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Abstract: A procedure to prioritize the cities to utilize a building integrated photovoltaic thermal
(BIPV/T) system is proposed in which the technique for order of preference by similarity to ideal
solution (TOPSIS) is employed as a systematic decision-making method. Electricity generation and
heat recovery in a year from the energy side, levelized cost of electricity (LCOE), and payback period
(PBP) from the economic viewpoint, as well as the carbon dioxide savings from the environmental
perspective, are taken into account as the decision criteria. They are the key economic, environmental,
and energy (3E) performance indicators of the system. The novelty of the proposed research approach
is two items. The first item is systematic and could be employed for each and every case. Moreover,
another item is that selection is made based on energy, economic, and environmental (3E) criteria
all together, as the important aspects of an energy system. Having introduced the procedure, it is
utilized to rank five cities in Iran for the installation of BIPV/T technologies. The cities are Tehran,
Tabriz, Yazd, Rasht, and Bandar Abbas, where each one is a populated city from one of the climatic
conditions of the country. According to the results, a high priority is seen for two cities: the first city
is Yazd with the highest ambient temperature and relative humidity among the alternatives, and the
other city is Tehran, with the highest natural gas and electricity tariffs, as well as the greatest price
for operating and maintenance. The values of heat recovery, electricity generation, carbon dioxide
savings, PBP, and LCOE for Yazd are 42.3 MWh, 23.4 MWh, 16.8 tons, 5.48 years, and 9.45 cents
per kWh. The corresponding values for Tehran are 35.6 MWh, 21.6 MWh, 15.0 tons, 2.79 years, and
8.71 cents per kWh, respectively.

Keywords: 3E analysis; building photovoltaic façade technology; decision making; optimal loca-
tion; TOPSIS

1. Introduction
1.1. Motivation

The growing world population of the world has led to an increasing need for more
energy resources [1]. Today, one of the most popular types of energy in the world is electrical
energy [2–4]. There are different alternatives for being converted into electricity. Among
them, fossil fuels are limited, while they impose almost high levels of environmental
emissions [5]. As a result, the use of renewable energy is becoming increasingly more
popular [6]. One of the renewable energies that is increasing in popularity on a daily basis
is solar energy [7]. It is due to the several advantages, including wide access and being
environmentally friendly [8].

Sustainability 2022, 14, 15529. https://doi.org/10.3390/su142315529 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su142315529
https://doi.org/10.3390/su142315529
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-6449-1078
https://orcid.org/0000-0003-1368-1426
https://doi.org/10.3390/su142315529
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su142315529?type=check_update&version=1


Sustainability 2022, 14, 15529 2 of 19

With the advancement of science and technology, solar energy is becoming more and
more economically viable [9]. Photovoltaic (PV) systems are considered as one of the most
promising propitious items to exploit the received energy from the sun [10]. PV systems are
able to generate electricity, while they have the potential of recovering the heat [11]. Heat
recovery can be carried out by absorbing the panel’s heat with a working fluid, usually air
or water [12]. As a practical solution, building integrated photovoltaic thermal (BIPV/T)
technologies can be used in building application [13].

A BIPV/T system consists of PV panels, installed on the building’s outer surface.
There is a space between the wall and PV panels, which results in providing a channel
for air to pass through [14]. PV converts a part of irradiation into the electricity, while
another part raises the temperature of that [15]. The air enters the channel, and thorough
heat transfer, the temperature of air goes up, while the PV temperature goes down [16].
The temperature lower PV has, the higher efficiency it enjoys. The heat transfer could be
either natural (free) or forced convection [17].

1.2. Literature Review

The increasing growth in the application of BIPV/T technologies has led to conducting
several research studies during the past recent years [18]. Table 1 shows the studies that
have been carried out in this field. In this table, a short description of each study is
presented, while a point from each research study is also checked.

Table 1. Reviewing the recent relevant studies.

Study Year A Short Description

Was a Systematic
Decision-Making Approach

Utilized for Selecting the Best
Location for the Installation of a

BIPV/T System?

Dash et al. [19] 2018

A model based on simple equations for heat transfer
was developed and energy and exergy analyses were
carried out. The study considered climatic conditions

of India.

No

Garg [20] 2018

A numerical model in which the performance was
assumed as a steady-state, was developed. The

developed model was validated using the obtained
experimental data under the climatic condition of the

University of Delft, the Netherlands.

No

Lamnatou et al. [21] 2019
Life cycle assessment was carried out for a BIPV/T

system in Belfast, United Kingdom. Different indicators,
including ecological footprint were studied.

No

Kazemian et al. [22] 2019

A BIPV/T system performance with PCM was
simulated. It was carried out by developing a 3D

numerical model. A parametric analysis was carried
out afterwards.

No

Yu et al. [23] 2020 A review on the design and performance assessment of
BIPV/T systems was conducted. No

Jahangir et al. [24] 2020

A novel design for application of PCM in a BIPV/T
system was proposed. Four types of PCM were
examined, while the case study was located in

Mashhad, Iran.

No

Shakouri et al. [25] 2020

By developing a quasi-static model, the performance of
a BIPV/T was simulated to improve the energy aspect.

The study considered Middle Eastern climatic
conditions for analysis.

No
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Table 1. Cont.

Study Year A Short Description

Was a Systematic
Decision-Making Approach

Utilized for Selecting the Best
Location for the Installation of a

BIPV/T System?

Bot et al. [26] 2020
A numerical simulation was carried out to model a

BIPV/T system in the Mediterranean climate. A variety
of indicators, including thermal comfort, were studied.

No

Kumar et al. [27] 2021

The study focused on energy losses in a BIPV/T system.
Two indicators, namely, cumulative and partial

performance ratios, were considered. The study selected
Malaysia as the case study, which was representative of

the tropical climate.

No

Rounis et al. [28] 2021

A BIPV/T was designed, developed, and
experimentally tested, and a number of performance

improvement techniques, such as multiple inputs, were
examined. A solar simulator was utilized for conducting

the experiments.

No

Dumoulin et al. [29] 2021

An integrated system, which was a combination of a
BIPV/T unit and a heat pump, was experimentally

investigated using TRNSYS software. The goal of the
study was to find the enhancement potential of the

system due to the application of storage units, while
Montreal, Canada, was the considered case study.

No

Ma et al. [30] 2021

A region in the northern part of Canada was considered,
and the feasibility of BIPV/T system application for that
was investigated. The investigation was carried out to

optimize the life cycle cost.

No

Asefi et al. [31] 2021
A review was conducted with the aim of comparison of

different technologies that have the potential of
integration with a BIPV/T system.

No

Gagliano et al. [32] 2021

The operation of a BIPV in the Mediterranean region
was investigated by developing a validated simulation

approach. The energy production values for diverse
exposures were obtained and compared together.

No

Maghrabie et al. [33] 2021
This study investigated different challenges towards

using BIPV/T systems, including technical, economic,
and environmental perspectives.

No

Sohani et al. [2] 2022
A BIPV/T PCM system in Tehran, Iran, was studied to
find the best value of PCM. It was carried out using the

dynamic multi-objective optimization approach.
No

The current study 2022

Five cities from diverse climatic conditions of Iran are
chosen, and by taking advantage of TOPSIS, the

preference for installation of BIPV/T systems is found
for a residential building as the case-study. The
investigation covers environmental, energy, and

economic indicators.

Yes

1.3. Gap and Novelty

Reviewing the literature and checking the answer to the raised question in Table 1 has
shown that, to the best of the knowledge of the authors, this gap could be identified:

• In the past, there has been no study regarding the systematic approach in order to
determine the best place to use BIPV/T systems. It means in the studies in which more
than one city has been investigated, no decision-making approach was utilized to find
the best potential case.

Consequently, this research work comes with this item as the novelty:
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• Providing a method to determine the preference for installation of BIPV/T technolo-
gies among a number of candidate locations. It is carried out using TOPSIS, as a
systematic approach for this purpose (the word “systematic” means it could be em-
ployed for each and every case). The electricity generation and heat recovery in a year
from the energy side, PBP and LCOE from the economic viewpoint, as well as the
carbon dioxide savings from the environmental side, are taken into account as the
decision criteria. They are the key performance indicators of an energy system such as
BIPV/T technology.

Iran as one of the countries with a great potential to use solar energy is chosen, and five
big cities from diverse climatic conditions of that are selected; one from each climatic group.

1.4. Structure of Paper

This research is organized in four parts. In the second part, the material and method,
which includes modeling and description of the system, are given. In the third and fourth
sections, there are results and discussion, and conclusions.

2. Materials and Methods

This part introduces the system and candidate cities under study, as well as the way
to model the system from energy, economic, and environmental perspectives which are
considered in the selection of the best location for the installation of BIPV/T technology.
Moreover, introducing TOPSIS decision-making method is carried out in this part.

2.1. System Description

Schematic of the considered system is shown in Figure 1. As discussed, a BIPV/T
system recovers heat by air flowing in a duct from the back of BIPV. The convection type is
forced, which means a fan is used for better air flow. The use of a fan is due to the increase
in heat transfer and recovering more heat. The recovered heat can be used for the heating
load of the building, which saves natural gas consumption. In addition, PV panels could
be installed vertically or on the slanted roof. Figure 1 shows a general scheme. However, in
this study, the vertical installation condition is studied.
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2.2. Studied Cities

In this study, five cities with different climatic conditions in Iran are studied. They are
all among the populated cities of the country. These five cities are Bandar Abbas, Tabriz,
Tehran, Rasht, and Yazd. Important city with the information is given in Table 2. Moreover,
the considered values of key parameters which are utilized for modeling BIPV/T system are
given in Table 3. The indicated temperature values in Table 3 for the summer and winter are
for the outdoor design condition (5 a.m. in December and 3 p.m. in July, respectively). The
American society of heating, refrigerating, and air-conditioning engineers (ASHRAE) has
suggested using the indicated design condition for modeling the weather data during the
year. By employing the design temperature values, the weather profile could be simulated
during the year. In this investigation, the carrier hourly analysis program (HAP) is utilized
for this purpose, with the procedure fully discussed in the past studies of the research
group, including [34].

Table 2. General information of the five investigated cities [35].

Bandar Abbas Tabriz Tehran Rasht Yazd

Climate type Hot and humid Cold and dry Hot Semi desert Temperate and humid Hot and dry
Latitude (◦N) 27.2 37.8 35.7 37.3 31.9

Longitude (◦E) 56.4 46.3 51.4 50.2 54.4

Summer
Tdb (◦C) 40.6 33.9 37.8 31.9 40
Twb (◦C) 31.9 18 19.4 25.7 18.3

Winter Tdb (◦C) 7.5 −10.8 −4.4 −2.2 −5.3

Table 3. The considered values of key parameters which are utilized for modeling the BIPV/T system [36].

Parameter Value Unit

Module type Silicon-based polycrystalline
(YL320P-35b) -

The rated capacity of each module 320
Manufactured by Yingly Company -

Air gap 150 mm
Thickness of each module 40 mm

Width of each module 992 mm
Length of each module 1960 mm

Building height 18 m
Temperature factor of maximum power −0.45 %.K−1

Current in short-circuit state 9.25 A
Current in maximum power state 8.78 A

Voltage in open-circuit state 45.2 V
Temperature factor of voltage −0.37 %.K−1

Voltage in maximum power state 36.5 V

Information about the solar radiation, the duration of the sun in the sky, and ambient
temperature is given in full in [35], which can be referred to for more reading.

2.3. Modelling

In this section, first, the PV panel and air that flows are modeled. Then, and in the
subsequent sections, the method for economic and environmental analyses is described.

2.3.1. Energy Analysis

As illustrated in Figure 1, a photovoltaic solar system is made of 5 layers: glass, top
ethylene vinyl acetate (EVA), silicon, bottom EVA, and Tedlar. For modeling, each of these
layers is modeled separately.
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Glass Layer

As observed in Equation (1), the energy entering the glass is through [37]:

• The solar radiation;
• The heat transfer from conduction type between top EVA and glass layers;
• The heat transfer from convection type between glass and surroundings;
• Radiation between glass and the environment.

cp,gδg Aρg
∂Tg

∂t
= αgGA +

TEVA1 − Tg

Rcond−EVA1,g
−

Tg − Ta

Rconv−g,a
−

Tg − Tsky

Rrad−g,sky
(1)

In Equation (1), g, a and sky, cp, δ, A, T, ρ, t, α, G, R symbol of glass, environment,
sky, specific heat capacity, thickness, area, temperature, density, time, absorption coeffi-
cient, solar radiation, and the thermal resistance, respectively, are calculated according to
Equations (2)–(4) [37].

Rcond−EVA1,g =
δEVA1

2kEVA1 AEVA1
+

δg

2kg Ag
(2)

Rconv−g,a =
1

hconv−g,a A
(3)

Rrad−g,sky =
1

σεg A(T2
g + T2

sky)(Tg + Tsky)
(4)

In Equations (2)–(4), k is the conduction heat transfer coefficient, hconv−g,a shows the
convection heat transfer coefficient, which is calculated according to Equation (5) [37], and
σ represents the Stefan Boltzmann coefficient. Furthermore, ε denotes emissivity coefficient.
Additionally, it is worth indicating that the employed equations for modeling PV are
the same as the previously conducted research on the topic [37,38]. In these studies, the
equivalent circuit (electrical circuit analogy), which has been discussed in studies such
as [39], has been used for the modeling of different mechanisms for heat transfer.

hconv−g,a = 2.8 + 3U (5)

Top EVA Layer

Equation (6) demonstrates that the energy entering the top EVA is through [37]:

• The heat transfer from conduction type between top EVA and glass layers;
• The heat transfer from conduction type between top EVA and PV layers.

cp,EVA1δEVA1 AρEVA1
dTEVA1

dt
=

TPV − TEVA1

Rcond−PV,EVA1
−

TEVA1 − Tg

Rcond−EVA1,g
(6)

The conductive thermal resistance between the top layers of EVA and silicon can also
be calculated from Equation (7) [36].

Rcond−PV,EVA1 =
δPV

2kPV APV
+

δEVA1

2kEVA1 AEVA1
(7)

Silicon Layer

Equation (8) shows the silicon layer energy changes that is the result of [40]:

• Radiation from the sun;
• Power production;
• The heat transfer from conduction type between top EVA and PV layers;
• The heat transfer from conduction type between bottom EVA and PV layers.
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cp,PVδPV AρPV
dTPV

dt
= αPVτgGA − Pele −

TPV − TEVA1

Rcond−PV,EVA1
− TPV − TEVA2

Rcond−EVA2,PV
(8)

In Equation (8), τ is the transmissivity coefficient, and Pele is the power production.
The conductive thermal resistance between the lower ethylene vinyl acetate and silicon
layers is calculated from Equation (9) [37]:

Rcond−PV,EVA2 =
δEVA2

2kEVA2 AEVA2
+

δPV
2kPV APV

(9)

In Equation (8), Pele is the power production that can be calculated from Equation (10) [37].

Pelec = ηelecGA (10)

In which ηelec is the electrical efficiency and is obtained according to Equation (11) [41].

η = ηre f (1 − βre f (TPV − Tre f )) (11)

In Equation (11), ηre f , βre f , and Tre f indicate efficiency, temperature coefficient, and
reference temperature [37].

Lower EVA Layer

Equation (12) indicates that for the lower EVA layer, heat transfer is due to:

• Conductive heat transfer between bottom EVA and Silicon layers;
• Conductive heat transfer between bottom EVA and Tedlar layers.

cp,EVA2δEVA2 AρEVA2
dTEVA2

dt
=

TPV − TEVA2

Rcond−EVA2,PV
− TEVA2 − TTd

Rcond−EVA2,Td
(12)

The thermal resistance between the EVA and Tedlar is calculated from Equation (13) [37].

Rcond−PV,EVA1 =
δPV

2kPV APV
+

δEVA1

2kEVA1 AEVA1
(13)

Lower EVA Layer

According to Equation (14), there are three terms in the heat transfer of Tedlar [37]:

• Conductive heat transfer between bottom EVA and Tedlar layers;
• The convective heat transfer between Tedlar and surroundings;
• Radiation between Tedlar and the environment.

cp,TdδTd AρTd
dTTd

dt
=

TEVA2 − TTd
Rcond−EVA2,Td

− TTd − Ta

Rconv−Td,a
−

TTd − Tgr

Rrad−Td,a
(14)

The radiative heat resistance is calculated according to Equation (15) [37]:

Rrad−Td,a =
1

σεTd A(T2
Td + T2

a )(TTd + Ta)
(15)

Equation (16) shows the thermal resistance of the forced air convection between the
air in the channel and the wall [42].

hconv−Td,a =
k

DH

{
0.0182Re0.8Pr0.4

[
1 + j

DH
L

]}
(16)
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In Equations (17) and (18), j is equal to [42]:

j = 14.3 log
(

L
DH

)
− 7.9 f or 0 <

L
DH

≤ 60 (17)

j = 17.5 f or
L

DH
> 60 (18)

In Equations (17) and (18), L, Pr, Re and DH which are channel length Prandtl number,
Reynolds number, and hydraulic diameter, respectively. Re and DH are determined based
on Equations (19) and (20), as well [42].

Re =
VLX

ν
(19)

DH =
4Ach

perimeter
(20)

In which V and ν are the fluid velocity and kinematic viscosity, respectively. LX is
also the characteristic length for a rectangular duct (duct), which is the hydraulic diameter
of that. Obtaining the convective heat transfer is carried out with the assumption of
the air as the ideal gas. Furthermore, the airflow reaches the fully developed condition.
More discussion could be found in the works of Shahsavar and Rajabi [42], and Tan and
Charters [43].

After determination of temperature values of air and PV layers, the absorbed heat
by the air in the channel (Qrec) and the produced power (Pelec) are determined using
Equations (21) [38] and (10), respectively.

Qrec = ρaVa Achcp,a(Ta,out − Ta,in) (21)

where ρa, Va, Ach, Ta,out, and Ta,in show air density and velocity, channel cross section area,
outlet, and inlet air temperatures, respectively.

2.3.2. Economic Analysis

The economic calculation is carried out to obtain PBP and LCOE.

Payback Period

PBP can be calculated according to Equation (22). PBP is the time when the net present
worth of the whole system of gained income changes from negative to positive [38].

PBT
∑

k=1

(
AEP×cSEN×(1+iSEN)PBT−1

(1+d)PBT

)
+

PBT
∑

k=1

(
AHR

ηheating system
×( 1

LHVNG
)×( 1

ρNG
)×cNG×(1+iNG)

PBT−1

(1+d)PBT

)
−

PBT
∑

k=1

(
fOM×IPP×(1+iOM)PBT−1

(1+d)PBT

)
− IPP = 0

(22)

In most of the studies, the payback period is usually the simple payback period, which
does not consider inflation, depreciation, etc. Nonetheless, as seen in Equation (22), the
considered PBP here takes the aforementioned economic issues into consideration. In
Equation (22), there are four sentences from left to right, which are:

• Selling electricity to the grid. In that term, AEP, cSEN , iSEN ,N and d are electricity
produced throughout the year, selling electricity price to the grid per unit, the annual
inflation rate in electricity price, life time of system, and the interest rates;

• Revenues from savings in the natural gas consumption. Here, LHVNG, ρNG, cNG, and
iNG are the lower heating value, density, cost of fuel per unit, and the annual inflation
rate in electricity price, respectively. AHR and ηheating system are also the heat recovery
in a year and conventional system efficiency. The conventional system could be a hot
water system and recovering heat from PV panels leads to its natural gas consumption;
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• Initial costs;
• Maintenance cost is equal to 0.02 of the initial system costs in the first year of opera-

tion [44]. It has an inflation of iOM.

Levelized Cost of Energy (LCOE)

By dividing the life cycle costs of the system (the summation of initial and operating
and maintenance costs, indicated by PWIPP,while_li f e and PWOM,whole_li f e, respectively) by
the produced electricity for the system within its lifetime (EPwhole_li f e), LCOE is deter-
mined [38]:

LCOE =
PWIPP,while_li f e + PWOM,whole_li f e

EPwhole_li f e
(23)

2.3.3. Environmental Modeling

In the absence of a BIPV/T system, the whole electricity for a building is purchased
by a thermal power plant [45]. This means that the needed heat is provided by a fossil
fuel burning system [46]. Therefore, due to BIPV/T usage, both electricity production
in a thermal power plant and fuel consumption in the fossil fuel burning system are
saved, and consequently, carbon dioxide is retained, and its release to the environment
is prevented [47]. The saved carbon dioxide due to electricity production reduction in a
thermal power plant (CDRelec) can be calculated from Equation (24) [18].

CDRelec = cdeelec,tpp × EP (24)

where EP is the produced electrical energy and cdeelec,tpp is the specific produced carbon
dioxide for the power generation process in a thermal power plant. According to [48],
the electricity generated in a thermal power plant is 0.598 kg of carbon dioxide per kilo-
watt hour.

Moreover, the amount of carbon dioxide retained by heat recovery from the back of
the panel is obtained from Equation (25) [49].

CDRheat = cdeNG × HR
ηheating system

(25)

Similar to electricity, cdeNG is also the amount of carbon dioxide produced per unit of
the burned natural gas, which is 0.185 kg. kWh−1 of the gas consumed according to the
information given in [50].

2.4. TOPSIS Decision-Making Method

Selection of the best parameters is carried out by considering a number of system
parameters which are called decision criteria. In this study, the decision criteria are:

• Electricity production during a year;
• Heat recovery during a year (the annual heat recovery means the amount heat recov-

ered during the heating season (Annual heat recovery = Heating season heat recovery
+ Other seasons heat recovery = Heating season heat recovery + 0 = Heating season
heat recovery));

• LCOE;
• PBP;
• Carbon dioxide saving during a year.

The selection is carried out to find the rank a number of “things” which are known
as alternatives. In this work, alternatives are the cities. If an alternative possesses the
best values of all chosen parameters at the same time, it would be chosen as the best one.
Nevertheless, if as in this case, one alternative does not have the best values of all decision
criteria, simultaneously, a decision-making method has to be utilized. The process flow
chart of TOPSIS is depicted in Figure 2.
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In the TOPSIS decision-making method, as the first step, the alternatives, which
are also called solutions, are made dimensionless. It is carried out using the Euclidian
approach [2]:
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objij√
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∑
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(Objij)
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(26)

Then, the ideal and non-ideal answers are defined. They are two imaginary alterna-
tives; the former has the best values of all the decision criteria at the same time, whereas
the latter has the worst value of all of them simultaneously. After that, the distance from
the ideal and non-ideal answers are determined [2]:

d+i =

√√√√numobj

∑
j=1

(obj∗ij − obj∗,ideal
j )

2
(27)
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√√√√numobj

∑
j=1

(obj∗ij − obj∗,non−ideal
j )

2
(28)
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Next, the closeness index is calculated for each alternative by Equation (29) [2], and the
one with the highest closeness index (the lowest distance to the ideal answer) is introduced
as the TOPSIS choice.

CLIi =
d−i

d−i + d+i
(29)

3. Results and Discussion

In the following section, the results of the study are presented. First, model validation
is given, and then, the decision criteria for different cities are compared. Finally, the
outcome of decision making is given and discussed.

3.1. Validation

In order to check the accuracy of the simulation approach, the experimental data found
in [52] is used. Figures 3 and 4 report the comparison for air temperature in the channel and
PV temperature. Comparison of the experimental and simulation has demonstrated that
the prediction average error of air temperature in the channel is only 2.2%. The average
error for PV temperature is even more, i.e., 1.4%. As a result, the simulation methodology
has been proven, and it could be verified for further calculations.
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3.2. Monthly Profiles

Figure 5a illustrates the monthly profiles of heat recovery for five different cities.
Figure 5a,b show that by getting closer to the warm seasons, more electricity is generated
by PV panels. Consequently, more heat is dissipated by PV panels to the air stream, which
means more heat recovery.
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Figure 5. Monthly profiles of the investigated performance indicators of BIPV/T systems; (a) electric-
ity generation; (b) heat recovery; (c) carbon dioxide emissions.

The most heat recovery is seen for Yazd. Yazd is a city in the dessert. Not only does
it have hot summers, but also there is a severe cold season. Based on Equation (21), the
heat recovery has a reverse relationship with the temperature of the inlet air. The lower
temperature is of the air when it enters, the higher the heat could be that is recovered from
the backside of the module. Therefore, the highest heat recovery is observed for Yazd. For
this city, 3523.9 kWh heat is recovered in each month of the heating season on average.
Bandar Abbas, Tehran, Tabriz, and Rasht are in the next places, respectively. They offer
3158.8, 2968.6, 2406.6, and 1911.6 kWh heat during the heating season on average.

For PV electricity generation, Yazd has the highest amount, as well, where the average
electricity generation is 1952.9 kWh. The minimum and maximum electricity generation for
this city are also 2735.8 and 1053.2 kWh, respectively. Rasht is the city which has the least
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mean electricity generation. The average, minimum, and maximum electricity generation
for Rasht are 943.6, 1678.2, and 388.4 kWh, respectively.

The carbon dioxide savings come from both electricity generation and heat recovery.
Therefore, Yazd, which has the highest amount of both aforementioned indicators, also
enjoys the greatest carbon dioxide savings; 1400.1 kg of carbon dioxide is retained due
to using BIPB/T system in this city. Tehran and Rasht, which have much longer heating
seasons compared to Bandar Abbas, are in the second and third positions, with the monthly
average of 1253.3 and 1233.9 kg, respectively. Bandar Abbas is the fourth city in the carbon
dioxide saving ranking, where 1143.3 kg carbon dioxide is retained, and the lowest amount
of carbon dioxide savings is seen in Rasht. The carbon dioxide savings for Rasht is 637.3 kg.
On a yearly average basis, the values for Tehran, Tabriz, Bandar Abbas, and Rasht are 10.49,
11.87, 18.34, and 54.48% lower than Yazd, respectively.

3.3. Annual Performance Indicators

According to the conducted discussion, Yazd, which has the hottest climatic condition
and highest received solar radiation, is the city with the greatest heat recovery. As seen
in Figure 6, BIPV/T is able to produce 42.3 MWh. Bandar Abbas is the location with the
biggest heat recovery after Yazd; 37.9 MWh electricity is produced during a year in Bandar
Abbas, which is 10.40% smaller than Yazd. The next places of Tehran, Tabriz and Rasht
produce 35.6, 28.9, and 22.9 MWh electricity, respectively.

Sustainability 2022, 14, x FOR PEER REVIEW 15 of 22 
 

enjoys the greatest carbon dioxide savings; 1400.1 kg of carbon dioxide is retained due to 
using BIPB/T system in this city. Tehran and Rasht, which have much longer heating 
seasons compared to Bandar Abbas, are in the second and third positions, with the 
monthly average of 1253.3 and 1233.9 kg, respectively. Bandar Abbas is the fourth city in 
the carbon dioxide saving ranking, where 1143.3 kg carbon dioxide is retained, and the 
lowest amount of carbon dioxide savings is seen in Rasht. The carbon dioxide savings for 
Rasht is 637.3 kg. On a yearly average basis, the values for Tehran, Tabriz, Bandar Abbas, 
and Rasht are 10.49, 11.87, 18.34, and 54.48% lower than Yazd, respectively. 

3.3. Annual Performance Indicators 
According to the conducted discussion, Yazd, which has the hottest climatic 

condition and highest received solar radiation, is the city with the greatest heat recovery. 
As seen in Figure 6, BIPV/T is able to produce 42.3 MWh. Bandar Abbas is the location 
with the biggest heat recovery after Yazd; 37.9 MWh electricity is produced during a year 
in Bandar Abbas, which is 10.40% smaller than Yazd. The next places of Tehran, Tabriz 
and Rasht produce 35.6, 28.9, and 22.9 MWh electricity, respectively. 

 
(a) 

 
(b) 

Figure 6. Cont.



Sustainability 2022, 14, 15529 14 of 19Sustainability 2022, 14, x FOR PEER REVIEW 16 of 22 
 

 
(c) 

 
(d) 

 
(e) 

Figure 6. Comparing the performance indicators which are considered for decision making by  
TOPSIS for the five investigated cities; (a) electricity generation in a year; (b) heat recovery in a year; 
(c) carbon dioxide emissions in a year; (d) PBP; (e) LCOE. 

Figure 6. Comparing the performance indicators which are considered for decision making by
TOPSIS for the five investigated cities; (a) electricity generation in a year; (b) heat recovery in a year;
(c) carbon dioxide emissions in a year; (d) PBP; (e) LCOE.

There is the same ranking as heat recovery for electricity generation. The values of
annual electricity in Yazd, Bandar Abbas, Tehran, Tabriz, and Rasht are 23.4, 22.9, 21.6, 20.2,
and 11.3 MWh, respectively.
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Both electricity generation and heat recovery have contributions to the carbon dioxide
savings, and for that reason, Yazd, as the city with the highest value of both indicated
indicators, has the greatest carbon dioxide savings. For this city, 16.8 tons carbon dioxide
is retained in a year. Tehran and Tabriz, which have much longer heating season periods
compared to Bandar Abbas, are the cities after Yazd. In Tehran and Tabriz, using BIPV/T
technology is accompanied by 15.0 and 14.8 tons of carbon dioxide savings, respectively.
The fourth city in the ranking is Bandar Abbas, which has the value of 13.7 tons per annum.
The lowest carbon dioxide savings is also seen for Rasht, with 7.6 tons saving.

Because of the highest electricity and natural gas tariffs in Tehran, this city enjoys the
shortest BPB among the investigated cities. The time for return of investment for this city
is 2.79 years. Bandar Abbas is in the next place, with a PBP of 4.56 years. This study is in
the second rank mainly due to the fact that during almost the whole year, it does not need
space heating. Having the lowest natural gas and electricity tariffs, Yazd is in third place.
PBP of Yazd is 5.48 years. Tabriz and Rasht also have PBP values of 7.21 and 10.06 years,
respectively.

The operating and maintenance cost is also in the lowest level in Tehran, which leads
to the lowest in Tehran. LCOE is 8.71 cents per kWh. Bandar Abbas, Yazd, and Tabriz are
in the second, third, and fourth places, with LCOE values of 8.90, 9.45, 10.12 cents per kWh.
Rasht has the smallest LCOE value, with the amount of 18.03 cents per kWh.

The final ranking of cities is provided in Figure 7. In this figure, the normalized
closeness index values are shown. Based on Figure 7, with the normalized closeness index
of 27.4 out of 100, Yazd is the foremost city to install BIPV/T system. This city has the
highest amount electricity generation and heat recovery, as well as carbon dioxide savings.
Tehran, which is the city with the most favorable one from PBP and LCOE viewpoints. The
normalized closeness index for Tehran is 26.0 out of 100. Bandar Abbas and Rasht are in
the third and fourth places, which have the normalized closeness index values of 21.8 and
16.9 out of 100, respectively. Rasht is also the city with the lowest preference city for the
installation of a BIPV/T system. It gains the normalized closeness index of 7.9 out of 100.
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All the obtained values have shown that a BIPV/T system could be an appropriate
alternative for the diverse considered climatic conditions, except for Rasht, which is a city
with the wet condition and low levels of the received solar radiation and natural gas and
electricity tariffs in addition to O&M cost.

4. Conclusions

The obtained results have demonstrated that high priority was seen for the cities with
one of these two characteristics:

• The cities with high ambient temperature and high received solar irradiance. For
such cities, the amount of heat recovery and electricity generation, and consequently,
carbon dioxide savings, are in the best condition among all the cities. Yazd was best
representative of all the cities with such specifications. It gained the normalized
closeness index of 27.4 out of 100;

• The cities with great natural gas and electricity tariffs, as well as high O&M cost.
Tehran was the best representative of all the cities. TOPSIS gave a closeness index of
26.0 out of 100 to Tehran. For such cities, PBP and LCOE are of the foremost conditions
in comparison to other alternatives.

Furthermore, the obtained values of performance indicators for the cities have shown
that all other cities have a suitable condition to install BIPV/T, except for Rasht. Not only
does Rasht have a low level of received solar radiation, but it also has a low level of natural
gas and electricity tariff, and operating and maintenance cost. As a potential idea for future
research studies, the impact of using BIPV/T systems on the greenhouse effect could be
investigated, by taking CO2 and other possible emissions of the system, and using the life
cycle assessment (LCA) approach.
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Nomenclature

A Area (m2)
cp Isobaric heat transfer (J.K−1.kg−1)
C Cost
CLI Closeness index
d Discount rate (%)
Dh Hydraulic diameter
G irradiance (W.m−2)
i Inflation rate (%)
L Length (m)
k thermal conductivity (W.K−1.m−1)
Obj Onbjective
N Year
P Power (W)
Pr Prandtl number
R Thermal resistance
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Re Reynolds number
t Time (s)
T Temperature (K)
V Velocity (m.s−1)
U Wind speed (m.s−1)
Greek symbols
α Absorptivity
β Temperature coefficient
δ Thickness (m)
ε Emissivity
ρ Density (kg.m−3)
ν Kinetic viscosity
η Efficiency (%)
τ Transmissivity
Scripts
a Ambient
cond Conduction
conv Convection
EVA Ethylene vinyl acetate
ele Electricity
g Glass
ideal Ideal
NG Natural gas
num Number
O&M Operating and maintenance
rad Radiation
re f Reference
sky Sky
Td Tedlar
Abbreviation
BIPV Building integrated photovoltaic
LCOE Levelized cost of energy
LHV Lower heating value
PBP Payback period
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