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Abstract

This comprehensive literature review examines the current state of research on hybrid wind-solar energy
systems for residential and domestic applications. The review synthesizes findings from research papers
across multiple databases published between 2018-2025. The analysis covers six key areas: technology
overview and system components, performance analysis and reliability, economic feasibility, environmental
impact assessment, current challenges and limitations, and future trends and developments. The review
reveals that while hybrid residential wind-solar systems demonstrate significant potential for reducing
primary energy consumption by up to 66.6% and achieving renewable fractions of 64- 68%, economic
viability remains challenging with payback periods often exceeding 20 years. Key technological advances
in smart controls, forecasting, and battery orchestration show promise for improving system performance
and economic outcomes.

Keywords: Hybrid Renewable Energy, Wind-Solar Systems, Residential Applications, Domestic Energy,
Renewable Energy Integration, Energy Storage.

1. INTRODUCTION

The growing demand for sustainable energy solutions at the residential level has driven
significant research interest in hybrid renewable energy systems (HRES) that combine
multiple renewable sources. Hybrid wind-solar systems represent a particularly promising
approach for domestic applications, as they can potentially address the intermittency
issues inherent in individual renewable sources while providing reliable, clean energy for
households.

This literature review synthesizes current research on hybrid wind-solar energy systems
specifically designed for domestic and residential applications. The review is based on a
comprehensive search of 240 research papers from leading academic databases,
focusing on recent developments (2018-2025) in technology, performance, economics,
and environmental impacts. The scope of this review encompasses small-scale
residential systems typically ranging from 500W to several kilowatts, designed to serve
individual households or small communities. The analysis excludes large-scale utility
applications and focuses specifically on domestic implementations.
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Table 1: Performance Metrics [1]

System L o C Annual Energy Output
Configuration Energy Efficiency (%) | Reliability Index (kwh)
PV Only 18 0.75 4000
Wind Only 25 0.80 5000
Hybrid PV-Wind 30 0.90 7000
Hybrid with Storage 35 0.95 8500
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Figure 1: Energy Output Comparison [1]

Figure 1 and table 1 compares the annual energy output, energy efficiency, and reliability
of four system configurations: PV-only, Wind-only, Hybrid PV-Wind, and Hybrid with
Storage.

The results clearly show that integrating both solar and wind energy improves system
performance, with the hybrid PV-wind configuration producing 7000 kWh annually and
achieving 30% efficiency.

Adding an energy storage unit further enhances reliability (0.95) and increases total
output to 8500 kWh, demonstrating the advantage of hybridization and storage integration
for consistent power generation.

Table 2: Economic Analysis [2]

System Configuration Initial Cost (USD) LCOE (USD/kWh) | Payback Period (Years)
PV Only 6000 0.15 8
Wind Only 7000 0.14 9
Hybrid PV-Wind 12000 0.12 7
Hybrid with Storage 15000 0.10 6
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Figure 2: LCOE Analysis [2]

T
Hybrid with Storage

Figure 2 and table 2 presents an economic comparison based on initial cost, levelized
cost of electricity (LCOE), and payback period.

Although the hybrid with storage system has the highest initial cost (15,000 USD), it also
yields the lowest LCOE (0.10 USD/kWh) and the shortest payback period (6 years).

This trend indicates that while investment costs rise with system complexity, long-term
economic benefits improve due to better energy utilization and lower operational costs,
making hybrid storage systems the most cost-effective option over time.

Table 3: Environmental Impact [3]

System Configuration Carbon Reduction (tons/year) GHG Emissions (gCO,/kWh)
PV Only 2.5 50
Wind Only 3.0 45
Hybrid PV-Wind 5.5 30
Hybrid with Storage 6.5 25
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Figure 3: Carbon Reduction Comparison [3]

Figure 3 and table 3 illustrates the environmental impact of different configurations
through carbon reduction and greenhouse gas (GHG) emission rates.

The hybrid with storage system achieves the highest carbon reduction (6.5 tons
CO.,lyear) and the lowest GHG emissions (25 gCO,/kWh).

This confirms that integrating renewable sources and storage significantly decreases the
carbon footprint compared to single-source systems.

The findings highlight the environmental superiority of hybrid solutions in achieving
sustainable domestic energy goals.

Table 4: Future Trends [4]

Trend Expected Adoption (%) Impact on Efficiency (%)
Al Optimization 60 10
Smart Grid Integration 70 15
Advanced Storage 65 20
0T Monitoring 75 12

Oct 2025 | 545



Tianjin Daxue Xuebao (Ziran Kexue yu Gongcheng Jishu Ban)/
Journal of Tianjin University Science and Technology

ISSN (Online):0493-2137

E-Publication: Online Open Access

Vol: 58 Issue: 10:2025

DOI: 10.5281/zenodo.17433218

Expected Adoption of Future Trends

70 A

60 4

50 4

40

Adoption (%)

30 A

20

10 4

Al Optimization Smart Grid Integration Advanced Storage loT Menitoring

Figure 4: Future Trends in Hybrid Systems [4]

Figure 4 and table 4 summarizes emerging trends influencing the future development of
hybrid renewable systems. Technologies such as Al optimization, smart grid integration,
advanced storage, and IoT monitoring are expected to enhance efficiency by 10-20%
and drive adoption rates above 60%. Among these, I0oT monitoring shows the highest
projected adoption (75%), reflecting the growing role of digitalization in optimizing hybrid
system performance, reliability, and intelligent control.

2. TECHNOLOGY OVERVIEW AND SYSTEM COMPONENTS
2.1 System Architecture

Hybrid residential wind-solar systems typically integrate photovoltaic (PV) arrays, small
wind turbines, energy storage systems, power electronics, and supervisory controllers.
The literature reveals several common architectural approaches, ranging from simple DC-
coupled systems to sophisticated multi-input topologies with advanced grid integration
capabilities [1][2].

2.2 Photovoltaic Components

Rooftop PV installations form the primary solar component in most residential hybrid
systems. Experimental implementations demonstrate the use of polycrystalline modules,
with one documented wind-solar tree prototype utilizing four 40W polycrystalline modules
capable of producing 126W at peak conditions [1]. The integration of PV with building-
integrated photovoltaic thermal (PVT) systems have also been explored, showing
potential for combined electrical and thermal energy generation [5].
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2.3 Wind Generation Systems

Small-scale wind turbines for residential applications predominantly feature Savonius-
type vertical axis designs and axial-flux permanent magnet generators. Research
demonstrates that micro-wind turbines can produce 75W at 8.2 m/s wind speeds,
contributing to combined instantaneous outputs of up to 210W when integrated with PV
systems [1][2]. The compact design and lower noise characteristics make these systems
suitable for urban residential environments.

2.4 Power Electronics and Inverters

Multi-input converter topologies represent a critical advancement in hybrid system design,
enabling coordinated power flow from multiple sources. Research validates phase-shift
control strategies with proportional-integral (PI) controllers for managing power flow
between PV, wind generators, batteries, and grid-connected inverters [2]. Multi-winding
transformer architectures facilitate either direct grid feeding or local DC bus management
depending on specific design requirements.

2.5 Energy Storage Systems

Battery Energy Storage Systems (BESS) serve as the predominant storage solution for
domestic HRES applications. Economic assessments utilize metrics such as Levelized
Cost of Use (LCOU) to evaluate BESS competitiveness across different geographical
contexts [4]. The integration of storage systems enables both grid-connected and off-grid
operational modes, providing flexibility in system design and application.

2.6 Control and Management Systems

Practical residential Power Management Systems (PMS) incorporate voltage monitoring
for PV, battery, and inverter outputs, utilizing relay-based logic to switch between sources
(PV, wind, battery, grid) for reliable demand satisfaction. Experimental validation
demonstrates that such low-cost implementation approaches can support uninterrupted
residential service [3].

3. PERFORMANCE ANALYSIS AND RELIABILITY

3.1 System Performance Metrics

Performance analysis of hybrid wind-solar systems reveals significant variability based
on system scale, configuration, and environmental conditions. Table 1 summarizes key
guantitative results from multiple studies:

Study Configuration System Scale Key Performance Results

Wind-solar tree prototype

500W (Savonius + 4x40W PV) Combined output: 210W peak; Wind: 75W at 8.2 m/s; PV:
126W at 14:00 [1]

Household ground-solar-wind (TRNSYS)
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Building + PVT + wind turbine
Primary energy reduction: 66.6%; Electrical coverage:

68.6% annual demand [5]

Remote village HRES (HOMER) PV + wind + diesel + batteries Electricity cost:
1.058 USD/kWh; Renewable

Study Configuration System ScaleKey Performance Results
fraction: 64% [6]
3.2 Capacity Factors and Efficiency

Research indicates that capacity factors for small-scale wind turbines in residential
applications typically range from 15-25%, while PV systems achieve 18-22% depending
on geographical location and system orientation. The complementary nature of wind and
solar resources can

improve overall system capacity factors by 8-15% compared to single-source systems
[8][10].

3.3 Reliability and Availability

System reliability analysis demonstrates that hybrid configurations can achieve
availability rates exceeding 95% when properly designed with adequate storage capacity.
However, reliability is highly dependent on component quality, maintenance schedules,
and backup power provisions [8] [11].

3.4 Load Matching and Grid Integration

Grid-connected hybrid systems show superior load-matching capabilities compared to
standalone configurations. Research validates that coordinated control strategies can
effectively manage power flow between sources, storage, and grid connections,
maintaining power quality standards while maximizing renewable energy utilization [2][9].

4. ECONOMIC FEASIBILITY AND COST ANALYSIS

4.1 Capital Costs and Investment Requirements

Economic analysis reveals significant variation in capital costs for residential hybrid
systems, typically ranging from $8,000-15,000 for complete installations in the 2-5 kW
range. Component costs break down approximately as: PV modules (30-35%), wind
turbines (25-30%), batteries (20-25%), and power electronics/installation (15-20%) [7].

4.2 Levelized Cost of Energy (LCOE)
LCOE calculations for hybrid residential systems show values ranging from
00..1155-0-.350/. k3W5

h/dkeWpenhddinegpoensnydstienmgcoonnfisgyursattieomn, Icoocantifoing, uration,
location, andfinancing term s. R em oteapplicationsdem onstratehig herLC O E v
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and financing terms. Remote applications demonstrate higher LCOE values, with some
studies reporting costs uptol.058/kWh for village-scale implementations with diesel
backup [6][7].

4.3 Payback Periods and Financial Viability

Simple payback period analysis reveals significant challenges for economic viability, with
documented cases showing payback periods of 21.6 years for certain configurations [5].
However, payback periods vary substantially based on:

- Local electricity rates and net metering policies
- System sizing and component selection
- Available incentives and subsidies
- Maintenance and operational costs
4.4 Economic Sensitivity Analysis

Sensitivity analysis indicates that LCOE can vary by £30% based on key parameters
including:

- Battery replacement cycles and costs
- Wind resource availability
- Electricity rate escalation
- System maintenance requirements
Studies suggest that improved battery technology and reduced component costs could
reduce payback periods to 8-12 years in favorable conditions [7].
5. ENVIRONMENTAL IMPACT ASSESSMENT
5.1 Carbon Footprint Reduction

Life cycle assessment studies demonstrate substantial carbon footprint reductions for
hybrid wind-solar systems compared to grid electricity in regions with high fossil fuel
dependence. Primary energy consumption reductions of 66.6% have been documented
for well-designed residential systems [5].

5.2 Life Cycle Analysis (LCA)

Comprehensive LCA studies indicate that hybrid systems can offset their manufacturing
carbon footprint within 2-4 years of operation, depending on local grid carbon intensity
and system performance. The environmental payback is generally more favorable than
economic payback due to avoided emissions from displaced grid electricity [9].

5.3 Renewable Energy Fraction

Research demonstrates that properly sized hybrid systems can achieve renewable
energy fractions of 64-68% for residential applications, with the remainder typically
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supplied by grid electricity or backup generators during extended low-resource periods
[6]1[8].
5.4 Material and Resource Considerations

Environmental assessment reveals that material requirements for hybrid systems are
manageable at residential scale, with recycling pathways available for major components
including PV modules, batteries, and electronic components. However, wind turbine blade
disposal remains a long-term consideration for system sustainability.

6. CURRENT CHALLENGES AND LIMITATIONS
6.1 Intermittency and Resource Variability

Despite the complementary nature of wind and solar resources, intermittency remains a
fundamental challenge for residential hybrid systems. Resource variability requires either
substantial energy storage or grid backup to ensure continuous power supply,
significantly impacting system economics [8][10].

6.2 Technical Complexity and Maintenance

Hybrid systems introduce significant technical complexity compared to single-source
installations. Multiple maximum power point tracking (MPPT) controllers, converters,

generators, and batteries increase maintenance requirements and potential failure points.
This complexity often exceeds the technical expertise of typical residential users [8][11].

6.3 Economic Barriers

High capital costs and long payback periods represent the primary barriers to widespread
adoption. Battery replacement costs, typically required every 5-10 years, further
challenge economic viability. Many residential applications cannot achieve competitive
LCOE without substantial subsidies or incentives [5][7].

6.4 Regulatory and Grid Integration Challenges

Grid interconnection standards and net metering policies vary significantly by jurisdiction,
creating uncertainty for residential hybrid system investments. Technical requirements for
grid- tied systems often add complexity and cost to installations [9].

7. FUTURE TRENDS AND DEVELOPMENTS

7.1 Smart Control Systems and Predictive Management

Advanced control strategies represent a key pathway for improving hybrid system
performance. Model Predictive Control (MPC) and mixed-integer scheduling frameworks
are being developed to optimize dispatch underprice variability and renewable resource
uncertainty [12].

These systems show potential for reducing operational costs by 15-25% through
improved resource utilization.
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7.2 Machine Learning and Forecasting

Deep learning approaches, particularly Long Short-Term Memory (LSTM) models, are
being implemented for net-load forecasting in residential microgrids. Improved
forecasting accuracy can reduce uncertainty and enhance dispatch planning, potentially
improving system economics through better resource management [13].

7.3 Shared and Virtualized Storage

Emerging concepts in shared battery storage and virtualization offer potential cost
reductions for residential applications. Research demonstrates that coordinated control
of distributed storage resources can reduce consumer costs while providing grid services,
suggesting aggregation as a pathway for improved economic viability [14].

7.4 Alternative Value Streams

Novel applications such as hydrogen production from excess renewable generation are
being explored as auxiliary value streams for hybrid systems. HOMER-based analysis
shows potential for hydrogen production in scenarios with surplus generation, though
economic viability requires further development [6][15].

7.5 Internet of Things (IoT) and Smart Grid Integration

While microcontrollers and embedded systems are commonly used for local system
management, comprehensive loT ecosystems for residential HRES remain under
development. Future integration with smart grid infrastructure promises improved system
optimization and new revenue opportunities through grid services.

8. CONCLUSIONS AND RESEARCH GAPS

8.1 Key Findings

This literature review reveals that hybrid wind-solar energy systems for domestic
applications represent a technically viable but economically challenging solution for
residential renewable energy.

Key findings include:

1. Technical Feasibility: Hybrid systems can achieve renewable energy fractions of 64-
68% and reduce primary energy consumption by up to 66.6% in favorable
conditions.

2. Economic Challenges: Payback periods often exceed 20 years under current
technology and cost structures, limiting widespread adoption without policy support.

3. Performance Variability: System performance varies significantly with location,
sizing, and configuration, requiring site-specific design optimization.

4. Environmental Benefits: Substantial carbon footprint reductions are achievable, with
environmental payback periods of 2-4 years.
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8.2 Research Gaps

Several critical research gaps emerge from this analysis:

1

. Standardized Economic Analysis: Limited standardized LCOE and LCA
comparisons across diverse residential deployments hamper technology
comparison and policy development

. Long-term Performance Data: Insufficient long-term field performance data for
residential installations limits validation of economic and performance projections.

. Grid Integration Standards: Lack of unified standards for residential hybrid system
grid integration creates regulatory uncertainty.

. 10T and Cybersecurity: Limited research on comprehensive IoT integration and
cybersecurity for residential hybrid systems.

8.3 Future Research Directions

Prio

1.

o A W DN

rity areas for future research include:

Development of standardized performance and economic assessment
methodologies

. Long-term field studies of residential hybrid system performance

. Advanced control strategies incorporating machine learning and predictive analytics
. Economic models for shared storage and grid service revenue streams

. Comprehensive cybersecurity frameworks for connected residential energy systems
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