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ABSTRACT 
This paper presents a multi-objective optimization framework for the 
optimal design of building integrated photovoltaic (BIPV) systems. This 
approach is conducted using the non-dominated sorting genetic 
algorithm (NSGA-II) to find the best solution that satisfies the technical, 
economic, and environmental criteria formulated in this study. The 
optimization process is performed using EnergyPlus and jEPlus+EA 
software. Decision variables are the building orientation, depth of 
overhang panels, angle of overhang panels, the width of facade panels, and 
panel technology that can vary in every target surface. Also, the occupants’ 
thermal discomfort hours, system return on investment (ROI), and carbon 
equivalent of pollution are assumed as objective functions. The energy 
required to produce PV panels is considered in formulating environmental 
factors to present a more comprehensive approach. The final optimal 
solution is selected using the weighted sum method. Based on the results, 
implementation of the optimal system not only supplies 867 MWh of 
electrical energy in the first year (equivalent to 23% of total energy 
consumption) but also reduces the HVAC energy consumption by 16%. The 
optimized system's return on investment (ROI) in the first year of 
operation is 21.7%. Furthermore, for the final optimal BIPV system, the 
occupants’ thermal discomfort time, total energy consumption, and 
pollutant emission were reduced by 33%, 5.7%, and 27%, respectively, 
compared to the initial case. The energy and carbon payback times of the 
optimized case are estimated as 6 and 2.5 years, respectively. The results 
show that facade-integrated solar systems are technically, economically, 
and environmentally justifiable. They can decrease the energy 
consumption and emission of the building while increasing the occupants’ 
thermal comfort. 
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1. Introduction

 Energy is one of the most severe challenges in 
human history all over the world. Energy 
consumption growth in industries and many 

other aspects of people’s lives increases the 
subject’s importance [1, 2]. A significant share 
of energy consumption is related to residential 
and commercial buildings. Electric energy used 
for heating, cooling, and other electrical 
devices, is the primary form of energy in the 
building sector. Buildings are responsible for 
over 30% of energy consumption and 28% of 
global CO2 emissions [3, 4]. In addition, 
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transmission line losses from power plants to 
urban areas are another problem. The power 
grid electricity loss was reported at 8.25% 
worldwide in 2014 [5]. 

Today, fossil fuels are the biggest energy 
supplier in almost all countries because of their 
low price and abundance. Nevertheless, the 
limited source of fossil fuels will be depleted if 
alternative fuels do not replace these sources 
[6]. Almost all fossil fuel reserves, except coal, 
will vanish after 2042 by continuing the current 
energy consumption pattern [7]. Moreover, 
pollution and greenhouse gases produced from 
fossil fuel consumption cause irreparable 
environmental damage [8]. These concerns 
about the future of energy have prompted 
researchers to discover viable and suitable 
alternatives. In this regard, renewable energy 
resources are one of the most popular substitutes 
for fossil fuels [9]. The high availability and 
eco-friendly nature of renewable energy 
resources, like wind and solar energy, make 
them appropriate alternatives to ancient fuels 
[10-12]. Solar energy can be harnessed directly 
and indirectly using different techniques that 
can be coupled with the building sector [13]. 
Photovoltaic (PV) panels, as one of these 
techniques, can be utilized for producing power 
in either small-scale (e.g., buildings) or large-
scale (e.g., power plants) [14]. In this regard, 
designing net-zero and nearly net-zero energy 
buildings (ZEBs and nZEBs) based on 
renewable technologies not only can supply 
building energy demand using free and 
renewable sources but also reduce transmission 
line losses through on-site energy production 
[15, 16]. 

Building-integrated photovoltaics (BIPV), 
and building-applied photovoltaics (BAPV) are 
promising techniques for integrating building 
and solar energy [17]. In this regard, many 
studies have investigated different aspects of 
implementing these systems. For instance, 
Ghosh [2] reviewed the potential of different 
kinds of present and future building-attached or 
building-integrated photovoltaic systems. They 
briefly reviewed three generations of PV cells 
and compared them based on their advantages 
and disadvantages. Sánchez-Pantoja et al. [18] 
focused on people’s opinions about the 
aesthetics of buildings equipped with solar 
systems. They revealed that PV panels 
integrated with building facades are more 

acceptable than building-attached 
photovoltaics. Shirazi et al. [19] focused on the 
potential of solar facades in high-density urban 
areas. They presented a techno-economic 
evaluation method to help designers and 
architects identify the most appropriate facade 
surfaces for PV installation in urban areas. Liu 
et al. [20] investigated the advantages and 
environmental benefits of BIPV systems. They 
asserted that these systems can play an 
important role in enhancing the sustainable 
development of the building sector, increasing 
the aesthetic pleasure of buildings, and 
supplying the buildings’ energy requirements. 
In another study, Maghrabie et al. [21] noted 
that implementing BIPV systems decreases the 
pollution emission of buildings by supplying 
their energy consumption and positively affects 
their heating and cooling loads. Alsema [22] 
determined the energy needed to produce 
different types of solar cells according to their 
production process and calculated the energy 
payback time. This study answered whether 
solar cells could produce enough energy 
compared to the energy required in their 
production process. Kumar et al. [23] compared 
two building PV configurations (BAPV and 
BIPV) in Malaysia’s tropical climate. They 
calculated the system performance parameters 
for three PV technologies: crystalline silicon (c-
Si) panels, Copper, indium, and selenium (CIS) 
panels, and Cadmium telluride (CdTe) panels. 
Based on the results, CdTe panels were the best 
choice in most cases. However, their study did 
not include the PV cells’ cost and energy 
payback time. 

Some studies have focused on the design and 
operation optimization of BIPV systems. 
Jayathissa et al. [24] developed a multi-
objective optimization framework for dynamic 
BIPV shadings. They optimized the energy 
performance of the building by adjusting the 
solar panels angle. Cuce et al. [25] conducted a 
single objective optimization to achieve the 
maximum energy efficiency of BIPVs by 
defining the tilt angle as the decision variable. 
Youssef et al. [26] designed a multi-objective 
optimization framework for BIPV systems to 
optimize the building energy consumption, 
energy generation of PV panels, and the 
economic criteria of the system. In another 
research work, Sue et al. [27] optimized a green 
roof-integrated PV system economically and 
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environmentally. Tharushi et al. [28] performed 
a techno-economic optimization for the BIPV 
envelope. They proposed a multi-objective 
optimization framework to find the optimal PV-
related variables, e.g., its type and angle and the 
window-to-wall ratio. Buonomano et al. [15] 
studied the effect of building integrated flat-
plate photovoltaic and thermal (BIPVT) system 
implementation on the building energy 
performance by simulating three different 
systems in TRNSYS. In another research work, 
Zeraatpisheh et al. [29] modeled three different 
buildings equipped with PV systems in 
EnergyPlus software. They compared the 
performance of different integrated solar 
systems with various sizes based on economic 
analysis. 

The economic evaluation of BIPV systems is 
another popular aspect that has been addressed 
in the literature. In this regard, Gholami et al. 
[30] addressed the economic feasibility of BIPV
systems as a part of the building facade and
calculated the system’s operating cost in
European countries. Sorgato et al. [31]
evaluated technically and economically roof
and facade-integrated cadmium telluride
(CdTe) panels in six different Brazilian cities.
This study presented an economic estimation for
replacing old buildings’ facades and roof
materials with solar cells. Gholami et al. [5]
emphasized the environmental and social
importance of BIPV systems. They proposed an
innovative system economic analysis strategy
incorporating social and ecological impacts,
including transmission line cost, transmission
line loss, social carbon costs, and material
prices. They tried to present a complete
evaluation of BIPV systems; however, they did
not involve BIPV’s effect on building energy
consumption. On the other hand, implementing
PV panels on the external surface of buildings
affects the energy performance and
consequently thermal comfort of occupants.
Yadav et al. [32] evaluated the thermal
performance of roof-integrated semi-
transparent PV panels with the optimal tilt angle
in India. They stated that using this system as
the roof could significantly increase the room
temperature and decrease the occupants’
thermal comfort on warm days. Ghosh et al. [33]
evaluated thermal comfort in a room equipped
with BIPV-vacuum glazing using numerical
solutions for the United Kingdom climate. In

this research, the effect of this technology on 
building thermal comfort was studied. Miyazaki 
et al. [34] investigated the effect of building-
integrated thin-film solar cells on energy saving 
in office buildings. They demonstrated that 
these panels supply the energy requirement of 
the building and have a positive effect on the 
cooling and heating loads. They concluded that 
the overall energy consumption of the building 
decreases by implementing these systems.  

Additionally, to provide a comprehensive 
evaluation of BIPV systems, different aspects of 
the design, operation, and management of these 
systems have been addressed. In this regard, 
Olivieri et al. [35] mentioned that retrofitting 
buildings with semi-transparent solar cells 
provides a remarkable potential for energy 
saving. Aguacil et al. [36] proposed a new 
methodology to choose active surfaces for 
implementing BIPV systems on buildings with 
a high facade-to-roof ratio based on specific 
building characteristics such as consumption, 
orientation, and urban texture. Nkuissi et al. [37] 
studied the impact of the thin-film photovoltaics 
production process on the environment. The 
results indicated that some materials used in this 
process could be hazardous to the environment. 
Yadav et al. [38] presented a numerical 
investigation to specify the shadow effect of 
adjacent buildings on BIPV performance. In this 
paper, the optimal tilt and azimuth angles of the 
BIPV system were determined due to the 
shadow analysis of adjacent buildings. 

Although BIPV system performance and 
feasibility have been discussed in many research 
works, there are doubts about the optimal 
implementation of the system. Therefore, an 
optimization scheme is essential to find the 
optimal system design properties considering 
economic, environmental, and comfort factors 
simultaneously. In this research paper, we aim 
to find the most optimal design configuration of 
a facade-integrated PV system for a high-rise 
building in Iran. To that end, a new multi-
objective techno-economic-environmental 
optimization framework (developed in 
JEPlus+EA) is coupled with the building 
performance simulation model (developed in 
EnegyPlus). Firstly, the occupants’ thermal 
comfort is assumed as the technical objective 
function while the return on investment of the 
system is utilized for the economic objective. 
Also, in the proposed approach:  
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 A novel criterion is proposed for
quantifying the environmental impacts
of the system, a more comprehensive
formula that takes into account the
energy consumed to manufacture
implemented panels,

 As another novelty, this study explores
the possibility of equipping the building
with a variety of panel types that
possess different thermal resistances,
prices, energy efficiency, and 
embedded energy. 

Afterward, the energy performance of the 
building equipped with the final optimal BIPV 
system is compared with the initial building 
without PV panels. As a result, implementing 
the designed façade-integrated PV system not 
only enhances the occupants’ thermal comfort 
but also minimizes the building energy 
consumption and pollution emission. 

Numerical 

a-Si Amorphous silicon 
BAPV Building-applied photovoltaics 
BIPV Building-integrated photovoltaics 
BIPVT Building-integrated photovoltaic 

and thermal system 
CdTe Cadmium telluride 
CIS Copper, indium, and selenium 
DOE The United States Department of 

Energy 
ECEC Electricity carbon equivalent 

coefficient 
ET Export tariff 
FIT Feed-in tariff 
HVAC Heating, ventilation, and air-

conditioning 
mc-Si Multi crystalline silicon 
NCEC Natural gas carbon equivalent 

coefficient 
NE Net energy 
NPV Net present value 
NSGA Non-dominated sorting genetic 

algorithm 
PE Produced energy 
PPE Energy required to produce PV 

panels 
PV Photovoltaic 
ROI Return on investment 

RP Electricity retail price 
SCE Self-consumption energy 
SE Surplus energy 

2. Methodology

To achieve the desired objectives, the case study 
building is modeled in Sketchup and the energy 
performance of the building and its energy 
systems is simulated using EnergyPlus software. 
Then, the intended decision variables and 
objective functions are defined in jEplus software 
to define the optimization problem. The multi-
objective simulation-based optimization is 
conducted based on the non-dominated sorting 
genetic algorithm (NSGA-II) using jEplus+EA 
software. As a result of the optimization process, 
a series of optimal design solutions are reported. 
Afterward, the final optimal configuration is 
selected among them based on the weighted sum 
method. Finally, the energy performance of the 
final optimal solution is compared with the initial 
building. 

 2.1 Case Study 

In high-rise buildings with a high facade-to-roof 
area ratio, it is convenient to attach solar cells to 
buildings’ facades and hangovers. So, to evaluate 
the performance of the BIPV systems, a large 
office building is considered. The United States 
Department of Energy (DOE) has presented 16 
pre-designed representative models as reference 
commercial buildings for energy simulation 
studies. These models provide details of the 
building design and play an important role in 
evaluating the energy performance of different 
types of buildings using building energy 
simulation software such as EnergyPlus. These 
reference buildings cover about 70% of the US 
buildings [39]. In this research, the DOE’s big 
office building is evaluated as a case study. Solar 
cells are installed on the exterior walls of the 
building as well as over the window shades. 
Figure 1 shows the three-dimensional model of 
the mentioned reference building in SketchUp 
software [40]. The building is located in Tehran, 
the capital of Iran. Its latitude, longitude, and 
elevation are 35.7 °N, 51.4 °E, and 1219 m, 
respectively.



Hamed Amini et al./ Energy Equip. Sys. / Vol. 13/No. 1/March 2025 79

Fig.1. Three-dimensional sketch-up model of the DOE’s big office reference building 

The length and width of the building are 73.1 and 
48.7 meters, respectively. The boundary 
condition for all walls, windows, and facade 
components of the building as well as the 
building roof are “Outdoors” which means that 
they are exposed to the outside weather 
conditions and solar irradiation. Also, the 
building's first floor is on the “Ground” whose 
temperature is automatically calculated by 
EnergyPlus. The peak occupation density is 18.6 
m2 per person. Also, the maximum lighting is 8.5 
Watts per m2 floor area. The building has a 
packaged terminal heat pump (PTHP) whose 
cooling and heating setpoint temperatures are 
22°C and 25°C, respectively. Also, a set-back 
temperature of 4°C is assumed for the thermostat 
temperature in uncrowded times [41]. The 

windows, making up 36% of the exterior facade 
of the building, are 7 mm double-layer clear 
glazing type equipped with PV panels embedded 
as overhangs. Other specifications of the model 
can be found in [39]. 
The building materials in the initial case without 
solar cells are listed in Table 1, extracted from the 
EnergyPlus database. Solar cells are placed as the 
wall’s outer layer and play the role of the building 
facade. The solar cells studied in this study are 
selected from the first (poly-Si cells) and the 
second generations (CdTe, CIS, and a-Si cells) of 
solar cells to compare their performance. These 
cells are the most common panel types used in 
BIPV systems. Table 2 shows the specifications 
and thermal properties of the selected solar cells.

Table 1. Building materials for the initial case [40] 
Item Construction 

(Outside to Inside)

Thickness

(m)

Conductivity

(W/mK)

Density

)3kg/m(

Specific Heat

(J/kgK)

Wall  Normal-weight concrete 0.20 2.31 2322 832

Gypsum 0.013 0.16 800 1090

Roof Built-up roofing 0.0095 0.16 1120 1460

Roof insulation K/W)2 Thermal resistance = 5.31 (m

Metal surface 0.0008 45.3 7824 500

Floor  Normal-weight concrete 0.10 2.31 2322 832

Carpet pad K/W)2 Thermal resistance = 0.22 (m
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Table 2. Solar PV specifications and thermal properties 
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Uni-Solar 

US-32
a-Si [38] 0.52 23.6 2.40 16.5 1.94 32 1.000 2.501 719 31.8

First Solar 

FS-272
CdTe [38] 0.72 94.6 1.18 70.6 1.01 73 1.000 2.504 719 6.8

Solar Frontier 

SF-160s
CIS [39] 1.22 112 2.03 86.7 1.83 160 1.020 2.508 718 8.8

Sharp NE-

H120E1 

poly-

Si
[40] 0.96 32.3 5.30 25.7 4.67 120 0.234 1.920 890 46.0

2.2 Multi-objective Optimization 

Multi-objective optimization problems have 
more than one objective function, which usually 
does not change in the same direction. The 
solution to these questions is not unique and 
includes a set of answers. These solutions, 
which have no superiority over each other, are 
called the Pareto front. NSGA-II is one of the 
most popular multi-objective optimization 
algorithms [45], widely used to optimize 
renewable energy systems [28, 46]. The 
flowchart of NSGA-II is shown in Fig. 2. The 
process and its different stages are explained in 
the figure to provide a better understanding of 
the NSGA-II algorithm.   

In this research, multi-objective simulation-
based optimization is performed using 
EnergyPlus, jEPlus, and jEPlus+EA software. 
Figure 3 shows the connection between 
simulation software and the optimization 
algorithm. To achieve the desired outputs, the 
building and implemented BIPV system are 
simulated in EnergyPlus. The objective 
functions and decision variables are defined in 
jEPlus. Finally, jEPlus+EA executes the 
optimization process on scenarios created by 
jEplus and simulated in EnergyPlus. As a result 
of continuous interactions between the 

simulation and optimization process, the 
resultant Pareto front containing optimal 
solutions is reported. The objective functions 
and decision variables are defined in the 
following sections. 

2.3 Objective Functions 

The proposed multi-objective optimization 
framework aims to optimize three objective 
functions: thermal comfort index, economic 
criterion, and environmental indicator. 

2.3.1 Thermal Comfort 

Thermal comfort is a state of mind in which a 
person feels comfortable about the thermal 
environment and does not want to change his 
surrounding thermal condition. ASHRAE 55 
standard defines thermal comfort as a sensory 
condition in which there is a sense of 
satisfaction with thermal conditions. Thermal 
comfort is achieved when the heat produced by 
the human body's metabolism can disperse to 
the environment [47, 48]. Thermal comfort 
indexes combine six main factors, including 
four physical variables including mean radiant 
temperature, air velocity, air temperature, and 
air relative humidity, and two personal variables 
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Fig.2. NSGA-II optimization algorithm flowchart 

Fig.3. The link between simulation software and optimization algorithm 

of clothing insulation and activity level. There 
are several indexes for determining and 
declaring thermal comfort. In this study, the 
thermal comfort of the occupants is directly 
assumed as the technical objective of the 
optimization process. To that end, thermal 
discomfort time is determined as the occupants’ 

thermal comfort indicator that should be 
minimized. This parameter equals the number 
of hours when the combination of air 
temperature and humidity is not in the 
ASHRAE 55 standard summer or winter clothes 
thermal comfort zones [47]. 

EnergyPlus jEPlus jEPlus+EA

EP input file (.idf)

Weather file (.epw)

New variables

Objective functions

NSGA-II Algorithm

Pareto Front
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2.3.2 Economic Evaluation 

The economic analysis of the system is 
investigated in two general parts: the system’s 
income and the initial investment. The designed 
BIPV system is an on-grid system. So, the 
building supplies its energy shortage from the 
power grid and sells the surplus energy 
produced by the system to the grid. The building 
bill is calculated based on support policies for 
clean electricity generators. Three significant 
supporting policies available are: 
1. Gross-metering: In this strategy, the

generated energy purchase tariff is higher
than the retail electricity price. So, all
generated energy is sold to the grid, and all
required energy is supplied from the grid.
The difference between these two parameters
is the system profit.

2. Net-metering: The building and the power
grid are completely connected in the net
metering policy, and export and import
electricity tariffs are equal. The building uses
the BIPV system to produce energy for self-
consumption. So, the excess energy is sold to
the grid during high production hours. The
energy is purchased from the grid when the
energy consumption exceeds the BIPV
system output.

3. Feed-in tariff: This strategy is one of the
most common strategies that establishes a
multi-year contract between the producer
and the electricity supplier. Under the
contract, the building receives a bonus for
electricity production. The BIPV system
provides the building self-consumption and
sells its excess energy to the grid at an export
tariff. In this regard, according to the FIT
strategy that is being implemented in the UK,
Feed in Tariff (FIT), export tariff (ET), and
electricity retail price (RP) are determined as
0.02, 0.074, and 0.17, respectively, for every
kWh of generated electricity [49].

Hence, To calculate the system revenue based 
on the feed-in tariff policy [49]: 

( )

( ) ( )

Income PE FIT

SE ET SCE RP

  

  

(1) 

where PE, SE, and SCE are the produced 
energy, the surplus energy, and the self-
consumption energy, respectively. 

The required investment for the BIPV 
system depends on several parameters, 

including the initial cost of panels and inverters, 
the replacement cost of inverters (the inverters’ 
lifespan is about 10 years while it is 
approximately 25 years for the panels [50]), and 
the installation, repair, and maintenance 
charges. The initial cost of purchasing panels 
accounts for the largest share of the initial 
investment, estimated according to [51]. 
In this study, the return on investment (ROI) is 
considered as the economic evaluation 
parameter. In fact, the optimization process 
aims to find the optimal solutions that possess 
higher ROI in their first year of operation. This 
parameter is calculated by dividing the system 
net income in the first year by the net present 
value (NPV) of all system-related costs over its 
25-year working life [52]:

Income
ROI

NPV


(2) 

This research considers the pollution 
reduction due to the BIPV system 
implementation and the amount of pollution 
resulting from the PV panels production 
process. The energy required to produce each 
square meter of a-Si, CIS, CdTe, and Poly-Si 
panels are 1200, 2300, 1803, and 4600 (MJ), 
respectively [22] [53, 54]. 

The pollution production is evaluated using 
the carbon equivalent of emissions from the 
building’s net energy consumption and the 
panels’ embedded energy. In the first and 
second cases, the forms of the used energy is 
electricity and natural gas, respectively [55, 56]. 
Unlike formulas presented previously in some 
studies, this formula also considers the energy 
required to manufacture the panels 
implemented: 

25
eq

PPE NCEC
C NE ECEC


  

(3) 

where NE and PPE are the net energy 
consumption of the building and the energy 
required to produce PV panels, respectively. 
Also, ECEC and NCEC are the electricity and 
natural gas carbon equivalent coefficients, 
respectively, available in [55]. 

2.4 Decision Variables 

As shown in Fig. 4, the decision variables, 
which may be discrete or continuous, are 
building orientation, PV panels technology, and 
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depth, width, and angle of overhang panels. It is 
important to note that the specifications of 
overhang panels (type, depth, width, and angle) 
may differ for various facades. Also, the type of 
wall and overhang panels installed in each 
facade may be non-identical. Table 3 
summarizes the decision variables and their 
ranges. 

3. Results and Discussion

To better organize the research paper, the results 
are presented in three sections. Firstly, the 
Pareto front and the optimized decision 
variables of the optimal solutions are 
investigated. Then, the final optimal solution is 
selected using the weighted sum method, and its 
indicators are investigated in detail. Finally, the 

performance of the optimal model is compared 
with the initial one to evaluate the effect of 
using the BIPV system. 

3.1 Multi-objective Optimization 

shows the Pareto front of the multi-objective 
optimization in 3D as well as 2D views. Each 
point of the Pareto front represents one of the 
system’s optimal solutions based on the feed-in 
tariff policy. Based on the results, the objective 
functions of the optimal solutions, including 
thermal discomfort time, return on investment 
(ROI), and carbon equivalent of the produced 
emission in the first year of the system 
operation, is between 250 to 350 hr, 20 to 32 %, 
and 5 to 6 million tons of carbon, respectively.  

Table.3. Description and the lower and upper bounds of the considered decision variables 

Variable Range

Orientation (°) [0, 90]

Overhang panels depth (cm) [20, 120]

Overhang panels angle (degree) [20, 80]

Facade panels width (cm) [20, 140]

Panel type No PV, a-Si, CdTe, CIS, poly-Si

Fig.4. Implementation of the facade-integrated solar system and its decision variables 
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(a) 3D view

(b) 2D view
Fig.5. Pareto front of the multi-objective optimization: (a) 3D view, (b) 2D view 

Figure 6 represents the decision variables’ value 
for all optimal solutions. Figure 6(a) includes all 
the optimal solutions. Figure 6(b)-(d) shows the 
configuration of the most optimal solutions for 
thermal discomfort time, ROI, and emissions 
carbon equivalent, respectively. According to 
Fig.6, the economic and environmental 
functions behave oppositely, which means that 
a building equipped with a more profitable 
BIPV system produces more pollutants. From 
this research point of view, the building faces 
are toward the cardinal directions in almost all 
optimal solutions, so designing the building 
toward the ordinal directions is improper. Based 

on the results, the optimal depth of south 
overhang panels is 120 cm (maximum value) in 
all solutions. Overhang panels with extended 
depth cause the facade panels' width reduction 
because their shadow on the facades decreases 
the solar irradiation to the facade panels. 
Increasing the depth of overhang panels in the 
south, west, and north facades is the best choice. 
However, in the eastern facade, there should be 
a balance between the facade and overhang 
panels. Besides, the optimal angle of the south, 
east, and west overhang panels are between 42° 
to 54°, 34° to 68°, and 40° to 80°, respectively. 



85 Hamed Amini  et al./ Energy Equip. Sys. / Vol. 13/No. 1/March 2025 

Fig.6. Decision variables configuration of the optimal solutions (including continuous variables in different 
solutions): (a) all objective functions, (b) thermal discomfort time, (c) ROI, and (d) emissions of carbon 

equivalent 

Based on the results, all building facades and 
overhangs are equipped with PV panels in 
optimal solutions. This fact confirms that the 
building-integrated photovoltaic system is 
technically, economically, and environmentally 
acceptable. However, the type of panels should 
be selected with caution. The share of various 
types of panels used in optimal designs is shown 
in Fig.7. According to the results, CIS panels are 
the dominant choice for the south, east, and west 
overhangs, receiving considerable solar 
irradiation. These panels can produce more 
energy per area than other studied types. So, the 
more solar irradiation, the more share of CIS 
panels. On the other hand, a-Si panels are the 
most suitable solutions for the north overhangs. 
Specifically, a-Si cells have low efficiency and 
cost, making them reasonable choices for 
surfaces that receive low solar irradiation. They 
have a shorter payback period than other types 
of cells because of their high energy production-
to-price ratio.  

Polycrystalline cells are the most suitable 
panels for all facades except the north one. This 
type of PV cell has one of the highest 
efficiencies among the studied types. Also, it 
increases the building envelope’s thermal 
resistance more than others due to its thickness. 
As a result, using polycrystalline panels as the 
facade’s outer layer enhances the system’s 
environmental impact and the occupants’ 
thermal comfort. CdTe cells, produced from 
toxic and hazardous substances, have the lowest 

share among other options. Also, on the north 
facade, a-Si cells are the most proper type of 
panels, as discussed previously for the overhang 
panels. 

3.2 Final Optimal Configuration 

The optimal solutions extracted using the multi-
objective optimization process have no 
advantages over each other. So, a decision-
making method should be selected to find the 
final solution. In this study, the weighted sum 
method is used in which three objective 
functions are converted to a single objective 
using Eq. (4) [42]: 

min3

max min
1

( ) ( )
( )

( ) ( )

i i
WS i

i i i

f x f x
f x a

f x f x


 




(4) 

in which 1( )f x , 2 ( )f x , and 3 ( )f x are thermal

discomfort hours, ROI, and carbon equivalent of 

produced emissions, respectively. min( )if x and 
max( )if x are the minimum and maximum 

values of each objective function among 
optimal solutions, respectively. Also, ai is the 
weighting factor of each objective function [57]. 
In this research, the economic and 
environmental functions weighting factors, i.e., 
a2 and a3 are assumed equal. Also, preliminary 
sensitivity analysis by the Morris method [58] 
showed that the effect of these variables on the 
final  solution   is   more   remarkable   than  the 
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Fig.7. Share of various types of panels in the optimal solutions 

thermal discomfort hour. Therefore, using a 

preliminary parametric study, a1, a2, a3 are

selected as 0.2, 0.4, and 0.4, respectively: 
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(5) 

Table 4 shows the values of decision variables, 

objective functions, and the essential outputs of 
the final optimal design. Based on the results, 
the building is equipped with a facade and 
overhang integrated solar system whose return 
on investment is 21.7% in the first year of 
operation. This system can generate 867 MWh 
of electrical energy in the first year, equivalent 
to 23% of the office building energy 
consumption. In addition, the energy required to 
produce the solar cells used in the optimal 
system is 5190 MWh which means that the 
system energy payback period is approximately 
6 years. 

Table 4. Decision variables and output indicators of the final design 
Decision Variable Value Indicator Value

Building orientation 0° Thermal discomfort time 285 hr

South facade panels width 110 cm Return on investment (one year) 21.7%

East facade panels width 140 cm Carbon equivalent (one year) 469,260 kg

West facade panels width 140 cm Produced energy (one year) 867,770 kWh

North facade panels width 30 cm Sold energy (one year) 20,050 kWh

South overhang panels depth 120 cm Purchased energy (one year) 2,926,870 kWh

South overhang panels angle 43° Building required energy (one year) 3,774,510 kWh

East overhang panels depth 40 cm PV panels production emission 272,868 kg

East overhang panels angle 43° Investment 625,852 $

West overhang panels depth 100 cm Fit strategy income 162,931$

West overhang panels angle 43° south facade panels density 2m/1 0.51

North overhang panels depth 120 cm East facade panels density 2m/1 0.59

North overhang panels angle 43° West facade panels density 2m/1 0.59

South facade panels type poly-Si North facade panels density 2m/1 0.19

East facade panels type poly-Si

West facade panels type poly-Si

North facade panels type poly-Si

South overhang panels type CIS

East overhang panels type CIS

West overhang panels type CIS

North overhang panels type a-Si
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Figure 8 shows the amount of energy produced 
by the BIPV system during various months. The 
energy output of all solar panels, except the 
south facade ones, is the highest during the 
summer months. The south facade panels 
produce maximum energy during winter when 
the sun’s elevation angle is low, and the shading 
effect of the overhangs is minor. The south solar 
panels have the highest energy output due to the 
highest irradiation. Also, the lowest energy 
production belongs to the north cells. Although 
the north panels do not receive direct sunlight in 
winter, the results showed that their installation 
is reasonable provided that inexpensive types of 
cells are used. The acceptable energy 
production rate of the east and west panels 
shows these faces have considerable power 
generation potential, which is not usually 
considered in the design of solar systems. 

3.3 BIPV System Effectiveness 

To evaluate the effect of using BIPV on the 
building’s performance, the annual energy 
consumption, thermal discomfort hours, and 
emissions production of the final optimal 
building are compared with the initial one. As 
shown in Fig.9, adding solar cells to the building 
reduces its annual energy consumption by 5.7%. 
Also, the annual energy consumed by the 
HVAC system was reduced by 16%, which 

resulted in 8% and 68% reduction in cooling and 
heating energy requirements, respectively. For 
windows, PV cells act as overhangs and reduce 
the solar heat gain. On the other hand, wall-
integrated cells have two different roles. They 
reduce energy loss from walls by reducing the 
overall heat transfer coefficient. At the same 
time, they can heat the building by increasing 
the outside temperature of the walls. Therefore, 
the BIPV system considerably decreases the 
annual heating energy consumption. In warm 
months, the rise of the walls outside temperature 
can increase the cooling energy. However, as 
depicted in Fig.9, the annual cooling energy 
consumption of the optimized building is less 
than the initial one, mainly due to the shading 
effect of the overhang panels. The overhang 
PVs also prevent the wall cells from 
overheating. Based on the results, the average 
temperature of the facade cells is between 
19.9°C and 22.7°C; the highest is at the south 
cells, and the lowest is at the north ones. 
According to Fig.10, the thermal discomfort 
hours in the optimized building are 33% less 
than in the initial case without the BIPV system. 
The indoor thermal comfort enhancement is 
accompanied by 0.5°C increments in the mean 
zone temperature. So, adding the BIPV system 
to the building improves the occupants’ thermal 
comfort and reduces the building's energy 
consumption simultaneously.

Fig.8. Energy production of the BIPV system in various months 
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Fig.9. The effect of using the BIPV system on the building’s annual energy consumption in the first year of 
operation 

Fig.10. The effect of using the BIPV system on the thermal discomfort hours in the first year of operation 

of all pollutants. Based on the results, 
implementing the BIPV system decreases 
the annual CO2 emission and the carbon 
equivalent of the building’s emitted 
pollutants by 27%. Using the BIPVs 
reduces the annual energy consumption and 
supplies a considerable amount of the 
required energy from the solar source. In 
addition, as mentioned previously, pollutants 
emitted in the solar cell production process 
are compensated after 2.5 working years. 
So, it can be concluded that the embedded 
pollution of solar cells is much less than the 
pollution reduction due to their usage. 

Environmental issues are one of the 
most important reasons for turning to 
renewable energy resources. Assuming that 
the initial building’s energy source is 
electricity, the emitted pollutants can be 
estimated by EnergyPlus software, which 
uses the “pollutant emission factor” concept 
[55, 56].
   This  presents the pollutants emission in 
the optimal building equipped with the BIPV 
system with the initial case. To better 
compare the results, Fig.11 shows the 
annual CO2 emission and the carbon equivalent 
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Table 5. The effect of using the BIPV system on the emitted pollutants 

Emission
Mass (Kg)

Initial Case Optimal Case

2CO 2,443,480 1,783,333

CO 610 445

4CH 20.3 14.8

xNO 5962 4351

O2N 35.1 25.6

2SO 12,566 9,171

PM 10 262 191

PM 2.5 167 122

Non-methane volatile organic compounds 54.0 39.4

Fig. 11 The effect of using the BIPV system on the CO2 and emissions carbon equivalent in the first year of 
operation. 

4. Conclusion

In this research study, a building-integrated 
photovoltaic (BIPV) system was optimized 
from technical, economic, and environmental 
points of view. As a result, the effect of using 
the BIPV system on reducing the building’s 
energy consumption and pollutant emission, 
and enhancing the indoor thermal comfort was 
evaluated. The major results of the research can 
be summarized as follows: 
 All facades and overhangs of the optimized

building were equipped with PV panels,
even the northern ones that received the
least solar irradiation.

 Selecting various types of cells for the
building indicated that installing a single
PV panel type on all surfaces is improper.
Each surface needs a specific PV panel type
based on solar irradiation. Accordingly, for
all surfaces, except the northern ones, the
dominant choices for the wall and the
overhang surfaces are -Si and CIS,
respectively. For the northern surfaces, a-Si
cells are the best option.

 The optimal systems are economically
feasible as they can retrieve 20% to 32% of
their initial investment in the first year.

 The average temperature of the wall-
integrated cells was between 19.9°C and
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22.7°C, which means that the shading effect 
of the overhang panels protects them from 
overheating. 

 Equipping the building with the final
optimal BIPV system reduces the pollution
production and the occupants’ thermal
discomfort hours by 27% and 33%,
respectively. Also, it resulted in 8%, 68%,
16%, and 5.7% reduction in the annual
cooling, heating, HVAC, and total energy
consumption, respectively.

 The energy and carbon payback times of the
final optimal BIPV system were 6 and 2.5
years, respectively.

The current research was performed in Tehran 
in a cold semi-arid climate. The effect of climate 
conditions on the results can be an interesting 
topic for future research works to propose 
proper BIPV system specifications for each 
climate. 
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