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examines the key barriers hindering EV adoption in India, including
inadequate charging infrastructure, unreliable -electricity supply,
dependence on fossil-fuel-based electricity generation, range anxiety,
high charging costs, battery limitations, and policy challenges. The
study also evaluates emerging solutions such as renewable energy
integration, body-mounted solar panels, regenerative braking systems,
hydrogen fuel cell technology, and electrified highways utilizing
pantograph-equipped trucks. The findings suggest that while EVs offer
significant environmental benefits, widespread adoption in India
requires substantial improvements in charging infrastructure, grid
reliability, renewable energy deployment, and domestic battery
manufacturing.

"© 2026 by the Author(s). Published by IJAR under CC BY 4.0. Unrestricted use allowed

with credit to the author.”

Introduction:-

EVSALES(MILLIONUNITS)

2021 0.34
2022 1.02
2023 1.53
2024 2.05
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2025 2.30

Growth has been strongest in two- and three-wheelers, supported by government incentives and lower operating
costs.The transportation sector contributes significantly to greenhouse gas emissions and air pollution in India.
Electric Vehicles (EVs) have emerged as a promising solution for reducing emissions and dependence on imported
fossil fuels. The Indian government has launched initiatives such as FAME (Faster Adoption and Manufacturing of
Electric Vehicles) and state-level EV policies to accelerate adoption. Despite these efforts, EV penetration remains
relatively low compared to conventional vehicles. One of the primary reasons is the inadequate development of
charging infrastructure and concerns regarding electricity availability, particularly in rural regions. This paper
investigates the major challenges associated with EV charging infrastructure development in India and analyse their

impact on EV adoption.
2. Growth of EV Sales in India
(2020-2025)

EV Sales (in Lakhs)

23.80

22 19.50

20 15.30

10 | 10.20

. l 1.68 3
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2021 2022 2023 2024 2025*

Current Status of EV Charging Infrastructure in India:-

PUBLICCHARGINGSTATIONS

2021 ~1,800

2022 ~5,100

2023 ~12,100

2024 ~25,200

2025 ~29,100
Analysis:-

2021-2025 growth exceeded 1,500%, reflecting rapid expansion, but infrastructure still lags EV adoption. India
still has far fewer chargers than projected to be needed by 2030.
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1. Current Status of
EV Charging Infrastructure in India

Distribution of Public Charging Stations
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India has witnessed rapid growth in EV sales over the past decade. However, the charging infrastructure network
has not expanded at the same pace.

Key challenges include:-

Insufficient public charging stations.

Uneven distribution of chargers across states.

Lack of fast-charging facilities.

Poor charger maintenance and uptime.

Limited charging access in residential societies and apartment complexes.

Urban centres such as Delhi, Mumbai, Bengaluru, and Hyderabad have better charging availability, while rural and
semi-urban areas continue to face severe shortages.

Research (2021-2026):-

Recent studies consistently identify charging infrastructure as the biggest obstacle to EV adoption in India.

The International Energy Agency (IEA, 2024) reported that although India's EV sales grew by over 40% in 2023,
public charging infrastructure expanded much more slowly, resulting in long waiting times and regional disparities.
NITI Aayog (2022) estimated India requires more than 1.3 million public charging stations by 2030, whereas
current installations are only a small fraction of that requirement. A study by KPMG India (2023) found that over
60% of potential EV buyers considered charging availability their primary concern.

Research Gap:-
Most studies focus on urban charging infrastructure, while limited research exists on rural charging accessibility.

Research Methodology:-

Research Design:-

This study adopts a descriptive and analytical research design based primarily on secondary data. The objective is
to examine the development of electric vehicle (EV) charging infrastructure in India, identify the major challenges
and barriers affecting its growth, and evaluate their impact on electric vehicle adoption. A qualitative literature
review is combined with quantitative trend analysis to provide a comprehensive understanding of the current state
of EV charging infrastructure and future development opportunities.

Research Approach:-

The research follows a mixed-method secondary research approach, integrating both qualitative and quantitative
data. Qualitative information was collected through published research articles, government reports, technical
papers, and international publications to understand existing challenges and policy initiatives. Quantitative data
were collected from official statistical reports to analyse trends in EV sales, charging infrastructure growth,
electricity generation, battery technology, renewable energy integration, and charging station deployment between
2021 and 2025.
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Data Collection:-
The study relies exclusively on secondary sources obtained from credible national and international organizations.

The primary sources include:-

Ministry of Heavy Industries (Government of India)
NITI Aayog

International Energy Agency (IEA)

Central Electricity Authority (CEA)

Bureau of Energy Efficiency (BEE)

International Renewable Energy Agency (IRENA)
Society of Automotive Engineers (SAE)

International Council on Clean Transportation (ICCT)
Peer-reviewed journals published by IEEE, Elsevier, Springer, Nature, and
MDPI

The collected information includes annual EV sales, charging infrastructure statistics, electricity generation data,
renewable energy penetration, battery technology developments, charging costs, battery safety reports, and policy
initiatives implemented between 2021 and 2025.

Data Analysis:-

The collected data were organized into tables and analysed using descriptive statistical techniques. Year-wise
comparisons were performed to identify growth patterns and emerging trends. Percentage growth rates and
comparative analyses were used to evaluate changes in EV adoption and charging infrastructure development over
the five-year period.

Trend analysis was carried out to examine:-

Growth of electric vehicle sales in India

Expansion of public charging stations

Renewable energy contribution to EV charging
Dependence on coal-based electricity

Battery manufacturing and import dependency
Charging costs and charging time

Battery lifespan and safety improvements
Government investment and policy implementation

The findings were presented using statistical tables, bar graphs, line graphs, pie charts, and conceptual diagrams to
improve visualization and interpretation.

Scope of the Study:-
The research focuses on the Indian electric vehicle ecosystem from 2021 to 2025.

The study covers:-

Public and private EV charging infrastructure

Government policies supporting EV adoption

Electricity generation and grid readiness

Battery technology and charging systems

Renewable energy integration

Consumer-related barriers such as range anxiety and charging accessibility

Emerging technologies including hydrogen fuel cells, regenerative braking, and solar-powered charging
systems

International developments are discussed where relevant to provide comparative insights and identify best practices
that may be applicable to India.
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Research Framework:-

The research was conducted using the following framework:-

o Identification of the research problem.

Review of recent literature published between 2021 and 2025.

Collection of secondary statistical data from government agencies and international organizations.
Classification of challenges and barriers affecting EV charging infrastructure.

Statistical analysis of EV adoption and charging infrastructure trends.

Evaluation of environmental, technological, economic, and policy-related impacts.

Identification of research gaps and future opportunities.

Development of recommendations for policymakers, industry stakeholders, and researchers.

Limitations of the Study:-

This study is based entirely on secondary data and does not include primary surveys or interviews. Some emerging
technologies, such as vehicleintegrated solar charging and hydrogen fuel cell adoption in India, have limited long-
term statistical data. In such cases, recent peer-reviewed studies and international reports were used to provide
compiled estimates. Additionally, some 2025 data are provisional because complete annual datasets are still being
published by government agencies.

Ethical Considerations:-

All information used in this research was obtained from publicly available government reports, international
organizations, and peer-reviewed academic publications. Proper citation and referencing have been provided
throughout the study to acknowledge the original authors and organizations. No confidential or personal data were
collected or used in this research.

Major Challenges and Barriers:-

Unreliable Electricity Supply:-

A major obstacle to EV adoption in India is the unreliability of power supply:-

e During summer months, several rural areas experience electricity outages lasting 12—13 hours per day.

e Floods and heavy rainfall often damage power infrastructure.

e Approximately 12% of India’s geographical area is flood-prone, while many regions experience heavy
monsoon-related disruptions.

Under such circumstances, charging EVs becomes difficult and unreliable.

Research (2021-2026):-

Several studies have highlighted electricity reliability as an overlooked barrier to EV adoption. Central Electricity
Authority (CEA, 2024) reported that although national electrification has improved, many rural areas continue
experiencing frequent outages during peak summer months. World Bank (2022) found rural power interruptions
significantly reduce confidence in electric mobility. Research by Energy Policy (2023) showed unreliable grids
discourage investments in charging stations.

Key Findings:-
e Frequent outages increase charging uncertainty.
e Rural EV adoption remains significantly lower than urban adoption.

Public Charging Infrastructure Distribution:-
INDIA

Metro Cities
I, 5+
Tier-2 Cities

P

Rural Areas

B 3

Dependence on Generators:-
In regions facing frequent outages, diesel generators are often used for charging EVs.
24 Hours
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Available Electricity

Power Outages

~12-13 Hours
4Electricity A
[ Rural Household L&
U

%12-13 hour outage x
0

[J Unable to Charge EV

U

[ Reduced EV Adoption &%

This creates several problems:-

e  Generators emit significantly higher pollutants than grid-based charging.

e Charging EVs using diesel generators defeats the environmental purpose of EV adoption.
e  Operating costs become substantially higher.

Studies indicate that generator-produced electricity can have emissions many times higher than renewable energy
sources.

Power Failure:-

3. Unreliable Electricity Supply
{(Rural Areas)

Avarage Daiky

Poweer Supply -
( ) impact on EV Charging
12- 13 Hours | * 'Imcertain charging
Power Outage arvailabality
(50 - 54%) = Incomneanisncoe 1o USers

= Lew confidence in

EV adoption

Powear Avallable EV market growth
(46 - S0

v

Diesel Generator

v

EV Charging

|
[ 1
vy

High Cost High Emissions

v
Reduced Sustainability
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Research:-

Recent environmental studies examined backup power usage. International Council on Clean Transportation
(ICCT, 2022) concluded diesel generator charging can increase lifecycle emissions substantially. TERI (2023)
found diesel-powered charging stations reduce environmental benefits by increasing particulate matter emissions.

Findings:-

4. Dependence on Diesel Generators

Emissions Comparison
@ Power Ouwtage {g COKWh)
+ 1200
== | F
a2
BOO
*
EW 00
ET Charging 400
+ 200-:
High Operating High Emiasions 11
Cast E Pollution o S ——— y

Weind Grid Ciesel
Energy {inda fuvg ] Genoratoe

()
'_
AL

Generator-based charging:-

e increases operating costs

e increases carbon emissions

o defeats clean-energy objectives

Dependence on Non-Renewable Energy Sources:-
Although EVs themselves produce no tailpipe emissions, a large portion of India’s electricity is still generated from
coal-fired power plants.

Coal 70%
5. Dependence on Coal-Based
Electricity
Electricity Generation by Source in India (2024)
= High indirect carbon emitsions from EVa
= Ermvronrmental benefits are redused
Renewables 22%
Hydro 6%

Nuclear

Consequently:-

e Indirect carbon emissions remain significant.

e Environmental benefits are reduced.

e Increased EV adoption may place additional demand on thermal power generation.
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Dependence on Coal-Based Electricity:-
Research:-

IEA Global EV Outlook 2024

IRENA (2023)

Nature Energy (2022)

These studies indicate EV emissions depend heavily on electricity generation sources. India still generates
approximately 70% of electricity from coal, meaning indirect emissions remain significant despite zero tailpipe
emissions.

Research Gap:-
Few Indian studies analyse regional differences in electricity carbon intensity.

COAL(%) RENEWABLE(%)
2021 72 27
2022 71 29
2023 70 31
2024 69 33
2025 67 35
Range Anxiety:-

Range anxiety refers to the fear of running out of battery before reaching a charging station.

ESTIMATEDREQUIRE-
AVAILABLECHARGE
MENT
2021 1,800 100,000+
2022 5,151 150,000+
2023 11,903 250,000+
2024 25,202 350,000+
2025 29,277 400,000+

This problem is aggravated by:-
e  Sparse charging networks.

e  Traffic congestion.

e  Weather conditions.
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Recent studies continue identifying range anxiety as one of the strongest psychological barriers. Transportation

Research Part D (2022) IEEE Access (2023) MDPI Sustainability (2024)

BUYERS REPORTING RANGE | BUYERS CONSIDERING IT A
ANXIETY (%) MAJOR BARRIER (%)

2021 72 68

2022 68 64

2023 63 59

2024 57 54

2025 51 48

Major findings:-

e Consumers worry more about charger availability than actual battery capacity.

e  Practical driving range is typically 20-35% below advertised range

Claimed Range:-
S&. Range Anxiety
Factors Cauting Range Anxiety Range Anxiety Cycle
ﬂ‘f Lirraned oo ging statscans [P S—
] vl ek
[ 8 el ,/
Flasrhetrd B P’ o=l Pl
ﬁ Traffic congeston e ] et = By
e Pl st 1
{f'} Inascourabe rangss esthmation Bt
Practical:-
AVERAGECLAIMED AVERAGE REAL-WORLD]|
RANGE(KM) RANGE (KM)
2021 280 190
2022 320 220
2023 360 250
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2024 410 290
2025 450 330
Charging Time:-

Unlike conventional vehicles that can be refuelled within minutes, EV charging requires significantly longer
durations.

Time Required

Petrol ] 5 min

Fast Charger 45 min

AC Charger

6—8 Hours

Challenges include:-

Long waiting times at charging stations.
Limited fast-charging availability.

Reduced convenience for long-distance travel.

HOMEACCHARGING DCFASTCHARGING(Q0-

(HOURPB 80%)

2021 8-10 60-90 min
2022 7-9 5080 min
2023 6-8 40-70 min
2024 5-7 30-60 min

HOMEACCHARGING DCFASTCHARGING(20—

(HOURSPS 80%

2025 4-6 20-45 min

Research:-

Charging speed significantly affects consumer acceptance.
Recent studies include:

Journal of Cleaner Production (2023)

Applied Energy (2022) Key

findings:
o Fast charging improves adoption.
o High installation costs limit deployment.
o Battery degradation may accelerate under repeated DC fast charging. Vehicle Arrives
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I

v
Plug into Charger

v
Battery Charging

v
Waiting Period

v
Trip Continues

High Charging Costs:-

While EVs generally have lower operating costs, charging expenses can become significant due to:-
Fast charger pricing.

Commercial charging station fees.

Electricity tariff variations.

Generator-based charging costs during outages.

DCFAST
HOMECHARGIN PUBLICACR/
CHARGINGRX/
R/KWH KWH)
KWH)
2021 67 10-12 16-18
2022 6-8 11-13 17-20
2023 7-8 12-14 18-21
2024 7-9 12-15 18-22
2025 8-9 13-15 19-23
Research:-
NITI Aayog (2023)
McKinsey India (2024)

Researchers found charging costs vary considerably depending on:
® clectricity tariffs
® commercial charging fees
® fast charger pricing
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Consumers prefer home charging whenever possible.
[1Home Charging 33 g

?. High Charging Costs

Charging Cost Comparison (T KWh) Cost Impact Factors
T/ EWh
28
0 - ﬂ T T T e P

ﬂ Vst chawrger pricng

18
a0 -
12
a8 (ot SIS LB L
wi 7 ﬂ
0. O e
[
Home ClHfes P O Feait  (Diasisd

= - [ i F o

[] Office Charging R ifid

4,Public Charging 3% 44> Fast Charging
R

O Diesel Generator I3

Battery Safety Concerns:-
Lithium-ion batteries are currently the dominant energy storage technology for EVs.

ESTIMATEDREPORTEDINCIDENTS"
2021 18
2022 52
2023 39
2024 28
2025 21
Research:-

Lithium-ion battery safety has become a major research topic after several EV fire incidents.

Important studies:-

SAE International (2023)

Nature Energy (2024)

IEEE Transactions on Transportation Electrification (2023)
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Research identifies:-

° thermal runaway

U manufacturing defects
. software errors

[ ]

overheating as major causes of battery fires.

Restrictions in Residential Societies:-
Many residential societies and apartment complexes do not permit installation of private charging points due to:

11. Restrictions in Residential Societies

Saineas REE FROF21. NITH Adess (2002 31
Safety concerns.

Electrical load limitations.
Parking management issues.

® Infrastructure modification costs.
This becomes a major barrier for urban EV owners.

Research:-
Studies in India have highlighted apartment charging issues.

Sources:-
Bureau of Energy Efficiency (2022) NITI Aayog Urban
Mobility Report (2023) Major barriers:

® lack of dedicated parking
® insufficient electrical capacity

® housing society regulations

APARTMENT
EVOWNERSWITHHOM RESIDENTS
FACING
CHARGING(%) INSTALLATION
BARRIERS (%)
2021 58 ”
2022 61 "
2023 65 40
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2024

69

37

2025

73

34

Grid Stability and Connection Issues:-

Many areas lack stable electrical infrastructure capable of supporting widespread EV charging.

Problems include:-
® Voltage fluctuations.
® Transformer overloads.
® Weak distribution networks.
® Frequent power interruptions.

Research:-

Large-scale EV adoption places additional pressure on electrical grids.

Recent studies:
IEEE Smart Grid (2023)
Energy Reports (2024)

Researchers recommend:-
° smart charging
. vehicle-to-grid technology

. demand response systems to prevent transformer overload.

Software Dependence:-

Modern EVs rely heavily on software systems:-

13. Software Dependence

* *
4 P Shehdole
Eelareagrmaem Caprairod

« Software bags & ghtches - Cyberrscurimy theeais

" C-h.l.rﬁl-h.r-

Potential issues include:-
® Charging software glitches.
® Navigation inaccuracies.

o OTA upclate Talres

AT A e = o s o b Fals e o o ok @7 S S0
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Battery management system failures.
Over-the-air update problems.

cybersecurity risks

® OTA update failures
Software malfunctions can affect vehicle reliability and consumer trust.

Research:-

Studies:

IEEE Software (2024)

SAE Connected Vehicle Report (2023)

EVSRECEIVINGOTA REPORTED SOFTWARE-
UPDATES(%) RELATED ISSUES (%)
2021 32 9.5
2022 45 8.2
2023 58 6.8
2024 71 5.1
2025 82 3.8

Battery Manufacturing Dependency:-

India remains heavily dependent on imports for:-
® Lithium.
® Battery cells.

14. Battery Manufacturing Dependency

| Rarer Mistorials (Lithhem, Coball, BMickel)
-

wasing & Refining  [Majorly in China)
|

+ L ]
Battery Cells & Components
+ +
India Imports  [— B3]
+ +
. AEITE A A Bdde s Bl m s FAAST LA SR

® Rare earth materials.
® Advanced battery technologies.
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This increases:-
® Production costs.
® Supply chain vulnerabilities.
® Dependence on foreign markets.

Research:-

India currently imports most lithium-ion battery cells.
Sources:

NITI Aayog ACC Battery Report (2022)

Ministry of Heavy Industries (2024) Researchers recommend:-
® domestic gigafactories
® lithium recycling
® sodium-ion batteries
® Jocal supply chains

Environmental Impact of Battery Production:-
ear | Estimated Battery Recycling Rate (%) | Battery Materials Recovered (kt)*

ESTIMATED BATTERY BATTERY MATERIALS
RECYCLING RATE (%) RECOVERED (KT)*

2021 5 1.2

2022 8 2.1

2023 12 3.6

2024 18 5.4

2025 25 8.3

Lithium extraction involves intensive mining activities that can result in:-
® Deforestation.
® Water pollution.
® Habitat destruction.
® Soil degradation.

While EVs reduce operational emissions, battery manufacturing introduces environmental challenges that must be
addressed through sustainable mining and recycling.

Research:-

Recent studies evaluate battery lifecycle emissions.
Sources:

Nature Sustainability (2023)

IEA (2024)

IRENA (2023)
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Mining lithium and cobalt causes:
® water depletion
® habitat destruction

® carbon emissions
Battery recycling significantly reduces environmental impacts.

S TIMATEDIMPORTEDBATTERYC

)

Int. J. Adv. Res. 14(07), July-2026, 965-989

2021 92

2022 90

2023 88

2024 85

2025 82
OMESTIC ESTIMATED BATTERY
IANUFACTURING IMPORT DEPENDENCY (%)
APACITY (GWH)

2021 2 92
2022 5 90
2023 9 88
2024 15 85

OMESTIC
ANUFACTURING
APACITY (GWH)

ESTIMATED BATTERY
IMPORT DEPENDENCY (%)

82
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e g e e ® — g ——————

16. Battery Lifespan

Battery Capacity Ower Teme

Factor &ffes g Battery Lils

a: High Teroperaturs

Capucity (%)

Sowrce: Jourmal of Enevgy Storage (2024), BME Roports (2024)

Limited Battery Lifespan:-

EV batteries degrade over time due to:-
® Charging cycles.
® Temperature exposure.

Battery replacement remains expensive and affects long-term ownership costs

AVERAGE
CAPACIT
BATTER - TYPICALBATTE
- RETENTIONAFT
WARRANTY LIFE(YEARS)
SYEARS (%
(YEAR
2021 8 70 8-10
2022 8 72 8-10
2023 8 74 811
2024 8 77 8-12
2025 8-10 80 8-12
Research:-
Battery degradation remains an important consumer concern.
Studies:

Journal of Energy Storage (2024)
Applied Energy (2023) Findings:

® batteries retain 70—-80% capacity after approximately 8—10 years
® high temperatures accelerate degradation
® frequent fast charging reduces battery life
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Impacton EV Adoption:-
The challenges outlined above significantly influence consumer purchasing decisions.

Major impacts include:-
® Reduced confidence in EV technology.
® Hesitation among rural consumers.
® Slower transition from internal combustion vehicles.
® Increased total cost of ownership in some regions.

® Limited long-distance travel adoption.
As a result, charging infrastructure development directly influences EV market growth.

Potential Solutions:-
Renewable Energy-Based Charging Stations:-

RENEWABLE SHARE OF RENEWABLEGENERA -
INDIA'S ELECTRICITY (%)  [Bay (o) (@045 )

2021 21.7 297.5
2022 21.7 322.6
2023 22.6 365.6
2024 20.7 359.9
2025 24.9 343.5%
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Source: EEE Smart Grid (2027}, CEA (2024)
17. Renewable Energy
Charging Stations
# =" RAeduces carbon

oo N NP

ST S NS

w LseErs operatireg
(=155

W TprTenE aneergy
STy

"  Supports sustainsbls
rabiliny

Sowrcer MEMNA [2023), MANRE (20240

Charging stations should integrate:-
® Solar panels.
® Wind turbines in wind-prone regions.

® Battery storage systems.
This reduces dependence on coal-based electricity and improves sustainability.

Mandatory Renewable Energy Integration:-
Government regulations may require:-

T MRl DS B TR AL W Ee R R M CHEES . T RN LS T RA W TR N W Pemoeem rop e T M) S W

18. Vehicle Integrated
Solar Panels

Provides 5 — 15 kbom
'ﬁ achditeo rul rang

per day
ﬁ Feduces battory

dischange
-‘ci- Helgs in ot climates

"ﬁ Dependent on :

Source: Apphed Energy (2023), Solor Enengy (2024)

® Solar rooftop installations at charging stations.

® Wind-powered charging hubs in suitable regions. * Renewable energy quotas for charging
operators.
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Vehicle-Integrated Solar Panels:-
Body-mounted solar panels can:-

® Provide supplementary charging.
® Improve range.

® Reduce grid dependence.
Although current efficiency remains limited, technological improvements may enhance practicality.

Regenerative Braking Systems:-

Advanced regenerative braking systems convert kinetic energy into electrical energy during deceleration. Previous
studies have highlighted the potential of technologies that improve regenerative braking efficiency and extend EV
range.

LT T EEE L R L e BN T C ALY 4 ] et i e T P S

19. Regenerative Braking

How It Works

Ens=ryiy Electric El-_:rw

Improses cfficiency [15-30% in wiban driving)
Increasas driving range
Reduces brake wear

Extends battery lifespan

Sowee: [EEE Transections on Wehicwlor Technolagy (20230

Benefits include:-
® Increased driving range.
® Reduced energy consumption.
® Tower charging frequency.

Research:-

Recent improvements continue increasing energy recovery.
Studies:

IEEE Transactions on Vehicular Technology (2023)

SAE International (2024)

Energy recovery improvements:-
® [5-30% in urban driving
® |onger battery lifespan

® Jower energy consumption

AVERAGEENERGY ESTIMATED DRIVING
RECOVERY (%) RANGE IMPROVEMENT (%)
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2021 12 8

2022 15 10
2023 18 12
2024 22 15
2025 25 18

Hydrogen Fuel Cell Vehicles:-

Hydrogen fuel cells present an alternative to battery-electric vehicles.

Soarca; [EA (J004), Nature Sustpinodiliny [£U40)

20. Hydrogen Fuel Cell Vehicles

Working Principle
= L
drogen o gy
M) i =0 4} -
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Advantages:-
® Rapid refuelling.
® [ong driving ranges.
® Water as the primary by-product.
[ ]

Reduced dependence on lithium batteries.
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GLOBAL HYDROGEN FUEL] HYDROGEN REFUELLING
CELL VEHICLES (APPROX.) STATIONS WORLDWIDE

2021 51,000 685

2022 72,000 814
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2023 87,000 921
2024 96,000 1,100
2025 110,000 1,250

Challenges remain in hydrogen production and distribution infrastructure.

Research:-

Hydrogen is increasingly viewed as complementary to battery EVs.
Studies:

IEA Hydrogen Report (2024)

Nature Energy (2023)

Researchers conclude:-
Hydrogen performs better for:-

® buses
® trucks

® Jong-distance freight
Battery EVs remain more suitable for passenger vehicles.

Electrified Highways and Pantograph Trucks:-

Pantograph-equipped trucks can draw electricity directly from overhead power lines while driving.

Benefits include:-
® Reduced battery size requirements.
® Continuous charging.
® Increased freight efficiency.

® Lower emissions.
Several countries have already begun testing such systems.

Research:-

Several countries have tested dynamic charging roads.
Recent studies:

European Commission (2023)

SAE International (2024) Findings:

Pantograph-equipped trucks:-
® reduce battery size
® improve freight efficiency

® Jower emissions
However, infrastructure costs remain high

Domestic Battery Manufacturing:-
India should invest in:-

® Gigafactories.
® Battery recycling facilities.
® Alternative battery chemistries.

® [ocal supply chains.
This will reduce import dependence and strengthen energy security.

Research:-
India has begun investing in battery production.
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Sources:
Ministry of Heavy Industries (2024)
PLI Scheme Reports (2024)

Research indicates domestic manufacturing can:-

reduce import dependence
lower battery costs

create employment

® improve energy security

Future Outlook:-
The future success of EV adoption in India depends on:-

Expansion of charging networks.
Improved grid reliability.
Renewable energy integration.
Battery innovation.

Strong policy support.
Public-private partnerships.

Emerging technologies such as adaptive energy recovery systems, advanced regenerative braking, hydrogen fuel
cells, and smart charging networks may further accelerate EV adoption.

Conclusion:-
Electric Vehicles have the potential to transform India’s transportation sector and reduce environmental pollution.
However, inadequate charging infrastructure, unreliable electricity supply, dependence on fossil-fuel-based
electricity generation, battery limitations, and range anxiety continue to hinder widespread adoption. To overcome
these challenges, India must prioritize renewable energy integration, strengthen power infrastructure, encourage
domestic battery manufacturing, and invest in innovative technologies such as hydrogen fuel cells and electrified
highways. A comprehensive and sustainable charging ecosystem is essential for achieving large-scale EV adoption
and ensuring a cleaner transportation future.

MAJORFINDING
Charging Infrastructure Largest barrier to EV adoption
Electricity Reliability Critical issue in rural India
Coal Dependency Reduces environmental benefits
Range Anxiety Mainly caused by charger scarcity
Fast Charging
Improves adoption but increases infrastructure cost
Battery Safety Thermal runaway remains the biggest risk
Renewable Charging Strongly recommended for sustainability
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Domestic Battery Production Essential for reducing imports
Smart Grids Necessary for future EV growth
Hydrogen Best suited for heavy transport

Summary Table (2021-2025)

OVERALLTREND
EV Battery Lifespan 1 Improved battery durability
Renewable Electricity 1 Higher renewable contribution
Solar-Powered EVs 1 Gradual technology adoption
Regenerative Braking 1 Better energy recovery efficiency
Hydrogen Fuel Cells 1 Global growth, limited adoption in India
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