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This study presents a comprehensive numerical investigation of the thermal performance 

of a photovoltaic (PV) panel (BP 585F m-Si PV) under the influence of multiple 

atmospheric and engineering variables using ANSYS Fluent simulations. The analysis 

included five main parameters: wind speed (0.1–5 m‧s-1), solar irradiance (250–1000 W‧m-

2), ambient temperature (20–35 ℃), relative humidity (0–75%), and PV panel tilt angle (0–

75°). The results revealed a complex interaction between these factors that determined the 

thermal behaviour of panels. Wind speed analysis showed a nonlinear inverse relationship, 

with the transition from natural to forced convection resulting in a 13 ℃ temperature 

decrease, reflecting an estimated 5.85% improvement in electrical efficiency. Solar 

irradiance intensity analysis confirmed its dominant effect as the primary convective 

driver, with an increase from 500 to 1000 W.m-2 resulting in a nonlinear temperature 

increase of 24 °C, with the highest value (73 ℃) recorded under natural convection 

conditions. The ambient temperature showed a near-linear relationship, with an increase 

from 20 to 35 ℃ increasing the photovoltaic panel operating temperature by 13 ℃, 

highlighting the increased cooling challenge in hot climates. Relative humidity analysis 

showed an inverse relationship with PV panel temperature, with humid air (75%) resulting 

in a 6 ℃ decrease compared to dry air (0%). This is attributed to the improved 

thermophysical properties (specific heat capacity and thermal conductivity) of the humid 

air.  Finally, the tilt angle analysis revealed a strong inverse relationship, where increasing 

the PV panel tilt from horizontal (0°) to near-vertical (75°) resulted in a dramatic thermal 

reduction of 19 ℃, equivalent to an efficiency improvement of approximately 8.55%. This 

was attributed to improved fluid dynamics, as steeper angles disrupted the thermal 

boundary layer stability and promoted natural convection and turbulence. 
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1. INTRODUCTION

Solar energy is a clean and environmentally friendly method 

of generating electrical energy. A solar or photovoltaic cell is 

a panel made of special materials, such as silicon, which is a 

semiconductor material that converts sunlight into electricity. 

Solar panels are installed outdoors to capture sunlight and are 

therefore affected by various weather factors such as heat, dust, 

and humidity. One of the most important factors that 

negatively affects the efficiency of a solar panel is its operating 

temperature. The efficiency of photovoltaic panels decreases 

significantly as the temperature increases [1]. High humidity 

also reduces the efficiency of solar panels and leads to the 

deterioration of their manufactured materials over time [2]. 

Many studies have been conducted to improve the operating 

temperature of solar panels. Merzah et al. [3] conducted 

research to study the effectiveness of passive cooling 

strategies using phase change materials. Their goal was to 

reduce the operating temperature of solar panels. They found 

that with increasing aluminum oxide, copper oxide, and zinc 

oxide concentrations, the temperature decreased and the 

electrical efficiency increased. They concluded that 

nanomaterial-added, PCM-based cooling systems have the 

potential to increase the thermal efficiency of solar panels. 

Rousseau and Nouri [4] analyzed the effects of many 

properties of solar module materials on the operating 

temperature. They found that the density and specific heat 

capacity were the most important factors that reduced the 

operating temperature. Natural convection cooling (passive 

cooling) is a natural cooling process that occurs without the 

use of a fan. This phenomenon relies entirely on the buoyant 

forces generated by the differences in air density due to 

temperature differences. Natural convection has been used in 

numerous engineering applications [5]. Conversely, forced 

convection cooling uses an external force, such as a fan or 

pump. Cuce et al. [6] carried out an experimental study to 

analyze the effect of passive cooling on the performance 

parameters of solar cells. They found that, for the same 

illumination intensity, the power output of the solar cell 

increased by using fins, which decreased the cell’s temperature. 
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Hudisteanu et al. [7] carried out simulations to investigate the 

effects of forced convection cooling on a solar cell with and 

without a heat sink. They also investigated the effects of sink 

rib dimensions. They confirmed the importance of using heat 

sinks to decrease the temperature of the cells. Aljumaili and 

Alaiwi [8] carried out an analysis to study the effect of using a 

back surface on the temperature of a solar panel. They utilized 

a phase-change material (RT55 wax) and a heat sink. They 

could improve the cell efficiency by 3.5%. Popovici et al. [9] 

confirmed the effectiveness of using a heat sink, even for small 

heights of the ribs, in reducing the operating temperature of 

solar panels. They also studied the effects of rib angle on 

temperature. Caluianu and Băltăreţu [10] developed an 

experimental module to analyze the temperature field of a BP 

585 F module mounted at various distances from a roof. They 

also numerically studied the module. They investigated the 

effects of the mounting distance of the cell. Finned air-cooled 

channels enhance the cooling for PV panels as fin thickness 

increases [11]. 

The impact of humidity on the performance of solar cells 

has been investigated experimentally more than numerically. 

Thombre et al. [12] noted that the effects of relative humidity 

on solar panels' performance are significant. High humidity 

can cause surface condensation on PV panels, resulting in 

reduced solar irradiance absorbed by PV panels, which leads 

to a temporary loss in power output. Panjwani and Narejo [13] 

performed an experimental study to analyze the impact of 

humidity on solar panels. They found that the power output 

decreased by 10–15% due to humidity. Abbas et al. [14] 

emphasized the importance of taking into account the effects 

of solar irradiation, temperature, and humidity when designing 

and manufacturing solar panels. 

The research conducted on solar cells emphasizes the 

importance of using Ansys tools to analyze and predict the 

performance of solar cells under specific conditions. Despite 

the broad understanding of the effect of temperature on solar 

panels, a significant challenge remains in quantitatively and 

dynamically predicting the performance of these panels under 

the influence of a complex combination of changing 

atmospheric factors, and not just ambient temperature. The PV 

cell temperature is dependent on several factors, including 

solar irradiance, ambient air temperature, wind speed, and 

relative humidity. This complex interaction makes simplified 

mathematical modeling insufficient for accurate temperature 

prediction. Therefore, this study investigates the influence of 

several key factors to determine the optimal conditions for cell 

operation, which will achieve the highest possible efficiency.  

 

 

2. THEORETICAL STUDY 
 

The presented numerical model is based on solving a system 

of fundamental conservation equations (governing equations) 

that describe heat transfer and airflow around the photovoltaic 

panel. These equations are derived from the laws of 

conservation of mass and energy, along with Newton's second 

law. These equations are the conservation of mass Eq. (1), 

momentum Eq. (2), and energy Eq. (3), which are respectively 

as follows. 

 
𝜕𝜌

𝜕𝑡
+ ∇. (𝜌𝑣⃗) = 0 (1) 

 
𝜕

𝜕𝑡
(𝜌𝑣⃗) + ∇. (𝜌𝑣⃗𝑣⃗) = −∇𝑝 + ∇. (𝜏̅̅) + 𝜌𝑔⃗ (2) 

 

𝜕

𝜕𝑡
(𝜌𝐸) + ∇. (𝑣(𝜌𝐸 + 𝑝)) = ∇. (𝐾∇𝑇 − ∑ ℎ𝑗𝐽𝑗 + (𝜏̅̅. 𝑣)

𝑗

) + 𝑆ℎ (3) 

 

In the previous equations, t is the time, 𝑣⃗ is the velocity, 𝜌 

is the density of the air. p is the pressure, 𝑔⃗ is the gravitational 

acceleration, 𝜏̅̅  is the viscous stress tensor. E is the total 

specific energy of the fluid, defined as the sum of the internal 

and kinetic energy. T is the static temperature, and K is the 

thermal conductivity. h is the specific enthalpy. J is the flux. 

𝑆ℎ is the source. 

The term 𝜌𝑔⃗  represents buoyancy forces, which are 

activated in the type of analysis carried out in this study and 

cannot be neglected. In this context, the source term 

corresponds to the convection induced by solar radiation on 

the PV panel surface. The governing equations are nonlinear 

partial differential equations, which are generally unsolvable 

by analytical methods. Consequently, numerical methods are 

employed to solve them. The Finite Volume Method is used to 

discretize them. 

Radiative heat convection on the photovoltaic panel surface 

is calculated using the following relation: 

 

𝑞̇𝑠𝑜𝑙𝑎𝑟 = 𝐺 × 𝛼 (4) 

 

G represents solar irradiance, and 𝛼  is the surface 

absorption of the solar panel. The electrical efficiency for the 

PV panel is calculated using the standard linear relationship: 

 

𝜂𝑒𝑙𝑒𝑐𝑡𝑖𝑐𝑎𝑙 = 𝜂𝑟𝑒𝑓 − 𝛽(𝑇𝑃𝑉 − 𝑇𝑟𝑒𝑓) (5) 

 

𝜂𝑒𝑙𝑒𝑐𝑡𝑖𝑐𝑎𝑙  is the electrical efficiency at the operating 

temperature, 𝜂𝑟𝑒𝑓 is the reference efficiency, β is the negative 

temperature coefficient, 𝑇𝑃𝑉  is the operating temperature of 

the panel, and 𝑇𝑟𝑒𝑓  is the reference temperature, which is 

mostly 25 ℃. 

 

 

3. THE STUDIED SOLAR PANEL 
 

The photovoltaic solar panel BP 585F m-Si PV module [10] 

is studied. The geometry and characteristics of the module 

were obtained from the study [15]. The different layers of the 

PV module are illustrated in Figure 1. The length and width of 

the PV panel are 1188 mm × 530 mm. The physical properties 

of the BP 585F PV module layers are mentioned in Table 1. 

 

Table 1. Physical properties of the BP 585F photovoltaic 

(PV) module layers [10] 

 

Material 
Thickness 

[mm] 

𝝆 

[kg/m3] 

Cp 

[J/kg‧K] 

k 

[W/m‧K] 

Low iron 

glass 
3 3000 500 1.8 

Ethylene-

vinyl acetate 

(EVA) film 

1 960 2090 0.35 

PV cell 0.15 2330 677 148 

White 

polyester 
1 1200 1250 0.15 
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Figure 1. Layers of the BP 585F m-Si PV module [10] 

 

 

4. NUMERICAL SIMULATION 

 

Three-dimensional simulations were conducted. The PV 

panel mentioned above was modeled using ANSYS geometry. 

All layers were represented in the model. A computational 

domain was then created, as shown in Figure 2. The PV 

module is positioned in the middle as a solid part. The 

dimensions of the fluid domain were 6 m upstream of the PV 

panel, 12 m downstream, and 6 m above and below it. The 

mesh was constructed by refining the region around the PV 

panel. A mesh sensitivity analysis was performed to ensure the 

validity of the numerical results. Figure 3 shows the mesh on 

the xy-plane. The mesh was refined around the PV panel, 

which is the most critical region. The PV panel was oriented 

horizontally in the xz-plane. 

 

 
 

Figure 2. Computation domain with boundary conditions 

 

 
 

Figure 3. Mesh view in the xy-plane 

Steady-state simulations were performed using ANSYS 

Fluent. The airflow was considered turbulent; thus, the k-

epsilon turbulence model was chosen with full buoyancy 

effects [16]. The properties of the different layers were entered 

as shown in Table 1. For the mesh sensitivity, a solar radiation 

intensity of 500 W‧m-2 was applied with 0.5 m‧s-1 inlet velocity. 

Three meshes were tested with total cell numbers of 674,549, 

1,535,485, and 2,765,148. The volume-averaged static 

temperature of the PV panel layer was compared for the three 

meshes. The temperatures for the coarse, finer, and finest 

meshes were 324 K, 317 K, and 316 K, respectively. The 

difference between the first (coarse) and second (finer) meshes 

was 6 K. The difference between the second (finer) and the 

third (finest) meshes was one kelvin. Therefore, the second 

mesh was selected to perform the simulations. This mesh was 

the preferred choice for obtaining accurate results within an 

acceptable computational time. 
 

 

5. NUMERICAL RESULTS 

 

5.1 Effects of inlet velocity 

 

The first step was to study the effect of wind speed (inlet air 

velocity) on the PV cell temperature. Several inlet velocities 

were tested: 0.1, 0.25, 0.5, 1, 2, and 5 m‧s-1. These values were 

chosen to study the effects of natural and forced convection 

cooling on the PV cell. The small inlet velocity values (< 0.5 

m‧s-1) represent the natural convection regime, while higher 

velocities represent forced convection. A solar radiation 

intensity of 500 W‧m-2 was applied for all inlet velocities. The 

ambient temperature was set to 25 ℃. 

Natural convection cooling depends entirely on buoyancy 

forces caused by density differences in the air. When a solar 

panel heats up, it heats the layer of air directly adjacent to it, 

which then rises. The heated air expands, reducing its density 

and rising under the influence of buoyancy, and is replaced by 

cooler, denser air from the surrounding area. This creates 

natural convection airflow. Natural convection requires no 

additional power, is simple and reliable, and has no operational 

costs. However, its effectiveness is limited, particularly on hot, 

windless days. In the case of forced convection cooling, air is 

forced to move over the PV panel using an external energy 

source, such as a fan or pump. In this case, heat transfer is 

dominated by the inertia of the flow rather than by buoyancy 

forces. Forced convection is more effective than natural 

convection, but it requires additional installation and 

operational costs.  

Figure 4 shows the contours of velocity magnitude in the 

xy-plane for inlet velocities of 0.1, 0.5, and 5 m‧s-1. It can be 

observed from Figure 4(a) that the velocity contours are 

irregular. The velocity increases with the inlet velocity owing 

to the temperature difference between the PV cell and the 

ambient air. The thickness of the disturbed region around the 

PV cell is significant. Moreover, the airflow around the PV 

cell is asymmetric. All these effects are due to natural 

convection under high temperature differences.   

In Figure 4(b), the same effects can be observed, but due to 

the higher inlet velocity, the airflow irregularity is reduced. 

However, in Figure 4(c), the airflow is parallel to the PV panel 

and symmetric, and the thickness of the disturbed region is 

small compared to that in Figure 4(a). These effects are 

characteristic of forced convection. 

Figure 5 shows the static temperature contours in the xy-
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plane for the same inlet velocities as in Figure 4. In Figure 5(a), 

it can be seen that the thermal boundary layer is thicker than 

that in Figure 5(b), which in turn is thicker than that in Figure 

5(c). The static temperature of the PV cell layer is higher at an 

inlet velocity of 0.1 m‧s-1 than at 0.5 m‧s-1. The lowest cell 

temperature occurs at an inlet velocity of 5 m‧s-1. Figure 5 

clearly shows the differences between the effects of natural 

and forced convection. 

 
 

Figure 4. Velocity magnitude contours in xy-plane for inlet 

velocities: (a) 0.1 m‧s-1; (b) 0.5 m‧s-1; (c) 5 m‧s-1 

 
 

Figure 5. Static temperature contours in xy-plane for 

different inlet velocities: (a) 0.1 m‧s-1; (b) 0.5 m‧s-1; (c) 5 m‧s-

1 

Figure 6 shows the thermal boundary layers for the three 

inlet velocities. The layer with 0.1 m‧s-1 inlet velocity is the 

thickest. At all three inlet velocities, the temperature near the 

PV cell changes sharply. The large thickness of the thermal 

boundary layer hinders the heat exchange between the PV cell 

and the ambient air. 

Figure 7 shows the variation of the PV cell static 

temperature with the five chosen inlet velocities. It can be 

observed that the PV cell temperature decreases sharply when 

the inlet velocity increases from 0.1 m‧s-1 to 0.5 m‧s-1 (ΔT = 

5 ℃). An inlet velocity of 0.5 m‧s-1 represents the transition 

from the natural to forced convection. The temperature of the 

PV cell continues to decrease as the inlet velocity increases. 

Higher inlet velocities enhance the heat transfer from the PV 

cell surface to the ambient air. However, it is noted that the PV 

cell temperature decreases by 4 ℃ when the inlet velocity 

increases from 0.5 m‧s-1 to 2 m‧s-1. A similar temperature 

decrease occurs when the inlet velocity increases from 2 m‧s-1 

to 5 m‧s-1. 

 

 
 

Figure 6. Thermal boundary layer for the same inlet 

velocities as in Figure 4 and Figure 5 

 

The values of the convective heat transfer coefficient were 

obtained from ANSYS Fluent for the external surface of the 

PV cell. The values are 8.0, 8.5, 9.1, 9.2, 10.2, and 12.3 W‧m-

2‧K-1 for inlet velocities of 0.1, 0.25, 0.5, 1, 2, and 5 m‧s-1, 

respectively. These results indicate that increasing the inlet 

velocity increases the convective cooling efficiency. The 

coefficient starts with a value of 8.0 W‧m-2‧K-1 (with 0.1 m‧s-

1), and it increases slightly with low inlet velocities (0.25, 0.5, 

and 1 m‧s-1). Then, it jumps to 12.3 W‧m-2‧K-1 with the inlet 

velocity 5 m‧s-1. Increasing the inlet velocity increases the 

airflow over the solar panel, which enhances the convective 

cooling process between the PV cell and the ambient air. 

Furthermore, this increase in the convective heat transfer 

coefficient from 8.0 to 12.3 W‧m-2‧K-1 corresponds to an 

improvement in cooling efficiency of approximately 54%. 

The electrical efficiency of a solar panel is a key parameter 

for evaluating its performance. The relative electrical 

efficiency was calculated according to Eq. (5): 

 

𝜂𝑖𝑚𝑝𝑟𝑜𝑣𝑒𝑚𝑒𝑛𝑡 = 𝛽 × ∆𝑇 

 

where, β = 0.0045 for a silicon base cell, and ΔT is the 

temperature difference between the PV cell temperature and 

the reference temperature, which is 25 ℃. Calculating the 

relative efficiency at an inlet velocity of 5 m‧s-1 compared to 

0.1 m‧s-1 shows an improvement of approximately 5.8%. 

It can be concluded from the results presented above that 

windy days are better for cooling the PV cell. However, on 

days with still air, the temperature of the PV cell increases, and 

natural convection cooling is insufficient. Moreover, beyond a 

certain wind speed, one cannot rely on the wind alone to cool 

the PV cell.
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Figure 7. Variation of photovoltaic (PV) cell static 

temperature with inlet velocity 

 

5.2 Effects of solar irradiance and ambient temperature 

 

Multiple parameters affect the relationship between solar 

irradiance and ambient temperature [17, 18]. The main 

parameters are air humidity, wind speed, PV panel position, 

and cloud cover. Moreover, several modules exist for 

estimating the relationship between solar irradiance and 

ambient temperature [19, 20]. In this study, four solar 

irradiance values were selected: 250, 500, 750, and 1000 W‧m-

2, while the ambient temperature was fixed at 25 ℃. The inlet 

velocity for these simulations was set to 0.1 m‧s-1. This inlet 

velocity was chosen to isolate the effects of solar irradiance. 

The volume-averaged static temperature of the PV cell was 

recorded for each case. 

 

 
 

Figure 8. Variation of photovoltaic (PV) cell static 

temperature with solar irradiance 

 

Figure 8 shows the variation of the static temperature of the 

PV cell with solar irradiance. It is evident that the PV cell 

temperature increases with irradiance. The results reveal a 

nonlinear relationship between irradiance and temperature rise. 

Although doubling the irradiance from 500 to 1000 W‧m-2 

approximately doubles the incoming power, the corresponding 

temperature increases (from 49 ℃ to 73 ℃, a 24 ℃ rise) are 

more than twice the increase observed when irradiance was 

doubled from 250 to 500 W‧m-2 (11 ℃ rise). This behaviour 

can be explained by the Stefan–Boltzmann law of thermal 

radiation, where the rate of heat loss by radiation from a 

surface 𝑞𝑟𝑎𝑑 = 𝜀𝜎(𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒
4 − 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡

4 ) is proportional to the 

fourth power of the absolute temperature. Natural convection 

cooling is insufficient to manage the heating from high solar 

irradiance. This indicates that forced convection cooling is 

more effective under conditions of high solar irradiance. 

Second, the solar irradiance was fixed at 500 W‧m-2, and the 

ambient temperature was varied from 20 to 35 ℃. Figure 9 

shows the variation in the PV cell static temperature with 

ambient temperature. As shown in Figure 9, the relationship 

between the ambient temperature and the PV cell temperature 

is linear. This indicates that a change in ambient temperature 

results in an approximately equal change in the PV cell 

temperature. Therefore, the difference between the PV cell 

temperature and the reference temperature increases in hot 

climates. The efficiency loss is about 9% at 20 ℃ and about 

15% at 35 ℃. 

 

 
 

Figure 9. Variation of photovoltaic (PV) cell static 

temperature with ambient temperature 

 

5.3 Effect of air humidity 

 

Natural and forced convection are affected by air humidity. 

The properties of air, such as density, viscosity, thermal 

conductivity, and specific heat capacity, vary depending on 

whether the air is dry or humid. Therefore, the temperature of 

a PV cell differs from its temperature in dry or humid air. To 

test the effects of humidity in this study, the solar irradiance 

was fixed at 500 W‧m-2, the ambient temperature at 25 ℃, and 

the inlet velocity at 0.1 m‧s-1. Relative humidity was set to 0%, 

25%, 50%, and 75%. 

Figure 10 shows the static temperature of the PV cell for 

different levels of relative humidity. It can be observed that a 

low level of humidity (25%) has a negligible effect, reducing 

the PV cell temperature by only 1 ℃ compared to dry air. 

However, at a relative humidity of 50%, the PV cell 

temperature decreases by 5 ℃. This can be attributed to the 

increase in the thermal conductivity and specific heat capacity 

of air with rising humidity, which enhances convective heat 

transfer. By increasing the relative humidity to 75%, the PV 

cell temperature decreases by only 1 ℃. However, certain 

effects cannot be investigated with this type of numerical 

simulation. Humidity deteriorates the PV cell materials. The 

accumulation of moisture on the cell surface reduces 

convective cooling and reflects sunlight, resulting in less 

power output. 
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Figure 10. Variation of photovoltaic (PV) cell static 

temperature with relative humidity 

 

5.4 Effect of photovoltaic panel tilt angle 

 

The angle of the PV cell relative to a horizontal surface, as 

shown in Figure 11, was investigated. This is the tilt angle. It 

affects both the received solar irradiance and convective 

cooling. 

 

 
 

Figure 11. Schematic of the photovoltaic (PV) panel tilt 

angle 

 

Simulations were performed with a solar irradiance of 500 

W‧m-2 and an inlet velocity of 0.1 m‧s-1. The volume-averaged 

temperature of the PV cell is shown in Figure 12. The Figure 

shows that increasing the tilt angle decreases the PV cell 

temperature. The effectiveness of natural convection is low at 

small tilt angles and increases with angle; this is because the 

convective airflow becomes stronger and more effective. 

Quantitative analysis of the results shows that the temperature 

follows a decreasing trend with increasing tilt angle. The 

reduction in PV cell temperature was most pronounced when 

moving from low to moderate tilt angles (a 14 ℃ decrease 

from 0° to 60°), and more gradual at higher angles (an 

additional 5 ℃ decrease from 60° to 75°). This suggests a 

saturation point, where the cooling benefit of increasing the tilt 

angle becomes limited, possibly due to geometric factors that 

reduce the interaction between the panel surface and the 

horizontal airflow. However, increasing the tilt angle reduces 

the intensity of incident solar irradiance.  

The tilt angle is an important parameter. It has to be set 

according to climate conditions. In hot and dry climates, high 

irradiance and high ambient temperatures are expected. These 

conditions increase the operating temperature of the PV cell. 

A high tilt angle (e.g., 60°) is recommended; reducing the 

operating temperature of the PV cell is more important than 

the received irradiance, which is expected to be high. In 

temperate climates, maximizing the received irradiance and 

minimizing the operating temperature of the PV cell is not 

easy. For year-round operating, a tilt angle of around 15° may 

be recommended. In cold climates, maximizing the received 

irradiance is the most important factor. A near-zero tilt angle 

is recommended. 

 

 
 

Figure 12. Variation of photovoltaic (PV) cell static 

temperature with tilt angle 

 

In conclusion, the tilt angle is a critical factor. The optimal 

tilt angle cannot be given easily, even for a specific location. 

An adjustable mounting system is the best choice. It permits 

changing the tilt angle according to ambient conditions, which 

may change daily.  

 

 

6. IMPLICATIONS FOR DESIGN AND COOLING 

STRATEGIES 

 

The presented results can be used as a base to suggest 

cooling systems, which can improve the thermal performance 

of photovoltaic panels. Two types of cooling systems can be 

suggested. 

1- Hybrid cooling systems: Analyzing the relation 

between the wind speed and the PV cell temperature 

showed a nonlinear curve (Figure 7). Moreover, it 

exists a point (a small wind speed) where the 

convective cooling is ineffective. Therefore, a hybrid 

cooling system can be recommended. It is supplied 

with fans, which are switched on when the wind 

speed is low (< 0.5 m‧s-1). When the wind speed 

exceeds a certain value (≥ 2 m‧s-1), the fans are 

switched off for energy savings. Using such a hybrid 

system can ensure the effectiveness of convective 

cooling. Therefore, maximizing the efficiency of 

solar panels. The presented results gave these 

selected points numerically. 

2- Passive evaporative cooling: The presented results 

showed that air humidity is a positive parameter in 

cooling solar panels. In hot and dry climates, solar 

panels can be supplied with a porous back cover 

when the cover is moistened with water. It evaporates, 

which cools the air adjacent to the back of the panel. 

The presented results showed the effectiveness of this 
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idea. Harnessing humidity for cooling solar panels is 

an energy-saving method of cooling.  

 

 

7. CONCLUSIONS 

 

This study presents an analysis of the thermal performance 

of a photovoltaic panel under the influence of five 

environmental and design parameters. Three-dimensional 

numerical simulations were carried out to study the effects of 

the selected parameters, which are wind speed, solar irradiance, 

ambient temperature, relative humidity, and tilt angle. The 

effect of each parameter has been studied and analyzed 

individually. Synthesizing the relationships between the 

effects of each parameter can help draw applicable 

optimization strategies.  

First, a multifactor coupling analysis reveals nonlinear 

interactions that determine design priorities: 

• The effects of irradiance and ambient temperature are 

compounded, as their combined increase drives the 

system toward critical operating conditions. 

• The effect of wind speed is most significant when a 

high thermal load exists (high irradiance and high 

ambient temperature), while its benefit is marginal 

under moderate conditions. 

• Humidity acts as a beneficial modifier that mitigates 

the severity of temperature rise. 

Second, based on an implicit cost-benefit analysis of the 

studied factors, the following guidelines for engineering 

practice are recommended: 

• Highest priority (low cost, high impact): Optimizing 

the tilt angle during the initial design phase is the 

most feasible intervention, requiring minimal 

additional investment beyond the initial study. 

• Medium priority (medium cost, high impact): In 

regions with high irradiance and low wind speeds, 

simple hybrid cooling systems can be considered, 

where low-consumption fans operate only when the 

panel temperature exceeds a set point, and the natural 

wind speed is below an effective threshold (less than 

approximately 0.5 m‧s-1, as shown in this study). 

• Important priority for future development (higher 

cost/complexity): Developing materials or 

backsheets with moisture-wicking properties can 

transform high atmospheric humidity from a 

constraint into a performance-enhancing feature, 

especially in coastal regions. 
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NOMENCLATURE 

 

c specific heat capacity, J‧kg-1‧K-1  

E total specific energy, J‧kg-1 

g gravitational acceleration, m‧s-2 

G solar irradiance, W‧m-2 

h  specific enthalpy, J‧kg-1 

J  flux, kg‧m-2‧s-1 

k thermal conductivity, W‧m-1‧K-1 

p pressure, N‧m-2 

q radiative heat convection, W‧m-2 

S source, W‧m-3 

t time, s 

T temperature, K 

v velocity, m‧s-1 

 

Greek symbols 

 

𝜌 density, kg‧m-3 

𝜏 stress tensor 

𝛼 surface absorption 

𝜂 photovoltaic efficiency 

𝛽 energy temperature coefficient, K-1 

𝜖 emissivity 

𝜎 Stefan–Boltzmann constant, W‧m-2‧K-4 

 

Subscripts 

 

j in j-direction 

ref reference 

PV photovoltaic 

p constant pressure 

h enthalpy 
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