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ABSTRACT
This systematic review delved into the intricate landscape of designing and optimizing sizeable-scale stand-alone hybrid renewable energy systems (HRES). Drawing from a curated selection of research articles, this study explored the challenges, opportunities, and policy options in the context of Nigeria's energy sector. The study highlighted the importance of considering multiple energy sources, flexible system designs, and economic factors. Notably, technological solutions such as wind, solar, and energy storage was studied and revealed to have shown promise in providing efficient and sustainable energy solutions. The lessons learned from the study emphasized the potential for HRES to address Nigeria's energy needs, reduce carbon emissions, and enhance energy access, particularly in rural areas. In light of these findings, the review underscored the significance of tailored policies and strategies that promote the deployment of HRES in Nigeria, ultimately contributing to economic growth, environmental sustainability, and energy security. Conclusion and recommendations were made that this comprehensive review can serve as a valuable resource for policymakers, researchers, and industry stakeholders seeking to advance renewable energy solutions in Nigeria.
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1.0	INTRODUCTION

The global energy landscape is currently at a critical juncture due to the simultaneous challenges of increasing energy demand, concerns about climate change, and the finite nature of fossil fuel resources. As the world's population continues to grow, and industrialization advances, there is an unprecedented surge in the energy demand. Fossil fuels, including crude oil, natural gas, and coal, have long been the dominant sources of energy that power our world. However, this heavy reliance on non-renewable resources comes at a significant cost, as noted by Ahammed (2021). One of the primary drawbacks of fossil fuels is their finite nature. The world's reserves of these resources are limited, and over time, they will inevitably run out. Predictions indicate that, given current technological advancement and consumption rates, it will take approximately 35, 107, and 37 years for oil, coal, and gas, respectively, to be completely depleted (Shafiee & Topal, 2019). This impending scarcity underscores the need for transitioning to more sustainable and renewable sources of energy. Industries worldwide still heavily rely on fossil fuels for power generation. While fossil fuels are effective in producing energy, they present a multitude of disadvantages in the long run. The most pressing issue is their finite nature, which means that as these resources are depleted, industries will eventually need to transition to renewable energy sources. Furthermore, the continued use of fossil fuels poses a significant threat to the delicate balance of the environment and can lead to various ecological hazards.

Hybrid renewable energy systems are the future of energy system and energy production, offering a reliable and effective solution for off-grid communities (Ahmed, 2019). Hybrid systems are a promising solution for remote communities, but further research is needed to optimize system design and energy storage integration (Maria, 2020). Hybrid renewable energy systems are a game-changer for reducing carbon emissions and mitigating climate change (John, 2018). Hybrid systems pose unique technical challenges, but advances in technology and control systems are addressing these issues (Kumar, 2017). Hybrid renewable energy systems have the potential to significantly reduce our environmental footprint (Sarah, 2016). Hybrid systems are becoming increasingly cost-competitive with fossil fuels, making them a viable option for grid-connected applications (Rajesh, 2022). The cost of solar panels in hybrid renewable energy systems, such as solar has been receding arithmetically as shown in Figure 1 increasing its cost-competitive amongst fossil fuels energy systems and other renewable energy systems. Artificial intelligence and machine learning can optimize hybrid system performance and predict energy output (Xiangrong, 2021). Hybrid system can mitigate energy poverty in developing communities. 

Tariq (2019) stated that stand-alone hybrid systems alleviate energy poverty in developing communities. Javier Contreras (2020) asserted that energy storage integration is critical for stand-alone hybrid system stability. Singh (2018) pointed out that stand-alone hybrid systems promote energy self-sufficiency and reduce grid reliance. Mohamed (2019) stated that optimizing stand-alone hybrid systems requires consideration of load analysis and resource assessment. Stand-alone hybrid systems are crucial for achieving sustainable development goals (Singh, 2020). Figure 3 shows a flow chart of hybrid renewable energy system and Figure 2 illustrates the parameters in the installation of stand-alone hybrid renewable energy system. In response to these challenges, renewable energy technologies have gained prominence as a vital solution to meet the world's energy needs while reducing greenhouse gas emissions. Renewable energy, according to Ahammed (2021) is an obtainable energy harnessed from a limitless source. These energy sources, such as solar, wind, and hydroelectric power, have been found to offer a promising path toward a sustainable future. However, these sources are inherently intermittent and dependent on natural conditions, making it essential to develop efficient and reliable energy systems that can harness their potential. One solution to this challenge is the integration of renewable energy sources into hybrid systems, which combine multiple sources and energy storage technologies to ensure a consistent and uninterrupted power supply. This integration has the potential to reduce the reliance on fossil fuels, decrease greenhouse gas emissions, and enhance energy security.

Hence the study is aimed at a systematic review of the optimization of the design of sizeable-scale stand-alone hybrid renewable energy systems to address the growing energy demand, reduce reliance on finite fossil fuels, and enhance environmental sustainability. This work is segmented into the following sub-headings; autonomous energy system, genetic algorithm, hybrid power system, stand-alone system and simulation and optimization. A maximum of ten literatures are reviewed under each of the sub-headings.
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Figure 2: Flow chart for Installation of Stand-Alone Hybrid Renewable Energy System
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Figure 3: Installation of Stand-Alone Hybrid Renewable Energy System 



2.0	ENERGY SYSTEMS 
2.1	AUTONOMOUS ENERGY SYSTEM
Autonomous energy systems (AES) are self-sufficient energy systems that store, generate, and manage renewable energy without depending on external power sources. AES integrates renewable energy sources, energy storage, and smart control systems to provide a dependable and authentic energy supply. Improvements in wind turbines, solar, photovoltaic (PV), and energy storage technologies have improved the efficiency of AES. AES provides energy autonomy and reduce reliance on external energy sources. AES also promote renewable energy integration and reduce greenhouse gas emissions.

In literature, autonomous energy systems were modelled as mathematical optimization problems and several techniques were used to solve them. Abedi et al. (2012) present a novel, integrated method for optimizing the power management strategy (PMS) and sizing of hybrid off-grid systems, including wind/PV/fuel cell/battery/diesel components. By combining PMS optimization with system design, the method simultaneously minimizes total cost, fuel emissions, and unmet load, while accounting for uncertainties in renewable sources. Oleg and Sergei (2014) proposed the economic efficiency and the competitiveness of renewable energy sources in Russia in small autonomous energy systems. The levelized cost of energy was used as the criterion. Three regions were considered in the territory of Russia (the South, the Center and the North). Consideration was given to the favorable and unfavorable conditions for renewable energy sources within a given region. Their calculation results showed that the use of renewable energy sources in autonomous energy supply systems proves to be economically efficient for a significant number of considered variants. 

Oleg V. Marchenko’s 2010 study develops a mathematical programming model to optimize the structure of autonomous energy systems comprising conversion and storage technologies. By minimizing total discounted costs, the model determines the most economical, hybrid mix of diesel, wind, and biomass, demonstrating that integrating renewables can significantly reduce costs compared to diesel-only systems. A 2023 study by kai et al. introduces a multi-objective planning framework for distributed energy systems (DES) that integrates solar energy with natural gas-based carbon capture to achieve cleaner, more economical, and independent prosumer operations. Simulations indicate this approach can avoid 38.84% of lifecycle carbon emissions compared to systems without carbon capture while optimizing capacity and scheduling for improved energy independence. Diaf et al. (2008) developed a simulation model to optimize the design of a standalone hybrid PV/wind system (HPWS) in Corsica, minimizing the levelised cost of energy (LCE). Their analysis showed that hybrid systems consistently outperform single-source systems, with wind providing 20–40%+ of energy depending on site quality. Shuoshi Liu et al. (2023) demonstrate that integrating large-scale green hydrogen from coupled wind-solar systems into coal-based cogeneration reduces carbon emissions by 9.2%, though it increases operating costs by 18.7%. The study proposes utilizing waste heat systems to offset these costs, suggesting that advancements in green hydrogen and heat recovery will improve future economic and environmental feasibility. The 2023 review by Thirunavukkarasu et al. highlights that while Hybrid Renewable Energy Systems (HRES) are essential for addressing rising fossil fuel costs and climate concerns, they require complex optimization, specifically through artificial intelligence (AI) and meta-heuristic algorithms. The analysis finds AI-based techniques superior to classical methods for achieving optimal global solutions efficiently and calls for increased research into underutilized sources like geothermal and biomass. Rachid Belfkira, Lu Zhang, and Georges Barakat (2011) proposed a deterministic, DIviding RECTangles (DIRECT) algorithm to determine the optimal, cost-effective sizing of a standalone wind/PV/diesel hybrid system using six months of hourly data. The methodology successfully minimized total system costs while meeting energy demands, emphasizing the critical influence of battery storage on overall economic efficiency. Rafi & Moeini-Aghtaie (2022) developed a framework to optimize the sizing and operation of an autonomous Hybrid Green Power System (HGPS) using a fuzzy logic controller (FLC). The study optimized components like wind, PV, and storage (batteries/hydrogen) to minimize costs while maintaining reliability. A key finding was that a WT-PV system prioritizing long-term storage reduced costs by 55% compared to wind-only systems, with a loss of power supply probability below 5%.

Table 1 presents a summary of the selected approaches that solve the autonomous energy system. It provides the objective function(s), the component(s) considered, the technique(s) employed, and the limitation(s) of the approach.
	Table 1. Summary of different studies applied to autonomous energy system

	References
	Objective Function/s
	Component/s considered
	Techniques/s
	Limitation/s

	Abedi et al. (2012)
	Minimize the overall cost of the system + minimize unmet load (i.e., ensure reliable energy supply) 
	Wind turbines + Photovoltaic (PV) panels + Fuel cells + Electrolyzers + Hydrogen tanks + Batteries + Diesel Generators
	Differential Evolution Algorithm (DEA), Fuzzy Techniques, probability distribution functions (PDFs) for modelling uncertainties.
	The authors do not consider maintenance and reliability aspects of the hybrid energy system, which can be crucial for real-world application.

	Oleg and Sergei (2014)
	Analyze the impact of regional factors on the economic efficiency of renewable energy sources + compare the Levelized Cost of Energy (LCOE) of renewable energy sources with traditional energy source 
	Small hydrogen + Biogas + Wind power
	Leverlized cost of Energy analysis (LCOE) + cost benefit analysis + comparative analysis + data analysis + economic modelling
	The study used LCOE as the sole criterion for evaluating economic efficiency, which may not capture all aspects of economic viability.  

	Oleg (2010)
	Create a mathematical model that can evaluate the economic viability of AES that produce and store secondary energy carriers +Minimize the total costs of building and operating the energy system
	Diesel power plant + Biomass-fueled power plant + wind turbines
	Mathematical modelling + optimization techniques
	The study considers a fixed timeframe, which may not capture long-term changes or uncertainties. 

	Kai et al. (2023).

	To develop a multi-objective planning framework for optimizing distributed energy systems with carbon capture + To minimize environmental impact by reducing greenhouse gas emissions.                                                              
	Solar energy system + energy storage system + Natural gas turbine
	Multi-objective optimization + Linear Programming + Levelized cost of energy + Energy flow modeling




	Complexity in integrating multiple energy systems and components + No consideration of data uncertainty and errors

	Diaf et al. (2008).
	To estimate the appropriate dimensions of a stand-alone hybrid PV/wind system autonomy for a remote consumer (HPWS) + To minimize the levelized cost of energy of the HPWS + To determine the optimal system configuration 
	Hybrid PV/Wind System + Photovoltaic System + Wind Turbine System + Battery Bank + Inverter
	Minimization of levelized cost of energy + Techno-economic analysis + probability analysis
	The hybrid PV/wind system modeled was relatively simple, and the study may not have captured the complexity of real-world systems + The study only considered PV and wind energy, and may not have captured the potential of other renewable energy sources. 

	Shuoshi et al. (2023).
	To investigate the integration of green hydrogen and waste heat utilization in coal-based cogeneration processes + To evaluate the impact of green hydrogen on carbon emission reduction and operating costs.
	Green hydrogen system + Energy storage system + Heat recovery steam generator + gas turbine + Heat exchanger
	System integration + economic analysis + optimization + Data analysis + Modeling + Simulation
	The study did not investigate the scalability of the proposed integration process to larger or smaller systems

	Thirunavukkarasuet al. (2023).
	To provide a comprehensive review of optimization techniques for hybrid renewable energy system (HRES) + To discuss the challenges and limitations of HRES implementation + To evaluate the effectiveness of different optimization techniques for HRES
	Batteries + solar + Biomass + Inverters 
	Optimization techniques + renewable energy integration techniques + energy storage optimization techniques + simulation and modeling
	Complexity of hybrid renewable system + high net present cost of hybrid renewable energy systems 

	Rachid et al. (2011).
	To minimize the total cost of the hybrid energy system + To determine the optimal number and type of units for the hybrid + To compare the total cost of the hybrid energy system with batteries and without batteries.

	Wind turbine + photovoltaic array + diesel generator + battery storage
	Determistic algorithm for optimization (MATLAB) + Mathematical Modeling of hybrid energy system  
	Limited data on wind speed, solar radiation and ambient temperature + Hybrid energy system components not explicitly modeled

	Rafi  & Moein  
(2022).
	Minimization of cost + Optimization of system sizing + Maximization of energy in the hydrogen tank + Optimization of operational strategy.
	Wind Turbines + Photovoltaic Panels + Batteries + Fuel Cells + Electrolyzers + Hydrogen Tank
	Fuzzy Logic Control + Optimization Techniques + Simulation and Modeling.
	Limited data availability for training and testing the fuzzy logic controller + Assumptions made in the energy storage modeling

	 
Dalton et al. (2009).
	To determine the optimal system configuration for a grid / RES hybrid system + To assess the technical viability of renewable energy supply options for a large –scale grid connected hotel.
	Wind energy conversion system + photovoltaic system + energy storage system (batteries) + wind turbines
	Modeling and simulation + sensitivity analysis + energy flow modeling  
	Limited consideration of environmental impacts and externalities + Assumptions made in the potential for RES technologies to integrate with existing energy system




2.2	GENETIC ALGORITHMS
Genetic algorithms (GA) may be attributed as a method for optimizing the search tool for difficult problems based on the genetic selection principle. In addition to optimization, it also serves the purpose of machine learning, research and development. GA aims to yield solutions for consecutive generations. The extent of success in individual production is directly in proportion to the fitness of the solution which is represented by it, thereby ensuring that quality in successive generations will be better. The process is concluded once an GA is most suitable for the issues that need optimization associated with some computable system. John Holland may be regarded as founding father of the original genetic algorithm and is attributed to year 1970s as founding date.  

This 2022 study by Izadi, Shahafve, and Ahmadi optimizes a hybrid renewable energy system (HRES) featuring solar PV, vertical axis wind turbines, and hydrogen storage to achieve near-zero energy buildings. Using MATLAB for neural network-genetic algorithm optimization, the researchers found that integrating hydrogen storage boosts reliability and covers 70%–88% of building electricity needs, compared to 35%–49% with only PV/wind. Barun et al. (2021) demonstrated that a hybrid renewable energy system—utilizing photovoltaic, wind, biogas, and vanadium redox flow batteries—provides reliable power for remote, off-grid locations like Saint Martin Island, Bangladesh, despite not being entirely emission-free. Their research indicates that fuzzy decision-making techniques are superior to standard HOMER software in terms of cost-effectiveness and environmental impact. Ismail et al. (2014) used a genetic algorithm to optimize a hybrid PV/backup system for a small rural community, considering emission costs and solar data. The study found this, or a standalone PV system, reduces operating costs and emissions compared to grid extension or conventional sources. Thirunavukkarasu et al. (2023) demonstrated that a solar-battery hybrid system is the most cost-effective and reliable solution for remote area electrification, outperforming wind-diesel configurations. Using the Tasmanian devil Optimization (TDO) algorithm, the study identified the solar-battery system as superior, with a minimal Total Annual Cost (TAC) of 36,859. Mohammed et al. (2023) developed an improved Archimedes optimization algorithm (IAOA) to design a hybrid micro-grid (PV/wind/diesel/BESS) across three scenarios, aiming to minimize the Net Present Cost (NPC) while meeting constraints like reliability and renewable fraction. The proposed method demonstrated superior efficiency compared to algorithms like GWO, HHO, and EO. 

Fayza et al. (2022) used MATLAB simulation to determine the optimal configuration of a hybrid renewable energy system (PV, wind, battery, and diesel generator) by comparing various optimization techniques. The study focused on minimizing costs, such as the total net present cost, and maximizing reliability, specifically identifying the best combination of components through statistical analysis. Abbassi et al. (2018) developed a multi-objective Genetic Algorithm approach to optimize the sizing of a hybrid PV/Wind system with battery/supercapacitor energy storage (HESS). By modeling all components, the study minimized both the Loss of Power Supply Probability (LPSP) and Total Cost of Electricity (TCE). Results show that the optimized system achieves high reliability at a low cost, promoting sustainable energy in Tunisia. Boyu et al. (2023) developed a multi-objective optimization model for a hybrid renewable-powered system managing electricity, water desalination, and hydrogen production for coastal remote areas. Using the NSGA-III algorithm, the study optimized daily operations, achieving 38–42% carbon emission reductions compared to conventional, gray hydrogen-based methods. 

Table 2 presents a summary of the selected approaches that solve the genetic algorithm. It provides the objective function(s), the component(s) considered, the technique(s) employed, and the limitation(s) of the approach.
	Table 2. Summary of different studies applied to genetic algorithm

	References
	Objective Function/s
	Component/s considered
	Techniques/s
	Limitation/s

	Ali et al. (2022)
	Optimize the configuration of HRES to minimize cost and maximize efficiency + Minimize carbon-dioxide production from the energy system + Optimize the number of PV panels and wind turbines for a building in Tehran
	PV Panels + Vertical axis wind turbine + Hydrogen tank (for storage)
	Simulation + Optimization + Modeling 
	Uncertainty in solar and wind data 

	Barun et al. (2021)
	To investigate a hybrid energy system for supplying stable power to a remote Island, Saint Martin, Bangladesh, using multi-objective optimization techniques
	Photovoltaic module + wind turbine + biogas generator + vanadium redox flow battery
	Multi-objective optimization + Fuzzy decision- making techniques + Infeasibility driven evolution algorithm + sensitivity analysis
	Assumptions made in the optimization models and fuzzy decision-making technique

	Ismail et al. (2014)
	To optimize the design and modelling of a hybrid renewable energy system consisting of PV panels, a backup source and a battery system to minimize the cost of energy production  and reduce global warming emissions costs
	Photovoltaic panels + Battery system + solar radiation data
	Genetic Algorithm + Optimization modeling + solar radiation data analysis + environmental impact assessment
	Assumptions made for the performance of PV panels, micro-turbine, and diesel generator. 

	Thirunavukkarasu et al. (2023)
	To find the optimal design for two combinations of off-grid hybrid renewable energy systems using metaheuristic algorithms
	Solar panels + Battery Storage + Diesel generator 
	Optimization modeling + Levelized cost of electricity analysis + Metaheuristic algorithms
	Limited to two combinations of hybrid renewable energy systems

	Mohammed et al. (2023).
	To design a hybrid renewable energy system for a micro-grid system in Farafra, Egypt, using the improved Archimedes optimization algorithm to minimize the net present cost
	PV Panels + wind turbines + Battery storage system 
	Optimization modeling + Net present cost analysis + optimization modeling
	The study only focuses on the Farafra region in Egypt, which may not be representative of other regions or countries

	Fayza et al.  (2022).
	To investigate the application of recent optimization methods to determine the optimal configuration of hybrid renewable energy sources
	Photovoltaic panels + wind turbines + battery storage system + backup diesel generators
	Optimization algorithm + hybrid renewable energy system modeling + MATLAB simulation + Data analysis and visualization.
	The study only focuses on hybrid renewable energy systems and does not consider other types of energy systems

	Abbassi et al.  (2018).
	To optimize the sizing of a multi-source PV/Wind power supply system with hybrid energy storage 
	PV (Photovoltaic) panel + wind turbine +Battery storage 
	Multi-objective genetic algorithm approach +
	The study only focus on stand- alone wind/ PV power supply system with hybrid energy storage, and does not consider other types of renewable energy system

	Boyu et al. (2023).
	To optimize the operation of hybrid renewable energy system that integrates desalination, hydrogen production, and storages for remote coastal areas

	Seawater reverse Osmosis desalination + proton exchange membrane fuel cell + energy storage system (battery)
	Multi-objective optimization + Modeling of hybrid renewable energy system + Power transmission Analysis of carbon dioxide emissions
	The study uses simplified models for the system components and does not consider detailed dynamic behaviors




2.3	HYBRID POWER SYSTEM
Hybrid power systems (HPS) combine multiple power sources to provide a reliable and efficient power supply. HPS has gained increasingly attention in recent years due to its potential to reduce greenhouse gas emissions and improve energy security. HPS typically consists of renewable energy sources, conventional power sources, and energy storage systems. Various configurations have been studied, including solar-wind-diesel, solar-wind-battery and wind-hydrogen. Optimization techniques, such as linear programming and genetic algorithms, have been applied to HPS to minimize cost and emissions. Advance control and fuzzy logic; have been developed to manage HPS operations. HPS has been applied in various sectors, including remote communities, industrial and commercial applications and military bases.
Weiping and Akbar (2022) optimized a stand-alone hybrid reverse osmosis desalination system combining solar PV, wind turbines, diesel generators, and energy storage to provide reliable, low-cost, and eco-friendly water/electricity in remote areas. Using meta-heuristic methods to model four distinct configurations, the study found that a hybrid PV/battery/diesel system offers the most optimal, cost-effective, and environmentally friendly performance Yan et al. (2020) investigated thermal management for stand-alone hybrid solar-wind-battery systems, finding that up to 50% of generated power is often wasted. To address this, they proposed using barium hydroxide octahydrate (Ba (OH)2⋅8H2O) as a high-capacity phase change material (PCM). Simulation results indicated that out of 173, 877kWh of yearly power, 51.99% was used directly, while 33.17% (57, 672kWh) could be stored as heat in the PCM, supporting the heating demands of 136 people. 
Fatima et al. (2021) proposed an efficient control strategy for a hybrid PV/Wind/Battery system to manage power flow and extend battery life. The strategy utilizes specific operating modes for energy management, with stability proven via Lyapunov functions. Simulation results indicate superior robustness and faster response compared to sliding mode control (SMC) in switching between regulation and maximum power extraction. Mohammad et al. (2020) demonstrated that combining wave energy converters with solar and wind systems is a reliable, high-potential method for supplying electricity to coastal cities, specifically identifying Iran’s coastal regions as ideal locations. Their study found that a PV/Wind/Battery hybrid system is the best option for powering 3000 households, with costs ranging from 0.219 to 0.242USD/kWh across Jask, Genaveh, and Anzali. Erkan and Kiliç (2012) modeled a stand-alone hybrid system—comprising PV panels, a wind turbine, and a PEMFC backup—using Matlab-Simulink® to optimize energy efficiency. The study analyzed three power management strategies for gel battery storage, considering the impact of state of charge (SOC) and charge-discharge currents on system efficiency. Bouthaina et al. (2016) developed a power management strategy for a standalone hybrid PV/wind/PEMFC system with battery storage and a dump load (electrolyzer).Utilizing Matlab/Simulink  
simulations, they demonstrated that a modified controller effectively managed power distribution, using fuel cells for support and an electrolyzer to consume surplus energy when batteries are full, maintaining a stable continuous bus voltage. Chaouki and Maamar (2019) optimized an off-grid solar PV/Fuel Cell/Diesel Generator system for a university, designed for high renewable fraction, low emissions, and low cost. Using hourly calculations, the study found the optimal mix—73% PV, 24% Fuel Cell, 3% Diesel—achieved a 66.1% renewable fraction at 92 $/MWh, effectively replacing grid-tied fossil fuels. Tareq et al. (2020) found that an off-grid hybrid renewable energy system (HES) featuring dual-axis solar trackers and a diesel generator is the optimal configuration for Khorfakkan, UAE, offering a 48.55% renewable fraction. Modeled via HOMER, this optimized architecture achieves a levelized cost of energy (LCOE) of 0.25 $/kWh to meet high local energy demands. Ayas et al. (2020) proposed a rooftop hybrid PV-wind-battery system for buildings in Kasuga-City, Japan, designed to reduce electrical demand and GHG emissions. The study, modeled in MATLAB-Simulink, introduces an efficient control scheme featuring Bulk and Float charging modes, which achieves high power quality with total harmonic distortion (THD) under 1% and eliminates the need for a specific battery converter. Juan et al. (2014) developed a model for standalone PV/wind/diesel/battery systems in Zaragoza, Spain, analyzing how accounting for charge controller operations and coulombic efficiency affects system design. Compared to simpler models, this approach found a ~33% difference in generator operation hours and ~31% differences in fuel consumption and net present cost (NPC). 

Table 3 presents a summary of the selected approaches that solve the hybrid power system. It provides the objective function(s), the component(s) considered, the technique(s) employed, and the limitation(s) of the approach.
	Table 3. Summary of different studies applied to hybrid power system

	References
	Objective Function/s
	Component/s considered
	Techniques/s
	Limitation/s

	Weiping and Akbar (2022).
	To model and optimize a stand-alone desalination plant powered by solar and wind energies with backup systems (diesel generators and energy storage) to supply potable water and electricity in remote areas.
	Photovoltaic panels + wind turbines + Diesel generators 
	Hybrid optimization algorithm (combination of two meta-heuristic methods) + Modeling of hybrid renewable energy systems + Optimization of system design and operation
	The study uses a specific hybrid optimization algorithm and may not consider other optimization algorithms that may be more effective.

	Yan et al. (2020).
	To investigate the thermal management of waste energy from a stand-alone hybrid solar-wind-battery power system in Hong Kong.



	Solar PV Panels + Wind Turbine + Battery Bank + Heat Exchanger 
	Hybrid power system modeling + waste energy management modeling + thermal energy storage optimization + Simulation modeling
	The study focuses on a specific location (Hong Kong) and may not be generalization to the other locations.

	Fatima et al. (2021).
	To develop an efficient output power control strategy for a stand-alone wind photovoltaic hybrid system with battery storage to regulate the output power, satisfy the total demand and extend the battery life cycle.
	Photovoltaic subsystem + wind energy conversion subsystem + battery bank 
	Hybrid system modeling + sliding mode control + simulation modeling + switched parameter modeling



	The study uses simplified models for the wind and photovoltaic subsystems, which may not capture the complexity of real-world system.

	Mohammad et al. (2020).
	To evaluate the techno-economic and environmental feasibility of a hybrid renewable energy system consisting of wave energy converter (WEC)/PV/Wind Turbine/Battery for supplying electricity to 3000 households in three different locations in Iran
	Wave energy converter + Wind turbine + Photovoltaic system + battery storage system + power conditioning unit
	Techno-economic analysis + environmental analysis + optimization techniques + sensitivity analysis
	The study is focused on three specific locations in Iran, which may not be representative of other coastal cities

	Erkan and Kiliç (2012).
	To evaluate and compare different power management strategies for a stand-alone hybrid power system consisting of PV, wind turbine and PEMFC
	Photovoltaic panels + wind turbine + Gel batteries + Inverter 
	Hybrid power system modeling + power management strategy development + control algorithm development using Matlab-simulink 
	The study focused on a small-scale hybrid power system, which may not be scalable to larger systems

	Bouthaina et al. (2016).
	To design and control a stand-alone hybrid power system that includes PV, wind turbine, fuel cell(PEMFC), storage systems, and dump load (electrolyzer)
	Photovoltaic (PV) System + Wind Turbine + Storage System (battery) + DC-AC converter
	Hybrid power system modeling + control strategy development + Matlab/Simulink simulation + Power flow Management
	The study did not conduct a comprehensive sensitivity analysis to evaluate the impact of different parameters on the hybrid power system performance.

	Chaouki and Maamar (2019).
	To design and optimized stand-alone hybrid power system for a university building with high renewable fraction, low greenhouse gas emission, and low cost of energy.
	Solar Panel + Fuel Cell + Diesel Generator + Battery Bank
	 Statistical analysis and data visualization + Optimization algorithm
	The proposed control algorithm and power management strategy were not validated experimentally.

	Tareq et al. (2020).
	To analyze and optimize the performance of stand-alone solar PV power system with single-axis and dual-axis solar trackers and a diesel generator for the city of khorfakkan
	Solar Panel + Single-axis solar trackers + Dual-axis solar trackers + Diesel Generator + Energy Storage System
	Modeling and Simulation + Optimization and Control Methodologies + Levelized Cost of Energy Analysis
	The study did not conduct a comprehensive sensitivity analysis to evaluate the impact of different parameters on the hybrid energy system performance

	Ayas et al. (2020).
	To propose an efficient power control scheme and design for a hybrid renewable standalone system installed on the roof of a building in Kasuga-City, Japan
	PV modules (3 x 160 W) + Wind Turbine (400 W) + Inverter + Lead-acid battery (30 Ah)
	Dynamic modeling and simulation + system dynamic analysis + MATLAB-Simulink 9.3 software
	The study used limited data for the solar and wind resources, which may not be representative of all conditions

	Juan et al. (2014).
	To study the impact of charge controller operation and coulombic efficiency on stand-alone hybrid power systems
	Photovoltaic (PV) panels + Wind turbine + Battery bank + Conventional diesel or gasoline generator
	Modeling and simulation + Comparative analysis + Sensitivity analysis + Optimization techniques
	The study focuses on a stand-alone hybrid power system and did not consider grid connection or grid stability



2.4	STAND-ALONE SYSTEMS
The mode of a stand-alone system operation is to work alone, not relying on other factors, devices or software. It performs the tasks on its own and manages common tasks for an entire organization. Stand-alone systems typically combine multiple power sources, including renewable energy sources and conventional power sources. Stand-alone systems often consist of solar PV, Wind turbines, diesel generators and energy storage systems.
Wulfran et al. (2023) stated that electricity holds both economic significance and strategic importance in many regions globally. The study considered a standalone HRES in a residential area on Manoka Island, where fish farming is a primary activity. This dwelling exhibits a daily electricity consumption averaging at 9.28 kWh, with peak demand hitting 0.88 kW. To evaluate the suitability of the Hybrid Optimization Model for Electric Renewable (HOMER) program, the study investigated the optimal energy generation mix for both sustaining the fish farming industry and fulfilling the energy requirements of the chosen building. Their optimization process identified four key parameters that undergo thorough assessment in this analysis. 

Ali and Ahmed (2023) proposed three approaches to deal with the uncertain nature of energy supply and demand in the problem of optimal sizing of a standalone, reliability-constrained hybrid renewable energy system. Their system was composed of wind turbines, photovoltaic solar panels, a battery bank, and a diesel generator. The proposed approaches were: (a) adaptive robust optimization with unmet demand as the (un)-reliability metric, (b) scenario-based robust satisficing, and (c) stochastic-free robust satisficing. A column-and-constraint generation algorithm was developed to solve the adaptive robust optimization problem. Numerical results showed that both the computational times and the out-of-sample performances of the optimal solutions obtained from the two proposed robust satisficing approaches outperform that of the adaptive robust optimization approach, providing a strong justification for their application. Thirunavukkarasu et al. (2023) pointed out that an integration of renewable energy systems can provide reliable, environmentally sustainable, and cost-effective alternatives for meeting the demand for electricity in remote locations. In their study, recently developed meta-heuristic techniques were explored to find the optimal design for two combinations of off-grid hybrid renewable energy systems. The system consisting of a solar-battery is more cost-effective, with the lowest total annual cost (TAC) of 36,859 $ and the lowest levelized cost of electricity (LCOE) of 0.0930 $/kWh for 0% LPSPmax level as compared to the wind turbine-battery-diesel generator with the highest TAC (102580 $) and LCOE (0.2589 $/kWh). Their obtained simulation results revealed the supremacy of the TDO compared to the other three meta-heuristic algorithms, where it achieved the optimal solution with a quick convergence time and fewer oscillations. Iraj et al. (2023) developed an optimal, cloud-based design framework for a standalone PV/Wind/Battery system, aimed at reducing net present cost, loss of load, and battery aging. Using the OBLGBO algorithm, they optimized component sizing and PV angles based on Sarein-Ardabil, Iran meteorological data, finding that incorporating battery degradation significantly impacts overall costs

Abba et al. (2021) studied load forecasting and optimal sizing for minimizing the Annualized Cost of the System (ACS) of a stand-alone photovoltaic (PV)/wind/battery hybrid renewable energy system. To achieve load forecasting, the Support Vector Regression (SVR) was integrated with the emerging Harris Hawks Optimization (HHO) and Particle Swarm Optimization (PSO) algorithms to form two hybrid SVR algorithms (SVR-HHO and SVR-PSO). The prediction accuracy of the algorithms was evaluated using Correlation Coefficient (R), Coefficient of Determination (R2), Mean Square Error (MSE), and Root Mean Square Error (RMSE). The results showed that both hybrid SVR algorithms outperformed the single SVR in terms of prediction accuracy. Barun et al. (2021) developed a hybrid optimization model, validated via genetic algorithm, to analyze a stand-alone PV/Wind/Battery system utilizing an electric boiler for thermal loads. The approach, which reuses excess energy, lowered the cost of energy (COE) to 0.255 $//𝑘𝑊ℎ compared to 0.274 $//𝑘𝑊ℎ without excess energy utilization.
Anastasia et al. (2019) introduced a flexible metamodel architecture and C++ software for designing Hybrid Renewable Energy Systems (HRES), utilizing Mixed Integer Linear Programming (MILP) to optimize system sizing. The tool facilitates cleaner energy adoption by accommodating diverse configurations for remote or onsite demand, validated through a factory-based case study.
Lee et al. (2016) addressed the issue of short lifespans for energy storage systems (ESS) in conventional stand-alone renewable energy power systems (REPS), which is caused by the irregular output of renewable sources and often leads to costly, oversized systems. The authors proposed a hybrid energy storage system (HESS) as a more durable, practical, and cost-effective alternative. Furthermore, the work reviewed various HESS structures (passive, semi-active, and active) and highlighted state-of-the-art control strategies, ranging from classical to intelligent techniques, for managing REPS with HESS.  José et al. (2009) highlight that stand-alone hybrid renewable energy systems—specifically PV–Wind–Battery and PV–Diesel–Battery with lead-acid storage—provide superior reliability and lower costs compared to single-source renewable systems. Their review examines simulation and optimization techniques, focusing on minimizing Net Present Cost (NPC) or Levelized Cost of Energy (LCE). Sonali and Renu (2017) stated that energy demand across the globe has increased in many folds due to technological advancement, rapid growth in industries and an increase in household energy demand. Solar, wind, biomass, mini hydro are some of the resources used worldwide to generate energy as per the availability of resources. Their paper presented a comparative performance of various stand-alone solar photovoltaic (PV), grid-connected PV and hybrid renewable energy systems (HRES) studied across the globe. 

Table 4 presents a summary of the selected approaches that solve the stand-alone systems. It provides the objective function(s), the component(s) considered, the technique(s) employed, and the limitation(s) of the approach. 
	Table 4. Summary of different studies applied to a stand-alone system

	References
	Objective Function/s
	Component/s considered
	Techniques/s
	Limitation/s

	Wulfran et al. (2023).
	To evaluate the suitability of a hybrid optimization model for electric renewable (HOMER) program for a standalone hybrid renewable energy system (HRES) in a residential area on Manoka Island, where fish farming is a primary activity.
	Solar Photovoltaic panels+ wind turbine + battery bank + diesel generator
	Hybrid Optimization Model for Electric Renewable (HOMER) software + Optimization and Simulation techniques.
	Limited to specific location (Manoka Island) and building type (residential) 

	Ali and Ahmed (2023).
	To present and compare three approaches to deal with the uncertain nature of energy supply and demand in the optimal sizing of a stand-alone, reliability-constrained hybrid renewable energy system
	Wind turbines + photovoltaic solar panels + battery bank + diesel generator
	Adaptive robust optimization with unmet demand as the (un)-reliability metric + scenario-base robust satisficing + stochastic-free robust satisficing
	The optimization approaches rely on high-quality data, which might be difficult to obtain

	Thirunavukkarasu et al.  (2023).
	To investigate the optimal sizing of stand-alone hybrid renewable energy systems (HRES) using metaheuristic algorithms.
	Solar panel + wind turbine + battery bank + diesel generator
	Metaheuristic algorithm + Optimal sizing + statistical performance analysis.
MATLAB
	The study relies on recently developed metaheuristic algorithms, which might have limitations

	Iraj et al. (2023).
	To minimize the total net present cost (NPC) of HRES + To minimize the load loss, and battery degradation cost of HRES
	Photovoltaic (PV) system + wind turbine + battery storage system + inverter 
	Cloud theory + Fuzzy theory + probability statistic + meta-heuristic optimization.
MATLAB
	The study uses real meteorological data from the Sarein-Ardabil region in Iran, which might limit the generalizability of the results to other locations

	Abba et al. (2021).
	To minimize the Annualized cost of the system (ACS) of the hybrid renewable energy system + To determine the optimal size of a stand-alone photovoltaic (PV)/wind/battery hybrid renewable energy system
	Photovoltaic + wind turbine + battery
	Harris Hawks Optimization + Support vector regression + Particle swarm optimization.
MATLAB
	The accuracy of the load forecasting model depends on the quality of the data used, which may be subject to error or inconsistencies

	Barun et al (2021).
	To examine the feasibility of utilizing excess energy from renewable sources to meet thermal loads + To determine the reliability of the optimized system in meeting electric and thermal demands
	Photovoltaic + wind turbine + battery + gas boiler + thermal load controller 
	Hybrid Optimization + Genetic Algorithm optimization + Energy modeling + Simulation modeling.
Hybrid Optimization Model for Electric Renewable (HOMER)
	The accuracy of the results depends on the quality of the input data, which may be subjected to errors or uncertainties. 

	Anastasia et al. (2019).
	To formulate the optimization problem as a mixed integer linear problem with a tailor-made objective function + To develop a C++ software implementation for the grassroots design of HRES
	Photovoltaic panels + battery set + diesel generator + 
	Metamodeling + Mixed Integer Linear Programming (CPLEX) + Optimization + Simulation (MATLAB) + Modeling (Python)
C++ Software implementation 
	The study focuses on a specific case study of a stand-alone HRES for a factory on a tropical Island, which may not be representative of other locations or applications

	Lee et al.  (2016).
	To present different structures of stand-alone renewable energy power systems (REPS) with Hybrid energy storage system (HESS) + To discuss future trends for REPS with HESS
	Solar panel + batteries + inverters
	Optimization software (CPLEX) + Decision analysis software (Excel) + Modeling and Simulation (MATLAB/Simulink)
	Limited consideration of the impact of HESS on renewable energy power system resilience and fault tolerance

	José and Rodolfo (2009).
	To simulate and optimize stand-alone hybrid renewable energy systems + To minimize Net Present Cost (NPC) or Levelized Cost of Energy (LCE)
	Photovoltaic + wind + Batteries (Lead Acid) + Diesel Generators
	Optimization algorithm + Simulation Modeling + Levelized Cost of Energy.
HOMER + TRNSYS + MATLAB
	No evaluation on the environmental impacts on HRES + Limited consideration of energy storage technologies beyond batteries

	Sonali and Renu (2017).
	To evaluate the performance of stand-alone solar photovoltaic (PV) systems for small habitats or single household + To compare the performance of stand-alone, grid-connected, and HRES on rural applications
	Wind turbines + Battery bank + Solar Photovoltaic (PV) modules + Inverters
	Simulation and Modeling + Optimization Techniques + data analysis visualization + sensitive analysis.
MATLAB + HOMER + TRNSYS + PVsyst + WindSim 
	The study focuses only on rural applications and does not consider urban or industrial applications



2.5	SIMULATION AND OPTIMIZATION
Some real-world applications of simulation and optimization include supply chain management, manufacturing systems, logistics and transportation, energy systems and financial portfolio optimization. Some popular algorithms and techniques used in simulation and optimization include linear programming, nonlinear programming, Dynamic programming, genetic algorithms, particle swarm optimization and simulated annealing. Some popular software tools used in simulation and optimization include MATLAB, Simulink, Excel, Python, R, CPLEX and Gurobi.
Yongqing and Yugang (2024) proposed a two-stage nested optimization approach for sizing standalone hybrid renewable energy systems (HRES) using battery, hydrogen (HESS), and thermal (TESS) storage, optimizing for economic (LCOE) and reliability (LPSP) targets. The strategy first utilizes multi-objective optimization with MCDM to select Pareto-optimal topologies, followed by a single-objective refinement to minimize LCOE while respecting the best LPSP from stage one.
Abdelazim et al. (2024) developed a novel optimization algorithm called Modified Artificial Rabbits Optimization (MARO). This algorithm enhances the original Artificial Rabbits Optimization (ARO) by incorporating a dimension learning-based hunting technique to improve performance.  Ayman and Ibrahim (2024) demonstrated that a tri-level optimization approach is highly effective for sizing and configuring stand-alone HRES (PV, wind, battery, hydrogen storage) to meet load demands. Using MATLAB, the method efficiently minimizes costs and optimizes component capacity based on climate conditions, converging rapidly to optimal solutions. Shameem et al. (2024) used HOMER PRO to model optimal hybrid renewable energy systems (HRES) in India, Myanmar, Ghana, and Cameroon, balancing cost (LCOE/NPC), emissions, and reliability. PV-WT-DG-BAT-CON was optimal for most, while WT-DG-BAT-CON suited Myanmar, with results validated by particle swarm optimization (PSO). 
Wisam et al. (2024) optimized a hybrid PV-wind energy system at Kuwait's Shagaya plant, finding that a grid-connected setup offers the best economic performance ($0.539/kWh LCOE; $6.85/kg H₂). Stand-alone systems with storage were >$8.0/kg. The optimal setup produces ~111,877 kg of green hydrogen and reduces CO₂ emissions by 14,819 kg annually.  Divya et al. (2024) proposed a dynamic economic emission dispatch model for hybrid wind, solar, and hydro systems, using the Black Widow Optimization (BWO) algorithm to balance cost-effectiveness with emission reduction. The MATLAB-based approach addresses uncertainties in renewable energy under tradable green certificates, offering a novel multi-objective solution. AmirHossein and Hossein (2023) demonstrated that a hybrid optimization approach using grey wolf and sine–cosine algorithms efficiently minimizes the levelized cost of energy (LCOE) and total annualized net present cost for stand-alone, 100% renewable energy systems [1]. Their findings indicate this method ensures economic and uninterrupted electrical and thermal supply, addressing rising environmental concerns and advancements in power electronics
Thirunavukkarasu and Yashwant (2023) propose that integrating renewable energy systems offers a reliable, sustainable, and cost-effective electricity solution for remote areas. Their study utilized the Tasmanian Devil Optimization (TDO) algorithm to determine the optimal. Ying et al. (2024) proposed an off-grid hybrid renewable energy system integrating PV panels, solar thermal collectors, hydrogen production, and repurposed EV batteries, which were modeled in TRNSYS to account for capacity degradation. Optimized via a two-stage strategy and the NSGA-II algorithm, the system provides a technically and economically viable solution for reliable, combined power and heat supply in isolated rural areas. 

Table 4 presents a summary of the selected approaches that solve the simulation and optimization. It provides the objective function(s), the component(s) considered, the technique(s) employed, and the limitation(s) of the approach.

	Table 5. Summary of different studies applied to simulation and optimization

	References
	Objective Function/s
	Component/s considered
	Techniques/s
	Limitation/s

	Yongqing and Yugang (2024)
	To minimize the levelized cost of energy (LCOE) and loss of load supply probability (LPSP) of HRESs + To optimize the capacity of stand-alone hybrid renewable energy systems (HRESs) using a two-stage nested optimization approach.    
	Solar Photovoltaic (PV) modules + Wind Turbines (WT) + Battery energy storage system + 
	Simulation modeling + Techno-economic analysis + sensitive analysis + optimization algorithm.
HOMER + TRNSYS + MATLAB + WindSim
	The study’s results depend on the quality of the input data, which may be subject to errors 

	Abdelazim et al. (2024)
	To minimize the cost and environmental impact of the hybrid system while ensuring the reliable and efficient performance + To develop the required algorithm (mARO) for optimal sizing of stand-alone hybrid systems with energy storage.
	Solar Photovoltaic modules + Wind Turbine  systems + Battery energy storage system
	Modified Artificial Rabbits Optimization (mARO) algorithm + Artificial Rabbit Optimization + Dandelion Optimization.
MATLAB 
	The proposed mARO algorithm may not be applicable to all optimization problems or domains

	Ayman and Ibrahim (2024)
	To minimize the total capacity cost and operating cost of the HRES + To optimize the sizing and energy management of a stand-alone Hybrid Renewable Energy System for maximum efficiency and cost savings
	PV panels + wind turbines + battery banks + hydrogen tanks + fuel cells + Electrolyzers
	Tri-level optimization problem + HRES Optimization + Simulation modeling.
Matlab software + Microsoft Excel +Python 
	Limited consideration of uncertainty and robustness + computational complexity and scalability.

	Shameem et al.  (2024)
	To conduct a comparative techno-economic analysis of stand-alone and grid-tied hybrid renewable energy systems in south Asia and Sub-Sahara Africa 
	Solar photovoltaic panel + wind turbines + diesel generators + battery bank + converter
	HOMER PRO software + Particle Swarm Optimization + Levelize cost of energy analysis
	The study only focuses on four regions in south Asia and sub-saharan Africa

	Wisam et al.  (2024)
	To evaluate the potential for hydrogen production using a hybrid energy system + To evaluate the annual green hydrogen production cost for each configuration
	Photovoltaic solar panel + Wind Turbine + Fuel Cells + Batteries
	Simulation software (HOMER) + optimization analysis + optimization algorithms (genetic algorithm)
	The accuracy of the results depends on the quality of the impute data.

	Divya et al. (2024)
	To minimize the yearly cost of operating a hybrid wind-solar renewable energy system to meet a specified load + To develop a dynamic economic emission dispatch model for wind, solar, and hydro power under tradable green certificates
	Solar panels + wind turbines + hydro turbines
	Simulation and Modeling (MATLAB) + Optimization algorithm (Black Widow Optimization)
	Their study uses the Black Widow Optimization (BWO) algorithm, which may have limitations in term of convergence or computational efficiency.

	AmirHossein and Hossein (2023)
	To minimize the levelized cost of energy (LCOE) and total annualized net present cost (TANPC) of the system + To design and optimize a hybrid renewable energy system (WT/PV/BW/HS/TES/EVPL) to supply electrical and thermal loads.
	Wind Turbines + Photovoltaic system + storage device + Bio-waste unit
	Gray wolf optimization algorithm + sine-cosine algorithm.
MATLAB + Optimization toolbox in MATLAB
	Their study may not consider social-economic factors that may influence the adoption and implementation of a hybrid renewable energy system

	Thirunavukkarasu and Yashwant (2023)
	To find the optimal design for two combinations of off-grid hybrid renewable energy systems using recently developed meta-heuristic techniques
	Solar panels + battery storage + wind turbines + diesel generator
	Metaheuristic algorithms + Optimization techniques + statistical analysis + performance evaluation.
MATLAB
	The study only considers two system configurations (solar-battery and wind turbine-battery-diesel generator)

	Ying et al. (2024)
	To minimize power supply disruption, hot water supply disruption, energy waste, and annualized costs over a 20-year lifetime + To design and optimize a hybrid solar-hydrogen energy system with retired electric vehicle batteries for off-grid power and heat supply
	Photovoltaic panels + evacuated Tude solar collectors + proton exchange membrane fuel cell + Alkaline electrolyzer + compressed hydrogen storage tanks
	Multi-objective optimization + battery modeling + energy management strategy + simulation and modeling.
TRNSYS + MATLAB + NSGA-II algorithm (implementation in MATLAB) 
	Limited generalizability to other locations or system configurations



The recent publications on simulation and optimization of stand-alone hybrid renewable energy systems in the last five years were analyzed. Figure 4 shows the recent publication on simulation and optimization of stand-alone hybrid renewable energy systems in the last five years as analyzed.



Figure 4: Recent Publication on Simulation and Optimization of Stand-Alone Hybrid Renewable Energy System (Source: Yongqing & Yugang, 2024; Abdelazim et al., 2024; Ayman & Ibrahim, 2024; Divya et al., 2024; AmirHossein and Hossein (2023; Thirunavukkarasu & Yashwant, 2023; Ying et al., 2024)


The figure showed that there were seven publications on simulation and optimization of stand-alone hybrid renewable energy systems reviewed in 2024 and two publications on simulation and optimization of stand-alone hybrid renewable energy systems reviewed in 2023 while no seven publications on simulation and optimization of stand-alone hybrid renewable energy systems in 2020, 2021 and 2022. The analysis showed that there has been a great increase in the publications on simulation and optimization of stand-alone hybrid renewable energy systems in the past five years since 2020 accentuating the increasing attention and attraction from stand-alone hybrid renewable energy systems in relation to energy generation costs and reliability.

3.0	 DISCUSSION 
The studies reviewed in this work have shown that stand-alone hybrid renewable energy systems have many advantages. Apart from providing reliability and stability to the power system, stand-alone hybrid renewable energy systems are also capable of reducing energy generation costs and electricity bills. This is achieved by storing excess energy for later use. It is noticed that most of the existing works of literature have focused on the economic objectives when installing stand-alone hybrid renewable energy systems. 

This study undertook a comprehensive review of recent techniques addressing the planning and management of stand-alone hybrid renewable energy systems. Each paper reviewed in this work was carefully examined and compared among multiple criteria, providing readers with a detailed understanding of the landscape of stand-alone hybrid renewable energy systems. Through this optimization, the study aim to offer insights into the strengths and limitations of existing approaches, paving the way for informed decision making in the deployment of stand- alone hybrid renewable energy systems.  


3.1	Knowledge Gap 
The reviewed work reveals that hybrid renewable energy system (HRES) research often neglects maintenance and reliability aspects (Abedi et al., 2012), relies too narrowly on Levelized Cost of Energy (LCOE) for economic evaluation (Oleg & Sergei, 2014), uses short-term modelling horizons that ignore long-term uncertainties (Oleg, 2010), struggles with integration complexity and data uncertainty (Kai et al., 2023), oversimplifies system configurations by focusing only on PV and wind (Diaf et al., 2008), fails to address scalability of green hydrogen integration (Shuoshi et al., 2023), faces barriers from high net present cost (NPC) (Thirunavukkarasu et al., 2023), and inadequately considers environmental impacts and externalities (Dalton et al., 2009).

3.2 	Summary of Study Outcomes and Implications 
In summarizing the outcomes and implications of the reviewed studies on hybrid renewable energy systems in Nigeria, several key points and implications emerge:

i. 	Energy Reliability and Resilience:
The studies highlight the importance of hybrid renewable energy systems in enhancing energy reliability and resilience, especially in areas with unreliable grid infrastructure. These systems provide a continuous power supply, reducing dependency on conventional fossil fuels.


ii. 	Economic Viability:
Achieving economic viability and competitiveness with conventional energy sources is a primary goal. The studies emphasize the need to optimize system designs for cost-effectiveness, making renewable energy an attractive choice for both rural and urban electrification.

iii. 	Environmental Impact:
Renewable energy systems have the potential to significantly reduce carbon emissions and the environmental footprint. This is of great importance in addressing environmental challenges and mitigating climate change.

iv. 	Local Adaptation:
Tailoring energy solutions to local conditions is crucial. The studies demonstrate the significance of considering regional variations in renewable energy potential and energy demand.

v. 	Storage Solutions:
Energy storage, particularly battery technology, is vital for stabilizing power supply. The studies highlight the role of efficient storage solutions in ensuring continuous energy availability.

3.3	Contributions to Knowledge
The reviewed work contributes to knowledge by systematically highlighting that while hybrid renewable energy systems (HRES) offer promising solutions for sustainable energy access, existing studies often overlook maintenance and reliability aspects (Abedi et al., 2012), rely too narrowly on LCOE for economic evaluation (Oleg & Sergei, 2014), use short-term modelling horizons that ignore long-term uncertainties (Oleg, 2010), struggle with integration complexity and data uncertainty (Kai et al., 2023), oversimplify system configurations by focusing mainly on PV and wind (Diaf et al., 2008), fail to address scalability of green hydrogen integration (Shuoshi et al., 2023), face barriers from high net present cost (NPC) (Thirunavukkarasu et al., 2023), and inadequately consider environmental impacts and externalities (Dalton et al., 2009), thereby underscoring the need for more comprehensive, reliable, and economically viable optimization frameworks for large-scale stand-alone HRES.

4.0	 CONCLUSION
In conclusion, the outcomes and implications of the reviewed studies emphasized the multifaceted advantages of hybrid renewable energy systems that will give a strong knowledge background in implementation in the Nigerian hemisphere. These systems can enhance energy reliability, reduce costs, mitigate environmental impact, and support rural electrification. To fully realize these benefits, Nigeria must invest in supportive policies, technological optimization, and research and development while tailoring solutions to local conditions and fostering collaboration among stakeholders. The future of Nigeria's energy sector is undoubtedly intertwined with the growth of renewable energy. Looking ahead, our findings not only serve as a valuable resource for researchers and practitioners in the field but also highlight the need for further exploration. The identified gap in the literature points towards future research directions, particularly in the development of integrated planning that carters for stand-alone hybrid renewable energy systems. 
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