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The performance of solar photovoltaic (PV) modules is significantly impacted by heat 

accumulation within the module materials, resulting from solar irradiance. This heat 

accumulation leads to increased module temperatures and decreased output power. 

Consequently, enhancing the cooling performance of PV modules can improve their 

output power, electrical efficiency, and extend their operational lifespan. In this study, 

the influence of air cooling on solar PV module performance under hot climatic 

conditions was investigated experimentally and numerically for various ambient 

temperatures (35, 40, 45℃) and irradiance levels (G: 800, 900, 1000 W) at different air 

flowrates. A numerical investigation was conducted using a turbulent flow simulation 

model, solved with COMSOL Multiphysics 5.4 software. Results demonstrated a 

considerable reduction in PV module temperature as the cooling air flowrate increased 

under diverse testing conditions. Module temperature increments of approximately 

1.8% and 4% were observed for G=900 W and 1000 W, respectively, when compared 

to G=800 W. The output power of PV modules incorporating air cooling exhibited 

enhancements of roughly 8.2%, 7%, and 5.4% for irradiances of 800, 900, and 1000 W, 

respectively, compared to those without cooling. Furthermore, the electrical efficiency 

of PV modules with air cooling improved by approximately 4%, 4.4%, and 5% for 

irradiances of 800, 900, and 1000 W, respectively, in comparison to those lacking 

cooling mechanisms. 
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1. INTRODUCTION

The efficiency of solar photovoltaic (PV) panels is heavily 

influenced by environmental conditions, particularly ambient 

temperature. In hot climatic zones, the accumulation of solar 

radiation energy within the PV panel can lead to a significant 

decrease in efficiency and output power, with module 

temperatures potentially exceeding 65℃ [1-4]. It is estimated 

that only about 20% of solar irradiance is converted into 

electric power, while the remaining 80% is converted into heat 

[5]. Consequently, the development of improved cooling 

techniques for PV panels can minimize panel temperature and 

enhance overall performance. The power output of PV panels 

is primarily dependent on their operating temperature, with a 

1℃ rise in temperature leading to a reduction in module 

efficiency of approximately 0.03-0.5% [6-9]. Numerous 

studies have focused on the temperature-dependent efficiency 

of PV modules and its effect on output power. 

An increased understanding of the operational principles of 

photovoltaic panels has led to a rapid improvement in the 

efficiencies of power conversion for PV panels [10-13]. 

Several researchers have investigated the effect of outdoor 

conditions on PV module efficiency in hot climate regions, 

examining various environmental conditions both 

experimentally and numerically to demonstrate their influence 

on PV module operation. It has been observed that the loss in 

open circuit voltage and output power of the PV module is -

0.104/℃ and -1.3/℃, respectively, while the efficiency drop is 

approximately 9.62% compared to standard conditions [14-

16]. 

Various cooling methods have been employed to enhance 

PV module efficiency, including passive cooling using fins, 

active cooling based on air and water cooling, cooling with 

phase change materials (PCM), and cooling using PCM with 

porous metals or nanoparticles [17-23]. Research has shown 

that when cooling systems are used, PV module output power 

is improved. Several studies have investigated passive cooling 

methods using fins installed on the backside of the PV panel 

to enhance module performance. Aluminum fins have been 

applied to the back panel of solar cells with various 

configurations to reduce PV module operating temperature, 

with different fin parameters such as length and sequences 

analyzed to assess module efficiency and power [24-28]. 

Water-cooling systems have also been explored by 

numerous researchers as a means to minimize PV module 

temperature and improve performance [29-32]. Different 

designs and technologies of water-cooling systems have been 

utilized to enhance the cooling effect for conventional and 

concentrated PV panel systems. The output power of water-

cooled concentrated PV systems has been shown to improve 

by approximately 24.4% compared to systems without cooling. 

Additionally, the total efficiency for PV module systems with 

water cooling has improved in the range of 17-18.04% 

compared to systems without cooling mechanisms. 
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A review of the literature reveals that most researchers have 

conducted experimental and numerical analyses to evaluate 

the cooling performance of solar PV modules using various 

cooling techniques. However, the research area of 

investigating the air-cooling performance of solar PV module 

systems under hot environmental conditions remains relatively 

unexplored. Therefore, the present study presents an 

experimental and numerical analysis to investigate the air-

cooling effect on PV module performance under the extremely 

hot climatic conditions of Baghdad city (latitude 33 19′ N and 

longitude 44 25′ E). The numerical analysis is based on a 

turbulent flow simulation model and is solved using COMSOL 

Multiphysics 5.4 software. Various PV module performance 

parameters are investigated in this work and validated with 

data reported in the literature under similar operating 

conditions. 
 

 

2. MATERIALS AND METHODS  
 

2.1 PV module system experimental setup 

 

The specifications of solar PV module used with the air-

cooling system considered in the present investigation is 

illustrated in the Table 1. This system is consisting of a 

Polycrystalline solar module of model Orex: AR- M300W 

with dimensions (1955×990×40 mm) attached to air cooling 

channel as shown in Figure 1. The PV module consists of three 

layers namely, glass sheet at the outer surface subjected to the 

solar radiation, Polycrystalline silicon cells layer, and Tedlar 

layer at the back of the PV module. Air cooling channel 

represents a rectangular duct of dimensions (1960×995×10 

mm) fabricated from 1 mm thickness Aluminum sheets and 

thermally insulated by glass wool (k=0.038 W/m.℃) from the 

bottom and sides for minimizing heat loss to the surrounding 

as shown in Figure 2. Thermophysical properties of the PV 

module layers under study are illustrated in Table 2. The solar 

PV module was installed on a supporting stand inclined with 

variable angles of 20 to 45 degree with the horizontal and 

oriented to west south direction to facing the solar radiation. 

Air at ambient temperature is forced to flow into a cooling duct 

for cooling the solar PV module using a variable power 

centrifugal fan of model LMN249HVT, 60 W capacity and 

flowrate 12.8 m3/min. The air fan with an electrical heater of 

power 3000 W was installed at air duct inlet to supply the 

cooling air with specified flowrate and temperature considered 

in the three test cases as shown in Figure 2. The velocity of air 

flowing through the air-cooling duct was measured using a 

digital Anemometer of model GM8901. Three K-type 

thermocouples of the range -200 to 1250℃ were used to 

measure the ambient, duct inlet and outlet temperatures, and 

five thermocouples located at different positions on the PV 

module back surface were used to measure the solar panel 

surface temperature. Data logger of model BTM-4208SD and 

accuracy ±0.2℃ was utilized to record and display the 

temperatures, while the solar irradiance was recorded using 

irradiance meter of model SEAWARD-R200 with a measuring 

range of 100–1250 W/m2, and accuracy of ±5 W/m2. All 

measuring devices are calibrated before starting the 

experimental tests. 

 

2.2 Experimental methodology 

 

The experimental work was conducted in July and August 

2022 under Iraq-Baghdad city (Latitude 33 19′ N and 

longitude 44 25′ E) climatic conditions. Three testing cases are 

experimentally investigated based on ambient temperatures 35, 

40 and 45℃, at three irradiances 800, 900, and 1,000 W/m2 as 

illustrated in the Table 3. These testing conditions are selected 

to evaluate the PV module performance before and at peak hot 

hours of Baghdad city in the summer during day hours 10.00 

am to 14.00 as shown in Figure 5. At first testing case, the inlet 

cooling air temperature was specified at 35℃, and the PV 

module cooling performance was investigated at solar 

irradiances 800, 900, and 1000 W/m2 with inlet air flowrates 

0.063, 0.084, 0.104, 0.125 (kg/s) using air fan supplied with 

electric heater. This step was repeated at inlet ambient air 

temperatures 40 and 45℃ which are considered extreme hot 

temperatures, and all measurements of air temperature, solar 

PV module surface temperature, air velocity and solar 

irradiance are monitored and recorded. The experimental data 

are employed to evaluate the performance of the solar PV 

module including output power, electrical efficiency, PV 

module surface temperature and heat transfer characteristics 

under different operating conditions with and without using air 

cooling. 

 

Table 1. Specifications of the solar polycrystalline module 

[12] 

 
Model Orex: AR- M300W 

Rated maximum power 300W 

Tolerance (%) 0 ~ +3% 

Voltage at maximum power (Vmp) 36V 

Current at maximum power (Imp) 8.33A 

Open circuit voltage (Voc) 42.8V 

Short circuit current (Isc) 9A 

Temperature coefficient of Pmax -0.4% /℃  

Dimension (1955 x 990 x 40 mm)  

 

 
 

Figure 1. PV Module system experimental setup 

 

 
 

Figure 2. Air cooling duct of the PV module system 
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Table 2. Thermophysical properties of the solar 

polycrystalline PV module system [33] 

 

Layer 
Thickness 

(mm) 

Density 

(kg/m3) 

Heat 

capacity 

(J/kg.℃) 

Thermal 

conductivity 

(W/m.℃) 

Glass 

layer 
3.0 3000 500 1.8 

Silicon 

cells layer  
0.3 2330 677 148 

Tedlar 

layer 
0.5 1200 1250 0.2 

Aluminum 

sheet  
1 2719 871 202.4 

 

Table 3. Testing cases considered in the experimental work 

 
Case 

study 
Tair 

(℃) 
Air flowrate (kg/s) 

Solar radiation 

(W/m2) 

1 35 
0.063, 0.084, 0.104, 

0.125 
800, 900, 1000 

2 40 
0.063, 0.084, 0.104, 

0.125 
800, 900, 1000 

3 45 
0.063, 0.084, 0.104, 

0.125 
800, 900, 1000 

 

2.3 Mathematical modeling 

 

The proposed solar PV module and air-cooling system 

considered in the present numerical and experimental 

investigation is simulated using a mathematical model based 

on continuity, momentum, and energy conservation principles. 

The modeling of heat transfer between the PV module back 

sheet and the cooling air flowing in the air channel was based 

on forced convection and turbulent flow of Reynold’s number 

(Re) in the range of 6000-12000. The simulation model 

including governing equations and turbulence model (k-ε) was 

solved numerically using COMSOL Multiphysics -5.4 

software. 

 

2.3.1 Assumptions 

The simulation model of the solar PV module and cooling 

system is formulated based on the following assumptions: 

1. Airflow in the cooling duct attached to the PV module 

back surface was assumed three-dimensional and turbulent 

flow.  

2. Unsteady and incompressible airflow. 

3. Solar PV panel is assumed at constant thermal properties 

and subjected to direct solar radiation. 

4. The bottom and side surfaces of the air channel are well 

insulated; therefore, the channel surface is considered 

adiabatic except for the upper surface attached to the PV 

panel.  

5. A perfect thermal contact is assumed between layers of 

the solar PV panel. 

 

2.3.2 Governing equations 

The governing equations can be expressed in conservation 

form as follows [29, 33].  

 

Continuity Equation: 

 
∂𝑢

∂𝑥
+

∂𝑢

∂𝑦
+

∂𝑢

∂𝑧
= 0  (1) 

 

Momentum Equation: 

∂ρ𝑢

∂t
+ ∇. (ρ𝑢𝑉) = −

∂p

∂x
+ μ ( 

∂2𝑢

∂𝑥2 +
∂2𝑢

∂𝑦2 +
∂2𝑢

∂𝑧2 ) +

ρ𝑓𝑥  
(2) 

 
∂ρ𝑣

∂t
+ ∇. (ρ𝑣𝑉) = −

∂p

∂y
+ μ ( 

∂2𝑣

∂𝑥2 +
∂2𝑣

∂𝑦2 +
∂2𝑣

∂𝑧2 ) +

ρ𝑓𝑦  
(3) 

 
∂ρw

∂t
+ ∇. (ρ𝑤𝑉) = −

∂p

∂z
+ μ ( 

∂2𝑤

∂𝑥2 +
∂2𝑤

∂𝑦2 +
∂2𝑤

∂𝑧2  ) +

ρ𝑓𝑧  
(4) 

 

where, V and u, v, w, are flow vector velocity and velocity 

components in (x, y, z) space, t is time, ρ is air density and f is 

body force per unit mass, and μ is absolute viscosity.  

 

Energy Equation: 

For solar PV panel and air flow: 

 
∂(ρCpT)

∂t
+ ∇. (ρCp𝑉𝑇) = ∇. (k∇𝑇) + 𝑔𝑉 + ρT

DCp

Dt
  (5) 

 
∂2𝑇

∂𝑥2 +
∂2𝑇

∂𝑦2 +
∂2𝑇

∂𝑧2 =
ρCp

k

∂T

∂t
  (6) 

 

where, g is represents the rate of heat source within the 

material per unit volume, and k is thermal conductivity. 

The turbulence model was mathematically formulated using 

standard (k-ɛ) model because it is a reliable, less computational 

time and with reasonable accuracy. The standard (k-ɛ) model 

falls within the two-equation models in which the solution of 

two separate transport equations allows the turbulent velocity 

and length scales to be independently determined. This model 

is based on transport equations for the turbulence kinetic 

energy (k) and dissipation rate (ɛ). 

The turbulence kinetic energy (k) is obtained from the 

transport equation:  

 
∂

∂t
(ρ𝑘) +

∂

∂xi
(ρkui) =

∂

∂xj
[ (μ +

μt

σk
)

∂𝑘

∂xj
] + Gk +

Gb − ρϵ − YM + Sk  
(7) 

 

The rate of dissipation (ɛ), is obtained from the transport 

equation: 

 
∂

∂t
(ρɛ) +

∂

∂xi
(ρɛui) =

∂

∂xj
[ (𝜇 +

𝜇𝑡

𝜎ɛ
)

∂ɛ

∂xj
] +

𝐶1ɛ
ɛ

𝑘
(𝐺𝑘 + 𝐶3ɛ𝐺𝑏) − 𝐶2ɛ𝜌

ɛ2

𝑘
+ Sɛ  

(8) 

 

Sk on the right-hand side of the Eq. (7), and Sɛ in Eq. (8) can 

be specified as a constant or user-defined source term. These 

terms Sk and Sɛ are considered zero in the current analysis.  

The turbulent viscosity μt is expressed by: 

 

𝜇𝑡 = 𝜌𝐶𝜇
𝑘2

ɛ
  (9) 

 

The mean velocity gradients Gk for the turbulence kinetic 

energy generation is defined as: 

 

𝐺𝑘 = −𝜌ú𝑖ú𝑗
̅̅ ̅̅ ̅  

𝜕𝑢𝑗

𝜕𝑥𝑖
  (10) 

 

The Reynolds stresses (−𝜌ú𝑖ú𝑗
̅̅ ̅̅ ̅) can be defined by Eq. (11):  
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−𝜌ú𝑖ú𝑗
̅̅ ̅̅ ̅ = 𝜇𝑡 (

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
) −

2

3
(𝜌𝑘 + 𝜇𝑡

𝜕𝑢𝑘

𝜕𝑥𝑘
) 𝛿𝑖𝑗  (11) 

 

where, ú𝑖 𝑎𝑛𝑑 ú𝑗 are the fluctuating velocity components 

(i=1, 2, 3). 

The turbulence kinetic energy generation due to buoyancy 

Gb can be defined by: 

 

𝐺𝑏 = 𝛽𝑔𝑖
𝜇𝑡

𝑃𝑟𝑡
 

𝜕𝑇

𝜕𝑥𝑖
  (12) 

 

where, Prt is the turbulent prandtl number for energy 

(Prt=0.85), gi is the component of the gravitational vector and 

β is the coefficient of thermal expansion. 

YM: represents the contribution of the fluctuating dilatation 

in compressible turbulence to the overall dissipation rate and 

defined by: 

 

𝑌𝑀 = 2𝜌ɛ𝑀𝑡
2 (13) 

 

The turbulent Mach number is defined as:  

 

𝑀𝑡 = √
𝑘

𝑎2  (14) 

 

𝑎 = √𝛾𝑅 𝑇 (15) 

 

σk and σɛ are the turbulent Prandtl numbers for k and ɛ, and 

the model constants have the following default values [34]: 

 

𝐶1ɛ=1.44, 𝐶2ɛ=1.92, 𝐶3ɛ=1, 𝜎𝑘 = 1, 𝜎ɛ =1.3, 𝐶𝜇=0.09 

 

Reynold’s number and Nusselt’s number are presented in 

the Eq. (16) and Eq. (17) respectively. 

 

Re=
𝜌v𝐷ℎ

𝜇
 (16) 

 

Nu=
α𝐷ℎ

𝑘
 (17) 

 

where, α is a convection heat transfer coefficient (W/m2.℃), 

and Dh represents the hydraulic diameter of the air duct 

rectangular cross-sectional area, and can be expressed by: 

 

Dh=
4 𝐴𝑐

𝑝
 (18) 

 

where, Ac and p are the cross-sectional area and perimeter of 

the air duct respectively. 
 

2.3.3 Boundary conditions 

Referring to the computational domain of the simulated PV 

module air cooling system shown in Figure 3, the boundary 

conditions of the cooling channel can be expressed as follows: 

Cooling channel inlet: The air temperature, velocity and 

pressure are considered as, T=Tin, V=Vin, and p=pam, where  V 

represents air velocity vector with components in x, y, z 

directions. 

Cooling channel outlet: At the air channel exit, a fully 

developed flow is considered, all the flow property gradient is 

assumed equal to zero, and pair=pam. 

Solid boundary: The cooling channel (air duct) internal 

surfaces exposed to the airflow are considered at no-slip 

condition (V=0). The external bottom and side surfaces of the 

channel are insulated and considered adiabatic (𝜕q=0), while 

the channel upper surface attached to the PV panel is subjected 

to heat flux (q) of the solar radiation G(W/m2), (q=G).  

 

 
 

Figure 3. Boundary conditions of the computational domain 

 

2.3.4 Meshing and grid independence verification 

To verify the appropriate mesh size for the computational 

domain considered in the simulation model depicted in Figure 

4, a grid dependency was examined based on PV module 

temperature (Tc) as a reference. The grid dependence test is 

necessary for optimizing the computation time and accuracy 

of COMOSL software's numerical solution. Three types of 

meshing; fine, finer, and extra fine are examined to investigate 

the appropriate mesh size for saving computational time with 

acceptable accuracy as indicated in Table 4. It was observed 

that there is no significant difference in the value of Tc 

between them, therefore a fine mesh with 84217 elements and 

31316 refined grids near the walls was adopted to minimize 

the computation time in the present numerical solution. 

 

 
 

Figure 4. Computational domain and mesh of the PV module 

simulation model 

 

Table 4. Grid independence verification based on PV module 

temperature (Tc) 

 
Mesh 

type 
Number of 

domain elements 

Number of 

boundary elements 

Tc 

(℃) 

Fine 84217 31316 44.12 

Finer  262097 89924 44.14 

Extra 

fine  
2066523 531324 44.18 

971



 

2.4 PV module performance parameters  

 

The performance parameters of the PV module including 

output power, electrical efficiency, and thermal efficiency are 

calculated based on the assumption of constant thermal 

properties for the PV module and subjected to a direct solar 

radiation as illustrated in Tables 2 and 3. The effect of the solar 

cell surface temperature on PV module electrical efficiency 

can be evaluated by the following equation [35, 36]:  

 

ɳ 𝑒𝑙 = ɳ 𝑟𝑓 [ 1 − 𝛽𝑟𝑓(𝑇𝑐 − 𝑇𝑟𝑓) +  γ𝑙𝑜𝑔10 G] (19) 

 

where, the typical quantities ɳrf and βrf of PV module are given 

in the data sheet by module manufacturer, where the reference 

efficiency ɳrf=15.6% and βrf=0.4%. 

Tc is the actual measured PV module surface temperature, 

and the standard cell temperature Trf=25℃.  

The solar radiation coefficient γ represents material 

property, γ=0.12 for monocrystalline silicon cell. The last term 

(γlog10 G) can be neglected and Eq. (19) reduced to:  

 

ɳ 𝑒𝑙 = ɳ 𝑟𝑓 [ 1 − 𝛽𝑟𝑓(𝑇𝑐 − 𝑇𝑟𝑓)] (20) 

 

The electrical efficiency of solar PV module can be 

expressed by [37, 38]:  

 

ɳ 𝑒𝑙 =
𝑃𝑐

𝐺 𝐴𝑐
  (21) 

 

where, G represents the solar irradiance (W/m2), Ac is solar cell 

surface area (m2) and Pc represents the solar cell maximum 

output power which is determined by Eq. (22):  

 

𝑃𝑐 = 𝐼𝑚𝑝  𝑉𝑚𝑝 (22) 

 

where, Imp and Vmp are the measured current (Ampere) and 

voltage (Volt) respectively at maximum output power of the 

solar PV module. The convection heat transfer coefficient (α) 

can be estimated experimentally by Eq. (23): 

 

α=
𝐺

𝐴𝑐 (𝑇𝑐−𝑇𝑚)
 (23) 

 

where, Tc and Tm are the actual measured PV module surface 

and mean air temperatures respectively. The thermal 

efficiency of the solar PV module air cooling is given by Eq. 

(24):  

 

ɳ 𝑡ℎ =
𝑚𝑎𝑖𝑟 𝐶𝑝 (𝑇𝑜−𝑇𝑖)

𝐴𝑐 𝐺 
  (24) 

 

 

3. RESULTS AND DISCUSSION 

 

3.1 Experimental Results 

 

To investigate the effect of air-cooling on solar PV module 

performance under hot climatic conditions, three testing cases 

are considered based on different ambient temperatures (35, 

40, 45℃) and irradiances (800, 900, 1000 W) as illustrated in 

Table 3. The performance parameters of the solar cell were 

investigated at relatively high ambient temperature (45℃) to 

simulate the Baghdad city hot climatic conditions in the 

summer. The variations of average ambient temperature and 

solar radiation with day hours during the experimental testing 

period in July and August 2022 are shown in Figure 5. It can 

be observed that the higher ambient temperature and 

irradiance were at peak sunshine period during the day hours 

12 to 14 where, Tam=45℃ and G=1000 W under test 

conditions, as illustrated in this figure. 

 

 
 

Figure 5. Average ambient temperature and solar irradiance 

variations with the day hours during the testing period 

 

3.1.1 Effect of the cooling on PV module temperature 

The variations of the solar PV panel temperature with air 

flowrate in the cooling channel at different irradiances and 

ambient temperatures are shown in Figure 6. A noticeable drop 

in the PV module temperature with cooling air flowrate 

increasing can be seen under different conditions. In addition, 

it can be observed an escalating rise in the module temperature 

with increase in the solar radiation and ambient temperature. 

This increasing in the module temperature is attributed to the 

heat energy accumulation within PV module surface due to 

incidence of the solar radiation on cell surface. Test conditions 

at G=1000 W and Tam=45℃ have revealed a maximum 

temperature of about Tc=65℃ at relatively minimum air 

flowrate of 0.063 kg/s. While the minimum module 

temperature was 47℃ at G=800 W and Tam=35℃. 

 

 
 

Figure 6. Variation of Tc with air flowrate at different 

irradiances and ambient temperatures 
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Figure 7. Variation of Tc with Re of the air flow at different 

irradiances and Tam=45℃ 
 

Figure 7 shows the variation of the solar cell surface 

temperature with Re of the cooling air flow at different 

irradiances 800, 900, 1000 W, and Tam=45℃. It can be seen a 

continuous reduction in PV module temperature with Re 

increasing as a result of air-cooling effect and forced 

convection heat transfer between the panel surface and air. 

Comparison of the results at Reynold’s number in the range of 

5837 - 11663 reflected an increase in the module temperature 

by about 1.8% and 4% for G=900 W and 1000 W respectively 

compared with that for G=800 W. The variations of Nu with 

Reynold’s number of the cooling air flow at different 

irradiances and Tam=45℃ are shown in Figure 8. A noticeable 

rise in Nu with Re increasing can be observed as a result of 

enhancement in heat exchange between the module surface of 

relatively higher temperature and flowing air in the cooling 

channel. Nusselt’s number for G=900 W and 1000 W were 

greater by about 15.4% and 24.7% respectively compared with 

that for G=800 W.  

 

 
 

Figure 8. Variation of Nu with Re at different irradiances and 

Tam=45℃ 

 

3.1.2 Effect of the cooling on PV module performance  

The performance parameters of the PV module and air-

cooling system including output power, electrical efficiency, 

and thermal efficiency at various testing conditions are 

investigated. Variation of the module output electrical power 

with air flowrate without and with cooling at different 

irradiances 800, 900, 1000 W, and Tam=45℃ is shown in 

Figure 9. It can be observed a noticeable rise in PV module 

output power with air flowrate increasing due to the cooling 

effect on solar panel surface. Maximum output power was 261 

W for G=1000 W at flowrate 0.125 kg/s, while the minimum 

output power was 196 W for G=800 W at flowrate 0.063 kg/s. 

Comparison of the output power results for PV module with 

air cooling at various irradiances shows an improvement in the 

power by about 8.2%, 7% and 5.4% for irradiances 800, 900 

and 1000 W respectively compared to that without cooling. 

Figure 10. shows the PV module air-cooling thermal 

efficiency at different irradiances and ambient temperatures. 

Higher thermal efficiency was 53.5% for G=800 W and 

Tam=35℃ compared with a lower efficiency of 48% for 

G=1000 W and Tam=45℃. Thermal efficiency of the solar PV 

module air-cooling can be influenced by many parameters 

such as air flowrate, air thermophysical properties, 

temperature difference between inlet and outlet airflow in the 

cooling channel, and solar radiation intensity. Therefore, from 

the definition, the case at G=800 W and Tam=35℃ had 

revealed a greater ratio between the heat gain of the air flowing 

in the cooling duct and incident irradiance which enhance the 

thermal efficiency compared with other testing cases. The PV 

module electrical efficiency versus Reynold’s number at 

different irradiances and Tam=45℃ is shown in Figure 11. A 

noticeable rise in a module efficiency with Re increasing can 

be seen for all irradiances 800, 900, and 1000 W. The drop in 

the PV module temperature depends on panel air cooling 

performance which based on a forced convection heat transfer 

and thus it significantly enhanced by Re increasing. The 

improvement in electrical efficiency of PV module with air-

cooling was greater by about 4%, 4.4% and 5% for irradiances 

800, 900 and 1000 W respectively compared to that without 

cooling as shown in Figure 11. Maximum module electrical 

efficiency was about 13.66% at G=800W compared to 13.6% 

and 13.52% for irradiances 900W and 1000W respectively. 

Therefore, improving the PV module cooling performance 

will enhance the module output power and electrical efficiency 

which leads to extending the solar PV module lifecycle. 

 

 
 

Figure 9. Variation of the PV module output power with air 

flowrate at different irradiances and Tam=45℃ 
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Figure 10. PV module cooling thermal efficiency at different 

irradiances and ambient temperatures for m.
air=0.084 kg/s 

 

 
 

Figure 11. PV module electrical efficiency versus Re at 

different irradiances and Tam=45℃ 

 

3.2 Numerical results 

 

 
 

Figure 12. Temperature distribution in PV panel and cooling 

channel at Tam=45℃ and G=1000 W/m2 

 
 

Figure 13. Temperature distribution along solar PV panel 

surface at Tam=45℃ and G=1000 W/m2 

 

 
 

Figure 14. Temperature distribution along PV module 

cooling channel at Tam=45℃ and G=1000 W/m2 

 

The mathematical model of simulated PV module air-

cooling system was solved numerically using COMSOL-5.4 

software. Selected numerical results of the temperature 

distribution along PV module surface and cooling channel at 

relatively hot climatic conditions (Tam=45℃ and G=1000 

W/m2) are shown in Figures 12-15. Temperature distribution 

along PV panel and cooling channel is illustrated in Figure 12, 

where a higher temperature in the range of 70-78℃ can be 

observed at middle and end regions of the solar PV panel. This 

trend in the temperature distribution can be attributed to the 

effect of air cooling which is varies between the inlet and 

outlet of the air channel. A lower PV panel temperature in the 

range of 60-65℃ can be seen at cooling channel inlet due to 

the heat exchange increasing between the inlet air at relatively 

lower temperature and PV panel back surface. The air 

temperature in the cooling channel is varies from 45 to 60℃ 

at channel inlet and outlet respectively as shown in this figure. 

A similar trend in the PV panel temperature distribution can 

be seen in Figure 13 along x-y direction of the panel surface. 

Figure 14 shows the temperature distribution along PV panel 

cooling channel at Tam=45℃ and G=1000 W/m2. A significant 

difference along x-z section of the cooling channel is observed 

due to the gradient in the air temperature between the inlet and 

outlet of the cooling channel which is reflects the effect of air 

cooling on PV panel along cooling channel as shown in Figure 

14a. The variation in in the air temperature along y-z section 

of the cooling channel is shown in Figure 14b. The 

temperature was about 58℃ for the air close the lower 

insulated surface and 70℃ for the air close to the hot upper 
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channel surface which is attached with the PV panel subjected 

to the solar radiation. The variation in temperature distribution 

along cooling channel and PV panel is also depicted in Figure 

15a and Figure 15b respectively which show the isotherm 

diagram for the PV module system at Tam=45℃ and G=1000 

W/m2. 

 

 
 

Figure 15. Solar PV panel isotherm diagram at Tam=45℃ 

and G=1000 w/m2: (a) PV panel with cooling channel, n x-z 

section; (b) PV panel surface, in y-z section 

 

3.2.1 Validation of the numerical results  

To investigate the accuracy of the numerical solution for PV 

module and cooling system simulation model, the numerical 

results were validated with the experimental results of the 

present study as shown in Figures 16-18. Comparison of the 

experimental and numerical PV panel temperature variation 

with Re at Tam=45℃ is depicted in Figure 16. An average 

deviation of 9% can be observed between numerical and 

experimental results for irradiances 800, 900 and 1000 W due 

to the assumptions of the simulation model numerical solution 

and uncertainties of the experimental data. Figure 17 shows 

the comparison of the numerical PV module electrical 

efficiency with the experimental data at Tam=45℃ and various 

irradiances. The numerical and experimental results follow a 

similar trend as shown in this figure with an average deviation 

of about 3.5% between them. The simulated module electrical 

efficiency was lower than that of the experimental data for all 

test cases. The reason for this deviation is attributed to a 

relatively higher simulated panel temperatures compared to 

the experimental date which resulted in a drop in the numerical 

electrical efficiency. Figure 18 shows the comparison of the 

experimental and numerical results of the PV module thermal 

efficiency at Tam=45℃ and air flowrate of 0.084 kg/s. The 

numerical thermal efficiency of the PV module was greater 

than experimental results by about 3.8% at different 

irradiances. It can be concluded that the numerical solution has 

reflected an acceptance estimation of the module performance 

parameters compared to the experimental data. in a drop in the 

numerical module electrical efficiency.  

 

 
 

Figure 16. Comparison of the experimental and numerical 

results of the Tc variation with Re at Tam=45℃ 

 

 
 

Figure 17. Comparison of the experimental and numerical 

results of the ηel at Tam=45℃ 

 

 
 

Figure 18. Comparison of the experimental and numerical 

results of ηth at Tam=45℃ and m.
air=0.084 kg/s 

 

3.3 Comparison with reported experimental data  

 

The comparison of the present work results with the similar 
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reported works results Elbreki [21] and Arifin [23] are shown 

in the Figure 19 and Figure 20 respectively. Due to the 

difference in the testing conditions, the comparison was based 

on selected similar operating conditions at ambient 

temperature in the range of 32-35℃ and Reynold’s number in 

the range of 5500-6000. Figure 19 shows the comparison of 

the present work results with results of Elbreki [21] and Arifin 

[23] for the solar PV panel temperature variation with 

irradiance. The difference in the results of the solar panel 

temperature without and with air cooling were about 12.7%, 

31.8% and 19.7% for present study, Elbreki and Zainal works 

respectively. Comparison of the results for the solar PV 

module electrical efficiency is depicted in Figure 20. It can be 

seen a variation in the efficiency for the PV module without 

and with cooling by about 9%, 12% and 22% for present study, 

Elbreki and Arifin experimental data respectively. The 

compared results follow a similar trend in spite of some 

differences in the rating power and type of the PV module 

employed in the testing cases, in addition to some differences 

in the operating conditions. 

 

 
 

Figure 19. Comparison of the present results with reported 

experimental data [21, 23] at Tam in the range of 32-35℃ 

 

 
 

Figure 20. Comparison of the present results with reported 

experimental data [21, 23] for ηel at G=1000 W and Tam in the 

range of 32-35℃ 

4. CONCLUSION 

 

The effect of air-cooling on solar PV module performance 

under hot climatic conditions was investigated experimentally 

and numerically based on different ambient temperatures 35, 

40, 45℃ and irradiances 800, 900, 1000 W. The results 

revealed a noticeable drop in the PV panel temperature with 

cooling air flowrate increasing under different testing 

conditions. The maximum module temperature was about 

65℃ at G=1000W, Tam=45℃ and relatively minimum air 

flowrate of 0.063 kg/s. The output power, electrical efficiency, 

and thermal efficiency for the PV module with air cooling 

reflected an improvement by about 8.2%, 7% and 5.4% for 

irradiances 800, 900 and 1000 W respectively compared to 

that without cooling. Higher thermal efficiency of the PV 

module air-cooling was 53.5% for G=800 W and Tam=35℃ 

compared with a lower efficiency of 48% for G=1000 W and 

Tam=45℃. The numerical and experimental results followed a 

similar trend with an average deviation of about 9%, 3.5% and 

3.8% in PV module temperature, electrical efficiency and 

thermal efficiency respectively at Tam=45℃ and various 

irradiances.  
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NOMENCLATURE 

 

Ac Air channel cross sectional area, (m2) 

Cp Air specific heat, (J/kg. ℃) 

Dh Hydraulic diameter of the rectangular air channel, 

(m) 

G Solar radiation (irradiance), (W/m2) 

Imp Current at maximum output power, (Ampere) 

K Air thermal conductivity, (W/m. ℃) 

mair Air mass flowrate, (kg/s) 

Nu Nusselt number, (-) 

p Rectangular air channel perimeter, (m) 

Pc Maximum output power of the solar PV module, 

(W) 

Re Reynold number, (-) 

Tc Temperature of the PV module surface, (℃) 

Ti Temperature of the channel inlet air flow, (℃) 

Tm Mean temperature of the air in the cooling channel, 

(℃) 

To Temperature of the channel outlet air flow, (℃) 

v Air flow velocity in the cooling channel, (m/s) 

Vmp Voltage at maximum output power, (Volt) 

 

Greek symbols 

 

α Convection heat transfer coefficient, (W/m2. ℃) 

ρ Air density, (kg/m3) 

ɳth Thermal efficiency of the PV module cooling, (%) 

ɳel PV module electrical efficiency, (%) 

ɳrf Reference efficiency of the PV module, (%) 
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