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ABSTRACT

The global energy sector is experiencing a profound shift, with a growing focus on renewable energy sources to address climate change and enhance energy security.
Among the various renewable technologies, solar and wind energy stand out as particularly promising due to their abundance and synergistic characteristics. This
project investigates the integration of these two energy sources to develop a reliable, sustainable, and cost-efficient power generation system that overcomes the
challenges associated with isolated renewable energy systems. The Wind-Solar Hybrid Energy Production system effectively merges photovoltaic solar panels with
wind turbines to produce electricity, which is subsequently stored in batteries and distributed via an inverter for use in homes or the grid. This system features an
Energy Management System (EMS) that optimizes the flow of energy, ensuring a balance between supply and demand for efficient operation. By capitalizing on
the complementary generation patterns of solar and wind energy where solar energy peaks during the day and wind energy often increases in the evening or during
monsoon seasons the hybrid system offers a more stable and continuous power supply than standalone systems.

This project holds considerable promise for both rural and urban settings, providing a viable solution to decrease dependence on fossil fuels, reduce greenhouse gas
emissions, and improve energy security. The design of the system prioritizes cost-effectiveness through shared infrastructure and minimized storage needs. Future
enhancements may involve advanced energy storage solutions, smart grid integration, and the application of artificial intelligence for optimized energy management.
This initiative supports India's ambitious target of achieving 500 GW of renewable energy capacity by 2030, contributing to global efforts in sustainable
development and climate change mitigation.
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1. Introduction

The rising global energy demand, combined with the pressing need to lower greenhouse gas emissions, has expedited the shift towards renewable energy
sources. In this scenario, solar and wind energy have emerged as two of the most promising and rapidly expanding renewable technologies. Nevertheless,
independent solar or wind systems encounter considerable challenges due to their intermittent nature and reliance on weather conditions. Solar energy
production is restricted to daylight hours and can be hindered by cloud cover, while wind energy generation fluctuates with wind speeds and seasonal
variations. These constraints often lead to the necessity for costly energy storage solutions or fossil fuel-based backup systems, which diminishes the
overall efficiency and sustainability of renewable energy implementation. The Wind-Solar Hybrid (WSH) system concept effectively addresses these
issues by leveraging the complementary features of both energy sources. Solar panels generally produce peak power during sunny daytime hours, whereas
wind turbines tend to generate more energy during evenings, nights, or monsoon seasons when solar output is low. This inherent synergy enables hybrid
systems to deliver a more stable and continuous power supply with reduced storage needs compared to standalone systems. Additionally, the integration
of these technologies optimizes land use by allowing for the co-location of solar panels and wind turbines, making this solution particularly advantageous
in areas with limited space.

2. Literature Review
2.1(Kaldellis et.al , 2011)
Review of hybrid wind-solar energy systems, highlighting their complementary characteristics and operational advantages. Their findings illustrated that

solar energy generally reaches its peak during the day, while wind energy tends to increase during the night or with seasonal variations, resulting in a
natural synergy that bolsters system reliability. The research also underscored the economic feasibility of hybrid systems, indicating that although initial
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investments may exceed those of standalone systems, the long-term savings from shared infrastructure and diminished storage requirements render them
financially appealing. Additionally, the environmental advantages were a significant focus, with hybrid systems demonstrating a substantial reduction in
greenhouse gas emissions when compared to traditional power generation methods [1].

2.2 (Hossain and Rahman et.al , 2016)

Building on this groundwork, Hossain and Rahman (2016) conducted an in-depth performance analysis of hybrid solar-wind energy systems. Their
research provided empirical data showing that hybrid configurations yield greater energy output than standalone systems, especially in areas with
fluctuating weather conditions. The researchers created advanced models to forecast system performance across various climatic scenarios, showcasing
enhanced reliability through resource complementarity. Their cost-benefit analyses indicated that hybrid systems could achieve quicker payback periods
in off-grid settings by lessening reliance on costly diesel generators. The study also tackled technical challenges related to system integration and stressed
the significance of appropriate site selection and resource evaluation.[2].

2.3 (Jayesh . B. Patel et.al , 2021)

Liu and Zhang (2017) made a notable contribution to the field by exploring optimal design strategies for hybrid solar-wind power generation systems.
Their research presented sophisticated algorithms and simulation tools aimed at optimizing system sizing and configuration. The authors illustrated that
a well-considered integration of solar and wind elements could enhance energy production while reducing both capital and operational expenses. Their
case studies, conducted in various geographical settings, revealed that well-engineered hybrid systems could achieve capacity factors that are 20-30%
greater than those of standalone systems in advantageous locations. Additionally, the study emphasized the importance of advanced control systems in
effectively managing the fluctuating output from renewable energy sources. [3]

3. Concept of Wind and Solar Energy

The creation of the Wind-Solar Hybrid Energy System was guided by a structured methodology that included design, component selection, system
integration, and performance assessment. This approach effectively merged theoretical calculations with practical execution to ensure the system achieves
its goals of reliability, efficiency, and cost-effectiveness. The system architecture was crafted to incorporate two main sources of energy generation:
photovoltaic solar panels and a small-scale wind turbine. Solar panels were chosen for their capability to convert sunlight directly into electricity via the
photovoltaic effect, while the wind turbine was selected to capture kinetic energy from the wind and transform it into electrical energy through
electromagnetic induction. These two energy sources are connected to a unified energy management and storage system designed to optimize power
distribution and guarantee a continuous energy supply. The selection of components was based on comprehensive technical specifications and
performance metrics. The solar panel subsystem features monocrystalline photovoltaic modules with a total capacity of 50W, selected for their optimal
balance of efficiency and cost. The wind energy subsystem includes a horizontal-axis wind turbine with a rated capacity of 45W, utilizing a BLDC motor
as its generator. Energy storage is facilitated by a 12V 100Ah lithium-ion battery bank, chosen for its favorable energy density and longevity. Power
conversion and conditioning are managed by a 500W pure sine wave inverter along with suitable charge controllers for both solar and wind inputs.

3.1 Components Details
3.1.1 Solar Panels:

The solar energy subsystem is made up of high-efficiency monocrystalline photovoltaic panels with a combined capacity of 50W. These panels harness
sunlight and convert it into electrical energy through the photovoltaic effect, wherein photons from sunlight dislodge electrons from atoms within the
semiconductor material, resulting in an electric current. The chosen panels are equipped with a robust aluminum frame for enhanced durability and a
tempered glass cover to shield against environmental elements. The photovoltaic cells are configured in a series-parallel arrangement to achieve the
required voltage and current characteristics.

Fig. Solar Panels [8]
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3.1.2 Wind Turbine:

The wind energy conversion system employs a horizontal-axis wind turbine with a rotor diameter of 1.2 meters and a rated power output of 45W. This
turbine is equipped with three aerodynamic blades constructed from lightweight PVC, optimized to effectively harness wind energy across various wind
speeds. The rotation generated is transferred to a brushless DC (BLDC) generator, which converts mechanical energy into electrical energy via
electromagnetic induction. The choice of the BLDC generator is based on its reliability, maintenance-free operation, and effective performance at low
rotational speeds. Additionally, the turbine features a passive yaw mechanism that allows it to align with the wind direction, as well as an automatic
braking system to ensure safety during high wind conditions.

Figure 2: BLDC Motor [9]

3.1.3 Battery Storage System:

Energy storage is facilitated by a 12V 100Ah lithium-ion battery bank, which captures surplus energy produced during peak generation times for later
use when energy production is low. Lithium-ion technology was selected due to its superior energy density, extended cycle life, and minimal maintenance
needs in comparison to conventional lead-acid batteries. The battery management system incorporates safeguards against overcharging, deep discharging,
and short circuits, ensuring safety and enhancing the longevity of the battery. Monitoring the state of charge provides precise data on available energy
reserves, allowing the Energy Management System to make well-informed decisions regarding power distribution. This battery bank acts as the core
component of the system, receiving charging input from both solar and wind energy sources while delivering power to the inverter for alternating current
(AC) loads.

Figure 3: Battery [8]

3.1.4 Power Conversion and Conditioning:

The system is equipped with two dedicated charge controllers—one designed for solar energy input and the other for wind energy input. These controllers
manage the charging process to enhance efficiency and safeguard the battery bank. The solar charge controller utilizes Maximum Power Point Tracking
(MPPT) technology to optimize power extraction from the photovoltaic panels, adapting to fluctuating sunlight conditions. Meanwhile, the wind charge
controller transforms the variable AC output from the turbine into a stable DC voltage appropriate for battery charging, incorporating safety mechanisms
to address over-speed scenarios. Additionally, a 500W pure sine wave inverter converts the stored DC energy into 220V AC power, making it suitable
for typical household appliances and grid connection. This inverter is equipped with various protective features and can smoothly switch between grid-
connected and off-grid operational modes.

Figure 4: Step-Up Transformer [9]

4. Case Study
4.1 Introduction
India, endowed with significant potential for solar and wind energy, commenced a focused exploration of hybrid renewable systems around 2018-19.

This initiative aims to enhance energy reliability, minimize land requirements, and lower costs. This case study examines the evolution and performance
of hybrid solar-wind plants in India from 2019 to 2024, emphasizing advancements in technology, economics, and policy.
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4.2 Objectives

To assess the performance of hybrid solar-wind facilities operational in 2019 and 2024.

To examine advancements in technology, efficiency, cost-effectiveness, and regulatory frameworks. To investigate energy production, capacity
utilization, and environmental consequences.

4.3 2019 Overview: Hybrid Plants in India

Status: Primarily in the pilot or initial development phase.
Gujarat and Tamil Nadu were among the first to implement hybrid installations.

The inaugural significant project was Hero Future Energies' 39 MW hybrid facility located in Karnataka.
4.3.1 Technology:

Distinct solar and wind installations.

Minimal deployment of smart inverters or battery storage solutions. Challenges in grid integration arise from the absence of a hybrid policy. 4.3.2 Policy
Support:

The Draft Wind-Solar Hybrid Policy was introduced in 2018.
There is no established central policy or large-scale tendering process. Cost and Efficiency:
The average cost ranges from 4.00 to ¥4.50 per kWh.

The Capacity Utilization Factor (CUF) stands at 25-30% when combined. Implementation of battery storage remains limited.
4.4 2024 Overview: Hybrid Plants in India

Status:

Significant expansion of hybrid plants facilitated by central tenders from SECI.

Large-scale hybrid facilities are being developed in Gujarat, Rajasthan, and Karnataka.

The largest hybrid plant globally is Adani Green's 2.14 GW project in Jaisalmer, commissioned in 2023.

Technology:

Co-located systems equipped with advanced energy management technologies. Utilization of high-efficiency bifacial solar panels.
Deployment of taller wind turbines featuring enhanced blade designs. Integration of battery energy storage systems (BESS) in recent projects.
Policy Support:

The National Wind-Solar Hybrid Policy (2018) has been fully enacted.

SECI has issued hybrid tenders exceeding 1 GW, supported by Viability Gap Funding (VGF). Reforms have been made in Open Access and the
development of the Green Energy Corridor.

Cost and Efficiency:

The average cost has decreased to 32.60 — Z3.10 per kWh, reflecting a reduction of 30-40%. The CUF for optimized co-located projects is now between
40-45%.

The inclusion of BESS enhances grid stability and facilitates peak power supply.
4.5. Achievements Over 5 Years (2019-2024)

Over 50 times increase in installed hybrid capacity. Significant reduction in cost of power generation.
Improved CUF due to complementary generation profiles. Integration of battery storage enhances grid reliability.

Streamlined policies attracted higher private investments.



International Journal of Research Publication and Reviews, Vol 6, Issue 4, pp 8961-8966 April 2025

8965

4.6. Key Comparative Table: 2019 vs 2024

Aspect 2019 2024
Installed Capacity (Hybrid) ~100 MW >5,000 MW
Policy Framework Draft stage Fully implemented with SECI tenders

Technology Separate systems Integrated systems with BESS

Cost per Unit (kWh) 4.00 —%4.50 k2.60 —33.10

CUF (Efficiency) 25-30% 40-45%

Battery Storage Minimal Present in modern plants

Grid Integration eak Improved via Green Energy Corridor

Land Usage

Higher per MW

Lower due to co-location

Major Project Example

Hero Future Energies (39 MW)

|Adani Green (2.14 GW, Rajasthan)

5. Results and Discussion

e  The Wind-Solar Hybrid Energy System underwent comprehensive testing and evaluation to determine its performance under various

operating conditions. The findings confirm the technical viability and practical advantages of combining solar and wind energy for
decentralized power generation.

Data on energy production collected over a six-month period indicates a consistent daily output ranging from 120Wh to 180Wh, influenced

by  weather conditions. On clear, sunny days, solar panels accounted for approximately 60% of the total energy generation, while the
contribution from the wind turbine rose to 50-60% during overcast or rainy weather. This complementary generation pattern effectively
mitigated daily and seasonal fluctuations, with the hybrid system seldom experiencing complete generation failures. The battery's state of
charge typically fluctuated between 40-90%, reflecting a well-balanced generation and consumption dynamic without excessive discharge
cycles that could compromise battery longevity.

Efficiency measurements of the system provided valuable insights into the performance of its components. The solar panels achieved a
conversion efficiency of 15-18% under optimal conditions, slightly below their rated specifications due to the effects of real-world
temperatures. The wind turbine demonstrated an efficiency of 28-32% at wind speeds ranging from 5-8 m/s, which is its most efficient
operating range. The overall system efficiency, considering all conversion and storage losses, averaged between 22-25%, which is
significantly higher than that of standalone solar systems in comparable applications. These efficiency improvements directly lead to a
reduction in system size and cost for a given level of energy output.

Reliability testing subjected the system to a range of stress conditions, including voltage variations, abrupt changes in load, and extended
periods of adverse weather. Throughout all testing scenarios, the Energy Management System effectively maintained stable operations,
automatically prioritizing essential loads when generation capacity was inadequate. The protection systems successfully isolated faults,
safeguarding components from potential damage. Notably, the system exhibited exceptional resilience during the monsoon season, a time
when traditional solar systems often face challenges; wind generation effectively compensated for diminished solar output, and the thoughtful
design of enclosures prevented moisture from entering electrical components.

6.Conclusion

The Wind-Solar Hybrid Energy System created through this initiative effectively showcases the technical viability and practical advantages of merging
solar and wind energy for decentralized electricity generation. By integrating these two complementary renewable energy sources, the system offers
enhanced reliability and energy production compared to individual solar or wind systems. The project's thorough methodology, which includes design,
component selection, system integration, and performance assessment, has led to a resilient solution that tackles real-world energy issues while supporting

sustainable development objectives.
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