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Effects of Dynamic Shading on Thermal Exergy and Exergy Efficiency of a Photovoltaic
Array
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Abstract: In this study, the effects of dynamic shading caused by an incorrectly positioned transformer building in a Photovoltaic array were investigated regarding the exergy
efficiency and thermal exergy for a year. Experimental and theoretical results show that the thermal exergy is affected by the surface temperature of solar panels depending
on their shading ratio. In addition, as the shading ratio increases, the electrical exergy and power conversion efficiency decrease. It is also seen that the thermal exergy and
exergy efficiency of the PV power system is negatively affected by the increasing solar cell temperature. The average shading ratio of 3.11% during a year causes an
increase of about 23.32% of the thermal exergy, and loss in power conversion efficiency of about 4.88% and loss in exergy efficiency of about 13.72% over a year. Overall,
it can be concluded that the long-term shading will significantly adversely affect the PV array performance in terms of electrical exergy and thermal exergy.
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1 INTRODUCTION

Solar panel devices are one of the fastest developing
technologies that collect solar radiation and convert it into
usable electricity [1]. When converting solar radiation into
electricity some are lost, main of these is released as a
significant amount of heat and is wasted. The operating
temperature of the photovoltaic (PV) panel during
electricity generation is affected by many environmental
parameters such as partial or full shading, dust, paint,
reflection, etc. [2]. Shading effect caused by various
environmental factors that will affect the operation of PV
panels is one of the basic problems. As known the shaded
cells of the PV Modules absorb the electrical power
produced by the unaffected cells, which causes hot spots
and can cause irreversible damages [3]. In other words, the
shading effects on the PV panels increase the cell
temperature due to the formation of hot spots on the surface
of the PV modules and cause the PV systems to heat up,
and heat loss. So it is important to investigate these losses
in order to improve PV system performance.

The performance analysis of the PV panels is
discussed according to the laws of thermodynamics.
Although the first law of thermodynamics discusses the
energy analysis of the PV systems, it does not discuss the
contribution of energy types of the operating sources and it
does not distinguish irreversibility [4]. The second law of
thermodynamics, namely exergy, can be defined as the
maximum work that can be theoretically obtained from a
thermodynamic system [5].

Thermal exergy, which can be expressed as the heat
loss from the PV panel surface during the production of
electricity from the sun, is one of the key parameters in the
investigation of exergy and exergy efficiency, the
performance analysis of PV systems.

Here a brief literature review has been made on the
effects of shading on the efficiency of photovoltaic power
systems, mainly on lost thermal exergy. In recent years,
many energy and exergy analyses have been made to
examine the effects of shading on PV performance; Alonso
et al. (2006) simulated shading effects on photovoltaic
arrays. In their study, the effects of shading ratio, the type
of reverse characteristic of the cell, the length of the array

and the number of shaded cells were analysed [6].
Martinez-Moreno et al. (2010) proposed a mathematical
model to reduce the shading losses in PV modules [7].
Alsayid et al. (2013) simulated the states of photovoltaic
panels in different shading conditions using the Matlab
program [8]. Sener Parlak (2014) proposed a new
maximum power point tracking (MPPT) method for a PV
array system operating under partially shaded conditions
[9]. Khaing et al. (2014) investigated the effects of partial
shading on the operating characteristics of four different
types of solar PV panels, including amorphous thin film,
polycrystalline, CdTe thin film and CIGS thin film PV
panels [10]. Sathyanarayana et al. (2015) analysed the
effect of uniform and non-uniform shading on the
performance of the PV panel [11]. Vijayalekshmy et al.
(2016) proposed a new Zig-Zag array scheme for total
cross-connected interconnection of PV modules to reduce
the partial shading losses [12]. Bayrak et al. (2017)
designed an experimental setup to investigate different
parameters such as shading rate and the shading positions
on the PV panels. They concluded that shading has a
significant effect on the energy and exergy efficiency of the
PV system and the most important effect occurs in the case
of horizontal shading [13]. Madhanmohan et al. (2020)
proposed a new PV module configuration system to
achieve maximum performance under partial shading
conditions known as diagonally dispersed Total Cross Tied
(D-TCT) [14]. Bayrak et al. (2020) investigated the effects
of static and dynamic shading on the thermodynamic and
electrical performance of photovoltaic panels [15].
Tarabsheh et al. (2021) studied the energy efficiency of
partially shaded photovoltaic panels by applying two
single-pole double-throw (SPDT) switches [16].

Several researchers have done the investigation of
thermal effects on PV performance; lakovidis et al. (2014)
conducted wind tunnel experiments to determine the effect
of turbulence intensity on local and average heat transfer
coefficients [17]. Vasel et al. (2017) analysed the effect of
wind direction on the PV array performance. They
concluded that the arrangement of the PV array rows can
significantly affect the turbulence intensity and thermal
losses [18]. Jaffery et al. (2018) proposed a method to
characterize the operating temperature of the PV panel
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under outdoor conditions using thermal imaging [19]. Wu
et al. (2018) performed wind tunnel experiments and
computational fluid dynamics (CFD) simulations to
investigate the temperature distribution on a PV panel, and
the results of this study were used by Ghabuzyan et al.
(2020) [20, 21]. Al-Waeli et al. (2019) discussed the
existing evaluation criteria for PV/T, suggested four novel
methods, and outdoor experiments were done in Bangi-
Malaysia. Dhimish (2020) comprehensively discussed the
performance ratio (PR) of 8000 PV panels distributed
across three regions in England by detailed experiments of
three different PV modules [23]. Ghabuzyan et al. (2021)
investigated the thermal effects on photovoltaic array
performance. In their studies, the relationships between
ambient temperature, wind speed, and wind direction on
PV electrical output were analysed [24].

In this study, a controlled experimental investigation
of thermal exergy phenomenon was carried out due to the
misallocated transformer building creating a shading effect
of a PV array. It is known that the performance of the PV
panel is significantly affected by the shading effect. The
thermal exergy and PV performance analysis have been
made using the real environmental parameters conditions
such as wind speed, cell temperature, ambient temperature
and the PV surface area.

2 MATERIALS AND METHOD
2.1 PV Array

The PV array consists of 240 poly-crystalline panels
each with a maximum output of 260 W controlled by 2
inverters of 15 kW.

This PV array was installed with the support of the
European Union project. Fig. 1 illustrates an image of the
mounted PV array.

Figure 1 Image of the PV array

2.2 Methods

This case study started in June 2019 and continued for
12 consecutive months until May 2020. Technical and
scientific data in sunny and clear sky conditions were taken
on different days. The shading effect occurred dynamically
due to the variation of the sun's height, azimuth and zenith
angles on different months and daily time zones. To
perform the controlled experiment, two arrays of PV panels
(120 panels each) were selected. One array was affected by
shading and the other was unaffected, which were
controlled by two inverters. Solar panels are mounted on
south-facing steel legs with an inclination angle of 23° in
order to benefit from sunlight at the highest level in
different seasons to reduce the installation costs. One array,
which is affected by shading, was named Shaded-Array
(Sh-Array), while the other not affected was named
Unshaded-Array (USh-Array). The measurements of the
shaded area for each month were started with the sunrise in

clear weather, continued until the shade disappeared on the
panels at local time. Each measurement was taken once
every quarter of an hour. Output electrical power
generation (P) data was taken from the inverters. Kipp &
Zonen Pyranometer was used to measure the total solar
radiation on the surface of the modules (/). Wind speed (v)
was measured with Wellhise HT-380 digital anemometers.
Shaded and total array area were measured to find the ratio
of shaded area (R).

3 THEORETICAL ANALYSIS OF THE PV SYSTEM

The performance and thermal exergy analysis of PV
systems can be made on the basis of the first and the second
laws of thermodynamics. As known, the first law of
thermodynamics is not enough to define the system
performance, but the second law of thermodynamics by
considering environmental parameters gives results that
are more realistic.

3.1 Energy Efficiency Analysis

The first law of thermodynamics discusses the energy
analysis of the PV system. Solar irradiation (/) is the sun's
radiant energy incident on a surface of unit area (A4),
expressed in units of W/m?. Incident solar power is given
as:

P.=1,x4 1)

By reaching solar radiation on the surfaces of panels,
PV device converts it into usable electricity.

Maximum electrical output power of the PV panel is
given by:

P=V,I, ()

PV power conversion efficiency is the percentage of
incident solar energy that is converted into electricity:

Vm[m
Mo =2 x100 3)

s

where (1), (Vi) and (4) represent maximum current, the
maximum voltage and the photovoltaic panel area,
respectively. In this study, total PV array (120 panels)
surface is 196 m? (the area of each panel is 1.633 m?).

As seen in Eq. (3), the calculation of the power
conversion efficiency is based on electrical energy, which
is generated by PV, solar radiation and the surface area of
the module. Other environmental parameters such as
ambient temperature, cell temperature and wind speed are
not taken into account.

In energy analysis of PV array only the electrical
energy generated by the system is calculated or simply read
from the inverter, but on the other hand the exergy analysis
by considering environmental parameters, gives more
realistic information about the optimization and
performance of PV systems.
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As with any efficiency calculations, the exergy
efficiency (¥py) of a system is expressed as the ratio of

output exergy (Exom) to input exergy (Exin) [13, 15]:
E
W, =0t 100 )

Ex;,

The Sun is the energy source of the PV systems, so it
is considered as the input energy/exergy. Differently from
the solar energy, the solar radiation exergy simply is
performed by considering the ambient and the sun surface
temperature, which was proposed by Petela [25].

4
. 4(T,\ 1(T
Ex, = Al |1-=| 2% |4+—| == 5

N s

where 7 is the temperature of the Sun 5778 °K.
The exergy output (Exout ) of the photovoltaic systems

can be expressed as follows:
Exout = Exelectrical - Exthermal (6)

where EX il Shows electrical exergy, EXy.... gives

thermal exergy.
Electrical exergy of a PV system is given by:

Ex, =1V, (7

electrical

Thermal exergy, the heat loss from the PV surface to
the environment, can be express as [16]:

. . Ta
Exthcrmal = Q|:1 - ( Tce[[ ]i| (8)

where:
Q = hcaA(Tcell _T;l) (9)
h,, =57+3.8v (10)

where Ty is the temperature of the cell, 4., is the heat
transfer coefficient, v is the wind velocity.

By using Eq. (9) and Eq. (10) in Eq. (8) the thermal
exergy of the PV system is given as:

Exthermal :QI:I_[ Ta j:|hcaA(Tcell _Ta) (11)
cell
As seen in Eq. (11), the thermal exergy depends on the
environmental parameters factors such as wind speed and
cell temperature.
By putting Eq. (7) and Eq. (11) in Eq. (6), the output
exergy is arranged as:

Exout = Ime _|:1_( Ta ]i|hcaA(Tcell _]:1) (12)

cell

By using Eq. (5) and Eq. (12) in Eq. (4), the exergy
efficiency is written as:

[me _|:1_{ Ta j:|hcaA(Tcell _Ta)
Tcell

¥, - . (13)
ar 1= L] M
3\, ) 3l

From these equations, thermal exergy as a heat loss,
which is related to environmental condition, is one of the
important parameters in the performance analysis of PV
systems. It is important to minimize the heat loss of PV
systems to prevent damage of the solar module.

4 RESULTS AND DISCUSSIONS

This study was performed to analyse the shading effect
by a misallocated transformer building on the electrical
exergy and lost thermal exergy of a PV array depending on
the dynamic shading ratio for a realistic view to the
industrial and scientific community.

The data: the intensity of sunlight (/s), wind velocity
(v), ambient temperature (7,), solar cell temperature (7c.:),
electrical power output (P), power conversion efficiency
(11pce) and exergy efficiency (y) for each month were
analysed. Variations of cells temperature, electrical exergy,
thermal exergy, power conversion efficiency and exergy
efficiency of Ush-Array and Sh-Array with different
shading ratios are given in Tab. 1.

Table 1 Variation of cells temperature, electrical exergy, thermal exergy, power conversion efficiency and exergy efficiency of Ush-Array and Sh-Array with different
shading ratio

Months \ USh-Array \ Sh-Array

TL»(,H/ °K E-xclcc /W Exummal /4 Npce / % l//pV/ % TM”/ °K Exclcc /W Ex.hcrmal /W 7’],,“/ % l//pV/ % Shadmg Ratio / %
June. 19 | 305.16 6116 1226 9.12 7.82 306.72 5895 1600 8.79 6.87 2.84
July. 19 | 306.86 5333 1253 8.09 6.64 5022 1587 7.62 5.59 3.57
Agu. 19 | 307.97 4984 1190 7.75 6.33 309.45 4650 1552 7.23 5.17 4.94
Sep. 19 | 302.31 4531 915 7.60 6.50 304.06 4165 1275 6.99 5.20 5.05
Oct. 19 | 297.04 3366 585 7.12 6.30 298.78 3196 881 6.76 5.25 3.25
Nov. 19 | 292.91 3042 593 6.66 5.74 293.58 2981 705 6.52 5.33 1.56
Dec. 19 | 289.89 2918 616 6.50 5.48 290.35 2850 696 6.34 5.13 1.31
Jan.20 | 288.12 2822 630 6.42 5.33 288.97 2746 789 6.25 4.76 1.69
Feb.20 | 288.18 2669 546 6.33 5.38 289.11 2589 704 6.14 4.78 1.91
Mar. 20 | 290.37 3232 676 6.87 5.81 291.86 3042 941 6.46 4.94 3.55
Apr. 20 | 293.69 4148 748 7.80 6.85 295.34 3880 999 7.30 5.80 3.82
May. 20 | 297.39 4309 734 7.85 6.97 298.91 4009 1006 7.34 5.86 3.9
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In order to observe the shading effect, controlled
experimental method was done, Ush-array and Sh-Array at
different shading ratios were analysed under the same
environmental conditions. In the shading affected "Sh-
Array" it was found that the shading ratio varied between
about 1.31% and 3.9% depending on the angle of incidence
of the sunlight during the 12 months a year.

As seen in Tab. 1, the maximum electrical exergy,
power conversion efficiency and exergy efficiency for
Ush-Array and Sh-Array were observed on June 2019. For
USh-Array, the minimum electrical exergy, power
conversion efficiency and exergy efficiency were seen on
February 2020. The minimum electrical exergy, power
conversion efficiency for Sh-Array were observed on
February 2020 and the lowest exergy efficiency for this
case was on June 2019. While the exergy efficiency for
USh-Array varied between 546 W to 1253W during a year,
for Sh-Array it changed from 696 W to 1600 W.

4.1 Measurement of Weather Parameters

The weather conditions of the installation place play an
important role in the exergy evaluation of PV system. Fig.
2 illustrates the intensity of solar radiation, which is
received to the installation area for 12 months of the year.
The amount of solar radiation absorbed by any surface is
simply the product of how much solar energy is incident to
that surface. The incident solar radiation is found to vary
between 215 w/m? to 342 w/m? during a year. The
maximum value of solar radiation is on June 2019 and the
minimum is on February 2020. Wind speed is another
effective parameter for analysing the convective
coefficient heat loss that is used to calculate the thermal
exergy of a PV module. The average wind speeds for the
installation place vary between 2.22 m/s and 3.77 m/s
during a year and this is represented in Fig. 3.
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Figure 2 The intensity of solar radiation during a year

In the exergy analysis of the PV module, the influence
of ambient temperature, and cell temperature is very
important. Increasing in PV cell temperature causes higher
thermal losses in the PV systems. In this study, the
comparison of the cells temperature of USh-Array and Sh-
Array at outdoor temperature is illustrated in Fig. 4.

As seen is Fig. 4, temperature of the Sh-Array is higher
than that of the USh-Array. This is due to the formation of
hot spot which occurred in the shading areas. The highest
cell temperature for USh-Array is 307.96 °K and for

Sh-Array it is 309.45 °K on August 2019. The lowest cell
temperature for USh-Array is 288.12 °K and for Sh-Array
it is 288.97 °K on February 2020.
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Figure 3 Wind speed for the installation place during a year
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Figure 4 Variation of temperature of USh- Array and Sh-Array with different
shading condition over a year

4.2 PV Performance Analysis and Comparison
Variation of electrical exergy of USh- Array and Sh-
Array with different shading condition over a year is shown

in Fig. 5.
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Figure 5 Variation of electrical exergy at Sh-Array and USh-Array over a year

As seen in Fig. 5, typically the electrical exergy of the
Sh-Array is lower than the USh-Array. Due to the
increased shading rate on the PV panel, the loss rate of
electrical exergy increased from June to September. From
September to November, the loss electrical exergy
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decreased. From December to June 2020, the rate of loss
electrical exergy increased again as the shading rate
increased.

The highest electrical exergy for USh-Array is 6116 W
and for Sh-Array it is 5895 W on June 2019. In addition,
the lowest electrical exergy for USh-Array is 2669 W and
for Sh-Array it is 2588 W on February 2020.

The variation of thermal exergy of USh- Array and Sh-
Array with different shading ratio over a year is given in
Fig. 6.
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Figure 6 Thermal exergy of USh- Array and Sh-Array with different shading
condition over a year

In Fig. 6, the thermal exergy varied depending on the
shading ratio. In addition, thermal exergy of the Sh-Array
is higher than the USh-Array. The highest thermal exergy
for USh-Array is 1253 W on July 2019 and for Sh-Array it
is 1600 W on June 2019. In addition, the lowest thermal
exergy for USh-Array is 546 W and for Sh-Array it is
704 W on February 2020. As a result, the maximum
thermal exergy loss is 374 W on June 2019 and minimum
thermal exergy loss is 158 W on February 2020. Average
3.11% shading ratio causes 23.32% increase in thermal
exergy over a year.

The efficiencies (power conversion and exergy) ratio
and loss efficiencies ratio graphs of PV panels for Sh-Array
and USh-Array conditions are shown in Fig. 7 and Fig. 8
for different months.

As seen in Fig. 7, power conversion efficiency and
exergy efficiency in the Sh-Array are lower than the USh-
Array. In addition, exergy efficiency is lower than the
power conversion efficiency for all conditions. The highest
value of power conversion efficiency for USh-Array is
9.12% and for Sh-Array is 8.79% on June 2019. The lowest
value of power conversion efficiency for USh-Array is
6.33% and for Sh-Array is 6.14% on February 2020. While
the value of exergy efficiency for USh-Array varies
between 7.82% on June 2019 to 5.38% on February 2020,
the value of exergy efficiency for Sh-Array varies between
6.87% on June 2019 to 4.76% on January 2020. These
results are in good agreement with the reported results by
Kumar et al. (2020) [26].

Fig. 8 shows that the loss power conversion efficiency
and loss exergy efficiency varied depending on the shading
ratio. The highest loss power conversion efficiency ratio is
8.07% on September 2019 and the lowest loss power
conversion efficiency ratio is 2.01% on November 2019.
As a result, the maximum loss exergy efficiency is 20.08%

on September 2019 and minimum loss exergy efficiency
ratio is 7.08% on December 2019. Average 3.11% shading
ratio during a year causes 4.88% and 13.72% losses in
power conversion and exergy efficiency respectively over
a year.
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Figure 7 Variation of power conversion and exergy efficiency of USh-Array and
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Figure 8 The loss power conversion and exergy efficiencies ratio of Sh-
Array and USh-Array over a year.

5 CONCLUSION

The thermal exergy phenomenon created by the
shading of an incorrectly positioned transformer building
on the electricity generation of a PV array has been
analysed and discussed on energy and exergy efficiency for
one year and 12 months.

The main results of this study are summarized as
below:

- Environmental factors such as the solar irradiation and
wind speed are effective parameters on the performance of
the PV systems.

- The temperature of the cells forming the solar panel
changes depending on the ratio of the shaded area falling
on it. It can be concluded that the reverse current caused by
partial shading causes high temperature on the module.

- The output electrical power of the PV array decreases
as the shading ratio increases.

- The exergy efficiency and thermal exergy of the PV
power system are inversely affected by the PV cell
temperature.

- The thermal exergy increases as the shading ratio
increases.
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- Environmental parameters (wind speed, ambient
temperature, cells temperature etc) have a notable impact
on the exergy efficiency of the PV power system.

- Exergy efficiency is lower than the power conversion
efficiency for all conditions because the exergy efficiency
by considering environmental parameters gives results that
are more realistic.

- Shading ratio of about 3.11% during a year causes an
increase of about 23.32% in thermal exergy, about 4.88%
loss in power conversion efficiency and 13.72% loss in
exergy efficiency over a year.

According to the results, it can be concluded that the
shading caused by an incorrectly positioned transformer
building will significantly affect the performance of the PV
array, in other words, the operation of the panels. In
addition, due to shading the temperature of the cells
forming the panels can be risky to damage the solar
module. As a recommendation, it is important to construct
the transformer building in the right place to avoid shading
effects and thermal losses in the PV array.

6 REFERENCES

[1] Hepbasli, A. (2008). A key review on exergetic analysis and
assessment of renewable energy resources for a sustainable
future. Renewable and sustainable energy reviews, 12(3),
593-661. https://doi.org/10.1016/j.rser.2006.10.001

[2] Smith, J., Hinterberger, M., Schneider, C., & Koehler, J.
(2016). Energy savings and increased electric vehicle range
through improved battery thermal management. Applied
Thermal Engineering, 101, 647-656.
https://doi.org/10.1016/j.applthermaleng.2015.12.034

[3] Hanifi, H., Pander, M., Jaeckel, B., Schneider, J., Bakhtiari,
A., & Maier, W. (2019). A novel electrical approach to
protect PV modules under various partial shading situations.
Solar Energy, 193, 814-819.
https://doi.org/10.1016/j.solener.2019.10.035

[4] Lior, N. & Zhang, N. (2007). Energy, exergy, and second law
performance criteria. Energy, 32(4), 281-296.
https://doi.org/10.1016/j.energy.2006.01.019

[5] Korzenszky, P. (2022). Linear Model of DHW System Using
Response Surface Method Approach. Tehnicki vjesnik,
29(1), 66-72. https://doi.org/10.17559/TV-20201128095138

[6] Alonso-Garcia, M. C., Ruiz, J. M., & Herrmann, W. (2006).
Computer simulation of shading effects in photovoltaic
arrays.  Renewable  Energy,  31(12), 1986-1993.
https://doi.org/10.1016/j.renene.2005.09.030

[7] Martinez-Moreno, F., Mufioz, J., & Lorenzo, E. (2010).
Experimental model to estimate shading losses on PV arrays.
Solar Energy Materials and Solar Cells, 94(12), 2298-2303.
https://doi.org/10.1016/j.s0lmat.2010.07.029

[8] Alsayid, B., Alsadi, S., Jallad, J., & Dreidy, M. (2013).
Partial shading of PV system simulation with experimental
results. Smart Grid and Renewable Energy, 4, 429-435.
https://doi.org/10.4236/sgre.2013.46049

[9] Parlak, K. S. (2014). FPGA based new MPPT (maximum
power point tracking) method for PV (photovoltaic) array
system operating partially shaded conditions. Energy, 68,
399-410. https://doi.org/10.1016/j.energy.2014.02.027

[10] Khaing, H. H., Liang, Y. J., Htay, N. N. M., & Fan, J. (2014).
Characteristics of different solar PV modules under partial
shading. Int. J. Electr. Comput. Electron Commun. Eng, 8,
1328-1332.

[11] Sathyanarayana, P., Ballal, R., Sagar, P. L., & Kumar, G.
(2015). Effect of shading on the performance of solar PV
panel. Energy and Power, 5(1A), 1-4.

[12] Vijayalekshmy, S., Bindu, G. R., & Iyer, S. R. (2016). A
novel Zig-Zag scheme for power enhancement of partially
shaded solar arrays. Solar Energy, 135, 92-102.
https://doi.org/10.1016/j.solener.2016.05.045

[13] Bayrak, F., Ertiirk, G., & Oztop, H. F. (2017). Effects of
partial shading on energy and exergy efficiencies for
photovoltaic panels. Journal of cleaner production, 164, 58-
69. https://doi.org/10.1016/j.jclepro.2017.06.108

[14] Madhanmohan, V. P., Nandakumar, M., & Saleem, A.
(2020). Enhanced performance of partially shaded
photovoltaic arrays using diagonally dispersed total cross
tied configuration. Energy Sources, Part A: Recovery,
Utilization, and Environmental Effects, 1-19.
https://doi.org/10.1080/15567036.2020.1826008

[15] Bayrak, F. & Oztop, H. F. (2020). Effects of static and
dynamic shading on thermodynamic and electrical
performance for photovoltaic panels. Applied Thermal
Engineering, 169.
https://doi.org/10.1016/j.applthermaleng.2020.114900

[16] Tarabsheh, A. A., Akmal, M., & Ghazal, M. (2021).
Improving the Efficiency of Partially Shaded Photovoltaic
Modules without Bypass Diodes. Electronics, 10(9).
https://doi.org/10.3390/electronics 10091046

[17] Iakovidis, F. & Ting, D. S. K. (2014, November). Effect of
Free Stream Turbulence on Air Cooling of a Surrogate PV
Panel. ASME International Mechanical Engineering
Congress and Exposition, 46521.
https://doi.org/10.1115/IMECE2014-36560

[18] Vasel, A. & Takovidis, F. (2017). The effect of wind direction
on the performance of solar PV plants. Energy Conversion
and Management, 153, 455-461.
https://doi.org/10.1016/j.enconman.2017.09.077

[19] Jaffery, Z. A. & Haque, A. (2018). Temperature
measurement of solar module in outdoor operating
conditions using thermal imaging. Infrared Physics &
Technology, 92, 134-138.
https://doi.org/10.1016/j.infrared.2018.05.017

[20] Wu, S. Y., Wu, Y. Y, Xiao, L., & Yang, Z. (2018).
Experimental study of natural convection heat transfer from
a nonuniformly heated flat plate simulating PV panel.
Journal of Mechanical Science & Technology, 32(1).
https://doi.org/10.1007/s12206-017-1243-5

[21] Ghabuzyan, L., Kuo, J., & Baldus-Jeursen, C. (2020,
November). Quantifying the Effects of Convective Heat
Transfer on Photovoltaic Performance and Optimal Tilt
Angle. ASME International Mechanical Engineering
Congress and Exposition, 84560.
https://doi.org/10.1115/IMECE2020-24356

[22] Al-Waeli, A. H., Sopian, K., Kazem, H. A., & Chaichan, M.
T. (2019). Novel criteria for assessing PV/T solar energy
production. Case Studies in Thermal Engineering, 16.
https://doi.org/10.1016/j.csite.2019.100547

[23] Dhimish, M. (2020). Thermal impact on the performance
ratio of photovoltaic systems: A case study of 8000
photovoltaic installations. Case Studies in Thermal
Engineering, 21 .https://doi.org/10.1016/j.csite.2020.100693

[24] Ghabuzyan, L., Pan, K., Fatahi, A., Kuo, J., & Baldus-
Jeursen, C. (2021). Thermal Effects on Photovoltaic Array
Performance: Experimentation. Modeling, and Simulation.
Applied Sciences, 11(4). https://doi.org/10.3390/app11041460

[25] Petela, R. (1964). Exergy of heat radiation. Journal of Heat
Transfer, 86(2), 187-192. https://doi.org/10.1115/1.3687092

[26] Kumar, N. M., Subramaniam, U., Mathew, M., Ajitha, A., &
Almakhles, D. J. (2020). Exergy analysis of thin-film solar
PV module in ground-mount, floating and submerged
installation methods. Case Studies in Thermal Engineering,
21. https://doi.org/10.1016/j.csite.2020.100686

1894

Technical Gazette 29, 6(2022), 1889-1895



Seyed Hamed POUR RAHMATI KHALEJAN, Vedat KESKIN: Effects of Dynamic Shading on Thermal Exergy and Exergy Efficiency of a Photovoltaic Array

Contact information:

Seyed Hamed POUR RAHMATI KHALEJAN, PhD student
Department of Physics,

Ondokuz Mayis University,

55139, Samsun, Turkey

E-mail: Hamedpourrahmati@gmail.com

Vedat KESKIN, PhD, Assistant Professor
(Corresponding author)

Civil Aviation College,

Samsun University,

55420, Samsun, Turkey

E-mail: vedat.keskin@samsun.edu.tr

Tehnicki viesnik 29, 6(2022), 1889-1895

1895




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


