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Abstract

This literature review provides a comprehensive analysis of optimization techniques applied to
hybrid renewable energy systems (HRES) across diverse geographical locations and applications.
The review examines multiple optimization methodologies including Genetic Algorithms (GA),
Particle Swarm Optimization (PSO), Mixed Integer Linear Programming (MILP), hybrid algorithms,
and novel bio-inspired metaheuristic approaches. Performance metrics analyzed include Cost of
Energy (COE), Net Present Cost (NPC), Life Cycle Cost (LCC), Loss of Power Supply Probability
(LPSP), Renewable Fraction (RF), and CO, emissions reduction. The review examined relevant
studies published between 2014 and 2025, identified through searches of major academic
databases using predefined keywords related to HRES optimization, system sizing, energy
management, metaheuristic optimization, and technical, economic, reliability, and environmental
performance. The reviewed studies encompass various system configurations incorporating
photovoltaic panels, wind turbines, battery storage, diesel generators, small hydro power, fuel
cells, tidal energy, and hydrogen storage systems. Findings indicate that while traditional GA and
PSO methods remain widely used, MILP and hybrid algorithms demonstrate superior
performance in achieving optimal solutions with reduced computational time. Simulation-based
tools such as HOMER software continue to be valuable for system design and optimization.
However, significant research gaps persist, including limited evaluation of system reliability,
incomplete consideration of all renewable sources, and insufficient comparative analysis
between different optimization techniques. The integration of artificial intelligence and novel
bio-inspired algorithms presents promising opportunities for advancing HRES optimization,
particularly for microgrid applications and systems operating under dynamic weather conditions.
Keywords: HRES, Optimization Techniques, Genetic Algorithm, Cost of Energy, System

Reliability, Renewable Energy Integration.

Introduction
The design and operation of hybrid renewable energy systems (HRES) constitute complex

optimization problems involving multiple decision variables, competing objectives,
operational constraints, and uncertainties in renewable energy resources and electricity
demand. An HRES may combine two or more renewable and conventional energy sources
with energy storage to improve the reliability, economic performance, and sustainability of
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electricity supply. However, determining the appropriate combination and capacity of
system components requires the exploration of a large solution space in which alternative
configurations may differ considerably in terms of cost, reliability, renewable energy
contribution, and environmental impact. Optimization techniques therefore provide an
important means of identifying suitable solutions from numerous feasible alternatives.
Optimization generally seeks to determine the best solution from a set of feasible
alternatives while satisfying specified constraints and objectives. In engineering design, this
process may involve mathematical models with numerous decision variables and complex
objective functions. Conventional mathematical programming techniques can provide
exact or highly accurate solutions when an optimization problem possesses suitable
mathematical properties. However, many real-world energy-system problems are
nonlinear, non-convex, discontinuous, or multi-objective, making them difficult to solve
efficiently using conventional deterministic methods. These characteristics have
encouraged the development and application of heuristic and metaheuristic optimization
techniques.

A major development in metaheuristic optimization was introduced by Kirkpatrick et al.
(1983), who proposed simulated annealing as a probabilistic approach for solving complex
optimization problems. Their work established an important foundation for metaheuristic
optimization by drawing inspiration from the physical annealing process and allowing the
search to escape local optima through the probabilistic acceptance of inferior solutions.
Simulated annealing has subsequently remained an important optimization technique and
continues to be applied in large-scale engineering and energy-system optimization
problems (Talbi, 2009). The development of metaheuristic methods has since expanded
considerably, resulting in a broad range of algorithms designed to obtain optimal or near-
optimal solutions for complex problems within reasonable computational time.

Heuristic methods provide practical procedures for obtaining satisfactory solutions when
conventional optimization approaches become computationally inefficient. Metaheuristics
extend this concept by providing general-purpose search frameworks that can be adapted
to different optimization problems with relatively few problem-specific modifications. They
are particularly useful for problems involving large and complex solution spaces where
exhaustive enumeration is computationally impractical. Recent studies have highlighted
the application of metaheuristic algorithms to complex combinatorial and engineering
optimization problems, including scheduling, routing, resource allocation, and other large-
scale decision-making problems (Maca-Chagiendo & Cobos-Lozada, 2024; Ramadan,
2025; Saber & Zebari, 2025).

Metaheuristic algorithms can broadly be classified according to their underlying search
mechanisms and sources of inspiration. Common categories include population-based
swarm intelligence algorithms, evolutionary and other non-swarm approaches, and
algorithms inspired by physical, chemical, or biological processes. The increasing
availability of computational resources and advances in artificial intelligence have further
encouraged the application of these approaches to complex engineering optimization
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problems. In energy systems, metaheuristic techniques are particularly relevant because
optimization problems frequently involve nonlinear relationships, multiple local optima,
discrete and continuous decision variables, and conflicting technical, economic, and
environmental objectives. Such characteristics can make conventional optimization
approaches susceptible to local optima or computational difficulties (Twahaa & Ramli,
2018).

Despite their advantages, metaheuristic algorithms are not universally superior, and their
performance depends on the characteristics of the optimization problem, parameter
settings, search operators, and the balance between exploration and exploitation.
Population-based algorithms, for example, may require substantial computational
resources as population size and problem complexity increase. They may also experience
premature convergence or stagnation when population diversity is lost, while inappropriate
parameter settings can adversely affect convergence, solution quality, and robustness
(Eiben & Smith, 2015). Consequently, the selection and evaluation of optimization
algorithms remain important considerations in the design and operation of HRES.

The increasing application of optimization techniques to HRES has generated a substantial
body of literature addressing system sizing, energy management, component selection,
dispatch scheduling, and multi-objective optimization. Different studies have employed
genetic algorithms (GA), particle swarm optimization (PSO), simulated annealing (SA), and
other evolutionary, swarm-based, physics-inspired, and artificial-intelligence-based
algorithms to determine suitable HRES configurations. Singh et al. (2022) discussed the
limitations of conventional PSO, particularly its susceptibility to premature convergence
and local optima, and highlighted the potential of hybridization strategies for improving
exploration and exploitation.

More recent research has continued to demonstrate the application of optimization
algorithms to increasingly complex HRES configurations.

Several review studies have also attempted to consolidate the development of optimization
techniques for HRES. In particular, Ansari et al. (2023) provided a comprehensive
assessment of optimization techniques applied to HRES, with considerable attention to
optimization strategies for isolated microgrids. Their review provided an important
foundation for understanding the application of optimization approaches to hybrid
renewable energy systems. However, the continued development of metaheuristic and
artificial-intelligence-based optimization methods, together with the increasing
integration of diverse renewable generation technologies and energy storage systems, has
expanded the literature beyond the scope of earlier reviews. In particular, recent studies
have introduced new optimization approaches, hybrid algorithms, and broader
combinations of generation and storage technologies, while increasingly evaluating HRES
using multiple technical, economic, reliability, and environmental criteria. These
developments create a need for an updated and more focused assessment of recent
advances in HRES optimization.
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Unlike Ansari et al. (2022), the present review extends the existing literature by examining
recent developments in HRES optimization and systematically considering the diversity of
optimization algorithms, system configurations, and performance indicators reported in
the literature. The review covers studies published between 2014 to 2025 and considers
hybrid configurations involving solar photovoltaic, wind energy, conventional diesel
generation, and energy storage systems. The reviewed applications include both
standalone and grid-connected hybrid renewable energy systems, particularly microgrids,
with emphasis on system sizing, energy management, energy-storage configuration, and
optimization of generation capacities across different geographical locations. Particular
attention is given to optimization approaches based on genetic algorithms, particle swarm
optimization, mixed-integer linear programming, hybrid optimization techniques, and
emerging bio-inspired metaheuristic algorithms. The reviewed studies are evaluated using
economic, technical, reliability, and optimization-performance indicators, including total
system cost, levelized cost of energy (LCOE), loss of power supply probability (LPSP),
energy-system sizing, convergence, exploration, exploitation, and solution quality.

The main contribution of this review is to provide a structured assessment of the
development and application of optimization techniques for HRES, identify the strengths
and limitations of different algorithmic approaches, examine the technical, economic,
reliability, and environmental criteria used to evaluate optimized systems, and identify
important research gaps and future directions. By explicitly defining its publication period,
technology scope, application boundaries, geographical scope, and evaluation criteria, the
review provides an updated perspective that extends and complements

Statement of the Problem

The increasing application of optimization techniques in hybrid renewable energy systems
(HRES) has improved the ability to determine suitable system configurations, component
capacities, energy-management strategies, and operating conditions. However, the
existing literature remains fragmented in terms of optimization approaches, system
configurations, objectives, constraints, and performance indicators. Previous reviews have
examined HRES optimization from different perspectives, including optimal sizing,
modelling approaches, software tools, control strategies, and metaheuristic algorithms
(Bouaouda and Sayouti, 2022). Consequently, there remains a need for a structured
synthesis that brings these dimensions together and provides a consistent basis for
assessing the suitability of different optimization approaches for HRES applications.

One important gap concerns the inconsistent assessment of HRES reliability. Although
reliability is a fundamental requirement of hybrid systems, particularly for standalone and
microgrid applications, existing optimization studies do not consistently evaluate reliability
alongside economic and technical objectives. Bansal (2022) noted that earlier HRES studies
did not adequately address social, technical, economic, environmental, and reliability
aspects simultaneously, while Gusain et al. (2023) examined the use of economic, reliability,
and environmental indicators in metaheuristic HRES optimization. This indicates that
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optimizing system cost or component size alone may not adequately demonstrate the
suitability of an HRES if the reliability of electricity supply is not simultaneously established.
A further gap concerns the limited and uneven consideration of different HRES technology
configurations. Many studies and reviews have concentrated on particular combinations of
renewable sources, especially solar photovoltaic and wind systems, sometimes coupled
with batteries or conventional generators. Khan et al. (2022) reviewed HRES configurations
incorporating different renewable sources together with sizing, control, and energy-
management strategies. Although these studies provide valuable information, differences
in the renewable sources, conventional generators, storage technologies, and system
architectures considered make it difficult to determine how optimization approaches
perform across a broader range of HRES configurations.

Another significant problem is the lack of consistent comparative evaluation of
optimization methodologies. HRES studies have employed classical mathematical
techniques, artificial-intelligence-based approaches, metaheuristic algorithms, hybrid
algorithms, and software-based optimization tools. Thirunavukkarasu et al (2023)
reviewed classical, artificial-intelligence, hybrid, and software-based optimization
techniques for HRES and highlighted differences in the objectives, decision variables, and
reliability constraints considered across studies. Similarly, Singh et al. (2016) reviewed
optimization techniques, power-management strategies, control approaches, and multi-
objective optimization methods for hybrid solar-wind systems. These studies demonstrate
the wide range of optimization approaches available for HRES; however, differences in
objective functions, constraints, system configurations, datasets, and performance criteria
make direct comparison of their relative effectiveness difficult.

The development of hybrid and emerging metaheuristic algorithms has further increased
the need for systematic comparative assessment. Anoune et al. (2018) reviewed sizing
methods and optimization techniques for photovoltaic-wind hybrid systems and compared
stochastic, deterministic, artificial-intelligence-based, and other optimization approaches,
with particular attention to system cost and power reliability. Memon and Patel (2021)
similarly reviewed optimization techniques used for HRES sizing and reported the
increasing application of genetic algorithms, particle swarm optimization, and hybrid
optimization approaches. These studies demonstrate the continued development of
optimization methodologies; however, the use of different formulations, system
configurations, and evaluation criteria makes it difficult to establish whether an algorithm
that performs effectively for one HRES configuration will provide similar advantages under
different operating conditions.

The problem is further complicated by the diversity of HRES technologies and applications
reported in the literature. Existing studies have considered different combinations of
renewable energy sources, energy-storage technologies, conventional generators, and
system architectures. Taghizad-Tavana et al. (2025) examined a broader range of HRES
technologies and optimization approaches, including different renewable-energy
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configurations and applications. This diversity demonstrates the flexibility of HRES but also
limits the generalization of findings across different applications. Variations in renewable-
resource availability, load characteristics, system architecture, reliability requirements,
objective functions, and economic assumptions can substantially influence the
performance of an optimization method

Consequently, there is a need for a comprehensive and consistent synthesis of HRES
optimization research that considers optimization methodology, system configuration,
economic performance, technical performance, reliability, environmental indicators, and
algorithmic characteristics together. Existing reviews have made important contributions
to the understanding of HRES optimization, but they have often focused on particular
technology combinations, optimization techniques, or application areas. The present
review addresses this gap by synthesizing evidence across classical mathematical,
evolutionary, swarm-based, hybrid, and bio-inspired metaheuristic optimization
approaches, with emphasis on their applications, strengths, limitations, and reported
performance. The review therefore seeks to identify persistent gaps in HRES optimization
research and provide a clearer basis for understanding the suitability of different
optimization approaches for diverse HRES applications.

Objectives and Research Questions

The main objective of this review is to critically examine and synthesize the optimization
techniques applied to hybrid renewable energy systems (HRES), with emphasis on their
applications, performance, advantages, limitations, and suitability for different system
configurations and operating conditions. Specifically, the review aims to identify and
classify the major optimization techniques applied to HRES, including classical
mathematical, evolutionary, swarm-based, hybrid, and bio-inspired metaheuristic
approaches; examine their applications in system sizing, energy management, dispatch,
component selection, and operational optimization; compare their reported economic,
technical, reliability, environmental, and computational performance; assess the extent to
which reliability is considered alongside economic and technical performance; examine the
influence of HRES technology configurations and application contexts on optimization
outcomes; identify the major strengths and limitations of the different optimization
approaches, including convergence, computational requirements, parameter sensitivity,
premature convergence, and exploration-exploitation balance; and identify research gaps
and future directions for developing more robust and comprehensive optimization
approaches for HRES.

To guide the review, the following research questions are addressed: (i) What optimization
techniques have been applied to the design and operation of HRES? (ii) How can the existing
optimization techniques be classified according to their underlying principles and search
mechanisms? (iii) How have GA, PSO, MILP, hybrid algorithms, and emerging bio-inspired
metaheuristic algorithms been applied to HRES sizing, energy management, and
operational optimization? (iv) What economic, technical, reliability, environmental, and
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computational metrics are commonly used to evaluate optimized HRES? (v) To what extent
is reliability considered alongside economic and technical performance in existing HRES
optimization studies? (vi) How do different HRES technology configurations and
application contexts influence the reported performance of optimization techniques? (vii)
What are the major strengths and limitations of different optimization approaches in terms
of solution quality, convergence, computational requirements, and robustness? and (viii)
What major research gaps remain, and what directions should future research pursue to
improve HRES optimization?

Review Organizing and Analytical Framework

As this study is a review rather than an empirical investigation involving primary data
collection, a conventional theoretical or conceptual framework is not required. Instead, the
review adopts an analytical framework based on optimization technique, HRES
configuration, application context, optimization objective, and performance criteria. The
literature is first organized according to the class of optimization technique employed,
including classical mathematical optimization, evolutionary algorithms, swarm-
intelligence algorithms, hybrid optimization techniques, and emerging bio-inspired
metaheuristic algorithms. Within each category, the reviewed studies are examined
according to their applications in HRES sizing, energy management, dispatch, component
selection, and operational optimization. The review then considers the HRES configuration
and application context, including the renewable-energy sources, conventional generators,
energy-storage technologies, and system architectures employed in each study, with
attention to standalone, grid-connected, and microgrid applications. The studies are
subsequently evaluated according to the performance criteria used to assess optimization
outcomes, including economic indicators such as total system cost and Levelized Cost of
Energy (LCOE), technical indicators such as component sizing and energy balance,
reliability indicators such as Loss of Power Supply Probability (LPSP), environmental
indicators such as carbon emissions, and algorithmic indicators such as convergence,
solution quality, computational requirements, and exploration-exploitation characteristics.
Accordingly, the analytical structure of the review follows the sequence optimization
technique, HRES configuration and application, optimization objective, performance
metrics, strengths and limitations and research gaps. This framework provides a consistent
basis for comparing studies conducted using different algorithms, system configurations,
datasets, objective functions, and performance criteria, while enabling the findings to be
synthesized across algorithmic, technical, economic, reliability, and environmental
dimensions.

Review Methodology and Search Strategy
This review adopted a narrative literature review approach to examine optimization
methods, hybrid renewable energy system (HRES) configurations, economic performance,
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reliability, and environmental impacts reported in previous studies. The literature search
was conducted using MDPI, Web of Science, ScienceDirect and Google Scholar. The search
covered publications from 2014 to 2025. Relevant studies were identified using

”w

combinations of keywords including “hybrid renewable energy system,” "HRES,” “optimal

sizing,” “optimal design,” “"HRES optimization,” “Genetic Algorithm,” “Particle Swarm
Optimization,” “Mixed Integer Linear Programming,” “metaheuristic optimization,”
“Pufferfish Optimization Algorithm,” “LPSP,” “LCOE,” “NPC,” and “CO, emissions.”
Boolean operators such as AND and OR were used to combine the search terms and
broaden or refine the search. Studies were considered eligible for inclusion when they
addressed (i) the design, sizing, optimization, or operation of an HRES; (ii) the application
or evaluation of an optimization technique relevant to HRES design; and (iii) one or more
technical, economic, reliability, or environmental performance indicators. Studies were
excluded when they were unrelated to HRES optimization, focused solely on individual
renewable-energy technologies without an optimization component relevant to this
review, were duplicate publications, or did not provide sufficient methodological
information for meaningful assessment. The screening process involved an initial
examination of titles and abstracts, followed by full-text assessment of potentially relevant
studies against the stated inclusion and exclusion criteria. The final studies were selected
based on their direct relevance to the objectives of the review. The selected literature
covers HRES configurations involving photovoltaic (PV), wind, hydro, battery storage,
diesel generation, fuel cells, and other energy technologies. The studies were subsequently
organized thematically according to the optimization technique employed, system
configuration, and performance indicators reported, with particular attention to Genetic
Algorithm (GA), Particle Swarm Optimization (PSO), Mixed Integer Linear Programming
(MILP), hybrid optimization techniques, and emerging bio-inspired algorithms. Economic
indicators considered include Net Present Cost (NPC), Cost of Energy (COE), Levelized Cost
of Energy (LCOE), and Life Cycle Cost (LCC), while technical and environmental indicators
include Loss of Power Supply Probability (LPSP), renewable fraction, reliability, and CO,
emissions. Rather than presenting the studies solely as individual summaries, the review
compares their findings to identify areas of agreement, differences in reported results,
methodological limitations, and unresolved research gaps. The review is narrative rather
than systematic and therefore does not claim to provide an exhaustive representation of
the HRES optimization literature. In addition, differences among the reviewed studies in
geographical conditions, climatic resources, load profiles, system configurations,
component costs, fuel prices, project lifetimes, discount rates, and economic assumptions
limit direct quantitative comparison of reported COE, NPC, and LCOE values. The screening
and interpretation process was conducted collaboratively by the four authors, involving title
and abstract screening followed by full-text assessment of potentially relevant studies. The
authors discussed the eligibility and relevance of studies to minimize selection and
interpretation bias. Nevertheless, some degree of subjectivity may remain due to the
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narrative nature of the review. These limitations were considered when synthesizing the
evidence and identifying the research gap addressed by the present study.

Solar, Wind, and Battery-Based Hybrid Energy Systems

Solar and wind resources constitute some of the most frequently investigated
combinations in HRES optimization because their variability can be partially balanced
through complementary generation and battery storage. Al-Shamma'a and Addoweesh
(2014) demonstrated that the optimal selection of wind turbines depends not only on wind
speed and rated power but also on the desired renewable fraction, while battery storage
reduced diesel-generator requirements, fuel consumption, and operating costs. Similar
economic advantages were reported by Ogunjuyigbe et al. (2016), who obtained a COE of
$0.13/kWh and substantial reductions in lifecycle cost and CO, emissions compared with a
diesel-only system. Shezan and Ping (2017) also demonstrated the economic and
environmental potential of hybrid generation, reporting an NPC of $160,626 and COE of
$0.431/kWh for an offshore application. Gokul et al. (2017) further showed that increasing
diesel prices can make renewable hybrid systems increasingly competitive, while Omar et
al. (2018) reported a COE of $0.0942/kWh for an optimized wind/PV/tidal/battery system.
These findings collectively indicate that combining complementary renewable resources
with storage can reduce dependence on conventional generation and improve economic
performance. However, the reported cost values vary considerably among the studies and
should not be interpreted as evidence that one configuration or optimization approach is
universally superior. The differences arise from variations in system scale, location,
resource availability, load demand, component costs, and economic assumptions.
Reliability is also inconsistently treated. Several studies focused primarily on economic and
environmental objectives without incorporating LPSP, making it difficult to determine
whether lower-cost configurations also provide adequate electricity supply. Therefore,
although the literature generally supports solar-wind-storage hybridization, the evidence
also indicates that economic optimization should be accompanied by explicit reliability
assessment.

Hydro-Based and Other Hybrid Renewable Energy Configurations

The inclusion of hydro resources provides another pathway for reducing renewable
intermittency, particularly in locations with suitable water resources. Adebaniji et al. (2017)
demonstrated this potential through a small-hydro/PV/battery/diesel system for rural
electrification in Nigeria. The optimized configuration achieved an LPSP of 0.0054 and a
renewable fraction of 0.62, indicating that hydro and PV can complement each other while
storage improves supply adequacy. The study nevertheless retained diesel generation and
identified computational time as a limitation of GA. Dianabasi et al. (2020), using a solar-
diesel hybrid system, similarly demonstrated substantial economic improvement
compared with diesel-only generation, with the optimized system reducing the reported
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energy-generation cost to $0.132/kWh. The studies suggest that incorporating additional
renewable resources can improve resource diversity and reduce dependence on a single
generation source. Nevertheless, the continued use of diesel generation in several
configurations indicates that many reported HRES solutions remain only partially
renewable. Moreover, the economic benefits are not always accompanied by
comprehensive assessments of reliability and environmental performance. This creates a
need for HRES designs that can combine renewable resources with cleaner dispatchable
technologies while simultaneously evaluating cost, supply adequacy, and emissions.

Comparative Performance of GA, PSO, and MILP

The reviewed studies indicate that GA, PSO, and MILP can all provide viable solutions for
HRES optimization, but they differ in their computational characteristics and problem-
solving mechanisms. GA has been widely applied because of its flexibility in handling
nonlinear and multi-variable design problems. The reviewed GA applications generally
achieved competitive economic results, although computational burden and parameter
dependence were identified as limitations. PSO provides another population-based search
mechanism and has demonstrated effectiveness in PV-wind sizing, but its tendency toward
premature convergence and local-optimum solutions has been recognized as a potential
weakness. Mellouk et al. (2019) demonstrated that hybridizing GA and PSO could improve
solution quality compared with the individual algorithms, suggesting that combining search
mechanisms may help balance exploration and exploitation. MILP provides a
fundamentally different mathematical framework. Haddad et al. (2019) demonstrated its
ability to optimize the scheduling of renewable generation and storage using hourly system
data, while Alberizzi et al. (2020) applied MILP to determine PV, wind, and battery
capacities for an off-grid system. Naderi et al. (2022) further compared MILP with multi-
objective PSO and reported a lower total cost using MILP. These findings suggest that MILP
can provide strong solutions when HRES relationships can be appropriately represented
using linear constraints. However, MILP studies did not consistently include LCOE, LPSP,
or environmental indicators, limiting the breadth of their performance evaluation. Overall,
the literature does not establish a universally superior optimization method. GA offers
flexibility for complex nonlinear problems, PSO provides an effective population-based
search strategy but can suffer from local optima, while MILP offers a structured
mathematical optimization framework. More importantly, differences in system
configuration, objective functions, constraints, and operating assumptions make direct
numerical comparison difficult. A meaningful algorithm comparison therefore requires the
competing methods to be applied under the same system assumptions and evaluated using
the same performance indicators.

Economic, Reliability, and Environmental Performance
Economic performance is the most consistently reported criterion across the reviewed
studies. Reported COE values range from $0.0942/kWh to $0.45/kWh or higher depending
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on the system and methodology. Although these results generally demonstrate that
optimized hybrid systems can achieve competitive energy costs, the variation between
studies prevents direct ranking. A lower COE in one study may result from differences in
solarirradiation, wind availability, load demand, system scale, component prices, fuel costs,
discount rate, project lifetime, or other assumptions rather than from superior optimization
performance. Reliability is less consistently incorporated. Khatri et al. (2023) reported LPSP
when comparing GA with HOMER. In contrast, several other investigations concentrated
on economic performance without quantifying supply adequacy. This creates an important
methodological concern because minimizing cost does not necessarily guarantee reliable
electricity supply. Indeed, the comparison reported illustrates this trade-off: GA achieved a
lower COE and lower non-renewable energy fraction than HOMER but produced a higher
LPSP. Thus, economic superiority alone may conceal deterioration in reliability.
Environmental performance is also unevenly addressed. Some studies reported substantial
reductions in CO, emissions relative to conventional diesel systems, while others did not
quantify emissions. The overall evidence nevertheless suggests that greater renewable
penetration and battery storage can reduce fossil-fuel consumption and associated
emissions. However, the inconsistent treatment of emissions, renewable fraction, and
reliability indicates that future HRES studies should adopt a multi-objective or multi-criteria
evaluation framework rather than relying primarily on economic indicators.

Emerging Optimization Approaches and Complex HRES Applications

The literature is increasingly extending optimization beyond conventional PV-wind-diesel
systems. Emad et al. (2020) reviewed optimization approaches for wind, solar, and energy-
storage systems and highlighted the increasing application of metaheuristic techniques.
Pookpunt (2019) demonstrated the application of Particle Swarm Optimization (PSO) to
the optimal sizing of renewable energy systems, highlighting the capability of population-
based optimization techniques to determine suitable renewable generation capacities
under system constraints. The study illustrates the growing application of computational
intelligence methods to renewable energy system design. These developments indicate a
gradual transition from conventional optimization approaches toward more flexible
metaheuristic techniques for HRES design and operation. This development is also
reflected in applications involving more complex energy systems. Toughzaoui et al. (2024)
applied GA to a fuel-cell combined heat and power system incorporating PV, an
electrolyzer, fuel cell, boiler, and hydrogen storage. Sobti and Anjaneyulu (2024)
demonstrated the flexibility of GA for sizing renewable generation and storage under
varying residential and commercial load conditions. These studies show that optimization
algorithms can accommodate increasingly complex system architectures. However, they
alsoreveal a continuing methodological problem: more complex systems do not necessarily
receive more comprehensive performance evaluation. Cost, LPSP, emissions, and
renewable contribution are not consistently assessed together. The synthesis therefore
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indicates that the field is progressing toward more complex and intelligent HRES

optimization, but there remains a gap between algorithmic development and
comprehensive practical validation. New algorithms need to demonstrate not only good
computational performance but also improvements in economically, technically, and
environmentally meaningful HRES indicators.

Findings and Cross-Study Synthesis

The reviewed studies collectively demonstrate that optimization techniques can
significantly improve the design and operation of HRES. Across different configurations,
hybridization of renewable resources with battery storage generally improves renewable
utilization, reduces dependence on conventional generation, and can lower energy costs
and emissions. GA has demonstrated considerable flexibility in complex HRES
optimization, while PSO provides an effective population-based alternative but remains
vulnerable to premature convergence. Hybrid GA-PSO approaches suggest that combining
optimization mechanisms can improve search performance. MILP offers a mathematically
structured approach capable of determining component sizes and operating schedules
where the problem can be appropriately formulated. Despite these advances, the literature
does not establish a universally superior optimization technique. Differences in climate,
load demand, renewable resources, component costs, fuel prices, system scale, project
lifetime, and optimization objectives make direct comparison of reported COE, NPC, and
LCOE values inappropriate unless the algorithms are evaluated under common
assumptions. The literature also reveals a recurring imbalance between economic and
technical evaluation. Cost is frequently emphasized, whereas reliability and environmental
performance are not consistently incorporated. Consequently, a system identified as
economically optimal may not necessarily provide the required level of electricity supply or
achieve the lowest environmental impact. Another unresolved issue is the limited
comparative evaluation of emerging metaheuristic algorithms against both established
metaheuristics and mathematical optimization methods within the same HRES framework.

Discussion
The findings of this review demonstrate that the effectiveness of an optimization technique

for hybrid renewable energy systems (HRES) cannot be assessed solely on the basis of the
lowest reported cost. Different optimization methods may produce different trade-offs
between economic performance, reliability, renewable contribution, and computational
efficiency. Ukoima et al. (2024) compared PSO, NSGA-II, and GA-PSO for HRES sizing,
energy balance, and load management, demonstrating the importance of comparing
competing algorithms using common system and performance conditions. The synthesis
further indicates that the performance of emerging metaheuristic algorithms depends
strongly on the characteristics of the optimization problem. Rathod and Balaji (2024)
applied a modified Harris Hawks Optimization approach to HRES assessment while
considering technical, economic, and environmental criteria. Similarly, Abd El-Sattar et al.
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(2024) developed a modified firebug swarm optimization algorithm for optimal sizing of a
hybrid renewable power system. These studies demonstrate the continued development of
specialized metaheuristic methods, but algorithm novelty alone does not establish practical
superiority. An important finding is that no single optimization algorithm can be considered
universally superior for HRES applications. Differences in renewable resources, load
demand, system scale, component costs, objective functions, and operating constraints
can substantially influence optimization outcomes. Mqugwana and Krishnamurthy (2024)
further demonstrate the importance of considering uncertainty in HRES optimization by
applying PSO to hybrid renewable energy microgrid design under uncertain conditions.
Therefore, meaningful comparisons should be conducted using consistent datasets, system
configurations, constraints, and evaluation criteria. The review also reveals an imbalance
between economic optimization and reliability assessment. Although cost indicators such
as COE, NPC, and LCOE are commonly emphasized, reliability measures such as LPSP are
less consistently incorporated. This is important because a lower-cost configuration may
not necessarily provide adequate electricity supply. HRES optimization should therefore
evaluate economic performance together with reliability, renewable fraction, and
environmental impacts. The environmental dimension is also increasingly important as
HRES configurations become more complex. Oyewole et al. (2024) demonstrated the
importance of incorporating economic and environmental uncertainties when optimizing
hydrogen-based storage within an HRES. This indicates that the inclusion of hydrogen
storage can provide additional flexibility but also introduces economic and environmental
considerations that should be incorporated into the optimization framework. Similarly,
Yahya et al. (2024) investigated an HRES integrating PV, wind, battery, and fuel-cell
technologies, demonstrating the increasing application of optimization techniques to more
complex multi-source and storage configurations. The technology synthesis further
indicates that resource complementarity is an important determinant of HRES
performance. Combining complementary renewable resources and storage technologies
can improve renewable utilization and reduce dependence on individual intermittent
resources. However, increasing the number of components also introduces additional
decision variables, operational constraints, and uncertainties. The evidence suggests that
HRES research should move beyond simply proposing new optimization algorithms toward
standardized and comprehensive performance evaluation. New algorithms should be
compared with established methods under identical conditions and evaluated using
common indicators such as cost, reliability, renewable fraction, emissions, convergence,
and computational requirements. The recent applications of modified Harris Hawks
Optimization, firebug swarm optimization, PSO, and other approaches demonstrate
continued methodological development, but their practical value should ultimately be
established through consistent benchmarking and realistic HRES applications.This
approach would improve reproducibility and provide stronger evidence for selecting
appropriate optimization techniques for practical HRES deployment.
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Recommendations for Future Research

Future studies should standardize the comparison of GA, PSO, MILP, and emerging
metaheuristic algorithms using identical HRES conditions and evaluate them using cost,
reliability, renewable fraction, emissions, and computational performance. Future research
should give greater attention to realistic HRES applications, transparent reporting of
algorithm parameters and assumptions, hybrid optimization methods, and standardized
benchmark datasets to improve reproducibility and identify genuinely superior
optimization approaches.

Conclusion
This review synthesized the development and application of optimization techniques for

hybrid renewable energy systems (HRES), with emphasis on optimization methods, system
configurations, application contexts, and technical, economic, reliability, environmental,
and computational performance. The findings demonstrate that optimization is central to
improving HRES design, component sizing, energy management, and operational
performance. Across the reviewed studies, hybridization of complementary renewable
resources with energy storage generally improves renewable-energy utilization, reduces
dependence on conventional generation, and can improve economic and environmental
performance. However, these benefits depend strongly on resource availability, load
characteristics, system configuration, operating constraints, and the objectives adopted in
the optimization model. The synthesis further shows that GA, PSO, MILP, hybrid
algorithms, and emerging bio-inspired metaheuristics each offer distinct advantages rather
than a universally superior solution. GA provides considerable flexibility for complex HRES
optimization, PSO offers an effective population-based search mechanism but may
experience premature convergence, while MILP provides a structured mathematical
framework for problems that can be appropriately formulated. Hybrid and emerging
metaheuristic approaches demonstrate potential for improving search performance and
addressing increasingly complex HRES problems; however, algorithmic novelty alone
cannot establish practical superiority. The reported performance of an optimization
technique is strongly influenced by the characteristics of the HRES problem and by the
assumptions under which it is evaluated. A major finding of the review is the persistent
imbalance between economic optimization and comprehensive system evaluation.
Although COE, NPC, and LCOE are frequently used to demonstrate optimization
effectiveness, reliability indicators such as LPSP and environmental measures are less
consistently incorporated. Consequently, the lowest-cost configuration should not
automatically be regarded as the best HRES solution if it compromises electricity-supply
reliability, renewable contribution, or environmental performance. The review therefore
establishes that HRES optimization should be treated as a multi-dimensional decision
problem in which economic performance is evaluated simultaneously with reliability,
renewable fraction, emissions, and computational performance. The review also indicates
that increasing resource and storage diversity creates both opportunities and challenges.
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Complementary renewable resources and storage technologies can enhance system
flexibility and reduce dependence on individual intermittent resources, but additional
components introduce more decision variables, operational constraints, uncertainties, and
computational complexity. The growing application of hydrogen storage, fuel cells, and
other multi-source configurations consequently requires optimization frameworks capable
of addressing technological interactions and uncertainty rather than focusing exclusively
on component sizing or cost minimization. Overall, the evidence indicates that the principal
research challenge is no longer simply the development of new optimization algorithms,
but the demonstration of their practical and reproducible superiority under comparable
conditions. The limited use of common datasets, system configurations, constraints, and
performance indicators make direct comparison of reported results difficult and prevents
reliable conclusions about which algorithms perform best across HRES applications. Future
studies should therefore benchmark emerging methods against established approaches
such as GA, PSO, and MILP using identical conditions and a common set of economic,
technical, reliability, environmental, convergence, and computational indicators. Such
standardized and comprehensive evaluation would strengthen reproducibility, reduce
claims based solely on algorithmic novelty, and provide more reliable evidence for selecting
optimization techniques for practical HRES deployment.
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