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Abstract—Indian Railways has achieved a remarkable trans-
formation in railway electrification, reaching 97.06% broad gauge
electrification as of January 1, 2025, with 64,547 route kilometers
(RKM) electrified out of 66,504 RKM total broad gauge network. By
November 30, 2025, this figure advanced to 99.2% (69,427 RKM out
of 70,001 RKM), positioning India among global leaders in railway
electrification alongside Switzerland (100%), China (82%), and far
ahead of major economies like France (60%), Russia (52%), and the
United Kingdom (39%). This review examines the Mission 100%
Electrification program, analyzes the technical and infrastructural
challenges encountered during implementation, and explores the
integration of smart grid technologies and renewable energy sources
to achieve sus- tainable, low-carbon rail transport. The paper
synthesizes official government data, academic literature, and
technical studies to provide a comprehensive understanding of
India’s railway electrification journey, its environmental benefits,
and the path forward toward complete decarbonization of the rail
sector.
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Integration, Renewable Energy, Decarbonization, Indian Rail-
ways.

1. INTRODUCTION

Indian Railways, one of the world’s largest railway net-
works, operates approximately 115,000 track kilometers and
8,500 stations, running roughly 12,000 trains daily and serving
millions of passengers and freight customers. As a massive
energy consumer, the railway system has historically relied
on diesel traction, consuming approximately 2.7 billion liters
of diesel annually, making it a significant contributor to green-
house gas emissions in the transport sector [1]. Recognizing
the environmental and economic imperatives of transitioning to
cleaner energy, the Government of India launched the Mission
100% Electrification program to completely electrify the broad
gauge network and integrate renewable energy sources into
railway operations.

This review paper examines the progress, challenges, and
future directions of Indian Railways’ electrification program.
The scope encompasses the technical approaches employed,
the integration of smart grid technologies, the role of re-
newable energy sources, and the barriers encountered during
implementation. The paper draws upon official government
statistics, academic literature on railway electrification and
smart grids, and technical studies on traction power systems
to provide a comprehensive analysis suitable for academic
discourse.
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The significance of this study lies in documenting one of
the world’s most ambitious railway electrification programs,
which has implications for sustainable transport policy, climate
change mitigation, and the modernization of large-scale infras-
tructure systems in developing economies. As India aims to
achieve net-zero carbon emissions by 2070, the electrification
of railways represents a critical component of the national
decarbonization strategy [2], [3].

II. BACKGROUND AND THEORETICAL FOUNDATIONS

The journey began on February 3, 1925, with a 1500 V DC
train between Bombay VT and Kurla.

A. Railway Electrification: Global Context

Railway electrification has been recognized globally as a
key strategy for reducing carbon emissions and improving
energy efficiency in the transport sector. Electric traction offers
several advantages over diesel propulsion, including higher
energy efficiency, lower operational costs, reduced local air
pollution, and the potential to utilize renewable energy sources
[4]. Globally, railway electrification levels vary significantly:
Switzerland has achieved 100% electrification, China has
electrified 82% of its network, Spain 67%, France 60%, Russia
52%, and the United Kingdom 39% [5].

Giobal Rallsay Electrification Comparison (2025)
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Fig. 1. Global railway electrification comparison (2025). India ranks among
the top global leaders.

India’s achievement of over 99% broad gauge electrification
by late 2025 places it among the global leaders in railway elec-
trification, representing a remarkable transformation achieved
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in just over a decade. This rapid progress contrasts sharply
with the slower pace of electrification in many developed
economies and demonstrates the feasibility of large-scale
infrastructure transformation when supported by strong policy
commitment and sustained investment [5].

B. Environmental Imperatives

The environmental case for railway electrification is com-
pelling. According to NITI Aayog data, rail transport emits
approximately 11.5 grams of CO per tonne-kilometer, com-
pared to 101 grams for road transport, representing nearly
89% lower emissions [5]. Electric traction, when powered
by renewable energy sources, can further reduce the carbon
footprint of rail operations. Indian Railways has set a target to
reduce emissions intensity by 33% below 2005 levels by 2030,
with measures including energy efficiency improvements, re-
generative braking, and renewable energy integration [6].

The transition from diesel to electric traction eliminates
local air pollution at railway stations and along rail corridors,
improving air quality in urban and rural areas. Additionally,
electric locomotives offer the potential for regenerative brak-
ing, which can recover energy during deceleration and feed
it back into the traction network, further enhancing energy
efficiency [7], [8].

C. Policy Framework and Mission 100% Electrification

The Mission 100% Electrification program was launched as
part of India’s broader strategy for sustainable development
and climate action. The program aims to completely electrify
the broad gauge network, integrate renewable energy sources
to meet traction energy demand, and modernize the railway
power supply infrastructure [1], [2], [3]. Key policy objectives
include:

1. Complete electrification of all broad gauge routes

2. Integration of renewable energy sources (solar and wind)
to meet at least 10% of energy demand.

3. Implementation of energy efficiency measures, including
LED lighting and regenerative braking.

4. Development of smart grid infrastructure for optimal
energy management.

5. Reduction of greenhouse gas emissions by approximately
40% in the transport sector [1].

The program has been supported by substantial budgetary
allocations, with the interim budget for 2024-25 allocating
6,500 crores specifically for railway electrification, and the
2025-26 budget allocating 6,150 crores [5]. This sustained
financial commitment has enabled the rapid pace of electri-
fication observed in recent years.

III. PROGRESS AND CURRENT STATUS

A. Historical Trajectory

The history of railway electrification in India can be di-
vided into distinct phases. During the pre-independence period
(1925-1947), only 388 RKM were electrified. From 1948 to
2014, an additional 21,413 RKM were electrified, bringing the
cumulative total to 21,801 RKM over nearly 60 years [5]. This
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Fig. 2. Growth of Railway Electrification in India (2014-2025). The graph
illustrates the rapid acceleration in the last decade.

slow pace reflected limited resources, competing priorities, and
the absence of a comprehensive electrification strategy.

The transformation began in 2014 with the launch of the
Mission 100% Electrification program. Between 2014 and
2025, approximately 46,900 RKM were electrified, more than
doubling the cumulative electrification achieved in the previ-
ous six decades [5]. The annual electrification rate accelerated
dramatically:

- 2014-15:

- 2015-16:

- 2016-17:

- 2017-18:

- 2018-19:

- 2019-20:

- 2020-21:

- 2021-22:

1,176 RKM
1,502 RKM
1,646 RKM
4,087 RKM
5,276 RKM
4,378 RKM
6,015 RKM
6,366 RKM

- 2022-23: 6,565 RKM

- 2023-24: 4,644 RKM [5]

The period from 2019 to 2024 saw the electrification
of 27,968 RKM, representing an average of approximately
15.3 RKM per day [5]. This acceleration reflects improved
project management, streamlined approval processes, and the
mobilization of resources on an unprecedented scale.

As of January 1, 2025, Indian Railways had electrified
64,547 RKM, achieving 97.06% of the broad gauge network
[5]. By November 30, 2025, this figure had advanced to 69,427
RKM out of 70,001 RKM, representing 99.2% electrification,
with only 574 RKM remaining [5].

B. State-wise and Zone-wise Achievements

The electrification program has achieved remarkable success
across most states and railway zones. As of January 1, 2025, 25
states and Union Territories had achieved 100% electrification
of their broad gauge networks, including major rail states such
as Uttar Pradesh (8,546 RKM), Maharashtra (5,815 RKM),
Madhya Pradesh (4,962 RKM), Bihar (3,855 RKM), and West
Bengal (3,977 RKM out of 4,032 RKM, 98.64%) [5].

Among the remaining states, progress varied: - Rajasthan:
97.38% (5,805 RKM out of 5,961 RKM)

- Gujarat: 97.19% (3,972 RKM out of 4,087 RKM)

- Karnataka: 96.49% (3,488 RKM out of 3,615 RKM)
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- Tamil Nadu: 93.87% (3,659 RKM out of 3,898 RKM)

- Goa: 88.17% (164 RKM out of 186 RKM)

- Tripura: 57.30% (153 RKM out of 267 RKM)

- Assam: 56.49% (1,431 RKM out of 2,533 RKM) [5]

The northeastern states of Arunachal Pradesh (12 RKM),
Manipur (13 RKM), and Mizoram (2 RKM) had not yet
achieved electrification as of January 1, 2025, reflecting the
challenges of difficult terrain, limited accessibility, and shorter
working seasons in these regions [5].

At the zonal level, 14 out of 18 railway zones had achieved
100% electrification by January 1, 2025, including South
East Central Railway (SECR), Northern Railway (NR), North
Eastern Railway (NER), West Central Railway (WCR), North
Central Railway (NCR), East Coast Railway (ECOR), Cen-
tral Railway (CR), Eastern Railway (ER), Konkan Railway
Corporation Limited (KRCL), Metro Railway, South Eastern
Railway (SER), and East Central Railway (ECR) [5]. The
remaining zones were close to completion:

- South Central Railway (SCR): 99% (6,159 RKM out of
6,225 RKM)

- Western Railway (WR): 98% (5,153 RKM out of 5,268
RKM)

- South Western Railway (SWR): 98% (3,257 RKM out of
3,340 RKM)

- North Western Railway (NWR): 97% (5,394 RKM out of
5,550 RKM)

- Southern Railway (SR): 95% (4,801 RKM out of 5,040
RKM)

- Northeast Frontier Railway (NFR): 69% (2,826 RKM out
of 4,124 RKM) [5]

C. Energy Demand and Consumption Patterns

Indian Railways is a massive energy consumer, with traction
energy demand in 2020 estimated at approximately 18,410
million units (18.41 billion kWh), and non-traction load at
about 2,338 million units [1]. The system consumed approxi-
mately 2.7 billion liters of diesel annually prior to the accel-
eration of electrification [1]. Energy consumption decreased
slightly from 18.25 billion kWh in 2014-15 to 18.22 billion
kWh in 2015-16, reflecting early energy efficiency measures
[6].

To meet the growing traction energy demand through re-
newable sources, Indian Railways has commissioned approx-
imately 220 MW of renewable energy capacity, with nearly
3,450 MW in the development pipeline [1]. The target is to
meet at least 10% of energy demand from renewable sources,
with plans for 1,000 MW of solar capacity and 200 MW of
wind energy [6]. These renewable energy projects are expected
to reduce greenhouse gas emissions by approximately 40% in
the transport sector [1].

IV. TECHNICAL APPROACHES AND METHODS
A. Traction Power Supply Systems

The electrification of Indian Railways involves the deploy-
ment of overhead catenary systems (OCS) that supply electric
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power to locomotives through pantographs. The standard trac-
tion voltage in India is 25 kV AC at 50 Hz, which is stepped
down from the 132 kV or 220 kV transmission network
through traction substations located at intervals along the rail
corridor. This system provides efficient power transmission
over long distances and is compatible with modern electric
locomotive technology [4].

Advanced traction power supply systems incorporate several
technical features to enhance performance and reliability:

1. Cophase Traction Power Supply System (CTPSS): This
system eliminates the neutral section between adjacent feeding
zones, enhancing regenerative braking energy utilization and
mitigating voltage unbalance [9]. The CTPSS improves power
quality and reduces operational complexity.

2. Regenerative Braking: Modern electric locomotives are
equipped with regenerative braking systems that convert ki-
netic energy during deceleration into electrical energy, which
is fed back into the traction network. This technology can
potentially reduce CO emissions by up to 500 tons annually
per locomotive and improve overall energy efficiency by 20-
30% [6], [7].

3. Power Flow Control: Advanced power flow control meth-
ods use graph theory and network reconfiguration to reduce
losses and increase transport capacity in traction networks [4].
These methods enable adaptive control based on real-time load
conditions and optimize the distribution of power across the
network.

B. Smart Grid Integration

SMART GRID INTEGRATED RAILWAY TRACTION SYSTEM DIACRAM (INDIAN RAILWAYS)

il e et

Fig. 3. Conceptual Diagram of a Smart Grid Integrated Railway Traction
System for Indian Railways.

Smart grid technologies represent the next generation of
electricity supply systems, capable of increasing supply re-
liability, availability, and energy efficiency through the use
of information and communication technologies [10]. The
integration of smart grid concepts into railway traction power
supply systems offers several benefits:

1. Renewable Energy Integration: Smart grids enable the
integration of distributed renewable energy sources (solar and
wind) closer to traction loads, reducing transmission losses
and improving system resilience [11]. This is particularly im-
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portant for Indian Railways, which aims to meet a significant
portion of its energy demand through renewables.

2. Load Management and Peak Shaving: Demand-side
control and consumption management increase the carrying
capacity of trunk networks and reduce peak stress on the power
system [11], [10]. Smart grid controls allow traction systems
to limit demand peaks and capture regenerative braking energy
in real time.

3. Network Reconfiguration and Fault Recovery: Active
reconfiguration and multi-agent control reduce downtime and
restore supply after emergencies [4]. Hierarchical control ar-
chitectures based on IEC 61850 standards enable coordination
between local controllers and central supervisory systems for
adaptive restriction and restoration strategies [4].

4. Energy Storage Systems (ESS): ESS are critical com-
ponents of railway smart grids, successfully implemented
in global railway systems to optimize unused energy from
regenerative braking [12]. Energy storage can be deployed at
traction substations (wayside storage) or on-board trains to
capture and redistribute energy, reducing peak demand and
improving energy efficiency [13], [14].

Several studies have demonstrated the feasibility and ef-
fectiveness of smart grid technologies in railway applications.
Simulation results on test circuits have shown that adaptive
control based on IEC 61850 and multi-agent control sig-
nificantly improves the cost-effectiveness of electrical power
transportation and increases power quality [4]. Coordinated
voltage control in distribution grids can be calculated in three
iterations within 0.2 seconds, and managing power flows
reduces losses and increases transport capacity [4].

A chance-constrained optimization approach for sizing
power flow controllers (PFC) and energy storage in railway
electrical smart grids has been shown to reduce overall system
costs by up to 13% [15]. Bi-level optimization models for
sizing ESS and renewable energy sources (RES) in traction
power supply systems, considering multi-application require-
ments such as traction load peak clipping, regenerative braking
energy recycling, and RES consumption, have been validated
through experiments [16].

C. Renewable Energy Integration

The integration of renewable energy sources into railway
operations is a key component of the decarbonization strategy.
Indian Railways has adopted several approaches to renewable
energy integration:

1. Rooftop Solar Installations: Railway stations and main-
tenance facilities are being equipped with rooftop solar panels
that feed power directly into the traction network or local
distribution systems [17]. This approach utilizes available roof
space and reduces dependence on grid power.

2. Solar and Wind Farms: Large-scale solar and wind farms
are being developed to supply power to the railway grid
through power purchase agreements. The 3,450 MW renew-
able energy pipeline includes both solar and wind projects [1].

3. Direct Injection into Traction Network: Advanced control
strategies enable the direct injection of rooftop solar power
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into the traction network, showcasing smart grid integration
for railway power [17]. This approach requires sophisticated
power electronics and control systems to manage voltage and
frequency stability.

4. Hybrid Railway Microgrids: Smart AC-DC coupled hy-
brid railway microgrids integrate renewable energy sources,
energy storage systems, and electric vehicle charging infras-
tructure to enhance power flow capabilities, improve energy
efficiency, and address power quality issues in traditional AC
railway networks [18], [19]. These microgrids are centered
around a shared DC bus and utilize interfacing static convert-
ers.

Energy management strategies for electrified railway smart
microgrid systems (ERSMS) have been developed to address
fluctuations from renewable energy generation and traction
load. These strategies utilize integrated empirical mode de-
composition (IEMD) to separate renewable energy into low-
frequency and high-frequency components, followed by a
two-stage energy distribution approach [20], [19]. Case stud-
ies have validated the feasibility and effectiveness of these
solutions for managing energy flow and optimizing energy
distribution within ERSMS.

V. KEY FINDINGS AND OUTCOMES
A. Electrification Achievements

The Mission 100% Electrification program has achieved
remarkable success, transforming Indian Railways from a pre-
dominantly diesel-powered system to one of the world’s most
extensively electrified railway networks. Key achievements
include:

1. Rapid Electrification: Between 2014 and 2025, approxi-
mately 46,900 RKM were electrified, more than doubling the
cumulative electrification achieved in the previous six decades
[5].

2. Near-Complete Coverage: As of November 30, 2025,
99.2% of the broad gauge network (69,427 RKM out of 70,001
RKM) has been electrified, with only 574 RKM remaining [5].

3. Zonal Success: 14 out of 18 railway zones have achieved
100% electrification, with the remaining zones at 95% or
higher (except Northeast Frontier Railway at 69%) [5].

4. State-Level Completion: 25 states and Union Territories
have achieved 100% electrification of their broad gauge net-
works, including all major rail states [5].

5. Global Leadership: India now ranks among the global
leaders in railway electrification, with a higher electrification
percentage than major economies such as China (82%), France
(60%), Russia (52%), and the United Kingdom (39%) [5].

B. Environmental Benefits

The electrification program has delivered significant envi-
ronmental benefits:

1. Emissions Reduction: The transition from diesel to elec-
tric traction has substantially reduced greenhouse gas emis-
sions. Rail transport emits approximately 11.5 grams of CO
per tonne-kilometer, compared to 101 grams for road transport,
representing nearly 89% lower emissions [5].
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2. Renewable Energy Integration: With 220 MW of renew-
able energy capacity commissioned and 3,450 MW in the
development pipeline, Indian Railways is on track to meet
at least 10% of its energy demand from renewable sources
[1]. These initiatives are anticipated to reduce greenhouse gas
emissions by approximately 40% in the transport sector [1].

3. Local Air Quality: The elimination of diesel locomotives
has improved air quality at railway stations and along rail
corridors, reducing local air pollution and associated health
impacts.

4. Energy Efficiency: Regenerative braking systems can
potentially reduce CO emissions by up to 500 tons annually
per locomotive [6]. LED lighting and other energy efficiency
measures have achieved a 2-3% decrease in electricity con-
sumption [6].

C. Technical Performance

Technical studies and pilot implementations have demon-
strated the effectiveness of advanced technologies:

1. Smart Grid Feasibility: Simulation results have confirmed
that adaptive control based on IEC 61850 and multi-agent con-
trol significantly improves the cost-effectiveness of electrical
power transportation and increases power quality [4].

2. Cost Reduction: Chance-constrained optimization of
power flow controllers and energy storage can reduce overall
railway electrical smart grid costs by up to 13% [15].

3. Energy Management: Energy management strategies for
electrified railway smart microgrid systems, utilizing inte-
grated empirical mode decomposition and two-stage energy
distribution, have been validated through case studies [20],
[19].

4. Operational Efficiency: Hierarchical coordination of
trains and traction substation storages has demonstrated sub-
stantial energy saving and cost reduction potential across
various railway system operation setups [22].

VI. CHALLENGES AND BARRIERS
A. Infrastructural Challenges

Despite the remarkable progress, the electrification program
has encountered several infrastructural challenges:

1. Project Delivery Constraints: Infrastructure projects in
India commonly face delays due to regulatory approvals,
land acquisition issues, skilled resource shortages, dispute
resolution shortfalls, and geological challenges [23]. These
factors have impeded rapid rail electrification and allied works
in certain regions.

2. Difficult Terrain: The northeastern states, particularly As-
sam (56.49% electrified), Tripura (57.30% electrified), and the
states with minimal or no electrification (Arunachal Pradesh,
Manipur, Mizoram), face challenges related to difficult terrain,
limited accessibility, and shorter working seasons [5].

3. Forest Clearances: Many rail corridors pass through
forested areas, requiring environmental clearances that can de-
lay electrification projects. Balancing environmental protection
with infrastructure development remains a persistent challenge.
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4. Utility Shifting: Electrification requires the shifting of
existing utilities (power lines, communication cables, water
pipelines) that may conflict with overhead catenary systems.
Coordination with multiple agencies and stakeholders can
cause delays.

B. Technical Challenges

The integration of advanced technologies and the scaling of
electrification have revealed several technical challenges:

1. Grid Capacity and Carrying Limits: Upgrading trunk and
distribution networks to carry higher traction loads is neces-
sary. Smart grid concepts aim to increase carrying capacity
and manage consumption in DC traction systems [11].

2. Power Flow Control and Losses: Adaptive power flow
control, network reconfiguration, and active management are
required to reduce losses and increase transport channel ca-
pacity [4].

3. Control and Communication Needs: Modern hierarchical
control architectures (for example, IEC 61850-based multi-
agent control) are proposed to coordinate local and supervisory
controllers for adaptive operation and restoration after faults
[4]. Implementing these systems requires significant invest-
ment in information and communication technology infras-
tructure.

4. Reliability and Quality: Smart grid technologies can
improve supply reliability, availability, and energy efficiency,
but their deployment requires careful planning and testing to
ensure that they do not introduce new vulnerabilities [10].

5. Integration of Distributed Generation: Locating dis-
tributed generation nearer to traction loads and managing
two-way flows requires new protection, coordination, and
operational rules for traction networks [11].

C. Economic and Resource Constraints

The electrification program requires substantial financial
and human resources:

1. Capital Requirements: The transition requires large-scale
upgrades to traction substations, feeders, renewables, and
control infrastructure. While the government has allocated
6,150 crores for 2025-26 [5], the total capital cost for com-
pleting electrification and deploying smart grid technologies
is substantial.

2. Renewable Pipeline versus Demand: While approxi-
mately 3,450 MW of renewable capacity is in the pipeline,
alignment of commissioning schedules, land availability for
solar and wind projects, and grid interconnection remain
practical constraints for meeting traction energy needs on
schedule [1], [23].

3. Workforce and Skills: Deployment of advanced control
systems and renewable assets will require upskilling and
more specialized personnel, a known implementation barrier in
infrastructure expansions [23]. Training programs and capacity
building are essential to ensure that railway staff can operate
and maintain the new technologies.

4. Cost Quantification: Insufficient evidence in the supplied
sources prevents precise national capital-cost quantification for
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full electrification and smart grid deployment. More detailed
economic analysis is needed to inform policy decisions and
resource allocation.

VII. FUTURE DIRECTIONS AND RECOMMENDATIONS
A. Completing the Final Mile

With only 574 RKM remaining to achieve 100% electri-
fication as of November 30, 2025 [5], the focus should be
on completing the final sections, particularly in the northeast-
ern states and other challenging terrains. Recommendations
include:

1. Prioritized Resource Allocation: Concentrate resources
and expertise on the remaining sections, particularly in North-
east Frontier Railway (69% electrified) and states like Assam,
Tripura, Arunachal Pradesh, Manipur, and Mizoram.

2. Streamlined Approvals: Expedite regulatory approvals,
forest clearances, and land acquisition processes through ded-
icated task forces and inter-agency coordination.

3. Adaptive Engineering Solutions: Employ engineering
solutions tailored to difficult terrain, such as tunnel electrifica-
tion, avalanche protection, and weather-resistant infrastructure.

4. Seasonal Planning: Plan construction activities around
weather patterns and limited working seasons in mountainous
and remote regions.

B. Smart Grid Deployment

The deployment of smart grid technologies should be ac-
celerated to maximize the benefits of electrification:

1. Pilot Projects: Implement pilot projects in selected zones
to demonstrate the feasibility and benefits of smart grid tech-
nologies, including adaptive control, network reconfiguration,
and energy storage integration [4].

2. Standards Harmonization: Adopt international standards
such as IEC 61850 for control and communication systems to
ensure interoperability and facilitate technology transfer [4].

3. ICT Infrastructure: Invest in robust information and
communication technology infrastructure to support real-time
monitoring, control, and optimization of the railway power
system.

4. Multi-Agent Control: Deploy hierarchical multi-agent
control architectures that coordinate local controllers at trac-
tion substations with central supervisory systems for adaptive
operation and fault recovery [4].

C. Renewable Energy Scale-up

To achieve the target of meeting at least 10% of energy de-
mand from renewable sources, and to support India’s broader
climate commitments, the following actions are recommended:

1. Accelerate Pipeline Projects: Fast-track the commission-
ing of the 3,450 MW renewable energy pipeline, addressing
land acquisition, grid interconnection, and financing chal-
lenges [1].

2. Rooftop Solar Expansion: Expand rooftop solar installa-
tions at railway stations, maintenance facilities, and along rail
corridors, utilizing available space and reducing dependence
on grid power [17].
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3. Hybrid Microgrids: Develop hybrid railway microgrids
that integrate solar, wind, energy storage, and electric vehicle
charging infrastructure to create self-sufficient, resilient power
systems [18], [19].

4. Power Purchase Agreements: Negotiate long-term power
purchase agreements with renewable energy developers to
secure stable, cost-effective renewable power supply.

5. Direct Injection Technologies: Deploy advanced control
strategies for direct injection of renewable power into the
traction network, ensuring voltage and frequency stability [17].

D. Workforce Development

The successful operation and maintenance of electrified
railways and smart grid systems require a skilled workforce:

1. Training Programs: Develop comprehensive training pro-
grams for railway staff on electric traction systems, smart grid
technologies, renewable energy integration, and energy storage
systems.

2. Capacity Building: Establish centers of excellence for
railway electrification and smart grid research, in collaboration
with academic institutions and industry partners.

3. Knowledge Transfer: Facilitate knowledge transfer from
international best practices and collaborate with countries that
have advanced railway electrification and smart grid systems.

4. Continuous Learning: Implement continuous learning and
professional development programs to keep pace with rapidly
evolving technologies.

VIII. CONCLUSION

Indian Railways has achieved a remarkable transformation
through the Mission 100% Electrification program, reaching
99.2% broad gauge electrification by November 30, 2025, and
positioning itself among global leaders in railway electrifica-
tion. This achievement, accomplished in just over a decade,
demonstrates the feasibility of large-scale infrastructure trans-
formation when supported by strong policy commitment, sus-
tained investment, and effective project management.

The electrification program has delivered significant envi-
ronmental benefits, including substantial reductions in green-
house gas emissions, improved local air quality, and enhanced
energy efficiency. The integration of renewable energy sources,
with 220 MW commissioned and 3,450 MW in the pipeline,
positions Indian Railways to meet at least 10% of its energy
demand from renewables and contribute to India’s broader
climate commitments.

However, challenges remain. Completing the final 574 RKM
of electrification, particularly in the northeastern states and
difficult terrains, will require prioritized resource allocation,
streamlined approvals, and adaptive engineering solutions. The
deployment of smart grid technologies, including adaptive
control, network reconfiguration, energy storage integration,
and renewable energy management, is essential to maximize
the benefits of electrification and ensure a resilient, efficient,
and sustainable railway power system.

The integration of smart grid concepts into railway traction
power supply systems offers substantial benefits, including
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increased carrying capacity, improved consumption manage-
ment, enhanced reliability, and the ability to integrate dis-
tributed renewable energy sources closer to traction loads.
Technical studies and pilot implementations have demon-
strated the feasibility and effectiveness of these technologies,
with potential cost reductions of up to 13

Looking forward, Indian Railways should focus on com-
pleting the final mile of electrification, accelerating smart
grid deployment, scaling up renewable energy integration, and
developing a skilled workforce capable of operating and main-
taining advanced electrified railway systems. These efforts will
not only complete the Mission 100% Electrification but also
position Indian Railways as a model for sustainable, low-
carbon rail transport in the 21st century.

The success of Indian Railways’ electrification program
offers valuable lessons for other developing economies seeking
to modernize their transport infrastructure and reduce carbon
emissions. It demonstrates that with clear policy objectives,
sustained investment, and effective implementation, large-scale
infrastructure transformation is achievable within a relatively
short timeframe. As India continues its journey toward net-
zero carbon emissions by 2070, the electrification of railways
represents a critical milestone and a foundation for further
decarbonization efforts across the transport sector.
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