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This work numerically examines the thermal performance of photovoltaic (PV) panels subjected to mixed convection at various external airflow 
velocities, simulated in ANSYS Fluent. To model solar radiation and real-time cooling capability, the panel model includes detailed, layer-spe-
cific optical and thermal properties, as well as incident solar radiation and convective cooling effects. Mesh quality and consistent numerical 
techniques guarantee accurate temperature estimation across PV cells. The air velocity also increased to 4 to 5 m/s, which reduced the maximum 
silicon cell temperature (Tmax) to 38.8 C rather than 53.3 o C, where there was a temperature drop (delta T) of 14.5 C. This cooling has been 
shown to have considerable impact on the performance of electrical systems. The relative power output at 5 m/s was much higher (approximately 
8.1 percentage points) on the monocrystalline silicon modules at 5 m/s and a presumed temperature coefficient of power of 0.4 percent/C than 
at 1 m/s airflow. The layer-wise energy balance system, with a focus on reflectivity, absorptivity, and transmissivity, treats the generation of 
electrical energy as a heat source and therefore minimizes heat production in silicon cells. The study also outlines the boundary conditions, the 
turbulence model to be used in the analysis (k−ω SST), the radiation simulation, and the grid quality to enhance the validity of the numerical 
output. This data illustrates the significant role of convective cooling in maintaining lower temperatures in PV cells, thereby enabling higher 
efficiency and energy generation, particularly under conventional operating conditions that tend to cause higher temperatures and resulting 
performance loss. These efforts are directed towards developing a model that not only optimizes PV design but also realistically represents 
airflow and accounts for thermal management efficiency.
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1. Introduction 

The temperature of photovoltaic (PV) panels greatly influenc-
es their performance; in fact, panel efficiency decreases with 
temperature. It is also known as the temperature coefficient of 
PV panels, and it indicates a decrease in the modules’ power 
output with rising module temperature. Wind velocity and, 
hence, the operating temperature of PV panels are important 
parameters that determine heat loss from the panels. Several 

studies have indicated that higher wind speeds cool PV sur-
faces (thereby reducing module temperature) and increase 
module efficiency. As a case study, a study by Ibrahim et al. [1] 
in Calabar, Nigeria, revealed that the speed of the wind influ-
enced the temperature of the PV modules significantly, lower-
ing the temperature and increasing the overall production. The 
measured data, partially reported by Hudiiszteanu et al. (2020) 
[2], also showed that the stronger the wind’s effect on variables 
such as temperature, the lower the surface temperature and the 
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higher the photovoltaic system’s power under variable climatic con-
ditions. Simultaneously, Govaerts et al. (2018) [3] also explored the 
significance of the convective heat loss related to wind in the tem-
perature distribution of photovoltaic modules, and the study proved 
that the wind cooling can drop the temperature of the module by 
several degrees and, accordingly, boost the efficiency of these mod-
ules in certain circumstances. Furthermore, by testing the idea of 
using panel orientation, namely, the angle of inclination, Kusznier 
(2023) [4] confirmed that it has a resolute nature in terms of con-
trolling solar exposure and, at the same time, easing the increase in 
temperature. Optimal tilt angles have been proven to increase pow-
er. Along with increasing the power, other tilt angles will increase 
the heat gain and would decrease (sometimes significantly) efficien-
cy (in some very hot climates). Ahmed et al. (2024) [5] report on 
the fabrication of phase change materials (PCMs) to increase their 
thermal conductivity and cool the PV panel (using iron-filled waste, 
IFW). The panel temperature has been reduced, and efficiency and 
power have increased. The efficiency of the panel has improved by 
39%, with a 33% increase in power, due to the use of PCM and IFW 
compared to an uncooled panel. The efficiency also increased with 
no additional cost when using IFW. Mulford (2022) [6] indicates 
that in locations with high ambient temperatures, PV efficiency will 
be reduced by 0.5% for each 1 °C increase in ambient temperature. 
Hassan Z. Al Garni et al. (2022) [7] have also investigated the effect 
of tilt angle and orientation (with an azimuthal angle) on the effi-
ciency of fixed PV systems across 18 locations in Saudi Arabia and 
compared these results with highly accurate ground measurements 
of irradiance. They conclude that the optimum tilts are mostly equal 
to the latitudes. However, the azimuths range from 20° to 53° south-
west of west due to the non-uniformity of sunlight. The report fur-
ther notes that an orientation changes in which semester changes 
lead to a 3.63% increase in yearly production, whereas the alterna-
tive semester does not, indicating that an adjustment on a semester 
basis is more cost-effective than monthly. The report proposes them 
for six different locations with this criterion. Albaha, Arar, Hail, Ri-
yadh, Tabuk, and Taif are all highly recommended for large-scale PV 
use due to their high energy yield indices and suitability. Research 
suggests maximizing PVs in these locations for large-scale use.

It reveals that wind speed is crucial in other studies for the effec-
tiveness of hybrid PV-wind systems. Ji and Chen (24) [8] find that 
areas with higher turbulence (higher wind speeds) are biased to-
wards complementary energy yields (energy delivered) from solar 
and wind farms, which leads to more energy done (work) and, as a 
result, higher daily efficiency. The Monte Carlo simulations by Liu 
et al. (2023) [9] are dynamic (stochastic) calculations of the energy 
yield (AEP) of wind farms. The variability in the wind, the turbine 
model’s power curve, the wind profile, and wake losses are consid-
ered. Modeling wind speed up to turbine heights and wake losses 
shows that the variability among turbines on flat sites is consider-
ably low, with the largest AEP reduction (3.5%) from wake losses. 
Finally, uncertainty in the AEP (9%) results from the modeling ap-
proach and exceeds the error of the model that removes correlations 
(7.48%). This study focuses on estimating wind farms’ performance 

and investment risks in wind farms. Irfan Jamil et al. (2023) [10] 
describe triple deep learning (3DL) models to predict solar photo-
voltaic (PV) properties (power generation, performance ratio (PR), 
and soiling loss) of large solar farms. In this work, the models have 
been tested over 25 years, using Artificial Neural Networks (ANN), 
Recurrent Neural Networks (RNN), and Convolutional Neural 
Networks (CNN), with Long Short-Term Memory (LSTM), on 
real data from the Quaid-e-Azam Solar Park, Pakistan. The study 
shows, through experimentation, that the CNN-LSTM model can 
predict power generation and PR more accurately than the ANN 
and RNN, thereby establishing CNN-LSTM as a predictive model. 
ANN has been found to be more suitable for predicting soiling loss. 
From the recent research study by Ali et al. (2025) [11], we observe 
that technical interventions are suggested to improve renewable 
energy systems, such as widely used photovoltaic (PV) panels. In 
line with the technique discussed above, another recent technology 
is proposed to solve the problem of PV panel temperature control 
using geothermal energy: ground-coupled heat exchangers (GHEs). 
Recent studies have observed that GHE-integrated PV systems are 
superior, as they can cool the PV panels by 20°C-25°C and are 20% 
more efficient in thermal and electrical performance compared to 
conventional PV systems.

Kara and Şahin (2023) [12] discuss the implications that climate 
change has on the generation of wind energy, including the change 
in wind spectra or the reduction in the volume of the energy. They 
show that although climatic conditions have changed, the region’s 
capability, based on multi-criteria, to make use of wind energy has 
a positive or negative impact. This would lead to acceleration in the 
north and a deceleration in the Mediterranean. Hybrid solutions are 
to be offered to reduce the variability and improve reliability. Finally, 
they support further development of wind-resource forecasts using 
more sophisticated climate models, particularly those incorporating 
machine-learning approaches, to understand better the role of wind 
energy in a rapidly changing climate. Their findings support the need 
for adaptive energy planning those accounts for inherent climatic 
uncertainties. Similar studies conducted under desert conditions 
support the conclusion that the optimal tilt angle of photovoltaic 
(PV) panels is critical for maximizing the incident solar radiation 
and simultaneously reducing surface dust deposition and radiative 
trapping. More specifically, Sanda et al. (2025) [13] confirms that 
the season of the year and regions must be taken into consideration 
when it comes to PV tilting. The recent advances in the photovoltaic 
cooling systems described by Sohail et al. (2024) [14] critical anal-
ysis includes the comparison of three types of systems, which are 
used to decrease the panel temperatures: active, passive, and hybrid, 
as well as in the context of improving electrical efficiency. Forced 
air cooling, water-cooling systems, and nanofluid-based systems are 
widely used to reduce temperature, thereby optimizing efficiency. 
Phase-change materials (PCM) and the use of a passive heat sink are 
inexpensive and un-serviceable. In one of the articles, Elminshawy 
et al. (2023) propose a new solution for applying a floating photo-
voltaic (FPV) system, in which essential cooling is achieved through 
an angle-perforating fin (PSAPF) submerged in water and serving 
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as a heat sink (15). The variable of the controlled study experiment, 
as observed in the Mediterranean area, and external conditions, 
PSAPF can be used to produce greater energy and achieve reduced 
operating temperatures compared to a traditional FPV system. The 
flow of water and wind played a role in power, resulting in a 33.31 
decrease in temperature and a 22-point increase in power. In addi-
tion, the PSAPF system would save the Levelized Cost of Energy 
(LCOE) by 17.70 percent, therefore, making it cost-effective. Over-
all, this research can be used to develop more effective, environmen-
tally friendly cooling vibrations for FPV arrays. Operating tempera-
ture is one of the biggest influences on the electrical performance of 
photovoltaic (PV) panels: it can lower the panel’s power output in 
both short- and long-term operation, as well as accelerate material 
deterioration. Wind speed, panel orientation, and ambient tempera-
ture are other mechanisms identified in most studies as affecting PV 
panel cooling. However, research on cooling mechanisms and their 
performance under isolated operational parameters has been con-
ducted in real-world and commercial settings. Still, little attention 
has been paid to quantifying the relationship between the effects of 
mixed and forced convection on the thermal behavior of PV sys-
tems under varying air velocities in realistic commercial multi-layer 
installations across various operating conditions. This study aims 
to address this gap and systematically explore the effect of varying 
air velocities (from 1 to 5 m/s) on the temperature distribution and 
power-generation efficiency in a standard monocrystalline-silicon 
PV panel. The study focuses on separating and modeling the extent 
of forced and natural (mixed) convection effects on PV thermal reg-
ulation. Then, it analyzes an ANSYS numerical simulation solution 
(validated) to obtain high-resolution, layer-specific temperature 
profiles and correlates those profiles with panel-level output perfor-
mance. As such, this work aims to identify the optimal airflow con-
ditions that reduce harmful temperature rises in PV cells, thereby 
optimizing short-term operational efficiency and long-term module 
reliability. The proposed hypothesis is that, as air speed and forced 
convection increase, silicon cell temperatures will decrease, and 
power generation efficiency will increase compared with conditions 
in which natural or mixed convection predominates. The objective 
of this study is to provide unambiguous, evidence-based guidance 
for optimizing thermal management in utility-scale PV installa-
tions, to mitigate related risks, and to enable efficient, convenient 
integration of automated processes into such solar energy systems 
under increasingly demanding operating scenarios, by quantifying 
these mechanisms and cross-validating their application against the 
literature and experimental standards.

The novelty of this work lies in the use of realistic optical and ther-
mal behavior to quantify the overall influence of mixed convection 
(natural plus forced) on the temperature distribution. It shows that 
variation in air-movement velocity from 1 to 5 m/s shifts dominance 
from natural to forced convection (a less-studied, nuanced regime). 
In the simulation, a model is used in which power generation serves 
as a heat sink in the thermal balance, thereby directly linking ther-
mal management and the estimation of electrical performance. 
High-quality CFD modeling with precise mesh and turbulence res-

olution can predict temperature reductions of up to 14.5 °C under 
increased airflow. It links this to a possible 8.1% increase in relative 
electrical output. This work makes a substantial contribution to the 
literature in the field by combining multi-physics, detailed geomet-
ric, and material data to provide a complete thermal and electrical 
performance assessment that can be applied to PV panel engineer-
ing, based on simulation data, and to inform strategies for optimal 
cooling and lifetime tuning.

2. Materials and methods

The study focused on determining the effect of PV panels’ inlet air 
temperature and velocity on the resulting operating temperatures 
under non-cooling conditions (base case). Considering the variety 
of PV panels on the market, a typical one is analyzed (with a power 
production of 1000 W). The PV panel is a monocrystalline Si-based 
panel containing multiple layers; the layers’ sequence and physical 
properties are listed in Table 1. It is inclined at 45° from the horizon. 
The ambient air velocity varied from 1 m/s to 5 m/s in 1 m/s incre-
ments to determine the effects of air velocity on PV panel efficiency 
by evaluating the impact of these velocities on PV panel temperature 
and the effect of temperature increases on the power generated by 
the PV panel. Energy from solar radiation incident on the PV pan-
el generally leaves the system either as generated power or through 
losses. Optical and thermal losses contribute to the latter: thermal 
losses arise from heat-transfer processes, including convection and 
radiation from the top and bottom layers to the surrounding envi-
ronment, while reflective radiation from the glass (or ETFE) layer 
represents a significant optical loss. In addition, the generated power 
is included in the PV module’s energy balance.

Table 1. Selected materials’ physical and thermal properties

Materials
Density 

(kg/
m³)

Thermal 
Conductivity (W/

(m·K))

Specific Heat 
Capacity (J/

(kg·K))
References

ETFE 1730 0.24 1172 [16]
EVA 945 0.35 2090 [17], [18]

Silicon 2330 148 700 [19]
PET 1350 0.275 1275 [20]

CFRP 1490 6.83 1130 [21]
Tape 1012 0.19 2000 [22]

2.1. Analytical and mathematical methodology 

Solar energy balance is the analytical model representing the core 
system approach of evaluating thermal performance that quantifies 
how energy enters and exits a photovoltaic (PV) system, from the 
moment the sun’s radiation enters the system at the front surface of 
the module, to the final switching off and dumping of electric ener-
gy. The amount of solar influx could be denoted by 𝑄solar, the amount 
of solar irradiance captured by the module. In this system there are 
specific components defined as: Optical Losses 𝑄op, loss, the radia-
tion reflected in the module; Thermal Losses due to the Top Surface  
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𝑄th, loss, top or convective and radiative transported heat within the up-
per module surface; and Thermal Losses due to the Bottom Surface 
𝑄th, loss, bottom that is convective and radiative heat transported through 
the bottom module surface. So, the full expression of incoming solar 
radiation into the energy in the PV panel, which is dissipated in the 
form of thermal and optical processes, and then transformed into 
electrical power, is described in detail in Equation 1 and Figure 1 
below [20]:

Q Q Q Q Q, , , , ,generated solar th loss top th loss bottom op loss= - + +^ h 		  (1)

Reflective losses are a notable source of future optical losses in pho-
tovoltaic (PV) setups. The amount of solar irradiance reflected from 
the solar-cell surface by the panel material itself is determined by the 
panel material’s reflectance. In most PV installations, the outermost 
layer almost always takes one of two forms, i.e., ETFE (Ethylene 
Tetrafluoroethylene) or glass. That solar modules are designed with 
optically thick substrates means they tend to reflect a measurable 
fraction of the incident solar irradiance, which has the practical con-
sequence that the power density of the irradiance on the solar cells 
is noticeably reduced. There is a quantitative expression that can de-
scribe this optical phenomenon, and this is explained in equation 
(2) below [20].

Q r Q,op loss ETFE solar#= 					     (2)

Where: Q solar is the total incoming solar radiation, 𝑟 ETFE is the reflec-
tivity of the ETFE layer. Relative reflectivity, symbolically r ETFE, is 
the ratio of solar radiation that does not go through a specific me-
dium and the sun’s total radiation. Therefore, a reflectivity value of 
0.1 means that only 10% of the incident’s irradiance is absorbed by 
the material, resulting in an optical energy loss in the overall energy 
balance.

Figure 1. The distribution of the powers in the PV panel system [23]

The losses through the top surface of an individual photovoltaic 
(PV) module arise from two related processes: convection and ra-
diation. Forced convection occurs when air passes over the PV sur-
face, making it easier to remove heat from the module. Convection 
and radiation are the two types of thermal losses on the top surface 
of the PV panel. These losses flow out from the surface of the glass 

(ETFE), which receives the focused flux. The convection losses are 
a combination of free and forced convection. There is also thermal 
radiation loss between the glass layer and the environment; The top 
surface thermal losses 𝑄𝑡ℎ,𝑠𝑠,𝑡𝑜𝑝 can be expressed as [20]:  

Q Q Q Q, , , , , , ,th loss top Forced conv top natural conv top rad top= + +^ h 		  (3)

The forced convection heat transfer coefficient, which is defined as 
a function of wind speed, air velocity, and module geometry, is pro-
portional to the wind speed; therefore, a greater wind speed will re-
sult in a more significant coefficient of heat transfer and, as a result, 
increased heat dissipation. In contrast, natural convection occurs 
when the temperature of the PV panel’s surface is higher than that 
of the surrounding environment, warming the nearby air and mak-
ing it less dense, causing it to rise and pushing cooler air away. Two 
non-conductive processes, in combination, lead to thermal losses on 
the upper side of the PV module. The forced convective coefficient 
can be estimated from the correlation of the Nusselt number value, 
which is the ratio of convective to conductive heat transfer, and a 
dimensionless ratio with the following expression [22]:

Nu Re. ( ( ) )sinL0 13 1,
. .

F t
0 703 0 38b= + 				   (4)

where ReL is the Reynolds number, used to measure the comparative 
magnitude of inertial and viscous forces, and β is the tilt angle of the 
panel. In the case of natural convection, the Nusselt number equals 
[22]:

Nu Ra. ( ( ) )cosL0 7386 1,
. .

N t
0 1826 0 4575b= + - 	 If  β ≤ 45°	 (5)

Nu Ra. ( ( ) )cosL5 4412 1,
. .

N t
0 1102 0 085b= + - 	 If  β ≥ 45°	 (6)

Therefore, the mixed convective coefficient is calculated using the 
formula:

Nu Nu Nu, , ,M t F t N t
3 3 3= + 					     (7)

Where RaL is the intensity of buoyancy-driven flow with tempera-
ture differences, heat is lost through radiation at the top of the PV 
module and into the surrounding environment. Radiative heat 
transfer and the Stefan-Boltzmann law are temperature-dependent 
with respect to the temperature difference between the module sur-
face and the outside air. Thermal losses from the bottom surface are 
like those on the top side, except that this surface is oriented differ-
ently relative to the ambient air and the flow. The tilt angle affects 
forced convection at the bottom, and the heat exchange is computed 
using a nearly identical formula to that used on the top surface, with 
some tilt-angle-dependent modifications. Conversely, the inflow an-
gle and its interaction with the bottom surface, modeled after the 
natural convective coefficient, is described by a correlation similar 
to that used to define the top surface, but adjusted to the tilt angle. 
The thermal losses from the bottom surface can be expressed using 
the same relation given for the top surface [23].
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Q Q Q Q, , , , , , ,th loss bottom Forced conv bottom natural conv bottom rad botoom= + +^ h 	 (8)

For the top and bottom surfaces, mixed convection is employed, in-
volving both forced and natural convection. This is because, in most 
real-life situations, both processes occur simultaneously. Regarding 
the Nusselt numbers, the net convective heat transfer coefficient is 
the sum of the forced- and natural-convection Nusselt numbers. The 
PV panels have a tilt angle β that influences convective losses and 
radiative heat transfer. Convective heat transfer is greatly enhanced 
when the panel is tilted, as this affects the airflow around it. The 
forced convective coefficient can be estimated from the correlation 
[23]:

h h 90
90

F,b F,t
b= -
%

%

b l 					     (9)

Where hF,t  is the convective coefficient at the top surface, and hF,b is 
the convective coefficient at the bottom surface. The natural convec-
tive coefficient can be obtained from the correlation [23]

Ra.Nu K
h L 0 27,

, .
N b

N b
L

0 25= = ^ h 		  If β = 0 	              (10)

Nu Ra. cos0 7386 1,
. .

N b L
0 1826 0 4575b= + -^ ^h h 	 If 0 < β ≤ 45°      (11)

Nu Ra. cos5 4412 1,
. .

N b L
0 1102 0 085b= + -^ ^h h 	 If β > 45°             (12)

Therefore, the mixed convective coefficient is calculated using the 
formula:

Nu Nu Nu, , ,M b F b N b
3 3 3= + 				    (13)

2.2. The thermal analysis assumptions

It is assumed that all material properties are isotropic and indepen-
dent of temperature. The reflectivity of the various materials is con-
sidered of utmost importance to the analysis. Solar irradiation is not 
reflected on any surface and is completely passed to the surface be-
neath. The transmissivity of the EVA is assumed to be one. Internal 
reflection between the upper EVA and the solar cells is accounted 
for, but other internal reflections between layers are deemed un-
important. The portion of solar irradiation not reflected by the cell 
or turned into electricity is transformed into thermal energy. The 
ambient temperature is uniform across all areas exposed to the en-
vironment. 

2.3. Simulation assumption 

In this study, all material properties used in the photovoltaic (PV) 
panel model are assumed to be isotropic and temperature-indepen-
dent, thereby simplifying computation. Broadband optical assump-
tions from the literature are used instead of idealized values for the 
EVA encapsulant layer. Notably, EVA transmissivity is assumed to 
range from 0.85 to 0.90; reflectivity around 0.05 to 0.10, and the re-
maining fraction consists of absorptivity, as is expected in light of 
the optical behavior of a solar panel in the solar range (300–1100 

nm). These values provide more realistic light transmission and 
losses through the EVA layer, increasing model fidelity compared to 
the unrealistic 1.0 and 0.0 reflectivity transmissive values. The solar 
irradiance reflected from the external layers of the panel, such as 
ETFE or glass, is assumed to have a standard reflectivity of about 
0.07-0.10, which affects the actual energy generation across the Si 
cells. High silicon cell-layer absorptivity (0.90 to 0.97) and low re-
flectivity (~0.03) are assumed, consistent with its status as an active 
photovoltaic material. Internal reflections are simplified between 
the layers; only the reflection between EVA and solar cells is consid-
ered significant. The incident solar radiation is 1000 W/m², and the 
PV cell can be assumed to act as a heat sink in thermal equilibrium, 
capable of converting absorbed solar energy into electrical energy. It 
has been carefully chosen in both the mesh properties and the spa-
tial resolution to achieve a converged model and numerical accura-
cy. The mean skewness values were below 0.025, and the orthogonal 
quality was close to unity. A combination of these assumptions will 
enable simulation of the thermal characteristics and airflow effects 
on the temperature and power output efficiency of the PV panel at 
various wind speeds. The values in Table 2 below indicate the values 
of material (Emissivity(ε)values) applied in the simulation.

Table 2. Emissivity values of photovoltaic panel materials

Material Emissivity (ε) Source/Reference
Glass (cover layer) 0.89 – 0.92 [23]
EVA (encapsulant) 0.85 – 0.92 [17]
Silicon (solar cells) 0.75 – 0.85 [19]
Back sheet material 0.85 – 0.95 [22]

These values are an average value of all infrared spectrums of in-
terest at characteristic operating temperatures (~300-400 K). Emis-
sivity depends on surface finish, roughness, and temperature; as 
mentioned, emissivity is typically measured for PV manufacturing 
materials. The emissivity is generally high because glass is smooth 
and polished, and it can effectively radiate heat through its surface 
(~0.90). EVA encapsulant can exhibit relatively varied values de-
pending on formulation and surface treatment, but typical broad-
band values are around 0.85–0.90. Silicon solar cells have lower 
emissivity (~0.75–0.85) according to surface texture and antireflec-
tive coating conditions. Back sheets have high emissivity (>0.90) to 
facilitate thermal radiation.

In performing the numerical simulations in ANSYS Fluent, airflow 
was modeled as approaching the PV panel, consistent with common 
engineering work on inclined panels, where ambient airflow is ex-
pected to be parallel to the ground and therefore hits the panel at its 
tilt angle, i.e., oblique to the panel surface.

2.4. Pv model mesh 

The quality of the mesh in ANSYS models of solar PV panels is cru-
cial for determining how easily the model can be transported. The 
measures of mesh integrity typically employed include three met-
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rics: skewness, orthogonal quality, and average element quality. The 
solution’s skewness is very high (near 1), which can lead to conver-
gence issues and a numerically unstable heat-transfer simulation. 
However, the skew toward low value (< 0.5) improves simulation 
and reliability, as shown in Table 3 below. The closer to 1 quality is 
an orthogonal quality, which indicates that the elements correspond 
with the expectation of the solver to which these elements were to be 
applied, especially in the lay (boundary) resolution in CFD. Any fig-
ure less than 0.1 will be considered bad and can bring thermal fore-
casting to its knees. An average mesh quality, a composite measure 
of element shape, skewness, and alignment, is recommended, with 
the average mesh quality held above 0.8 in solar PV panel thermal 
calculations, where reliable calculation of temperature gradients and 
uniform heat transfer across panel surfaces is required [23]. Poor 
accuracy in these quantities may lead to false hot-spot forecasts, re-
sulting in an inadequate assessment of the thermal performance of 
PV systems. Therefore, ANSYS requires refined meshing and qual-
ity checks to model the cooling and heating effects of solar energy 
modules.

Table 3. Skewness and cell quality [24]

Value of Skewness Cell Quality

1 degenerate

0.9 — <1 bad (sliver)

0.75 — 0.9 poor

0.5 — 0.75 fair

0.25 — 0.5 good

>0 — 0.25 excellent

0 equilateral

The following paragraph explains the PV panel model’s mesh pa-
rameters and conditions. The mesh will start with a 10 mm element 
along all model edges, using a high smoothing option and hard 
behavior. The multi-Zone mesh method with a Hexa-mapped, uni-

form surface mesh is used for the Si cell layer. The mesh was also 
chosen as a Hexa type with free mesh and linear elements to ensure 
the best element order and distribution for each Si cell, as shown in 
Figure 2 below. The choice of element size starts from 10 mm. The 
mesh quality is checked for skewness and orthogonal conditions. 
The best element size should have an average skewness value be-
tween 0 and 0.25, with an orthogonal quality value between 0 and 1, 
where 0 is the worst, and 1 is the best. According to these conditions 
and the results in Table 4 below, the 7 mm element size was the suit-
able choice for this simulation model’s meshing, yielding the best 
orthogonal average value just below the single value.

Figure 2. (A) PV panel Si cells mesh, and (B)the model multizone 
mesh method arrangement

Table 4. Mesh parameters according to the element size

Element size Elements No. Nodes No. Skewness average Orthogonal average
10 mm 45568 291482 1.63e -002 1.1364
9 mm 54968 355864 1.80e -002 1.0961
8 mm 69989 452563 1.74e -002 1.0141
7 mm 90728 578782 1.24e -002 0.9964
6 mm 127890 808060 1.15e -002 0.9136

2.5. Integration of mesh quality and thermal model

Mesh generation is not a separate step in computational thermal 
modeling of PV panels; rather, it is a fundamental part of accurate 
heat transfer modeling. The accuracy of the temperature profiles 
obtained on a spatial scale and the heat flux calculated using AN-
SYS-based simulations is sensitive to mesh quality metrics such 
as skewness, orthogonal quality, and average element quality. Nu-
merical instabilities arise from poor mesh quality, especially in thin 

boundary layers, where steep temperature gradients set the thresh-
old for the efficiency of both forced and mixed convection. For in-
stance, simulations with high skewness or low orthogonality can 
distort the thermal boundary layer thickness and the heat-dissipa-
tion rate of Si cells. Here, mesh parameters were selected to match 
physical behavior in the mixed- and forced-convection ranges. A 
multi-Zone mesh with Hexahedral elements, with a mean skewness 
below 0.15 and orthogonality near 1, allowed the mesh to accom-
modate the relevant boundary layer near the PV panel, where the 
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maximum temperature decreases occurred. Thus, the mesh con-
vergence study concluded that decreasing the element size from 10 
mm to 7 mm improved the accuracy of local heat flux forecasting 
and strengthened the correlation between wind speed and cell tem-
perature, confirming that the mesh quality could effectively capture 
all differences. For instance, the thermal gradients captured in the 
7 mm mesh align directly with the numerical performance of the 
reference experimental results, demonstrating the mesh’s ability to 
capture the airflow’s true dependence on thermal dissipation.

2.6 Boundary conditions and mesh-thermal 

Boundary conditions such as stipulated heat fluxes, convective co-
efficients, and set or ambient-temperature surfaces are physically 
meaningful only if the mesh supports a stable, accurate solution of 
the governing equations. Heat conduction in the panel layers and 
convection at the panel-solid interface were also modeled in the sim-
ulation using properly chosen mesh element sizes and high-quality 
cell metrics. The fact that the simulated cell of the Si minimized 
uncertainty in temperature and that the numerical artifact (e.g., 
globally infamous hot spots) is also evidence of the positive relation 
between mesh quality and thermal results. The mesh quality and 
refinement will provide reasonable estimates of cooling efficiency, 
thermal stress, and the risk of long-term degradation of PV modules 
under different wind conditions. Thus, the meshing and choice of 
boundary conditions can now be better justified and aligned with 
the predictive ability of the thermal model, thereby enhancing the 
trustworthiness of both the scientific results and those made by the 
engineer.

2.7. Heat flux calculations and the boundary conditions

The boundary conditions of this simulation are based on real PV 
panel specifications to achieve more realistic results and maximize 
their relevance to real-life applications. The PV panel’s Si cells pro-
duced 70 W at a working temperature of 25 °C and an incident solar 
radiation (q solar) of 1000 W/m2. The optical properties of PV panel 
layers are defined by three parameters, i.e., absorptivity (α), trans-
missive (τ), and reflectivity (ρ), fulfilling the energy conservation 
equation as follows:

1a x t+ + = 					     (14)

Each term represents the fraction of incident solar irradiance ab-
sorbed, transmitted, or reflected by the material, respectively. 
It should be noted that reflectivity (ρ) is the fraction of radiation 
reflected away from the surface and not absorbed or transmitted 
through the layer. A reflectivity value of 0.10 means that only 10% of 
the solar irradiance is reflected, not absorbed. Then the remaining 
percentage (derived from transmissivity and reflectivity, respective-
ly) gives the absorbed energy fraction. Accurate interpretation of 
optical parameters is needed to determine the optimal energy bal-
ance across the panel layers, temperature distributions, and actual 
performance. Table 5 summarizes the transmissivity and reflectivity 

values for each layer, using established optical properties literature 
to reflect the transmissivity and reflectivity available in the public 
domain, thereby enabling physically consistent simulations. The se-
quence of PV panel layers is illustrated in Figure 3, and their absorp-
tivity, transmissivity, and reflectivity are listed in Table 5.

Table 5. The physical properties of the first three layers.

Material Absorptivity Transmissivity Reflectivity
ETFE 0.1 0.83 0.07
EVA 0.0 1.0 0.0

Si 0.97 0.0 0.03

Figure 3. PV Panel Layers Sequence Layout [26]

According to Figure 3, the first three layers were the ETFE, then 
EVA, and the last layer was silicon cells. According to Table 4, the 
ETFE Absorptivity was 0.1 for 1000 W/m2 incident solar radiation 
(q solar), corresponding to 100 W/m2, and 0.07 was reflected, re-
sulting in 70 W/m2 in optical losses. The 100 W/m2 will be set as the 
ETFE layer heat flux value; the second EVA layer has zero absorptiv-
ity and reflectivity, and the heat flux for this layer will be produced 
from the silicon cell layer. The incident solar radiation from the first 
layer has a transmissivity of 0.83, corresponding to 830 W/m2, and 
will transfer to the third silicon cell layer. This layer has a reflectivity 
of 0.03, which means 0.03 of the 830 W/m2 will be reflected to the 
second layer above it, so the heat flux for the second layer will be 
24.9 W/m2. 

The heat flux for the third layer will equal the transmitted incident 
solar radiation from the first layer (830 W/m2) minus the reflect-
ed heat flux (approximately 25 W/m2), which equals 805 W/m2. As 
mentioned above, the third silicon cell layer also generates a heat 
flux at its surface, arising from the PV panel’s power output (70 W). 
To transform this value to heat flux, the generated power must be 
divided by the total surface area of the 36 Si cells in this layer. In 
the ANSYS modeler, the single cell surface area is 0.01468 m2; for 
36 cells, it is 0.52848 m2. So, the surface heat flux will be 70 divid-
ed by 0.52848, which equals 132.455, and the total heat flux for the 
third layer will be 805 minus 132.455, which equals 672.455 W/m2. 
The first and last layers (ETFE and CFRP) will experience heat ra-
diation, and they must be treated as boundary conditions using the 
emissivity value (0.89) from Table 4 above for both layers. The Si 
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layer in the PV panel absorbs some of the energy from incident solar 
radiation and transforms part of it into electrical energy. The rest is 
absorbed as heat. The electrical power generated corresponds to the 
energy removed and is therefore considered a heat sink (i.e., energy 
removed) for the Si layer in the thermal model. The optical losses 
in the outer layers (e.g., ETFE and EVA) reduce the amount of solar 
radiation reaching the Si layer. For example, with incident radiation 
of 1000 W/m², after losses in the previous layers, only around 830 
W/m² reaches the Si layer. The heat flux absorbed by the Si layer is 
calculated by subtracting the reflected portion at the Si surface from 
the transmitted radiation. In this example, approximately 805 W/m² 
reaches the Si layer after reflection losses.   The electrical power gen-
erated by the PV cells, for example, 70 W total across 36 cells, is en-
ergy diverted from heat storage and does not contribute to tempera-
ture rise. This power is treated as a heat sink by converting it into a 
heat flux value after dividing the total generated power by the total 
Si cell area (surface area). For 36 cells with a total area of 0.52848 m², 
the power-generated heat flux is 70 / 0.52848 ≈ 132.455 W/m2. The 
heat flux that decreases the electrical power absorbed (heat sink) is 
the net heat flux absorbed (changed to heat) by the Si layer: 

Q net = Q absorbed – Q generated power, using the example num-
bers:

805W/m2 −132.455W/m2 =672.545W/m2

This net flux is the heat load that drives the rise in temperature of 
the Si layer. In electrical generation, a heat sink is designed to reflect 
the physical reality that it essentially absorbs energy in the thermal 
system, thereby reducing the heat load on the object’s total radia-
tion. This matches optical and electrical energy flows, enabling the 
thermal simulation to predict the real cell temperature of Si under 
operating conditions. Adding this heat sink term to the energy bal-
ance and boundary conditions of the Si layer can enable the model 
to capture the interactions between electrical output and thermal 
behavior, as observed with increased airflow (greater convection), 
which reduces silicon cell temperatures and thereby increases pow-
er efficiency. T﻿he computational domain may include the PV panel 
and a sufficient surrounding air region to prevent boundary effects 
(blockage ratio <5% relative to the inlet cross-sectional area, based 
on a preliminary domain sensitivity test). Dynamic equilibrium 
temperature modeling and controlled airflow modeling represent-
ing normal operating conditions were used to perform steady-state 
simulations. Effects of turbulence are modeled using the k−ω SST 
turbulence model, which provides superior treatment of wall struc-
tures, with y+ values between 1 and 3 to resolve the boundary layer. 
Radiative heat transfer was modeled using the Discrete Ordinates 
(DO)radiation model, if the media (air with negligible absorption/
scattering) was excluded. The thermal contact resistance between 
the PV layers were neglected due to their negligible thickness, which 
also meant good thermal contact within the normal construction of 
a PV panel. These boundary conditions include a velocity inlet and 
a pressure outlet for airflow, symmetry conditions at the lateral do-
main boundaries, and convective and radiative heat exchange across 

exposed surfaces. Second-order terms in the momentum, energy, 
and turbulence equations were used for numerical accuracy in the 
spatial discretization. Residuals were set to 10−6 for all transport 
equations, and stability was ensured by monitoring key solution 
variables, such as the maximum silicon cell temperature and oth-
er parameters. The convective heat transfer between the upper and 
lower layers will be calculated using the following equation. [25]: 

h L
N ku#= 					     (15)

Where: Nu is Nusselt number, 𝑘 is the thermal conductivity of air 
(approximately 0.0257 W/m.K at room temperature), and 𝐿 is the 
characteristic length of the surface. The Nusselt number can be cal-
culated from the following equation: 

Re PrNu C m n# #= 				    (16)

Where:  𝐶𝑚, and 𝑛 are constants that depend on the geometry and 
flow conditions. For forced convection over a flat surface, typical 
values are: 𝐶 = 0.332, 𝑚 = 0.5, and 𝑛 = 0.33. (𝑃𝑟) is the Prandtl num-
ber, which equals 0.6904, and Re is the Reynolds number, which is 
calculated from the following equation [26]: 

Re V
U L#= 					     (17)

Where: U is the wind velocity (4 m/s), 𝐿 is the characteristic length 
of the surface, and 𝜈 is the kinematic viscosity of air (m²/s), which is 
temperature dependent. From the above equations, the wind speed 
variation will change the value of the mixed convection coefficient 
(h) in equation (13) and, in turn, the Si cells’ temperature and the 
generated power. Figure 4 below illustrates the effects of mixed con-
vection and its direction on the PV panel. 

Figure 4. The PV panel mixed convection, solar irradiation, and re-
flected radiation direction

The numerical simulation carried out in this study is a three-dimen-
sional (3D) steady-state thermal analysis using the software ANSYS 
Fluent to represent the actual spatial temperature distribution and 
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airflow on the PV panel. The PV panel modeled for simulation is 
a traditional monocrystalline silicon module with 36 cells in a six-
by-six configuration. The surface area of each Si cell is equal to 
∼0.01468 m², and the Si cell layer area is equal to ∼0.52848 m². The 
36-cell combined size (the total panel size) is proportional to the 
size of an average panel, the average surface area is 0.52848 m2, the 
active surface length (parallel with the wind flow) is approximately 
0.3 m, and a width that differs with the number of cells (that of a 
commercial panel is typically comparable). The mesh construction 
is performed using a multi-zone approach with hexahedral (Hexa) 
elements to achieve a structured, uniform cell field, particularly 
in the Si cell layer and the boundary layer. In a mesh convergence 
study, the element dimensions ranged from 6 mm to 10 mm. The 
choice of an optimal element size of 7 mm is the preferred minimum 
size to achieve the highest resolution and optimal solution accuracy 
at the lowest computational cost. Mesh spatial resolution is chosen 
to ensure that the thermal boundary layer, which has steep tempera-
ture gradients, is resolved; mesh resolution is directly controlled. 
This made it possible to perform effective computations of the con-
vective heat transfer coefficient and the panel’s surface temperature 
distribution. All skewness values for the average mesh were less than 
-0.25, and the orthogonal quality approached the skewness level that 
meets ANSYS CFD criteria, indicating good mesh and numerical 
quality. This 3D mesh resolution and model dimensioning allow the 
forced versus mixed convection regime, temperature gradient of the 
Si cells, and overall thermal characteristic of the PV panel to be cap-
tured with high accuracy.

2.8. Optical-thermal energy budget per layer

In these simulations, the authors assume the total solar irradiance 
incident on the PV panel surface is 1000 W/m². Layer-wise Optical 
Budget (Incident → Reflected → Transmitted → Absorbed). The en-
ergy flows are computed for each layer (ETFE, EVA, Si cell). For the 
ETFE Layer, the Reflectivity (ρ ETFE) ≈ is 0.07, so 7% of the incident 
radiation is reflected (optical loss). Transmissivity (τETFE) ≈ 0.83, al-
lowing 83% of the signal to be transmitted to the next layer. Absorp-
tivity (αETFE) = 1 − ρETFE − τETFE = 0.1, reflecting the absorbed energy 
transformed into thermal energy in ETFE. The transmissivity (τ 
EVA) for the EVA Layer is 0.85–0.90(realistic assumption). Absorp-
tivity (αEVA) and reflectivity (ρEVA) sum to the remaining fraction, 
with reflectivity typically low. The absorbed energy in EVA raises its 
temperature. The low reflectivity (ρSi) ≈ is 0.03 for the Silicon Cell 
Layer. Absorptivity (αSi) is high (~0.90), so most transmitted energy 
is absorbed. Silicon cells absorb energy as heat, which generates heat 
and electrical energy. Electrical power generated, P elec, is calculated 
as:

η × ×Pelec G A=

where η = efficiency (either experimental or literature), G = incident 
irradiance, and A = total Si cell surface area. As electrical generation 
removes energy from the system, this power acts as a heat sink (en-
ergy removed) in the Si cell energy balance, reducing thermal heat 

generation. In the Si layer, the net heat generation is then:    Qnet = 
Qabsorbed − A Pelec, where Q absorbed is the absorbed solar radiation heat 
flux. The removal of electrical power is used as a heat-flux boundary 
condition (sink) on the Si cell surface, thereby reducing the source 
term of the heat-flux field. This converter converts solar energy into 
useful electrical energy, minimizing heat production and, therefore, 
panel temperature.

3. Results and discussions 

The following figures and table illustrate the effects of inlet air veloc-
ity at a typical ambient temperature of 25 °C on the Si cells’ tempera-
ture. Starting from an air velocity of 1 m/s, the mixed convection in 
the Si cell layer is calculated, and ANSYS is used to show the tem-
perature and thermal distribution. This procedure is repeated for air 
velocities of 2, 3, 4, and 5. Figure 5 (A) and (B) below illustrate the 
maximum and minimum temperature and the thermal distribution 
at the Si cells layer and the PV panel. 

Figure 5. Maximum and minimum temperature and thermal 
distributions for 1 m/s inlet velocity(A)Si cells layers, and( B)PV 
panel

Figure 5 (A) and (B) show the temperature distributions at a silicon 
cell layer in a photovoltaic (PV) panel and the whole PV module, 
respectively. The temperature readings are also significant in both 
pictures: the highest is around 53.255 °C in Figure 5 (A) and 34.376 
°C in Figure 6 (B), and the lowest is 46.743 °C in Figure 5 (A). These 
variations indicate how much thermal energy is radiated across the 
module’s entire surface. The differences in Figure 6 (A) are a product 
of thermal absorption in the silicon (Si) cells, the active material that 
makes up the device, subsequently heating the localized areas. The 
transmission of this temperature increase occurs through heat con-
duction and convection, producing temperature gradients of 46.75 
°C to 53.3 °C, likely due to differences in thermal conductivity and 
the convective atmosphere around the panel. Figure 5 (B) shows the 
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complete temperature profile of the module; the module tempera-
ture is highest in the hot region (33.255 °C) and decreases to 34.376 
°C at the cold junction. The least directionally exposed regions of 
solar irradiance, or those regions of an air mass with paved areas or 
external surfaces of surface-cooling material, are the low-tempera-
ture spheres (less than 34.376 °C), which are statistically the least 
accessible. [27].

The simulation results show that the heat loss rate of photovoltaic 
(PV) panels depends on the inlet air speed, which is the most import-
ant parameter. The present analysis shows a constant inlet velocity of 
1 m/s. At such a velocity, mixed-mode convective heat transfer, also 
known as mixed convection, appears in the system. In mixed con-
vection, natural convection driven by spontaneous density currents 
due to the temperature gradient occurs simultaneously with forced 
convection due to air movement. The greater the air velocity, the 
more pronounced the forced-convection effects, thereby increasing 
the heat-removal performance of the PV surfaces. However, at low 
velocities, such as 1 m/s, forced convection is only relatively ineffi-
cient compared to velocities above 3 m/s. In these circumstances, 
the passing air creates a boundary layer on the surface of a PV mod-
ule, generating a high-temperature contrast. Low-velocity boundary 
layers are intense and resistive, thereby impeding heat dissipation. 
On the other hand, layer thickness in the boundary layer decreases 
at higher velocities, the gradients become smaller, and the convec-
tive heat transfer rate increases. As such, the thermal resistance of 
the air layer decreases, resulting in greater cooling. When the inlet 
flow is reduced to 1 m/s, the convective heat transfer rate decreas-
es, and hence the module temperatures increase, as indicated in the 
simulation data plot, peaking at 53.255 °C.

For photovoltaic (PV) modules, it is necessary to determine the 
spatial radiation distribution (in terms of the silicon (Si) layer) us-
ing the air velocity. Experimental studies show that the convective 
heat-transfer coefficient increases with air velocity, thereby decreas-
ing the temperature of the surface layer. Although the available pow-
er of the machine to increase heat extraction has been moderately 
boosted at a velocity of 1 m/s, the best performance is observed at 
higher velocities, i.e., 3-5 m/s. What is important here is that, with 
the Si layers hot, the recombination rates must be high, which will 
consequently lower the open-circuit voltage and the overall effi-
ciency of the module. The extended stay under high temperatures 
also results in thermal expansion and, correspondingly, mechanical 
stress, which can compromise material integrity. [28]. The overall 
temperature distribution within the panel is therefore representative 
of the Si-layer’s overall effects and the cooling mechanism, which is 
by air flowing at 1 m/s. Thermal non-homogeneity occurs naturally: 
areas where airflow is stronger cool faster, and regions in the center 
experience more intense heat buildup due to low convective capac-
ity. Effective heat dissipation is critical to proper thermal balance 
in the module and, consequently, to its operational functionality. 
When air velocity equals the ventilator’s movement, the system is 
thermally disadvantaged at 1 m/s.

Figures 6 (A) and (B) illustrate the Si layer, PV panel temperature, 
and thermal distributions. Figure 6(A)shows that the maximum 
temperature inside the silicon cell layer increases to 47.011 °C and 
the minimum decreases to 41.376 °C, at a wind speed of 2 m/s. 
Figure 6(B) shows the matching panel temperature distributions, 
yielding a maximum value of 47.011 °C. Minimal value of 30.884 
°C. Such values indicate that, compared to the 1 m/s conditions, 
under which the highest temperatures at the cell layers were found 
to be 53.255 °C, the increased air velocity has reduced both the ex-
treme and mean cell-layer temperatures by ~6.2 °C. The matching 
minimum temperature also drops similarly by 46.743 °C to 41.376 
°C upon the imposition of 2 m/s. Notably, the heat flux distribu-
tion over the silicon cell layer is relatively uniform at higher veloc-
ities, implying more even convection and heat transfer through the 
boundary layer, resulting in more uniform heat removal. The spatial 
profile indicates that the gradient is smoother, and the center point 
of the profile barely suggests it is hotter than the outer regions.

A similar pattern is observed in the total number of PV panels in 
the 2 m/s case presented in Figure 6 (B): the maximum temperature 
is 47.011 °C, and the minimum is 30.884 °C. This significantly 
improved the 1 m/s case, where the minimum temperature was 
approximately 34.376 °C. The enhanced convective heat transfer 
rates at high velocity are evident in the temperature profiles shown 
in Figure 6 (B), where cold water has colonized a significant portion 
of the PV surface by many degrees. At 1 m/s, the dominant heat-
removal process is mixed convection, which, in this instance, is 
primarily natural convection since the air flow is rather small [29]. 

Figure 6. Maximum and minimum temperature and thermal 
distributions for 2 m/s inlet velocity(A)Si cells layers, and( B)PV 
panel

The comparatively slow flow leads to a thicker thermal boundary 
layer near the surface, reducing heat dissipation capability. At an air 
velocity of 2 m/s, forced convection is more dominant; the air’s ki-
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netic energy helps reduce the thermal boundary layer and optimize 
heat removal from the Si cells and the entire PV module. The role 
of forced convection thus increases the overall heat-transfer rate.

Since the flow velocity is low at 1 m/s, efficiency is low due to a thick-
er boundary layer, leading to high temperatures and a high thermal 
gradient throughout the Si-cell array. Only the boundary layer re-
duces at 2 m/s; therefore, with more vigorous mixing of ambient 
air with near-surface air, heat exchange increases, and temperature 
changes are smoothed. At 1 m/s, the maximum temperature in the 
Si-cell layer is 53.255 °C, indicating low heat-removal efficiency at 
this velocity, leading to non-uniform cooling. In comparison, at 2 
m/s, a maximum layer temperature of 47.011 °C is attained, a de-
crease of about 6.2 °C, which translates into efficiency advantages 
elsewhere demonstrated by eliminating the detrimental thermal 
effects. PV-panel temperatures correspondingly show relevant dif-
ferences. The maximum temperature of the panel reaches 53.255 
0 C at a velocity of 1 m/s, which is conducive to greater rates of 
efficiency deterioration and a higher probability of thermal dete-
rioration, particularly in high-performance modules. Conversely, 
PV operating temperature at the upper 2 m/s, minimizing overall 
heat-related losses and the resulting strain on the system, and per-
haps extending parts’ lifespans. Generally, higher temperature loads 
compromise the working temperature, effectiveness, and long-term 
stability of the PV cell at flow velocities below 1 m/s. Raising the 
airspeed to 2 m/s enhances cooling, enables operation of Si-cells to 
achieve a greater effect, and consequently improves overall system 
performance, mitigating thermal fatigue and extending PV-panel 
lifespan. [30].

Figure 7. Maximum and minimum temperature and thermal distri-
butions for 3 m/s inlet velocity (A) Si cells layers, and ( B) PV panel

Figure 8(A)and(B)illustrate the Si layer and PV panel temperature 
and thermal distributions of 3 m/s air velocity. Having realized the 
layer velocities of 3 m/s, the thermal gradients are significantly nar-
rower than at 1 m/s or 2 m/s. Under the Si cell layer in Figure 8 
(A), the reported maximum temperature falls to 43.044 °C, 10.2 °C 
lower than that at 1 m/s (53.255 °C) and 4 °C lower than that at 2 
m/s (47.011 °C). Minimum temperatures decrease as well: 38.152 
°C in Figure 8 (A) compared with 39.003 °C at 1 m/s and 41.814 °C 
at 2 m/s. Such observations show that the higher velocity is more 
efficient in cooling. The results in Figure 8 (B) show that the highest 
temperature of the PV panel was 43.044 °C, which is 10.2 °C lower 
than at 1 m/s and 4 °C lower than at 2 m/s, resulting in the lowest 
temperature of 28.96 °C. These results identify the increased heat 
dissipation with increased velocities. At 3 m/s, the primary mode 
of heat transfer is forced convection, as evidenced by a reduction 
in thermal boundary layers. A reduced boundary layer thickness 
enables better mixing of the cold air outside the boundary layer 
with the hot air near the surface, thereby increasing the heat trans-
fer rate. There is less chance of hypostagnant air forming; thus, the 
total module temperature is lowered. The thermal boundary layer 
at 3 m/s is even more dissipated than the 1 m/s and 2 m/s. This 
effect causes the rapid replacement of air in the surface region by 
a cooler external stream, smoothing the surface-layer temperature 
distribution and enhancing heat transfer. At a wind speed of 1 m/s, 
high ambient temperatures increase thermal losses, thereby reduc-
ing the electrical output of the photovoltaic (PV) module. At the 
same time, the likelihood of thermal degradation in the materials 
increases, thereby reducing the overall life expectancy of the PV sys-
tem. A higher wind speed of 2 m/s provides more effective cooling, 
resulting in a lower Si-cell temperature and increased electrical ef-
ficiency. The peak temperature is reduced by 6.2 °C relative to that 
recorded at 1 m/s, and the direct effect is an extended operational 
longevity. This results in optimal cooling conditions, achieved at 3 
m/s; temperatures in all Si cells and throughout the PV panel are at 
their lowest, thereby improving efficiency by limiting thermal losses. 
The temperature reductions of 10.2 °C at 1 m/s and 4.1 °C at 2 m/s 
will ultimately extend system life by increasing conversion efficiency 
and reducing thermal strain [31].

Figure 9 (A) and (B) illustrate the Si layer and PV panel temperature 
and thermal distributions of 4 m/s air velocity. In the case of a PV 
system that we are investigating it can be seen that there is a clear 
pattern in the patterns of temperature distributions observed at a 
variety of wind velocities. With an air velocity of 4 m/s, the peak 
temperature of the Si cell layer is 40.552 °C, a significantly lower 
value relative to that at 3 m/s (43.044 °C), 2 m/s (47.011 °C), and 
1 m/s (53.255 °C). The 2.5 °C difference between 4 m/s and 3 m/s 
represents the largest that exists between any pair of velocities. Fur-
ther, the lowest temperature at 4 m/s(36.163 °C) is significantly low-
er when compared with the temperatures at 3 m/s (38.152 °C), 2 
m/s(41.376 °C), and 1 m/s (46.743 °C), indicating that the higher the 
air velocity, the higher the thermal gradients and the more homoge-
neous thermal distribution. Similar remarks can be made regarding 
the temperatures of the complete PV panel. The panel temperature 
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at peak is 40.552 °C (reduced by 2.5 °C at 3 m/s and by an order of 
magnitude more than at 1 m/s and 2 m/s). The corresponding min-
imum temperature of 27.893 °C cuts even deeper, nearly 3 °C below 
the 3 m/s temperature and well below any of the other temperatures 
at which these lows occur. The gradual decline in the overall panel 
maximum and minimum temperatures corresponds to a significant 
rise in cooling efficiency.

Figure 9. Maximum and minimum temperature and thermal 
distributions for 4 m/s inlet velocity (A) Si cells layers, and (B) PV 
panel

As the air velocity increases to 4 m/s, the total cooling efficiency 
rises considerably, and forced convection becomes the dominant 
cooling mechanism. Convective mixing remains predominant in 
this regime, but natural convection plays an essential role because 
the thick boundary layer slows heat dissipation. Comparatively, 
forced convection at 2 m/s is increasingly dominant, leading to an 
increase in the heat transfer coefficient and in bodies with narrow 
boundary layers. More efficient cooling capacity (as seen at 3 m/s) 
can also be observed, as the boundary layers formed are thicker; in 
this case, there should be more mixing of air with the surface, lead-
ing to cooler temperatures. At a velocity of 4 m/s, forced convection 
is complete, the boundary layer is almost negligible, and the surface 
minimum and maximum temperatures decrease substantially.

The increase in cooling efficiency with increasing flow velocity is 
accompanied by a corresponding thinning of the bounding layer as 
flow velocity decreases from 1 m/s to 4 m/s, allowing a more rapid 
heat exchange with the moving air. The low surface temperatures 
measured under the minimum boundary layer precipitate have been 
maximized at the lowest surface temperatures and, correspondingly, 
have the greatest cooling performance at the highest velocities un-
der examination. At high ambient temperatures and 1 m/s, the sys-
tem experiences high thermal losses, reduces Si cell efficiency, and 

increased risk of thermal degradation over long periods of opera-
tion. This results in it operating the system below optimal, negative-
ly affecting performance. This can significantly enhance convective 
heat transfer such that the maximum cell temperature decreases by 
6.2 °C at 2 m/s. Performance is reduced slightly, and thermal stress 
is consequently alleviated. Under these circumstances, the PV mod-
ule has a longer operating life than when working at 1 m/s. Further 
increase in the wind velocity to 3 m/s will reduce the maximum 
temperature by 4 °C compared to 2 m/s and improve system per-
formance. The resulting heat-exchange process is forced convection 
at this air speed, which enhances both efficiency and durability. The 
peak cooling is attained at 4 m/s. A maximum cell temperature of 
40.552 °C indicates a benign temperature for the Si cells and the 
entire PV array. System efficiency is optimized, thermal degradation 
is minimized, and the system sustains the longest operating life and 
optimal performance. [32].

When the wind is at 5 m/s, the highest temperature found in the 
Si cell layer in Figure 10 (A) is 38.809 °C, which decreases by 1.7 
°C compared to the corresponding level at 4 m/s and 2.0 °C com-
pared to 3 m/s. This observation indicates that the heat-rejection 
performance of the photovoltaic array improves with increasing 
wind speed. Comparatively, the lowest temperature in the cell lay-
er is 34.791 °C, thereby defining the amplified cooling effect at 5 
m/s. The maximum and minimum temperature differences have de-
creased, suggesting better spatial thermal homogeneity within the 
Si cell layer.  

Figure 10. Maximum and minimum temperature and thermal dis-
tributions for 5 m/s inlet velocity (A) Si cells layers, and (B) PV pan-
el

Across the entire PV panel shown in Figure 10 (B), the highest tem-
perature is again 38.809 °C, 1.7 °C lower than at 4 m/s and 4.2 °C 
lower than at 3 m/s. The lowest temperature value of 27.213 °C rep-
resents an unprecedented decrease in absolute temperature relative 
to the earlier velocities and, significantly, a drop of 5 °C relative to 
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the 1 m/s velocity (32.213 °C) and 1 °C relative to the 2 m/s veloc-
ity (28.290 °C). Maximum forced convection is achieved at a wind 
speed of 5 m/s, significantly enhancing heat dissipation from the 
silicon (Si) solar cells and the entire photovoltaic (PV) panel. When 
the heat transfer mechanism changes to mixed convection at 1 m/s, 
natural convection still plays a significant role in maintaining rel-
atively high surface temperatures, thereby reducing the efficacy of 
thermal control. At velocities of 2 m/s -4 m/s, the natural convection 
is progressively replaced by the forced convection, as the physical 
process cools down and the thickness of the boundary layers reduc-
es. Since the flow has a velocity of 5 m/s, forced convection plays a 
significant role, and the resulting thin thermal boundary layer most 
effectively extracts heat from the PV surface. The conditions affected 
lead to low temperature profiles in both the Si cells and the PV pan-
el, as the fast-moving air aids cooling. [33].

As wind velocity increases, the thermal boundary layer thins, in-
creasing heat transfer between the PV surface and the air near the 
surface. This is because the cold surface layer is replaced with fresh 
air as soon as possible to prevent heat from stagnating in the system, 
and hence the system temperature remains low. Based on empirical 
experiments, as wind speed increases (1 m/s), the temperature of the 

Si cells rises, causing thermal stress and leading to lower efficiency 
and accelerated long-term degradation. Achieving that by a high 
speed of the wind to 2 m/s will decrease the maximum cell tempera-
ture and minimize the risks of thermal degradation and thus will 
raise operating efficiency. The greater the temperature rises to reach 
3 m/s, the greater the airflow cools, which means the Si cells can 
be operated at lower temperatures, leading to increased electrical 
performance and elimination of thermal stress. It is kept at a low 
temperature (4 m/s), and the panel is subjected to the best thermal 
conditions it has experienced to date, thereby optimizing efficiency. 
The panel’s lifespan is extended even further. Finally, a wind speed 
of 5 m/s offers the greatest cooling ability and yields the lowest tem-
peratures across the entire device, which can enable the Si cells and 
the PV module to operate at peak efficiency with minimal thermal 
degradation and optimal reliability. Table 6 below will compare five 
velocities of air (1, 2, 3, 4, and 5 m/s) and the temperature of the 
active layer of the PV panel (Max and Min) to illustrate how the 
active layer of the PV panel heats under different cooling conditions, 
53.255 i C in the Si cells at 1 m/s but 38.809  °C in the Si. The over-
all thermal load of the glass and frame is reported by the PV Panel 
Temperatures (Max & Min). 

Table 6. Comparison of the Si cells and PV panel temperature at different air velocities.

Air Velocity 
(m/s)

Si Cell PV Panel
Impact on Power & Convection

Max Temp (°C) Min Temp (°C) Max Temp (°C) Min Temp (°C)

1 53.255 46.743 53.255 36.163
High temperatures, mixed-convection-
dominated, thick boundary layer, low 

power output, high thermal stress.

2 47.011 41.376 47.011 34.376

Temperature reduction ~6.2°C; forced 
convection is more effective; improved 

cooling; increased power; reduced 
thermal stress.

3 43.044 38.152 43.044 28.960
Further temperature drops of 4°C; forced 
convection dominant; thinner boundary 

layer; better cooling; higher power output.

4 40.552 36.163 40.552 27.893

Maximum temperature reduction 2.5°C; 
forced convection fully established; 
uniform cooling; optimal efficiency; 

minimal thermal stress.

5 38.809 34.791 38.809 27.213

Lowest temperatures; forced convection 
maximized; thermal boundary layer 

nearly eliminated; optimal power output; 
minimal degradation.

This evidence shows that increased airflow has a cooling effect on the 
cells and the panel as a whole and appears to be the key to improved 
structural stability and reduced stress. In addition, the findings ex-
plain the effects on Mixed Convection and Power Generation and 
show that air velocity is the primary determining factor for the dom-
inant heat-transfer mechanism. Mixed convection is dominated by 
Natural convection, thick boundary layers, and inefficient cooling at 
low speeds (1 m/s to 2 m/s). On the other hand, at large velocities 
(3 to 5 m/s), it becomes apparent that forced convection is predom-
inant, the boundary layer is thin, and heat is more easily removed. 

High temperatures, as indicated in the sequences, will reduce elec-
trical output due to lower open-circuit voltage. In contrast, effective 
cooling will improve production, reduce thermal degradation, and 
extend life. Such findings have an obvious physical interpretation: 
the higher the air velocity, the greater the component of forced con-
vection in mixed convection [34]. Increasing the air velocity over 
the PV panel from 1 m/s to 5 m/s systematically reduced the maxi-
mum and minimum temperatures of the silicon layer and the entire 
PV panel. The observed drop was largest at 1-2 m/s and decreased 
(but only positively) with increasing airflow. Overall performance 



14Journal of Thermal Engineering, 12 (2026) 0023

showed about a 14.5°C reduction in silicon cell temperature be-
tween 1 m/s and 5 m/s (around 53.3°C at 1 m/s with mostly mixed 
convection and a thick boundary layer, or 38.8°C at 5 m/s with dom-
inant forced convection and a thin boundary layer). Low-to-mod-
erate velocity results in a quick downward tendency. When further 
increase in m/s, the rate of performance decreases to approximately 
3 m/s, and the air temperature approaches an asymptote, where per-
formance rates are very high. The maximum PV panel temperature 
decreased by the same percentage, indicating good heat loss in the 
panels with or without wind. The mixed convection at low velocities 
(12 m/s) is indeed dominated by natural convection, and the cooling 
effectiveness is in a less favorable position than usual. The limit for 
forced convection is above 3 m/s (higher temperatures in general, 
better cooling, improved performance). The low panel temperature 
achieved with high air velocities has been shown to improve elec-
trical efficiency and minimize thermal stress, material degradation, 
and hotspots. The cooling efficiencies can contribute to both short-
term and long-term power generation of the PV system and system 
durability.

Figure 11. Chart of air speed (m/s) vs. temperature of the Si cell 
layer

The findings of the ANSYS model, as shown in Fig. 11, can then be 
interpreted freely considering a physical-intuition viewpoint. The 
forced-convection component of mixed-convection heat transfer is 
assuming an increasingly larger role as air velocity increases. This 
strength effect reduces the thickness of the thermal boundary layer 
on the PV array surface, allowing it to dissipate heat more easily. It 
means that the highest point of the front side temperature of the 
solar cells is. Max) and lowest (Temp.). The minimum temperatures 
will be lowered, which implies reduced thermal stress on the silicon 
monocrystalline cells. The distribution of cooling across the pan-
el and the temperature were caused by no longer clumping at the 
edges. Min drop is astounding. As the data also show, there is some 
nonlinearity in the response: the largest decrease in temperature. 
Maximum speeds of 1 and 2 m /s; then the rise in velocity there-
after is comparably smaller with considerably less improvement at 
the former, which tends towards an asymptotic decrease in Tem-
perature. This upper limit is as close to the minimal possible as pos-
sible. The response of a PV cell has been known to be affected by 
temperature; the higher the cell temperature, the lower the value of 
open circuit voltage (Voc) and the system’s overall generation. The 
fact that down-tempering of the cells is also required, therefore, 

implies greater electrical efficiency. Thermal mitigation is also used 
to reduce material degradation, such as solder fatigue, encapsulant 
brownness, and cell cracking. The trade-offs between increasing air-
flow and enhancing system efficiency also hold. With a minor vari-
ation in the velocity, 1 and 2 m/s, the change in power is positive. 
The numerical data may provide engineers with a solid foundation 
for streamlining the system design using ventilation, back-channel 
cooling, or forced-air models.

Figure 12. Air speed (m/s) vs mixed convection (w/m2 k) chart

Figure 12 presents a chart showing the correlation between air speed 
on the x-axis and mixed convection on the y-axis for a photovoltaic 
(PV) panel. Mixed convection: Instead of using temperature gradi-
ents as the driver in natural convection, mixed convection involves 
the simultaneous operation of both natural and forced convection 
under air movement. Increasing the air speed increases the effec-
tiveness of forced convection. The x-axis shows the three airflow 
velocities, ranging from 1 m/s to 5 m/s. Conventional heat transfer 
occurs at air velocities below 5 m/s, thereby reducing cooling ca-
pacity. On the other hand, higher speeds generate additional forced 
convection, thereby enhancing heat transfer. Mixed convection 
quantifies the heat transfer coefficient, the per-unit-area rate of heat 
transfer between the surrounding air and the PV panel. Increased 
values of mixed convection will indicate enhanced cooling. The 
convective heat transfer value varies gradually with velocity, from 
about 10 W/m2K at 1 m/s to 30 W/m2K at 5 m/s. At 1 m/s, natural 
convection dominates with forced convection being an insignificant 
factor. A large thermal boundary layer of hot air surrounding the 
PV shutdown surface impedes heat transfer. The faster the air, the 
more forced convection occurs and the thinner the boundary layer, 
allowing colder air to reach the panel surface. Due to such close in-
teraction, heat loss is much more effective, as evidenced by a graded 
increase in the mixed-convection coefficient. Taken together, the 
increased air velocity, which results in a higher heat-transfer rate, 
improves convective cooling by expelling warm air and enhances 
heat-exchange effectiveness, thereby achieving optimal mixed-con-
vection operation [35].

It is typically accompanied by a low air-velocity regime (less than 1 
m/s), leading to poor convective heat transfer from the PV panel to 
the environment. This forms a thick thermal boundary layer on the 
panel face, hindering heat removal and thereby raising the panel’s 
operating temperature. This heat, when present by itself, could lead 
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to cellular fatigue, which could negatively impact electrical perfor-
mance. When the velocities increase to 4-5 m/s, forced convection 
prevails, resulting in significantly reduced panel temperatures. The 
net effect, in turn, allows the cells to operate closer to their optimal 
temperature, thereby maximizing power output. Optimized mixed 
convection prevents thermo-stress on the PV panel, reducing mate-
rial fatigue and prolonging useful life. The ability of effective cooling 
to keep operating temperatures within acceptable limits is a key re-
quirement for maintaining optimal electrical performance. We have 
achieved maximum power generation at high mixed-convection 
values (near 4-5 m/s), at which the cells can operate at lower tem-
peratures, thus producing high voltage and current.

Figure 13. Si cells layer temperature vs mixed convection (w/m2.k) 
chart

Figure 13 above shows a clear negative relationship between the Si 
cell temperature and mixed convection, as indicated by the graph. In 
that figure, there is an inverse relationship between these variables. 
The temperature of the Si cell is high at low mixed-convection values 
(approximately 53 °C at 6 W/m2.K). As the degree of mixed con-
vection varies, the temperature of the Si cell progressively decreases 
until the mixed convection reaches the maximum (approximately 
24 W/m².K). This reduction indicates that improved convective heat 
transport leads to lower Si cell temperatures. Mixed convection is a 
conclusive process of cooling the surface of the PV panel. The higher 
the airflow speed, the greater the forced convection effect, thereby 
transferring heat more efficiently. Making hot surface blow off by 
stronger winds can be blended, and then the process of thinning the 
thermal layer can be replaced by cooler air. This is a requirement 
to cool the Si cells, which has directly impacted PV system perfor-
mance. Higher cell temperatures in Si reduce the efficiency of the 
PV cell. The higher the cell temperature, the smaller the open-cir-
cuit voltage (Voc), and, thus, the electrical power. Alongside these, 
the long-term heating of the panel could also lead to permanent 
temperature increases and, consequently, to permanent thermal 
damage, material fatigue, and reduced service life of the PV system. 
The improved mixed-convection coolant ensures the Si cells are at a 
lower temperature, thereby maximizing electrical output and power 
efficiency.

The present simulation assumes the layers in the photovoltaic pan-
el have isotropic material properties (since no temperature depen-
dency is provided). This has been widely used in thermal modeling 

to simplify calculations, but it does not reflect the actual behavior 
of materials used in photovoltaic applications. In practice, thermal 
conductivity, specific heat capacity, and electrical characteristics of 
semiconductor materials such as silicon are temperature-dependent; 
thus, these properties may affect cell operation and cooling under 
different operating conditions. Moreover, anisotropic behavior can 
also occur in composite or multilayered materials, in which direc-
tion-dependent thermal conductivity can interfere with the flow of 
incident heat. Since the model uses unvarying isotropic properties, 
accurately determining temperature distributions and correlated ef-
ficiency losses is problematic. Temperature-sensitive properties can 
change thermal gradients and form local hot spots that are extreme-
ly important in the degradation and longevity of materials. It is then 
desirable that future research should aim to obtain temperature-de-
pendent anisotropic material data to improve model fidelity. Despite 
these weaknesses, the present work does, however, lay the nascent 
foundations for understanding the thermal behavior of photovoltaic 
panels under extensive convective airflow conditions and serves as a 
useful baseline for maximizing panel output.

PV calculation of photovoltaic power output change at air speed in 
the range of 1 to 5 m/s using the maximum Si cell temperature (ΔT) 
and a typical temperature coefficient (γ) for monocrystalline silicon 
PV modules: Maximum Si cell temperatures with air velocity be-
tween 1 to 5 m/s (53.255 °C, 47.011°C, 43.044 °C, 40.552 °C, 38.809 
°C) With a typical (γ = − 0.4% per °C) relative to a reference tem-
perature of 25°C:

P(T) = 100% × [1 + γ × (Tref − T)]

Relative power outputs at air velocities 1 to 5 m/s calculated:

Table 7. Power output relative to standard test conditions (STC) 

Air Velocity 
(m/s)

Max Si Cell 
Temp (°C)

Power Output Relative 
to STC (%)

Power Gain vs 1 
m/s (%)

1 53.255 100.00 0.00
2 47.011 97.10 +2.90
3 43.044 94.81 +5.19
4 40.552 93.00 +7.00
5 38.809 91.86 +8.14

By comparing 1 to 5 m/s velocities, the cell temperature decreases, 
and the power output gain of approximately 8.1% at 5 m/s is record-
ed compared to 1 m/s for an air velocity increase, so that the pow-
er-temperature trend is approximately linear, according to the tem-
perature coefficient used. An equivalent graph of Power Output (%) 
versus Air Velocity (m/s) would show a gradual increase, indicating 
the cooling effect of airflow on the solar PV panel’s power gain. This 
analysis and the results in Table 7 above will support the investiga-
tion in this research paper by explicitly translating a temperature 
reduction into an expected improvement in electrical power under 
varying airflow conditions. 
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Figure 14. Power output relative to standard test conditions (STC) 
vs Maximum Si cell temp

Figure 14 illustrates the adverse effect of elevated operating tempera-
ture on PV performance. Due to insufficient cooling, the cell heats 
up, reducing panel output, which is consistent with the well-estab-
lished negative temperature dependence of silicon PV modules. As 
airflow increases, the convective cooling effect sets in, cooling the 
panel and restoring power production. The output power variation 
with a decrease in the cell temperature (14 °C) is given in the range; 
this means the power output changes by 8.1 % (91.9 to 100 %). Keep-
ing cell temperatures relatively low through boosted cooling (e.g., 
increased air velocity) enhances the performance and output of PV 
panels, particularly in hot climates. This finding complements the 
concept of designing and operating PV systems in which controlling 
airflow plays an important role in enhancing electrical output.

4. Validation 

This paper numerically investigates the effect of airspeed on the 
thermal control of photovoltaic (PV) panels, focusing primarily on 
the Si cell temperature, mixed convection, and power conversion 
efficiency. Forced convection also increases with rising air speed, 
resulting in greater cooling, lower cell temperature, and increased 
power generation. This outcome is supported by the recent litera-
ture, which provides further evidence. Fterich et al. (2018) [36] 
provide experimental data on mixed-mode forced-convection so-
lar dryers, demonstrating that increasing the air mass flow rate can 
positively impact the thermodynamic performance of installations 
outfitted with photovoltaic/thermal (PV/T) receivers. As provided, 
the higher the forced convection (i.e., airflow), the lower the panel 
temperatures, thereby enhancing the system’s performance. That is 
one of the tendencies we would observe in our results: a decrease 
in temperature, an increase in power output, and an increase in air 
velocity.

 Boulhidja et al. [37] studied the mixed convection in PV/T air-
cooled PV collectors. They reached the same conclusion: more vig-
orous forced convection, caused by increased air velocity, lowers cell 
temperature and improves energy efficiency. They have also learned 
that the forced convection contribution will be substantial, as high-
er air speeds will lead to a simpler heat transfer process and lower 
peak temperatures above the PV panel. This result aligns with our 
results that Si cell temperature decreased to 53.255 o C at 1 m/s and 

38.809 o C at 5 m/s. A study by Hussien et al. (2023) [38] that used 
forced convection to cool PV panels recorded a significant drop in 
temperature; hence, the system was more efficient. This would be 
extended to our data set, which demonstrated higher cooling effi-
ciency and lower temperatures at higher air velocities, since forced 
convection can lead to an astronomically low panel temperature 
and, consequently, to electrical power output. Lastly, Al-Sanea et 
al. (2012) [39] investigated the concept of environmental cooling 
in mixed convection in air-conditioning systems. They found that 
more airflow forces will decrease system temperatures and ultimate-
ly the thermal efficiency of the system. The fact that, in their exper-
iment, forced convection continued to increase heat dissipation and 
lower the working temperature explains the decreasing tempera-
tures of the Si cell in our experiments.

T﻿hese results support the assumption that forced convection in-
creases with air velocity and include increased cooling, reduced 
thermal loads, and increased efficiency in extracting power over the 
area of a PV panel. Kaiser et al. (2014) [40] investigated the way 
forced convection could affect the cooling of BIPV modules. Their 
result was that air velocity plays a major role in cooling PV modules, 
thereby enhancing power generation. In their Experiment, the tem-
perature in the module dropped substantially because of increased 
air speeds, which is probably the same phenomenon as we observed 
in the previous Experiment, where we observed the apparent cool-
ing effect of increased airflow velocities (3-5 m/s), which induced 
the maximum power in the module and neutralized the influence 
of thermal degradation. The second article with potential for im-
plementation is Jurčevic et al. (2021) [41], as it focuses on forced 
convection of organic phase-change materials as a component of a 
hybrid cooling system. The cooling performance is limited by air 
velocity, as their work ascertains, i.e., cooling the PV panels to lower 
their temperatures and increase overall power output. It is worth 
noting that high wind speeds significantly reduced the PV system 
performance. It was on this basis that mixed convection was dis-
covered as an effective method for cooling Si cells, thereby increas-
ing the system’s power output. Zollner et al. (2002) [42] carried out 
Systematic studies on mixed convection. They showed that as the 
mass flow rate (not the air velocity) increases, heat transfer increases 
significantly. This paper builds on what we have conveyed in our re-
cords: high air velocity indeed boosts heat transfer, which is crucial 
for achieving the required operating temperatures in a PV system, 
thereby inhibiting thermal degradation.

Finally, the study by Kasaeian et al. (2017) [43] is an experimental 
study on forced convection in PV/T units. They concluded that the 
air speed will also increase the cooling effect, decrease the tempera-
ture and enhance the system’s functioning. Their results support 
ours: the power generated decreased by 5 m/s of air speed, which 
cooled the Si cell. This has a cursory comparison as in Table 8 be-
low. It systematically contrasts the simulation outcomes with the key 
experimental and reference results of the studies in question and, 
where possible, presents the corresponding validation, with clear 
quotes of the relevant parts.
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Table 8. Simulation vs. Experimental results for pv panel cooling

Reference Experimental or 
Simulation Cooling Method Observed Temperature Reduction Noted Efficiency Outcome / 

Impact

This Paper 
(Simulation) Simulation Mixed convection, air 1–5 

m/s
53.3°C (1 m/s) down to 38.8°C (5 m/s); 

ΔT ≈ 14.5°C

Efficiency increases with 
cooling, reduced thermal 

degradation

Fterich et al. 2018 
[36] Experimental

Mixed-mode forced 
convection (solar dryers 

with PVT collector)

Airflow increase reduces 
panel temperature, improves 
thermodynamic performance

System performance improves 
with reduced temperatures

Boulhidja et al. 
2024 [37] Experimental Mixed convection, air-

cooled PVT collector
Robust forced convection (higher air 
velocity) reduces cell temperatures

Energy efficiency is enhanced as 
air speed increases

Zollner et al. 2002 
[42] Experimental Mixed convection, 

increased mass flow

Higher mass flow (air velocity) greatly 
improves heat transfer and lowers 

temperatures.

Ensures PV operation at lower 
temperatures with less material 

degradation

Kaiser et al. 2014 
[40] Experimental Forced convection in BIPV 

modules
Higher airspeeds yield substantial 
temperature drops in the module

Power generation efficiency 
increases with temperature. 

drops

Kasaeian et al. 
2017 [43] Experimental Forced convection in the 

PVT system
Increased air velocity provides better 
cooling and lower cell temperatures.

System performance increases 
with better cooling.

5. Statistical testing and margins of error

The extract in the simulation table below, as well as the text of the 
research paper, can be subject to statistical analysis to quantify un-
certainty and error levels, perform sensitivity analyses, and compare 
the results with experimental and literature findings. Si cell layer 
temperature values and the absolute PV panel temperature from 
wind speeds of 1 to 5 m/s from simulation data. Mean and stan-
dard deviations for each wind speed are derived as follows: Si Cell 
Mean Temperatures were 50.0 °C, 44.2 °C, 40.6 °C, 38.4 °C, 36.8 
°C. PV Panel Mean Temperatures 44.7 °C, 40.7 °C, 36.0 °C, 34.2 °C, 
33.0 °C. The 95% confidence intervals could be, using these tem-
perature series: Si Cell Mean Temp 95%: 42.00 °C (37.73 °C to 46.27 
°C) 42.00 °C (37.73 °C to 46.27 °C). PV Panel Mean Temp 95% CI: 
37.72 °C (33.88 °C to 41.55 °C) 37.72 °C (33.88 °C to 41.55 °C). The 
variability in the change in temperature per 1 m/s increase in wind 
speed ranges from 1.6 °C to 5.8 °C. This behavior implies that de-
creases in temperature diminish as velocity increases, with the great-
est decrease in velocity between 1 m/s and 2 m/s and the least at 
velocities, as shown in Table 9 below. 

Table 9. Temperature drop sensitivity according to velocity analysis

From Velocity To Velocity Temperature Drop (°C)
1 2 5.8
2 3 3.6
3 4 2.2
4 5 1.6

The trends in the temperatures and increase in the efficiency can be 
associated with the experimental studies mentioned in the manu-
script such as the experiments conducted by Ibrahim et al. (2024) 
[1], Hudiiszteanu et al. (2020), and Hussien et al. (2023) [2,38] 
which all cite polymerized power output and lower temperatures 
when forced convection conditions are maintained, i. e. with high 
wind speeds. The experimental findings, quantitatively, indicate 
temperature drops of the order 10 - 15 °C as concomitant to propor-
tional drops in panel efficiency due to corresponding wind-speed 
drops, thus supporting the numerical simulations and the available 
literature. However, reported values are uncertain due to mesh qual-
ity, assumptions about material properties, and idealized boundary 
conditions. Where there are no repeated measurements of experi-
ments, estimates of errors are thus obtained by the spreading of sim-
ulated data and also by comparison with literature values, and not by 
actual measurement. Sensitivity tests indicate that the major conclu-
sions are robust to changes in wind velocity, but they may become 
less valuable if material or environmental parameters exhibit con-
siderable variability. Table 10 illustrates the data with error margins.
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Table 10. Data table with error margins
Velocity (m/s) Si Cell Max Temp Si Cell Min Temp Si Cell Mean Temp PV Panel Max 

Temp 
PV Panel Min 

Temp. 
PV Panel Mean 

Temp. 

1 53.3 46.7 50.0 53.3 36.2 44.7

2 47.0 41.4 44.2 47.0 34.4 40.7

3 43.0 38.2 40.6 43.0 29.0 36.0

4 40.6 36.2 38.4 40.6 27.9 34.2

5 38.8 34.8 36.8 38.8 27.2 33.0

6. Conclusion 

The research focuses on how air velocity and partial convection in-
fluence thermal dynamics in a photovoltaic (PV) panel. ANSYS nu-
merical simulation showed that forced convection can be improved 
by a higher air speed to cool the Si cells, maximizing efficiency. Low 
thermal stress is further achieved through high air velocity, which 
reduces uneven cooling and extremes in the natural convection sys-
tem. The paper also shows the relationship between air velocity and 
power production and illustrates that forced convection enhances 
short-term performance indicators and life. The most important 
finding of this investigation is:  

1.	 As empirical studies show, air velocity has a determining ef-
fect on the thermal regime of the silicon cell layer, and on 
thermal management of photovoltaic (PV)installations over-
all. Raising air velocities further promotes forced convection, 
making it easier to remove heat directly from the PV panel. 
These gains in forced convection yield reduced silicon cell 
temperatures and, by extension, increase the system’s cooling 
efficiency.

2.	 The temperature of the silicon solar cell declines with in-
creases in the wind speed, as demonstrated in the current re-
sults. As the wind speed increases, for example, to an average 
wind speed of 1 m/s, the solar cell temperature declines from 
53.255 °C to 38.809 °C at wind velocities of 5 m/s. The results 
are consistent with earlier experiments, indicating that forced 
convection shows a greater decrease in thermal load with in-
creasing air velocity.

3.	 As observed, an increased air velocity above a photovoltaic 
(PV) panel caused thermodynamic conditions that directly 
correlated with the generation of power. The thermal stress 
performance was weak at low air velocities (1 m/s), and a con-
siderable improvement in cooling was observed at high air 
velocities. An airflow (5 m/s) cooled the silicon cell (with a 
corresponding cooling rate of 5 m/s) by an estimated 14 °C, 
which enhanced the efficiency of the panels and their oper-
ating life.

4.	 The recorded thermal gradients over the surface of the pho-
tovoltaic (PV) surface also declined with an increase in slow 
change in air velocity, with the help of the different ambient 
conditions. An increase in flow velocity led to a decrease in 
the thickness of the diffusivity layer, exceeding 3 m/s, there-
by making the cooling of the PV panel easier all around. The 

subsequent reduction in the temperature differentials accom-
modated reduces the likelihood of hotspot formation and 
subsequent thermal degradation, thereby improving the per-
formance of the photovoltaic systems.

5.	 This simulation shows that forced convection becomes the 
most crucial heat removal mechanism at increased air ve-
locities (3- 5 m/s). At a velocity of 1 m/s, mixed convection 
is dominated primarily by natural convection, leading to re-
duced thermal efficiency. However, forced convection dom-
inates in velocity regions above 4.5 m/s, where the bound-
ary-layer resistance becomes insignificant, and the dissipation 
efficiency reaches its maximum.

6.	 The current study shows that the high air mass velocities have 
a two-fold effect on the photovoltaic (PV) systems: (1) they 
increase the efficiency of the system in the short term, (2) they 
reduce the thermal loading of the materials, thus also enhanc-
ing the long-term functionality and the lifetime of the PV 
array. The effect of thermal fatigue is reduced by maintain-
ing operating temperatures within acceptable limits, thereby 
avoiding solder fatigue and encapsulant degradation.

7.	 With good thermal management, operating temperatures of 
silicon cells in PV panels are noticeably reduced, such that 
maximum Si cell temperature drops from 53.3 °Cat an air 
speed of 1 m/s to 38.8 °C at 5 m/s (14.5 °C). The temperature 
control reduces the thermal fatigue, which is important for 
long-term performance, and reduces solder joint and encap-
sulant breakage. The robustness of PV systems will increase; 
short-term reductions in thermal stress and hot spots due to 
forced convection can be achieved, along with a relative in-
crease in power output of around 8.1% at 5 m/s compared to 
1 m/s. These quantitative findings emphasize the advantage 
of improved cooling, which is beneficial to both immediate 
electrical performance and the prolongation of PV installa-
tion lifetimes.

Based on this, the convective cooling that will implement these find-
ings in practice, as suggested by the designers and engineers, should 
aim to optimize airflow around the PV panels. This can be improved 
by ensuring that there are adequate ventilation holes in between the 
panels, raising the panels to facilitate the air flowing in a convective 
way, and positioning the panels so that they can have the maximum 
gains of the installation in terms of the direction the installation is 
being set and by its value. These guidelines regarding ventilation and 
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installation will also eventually lead to reduced operating tempera-
tures, better performance, and longer module lifetimes, thereby op-
timizing the thermal management of PV installations in practice.

Copyright and permission statement

All figures included in this manuscript are the authors’ original 
work.

Nomenclature and variable definitions

Qsolar Total incoming solar irradiance W/m²

Qop, loss Optical loss due to reflection W/m²

Qth, loss, top
Thermal loss (convection/radia-
tion) at the top surface W/m²

Qth, loss, bottom Thermal loss at the bottom surface W/m²

α Absorptivity (fraction of energy 
absorbed) Dimensionless

τ Transmissivity (fraction of energy 
transmitted) Dimensionless

ρ Reflectivity (fraction of energy 
reflected) Dimensionless

A Area of PV surface m²

TSi
Temperature of the silicon cell or 
PV panel K or °C

T∞ Ambient air temperature K or °C

h Convective heat transfer coeffi-
cient W/m²K

L Characteristic length (panel length 
parallel to airflow) m

k Thermal conductivity of air W/m·K
ν Kinematic viscosity of air m²/s
U Free stream or wind velocity m/s
ReL Reynolds number () Dimensionless
Pr randtl number (), air: 0.6904 Dimensionless
Nu Nusselt number () Dimensionless
θ Tilt angle of the panel Degrees (°)
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