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A B S T R A C T

The performance of photovoltaic modules is susceptible to environmental conditions, which often leads to ef
ficiency losses in real-world installations. It is therefore essential to develop accurate forecasting tools in order to 
better understand these effects and improve the reliability and sustainability of solar systems. In this study, a 
three-dimensional numerical model was developed and experimentally validated to accurately predict the 
temperature and performance of photovoltaic modules. This approach offers significant advantages over tradi
tional models, providing a more realistic and comprehensive representation of module behavior under different 
conditions. The model was used to assess the influence of several factors, including ambient temperature, dust 
accumulation, wind speed, solar irradiance, and module tilt angle, on panel temperature, power generation, and 
efficiency. To quantify the relative impact of each of these parameters on module performance, the Grey Rela
tional Analysis method was applied. Dust accumulation is the primary issue causing a significant decrease in 
temperature and power output compared to clean PV, primarily due to reduced glass transmission. For example, 
a 45 g/m² dust deposit decreases module temperature by 1.18 ◦C, reduces output power by 22.605 W, and re
duces efficiency by 0.073 %. Furthermore, temperature decreases as dust, wind speed, and tilt angle increase, 
while it rises with irradiance and ambient temperature. Power and efficiency, on the other hand, follow an 
opposite trend, generally decreasing with dust accumulation, irradiance, and temperature, but improving with 
high wind speed and optimum tilt angle.

1. Introduction

Global interest in renewable energies has fully-fledged significantly 
recently, fueled by the need to meet the challenges of weather variation 
and the rapid increase in electricity consumption [1]. Among the various 
sustainable solutions, solar energy occupies a privileged position due to 
its availability, the constant evolution of its technologies, and its 
increasingly competitive costs. Thanks to these advantages, PV solar 
power is now seen as a central pillar of the energy transition [2]. PV 
modules, in particular, are the key element of this technology [3,4]. 
Their energy yield depends directly on their ability to convert solar ra
diation into electricity, a process strongly influenced by their operating 
temperature [5,6]. Contrary to popular belief, prolonged exposure to 

sunlight can impair their performance. Each rise in module temperature 
results in a corresponding drop in conversion efficiency [7,8], estimated 
at between 0.05 % and 1 % per degree Celsius, accompanied by a power 
reduction of up to 0.3 % [9]. This thermal sensitivity represents a crucial 
issue for the optimization of PV installations. The sustainability of PV 
systems is also becoming an increasingly pressing issue. According to the 
International Renewable Energy Agency (IRENA), rapid growth in 
installed capacity will lead to a substantial volume of panels being taken 
out of service over the coming decades [10]. By 2030, up to 8 million 
tonnes of PV waste could be generated, a figure that could rise to 78 
million tonnes by 2050, in connection with an estimated global capacity 
of 4500 GW [10]. In this context, it is crucial to better understand the 
thermal phenomena that affect PV modules to optimize their perfor
mance and extend their lifespan. Module temperature is not an isolated 
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parameter, but rather results from a complex set of interactions with the 
environment, including external temperature, irradiation, panel tilt 
angle, wind velocity, and dust accumulation. This is why a 
multi-factorial, coupled analysis of these influences is essential to 
accurately assess the overall impact on the temperature, power output, 
and electrical efficiency of PV systems.

The evolution of PV module performance has been extensively 
studied as a function of various environmental parameters such as 
irradiance, wind speed, tilt angle, ambient temperature, and dust 
accumulation. Wang et al. [11] analyzed the effects of various envi
ronmental parameters on the surface temperature of PV modules at low 
temperatures. Using grey relational analysis (GRA), they identified solar 
irradiance as the leading issue, shadowed by external temperature, wind 
speed, and humidity. Huang et al. [12] conducted an outdoor experi
ment to investigate the effects of irradiance, air speed, and row spacing 
on PV surface temperature and power output. They showed that irra
diance has the greatest impact, while the effect of wide spacing remains 
limited once shading is avoided. Gholami et al. [13] examined the im
pacts of irradiance, external temperature, humidity, wind velocity, and 
dust gathering on PV temperature. Semi-empirical correlations vali
dated by thermal simulations were used to effectively predict this tem
perature, highlighting the dominant role of irradiance and ambient 
temperature. Jo et al. [14] investigated the impact of solar radiation, 
relative humidity, surface temperature, and flow rate (specific to 
photovoltaic thermal (PVT) systems) on PV performance. They 
demonstrate that solar radiation has a significant impact on production 
in winter, whereas several factors act in concert in summer. Surface 
temperature and humidity also modulate power generation, and flow 
rate has a significant impact on temperature and performance in PVT 
systems. Keddouda et al. [15] have demonstrated that solar radiation, 
ambient temperature, and wind speed significantly impact the temper
ature of PV modules. A 100 W/m² increase in radiation can raise module 
temperature by up to 4 ◦C, while a 6 ◦C increase in ambient temperature 
results in a rise of around 5.8 ◦C. Wind speed attenuates this temperature 
rise. Yaman et al. [16] studied the impact of various meteorological 
parameters on the thermal and electrical performance of PV modules 
using a detailed mathematical model validated experimentally. They 
demonstrated that solar radiation and ambient temperature have a 
significant impact on cell temperature, whereas wind speed has a lesser 
effect. Zhao et al. [17] analyzed the impact of humidity, wind speed, 
particle size, and tilt angle on dust deposition on PV modules. Their 
results show that increasing humidity and particle size favor accumu
lation, while stronger wind and higher inclination reduce it. They 

therefore recommend optimizing the tilt angle to limit the negative ef
fect of dust.

Various methods exist to predict PV cell temperature. One of the 
earliest models by Ross [18] suggested a linear relationship between 
temperature difference and solar irradiance, with a proportionality 
constant within a specific range [19]. Lasnier [20] developed a regres
sion model to estimate module temperature based on solar radiation and 
ambient temperature, while Servant’s [21] model incorporated wind 
speed, showing good alignment with experimental data. King [22] 
created an empirical model indicating that module temperature is 
influenced by solar radiation, ambient temperature, and wind speed. In 
a follow-up study, King et al. [23] refined this model by adding material 
characteristics and linking cell temperature to the backside temperature 
of the module.

Davis et al. [24] introduced the Nominal Operating Cell Temperature 
(NOCT) model, which predicts PV module temperature based solely on 
ambient temperature and irradiance, without considering wind speed, 
tilt angle, or dust buildup. Jha et al. [25] employed a heat transfer model 
to investigate the impact of wind speed and seasonal variation, revealing 
that dust-related efficiency losses are more pronounced in summer than 
in winter. Gu et al. [26] developed a combined thermoelectric model to 
improve the prediction accuracy of module temperature and output 
power by capturing the system’s dynamic behavior. Additionally, 
several researchers utilized numerical simulations [27,28] to study PV 
module temperature, efficiency, and power output, including PVT sys
tems [29,30]. Lu and Zhao [31] assessed the impact of dust on PV per
formance through computational fluid dynamics (CFD) simulations, 
revealing that dust reduces efficiency and that particle size is a signifi
cant factor. Dabaghzadeh et al. [32] created a 3D model to evaluate how 
wind speed, direction, and tilt angle affect module temperature; how
ever, it did not account for dust buildup or variations in solar radiation.

Upon reviewing the details, it is evident that most efforts have been 
directed towards predicting the clean PV temperature using experi
mental data or traditional thermal models. Conversely, studies exam
ining the dust effect on PV thermal performance remain limited, both in 
terms of number and depth of analysis. Very little research has mobilized 
advanced numerical tools to simulate the soiled PV temperature. Yet this 
approach holds great promise for exploring the joint influence of com
plex parameters such as irradiance, ambient temperature, wind speed, 
tilt angle, and the amount of dust accumulated on the module surface. 
Most studies to date have focused on the individual impact of certain 
parameters, notably air temperature [33], irradiance [34], dust accu
mulation [35,36], and wind speed [37], on the temperature and power 

Nomenclature

Abbreviation
GRD Grey Relational Degree
EVA Acetate ethylene vinyle
GRA Gray relational analysis
PVT Photovoltaic thermal
IRENA International Renewable Energy Agency
PV Photovoltaic
FEM Finite element method
GRC Gray relational coefficient
NOCT Nominal Operating Cell Temperature
CFD Computational fluid dynamics

Parameters
Qt Heat generated
Tted Tedlar temperature ( ◦C)
APV PV surface area (m2)
G Solar irradiance (W/ m2)

Tsky Sky temperature ( ◦C)
Tamb Ambient temperature ( ◦C)
PPV Electrical power (W)
Jd Amount of dust (g/m²)
Tc Cell temperature ( ◦C)
k Thermal conductivity (Wm-1K-1)
Cp Specific heat (JKg-1K-1)
TPV PV panel temperature ( ◦C)
Tg Glass temperature ( ◦C)

Greek Symbols
ε Emissivity
ηel Electrical efficiency (%)
ρ Density (Kg m-3)
σ Stefan-Boltzmann constant
ηref Reference efficiency
βref Temperature coefficient
α Absorptivity
τ Transmissivity
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output of PV modules. However, other important factors, such as the 
angle of inclination or the mass of accumulated dust, have not been 
sufficiently investigated. In particular, the interaction of these parame
ters and their combined effect on module temperature and electrical 
efficiency have not yet been thoroughly addressed. To address these 
gaps, this study proposes the development of a three-dimensional ther
mal simulation model based on the finite element method (FEM), which 
can accurately predict the temperature of a PV module under variable 
ambient conditions. This model will be validated using experimental 
data and will be used to conduct a detailed parametric analysis of both 
the individual and combined effects of each factor. Finally, to identify 
the most influential parameters, a multi-criteria analysis method, 
namely GRA, will be employed to quantify the impact of each variable 
on the temperature, power output, and efficiency of the PV module.

This study stands out for its major contributions and the introduction 
of new features in the analysis of PV modules. A 3D mathematical 
modeling was proposed to realistically simulate PV’s thermal behavior 
exposed to various outdoor conditions. This model simultaneously in
tegrates key parameters like dust gathering, panel inclination, air speed, 
solar radiation and temperature (ambient). The model’s accuracy was 
confirmed by cross-validation with experimental-numerical results from 
the literature. Using this model, an in-depth investigation was per
formed to examine not only each factor’s individual effect on PV tem
perature, power generation, module efficiency, but also the synergistic 
effects resulting from the combination of these parameters. This 
approach made it possible to identify the most significant thermal in
teractions. To complete the analysis, a multi-criteria evaluation method, 
the GRA method, was applied. This approach made it possible to assign a 
quantitative weight to each of the parameters studied, highlighting their 
respective influence on the PV module’s thermal-electrical performance.

2. Methodology

2.1. PV panels composition

We used a monocrystalline PV module (supreme output 90 W) for 
thermal analysis. The module consists of 36 solar cells (125 *125 mm2). 
The overall dimensions of the panel are 1200 mm long and 545 mm 
wide. Its internal structure is based on five superimposed layers (Fig. 1), 
arranged from back to front, each fulfilling a specific functional role. The 
first is a sheet of Tedlar, used as an external protective layer against 
moisture and environmental aggression at the rear of the module. The 
first layer is EVA, serving as an encapsulation material, ensuring the 
adhesion and mechanical stability of the internal components. The 
center is PV cells (monocrystalline silicon), converting solar energy into 
electricity. These are covered by a second layer of EVA, identical to the 
first, providing additional protection and holds the cells in place. On the 
surface, a transparent tempered glass plate forms the top layer. This 
provides mechanical protection for the module while allowing good 
transmission of solar irradiance to the cells. These layers are held 
together by a metal frame, ensuring the panel’s rigidity and durability. 
However, we did not consider this frame as its deemed insignificant 
effect due to having relatively tiny area related to whole PV [38–39]. 
The thermophysical properties of each of the module’s constituent 
layers - thickness, thermal conductivity, density, and mass heat capacity 
are detailed in Table 1, which serves as the basis for the numerical 
simulations carried out in this study.

2.2. Simulation procedure

The PV module’s temperature distribution was numerically exhibi
ted using COMSOL Multiphysics software. The approach adopted con
siders conduction within the PV layers, natural convection from PV’s 
outer surface to ambient air, and thermal radiation between surfaces. 
For this purpose, we used “Heat transfer in solids” and “Surface-to-sur
face radiation” physics [41]. Solar radiation (external thermal source), 

applied perpendicular to the module’s upper surface. It is characterized 
by a heat flux that varies according to the simulated irradiance. In terms 
of optical properties, the silicon layer and other layers were treated as 
opaque and transparent, respectively, with a refractive index equal to 
1.50 [40,41]. Diffuse radiation was neglected, simplifying heat ex
change to direct interactions between surfaces. A linear discretization 
technique was applied to solve the equations numerically. Finally, the 
simulation results were processed and analyzed using Origin 2018 
software to extract thermal trends for the module.

2.3. Thermal hypotheses

Several assumptions were considered. These simplify certain aspects 
related to the PV module structure, ambient conditions, and other var
iables likely to affect the results. 

v The PV module is represented as a uniform five-layer structure, 
neglecting the spaces between the cells (2 mm), which are insignif
icant compared with the total module surface area [40].

v The ambient air is assumed to have a uniform temperature around 
the panel, and the lateral edges of the model are assumed to be 

Fig. 1. PV module’s structure.
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adiabatic, their contribution being negligible due to their small size 
[42–43].

v All the materials making up the module are considered in the ab
sorption of solar radiation. All energy not converted into electricity 
by the cells is dissipated as heat [43].

v Heat transfer by radiation is modeled by assuming that the front face 
exchanges heat with the sky, while the rear face radiates towards the 
ground [43].

v Rear convection has been estimated at 50 % of front convection, 
taking into account less efficient heat exchange [44].

2.4. Boundary conditions

Pv’s hermal modeling was presented in detail in Fig. 2, where the 
boundary conditions defined for the simulation are clearly specified. The 
diagram shows the various layers of the module and the heat exchanges 
between them.

The electrical energy produced by a PV cell comes from the ab
sorption of solar photons, which also results in the release of heat. The 
heat generated by PV panels, energy that is not converted into elec
tricity, is quantified by the following equation [40]: 

Qt = (1 − ηPV)⋅G⋅APV ⋅T(%) (1) 

In this expression, ηPV is the efficiency of the PV module, APV is the 
total surface area of the module, and T ( %) is the percentage of sunlight 
reaching the panel surface.

In a PV panel, heat mainly moves through three mechanisms: con
duction, convection, and radiation. The surface exposed to the sun ex
changes thermal radiation with the atmosphere, while the opposite side 

exchanges heat with the Earth. Radiation transfer can be quantified by 
the following equation [39,45]: 

Qrad,1 = εg⋅σ⋅
(
Tg

4 − Tsky
4)⋅APV (2) 

Qrad,2 = εg⋅σ⋅
(
Tg

4 − Tamb
4)⋅APV (3) 

Where σ is the Stefan-Boltzmann constant, TPV is the PV panel temper
ature, Tamb is the ambient temperature, Tsky is the sky temperature, and ε 
is the glass emissivity.

The studies presented in [46–47] assume that the ground tempera
ture is identical to the ambient temperature, while the sky temperature 
is calculated from the following equation: 

Tsky = 0.0552⋅T1.5
amb (4) 

Convection is an important mode of heat dissipation between the 
module and its environment. The heat dissipated by this process to the 
ambient air is quantified by the following formula [40]: 

Qconv,1 = h⋅
(
Tg − Tamb

)
⋅APV (5) 

Qconv,2 = h⋅(TBack − Tamb)⋅APV (6) 

Where h represents the convective heat transfer coefficient, and Tg, TBack 
are the temperatures of the top glass and rear surface of the PV module, 
respectively.

Wind speed (V) influences the module’s convective heat transfer 
coefficient, which can be determined using the following equation [43,
48]: 

Table 1 
Materials’ optical properties [38,40].

Material Thickness (mm) ρ (kg/m3) k 
(W/m.K)

Cp 

(J/kg.K)
Emissivity Refractive index Relative permittivity

EVA 0.50 935 0.29 2400 * * *
Glass 0.1–3.2 2200 1.04 750 0.85 1.5 4.2
Backsheet 0.3 1200 0.14 1250 0.92 * *
Silicon 0.192 2329.1 163 703 0.85 3.45 11.7

*Value not relevant for simulation.

Fig. 2. Diagram of the boundary conditions used for the PV module.
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h = 5.82 + 4.07⋅V (7) 

According to references [43–44,48], convective heat transfer on the 
rear face of the module is reduced by 50 % compared to the front face, 
this being attributed to less exposure to air flows and less efficient 
cooling.

2.5. Performance analysis

The electrical efficiency of solar cells within a PV module varies 
according to their operating temperature. This relationship can be 
quantified by the following equation, which takes into account the direct 
impact of temperature on the module’s electrical productivity [49]: 

ηPV = ηref ⋅
(
1 − βref ⋅

(
Tc − Tref

))
(8) 

Where ηref is the reference efficiency, βref is the temperature coefficient 
of the PV cell, Tc is the cell temperature, and Tref is the reference tem
perature set at 25 ◦C.

The output power of a PV module is directly influenced by the 
temperature of its cells. Indeed, as cell temperature rises, their electrical 
efficiency decreases, impacting power output. This relationship between 
output power and cell temperature can be expressed mathematically by 
the following equation [38,45]: 

PPV = ηref ⋅τ⋅αc⋅G⋅APV ⋅
(
1 − βref ⋅

(
Tc − Tref

))
(9) 

Where τ represents the transmissivity of the glass, α the absorptivity of 
the cells (value fixed at 0.9), and G the incident solar irradiance.

When the glass surface of a PV module is covered with dust, the 
amount of sunlight able to pass through is reduced. This reduction in 
transmittance directly affects module performance, as less radiation 
reaches the PV cells. Eq. (10) [9] establishes a quantitative relationship 
between the level of dust accumulation and glass transmittance, 

providing a means of accurately calculating the transmittance to be 
taken into account in solar panel performance analyses. 

τ = τ0⋅[1.01645 − 0.09885⋅ln(Jd +1.18102)] (10) 

Here τ₀ and τ are transmittance of clean and dirty glass, respectively. 
Jd represents the amount of dust in g/m² affecting this transmittance.

2.6. Mesh independence study

To ensure an optimal balance between result accuracy and compu
tational time requirements, an in-depth study of the meshing strategy 
was conducted. Two mesh topologies were considered for the numerical 
modeling of the PV system under study: an unstructured mesh based on 
free triangular elements, and a structured mesh composed of regularly 
distributed quadrilateral elements (Fig. 3). The key goal was to detect 
the maximum efficient mesh configuration in terms of thermal stability 
of results and numerical performance. Rather than focusing solely on 
mesh density, the evaluation also considered the mesh topology in 
relation to PV thermal characteristics and simulation time. This 
approach was applied under constant conditions (1 m/s air speed, 1000 
W/m² radiation, and 26 ◦C ambient temperature). Table 2 presented 
results, revealed that the choice of mesh has a strong influence on 
calculation time, without compromising thermal accuracy above a 
certain level of refinement. In particular, the structured mesh exhibits 
better numerical efficiency, with significantly reduced simulation time, 
while maintaining the stability of thermal results comparable to those 
from a finer mesh type. This stability indicates that the solution has 
become mesh-independent at this stage.

In conclusion, the structured mesh with a finer mesh type was 
adopted for the remainder of the simulations, as it guarantees both 
sufficient accuracy and reasonable computation time.

Fig. 3. (a) structured and (b) unstructured mesh of PV panel.
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2.7. Model validation and comparison

2.7.1. Comparison I
For the numerical model validation, a SEAC60T-300 polycrystalline 

PV panel was studied under actual climatic conditions in the city of El 
Jadida, Morocco (Fig. 4). An experiment was conducted for getting 
temperatures on module’s front and rear faces. These data were then fed 
into the simulation software, enabling a comparison between numerical 
and experimental results to assess any discrepancies. Fig. 5a illustrates 
the good agreement between the two sets of results, with minor differ
ences clearly highlighted in Fig. 5b These discrepancies can be explained 
by the simplifying assumptions adopted in the numerical model, such as 
the neglect of certain environmental parameters like humidity or rapid 
variations in climatic conditions. Such deviations are to be expected, as 
it is difficult to accurately reproduce the complexity of real-life condi
tions in simulation. On the other hand, the PV front temperature was 
found lower than the rear from the experiment This behavior can be 
explained by the thinness of the Tedlar layer and its limited thermal 
conductivity. This observation is consistent with the temperature dis
tribution numerically (Fig. 6), confirming proposed model’s reliability.

Fig. 7 displayed comparative analysis of PV’s thermal distribution 
obtained by simulation and that measured experimentally using an 
infrared camera. In both configurations, the module’s central area has 
mximum temperature, for thermal accumulation and convection limited 
to two directions. Conversely, the edges appear cooler because they 
benefit from convection in three directions. The agreement observed 
among the numerical and experimental results approves the proposed 

model’s robustness and consistency.

2.7.2. Comparison II
A comparison was made with several methods of predicting PV 

Table 2 
Mesh independence analysis for unstructured and structured configurations.

Mesh Mesh type PV module 
temperature 
(◦C)

Error 
(%)

Elements Time of 
solution 
(s)

Structured Normal 62.99 – 550 7
Fine 62.86 0.20 858 7
Finer 62.79 0.11 1881 7
Extra fine 62.79 0.00 4147 10
Extremely 
fine

62.79 0.00 12,650 39

Unstructured Normal 62.80 – 53,370 52
Fine 62.80 0.00 163,539 526
Finer 62.79 0.01 993,852 2064
Extra fine 62.79 0.00 7285,461 5821
Extremely 
fine

62.79 0.00 9467,391 8053

Fig. 4. Real view of the SEAC60T-300 polycrystalline PV panel installed in El Jadida.
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module temperature (Table 3). The NOCT model in reference [24] 
provides a easy method to calculate module temperature at standard 
circumstances. However, it overlooks key factors like dust gathering, air 
speed, and inclination, limiting its accuracy in real-world scenarios. 
Other models mentioned in references [25,32,48,50] use advanced 
software such as COMSOL Multiphysics and ANSYS to simulate module 
thermal dynamics, but they differ in the number and type of parameters 
included. Some consider only one or two environmental factors, which 
limits their accuracy.

The model developed in this study makes a significant contribution 
by offering a comprehensive approach that simultaneously considers 

several environmental parameters, including ambient temperature, tilt 
angle, solar radiation, dust, and wind speed. This broader consideration 
allows us to go beyond conventional models, most of which focus solely 
on irradiance and temperature, leading to sometimes limited pre
dictions. By integrating all of these variables, the proposed modeling 
offers an extra accurate depiction of PV module’s thermal distribution, 
as well as a more reliable estimate of their electrical output under real 
operating conditions. The major advantage, therefore, lies in its ability 
to accurately describe the combined effect of several factors that are 
often overlooked in conventional approaches. However, this compre
hensive approach may also involve greater complexity in 

Fig. 6. Temperature variation in the PV transverse plane with G = 200 W/m2.

Fig. 7. Comparison of PV’s thermal distribution obtained from experimental infrared camera (a) and numerical simulation (b).
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implementation and increased dependence on the quality of input data, 
which is a potential limitation compared to simpler models that are less 
demanding in terms of data.

3. Results and discussion

Evaluating the combined impacts of several environmental param
eters on the PV thermal-electrical behavior is the target of this research. 
To this end, five main factors were considered: solar irradiance, the PV 
surface’s dust accumulation, external temperature, wind velocity, and 
inclination. These parameters were chosen because of their direct 
impact on the operation of PV systems under real-life conditions. To 
cover a wide range of situations, irradiance was varied from 200 to 1000 
W/m², ambient temperature from 20 ◦C to 32 ◦C, wind speed from 1 m/s 
to 5 m/s, tilt angle from 0◦ to 80◦, and dust deposited on the panel from 
0 to 45 g/m². The analysis focused on the evolution of module tem
perature, electrical power generated, and electrical efficiency as a 
function of these different parameters. The results obtained provide a 
better understanding of the system’s behavior under different climatic 
conditions, and details of each scenario studied are presented in the 
preceding sections.

3.1. Influence of dust accumulation

When dust particles accumulate on the surface of PV modules, they 
form a layer that limits the transmission of solar radiation through the 
glass, thus altering the module’s thermal conditions. The result is a 
change in the module’s temperature, power output, and electrical effi
ciency. Figs. 9, 10, and 11 illustrate these effects under different irra
diances, assuming an ambient temperature of 26 ◦C, a wind speed of 2 
m/s, and a zero angle of inclination.

The presence of dust on the surface of PV modules directly influences 
their thermal behavior. Contrary to the idea that dirt causes over
heating, the results show the opposite trend: module temperature de
creases as the amount of dust increases. This trend is clearly illustrated 
in Fig. 8, which shows the temperature distribution recorded by the FLIR 
camera for a clean and a dusty module. Fig. 9 shows the evolution of 
module temperature as a function of dust deposition rate, for irradiance 
up to 1000 W/m². For example, at an irradiance of 1000 W/m², the 
temperature of a clean module reaches 62.79 ◦C. When a dust layer is 
present at densities of 5, 15, 25, 35, and 45 g/m², the temperature drops 
to 62.27 ◦C, 61.96 ◦C, 61.78 ◦C, 61.68 ◦C, and 61.61 ◦C, respectively. 

Although these variations are small, they reveal a gradual cooling of up 
to 1.18 ◦C. This phenomenon is explained by the filtering effect of dust: 
by absorbing, diffusing, and reflecting part of the sun’s radiation, it re
duces the irradiance incident on the module, thus lowering its operating 
temperature.

Fig. 10 effectively illustrates the influence of dust buildup on the PV 
power. The data shows a progressive decline in power correlated with 
increasing dust levels. Specifically, at 1000 W/m² irradiation, a clean PV 
generates an output of 61,840 W. On the other hand, this value drops to 
51.902 W, 45.912 W, 42.577 W, 40.571 W, and 39.235 W for dust 
deposition levels of 5, 15, 25, 35, and 45 g/m², respectively. These re
sults correspond to power losses of 9939 W, 15,928 W, 19,263 W, 
21,269 W, and 22,605 W compared with a clean module. This marked 
reduction happens for the attenuation of incident irradiation due to dust 
deposit, which acts as an optical filter. The reduction in light energy 
reaching the PV cells thus leads to a direct drop in electrical energy 
conversion.

Fig. 11 shows a slightly surprising trend in PV electrical efficiency 
versus dust accretion. Contrary to the usual trend of decreasing perfor
mance, PV efficiency enhances slightly with the amount of dust depos
ited. At 1000 W/m² irradiation, clean PV efficiency is 11.420 %. This 
rises progressively to 11.452 %, 11.471 %, 11.482 %, 11.488 % and 
11.493 % for deposits of 5, 15, 25, 35, and 45 g/m², respectively. This 
apparent improvement happened due to PV’s lower temperature, which 
induced the presence of dust. By reducing the absorption of solar radi
ation, dust limits module heating, which may slightly improve electrical 
efficiency, as cell performance is thermally sensitive. However, this in
crease in efficiency does not compensate for the sharp drop in power 
output observed, confirming that the overall effect of dust remains 
detrimental to energy production.

3.2. Wind velocity impact

Under 1000 W/m² radiation with 26 ◦C temperature (ambient) and 
0◦ module tilt angle, the air speed’s effect on dusty PV module’s 
behaviour was investigated. The results, presented in Figs. 12, 13, and 
14, show how module temperature, power output, and electrical effi
ciency change against air speed and dirt level.

Fig. 12 shows that the temperature of the PV module decreases with 
increasing wind speed, whether the module is clean or dust-covered. At 
1 m/s wind velocity, clean PV temperature is 62.79 ◦C. For dusty PV of 5, 
15, 25, 35, and 45 g/m² layer, the corresponding temperatures are 62.27 
◦C, 61.96 ◦C, 61.78 ◦C, 61.68 ◦C, and 61.61 ◦C, respectively. Similarly, at 
5 m/s wind velocity, clean module temperature drops to 47.25 ◦C, while 
that of the dusty modules is 46.91 ◦C, 46.70 ◦C, 46.59 ◦C, 46.52 ◦C, and 
46.47 ◦C, respectively, depending on the dust load. These results un
derline the wind-induced cooling effect, which contributes to lower 
module temperatures and improved electrical efficiency.

Fig. 13 illustrates the effect of wind speed on the electrical power 
generated by a PV module, whether clean or subject to different levels of 
dust accumulation. It can be seen that electrical power increases with 
wind speed, regardless of the module’s cleanliness. Specifically, at a 
wind speed of 1 m/s, the electrical power of a clean module reaches 
61.840 W. On the other hand, for modules with increasing levels of dust 
accumulation, respectively 5 g/m², 15 g/m², 25 g/m², 35 g/m² and 45 g/ 
m², power gradually decreases, reaching 51.902 W, 45.912 W, 42.577 
W, 40.571 W and 39.235 W. This is due to the reduction in incident 
irradiance caused by the partial obstruction of the module’s active 
surface by dust particles. When the wind speed increases to 5 m/s, the 
electrical power of the clean module rises to 67.050 W, a significant gain 
over the situation at 1 m/s. The polluted modules also show an 
improvement in power output, although the values are still lower than 
those of the clean module. The power levels recorded are 56.213 W, 
49.694 W, 46.066 W, 43.887 W, and 42.434 W, respectively, for the 
aforementioned dust levels.

Fig. 14 illustrates the evolution of the electrical efficiency of PV 

Table 3 
Comparison of temperature estimation methods for solar modules.

Author Year Model name Characteristics

Davis et al. [24] 2001 NOCT model It evaluates the module’s 
temperature in a real-life scenario, 
integrating the effects of 
irradiation and external 
temperature.

Zhou et al. [48] 2015 3D numerical 
model using 
ANSYS

It analyzes the polycrystalline PV 
temperature, considering wind 
velocity, external temperature, 
and irradiation.

Dabaghzadeh 
et al. [32]

2019 3D numerical 
model using 
COMSOL

The model considers wind 
velocity, direction, and 
inclination in PV thermal analysis.

Jha et al. [25] 2019 3D numerical 
model using 
COMSOL

It considers the impacts of dust 
and wind on module temperature.

El Alami et al. 
[50]

2025 3D numerical 
model using 
COMSOL

It illustrates the impact of a semi- 
arid climate on temperature and 
module performance.

This research 2025 3D numerical 
model using 
COMSOL

It investigates the influences of 
external temperature, irradiation, 
dust accumulation, air velocity, 
and tilt angle on PV performance.
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modules as a function of wind speed, considering different levels of dust 
accumulation on their surface. It can be seen that, whatever the degree 
of pollution, electrical efficiency increases with wind speed. This trend is 
explained by the improved cooling of the modules at higher wind 

speeds, which reduces the operating temperature of the PV cells and thus 
optimizes their electrical performance. At a wind speed of 1 m/s, the 
electrical efficiency of a clean module is 11.420 %. For modules with 
dust accumulations of 5 g/m², 15 g/m², 25 g/m², 35 g/m², and 45 g/m², 

Fig. 8. Temperature distribution recorded by the FLIR camera for the PV of clean (a) and dusty (b).
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there is a slight gradual increase in efficiency, to 11.452 %, 11.471 %, 
11.482 %, 11.488 % and 11.493 % respectively. When the wind speed 
rises to 5 m/s, the electrical efficiency of the clean module rises to 
12.382 %, reflecting a significant gain thanks to improved cooling. 
Similarly, for modules polluted at the above levels, efficiencies increase 
slightly, reaching 12.403 %, 12.416 %, 12.423 %, 12.427 % and 12.430 
%.

In conclusion, wind speed has a significant contribution to PV cool
ing, promoting convective thermal transfer between the PV and external 
air. This mechanism helps to reduce module temperatures, thereby 
improving their energy performance. Wind can also facilitate the partial 
detachment of accumulated dust particles, reducing their shielding ef
fect on solar radiation. Nevertheless, the cooling effectiveness is 
contingent on a combination of issues like the amount of dust deposited, 
irradiance, angle of inclination, and ambient temperature. It is therefore 
vital for investors and planners to take these effects into account when 
designing PV systems, to avoid oversizing, optimize costs, and determine 
the optimum tilt angle, thus guaranteeing maximum energy efficiency.

3.3. Inclination impact

The tilt angle of the PV module significantly influences both the 
amount of radiation received and heat dissipation. By adjusting this 
angle, it is possible to optimize the amount of solar energy captured 
while facilitating cooling through natural convection, which directly 
impacts the module’s electrical efficiency. Fig. 15 illustrates the effect of 
tilt on the temperature distribution of a module with a wind speed of 1 
m/s, an outside temperature of 26 ◦C, radiation of 1000 W/m², and no 
dust (0 g/m²). The results show that the module temperature decreases 
as the tilt angle increases. This reduction can be explained by two 
complementary effects. A greater tilt improves air circulation around the 
module, thereby enhancing convective cooling. The direct incident 
irradiance on the module surface decreases slightly at more pronounced 
angles, which also helps to limit heating. These observations highlight 
that even a change of a single degree can have a significant impact on 
temperature and efficiency. Optimizing the tilt angle is a strategic lever 
for balancing solar radiation capture and module cooling, enabling an 
optimal compromise between energy production and thermal control.

Fig. 16 illustrates the combined effect of tilt angle and level of dust 
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accumulation on PV module temperature. In general, it can be seen that 
module temperature decreases progressively with increasing tilt angle, 
whether the module is clean or subject to varying degrees of soiling. 
Specifically, at an angle of inclination of 0◦, the temperature of a clean 
module reaches 62.79 ◦C. Where dust accumulation is present, the 
temperatures recorded decrease slightly with increasing dust mass, 
reaching 62.27 ◦C for 5 g/m², 61.96 ◦C for 15 g/m², 61.78 ◦C for 25 g/ 
m², 61.68 ◦C for 35 g/m², and 61.61 ◦C for 45 g/m², respectively. This 
corresponds to a maximum difference of 1.18 ◦C between the clean 
module and the dirtiest module at 0◦ inclination. This slight decrease 
can be attributed to the partial reduction in irradiance absorbed by the 
module due to dust-induced shading. Conversely, at an angle of incli
nation of 80◦, the temperature of the clean module falls to 36.37 ◦C, a 
significant drop of 26.42 ◦C compared to the temperature measured at 
0◦ For soiled modules, the temperatures observed at this angle are also 
lower, with values of 35.70 ◦C for 5 g/m², 35.30 ◦C for 15 g/m², 35.08 ◦C 
for 25 g/m², 34.94 ◦C for 35 g/m², and 34.85 ◦C for 45 g/m². The 
maximum difference between the clean module and the dirtiest is 1.52 
◦C, slightly higher than at 0◦, reflecting the greater effect of dust at 
higher angles of inclination, although the overall temperature remains 

significantly lower.
The electrical power generated by a PV module is strongly influenced 

by its tilt angle and the degree of dirtiness of its surface. Fig. 17 illus
trates this dual influence. As the angle of inclination increases, power 
output decreases for all levels of dirt accumulation. At low inclination 
(0◦), performance is optimal. The clean module delivers 61,840 W. 
However, the presence of dust reduces this value significantly, with 
51.902 W for 5 g/m² of dust, then 45.912 W for 15 g/m², 42.577 W for 
25 g/m², 40.571 W for 35 g/m², and finally 39.235 W for 45 g/m². When 
the angle reaches 80◦, the drop in power becomes drastic. The module 
itself delivers just 12.275 W, a loss of >49 W compared to the initial 
angle. This trend is confirmed for soiled modules: at the same angle, 
power drops to 10.307 W for 5 g/m², 9.120 W for 15 g/m², 8.457 W for 
25 g/m², 8.060 W for 35 g/m², and 7.795 W for 45 g/m². These results 
clearly show that optimizing the installation angle and regular module 
maintenance are two key factors in guaranteeing satisfactory power 
production, especially in environments exposed to dust.

Fig. 18 shows the combined effect of tilt angle and dust accumulation 
level on the electrical efficiency of a PV module. It can be seen that ef
ficiency increases progressively with increasing tilt angle, whether the 
module is clean or dirty. The main reason for this improvement is the 
reduction in module operating temperature as the tilt angle increases, 
leading to better electrical performance. At an angle of 0◦, the electrical 
efficiency of the clean module is 11.420 %. In the presence of dust, ef
ficiency rises slightly with deposited mass, reaching 11.452 % for 5 g/ 
m², 11.471 % for 15 g/m², 11.482 % for 25 g/m², 11.488 % for 35 g/m², 
and 11.493 % for 45 g/m², respectively. When the angle of inclination 
reaches 80◦, the efficiency of the clean module rises to 13.055 %, a 
significant increase of 1.635 % compared to the initial angle of 0◦ For 
soiled modules, the same trend is observed, with respective efficiencies 
of 13.097 % for 5 g/m², 13.122 % for 15 g/m², 13.135 % for 25 g/m², 
13.144 % for 35 g/m², and 13.150 % for 45 g/m². These results indicate 
that increasing the angle of inclination not only partially compensates 
for dirt losses but also improves overall electrical efficiency, mainly 
through module cooling.

3.4. Irradiation impact

Solar irradiance is a decisive parameter in the amount of energy 
received by the surface of PV modules, directly influencing their oper
ating temperature. Fig. 19 shows the temperature distribution on the 
surface of a PV module subjected to different irradiance intensities, 
under fixed conditions: wind speed of 1 m/s, ambient temperature of 26 
◦C, zero inclination (0◦), and no dust on the surface (0 g/m²). The results 
show a progressive rise in module temperature with increasing irradi
ance. The peripheral areas of the module also show lower temperatures, 
due to greater convective heat loss, favored by exposure to air on three 
sides. By contrast, temperatures are significantly higher in the center of 
the module, as confirmed by images taken by the FLIR camera (Figs. 7
and 8). This can be explained by the more limited heat dissipation in this 
region, where convective exchange with the environment takes place in 
only two directions, resulting in greater thermal accumulation.

Fig. 20 shows the effect of solar irradiance and dust accumulation on 
the temperature of PV modules. It is seen that module temperature rises 
significantly with escalating irradiation. It happens as a small proportion 
of the incident irradiation is transformed into electricity via the photo
electric phenomenon. The rest of the absorbed energy is converted into 
heat, raising the temperature of the module when this heat is not 
dissipated efficiently. The figure also shows that clean modules sys
tematically have higher temperatures than dirty ones. The accumulation 
of dust slightly reduces the solar energy absorbed, thus limiting heating. 
For example, at an irradiance of 200 W/m², the temperature of the clean 
module reaches 33.95 ◦C. With increasing dust accumulation, temper
atures drop slightly, with 33.81 ◦C for 5 g/m², 33.73 ◦C for 15 g/m², 
33.68 ◦C for 25 g/m², 33.66 ◦C for 35 g/m², and 33.64 ◦C for 45 g/m². At 
higher irradiance levels, i.e., 1000 W/m², the same phenomenon is more 

1 2 3 4 5

40

45

50

55

60

65

70

75

)
W(rew oplacirtcelE

Wind speed (m/s)

 0 g/m2  15 g/m2  35 g/m2

 5 g/m2  25 g/m2  45 g/m2

Fig. 13. Wind velocity impact on PV power subjected to various dust 
accumulations.

1 2 3 4 5

11,4

11,6

11,8

12,0

12,2

12,4

12,6

)
%(

ycneiciffelacirtcelE

Wind speed (m/s)

 0 g/m2

 5 g/m2

 15 g/m2

 25 g/m2

 35 g/m2

 45 g/m2

Fig. 14. Wind velocity impact on PV electrical efficiency subjected to various 
dust accumulations.

Y.E. Alami et al.                                                                                                                                                                                                                                Results in Engineering 27 (2025) 107097 

11 



marked. The temperature of the clean module reaches 62.79 ◦C. In the 
presence of dust, this temperature falls progressively, reaching 62.27 ◦C 
for 5 g/m², 61.96 ◦C for 15 g/m², 61.78 ◦C for 25 g/m², 61.68 ◦C for 35 
g/m², and 61.61 ◦C for 45 g/m². These results confirm that increasing 
irradiance intensifies PV module heating and that the presence of dust, 
while reducing energy efficiency, has a moderating effect on tempera
ture by reducing solar radiation absorption.

Fig. 21 shows the relationship between solar irradiance and the 
electrical power generated by PV modules, considering the effect of 
soiling. Generally speaking, the power generated increases as irradiance 
rises. This trend can be explained by the fact that more intense solar 
irradiance provides more usable energy, which in turn increases the 

current generated by the PV effect. However, the presence of dust on the 
module surface reduces the incident energy absorbed, thus limiting 
electricity production. For example, at an irradiance of 200 W/m², the 
clean module delivers a power of 14.301 W. However, this power drops 
to 11.977 W for an accumulation of 5 g/m², then to 10.581 W for 15 g/ 
m², 9.805 W for 25 g/m², 9.339 W for 35 g/m², and 9.028 W for 45 g/m². 
At a higher irradiance of 1000 W/m², the same trend is observed, with 
greater variations. Clean module power then reaches 61.840 W, while 
power levels recorded for increasing levels of soiling are 51.902 W for 5 
g/m², 45.912 W for 15 g/m², 42.577 W for 25 g/m², 40.571 W for 35 g/ 
m², and 39.235 W for 45 g/m².

Fig. 22 shows the evolution of the electrical efficiency of PV modules 

Fig. 15. Effect of tilt angle on PV thermal distribution.
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as a function of solar irradiance and the level of dust accumulation. 
Contrary to the trend observed for electrical power, efficiency decreases 
as irradiance increases. This is because, at high levels of solar irradiance, 
a greater proportion of the energy absorbed is converted into heat rather 
than electricity, resulting in a rise in module temperature and, conse
quently, a drop in conversion efficiency. At low irradiance, e.g., 200 W/ 
m², the clean module efficiency reaches 13.205 %. This efficiency in
creases slightly in the presence of dust, reaching 13.214 % for 5 g/m², 
13.219 % for 15 g/m², 13.222 % for 25 g/m², 13.223 % for 35 g/m², and 
13.225 % for 45 g/m². This slight increase is due to the reduction in 
thermal rise, as dust partially limits the absorption of radiation. On the 
other hand, at a higher irradiance of 1000 W/m², the efficiency of the 
clean module drops to 11.420 %. For soiled modules, a similar trend is 
observed, with efficiencies of 11.452 % for 5 g/m², 11.471 % for 15 g/ 
m², 11.482 % for 25 g/m², 11.488 % for 35 g/m², and 11.493 % for 45 g/ 
m².

3.5. Influence of ambient temperature

Figs. 23, 24, and 25 show the influence of ambient temperature on 
PV module temperature, generated power, and electrical efficiency, 
considering several levels of dust accumulation, a wind speed of 1 m/s, a 
zero-tilt angle (0◦), and an irradiance of 1000 W/m².

Fig. 23 clearly illustrates that PV module temperature increases 
almost linearly with ambient temperature, regardless of the level of dust 
accumulation. This temperature rise adversely affects module perfor
mance, as it reduces their conversion efficiency. As a result, PV modules 
generally perform better in winter, when lower ambient temperatures 
keep the module’s operating temperature at a moderate level. This trend 
is consistent with results presented in previous work [25,50], which 
report slightly higher energy production in winter under equivalent 
irradiance conditions. The moderating effect of dust on module tem
perature can also be observed. At an ambient temperature of 20 ◦C, the 
temperature of the clean module reaches 57.78 ◦C. At 5 g/m², 15 g/m², 
25 g/m², 35 g/m² and 45 g/m² dust buildup, this temperature gradually 
decreases to 57.24 ◦C, 56.91 ◦C, 56.72 ◦C, 56.61 ◦C and 56.54 ◦C. At 32 
◦C external temperature, the clean PV registers 67.82 ◦C temperature. 
For dust accumulations of 5, 15, 25, 35, and 45 g/m², the temperatures 
measured are slightly lower, reaching 67.32 ◦C, 67.03 ◦C, 66.86 ◦C, 
66.76 ◦C, and 66.69 ◦C, respectively.

Fig. 24 shows an almost linear decrease in PV module electrical 
output with increasing ambient temperature. This phenomenon is 
mainly explained by the negative impact of rising temperature on PV cell 
efficiency, due to an increase in charge carrier recombination and a drop 
in open-circuit voltage. Dust accumulation on the module surface also 
acts as a power-reducing factor by reducing the incident irradiance 
received by the cells. At an ambient temperature of 20 ◦C, the maximum 
power of a clean module is 63.519 W. This power decreases significantly 
as dust accumulates, falling to 53.312 W for 5 g/m², then to 47.165 W, 
43.737 W, 41.679 W and finally 40.307 W for accumulations of 15, 25, 
35 and 45 g/m² respectively. When the ambient temperature rises to 32 
◦C, there is a general drop in power, with 60.151 W for the clean module 
and reduced values of 50.484 W, 44.655 W, 41.412 W, 39.462 W, and 
38.160 W for the same dust levels.

Fig. 25 shows an almost linear decrease in PV module electrical ef
ficiency with increasing ambient temperature. This can be explained by 
the negative thermal effect on the electrical characteristics of the PV 
cells, in particular, the reduction in open-circuit voltage due to the 
temperature rise. Indeed, at an ambient temperature of 20 ◦C, the effi
ciency of the clean module is 11.730 %, while it increases slightly with 
dust, reaching 11.763 % for 5 g/m² and peaking at 11.807 % for 45 g/m² 
of accumulation. Similarly, at 32 ◦C, the efficiency of the clean module is 
11.108 %, rising gradually with dust to 11.178 % at 45 g/m².
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3.5. Grey relational analysis (GRA)

To select the parameters that have the greatest influence on the 
performance of a PV module, an analysis based on the grey relational 
method developed by Deng in 1982 was conducted [51], considering 
five environmental factors, namely irradiance, ambient temperature, 
wind speed, tilt angle, and dust quantity. This method makes it possible 
to evaluate the proximity of variation of each parameter in relation to 
the output variable, whether it be the temperature of the module, its 
electrical power, or its efficiency, using the Grey Relational Degree, after 

normalization over the interval [0–1]. The use of this method over other 
analytical techniques is justified by its simplicity of implementation, 
ease of calculation [52], and effectiveness in evaluating multiple 
response functions and ranking alternatives, making it particularly 
suitable for multi-criteria decision-making [53]. Nevertheless, this 
method has certain limitations since it does not provide a causal 
explanation, limiting itself to identifying the relative importance of 
factors, and the results may vary depending on the normalization 
method adopted.

The steps for determining the Grey Relational Degree (GRD) involve 

Fig. 19. PV thermal distribution at different irradiation levels.
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normalizing the data, as the factors have different units and must be 
made comparable. Either the “the larger, the better” approach or the 
“the smaller, the better” approach can be used. The “smaller is better” 
approach (Eq. (11)) was applied to the responses relating to the tem
perature of the PV modules, while the “bigger is better” approach (Eq. 
(12)) was used for the responses relating to electrical power and effi
ciency [53]. Next, the difference between the reference series, corre
sponding to the normalized output variable, and each compared series 
corresponding to a normalized factor is determined, and then the gray 
relational coefficient (GRC) of each analyzed sequence is calculated (Eq. 
(13)). Finally, the GRD is calculated and ranked in descending order to 
define a criterion for evaluating the importance of the factors (Eq. (14)) 
[52–54]. 

xij =
max

(
yij

)
− yij

max
(

yij

)
− min

(
yij

) (11) 

xij =
yij − min

(
yij

)

max
(

yij

)
− min

(
yij

) (12) 

where yij is the original response corresponding to the test number and 
the considered variable, and xij is the normalized response with a value 
ranging from 0 to 1. max(yij) represents the highest value for each 
considered response, while min(yij) corresponds to the lowest possible 
value for these responses. 

GRC =
Δmin + ξ⋅Δmax

Δ + ξ⋅Δmax
(13) 

where ξ represents the identification coefficient, typically assigned a 

Fig. 20. Dust buildup and irradiance versus PV temperature.

Fig. 21. PV power versus irradiation and soiling level.

Fig. 22. PV efficiency versus irradiation intensity and dust deposited amount.
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value of 0.5 [54]. 

GRD =
1
n

(
∑n

i=1
GRC

)

(14) 

The results show that dust is the most influential parameter on all the 
indicators studied (Table 4). It has a grey relationship of 0.5476 for 
module temperature, 0.6878 for electrical power, and 0.6820 for 

electrical efficiency, placing it in first place in all rankings. This strong 
correlation can be attributed to the fact that the accumulation of dust on 
the module surface acts simultaneously as an obstacle to the trans
mission of solar radiation and as a thermal insulator that slows down 
heat dissipation, thus directly impacting the thermal and electrical 
behavior of the system. In comparison, other parameters such as irra
diance, ambient temperature, wind speed, and tilt angle show similar 
GRD values for each indicator, i.e., 0.5446 for temperature, 0.5474 for 
electrical power, and 0.5964 for efficiency. This reflects a moderate and 
balanced influence of these factors on module performance.

From a practical point of view, these results highlight the need to 
implement effective strategies to limit dust accumulation on modules, 
for example, through regular cleaning, to maintain a good level of en
ergy performance. Furthermore, although their individual impact is less 
pronounced, other environmental parameters must also be considered in 
prediction and sizing models, because of their combined effect on 
overall module behavior.

4. Conclusion

This study proposes an original approach based on the three- 
dimensional modeling of heat transfer in PV modules, considering 
several physical and environmental parameters. The model developed 
has been validated through comparison with experimental data, 
demonstrating its reliability. The model’s performance has also been 
compared with that of other models in the literature, highlighting its 
strengths in terms of accuracy. The model was used to assess the effects 
of various factors, including dust buildup, wind velocity, solar irradi
ance, installation angle, and external temperature, on the PV system’s 
working temperature, energy efficiency, and power output. Addition
ally, an analysis based on the Grey Relation Degree method was con
ducted to prioritize the influence of five key parameters on overall 
system performance. This approach represents an innovative contribu
tion to this research. The main findings are presented below: 

v The presence of dust alters the PV thermal-electrical behavior. At 
1000 W/m², compared to a module covered with 45 g/m² of dust, a 
clean module has a 1.18 ◦C higher temperature (62.79 ◦C vs. 61.61 
◦C), a 22.605 W (57.6 %) higher power output, and a 0.073 % lower 
efficiency (11.420 % vs. 11.493 %). These results show that, 
although dust induces a slight gain in efficiency due to module 
cooling, it results in a significant loss of energy, confirming its overall 
negative impact on performance.

v Increasing wind speed from 1 to 5 m/s reduces PV module temper
ature by around 15 ◦C, from 62.79 ◦C to 47.25 ◦C for a clean module, 
and from 61.61 ◦C to 46.47 ◦C for a very dusty module (45 g/m²). 
This drop in temperature results in an increase in electrical effi
ciency, from 11.42 % to 12.38 % for a clean module, and from 11.49 
% to 12.43 % for a dusty module. At the same time, electrical power 
output is always higher for clean modules, but increases with wind 
speed for all dust levels.

v The angle of inclination has a strong influence on the temperature 
and power of PV modules: at low inclination, the temperature is high 
(62.79 ◦C) with maximum power (61,840 W) that gradually 
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Fig. 24. Variation of PV module power output according to ambient temper
ature and dust load.
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Fig. 25. Variation in PV module electrical output against dust load and 
external temperature.

Table 4 
Degrees of grey relationship for factors influencing PV temperature, power, and efficiency.

0–1 Interval normalization

GRD on temperature GRD on power GRD efficiency

Factors GRD Correlation Ranking GRD Correlation Ranking GRD Correlation Ranking

Dust (g/m²) 0.5476 1 0.6878 1 0.6820 1
Irradiance (W/m²) 0.5446 2 0.5474 2 0.5964 2
Tilt angle (◦) 0.5446 2 0.5474 2 0.5964 2
Wind speed (m/s) 0.5446 2 0.5474 2 0.5964 2
Ambient temperature ( ◦C) 0.5446 2 0.5474 2 0.5964 2
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decreases with dust. At high tilt (80◦), the temperature drops (36.37 
◦C), but the power output drops drastically (down to 12,275 W for a 
clean module).

v Ambient temperature has a strong influence on PV module perfor
mance. When the ambient temperature rises from 20 ◦C to 32 ◦C, the 
clean module temperature increases from 57.78 ◦C to 67.82 ◦C, 
resulting in a drop in power output from 63.519 W to 60.151 W. Dust 
accumulation plays a moderating role on temperature, reducing it by 
up to 1.24 ◦C at 32 ◦C for 45 g/m², but results in a marked drop in 
power, down to 23.212 W at 20 ◦C.

v The increase in solar irradiance causes an almost linear rise in the 
temperature of PV modules, reaching 62.79 ◦C at 1000 W/m² for a 
clean module. This thermal rise results in a decrease in electrical 
power, which drops from 61.840 W to 39.235 W as dust levels in
crease from 0 to 45 g/m². At the same time, electrical efficiency rises 
slightly, from 11.420 % to 11.493 %, thanks to the slight cooling 
induced by the dust.

v According to the GRA method, the amount of dust deposited has the 
greatest influence on the temperature, power, and efficiency of the 
PV module, followed by irradiance, ambient temperature, wind 
speed, and tilt angle.

This study shows that dust accumulation, wind speed, tilt angle, solar 
radiation, and ambient temperature have a significant impact on module 
temperature and the electrical output of PV panels. Based on this, 
several practical recommendations can be made to improve the design 
and maintenance of PV systems. During the design phase, it is advisable 
to select an optimal tilt angle and position the modules to promote 
natural heat dissipation and minimize the formation of hot spots. Real- 
time monitoring of panel temperature and performance enables the 
rapid identification of any anomalies and facilitates an effective 
response. For maintenance, it is recommended to keep the modules 
clean through regular cleaning operations and, if possible, to use auto
mated solutions to limit dust accumulation and maximize efficiency. 
These combined measures help to extend the life of the modules, 
maintain high energy efficiency, and ensure optimal operation of the 
installations under real-world conditions.

5. Future work

Based on the results of this study, several research prospects can be 
considered. First, the numerical model developed could be extended to 
be applied to a wider range of PV technologies, such as PERC, bifacial, 
and thin-film modules. Assessing the effects of dust and soiling on these 
different technologies, as well as studying their long-term aging, will 
provide a better understanding of the specific vulnerabilities and ad
vantages of each material. In addition, it would be useful to incorporate 
climate variability by applying the model to various environments 
(desert, coastal, or urban areas) in order to identify the most critical 
conditions. Another avenue is to optimize maintenance strategies by 
using this model to propose predictive cleaning schedules, while 
analyzing the economic consequences of dust and maintenance on the 
cost of ownership of PV systems. Finally, extending the study to hybrid 
systems, such as PVT panels, would provide a more comprehensive 
understanding of the impact of environmental conditions on the 
simultaneous production of electricity and heat.
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