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Abstract: In arid regions, the behavior of solar panels changes significantly compared to the
datasheets provided by the manufacturer. Therefore, the objective of this study is to determine the
performance of both polycrystalline and monocrystalline solar modules in an arid region character-
ized by a large potential for solar irradiation and high temperatures. The influence of environmental
parameters, such as temperature and dust, on the output power of solar modules with different
technologies (monocrystalline and polycrystalline) has been investigated. The Artificial Humming-
birds Algorithm (AHA) has been used to extract parameters for PV modules. As a result, it has been
demonstrated that for high solar irradiation, the polycrystalline PV module experiences a smaller
decrease in output power than the monocrystalline PV module as the module temperature increases.
The percentage drop in output power is approximately 14% for the polycrystalline PV module and
nearly 16% for the monocrystalline PV module. However, for low solar irradiation, it is advisable to
use monocrystalline modules, as a 21% decrease in power was observed for polycrystalline modules
compared to a 9% decrease for monocrystalline modules. Additionally, the monocrystalline PV
module was more affected by dust than the polycrystalline PV module under high solar irradiation
conditions, while under low incident solar radiation, the polycrystalline PV module was more affected
by dust than the monocrystalline PV module. The power drop of the monocrystalline PV module was
greater than that of the polycrystalline PV module for high solar radiation (>500 W/m2). Therefore,
the advantage of this proposed work is to recommend the use of polycrystalline solar panels in
regions characterized by high solar irradiation and high temperatures instead of monocrystalline
solar panels, which are more efficient in regions worldwide characterized by low solar irradiation
and low temperatures.

Keywords: monocrystalline and polycrystalline PV modules; environmental effects; energy losses;
I-V characterization; AHA algorithm

1. Introduction

The most common renewable energy source used to generate electricity is solar en-
ergy based on solar modules that use the photovoltaic (PV) effect [1]. PV systems are
environmentally friendly and continuously convert sunlight into electricity by using solar
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irradiation available all over the world, especially in countries near the equator, which have
great potential for solar energy [2].

The output power of a PV module can be affected by many environmental parameters,
such as temperature and dust, which affect the efficiency of the PV module. The current
produced by the PV module is due to the incident solar irradiation received on the surface of
the PV module. Thus, the output power of the PV module also depends on its surface. Solar
module manufacturers always provide the specifications of each module under standard
test conditions (STC), which correspond to an incident irradiation value of 1000 W/m2

at 25 ◦C. The different parameters of a solar module are short circuit current (ISC), open
circuit voltage (VOC), maximum output current (Imax), maximum output voltage (Vmax),
maximum output power (Pmax), module efficiency (%) and the temperature coefficient
(%/◦C). The latter affects the output power of the PV module if the temperature of the
PV module increases more than 25 ◦C. This is because when the temperature increases,
the current generated by the PV module decreases, and the output power decreases [3,4].
The first generation of solar modules is made of monocrystalline silicon or polycrystalline
silicon [5]. The second generation of solar modules consists of thin film solar cells, and
the third generation of solar cells is represented by organic, perovskite and dye-sensitized
solar cells.

Many studies have investigated the performance of PV systems using different system
configurations and different weather conditions. The performance of a standalone PV
system of almost 171 kWp, with polycrystalline solar modules, was investigated for one
year in Greece [6]. The results showed a performance ratio of 0.68% and a capacity factor
of 15.27%. Another investigation used polycrystalline solar modules with a capacity of
500 kWp and was monitored in Thailand for 8 months [7]. The results showed a maximum
capacity factor of 72%, while the maximum efficiency recorded was 12%. In addition, a
3 MWp monocrystalline solar module was tested in India [8]. The results revealed that
the best energy production is 1372 kWh for a performance ratio of 0.69, with an efficiency
of 14% and an average capacity factor of 11%. Another standalone PV system using
281 kW polycrystalline solar modules was tested in South Africa [9]. The results showed
a performance ratio and efficiency of 0.7 and 17.2%, respectively. An experiment with
12.5 kWp of an on-grid PV system using polycrystalline solar panels yielded a performance
ratio of 0.873 in Sardinia, Italy [10]. A study investigated the performance of a concentrated
PV (CPV) system using polycrystalline solar modules with two-axis tracking systems [11].
The results indicated that the CPV produced 4.6% more energy than the conventional
PV system.

An investigation of three types of PV systems was evaluated in Turkey [12] using a
monocrystalline PV system of 1170 Wp, a polycrystalline PV system of 1250 Wp and a
Cd/Te PV system of 1200 Wp. The results showed that the Cd/Te PV system produced
10.43% more power than the polycrystalline system and 8.32% more power than the
monocrystalline system.

The performance of six different large-scale systems was investigated in Spain [13].
The systems were 2.7 MWp and 1.4 MWp using a polycrystalline PV system with dual-axis
tracking, 370 kWp using a polycrystalline with a fixed system, 1.3 MWp using a monocrys-
talline single-axis system, 1.3 MWp monocrystalline two-axis system and 4.6 MWp a
polycrystalline standalone PV system. The results showed that the system 1.4 MWp
polycrystalline PV system gave the best performance ratio of 0.85 compared to the other
systems installed. The lowest performance was found by the 1.3 MWp monocrystalline
two-axis system, with a performance ratio of 0.65. Recently, two bifacial PV modules
using monocrystalline and polycrystalline standalone PV systems were compared [14].
The results revealed that the polycrystalline PV system produced more energy than the
monocrystalline PV system.

Many other studies deal with the extraction of parameters from solar modules, in-
cluding analytical, numerical and hybrid numerical with analytical approaches. In [15],
a tree seed algorithm (TSA) was elaborated for parameter extraction of the STM6-40/36
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PV module. It was found that TSA had the lowest RMSE value at all run times compared
to other methods. An improved algorithm was proposed in [16], known as the firefly
algorithm (IFA) technique, for extracting both the PV cell parameters operating under
different environmental conditions and finding the global maximum power point (GMPP)
that provides optimal performance in PV systems with minimal loss in power and within
the shortest time. An improved queuing search optimization (QSO) algorithm based on
the differential evolution (DE) technique and bound constraint amendment procedure was
proposed [17] to extract PV parameter values for various PV models. This method has out-
performed other state-of-the-art algorithms in terms of convergence speed, reliability and
accuracy. An atomic orbital search algorithm was proposed [18] to extract the parameters
of a single diode, double diode and three diode models for RTC France and PVM752 GaAs
thin film solar cell, including an accurate calculation of RMSE using 30 different methods
published in several literature. An improved moth flame algorithm with local escape
operators (IMFOL) was introduced [19], where the LEO technique was used to improve the
MFO algorithm’s efficiency and the results’ precision. PV parameters have been estimated
on a hybrid analytical/numerical approach [20], in which the photocurrent, the reverse
saturation current and the ideality factor are found using an analytical approach based on
the datasheet provided by the manufacturer under STC conditions and the series and shunt
resistances are calculated by a numerical approach. Numerical derivative (dI/dV) informa-
tion has been used to extract PV parameters [21], such that a high-quality solution can be
achieved by the linear least squares technique. Furthermore, the solution can be improved
by a two-step nonlinear optimization procedure using the Levenberg–Marquardt algorithm
or trust-region reflective algorithm. An optimization algorithm named AHA (Artificial
Hummingbird Algorithm) is presented to determine the internal physical PV parameters
of a polycrystalline solar module type 320W-72P and a PV array of three polycrystalline PV
modules connected in series under real operating conditions [22].

Recently, many research works have investigated the degradation of silicon photo-
voltaic modules due to the dust effect. In fact, an experimental investigation was carried
out at the University of Malaga (Spain) and revealed that the incident solar irradiation on
solar cells is reduced due to the accumulation of dust on the surface of the PV module, and
then the output power of the cell is also reduced. The obtained results indicated that the
average daily energy loss over a year is around 4.4%. Also, the daily energy losses can
reach 20% if no rain occurs during a long period [23]. Around 156 PV modules were tested
and characterized and then compared with three other PV modules in Florida, USA [24]. It
was found that the power degradation rates vary between −0.14% and −3.22% per year.
By using electroluminescence imaging, it was found that the losses are primarily resistive,
which are caused by corrosion of the back contact Ag/solder interface and, to a lower
degree, gridline Ag oxidation. A modeling-based machine learning using an optical model
was developed to determine the solar cell efficiency’s degradation due to the accumulation
of dust [25,26]. Glass substrates were used to collect dust for 4 months using a scattering
model procedure. The dusty glasses were tested using a UV-Vis spectrometer. The collected
data were used as input to the proposed model to estimate the degradation in the glass
substrate. The validation was performed by matching almost 89% of the predicted data
with the actual degraded monocrystalline cell.

In this work, we first investigated the performance of polycrystalline and monocrys-
talline PV modules under different weather conditions, especially in arid regions that are
characterized by hot temperatures and large amounts of solar irradiation [27]. In addition,
the AHA was used to extract the parameters of monocrystalline and polycrystalline solar
modules. The numerical results showed a greater power drop for low solar radiation for
both polycrystalline and monocrystalline solar modules.

The main objectives of this work are as follows:

• Determine the performance of polycrystalline and monocrystalline solar modules
in an arid region characterized by a large potential of solar irradiation and high
temperatures.
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• Study the influence of environmental parameters on the output power of solar modules
with different technologies (monocrystalline and polycrystalline).

• Investigate the effects of temperature and dust on the performance of PV modules of
type monocrystalline and polycrystalline.

• Apply a meta-heuristic optimization algorithm for the extraction of parameters from
monocrystalline and polycrystalline solar modules.

This paper introduces some innovative aspects. It combines experimental data with
algorithmic analysis, establishing a strong synchronization between the two and enhancing
the credibility of the findings. The exploration of thermoelectric modules as cooling
strategies for solar panels contributes to system optimization, addressing power drop
challenges. The paper also recognizes the importance of generalizing findings to other hot
regions, promoting further research and potential solutions. Practical recommendations
and future scope discussions provide insights for communities interested in solar energy
adoption and foster ongoing innovation. Overall, the integration of approaches, cooling
strategy exploration, consideration of generalizability and practical guidance make this
paper a valuable contribution to the field of solar energy.

Section 2 describes the experimental part of data collection from monocrystalline and
polycrystalline solar modules. Section 3 presents different results regarding the effect of
dust on monocrystalline and polycrystalline solar modules, as well as the effect of tem-
perature on monocrystalline and polycrystalline solar modules. Section 4 describes the
numerical results using the AHA and provides a comparative analysis between monocrys-
talline and polycrystalline PV modules. The conclusion is given in the last section.

2. Experimental Data Collection

In this study, four PV modules of 50 W each were installed on the roof of the Faculty
of Science at the Islamic University of Madinah (KSA) in order to study their characteristics
under outdoor conditions, as shown in Figure 1. The collected data from October 2022 to
March 2023, under different weather conditions, allow us to draw the I-V characteristics
and power curves for different incident solar irradiations and different temperatures. To
proceed with these outdoor experiments, a PVPM 2540C instrument (PV-Engineering
GmbH, Iserlohn, Germany) was used to collect data on various parameters of each solar
module installed, as shown in Figure 2.
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Figure 1. Outdoor experiments: (a) Different sensors for environmental parameters with four solar
modules of different technologies. (b) Two polycrystalline PV modules of 50 W (clean and dust) and
two monocrystalline PV modules of 50 W (clean and dust). (c) Specifications of monocrystalline and
polycrystalline solar panels.
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Figure 2. PVPM 2540 C used with transfer of data to the computer: (1) Instrument PVPM2540C.
(2) LCD display of data in PVPM2540C. (3) Display of the I-V curve in PVPM2540C. (4) Experiment
setup with the PVPM2540C connected to the PC. (5) Obtained results displayed on the computer screen.
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The instrument used is of type PVPM, which allows the measurement of the I-V
characteristic and power curves of photovoltaic (PV) modules. The PVPM 2540C device
can directly measure and calculate parameters such as peak power (Pmax), series resistance
(Rs) and shunt resistance (Rsh) at the installation site of the PV system. The calculation
results and diagram can be displayed on the internal LCD display and can be transferred
directly to the computer, as shown in Figure 2.

All measurements were performed using the PVPM 2540C instrument with the fol-
lowing specifications:

- Measuring accuracy for the I-V characteristic is less than 1%, and for the peak power
measurements, the accuracy is ±5%.

- It utilizes an irradiation reference sensor (Phox) with an integrated Pt100/Pt1000
temperature sensor.

- The measuring ranges supported by the PVPM 2540C are as follows:

• Voltage DC: 25/50/100/250 V;
• Current DC: 2/5/10/40 A;
• Temperature: −40 ◦C to +120 ◦C with Pt1000;
• Irradiance: 0–1300 W/m2 (Standard sensor).

3. Experimental Results

Daily solar irradiation (HG) and ambient temperature (T) were measured during the
period of the experiment. Figures 3 and 4 illustrate the evolution of the global daily solar
irradiation and ambient temperature collected on 24 March 2023 in the Madinah site.
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3.1. Characterization of Polycrystalline and Monocrystalline Solar Modules Operate under
Different Solar Irradiation

Figures 5 and 6 show the current–voltage characteristics and power curves of poly-
crystalline (Poly) modules for different incident solar irradiation, respectively. It is noted
that the short-circuit current (ISC) increases with the increase in incident solar irradiation.

In addition, the maximum output power of the polycrystalline solar module is ob-
tained with the maximum incident solar radiation of 1038 W/m2. Similarly, Figures 7 and 8
illustrate the I-V and P-V curves of polycrystalline PV modules for different incident
solar irradiations, respectively. It was shown that the short circuit current ISC increases
when incident solar irradiation increases. Furthermore, the maximum output power of
the monocrystalline module is obtained with the maximum incident solar radiation of
1036 W/m2.
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3.2. Comparison between Poly-Si and Mono-Si for Different Solar Irradiation

It is shown in Figures 9 and 10 that the monocrystalline solar module (m-Si) provides
higher output current (A) and power (W) compared to polycrystalline (p-Si) for low solar
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irradiation, which is 472 W/m2. However, for solar irradiation greater than 500 W/m2

(667 W/m2, 815 W/m2 and 1010 W/m2), the polycrystalline solar module (p-Si) provides
higher output current (A) and power (W) compared to monocrystalline (m-Si).
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3.3. Effect of Dust on Monocrystalline Solar Module for Different Solar Irradiation

Figures 11–14 represent the I-V characteristics and power curves for clean monocrys-
talline solar modules and dusty modules under different solar irradiation values (472, 620,
813, 1010 W/m2).
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Table 1 reports the drop in Isc and output power (Pout) due to the effect of dust on
monocrystalline and polycrystalline solar modules under different solar irradiation levels.

Table 1. Calculation of drop in short circuit current Isc and output power Pout.

Solar Irradiation (W/m2) 467–472 620–682 813–861 1010–1039

Polycrystalline
Drop in Isc (%) 7.56 10.61 10.54 2.34

Drop in Pout (%) 10.21 5.90 3.57 1.65

Monocrystalline
Drop in Isc (%) 9.80 7.50 7.62 4.94

Drop in Pout (%) 8.09 6.39 6.36 6.11

Table 1 shows that the polycrystalline solar module presents a lower drop in output
power due to the dust for high solar irradiation compared to the monocrystalline solar
module. In addition, for low solar irradiation, the drop in the output power due to dust is
greater for polycrystalline solar module than monocrystalline. Thus, m-Si technology is
more affected by dust than p-Si technology under high solar irradiation. Additionally, the
impact of dust decreases with the increase in solar irradiation in both cases.
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3.5. Effect of Temperature on Polycrystalline and Monocrystalline Solar Modules for Different
Incident Solar Irradiation

Figure 19 represents the evolution of output power of polycrystalline and monocrys-
talline solar modules, respectively, versus module temperature for different incident solar
irradiation levels.
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Figure 19. Output power of polycrystalline module (a) and monocrystalline module (b) versus
module temperature at different incident solar irradiation.

From Figure 19a,b, it can be clearly seen that the output power decreases when the
module temperature increases for different values of solar radiation. We note that the
decrease in output power is more considerable for polycrystalline solar modules than
for monocrystalline solar modules for low solar radiation. In fact, p-Si solar modules
have a greater temperature coefficient than m-Si solar modules. This explains why p-Si
technology experiences a higher efficiency loss as the temperature increases. Table 2 shows
the percentage drop in power (%) due to the increase in module temperature for both
monocrystalline and polycrystalline devices.

Table 2. Drop in output power for monocrystalline and polycrystalline solar modules.

Solar Radiation (W/m2) 1013–1022 829–959 641–651 439–499

Drop in output power (%)

Temperature coefficient of monocrystalline
solar module (−0.45%/◦C) 15.5 20.6 19.24 9

Temperature coefficient of polycrystalline solar
module (−0.5%/◦C) 14.37 17.47 27.75 21

We deduce from Table 2 that for high solar irradiation, the polycrystalline solar
module provides fewer drops in output power compared to the monocrystalline solar
module when the module temperature increases. However, for low solar radiation, it is
better to use a monocrystalline module since the drop in output power is lower compared
to the polycrystalline modules.

4. Numerical Results Using AHA

This paper presents an efficient optimization algorithm named the AHA (Artificial
Hummingbirds Algorithm) for the PV parameter extraction problem. The AHA is an
optimization algorithm that simulates the intelligent foraging and specialized flight skills of
hummingbirds. The working phenomena are modeled based on flight skill strategies used
in foraging, such as diagonal, axial and omnidirectional movements. Additionally, guided,
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territorial and migrating foraging is used to model the memory function of hummingbirds
for food sources. Hence, we selected the AHA optimization technique to extract PV internal
parameters due to its ability to solve several optimization problems and its high search
capability. The technique is based on three strategies: territory, guided and migration
process [22,28].

4.1. Problem Definition

Accurate extraction of the electrical parameters of different photovoltaic (PV) models
and technologies is still an interesting subject due to the complexity of their models and,
generally, the insufficient information data provided by manufacturers. Recently, meta-
heuristic-based population algorithms have emerged as an efficient approach to overcome
the limitations of analytical and deterministic methods. However, to apply these optimiza-
tion algorithms, we need to define the variables to be extracted and the objective function
that should be minimized.

The simplest model is the single diode model (SDM), as presented in Figure 20. This
model is based on only five parameters. Thus, the optimized parameters are the series
resistance RS, the shunt resistance Rsh, the photocurrent IPh, the saturation current IS and
the ideality factor A.
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In this work, the fitness function is the RMSE between the measured Imeas and the
calculated Icalc currents. The considered objective function is given by:

RMSE =

√
1
N∑N

i=1(Imeas − Icalc)
2 (1)

where N is the number of measured points. Figure 21 shows the schematic process of
AHA-based parameter identification used in this section. In order to construct an algorithm
of optimization based on the AHA, we must use the following stages:

1. PV data acquisition under different conditions.
2. Preprocess data and set objectives.
3. Determine the initial configuration of the AHA.
4. Generate the initial population.
5. State the fitness function.
6. Identify the AHA operators, i.e., guided, territorial and migration foraging.
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4.2. AHA Mathematical Model

The mathematical formulation of the AHA is given as follows:
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4.2.1. Initialization

The random initialization of a population of n hummingbirds that are placed on n
food sources is given by [28]:

xi = L + r(U − L) i = 1, 2, . . . , n (2)

where L is the lower limit, and U presents the upper limit for a specified d-dimensional
problem. r is a random vector in [0, 1], and xi denotes the position of the ith food source,
i.e., the solution of the considered problem.

The visit table of food sources initialization is given by [28]:

VTi,j =

{
0 i f i 6= j

null i f i = j
i = 1, 2, . . . , n; j = 1, 2, . . . , n (3)

When i = j, a hummingbird takes food from its specific food source, and if i 6= j, the jth

food source has just been visited by the ith hummingbird in the current iteration.

4.2.2. Guided Foraging

In the AHA, three flight skills, including omnidirectional, diagonal and axial flights,
are used and modeled during foraging by introducing a direction switch vector to control
one or more directions in the d-dimension space. The mathematical equation simulating
the guided foraging behavior and a candidate food source is derived as follows [28]:

vi(t + 1) = xi,tar(t) + aD(xi(t)− xi,tar(t)), a ∼ N(0, 1) (4)

where xi(t) is the position of the ith food source at time t; xi,tar(t) is the position of the target
food source that the ith hummingbird intends to visit; and a is a guided factor, which is
subject to the normal distribution N (0, 1) with mean = 0 and standard deviation = 1.

The position update of the ith food source is as follows [28]:

xi(t + 1) =
{

xi(t) f (xi(t)) ≤ f (vi(t + 1))
vi(t + 1) f (xi(t)) > f (vi(t + 1))

(5)

where f (·) indicates the function fitness value.

4.2.3. Territorial Foraging

The mathematical equation simulates the local search of hummingbirds in the territo-
rial foraging strategy, and a candidate food source is obtained as follows [28]:

vi(t + 1) = xi(t) + bD(xi(t)), b ∼ N(0, 1) (6)

where b is a territorial factor, which is subject to the normal distribution N (0, 1) with
mean = 0 and standard deviation = 1.

4.2.4. Migration Foraging

The migration foraging of a hummingbird from the source with the worst nectar-
refilling rate to a new one produced randomly can be given as follows [28]:

xwor(t + 1) = L + r(U − L) (7)

where xwor is the food source with the worst nectar-refilling rate in the population.

4.3. Extraction of Parameters Using AHA for Mono and Poly Solar Module

Tables 3 and 4 show the values of five extracted parameters using the AHA in the case
of monocrystalline and polycrystalline solar modules, respectively. The values obtained for
Rs and Rsh by the AHA at each level of illumination for p-technology and m-technology
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are presented in Tables 3 and 4. It is observed that the shunt resistance increases in the case
of dusty modules in both technologies. In fact, the presence of dust on the surface of PV
panels mean low solar irradiation is received. Therefore, this decreases in incident solar
irradiation causes an increase in shunt resistance. This is due to the decrease in Isc, and
then the slope near (0, Isc) reduces, and Rsh, which is the inverse of the slope, increases.
However, the series resistance slightly changes in the presence of dust and exhibits a slight
increase with the decrease in irradiation levels.

Table 3. AHA-based estimated parameters of the single-diode model at the best RMSE for the
polycrystalline module.

Irradiance/
Temperature

Clean/
Dusty Iph [A] I0 [µA] A Rs [Ω] Rsh [×100 Ω] RMSE StD

1039 W/m2

T = 52.3 ◦C

Clean 2.71498795 4.3389067 × 10−14 1.9943433 0.04958563 8.42730791 3.570402 × 10−2 2.344988 × 10−4

Dusty 2.56957483 6.7138523 × 10−14 1.9988951 0.05060903 9.24463587 3.486062 × 10−2 9.034900 × 10−4

861 W/m2

T = 54.3 ◦C

Clean 2.31570534 3.4162075 × 10−13 1.9971951 0.05482136 7.40724899 3.147642 × 10−2 9.700919 × 10−4

Dusty 2.13760170 2.1855790 × 10−13 1.9999998 0.05601773 8.51343056 2.941896 × 10−2 2.673247 × 10−4

682 W/m2

T = 41.1 ◦C

Clean 1.64562215 7.6568296 × 10−15 1.9999934 0.06092164 14.3884834 2.466798 × 10−2 1.619375 × 10−3

Dusty 1.51510937 6.6665514 × 10−15 1.9976565 0.06123857 18.1167955 2.017081 × 10−2 3.065316 × 10−4

467 W/m2

T = 33.6 ◦C

Clean 1.04145997 1.7017386 × 10−15 1.9981190 0.07720321 25.3188248 1.431206 × 10−2 6.552128 × 10−5

Dusty 0.95337204 1.6362433 × 10−15 1.9999456 0.07784661 32.5428040 1.442506 × 10−2 2.600168 × 10−4

Table 4. AHA-based estimated parameters of the single-diode model at the best RMSE for the
monocrystalline module.

Irradiance/
Temperature

Clean/
Dusty Iph [A] I0 [µA] A Rs [Ω] Rsh [×100 Ω] RMSE StD

1010 W/m2

T = 63.1 ◦C

Clean 3.1173 8.3440 × 10−13 1.9879246 0.05422757 4.8638443 4.1560 × 10−2 1.5170 × 10−3

Dusty 3.0432 1.0752 × 10−12 1.9999080 0.05178131 5.1247748 4.2884 × 10−2 1.1612 × 10−3

813 W/m2

T = 61.7 ◦C

Clean 2.4770 8.8809 × 10−13 1.9999979 0.05894576 5.7179067 3.4723 × 10−2 1.4762 × 10−3

Dusty 2.1825 2.2399 × 10−13 1.9781553 0.05572144 9.3905214 3.0486 × 10−2 4.2035 × 10−4

620 W/m2

T = 43.9 ◦C

Clean 1.8657 4.2106 × 10−14 1.9998346 0.06494558 8.0546604 2.8451 × 10−2 5.4287 × 10−4

Dusty 1.6375 1.7559 × 10−14 1.9853981 0.06389599 13.989217 2.1341 × 10−2 5.8067 × 10−4

472 W/m2

T = 36.1 ◦C

Clean 1.2410 4.5245 × 10−15 1.9999995 0.08065016 10.813073 2.1447 × 10−2 5.9408 × 10−5

Dusty 1.0166 2.4274 × 10−15 1.9803798 0.07498811 23.634772 1.2835 × 10−2 4.4790 × 10−4

Obviously, the photocurrent (Iph) decreases in the case of dusty modules and also
with the decrease in solar irradiation levels. Based on the obtained values of shunt resis-
tance (Rsh) under the studied conditions, we observe that for both polycrystalline and
monocrystalline panels, a decrease in sunlight levels leads to an increase in Rsh. Addition-
ally, dusty conditions result in higher Rsh values compared to clean conditions for both
panel types. Dust has a greater impact on increasing the shunt resistance of polycrystalline
panels. Furthermore, monocrystalline panels generally exhibit lower Rsh values compared
to polycrystalline panels. In summary, lower sunlight levels or the presence of dust cause
an increase in shunt resistance for both panel types, with polycrystalline panels being more
affected by dust, while monocrystalline panels tend to have lower overall shunt resistance.

However, the series resistance slightly changes in the presence of dust and exhibits
a slight increase with the decrease in irradiation levels. Additionally, the photocurrent
(Iph) decreases in the case of dusty panels and also decreases with the decrease in solar
irradiation levels.
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Based on an RMSE and StD analysis of the different current–voltage curves, this
method has demonstrated good accuracy in both cases (clean and dusty modules) at
various levels of illumination with different temperature degrees.

Figures 22 and 23 represent the experimental IV characteristic of monocrystalline and
polycrystalline solar modules, respectively, with the estimated one using the AHA.
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Figure 23. Experimental and estimated IV characteristics (Poly) for different solar radiation: (a) clean
polycrystalline solar module; (b) dusty polycrystalline solar module.

Figures 22 and 23 show how the I-V curves of the PV modules are affected at different
irradiance levels. The amount of generated current is proportional to increases in solar
irradiance intensity. The open-circuit voltage does not change significantly; its behavior
remains relatively constant, even when solar irradiance intensity is varied. However,
an increase in temperature for both technologies and cases result in a decrease in their
open-circuit voltage.

4.4. Effect of Dust on Monocrystalline and Polycrystalline Solar Module

The impact of dust on the two technologies used in this study (monocrystalline and
polycrystalline) was assessed by measuring the output power of each solar module under
both clean and dusty conditions at different levels of solar radiation. Tables 5 and 6
display the percentage drop in output power attributed to dust for the monocrystalline and
polycrystalline solar modules, respectively. The power drop calculation is given as follows:

Power Drop (%) =
PowerClean − PowerDust

PowerClean
× 100% (8)

Table 5. Power drop for different solar radiation due to the dusty monocrystalline solar module.

Irradiance/Temperature m-Si Module Impp [A] Vmpp [V] Pmpp [W] Power Drop [%]

1010 Wm−2/63.1 ◦C
Clean 2.4577 17.2915 42.4974

6.0643
Dusty 2.3427 17.0404 39.9202

813 Wm−2/61.7 ◦C
Clean 2.0704 15.9196 32.9607

5.7285
Dusty 1.9247 16.1438 31.0725

620 Wm−2/43.9 ◦C
Clean 1.5022 17.6949 26.5817

6.1832
Dusty 1.4165 17.6053 24.9381

472 Wm−2/36.1 ◦C
Clean 0.9540 18.1163 17.2838

6.6893
Dusty 0.8916 18.0894 16.1277

As reported in Tables 5 and 6, we can observe a higher power drop for low solar
irradiation for either polycrystalline or monocrystalline solar modules. The power drop for
a mono solar module is greater than a polycrystalline solar module for solar irradiation
above 500 W/m2. This suggests that it is better to use poly solar modules than mono solar
modules for a site characterized by high solar radiation like Madinah City. However, for
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low solar irradiation (less than 500 W/m2), the drop in power is more considerable for
polycrystalline solar modules than mono solar modules. Nevertheless, in both cases, the
deposition of dust would considerably reduce the efficiency of PV production, especially in
dusty and arid areas.

Table 6. Power drop for different solar radiation due to the dusty polycrystalline solar module.

Irradiance/Temperature p-Si module Impp [A] Vmpp [V] Pmpp [W] Power Drop [%]

1039 Wm−2/52.3 ◦C
Clean 2.7376 15.4982 42.4283

1.6546
Dusty 2.6954 15.4803 41.7263

861 Wm−2/54.3 ◦C
Clean 2.1011 15.9914 33.5997

3.4885
Dusty 1.9823 16.3590 32.4276

682 Wm−2/41.1 ◦C
Clean 1.6147 16.7625 27.0665

5.8797
Dusty 1.4879 17.1211 25.4751

467 Wm−2/33.6 ◦C
Clean 1.0487 17.7218 18.5846

9.1689
Dusty 0.9487 17.7936 16.8806

4.5. Discussion

The main difference between the two technologies used in this work is in the crystal
purity of the solar cells. Monocrystalline solar panels are indeed composed of solar cells
made from a single crystal of silicon, which results in a high level of purity and uniformity.
Due to the uniform crystal structure, monocrystalline solar cells are generally recognized for
their high efficiency. However, it is essential to note that the effectiveness of monocrystalline
solar cells is not universally superior in all scenarios.

On the other hand, polycrystalline solar panels consist of solar cells made by melting
together multiple fragments of silicon. These solar cells are created by blending silicon from
different sources, leading to a less uniform crystal structure. In comparison to monocrys-
talline cells, polycrystalline solar cells typically exhibit slightly lower efficiency. Nonethe-
less, it is crucial to consider that the difference in effectiveness between the two types of
solar panels can vary depending on specific factors such as technology, manufacturing
processes and operating conditions.

Thin-film technology costs less than mono or poly modules but is also less efficient.
Monocrystalline modules have a higher conversion efficiency than polycrystalline modules,
which means they produce more output power than polycrystalline.

Typically, efficiencies for p-Si technology are in the range of 13–16%, while for m-Si
technology, the efficiencies are in the range of 15–20%. Due to their lower efficiency rate,
they are not as space-efficient since they produce less power per square meter. From the
numerical values of different parameters, reported in Tables 3–6, the variations produced
in Rs, Rsh, Iph, Vmpp, Impp and Pmpp could be used for diagnostic purposes and the
analysis of PV module efficiency operating under different climatic conditions.

The ambient temperature at the Madinah site is between 40 ◦C and 50 ◦C during the
summer months and sometimes is over 50 ◦C. The cell temperature reaches the value of
83 ◦C [29], which affects the behaviors of solar cells (SC) and decreases their efficiency. The
performance of solar cells was presented previously for the same site using a thermoelectric
module (TEM) as a cooling system [29]. In fact, we found experimentally that the efficiency
of solar cells decreases with an increase in temperature. The efficiency of solar cells drops
by 0.5% per ◦C rise in temperature. Therefore, it is necessary to operate them at lower
temperatures in order to increase their efficiency. Cooling the solar cells would enhance its
performance. The hybrid PV/TEM system was proposed for PV applications in hot sites.

The novelty of this present study, compared with other similar studies [12,13,30–32],
is that the obtained results show that it is recommended to use polycrystalline solar
panels in regions characterized by high solar irradiation and high temperature instead of
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using monocrystalline solar panels, which are more efficient in any region in the world
characterized by low solar irradiation and low temperature.

Many similar studies focused on PV panels’ degradations using data collection for
more than one year [30]. The performance degradation rate, which is defined as the annual
reduction rate of the maximum power expected from a PV module or a complete PV system,
is not only associated with the specific PV technology but also related to several on-field
factors, such as temperature, humidity, precipitation, dust, snow and solar irradiation [30].

Another work [12] focused on the energy performance analysis of three different pho-
tovoltaic (PV) module technologies under İzmit, Kocaeli, weather conditions in Northwest
Turkey. For this purpose, three modules were installed using crystalline (c-Si), multi-
crystalline (mc-Si) and cadmium–telluride (Cd–Te) modules. The results show that changes
in the performance ratio (PR) of c-Si and mc-Si arrays are lower than Cd–Te arrays within
the measurement period (8 months), and the mean values of PRs are 83.8%, 82.05% and
89.76% for mc-Si, c-Si and Cd–Te arrays, respectively. Therefore, the Cd–Te array can be
accepted as a more reliable array under İzmit climatic conditions.

In [13], a comprehensive study of the performance of six large photovoltaic (PV)
power plants with different mounting topologies over several years of operation was
evaluated. In this study, the authors state that there are only a few contributions regarding
the performance analysis of large PV power plants (from hundreds of kW to MW), and most
of them focused on only one installation, one type of mounting topology and considering a
period of time no longer than one year.

The performance of a fixed array 960 kWp PV system equipped with mc-Si panels
located in southern Italy was not only evaluated over an 8-month period [31] but was also
compared with the performance estimated using the SAM and PVsyst simulation tools [32].
Minimum and maximum average monthly efficiencies (PV) of 15.66% and 17.46% were
obtained in July and March, respectively.

In another way, this present work reveals that each technology of solar panels could
be more efficient in a specific region in the world and less efficient in other places since the
performance of solar panels depends on the climate of the specific region. In particular, it
is recommended to use polycrystalline solar panels in regions characterized by high solar
irradiation and high temperatures instead of monocrystalline solar panels.

5. Conclusions

In this work, a comparative analysis between polycrystalline and monocrystalline
PV modules of 50 Wp was performed under different conditions of solar irradiation and
temperature during the period from October 2022 to March 2023. We found that dust and
temperature affect both PV technologies. For high solar irradiation, the drop in output
power due to dust is greater for monocrystalline modules than polycrystalline modules,
especially when solar irradiation is above 500 W/m2. For low solar irradiation, there
is a greater drop in output power due to dust for polycrystalline modules compared to
monocrystalline modules. This observation is consistent with the data, as the polycrystalline
module experienced a 1.65% reduction in power at 1039 W/m2 but a significant 9.17%
reduction at 467 W/m2. In contrast, the monocrystalline module encountered a 6.06%
power drop at 1010 W/m2 and a consistent 6.69% drop at 472 W/m2. Therefore, we
conclude that it is better to use polycrystalline solar modules than monocrystalline solar
modules for locations characterized by high solar irradiation, such as Madinah City.

The results regarding the effect of temperature on both p-Si and m-Si solar modules
reveal that for high solar irradiation, polycrystalline solar modules experience a lesser drop
in output power compared to monocrystalline solar modules when the module temperature
increases. However, for low solar irradiation, it is better to use monocrystalline modules
since the drop in output power is lower compared to polycrystalline modules. Therefore,
it is recommended to use p-Si technology in hot–arid regions since it is more efficient
than m-Si technology. These results are highlighted by the numerical data, with the
polycrystalline module showing a reduction in photocurrent from approximately 2.715 A
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in clean conditions to 2.570 A in dusty conditions at 1039 W/m2 and 52.3 ◦C. Similarly, the
monocrystalline module experienced a slight decrease in photocurrent from approximately
3.117 A in clean conditions to 3.043 A in dusty conditions at 1010 W/m2 and 63.1 ◦C.

This work provides valuable information on solar energy for communities. It evaluates
system performance through experiments and offers insights into efficiency and reliabil-
ity. Cooling strategies, like thermoelectric modules, are explored to reduce power drops.
The research aims to provide findings that can be applied more widely by considering
different regions. Practical recommendations are given for system design, installation
and maintenance; addressing challenges; and suggesting improvements. The work also
highlights potential advancements for future development. Its goal is to support informed
decision-making and promote the successful adoption of solar energy.
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Nomenclature

A Ideality factor.
AHA Artificial Hummingbirds Algorithm.
CPV concentrated PV.
HG Daily solar irradiation (Wh/m2).
Icalc Calculated currents (A).
Impp Maximum current power point (A).
Imeas Measured currents (A).
IPh Photocurrent (A)
IS Saturation current (A).
ISC Short circuit current (A).
Mono-Si (m-Si) Monocrystalline silicon solar module.
N Number of measured points.
Pmpp Maximum power point (W).
Poly-Si (p-Si) Polycrystalline silicon solar module.
Pout Output power (W).
PV Photovoltaic.
RMSE Root mean square error.
RS Series resistance.
RSh Shunt resistance.
SC Solar cells.
SDM Single diode model.
StD Standard deviation
T Ambient temperature (◦C).
TM Thermoelectric module.
Vmpp Maximum voltage power point (V).
VOC Open circuit voltage (V)
VT Visit table of food sources in the AHA
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