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Abstract       

Increasing energy use has caused many environmental problems including global warming. 
Energy use is growing rapidly in developing countries and surprisingly a remarkable 
portion of it is associated with consumed energy to keep the temperature comfortable 
inside the buildings. Therefore, identifying renewable technologies for cooling and heating 
is essential. This study introduced applications of steel sheets integrated into the buildings 
to save energy based on existing technologies. In addition, the proposed application was 
found to have a considerable chance of market success.  
Also, satisfying energy needs for space heating and cooling in a single room by using one 
of the selected applications in different Köppen climate classes was investigated to 
estimate which climates have a proper potential for benefiting from the application. This 
study included three independent parts and the results related to each part have been used 
in the next part. 
  
The first part recognizes six different technologies through literature review including Cool 
Roof, Solar Chimney, Steel Cladding of Building, Night Radiative Cooling, Elastomer 
Metal Absorber, and Solar Distillation. The second part evaluated the application of 
different technologies by gathering the experts’ ideas via performing a Delphi method. The 
results showed that the Solar Chimney has a proper chance for the market. 
 
The third part simulated both a solar chimney and a solar chimney with evaporation which 
were connected to a single well insulated room with a considerable thermal mass. The 
combination was simulated as a system to estimate the possibility of satisfying cooling 
needs and heating needs in different climate classes. A Trombe-wall was selected as a 
sample design for the Solar Chimney and was simulated in different climates. The results 
implied that the solar chimney had the capability of reducing the cooling needs more than 
25% in all of the studied locations and 100% in some locations with dry or temperate 
climate such as Mashhad, Madrid, and Istanbul. It was also observed that the heating 
needs were satisfied more than 50% in all of the studied locations, even for the continental 
climate such as Stockholm and 100% in most locations with a dry climate. Therefore, the 
Solar Chimney reduces energy use, saves environment resources, and it is a cost effective 
application. Furthermore, it saves the equipment costs in many locations. All the results 
mentioned above make the solar chimney a very practical and attractive tool for a wide 
range of climates.  
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Nomenclature 

Cooling degree days: Or HDD is a measurement designed to reflect the demand for 
the energy needed to cool a home or business building to a human comfort level of 18 °C 
(65 °F). [1] 

A Hot Climate Country: A country whose cooling degree day is more than 923. 
(Appendix 7.2)  

Emerging economy: The countries which have a low income, but rapid growth 
economy. They use economic liberalization as their primary engine of growth. (Hoskisson, 
et al., 2000) 

IR (Infra-Red): Electromagnetic waves (radiation) with wavelengths between 0.7 µm and 
300 µm are called infrared. This region is divided into several bands that include: (Chin, 
2013) 

Near Infrared (NIR): 0.7 to 1.5 µm. 
Short Wavelength Infrared (SWIR): 1.5 to 3 µm. 
Mid Wavelength Infrared (MWIR): 3 to 8 µm. 
Long Wavelength Infrared (LWIR): 8 to 15 µm. 
Far Infrared (FIR): longer than 15 µm. 

All surfaces emit radiation depending on their temperature and their emissivity according 
to Wien’s law. The average temperature of surfaces on the earth is roughly about 290°K 
(287°K), and the peak of emitted radiation wavelength is 10 µm that is located inside Long 
Wavelength infrared range. But, Near Infra-Red radiations just come mainly from the sun 
or sometimes from very hot man made surfaces such as lights. (Chin, 2013) 

Applications or energy applications: These words are abbreviations for energy 
applications of coated steel sheet in hot climate buildings. The abbreviations are used in 
this report to avoid unnecessary texts.  

Key factors: Key factors introduce possible competitive advantages or disadvantage for a 
production or application in chapter 3 of this project.  Competitive advantages increase the 
probability of success of a certain product in a market.  

Solar Chimney: It generally refers to all equipment which makes use of solar radiation 
and stack effects for producing cooling and heating or only for producing cooling in 
chapters 1, 2, and 3. Nonetheless, it was necessary to choose a special type for simulation 
in chapters 4 and 5. For this reason, a Trombe-wall was chosen for simulating and it is 
used in chapters 4 and 5 for all calculations and simulations. 

Köppen-Geiger climate classification: 

It is a system that classifies the climates based on the native vegetation. Köppen believed 
that the best expression of the climate is the local vegetation. Köppen climate classes with 
their definitions and terminologies are listed in subscripts section (Kottek, et al., 2006). 
Also climate classes in the world maps are presented in appendix 7.3. 

System A: It includes the electrical cooler and heater. Their coefficient of performance is 
equal one. 

System B: It includes system A, a trombe-wall and a controller that controls the trombe-
wall according to the controlling strategies.  

System C: It includes system B, but the inlet air, before receiving to the room, passes a 
wide long canal which is considered frictionless and water sprays into air when the air 
passes the canal. Meanwhile, the air-gain relative humidity increases up to 100%. 

Daily average temperature: Average of hourly temperatures for each day. 

https://en.wikipedia.org/wiki/Climate
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Daily temperature range: Difference between the highest and the lowest hourly 
temperatures for each day. 

 

Symbols 

Indexes 

i: the input of chimney  

o: Chimney output 

room: average property for air inside the room  

r: ratio 

f: fluid 

g: glass cover 

w: wall  

a: ambient 

r: radiation 

rwg: radiation from wall to glass 

rs: glass cover to sky 

sat: saturated 

v: vaporized 

 

Other symbols 

I: radiation (W/m2)  

A: cross section of the inlet and the outlet areas 

Cd: coefficient of discharge air channel 

               

                                             

p: pressure 

∆p: pressure difference due to the bulding effect 

  : volumetric flow rate 

DFF: dynamic friction force 

T: temperature 

h: elevation difference between the output and the input of the chimney 

                    

 : average speed of the fluid 

D: diameter of the channel 

L: length of the channel 

Re: Reynolds number 

Cp: specific heat capacitance with constant pressure 
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Cv: specific heat capacitance with constant volume 

K: thermal conductivity 

   relative humidity 

 : volumetric coefficient of expansion: 

Ut: total heat transfer coefficient 

λ: radiation wavelength 

α: absorbance  

ε: emittance  

 

SUBSCRIPTS 

Köppen climate classes’ symbols are presented below. Also climate classes are presented in 
figure 7.3. 

A: Equatorial climates 
AF: Equatorial rainforest, fully humid 
Am: Equatorial monsoon 
Aw: Equatorial savannah with dry winter 

B: Dry climate 
BS: Steppe climate 
BSh: Hot steppe climate  
BSk: Cold steppe climate 
BW: Desert climate 
BWh: Hot desert climate 
BWn: Desert areas situated along the coasts of continents at tropical areas. 

C: Warm temperate climates 
Cfa: Warm temperate climate, fully humid with hot summer. 
Cfb: Warm temperate climate, fully humid with warm summer. 
Csa: Warm temperate climate with dry summer and hot summer. 
Csb: Warm temperate climate with dry summer and warm summer. 
Cwa: Warm temperate climate with dry winter and hot summer. 
Cwb: Warm temperate climate with dry winter and warm summer. 

D: Continental Climate 
Dfb: Continental Climate, fully humid with warm summer. 

Wavelengths 

IR: Infrared 
NIR: Near Infrared. 
SWIR: Short Wavelength Infrared  
MWIR: Mid Wavelength Infrared 
LWIR: Long Wavelength Infrared  
FIR: Far Infrared  
UV: Ultraviolet   



vi 

Contents 

 

Abstract i 

Keyword i 

Acknowledgment .............................................................................................................................. ii 

Nomenclature ................................................................................................................................... iii 

Symbols iv 

SUBSCRIPTS .................................................................................................................................... v 

Contents vi 

1. Introduction ................................................................................................................................. 8 

1.1 Background ..................................................................................................................................... 8 

1.2 Objective and Limitations ............................................................................................................. 9 

1.3 Methodology ................................................................................................................................... 9 

2 Applications Review .................................................................................................................. 11 

2.1 Optical Properties of the Surfaces ............................................................................................. 11 

2.2 The First Application: the Cool Roof ....................................................................................... 13 

2.3 Second Application: Solar Chimney .......................................................................................... 14 

2.4 Third Application: Steel Cladding of Building ........................................................................ 16 

2.5 Fourth Application: Night Radiative Cooling ......................................................................... 18 

2.6 Fifth Application: Elastomer Metal Absorber ......................................................................... 20 

2.7 Six Application: Solar Distillation building integrated ........................................................... 22 

2.8 Conclusion of Literature Study .................................................................................................. 22 

3 Performing a Delphi method for evaluating of solar applications ..................................... 24 

3.1 Introduction .................................................................................................................................. 24 

3.2 Methodology ................................................................................................................................. 25 

3.2.1 Choosing experts ..................................................................................................... 25 

3.2.2 The First Stage of Delphi ....................................................................................... 26 

3.2.3 The Second Stage of Delphi................................................................................... 27 

3.3 Results ............................................................................................................................................ 29 

3.3.1 The Results of the first Delphi Stage .................................................................... 29 

3.3.2 The Results of the Second Delphi Stage .............................................................. 31 

3.4 Conclusions ................................................................................................................................... 37 

4 Sufficiency of Solar Chimney for a Residential Room ......................................................... 38 

4.1 Introduction .................................................................................................................................. 38 

4.1.1 Background ............................................................................................................... 38 

4.1.2 Objective and Limitation ........................................................................................ 38 

4.2 Methodology ................................................................................................................................. 39 

4.2.1 Tools and simulation design ................................................................................... 39 



vii 

4.2.2 System description ................................................................................................... 40 

4.2.3 Physical components and their properties ........................................................... 42 

 43 

4.2.4 Component details ................................................................................................... 43 

4.2.5 Controlling strategy ................................................................................................. 47 

4.3 Results ............................................................................................................................................ 47 

4.3.1 Review of the climate .............................................................................................. 47 

4.3.2 Daily performance of the systems in an example of the climate location ....... 49 

4.3.3 Monthly performance of the systems in some examples of the climate 
location .................................................................................................................................... 51 

4.3.4 Effect on thermal comfort ..................................................................................... 52 

4.3.5 Effect on Energy use ............................................................................................... 53 

4.4 Discussions .................................................................................................................................... 55 

4.5 Conclusion and Future Work ..................................................................................................... 57 

5 Final Conclusion ........................................................................................................................ 58 

6 References .................................................................................................................................. 59 

7 Appendixes ................................................................................................................................. 64 

7.1 Cooling and Heating Demands in the World .......................................................................... 64 

7.2 Heating Demands in the world .................................................................................................. 64 

7.3 Economical Map .................................................................... Error! Bookmark not defined. 

7.4 Climate Maps ................................................................................................................................ 65 

7.5 The form of First Delphi Round ............................................................................................... 66 

 

 

 

 



8 

1. Introduction 

1.1 Background 

It is known that a noteworthy portion of the earth population currently lives in hot climate 
areas (Blattman, 2010). Most of this population lives in developed countries require a 
considerable volume of energy to cool down their buildings to a comfort level 
(ChartsBin_team, 2011). Although the GDP of the aforementioned countries is roughly 
lower than the northern countries, their economy gradually grows (WorldBank, 2013) 

while many of them have considerable construction activities (UNSD, 2014).  

The economy which is improving in hot climate areas results in numerous attractive 
business opportunities, enabling the individuals to have higher incomes as well as being 
able to purchase goods. These individuals consider new things and have new needs. 
Currently, their concerns are not restricted to foods or basic needs; instead, they worry 
about health, fun, environment, and convenience. The fact is that the residents of the 
developed countries do have similar needs but they have satisfactory conditions and their 
markets are relatively stable. On the other hand, the needs of developed countries are new 
while people are able to make new markets or grow the old ones. 

Another issue to consider is that the energy demand in developing countries most of 
which are located in hot climate area will grow faster than the cold areas (South Asia, 
Middle East, South America and Africa) (Falcone, 2011). Current predictions reveal that 
the energy use of the mentioned countries will grow with an average rate of 3.2% whereas 
the developed countries energy demand (North America, Western Europe, Japan, 
Australia, and New Zealand) will grow with an average growing rate of 1.1%. The energy 
demand in the economy-emerging countries will have exceeded that of the developed 
countries in 2020. In addition, China in which a considerable portion of the country is 
located in hot climate areas has a special situation so that the energy demand will grow 
annually 3.7% (Pérez-Lombarda, et al., 2008).  Henceforth, the importance of the energy 
demand in hot climate areas will grow which needs to be considered for the policies and 
research.  

It is well agreed that a great deal of energy is required to decrease the indoor temperature 
of the modern buildings in the hot climate areas. In this regard, the building energy use is 
referred to as a main sector of the global energy demand which is between 20%-40% and 
has surpassed the other sectors in developed countries (Pérez-Lombarda, et al., 2008). The 
building energy use encompasses energy for both heating and cooling. Simulation results 
have indicated that the cooling demand and its related energy use will escalate in future 
regarding the climate change (Wan, et al., 2011). As a demand nowadays, anyone would 
like to reside in a modern building. Furthermore, any passenger who travels to many 
modern hot climate cities such as Dubai, Riyadh, Kuala Lumpur, etc. assumes that cooling 
equipment is a necessary part of any modern building. Other hot climate habitants prefer 
to leave their traditional buildings and inhabit in modern ones having modern cooling 
systems. Traditional buildings have been evolving during thousands years for local climates 
and often create a relative cool indoor climate without actively using energy. Nevertheless, 
the modern buildings have typically evolved in developed countries located in the cold 
areas which are naturally not cool. The modern buildings need extra electrical equipment 
for cooling while this in turn involves energy.   

Building materials which naturally keep the buildings cool without requiring any extra 
energy will achieve a proper market regarding the abovementioned economic and 
environmental trends. Furthermore, they will help mitigate the adverse environmental 
impacts. Coil coated steel sheet is known as one of such building materials. Newly 
published building energy simulation result clearly illustrate that the using coil coated steel 
sheet building material with changing interior and exterior surface properties could boost 
the total solar reflectivity in reducing the amount of energy used for cooling in hot climate 
areas (Svedung & Joudi, 2012).  
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Besides, there are possibilities for employing the optical properties of the coil coated steel 
sheets in other applications. Manipulating the optical or radiation properties such as the 
reflectivity and emissivity will intensify the building heat transfer in the wanted directions 
as well as decreasing it in the unwanted directions. As well, the result of the changing heat 
transfer will be used to obtain a proper indoor temperature without using energy (fuel or 
electricity) or with a lower amount of using energy. Accordingly,  using coil coated steel 
sheets with appropriate optical properties will create a naturally cool building resembling 
some traditional buildings while the final equipment will be stronger, lighter, more 
sustainable, and more comfortable by applying the new technologies, as compared with the 

old buildings.  

Having considered all the aforementioned issues, the current project has been defined with 
the intention of identifying a new application (applications) for the coil coated steel sheets 
and investigate the effects of the surface properties on their performances.   

   

1.2 Objective and Limitations  

The main objective of this project was to identify one or several energy applications for 
coil coated steel sheets with a good chance to penetrate in the market, especially in the hot 
climate market. The applications were limited to those that could be integrated to 
buildings, use solar radiation and save energy, and they included a considerable amount of 
coil coated steel sheets. 

In order to fulfil the project objective, we tried to address the below questions    

 

 Which new and old applications exist which have a good chance to satisfy the 
project objectives. 

 What are the advantages and disadvantages of the applications? 

 Which of the applications have a proper chance to penetrate in the market 
especially in the hot climate market? 

 Can a selected application satisfy the energy demands for a sample building 
(defined in section 4.2.3)? 

 

1.3 Methodology 

In order to fulfil the project objectives, a proper application was found and investigated 
concerning its capability to satisfy energy needs of a sample building. Four main activities 
were performed to address the project objectives. 

The first part answered the first and second project questions. It was a preliminary 
investigation for finding several energy applications of steel sheets and for evaluating their 
capability in the market. The main tool in this part was literature study along with some 
logical discussions which have been performed. Some applications were chosen initially, 
but they were disregarded by discussing the results at the end of this part. The applications 
which are not disregarded were selected as the input of the next part.  

The second part recruited the results of the first part to answer the third question of the 
project. It evaluates the selected applications to remove some applications and choose the 
final applications to be used in the following parts. A Delphi method is used in this part. 
The performed Delphi method was used to evaluate the applications and predicts the 
possibility of introducing spreading the applications in the market. The Delphi method 
works based on making a convergence among the experts’ ideas. These experts have a 
proper experience to know the market and the applications. 

The third part discussed the final question of this project. It evaluates the selected 
application in different climates according to Köppen climate classes. The main question 
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to be answered in this part is “how much energy (electricity) is required to satisfy the 
cooling and heating demands in different climates”. Some locations were selected to 
represent climate classes. Moreover, a small building is considered. This building included 
just one simple room with a specific geometry (section 4.2.3, figure 16). The building with 
the selected application was simulated as a system to answer the question of this part. The 
proper tool being used in this part for simulating energy systems was TRNSYS software. 
These results show the extent of saving energy and the extent of saving energy equipment 
cost (Does the selected application can work as an alternative for the existing energy 
systems?). Saving the energy costs and equipment costs in different locations are strong 
motivators and can show the possibility of the market penetration in future. 
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2 Applications Review 
This chapter is aimed to review different articles to improve our understanding of the basic 
knowledge related to the thermal performance of surfaces and identify several energy 
applications based on the literature review for coated steel sheets in hot climate buildings. 
In order to achieve the objective, at first, the optical properties of the surfaces are 
reviewed in this chapter. Subsequently, the energy applications of the coated sheet steel on 
the basis of the optical properties are also discussed. While some of these applications use 
steel sheets, the other ones have a potential to use the coated steel sheets. Yet, all of them 
require special optical properties. Furthermore the general advantages and benefits of 
using the steel sheet for each application are reviewed in the related section of this chapter. 

 

2.1 Optical Properties of the Surfaces 

All surfaces exchange heat via radiation. A surface of a semi-transparent sheet absorbs a 
part of the incoming radiation as well as reflecting and transmitting the other parts. 
Moreover, all the surfaces emit the radiation depending on their temperature according to 
the Stefan–Boltzmann law. These radiations are illustrated in figure one.  

 

 

Figure 1: Radiation exchange of a semi-transparent sheet. Transmitted radiation is eliminated in opaque 
sheets such as metal sheets. 

All surfaces obtain heat via radiation. The incoming radiation for a semi-transparent 
surface is divided to three parts, including the reflected part, the transmitted part and the 
absorbed part which are exhibited in the following equation:  

1. nceTransmittaabsorbanceeReflectanc IIII     Equ. 2.1 

However, the coated steel sheets are opaque, thus the transmission part is zero. The 
formula is abbreviated as follows: 

absorbanceeReflectanc III      Equ. 2.2 

Reflectance and absorbance are presented as a percentage of the whole radiation, while α 
shows the absorbance percentage (absorbtivity) Reflectance and absorbance are presented 
as a percentage of the whole radiation, while α shows the absorbance percentage 
(absorbtivity), and   demonstrates the percentage of the reflected part (reflectivity). 
Therefore:  

II   eReflectanc     Equ. 2.3 

II  absorbance     Equ. 2.4 

  -1 = or   1 =  +      Equ. 2.5 

It means increasing the reflection of surface decreases the absorption. Also, the surfaces 
with high reflectivity (low absorbance) absorb a small part of the radiation. Accordingly, 
they are relatively cooler than the low reflectivity (high absorbance) surfaces.  
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Furthermore, the surfaces lose heat via radiation. They emit the radiation for a unit area 
according to the Stefan–Boltzmann law which can be obtained by:  

 

 

ε indicates the emissivity of the surface and is less than one. If emissivity is low, the surface 
cannot lose heat via radiation and its temperature increases when it is exposed to solar 
radiation. On the other hand, if emissivity is relatively high, the surface absorbs a big 
portion of the solar radiation and its temperature increases; thus, it becomes hot.  

But surfaces emit different wavelength radiation depending on their temperature. Wien’s 
law shows that the peak of the wavelength of the emitted radiation depends on the surface 
temperature. 

4 TI       Equ. 2.6 

km108977685.2b             
T

b 3

max  
   Equ. 2.7 

The sun surface temperature is around 6000°K while the earth surface temperature is 
around 300°K; hence, the peak of the solar radiation wavelength is around 0.5μm whereas 
the peak of the earth radiation wavelength is around 10μm. The energy content of the 
solar radiation for different wavelengths is shown with yellow colour and the energy 
content of earth radiation for its different wavelength is shown with red colour (darker 
colour in monochrome copy) in figure 2.   

 

Figure 2: A comparison between Solar Radiation and the Earth surface radiation Spectrum 

The idea is given from the reference and measures are not accurate. (RemoteSensingNet, 
2013) 

Surface properties require to be adjusted for any energy application. If achieving a hot 
surface is needed, the surface is required to have a high absorbance close to 1 and a low 
emissivity factor close to zero. On the other hand, a surface becomes cool when it has a 
low absorbance and high thermal emissivity. Kirchhoff's law of the thermal radiation 
describes that both the absorbance coefficient and emissivity coefficient are equal for a 
given wavelength   (α (λ) = ε (λ)). Generally, the absorbed radiation is the solar radiation 
which comes from the sun surface with 6000°K while its wavelength is around 0.5μm and 
the emitted radiation from a solar equipment has a wavelength of 10μm regarding the 
surface temperature is about 300°K. Therefore, the absorbance (as a result emissivity) 
must be low in the solar radiation wavelength range (around 0.5μm) and must be high in 
the infrared wavelength range (around 10μm) for a cool surface. Contrariwise, the 
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absorbance (as a result emissivity) must be high in the range of solar radiation wavelengths 
and must be low in the infrared wavelength range for making a hot surface such as a solar 
collector absorber. These surface properties are supplied by the steel sheet manufacturers 
and ready for developing the new energy applications. 

This project investigates the surfaces which are located on the earth surface and their 
temperature is relatively low. They emit the infrared (thermal radiation); therefore, the 
emissivity always shows the thermal emissivity in this report. Nonetheless, that there are 
both solar radiation and infrared (thermal radiation) in the earth surface and reflectivity 
generally shows both solar and thermal reflectivity. In some cases which refer to the 
thermal reflectivity or the solar reflectivity, they have clearly written thermal reflectivity or 
solar reflectivity.  

 

2.2  The First Application: the Cool Roof 

The cool roof is a technology that keeps the roofs in a relatively low temperature and 
decreases the heat transfer into buildings during the hot months (Rosenfeld, et al., 2008, p. 

37). This technology is to create the surfaces with high thermal emittance and high solar 
reflectance. Because of their high reflectivity, these surfaces absorb a low percentage of 
solar radiation. Also, because of their high emittance, they lose a high amount of their heat 
via infrared radiation. High losing and low gaining balance when the surface temperature is 
at a relatively low equilibrium point. Due to having such properties, they are called cool 
roofs (Cool_Roof_Rating_Concil, 2010).  

In contrast, the normal roofs are often dark for example the USA has 90% dark roofs 
(Green_Building_Alliance, 2014) with low total solar reflectivity surfaces. The surfaces 
tend to create surplus energy, increasing the cooling demands and energy use. The sun 
radiation hits the roofs while the roofs surfaces absorb a considerable portion of solar 
radiation and the remaining portion is reflected to the environment. The absorbed part 
converts into heat and increases the roof temperature. Roofs lose a part of such heat by 
emitting it to the environment but the other part is transferred inside the building, 
increasing the indoor temperature. Therefore, cooling demands will rise up and a higher 
amount of energy will be required to meet the required cooling demand. (Konopacki & 
Akbari, 2001, p. 5) 

 

Figure 3: Roofs heat transfer during a day 

It needs to be noted that a high amount of the absorbed heat of the dark roofs gives rises 
to various problems for big cities and the earth. Big cities contain many buildings with 
their own roofs and the absorbed heat of the roofs is one of the factors which increase the 
cities temperature more than their surrounding areas. Higher temperature of the urban 
areas results in numerous health problems for humans who are not adapted. Besides, it will 
increase the temperature in the surrounding areas harming some plants and animals as 
well. Moreover, it increases the global warming directly by producing extra heat and 
indirectly by increasing the required electricity for the cooling devices. Supplying extra 
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electricity often means consuming extra fuel contributing to higher emissions of 
greenhouse gases which are considered as the main reason for the global warming 
(People's_Republic_of_China, 2009) 

It needs to be accentuated that making use of the cool roofs yields several benefits. First 
and foremost, it decreases the cooling demands discussed at an earlier point. Secondly, 
because of lower absorption and higher emission, they are relatively cool and decrease the 
average temperature of an urban area; therefore, they mitigate the heat island effects. A 
research has shown that replacing normal roof with cool roofs roughly decreases the 
surrounding area temperature 1-5°C in cities with the heat island problem (Tijen, 2008). In 
addition, the life-time of the material, often limited by UV-degradation, moisture and high 
temperatures, may be significantly increased due to the effect of the reduced surface 
temperature. The reduction of the daily periodic temperature variations also slows down 
the mechanical wear-out of the material as the thermal elongation is reduced (Tijen, 2008, 
pp. 13-19). At last, the cool roofs can supply the thermal comfort in many temperate areas 
for residents of the buildings without any cooling systems. In other words, using cool 
roofs can avoid a cooling system and its difficulties in many cases where the weather is not 
extremely hot (CityofMelbourneBuildingsProgram, 2008). 

There are several types of cool roofs. The first one is known as the covering roofs with 
vegetation. The vegetation decreases the absorption as well as cooling the roof by 
evaporation (Sun and Lee et al., 2012, pp. 552-556) but can create moisture problems, 
requiring water and maintenance as well. The second type is the Spraying Polyurethane 
Foam which is added to the previous roof; seemingly, it is easy and quick but sensitive to 
the UV and mechanical damage. The next type is the Single-ply Membranes that are indeed 
some PVC sheets or TPO white sheets joined together with mechanical fasteners and 
adhered through a chemical process.  

Another type of the cool roofs is called the coated metal sheets. In details, the metal sheets 
do not need to be added to the roof to cover; indeed, they are the roof itself. Metal has a 
good solar reflectance but poor thermal emissivity. Coating improves their emissivity and it 
can be used for cool roofing depending on the colour and pigmentation. They can be used 
in different slopes and formed into a variety of shapes. They have a proper resistance 
against mechanical damage, UV radiation, and high temperature while they do not need 
high maintenance or water such as vegetation. Cool roofs made of the coated metal sheet 
materials with a high total solar reflectivity can be found today in different colours. 
Therefore, one of the serious options for cool roofing is the coated sheet metals. (Ruukki, 
2014) 

 

2.3 The Second Application: Solar Chimney 

The solar chimney cooler is a low cost passive ventilation technique. (DeBloisa, et al., 
2013) There are many different solar chimney designs. A solar chimney can be integrated 
with roofs, walls, previous chimneys, sidewalks or even rooms (Zhai, et al., 2011). But, 
they work similarly. The air in chimney is heated up by absorber. The increasing air 
temperature reduces its density thus air rise up and replace with heavier air from attached 
spaces regarding buoyancy-force. This process creates a negative pressure that use to make 
ventilation for a cooling system, but also it is possible for heating system depend on the 
system details (Harris & Helwig, 207) 

Numerous chimney designs have been discussed. Two simple varieties are presented in 
figure 4. They can be a part of roof which is made by the coated steel sheet. It easily makes 
free ventilation inside the building. The air goes in from windows, hatches, vents, etc. The 
input air can cool the building without any extra equipment if the outdoor temperature is 
relatively low. Nevertheless, some extra equipment is needed in extreme hot climate areas. 
For example, the input air can be driven close to the water surface in hot dry climates. 
Evaporation will decrease the air temperature and the cool air will enter the building.  Also, 
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the chimney can work as a heater in winters. A fan can blow back the heated air into the 
building in winters. Moreover, some combinatorial systems have been used successfully in 
hot wet climates. (Chungloo & Limmeechokchai, 2007) Therefore, the chimney design has 
a proper flexibility to satisfy different needs in different climates. (Autodesk, 2013) These 
varieties can create a large market in different areas worldwide. 

Using the solar chimney has many advantages. It works completely freely without any 
electricity or other type of energy uses. It decreases energy use of the buildings and appears 
like a magic which can be attractive for users. It does not exert a special effect on the 
environmentally friendly and avoids to consuming electricity and fossil fuel; therefore, it is 
an environment friendly technology. The solar chimney absorbs solar radiation and heat 
up the air; thus it relatively increases the thermal islanding effect in dense cities. But, the 
areas of solar chimneys compared to the roofs and facades are small; therefore, its 
influence on the islanding effects is not so big.  

Nevertheless, a solar chimney has a low efficiency compared to other technologies which 
extract the energy from solar radiation. According to one previously conducted study, if 
the solar chimney is used to make electricity, efficiency is limited to 3% even with a huge 
chimney and using proper materials (Dos Santos Bernardes, 2010). The heated air exits 
from the chimney without the possibility to use its internal energy in the power plant. 
However if solar chimney is used for ventilation, the efficiency is not the first priority. 
Moreover there is a possibility to use the heated air for space heating during cold months. 
Therefore, achieving higher efficiency is expected by using the heated air. Also, when a 
chimney is used for producing electricity, some energy conversion is needed including the 
conversion of the converting radiation into heat, heat to movement, and movement to 
electricity, but when chimney is used for ventilation, there is less conversion. Consequently 
using a solar chimney for ventilation and space heating is more efficient than using the 
solar chimney for producing electricity. (DoItYourself, 2013)Thus efficiency is not an 
advantage of the chimney. Yet, it does not make a chimney worthless. 

A solar chimney has a simple structure that brings with itself several other advantages. It 
does not have any moving part, thus the maintenance is low. Only, some cleaning is 
required periodically to get rid of air dusts. Regarding simplicity and energy independency, 
the solar chimney interrupts rarely. As a result, it has a high reliability. Lacking moving 
parts make the solar chimney quiet, but sometime the moving air makes a sound, which 
means extra considerations have to be taken into account during its design.   

Solar chimney is elegantly advantaged over other solar thermal technologies. All the solar 
thermal technologies which are used for heating do not have a proper performance when 
they are needed. In other words, their outputs and their demands have a reverse 
relationship. For example, a domestic solar collector which is used for supplying hot water 
has a maximum performance in summer when hot water is not desired in hot climate areas 
in many cases and has a minimum performance in winter when hot water is required. But, 
solar chimneys output has a direct relationship with solar radiation and in hot summer with 
a proper sunshine they work well.   

Nonetheless, the solar chimney has some barriers. Oftentimes, ventilation and sometimes 
cooling are needed in nights, especially in hot humid climates which are close to a sea or an 
ocean. They need night cooling, but there is not any solar radiation at nights and solar 
chimneys cannot work at nights, accordingly. Fortunately, the cooling demand at nights is 
smaller than the days and only in limited areas. Another barrier is construction activities. 
Adding a solar chimney system to a building requires some construction activities that are 
not always easy or they need cleaning, for example. A family can buy an electrical cooler 
and can use it at the first hour. But adding a solar chimney to buildings needs masonry 
activities, including rebuilding and modifying the roofs and walls. Masonry activities always 
take time, create dust, and make sounds. Rebuilding the roofs and walls need considering 
other equipment, aesthetics of building, etc. All the above mentioned issues decrease the 
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attraction of adding a solar chimney compared to adding electrical coolers to residential 
buildings where people live.   

However, the solar chimney can be built at the same time a building is constructed, but 
changing in surrounding can influence the solar radiation and performance of the solar 
chimney significantly but it is fixed on the wall and cannot be modified easily. For 
example, a new building creates new shadow on the solar chimney, but it is impossible to 
move it to another proper position. Fixing the solar chimney inside the building body can 
help achieve a proper integration with the building, but it decreases its flexibility and 
increases its future risk; thus it is an obstruction for the widespread use of the solar 
chimney.  

Coated steel sheets have a proper potential in solving the problems. A prefabricated solar 
chimney can be easily prepared in a location and is added to the previous walls or roof. 
Furthermore, it can be quickly moved and installed again to another place without making 
dust or loud sounds. In addition, it can be a part of the roof and the wall. Thus by using 
solar chimney, there is no need to external layers of the walls or the roofs and their costs 
will be saved. Nowadays, steel sheet manufacturers produce some products with special 
optical productions which are able to increase the efficiency of the solar chimney to a 
proper level.       

    

 

 

Figure 4: Two simple solar chimney designs for buildings 

 

As a conclusion, it can be asserted that the solar chimney is simple and cheap, having many 
different designs which can work in a wide range of world regions, especially in hot 
climates. It has many advantages as well as some barriers. Producing a solar chimney by 
coated sheet steels can increase its flexibility and reduce the effect of such barriers. 
Consequently, a growth in the solar chimney market is predicted in case of using steel 
sheets for producing the solar chimney. 

 

2.4 The Third Application: Steel Cladding of Building 

Building an envelope includes all the building structures that separate the indoor and 
outdoor environments. Typically, the building envelope has exterior and interior surfaces. 
They not only contain exterior surfaces such as roofs and facades, but also contain interior 
surfaces. It needs to be highlighted that the heat transfers (gains or losses) through these 
surfaces. Optical properties of these surfaces described in section 2.1 affect the heat 
transfer rate. A smart choice of optical properties of interior and exterior surfaces, 
meanwhile, can make save energy and achieve a proper indoor climate. (Joudi & Svedung, 
2011)  
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The thermal circuit analogy presents a model of 
heat transfer between the outdoor and indoor via 
the building body. Such a sample has been 
presented in figure 5 for a horizontal panel. If the 
indoor is colder than the outdoor, heat transfers 
moves from out to in. Solar radiation and warm 
air heat up exterior surfaces via radiation and 
convection. Also, the exterior surface emits the 
radiation to sky. The heat transfers through the 
internal layer by conduction to the interior 
surface (Si). Each layer has its own thermal mass. 
Moreover, finally the heat is sent via radiation 
and convection and reaches to internal body 
surfaces (such as human body surfaces or 
furniture surfaces) and the indoor air. The 
thermal resistance of each layer and the air 
resembles electrical resistances while the thermal 
masses act like electrical capacitors. This metaphor 
is familiar in heat transfer science. This module is 
shown in figure 5. (Joudi & Svedung, 2011) 

Optical properties including thermal emissivity, solar absorbance, and thermal absorbance 
can significantly affect total heat transfer. Reflectance equals one minus absorbance and is 
not an independent factor for opaque surfaces. They not only affect internal and external 
radiation directly, but also affect internal and external convection indirectly; Optical 
properties change the balance temperature of interior and exterior surfaces, and the heat 
convection rate depends on surface temperatures; henceforth, optical properties of the 
surfaces affect the heat convection rate and the heat radiation rate which are in series with 
heat transfer through the roof layers. Thus, optical properties can affect the total heat 
transfer rate.  

It needs to be noted that the solar reflective exterior surface contributes to net cooling 
saving, but inflicts net heating loss. Reflecting coating in interior generally contributes to 
net heating saving and not necessarily to net cooling and total saving varies depending on 
many parameters such as the internal heat load and ventilation. Yet, it would be different 
for each case. In hot climates where cooling demands are dominated, the reflective exterior 
surface is favourable. (Joudi & Svedung, 2011) 

 A high emissivity of exterior surfaces decreases their temperature and reduces the cooling 
load, but it increases the heating load. Conversely, a high emissivity of the interior surface 
increases the cooling demand and increases the heating load. In hot climates where the 
cooling demand is dominated, low emissivity of the interior surface and high emissivity of 
the exterior surface are required.  

One of the important advantages of the building that becomes cool by using coated steel 
sheets for their exterior cladding is the possibility of using such sheets having different 
colours with high reflectivity. the absorbed radiation comes from the sun whose surface 
temperature is about 6000ºk, so its spectrum length is in UV, visible, and with NIR range. 
The cool coloured surface has a proper reflectivity in a visible range to exhibit a nice 
colour and at the same time a high reflectivity in NIR range to reduce their radiation 
absorbance. Moreover, they have a high emissivity in IR range to emit a considerable 
amount of heat from their surfaces.     

Coated steel sheet cladding is simple but passive. Thus, it does not need to a considerable 
maintenance. Indeed, some regular cleaning would suffice. There is a considerable amount 
of dusts in the air; especially in dry hot climates where rain cannot wash the air and 
surfaces. Although regular washing is a requirement, there are not any other maintenance 
activities.  

Figure 5: Heat transfer model for horizontal roof. 
The idea is given from the reference (Joudi & 
Svedung, 2011)  
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One of the good advantages of coated steel sheet cladding is the possibility to pass up the 
cooling system in some areas that are not extreme hot. Using a proper optical property can 
decrease the indoor temperature in the thermal comfort area. Or, cooling demands are 
reduced enough to supply by natural ventilation. It is not only saving cooling costs but also 
saving the cooling system investment. Additionally, it avoids all the troubles of a cooling 
system. Similarly, the heating system sometimes can be passed up by using a proper 
cladding.  

Proper mechanical properties are imperative factors that make the coated steel sheet a 
superior option for building cladding. The coated steel sheet has a proper ductility thus 
having a simple production process. It is thin and light and do not make buildings heavy 
accordingly; hence, it is suitable for large buildings. The high yield strength and well 
defined yield characteristics make a possibility for being used in advanced forming 
operations. For example, the coated steel sheet can be used for producing complicated 
façade with a large number of curves and constructing amazing architectural monuments.  

There are coated steel sheet with proper optical properties in the market. Using these 
sheets as building cladding can decline in the fluctuations of the surface temperature which 
causes a lower thermal expansion and contraction. A low expansion with a proper yield 
point in addition to abrasion resistance improves the lifetime of the sheets.  

They can be formed and cut, thus they can be used for light sandwich panels with a proper 
thermal resistivity. Different-coloured sheets can be combined, creating artistic facades.  

 

Figure 6: An example of Using Prelaq energy in a building. (Published with permission from SSAB) 
(SSAB, 2013, p. 2) 

 

Totally, using proper optical properties for building interior and exterior surfaces can 
significantly affect the cooling demand and heating demands. Optical properties include 
emissivity and reflectivity which change in different wavelength. In hot climates, high 
exterior reflectivity and emissivity are required, but a low emissivity is suitable for interior 
surfaces. Coated steel sheets have proper mechanical properties which are capable of 
yielding many considerable merits with proper optical properties for building cladding.  

 

2.5 The Fourth Application: Night Radiative Cooling 

Night Radiative Cooling is a technology that reduces the indoor temperature by emitting 
the infra-red radiation to the atmosphere top layers and spaces out of the atmosphere 
during the nights. When the ambient and the buildings temperatures are high during 
summer nights, the sky temperature is cold even in hot climate areas.  The sky includes the 
top layers atmosphere and the space between the celestial objects.  The temperatures of 
the atmosphere layers vary with the layer elevation from the earth surface. This 
phenomenon is presented in figure 7. Also, cloudiness and other climate factors change 
their temperature. The temperature of the space between the celestial objects is about 3°K.  
(National_Aeronautics_and_Space_Administration, 2012) 
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Figure 7: Temperature of different atmosphere layers (Mynasadata.larc.nasa.gov, 2013) 

When a surface is placed against the sky, it emits radiation to the sky according to Stephan-
Boltzmann law. During the days, surfaces receive the heat from the sun more than losing 
the heat via radiation to the sky in hot climates. Nonetheless, the sun is absent at nights 
and the surfaces become cold as exposed to the sky.  

Night Radiative Cooling uses the low temperature of the roofs (or other surfaces) which 
are exposed the sky to decrease the indoor temperature. Generally, a water piping system 
transfers the heat from the indoor to the exterior cool surfaces. It should be noted that the 
water turns in a circuit entering a piping system that joints the roof for cooling and losing 
the heat and returns back to some radiators inside the building for absorbing the heat. A 
water pump is used for circulating the water through the circuit. Yet, some other 
possibilities exist, among which using the air and the air channel for transferring the heat.  

Night cooling has some considerable advantages.  It is free and do not consume electricity 
for decreasing the temperature while it only requires electricity for pumping while 
consuming electricity for pumping is not so high regarding the high efficiency of newly 
available pumps. Moreover, night cooling can be integrated with the building as well; its 
main part is a roof or a part of the roof. Nevertheless, it needs some extra equipment such 
as pipes, pumps, and sometime storage. The equipment is not low-priced and need 
maintenance.  

The main barrier for a radiative night cooling is the time difference between the cooling 
demands and the cooling production. Oftentimes, the ambient temperatures during the 
days are higher than the nights while cooling desired for days is more than that of nights. 
The fact is that the radiative night cooling can only operate during nights. It should be 
noted that in most parts of the world, even in hot climate regions, the nights are cool 
enough and do not need cooling. Thus, a considerable market is not predicted for it. 
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Figure 8: night cooling systems with and without using the mass floor. The ideas of this 
figure is given from the reference (Griffin , 2010) 

 

There is another possibility to use this system for day cooling. By adding a storage tank, 
the extra cool water can be stored for being used during the day. If the internal mass of the 
building is considerable, the cool water can be pumped inside the building mass reducing 
its temperature. In this way, it remains relatively cool during the days, and the mass will 
reduce the indoor temperature. 

Additionally, designing some systems that can introduce several services including night 
cooling which will improve the chance of successful night cooling in the market. For 
example, a dual system that can produce cooling and heating might have a good chance 
but its market goal needs to be targeted at relatively hot climate areas wherein both cooling 
and heating are demanded. 

 

2.6 The Fifth Application: Elastomer Metal Absorber 

The Elastomer Metal Absorber (EMA) is designed to use building envelops as an 
absorber. Actually, there are different combinations of a solar collector and roof (or 
façade). In other words, an EMA is a tight connection of elastomeric fluid tube that is 
clipped in appropriately shaped metal profile. (Tepe, et al., 2010) Metal profile acts as an 
absorber, while tubes and water are used to transfer the heat. Figure 9 shows how the 
shaped metal profile of a roof and elastomeric pipes can make a solar collector.  

 

 

 

Figure 9: Several types of EMA. The ideas of this figure is given from the reference (Tepe, 
et al., 2010) 

The first type the elastomeric pipe is clipped inside steel profile. The second one pipes 
with extra cover is welded to steel sheet. The third one shows an EMA with glaze. And, 
the fourth one shows another profile with clipped pipes. Their attractive architectural 
design results in numerous advantages. At first, they are not an extra thing of the building 
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envelop that abrogate its arrangement and attraction. They are building envelops. 
Architectures and energy engineers can design the best appearance and a proper energy 
system for building together.  

Nevertheless, the color is a barrier regarding the aesthetics. Often, the absorbers are dark 
and unable to absorb a big portion of the solar radiation; however, sometimes dark 
buildings envelops are not favorable or do not fit the other parts of the building or do not 
fit with environs of the building. For this reason, lighter colors are needed. Using another 
color decreases the efficiency. ( Kalogirou, et al., 2009). Hopefully, some new surfaces are 
developed so that the coloured surfaces would be able to reflect a narrow band in the 
visible range of solar radiation, which means they have a nice colour and acceptable 
efficiency. They are suitable for integrating with building envelop. (Chin, 2013) 

The second important advantage is their low costs. Combining the collectors and the 
building envelop saves some materials, thus decreasing the investment cost compared to 
the condition where they are prepared separately. But, the cost of the system is related to 
the system size directly and the size of the designed system depends on the efficiency. It 
means the bigger a system, the lower efficiency.  

EMA has its own limitations similar to the other technologies. Efficiency is the main 
limitation of EMA. The efficiency of EMA (similar to the other unglazed collectors) is 
lower than the efficiency of glazed collectors. But often the envelop area is big enough to 
compensate EMA’s lower efficiency (Burch and Hillman, 2013). Also, some climate factors 
such as wind and ambient temperature affect the efficiency of the unglazed collectors 
more than the glazed collectors. A low ambient temperature increases the heat 
transmission losses and decreases the efficiency; similarly, the wind increases the u value 
and transmission losses.  In addition, low efficiency collectors need big areas to be able to 
satisfy the heating demand. However, large areas and long piping entail some investments. 
Thus, the total systems can be sometimes costly more than the primary prediction. Also, a 
large area means high losses if the ambient temperature is low. Therefore, EMA has a 
higher opportunity in hot or warm climates and non-windy areas than cold climates and 
windy areas.  

The effect of the ambient temperature and wind on efficiency is more serious in cold 
climates than the hot climates; on the other hand, heating and hot water is demanded in 
colder climates but not in hot climates. Therefore, considering an auxiliary heating system 
with EMA similar to most of solar heating systems must be investigated. Also, the cost of 
auxiliary heating and its equipment must be considered in economical discussion.  

Another proper advantage of EMA is the possibility of dual application. The EMA can be 
used for night cooling. At nights, when the sun is absents, the building surfaces with EMA 
are subjected to sky. They emit heat radiation to sky and become cool. The indoor heat 
surplus is absorbed by the radiator and sent to the building envelop by the water flow. 
Thus, EMA works as a cooling system. 

Using an EMA system has some considerable privileges during the operating period. 
Although many of the metal pipes destroy because of expansion of the water during 
freezing, an EMA system uses elastomeric pipes. Elastomeric pipes and connections are 
elastic, thus they tolerate the water expansion because of freezing without any destruction. 
Corrosion destroys the steel and iron pipes, but it cannot spoil elastomeric pipes. 
Moreover, glycol and other additives are not required without corrosion and freezing 
problems. Hence, the water inside the elastomeric pipes will remain clean. If the material 
of the elastomer pipe is chosen properly, the water can be consumed directly and there is 
no need to use heat exchangers. Hence, elimination of the heat exchangers reduces the 
cost. Yet, for drinking water, we must be aware of the polymer type (Heim, 2006).  
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2.7 The Sixth Application: Solar Distillation Building Integrated 

Solar Distillation is able to fulfil one of the most important needs of the human. All people 
need water for drinking, washing, cooling, etc. But, a big portion of human is divested 
from clean and proper-quality water. Especially, the scarcity of drinking water is hard, 
serious, and troublesome. More than 1.2 billion of the earth habitants suffer from lacking 
the access to clean drinking water. (United_Nation, 2012) 

Solar Distillation is made by combination of glass and steel sheets. It can be integrated 
with the building flat roof and supplies drinking water. This process is presented in figure 
10. Using coated steel sheets with proper optical properties can increase the water 
temperature, thereupon evaporation and distillation. Also, steel sheets are formable and 
light, this is why they can be used easily for a proper distillation.

 

Figure 10: integrated solar distillation which is presented in the right side, and a section of solar distillation 
is introduced in the left side. 

Solar distillation storage is refilled with salty unclean water. Solar radiation passes the glass 
cover and heats up the water, and the internal surface emits infrared, but the cover class 
saves the infrared inside the distillation; therefore, the inside temperature increases and the 
water vaporizes. Glass surfaces contact with the ambient temperature, thus it will be 
relatively cool. Water vapour becomes cool when touching the glass cover and condenses 
accordingly. Water droplets are made on an internal surface of the glass cover. The cover 
glass is tilted and water droplets slide on it and drop to a small channel which is 
responsible for transferring the water to the clean water tank. The condense water is clean; 
it contains no salt, mineral material, dust, etc. it is of note that the water in the clean water 
tank can be consumed for drinking. 

There is a serious barrier in making solar distillation with steel sheets. Salt and other solved 
materials in the water sediment on the steel sheet roof of the solar distillation, thus the 
solar distillation needs to be cleaned regularly. Nonetheless, the cleaning activity can 
intensely reduce the distillation life. Sediments include considerable salt crystals which are 
tough and coarse and rubbed to the coated sheet steel during the cleaning. Although the 
coated steel sheet can resist against scrape and attrition, the distillation is cleaned regularly 
and there is an extensive possibility for making cracks during the time. Any small crack on 
the coating can create a crossing in salty wet environments. Therefore, the lifetime of the 
coated steel sheet is predicted to be short. The coated steel sheet is not the best material for 
making the solar distillation. 

 

2.8 Conclusion of Literature Study 

The coated steel sheet has a proper potential for developing energy applications in hot 
climates. Six applications were reviewed in this chapter. The coated steel sheets are able to 
be used in 5 out of 6 applications.  
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Although the mentioned applications have many advantages and suffer from some 
disadvantages, they all have the capability of decreasing the energy uses and protecting the 
environment. Using the coated steel sheet brings some extra benefits for these applications 
compared to the other materials. However, the point to be asserted is that there are some 
barriers. The solar distillation is an impressive idea which is able to fulfil one of the basic 
needs of the humans in hot climate dry areas. Yet, there is a serious barrier to make it by 
coated steel sheets. Meanwhile, serious barriers have not been observed for making other 
applications by coated steel sheets properly. Therefore, by considering no serious barriers 
for using the five applications, it is interested to find out which applications have a proper 
potential for success in the market. Estimating the potential chance in the market will 
cause to spend time and money for the best applications thus time and cost efficiency will 
undergo a rise.  

There are many published papers which have reviewed technical details of energy 
applications, but to the best of the researcher’s knowledge, there is no research dealing 
with the market potential. Also, many technical details cannot be found out by official 
investigations. Some details have been discovered by normal working during a long period, 
better than official investigations. Therefore, for predicting the success of each application, 
ideas of the experts who have a considerable work experience and relate to end users are 
gathered and discussed as a part of this project. The next chapter revolves around using an 
official method for gathering the experts’ ideas and its result. 
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3  Performing a Delphi method for evaluating of 
the solar applications 

3.1 Introduction 

Many of the well-designed productions and applications are unable to find a proper market 
and vanish forever, although their development has consumed a considerable cost and 
time. There are many social, technical, political, psychological and other key factors 
affecting the success of an application which are not easy to be predicted. Developing new 
applications not only requires investigating some technical details, but also choosing the 
application smartly along with identifying the weighty key factors that cleverly influence 
both technical performance and the customer minds, in addition to investigating the key 
factors and applications scientifically. Finding proper applications and key factors will help 
to work on subjects that have a higher potential for the success in the market in future; 
therefore, such key factors and applications will boost the value and usefulness of the 
research results. Also, choosing an appropriate research topic and a proper theory will help 
the number of trial and errors to be reduced. Consequently, there will be a striking 
reduction in the cost and time of the research. 

One of the proper resources for identifying the applications, theories, and related key 
factors is claimed to be the experts’ mind. Numerous concepts and senses can be just 
obtained by working during a long period. These concepts and senses cannot be found in 
published textbooks or articles, though. Thus, work experiences are worthy today and 
educations and high amount of information in internet could not replace the ideas and 
feelings of well experienced experts. The experts could save their positions as a unique 
source for answering many questions. Nonetheless, using the experts’ predictions has its 
own limitations. Experts are often busy and accessing their time is not such an easy task. 
Also, they are humans and like other humans have their own psychological aspects, their 
own competitions, and benefits. Using their minds and work experiences indeed require a 
systematic methodology to mitigate the negative personal aspects which increase the time 
efficiently. Delphi is one of the popular proven tools for gathering the experts’ experiences 
and creates a consensus between them. 

Delphi is devised in order to obtain the most reliable option consensus of a group of 
experts (Dalkey & Helmer, 1962). The experts’ consensus will be the output of running a 
Delphi method. Delphi is used whenever the statistical information does not exist, and 
other methods cannot be performed. Moreover, it is used widely to identify the research 
topic, as well as finding and prioritizing important key factors regarding the research 
topics. As a matter of fact, performing a Delphi investigation creates a proper theory but 
such a created theory has not been proved yet, and more investigations with other 
methods are needed as to prove the theory (Chitu Okoli, 2004). 

The experts are subjected to several rounds of questionnaires in depth interspersed with 
the controlled option feedback (Dalkey & Helmer, 1962). The questionnaire is designed 
for each step based on the results of the previous rounds. In each round after gathering 
the completed questionnaires, the experts’ answers are summarized in one short report 
which entails reviewing the consensus and distinct ideas. The new questionnaire round 
contains asking for distinct ideas. The experts can improve their previous answers 
regarding the new information. This process (sending the new questionnaire and 
summarizing the answers) continues until a relatively consensus is achieved between the 
experts. The Delphi’s output is the relative experts’ consensus.  

The objective of using Delphi methods in this project is to choose an energy application of 
the coated steel sheet with a considerable chance of success in the hot climate market. In 
other words, prioritizing the applications is required regarding the demands of the hot 
climate market. The Delphi results will certainly increase the efficiency and usefulness of 
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the next steps. For achieving this goal, the related key factors are identified according to 
the experts’ feedback. Afterwards, the applications are evaluated by the experts via Delphi 
according to the factors to find proper applications. Details of the methodology exploited 
in this research are described in the next section.  

 

3.2 Methodology 

In order to achieve proper results, after choosing the experts, two stages were designed for 
this section. At first, the experts were asked for the key factors for the success of the new 
building energy products in hot climate areas using a Delphi stage. Secondly, the experts 
were asked to prioritize the applications by making use of the key factors via running 
another Delphi stage. Also, the experts’ ideas regarding the applications were inquired 
separately. Each stage of Delphi encompassed several rounds of filling questionnaires 
depending on achieving a proper consensus. The questionnaires were filled during an 
official interview. These stages are shortly presented in figure 11. Also, the rounds relevant 
to each Delphi stage are exhibited in Figures 13 and 14. 

 

 

Figure 11: Main steps of general investigation about applications 

3.2.1 Choosing experts 

Attracting and satisfying the end-users of any new product has a main role for its success 
in a market. Nonetheless, the end-users vary substantially making it hard to gather their 
ideas consequently. Also, they are generally non-specialists and are unfamiliar with 
different energy systems for buildings. Therefore, the experts were chosen from the 
construction company engineers who had a proper knowledge and work experience and 
were familiar with the energy systems. Typically, the construction engineers are non-
specialists in the HVAC energy systems details, designing or producing HVAC energy 
systems is performed by HVAC engineers which most of them are graduated in 
mechanical fluid engineering. But construction engineers are involved in choosing the 
energy systems for the buildings which they have made. Also, the end-users often do not 
decide directly for their building energy applications independently. Construction 
companies play the role of a middleman between HVAC companies and end-users. They 
make buildings and decide for the energy systems by negotiating with end-users, and they 
know energy systems and describe and advertise HVAC energy systems for their 
customers. Therefore, the construction engineers were qualified to fulfil the energy 
applications and end-users’ needs and manners. But renewable energy engineers and 
building facilities engineers understand technical details better than construction engineers. 
Therefore the experts group are included mainly by construction engineers, and several 
renewable energy engineers and building facilities engineers are added to the experts group. 
The experts’ countries of origin and their professions are presented in figure 12. 

All construction engineers (experts) were chosen from private companies or some persons 
who had worked in private companies for a long time. A private company needs to satisfy 
their customers to be able to survive in a competitive environment; thus, they always try to 
understand the customers’ needs and voice and their customers are typically the building 
residents who are the end-users of the energy applications. Henceforth, they are qualified 
to provide answer on the end-users ideas, needs, and satisfactions. But experts who work 
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in the governmental companies (the companies which their owner is government) which 
tend to satisfy their superior managers, and satisfying their customer and people is not 
their main objective thus they are not related to the people in many cases especially in 
some countries with dictatorial governments. Thus, the experts who work in private 
companies were chosen. 

It is worth to note that all the experts chosen in this study were familiar with the hot 
climate by having a considerable work experience in hot climate areas or inhabiting in the 
hot climate for a long time so that they could perceive the hot climate market needs. In 
details, five experts were living in the North European counties at the moment with 
relatively cold climate, whereas six of them were living in semi-arid areas with a 
considerable heating and cooling demands both and four experts were residing and 
working in the arid areas with no need for heating at all.  

Due to the fact that the construction engineers do not have deep knowledge of the energy 
application, some renewable energy engineers were added to the experts’ list to 
compensate lack of such energy application knowledge. 

 

 

Figure 12: Experts’ countries of origin and their professions. 

It should be pinpointed that several limitations influenced the process of choosing the 
experts. The experts had to spend a considerable time on completing the questionnaires 
while the researchers were unable to access a proper number of experts from the wet hot 
climate areas to participate in Delphi stages. In addition, majority of the experts preferred 
to complete the questionnaires during an official interview to get interactive explanations 
regarding the questionnaires’ questions instead of reading several explanatory pages. 

3.2.2 The First Stage of Delphi 

The first stage of Delphi was designed to find the key factors of success in the hot climate 
market. A product or new application will be able to succeed in a market as long as the 
customers have some reasons to buy it. Indeed the reasons for buying include those 
competitive supremacies over the other existing productions. Key factors introduce 
possible competitive advantages or disadvantages for a given product or application.   

Therefore, this stage was performed by an interview with all 15 experts. During the 
interview, questions were asked and the experts’ answers were written on a blanket by the 
interviewer. This blanket is attached in Appendix 7.5. The interviewer explicitly enlisted 
the key factors through open-ended questions while it continued to negotiate the 
suggested factors with the experts through the next questionnaire. The experts were asked 
to possibly merge similar factors and eliminate the unimportant ones. Also, they were 
enquired to define their factors, accordingly. Reducing the number of factors is necessary 
because a large number of factors would bring complexity in comparing the energy 
applications with reference to the key factors in the next stage. 
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Figure13 : The flowchart of the first stage of Delphi 

3.2.3 The Second Stage of Delphi 

The objective of the second stage of Delphi was to prioritize and compare the applications 
regarding the identified key factors in the previous section. The key factors were identified 
to help the experts to compare the applications regarding these key factors logically. In 
other words, the experts evaluated the applications regarding the mentioned key factors. 
Therefore, a pure open-ended question was not needed in this stage. The list of the 
applications was identified regarding the literature reviewed and the list of the factors was 
identified from the first stage of Delphi; therefore, the first questionnaire in the second 
stage of Delphi encompassed the list of applications and key factors while asking the 
experts to compare the applications with reference to the key factors. 

The first questionnaire was given in the form of a crosstab table in order to bring 
simplicity for the experts for their discussion as well as providing the possibility of some 
simple mathematical calculations. The rows in this table were the applications while the 
columns were the key factors. Each expert was required to identify whether or not each 
application for each key factor had a competitive advantage or a competitive disadvantage. 
The fact is that a five-point scale was considered regarding the competitive advantage. 

(++) Very positive: the factor is a significant advantage for the application compared to 
similar applications which make similar services,  

(+) Positive: the factor is an advantage for the application compared to similar applications 
which make similar services,  

(0) Empty: neutral, the expert has no ideas, or the factor does not have any influence on 
the success of the application in the market; or the factor is not defined for the application; 
or the information is not enough for this factor regarding the application; or the expert 
does not want to answer, etc. 

(-) Negative: the factor is a disadvantage for the application compared to similar 
applications which make similar services,  

(--) Very negative: the factor is a significant disadvantage for the application compared to 
similar applications which make similar services,  
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Figure14 : The flowchart of the second stage of Delphi 

All the presented ideas were summarized by comparing the experts’ answers. Similar 
answers or even one level difference between the answers were assumed as the consensus 
whereas more than one level difference was assumed as disagreement. For example, if an 
expert believed that a proper infrastructure (a key factor) was an advantage (expert 
answered +) for Cool Roof (an application) and other experts believed that the 
infrastructure was a significant advantage (expert answered ++), a consensus was assumed, 
accordingly. However, if an expert believed that the infrastructure was an advantage and 
another one considered it as a disadvantage, a disagreement was assumed consequently. 
Moreover, neutral answers were not considered for checking the consensus if the experts 
did not present a clear idea regarding the question. Disagreements and their reasons 
provided as the experts’ ideas were described for other experts before eliciting new 
answers from them until a relatively consensus was accomplished. In the final report 
showing the disagreement between the experts presented in table 3, the standard 
deviations of the given answers were considered as the criteria to conclude the final 
disagreement. It needs to be mentioned that the standard deviations are typically used for 
illustrating the fluctuations and deviations of the answers from the mean (ref), and the 
bigger standard deviations could imply more differences in the responses given. The 
difference between the levels was considered in the procedure because it was simple to do 
so but in the final report the standard deviations were used.     

A change of the variable was used for simplicity in calculation. Although using the signs (--
,-, 0, +, and ++) was suitable for answering by human for an indication of advantages or 
disadvantages, it was not useful for calculation. Therefore, the used signs were converted 
into numbers for the purpose of calculation. Hence, -- was converted to -2, - was 
converted to -1, + was converted to +1, and ++ was converted to +2. Indeed, these 
numbers were used for defining several parameters to simplify the summarizing process. 

The summarizing parameters included the score and clarification or non ambiguity, as well 
as disagreement by taking into account the standard deviations. While the score was the 
average of the experts’ answers for evaluating one application regarding each key factor, 
the scores of an application was the summation of the scores of the key factors of the 
application. The fact is that the score roughly shows the amount of advantages of the 
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application and possibility of success in the market. Clarification introduces the extent of 
non-ambiguity and certainty, indicating how sure the experts are about the subject of the 
given question. Difficulty in prediction or insufficient information would increase the 
ambiguity as well as diminishing the clarification. Clarification was calculated by the 
percentage of the answered questions in the last interviews conducted in the last round of 
the second Delphi stage. For summarising, disagreements were presented with the 
standard deviations of the answers given by the experts to the questions. It means that the 
standard deviation of the score for each parameter of each application was considered. The 
answers obtained through the final round of the second stage were used for calculating the 
disagreements. When the ideas’ of the experts were not similar, it then had a higher value. 
All the mentioned summarizing parameters are exhibited in tables 1, 2, and 3. 

 

3.3 Results 

3.3.1 The Results of the first Delphi Stage 

A large number of key factors were suggested by the experts in this study; nevertheless, 
many of such given factors referred to similar concepts but different wordings. Also, some 
of them were inconsequential according the consensus of the experts. Furthermore, some 
key factors were neglected because they could be intended by other factors, such as the life 
cycle cost that relates to investment, life time, and maintenance. In addition, those similar 
key factors (not same key factors) were merged together for reducing the number of 
factors. A large number of key factors were avoided to make a possibility of using these 
factors for evaluating the applications. The key factors were grouped during the Delphi 
process by using the experts’ ideas to bring them more clarity.   

Four groups of key factors were identified including the Finance Factors, Marketing 
Factors, Technical Factors, and the Other factors which were not categorized in the 
previous groups. Finance Factors are key factors which can create cost competitive 
advantages for a new application or product. Marketing Factors show the key factors 
which facilitate penetrating to a market and bring competitive advantages over the other 
competitors. Technical Factors introduce all the technical factors which influence the end 
customers during the operation time, among which the “Quality of the application 
services”, “Maintenance”, and “Lifetime”. Also, “Simplicity and applicability during 
manufacturing and installing” which are important for the end customers and manufacture 
of the applications was categorized in this group. Other key factors that could not be 
categorized in the previous groups were then categorized as the “Other Factors”. The final 
key factors according to the experts’ relative consensus are enlisted below along with their 
definitions: 

Finance Factors 

Investment is in fact the whole primary required money for providing the applications 
including the constructions, manufacturing, purchasing, designing, or installation of such 
applications. Hence, we needed to know whether the investment is an advantage or 
disadvantage for the application regarding the other competitive productions in the 
market. 

Annual Return: it shows the extent of benefits involved in decreasing the annual bill of 
energy because of the application compared to a similar application or equipment in the 
market. In other words, it should be clear whether there is a vantage in using the 
application compared to the other technologies with similar services (A significant 
competitive advantage, a competitive advantage, a competitive disadvantage, and a 
significant competitive disadvantage).   

Methods of obtaining funds: it introduces the usefulness of existing possible methods 
involved in obtaining funds for the application in comparison with the other applications 
and technologies in the market. The obtaining fund methods may include self-payment, 
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any governmental, local, or international aids for funding, for example subsides, loans with 
low interest, and alike. In other words, this factor shows the extent of privilege concerning 
the available funding methods for the application compared to the other applications with 
similar services in the market for the customers (A significant competitive advantage, a 
competitive advantage, a competitive disadvantage, and a significant competitive 
disadvantage)   

Marketing Factors 

Warranty and Insurance: it shows the situation concerning the available warranties or 
insurances compared to the other competitor technologies or the extent of competitive 
advantages of the application because of the available warranties in the market. The 
assurances and warranties can be either supplied by any governments, or the manufacturer 
companies, or even financial companies. The assurances and warranties are important for 
the new applications for which there is no sufficient assurance in the market (A significant 
competitive advantage, a competitive advantage, a competitive disadvantage, and a 
significant competitive disadvantage). 

 A proper infrastructure for the application: it deals with the proper potentiality and 
infrastructure of the market and the extent to which the construction companies and 
governmental authorities are ready to suitably accept the new applications, and the extent 
to which the technical companies can support it and are able to advertise it. Besides, it 
deals with the extent to which the engineers are capable of calculating the technical 
calculations. It is also necessary to find out how much hardware is available for making use 
of such applications. Also, it shows the extent to which the end customer has an ability to 
use the new application. 

Attraction of the services provided by the application: it means the services which are 
provided by the equipment and the extent of their being serious and attractive for the end 
customer.  For example, heating is not attractive in the extreme hot climate while such a 
key factor for each application must be compared to the other energy applications of the 
coated steel sheet. 

Background: it shows the extent to which the people know this application and how far 
they have proper feelings for it because of any previous background related to the 
application. This key factor for each application must be compared to the other energy 
applications of the coated steel sheet. 

 

Technical Factors 

Quality of the application services: it introduces the extent to which the application can 
perform well and achieve its goal. Also, it represents the competitive advantage of the 
application services compared to the other equipment in the market. 

Simplicity and applicability: it introduces simplicity concerning the production and 
installation of the new equipment related to the application for a building compared to the 
other equipment in the market. Furthermore, it shows advantage or disadvantage of the 
application regarding the simplicity of production.  

Maintenance: it elaborates on the extent of simplicity and cheapness of the maintenance 
of the equipment related to the application during the operation life time, compared to the 
other equipment in the market. Because the maintenance will be costly and hard in 
complex systems, maintenance of the complex systems can be considered as a 
disadvantage 

Lifetime: this shows the extent of durability of the equipment along with a proper quality 
level of its services compared to the other equipment in the market and compared to the 
other technologies that make similar services. 
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Electricity independency: it deals with the level of its independency regarding the 
electricity consumption. Moreover, it shows the benefits of the application for having no 
dependency on electricity, compared to the other competitor technologies in the market. 

 

Other Factors 

Environment-friendly: it represents the extent to which the environment will be cared 
during its operation life or the level of its body recyclability as compared with the other 
competitor technologies in the market.  

Aesthetic: it denotes the extent to which it affects the buildings’ shapes and appearances. It 
also shows the level of increasing (or decreasing) the aesthetics of the building by adding 
the new application in comparison with the competitor technologies. 

Compatibility with local law, rules, and standards: it introduces the extent of authorizing 
the new application in the market regulations, penetrating it into the market (Positive or 
negative answer). 

Space Occupation: it shows the extent of the space which is occupied by the application 
equipment compared to the other equipment with the same services. (A significant 
competitive advantage, a competitive advantage, a competitive disadvantage, a significant 
competitive disadvantage)   

Side Effects: Side effects refer to the other influences of the application on the customer 
except the main services for which the application is made. This key factor introduces the 
extent of the benefits or drawbacks of the side effects compared to the other competitive 
technologies in the market. 

Price of energy:  it deals with the extent of advantages or disadvantages of the situation 
of the energy price in the market for the application compared to the other equipment or 
technologies which produce similar services in the market. 

3.3.2 The Results of the Second Delphi Stage 

It should be acknowledged hereby that some actual difficulties occurred during the 
running of the second Delphi stage. Firstly, the participating experts were busy while their 
allocated times varied from an expert to another depending on many factors, such as their 
personal relationship. Thus, the number of interviews was not similar for all the experts 
while two interviews were performed for each expert in the second stage as a minimum. 
Also, some new useful key factors were introduced by the experts but the time was not 
enough to use them for evaluating the applications. These factors included the “Space 
Occupation” and “Side Effects”. In addition, some identified key factors were completely 
different in different countries; consequently, they were not used in this project. These 
factors were “Compatibility with the local laws, rules, and standards”, and the “Price of 
energy”. Moreover, all of the chosen experts were engineers and were not qualified enough 
to judge the future price of energy. Therefore, the price of energy has not been discussed 
in this project notwithstanding its importance.   

All the experts evaluated the application by considering the key factors in hot climate 
areas.  However, it should be noted that the hot climate areas are wide and include many 
sub-climates such as the wet hot climate (tropical) and dry hot climate. Also, the dry hot 
climate encompasses the arid and semi-arid ones. (Schaffner, 2010). It is also to be noted 
that unfortunately just a few of the participating experts had work experience in the wet 
hot climate areas. Thus, they were asked to evaluate the applications in hot dry climate 
areas; in addition, some of their answers were related to the arid climate while others were 
related to semi-arid climate depending on the local climate in their work experience places. 
For example, the experts evaluated the “Attraction of the services provided by the 
application” with reference to their local climate. It is clear that the applications which 
produce heating are not attractive in the extreme hot dry climate areas such as the 
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countries on the coast of the Persian Gulf. Nonetheless, it is a serious desire in semi arid 
areas with considerable height which are situated far from sea such as Kabul, Ashgabat, 
and Mashhad which need both cooling and heating during the year. Therefore, the experts’ 
answers regarding this key factor were summarized in two categories, namely the arid 
climate without heating demands and semi-arid areas with heating demand. 

As described in page 25, all the experts prioritized each application regarding each factor 
with a scale between -2 to 2. Their answers are summarized and presented in the table 1, 
table 2, and table 3.  The first table shows the average of their assigned scales presented in 
each cell.  It means that each cell shows the average of the assigned scale by different 
experts regarding the advantage of the application which has been written in the first 
column of the corresponding row in a factor which has been written in the second’s row 
of the corresponding column.  These numbers show how much the experts believe that 
the application has preference in the factor compared to the other applications. Moreover, 
all the scores for each application regarding different factors are summarized and written 
in the last column to show a unique score for the application. In other words, the last 
column shows a unique number for evaluating the chance of the application regarding 
different factors. 

Table 2 shows the percentage of the experts who assigned a score for each application 
regarding each factor.  A low percentage shows a doubt or ambiguity regarding the 
application and factor whereas a high percentage shows that the answer was clear for the 
experts and most of them have answered to it.  

Table 3 shows the standard deviations of the experts’ answers; a high standard deviation 
shows a high disagreement between the experts whereas a low standard deviation shows a 
relative agreement and consensus between them. This parameter shows validity of the 
results. Moreover, it is used for deciding on continuing the interviews according to the 
achieved relative consensus. 
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Table 1: Summary of the evaluation of the applications regarding the key factors is presented in this table. Granted 
scores by different experts for each application regarding each factor has been averaged and written in each cell. The 
averages of each application regarding all the factors are presented in the last column. 

 

 

Table 2: Percentage of the answers compared to the number of the experts in the last questionnaires. Each cell shows the 
percentage of the experts who assigned a grade for corresponding application regarding each factor. The percentage of 
answering has been averaged in the last column for each application. Lower percentages are darker.  

 

 



34 

 

Table 3: It is presented disagreement between the experts (Standard Deviations of the answers). Darker cells show 
higher disagreement between the experts.  
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All the obtained results are summarized in three tables. Scores of the applications are 
presented in table 1 which shows the approximate potential of success for each application 
in the hot climate market regarding the experts’ ideas. It was found out that all the 
applications had a positive potential, and the highest scores were related to the cool roof 
and energy efficient building cladding, whereas the minimum scores were related to night 
cooling. Moreover, investment of the applications as compared to the other key factors 
revealed the lowest score. Investment of each application was compared to the other 
equipment which produced similar services. There are often some other competitive 
technologies which need a lower investment unlike the new application. To this end, it was 
revealed that the benefits of the new application included saving the energy prices which 
will be returned during the time. Therefore, investment was not an advantage for the 
energy applications.    

Table 2 represents the clarification of the experts’ answers, or the answering percentage. It 
implies how much the situation of the factor for the application is clear for the experts. 
The experts believed that the finance factors were important regarding their descriptions. 
Yet, the situation for the finance factors was unclear for them and they did not reply many 
finance questions even in the final questionnaires after several question round; once the 
experts were informed of the other experts’ ideas, only they answered 50% of finance 
questions. This implies the existence of a kind of ambiguity and experts were not able to 
predict the finances’ consequences concerning the usage of the application. Especially, 
they were not sure about accessing to subsidy and governmental helps. Because the 
applications were new, some related regulations had not been documented or the experts 
had not been informed well. Furthermore, the methods of founding differed from one 
country to another and each country had its own policy. In addition, majority of the 
experts did not provide any answers regarding the insurance. It was also found out that 
proper contracts for the new applications had not been developed or accessible easy in the 
hot climate areas as posed by the experts.  

Disagreements of the experts are presented in the table 3 detailing the standard deviations 
detected between the experts’ answers regarding each question. Disagreements were low in 
this study because during several interviews, ideas approached each other and a relative 
consensus was obtained. Still, there existed some differences which were mainly related to 
the aesthetics in which the people had different styles and manners. The technical key 
factors had the highest disagreement and controversies, especially with reference to the 
solar chimney and combination of the collectors and the building (the Elastomer Metal 
Absorber). Moreover, environmental friendly had the highest disagreement for night 
cooling. Some Experts believed that the solar collectors could increase the heat island 
effect in large cities and that a complicated system with many components would not be 
environmental friendly. The reason they posed was that it was not easy to control all of 
their components as well as controlling the suppliers of such components regarding the 
respect given to the environmental regulations. Henceforth, low scores were assigned to 
Night Cooling, as well as the Combination of the collector and building envelop. 
Nevertheless, some experts assumed that it was possible to ask and control the 
environmental standards certifications from suppliers. Thus, they assigned a high score to 
night cooling and buildings envelop cladding collectors. 

In addition, it was found that the Cool roof obtained the highest score in comparison with 
the other applications. Also, the experts answered 72% (the highest clarification) of the 
questions regarding the cool roof showing a considerable consensus together (the lowest 
disagreement). These experts also predicted a proper potential for the success as through 
their given scores. High clarification here implies that the experts knew the cool roof well 
and were certain of it. The cool roof showed high simplicity and proper background 
meaning that the experts were sure about it. But, even the cool roof did not have a high 
value for clarification of the finance key factors and experts were unsure. This indicates the 
importance of assurance for success of the cool roof in the market. 
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Moreover, the energy efficient building cladding (such as the Prelaq energy) obtained the 
second proper position compared to the other applications. Its evaluation resembled the 
cool roof, but their background and infrastructure differed. As reported, energy efficient 
building cladding was new compared to the metal sheet used on the roof. Thus, it needs 
some training for its calculations and standards that are not familiar today, especially for 
using the metal sheets for interior surfaces.  

The solar chimney had a relatively proper score but it showed a considerable disagreement 
between the experts. It produces direct cooling which is attractive in hot climate while 
most of its design work is without consuming electricity or other energy types. It has a 
long time background in many countries. Some of traditional solar chimney designs have 
worked for more than hundreds of years. Nonetheless, the lifetime of its new design with 
the coated steel sheet is limited to the lifetime of its coating, and its lifetime may be 
reduced in high temperatures. Totally, the lifetime is an advantage for the solar chimney as 
reported by the experts. Investment was reported as a disadvantage for the solar chimney 
compared to the competitive equipment available in the market. There is some ventilation 
equipment in the market with reasonable prices such as the evaporation coolers. Although 
the benefits of a solar chimney will return regarding the saving energy price during the 
time, the experts’ ideas demonstrated a high score of the annual return. Similar to other 
energy applications, warranty and method of funding were not clear enough for the 
experts who revealed a high amount of disagreement and discussion.  

The combination of the building envelop and the solar collectors, such as the Elastomer 
Metal Absorber (EMA), had a proper technical key factors, but it needed some 
considerable extra investments to supply the equipment of a heating system. However, 
compared to the other solar heating systems, some components were not needed here 
such as the heat exchange or the solar collector. There was indeed considerable 
disagreement between the experts about the EMA. This system had some properties which 
attract the building facility engineers. The experts who were specialists in building facilities 
were highly interested in the EMA whereas the ones with construction engineering 
qualifications did not have enough confidence about the EMA and they were not 
interested to the technical details, accordingly. Also, there was not a high consensus 
observed between the experts with reference to the attraction of the EMA services. The 
main service of this application is heating which is not attractive in the extreme hot climate 
areas such as Dubai, but it was a real desire in some areas which have cold winters such as 
Mashhad, Kabul or Ashgabat. Furthermore, some experts were worried about the 
aggregation of dusts in troughs of the building cladding which are indeed needed to clip 
the rubber pipes and then transmit the heated water from the envelopes. Cleaning is a 
critical factor in hot dry climate areas which can demand some extra maintenance. 

Night Radiative Cooling is similar to the EMA but they differ only in their service. 
Actually, it is possible to use an EMA system as the night cooler with some consideration. 
Their main difference is their services. Cooling at nights is not attractive enough for many 
areas. In dry hot climate areas with considerable distance from seas, there is a significant 
temperature difference between the days and nights; thus, the nights even in the summer 
are cool enough and night cooling is not demanded or its demand is so small that the 
natural ventilation can satisfy it. Night cooling is a need in the extreme hot climates, 
especially in the coasts of Dubai or Kuwait, but the cooling desire for hot days is more 
than nights. Therefore, attraction of the Night Radiative Cooling services is lower than the 
EMA in both mild and extreme hot climates. Also, there are more ambiguities and 
disagreement regarding the night Radiative cooling compared to the EMA. In some cases, 
it relates to the lower general experience of night Radiative cooling compared to the solar 
collectors. The EMA is a kind of solar collector and solar collectors are experienced 
widely; thus, the experts indicated a higher confidence toward the EMA compared to 
Night Radiative cooling. Totally, the main disadvantage of night Radiative cooling was 
reported to be the time difference between the cooling need and the cooling production. 
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3.4 Conclusions 

The cool roof and energy efficient building envelop had a proper potential for success in 
the hot climate market and they could work well as the experts provided a relatively proper 
information and consensus about them. Some insurance, financing framework, and some 
infrastructure items like training and proper standards will help to spread it broadly. On 
the other hand, there are many competitors in the market and similar technologies.  

The report confirms that the solar chimney encompasses some advantages and high 
attraction, but a higher doubt and lower information. Also, its investment is high 
compared to the competitive technologies with similar services. Moreover, its simple 
design is not able to supply the required cooling in the extreme hot climate areas. It is not 
surely known which areas and the months a simple solar chimney will be able to supply the 
cooling demand and this requires further scrutiny and investigation. It can obtain some 
success by attracting some people who love to buy elegant equipment regarding the culture 
of many hot climate countries. Nevertheless, producing the solar chimneys with reliable 
cooling and competitive costs will be necessary for the survival in the market. Therefore, it 
will have more challenges in comparison with the previous applications. 

Because both the Night Radiative cooling and EMA are complicated, they encounter more 
problems to be spread widely. The EMA has some characteristics which attract many of 
building facility engineers while it can only work well in the warm areas. Still, it is not 
needed in the extreme hot climate areas and it cannot work well in extreme cold winters. 
Producing cooling and its demand have a time difference in Night Radiative cooling 
systems.  Both of them need some special designs to solve their problems. 

The solar chimney was one application for which the experts predicted a considerable 
chance of success in the market. Moreover, there has been a dearth of research to 
investigate the performance of a solar chimney in different climates. Thus solar chimney is 
selected to be investigated in the next chapter.   
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4 Sufficiency of Solar Chimney for a Residential 
Room 

4.1 Introduction  

Solar chimney has been used for a long period in a majority of the Middle Eastern 
countries. There are many traditional buildings that make use of solar chimney or similar 
equipment in Iran, Afghanistan, Dubai, Bahrain, and Egypt. It is especially popular in Yazd 
adjacent to the Kavir Desert in Iran.  (A'zami, 2005) High amount of energy uses in the 
world has given rise to numerous problems for the environment. Most of the energy is 
non-renewable which aggravates global warming and other environmental problems 
(Yergin, et al., 2013). In addition, the highest growing use of energy is for cooling in the 
hot climate areas (ChartsBin statistics collector team, 2011). Therefore, expanding the idea 
of utilizing solar chimney is eye-catching and it will be able to protect the environment.    

4.1.1 Background 

One study has demonstrated that solar chimney can produce a considerable amount of 
ventilation, heating, and cooling in many locations having different climates in the world. 
(Sayed Hassan Abdallah, et al., 2013) Nonetheless, the capability of solar chimney in 
satisfying the cooling and heating demands of a general building or room in the mentioned 
locations have not been investigated, yet. The mentioned productions vary from one 
location to another regarding their climates and it has been shown the productions have 
significant values in most of the locations. Moreover, heating and cooling demands vary 
from one location to another. The question which is important for the building owner (or 
residence) is whether or not a solar chimney can satisfy their buildings’ demands. While 
such a question was left unanswered in the previous chapters, it has been addressed for 
some locations in this chapter. 

4.1.2 Objective and Limitation 

The main objective of this part of the study is to investigate the capability of a sample solar 
chimney for supplying ventilation, cooling, and heating demands for a typical room in 
several locations having different climate classes. A small room has been chosen which 
seems to be suitable for one single bedroom. Also, a solar chimney has been chosen which 
has the same range of the room size. It is not so big and not so small compared to the 
room size while using and installing it on the room’s wall seems plausible.  

Twenty-four locations have been chosen for the purpose of investigation. These locations 
have been chosen from the locations which have a considerable population and a proper 
economic growth rate. The main focus is on dry climates, but some samples from other 
climates have been also chosen, including extreme hot and cold locations to better 
understand the range of the solar chimney’s capability. Details of the room and the 
chimney are described in the methodology section.  
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4.2 Methodology 

The chosen solar chimney is a trombe-wall  made by a metal sheet and a glass. The metal 
sheet plays the role of an absorber. Solar radiation passes through the glass and warms up 
the metal sheet. The glass allows the solar radiation to transfer and to enter into the 
trombe-wall, but the glass barricades radiated infrared of the metal sheet to leave the 
trombe-wall; therefore, the air is heated up. The heated air is lightweight and leaves the 
chimney from the top because of the boyancee forces. Leaving the air from the chimney 
makes a vacuum which sucks the rooms’ air. The sucked air makes a ventilation and enters 
the air from the windows or other openings and holes. If the ambient temperature is less 
than the room temperature, a cooling effect is made while a heating will be produced if the 
heated up air is fed to the room by using a fan. Another system has been considered which 
adds the water to the incoming air through an adiabatic frictionless channel. The relative 
humidity of the air is increased up to 100 % and its temperature falls down because of 
evaporation; thus, it produces extra cooling.  

 

4.2.1 Tools and simulation design 

An elementarily system is designed and simulated in different climates to achieve the 
project’s objectives. The elementarily system basically includes a room, a solar chimney, 
electrical heater, electrical cooler, and their connections. Three different systems have been 
made by different combinations of the mentioned components for the investigation. 
TRNSYS is reported to be well-known software for simulation which is especially suitable 
for simulating the transient thermal systems (TESS, 2015) that are similar to the assumed 
equipment for this project.   

The chosen 24 locations represent main Koppen climate classifications (Kottek & Rubel, 
2010) and they are important cities which have a considerable economic potential. The 
building is properly insulated and has a considerable thermal mass as a modern building, 
meaning that the building structure has a low U value and it is similar to good buildings in 
cold climates. Consequently, 72 simulations are needed to be performed. Yet, for 
improving the efficiency, three systems are combined in one file and the three systems 
were simulated at the same time. Therefore, 24 simulations are performed according to the 
below table. 

Table 4: Simulation Plan is presented in each run. Three systems were simulated for one location. 

 
System A: 

Without Chimney 

System B: 

With Chimney 

System C: 

With Chimney and evaporation in inlet 

Location 1 Simulation 1 (System A, B, C) 

Location 2 Simulation 2 (System A, B, C) 

…… …….. 

Location 24 Simulation 24 (System A, B, C) 

  

  

http://sel.me.wisc.edu/trnsys/
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4.2.2 System description 

A designed model for simulating solar chimney and a room is presented in figure 15. The 
model includes three parts, namely (A), (B), and (C). Each part simulates one independent 
energy system with a similar room. Three systems are created in one TRNSYS file in order 
to save time by simulating the systems simultaneously.  The first one which is labelled “A” 
is a simple electrical cooling and electrical heating system without using the solar chimney. 
System “A” contains four main physical components, including a room, an electrical 
heater, an electrical cooler, and an electrical controller for which numbers 2, 3, 4, and 5 are 
assigned. Number 1 is reserved for solar chimney which is not used in system “A”. The 
coefficient of the performance is considered one for both the heater and the cooler. An 
extra component is considered for summarizing cooling and heating before entering to the 
room. This component is specified with number 6. It needs to be mentioned that cooling 
and heating are not required at the same time. Once the cooler works, the heater will be 
turned off, and vice versa. System “B” is similar to System “A”, but utilizes a solar 
chimney to minimize energy uses for cooling and heating. It contains the above mentioned 
components and a solar chimney. The solar chimney component has been designed so that 
it is able to control its outputs and inputs by itself.  Components (1), (1.1), (1.2), and (1.3) 
have been considered for the solar chimney and its controllers. Component 1 is a type 36d 
which simulates the solar chimney. Basically, type 36d has not been designed for 
simulating a solar chimney but it can be used with some changes in its inputs and outputs 
to be able to simulate a solar chimney. These changes have been applied with two equation 
blocks described in the section 2.3. Also, system “C” includes evaporation equipment 
which makes extra cooling. Type 33 is used for the evaporation component. It needs to be 
mentioned that the income air is assumed to pass a frictionless adiabatic canal. 

Moreover, all the three systems need some extra general components. Firstly, a component 
is needed to read the climate files. Type 109 is used for reading the data from the climate 
files, and this component is numbered with 7. Secondly, people live and use some actual 
electrical equipment in an actual building room; therefore, two components (8 and 9) are 
added to all the three systems for considering the heating gain from human and 
equipment. Components 8 and 9 utilize a timetable for considering the effect of human 
and equipment. Type 14 is used for these components. Finally, for presenting the result of 
the simulation, the online plotter with file (type 65) is used. All the mentioned 
configurations are presented in figure 15. 
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Figure 15: TRNSYS system models: without solar chimney (system A) and with the solar chimney 
(system B), and with solar chimney and evaporation (system C) are located in one TRNSYS file.  
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4.2.3 Physical components and their properties  

Three components physically exist whilst other components are just mathematically 
defined to simulate the system performance. These physical components are the solar 
chimney, the room, and the evaporation cooler that are described in this section.   

The room is considered as a small bedroom for one person. No windows are considered 
for the room. A proper size for a small bedroom is 3m×3m×2.4m. This size is enough for 
a bed, a desk, a wardrobe, and a small TV required for a comfortable life and it is a typical 
bedroom today. This size is suggested by some architectural societies.  
(Frank_Lloyd_Wright_Trust, 2015) A trombe-wall has been chosen as a proper design for 
the solar passive chimney component (Saadatian & Asim, 2012). The dimensions of solar 
chimney and the room are presented in figure 16.  

A trombe-wall is presented in figure 16 which contains a wall and a glass cover, as well as a 
cavity between the glass and the wall. The wall has a high thermal mass. It is assumed that 
it includes a water tank with 0.3 m depth. While the side of the cavity is closed, the air flow 
during the width is not considered. One dimensional flow from down to top is assumed, 
and one dimensional calculation has been performed. A solar selective surface is 
considered for the external surface of the wall that is suitable for a good solar absorber. 
Furthermore, the chosen material for the cover glass is a low iron glass with high 
transmittance and low reflectance. Both the absorber and the cover glass have good optical 
properties regarding the today technologies of saving energy which are cheap and easily 
accessible. The trombe-wall makes cooling based on natural ventilation, whereas heating is 
produced by transferring the heated air from the outlet of the chimney outlet into the 
room. 

Figure 16: Trombe-wall and its components and dimension. 

 

Table 5: Solar chimney’s dimensions and specifications 

 

 

Dimensio
ns 

 
Height Width Gap Length 

Chimney 2.4m 3m 0.2m - 

Room 2.4m 3m - 3m 

 
Optical properties 

Ref. Emiss. Transmit. Absorp. 

Glass sheet 3.2mm sample A  
(Mohelenikova & Altan, 2009) 

0.085 0.2 89.70% 0.02 

Energy saving steel sheet produced by 
SSAB  (Svedung, 2015) 

- 0.2 0 0.95 
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System C also includes a canal to which the water is sprayed in 
order to increase the relative humidity up to 100%. This canal is 
assumed as a frictionless canal and is able to transfer all the 
incoming air; thus, specifying its size is not needed. This canal is 
presented in figure 17. 

 

 

 

4.2.4 Component details 

All the used components and their main roles are presented in 
the below table. Moreover, their detailed information is reviewed in the following text. 

Table 6: TRNSYS components and their roles which are used in the project are listed in this table.  

Component 
Physical part Main Role 

n# Type 

1 Type 36d Chimneys 

Simulating the chimney by producing cooling, heating, and ventilation 

as well as applying the controlling strategies for the chimney. Type 36d 

is created basically for heating but it is adapted for cooling with some 

considerations. * 

1 
Equation 

Block 

Chimney inlet 

gate 

Supplying proper inputs for type 36d to be adapted for simulating 

cooling. 

1 
Equation 

Block 

Chimney outlet 

gate 

Opening and closing the chimney outlet or transferring  the output air 

into the room. 

2 Type 88 Buildings (rooms) Simulating the room 

3 
Equation 

Block 

Electrical 

auxiliary heaters 
Simulating an electrical heater 

4 
Equation 

Block 

Electrical 

auxiliary coolers 
Simulating an electrical cooler 

5 Types 8 
Auxiliary 

controller 

Turning on and turning off the electrical heater and the electrical cooler 

consistent with the room temperature to keep the room temperature in 

the thermal comfort range. 

6 
Equation 

Block 
Summations 

Converting two outputs of the cooler and the heater into one input for 

the building 

7 
Type109-

TMY2 
Data reader Reading the climates’ data from the file 

8 Type 14 
human presence 

time table 

Scheduling the presence of the building residents for calculating the 

building heat gain from the human bodies. 

9 Type 14 
Equipment 

working timetable 

Scheduling the working time of the equipment inside the building in 

order to consider the building internal heat gain from the electrical 

equipment. 

10 Type 33 
Evaporation 

cooler 

Simulating an evaporation cooler with wide canal. Relative humidity 

increases up to 100% along the canal before the air entering to the 

room. 

Figure 17: The inlet air canal to 
the room 



44 

4.2.4.1 Solar Chimney 
The first component is type 36d which is used for simulating the solar chimney in system 
“B” and system “C”. Type 36d is designed basically for simulating the Trombe-wall for the 
heating purpose. This project purpose is to utilize the solar chimney for heating and 
cooling purposes; therefore, type 36d is used directly for heating without any changes; 
however, it is indispensible to accentuate that type 36d can transfer the air optionally from 
outdoor or indoor to indoor with the purpose of heating. In addition to heating, the room 
needs to be ventilated with fresh air; as such, -1 is assigned to the related input parameter 
of type 36 (control function) for transferring the fresh air from outdoor into the room.    

Simulating cooling and ventilation is more complicated than that of heating. It is simulated 
by considering several tactics. The first is to use a block equation for supplying the fresh 
air into the room along type 36. The direct output of type 36 is hot air which is not 
suitable for cooling, but the air flow-rate exiting from the room to the chimney is equal to 
the air flow rate from the ambient to the room via windows or other openings. Therefore, 
type 36d just calculates the exiting flow rate and another component (an equation block 
which is named the “Chimney output regulator”) simulates the air entering to the room 
with the same ventilation rate of type 36d; nevertheless, this is achieved with the ambient 
temperature that is produced ventilation and cooling.   

The second tactic is considered to adapt type 36d for simulating the solar chimney. Type 
36d is procreated to simulate the “Trombe-walls” and the main difference between the 
solar chimney and the Trombe-wall is the place where their output air transfers. Whereas 
the solar chimney normally sucks the air from a room and transfers it to the environment, 
the Trombe-wall transfers it to the room. However, both work based on the same 
principle, which is the density difference between the outlet and the inlet air. In fact, the 
density difference is created because of the temperature difference. In the same vein, the 
temperature difference is created because of the heat loss and heat gain rates. Also, the 
friction forces affect the flow-rate and the temperature difference. Therefore, if the 
temperature difference between the surrounding area of the outlet and the inlet of type 
36d is adjusted as the same as the solar chimney, and if their friction forces of type 36 are 
accordingly considered to be equal to the solar chimney plus the heat transfer of type 36d 
being equals to the heat transfer of the solar chimney, the type36d will be hence able to 
simulate the solar chimney.  

The heat transfer of the solar chimney has three parts; the first part is between the 
chimney and the sun, while the second part is between the chimney and the room, and the 
last is between the chimney and the environment. the chimney absorbs the solar radiation 
from the sun and it is known that the solar radiation intensity is similar; therefore, the heat 
absorbed from the sun is similar and there is no difference between the trombe-wall (type 
36d) and the chimney. Meanwhile, the air of the chimney is not directly sent to the room 
during the cooling period; as a result, there is not any heat transfer between the chimney 
and the room during the cooling via the mass transfer. Finally, the heat transfer between 
the chimney and environment will be similar by considering the same ambient temperature 
and assuming the same range of ventilation rate in the solar chimney and a trmobe-wall 
which has been modified by all the aforementioned tactics.  

The abovementioned adjustment has been performed by utilizing an equation block called 
“Chimney input regulator”. Air with ambient temperature is inlet. It feeds to type 36d in 
order to obtain an acceptable estimate for the heat transfer to the environment. Also, the 
correct temperature difference between the surrounding area of the outlet and inlet is 
considered for type 36d compare to the solar chimney. Thus, instead of the room 
temperature, a new temperature is defined as an outlet surrounding temperature. It equals 
to:  

T outlet = T ambient- Δt 

   And Δt is the temperature difference between the room temperature and the ambient 
temperature for the solar chimney. 
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Δt= T room- T ambient 

In other words, a correct ambient temperature and temperature drop between the 
surrounding area of the outlet and the inlet is considered; thus, the heat transfer and the 
buoyancies forces are similar. For this reason, the ventilation rate of type 36d (Trombe-
wall) can accurately estimate the ventilation rate of the solar chimney. Consequently, type 
36d can simulate the solar chimney component by considering the abovementioned points. 

Also, it needs to be asserted that the heat-transfer between the chimney and the room via 
the conduction is neglected by considering the following two assumptions: The first one is 
considering thick wall insulation on the wall and the second one is assuming the solar 
chimney installed on the building wall which then ventilates the treated room investigated 
in this project.  

Table 7: The parameters of Type 36d (the Trombe-wall)  

Parameter Value Units Description 

Mode   4 - 
 Wall height 2.4 m 
 Wall width 3 m 
 Wall thickness 0.3 M 
 Wall conductivity 2 kJ/hr.m.K 
 Specific capacitance of the wall 4180 any it is assumed that it is filled by water.  

Wall solar absorptance 0.95 - A selective surface is used. 

Wall emittance 0.08 - 
 Glazing emittance 0.2 - 
 Number of glazing 1 - 
 Spacing between the wall and 

the glazing 0.2 m 
 Extinction 0.0026 - 
 Refractive index 1.526 - 
 Vent outlet area 0.125 m2 
 Distance between the vents 2.4 m 
 

4.2.4.2 Building room 
Type 88 has been chosen to simulate the room because it is simple and has proper facilities 
for the required calculation. Numerous researches has demonstrated that the thermal mass 
significantly affects the building energy demand (Kosney, 2001) Type 88 supports the 
thermal mass and uses “Lumped Capacitance” modelling that is a simplified correct 
solution. (Mechanical_Department_of_Queen’s_University, 2007) 

Moreover, type 88 supports air conditioning. The ventilation air has been used to connect 
the room to the solar chimney; the mass flow rate of the solar chimney is considered as a 
ventilation rate of the building, but the ventilation air temperature is equal to the ambient 
temperature if the room temperature is high and cooling is performed; likewise, the 
ventilation air temperature equals to the temperature of the output air from the chimney if 
the room temperature is low and heating is needed. It means, cooling is created by 
chimney vacuum and entering ambient temperature. Moreover, heating will happen via 
transferring the hot air chimney output to the room. 

Moreover, type 88 has facilities for considering the internal heat gain, but the external heat 
gain from the solar radiation is not considered because of the lack of a window. These 
facilities support the equipment, lights, and the occupant’s heat gain. Two components of 
type 14 have been connected to the building to schedule the working time of the lights and 
presence of the human in the building. No separate equipment has been considered and 
the heat gain of the equipment has been added to the heat gain of the lights for simplicity. 
The schedule of the lights and the human has been displayed in figure 18.  
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Figure 16: Daily time table for the lights, equipment and presence of a man. 

The building parameters are presented in table 8. The building surface area is 47 m2 and its 
volume is 30 m3; these numbers present a room with 3.5 m length, 3.17 m width, and 2.7 
m height. The indoor air temperature and the mass flow rate are linked with the solar 
chimney and the ambient parameters are read from the data reader according to the 
climate files. 

A considerable thermal mass is considered for this room that reduces the temperature 
variation by the storing heat. Therefore, the total demand is reduced. The thick wall is 
traditionally used in the desert climates which is also useful in the cold climates. It is 
calculated by considering 0.3 meter thickness of the concrete wall 

Volume of the walls and the roof= walls area * walls thickness= 47m2 *0.1 m= 4.7 m3 

Thermal mass= volume* density* heat capacity of the concrete= 4.7 m3 * 2400 kg/m3 0.8 
kJ/(kg˚C) = 9024 kJ/˚C 

U value is calculated by considering 0.18 m glass-fibre (conductivity= 0.040 W/m ) 

insulation which is added to 0.1 m concrete wall (conductivity= 1.40 W/m ). Also, the 

internal surface of the wall is covered by 3 cm light plaster (conductivity= 0.16 W/m ). 
(Vesma, 2015) 
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Table 8: The parameters of Type 88 (room) 

Parameter Value Units 

Building loss coefficient (U-Value) 0.21 W/m
2
.K 

Building capacitance 9024 kJ/˚C 

Specific heat of the building’s air 1.007 kJ/kg.K 

Density of the building’s air 1.2 kg/m
3
 

Building surface area 47 m
2
 

Building volume 30 m
3
 

Humidity ratio multiplier 1 - 

Initial temperature 20 C 

Initial humidity ratio 0 - 

Latent heat of vaporization 0 - 
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The component type 9f has been chosen to connect to the climate file and the chimney 
output. This component has been basically made to be connected to the climate file but 
there are some free fields in its structure enabling the transfer of the extra information. 
The predefined fields include hourly values of the climate parameters in specified location. 
These free fields have been used to transfer the information of a solar chimney 
performance includes the ventilation, cooling, and heating production.   

4.2.5 Controlling strategy 

The controlling strategy is the strategy of utilizing the solar chimney, as well as the 
electrical cooler and heater for making a proper air conditioning and air temperature in the 
room. This strategy is applied by the external controllers and the internal controller inside 
the solar chimney. 

The external controller controls the heater and the cooler, turning on and turning off both 
the heater and the cooler depending on the indoor temperature. Two levels of heating and 
one level of cooling are considered. When the indoor temperature goes beyond 26˚C, the 
cooler starts to work creating 1000 W cooling production. Also, when the indoor 
temperature goes below 20˚C, the heater starts to work creating 1000 W heating 
production. The first level of the heater can often maintain the temperature in the thermal 
comfort interval, but if the indoor temperature is not maintained and the indoor 
temperature falls down under 18˚C, the second level of the heater will turn on. The second 
level of the heater produces extra 1000 W; thus, totally 2000 W heating will be produced 
avoiding lower temperatures. Adequacy of the system in extreme low or extreme high 
ambient temperatures is not clear before simulation and this will be determined once this 
project is concluded. 

The solar chimney has its own control, whose objective is to utilize the solar chimney 
when its production is favourable. The solar chimney can ventilate the indoor air in two 
ways. The first way is utilized when the cooling is needed, meaning that the indoor 
temperature is quite high (greater than 24). The solar chimney sucks the indoor air and 
transfers it to the outside part of the room. and the outdoor air enters from the windows 
or other inlets to replace the sucked air; the entering air temperature is equal to the 
ambient temperature. This way is useful and utilized when the ambient temperature is less 
than the room temperature. Therefore, this way has two conditions; the indoor 
temperature is greater than 26˚C and the ambient temperature is less than the indoor air 
temperature. One the other hand, the second way is utilized when the heating is needed. 
While the air inside the solar chimney is higher than the room temperature and the indoor 
temperature is less than 22˚C, the outlet air of the solar chimney is transferred into the 
room to increase the room temperature by using a fan.  If the first way and the second way 
conditions do not happen, the inlet of the solar chimney will be closed and it does not 
work 

 

4.3 Results 

4.3.1 Review of the climate 

One chimney design has been used in different locations; therefore, just the climate has 
influenced the chimney performance. Before running the simulation, some primary 
calculations have been performed to clarify the difference between the locations regarding 
their climates. These primary calculation results will be used to estimate the validity of the 
final results in the next sections. The ambient temperature and its variation show the 
usefulness of cooling and heating; thus, it is investigated and presented in table 9. The 
point to highlight is that the heat is conserved in the building material; as a result, during 
the day the heat is stored but released at nights. Also, the relative humidity has significantly 
influenced the performance of the evaporation coolers especially in warm months of a 
typical year when cooling is needed. Thus, the average relative humidity for the whole year 
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and for the three months with the highest temperature is calculated. The following three 
months are not necessary to be considered: Jun, July, and August. The reason is that these 
months are different according to their location. 

Table 9: A short review of temperature and humidity in the selected locations 

 

Table 9 shows ambient temperatures during a typical year. Several steps have been 
performed to calculate this table. Firstly the range and the average of hourly temperatures 
have been calculated for all days by using climate files. The results were a table which each 
day in each location has an average hourly temperature and a temperature range. The 
secondly, the maximum, minimum and average of daily values is calculated for the typical 
year for each location. The results are presented in table 9. This table is included the 
maximum, the minimum and the average of daily temperatures, as well as the daily 
temperature range. The ranges show variation of hourly temperatures between the day and 
the night which is important regarding the thermal mass usage. The average temperature is 
important regarding its effects on cooling and heating needs also, ability of cooling 
production by natural ventilation.  

 Solar chimney makes a natural suck outdoor air into room, but the hot air of the tropical 
climate in most cases cannot make a considerable natural cooling. Also, high amount of 
the relative humidity limited the evaporation for making cooling. Moreover, heating is not 
useful in this climate. Therefore, high performance for system B and C in the tropical area 
is not predicted.  

The arid and semi-arid climates have a lower average temperature and higher temperature 
variation; thus, there is a better opportunity for using a natural ventilation and natural 
equipment like the solar chimney which is able to make natural ventilation for cooling. 
Also, the relative humidity is low especially in hot months; as a result, there is a possibility 
of a considerable evaporation and making cooling via evaporation in hot months, when 
the cooling is favourable. Moreover, there are some days with low ambient temperatures 
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and then the solar chimney heating is needed in some cases. Therefore, there is a proper 
possibility for usefulness of the solar chimney in such a climate.  

The temperate climate has a lower average temperature and a lower temperature variation, 
but higher relative humidity. Chimney heating is more useful in temperate climate than hot 
arid (BWh) and semi-arid (BSh) climate. Relative humidity is comparatively high and thus 
adding water to input for making evaporation cooling will be less useful than doing it in 
the dry climate. More prominently, solar chimney heating is predicted than solar chimney 
cooling in continental climates. The above predictions are tested and are presented in the 
next sections along with details related to each location. 

4.3.2 Daily performance of the systems in an example of the climate 
location 

The three models are calculated for 24 locations hourly during a typical year, but the 
ambient and room temperatures are presented in figure 19 for one day in Riyadh showing 
how the daily temperature vitiates during a day. Riyadh is chosen because of the 
importance of the city and its climate. Riyadh is very dry and hot having high temperature 
variations; therefore, it shows extreme conditions while the differences have been 
magnified compared to other cities.   

 

 

Figure 17: Daily ambient and room temperatures without the chimney, with the chimney, and with 
evaporation in Riyadh on 17th of May 
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Figure 20: Temperatures without the chimney, with the chimney, and with evaporation in Istanbul in 
January. 

Figure 21 displays that in July adding a solar chimney can decrease the room temperature 
and to a better range inside the thermal comfort. Similarly, adding evaporation equipment 
decreases both average room temperatures and room temperatures variation significantly. 
In January (figure 20), the solar chimney can efficiently warm up the room temperature to 
a thermal comfort range.    

 

 

Figure 18: Temperatures without the chimney, with the chimney, and with evaporation in Istanbul in July. 

 

It depicts that the designed system can protect the temperature in less than 26 ˚C. 
Nonetheless, adding the chimney cannot produce a lower room temperature in this 
extreme situation and a more powerful system or evaporation equipment is needed to yield 
a lower room temperature. Adding extra evaporation equipment to the system (system C) 
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is able to fall the temperature to 23 ˚C that is ideal for thermal comfort. Yet, this is just a 
one-day condition. The calculation is summarized for the typical year and presented in the 
next section.  

4.3.3 Monthly performance of the systems in some examples of the 
climate location 

Monthly cooling and heating energies are calculated for the tree systems (A, B, C) in 
Riyadh and Istanbul and are presented in figure 22 and figure 23.  Figure 22 is displays 
energy demands for cooling in Riyadh, where heating is not needed because of the high 
ambient temperature. Figure 23 shows energy use for cooling and heating in Istanbul.  

 

 

Figure 22: Annual energy use for cooling in Riyadh 

 

Figure 22 demonstrates that cooling is needed for seven months from April to October in 
Riyadh. Adding a solar chimney can decrease using energy for cooling, but it cannot 
replace the cooling system and cannot supply the cooling demand. Nonetheless, adding 
evaporation equipment can supply the whole cooling demand while energy use for cooling 
will become zero. Thus, the solar chimney can be useful in Riyadh if it is combined by the 
evaporation cooler.      

 

Figure 23 Istanbul annual energy use for cooling is presented in the left side and energy use for heating is in 
the right side. 

 

kWh 
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Figure 23 exhibits that a solar chimney can supply both cooling and heating demands in 
Istanbul. The left figure shows that cooling is needed just during July, August, and 
September when the solar chimney can supply it completely. Heating is needed in a wider 
period from April to October for several months, but heating energy uses in May and 
October plus probably April and November are negligible. It means this small amount of 
heating can be supplied by the windows’ heat gains. Using a solar chimney also can supply 
heating demands for whole year except January. Heating is needed in January and it cannot 
be supplied by solar chimney. Also, evaporation does not have any usefulness in Istanbul 
and cannot change energy use for cooling. 

4.3.4 Effect on thermal comfort 

The electrical cooler and heater consume the electricity. In this vein, turning on the 
electrical cooler and heater will be costly. The electrical cooler and heater are turned on 
when the temperature is received far from thermal comfort, but the chimney is free and 
works when it can positively affect thermal comfort as described in the controlling 
strategies in section 2.5. The effect of using solar chimney and evaporating water on the 
incoming air is presented in table 10. This table shows how much the room temperature 
was inside the thermal comfort range by using three defined systems (A, B, C)  

Table 10: Percentage of satisfying thermal comfort by using system A, system B, and system C in the 
selected locations. 

 

 

The table shows that generally these three systems are not powerful enough for the 
tropical climate. The solar chimney and evaporation cannot improve thermal comfort in 
Djakarta and Kuala-Lumpur, but the systems are useful in Rio-de-Janeiro. The reason 
relates to their ambient temperatures. As compared to Kuala-Lumpur and Djakarta, Rio-
de-Janeiro has relatively lower ambient temperatures. In Rio-de-Janeiro, the ambient 
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temperature is 65% of time is lower than thermal comfort and the ambient air can be used 
for cooling. But the ambient temperature less than 21% of time is inside or below thermal 
comfort in Kuala-Lumpur and Djakarta which cannot be produced considerable cooling.  

The solar chimney can significantly improve the room temperature in both dry climate and 
temperate climate and help the electrical heater and cooler to keep the room temperature 
inside the thermal comfort. Some locations in both climates have a considerable 
improvement such as Mashhad in a dry climate, or Istanbul, Osaka and Madrid in a 
temperate climate. Evaporation system can improve the indoor climate in dry areas and 
somewhat in a temper climate. The best results of using evaporation equipment are 
achieved for Tehran, Mashhad, Baghdad, and Riyadh, all of which are located in dry 
climates. As well, using evaporation is more useful in an arid climate than a temperate 
climate and semi-arid climate. Also, the evaporation equipment can keep the indoor 
temperature in thermal comfort in a better way in cold semi-arid climates such as Mashhad 
and Tehran in comparison with hot semi-arid climates such as Ahmadabad and Lahore. 
Cold semi-arid climates have higher ambient temperature variations and lower high 
ambient temperatures; as such, evaporation can help decrease the variation because of 
evaporating and thermal mass; thus, the room temperature can be kept in the thermal 
comfort range. Moreover, both solar chimneys’ heating and cooling are useful in cold 
semi-arid areas while just solar chimneys; cooling is needed in hot semi-arid climates.    

Moreover, the solar chimney is useful in Stockholm which is located in a continental 
climate. It can help keep the room temperature inside the thermal comfort range mainly by 
producing heating and sometimes in the summer by producing cooling. But evaporation 
cannot help and it was predictable by considering the relatively high amount of relative 
humidity especially in warm months and also by considering low demand of cooling in 
Stockholm.      

4.3.5 Effect on energy uses 

This section elaborates on the energy for producing cooling and heating. Energy use for 
cooling is presented in figure 24 and its value for heating is presented in figure 25. Both 
figures show the annual energy use in different locations and for the three systems A, B, 
and C (electrical system, with the chimney, also with the chimney and evaporation in the 
income air). Also, the locations are categorized base on the climate class that is written 
above the figures. 

4.3.5.1 Energy use for cooling 
Figure 24 shows that the solar chimney can minimize energy use for cooling in all the 
locations with different climates. In all the locations, these savings are more than 25% but 
the solar chimney can completely supply the required cooling in some locations. In other 
words, the solar chimney can save both the cost of the energy for cooling and the cost of 
the cooling equipment in some locations such as Mashhad, Lima, Istanbul, and Madrid. 
These results should not be considered strange as the solar chimney has supplied a proper 
indoor climate for thousands of years in many traditional buildings (Roaf, 2005). Minimum 
saving about 26% happens in Riyadh. Ambient temperature in Riyadh in considerable 
portion of the year is more than thermal comfort; thus, the solar chimney cannot cool the 
room temperature by producing natural ventilation. Also, some other cities such as 
Lahore, Karachi, and New-Delhi have a situation similar to that of Riyadh.  
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Figure 24: Annual energy use for cooling in the selected locations by using the three defined systems. 

Adding evaporation (system C) can improve the cooling performance significantly in some 
locations in dry climates or temperate climates. Evaporation and the solar chimney can 
supply the cooling demand of a room completely and in some locations no extra electrical 
equipment is required. For example, the room can achieve thermal comfort just with a 
solar chimney and evaporation in Riyadh. A similar situation exists in Rio-de-Janeiro, 
Baghdad, Tehran, Lima, Istanbul, Osaka, and Madrid.  

Evaporation has lower effects on the locations with high relative humidity. The room 
needs an electrical heater in Dubai, Karachi, Ahmadabad, and Lahore to keep the room 
temperature inside the thermal comfort. It needs to be mentioned that increasing humidity 
in a humid climate decreases energy use, but high humidity is not favorable for a human 
and can cause some health problems (Baughman & Arens, 1996).  

The results of evaporation in dry climates are better than the tropical and temperate 
climates; nonetheless this difference is not clear but higher differences are observed 
between subgroups. Both system B and system C perform better in semi-arid cold climates 
(BSk) than the other dry climates. This can be attributed to relative humidity. Some 
locations with BSk or BWh climate classes have low relative humidifies and evaporation 
cooler can perform well. Baghdad and Riyadh are good examples for these locations.  

4.3.5.2 Energy use for heating 
Heating is not needed in tropical and most of the hot dry climates (BSh, BWh), but it is 
needed in cold dry areas (BSK), continental climates (D), and most of the temperate 
climates (Cfa, Cfb, CSa, CSb). Also, heating is needed in Baghdad, although Baghdad’s 
climate is categorized as a hot dry one (BWh). Nevertheless, a solar chimney can supply 
heating demands in majority of the locations. Only the room in Stockholm, London, and 
Mashhad needs extra heating. Even in these three locations, the main portion of heating 
demands is supplied by a solar chimney. Therefore, utilizing a solar chimney can save the 
cost of consumed energy for heating as well as the cost of the heating equipment in many 
locations and can save a big portion of the cost of consumed energy for heating in some 
other locations. 
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Figure 25: Annual energy use for heating in selected location by using three defined systems. 

Also, figure 25 shows that the solar chimney as a heater can work well in all climate 
groups, but the room in cold areas needs more energy beyond the ability of the solar 
chimney of this project. The solar chimney cannot supply the whole amount of these 
heating demands. For example, the room in Stockholm needs 4500 kWh/y, of which 
around 3000 kWh/y is supplied by the solar chimney while the solar chimney in Tehran, 
which is sunnier than Stockholm, just produced 1500 kWh/y. At first instance, these 
results seem strange but by reminding that just useful heating is considered, the reason of 
this difference becomes clear. For example, in Tehran, the solar chimney can produce 
heating more than Stockholm in the hot summer, warm spring and warm autumn, but this 
heating will not be useful and is not used by the room; therefore, the value of useful 
heating in Stockholm is more than that of Tehran. Moreover, few extreme cold days exist 
when the solar chimney cannot supply the heating demands in Tehran and then the 
number and amount of heating needed in Stockholm is definitely more than that of 
Tehran.  

 

4.4 Discussions 

Some assumptions which are used in this project can make an uncertainty in the results. 
These assumptions are needed to be considered in practical projects.  They are reviewed 
below and their effects have been estimated roughly.  

 

1- An evaporation process has been considered with the inlet air which increases the 
inlet air relative humidity up to 100%. But 100 % humidity is not favourable and 
can make some health problems for humans (Baughman & Arens, 1996) as well as 
resulting in moisture for the buildings. Thus, in actual world, relative humidity 
must be limited and therefore lower cooling will be produced by the evaporation 
process. The results of this project show the theoretical maximum amount of 
cooling that is a possible extract from the evaporation process. Nonetheless, it is 
asserted that if chimney is used for cooling, the temperature of the inlet air will be 
lower than the temperature of room and the wall. Thus, condensation normally 
will not happen, especially if the room is designed well.  
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If the solar chimney is used for heating, the room air transfers to the chimney and 
is heated up. This air is returned to the room by a fan with higher temperature. The 
returned air does not contain any extra new water, thus condensation normally is 
not possible and the solar chimney does not make moisture.       

2- The heat transfer between the room and the chimney generally happens via the 
heat conduction and ventilation. Ventilation can be controlled by fans and vents. 
Yet, the heat transfer via conduction cannot be controlled and it is unfavourable in 
the hot summer. Therefore, it is assumed that the heat conduction between the 
room and the solar chimney is neglected. This assumption can be realized in the 
real world by using a well insulation for the solar chimney and installing the solar 
chimney on a wall of another room apart from the sample room where the solar 
chimney ventilates its air.    

3- The assumed room for simulation does not have any windows. The room is a 
bedroom and windows are not a requirement for bedrooms, but most of the 
rooms have windows. The windows increase the heat transmission lost in the cold 
season and make a solar heat gain especially on sunny days. It can positively or 
negatively affect the energy consumed for heating and cooling. How and to what 
extent it affects depend on the climate and it cannot be predicted without a new 
simulation.   

4- A considerable thermal mass is considered by using a water tank for the Trombe 
wall. It helped the solar chimney to store the heat and worked for longer periods 
during the 24 hours. The cost of the water tanks is quite low, and the water inside 
the tank is not consumed and can be used in long periods. Thus, the water tank 
can be used widely and this assumption is realistic. 

5- The inlet air canal has been considered wide and frictionless. But it needed to use a 
grid to barricade animals and insects. The grids make a friction which decreases the 
mass flow rate, heating and cooling.  

6-  There is a chimney effects inside the room. But the Trombe-wall is installed 
almost in the same elevation of the room. Moreover, the room temperature is kept 
in a specific range; thus, the internal chimney effects are limited in this project and 
neglected. Nevertheless, it is considerable in the large buildings (Ismail & Abdul 
Rahman, 2012). When the ambient temperature is lower than the room 
temperature, the internal stack effect increases the chimney performance. But if the 
ambient temperature is higher than the room temperature, the internal stack effect 
decreases the chimney performance. 

7- All the calculations in this project are performed based on climate files. These files 
are produced based on the weather stations (Solar Energy Laboratory, Univ. of 
Wisconsin-Mad, 2005). These stations are sometimes located outside the cities 
(Google, 2015) and close to the airports which are relatively cooler than the cities. 
The cities have higher temperatures than the surrounding areas because of the heat 
islanding effect (Wong, et al., 2008). Thus, for using the solar chimney in cities in 
the actual world, a higher cooling demand must be considered. 

8- There is a risk of barricading the solar radiation by the neighbouring buildings, 
especially in the cities for the Trombe-walls. This risk is higher for the Trombe-
wall than the PVs and the solar collectors that are installed in roofs. Therefore, 
some rules and regularities are needed to avoid these problems. This kind of 
problems can be more important than the technical aspects that are considered in 
this project.  
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4.5 Conclusions and Future Work 

The main outcome of this study is the possibility of the solar chimney’s success in a wide 
range of climates and locations all over the world. It does not only save a considerable 
amount of energy, but also improves the quality of the indoor air by maintaining the 
indoor temperature inside the thermal comfort range in the entire tested locations. 

The best performance of the solar chimney happened in the cold semi-arid climate where 
both cooling and heating are useful and evaporation can work with a high performance. 
But the solar chimney can significantly decrease the energy use for cooling in hot climates 
(tropical and dry hot climates) and decrease the energy use for heating widely in many 
locations in dry climates, temperate climates, and even in the tested location in the 
continental climate. 

There are several modifications which can improve the results of this project. Some of 
these modifications will increase the solar chimney performance and some of them would 
decrease. A maximum performance is considered for evaporation, but an actual 
evaporation cooler with an actual resistance could be the subject of future research 
projects.  
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5 Final Conclusions 
The coated steel sheet has a proper potential for developing the energy applications such 
as Cool Roof, Solar Chimney, Energy Efficient Building Cladding, Elastomer Metal 
Absorber, and Night Radiative cooling. The mentioned applications are able to decrease 
the energy use and protect the environment. 

Performing a Delphi investigation based on the experts’ ideas shows that the Cool roof 
and energy efficient building envelop clearly have a proper potential in the market, but 
both the Night Radiative cooling and EMA are more complicated and they encounter 
more problems to be spread widely. The EMA is attractive for many of the building facility 
engineers while it can only work well in the warm areas. Still, it is not needed in the 
extreme hot climate areas and it cannot work well in extreme cold winters. Producing 
cooling and its demand have a time difference in Night Radiative cooling systems.  Both of 
them need some special designs to tackle their problems. A flexible and prefabricated 
design for the Solar Chimney can make the installation and use of the solar chimney easier. 
But there is not enough knowledge about its performance in different climates. 

The simulation results showed that a sample of the Solar Chimney has a proper 
performance in different climates. It can improve the quality of the indoor climate and 
save cooling and heating energy in hot climates and a wide range of other locations in 
different climates. Therefore, a proper design of the solar chimney made by coated steel 
sheets has a considerable chance for being widely spread in markets in the locations with 
hot climates or other types of climates.  
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7 Appendixes 

7.1 Cooling and Heating Demands in the World   

The countries categorized with cooling degree days. Cooling degree days is a parameter 
which can identify hot climate countries. The data is given from the reference. 

(ChartsBin_team_statistics_collector, 2011) 

 

7.2 Heating Demands in the world 

The countries categorized with cooling degree days. It shows needs of heating and heating 
equipment for different countries. The data is given from the reference. 

(ChartsBin_team_statistics_collector, 2011) 
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7.3 Climate Maps 

Climate classes according to the Köppen-Geiger classification are presented below. 

(Kottek & Rubel, 2010) Published with permission from Kuttek and Rubel 
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7.4 The Published with permission from form of First Delphi 
Round 

The form which is used for performing a Delphi method in chapter 2 is presented below. 
It includes four pages; 1/4, 2/4, 3/4, and 4/4.   
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Factors Definition 

 

Investment 
(1) the whole primary required money for providing the applications including the constructions, manufacture, 
purchase, designing, or installation of such applications 

Annual Return  
(2) to what extent can the application decrease the annual bill of the energy consumption 

Methods of Obtaining funds 
(3) Is there any governmental, local, or international aid for funding including the subsides, loans with low interest, ….If 
Yes, or No? is it an advantage or disadvantage? 

Warranty and Insurance 
(4) Dose government, or a private company guarantee the performance of the application which is new and people are 
not sure about it yet? If yes, is it an advantage? If not, is it a disadvantage ? 

A proper infra structure for the application 
(5) It shows the proper potentiality and infrastructure of the market and the extent at which the construction 
companies and governmental references are ready to accept the new applications well as the technical companies to 
support it, and to what extent they are able to advertise it. Also, it shows the extent at which the end customer has an 
ability to accept using the new application as well as having motivation regarding their needs, their culture, and their 
background.  

Attraction of the services provided by the application 
(6) The services which are provided by the equipment and the extent they are serious and attractive for the end 
customer.  For example, heating is not attractive in the extreme hot climate.  

Background 
(7) the extent at which the People know this application and how far they have proper feelings for that application  

Quality of the application services 
(8) to what extent can the application perform well and achieve its goal? 

Aesthetic 
(9) the extent it affects the building shape and appearance.  
Is this effect positive or negative? 

Simplicity and applicability 
(10) the simplicity of producing and installing the new equipment for a building.  
positive or negative?  

Maintenance 
(11) the extent of simplicity and cheapness of the maintenance of the equipment during the operation life time…  
Positive or negative?  

Lifetime 
(12) the extent of durability of the equipment along with a proper quality level of its services. 

Environment-friendly 
(13) the extent the environment will be cared during its operation life or the level of its body recyclability? 

Electricity independency 
(14) the level of its productivity without consuming electricity? 
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Application Definition 

 
 

 

Cool Roof: 
 Cool roof is a technology that keeps roofs in a relatively low temperature and decreases heat transfer into buildings 
during the hot months. Therefore, it decrease the cooling demands and mitigate islanding heat effects of big cities. 

 

Solar chimney cooler: 
The solar chimney cooler is a low cost passive ventilation technique.  
The air in chimney is heated up by absorber. The increasing air temperature reduces its density thus air rise up and 
replace with heavier air from attached spaces regarding buoyancy-force. This process creates a negative pressure that 
use to make ventilation for a cooling system, but also it is possible for heating system depend on the system details. 

 

Energy Efficient Building Cladding: 
It manipulates optical properties of interior and exterior surfaces of cladding to provide thermal comfort with lower 
energy consumption 

 

Combination of collectors and building envelop: 
Using building cladding (Facade and roofs) as absorber of a big solar thermal collector 

 
Night Radiative Cooling: 
Cooling indoor by radiating from building cladding to sky at nights.  

  

  

  

 

 

 

 

 

 


