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Executive Summary
The Indian Railways (IR), an institution
often hailed as the lifeline of the nation,
today commands not merely a socio-
economic centrality but also assumes
an increasingly critical role in the
country’s environmental ambitions. As
of last year, the Indian Railways
operates the fourth-largest railway
network globally, spanning over 68,400
route kilometres, employing
approximately 1.2 million personnel,
and ferrying millions of passengers
daily. Beyond the quotidian exigencies
of mobility and logistics, the Railways
have become a potent instrument for
achieving India's broader
developmental and environmental
milestones. In the crucible of India's
energy transition and carbon neutrality
aspirations, notably its Net Zero target
by 2070 declared at COP26, Glasgow,
the Railways have been vested with the
herculean mandate of becoming a Net
Zero Carbon Emitter by 2030, thereby
positioning themselves as a pioneering
green transporter on a global stage.

Against this formidable backdrop, the
imperative to innovate in the renewable
energy (RE) domain has gained
unprecedented urgency. The IR has
already embarked upon an ambitious
renewable energy trajectory, with
approximately 487 MW of solar plants
(both rooftop and ground-mounted)
and about 103 MW of wind power plants

commissioned as of November 2024.
These strides, while commendable,
remain insufficient when juxtaposed
against the gargantuan energy
demands of an electrifying railway
ecosystem, i.e., projected to touch
over 8200 MW by 2030. More
importantly, to attain the ambitious
net zero emissions objective, it is
projected that the requisite RE
capacity by FY30 will approximate a
formidable 30,000 MW. Furthermore,
spatial constraints, particularly in
densely populated urban
agglomerations, circumscribe the
scalability of conventional solar farms.
It is within this context that there
emerges an intriguing proposition, that
of ‘solar carpeting’ of railway tracks. It
is an avant-garde endeavour wherein
photovoltaic (PV) panels are
embedded directly onto or between
railway lines, thereby transforming
otherwise underutilised land into
corridors of clean energy generation.

The conceptual underpinnings of solar
carpeting, though embryonic in
practice, are not entirely uncharted.
Early trials by Belgian rail management
company Infrabel, the Netherlands’
solar road experiments, and most
recently by Switzerland’s Sun-Ways
have begun to elucidate both the
promises and the pitfalls of this
audacious vision.
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The Swiss innovation by Sun-Ways,
launched in 2024, is particularly
instructive: employing a mechanical
system to deploy modular, removable
solar panels between active tracks. If
scalable, this could revolutionise the
energy calculus of railway operators; in
India’s case, the Indian Railways. Yet,
these pilot projects also lay bare the
formidable challenges; from dust
accumulation and mechanical
vibrations to safety compliance and
high capital costs, that must be
surmounted before solar carpeting can
metamorphose from an intriguing
prototype into a mainstream solution.

This research brief thus undertakes a
rigorous exploration of the
multifaceted prospects of solar
carpeting within the Indian context.
Specifically, it seeks to dissect the
technical feasibility, economic viability,
environmental benefits, and
operational ramifications of such an
enterprise. It will critically appraise the 

advantages and limitations intrinsic to
solar carpeting, drawing upon
empirical evidence and comparative
international experiences. Crucially,
the brief does not aspire merely to
replicate global models in a mechanical
fashion; rather, it seeks to adapt and
interrogate them through the prism of
India's unique infrastructural
complexities, diverse climatic
conditions, and socio-economic
dynamics. 

In so doing, this brief situates itself at
the vibrant intersection of
technological innovation, sustainable
development imperatives, and
pragmatic policymaking. It envisages a
future wherein the Indian Railways, by
embracing such pioneering
technologies, may once again reaffirm
its status, not merely as the backbone
of national connectivity but as a
harbinger of a greener, more resilient
India.
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The Energy Appetite and Carbon Footprint of
Indian Railways

The Indian Railways, often romanticised
as the sinew binding the diverse socio-
cultural assortment of the nation, today
finds itself navigating a complex
confluence of growth imperatives and
environmental exigencies. IR, as of 2024,
remains the single largest consumer of
electricity within India's transport sector,
accounting for approximately 2% of the
nation's total electricity demand (CEA,
2024). This staggering consumption is
both a testament to the gargantuan scale
of the Railways' operations that spans
freight, passenger, and auxiliary services,
as well as a portentous reminder of the
environmental burdens such energy
appetites inevitably entail.

The energy trajectory of Indian Railways
reveals a narrative of exponential growth.
In the fiscal year 2022–23, the
consumption was approximately 30 TWh
(30 billion kWh), which increased to 33
TWh (33 billion kWh) in 2023–24 (BEE,
2024). This quantum leap is propelled by
a multi-pronged strategy of massive
route electrification, with over 98% of
broad-gauge routes electrified by March,
2025 and the concomitant ambition of
eliminating diesel traction altogether on
conventional routes.

Paradoxically, even as electrification
ostensibly portends environmental
dividends, it also renders the Railways
increasingly susceptible to the carbon
intensity of India's power grid, where
electricity generation from thermal

sources still constitutes approximately
74% of the national energy mix (CEA,
2025). Consequently, while the Railways
has successfully curtailed its diesel
reliance, with diesel now constituting a
very small percentage of its traction
energy needs, its indirect carbon
emissions persist at an alarming scale.

In terms of absolute metrics, the Indian
Railways' last published greenhouse gas
(GHG) emissions were estimated at
approximately 6.84 million tonnes of CO₂
equivalent annually. While this figure
may appear relatively modest when
juxtaposed against the carbon profligacy
of road transport, responsible for nearly
90% of transport sector emissions, it
assumes disproportionate significance in
a country battling escalating urban air
pollution, climate vulnerabilities
manifesting in increasingly erratic
monsoons, and mounting international
obligations under the Paris Agreement
and subsequent COP articulations.

Moreover, the Railways’ environmental
footprint extends beyond mere carbon
emissions. The sector’s operations exert
pressure on critical ecosystems,
contribute to urban heat island effects
through expansive infrastructure, and
aggravate particulate pollution through
ancillary activities such as construction
and maintenance. 

Thus, the Indian Railways emerges not
merely as a participant in India’s climate
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mitigation endeavours but as a
protagonist whose proactive
decarbonisation could engender
cascading multiplier effects across the
transport, energy, and environmental
sectors. A ‘green railway’ is not merely a
rhetorical aspiration but an
infrastructural imperative, one that holds
the potential to substantially mitigate
India's overall carbon trajectory while
simultaneously galvanising ancillary
sectors towards sustainable pathways.
Recognising this, the strategic integration

of RE technologies, namely, solar, wind,
hybrid systems, and innovative
propositions such as solar track
carpeting, becomes not merely an
ancillary pursuit but an elemental
necessity for reconciling operational
efficiency with ecological responsibility.
The Railways' journey from a carbon-
intensive behemoth to a climate-resilient
vanguard shall, therefore, be a bellwether
for India's larger environmental
renaissance.

Indian Railways’ Renewable Energy Trajectory:
An Overview

Cognisant of the inexorable imperatives
posed by climate change and the
concomitant necessity for sustainable
infrastructural practices, the Indian
Railways has, in recent years, embarked
upon a transformative renewable energy
trajectory. This paradigmatic shift is
underpinned not merely by normative
environmental obligations but also by
pragmatic considerations of energy
security, operational efficiency, and
fiscal prudence.

By early 2025, Indian Railways has
impressively commissioned over 209 MW
of solar photovoltaic (PV) capacity
deployed across 2,249 railway stations
and service buildings throughout the
length and breadth of the nation. These
initiatives represent not a tokenistic
gesture but a systemic recalibration of
energy procurement strategies towards
greener alternatives. Among the marquee

projects illuminating this transition are:

The 50 MW solar power plant at Bhilai,
Chhattisgarh, operationalised last
year, which stands as a pioneering
installation dedicated exclusively to
traction energy, a critical frontier
given that traction constitutes over
80% of the Railways’ total electricity
consumption. The Bhilai plant alone is
projected to offset approximately
86,000 tonnes of CO₂ emissions
annually, thereby contributing
substantively to decarbonisation
targets.
Rooftop solar installations at over
960 railway stations nationwide,
collectively generating an aggregated
output of approximately 175 million
units (kWh) annually. By April 2025, a
total of 2,253 kW capacity rooftop
solar panels were installed in the
Varanasi Division; with stations like
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Varanasi, New Delhi, Jaipur, and
Secunderabad emerging as notable
exemplars, integrating clean energy into
their operational matrices while
simultaneously reducing peak load
dependencies. 

Supplementing its solar ventures, the
Indian Railways has made strategic
forays into wind energy,
commissioning 103 MW of wind
projects distributed across Gujarat,
Tamil Nadu, and Karnataka regions
endowed with high wind potential.
Noteworthy among these is the wind
farm at Lamba, Gujarat, contributing
both to traction and non-traction
requirements.

Yet, for all the commendable momentum
these projects embody, a sobering
realpolitik persists. Despite the scale of
these interventions, the cumulative
renewable energy generation currently
addresses only around 10% of the Indian
Railways' prodigious electricity
requirement. This lacuna highlights the
yawning chasm between aspiration and
actuality, a chasm rendered all the more
conspicuous by the Railways’ self-
imposed, ambitious target of becoming a
Net Zero Carbon Emitter by 2030.
Bridging this deficit will necessitate a

paradigm shift away from incrementalism
towards transformative innovations that
transcend conventional deployment
modalities. It is within this crucible of
necessity and ingenuity that the
proposition of solar carpeting railway
tracks emerges - a novel, albeit untested,
frontier poised at the intersection of
infrastructure optimisation, RE
proliferation, and sustainable mobility.

The audacity of such a concept, while
laden with logistical, financial, and
technological challenges, also embodies
the spirit of disruptive ambition requisite
for India’s green energy transition. Solar
carpeting, by leveraging existing railway
corridors for dual usage - transport and
energy - offers tantalising prospects for
maximising land productivity, mitigating
right-of-way acquisition challenges, and
aligning infrastructure development with
India's broader sustainability agenda.

Thus, while Indian Railways’ renewable
journey thus far merits approbation, it is
the creative harnessing of such frontier
technologies that shall ultimately
determine whether the Railways
metamorphose into the ecological
paragon envisaged by national and global
environmental aspirations.

International Precedents: Lessons and
Caveats

The global landscape of solar-embedded
transport infrastructure offers a veritable
landscape of ambition, ingenuity, and,
equally, cautionary tales. As India
contemplates the prospect of solar

carpeting its vast railway network, it
would be remiss not to glean insights -
both salutary and sobering - from
international experiments that have
traversed this nascent terrain.
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The Dutch Experiment: SolaRoad

Among the earliest and most extensively
documented ventures is the SolaRoad
project in the Netherlands, first unveiled
in 2014 and subsequently extended
through multiple iterations up to 2024.
Conceptually audacious, the project
involved embedding ruggedised
photovoltaic (PV) modules directly into
cycle pathways near Amsterdam, thereby
transforming quotidian transport
surfaces into productive energy-
generating assets. 

The empirical outcomes have been
moderately encouraging. According to
the SolaRoad Evaluation Report (2024),
the pilot installations achieved an
average energy yield of approximately 70
kilowatt-hours (kWh) per square metre
per year - a figure that, while modest
compared to traditional rooftop
installations, is nonetheless significant 

given the dual-functionality of the asset.
Bolstered by these outcomes, Dutch
engineers have since embarked on
experimental applications adjacent to,
though not directly upon, railway tracks,
seeking to mitigate the mechanical
stresses associated with heavy vehicular
loads.

Yet, the Dutch experience also surfaces a
cardinal axiom: solar-embedded surfaces
are best suited for low-load, low-wear
contexts, such as cycle paths, rather than
for the rigours of high-speed rail or
freight corridors. The relatively benign
climatic conditions of the Netherlands,
i.e., moderate temperatures, limited dust
and controlled pedestrian usage, also
present an environmental context not
easily replicable across India's variegated
geography.
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France’s Wattway: A Cautionary Tale

A more chastening narrative emerges
from France, where the much-vaunted
Wattway project, initiated in 2016 by the
infrastructure firm Colas and supported
by the French government, sought to
revolutionise highways by integrating PV
modules into road pavements.

The project’s ambition was nothing short
of transformative: to convert the vast,
underutilised surfaces of highways into
sprawling solar farms. However, by 2024,
independent evaluations had cast a
decidedly critical pall over the venture.
The Wattway panels demonstrated the
following limitations:

Energy Yields: Actual outputs were
less than half of original projections,
largely due to panel shading, surface
soiling, and suboptimal tilt angles.

Durability Concerns: The panels,
subjected to the abrasive forces of
vehicular traffic and climatic
extremities, exhibited rapid surface
degradation, compromising both
structural integrity and energy
efficiency.

Economic Viability: Maintenance
costs proved exorbitantly high, with
frequent panel replacements and
repairs eroding the financial
attractiveness of the model.

The Wattway experience thus serves as a
salutary admonition that the mere act of
co-locating solar infrastructure with
transport surfaces, while conceptually
alluring, is fraught with technical,
operational, and economic pitfalls.
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Switzerland’s Sun-Ways: A Nuanced
Innovation

More recently, a promising technological
pivot has emerged from Switzerland,
where the start-up Sun-Ways has
pioneered a method of deploying
retractable solar panels between railway
sleepers. Launched in a pilot phase
during early 2024, this innovation
circumvents many of the pitfalls
encountered by Wattway by avoiding
direct load-bearing functions.

The key attributes of the Sun-Ways model
include:

Retractable Design: The panels can be
mechanically installed or retracted
using specialised rail vehicles,
facilitating easy maintenance without
disrupting train operations.

Operational Integrity: The solar
modules, placed between the tracks
rather than upon active load surfaces,
are thus shielded from the direct
stresses of rolling stock.

Energy Potential: Preliminary field
trials suggest an annual yield of
approximately 120-140 kWh per
square metre, depending on local
solar irradiance - figures markedly
superior to the Dutch cycle path
deployments.

This model, while still in embryonic
stages of scaling, arguably offers a
technological archetype more consonant
with India’s high-density, heavy-haul 

railway system, provided adaptations are
made for dust accumulation, monsoonal
variability, and higher temperature
thresholds.
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Synthesis of Global Lessons 

Thus, the international experience
reveals a composite portrait: while the
allure of dual land use through
solarisation of transport infrastructure is
irrefutable, its realisation is contingent
upon rigorous attention to context-
specific technicalities. Challenges such as
panel durability under mechanical stress,
maintenance logistics, energy yield
optimisation, and life-cycle economics 

 must be confronted with unflinching
realism rather than utopian enthusiasm.
For Indian Railways, therefore, the path
forward must involve not a wholesale
transplantation of global models, but a
pragmatic indigenisation, harnessing
lessons from abroad while calibrating
designs to India's unique climatological,
operational, and infrastructural
conditions.

The Imperative of Land Optimisation in
India's Infrastructure Planning

In the uniquely dense and rapidly
urbanising Indian milieu, the imperative
of land optimisation is no longer a matter
of mere administrative efficiency; it has
metamorphosed into a cardinal pillar of
sustainable development. India's land-to-
population ratio, once relatively
comfortable, now teeters precariously.
India's per capita land availability has
contracted to a meagre 0.27 hectares
(2020), a steep descent from 0.89
hectares in the year 1951.

This trajectory of contraction is further
exacerbated by an inexorable wave of
urbanisation, with indications that India
will host 600 million urban dwellers by
2036, thereby adding nearly 100 million
to its urban cohort within just over a
decade. The concomitant demands on
land, be it for housing, transportation,
industry and services, are bound to
mount exponentially.

Against this backdrop, traditional models
of land-intensive renewable energy
deployment, such as sprawling solar
parks and wind farms, are becoming
increasingly untenable. Land acquisition,
a perennial Achilles' heel of
infrastructure projects in India, is now
fraught with socio-political contestation,
exorbitant compensations, and
protracted litigations, not to mention the
ecological costs of diverting agricultural
or forested tracts.

In this context of intensifying spatial
scarcity, the Indian Railways' linear and
longitudinal footprint emerges as a
strategic national asset of immense, and
as yet underexploited, potential. The
Indian Railways administers
approximately 4.90 lakh hectares of land
- much of this land, especially the land
running parallel to the tracks, that is,
structurally contiguous, is often lying
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moribund from an energy generation
perspective.

Crucially, a significant proportion of this
land, namely, the trackside margins,
embankments and service corridors,
remains non-operational in nature. It is
neither immediately requisitioned for rail
operations nor currently utilised for
ancillary revenue generation. Herein lies
the tantalising opportunity: solar
carpeting, or the deployment of PV
systems directly atop or adjacent to
railway tracks, offers a paradigm wherein
incremental energy generation is
achieved without the incremental burden
of new land acquisition.

Moreover, this approach dovetails
elegantly with the principles of co-
location and multi-functionality, which
are the cornerstones of progressive
infrastructure planning; wherein existing
transport corridors are imbued with an
additional layer of renewable
functionality. In doing so, solar carpeting 

could attenuate land-use conflicts,
minimise opportunity costs, and
synergise infrastructure with energy
security objectives.

It is also worth noting that the Indian
State, in its myriad national and sub-
national policy articulations - from the
National Infrastructure Pipeline (NIP) to
the PM Gati Shakti Master Plan - has
repeatedly stressed the need for
‘optimised asset utilisation’ and
‘leveraging existing rights-of-way’ for
future infrastructure development.

Thus, in synthesising the twin exigencies
of renewable energy proliferation and
judicious land management, solar
carpeting of railway corridors emerges
not merely as an engineering innovation,
but as a manifestation of pragmatic
ecological stewardship; a strategy that
resonates profoundly with India's
broader sustainable development
aspirations and climate-resilient
infrastructure agenda.
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KEY 
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The Technical Feasibility
The notion of solar carpeting, i.e.,
embedding solar panels along the railway
tracks to generate renewable energy, is
undeniably alluring. It offers the promise
of energy generation integrated
seamlessly into existing infrastructure,
circumventing the perennial issue of land
scarcity that plagues many RE projects.
However, while the vision of solar-
powered railways sounds transformative,
the reality of such an endeavour requires
a comprehensive understanding of the
technical hurdles that would need to be
overcome, especially within the complex
and demanding environment of India’s
railway system.

In India, where the sheer scale and
operational intensity of the railway
network are unmatched, the challenges
presented by solar carpeting are
magnified considerably. The feasibility of
this concept, therefore, depends not only
on technological advancements in solar
energy but also on how these innovations
can be adapted to India's unique
environmental conditions, logistical
constraints, and infrastructure dynamics.

1. Climatic and Environmental
Conditions 

India's climatic variability is one of the
most significant challenges when
evaluating the feasibility of solar
carpeting. The country's vast
geographical expanse encompasses
diverse climates, ranging from the
scorching heat of the Thar Desert to the

moist monsoon-laden regions of the
Western Ghats to the snowbound railway
tracks of Jammu & Kashmir. In this
context, any technology integrated into
the railway tracks must be capable of
withstanding extreme temperature
fluctuations, high humidity, heavy
rainfall, and occasional snowstorms.

Temperature Extremities: Indian
railway tracks, particularly in
northern and western regions, can
experience extreme temperatures. In
the climatically capricious terrains of
Northern India, railway tracks are
known to register thermal extremes
wherein, during the sweltering
summer months, rail temperatures
can soar to approximately 20°C above
the prevailing ambient maxima, while
in the chill of winter, they may
descend to nearly 2-3°C beneath the
recorded minimum atmospheric
temperatures. Ergo, this means that
during the summer, temperatures on
the track can soar above 60°C, which
could result in a significant reduction
in solar panel efficiency. High
temperatures increase the internal
resistance of photovoltaic cells,
thereby causing a drop in
performance by as much as 0.4-0.5%
per degree Celsius above the ideal
operational temperature (Effect of
Temperature | PVEDucation). This
becomes especially problematic given
the continuous exposure of railway
tracks to the sun.
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Dust and Air Quality: India's air
quality, particularly in the north and
central regions, is heavily laden with
particulate matter (PM), with PM10
levels often exceeding 100 µg/m³ in
major industrial hubs (Devi et al,
2020). This results in a high rate of
dust accumulation on solar panels.
Dust acts as a barrier to sunlight,
reducing the energy conversion
efficiency of solar cells. In dusty
regions, solar panels could lose up to
30% of their energy output within a
month if not regularly cleaned (MIT
Energy Initiative, 2022). The need for
frequent cleaning and maintenance
would add operational costs and
logistical complexity to the solar
carpeting system.

Heavy Rainfall and Flooding: In areas
prone to monsoons, such as the
Konkan coast and the north-eastern
states, heavy rainfall and flooding
often disrupt transportation. The
deposition of silt and debris on the
solar panels could further reduce
energy generation and lead to
potential system failures. Moreover,
prolonged exposure to rain and damp
conditions could hasten the corrosion
of panel components, necessitating
high-quality weatherproofing and
robust material selection.

2. Operational Conditions: Heavy Traffic
and Vibration

The Indian Railways is a colossal network
with trains operating at high frequencies,
especially on major routes such as Delhi-
Mumbai and Howrah-Chennai, where
scores of passenger and cargo trains pass

through a single section daily. This
continuous and heavy axle load induces
high-frequency vibrations along the
tracks, which could prove disastrous for
solar panels embedded between the rails.

Vibration and Mechanical Stress: The
impact of these constant dynamic
loads and vibrations on solar panels
cannot be overstated. Regular
exposure to tensile and compressive
forces could cause microcracks in the
PV material, leading to a deterioration
of the panel's structural integrity over
time. The crystalline silicon solar
panels commonly used today are rigid
and may be prone to cracking under
continuous shock and mechanical
stress (Santos et al., 2021).

Heavy-Axle Loads: The Indian
Railways’ freight trains operate with
high axle loads (up to 22-25 tons) and
these heavy trains, running at speeds
of up to 25-30 km/h, subject the
railway infrastructure to significant
strain (Kumar, n.d.). As a result, any
solar panels installed along these
tracks must be designed to withstand
these forces while remaining securely
fastened and operational throughout
the lifespan of the infrastructure.
Special mounting and vibration-
dampening mechanisms would be
essential to ensure the durability and
performance of the panels.

3. Technological Innovations and
Adaptation

While the above challenges may appear
formidable, there are several innovations
in solar panel technology that could
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mitigate these issues, provided they are
properly adapted to the Indian context.

Thermal Management Solutions:
Advances in active cooling systems,
such as heat sinks or phase-change
materials, could reduce the impact of
temperature-induced performance
degradation. Additionally, innovative
panel designs incorporating ceramic
coatings or aerogel insulations could
potentially enhance the panels'
resistance to high temperatures (Wu
et al., 2021).

Flexible, Retractable, or Protective
Coatings: Emerging technologies like
retractable solar panels, as
demonstrated by Sun-Ways in
Switzerland, offer a potential solution
for dealing with vibrations. These
systems allow for adjustable solar
panel surfaces that can retract or
expand depending on the situation,
offering greater durability and
flexibility for rail systems
experiencing heavy usage and
vibrations.

Anti-Soiling Coatings: Advances in
anti-soiling coatings could
dramatically reduce the dust
accumulation on solar panels (Blanco
& Santigosa, 2017). Companies are
developing self-cleaning solar panel
technologies that incorporate
hydrophobic materials to repel water
and dust, thus ensuring that the
panels remain functional with minimal
maintenance.

While the prospect of solar carpeting
railway tracks in India is an exciting one,
the technological feasibility hinges upon
the successful integration of solar
technology with the real-world
conditions of India's railway
infrastructure. It requires an intricate
balance of material science, engineering
ingenuity, and innovative operational
strategies. Only through rigorous pilots,
testing, and continuous iteration can this
concept evolve from a promising vision
into a scalable, cost-effective solution.

Engineering Challenges: The Physics of the
Permanent Way

The installation of solar carpeting along
India’s vast railway network is fraught
with formidable engineering challenges
that must be addressed to ensure that
the solar technology is not only effective
but also durable in the face of India's
unique environmental and operational
conditions. To understand these
challenges, it is crucial to delve into the

physics of the permanent way - the term
used for the physical infrastructure of
railway tracks, including the rails, ties,
and ballast. The key obstacles to solar
carpeting stem from the track
temperature, dust deposition, vibrational
loads, and maintenance complexities that
are unique to India's railways.
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1.Track Temperature Dynamics: Heat
and Efficiency Decline

One of the most critical challenges for
the deployment of solar carpeting along
India’s vast railway network is the
extreme track temperatures experienced
during the summer months. India, with its
diverse climate, particularly in regions
like the Gangetic plains, Deccan plateau,
and Thar desert, sees surface
temperatures of railway tracks routinely
exceed 60°C, especially during peak
summer periods. This extreme heat poses
a fundamental challenge to the
performance of solar panels, as they are
inherently temperature-sensitive
devices, and efficiency significantly
declines with rising temperatures.

Here are the specific aspects of track
temperature dynamics, and how these
dynamics can affect the efficiency and
performance of solar panels installed
along railway tracks.

Efficiency Decline with Temperature:

Solar panels are built to operate
optimally at a specific temperature
range, typically around 25°C. As
temperatures rise above this nominal
operating temperature, their efficiency
decreases. This phenomenon is a well-
documented characteristic of PV
technology: solar cells lose 0.4-0.5% of
their energy output per °C increase in
temperature above 25°C (Bamisile et al.,
2024). 

To illustrate, if track temperatures
reach 70°C during peak summer,   

the performance of the solar panels
could drop by 15-20% compared to the
potential energy output under optimal
temperature conditions . This loss of
efficiency is especially critical in regions
with high solar energy potential, such as
Rajasthan and Madhya Pradesh, where
the solar capacity is often highest, but
extreme temperatures could undermine
the viability of the project.

Key Implications of Efficiency Loss:

Reduced energy generation: Given
that solar energy generation is
directly tied to the intensity of
sunlight and the efficiency of the
solar cells, a temperature-induced
decline in efficiency would lead to
lower energy output. This can
affect the ability of the solar
panels to meet the energy
demands of Indian Railways for
traction energy, leading to a
reliance on non-renewable
sources of energy, thereby
diminishing the environmental
benefits of the initiative.

Increased operational costs: A
decrease in energy generation
would mean that more solar
panels would be required to meet
the same energy output. This not
only raises the initial installation
costs but also increases the
maintenance costs due to the
need for additional panels and
more frequent maintenance of the
systems.
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Thermal Management Solutions:

To mitigate the impact of extreme track
temperatures on the performance of
solar panels, thermal management
solutions become essential. Without
these innovations, the viability of solar
carpeting as a solution to India’s energy
needs could be severely compromised.
Some of the potential solutions to
manage the heat-related challenges are
mentioned below:

Heat-Dissipative Coatings: One
possible solution to reduce the
adverse effects of heat is the
application of heat-dissipative
coatings on the solar panels (Wang et
al., 2023). These coatings are designed
to reflect infrared radiation or
enhance thermal conductivity,
helping the panel surface to stay
cooler and more efficient in high-
temperature conditions. Some
advanced solar panel manufacturers
are already experimenting with
specialised coatings that enhance
heat dissipation, but the application
of such coatings needs to be
customised for the specific conditions
of the Indian rail network. The key
challenges here would be:

Ensuring the longevity of the
coatings, especially in dusty
environments where abrasive
particles could degrade the
coatings.

Ensuring that the coatings do not
affect the panel’s light absorption
and efficiency. 

Elevated Panel Mountings: Another
possible approach to addressing
temperature-related issues is the use
of elevated panel mountings. These
mountings would raise the panels
above the tracks, allowing air to
circulate beneath the panels and
dissipate heat more effectively. This
would reduce direct heat absorption
by the panels and provide a buffer
against the extreme temperatures of
the track surface. The elevated
mounting systems would need to:

Be structurally robust to
withstand vibration and dynamic
loading from the trains.

Be cost-effective and practical to
implement, given the vast
stretches of railway track across
India.
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Active Cooling Systems: In more
extreme cases, active cooling systems
could be integrated into the solar
panels themselves. These systems
could involve liquid cooling or air-
cooling channels built into the panel
structure. However, the integration of
such cooling systems into solar panel
technology for railway track
installation would require substantial
innovation and investment, as the
panels would need to be both highly
efficient and cost-effective in the face
of the harsh railway environment
(Dwivedi et al., 2020). Challenges to
implementing this solution include:

Increased maintenance: The
addition of cooling systems would
require more frequent servicing
and potential replacement of
cooling components.

Complex installation: Installing
active cooling systems would
complicate the installation
process, making it more expensive
and difficult to scale across India's
railway network.

Impact on Panel Durability:

Finally, the durability of solar panels is
another significant consideration. Solar
panels are designed to last for 20-25
years, but excessive heat can accelerate
material degradation and component
wear. High temperatures can cause
thermal expansion and contraction within
the panel materials, which, over time, can
lead to cracking or deterioration of the
internal components. This would result in
increased maintenance costs and
possibly shorten the overall lifespan of
the system.

Given the extreme temperatures in some
regions, it is crucial to design solar panels
that can withstand thermal stress while
maintaining their operational integrity.

The challenge of track temperature
dynamics and its impact on solar panel
efficiency is one of the most pressing
issues facing the viability of solar
carpeting along India's railway network.
High temperatures can cause significant
efficiency losses, reducing the overall
potential of this renewable energy
solution, particularly in India's hot
regions. To address this, thermal
management solutions such as heat-
dissipative coatings, elevated panel
mountings, and active cooling systems
will need to be developed and integrated.
However, these solutions come with their
own set of engineering, cost, and
operational challenges, and substantial
research and innovation will be required
to make solar carpeting a practical and
scalable solution in India’s extreme
climatic conditions.
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2. Dust and Particulate Matter: The
Soiling Dilemma

One of the most significant and
persistent engineering challenges that
could affect the implementation of solar
carpeting along India's railway tracks is
the issue of dust accumulation and the
deposition of particulate matter (PM) on
the solar panels. Given the country’s
diverse geography, including semi-arid
and urbanised regions, this problem is
particularly pronounced and presents a
substantial risk to the efficiency and
longevity of solar installations.

Impact of Dust on Solar Panels:

India is notorious for its high levels of
particulate pollution. The PM10 levels
(particulate matter with a diameter of 10
micrometers or less) frequently exceed
100 μg/m³ in major corridors and urban
regions. In some arid and semi-arid
regions, dust storms are commonplace,
contributing to even higher levels of dust
deposition. The impact of dust on solar
panels is twofold, significantly reducing
their energy generation efficiency.

Optical Blocking of Solar Light: The
accumulation of dust on solar panels
creates a layer of debris on the
panel’s surface, which effectively
reduces the amount of sunlight that
reaches the photovoltaic cells. Solar
panels are designed to absorb
sunlight and convert it into
electricity, but a dust-coated surface
acts as an opaque barrier, diminishing
the solar irradiance received by the
cells. As a result, the panels' power
output drops, which undermines their

contribution to meeting the energy needs
of Indian Railways.

Efficiency Decline Due to Dust:
According to studies, dust
accumulation can cause a decline in
panel efficiency by up to 30% within
just a month of exposure in high-dust
areas. This dramatic efficiency loss is
particularly problematic for solar
carpeting, as it affects the panels’
ability to generate energy during
critical periods, such as peak demand
hours for traction energy.

This reduction in energy generation is a
critical concern because, in many regions
of India, solar energy potential is high,
but particulate pollution can negate
these advantages. The dust storm effects,
particularly in regions like Rajasthan,
Gujarat, and Madhya Pradesh, aggravate
this problem, making it essential to have
strategies in place to mitigate dust
accumulation and maintain panel
efficiency.

3. Challenges of Cleaning and
Maintenance

To counter the soiling dilemma and keep
the solar panels functioning optimally,
frequent cleaning is necessary. The
accumulation of dust and particulate
matter on solar panels reduces their
operational efficiency and, if left
unaddressed, could significantly reduce
their lifespan. However, this introduces a
series of operational complexities that
could raise both the costs and challenges
of maintaining solar carpeting systems
along Indian Railways tracks.
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Cleaning Frequency: In high-dust
zones, cleaning may need to occur
every two weeks, especially during
periods of peak dust deposition, such
as the summer months or during the
monsoon season, when dust levels
can spike. Cleaning the panels
frequently is essential to prevent the
dust layer from becoming too thick, as
dust build-up over time leads to
further efficiency loss. However, bi-
weekly cleaning introduces significant
operational challenges due to the
frequent interventions required,
particularly along India’s vast railway
network.

Impact on Operational Continuity:
One of the biggest hurdles in cleaning
solar panels embedded along railway
tracks is the need to ensure that such
activities do not disrupt rail
operations. The cleaning process
must be performed without impeding
the smooth operation of trains,
particularly in areas with high traffic
or in the middle of operational hours.
Any disruption caused by cleaning
crews would result in delays, safety
concerns, and a loss of operational
efficiency for the railways. Also, the
cleaning process must be executed
safely to ensure that no damage
occurs to the solar panels or the
surrounding infrastructure, including
the rail tracks and ballast.

Technological Solutions for Cleaning:
To reduce the labour-intensive nature
of cleaning, automated cleaning
systems could be integrated into the
infrastructure. These systems would

help to minimise human intervention and
ensure that cleaning is conducted
efficiently and regularly. However, these
systems would come at a significant
capital investment and could further
complicate the overall maintenance
framework for solar carpeting. The
reliability of such cleaning systems,
especially in high-dust areas, would need
to be tested thoroughly to ensure
consistent performance.

Maintenance Costs: As the frequency
of cleaning increases, so too do the
maintenance costs. Routine cleaning
not only requires significant labour
and equipment but also specialised
techniques to ensure that the solar
panels are not scratched or damaged
during the process. Furthermore, the
addition of automated systems would
incur costs for installation,
calibration, and ongoing maintenance
of the cleaning equipment itself. Thus,
cleaning costs would add another
layer of financial burden to the
project, reducing its cost-
effectiveness.

Dust Resilience of Panels: Given the
persistent problem of dust, it will be
essential to select the right type of
solar panels for the Indian railway
system. Panels should ideally be
designed with dust-resistant coatings
or self-cleaning properties to reduce
the need for frequent manual
intervention. However, such
advanced technologies are still
evolving and may not be universally
available at the scale required for a
national railway system.
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Seasonal Variability in Dust: Another
factor to consider is the seasonal
variability in dust levels. During
certain times of the year, such as the
dry season or harvest time, dust
levels in regions like Rajasthan,
Madhya Pradesh, and Uttar Pradesh
can increase drastically. This would
require an adaptive cleaning regimen
that adjusts to regional and seasonal
variations in dust levels.

The problem of dust and particulate
matter accumulation on solar panels is an
undeniable challenge that could
significantly impact the performance of
solar carpeting along Indian Railways
tracks. Frequent cleaning is required to
ensure that the panels remain efficient,
but this introduces both maintenance
complexities and operational hurdles. 

Addressing this issue will require a
combination of technological innovations
in panel design (e.g., self-cleaning or
dust-resistant panels), automated
cleaning systems, and an effective
maintenance strategy that does not
disrupt the day-to-day operations of the
rail network.

Given the prevalence of particulate
pollution in India, this challenge will
remain a significant obstacle to the
widespread implementation of solar
carpeting along Indian rail tracks, and any
long-term solution will require
substantial investment in research and
development, particularly in cleaning
technologies and dust-resistant materials
for the solar panels.

4. Vibration Loads: The Impact of Heavy-
Axle Railways

One of the critical challenges that the
concept of solar carpeting along India's
railway tracks faces is the impact of
vibrations caused by the operation of
heavy-axle freight trains. India’s railway
system is heavily reliant on freight trains,
many of which operate with axle loads
ranging from 22-25 tons. These heavy
trains generate dynamic loading that
leads to the transmission of intense
vibrations through the tracks, which
could have significant implications for
the structural integrity and long-term
durability of solar panels embedded in
the tracks. Understanding how these
vibrations affect the solar panels is key to
assessing the feasibility and
sustainability of solar carpeting in such
an environment.

Impact of Vibration on Solar Panels: 

The most commonly used type of solar
panels for large-scale renewable energy
installations is crystalline silicon. While
highly efficient in energy conversion,
crystalline silicon panels are known for
their rigid and brittle structure, which
makes them particularly susceptible to
damage from physical stresses, such as
those created by vibrations and shocks.

Microcrack Formation: One of the
primary risks of embedding solar
panels along tracks subject to
dynamic forces is the potential for the
formation of microcracks in the
polycrystalline silicon material. 
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These cracks can occur due to the
constant, low-amplitude vibrations
produced by the trains as they travel
along the tracks. Over time, these
microcracks can propagate, causing
performance degradation in the panels
and potentially leading to complete panel
failure if not addressed. The rigid
structure of crystalline silicon does not
lend itself well to flexing or absorbing
shock loads, which makes it vulnerable to
structural damage under continuous
dynamic loading.

Reduced Performance and Lifespan:
The presence of microcracks
significantly reduces the efficiency of
the panels. As these cracks grow and
spread, they can block current flow
within the photovoltaic cells,
resulting in lower energy output from
the panels. In addition to the
immediate impact on efficiency, these
cracks also shorten the overall
lifespan of the panels, reducing the
return on investment for any solar
carpeting project. Given the scale of
the Indian railway network, ensuring
that the embedded solar panels
maintain their long-term reliability is
crucial to the success of the project.

Increased Maintenance Needs: As
vibrations cause microcracking and
damage to the panels, the need for
frequent inspections and
maintenance increases. Detecting
these microscopic faults requires
advanced monitoring techniques,
such as infrared thermography or
electroluminescence imaging, 

both of which add to the operational
complexity and cost of maintaining the
solar carpeting system. Over time, as the
panels degrade, it may be necessary to
replace entire sections of the embedded
solar infrastructure, further increasing
maintenance costs.

Innovative Solutions: Mitigating
Vibration Impacts:

Given the significant challenges posed by
vibration-induced damage to solar
panels, especially in the context of India’s
heavy-axle freight trains, exploring
innovative solutions to mitigate these
impacts is critical. While there are some
potential models, such as the retractable
panels used in Switzerland, the systems
available are still in the experimental
phase and have not been tested under
the same heavy-load conditions found in
India.

Flexible Mounting Systems: In
Switzerland, the Sun-Ways project
employs retractable solar panels that
are mounted using flexible systems
designed to absorb and dampen
vibrations. These panels can retract
during the passage of trains to
minimise the forces they are
subjected to. While this system has
shown promise in mitigating vibration
damage, it remains untested in heavy-
rail environments with high-
frequency, high-load traffic like
India’s. Given the scale of India's
railway system and the need for
constant energy production, it is
unlikely that a retractable system
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would be feasible across such a large
network due to cost and complexity.
However, the concept of flexible
mounting does offer valuable insights for
developing a solution.

Damping Systems and Shock
Absorbers: Another potential solution
is to integrate damping systems or
shock absorbers into the solar panel
mounting structure. These systems
could be designed to absorb the
vibrations and reduce the impact on
the solar panels. This would involve
using rubberised mounts, spring-
loaded mechanisms, or hydraulic
dampers to dissipate the energy from
the vibrations, preventing it from
being transferred to the solar panels.
These shock-absorbing mounts could
help protect the panels from dynamic
loading and reduce the risk of
microcracks forming.

Reinforced Solar Panel Design: One
option for mitigating the impact of
vibrations could involve designing
solar panels that are more resilient to
shocks and vibrations. Flexible solar
panels, often based on thin-film
technology, could offer an alternative
to the rigid crystalline silicon panels.
These panels can absorb and flex
under dynamic forces without
sustaining permanent damage.
However, thin-film technology
generally has lower energy conversion
efficiency compared to crystalline
silicon, which would require careful
consideration of the trade-offs
between resilience and efficiency.

Integration with Existing Rail
Infrastructure: In some cases, rather
than embedding the solar panels
directly into the track, they could be
placed on structures adjacent to the
tracks, such as fencing, signage, or
overhead bridges. This would allow
the solar panels to avoid direct
exposure to track vibrations, reducing
the risk of structural damage. Such an
approach could still provide the
energy generation benefits of solar
carpeting without the challenges
posed by vibrations.

The issue of vibration loads is one of the
most challenging aspects of embedding
solar panels along India's heavy-axle
railway tracks. The dynamic loading
caused by freight trains results in
vibrations that can damage solar panels
over time, leading to reduced efficiency
and a shorter lifespan. Crystalline silicon
panels, due to their rigid structure, are
particularly vulnerable to these forces.
Innovative solutions, such as shock-
absorbing mounts, flexible mounting
systems, and reinforced panel designs,
are essential to mitigate the effects of
vibrations. While some models, like
Switzerland's Sun-Ways retractable
system, show promise, their applicability
to India's unique conditions,
characterized by high-frequency, heavy-
load traffic, remains untested. As such,
further research and development is
necessary to design a robust solution
that can address these operational
challenges while maintaining the cost-
effectiveness and efficiency of solar
carpeting along India’s railway network.
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5. Maintenance Complexity: Operational
Challenges 

The integration of solar carpeting along
India’s vast railway network presents not
just a technical or logistical challenge,
but also a significant maintenance
complexity. The IR, which already faces
the daunting task of maintaining and
operating one of the world’s largest and
busiest rail networks, would be required
to adjust its operational framework to
accommodate the additional layer of
solar infrastructure. This would entail the
creation of new protocols, the allocation
of additional resources, and the
integration of new technologies to
maintain both the track and the solar
panels effectively.

New Maintenance Protocols: 

The introduction of solar panels along
railway tracks would require new
inspection and maintenance protocols
that go beyond the regular maintenance
activities typically associated with rail
infrastructure. These additional tasks are
critical to ensuring that the solar panels
continue to function at optimum
efficiency while not compromising the
existing operational integrity of the
railway system.

Frequent Cleaning: One of the
primary tasks for maintaining solar
panels is cleaning. Given the high
levels of dust and particulate matter
in India, especially along major
railway corridors, cleaning solar
panels would become a critical aspect
of the maintenance process. 

Without regular cleaning, solar panels
would experience a substantial loss of
efficiency due to dust deposition on their
surface, which can block sunlight from
reaching the PV cells. In regions where
dust levels are particularly high, cleaning
could need to be done at bi-weekly or
even weekly intervals, depending on the
severity of the particulate pollution. This
would require specialised cleaning
equipment and trained personnel to
ensure that the process is carried out
efficiently and without damage to the
infrastructure.

Regular Inspections for Physical
Damage: Solar panels are susceptible
to various forms of physical damage,
including cracking from vibrations,
impacts from debris, and degradation
from extreme temperatures. Thus,
regular inspections would be
necessary to identify any microcracks
or structural issues that could
compromise the panel's efficiency or
lifespan. These inspections would
require the development of
specialised monitoring techniques,
such as infrared thermography and
electroluminescence imaging, to
detect faults that are not immediately
visible. These inspections would need
to be integrated into the existing
railway maintenance schedules to
ensure that the solar infrastructure is
maintained without disrupting the
regular operation of the railway
network.

Electrical System Checks: Solar
panels are part of a larger electrical
system that includes inverters,
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batteries, and grid integration systems.
These components must be regularly
checked to ensure they are functioning
correctly and that there are no
malfunctions that could lead to energy
losses or safety hazards. The electrical
infrastructure would require dedicated
maintenance staff with expertise in solar
energy systems. They would need to
conduct diagnostic tests, ensure voltage
stability, and monitor battery health to
ensure efficient energy storage and
distribution.

Emergency Detachment Mechanisms:
In the event of derailments or other
emergencies, there must be a
mechanism to detach or protect the
solar systems to avoid additional
damage or risk. This could involve
emergency shutdown procedures for
the solar panels, which would need to
be seamlessly integrated into the
broader safety protocols of Indian
Railways. The panels could pose a risk
to recovery operations if not properly
disconnected during such incidents,
potentially leading to electrical
hazards or physical damage to the
panels themselves.

Escalated Operational Costs: 

The introduction of solar infrastructure
along the railway tracks will undoubtedly
add significant costs to the operation and
maintenance of the railway network.
These costs will manifest in several ways:

Cleaning and Repair Costs: Regular
cleaning and maintenance of the solar
panels will require both technology 

and human resources. Specialised
cleaning equipment (such as automated
systems or drones) may be needed to
efficiently clean the panels, especially in
areas with difficult access or extreme
conditions. Also, any damage caused by
vibrations, weather events, or accidents
will incur repair costs. The cost of
replacing damaged panels could be
substantial, especially considering the
long-term investment in solar
infrastructure.

Human Resource Allocation: Indian
Railways would need to train
additional personnel or hire
specialised contractors to maintain
the solar systems. This would require
a significant investment in training
and staffing to ensure that the
personnel are skilled in the unique
aspects of solar panel maintenance,
including electrical systems and
renewable energy technologies.
Added to this, railway staff would
need to be familiar with the new
maintenance protocols, which would
add complexity to the already existing
training regimens.

Coordination Challenges: Maintaining
a vast railway network involves the
coordination of multiple teams
responsible for different aspects of
track and infrastructure maintenance.
The introduction of solar panels
would necessitate a new layer of
coordination between the solar
maintenance teams and the
traditional railway maintenance
crews. This could lead to delays or
inefficiencies if the two systems are 
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not properly integrated. For instance,
scheduling cleaning or repairs for solar
panels could interfere with the regular
track inspections or ballast tamping
activities, which could delay regular train
operations or compromise safety.
Moreover, integrating new technologies
into the already complex operation of
Indian Railways will require ongoing
support and updates to maintenance
schedules, potentially causing logistical
bottlenecks.

Infrastructure and Investment Costs:
To support the solar panels, Indian
Railways would need to invest in
additional infrastructure, such as
mounting systems, inverters, and
energy storage systems (ESS). These
costs will be significant, especially
considering the large scale of the
project. The infrastructure would
need to be retrofitted into existing rail
systems, which would add further
complexity and cost. The financial
burden of installing and maintaining
solar panels could potentially divert
resources away from other essential
railway operations, such as track
upgrades or safety improvements.

Risks and Operational Disruptions:

The addition of solar infrastructure could
introduce new risks and potential
disruptions to regular railway operations:

Operational Delays: Any maintenance
work on the solar systems could lead
to delays in train schedules. For
instance, cleaning and repairing 

panels might require temporary track
closures or disruptions to railway
services. This could have a ripple effect
on passenger travel and freight transport,
leading to inefficiencies in the overall
transportation network.

Integration with Existing Systems:
Indian Railways operates with a
variety of legacy systems and
infrastructure, which may not be
directly compatible with modern solar
technology. Integrating these systems
could cause compatibility issues and
further delay the overall
implementation. There may also be
unforeseen technical problems when
introducing new energy generation
systems into a complex operational
environment like that of Indian
Railways.

The addition of solar panels to India’s
railway network represents a significant
advancement in renewable energy
integration. However, the complexities
surrounding maintenance must not be
underestimated. The frequent cleaning of
panels, the need for specialised
inspections, and the challenges of
coordinating between solar and railway
operations could lead to escalated
operational costs and potential
disruptions. Therefore, a comprehensive
maintenance strategy, involving the
training of dedicated personnel, the
development of advanced monitoring
techniques, and efficient coordination,
will be essential for ensuring the success
and sustainability of the solar carpeting
project.
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The proposition of installing solar carpets
along the railway tracks of Indian
Railways, while undeniably innovative,
confronts an array of formidable and
inescapable realities that stem from the
very nature of the operational
environment in which the network
operates. The vastness and intricacy of
Indian Railways, comprising a sprawling
network of tracks, trains, and stations
interwoven across the subcontinent,
introduce a host of geographical,
climatic, and logistical challenges that
must be meticulously navigated before
such a visionary technology can be
realistically implemented.

Indian Railways is not merely an
organisation but an operational
behemoth, a veritable juggernaut of
motion, which, in its scale and scope,
defies simple categorisation. The network
extends across the length and breadth of
the Indian subcontinent, crisscrossing a
multiplicity of terrains, ranging from the
arid, sun-baked expanses of Rajasthan to
the humid, monsoon-drenched coastal
regions of Kerala, and further to the
snow-clad peaks of the Himalayas. Each
region poses a unique set of challenges
that would require solar carpeting
solutions to be adaptable and resilient in
the face of vastly divergent climatic and
environmental conditions.

Moreover, the operational demands of
Indian Railways are no less daunting. With
over 15,000 locomotives, nearly 79,000

passenger coaches, and around 3,28,000
freight wagons plying across the nation's
extensive rail corridors, the sheer volume
of traffic is overwhelming. In such an
environment, even the most promising
technological innovations must prove
their worth against the inexorable
constraints imposed by these operational
realities.

The complex interplay between these
operational requirements and the
practicalities of installing solar carpets is
where the true challenge lies. The
fundamental question is not merely one
of engineering ingenuity but of whether
such a solution can be seamlessly
integrated into an already overburdened
infrastructure, where track maintenance,
train schedules, and operational logistics
operate with little room for deviation.
The decision to introduce solar
technology into such a space cannot,
therefore, be made in a vacuum; it must
be grounded in an acute awareness of the
multifaceted demands placed upon the
network and the exhaustive, often
unforgiving, conditions under which it
functions.

Thus, the solar carpet initiative must
balance innovation with the practical
realities of Indian Railways' vast scale,
diverse operations, and technical
demands. A nuanced, feasible approach
is essential to ensure it enhances rather
than disrupts this vital transport
network. 

Compatibility with Indian Railways'
Operational Conditions: A Detailed Analysis
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The Economic Viability
The economic viability of solar carpeting
on Indian Railways is a multifaceted issue
that requires an in-depth analysis of
several interconnected factors. As India’s
railway system is one of the largest in the
world, any proposal to introduce solar
technology at such a scale needs to be 

evaluated not only from a technical
standpoint but also through an economic
lens. To this end, the core factors of
installation costs, long-term financial
sustainability, and optimal funding
models merit careful scrutiny.

Installation Costs: 
Solar Carpeting vs. Traditional Solar Farms

In the context of assessing the economic
viability of solar carpeting on the railway
tracks of Indian Railways, one of the
foundational elements to examine is the
installation cost, particularly in
comparison with the costs associated
with traditional solar farms. This is a
matter that transcends simple arithmetic,
requiring a nuanced understanding of
both technological and logistical
considerations. In this light, solar
carpeting presents itself as a unique
model with potential advantages, yet also
formidable challenges, all of which
impact the economic calculus.

Traditional Solar Farms: Capital
Intensive but Scalable

At the outset, it is important to recognise
that traditional solar farms are typically
situated on vast expanses of land, often
in relatively remote areas. This approach
benefits from the well-known principle of
economies of scale - the larger the
installation, the lower the per-unit cost of

energy production. Indeed, the more PV
panels that are installed in a single,
contiguous space, the cheaper the overall
cost per watt of energy generated.
However, this advantage is not without
its attendant challenges.

The initial capital investment in land
acquisition is significant, particularly in a
country like India, where land ownership
is frequently entangled in regulatory and
bureaucratic complexities. The process of
securing the necessary approvals and
permits for land use, especially in
populated or ecologically sensitive areas,
can lead to protracted delays and
increased expenses. Moreover, the
infrastructure required to connect a
traditional solar farm to the grid -
whether through transmission lines or
substations - adds further to the capital
outlay. These overheads contribute to
the overall costs of installation, making
traditional solar farms a substantial
financial commitment upfront.
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Solar Carpeting: Leveraging Existing
Infrastructure

On the other hand, solar carpeting
presents a compelling innovation in that
it utilises existing infrastructure - the
railway tracks - without necessitating the
acquisition of additional land. This could,
in theory, offer significant savings on
land costs, which constitute a substantial
portion of the financial burden in
traditional solar farms. The railway
network already spans vast expanses of
land, stretching across India from north
to south and east to west, offering an
unparalleled opportunity to leverage this
existing infrastructure for renewable
energy generation.
However, the savings from not needing

to purchase land come at a price.
Solarcarpeting entails the installation of
solar panels along the tracks, a setting
that is fraught with unique technical
challenges. Unlike traditional solar farms,
where PV panels are typically installed on
stable ground in relatively controlled
environments, solar carpeting must
contend with the harsh and dynamic
conditions inherent in railway operations.
The mechanical stress from the
vibrations and impacts of thousands of
trains passing over the tracks each day,
the extreme weather conditions in
different regions and the inevitable wear
and tear from debris and dust all pose
formidable obstacles to ensuring the
durability and efficiency of the solar
panels.

Increased Technological Requirements and
Costs

To withstand these challenges, solar
carpeting would require technologically
advanced panels; ones that are not only
more resilient but also designed to
adhere firmly to the tracks and resist
shifting or damage from vibrations. These
panels would need to be highly durable,
capable of surviving extreme
temperature fluctuations, dust
accumulation, and mechanical stress. 
Furthermore, the integration of the 

panels into an active rail environment
means that specialised fixation systems
would be necessary to prevent the panels
from being dislodged by the frequent
passage of heavy trains. The cost of these
innovations, including the materials used,
the manufacturing processes, and the
design intricacies, would likely increase
the upfront cost of solar carpeting
compared to traditional solar farms.
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Comparative Cost Analysis
Cost-Benefit Analysis: 20-25 Year Horizon

To withstand these challenges, solar
carpeting would require technologically
advanced panels; ones that are not only
more resilient but also designed to
adhere firmly to the tracks and resist
shifting or damage from vibrations. These
panels would need to be highly durable,
capable of surviving extreme
temperature fluctuations, dust
accumulation, and mechanical stress. 
Furthermore, the integration of the
panels into an active rail environment
means that specialised fixation systems
would be necessary to prevent the panels
from being dislodged by the frequent
passage of heavy trains. The cost of these
innovations, including the materials used,
the manufacturing processes, and the
design intricacies, would likely increase
the upfront cost of solar carpeting
compared to traditional solar farms.

Energy Generation and Savings: 

At the heart of the cost-benefit analysis
for solar carpeting is the energy
generation capacity of the PV systems.
These systems, once installed, would
convert sunlight into electricity,
effectively reducing Indian Railways’
dependence on grid electricity, which is
often sourced from fossil fuels. This
reduction would be particularly
beneficial during peak electricity demand
periods, where the cost of grid electricity
tends to surge, thereby making solar-
generated energy a cost-effective
alternative. Moreover, a successful

of solar carpeting could help power vital
railway infrastructure, such as station
lighting, signalling systems, and even
other ancillary services, along the
extensive railway network.

However, it is critical to assess the actual
energy yield of the panels under the
varied climatic conditions present across
India. From the humid coastal areas of
Kerala to the arid deserts of Rajasthan,
the efficiency of solar panels will be
directly impacted by local weather
patterns. Therefore, understanding how
much energy can realistically be
generated over the long term is essential
in determining whether the energy
savings outweigh the installation costs.

Operational Savings: 

By adopting solar power, Indian Railways
would significantly reduce its reliance on
fossil-fuel-generated electricity, leading
to substantial operational savings over
time. As electricity tariffs inevitably rise,
driven by the increasing cost of
conventional energy sources, the cost-
competitiveness of solar energy will
further increase. Furthermore, the
decreasing cost of solar technology due
to advancements in the sector and the
ongoing efficiencies in global supply
chains will make solar power increasingly
affordable. This long-term trend towards
more affordable solar technology
suggests that, over the span of over two
decades, solar carpeting could contribute
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to a reduction in operational costs, thus
positively impacting the financial
sustainability of Indian Railways.

It is also worth noting that the global
transition to renewable energy, in
alignment with India’s own climate goals,
will likely result in increased support and
funding for green initiatives like solar
carpeting, potentially reducing financial
strain in the initial years.

Maintenance Costs: 

Despite the technological advances in
the solar industry, it is likely that solar
panels, especially those installed in high-
traffic, exposed environments like railway
tracks, will require regular maintenance.
These maintenance tasks typically
include panel cleaning, performance
inspections, and the repair or
replacement of damaged components.
Given that the railway tracks span across
various geographic and climatic zones,
these panels will also face extreme
weather conditions. 

However, advances in solar panel
technology, such as self-cleaning systems
and debris-removal mechanisms, could
significantly reduce maintenance costs.
These innovations would minimise the
need for frequent manual cleaning and
inspection, potentially lowering
operational costs associated with
upkeep. While it is difficult to predict the
exact cost structure without extensive
pilot testing, these technological
improvements could make solar
carpeting more feasible over the long
term. 

Depreciation and Efficiency Decline: 

One of the inevitable realities of solar
technology is depreciation - in the sense
that solar panels experience a gradual
decline in efficiency over time. Although
this rate of decline is relatively low, it still
has financial implications, as the energy
output will slowly diminish over the
lifespan of the panels.

In the context of a 20-25 year investment
horizon, the cumulative effect of this
decline in efficiency needs to be
incorporated into the financial
projections. A careful forecast should
quantify the impact of this efficiency loss
and account for the necessary
replacement cycles for any
underperforming panels. Such
considerations are vital in determining
the Net Present Value (NPV) and Internal
Rate of Return (IRR) of the solar carpeting
initiative.

The Financial Metrics (NPV & IRR): To
accurately evaluate the economic
sustainability of the solar carpeting
project, key financial metrics such as the
Net Present Value (NPV) and Internal
Rate of Return (IRR) must be applied.

NPV: NPV is the difference between
the present value of the inflows
(savings from energy generation and
operational cost reductions) and the
outflows (initial installation costs,
ongoing maintenance, and repairs). A
positive NPV would indicate that the
project generates more value than it
costs, making it a financially viable
long-term investment.
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IRR: The IRR is the discount rate at
which the NPV of the project equals
zero. It represents the annual rate of
return expected from the investment.
A higher IRR suggests a more
attractive investment, especially
when compared to the cost of capital
or alternative investment
opportunities.

Given the complexities involved in
integrating solar carpeting into the
existing railway infrastructure, both 

metrics, NPV and IRR, would need to be
carefully calculated over the proposed
20-25 year horizon to ascertain whether
the long-term benefits in terms of energy
savings, operational efficiencies, and
environmental impact sufficiently
outweigh the upfront capital costs and
potential maintenance challenges.

Funding Models: Public-Private Partnerships
(PPPs), CSR Initiatives, and Multilateral

Funding

The financial foundation of solar
carpeting on Indian Railways lies heavily
in its ability to secure adequate funding
for its large-scale implementation. Given
the magnitude of the project and its
intricate technical challenges, a strategic
and multi-pronged funding model will be
crucial. The following sections explore
three viable funding mechanisms: PPPs,
Corporate Social Responsibility (CSR)
initiatives, and multilateral funding.

(PPPs):

The concept of PPPs is often considered a
cornerstone for financing large
infrastructure projects, especially those
that require a combination of technical
expertise, capital investment, and public
sector infrastructure.  In the case of solar
carpeting, PPPs could facilitate the
collaboration between the private 

sector's technological prowess and
investment capacity and the public
sector's logistical framework in managing
the vast railway network.

Under this model, private companies
could be responsible for installing,
operating, and maintaining the solar
panels, while Indian Railways, in turn,
would benefit from the electricity
generated by these installations. The
government could incentivise private
sector participation through a variety of
subsidies, tax breaks, and long-term
Power Purchase Agreements (PPAs),
which would guarantee a fixed price for
the energy generated over an extended
period. These incentives would make the
investment more attractive to private
companies while ensuring that IR
receives a reliable and affordable source
of renewable energy.
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Such a model would not only provide a
win-win scenario for both sectors but also
ensure that the project does not place
undue pressure on government finances.
By sharing the responsibilities of both
installation and maintenance, Indian
Railways would be able to focus on its
core operational activities while the
private sector handles the technicalities
and operational demands.

For reference, a notable example of PPPs
in the Indian transport sector is the
Mumbai Metro, where the government
and private investors collaborated to
create an efficient and modern transport
system, providing valuable insights into
how PPPs can be structured for large-
scale railway projects. 

CSR Initiatives:

Another promising avenue for funding
solar carpeting is through CSR initiatives.
Many large corporations, particularly
those within the energy, infrastructure,
and transportation sectors, have robust
CSR programs designed to support
sustainable development and
environmental causes. These companies
might be motivated to fund solar
carpeting as part of their efforts to
improve their green credentials and
demonstrate their commitment to
sustainability.

In this scenario, CSR funds could be used
for pilot projects or smaller-scale
installations, which could serve as test
cases for broader implementation across
the network.  The philanthropic nature of
CSR funding would ease the financial

burden on the government and provide
an opportunity to develop cutting-edge
solar technologies without immediately
requiring large-scale investment.
Furthermore, CSR funding could be
crucial in addressing the maintenance
costs of solar panels, particularly in their
initial years of operation, when private
sector funding might not be as readily
available.

Multilateral Funding:

Given the environmental benefits of solar
power, this initiative aligns well with
global sustainability goals and presents
an opportunity to leverage multilateral
funding from international organisations.
Institutions such as the World Bank, the
Asian Infrastructure Investment Bank
(AIIB), and the Green Climate Fund (GCF)
provide concessional loans and grants to
developing countries that are pursuing
renewable energy initiatives.

These organisations are often eager to
support projects that align with the
United Nations Sustainable Development
Goals (SDGs), particularly those that seek
to address climate change and promote
clean energy. By securing multilateral
funding, Indian Railways could offset the
initial capital expenditure for solar
carpeting during its pilot and early
implementation stages.

A critical example is the World Bank’s
support for India’s Grid-Connected
Rooftop Solar Programme, which has
significantly contributed to India’s solar
energy ambitions. The GCF too works on
similar lines in the developing world.
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The integration of solar carpeting along
India’s vast railway network presents
significant environmental and land use
advantages over traditional ground-
based solar parks. This innovative
approach holds promise not only for 

renewable energy generation but also for
land conservation, the fulfilment of
India's renewable energy targets, and
potentially enhancing track safety and
preserving biodiversity in certain
contexts. 

The Environmental & Land Use
Benefits

Land Conservation: A Distinct Advantage
Over Ground-Based Solar Parks

The environmental and land-use benefits
of solar carpeting are especially
pronounced in a country like India, where
land resources are at a premium. The
concept of solar carpeting, installing PV
panels along existing railway tracks,
addresses two critical issues
simultaneously: land conservation and
the efficient harnessing of solar energy.
In stark contrast to traditional ground-
based solar parks, which often face
significant land-use challenges, solar
carpeting offers a more sustainable and
pragmatic solution for a country
grappling with both land scarcity and
environmental concerns.

Land Use Conflicts of Traditional Solar
Farms: 

Conventional solar farms require vast
expanses of arable land or forested areas
for the installation of solar panels.  This
not only competes with vital land uses,

such as agriculture, urban expansion and
forestry, but often aggravates conflicts in
regions where land is already in high
demand. In a densely populated country
like India, where agriculture is the
backbone of the economy, the
conversion of productive land into solar
energy fields could lead to food security
issues and displace local populations.
Furthermore, the establishment of large-
scale solar parks in ecologically sensitive
areas can disrupt fragile biodiversity and
damage critical ecosystems, particularly
in areas rich in wildlife or home to
protected species. 

As India continues to expand its RE
capacity, the question of where to place
such massive installations becomes
increasingly complicated. With
competition for land growing between
agriculture, urbanisation, and
infrastructure development, finding
additional space for traditional solar

40



farms is becoming more difficult. This is
where solar carpeting offers a distinct
advantage, by utilising land that is
already dedicated to public
infrastructure.

Leveraging Railway Infrastructure: A
Land-Free Solar Solution

India’s railway network is one of the
largest in the world. This vast network
represents a unique and underutilised
infrastructure asset that could be
harnessed for solar power generation. By
installing solar panels along railway
tracks, solar carpeting offers a novel way
to generate renewable energy without
the need to acquire new land or displace
existing land uses. This land-free
installation directly addresses the
growing land scarcity challenges in India,
as it sidesteps the need to encroach on
agricultural or natural habitats, areas that
are already under pressure from
population growth and economic
development.

Solar carpeting is, therefore, an ingenious
way to optimise land use by transforming
otherwise underutilised spaces, namely,
railway tracks into productive ones that
contribute to India’s RE goals. As these
tracks already serve as critical public
infrastructure, using them for solar power
generation can be seen as a win-win
scenario. It allows the country to tap into
a vast energy resource without sacrificing
valuable agricultural land or harming
local ecosystems. 

Moreover, the fact that the railway tracks
span vast geographical and topographical

regions, ranging from urban to rural
areas, and even passing through deserts
and coastal zones, makes them ideally
suited for a distributed network of solar
panels. This allows the deployment of
solar carpeting in areas that might
otherwise be too challenging or costly for
traditional solar farms to reach, further
contributing to land conservation and
resource optimisation.

Reducing Ecological Footprints: An
Environmentally Friendly Alternative

The environmental benefits of solar
carpeting are further amplified by the
fact that it can help mitigate the
ecological footprint associated with the
installation of traditional solar farms. As
solar parks often require vast expanses of
land, they can result in habitat
disruption, the clearing of forests, and
the loss of biodiversity. In contrast, by
using land already dedicated to
transportation, solar carpeting minimises
these risks.

Furthermore, solar carpeting could
potentially enhance the sustainability of
the railway system itself. As the railway
network becomes more energy-efficient
through the integration of solar power, it
could contribute to reducing carbon
emissions, reducing reliance on fossil
fuels, and making the entire transport
infrastructure more eco-friendly.

Land Conservation: Not Just A
Theoretical Benefit

The land conservation benefits of solar
carpeting are not merely theoretical or
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abstract; they directly address India’s
land scarcity challenges. By transforming
railway tracks, already an integral part of
India’s infrastructure, into energy-
generating assets, India could potentially
avoid the need for new land acquisition
for solar farms. This, in turn, helps
mitigate land use conflicts between
agriculture, urbanisation, and RE
development.
In a country like India, where land is a 

finite resource and the demand for it
continues to grow, this approach
provides a practical and scalable
solution. Solar carpeting allows India to
meet its renewable energy targets
without compromising the land required
for food production, housing, or
industrial development. It is, therefore, a
critical strategy for ensuring sustainable
energy generation while preserving
valuable land resources.

Impact on Track Safety and Biodiversity

While the adoption of solar carpeting on
Indian Railways presents compelling
environmental and land use benefits,
concerns regarding its potential impact
on track safety and biodiversity are not
to be dismissed lightly. A comprehensive
evaluation of these factors is essential to
ensure that this innovative energy
solution does not inadvertently
compromise the integrity of the railway
system or disrupt local ecosystems.

Track Safety: Ensuring the Integrity of
Railway Operations

The foremost concern for railway
authorities is the potential impact of
solar carpeting on track safety. Railway
infrastructure, particularly tracks and
signals, is designed with high precision to
ensure the smooth and safe movement of
trains. Any interference with these
critical components could pose a
significant risk to train operations and
public safety.

While solar panels will inevitably be 

installed along active railway tracks, the
key issue here is ensuring that these
installations do not obstruct signal
systems, train pathways, or the tracks
themselves. However, this challenge can
be addressed through careful planning
and design. Solar panels could be
installed in such a manner that they are
mounted in areas that are above or
alongside the tracks, thus minimising
interference with the physical movement
of trains or the railway infrastructure
itself. In addition, panel surfaces can be
designed to resist slipping hazards, a
potential concern in wet or stormy
conditions, by ensuring that the panels
are securely fixed and equipped with
non-slip coatings.

Moreover, solar carpeting, when properly
integrated into the railway system, might
even contribute positively to track
safety. For instance, the panels could
help to reduce heat absorption from the
tracks, potentially lowering the thermal
expansion of rails in hot climates, which
can cause track buckling and safety risks.
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Also, the weight and structure of the
panels may provide an added stabilising
effect on the track, potentially
contributing to a longer lifespan of
railway infrastructure by minimizing the
impact of vibrations caused by passing
trains.

Biodiversity: Minimising Ecological
Impact

When it comes to the potential impact on
biodiversity, the effects of solar
carpeting are likely to be far less
pronounced than those caused by
traditional, large-scale ground-based
solar farms. The key advantage of solar
carpeting lies in its use of existing railway
corridors, which are already developed
and often relatively devoid of sensitive
ecosystems. Unlike ground-mounted
solar parks, which require large, open
expanses of agricultural or forested land,
solar carpeting avoids the disturbance of
valuable biodiversity hotspots.

Nevertheless, it is important to consider
how the installation and ongoing
maintenance of solar carpeting could
affect local ecosystems. Railway
corridors can pass through a variety of
ecologically sensitive areas, including
wetlands, forests, and grasslands, all of
which support diverse flora and fauna.
Ergo, the installation of solar panels
should be carried out with care, ensuring
that these systems do not disrupt the
natural habitats of local wildlife.

The key challenge lies in the maintenance
of solar carpeting. The installation and
upkeep of the solar panels  could
inadvertently lead to soil compaction or 

vegetation suppression, especially if the
panels block sunlight or interfere with the
natural drainage of the land beneath the
tracks. To mitigate these risks, monitoring
of soil quality and vegetation health
should be conducted regularly,
particularly in ecologically sensitive
regions.

Potential Positive Impacts on
Biodiversity

Interestingly, some experts argue that
solar carpeting could offer positive
biodiversity outcomes, particularly if the
installation is done with environmental
stewardship in mind. One potential
benefit could be the creation of eco-
friendly spaces beneath the solar panels.
This could include the promotion of
pollinator-friendly plants or the design of
wildlife corridors that allow animals to
safely navigate the railway tracks. In
some cases, the installation of solar
panels could provide habitats for local
species, such as birds and insects,
especially if the land beneath the tracks
is left to thrive as a natural habitat.

The integration of native vegetation
beneath the solar panels could support
local biodiversity by providing habitats
for pollinators and small wildlife. This
eco-friendly approach could be
particularly impactful in regions where
traditional agricultural practices have
reduced natural habitats. By combining
renewable energy generation with
environmental conservation, solar
carpeting could create a model for
sustainable land use that supports both
clean energy and biodiversity
conservation.
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While the notion of solar carpeting on
Indian Railways offers a transformative
potential for energy generation and
sustainability, it is not without its own set
of operational and safety concerns. These
concerns primarily revolve around the
risks of accidents, the possibility of
vandalism, the complex nature of
maintenance, and the potential for
technical failures that could impact the
smooth operation of the railway system.
These issues warrant careful analysis, as
they could undermine both the efficiency
and safety of one of the world's largest
rail networks.

Accident Risks: Impact of Collisions or
Train-related Debris

One of the foremost concerns regarding
the integration of solar panels along
railway tracks is the possibility of
accidents resulting from collisions or
debris falling from the trains. The railway
network, with its dense traffic and high-
speed operations, subjects the
surrounding infrastructure to
considerable wear and tear. Panels
installed alongside tracks, while offering
immense benefits in terms of energy
generation, could become vulnerable to
damage from train-related activities.

The integrity of solar panels could be
compromised by various factors: a train
collision, debris from the track, or even
weather-related damage such as hail or
high winds.  If these panels were to 

become dislodged, the resulting debris
could obstruct the railway tracks,
creating a hazardous condition that could
interfere with train operations. Panels
falling onto the track could potentially
block signaling systems, disrupt the flow
of power, or create physical barriers that
hinder the smooth passage of trains.

For instance, broken panels might
obstruct not only the tracks but could
also compromise the aesthetic and
functional design of the trackside,
leading to serious disruptions in the
functioning of the railway infrastructure.
In extreme cases, dislodged panels could
even cause train derailments if they block
the train's path or affect its alignment.
Thus, the risk of accidents from poorly
secured solar panels needs to be
addressed through rigorous installation
procedures and continuous monitoring to
ensure their integrity.

Vandalism: Targeting Solar Panels in
Remote Areas

Another significant risk associated with
solar carpeting lies in the potential for
vandalism. Given that railway tracks
often traverse remote or less-patrolled
regions, solar panels could become prime
targets for theft or deliberate
destruction. Solar panels, particularly
those that are exposed and visible, could
be seen as easy targets for vandalism.
This might involve acts of theft, where
individuals attempt to strip panels for

The Operational & Safety Concerns
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 their valuable components (such as
wiring or solar cells) or intentional
destruction in the form of breaking,
scratching, or damaging the panels.

Such vandalism could lead to significant
operational disruptions. Broken or
damaged panels would require
immediate repairs, and the damage
would lead to downtime for the solar
power systems, leaving the railway
infrastructure reliant on conventional
energy sources. Moreover, the
replacement costs for the stolen or
damaged components would add an
unanticipated financial burden on the
system. The loss of clean, renewable
energy from these panels could further
affect the overall energy supply to
essential services like station lighting,
signaling, and communications, all of
which are integral to ensuring the safe
and efficient operation of the railway
network.

Mitigating Risks: Comprehensive Security
Measures

To effectively counter the risks of both
accidents and vandalism, a multi-layered
security strategy would need to be
implemented. This strategy should
encompass both technological
safeguards and human oversight to
ensure the protection and longevity of
solar carpeting on Indian Railways.

Physical Security Infrastructure:

Installing physical barriers around
the solar panels would help to
prevent damage from passing
trains. These barriers could act as
buffers, reducing the impact of
any collision or train-related
debris.
Using weather-resistant materials
and ensuring the structural
integrity of the panels would
reduce the risks posed by extreme
weather conditions, such as
hailstorms or strong winds, which
could dislodge or damage the
panels.

Surveillance and Monitoring:

The installation of surveillance
cameras along the railway tracks
would serve to deter potential
vandals and offer real-time
monitoring to detect any
suspicious activities.
Integrating remote monitoring
systems would also allow railway
authorities to track the
functionality of the panels
continuously, detecting any
damage or performance
degradation before it becomes a
significant problem.

Community Engagement:

Local communities along railway
tracks could be engaged in
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vigilance programmes. Involving people
in the maintenance and surveillance of
the solar panels not only fosters a sense
of ownership but also adds a layer of
social accountability.

Railway authorities could also
offer reward systems for
information that leads to the
capture of vandals or the recovery
of stolen equipment.

Legal and Regulatory Measures:

Strengthening laws related to
theft and vandalism of railway
infrastructure would act as a
deterrent. Stringent penalties and
prosecution for the theft of solar
panel components could
significantly reduce criminal
activity.
Partnerships with local law
enforcement agencies could
ensure that incidents of vandalism
are swiftly dealt with, providing an
extra layer of protection for the
solar carpeting initiative.

The implementation of solar carpeting on
the extensive railway network of India
offers immense environmental and
economic benefits but also brings with it
inherent risks of accidents and
vandalism. The proximity of solar panels
to high-speed trains raises safety
concerns, particularly in the event of
collisions or debris falling from trains.
Similarly, the possibility of vandalism,
especially in remote locations, poses a
threat to the integrity and efficiency of
the system.

To mitigate these risks, it is imperative
that a comprehensive security
infrastructure is developed, integrating
physical security measures, surveillance,
community engagement, and legal
safeguards. By proactively addressing
these challenges, the safety and
operational efficiency of the solar
carpeting initiative can be ensured,
paving the way for a cleaner, more
sustainable future for India’s railways.

Possible Technical Failures Affecting Train
Operations

The integration of solar panels into the
railway network, while promising
numerous environmental and operational
benefits, also brings with it a set of
technical challenges that could have
serious implications for the smooth
operation of trains. Among the most
pressing concerns is the potential for
solar power system failures that might
disrupt the supply of electricity to critical

railway infrastructure. Railway systems
rely heavily on continuous power for
essential functions such as station
lighting, signaling, and communication
networks, all of which are integral to safe
and efficient train operations. A failure in
the solar power generation system could,
therefore, lead to substantial disruptions,
including train delays, system outages, or
even accidents.
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The causes of such failures can be
manifold. Solar panel malfunctions,
whether due to manufacturing defects,
wear and tear, or degradation over time,
can result in a diminished capacity to
generate power. Similarly, issues with the
wiring or electrical connections could
cause interruptions in power
transmission, leading to local outages.
Furthermore, if excess energy generated
by the solar panels is stored in batteries
for use during periods of low sunlight,
there is a risk of battery failures or
inadequate energy storage, which could
render the system inoperative during
times of high demand. For instance,
during peak hours when energy
requirements are greatest, insufficient
stored energy or a malfunction in the
battery storage system could undermine
the benefits of the solar infrastructure
altogether.

To mitigate the risks posed by potential
system failures, a redundant power
system would be crucial. This could
involve backup ESS, such as batteries,
that can kick in when the solar system
fails to meet the required energy output.
Also, smart grid technologies could play a
pivotal role in improving the reliability of
these systems. These technologies
enable real-time monitoring of energy
flows, allowing for the early detection of
potential issues before they escalate into 

more significant failures. This proactive
approach could ensure that any technical
faults are swiftly addressed, preventing
them from affecting critical
infrastructure.

Another potential risk arises from the
installation and maintenance of the solar
panels themselves. If the panels are not
properly affixed to the railway tracks or
infrastructure, there is a danger that they
could become dislodged or obstruct
essential components, such as railway
signals or communication lines. Such
interference could compromise train
safety by blocking visibility for operators
or disrupting communication between
trains and station control rooms. 

The integration of solar power into India’s
railway network must therefore account
for the risk of technical failures and their
potential to disrupt train operations. By
investing in redundancy, backup systems,
and advanced monitoring technologies,
the railway network can help ensure that
any power-related issues are swiftly
identified and addressed before they
cause significant disruption. In parallel,
careful attention to installation
standards and routine safety inspections
will help mitigate the risks of panel-
related interference with other critical
railway systems. 
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POLICY OPTIONS /
ALTERNATIVES FOR
SOLARISATION OF
INDIAN RAILWAYS
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The grand endeavour of solarising India’s
prodigious railway expanse must, like all
sagacious undertakings, commence with
a judicious calibration of ambition
against realism. In this spirit, the
proposition of inaugurating pilot projects
along Dedicated Freight Corridors (DFCs)
and less congested railway routes
emerges not merely as prudent, but
positively imperative.

The Indian Railways administers two
monumental freight arteries:

The Eastern Dedicated Freight
Corridor (DFC) with a route length of
1856 km consists of two distinct
segments: an electrified double-track
segment of 1409 km between Dankuni
in West Bengal & Khurja in Uttar
Pradesh & an electrified single-track
segment of 447 km between Ludhiana
(Dhandarikalan) - Khurja - Dadri in the
state of Punjab, Haryana and Uttar
Pradesh.

The Western DFC (Jawaharlal Nehru
Port to New Dadri) collectively
spanning an impressive 1506 km.

These corridors, envisioned as the
logistical spines of India's burgeoning
economy, were meticulously engineered
to convey freight at speeds of 70–100
km/h without the ceaseless interferences
endemic to passenger traffic. 

Consequently, they offer a more
predictable operational environment a
veritable crucible wherein the embryonic
potential of solar carpeting can be
rigorously tested.

Why Freight Corridors?

Reduced Traffic Volatility: Unlike the
manic hustle of passenger corridors,
freight routes experience lower traffic
frequency and scheduled, regimented
movements, obviating the
unpredictability of stoppages and
emergency reroutes.

Mitigated Mechanical Aggression:
Though freight trains carry heavy
loads, the traffic density is
significantly lower, leading to reduced
cumulative vibrational stress and
fewer maintenance interventions, a
sine qua non for testing the
mechanical resilience of nascent solar
installations.

Longitudinal Contiguity: The DFCs
traverse vast, contiguous, and
relatively isolated expanses, from the
arid belts of Rajasthan to the fertile
plains of Uttar Pradesh, providing an
ideal microcosm to assess solar
performance across diverse climatic
regimes, from dust-laden winds to
torrential monsoons.

Option 1: Pilot Projects on Freight
Corridors / Less Congested Routes
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Passenger Safety Insulation: Perhaps
most critically, since these corridors
are devoid of passenger trains, any
operational hiccups, experimental
setbacks, or technological failures
would not imperil civilian safety or
disrupt vital passenger services, a
paramount consideration in the high-
stakes arena of public mobility.

Strategic Merits: The ‘Learn-Before-Leap’
Philosophy

Rather than indulging in the intoxicating
temptation of premature, wholesale
deployments - a folly all too familiar in
the annals of infrastructure
misadventures - this option champions a
measured, empirical progression.
It encapsulates the ethos of prudent
incrementalism:

Insulating Early Failures: Any
miscalculations, mechanical failures,
or energy shortfalls would be
contained within a circumscribed
geography, safeguarding public trust
and institutional credibility.

Refining Technological Prototypes:
Iterative testing would hone solar
panel designs, anchoring
mechanisms, and cleaning regimens
to Indian conditions, markedly
different from their European
progenitors.

Building Institutional Expertise: The
operational data harvested would
constitute an invaluable corpus of
technical wisdom, empowering Indian
Railways to scale with confidence
across its labyrinthine network.

In the final analysis, the pilot-first model
is not merely a strategy; it is a
philosophical imperative, one that
recognises the need for humility before
nature, circumspection before scale, and
experimentation before ambition.

Option 2: Hybrid Approach: Solar
Canopies vs. Direct Track

Carpeting
The inexorable march toward
decarbonising India’s leviathan railway
network demands not merely ambition
but a discriminating sagacity; a
recognition that technological audacity
must be tempered by operational
pragmatism. In this context, the notion of

 hybridising our solarisation efforts,
adroitly combining elevated solar
canopies over active tracks with limited
direct solar carpeting in less aggressive
environments, emerges as a paragon of
intelligent infrastructural innovation.
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Solar Canopies: Ascending Above the
Fray

The concept of solar canopies,
ingeniously designed elevated structures
adorned with PV panels, offers a plethora
of advantages, particularly in the dense,
high-speed corridors of Indian Railways.

Immunity from Vibrational
Onslaughts: Unlike track-level
installations, canopies are naturally
sequestered from the pernicious
mechanical stresses and incessant
vibrational tremors generated by
freight trains. Thus, they are spared
the deleterious microfracturing and
structural fatigue that bedevil track-
embedded panels.

Enhanced Thermal Performance
through Aeration: Elevated canopies
benefit from natural airflow beneath
the panels, facilitating convective
cooling and dramatically attenuating
temperature-induced efficiency
losses, which otherwise can erode
0.4–0.5% of panel output per
additional °C above 25°C.

Ease of Maintenance and
Operational Continuity: Cleaning,
repairs, and inspections can be
executed from above or alongside the
track without impinging upon the
sacrosanct regularity of rail services.
In contrast, ground-level systems
embedded within the ballast matrix of
tracks would necessitate disruptive
interventions, risking logistical
bottlenecks and potential service
delays.

Thus, canopies above mainlines,
particularly the high-density Golden
Quadrilateral routes, represent an
elegantly viable deployment modality
that marries energy generation with
operational inviolability.

Direct Track Carpeting: A Tactical
Deployment for Low-Intensity Zones

While the seduction of track-level solar
carpeting persists, given its promise of
transforming underutilised ballast spaces
into energy corridors, it is clear that its
deployment must be strategically
circumscribed to low-load, low-traffic
environments.

In the Indian context, service sidings,
maintenance yards, and non-electrified
auxiliary tracks - environments that see
lower speed, weight, and vibration
profiles - offer a more hospitable habitat
for track-level installations. Here, direct
carpeting could flourish without
prematurely succumbing to the ravages
of mechanical stress, dust accumulation,
or thermal degradation.

Moreover, since these areas are not
critical arteries of passenger movement,
any experimental mishaps or
maintenance shutdowns would not
precipitate catastrophic operational
repercussions.

Strategic Bifurcation: Optimising Utility
and Mitigating Risk

The genius of the hybrid model lies
precisely in its contextual discernment:
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Solar Canopies for busy, high-speed
corridors ensuring minimal service
disruption, maximal thermal
resilience, and safe maintenance.

Direct Solar Carpeting for low-load,
low-risk environments optimising
space utilisation without inviting
structural peril.

This strategic bifurcation not only
enhances aggregate solar energy
generation but also drastically mitigates 

maintenance complexities, capex
escalation, and premature technological
attrition.

Crucially, this paradigm is impeccably
aligned with India’s broader
infrastructural doctrine articulated under
the National Infrastructure Pipeline,
which exhorts the imperative of ‘multi-
utility corridors’-the concept of
leveraging every spatial dimension of
existing infrastructure to maximise
economic and ecological returns.
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POLICY
RECOMMENDATIONS
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In the august tradition of India’s finest
infrastructural transformations, the
solarisation of Indian Railways must
proceed not as an impetuous sprint but
as a deliberate symphony of
technological, regulatory, and strategic  

orchestration. To that end, the following
recommendations are advanced, each
grounded in contemporary realities and
animated by the spirit of sagacious
pragmatism.

Adopt a Phased Pilot-First
Approach

It is an incontrovertible axiom of all great
civilisational endeavours that success is
seldom the fruit of hasty maximalism but
rather of methodical, empirical, and
iterative evolution. In the luminous
annals of India’s infrastructural history,
from the construction of the Indian
Railways itself to the epochal rollout of
national highways and green energy
corridors, the sagacious adoption of
phased pilots has invariably preceded
transformative scale.

In this spirit, the solarisation of India’s
sprawling railway fabric, ambitious
though it may be, must not commence
with grandiloquent proclamations of
universal deployment. Instead, it must
first be painstakingly tested, observed,
and refined through a series of
meticulously curated pilot projects.

The raison d'être for this pilot-first model
is multifold:

Learning and Iteration: Pilots allow
Indian Railways to learn from
inevitable early-stage failures without
jeopardising national-scale
operations.

Technological Refinement: Each pilot
can be a crucible for perfecting
materials, installation techniques,
cleaning regimens, and safety
protocols.

Cost Containment: Pilot projects curb
the financial risks of large-scale,
premature capital deployment into
untested technologies.

Public Confidence: Successful pilots
build stakeholder trust - critical for
securing political, financial, and
public support for subsequent
phases.

To embark upon nationwide solar
carpeting without pilot testing would be
tantamount to building a bridge across a
chasm with only a prayer and a blueprint.
The phased pilot-first approach, far from
being a sign of timidity, is a testament to
intelligent ambition - one that privileges
rigour over rhetoric, resilience over
romance, and sustainability over
spectacle. If the Indian Railways is to
become the vanguard of India's Net Zero
ambitions by 2030,  it must first become
the exemplar of technological prudence
and empirical sagacity.
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Engage RDSO (Research Designs
and Standards Organisation) for

Technical Evaluations
In the labyrinthine journey from vision to
veracity, no transformation can hope for
longevity or legitimacy without the
unflinching gaze of scientific rigour and
the relentless crucible of empirical
scrutiny.
Thus, the indomitable task of solarising
Indian Railways' sprawling arteries must
necessarily enlist the Research Designs
and Standards Organisation (RDSO), the
lodestar of technical excellence for
Indian Railways — as its principal
adjudicator and sentinel of quality.

Headquartered in Lucknow, the RDSO
has, since its inception, functioned as the
beating heart of innovation and
standardisation within India's railway
ecosystem. It is uniquely positioned, by
virtue of its institutional gravitas and
technical prowess, to steward the
solarisation initiative from bold ambition
to robust realisation.

Solar panels destined for railway
integration must be engineered to
survive conditions far harsher than those
faced by their rooftop or ground-
mounted cousins. RDSO must subject
candidate materials to an exhaustive
battery of tests, including:

Thermal Cycling Fatigue Testing
Vibrational Stress Fracture Analysis
Particulate Abrasion Testing

Such relentless testing regimes are
indispensable to guarantee that solar
installations are not merely technological
ornaments, but durable infrastructural
assets.

It is not sufficient that panels function
under ideal conditions; they must also
survive, if not thrive, under adverse
contingencies. RDSO must therefore
orchestrate sophisticated operational
simulations, including:

Derailment Impact Simulations:
Assess the survivability and
emergency dislodgement procedures
for panels in the unlikely but
catastrophic event of rolling stock
derailments.

Emergency Maintenance Drills:
Evaluate whether solar installations
impede or facilitate the rapid
deployment of maintenance teams
during service disruptions or track
failures.

Seasonal Flooding and Inundation
Modelling: In monsoon-prone regions,
panels must be tested for
waterproofing efficacy, buoyancy
tolerances (if floating systems are
considered), and post-flood
operational recovery.
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These simulations will ensure that solar
installations are not merely passive
adjuncts but resilient, intelligently
integrated components of India's critical
transport infrastructure.

In the realm of railway operations, safety
is sacrosanct, that is, it is a non-
negotiable principle to which all
technological ambitions must
subordinate themselves. Accordingly,
RDSO must develop:

Emergency Detachment Mechanisms:
Panels must be designed to detach
swiftly and safely in exigent
circumstances, minimising debris
hazards and allowing unobstructed
track clearance.

Maintenance Accessibility Standards:
Ensure that solar arrays do not create
new logistical labyrinths for
maintenance crews, especially during
golden-hour track blocks.

Electrical Safety Norms: Codify
standards for grounding, insulation,
and fault detection, particularly
critical given the high-humidity
exposure and corrosion risks
prevalent across India's diverse
geographies.
By embedding these protocols into
the design stage itself, Indian
Railways can preclude the need for
costly retrofitting or crisis-induced
improvisation.

Solarising Indian Railways is not merely
an engineering challenge; it is a scientific
odyssey, one that demands
methodological meticulousness,
anticipatory wisdom, and technical
rectitude.
In this grand adventure, RDSO must serve
as both the torchbearer and the
gatekeeper, ensuring that every solar
panel installed is a testament to India’s
prowess not only in ambition but also in
executional excellence.

Build PPPs(with Incentives for
Technology Firms)

The monumental ambition of
transfiguring the Indian Railways into a
solar-powered leviathan cannot - and
indeed must not - be the solitary
enterprise of the state alone. Rather, it
must be a symphony of collaboration,
where the visionary stewardship of the
public sector intertwines harmoniously
with the entrepreneurial dynamism and
technological ingenuity of the private
sector.

Thus, the need for innovative,
meticulously architected PPPs is not
merely desirable; it is indispensable. Such
partnerships would fortify the sinews of
India's renewable energy transition,
enabling the deployment of cutting-edge
rail-grade PV solutions that are robust,
resilient, and railway-ready. 
The key pillars of a robust PPP model for
rail solarisation shall include the
following: 
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Innovation Incentives - Unleashing
Private Sector Ingenuity: The Ministry
of New and Renewable Energy
(MNRE), in concert with Indian
Railways, must inaugurate
Production-Linked Incentives (PLIs)
and Capital Subsidy Schemes
specifically targeted at firms willing to
invest in:

R&D of solar panels that can
withstand railway-specific
adversities such as vibrational
fatigue, thermal extremities, and
abrasive dust storms.
Prototyping modular, retractable,
and vibration-tolerant PV systems.
Field Deployment and pilot
project scaling within low-traffic
corridors and service yards.

By tethering financial incentives to
technological milestones, Indian Railways
can stimulate a Cambrian explosion of
innovation tailored precisely to its
idiosyncratic needs.

Risk-Sharing Mechanisms - De-Risking
Entrepreneurial Courage: In an
environment where pilot projects may
falter due to unforeseen exigencies -
mechanical stresses, maintenance
challenges, climatic extremities - it is
imperative to erect equitable risk-
sharing frameworks. These
mechanisms must ensure that:

Early-stage failures don’t result in
punitive financial ruin for
technology partners.
Risks are proportionately
distributed, calibrated to each
party’s capacity for mitigation. 

Performance-linked annuities or
insurance-backed guarantees
cushion the private sector against
existential setbacks while
preserving public interests.

Such frameworks will embolden
technology firms, especially start-ups
and MSMEs, to venture into this hitherto
uncharted domain without trepidation,
thereby catalysing creative audacity over
corporate conservatism.

Open Innovation Challenges -
Crowdsourcing Ingenuity: To unlock
the prodigious creative reserves of
India's entrepreneurial ecosystem,
Indian Railways must emulate global
best practices, such as the Swiss Sun-
Ways project, which has pioneered
retractable solar panels for rail tracks.
This could solicit: 

Modular, easily deployable PV
systems that can be installed
without track disruption.
Dust-repellent coatings and self-
cleaning surface technologies.
Smart vibration mitigation
frameworks integrated into panel
mounts.
The challenge should be open to:

start-ups in cleantech and
materials science,
research institutions in
photovoltaics and railway
engineering,
consortia comprising
manufacturers, academia, and
logistics firms.

Prize monies, pilot grants, and future
procurement contracts could be the
irresistible carrots dangled before these
innovators. 
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No enterprise aspiring to national
ubiquity can hope to endure without the
anointing rigour of codified standards.
The successful mainstreaming of solar
carpeting across the labyrinthine
expanse of Indian Railways demands
nothing less than the meticulous
codification of technical, safety, and
operational standards, enshrined under
the authoritative aegis of the Bureau of
Indian Standards (BIS) and in strategic

concert with Indian Railway’s technical
directorates.

In the absence of such regulatory
architecture, the enterprise risks
descending into a cacophonous medley
of heterogeneous installations - ad-hoc
contraptions imperilling not only
infrastructural coherence but also
operational safety and technological
longevity.

Develop Standards and Guidelines
(IS Standards for Solar Panels on

Tracks)
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ACTION TIMELINE FOR
THE COMING YEARS

This phased timeline transforms an ambitious vision into a disciplined strategic
roadmap, ensuring that Indian Railways metamorphoses from a fossil-fuel giant into a
solar titan, one kilometre at a time.

2025: Conceptual
Consolidation

Constitute a National Solar Rail Task
Force comprising Indian Railways,
RDSO, MNRE, BIS, and private-sector
stakeholders.
Issue a Request for Proposals (RFP) for
pilot solar projects on select Dedicated
Freight Corridor (DFC) sections.
Engage RDSO to finalise testing
protocols for vibration, dust resistance,
thermal resilience, and modularity
under Indian railway conditions.
Draft Preliminary Standards: Initiate
the drafting of an Indian Standard (IS)
for solar PV modules intended for track
integration and canopy systems. Deploy First Pilot Projects on low-

traffic freight corridors and major
station yards (approx. 5–10 km
combined).
Initiate Canopy-Based Solar
Installations over non-electrified
service sidings in high solar irradiation
zones (Rajasthan, Gujarat).
Publish IS Standards for Rail-Grade PV
Modules and Installation Guidelines
(via BIS).
Commission Independent Monitoring
Committees to assess panel
degradation, dust accumulation rates,
maintenance burdens, and operational
impacts.

2026: Pilot
Deployments
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2027: Strategic
Expansion

Scale Pilot Projects: Expand solar
carpeting and canopies to select
passenger platforms and suburban
networks (target 50 km cumulative).
Commence PPPs: Invite major solar
companies to co-invest in scaling
projects under a 10-year revenue
sharing model.
Develop Standard Maintenance
Regimes including robotic cleaning
technologies and automated
inspections.

Mandate Solarisation Norms: Make it
mandatory that all new railway
stations, yards, and service tracks
incorporate solar installations by
default.
Expand Solar Deployment Across
Zones: Target 200 km of cumulative
solar-integrated rail assets.
Update IS/BIS Standards based on field
data: Dust-proof coatings, retractable
panel mechanisms, high-vibration
resilience specifications.
Introduce Viability Gap Funding (VGF):
Offer fiscal incentives to bridge cost
disparities for railway-specific solar
technologies.

2028: Regulatory
Mainstreaming

2029: System
Integration

Integrate Solar Rail Power into Smart
Grids: Use distributed generation
across Indian Railways for station
electrification and traction support.
Deploy Predictive Maintenance AI
Systems: Algorithms to optimise
cleaning schedules, panel replacement
cycles, and performance analytics.
Declare Renewable Energy Zones in
Railways 
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CONCLUSION

In drawing this inquiry to a close, it
becomes abundantly clear that the Indian
Railways, long venerated as the
circulatory system of a nation in
perpetual motion, now finds itself placed
at an inflection point - one that
transcends mere transportational utility
to encompass ecological stewardship of
the highest order. The visionary
proposition of solar carpeting, though
presently ensconced in the womb of
experimentation, holds within its nascent
framework the interesting potential to
reconfigure the energy architecture of
India’s railway ecosystem with both
elegance and efficacy.

Yet, this is no Promethean flight of fancy;
rather, it is a clarion call for calibrated
innovation, one that must harmonise
engineering ingenuity with climatic
resilience, operational rigour with 

economic sensibility, and above all,
ambition with realism. The task at hand is
not the facile transplantation of
Eurocentric prototypes but the
cultivation of an indigenised paradigm,
one that speaks the idiom of Indian
geography, demography, and policy
imperatives.

In embracing such frontier technologies,
the Indian Railways may not only traverse
its own green transition but also signal to
the world that sustainable development
and infrastructural modernity are not
antithetical, but mutually reinforcing.
Indeed, should this enterprise succeed, it
would elevate IR from being a mere
mover of men and material to a luminous
emblem of India’s climate-resilient
aspirations, that is, an enduring
testament to how steel tracks may yet
bear the weight of a greener tomorrow.
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