
Energy Science & Engineering 

ORIGINAL ARTICLE

Performance Comparison of Monocrystalline, 
Polycrystalline, Low Concentrated, and Bifacial  
PV Modules in a Particular Geographic Location  
of South India 
Meenatchi Sundaram Palanisamy1 | Prince Winston David1 | Palpandian Murugesan2 | Praveen Kumar Balachandran3,4 |
Pravin Murugesan5 | Muhammad Ammirrul Atiqi Mohd Zainuri6 | Mattia Braggio7 | Vigneselvan Sivasubramaniyam7

1Department of Electrical and Electronics Engineering, Kamaraj College of Engineering and Technology, Virudhunagar, Tamil Nadu, India | 2Department of 
Electrical and Electronics Engineering, AAA College of Engineering and Technology, Sivakasi, Tamil Nadu, India | 3Departmentof Electrical and Electronics 
Engineering, Vardhaman College of Engineering, Hyderabad, Telangana, India | 4Department of Electrical and Electronics Engineering, Chennai Institute of 
Technology, Chennai, Tamilnadu, India | 5Departmentof Electrical and Electronics Engineering, National Institute of Technology, Tiruchirapalli,  
Tamil Nadu, India | 6Department of Electrical, Electronic and Systems Engineering, Faculty Engineering and Built Environment, Universiti Kebangsaan 
Malaysia, Bangi, Selangor, Malaysia | 7Department of Mechanical, Chemical and Material Engineering, University of Cagliari, Cagliari, Italy

Correspondence: Praveen Kumar Balachandran (praveen@ukm.edu.my) | Prince Winston David (dpwtce@gmail.com)

Received: 22 July 2025 | Revised: 25 November 2025 | Accepted: 5 February 2026

Funding: This research work is supported by Universiti Kebangsaan Malaysia research grants, Grant/Award Numbers: DPK‐2023‐015, KK‐2023‐009

Keywords: module efficiency | performance ratio | power loss | PV module | solar irradiation | temperature

ABSTRACT
This study presents a performance comparison of four commercially available photovoltaic (PV) modules: polycrystalline PV module 
(PPVM), monocrystalline PV module (MPVM), low‐concentrated PV module (LPVM), and bifacial PV module (BPVM). The experi
ment was conducted to investigate the effects of irradiation and temperature on PV modules in the same geographic location. The study 
results showed that the module's performance exhibits strong dependence on irradiation and temperature. The module's operating 
temperature has a significant impact on the efficiency. The performance ratio and module efficiency show an increasing trend with 
increasing irradiation. The P.U. power of BPVM was 4% more than that of PPVM and LPVM and 11% more than MPVM. At both low 
and high irradiation levels, the BPVM module showed better efficiency. At the highest irradiation, the module efficiency of BPVM was 
51.2% higher than that of PPVM and 64% higher than that of LPVM and MPVM. The performance ratio of BPVM is 3% higher than 
PPVM, 7% higher than LPVM, and 11% higher than MPVM. Compared with PPVM, MPVM, and LPVM, the BPVM has improved P.U. 
power, module efficiency (22.79%), and performance ratio by 64%, 60%, and 70%, respectively. The experimental results show that 
selecting an optimal PV module for a given location enhances its efficiency.

1 | Introduction 

The Indian national power grid is well‐suited to integrating 
renewable energy sources due to the country's political, eco
nomic, and energy situation. Among the existing renewable 
energy sources, solar photovoltaic (PV) is found to be abundant 

and pollution‐free [1]. The PV system has experienced rapid 
growth and has been implemented across different regional 
conditions due to its scalability and adaptability. The size of PV 
ranges from stand‐alone systems to megawatt‐scale centralized 
power plants. The hot, sandy and cold region with high 
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altitudes are suitable for the installation of PV system. Thus, the 
requirement for PV to operate across diverse regions has paved 
the way for the development of various technologies. Innova
tions in PV technology have enabled the manufacture of PV 
modules with lightweight, custom shapes, and transparency [2]. 
Replacing the aluminum‐covered back surface with a passivated 
emitter rear contact has increased the PV cell's efficiency from 
16% to 25%. The improvement in efficiency, with falling prices, 
has led to the expansion of new materials and technologies [3].

When the PV cells are exposed to solar irradiation, they absorb 
photons, and electricity begins to flow. The performance of PV 
modules under incident solar irradiance is influenced by factors 
such as operating temperature, spatial arrangement, dust, dirt, 
partial shading, mismatch loss, wiring loss, faults, and inverter 
loss [4]. The manufacturer's PV module specification in the 
datasheet, under standard test conditions (STC), does not pro
vide the necessary information on performance at a specific 
location. For this, International Electrotechnical Commission 
61853‐1:2011 provides parameters such as high temperature 
(1000 W/m2 and 75°C) and low temperature (500 W/m2 and 
15°C). However, this information is not provided by the man
ufacturer. To identify which PV technologies are most appro
priate for the local area, it is crucial to test PV modules in a real‐ 
time environment [5]. Module efficiency depends on the design, 
technology, components, and operating environment. Based on 
these specifications, limitations, and advancements, four gen
erations of PV cells were developed.

The common material used for developing PV modules is 
crystalline silicon (c‐Si) [6]. Innovation in materials and tech
nology has paved the way for the development of various PV 
technologies, such as thin‐film PV module (TPVM), low‐ 
concentrated PV module (LPVM), flexible PV modules, double‐ 
glass PV modules, bifacial PV module (BPVM), smart PV 
modules, and so forth. The significant improvements in tech
nology across each module generation include reduced costs, 
enhanced durability, and improved module efficiency. How
ever, there are advantages and disadvantages to each PV tech
nology, which become clear when testing is conducted in a real‐ 
time environment [7].

The global PV market is dominated by the c‐Si PV modules of two 
different types, namely monocrystalline PV module (MPVM) and 
polycrystalline PV module (PPVM). The mono c‐Si PV cells are 
manufactured from the c‐Si ingot, which is cut into a wafer less 
than 0.3 mm thick. The mono c‐Si PV cell fabricated on this wafer is 
capable of generating a voltage and current of 0.55 V and 35 mA 
under fully illuminated conditions. These mono c‐Si PV cells are 
grouped into a module. The main reason behind the expansion of 
MPVMs is their low cost. The drawbacks of mono c‐Si PV cells 
include high cost and a decrease in efficiency at 25°C. In addition, 
mono c‐Si PV cells are prone to metal contamination, leading to the 
formation of PPVM.

The PPVM is produced from metallurgical‐grade silicon. The 
poly c‐Si PV cells are fabricated from a molten vat rather than a 
single ingot and are grouped to form modules. Compared to 
mono c‐Si PV cells, poly c‐Si PV cells have different crystal 
structures, which minimize light reflection and, consequently, 
improve their efficiency [8]. The c‐Si cell experiences higher 
temperature‐related power loss (PL) in winter than in summer 
[9, 10]. The c‐Si module suffers power degradation of 0.5%–1.5% 

during the initial hour of exposure and becomes less vulnerable 
to fluctuations in the solar spectrum by ~1%–2% [11, 12]. At 
higher temperatures, c‐Si PV modules degrade in power and 
module efficiency. As the bandgap decreases, the open‐circuit 
voltage (Voc) decreases linearly. Furthermore, this may decrease 
the power conversion and maximum power. Meanwhile, rising 
temperature increases the short‐circuit current (Isc), but this 
increase cannot compensate for the performance degradation 
caused by the other parameters [13, 14].

The main intention of the PV industry is to develop a cost‐ 
effective TPVM as an alternative to the c‐Si PV module. The 
TPVM is formed from a semiconductor material sealed by 
lamination and positioned between two sheets of glass. An anti‐ 
reflection coating is applied to the surface to reduce light 
reflection. A module consists of several thin‐film cells, and they 
are wired together. TPVM consists of several thin, absorbing 
layers with thicknesses ranging from a few nanometers to tens 
of micrometers; hence, its manufacturing cost is low. TPVM 
suffers from lower power density and very low durability 
compared to c‐Si. TPVM has been used for consumer products, 
where c‐Si is found to be unsuitable [15].

The TPVMs are classified as Amorphous Silicon (a‐Si), cad
mium telluride (CdTe), copper indium gallium selenide (CIGS), 
and gallium arsenide (GaAs). The direct band gap material of 
a‐Si allows a fraction of sunlight within a thin layer of a few 
micrometers. Compared to c‐Si, the advantage of a‐Si is that it 
requires a very small quantity of active material. At low solar 
radiation levels and diffuse radiation, the a‐Si PV has significant 
module efficiency. Compared with the c‐Si module, the output 
power is less affected by the cell temperature. In the higher 
power range, glass–glass‐encapsulated a‐Si PV modules are 
considered for the building‐integrated applications. The pro
duction cost for a‐Si is dominated by the non‐active material. 
Therefore, the advantage of a‐Si is that the module costs are not 
dependent on silicon and have a shorter payback period.

a‐Si has a short diffusion length and is vulnerable to high solar 
irradiation and low charge mobility [15]. Despite development 
over the years, CdTe has not been able to hold its market share. 
In the last few years, it has obtained significant growth and 
dominates the PV market compared to the c‐Si PV module. The 
advantage of the CdTe PV module is its low cost and high 
module efficiency. The main drawback of TPVM is the toxicity 
of the Cd material. Hence, proper recycling is essential to 
overcome these drawbacks [16, 17]. The CIGS module is pro
duced from a direct‐bandgap material with a band gap of 1.0 to 
1.7 eV. It has obtained a record module efficiency of 0.5%. By 
changing the bandgap of germanium and silicon, the module 
efficiency of the CIGS module can be improved [17]. Further
more, the module efficiency can be improved by incorporating 
an alkaline material, such as sodium. Sodium causes defects at 
grain boundaries, which are the main factor limiting its module 
efficiency [17, 18].

The direct bandgap of 1.43 eV in GaAs, produced by deposition 
methods, enables a module efficiency of up to 25.1 ± 0.8%. 
Several advanced technologies available on the market include 
quantum dot solar cells, organic solar cells, and copper‐zinc‐tin 
sulfide solar cells [19]. Among the TPVM technologies, 
a‐Si has complex electrical characteristics. Compared to multi‐ 
crystalline silicon and polycrystalline silicon technologies, it has 
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a lower temperature‐related PL coefficient of −0.21 to 
−0.30%/K, and a nominal power tolerance is ±12% [20, 21]. 
Therefore, it exhibits higher performance during the summer
time and is suitable for operation in hot or tropical cli
mates [22, 23].

TPVM generates more power on cloudy days due to diffuse 
irradiation and is less dependent on the angle of inclination. 
Compared to c‐Si technology, it is less sensitive to variation in 
the solar spectrum. Like crystalline technology, the efficiency of 
copper indium diselenide (CIS) and CdTe decreases during the 
summer and increases during the winter months [23]. During 
the initial hours of exposure to solar irradiance, the TPVM 
undergoes performance degradation. The a‐Si technologies 
suffer degradation at a nominal power of 0.8% until their sta
bilization [24]. However, in CIS technology, during the 
first hour of exposure to sunlight, its efficiency increases by 
7%–15%. However, the efficiency of CdTe increases by 6%–8% or 
decreases by 7%–15% based on the design and manufacturing 
process [25–27]. The performance of TPVM relies on the tem
perature, light intensity, wind, and dust accumulation. Due to 
its lower temperature coefficient, the TPVM is less sensitive 
than c‐Si PV modules. Therefore, it delivers higher power at 
higher temperatures [27].

Concentrated PV (CPV) cells generate electricity by concen
trating sunlight using mirrors and optics. The optics may be 
Fresnel lenses and Cassegrain primary reflectors to focus the 
sunlight throughout the day [28]. The CPV system is mainly 
used to generate electricity at high levels of direct normal 
irradiance over 2000 kWh/(m2a). Therefore, it is normally pre
ferred for space applications [29, 30]. CPVs can be classified as 
high CPV (HCPV) and LPVM based on the levels of 
concentrators.

The III‐V semiconductor group of HCPVs built with double‐axis 
sun trackers has a higher module efficiency of up to 40%. 
However, the cost of the CPVs has reduced over the years. 
LPVMs are composed of c‐Si and are built with single‐axis or 
double‐axis trackers to concentrate sunlight to below 100 suns. 
LPVMs are produced on some instances with c‐Si cells, which 
opens up the market. The design of the compound parabolic 
concentrator results in a very high reflectance of incident light 
to the absorber. Because it can focus sunlight over a wide range, 
its module efficiency is higher. Because of the concave struc
ture, the system does not require tracking, thereby lowering 
costs [29, 30].

The existing PV technologies are mono‐facial PV modules 
capable of generating electricity from solar irradiation. The 
mono‐facial PV module is installed in an open rack and 
generates power only from direct and diffuse solar 
irradiation. The mono‐facial PV module cannot utilize the 
reflected component of solar irradiation [31]. However, the 
BPVM can generate electricity on both the front and rear 
sides.

The BPVM can generate electricity from the direct, diffuse, 
and reflected components of solar irradiation, especially at 
high albedo and high latitudes [32]. Power generation from 
the rear side varied with different reflective conditions [33]. 
The capability of the BPVM to extract more power is termed 
bifacial gain. The power gain of BPVM was 25% higher than 
that of MPVM under the optimized installation conditions 

[34]. The fabrication of BPVM is only 3% higher than 
MPVM, resulting in a small increase in module cost and a 
higher energy yield [35, 36]. The parameters, such as 
installation conditions, irradiance, and mismatch effects, for 
BPVM are to be assessed and compared with those for 
MPVM. Among these parameters, mismatch is a dominant 
factor that affects the long‐term reliability of BPVM [37, 38]. 
Table 1 presents the performance comparison of various PV 
module technologies.

From the literature review, it is evident that each PV module 
technology has its own merits and demerits when exposed to 
outdoor conditions. Hence, it is the need of the hour to 
determine the optimal module for a particular geographical 
location. Hence, a keen understanding of PV modules is es
sential for extracting superior performance in outdoor en
vironments. This study aims to compare the performance of 
irradiation and temperature across different commercially 
available PV modules, including PPVM, MPVM, LPVM, and 
BPVM. Here, the TPVM is not considered in the analysis due 
to its toxic nature. This study has considered the LPVM 
because researchers have not focused on it due to the higher 
area requirement for power generation compared to other 
module technologies. Therefore, it is necessary to test the 
different modules in an outdoor environment to evaluate 
power P.U. area, P.U. power, module efficiency, PL, and per
formance ratio (PR).

1.1 | Novelty of Proposed Study 

• To conduct the performance comparison of irradiation and 
temperature on different commercially available PV mod
ules like PPVM, MPVM, LPVM, and BPVM.

• This study has considered the LPVM because researchers 
have not focused on it due to the higher area requirement 
for power generation compared to other module 
technologies.

• For validation, the different modules are tested under an 
outdoor environment in terms of P.U. area, P.U. power, 
module efficiency, PL, and PR.

The organization of this study is as follows: Section 2 demon
strates the experimental setup and performance parameters, 
Section 3 elaborates on the results and discussion, and Section 4
concludes the study.

2 | Experimental Setup 

The four commercially available PV modules (PPVM, MPVM, 
LPVM, and BPVM) used in this study are installed on the 
rooftop of Kamaraj College of Engineering & Technology, K. 
Vellakulam, at the latitude of 9.6728° N and longitude of 
77.9659° E, as shown in Figure 1. All the PV modules are 
mounted on a fixed installation at a tilt angle of 9.67° facing 
south.

Table 2 describes the electrical characteristics of the PV mod
ules. The PV modules were well exposed to solar radiation, with 
minimal shading due to the sun's movement. The experimental 
setup is shown in Figure 2.
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The four commercially available PV modules (PPVM, MPVM, 
LPVM, and BPVM) are assessed in this study. The specifications of 
the PV modules were presented in Table 2. The PV modules were 
installed in a location well exposed to solar radiation, with mini
mal shading. An electrical load is connected to the PV modules to 
deliver maximum power via the Solar PCU kit's maximum‐power‐ 
point‐tracking. The electrical variables of the PV module, such as 
the voltage at maximum power (Vmax), the current at maximum 
power (Imax), and the maximum power (Pmax), were measured 
every hour from 09:00 a.m. to 05:30 p.m. using the measuring 
instruments. The maximum power point tracking Solar PCU kit 

(Smarten Make, Prime + 12 to 24 V/30 A Model) is used to deliver 
the maximum power. At any particular instant, the solar PV 
module's maximum voltage, current, and power are measured 
through this maximum power point tracking kit.

The Solar Power Meter (Model: SPM‐1116SD) measures 
instantaneous solar irradiance. To measure the module's oper
ating temperature, the FLIR‐E4 thermal imaging camera is used 
(IR resolution of 4800 pixels). Since the PV module power rat
ings vary, they are converted to P.U. values for analysis. The 
performance of the module is analyzed in terms of performance 
parameters using the subsequent equations.

FIGURE 1 | Satellite view of the experimental location. 

TABLE 2 | Specification of the examined PV modules.

Specifications PPVM MPVM LPVM BPVM

Maximum power Pmax (W) 250 250 265 395
Open circuit voltage Voc (V) 37.23 37.23 41.2 46.8
Maximum voltage Vmax (V) 29.7 29.7 35.5 38.3
Short circuit current ISC (A) 8.95 8.95 9.24 11.8
Maximum current Imax (A) 8.42 8.42 7.5 10.3
Temperature coefficient of Pmax (%/°C) −0.30% −0.40% −0.48% −0.40%
Temperature coefficient of Voc (%/°C) −0.27% −0.31% −0.34% −0.31%
Temperature coefficient of Isc (%/°C) 0.06% 0.064% 0.065% 0.065%
Efficiency (%) 14.7 15.5 16.8 22.5
Module area (m2) 1.69 1.61 1.58 1.75
Color Blue Black Black Black
Tilt angle (degrees) 9.6 9.6 9.6 9.6
Fill factor 75 75 69.7 71.5
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2.1 | Power P.U. Area 

The power P.U. area is defined as the ratio of the power gen
erated to the area of the PV module [54].

Power per unit area = Output power (W)
Area of the PV module (m )

.2 (1) 

2.2 | P.U. Power 

The P.U. power is defined as the ratio of the measured output 
power to the maximum power at STC [54].

P.U. power = 100 × Measured output power (W)
Maximum power at STC (W)

. (2) 

2.3 | Module Efficiency 

The module efficiency is defined as the ratio of the incident 
irradiation that falls on the module surface to the usable elec
tricity [54].

i

k

jjjjjjjjjjjjjjjjjj

y

{

zzzzzzzzzzzzzzzzzz
Module efficiency = Measured output power (W)

(Incident irradiation (W/m )
× Area of the module (m ))

× 100.

2

2

(3) 

2.4 | PR 

The PR is defined as the ratio of the module's performance 
under outdoor conditions to its performance under STC [54].

PR =

(Measured output power(W)
/(Maximum power at STC(W))

(Incident irradiation(W/m )/1000)
.2

(4) 

3 | Results and Discussion 

In this study, a comprehensive analysis of the performance of 
various PV modules is conducted. In particular, the investiga
tion summarizes the impact of incident irradiance and tem
perature on the PV module performance. Tables 3–5 represent 
the results of the performance parameters.

3.1 | Solar Irradiation 

On December 11, 2021, experimentation was conducted on dif
ferent PV modules between 09.00 a.m. and 05.30 p.m., and the 
results were recorded for further analysis. During the experi
mentation, the incident irradiation is varied between 110 and 
940 W/m2 as depicted in Figure 3. It is observed that a linear 
relationship between output power and incident irradiance. At 
05.30 p.m., the lowest irradiation of 110 W/m2 is recorded.

FIGURE 2 | Experimental setup of PPVM, MPVM, LPVM, and BPVM. 
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The BPVM has obtained P.U. power of 0.108 (Figure 4), fol
lowed by the PPVM, LPVM, and MPVM of 0.104, 0.104, and 
0.097, respectively. At higher solar irradiance above 450 W/m2, 
the BPVM obtained an average P.U. power of 0.70, followed by 
the PPVM, LPVM, and MPVM at 0.69, 0.64, and 0.62, respec
tively. At 01.00 p.m., maximum irradiation of 940 W/m2 is 
recorded. The BPVM has obtained a P.U. output power of 0.960, 
followed by the PPVM, LPVM, and MPVM at 0.940, 0.854, and 
0.849, respectively. Overall, BPVM had the highest average P.U. 
power of 0.960, followed by PPVM, LPVM, and MPVM at 0.940, 
0.854, and 0.849, respectively. Additionally, BPVM has shown 
improved performance across all irradiance levels due to its 
power‐generating capacity from the direct, diffuse, and reflected 
components of solar irradiation.

3.2 | Temperature Analysis 

The PV module operating temperature depends on incident 
irradiance and ambient temperature. The PV module operates 
at a higher temperature than the ambient temperature due to 
heat generated during energy conversion. The module's tem
perature increases with increasing incident irradiation. The 
operating temperature of all the PV modules measured from 
09.00 a.m. to 05.30 p.m. is depicted in Figure 5.

At 01.00 p.m., the maximum solar irradiance of 940 W/m2 is 
observed, and all the PV modules reach their maximum tem
perature. The MPVM operates at a lesser temperature of 55.3°C, 
followed by the PPVM, BPVM, and LPVM at 55.6°C, 58.6°C, 
and 60.1°C, respectively. The LPVM operates at a higher 

TABLE 3 | Experimental results for PPVM.

Time
Irradiation 

(W/m2)
Temperature 

(°C) Vm (V) Im (A)
Pm 

(W)
P.U. 
Vmax

P.U. 
Imax

P.U. 
Pmac

P.U. 
area 
Pm % PL % Ƞ PR

9.00 350 37.3 28.7 2.9 85 0.966 0.350 0.338 50 66 14.3 0.966
10.00 450 41.2 28.9 3.8 110 0.973 0.450 0.438 65 56 14.4 0.973
11.00 650 47.7 29.2 5.5 160 0.983 0.650 0.639 95 36 14.55 0.983
12.00 890 49.5 29.5 7.5 221 0.993 0.890 0.884 131 12 14.7 0.993
1.00 940 55.6 29.7 7.9 235 1.000 0.940 0.940 139 6 14.8 0.1000
2.00 860 53.3 29.6 7.2 214 0.997 0.860 0.857 127 14 14.75 0.996
2.30 740 50.7 29.5 6.2 184 0.993 0.740 0.735 109 26 14.7 0.993
3.00 580 48.4 29.3 4.9 143 0.987 0.580 0.572 85 43 14.6 0.986
3.30 470 46.7 29.1 4.0 115 0.980 0.470 0.461 68 54 14.5 0.980
4.00 380 41.1 28.8 3.2 92 0.970 0.380 0.369 55 63 14.35 0.970
4.30 290 38.2 28.6 2.4 70 0.963 0.290 0.279 41 72 14.25 0.963
5.00 150 36.3 28.4 1.3 36 0.956 0.150 0.143 21 86 14.15 0.956
5.30 110 36.1 28.2 0.9 26 0.949 0.110 0.104 15 90 14.05 0.949

TABLE 4 | Experimental results for MPVM.

Time
Irradiation 

(W/m2)
Temperature 

(°C) Vm (V) Im (A)
Pm 

(W)
P.U. 
Vmax

P.U. 
Imax

P.U. 
Pmax

P.U. 
area 
Pm % PL % Ƞ PR

9.00 350 37.1 24.8 3.1 77 0.835 0.370 0.309 48 69 13.69 0.881
10.00 450 41.1 25.1 4.0 100 0.845 0.476 0.402 62 60 13.86 0.892
11.00 650 47.5 25.2 5.8 146 0.848 0.688 0.582 90 42 13.91 0.896
12.00 890 49.4 25.3 7.9 200 0.852 0.942 0.801 124 20 13.97 0.899
1.00 940 55.3 25.4 8.4 212 0.855 0.995 0.849 132 15 14.03 0.903
2.00 860 53.2 25.4 7.6 194 0.855 0.910 0.777 121 22 14.03 0.903
2.30 740 50.6 25.3 6.6 166 0.852 0.783 0.666 103 33 13.97 0.899
3.00 580 48.2 25.3 5.2 130 0.852 0.614 0.522 81 48 13.97 0.899
3.30 470 46.6 25.2 4.2 105 0.848 0.497 0.421 65 58 13.91 0.896
4.00 380 40.9 25.1 3.4 85 0.845 0.402 0.339 53 66 13.86 0.892
4.30 290 37.9 24.9 2.6 64 0.838 0.307 0.257 40 74 13.75 0.885
5.00 150 36.2 24.8 1.3 33 0.835 0.159 0.132 21 87 13.69 0.881
5.30 110 36.1 24.7 1.0 24 0.832 0.116 0.097 15 90 13.64 0.878
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TABLE 5 | Experimental results for LPVM.

Time
Irradiation 

(W/m2)
Temperature 

(°C) Vm (V) Im (A)
Pm 

(W)
P.U. 
Vmax

P.U. 
Imax

P.U. 
Pmax

P.U. 
area 
Pm % PL % Ƞ PR

9.00 350 40.1 33.3 2.7 89 0.938 0.357 0.336 56 66 16.1 0.959
10.00 450 47.1 32.8 3.4 113 0.924 0.458 0.426 71 57 15.86 0.944
11.00 650 53 32.7 5.0 162 0.921 0.662 0.613 103 39 15.81 0.941
12.00 890 55 32.1 6.8 218 0.904 0.907 0.824 138 18 15.52 0.924
1.00 940 60.1 31.5 7.2 226 0.887 0.958 0.854 143 15 15.23 0.907
2.00 860 59.2 31.8 6.6 209 0.896 0.876 0.788 132 21 15.38 0.915
2.30 740 56.7 32.2 5.7 182 0.907 0.754 0.687 115 31 15.57 0.927
3.00 580 53.8 32.4 4.4 144 0.913 0.591 0.542 91 46 15.67 0.933
3.30 470 52.6 32.5 3.6 117 0.915 0.479 0.440 74 56 15.72 0.936
4.00 380 47.1 32.8 2.9 95 0.924 0.387 0.359 60 64 15.86 0.944
4.30 290 43.5 33.1 2.2 73 0.932 0.295 0.277 46 72 16.01 0.953
5.00 150 40.6 32.9 1.1 38 0.927 0.153 0.142 24 86 15.91 0.947
5.30 110 39.1 32.7 0.8 27 0.921 0.112 0.104 17 90 15.81 0.941
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FIGURE 3 | Variation of incident solar irradiation on the PV modules. 
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FIGURE 4 | Per unit power of PV module technologies. 
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temperature due to internal reflections within the glass concave 
structure. Figure 6 illustrates the variation of Voc for the 
increase in temperature of the module. Here, the Voc decreases 
slightly with increasing temperature. Figure 7 shows the sig
nificant increase in Isc with respect increase in temperature. 
The experimental results show that higher temperature im
proves the performance of all PV modules.

The peak power is recorded at 55.3°C, 55.6°C, 58.6°C, and 
60.1°C for MPVM, PPVM, BPVM, and LPVM, respectively. The 

reduction in the maximum power is based on the temperature 
coefficient. The higher temperature coefficient slightly 
decreases the Voc and increases the Isc, thereby reducing the 
output power of the PV module, as shown in Figure 8. After 
03.00 p.m., the module temperature decreases below the ambi
ent temperature, resulting in an increase in the PV module's 
output power. The MPVM has the lowest average temperature 
at 44.62°C, followed by the PPVM, BPVM, and LPVM at 
44.77°C, 46.96°C, and 49.83°C, respectively.
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FIGURE 5 | Variation of temperature during experimentation on the PV modules. 
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FIGURE 6 | Variation of voltage during experimentation on the PV modules. 
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FIGURE 7 | Variation of current during experimentation on the PV modules. 

9 Energy Science & Engineering, 2026

 20500505, 0, D
ow

nloaded from
 https://scijournals.onlinelibrary.w

iley.com
/doi/10.1002/ese3.70474 by T

unisia H
inari N

PL
, W

iley O
nline L

ibrary on [03/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



3.3 | Percentage PL 

Figure 9 depicts the variant of the P.U. voltage of all the PV 
modules. The P.U. voltage BPVM and PPVM are almost similar 
in most irradiation conditions. The LPVM has obtained a P.U. 
voltage below BPVM and PPVM, and a higher P.U. voltage than 
the MPVM. The MPVM has the lowest P.U. voltage among the 
modules due to its high PL. Figure 10 depicts the variation in 
the P.U. maximum current across all PV modules, and this P.U. 
current increases with increasing temperature. The MPVM has 
delivered higher P.U. current across all irradiation conditions, 
followed by the BPVM and LPVM, which delivered similar 
current. The PPVM has obtained the lowest P.U. current among 
the modules.

Figure 4 depicts the P.U. power of all the PV modules, which 
depends on the P.U. voltage and current. The reduction in P.U. 
voltage depends on the PL, significantly reducing the P.U. 
power. Figure 11 depicts the percentage PL of all the PV 
modules. At an irradiance of 110 W/m2, the PL produced by the 
modules is almost identical. For irradiation between 110 and 
540 W/m2, the PL of all modules is nearly identical. Within the 
irradiation range of 650–740 W/m2, PL varies among modules.

For the BPVM and PPVM, the PL decreases with increasing 
irradiation, and the PLs of both modules are very similar. For 
the MPVM, PL decreases with increasing irradiation, and the 
decrease is less than for the MPVM and PPVM. The MPVM has 
the highest PL among the modules considered for the study. 

Under high irradiation conditions, the BPVM produced the 
lowest PL of 4%, followed by the PPVM, LPVM, and MPVM, 
with PLs of 6%, 15%, and 15%, respectively. The BPVM has 
delivered superior performance, with an average PL of 47% 
compared to PPVM, LPVM, and MPVM, by 48%, 51%, and 53%, 
respectively.

3.4 | Module Efficiency 

At irradiance between 740 and 890 W/m2, the PPVM module 
has delivered an efficiency of 100%. The efficiency of the PPVM 
ranges from 95.58% to 100%. For irradiation levels of 580 to 
940 W/m2, the MPVM has performed well, with an efficiency of 
90.00%. The efficiency of the MPVM varies between 87.89% to 
90.40%. For irradiation between 470 and 940 W/m2, the LPVM 
has achieved efficiencies of 97.77% to 99.94%. For irradiation 
below 470 W/m2, the LPVM has achieved 100% efficiency. The 
efficiency of the LPVM varies between 96.82% to 100%.

The efficiency of LPVM decreases with increasing solar 
irradiation and operating temperature. The LPVM performs 
better under low irradiation conditions. For the irradiation of 
below 150 W/m2, the BPVM has delivered efficiency in the 
range of 99% and for the irradiation of above 150 W/m2, the 
BPVM has delivered efficiency of above 100% The BPVM has 
obtained an average efficiency of 100.96% compared to the 
LPVM, PPVM, and MPVM by 99.98%, 98.43% and 89.35%.
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FIGURE 8 | Output power of all the PV modules. 
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FIGURE 9 | Per unit voltage of PV module technologies. 
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3.5 | Power P.U. Area 

Figure 12 shows the power P.U. area of all the PV modules 
considered for the study. At low irradiation of 110 W/m2, PPVM 
and MPVM have obtained a P.U. area of 15, and LPVM and 
BPVM have obtained a P.U. area of 17 and 24, respectively. 
Here, all the modules have almost the same P.U. area. At high 
irradiation of 940 W/m2, the MPVM has obtained the lowest 
average power P.U. area of 73.46, followed by the PPVM, LPVM, 
and BPVM at 77, 82.31, and 82.31, respectively. Overall, the 
BPVM delivers superior P.U. area performance compared to 
other PV modules.

3.6 | PR 

The PR is defined as the ratio of the module's output power 
under outdoor conditions to its STC. At a low irradiance of 
110 W/m2, the BPVM obtained a PR of 0.985, followed by the 
PPVM, LPVM, and MPVM at 0.949, 0.941, and 0.878, respec
tively. Here, the PR of LPVM and MPVM are almost similar. 
From the results, it is evident that the PR increases with 
increasing solar irradiation. At the maximum irradiation of 
940 W/m2, the BPVM obtained a PR of 0.102, followed by the 
PPVM, LPVM, and MPVM with PRs of 0.1000, 0.907, and 0.903, 
respectively.

0.0

0.2

0.4

0.6

0.8

1.0

9.00 10.00 11.00 12.00 1.00 2.00 2.30 3.00 3.30 4.00 4.30 5.00 5.30

Time (Hrs)

Bifacial PV Module Polycrystalline PV Module Monocrystalline PV Module Low Concentrated PV Module
Pe
r
U
ni
tP
ow
er

FIGURE 10 | Per unit maximum current of all the PV modules. 
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FIGURE 11 | % Power loss of PV module technologies. 
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FIGURE 12 | Power per unit area of all PV modules. 
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From the experimental results, the PR of PPVM operating 
under low and high irradiation conditions has improved to 
about 5.08%, followed by the BPVM and MPVM at 3.46% and 
2.49%, respectively. The PR ratio of LPVM has decreased by 
3.46%. Overall, the BPVM has obtained better PR, followed 
by the PPVM, MPVM, and LPVM. Figure 13 illustrates that 
overall, the BPVM has obtained an average PR of about 
1.0058, followed by the PPVM, LPVM, and MPVM by 0.978, 
0.9368, and 0.8931. The BPVM has shown better perform
ance due to power generation on both sides. Additionally, 
the white reflecting surface under the module increases the 
PR by more than 1 due to light reflection from the ground. 
The N‐type PERT BPPV, as per the specification, has the 
Pmax of 450 W at 25% ground reflectivity with a bifaciality 
factor 82%.

3.7 | Comparison of PV Modules 

The operating temperature of the PV module increases with 
increasing solar irradiation. The MPVM has the lowermost 
operating temperature of 44.62°C followed by the PPVM, 
BPVM and LPVM by 44.78°C, 46.97°C and 49.84°C. BPVM 
performance depends on its bifacial gain. Even though the 
BPVM operates at a higher temperature than the PPVM and 
MPVM, it yielded better results because of its bifacial gain. The 
average temperatures of PPVM and MPVM are almost iden
tical. However, PPVM has performed better than MPVM due 
to its lower PL. Meanwhile, the MPVM operates at a lower 
temperature than other modules; its P.U. power is lower due to 
its high PL.

The performance of LPVM is lower due to its high operating 
temperature; it is suitable for cold climates. Figure 14 shows 
the average module efficiency of the PV module obtained at 
the STC. The BPVM has obtained an average module effi
ciency of 22.72% (at STC = 22.5). The increase in module 
efficiency is due to the reflector material coating beneath 
the module. The PPVM operated near its rated module 
efficiency of 14.47% (at STC = 14.7), followed by the LPVM 
at 5.73% (at STC = 16.8) and MPVM at 13.87% (at STC = 
15.52) (Table 6).

In comparison to the existing research reported in Table 1, the 
proposed study has compared the performance of the PPVM, 
MPVM, LPVM, and BPVM. In the study area, the performance of 

PPVM, MPVM, LPVM, and BPVM was not examined previously. 
Further, the performance of the LPVM is not explored much. The 
study results reveal that the performance of BPVM has out
performed with an average module efficiency of 22.72% compared 
to PPVM (14.47%), MPVM (13.87%), and LPVM (15.73%).

4 | Conclusion 

The performance of a PV technology varies with geographical 
location. It is crucial to determine the appropriate PV technol
ogy for a given location. Therefore, this study has analyzed the 
performance of various PV modules, including PPVM, MPVM, 
LPVM, and BPVM. The effects of irradiation and temperature 
on these modules were analyzed in terms of P.U. power, P.U. 
area, module efficiency, PL, and PR. The study evidenced that 
the output power increases linearly with incident irradiation 
and temperature. The module's operating temperature increases 
with incident irradiance. However, the reduction in output 
power depends on the module's temperature coefficient. From 
the results, it is evident that the BPVM can extract power from 
direct, diffuse, and reflected solar irradiation, and hence it is 
suitable at high albedo and high latitudes.

The PPVM operates at its rated module efficiency and is less 
affected by irradiation and temperature changes. The LPVM has 
operated at a lower module efficiency due to the high operating 
temperature; hence, it is more suitable for cold climatic con
ditions. Even though the MPVM operates at almost the same 
temperature as the PPVM, its performance is low due to its high 
PL. Overall, the BPVM has delivered higher output power and is 
less affected by climatic conditions than the MPVM. From this 
study, it is identified that, 

• The power generation P.U. area of PPVM is higher at 
139 W/m2 than that of MPVM.

• The PPVM has a higher PR of 0.978 compared to MPVM 
and LPVM.

• The average efficiency of PPVM is 14.47%, which operates 
at a lower temperature than MPVM and LPVM.

• The MPVM has the lowest average temperature of 44.62°C 
among all modules.

• At low irradiation of 110 W/m2, the PL produced by all the 
modules is similar.
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FIGURE 13 | Average performance ratio of all the PV modules. 
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• Under high irradiation conditions, the MPVM has obtained 
higher PL.

• The MPVM operates at a lower temperature than other 
modules because of its higher PL. The average PR of MPVM 
is 0.8931.

• The MPVM has the lowest power P.U. area (for 1 m2) of 
132 W/m2 among all other modules.

• The LPVM operates at a higher temperature and produces 
higher PL.

• The average efficiency of LPVM is 15.73%, and its power 
P.U. area is 143 W/m2.

• The LPVM delivers superior performance at low irradiation 
conditions.

• The LPVM performs better compared to the MPVM.

• The BPVM has the highest efficiency of 22.72% among all 
other modules.

• The average PR of the BPVM is highest with the value 1.0.

• The power generation P.U. area is high for BPVM, with 
217 W for 940 W/m2.

• BPVM can generate power from the direct, diffuse, and 
reflected components of solar irradiation.

In this study, the PPVM, MPVM, LPVM and BPVM are ex
amined under clear sky with lesser occurrence of partial shad
ing. The future scope is to examine the performance of PPVM, 
MPVM, LPVM, and BPVM under partial shading conditions.

Nomenclature 

a‐Si amorphous silicon

BPVM bifacial PV module

CdTe cadmium telluride

CIGS copper indium gallium selenide
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FIGURE 14 | Average module efficiency of PV module technologies. 

TABLE 6 | Experimental results for BPVM.

Time
Irradiation 

(W/m2)
Temperature 

(°C) Vm (V) Im (A)
Pm 

(W)
P.U. 
Vmax

P.U. 
Imax

P.U. 
Pmax

P.U. 
area 
Pm % PL % Ƞ PR

9.00 350 39.3 37.5 3.7 138 0.979 0.358 0.350 79 65 22.56 0.9982
10.00 450 43.2 37.6 4.7 178 0.982 0.460 0.451 102 55 22.62 1.0014
11.00 650 49.7 38.0 6.8 260 0.992 0.664 0.658 149 34 22.86 1.0127
12.00 890 52.5 38.1 9.4 357 0.995 0.910 0.904 204 10 22.92 1.0155
1.00 940 58.6 38.3 9.9 379 1.000 0.961 0.960 217 4 23.04 1.0207
2.00 860 56.3 38.2 9.1 346 0.997 0.879 0.876 198 12 22.98 1.0185
2.30 740 53.7 38.1 7.8 297 0.995 0.756 0.751 170 25 22.92 1.0161
3.00 580 51.4 38.0 6.1 232 0.992 0.593 0.587 133 41 22.86 1.0127
3.30 470 48.7 37.7 4.9 187 0.984 0.480 0.472 107 53 22.68 1.0073
4.00 380 42.6 37.6 4.0 150 0.982 0.388 0.381 86 62 22.62 0.9993
4.30 290 39.7 37.5 3.1 114 0.979 0.296 0.290 65 71 22.56 0.9952
5.00 150 37.8 37.3 1.6 59 0.974 0.153 0.149 34 85 22.44 0.9958
5.30 110 37.1 37.0 1.2 43 0.966 0.112 0.108 24 89 22.26 0.9896
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CIS copper indium diselenide

CPV concentrated PV

c‐Si crystalline silicon

GaAs gallium arsenide

HCPV high‐concentration PV

HIT heterojunction with intrinsic thin layer

Imax current at maximum power

Isc short‐circuit current

LPVM low concentrated PV module

MPVM monocrystalline PV module

PL power loss

Pmax maximum power

PPVM polycrystalline PV module

PR performance ratio

PV photovoltaic

P.U. per unit

STC standard test condition

TPVM thin‐film PV modules

Vmax voltage at maximum power

Voc open‐circuit voltage
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