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at hand deals with the analysis of PV 
module temperature. Experiments 
under the real climatic conditions 
were conducted on the PV system with 
polycrystalline and monocrystalline PV 
modules at the Czech University of Life 
Sciences in Prague (Czech Republic). 
The temperature of PV module was 
monitored by fully autonomous 
measuring system with 24 temperature 
sensors. The climatic data were 
obtained from weather station at the 
same location as the PV system.

In terms of external factors having 
significant influence on the PV system 
operating parameters, temperature 
can be considered the most important. 
There are multiple different ways for 
the temperature measurement to be 
realized under the external conditions. 
In case of this research, autonomous 
measuring system was designed 
and constructed (Fig. 1). This system 

Solar energy can be converted 
into electrical energy by using 
photovoltaics (Chander et al., 2015). 
Possibilities of photovoltaic (PV) system 
application have been described in 
publications by Čorba et al. (2009) and 
Milićević et al. (2012). The operating 
temperature of PV module depends 
on several factors, such as: solar 
radiation; ambient temperature; wind 
speed and direction; module material 
composition; mounting structure. 
These relations have been presented 
by authors Amstrong and Hurley 
(2010), Malínek et al. (2018), Bilčík and 
Božiková (2018) and Libra et al. (2017). 
All aforementioned conditions have a 
significant influence on PV cell energy 
production; however, the most crucial 
factor is temperature. The effects of 
the PV module operating temperature 
on the output efficiency have been 
described by Jones and Underwood 
(2001), Schott (1985), Servant (1985), 
Kafui et al. (2018) and their research 
results have shown that increasing 
temperature has a negative impact on 
the amount of power available. On the 
basis of the presented facts, the paper 
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Material and methods

Fig. 1 Measuring system for temperature identification of PV modules
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lower heat tolerance than monocrystalline solar modules, 
meaning that they show a slightly worse performance under 
high temperatures in contrast to monocrystalline modules. 
Theory (Kafui et al., 2018) and practice have proved that heat 
can affect the performance of solar modules and shorten 
their lifespans.

Relations for temperature, and solar radiation, as well 
as temperature dependencies, were obtained in these 
research experiments; research results are presented by 
graphical dependencies. Experimental measurements 
included monitoring of temperature of PV modules’ 
active parts; temperature of non-active white parts 
of PV modules, and temperature of the PV module 
frames. Firstly, differences between temperatures of 
upper and lower parts of PV module were identified 
utilizing thermocamera; following experiments included 
measurements of the temperatures of these PV module 
parts. On the basis of measured data, temperature 
dependencies were produced (Figs. 3 and 4).

The main aim of this research is creating the simplified 
mathematical model for the temperature and solar radiation 
during the time range when the solar production of 
electrical energy by PV system culminates during the day. 
The modelled mathematical dependencies can be used for 
prediction of the PV module operational parameters. From 
the mathematical description point of view, it was necessary 
to smooth out the extreme parts of the temperature 
graphical dependencies by applying appropriate procedure.

Appropriate procedure eliminates the extremes of 
graphical dependencies not corresponding with the 
assumed trend of the graphical dependencies. This 
procedure was used for all measured dependencies. After its 
application, graphs (Figs. 5 and 6) with smooth curves were 
plotted; these can be described by nonlinear mathematical 
function. The next step in graphical dependencies 
processing was regression analysis. It allowed the selection 
of the most suitable graphical dependence. On the basis of 
the descriptive characteristics of graphical dependencies 
(coefficients of regression equation, coefficients of 
determination etc.), the second-degree polynomial function 
(Eq. 1) was selected for all cases.

 T = At2 + Bt + C (1)

contains measuring components and controller from 
producer (B&R, Austria) and it works fully automatically with 
the software programmed in Automation Studio.

The PV module consists of several components 
made of different materials; therefore, it is necessary to 
measure the temperature of the individual components 
of the PV module, the measuring system thereby has 
24  temperature sensors with accuracy ±0.75%. For the 
purpose of comparison of  temperature measurements, 
detection of temperature changes in the PV module surface 
was also realized utilizing thermocamera Fluke TiR1 (Fluke 
Corporation, USA). On the basis of thermovision evaluation, 
it is clear that the different parts of the PV module showed 
different temperatures (Fig. 2).

Climatic data were monitored by weather station 
installed at the Czech University of Life Sciences in Prague. 
The ambient temperature (air temperature), air humidity, 
air pressure, rainfall, wind velocity, direction of wind and 
the global solar radiation were measured by a local weather 
station. The ambient temperature was measured using 
sensor HMP45C manufactured by Vaisala Inc. (Finland), the 
measurement accuracy of sensor is ±0.5 °C. The intensity of 
global solar radiation was monitored by pyranometer CM11 
(Kipp & Zonen, USA). The main experiment was performed 
on polycrystalline and monocrystalline PV modules. 
Technical parameters of these PV modules are presented in 
Table 1. Polycrystalline PV modules tend to have a slightly 

Fig. 2 Identification of temperature changes by 
thermocamera Fluke TiR1

Table 1 Technical parameters of PV modules

Type Polycrystalline Monocrystalline

Efficiency (%) 14 17

Brand Yingli Solar Sun-Earth

Module type YL230P-29b 125*125-F

Rated maximum power (W) 230 170 

Rated voltage (V) 29.5 35.4 

Rated current (A) 7.8 4.8 

Size (mm) 1590 × 990 × 45 1590 × 808 × 42

Results and discussion
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using the expression “the temperature 
of PV cell”. Aforementioned authors 
measured the temperature of PV cell, 
yet considering the theory, there is 
a difference between temperature 
of the PV cell and temperature of the 
PV cell surface. These experiments 
monitored the temperature of PV cell 
surface, because the temperature 
measurement inside the PV cell is 
technically difficult to realize under the 
real operational conditions.

Determination coefficients are 
relatively high, their values are in the 
range R2 = 0.85 – 0.97. The polynomial 
function of the second degree was 
selected correctly, not only from the 
mathematical point of view but also 
from the point of view of physical 
theory that predicts the polynomial 
progress of temperature in relation to 
the culmination of the sun‘s intensity.

The second aim of this research was 
to identify the influence of the ambient 
temperature on the temperature of 
different parts of PV module, so there 
was performed correlation analysis 
on all graphical dependencies. The 
results of correlation analysis are 
presented in Table 2 as coefficients of 
correlation and degrees of correlation. 
The correlation coefficients were found 
in the range from -0.36 to 0.7. The 
temperature of both PV module frames 
and ambient temperature correlate 
to a high degree, with a correlation 
coefficient 0.7. The temperature of 
other polycrystalline PV module parts 
correlates to a lesser degree. The 
correlation coefficient of -0.36 was 
found for correlation between the 
ambient temperature and temperature 
of the monocrystalline PV cell surface, 

 
Fig. 3 Real temperature dependencies for different parts of polycrystalline PV 

module and ambient temperature 

 
Fig. 4 Real temperature dependencies for different parts of monocrystalline PV 

module and ambient temperature 

Table 2 Regression coefficients and correlation coefficients for temperature relations

Part of PV 
module

Coefficients of the regression equations Coefficients of 
determinations

Coefficient of 
correlation

Correlation

A B C

Polycrystalline PV module

PV cells -1035.70 1101.40 -240.06 0.97 0.34 mild

Frame -642.80 699.13 -149.84 0.97 0.70 high

White part -814.68 865.29 -181.27 0.98 0.32 mild

Monocrystalline PV module

PV cells -822.91 874.38 -181.20 0.85 -0.36 any

Frame -474.47 538.63 -113.84 0.96 0.70 high

White part -751.88 812.78 -181.20 0.97 0.04 low

where: 
T – temperature of PV module part
t – time

The coefficients of regression 
equations and coefficients of 
determinations are presented in 
Table 2.

In experiments presented, 
polynomial function for temperature 

relations was obtained. However, 
various authors (Amstrong and Hurley, 
2010; Jones and Underwood, 2001; 
Schott, 1985; Servant, 1985) presented 
temperature relations with linear or 
exponential shape. This difference 
between the results presented in 
literature and experimentally obtained 
results can be caused by a certain 
ambivalence in meaning in terms of 
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meaning that there is no correlation and 
mathematical dependence between 
the temperature of monocrystalline PV 
cell surface and ambient temperature. 
Correlation coefficient 0.039 was 
observed for the relation between 
the temperature of white area and the 
ambient temperature. This correlation 
coefficient means a low degree of 
correlation.

Next part presents the temperature 
and solar radiation dependencies. 
The fluctuations in the intensity of 
sunshine due to cloudiness change 
are showed in Figs. 7 and 8. These 
solar radiation intensity fluctuations 
also have influence on PV cell surface 
temperature. The extremes observed 
in real dependencies were eliminated 
by application of the fitting procedure.

After fitting procedure application, 
graphs with smooth curves (Figs. 9 
and 10) were plotted and a polynomial 
function of a second degree was 
selected as a model regression 
equation via regression analysis. The 
polynomial function of a second degree 
is appropriate from the theoretical and 
practical point of view.

These functions are generally 
represented by a regression equation 
(Eq. 2).

 I = Et2 + Ft + G  (2)

where: 
I – intensity of solar radiation
t – time

Table 3 shows the coefficients of 
regression equation (Eq. 2) and the 
coefficients of determinations R2 in the 
range 0.8 – 0.95.

Correlation coefficients between 
the temperature of different parts of 
polycrystalline and monocrystalline 
PV modules and the solar radiation 
intensity ranged from 0.69 to 0.9, 
indicating a high degree of correlation. 
Measurement results and statistical 
evaluation confirmed a well-known 
fact from literature, i.e. that the 
intensity of solar radiation affects the 
temperature of the PV module most 
significantly.

 TC = Ta + αGT(1 + βTa)(1 – γvW)  (3)

Eq. 3 presents the temperature 
model for cell operating temperature 
Tc by Servant (1985). In this model, Ta 
is the ambient temperature, GT is the 
global solar radiation, ηc represents 
module electrical efficiency, and vw is 

Table 3 Regression coefficients and correlation coefficients for time-solar radiation relations

Part of PV 
module

Coefficients of the regression equations Coefficients of 
determinations

Coefficient of 
correlation

Correlation

A B C

Polycrystalline PV module 

PV cells -844.75 909.13 -192.33 0.80 0.80 high

Frame -590.66 645.21 -135.68 0.92 0.89 high

White part -542.29 577.58 -105.98 0.82 0.69 high

Monocrystalline PV module 

PV cells -828.61 859.49 -172.08 0.91 0.88 high

Frame -350.99 359.11 -73.58 0.95 0.39 mild

White part -630.92 676.84 -137.13 0.95 0.90 high 

 
Fig. 5 Temperature dependencies for different parts of polycrystalline PV module 

and ambient temperature after appropriate procedure application and 
regression analysis 

 
Fig. 6 Temperature dependencies for different parts of monocrystalline PV module 

and ambient temperature after appropriate procedure application and 
regression analysis 
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the constant wind velocity with value 
1 m·s-1. Values of constants by Servant 
(1985) in Eq. (3) are α = 0.0138 (-), β = 
0.031 (-), and γ = 0.042 (-).
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The temperature model provided 
by Davis et al. (2001) can be described 
by Eq. (4); parameters and quantities 
are the same as in Eq. (3) except for 
physical quantities with lower subscript 
designation NOCT for the nominal 
operating cell temperature. The 
nominal operating cell temperature is 
defined as a temperature of a device 
under the conditions of the nominal 
terrestrial environment, where the 
solar radiation flux is 800 W·m-2. 
Ambient temperature is 20 °C, average 
wind speed is 1 m·s-1, electrical load 
is at zero (i.e. open circuit) and free-
standing mounting frame is oriented 
regularly, to solar noon. Parameter 
α indicates the solar absorptance of PV 
layer and τ is transmittance of glazing. 
Both equations predict temperature 
of PV module with the linear trend. 
Eq. 1 is the polynomial function of the 
second degree and is more suitable for 
this purpose, because the culmination 
of sun intensity has polynomial trend 
as well.

Conclusion
On the basis of the presented results 
obtained in PV module temperature 
measurements and measurements of 
solar radiation intensity, it is evident 
that the reaction of PV module 
temperature is dynamic in working 
conditions. This fact is clear for 
periods during which the changes 
in solar radiation intensity due to 
cloudiness were observed. Another 
result in relation to the Central 
Europe is that temperature changes 
in different parts of PV modules 
can be characterised by polynomial 
function of the second degree, which 
was determined by the regression 
analysis of experimental data and 
by application of an appropriate 
procedure. The correlation analysis 
confirmed the significant influence 
of solar radiation intensity on 

 
Fig. 8 Real temperature and solar radiation dependencies for different parts of 

monocrystaline PV module 

 
Fig. 9 Temperature dependencies of polycrystalline PV module different parts and 

solar radiation after application of fitting procedure and regression analysis 

 

Fig. 10 Temperature dependencies of and solar radiation after application of fitting 
procedure and regression analysis 

 
Fig. 7 Real temperature and solar radiation dependencies for different parts of 

polycrystalline PV module 
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temperature of polycrystalline PV module, as well as 
partial influence of ambient temperature on PV module 
temperature. The temperature of PV module depends on 
the material of PV module components.
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