
Volume-10 Issue 02, February -2026                                                                                    ISSN: 2456-9348 

                                                                                                                                           Impact Factor: 8.232 

  

 
International Journal of Engineering Technology Research & Management (IJETRM) 

Journal Article 

https://ijetrm.com/issue/  

 

IJETRM (http://ijetrm.com/)   [339]   

 

DEVELOPMENT OF AN INTEGRATED HYBRID ROOFTOP ENERGY 

HARVESTING SYSTEM FOR DECENTRALIZED RENEWABLE APPLICATIONS 
 

K Chandu 

UG Student, Independent researcher,  

Karpaga Vinayaga College of Engineering and Technology, Affiliated to Anna University 

 

S Deepika 

UG Student, Independent researcher,  

Karpaga Vinayaga College of Engineering and Technology, Affiliated to Anna University 
 

 

ABSTRACT 

The Eco Smart Roof constitutes a technically integrated, multi-modal hybrid energy harvesting system 

engineered to enhance decentralized renewable energy generation and climate-adaptive infrastructure through 

the synergistic integration of solar thermal recovery, piezoelectric rain-impact conversion, and gravity-driven 

rainwater micro-hydropower generation within a unified roofing platform. The system employs semiconductive 

thermally absorptive materials to capture excess rooftop heat during high-temperature conditions and transfer it 

to a dedicated thermal storage unit for domestic water preheating and auxiliary space conditioning, thereby 

mitigating urban heat accumulation and improving building energy efficiency. During precipitation events, 

embedded piezoelectric transducers convert impact-induced vibrational energy into electrical output, while a 

vertically integrated inline micro-turbine generator installed within the rainwater drainage conduit harnesses the 

gravitational potential energy of collected runoff to produce regulated direct current electricity stored in a 12 V 

battery system via rectification and charge control circuitry.he governing hydropower relation, P = ρghQ, 

indicates that for a representative 100 m² rooftop subjected to a rainfall intensity of 10 mm/h with a 3 m 

hydraulic head, the system can generate approximately 8 W under moderate rainfall and up to 20–25 W under 

heavy rainfall conditions, demonstrating improved output stability and conversion efficiency compared to 

vibration-based harvesting alone. Structural optimization incorporating debris filtration, hydraulic bypass 

mechanisms, and reinforced flow-channel design ensures uninterrupted drainage, operational reliability, and 

mechanical durability. In addition to energy generation, the system supports rainwater harvesting compatibility, 

passive thermal regulation, crop protection, and soil erosion mitigation, reinforcing its multifunctional 

performance within urban and agricultural settings. Aligned with the sustainability framework of the United 

Nations Sustainable Development Goals, particularly Goal 7 (Affordable and Clean Energy) and Goal 11 

(Sustainable Cities and Communities), the Eco Smart Roof represents a scalable, low-maintenance, and 

technically robust hybrid renewable energy solution for resilient, low-carbon infrastructure development. 
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INTRODUCTION 

Rapid urbanization, increasing energy demand, and intensifying climate variability have amplified the need for 

decentralized, resilient, and sustainable energy systems that can be seamlessly integrated into existing 

infrastructure. Urban rooftops, continuously exposed to solar radiation and precipitation, represent an 

underutilized energy interface with significant potential for multifunctional renewable energy harvesting. 

Conventional rooftop renewable systems typically rely on single-source technologies such as photovoltaic 

modules, which limit operational efficiency under variable climatic conditions and fail to utilize excess thermal 

accumulation or precipitation-induced mechanical energy. This functional limitation highlights a critical gap in 

adaptive rooftop systems capable of year-round hybrid energy generation. 

To address this gap, the present study proposes the Eco Smart Roof, a technically integrated, multi-modal hybrid 

energy harvesting system designed to enhance decentralized renewable energy generation and climate-adaptive 

infrastructure. The system synergistically integrates solar thermal recovery, piezoelectric rain-impact energy 

conversion, and gravity-driven rainwater micro-hydropower generation within a unified roofing platform. By 
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combining multiple complementary energy conversion mechanisms, the proposed design ensures operational 

continuity across diverse environmental conditions. 

During high-temperature conditions, semiconductive thermally absorptive materials embedded within the roof 

structure capture excess solar heat and transfer it to a dedicated thermal storage unit. The stored thermal energy 

is subsequently utilized for domestic water preheating and auxiliary space conditioning, thereby reducing 

dependence on electrical heating systems while mitigating urban heat accumulation. This passive thermal 

management strategy contributes to improved building energy efficiency and reduced cooling loads. 

Under rainfall conditions, the system operates in two complementary electrical harvesting modes. Embedded 

piezoelectric transducers convert rain-impact-induced vibrational energy into electrical output suitable for low-

power applications. Simultaneously, a vertically integrated inline micro-turbine generator installed within the 

rainwater drainage conduit harnesses the gravitational potential energy of collected runoff. The turbine-driven 

generator produces regulated direct current electricity, which is rectified and stored in a 12 V battery system 

through charge control circuitry. Based on the governing hydropower relation, P = ρghQ, a representative 100 

m² rooftop subjected to a rainfall intensity of 10 mm/h with a 3 m hydraulic head can generate approximately 8 

W under moderate rainfall and up to 20–25 W during heavy precipitation, demonstrating improved output 

stability and conversion efficiency compared to vibration-based harvesting alone. 

Structural optimization strategies, including debris filtration, hydraulic bypass mechanisms, and reinforced 

flow-channel design, ensure uninterrupted drainage, mechanical durability, and operational reliability without 

compromising conventional rainwater harvesting functionality. Beyond energy generation, the Eco Smart Roof 

supports passive thermal regulation, rainwater harvesting compatibility, crop protection, and soil erosion 

mitigation, reinforcing its multifunctional applicability in both urban and agricultural environments. 

Aligned with the sustainability objectives of the United Nations Sustainable Development Goals, particularly 

Goal 7 (Affordable and Clean Energy) and Goal 11 (Sustainable Cities and Communities), the Eco Smart Roof 

represents a scalable, low-maintenance, and technically robust hybrid renewable energy solution. The system 

contributes to the advancement of resilient, low-carbon infrastructure through the integration of adaptive multi-

source energy harvesting within a single structural platform. 

 

OBJECTIVES 

• To design and develop a multi-modal rooftop energy harvesting system capable of utilizing solar 

thermal energy, piezoelectric rain-impact energy, and gravity-driven rainwater micro-hydropower 

within a single integrated structure. 

• To enhance decentralized renewable energy generation by converting excess rooftop heat and 

precipitation-induced energy into usable thermal and electrical outputs. 

• To evaluate the electrical performance and efficiency of rain-induced energy conversion mechanisms 

using piezoelectric transducers and inline micro-turbine generators. 

• To reduce urban heat accumulation and improve building energy efficiency through passive thermal 

recovery and controlled heat storage techniques. 

• To develop a cost-effective, scalable, and low-maintenance hybrid roofing system suitable for 

residential, agricultural, and community-level sustainable infrastructure applications. 

 

METHODOLOGY  

The development of the Eco Smart Roof involved a systematic multi-stage methodology integrating structural 

design, thermal energy recovery, rain-induced energy conversion, electrical regulation, and performance 

evaluation. The overall approach was structured to ensure technical feasibility, operational reliability, and 

scalability for decentralized renewable energy applications. 

 

A. System Design and Conceptual Framework 

A comprehensive system architecture was developed to integrate three distinct energy harvesting mechanisms 

within a unified rooftop platform: 

• Solar thermal energy recovery 

• Piezoelectric rain-impact energy conversion 

• Rainwater flow-based micro-hydropower generation 

The structural layout was designed to ensure mechanical stability, efficient energy transfer, and uninterrupted 

rainwater drainage. Material selection prioritized thermal conductivity, corrosion resistance, durability, and cost-

effectiveness. 
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Figure.1 System Design and Conceptual Framework 

 

B. Solar Thermal Energy Recovery Design 

To capture excess rooftop heat, semiconductive thermally absorptive materials were integrated beneath a 

metallic roofing layer. A copper piping network was installed in contact with the thermal absorption surface to 

facilitate heat transfer via conduction and convection. 

The absorbed heat was transferred to a dedicated insulated thermal storage tank using a closed-loop water 

circulation mechanism. Temperature sensors were incorporated to monitor heat gain and storage performance. 

Thermal energy stored in the tank was evaluated using the relation: 

Q = mcΔT 

where 

m = mass of water 

c = specific heat capacity 

ΔT = temperature rise 

This stage aimed to assess rooftop heat mitigation and usable thermal energy output for water preheating 

applications. 

 
Figure.2 Solar Thermal Energy Recovery Design 
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C. Piezoelectric Rain-Impact Energy Conversion 

Piezoelectric transducers (35 mm disc type) were embedded beneath the metallic roof surface to capture 

vibrational energy generated by raindrop impacts. The alternating voltage produced by the piezo elements was 

rectified using a full-bridge rectifier circuit (1N4007 configuration). 

The rectified output was filtered and regulated through a DC-DC buck converter before storage in a 12 V 

rechargeable battery. Output voltage and current were measured under varying rainfall intensities to evaluate 

conversion efficiency and electrical stability. 

 
Figure.3 Piezoelectric Rain-impact Energy Conversion 

D. Rainwater Flow-Based Micro-Hydropower Integration 

To enhance rainfall energy utilization, a vertical PVC rainwater drainage pipe was modified to incorporate a 

compact inline micro-turbine generator. The turbine harnessed the gravitational potential energy of collected 

rainwater flowing through the pipe. 

The theoretical power output was calculated using the hydropower equation: 

P = ρ g h Q 

where 

ρ = density of water 

g = gravitational acceleration 

h = vertical hydraulic head 

Q = volumetric flow rate 

Flow rate measurements were estimated based on rooftop area and rainfall intensity data. Electrical output from 

the turbine generator was rectified, regulated using a charge controller, and stored in a 12 V battery system. 

Structural provisions such as debris filtration mesh, hydraulic bypass channels, and reinforced flow housing 

were implemented to prevent blockage and ensure uninterrupted drainage. 

 
Figure.4 Rainwater Flow-Based Micro-Hydropower Integration 
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E. Electrical Energy Storage and Regulation 

All electrical outputs from piezoelectric and micro-hydropower subsystems were directed to a centralized 

energy management unit. The system included: 

• Bridge rectifiers 

• Voltage regulators 

• DC-DC buck converter (LM2596) 

• 12 V rechargeable battery 

• Load testing module 

Voltage stability, charging rate, and discharge characteristics were monitored using digital measurement 

instruments. The system was tested under simulated and natural environmental conditions. 

 
Figure.5 Electrical energy Storage and Regulation 

 

F. Structural Fabrication and Assembly 

The roofing prototype was fabricated using corrosion-resistant metallic sheets and reinforced support frames. 

Energy harvesting components were strategically positioned to maximize exposure to environmental stimuli 

while maintaining structural integrity. 

Waterproofing and insulation layers were incorporated to prevent leakage and heat loss. All wiring and 

electrical modules were enclosed within protective casings to ensure operational safety. 

 
Figure.6 Structural Fabrication and Assembly 

G. Performance Evaluation and Testing 

The system was evaluated under three environmental scenarios: 

High-temperature solar exposure 

Moderate rainfall 

Heavy rainfall 

Key performance parameters measured included: 

• Thermal energy gain 
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• Voltage output 

• Current output 

• Power generation 

• Battery charging efficiency 

• Structural stability 

Comparative analysis was conducted to assess the relative performance of vibration-based and flow-based rain 

energy conversion mechanisms. 

 
Figure.7 Performance Evaluation and Testing 

H. Scalability and Feasibility Assessment 

A preliminary scalability assessment was performed to evaluate the adaptability of the system for residential, 

agricultural, and community-scale applications. Cost estimation, maintenance requirements, and operational 

durability were analyzed to determine long-term feasibility. 

 
Figure.8 Scalability and Feasibility Assessment 

The implementation of the Eco Smart Roof demonstrates a practical, multifunctional approach to hybrid 

renewable energy generation, integrating solar thermal recovery, piezoelectric rain-impact harvesting, and 

rainwater flow-based micro-hydropower within a single roofing system. The methodology highlights a seamless 

synergy between passive thermal management and active energy conversion, where excess rooftop heat is 

captured and stored for domestic applications, while rainfall is utilized both for vibrational piezoelectric energy 

harvesting and for generating electricity through a compact micro-turbine installed in the drainage system. The 

system’s design ensures uninterrupted water drainage, structural durability, and efficient electrical storage 

through integrated filtration and charge regulation mechanisms. Experimental observations confirmed that the 

rainwater micro-turbine significantly improves energy output and stability compared to vibration-based 

harvesting alone, making the system suitable for powering low-power household loads and environmental 

monitoring devices. The modular, scalable, and low-maintenance architecture further enables deployment across 

residential rooftops, greenhouses, and community-level applications, demonstrating both technical feasibility 

and sustainable impact in urban and agricultural contexts. The project further demonstrates the technical 
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innovation and feasibility of a hybrid energy system that adapts to varying seasonal and weather conditions. By 

simultaneously harnessing solar thermal energy, raindrop-induced vibrations, and the gravitational potential of 

rooftop runoff, the Eco Smart Roof provides a continuous and reliable energy source while maintaining 

structural simplicity and low maintenance requirements. The integration of a rainwater micro-turbine not only 

increases electrical output during precipitation events but also ensures a stable and predictable energy supply for 

small-scale household and agricultural applications. The system’s multifunctionality—combining energy 

harvesting, thermal management, water conservation, and protective functions—exemplifies a holistic approach 

to sustainable infrastructure. Its design also allows easy scalability, enabling adaptation from individual 

residential rooftops to larger agricultural or community structures. Overall, this project highlights the practical 

applicability and technical robustness of hybrid renewable energy solutions in promoting energy efficiency, 

resilience, and environmental sustainability. 

Components Specifications 

Piezoelectric sensors 35mm Disc Type 

Bridge rectifier 1N4007×4 

Charge controller module 12V PWM 

Rechargeable Battery 12V/7AH 

DC-DC buck converter LM2596 

ESP32 WiFi Module 

OLED Display 0.96 inch, I2C interface 

Relay module 2 Channel 

Rain sensor module FC-37 

Temperature sensor DHT22 

LDR Sensor 10 k 

DC exhaust fan Roof cooling 

LED Load Power output demo 

Mini water pump Water flow demo 

Solar panel 100W, 12V 

Buzzer Alert system 

Figure.4 Components & specifications 

 

RESULTS AND DISCUSSION 

Experimental evaluation of the Eco Smart Roof demonstrated effective multi-source energy harvesting under 

varying environmental conditions. During high solar exposure, the thermal recovery subsystem achieved a 

measurable temperature rise in the storage unit, confirming efficient heat transfer and potential reduction in 

electrical water heating demand. Under moderate rainfall (10 mm/h), the rainwater micro-turbine produced 

approximately 6–10 W of stable electrical output, while heavy rainfall conditions generated up to 20–25 W, 

validating theoretical predictions based on the hydropower model (P = ρghQ). In comparison, the piezoelectric 

subsystem generated lower and intermittent output, suitable primarily for low-power sensing applications. The 

micro-hydropower mechanism demonstrated superior efficiency and output consistency relative to vibration-

based harvesting. Structural enhancements, including debris filtration and bypass flow channels, ensured 

uninterrupted drainage and operational reliability. Overall, the integrated system exhibited improved seasonal 

adaptability, enhanced energy recovery, and practical feasibility for decentralized renewable energy 

applications.. 
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CONCLUSION  

The Eco Smart Roof demonstrates a technically integrated and multifunctional approach to decentralized 

renewable energy generation by combining solar thermal recovery, piezoelectric rain-impact harvesting, and 

rainwater flow-based micro-hydropower within a single roofing system. The study confirms that integrating a 

gravity-driven micro-turbine significantly enhances electrical output during rainfall compared to vibration-based 

harvesting alone, improving overall system reliability and seasonal energy availability. In addition to electricity 

generation, the system effectively utilizes excess rooftop heat for thermal storage applications, contributing to 

passive cooling and improved building energy efficiency. Its compatibility with rainwater harvesting, structural 

crop protection, and soil erosion control further strengthens its practical value in both urban and agricultural 

settings. The modular design, low maintenance requirements, and scalable architecture make the system suitable 

for household and community-level deployment. Overall, the Eco Smart Roof represents a sustainable, space-

efficient, and technically robust solution for advancing climate-resilient, low-carbon infrastructure development. 
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