
linearly depending on the distance to the threshold value. This means that it is assumed that in 
practice, there is a real risk that the occupant will install an active cooling system after the 
house is built, thus increasing his energy consumption significantly. Weakness of this steady 
state one-zone model is that summer comfort is evaluated at the level of the overall building, 
whereas overheating typically is a local and dynamic problem that not necessarily occurs in 
all rooms of a dwelling. But since this method, as part of the EPB method, is used in Flanders 
to enhance the awareness of architects for summery overheating, it also has been used within 
this research to roughly assess the summer comfort.  
 
2.3. Monitoring of energy consumption and indoor climate 
In the dwellings, indoor climate and energy consumption are monitored from March 2009 
until February 2010. The indoor temperature and RH are measured every 15 minutes with an 
ONSET HOBO H8 logger in the living room and in a north oriented and a south oriented 
sleeping room. During the winter (November 2009 till January 2010) also the CO2 
concentration in the living room is measured every 5 minutes with a Telaire 7001, coupled 
with a HOBO H8 logger. With a maximum distance of 30km between the dwellings, the 
outdoor temperature and RH are only measured at one location. The energy consumption of 
natural gas, electricity and wood have been noted by the occupants on at least a weekly basis. 
 
2.4. Survey of the building occupants 
Apart from calculations and monitoring, also the occupants are surveyed. Their behavior as 
well as their perception of the indoor climate is analyzed through a survey on the winter and 
summer situation. Questions are asked on their presence in the house during daytime, on their 
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habits of opening windows, setting off the heating system during absence and taking measures 
against summery overheating during absence. Also occupants have to evaluate their 
perception of thermal comfort, draft and IAQ through a scale of [-3,-2,-1,0,1,2,3] for thermal 
comfort, a scale of [0,1,2,3] for draft and [-3,-2,-1,0] for IAQ, for winter and summer for the 
rooms that are monitored. Also questions are asked on the adaptation of the heating system to 
fluctuating indoor temperatures (eg. due to change in solar irradiation) and whether any room 
is uncomfortably warm or cold at a certain time of the day. 
 
2.5. Evaluation criteria for energy consumption and indoor climate 
To assess the real performance of the low energy houses and to compare the theoretical 
performance with the real performance, the following evaluation criteria have been used.  
 
For energy consumption, the monitored consumption of all energy carriers (gas, electricity, 
wood) in each house is normalized into an end energy consumption in kWh/year per m² floor 
area and a primary energy consumption in kWh/(m².year). Gas and wood consumption are 
first normalized for a standard year by means of the degree day method (1800 degree days 
during monitoring and 2087 degree days in a standard year in Brussels). This is compared 
with the theoretical energy consumption according to the EPB. Since electricity for household 
appliances and lighting is included in the monitored electricity consumption, but not in the 
EPB, both the primary energy consumption with and without electricity is given as a result. 
However, by excluding the electricity consumption, also the electricity for pumps, fans and 
eventually electrical backup for domestic hot water is excluded. As the results will show, this 
makes it difficult to mutually compare the houses. 
 
For thermal comfort, the mean indoor temperature and standard deviation are calculated from 
the monitored data for winter and summer for the different rooms. Also the percentage of 
time, the temperature in the different rooms is below, in or above the comfort zone is 
calculated. For the winter situation a comfort zone of 20°C - 24°C is set for the living room 
and 18°C - 22°C for the sleeping rooms; for the summer a comfort zone of 23°C - 26°C is set 
for all rooms. This is based on ISO 7730:1994 [4] for a maximum PPD (Predicted percentage 
of dissatisfied) of 20%. Weak point is that this comfort theory is developed for office 
buildings. In fact, none of the current comfort theories (Fanger, adaptive model, weighted 
temperature exceedings,…) is adapted to assess thermal comfort in dwellings and certainly 
not in sleeping rooms. The measured results for thermal comfort are compared with the 
perceived thermal comfort by the occupants and with the calculated overheating indicator.  
 
The IAQ is assessed by means of the RH and the CO2 concentration. The comfort zone for 
RH is 30-70%. For CO2 concentration, four IAQ-levels are considered: IDA1 (< 400ppm 
above outdoor level), IDA2 (400-600ppm above outdoor level), IDA3 (600-1000ppm above 
outdoor level) and IDA4 (> 1000ppm above outdoor level). An outdoor level of 400ppm is 
assumed. For a good IAQ normally at least an IDA2 level has to be aimed for. The results are 
compared with the perceived IAQ by the occupants. 
 
3. Results 
3.1. Energy consumption 
Table 2 presents the monitored energy consumption for the four houses, with a distinction 
between yearly consumption of gas and wood for space heating and domestic hot water (row 
1 and 2) and yearly electricity consumption for household, lighting, fans and pumps (row 3). 
In case of house 3, this includes also backup heating for domestic hot water.  
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Table 2. Monitored yearly energy consumption in all four houses, normalized for outdoor climate 
 House 1 House 2 House 3 House 4 

Gas [kWh/yr]  3.201 5.577 - 9.301 
Wood [kWh/yr] 16.036 1.053  8.992 - 
Electricity [kWh/yr]  3.881 5.768 10.188 2.970 
Total end energy [kWh/yr] 23.118 12.398 19.180 12.271 
 
Based on these data, the total end energy consumption per year and per m² floor area is 
calculated, as well as the total primary energy consumption, including and excluding the 
electricity consumption. Also the energy consumption according to the EPB is calculated, 
representing the energy consumption for space heating, domestic hot water and auxiliary 
electrical energy for pumps and fans. Also here the total end energy consumption per year and 
per m² floor area is calculated, as well as the total primary energy consumption, including and 
excluding the electricity consumption (here for fans and pumps). These results are shown in 
figure 1, with the light grey bars representing the monitoring results and the dark grey bars the 
theoretical consumption. The black bar represents the maximum allowable energy 
consumption for these houses (in kWh/m²) according to the current Flemish regulation for 
new dwellings. Although house 3 is renovated and not obliged to meet the regulation for new 
dwellings, here it is treated as if it were a new dwelling. Results are discussed in section 4. 
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Fig. 1.  Comparison of monitored and calculated primary energy consumption (in kWh/m²,year) for all 
four houses, with distinction between energy consumption with and without electricity consumption. 
 
3.2. Indoor temperature and thermal comfort 
Table 3 gives for each house the mean temperature ± standard deviation in the three 
monitored rooms during the months November 2009 till January 2010 and during the months 
June till August 2009. For each room also the percentage of time that the indoor temperature 
lies in the comfort zone is given. For the remaining time in winter, the temperature is nearly 
always below the comfort zone. For the summer also the percentage of time the temperature is 
above the comfort zone is presented, as it is an indication for summery overheating. 
 
Table 4 presents the overheating indicator for all houses, calculated as described in section 
2.2.2. Based on the threshold and maximum allowable value also the risk that an active 
cooling installation will be installed afterwards is calculated and presented in table 4. 
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Table 3. Indoor temperature in winter and summer in living room, sleeping room north and south in 
all houses  
November 2009 – January 2010 House 1 House 2 House 3 House 4 

Living room 
Mean temp ± stand.deviation [°C] 22,2 ± 0,7 21,4 ± 0,6 20,2 ± 2,1 20,7 ± 0,5 
% time in comfort zone 100% 98% 72% 91% 

Sleeping room north 
Mean temp ± stand.deviation [°C] 18,0 ± 1,3 14,8 ± 2,0 18,6 ± 1,7 19,3 ± 0,6 
% time in comfort zone 41% 13% 68% 99% 

Sleeping room south 
Mean temp ± stand.deviation [°C] 17,3 ± 1,3 15,7 ± 1,7 17,7 ± 1,6 20,3 ± 0,5 
% time in comfort zone 25% 8% 31% 100% 
June 2009 – August 2009 House 1 House 2 House 3 House 4 

Living room 
Mean temp ± stand.deviation [°C] 24,9 ± 1,0 24,0 ± 1,0 24,3 ± 1,8 24,1 ± 1,1 
% time in comfort zone 88% 78% 80% 81% 
% time above comfort zone 11% 1% 5% 6% 

Sleeping room north 
Mean temp ± stand.deviation [°C] 24,6 ± 1,2 23,9 ± 1,2 24,4 ± 1,1 24,5 ± 1,0 
% time in comfort zone 81% 72% 82% 87% 
% time above comfort zone 10% 3% 4% 8% 

Sleeping room south 
Mean temp ± stand.deviation [°C] 24,3 ± 1,4 24,1 ± 1,1 24,8 ± 1,6 24,8 ± 1,3 
% time in comfort zone 70% 77% 63% 78% 
% time above comfort zone 15% 2% 22% 16% 
 
Table 4.Overheating indicator and risk for active cooling for all houses  

 House 1 House 2 House 3 House 4 
Overheating indicator [Kh] 13.494 11.548 6.118 8.945 
Risk for active cooling system [%] 58% 37% 0% 10% 
 
3.3. Relative humidity, CO2 concentration and indoor air quality 
The RH was within the comfort zone of 30-70% for most of the time. In winter in house 1 and 
3, the RH was below 30% during 1% of the time and in house 2 during 5% of the time, but 
only 0,5% of the time below 25%. In summer only in house 3, the RH was above 70% during 
1% of the time. Since human beings are very insensitive for RH and problems with RH are 
more related to high RH levels (due to risk for moisture damage), these results are very 
satisfactory, there will be no further discussion on the RH. 
 
Figure 2 shows for each house the percentage of time the different IAQ levels were reached in 
the living room during the months November 2009 till January 2010. 
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Fig. 2. Percentage of time IAQ levels are reached in each living room during Nov. 2009 till Jan. 2010. 
 
4. Discussion 
4.1. Energy consumption 
As figure 1 shows, the monitored primary energy consumption is lower than the maximum 
allowable for all houses, except for the renovated house 3. However, the monitored 
consumption includes also the electricity for household and lighting, which is not included in 
the maximum allowable value. Furthermore, the calculated energy consumption assumes a 
mean indoor temperature of 18°C, whereas the monitored rooms in house 1, 3 and 4 have an 
overall mean indoor temperature higher than 18°C, except for house 2. This way, it can be 
concluded that all houses perform better than the current legal standard. The results also show 
that the houses with condensing boiler (house 2 and 4) perform best and better than calculated 
in theory. In house 1 the wood consumption is very high, with an energy consumption for 
heating, higher than the calculated energy consumption (bar 2 vs. bar 4 in figure 1), whereas 
in house 3 the electricity consumption is very high. For house 1 this might be explained by the 
higher indoor temperature in the living room, and for house 3 by the electrical backup heating 
of domestic hot water and the electrical heater in the bathroom. Remarkably, none of the 
houses has temperature setback during night or absence, probably due to the high inertia of 
the installed system (soapstone wood stoves and/or floor heating). The occupants with 
soapstone stove slightly complain about the fact that the massive heating system is not easily 
adaptable to changing temperatures, thus causing overheating in winter at some moments. 
 
4.2. Thermal comfort 
The measured temperature in winter in the living room remains in the comfort zone for all 
houses, except for house 3, where the temperature slightly decreases during cold days. 
However, for the occupants the indoor temperature is never too cold, only sometimes slightly 
too warm. For the sleeping rooms, only the occupants of house 2 complain about the cold 
temperature in the north oriented sleeping room, but they never choose to put on the radiators 
in this room. For the other sleeping rooms of all houses, there were no complaints, although 
the measurements showed lower mean temperatures. This is probably due to the fact that 
these rooms are only used for sleeping and not for studying. 
 
For the summer, the calculations showed a risk for overheating in house 1 and 2, but hardly 
any risk for house 3 and 4. However, in house 1, despite temperatures > 26°C during 10-15% 
of the time in all rooms, the occupants only had small complaints of overheating in the living 

2086



room and the south oriented sleeping room. In house 2, the monitoring did not show any 
overheating, although the occupants complained of overheating in the living room and the 
south oriented sleeping room and the overheating indicator indicates a 37% change that active 
cooling will be installed. The occupants of house 3 and 4 strongly complained of overheating 
in the south oriented sleeping room, which was confirmed by the measurements, but not 
predicted by the overheating indicator, that only assesses the overall thermal comfort. 
 
4.3. Indoor air quality 
Concerning IAQ, the monitoring showed a satisfactory IAQ in the living room of house 2 and 
3 during more than 90% of the time. However, the occupants of house 3 were not totally 
satisfied with the IAQ and also had complaints about draft. The occupants of house 2 had no 
complaints on the IAQ. The IAQ was worst in house 1 and this was also confirmed by the 
occupants. In despite of the presence of a balanced ventilation system, they ventilate the 
sleeping rooms by opening windows and the living room by opening the door between sun 
porch and living room. They also confessed to adapt their behavior depending on the CO2 
value on the monitoring equipment. In house 4, the moderate IAQ can be explained by the 
fact that the balanced ventilation system was not yet installed. The occupants only ventilated 
by opening windows in the north oriented sleeping room in the morning. 
 
5. Conclusions 
This research shows that although the four houses are performing better than the current legal 
standard, there still is quite some potential for improvement. Especially the choice and use of 
the heating system can be improved. The soapstone wood stove has been chosen for its 
environmental friendliness, but practice shows that control of the system is very difficult. A 
robust and simple system like the condensing boiler shows to be a more energy saving 
solution. Furthermore, it can be concluded that there is no adequate comfort theory to assess 
the thermal comfort in dwellings, as the existing theories are developed for office buildings. 
Finally, design of low energy houses should not only focus on low energy consumption 
during winter, but also on good summer comfort to avoid installation of cooling afterwards by 
less environmentally conscious occupants. To assess the summer performance of a dwelling, 
summer comfort should be evaluated in detail during design and on room or zone level, based 
on an appropriate comfort theory. 
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Abstract: In a research collaboration between the National Institute of Advanced Industrial Science and 
Technology (AIST) in Japan and Uppsala University switchable mirrors have been evaluated from an energy 
perspective using energy simulations for smart windows based on gasochromic switchable mirrors. Optical 
properties and U values for the transparent and reflectivestates are used as input for the energy simulations. A 
test room has been built and is located in Nagoya, Japan. Simulations on energy use for smart windows based on 
switchable mirrors have been compared between three energy simulation tools. The simulations show good 
agreement and the simulation results also address the importance of a good control strategy for the smart 
windows. 
 
Keywords: Switchable Mirrors, Smart Windows, Energy Simulations, Gasochromic windows 

1. Introduction 
A step towards a society not based on fossil fuels might be to use more renewable energy. 
Another step is energy conservation. Smart or switchable mirrors can be one way to conserve 
energy within buildings. They can reduce cooling needs in warm and/or varying climates 
since the transmittance of light and hence the solar heat gain factor can be reduced. This 
reduction can be achieved  when people are present to give a comfortable level of daylight 
and when people are not present adapted to a level which leads to the lowest energy need for 
the building. The control strategy of such windows is important for their energy 
performance [1, 2]. 
 
In this study the focus has been on smart windows based on gasochromic switchable mirrors 
based on metal hydrides [3]. The state of the window is changed using a gas mixture with 
argon and hydrogen to turn the window to a transparent state and using a gas mixture with 
oxygen to revert the window back to a reflective state. This means that it is necessary to 
combine a switchable glass in a window of at least two panes and control the window by 
letting in either gas mixture in between the panes. 
 
2. Methodology 
2.1. Energy simulations 

Proper energy simulations on smart windows require that the simulation tool can handle 
building components with varied properties over time. In this project three simulation tools 
were used. WinSel is a static window simulation tool developed at Uppsala University, VIP 
Energy [4] is a commercial dynamic building simulation tool and eQuest [5], which is also  a 
dynamic building simulation tool developed by Lawrence Berkeley National Laboratory. 
Meteorological input data have been obtained from the software tool Meteonorm [6]. 
 
2.1.1. WinSel 

WinSel is a software tool for evaluating and comparing windows. The software calculates the 
energy for heating and cooling caused by the windows as a building component. The purpose 
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is to be a simple tool for selecting windows. Using the window properties solar gain and U 
value, different windows can be compared for a building located in a specific climate using 
just balance temperature and a climate data file as input. The WinSel simulation parameters 
can be found in table 1. Due to the simplicity of the program, it is suitable as a tool for 
selecting the right type of window for a certain building. The result achieved from the 
program is the energy balance for the heating season and the cooling season. The energy 
balance is calculated per square meter glazing area from the equation: 
Energy balance = Solar heat gain - Thermal losses 
  
Table 1. WinSel simulation parameters. 

Parameter Value 
Climate (from Meteonorm 5.0): Nagoya 

Ground reflection 20% 
  

Building balance temperature 12°C 
Allowed temperatures 20-26°C 

  
U value, transparent state 2,40 W/m2K 
g-value, transparent state 50% 
T_vis, transparent state 35% 

  
U value, reflective state 1,67 W/m2K 
g-value, reflective state 6% 
T_vis, reflective state 5% 

  
 
WinSel can simulate smart windows with variable solar gain, g-value, and variable thermal 
performance, U value. In the software the g-value and the U value can be time dependent and 
are regulated using different control strategies. Six different control strategies have been 
developed to exemplify different approaches for controlling smart windows: 
 
EO – “Energy optimization” means that the windows are always kept in the state which is 

best from an energy perspective. In the simulations the windows are kept in mirror 
state whenever there is a cooling need and in a transparent state whenever there is a 
heating need. 

DO – “Daylight optimization” means that the windows are in a state which is optimized from 
a daylight perspective. The perpendicular component of the transmitted direct solar 
radiation was thus regulated by the switchable mirror in the window to a maximum of 
200W/m2. This mode of the control mechanism reduces annoying glare when the sun 
is low in the sky and when the solar irradiation is close to perpendicular to the 
window. Solar radiation at glancing incidence angles does not turn the window into a 
reflective state. 

O1 – “Office 1” mode corresponds to having the window in “daylight optimization” mode 
between 7:00 a.m. and 6:00 p.m. and otherwise in “energy optimization” mode. 

O2 – “Office 2” mode corresponds to having the window in “daylight optimization” mode 
during half of the time between 7:00 a.m. and 6:00 p.m. and otherwise in “energy 
optimization” mode. This is a simplified way of simulating that the office is occupied 
only during half of the time. 
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R1 – “Residential 1” mode corresponds to having the window in “daylight optimization” 
mode between 6:00 a.m. and 8:00 a.m. and also between 4:00 p.m. and 10:00 p.m. and 
otherwise in “energy optimization” mode. 

R2 – “Residential 2” mode corresponds to having the window in “daylight optimization” 
mode during half of the time between 6:00 a.m. and 8:00 a.m. and also between 4:00 
p.m. and 10:00 p.m. and otherwise in “energy optimization” mode. This is a simplified 
way of simulating that rooms in the building are only occupied during half of the time. 

 
The different control strategies can easily be modified. Over a year the time resolution of an 
hour is assumed to be averaged and the simplifications of the strategies is a way to make the 
results more comprehendible. Switchable windows can then be evaluated and compared to 
static windows at different locations and in different buildings. 
 
2.1.2. VIP Energy and eQuest 

VIP Energy is a commercial software simulation tool for whole building simulations and 
eQuest has been developed by the Lawrence Berkeley National Laboratory and is based on 
DOE2.2. These software tools are based on dynamic simulation models and thus take the heat 
storage in the building structure into account. They also take the air flows in the ventilation 
system and leakage in other building components into account. 
Since user precence is assumed to be time dependent and this controls the window state, it is  
desirable if the software tool can handle time dependent building components. Unfortunately 
this is not the case for VIP Energy. Instead separate simulations were made for transparent 
and reflecting states and the energy needs were summarized hour by hour manually. To be 
able to do this we had to set the indoor temperature to a constant 22°C for the whole year. For 
eQuest the indoor temperature were allowed to vary between 20-26°C. Other simulation 
parameters were kept as similar as possible and a list of the most important can be found in 
table 2. 
 
Table 2. Common building parameters used in VIP Energy and in eQuest. 

Parameter Value 
Climate (from Meteonorm 5.0): Nagoya 

Ground reflection 20% 
  

Ventilation volume 14 m2

Floor area 5.75 m2

  
U value, roof 0.49 W/m2K 

U value, south/west wall 0.33 W/m2K 
U value, window 2.40/1.67 W/m2K 

 
 
3. Results and Discussion 
3.1. WinSel 

The results from the WinSel simulations show the importance of the control strategy. For a 
south facing window for example the energy balance of the window switches from negative to 
positive with more advanced control strategies for the Nagoya climate as can be seen in 
figure 1. The energy balance results are presented per square meter window area. 
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Fig. 1.  Simulated energy balance for the test building located in Nagoya using WinSel. 
 
3.2. VIP Energy 

The whole building simulations made in VIP energy show similar results, found in figure 2, 
but are presented as energy use per square meter floor area. Comparisons are also made with 
static windows having g values equal to 30 and 70 % respectively showing that the switchable 
windows outperform the static windows if using control strategies “O2” (office with presence 
detectors) or “EO” (switchable window always controlled for a low heating and cooling 
need.) 
 
 
 
 
 

Transparent
Mirror

EO
O2

O1
Static, g=0.7

Static, g=0.3

0

50

100

150

200

250

300

Heating
Cooling
Total

Optimization mode

En
er

gy
 (k

W
h/

m
2)

 
Fig. 2.  Simulated energy balance for the test building located in Nagoya using VIP Energy. 
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3.3. Comparisons between three simulation softwares 

Comparisons between simulations made in VIP Energy, eQuest and WinSel show differences 
of about 20% for the total energy need. Unfortunately the building models in the simulation 
softwares cannot be set up in exactly the same way. In VIP Energy there is no built in support 
for time dependent components. Therefore the indoor temperature had to be set to a constant 
value at 22°C and two separate simulations for transparent and reflective state were made and 
the results from these simulations were summed up manually. It is reasonable that this leads 
to a higher than expected energy need, as also can be seen in figure 3. 
 
The results for WinSel and eQuest are lower but an explanation to the somewhat higher 
energy need given by the WinSel simulation software might be that the balance temperature is 
assumed constant over the entire year. One should also remember that this is a static 
simulation tool and has a very simplified way of handling heat storage within the building. 
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Fig. 3.  Simulated energy balances for “O2” optimization mode (office with presence detectors) for 
three different simulation software tools for the test room located in Nagoya. 
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Abstract: The population and urbanization growth will lead to more dependency on mechanical cooling which 
is not a long term sustainable strategy.  Therefore, it is important to ensure all elements involved in urban 
sustainable developments are well performing. Of these elements, building materials have an essential role to 
adjusting outdoor heat environment transfer to the indoors.  As part of the research society work in Cairo 
towards minimizing the "black cloud" generated due to burning rice roots and straw after cultivation, this paper 
studies the thermal performance of a novel manufactured brick using rice straw fibbers on a cement-aggregate 
mixture basis. It has been designed to provide a recycled constructional biomaterial, to help healthy urban 
environment and reduce cooling energy demands.  ENVI-met BETA5 numerical simulations were held for an 
existing microclimatic area to assess the impact of this brick on outdoor comfort in terms of Predicted Mean 
Vote, PMV, as well as for indoor conditions in terms of ambient air temperature.  Among the many mixtures to 
produce the least bricks number suitable for transportation (1000 bricks), only two were optimum for cost, 
mechanical and thermal properties. In comparison with normal cement brick, PMV records showed fixed values 
using the selected rice-straw based cement brick mixture.  In evening, it recorded less mean outdoor air 
temperature as different wall heat interaction occurred due to the new brick k-value.   This suggests that the new 
brick balances between indoor and outdoor needs and contributes to further investigations in terms of energy 
conscious urban planning. 
 
Keywords: Rice-straw cement brick, thermal impact assessment. 

1. Introduction 
Cooling energy consumption increase due to climate change [1-5] and due to unsustainable 
urban developments [6-8] has motivated research society in Egypt towards urban planning 
applied solutions by urban form design [9-12]. And despite the initiative building construction 
energy code [13] to legislate energy saving conscious materials for single building, there still 
no consideration for the recycled materials and biomaterials specially with regard to the large 
urban development movements around major cities of  Egypt.  From this standing point, rice 
crop is considered one of the major agriculture products in the world and in Egypt as a food 
supplementary as well as many by-products using its remnants and residuals after cultivation.  
Agriculture by-products are acknowledged as biomass energy source [14], as low cost 
building materials [15] and as reinforcing materials [16], whereas all these approaches stand 
as recycling strategies to reduce environmental impacts such as increase of CO2 emissions 
[15, 17].   
 
Rice-straw based brick is one of the agriculture by-products internationally acknowledged 
such as through the development of either clay sand or cement mixtures with rice-straw [18]. 
In India,   [19] presented the rice-straw based cement panel but didn't consider the commercial 
sizes of brick, or its thermal properties on a neighborhood scale which is considered a local 
scale from a climatology point of view.  
 
In Egypt what is so called a black cloud is basically attributed to two reasons; burning the 
remnants of rice straw and the brick industrial pollution. Rice straw residuals per year is 
around 3.5 million tons, of which about 1.5 m illion tons is used in production of organic 
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fertilizers, to be used with storage of some crops (onions - potatoes), plantation of non-
traditional crops (mushrooms) and to feed farm animals instead of hay [20].    
 
A wasted amount  2: 2.5 tons per year of rice straw are disposed of burning which has a big 
share in the formation of the black cloud specially in southern delta governorates and almost 
whole Greater Cairo specially in winter when humidity settles the suspended smog [19] which 
causes a serious health problem.   The ministry of state for environmental affairs, MSEA, in 
cooperation with many sectors started establishing factories in delta for composting and 
converting rice-straw to other forms such as untraditional fertilizers, thermal gas and bio fuels 
but a recycling towards involvement in construction industry such as low-cost housing 
materials hasn't been approached yet [17].   
  
2. Methodology 
The main objective of the research is to preserve the environment benefit from rice straw 
recycling so that a low cost building material is produced and sustainable implications on a 
neighborhood scale can be achieved in terms of energy saving and thermal comfort.  T he 
Egyptian standards for the concrete work was the base of the brick sample and then some 
differentiations in the components were done [21, 22].   
 
2.1. Field work 
The starting blend idea was the addition ratio of rice straw to mix the concrete bricks to 
replace the aggregates (Haswa) part as filler and for non-loaded bearing brick to achieve less 
dense as possible to save the cost of the structure of the building, less cost as possible to 
achieve an economic retrofit, and enough coherent brick for the trading and handling with 
minimum damage. Research was conducted with more than 250 di fferent mixtures divided 
into three main groups based on t he ratios of sand to aggregates of 2:1, 4:3 and 1:1 with 
varying amounts of rice straw and cement in kilograms with each ratio as fiber filler, fig. 1. A 
mixture without using aggregates to reduce the weight and increase the amount of straw was 
also prepared.  The parameters of the density-price were initially compared with its 
corresponding normal cement bricks (1880:1720 Kg/m3) manufactured by the National 
Company of Cement and then on a l ocal scale thermal performance basis to assess their 
impacts on the pedestrian comfort as well as on the ambient air temperature which is 
associated with specific indoor climate conditions, comfort, cooling energy demand and green 
house gases emissions. 
 

    
 
Fig. 1: Instrumentations used to prepare the different mixtures’ samples. 
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2.2.  Measuring brick properties 
In order to assure the strength of each brick sample from each mixture, solid and hollow 
bricks were produced for the common size 25 × 12 × 13cm, fig. 2.  The first set of samples 
were manufactured on the basis of 4 cm3 aggregate + 4 cm3 Sand + s traw + C ement. By 
gradually increasing the amount of straw to a range of mixtures ranging from 2 kg to 7 kg 
straw for the same mixture with the change in the percentage of cement added to the mixture 
from 10: 30 ki lograms cement as the volume of the mixture increases with the amount of 
straw added. Samples with the first increase in the proportion of straw had been inconsistent, 
even with the increase in the proportion of cement; therefore, according to the mechanical 
pressure test, other groups of samples have been fixed of sand to aggregate to be 4: 3, 2: 1 and 
new 15 samples designed to produce only solid brick with a size of 25 × 12 × 6 cm. The most 
successful mixtures with respect to cost were of the brick blend no.1 and no.4 as fig. 2 and 
table 1 indicate. Measures were done for samples in the Housing and Building Research 
Centre in Cairo and in the main laboratories of Major Projects Corp of the Egyptian Armed 
forces.  Results of measure show that all samples of both solid and hollow bricks don’t have 
any color change due to chemical salts’ residuals from hydration process. Water absorption 
factor varied from 4-21% of the brick weight for 25 × 12 × 13cm, 25 × 12 × 6cm and 25 × 12 
× 13cm solid, solid, hollow bricks respectively. Adding coloring powders didn’t affect any of 
the mechanical or physical properties of any sample.  The most important factor was the brick 
breaking stress which was best for the mixtures no. 1 and 4 as highlighted in table 1. Samples 
of each brick mixture have been produces for measurements and analysis purposes with ratios 
of sand : aggregates and by increasing the amounts of cement and rice-straw in 15 steps, table 
1.  To produce (1000) bricks of both these two bricks, unlike the samples components 
amounts produced just for measurements, amount of materials of the brick mixture were for 
mix. no. 1; 8.5cm3  sand, 8.5cm3  aggregate, 42kg straw, 180kg cement and its properties for 
the less cost of 46.8EGP were 1545kg/m3 density, and 18.7kg/m2 stress.  M ix. no. 4 w as  
8.0cm3  sand, no  aggregate, 100kg straw, 350kg cement and its properties for the less cost of 
48.4EGP were 884kg/m3 density, and 4.4kg/m2 stress.  The later mixture had to have a 
compression of about 15% of its height due to the more straw. Cost (on 2005) was calculated 
according to about 270EGP/tone cement, 10EGP/m3 of Sand, 25EGP/m3 of aggregate 50 
EGP/tone of rice straw  a nd 80 E GP/tone of stone powder.  Despite brick stress varied 
between 4-20 kg/m2 which is not compared with the stress of the brick used as bearing walls, 
but this brick is designed for non-loaded walls usage.   
  

    

Fig. 2: Unsuccessful hollow and successful solid rice-straw based brick. 
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2.3.  Numerical simulation: 
As the main idea of this paper is to study how biomaterial such as rice-straw based cement 
brick can modify outdoor-indoor climate in terms of pedestrian comfort and outdoor air 
temperature Ta, ENVI-met BETA5 urban climate numerical package has been used.  
Numerical simulations were held to easily simulate neighborhood complexities to help 
providing design and planning decision support [23].   ENVI-met [24]  is a three-dimensional 
numerical model that can simulate the surface-plant-air interactions of urban environments 
with a typical resolution of 0.5 to 10m in space from a single building up to neighborhood.  It 
is CFD based but with much improvements than only a package for fluid dynamics' 
simulations [25].  Simulations using the k-value of the rice-straw based cement brick in 
comparison with normal cement brick were applied on the 1st of July which is the extreme 
summer hot day analyzed by ECOTECT2010 [26].   
 
Table 2 show the data input for simulations for brick mixture no. 4 which has the less density 
and hence the less k-value.  Nevertheless, first parameter assessed is the PMV at 1.2m above 
ground level to represent outdoor conditions modifications in terms of pedestrian comfort. 
Second is the ambient temperature Ta also at 1.2m above ground level to represent the site air 
temperature modified after the new brick which gives impression about reductions of indoor 
cooling demand in comparison of that of using normal cement brick.  For these purposes, a 
case study in Cairo, latitude of 30° 7'N and longitude of 31° 23'E, is a semi-arid mid-latitude 
climate zone [27], is examined.   The case study is part of the Fifth community which is built 
in late 20th century, as one of New Cairo communities.  It lies to the east of the 1st Greater 
Cairo's ring road, fig. 3.   
 

  
 

Fig. 3: Location of the case study area on the layout of the neighbourhood located in New Cairo. 
 

Table.2: Inputs used in simulations for both rice-straw and normal cement brick [13, 24, 28]. 
No.  Parameter  Value  
1 Ta 301.95˚ K  
2 RH 59%  
3 V  3.5 m/s at 10m height 
4 k-value Walls             0.41 and 1.25 watt/m.K for rice-straw and normal cement 

brick respectively 
6 Albedo Walls                                    0.25  
8 Human walking speed 1.1 m/s 
9 Pedestrian Clo. 0.50 
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3. Results implications 
Basically, as ENVI-met model considers the fabric as heat sink for the outdoor environment, a 
heat exchange should have generated the shift in air temperature as shown if fig. 4.  A ir 
temperature using the normal cement brick Tn is less than its corresponding of the Rice-Straw 
based brick by about 0.1 ◦C early simulation time and the opposite at evening time.   
Outdoor temperature was less than indoors attributed to the less k-value of the Rice-straw 
brick of 0.41 which intercept more outdoor heat compared with 1.25 k-value for the normal 
cement brick.  This clarifies why pedestrian comfort in terms of PMV hasn't any change in its 
values which can be attributed to the holistic nature of PMV as it considers all environmental 
and personal aspects which haven't been changed except the air temperature, therefore there 
was no need to add PMV figure.  Just to mention not to list these factors affecting PMV; the 
outdoor radiation environment and the walls reflectivity factor stayed fixed in both 
simulations and in turn PMV stayed as it is using both the thermal conductivity k-values for 
of both brick types.  
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Fig. 4. 
 
4. Discussion and conclusion 
Studied in this paper, a new brick type based on the recycled rice-straw was innovated. The 
rice-straw has replaced part of the aggregates used in the normal cement brick by the try and 
error to generate a stable blend after which mechanical and thermal experiments have been 
conducted.  Among the many mixtures examined, both mixtures highlighted in table 1 were 
only the stable but the mixture of 1 sand: 0 aggregate with 2kg cement and 10 s traw and a 
pressure of 0.15 from the brick height, was the most efficient in terms of cost.  Eventually, to 
examine its environmental thermal impact, ENVI-met BETA5 numerical simulations were 
held to generate pedestrian comfort levels and ambient air temperature.   
 
The fist parameter hasn't been changed due to the fixation of the many environmental and 
personal factors affecting PMV. The later parameter showed promising changes and in turn a 
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promising energy savings in the cooling demand especially with respect to the time 
simulations were held in at which electricity used in mechanical cooling in Egypt suffers 
many cut off. Moreover, this recycled bio-brick not only helps in decreasing air pollution, but 
also reduces construction cost and indicate a maximized cost reductions if added to energy 
reductions. However, further simulations can be on larger scales and different cases' climate 
conditions to ensure quantitevily such numerical simulation findings in this work. 
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Abstract: In this study using two low-energy systems to enhance passive cooling and natural ventilation in a 
solar room have been compared. First system consists of a Solar Chimney (SC) and an Evaporative Cooling 
Cavity (ECC) and the second one includes a Solar Chimney (SC) and an Earth-to-Air Heat exchanger (EAHE). 
To determine the heat and mass transfer characteristics of the systems, a mathematical model based on 
conservation equations of mass and energy has been developed and solved by an iterative method. The findings 
show that when the cooling demand of the room is 116W and the relative humidity is lower than 50%, the SC-
ECC system can make acceptable indoor air conditioning even at ambient 40oC, with weak solar intensity of 200 
W/m2. It is also found that, the proposed system can provide thermal comfort conditions even during the night 
with zero solar radiation. The results about SC-EAHE system show that when the ambient temperature and 
cooling demand are high (1500W), proper configurations could provide good indoor condition even at poor solar 
intensity of 100 W/m2 and high ambient air temperature of 50oC. Comparative survey shows the SC-EAHE 
system is the best choice for buildings with poor insulation at day time, but SC-ECC system is better for night 
ventilation and cooling purposes especially in arid climates. 
 
Keywords: Comparative survey, Passive cooling, SC-EAHE, SC-ECC. 

Nomenclature 
A area ......................................................... m2 
ACH air change per hour ............................... h-1 

b width of cooling cavity ............................. m 
C specific heat of air ............................. J/kgK 
c pressure loss coefficient of fittings ............ - 
d air gap depth, diameter ........................... m 
f wettability percent ................................... % 
fre frequency of temperature oscillation .. rad/s 
g gravitational constant .......................... m/s2 
H distance .................................................... m 
h convective heat transfer coefficient W/m2.K 
hr radiative heat transfer coefficient ... W/m2.K 
k thermal conductivity ........................ W/m.K 
L length ....................................................... m 
m mass flow rate of air ............................. kg/s 
Q heat transfer to air stream .................. W/m2 
R thermal resistance ........................... m2.K/W 
RH relative humidity ...................................... % 
r radius ....................................................... m 
S solar radiation absorbed by plate....... W/m2 
T temperature ............................................... K 
t thickness................................................... m 
U overall heat transfer coefficient ...... W/m2.K 
u air velocity ............................................. m/s 
V volume of room ......................................  m3 

x coordinate system ..................................... m 
 
Greek symbols 
γ constant in Eq.(2) ...................................... - 
δ heat penetration depth .............................. m 
λ thermal diffusivity ................................. m2/s 
ξ friction factor ............................................. - 
ρ density.................................................kg/m3 
ω humidity ratio ............................kgwater/kgair 
 
Subscripts 
a ambient ........................................................ 
abs absorber wall ............................................... 
cc cooling cavity .............................................. 
f air flow ........................................................ 
g glass ............................................................. 
hyd hydraulic ...................................................... 
i internal ........................................................ 
in inlet .............................................................. 
r room ............................................................ 
su undisturbed soil ........................................... 
s soil ............................................................... 
t pipe .............................................................. 
o outlet ............................................................ 
w water ............................................................ 
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  Fig. 1.  Schematic diagram of SC-ECC system.          Fig. 2.  Schematic diagram of SC-EAHE system.                                                                                                 
 
1. Introduction 
In order to reduce global warming and to reduce electricity peak demands during summer 
time low or zero energy cooling systems are required. passive cooling applications shall offer 
great advantage and it is growing at an increasing rate worldwide. These systems had attracted 
much attention of investigators and researchers. Giabaklou and Ballinger [1] presented a 
method of passive cooling in low-rise multi-storey buildings through a simple water cascade 
associated with openings and balconies of individual. This system applies the evaporative 
cooling technique to reduce ambient air temperature by passing air over the water falling film. 
Manzan and Saro [2] studied a system consisting of a ventilated roof with a wet lower surface 
of the cavity which flows the external air. They investigated thermal performance of the 
system by numerical modeling of evaporative cooling process through the chimney. Dai et al. 
[3] presented a new passive cooling system for humid climate using the solar chimney and 
adsorption cooling system. They showed that the system increases the rate of ventilation and 
provides the cooling without increasing humidity of the room. Chungloo and 
Limmeechokchai [4] experimentally investigated the performance of a system consisting of a 
solar chimney and water spraying system that was placed on the roof under hot and humid 
climate. They reported that the system performed well in high ambient temperature. Maerefat 
and Haghighi [5] presented another technique, using a system consisting of a SC and an ECC. 
The capability of the system to meet the required thermal needs of individuals, the effects of 
main geometric parameters on the system performance and the dependence of the system 
performance on outdoor air temperature was also studied. Maerefat and Haghighi [6] 
introduced and investigated integrated EAHE-SC system. They showed that the SC can be 
perfectly used to power the underground cooling system during the daytime, without any need 
for electricity.  
 
Here, using SC-ECC and SC-EAHE systems to enhance passive cooling and natural 
ventilation in a solar room have been compared together. Figs.1 and 2 illustrates a schematic 
plan of the two systems. The SC consists of a glass-made surface faced to the south and an 
absorber wall. EAHE consists of horizontal long pipe placed underground. The air gets 
warmed in SC, and by natural convection mechanism, the outside air is sucked-in through the 
pipe or ECC. It will be shown that these systems can provide good indoor condition in 
accordance with the Adapted Comfort Standard (ACS) (Fig. 3). ACS does not recommend the 
ventilation rate. Therefore, the minimum ventilation rate is set around 3 ACH [7].  

2. Problem formulation 
The modeling includes models of SC (Fig. 4), ECC (Fig. 5) and EAHE (Fig. 6). The 
following assumptions are made in this analysis. 
1. The air temperature at the room is uniform. 
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               Fig. 3. Adaptive Comfort standard.                  Fig. 4.  Diagram of the heat transfer in the SC.       
 
2. Only buoyancy force is considered and wind induced natural ventilation is not included. 
3. The flows in the channels are laminar and hydro dynamically and thermally fully 
developed. 
4. The glass cover is opaque for infrared radiation. 
5. Thermal capacities of glass and wall are negligible. 
6. The air flow in the channel is radiative non-participating medium. 
7. The soil is homogeneous and the soil type does not change along the channel. 
8. Thermal resistance of water film is negligible. 
9. The spray enthalpy is negligible. 
10. The air enthalpy is expressed as linear function of wet bulb temperature. 
11. The Lewis number correlating heat and mass transfer is 1.0. 
12. All thermo physical properties are all evaluated at average temperature. 
13. The system is at steady-state condition. 
 
2.1. Mathematical modeling of SC-ECC  
An element of the model for SC is shown in Fig. 4. In principle and based on the energy 
conservation law, a set of differential equations are obtained along the length of SC [5]. 

( ) ( ) ( )fscggagfscggggabsabsgabsgg TTAUTTAhTTAhrAS −+−=−+ −−   (1) 
( ) ( ) ( ) γ/rfscfscfscgggfscabsabsabs TTmCTTAhTTAh −−=−+−   (2) 

( ) ( ) ( )aabsabsaabsgabsabsgabsfscabsabsabsabsabs TTAUTTAhrTTAhAS −+−+−= −−   (3) 

All of coefficients and the overall heat transfer coefficients are obtained from Ref. [5]. 

An element of the model for ECC is shown in Fig. 5. For the energy and mass conservation 
law a set of differential equations are to be considered along the length of the cooling cavity.  
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The required boundary conditions for solving Eq. 4-6 in a cocurrent type air flow 
configuration are:  
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Fig. 5.  Diagram of heat and mass transfer in the ECC.           Fig. 6.  Cross section of an EAHE. 

 
( ) afcc TT =0.0 , ( ) ( )0.0ww TLT =   (7) 
( ) afcc RHRH =0.0   (8) 

A mathematical model based on Bernoulli’s equation is used to estimate the system flow rate. 
The air velocity in the SC can be obtained as [5]: 

TermsFriction
TermsBouyancyu fsc =     (9) 

( ) ( ) ( ){ }ccfafccorfrfccoscfscofa gLgLgLTermsBouyancy ρρρρθρρ −+−−−= )Sin(2   (10) 
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The coupled governing equations (1)-(3), (4)-(6) and (9) are the full description of the system. 
The governing equations have to be solved iteratively until convergence of the results. 
The ACH is calculated under steady-state conditions by the following equation: 

( )V/m3600ACH fscρ=  (12) 
The room air temperature which depends on room heat gain ( rQ ) is given by: 

( )frrfscoutr mCQTT /−=  (13) 

2.2. Mathematical modeling of SC-EAHE 
The cross section of EAHE used in the model is shown in Fig. 6. In order to impose the 
ground thermal loads as boundary conditions at the EAHE wall, the undisturbed soil 
temperature ( suT ) has been applied in the equations as well. The soil temperature is nearly 
constant at the penetration depth. It is defined when the surface of the soil is subject to 
periodic temperature [6].  

fres /2λδ =   (14) 

The air temperature through the EAHE is calculated by the following equation [6]. 

( ) ( ) ( )( )totalftftsuasuft RCmxTTTxT /exp −−+=    (15) 
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Where totalR  represents the overall thermal resistance and is given by [6]: 
 
Table 1. Thermophysical properties. 

Parameter Value 
Absorptivity of the glass 0.06 
Emissivity of the glass 0.90 
Transmissivity of the glass 0.84 
Absorptivity of the absorber wall 0.95 
Emissivity of the absorber wall 0.95 
Thermal conductivity of the break wall 0.72 (Wm-1 K-1) 
Thickness of break wall 0.10 (m) 
Thermal conductivity of SC and ECC insulation 0.16 (Wm-1 K-1) 
Thickness of SC and ECC insulation 0.002 (m) 
Thermal conductivity of the pipe (PVC) 0.23 (Wm-1 K-1) 
Soil density 2050 (kg m-3) 
Thermal conductivity of the Soil 0.52 (Wm-1 K-1) 
Specific heat of soil 1840 (J kg-1 K-1) 
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The air velocity in the SC based on Bernoulli’s equation can be obtained by the Eq.9 [6].  
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All of coefficients and the overall heat transfer coefficients are obtained from Ref. [6]. The 
coupled governing equations have to be solved iteratively until convergence of the results. 
 
3. Methodology 
Two systems are located in Tehran, having 35.44oN latitude position. A south-facing solar 
chimney with the length of 4.0 m, air gap depth of 0.2 m and inlet dimensions of 0.4 ×0.4 m is 
assumed for analysis. The outlet dimensions of SC and room are 0.2 m×1.0 m and 0.1 m×4.0 
m respectively. A detailed study on solar chimney found the optimum angle of 50o to capture 
more radiation [5].  

The ECC is a Cubic channel with the height of 2.0 m and 2.0 m×0.05 m inside cross section. 
The wettability percent of wetted wall is 0.7. The calculations are carried out for a room, 
having a size of 4.0 m×4.0 m× 3.125 m without air infiltration. The ECC outlet is lowered 2.0 
m below the SC inlet (Fig.1). 
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The cooling pipe of EAHE is a PVC pipe with 25.0 m length, 0.002 m thickness, and inside 
diameter of 0.5 m and is buried 3.0 m below the soil surface. The initial soil temperature at 
surrounding is approximated to be 19°C and it is considered to be the heat source temperature. 
It should be noted that the SC inlet is lowered 0.5 m below the EAHE outlet (Fig.2). The 
cooling demand is assumed to change within the range of 0.0-1000W in the calculations.  

Table 2. Performance of the SC-ECC system at different indoor and outdoor conditions. 
Cooling 

demand (W) 
Ambient air 

RH. (%) 
Ambient air 
temp. (oC) 

Solar radiation 
(W/m2) 

ACH 
(h-1) 

Room air 
temp. (oC) 

116 

30 
40 100 2.12 31.18 
42 500 3.76 31.34 
43 900 4.76 31.92 

50 
40 200 2.23 31.45 
41 500 3.78 31.58 
42 900 4.85 32.00 

70 
35 300 3.10 31.28 
36 500 3.82 31.57 
37 900 4.83 31.92 

500 

30 
34 300 3.55 32.00 
35 500 4.23 31.57 
37 900 5.13 31.88 

50 
31 400 4.00 31.40 
32 500 4.28 31.70 
34 900 5.18 32.00 

70 
28 400 4.00 31.35 
29 500 4.34 31.67 
31 900 5.23 32.00 

1000 Thermal comfort cannot be provided. 
 
The indoor room air temperature is kept in the thermal comfort range (Fig. 3) to secure the 
desired condition inside the room space. The ambient air temperature, relative humidity and 
wind velocity are 34oC, 30% and 1.0 m/s, respectively. The thermo physical properties of the 
materials included in the modeling are given in Table 1. The values of the properties specified 
in the table are kept constant in the computation unless specifically noted otherwise.  
 
4. Result and discussion 
4.1. Effects of environmental conditions on the performance of SC-ECC system 
The influence of solar radiation and humidity on ACH and room air temperature is 
investigated herein. The ACH depends on the density difference between ambient air and SC 
outlet air. This difference is more highlighted when the solar radiation rises therefore leading 
to higher ACH as shown in Table 2. Comparison of the results which are obtained for one SC 
and ECC shows that the variation of ACH due to the variation of ambient RH is not 
significant. However, the applicability of system to provide thermal comfort conditions is 
reduced at higher ambient air RH. At low ambient air temperatures, good indoor condition 
can be achieved in a wide range of the ambient air humidity. The results also shows that when 
ambient R.H. and temperature are less or equal to 50% and 40oC, respectively, room air 
temperature and ACH would remain in the desired range of thermal comfort. It means that 
when air temperature rises, thermal comfort can be achieved in lower humidity. It is found 
that the proposed system can provide thermal comfort conditions even during the night with 
zero solar radiation (Table 3). It is due to the buoyancy effect in the cooling cavity which can 
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draw the cooled air into the room. At night, the chimney effect is non-existant. Therefore, the 
buoyancy effect of the ECC will be the dominant. Anyhow, to reduce the pressure losses of 
the air flow during the night, the discharged air may leave the room through an opened 
window. 

Table 3. Performance of the system at zero solar radiation (cocurrent type) 
Cooling  

demand (W) 
Ambient air 
temp. (oC) 

Ambient air 
RH. (%) 

ACH 
(h-1) 

Room air 
temp. (oC) 

Number of  
SC & ECC 

116 

35 
30 1.71 28.80 1 
50 1.63 31.77 1 
70 Thermal comfort cannot be provided. 

40 
30 2.21 31.72 1 
50 Thermal comfort cannot be provided. 70 

 
Table 4. Performance of the SC-EAHE system at different indoor and outdoor conditions. 

Cooling 
demand (W) 

Ambient air 
temp. (oC) 

Solar radiation 
(W/m2) 

ACH 
(h-1) 

Room air 
temp. (oC) 

Number 
of SC 

Number 
of  EAHE 

500 

40 
100 3.28 29.61 5 3 
500 5.16 31.13 3 3 
900 4.14 28.06 1 1 

45 
100 3.01 30.92 6 4 
500 4.30 31.12 3 4 
900 4.02 31.27 2 4 

50 
100 3.05 31.02 6 6 
500 3.45 31.62 3 5 
900 3.06 31.52 2 5 

1000 

40 
100 4.98 30.51 8 6 
500 4.10 31.95 2 2 
900 3.63 30.69 2 4 

45 
100 4.15 30.00 8 6 
500 3.27 31.15 3 5 
900 3.00 30.90 2 5 

50 
100 4.18 31.95 8 7 
500 3.05 31.98 3 6 
900 3.15 31.53 3 12 

1500 

40 
100 5.20 31.36 8 4 
500 3.29 30.61 3 5 
900 3.00 30.35 2 5 

45 
100 3.95 31.00 9 9 
500 3.62 31.70 4 9 
900 3.17 31.60 3 12 

50 
100 

Thermal comfort cannot be provided. 500 
900 

 
4.2. Effects of environmental conditions on the performance of SC-EAHE system 
In the present study, the environmental conditions are referred to as solar radiation and 
outdoor ambient temperature. Table 4 shows the summary of results pertinent to theoretical 
calculations for different environmental conditions related to SC-EAHE system. The 
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buoyancy driving force increases directly with increment of solar intensity and it causes 
higher ACH. Thus, less number of SCs are required to drive the cool and heavy air through 
the EAHEs and to compensate the pressure drops. The results of calculations also show that 
the required number of EAHEs should be increased to retain the thermal comfort condition 
when the number of ACH and indoor air temperature are increased at high solar radiation. 
The effect of ambient air temperature on stack effect of SC is vice versa. The stack effect 
decreases when the ambient outdoor temperature rises. Under these conditions, more number 
of SCs will be required to suitably ventilate the room. The results show that the system can 
provide the required indoor temperature and ACH number even at harsh environmental 
conditions i.e. high temperature of 45oC and low solar radiation of 100 W/m2. If the 
temperature is higher than 45oC, the SC won’t be able to provide the stack effect and the use 
of a small fan can help the cool air to flow from EAHE into the room in order to provide 
thermal comfort conditions.  

5. Conclusions 
In this paper using two solar systems (SC-EAHE and SC-ECC) to meet the cooling load of 
buildings and thermal needs of inhabitants were compared. The numerical experiments 
showed that, although the performance strongly depends on the indoor air heat gain and 
ambient air conditions; the SC-ECC system can prepare good indoor thermal conditions when 
both cooling demand of the room and the relative humidity of ambient air are low. It was also 
revealed that, this system can provide thermal comfort conditions even during the night with 
zero solar radiation. The results about SC-EAHE system show that when both the ambient 
temperature and cooling demand are high, proper configurations could provide good indoor 
condition even at poor solar intensity and high ambient air temperature. It should be noted 
that proper insulation is useful for reducing the number of required SCs and buried pipes and 
consequently the total initial cost. Comparative survey shows that the SC-EAHE system is the 
best choice for buildings with poor insulation, but SC-ECC system is better for well insulated 
building, especially in dry and arid climates and also for low cost night ventilation. 

References 

[1] Z. Giabaklou, JA. Ballinger, A passive evaporative cooling system by natural ventilation, 
Building and Environment 31(6), 1996, pp. 503-507. 

[2] M. Manzan, O. Saro, Numerical analysis of heat and mass transfer in passive building 
component cooled by water evaporation, Energy and Building 34, 2002, 369-375. 

[3] YJ. Dai, K. Sumathy, RZ. Wang, YG. Li, Enhancement of natural ventilation in a solar 
house with a solar chimney and adsorption cooling cavity, Solar Energy 74, 2003, pp. 65-
75. 

[4] S. Chungloo, B. Limmeechokchai, Application of passive cooling system in the hot and 
humid climate: the case study of solar chimney and wetted roof in Thailand, Building and 
Environment 42, 2007, pp. 3341-3351. 

[5] M. Maerefat, AP. Haghighi, Natural cooling of stand-alone houses using solar chimney 
and evaporative cooling cavity, Renewable Energy 35, 2010, pp. 2040-2052. 

[6] M. Maerefat, AP. Haghighi, Passive cooling of building by using integrated earth to air 
heat exchanger and solar chimney, Renewable Energy 35, 2010, pp. 2316-2324. 

[7] GS. Brager, RJ. De dear, A standard for natural ventilation, ASHRAE Journal 42(10), 
2000, pp. 21-28. 

2109
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Abstract: An experimental study to determine the net flux of long wave radiation from the earth’s surface to the 
atmosphere in Owerri, south east Nigeria for passive cooling applications is presented. The values of the 
effective sky temperatures are also determined. The experimental rig which is a thermal radiator consists of a flat 
mild steel plate of dimensions 152.2cm x 38.1cm x 0.3cm coated with high emissivity black paint. A copper tube 
was used to form five turns and then soldered to the steel plate. Water from a well insulated tank placed at about 
0.8 m above the surface of the thermal radiator flowed through the radiator. Thermocouples were strategically 
inserted on the radiator assembly to measure the plate temperature and water temperature as it flowed along the 
copper tube. The tests were conducted under the meteorological conditions of Federal University of Technology, 
Owerri for the period covering March to May; a period often free from the harmattan dust haze. The results 
revealed that a net long-wave nocturnal cooling power of 66.1 W/m2 is possible. These results are in the same 
order of magnitude with those obtained elsewhere with similar climatic condition as Owerri, Nigeria. 
 
Keywords: Nocturnal cooling, Experimental, Long wave, Passive cooling, Radiation 

Nomenclature   
Ap Plate area …………………………….m2 
cwater Specific heat capacity of water…J/kgK     
Fp Plate view factor     
h Convection heat transfer coefficient 

between air and plate ………….W/m2K     
waterm  Mass flow rate of water …………kg/s 

netq  Net outgoing radiation …………..W/m2    
Qcond Heat transferred by conduction….…W       
Qconv Heat transferred by natural convection 

………….……………………………….W 
Qnet Net thermal radiation from plate …..W      
Qwater  Heat transferred from water …..……W     
Tamb Ambient temperature …………………K     
Tin Water inlet temperature………………K    

 
 
    
Tout Outlet water temperature.................K     
Tp Plate temperature …………………….K     
Tpwb Temperature of the underside of 

plywood ………………………………..K      
Tsky Sky temperature ………………………K      
Uins Overall heat transfer coefficient of the 

combined plywood and cotton wool 
………………………………………W/m2     

dϕ   Downwards radiation …………..W/m2   

uϕ  Upward radiation ………………..W/m2    

pε  Emissivity of plate      
σ  Stefan-Boltzmann constant ….W/m2K4 

1. Introduction 
There is a growing demand for space cooling in hot climates resulting from increasingly 
harsher climatic conditions as a result of global warming and climate change. This has resulted 
to an increase in demand for grid connected electrical energy, hence reducing the available 
energy for other services. Countries with such climates like Nigeria therefore face serious 
peak energy demand problems. Interestingly, the sky is known to be very cold and as such it 
can be used as a heat sink for radiating bodies on the earth’s surface. This is because the 
atmospheric temperature decreases with elevation and the atmosphere is partly transparent to 
some radiation within the infrared region of the spectrum. This concept, which requires a good 
knowledge of atmospheric radiation flux at the earth’s surface, if effectively harnessed could 
be used significantly to reduce the demand placed on grid connected electricity from air 
conditioning as well as reduce the energy bills resulting from it. Apart from air condition for 
comfort, it can also be used for agricultural studies and solar collector analysis [1]. 
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Ordinarily if the emitted radiation from a surface exceeds its absorbed radiation, cooling will 
result. Thus it is possible to cool hotter surfaces and objects on the ground by radiation to the 
night sky; a concept called nocturnal (night sky) radiation. The cooling resulting from it is 
called radiative cooling. Rate and degree of radiative cooling achieved depend on the intensity 
of the nocturnal radiation. Many factor affect nocturnal radiation intensity; they include 
weather condition as well as the nature of the radiating surface. Some works have been 
reported on efforts to measure nocturnal radiation intensity in different locations. Angstrom 
[2] and Maurer [3] investigated the nocturnal cooling of bodies exposed to the sky, Ezekwe 
[1] carried out nocturnal radiation measurements in Nsukka, Nigeria while Armenta-Déu et al 
[4] carried out a thermal analysis of a prototype to determine radiative cooling thermal 
balance.  More recently, knowledge of availability of nocturnal radiation in some regions have 
been used to design and construct nocturnal radiators for space cooling. These include the 
works of Cheikh and Bouchair [5], Khedari et al [6], Bagiorgas and Mihalakakou [7] and 
Dimoudi and Androutsopoulos [8]. Results obtained from these indicate the possibility of 
significant space cooling by effectively harnessing the nocturnal radiation available in a 
particular locality.  

 
This work therefore deals with an experimental investigation of the nocturnal radiation 
intensity in Owerri, a tropical south eastern town in Nigeria. It has three major seasons in a 
year (rainy, dry and harmattan seasons) with an average day time temperature for all the 
seasons being in the range of 31 – 35oC. At night these temperatures scarcely come down, 
especially during the dry seasons, thus there is the need to artificially drop them to fairly 
comfortable values, particularly within a building envelope.  
 
2. Description of the Thermal Radiator. 
The experimental rig is a thermal radiator consisting of an unglazed mild steel plate of 
dimensions 152.20 cm x 38.10 cm x 3.30 cm. Copper tube of outer diameter 12.20 cm was 
curled into five equal turns covering the plate area and then soldered to the mild steel plate 
such that a perfect thermal contact was achieved between the plate and the tube. The radiator 
assembly was mounted on a ply wood base 1 cm thick with  an insulation material (cotton 
wool) 1 cm thick placed between the thermal radiator and the ply wood base to further reduce  
heat transfer by conduction. The mild steel plate of the radiator assembly was painted black to 
increase its emissivity. Water is made to flow through the radiator by gravity by connecting it 
to a water tank (using an insulated flexible hose) placed on a wooden stand higher than the 
height of the thermal radiator. Water was continuously circulated through the array of copper 
tubing. The tank is made of galvanized steel drum and perfectly insulated using fibre glass 
insulation. The insulation was subsequently wrapped in an aluminium foil; all to reduce heat 
transfer to the ambient air. Two manual valves were installed on the tank; a wedge valve 
(inner valve) which was used to start up or stop the process and a parallel gate valve (outer 
valve) used to control the mass flow rate of water through the thermal radiator assembly. The 
tank was kept about three metres away from the thermal radiator assembly to avoid 
obstruction of long-wave radiation. Five K-type thermocouples were inserted at equal 
distances each on the thermal radiator to measure the temperature of water along the various 
points on the mild steel plate and hence, determine the average temperature of the radiator. 
Other parameters monitored are the water tank temperature, ambient temperature and exit 
water temperature from the thermal radiator. Figs 1a and 1b show the schematic diagram of 
the thermal radiator and a picture of the experimental rig used for the experiment while Fig. 2 
shows the sectional view of the radiator assembly. 
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 (a)    (b) 
Fig 1 (a): Schematic diagram of the thermal radiator  and (b): the pictorial diagram of the 
experimental rig.  

 
Fig. 2 Sectional view of the radiator assembly 
 
3. Experimental Tests and Analysis 
Experiments using the thermal radiator were conducted in Owerri, a city in south eastern 
Nigeria with three major climatic conditions namely; wet, dry and harmattan seasons. During 
the experimentation, the following parameters were measured: temperature of water at five 
different points on the mild steel plate, plate temperature, water tank temperature, ambient 
temperature and exit water temperature from the thermal radiator. The readings were taken at 
intervals of 30 mins, beginning from 19:00 hrs to 06:00 hrs the following day. These 
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temperatures were determined with a K-type thermocouple connected to a 10 – channel 
Comark electronic thermometer with an accuracy of ±0.1oC. Data collected were analysed as 
given below. 

 
 
 
 
 
 
 
 
 

 
Fig. 3 An energy balance on the nocturnal radiator. 

 
Considering an energy balance on the nocturnal radiator as shown above, the following eqn. 
(1) results, which enables the determination of the effective sky temperature as well as the 
downward atmospheric radiation and hence the net outgoing radiation from the plate to the 
night sky. 

netcondconvwater QQQQ =++     (1) 

netQ  is the net thermal radiation from the plate to the sky and it is obtained from 

( )44
skyppppnet TTFAQ −= σε      (2) 

The heat transferred from the water flowing through the tubes to the plate, waterQ  is obtained 
from eqn. (3) below 

( )outinwaterwaterwater TTcmQ −=      (3)  

while the natural convection heat transfer to the plate is obtained from 

( )pambpconv TThAQ −=      (4) 

The heat transfer by conduction through the plywood and insulation to the plate, condQ  is 
obtained from the relation; 

( )ppwbinspcond TTUAQ −=      (5) 

Eqn. (1) was solved using the data collected from various experimental measurements to 
obtain the only unknown parameter, the effective sky temperature. Assuming the sky to be a 
black body at an effective temperature Tsky, the downward long-wave sky radiation was 
computed with the Stefan-Boltzmann law using the sky temperature. This is given as eqn. (6). 

4
skyd Tσϕ =       (6) 

Qconv 

Qwater 

Qnet 

Qcond 
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Similarly, the upward long-wave sky radiation flux was obtained from eqn. (7) by using the 
ambient air temperature. 

4
ambu Tσϕ =       (7) 

Consequently the net outgoing radiation flux from the earth’s surface was obtained using eqn. 
(8) below. 

dunetq ϕϕ −=      (8) 

4. Results and Discussion 
Readings were taken between March and May, a period often free from the harmattan dust 
haze and enough to give considerable insight into the night sky radiation pattern during the dry 
season. The month of May however, marks the outset of rainy season. Based on data collected, 
values of the night sky temperature, downward long wave sky radiation, upward long wave 
sky radiation and the net long wave sky radiation were determined using eqns. 1, 6 – 8. Figs. 4 
and 5 show the hourly variation of the night sky temperature and its depression below that of 
the ambient for the dry and rainy seasons while Figs. 6 and 7 show the hourly variation of the 
upward and downward long wave radiation as well as their net long wave radiation.  
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Fig. 4 The night sky temperature and its depression below ambient temperature during the dry season. 

It can be seen from these figures that the dry season (characterized by high dry bulb 
temperature and sometimes a low relative humidity) has lower sky temperatures and higher 
net long wave radiation than the rainy (wet) season though the variation pattern showed more 
strong dependence on time of day. The rainy season, with much lower dry bulb temperature 
and high relative humidity, on the other hand, has more steady sky temperature with a 
minimum value of about 12oC. Its net long wave radiation was mostly below 70 W/m2. These 
results show that net log wave radiation is higher during the dry than in the rainy season. This 
may be as a result of a combination of the following factors; clear night sky and lower relative 
humidity than the rainy season. The rainy season is characterized by overcast sky and high 
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relative humidity, hence the lower values recorded. However ambient temperatures are 
generally lower within this period, thus less cooling is required in order to achieve comfort. In 
general the net long wave radiation is highest between 22:00 hours – 5:00 hours of the 
following day with the values ranging between 50 – 130 W/m2. These values are well in the 
same order of magnitude with those obtained for similar climatic conditions and if properly 
harnessed could provide cooling; enough to provide reasonable comfort during the night 
times, especially during the dry season when high ambient temperatures make sleeping 
difficult. 
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Fig. 5 The night sky temperature and its depression below ambient temperature during the rainy 
season. 

5. Conclusion 
Measurements to experimentally determine the long wave night sky radiation in Owerri, a 
tropical south eastern city in Nigeria, have been conducted. Measurements were taken at 
periods of the year representative of the three major climatic conditions of this city. Based on 
the results obtained after analysis of data collected, the following conclusions may be drawn. 
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Fig. 6 The night sky radiation at the location during the dry season. 
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Fig. 7 The night sky radiation at the location during the rainy season. 

i.) The net radiation to sky of up to 130 W/m2 is possible depending on time of day and 
period of the year. Overall, an average value of about 66 W/m2 is possible. 

ii.) The dry season presented better potential for space cooling using the night sky 
radiation. Fortunately, this is the period of year when comfort is desired most. 
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Abstract: Green Building is a philosophy aiming to maintain a high quality of the built environment while 
optimizing the use of resources, both materials and energy. Related to green building, sustainable construction 
consists in the creation and operation of a healthy built environment giving rise to high-performance green 
buildings. 
These building concepts have already been taken into account by the European Union (EU) that has promoted 
the use of alternative energies, thermal insulation and responsible consumption programs, among others. The 
Directive 2002/91/EC came into force to regulate energy efficiency in new buildings. Member States transposed 
this text to their legal systems, considering the particularities of to their territories, geography, economy and 
society. In Spain, the Spanish Technical Building Code (CTE- Código Técnico de Edificación) promotes 
sustainable building. Other regulations regarding energy buildings certification, energy efficiency or renewable 
energy promotion have already been adopted. 
This work presents a house designed taking into account some aspects of the sustainable house design, and 
compares it with a reference house. These aspects include the thermal requirements of the house following a 
simplified option established in the basic documents HE1 (Limitation of the energetic demand) and HE4 
(Minimal solar contribution for heating domestic water) of the Spanish Building Technical Code  
 
Keywords: Sustainable construction, Thermal insulation, CTE, Energetic demand 

1. Introduction 
Almost 30% of world’s energy is used in housing (40% in Europe [1]) and the 50% of this 
energy is used in building for the weather conditioning systems [2] (heating or cooling), and 
lighting. Energy consumption for housing and services was 371.4 Mtoe (millions tons of oil 
equivalent) in 2000 [3], which is higher than for other sectors such as transport and industry. 
 
Due to the figures of the increased CO2 emission levels associated with this energy 
production, the EU has decided to harden the standards for building and their heating and hot 
water systems in order to reduce the amount of energy consumed [4]. Simultaneously to these 
new standards a new philosophy, Green Building, has emerged, with the aim of maintaining 
high quality of the built environment while optimizing the use of resources, both materials 
and energy. On the topic of green building, sustainable construction is about the creation and 
operation of a healthy built environment based on ecological principles and resource 
efficiency [5], giving rise to “high-performance green buildings”. The main characteristics of 
these constructions are [6]: significantly less energy, materials and water consumption; 
healthy living and working atmosphere; and great improvements on the quality of the built 
environment. The control of natural lighting and ventilation as well as better insulation also 
help, not only reducing energy consumption but also increasing safety and security, 
promoting welfare and helping assisted living [7]. 
 
Housing energy use has been a concern for the European institutions, which have promoted 
the application of alternative energies, thermal insulation and responsible energy usage 
campaigns by developing a specific legal framework. Accordingly, the European building 
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sector has provided itself with the Directive 2002/91/EC [1], which aims to control the energy 
efficiency in buildings, and the Directive 2006/32/EC [8], whose purpose is to enhance the 
cost-effective improvement of energy end-use efficiency. Several Member States have 
transposed these European directives to their own legal systems, trying to adapt them to their 
geographic, economic and social characteristics. That is the case of Spain, where the 
European directives have been adapted to the national legal framework by Royal Decree 
1027/2007 [9], on Thermal Installations in Buildings (RITE –Reglamento de Instalaciones 
Térmicas en los Edificios), that controls heating systems and hot sanitary water in buildings in 
order to reach a good comfort level and an optimal energy use, and Royal Decree 1675/2008 
[10], the Spanish Technical Building Code (CTE – Código Técnico de Edificación), that came 
into force to promote sustainable building. 
 
This work presents the energy-related considerations taken into account during the design of a 
sustainable house intended to be energy efficient, including the requisites of the Spanish 
Building Technical Code (CTE). The energy parameters of this house will be compared with a 
reference house designed under conventional criteria. 
 
2. Methodology 
This work compares energetic parameters of two houses intended to be in the same location 
and with the same space distribution, but that have been designed under different building 
criteria. The first one is the “reference house” (RH), designed using conventional building 
criteria. The second house, the “sustainable” one, is the so called “insulated house” (IH), 
which applies the CTE, specifically the simplified option established in the basic document 
HE1 about Limitation of the energetic demand, as well as the guidelines set by the basic 
document HE4 about Minimal solar contribution for heating domestic water. This calculation 
option is based on the indirect control of the building energetic demand, limited by the 
characteristic parameters of the internal and external walls (thermal envelope). Accordingly, 
the methodology includes the following steps: 
 
- Definition of the climatic area. 
- Classification of the spaces of the building. 
- Thermal isolation. 
- Analysis of the thermal requirements of the house. 
- Air infiltrations. 
- Underfloor heating system. 
- Boiler selection. 
- Solar collectors for hot water production. 
- Materials selection. 
 
Finally the energetic parameters proposed in the CTE are compared for both houses, showing 
the benefits of the “sustainable” design. 
 
3. Characterization of the houses 
3.1. Definition of the climatic area 

The proposed houses will be located in Lugo (Galicia), in the northwest of Spain. Lugo is 
classified by the CTE climate severity criteria as a D1 region, which means that the Winter 
Climate Severity (WSC) is high (D in a scale from A to E), and the Summer Climate Severity 
(SCS) is low (1 in a scale from 1 to 4). 
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3.2. Classification of the spaces of the building 

Both the RH and the IH are intended to be located in a North-South oriented rectangular 
parcel with a 20% slope, which is not affected by any shadowing element in its environment. 
The houses will have four levels: the underground level, where the garage is located; the 
ground floor, with the kitchen, living-room, one bedroom and the access to the house; the first 
level, which is the dormitories area; and finally the top floor, which is really a terrace where 
the collectors and control devices will be located. 
 
3.3. Thermal isolation 

In the RH the external walls will be conformed by external plasterwork (25 mm), a double 
brick layer and an internal layer of plasterwork (25mm). The 290 mm width structure will be 
protected by both internal and external painting. 
 
In the IH external walls are conformed by external plasterwork of 25 mm, a layer of light 
thermo-clay of 190 mm followed by another concrete layer. Insulation is provided by two 
layers: 20 mm of expanded polystyrene and an air chamber of 20 mm. Finally it is an internal 
brick layer covered by plasterwork. The 370 mm width structured is protected both internally 
and externally by painting. The formation of thermal bridges has also been considered, owing 
to the energy losses they involve. 
 
3.4. Thermal requirements 

The study of the thermal requirements will be based in the indirect control of heat demand as 
required in the CTE. This estimation method uses the characteristic parameters of the thermal 
envelop or U-values. Thermal transmittance U (W/m2·K) is defined by Eq. (1), where RT is 
the total thermal resistance for the constructive component. 
 
In the case of associations of materials in homogeneous thermal layers, total resistance could 
be calculated by Eq. (2), where R1, R2 are the thermal resistances of the n layer conforming 
the wall, and Rsi, Rse are the superficial thermal resistances corresponding to the internal and 
external air, considering the wall situation in the building and the direction of the heat flow. 
 
The last consideration is the calculation of the thermal resistance in a thermal homogeneous 
layer provided by Eq. (3), where e is the thickness of the layer (m) and k the thermal 
conductivity of the material (W/m·K). 
 
Global transmission coefficient for the building also has been calculated, Eq. (4), in order to 
collect the previous parameters in a more representative figure, where sub-index w, s, r and h 
refer to walls, soil, roofing and holes respectively, and A is the area of each layer. 
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3.5. Air infiltrations 

Air renewal by infiltrations is an important parameter affecting both the hygienic conditions 
and the overall heating demand, as the incoming air must be conditioned. Air renewal takes 
place by infiltration through carpentries and by ventilation. Infiltration can be quantified by 
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permeability, defined by Eq. (5), where Cv is the window coefficient (specific for the 
woodwork, dimensionless), ΔP is the pressure difference between indoors and outdoors (mm 
H2O) and Sh is the total surface of the hollow (m2). Ventilation is mainly controlled by the 
inhabitants except for the kitchen and the bathrooms, both having independent mechanical 
ventilation systems. 
 

hv SpC ··  (5) 
 
3.6. Heating System Design 

Aiming to determine the heating requirements of the building, specific studies of every single 
space of the house have been carried out, considering heat losses by transmission and air 
renewal in each one of the spaces. Heating system, by underfloor heating, was designed 
considering that indoor temperature is set at 20 ºC and that the system must face up minimal 
temperatures of -5 °C during winter time.  
 
Heating system design is based on the results obtained for the heat losses. Design parameters 
considered were water flow and water temperature, which can be calculated by Eq. (6) since 
Q is the known total heat losses, where Tma is the average water temperature (ºC), Tobj is the 
objective temperature set in 20 ºC and U is the global thermal transmission coefficient, 
considering heat flow will occur by conduction and convection. 
 
Water flow for heating system is calculated by Eq. (7), where C is the mass flow rate (kg/h), 
Cp is specific heat of the water (kJ/kg·K)  and ΔT is the difference between inlet and outlet 
water in the system, considered to be 10 ºC. 
 

 objma TTUQ  ·  (6) TCCQ p  ··  (7) 
 
3.7. Boiler Selection 

The installation of efficient boilers is promoted by the RITE to reduce pollutant emissions and 
improve energy savings. In this case study a condensation boiler has been selected because it 
can be adapted to the thermal needs of an underfloor heating, providing hot water at 60 ºC. 
Moreover a 30% energy saving and a 70% NOx y CO2 emissions reduction is expected. 
 
3.8. Sanitary Hot Water Installation 

The sustainable design also includes a solar thermal installation able to provide a great 
percentage of the total hot water demand for the house, exceeding the 30 percent required by 
the CTE for this kind of houses. 
 
Initial data needed for the design and calculation of this installation, will be the use conditions 
of the Sanitary Hot Water (SHW) and weather specifications of local region. Energetic 
demand is determined by the monthly hot water consumption rate and the temperature set for 
the SHW, while climatic specifications are obtained by the global radiation in the collecting 
field, average day temperature and network water temperature. 
 
Calculation method was the f-chart method. This method allows the assessment of the solar 
device coverage as well as its average performance in an amount of time. 
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3.9. Fuel consumption 

It is nearly impossible to estimate fuel consumption in heating systems, since it heavily 
depends in variable conditions such as weather, user needs or control systems. However, it is 
possible to perform yearly estimations by using a method that can be found in UNE 100002 
[11] regulations. It can be done by using Eq. (8), where G stands for HDD (ºC), P for 
consumed power (kcal/h), U is the use coefficient (dimensionless), I is the intermittence 
coefficient (dimensionless), η is the boiler performance, LCP is the Lower Calorific Power of 
the natural gas (kcal/m3N), (Ti-Te) relates to the difference of temperatures between the inside 
and outside of the house. For this case, Ti is set as 20 ºC and Te as 2 ºC. 
 

)T-·LCP·(T
G·24·P·I·U=C

ei
 (8) 

 
4. Results 
This section presents the results obtained after applying the aforementioned equations to the 
proposed case studies. The limit values set by the CTE for the proper design of the IH are: 20 
ºC indoors temperature, 55% indoors relative humidity, 273 m3/h·m2 woodwork permeability 
for a D1 zone, and 30% of annual minimal solar contribution for fossil energy source at 60 ºC. 
 
According to Eq. (1-3) and following the layer schema described in the previous section, 
calculations of the U-values have been done. The results obtained are presented in Tables 1 and 
2, where sub-index W, S, R and H refer to walls, soil, roofing and holes respectively. Next sub-
index are: IH: Insulated House, LV: Limit value set by the CTE, RH: Reference House. 
 
Table 1. U-values comparison for the insulated house and the reference house with the limit values 
established by CTE. 

Orientation UWIH 
(W/m2 K) 

UWLV 
(W/m2 K) 

UWRH 
(W/m2 K) 

UHIH 
(W/m2 K) 

UHLV 
(W/m2 K) 

UHRH 
(W/m2 K) 

N 0.46 0.66 1.57 2.23 2.50 3.8 
E 0.49 0.66 1.69 2.10 2.90 3.68 
O 0.48 0.66 1.57 2.18 2.90 3.25 
S 0.52 0.66 1.63 2.18 3.50 3.68 

 
Table 2. U-values comparison between the insulated house and the reference one with the limit values 
established by CTE. 

USIH 
(W/m2 K) 

USLV 
(W/m2 K) 

USRH 
(W/m2 K) 

URIH 
 (W/m2 K) 

URLV 
(W/m2 K) 

URRH 
(W/m2 K) 

0.33 0.49 1.70 0.33 0.38 0.62 
 
Fig. 1 represents the comparison of the U-values for the considered elements (walls, soil, 
roofing and holes) for the IH, LV and RH. The U-values selected for walls and holes 
correspond to the north orientation. 
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Fig. 1. Comparison of U-values for the walls, soil, roof and holes in the IH and the RH regarding the 
limit values set by the CTE. 
 
The air renewal parameters have resulted in the data displayed in Table 3, whereas Table 4 
shows the results obtained after calculating the thermal requirements for both houses. Heating 
system design results are included in Table 5. 
 
Table 3. Calculations to establish the total ventilation of the buildings. 

Air renewal Reference house Insulated house 
Permeability (m3/h) 1263,14 248,14 

Mechanical Ventilation (m3/h) 114,55 114,55 
Natural ventilation (m3/h) 97,52 97,52 

TOTAL (m3/h) 1475,21 460,21 
 
Table 4. Thermal Requirements in the building. 
 Reference House Insulated House 
Total Area (m2) 204.91 204.91 
Heat losses by transmission (W) 16,528.30 6,378.13 
Heat losses by air renewal (W) 11,956.38 5,640.01 
Total Heat losses (W) 28,484.68 12,018.14 
 
Table 5. Resulting heating system parameters. 
 Water temperature (ºC) Flow rate (l/s) 

Insulated House 30 0,267 
Reference House 47 0,658 

 
To calculate the SHW installation it is necessary to consider some additional factors. Hot 
water consumption is estimated to be 30 liters/inhabitant each day at 60 ºC. Concerning 
weather conditions, Lugo is located 465 meters high and in 43 º latitude. The house is placed 
in a flat ground with little vegetation, and atmosphere is considered clean since the house 
location is within a rural zone. 
 
A Buderus Logasol SKN 3.0 is chosen as the collector. This device has an open surface of 
2.25 m2 and its efficiency slope parameters are η0=0.775, k1=3.599 W/m2·K and k2=0.008 
W/m2·K2. Table 6 contains the results obtained for an installation comprising 3 collectors and 
an accumulator of 400 liters. 
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Table 6. Results for SHW installation calculations. 
Parameter Value 

Total thermal load (MJ) 13,658.0 
Net energy collected (MJ) 10,413.1 
Yearly Solar Coverage (%) 76.2 

Yearly Average Performance (%) 33.7 
 
Finally, fuel consumption and CO2 emissions were calculated to complete the analysis and 
comparison between both houses (Table 7). 
 
Table 7. Fuel consumption estimation for each house and related economic costs and CO2 emissions. 
 Fuel consumption 

(m3/year) 
Economic costs 

(€/year) 
CO2 emissions 

(ton/year) 
Insulated house 1,759 1372.20 4.00 
Reference house 4,169 3252.17 9.60 

 
5. Discussion 
The comparison of both houses, RH and IH, leads to some obvious conclusions. First of all, 
when selecting building materials the priority has been their insulating capacity, but keeping 
also in mind their environmental impact and life-cycle. In fact, thermo-clay is a recyclable 
ceramic material with really good chemical, mechanical, thermal and acoustic properties. 
Expanded polystyrene is an excellent insulating material, also recyclable, and the woodwork 
employed is made of PVC with thermal break, with a Climalit glass of 9 mm thickness. 
Besides, aiming to reduce thermal gains through the windows in summer, eaves have been 
installed to reduce solar radiation penetration in the south faced windows and the balcony. 
This measure is expected to cause a 50% reduction in radiation depth for these rooms. 
 
Concerning U-values for the thermal envelope (Tables 1 and 2), it is observed that the 
insulating measures used in the design of the IH make it possible to comply with the CTE 
requirements. More detailed analysis of these data reveals that U-values for the IH are about 
24% lower than the limit values whereas the results for the RH are much higher in each part 
of the thermal envelope. For the global transmission coefficient, results are UGIH=0.51 
W/m2·K and UGRH=1.61 W/m2·K. Coefficient value for the RH is about 3 times the insulated 
coefficient value. 
 
The results obtained for air renewal show that, in the IH, the total air renovation is roughly the 
same as the volume of the house, as demanded in the CTE (Table 3). Concerning the RH, air 
renovation is 3 times the volume of the house, which is excessive and will lead to extra fuel 
consumption. 
 
According to results shown in Table 4 for thermal requirements, it is possible to assess that 
total heat losses for the IH are only the third part of the RH. This fact leads to the reduction of 
the fuel oil consumption, and therefore the reduction of CO2 emissions to the atmosphere. 
 
Regarding the heating system design, results show that for the same heating system, water 
temperature and flow rate are lower in a well insulated house (Table 5). Consequently both 
the energy needed for water heating and electrical energy to drive the pump will be lower. 
The fulfilling of the conditions of the CTE is proved, since the SHW installation provides a 
solar contribution of 76% of the total energetic needs in the house with a yearly average 
performance above 30%, as requested in the CTE (Table 6). 
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Finally, the application of constructive solutions in the IH project means saving around 5.5 
ton CO2/year emissions (Table 7). 
 
Therefore it can be concluded that taking into account energy efficiency criteria during 
building design can result in important savings in energy consumptions, as heat losses are 
highly reduced (even three times shorter in the IH than in the RH) and hot water requirements 
are much lower than in a typical house. The application of the CTE not only limits the energy 
demand in buildings on the basis of U-values for thermal envelope, but it also avoids surface 
condensations inside the enclosure or the woodwork, limits energy loses by air infiltrations 
and minimizes solar contribution for sanitary hot water. 
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Abstract: Before 1930, most houses in the UK were built with solid brick walls, which have high heat losses 
and are difficult to insulate. These homes represent nearly one-quarter of the UK housing stock. This paper 
covers a case-study that shows some of the difficulties to meet the UK government’s target to reduce carbon 
emissions by 80% by 2050. Such a target can only be met with refurbishment of all older properties and even 
then, energy-savings initiatives are probably not sufficient; integration of renewable energy sources is also 
necessary. Comparison with refurbishment initiatives in Germany demonstrates the massive investment that 
needs to take place, and some of the practical limitations. Strategies to limit increasing demand for energy use 
will be required in order to meet these ambitious targets. The case-study demonstrates the types of practical 
problems likely to be encountered, but also shows the importance of disseminating the experience gained by 
pioneers of refurbishing older homes in the UK. 
 
Keywords: Energy Efficiency, Refurbishment, Carbon Saving 

1 Introduction 
In northern Europe, the energy use in residential buildings is largely associated with space 
heating and hot water provision as well as lights and appliances. Reducing energy 
consumption in residential buildings has the potential to help countries meet their targets to 
reduce carbon emissions. Approximately 30% of carbon emissions in the European Union are 
due to energy use in residential buildings, of which around 50% is used for space heating [1]. 
Significant reduction in these carbon emissions can be made by three methods – firstly, 
demolishing old homes and replacing them with new “low-carbon” dwellings; secondly, 
switching to energy sources that do not rely on fossil fuels; thirdly, making existing homes 
more energy efficient. In many parts of Europe, including the UK, the demand for new homes 
is high because the number of households is increasing. Apart from energy use, older houses 
have many attractive features, so demolition occurs at a very slow rate [2]. The second of 
these options requires investment in alternative energy infrastructure, which is occurring, but 
not fast enough to impact significantly yet on carbon emissions. The third of these options, i.e. 
refurbishment of existing buildings for improved energy efficiency, has other public benefits 
such as employment opportunities, increasing the aesthetic quality of existing housing stock 
and reducing the number of families suffering from fuel poverty. For the occupants, energy 
efficiency measures can lead to improved indoor comfort, lower running costs and a healthier 
indoor environment. 
 
Government housing data shows approximately 23% of the UK housing stock is comprised of 
houses built between 1800 and 1930, of which over 70% are owner occupied. These houses 
are highly inefficient in their use of heating energy, contributing a disproportionate fraction of 
UK carbon emissions. It is logical that these should be a prime focus of energy efficiency 
improvements but there are significant barriers to implementing such changes. Before 1930, 
most UK houses were built without cavity walls and with other design features that make their 
energy performance difficult to improve. Much of the heat loss is through the walls of the 
house, which can only be reduced by applying internal or external insulation. External 
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insulation has the advantage of retaining the thermal mass of the building within the insulated 
envelope. It has been applied within a number of social housing projects in the UK, but so far 
has been rarely used in owner occupied houses, which is the focus of this paper. 
 
The case-study energy use data has been analysed to find the contribution of the energy 
improvements to a reduced carbon footprint. Data from other examples has also been 
compared in order to identify the practical limitations to reducing the carbon footprint of older 
residential buildings. Carbon emissions for the UK have been calculated using data for 2007 
published by the Carbon Trust: electricity: 0.544 kg CO2/kWh; gas: 0.184 kg CO2/kWh. 
 
2 Refurbishment Case-study 
The study analyses energy savings in a detached family house of 98 m2 built in 1910 using 
225 mm solid brick walls, some of which were rendered on the outside. This house is of 
typical construction for its era, with slated roof and originally with single-glazed windows. It 
is heated by a gas-fired central heating system and also had an open gas heater in the living 
room. The house has been refurbished since 2001 in two phases. In the first phase, 
improvements were made through installation of double glazing, replacement of an inefficient 
gas boiler by a Worcester Greenstar combi condensing boiler, which has a SEDBUK 
efficiency of 90.3% (previously water was heated by an electric immersion heater). The loft 
insulation was topped up to 200 mm using Warmcel recycled paper insulation.  Energy 
efficient lighting, mainly compact fluorescent, was installed throughout the property. 
Draught-proofing was carried out and both external doors were replaced, as the original doors 
were ill-fitting. The energy savings from these improvements have been estimated using 
values from similar properties given by Lomas [3], which suggest that the energy use for 
space heating was reduced by 30% and energy use for lighting by 65%. Using the figures 
above, the resulting CO2 emissions reduced from 7.8 to 4.4 tonne/year. One problem that was 
made worse by these initial improvements (apparently common in houses of similar 
construction, after fitting draught-proofing and double glazing [4]) was the incidence of 
mildew growth in poorly ventilated areas of external wall, due to condensation. 
 

Figure 1. View of house from south side, before and after external insulation. 
 

 

2127



In the second phase, insulation has been applied to the walls of the house, internally where 
limited by the architecture of the building, but mainly externally. This has the advantage (in 
winter) that internal temperatures drop less when the heating is off during the night time. The 
external insulation is 60 mm of phenolic board with a protective cement render, which 
achieves a total U-value of 0.32 W/m2K [5]. This is very close to current UK standard for new 
dwellings of 0.30 W/m2K. Equivalent internal insulation would also have had the 
disadvantage of reducing the usable floor area by around 2%. The appearance of the property 
was not significantly altered by the application of the insulation, as seen in Figure 1.  A line of 
“brick slips” was applied to replicate the original features of the house.  
 

Figure 2. Thermal images of NW corner before and after insulation (and part of neighbouring house). 
 
Thermal images of the house were taken before and after insulation, as seen in Figure 2. Both 
images were taken on a cold day, with the house heated to 18C, but the quantitative results are 
not directly comparable. Unfortunately, it was not possible to match the temperature scales 
exactly as a different camera was used for the second image. However, a qualitative 
comparison shows how the leakage of heat from the corners of the frontage has been reduced. 
On the end wall, no significant temperature difference now exists between the heated part of 
the house and the unheated loft (above the loft insulation, where the internal temperature is 
below +5 C). Where possible, at the top of the first floor the external insulation was brought 
above the level of the loft insulation in order to reduce thermal bridging.  
 

 

Figure 3. Mean daily gas usage plotted against heating degree-days on a monthly basis. 
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Evidence of the effectiveness of the insulation is shown better by looking at data for gas 
usage. Figure 3 shows the correlation between gas usage and degree-day values (taken on a 
monthly basis using values from Vesma [6]). An open gas heater in the living room was 
removed and replaced by a wood-burning stove. Although this was only used for 
supplementary heating (as there is a radiator in the room) it made up about 8% of the original 
gas use. Since applying external insulation, the appearance of mildew has been significantly 
reduced as internal wall temperatures are generally above the dew point. 
 
Electricity use in the house is significantly below the national average. This is partly due to 
reduced use of electrical appliances – e.g. a kettle is used on the gas hob in preference to an 
electrical kettle and there is no TV, video recorder, etc. Plotting electricity use against day 
length shows a clear correlation due to lighting use (see Figure 4) which is estimated to be 
750 kWh per year, 25% of the total. The increase in electricity consumption shown at the time 
of insulating the property is due to the installation of a dishwasher at around the same time. 
The graph shows a reduction in the minimum gas usage per day, due to less use for heating 
washing-up water. This contributes around 4% to the saving in gas.  When this and the change 
to wood-burning in the living room is taken into account, the reduction in gas usage due to the 
insulation is 35 %, representing a carbon saving of almost 1 tonne/year based on the 20-year 
average temperature.  The overall reduction in CO2 emissions relative to the unimproved state 
of the house is approximately 60 %. 
 

 
Figure 4. Electricity usage, showing the changing lighting load. 
 
The amount of energy used for the wood-burning stove is difficult to assess, but is reckoned 
to be 200 kg of wood with an average energy content of 12 MJ/kg. This represents 6% of the 
total energy use in the home. This not only reduces carbon emissions, but so far has also 
reduced costs, as the wood used has been obtained free of charge. It is possible to extrapolate 
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the number of households that could use such free sources of wood – much of it from 
builders’ skips. According to the UK Government department Defra, the amount of waste 
wood from construction industry is 5 million tonne/year [7]. Just 10% of this would be 
enough for 1 million homes to provide a similar level of wood heating. 
 
The overall energy use after refurbishment, corrected to average 2203 degree-days per year, is 
125 kWh/m2 of which 71% is from gas and 23% electric.  
 
3 Comparison with other data 
3.1 Scottish case-study 
A refurbishment case-study of three types of dwelling in Scotland by Jenkins [8] includes a 
stone-built house of a similar age. The comparison is useful because the house is also 
detached and occupied by a family of four, with the same floor area of 98 m2. However, in the 
Scottish house the window area is approximately 30% less, and the walls are much thicker. 
Without wall insulation but with other energy-saving interventions, Jenkins predicted a 
reduction from 327 kWh/m2 to around 200 kWh/m2 after refurbishment. Further Carbon 
savings (down to 4 tonne CO2 per year) could be achieved using solar thermal, solar PV and 
wind energy. 
 
The figures can be usefully compared with figures for different house types and ages given in 
another report on Scottish Housing [9]. Although similar data for England was not easily 
available, the Scottish data gives a useful comparison. Degree-day data for Scotland shows 
that energy demand for heating is likely to be 10 – 15% higher than in Nottingham. The 
Scottish data show mean CO2 emissions of 17.5 tonne/year for pre-1919 detached houses. 
 
3.2 Data from Germany 
Most of the technologies for external insulation available in the UK are adapted from a system 
developed in Germany, known as Wärmedämmverbundsystem (WDVS). In general, German 
residential buildings are much more energy efficient than those in the UK. They use, on 
average, less energy per unit floor area, despite colder winter temperatures. Energy efficiency 
standards have been stringent since 1977 (similar to UK 2001 standards) and current 
minimum standards are still higher than in the UK. When houses are refurbished, they tend to 
be fitted with higher levels of insulation - 160 mm is the current recommendation for external 
insulation on solid walls in Germany. 
 
In 2009, the German “Bank for Reconstruction” (KfW) provided loans of €8.9 bn toward the 
energy refurbishment of 620,000 homes, estimated to reduce carbon emissions by an average 
of 2.4 tonne/year/dwelling. Germany has fewer older houses than the UK – about 75% were 
built after 1945. A study [10] of multiple flats in larger houses in Germany 
(Mehrfamilienhäuser) – comparable in format to Scottish tenement housing - shows how 
older buildings have little capacity for energy improvement and predicted energy savings are 
often not achieved. In Figure 5 the data has been converted from kWh/m2 using German 
emissions data (from UmweltBundesAmt) and taking an average floor area of 90 m2.  
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Figure 5. Comparison of CO2 emissions per dwelling for different ages of houses and flats. 
 
3.3 Other UK data 
The previous UK government’s main domestic energy efficiency programme was CERT 
(Carbon Emissions Reduction Target) which has been implemented through Energy Supply 
Companies. In contrast to the German investment, in 2009 around £400m (€0.45 bn) was 
invested, mostly in loft insulation (616,000 homes) and cavity wall insulation (500,000 
homes); only 17,700 homes were fitted with solid wall insulation. A recent study published by 
the Department of Energy and Climate Change suggests that even homes in the UK with 
cavity walls cannot all be insulated easily. Although there are now around 5 million homes 
with unfilled cavities, most of these will be “hard to fill” because of the nature of the cavity 
walls and the materials used [11]. 
 
A portfolio of houses that have been refurbished to achieve at least 60% carbon reduction is 
presented by the Sustainable Energy Academy [12] under the slogan “Old Home, 
Superhome”. This includes 39 case studies of houses built between 1800 and 1930, of which 
22 were treated mainly with internal insulation and 17 with external insulation. To achieve 
this level of carbon reduction, very few houses rely on insulation alone: 36 of the 39 cases 
have at least one renewable energy source. The most common is solar thermal, but 40% have 
solar PV, 45% have wood stoves/boilers and 10% have ground source heat pumps. More than 
half have some form of underfloor insulation in addition to solid wall insulation. For the case 
study house, installation of 3.8 kW of PV is planned for 2011 at a cost of £13,700, with a 
predicted further saving of 1.7 tonnes of CO2, approximately half of the 2010 emissions. 
 
Lectures about existing local examples of refurbished homes gave information and inspiration 
before implementing the case study described in section 2.  Among these were a Nottingham 
“Eco-home” included in the Sustainable Energy Academy portfolio and a refurbished home 
owned by a local Member of Parliament described in [13]. The importance of occupier 
behaviour is also critical to the success of such energy improvement schemes. Hence, the E-
On house project at University of Nottingham, which will demonstrate the process of 
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converting a typical 1930’s house to a zero-carbon home, incorporates a sophisticated array of 
monitoring equipment to learn more about this aspect [13]. 
 
4 Conclusions 
The energy-saving measures in the Case Study have been effective in reducing the carbon 
footprint of the house. However, it is clear that the main reduction in carbon emissions was 
made by the first stage of improvements, which were more cost-effective. The greatest 
contribution to carbon reduction probably came from two changes which did not affect heat 
loss from the house: (i) installation of a condensing boiler; (ii) changing from electricity to 
gas for domestic hot water. Changes in carbon emissions are highly dependent on fuel choice 
because currently CO2 emissions per unit of energy are three times higher for electricity than 
for gas. However, the combination of energy-saving measures employed in the case study 
make internal temperatures much more even, reduce condensation and contribute significantly 
to reduction in use of fuel for heating. Nevertheless, it is clear that one reason for the low final 
carbon footprint is the behaviour of the house occupants. Typical room temperature in living 
areas is 18 C, 3.5 degrees less than the temperatures considered as normal by the Tarbase 
study [8].  
 
The external insulation cost £9000, which at current gas prices will take more than 20 years to 
payback financially. However, it has probably enhanced the overall property value, 
particularly with the current requirement for Energy Performance Certificates. Nevertheless, 
depending on interest rates, this length of payback could mean that such improvement would 
not meet the requirements of the new UK government’s proposed Green Deal, as costs might 
be greater than current fuel savings. Also, if Energy Performance Certificates are dropped, as 
some sources have indicated, the property value incentive would reduce. 
 
From this case study, it is possible to extrapolate that 60% carbon savings could be made by 
implementing similar improvements throughout the 5 m older housing stock and 5 m “hard-
to-fill” cavity homes. However, to reach this target by 2040, the number of homes treated 
needs to increase (from the current level of approx. 18,000) at a rate of 20% per year until 
2027, by which time the level of refurbishment would be 600,000 homes per year (as 
currently in Germany). This level of growth cannot be envisaged without a coherent policy for 
incentives and appropriate dissemination of information to home owners. Some of the likely 
policies are set out by Boardman in [2]. 
 
References 
[1] R. Bowie and A. Jahn, European Union – The New Directive on the energy performance 

of buildings – Moving closer to Kyoto, Société Royale Belge des Electriciens, April 
2003. Available at: www.managenergy.net (accessed Dec, 2010). 

[2] B. Boardman “Home Truths: a low-carbon strategy to reduce UK housing emissions by 
80% by 2050”, University of Oxford Environmental Change Institute – research report, 
Nov. 2007. 

[3] K. Lomas, “Energy Use in dwellings: decarbonising the stock and people” in ESRC 
Seminar Series How people use and ‘misuse’ buildings, 26 Jan, 2009. 

[4] C. Pearson, The Complete Guide to External Wall Insulation, York Publishing Services, 
2006.  

[5] Energy Savings Trust, “External insulation for dwellings” Good Practice Guide 293 
(2006). 

2132



[6] V. Vesma, Degree Day Data available at www.vesma.com/ddd/ (accessed Dec, 2010). 

[7] Department of Environment, Food and Rural Affairs, “Waste Wood as a Biomass Fuel”, 
April 2008, p8. 

[8] D. Jenkins, “Energy Modelling In Traditional Scottish Houses: Heriot-Watt University 
analysis of potential CO2 savings of building variants”, Tarbase Group report for Historic 
Scotland, 2008. 

[9] S. Walker et al, “Scottish House Condition Survey: Key Findings for 2009” Published by 
the Scottish Government, 25th November 2010. 

[10]  C. Michelsen, S. Müller-Michelsen, “Energieeffizienz im Altbau: Werden die 
Sanierungspotenziale überschätzt? Ergebnisse auf Grundlage des ista-IWH-
Energieeffizienzindex”, Wirtschaft im Wandel, Institut für Wirtschaftsforschung Halle, 
Issue 9 (2010) 22 Sept. 2010. 

[11]  Inbuilt Ltd & Davis Langdon, “Study on hard to fill cavity walls in domestic dwellings 
in Great Britain”, Report for UK Dept. for Energy & Climate Change, October, 2010. 

[12]  www.sustainable-energyacademy.org.uk (Accessed December 2010)  

[13]  M. Gillott and C. Spataru, “Materials for energy efficiency and thermal comfort in the 
refurbishment of existing buildings”, in “Materials for energy efficiency and thermal 
comfort in buildings”, Edited by M Hall, Woodhead Publishing, April 2010.  

 

 

 

2133



Effect of Condenser Air Flow on the Performance of Split Air Conditioner 
Amr O. Elsayed1,*, Abdulrahman S. Hariri1 

1College of Engineering, University of Dammam, Saudi Arabia  
* Corresponding author. Tel: +966551885676, Fax: +966 3 8584331, E-mail:amro9992000@yahoo.com 

Abstract: Split air conditioning units are usually used for small and medium scale residential buildings. 
Therefore, more energy efficiency and lower cost are needed along with reliable control for the air conditioning 
units. An experimental investigation has been carried out to study the performance of a direct expansion air 
conditioning (A/C) unit having a variable speed condenser fan. The modulation of heat rejection airflow has 
been controlled with the outdoor air temperature via a Proportional Integral Differential (PID) controller. The 
control algorithm allows increasing the speed of condenser fan with the increase of outdoor air temperature and 
vice verse. The maximum rated air flow of the fan is 0.43 m3/s at 42ºC outdoor air temperature and the 
minimum is 0.28m3/s. To facilitate variation of refrigerant flow rate according to the evaporator load, the 
traditional capillary tube was replaced with a suitable thermostatic expansion valve and liquid refrigerant 
reserve. The influence of condenser airflow and its temperature on the A/C unit performance and compressor 
power consumption has been investigated and presented at different evaporator cooling load. It has been found 
that a 10 % reduction in compressor power consumption is achieved by increasing the condenser air flow by 
about 50%. 
 
Keywords: Split air conditioners, A/C unit performance, Variable speed condenser fan. 

Nomenclature 
COP  coefficient of performance 
h  refrigerant enthalpy….….…...kJ.kg-1 
mref  refrigerant flow rate……….…. kg.s-1 
P  pressure………………………….kPa 
Tev evaporation temperature….…… °C 

 Tcond   condensation temperature...….…°C 
 Qev   evaporator cooling capacity...... kW 
Wcomp  compressor power consumption...kW 
WFan condenser fan power…………….kW  

1.  Introduction 
Energy saving is the practice of decreasing the quantity of energy used. It may be achieved 
through efficient energy use or by reducing the consumption of energy services [e.g. 1-3]. Air 
conditioning units are usually used for small and medium scale residential buildings. The 
amount of energy consumed by air conditioners, refrigerators and water heaters is increasing 
rapidly, since the consumed power by air conditioners occupies about 20% of the total power 
consumption. The improvement of refrigeration cycle performance can be done by lowering 
the compressor power consumption, increasing the condenser heat rejection capacity or 
reducing the difference between condenser and evaporator pressures. 

A. Benamer and D. Clodic [4] offered a method for the comparison of energy consumption of 
variable and fixed speed scroll compressor in a refrigeration system. They showed that the 
lower the heat load, the higher the energy savings associated with variable speed. Also, 
variable speed compressor generates up to 40% savings in power consumption. S. Hu and B. 
Huang [5] presented a high efficiency split residential water-cooled air conditioner that 
utilizes cellulose pads as a filling material of the cooling tower. They showed that the water 
cooled condenser results in decreasing the compressor power consumption from 1.189 to 1.02 
kW and the cycle COP is improved from 2.96 to 3.45. S. Wang et al. [6] presented a split air 
conditioner with a hybrid equipment of energy storage and water heater all year around. In 
summer, ice storage coils work as evaporator. In winter, energy storage tank absorbs the 
condenser heat to store heat during the heating process. They obtained around 28% increase 
in cooling capacity and 21.5% improvement in the COP. F. Yu and K. Chan [7] showed how 
the COP of air-cooled chillers can be improved by modulating heat rejection airflow via 
variable speed condenser fans. They introduced an algorithm that makes use of a set point of 
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condensing temperature to determine the number and speed of condenser fans staged to 
provide the airflow required for any given heat rejection. Also, in order to achieve maximum 
COP under condensing temperature control with variable speed condenser fans, the set point 
of condensing temperature should be adjusted based on the chiller load together with the 
outdoor temperature. Potential energy saving for using water cooled air conditioner in 
residential building has been illustrated by H. Chen et al. [8]. A split air conditioner with air 
and water cooled options was set up for experimental study at different indoor and outdoor 
conditions. The overall energy saving were estimated to be around 8.7% of the total electricity 
consumption. 

Recently, T. Mahlia and R. Saidur [9] reviewed requirements and specifications of various 
international test standards for testing and rating of room air conditioners and refrigerators 
sacking for efficiency improvement of these appliances. Also, M. Jiang et al [10] evaluated 
the influence of condensing heat recovery on the dynamic behavior and performance of air 
conditioners. They showed that the condensing heat recovery has a negative effect on the 
cooling capacity at the start of the heat recovery process, while the average COP of the 
system is improved. 

As shown in the previous literature, variable speed condenser fans have been handled for a 
large scale (i.e. chiller). The main objective of this study is to investigate the effect of 
condenser heat rejection modulation, via a variable speed fan, on the energy consumption and 
on the performance of a residential air conditioner. The speed of condenser fan is 
simultaneously controlled with the outdoor air temperature. The characteristics of 
refrigeration cycle that served by a thermostatic expansion valve will be presented at different 
indoor and outdoor temperatures at the steady state operation condition. 

2. Experimental apparatus and procedure 
A split type, 2.64 kW nominal capacity, air conditioner using R-22 was employed to exam the 
modulation of condenser heat rejection and its effect on the conditioner performance. The 
conditioner contains the basic components of a vapor compression system: a compressor, a 
condenser, a capillary tube, an evaporator and such attachments as filter/dryer and fans. The 
indoor unit includes a DX evaporator with copper tubes and aluminum fins, a fan and a 
capillary tube. The outdoor unit includes a constant speed rotary compressor and an aluminum 
finned-plate condenser that is provided with a constant speed propeller fan. The cooling 
output has ON/OFF control in accordance with the indoor set point temperature. 

The normal method of adjusting the refrigerant mass flow in the evaporator is to add an 
expansion valve and an accumulator to the system. Therefore, a thermostatic expansion valve 
(with 0-1 orifice) and 1 kg liquid refrigerant accumulator have been installed in the 
refrigeration cycle. The condenser fan was employed to extract the room air through a foam 
duct and discharge it outside the room as shown in Photo 1, where Photo 2 shows the 
evaporating unit. Electric heaters were installed in the path of entering air to evaporator and 
condenser. Each heater was connected with a variable capacity transformer to control the 
heater power.  

The refrigeration cycle of the conditioner was provided with controlling and measuring 
devices at the key locations of cycle. A schematic diagram of the experimental apparatus is 
shown in Fig. 1. 
 
 
 
 
 

Photo 1: Condensing unit  Photo 2: Evaporating unit 
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Fig. 1 A schematic view of the experimental apparatus 
The temperature was measured via a type-T thermocouple with a maximum uncertainty of ± 
0.2ºC. Thermocouples were placed at the inlet and outlet of the evaporator and condenser. 
Also, thermocouples were installed along the tube length of the evaporator and condenser to 
determine the condensation and evaporation temperatures. The thermocouple junctions were 
soldered at the outer surface of the tubes and the thermocouple wires were connected to a 
digital thermometer. The condition of air at the inlet and outlet of each of evaporator and 
condenser was measured by means of a digital humidity/temperature meter with 1% accuracy 
of relative humidity and ±0.1 accuracy of dry bulb temperature. The liquid refrigerant mass 
flow rate was measured by a calibrated flowmeter with a maximum uncertainty of ±0.5 kg/hr. 
A digital wattmeter with ±1% reading uncertainty was provided to measure the compressor 
power consumption. 

A Proportional Integral Derivative (PID) controller was used to control the speed of 
condenser fan. The controller had been connected with a temperature sensor, thermistor 
(LM35), which was positioned inside the foam duct at the front of condenser. When the 
condenser inlet air temperature is increased above the desired set point, the condenser fan 
speed is increased and vice verse. The velocity of air at the inlet condenser coil was measured 
via a digital vane anemometer with 0.1 m/s accuracy, where the air velocity inside the 
condenser duct was ranged from 1.25 to 1.9 m/s. 

It is worth mentioning that the room temperature was maintained at 24-26 ºC during the 
experiments. All test runs were performed in an identical manner and at the steady state 
condition.  

3. Data reduction  
As mentioned, the air velocity (m/s) inside the condenser duct is measured via a vane 
anemometer and the rate of air flow (m3/s) is calculated by multiplying the duct cross section 
into the average air velocity. The evaporator cooling capacity, Qev, can be calculated as: 

Qev = mref (h1-h4)     (1) 

Where: h1, h4 are enthalpies of the refrigerant at evaporator inlet and outlet, respectively 
(kJ/kg). The common approach in determining the refrigeration cycle performance is to use 
the coefficient of performance, COP, depending on the compressor power consumption as; 

COP = Qev / Wcomp    (2) 
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4. Results and discussion 
The performance of the refrigeration cycle is a result of the balance between the four essential 
cycle components. When the outside ambient temperature varies, it affects the performance of 
the condenser, which in turn, affects the performance of the evaporator, expansion device and 
the compressor. The affecting parameters that influence the conditioner performance have 
been considered for illustration. Also, the modulation of condenser heat rejection airflow and 
its effect on the conditioner performance has been presented.  

4.1. Effect of evaporator inlet air temperature 
The refrigeration load of indoor unit may vary due to several reasons, such as the variation of 
ambient temperature. The influence of evaporator entering air temperature (return air 
temperature) on the evaporating temperature and evaporator cooling capacity, Qev, is 
presented in Fig. 2. It is observed in this figure that higher cooling capacity is achieved at 
26ºC which is the design operation condition recommended by manufacturers. As the inlet air 
temperature increases the evaporating temperature increases and the cooling capacity 
decrease.
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temperature on compressor power 
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The reduction of Qev is about 25%, when the inlet air temperature increased from 26 to 35ºC. 
This reduction in Qev is referred to the evaporator starving which reduces the heat transfer 
coefficient in evaporator, since there is no sufficient refrigerant to accommodate the heat load. 
Here, it should be mentioned that the degree of superheating was varying from 5 to 9 ºC and 
the corresponding mass flow rate of the refrigerant varied from 0.0106 to 0.0133 kg/s. Also, 
the degree of subcooling was varying from 2 to 3 ºC. Fig. 3 reveals that when the inlet air 
temperature increases the compressor power consumption increases causing a reduction in the 
coefficient of performance of the cycle. The increase of power consumption is about 12%, 
while the reduction of COP is about 35%. 

4.2. Effect of condenser inlet air temperature  
The effect of condenser inlet air temperature on the cycle performance is shown in figures 4 
and 5.The temperature of air entering the condenser was varied by heating the supply air to 
the desired temperature. During these experiments, the ambient temperature was kept constant 
at 26 ºC and the speed of condenser fan was constant which gives 0.28m3/s of air. It is seen 
from Fig. 4 that the condensation temperature increases as the inlet air temperature increases, 
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as expected, and the cooling capacity decreases with the increase of condenser temperature. 
This reduction in cooling capacity is due to the increase of evaporation temperature which is 
accompanied with the condenser temperature, since the compressor has a constant speed. The 
reduction of cooling capacity is about 32% as the condensing temperature increased by 17%. 
Fig.5 shows the variation of compressor power consumption and the cycle COP with the 
condensation temperature. The increase in condensing temperature, so thus the condenser 
pressure and the pressure ratio, leads to an increase in power consumption and a decrease in 
the cycle COP. The power consumption is increased by 36% and the reduction in COP is 
about 45% as shown in the figure. 
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Fig.4 Variation of condenser entering air 
temperature with condensing temperature 
and evaporator cooling capacity  

 

Fig.5 Effect of condensation temperature 
on compressor power consumption and 
cycle COP 

4.3. Modulation of condenser air flow at constant inlet air temperature 
During these experiments, the temperature of air, which cools the condenser, was kept 
constant at 36ºC and the airflow through the condenser was varied by controlling the speed of 
fan manually. Although the increased heat rejection airflow causes the additional fan electric 
demand, the decreased condensing temperature results in a considerable reduction in 
compressor electric demand. This is shown in Fig.6, as the rate of air flow increases from 0.28 
to 0.43 m3/s the condensing temperature decreased by about 8% and the corresponding 
reduction in compressor power consumption is about 10%. These findings indicate that the 
compressor power depends on how condenser fan is controlled to provide the heat rejection 
airflow required for any given cooling capacity. 

4.4. Modulation of condenser air flow at different inlet air temperature 
The condensing temperature can be controlled at a minimum point by modulating the heat 
rejection airflow continuously. During these experiments, the condenser fan speed was varied 
according to the condenser inlet air temperature that represents outdoor air temperature. To 
show the effect of variable air flow for improving condenser heat rejection, a comparison 
between constant and variable fan speed has been presented in Figs. 7-9. Fig.7 illustrates the 
variation of condensing temperature with the inlet air temperature for constant and variable 
airflow.  
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Fig.6 Variation of condenser airflow with condensation temperature and compressor power 
consumption 
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Fig.7 Variation of condensing temperature with condenser inlet air temperature for constant and 
variable airflow 
 
As expected, by increasing the rate of airflow an improvement in condenser heat rejection is 
observed during which the condensing temperature has been reduced by 7% at 42ºC inlet air 
temperature as shown in figure. The corresponding reduction in compressor power 
consumption is recorded in Fig.8. It is seen from this figure that at 42ºC inlet air temperature 
the power consumption has been reduced by about 15%, while at 36ºC inlet air temperature 
the reduction is about 9%. As mentioned earlier, the increase of heat rejection airflow needs 
an additional fan electric demand; however, this demand is small compared with the energy 
saved by the compressor. In addition, the max power required for condenser fan is only used 
at the peak of outdoor air. 
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Fig.8 Variation of compressor power 
consumption with condenser inlet air 
temperature for constant and variable airflow 
 

Fig.9 Variation of cycle COP with 
condenser inlet air temperature for 
constant and variable airflow 

Fig.9 reveals the coefficient of performance of the conditioner during constant and variable 
airflow for condenser cooling. It is seen in this figure that, the COP of the cycle decreases as 
the condenser inlet air temperature increases for both constant and variable airflow. Since the 
increase in compressor power consumption is higher than the increase of the evaporator 
cooling capacity, so the COP of the cycle decreases. On the other hand, an improvement, 
about 28%, in the cycle COP is observed for variable condenser airflow due to the lower 
compressor power consumption. 
 

To evaluate the energy saving due to the improvement of COP, shown in Fig. 9, the unit 
coefficient of performance is presented in Fig. 10. This performance coefficient includes the 
power consumption of the condenser fan and is defined as: 

COPU = Qev / (Wcomp + WFan)    (3) 

As Fig. 10 shows, the unit COPU for variable condenser fan is greater than that for constant 
speed fan. The profit payback of the present energy saving method can be calculated by the 
economic analysis. The retrofitting of the present conditioner will be handled in a future work 
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Fig.10 Variation of unit COP with condenser 
inlet air temperature 
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Fig.11 Comparison between the COP of the 
present conditioner and water cooled high 
performance conditioner in Ref [5]   

The study is conducted to compare the present conditioner performance with the performance 
of water-cooled air conditioner in Ref [5]. As shown in Fig. 11, the COP of the water-cooled 
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air conditioner is higher by about 35% than that for the present conditioner. This is due to the 
high heat capacity of water compared with the air.  

5. Conclusions  
From the above findings, it can be concluded that: 

- The power consumption of the compressor was increased by 12% and the cooling capacity 
was decreased by 25%, when rising the evaporator inlet air temperature from 26 to 35 ºC. 

- The cooling capacity of the evaporator was decreased by 32% when rising the condenser 
entering air temperature from 30 to 42ºC, while the compressor power consumption was 
increased by about 36 %. 

- At constant inlet air temperature, a 10 % reduction in compressor power consumption has 
been obtained when increasing the condenser cooling air flow by about 1.5 times. 

- For variable speed condenser fan, it is found that the compressor power requirement has 
been reduced by 15% at 42ºC condenser entering air temperature; while at 36ºC the 
reduction is about 9%. 

- The use of variable speed condenser fan causes an increase in the COP of the conditioner 
by 28% at 42ºC condenser entering air temperature. 

Variable speed motor is recommended for the condenser fan with advanced control to 
accommodate the variation of outdoor air temperature for tracking and adjusting the 
condensing temperature.  
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