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Abstract: This study explores the design, efficiency, and sustainability of photovoltaic (PV) power plants,
emphasizing their growing role in renewable energy systems. Photovoltaic power plants convert sunlight
directly into electricity, offering a clean, renewable energy source, yet face efficiency and intermittency
challenges. Key factors influencing PV efficiency include material type, weather, temperature, orientation,
and technological advancements. Current commercial PV cells demonstrate an average efficiency of 15-20%,
with monocrystalline cells achieving up to 22% efficiency under ideal conditions, while polycrystalline cells
reach around 18%. These efficiency rates indicate that a 1 MW PV plant, with optimal sunlight exposure,
generates approximately 4,380 MWh annually; however, in practice, real-world factors can reduce this output
by 10-15%. Efficiency improvements are made possible through advanced technologies like bifacial panels,
which capture sunlight from both sides, improving output by 6-9%, and solar tracking systems, which
increase efficiency by 15-25% by adjusting panel orientation to follow the sun. Additionally, concentrated
photovoltaic (CPV) offers potential efficiencies of up to 40%, though they are suitable only for high-sunlight
regions. Life-cycle assessments show that PV plants have a CO2 emission factor of 20-60 g CO2-eq/kWh,
significantly lower than fossil fuels, underscoring their environmental benefits. However, challenges such as
high initial costs (up to $1,000/kW for utility-scale systems) and land use (up to 4 acres per MW) require
careful planning for large-scale implementations. This study concludes that while PV plants are pivotal for
sustainable energy, ongoing innovations in cell efficiency and energy storage will be essential to maximize
their impact.

Keywords: Photovoltaic (PV) power plants; CO, emission; Concentrated photovoltaic (CPV)

INTRODUCTION

Enhancing diesel engine combustion directly supports
multiple SDGs, particularly in energy efficiency, climate
action, industrial innovation, and public health[1-7]. By
integrating biofuels, advanced combustion techniques, and
emission control measures, sustainable diesel engine
technologies contribute to a cleaner and more sustainable
future[8-13]. Advancements in diesel combustion, such as
alternative fuel adoption, combustion mode optimization,
and emissions reduction technologies, directly contribute
to these global sustainability objectives [14-20].
Photovoltaic (PV) technology is essential for the shift
to renewable energy, providing a sustainable approach to
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reducing greenhouse gas emissions and cutting dependence
on fossil fuels. This technology utilizes the photovoltaic
effect to directly convert sunlight into electricity, creating a
clean and emissions-free energy source[21]. Over the past
70 years, PV advancements have centered on improving
efficiency, lowering production costs, and adopting
environmentally friendly materials, such as thin-film
polymers and perovskite tandems [22]. The potential for
solar energy generation worldwide is vast, with PV
systems proving economically viable for both small- and
large-scale applications[23].
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By incorporating solar power into diesel-based energy
systems, such as in microgrids, remote power stations, and
hybrid vehicles, PV panels can generate electricity to
supplement or partially replace diesel fuel usage [24-31].
Integrating photovoltaic (PV) technology with diesel
engine systems presents a hybrid energy solution that
enhances efficiency, reduces fuel consumption, and lowers
emissions [32-37]. This reduces the engine’s operational
load, improves fuel economy, and extends engine lifespan
while cutting CO:. and NO, emissions [38-43].
Additionally, PV-assisted diesel systems contribute to
SDG 7 (Affordable and Clean Energy) and SDG 13
(Climate Action) by promoting renewable energy
integration and reducing reliance on fossil fuels, making
diesel-based applications more sustainable and cost-
effective.

As the field advances, continued research and
innovation are vital to tackle issues like stability and
environmental impact, ensuring PV technology remains
pivotal for sustainability goals and supports the United
Nations' 2030 agenda[44]. Optimizing the efficiency of
photovoltaic (PV) power plants is vital for achieving both
economic and environmental advantages. Higher efficiency
leads to greater electricity generation, which lessens fossil
fuel dependence, thereby reducing greenhouse gas
emissions and helping to combat climate change[45]. For
example, ground-mounted PV systems offer a low
levelized cost of energy (LCOE), ranging from
0.04t00.13/kWh, making them economically feasible while
also contributing significantly to emission reductions[46].
Additionally, factors like temperature, humidity, and
maintenance practices play a critical role in PV
performance, as inadequate maintenance can result in a 60-
70% decrease in output[47, 48]. By leveraging advanced
optimization methods, such as neural networks and root
cause analysis, operators can improve system performance,
supporting long-term sustainability and profitability[48].
Thus, optimizing PV power plants is key to achieving a
balance between economic feasibility and environmental
responsibility.

Improving the efficiency of photovoltaic (PV) power
plants is essential for enhancing both economic viability
and environmental sustainability. Recent innovations in PV
technology, such as multi-junction and bifacial solar cells,
have significantly increased conversion efficiencies, with
some cells achieving over 40% efficiency under
concentrated sunlight [49]. Additionally, advanced
algorithms like the Red-tailed Hawk for Maximum Power
Point Tracking (MPPT) have shown excellent performance
in  maximizing energy output[50]. Machine learning
approaches, such as Genetic Algorithms, have also
demonstrated potential for boosting energy output by up to
15%, leading to further cost reductions and lower carbon
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emissions[51]. Furthermore, combining thermoelectric
generators with PV systems has been shown to improve
efficiency by 14-16%, while optimizing land usage[52].
Together, these developments reduce the cost per kilowatt-
hour and promote energy security and sustainability,
establishing solar energy as a key element in a low-carbon
energy mix[53].

The study aims to explore methods for enhancing the
efficiency of photovoltaic (PV) power plants through
optimized design, improved implementation practices, and
sustainable operations. The scope includes assessing key
factors influencing PV performance, such as site selection,
panel configuration, and maintenance techniques.
Additionally, it evaluates the economic and environmental
impacts of optimized PV  systems, providing
recommendations for increasing energy yield, reducing
costs, and supporting long-term sustainability in solar
power generation.

1. History of PV Systems:

The integration of photovoltaic (PV) power with diesel
engines has progressed over the decades as a response to
rising fuel costs and environmental concerns. Diesel
engines, invented by Rudolf Diesel in the late 19" century,
became the backbone of transportation, industry, and
power generation due to their efficiency and durability.
However, their high emissions and fuel dependency led
researchers to explore hybrid energy systems. The concept
of PV-diesel hybrid systems emerged in the late 20th
century, particularly for remote areas and microgrids,
where solar power could offset fuel consumption. Early
implementations faced challenges due to high PV costs and
limited battery storage, but with advancements in solar
panel efficiency, energy storage, and smart grid
technology, modern PV-diesel hybrid systems have
become more reliable, cost-effective, and widely adopted.
Today, these systems play a crucial role in the transition
toward renewable energy, reducing diesel reliance while
ensuring continuous power supply.

The development of (PV) systems has progressed
significantly since the 1800s, starting with early
electrochemical approaches and advancing through the
advent of solid-state devices and semiconductor
technology in the mid-20" century[54]. Initially, PV
advancements were driven by space applications, with Bell
Labs pioneering solar technology in 1954, which later
extended to ground-based uses[55]. Over time, various
materials and designs have been introduced to improve
efficiency and performance, including innovations like
thin-film solar cells and photovoltaic thermal (PVT)
systems as shown in figure [1] and [2], which address
temperature-related efficiency challenges. In countries like
Iran, the evolution of PV systems has been influenced by
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political and financial factors, resulting in periods of
growth and decline from 1991 onward [56]Moreover,
incorporating PV systems into historical buildings presents
specific challenges, requiring collaborative efforts to
balance heritage preservation with renewable energy
integration[57]

Figure 1: Thin film solar cells configuration layout [17]
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Figure 2: Represent thin film solar cells system management [17]

The main challenges in photovoltaic (PV) power
generation arise from its intermittent nature, complicating
grid stability and integration. Variability in solar energy
production can cause voltage fluctuations, harmonic
distortion, and current deviations, impacting the quality of
power in electrical grids[58]. Furthermore, high levels of
PV system integration can degrade power quality due to a
lack of mechanical inertia, requiring alternative solutions
to stabilize both voltage and frequency[59] Accurate
forecasting of PV energy production is key for effective
grid management, but issues such as data quality, model
uncertainty, and the integration of varied data sources
remain challenging to address these challenges, advanced
control strategies and deep learning approaches, like long
short-term memory (LSTM) models, are being investigated
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to improve prediction accuracy and bolster grid
resilience[58]. Tackling these obstacles is crucial for the
successful and sustainable integration of solar energy into
power systems [60]

Recent research in photovoltaic (PV) plant
optimization has highlighted major advancements focused
on enhancing efficiency through innovative techniques and
methods. Significant developments include high-efficiency
PV cells, like multi-junction and bifacial cells as shown in
figure[3]Jand[4], which have achieved efficiencies above
40% under concentrated sunlight[49]. Machine learning
approaches, especially Reinforcement Learning (RL), have
shown remarkable success in optimizing grid-connected
PV  systems, particularly in shading conditions,
outperforming traditional methods like Particle Swarm
Optimization (PSO) and Genetic Algorithm (GA)[61].
Additionally, advanced analytical frameworks using
anomaly detection and performance assessment have been
proposed to boost operational efficiency and support real-
time monitoring[62]. Methods such as combining Artificial
Neural Networks (ANN) with PSO for Maximum Power
Point Tracking (MPPT) have also demonstrated improved
tracking efficiency and response times, enhancing energy
output[63]. Together, these advancements support ongoing
efforts to increase the reliability and economic feasibility
of solar energy systems [53].

The future of energy generation is shifting towards
renewable solutions, with photovoltaic (PV) technology
emerging as a viable alternative to diesel power across
various applications. As solar panel efficiency improves
and energy storage technologies advance, PV systems are
becoming more economically competitive and capable of
providing reliable, off-grid power[64-69]. In industries,
transportation, and remote areas, solar microgrids and
hybrid PV-storage systems can replace or significantly
reduce diesel dependency, -cutting fuel costs and
eliminating carbon emissions [70-76]. With global
commitments to net-zero emissions and the declining cost
of solar technology, PV power is poised to become the
dominant energy source, eventually phasing out diesel in
many sectors and accelerating the transition to a
sustainable and clean energy future [77-83].

As final remarks, photovoltaic (PV) power offers
significant advantages over diesel power in terms of
sustainability, cost savings, and emissions reduction, it is
not necessarily better in all conditions. PV systems rely on
sunlight availability, making them less effective in regions
with limited solar exposure, extreme weather conditions, or
high energy demands during nighttime without adequate
storage.
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Figure 3: Multi-junction solar cell configuration [13]
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Figure 4: Bifacial solar cell arrangement
M. Methodology of analyzing plant performance:

The research design for collecting data and analyzing
plant performance typically follows a structured approach
that combines both qualitative and quantitative methods. A
mixed-methods approach is commonly used, enabling
researchers to employ surveys as effective tools for data
collection, which aligns with the pragmatist philosophical
perspective that embraces a variety of worldviews and
approaches[84]. The process involves setting research
objectives, choosing appropriate tools, and validating them
through pilot testing[85]. Additionally, a comprehensive
framework is developed to guide the research, ensuring
that various methods are strategically organized to address
specific research questions. Ethical considerations are
central to the methodology, ensuring compliance with
established standards throughout both data collection and
analysis [86]. This approach improves the reliability and
validity of the findings related to plant performance.

Data collection methods like on-site measurements,
simulations, and interviews with industry experts are
crucial for obtaining accurate and pertinent information
across various research settings. On-site measurements
typically involve observational techniques, such as live
observations and video assessments, which offer real-time
data on specific activities or environments[87].
Simulations provide a controlled environment to replicate
real-world situations, enabling researchers to examine
potential outcomes without the limitations of actual field

——PVGIS =—E—PVsyst

conditions. Interviews, especially in structured or semi-
structured formats, allow researchers to gather detailed
insights from industry experts, deepening the
understanding of complex phenomena. The selection of
these methods depends on factors such as research goals,
resource availability, and the necessity for methodological
rigour to ensure the results are valid and reliable.

Analytical techniques in research include a range of
models and software tools, such as simulation modelling
and statistical analysis methods. For example, dynamic
modelling combines computational statistics and
econometrics to support policy analysis in fields like
healthcare and engineering [88]. Software tools like
MATLAB and PV systems are frequently used for
simulations such as in figure [5], enabling researchers to
develop and evaluate complex models effectively.
Additionally, statistical methods such as Bayesian
inference and stochastic processes are vital for data
analysis, especially in areas like consumer neuroscience.
The validation of these analytical techniques is essential
for ensuring the reliability of results, with statistical tools
playing a critical role in evaluating the appropriateness and
accuracy of the methods[89]. Moreover, well-established
environmental analysis methods, like those used to detect
mercury, highlight the significance of strict analytical
protocols to ensure precise measurements.
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Figure 5: Represent comparison of PVGIS and PVsyst monthly output.
V. Design Optimization:

The selection of sites for solar power plants depends
on several key factors as shown in figure [6], including
latitude, solar irradiance, and topography. Latitude
influences the angle and intensity of solar radiation, with
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optimal locations generally found closer to the equator
where solar irradiance is stronger[90]. Solar irradiance is a
critical factor, as it directly affects the potential for energy
generation; therefore, areas with high annual insolation are
prioritized. Topography is also important, as slope and
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elevation can influence solar energy capture efficiency and
cause shading from nearby terrain. The layout design must
account for the placement and orientation of heliostats to
maximize solar capture while minimizing shading,

utilizing advanced optimization techniques to improve
efficiency and minimize land use. In conclusion, a
thorough evaluation of these factors is vital for successful
site selection and layout design in solar energy projects.

Solar power plant site selection
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Figure 6: Solar power plant site selection framework.

The choice of photovoltaic (PV) cells, including
monocrystalline, polycrystalling, and thin-film
technologies, is influenced by a range of environmental
factors and performance requirements. Monocrystalline PV
cells generally offer higher efficiency and energy output
than polycrystalline cells as shown in figure [7], especially
in certain climates, with studies showing they produce
significantly more  electricity annually.  Ambient
temperature also affects PV performance; monocrystalline
cells maintain better efficiency across a wide range of
temperatures compared to polycrystalline and amorphous
cells. For thin-film technologies like CdTe such as in
figure [8], the microstructure, particularly the texture of the
absorber, plays a key role in efficiency, with randomized
textures leading to improved performance. Decision
support systems can assist in selecting the best PV
technology by evaluating both technical and economic
factors suited to specific conditions. Therefore, the
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selection of PV cells should be based on a thorough
analysis of environmental factors, efficiency measures, and
technological features.
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Figure 7: Represent monocrystalline vs polycrystalline solar panels
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The optimal configuration of photovoltaic (PV)
systems greatly impacts their efficiency and economic
feasibility, particularly in terms of panel arrangement,
inverter choice, and string setup. Research suggests that
adjusting the tilt angle and row spacing of panels can
improve energy production; for example, varying the row
spacing from 2 m to 4 m led to annual electricity outputs
ranging from 622.77 MWh to 385.72 MWh, with ideal tilt
angles boosting performance by as much as 20.61%[91].
Inverter selection is also crucial, with string inverters
slightly surpassing central inverters in energy yield by
0.5%, although central inverters provide a higher net
present value (NPV) by 2.76[92]. Integrating these
elements, along with considerations of load patterns and
resource availability, is key to optimizing system design
and balancing cost with reliability[93].

Battery energy storage systems (BESS) are vital for
optimizing power output from renewable energy sources,
especially in managing the intermittency of solar and wind
power. The integration of BESS enhances energy
efficiency and reduces costs through advanced control
systems that regulate charge and discharge cycles, as
demonstrated in numerous industrial applications[94].
Hybrid energy systems that combine batteries with
supercapacitors have shown great promise, achieving an
80% renewable energy share while keeping costs low[95].
Additionally, selecting the right battery technology, such
as VRLA as shown in figure [9] batteries, is crucial for
maximizing performance and lifespan, especially under
varying operating conditions.  Large-scale BESS
implementations are increasingly being integrated into grid
systems, enabling participation in electricity markets and
improving grid stability[96]. Emerging technologies,
including sodium-ion and solid-state batteries, along with
advancements in recycling, are also key to the progression
of sustainable energy systems[97]. In summary,
incorporating various energy storage technologies is
essential for optimizing power generation and ensuring the
reliability of renewable energy systems.
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Figure 9: Valve-regulated lead-acid battery (VRLA)

V. Performance analysis and optimization
techniques:

Efficiency metrics are essential for assessing the
performance of optimization techniques in various fields.
In auditory neuromorphic spike encoding, three main
metrics—coding efficiency, computational efficiency, and
energy efficiency—were used to evaluate methods like
Leaky Integrate-and-Fire (LIF) coding, which showed
superior performance in encoding speech data [98]. In text
summarization, data-driven models were assessed using
metrics like data score efficiency and overall data
efficiency, with the Transformer model outperforming
others in efficiency when handling a large dataset of 35
million abstract-title pairs[99]. Furthermore, a comparative
analysis of productivity metrics in knowledge work
emphasized the need for metrics that account for
intellectual capital and knowledge management, proposing
a shift from traditional metrics to those more suited to
knowledge-intensive tasks[100]. These findings highlight
the importance of customized efficiency metrics in
enhancing performance across various domains.

Comparing traditional photovoltaic (PV) systems with
advanced approaches, especially those that incorporate
artificial intelligence (Al) for maximum power point
tracking (MPPT), reveals notable improvements in
performance and cost efficiency. Conventional methods
such as Perturb and Observe (P&O) and Constant Current
(CC) have been found to be less effective under varying
environmental conditions compared to Al-based methods
like Artificial Neural Networks (ANN) and Adaptive
Neuro Fuzzy Inference Systems (ANFIS), which optimize
energy output more effectively[101]. For example, Al-
powered MPPT has been shown to improve energy capture
during periods of low irradiation, resulting in better overall
system performance[102]. Furthermore, integrated systems
like agro photovoltaic (agro PV) not only produce
electricity but also use land for agricultural purposes,
achieving a level zed cost of energy (LCOE) around
$0.1/kWh, making them competitive with traditional PV
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setups[46]. These advancements suggest that adopting Al
and integrated systems can provide both economic and
environmental benefits, enhancing energy production and
reducing greenhouse gas emissions[102].

The reviewed studies highlight several challenges and
limitations across different fields, stressing the need for
further research and improvements. In permeability
measurement, systematic errors caused by optical
distortions and data acquisition problems compromise
accuracy, indicating the need for improved measurement
protocols[103]. Similarly, in enterprise orchestration,
although digitalization can help overcome implementation
challenges, the complexities involved in integrating
internal and external resources remain underexplored,
suggesting opportunities for further research on enterprise
ecosystems[104]. In applied linguistics, the inconsistency
in recognizing limitations across methodologies calls for
standardized research reporting practices. Additionally,
underwater species identification faces difficulties in
feature extraction and classification, pointing to the need
for advancements in computational techniques. Finally, in
healthcare, the emphasis on rational and logical thinking
reveals gaps in addressing the root causes of diseases,
advocating for more holistic approaches such as
halalopathy to improve treatment outcomes. Together,
these insights highlight the importance of addressing
current limitations while pursuing innovative solutions in
future research.

VI. Conclusions and final remark:

In conclusion, photovoltaic (PV) power plants present
a promising route to sustainable energy production,
offering a viable alternative to fossil fuels while
minimizing environmental impact. Although challenges
such as efficiency constraints and high upfront costs
remain, recent advancements in cell technology,
optimization methods, and energy storage are steadily
enhancing both the performance and economic feasibility
of PV plants. The adoption of bifacial panels, solar
tracking systems, and innovative technologies like
concentrated photovoltaics shows considerable promise for
boosting efficiency. However, to maximize the potential of
PV systems, continued research and innovation in areas
such as energy storage and system design are crucial for
fully leveraging solar energy and achieving global
sustainability objectives.
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