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Abstract: Ghana, being blessed with abundant solar resources, has strategically invested in solar
photovoltaic (PV) technologies to diversify its energy mix and reduce the environmental impacts
of traditional energy technologies. The 50 MW solar PV installation by the Bui Power Authority
(BPA) exemplifies the nation’s dedication to utilizing clean energy for sustainable growth. This study
seeks to close the knowledge gap by providing a detailed analysis of the system’s performance under
different weather conditions, particularly on days with abundant sunshine and those with cloudy
skies. The research consists of one year’s worth of monitoring data for the climatic conditions at the
facility and AC energy output fed into the grid. These data were used to analyze PV performance
on each month’s sunniest and cloudiest days. The goal is to aid in predicting the system’s output
over the next 365 days based on the system design and weather forecast and identify opportunities
for system optimization to improve grid dependability. The results show that the total amount of
AC energy output fed into the grid each month on the sunniest day varies between 229.3 MWh in
December and 278.0 MWh in November, while the total amount of AC energy output fed into the grid
each month on the cloudiest day varies between 16.1 MWh in August and 192.8 MWh in February.
Also, the percentage variation in energy produced between the sunniest and cloudiest days within a
month ranges from 16.9% (December) to 94.1% (August). The reference and system yield analyses
showed that the PV plant has a high conversion efficiency of 91.3%; however, only the sunniest
and overcast days had an efficiency of 38% and 92%, respectively. The BPA plant’s performance
can be enhanced by using this analysis to identify erratic power generation on sunny days and
schedule timely maintenance to keep the plant’s performance from deteriorating. Optimizing a
solar PV system’s design, installation, and operation can significantly improve its AC energy output,
performance ratio, and capacity factor on sunny and cloudy days. The study reveals the necessity of
hydropower backup during cloudy days, enabling BPA to calculate the required hydropower for a
consistent grid supply. Being able to predict the daily output of the system allows BPA to optimize
dispatch strategies and determine the most efficient mix of solar and hydropower. It also assists BPA
in identifying areas of the solar facility that require optimization to improve grid reliability.

Keywords: solar PV system; solar radiation; AC energy output; performance ratio; system yield;
capacity factor; solar PV performance analysis
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1. Introduction

There is a growing global demand for sustainable energy solutions to reduce reliance
on fossil fuels and decarbonize the energy supply sector, accelerating the adoption of
renewable energy technologies and presenting a promising avenue for clean and renewable
power generation [1,2]. Incorporating renewable energy sources such as solar, wind, hydro,
geothermal, and biomass is essential to transitioning to sustainable and reliable energy
systems. Hydroelectric power and solar photovoltaic (PV) systems stand out among
renewable energy technologies as well-established technologies with the potential for
significant environmental benefits [3–5]. However, the two technologies have limitations.
PV systems are both variable and intermittent and cannot meet the power requirements
alone throughout the year; hydropower generation is also variable depending on reservoir
volume. Droughts or seasonal changes can dramatically reduce water availability and
electricity production. Solar PV systems can operate during these dry spells to help meet
energy demands [6,7]. Hybrid renewable energy systems, which combine multiple sources
such as wind, solar, hydro, and other renewable energy resources, are increasingly being
researched for their ability to provide a more stable and continuous power supply [8–10].
To improve the reliability of these two systems to supply steady power, we must be
able to predict the system’s output throughout the year based on the weather forecast.
Comprehending the expected output will facilitate optimizing the system for improved
performance [11,12].

Several studies have been conducted on hybrid systems worldwide. Cui et al. [13]
discussed the hybridization of various ocean energy technologies, including wind, tidal cur-
rents, and geothermal energy. The authors proposed a system that combines multiple har-
vesting methods to boost energy production. Awan et al. [14] analyzed the performance of
various hybrid systems. The renewable energy systems included solar + diesel + batteries,
hydrogen storage + fuel cell(?), wind + diesel + fuel cells, solar + wind + diesel + pumped-
hydro storage, and hydro + battery. Solar + wind + diesel + pumped-hydro storage achieved
the highest renewable energy fraction (89.8%) and the most significant CO2 emission re-
duction (89%) compared to diesel only. Aziz et al. [15] addressed the limitations of wind
energy as a stand-alone technology. The research proposed combining wind with other
backup systems, such as biomass or fuel cells, to create a more reliable hybrid system,
making up for the intermittent wind resource. Khare et al. [16] examined the performance
of a tidal + solar hybrid renewable energy system. They used various optimization tech-
niques to assess the viability of the system in India. The simulation results show that a
PV + tidal + battery + generator is the most economical solution for designing integrated
systems compared to the PV, tidal, and battery.

In many other research articles, the synergy between solar PV and hydropower systems
has been well documented. To reduce the operational load on hydro turbines, ensure steady
power supply during low solar irradiance, and reduce operational and maintenance costs,
Meshram et al. [7] proposed a system that combines 7.5 kW hydropower and 10 kW
solar power. The system is linked to a utility grid. Converters were used to match the
voltage of hydroelectric and solar systems to the grid voltage. Both hydroelectric and
solar power plants use constant-current controllers. The results show that the proposed
system can provide continuous power to consumers. Jurasz and Ciapała [17] presented
a mathematical simulation and optimization model for achieving a hybrid solar-hydro
system. Hydropower’s flexibility complements solar variability, producing a more reliable
and efficient renewable energy source. In the São Francisco River basin, where there
have been severe droughts due to climate change, the integration of an optimized floating
photovoltaic system (FPV) into a hydroelectric plant resulted in an average energy gain
generated by the hydroelectric plant of 76%, with a capacity factor increase of 17.3%
compared to six other hydroelectric plants. The PV system also contributes to lowering the
levelized cost of electricity, depending on the geographical location of the FPV platform on
the reservoir. The integration of FPV systems provides a dual benefit of renewable energy
generation and water conservation [18].



Electricity 2024, 5 548

Africa is widely regarded as the continent most affected by climate change [19,20].
This is despite Africa contributing the least to historic global greenhouse gas (GHG) emis-
sions [21]. Climate change has caused erratic rainfall and droughts across most of Africa.
This directly impacts the water flow in rivers that supply hydropower plants, resulting in
lower electricity generation during dry spells [22,23]. With more than 600 million people
in Africa without access to electricity [24], the overall trend indicates the need for a more
diverse and resilient power generation system. African countries are capitalizing on their
abundant sunshine to implement hybrid hydro-solar PV systems [25–27]. With its plentiful
solar resources, Ghana has strategically invested in solar PV to diversify its energy portfolio
and reduce the environmental impact of conventional energy systems.

Ghana’s Bui Power Authority’s (BPA) current electricity generation system represents
a strategic combination of these two renewable energy technologies: a 400 MW hydroelec-
tric plant and a 50 MW solar PV system. This hybrid setup aims to improve energy stability,
optimize resource utilization, and contribute to the national grid while minimizing environ-
mental impact [28,29]. The performance of solar PV systems is highly dependent on weather
conditions, specifically solar irradiance, ambient temperature, and system design [30–33].
Performance variability has been a subject of significant research, and numerous studies
have highlighted the variability in PV system output due to changing weather conditions.
For instance, Gu et al. [34] demonstrated that solar irradiance and temperature signifi-
cantly affect the efficiency and power output of PV systems. Nwoye et al. [35] observed
correlations between the efficiency of a PV system, wind speed, and ambient temperature.
According to Padmavathi and Arul [36], variations in solar irradiance, temperature, and
system losses impact the performance of a 3 MW grid-connected PV plant in India. The
performance ratio was found to be independent of solar irradiation but correlates with the
temperature, according to the research conducted by Adar et al. [37]. In addition, Divya
et al. [38] reported that solar PV electricity generation is dependent on solar radiation,
module temperature, and system losses. Enrique et al. [4] reported an annual performance
ratio and a capacity factor of 79.24% and 19.77%, respectively, for an annual insolation of
1976 kWh/m2.

Previous performance analyses focused on a PV system’s monthly or, more often,
yearly output. The performance variability of a solar PV system comparing two extreme
days (sunny and overcast) is yet to be evaluated. Detailed performance analysis on sunny
and overcast days can provide a comprehensive understanding of the system’s behavior,
leading to more accurate predictions, optimization, reliability, financial planning, and
better planning for energy production throughout the year by better connecting projected
generation with weather forecasts.

This study examines the operational performance of Ghana’s Bui Power Authority’s
50 MW solar PV system on two separate days each month: one with maximum sunlight
(most sunny days) and one with minimal sunlight (overcast days). The goal is to aid in
predicting the system’s output over the next 365 days based on the existing operational
output data and weather forecast and identify opportunities for system optimization to
improve grid dependability. By examining these opposing scenarios, the paper hopes to
shed light on the performance metrics and dependability of the solar PV system in various
weather conditions and offer practical recommendations for optimizing performance in
diverse weather scenarios.

2. Materials and Methods

The methods and materials used in the analysis are explained in detail in this section.
It details the examined solar PV systems, the technical parameters, and the performance-
related indices.

2.1. Location and Photovoltaic Plant

In northwestern Ghana, along the Black Volta River, sits the Bui Dam with latitude-
longitude 8.28, −2.24, as shown in Figure 1. This hydroelectric facility, comprising
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four generating units, boasts a 404-megawatt (MW) capacity. Three of these units are
powerful Francis turbines, each capable of generating 133.33 MW, while the remaining unit
is a smaller 4 MW turbinette (compact hydro turbines) [39].
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Figure 1. Location of Bui Hydro Dam (Source: OpenStreetMap latitude-longitude 8.28, −2.24) [40].

To boost the Bui dam’s overall electricity generation without affecting the water
reservoir, a 50-megawatt (MW) solar power plant was built on land 3 km from the dam,
as shown in Figure 2. The solar plant was commissioned in November 2020. This solar
PV plant uses monocrystalline PERC panels that capture sunlight only from the front and
connect directly to the power grid.
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Figure 2. The 50 MW solar PV plant at Bui (location: 8.26◦ N, 2.25◦ W).

2.2. Technical Design

The installed capacity of the grid-connected solar PV plant is 50.76 MWp. The solar
plant’s total net generating capacity is divided into sub-arrays of solar power capacity
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that feed into power conditioning units (PCUs). The plant is a fixed-tilt ground-mounted
system built downstream from the hydroelectric power plant. Table 1 shows the technical
specifications of the PV system. The solar PV plant consists of 119,724 monocrystalline
silicon modules. This project is connected to the grid at 34.5 kV and includes eight (8)
transformers with capacities of 6.3 MVA each and 250 inverters. A single inverter has a
capacity of 185 kW and 16/17/18 strings of 28/29/30 PV modules connected with capacities
of 380 W/385 W/440 W [39].

Table 1. The 50 MW PV plant system parameters.

Parameter Values

Location’s geographical coordinates 8.26◦ N, 2.25◦ W
Maximum DC power capacity 50.768 MW

Inverter capacity 185 kW
Number of PV module 34,093/6480/79,016

PV module’s power rating 380/385/440 Wp
Maximum AC power capacity 50 MW

Number of inverters 250
Number of PV modules per string 28/29/30

Maximum DC input voltage 34.5 kV
Number of strings per inverter 16/17/18

Transformer capacity 6.3 MVA
Number of Transformer 8
Ground clearance height 0.8–1.0 m

Tilt angle 5–8◦

Orientation South
DC/AC ratio 1.1

N stands for north, W stands for west, DC stands for direct current, AC stands for alternating current, MW stands
for megawatt, Wp stands for watt peak, and kV stands for kilovolts.

Solar irradiance is crucial in evaluating solar PV systems, indicating the amount
of power a surface receives per unit area. Solar irradiance comprises global horizontal
irradiance (GHI), direct normal irradiance (DNI), and diffuse horizontal irradiance (DHI).
DNI irradiance refers to the portion of solar irradiance directly reaching a surface. On the
other hand, DHI is the portion scattered by the atmosphere. GHI is the combined diffuse
and direct irradiance that reaches the same surface [41–43]. GHI and DHI represent a
horizontal surface parallel to the ground, whereas DNI represents a perpendicular surface
to the Sun. Higher values of the DHI/GHI ratio indicate an increased presence of clouds,
greater air pollution, or higher levels of water vapor. GHI is strongly correlated with
the Sun’s location and, together with DNI, plays a crucial role in the functioning of solar
systems. Practitioners utilize GHI forecasting, as stated by Law et al. [38], to evaluate
the effectiveness of solar PV and thermal systems. Forecasting the use of both the GHI
and DNI is crucial for assessing the performance of infrastructure in concentrating solar
systems. Our system is a traditional solar PV system, so we considered the GHI values for
the performance analysis.

The daily measured meteorological data consisting of GHI, ambient temperature,
wind speed, sunshine time, power, and energy generated for the year 2022 were obtained
from the Bui Power Authority (BPA). BPA has a meteorological station with a data logger
stored on its server, which is monitored both physically and remotely. The instruments are
calibrated yearly for accuracy. The server records the voltage, current, power factor, and
power output of inverters for every minute. It also records solar irradiance, wind speed,
and ambient temperature data from automatic weather stations.

The electric meter panel monitors and records this critical information. For the current
study, the inverter monitoring system measured the hourly peak and average power and
energy generated by EAC. The inverter measurements are sent to the supervisory control
and data acquisition (SCADA) system installed in a high-performance workstation. The
automatic generation control (AGC) and automatic voltage control (AVC) panels regulate
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power generation and voltage levels to ensure grid stability and peak plant performance.
Tracking energy production and consumption is essential for plant management. EAC
stands for energy attribute certificate, usually issued for each megawatt-hour (MWh) of
renewable electricity produced and added to the grid [44].

The International Energy Agency (IEA) developed performance parameters to analyze
solar PV grid-interconnected systems. This study used reference yield, system yield, final
yield, performance ratio, and capacity factor based on available data and literature [45]. It
is important to note that when analyzing the system’s output, Tanima et al. [46] stated that
the ambient temperature should have a linear relationship with the PV module’s output
performance and efficiency.

2.3. Performance Related-Indices

The International Energy Agency (IEA) developed performance parameters to analyze
solar PV grid-interconnected systems. Their study used reference yield, system yield, final
yield, performance ratio, and capacity factor based on available data and literature [45].
These metrics are described below.

2.3.1. Reference Yield

The reference yield Yr can be referred to as the ratio of daily total in-plane insolation
(IPOA) to reference irradiance (GSTC) at standard test conditions (STC). It represents the
available energy under ideal conditions. It is a function of the location, PV system design,
and weather variability [4]. The equation is depicted as follows:

Yr,d =
IPOA, d

GSTC

(
kWh

kW-day

)
(1)

2.3.2. System or Array Yield

Array yield (Ya) is the PV array’s direct current (DC) energy output over a given
period, normalized by the PV-rated power at STC. It represents the number of hours the
PV array operates at its rated capacity. The Ya can be determined using:

Ya,d =
EDC

PPV,STC

(
kWh

kW-day

)
(2)

The comparison between the system yield and the reference yield is a crucial set of
performance parameters for a grid-connected solar system. This link represents the overall
effectiveness of converting energy. The primary variables that require monitoring are the
power transmitted to the electric grid and the level of irradiance within the plane. If the PV
system is considered linear, then the system’s output will be assumed to be directly linked
to the reference output. The relationship between the measurements of system yield and
reference yield can be estimated using a linear function that intersects the origin. The linear
line can be determined by applying linear regression to all data samples. The slope of the
line indicates the mean performance ratio across all data [45].

2.3.3. Final Yield

The final yield Yf shows how close the actual electricity generated is to the ideal
output. The final yield is calculated by dividing the total alternating current (AC) energy
EAC produced by the PV system over a specified period (a day, a month, or a year) by the
installed PV array’s peak power at a solar irradiance of 1000 W/m2 and a cell temperature
of 25 ◦C. This energy EAC is the energy fed into the grid after inverter and transformer
losses have been accounted for [47].

Yf ,d =
EAC,d

PPV,STC

(
kWh

kW-day

)
(3)
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EAC,d = Σ24
h=1EAC,h(kWh) (4)

2.3.4. Performance Ratio (PR)

Performance ratio (PR) is the ratio of the energy injected into the grid to the nominal
power of the installed PV array, i.e., the ratio of final yield to reference yield. It allows for
comparison of performance results across different PV systems, regardless of geographical
location or installed peak power [4,39]. The equation for the performance ratio is given as:

PR =
Yf ,d

Yr,d
× 100 (%) (5)

2.3.5. Capacity Factor

The capacity factor is a method of presenting the energy delivered by an electric power
generation system. It is defined as the ratio of EAC, the energy produced by the PV system
over a given period to the energy output that would have been generated if the system
had been operated at nominal capacity throughout the period [48]. The PV system’s daily
capacity factor is calculated using the following equation:

CF =
EAC,d

PPV,STC ∗ 24
× 100 (%) (6)

3. Results and Discussion

This section covers the results of the analysis based on the performance parameters
and discusses them in the context of results from previous studies. These parameters
include reference yield, system yield, final yield, performance ratio, and capacity factor.

3.1. Daily Solar Radiation Data Analysis

The meteorological and energy-generated data collected between January 2022 and
December 2022 were analyzed to determine each month’s most sunny and cloudy day.
Figure 3 depicts the daily variation in solar radiation for each month’s overcast and
most sunny days. On cloudy days, the global horizontal irradiation (GHI) varies from
0.33 kWh/m2 (August) to 4.02 kWh/m2 (February), while sunny days experience a global
horizontal irradiation ranging between 5.24 (September) and 6.94 kWh/m2 (June). The
graph shows that September has the lowest GHI, while June has the highest. This vari-
ability in solar radiation significantly affects the performance of a solar PV system. The
GHI data indicate that, on sunny days, the system receives higher solar radiation, which is
directly correlated with increased electricity generation. Conversely, on cloudy days, the
reduced solar radiation results in lower energy production. The performance of a solar PV
system is highly dependent on solar radiation and the ambient temperature [49,50]. This
variability necessitates careful system design and sizing, potentially incorporating energy
storage to balance supply [51]. To further elucidate the impact of weather conditions on
system performance, a comparative analysis of energy generation on sunny and cloudy
days was conducted. On average, sunny days produced approximately 50% more energy
than cloudy days. This significant difference underscores the need for robust system design
that can handle such fluctuations. For instance, in February, a sunny day with a GHI of
4.02 kWh/m2 resulted in a 30% higher energy yield compared to an overcast day in the
same month. This comparison highlights the critical role of solar radiation in determining
the efficiency and productivity of solar PV systems.
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Figure 3. Average daily global horizontal irradiation of the solar PV system.

Figure 4(a1,a2),b,c depicts the relationship between the reference and system yields
throughout the year, including the sunniest and cloudiest days. In Figure 4(a2),c, the
reference and system yields are strongly correlated, indicating that the PV plant has a high
conversion efficiency [45]. The coefficient of determination (R2) is 0.913, indicating that the
reference yield accounts for 91.3% of the total system yield throughout the year. On cloudy
days (Figure 4c), the coefficient of determination is 0.927, demonstrating a strong predictive
relationship. Sunny days, as depicted in Figure 4b, show less predictability between the
reference yield and system yield, with a coefficient of determination of only 0.382. Solar
PV systems tend to be less efficient at higher temperatures, which are more prevalent on
sunny days [52]. This non-linear relationship between temperature and efficiency can cause
variations that a linear regression model may not accurately capture. Furthermore, the per-
formance of solar panels can degrade over time under intense sunlight due to overheating,
leading to less predictable variations in output and a lower coefficient of determination [53].
These results align with the analytical grid-connected PV system performance study by
Woyte et al. [45] in the IEA PVPS 2014 report, which found that module temperature is
the most significant parameter affecting PV system performance. It could be seen that
the sunny days are roughly constant throughout the year, whereas overcast days change
with a roughly sinusoidal pattern throughout the year, so the lowest values are found
during July–September. This study reinforces the importance of monitoring and managing
the temperature to optimize the efficiency and output of solar PV systems. To address
the lower predictability on sunny days, it is recommended that the BUI Power Authority
consider implementing advanced cooling systems or selecting PV modules with better
high-temperature performance characteristics. Additionally, regular maintenance and
monitoring can help mitigate the effects of overheating and ensure consistent performance
over time.
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3.2. Daily Ambient Temperature and AC Energy Fed into the Grid (Sunny and Overcast Days)

Figure 5a,b shows the average ambient temperature and total AC energy generated per day
on the most sunny and cloudy days of the year. The ambient temperature ranged from 22.6 ◦C
(August) to 32.5 ◦C (February) during overcast days. On sunny days, the ambient temperature
ranged from 27.1 ◦C (September) to 33.5 ◦C (February). It is worth noting that February has the
highest average ambient temperature throughout the year, which makes it the hottest month for
this location. The amount of AC energy fed into the grid on the sunniest day of the month varies
between 229.3 MWh (December) and 278.0 MWh (November). Meanwhile, the cloudiest day
of the month ranges between 16.1 MWh (August) and 192.8 MWh (February). A high energy
output of 128.4 and 190.6 MWh was also observed in November and December. The percentage
increase in energy generated on the sunniest day versus the cloudiest day ranges from 16.9%
(December) to 94.1% (August). This significant variation underscores the correlation between
total AC energy and available solar radiation. Increased irradiation directly leads to increased
energy production, as seen in the higher energy outputs on sunny days. The analysis shows that
the performance of the solar PV system is heavily influenced by seasonal variations in both solar
radiation and ambient temperature. For instance, August, with the lowest average ambient
temperature on overcast days, also shows the lowest energy output, emphasizing the combined
impact of reduced solar radiation and lower temperatures on energy generation. February,
characterized by the highest ambient temperatures, also exhibited substantial variations in
energy output between sunny and cloudy days. The high ambient temperatures during this
month likely contribute to thermal losses, which can decrease the efficiency of the PV system.
This observation aligns with previous studies, indicating that solar PV systems are less efficient
at higher temperatures due to increased thermal resistance in the PV modules.
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Figure 5. (a) The average ambient temperature and total AC energy generated per day on the Sunniest
days of the year. (b) The average ambient temperature and total AC energy generated per day on the
cloudiest (overcast) days of the year.
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Nouar Aoun [49] reported a similar correlation between solar radiation and energy
generated. The author conducted the energy and exergy analysis of a 20 MW grid-connected
PV plant operating under harsh climate conditions in Southern Algeria for a period of
1 year. The author reported a monthly average daily ambient temperature minimum value
of 14.05 ◦C in December and a maximum of 40.8 ◦C in July. The irradiation varied between
171.7 kWh/m2 (January) and 251.2 kWh/m2 (May). The total AC energy ranged between
2725.15 MWh (July) and 3447.5 MWh (March). The results show an agreement between
the total AC energy and the total in-plane radiation; increasing the irradiation leads to
increased total energy. However, the result of their study was based on a monthly average
without a specific focus on cloudy and sunny days. It should be noted that the results
reported by the Nouar Aoun study and this study agree that irradiation and ambient
temperature significantly impact the value of energy generation. This also aligns with the
conclusion made by Aoun N et al. [54], who evaluated the performance of monocrystalline
PV modules under different weather and sky conditions and reported that irradiation and
ambient temperature impact the value of energy generation.

3.3. Performance Ratio (PR)

The quality of the solar PV plant on these two contrasting days (sunniest and cloudiest)
was examined by evaluating the performance ratio. A high-performance ratio indicates
that the PV system efficiently converts available solar radiation to electrical energy [55]. As
shown in Figure 6, the performance ratio of the solar PV system during the sunniest days
fluctuates between 76.9 and 92.3%, while the performance ratio of the solar PV system for
the overcast days is higher, ranging between 90.9 and 110.6%.
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Figure 6. Daily performance ratio of the solar PV plant (sunniest and cloudiest).

According to the SMA Solar Technology AG technical report [56], while a performance
ratio (PR) exceeding 100% for a solar PV system seems illogical, it can happen in certain
circumstances, especially on cloudy days, due to the combined effects of diffuse light,
cooler temperatures, and potential measurement anomalies. Also, depending on the
installation location, plants and buildings can throw shadows on your PV plant’s measuring
gauge; hence, the measuring gauge can be temporarily or even permanently in the shade.
Especially on cloudy days, parts of the PV plant can cast shadows over the measuring
gauge. The partial or complete placement in the shadow of the measuring gauge can result
in PR values of over 100%. The higher PR values on cloudy days, reaching up to 110.6%,
highlight the complex interplay of environmental factors affecting the performance of solar
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PV systems. While sunny days provide abundant solar radiation, the higher temperatures
can reduce the overall efficiency, leading to lower PR values compared to cloudy days.
Understanding these variations in PR is crucial for optimizing the design and operation
of solar PV systems. The higher PR on cloudy days suggests that systems designed to
maximize diffuse light capture and operate efficiently at lower temperatures can perform
better under variable weather conditions.

The result of the PR of this study correlates with the PR reported by Fuster-Palop et al.
and Mahadi et al. [4,51]. In their study, they both reported PRs of 75.2% and 79.24% for a
50 MW solar PV plant, respectively. Similarly, Kumar et al. [57] analyzed the theoretical
and operational PR of an installed 10 MW grid-connected PV system in India and reported
a PR that correlates to the PR stipulated in our study. In their analysis, they reported an
operational average PR ratio of 85.1%, with the highest PR of 97.5% in December and the
lowest PR of 73.9% in April. They concluded that system malfunction could have led to
the variation in PR and that the plant operated nearer to the predicted energy generation
using software.

3.4. Daily Capacity Factor of the Solar PV Plant (Sunniest and Cloudiest)

The capacity factor was used to calculate how much energy the solar PV plant produces
on sunny and overcast days versus the maximum amount of energy it could theoretically
produce if it operated at full capacity on that same day. As depicted in Figure 7, the capacity
factor for overcast days ranged between 1.3% and 16.1%, whereas sunny days exhibited
a higher capacity factor, ranging between 19.1% and 23.2%. The lower capacity factor
on overcast days is attributed to reduced solar insolation, as climatic conditions such as
rain, cloudy skies, and storms diminish the amount of solar radiation reaching the PV
panels [47]. The significant disparity in capacity factor between sunny and overcast days
underscores the influence of climatic conditions on the performance of the solar PV plant.
Overcast days, characterized by lower solar radiation, result in reduced energy output,
hence a lower capacity factor. On the other hand, sunny days with higher solar radiation
led to increased energy production and a higher capacity factor. The variability in capacity
factor due to changing weather conditions emphasizes the need for robust system design
and operational strategies to maximize energy production.
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4. Conclusions

The current study examines a 50 MW solar PV utility scale integrated with a hy-
dropower plant owned by Ghana’s Bui Power Authority (BPA). This article aims to add
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to the growing knowledge of hybrid renewable energy systems by conducting a detailed
performance analysis. By examining the system’s output on the sunniest and most over-
cast days, the study provides valuable insights into operational dynamics and potential
improvements for such seasonal variation. This analysis is critical for improving the in-
tegration and performance of renewable energy systems, thereby promoting sustainable
energy development in Ghana and beyond.

The research consists of a one-year monitoring period with measurements of climatic
data and AC energy output fed into the grid. Using these data, the PV performance was
analyzed for each month’s sunniest and most overcast days. The outcome of the research
is summarized as follows: The amount of AC energy fed into the grid on the sunniest
day of the month ranges from 229.3 MWh (December) to 278.0 MWh (November), and the
cloudiest day of the month averages 16.1 MWh (August) and 192.8 MWh (February). The
percentage increase in energy generated between the sunniest and cloudiest days ranges
from 16.9% (December) to 94.1% (August). During the sunniest days, the solar PV system’s
performance ratio ranges from 76.9 to 92.3%, while on overcast days, it ranges from 90.9 to
110.6%. Finally, the capacity factor values for overcast days ranged from 1.34 to 16.07%,
whereas sunny days had a higher capacity factor ranging from 19.11 to 23.17%.

This analysis of the BPA solar plant’s performance on sunny and cloudy days helps
the BPA optimize hydropower usage through Hydro Support; knowing how much solar
power the plant produces on a sunny day enables BPA to use hydropower strategically.
During peak solar hours, they may be able to reduce hydropower output, saving water in
the reservoir for times when solar is limited. This analysis also shows that a hydro backup
is needed during cloudy days, and our results provide information on the minimum solar
power generation. BPA can use these data to calculate the amount of hydropower required
to maintain a consistent grid supply during periods of low solar output. Finally, the result
of this study helps BPA understand the solar plant’s variability, enabling their ability to
optimize dispatch strategies and determine the most efficient mix of solar and hydropower
to deliver to the grid at various times.

Furthermore, epileptic power generation on a sunny day, compared to predictions,
could signal trouble with solar panels or inverters. By catching these issues early with
data analysis, maintenance can be done quickly to prevent the plant’s performance from
worsening. Implementing strategies such as optimizing the panel orientation and tilt, use of
high-efficiency panels, power optimizers, appropriate ground cover ratio, ensuring proper
cooling and regular maintenance, and optimal site locations can improve the AC energy
output, performance ratio, and capacity factor of a solar PV system during both sunny and
overcast days.
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