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Abstract—This paper presents a review of advanced
optimization methods for solar energy systems, with emphasis
on photovoltaic (PV) performance under real operating
conditions. The analysis covers data-driven, multi-objective,
geometric, and IoT-based optimization approaches. Particular
attention is given to thermodynamic optimization, specifically
entropy generation minimization (EGM), as a method for
reducing irreversibilities and improving efficiency. The study
identifies temperature as a dominant factor influencing PV
performance and highlights a key research gap: the lack of
integrated models combining climatic, geometric, and
thermodynamic parameters. Future research directions focus
on developing hybrid, climate-inclusive optimization
frameworks for enhanced PV system performance.
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1. INTRODUCTION

In modern society, awareness of global environmental
challenges facing humanity has significantly increased. The
exploitation of non-renewable energy resources, such as oil,
coal, and natural gas, results in the emission of harmful
greenhouse gases, causing serious environmental degradation
and global warming, while also requiring continuous
technological improvements to increase efficiency in
conventional power plants [1]. Additionally, these resources
are limited, and their reserves are rapidly depleting, making
it increasingly difficult to meet global energy demands.

According to a report by the International Energy Agency
(IEA), the current share of fossil fuels in global energy
production is approximately 82%. With the increasing use of
renewable energy sources, this share is expected to decrease
to 75% by 2035 [2]. This highlights the necessity of
transitioning to cleaner energy that supports the development
of sustainable energy systems while minimizing negative
environmental impacts and ensuring a sustainable future.

Among renewable energy sources, solar energy stands
out as one of the most promising and sustainable solutions
for addressing the growing global energy demand. It offers
numerous advantages over conventional energy sources,
including its virtually unlimited availability and the absence
of harmful by-products from an environmental perspective.

Global energy demand could be satisfied by utilizing
solar radiation falling on only 0.1% of the Earth's surface
with an efficiency of 10%. In terms of solar energy
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conversion, it is estimated that covering just 0.4% of the
Earth's surface with solar panels operating at 15% efficiency
could meet global energy demand [3]. Solar systems are
relatively simple to design and belong to a class of systems
capable of delivering power outputs ranging from micro-
scale to megawatt-scale energy generation.

The utilization of the vast energy potential of the Sun,
combined with the continuous growth in global demand for
solar energy, represents a major challenge for existing solar
systems and drives the need for innovative engineering
solutions. Optimization of operational parameters and
improvement of system efficiency are key factors for
maximizing solar energy conversion. Advanced optimization
methods have been developed; however, challenges persist
due to the inherently variable nature of solar energy. Solar
energy output is highly dependent on external factors such as
weather conditions, ambient temperature, air pressure,
relative humidity, day length, seasonal variations, ultraviolet
(UV), infrared (IR), and visible radiation, as well as system-
related parameters including panel arrangement, positioning,
and geometric factors such as azimuth and tilt angle.
Therefore, energy optimization models for solar systems that
incorporate these factors are essential for improving energy
production efficiency [4]. Addressing these challenges and
adopting optimal technical solutions are crucial for the
reliable integration of solar energy into modern energy
systems.

Considering the above, this paper presents a review of the
current state of advanced solar systems, providing a
comprehensive overview of recent optimization models, as
well as the primary objectives of optimization in solar energy
systems. The study examines state-of-the-art optimization
methods with respect to their functions, limitations, and
contributions. This research also provides a brief overview of
the key challenges associated with solar system optimization,
along with future directions for the development of efficient
and stable photovoltaic systems.

Finally, a more detailed analysis is presented for one of
the advanced thermodynamic optimization approaches—the
Entropy Generation Minimization (EGM) method. Its
importance is emphasized as a multidisciplinary approach
with significant potential for improving solar system
efficiency, particularly through the consideration of key
geometric factors (such as azimuth, tilt angle, and collector
arrangement) and climatic influences.



II. REVIEW METHODOLOGY

The literature reviewed in this paper was identified
through systematic searches of various databases, covering
publications from 2009 to 2025. Search terms included
combinations of “solar energy optimization,” “photovoltaic
optimization,” “entropy generation minimization,” and
“multi-criteria optimization”. Inclusion criteria required that
studies address at least one optimization method applied to a
solar energy system and be published in peer-reviewed
journals or conference proceedings. Sources were prioritized
based on relevance to the identified optimization categories,
citation impact, and recency. The references were selected to
provide a representative and up-to-date overview of the field.

III. OPTIMIZATION APPROACHES FOR SOLAR ENERGY
SYSTEMS

The reliability of solar energy systems is significantly
influenced by meteorological parameters. Consequently,
optimization methods play a crucial role in enhancing both
the reliability and efficiency of photovoltaic (PV) systems.
Addressing this requires developing advanced methodologies
to solve complex optimization problems in PV systems.
Optimization approaches are fundamentally multi-criteria
based [5], incorporating: meteorological data, load
forecasting, model accuracy, specification diversity,
methodological simplicity, and implementation feasibility.

The subsequent analysis provides a thorough examination
of the optimization strategies and models that have been
established in solar energy systems, derived from a
comprehensive evaluation of existing literature.

Module temperature substantially impacts PV system
operation by altering conversion efficiency and power
output. This temperature is governed by: ambient
temperature, cloud cover index and wind velocity. PV
module efficiency variations result from combined effects of
solar irradiance intensity, ambient temperature, solar
elevation angle and local weather conditions.

The performance evaluation of PV module orientations
under real-world conditions reveals important insights.
Reference [6] conducted a comprehensive comparison of
horizontal, vertical, and optimally tilted monocrystalline PV
modules exposed to actual meteorological conditions over a
full annual cycle. The study found that vertically oriented
modules achieved the highest efficiency at 10.95%, followed
by horizontal modules at 10.6%, while counterintuitively,
modules at their theoretically optimal tilt angle showed the
lowest performance at just 10.2% efficiency. This surprising
result suggests that real-world environmental factors may
complicate the benefits of optimal tilt angles in certain
geographic locations.

Environmental degradation effects on PV performance
have been extensively quantified in recent research. Study
[7] carefully measured the efficiency reduction caused by
natural airborne particulate deposition on panel surfaces,
establishing a clear 0.4% monthly efficiency decrease when
panels remain unmaintained in outdoor environments. More
dramatically, experimental work [8] demonstrated extreme
energy production reductions of 92.11% from uncontrolled
dust accumulation, highlighting the critical importance of
regular cleaning protocols, particularly in arid or industrial
environments where particulate matter concentrations are
elevated. Research [9] revealed that various environmental
factors significantly affect module performance, with
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findings emphasizing that periodic maintenance is essential
to mitigate soiling effects and maintain optimal energy
output. This is particularly crucial for large-scale installations
where even minor efficiency losses translate to substantial
economic impacts over the system's operational lifetime.
Advanced modeling approaches are providing new insights
into solar thermal system optimization.

IV. ADVANCED OPTIMIZATION TECHNIQUES AND
TECHNOLOGIES

The rising complexity of solar energy systems and the
variability of environmental conditions have led to the
creation of advanced optimization techniques that extend
beyond conventional approaches. These methods integrate
numerical modeling, machine learning, multi-objective
optimization, and real-time monitoring to enhance both
system performance and reliability. Modern strategies
prioritize maximizing energy output while also improving
adaptability and reducing operational costs. This section
reviews recent advancements in these techniques and their
impact on enhancing the efficiency and sustainability of solar
energy systems. These approaches can be broadly
categorized into three main groups: (1) Data-driven and
machine learning-based methods, (2) Multi-objective and
optimization algorithms, (3) Geometric and thermodynamic
optimization techniques.

Authors in [10] employed sophisticated dynamic
modeling techniques for flat-plate collectors, utilizing both
explicit and implicit numerical methods combined with
energy and exergy analysis methodologies. The research
yielded several key findings: thermal gains showed marked
increases during summer months, thermal output
demonstrated direct proportionality to mass flow rate, and
the heat removal factor emerged as a critical parameter
determining overall system performance. These insights are
proving valuable for the design of next-generation solar
thermal systems with enhanced efficiency characteristics.

Data-driven and machine learning-based approaches have
gained significant attention due to their ability to handle
complex and nonlinear system behavior. Study [11] focuses
on optimizing solar energy utilization in distributed systems
through machine learning techniques. Similar machine
learning approaches have also been applied in power system
analysis, where advanced techniques such as contrastive
learning combined with regression models have
demonstrated strong performance, particularly in conditions
of limited data availability [12]. The developed model
ensures balanced energy storage utilization — neither
overused (which would incur unnecessary costs) nor
underused (which would lead to energy waste). The research
demonstrates  that implementing KNN  (K-Nearest
Neighbors) based machine learning for energy management
in PV systems can reduce operational costs by 39% across
various energy management strategies. However, the high
cost of lithium-ion batteries currently limits large-scale
implementation, requiring further cost reductions before
energy storage becomes economically viable for utility-scale
applications.

Reference [13] presents an innovative technical solution
for solar collectors, investigating the application of genetic
programming to model daily energy fluctuations. With a
maximum average percentage error of just 14.6%, the results
demonstrate genetic programming's strong potential for solar
system optimization. The authors suggest that further



improvements could be achieved by incorporating larger
datasets and developing comprehensive universal functions
that integrate all relevant parameters.

Multi-objective optimization methods are widely used
when multiple conflicting criteria must be considered
simultaneously. The selection of optimal locations for solar
farms  requires  balancing  competing  economic,
environmental, and technical criteria, making it a complex
spatial optimization problem. Reference [14] proposes a
multi-criteria optimization approach using an enhanced
NSGA-II (Non-dominated Sorting Genetic Algorithm II) to
evaluate six potential solar farm sites. The multi-objective
optimization (MOQ) identifies a Pareto front of solutions,
enabling stakeholders to balance competing factors including
solar irradiance levels, proximity to power grid
infrastructure, urban planning considerations, topographical
constraints. Results demonstrate that MOO techniques prove
particularly effective for solar farm planning where
conflicting spatial criteria complicate decision-making. This
approach facilitates environmentally and socially responsible
site selection while aligning with sustainable development
goals.

Research [15] examines the efficiency of static and
dynamic PV module models with single-axis solar tracking.
The aim is to determine the optimal model for solar energy
absorption and its conversion into electrical energy. The
tracking systems utilize IoT (Internet of Things) technology.
Results show that the solar tracking system, while being
simple and cost-effective, can also increase electricity
production compared to stationary systems. Real-time data
analysis, remote access, and automated reporting enabled by
the IoT-based performance monitoring system improve the
performance, efficiency, and maintenance of solar systems.

Similar to [15], reference [16] investigates the
optimization of solar PV field layouts using both fixed and
single-axis tracking collectors to maximize annual energy
output. A shading model was developed to optimize the
spacing between rows and collector height, concluding that
the distance must balance geometric constraints with energy
yield benefits. Single-axis tracking systems with east-west
oriented collectors outperform north-south oriented systems
by generating 3.2% more annual energy, attributed to better
alignment with the sun's path. However, both tracking
systems significantly outperform fixed collectors in energy
yield, highlighting the value of dynamic orientation
adjustments. Temperature increase further impacts
performance, reducing PV efficiency by 16.9% in north-
south tracking systems and 17.46% in east-west tracking
systems. These losses emphasize the need for integrated
thermal management strategies in PV systems.

Geometric optimization techniques focus on improving
solar energy capture through optimal system orientation and
configuration. Study [17] investigates the optimization of tilt
angles for solar collectors across six different climate zones
to maximize solar radiation absorption. A key contribution of
this research is the development of a simplified method for
estimating the monthly average daily global solar radiation
on tilted surfaces, which forms the basis for calculating
monthly, seasonal, and annual optimal tilt angles. Monthly
optimization provides the greatest energy yield benefits.
Seasonal optimization reduces adjustment frequency while
maintaining high efficiency, whereas annual optimization,
with tilt angles close to the local latitude, offers a cost-
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effective solution with low maintenance requirements.
However, the practicality of fixed annual tilt angles makes
them the preferred choice in many scenarios, particularly in
regions with limited resources for frequent maintenance.

Similar to [17], study [18] investigates the optimization
of tilt angles for PV panels, emphasizing the interdependence
between solar radiation models, temperature effects, and
regional climate conditions to maximize energy output.
Through an analysis of five cities, the research compares
isotropic and anisotropic solar radiation models,
demonstrating the superiority of anisotropic approaches such
as the HDKR model. This model accounts for both
circumsolar and diffuse solar radiation, improving annual
energy yield estimates by 3.5-9% compared to isotropic
methods, particularly in winter when diffuse radiation is
significant. The tilt angle optimization reveals that fixed
annual angles close to the cities' latitude establish an optimal
balance between energy output and maintenance costs.
Ambient temperature emerges as a critical factor,
significantly reducing PV efficiency in warmer regions.

Using 2D numerical models and 3D Monte Carlo ray-
tracing simulations, study [19] evaluates how geometric
parameter adjustments in concentrated photovoltaic-thermal
(CPV-T) solar collectors affect annual energy performance.
The findings show that even minor geometric modifications
contribute substantially to efficiency gains. The research also
compares asymmetric and symmetric reflector designs,
revealing trade-offs in seasonal performance that enable
customization based on local climate conditions and energy
consumption patterns.

As stated by the authors in [20], numerical modeling and
simulation tools play a crucial role in the design and analysis
of photovoltaic systems. MATLAB/Simulink-based models
allow detailed representation of PV system behavior and
provide relatively accurate predictions of energy production
during the initial design phase. However, their accuracy is
limited by model detail and input data quality, and errors
may increase in long-term performance evaluation.

Authors in [21] examine the thermal performance of a
fixed flat-plate solar collector featuring a selective Sn-Al,O;
absorber with gravity-driven water flow, representing a
sustainable alternative to conventional pump-dependent
systems. The Sn-Al,Os layer enhances solar absorption while
minimizing radiative heat losses. The system's thermal
efficiency was analyzed through a triple-iterative algorithm
integrating solar angles, optical properties, and heat transfer
coefficients. A Simple Linear Regression model correlates
solar irradiance with thermal power output, enabling
performance prediction with determination coefficients
exceeding 90%. Performance validation identified critical
thresholds, including a 770 [W/m?] solar irradiance level
above which thermal power increases linearly, providing
practical insights for collector operational optimization.

In contrast to the flat-plate collector absorber
optimization in [21], study [22] investigates the design and
optimization of a parabolic dish system integrated with a
spiral-wound thermal absorber. The absorber is engineered to
maximize heat absorption while ensuring uniform thermal
flux distribution. These geometric optimizations were
validated through SolidWorks simulations, revealing stable
energy efficiency of approximately 65% across input
temperatures of 10-70 [°C] with only 0.07 [bar] pressure



drop. Exergetic efficiency emerged as a key performance
indicator, increasing from 4% at 10 [°C] to 15% at 70 [°C]
input temperatures, highlighting the system's suitability for
high-temperature applications where energy quality is
prioritized.

Reference [23] investigates performance enhancement of
solar air heaters through fin redesign in flat-plate solar
collectors, addressing limitations of traditional hollow-fin
heat transfer designs. The proposed spiral-fin collector
incorporates blades and a central cylindrical structure to
enable crosswise and longitudinal airflow, increasing
turbulence. Numerical simulations show the spiral design
generates secondary vortices that disrupt thermal boundary
layers, achieving 65.2% thermal collection efficiency —
significantly surpassing conventional flat-plate collectors
(37.8%) and cylindrical fin collectors (58.6%). The dual
airflow paths and secondary vortices ensure uniform heat
distribution, making it suitable for building heating and
agricultural drying applications.

Additionally, the study [24] presents an innovative design
for a solar still that integrates phase-change material (PCM)
energy storage along with fins. The investigation explores
three variations of the still: (1) a conventional solar still
(CSS) equipped with fins on the water side, (2) a CSS
featuring fins on the water side and an unfinned PCM unit,
and (3) a CSS that includes fins on both the water side and
the PCM side. Paraffin wax is utilized as the thermal storage
medium, which captures excess solar energy during the day
and releases it at night. The findings indicate efficiency
enhancements of 32% with fins alone, 46% with PCM in a
finned reservoir, and 56% with fins on the PCM unit. When
compared to traditional CSS, the modified systems exhibit
productivity increases of 17.54% and 55.69%, respectively.
The integration of fins and PCM results in a 2.5-fold increase
in nighttime productivity, significantly boosting the thermal
efficiency of the solar still.

V. THERMODYNAMIC OPTIMIZATION AND ENTROPY
GENERATION MINIMIZATION

Study [25] establishes the fundamental principles of
energy, entropy, exergy, and endoreversible models in solar
energy systems. These models simplify the explanation of
the entropy generation minimization (EGM) method.
Performance analysis of PV systems based on the first and
second laws of thermodynamics is essential for identifying
potential improvement areas — locating entropy generation
zones and applying appropriate minimization techniques.

The objectives of EGM are to reduce energy losses,
improve efficiency, and achieve environmental and energy
benefits through various EGM strategies. The approach also
prioritizes future research directions focusing on advanced
EGM model development, EGM integration in new
technologies, and experimental validation of EGM strategies
to confirm their effectiveness [26].

In [27] the authors conducted a comparative analysis
between the efficiency of a theoretical non-isothermal solar
collector model and the efficiency obtained through
measurements of a physical solar collector model. The
collector, operating at a constant temperature, 7., under
steady-state conditions, absorbs solar radiation, which is
partially transformed into useful energy while some is
dissipated into the environment. This study employs the
principles of endoreversible thermodynamics, where the
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energy from the incident radiation on the collector is denoted
as g*. A fraction of this energy is absorbed and conveyed by
the working fluid, another fraction contributes to the internal
energy of the collector, and the remaining energy is lost to
the surroundings. The findings indicate a general trend of
enhanced collector efficiency attributed to diminished
irreversibility in the processes examined. The analysis
yielded optimal operational parameters for the collector,
including the ideal operating temperature, the intensity of
useful heat, and the optimal flow rate of the working fluid.

Similar to the research conducted in [27], study [28] also
focuses on flat-plate solar collectors as the subject of
analysis. The researchers in [28] adopt a multidisciplinary
approach that integrates thermodynamics, heat and mass
transfer, and fluid mechanics principles. A detailed
numerical  analysis compares the thermodynamic
performance of three distinct flat-plate solar collector designs
using computational fluid dynamics (CFD) and entropy
generation rate analysis. The investigated geometries include
a conventional parallel-pipe configuration, and two zigzag-
pipe configurations (Type A and Type B). The study aims to
identify which model demonstrates optimal thermal
performance with minimal irreversibility by calculating
entropy generation from heat transfer, fluid viscosity, and
thermal losses across various volumetric flow rates.
Applying the second law of thermodynamics, the work
emphasizes entropy generation minimization (EGM) as a
critical method for improving energy conversion efficiency
in solar collectors. Through comprehensive CFD modeling
and simulations, the authors reveal how geometric
modifications affect: heat transfer rates, pressure drops, and
entropy generation. Type B collectors outperform both
conventional and Type A designs in heat absorption
capacity, evidenced by higher output temperatures across all
tested flow rates. However, this enhancement comes with
increased entropy generation due to enhanced heat transfer,
fluid viscous effects, and particularly thermal losses —
resulting from the expanded surface area and complex flow
paths. The conclusion demonstrates that while zigzag
configurations improve thermal performance, they also
introduce greater irreversibilities, necessitating careful
optimization to balance energy gains against entropy
generation for effective system design.

Similar to previous cases, [27, 28], study [29] presents a
detailed investigation on the optimization of a flat-plate solar
collector model using the entropy generation minimization
method. The main objective of the research is to design a
solar collector that minimizes system irreversibilities by
reducing entropy generation due to heat transfer and airflow
— a combination rarely considered in previous studies. What
distinguishes this case from previous ones is that the
collector is modeled as a finned heat exchanger, with
parameters such as fin number, fin thickness, fin height, and
airflow velocity being varied to analyze their effect on the
dimensionless entropy generation number. The rate of
entropy generation change consists of three components: the
change in system entropy, the change in entropy due to heat
transfer, and the change in entropy due to mass flow. The
analysis incorporates dimensionless variables using the
Particle Swarm Optimization (PSO) algorithm to determine
the optimal set of model parameters that minimize entropy
generation. Simulation results show that the number of fins
and airflow velocity are the most influential factors.
Although increasing the number of fins or their dimensions



can improve thermal performance, it also increases entropy
generation. Thus, optimization requires a balance where
collector efficiency is improved without significantly
increasing entropy generation.

VI. CONCLUSIONS AND FURTHER CONSIDERATIONS

Based on the conducted research regarding the current
state of advanced solar systems and their optimization
models, it can be concluded that each method for optimizing
the energy performance of solar systems represents a
complex and multidisciplinary approach. This requires the
integration of multiple factors and the examination of each
factor individually, as well as their combined effects, to
enable proper optimization that would contribute to
significantly improved efficiency and sustainability of solar
energy systems. Table 1 presents a summary of key
optimization strategies for solar energy systems considered
in this review.

Through detailed analysis of various methods and
technologies, a notable gap has been observed in research
combining multiple optimization strategies for solar systems.
The correct combination of hybrid optimization methods
presents a challenging and complex task, potentially leading
to computational difficulties and even reduced efficiency if
the combination is not properly implemented.

In nearly all reviewed studies, [9], [10], [16-18],
temperature emerges as the most influential parameter
affecting the energy characteristics of solar cells. Increased
temperatures reduce efficiency, necessitating careful
balancing between module surface operating temperature and
incoming solar irradiance. This underscores the need for
deeper investigations into optimization method performance
under varying environmental conditions.

The implementation of adaptive IoT techniques —
including automatic cooling, self-cleaning mechanisms, and
solar tracking, as demonstrated in [15], proves equally
effective for performance enhancement. Furthermore, both
machine learning and genetic programming are being
actively employed as efficient solar system optimization
methods, with results validated by [11] and [13].

Multi-criteria approaches remain essential for developing
comprehensive solar system optimization methodologies.
However, formulating objective functions that incorporate
multiple criteria with numerous parameters and constraints
constitutes a non-trivial challenge, as evidenced in [14].

Optimization methods for geometric parameters aim to
extract maximum power from solar modules under variable
weather conditions. However, implementing advanced solar
tracking technologies also presents challenges, as solar
irradiance varies depending on time, location, and season.

Analysis of the EGM method applied to solar systems,
particularly flat-plate solar collectors as investigated in [27-
29], reveals this technique as one of the newer approaches in
solar system optimization. The research itself opens new
pathways for developing advanced solar technologies based
on this principle. Current literature lacks studies that develop
comprehensive mathematical models of solar modules
capable of identifying entropy generation resulting from the
influence of most climatic factors, expressing these
relationships through appropriate mathematical formulations,
and applying the EGM method to optimize system operation
through geometric parameter adjustments. Consequently,
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new opportunities emerge for future research focused on
addressing these challenges through application of the EGM
methodology.

Further research on optimization of solar systems can not
only contribute to increasing the efficiency of solar energy
utilization, but can also provide cost-effective energy supply,
which would result in significant growth in capacity and
production of solar systems. The implementation of
advanced optimization methods in solar systems can help
achieve sustainable development in utilizing solar energy, in
terms of clean energy, emission reduction and economic
development. This is also confirmed by the latest research in
the field of solar systems, such as [30], where a
comprehensive statistical analysis of Angstrom-Prescott
advanced solar models for solar radiation estimation was
conducted, identifying the most accurate models at daily,
monthly and annual level and selection of the optimal model.
Furthermore, [31] and [32] examine the improvement of
solar energy conversion efficiency in solar collectors through
integration of nanofluids to increase absorption of solar
radiation, improve energy performance, and increase long-
term sustainability.

A comparative assessment of the methods in Table I
highlights clear differences in maturity and research priority.
Geometric optimization and MATLAB/Simulink simulation
represent the most mature approaches [16-20], while multi-
objective optimization using NSGA-II, though well-
established, remains site-specific [14]. Machine learning and
IoT-based monitoring are the most promising emerging
directions, yet are still limited by data requirements and
hardware costs [11, 15]. Nanofluid integration and advanced
absorber designs demonstrate laboratory efficiency gains, but
high production costs hinder commercial deployment [21-24,
31, 32]. EGM is thermodynamically rigorous but still
emerging, with strong potential for climate-inclusive
geometric optimization [27-29]. The most critical gap across
all categories remains the lack of integrated models
combining climatic, geometric, and thermodynamic
parameters — the key priority for future research.
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TABLEI ~ SUMMARY OF KEY OPTIMIZATION STRATEGIES FOR SOLAR ENERGY SYSTEMS
Optimization method Main objectives and achievements | Limitations and research gaps | Key studies
Optimization Algorithms
Optimization of Optimization of solar irradiance, temperatures, mass flow Limited to specific climate conditions and ambient [6-10]
Primary Parameters rates and other operational parameters temperature impact studies lack economic analysis
Genetic Programming Evolutionary algorithm used for modeling a complex Lack of universal functions which integrate all relevant [13]
system parameters
Multll—O'bJegtlve Balancing competing criteria by using NSGA-II Limited to specific location — Maputo, Mozambique [14]
Optimization algorithm
Entropy Generation |Thermodynamic optimization to reduce irreversibility and Lack .Of cllmate—mclqswe entropy model's that link .
S . weather impacts to efficiency losses and guide geometric | [27-29]
Minimization increase useful energy L
optimization
Predictive Models
Machine Learning | Optimizing system performance by using KNN algorithm High costs limit large-scale implementation [11
Nu;?ggﬁ;ﬁf;?ggng Accurate modeling and prediction of PV system Limited accuracy for long-term performance analysis due [20]
(MATLAB/Simulink) performance during the design phase to dependence on input data quality and model detail
Angstrom-Prescott Comprehensive estimation of solar radiation at Limited to specific location — validated only for Athens, [30]
Model daily/monthly/annual scales Greece
Hardware Enhancement Techniques
. . .. | Optimization of geometric parameters such as tilt angles, The results are climate-dependent, especially on the
Geometric Optimization elevation and implementation of sun tracking systems ambient temperature as the most influential parameter [16-19]
Absorber Optimization | Optimization of the properties of the thermal absorber by . . . .
Techniques implementing different materials and designs High material costs and manufacturing complexity 21, 22]
qu D651gn Optimization of heat transfer l?y applying different fin Limited temperature ranges 23, 24]
Optimization geometries
Monitoring Technologies
Internet of Things | Real-time tracking and monitoring of PV systems | No evaluation of dual-axis sun tracking systems | [15]
Thermal-Management Strategies
Nanofluid Integration | Optimization of heat transfer by using nanoparticles | High production costs | [31,32]
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