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In this paper, the effect of the ambient temperature on the PV modules for
different angles of inclinations and different intensities of the solar radiation
on the surface of the PV module is considered by using empirical
correlations for natural convection. An analytical model based on the energy
balance equilibrium between the PV module and the environment conditions
has been used. Also an expression for calculating the electric power
of silicon PV modules in a function of the ambient temperature, the intensity
of the solar radiation, the incident angle of the solar radiation to the surface
of the PV module and the efficiency of the PV modules at STC conditions
have been used. By comparing the obtained both results, it can be seen that
the largest deviation between the power values obtained by the analytical
model and expression is about (5 %). The results obtained indicates that in
the case of a small number of PV modules corresponding to the required
number for an average household, it is more economical to invest additional

resources in increasing the PV module's surface area than in case of the PV
module with sun tracking system.
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1. INTRODUCTION

The energy of solar radiation is the largest and inexhaustible source of energy on Earth available on
all parts of its surface. Since this energy is free and does not affect environmental pollution, so, it is
understandable why huge attention is paid to the systems for the exploitation of solar energy, especially in
last two decades [1]. The direct conversion of the sun into electricity by means of PV modules today provides
a small percentage of the world's electricity demand. The main reasons for this are the relatively high prices
of the PV modules, but also their low efficiency, which, depending on the type of the commercial PV
modules which ranges from 10 to 18% [2]. This means that more than 80% of the energy of the solar
radiation that enters the surface of the PV module is converted into heat, while the smaller part is reflected.
However, the International Energy Agency (IEA) predicts that by 2050, 45% of the world's energy will be
produced from the Sun's energy [3]. It is well known that the efficiency of the PV module is greatly depends
on its temperature. With the increase in the temperature of the PV module, the voltage of the PV module is
reduced, resulting in a decrease in its efficiency. This problem is particularly pronounced in areas with a
warmer climate such is our country (Iraq republic).

In this paper, the application of the analytical model considers the influence of the ambient
temperature, the intensity of the solar radiation, the angle between the normal on the upper surface of the PV
module and the incident solar radiation, the temperature of the PV module and its corresponding efficiency
were analyzed. On the basis of the obtained results, the expression for calculating the electric power of the
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PV module is proposed depending on the above mentioned parameters under the conditions of heat exchange
between PV modules and ambient through natural convection and radiation. The process of heat exchange
through natural convection and radiation between PV modules and the environment is modeled by empirical
analytical model for the determination of temperature and electric power of PV modules.

There are many models in the literature for determining the temperature of the PV modules [4].
However, all models give different results for the same values of intensity of solar radiation and ambient
temperature. These differences are due to the neglect of the influence of individual parameters, climatic
conditions, PV module configuration and various approaches to problem solving. In this paper, an analytical
model based on the equation of the energy balance between the received energy of the solar radiation,
the part of this energy converted to an electric in the PV module and the exempted thermal energy from the PV
module through natural convection and radiation is applied to determine the temperature of the PV module.

1.1. Literature review

There are a large number of papers in the literature dealing with the problem of the influence of
different parameters on the performance of the PV modules. In [4], there is a constant decrease in the
efficiency of the PV module relative to the value prescribed by the manufacturer for the temperature of the
module of 25 ° C, when its temperature is higher than this value. This means that it is necessary to install a
larger number of PV modules in order to achieve the required power in real conditions of exploitation in
relation to the STC conditions of the PV module. A set of correlations is proposed for determining
the required surface of the PV module for a certain power in the function of the ambient temperature,
the intensity of the solar radiation and other construction parameters of the PV module and the same is
applied to the climatic conditions in [5].

Mattei et al. [6] analyzed the performance of the PV module for three different variables: ambient
temperature, intensity of solar radiation and wind speed without taking into account the effect of radiation
and the angle of the PV module. In [7], an assessment was made of the individual influence of the intensity of
the Sun's radiation, its spectrum and the temperature of different types of silicon PV modules on their
performance. Skoplaki et al. [8] suggested semi empirical correlations for determining the efficiency of the
PV modules and their power depending on the temperature of the ambient, the intensity of the solar radiation,
the wind speed and the modes of PV modulation. However, the correlations in are recommended only for
wind speeds greater than 1 m /s [9].

2. MATERIALS AND METHOD

In this paper, the specific PV module SUNTECH STP265 - 20 / Wem is made of polycrystalline
silicon. Silicon Solar cells have been developed among the earliest and most used today. The PV module
made of p-Si was chosen because today in the world about 60% of the electricity produced by PV modules is
produced precisely in modules from p-Si [10, 11]. At today's level of development, most commercial Si
modules have an efficiency of 15-18% and very uniform characteristics regardless of the manufacturer,
so that the conclusions derived from the PV module whose data are given in Table 1.

Table 1. Characteristics of the SUNTECH STP265-20/WEM module [12-16]

Size Value Size Value
Width [W] 1.00m . .
Height [L] 064m Absorption coefficient for the upper surface of the PV module (aS) 0.97
Maximum pOV\[lgrma;X?TC conditions 265 W Coefficient of emission for the upper surface of the PV module (gyr) 0.91
Efficiency deQrﬁfogﬂSTC conditions 16.3% Emission coefficient for the bottom surface PV module (epf) 0.85
. STC: Intensity of solar radiation 1000 W / m?, PV module temperature
Temperature coefficient [Pref] 0.004 1/K 25°C. R, AM = 1.5
Reference temperature [Tref 25°C

The angels that determine the optimum panel position is demonstrated in Figure 1
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Figure 1. The angels that determine the optimum panel position [17]

3. MATHEMATICAL MODULE USED IN THE ANALYSIS

The model includes all the relevant values that affect the temperature of the PV module, which

makes the results obtained by it very reliable. The model is described in detail and only the finite expression
for calculating the temperature of the PV module in the case of heat exchange between this module and the
environment through natural convection and radiation is given here [18-20]. Table 2 illustrate the parameters

description indicated in the above equations.
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Table 2. Parameters description indicated in the above equations [21-24]

Parameter Description Unit
Tev The mean value of the PV modulus temperature. [K]
as The solar radiation absorption coefficient for upper surfaces of the PV module.
Q Component of solar radiation is normal on the upper surface of the PV module. W/ m?]
h Coefficient corresponding to the natural convection between the upper surface of the PV W/ (m2- K)]
UF module and the air.
hor Egti(lieffluent corresponding to natural convection between the lower surfaces PV mod. and W/ (m2- K)],
hrue Coefficient corresponding to the radiation between the upper surface of the PV module and 2
; W/ (m™- K
ambient.
Tg The temperature of the earth. [K].
€UF Emission coefficient thermal radiation from Upper surface of the PV module.
oss Stefan-Boltzmann constant. [W/ (m?- K4)],
G Intensity of solar radiation (direct component). W/ m?]
v Angle of PV module inclinations in relation to the vertical ]
€UF Emission coefficient thermal radiation from upper surface of the PV module.
5 Angle between the direction of the Sun rays and normal on the upper surface of the PV ]
module.
Efficiency of PV modules at reference temperature T s and intensity of solar radiation o
Net 0f1000 W/ m2, 0%l
B Temperature coefficient that describes a decrease in the efficiency of the PV module withan  [1/ K]
rel

increase in the PV module temperature above the reference value Ter.

More information on this module and the corresponding correlations used for modeling natural
convection can be found in [19]. When in the iterative process the temperature of the PV module is
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calculated by (1) and its corresponding efficiency by (6), then the electric power of the PV module at its ends
can be calculated as [25]:

Pel=mel -aS -Q - S )

Where S is the active surface of the PV module in [m2].

4. RESULTS AND DISCUSSION

Using the above-described analytical model, the electric power generated by the PV module Pel at
its connection ends for different ambient temperature values, the intensity of the sun's radiation and the
incident angle of the sun radiation on the top of the PV module, as the most important parameters affecting
the performance of the PV module will be calculated. On the basis of the performed analyzes, it was
established that for different angles of the PV modulation of the y and the constant value of the intensity of
the solar radiation on its upper surface G and the angle between the direction of the sun's irradiance and
normal on the upper surface of the PV module 6, the electric power generated Pel by the PV module is
slightly changed.

Therefore, all calculations are carried out for the same angle of (v = 60°), which is the optimum tilt
angle of the PV module relative to the Tikrit city) and the angle & changes in the range 0° <& < 60° with a
step of 10°. The change of the azimuth angle of the PV module slightly disturbs its electric power (only 4%
in the case of the azimuth angle of the PV module of + 45°),that means the azimuth angle of PV panels
considered to be constant (azimuth = 0°). Such a small change is due to the fact that solar power is not
obtained only directly from the un, but also by the diffusion of air through the atmosphere and the reflection
of air from objects on the earth. Figures 2, 3 and 4 illustrate the electrical power in the panel output obtained
by performing the previously described analytical algorithm (7)for different values of & and for three values
of G: (G=200W/m2), (G=400W/m2)and (G=1000 W/ m2).

Table 3 gives the mean values of the intensity of solar radiation on the horizontal surface of
the location of the considered place, as well as the mean monthly value of values corresponding to the
warmer part of the day when the PV modules are used are taken.
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Figure 2. Power values of PV modules for different Figure 3. Power values of PV modules for different
values of 6 and when G=200 W/m2 values of 6 and When G =400 W/ m2
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Figure 4. Power values of PV modules for different values of 8 and When G = 600 W / m2
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Based on the results obtained by performing the previously described analytical algorithm, which
are shown in Figures 1, 2 and 3, a correlation is proposed for determining the power of the PV module in
the ambient temperature function, the intensity of the radiation, degree of efficiency of PV module specified
by the manufacturer under STC conditions and the inclined angle of the panel, the output power of the
photovoltaic panel can also be calculated by using the following equation:

G
1000

0.92
Py = 0.0386 Mryey = S [=| . (cos8)°?. (245 — Ta) @)

In the (8), the degree of efficiency of PV modules under STC conditions nTref is expressed in [%],
intensity of solar radiation G in [W / m2], angle 6 in [°] and ambient temperature Ta in [°C]. In this way,
the (8) gives the electric power in [W]. By using the formula (8), an analysis of the electricity production of
this system will be performed for two cases of the angle of inclination of the PV modules follows:

a) when the angle of inclusion of the PV module is constant.
b) when it changes for each month.

Table 2 gives the mean values of the intensity of solar radiation on the horizontal surface of the
location of the considered place, as well as the mean monthly value of the angle at which the sun rays fall to
the horizontal surface of the earth for the location of the Tikrit city (latitude: 29°57'47 ", longitude:
41°49'51"). For the temperature, the mean values corresponding to the warmer part of the day when the PV
modules are used were taken.

Based on the data from Table 2 and using the formula (8) for a specific set of 8 PV modules of type
AS-5M-200 W which have the characteristics ( nTref = 15.67%, Length = 1.58 m, Width = 0.808 m),
the electrical power of the PV module can be calculated and then compared with the electrical output power
results by the previously described module.

The proposed formula (8) will now be used to calculate the power of a series of PV modules used to
supply the electrical power to the considered place. PV modules are mounted at an angle of 45°. The optimal
value of the angle of inclination for the whole year for the considered location was obtained by multiplying
the geographical width of the location at which the PV module is located at 0.9, while the optimal values of
the inclination angles for each month are obtained so that the modules receive the highest energy of the sun's
radiation in the period between 9 and 15 h when it is most intense.

The results are given in Tables 3, 4 and 5 which illustrate the expected electrical power generation
for 8 PV modules (type AS-5M-200 W ) obtained by using (8) for parameter values from Table 2 and two
cases, in the first case when the inclination angle ( ) is constant, while in the second case when the angle of
inclination ( ¥) is changing for each month of PV module.

Table 3. The mean values of solar radiation intensity on horizontal earth surface
Time Parameter Jan. Feb. Mart  Apr. Maj June  July  Avg. Sep. Oct. Nov. Dec.
69h G[kw/mq 002 005 011 023 024 030 033 024 017 012 003 003
3] 771 1335 2245 326 3972 4301 3957 3491 2842 2065 1289 755
9-12h G[kwW/m 021 030 042 036 045 063 067 061 053 036 022 019
3[°] 2367 3167 4215 5356 6217 6627 6433 57.32 4743 36.37 2681 22.03
12-15h G[kW/m?] 0.24 034 043 046 052 058 063 060 045 033 022 019
3[F1 1727 251 3405 4216 4921 529 5223 46.33 3653 2567 1629 13.66
15-18h G[kW/m?] 0.04 009 016 020 026 033 024 068 007 006 003 006
5[] 871 1555 2645 332 4162 4501 4127 3621 29.62 2265 4289 985

T.[°C] 5 8 13 18 23 27 29 29 23 19 12 5

Table 4. Expected electrical power generation of 8 PV modules (type AS-5M-200 W ) obtained by using (8)
when the angle of inclusion ( V) is constant

Output Yearly
Time electrical Jan Feb Mart Apr Maj Jun Jul Avg. Sep Oct. Nov Dec production

power average
69h o~ P[KW] 031 033 032 045 061 053 057 051 042 006 006 0.15 §
9-12h \‘"‘..g P[KwW] 036 042 045 057 056 062 067 065 052 053 050 042 =
12-15h o P[KW] 031 036 050 063 064 065 062 052 050 042 048 045 9 2
15-18h > P[KW] 033 035 038 045 051 053 057 051 043 005 003 0.15 )
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Table 5. Expected electrical power generation of 8 PV modules (type AS-5M-200 W ) obtained by using (8)
when the angle of inclusion (¥ ) changes for each month

Time Parameter Jan. Feb. Mart Apr Maj Jun July Avg. Sep Oct. Nov. Dec. Yearly
production
6-9h Y[ 21 28 38 48 56 59 58 52 42 31 22 32
P [kW] 0.07 0.18 036 061 0.82 090 0.84 0.68 049 033 014 0.08 §
9-12h Y] 21 28 38 48 56 59 58 52 42 31 22 18 >
P [kW] 073 096 125 136 157 167 173 168 141 111 077 0.64 <
12-15 h Y] 21 28 38 48 56 59 58 52 42 31 22 18 %
P [kW] 079 1.08 131 136 149 162 173 166 131 1.03 071 0.06 )
15-18 h Y] 21 28 38 48 56 59 58 52 42 31 22 18 ;
P [kW] 0.14 029 046 053 0.64 074 081 0.68 045 025 0.07 0.06

From the results obtained in Tables 3, 4 and 5 and according to (8), it can be conclude that the
electrical power of the PV module directly depends on the intensity of solar radiation and the degree of
utilization of PV modules. It has also been confirmed that the maximum power of the PV module is in the
case when it is inclined at an optimum angle (when the angle between the solar rays and the normal to the PV
module is equal to zero). The member (245 - Ta) actually has the form (270 - (Ta + 25)), where 25 °C is
added to the ambient temperature because it is the temperature of the PV module on which the manufacturer
prescribes the characteristics under STC conditions. This is confirmed by the fact that for the temperature of
the module is about 270 °C, the power generated by the PV module is equal to zero. Exponents 0.92 and 0.9
in formula (8) take into account the influence of different parameters / phenomena on the efficiency of the
PV module, such as the separation of the boundary layer along the surface of the inclined PV module which
depends on the angle of inclination of the PV module, the change in the emissivity of the upper surface of the
PV module with the change in the incident angle and the intensity of the solar radiation. The optimal value of
the angle of inclination for the whole year for the considered location was obtained by multiplying the
geographical width of the location at which the PV module is located at 0.9, while the optimal values of the
inclination angles for each month are obtained so that the modules receive the highest energy of the sun's
radiation in the period between 9 and 15 h when it is most intense.

As shown in (8) is very simple and very useful for calculating the expected production of electricity
and the techno-economic optimization of the PV system both static and those that have the ability to monitor
the position of the sun. By comparing the obtained both results, it can be seen that the largest deviation
between the power values obtained by the analytical model and formula (8) is about 4.6%. From the
comparison of the results obtained for the two cases, it also can be seen that the difference in the annual
production of electrical power in the case where PV modules do not have the possibility of changing the angle
of inclination and the case when this angle is changed for each month, it is very small (only 50 kWh / year).

However, in order to monitor the position of the sun and adjust the angle of inclination of the PV
module, among other things, an motor and a solar positioner is required. In the unidirectional monitoring
system of the sun position, an additional mechanism for rotating the PV module is needed, and the
maintenance costs due to more frequent system failures and higher own consumption for the operation of the
engine are also higher. Therefore, in order to achieve the required power of the PV system, in this case, it is
much more economical to invest in a larger number of PV modules with constant angle inclinations than in a
unidirectional monitoring system for the position of the sun.

5. CONCLUSION

In this paper, the ambient temperature effect on the photovoltaic (PV) modules for different angles
of inclinations and different intensities of the solar radiation on the surface of the PV module has been
studied by using empirical correlations for natural convection. An analytical model based on the energy
balance equilibrium between the PV module and the environment conditions has been used. The results
obtained indicates that the power of the PV module depends on the ambient temperature. This dependence is
linear in contrast to the dependence of the power of the PV module on the intensity of the sun's radiation and
the angle between the sun's irradiance and the normal on the upper surface of the PV module.

The study also include a proposed formula (8) for calculating the power of the PV modules in
function of the standard test conditions (STC) of the photovoltaic (PV) module (25 °C - 1000 W / m2).
Formula applies to the worst case of cooling PV modules when the wind speed is zero. By comparing
the obtained both results, it can be seen that the largest deviation between the power values obtained by the
analytical model and formula (8) is about (5 %). Also, from the results obtained, It has been shown that in
the case of a smaller number of PV modules corresponding to the required number for an average household,
it is more economical to invest additional resources in increasing the PV module's surface area than in case of

Indonesian J Elec Eng & Comp Sci, Vol. 19, No. 2, August 2020 : 627 - 634



Indonesian J Elec Eng & Comp Sci ISSN: 2502-4752 O 633

the sun tracking system. Of course, this applies to the ambient conditions of location at which the PV
modules are being planned, especially in hot countries such as Irag country.
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