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Development of EV Charging

Infrastructure in India: Key Challenges,

Barriers, and Its Impact on Electric
Vehicle Adoption .

Abstract

India is rapidly transitioning toward sustainable transportation through the adoption of Electric
Vehicles (EVs). However, the development of EV charging infrastructure remains a major challenge.
This paper 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.

Introduction

Year EV Sales (Million Units)
2021 0.34
2022 1.02
2023 1.53
2024 2.05

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.
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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 analyzes their impact on EV adoption.
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Current Status of EV
Charging 2]
Infrastructure in =
India

Year Public Charging Stations

2021 ~1,800
2022 ~5,100
2023 ~12,100
2024 ~25,200
2025 ~29,100
Analysis

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

EV Sales (in Lakhs)

23.80
19.50

15.30
10.20
“ 1.68 30 I
- 0 ‘,-,R.,,, 2 .

2021 2022 2023 2024 2025

» 2021-2025 growth exceeded 1,500%o, reflecting rapid expansion, but infrastructure still lags
EV adoption. India still has far fewer chargers than projected to be needed by 2030.

. g . . 1. Current Status of
India has witnessed rapid growth in EV sales over EV Charging Infrastructure in India

the past decade. However, the charging ~ Distribution of Public Charging Stations

infrastructure network has not expanded at the . W

same pace. e Number of Stations
H ® >1000
2 -

1 ‘:‘ (FV. - '.' 'Y soo_ ’ow
Key challenges include: 5 I Ty
Mombsi (b Shop £ ® ‘10-100
* |nsufficient public charging stations. 1,502 o 90
. . . or * Bengeluru
* Uneven distribution of chargers across states. . 1.316
* Lack of fast-charging facilities. o\ (0%

* Poor charger maintenance and uptime.
* Limited charging access in residential societies and apartment complexes.
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Urban centers 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.

0 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.

7 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.

0 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
analyze trends in EV sales, charging infrastructure growth, electricity generation, battery technology,
renewable energy integration, and charging station deployment between 2021 and 2025.

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)
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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 analyzed 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
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« 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.

Research Framework

The research was conducted using the following framework:
1. Identification of the research problem.
2. Review of recent literature published between 2021 and 2025.

3. 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.

© N o g &

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 vehicle-integrated 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.
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* During summer months, several rural areas experience electricity outages lasting 12—-13 hours per
day.

* Floods and heavy rainfall often damage power infrastructure.

* 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.

7 Central Electricity Authority (CEA, 2024) reported that although national electrification
has improved, many rural areas continue experiencing frequent outages during peak summer
months.

7 World Bank (2022) found rural power interruptions significantly reduce confidence in
electric mobility.

7 Research by Energy Policy (2023) showed unreliable grids discourage investments in
charging stations.

Key Findings
7 Frequent outages increase charging uncertainty.
© Rural EV adoption remains significantly lower than urban adoption.

Public Charging Infrastructure
Distribution

INDIA

Metro Cities

I ¢

Tier-2 Cities

I >

Rural Areas

.
Dependence on Generators

In regions facing frequent outages, diesel generators are often used for charging EVs.
24 Hours

Available Electricity

Power Outages
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~12-13 Hours
45 Electricity
£ Rural Household

!

X 12-13 hour outage

!

(] Unable to Charge EV

!

= Reduced EV Adoption

This creates several problems:

* Generators emit significantly higher pollutants than grid-based charging.
* Charging EVs using diesel generators defeats the environmental purpose of EV adoption.
* Operating costs become substantially higher.

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

v 3. Unreliable Electricity Supply
] Rural Areas
Diesel Generator ( )
| Average Daily
Power Supply -
v (Su ) Impact on EV Charging
EV Chargin . h
ging 12-13Hours | * Uncertain charging
| Power Outage avallabity
| 1 | % (S0 - 54%) * Inconvenience to users
v v « Low confidence in
High Cost High Emissions EY acoption
| 11 - 12 Hours « Limits rural
\ 4 Power Available EV market growth
(46 - S0%)

Reduced Sustainability

Research
Recent environmental studies examined backup power usage.

O

International Council on Clean Transportation (ICCT, 2022) concluded diesel generator
charging can increase lifecycle emissions substantially.

7 TERI (2023) found diesel-powered chargmg
stations reduce environmental benefits T, E
increasing particulate matter emissions. @ " o RSN

Findings - B G el w

Generator-based charging:




255 7 increases operating costs

256 1 increases carbon emissions

257 7 defeats clean-energy objectives

258

259
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261  Dependence on Non-Renewable Energy Sources

262

263  Although EVs themselves produce no tailpipe emissions, a large portion of India’s electricity is still

264  generated from coal-fired power plants.
- 5. Dependence on Coal-Based
Electricity

265 Coo [
267 Renewables —22% Electricity Generation by Source in India (2024)

266
268 -
260 Hydro [N 6% h i
270 g
W Hydro

271  Nuclear B 2% \ B Nocleo
272

Dietel

273  Consequently: T

274 « High indirect carbon emissions from EVs
» Environmental benefits are reduced

Implications

275  * Indirect carbon emissions remain significant.

276  * Environmental benefits are reduced.

277  * Increased EV adoption may place additional demand on thermal power generation.
278  Dependence on Coal-Based Electricity

279  Research

280 71 IEA Global EV Outlook 2024
281 7 IRENA (2023)
282 7 Nature Energy (2022)

283  These studies indicate EV emissions depend heavily on electricity generation sources.

284  India still generates approximately 70% of electricity from coal, meaning indirect emissions
285  remain significant despite zero tailpipe emissions.

286  Research Gap

287  Few Indian studies analyze regional differences in electricity carbon intensity.

288

289 ——
Year Coal (%) Renewable (%0)
2021 72 27
2022 71 29
2023 70 31
2024 69 33
2025 67 35
290
291

292 Range Anxiety
293
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Range anxiety refers to the fear of running out of battery before reaching a charging station.

Year Available Chargers Estimated Requirement

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:

* Sparse charging networks.

* Traffic congestion.

* Weather conditions.

Recent studies continue identifying range anxiety as one of the strongest psychological barriers.
7 Transportation Research Part D (2022)
o 1EEE Access (2023)
© MDPI Sustainability (2024)

Year Buyers Reporting Range Anxiety (%) Buyers Considering it a Major Barrier (%)

2021 72 68

2022 68 64

2023 63 59

2024 57 54

2025 51 48
0

Major findings:
© Consumers worry more about charger availability than actual battery capacity.
1 Practical driving range is typically 20-35% below advertised range

Clalmed Range Source: NY11 Aayog, E-Amnt Hortol {ZUZS)
6. Range Anxiety
S e
E 7 Umited charging stations Low Charger
H i fovalsbiity
Practical Uncartanty about v \
@ remaining range "l
Reducrnd £/ Feer of Rurving
ﬁ Traffic congestion Adortron Out of Benery
A )
I & N\
$ Reluctance 1o

~ Teowwi Far
(;} Inaccurate range estimation

Year Average Claimed Range (km) Average Real-World Range (km)

2021 280 190
2022 320 220
2023 360 250
2024 410 290
2025 450 330
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3.5 Charging Time
Unlike conventional vehicles that can be refueled within minutes, EV charging requires
significantly longer durations.

Time Required

Petrol 5 min

Fast Charger | 45 min
Ac Crarger

6-8 Hours
Challenges include:
* Long waiting times at charging stations.
* Limited fast-charging availability.

* Reduced convenience for long-distance travel.

Year Home AC Charging (Hours) DC Fast Charging (20-80%0)

2021 8-10 60-90 min
2022 7-9 50-80 min
2023 6-8 40-70 min
2024 5-7 30-60 min
2025 4-6 20-45 min
Research

Charging speed significantly affects consumer acceptance.
Recent studies include:
= Journal of Cleaner Production (2023)
7 Applied Energy (2022)
Key findings:
- Fast charging improves adoption.
7 High installation costs limit deployment.
1 Battery degradation may accelerate under repeated DC fast charging.
\ehicle Arrives

v

Plug into Charger
v

Battery Charging
v

Waiting Period
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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.

Year Home Charging /kWh) Public AC (3’ kWh) DC Fast Charging (X/kWh)

2021 6-7 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

7 NITI Aayog (2023)
o McKinsey India (2024)
Researchers found charging costs vary considerably depending on:
7 electricity tariffs
- commercial charging fees
7 fast charger pricing
Consumers prefer home charging whenever possible.

£ Home Charging R i Source: KCCT (2022), T8I
_ i
Office Charging R Charging Cost Comparison (€ / kWh) Cost Impact Factors
:;‘M 0 Electricity tarl varlations The
45 Public Charging ~ Z3% < B | O cowmssamgorn | |ion
20 & ,’: o Fast charger pricing Ow
. |
4> 45> Fast Charging 3% ey 8 I f r [ R r— e
I
ailll o= -

€ Diesel Generator IR
3.7 Battery Safety Concerns

Nbie AC

Lithium-ion batteries are currently the dominant energy storage technology for EVs.

Year Estimated Reported Incidents*
2021 18
2022 52
2023 39
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Year Estimated Reported Incidents*
2024 28
2025 21

Research

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

Important studies:
o SAE International (2023)
7 Nature Energy (2024)

7 IEEE Transactions on Transportation Electrification (2023)

Research identifies:
7 thermal runaway
= manufacturing defects
7 software errors
71 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:

* 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:

7 lack of dedicated parking

7 insufficient electrical capacity

7 housing society regulations

Year (%) (%)
2021 58 46
2022 61 43
2023 65 40

2024 69 37

UL, PRTELI (TR T ST EY 3, MY TR LS [EVE )

11. Restrictions in Residential Societies |

Key Challenges

Impact on EV Owners
Lack of dedcated parking
@ ’nl.. =1
Q Electrcal load brevtations E::II} Ro
.:: QLY |
@ Sockety approval & regulations
A Safety concerns (fire rink) @
3 +
:&T High iwtallation cost =

Sauren: REE (2022). NIT! Asvea (2023}

EV Owners with Home Charging Apartment Residents Facing Installation Barriers
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Year

2025 73 34

Grid Stability and Connection Issues

EV Owners with Home Charging Apartment Residents Facing Installation Barriers
(%) (%)

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

Problems include:

*\Woltage fluctuations.

* Transformer overloads.

* Weak distribution networks.
* Frequent power interruptions.
Research

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

Recent studies:

o IEEE Smart Grid (2023)

7 Energy Reports (2024)
Researchers recommend:

© smart charging

7 vehicle-to-grid technology

= demand response systems
to prevent transformer overload.
3.10 Software Dependence

Modern EVs rely heavily on software systems.
Potential issues include:

* Charging software glitches.
* Navigation inaccuracies.
* Battery management system failures.
* Over-the-air update problems.
1 cybersecurity risks
7 OTA update failures

Bk el LA N AL

13. Software Dependence

~ 5
Clowd s.m-)
1
OTA Updetes
v v ' v
Bathery Novigation Charging Vehicle
Maragamaent Systam Maragemeont Control

Syvtom

Rinks
+ Software bugn & glaches + Cybwrsscunity theests
* Charging lohres » OTA update folare

i IECE Callb s JAAVAN CAL Pt d Vbt B 19V

Software malfunctions can affect vehicle reliability and consumer trust.

Research

Studies:



472 o IEEE Software (2024)

473 1 SAE Connected Vehicle Report (2023)

474
Year EVs Receiving OTA Updates (%) Reported Software-Related Issues (%0)
2021 32 9.5
2022 45 8.2
2023 58 6.8
2024 71 51
2025 82 3.8

475 O

476

477  Battery Manufacturing Dependency

478

479  India remains heavily dependent on imports for:

480

481  * Lithium.
482  * Battery cells.
483  * Rare earth materials.

FOUTTHS TV T MGYO (EVES, STGREOTI NPT [EVEY)

14. Battery Manufacturing Dependency I

| Row Materials (Lithium, Cobalt, Nickel)

484  * Advanced battery technologies. y — i - & Bty Componants
485 e -
486  This increases: b |

487 e

488  * Production costs. P

489  * Supply chain vulnerabilities. itk oo
490 * Dependence on foreign markets. S T A AT Bt e i b0

491 Research
492 India currently imports most lithium-ion battery cells.
493  Sources:

494 7 NITI Aayog ACC Battery Report (2022)

495 = Ministry of Heavy Industries (2024)

496  Researchers recommend:

497 7 domestic gigafactories

498 7 lithium recycling

499 7 sodium-ion batteries

500 1 local supply chains

501

502 Environmental Impact of Battery Production

503
ear Estimated Battery Recycling Rate (%) Battery Materials Recovered (kt)*
2021 5 1.2
2022 8 2.1
2023 12 3.6
2024 18 54
2025 25 8.3

504
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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:
0 Nature Sustainability (2023)
0 1EA(2024)
1 IRENA (2023)
Mining lithium and cobalt causes:
- water depletion
1 habitat destruction
7 carbon emissions
Battery recycling significantly reduces environmental impacts.

Year Estimated Imported Battery Cells (%0)
2021 92
2022 90
2023 88
2024 85
2025 82

Year Domestic Manufacturing Capacity (GWh) Estimated Battery Import Dependency (%)

2021 2 92
2022 5 90
2023 9 88
2024 15 85
2025 22 82

16. Battery Lifespan I

Battery Capacity Over Time

Factors Affecting Bettery Life

- . . (‘ High Temperature
Limited Battery Lifespan

(;5 Fraguert Fast Carging

EV batteries degrade over time due to: i ey
&80
Maragement

* Charging cycles.

Source: Journal of Energy Storoge (2024), BMS Roports (2024)
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* Temperature exposure.

Battery replacement remains expensive and affects long-term ownership costs

Year Average Battery Warranty Capacity Retention After 8 Typical

(Years) Years (%) (YYears)
2021 8 70 8-10
2022 8 72 8-10
2023 8 74 8-11
2024 8 77 8-12
2025 8-10 80 8-12
Research
Battery degradation remains an important consumer concern.
Studies:

0 Journal of Energy Storage (2024)
= Applied Energy (2023)
Findings:
7 batteries retain 70-80% capacity after approximately 8—10 years
7 high temperatures accelerate degradation
0 frequent fast charging reduces battery life

4. Impact on EV Adoption

Battery Life

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.

5. Potential Solutions

5.1 Renewable Energy-Based Charging Stations

Year Renewable Share of India's Electricity (%) Renewable Generation (TWh)
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Year Renewable Share of India's Electricity (%) Renewable Generation (TWh)

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*

Charging stations should integrate:

v Reduces

emissions

* Solar panels.
*Wind turbines in wind-prone regions.

carbon

v Lowers operating

* v Impeoves ener
Battery storage systems. it
v Supports sustainable
H - . - mobility
This reduces dependence on coal-based electricity and improves
SUStai nabi I ity Source: IRENA (2023), MNRE (202¢)

Mandatory Renewable Energy Integration
Government regulations may require:

* Solar rooftop installations at charging stations. ey A
* Wind-powered charging hubs in suitable regions.

* Renewable energy quotas for charging operators. Provides 5 - 15 m
additional range
per day

& Reduces battery ‘

discharge

.d. Helps in hot climates

\ehicle-Integrated Solar Panels

Ay, Dependent on
'Q‘ sunlight availability

Body-mounted solar panels can: Source: Applied Energy (2023), Solor Enecgy (2024)
* 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.

17. Renewable Energy
Charging Stations

/

1
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613

.. 19. Regenerative Braking
614  Benefits include: .. F
How It Works
615 P e ( Energy Electric Energy Stored in Battery

616  * Increased driving range. ol ok 2
617  * Reduced energy consumption. e Gb = 7

618 * Lower charging frequency.

et e ot
/ Improves efficiency (15-30% in urban driving)

619 Research s ¢ Incresses detving renge
620  Recent improvements continue increasing energy recovery. aalll fo i
621 StUd I es. b4 Source: IEEE Transoctions on Vehiculor Technology (2023)
622 ~IEEE Transactions on Vehicular Technology (2023)
623 o SAE International (2024)
624  Energy recovery improvements:
625 7 15-30% in urban driving
626 0 longer battery lifespan
627 7 lower energy consumption
628
629

Year Average Energy Recovery (%) Estimated Driving Range Improvement (%o)

2021 12 8

2022 15 10

2023 18 12

2024 22 15

2025 25 18
630
631 —
632
633  Hydrogen Fuel Cell Vehicles
634
635  Hydrogen fuel cells present an alternative to battery-electric vehicles.
636 Source; [EA (2024), Noture Sustoinobility (2023)
637  Advantages:
638 .
639  * Rapid refueling. e — g 5y —
640  * Long driving ranges. ) Fol ol ey
641  * Water as the primary by-product.
642  * Reduced dependence on lithium batteries. S . G

ot e sy @ (H:0)

301G deiving range (500 ~700 kn)
10 talpipe eenissions (Only water)
uitable for heavy-duty epplications

Source: IEA Hydrogen Report (2024), Nature Energy (2023)

Global Hydrogen Fuel Cell Vehicles

Year Hydrogen Refuelling Stations Worldwide

(Approx.)
2021 51,000 685
2022 72,000 814
2023 87,000 921

2024 96,000 1,100



Global Hydrogen Fuel Cell Vehicles
(Approx.)
2025 110,000 1,250

Year Hydrogen Refuelling Stations Worldwide

643

644

645  Challenges remain in hydrogen production and distribution infrastructure.
646  Research

647  Hydrogen is increasingly viewed as complementary to battery EVs.

648  Studies:
649 7 IEA Hydrogen Report (2024)
650 7 Nature Energy (2023)

651 Researchers conclude:
652  Hydrogen performs better for:

653 1 buses

654 7 trucks

655 = long-distance freight

656  Battery EVs remain more suitable for passenger vehicles.
657

658 ——

659

660  Electrified Highways and Pantograph Trucks

661

662  Pantograph-equipped trucks can draw electricity directly from overhead power lines while driving.
663

664  Benefits include:

665

666  * Reduced battery size requirements.

667  * Continuous charging.

668  * Increased freight efficiency.

669  * Lower emissions.

670

671  Several countries have already begun testing such systems.
672 Research

673  Several countries have tested dynamic charging roads.

674  Recent studies:

675 7 European Commission (2023)
676 7 SAE International (2024)

677  Findings:

678  Pantograph-equipped trucks:

679 7 reduce battery size

680 o improve freight efficiency

681 7 lower emissions

682  However, infrastructure costs remain hig
683

684 —



685

686  Domestic Battery Manufacturing

687

688  India should invest in:

689

690 * Gigafactories.

691  * Battery recycling facilities.

692  * Alternative battery chemistries.

693  * Local supply chains.

694

695  This will reduce import dependence and strengthen energy security.
696 Research

697  India has begun investing in battery production.
698  Sources:

699 7 Ministry of Heavy Industries (2024)
700 = PLI Scheme Reports (2024)

701  Research indicates domestic manufacturing can:
702 7 reduce import dependence

703 = lower battery costs

704
705
706
707 —

708

709  Future Outlook

710

711 The future success of EV adoption in India depends on:

712

713 * Expansion of charging networks.

714 * Improved grid reliability.

715  * Renewable energy integration.

716  * Battery innovation.

717  * Strong policy support.

718  * Public-private partnerships.

719

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

722

723 ——

724

725  Conclusion

726

727  Electric Vehicles have the potential to transform India’s transportation sector and reduce
728  environmental pollution. However, inadequate charging infrastructure, unreliable electricity supply,

O

create employment
improve energy security

[



729
730
731
732
733
734
735
736

737

738

739
740
741
742
743
744
745
746
747
748
749
750
751

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.

Topic Major Finding

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
Domestic Battery Production Essential for reducing imports

Smart Grids Necessary for future EV growth
Hydrogen Best suited for heavy transport

Summary Table (2021-2025)

Topic Overall Trend

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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