© October 2025| IJIRT | Volume 12 Issue 5 | ISSN: 2349-6002

Why EV’s may not be the FUTURE: A Multidimensional
Analysis of Physical, Economic, and Geopolitical

Constraints

Aditya S. Patil', Chinmay S Gajmal?, Sarvesh S. Sankpal® and Shubham P. Dhurat*
1’2'3'4Department of Management, VESIM, Mumbai

I. EXECUTIVE SUMMARY AND
INTRODUCTION

The global push toward decarbonization has cast
electric vehicles (EVs) as the cornerstone of a
sustainable future. Public perception, largely shaped
by the rapid adoption of passenger cars, views the
transition to battery power as an inevitable and
comprehensive solution for all transport and industrial
sectors. The momentum is undeniable, with global
electric car sales reaching 17 million in 2024 and the
average cost of batteries plummeting by 90% since
2010." However, a closer examination reveals that this
prevailing narrative is overly simplistic. A singular
focus on battery electrification as a universal solution
overlooks significant, and in some cases
insurmountable, technical, economic, and geopolitical
barriers.

This report moves beyond the successes of the
consumer market to present a nuanced, data-driven
analysis of why electric vehicle technology, in its
current battery-electric form, may not be the optimal
or even feasible solution for all applications. The
analysis is structured to demonstrate that the
challenges are not merely a matter of engineering
hurdles to be overcome but are rooted in fundamental
limitations of physics, fragile supply chains, and the
immense burden on global energy infrastructure. The
findings of this report indicate that a pragmatic, multi-
faceted approach incorporating a variety of alternative
fuels and technologies is not a matter of choice, but a
necessity to achieve a fully decarbonized future,
particularly for the high-energy-demand, long-
distance, and off-grid sectors.
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II. FOUNDATIONAL BARRIERS TO
UNIVERSAL ELECTRIFICATION

The challenges facing a total transition to battery-
electric technology are not isolated to individual
sectors; they are systemic issues that form a precarious
foundation for the entire electrification movement.
These foundational barriers—geopolitical, ethical,
environmental, and infrastructural—are intrinsically
linked and create a complex web of dependencies and
vulnerabilities.

A. The Geopolitical and Ethical Complexities of the
Battery Supply Chain

The seemingly clean transition to electric vehicles is,
in reality, a global resource re-mapping. In the 20th
century, oil was the strategic asset that drove foreign
policy and economic power. In the 21st century, that
strategic importance has shifted to the critical minerals
essential for battery production, such as lithium,
cobalt, and nickel.> The supply chain for these
materials is characterized by a high degree of
geographic concentration, which creates significant
strategic chokepoints and geopolitical vulnerabilities.

The processing of these materials is overwhelmingly
dominated by a single nation. China processes
approximately 90% of the world's lithium, 72% of
cobalt, and 65% of nickel for batteries, and its firms
produce more than 75% of all lithium-ion battery cells
globally.? This gives China considerable leverage over
the global market, raising concerns about supply
security for other countries.* The extraction of these
raw materials is also geographically concentrated. The
"Lithium Triangle," comprising Argentina, Bolivia,
and Chile, holds over half of the world's identified
lithium resources.® Similarly, the Democratic
Republic of Congo (DRC) accounts for a staggering
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70% of global cobalt production.’ The political
instability and "resource nationalism" in these regions
can lead to supply chain disruptions, price
fluctuations, and export restrictions.* The aggressive
policies of the United States and the European Union
to build domestic critical mineral processing and
battery manufacturing capabilities are a direct
response to these geopolitical vulnerabilities.?

Beyond the geopolitical friction, the battery supply
chain is marred by serious cthical and environmental
issues. Cobalt mining in the DRC is notoriously linked
to grave human rights abuses, including child and
forced labor.® The U.S. Department of Labor estimates
that at least 25,000 children are working in cobalt
mines in the DRC.® Similarly, lithium mining,
especially the brine-based extraction method in the
"Lithium Triangle," is a highly water-intensive
process.'” Allegations of water shortages and
contamination have been leveled against mining
companies in water-scarce regions of Chile, where
local communities have called the affected areas
"sacrifice zones".!! A recent study found that global
water models used to estimate water availability for
lithium extraction are off by an order of magnitude,
concluding that most basins in the Lithium Triangle
should be classified as "critically water scarce" even
without accounting for future demand.'® These ethical
and environmental challenges are not mere
externalities; they are fundamental to the total cost of
the technology. The imperative to implement cleaner
mining practices, ensure worker safety, and manage
water resources sustainably will inevitably increase
the cost of raw materials, which in turn could impact
the affordability of EVs and slow down the rate of
adoption.

B. The Environmental Cost of the Manufacturing
Lifecycle

The environmental argument for electric vehicles is
often based on the premise of zero tailpipe emissions,
but this is a simplistic view that ignores the full
lifecycle of the vehicle. The emissions are not
eliminated but rather shifted from the point of use to
the point of production. The manufacturing of EV
batteries is a highly energy-intensive process that
results in a significant "front-loaded" carbon
footprint.'? The production of an EV battery alone can
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account for nearly 40% of the vehicle's total lifecycle
emissions. "

The actual environmental benefit of an EV is not
absolute; it is directly contingent upon the carbon
intensity of the electrical grid where the vehicle is
manufactured and, more importantly, where it is
charged.'* An EV produced and charged on a coal-
dominated grid will have a significantly larger
lifecycle carbon footprint than one manufactured and
charged on a grid powered by renewable sources like
wind and solar.'> While numerous studies confirm that
an EV is typically responsible for lower total
emissions over its lifetime compared to a gasoline car
on the average grid, the full decarbonization potential
is only realized when the grid itself is clean.'* This
highlights a critical link: the pace of electrification is
intrinsically tied to the pace of grid decarbonization.

Furthermore, the end-of-life management of EV
batteries presents its own set of challenges. The goal
of a "circular economy" through recycling is widely
promoted, but the current reality is complex. The
economic viability of recycling is often tethered to the
market prices of high-value metals like cobalt and
nickel, and existing pyrometallurgical methods can be
energy-intensive and fail to recover lighter but critical
' The immense and rapidly
growing demand for these materials means that
recycling alone will not be able to meet future needs,
making new mining unavoidable for decades to
come.!” The difficulty and economic challenges of
recycling mean that the “circular economy” for
batteries is an aspirational goal, not a current reality,
which reinforces the need for continuous, ethically

elements like lithium.

problematic primary mining.

C. A Fragile Grid: Capacity and Resilience as the
Ultimate Bottleneck

The electric grid stands as the ultimate bottleneck to
universal electrification. A full electrification of the
U.S. vehicle fleet is forecasted to increase maximum
net electricity demand by as much as 50%.'® The
American electric grid is aging, with 60% of its
distribution lines having surpassed their 50-year life
expectancy.'’ The total cost to replace the current U.S.
grid is estimated to be approximately $5 trillion, with
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a staggering $1.5 trillion to $2 trillion needed by 2030
just to maintain reliability. "

While passenger vehicles can often be charged
overnight at low power, the electrification of heavy-
duty vehicles, such as trucks and buses, presents a
fundamentally different challenge to the grid. These
vehicles require high-power chargers, with capacities
reaching up to 14 MW by 2030 for long-haul trucks
along freight corridors.?! This level of concentrated
demand requires massive grid upgrades and new
infrastructure, which are costly, slow to implement,
and face long lead times.?' The problem is not merely
whether there is enough electricity available, but
whether the existing infrastructure can deliver it to the
right place at the right time. While some regions may
have unused grid capacity, local distribution
transformers and feeders, particularly in urban and
industrial “hotspots” where fleet depots are located,
will face significant strain without major investment
and planning.'® The rollout of charging infrastructure
is therefore a highly site-specific challenge that
requires extensive and early collaboration with
utilities to prevent localized outages and infrastructure
failure.'®

II1. THE SPECIFIC SECTORAL HURDLES

The foundational barriers discussed in the previous
section manifest in distinct ways across different
industries, highlighting why a one-size-fits-all
approach to electrification is impractical. The
physical, operational, and economic realities of each
sector reveal the unique limitations of battery
technology.

A. The Automotive Sector (Passenger Cars)

Despite the rapid growth in sales and the visibility of
battery-electric passenger cars, significant barriers to
mass consumer adoption persist. High upfront costs
are a major deterrent for many consumers. For
example, a 2022 study found that 75% of consumers
in the United States considering an EV purchase
intended to spend less than $50,000, while fewer than
half of the options available at the time met this price
point.>> Furthermore, a lack of charging infrastructure
and the persistent psychological barrier of "range
anxiety"—the fear of running out of charge before
reaching a charging station—remain the top reasons
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for reluctance to switch from a gasoline-powered car
to an EV.’

While the number of public chargers is growing, the
charging landscape is uneven. By the end of 2024, the
U.S. had approximately 204,000 public chargers %/,
but China, in contrast, had an overwhelming 85% of
the world's fast chargers in 2021 and 55% of its slow
chargers.”® The U.S. network is also fragmented, with
a significant portion of chargers being proprietary,
such as Tesla’s Superchargers, which constituted 60%
of all fast chargers in the U.S. in 2021.%® This creates
a two-tiered reality in the automotive sector. For
consumers with a garage and the means to install a
home charger, the transition is relatively seamless. For
the broader, mainstream market that relies on public
charging and faces affordability issues, the transition
is far more challenging. This creates an equity
problem, suggesting that policy interventions are
needed to ensure infrastructure deployment keeps pace
with demand and addresses the spatial and economic
disparities in charger availability.

B. The Logistics Sector: The Limits of Long-Haul
Electrification

The challenges of scale and distance in the logistics
sector expose a fundamental weakness of current
battery technology. The operational demands of
moving heavy goods over long distances create a
profound mismatch with the capabilities of battery-
electric vehicles.

1. Heavy-Duty Trucks & Pickups

The electrification of heavy-duty trucks and pickups
faces a core physical limitation: the payload-range-
weight problem. Battery packs for electric semis can
weigh up to 16,000 pounds, nearly a quarter of the total
legal weight limit for a semi and its cargo.” This
added weight directly reduces the amount of cargo a
truck can carry, thereby limiting its profitability. In
contrast, a diesel truck's engine and fuel tanks are
significantly lighter.’

This payload constraint is compounded by the
mismatch in refueling time and range. A Class 8 diesel
truck with two 150-gallon tanks can travel up to 1,800
miles and be refueled in a matter of minutes.”” The
most powerful electric semis, such as the Tesla Semi,
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offer a range of 300 to 500 miles, but even with high-
power 750 kW chargers, it can take 90 minutes or
more to recover a significant amount of range.”” This
fundamental mismatch in operational efficiency is
incompatible with the demands of long-haul logistics,
where every minute of downtime is a lost opportunity.

This is where alternative technologies, such as
hydrogen fuel cells, present a compelling alternative.
A hydrogen fuel cell truck offers a range of up to 1,000
km (620 miles) and can be refueled in less than 15
minutes, making it a much better operational fit for
long-haul duty cycles.’® The lighter powertrain of a
hydrogen truck also means a better payload capacity,
comparable to a diesel truck.’! The data suggests a
future of technological specialization: battery-electric
powertrains are a strong fit for short-haul and medium-
duty fleets with predictable routes and depot-based

charging *, while hydrogen fuel cells are a more
pragmatic solution for the long-haul sector.
Battery/El Hydrogen Diesel
ectric Fuel Cell
Range 300 to 500 Up to Up to
miles 1,000 km 1,800
miles
Refuel 90 Less than Minutes
ing minutes to 15
Time hours minutes
Payloa Reduced Comparab High
d by battery le to
Capaci weight diesel
ty (up to
16,000
Ibs)
Infrast High- Hydrogen Establishe
ructur power fueling d diesel
e (MW) stations stations
charging needed
depots
needed

Table 1: Comparative Analysis of Heavy-Duty Truck
Powertrains.”’
2. Maritime Shipping (Container Ships)

The challenge of electrifying maritime shipping is a
powerful illustration of the limitations of battery
technology and the decisive role of physics. The
energy density of heavy fuel oil is simply too great to
be replicated by current batteries without massive,
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cargo-consuming weight penalties. A typical 100,000-
150,000 DWT container ship carries 3,000-4,000
tonnes of heavy fuel 0il.*® To match this energy with a
lithium-ion battery would require an estimated 60,000-
100,000 tonnes of batteries, consuming a significant
portion of the ship's cargo capacity and requiring the
yearly output of a large battery factory.’® This makes
deep-sea electrification ~with  current battery
technology physically unfeasible for long-distance
voyages.®’

Heavy Fuel Oil Lithium-Ion
/ Bunker Fuel Batteries
Energy 10to 12.5 Approximately
Density kWh/kg 0.25 kWh/kg
Weight for 3,000 to 4,000 60,000 to
Long tonnes 100,000 tonnes
Voyage
Volume 3,000 to 4,000 60,000 to
for Long m? 100,000 m?
Voyage

Table 2: Energy Density of Liquid Fuels vs. Batteries
for Maritime Shipping.°

Even for shorter routes, the infrastructure required is
staggering. A ship would need fully operational
charging facilities in every port, which would require
significant and costly upgrades to existing port grids.?’
This forces a different conversation for this sector: not
about

if we electrify, but about what alternative fuels we use.
For hard-to-abate sectors like maritime shipping,
alternative fuels are not a competing technology but
the only viable path to decarbonization. The most
promising options are synthetic fuels (e-fuels) and
Sustainable Aviation Fuels (SAF).** These "drop-in"
fuels can be produced from waste or renewable
sources and are compatible with existing engines and
infrastructure, offering up to an 80% reduction in
carbon emissions without requiring a complete and
physically impossible overhaul of the global fleet or
port infrastructure.*’

C. The Construction Machinery Sector: A Mismatch of
Technology and Application

The operational realities of the construction industry,
with its demanding duty cycles, remote locations, and
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reliance on existing processes, expose a clear
mismatch with current battery-electric technology.

A fundamental operational mismatch exists between
the current battery runtimes and the demands of a
typical workday. Electric excavators and wheel
loaders offer a runtime of 4 to 6 hours on a single
charge **, while a standard construction workday is
typically eight hours or more. This requires a
significant change in operational behavior, with
operators needing to "top off" batteries during breaks
to ensure continuous productivity.*’

The infrastructure on most construction sites,
particularly those for highways, forests, or remote
suburban areas, lacks the robust grid connection
needed to charge heavy machinery.* While mobile
charging solutions exist, they require their own power
source and logistical management, adding a layer of
complexity to operations.* The lack of charging
infrastructure is cited as a primary concern for end-
users considering electric construction equipment.**
Furthermore, the technical challenges are significant.
Heavy equipment's demanding duty cycles and
intensive use of hydraulic systems pose a unique
challenge.”” The electrification of these machines
often involves adapting designs originally intended for
engines, which limits battery capacity and efficiency
due to space constraints.** This problem is not just
about battery life; it is about a conflict between a new
technology and a deeply entrenched operational
model. The intermittency of charging clashes with the
need for continuous productivity on a job site.

Typical AC DC Fast
Runtime Level 2 Charging
Charging Time
Time
Electric 4106 5to6 40 to 60
Excavat- hours hours minutes
or
Electric 4106 6 hours 2 hours
Wheel hours
Loader

Table 3: Operational Profile of Electric Construction

Equipment.®
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IV. THE FUTURE OF TRANSPORTATION: A
MULTI-FACETED ECOSYSTEM

The analysis of these foundational and sectoral
barriers leads to a clear conclusion: a singular focus on
battery electrification is a flawed strategy. The path to
a decarbonized future is not a technological
monoculture but a diversified portfolio of solutions,
where each technology is deployed where it is most
effective.

This future will see a coexistence of multiple
decarbonization pathways. Synthetic fuels (e-fuels),
produced from captured carbon dioxide and green
hydrogen, can serve as a direct "drop-in" replacement
for existing liquid fuels.*! This allows them to be used
in existing engines and infrastructure, making them
ideal for hard-to-abate sectors like maritime shipping
and aviation.*! However, this pathway faces its own
efficiency challenges. Producing e-fuels requires
nearly five times more energy than a battery-electric
vehicle needs to run *, necessitating a massive
increase in renewable energy generation to be a viable
solution.”!

Hydrogen fuel cell technology, as discussed, is a
compelling alternative for heavy-duty, long-haul
trucking. It offers superior energy density, a longer
range, and a faster refueling time than batteries, and its
infrastructure, while costly, is more manageable for
large-scale industrial hubs than the distributed
megawatt charging needed for a full transition to
electric semis.’’ The future will likely see a
specialization of technologies:

e Battery-electric vehicles will continue to be the
optimal solution for light-duty vehicles, urban
fleets, and short-haul logistics, where predictable
routes, depot-based charging, and lower energy
demands align perfectly with battery capabilities.

e Hydrogen fuel cells will be best suited for heavy-
duty, long-haul trucks and industrial applications
that require high power, long range, and rapid
refueling, such as certain sectors of construction
machinery.

e E-fuels & Biofuels are the necessary solution for
hard-to-abate sectors like maritime shipping and
aviation, where the sheer energy density and
existing infrastructure compatibility are non-
negotiable requirements.
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V. CONCLUSION AND STRATEGIC
IMPLICATIONS

The vision of a fully electrified world is compelling
but lacks a foundation in the physical and economic
realities of key industries. A singular focus on battery
electrification as the only path to a decarbonized future
is a flawed strategy that overlooks significant and, in
some cases, insurmountable barriers. The transition to
a green economy is not a simple swap of one fuel
source for another but a complex re-engineering of
global supply chains, energy infrastructure, and
operational models.

The evidence presented indicates that the most
pragmatic and effective path forward is not a
technological monoculture but a diversified portfolio
of solutions. For policymakers, this means shifting
from a one-size-fits-all regulatory framework to one
that supports a variety of decarbonization
technologies, recognizing that the optimal solution is
situational, not universal. For industry leaders, this
necessitates aligning research and development with
the specific needs of each sector, investing in the
technologies that offer the most pragmatic and
sustainable solutions for each unique application.
Finally, for investors, it is crucial to recognize the
nuanced risks and opportunities across different
markets. While battery-electric technology is the
dominant solution for consumer vehicles, the value
proposition of a technology like hydrogen or e-fuels,
while less efficient, may be far superior for certain
applications due to their operational and
infrastructural benefits. The future is not simply
electric; it is a complex and highly specialized
ecosystem of interconnected technologies, each
playing a vital role in a shared journey toward a
decarbonized world.
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