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ABSTRACT

Significant advancements have been made in the field of renewable energy worldwide. In light of these improvements, renewable energy will meet a substan-
tial part of Turkiye’s energy needs in the future. Solar energy is abundantly present in many parts of the country, and grid-connected solar photovoltaic (SPV)
power plants are gaining increasing importance. In the present study, the performance analysis of a 250 kWp solar power plant built at the Dicle University was
performed in accordance with the performance criteria in the standard IEC 61724. Final yield, reference yield, and performance ratio were detected to vary
from 1.94 to 5.98 kWh/kWp-day, 2.1 to 8.88 kWh/kWp-day, and 58 to 99%, respectively. The average annual performance ratio, capacity factor, and system
efficiency were observed to be 83%, 1.23%, and 97.6%, respectively. This study also presents the calculated performance parameters along with such values
as energy generation, global radiation, temperature, wind, and sunshine duration of the period concerned. The results presented provide insight into the long-
term performance of the solar power plant under actual working conditions in Tiirkiye. The obtained results were also compared with the performance ratios of
solar power plants (SPP) in other countries as reported in the literature. Thus, the performance ratios of SPP in different countries were comparatively assessed.

Index Terms—IEC 61724, performance analysis, solar energy.

I. INTRODUCTION

While the world was trying to reduce the harmful effects of COVID-
19, a global energy crisis began to be experienced in the world with
the invasion of Ukraine by Russia [1, 2]. This war caused a shortage
of fossil fuels and an increase in fossil fuel prices. As a result of this
adverse impact, investments in solar PV and wind generation have
increased worldwide. It is predicted that the installed power capacity
of solar PV will increase by approximately 1500 GW in 2027, exceed-
ing the energy capacity of coal. According to the IEA Renewables
2022 report, it is predicted that annual solar energy capacity will
continue to increase every year [3]. Considering this foresight, the
data obtained from solar power plants (SPP) that are installed and
in operation are of great importance in order to make maximum use
of solar energy. By analyzing the data obtained from plants installed
and operating under real atmospheric conditions, it will be pos-
sible to have information about the energy to be obtained and plant
performance. In light of these data, it will be possible to obtain the
region-specific design criteria for SPP to be established and maxi-
mum benefit will be provided.
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In this context, many scientific studies are conducted regarding the
performance analysis of SPP. Performance analyses of many SPP
with various capacities built particularly in different parts of India in
recent years were performed according to the standard IEC 61724
[4-8]. Performance analyses of SPP with various capacities in differ-
ent countries of Europe were also performed [9-13]. Performance
analyses of SPP with various capacities in the USA, New Zealand,
South Korea, and Brazil were also conducted [14-17]. Furthermore,
performance analyses of SPP in Africa were performed [18]. In addi-
tion, various solar cell technology (polycrystalline (Pc-Si)), monocrys-
talline (mc-Si), Copper Indium Disulphide (CIS) thin film, Amorphous
Silicon photovoltaic (PV) systems were assessed by using perfor-
mance parameters based on the standard IEC 61724 in various coun-
tries, and results were compared [19-22].

Nevertheless, there is no study in the literature regarding the per-
formance analysis of power plants built in Turkiye according to the
standard IEC 61724. Turkiye has a highly significant potential in terms
of solar energy. Therefore, a performance analysis to be conducted
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will have a great importance. The southeastern Anatolian Region
of Turkiye was chosen for the analysis as it is one of the regions
with the most solar energy potential in Turkiye [23]. In this study, a
1-year performance analysis of the 250 kWp solar power plant built
in the Engineering Faculty of Dicle University was conducted. Data
required for the analysis were obtained from the power plant and
the meteorological measuring station installed in the region. Global
solar radiations and sunshine durations for the period studied were
compared with the electrical energy generation values of the power
plant. Thus, it was possible to examine the degree to which the cur-
rent potential was used. Performance parameters identified in the
standard IEC 61724 were also calculated. In light of all these data,
the performance of Dicle University Solar Power Plant was assessed.

Il. TECHNICAL DESCRIPTION OF THE SYSTEM

Dicle University Solar Power Plant is installed at the geographical
coordinates of 40.016'E longitude and 37.054'N latitude. Its plant
power is 250 kWp. The ambient air temperature of the solar power
plant varies between 31.1°C— and 1.7°C throughout the year [24].
In this system, 1000 modules with 250 Wp power were placed at a
30-degree tilt angle facing south. Moreover, 60 solar cells are pres-
ent in each module. Characteristics of the panel used are given in
Table I [25].

In the power plant, one 10 kW and eight 30 kW outdoor-type invert-
ers were used for the strings. The inverters have two MPPT inputs
each. The plant is made of eight 30 kW and one 10 kW strings. Each
of the 30 kW strings has six arrays. Every three arrays are connected
to one MPPT input of the inverter. Each of the 10 kW strings has two
arrays. Each of these arrays is connected to a separate MPPT input.
In each array, 20 modules are serially connected. Catalog informa-
tion of the inverters is given in Table I [26], [27].

Dicle University Solar Power Plant is connected to the network via a
34.5kV line. Network contact is provided by the conversion of low volt-
age at the inverter outputs to high voltage by a three-phase 0.4/34.5

Main Points

The article notes significant advancements in renewable
energy globally, emphasizing the potential for renewable
sources to meet a substantial part of Tirkiye’s energy needs
in the future. This context sets the stage for understand-
ing the importance of solar energy and its role in Tirkiye’s
energy strategy.

The article compares the performance of the Dicle University
solar power plant with various international studies. This
comparative approach helps to contextualize the perfor-
mance of the Turkish plant within a global framework, high-
lighting both similarities and differences. Such comparisons
include studies from India, Europe, the USA, New Zealand,
South Korea, Brazil, and Africa, among others

One-year production data of the solar power plant estab-
lished at Dicle University was examined. Thus, it provides
important information in terms of evaluating and optimizing
solar energy potential.

TABLE |
MODULE CHARACTERISTICS

Measured Values Reference Values

Nominal power 253.1438 W 250 W
Maximum power voltage 30.3639V 30.38V
Maximum current 8.337A 8.29A
Open circuit voltage 37.1664 V 37.12V
Short circuit current 8.796 A 8.76 A
Maximum system voltage 1000V

kV 50 Hz, 630 KVA dry-type transformer. The general wiring configura-
tion of Dicle University Solar Power Plant is shown in Fig. 1 [28].

Meteorological station data used in this study were taken from
the solar measuring station placed on the roof of Dicle University
DUBTAM (Science and Technology Research and Application Center)
building [29]. The solar measuring station is able to measure and
record eight different data: global radiation, sunshine radiation,
temperature, humidity, wind speed, wind direction, maximum wind
speed, and maximum wind direction. For this purpose, a pyranom-
eter and related sensors and data loggers for wind and temperature
measurements are used in the solar measuring station. Total radia-
tion data were measured in W/m? in 10-minute intervals, sunshine
duration was measured in minutes and temperature was measured
in centigrade degrees. LoggerNet program was used to record these
data in the computer and to analyze them. Total global radiation
in W/m? was multiplied with time data and converted into energy
data in kWh/m?. Average annual temperature, total sunshine dura-
tion, average global radiation, and average wind speed values for
the winter period attained from the measuring station are given
in Table Ill. Since total sunshine duration and global radiation are
the highest in July, the energy generated is the highest during this
month with 46.38 MWh. Average annual temperature, total sun-
shine duration, average wind speed, and global radiation values are
17.30°C, 240 hours, 1.52 m/s and 5.1 kWh/m?2-day respectively.

TABLE Il
INVERTER INFORMATION

30 kW 10 kw

Inverter Inverter
Maximum input power - 28 600 W 12 800 W
Maximum input voltage U vv-miax nput 1000 V 900V
Minimum input voltage U wvemin input 500V 360V
Maximum input current lvepra 64 A 18A
Maximum output current - 46 A 22A
Maximum output power - 27 600 W 12 500 W
Maximum yield N 98.2% 97.8%
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Fig. 1. Configuration of the Dicle University Solar Power Plant.

In this PV plant system, 10 different parameters including immediate
PV power, PV energy, generated power, generated energy, DC power,
DC voltage, current, voltage, frequency, and inverter temperature of

the 250 kWp power plant can be measured and recorded by using
a data ogger. Inmediate data were recorded in the data logger at
5-minute intervals. The data logger has 12 digital inputs-outputs, 6
analogue inputs, and 2 RS-485 serial communication ports. Recorded
data can be remotely accessed and monitored by using the Aurora
Vision program.

11l. PERFORMANCE CRITERIA OF PHOTOVOLTAIC POWER
PLANTS

The standard IEC 61724 is a standard used to examine the perfor-
mance of SPP. Performance analysis of Dicle University solar power
plant was conducted in accordance with IEC 61724 standard param-
eters [4], [30—32]. According to this standard, the energy and perfor-
mance values of the system are monitored within a certain period
(t). The analysis of data obtained can be assessed in terms of days,
months, and years by using the following definitions and formulas
[4], [5], [13]. The first performance parameter reference yield (Y;)
is the ratio of total solar radiation received by a particular platform
(H,) to the reference radiation G (1 kW/m?) and is expressed with the
following equation:

v H, (kWh/m?)

* Gkw/m?) ()

Another performance parameter is the array yield (Y,). Array yield is
the ratio of energy generated from the PV arrays in the system within
a certain time period (day/month/year) to the installed power and is
expressed with the following equation:

_Epg(kWh)
P kW)

In this equation, E, , refers to the energy generated by the system
and P, refers to the installed power. Another performance parameter

Ya (2)

TABLE 111
MONTHLY AVERAGE VALUES OF MEASURED METEOROLOGICAL DATA

Date Average Temperature °C Total Sunshine Duration Average Wind Speed (m/s) Global Radiation (kWh/m?2-day)
January 1.69 119.74 1.22 2.16
February 8.68 170.56 1.06 3.7
March 10.43 215.59 1.39 4.36
April 16.72 279.93 1.21 6.25
May 20.44 29.84 1.75 6.9
June 27.26 337.98 2 7.65
July 31.89 401.59 2.51 8
August 32.68 350.95 1.6 6.67
September 24.89 325.48 2.1 5.82
October 19.94 283.5 1.024 4.16
November 9.81 233.67 0.91 2.97
December 2.96 128.06 1.425 1.79
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used is the final yield (Y;). Final yield is the ratio of energy transferred
to the system within a certain time period (day/month/year) to the
installed power and is expressed with the following equation:

- EUse,PV
Y= 2PV

a (3)

In this equation, £, ,, indicates the energy transferred to the sys-
tem and P, indicates the installed power. Performance ratio (PR), one
of the performance criteria identified in the standard IEC 61724, is
defined as the ratio of the final yield to the reference yield [12].

i

R

PR (4)
This parameter is used to assess the performance and the long-
term changes. Capacity factor (CF) refers to the ratio of total energy
generated all year round to the annual potential energy of the PV
panel [33].

_ EAC,a

= (5)
8760%Ppy rated

In this equation, E,., is the value of total energy generated all year
round in kWh, Py, .., is the installed PV power and 8760 is the num-
ber of hours in a year. The yield of the system is expressed with the
following equation:

E AC
H. %A,

nsys,m -

(6)

In the equation, E,. refers to the AC power generated by the system,
H, refers to the radiation received by the system and A, refers to the
surface area of the system. Energy losses occurring in the system
can also be calculated. During the operation of the system under
actual conditions, losses occur due to various components of the

power plant [5]. These losses can be described as. Array loss (L.):
the difference between the reference yield and array yield of the
system [34].

Le=Yz-Ya (7)
System loss (L): the difference between the array yield and final
yield.

Ly=Y)-¥ (8)
IV. FINDINGS
The installation of Dicle University solar power plant was initiated
in August 2015 and completed in November 2015. It started energy
generation by December 2015. Thereafter, data from the plant were
recorded with a data logger and then, by means of a program used
for remote monitoring of SPP, data were monitored and recorded.
12-month data received from the data logger were subjected to a
performance analysis according to the standard IEC 61724 by using
this program and results were obtained. System performance was
calculated with the help of measured values. Table IV demonstrates
the actual performance parameters calculated from the measured
values.

When Table V is carefully examined, it is observed that the final yield
varies between 1.94 kWh/kWp-day and 5.98 kWh/kWp-day. The
final yield reached its lowest value in January and its highest value in
July. Reference yield was found to vary between 2.1 kWh/kWp-day
and 8.88 kWh/kWp-day. Reference yield reached its lowest value in
January and its highest value in July. The performance ratio varied
between 58% and 99%. The performance ratio reached its highest
value in December and February and its lowest value in May when
energy generation was interrupted for 4 days due to a system failure.

TABLE IV
CHANGE OF PERFORMANCE PARAMETERS BY MONTH

Y, (kWh/kW) Y, (kWh/kWp) PR CF n
January 2.12 1.94 0.915 0.007 0.973
February 3.47 3.45 0.99 0.012 0.97
March 4.36 4.2 0.96 0.015 0.979
April 6.88 4.86 0.71 0.017 0.98
May 7.65 4.44 0.58 0.016 0.981
June 8.49 5.37 0.64 0.018 0.98
July 8.88 5.98 0.68 0.021 0.98
August 7.4 5.3 0.71 0.019 0.98
September 6.43 5.18 0.81 0.018 0.982
October 4.61 4.21 0.91 0.0149 0.981
November 36 3.56 0.98 0.0122 0.978
December 2.1 2.08 0.99 0.0073 0.976
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Fig. 2. Change of global radiation and power generation for February.

Average annual system ratio, capacity factor, and system efficiency
were detected to be 83%, 1.23%, and 97.6% respectively.

This study also included a detailed assessment of a month chosen
from each season. February for winter, April for spring, July for sum-
mer, and October for autumn were chosen for this purpose. In the
analysis performed, radiation values and generation values were
compared and the impact of temperature and wind on energy gener-
ation was studied. Fig. 2 shows the change in the average total radia-
tion and generated power hour by hour during the day for February
2016. February was sunny in general. Maximum values of the aver-
age total radiation for February were measured around 550 kWh/m?.
The maximum value of the generated power was close to 150 kW.

Fig. 3 presents the daily change of generated energy, temperature,
and wind speed for February. This graph shows that generated
energy varies depending on temperature and wind changes on
days with the same global radiation values. It was measured that
the maximum energy generated in February reached 1471.7 kWh.
On February 3, 2016, the energy was 1269 kWh under the condi-
tions of 356.7 W/m? global radiation, 3.9°°C temperature, and 1.6
m/s average wind speed, while the energy generated on February 4,
2016, was 1248 kWh under the conditions of 356 W/m? global radia-
tion, 4.4°C temperature and 0.5 m/s average wind speed. Although
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Fig. 4. Change of global radiation and power generation for April.

average temperature and global radiation values were so close to
each other on both days, the 1.1 m/s difference between the wind
speeds caused a 20.1 kWh more energy generation. In addition, the
desired level of energy could not be generated on some days due to
the cloudiness although the weather was generally clear in February.

Fig. 4 shows the change in the average total radiation and gener-
ated power hour by hour during the day for April 2016. Maximum
values of total radiation in April exceeded 800 kWh/m?2. On the other
hand, the maximum value of generated power was around 170 kW.
Furthermore, the generated power surpassed the installed power
for an instant on April 1 with 251 kWp.

Fig. 5 presents the daily change of generated energy, temperature,
and global radiation for April. It is observed that the maximum energy
generated on April 24, 2016, reached 1799.9 kWh. The energy gen-
erated on April 4, 2016, was 1404.6 kWh under the conditions of
523.12 W/m? radiation, 14°C temperature, and 1.31 m/s average
wind speed. The energy generated on April 5, 2016, was 1368.6 kWh
under the conditions of 523 W/m? global radiation, 13.8°C tempera-
ture, and 0.6 m/s average wind speed. Although average tempera-
ture and global radiation values were so close to each other on both
days, the 0.71 m/s difference between the wind speeds caused 35.8
kWh more energy generation. Moreover, despite the clear weather
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Fig. 3. Change of energy generated in February depending on global
radiation and temperature.

Fig. 5. Change of energy generated in April depending on global
radiation and temperature.
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Fig. 6. Change of global radiation and power generation for July.

on April 15,2016, with 523.21 W/m? global radiation, only 151.1 kWh
of energy was generated due to a technical failure and an energy loss
of approximately 1100 kWh occurred on this day.

Fig. 6 demonstrates the change in the average total radiation
and generated power hour by hour during the day for July 2016.
Maximum values of total radiation in July reached 800 kWh/m?.
On the other hand, the maximum value of generated power was
around 200 kW.

Fig. 7 shows the daily change of generated energy, temperature, and
global radiation for the month of July. It is observed that the maxi-
mum energy generation reached 1782.60 kWh on July 21, 2016. The
energy generated on July 9, 2016, was 1512 kWh under the condi-
tions of 555.2 W/m? radiation, 30°C temperature, and 2.4 m/s aver-
age wind speed. The energy generated onJuly 30, 2016, was 1479
kWh under the conditions of 555.1 W/m? global radiation, 31°C tem-
perature, and 1.4 m/s average wind speed. Although average tem-
perature and global radiation values were so close to each other on
both days, the 1 m/s difference between the wind speeds caused a
33 kWh more energy generation.

Fig. 8 demonstrates the change in the average total radiation and
generated power hour by hour during the day for October 2016.
Maximum values of total radiation in October reached 600 kWh/
mZ2. On the other hand, the maximum value of generated power was
around 170 kW.

Fig. 9 shows the daily change of generated energy, temperature,
and global radiation for the month of October. It is observed that
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Fig. 8. Change of global radiation and power generation for October.

the maximum energy generation reached 1418.5 kWh on October
1, 2016. The energy generated on October 19, 2016, was 1134 kWh
under the conditions of 394.5 W/m? radiation, 21°C temperature, and
0.9 m/s average wind speed. The energy generated on October 20,
2016, was 1164 kWh under the conditions of 394 W/m? global radia-
tion, 18°C temperature, and 0.9 m/s average wind speed. Although
average wind speed and global radiation values were so close to
each other on both days, the 3°C difference between the tempera-
tures caused a 30 kWh more energy generation. Furthermore, a full-
scale energy generation could not be provided for 2 days on October
7-9, 2016, due to a technical failure. The energy loss resulting from
the failure of energy generation on these 2 days is approximately
2300 kWh.

The monthly energy generation by the Dicle University solar power
plant throughout 2016 is given in Fig. 10. A total of 385.86 MWh
of energy was generated in 2016. The highest energy generation
was in July with 46.38 MWh. The lowest energy generation was in
January with 15 MWh. The power plant has been in operation since
November 2015 and generated 702.17 MWh of energy by the end
of October 2017.

Table V shows the comparison of performance ratios of 20 SPP
installed in different countries and subjected to performance analy-
sis. According to the average annual performance ratios, the power

8y .
@
<]
S

g

Generated Ener;
3
o

600 T T T T T T

- NN -
200, N\ 115

Global Radiation
5
Temperature

Days

Fig. 7. Change of energy generated in July depending on global
radiation and temperature.

Fig. 9. Change of energy generated in October depending on global
radiation and temperature.
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Fig. 10. Monthly change of energy generated.

plant installed in Algeria had the lowest performance with 2.3 kWp.
However, due to the lack of a full-scale annual analysis and the low
installed power of this power plant, its data is questionable. The
highest performance ratio was 86.6% achieved by the 12 MWp
power plant installed in India, followed by the 10 MWp power plant
also in India. The present study yielded better results than 14 studies
with a performance ratio of 82.3% and ranked fifth among the power
plants with the best performance ratios. When the power plant per-
formances are analyzed in general, 10 power plants have a perfor-
mance ratio above 0.8%. While two of these power plants installed
in India achieved a performance ratio of over 0.86%, another power
plant installed in South Africa ranked third with a performance ratio
of 0.84%. Subsequent power plants are those installed in Brazil, Iran,
and Turkiye with performance ratios of about 0.82%. This also proves
that the power plants in countries located in the tropical zone exhib-
ited better performance compared to others. Table V also shows the
periods with the highest and lowest performance ratios within the
year. While the highest monthly performance ratio reached 0.99%,
the lowest performance ratio was 0.35%. Dicle University Solar
Power Plant which is addressed in this study reached a performance
ratio of 0.99% in December and February. The lowest performance
ratio, on the other hand, was in May with 0.58%. Energy generation
was interrupted for four days in May due to a system failure, which
led to a decreased performance ratio in this month. A similar situa-
tion happened in June as well.

V. CONCLUSION

In this study, a 250 kW solar power photovoltaic plant installed
in the Southeastern Anatolian Region of Tirkiye was analyzed in
accordance with the standard IEC 61724. Meteorological data were
also measured in the one-year period concerned. Obtained perfor-
mance values were compared with the performance values in the
literature. Data regarding the location of Dicle University Solar Power
Plant installed in the southeast of Tirkiye were assessed for the said
1-year period. According to this data, the highest radiation value was
measured in June with 619.88 kWh/m?. Average annual tempera-
ture, total sunshine duration, average wind speed, and global radia-
tion values were 17.30°C, 240 hours, 1.52 m/s, and 5.1 kWh/m?-day,
respectively. The highest total annual sunshine duration was in July
with 401.59 hours.

It is observed from the results of the performance analysis of Dicle
University Solar Power Plant according to the standard IEC 61724
that the final yield varied between 1.94 and 5.98 kWh/kWp-day.
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The final yield reached its lowest value in January and its high-
est value in July. Reference yield was found to vary between 2.1
kWh/kWp-day and 8.88 kWh/kWp-day. Reference yield reached its
lowest value in January and its highest value also in July. The per-
formance ratio of the power plant was observed to vary between
58% and 99%. The performance ratio reached its highest value in
December and February and its lowest value in May when energy
generation was interrupted for 4 days due to a system failure.
Average annual performance ratio, capacity factor, and system
efficiency were detected as 82.3%, 1.23%, and 97.6% respectively.
Final yield and reference yield were found to reach their highest
values in July with 5.98 kWh/kW and 8.88 kWh/kWp, respectively.
Reference yield was found high because the weather was gener-
ally sunny and sunshine duration was long in the month of July.
However, the performance ratio in July was below average at 0.68.
This is due to the fact that the temperature was too high and, as a
result, reduced the panel efficiency although the radiation and sun-
shine duration had high values. In addition, since there was no rain
in July, the panel surfaces got contaminated and thus decreased
the panel efficiency. Therefore, panel surfaces have to be cleaned
especially in the months of summer.

Energy generation data of the power plant shows that 385.86 MHw
of energy was generated throughout 2016. The highest energy gen-
eration was in July with a value of 46.38 MWh. The lowest energy
generation was in January with a value of 15 MWh. Due to the
system failures and power outages in the network, approximately
13.922 kWh of electrical power that was supposed to be generated
in 2016 could not be generated.

The comparison of the performance ratio of Dicle University Solar
Power Plant with that of other power plants in the literature pro-
vides insight into the performance of polycrystalline PV technology
under Tirkiye’s climatic conditions. The comparison revealed that
the performance ratio of the solar photovoltaic system in Tirkiye
was higher than those in Canada, New Zealand, South Korea, China,
Singapore, Pakistan, parts of India, Ireland, and Italy, but lower than
those in Brazil, Iran, South Africa, and some parts of India. The aver-
age annual performance ratio of Dicle University Solar Power Plant
PV system was 82.3. It can be deduced from these results that the
performance ratios of potential SPP to be installed in the southeast
of Turkiye would be over 0.80 and that this value would be close to
the performance ratios of countries achieving the best results. An
analysis of the performance ratios in the literature shows that the
highest performances were achieved in some regions of India in the
tropical zone with high altitudes. It was observed that the perfor-
mance ratio in the southeast of Tirkiye decreased during summer
due to such reasons as high temperature and contamination. It is
possible to increase the average performance ratio by taking the
necessary precautions against this problem.
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