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Abstract: The transition from internal combustion engine (ICE) vehicles to electric vehicles (EVS) is a
critical step toward reducing greenhouse gas emissions and promoting sustainable transportation. While
purchasing new EVs remains a primary solution, converting existing ICE vehicles into EVs presents a cost-
effective and environmentally beneficial alternative. This paper provides a comprehensive review of the EV
conversion process, including the key technical components such as electric motors, battery packs, and power
management systems. It explores the different types of conversions, ranging from full powertrains
replacements to partial modifications, and examines the associated challenges, including battery range
limitations, vehicle compatibility, and economic feasibility. Furthermore, the study evaluates recent
advancements in conversion technologies, such as improvements in battery energy density, fast-charging
infrastructure, and the integration of renewable energy sources. By analyzing the latest research findings, the
paper compares the performance, efficiency, and emissions reductions of converted EVs with factory-
manufactured electric models. Additionally, it identifies critical research gaps, including the need for
standardized conversion regulations, comprehensive lifecycle assessments, and strategies to enhance
consumer adoption. The findings suggest that EV conversions have significant potential to accelerate the
electrification of transportation, particularly in regions where new EV adoption is limited due to economic
constraints. However, achieving large-scale implementation requires further advancements in technology,
cost reduction strategies, and supportive government policies. This review concludes with recommendations
for improving conversion efficiency, reducing financial barriers, and fostering a regulatory framework that
facilitates the widespread adoption of EV conversion as a viable sustainability solution.

Keywords: Electric vehicles (EVs); internal combustion engine (ICE); Engine emissions; Cost-benefit
analysis (CBA); greenhouse gas (GHG) emissions

Introduction

fuel-powered vehicles [1-6]. Internal combustion engine

The global transportation sector is undergoing a
significant transformation as governments, industries, and
consumers seek sustainable alternatives to traditional fossil
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(ICE) vehicles, which have dominated road transportation
for over a century, are now recognized as major
contributors to air pollution, greenhouse gas emissions, and
climate change [7-13]. In response, electric vehicles (EVs)
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have emerged as a cleaner, more energy-efficient
alternative that aligns with global sustainability goals [14-
20]. However, the widespread adoption of new EVs is
hindered by several factors, including high initial costs, the
resource-intensive manufacturing of batteries, and the
gradual phasing out of existing vehicle fleets. Given these
challenges, converting ICE vehicles into EVs has gained
increasing attention as a practical and economically viable
approach to accelerating the transition toward sustainable
transportation.

EV conversion involves replacing the traditional fuel-
dependent powertrains of an ICE vehicle with an electric
motor, battery system, and power management electronics,
effectively transforming it into a fully electric vehicle [21-
25]. This approach offers several advantages, including a
significant reduction in carbon emissions, lower operational
and maintenance costs, and the extended usability of
existing vehicles, which minimizes waste and resource
depletion. Additionally, vehicle conversion can be an
attractive option for classic car enthusiasts, commercial
fleet operators, and consumers in regions where new EVs
remain financially inaccessible [26-33]. Despite these
benefits, the process of converting conventional vehicles
into EVs presents multiple challenges, such as technical
compatibility issues, energy storage limitations, high initial
conversion costs, and the lack of standardized regulatory
frameworks [34-40]. Addressing these obstacles is crucial
to ensuring the feasibility, efficiency, and large-scale
implementation of EV conversions.

This paper provides an in-depth analysis of EV
conversion technologies, highlighting the key components
involved, such as electric motors, battery systems, and
power electronics. It categorizes different types of
conversions, ranging from full replacements of ICE
powertrains to partial modifications that integrate hybrid
electric solutions. Furthermore, the study examines the
latest advancements in battery technology, electric
drivetrains, and charging infrastructure, which have
significantly improved the efficiency and performance of
converted EVs. In addition, the paper evaluates recent
research findings comparing the energy consumption,
emissions reductions, and long-term cost benefits of
converted EVs versus factory-produced electric models.
Moreover, this review identifies critical research gaps and
areas for further development, including the need for
standardized  conversion  guidelines, = comprehensive
lifecycle assessments, and policy incentives to support
large-scale adoption. By addressing these gaps,
governments and industry stakeholders can help facilitate
the widespread adoption of EV conversions as a
mainstream solution for reducing transportation-related
carbon emissions.

Ultimately, this study aims to contribute to the growing
body of research on sustainable transportation solutions by
providing insights into the challenges, innovations, and
future prospects of EV conversions. By leveraging
emerging technologies, regulatory support, and economic

198

incentives, EV conversions can play a pivotal role in the
global transition toward a cleaner, more energy-efficient
mobility landscape

2. Overview of Internal Combustion Engine
(ICE) to Electric Vehicle (EV) Conversions

A. Definition and Importance of EV

Conversions:

Electric vehicle (EV) conversions involve transforming
conventional internal combustion engine (ICE) vehicles
into electric vehicles by replacing the engine with an
electric motor and battery system. This process is gaining
traction as a sustainable transportation solution, offering
environmental and economic benefits. EV conversions
reduce greenhouse gas emissions and air pollution,
contributing to a cleaner environment. They also lower
operational costs due to reduced maintenance needs and the
use of electricity instead of fossil fuels. The conversion
process typically includes the integration of components
such as a brushless DC motor, motor controller, and battery
pack, which are essential for the vehicle's propulsion and
efficiency[41].

The conversion of internal combustion engine (ICE)
vehicles to electric vehicles (EVs) presents a promising
pathway  toward achieving both  environmental
sustainability and economic efficiency. One of the key
environmental benefits of EV conversions is the significant
reduction in reliance on fossil fuels. This shift not only
conserves non-renewable energy resources but also leads to
a marked decrease in greenhouse gas emissions and air
pollutants, contributing to improved air quality and climate
change mitigation efforts.

Economically, EV conversions offer considerable
advantages over traditional ICE vehicles. Due to the
simplicity of electric drivetrains, converted EVs generally
require less frequent and less costly maintenance.
Additionally, their operational costs such as energy
consumption are notably lower. These savings translate into
tangible financial returns over time. In fact, the initial
investment in EV conversion can be recovered in as little as
three years, making it a financially sound option. This is
particularly beneficial for commercial entities, such as
delivery and logistics companies, that operate large vehicle
fleets and prioritize long-term cost reduction[42].The
technical process of converting an internal combustion
engine (ICE) vehicle to an electric vehicle (EV) involves
several critical steps and components. Central to this
conversion is the replacement of the ICE with an electric
motor, which commonly a brushless DC (BLDC) motor
renowned for its high efficiency, durability, and reliable
performance under varying load conditions. In addition to
the electric motor, several essential components play key
roles in ensuring the effective operation of the converted
EV. The motor controller is one such component; it
regulates and optimizes the delivery of electrical power
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from the battery to the motor, enabling smooth acceleration
and efficient energy use. Another vital element is the
battery pack, which serves as the main energy reservoir,
storing electrical energy and supplying it as needed to
propel the vehicle.

Furthermore, power electronics converters are
indispensable in the conversion system. These devices
manage the interface between the EV and external power
sources, such as the electrical grid or charging stations.
They ensure efficient bidirectional energy flow, enable
proper voltage and current control, and maintain optimal
motor performance during operation. Together, these
components form the backbone of the EV conversion
process, ensuring the system operates safely, reliably, and
efficiently. Converting internal combustion engine (ICE)
vehicles to electric vehicles (EVs) offers significant
environmental and economic benefits. Environmentally, it
reduces reliance on fossil fuels, decreasing greenhouse gas
emissions and air pollution, thus contributing to climate
change mitigation. Economically, converted EVs are more
cost-effective, requiring less maintenance and having lower
operational costs compared to ICE vehicles, with a payback
period for conversion costs often as short as three years.
This makes EV conversions financially viable, particularly
for businesses in the delivery sector.

The conversion process involves replacing the ICE
with a brushless DC motor, known for its efficiency and
reliability. Key components include the motor controller,
which optimizes power delivery, and the battery pack,
which stores energy for propulsion. Power electronics
converters are crucial for ensuring efficient energy transfer
between the EV and charging infrastructure[43].However,
EV conversions present challenges. Adapting the vehicle’s
chassis to fit the new electric drivetrains and integrating an
effective charging system are significant technical hurdles.
Additionally, a well-developed charging infrastructure is
essential for the widespread adoption of converted EVs,
particularly in urban areas. Overcoming these challenges is
key to maximizing the potential of EV conversions as a
sustainable transportation solution.

B. Key Components of EV Conversion

The conversion of conventional vehicles to electric
vehicles (EVs) involves several critical components that
ensure functionality, efficiency, and safety. The primary
elements include the electric motor, motor controller,
battery pack, and power conversion systems. Each
component plays a vital role in the overall performance of
the converted vehicle, contributing to its operational
efficiency and environmental benefits.

Electric vehicle (EV) conversion involves the
integration of several key components that collectively
enable the transformation of an internal combustion engine
(ICE) vehicle into a fully electric one. At the core of this
process, the electric motor is commonly a Brushless DC
(BLDC) motor chosen for its high efficiency, reliability,
and compact design, which facilitates installation in
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existing vehicle structures. Complementing the motor is the
motor controller, a critical unit responsible for regulating
the power delivered to the motor. It ensures optimal
performance, energy efficiency, and smooth vehicle
operation under different driving conditions. Another
essential component is the battery pack. A carefully
engineered battery system is vital for supplying the energy
required for propulsion. Its specifications, including
capacity and voltage, vary depending on the vehicle's range
needs and operational load. Supporting these core elements
are power conversion systems, particularly DC-DC
converters. These systems play a crucial role in managing
voltage levels across various subsystems, thereby
enhancing charging efficiency and overall performance of
the converted vehicle[44].Despite the numerous advantages
EV conversions offer such as lower emissions and reduced
maintenance costs they also introduce specific technical
challenges. Among these are the demand for adequate and
accessible charging infrastructure, as well as the risk of
electromagnetic interference, which can affect vehicle
electronics and performance. Addressing these issues is
essential for ensuring the reliability and scalability of EV
conversion projects.

C. Comparison Between Factory-Made EVs

and Converted EVs

Factory-made electric vehicles (EVs) and converted
EVs each offer unique advantages and challenges. Factory
made EVs are designed from the ground up to be electric,
often featuring optimized aerodynamics, integrated battery
systems, and advanced technology. In contrast, converted
EVs involve retrofitting existing internal combustion engine
(ICE) vehicles with electric motors and batteries, which can
be a cost-effective and sustainable alternative, especially in
regions with limited access to new EVs. The following
sections explore the key differences between these two
approaches.

Factory-manufactured electric vehicles (EVs) are
purpose-built with all components specifically engineered
for electric propulsion. This integrated design approach
ensures optimal performance, higher efficiency, and
extended driving range, as every part of the vehicle from
the chassis to the battery system is optimized for electric
operation.

In contrast, converted EVs, while offering notable
environmental and economic benefits, may encounter
certain performance limitations. These limitations often
stem from the original design of the internal combustion
engine (ICE) vehicle, which was not intended for electric
use. Challenges such as increased weight, suboptimal
weight distribution, and less efficient aerodynamics can
reduce the overall efficiency and range of the converted
vehicle. Nevertheless, EV conversions still provide
substantial reductions in emissions and fuel consumption,
making them a valuable transitional solution toward
sustainable transportation[45].
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Factory-manufactured electric vehicles (EVS) are often
associated with high initial costs, which can limit their
adoption, especially in developing countries. In these
regions, the lack of mature charging infrastructure and
limited government incentives further intensify the financial
burden, making factory EVs less accessible to the general
population. In contrast, converting existing internal
combustion engine (ICE) vehicles into EVs presents a more
affordable alternative. This cost-effective approach enables
a broader audience to access EV technology without the
need to purchase new vehicles [46-48]. It is particularly
advantageous in markets where the price of factory-made
EVs is prohibitive, allowing for a more inclusive and
practical transition toward sustainable transportation[49].

Both factory-manufactured and converted electric
vehicles (EVs) play a crucial role in reducing greenhouse
gas emissions and minimizing air pollution, contributing
significantly to global environmental goals. While factory-
made EVs are designed with efficiency in mind, vehicle
conversions offer an additional sustainability advantage. By
extending the operational life of existing internal
combustion engine (ICE) vehicles, conversions help
reduces the demand for new vehicle production. This, in
turn, lowers the environmental footprint associated with
raw material extraction, manufacturing processes, and
vehicle disposal. Factory-made EVs often feature advanced
technology, such as regenerative braking and sophisticated
battery management systems, which may not be present in
converted vehicles. On the other hand, converted EVs can
incorporate modern components like ultracapacitors to
enhance performance, as demonstrated in studies where
such additions improved acceleration and battery
life[50].Factory-made EVs offer a seamless and
technologically advanced experience, converted EVs
provide a practical and sustainable alternative, especially in
regions with economic or infrastructural constraints. The
choice between the two depends on factors such as cost,
availability, and specific transportation needs.

Electric Vehicles

I
| |

{ Factory-Made Converted

EVs EVs

Fig1: Electric vehicle types

3. Types of EV Conversions

Electric vehicle (EV) conversions involve transforming
conventional internal combustion engine (ICE) vehicles
into electric-powered ones. This process is gaining traction
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as a sustainable transportation solution, offering
environmental benefits and cost savings. The types of EV
conversions vary based on the vehicle type, the components
used, and the intended application. The conversion process
typically involves replacing the ICE with an electric motor,
integrating a battery pack, and modifying the vehicle's
chassis to accommodate these components. Below are the
key types of EV conversions identified from the research
papers. The conversion of conventional vehicles to electric
vehicles (EVs) can be categorized into full and partial
conversions, each with distinct methodologies and benefits.
Full conversions involve replacing the entire powertrain,
while partial conversions focus on upgrading specific
components. This overview will explore these types of
conversions and highlight successful case studies.

A. Full Conversion

Electric vehicle (EV) conversion refers to the process
of replacing a vehicle’s internal combustion engine (ICE)
with an electric motor and integrating a suitable battery
system to power the drivetrains. This method enables
traditional gasoline-powered vehicles to operate as fully
electric models. The benefits of EV conversions are
multifaceted. One of the primary environmental advantages
is the substantial reduction in greenhouse gas emissions,
contributing to cleaner air and climate change mitigation
efforts. Additionally, electric powertrains inherently offer
enhanced performance and greater energy efficiency
compared to ICE systems, due to their instant torque
delivery and simpler mechanical structure. A practical
example of this approach can be seen in the United States,
where many commercially available EVs are, in fact, full
conversions of existing gasoline vehicles demonstrating the
viability and effectiveness of conversion as an alternative to
purchasing new factory-made EVs[51].

All-Electric Vehicle

Electric Traction Motor

Power Electronics Controller

DC/DC Converter

Thermal Syuun(cooir(\ 7

Fig2: Fully converted EVs

B. Partial Conversion

Electric vehicle (EV) retrofitting involves upgrading
select components of an internal combustion engine (ICE)
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vehicle such as the battery, electric motor, or transmission,
while retaining certain original ICE elements. Unlike full
conversions, which completely replace the ICE system,
retrofitting offers a more gradual approach to
electrification. One of the main advantages of retrofitting is
its cost-effectiveness. Since not all components are
replaced, the overall expense is generally lower than that of
a full EV conversion. Additionally, this method allows
users to transition to electric mobility incrementally,

Hybrid Electric Vehicle

Exhaust System

Internal combustion engine
(spark ignited)

Power Electronics Controller

DC/DC Converter

Thermal System (cooling)

Fig3: Partial converted EVs

C. Case Studies

Numerous real-world examples highlight the growing
interest and feasibility of electric vehicle (EV) conversions
and retrofitting across different contexts. In academic
settings, engineering students have undertaken full EV
conversions as part of their capstone or final-year projects.
These initiatives not only demonstrate the practicality of
theoretical knowledge but also highlight the technical
viability of converting internal combustion engine (ICE)
vehicles into fully electric ones. Beyond educational
environments, a large community of hobbyists and
independent enthusiasts has emerged, documenting their
personal EV conversion projects. These case studies
provide valuable insights into various methods, component
choices, and performance outcomes, enriching the
collective knowledge base and encouraging wider
adoption[53]. While full conversions present a robust and
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making it more accessible for individuals and communities
with limited financial resources or technical support. A
practical example of retrofitting would be replacing a
conventional vehicle’s engine with a more efficient electric
motor and battery system while preserving components
such as the existing transmission or drivetrain [52]. This
approach provides a balance between performance
improvement and cost control.

Fuel Filler

Fuel Tank (gasoline)

Traction Battery Pack

~— Electric Traction Motor
T Electric Generator

= Transmission

" Battery (auxiliary)

comprehensive solution for reducing emissions and
achieving long-term sustainability, partial conversions or
retrofitting offer a more flexible and affordable pathway.
This approach is especially appealing for individuals and
organizations seeking a gradual and budget-conscious
transition to electric mobility.

4. Technical and Economic Challenges in EV
Conversion

Electric vehicle (EV) conversion faces several
technical and economic challenges, particularly concerning
battery capacity, range limitations, and performance impact.
These challenges are pivotal in determining the feasibility
and attractiveness of EVs in the market. Battery technology
advancements, such as lithium-ion and solid-state batteries,
aim to increase energy density and improve performance,
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yet issues like capacity degradation and recycling remain
significant hurdles. The economic aspect is influenced by
the high initial costs and limited driving range, which are
barriers to broader market penetration. Addressing these
challenges requires innovative approaches and strategic
policy frameworks to enhance battery capacity and reduce
costs, thereby improving EV performance and range.

A. Battery Capacity and Range Limitations

Battery technology plays a central role in the
performance and adoption of electric vehicles (EVs), with
energy density being one of the most critical factors. Recent
advancements in lithium-ion and emerging solid-state
batteries aim to increase energy density, thereby extending
driving range and improving overall vehicle efficiency.
Despite these innovations, battery capacity degradation
over time continues to pose challenges, affecting the long-
term reliability and performance of EVs. In addition to
technical limitations, the high initial cost of EV batteries
remains a major obstacle to widespread adoption. Although
ongoing developments in manufacturing efficiency and
battery recycling technologies show promise in reducing
these costs, affordability remains a pressing concern for
both consumers and manufacturers. Driving range, directly
influenced by battery energy density, continues to limit the
practicality of EVs, particularly for long-distance travel.
The current limitations in battery materials affect not only
performance but also consumer confidence, underscoring
the need for continued research and innovation in battery
technology[54].

Performance Impact

The performance of electric vehicles (EVs) is
significantly influenced by the longevity and efficiency of
their batteries. One of the major factors affecting battery
life is the charging rate. Fast charging, while convenient,
can accelerate capacity degradation, particularly when
paired with frequent use. This degradation can lead to
reduced driving range, decreased efficiency, and ultimately,
a shorter lifespan for the vehicle.

A promising solution to the challenge of battery
degradation is the concept of second-life applications.
Retired EV batteries can be repurposed for other uses, such
as stationary energy storage systems, thereby extending
their usefulness and reducing environmental impact.
However, the effectiveness of this approach depends on
addressing technical challenges, such as managing the
inconsistent state of health and charge of retired batteries, to
ensure  reliability and  performance[55].  While
advancements in battery technology and recycling practices
hold promise for mitigating some of these challenges, the
economic and technical hurdles in EV conversion remain
significant. To overcome these barriers, comprehensive
strategies are required, including policy frameworks that
support circular economy principles and infrastructure
expansion to enable swappable battery systems, particularly
in regions like India where such innovations could
accelerate adoption.
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B. Compatibility of Electric Powertrains with

Existing Vehicle Structures

The conversion of internal combustion engine (ICE)
vehicles to electric vehicles (EVS) presents several
technical and economic challenges, particularly concerning
the compatibility of electric powertrains with existing
vehicle structures. These challenges encompass a range of
issues from technical integration to economic feasibility,
each requiring careful consideration to ensure successful
conversion. The following sections detail these challenges
and considerations.

C. Technical Challenges

Retrofitting a vehicle involves replacing the internal
combustion engine (ICE) with an electric motor and battery
system, but this requires significant modifications to ensure
compatibility with the existing vehicle structure. These
modifications include adjustments for battery placement
and motor integration, which can be complex and
technically demanding. Achieving this integration requires
careful planning and precise engineering to ensure the new
components fit and function optimally.

Another critical aspect of retrofitting is the effective
management of power electronics and control systems. The
interaction between energy storage systems (batteries) and
power electronics converters must be precisely managed to
ensure stable voltage, efficient current handling, and
minimal switching losses. This requires advanced converter
designs and sophisticated controller systems to maintain
vehicle performance and safety. Lastly, meeting
performance expectations after conversion is essential. This
involves optimizing dynamic response and power delivery
efficiency through the careful selection of components such
as converters, controllers, and motors. Ensuring these
systems work together smoothly is vital to maintaining the
vehicle’s overall functionality and reliability[56].

D. Economic Challenges

The economic feasibility of converting internal
combustion engine (ICE) vehicles into electric vehicles
(EVs) is a major barrier to widespread adoption [57-60].
One of the most significant challenges is the high cost of
components, such as batteries and electric motors, along
with the labor required for the conversion process. When
compared to the cost of purchasing new EVSs, these
conversion expenses can be prohibitive, particularly for
individuals or businesses with limited budgets. Another
economic challenge is the issue of regulatory compliance
and standardization. The lack of standardized conversion
kits, combined with the need to meet various regulatory
standards, can increase both the complexity and cost of the
conversion process. This challenge is further compounded
by the lack of uniformity in charging infrastructure, which
can result in additional expenses for consumers and service
providers [61-65]. While converting ICE vehicles to EVs
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offers a promising pathway to sustainable transportation,
addressing these economic challenges is crucial. Innovation
in component design and regulatory frameworks will be
necessary to make conversions more viable and accessible.
Moreover, the development of standardized conversion kits
and an expanded, consistent charging infrastructure could
significantly reduce costs and enhance the feasibility of
these projects.

E. Cost vs. Environmental and Economic

Benefits

The relationship between costs and the environmental
and economic benefits of various initiatives reveals a
complex interplay where initial investments can lead to
substantial long-term gains. Understanding this dynamic is
crucial for policymakers and stakeholders aiming to balance
economic growth with environmental sustainability. The
following sections outline key aspects of this relationship.

F. Economic Costs of Environmental Health

Issues

The economic feasibility of converting internal
combustion engine (ICE) vehicles into electric vehicles
(EVs) is a major barrier to widespread adoption. One of the
most significant challenges is the high cost of components,
such as batteries and electric motors, along with the labor
required for the conversion process. When compared to the
cost of purchasing new EVs, these conversion expenses can
be prohibitive, particularly for individuals or businesses
with limited budgets. Another economic challenge is the
issue of regulatory compliance and standardization. The
lack of standardized conversion kits, combined with the
need to meet various regulatory standards, can increase
both the complexity and cost of the conversion process.
This challenge is further compounded by the lack of
uniformity in charging infrastructure, which can result in
additional expenses for consumers and service providers.
While converting ICE vehicles to EVs offers a promising
pathway to sustainable transportation, addressing these
economic challenges is crucial. Innovation in component
design and regulatory frameworks will be necessary to
make conversions more viable and accessible. Moreover,
the development of standardized conversion kits and an
expanded, consistent charging infrastructure could
significantly reduce costs and enhance the feasibility of
these projects [66-70].

G. Cost-Benefit Analysis in Environmental

Projects

Cost-benefit analysis (CBA) is a critical tool for
evaluating projects, particularly in the field of
environmental economics. It plays a vital role in
determining the net present value (NPV) of initiatives,
which helps decision-makers assess the feasibility and long-
term impacts of various projects. This process involves
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comparing the costs of implementing a project against the
expected benefits, providing a framework for making
informed choices. Incorporating non-market benefits and
environmental externalities into CBA can significantly
enhance decision-making, particularly for long-term
sustainability projects. By accounting for factors such as
ecosystem services, climate change mitigation, and social
welfare, CBA offers a more comprehensive assessment of
the true value of a project. This approach is particularly
useful when considering projects with long-term
environmental impacts, as it ensures that both direct and
indirect benefits are properly factored into the evaluation.

H. Economic Gains from Sustainable

Practices
Adopting sustainable practices in various industries can
lead to significant economic benefits alongside

environmental improvements. One such example, the
implementation of Cleaner Production Technology (CPT)
in industries has proven effective in minimizing
environmental impacts while simultaneously maximizing
economic benefits. The textile sector in Pakistan, for
instance, has demonstrated how CPT can optimize resource
use, reduce waste, and enhance productivity, resulting in
both environmental and economic gains. Similarly, the
construction of green buildings, though often associated
with higher initial costs, presents a compelling case for
long-term economic viability. These buildings are designed
to be energy-efficient and environmentally friendly, leading
to substantial savings in energy costs over time.
Additionally, green buildings offer health benefits that can
improve productivity and reduce healthcare costs, making
them a sustainable investment in the end. While the upfront
costs of implementing environmentally friendly initiatives
may seem high, the long-term economic and health benefits
frequently outweigh these expenses. This suggests the need
for a paradigm shift in how costs and benefits are perceived
within environmental policy, encouraging a focus on long-
term value rather than short-term expenditure[71].

5. Recent Advances in EV Conversion
Technologies

Recent advancements in electric vehicle (EV)
conversion technologies have significantly improved
electric drivetrains and motors, enhancing overall vehicle
performance and efficiency. Innovations in electric motor
design, power electronics, and control strategies are pivotal
in this evolution. The following sections detail these
advancements

A. Improvements in Electric Drivetrains and

Motors
Recent advancements in electric motor technologies
have significantly improved the performance and efficiency
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of electric drivetrains in electric vehicles (EVs). One such
innovation is the Permanent Magnet Synchronous Motor
(PMSM), which has become increasingly popular due to its
high efficiency and power density. These motors are
particularly well suited for EV applications, offering better
performance in terms of torque generation and energy
efficiency. In addition to advancements in motor design, the
development of advanced control techniques has further

T Bearing support assembly

enhanced motor performance. Techniques such as Field
Oriented Control (FOC) have revolutionized the control of
electric motors by enabling precise torque control and
improving the dynamic response of the motor. This results
in smoother acceleration and better handling characteristics,
which are critical for optimizing the driving experience in
electric vehicles.

Rotor core sections
from laminated steel

T Bar wound wire

Magnets o

Steel plate T

Rotor hub T

Stator core

from laminated steel

Fig4: Permanent Magnet Synchronous Motor

Recent advancements in power electronics have
significantly contributed to the efficiency and reliability of
electric drivetrains and power conversion systems in
electric vehicles (EVs). One major innovation is the
integration of wide band gap semiconductors, such as
silicon carbide (SIC) and gallium nitride (GAN), into key
components like inverters and onboard chargers. These
semiconductors offer superior performance compared to
traditional silicon-based devices, particularly in reducing
energy losses and improving thermal management, which is
crucial for maintaining system efficiency and preventing
overheating. Additionally, the development of adaptive E-
Gear control algorithms has further enhanced the
performance of electric power converters. This innovative
control strategy optimizes drivetrains reliability and energy
efficiency by dynamically adjusting power distribution
based on real-time driving conditions. As a result, it helps
extend the lifespan of power electronics components,
contributing to both the economic and environmental
sustainability of electric vehicles[72].
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As the electric vehicle (EV) industry continues to
evolve, several emerging trends are expected to drive
further advancements in electric drivetrains and motor
technologies. One key direction is the development of
modular powertrains architectures. These architectures are
designed to be scalable and adaptable, allowing for more
flexible EV designs that can accommodate different vehicle
types and use cases. This modularity enables manufacturers
to more efficiently develop and deploy new EV maodels,
accelerating the advancement of electric drive trains.
Another promising future development is the incorporation
of artificial intelligence (Al) into motor control systems.
Al-driven control strategies are poised to enhance EV
performance by optimizing motor operation in real-time
based on driving conditions. This would lead to improved
efficiency, smoother performance, and better overall
driving dynamics, making EVs even more attractive to
consumers.
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While these advancements present a promising future
for EV technology, challenges such as battery range and
charging infrastructure remain critical areas for ongoing
research and development. Addressing these issues will be
essential for the widespread adoption of electric vehicles.

B. Innovations in Battery and Fast-Charge
Technologies

Recent advancements in electric vehicle (EV)
conversion technologies have significantly focused on
innovations in battery and fast-Charge technologies. These
developments aim to enhance charging efficiency, reduce
time, and integrate renewable energy sources, thereby
supporting the growing demand for electric mobility. Key
innovations include various converter topologies and smart
charging systems, which are essential for optimizing the
charging process.

Advancements in fast charging technologies are key to
enhancing the convenience and efficiency of electric
vehicles (EVs). One significant development is the
improvement of converter topologies, including Boost,
Cuk, and bidirectional Vienna rectifiers. These advanced
converters help improve charging efficiency by managing
power flow more effectively, ensuring faster and more
reliable charging. Another promising innovation is
inductive charging, which uses wireless power transfer
systems to enable dynamic charging without the need for
physical connectors. This technology enhances user
convenience by allowing vehicles to charge while in motion

Pharos Engineering Science Journal (PESJ). VOLUME 02, 2025

Battery pack
structures

Battery pack cells

Connectors and
cable jacketing

Film capacitors

Power control unit

Electric motors

or parked, without the hassle of plugging in[73].
Additionally, battery-assisted charging stations have
emerged as a novel solution to improve grid stability and
reduce operational costs. These stations store energy to
operate independently from the electrical grid, providing a
more stable charging environment while lowering the
burden on the grid.

Advancements in battery technologies have been
pivotal in enhancing the overall performance and efficiency
of electric vehicles (EVs). One significant development is
the integration of bidirectional charging technologies, such
as Vehicle-to-Grid (V2G) systems. These systems allow
EVs to serve as energy storage units, enabling the transfer
of energy both to and from the grid. This capability not only
improves grid stability but also offers more flexible energy
management options, helping to balance energy demand
and supply. In addition, innovations in onboard charging
systems, such as Multi-device Interleaved DC-DC
Bidirectional Converters (MDIBC), have led to
improvements in power density and compactness. These
advancements facilitate faster and more efficient charging
processes, reducing charging times and improving overall
user convenience[74].

While these advancements present significant
opportunities for enhancing EV infrastructure, challenges
such as standardization, charging time optimization, and
grid integration remain critical areas for future research and
development. Addressing these challenges will be essential
for the sustainable growth of the EV industry.
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Fig6: Multi-device Interleaved DC-DC Bidirectional Converters

C. Integration of Renewable Energy
Solutions in EV Charging

Recent advancements in electric vehicle (EV)
conversion technologies have significantly integrated
renewable energy solutions into EV charging systems. This
integration not only enhances sustainability but also
addresses challenges related to grid stability and power
quality [75-79]. The following sections outline key
developments in this area.

The integration of renewable energy sources into
electric wvehicle (EV) charging systems is a key
advancement in promoting sustainable energy practices.
Solar and wind energy systems have been optimized with
the use of Maximum Power Point Tracking (MPPT)
techniques, which ensure the efficient extraction and
management of energy during the charging process. These
techniques help maximize the amount of energy harvested
from solar and wind sources, contributing to more efficient
and environmentally friendly EV charging. Moreover, the
incorporation of microgrid solutions has further enhanced
energy management capabilities. Microgrids allow for
better control and resilience in power systems, facilitating
the integration of distributed energy resources (DERS). This
integration not only optimizes power generation and
consumption but also provides increased flexibility and
reliability in energy supply, making EV charging more
sustainable and efficient[80].

Advancements in charging technologies are crucial to
addressing the challenges of electric vehicle (EV) adoption,
particularly in terms of reducing charging times and
improving grid interaction. One key innovation is high-
power fast charging, which utilizes advanced converter
topologies such as Boost and bidirectional converters.
These topologies significantly enhance charging efficiency
and reduce the time required for a full charge, making EVs
more convenient for consumers and accelerating their
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widespread adoption. Additionally, bidirectional charging
technologies, including Vehicle-to-Grid (V2G) systems, are
gaining prominence. V2G enables EVs to return energy to
the grid, thus helping balance electricity loads and
improving grid stability, particularly during peak demand
periods. This integration not only enhances the
sustainability of EVs but also contributes to a more resilient
and flexible energy system[81].

The integration of renewable energy sources into
electric vehicle (EV) charging infrastructure offers
significant benefits, but it also presents several challenges
that need to be addressed for effective implementation. One
major issue is power quality, as the variability of renewable
energy generation can lead to voltage fluctuations and
harmonic distortions. To mitigate these issues and maintain
system stability, advanced control methods and adaptive
filtering techniques are essential. Additionally, energy
storage solutions are critical to overcoming the intermittent
nature of renewable energy. Energy storage systems, such
as batteries, provide a stable energy supply for EV
charging, ensuring that fluctuations in renewable energy
generation do not disrupt the charging process. While these
challenges exist, addressing them through technological
advancements and proper infrastructure planning is vital for
the successful integration of renewable energy into EV
charging systems, paving the way for more sustainable and
resilient transportation networks.

6. Latest Research Findings on EV
Conversions

A. Efficiency Analysis of Converted EVs vs.
Factory-Made EVs

The efficiency analysis of converted electric vehicles
(EVs) versus factory-made EVs reveals significant insights
into performance, cost, and technological advancements.
Converted EVs, often retrofitted from internal combustion
engine vehicles, can achieve competitive efficiency levels
through strategic modifications. The following sections
outline key aspects of this comparison.

Converted electric vehicles (EVs) have demonstrated
significant improvements in energy efficiency, making
them a viable alternative to traditional internal combustion
engine vehicles. Research has shown that these conversions
can lead to optimized energy consumption, with measurable
gains in performance post-conversion. Enhancements in
vehicle design also contribute to efficiency gains.
Modifications such as reducing vehicle weight, minimizing
aerodynamic drag, and lowering rolling resistance have
been reported to improve overall efficiency by up to 18%.
These adjustments are particularly important in maximizing
the potential of retrofitted EVs[82].Furthermore, tailoring
conversions to specific driving conditions and cycles can
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yield substantial performance benefits. For instance,
adapting retrofitted EVs to particular urban or delivery
routes has been shown to increase daily travel distances by
as much as 32.1%, highlighting the practical advantages of
context-specific design.

Recent technological advancements have significantly
improved the performance and efficiency of electric vehicle
systems, particularly through innovations in power
electronics and control. One notable development is the use
of advanced semiconductor materials such as silicon
carbide (SIC) and gallium nitride (GAN) in power

Grid

conversion systems. These materials are known for their
superior thermal conductivity and high-frequency switching
capabilities, which substantially reduce thermal losses and
improve energy efficiency across the drivetrain. In parallel,
the implementation of sophisticated control algorithms and
enhanced thermal management systems plays a crucial role
in optimizing power flow and ensuring the reliability and
longevity of critical components. These control strategies
allow for real-time adjustments in energy distribution,
effectively ~ balancing  performance  with  energy
conservation[83].
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Fig7: Power Conversion System

While converted EVs present a viable alternative
with notable efficiency benefits, factory-made EVs often
leverage cutting-edge technology and design from
inception, potentially offering superior performance and
reliability in the long term.

B. Impact of Conversion on Energy

Consumption and Carbon Emissions

The conversion of traditional energy systems to
more sustainable alternatives significantly influences
energy consumption and carbon emissions. This transition
is crucial for addressing climate change, as evidenced by
various studies highlighting the benefits of electric
vehicles and alternative energy sources. The following
sections detail the effects of conversion on energy use and
emissions.

Electric vehicle (EV) conversions present a
substantial opportunity for energy cost reduction and
environmental impact mitigation. According to recent
studies, EVs can reduce energy expenses by up to 7.7
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times when compared to traditional internal combustion
engine (ICE) vehicles, primarily due to the higher
efficiency of electric drivetrains and the lower cost of
electricity relative to fossil fuels. This potential extends
beyond road transport. In the context of regional railways,
the transition from diesel-powered systems to battery-
electric systems powered by green electricity has
demonstrated energy savings ranging from 65% to 71%.
These figures highlight the broader applicability and
effectiveness of electrification in reducing overall energy
consumption in transportation systems[84].

The electrification of wvehicles, particularly
through conversion, plays a vital role in reducing
greenhouse gas (GHG) emissions. Studies show that
converted electric motorcycles emit four times fewer
GHGs than their internal combustion engine (ICE)
counterparts, making them a significantly cleaner
alternative for urban mobility. In addition, integrating
hydrogen produced from green electricity into hybrid-

207



reS]

Medhat Elkelawy Pharos Engineering Science Journal (PESJ)

electric configurations can further enhance environmental
performance. This approach has the potential to achieve
up to a 90% reduction in GHG emissions, highlighting
the transformative impact of clean energy sources in
sustainable transportation[85].

The shift toward renewable energy is not only an
environmental necessity but also a strategic economic and
policy imperative, particularly for developing nations. For
instance, Indonesia has committed to achieving net-zero
emissions by 2060, underlining the urgency of
transitioning from fossil fuels to sustainable energy
systems. Furthermore, empirical evidence indicates a
strong positive correlation between economic growth,
energy consumption, and carbon emissions. This
relationship reinforces the importance of adopting
sustainable energy practices to decouple economic
development from environmental degradation[86].
Conversely, while conversion technologies present
significant benefits, challenges such as high initial costs
and the need for supportive infrastructure remain critical
barriers to widespread adoption.

C. Long-Term Performance and Durability

of EV Conversion Batteries

The long-term performance and durability of
electric vehicle (EV) conversion batteries are critical for
their viability and acceptance in the market. Research
indicates that various factors, including temperature,
charge and discharge rates, and usage patterns,
significantly influence battery lifespan. The following
sections detail these aspects.

Accurate estimation of battery lifespan is critical
for assessing the long-term viability and performance of
electric vehicles (EVs). Utilizing the Arrhenius
mathematical model, researchers have predicted that
lithium-ion battery packs can operate for approximately
6,000 hours at lower temperatures (25°C) and around
3,000 hours at elevated temperatures (60°C), assuming
specific charge and discharge conditions. These findings
highlight the significant impact of thermal environments
on battery degradation rates. In the context of lead-acid
batteries, performance varies by design. A recent study
showed that Absorbent Glass Mat (AGM) batteries
successfully sustained a five-year usage interval without
failure, whereas Flooded Lead-acid (FLD) batteries failed
to meet a minimum operational requirement of three
years[87]. These results emphasize the importance of
selecting appropriate battery technologies based on
application-specific demands and expected service
conditions.

Battery capacity degradation is a key concern
affecting the long-term performance and reliability of
electric vehicles (EVs). Real-world performance tests
indicate that EV batteries can lose approximately 4% of
their capacity after 10,000 km of driving, with this figure
rising to nearly 14% after 45,000 km. These findings
underscore the impact of continuous cycling and mileage
accumulation on battery health. Conversely, lithium
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titanate batteries often used in stationary grid operations
demonstrated superior longevity. One study reported less
than 10% capacity loss over a seven-year period,
suggesting a potential operational lifespan exceeding 15
years under controlled usage conditions[88]. This
highlights the significance of battery chemistry in
determining degradation rates and long-term viability.
While these findings highlight the durability of certain
battery types, it is essential to consider that performance
can vary significantly based on environmental conditions
and usage patterns, which may lead to different
degradation rates across battery technologies.

7. Research Gaps and Future Trends

The transition to electric vehicles (EVs) and the
conversion of existing vehicles into electric models
present significant opportunities for reducing greenhouse
gas emissions. However, there are notable research gaps
and a pressing need for standardized guidelines and
regulations to assess the lifecycle impacts of converted
EVs. This response outlines the critical areas for future
research and policy recommendations to facilitate the
adoption of EV conversions.

A. Research Gaps in Lifecycle Assessment

Despite the growing interest in electric vehicle
(EV) conversions as a sustainable mobility solution,
several research gaps remain in lifecycle assessment
(LCA) practices. One major issue is the lack of
standardized LCA methodologies, which leads to
discrepancies and inconsistencies in evaluating the
environmental impacts of converted EVs across studies.
Without a uniform framework, it becomes difficult to
make accurate comparisons or inform policy decisions.
Furthermore, there is a scarcity of comprehensive data
regarding emissions and energy consumption specific to
vehicle conversions, as most existing datasets focus on
factory-manufactured EVs[89]. This gap limits the ability
to fully assess the environmental benefits or trade-offs of
conversion practices. Another critical concern is the
underexplored impact of battery production, which can
represent a substantial portion of a vehicle's total lifecycle
emissions. More focused research is needed to quantify
these effects within the context of retrofitted vehicles,
particularly when comparing reused versus newly
manufactured battery systems.

B. Future Trends in Policy

Recommendations

To accelerate the transition toward sustainable
mobility, future policies must adopt a more inclusive and
forward-thinking approach. One key recommendation is
the implementation of financial incentives and
infrastructure support to encourage the conversion of
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internal combustion engine vehicles to electric
powertrains, particularly in regions with limited access to
factory-made EVs. These incentives can lower the entry
barrier and promote wider adoption of retrofitting
practices. Additionally, maximizing the environmental
benefits of EV deployment requires integrating renewable
energy sources into the electricity grid that powers these
vehicles. Policies should prioritize clean energy adoption
to ensure that the shift to electrification translates into
actual emissions reduction. Moreover, a shift toward
lifecycle-based regulatory frameworks is essential. By
considering the full supply chain from raw material
extraction and battery production to end-of-life vehicle
management governments can better address the hidden
environmental costs associated with both new and
converted EVs[90].While the focus on new EV
production is critical, the potential of vehicle conversions
should not be overlooked. Addressing these gaps and
implementing robust policies can significantly enhance
the sustainability of the transportation sector.

8. Conclusion and Future
Recommendations

The research on converting internal combustion
engine vehicles to electric vehicles (EVSs) highlights
significant advancements in technology and strategies to
enhance conversion efficiency and reduce costs. Key
findings emphasize the integration of cutting-edge electric
powertrain components, power electronics, and battery
storage systems, which collectively contribute to reducing
the environmental footprint and optimizing energy
efficiency. The use of supercapacitor banks and efficient
battery cooling systems are particularly noted for their
role in improving energy storage and usage, thereby
supporting the global shift towards sustainable
transportation. Transitioning to the strategies for
enhancing conversion efficiency and reducing costs,
several approaches are recommended.

A. Strategies to Enhance Conversion

Efficiency and Reduce Costs

Improving the efficiency and affordability of
electric vehicle (EV) conversions requires the integration
of advanced technologies and system optimizations. One
effective strategy is the use of state-of-the-art electric
powertrain components and power electronics, which can
significantly enhance wvehicle performance, energy
efficiency, and overall reliability during retrofitting
processes. Another promising approach involves the
deployment of supercapacitor banks. These systems can
supplement traditional batteries by offering rapid energy
discharge capabilities, thereby reducing the load on
lithium-ion batteries and improving acceleration
performance and energy recovery during braking.
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Moreover, developing efficient battery cooling systems is
essential for maintaining battery health and operational
stability. Proper thermal management not only extends
battery life but also reduces long-term maintenance and
replacement costs, making EV conversions more
economically viable[91].

B. Suggested Future Research to Improve

EV Conversion Sustainability

To enhance the sustainability of EV conversions,
future research should focus on several key areas. First,
exploring new materials for battery and powertrain
components is essential to reduce both costs and
environmental impact. Investigating alternative materials
could lead to more efficient, less resource-intensive
production processes. Additionally, conducting policy
and economic analyses on the viability of large-scale EV
conversions is critical to supporting both industry and
government decisions in this area. This would provide a
clearer understanding of the economic implications and
the necessary policy frameworks to facilitate widespread
adoption. By encouraging partnerships  between
industries, governments, and financial institutions, we can
accelerate progress toward sustainable EV solutions[92].

This research provides a robust framework for
EV conversion, it is essential to consider the broader
implications of these technologies on the environment
and economy. Future studies should focus on the long-
term sustainability of these solutions and explore
potential challenges in their widespread adoption. This
holistic approach will ensure that the transition to electric
vehicles is both economically viable and environmentally
responsible.
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