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ARTICLE INFO    ABSTRACT 
 

 

Operating temperature is a critical factor affecting the performance of photovoltaic (PV) modules. In 
this study, we present models designed to predict the operating temperature of PV modules using 
ambient temperature and solar irradiance data collected from real measurements in a tropical region. 
Weather conditions were categorised based on irradiance and temperature levels, and the predicted PV 
module temperatures obtained from our models were compared with corresponding experimentally 
measured values. The results demonstrate that the PVSyst and Akhsassi models systematically 
consistently exhibit a lower Root Mean Squared Error (RMSE) compared to other models in the 
literature across all weather conditions, affirming the reliability of our approach. 
 
 
 
 
 
 

 
 
 
 

 
Copyright©2024, Cheikh Saliou TOURE et al. This is an open access article distributed under the Creative Commons Attribution License, which permits 
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. 
 
 

INTRODUCTION 
 
Research into the increase in the world's population, the invention of 
modern technologies and economic growth has shown that these have 
had a significant impact on the increase in global energy 
consumption. This has led to an increase in greenhouse gas (GHG) 
emissions into the environment [1, 2]. CO2 emissions into the 
atmosphere are mainly caused by the energy sector (76%), which is 
responsible for about 41% of global CO2 emissions [3'], [4']. To 
avoid these CO2 emissions associated with the use of fossil fuels, 
renewable energy sources (RES) can provide a viable alternative with 
a better environmental balance. Renewable energy is currently 
developing very rapidly, from residential and commercial 
installations to space systems. Research has shown that the sun is the 
most widely used energy source in the world, particularly in Asia and 
Africa due to its abundance [5', 6', 7']. Among solar energy sources, 
photovoltaic (PV) technology is the most widely used due to its 
simplicity of design and implementation [8', 9', 10']. PV technology is 
based on standard crystalline silicon solar cells with electrical 
conversion efficiencies between 16 and 20%. However, under certain 
standard test conditions (sunshine = 1,000 W/m² and temperature = 
25°C), some modern silicon modules can convert up to 24.4% of 
solar radiation into usable electrical energy [11', 12']. Given that solar 
PV technology is widely used in all sectors of the world, we can 
conclude that this technology presents certain challenges. In fact, its 
operation is strongly influenced by variations in environmental  
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conditions, which ultimately have a significant impact on PV cell 
performance. During the conversion of solar radiation by the PV 
cells, a large part of the solar radiation absorbed by the cells is 
dissipated as waste heat on the surface of the PV module [13'], 
[14'].Dust has a significant influence on the temperature evolution of 
PV modules. This is the case in the study carried out in [37], where a 
temperature difference was observed between a clean and a dirty 
module, with results showing that the temperature of the unclean 
module is higher than that of the clean module. This phenomenon is 
due to the absorption and diffusion of heat from solar radiation by 
dust particles. The electrical efficiency of a photovoltaic module 
depends on several factors: the base material, the location (tilt and 
orientation), the environmental conditions at the site (irradiation, 
temperature, wind, etc.), and dust and shading [26, 27, 28, 30]. In 
environments where the intensity of solar radiation is high, long-term 
exposure of PV modules to high temperatures leads to a significant 
decrease in their efficiency [29, 31, 32]. This is because the electrical 
efficiency of a PV module decreases as the module temperature 
increases [25, 33]. Increasing the temperature of PV cells reduces the 
efficiency of PV modules [25, 7]. The performance of PV modules is 
quantified at an operating temperature of 25°C. However, many 
researchers have quantified percentage losses above this operating 
temperature. This is the case of [34], which estimates that the 
efficiency of a crystalline silicon solar panel decreases from 0.15% to 
0.6% of its nominal value for each degree increase in operating 
temperature. According to the authors of [35], who have carried out a 
state-of-the-art review of advanced PV module cooling techniques, if 
the temperature coefficient for a given panel is -0.5%, then the 
maximum power will be reduced by 0.5% for each 10°C increase. In 
the study in [2], the authors explain that an increase in temperature 
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reduces the voltage and power of photovoltaic panels, despite a slight 
increase in current. Each 1°C increase results in an average reduction 
of 0.51 W (0.43%) for monocrystalline panels and 0.9 W (0.78%) for 
polycrystalline panels. It is therefore important to understand how the 
ambient temperature evolves before the PV module is installed in 
order to compensate for and maximise these efficiency losses.
researchers have carried out modelling studies of the operating 
temperature of PV modules in tropical zones based on real 
meteorological data. The main objective of their work has been to 
compare the different existing models in order to determine the model 
or models that are best suited to predict the theoretical temperature of 
a PV module operating in the same area [6, 36, 12]. It should be noted 
that the mathematical models for predicting the temperature of 
photovoltaic panels have been obtained and validated on the basis of 
real climatic data. However, many of them have been validated on
basis of studies conducted under different climatic conditions, but 
their validation in tropical areas such as Senegal has not yet been 
exhaustively discussed in the literature. Sophisticated models that can 
better predict the operating temperature of PV modules in an area 
such as Senegal would be useful for studying and modelling the 
performance of PV systems.  With this in mind, this paper 
investigates the performance of some temperature models for PV 
modules in tropical regions based on existing environmental data.
 
Experimental setup: The environmental data used in this study was 
collected at the Bokhol solar power plant.  This plant is located in the 
north of Senegal, in Dagana. The plant in question covers an area of 
40 hectares, on which 77,112 polycrystalline solar panels of 260 Wp 
are installed, corresponding to a surface area of 12 hectares. The 
efficiency of the PV panels is approximately 16%. 
panels are mounted on supports inclined at 15 degrees to the 
horizontal and facing south. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Models 
Akhsassi 

[38,39,40] 𝑇௠ =
𝑈௅ ∙ 𝑇௔ + 𝐺௚[(𝜏𝛼) − 𝜂ௌ்஼

𝑈௅ + 𝜂ௌ்஼ ∙ 𝛽

PVSyst 
[39,40] 𝑇௠ = 𝑇௔ +

(𝜏𝛼) ∙ 𝐺௚[1 − 𝜂௉௏ௌ௬௦௧

𝑈௅଴ + 𝑈௅ଵ ∙ 𝑣

Mattei 
[38,39,40] 𝑇௠ =

𝑈௅ ∙ 𝑇௔ + 𝐺௚[(𝜏𝛼) − 𝜂ௌ்஼

𝑈௅ + 𝜂ௌ்஼ ∙

Faiman 
[38,39,40] 𝑇௠ = 𝑇௔ +

(𝜏𝛼) ∙ 𝐺௚

𝑈௅଴ + 𝑈௅ଵ ∙ 𝑣
 

Sandia 
[38,39,40] 

𝑇௠ = 𝑇௔ + 𝐺௚𝑒(௔ା௕∙௩)  

 

Weather condition
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such as Senegal would be useful for studying and modelling the 
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investigates the performance of some temperature models for PV 
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The environmental data used in this study was 
collected at the Bokhol solar power plant.  This plant is located in the 
north of Senegal, in Dagana. The plant in question covers an area of 

olycrystalline solar panels of 260 Wp 
are installed, corresponding to a surface area of 12 hectares. The 
efficiency of the PV panels is approximately 16%. The installed solar 
panels are mounted on supports inclined at 15 degrees to the 

This is an area with high temperatures in March, April, May and June. 
The photovoltaic system is equipped with a number of measuring 
devices to monitor and record solar radiation, 
PV module temperature, wind speed and humidity. Figure 1 shows 
the Bokhol solar power plant. 
 
Theoretical models: In this study, we will examine the temperature 
models and validate them against our actual outdoor test data. The 
data includes irradiance, ambient and PV module temperatures and 
wind speed. These data are recorded at 5
annual basis and are used as input parameters for the mathematical 
models. Table 1 summarises the models used.
 
Models analysis method: To analyse the models, weather conditions 
are classified according to temperature and irradiance. Table 2 
illustrates this. Figure 2 shows the variation of irradiance and ambient 
temperature for the different meteorological conditions mentioned 
above. As a reminder, HH and LL represent high and low irradiance 
and ambient temperature respectively. HL means high irradiance and 
low temperature and LH means low irradiance and high temperature.
The period with the highest levels of radiation is the dry seaso
between March and June. This period is also characterised by very 
high temperatures. Low temperatures and irradiation occurred 
between November and February. However, the decrease in 
irradiation often occurred during the rainy season, from July to 
December, which is characterised by cloudy days most of the time.
The approach used in this study makes it possible to measure the 
degree of performance of the models for a large number of 
metrological data. A regression method is used to determine a 
constrained minimum of model shapes, with the aim of predicting the 
operating temperature of a photovoltaic (PV) module as a function of 
several variables from an initial estimate. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Centrale solaire de Bokhol/Sénégal 
 

Table 1. PV module temperature models 
 

Correlations Comments

ௌ்஼(1 − 𝛽ௌ்஼ ∙ 𝑇௥௘௙)(1 + 𝛾௣೘೛
∙ 𝐿𝑛(

ீ೒

ீబ
))]

𝛽ௌ்஼ ∙ 𝐺௚[1 + 𝛾௣೘೛
∙ 𝐿𝑛 ቀ

ீ೒

ீబ
ቁ]

 
𝛾௣೘೛

= 0.04 and  𝑈௅

𝜂ௌ்஼ = 0.15 for both Mono and Poly;
0.0987 for Amorp. 𝛽
 0.0041 for Poly ; 0.0028

௉௏ௌ௬௦௧]

𝑣
 

𝑈௅଴ = 29 𝑊/𝑚ଶ/°𝐶 
𝜂௉௏ௌ௬௦௧ = 0.1 ; 𝑈௅ଵ =

ௌ்஼(1 − 𝛽ௌ்஼ ∙ 𝑇௥௘௙)]

𝛽ௌ்஼ ∙ 𝐺௚

 
𝑈௅ = 26.6 + 2.3𝑣. Others, same are used for 
Akhsassi. 

𝑈௅ଵ = 6.28 𝑊. 𝑠/𝑚ଷ

𝑎 = −3.56 and 𝑏 = −

Table 2. Different weather conditions 
 

Weather condition Irradiance Ambient temperature 
HH High High 
LL Low Low 
HL High Low 
LH Low High 
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This is an area with high temperatures in March, April, May and June. 
The photovoltaic system is equipped with a number of measuring 
devices to monitor and record solar radiation, ambient temperature, 
PV module temperature, wind speed and humidity. Figure 1 shows 

In this study, we will examine the temperature 
models and validate them against our actual outdoor test data. The 

includes irradiance, ambient and PV module temperatures and 
wind speed. These data are recorded at 5-minute intervals on an 
annual basis and are used as input parameters for the mathematical 
models. Table 1 summarises the models used. 

To analyse the models, weather conditions 
are classified according to temperature and irradiance. Table 2 

Figure 2 shows the variation of irradiance and ambient 
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Comments 
= 24.68 + 6.13𝑣 

for both Mono and Poly; 
𝛽ௌ்஼ = 0.0045 for Mono; 
0028 for Amorp 

 
= 6.28 𝑊. 𝑠/𝑚ଷ/°𝐶; 

. Others, same are used for 

ଷ/°𝐶 ; 𝑈௅଴ = 30.02 𝑊/𝑚ଶ/°𝐶 

−0.075 𝑠/𝑚 

Calculate the Temperature  



These models are then analysed and compared with actual data 
obtained during outdoor testing of the PV modules. 
 

RESULTS AND DISCUSSION 
 
Operating temperature of PV panel: Figure 3 compares measured 
and modelled PV module temperatures for different models and 
weather conditions. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

It is evident that the PV module temperature variation reaches its 
maximum in the middle of the day, corresponding to solar noon, 
when the sunshine is at its peak. The results show that the Akhsassi 
and PVSyst PV module temperature models are closest to the 
measured PV module temperatures under HH, HL and LH weather 
conditions. The Faiman model best matches the measured 
temperatures under HL and LL conditions. The Sandia and Mattei 
models, on the other hand, show a better agreement with the  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
                                               (HL)                                                                                                  (LH) 
 

Figure 2. Weather conditions characteristic 
 

   

 
 

Figure 3. PV module operating temperature 
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measured temperatures under LL conditions, but tend to overestimate 
the temperatures for HH, HL and LH weather conditions. In the 
following we will examine the Root Mean Square Error (RMSE) of 
the temperature models used. As a reminder, the RMSE metric 
quantifies the dispersion of the residuals. In other words, it measures 
the concentration of the data around the line of best fit. 
 
RMSE of PV module temperature models: Figure 4 compares the 
Root Mean Square Error (RMSE) of the PV module temperature 
models. Figure 4a shows that under high irradiation conditions, a 
decrease in ambient temperature leads to a decrease in RMSE for all 
temperature models. This decrease in RMS error is most pronounced 
for the Faiman model with an RMSE value of 0.32. When the 
irradiance and temperature conditions are simultaneously high, the 
RMS error increases for the Sandia and Mattei models. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4b shows that under high temperature conditions, a decrease in 
irradiance increases the RMSE for the Faiman model. However, for 
the Sandia, PVSyst, Akhsassi and Mattei models, a decrease in 
irradiance results in a slight decrease in RMSE. Figure 4c shows that 
low temperature and irradiance conditions lead to a large decrease in 
the RMSE for the Sandia and Mattei models, while they lead to a 
slight increase in the RMSE for the PVSyst and Akhsassi models. The 
results show that the PVSyst and Akhsassi models have the lowest 
RMSE values in all weather conditions, except for the LL condition 
where the Sandia model stands out as the best performer. Therefore, 
the PVSyst and Akhsassi models proposed in this study are more 
suitable for modelling module temperatures in tropical regions. 
Residual plots for the PVSyst and Akhsassi models are shown in 
Figure 5. The residual represents the difference between the measured 
value and the value predicted by the regression. Scatter plots 

 
(a) 

 

 
(b) 

 

 
(c) 

 

Fig. 4. RMSE of PV module temperature models (a) under HH and HL weather conditions, (b) under HH and LH weather conditions, (c) 
under HH and LL weather conditions 
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comparing predicted and measured values are shown in Figure 5a. 
The R-squared and adjusted R-squared values are both 0.980 for 
PVSyst and 0.999 for Akhsassi, indicating a strong dependence and 
correlation between the measured and predicted values. The predicted 
operating temperatures of the PV modules are in close agreement 
with the measured results. The residual histograms show the 
distribution of the residuals for all observations. The symmetry of 
these histograms (Figure 5b) shows that the errors for the PVSyst and 
Akhsassi models are normally distributed. The normality of the 
residuals is checked by the normal probability plot of the residuals. 
The residuals are normally distributed when the points on the plot are 
close to the straight line. Figure 5c confirms that the residuals of the 
models follow a normal distribution. The residual curves indicate that 
the model fits are acceptable, as the scatter plots follow the theoretical 
curve, confirming the validity of our model choices. 
 

CONCLUSION 
 
In this work, PV module temperature models are developed using 
constraint minimisation based on monitored field data. The estimated 
PV module temperatures and the RMSE of these models vary with the 
weather conditions. The PVSyst and Akhsassi models achieve the 
lowest RMSE values in the HH, HL and LH weather categories, while 
the Sandia model has the lowest RMSE in the LL condition. The 
PVSyst and Akhsassi models are closer to the measured PV module 
temperatures for the HH, HL and LH weather conditions, while the 
Sandia model is better for the LL condition. For all weather 
conditions, the PVSyst and Akhsassi models consistently provide the 
lowest RMSE values, followed by the Faiman and Mattei models. 
The Sandia model comes last. The RMSE curves suggest that the 
model fits are acceptable as the scatterplots closely follow the 
theoretical curve, confirming the validity of our model choices. As a 
result, the PVSyst and Akhsassi models can be used to estimate PV 
module temperatures at the given site and in other areas with similar 
climatic conditions. In addition, we plan to investigate the sensitivity 
of PV module temperatures to various meteorological factors. 
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