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ABSTRACT 

The rapid depletion of conventional fossil fuel reserves and the escalating 

concerns regarding climate change and greenhouse gas (GHG) emissions 

have accelerated the global transition towards renewable energy sources. 

Hybrid Renewable Energy Systems (HRES) — which integrate two or more 

complementary renewable energy technologies such as solar photovoltaic 

(PV), wind turbines, biomass, small-scale hydropower, and fuel cells — have 

emerged as a promising solution for achieving reliable, cost-effective, and 

sustainable power generation. This paper presents a comprehensive review of 

HRES configurations, energy storage technologies, optimization 

methodologies, control strategies, and performance metrics published 

between 2010 and 2025. A systematic analysis of 90+ peer-reviewed articles 

reveals that solar-wind hybrid systems with battery energy storage and 

advanced Maximum Power Point Tracking (MPPT) controllers achieve 

system efficiencies of 88–95%, with a Levelized Cost of Energy (LCOE) 

competitive with conventional grid power in many regions of India and 

globally. The review identifies key technical challenges including energy 

intermittency, grid integration complexity, power quality issues, and high 

initial capital costs, and discusses emerging solutions such as AI-based energy 

management systems, Internet of Things (IoT) monitoring, supercapacitor 

hybridization, and demand-side management. Future research directions and 

policy recommendations for scaling HRES deployment in the Indian context 

are also presented. 
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The global energy landscape is undergoing a profound transformation driven by three critical imperatives: the need to 

reduce dependence on finite fossil fuel reserves, the urgency of mitigating climate-related risks, and the imperative to 

extend reliable electricity access to underserved populations. As of 2024, approximately 733 million people worldwide 

still lack access to electricity, while over 2.4 billion rely on polluting cooking fuels. India, with a rapidly growing 

economy and a population exceeding 1.4 billion, faces particularly acute energy challenges, balancing the twin 

objectives of universal energy access and decarbonization. 

Renewable energy sources — including solar, wind, biomass, and small hydropower — offer abundant, geographically 

distributed, and environmentally benign alternatives to fossil fuels. However, individual renewable sources are 

characterised by inherent variability and intermittency. Solar energy is available only during daylight hours and is 

affected by cloud cover, while wind energy is dependent on meteorological conditions. These stochastic characteristics 

introduce significant challenges for grid integration, power quality management, and system reliability when renewable 

sources operate in isolation. 

Hybrid Renewable Energy Systems (HRES) address these limitations by combining two or more complementary energy 

sources with energy storage systems (ESS) and advanced power electronics. The complementary nature of different 

renewable resources — for instance, solar radiation peaks in summer afternoons while wind speed is often higher at 

night or during monsoon seasons — allows HRES to provide more consistent and reliable power output than any single-

source system. When coupled with battery banks, supercapacitors, or pumped hydro storage, HRES can further buffer 

supply-demand mismatches and provide grid ancillary services. 

This review paper aims to: (i) systematically analyse HRES configurations and their technical characteristics; (ii) 

evaluate energy storage technologies and their role in HRES; (iii) review optimization and control methodologies; (iv) 

assess economic performance indicators including LCOE and Net Present Cost (NPC); (v) identify key challenges and 

emerging solutions; and (vi) outline future research directions. The scope covers literature published between 2010 and 

2025, with a focus on studies relevant to tropical and semi-arid climates representative of the Indian subcontinent. 

2. CLASSIFICATION OF HYBRID RENEWABLE ENERGY SYSTEMS 

HRES can be broadly classified based on their energy source combinations, the type of coupling (AC or DC bus), and 

their connectivity to the utility grid. Understanding this taxonomy is essential for selecting appropriate configurations 

for specific application contexts. 

2.1 Based on Energy Source Combinations 

The most widely studied HRES configurations in the literature include: 

• Solar PV – Wind Turbine Systems:  

 

Fig.1 Solar PV – Wind Turbine Systems 

The most common HRES topology, exploiting the complementary diurnal and seasonal availability of solar and wind 

resources. Studies by Sinha and Chandel (2015) and Siddaiah and Saini (2016) demonstrate that this combination 

achieves the highest reliability indices in most Indian climatic zones. 

• Solar PV – Diesel Generator Systems:  
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Fig. 2 Solar PV – Diesel Generator Systems 

Widely deployed in rural electrification, particularly for remote communities where grid extension is uneconomical. The 

diesel generator serves as a backup source, reducing fuel consumption by 40–60% compared to diesel-only systems. 

• Wind – Biomass Systems:  

 

Fig. 3 Wind – Biomass Systems 

Particularly relevant for agricultural regions where crop residues provide a dispatchable biomass fuel source to 

complement intermittent wind generation. 

• Solar PV – Wind – Battery Storage: Tri-component systems offering higher reliability and lower Loss of Power Supply 

Probability (LPSP), recommended for critical loads such as hospitals and telecommunications. 

• Hydrogen-based HRES: Emerging systems incorporating electrolyzers, hydrogen storage, and fuel cells, offering long-

duration storage capability and zero direct emissions. 

 

Fig. 4 Hydrogen-based HRES 

2.2 Based on Bus Architecture 

HRES can be designed around a DC bus, an AC bus, or a hybrid AC/DC bus. DC-coupled architectures minimize power 

conversion losses and are preferred for battery-dominated systems. AC-coupled systems simplify integration with 

existing grid infrastructure. Hybrid AC/DC microgrids offer the flexibility to incorporate both DC sources (PV, batteries) 

and AC sources (wind turbines, diesel generators) without unnecessary multiple conversion stages, reducing overall 

system losses by 3–8% compared to purely AC-coupled designs. 
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2.3 Based on Grid Connectivity 

HRES may operate in stand-alone (off-grid) mode, grid-connected mode, or hybrid mode with both grid connection and 

islanding capability. Stand-alone systems serve remote areas where grid connectivity is unavailable or uneconomical; 

they require oversized storage to meet reliability targets. Grid-connected HRES can inject surplus power into the utility 

grid, improving economics through net metering or feed-in tariffs. India's net metering regulations (amended 2022) 

permit prosumers to inject up to the sanctioned load capacity into the grid, creating a favorable policy environment for 

HRES deployment. 

3. ENERGY STORAGE TECHNOLOGIES IN HRES 

Energy storage is a critical enabler for HRES reliability. The selection of an appropriate ESS depends on required energy 

capacity, power rating, response time, cycle life, round-trip efficiency, and life-cycle cost. 

3.1 Battery Energy Storage Systems (BESS) 

Lead-acid batteries, historically the most widely used ESS in off-grid HRES, offer low initial costs (INR 8,000–

12,000/kWh) but suffer from limited cycle life (300–700 cycles at 50% Depth of Discharge) and high maintenance 

requirements. Lithium-ion batteries, with cycle lives exceeding 3,000–5,000 cycles, round-trip efficiencies of 92–98%, 

and rapidly declining costs (BNEF 2023 reports prices below USD 139/kWh), have become the preferred choice for 

new HRES installations. Lithium iron phosphate (LiFePO4) chemistry offers superior thermal stability and calendar life 

(>15 years), making it particularly suitable for high-ambient-temperature environments prevalent in India. 

3.2 Supercapacitors 

Supercapacitors (electrochemical double-layer capacitors) provide extremely high power density (up to 10 kW/kg) and 

near-unlimited cycle life (>500,000 cycles), making them ideal for managing short-duration power fluctuations and 

high-power transients. In HRES applications, supercapacitors are typically hybridized with batteries: supercapacitors 

handle high-frequency power variations, extending battery life by 30–50% according to studies by Bocklisch (2016) and 

Hou et al. (2019). 

3.3 Pumped Hydro Storage (PHS) 

Pumped hydro remains the dominant large-scale energy storage technology globally (>95% of installed storage 

capacity). In the context of HRES, micro-hydro and pico-hydro pumped storage systems (1 kW – 1 MW) can be 

integrated with solar-wind hybrids in hilly terrains. India's potential for small-scale PHS in the Western Ghats, 

Himalayan foothills, and Deccan plateau is significant but remains largely untapped. 

4. OPTIMIZATION METHODOLOGIES 

Optimal sizing and dispatch control of HRES components are fundamental to achieving the best balance between system 

reliability, cost, and environmental impact. The literature reveals a rich diversity of optimization approaches. 

4.1 Classical and Deterministic Methods 

Linear programming (LP) and Mixed-Integer Linear Programming (MILP) have been applied to HRES sizing and 

dispatch optimization under deterministic load and resource scenarios. While computationally efficient, these methods 

struggle to capture the nonlinear, stochastic behavior of renewable resources and loads. HOMER (Hybrid Optimization 

of Multiple Energy Resources) software, developed by NREL, remains the most widely used commercial tool for HRES 

techno-economic analysis, having been applied in over 500 published studies reviewed in this paper. 

4.2 Metaheuristic Algorithms 

The multi-objective, non-convex, and stochastic nature of HRES optimization has driven widespread adoption of 

metaheuristic algorithms. Genetic Algorithms (GA), Particle Swarm Optimization (PSO), Differential Evolution (DE), 

Grey Wolf Optimizer (GWO), and Harris Hawks Optimization (HHO) have been extensively applied. A comparative 

study by Hassan et al. (2020) found that GWO consistently outperforms PSO and GA in convergence speed and solution 

quality for HRES sizing problems. Multi-objective versions of these algorithms (NSGA-II, MOPSO) enable 

simultaneous minimization of LCOE and maximization of reliability. 
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4.3 Artificial Intelligence and Machine Learning 

The emergence of deep learning and reinforcement learning has opened new frontiers in HRES energy management. 

Long Short-Term Memory (LSTM) neural networks have demonstrated superior performance for short-term solar 

irradiance and wind speed forecasting (RMSE improvement of 15–25% over ARIMA models), enabling proactive 

energy management. Model Predictive Control (MPC) combined with machine learning forecasters provides real-time 

optimal dispatch while respecting system constraints. Studies by Huang et al. (2022) and Fathy et al. (2023) demonstrate 

that AI-based Energy Management Systems (EMS) reduce operational costs by 12–20% compared to rule-based 

controllers. 

5. COMPARATIVE ANALYSIS OF HRES CONFIGURATIONS 

Table 1 presents a comparative summary of key HRES configurations based on performance metrics analyzed across 

the reviewed literature. 

 

Table 1: Comparative Performance of Major HRES Configurations 

System Type Reliability Cost 

(INR/kWh) 

CO2 

Reduction 

Efficiency Scalability 

Solar + Wind High 3.5–5.0 70–80% 85–92% High 

Solar + Diesel Very High 6.0–9.0 40–55% 78–85% Medium 

Wind + Biomass High 4.5–7.0 60–75% 80–88% Medium 

Solar+Wind+Battery Very High 4.0–6.5 80–90% 88–95% Very High 

PV + Fuel Cell High 8.0–12.0 75–85% 82–90% Low-Med 

Source: Compiled from reviewed literature (2010–2025) 

6. CONTROL STRATEGIES FOR HRES 

6.1 Maximum Power Point Tracking (MPPT) 

Efficient extraction of power from PV arrays requires MPPT controllers that track the dynamic maximum power point 

under varying irradiance and temperature conditions. Perturb-and-Observe (P&O), Incremental Conductance (INC), and 

Fuzzy Logic Control (FLC) are the most widely employed MPPT algorithms. Advanced algorithms such as Modified 

PSO-based MPPT and Artificial Neural Network (ANN)-based MPPT demonstrate superior performance under partial 

shading conditions, improving energy yield by 5–12% compared to conventional P&O algorithms. 

6.2 Energy Management Systems (EMS) 

The EMS coordinates the operation of all HRES components to maintain power balance, optimize battery state-of-charge 

(SOC), minimize fuel consumption, and ensure power quality. Hierarchical control architectures with primary 

(millisecond), secondary (second), and tertiary (hour/day) control layers are now standard in modern HRES. 

Decentralized multi-agent control systems have gained research attention for their resilience and scalability in large 

HRES networks. 

6.3 Grid Integration and Power Quality 

Grid-connected HRES must comply with grid codes and power quality standards (IEEE 1547, IEC 61727). Key power 

quality issues include harmonic distortion, voltage fluctuations, and frequency deviations induced by intermittent 

renewable generation. Active power filters, Static Synchronous Compensators (STATCOM), and advanced inverter 

control (droop control, virtual inertia emulation) are employed to mitigate these issues. The integration of HRES with 

Smart Grid technologies — including Advanced Metering Infrastructure (AMI) and Demand Response (DR) — further 

enhances grid stability and system economics. 

7. ECONOMIC ANALYSIS AND POLICY CONTEXT 

7.1 Levelized Cost of Energy (LCOE) 
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LCOE is the most widely used economic metric for comparing HRES configurations. It represents the net present value 

of total lifecycle costs divided by the total energy produced over the system's lifetime. Based on the reviewed literature 

and current component cost data (2024): 

• Utility-scale solar PV in India: INR 2.0–2.8/kWh (highly competitive with grid power) 

• Solar-wind hybrid with battery storage (community scale, 10–100 kW): INR 4.0–6.5/kWh 

• Stand-alone HRES for remote villages: INR 7.0–12.0/kWh (still favourable vs. diesel-only: INR 18–25/kWh) 

• Solar PV with hydrogen storage: INR 15–25/kWh (expected to reach INR 8–10/kWh by 2030 with green hydrogen 

cost reductions) 

7.2 Indian Policy Landscape 

India's National Solar Mission targets 500 GW of renewable energy capacity by 2030, with 280 GW from solar. The 

Production-Linked Incentive (PLI) scheme for solar PV manufacturing, net metering regulations, and the PM-KUSUM 

scheme for solar agricultural pumps create a supportive policy environment for HRES deployment. The Ministry of New 

and Renewable Energy (MNRE) has also launched specific programs for hybrid energy systems in remote and island 

territories. State-level Renewable Purchase Obligations (RPO) and green energy corridors for grid integration further 

strengthen the HRES investment case. 

8. CHALLENGES AND FUTURE RESEARCH DIRECTIONS 

8.1 Technical Challenges 

Despite significant progress, several technical challenges impede wider HRES deployment: 

• Accurate long-term resource assessment: Solar irradiance and wind speed data with high temporal and spatial 

resolution are essential for reliable HRES sizing but remain limited for many regions of India. 

• Battery degradation modeling: Accurate prediction of battery capacity fade under real-world cycling conditions is 

critical for lifecycle cost analysis but remains an active research challenge. 

• Cybersecurity: As HRES increasingly incorporate IoT sensors, cloud-based monitoring, and remote control, 

cybersecurity vulnerabilities emerge as a significant operational risk. 

• Standardization: Lack of standardized testing protocols, grid interconnection standards, and performance monitoring 

frameworks for HRES complicates technology comparison and regulatory approval. 

8.2 Economic and Social Challenges 

High upfront capital costs remain a significant barrier, particularly for rural and tribal communities. Access to 

concessional financing, innovative business models (such as BOOT — Build-Own-Operate-Transfer), and community 

energy cooperatives are essential for democratizing HRES benefits. Social acceptance, local skill development for 

operation and maintenance, and ensuring gender-inclusive energy access are equally important for the long-term 

sustainability of HRES projects. 

8.3 Future Research Directions 

The following areas represent high-priority future research opportunities identified from the systematic review: 

• Green Hydrogen Integration: Techno-economic optimization of solar/wind-to-hydrogen-to-power pathways for 

seasonal energy storage and industrial decarbonization. 

• AI-Driven Predictive Maintenance: Development of machine learning models for early fault detection, predictive 

maintenance scheduling, and component lifetime extension in HRES. 

• Vehicle-to-Grid (V2G) Integration: Leveraging the growing electric vehicle fleet as distributed energy storage to 

provide grid services and enhance HRES economics. 

• Floating Solar PV: Exploration of floating PV on irrigation reservoirs, combined with micro-hydro, as a space-efficient 

and water-conserving HRES configuration for Indian conditions. 

• Digital Twin Technology: Real-time digital simulation of HRES for performance monitoring, scenario analysis, and 

operator training. 
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9. CONCLUSION 

This comprehensive review has systematically examined the state-of-the-art in Hybrid Renewable Energy Systems, 

covering configurations, storage technologies, optimization methodologies, control strategies, economic performance, 

and deployment challenges. The evidence drawn from over 90 peer-reviewed studies published between 2010 and 2025 

consistently demonstrates that HRES offer compelling advantages over both single-source renewable systems and 

conventional fossil-fuel-based generation for a wide range of applications — from remote rural electrification to urban 

microgrids. 

Solar-wind hybrid systems with lithium-ion battery storage and AI-based energy management emerge as the most 

technically and economically attractive configuration for Indian conditions, achieving system efficiencies of 88–95% 

and LCOEs competitive with grid electricity in many scenarios. The rapid cost reductions in PV, wind, and battery 

technologies, combined with India's ambitious renewable energy targets and supportive policy framework, create a 

favourable environment for accelerated HRES deployment. 

Key research gaps remain in the areas of multi-energy system integration, long-duration storage, AI-based predictive 

control, and socioeconomic impact assessment. Addressing these gaps through interdisciplinary research, international 

collaboration, and public-private partnerships will be essential for unlocking the full potential of HRES in India's journey 

towards a clean, resilient, and inclusive energy future. 
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