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30% of the world delivered 
energy 

More than 50% of electricity 
consumption

Up to 70% is consumed by 
heating and cooling

16 

 Introduction 
Throughout history, buildings have intended to provide people with 
thermal comfort by using passive strategies and available resources. With 
advances in chemistry in the 19th century the first air-conditioning units 
were introduced and ever since there has been a growing demand for 
heating and cooling as comfort standards have increased, financial 
capabilities have grown and more activities are included in our lives 
partly due to economic growth(Eicker et al. 2015; IEA 2018). Our role as 
architects and building engineers gains more importance as today, we face 
disastrous consequences of wasteful management of resources, the careless 
release of greenhouses gases and ozone-depleting chemicals into the 
environment. The building sector plays an inevitable role in the 
prevention of global warming. In this field, controlling the heating and 
cooling demands of buildings and providing them with the renewable 
resource as energy input could play a key role in assuring an existing and 
safe planet. 

1.1 Background 
Around 30 percent of the world delivered energy the and more than half of the electricity consumption was in the 
building sector in 2015 of which 18% to 73% is consumed by heating and cooling (Urge-Vorsatz et al. 2015). As 
reported by the International Energy Agency (IEA 2018), energy efficiency in heating and cooling can save up to 
25 and 20 percent of the energy consumption in the building sector by 2040 respectively. 

In a country like Iran, rich with natural gas and oil reservoirs and being the 8th producer of CO2 in the world 
(IEA 2018), it is not surprising to find out that 35.8% of energy consumption was in the building sector in 2013 
(Affairs 2013). The authorities in Iran have tried to reduce the energy consumption in the building sector by 
assigning the 19th issue of National codes to Energy efficiency in buildings in 1991.  

Despite efforts to reduce energy demands, there is a growing concern about energy consumption in Iran which is 
mainly due to economic growth, poor resource management, substantial subsidy programs offered by the 
government and lack of awareness. Moreover, the growing trend in the peak hour demand imposes enormous 
investment costs on building new power plants to overcome the power outage during peak hours. 

Iran’s construction market is expected to continue relatively steady growth at annual growth rate (CAGR) of
6.1% from 2016 to 2020 and according to Iran investment monthly magazine, 54 percent of the houses in Tehran 
in 2015 were buildings under five years of age. Therefore, new buildings offer a lot of room for improvements and 
energy-oriented designs to reduce the energy consumption of heating and cooling and offer opportunities for the 
utilization of renewable resources. 

The government of Iran has shown interest in renewable resources as a more reliable source to improve energy 
security and meet the growing electricity demands since the 1950s. According to Tavanir, Power Generation, 
Transmission, Distribution, and Management Company, Iran had plans in 2016 to generate 10 percent of its 

Figure 1 Share of building industry in 
energy consumption (IEA 2018) 
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Figure 2 Global CO2 emissions from fuel combustion in 2016, for Iran it is 563.4 
MtCO2. (Source: http://energyatlas.iea.org/#!/tellmap/1378539487) 
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Global warming and 
Ozone depletion potential
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BACKGROUND
Alternative solution:
Solar Energy

residential sector, primarily in Central Europe and sunny dry climates like Australia,
Mediterranean islands, and theMiddle East. Another driver is the potential for solar cool-
ing to reduce peak electrical demand, particularly in countries with significant cooling
needs. Beyond Europe, the use of solar cooling is increasing in Australia, India, USA,
and elsewhere. The overall number of systems installed to date indicates that solar cooling
is still a niche market, but one that is developing. In general, flat-plate or evacuated-tube
collectors are used to drive the absorption or adsorption chillers. By contrast, the experi-
ence with solar concentrators (parabolic trough and Fresnel collector) as a source of en-
ergy for solar cooling in the medium and large cooling capacity range is extremely

Figure 6.1 Solar cooling—Solar resource versus cooling demand.
Source: Dr Jakob Energy Research.

Figure 6.2 World exhibition 1878 in Paris, Augustin Mouchot produced the first ice block
through solar energy.
Source: Olynthus Verlag.
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BACKGROUND
Solar cooling technologies:
Thermoelectric

Peltier element



7

BACKGROUND
Why thermoelectric technology

1- Sustainable
Low GWP and ODP

Solar energy powered

2- Facade application
Silent, compact, simple to use

Low maintenance
Reliable

Heating and cooling

3- PV integration
DC current

No converter
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Cold

Conditioned zones

PV panels

TE element BACKGROUND
Thermoelectric technology
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BACKGROUND
Iran-energy consumption
8th producer of CO2 in the world

Electricity consumption kWh/capita in 2014
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The annual solar radiation is 6350 MJ/m2 in Tehran

Source: World Bank Group, https://globalsolaratlas.info/
downloads/iran
Masoudi Nejad, 2015

BACKGROUND
Tehran-Global Horizontal Irradiation
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Is the designed facade capable of providing heating and 
cooling with electricity only from PV panels?

PROBLEM STATEMENT
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CONTEXT
Tehran
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CONTEXT
Tehran

Cold semi-arid climate-BSK
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CONTEXT
Tehran
Large temperature swings between 
day and night
Four-seasons: 
Mild springs and autumns 
Long, hot and dry summers 
Short but cold winters
Hottest month is July
Coldest Month is January
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Availability of sun is relatively high

CONTEXT
Tehran
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By applying electrical current difference in temperature 
will be created across the two junctions of TE module

Heat absorbed

Heat rejected

P and N type 
Thermoelectric semi conductors

THERMOELECTRIC 
TECHNOLOGY

Mechanism
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THERMOELECTRIC 
TECHNOLOGY
Facade integration

By Ibañez-Puy, M., et al. 2017

Prototypes
A Thermoelectric cooling heating unit

Low efficiency
High costs
Availability
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THERMOELECTRIC 
TECHNOLOGY

Increasing the Performance

1
2
3

TE module design
Selection of current intensity and voltage

Decreasing temperature difference

T1

ΔT

T2

Temperature difference
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A CASE STUDY
A representative office

Built between 2004-2016
Number of floors: 5-9 average
90% are South-North oriented
Plot size: 430 sqm on average
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A CASE STUDY
Azaran headquarters

Azaran Ind. Headquarter
Architecture firm: Chakad Design Office + 
Reza Sharif Tehrani 

South facade
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PREDESIGN
PV production

27.6 MWh per floor per year

PVs on South facade and roof



26

PREDESIGN
Passive design

1. Reducing annual heating and cooling loads 
2. Reducing peak loads and design capacity

Peak loads

Annual  loads Annual PV production

Design capacity System sizing

Costs

COP required

Waste of material

Weight 

Space required
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PASSIVE STRATEGIES
Iterations
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cooling loads (MWh) heating loads (MWh) lighting electricity (MWh)
electricity consumption-baseline 49.2 6.7 11.1
electricity consumption-passive 22.7 3 16.8
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PASSIVE STRATEGIES
Results-Design capacity
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ACTIVE COOLING DESIGN
TE element selection

Comparison between 8 module types
Favorable properties:

Lower cost
Higher COP
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ACTIVE COOLING DESIGN
TE element selection
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ACTIVE COOLING DESIGN
TE element selection

       

66 

 

Table 20 Performance data of TE module QC-241-1.6-28.0M 

I max (amps) 28 

V max (volts) 27.7 

�T max (oC) 66 

Q max (W) 430 

AC resistance (ohms) 0.87 

Number of couples 241 

Dimensions (mm) 50*50*3.3 
 

6.4 Selection of heat sink 
Selection of heat sinks with lowest possible resistance values R is crucial because as seen in the following sections, 
enhancing heat dissipation, reduction in �T and obtaining better COP values depend significantly on the heat 
sink resistance. In this section, 2 commercially available heat sinks with lowest resistance values are presented. 
Heat sinks are selected from Cool Innovations Inc. a company based in Canada that produces all ranges of heat 
sinks.  

One of the problems associated with selection of heat sinks with low R values is their increase in size and weight 
because two heat sinks are needed for each TE module one for each side. The following data provides an 
overview of the properties and footprint of the heat sinks, assuming 180 TE elements, 360 heat sinks per floor 

and 72 per façade. 

 

Table 21 Properties of the two heat sinks in terms of resistance, size, and footprint. 

Heat sink R(oC/W) 

at 
250CFM 

Height(m) Weight per HS 
(kg) 

Total weight in each TE 
façade (Kg) 

Area per HS 
(m2) 

Total area in each TEF 
(m2) 

3-985025RFA 0.033 0.0635 2.657 191.304 0.031 1.13 

3-989825RFA 0.020 0.0635 5.286 1902.96 0.071 2.55 
 

 

 

 

 

 

 

 

 

 

The available area for each TE façade module is assumed to be around 9 m2, and therefore sufficient area is 
available for both of these heat sinks. Since the role of the heat sink is crucial in this study, the second heat sink 
with lower thermal resistance is selected. It is, therefore, necessary to conduct further studies on how the same or 
lower resistance can be achieved with lower weight. 

 

 

Figure 76 Selected heat sinks’ appearance. Left is 3-985025RFA and right is 3-989825RFA 
source:http://www.coolinnovations.com/products/high-power-fan-sinks/data-sheets/ 
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TE element

TE element

TE element

TE element

TE element

TE element

Qc=Qcooling/2

Qc=Qcooling/2

Qc=Qcooling/4

Qc=Qcooling/4

Qc=Qcooling/4

Qc=Qcooling/4

Lower Qc

Higher Qc

System sizing based on Peak of demand in summer 

Qcooling

Qcooling

ACTIVE COOLING DESIGN
No. of TE modules
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ACTIVE COOLING DESIGN
No. of TE modules

67 

6.5 Number of modules and COP during peak demand 
In appendix 12-2 two method used for calculations of Qc, Qh, Vreq, and COPs are explained in brief, and both are 
compared and validated with the performance graphs provided by the manufacturer. These calculations will be 
used in this section to draw a cost analysis and select the number of modules and later in section 9 in the 
parametric model development. 

As evident from calculation in the second method, the hot and cold temperatures sides play an important role in 

the system COP besides T and in this method calculation of Seebeck coefficient as a temperature dependent
value helps in obtaining more realistic results, especially when developing the parametric model in the following 
sections. 

Based on the results from the second method, maximum COPs of around 3.4 and 4 can be obtained at Th of 25 
and 50 accordingly at T=10oC.

The number of modules that will be selected in this selection is a very important factor in determining the COP 
of the system as explained before because it is in direct relation with the Qc and I. It is unfortunate and 
controversial that in order to obtain higher COP, a lower Qc must be selected and therefore the number of 
modules increase. On the other hand, the number of modules will affect the overall weight of the system and 
cost. 

6.5.1 Control system 

The graphs below of a typical thermoelectric module show the effect of I on COP and Qc. 
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Figure 77 Graphs presenting COPs obtained at different working temperatures in T=10oC with increasing I(A). 
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Figure 78 effect of electric current on COP and cooling capacity 
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TE element

TE element

TE element

TE element

TE element

TE element

48 €

48 €

48 €

48 €

48 €

48 €

More electricity consumption BUT 
less expensive

Less electricity consumption BUT 
more expensive

Qcooling

Qcooling
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ACTIVE COOLING DESIGN
No. of TE modules

?
Investment 

costs

Running 

costs
More modules Higher investment 

costs
Lower electricity 

costs



38

ACTIVE COOLING DESIGN
No. of TE modules

Investment 
costs

Operating 
costs

Total cost=

Cost of modules
Cost of heat sinks × 2 
(1 on each side of the modules)

Cost of electricity in 25 years Operating and investment costs in 25 years
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REDUCING ΔT
HOW?

TEBUILDING FACADE

       

26 

 

3.4 Increasing the efficiency 
3.4.1 Thermoelectric module design 

One way to increase the performance of TE modules is an 
advancement on the ZT value. Current materials used are 
based on N-type or P-type semiconductors, including Bi2Te3. 
Some studies have shown ZT of 2.4 at 300 K which have not 
been commercialized yet. Therefore, no materials have been 
manufactured yet to compete with Bi2Te3 (bismuth telluride) 
and Sb2Te3 (antimony telluride). One of the main obstacles in 
producing materials with higher ZT values is that the value of 
Z increases when electrical conductivity increases and thermal 
conductivity decreases and that is against the inherent 
property of materials that are usually good electricity 
conductors when are good conductors of heat (Bell 2008; 
Steven Brown and Domanski 2014). 

Furthermore, other design factors that contribute to better 
system efficiency in the thermoelectric module include 
thermoelement length to cross-sectional ratio and slenderness 
ratio (Zhao and Tan 2014). Since these variations cannot be 
altered in this study and commercially available 
thermoelements are going to be selected, further analysis is 
not provided. 

3.4.2 Selection of current intensity and voltage 

As can be seen in Fig. 16, the selection of the current plays an 
important role in the performance of the system. The current 
should not be larger than 0.7 times Imax, which is a value 
stated by the manufacturer. By applying appropriate electrical 
intensity, higher COPs can be achieved (Cosnier, Fraisse, and 
Luo 2008). It has been proven in studies that lower voltages 
may work better for cooling purposes than heating (Ibañez-
Puy et al. 2017). 

3.4.3 Decreasing temperature difference 

There is a trade-off in the thermoelectric modules between the 
maximum heat pumping capacity and the temperature 
difference. Meaning that by an increase in the temperature 
difference between hot and cold sides, the COP will drop (Lee, 
Attar, and Weera 2015). 

 

3.4.3.1 Heat sink design 
Heat sinks are designed to decrease the temperature at the 
heat disposal surface by dissipating heat to the surrounding. 
Therefore, the design of the heat sink includes factors that 
provide lower thermal resistance path for heat dissipation 
(Khire, Messac, and Van Dessel 2005). The efficiency in the 
design of the heat sink greatly influences the COP of the 
system. Selection of materials with low thermal resistance is 
crucial. 

Based on a model developed by Khire et al., 2005, Resistance 
of the heat sink is a function of the base and fins’ resistance. 
Fins providing extra surface area for heat transfer represent a 
few factors including width, thickness, and length of the fins 
that affect the overall performance of the heat sink. 

3.4.3.2 Maximizing heat transfer 
Examples of techniques used to enhance the heat dissipation of the heat sinks include air and water cooled heat 
sinks, and heat sinks integrated with heat pipe, heat sinks with Nanofluid, heat sinks with synthetic jet and 

Figure 16 Cooling COP of a thermoelectric module under 
optimum electrical current with fixed hot side temperature 
of 300 K (Zhao and Tan, 2014). 
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Figure 17 COP of the system versus current as a function of 
temperature difference (Lee, Attar, and Weera 2015). 
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FACADE DESIGN

TE integrated facade
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FACADE DESIGN
TE and heat sink integration

Insulation to prevent heat transfer 
between the air channels

TE modules connecting to the heat 
sinks on each side
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FACADE DESIGN
TE and heat sink integration

Heat transfer between the 
TE element and heat sinks
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FACADE DESIGN
Ventilation integration

Air circulation in summer

Underfloor air distribution

Air extraction
InsideOutside
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FACADE DESIGN
Cooling operation

Realization in final facade design
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FACADE DESIGN
Cooling operation

Realization in final facade design
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FACADE DESIGN
Detailing

Section-Horizontal connection of a 
TE facade with a glazing unit
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FACADE DESIGN
Materials
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FACADE DESIGN
Factory assembly

Connection of the main insulation line
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FACADE DESIGN
Factory assembly

Connection of the interior cladding-gypsum board
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FACADE DESIGN
Factory assembly

Gaskets provide airtightness
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FACADE DESIGN
Factory assembly

Connection of the second aluminum frame
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FACADE DESIGN
Factory assembly
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FACADE DESIGN
Factory assembly

Aluminum frames supporting the Heat sinks
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FACADE DESIGN
Factory assembly

TE modules, heat sinks and their insulation layer is 
connected
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FACADE DESIGN
Factory assembly

Exterior light-weight 
cladding is assembled
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FACADE DESIGN
Factory assembly
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FACADE DESIGN
On-site assembly
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FACADE DESIGN
On-site assembly

Structural brackets are connected to the floors
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FACADE DESIGN
On-site assembly
Modules are assembled on site 
by crane
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FACADE DESIGN
On-site assembly
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FACADE DESIGN
On-site assembly
They slide into each other
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FACADE DESIGN
On-site assembly
And are then fixed with screws 
to the structural bracket
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FACADE DESIGN
Alternatives

Original facade design



69

FACADE DESIGN
Alternatives

The designed TE facade
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FACADE DESIGN
Alternatives

Heat sinks on as a cladding
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FACADE DESIGN
Alternatives

Different widths and colors
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FACADE DESIGN
Alternatives

Glazed and TE units in one facade module
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FACADE DESIGN
Interior

TE integrated facade
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PERFORMANCE ASSESSMENT
Thermal model

TE facade module
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PERFORMANCE ASSESSMENT
Thermal model

Optimizing values of  α, β and V̇
which results in the best COP
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PERFORMANCE ASSESSMENT
Thermal model

αV̇, providing fresh air

βV̇, cooling the hot 
side

α, β and V̇, determine the amount of air flow(m3/s) 
that enters the cold side, hot side and the conditioned 

zones.

V̇, circulated air in the 
conditioned zones
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PERFORMANCE ASSESSMENT
Optimization-summer

α should be minimum
β has an optimum value but increasing it helps with the 

efiiciency

COP of the system reaches 0.65 to 0.80 in summer 
peak conditions

αV̇, providing fresh air

βV̇, cooling the hot 
side
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αV̇, providing fresh air

PERFORMANCE ASSESSMENT
Optimization-winter

α should be maximum = 1
β should be 0

COP of the system reaches 1.9 to 2.0 in winter peak 
conditions

Air vents on the hot 
side should be closed
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Table 32 Obtained optimization values for the peak winter condition 

Output Description Obtained values for SFP 
� 1 kW/(m3/s) 

Obtained value for SFP � 
2 kW/(m3/s) 

COPsystem COP of the system including consumption 
of fans 2.01 1.9 

COPTE system COP of the thermoelectric system 2.25 

�T average 
Average temperature difference obtained 

at the two sides of TE modules(oC) 23.89 

Irequired 
Required electric current to provide 

enough cooling power by TE (A) 10.23 

Ptotal 
Total system electricity consumption 

including fans (kWh) 7.17 7.77 

It is evident from optimization results that COPs of 1.9 to 1 are obtained for the heating system including the 
fans power consumption and COPTE reaches around 2.3. 

8.5.4 Calculation the annual optimized COP 

Now that all the possible configurations of the system were examined, by running optimization for every time 
step of the year, the annual electricity consumption of the system can be simulated. It has to be mentioned that 
this electricity demand is including the fans consumption in contrast with previous simulations from 
Designbuilder which only comprised energy demands. The performance of the system can now be evaluated to see 
if providing heating and cooling to this office building is possible by only relying on solar energy.  

Table 33 overview of the results obtained from annual EES simulations 

Summer Winter Annual 
SFP � 1 

kW/(m3/s) 
SFP � 2 

kW/(m3/s) 
SFP � 1 

kW/(m3/s) 
SFP � 2 

kW/(m3/s) 
SFP � 1 

kW/(m3/s) 
SFP � 2 

kW/(m3/s) 
Electricity consumption (MWh) 17.81 23.47 1.51 2.14 19.32 25.61 

Total load (MWh) 22.69 4.55 27.24 
COP 1.27 0.97 3.02 2.13 1.41 1.06 

The annual power consumption of this system is simulated to be 19.32 - 25.6 (MWh), and it is lower than the 
electricity production of PV panels calculated in previous sections, i.e., 27.66 (MWh). Therefore, it is proved that 
the system designed is efficient enough to cover the annual loads with PV only. 

Figure 133 annual power consumption of TE system simulated by EES 
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The graph presenting the monthly average electricity consumption of the system for both SFP values shows that 
the peak of the loads is significantly bigger and are during five months of summer. In the rest of the year, the 
electricity demand remains relatively low due to lower loads and higher COPs. 

 

8.6 Conclusion 
In this chapter first, a comprehensive model was developed to help in simulating the behavior of TE elements in 
integration with the ventilation system. Then a baseline situation was defined based on which variables in this 
problem were studied.  

It was concluded from the parametric studies and later optimization results that although fresh air intake helps 
in improving the system efficiency in summer by reducing T, increasing this amount to more than required 
minimum fresh air will not be beneficial for the system in any condition including peak and non-peak. On the 
other hand, in summer introducing an addition of fresh hot air to pass through the hot side called  was proved 
to be beneficial for the system, helping in enhancing the efficiency. 

It was measured that the highest COP that the system could achieve in summer design day which represents 
only about two days of the year cannot be more than 0.8 with 180 modules. Moreover, as seen in the following 
graph showing the annual electricity consumption vs PV production, the system needs to rely on sources other 
than PV panels during summer. 

 

Figure 134 Annual electricity consumption having SFP of 1 and 2, vs PV production 

Winter optimizations showed a reverse behavior for the system which indicated that minimum air flow rate 
should enter the building while all this air is ventilated out and replaced by fresh air, heating the cold side. Also, 
despite summer where  was beneficial for the system, it was observed that for winter it should be zero. It was as 
expected shown that efficiency of the system was higher in every case of winter than summer.  

It was shown that even with SFP value of 2 kW/(m3/s) the system can meet the requirements set by PV 
electricity production. Higher SFP values make the system more efficient, however due to high air velocities 
caused in the air channels would lead to high noise levels and many fans. it should be studied for each case 
whether this increase in the air flow rate would be compensated by the achieved higher efficiency.  
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Is the designed facade capable of providing heating and 
cooling with electricity only from PV panels?
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Yes,
The electricity consumption can be annually covered by PV production

BUT;
No,
The system relies on Grid electricity in months of June to September
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FEASIBILITY ANALYSIS
Cost
Cost-effective among other solar cooling technologies
More expensive than conventional vapor compression
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FEASIBILITY ANALYSIS
Summer COP
Better performance than other solar cooling technologies
Much lower COP compared to vapor compression cooling
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FEASIBILITY ANALYSIS
Facade integration
Hight noise levels
High air flow rates
Air movement and distribution
9 to 14 fans required per TE facade
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FEASIBILITY ANALYSIS
Facade integration
Limitations in terms of sizes
Width of the facade module 

37.7cm

250cm
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FEASIBILITY ANALYSIS
Weight

Heavier than normal non-functional facades
Not suitable for every facade application

1.6 to 3.3 

2.6

A normal facade with light to heavy cladding

A normal glazed facade

×
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CONCLUSION

Pros

1. A sustainable operation
2. A relatively good performance
3. Flexibility in design and suitable for facade integration
4. Summer and winter operation
5. Control over ventilation air

Cons

1. Difficulty in heat dissipation
2. Releasing hot air to the environment
3. Low COP at peak demand and reliance on grid electricity
4. High air flow rates
5. Weight
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FUTURE WORK

Better performance:
Designing special heat sinks
Other means of heat dissipation
CFD analysis of the air flow in the channels and over the heat sinks
Desining a controlling system
Integrating PCM to enhance the peak performance

Facade integration:
Reducing noise problems
Reducing weight

Heat recovery:
Minimizing contribution to heat island effect
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FACADE DESIGN
PV panels

Preventing overshading on 
each other

January-11:00 A.M July-2:00 P.M July-7:00 P.M
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ENHANCING THE PERFROMANCE
PCM integration
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FACADE DESIGN
Detailing

Section
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