



A Review on Hybrid Energy System: Configuration, Optimisation Techniques and Applications



Abstract— By integrating solar, wind, biomass, hydro, conventional energy sources, and various storage technologies in Hybrid Energy Systems (HES) technology, it is possible to decarbonize, increase resilience (resistance), and reduce lifecycle costs for both grid-connected and off-grid applications. Mathematical programming, meta-heuristics and surrogate models are key components in the review that combines technical architectures, component technologies with optimisation methods to optimize HES size and operation. Applications designed for the food industry, particularly cold storage, drying, and on-farm processing, are given special attention due to their ability to adapt to predictable thermal and refrigeration loads, which enable efficient utilization of thermal energy storage and demand-shifting strategies to maximize renewable penetration. Our approach involves assessing various techno-economic measures, reliability indicators such as levelized cost of energy (LCOE), life-cycle cost (LCC), and Net Present Value (NPV), as well as environmental outcomes such like LCA-based CO2 reductions. Finally, we provide brief case studies that demonstrate fuel displacement, reduced post-harvest loss (compared to baseline), and enhanced local livelihoods over time. Multi-timescale co-optimisation, asset degradation as part of long-horizon planning, standardized datasets for low-data regions, and business models that improve bankability are major research gaps. Finally, we present a targeted research and policy agenda to extend HES in developing countries' food systems through demonstration projects, digital control, and blended financing mechanisms.
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I. Introduction 
Renewable energy sources being inexhaustible, locally available, free, and eco-friendly can constitute potential sources of alternative energy, especially for local power generation in remote rural areas. Increasing interest has been given to their utilization since the oil crises of the 1970s (Yimen et al., 2018; Abba et al., 2021). Hybrid energy systems (HES), which integrate two or more energy sources (e.g., solar PV, wind, biomass, diesel and storage), are being seen as an increasingly viable solution to enhance reliability, curtail greenhouse-gas emissions, and decrease lifecycle costs over single-source solutions; recent in-depth reviews note developments in multi-objective optimisation, real-time energy management and bridging theoretical approaches to actual deployment to ensure cost-effective, resilient designs. [1]

A renewable energy hybrid system is an electrical system established to meet autonomous electricity demand, utilising multiple energy sources, with at least one being renewable. Its energy sources can be utilised to power agricultural operations in rural communities (Roger et al., 2024; Hosseini et al., 2025; Hemeida et al., 2020; Samy et al., 2021; Salim et al., 2025). Optimisation is at the heart of hybrid system design: optimisation software and models (e.g. HOMER and other micropower optimisation platforms) assess thousands of technology combinations and sensitivities (resource profiles, fuel prices, storage capacity, reliability requirements) to determine least-cost and most-reliable configurations; technical HOMER documentation and NREL reports describe how simulation + optimisation collectively facilitate objective techno-economic trade-offs, sensitivity analysis and sizing choices applied in both rural electrification and microgrid work. [2] Determining the ideal capacity of decentralised HESs   is   essential   for   the sustainable energy transition and overall societal development (Muhammad et al., 2025; Zhang et al., 2019; Rabea et al., 2023; Nsafon et al., 2020). 
Food-technology and agriculture are a high-impact target sector for hybrid system applications: decentralised solar-hybrid cold-storage and cooling-pad backed systems have been shown to operate refrigeration almost entirely on PV (minimising grid contribution and fossil-fuel use), reduce post-harvest losses, and preserve product quality with the integrated application of PV, batteries, thermal storage and smart control—empirical observations attest high percentages of load serviced by solar and obvious advantages to on-farm preservation of perishables, demonstrating how component sizing optimisation and operation strategies directly enhance food-chain performance. [3] 
Fig. 1. Proposed layout of hybrid energy system
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A. Background of Hybrid Energy Systems.
By combining complementary resource profiles and operational characteristics, hybrid energy systems can improve reliability by optimizing their intermittency management (including fuel efficiency and emissions control) and meet specific load and reliability objectives. These systems are widely used across the spectrum from off-grid village electrification to commercial microgridas. However, they often involve complex modeling that require coordinated control and sizing to achieve optimal performance when supporting distributed power generation and storage needs [4]. 
B. The requirement for incorporating Renewable-Conventional Energy into the system
Enforcing a seamless energy mix through the combination of renewable and conventional energy sources is driven by the twin imperatives of decarbonisation and safe supply. Renewable energies offer low-cost, low emission energy but are not fixed, while conventional generation, storage, and demand-side measures provide flexibility as they scale with grid or microgrid setups. Hybridization reduce carbon emissions, decrease system costs to maintain reliability, increase solar panel capacity, etc. [5]. 

C. The Critical Role of Energy Optimization in Today's Applications
Since the sizing of hybrid systems has a significant impact on techno-economic trade-offs (capital cost, operating cost, reliability indices, emissions, and component lifetimes), optimization is essential to their successful deployment. modern studies and reviews show that mathematical programming, meta-heuristics (GA, PSO), and simulation-based frameworks (such as HOMER, combined with local resource profiles and dispatch strategies) are all effective. custom optimization routines) support the development of resilient design options and operating practices that reduce lifecycle expenses while meeting environmental and reliability requirements [6]. 

D. Objectives of the Study
This research aims to investigate and compare different hybrid energy system designs, with the aim of devising and executing the most effective methods for providing reliable, affordable, and environmentally sustainable energy sources. Specifically, the study aims to: 

1. To consider various hybrid energy systems such as solar–wind, biomass and wind, hydro and the hybrid grid supported by examining their technical viability, economic value, and impact on the environment. 

2. To use mathematical programming, metaheuristic algorithms like Genetic Algorithm and Particle Swarm Optimisation, and simulation-based approaches to optimize hybrid energy systems for optimal size and operation. 

3. To assess the feasibility of hybrid energy systems in real-life scenarios, such as off-grid electrification, rural microgrides, and energy-intensive industries like food processing and cold storage, to enhance reliability and reduce carbon emissions. 

4. To develop proposals for integrating renewable and conventional energy sources to enhance efficiency, reduce lifecycle costs, and promote sustainable development, particularly in developing nations like India.
II. An Overview Of Hybrid Energy Systems
A. The Definition and Idea of Hybrid Systems.
Two or more energy production and/or storage technologies are combined in hybrid energy systems (HES), such as solar PV, wind turbines, biomass, hydro, batteries, and traditional backup. generation) into a cohesive architecture, allowing the complementary features of each component to enhance overall dependability, dispatchability, and cost-effectiveness when compared to single-source installations. concentrates particularly on reducing intermittency (by mixing resources with various temporal profiles), increasing system-level availability through redundancy or storage, and optimizing through coordinated control and sizing of life cycle cost and emissions [7].

B. Categorization of Hybrid Energy Systems

The combination of main production technologies and their grid interaction (off-grid/off-network, grid-connected, or grid-supported) are often used to categorize hybrid systems. The four categories of a useful taxonomy for high-energy storage (HES) are: (a) solar-wind, (b) solar-biomass (or bioenergy)-coupled systems, (c) wind-hydro (including pumped hydro/river hydro) hybrids, and (d) solar-diesel or solar. Each class has unique design drivers, such as solar-wind exploits that complement diurnal and seasonal patterns, and solar-biomass, which aims to provide solid, dispatchable electricity via fuel-based conversion, all with grid support. Classification also takes into account storage kind (electrochemical, thermal, mechanical, chemical) and control system (centralized supervisory control, distributed peer controllers). [8].

• Hybrid solar and wind systems

One of the most well researched hybrid energy systems (HES) is the solar-wind hybrid, as solar irradiance and wind speeds frequently exhibit distinct temporal patterns (diurnal vs. nocturnal/seasonal), posing the problem of the optimal combination of these two energy sources. renewable fraction and lowering curtailment when co-located or aggregated. The optimal location and probabilistic resource assessment (hourly/daily time series) are crucial: optimization frameworks (HOMER, REopt, bespoke MILP/metaheuristic routines) quantify tradeoffs between PV capacity, wind turbine Reliability measures like the likelihood of a power supply loss (LPSP) or system availability, as well as size and battery energy/power. Real-world installations and campus-sized microgrids show that mixed When there is resource complementarity, PV–wind fleets with limited storage can lower diesel consumption and levelized cost of energy (LCOE) when compared to single-resource designs. [9].

• Biomass-Solar Hybrid Systems

Hybrid solar-biomass systems combine variable solar production with dispatchable bioenergy (direct combustion, gasification, biogas/AD, or biomass-fired CHP) to produce reliable, regulated power and heat; such In agricultural or agro-industrial settings, where biomass leftovers are readily accessible locally and a thermal sink (drying, pasteurization, or steam for processing) improves the overall efficiency of fuel use, hybrids are appealing. According to techno-economic analyses, solar–biomass hybrids lessen fossil-fuel dependency and increase capacity factor and reliability, but to be sustainable, they need careful fuel-supply logistics, emissions control, and life cycle evaluation. [10].

• Combined hydro and wind power systems

Hydro-plus-storage and wind-hydro hybrids make use of stored potential energy (reservoirs or pumped-storage) to counteract wind fluctuations and deliver inertia-like services and long-duration ramping; in many cases, they also use hydro-plus-storage hybrids. Integrating wind farms with current hydro assets in riverine or mountainous areas results in both grid balancing and seasonal storage benefits, increasing integrated resource adequacy and reducing curtailment. According to research that models wind-hydro interactions, having pumped storage or tiny reservoirs to absorb excess wind enhances firm energy supply and reduces overall system expenses. energy and satisfy maximum demand. [11].

• Systems with Solar-Grid Support / Solar-Diesel

In remote or weak-grid locations, practical transitional HES forms include solar–diesel hybrids and solar systems with grid support: PV generation minimizes diesel fuel. Diesel sets (or the grid) provide firm capacity during periods of low renewable production, while the usage and operating hours of gensets are controlled. Studies on optimization and sizing employ Under different fuel-price scenarios, HOMER and other tools calculate break-even capital costs, payback, and diesel fuel savings. Lifecycle cost outcomes and greenhouse-gas reductions are heavily impacted by maintenance and policy regimes. [12].

C. Uses in the Agriculture and Industry Sectors

Hybrid systems are employed at various scales, ranging from distributed PV/battery-powered cold rooms and agro-processing (milk chilling, solar drying, grain storage) to industrial microgrids for factories, campuses, and other applications. islands, because the shared goals of dependability, cost reduction, and emissions reduction are consistent with both industrial power quality demands and agricultural cold-chain requirements. Case studies demonstrate that community- and campus-scale HES that enhances resilience by lowering grid imports and diesel backup usage; in agriculture, HES may provide electricity to irrigation pumps, on-farm processing, and decentralized systems. refrigeration facilities that immediately reduce post-harvest losses and increase value. [13]. 

TABLE I.  Key statistics illustrating need in agricultural cold chain 

	Indicator
	Value
	Source

	Estimated post-harvest loss — fruits & vegetables (India)
	30–40%
	NABCONS / ICAR assessments; WRI India reviews. (Ministry of Food Processing Industries)

	Share of cold-storage capacity used for potatoes (India)
	≈ 68–75%
	CLASP / Cold Chain market assessments. (CLASP)

	Approx. number of cold stores reported (India)
	~7,600–8,700 units (varying sources)
	National cold-chain surveys and sector reports. (sintef.brage.unit.no)


D. Relevance to Food Processing and Cold Storage
Due to the predictable, high-value loads generated by refrigeration and thermal processes, food processing and cold-chain applications are particularly well suited to HES solutions. These loads can be planned. Decentralized solar-hybrid cold rooms and solar-biomass refrigeration pilots have demonstrated significant reductions, with some of the variable renewable output being absorbed by thermal storage (ice/phase change or chilled water) or shifted. optimizing the size (PV kW, battery kWh, thermal storage capacity) and control methods in diesel use and post-harvest losses, while simultaneously increasing local incomes and food quality. As a result, pre-cooling and load shifting are essential for maximizing the renewable fraction and economic viability for smallholder and agro-industrial customers [14]. 
III. System Components and Configurations

A. Renewable Energy Sources (Solar PV, Biomass, Hydro, Wind Turbines)
Semiconductor modules in solar photovoltaic (PV) technology convert sunlight into DC electricity. PV is modular, scales from small rooftops to utility farms, and has grown in popularity. PV design factors include the prevailing distributed renewable because of declining module costs, standardized modeling tools, and simple integration with inverters and storage systems. In hybrid systems, the ideal sizing and dispatch are impacted by irradiance time-series, tilt and orientation, temperature effects, and mismatch losses, among other things. [15].

By extracting kinetic energy from atmospheric flow, wind turbines generate electricity; they complement PV by frequently producing high capacity factors in ideal locations. When combined, however, the fluctuation in wind resources at various times (e. g. , stronger winds at night or during specific seasons) necessitates probabilistic resource evaluation and turbine location analysis. in the design of HES, with PV and storage. [16].

Because biomass-based generation (combustion, gasification, biogas from anaerobic digestion) provides dispatchable heat and electricity, it is an appealing option for agro-industrial settings since residues can be utilized as feedstock and Although combined heat and power (CHP) modes increase overall efficiency, biomass hybrids require thorough lifecycle, sustainability, and logistical analyses to guarantee feedstock availability and emissions management. [17].

When paired with variable renewables, hydro and pumped hydro resources offer energy with built-in storage capacity (reservoirs, pumped storage), enabling seasonal firming and long-duration balancing; where Combining hydro with wind or solar in hybrid portfolios is feasible and has the potential to significantly lower curtailment while providing low-cost firm energy [18].

B. Conventional Energy Sources (Grid Support, Diesel Generators)

Diesel generators and grid interconnection are still crucial elements of many HES as dispatchable backup or baseload sources: in remote or low-grid environments, gensets offer inertia-like response and steady capacity, while grid-connected hybrid setups utilize the grid as a virtual battery or cost-effective balancing source; optimization of controller logic and sizing In PV–diesel hybrids, diesel run-hours and fuel usage may be greatly decreased. [19].

C. Energy Storage Systems (Hydrogen Storage, Thermal Storage, Batteries)

With electrochemical batteries (mainly lithium-ion for today's HES), energy can be shifted over short to medium periods with great round-trip efficiency and quickly improving cost and cycle life data; battery When choosing an HES, the nominal energy (kWh), power (kW), cycle life, depth-of-discharge limits, and thermal management needs must be compared to the application's charge/discharge profiles. [20].

Thermal energy storage (TES) is very helpful in HES systems that provide refrigeration, process heat, and other applications. Ice storage, chilled water tanks, and phase change materials are examples of TES. due to the fact that TES stores usable energy at the application temperature or because it can significantly improve the renewable fraction for thermal-dominated loads (food drying, cold storage) or HVAC loads. by switching refrigeration to times when there is a lot of renewable energy available. [21].

Hydrogen offers the potential for long-term and seasonal storage of HES through electrolysis, conversion to H2, and fuel cells or combustion. However, hydrogen currently has a lower round-trip efficiency, greater cost, and higher hydrogen's advantages are in sector coupling (power-to-gas) and long-term bulk storage, which makes it a potential option for seasonal variations, but its capital expenses and extra conversion steps are higher than those of batteries. Energy carriers that are balanced or portable are necessary. [22]. 

TABLE II.   Comparative storage technology characteristics (typical/representative values) —

	Storage Type
	Round-trip efficiency (%)
	Typical capital cost (installed, USD/kWh)
	Typical cycle life (cycles)
	Source

	Li-ion batteries
	85–95
	150–400
	2,000–8,000
	NREL / PNNL assessments. (ATB Archive)

	Thermal storage (ice/chilled)
	70–90 (application-dependent)
	20–150
	10,000+ (system-dependent)
	Critical review of TES. (ScienceDirect)

	Pumped hydro
	70–85
	10–200
	30,000+
	PNNL / industry data. (PNNL)

	Hydrogen (electrolysis→fuel cell)
	30–45 (system round-trip)
	500+ (system-level)
	5,000–10,000 (electrolyzer lifetime dependent)
	IEA / reviews. (IEA)


D.  Power Electronics and Control Units. 

The power electronics converters (inverters, bidirectional converter and DC–DC interfaces) and associated controls that provide grid-forming/grid-following functions, voltage and frequency regulation, and islanding protection are the backbone of HES. They manage flows between generation, storage, load, etc. Streamlining power quality and reliability in microgrids and hybrid plants is achieved through the use of model-predictive or droop-based control strategies and digital controller systems that coordinate multisource dispatch. [23] 

E. Hybrid Energy System Architectures. 

Architectures range from basic PV + battery + diesel microgrids to intricate multi-generator and storage systems with hierarchical control, such as primary inverter-level control or secondary supervisory energy management and tertiary economic dispatch. The choice between AC-coupled and DC-coordinated architectures, islanded modes versus grid-connected modes, and centralised/distributed control has significant effects on efficiency, protection schemes, as well as optimisation formulation. To select architecture, one must take into account the use-case of a remote community or industrial park and then consider available resources, cost targets, and reliability requirements. The following are important considerations. [24]. 

IV. Strategies For Improving Hybrid Energy Systems
A. Optimizing the Energy System Idea
The goal of HES optimization is to determine the best design (sizing) and operational (dispatch, charge/discharge scheduling) choices that will reduce objective(s) like lifecycle cost and levelized cost of energy. (LCOE), emissions, or unmet load subject to technical and reliability constraints; multi-objective formulations are common because economic, environmental, and reliability goals frequently clash. [25].

B. Models Based on Simulation and Mathematics

The two main modeling strategies are simulation-based/metaheuristic techniques for discrete, nonconvex, and difficult issues, and deterministic mathematical programming (mixed-integer linear/nonlinear programming – MILP/MINLP) for problems that are exact or convexified. or stochastic issues that necessitate a thorough search; these are frequently coupled (simulation nested in optimization or surrogate models) to replicate realistic dispatch and component deterioration consequences. [26].

• Linear and nonlinear programming

When system behavior can be linearized (battery losses approximated, dispatch constraints convexified), linear programming and MILP are preferable since they provide computational tractability and assurance. nonlinear programming (NLP) and MINLP capture greater physical fidelity (nonlinear power curves, battery degradation models) but at the expense of higher computational cost and model complexity; on optimality for the approximated model; [27].

• Genetic Algorithms (GA)

Since Genetic Algorithms (GA) and their multi-objective variations can handle discrete decision variables (number/type of GA's population-based search is successful, but it needs careful parameter tuning and a lot of function evaluations because of its nonconvex objective landscapes, several competing goals, and units [28].

• Particle Swarm Optimization (PSO)

Due to their ease of implementation and excellent convergence on continuous and mixed issues, PSO and its multi-objective extensions (MOPSO, modified M-MOPSO) are widely used for determining the size of HES. Case studies aimed at reducing emissions and costs while adhering to reliability criteria frequently include PSO variants. [29].

• Artificial Neural Networks (ANN)

Deep-learning models and artificial neural networks (ANNs) are employed both to predict renewable energy production (solar irradiance, wind speed) and as surrogate models in optimization loops (lowering the cost). objective assessments); ANNs enhance operational optimization by replacing expensive simulations with more precise short-term predictions and by approximating complicated system responses. [30].

• Mixed Meta-Heuristic Methods

Hybrid methods (e. g. , GA+PSO, GA+local search, surrogate-assisted metaheuristics) combine the strengths of various algorithms to hasten convergence and enhance solution quality. They are especially helpful when: It is necessary to investigate high-dimensional design spaces (many components, scenarios) as well as trade-offs between several objectives [31].

C. Software Tools for System Optimization (HOMER, MATLAB, RETScreen, PVSyst)

Typical tools include MATLAB/Simulink (for custom optimization, control, and forecasting), RETScreen (for project feasibility spreadsheets), PVsyst (for comprehensive PV system simulation), and HOMER (for micropower optimization and sensitivity analysis). practitioners frequently utilize MATLAB for custom controllers, PVsyst for module-level losses, and HOMER for techno-economic trade-offs, among other toolboxes. [32]. 

TABLE III.   Selected case-study diesel fuel savings in PV–diesel hybrid implementations —

	Case study / report
	Reported diesel consumption reduction (%)
	Context / Notes
	Source

	Nomuka Island (IEA-PVPS case)
	33% (up to 43% in some load scenarios)
	PV–diesel hybrid vs diesel only; results vary by oversizing and load profile. (IEA-PVPS)
	https://iea-pvps.org/wp-content/uploads/2020/01/rep11_03.pdf

	Off-grid plant analysis (Azman 2024)
	79.3%
	Diesel fuel drop after solar introduction in diesel power plant case study. (ScienceDirect)
	https://www.sciencedirect.com/science/article/pii/S2215016124001651

	Engineering case (Ibrahim)
	11%
	Example design showing modest diesel savings depending on sizing. (pnrsolution.org)
	https://pnrsolution.org/Datacenter/Vol8/Issue3/6.pdf

	Industrial controllers (Solvest doc)
	up to 60% of grid capacity provided by PV in peak, reducing diesel usage
	Controller behavior example from industry whitepaper. (HubSpot)
	https://f.hubspotusercontent10.net/hubfs/5328912/Solvest_February2021/Doc/Diesel-Solar-Controller-Case-Study.pdf


D. Optimization of Technology, Economics, and the Environment
To produce designs with the lowest lifecycle expenses, techno-economic optimization combines cost models (capex/opex, replacement, fuel, salvage) with performance and reliability limitations, as well as environmental goals (reducing CO2 emissions, etc. ). Recent global trends (rapid decreases in the cost of photovoltaic and battery technology) have seen the inclusion of environmental contaminants or local pollutants as either goals or constraints in order to create low-carbon solutions. change the best solutions to make greater renewable penetration and storage economically feasible in many areas. [33]. 
V. Evaluation Of Hybrid Systems Performance
A. Analysis of Reliability and Efficiency
The performance evaluation of hybrid energy systems (HES) often includes measures of both energy conversion efficiency and system-level reliability (such as Loss of Load Probability, system availability, and unmet load). Since high component efficiency does not necessarily lead to high system availability when intermittency or mismatch with demand exists, recent reviews stress the importance of probabilistic resource Realistic efficiency and reliability indicators for design and operation necessitate assessment, high-resolution time-series simulation, and consideration of storage degradation [34].

Typically, reliability indicators are determined using dispatch models that consider battery state-of-charge limitations as well as generator start/stop constraints, minimum-up/minimum-down over representative time series (hourly or sub-hourly). Due to the high dependence of reliability results (and hence the necessary oversizing or backup capacity) on rules and sensitivity analysis across resource years and load growth scenarios is advised. vulnerable to changes in the weather and in the load. [35].

B. Assessment of Net Present Value (NPV) and Life Cycle Cost (LCC)

The most important methods used to evaluate HES projects are life-cycle cost (LCC) analysis and net present value (NPV) estimates. The costs of operations and maintenance, replacement expenses, and capital expenditures are all included in the LCC total. fuel and salvage values over a project horizon (usually 20–30 years), whereas NPV discounts future cash flows to present value to assess economic viability; methodological To prevent under- or over-estimating lifetime expenses, care must be taken to treat component replacement cycles (batteries, inverters), fuel-price increases, and salvage values in a consistent manner. [36].

Comparative research reveals that the optimal design is frequently modified by the inclusion of externalities (carbon pricing, local pollutant costs) and scenario-based sensitivity (fuel price, discount rate). For example, Even when the upfront capital is higher, higher carbon prices or rising diesel costs drive optimization toward bigger renewables and storage, and low discount rates cause In terms of NPV, long-lived renewables are more appealing. [37].

C. Minimizing Environmental Impact and Carbon Footprint

Life Cycle Assessment (LCA) techniques are frequently used in the environmental evaluation of HES to determine greenhouse gas emissions throughout the production, operation, and end-of-life phases. Several case studies have demonstrated this. that solar–battery or solar–biomass hybrids significantly lower operational CO2 compared to diesel production, but that the environmental impacts of manufacturing and end-of-life for batteries and PV panels should be taken into consideration to prevent double-counting the advantages. [38].

Increasing renewable deployment in power systems is already helping to lower emissions at a national level; for instance, recent studies have found small reductions in power-sector emissions. CO₂ in nations with high renewable growth demonstrates that large-scale HES implementation, particularly in off-grid and low-grid areas that previously depended on diesel, can have a significant impact. in conjunction with robust fuel displacement strategies and regulations to achieve national emissions targets [39].

D.  Examples of Development in Developing Nations

Examples from India demonstrate the potential and real limitations of HES. Solar-hybrid cold storage pilot projects and campus and community microgrids in India report significant operational results. savings, diesel replacement, and enhanced energy access; however, the results are heavily influenced by the local complementarity of resources, biomass supply chain logistics, and institutional capacity for maintenance [40]. 

TABLE IV.   Selected Indian / developing-country HES case outcomes —

	Location / Study
	Reported renewable fraction / diesel reduction
	Payback / economic note
	Source

	Solar-hybrid cold storage (Singha, 2025)
	Solar fraction 58.1%; operational costs ↓ ~58%
	Payback ≈ 5.2 years (case study)
	Singha et al., 2025. (ScienceDirect)

	Portable solar cold storage pilot (Natarajan, 2023)
	Energy consumption ↓ 17.9% vs conventional
	Improved preservation; pilot scale
	Natarajan et al., 2023. (ScienceDirect)

	Off-grid village HRES (Roy, 2024)
	High renewable penetration; diesel strongly reduced depending on sizing
	Community resilience gains documented
	Roy, 2024. (ScienceDirect)


E. Integration with Food Technology (Processing, Drying, Cold Chain)

Because of the predictability and thermal intensity of refrigeration, drying, and some processing loads, food processing and cold chain loads are particularly well-suited to HES since they allow for the utilization of thermal energy. Storage (TES) or demand-shifting tactics to increase the usage of renewable energy; trials demonstrate that solar-PV + TES + battery hybrids can keep cold rooms running with significantly less diesel. controlling temperature carefully to prevent deterioration brought on by dependency [41].

In India, decentralized, renewables-backed cold storage quantitatively yields significant economic benefits by decreasing post-harvest loss; national analyses put the total post-harvest losses for several horticultural items at between 6% and 20%. tens of percent, and even little drops result in significant improvements in food security and income. As a result, using hybrid optimization techniques to deploy the ideal size of HES for cold storage (matching PV array, battery, TES, and control to load profile) is a high-impact application. [42]. 

VI. Difficulties And Potential Future Outcomes
A. Technological Hurdles (Storage, Grid Integration, Control Systems)

Major technical challenges include the cost and longevity of long-term storage, the interoperability of power electronics (grid-forming vs. grid-following modes), the protection and islanding strategies for mixed AC/DC systems, and the robustness. to prevent overly optimistic lifetime assumptions during optimization, battery degradation modeling and realistic replacement cost prediction are critical, as are control algorithms that manage mixed-time-scale dynamics and high renewables [43].

B.  Hurdles in Economics and Legislation

High initial capital costs for storage and balance-of-system components, uncertainty about funding for distributed HES projects, and tariff/regulatory frameworks that don't incentivize are all examples of economic barriers. policy gaps, such as poor incentives for off-grid renewables, few programs for biomass sustainability, and inadequate quality standards for cold-chain equipment, can hinder scaled flexibility or co-located production. acceptance notwithstanding encouraging techno-economic case studies. [44].

C. Research Gaps in Optimizing Hybrid Energy Systems
Integrating high-fidelity degradation models (for batteries, PV) into long-horizon optimization, multi-timescale co-optimization of thermal and electrical assets, and uncertainty quantification in resource and are examples of research gaps. load predictions and build computationally effective multi-objective solvers that can handle large microgrids and community networks. Additionally, open data sets of are needed. Using paired resource and load time series from developing regions to enhance the transferability of optimization results [45]. 

TABLE V.   Selected barriers / sector statistics (India focus) —

	Indicator / Barrier
	Representative value
	Source

	Estimated post-harvest loss (selected fruits & vegetables)
	30–40% (range by commodity and region)
	NABCONS / MoFPI assessment (2022). (Ministry of Food Processing Industries)

	Cold-store capacity concentration (potato share)
	≈ 68–75% of cold storages used for potatoes
	CLASP / market assessments. (ScienceDirect)

	Number of registered cold stores (approx.)
	~7,600–8,700 units (varies by dataset)
	National cold-chain surveys. (Press Information Bureau)


D.  Prospects for the food sector in the future (Hybrid-Powered Food Processing Units)

The future of HES in the food sector includes modular hybrid cold rooms for aggregators and smallholders, hybrid drying systems (solar thermal + biomass backup), and other hybrid technologies. for integrated food and energy parks, where waste biomass is utilized to create heat and firm electricity; digital energy management systems, which are used by grain and spice processors; Integrating price signals, load management, and short-term predictions will improve the cost-effectiveness and ease of maintenance of these systems. [46].

E. A Sustainable Development Goals (SDG) Perspective

By facilitating decentralized, low-carbon energy, HES adoption supports SDG targets on affordable and clean energy (SDG-7), industry and innovation (SDG-9), and responsible consumption/production (SDG-12). Integrated services for agriculture and small industries; measures for co-benefits (job creation, reduced food loss, local air quality) in addition to pure energy metrics will support integrated services. Financial mechanisms and policy incentives for expanding HES projects in poor nations [47]. 

VII. Prospects For The Future
Driven by ongoing cost reductions in batteries and photovoltaics, increasing political backing for decarbonization, and rising, hybrid energy systems (HES) are on the verge of explosive growth. near-term research and deployment should prioritize integrated whole-system optimization that connects electrical, thermal, and material flows (power-to-heat, etc. ) in order to meet the demand for edge energy services that are resilient, off-grid, and resilient. power-to-gas) allowing HES to support a variety of uses, including irrigation, processing, and cold storage, while minimizing lifecycle expenses and maximizing renewable penetration. [48].

The long-duration and hybrid storage solutions (combining batteries, thermal energy storage, pumped hydro, and hydrogen) are a significant area for future research because they allow for seasonal balancing. comparative techno-economic studies and demonstration projects are necessary to determine when hydrogen vs multi-technology hybrid storage is financially advantageous, as well as stable power for high-renewable portfolios; and to establish criteria for lifecycle accounting, safety, and performance. [49][50].

Solar/biomass hybrids designed especially for agro-industrial demands, cold chains, and process heat are prime examples of sector coupling and application-led HES. innovation since matching the energy form (electrical vs thermal), storage type (electrochemical vs thermal), and control methods to the end-use (drying, chilling, pasteurisation) significantly increases value capture; The adoption of modular commercial packages and pilot projects can be expedited among smallholders and food processors. Market studies also reveal growing business opportunities in solar-powered cold storage and associated services, which support scaling up pathways. [51][52].

The key to making HES financially viable will be digitalization, which includes better short-term forecasting (solar/wind), adaptive model-predictive control, and AI/surrogate models included in optimization loops. And should be operationally resilient; research should concentrate on lightweight controllers that are appropriate for low-maintenance rural installations, uncertainty-aware optimization (robust/stochastic methods), and data-efficient learning for low-data locations. Interoperability Researchers and developers benefit greatly from open datasets and standards (paired resource + load time series from various climates). [53][54]

The pace at which HES switch from pilot projects to widespread implementation will be determined by finance, business models, and policy tools; blended finance, performance-based contracting (ESCOs), pay-as-you-grow modular solutions, and tariffs that are friendly to carbon/microgrids and incentivize flexibility can help break down barriers. The bankability and widespread implementation of hybrid cold chain performance will be accelerated by studies on risk allocation, lifecycle procurement (including end-of-life recycling for batteries and PV), and standards. [55]. 
VIII. Conclusion

For industry, communities, and especially the food sector, where foreseeable thermal and The refrigeration loads may be accommodated by hybrid architectures, and the literature demonstrates obvious techno-economic advantages when systems are designed to maximize local resources and loads, as well as when The storage and controls are planned as an integral part of the entire system, rather than as extras. In order to validate models and highlight problems with O&M, society, and the supply chain, it is critical to keep producing data from actual pilots, particularly in the context of developing nations.

The next step in turning research into impact must combine (a) multi-technology demonstrations that explicitly include long-duration storage and thermal subsystems with (b) robust, uncertainty-aware optimization. (c) funding and regulatory procedures that incentivize resilience and emissions reductions, in addition to (a) methodologies and lightweight AI controllers for low-data environments, will all work together to transform HES into a scalable solution for sustainable food systems with energy security and low carbon emissions, as well as stronger local economies.  
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