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Abstract

Enhancing solar photovoltaic (PV) power generation is fundamental to achieving energy
sustainability goals. However, elevated module temperatures can diminish photoelectric
conversion efficiency and output power, impacting the safe and efficient operation of PV
modules. Therefore, understanding module temperature distribution is crucial for predict-
ing power generation performance and optimizing cleaning schedules in PV power plants.
To investigate the combined effects of multiple factors on the temperature distribution
and output power of dusty PV modules, a heat transfer model was developed. Valida-
tion against experimental data and comparisons with the NOCT model demonstrated
the validity and advantages of the proposed model in accurately predicting PV module
behavior. This validated model was then employed to simulate and analyze the influence
of various parameters on the temperature of dusty modules and to evaluate the module
output power, providing insights into sustainable PV energy generation. Results indicate
that the attenuation of PV glass transmittance due to dust accumulation constitutes the
primary determinant of the lower temperature observed in dusty modules compared to
clean modules. This highlights a significant factor impacting long-term performance and
resource utilization efficiency. Dusty module temperature exhibits a positive correlation
with irradiance and ambient temperature, while displaying a negative correlation with
wind speed and dust accumulation. Notably, alignment of wind direction and module
orientation enhances module heat dissipation, representing a passive cooling strategy that
promotes efficient and sustainable operation. At an ambient temperature of 25 ◦C and
a wind speed of 3 m/s, the dusty module exhibits a temperature reduction of approxi-
mately 11.0% compared to the clean module. Furthermore, increasing the irradiance from
200 W/m2 to 800 W/m2 results in an increase in output power attenuation from 51.4 W to
192.6 W (approximately 30.4% attenuation rate) for a PV module with a dust accumulation
of 25 g/m2. This underscores the imperative for effective dust mitigation strategies to
ensure long-term viability, economic sustainability, and optimized energy yields from solar
energy investments.

Keywords: dusty PV modules; heat transfer model; temperature distribution; output power
attenuation; numerical simulation

1. Introduction
Solar photovoltaic (PV) power generation is a critical technology for efficiently har-

nessing renewable energy resources and plays a pivotal role in supporting China’s energy
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transition and achieving its dual-carbon goals. A significant impediment to ensuring the
long-term sustainability and efficiency of PV power generation is the deposition of airborne
particles on module surfaces [1]. This accumulation attenuates the transmittance of the
PV glass cover, affecting module operating temperature and, consequently, photoelectric
conversion efficiency, ultimately leading to reduced PV power generation and diminished
long-term energy yield [2–4]. Existing investigations have demonstrated an inverse relation-
ship between PV module temperature and output power, with output power decreasing
by approximately 0.3% per 1 ◦C increase in module temperature [5]. This underscores the
importance of minimizing thermal losses to maximize energy harvesting. Therefore, char-
acterizing the temperature distribution patterns of dusty PV modules under atmospheric
conditions is of considerable importance for accurate power forecasting. This enables the
development of optimized cleaning strategies for power stations, thereby maximizing
long-term, sustainable energy production from PV installations.

Studies on PV module temperature have attracted considerable research interest both
domestically and internationally [6–9]. Wang et al. [10] experimentally investigated and
analyzed the influence of various factors on PV module temperature under low-temperature
environments. Their findings demonstrated that irradiance exerts the most significant
influence on module temperature, followed by ambient temperature; they also reported a
0.02 kW·h increase in PV power generation for every 1 ◦C increase in module temperature.
To explore the influence of different sand dust particles on the temperature of PV modules,
Zhao et al. [11] conducted experimental research. They observed that the temperature
of dusty PV modules is lower than that of clean modules, and that module temperature
initially decreases and then increases with increasing particle size; however, the study did
not consider the influence of wind speed on module temperature. Guan et al. [12] conducted
outdoor experiments to study the effect of dust accumulation on module temperature,
finding that the PV module temperature decreased by approximately 4.3 ◦C when the dust
accumulation reached 12.6 g/m2. Furthermore, Ceylan et al. [13] experimentally studied
the influence of wind speed, irradiance, and ambient temperature on the back surface
temperature of clean PV panels. Their findings indicated that, under winter conditions,
PV panel temperatures do not reach levels requiring active cooling and that the impact of
ambient temperature on heat transfer from the PV panel backplane is less pronounced than
that of wind speed and irradiance. Kaplani et al. [14] examined the impact of various factors
on PV module temperature, analyzed convective and radiative heat transfer processes at
the module surface, and proposed a mathematical model incorporating irradiance, wind
speed, wind direction, and module tilt angle to predict PV module temperature. However,
this simulation, developed for a dual-axis tracking PV system, is not applicable to other
PV system installation configurations. Li et al. [15] developed numerical and machine
learning models to determine the temperature of both land-based and water-based PV
modules. A comparative analysis revealed superior temperature prediction accuracy for
land-based PV modules. Moreover, Siddiqui et al. [16] established a PV module heat
transfer model, highlighting that the photoelectric conversion efficiency of PV modules is
positively correlated with irradiance but negatively correlated with module temperature.
The study, however, did not consider the influence of factors such as ambient temperature
and tilt angle on module temperature and photoelectric conversion efficiency.

A comprehensive understanding of PV module temperature distribution is critical
for ensuring their safe operation, maximizing energy output, and promoting the long-
term sustainability of solar energy installations [17–19]. However, existing research on
PV module temperature remains insufficient, hindering efforts to optimize the efficiency
and reliability of this crucial renewable energy technology. While experimental studies
provide valuable insights [20,21], numerical simulation approaches that utilize heat transfer
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models to determine PV module temperature offer a distinct advantage for sustainable
PV development but necessitate further development. Numerical simulation methods
enable the investigation of coupled flow and temperature fields to analyze temperature
distribution patterns on module surfaces. These methods are particularly effective at
capturing the nuanced impact of individual factors on module temperature and facilitate
the optimization of module design and operation for enhanced energy yield.

Furthermore, solar PV modules are exposed to the atmosphere, and their temperature
is influenced by numerous factors, including irradiance, ambient temperature, dust accu-
mulation, wind speed, and wind direction. Existing research has mainly concentrated on
the impact of irradiance [22,23] and ambient temperature [24,25], with less emphasis on
other variables such as dust accumulation, wind speed, and wind direction. A research
gap exists in the application of numerical methods to develop comprehensive heat trans-
fer models that incorporate all five of the aforementioned factors for predicting module
temperature.

To enhance sustainable solar energy production, this study primarily employs numeri-
cal simulation to develop a heat transfer model for dusty PV modules. This model captures
the combined effects of multiple factors on module temperature distribution, enabling a
more realistic assessment of real-world performance and long-term energy yield. By quan-
tifying the influence of these factors on output power via simulation, this research provides
a theoretical basis for optimized cleaning strategies, maximizing energy production, and
promoting a more sustainable solar energy sector.

The main contributions of this study, all aimed at enhancing the sustainable operation
of PV systems, are summarized below:

(1) Development of a novel heat transfer model for solar PV modules, incorporating key
factors such as irradiance, wind speed, wind direction, dust accumulation, and ambi-
ent temperature to accurately predict PV module temperature and enable optimized
performance under real-world conditions. Model advantages were validated through
comparisons with experimental results and the NOCT model.

(2) Thorough investigation, using numerical simulations, of the effects of dust accu-
mulation, irradiance, wind speed, and wind direction on PV module temperature,
providing valuable insights for mitigating performance degradation and maximizing
energy yield.

(3) Quantitative evaluation of the influence of dust accumulation, irradiance, and wind
speed on the output power of dusty PV modules, enabling data-driven strategies for
optimizing cleaning schedules and ensuring long-term sustainable energy production.

2. Conjugate Heat Transfer Mathematical Model
To accurately model PV module temperature distribution, a crucial step in optimizing

their sustainable performance, this study primarily utilizes the conjugate heat transfer mod-
ule in COMSOL Multiphysics software (version 6.1), specifically leveraging the coupling
of the fluid flow module and the heat transfer module, to conduct numerical simulations.
This methodology enables the identification of key factors affecting module performance
and facilitates the maximization of energy production.

2.1. Fluid Flow Module

Solar PV modules are installed at an inclination in practical operation. The presence
of the module tilt angle induces streamline curvature as airflow passes over the module.
Furthermore, turbulent fluctuations exhibit non-uniformity. Therefore, a time-averaged
method is employed to model the fluid flow, and the k-ε model is selected to simulate the
external flow patterns around the module [26]. Given the relatively small variations in air
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velocity and pressure around the module, the air is approximated as an incompressible
viscous fluid. The governing equations for the fluid flow are as follows [27]:

∇ · u = 0 (1)

ρa(u · ∇)u = ∇ · [−paI + (µ + µT)(∇u + (∇u)T)− 2
3

ρakI] + F (2)

ρa(u · ∇)k = ∇ · [(µ +
µT

σk
)∇k] + pk − ρaε (3)

ρa(u · ∇)ε = ∇ · [(µ +
µT

σε
)∇ε] + Cε1

ε

k
pk − Cε2ρa

ε2

k
(4)

µT = ρaCµ
k2

ε
(5)

pk = µT[∇u : (∇u + (∇u)T)] (6)

where ρa and pa represent the air density and pressure, respectively; u is the fluid velocity;
I is the main stress tensor; F is the volume force; k and ε are the turbulent kinetic energy
and turbulent dissipation rate, respectively; and Cµ, σk, σε, Cε1, and Cε2 are all turbulence
model parameters, with values of 0.09, 1, 1.3, 1.44, and 1.92, respectively.

2.2. Temperature Field Module

The temperature distribution on the tilted PV module surfaces is not uniform. There-
fore, this study utilizes the heat transfer module in COMSOL Multiphysics software to
simulate the temperature distribution. Given the relatively thin dust layer on the PV mod-
ule surfaces and its limited scattering effect, the thermal conductivity of the dust layer is
neglected in the simulation. Equations (7)–(11) describe the thermal equilibrium equation
for the module [28].

Qsun = Qconv + Qcond + Qrad (7)

−n · Qsun = QPV (8)

Qconv = ρaircpu · ∇TPV (9)

Qcond = −k′∇TPV (10)

n · Qrad = εPVσ
(

T4
PV − T4

a

)
(11)

where Qsun, Qconv, Qcond, and Qrad represent the heat flux received by the solar PV modules
from the atmosphere environment, the convective heat transfer flux with the surrounding
environment, the heat flux conducted from the surface to the interior, and the radiative heat
transfer flux between the module surface and the surrounding environment, respectively;
n symbolize the normal vector pointing towards the environment; QPV is solar irradiance
on the PV module surface, W/m2; cp is specific heat capacity of the fluid, J/(kg·K); TPV is
module temperature, ◦C; Ta is ambient temperature, ◦C; k′ is thermal conductivity of the
PV module, W/(m·K); εPV is emissivity of the PV module surface; σ is Stefan-Boltzmann
constant, 5.68 × 10−8 W/(m2·K4).

3. Heat Transfer Numerical Model Validation
This section aims to establish a heat transfer model for dusty PV modules and val-

idate it with experimental results and the NOCT model [29], with the goal of laying the
foundation for numerical simulations of PV module temperature and the assessment of
output power.
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3.1. PV Module Temperature Measurement Experiment
3.1.1. Experimental Platform and Instruments

The experimental platform was constructed on the flat rooftop (approximately 3 m
above ground) of the wind turbine hall at the university [30], located in Baoding City
(115◦ E, 38◦ N), a city in northern China. The experimental setup comprised a south-
facing PV array consisting of three polycrystalline silicon PV modules. A separation
of approximately 0.4 m was maintained between the PV modules and the rooftop sur-
face. The PV module model was YL250P-29b, with overall dimensions (including
frame, length × width × thickness) and effective surface dimensions (excluding frame,
length × width) of 1650 mm × 990 mm × 40 mm and 1575 mm × 950 mm, respectively.
Detailed technical specifications for the solar PV modules are presented in Table 1.

Table 1. Technical specifications of solar PV modules.

Category Specifications

Module specifications YL250P-29b
Manufacturer Yingli Green Energy Holding Co. Ltd. (Baoding, China)

Tilt angle 45◦

Maximum power 250 W
Module efficiency 15.4%

Maximum power voltage 30.6 V
Maximum power current 8.17 A

Open circuit voltage 36.3 V
Short circuit current 8.71 A

As shown in Table 2, the following instruments were used to monitor the experimental
conditions and measure the temperature of dusty PV modules.

Table 2. Experimental instrument and its parameters.

Instrument Name Specifications Purpose

Anemometer (Shandong Jianda
Renke Electronic Technology Co. Ltd.,

Jinan, China)
AS8336 (0.3~45 m/s, ±0.001 m/s) Measuring ambient wind speed

Thermo-Hygrometer (Shandong
Jianda Renke Electronic Technology

Co. Ltd., Jinan, China)

GSP-6 (10~99%RH, ±2% RH;
−40~85 ◦C, ±0.5 ◦C)

Measuring ambient temperature
and humidity

Solar radiometer (Asia Test Shanghai
Instrument Technology Co. Ltd.,

Shanghai, China)
TES 132 (0~1999 W/m2, ±2%) Measuring solar irradiance

Electronic scale (Shanghai Shirun
Industrial Co. Ltd., Shanghai, China) LQ-A20002 (0~100 g, ±1 mg) Weighing the dust mass

Temperature data logger (Shenzhen
Youce Technology Co. Ltd.,

Shenzhen, China)

K-type Thermocouple; TOPRIE 1608 data
acquisition system (−20~350 ◦C, ±0.5 ◦C)

Acquiring temperature data from
measurement locations

3.1.2. Experimental Procedure

To investigate the effect of dust accumulation on PV module temperature, we arti-
ficially applied controlled amounts of dust to the PV panel surfaces before conducting
the experiment. The dust particles originated from the Baoding region of China, and
their characteristics are detailed in Table 3. The target dust masses were determined by
quantifying the natural dust accumulation on the PV module surfaces, collected from the
experimental platform under dry weather conditions. The collected dust was dried and
weighed, revealing an average mass of approximately 1.9 g per module. Artificial dust
applications were then performed, with dust masses ranging from 1 to 8 times this baseline
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value (1.9 g to 24.7 g), resulting in dust accumulation amounts of 1.3 g/m2 to 16.5 g/m2

relative to the effective surface area of each PV module.

Table 3. Parameters of dust particles used in this experiment.

Category Specifications

Particle shape Approximately spherical
Particle density 2200 kg/m3

Particle size Approximately 80% of the dust particles have a diameter ≤ 30 µm;
the median particle diameter (D50) is 16.4 µm.

Particle composition Predominantly SiO2, with a content of approximately 60%.

Following previous PV module temperature research [11,12,14,31], which predomi-
nantly used module backplane temperature as a representative measure, this study also
employs back surface temperature to represent module temperature. To accurately measure
the module temperature, three thermocouples (as specified in Table 1) were uniformly
distributed along the diagonals of each module’s back surfaces, as illustrated in Figure 1
(points 1 to 15). The average of the temperature readings from these five points was defined
as the back surface temperature of each module, and the overall PV module temperature
was determined by averaging the 15 back surface temperature readings across all modules.

1 

2 

3 4 

5 6 

7 

8 9 

10 11 

12 

13 14 

15 

Figure 1. Arrangement of temperature points on PV modules.

Before each experiment commenced, the surfaces of PV modules were cleaned, and
dust was applied based on the dust application masses calculated above. During each
experiment (12:00 to 13:00), the following parameters were measured and recorded using
the instruments listed in Table 1: irradiance, ambient temperature, humidity, wind speed,
wind direction, and the temperature at each measurement point on the PV modules.

3.2. Numerical Simulation of Heat Transfer Under Experimental Conditions
3.2.1. Establishment of the Conjugate Heat Transfer Model

Based on the PV module used in the experiment, a geometrically identical PV array
model was built using COMSOL Multiphysics software, as shown in Figure 2. To reduce
the computational complexity, the module supporting structure, which has a negligible in-
fluence on the simulated module temperature results, was omitted from the model. A com-
putational domain, defined as a cuboid of dimensions 6500 mm × 4000 mm × 2500 mm,
was then established. Through grid independence analysis, the optimal mesh size was
determined to achieve a grid count of approximately 1.35 million elements for the PV
module heat transfer model, balancing computational efficiency and solution accuracy.
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Velocity inlet Pressure 
Symmetry 

Glass 

TPT Backplane 

 

Figure 2. Heat transfer model of solar PV modules.

3.2.2. Simulation Parameter Settings

For the established PV module heat transfer model, the flow field employed a velocity
inlet and a pressure outlet, with symmetry boundary conditions applied to all other wall
surfaces. Utilizing the COMSOL Multiphysics software library, the module’s front surface,
backplane, photovoltaic cells, and frame were defined as glass, TPT, polycrystalline silicon,
and aluminum alloy, respectively, according to the material properties of the experimental
PV module. The parameter values of these materials are shown in Table 4 [30,32]. Addi-
tionally, the flow field calculation domain was set to air, and its parameters such as velocity,
humidity, temperature, density, and viscosity specified according to the experimental
measurements in Section 3.1.2.

Table 4. Physical properties parameter values of different materials.

Category Density/(kg·m−3) Thermal
Conductivity/W·(m·K)−1 Dynamic Viscosity/(Pa·s)

Glass 2500 1.239 -
TPT 1400 0.15 -

Polycrystalline silicon 2320 34 -
Aluminum alloy 2700 201 -

Air 1.239 0.023 1.836 × 10−5

Because the rooftop surface is in direct contact with the PV mounting structure, heat
can be transferred to the structure through thermal conduction. Given the limited impact
of the mounting structure temperature on PV module temperature, the influence of the
rooftop temperature is presumed to be comparatively small. Consequently, rooftop surface
temperature is excluded from the developed PV module heat transfer model. Furthermore,
the front surface and backplane of the PV module exchange heat with the surrounding air
through convection. This process is governed by Newton’s Law of Cooling (Equation (12)).
The convective heat transfer coefficient is then determined using characteristic number
correlations (Equation (13)).

qn = h(TPV − Ta) (12)

h =
C1Rem

L Prnk′

L
= C2wmLm−1 (13)

where h represents the convective heat transfer coefficient, W/(m2·◦C); Re is the Reynolds
number; Pr is the Prandtl number; w is the wind speed, m/s; L is the length of the PV
module, m; and C1, C2, m, and n are coefficients determined experimentally [33].

Beyond convective heat transfer, PV modules also engage in radiative heat transfer
with the external environment. Consequently, for the simulation, both the front and back
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surfaces of the PV modules were modeled as gray bodies, with the ambient temperature
assigned as space temperature. In addition to the material properties, the optical charac-
teristic parameters of each PV module component were defined according to the values
presented in Table 5 [34].

Table 5. Optical parameter setting.

Category Transmittance Reflectance Absorbance Emissivity

Glass 0.92 0.04 0.04 0.85
Cell 0.02 0.08 0.90 0.9

Backplane (TPT) 0.012 0.86 0.128 0.91

To account for the influence of dust accumulation, the PV glass transmittance was
calculated for each experimental dust accumulation condition (detailed in Section 3.1.2)
using Equation (14) [12]. This equation mathematically describes the correlation between
the dust accumulation amount and PV transmittance.

τ = τ0[1.01645 − 0.09885 · ln(ρd + 1.18102)] (14)

where τ and τ0 are the transmittances of the dusty and clean modules, respectively; ρd is
the dust accumulation amount.

3.3. Verification of Heat Transfer Simulation Model

To facilitate data extraction, virtual temperature probes were strategically placed at
each experimental temperature measurement point within the COMSOL Multiphysics
software, utilizing the software’s built-in ‘Probe’ feature. Following simulation completion,
these probes enabled direct retrieval of temperature data at each point, including the overall
module temperature.

The validity of the heat transfer simulation model was then evaluated by comparing
these simulated temperatures with corresponding experimental measurements. Moreover,
to demonstrate the advantages of the comprehensive heat transfer model developed in
this study, it was compared to the NOCT model, a commonly used method for PV module
temperature prediction [29]. The results of these comparisons are presented in Figure 3.
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Figure 3. Comparison of module temperature simulation results with experimental results and
NOCT predictions.

Figure 3 demonstrates a consistent trend among simulated module temperature results,
experimental results, and NOCT predictions as dust accumulation increases. The three
datasets for module temperature at each dust accumulation amount are of the same order
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of magnitude. The maximum relative uncertainty in the experimental results was found
to be 3.1% for PV module temperature. The average relative error between the simulated
and experimental temperatures is approximately 8.4%, compared to 19.6% between NOCT
predictions and experimental results. These findings further validate the accuracy and
advantages of the PV module heat transfer model developed in this study.

For a dust accumulation amount of 5.1 g/m2 (depicted in Figure 3), Figure 4 presents
the simulated module temperature distributions on the front surfaces and backplanes of
PV modules. The simulation reveals a temperature gradient: the front surface temperature
is higher at the top of the module, while the backplane temperature is higher at the bottom.
Notably, the backplane exhibits a slightly higher temperature than the front surface, con-
sistent with experimental observations. This qualitative agreement validates the accuracy
of the flow and temperature field simulations and demonstrates the effectiveness of the
developed PV module heat transfer model in studying module temperature distribution.

  

37.5 

37.0 

36.5 

36.0 

35.5 

35.0 

34.5 
Surface Surface 2 Surface 3 ℃  

  

37.5 

37.0 

36.5 

36.0

35.5

35.0

34.5 

Backplane Backplane Backplane ℃  
(a) (b) 

Figure 4. Temperature contour of solar PV modules. (a) Temperature contour of module surfaces;
(b) Temperature contour of module backplanes.

Based on the above analysis, the reasonableness of the developed PV module heat
transfer model has been confirmed through comparison with experimental data. Neverthe-
less, some degree of error remains between the simulation and experimental findings. The
main factors contributing to this error are outlined below.

(1) The exclusion of rooftop surface temperature from the developed PV module heat
transfer model may contribute to the observed discrepancies between simulation and
experimental results.

(2) During the experiment, the atmospheric parameters, encompassing irradiance, wind
speed, ambient temperature, and humidity, exhibited variability. To minimize the
impact of these dynamic environmental conditions on the simulation results, the
boundary conditions were simplified in the simulation by employing the average val-
ues of the four parameters measured during the experiment. This simplification may
have contributed to the discrepancies between the simulated and experimental results.

(3) Due to computational resource limitations, it is challenging to fully and accurately
simulate the heat transfer processes occurring between the PV module and its sur-
roundings within the experimental setup. Moreover, the selection of relevant parame-
ters relies on empirical formulas, which may deviate from actual values, potentially
contributing to the observed errors.
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4. Results and Discussion
This section utilizes the PV module heat transfer model established in Section 3 to

simulate and analyze the temperature distribution on a dusty PV module with a 45◦ tilt
angle. To optimize sustainable energy production, the simulations account for the combined
effects of irradiance (Qa), dust accumulation (ρd), wind speed (w), wind direction, and
ambient temperature (Ta). Based on these simulations, the influence of each factor on
module output power is then evaluated, providing critical insights for maximizing energy
yield and minimizing performance degradation.

4.1. Simulation of Dusty PV Module Temperature Under Multifactor Effects
4.1.1. Effect of Irradiance

Irradiance directly influences the solar radiation amount absorbed by the PV module
surface, a critical factor in determining module temperature and output power. When the
ambient temperature is 25 ◦C, the relationship between dusty PV module temperature and
irradiance, crucial for optimizing sustainable energy production, is illustrated in Figure 5.
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Figure 5. Temperature of PV modules versus irradiance. (a) ρd = 0 g/m2; (b) ρd = 5 g/m2;
(c) ρd = 15 g/m2; (d) ρd = 25 g/m2.

Figure 5 illustrates an approximately linear increase in PV module temperature with
increasing irradiance, emphasizing the critical role of irradiance in energy production and
the need for effective thermal management for sustainable operation. Specifically, at an



Energies 2025, 18, 3411 11 of 17

irradiance of 200 W/m2 and a wind speed of 7 m/s, the clean module and a dusty module
(15 g/m2 dust accumulation) reach temperatures of approximately 27.6 ◦C and 26.9 ◦C,
respectively. Upon increasing the irradiance to 800 W/m2, these temperatures increase to
approximately 35.0 ◦C and 32.6 ◦C, representing an increase of approximately 7.4 ◦C and
5.7 ◦C, respectively. This indicates that the impact of irradiance on module temperature
is more pronounced for clean modules than for dusty modules, a key consideration for
long-term performance.

A comparison analysis of the subgraphs in Figure 5 reveals an inverse relationship be-
tween PV module temperature and dust accumulation. Furthermore, at a constant ambient
temperature, the temperature difference between clean and dusty modules increases with
increasing dust accumulation and irradiance, underscoring the importance of mitigating
dust-related losses to maximize energy yield. This phenomenon is attributed to the reduc-
tion in PV glass transmittance caused by dust, which diminishes the radiation absorbed by
the module surface, thus reducing the energy harvest. Regions with heavy atmospheric
pollution may experience significant dust accumulation on the module surfaces. Therefore,
during the planning and construction of a PV power station, prioritizing locations with am-
ple solar resources and high atmospheric cleanliness and considering mitigation strategies
is essential to enhance the long-term sustainability and economic viability of the project.

4.1.2. Effect of Dust Accumulation Amount

Dust accumulation on the PV module surfaces reduces solar absorption, increases
thermal resistance, and thereby affects both module temperature and photoelectric conver-
sion efficiency. When the wind speed is 3 m/s, the variation of PV module temperature
with dust accumulation is shown in Figure 6.

Figure 6 demonstrates that PV module temperature decreases with increasing dust
deposition amount, and dusty modules exhibit lower temperatures than clean modules.
This observation aligns with the experimental results presented in Figure 3 of Section 3.3,
which illustrates the relationship between PV module temperature and dust accumulation
amount. Furthermore, this trend is consistent with experimental findings reported in the
Refs. [11,12,32], which also indicates an inverse relationship between dust accumulation
amount and module temperature. Considering an ambient temperature of 5 ◦C and a wind
speed of 3 m/s as examples, the temperature differences between a clean module and dusty
modules with dust accumulation amounts of 5 g/m2, 15 g/m2, and 25 g/m2 are approx-
imately 1.7 ◦C, 2.6 ◦C, and 3.0 ◦C, respectively, at an irradiance of 500 W/m2. When the
irradiance increases to 1100 W/m2, these temperature differences increase to approximately
3.4 ◦C, 5.3 ◦C, and 6.3 ◦C, respectively. This indicates that, for a given dust accumulation
amount, the reduction in module temperature is greater at higher irradiances, influencing
module performance and emphasizing the need for adaptive strategies. Therefore, accurate
prediction of PV module temperature under polluted conditions, essential for assessing the
power generation performance of a PV power station, requires consideration of both dust
accumulation and irradiance.

Furthermore, Figure 6 also indicates that an increased dust accumulation amount
leads to a more pronounced reduction in module temperature. This is primarily attributed
to the fact that increased dust accumulation reduces the transmittance of PV glass, thereby
decreasing the solar radiation reaching the glass surface and thus reducing the module
temperature. While dust accumulation also increases the thermal resistance of the PV glass
surface, hindering heat dissipation and potentially raising module temperature, the low
thermal conductivity of dust particles and the typically limited dust layer thickness result
in a relatively small temperature increase. In conclusion, dust accumulation primarily re-
duces module temperature by decreasing transmittance, highlighting the need to prioritize
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strategies that enhance transmittance to maximize energy harvest and promote sustainable
energy production.
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Figure 6. PV module temperatures versus dust deposition amount. (a) Ta = 5 ◦C; (b) Ta = 15 ◦C;
(c) Ta = 25 ◦C; (d) Ta = 35 ◦C.

4.1.3. Effect of Wind Speed

Wind speed influences both the deposition of dust particles on the module surface and
the flow field characteristics around the module, ultimately affecting module temperature.
When the irradiance is 800 W/m2, Figure 7 illustrates the relationship between PV module
temperature and wind speed.

As shown in Figure 7, a negative correlation exists between PV module temperature
and wind speed for both dusty and clean modules, with temperature decreasing as wind
speed increases, highlighting the role of wind in passively cooling PV arrays for more
sustainable operation. This is consistent with the research results reported in Refs. [10,20].
At an ambient temperature of 25 ◦C and a wind speed of 1 m/s, the module tempera-
ture difference between a clean module and a dusty module with a dust accumulation
amount of 25 g/m2 is approximately 6.9 ◦C. This difference decreases to approximately
4.6 ◦C, 3.5 ◦C, and 2.8 ◦C at wind speeds of 3 m/s, 5 m/s, and 7 m/s, respectively. Thus,
compared to the clean module temperature, the dusty module temperature decreases by
approximately 13.5%, 11.0%, 9.3%, and 8.1%, emphasizing the importance of wind speed
for maintaining optimal module efficiency. This indicates that the temperature difference
between dusty and clean modules diminishes with increasing wind speed, a key factor in
long-term performance.
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Figure 7. PV module temperature versus wind speed. (a) ρd = 0 g/m2; (b) ρd = 5 g/m2;
(c) ρd = 15 g/m2; (d) ρd = 25 g/m2.

A comprehensive analysis of Figure 7 reveals that increased wind speed enhances PV
module cooling, leading to a greater reduction in module temperature and contributing
to improved energy yields over the module lifetime. However, the magnitude of this
temperature reduction depends not only on wind speed but also on the interplay of ambient
irradiance, ambient temperature, and dust accumulation. Therefore, a comprehensive
assessment of these factors’ combined effects is crucial during the site selection for a PV
power station to ensure optimal energy harvesting and long-term sustainability. Specifically,
the cooling effect of wind speed should be carefully considered when evaluating the
power generation potential, ultimately contributing to a more economically viable solar
energy installation.

4.1.4. Effect of Wind Direction

Wind direction, as a factor influencing the deposition of dust particles, also affects
the PV module temperature. According to historical wind direction data for the Baoding
area, the prevailing winds are predominantly from the north and south, accounting for
approximately 40% of the days included in the statistical analysis. Table 6 presents the
impact of different wind directions on the temperature of a PV module with a 45◦ tilt angle,
with a dust accumulation of 25 g/m2, an ambient temperature of 25 ◦C, and an irradiance
of 1100 W/m2.
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Table 6. Relationship between PV module temperature and wind direction.

Wind
Speed
(m/s)

Temperature of Dusty PV Modules (TPV, ◦C)

East Wind West
Wind

South
Wind

North
Wind

Southeast
Wind

Southwest
Wind

Northeast
Wind

Northwest
Wind

1 52.8 52.8 50.8 50.9 53.3 53.4 53.4 52.8
3 43.2 43.2 41.1 42.0 43.5 44.6 44.6 43.2
5 38.8 38.8 37.2 37.6 39.3 40.2 40.2 38.8
7 36.7 36.8 34.9 35.3 36.8 37.6 37.6 36.7

Table 6 reveals that the lowest temperatures for the dusty PV modules consistently
occur with southerly wind. This is attributed to the south-facing orientation of the PV
modules in this study, which aligns with the direction of the southern winds and promotes
enhanced convective heat dissipation, thereby lowering module temperature. Furthermore,
the impact of different wind directions on module temperature varies significantly. Conse-
quently, the prevailing wind direction at a given site should be a key consideration during
the installation of PV modules.

4.2. Evaluation of Output Power of Dusty PV Module

The accumulation of dust particles on PV module surfaces not only reduces transmit-
tance but also influences module temperature, thereby diminishing output power. While
Ref. [35] developed a PV radiation model comprehensively incorporating factors such as
direct and diffuse solar radiation, solar elevation angle, module tilt angle, and installation
azimuth for accurate power generation forecasting, this study diverges from the PV output
calculation methodology presented therein. Instead, this study aims to analyze and assess
the output power of dusty PV modules, leveraging module temperatures determined in
Section 4.1. Considering the coupled effects of various influencing factors, this evaluation
is based on the relationship defined in Equations (15) and (16) [36].

Pout = ητQPV A (15)

η = ηref[1 − β0(TPV − Tref) + β1lgQPV] (16)

where Pout represents the module output power; η and ηref denote the photoelectric con-
version efficiencies of the module under actual operating conditions and standard test
conditions, respectively; and β0 and β1 are the temperature coefficient of the cell and the
solar radiation coefficient, respectively.

The output power of a 750 W peak power dusty PV module, calculated using
Equations (14)–(16) while accounting for the coupled effects of multiple factors, is pre-
sented in Figure 8.

Figure 8 shows that the output power of the dusty PV module is lower than that of the
clean module. Moreover, output power for both modules exhibits a positive correlation with
irradiance and wind speed, while displaying a negative correlation with dust accumulation.
This agrees with the research results from Ref. [37]. However, the influence of these
factors varies. Specifically, output power increases approximately linearly with irradiance,
increases more gradually with wind speed, and decreases slowly with increasing dust
accumulation.

A comparative analysis of Figure 8 indicates that irradiance exerts the most signifi-
cant impact on output power compared to wind speed and dust accumulation, a finding
consistent with previous research [37]. At an irradiance of 200 W/m2, the output power
losses for PV modules with dust accumulation amounts of 5 g/m2 and 25 g/m2 are ap-
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proximately 27.4 W (representing an attenuation rate of approximately 16.2%) and 51.4 W
(approximately 30.4% attenuation rate), respectively, compared to clean modules. When
irradiance increases to 800 W/m2, these losses increase to approximately 102.1 W and
192.6 W, respectively, which correspond to output power attenuation rates of 15.7% and
29.6%. These results clearly demonstrate that increased dust accumulation leads to greater
output power loss, emphasizing the necessity of timely dust removal to maintain energy
yield and support the long-term economic viability of solar energy investments.
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Figure 8. Output power of PV modules versus different factors. (a) Ta = 25 ◦C, Qa = 800 W/m2;
(b) Ta = 25 ◦C, ρd = 25 g/m2; (c) Ta = 25 ◦C, w = 3 m/s.

5. Conclusions
This paper presents a comprehensive heat transfer model designed to analyze the

multiple factors that impact PV module temperature and output performance. The model’s
validation is verified through comparisons with both experimental results and the NOCT
model, ensuring its accuracy in simulating real-world conditions. This validated model
is then used to simulate and investigate the influence of irradiance, dust accumulation
amount, wind speed, and wind direction on module temperature, ultimately assessing
the module output power under their combined influence. This multi-faceted approach
provides a robust foundation for optimizing module performance, maximizing energy
yield, and facilitating the sustainable deployment of solar energy technologies. The key
findings are
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(1) Dust accumulation reduces PV module temperature compared to clean modules,
primarily due to the decreased transmittance of PV glass caused by dust deposition.

(2) Module temperature is positively correlated with irradiance and ambient temperature
but negatively correlated with wind speed and dust accumulation. Specifically, at
an irradiance of 500 W/m2, a module with 25 g/m2 dust accumulation exhibits a
temperature 3.0 ◦C lower than a clean module.

(3) The output power of both clean and dusty PV modules increases with irradiance and
wind speed but decreases with dust accumulation, with irradiance exhibiting the
most significant influence. At an irradiance of 800 W/m2, solar modules with dust
accumulation amounts of 5 g/m2 and 25 g/m2 experience output power attenuation
rates of approximately 15.7% and 29.6%, respectively.

(4) Timely dust removal from heavily soiled PV modules is crucial for minimizing output
power losses and maintaining optimal performance.
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