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 The photovoltaic, PV, cell is an emerging promising technology used to convert light energy into 

electrical energy. As fulfilling this function, the cell temperature increases and negatively affects its 

electrical efficiency. Accurate prediction of the temperature distribution through the PV cell is 

essential to evaluate its electrical performance.  Therefore, the main aim of the present study is to 

develop a one-dimensional transient analytical model as well as a computational model, using Ansys 

CFD program to analyze the cell thermal behavior by predicting the temperature distribution through 

the cell layers at different solar intensity values.  

The results insured that operating the PV cell at locations of high solar intensities could negatively 

affect its performance due to its surface temperature increase. Increasing the solar intensity from 100 

to 700 W/m2 results in increasing the PV cell average temperature by about 48 % while decreasing 

the PV electrical efficiency by about 14 %. Hence, cooling techniques of the cell are very necessary 

to reduce its surface temperature; and accordingly enhance its electrical efficiency. Compared to the 

no cooling case, increasing the convective heat transfer coefficient at the lower surface of the cell 

enhances the cell temperature reduction by almost 23%. 
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1. Introduction 

The world has been progressively paying attention to maximize 

the use of solar energy as a renewable, clean, and economic source 

in many different applications. These applications are the solar 

heaters, photovoltaic, PV, module, and hybrid photovoltaic 

thermal, PVT, systems. The solar heaters benefit from the solar 

energy intensity variation to efficiently be used in either heating 

air or water for practical use based on solar collectors of different 

designs. On the other side, PV cell technology has been recently 

used to generate electricity based on light energy. For double 

benefits, a hybrid system to both generate electricity and heat 

fluids is known as PV/T system.  

Solar panels are modules installed using solar cells units. The 

PV cell is made of crystalline silicon sheets sandwiched between 

ethylene vinyl acetate “EVA” layers on the front and back typically 

covered with a glass plate on the front side and mounted in an 

aluminum frame. The glass allows the solar rays to transmit 

through and be absorbed by the PV cell. The bottom layer of the 

cell is made of a substance known as Tedlar. It guarantees that the 

panel is electrically insulated and protects the cells from 

environmental damage [1] . Not all the incident light reaches the 

PV cells due to the properties of the PV panel's layered 

construction. Therefore, a significant amount of the light 

transmitted is not converted into electric current [2].  

Despite the technological advancements in cell manufacturing, 

the commercially available solar cells are reported to have 

efficiencies in the range of only 5-20% which means that most of 

the incident radiation is eventually transferred into heat. 

Consequently, the cell surface temperature increases. Every degree 

increases in cell surface temperature results in a drop in the cell 

efficiency at a rate of 0.4–0.65% [3–5]. This increase in cell 

temperature is the reason of having less electric power than rated 

capacity, even at higher solar intensity levels.  

Previous studies were carried out experimentally, analytically, 

and computationally. Some had adopted assumptions to be able to 

obtain an analytical solution such as one-dimensional model, 

ignoring the radiation losses, setting the sky temperature equal to 

the ambient temperature, and neglecting the heat absorbed in the 

glass layer. Also, researchers developed numerical models to 

analyze the thermal performance of solar cells. Kant et al [6] 

developed a finite element-based heat transfer model to track the 

temperature change through a solar panel based on thermal energy 

balance of the PV module. Similarly, Lee Y and Tay A [7] 

numerically reported that although the temperature distribution is 

considered uniform throughout the cell, the closest zone to the 

frame exhibits 5 °C variation in temperature across each cell. The 

cell maximum temperature is 66.0 °C corresponding to a solar 

intensity of 1000 W/m2.  

A 3D finite element model for polycrystalline silicon 

photovoltaic modules was developed by Zhou J. et al [8] . The 

model investigated the effect of various back sheets on the 

temperature distribution of the module. The results indicated that, 

under standard test conditions, the solar cell in the module had the 

highest temperature of 52°C for an ambient temperature of 25°C. 
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The highest module temperature increased approximately 

linearly with a change rate of 0.82 K/mm when the thickness of the 

tedlar back sheet increased from 0.10 mm to 0.70 mm; however, 

in case of back sheets made of aluminum alloy or tempered glass, 

a lower temperature within the module was maintained. Sarhaddi 

F et al [9] numerically investigated the thermal and electrical 

performance of a solar photovoltaic thermal (PV/T) air collector. 

The results concluded that the electrical efficiency changes slightly 

as the inlet air temperature rises from 300 to 315 K, but the thermal 

and overall energy efficiencies fall by around 8% and 8.6%, 

respectively. Thermal efficiency and overall energy efficiency are 

found to rise by roughly 44.5 and 41%, respectively, as inlet air 

velocity increases from 0 to 10 m/s. Electrical efficiency, on the 

other hand, varies slightly depending on the inlet air velocity. As 

wind speed increases from 0 to 10 m/s, overall energy efficiency 

and thermal efficiency fall by approximately 10% and14%, 

respectively. Conversely, as wind speed increases, electrical 

efficiency rises about 1.5%. When solar radiation intensity is at its 

optimal level of 700 W/m2—a figure determined by design 

characteristics and climate—both overall energy efficiency and 

electrical efficiency rise by approximately 11.4% and 4.5%, 

respectively. Conversely, there is a minor (~18%) decrease in the 

thermal efficiency in response to changes in solar radiation 

intensity. 

Previous studies presented different approaches of analyzing 

solar cells thermal behavior either computationally or analytically. 

Alternatively, the present study aims to present a transient one-

dimensional mathematical model to solve for the cell temperature 

variation under different operation conditions and compare the 

results with computational ones using Ansys CFD program 

considering the effect of convective heat transfer coefficient at the 

lower surface of the cell.  

2. Analytical model for the PV cell 

The aim is to predict the temperature distribution through the 

different layers of the PV cell shown in Figure 1: the glass cover, 

the upper EVA, the PV cell, the bottom EVA, and the tedlar.  

 
Figure 1: A configuration of the PV cell and its layers 

Therefore, a mathematical model with some assumptions has 

been developed and validated with a numerical solution. The aim 

of carrying this is to present an analytical solution that can help the 

designer to predict the maximum average temperature across the 

PV cell. This would help seeking the proper cooling technique. 

The model solves one-dimensional transient heat conduction with 

heat generation. The governing equation is written as:  

 
𝜕2𝑇

𝜕𝑧2 +
�̇�

𝑘
=

1

𝛼

𝜕𝑇

𝜕𝑡
                                                                     (1)    

where, k is the layer thermal conductivity, α is the diffusivity, �̇� is 

the heat generation (W/m3), and t is the time. The problem is 

classified as nonhomogeneous problem due to the heat generation 

term, 
�̇�

𝑘⁄ . Due to this nonhomogenity, the problem is solved 

through partial solutions as described below. The partial solution 

converts the problem into homogenous one as a part of the original 

problem. Therefore, the problem is solved as a steady-state 

problem that satisfy the boundary conditions but not the initial 

conditions. Knowing the steady-state solution forms the general 

solution as follows: 

𝑇(𝑧, 𝑡) = �̅�(𝑧) +  𝑣(𝑧, 𝑡)                                                                                  (2) 

where �̅�(z) is the steady-state solution. The auxiliary conditions 

are as follows:     

𝑇(0, 𝑡) = 𝑇𝑢 , 𝑇(𝑧𝑙 , 𝑡) = 𝑇𝐵 , 𝑇(𝑧, 0) = 𝑇𝑖   

where, zl is the layer thickness that varies with layer type. 

𝜕2𝑇

𝜕𝑧2 +
�̇�

𝑘
= 0                                                                                                              (3) 

Solving this 2nd order DE considering the boundary conditions 

gives: 

�̅�(𝑧) =
−�̇�

2𝑘
𝑧2 + (

�̇� 𝑧𝑙

2𝑘
+

𝜏 𝐼

𝑘
) 𝑧 + 𝑇𝑢                                                              (4) 

Using the solution in (4) substitute into (2), and carry this into (1) 

results in: 

𝜕2𝜐

𝜕𝑧2 =
1

𝛼

𝜕𝜐

𝜕𝑡
                                                                                                                (5) 

Along with the following homogenous boundary conditions: 

𝜐(𝑧, 𝑡) = 𝑇(𝑧, 𝑡) − �̅�(𝑧)  

𝜐(0, 𝑡) = 𝑇(0, 𝑡) − �̅�(0) = 0    

𝜐(𝑧𝑙 , 𝑡) = 𝑇(𝑧𝑙 , 𝑡) − �̅�(𝑧𝑙) = 0   

and initial condition as: 

𝜐(𝑧, 0) = 𝑇(𝑧, 0) − �̅�(𝑧) =
�̇�

2𝑘
𝑧2 − (

�̇� 𝑧𝑙

2𝑘
−

𝜏 𝐼

𝑘
) 𝑧 + (𝑇𝑖 − 𝑇𝑢)    (6)                       

Using the method of separation of variables assuming 𝜐(𝑧, 𝑡) =
𝑍(𝑧). 𝜃(𝑡)     

Substitution in equation (5) results in the following equation:  

1

𝑍

𝑑2𝑍

𝑑𝑧2 =
1

𝛼𝜃
 
𝑑𝜃

𝑑𝑡
                                                                                                          (7) 

with Z (0) = 0, Z(𝑧𝑙) = 0          

Solving two ordinary differential equations from (7) results in: 

𝑍(𝑧) = 𝑐1 sin 𝜆𝑧 + 𝑐2 cos 𝜆𝑧  , and   𝜃(𝑡) = 𝑐3 𝑒
−𝛼𝜆2𝑡  , then  

𝜐(𝑧, 𝑡) = 𝑐3 𝑒
−𝛼𝜆2𝑡(𝑐1 sin 𝜆𝑧 + 𝑐2 cos 𝜆𝑧 

= (𝑐4 sin 𝜆𝑧 + 𝑐5 cos 𝜆𝑧)𝑒−𝛼𝜆2𝑡  

where, 𝜆 is known as the eigenvalue and defined as 
𝑛𝜋

𝑧𝑙
 . 

Carrying algebraic manipulation results in the following: 

𝜐(𝑧𝑙 , 𝑡) = ∑ 𝑐𝑛 sin 𝜆𝑛𝑧 𝑒−𝛼𝜆2𝑡∞
𝑛=1               (8)                                                              

The initial condition is now brought to the solution, then: 
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𝜐(𝑧, 0) = ∑ 𝑐𝑛 sin
𝑛𝜋

𝑧𝑙
𝑧∞

𝑛=1               

The coefficient is written in the form of a Fourier series in the 

value of 𝑐𝑛 in the following form: 

According to the orthogonality of functions led to: 

∫ 𝜐(𝑧, 0)
𝑧𝑙

0
sin 𝜆𝑚𝑧 𝑑𝑧 =

𝑧𝑙

2
∑ 𝑐𝑛

∞
𝑛=1    

Then;  𝑐𝑛 =  
2

𝑧𝑙
 ∫ 𝜐(𝑧, 0) sin

𝑛𝜋

𝑧𝑙
𝑧 𝑑𝑧

𝑧𝑙

0
 

𝑐𝑛 =  [
2(𝑇𝑖 − 𝑇𝑢)

𝑛𝜋
−

2 �̇� 𝑧𝑙
2

𝑛3𝜋3𝑘
]

+ [
−2(𝑇𝑖 − 𝑇𝑢)

𝑛𝜋
− (𝑛2𝜋2 − 2)

�̇� 𝑧𝑙
2

𝑛3𝜋3𝑘

− (
�̇� 𝑧𝑙

2

𝑛𝜋𝑘
+

2𝜏 𝐼𝑧𝑙

𝑛𝜋𝑘
)] cos 𝑛𝜋 

𝑐𝑛 = 𝐴 + 𝐵 cos 𝑛𝜋 

𝜐(𝑧, 𝑡) = ∑ 𝑐𝑛 sin 𝜆𝑛𝑧𝑒−𝛼𝜆2𝑡

∞

𝑛=1

 

Since 𝜐(𝑧, 0) is known in (6) and recall orthogonality property to 

obtain the coefficient Cn , this results in the final solution: 

𝑇(𝑧, 𝑡) = 𝑇𝑢 +
�̇� 𝑧

2𝑘𝑙
(𝑧−𝑧𝑙) +

𝜏 𝐼

𝑘
𝑧 + ∑ (𝐴 +∞

𝑛=1

𝐵 cos 𝑛𝜋) sin 𝜆𝑛𝑧𝑒−𝛼𝜆𝑛
2𝑡            (9)    

where, 𝐴 =
2(𝑇𝑖−𝑇𝑢)

𝑛𝜋
−

2 �̇� 𝑧𝑔
2

𝑛3𝜋3𝑘
,  

𝐵 =
−2(𝑇𝑖 − 𝑇𝑢)

𝑛𝜋
− (𝑛2𝜋2 − 2)

�̇� 𝑧𝑔
2

𝑛3𝜋3𝑘
− (

�̇� 𝑧𝑔
2

𝑛𝜋𝑘
+

2𝜏 𝐼𝑧𝑔

𝑛𝜋𝑘
) 

The heat generation in the PV cell, as a result of electricity 

generation is related to its electrical efficiency as: 

�̇�𝑃𝑉 =
𝛼𝑃𝑉𝜏𝑔𝐼(1−𝜂𝑃𝑉)

𝑧𝑃𝑉
 and 

𝜂𝑃𝑉 =  𝜂𝑃𝑉,𝑟𝑒𝑓[1 − 𝛽𝑟𝑒𝑓(𝑇𝑃𝑉,𝑐𝑒𝑙𝑙 − 𝑇𝑟𝑒𝑓)]                                                               

For most crystalline silicon PV cells, βref is the reference 

temperature coefficient of the PV cells and has a reasonable value 

of 0.005 K− 1; where the manufacturer provides a reference 

electrical efficiency of 13.5 %, denoted by  𝜂𝑃𝑉,𝑟𝑒𝑓 . 𝑇𝑟𝑒𝑓  is the 

temperature reference (298.15 K) [10]. 

3. Numerical model for PV cell 

A two-dimensional computational domain that simulates the 

physical domain of the PV cell, is shown in Figure 2 Ansys Fluent 

2020 was used to generate grids and obtain solution. The 

photovoltaic panel is composed of five layers: glass, two ethylene-

vinyl acetate (EVA), solar silicon cell, and tedlar whose physical 

and optical properties are shown in Table 1. The heat diffusion 

governing equation is discretized using the finite volume method.  

In the computational domain, the mesh is refined near the 

interfaces between layers to capture the proper temperature 

gradient. The grid independence test has been done as shown on 

Figure 2 and there is no significant change is noticed.  

 
Figure 2: The generated mesh of the PV numerical model 

 

Table 1: Material, physical and optical properties of each PV layer 

[11] 

Layer 

Thickn

ess z 

(mm) 

Therm

al 

conduc

tivity k 

(W/m 

K) 

Densit

y   ρ 

(kg/m3) 

Specific 

heat 

capacity, C 

 (J/kg k) 

   

Glass 3 1.8 3000 500 0.9 0.1 

EVA  0.2 0.35 960 2090 1 0 

PV Cells 0.3 148 2330 677 0 0.85 

Tedlar 0.1 0.2 1200 1250 - - 
 

The energy equation is solved for the domain of different layers 

with setting boundary conditions of heat flux at the upper surface 

with no convection while the convection at the lower surface of the 

cell. Figure. 3 shows the boundary conditions for the whole cell. 

The assumptions were adopted in the model:  

• Steady conduction over a certain solar intensity and no 

reflection.  

• The sky temperature is regarded as the black body temperature. 

•  A uniform distribution of solar radiation. 

•  No dust on the glass. 

•  All material's characteristics are isotropic and temperature 

independent. 

•  Thermal contact resistance is negligible, and the end sides are 

adiabatic. 

•  Optical properties are independent of solar intensity. 

•  The wind direction is parallel to module from surface. 

•  EVA transmittivity is one, PV efficiency is 15%, and whole 

cell is exposed to the same ambient temperature. 

 
Figure 3: Schematic diagram for the PV cell and accompanied 

boundary conditions 
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The solution must be grid independent. Therefore, four grid 

sizes configurations were applied, and the cell average temperature 

was plotted versus the grid number. In Figure 4, the solution was 

based on solar intensity 970 W/m2, ambient temperature 42 oC and 

wind speed of 3 m/s. The values varied till there no significant 

variation was noticed at grid configuration of 250x80. 

 
Figure 4 Numerical mesh sensitivity of the average temperature of 

the PV cell 

4. Model Validation  

The theoretical results obtained through the developed model 

at wind speed 3 m/s are validated using published results from 

Duffie and Beckman [12] and Aly S. et al [10]. The compared 

results are summarized in Table 2. The results showed good 

agreement with reported results in [12] and [10] with a daily 

reasonable average error of 4% and 5%, respectively at the same 

wind speed. 

Table 2: Model validation 

Time 
Tamb  

(°C) 

I 

(W/

m2) 

Tcell 

(°C) 

T 

[10] 

(°C) 

Erro

r % 

T 

[12] 

(°C) 

Erro

r % 

8 am 36 600 52 46.1 12.7 46.41 12 

10 am 41 900 58.63 58.3 0.56 56.6 3.5 

12 noon 42 970 59.46 61.5 3.31 58.8 1.1 

2 pm 42.5 700 52.53 55.5 5.35 52.44 0.17 

4 pm 41 340 47.8 46.4 3.01 45.83 4.2 

 
Figure 5: Average Temperature of PV numerical model in 

comparison with different models 

5. Results and Discussion  

In the model, the temperature distribution across each layer of 

the PV module was predicted along the thickness direction (y 

direction) to capture the PV module's temperature change trend 

when sunlight enters via the top glass, EVA, and PV cell up till the 

tedlar sheet, as displayed in Figure 6. The results showed that the 

maximum temperature difference between cell temperature and 

ambient temperature reaches 20 °C at the highest solar intensity. 

When the sunlight reached the module from the top glass layer, the 

module's temperature started to increase and reached its peak at the 

PV cell layer due to layer's high absorptivity. After converting part 

of the transmitted energy into electrical energy, the remaining 

energy is conducted to the front and back surfaces of the cell in the 

form of heat then dissipated to the surrounding ambient air. 

The cell’s front surface temperature is lower than its back 

temperature as in Figure 6. This can be attributed to the less 

resistance in the direction to the tedlar layer at the back surface 

compared to the glass layer resistance at the upper surface of the 

PV cell.  As a result, the temperature difference between the PV 

cell layer and the Tedlar layer was about 1°C. 

 

Figure 6: PV Cell temperature distribution through the different 

layers at different times 
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Figure 7 indicates the temperature variation of different layers 

in a contour form with color legend. The temperature gradient 

displays the regions of high temperature at the PV cell, where 

electricity is generated. The average temperature for every layer 

can be estimated. 

                   
Figure 7: Temperature contour of the longitude section of the PV 

module at noon time 

The performance of the PV module is location dependent. 

Hence, the installation of such module performs differently 

according to weather conditions. The ambient temperature, cell 

average temperature, and solar intensity variations over daytime 

for five cities in Egypt (Alexandria, Cairo, Minia, Aswan and Red 

Sea) are shown in Fig. 8 for the month of July. As seen in the figure, 

the city of Aswan has the highest solar intensity by 925 W/m2, 

ambient temperature around 43°C and as a result is the cell 

temperature approximately 57.5 °C while the lowest was in 

Alexandria.   

 
Figure 8: Variation of cell temperature with place of installation 

In order to judge the rationality of the obtained temperature 

distribution, a comparison was held between the analytical and 

numerical average cell temperature across a function of thickness 

in case of no convection at the bottom surface, Fig. 9. As shown in 

the figure, still the temperature is high at the PV cell layer due to 

its high absorptivity then it decreases towards the other layers 

because these Layers like glass and EVA having a very high 

transmissivity to sunlight. Similar trends are noticed with 

temperature increase as solar intensity increases. 

 

Figure 9: Temperature distribution across the PV cell in case of no 

convection at the bottom surface 

The results showed an increase in the cell temperature with the 

increase in solar intensity. In contrast, the cell efficiency decreases 

as shown in Fig.10.  The cell average temperature ranges from 45 

to 60 °C, and the cell electrical power is from 43 to 71 W/m2, while 

the PV electrical efficiency is from 0.125 to 0.145. Increasing the 

solar intensity from 400 to 700 W/m2 results in increasing the PV 

cell average temperature and electrical power by about 34 % and 

62% respectively while decreasing the PV electrical efficiency by 

about 7.35 % when the air temperature varied from 45 oC to 60 oC. 

Although there is the electrical power as the solar intensity 

increases, however this increase is less in magnitude compared to 

the increase of solar intensity.  Hence, in order to preserve cell 

conversion efficiency, a cooling technique should be adopted at the 

bottom of the cell panel. 

 

Figure 10: Cell average temperature and cell efficiency at different 

solar intensity 
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Figure 11 illustrates the effect of varying convective heat transfer 

coefficient at the bottom surface of the PV cell. As shown in the 

figure, the highest cell temperature is with no cooling at the bottom 

surface, 66 oC, that is started to decrease as convective heat transfer 

was considered. As the convective heat transfer coefficient reached 

10 W/m2 K, the cell cooled by 6 oC. Further increase in the 

convective heat transfer coefficient resulted in a further decrease 

in the cell temperature. Almost a decrease of almost 23% was 

achieved by increasing the convection heat transfer coefficient 

from 10 to 50 W/m2 K. 

 
Figure 11: Effect of considering convective heat transfer coefficient 

at the bottom of the cell-on-cell temperature 

6. Conclusions 

The study tried to contribute to the PV cell analysis helping to 

model cell cooling based on understanding the cell thermal 

behavior with no cooling. Therefore, this is a mathematical 

analysis for the governing equation for unsteady behavior as the 

solar intensity and air temperature varies over the day. Also, the 

effect of layer different thicknesses was considered. Some 

conclusions can be drawn out of the results as follows:   

1. In order to validate the mathematical predication, a comparison 

with a computational analysis showed a reasonable agreement 

in terms of cell average temperature variation and produced 

electrical power.  

2. The highest cell temperature is noticed at the PV layer that 

increases by about 43 % as the solar intensity increases from 

400 to 700 W/m2 as well as the electrical power increases by 

about 62 %, while the air temperature varied from 45 oC to 60 
oC resulting in electrical efficiency decrease by about 7.35 %. 

3. Increasing the convective heat transfer coefficient around the 

cell by almost five times the natural free convection resulted 

in a reduction in the cell average temperature by almost 20%, 

which accordingly enhances the cell output power. 
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Nomenclature 

cp                     specific heat capacity (J/kg k) 

h                      convective heat transfer coefficient (W/m2 k) 

I                      solar radiation (W/m2) 

K                     thermal conductivity (W/m k) 

q                     heat generation (W/m3) 

t                       time (s)  

T                     Temperature (oC) 

V                     speed (m/s) 

Z                      layer thickness (m) 

 

Greek symbols 

Α          absorptivity 

𝛽                     reference Temperature coefficient 

ɛ          emissivity 

η          efficiency  

ρ          density, (kg/m3) 

          transmittivity 

 

Subscripts 

amb                 Ambient 

B                     Bottom 

g                       glass 

i                       initial 

l                       layer 

Ref                  reference 

u                     upper 
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