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Abstract: In this study, under the meteorological conditions of Şanlıurfa, Turkey, some parameter
studies were conducted to more efficiently utilize Building Integrated Photovoltaic BIPV systems
placed on different facades of a building. For this purpose, one single-sided (monofacial) panel was
placed on both the roof and the east facade. As an innovation brought about by this study, both
bifacial and monofacial panels with the same production potential were compared under the same
conditions on the south facade. In addition, to enhance the production performance of the rear
surface of the bifacial panel, a reflector was placed on the wall surface by leaving a gap between the
wall and the panel. The experimental study was conducted between February and July. In addition,
the building model created experimentally was analyzed monthly using the PVsyst program for a
duration of one year. According to the study results, in the 6-month BIPV experimental application,
the electrical production of the bifacial panel was found to be 15.1% higher than that of the monofacial
panel under the same conditions. In addition, based on the 1-year results in the PVsyst analysis, the
bifacial panel demonstrated a 5.86% higher production performance compared with the monofacial
panel. This demonstrates that the efficiency of the bifacial panel in the experimental setup was
enhanced by placing a reflective surface on the structure wall behind it. According to the complete
annual analysis results obtained from the PVsyst analysis, the bifacial panel in the south produced
401.65 kWh, the monofacial panel produced 379.41 kWh, the panel on the eastern facade produced
313.34 kWh, and the rooftop panel, where the highest production was recorded, generated 505.64
kWh of energy. Therefore, it is anticipated that the use of bifacial panels with reflective surfaces on
the roof under the meteorological conditions of Şanlıurfa will demonstrate the highest performance
for the BIPV system.

Keywords: building integrated photovoltaic; PVsyst; bifacial panel; monofacial panel; reflective
surface

1. Introduction
1.1. Background

Solar energy systems, as renewable energy sources, offer high potential in the pursuit
of clean and sustainable energy. Recently, efforts were made to reduce costs and increase
the efficiency of PV panel technology, which is known to have no emission release [1].

Photovoltaic, in its literal sense, refers to the conversion of solar energy into electricity
using silicon-based solar cells. Electric energy is produced by PV modules. The modules
consist of subunits called solar cells that absorb the radiation emitted by the sun [2]. The
primary reason for the increased use of PV systems is the depletion of fossil fuels and
the global warming threat facing the world. [3]. PV systems are environmentally friendly
because they do not emit any hazardous gases. Buildings account for approximately
39% of CO2 emissions with the amount of energy they consume [4]. For this reason, the
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transition to safe and sustainable energy production systems like PV systems is being
encouraged. [5]. The efficiency of a PV panel generally depends on factors such as the type
and kind of the panel, cell temperature, material, climate of the region where it is installed,
and its orientation. Therefore, to gain insights into the characteristics affecting the power
production of a PV system, it is necessary to study or analyze these factors [6].

Approximately 30% of the global energy production is used by the construction sector.
It is aimed at meeting the energy consumption of buildings, which consume such a high
amount of energy, with PV systems integrated into the facade of the building [7]. The inte-
gration of PV panels into building facades is referred to as building-integrated photovoltaic
(BIPV) systems. Integrated PV panels have some advantages over nonintegrated systems.
Placing PV panels in place of building materials, such as windows, walls, and roofs, during
the initial construction both saves on materials and results in financial gains while also
reducing labor costs [8]. Since PV panels are mounted on unused areas of the building,
like walls or roofs, there is no need to prepare new land [9]. In addition, passive heating
and lighting of the interior environment with the use of semitransparent panels are among
the primary benefits of the BIPV system. Today, the fact that many countries have targets
related to net zero energy buildings (NZEBs) is increasing interest in the BIPV. However,
when PV systems are integrated into building facades, there is not as much space available
as in conventional solar power plants, leading to the need to achieve high efficiency in a
small area [10]. Therefore, certain improvements are being made to increase the efficiency
of PV panels.

There are various parameters that affect the design of BIPV applications. Among
these parameters are the orientation of the PV panel, radiation intensity, tilt angle of the
PV panel, PV panel technology (thin film, crystalline), and the type and permeability of
the material used in the panel, such as opacity and transparency [8]. In addition to these,
meteorological parameters such as solar radiation intensity, sunshine duration, and wind
speed are considered the most important parameters since they affect both the electrical
efficiency of the BIPV system and the energy performance of the buildings where BIPV
systems are installed [11].

1.2. Literature Review

The angle and facade direction of PV panels are important to obtain more electrical
energy from the BIPV system. In this context, there are many studies. Abotaleb et al. [12]
found that in a desert environment, between bifacial PV panels oriented at a 22◦ tilt
facing south and those oriented 90◦ facing east, the ones facing south produced 14% more
energy. Cronemberger et al. [13] concluded in their experiment with different facades across
78 cities that BIPV systems could be considered not only for roofs but also for facades in
places located at lower latitudes. Sun et al. [14] found that the PV panel can produce more
electrical energy at a smaller tilt angle and that the annual production might decrease with
an increase in the tilt angle. Elghamry et al. [15] demonstrated that BIPV windows mounted
on south-facing roofs in Egypt produced the maximum annual power, while north-facing
BIPVs produced the minimum power. In an experiment conducted by Yang et al. [16] in
Hong Kong, a BIPV system was installed on the roof, south, west, and east facades of a
building, and it was found that the best production was from the roof. In the BIPV study
conducted by Song et al. [17], panels mounted vertically on the facades were compared
with those mounted on the roof, and panels mounted at a 30◦ angle facing south on the
roof were recommended for the highest performance. Many researchers have noted that,
because of the low radiation on the north, west, and east-facing facades of BIPV systems,
the electric energy economically produced is particularly low on the north and east-facing
facades, taking into account the amount of radiation on these facades [18–26].

One of the most important parameters for increasing the efficiency obtained per unit
area is the PV panel technology. In their study conducted in India, Sharma et al. [27] demon-
strated that a-Si cells produced 14% less energy compared with p-Si cells during summer and
6% less during winter. In their experiment conducted in Spain, Canete et al. [28] supported
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the findings of the study carried out in India. In a study conducted by Urbanetz et al. [29],
when a BIPV system using a-Si technology was compared with a PV system composed of
curved thin-film a-Si laminates, the annual energy gain of the second system was approxi-
mately 88% of the first system. Sorgato et al. [21] demonstrated that in six Brazilian cities,
the annual energy needs of a building can be met by using the building’s roof and facade
for BIPV application with thin-film Cadmium telluride (CdTe) materials. Saadon et al. [30]
investigated three different transparency types (opaque, 30%, and 50%) of BIPV systems in
Nice, Paris, and Lyon. In their BIPV experiment conducted in Italy, Yoon et al. [31] found
that the CIGS and c-Si used in the photovoltaic module exhibited 45% and 20% less energy
production, respectively, compared with a-Si. In the a-Si-based BIPV study conducted by
Zhang et al. [32] in Zhuhai City, China, ventilated BIPV showed 0.2–0.4% higher perfor-
mance compared with its nonventilated counterpart. They found that the highest production
was obtained from the opaque PV panel type, and the lowest production was obtained from
the PV panel type with the highest permeability. Lopez and Sangiorgi [33] found, in a BIPV
test facility consisting of two identical 10 m2 rooms, that m-Si PV modules produced better
results in energy production than CIS PV modules.

One of the panel types that can be used in BIPV systems to obtain a higher amount of
energy per unit area of the panel is the bifacial panel. In programs like Pvsyst, the analysis
of ventilated systems of BIPV cannot be performed. [34]. In the ventilated bifacial BIPV
system studied by Tina et al. [34], a power gain of 2.9% compared with the ventilated
BIPV system and 4.4% compared with the nonventilated BIPV configuration was achieved.
In their study, Assoa et al. [35] produced 63.8 kWh/m2 of electrical energy in the BIPV
model with a bifacial panel, achieving an average efficiency of 6.3% and a performance
ratio of 0.7. Kim et al. [36] investigated the nonhomogeneous rear reflection results of
different colors in the bifacial panel in their mini module BIPV experiment. They found
that the cell with a low reflection ratio heated up, resulting in power loss in the modules. A
similar study was conducted by Kim et al. [37] on transparent PV panels in a BIPV system.
According to the study, an increase in efficiency was achieved with various background
colors (14% blue, 25% red, and 35% white). Chen et al. [38] concluded that the highest
production of bifacial panels integrated into the outer shell of a building was on the roof.
Additionally, the improvement in electricity production was increased between 4.7% and
18.8% through simulation.

Many studies have presented simulation models to calculate the energy efficiencies
of BIPV facades [39]. However, in the literature, there has been no comparison between
monofacial and bifacial panels under the same conditions. In addition, a reflective surface
has not been used to significantly increase the contribution of the rear side of the bifacial
panel applied to BIPV. However, in our study, this situation was different for the bifacial
and monofacial panels located in the southern part. The connection between the exterior
environment and the rear side of the panel was severed using a transparent material
between the wall and the panel frame. In the study, a comparison of three facades with
panels having the same production potentials both experimentally and numerically under
Şanlıurfa conditions has also been made.

1.3. Contribution of the Research

This study proposes an innovative approach by researching the potential of bifacial
panels to meet the energy demands of buildings in Şanlıurfa, Turkey. What distinguishes
this study is the comparison of bifacial and monofacial panels with the same production
potential under the same conditions in the BIPV system. In addition, to enhance the pro-
duction performance of the back surface of the bifacial panel, a reflector was placed on the
wall surface by leaving a gap between the wall and the panel. This study, which compares
the performance of the bifacial panel with the monofacial panel under the same conditions,
provides valuable insights into the potential benefits of bifacial panels for meeting the
electricity energy needs of residential and industrial buildings in Şanlıurfa conditions.
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1.4. Structure of the Paper

When looking at the literature studies in general, it is observed that bifacial panels are
used in limited amounts in BIPV systems. For this reason, in the conditions of Şanlıurfa,
the bifacial panel technology—a new panel technology—was used to increase the amount
of electrical energy obtained per unit area in BIPV systems.

Bifacial panels are two-sided panels. Bifacial PV panels produce electrical energy
by collecting radiation from both the front and back surfaces. Monofacial panels, on the
other hand, are traditional single-sided panels and produce electrical energy only from the
radiation received from their front surface. Bifacial panels are named based on the peak
electric power produced by their front surface, similar to monofacial panels. Moreover,
there is no significant price difference between bifacial and monofacial panels with the
same peak production. However, because of the radiation reflected or scattered on the back
surface of the bifacial panel, additional electricity production is achieved [40].

When analyzed compared with monofacial cells, bifacial PV panels are seen as a
potential opportunity to reduce the cost of solar energy conversion. The bifacial panel is a
new technology that increases the electrical energy production per square meter of the PV
module by utilizing light absorption from albedo [41].

In this study, PV panels with the same potential were installed on various facades of a
building. Using panels of the same capacity on different facades, the energy production
levels on the facades were investigated. The aim of this study was to compare the effect of
panel technology by comparing bifacial panel technology with monofacial panels of the
same direction and capacity. In addition, after obtaining experimental data, the aim was to
verify the data using the PVsyst program on the computer and to determine the annual
production amount.

2. Materials and Methods
2.1. Experimental Design and Setup

In this study, the aim was to evaluate the performance of BIPV systems under the
meteorological conditions of Şanlıurfa. The experimental setup was established at Harran
University’s GAP-YENEV Research and Application Center. The design of the PV panels
and the experimental setup is shown in Figure 1. The width, length, and height of the
building structure where the experimental setup was located were 1.98 m, 2.96 m, and
2.45 m, respectively. The BIPV experimental setup shown in Figure 1 was designed to
determine the electrical energy that can be generated from three different facades, namely
east, roof, and south. There are a total of four PV panels in the BIPV system.
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Two of these panels consist of bifacial and monofacial panels located on the south
facade to be compared under the same conditions. The panel closer to the east facade
on the south side is the bifacial panel. The panels on the south facade are positioned
approximately 11.5 cm away from the wall. The wall surface behind the bifacial panel
is covered with aluminum foil. The 11.5 cm gaps between the panel and the wall were
sealed with transparent material. Thus, sunlight was allowed to reach the rear surface of
the bifacial panel. In addition, monofacial PV panels of the same capacity were placed
on the east facade and the roof of the experimental setup. Thus, it became possible to
comparatively observe the electrical production effects on different facades.

The technical specifications of the panels used in the experimental setup are provided
in Table 1.

Table 1. Bifacial and monofacial panel specifications.

Properties Bifacial Panel Monofacial Panel

Max power (1000 W/m2) 335 Watt 335 Watt

Maximum power voltage (Vmp) 34.56 V 34.97 V

Maximum power current (Imp) 9.7 A 9.63 A

Open-circuit voltage Voc (V) 40.65 V 42.33 V

Short-circuit current Isc (A) 10.69 A 10.18 A

Performance (%) 20.05% 20.07%

Temperature coefficient PMAX −0.38%/K −0.37%/K

Temperature coefficient VOC −0.29%/K −0.28%/K

Temperature coefficient ISC 0.04%/K 0.048%/K

Nominal operating temperature 46 ◦C 45 ± 2 ◦C

Transparency Translucent Opaque

Front cover 2 mm low iron tempered solar glass Glass

Cell matrix 60 Cells (6 × 10) 60 Cells (6 × 10)

Module dimensions 1670 mm × 1000 mm 1665 mm × 1002 mm

Weight 20.1 kg 19 kg

The bifacial panel used on the south facade of the BIPV experimental setup was glass–
glass and had semitransparent properties. Thus, the solar radiation hitting the bifacial
panel passes through to the back wall. The solar radiation that reached the back wall was
reflected thanks to the reflective surface coating on the wall. Thus, a higher amount of
radiation was directed to the back surface of the bifacial panel.

Energy production values were measured on all facades of the established BIPV
system. For this purpose, the electrical circuit shown in Figure 2 was established. As
can be seen from the figure, the PV panels are connected to the Hoymiles brand MI-1500
model microinverter using DC cables. The microinverter converts the incoming direct
current to alternating current and transfers it to the grid. To record the amount of electrical
energy produced by the panels, the micro inverter is connected to the Hoymiles brand Data
Transfer Unit (DTU) device via its own Wi-Fi. The micro inverter calculates the amounts
of both power and electrical energy produced by each panel separately and sends it to
the DTU device. The DTU records the amount of electrical energy produced by the micro
inverter every 15 min. It transfers the recorded data to the cloud system, and access to the
data can be achieved wherever there is an internet connection. To measure the amount of
radiation received by the PV panels, an Eko brand MS-602 model pyranometer was placed
on each facade. The data from these pyranometers were collected in a HIOKI brand data
logger (Figure 2).
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2.2. Calculation Method

Electric energy production values (P) of the PV panels were recorded every 15 min.
The unit of P was W (Watts). Along with power, the total produced energy values, such as
daily and monthly in the study, were found using Equation (1); the unit was Wh [42].

E (kWh) = P(kW). h (hour) (1)

In general, the electrical efficiencies (ηe) of PV panels are calculated using Equation (2).
Here, the P value represents the daily average power (watt), IT represents the daily average
amount of solar radiation received per unit area, and its unit is W/m2, A represents the
panel area, and its unit is m2 [43].

ηe =
P

IT .A
(2)

The capacities of bifacial PV panels were determined on the basis of the front face of
the panel under standard test conditions (STC), just as in monofacial panels. A new rating
was made to account for the effect of the back surface. The number known as bifaciality,
denoted by B, is the ratio of the energy produced by the back surface of the panel to the
energy produced by the front surface as measured under STC. The bifaciality ratio (B) is
given by Equations (3) and (4) below [44]. In this study, the bifaciality ratio was used to
indicate the percentage increase in production of the bifacial panel compared with the
monofacial panel on the south facade, both having the same production potential.

B = Eback/E f ront (3)

Etotal = E f ront(1 + B) (4)

2.3. Experiment Procedure and PVsyst Simulation Study

In this study, experiments were conducted over a span of 6 months, including February,
March, April, May, June, and July of 2023, to determine the effectiveness of the BIPV
application under the meteorological conditions of Şanlıurfa. The micro inverter calculated
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the monthly electrical energy produced by each panel and sent it to the DTU device
for recording.

After obtaining the experimental data, an analysis was conducted using the PVsyst
software. With the software, the location of the experimental setup at Harran University
GAP-YENEV Research and Application Center was marked on the map to simulate the
meteorological conditions of Şanlıurfa. The structure on which the panels were placed was
drawn on the program according to its dimensions. For the two panels to face south in
the initial orientation, the tilt angle of the first orientation was set to 90◦ and the azimuth
angle to 0◦. For the second orientation based on the east facade, the tilt angle was set to 90◦

and the azimuth angle to −90◦. For the roof direction, in the third orientation, both the tilt
and azimuth angles were set to 0◦. In the simulation, as in the experiment, panels were
chosen as three monofacial and one bifacial panels, each with a capacity of 335 watts. The
panels on the roof and the east facade were positioned with no distance between them and
the building wall. On the south facade, a gap of 11.5 cm was left between the bifacial and
monofacial panels and the building wall, as in the experimental setup. For each panel, an
individual Hoymiles brand micro inverter with a value of MI-350 watts was chosen. The
surface areas of the panels were entered as equal to each other and as 1.67 m2, as in the
experimental setup. The simulation-based experiment was conducted to determine the
annual production quantity over monthly periods (Figure 3).
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Figure 3. Preparation of the experiment in the PVsyst software.

When the results from the experimental setup are compared with the production data
in PVsyst, the results are close to each other, as shown in Table 2 in percentage terms.
However, in March, the production in the experimental setup was lower than that in the
PVsyst program because of unusual meteorological conditions (floods and heavy rains).
Except for March, the calculated results were generally quite close to each other. Therefore,
it can be concluded that the electricity production values in the PVsyst analysis are very
close to the actual values unless there is an extraordinary situation.

Table 2. Amounts of energy produced in the experimental setup in kWh for February, March, April,
May, June, and July, and error rates (%) of the PVsyst analysis.

Bifacial
Panel (kWh)

Error Rate
of PVsyst
Analysis

South
Monofacial
Panel (kWh)

Error Rate
of PVsyst
Analysis

East
Monofacial
Panel (kWh)

Error Rate
of PVsyst
Analysis

Roof
Monofacial
Panel (kWh)

Error Rate
of PVsyst
Analysis

February 35.74 11.8% 32.20 6.37% 14.71 −11% 25.88 2%
March 31.41 −19% 28.13 −27.6% 17.43 −47.2% 33.10 −23.1%
April 30.31 2.8% 26.69 −5.9% 25.14 −14.3% 45.08 −9.4%
May 27.89 13.2% 24.01 7.7% 30.28 −8.2% 52.28 −6.8%
June 24.78 11.3% 20.21 6.6% 33.06 −8.3% 57.24 −9.5%
July 26.44 12.3% 22.21 8.2% 35.65 −2% 58.58 −6.5%
Total 176.57 153.45 156.27 272.16
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3. Results and Discussion

The data collected from the experiment conducted on 5 May 2023, between 7:00 a.m.
and 7:00 p.m., with intervals of 30 min, regarding solar radiation (W/m2) and electricity
energy production (W), are presented in Figure 4. On the east-facing panel, the power
generated in the early hours of the day reached 211.3 W at 8:00 a.m. and then decreased
toward 12:00 p.m. The electrical efficiency of the panel placed on the east facade was found
to be an average of 15.98% daily. The total energy produced daily was 1.09 kWh.
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Figure 4. Power and radiation data produced by the experimental setup on 5 May 2023.

For the panel on the roof, as the sun rose, both radiation and power production
increased. The highest power production was measured at 240.4 W at 12:00 p.m. As the
sun was setting, production decreased. The electrical efficiency of the panel on the roof was
found to be an average of 15.65%, and the total daily energy produced was 1.95 kWh. The
panel on the roof produced 79% more electrical energy on this date than the panel on the
east-facing side. On the south facade, both the monofacial and bifacial panels increased
their production parallel to the radiation values as the sun rose, and at 12:00, the monofacial
panel produced a maximum power of 128.3 W, while the bifacial panel produced 149.6 W.
In the subsequent hours, these values began to decrease. At the hour with the highest
power generation of the day, the bifacial panel produced 16.6% more electrical power than
the monofacial panel. As seen in Figure 4, the power production curve of the bifacial
panel followed a higher trajectory compared with the monofacial panel under the same
conditions on the south facade. On this facade, the daily average electrical efficiency of the
monofacial panel was 17.53%, while the bifacial panel’s average efficiency was found to be
20.54%. The increased production of the bifacial panel compared with the monofacial panel
was supported by a 2.9% power difference in the study conducted by Tina et al. (2021) [34].
Because of the influence of its rear surface, the highest efficiency among the four panels
was observed in the bifacial panel. In terms of daily average efficiency, the bifacial panel
showed a 17.1% gain compared with the monofacial panel on the same facade. In our study,
the bifacial panel showed a higher performance compared with the bifacial panel tested in
the study by Tina et al. (2021) [34]. Additionally, when comparing the total amount of daily
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generated energy, the bifacial panel produced 1.04 kWh of energy, while the monofacial
panel on the south side produced 0.886 kWh on the same day. Here, too, it was found that
the bifacial panel produced 17.3% more energy.

Because of the Sun hitting the Earth at a steeper angle on 5 May compared with the
winter months, the highest electricity production on the roof was observed on this date. It
was observed that the superiority of the bifacial panel’s performance is higher compared
with the monofacial panel of the same capacity, and its use in BIPV systems can make
production more efficient.

In the experimental setup, the monthly electrical energy data produced in February,
March, April, May, June, and July, as well as the error rates of the PVsyst analysis, are
provided in Table 2. Because of Şanlıurfa’s location in the northern hemisphere, in February,
the south-facing façade achieved higher electricity production compared with other facades,
as observed in Table 2 and supported by Cronemberger et al. (2012) [13]. During the spring
and summer months, a higher level of production was achieved on the roof than on other
facades. Additionally, it was observed that the bifacial panel produced more electrical
energy compared with the monofacial panel by 11% in February, 11.66% in March, 13.56%
in April, 16.16% in May, 22.61% in June, and 19% in July.

The results of the PVsyst analysis for each panel are shown in Table 3. As seen in the
results, in terms of energy supplied to the grid, the bifacial panel consistently produced
more electricity than the monofacial panel on the south facade, with amounts varying
between 4.15% and 16.4% monthly. This situation confirms that more energy is obtained
per unit area from the bifacial panel compared with the monofacial panel under the same
conditions. In the PVsyst analysis, the panels on the south facade showed high production
during autumn and winter. This situation is also supported by the study conducted by
Cronemberger et al. (2012) [12], which encourages the installation of BIPV systems on
building facades in locations at low latitudes. However, during the summer months, they
exhibited low production because of the angle of incoming sunlight. Therefore, it was
concluded that systems considered for use as building-integrated photovoltaic thermal
(BIPV/T) in Şanlıurfa conditions could be installed on the south facade to produce both
thermal and electrical energy more efficiently during the winter.

In winter, the roof panel produces energy ranging from 21.30 to 25.34 kWh monthly,
while in summer, it produces monthly energy ranging from 57.17 to 62.8 kWh. Similarly,
the panel on the eastern facade produces approximately 15 kWh of energy monthly in
the winter, while in the summer, it increases to a monthly production of approximately
36 kWh. In the summer months, the monthly production of the panels on the roof and
eastern facade increased more than twice compared with their winter production because
of the angle of the sun’s arrival. The PV panel on the roof achieved its highest production
in June and July as the angle of incoming sunlight increased. This situation is supported
both in the experimental setup and in the PVsyst analysis.

The roof facade was identified as the most suitable facade for BIPV installation during
the spring, summer, and September (Figure 3). It was found that the east facade also
produced better in May and during the summer than the south facade. Especially in June,
the panel on the eastern facade, because of the angle of solar radiation, produced approxi-
mately twice as much electrical energy as the monofacial panel in the south. The eastern
panel reached its highest production value both in the experimental setup (35.65 kWh) and
in the PVsyst analysis (36.38 kWh) in July. However, when looking at the annual total, it
was observed that the lowest production was on the east side, with 313.35 kWh. Therefore,
under the conditions of Şanlıurfa, as found in the studies of researchers such as [18–26], it
was observed that the east facade is not suitable for the use in BIPV systems.
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Table 3. Annual PVsyst analysis results for the 4 panels.

Panel Type
and Direction

Global
Horizontal
Irradiation
(kWh/m2)

Horizontal
Diffuse
Irradiation
(kWh/m2)

Global
Incident in
Coll. Plane
(kWh/m2)

Effective Global,
Corr. for IAM
and Shadings
(kWh/m2)

Effective Energy
at the Output of
the Array
(kWh)

Energy
Injected into
Grid
(kWh)

January

Bifacial 77.5 28.30 128.4 122.9 41.29 39.78
Monofacial 77.5 28.30 128.4 121.9 39.57 38.16
Eastern 77.5 28.30 54.4 50.2 16.88 16.17
Roof 77.5 28.30 77.4 69.9 23.43 22.53

February

Bifacial 86.7 42.02 101.9 96.7 32.73 31.52
Monofacial 86.7 42.02 101.9 95.8 31.27 30.15
Eastern 86.7 42.02 55.5 51.2 17.04 16.33
Roof 86.7 42.02 86.6 79.7 26.35 25.35

March

Bifacial 142.6 55.15 125.8 116.5 38.78 37.38
Monofacial 142.6 55.15 125.8 115.8 37.18 35.89
Eastern 142.6 55.15 88.0 82.1 26.70 25.66
Roof 142.6 55.15 142.5 132.6 42.26 40.75

April

Bifacial 177.0 68.11 103.6 92.3 30.63 29.46
Monofacial 177.0 68.11 103.6 92.6 29.35 28.27
Eastern 177.0 68.11 100.4 93.9 29.89 28.74
Roof 177.0 68.11 177.0 166.4 51.19 49.34

May

Bifacial 208.3 73.72 85.5 73.3 25.20 24.22
Monofacial 208.3 73.72 85.5 74.5 23.05 22.16
Eastern 208.3 73.72 118.4 110.8 34.08 32.79
Roof 208.3 73.72 208.2 196.4 57.95 55.86

June

Bifacial 243.9 55.32 77.1 63.9 22.91 21.98
Monofacial 243.9 55.32 77.1 65.5 19.68 18.88
Eastern 243.9 55.32 133.8 125.5 37.16 35.79
Roof 243.9 55.32 243.9 231.0 65.04 62.68

July

Bifacial 249.2 52.31 84.5 70.6 24.14 23.20
Monofacial 249.2 52.31 84.5 72.3 21.21 20.39
Eastern 249.2 52.31 139.3 130.8 37.78 36.38
Roof 249.2 52.31 249.1 235.6 64.69 62.36

August

Bifacial 226.3 47.86 110.8 96.0 29.96 28.83
Monofacial 226.3 47.86 110.8 97.0 28.35 27.31
Eastern 226.3 47.86 135.8 127.7 37.16 35.77
Roof 226.3 47.86 226.3 213.3 59.27 57.17

September

Bifacial 182.9 38.80 142.1 129.1 39.71 38.27
Monofacial 182.9 38.80 142.1 128.7 38.08 36.75
Eastern 182.9 38.80 111.1 104.0 30.95 29.77
Roof 182.9 38.80 182.8 171.2 49.50 47.71

October

Bifacial 130.3 42.08 149.2 140.7 44.48 42.90
Monofacial 130.3 42.08 149.2 139.4 42.36 40.91
Eastern 130.3 42.08 85.8 79.8 24.91 23.95
Roof 130.3 42.08 130.2 120.4 36.83 35.50

November

Bifacial 89.2 31.01 140.9 134.6 43.74 42.17
Monofacial 89.2 31.01 140.9 133.4 41.74 40.28
Eastern 89.2 31.01 58.9 54.3 17.61 16.88
Roof 89.2 31.01 89.2 80.8 26.07 25.08

December

Bifacial 74.3 26.79 136.2 130.7 43.48 41.93
Monofacial 74.3 26.79 136.2 129.6 41.72 40.26
Eastern 74.3 26.79 51.5 47.5 15.81 15.13
Roof 74.3 26.79 74.2 66.5 22.15 21.30

Year
Total

Bifacial 1888.2 561.47 1386.1 1267.3 417.04 401.65
Monofacial 1888.2 561.47 1386.1 1266.5 393.56 379.41
Eastern 1888.2 561.47 1132.9 1057.9 325.96 313.35
Roof 1888.2 561.47 1887.2 1763.7 524.74 505.64

As shown in Table 3 of the PVsyst analysis, the four panels produced a total of 1600.05
kWh of electrical energy in one year under the meteorological conditions of Şanlıurfa. The
annual sunshine duration of Şanlıurfa is approximately 3055.75 h [45]. The monofacial
panel located on the southern facade produced 21% more in the PVsyst analysis, with an
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annual total electrical energy production of 379.41 kWh, compared with the panel on the
eastern facade, which produced 313.35 kWh of energy. Similar to the study conducted
by Abotaleb et al. (2018) [12] under the conditions of Şanlıurfa, it was observed that the
southern facade has a higher energy potential compared with the eastern facade.

According to the PVsyst analysis, the highest annual total amount of electrical
energy—505.64 kWh—was produced on the roof. The highest production being observed
on the roof supports the findings of studies conducted by [14,16,17,38]. Under the condi-
tions of Şanlıurfa, the most suitable facade for the BIPV system was determined to be the
roof with tilt and azimuth angles set at 0 degrees.

In the PVsyst analysis, the bifacial panel on the south facade produced a total of
401.65 kWh of electrical energy in one year, while the monofacial panel produced 379.41 kWh.
In the PVsyst software, the bifacial panel produced 5.86% more electrical energy in one year
compared with the monofacial panel. In the experimental setup, over a span of 6 months,
the total energy produced by the bifacial panel was 176.57 kWh, while the energy produced
by the monofacial panel was 153.45 kWh. In the experimental setup, considering the total
energy produced over 6 months, the bifacial panel produced 15.1% more than the monofacial
panel. In both cases, the bifacial panel was more efficient compared with the monofacial
panel under the same conditions, as found in the study conducted by Tina et al. (2021) [34].

The production of the bifacial panel in the experimental setup, which was 15.1% higher
than that of the monofacial panel, was higher than the 5.86% ratio in the PVsyst analysis.
The difference in the experimental setup was found to be 9.24% higher compared with
the difference in the PVsyst analysis. The reason for this is the placement of a reflective
surface with reflecting properties on the back wall of the bifacial panel in the experimental
setup. Because of the reflective surface, the solar radiation that seeps behind the panel
strikes the reflective surface instead of the wall, elevating the production level of the rear
surface of the bifacial panel to higher values. Contrary to the experiment conducted by
Kim et al. (2021) [36], the efficiency of the bifacial panel was enhanced by providing a
uniform reflection to the panel’s rear side through the reflective surface.

When looking at Table 2, the energy amounts produced by all monofacial panels in
the experimental setup were found to be higher or lower (error rates) compared with their
productions in the PVsyst analysis. However, in Table 2, the amount of energy produced
by the bifacial panel in the experimental setup was consistently higher than the production
results of the bifacial panel in the PVsyst analysis for every month of the 6-month period,
with the exception of March. Thus, it was proven that the aluminum foil used in the
experimental setup is an effective reflecting agent, and it enhances the efficiency of the
bifacial panel.

As can be seen from the results of the PVsyst analysis (Table 3), the highest annual pro-
duction was found on the roof, amounting to 505.64 kWh. In addition, in the experimental
setup (Table 2), the highest production over 6 months was also observed on the roof. In the
experimental setup, it can be anticipated that using the bifacial panel in conjunction with
the reflective surface on the roof might produce a greater amount of electrical energy. In
general terms, using bifacial panels in BIPV systems enhances the efficiency of the panel.
Since there is no significant price difference between bifacial panels and monofacial panels,
it does not increase the installation costs either.

4. Conclusions

This study investigated the enhancement of BIPV system efficiency through new
technologies and various parameters under Şanlıurfa conditions. The results of the experi-
mental setup conducted between February and July were found to be consistent with the
experiment results under the same conditions in the PVsyst software—PVsyst 7.4.

One of the most significant findings in the study is that the bifacial panel on the south
facade always operated at a higher efficiency compared with the monofacial panel on the
same facade. In the PVsyst analysis, when comparing the total annual electrical energies
produced by the bifacial panel and the monofacial panel on the south facade, the bifacial
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panel produced 5.86% more electrical energy. However, in the experimental setup over
6 months, the bifacial panel provided 15.1% higher production than the monofacial panel.
When compared with the PVsyst analysis, the gain of 9.24% in the experimental setup
was attributed to the reflective surface used in the experimental setup, which increased
the amount of radiation reflected from the building wall, thus resulting in increased
efficiency. Furthermore, in the study conducted on 5 May 2023, considering the amount
of incoming radiation, it was found that among the four panels, the bifacial panel had the
highest efficiency.

During the winter months, solar radiation coming from a more southern direction is
expected to increase both electrical energy production and thermal energy production. For
this reason, it was determined that it is appropriate to install the BIPV/T system on the
south facade during winter under the conditions of Şanlıurfa. For the BIPV system, the
direction with the best production was observed to be the horizontally oriented roof, both
in the experimental setup and in the PVsyst analysis. Considering that the bifacial panel, in
conjunction with its reflective wall surface, achieves a higher electrical efficiency compared
with the monofacial panel, it was concluded that the best outcome under the conditions of
Şanlıurfa would be a BIPV system implemented on the roof using a bifacial panel.

Author Contributions: Conceptualization, M.A.A.; Methodology, Y.C.D.; Validation, Y.C.D.; Formal
analysis, Y.C.D.; Investigation, Y.C.D.; Resources, Y.C.D.; Writing—original draft, Y.C.D.;
Writing—review & editing, Y.C.D. and M.A.A.; Visualization, Y.C.D.; Supervision, M.A.A.; Project ad-
ministration, M.A.A.; Funding acquisition, M.A.A. All authors have read and agreed to the published
version of the manuscript.

Funding: This study was financially supported by the Scientific Research Projects unit of Harran
University (Project number 22187).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data used in this study are available from the corresponding author
upon request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Syafaruddin; Sari, Y.A.; Said, S.M. A Review of Building Integrated Photovoltaic-Thermal (BIPV/T) Systems: Current and

Potential Technology Development. J. Eng. Sci. Technol. Rev. 2021, 14, 197–206. [CrossRef]
2. Romero, H.F.M.; Rebollo, M.G.; Cardeñoso-Payo, V.; Gómez, V.A.; Plaza, A.R.; Moyo, R.T.; Hernández-Callejo, L. Applications of

Artificial Intelligence to Photovoltaic Systems: A Review. Appl. Sci. 2022, 12, 10056. [CrossRef]
3. Chantzis, G.; Giama, E.; Papadopoulos, A.M. Building Energy Flexibility Assessment in Mediterranean Climatic Conditions: The

Case of a Greek Office Building. Appl. Sci. 2023, 13, 7246. [CrossRef]
4. Lops, C.; Di Loreto, S.; Pierantozzi, M.; Montelpare, S. Double-Skin Façades for Building Retrofitting and Climate Change: A

Case Study in Central Italy. Appl. Sci. 2023, 13, 7629. [CrossRef]
5. Shrivastava, A.; Sharma, R.; Saxena, M.K.; Shanmugasundaram, V.; Rinawa, M.L. Ankit Solar energy capacity assessment and

performance evaluation of a standalone PV system using PVSYST. Mater. Today Proc. 2023, 80, 3385–3392. [CrossRef]
6. Utrillas, M.; Martinez-Lozano, J. Performance evaluation of several versions of the Perez tilted diffuse irradiance model. Sol.

Energy 1994, 53, 155–162. [CrossRef]
7. Choi, H.S. Kinetic Photovoltaic Facade System Based on a Parametric Design for Application in Signal Box Buildings in

Switzerland. Appl. Sci. 2023, 13, 4633. [CrossRef]
8. Restrepo-Herrera, D.; Martinez, W.; Trejos-Grisales, L.A.; Restrepo-Cuestas, B.J. A Holistic Approach for Design and Assessment

of Building-Integrated Photovoltaics Systems. Appl. Sci. 2023, 13, 746. [CrossRef]
9. Shimizu, R.; Ota, Y.; Nagaoka, A.; Araki, K.; Nishioka, K. Non-Contact Monitoring of Operating Conditions for Solar Cells in a

Photovoltaic Module Using a Surface Potential Meter for Detecting the Risk of Fire. Appl. Sci. 2023, 13, 10391. [CrossRef]
10. Kim, B.; Kim, K.; Kim, C. Determining the optimal installation timing of building integrated photovoltaic systems. J. Clean. Prod.

2017, 140, 1322–1329. [CrossRef]
11. Debbarma, M.; Sudhakar, K.; Baredar, P. Comparison of BIPV and BIPVT: A review. Resour. Technol. 2017, 3, 263–271. [CrossRef]
12. Abotaleb, A.; Abdallah, A. Performance of bifacial-silicon heterojunction modules under desert environment. Renew. Energy 2018,

127, 94–101. [CrossRef]

https://doi.org/10.25103/jestr.144.24
https://doi.org/10.3390/app121910056
https://doi.org/10.3390/app13127246
https://doi.org/10.3390/app13137629
https://doi.org/10.1016/j.matpr.2021.07.258
https://doi.org/10.1016/0038-092X(94)90476-6
https://doi.org/10.3390/app13074633
https://doi.org/10.3390/app13020746
https://doi.org/10.3390/app131810391
https://doi.org/10.1016/j.jclepro.2016.10.020
https://doi.org/10.1016/j.reffit.2016.11.013
https://doi.org/10.1016/j.renene.2018.04.050


Appl. Sci. 2023, 13, 11286 13 of 14

13. Cronemberger, J.; Caamaño-Martín, E.; Sánchez, S.V. Assessing the solar irradiation potential for solar photovoltaic applications
in buildings at low latitudes—Making the case for Brazil. Energy Build. 2012, 55, 264–272. [CrossRef]

14. Sun, L.; Lu, L.; Yang, H. Optimum design of shading-type building-integrated photovoltaic claddings with different surface
azimuth angles. Appl. Energy 2012, 90, 233–240. [CrossRef]

15. Elghamry, R.; Hassan, H.; Hawwash, A. A parametric study on the impact of integrating solar cell panel at building envelope on
its power, energy consumption, comfort conditions, and CO2 emissions. J. Clean. Prod. 2019, 249, 119374. [CrossRef]

16. Yang, H.; Zheng, G.; Lou, C.; An, D.; Burnett, J. Grid-connected building-integrated photovoltaics: A Hong Kong case study. Sol.
Energy 2004, 76, 55–59. [CrossRef]

17. Song, J.-H.; An, Y.-S.; Kim, S.-G.; Lee, S.-J.; Yoon, J.-H.; Choung, Y.-K. Power output analysis of transparent thin-film module in
building integrated photovoltaic system (BIPV). Energy Build. 2008, 40, 2067–2075. [CrossRef]

18. Yang, R.J.; Zou, P.X.W. Building integrated photovoltaics (BIPV): Costs, benefits, risks, barriers and improvement strategy. Int. J.
Constr. Manag. 2015, 16, 39–53. [CrossRef]

19. Jelle, B.P.; Breivik, C.; Røkenes, H.D. Building integrated photovoltaic products: A state-of-the-art review and future research
opportunities. Sol. Energy Mater. Sol. Cells 2012, 100, 69–96. [CrossRef]

20. Saretta, E.; Caputo, P.; Frontini, F. A review study about energy renovation of building facades with BIPV in urban environment.
Sustain. Cities Soc. 2018, 44, 343–355. [CrossRef]

21. Sorgato, M.; Schneider, K.; Rüther, R. Technical and economic evaluation of thin-film CdTe building-integrated photovoltaics
(BIPV) replacing façade and rooftop materials in office buildings in a warm and sunny climate. Renew. Energy 2018, 118, 84–98.
[CrossRef]

22. Aste, N.; Del Pero, C.; Leonforte, F. The first Italian BIPV project: Case study and long-term performance analysis. Sol. Energy
2016, 134, 340–352. [CrossRef]

23. Alnaser, N.W. First smart 8.64 kW BIPV in a building in Awali Town at Kingdom of Bahrain. Renew. Sustain. Energy Rev. 2018, 82,
205–214. [CrossRef]

24. Brito, M.; Freitas, S.; Guimarães, S.; Catita, C.; Redweik, P. The importance of facades for the solar PV potential of a Mediterranean
city using LiDAR data. Renew. Energy 2017, 111, 85–94. [CrossRef]

25. Groppi, D.; de Santoli, L.; Cumo, F.; Garcia, D.A. A GIS-based model to assess buildings energy consumption and usable solar
energy potential in urban areas. Sustain. Cities Soc. 2018, 40, 546–558. [CrossRef]

26. Zhang, T.; Wang, M.; Yang, H. A Review of the Energy Performance and Life-Cycle Assessment of Building-Integrated Photo-
voltaic (BIPV) Systems. Energies 2018, 11, 3157. [CrossRef]

27. Sharma, V.; Kumar, A.; Sastry, O.; Chandel, S. Performance assessment of different solar photovoltaic technologies under similar
outdoor conditions. Energy 2013, 58, 511–518. [CrossRef]

28. Cañete, C.; Carretero, J.; Sidrach-De-Cardona, M. Energy performance of different photovoltaic module technologies under
outdoor conditions. Energy 2014, 65, 295–302. [CrossRef]

29. Urbanetz, J.; Zomer, C.D.; Rüther, R. Compromises between form and function in grid-connected, building-integrated photo-
voltaics (BIPV) at low-latitude sites. Build. Environ. 2011, 46, 2107–2113. [CrossRef]

30. Saadon, S.; Gaillard, L.; Giroux-Julien, S.; Ménézo, C. Simulation study of a naturally-ventilated building integrated photo-
voltaic/thermal (BIPV/T) envelope. Renew. Energy 2016, 87, 517–531. [CrossRef]

31. Yoon, J.-H.; Song, J.; Lee, S.-J. Practical application of building integrated photovoltaic (BIPV) system using transparent amorphous
silicon thin-film PV module. Sol. Energy 2011, 85, 723–733. [CrossRef]

32. Zhang, W.; Hao, B.; Li, N. Experiment and Simulation Study on the Amorphous Silicon Photovoltaic Walls. Int. J. Photoenergy
2014, 2014, 643637. [CrossRef]

33. López, C.S.P.; Sangiorgi, M. Comparison Assessment of BIPV Façade Semi-transparent Modules: Further Insights on Human
Comfort Conditions. Energy Procedia 2014, 48, 1419–1428. [CrossRef]

34. Tina, G.M.; Scavo, F.B.; Aneli, S.; Gagliano, A. Assessment of the electrical and thermal performances of building integrated
bifacial photovoltaic modules. J. Clean. Prod. 2021, 313, 127906. [CrossRef]

35. Assoa, Y.B.; Thony, P.; Messaoudi, P.; Schmitt, E.; Bizzini, O.; Gelibert, S.; Therme, D.; Rudy, J.; Chabuel, F. Study of a building
integrated bifacial photovoltaic facade. Sol. Energy 2021, 227, 497–515. [CrossRef]

36. Kim, C.; Jeong, M.S.; Ko, J.; Ko, M.; Kang, M.G.; Song, H.-J. Inhomogeneous rear reflector induced hot-spot risk and power loss in
building-integrated bifacial c-Si photovoltaic modules. Renew. Energy 2021, 163, 825–835. [CrossRef]

37. Kim, S.; Yi, J.; Kim, J. Bifacial Color-Tunable Transparent Photovoltaics for Application as Building-Integrated Photovoltaics. Sol.
RRL 2021, 5, 2100162. [CrossRef]

38. Chen, M.; Zhang, W.; Xie, L.; He, B.; Wang, W.; Li, J.; Li, Z. Improvement of the electricity performance of bifacial PV module
applied on the building envelope. Energy Build. 2021, 238, 110849. [CrossRef]

39. Gonçalves, J.E.; van Hooff, T.; Saelens, D. Simulating building integrated photovoltaic facades: Comparison to experimental data
and evaluation of modelling complexity. Appl. Energy 2021, 281, 116032. [CrossRef]

40. Jouttijärvi, S.; Lobaccaro, G.; Kamppinen, A.; Miettunen, K. Benefits of bifacial solar cells combined with low voltage power grids
at high latitudes. Renew. Sustain. Energy Rev. 2022, 161, 112354. [CrossRef]

41. Vimala, M.; Ramadas, G.; Perarasi, M.; Manokar, A.M.; Sathyamurthy, R. A Review of Different Types of Solar Cell Materials
Employed in Bifacial Solar Photovoltaic Panel. Energies 2023, 16, 3605. [CrossRef]

https://doi.org/10.1016/j.enbuild.2012.08.044
https://doi.org/10.1016/j.apenergy.2011.01.062
https://doi.org/10.1016/j.jclepro.2019.119374
https://doi.org/10.1016/j.solener.2003.09.007
https://doi.org/10.1016/j.enbuild.2008.05.013
https://doi.org/10.1080/15623599.2015.1117709
https://doi.org/10.1016/j.solmat.2011.12.016
https://doi.org/10.1016/j.scs.2018.10.002
https://doi.org/10.1016/j.renene.2017.10.091
https://doi.org/10.1016/j.solener.2016.05.010
https://doi.org/10.1016/j.rser.2017.09.041
https://doi.org/10.1016/j.renene.2017.03.085
https://doi.org/10.1016/j.scs.2018.05.005
https://doi.org/10.3390/en11113157
https://doi.org/10.1016/j.energy.2013.05.068
https://doi.org/10.1016/j.energy.2013.12.013
https://doi.org/10.1016/j.buildenv.2011.04.024
https://doi.org/10.1016/j.renene.2015.10.016
https://doi.org/10.1016/j.solener.2010.12.026
https://doi.org/10.1155/2014/643637
https://doi.org/10.1016/j.egypro.2014.02.160
https://doi.org/10.1016/j.jclepro.2021.127906
https://doi.org/10.1016/j.solener.2021.09.004
https://doi.org/10.1016/j.renene.2020.09.020
https://doi.org/10.1002/solr.202100162
https://doi.org/10.1016/j.enbuild.2021.110849
https://doi.org/10.1016/j.apenergy.2020.116032
https://doi.org/10.1016/j.rser.2022.112354
https://doi.org/10.3390/en16083605


Appl. Sci. 2023, 13, 11286 14 of 14

42. Çengel, Y.A.; Boles, M.A. Thermodynamics, 7th ed.; Palme Publishing: Ankara, Türkiye, 2020; 978p.
43. Alsharıf, M.H.; Kım, J.; Kım, J.H. Opportunities and Challenges of Solar and Wind Energy in South Korea: A Review. Sustainability

2018, 10, 1822. [CrossRef]
44. Ooshaksaraei, P.; Sopian, K.; Zulkifli, R.; Alghoul, M.A.; Zaidi, S.H. Characterization of a Bifacial Photovoltaic Panel Integrated

with External Diffuse and Semimirror Type Reflectors. Int. J. Photoenergy 2013, 2013, 465837. [CrossRef]
45. GEPA. Atlas of Solar Energy Potentıal. Available online: https://gepa.enerji.gov.tr/MyCalculator/pages/63.aspx (accessed on 27

September 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/su10061822
https://doi.org/10.1155/2013/465837
https://gepa.enerji.gov.tr/MyCalculator/pages/63.aspx

	Introduction 
	Background 
	Literature Review 
	Contribution of the Research 
	Structure of the Paper 

	Materials and Methods 
	Experimental Design and Setup 
	Calculation Method 
	Experiment Procedure and PVsyst Simulation Study 

	Results and Discussion 
	Conclusions 
	References

