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Abstract: This study conducted an in-depth analysis of the performance of the largest Grid-Connected
Solar Photovoltaic System in Burkina Faso from 2019 to 2021. The research utilized measured data
and simulated the plant’s performance using the PVGIS database. The results revealed that the
months with high solar radiation were the most energy-productive, indicating a direct correlation
between solar irradiance and energy generation. During the rainy season (July and August), the PV
plant exhibited the highest conversion efficiency. Conversely, the hot season (March and April) was
associated with the lowest conversion efficiencies, with module temperatures reaching approximately
47 °C. Efficiency decreased from 12.29% in 2019 to 12.10% in 2021. The system’s performance ratio
ranged from 80.73% in 2019 to 79.36% in 2021, while the capacity factor varied from 19.89% in 2019
to 19.33% in 2021. The final yield, measured in hours per day, was 4.89 h/d in 2019, 4.61 h/d in
2020, and 4.92 h/d in 2021. These findings highlight the deterioration in the performance of the
Zagtouli PV plant over time. The study emphasizes the utility of using PVGIS-SARAH2 to forecast
solar radiation and estimate energy output in PV systems. A semi-automatic cleaning system is
used to clean the modules. This cleaning mechanism is inefficient because it is inconsistent. To
increase the PV plant’s effectiveness, improved cleaning systems with more advanced mechanisms
are required. This research, the first of its kind on the largest PV power plant connected to Burkina
Faso’s national grid, serves as a valuable model for other power plants currently under construction
or in the planning stages.

Keywords: performance analysis; grid-connected PV system; temperature effect; conversion efficiency

1. Introduction

Fossil fuel-based energy is a major contributor, accounting for over 75% of global
greenhouse gas emissions, thus significantly contributing to global climate change [1]. To
address this critical issue, the development of renewable energy sources like wind and
solar power, along with innovative approaches such as the storage of excess electricity
using Molten Salt technology, holds great potential for mitigating this problem [2].

Despite the prevailing global pandemic, the photovoltaic (PV) market has exhibited
consistent growth, with projections indicating a global PV market size of 175 GW by
2021 [3]. Throughout 2021, the cumulative capacity of newly commissioned PV plants

Copyright: © 2023 by the authors.

Licensee MDPL, Basel, Switzerland, WOTldwide amounted to 945.7 MW, with approximately 70% of this capacity installed

within the preceding five years [3]. These statistics underscore the mainstream adoption of
solar PV as a prominent source of electricity and its pivotal role in facilitating the transition
towards cleaner energy worldwide. Solar PV systems have emerged as indispensable tools
Attribution (CC BY) license (https://  for decarbonizing the electricity sector, showcasing significant advancements over the past
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the need for substantial efforts to increase this figure [4]. According to the 2020 report from
Burkina Faso’s National Electricity Company (SONABEL), the national electricity genera-
tion fleet’s nominal installed capacity at the end of 2020 was 366.05 MW. The distribution
of this capacity was as follows: 299.95 MW from fuel thermal generation, 32 MW from
hydroelectric power, and 34.1 MW from solar PV. The report highlights the dominance of
thermal power generation using fossil fuels and the persistent shortfall in meeting growing
electricity demand. More than half of the electricity consumed in Burkina Faso is imported
from neighboring countries like Cote d’Ivoire and Ghana. To achieve sustainable devel-
opment goals, the Burkina Faso government has made strategic investments in deploying
large-scale solar PV systems [5]. Notable solar PV plants, including the 33 MW Zagtouli
plant, the 1.1 MW Ziga plant, and the 30 MW Nagrengo plant, have been successfully
commissioned. In 2020, the combined electricity generation from the Zagtouli and Ziga
plants will account for nearly 3% of the country’s total electricity production. Figures 1
and 2, presented below, illustrate the annual installed solar PV capacity worldwide and in
Burkina Faso, respectively, from 2011 to 2020 [4].
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Figure 1. Annual Solar PV Capacity installed in the world.
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Figure 2. Annual Solar PV Capacity Installed in Burkina Faso.

Evaluating the performance of photovoltaic (PV) systems in different locations has
been a subject of research, considering the influence of various factors, including envi-
ronmental conditions. Attari et al. [6] used real performance parameters to monitor a PV
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system in Tangier for one year. The annual performance ratio and the capacity factor of
79% and 14.83%, respectively, showed that the PV system was operating effectively. A PV
system’s performance ratio and capacity factor in northeastern Brazil, as determined by
De Lima et al. [7], were 82.9% and 19.2%, respectively. Venkatesh et al. [8] used SCADA
data from April 2018 to March 2019 to investigate the performance of a 50 MW PV power
plant in southern India. The results obtained for the annual average performance ratio
and capacity utilization factor were 79.94% and 24.65%, respectively. Ouedraogo et al. [9]
used data recorded by the off-grid PV system installed at the Charle de Gaulle pediatric
hospital in Ouagadougou to examine its efficiency. The findings indicated that May was
the most productive month for this PV system, but due to the ongoing lack of energy
from the national grid during this month, the PV system’s storage capacity needs to be
increased to ensure a steady supply of electricity. From 2012 to 2019, Johannes et al. [10]
studied the performance of 32,744 roof-top PV systems in six European countries (the
Netherlands, Belgium, Luxembourg, Germany, France, and Italy). The results revealed that
the average performance ratio of each system was around 73%. Mihor et al. [11] conducted
an evaluation study on a 194.93 kWp solar park in Ruse, Bulgaria, where the average
capacity factor and performance ratio values were 11.54% and 70.44%, respectively, which
are extremely low when compared to previous locations. Bouacha et al. [12] analyzed the
performance of the first grid-connected PV system in Algeria using monitoring data. The
study revealed unusual performance ratios, suggesting the need for a thorough investiga-
tion to identify and address the underlying issues. Theoretically, the approaches used in
the aforementioned studies are not sufficient to characterize the performance analysis of
PV systems because of some missing data. The authors in [13] conducted the first database
performance analysis of the time series performance of PV systems installed in Europe,
allowing them to assess the quality of large amounts of data to conduct a more accurate
study of PV system performance. Thus, comparative studies between the measured ap-
proach and the simulated approach are necessary. Enrique Fuster et al. [14] assessed the
performance of a grid-connected PV plant in central Spain after 12 years of operation, first
using on-site data for 2020 and then two other modeling approaches, namely the physical
model and the statistical model based on the random forest algorithm. The random forest
approach, which used only ambient temperature and solar radiation as inputs, produced
good results when the metric parameters were considered. Maria et al. [15] also used
various statistical methods to evaluate the degradation rate of a large-scale grid-connected
PV plant in India. The results have shown that the Classical Seasonal Decomposition (CSD)
and the Seasonal and Trend decomposition using Loess (STL) are better than the Linear
Least-Squares regression (LLS) and Holt-Winter seasonal model (HW). The researchers
in [16-22] have mostly used actual on-site measurements and software such as PV GIS, PV
SYST, HELIOSCOPE, HOMER, SAM, RETSREEN, and MATLAB to carry out comparative
studies of solar PV systems. These studies show that the performance results simulated by
these software packages are close to the measured performance results. However, some
software packages give more accurate results than others. In Malaysia, Saleheen et al. [23]
concentrated on calculating target performance using a simple model and measurements.
The preceding study demonstrated the target-oriented model’s dependability.

However, limited research has been conducted in Burkina Faso on the evaluation of
large-scale PV systems through a comparison of measured and simulated performance.
This study aims to evaluate the performance of the Zagtouli Grid-Connected Solar PV
System (ZGCSPS) using both measured data and the PVGIS database, particularly PVGIS-
SARAH?2 [24]. In fact, this study presents a comprehensive assessment of the performance
of a PV plant in Burkina Faso, utilizing real-time data acquired from the Supervisory
Control and Data Acquisition (SCADA) system. The analysis includes various performance
metrics such as the performance ratio, capacity factor, annual yields, loss factors, energy
efficiency, module temperature, and inverter efficiency. The obtained performance results
are compared with the simulated model from the PVGIS database. Furthermore, the study
investigates the impact of temperature on PV plant performance and examines the annual
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degradation rate over a three-year operational period. The validity of the findings is further
enhanced through a comparative analysis with other PV plants worldwide, taking into
consideration site conditions, installed capacity, final yield, and performance ratio (PR).
The structure of the paper is as follows: Sections 1 and 2 provide an introduction and
outline the general specifications of the ZGCPVS. Section 3 presents an explanation of the
experimental approach and the method employed for performance evaluation. Section 4
focuses on a comprehensive analysis of the performance data and presents the findings.
Additionally, Section 5 discusses the socio-economic impacts of the ZGCPVS. Finally, the
conclusions section summarizes the key findings and implications of this research.

2. The Zagtouli Grid-Connected PV System (ZGCPVS)
2.1. Geographical Location

The ZGCPVS, with a capacity of 33 MW, is situated near National Road Number 1
(N1) in Ouagadougou, the capital of Burkina Faso. Its precise geographical coordinates
are approximately longitude 12.30702° and latitude —1.63548°. The specific location of the
Zagtouli PV plant can be seen in Figure 3.
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Figure 3. Zagtouli PV plant location. source: google Maps.

2.2. Characteristics

The ZGCPVS installed power is 33.696 MWp, arranged in 5400 strings of 24 modules
of 260 Wp polycrystalline Silicon (p-si) type in series and connected to 32 inverters of
1.1 MW operating 2 by 2 in master-slave mode, with each pair of inverters associated with
a transformer of 2330 kVA. The energy output from the 16 subsystems [Figure 4] is fed into
the main transformer (33 kV/90/225 kV, 50 Hz) for grid interconnection. The specifications
of the modules and inverters installed in the plant and used in this study are shown in
Tables 1 and 2.
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Figure 4. Zagtouli PV Plant Structure.
Table 1. Sunmodule Plus SW 260 Poly characteristics at STC.
PV Panel Parameters Parameters Values
nominal power Pmax 260 W
Open circuit voltage Voc 376V
Maximum power voltage Vmp 308V
Short circuit current Isc 9.06 A
Maximum power current Imp 8.54 A
Efficiency n 15.9%
Temperature coefficient of Isc Ki 0.051%/K
Temperature coefficient of Voc Kv —0.31%/K
Temperature coefficient of Pmax Kp —0.41%/K
Maximum system voltage . 1000 V
Operating temperature .. (—40to +85) °C
NOCT . 46 °C

Table 2. Ingecon Sun 1165TL B420 Inverter characteristics.

Inverter Parameters Values
Maximum PV input voltage 1050 V
Maximum PV input current 2000 A

MPPT Voltage range (610-820) V
Maximum AC output power 11656 W

Nominal AC operating voltage 420V
Efficiency 98%
Temperature range (—20 to +55) °C

2.3. Solar PV Modules Cleaning System

The accumulation of dirt and debris on solar PV modules, known as “soiling” can
have a detrimental effect on the efficiency of the ZGCPVS. Studies have shown that the
degradation in efficiency can range up to 4% depending on environmental conditions and
the type of solar modules used [25]. In particularly harsh environments with high levels
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of dust and strong winds, the output of a solar PV system that has not been cleaned for
a month can drop by up to 50% [26]. There are three main methods for cleaning solar
PV modules: manual, semi-automatic, and fully automatic [25]. The manual method
requires a significant amount of labor and is associated with lower investment costs for
cleaning equipment. The semi-automatic method involves less manual labor and has a
lower initial investment cost compared to the manual method. On the other hand, the fully
automatic method utilizes robots and advanced sensors to optimize the cleaning process
while ensuring the profitability of PV systems. However, the fully automatic method comes
with a higher initial investment cost compared to the other two methods.

In the case of ZGCPVS, a semi-automatic cleaning system is employed, as shown in
Figure 5. Cleaning campaigns are conducted from January to March and from November
to December, as indicated in Table 3. These cleaning campaigns rely heavily on fossil fuel,
which has negative environmental impacts and increases the operation and maintenance
costs of the ZGCSPS. Additionally, the intermittent nature of these cleaning campaigns
reduces the energy profitability of the plant.

Figure 5. Zagtouli PV Plant semi-automatic cleaning System.

Table 3. Report on the cleaning of Zagtouli PV modules for the year 2022.

. . . . . Total
Campaign 1 Campaign 2 Campaign 3 Campaign 4 Campaign 5 Annual
Period From 01/04/2022 From 01/30/2022 From 02/10/2022 From 11/02/2022 From 11/29/2022
eno to 01/17/2022 to 02/09/2022 to 03/17/2022 to 11/28/2022 to 12/31/2022
Water volume used (m?) 94 126 79 144 177 620
Diesel quantity for the 0.320 0.280 0.440 0.620 0.820 2.480
tractor (m~)
fuel volume for the motor 0.0045 0.0045 0.0055 0.023 0.025 0.0625
pump (m”)
tractor running time
(hour) 55 76 78 117 136 462
hydraulic ol for the 0.004 0 0.001 0.005
tractor (m>)
number of working days 17 13 19 19 10 78

Furthermore, the data presented in Table 3 indicates that the PV modules were cleaned
on only 78 out of the 365 days in 2022. The low cleaning rate can be attributed to challenges
in mobilizing financial resources to hire staff, procure fuel, and obtain cleaning accessories,
as reported by the plant management. To improve profitability and reduce cleaning costs,
it is crucial to explore optimization strategies for enhancing the cleanability of power
plant modules.
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One potential solution is the implementation of a more sophisticated cleaning method,
such as a self-cleaning mechanism. This innovative approach offers several benefits, in-
cluding reduced operating and maintenance costs, regulation of module temperature to
prevent overheating, recycling of cleaning water, and even the recovery of rainwater [26].
By adopting such advanced cleaning techniques, the Zagtouli PV plant could significantly
increase its output and improve its overall performance.

3. Materials and Method
3.1. Data Collection Processes

Data were recorded for three years: 2019, 2020, and 2021. There are four weather
stations on the PV plant site. These stations have been placed in particular areas of the
power plant: one at the top of the Supervisory Control and Data Acquisition (SCADA)
building (Figure 6), and the others on the PV array site (Figure 7), which measure the
ambient temperature, module temperature, wind speed, wind direction, relative humidity,
irradiance (global and direct horizontal), and tilt angle of PV modules. These measurements
are recorded every minute.

Lufft WS600-UMB Smart
Weather Sensor

. Communication |
Box

Figure 6. Weather Station on the top of the Monitoring room.

To measure the temperature of the modules, temperature sensors are installed on their
backs. In the same area, both direct and alternating currents and voltages are recorded
through other sensors in the PV plant. Table 4 below shows the characteristics of the
different sensors used, while Figure 8 below gives an overview of the SCADA.
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Figure 7. Weather Station in the PV array site.

Table 4. Characteristics of Sensors.

SR30-M2-D1
pyranometer

Parameter

Sensor

Measurement Range

Accuracy

Wind Speed
Wind Direction
Ambient temperature

Relative humidity

GHI & DHI
tilt sensor

Lufft WS600-UMB Smart
Weather Sensor

Lufft WS600-UMB Smart
Weather Sensor

Lufft WS600-UMB Smart
Weather Sensor

Lufft WS600-UMB Smart
Weather Sensor

SR30-M2-D1 pyranometer

SR30-M2-D1 pyranometer

0-246.06 ft/s (0-75 m/s)
0-359.9°
—50...60 °C

0...100% RH

285 to 3000 nm
0 to 90°

Wind Speed: £0.3 m/s or 3%
(0-35m/s) £+ 5% (>35 m/s) RMS

<3° RMSE >1.0m/s

40.2 °C (—=20...50 °C), otherwise
+0.5°C (>—30°C)

+2% RH

<£3% ((0.35 to 1.5) x nm)
£1° (0 to 90°)

I TPV(OC)' Epv,DC(KWh):

Vo (), Ipc(4),

Tamb(oc), V(m/S),

Vac(V), 1o (A),

Ep,,‘ac(Kwh),

GHI, GTI (kW/mZ)

SR30-M2-D1
pyranometer )

—_——— e — —

Figure 8. Diagram of the SCADA overview.
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3.2. Quantitative Parameters

IEC Standard 61724 [27] specifies the method for quantitatively evaluating the perfor-
mance of grid-connected PV systems.

3.2.1. PV Array Energy Production
The daily E;. ; and monthly, E;. ,, DC energies are respectively given by [28]:

t=t,
Eaca =) 41" Vac ¥ lae X Ty ey

N
Edc,m = Edzl Edc,d 2)

with T, the time step, t,, being the reporting period, and N being the number of days in a
month that the PV plant is operational.

3.2.2. Energy Supplied into the Grid

Energy Supplied into the Grid represents the energy produced by the GCSPS across
the inverter output terminals. E,. 4, and Es ., are respectively the total daily and total
monthly AC energy output. Their respective expression is given by [28]:

t=t,
Eped = thlp Ve X Ine X Ty 3)

N
Eaem = 201:1 Eac,d 4

3.2.3. Reference Yield (YR)

Reference Yield evaluates the sun’s availability to produce solar energy at a specific
location and time [29]. It is given by [15]:

Yo = — (h/day) 5)
Gstc

3.2.4. Array Yield (Y,)

Array Yield is known as the ratio of energy generated Epy pc (kWh) to its rated power
Puom (kWp) under specific conditions [30,31]. In other words, it is the amount of time the
system needs to run at its nominal power to generate the same amount of energy at the PV
array’s output [16]:

Yy = ERULC (1 /day) ©
Prom

no
3.2.5. Final Yield (Yf)

Final Yield is a parameter that determines how long the system has been operating at
the nominal power Pyo; (kWp), to generate the inverter’s output energy, Epy ac (kWh) [32].
It is given as:
E
Yr = —5°C (h/day) ?)

Pnom

Figure 9 below shows the details of the system’s yields.

3.2.6. Performance Ratio (PR)

The Performance Ratio denotes the proportion of usable energy at the output of the PV
system after all losses. It also represents the real amount of energy generated by a solar PV
system compared to the theoretical energy under the same irradiance condition, as given
by [16,29,32]:

Yr

PR = — x 100 (0/0) (8)
Yr
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Figure 9. System yields overview.
3.2.7. Array Capture Losses (L¢)

Array Capture losses serve as a representation of the variation between the array yield
and the reference yield and are given by [31]:

LC: YR - YA (h/day) (9)

Loss of L¢ grid capture indicates a problem with the PV system’s DC component [33].
3.2.8. System Losses (Lg)

These losses result from the PV array’s DC energy being converted into grid-compatible
AC energy, as calculated by [30]:

LS = YA - YF (h/day) (10)

DC cables, inverters, transformers, and other passive circuits are responsible for these

losses [29]. Figure 10 below represents a diagram of the system losses.
h
val/p Vst
h
Lc(™/p Ls (h/d) Grid
PV modules losses : Losses in Cable DC, 33/90/225kV
Module temperature, Inverter ,
Hot spot, mismatching ... transformer ...

Figure 10. System losses diagram.

3.2.9. PV System Efficiency ()
The proportion of energy produced to energy collected by the PV system is measured
as system efficiency 7 and it can be calculated as [33-36]:

_ Epyac

x 100 (0/0)

H (kWh/m?) denotes the solar irradiation, and A (m?) is the total PV array area.

3.2.10. Capacity Factor (CF)

This parameter refers to the ratio of a PV system’s annual AC energy produced to
the energy it should generate under standard conditions and is an important indicator for
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assessing the system’s ability to operate under actual environmental conditions to make the
system’s energy available [15]. It enables the evaluation of the efficiency of solar technology
in a specific location. It is determined by [15,37]:

CF — Annual energy produced (kWh)
PV power rated (kW) x 8760 (h)

% 100 (%) (12)

3.3. Qualitative Parameters

The energy quality index of a system is assessed using the exergy of the system [35].
This parameter is used in this study to compare the energy output of the Zagtouli PV plant.

3.3.1. Solar Radiation Exergy (bs)
The exergy bs (kWh) provided by incoming solar radiation is given by [35]:

1\ (T.\* [(4\(T
1 SV (2E) (2 (2
+(3) (%) -()(F)
Ta represents the ambient temperature (°C) and Ts the sun temperature (°C), with
Ts = 5430 °C.

b = x Ax H (13)

3.3.2. Exergy Efficiency (I')

Exergy Efficiency is the proportion of energy generated Epy 4c (kWh) to the solar
radiation exergy bs (kWh) that the PV array has captured. The exergy efficiency I' (%) is
expressed as follows [35]:

E
r = % % 100 (%) (14)
S

4. Results and Discussions

The real-time results of the (SCADA) System are compared and analyzed using the
PVGIS-SARAH? database. Measured in-plan solar irradiation is compared to simulated
solar irradiation for the years 2019, 2020, and 2021 in Figure 11.

220
\ N -,

20{ N S P
. 200 1
™~
<
E 190
£
* 180
c
S
% 170
B
E 160 { — Ir 2019

Irr 2020
150 1 = Irr 2021
=== |rr PVGIS TMY
140

}a'n Felb M:alr A;')r M:ay Ju'n ]ull ijg Se'p O'ct N;JV Déc
Month

Figure 11. Comparison between measured and SARAH 2 monthly solar irradiation for the years

2019, 2020, and 2021.

A harmonious evolution of solar irradiation through its two approaches is observed,
with significant solar radiation of up to 200 kWh/m?, excluding the rainy season from June to
September, where solar irradiation ranges between 140 kWh/ m? and 180 kWh/m?. Figure 12
clearly shows that the measured monthly irradiance values for 2019, 2020, and 2021 are
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very close to the simulated values using the PVGIS-SARRAH2 database. The correlation
coefficients for 2019, 2020, and 2021 are 0.907722, 0.91771586, and 0.9214544, respectively.

0 0 )

- 907722 204 R2=0.917715 il R2=0.921454
a N g
< ¢ p
£ 200 g E 20
- $ H
- 219 > 190
NE > :
- : :
2 1% g 180 2180
2 g e
£ o £ 100 Em

% 160 160

0 160 10 180 190 20 20 M0 150 160 10 180 190 20 50 Kk m o B 1 M
kr 2019 (kWh/m*2 ler 2020 (kWim*2) kr 2021 (KiWm*2)
@) (b) (©)

Figure 12. Correlation between measured irradiance for the years (a): 2019, (b): 2020, and (c): 2021
against irradiance from PVGIS-SARRAH.

The evolution of the measured ambient temperature (Ta) and the measured module
temperature (Tm) for the years 2019, 2020, and 2021 is depicted in Figure 13. During the
daily operating time of the PV system, i.e., from 6:00 to 18:00, Tm is constantly higher than
Ta, with a maximum difference of about 25 °C. Also, Tm remains very high during the dry
season (March to April), reaching up to 47 °C, and very low during the rainy season (June

to September).
— Tm-2019
Tm-2020
45 1 —— Tm-2021
— Ta-2019
o ~—— Ta-2020
® 401 — B-2021
= >
v /
£ 35
KT
30 1 :

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Figure 13. Monthly Evolution of ambient (Ta) and Module (Tm) Temperatures.

Figure 14 shows the monthly evolution of yields during the years 2019 and 2020. It
is noticed that reference yield (Yg) is always the highest, while array yield (Y ) and final
yield (Yg) are lower and nearly equal, with array yield (Y ) being marginally higher than
final yield (Yr) due to conversion losses, contact resistances, and cable resistances. During
the rainy season (June, July, and August) and the hotter season (March, April, and May),
the system yield is inadequate. However, the cold season (November, December, January,
and February) is extremely beneficial to the system’s operation.
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Figure 14. Monthly variation of daily Yields for the years 2019 and 2020.

Figure 15 depicts a strong relationship between solar irradiation and final yield.
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Figure 15. Correlation between final yield and solar irradiation.

Figure 16 shows the performance ratio and module temperature monthly evolution for
the monitoring period. Optimum performance ratios are noticed in the wettest months (July,
August, and September) and the seasons when module temperatures are at their lowest
(November, December, January, and February). In 2019, 2020, and 2021, the performance
ratios were 80.73%, 78.70%, and 79.36%, respectively. This result revealed a performance
ratio degradation, with even more degradation in the year 2020 due to a module cleaning
issue. The performance ratio is the portion of energy available after all system losses and
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is impacted by several parameters (dust, module temperature, module type, inverter and
cable efficiency, PV system condition, etc.).
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Figure 16. Monthly representation of module temperature (Tm) and performance ratio (PR).

Over the monitoring period, Figure 17 shows how the average daily final yield, capture,
and system losses vary every month. The capture losses varied from 0.58 h/day in July
to 1.734058 h/day in February of the year 2019 and from 0.63458 h/day in August to
2.37958 h/day in April of the year 2020. The system losses ranged from 0.09058 h/day
in July and 0.14458 h/day in February during the year 2019 and from 0.09258 h/day in
June to 0.137658 h/day in March for the year 2020. Because the modules are naturally
cleaned during the rainy season (July and August), there are fewer losses during those
months than during the summer, when there are more losses because of soiling, dust, and
poor maintenance.
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Figure 17. Monthly variation of final yield, capture losses, and system losses for the years 2019
and 2020.
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Figure 18 depicts the evolution of the Zagtouli PV plant’s capacity factor and solar
irradiation. It can be seen that the capacity factor is globally proportional to the solar
irradiation of the site; it is also closely related to the energy cost; and it demonstrates
that the cost of PV electricity is very interesting in a high-sunset area like Zagtouli when
compared to other less sunny areas. Furthermore, the annual capacity factor must be

between 15% and 40% [38]. The Zagtouli plant has a capacity factor of 19.89% in 2019 and
19.29% in 2020.
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Figure 18. Monthly evolution of capacity factor with solar irradiation.

Table 5 below represents different yearly average yields, capture losses, array losses,
and capacity factors for the years 2019, 2020, and 2021.

Table 5. Yearly yields, losses, and capacity factor.

Yields (h/day) Losses (h/day) .
Year Capacity Factor (%)
Yr Ya Y Lc Ls
2019 6.08 4.96 4.84 1.05 0.12 19.91
2020 5.98 4.81 4.69 1.17 0.12 19.24
2021 6.06 492 4.79 1.14 0.13 19.33

Figure 19 shows the energy and exergy efficiencies, showing that the system’s exergy
efficiency is marginally higher than its energy efficiency over the entire study period, as
confirmed by the second law of thermodynamics [35]. Since the modules are constantly
cleaned and cooled, the ZGCPVS converts the maximum amount of solar energy received
during the rainy season (June, July, and August). However, the hot and dusty seasons
(March and April) are detrimental to the system’s energy conversion, as confirmed by
Wango et al. [39] and Kata et al. [40].
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Figure 20 represents the inverter efficiency with solar irradiation. To ensure profitabil-
ity through the inverter, the irradiance must exceed 200 W/ m2. When the irradiation is
above this value, there is a slight decrease in the performance of the inverter. Insufficient
radiation below 200 W /m? adversely affects the performance of the inverter, leading to
a decrease in the efficiency of the entire conversion chain. Consequently, this has a direct
impact on the profitability of the solar power plant.
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Figure 20. Inverter efficiency with irradiation.

Figure 21 shows the monthly evolution of the output energy of subsystem 2 using the
PVGIS-SARAH2 database as well as the AC energy measured at the ZGCPVS site. The
simulated and measured results are very close and follow the same trend. There is large
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electricity production during the months of high solar irradiation. The energy output of the
PV system varies over the three years of the study due to the constant change of seasons. A
drop in production from June to August can be noticed because of cloud cover.
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Figure 21. Monthly evolution of the total AC Energy injected by subsystem 2.

Table 6 below compares the performance of some PV systems around the world with
that of Burkina Faso. For example, the PV system installed in Brazil has a lower final yield
than the system installed in Burkina Faso but a higher performance ratio. The same is true
for Ireland’s PV system. The combined effect of high temperatures and dust reduces the PV
system’s performance ratio slightly in Burkina Faso despite the high solar energy resource
(Figure 15). The system installed in Iran has the highest final yield and performance ratio.
Because these values are comparable to those of the PV system in Burkina Faso, we can
conclude that the ZGCPVS is performing satisfactorily.

Table 6. Comparison of ZGCPVS performance with other PV plants around the world.

PV System Location Capacity (kWp) Final Yield (h/d) Performance Ratio (%) Reference
India 10,000 4.20 78 [35]
Iran 5.52 5.38 82.92 [41]
India 5 3.99 76.97 [34]
Brazil 2.20 4.60 82.90 [7]
Mauritania 1500 4.28 73.56 [42]
Ireland 1.72 2.41 81.50 [32]
Spain 20 2.40 65 [43]
Lesotho 281 411 70 [44]
4.89 (2019) 80.73 (2019)
Burkina Faso (Actual) 33,000 4.61 (2020) 78.70 (2020)
4.92 (2021) 79.36 (2021)

5. The Zagtouli Grid-Connected Solar PV System Socioeconomic Impacts

The initial step in providing electricity access to people is to increase the supply while
reducing costs. This objective can be achieved through the development of solar energy pro-
duction in Burkina Faso, a country with an estimated solar irradiation of 5.5 kWh/m?/day.
The construction of the ZGCPVS plant has played a significant role in expanding the
available electricity supply and reducing the production cost per kilowatt-hour.

As an illustration, the ZGCPVS was projected to generate 55.529 GWh (gigawatt-
hours) by 2020, accounting for approximately 9.7% of the SONABEL total electricity pro-
duction [45]. This production from the PV plant has contributed to meeting the growing
energy demand in the country. Furthermore, the estimated production cost for the Zagtouli
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PV plant is $0.08 per kilowatt-hour, reflecting a lower cost compared to other traditional
energy sources [46]. Moreover, the construction and operation of ZGCPVS have created job
opportunities, both during the installation phase and in the ongoing maintenance and oper-
ation of the facility. This has contributed to employment generation and the development
of local expertise in the renewable energy sector.

By harnessing solar energy and leveraging the capabilities of the ZGCPVS, Burkina
Faso has made substantial progress in enhancing electricity supply and affordability. This
development lays the foundation for expanding access to electricity and driving socio-
economic growth in the country.

6. Conclusions

This study examined the performance of Burkina Faso’s first and largest solar photo-
voltaic power plant. According to the findings, the temperature of the modules can reach
47 °C during the hot season. The system’s overall daily yield is lower in the winter due to
the constant inaccessibility of solar irradiation. Its daily average value in 2019 was 4.9 h/d,
compared to 4.6 h/d in 2020 and 4.79 h/d in 2021. Thus, this PV plant performed better in
2019 than in 2020 and 2021. With an energy efficiency of 12.29% in 2019, 12.09% in 2020, and
12.10 in 2021, the performance ratio in 2019 was 80.73%, 78.70% in 2020, and 79.36% in 2021.
The capacity factor was 19.89% in 2019, 19.29% in 2020, and 19.33% in 2021, which means
that Solar PV production is cost-effective at the ZGCPVS site compared to other sites. The
plant runs efficiently during the rainiest months (from July to September) and the coldest
months (January, February, November, and December), but the hottest months (March and
April) are extremely inconvenient for the activity of the ZGCPVS. This plant’s final output
comparison with other solar PV plants led to the conclusion that it is operating efficiently.

Future research on the ZGCPVS should focus on conducting a comprehensive analysis
of its performance and proposing potential solutions. Several key areas warrant investigation:

1. Comparative analysis of sub-systems: A detailed comparison of the various sub-
systems within the ZGCPVS will help identify specific weaknesses or inefficiencies.
This analysis can assist in pinpointing areas that require improvement or optimization.

2. Analysis of plant disconnection from the SONABEL network: It is crucial to examine
the plant’s disconnection from the SONABEL network to optimize energy losses.
Understanding the causes and effects of disconnection and developing strategies to
minimize such occurrences will contribute to improving the plant’s overall perfor-
mance and reliability.

3. Economic assessment of a sophisticated cleaning mechanism: Evaluating the eco-
nomic feasibility and benefits of implementing an advanced cleaning mechanism for
the ZGCPVS is essential. This assessment should consider factors such as initial invest-
ment costs, operational expenses, energy production gains, and the overall profitability
of the plant. A cost-benefit analysis will provide valuable insights into the potential
advantages and drawbacks of adopting a more sophisticated cleaning approach.

By addressing these research areas, a more comprehensive understanding of the ZGCPVSs
performance can be achieved. Furthermore, potential solutions and recommendations can be
proposed to optimize the plant’s efficiency, reliability, and economic viability.
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