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For each photovoltaic power plant, it is extremely important to perform an
analysisof its efficiency, as well as an analysis of all parameters that may affect
efficiency. The electric energy of the photovoltaic system, which is delivered to
the electric power system on a daily basis, is determined through the average
daily insolation, tle surface of the panel and the average efficiency value. One
of the parameters that affect the conversion efficiency of a photovoltaic power
plant is a decrease in the conversion efficiency due to an increase in panel
temperature. In this paper an examfdea real photovoltaic power plant with a
nominal power of 50 kW, which is installed on the rooftop of the building of the
Institute "Mihajlo Pupin®, located in Zvezdara forest in Belgrade in Serbia. The
correlation analysis of the estimated temperaturéhefphotovoltaic panel was
performed using two models and the measured temperature of the photovoltaic
panel. The temperature of the photovoltaic panel was estimated using models,
one of which does not take into account, and the other takes into acheunt t
influence of wind speed on the temperature of the panel.
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1. Introduction

Due to the increasing pollution of the atmosphere and the environment, as well as due to the great
need toreduce emissions, renewable energy technology is a technology that is increasingly present,
around the world. Solar energy is the largest and most important source of renewable enitrigyttaend
basis of many other renewable sources. Precisely for thasenst is noticeable the development and
significant increase in installed photovoltaic power plants in recent years. According to ref@ténise
estimated that by 2050 the total power of installed photovoltaic power plants will be arouGM36iA
Europe.

In the project development phase of the photovoltaic power plant, it is important to assess
productions of that power plant, but it is also significant to determine its efficigty11] The
parameters that affect the conversion efficienicg photovoltaic power plant are:

9 Losses in production due to panel contamination and unpaired modules in the panel,
1 Reduction of conversion efficiency due to increase of panel temperature,
1 Losses in power output due to losses in the inverter.
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Since he curremvoltage characteristic of the photovoltaic (PV) module changes with the change
of insolation and temperature, the Standard Test Conditions (STC) were established in order to compare
the PV modules. The PV module manufacturers provide basic motatacteristics related to STC. The

efficiency coefficient shows which part of the Sun's energy is converted into electricity and it is defined
for STC.

STC include the following conditions [1, 2]:
f Solar irradiation on the surface of the panel is 10067 (one Sun),
1 The temperature of the PV cell is25
1 The coefficient of air mass is 1.5.

These terms are accepted by IEC (International Electro technical Commission) and ASTM
(American Society for Testing and Materialfeference test conditions areedsby PV module
manufacturers to define specified PV module parameR¥smodules are tested indoors where the
temperature and intensity are adjusted artificially [7].

Under these conditions, the coefficient of efficiency of the PV module is definggk aatio of
the maximum power of the module and the power of solar radiation on the surface of the module:

- = (1)

Where are:

6(mP - Effective surface of the PV modul®, (V) and"O(A) i rated voltage and rated current
under STC.

Real working conditions deviate from the standard ones, so that the efficiency of the PV panel and
other technical parameters in real operating conditions differ to a greater or lesser extent from the
standard ones.

The Fig. 1 shows how the currertltage characteristic of PV module changes when the power of
the solar irradiation changes and when the temperature of the module changes.
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Figure 1 The dependence of thé&l characteristic on irradiation and temperature [1]

The current of a PV cell is directly proportional to the irradiation. On the other hand, irradiation
has very little effect on the voltage of the PV cell. It can be concluded that the current will be halved if the
irradiation is halved, and thus the paweecause the cell voltage remains unchanged. The voltage of the
PV cell is directly proportional to the temperature. Temperature has very little effect on cell current [1, 3].

The typical change in these values crystalline silicon PV cells istVoc = -0.3%/FC, Ogc=

0.05%/°C and LPpcmax= -0.4%/ C. In order to take this influence into account, it is necessary to know
the temperature of the PV cell.



The temperature of the PV cell changes not only due to the change of the ambient teenpetatur
also due to the change of the irradiation per cell. In PV cells a small part of the energy of solar radiation is
converted into energy and most of it is absorbed and converted into heat.

In order to be able to determine the efficiency of a panelrudifferent ambient conditions, it is
necessary to calculate the temperature of that panel. The temperature of the PV panel is predominantly
influenced by the power of the solar irradiation and cooling conditions, i.e. ambient temperature and
wind.

Thetemperature of PV cell is one of the important parameters that affect the efficiency of the cell
itself. An increase in cell temperature causes a significant decrease in efficiency.

For each photovoltaic power plant, it is extremely important to perfonmaralysis of its
efficiency, as well as an analysis of all parameters that may affect effi¢i&nbf].

Under operating conditions, the temperature of PAhels can be directly measured and its
influence on the efficiency of PV conversion can be areid. However, in the planning phase of the
power plant, to assess its production, it is necessary to estimate the temperature of the panel based on the
measured meteorological parameters. There are many models through which the temperature of the PV
cell ("Y) is expressed depending on meteorological parameters such as: ambient temp¥ratyrio¢al
wind speed ) and solar irradiation@. The aim is for models that describe the correlation between solar
irradiation, ambient temperature, wispeed and PV module temperature to be as precise as possible in
determining the operating temperature of a PV cell. There are several mathematical models for
determining the temperature; each of them has its own approximation error.

David Faiman's photeoltaic module temperature model
David Faiman's model is given from the energy balance for a PV module:

oy @

Where are”Y (3 ) - PV module temperaturéY (3 ) - ambient temperaturéQW/m? - solar
irradiation on the surface of PV modulém/s)i wind speed;Y (W/°CnY) - coefficient describing the
effect of irradiation on the module temperatii(WsPCn?) - coefficient describing the effect of wind
cooling.

The coefficientsY and™ were obtained experimentalfY = 26.89 andY = 6.18 for desert areas
(experments were performed in the Negev desert in southern Isf¥el, 28.04 andyY = 7.77 for
mountain areas (experiments were performed in the Alps).

The real operating temperature of the module (ROMT) can be obtained, given by the following
equation [4]:

YOO Ye mI— )

For the modules for which experiments were performed in the Negev desert, ROMT had an
average valuef 43.73 , while its real value was 4825 This temperature is obtained by keeping the PV



modules at the point of maximum power through resistive IBathtion (3) proved to be very good for
determining the temperature of PV module, even after only onghmaindesert monitoring, while
mountain climate requires a longerm measurement period to obtain comparable results [4].

NOCT temperature model of photovoltaic module

For each PV cell, the manufacturer defines the temperature under Normal Operation Cell
Temperature (NOCT). NOCT is the cell temperature at an ambient temperature o&alar irradiation
of 800 W/nf and a wind speed of 1 m/s. The NOCT parameter unolenal operating conditions was
obtained from the manufacturer of PV panels [1, 5, 6].

The temperature of a PV cell at different irradiation and ambient temperature can be determined
based on the following equation:

YUY — J 30 4)

Where are:"Y(3 ) - PV cell temperature’Y (3 ) - ambient temperature© (W/m?) solar
irradiation on the surface of PV module.

2. THE EXPERIMENTAL ANALYSIS OF PHOTOVOLTAIC PANE L TEMPERATURE ESTIMA TION IN
REAL OPERATING CONDI TIONS

The description of the analyzed system

As an example, a real PV power plant with the nominal power of 50 kW was taken, which was
installed on the rooftop of the building of the Institute Mihajlo Pupin (IMP) which is located in Zvezdara
Forest in Belgrade in Serbia. The geographical coordirdtdsis PV power plant ardi44°4 8 6 2r@l o
E2d3 0 6 .2r8Fd. 2 the real PV power plant on the rooftop of the IMP is shown. The available rooftop
area was sufficient to install 180 polycrystalline 280W PV modules from manufacturer Solar Schutten.

Under the influence of increasing temperature, the voltage decreases, and thus the power
decreases, while the change in current is small. Typical changes of these values for PV cells of this type
of PV modules manufactured by Solar Schutten, which B = -0.346%/C, Osc= 0.065%/C,

DPpemax= -0.488%/C.



Figure 2 PV power plant on the rooftop of Institute Mihajlo Pupin

The efficiency of these type of PV modules, ST®/72, manufactured by Solar Schutten is
14.9%.With the development of technology, silicon PV panels today have a significant higher efficiency
exceeding 22% for monocrystalline PV panelscrease efficiency ensures higher production of
electricity per unit surface that is covered with PV parialsddition, the increase efficiency to a certain
extent also affects the reduction of the active temperature of the surface of the PV module because the
greater part of the irradiated solar energy is converted into electricity, i.e. a smaller part ofatesl radi
energy is turns into heathis effect has significance in terms of additional increase efficiency of PV
panels in real conditions of exploitation.

For the observed period of five years, from 2015 to 2020, the Fig. 3 presents the aventgg
values of PV power plant production. The maximum and minimum values of the average monthly
production are also presented for this period.
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Figure 3 Average monthly PV power plant production in the period from 2015 to 2020
In the Fig. 4, annual PV plant prodiact for the observed period from 2015 to 2020 is depicted. To
understand the variation in annual plant production, the figure also contains accumulated solar insolation



for the power plant location (orange line). As expected, the total production isatedratlith the
insolation, while the slight deterioration in the overall plant efficiency can be observed in the Fig. 5.
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Figure 4 Total yearly PV plant production in the period from 2015 to 2020
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Figure 5PV plant efficiency in the period from 2015 to 2020

As depicted in the Fig. 5, the overall plant efficiency shows a decreasing trend (orange line) although
some deviations from expected decrease can be observed. Namely, this refers to the ldsthgear o
dataset, year 2020, which was caused by the large plant maintenance activity that involved thorough
cleaning and replacement of some malfunctioning panels.



The analysis of PV panel temperature estimation in real operating conditions

For further amlysis, three characteristic months were selected for the winter, spring and summer
seasons, namely January, May and August during one year in the observed period from 2015twe2020.
analyses werperformed on the basis of available measurements aktbeant operating parameters of
the mentioned PV power planthe data included measurements of ambient temperature, PV panel
temperature, wind speed, PV panel production, insolation, as well as PV panel efficiency

The correlation analysis dhe estimged temperature of the PV panel was performed using two
models and the measured temperature of the PV panel. In first analysis, based-ndnuten
measurements of ambient temperature and solar irradiation at the mentioned location, the temperature of
the PV panel was estimated using relation (4) of NOCT model. A comparison of the estimated PV panel
temperature based on the mentioned model and the measured PV panel temperature is shown in Fig. 6 for
all three characteristic months. The following charadiesf the PV module were taken into account:
NOCT =46 and the coefficient of temperature change of efficiec488% /3 .
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Figure 6 Comparison of estimated (NOCT model) and measured PV panel temperatures for January, May
and August

Based on theanalysis of Fig. 6 it can be concluded that the estimated temperature of PV panel
using the NOCT model is on average higher than the measured one. This can be explained by the fact that
the NOCT model assumes a very low wind speed, of only 1 m/s, seaheooling conditions are often
better than expected. For this reason, the actual temperature is lower than the estimated temperature.

In second analysis, based on-temute measurements of ambient temperature, solar irradiation,
and wind speed the teméure of the PV panel was estimated using David Faiman's model. The values
considered for the coefficients aré = 27.47 andY = 6.98. A comparison of the estimated PV panel
temperature based on the David Faiman's model and the measured PV parretteenigeshown in Fig.

7 for all three characteristic months.
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Figure 7 Comparison of estimate®évid Faiman'snodel) and measured PV panel temperatures for
January, May and August

For all three characteristic months, a better correlation was obtained between the estimated PV
panel temperature according to David Faiman's model, which takes into account the influence of wind
speed on PV panel temperature, and the measured PV parmrature, than according to the NOCT
model. This confirms the claim that the temperature of the PV panel, in addition to solar irradiation, is
predominantly influenced by wind.

In Table 1 the values of the correlation coefficient are shown when the re@dsmperatures of
PV panel and the estimated temperatures of the PV panel are compared according to the NOCT model
and according to David Faiman's model for all three characteristic months.



Table 1 Correlation coefficient values

Month The correlation values
NOCTmodel | David Faiman'anodel

January 0.9852 0.9890

May 0.9784 0.9805

August 0.9759 0.9769

The change in the temperature error of PV panel depending on the measured wind speed was
preformed. Temperature error was determined using the following expression:

¥y vy Y (5)

where:"Y - the estimated PV temperature of the PV panel is estimated M€i@J model or
David Faiman's model.
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AT vs. Wind speed in May
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Figure 8 The change of PV panel temperature error depending on wind speed (NOCT model) for
January, May and August

The change in the temperature error of PV panel depending on the wind speed, using NOCT
model is shown in Fig. 8 and the change in the temperatuoe of PV panel depending on the wind
speed using David Faiman's model is shown in Fig. 9.
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Figure 9 The change of PV panel temperature error depending on wind speed (David Faiman's model) for
January, May and August

Based on the obtained graphs shown in Fig. 8 and 9, it can be concluded that the trend of changing
the temperature error of PV panel depending on the wind speed is comphselge wind speed
increases, the error decreases for the case when PV paperéture is estimated using David Faiman's
model, which takes into account the influence of wind speed, while for the case when PV panel
temperature is estimated using the NOCT model, which does not take into account the windt speed,



