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Abstract
The rapid growth of transportation has increased dependence on petroleum-based fuels, contributing to
greenhouse-gas emissions, urban air pollution, energy insecurity, and substantial expenditure on imported
fossil fuels. Electric vehicles (EVs), supported by an expanding electric charging infrastructure, provide
an important alternative pathway for reducing dependence on conventional internal-combustion-engine
vehicles. This paper presents a comprehensive review of electric vehicle charging as an alternative energy
pathway for environmental protection and reduction of fossil-fuel dependence. The historical evolution of
electric vehicles and charging systems is first discussed, beginning with the experimental battery-powered
vehicles of the nineteenth century and progressing to modern high-power charging systems. The paper
examines three major charging approaches: alternating-current (AC) charging, direct-current (DC) fast
charging, and wireless power transfer. In addition, smart charging and vehicle-to-grid (V2G) technologies
are investigated because they allow EV batteries to interact intelligently with the electrical grid. A
methodology for evaluating an EV charging system is proposed using charging-demand modelling, battery
state-of-charge analysis, power-flow analysis, and comparative environmental assessment. A
representative simulation framework is also presented to demonstrate how uncontrolled and smart
charging can affect peak demand, charging cost, renewable-energy utilization, and grid loading. The study
identifies challenges including charging infrastructure availability, charging time, battery degradation,
high initial investment, distribution-grid constraints, interoperability, cyber security, and the carbon
intensity of electricity generation. Future developments in ultra-fast charging, renewable-energy-
integrated charging stations, bidirectional charging, wireless charging, battery technology, and artificial-
intelligence-based energy management can further improve the sustainability of electric mobility. For
countries such as India, the transition from petroleum fuels to electricity can additionally contribute to
energy security by reducing the requirement for imported oil. The paper concludes that EV charging
should be considered not merely as a replacement for a petrol or diesel refueling station, but as an
integrated energy-management system connecting transportation, electricity generation, renewable
energy, storage, and the electrical grid.
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I. INTRODUCTION
Transportation is one of the major sectors responsible for fossil-fuel consumption and associated
environmental impacts. Conventional vehicles powered by petrol and diesel require continuous
consumption of petroleum products. Their operation produces carbon dioxide (CO:), nitrogen oxides,
particulate matter, and other pollutants. In addition to environmental consequences, dependence on
imported petroleum can expose oil-importing countries to international price fluctuations, geopolitical
risks, and pressure on foreign-exchange reserves.
Electric vehicles provide an alternative transportation pathway in which energy is stored in rechargeable
batteries and converted into mechanical energy through electric motors. Unlike conventional internal-
combustion-engine vehicles, battery electric vehicles (BEVS) have no tailpipe emissions during operation.
Their overall environmental performance, however, depends on battery production, electricity generation,
charging efficiency, and the electricity mix used for charging. The International Energy Agency (IEA)
estimates that a medium-sized battery-electric car sold in 2023 produces approximately half the lifetime
greenhouse-gas emissions of an equivalent internal-combustion vehicle globally, although the benefit
varies substantially by electricity mix and region [1].
The transition to electric mobility therefore requires more than replacing the vehicle itself. A reliable
charging infrastructure is essential. Charging infrastructure determines how quickly an EV can be
recharged, where charging can take place, how much electricity is consumed, and how the charging load
interacts with the electrical grid.
The history of electric transportation is considerably older than the modern EV industry. Experiments with
electric vehicles began during the nineteenth century as developments in batteries and electric motors
made battery-powered transportation possible. The U.S. Department of Energy notes that early battery-
powered vehicle experiments occurred during the early 1800s, while practical electric cars appeared later
in the nineteenth century. William Morrison's electric vehicle in the United States around 1890 became
one of the early successful examples [2]. By approximately 1900, electric vehicles had achieved significant
commercial visibility in the United States.
However, improvements in gasoline vehicles, mass production, petroleum availability, and limitations of
early batteries resulted in the decline of electric vehicles during the early twentieth century. The modern
EV revival was enabled by advances in semiconductor power electronics, rechargeable batteries, lithium-
ion technology, digital control, renewable energy, and charging infrastructure.
Today, EV charging is developing rapidly. Public charging infrastructure is expanding globally, while
home charging remains an important charging method. The IEA reported that global public charging
points exceeded five million in 2024, with more than 1.3 million public charging points added during that
year [3]. India has also established national policies for expanding charging infrastructure. The Ministry
of Power's 2024 guidelines address private, semi-public, public, highway, and expressway charging
infrastructure and emphasize safe, reliable, accessible, and grid-compatible charging [4].
The objectives of this paper are therefore:

1. To review the historical evolution of electric vehicles and charging systems.

2. To explain major EV charging methods, including AC, DC fast, and wireless charging.

3. To examine smart charging and VV2G technologies.
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To evaluate the environmental and energy-security benefits of EV charging.

To develop a methodology for modelling EV charging demand and its effect on the electrical grid.
To identify major technical and economic challenges.

To discuss future opportunities for sustainable EV charging.

No g s

1. HISTORICAL EVOLUTION OF ELECTRIC VEHICLES AND CHARGING
A. Early Development
The development of the electric vehicle resulted from several independent technological developments
rather than a single invention or starting year. During the early nineteenth century, inventors experimented
with electric motors and batteries. The development of practical rechargeable batteries later made electric
transportation more feasible.
During the second half of the nineteenth century, inventors in Europe and the United States developed
increasingly practical electric vehicles. By around 1890, William Morrison had demonstrated an electric
vehicle in the United States [2]. At the beginning of the twentieth century, electric vehicles were
sufficiently developed for commercial use in cities.
The fundamental charging concept was relatively simple: electrical energy from an external source was
converted into stored chemical energy in the vehicle battery. Early charging systems were slow and lacked
the standardization and safety systems available today.
B. Decline and Revival
The development of mass-produced gasoline vehicles, particularly after the introduction of efficient
manufacturing methods, made petrol vehicles inexpensive and convenient. The expansion of petroleum
infrastructure further strengthened gasoline transportation.
The limitations of early battery technology included low energy density, long charging times, limited
driving range, and relatively high cost. These factors contributed to the decline of electric cars.
The modern revival of EVs began through advances in battery technology and power electronics. The
introduction and commercialization of lithium-ion batteries significantly improved energy density and
enabled modern passenger EVs.
C. Modern Charging Era
Modern EV charging systems incorporate power converters, battery-management systems,
communication networks, safety protection, payment systems, thermal management, and grid-
interconnection technology.
The charging station is therefore an energy-conversion system rather than simply an electrical socket. It
may perform:

e AC-to-DC conversion;

« voltage and current regulation;

e battery protection;

e communication with the vehicle;

« authentication and payment;

o load management;

e energy metering;

e grid synchronization; and

e inadvanced systems, bidirectional energy transfer.
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The rapid growth of EVs has resulted in increasing demand for high-power DC chargers. Recent
developments have included 800-V and 1000-V vehicle architectures and chargers capable of hundreds of
kilowatts. The IEA reports that charging technology is becoming faster and more efficient, while ultra-
fast and megawatt-scale charging are increasingly being developed [5].

I11. ELECTRIC VEHICLE CHARGING TECHNOLOGIES
EV charging can broadly be classified into conductive and wireless charging. Conductive charging uses a
physical electrical connection between the charger and vehicle, whereas wireless charging transfers energy
electromagnetically.
A. AC Charging
In AC charging, electricity supplied by the grid is alternating current. The vehicle's onboard charger
converts AC electricity into DC electricity suitable for charging the battery.
The basic energy flow is:
AC Grid — EVSE — Onboard Charger — Battery Management System — Battery
where EVSE represents Electric Vehicle Supply Equipment.
AC charging is particularly suitable for:

« residential charging;

o workplace charging;

« overnight charging;

e apartment parking;

« long-duration parking.
The primary advantage of AC charging is relatively low infrastructure cost and compatibility with existing
electrical distribution systems. Its major limitation is charging speed because the vehicle's onboard charger
determines the maximum AC charging power.
For example, if a vehicle has a 60-kWh battery and receives an average charging power of 7.2 kW, an
idealized full-charge time is:
t=EP
t=607.2=8.33 h
Considering charging losses, thermal management, and the fact that battery charging power may decrease
near high state-of-charge levels, the practical time will be somewhat greater.
AC charging is therefore most appropriate when the vehicle remains parked for several hours.
B. DC Fast Charging
DC fast charging bypasses the vehicle's relatively low-power onboard AC charger. The conversion from
AC to controlled DC is performed within the external charging station.
The simplified energy path is:
AC Grid — Rectifier/Power Converter — DC Charger — Battery
DC fast chargers can supply much higher power than typical residential AC chargers. They are therefore
suitable for:

« highways;

« commercial charging stations;

o fleet depots;

o taxis;

o buses;
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o long-distance travel.
The major benefit is reduced charging time. However, high-power charging increases infrastructure cost,
requires appropriate grid capacity, and can increase thermal stress on batteries. The charging rate must
therefore be controlled according to battery temperature, state of charge, battery chemistry, and
manufacturer limits.
Recent EV charging developments are moving toward ultra-fast charging. According to the IEA, the
global number of fast and ultra-fast public chargers increased substantially between 2024 and 2025,
demonstrating the rapid deployment of higher-power charging infrastructure [5].
C. Wireless Charging
Wireless EV charging transfers electrical energy without a direct conductive cable. The most common
principle is inductive power transfer.
A simplified system consists of:
AC Grid — Power Converter — Transmitting Coil — Magnetic Field — Receiving Coil — Rectifier
— Battery
An alternating current creates a changing magnetic field in the transmitting coil. This magnetic field
induces voltage in the receiving coil located beneath the vehicle.
Wireless charging can be divided into:

 static wireless charging;

o dynamic wireless charging; and

« Dbidirectional wireless charging.
Static wireless charging is used when the vehicle is parked. Dynamic wireless charging aims to charge
vehicles while they are moving over embedded charging coils.
Wireless charging provides convenience because the driver does not need to connect a cable manually. It
may be especially useful for autonomous vehicles, buses, taxis, and fleet applications.
However, challenges include:

o lower efficiency compared with well-designed conductive systems;

« higher installation cost;

« alignment requirements;

o electromagnetic compatibility;

o thermal losses;

e infrastructure complexity.
Research has also investigated wireless V2G systems in which energy can flow bidirectionally between
the vehicle and grid [6].

IV. SMART CHARGING
Uncontrolled EV charging can create significant electrical demand when many vehicles begin charging at
the same time. For example, if a large number of vehicles are connected after working hours, the combined
charging load may coincide with the existing residential peak.
Smart charging addresses this problem by controlling when and at what power level EVs charge.
A smart charging system may use:

o electricity price;

e grid loading;

« renewable-energy availability;
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« Vvehicle state of charge;

e departure time;

o user preferences;

o transformer loading;

« distribution voltage;

o battery state of health.
The objective may be expressed as an optimization problem:
where:

o Cenergy = energy cost;

o Cpeak = penalty associated with peak demand,;

o Chattery = battery degradation cost;

e Cgrid = grid-related cost.
The controller attempts to satisfy the driver's required state of charge before the departure time while
minimizing the total objective function.
For example, a vehicle arriving at 6:00 p.m. with 40% state of charge and departing at 7:00 a.m. may not
need to charge immediately. The smart charger can postpone charging to periods when electricity is
cheaper or renewable generation is higher.
Smart charging therefore converts EVs from uncontrolled electrical loads into flexible energy resources.
The IEA identifies smart charging as an important method for shifting charging demand away from peak
periods and improving grid flexibility [7].

V. VEHICLE-TO-GRID TECHNOLOGY

Vehicle-to-grid (V2G) technology extends smart charging by enabling bidirectional power flow.

In conventional charging:

Grid—EV

In V2G operation:

Grid—EV

A bidirectional charger allows energy stored in the EV battery to be supplied back to the electrical grid
when required.

Potential V2G applications include:

o peak-load reduction;

o frequency regulation;

o renewable-energy balancing;

e demand response;

e emergency backup;

« distribution-grid support.

Consider a vehicle with a 60-kWh battery. If the owner permits 10 kWh to be used for grid services, the
vehicle effectively acts as a distributed energy-storage unit.

However, the available energy cannot simply be treated as unlimited. The V2G controller must consider:
e minimum required state of charge;

e battery degradation;

e round-trip efficiency;
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o electricity price;

e grid demand;

e user mobility requirements.

A simplified V2G energy constraint can be written as:

SOCmin<SOC(1)<SOCmax

and:

SOC(t+1)=SOC(t)+ncPcAtEb—PdAtdEb

where Pc and Pd represent charging and discharging power, Eb is battery capacity, and nc,nd represent
charging and discharging efficiencies.

The IEA identifies V2G as an important source of future flexibility but also notes barriers including limited
VV2G-capable vehicles and fragmented regulatory and technical frameworks [7].

VI. EV CHARGING AS AN ALTERNATIVE TO FOSSIL FUELS
A. Environmental Benefits
The environmental advantage of EVs comes primarily from replacing direct combustion of petroleum
fuels with electric energy.
A petrol vehicle converts chemical energy into mechanical energy through combustion. An EV converts
electrical energy into mechanical energy through an electric motor.
Electric motors generally have much higher energy-conversion efficiency than internal-combustion
engines. Consequently, an EV can travel farther using the equivalent amount of energy.
EVs also have zero tailpipe emissions during electric operation. This can improve local air quality,
especially in densely populated cities.
However, EVs are not automatically zero-emission vehicles in a lifecycle sense. Electricity may be
produced from coal, natural gas, oil, nuclear, hydro, wind, solar, or other sources. Battery manufacturing
also generates emissions.
The environmental impact can therefore be expressed conceptually as:
EEV total=Evehicle+Ebattery+Eelectricity+Emaintenance+Eend—of-life
The IEA's lifecycle analysis shows that electricity decarbonization significantly increases the
environmental advantage of battery EVs [1].
For India, the benefit is particularly important for urban air quality, but the relatively carbon-intensive
electricity mix means that decarbonizing the electricity sector remains essential for maximizing EV
climate benefits [1].
B. Reduction of Petroleum Dependence
Electric vehicles can reduce the demand for petrol and diesel. This has economic significance for countries
that import a large proportion of their crude oil.
India is highly dependent on imported oil. The IEA has estimated that domestic oil production supplied
only about 13% of India's oil supply needs in 2023 and that India was the world's second-largest crude-oil
net importer in that year [8].
Therefore, replacing a portion of petroleum-based transportation with electricity generated domestically
can contribute to energy security.
The relationship can be represented as:

EV adoption—Lower petrol/diesel demand

!
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Lower crude oil imports
l
Lower exposure to international oil prices
l

Improved energy security
It is important to note that EV's do not automatically eliminate foreign-exchange expenditure. Battery cells,
minerals, power-electronic components, charging equipment, and electricity-generation equipment can
also involve imports. Consequently, domestic manufacturing and recycling are important components of
a successful EV strategy.

VII. PROPOSED METHODOLOGY

This study proposes a simulation-based methodology for evaluating an EV charging system.
A. System Architecture

The proposed model consists of:

Electrical grid.

Renewable-energy source.

EV charging station.

EV battery model.

Smart charging controller.

V2G controller.

Load-management system.

Energy-management system.

The conceptual architecture is:

Grid + Solar PV — Smart EV Charging Station — EV Battery
with an optional bidirectional path:

EV Battery < Bidirectional Converter < Grid

B. Input Parameters

A simulation can use the following parameters:

O No gD

Parameter Example Value
EV battery capacity|60 kWh

Initial SOC 30%

Target SOC 90%

AC charger 7.2 KW

DC fast charger 60 kW

Charging efficiency|[90-95%

Simulation interval ||15 min

Vehicle arrival Random/distribution based

Vehicle departure ||[Random/distribution based

Solar PV capacity

100 kW

Transformer rating

500 kVA

IJFMR260589267
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Parameter Example Value

Minimum SOC 20%

Maximum SOC 95%

These are representative simulation values and should be replaced with experimental or site-specific
values in a final research study.

C. Charging Energy Calculation

The energy required by an EV is:

Ereq=Eb(SOCf-SOCi)

For a 60-kWh battery initially at 30% SOC and charged to 90%:
Ereq=60(0.90—0.30)

Ereq=36 kWh

Assuming 90% charging efficiency:

Egrid=360.90=40 kWh

Therefore, approximately 40 kWh must be supplied by the grid.
D. Uncontrolled Charging Case

In Case 1, all EVs begin charging immediately when they arrive.
The total charging load is:

PEV(t)=Yi=1NPi(t)

The total grid demand becomes:

Pgrid(t)=Pbase(t)+PEV/(t)

This case is expected to produce a higher evening peak when many EVs arrive simultaneously.
E. Smart Charging Case

In Case 2, the controller determines the optimum charging period.
A simplified objective is:

==,

subject to:

SOCdeparture=SOCrequired

0<Pt<Pcharger,max

The smart controller may charge more heavily when solar power is available and reduce charging during
periods of high grid demand.

F. V2G Case

In Case 3, the EV can discharge electricity during grid peak periods.
The optimization problem becomes:

subject to:

SOCmin<SOCt<SOCmax

—Pdis,max<PEV,t<Pch,max

and:

SOCdeparture>SOCuser

This permits the EV to act as a distributed battery-storage resource.
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VIII. SIMULATION AND EXPECTED RESULTS

A MATLAB/Simulink, Python, PSCAD, or equivalent simulation environment can be used to implement
the proposed model.

The simulation should compare three scenarios:

Scenario 1: Uncontrolled charging

Scenario 2: Smart charging

Scenario 3: Smart charging + V2G

The principal performance indicators should include:

e maximum grid demand;

« total charging energy;

e charging cost;

o transformer loading;

« renewable-energy utilization;

o battery state of charge;

e number of charging interruptions;

e battery degradation;

e (CO: emissions.

A. Expected Load Profile

In uncontrolled charging, an evening load peak is expected because vehicles are commonly connected
after travel. If the base load is already high, simultaneous EV charging can overload distribution
transformers.

Smart charging shifts some of this demand to low-load periods.

V2G can further reduce peak demand by temporarily supplying energy from connected vehicles.

An expected qualitative relationship is:

Peakuncontrolled>Peaksmart>Peaksmart+V2G

B. Renewable-Energy Integration

If solar photovoltaic generation is included, smart charging can prioritize EV charging during periods of
high solar output.

This produces:

Solar generation—EV charging

rather than:

Solar generation—Grid export

when local EV demand is available.

Such coordination can increase self-consumption of renewable electricity.

C. Economic Evaluation

Charging cost can be calculated as:

Ccharging=) tPtAtxTarifft

If time-of-use tariffs are used, smart charging can reduce charging costs by shifting energy consumption
to low-price periods.

For a V2G system, revenue from grid services can be represented as:
RV2G=Renergy+Rancillary—Cdegradation

where Cdegradation accounts for the economic effect of additional battery cycling.
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D. Environmental Evaluation

A simplified charging-related CO: calculation is:

CO2,EV=EgridxEFgrid

where EFgrid is the electricity-grid emission factor.

For example, if 40 kWh is consumed for a charging event and the assumed grid emission factor is 0.7
kgCO2/kWh:

CO2,EV=40x0.7=28 kgCO2

This is an illustrative calculation rather than a country-specific measured value.

For a conventional vehicle, emissions can similarly be estimated from fuel consumption:
CO2,ICE=FxEFfuel

The two values can then be compared on a well-to-wheel or lifecycle basis.

IX. CHALLENGES

Despite the benefits of EV charging, several challenges must be addressed.

A. Charging Infrastructure

Insufficient charging infrastructure can create range anxiety and discourage EV adoption. Charging
stations need to be distributed according to traffic patterns, population density, parking availability, and
electricity-grid capacity.

India's 2024 charging-infrastructure guidelines recommend charging stations within specified distances in
urban areas and along highways, including fast-charging provisions for long-range and heavy-duty EVs
[4].

B. Distribution-Grid Impact

Large numbers of EVs can increase:

o transformer loading;

o feeder loading;

o voltage deviation;

e power losses;

e peak demand.

The IEA notes that concentrated EV charging can create congestion and voltage issues in distribution
networks [7].

C. Charging Time

Although DC fast charging is becoming increasingly powerful, charging an EV still generally requires
more planning than refuelling a conventional vehicle.

D. Battery Degradation

High charging power, high temperature, frequent deep cycling, and certain charging patterns can
accelerate battery degradation.

Smart charging should therefore consider battery state of health as part of the optimization process.

E. High Initial Investment

DC fast-charging stations require expensive power electronics, transformers, switchgear, protection
systems, communication equipment, land, and grid connections.

F. Interoperability

Different vehicles and charging stations may use different connectors, communication protocols,
authentication systems, and payment platforms.

IJFMR260589267 Volume 8, Issue 5, September-October 2026 11



http://www.ijfmr.com/

i International Journal for Multidisciplinary Research (IJFMR)

IJFMR E-ISSN: 2582-2160 e Website: www.ijfmr.com e Email: editor@ijfmr.com

Standardization is therefore essential for convenient public charging.

G. Cybersecurity

Smart charging stations are connected digital systems. Cyberattacks could potentially manipulate charging
schedules, affect electricity demand, or interfere with V2G systems. As EV penetration increases,
cybersecurity becomes increasingly important [5].

H. Renewable-Energy Dependence

EVs reduce tailpipe emissions, but the electricity used for charging may still originate from fossil fuels.
Increasing renewable generation is therefore necessary to maximize the climate benefits of transport
electrification.

X.FUTURE SCOPE

The future of EV charging is expected to involve the integration of transportation, renewable energy,
storage, and digital control.

A. Ultra-Fast Charging

Future EVs will increasingly support high-voltage battery architectures and high-power charging.
Charging times approaching those associated with conventional refuelling are a major area of
technological development [5].

B. Wireless Charging

Wireless charging may become increasingly important for:

e autonomous vehicles;

o electric buses;

o taxis;

o fleet vehicles;

e dynamic road charging.

C. Renewable-Integrated Charging

Solar PV and battery energy storage can be integrated with charging stations:
Solar+Storage+EV+Grid

Such stations can reduce grid dependence and improve renewable-energy utilization.
D. Al-Based Smart Charging

Artificial intelligence and machine learning can predict:

e vehicle arrival,

e departure time;

e charging demand;

o electricity price;

e renewable generation;

« traffic patterns.

The charging controller can then optimize energy consumption automatically.

E. Vehicle-to-Home and Vehicle-to-Building

V2G can be extended to:

e vehicle-to-home (V2H);

e vehicle-to-building (V2B);

e vehicle-to-load (V2L).
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An EV battery can therefore provide backup power to a home or building during an outage or high-price
period.

F. Vehicle-to-Grid Aggregation

Instead of controlling individual vehicles independently, an aggregator can coordinate thousands of EVs.
For example:

1000 EVsx10 kW=10 MW

of theoretical controllable power.

Such aggregated EV fleets could become significant distributed-energy resources.

G. Battery Recycling and Second L.ife

Used EV batteries may retain useful capacity after they are no longer suitable for automotive applications.
They can potentially be used for stationary energy storage.

Battery recycling can also recover valuable materials and reduce environmental impacts associated with
raw-material extraction.

H. Domestic Manufacturing

For countries seeking energy independence, future EV strategies should extend beyond vehicle
manufacturing. Domestic production of batteries, chargers, power electronics, motors, control systems,
and recycling infrastructure can increase the economic benefits of electrification.

X1. DISCUSSION

EV charging should be viewed as part of an integrated energy system rather than simply as an alternative
fuel station.

A petrol vehicle receives energy from a centralized fossil-fuel supply chain:

Crude Oil — Refinery — Fuel Distribution — Petrol Station — Vehicle

An EV can use a different energy pathway:

Solar/Wind/Grid — Electrical Network — Charger — Battery — Electric Motor

The second pathway provides an important opportunity because electricity can be generated from multiple
sources. Petroleum transportation is strongly tied to liquid fuels, whereas electric transportation can
increasingly use renewable electricity.

This flexibility is particularly important for energy-importing countries. In India, reducing petroleum
demand can improve energy security because the country depends heavily on imported crude oil [8].
However, the transition must be carefully managed. If millions of EVs charge simultaneously without
coordination, the electrical grid may experience significant peak demand. Therefore, the most sustainable
approach is:

EV + Smart Charging + Renewable Energy + Energy Storage + V2G + Strong Grid Infrastructure
The combination is more valuable than any individual technology.

The IEA's recent analysis indicates that EVs are already reducing global oil demand and greenhouse-gas
emissions, while smart charging and VV2G can provide additional electricity-system flexibility [5], [7].

XIl. CONCLUSION

This paper reviewed electric vehicle charging as an alternative pathway to petroleum-based transportation,
with particular emphasis on environmental sustainability and energy security. Electric vehicles are not a
new invention; their development began with nineteenth-century experiments in batteries and electric
motors, followed by practical electric vehicles in the late 1800s. Their modern revival has been enabled
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by advances in lithium-ion batteries, power electronics, digital control, renewable energy, and charging
infrastructure.

Three major charging technologies were examined. AC charging is well suited to homes, workplaces, and
long parking periods because of its relatively low infrastructure cost. DC fast charging provides
substantially higher charging power and is particularly useful for highways and commercial applications.
Wireless charging offers improved convenience and may become important for autonomous vehicles,
public transportation, and dynamic charging.

Smart charging provides an essential link between EV adoption and electrical-grid management. By
controlling the time and power level of charging, smart charging can reduce peak demand, lower charging
costs, and increase renewable-energy utilization. V2G extends this concept by allowing EV batteries to
supply electricity back to the grid. With appropriate controls, an aggregated EV fleet can become a
distributed energy-storage resource.

The environmental advantages of EVs depend on the electricity used for charging. Decarbonization of
electricity generation can substantially increase the lifecycle emissions advantage of EVs. EV deployment
can also reduce petroleum demand and improve energy security. This is particularly relevant for countries
such as India, where imported oil represents a significant component of energy supply.

Nevertheless, challenges remain in charging infrastructure, grid capacity, charging time, battery
degradation, interoperability, cybersecurity, investment, and renewable-energy integration. Future
research should focus on Al-based charging optimization, high-power charging, wireless charging,
bidirectional charging, battery-health-aware V2G, renewable-integrated charging stations, battery
recycling, and grid-scale EV aggregation.

The central conclusion is that EV charging should not be considered merely as a replacement for petrol or
diesel refuelling. It should be developed as an intelligent energy-management infrastructure connecting
electric transportation with renewable generation, energy storage, electricity markets, and the power grid.
Such an integrated approach can contribute simultaneously to environmental protection, reduction of
fossil-fuel consumption, improved energy security, and long-term economic sustainability.
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