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Abstract. The heat transfer inside a photovoltaic (PV) module is affected by the thermo-physical properties 

of the module layers, the weather conditions and the surrounding environment. In this work, the heat transfer 

inside a PV module is described in detail, taking into account realistic boundary conditions at the module 

surface. We have developed a one-dimensional (1D) thermal model using the finite volume (FV) method. The 

results of the developed model were validated with the results of the literature. We then tested the reliability 

of the developed model by comparison with experimental data from the climatic conditions of the region of 

Errachidia Drâa-Tafilalet, and the data obtained by other empirical and analytical models of the literature. We 

found that the results of the developed model are in good agreement with the experimental data, and calculates 

better the temperature of cells. 

1 Introduction 

The conversion of sunlight into electrical energy by 

PV cells remains the most interesting technique in the 

world of renewable energy. Only 5 to 25% of electricity 

is produced by typical PV panel after conversion of 

incident light, and the rest is transformed into heat which 

increases the operating temperature of the PV panel [1–

6]. Several studies have described the thermal behaviour 

of the PV module, some authors ignore certain heat 

transfer mechanisms by simplifying the thermal network 

[7, 8].  We find different correlations that have been 

developed to estimate the temperature of solar cells. 

These correlations are based on the weather conditions 

and the electrical and optical characteristics of the PV 

module [9–12]. 

An analytical thermal model to preview the temperature 

of PV cells with varying environmental conditions is 

made by Jones and Underwood [13]. Based on the 

hypotheses of their model, which concerned that the entire 

panel is at uniform temperature, a difference of 6°C is 

found between the predicted and measured temperature. 

In contrast, to estimate the electrical performance of a 

hybrid thermal photovoltaic (PV/T) system, Sarhaddi et 

al. [14] developed a 1-D thermal model. They considered 

both convective and radiative heat losses from the front 

surface; on the other hand, they totally ignored the 

radiative losses from the back layer. Lee et al [15] to 

examine the thermal behavior of the PV module, by 

predicting the temperature distribution of each layer, they 

used the finite element method. They found that the cells 

closer to the frame have a temperature difference of 5° C 

compared to the cells in the center of the module. 

Armstrong developed the thermal model, which describes 

the material composition of the PV panel, by modeling the 

thermal response of the PV panel as an RC circuit. Then 

they analyzed the effect of convective and radiative losses 

on the thermal behavior of the PV panel [16]. Three 

layers, glass, solar cells and the back layer, were 

considered in the thermal model developed by Tina et al. 

[17], because of the high thermal storage potential of a 

photovoltaic panel, steady state or quasi-steady-state 

models are not valid for precise temperature prediction.  

King et al [18] developed a model expressed by an 

empirical equation that computes the cell temperature as 

a function of the measured back side temperature of the 

module, the incident radiation, the wind speed and a 

temperature constant depending on the PV technology. 

The model is accurate but needs many input parameters, 

which change according to the characteristics of the panel. 

Their model was more precise with less irradiance 

fluctuations and under clear sky conditions.  

The main objective of this paper is to model the 

thermal behavior of a PV panel in 1D using the finite 

volume method. We have described in detail the adopted 

numerical scheme, also discussing the model equations 

and the solution system.  The developed model was 

validated, by the experimentally provided results by 

Hasan et al [19]. We then predicted the temperature 

evolution of the PV module under real climate conditions, 

and by comparing the results of the developed model with 

other models in the literature, and the experimental data. 

2 Methods and materials 
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1.1 Thermal model and numerical approach 

The physical model studied is a PV module composed 

of five layers, subjected to solar irradiation, and on these 

two front and back sides we take account of the 

convection and radiation losses (See Fig. 1). The energy 

equations governing the thermal behaviour of the 

elements constituting the studied system are, in detail, 

exposed, as well as the assumptions retained for this 

problem. The numerical resolution of the heat equation 

governing the thermal behaviour of the system is done by 

the finite volume approach (FV); it would be done in a 

mono-dimensional way. The method has been described 

by the FORTRAN language. 

  

Fig. 1. Physical model of the PV module.  

Several assumptions were considered about the PV 

module design structure, atmospheric conditions and 

other factors: 

− The contact between the layers is assumed perfect. 

− All material properties of the PV module layers are 

identical in all directions and independent of 

temperature. 

− The radiation falling on the front surface of the 

module is equally distributed. 

− La transmittance-absorption of PV module layers is 

independent of the wavelength of the incident 

irradiance. 

− No dust or other agents are deposited on the surface 

of the module that affect the absorption of the 

module. 

1.1.1 Heat equation and boundary conditions 

The heat equation is a partial differential equation, 

which describes the evolution of heat in each position (x) 

as a function of time (t). The 1D unsteady heat equation 

for a solid domain in terms of temperature is given by: 

��� ���
��� = 
. �

�� ���
��� + ��                       (1) 

� , ��, and 
 are the density, specific heat and thermal 

conductivity respectively. �� is the internal unit volume heat output for each layer of 

the model, it can be obtained by: 

�� = ������.����.��.��.����                     (2) 

“i” is the index of the active layer and “j” is the index of 

the layer above the layer “i”. We supposed that S� cancels 

for the lower EVA layer and the Tedlar layer. �� �,. !�,  #$, . %� and &� are respectively the solar radiation , the 

absorptivity, transmissivity, area and the volume of the 

active layer of PV module.  

To solve Eq. 1, we also need some boundary conditions. 

On both, front and back, sides of the PV module we have 

losses by convection and radiation that we can express as 

follows: 

For x=0 

−
( ��
�� = ℎ*,(,-./0 − -(1 + ℎ2,(�-345 − -(�       (3) 

For x=L 

−
0 ��
�� = ℎ*,0�-./0 − -0� + ℎ2,0�-62 − -0�              (4) 

Where ℎ*,(,ℎ2,(, -(, and -./0  are the convective heat 

transfer coefficient, the radiative heat transfer coefficient, 

temperature of the front face of PV module and the 

ambient temperature. ℎ*,0, and ℎ2,0, and -0  are the 

convective heat transfer coefficient, radiative heat transfer 

coefficient and the temperature of the back face of PV 

module respectively. 

The convective heat transfer coefficient "ℎ*" is expressed 

as: 

ℎ* = ℎ*,(2 + ℎ*,(2*           (5) 

ℎ*,(2 is the free convective heat. The forced convective 

heat transfer coefficient "ℎ*,(2*"  due to the wind effect 

was predicted by the following correlation [21]: 

ℎ*,(2* = 5.7 + 3.8 <�           (6) 

Eq. 6 is valid for wind speed ‘’ <�”, lower than 5 m/s [21]. 

We have expressed the radiative heat transfer coefficient 

of the front and rear surfaces as follows: 

⎩⎪
⎨
⎪⎧ℎ2,(,345 = A��BCD�EFGC �,�BD�EFG1HIJBJB D HKBIEFG

ℎ2,(,62 = A��BCD�LMC �,�BD�LM1HIJBJB D HKBILM
               (7) 

⎩⎪
⎨
⎪⎧ℎ2,0,345 = A��NCD�EFGC �,�ND�EFG1HIJNJN D HKNIEFG

ℎ2,0,62 = A,�NCD�LMC 1,�ND�LM1HIJNJN D HKNILM
               (8) 

ℎ2,(,345  and ℎ2,0,345  are the radiative  heat transfer 

coefficient of front and back side of the PV module 
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dissipated toward the sky. ℎ2,(,62and ℎ2,0,62  are the 

radiative heat transfer coefficient of front and back side of 

the PV module dissipated toward the ground. σ, P, F are 

Stefan Boltzmann constant, emissivity, and the view 

factor. 

The ground temperature “-62” was assumed to be equal to 

the ambient temperature “-./0”. The sky temperature 

“-345” was difficult to calculate accurately, but could be 

calculated approximately by [21]: 

-345 = -./0 − 6�R�                             (9) 

1.1.2 Finite volume approach implementation 

We divided the PV module thickness domain into N 

equal nodes, equally spaced from each other by a distance 

of Δx. The boundaries of the control volume are 

positioned halfway between two adjacent nodes. Thus, 

each node is enveloped by a control volume. A notation 

system is implemented as shown in Fig. 2. Any node is 

identified by P and its neighboring nodes in the 1D case 

are: node "W" for West and node "E" for East. The West 

of the control volume is denoted "w" and the East is 

denoted "e". The distances between nodes W and P and 

that between P and E are denoted �ST and  �SU   

respectively which are equal to ∆x.  

 

Fig. 2. Notation scheme. 

Considering a uniform mesh for each layer, the 

integration of the heat equation (Eq. 1) over the control 

volume and over a time interval from t to t+∆t gives: 

V V ���. ���
��� WX W = V V �

�� �
 ��
��� WX W + Y*�D∆�� Y*�D∆��V V ��  WX W  Y*�D∆��                     (10) 

The spatial derivative of Eq. 10 becomes: 

V �
. % ��
���U −�D∆�� V �
. % ��

���T W =�D∆��
V �
U �[��\]�^ − 
T �\��_]�` ��D∆�� W         (11) 

For a fully implicit scheme, the final algebraic equation is 

written as: 

ab-b = ac-c + ad-d + abe-be + ��∆S       (12) 

The expression of the coefficients varies with the 

variation of position (node). Fig. 3 shows the control 

volume for nodes situated at different locations.  Table 1, 

Table 2 and Table 3 present the corresponding 

expressions of the coefficients for the case of nodes 

located at the front / back face, internal nodes and nodes 

on interface respectively. 

 

Fig. 3. The control volume for nodes located at a) at the PV 

module boundary, b) inside the PV module, c) at the PV 

module interface. 

Table 1. The coefficients expression of the discretized heat 

equation for different nodes at PV module in different positions 

of the PV module. 

Coefficients Front side Back side 

ag 
��b ∆S2. ∆ + 
UiSU+ ℎ( + ℎ2,( 

��b ∆S∆ + 
UiSU − ℎ0
− ℎ2,0 

aj 

U∆S 0 

ak 0 

T∆S 

age  ��b ∆S2. ∆  ��b ∆S2. ∆  

Pm �� ∆S2 + ℎ(-./0+ ℎ2,(-./0 

�� ∆S2 − ℎY-./0− ℎ2,0-./0  

Coefficients Internal points 

ag ��b ∆S∆ + 
UiSU + 
TiST 

aj 

U∆S 

ak 

T∆S 

age  ��b ∆S∆  

Pm �� . ∆S 

Coefficients Interface 

ag �,���1� + ,���1�D�� ∆S2. ∆ + 
TiST + 
UiSU  

aj 

U∆S 

ak 

T∆S 

age  �,���1� + ,���1�D�� ∆S2. ∆  

Pm ��\�D�2 . ∆S 

The numerical discretization methods (FV) used reduced 

the resolution of the system of differential equations in the 

study domain, with appropriate boundary conditions, to 
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those of a system of algebraic equations, which we can 

transform into a tri-diagonal matrix system as follows: : 

o%p. o-p = oqp                  (13) 
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We apply the Thomas algorithm iteratively adapted to 1D 

problems. 

1.2 Experiment system and procedure 

An experimental system has been set up and located 

on the roof of the physics department of the Faculty of 

Science and Technology of Er-Rachidia (31' 55' 55 N, -4' 

25'28 E). A polycrystalline photovoltaic (PV) module of 

300 mm × 350 mm is used. 

The module temperature was measured using 

thermocouples (T-type, copper-constantan) which placed 

at the front of the PV module on July 25, 2020 in 

Errachidia from 08:00h to 20:00h and Fig. 7 shows the 

external ambient temperature and the global solar 

irradiance at Errachidia-Morocco emitted on the PV 

module on July 25, 2020. The average value of the 

convective heat transfer coefficient h is 11.4 W m-2 K-1. 
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 Fig. 4. Solar radiation and ambient temperature 

variation for 25 July 2020. 
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Fig. 5. Wind speed variation for 25 July 2020. 

1.3 Experiment system and procedure 

To evaluate the effectiveness of the thermal model 

modelled by the FV 1-D approach, it was subjected to a 

validation test. The computer used for the simulations, 

had the following characteristics, 3 GHz Xeon CPU and 8 

GB of RAM. For all simulations, Δx is given as 0.01 mm 

and Δt is given as 60 secs. The present model was 

validated for a PV module by a previous experimental 

study by Hasan et al. [19], The temperature variation of 

the PV module is calculated from the model and 

compared with the study of Hasan et al. [19] as shown in 

Fig. 6. The results of the computer simulations were 

consistent with the results obtained by Hasan et al [19]. 
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Fig. 6. Wind speed variation model validation with 

Hasan et al [19] a) at 700 W/m2; b) at 1000 W/ m2 

and ambient temperature of 20 ± 1 °C 
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3 Results and discussion 

The temperature of the PV module was determined, 

and the experimentally obtained results were compared to 

those obtained using the developed model. The PV 

module is subjected to the environmental conditions of 25 

July 2020. 

We verified the accuracy of our model by comparing it to 

other approaches in the literature. We tested four different 

models for predicting temperature in the PV cell and, 

which calculate the cell temperature as a function of 

incoming solar irradiance, meteorological parameters of 

the region and parameters related to the PV module. The 

first model tested is the most currently used, standard 

approach, which does not include the effect of wind 

cooling in the calculation of the PV cell temperature. It is 

a function of the ambient temperature -./0  and the 

incident solar radiation (G), the incident NOCT radiation 

(�rst�) which is 800 W/m2, the nominal NOCT 

temperature of the PV panel (-rst�) and the ambient 

temperature at NOCT (-./0,rst�) which is 20 °C, its 

expression is expressed by:  

-b�,*Uuu = -./0 + �
�vwxy ,-rst� − -./0,rst�1       (15) 

The Kurtz model takes into account the wind speed to 

predict the temperature of the model, but includes no 

parameters related to the PV module to distinguish 

between module technologies; its expression is the 

following [11]: 

-b�,*Uuu = -./0 + �. z�{.|}{�e.e~�|Y`         (16) 

-./0  is the ambient temperature, � the incident solar 

irradiance and XT is the local wind speed close to the PV 

module.  

Koehl et al. [10] used a simple empirical model, which 

estimates the cell temperature -b�,*Uuu  as a function of the 

irradiance G, the ambient temperature -./0  and the local 

wind speed near the modules XT and the constants Ue 

which is equal to 30.02 and U� which is equal to 6.28 for 

the polycrystalline technology 

-b�,*Uuu = -./0 + �
��D�HY`                (17) 

Skoplaki et al [12] improved the Standard approach by 

adding wind speed and module-specific properties such as 

efficiency, maximum temperature coefficient of power 

and other optical properties related to the PV module to 

the Standard approach expression: 

 -b�,*Uuu = -. + �
�vwxy ∗ ,-rst� − -.,rst�1 ∗ �`,vwxy�`�Y� ∗

�1 − ��yx�� �1 − ���t-��t��                (18) 

To evaluate the performance of the developed model 

compared to the others models, some performance 

indicators can be used. We calculated the Bias (Eq. 19), 

which is a reliability standard that describes the difference 

between the observation and the measurement. The Root 

Mean Square Error (RMSE) criteria (Eq. 20), which 

describes the characterization of the difference between 

observation and measurement; it is a precision criteria. 

Nash-Sutcliffe (NS) (Eq. 21) standard, which estimates 

the ability of the model to reproduce the observed 

behaviour. 

q�a� = �
� ∑ ,��03,� − �3�/,�1����              (19) 

���� = ��
� ∑ ,��03,� − �3�/,�1�����            (20) 

�� = 1 − ∑ ,��NE,���E��,�1C���H∑ ,��NE,���E��,�1C���H              (21) 

Table 4. Performances of appliqued models to predict the 

PV cell temperature. 

 Bais RMSE NS 

Model developed 0.27 0.932 0.99 

Standard approach 1.95 4.30 0.90 

Kurtz’s model 0.83 1.52 0.97 

Koehl’s model -0.81 1.53 0.97 

Skoplaki’s model -0.54 1.39 0.98 

Fig. 7 and Fig. 8 show the measured and predicted 

temperature, using the model developed and, the 

temperature predicting models in the literature 

respectively. Fig. 8-a) and Table 5 show that the Standard 

approach is less accurate for calculating the PV cell 

temperature, with the highest Bias and RMSE of 1.95 and 

4.30 respectively. The other three models have almost the 

same accuracy. 
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Fig. 7. PV module temperature evolution for the 

experiment results and results of prediction models. 
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Fig. 8. PV module temperature evolution for the 

experiment results and results of prediction models. 

. While the other two approaches (Fig. 8 (b)-(c)) have 

about the same performance indices (Bias, RMSE and 

NS) (see Table. 4). The only difference between them is 

that, only the Kurtz approach shows an over-prediction of 

the cell temperature, while the Koehl model presents an 

under-prediction of this temperature. 

As shown in Fig. 8-d) The Skoplaki model is more 

accurate than the Kurtz and Koehl model and the standard 

approach with a low RMSE of 1.39°C. We recall that the 

Skoplaki model is a variant of the Standard approach.  

Finally, the developed model, with an RMSE of 

0.932°C and a NS of 0.99 remains the most accurate and 

the best when compared with all tested analytical 

temperature prediction models, and the predicted 

temperature are very closer to the measured temperature. 

The developed model includes all the methodological 

parameters that can affect the thermal behaviour of the PV 

module, and the parameters related to the materials 

constituting the PV module too. We have taken into 

consideration the convection and radiation losses on both 

sides of the PV module. All these parameters can improve 

the model operation and make it more accurate. 

4 Conclusion 

A precise numerical thermal model based for PV 

module has been developed and described in detail, and 

the heat transfer is considered one-dimensional. 

The PV module exchanges heat the external environment; 

this exchange is influenced by several variables such as 

the weather conditions, the heat transfer coefficients 

(radiative and convective), the geometry and the thermo-

physical properties of all materials composing the system. 

Our model has been developed in order to respect most of 

these real conditions. To check the accuracy of our model, 

a comparison was made between the predicted numerical 

results obtained by the developed model, the 

experimentally obtained data and other approaches in the 

literature, which predict the cell temperature. We have 

based on different statistics error parameters, to judge the 

accuracy criteria of each model, which give a general idea 

about the difference between the measured and predicted 

temperatures. The result shows that the developed model 

is the best and most accurate, with an RMSE of 0.932°C, 

a NS of 0.99 and a bias of 0.27 °C. Finally, we point out 

that this result can be improved by improving the 

parameters of the grid (FV) and the time step. The 

accuracy found for other models can change with the 

climatic conditions and with the technology of the model, 

contrary to the developed model, which can adapt with 

any condition and PV technology. 
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