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Abstract: The increasing global demand for sustainable and decentralized energy solutions has accelerated research into
energy harvesting technologies across various domains, including transportation systems. Railway networks, characterized
by continuous motion and high mechanical energy availability, present significant opportunities for energy recovery. This
review paper provides a comprehensive analysis of existing energy harvesting techniques in railway systems, with particular
emphasis on power generation from train wheel rotation. The study examines key approaches such as regenerative braking,
vibration-based piezoelectric systems, and axle-driven generator mechanisms. Each technique is evaluated based on
operational feasibility, energy output, system complexity, and practical limitations. Special attention is given to wheel-based
energy harvesting systems due to their continuous operation and adaptability for low-power applications. A comparative
assessment highlights the advantages and constraints of different methodologies, revealing that while regenerative systems
offer high efficiency in electrified networks, axle-based systems provide a more practical solution for localized energy
generation in both electrified and non-electrified environments. The paper further identifies critical research gaps, including
the lack of real-time experimental validation, insufficient efficiency optimization, and limited focus on system integration
challenges. The findings suggest that hybrid energy harvesting systems and improved mechanical-electrical coupling designs
hold strong potential for future development. This review aims to provide a structured foundation for researchers and
engineers working toward efficient and sustainable energy harvesting solutions in railway applications.

Keywords: Energy Harvesting, Railway Systems, Train Wheel Power Generation, Axle-Driven Generator, Sustainable Energy,
Mechanical Energy Conversion, Regenerative Systems.

How to Cite: S. P. Bhuyarkar; Rohit S. Mendhe; Shekhar R. Meshram; Megha D. Shiwarkar; Rohit S. Lanjewar; Durgesh V.
Choudhari; Anuradha O. Nishad; Nikhil V. Charde (2026) A Comprehensive Review of Energy Harvesting Techniques from
Railway Systems with Emphasis on Wheel-Based Power Generation. International Journal of Innovative Science and Research
Technology, 11(4), 3579-3584. https://doi.org/10.38124/ijisrt/26apr1186

I INTRODUCTION Railway systems involve massive moving loads, where
trains operate with high kinetic and rotational energy. A

The rapid escalation in global energy demand, coupled
with environmental concerns associated with conventional
energy sources, has intensified the search for sustainable and
decentralized energy generation techniques. Among various
sectors, the transportation industry—particularly railway
systems—offers a unique opportunity for energy harvesting
due to its continuous operation and significant mechanical
energy availability.
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considerable portion of this energy remains underutilized or is
dissipated in the form of heat, vibration, and frictional losses.
Harnessing even a fraction of this otherwise wasted energy can
contribute to improving overall energy efficiency and
supporting auxiliary power requirements within railway
infrastructure.
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In recent years, multiple approaches have been explored
to recover energy from railway systems. Regenerative braking
has emerged as a widely adopted method in electrified rail
networks, enabling the conversion of kinetic energy into
electrical energy during deceleration. However, its
effectiveness is limited to specific operational conditions and
requires compatible grid infrastructure. Alternatively,
vibration-based energy harvesting techniques, particularly
those employing piezoelectric materials, have been
investigated for converting mechanical stress into electrical
energy. While such systems offer advantages in terms of non-
intrusive installation, their energy output remains relatively low
and inconsistent.

Another promising approach involves the utilization of
rotational motion from train wheels or axles to drive electrical
generators. Unlike vibration-based systems, wheel-driven
mechanisms provide a more stable and continuous energy
source, making them suitable for low-power applications such
as track-side monitoring systems, signaling units, and wireless
sensor networks. However, challenges such as mechanical
losses, system integration, and the impact of additional loading
on train efficiency must be carefully addressed.

Despite extensive research in this domain, existing studies
often focus on individual techniques without providing a
comprehensive  comparison  or  addressing  practical
implementation challenges. Moreover, many proposed systems
lack experimental validation under real operating conditions,
leading to discrepancies between theoretical predictions and
actual performance.

This review paper aims to critically analyze the various
energy harvesting techniques employed in railway systems,
with a specific focus on train wheel-based power generation.
By evaluating the advantages, limitations, and practical
feasibility of each method, the paper seeks to identify key
research gaps and propose directions for future development.
The objective is not only to summarize existing work but also
to provide meaningful insights that can guide the design of
more efficient and reliable energy harvesting systems for
railway applications.

1. OVERVIEW OF ENERGY HARVESTING IN
RAILWAY SYSTEMS

Energy harvesting in railway systems refers to the process
of capturing and converting unused or dissipated energy
generated during train operation into usable electrical energy.
Railway networks inherently involve large-scale mechanical
motion, making them a promising domain for implementing
energy recovery technologies. The continuous movement of
trains, combined with significant mass and speed, results in
various forms of energy that can be potentially harnessed.

Broadly, energy available in railway systems can be
categorized into three primary forms: kinetic energy,
vibrational energy, and rotational energy. Kinetic energy is
associated with the motion of the train and is most effectively
recovered during braking operations. Vibrational energy arises
from the interaction between wheels and tracks, leading to
structural oscillations in railway components. Rotational
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energy is generated due to the continuous rotation of train
wheels and axles during motion.

Different energy harvesting techniques have been
developed to exploit these energy forms. Regenerative braking
systems capture kinetic energy during deceleration and convert
it into electrical energy, which can be fed back into the grid or
stored for later use. This method is widely implemented in
electrified railway networks due to its relatively high
efficiency. However, its effectiveness is limited to braking
events and requires compatible electrical infrastructure.

Vibration-based energy harvesting systems utilize
piezoelectric or electromagnetic transducers to convert
mechanical vibrations from tracks into electrical energy. These
systems are typically installed along railway tracks and can
operate independently of train propulsion systems. Despite
their non-intrusive nature, their energy output is generally low
and highly dependent on train frequency and track conditions.

Rotational energy harvesting, particularly through axle-
driven or wheel-based generators, represents a more
continuous and stable approach. In such systems, mechanical
energy from the rotating wheel or axle is transferred to a
generator using a coupling mechanism such as gears or belts.
This method enables energy generation throughout the duration
of train movement, making it suitable for powering onboard or
track-side low-power devices.

However, the implementation of energy harvesting
systems in railways is not without challenges. Mechanical
integration must ensure that the system does not introduce
significant resistance or compromise safety. Efficiency losses
due to friction, misalignment, and electrical conversion must
also be minimized. Additionally, the economic feasibility and
maintenance requirements of such systems play a critical role
in their large-scale adoption.

In summary, energy harvesting in railway systems
encompasses multiple techniques, each with distinct
advantages and limitations. While regenerative braking offers
high energy recovery under specific conditions, vibration-
based systems provide ease of installation with limited output.
Rotational energy harvesting stands out as a balanced
approach, offering continuous energy generation with
relatively simple implementation. This makes it a promising
focus area for further research and development.

. EXISTING TECHNIQUES FOR ENERGY
HARVESTING IN RAILWAY SYSTEMS

» Regenerative Braking Systems

Regenerative braking is one of the most widely
implemented energy recovery techniques in modern electrified
railway systems. In this method, the traction motors of the train
operate in reverse mode during braking, functioning as
generators that convert kinetic energy into electrical energy.
This recovered energy can either be fed back into the overhead
power lines or stored using onboard energy storage systems.

The primary advantage of regenerative braking lies in its
relatively high efficiency and its ability to recover substantial
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amounts of energy during deceleration. Studies indicate that a
significant percentage of the total traction energy can be
recovered under optimal operating conditions. Additionally,
this method does not require additional mechanical
components, as it utilizes the existing traction system.

However, regenerative braking is highly dependent on
system infrastructure. It requires electrified tracks and
compatible grid systems to effectively utilize the recovered
energy. In non-electrified railway networks, the applicability of
this method is limited. Furthermore, energy generation occurs
only during braking phases, making it intermittent rather than
continuous. In cases where there is no immediate demand or
storage capability, the recovered energy may be dissipated as
heat, reducing overall efficiency.

Despite its advantages, regenerative braking alone cannot
address the need for continuous and localized energy
generation in railway systems, highlighting the need for
complementary energy harvesting techniques.

» Vibration-Based Energy
Systems)

Vibration-based energy harvesting systems utilize
mechanical vibrations generated due to the interaction between
train wheels and railway tracks. These vibrations are converted
into electrical energy using transducers, most commonly
piezoelectric materials. When subjected to mechanical stress,
piezoelectric materials generate an ﬁﬂﬂﬁ potential, which can
be harnessed for power generation.

Harvesting  (Piezoelectric

The key advantage of this approach is its non-intrusive
nature. The system can be installed along railway tracks
without modifying the train structure, making it relatively easy
to deploy. Additionally, such systems can operate
independently of the train’s propulsion mechanism.

However, the energy output of piezoelectric systems is
generally low and inconsistent. The generated power depends
on factors such as train speed, weight, frequency of train
movement, and track conditions. Moreover, the durability of
piezoelectric materials under repeated high-load conditions
poses a significant challenge. Maintenance and replacement
costs further reduce the practicality of large-scale
implementation.

Another limitation is the mismatch between energy
generation and energy demand. Since vibrations are not
uniform, the output power fluctuates, making it unsuitable for
applications requiring stable energy supply without additional
storage systems.

Therefore, while vibration-based systems are useful for
ultra-low-power applications, their limitations restrict their
effectiveness as a primary energy source in railway
environments.

» Axle/Wheel-Based Energy Harvesting Systems
Axle-driven or wheel-based energy harvesting systems
focus on converting the rotational motion of train wheels into
electrical energy. In these systems, a mechanical coupling
mechanism—such as a gear train or belt drive—is used to
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transfer rotational motion from the wheel or axle to an electrical
generator. This method enables continuous energy generation
as long as the train is in motion.

One of the major advantages of this approach is the
availability of a relatively stable and predictable energy source.
Unlike vibration-based systems, which depend on irregular
mechanical disturbances, rotational systems provide consistent
input, leading to more reliable energy output. Additionally,
such systems can be implemented in both electrified and non-
electrified railway networks.

However, the design of wheel-based systems presents
significant engineering challenges. The introduction of a
mechanical coupling mechanism may add resistance to the
wheel rotation, potentially affecting train efficiency. Therefore,
it is critical to ensure that the system operates with minimal
mechanical load. Efficient transmission design, proper gear
ratio selection, and low-friction components are essential to
optimize performance.

Another important consideration is the relatively low
rotational speed of train wheels compared to the required speed
for efficient generator operation. This necessitates the use of
speed-increasing mechanisms, which introduce additional
losses. Furthermore, the overall efficiency of the system is
affected by both mechanical and electrical losses, including
friction, misalignment, and voltage drops in power
conditioning circuits.

Despite these challenges, axle-based energy harvesting
systems are considered one of the most practical solutions for
continuous and localized power generation in railway
applications. Their ability to generate power throughout the
duration of train movement makes them particularly suitable
for powering track-side monitoring systems, wireless sensors,
and auxiliary railway infrastructure.

(AVA COMPARATIVE ANALYSIS OF ENERGY
HARVESTING TECHNIQUES

» Critical Analysis

The comparative evaluation reveals that each energy
harvesting technique possesses distinct advantages and
limitations depending on the application context. Regenerative
braking systems demonstrate superior energy recovery
efficiency and are highly effective in electrified railway
networks. However, their dependence on braking events and
grid infrastructure limits their applicability for continuous and
decentralized energy generation.

Piezoelectric energy harvesting systems offer the
advantage of non-intrusive installation and independence from
train systems. Despite this, their extremely low power output
and inconsistent performance significantly restrict their
practical use. These systems are more suitable for ultra-low-
power applications where reliability is not a critical
requirement.

In contrast, axle or wheel-based energy harvesting
systems provide a balanced approach. While their power output
is lower than regenerative braking systems, they offer

WWW.ijisrt.com 3581



Volume 11, Issue 4, April — 2026
ISSN No:-2456-2165

continuous energy generation as long as the train is in motion.
This makes them particularly suitable for applications requiring
a stable and localized power source. Additionally, their
applicability across both electrified and non-electrified railway
systems enhances their practical relevance.

However, the effectiveness of wheel-based systems is
highly dependent on mechanical design optimization. Improper
implementation can introduce additional resistance to wheel
rotation, leading to efficiency losses and potential safety
concerns. Therefore, careful consideration of mechanical
coupling, load management, and system integration is
essential.
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Overall, the analysis indicates that no single technique can
fully address all energy harvesting requirements in railway
systems. Instead, a hybrid approach that combines multiple
methods may offer the most effective solution for maximizing
energy recovery and utilization.

» Comparative Table

A systematic comparison of the major energy
harvesting techniques used in railway systems is presented in
Table 1.

Table 1: Comparison of Energy Harvesting Techniques in Railway Systems

Parameter Regenerative Braking Piezoelectric Systems Axle/Wheel-Based Systems
Energy Source Kinetic Energy (Braking) Vibrations Rotational Motion
Nature of Output Intermittent Irregular Continuous
Power Output High Very Low Low to Moderate
Efficiency High (70-80%) Low (10-20%) Moderate (40-60%)
Infrastructure Required Electrified Rail System Track Installation Mechanical Coupling System
Complexity High Medium Medium
Cost High Medium Low to Medium
Maintenance Moderate High Moderate
Suitability Main Power Recovery Micro Power Applications Localized Power Generation
Applicability Limited to Electric Trains Universal Universal
Axle & Gear Generator
Mechanism
Conversion nversi
" ' '
Rotational AC toOC Chorge & Power
Energy Conversion Regulation to Load
Fig 1 Conceptual Block Diagram.
V. RESEARCH GAPS Another major limitation is the insufficient focus on

Despite significant advancements in energy harvesting
technologies within railway systems, several critical research
gaps remain unaddressed. These gaps limit the practical
implementation and large-scale adoption of such systems,
particularly in the context of wheel-based energy generation.

One of the primary gaps is the lack of real-time
experimental validation under actual operating conditions.
Many studies present theoretical models or simulation-based
results without conducting detailed experimental analysis. This
creates a disconnect between predicted performance and real-
world behavior, especially considering dynamic factors such as
varying train speeds, load conditions, and environmental
influences.
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mechanical integration and its impact on train performance. In
wheel-based energy harvesting systems, energy extraction
inherently introduces additional load on the rotating
components. However, many studies fail to quantify this effect
or analyze how it influences fuel consumption, efficiency, and
long-term system reliability.

Additionally, there is a lack of optimization in
mechanical-to-electrical ~ energy  conversion  systems.
Parameters such as gear ratio selection, coupling efficiency,
and alignment are often overlooked, leading to suboptimal
system performance. The absence of detailed design
methodologies further limits reproducibility and scalability.
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Energy storage and management also remain
underexplored areas. While several studies mention the use of
batteries or capacitors, there is limited discussion on efficient
energy storage strategies, charge-discharge cycles, and
integration with smart monitoring systems. This becomes
particularly important for applications requiring stable and
continuous power supply.

Furthermore, the majority of existing research focuses on
individual energy harvesting techniques in isolation. There is
minimal exploration of hybrid systems that combine multiple
energy sources, such as rotational, vibrational, and solar
energy, to enhance overall efficiency and reliability.

Finally, economic feasibility and maintenance
considerations are often neglected. The cost of installation,
durability of components, and long-term maintenance
requirements play a crucial role in determining the viability of
such systems in real-world railway environments. Without
addressing these factors, large-scale implementation remains
impractical.

These gaps highlight the need for a more comprehensive
and practical approach to the design and development of energy
harvesting systems, particularly those based on train wheel
rotation.

VI. FUTURE DIRECTIONS

Based on the identified research gaps and limitations of
existing energy harvesting techniques in railway systems,
several potential directions for future research are proposed to
enhance system performance, reliability, and practical
applicability.

One of the most critical areas for future development is
the optimization of mechanical coupling mechanisms in wheel-
based energy harvesting systems. Advanced transmission
techniques, such as high-efficiency gear trains and direct-drive
systems, can be explored to minimize mechanical losses and
improve energy conversion efficiency. The use of low-friction
materials and precision alignment techniques can further
enhance system performance.

Another important direction involves the integration of
high-efficiency electrical generators, such as brushless DC
generators or permanent magnet alternators. These generators
offer improved efficiency, reduced maintenance requirements,
and better performance at varying speeds compared to
conventional DC machines. Additionally, adaptive control
systems can be implemented to optimize generator loading
based on real-time operating conditions.

The development of hybrid energy harvesting systems
represents a promising approach to overcoming the limitations
of individual techniques. By combining multiple energy
sources, such as rotational motion, track vibrations, and solar
energy, it is possible to achieve more consistent and higher
overall energy output. Such systems can provide a reliable
power supply for railway infrastructure, especially in remote or
off-grid locations.
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Energy storage and management systems also require
significant attention. Future research should focus on advanced
storage technologies, including supercapacitors and hybrid
battery systems, which offer faster charging, longer life cycles,
and improved efficiency. Intelligent energy management
systems can be developed to regulate power distribution,
optimize storage utilization, and ensure stable output for
various applications.

Another key area is the incorporation of Internet of Things
(10T) and smart monitoring technologies. Real-time monitoring
of system parameters, such as speed, voltage, current, and
temperature, can enable predictive maintenance and
performance optimization. This integration can significantly
improve system reliability and reduce operational costs.

Furthermore, comprehensive experimental validation
under real railway conditions is essential to bridge the gap
between theoretical models and practical implementation.
Future studies should focus on large-scale testing, long-term
performance analysis, and the impact of environmental factors
on system efficiency.

Finally, economic feasibility and scalability must be
addressed to ensure successful adoption. Cost-effective design,
ease of installation, and minimal maintenance requirements
should be prioritized. Collaboration with railway authorities
and industry stakeholders can facilitate the transition from
prototype systems to real-world deployment.

These future directions highlight the potential for
significant advancements in railway energy harvesting
systems, particularly in the context of wheel-based power
generation. By addressing current limitations and leveraging
emerging technologies, more efficient and practical solutions
can be developed for sustainable energy utilization in railway
infrastructure.

VILI. CONCLUSION

This review paper presented a comprehensive analysis of
energy harvesting techniques in railway systems, with a
particular focus on power generation from train wheel rotation.
Various approaches, including regenerative braking, vibration-
based systems, and axle-driven mechanisms, were critically
examined based on their operational principles, efficiency,
feasibility, and practical limitations.

The analysis indicates that while regenerative braking
systems offer high energy recovery efficiency in electrified
railway networks, their intermittent nature and dependency on
infrastructure limit their applicability for continuous power
generation. Vibration-based systems, although non-intrusive,
suffer from low and inconsistent energy output, making them
suitable only for ultra-low-power applications.

In contrast, wheel-based or axle-driven energy harvesting
systems provide a more stable and continuous energy source,
making them a promising solution for localized power
generation in railway environments. However, their
performance is significantly influenced by mechanical design,
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energy conversion efficiency, and system integration
challenges.

The study further identified key research gaps, including
the lack of real-time experimental validation, insufficient focus
on mechanical optimization, and limited exploration of hybrid
energy harvesting approaches. Addressing these challenges is
essential for improving system reliability and scalability.

Future research should emphasize the development of
efficient mechanical-electrical coupling systems, advanced
energy storage solutions, and intelligent monitoring
frameworks. The integration of hybrid energy harvesting
techniques and smart control systems can further enhance
overall system performance.

In conclusion, while energy harvesting from railway
systems holds considerable potential, particularly through
wheel-based mechanisms, achieving practical and large-scale
implementation requires a multidisciplinary approach that
balances efficiency, safety, and economic feasibility. This
review provides a structured foundation for future research
aimed at developing sustainable and efficient energy solutions
for railway applications.
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