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Abstract:

Rapid urbanization and the rising demand for energy in India have accelerated the need for sustainable
transportation solutions. Hybrid solar—piezoelectric pavement technology integrates photovoltaic (PV)
panels with piezoelectric energy harvesting systems to produce electricity from both sunlight and vehicle-
induced pressure. This paper presents a comprehensive review of the concept, operating principle, design
considerations, applications, benefits, limitations, and future prospects of hybrid solar—piezoelectric
pavements in the Indian context. The study emphasizes the potential use of this technology in highways,
smart cities, toll booths, and heavily trafficked urban roads. In addition, it examines the economic viability,
environmental impact, and practical challenges associated with implementation under Indian conditions.
The review suggests that hybrid pavement systems have significant potential for renewable energy
production, carbon emission reduction, and support of intelligent transportation systems (ITS). Nevertheless,
issues such as high installation costs, structural durability, maintenance requirements, and limited
piezoelectric output remain major concerns that demand further research, experimentation, and real-world
pilot projects before widespread adoption becomes feasible.

Keywords — Hybrid energy pavements, piezoelectric roadway systems, solar-integrated roads, green energy
technology, intelligent transportation infrastructure, eco-friendly transportation, sustainable road
development, Indian transportation sector.
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_ Hybrid solar—piezoelectric pavement systems
I INTRODUCTION: represent an innovative roadway technology

India is experiencing rapid economic growth and designed to generate electrical energy from two
continuous expansion of its transportation network. renewable sources simultaneously:

At the same time, the increasing consumption of 1. Solar power captured through photovoltaic
conventional fuels and the rise in carbon emissions (PV) panels installed on or within the
have created a strong need for sustainable and pavement surface.

energy-efficient infrastructure systems. Integrating
renewable energy technologies into roadway
infrastructure offers a promising approach for the
development of smart cities and environmentally
friendly highways.

2. Mechanical energy produced by vehicle
movement and traffic loads using
piezoelectric materials.

By combining these two energy harvesting methods,
hybrid pavements can support clean energy
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generation while improving the sustainability and

functionality of modern transportation infrastructure.

Piezoelectric materials have the ability to produce
electrical energy when mechanical pressure is
applied to them. In roadway applications, the load
and vibrations created by moving vehicles can be
transformed into usable electricity through
piezoelectric components embedded within the
pavement structure. In addition, photovoltaic panels
integrated into road surfaces can capture solar energy
during daylight hours and convert it into electrical
power.
The integration of both solar and piezoelectric
technologies in a single pavement system enhances
the consistency and efficiency of energy generation
when compared to systems relying on only one
energy source. India offers favorable conditions for
the adoption of such hybrid pavement technologies
due to several factors, including:

e Abundant availability of

throughout the year.

solar energy

e Heavy traffic density in metropolitan and
urban areas.

e Increasing focus on renewable and

sustainable energy solutions.

e Supportive government programs such as the
Smart Cities Mission and Green Highways
initiatives.

II.  Concept of Hybrid Solar-Piezoelectric

Pavement System:

A hybrid solar—piezoelectric pavement system is an
advanced roadway technology that combines solar
energy conversion and piezoelectric energy
harvesting within the same pavement structure. The
system is designed to generate electrical power from
sunlight as well as from the pressure and vibrations
caused by moving vehicles.

A. Solar Pavement System:

Solar pavements are developed using
photovoltaic panels embedded into the road
surface and protected by durable transparent
materials such as tempered glass or high-strength

polymer coatings. These panels capture solar
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radiation and convert it into electrical energy for
various roadway applications.

B. Piezoelectric Pavement System:
Piezoelectric pavement
special materials capable of producing electricity

subjected to mechanical stress or

deformation. Commonly used materials include:

technology utilizes

when

e Lead Zirconate Titanate (PZT)
e Polyvinylidene Fluoride (PVDF)
e Quartz-based crystals

When vehicles move across the pavement, repeated
loading generates pressure on these materials,
resulting in electrical energy production.

C. Hybrid Integration:

In a hybrid pavement arrangement, both
photovoltaic and piezoelectric systems are
incorporated into a unified road structure. Solar
panels generate electricity during daylight hours,
while  piezoelectric  devices
produce energy from vehicle loads and traffic-
induced vibrations. This combined approach

continuously

improves overall energy generation stability and
efficiency.

II.  Working Principle:

The operation of a hybrid pavement system is based
on two simultaneous energy harvesting processes.

1. Structure of Hybeid Pan 2. Work

Fig 1 Working principle
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A. Solar Energy Conversion:

Photovoltaic cells absorb sunlight and convert solar
radiation into direct current (DC) electricity through
the photovoltaic effect. The generated electrical
energy can then be supplied to nearby infrastructure

or stored for future use

Roadway Road side
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Fig 2 Internal structure
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B. Piezoelectric Energy Generation:

Fig 3 Piezoelectric roadway

C. 3.3 Energy Storage and Utilization:

The electricity generated from both sources is stored
using batteries or supercapacitors and later
distributed for different transportation-related
applications, such as:

o Street and highway lighting

o Traffic control systems

e Smart monitoring sensors

e Electric vehicle charging stations
e Toll plaza operations

Research indicates that combining solar and
piezoelectric systems improves reliability because
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solar power generation depends on weather
conditions, whereas piezoelectric systems alone
generally produce lower energy output.

IV. Components of Hybrid Pavement System:
A. Surface Layer:

e Transparent anti-skid glass or polymer
covering

e Protective weather-resistant coating

B. Photovoltaic Layer:

e Monocrystalline or thin-film solar panels

e Maximum Power Point Tracking (MPPT)
controller

C. Piezoelectric Layer:

e Piezoelectric transducers or sensors

e Mechanical support and protective casing

D. Energy Storage Unit:

e Lithium-ion battery systems

e Supercapacitors for

storage

temporary energy

E. Power Conditioning System:

e Rectifier
e Inverter

e Voltage regulation unit

V. Applications in India:

Fig 4 Application in India
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A. Smart Cities: D. Railway Stations and Bus Terminals:
e zHybrid pavements can support urban smart \
infrastructure by supplying energy to
streetlights, surveillance systems, and
intelligent traffic management devices.
B. Highways and Expressways:

" sl
Fig 7 Railway station
Pedestrian walkways equipped with piezoelectric
tiles can convert foot traffic into usable electrical
energy.

E. Airports:

Fig 5 Highways

e Major road corridors with heavy traffic
volumes, such as the Mumbai—Pune
Expressway and Delhi—-Mumbai
Expressway, are suitable locations for
piezoelectric energy harvesting due to
continuous vehicular movement.

C. Toll Collection Areas:

Fig 8 Airport

e Solar-integrated pavements in airport taxiways,
parking areas, and service roads can contribute to
auxiliary power generation.

Fig 6 Toll Collei SR VI. Future Scope in India:

India is steadily advancing toward the use of
e Toll plazas experience constant vehicle renewable energy, intelligent transportation
loading, making them effective locations for networks, and environmentally  sustainable
generating electricity through embedded infrastructure. Rapid urban growth, increasing
piezoelectric systems. power consumption, and continuous expansion of
road and highway systems create favourable
conditions for the adoption of hybrid solar—
piezoelectric pavement technology. By combining
energy generation with transportation infrastructure,
conventional roads can be transformed into smart
and energy-efficient systems capable of supporting

future urban development.
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A. Integration with Electric Vehicle Charging
Infrastructure:

The growing popularity of electric vehicles (EVs)
across India has increased the demand for reliable
and sustainable charging facilities. Hybrid solar—
piezoelectric pavements have the potential to supply
clean electrical energy for EV charging by utilizing
both solar energy and the mechanical pressure
generated by moving vehicles.
Possible future applications include:

e EV charging stations powered through

hybrid pavement systems

e Wireless charging lanes for moving electric
vehicles

e Smart parking areas equipped with solar-
assisted charging units

e Energy support systems for electric buses
and public transportation

The implementation of such technologies can help
reduce dependence on conventional grid power,
promote clean mobility, and strengthen India’s shift
toward sustainable transportation systems.

C. Artificial Intelligence-Based Traffic and Energy

Management:

Artificial Intelligence (AI) has the potential to
enhance the operational performance of hybrid
solar—piezoelectric pavement systems through
continuous monitoring and automated control. By
analyzing real-time traffic patterns, energy
production, and pavement conditions, Al can help
improve the efficiency and reliability of smart
roadway infrastructure.
Future Al-based applications may include:

o Estimation of traffic volume for efficient

energy harvesting

o Automated street lighting systems activated
by vehicle movement

e Smart detection of pavement deterioration
and maintenance requirements

e Prediction of energy demand in urban
transportation networks
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e Real-time optimization of solar and

piezoelectric power generation systems

The integration of Al technologies can support better
energy management, minimize maintenance
expenses, and improve the overall effectiveness of
intelligent transportation systems.

D. Self-Powered Smart Highways:

In the future, highways may operate as self-sufficient
infrastructure systems capable of producing and
utilizing their own electrical power. Hybrid solar—
piezoelectric pavements can generate energy directly
from sunlight and vehicle movement, reducing
dependence on conventional external power supplies
for highway operations.

Possible applications include:

o Intelligent street lighting systems

e LED-based lane markings and road studs

e Automated traffic control and warning
devices

e Surveillance  cameras and

monitoring sensors

roadway

e Emergency response and communication
facilities

The development of self-powered highways can
enhance transportation safety, decrease operational
energy costs, and encourage sustainable roadway
infrastructure.

E. IoT-Enabled Transportation Networks:

The Internet of Things (IoT) enables communication
between roads, vehicles, traffic management
systems, and monitoring equipment through
interconnected digital networks. Hybrid pavement
systems can act as localized renewable energy
sources for powering these smart devices.

Potential future applications include:

I.  Continuous traffic monitoring systems

II.  Automated toll collection technology
1.  Vehicle detection and speed sensing devices

Iv.  Environmental
equipment

and weather monitoring

ISSN : 2581-7175

O©IJSRED: All Rights are Reserved

Page 2269



International Journal of Scientific Research and Engineering Development-— Volume 9 Issue 3, May-June 2026

V.  Communication networks for connected and
smart vehicles
The integration of IoT with hybrid pavements can
improve traffic control, reduce congestion, and
strengthen the development of smart transportation
systems and smart cities.
F. Sustainable and  Energy-Efficient

Infrastructure:

Urban

Hybrid pavement technology can support the
creation of environmentally friendly urban
infrastructure by transforming roadway surfaces into
renewable energy-generating platforms.
Possible urban applications include:

e Smart pedestrian pathways

e Energy-producing cycling tracks

e Solar-assisted parking facilities

e Renewable-energy-powered public transport

stations

e Smart city infrastructure systems
These applications can help decrease greenhouse gas
emissions, reduce dependence on fossil fuels, and
improve overall urban energy sustainability.

VI1I. Conclusion:

Hybrid solar—piezoelectric pavement systems offer a
modern and sustainable approach to transportation
infrastructure development in India. By integrating
photovoltaic and piezoelectric  technologies,
roadways can function not only as transportation
corridors but also as energy-producing systems that
support smart city operations.

Although challenges such as high implementation
costs, durability limitations, and lower piezoelectric
efficiency currently restrict widespread deployment,
continuous advancements in renewable energy
technologies and smart infrastructure development
are expected to improve practical feasibility in the
future. India’s favorable solar conditions and high
traffic density provide strong potential for pilot
projects and large-scale adoption. Hybrid pavements
may significantly contribute to sustainable
development, cleaner energy production, reduced
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the transformation of
intelligent infrastructure

and
into

carbon emissions,
traditional roads
systems.
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