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Studies realized on the performance of photovoltaic modules have shown that analysis of the effect of 
meteorological parameters is crucial in prediction and evaluation of performances; and production of 
solar systems. This paper highlights the performing analysis of a monocrystalline silicon photovoltaic 
module. The aim of this work is to study the effect of irradiance and temperature on module 
performance in a real environment. The variation of the exergy efficiency as a function of the module 
temperature on a day is presented. The electrical exergy rate and the thermal exergy losses rate of the 
module were examined. The findings of this study show that the exergetic efficiency depends on the 
variation of the irradiance and temperature during the day. Results give an exergetic efficiency of the 
module varying from 14.87 to 17.93% per day for monocrystalline 30 Wp PV module. The results also 
show a variation of exergetic efficiency for the same irradiance and decrease in efficiency with 

increasing module operating temperature. This decrease is 17.5% for an increase of 10 K   (irradiance = 

900 / ²W m ). The thermal exergy losses rate increases with the difference between the module's 

operating temperature and the ambient temperature. It reaches its maximum (3.36 W) for a temperature 
difference equal to 28.9 K. 
 
Key words: Exergy, monocrystalline photovoltaic, performance analysis, efficiency, temperature, thermal 
exergy Losses, Outdoor. 

 
 
INTRODUCTION 
 
Fossil resources into reserves diminish substantially. 
Moreover, their use emits into the atmosphere the carbon 
dioxide gas which is recognized as one of the leaders of 
global warming. The global energy situation increasingly 
critical allowed a  resurgence  of interest  in  the  scientific 

community for the use of sources of clean and / or 
renewable energy instead of traditional energy sources. 
Renewable energy sources contribute more to meeting 
energy needs. Among renewable technologies, solar 
systems are best suited to cover certain energy needs.  
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Indeed, the climate of Dakar is known for its long sunny 
days (8.25 kWh / m² / d to the most favorable month and 
4.37 kWh / m² / d for the worst month) (Ould et al., 2007). 
The design and feasibility of photovoltaic systems mainly 
depend on the available potential and also the 
performance of the system under the conditions of the 
installation site. Production and performance of a 
photovoltaic module are highly bound to sunlight and cell 
operating temperature. The evaluation of the effect of the 
variation of meteorological parameters is extremely 
important in the prediction and estimation of 
performances taking into account the actual operating 
conditions of power systems based on photovoltaic 
modules. The installed system on a site is likely to 
behave differently if installed on another place. This 
difference results from the variation of meteorological 
parameters (Touati et al., 2013; Kamkird et al., 2012). 
Temperature plays an important role in the solar 
photovoltaic conversion process. It directly affects the 
electrical power of the photovoltaic module and 
consequently the efficiency of the photovoltaic system. 
Temperature affects the electrical parameters of the PV 
generator (module). As a result, the module's operating 
temperature is an important parameter in assessing and 
predicting the performance of photovoltaic systems 
(Radziemska and Kulgmann, 2002; Skoplaki et al., 2008). 
The prediction of output of the modules must take into 
account the electrical, physical and thermal properties of 
the cells, the solar radiation, the weather data and the 
transfer of heat with the environment (Skoplaki et al., 
2008).  

The effect of the operating temperature on the 
performances of a photovoltaic module (polycrystalline 
silicon) has been studied by Malik et al. (2009) under the 
conditions of Brunei for a period of 2 years. They found 
that the maximum power, the efficiency and the module 
fill factor are degraded at high operating temperatures, 
but a linear relationship cannot be correlated with 
different variables. This decrease is due to thermal 
agitation which also increases the loss of free carriers. 
For building-integrated photovoltaic (BIPV) modules, 
analyses of electrical and thermal performances have a 
great importance and should be taken into account in 
their implementation. Performances of this kind of 
photovoltaic modules have been studied by Park et al. 
(2010) in the standard test conditions (STC) and outdoor 
actual conditions of implementation. The properties of 
glass supporting photovoltaic cells and its effect on the 
temperature of the modules were examined. They 
concluded that the panels produce more electricity in 
winter than in summer, and the modules with clear glass 
are more efficient than those with bronzed glass. The 
results showed that in the STC, the voltage is reduced by 
0.49% and the current increases with 0.01% for the 
increase of one degree Celsius. However, electricity 
production decreased by 0.48% in regard to the same 
increase of temperature.  

 
 
 
 

Monitoring of the production and performances of 
energy systems based on photovoltaic panels in the real 
conditions of operation of the specific implementation site 
is of great importance to estimate the reliability and the 
production of these systems (Ndiaye et al., 2013a; Van 
Dyk et al., 2002, 2005; Al-Sabounchi et al., 2013). The 
purpose of monitoring is to assess the performances of 
photovoltaic modules and their behavior in the short and 
long-term. In this work we use the thermodynamic 
analysis (exergy analysis), which is a tool for assessing 
the performance of conventional and renewable energy 
systems. This method is adopted to quantify the 
thermodynamic losses in the process of converting solar 
energy into electrical energy. The exergetic analysis is 
used by many academics in evaluating the performances 
of energy systems such as power plant gas turbines, the 
drying processes and cooling etc. (Kotas, 1995). 
Recently this method of analysis was used in the analysis 
of based renewables energy systems by several 
researchers (Dincer and Rosen, 2007; Baskut et al., 
2010, 2011; Joshi et al., 2009; Vats and Tiwari, 2012; 
Xydis, 2012; Sahin et al., 2006). Through the theory, a 
first search that analyzes the thermodynamic aspects of 
these systems is that of Koroneos et al. (2003). 
Specifically, Exergy analysis was applied to photovoltaic 
systems by several researchers. Regarding the 
conversion of solar energy systems, Akyuz et al. (2012) 
proposed an approach to determining the maximum 
value of solar radiations arriving on the surface of a 
photovoltaic system in order to evaluate the exergetic 
efficiency. Their approach involves the position of the sun 
during the day time and angle of incidence. The results 
show that the maximum exergetic efficiency corresponds 
to a low wind speed, a minimum ambient temperature 
and a high global solar radiation.Using the second law of 
thermodynamics, Sudhakar and Srivastava (2013) 
evaluated the energetic and exergetic efficiencies of a 
photovoltaic solar module (36Wp). The module electrical 
parameters and those of operation are included in the 
calculation of energetic efficiency (6-9%) and exegetic 
efficiency (8-10%). Pandey et al. (2013) examined the 
performances of polycrystalline silicon modules with 
exergy analysis. Also, Sarhaddi et al. (2009) have 
developed an optimization method using exergy analysis 
to determine the design parameters and optimum 
performances of a photovoltaic panel. For a wind / PV 
hybrid system a study was conducted by Xydis (2013) to 
evaluate the exergetic efficiency. They introduced the 
exergy capacity factor (EXCF) which is the ratio of net 
energy provided by the system (kWh) on the total 
installed capacity (kW) multiplied by the number of hours 
of the year (h). They identified temperature and strong 
sunlight losses as the parameters that most affect the 
performances of photovoltaic modules in the hybrid 
system.  

An obstacle that limits the development of renewable 
electrical  systems  is  their  low  efficiency   and   lack   of  
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performance data in terms of the actual environment in 
locations where they are installed. Production and 
performances of a photovoltaic module are highly 
dependent on sunlight and operating temperature of cell 
(Yang et al., 2007). 

Our analysis is performed on a photovoltaic module (30 
Wp) whose performance is studied with respect to the 
variation of meteorological parameters (irradiance and 
temperature). The short-circuit current, open circuit 
voltage and module temperature were measured. The 
results of the analysis of the exergetic efficiency, the 
electrical exergy rate and the thermal exergy losses rate 
as function of the increase of the module temperature are 
presented. 

 
 
MATERIALS AND METHODS 

 
The methodological approach in this work consist of 3 steps: 

 
(i) Acquisition of meteorological parameters and experimental data 
for the production of a photovolataic module. 
(ii) Analyzing the effect of the irradiance and temperature on 
photovoltaic module efficiency through exergetic analysis. 
(iii) Evaluating the thermal exergy losses rate of the module as 
function of temperature in sunny and cloudless day. 
 

Exergy analysis is a tool for design and evaluation of energy 
systems. It is designed to evaluate the systems that begin in 
equilibrium but do not stay in mutual equilibrium with the 
environment during the process of energy conversion. Exergy is 
defined as the measure of the maximum useful work that can be 
provided by a system interacting with its environment has a 

pressure 0P  and temperature 0T (Dincer and Rosen, 2007). Exergy 

can be associated with several forms of transfers such as the 

transfer of work, heat, material flow and others (Kotas, 1995). In the 
case of a system in equilibrium with its environment where 
conditions of mechanical equilibrium, thermal, electrical etc. are 
equal to those of the environment, exergy is zero. Exergy has the 
characteristic that it is destroyed when an irreversible process 
happens. When an exergetic analysis is performed on a process or 
system, the thermodynamic imperfections are quantified as quality 
losses of energy. This analysis method is adopted to identify the 
thermodynamic losses of energy systems. An important concept in 
exergy analysis is the exergetic efficiency for assessing the 
performance of an energy system taking into account the limitations 
imposed by the second law of thermodynamics. 

The output power and the performances of photovoltaic modules 
are highly depending on sunlight, operating temperature and other 
weather parameters such as the accumulation of dust, a natural 
phenomenon characteristic of desert climates. Ndiaye et al. (2013b) 
have shown the importance of removing dust from the surface of 

the modules to ensure better performances and efficiency of 
photovoltaic modules. In our case, the effect of dust is not 
investigated. Indeed, the module was clean in the period of study. 
Generally, photovoltaic modules operate in operating conditions 
different from the operating standard conditions (STC), where the 
modules operating temperature is often greater than that in the 
STC. The increase of the ambient temperature and sunlight lead to 

a growth of the module's operating temperature ( CT ) which can be 

estimated by linear approximation by Kenny formula (Kenny et al., 
2006): 
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Where G   is the irradiance ( / ²W m ), aT  is the ambient 

temperature, NOCTT  is module temperature under nominal 

operating conditions (wind speed =1 /m s  , NOCTG = 

2800 /W m   and 20aT C  ) and NOCTG  is the irradiance 

under nominal operating conditions. 
The generated power and the performances of photovoltaic 

modules depend on weather parameters such as ambient 

temperature ( aT ), irradiance ( G ), wind speed ( wv ) etc. It also 

depends on the intrinsic parameters of photovoltaic modules 

Technology: the short circuit current ( scI ), the maximum output 

current ( maxI ), the open circuit voltage ( ocV ), the maximum output 

voltage ( maxV ) and the module surface ( A ). The output exergy 

rate of the photovoltaic module ( PVEx ) is the electrical exergy rate 

( eleEx ) which is equal to the electric power generated by the 

module: 
 

PV eleEx Ex
                                        (2) 

 
The electrical exergy rate is the maximum power generated by the 
photovoltaic module. It is given by Equation (3) (Ndiaye et al., 2014; 
Notton et al., 2005). 
 

ele oc scEx FF V I                                                                 (3) 

 

The solar radiation exergy rate (
 radiationEx ) which reaches the 

module surface ( A ) is expressed according to the theorem of 
Patela (Patela, 2003) and given by the following expression 
(temperature is expressed in Kelvin subsequently): 
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Where sT  is the sun’s temperature which is equal to 5762 K . 

The thermal exergy losses rate through the solar conversion 
process is in the form of heat loss from the surface of the module to 
the outside. Photovoltaic modules heat up because of their 
exposure to sunlight and emit quantity of heat into the environment. 
This heat source is not in equilibrium with the environment; and 

consequently possesses an exergy which represents the thermal 
losses of the photovoltaic module (Akyuz et al., 2012). 
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The convective heat transfer rate is given by the following equation: 
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Table 1. specifications (STC) of photovoltaic module 
used in experimentation.  
 

Specifications  Values 

Nominal Peak power (Watts) 30 

Short-circuit current (Ampers) 2.24 

Open-circuit voltage (Volts) 22.50 

Fill Factor (-) 0.72 

PV cell surface (cm²) 49 

Cells number (-) 36 
 

 
 

 
 
Figure 1. Daily variation of irradiance and ambient temperature (one sunny day). 

 
 
 

The parameter ( ech ) is the convective heat transfer coefficient 

between environment and module and whose expression is given 
by: 
 

   5.7 3.8 ec wh v                                                                       (7) 

 
In this work the wind speed was not measured. It is taken under 

nominal operating conditions ( 1 /wv m s ) to quantify the heat 

loss of the module. 
 
 
RESULTS AND DISCUSSION  
 
In order to evaluate the performances of the photovoltaic 
module, we use the exergetic efficiency. The exergetic 
efficiency of solar energy conversion process into 
electrical energy (Equation 8) is defined as the ratio of 
exergy useful (electrical exergy rate) Equation (3) on 
exergy of the solar radiation rate Equation (4): 
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The data of irradiance and ambient temperature are 
measured at the Higher Polytechnic School (ESP) of the 
Dakar University in Senegal (17.28° West longitude and 
14.43° North latitude). In the same environment, a single 
crystal photovoltaic module (30 Wp) was installed and the 
short-circuit current, the open circuit voltage of the 
module and its temperature was collected. The 
characteristics of a photovoltaic module used in the 
experiment are given in Table 1. 

Irradiance and module temperature are plotted for a 
day in Figure 1. Temperature increases and decreases 
simultaneously with irradiation. Consequently in a real 
environment it is difficult to discern the effect of 
temperature on performances of the photovoltaic module. 
The evolution of exergy of the solar radiation rate and 
electrical exergy rate are plotted for one sunny day in the 
Figure 2. The electrical exergy rate increases from zero 
to 7 h 15 min until 26.7 W at 13 h 22 min and then 
decreases again to zero at 19 h 32 min. 

The variation for this day of the exergetic efficiency is 
given in Figure 3. It depends on the time of day and 
depends on the sunshine and temperature 
simultaneously. In fact it varies from 14.87 to 17.93% of 
irradiance and temperature combination of the day. 

In  order  to  analyze   the   effect   of   temperature   on
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Figure 2. Daily variation of electrical exergy rate and solar radiation exergy rate (one sunny day). 

 
 
 

 
 
Figure 3. Daily variation of exergetic efficiency (one sunny day). 

 
 
 
exergetic efficiency, data from 6 to 18 June 2012 are 
used and the data corresponding to the irradiances 500 

and 900 / ²W m  are selected. In Figure 4, the variation 

of exergetic efficiency as a function of temperature for the 

irradiances of 500 and 900 / ²W m  respectively is shown. 

From Figures 3 and 4, we can see that the exergetic 
efficiency of the module is not constant and varies in a 
real environment according to the instantaneous 
irradiance and temperature. For an irradiance of 500 

/ ²W m , the efficiency decreases by 4.2% to an increase 

of 9.3 K   (316.2 to 325.5 K ) module temperature; while 

for 900 / ²W m , the efficiency decreases by 17.5% to an 

increase of 10 K  (329.9 to 339.9 K ). This results show 
that for a constant irradiance, the exergetic efficiency 
decreases with increasing temperature. The dependence 
of the efficiency on rising in temperature is greater when 
the irradiance is larger. As part of a large photovoltaic 
installation of several kWp to MWp, this reduction in the 
yield due to the operating temperature can greatly affect 
the total output of the system. 

The thermal exergy losses rate during the conversion 
process is quantified using the Equation (5). Its variation 
during the day is given in Figure 5. It can be seen that the 
maximum of the heat losses magnitude corresponds to 
the hours of  the  day  when  the  irradiance  and  module
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Figure 4. Exergetic efficiency versus module temperature for irradiance values equal to 500 

and 900 ( / ²)W m
.
 

 
 
 

 
 
Figure 5. Daily variation of the thermal exergy losses rate (one sunny day). 

 
 
 
temperature are maximal. The variation of the thermal 
exergy losses rate depending on the difference between 
the module temperature and the ambient temperature 
(

C aT T ) is given in Figure 6. From this figure it is clear 

that the thermal exergy losses rate increases with the 

difference between CT  and aT . When this difference 

reaches its maximum in the daytime (28.9 K ), the 
thermal exergy losses rate its maximum which is equal to 
3.36W . 

In order to better harness the waste heat from the 
module, other researchers like Dubey et al.  (2009) 

proposed the use of hybrid photovoltaic and thermal 
module (PV\T). This device converts the absorbed solar 
radiation into electricity and heat can be used 
simultaneously to heat water or air. PV\T system consists 
of a photovoltaic module integrated with a solar heat 
collector providing heat. The PV\T system benefits from 
the heat to generate more energy per unit area. 
Integrating PV\T systems can be a viable way that 
produces electricity in combination with air or hot water 
for installations in buildings. Abdolzadeh and Ameri 
(2009) proposed to consider installing water spray 
systems on photovoltaic  panels  in  pumping  systems  to
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Figure 6. Variation of the thermal exergy losses rate versus   (one sunny day). 

 
 
 
improve their performances by reducing the temperature 
of the cells through the glass and clean the dust. Their 
results showed that irrigation may reduce the operating 
temperature of 23°C and increase the yield of 3.26%. 
 
 
Conclusion  
 
Exergy analysis was performed to a monocrystalline 
photovoltaic module (30 Wp) in a real environment. The 
effect of irradiance and temperature on performances 
was examined and produced electrical exergy rate and 
thermal exergy losses rate of the photovoltaic module 
were quantified for one day. The results of this study 
confirmed the dependency of the exergetic efficiency of 
the module to the variation of the irradiance and 
temperature. These findings can be summarized as 
followed: 
 
(i) The exergetic efficiency of the module varies from 
14.87 to 17.93% as claimed in irradiance and 
temperature combination of the day. 
(ii) For the same irradiance, the exergetic efficiency 
decreases with the increase in module temperature. This 

decrease is 17.5% for an increase of 10 K  (329.9 to 

339.9 K ) for constant irradiance about 900 / ²W m . 

(iii) The thermal exergy losses rate increases with the 
difference between the module temperature and the 

ambient temperature. It reaches its maximum of 3.36 W  

for a temperature difference equal to 28.9 K . 
 
However, the exergetic efficiency is a function of the 
combination irradiance- temperature in a day. 
Furthermore, these parameters are randomized and 
depended on a season and a time of day. Therefore, it is 

difficult to discern the effect of each parameter separately 
on PV module performance in a real environment. 
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