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Abstract: Currently, for the determination of the suitable and optimal PV power plant according to the
climate conditions of the concerned region, researchers focus on the estimation of certain performance
factors, which are reported to be the key parameters for the analysis of the performances of grid-
connected photovoltaic (PV) power systems. In this context, this paper focuses on on-site real-time
analysis of the performance of three solar photovoltaic plants: Sidi-bel-Abbés (12 MW,,), Laghouat
(60 MWp,), and Ghardaia (1.1 MWy). These plants are located in different regions experiencing diverse
climatic conditions in Algeria. The analysis was carried out by the standardized norms of IEC 61724,
using monitoring data collected over one year. The photovoltaic power plants were evaluated in terms
of performance factors, such as the reference yield (Y;), final yield (Y¢), performance ratio (PR), and
capacity factor (CF). On the other side, based on real data collected at the concerned sites, two linear
functions depending on solar irradiance and the PV module temperature for each site are proposed
for the evaluation of the generated alternative power output (Pac) for the three PV plants. The
obtained results based on the study presented in this paper can help designers of PV power plants of
different technologies and different climate conditions to precisely decide the convenient technology
that allows the best production of the electrical energy for grid-tied PV systems. Furthermore, this
study can contribute in giving a clear vision of the implementation of upcoming large-scale solar PV
power plants in Algeria within the studied area and other areas.

Keywords: grid-tied PV plant; different climatic conditions; ratio performance; statistical analysis; Algeria

1. Introduction

The location of Algeria is one of the areas most affected by the consequences of climate
change. Therefore, Algeria has included the environmental aspect in the economic devel-
opment process and announced promising programs for the development of renewable
energy and energy efficiency since 2011, which were modified and updated in 2015 [1].
This program aims to reach 40% of the electricity production capacity from renewable
energy sources by 2030, and to reduce dependence on fossil energy sources, especially
natural gas, in the production of electric energy due to the increase in internal demand
for electricity and gas needs, which are expected to reach 150 TWh and 55 billion m? in
2030, respectively (Abada and Bouharkat 2018) [2]. It also aims to develop a real solar
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industry, associated with a training and capitalization program that will ultimately es-
tablish efficient know-how, particularly in terms of engineering and project management.
Algeria’s geographical location qualifies it to be a leader in the field of producing electric
energy from renewable sources, especially solar energy, because it is the most abundant
source, especially in the high plateaus and southern region of the country [3-5]. This
energy potential is seen as an alternative energy source to provide a comprehensive and
sustainable solution to challenges such as conserving fossil fuels, reducing greenhouse gas
emissions, and acting as a lever for economic and social development, particularly through
the creation of industries that create wealth and jobs.

The delay recorded in the implementation of the national program to reach 22 GW
of renewable energy sources by 2030 prompted the Algerian authorities to adopt a new
approach that would give a strong impetus to the exploitation of renewable energies
and activate their role in achieving the desired sustainable development [6]. In 2020,
Algeria adopted a new program with a production of 15,000 MW connected to the national
electricity grid by 2035, of which a first tranche of 4000 MW is to be produced by 2024
(Prime Minister of Algeria, 2020) [7].

Since 2014, 24 grid-connected photovoltaic plants and 1 wind farm with a capacity of
354.3 MW have been installed in various regions of the country [8]. The evaluation of their
performances becomes a necessity to bring a definitive confirmation of the feasibility of
this type of system.

The performance of a solar photovoltaic plant (SPVP) is affected by many specific
factors, which are related to the site and the weather conditions such as temperature,
wind speed, solar radiation intensity, air pollution, etc. [9-14]. Indeed, the most important
parameter which usually characterizes the performance of a solar PV power plant is the
performance ratio “PR”, which is defined as the ratio between the final yield of the solar PV
plant to the reference yield and whose value is independent of the location and size of the
solar PV plant. This parameter is very important for designing, monitoring, and planning
a solar PV plant at any location and it is furthermore used to compare solar PV systems
installed in different directions and/or locations.

Indeed, in the last year, many papers have studied the performance of different
grid-connected PV plants, which were localized in different sites in North Africa, Sahel,
and Middle Eastern countries. In 2021, the authors in [15] studied the performance of a
48 kW, grid-connected photovoltaic plant installed in Nouakchott, Mauritania, which is
characterized by Sahel climate conditions; their research conducted measurements of the
ratio performance “PR”, capacity factor “CF”, and the final yield “Y¢” which were found to
be 77.75%, 19%, and 4.56 kWh/kW,, /d, respectively. In 2016, the authors of [16] presented a
detailed assessment of a 5 kW, grid-connected photovoltaic system based on experimental
data obtained in real-time on-site for one year; the studied PV plant was implemented on
a specific location that is the roof of a government building in Tangier, Morocco. Their
study allowed the measurement of the three performance parameters PR, CF, and Y,
which were 79%, 14.83%, and 4.45 kWh/kW,,/d, respectively. In 2014, Kazem et al. [17]
presented a study of a 1.4 kW), grid-connected photovoltaic system installed in Sohar,
Oman. This study used real-time on-site measurements based on hourly solar radiation
and ambient temperature data during the period from July 2012 to June 2013, where the
authors proposed a performance investigation on the studied system based on two main
factors as the capacity factor and yield factor which were 21% and 1875 kWh/kW,, /year,
respectively.

In 2015, the authors of [18] presented the analysis performance assessment of four
roof-mounted PV systems (111.4 kW, 50.4 kW, 215.7 kW), and 994 kW) in Abu Dhabi,
UAE, for one year using two different solar cell technologies: multi-crystalline silicon (m-5i)
and single-crystalline silicon (c-Si) technologies. The parameters which were taken into
consideration in this investigation were the monthly average and annual performance
parameters such as the total produced energy, final yield “Y;”, energy payback time (EPBT),
capacity factor “CF”, and CO, emission reduction.
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In 2020, the authors of [19] analyzed a grid-connected PV power plant of 2130.7 kW,
in the eastern part of Turkey based on several performance parameters, mainly the final
yield, reference yield, inverter efficiency, system efficiency, capacity factor, performance
ratio, and annual final yield. The analysis led to obtaining the values of 81.15%, 18.86%,
and 4.53 kWh/kW,,/d for the PR, CF, and Yy, respectively.

In India, Kumar et al. [20] presented the operational performance of a grid-tied solar
photovoltaic plant integrated into pre-fabricated portable cabin buildings. This study was
carried out based on one year of on-site collected data. The results showed that the final
yield was about 3.7 kWh/kW, /d. The performance ratio of the PV plant and the capacity
factor were 71.30% and 15.21%, respectively.

In 2009, the performance evaluation of a 171.36 kW, grid-connected PV system in-
stalled at the park of C. Rokas SA in Sitia, Crete, was presented based on the obtained
on-site measurement data during the year 2007, where the generated energy from this PV
plant ranged from 335.48 kWh to 869.68 kWh [21]. It was confirmed by the calculation
brought by the authors that the final yield “Y¢” ranged from 1.96 h/d to 5.07 h/d, and the
performance ratio “PR” ranged from 58 to 73%, leading to an annual PR of 67.36%.

In the last few years, several research works on the performance of grid-connected
plants were established in particular regions of Algeria under different climate conditions.
In 2015, the authors of [22] studied the operation performance of a grid-connected PV
system installed on the roof of the administrative building of the Centre of Renewable
Energies Development located in Algiers, Algeria. It was found during the year of the
study that the annual injected energy to the grid from this PV system is 10,981 kWh with a
performance ratio between 62% and 77%.

In [23], an experimental analysis was performed based on a one-year investigation of a
20 MW, grid-connected PV plant mounted on a ground base at Ain El-Melh in high-plateau
climate conditions in Algeria. The obtained ratio performance “PR” was 71.59%, and the
capacity factor “CF” was in the range of 16.65-24.57%, while the final yield “Y{” was in the
range of 3.99 h/d-5.897 h/d.

In 2022, the performance analysis of a 30 MW,, PV plant polycrystalline technology
based and which was installed in a semi-arid climate region of Ain Skhouna located in
Saida, Algeria, was presented in [24]. This analysis was carried out based on one year (2018)
of on-site collected data where a PR value of 85.52% was confirmed. In [25], the evaluation
of the performance of a 23.92 MW, PV plant located in the area of El Bayadh, Algeria, was
presented. This was carried out during an operation period of 36 months from March 2017
to February 2020. The obtained values of the performance ratio, capacity factor, and mean
final yield were 82.02%, 20.64%, and 4.95 kWh/kW,, /d, respectively.

In the arid Saharan climate, many grid-connected plants have been installed in the
south of Algeria. For example, in [26], a detailed evaluation analysis of a 28 kW, PV
plant installed on the rooftop of the Research Unit for Renewable Energies in Adrar in
the Saharan region of southern Algeria was carried out from March 2017 to February
2018. It was confirmed by the authors that the yield values of the maximum /minimum
monthly average reference and array yield values were 6.7/5.4 h/day and 5.5/3.2 h/day,
respectively. Furthermore, the evaluated efficiencies of the annual average PV module, the
inverter, and the system reached values of 11.37%, 96.46%, and 10.99%, respectively.

In [27], an experimental analysis was performed based on a 12-month investigation of
a 6 MW grid-connected PV plant mounted on a ground base at Zaouiet Kounta in a hot
desert climate at Adrar in the southern region of Algeria. The obtained ratio performance
(PR) was 73.68%, and the capacity factor “CF” was in the range of 20.32-23.4%, while
the final yield “Y¢” was 5.15 kWh/kW/d. In [28], a study was carried out based on
two commercial simulators, HOMER Pro and RETScreen Expert, for the prediction of
the performance of a 20 MW,, PV plant in a hot desert climate of the Adrar region in
the south of Algeria using real data obtained on-site for 26 months of operation. The
obtained values based on real data for the year 2017 of PR and CF were 74.36% and 20.81%,
respectively, while the final yield “Y¢” was 4.98 kWh/kW/d. In [29], a study was conducted
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by the authors with four PV plants located in Ghardaia in the south of Algeria, with the
same rated power of 100 kW;, under different PV cell technologies such as polycrystalline
(poly-Si), 100 kW, monocrystalline (mono-5i), 100 kW, amorphous silicon (a-5i), and
100 kW, thin-film cadmium-telluride (Cd-Te). The obtained PRs for each plant were 78%,
80%, 85%, and 81.50%, respectively. It was also indicated that the capacity factor “CF”
values were 19.03%, 20.51%, 22.11%, and 21.22%, respectively, while the final yields “Y”
were 4.54 kWh/kW,,/d, 4.85 kWh/kW,,/d, 5.29 kWh/kW,/d, and 4.98 kWh/kW,/d,
respectively.

In this study, three (3) grid-connected photovoltaic plants were mounted in three
different regions in Algeria including Sidi-bel-Abbés, Laghouat, and Ghardaia based on
real-time data obtained from the Supervisory Control and Data Acquisition (SCADA)
system. The data were recorded every 30 min. The analysis was carried out by the
standardized norms of IEC 61724 [30], using monitoring data collected over one year.

The PV plants were evaluated in terms of the final yield (Ys), reference yield “Y,”,
performance ratio “PR”, and capacity factor “CF”.

The main contribution of this research can be summarized as follows:

e An analysis of the performances of three (3) solar photovoltaic plants including Sidi-
bel-Abbés (12 MWy,), Laghouat, (60 MW,,), and Ghardaia (1.1 MW,,) located in differ-
ent regions covering different climatic conditions in Algeria.

e  The prediction of the relationship between key factors such as the alternative power
output “Pac” and ratio performance of three (3) solar photovoltaic plants using mod-
ule temperature, air temperature, and solar irradiance, based on statistical analysis.

e A comparison study of the performances of the three studied solar photovoltaic plants
with other plants installed across the world.

This work aims to provide the performance analysis of three large-scale grid connected
PV plants in varied climate conditions. The results of this analysis can contribute to
understanding the challenges faced by PV plants in this environment and can help local
and international investors to enhance the design and economic features of upcoming
large-scale solar PV power plants in Algeria.

This paper is divided into five sections. Section 2 is devoted to the description of
the three plants and the performance analysis. Section 3 is dedicated to the results and
discussion. Section 4 focuses on the statistical analysis with a comparative study with other
work. The conclusion is presented in the last section of the paper.

2. Materials and Methods
2.1. Description of Three Power Plants

The grid-connected PV systems installed in three different regions covering different
climatic conditions in Algeria, which are part of the national renewable energy program,
are presented in this study. The first PV plant is 12 MW}, which is located in Dhaya of the
Sidi-bel-Abbés (SPVP_1) region in the west of Algeria. The PV panels are mounted on
a support structure facing south and tilted at 15°. The plant injects its produced power
directly into the national 60 kV power system.

The second grid-connected PV power plant has a peak power of 60 MW,, and is
located in Lekhneg, in the Laghouat region, in the south of Algeria. This PV plant injects its
produced power directly into the national 30 kV power system, where the produced energy
covers approximately one-seventh of the region’s needs. The PV panels are mounted on a
support structure facing south and tilted at 25°.

The third PV power plant has a peak power of 1.1 MW, and is located in Oued Nechou
in the south of Algeria within the Ghardaia region. This PV plant is dedicated to studying
the performance of the four technologies: monocrystalline (mono-Si), polycrystalline (ploy-
5i), cadmium telluride (Cd-Te), and amorphous (a-Si) under southern climatic conditions
and divided into eight (8) sub-systems and two (2) type of structures (fixed and motorized).
The PV panels are mounted on a support structure facing south and tilted at 30° for fixed
structure sub-systems. The plant injects its produced power directly into the national 30 kV
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power system. The detailed specifications of the three PV plants are presented in Table 1.
Their geographical localization and distribution are shown in Figure 1. A block diagram of
the three PV solar plants is shown in Figure 2.

Figure 1. Location and snapshot of the three studied PV power plants.

Table 1. The specifications of the three power plants.

PV Solar Fields Sidi-bel-Abbés Laghouat I and II Ghardaia
Latitude and longitude 34°41'32.23" N, 0°36'2.89" O 33°43/26.74" N, 2°48'45.27" E 32°36'1.46" N, 3°42/3.42" E
Installed capacity 12 MWy, 60 MW, 1.1 MWy

6089 (1880 x 250 W (mono-Si),
1960 x 235 W (poly-Si),

Number of solar panels 47,808 (%250 W, Poly-5i) 240,000 (%250 W, Poly-5i) 988 x 103 W (a-Gi),
1261 x 80 W (Cd-Te))
Number of inverters 12 (x 880 kVA) 120 (x500 kW) 8 (6 x 96 kW + 2 x 239 kW)
Area 32.6 Ha 120 Ha 10 Ha

2.2. Performances Analysis of the Three Solar Photovoltaic Plants (SPVP)

The performance of each solar PV power plant grid-connected (SPVP) has been ana-
lyzed using the technical indices based on the available data collected on-site, such as the
performance indicators developed by the International Energy Agency (IEA) within the
Photovoltaic Power Systems Program, which were established initially by the IEC standard
61724 [29-33]. In this study, data were recorded every 30 min and the monitoring system
was designed according to IEC 61724 [30] where many parameters, such as solar irradiance,
ambient temperature, and power generation, are measured instantly. The methodology
followed is shown in Figure 3.

The definitions of the main indices examined in this work for the performance analysis
of the aforementioned solar PV plants are presented in detail in the following sub-sections.
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Figure 2. Block diagram of the three PV solar plants: (a) SPVP_1, (b) SPVP_2, (c) SPVP_3.
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On grid solar photovoltaic plants: Sidi-bel-Abbés
(12MW,)), Laghouat (60MW,), and Ghardaia (1.1MW,)

: B

Collect the readings of the solar irradiance,air

temperature and alternative power output which recorded

through SCADA from the SPV power plants

: 3 2

Statistical analysis and Performance Analysis according to

comparison IEC standards 61724, using monitoring

data collected over one year

. 3

Calculation of performance parameters

Y., Y, PR, CF
Comparison of the three PV
Results of perfi
plants with other PV plants around - eswlts of periomance
analysis

the world

Figure 3. Methodology followed in this study.

2.2.1. Global Radiation and Alternative Energy Output Exc

The total in-plane solar radiation refers to the cumulative irradiance observed under
real outdoor conditions during the measurement sampling period “t”, as expressed by the
following equation [30]:

N
Hy = TZ Gmes,i/ (1)
i=1
where T is the sampling time of the measurements presenting the duration of the measure-
ment interval which is considered to be a constant along all of the measurement intervals;
Gmes,i (kW/ m?) is the measured value of the in-plane irradiance at interval “i” and N is the
number of intervals along the entire duration of measurements TM (N = TM/1).
The alternative energy output is defined as the amount of alternating current (AC)
power produced by the solar PV system over a given period.
The total AC energy injected into the grid is expressed as follows [30]:

N
Eac = TZ Pmes,ir (2)
i=1

where Ppesi (kW) is the measured transferred power by the inverter and is injected into
the power system at interval “i”.
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2.2.2. Reference Yield Factor “Y,”

The reference yield “Y,;” is defined as the ratio between the global in-plane solar
radiation H; to the reference irradiance Hg (1 kW/m?) under standard test conditions
(STC). This parameter represents the number of hours of sunshine equivalent to solar
irradiance at standard conditions and is dependent on the location, the orientation, and the
tilt angle of the PV plant [21,29,31]. It is described by the following Equation (3) [32]:

_ Hi(kWh/m?)

Ye = Hg (kW /m2) ’

®)

2.2.3. Final Yield Factor “Y;”

The final yield factor “Y;” is defined as the ratio between the produced and injected
energy output into the grid “Exc” over one day “d”, month “m”, or year and the rated
power of the PV array plant (Ppy, rated) under the reference solar irradiance (1 kW /m?) and
reference PV cell temperature (25 °C). It can also be described as the number of operational
hours that a solar PV plant has to operate at its rated power to provide the same energy
as at peak power. Y; provides a convenient way to compare PV plants regardless of their
size. The daily final yield “Y;4” and monthly average final yield “Y; ,” are described by
the following equations [21,29,32]:

EAC,d kWh
Yiq = Eaca(kWh) , 4)
PPV,rated (kW)
1 N
Yim = Y Yia ®)
a=1

where Exc q is the total daily AC energy output, Ppy, rated is the rated power capacity, and
N is the number of days in a month.

2.2.4. Performance Ratio “PR”

The performance ratio plays a crucial role in assessing the performance of a solar PV
plant. It represents the overall impact of energy production losses in a solar PV system and
remains independent of the system’s installed size and location. Consequently, it serves as
a valuable metric for comparing the performance of PV plants installed worldwide [33].
The performance ratio is mathematically defined as the ratio between the final yield “Y¢”
of the PV system and the reference yield “Y,”, expressed as follows [32]:

_ e

PR =
Y’

(6)

2.2.5. Capacity Factor “CF”

The capacity factor “CF” represents the electrical energy injected into the grid by a
solar PV system. When a system consistently delivers the maximum energy based on its
installed capacity, the capacity factor is equal to one [29]. This factor can be defined as the
ratio between the total energy “Exc, v” delivered into the grid and the energy that could be
generated if the PV system operated at its peak power “Ppy yateq4” for 24 h a day throughout
the entire year [32,34]. Therefore, it can be expressed as:

Yy EacT
CF = = L , 7
24nd  Ppy rateq.8760 @

nd: Number of days of the year.
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3. Results and Discussions
3.1. Yield Factors

The study presented in this section focuses on the analysis and presentation of on-
site measured data collected for three solar PV plants, namely Sidi-bel-Abbés (SPVP_1),
Laghouat (SPVP_2), and Ghardaia (SPVP_3), situated in different regions during their
respective monitoring periods. The data for SPVP_1 and SPVP_2 were recorded from
January to December 2020, while the data for SPVP_3 were collected from January to
December 2017. The analysis is based on key performance parameters, including monthly
average air temperature, daily average solar radiation, final yield (Yf), performance ratio,
and capacity factor.

Figures 4-6 display the daily solar radiation incident on the PV array plane and
the corresponding air temperature for the three studied regions, respectively. Figure 4
illustrates the recorded measurements in Telagh, Sidi-bel-Abbés (SPVP_1), showing the
lowest temperature of 6.09 °C in January and the highest temperature of 25.48 °C in July.
The daily solar radiation on the PV array plane ranged from 2.42 kWh/m?/d in December
to 7.47 kWh/m?/d in June.

Figure 5 presents data for Lekneg, Laghouat (SPVP_2), revealing daily average solar
radiation varying between 3.10 kWh/m?/d in December and 7.81 kWh/m?/d in July.
The highest monthly average air temperature value of 33.99 °C was recorded in August,
whereas the minimum value of 9.82 °C was observed in January.

In Figure 6, the recorded data for Oued Nechou, Ghardaia (SPVP_3) indicate a max-
imum daily solar radiation on the PV array plane of 7.14 kWh/m?/d in March and a
minimum of 5.38 kWh/m?2/d in December. The maximum air temperature of 41.9 °C was
observed in July, while the lowest air temperature of 15.7 °C was recorded in December.
The yearly average radiation for SPVP_1, SPVP_2, and SPVP_3 were 5.01 kWh/m?/d,
5.3 kWh/m?/d, and 6.51 kWh/m?/d, respectively. Similarly, the yearly average air tem-
peratures for the three sites were 15.5 °C, 21.75 °C, and 29.04 °C, respectively. Notably, the
lowest solar radiation value was observed in Telagh, Sidi-bel-Abbés (SPVP_1), whereas the
highest was recorded in Oued Nechou, Ghardaia (SPVP_3). Additionally, the highest air
temperature was observed in Oued Nechou, Ghardaia (SPVP_3), while the minimum was
recorded in Sidi-bel-Abbés (SPVP_1).

| - Solar radiafion HNhIm2g —l— Monihw a\srﬁe airtswra'us ;Cl I
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—
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= =
8 2 <
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(’) 5
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Figure 4. Values of monthly average of solar radiation and air temperature for SPVP_1 in
Sidi-bel-Abbés.
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Figure 5. Values of monthly average of solar radiation and air temperature for SPVP_2 in Laghouat.
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Figure 6. Values of monthly average of solar radiation and air temperature for SPVP_3 in Ghardaia.

Figures 7-9 depict the daily reference and final yields for the three sites. It is obvious
that typically, the PV plant output varies from one month to another along the seasons and
the year. It can be observed that the recorded measurements for the sites of Sidi-bel-Abbés
(SPVP_1), and Laghouat (SPVP_2) show relative seasonal variations in the reference yield
“Y;” which is higher from May to August and lower from November to January. This
is contrary to the site of Ghardaia that shows a relatively mostly stable daily reference
yield “Y;” for the most part of the period of monitoring. The yearly average daily refer-
ence yield recorded at the three PV plants was 5.01 kWh/kW,,/d, 5.30 kWh/kW,/d, and
6.51 kWh/kW,,/d, respectively. The highest value of Y; recorded at Ghardaia shows that
a high amount of solar irradiation was received by the PV module surfaces. In contrast,
the final yield “Y¢” recorded at the three sites varied following this rule between maxi-
mum values and minimum values for each site independently; for example, for SPVP_1 it
varied between the values of 5.07 kWh/ kWp /d in June and 2.52 kWh/ kWp /d in Decem-
ber; for SPVP_2, it varied between 5.57 kWh/ kWp /d in February and 3.60 kWh/ kWp /d
in December; and for SPVP_3 it varied between 3.88 kWh/kW,/d in December and
4.60 kWh/kW,,/d in April. The gaps between the maximum and minimum recorded val-
ues for each site were 2.55 kWh/ kWy, 1.97 kWh/kWp,, and 0.72 kWh/kW,,, respectively.
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On the other side, it was observed that the average daily values of Y¢ recorded at the three
PV plants were, respectively, 4.15 kWh/ kWp /d, 4.68 kWh/kWp/d, and 4.94 kWh/ kWp /d.
It can be concluded that in the general case, the values of both Y; and Y; were directly
proportional to solar radiation and that a higher Y, meant more solar radiation was received
in that site [35,36].
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Figure 7. Values of monthly average reference and final daily yield in Sidi-bel-Abbés.
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3.2. Performance Ratio and Capacity Factor

The performance ratio “PR” remains independent of the solar PV plant’s size and
location, serving as a quantifier for the overall impact of losses (losses due to the cell, losses
due to non-STC temperature, converter losses, wire losses, and shading losses, etc., [20])
occurring during the plant’s operation, particularly at the output side along the converters’
conversion [37].

Figures 10 and 11 provide insights into the monthly average performance ratio and air
temperature, offering a better understanding of the behavior of the solar PV plants at the
three study sites, namely SPVP_1, SPVP_2, and SPVP_3. Throughout the study period, the
three PV plants exhibit a distinct seasonal pattern for the performance ratio, fluctuating
between minimum and maximum values. For SPVP_1, the minimum value of 0.66 and the
maximum value of 1.101 were recorded in July and January, respectively, with an average
PR of 0.8301. SPVP_2 displayed a minimum PR value of 0.641 and a maximum value
of 1.251 in July and January, respectively, with an average of 0.883. SPVP_3 recorded a
minimum PR value of 0.607 in January and a maximum value of 0.836 in October, with
an average PR of 0.759. Surprisingly, the performance ratio showed lower values during
colder months than in warmer months. The lower PR values observed at SPVP_3 were
attributed to frequent interruptions in power production in some subsystems at the solar
power plant site and the unavailability of measurement data on certain days throughout
the year.
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Figure 10. Values of monthly average performance ratio for the three PV plants.
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Figure 11. Values of monthly average air temperature for the three PV plants.
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Furthermore, the figures indicate that in the winter months, the measured PRs have
higher values compared to other months, which can be attributed to the low module tem-
peratures resulting from the colder ambient temperature at the site, as shown in Figure 10.
Conversely, lower PR values were measured in the summer months due to the relatively
high module temperatures influenced by the elevated ambient temperature at the site,
resulting in higher capture losses. This observation aligns with findings reported by Kumar
et al. (2020) and Aoun et al. (2017) [20,35].

Moreover, the PRs were greater than 1.00 in January and December for SPVP_1 and
during the period from November to February for SPVP_2. These higher PRs can be
attributed to the extremely low temperature conditions at both sites during these periods,
as shown in Figure 11. However, for SPVP_3, the PRs remained below 1 throughout the
year due to significantly higher temperatures compared to the other two sites, as depicted
in Figure 11. The gap between the maximum and minimum PR values results is 0.441, 0.61,
and 0.229 for SPVP_1, SPVP_2, and SPVP_3, respectively. Overall, the performance of all
PV plants is slightly higher in winter than in summer, and the PR values fall within the
range considered suitable according to European PV standards.

The PRs values represent the level of losses experienced by the three PV plants, which
can be attributed to different losses cited above. PR values within 0.80 and 0.85 are consid-
ered good, while values below 0.75 indicate a weak performance of the solar power plant
for the respective site [38]. It can be concluded that in order to improve the performance
ratio (PR), it is necessary to choose the appropriate module technology and reduce the
system losses or this can be achieved by decreasing the module PV temperature [39].

The capacity factor “CF” of solar PV plants depends on the global solar irradiance,
the cell conversion efficiency of the PV panels, and the operating time of the solar PV
plant (Vasisht et al., 2016) [40]. The CF varies eventually with the AC energy produced
in agreement with the Y¢ of the PV plant (Yadav et al., 2018) [41]. Figures 12-14 depict
the monthly average capacity factor for the three plants. The monthly CF ranges between
21.13% in May and 10.51% in December for SPVP_1. It varies between a minimum value
of 15.11% in December and a maximum value in February of 24.01% for SPVP_2, and it
varies between a maximum value of 24.42% in October and a minimum value of 15.41% in
January for SPVP_3. The mean CF values of these PV plants are 17.2%, 19.45%, and 20.6%
for SPVP_1, SPVP_2, and SPVP_3, respectively, within the study period.
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Figure 12. Values of monthly average capacity factor in Sidi-bel-Abbés.
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Figure 13. Values of monthly average capacity factor in Laghouat.
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Figure 14. Values of monthly average capacity factor in Ghardaia.

Recently, Kumar et al. [42] reported that the CF ranged from 15.25 to 16.33% depending
on the PV module technology, such as crystalline, cadmium telluride (CdTe), and copper
indium selenium (CIS). It can be concluded that the overall mean values of the capacity
factor for the three sites are compatible with the acceptable values.

Figure 15 summarizes the experimental key performance parameters for each solar
PV plant. In fact, the ratio performance of SPVP_2 possesses the highest annual PR (88.3%)
which is followed by SPVP_ 1 (83.01%) and finally SPVP_3 (75.9%). It can be said that the
values of the annual PR of SPVP_1 and SPVP_2 during the measurement period may be
considered acceptable with respect to the values which are reported in the literature.

3.3. Classification of Photovoltaic Power Plants in Algeria

Figure 16 shows the annual average performance ratio for different solar PV plants
operating in varied climatic conditions in Algeria. It can clearly be observed that the
performance ratio of SPVP_2 (88.3%) is higher than other PV plants installed in other
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regions in the country, where it is followed by the PV powerplant installed in the region
of Saida (85.52%) based on the study presented in [24], which is using the same module
technology (poly-Si) as the first PV plant SPVP_1. In the third position is the PW power
plant using a-Si technology which is a part of SPVP_3 that is installed in Ghardaia (85%)
and is discussed separately in the study presented in [29]. It is worthy of note that in this
last power plant of Ghardaia, which is using four different technologies, the performance
ratio (78%) that is related to the poly-Si photovoltaic module technology is lower than that
of the other technologies used in the same area (mono-5i, Cd-Te, a-5i). From these results,
it can be concluded that the optimal choice of photovoltaic array technology leads to an
increase in performance ratio. A PR value above 80% is considered good, while values
below 75% indicate a weak performance of the solar power plant for the respective site.
According to this criterion, the most suitable areas for installing photovoltaic power plants
can be classified as follows: Laghoaut, Saida, Ghardaia, Sidi-bel-Abbés, and El Bayadh, and
these areas meet the aforementioned criterion.
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Figure 15. The experimental performance parameters for each solar PV plant: (a) reference yield “Y,”
and final yield “Y¢”, (b) performance ratio “PR” and capacity factor “CF”.

PV plant 9.54 kWp mono-Si, Algiers 71
PV plant 20 MWp poly-Si, M'Sila 71.59
PV plant 28 kWp mono-Si, Adrar 71.89
PV plant 6 MWp Poly-Si, Adrar 73.68
PV plant 20 MWp Poly-Si, Adrar J 74.36
SPVP_31.1 MWp, Present study 75.9
PV plant subsystem 100 kWp poly-Si, Ghardaia 78
PV plant subsystem 100 kWp mono-Si, Ghardaia 80
subsystem PV 100 kWp Cd-Te, Ghardaia 81.5
PV plant 23.92 MWp Poly-Si, EL Bayadh 82.02
SPVP_112 MWp Poly-Si, Present study 83.01
PV plant subsystem 100 kWp a-Si, Ghardaia 85
PV plant 30 MWp Poly-Si, Saida 85.52
SPVP_2 60 MWp Poly-Si, Present study 88.3
0 10 20 30 40 50 60 70 80 90
Performance Ratio (PR) [%]

Figure 16. Classification of PV power plants in Algeria.

3.4. Comparison of the Three PV Plants with Other PV Plants around the World

The performance indicators of the three solar PV plants are compared with solar PV
installations in different regions of Algeria and the world as shown in Table 2. From this
table, it can be observed that the ratio performance of SPVP_2 (88.3%) is higher than the
other systems, followed by Saida, Algeria (85.52%) [24], and finally, Malaysia (85.40%) [39].
The yearly average final yield for SPVP_1 (Sidi-bel-Abbés) is found to be lower than that of
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Turkey [19] and higher than that of Crete, Greece [21]. The PV system with an amorphous
silicon installation in Ghardaia, Algeria, recorded the highest yearly average final yield
of 5.29 kWh/kW,/d [29]. The capacity factors of the present study show a satisfactory
result compared with the CF of the other PV plants’ studies in Table 2. The solar PV plants
under study demonstrate a superior ratio performance compared to PV plants installed
in other locations, even though they operate under similar outdoor conditions. These
differences in ratio performance can be attributed to several factors, including the PV panels’
technology [29], the inverter technology utilized [43], and the specific configuration of the
PV plants [44]. Overall, these findings indicate that Algeria offers favorable conditions for
the efficient deployment of PV systems. The results underscore the potential of solar energy
utilization in the country, which could contribute to further advancements in renewable
energy initiatives.

Table 2. Performance parameters of solar PV plants for different locations.

Plants . .
. . Final Yield Y
Location Capacity PV Type f PR [%] CF [%] References
[KW,] [kWh/iwp/d]
Sidi-bel-Abbés, 12,000 poly-Si 415 83.01 17.20
Algeria 60,000 poly-Si 4.68 88.3 19.45
Laghoaut, 455.9 * poly-Si
A((lggeria 465 * mono-Si Present Study
Ghardaia, 100.1168 ** a-Si 494 759 20.60
Algeria. 100.8 ** Cd-Te
100 poly-Si 454 78 19.03
Ghardaia, 100 mono-Si 4.85 80 20.51 9]
Algeria 100 a-Si 5.29 85 2211
100 Cd-Te 498 81.50 21.22
M’Sila, Algeria 20,000 poly-Si 3.99-5.897 71.59 21.16 [23]
Adrar, Algeria 28 mono-Si 44 71.89 18.58 [26]
Adrar, Algeria 6000 poly-Si 5.15 73.68 20.32-23.4 [27]
Adrar, Algeria 20,000 poly-Si 4.98 74.36 20.81 [28]
Bouzareah,
Algeria 9.54 mono-Si 2.15-4.30 71 -- [22]
(rooftop PV)
Saida, Algeria 30,000 poly-Si 49 85.52 -- [24]
El Bayadh, .
Algeria 23,920 poly-Si 4.95 82.02 20.64 [25]
Nouakchoutt,
Mauritania 48 poly-Si 4.56 77.75 19 [15]
(rooftop PV)
Tangier,
Morocco 5 poly-Si 4.45 79 14.84 [16]
(rooftop PV)
Sohar, Oman 14 poly-Si 5.14 84.6 21 [17]
1144 poly-Si 4.16 80 17.37
Abu Dhabi, 50.4 poly-Si 493 81 20.57
UAE . (18]
(rooftop PV) 215.7 mono-Si 3.63 70 15.13
994 mono-Si 3.94 -- 16.40
Turkey 2130.7 poly-Si 453 81.15 18.86 [19]
Crete, Greece 171.1 poly-Si 3.66 67.40 15.30 [21]
Malaysia .
(rooftop PV) 232.50 mono-Si - 85.40 14.85 [39]

* Motorized and ** fixed structure.
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4. Statistical Analysis and Comparison

Statistical analysis was carried out to analyze and find the models of the influence
between the key performance factors such as the AC power output (Pac mes) and ratio per-
formance and the environmental factors such as solar irradiance and module temperature
of the three (3) solar photovoltaic plants under study:.

Temperature is another deciding parameter for the generation of solar power PV
plants. A high temperature reduces the energy yield of PV modules operating in real
conditions. The relationship between PV cell temperature “Ty,” and air temperature “T ;"
used in this paper is expressed as follows:

G
Tm = Tair + %(TNOCT —20), 8)

where NOCT is the nominal temperature operation cell and G is the measured value of the
in-plane irradiance at the particular time.

Figure 17 indicates the variation in monthly average module temperature “Tr,” for
the three PV plants. From this figure, the recorded measurements at Telagh, Sidi-bel-Abbés
(SPVP_1) show that the lowest module temperature of 15.28 °C was recorded in December
and the highest temperature of 53.02 °C was recorded in July. For Lekneg, Laghouat
(SPVP_2), the highest monthly average module temperature value (56.75 °C) was recorded
in July and the minimum monthly average module temperature value (22.66 °C) was
recorded in December. In contrast, for Oued Nechou, Ghardaia (SPVP_3), the maximum
module temperature (58.23 °C) was observed in July and the lowest module temperature
(28.41 °C) was observed in December. Similarly, the yearly average module temperatures
recorded for the three PV plants were 34.54 °C, 40.55 °C, and 43.53 °C, respectively. It can
be clearly observed that the highest module temperature was recorded at Oued Nechou,
Ghardaia (SPVP_3), and the minimum value was recorded in Sidi-bel-Abbés (SPVP_1).

| Il T, Sidi Bel Abbés Il Ty, Laghoaut Il Tm_Ghardaia ‘

(4] 2]
o o

£
o

Module temperature T [°C]
N [ 23
o o

=
o

Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec
Month

Figure 17. Values of monthly average module temperature for the three PV plants.

Figures 18-20 show the relationship between the P mes and the in-plane solar irradi-
ance and module temperature for the three power plants over the monitored period. Based
on the used data which were obtained for the performed measurements during the month
of December with a sampling time of 30 min, the statistical analysis allows us to find the
model that allows us to define the relationship between Pac mes (kW) and the in-plan solar
irradiance G (W/m?) of each studied power plant as follows:

PAC_SPVI’_l = —52.434 + 12.882Gnes, 9)
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Pac_spvp_2 = —365.17 + 74.761Gmes, (10)
Pac spyp 3 = —8.5125 + 0.7957Ges, (11)
100 y= a5 (a) % y=13796x+ 42788 (b)
1 oo | K084
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Figure 18. Relationship for SPVP_1 in Sidi-bel-Abbés: (a) Between Pac mes (kW) values and solar
irradiance (W/m?) for the month of December, (b) between PAc mes (kW) values and the module PV
temperature (°C) during a whole year.
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Figure 19. Relationship for SPVP_2 in Laghouat: (a) Between Pac mes (kW) values and solar irradiance
(W/m?) for the month of December, (b) between Pac mes values and the module PV temperature (°C)
during a whole year.
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Figure 20. Relationship for SPVP_3 in Ghardaia: (a) between Pac mes (kW) values and solar irradiance
(W/m2) for the month of December, (b) between P AC,mes Values and the module PV temperature (°C)

during a whole year.



Sustainability 2023, 15, 14282

19 of 23

Equations (9)—(11) show the positive linear relationship between the Paoc mes values
and solar irradiance with correlation coefficients (R2) of 0.963, 0.9067, and 0.9368, for the
three power plants, respectively.

It is important to clarify that the obtained linear models based on these aforementioned
equations for the PV power plants of the three sites are valid for a threshold value of the
irradiance (Gp) where if the irradiance is below this value, the produced power is considered
to be null and the obtained models are not valid. Starting from these values, the obtained
model can be used for the prediction and estimation of the output power for the three
studied systems according to the obtained models in Equations (9)—(11).

From the experimental data, the minimum solar irradiance (Gg) values that enable PV
plants to generate electrical energy were 10.85 (W/ m?), 14.9 (W/m?), and 41.03 (W/m?) for
SPVP_1, SPVP_2, and SPVP_3, respectively.

Similarly, the Poc mes (kW) values depend on the module PV temperature (°C) accord-
ing to the obtained linear model for each studied power plant (see Figures 17-19) which
can be expressed as follows:

Pac spyp 1 = 427.88 4 137.96Tp, (12)
Pac spyp 2 = 7703.5 4 529.69Tp,, (13)
Pac spvp 3 = —264.06 + 15.40Ty,, (14)

Equations (12)—(14) show the linear relationships between Pac mes values and the
module PV temperature (°C), which present positive correlation coefficients (R?) of 0.5425,
0.334, and 0.6923 for the three power plants, respectively. These linear relationships with
positive correlations are due to the fact that a higher temperature is caused by the increased
solar irradiance when the sky is clear. However, this should not be confused with the
negative effect of the PV module temperature on the alternative power output [39].

In [32], it was found that the linear model between AC power output (W) values and
solar irradiance G (W/m?) is Pac = 1.4897G — 22,383 with a correlation coefficient (R?) of
0.9929. In [45], it was found that the linear model between AC power output (W/ m?) values
and solar irradiance G (W/m?) is Poc = 0.1364G + 0.1358 with a correlation coefficient
(R?) of 0.9945. In Brazil, the authors of [46] have developed a relationship between the AC
power output (W/ m?) values and solar irradiance G (W/m?) based on the linear model Pc
=0.1326G — 1.6457 with a correlation coefficient (R?) of 0.9817. Recently, in [39], the authors
have proved that the relationship between the amount of total AC yield (kWh) and the solar
irradiation H (kWh/m?) can be presented by the linear model y = 190.75H + 33.44 with a
correlation coefficient (R?) of 0.916, while the relationship of the AC power output (kW)
with the module temperature “Ty,” is represented by y = 4.0741T,,, — 104.84 and presents a
correlation coefficient (R?) of 0.914. This comparison confirms the results obtained in this
paper, which indicates the existence of a strong positive correlation between AC power
output (Pac mes) With the module PV temperature and solar irradiance. It is assumed
that the difference between the equations presented in the current study and the previous
studies are due to the specific characteristics of each individual PV system, components of
PV systems from different manufacturers, and the different climatic conditions related to
the location of study [46-48].

The influence of temperature on the performance ratios is clearly presented in Figure 21.
It can be clearly observed that the negative gradient of the slope proves that an increase in
the air temperature reduces the PR of the PV plants. This confirms the results which were
obtained in the previous studies of [27,44].
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Figure 21. Relationship between PR values and air temperature (C°) for: (a) SPVP_1, (b) SPPV_2.

5. Conclusions

The performance assessment of three solar power plants operating in different climate
regions in Algeria under outdoor conditions was conducted for 12 months, following the
IEC standard 61724, leading to the following conclusions:

e  The yearly average daily reference yield for the three PV plants was 5.01 kWh/kW,,/d,
5.3 kWh/kW,,/d, and 6.51 kWh/kW,,/d, respectively. Meanwhile, the yearly average
air temperatures recorded were 15.5 °C, 21.75 °C, and 29.04 °C, respectively. Based
on these values, the average daily final yield “Y¢” was found to be 4.15 kWh/kW,,/d,
4.68 kWh/kW,,/d, and 4.94 kWh/kW,, /d for the three plants.

e The annual average performance ratio “PR” for the three photovoltaic plants was
0.8301, 0.883, and 0.759, respectively. The average capacity factor “CF” values were
17.20%, 19.45%, and 20.6% for SPVP_1, SPVP_2, and SPVP_3, respectively. These re-
sults help researchers in the field of solar photovoltaic energy to carry out comparative
studies for the design and selection of the best technology related to the concerned
location. The results also indicate that SPVP_2 exhibits the highest performance com-
pared to both SPVP_1 and SPVP_3, as well as other PV systems installed at different
locations in Algeria, as shown in Table 2. The comparison resulting from the present
study proved clearly that the performance of a power PV plant is not only dependent
on the solar irradiance but also dependent on the outdoor conditions, which affect
significantly the power PV plant performance.

e  Statistical analysis revealed linear models correlating the AC output power (Poc) with
solar irradiance and the PV module temperature, as well as the performance ratio with
air temperature. These models enable the accurate prediction of the AC output power
for the three power plants.

These results are valuable for photovoltaic plant designers to adjust the consumption
with photovoltaic power production for off-grid and grid-connected power plants, enabling
precise energy production predictions. Moreover, they can help local and international
economic factors to enhance the design and economic features of upcoming large-scale
solar PV power plants in Algeria.
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