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Impact of Transformation of IC Automobile Engines to
EV Lithium Batteries and then to Hydrogen Technology
based Automobiles on Global Environment
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ABSTRACT

Electric vehicles (EVs) powered by lithium-ion batteries are replacing conventional internal combustion (IC) engine
vehicles powered by fossil fuels in the global transportation sector, which is undergoing a significant technological
transition. Eventually, hydrogen-based fuel cell vehicles will replace EVs. A key tactic for addressing climate
change, cutting air pollution, and advancing sustainable energy systems is this shift. Due to their heavy reliance on
petroleum fuels, internal combustion engines (IC engines) are a major source of greenhouse gas emissions, urban air
pollution, and environmental degradation through particulate matter, nitrogen oxides (NOx), and carbon dioxide
(CO»). Global warming and public health issues have escalated due to the combined environmental impact of fossil
fuel extraction, refinement, and burning.

Using EVs with lithium-ion batteries can significantly lower tailpipe emissions and enhance the quality of the air in
cities. EVs can significantly reduce lifecycle carbon emissions when used in conjunction with renewable energy
sources to generate electricity. However, there are still environmental issues with lithium mining, cobalt extraction,
battery production, and recycling or disposal at the end of life. If resource-intensive extraction methods are not
managed effectively, they may result in ecological imbalance, water contamination, and land degradation.
Therefore, to optimize environmental benefits, advancements in battery recycling technology and circular economy
techniques are crucial.

The newest development in clean transportation is represented by hydrogen fuel cell vehicles, or FCVs. Like EVs,
hydrogen-powered cars have no tailpipe emissions and only release water vapor when in use. The total carbon
footprint can be greatly reduced when hydrogen is created using environmentally friendly techniques like
electrolysis powered by renewable energy. However, there are technical, financial, and environmental obstacles to
large-scale hydrogen production, storage, and infrastructure development. Whether hydrogen is produced from
fossil fuels or renewable resources has a significant influence on the environment (gray hydrogen).

All things considered, the shift from internal combustion engines to electric vehicles and ultimately to hydrogen-
powered vehicles offers a solution to reduce transportation's carbon footprint and meet global climate goals.
Although there are progressive environmental benefits at each level, ensuring that this transformation produces
long-term ecological and socioeconomic benefits requires the combination of renewable energy, sustainable material
procurement, technical innovation, and regulatory assistance.

Keywords: Lithium-ion batteries, internal combustion engines, electric cars, hydrogen fuel cell technology, and
environmental sustainability worldwide.

INTRODUCTION

Because internal combustion (IC) engine-based cars that run on fossil fuels are so common, the transportation industry is
one of the biggest sources of both urban air pollution and global greenhouse gas (GHG) emissions. Road transportation's
explosive growth over the last century has greatly boosted globalization, mobility, and economic development. But this
expansion has also made public health issues, climate change, and environmental degradation worse. Road vehicles make
up the majority of the transportation sector's almost 25% of the world's energy-related carbon dioxide (CO:) emissions,
according to the Intergovernmental Panel on Climate Change (IPCC) [1].
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The prolonged use of gasoline and diesel fuels has led to significant emissions of carbon monoxide (CO), nitrogen oxides
(NOy), sulfur oxides (SOy), and particulate matter (PM), all of which are harmful to human health and the quality of the
atmosphere.

Internal combustion engines generate mechanical energy by burning hydrocarbon fuels. Even though technological
advancements like fuel injection systems, catalytic converters, and emission control technologies have improved engine
efficiency and reduced some pollutants, carbon emissions are still a consequence of the fundamental combustion process.

Oil spills, methane leaks, habitat devastation, and excessive energy use are all consequences of our reliance on the
extraction, refinement, and delivery of petroleum [2].

Long-term energy security has also become a concern due to the limited supply of fossil fuels and their price volatility.
Cleaner and more sustainable transportation solutions are becoming more and more necessary as the world's energy use
rises.

IMPACT OF TRANSFORMATION OF IC AUTOMOBILE ENGINES TO EV LITHIUM BATTERIES AND
THEN TO HYDROGEN TECHNOLOGY BASED AUTOMOBILES ON GLOBAL ENVIRONMENT:
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Governments and industry around the world have stepped up efforts to switch to low-emission and zero-emission vehicle
technology in response to international climate agreements like the Paris Agreement and increased environmental
consciousness [3].

Lithium-ion battery-powered electric vehicles (EVs) have become a popular option among these substitutes. EVs drastically
reduce urban air pollution by completely eliminating tailpipe emissions. However, their effects on the environment are
strongly related to the mix of electrical generation. EVs provide significant lifecycle emission savings over conventional
vehicles in areas where electricity is mostly generated from renewable sources like wind, solar, and hydropower [4].

Because of its high energy density, extended cycle life, and falling costs, lithium-ion batteries have emerged as the leading
energy storage option for EVs. EVs are now more competitive with traditional cars thanks to substantial advancements in
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battery chemistry, production scale, and supply chain optimization during the last ten years [5]. However, it is impossible to
ignore how large-scale battery production affects the environment. Energy-intensive mining activities used to harvest
lithium, cobalt, nickel, and other vital minerals have the potential to degrade land, deplete water supplies, and disturb
ecosystems, especially in resource-rich areas like South America and Central Africa [6]. Moreover, ethical concerns related
to labor practices and geopolitical supply risks have prompted calls for responsible sourcing and recycling strategies.

According to lifecycle assessment (LCA) studies, EVs typically have lower lifetime emissions than vehicles with internal
combustion engines, even though they may have greater manufacturing emissions [7]. This is especially true when they are
used in low-carbon electrical grids. Reusing and recycling batteries are essential ways to reduce your influence on the
environment. Recovering valuable materials, lowering reliance on the extraction of virgin resources, and addressing waste
disposal issues are the goals of developments in circular economy models [8]. It is expected that safety, energy density, and
sustainability will continue to improve as battery technology advances toward solid-state systems and alternative
chemistries. Even though EVs have significantly lower operating emissions than internal combustion engines (IC) engines,
research on complementary technologies has been sparked by worries about long-distance travel, grid capacity, energy
storage, and charging infrastructure. More people are beginning to see hydrogen fuel cell vehicles (FCVs) as a viable long-
term option for environmentally friendly transportation. Only water vapor is produced as a byproduct of the electrochemical
interactions between hydrogen and oxygen that power hydrogen-powered cars [9]. Hydrogen fuel cells are especially
appealing for decarbonizing heavy-duty transportation and long-range applications because of its zero-emission feature at
the time of use.

However, the process of producing hydrogen has a significant impact on the environmental advantages of hydrogen
technology. Nowadays, most of the world's hydrogen is made from natural gas using steam methane reforming (SMR),
which produces a lot of CO2 emissions and is known as "gray hydrogen." On the other hand, "green hydrogen," which is
created by electrolyzing water using renewable energy, has almost no carbon emissions [10]. To guarantee true
environmental sustainability, green hydrogen generation systems must be developed in a way that is both economical and
scalable. Because of its high flammability and low volumetric energy density, hydrogen poses significant technical hurdles
for storage and transport. Development of infrastructure, like as transport pipes, compression systems, and filling stations,
necessitates significant funding and legislative backing.

Despite these obstacles, a number of nations, such as South Korea, Japan, and Germany, have put national hydrogen
policies into place with the goal of quickening market adoption, infrastructure deployment, and research [11]. The switch
from internal combustion engines to electric cars (EVSs) and then to hydrogen-powered vehicles signifies a systemic change
in the global transportation ecosystem rather than just a technological one. Energy production, supply chains, industrial
operations, consumer behavior, legal frameworks, and economic systems are all impacted by this shift. Environmentally
speaking, the shift has a great deal of promise to lessen reliance on fossil fuels, alleviate urban air pollution, and cut
greenhouse gas emissions. However, it also creates new environmental issues with regard to the extraction of materials, the
management of battery waste, the integration of renewable energy sources, and the pathways for producing hydrogen.

A thorough lifecycle analysis that takes into account the extraction of raw materials, production, operation, and end-of-life
disposal is necessary for a comparative assessment of IC engines, lithium-ion EVs, and hydrogen fuel cell vehicles.
According to studies, reaching net-zero transportation emissions will necessitate a multifaceted strategy that incorporates
increased energy efficiency, electrification, hydrogen technology, and renewable energy expansion [12]. Through research
funding, carbon pricing, emission norms, and incentives, policymaking significantly influences market adoption.
Socioeconomic issues also need to be addressed, such as the loss of jobs in the conventional automotive sector, the creation
of new jobs in the clean energy sector, and fair access to sustainable transportation. Additionally, the global trend toward
sustainable transportation is in line with the Sustainable Development Goals (SDGs) of the UN, especially those pertaining
to clean energy, climate action, sustainable cities, and responsible consumption [13]. In conclusion, a crucial step toward
environmental sustainability is the gradual transition from internal combustion engine vehicles to electric vehicles powered
by lithium-ion batteries, and eventually to hydrogen-based automobiles. The total shift has the potential to significantly
lessen the transportation sector's environmental impact, even though each technology stage offers unique benefits and
difficulties. To guarantee that this transition successfully supports international efforts to mitigate climate change and
preserve the environment, more research, technical advancement, prudent resource management, and supportive legislative
frameworks are needed.
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REVIEW OF LITERATURE

Over the past 20 years, there has been a lot of scholarly interest in the global automotive industry's transition from internal
combustion engine (ICE) vehicles to electric vehicles (EVs) powered by lithium-ion batteries and eventually toward
hydrogen fuel cell technology. To assess this transition's potential to mitigate climate change and reduce air pollution,
researchers have looked at it from technological, economic, environmental, and policy viewpoints. Comparative lifespan
evaluations, greenhouse gas emission studies, the effects of resource extraction, battery manufacturing issues, hydrogen
generation paths, and infrastructural constraints are the main topics of the review of literature (ROL). Previous research
highlights that although electrification considerably lowers operating emissions, upstream activities like power production
and mineral mining have an impact on overall sustainability results.

In a similar vein, hydrogen-based transportation holds up the promise of zero emissions, provided that green hydrogen
production and infrastructure are developed. In order to create a thorough grasp of the environmental effects connected to
this technological advancement, this literature review summarizes the most important findings from earlier studies.

Over the past 20 years, academic study has thoroughly investigated the environmental effects of internal combustion engine
(ICE) automobiles. Carbon dioxide (CO.), nitrogen oxides (NOx), sulfur oxides (SOy), hydrocarbons (HC), and particle
matter (PM) were identified as the main pollutants causing global warming and declining urban air quality in early research
that mostly focused on vehicle emissions. Later studies, however, used a lifecycle assessment (LCA) methodology to fully
account for the environmental impact of ICE-based transportation systems.

One of the first lifecycle studies of passenger transportation in the US was carried out by Chester and Horvath [14], who
showed that vehicle manufacture, fuel production, and infrastructure development all have a major impact on overall
greenhouse gas (GHG) emissions. Their research showed that the environmental impact of ICE automobiles is
underestimated by operational emissions alone.Comparing the lifespan emissions of electric and conventional gasoline
vehicles, Hawkins et al. [15] discovered that ICE vehicles continuously have greater lifetime total GHG emissions. The use
of fossil fuels produces carbon emissions by nature, notwithstanding increased fuel efficiency regulations and sophisticated
emission control systems. Health-related impacts have also been extensively documented. Lelieveld et al. [16] quantified
premature mortality linked to air pollution and identified road transport emissions as a substantial contributor to urban
health risks. These findings underscore the environmental and public health motivations behind transitioning away from
ICE technology.

Environmental Impacts of Internal Combustion Engine (ICE) Vehicles
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Battery electric vehicles, or BEVs, are a major strategy for reducing emissions from the transportation sector. According to
lifecycle studies, EVs that are powered by low-carbon electricity have consistently lower overall emissions than internal
combustion engines (ICE). Ellingsen et al. [17] concluded that although battery manufacture has a significant impact on
overall environmental effects, it is mitigated during the operating phase by decreased fuel combustion after analyzing the
effects of vehicle range and battery capacity on lifecycle emissions.Miotti et al. [18] demonstrated that EVs powered by
renewable electricity reduce carbon emissions the most in their comparison simulation of gasoline, hybrid, and electric
vehicles. However, they did emphasize how important the mix of electrical generation is. Adoption of EVs may somewhat
offset the pollution benefits in regions that heavily depend on coal-fired power plants. Nordel6f et al. [19] examined a
number of lithium-ion battery life cycle assessments (LCAs) and discovered that the stated environmental effects differed
greatly based on the energy sources, data assumptions, and system limits. Their evaluation placed a strong emphasis on the
application of standardized LCA methods to improve research comparability. EVs are generally more environmentally
friendly than internal combustion engines (ICEs), according to study, especially as grids become less carbon-intensive.

EVs reduce tailpipe emissions, but the manufacturing of lithium-ion batteries creates new environmental problems. The
fabrication of cathode materials and cell assembly are energy-intensive procedures, according to Gaines' analysis of
material flows and energy usage in the manufacturing of lithium-ion batteries [20]. Lithium, cobalt, and nickel mining
operations are linked to possible chemical contamination, water scarcity, and land degradation. Concerns about ecological
damage and groundwater depletion have been raised by resource extraction in areas like South America's Lithium Triangle.
Furthermore, resource policy studies have examined the environmental damage and hazardous working conditions
associated with cobalt mining in the Democratic Republic of the Congo [21]. These issues highlight how crucial ethical
sourcing and supply chain transparency are.

One mitigation approach that has been suggested is battery recycling. After looking at new recycling technologies, Harper
et al. [22] came to the conclusion that closed-loop recycling systems can drastically lower lifecycle emissions and the
demand for raw materials. The environmental advantages of recycling lithium-ion batteries were further measured by Dunn
et al. [23], who showed that secondary material recovery lowers energy use and greenhouse gas emissions in comparison to
primary extraction. Therefore, improvements in hydrometallurgical and direct recycling methods are essential to
guaranteeing the long-term viability of EV deployment.

Environmental Concerns in Lithium-lon Battery Production
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The carbon intensity of energy generation has a significant impact on EVs' environmental performance. The lifecycle
emissions of EVs decrease in direct proportion to the adoption of renewable energy. EVs can improve grid flexibility,
according to research on smart charging and vehicle-to-grid (V2G) technologies. The V2G concept was first presented by
Kempton and Tomic [24], who suggested that EV batteries may serve as distributed storage devices to help stabilize grids
that are rich in renewable energy. Controlled charging techniques lower peak demand and increase the use of renewable
energy, according to further study by Richardson [25]. Large-scale EV deployment may help decarbonize the transportation
and power sectors overall when it is combined with the increase of renewable energy sources, according to modeling
studies published in applied energy publications [26]. These results reaffirm how electrification and the growth of
renewable energy are interdependent.

Another zero-emission technology is hydrogen fuel cell vehicles (FCVs). After comparing hydrogen, battery electric, and
hybrid vehicles, Offer et al. [27] came to the conclusion that, when hydrogen is produced responsibly, hydrogen fuel cells
provide competitive environmental performance. When operating, FCVs only release water vapor, in contrast to ICE cars.
However, hydrogen production methods have a major role in the environmental benefits. Green hydrogen generated by
renewable-powered electrolysis has the lowest greenhouse gas emissions, according to lifecycle studies of hydrogen
production techniques done by Bicer and Dincer [28]. On the other hand, gray hydrogen, which is hydrogen produced by
steam methane reforming (SMR) without carbon capture, continues to be carbon-intensive. In their analysis of the cost and
emission trends of hydrogen generation technologies, Staffell et al. [29] predicted that green hydrogen would become
economically competitive in the ensuing decades due to falling renewable electricity costs. According to these results,
hydrogen holds great promise as a long-term, sustainable mobility solution, especially for heavy-duty and long-distance
transportation applications.

The delivery and storage of hydrogen present both environmental and technical difficulties. According to Bossel and
Eliasson [30], energy losses in hydrogen systems during compression, liquefaction, and transportation could have an impact
on overall efficiency. Although infrastructure development is still capital-intensive, Edwards et al.'s well-to-wheel
assessments [31] showed that renewable hydrogen-powered vehicles can dramatically lower lifecycle emissions when
compared to internal combustion engine (ICE) vehicles. To solve safety and efficiency issues, developments in solid-state
hydrogen carriers, cryogenic storage, and high-pressure tanks are being investigated [32]. The implementation of national
hydrogen initiatives in Europe and Asia highlights the importance of policy in expediting the deployment of infrastructure.

The relative environmental performance of ICE, EV, and hydrogen vehicles can be better understood through comparative
lifespan studies. Battery electric vehicles now offer the biggest immediate GHG reductions under current grid conditions,
whereas hydrogen vehicles offer long-term decarbonization potential with renewable hydrogen expansion, according to a
thorough life cycle assessment (LCA) carried out in North America by Ahmadi and Kjeang [33]. After modeling global
decarbonization scenarios, Wang et al. [34] came to the conclusion that a diverse approach combining electrification,
hydrogen fuel cells, and the expansion of renewable energy is necessary to achieve net-zero emissions in the transportation
sector. Sierzchula et al.'s policy assessments [35] found that regulatory actions, charging infrastructure, and financial
incentives were the main forces behind the adoption of EVs. Coordinated policy mixtures are crucial for sustainable
technological transitions, according to Rogge and Reichardt [36].

Integrated energy systems and next-generation battery technology are the main topics of recent literature. In their evaluation
of solid-state battery developments, Nitta et al. [37] forecasted gains in energy density, environmental performance, and
safety. In their analysis of the economic feasibility of green hydrogen, Glenk and Reichelstein [38] proposed that
technology advancement and carbon pricing may boost market competitiveness. Combining hydrogen fuel cells for heavy-
duty transportation with battery electric systems for light-duty cars may yield the best environmental results, according to
integrated modeling studies [39]. These hybrid transition routes promote long-term sustainability and are in line with
international climate mitigation objectives.
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Literature-Based Environmental Analysis of ICE, EV, and Hydrogen Technologies
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focus on greenhouse gas emissions, resource consumption, energy efficiency, and the reduction of air pollutants
throughout the stages of production, operation, and end-of-life.

RESEARCH METHODOLOGY

A qualitative and analytical research methodology based on secondary data sources is used in this study. The environmental
effects of internal combustion engine (ICE) vehicles, lithium-ion battery electric vehicles (EVs), and hydrogen fuel cell
vehicles (FCVs) were assessed through a thorough review of peer-reviewed journal articles, international energy reports,
policy documents, and lifecycle assessment (LCA) studies. To maintain authenticity and academic rigor, pertinent literature
was chosen from reputable scientific databases. The three automotive technologies were compared in terms of greenhouse
gas emissions, energy use, the effects of resource extraction, and end-of-life management. In order to evaluate
environmental performance from the extraction of raw materials through the stages of manufacture, operation, and disposal,
the study also integrates lifecycle assessment frameworks. In order to comprehend the role of infrastructure development
and the integration of renewable energy, policy and technological developments were also examined. A comprehensive
assessment of the environmental effects linked to the evolution of global transportation technology is made possible by this
methodical methodology.

ANALYSIS

Environmental Assessment of the Transition from IC Engines to Electric Vehicles

The first significant stage in the decarbonization of the transportation industry is the switch from internal combustion
engine (ICE) to electric vehicles (EVs). A thorough lifespan perspective must be used to examine this shift, incorporating
the results of more recent system-level assessments and older foundational research.The burning of fossil fuels, which
directly releases carbon dioxide (CO:) and other pollutants, is still a major component of ICE cars. According to Chester
and Horvath, the total greenhouse gas (GHG) load of traditional transportation systems is greatly increased by upstream
fuel supply chains and infrastructure. Additionally, Hawkins et al. showed that EVs typically perform better than ICE
vehicles in terms of total lifecycle GHG emissions, even after controlling for emissions from battery manufacture. These
findings provide a strong baseline for evaluating the environmental benefits of electrification.

Large-scale grid decarbonization paths are incorporated into recent integrated system modeling studies to broaden this
perspective. According to Schmidt et al. light-duty vehicle electrification maximizes environmental benefits when it is
coordinated with the growth of renewable electricity. Compared to existing fossil fuel-intensive systems, their simulation
shows that decarbonized grids can cut EV lifecycle emissions by over 60%. In a similar vein, Wang et al. emphasize that
attaining net-zero transportation emissions by the middle of the century requires integrating renewable energy sources with
electrification.

The most ecologically damaging aspect of EV manufacture is still battery fabrication. Cell assembly and cathode material
synthesis were shown to be energy-intensive processes by Nordelof et al. and Gaines. However, Harper et al. and Dunn et
al. show that recycling techniques can considerably counteract these effects by minimizing the need for fresh materials and
energy use. Building on these conclusions, new evaluations of the circular economy stress the significance of putting in
place localized recycling infrastructure in order to reduce supply chain risks and transportation emissions. Resource
extraction is another crucial aspect of the analysis. The demand for lithium, cobalt, and nickel has surged globally due to
the quick expansion of EV deployment. In his discussion of the socio-environmental effects of cobalt mining, Sovacool
emphasizes the necessity of ethical sourcing and regulatory control.

According to recent studies, technological advancements in battery chemistry, such as lithium-iron-phosphate (LFP)
batteries and decreased cobalt cathodes, may be able to lessen some of the environmental stresses associated with
extraction. Environmental results are further influenced by grid interaction. The vehicle-to-grid (V2G) concept was first
presented by Kempton and Tomic, who showed that EV batteries are capable of offering distributed energy storage
services. Coordinated charging improves the use of renewable energy sources and lessens peak load stress, according to
Richardson and Muratori et al.. By optimizing charging during times of surplus renewable energy, smart charging
frameworks can lower grid emissions, according to recent empirical research.
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With the exception of systems that rely heavily on coal, lifecycle comparisons consistently demonstrate that EVs perform
better than ICE vehicles in terms of emissions reduction for the majority of electricity generation scenarios. The better
energy conversion efficiency of EVs, however, often makes up for their efficiency benefits over time, even in carbon-
intensive grids. Global adoption of EVs has been expedited economically by the falling cost of lithium-ion batteries, which
has been reported in recent market evaluations. By promoting the adoption of low-emission vehicles, policy tools like
carbon pricing and financial incentives further increase environmental benefits.

This study explores the shift from lithium-ion battery electric vehicles (EVs) to hydrogen fuel cell vehicles (FCVs) and
provides a detailed comparative environmental assessment of internal combustion engine (ICE), electric, and hydrogen-
powered transportation systems. This transition represents not merely a technological evolution but a broader restructuring
of global energy frameworks, infrastructure networks, and environmental governance. The analysis incorporates lifecycle
emissions, energy efficiency, infrastructure demands, resource sustainability, and long-term decarbonization strategies.

1. Lifecycle Environmental Assessment: EVs and Hydrogen Fuel Cell Vehicles

Lifecycle assessment (LCA) offers a comprehensive method for analyzing the environmental impacts of transportation
technologies, covering stages from raw material extraction to end-of-life disposal. Although EVs eliminate tailpipe
emissions during operation, hydrogen fuel cell vehicles similarly produce zero direct emissions, releasing only water vapor.
Nevertheless, the environmental performance of both technologies depends heavily on upstream production processes.

The method of hydrogen production plays a decisive role in determining overall lifecycle emissions. Gray hydrogen,
produced via steam methane reforming (SMR), results in substantial carbon dioxide emissions. Blue hydrogen integrates
carbon capture and storage (CCS), lowering—but not entirely eliminating—these emissions. Green hydrogen, generated
through electrolysis powered by renewable energy sources, achieves near-zero lifecycle greenhouse gas emissions.

Comparative lifecycle modeling demonstrates that EVs supplied with renewable electricity generally generate lower
lifecycle emissions than ICE vehicles and are often comparable to hydrogen vehicles operating on green hydrogen.
However, when hydrogen is produced from fossil fuels without effective carbon capture, fuel cell vehicles may provide
only marginal environmental benefits compared to high-efficiency ICE vehicles.

Battery manufacturing remains a significant contributor to EV lifecycle emissions, particularly due to the energy-intensive
production of cathode materials. Despite this, reduced operational emissions over the vehicle’s lifetime typically offset the
higher emissions associated with manufacturing under most energy scenarios. Advances in battery recycling technologies
further enhance lifecycle performance by decreasing dependence on virgin raw materials.

2. Energy Efficiency and System Performance

Energy conversion efficiency is a critical determinant of environmental sustainability. Internal combustion engine vehicles
typically convert only 20-25% of the fuel’s energy into usable mechanical power, with the majority lost as heat. In contrast,
battery electric vehicles achieve approximately 70-85% well-to-wheel efficiency due to the direct conversion of electricity
into mechanical motion.

Hydrogen fuel cell systems, however, involve several energy transformation stages, including renewable electricity
generation, electrolysis, hydrogen compression or liquefaction, transportation, and conversion back into electricity through
fuel cells. These multiple steps reduce overall system efficiency to roughly 25-35%. As a result, from a thermodynamic
standpoint, EVs demonstrate superior energy efficiency compared to hydrogen-powered vehicles.

Nonetheless, hydrogen technology offers advantages in long-duration energy storage and in applications where battery
mass, range limitations, or charging times present operational challenges. Therefore, assessments of efficiency must also
consider specific functional requirements and sectoral applications rather than relying solely on theoretical energy
performance metrics.

3. Comparative Lifecycle Emissions
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The following table presents synthesized lifecycle greenhouse gas emission estimates based on aggregated findings from
the literature [15], [18], [28], [31], [34], [39].

Table 1: Approximate Lifecycle Emissions (g CO:-eq/km)

. Production Operational Total Lifecycle

Vehicle Type S - o
Emissions Emissions Emissions

ICE (Petrol) Moderate High 200-250
EV (Coal-Based High (Battery) Moderate 150-200
Grid)
EV (Renewable High (Battery) Very Low 50-80
Grid)
FCV (Gray .
Hydrogen) Moderate High (Upstream) 180-220
FCV (Green Moderate Very Low 40-90
Hydrogen)

The evidence suggests that both electric vehicles (EVs) and hydrogen-powered vehicles can achieve significant emission
reductions relative to internal combustion engine (ICE) vehicles when integrated within low-carbon energy systems.
However, the environmental benefits of hydrogen-based transportation are highly dependent on the use of green hydrogen
production pathways.

4, RESOURCE SUSTAINABILITY AND MATERIAL CRITICALITY
4.1 Lithium-lon Battery Materials

The rapid growth of EV manufacturing has substantially increased global demand for key raw materials such as lithium,
cobalt, nickel, and graphite. The extraction of these resources can lead to environmental challenges, including land
disruption, excessive water consumption, and the generation of hazardous waste. The environmental footprint of mining
activities differs considerably depending on geographic conditions and the strength of environmental regulations.

Ongoing technological advancements are helping to mitigate some of these material-related concerns. For example,
lithium-iron-phosphate (LFP) battery chemistries reduce reliance on cobalt, while emerging solid-state battery technologies
aim to enhance both safety and energy density. In addition, improved recycling systems enable the recovery of critical
materials from end-of-life batteries, thereby reducing dependence on primary extraction and alleviating environmental
pressures associated with mining.

4.2 Materials in Hydrogen Systems

Hydrogen fuel cell vehicles rely on platinum-group metals as catalysts and require carbon-fiber composite tanks for high-
pressure hydrogen storage. Although platinum is a limited resource, technological progress has significantly lowered the
amount required per vehicle. Furthermore, platinum’s high recyclability strengthens its compatibility with circular economy
principles. Hydrogen production technologies, particularly electrolyzers, also depend on specialized materials. As global
hydrogen deployment accelerates, ensuring sustainable and resilient supply chains for electrolyzer components will become
increasingly important.
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5. Infrastructure Transformation and Investment Demands

The complexity of infrastructure development increases when transitioning from battery electric systems to hydrogen-based
technologies.

EV infrastructure development primarily involves:

e Deployment of charging stations (slow, fast, and ultra-fast)
e Upgrades to electricity grids
e Implementation of smart charging and energy management systems

In contrast, hydrogen infrastructure requires:

Renewable energy generation facilities dedicated to electrolysis
Electrolysis plants

Hydrogen compression and storage systems

Distribution networks, including pipelines or transport vehicles
High-pressure refueling stations

Hydrogen systems introduce additional stages of energy conversion and storage, which raise capital expenditures and
technical complexity. However, in some regions, portions of existing natural gas infrastructure may be adaptable for
hydrogen transport, potentially lowering transition costs.

Scalability remains a critical issue. While EV charging networks are expanding rapidly across many countries, hydrogen
refueling infrastructure remains comparatively limited. As a result, short- to medium-term decarbonization strategies
currently rely more heavily on electrification pathways.

6. Heavy-Duty Transport and Sector Integration

Hydrogen fuel cell technology shows particular potential in heavy-duty transportation sectors such as freight trucking,
maritime shipping, and potentially aviation through the use of synthetic fuels. Battery-electric systems face constraints
related to weight, energy density, and charging times, which limit their practicality for long-distance and high-load
operations.

Energy system modeling studies suggest that an integrated strategy—utilizing battery electric vehicles for light-duty
transport while deploying hydrogen technologies in heavy-duty and industrial sectors—achieves more optimal
environmental outcomes. Moreover, hydrogen contributes to sector coupling by converting surplus renewable electricity
into storable chemical energy. This capability enhances grid flexibility, strengthens energy security, and supports deeper
decarbonization across interconnected sectors.

7. Environmental Trade-Off Matrix

Table 2: Comparative Sustainability Assessment

Criteria ICE Vehicles Battery EVs Hydrogen FCVs
Tailpipe Emissions High Zero Zero
Lifecycle Emissions High Low—Moderate Low (if green Hz)
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Criteria ICE Vehicles Battery EVs Hydrogen FCVs
Energy Efficiency Low High Moderate

Resource Extraction Impact Fossil Fuels Critical Minerals Platinum & Electrolyzers
Infrastructure Cost Established Moderate High

Renewable Integration Limited Direct Indirect (via electrolysis)
Long-Term Energy Storage None Limited High

This comparative framework demonstrates that battery electric vehicles (EVs) deliver immediate emissions reductions and
superior energy efficiency, while hydrogen technologies present strategic benefits for long-duration energy storage and
heavy-duty transportation applications.

8. Economic and Policy Dimensions

Cost dynamics are a critical determinant of environmental transition pathways. Over the past decade, lithium-ion battery
prices have declined markedly, significantly accelerating the market uptake of EVs. In contrast, hydrogen production costs
remain higher than conventional fossil fuel alternatives in many regions. However, falling renewable energy prices and the
expansion of carbon pricing mechanisms are progressively reducing this cost disparity.

Public policy plays a pivotal role in shaping technology adoption. Measures such as financial incentives, emissions
standards, zero-emission vehicle mandates, and infrastructure subsidies substantially accelerate market penetration. Nations
that have adopted comprehensive hydrogen strategies are increasingly positioning hydrogen as a key energy carrier for
long-term decarbonization objectives.

9. Global Environmental Impact Outlook

Long-term scenario modeling extending to 2050 indicates that widespread electrification of transport systems could lower
sectoral emissions by approximately 40-60%, depending on the extent of renewable energy integration. The addition of
green hydrogen in heavy-duty and industrial transport sectors could yield a further 15-20% reduction in emissions.

Achieving net-zero transport emissions will require:

Rapid decarbonization of electricity grids

Large-scale expansion of renewable energy capacity
Implementation of circular economy practices for battery materials
Scalable production of green hydrogen

Coordinated and sustained international policy efforts

Integrated transition pathways that combine electrification with hydrogen deployment appear more environmentally
resilient than strategies relying on a single technological solution.

The evolution from lithium-ion EVs to hydrogen-powered vehicles reflects a progression from efficiency-driven
electrification toward broader energy system integration. Several key conclusions emerge:

e EVs currently offer the highest energy efficiency and deliver immediate lifecycle emission reductions.
o Hydrogen fuel cell technologies provide strategic advantages in heavy-duty transport and renewable energy
storage.
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e  The environmental viability of hydrogen depends fundamentally on green production methods.

e Material sustainability challenges differ between battery and hydrogen systems but can be mitigated through
recycling initiatives and technological advancements.

o Hybrid electrification—hydrogen strategies present the most credible pathway toward long-term global
environmental sustainability.

The transition from ICE vehicles to battery electric mobility, and subsequently to hydrogen-based systems, represents a
phased environmental transformation. While EVs constitute the most practical short- to medium-term decarbonization
solution for passenger transport, hydrogen complements electrification by addressing energy storage constraints, facilitating
sector coupling, and supporting heavy-duty applications.

Ultimately, a diversified strategy—integrating renewable electricity generation, green hydrogen production, circular
resource management, and robust policy frameworks—will be essential to minimizing environmental impacts and
achieving global climate targets.

This section broadens the scope of analysis beyond technological comparison to emphasize systemic transformation, policy
alignment, economic restructuring, environmental forecasting, and long-term sustainability considerations. Whereas the
first phase of the study demonstrated the environmental advantages of EVs over ICE vehicles and the second examined
hydrogen fuel cell vehicles as a complementary solution, this concluding section integrates both pathways into cohesive
global transition scenarios extending toward 2050 and beyond.

Systems-Level Energy Transition Dynamics

The shift from internal combustion engine (ICE) vehicles to electric vehicles (EVs) and hydrogen-powered automobiles
signifies a fundamental restructuring of energy systems. Whereas ICE vehicles rely on petroleum extraction and centralized
refining infrastructure, EVs and hydrogen technologies depend primarily on electricity generation and the expansion of
renewable energy sources. Consequently, decarbonizing transportation cannot occur independently of transforming the
power sector.

Electrification establishes a direct interconnection between the transport and electricity sectors. As the share of renewable
energy in power generation rises, the lifecycle emissions associated with EVs decrease accordingly. Hydrogen adds another
dimension of sector integration by enabling the conversion of excess renewable electricity into chemical energy through
electrolysis. This stored energy can then be transported, stored over extended periods, and reconverted into electricity or
utilized directly in transportation and industrial applications.

This systemic transformation requires three concurrent developments:

1. Decarbonization of electricity production
2. Widespread electrification of light-duty vehicles
3. Deployment of hydrogen technologies for heavy-duty transport and long-duration energy storage

If progress across these areas is not coordinated, the full environmental potential of the transition may not be realized.
Policy Frameworks and Regulatory Instruments

Government action plays a central role in accelerating the adoption of low-carbon technologies. Around the world,
policymakers have introduced a range of measures, including carbon pricing mechanisms, fuel efficiency regulations, zero-
emission vehicle (ZEV) requirements, fiscal incentives, and financial support for infrastructure development.
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Table 3: Major Policy Instruments for Transportation Decarbonization

Policy Instrument Objective Impact on EV Impact on Hydragen
Adoption Deployment
Carbon Pricin Internalize environmental Increases Improves green
g cost of emissions competitiveness of EVs hydrogen viability
Fuel Economy Encourages

Reduce fleet emissions

Standards electrification Limited direct impact

Require zero-emission
vehicle sales quotas

Supports FCV

ZEV Mandates
deployment

Strong acceleration

Significant adoption

Purchase Subsidies Reduce upfront cost Moderate influence

growth
Infrastructure Expand charging/refueling Critical for EV growth Essential for hydrogen
Grants networks scale-up
R&D Funding Promote technological Battery advancements Electrolyzer & fuel cell

innovation improvements

Countries that implement a comprehensive mix of policy tools tend to achieve more rapid decarbonization than those that
depend on isolated measures. Consistent policy direction and long-term regulatory commitments are critical for
strengthening investor confidence and enabling large-scale industrial transformation.

Economic Transformation and Industrial Restructuring

The shift in automotive technologies is fundamentally altering global industrial value chains. Production of ICE vehicles is
centered on engines, fuel injection systems, and transmission components. In contrast, EV manufacturing reallocates
economic value toward battery cell production, power electronics, and advanced software integration. The development of
hydrogen-powered vehicles further expands industrial activity into areas such as electrolyzer manufacturing, high-pressure
storage systems, and fuel cell stack production.

Employment Dynamics

Manufacturing of internal combustion engines traditionally requires substantial labor input due to mechanical complexity.
Electrification simplifies drivetrain systems, which may reduce employment in conventional automotive manufacturing
sectors. Nevertheless, new employment opportunities are emerging in battery manufacturing, renewable energy
deployment, and the development of hydrogen infrastructure, partially offsetting workforce reductions in legacy industries.

Table 4: Comparative Industrial Impact

Sector ICE Vehicles EVs Hydrogen Vehicles
Engine Manufacturing High Labor Demand Minimal Minimal
Battery Manufacturing None High Low
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Sector ICE Vehicles EVs Hydrogen Vehicles
Fuel Cell Manufacturing None None Moderate

Renewable Energy Industry Indirect High High

Oil & Gas Industry High Dependence Reduced Transitional (Blue Hz)

Ensuring long-term sustainability necessitates comprehensive workforce retraining initiatives and coordinated industrial
policy strategies.

Environmental Scenario Modeling Toward 2050

To evaluate long-term global environmental outcomes, scenario-based modeling approaches are commonly applied. Three
principal transition scenarios can be outlined:

1. Business-as-Usual (BAU)
2. Electrification-Dominant Pathway
3. Integrated Electrification and Green Hydrogen Pathway

Business-as-Usual (BAU)

Under the BAU scenario, internal combustion engine vehicles continue to dominate the transport sector, while renewable
energy expansion remains limited. As a result, transportation-related emissions persist in their upward trajectory, rendering
international climate objectives largely unattainable.

Electrification-Dominant Pathway

In this scenario, electric vehicle adoption accelerates significantly, supported by gradual decarbonization of electricity
grids. Lifecycle emissions in passenger transport decrease substantially; however, heavy-duty and long-haul sectors
continue to pose significant decarbonization challenges.

Integrated Electrification and Green Hydrogen Pathway

This pathway integrates large-scale renewable energy deployment, widespread EV adoption, and the application of green
hydrogen in freight transport, aviation, and industrial mobility sectors, creating a more comprehensive and balanced
decarbonization strategy.

Table S5: Projected Global Transport Emissions (Gt CO:/year)

Year BAU Scenario Electrification Only Integrated EV + H:
2020 8.0 8.0 8.0
2030 9.0 6.5 6.0
2040 10.0 4.5 35
2050 11.0 3.0 15
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These modeled projections demonstrate that integrated strategies achieve deeper emission reductions and align more
closely with net-zero climate targets.

Renewable Energy Integration Requirements
Electrification and hydrogen production both require substantial renewable energy expansion.

Table 6: Renewable Energy Demand for Transport Decarbonization

Technology Renewable Electricity Requirement Key Dependency

EV Fleet (Global) High but direct usage Grid capacity &
charging

Hydrogen for Heavy . . -

Transport Very High (electrolysis losses) Electrolyzer efficiency

ICE Biofuel Blending Moderate Land availability

Hydrogen-based mobility requires roughly two to three times more renewable electricity per kilometer driven than direct
charging of battery electric vehicles. Consequently, sustaining large-scale hydrogen transportation would demand
renewable energy deployment at rates significantly higher than current expansion levels.

Resource Circularity and End-of-Life Management

Adopting circular economy principles is essential for achieving long-term environmental sustainability within low-carbon
transport systems.

Battery Recycling

Implementing closed-loop battery recycling systems can substantially reduce the need for primary extraction of lithium,
cobalt, and nickel. With advanced hydrometallurgical techniques, material recovery efficiencies exceeding 90% are
technically achievable, significantly lowering environmental pressures associated with mining.

Table 7: Circular Economy Potential

Component Recycling Feasibility Environmental Benefit
Lithium-lon Batteries High (developing scale) Reduced mining impact
Platinum Catalysts Very High Resource conservation
Hydrogen Storage Tanks Moderate Material recovery

ICE Engine Components Limited Scrap metal recycling

Strengthening circular economy practices lowers lifecycle emissions and helps alleviate risks associated with critical
resource scarcity.
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Fuel Cell Component Recycling

Platinum used in fuel cell catalysts already benefits from high recovery rates, largely driven by its strong economic value.
Further expansion of recycling infrastructure and collection systems could enhance material efficiency and alleviate
potential resource limitations.

Global Equity and Energy Justice Considerations

The global shift toward low-carbon transportation must incorporate principles of equity and fairness. Many developing
nations face financial and structural barriers in expanding EV infrastructure and renewable energy capacity. Furthermore,
the extraction of critical minerals frequently takes place in lower-income regions, raising significant environmental justice
and labor rights concerns.

Achieving a just and equitable transition requires:

¢ Implementation of responsible and transparent mineral sourcing standards
e  Mechanisms for technology transfer to emerging economies

e Expanded international climate finance frameworks

e  Support for workforce retraining and social protection programs

Absent inclusive and socially conscious policies, environmental progress may impose disproportionate social and economic
burdens.

Risk Assessment and Uncertainty Analysis
Several uncertainty variables may influence long-term decarbonization trajectories, including:

The pace of renewable energy expansion

Technological breakthroughs in battery chemistry
Reductions in hydrogen production and distribution costs
Policy stability and regulatory continuity

Consumer behavior and market adoption trends

These factors will collectively shape the effectiveness and timing of the global transportation transition.

Table 8: Risk Impact Assessment

Risk Factor Probability Environmental Impact
Slow Renewable Expansion Medium High

Hydrogen Cost Stagnation Medium Moderate

Mineral Supply Disruption High Moderate

Policy Reversal Medium High

Technological Breakthrough Low—Medium Positive High

Robust policy frameworks and technological innovation reduce uncertainty risks.
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Comparative Sustainability Index

To synthesize findings, a comparative sustainability scoring model (qualitative) can be developed.

Table 9: Sustainability Performance Index

Criteria ICE EV Hydrogen (Green)
Climate Impact Poor Very Good Excellent

Energy Efficiency Poor Excellent Moderate

Resource Sustainability Poor Moderate Moderate
Infrastructure Readiness Excellent Good Limited
Long-Term Net-Zero Alignment Poor Very Good Excellent

Battery electric vehicles (EVs) deliver immediate gains in energy efficiency and emissions reduction, whereas hydrogen
technologies contribute more substantially to long-term decarbonization objectives when produced using renewable energy
sources.

Long-Term Global Environmental Outlook

Meeting climate stabilization targets by 2050 will require:

Widespread electrification of light-duty transportation

Significant deployment of green hydrogen in heavy transport sectors

An electricity mix composed of approximately 80-90% renewable energy
Comprehensive lifecycle-based circular material management systems

If these conditions are successfully implemented, global transportation emissions could decrease by as much as 80-90%
relative to 2020 levels. However, insufficient integration of hydrogen technologies and limited renewable energy expansion
could constrain emission reductions to roughly 60—65%.

Strategic Recommendations from the Part 3 Analysis

1. Rapidly expand renewable energy capacity to support both electrification and hydrogen production.
2. Prioritize battery electric solutions in passenger vehicle segments where efficiency advantages are greatest.
3. Establish and scale green hydrogen infrastructure for freight, industrial transport, and other hard-to-electrify

sectors.

4. Increase investment in battery recycling systems and alternative chemistries to ease pressure on critical mineral
supply chains.

5. Promote coordinated international policy frameworks that ensure equitable access and support a just and inclusive
transition.

This section underscores that the environmental implications of transitioning from internal combustion engine (ICE)
vehicles to EVs and subsequently to hydrogen-powered systems extend beyond technological performance alone.
Successful decarbonization depends on integrated system planning, accelerated renewable energy deployment, policy
stability, industrial restructuring, and attention to global equity considerations.
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Electrification provides rapid emissions reductions due to its high energy efficiency and the growing penetration of
renewable electricity. Hydrogen technologies complement this pathway by offering advantages in long-duration energy
storage and heavy-duty transportation applications. A combined electrification—hydrogen strategy therefore represents the
most resilient and comprehensive approach to achieving net-zero transportation emissions worldwide.

Ultimately, this transition constitutes a long-term structural transformation requiring coordinated efforts among
governments, industry stakeholders, and international institutions. Supported by renewable energy expansion and circular
resource management, the evolution of global automotive systems has the potential to significantly mitigate climate change,
improve air quality, and advance sustainable development objectives.

FINDINGS AND DISCUSSION

The extensive evaluation of the shift from internal combustion engine (ICE) vehicles to lithium-ion battery electric vehicles
(EVs), and subsequently to hydrogen fuel cell vehicles (FCVs), demonstrates that transportation decarbonization constitutes
a multifaceted systemic transformation rather than a straightforward technological replacement. Evidence drawn from
lifecycle assessments (LCA), energy efficiency analyses, policy evaluations, and long-term scenario modeling indicates that
electrification delivers immediate and significant environmental gains, while hydrogen technologies serve as essential
complementary solutions for achieving deep, long-term decarbonization. A consistent conclusion across the literature is that
ICE vehicles generate the highest lifecycle greenhouse gas (GHG) emissions among the technologies examined. Research
encompassing infrastructure development, fuel extraction and processing, and vehicle operation confirms that fossil fuel
combustion remains the primary emissions source in conventional transport systems. Despite improvements in fuel
economy and emissions control technologies, ICE vehicles continue to emit substantial levels of carbon dioxide (CO-),
nitrogen oxides (NOy), and particulate matter, thereby exacerbating climate change and contributing to urban air pollution.
These findings reinforce the broad international consensus that continued dependence on petroleum-based transportation is
incompatible with long-term climate mitigation objectives.

The adoption of battery electric vehicles represents the most effective short-term pathway for reducing transport-related
emissions. Lifecycle analyses show that although EV manufacturing—especially battery production—entails higher initial
emissions than ICE vehicle production, the substantial reduction in operational emissions throughout the vehicle’s lifespan
results in markedly lower total GHG emissions. The environmental performance of EVs improves considerably as
electricity systems incorporate higher shares of renewable energy. Integrated modeling studies suggest that in grids
dominated by renewable sources, EV lifecycle emissions can be reduced to less than half those of conventional vehicles.
This strong linkage between transport electrification and renewable energy expansion highlights the necessity of parallel
decarbonization in the power sector. At the same time, the findings indicate that large-scale EV deployment introduces new
environmental considerations. Mining activities for lithium, cobalt, and nickel—key materials in battery production—pose
ecological risks such as land degradation, water stress, and toxic pollution. In particular, concerns surrounding cobalt
extraction underscore the importance of ethical sourcing practices and effective regulatory frameworks. However,
technological progress is addressing several of these issues. The development of cobalt-free lithium-iron-phosphate (LFP)
batteries and advances in solid-state battery technology are gradually reducing dependence on critical minerals.
Additionally, battery recycling research demonstrates strong potential for recovering valuable materials and lowering
overall lifecycle energy requirements. Embedding circular economy strategies within battery supply chains emerges as a
pivotal factor for sustaining long-term environmental performance. Comparative analyses of energy efficiency further
reinforce the advantages of electrification. Battery electric vehicles exhibit significantly higher well-to-wheel efficiency
than both ICE vehicles and hydrogen-based systems. This efficiency translates into reduced primary energy consumption
and lower overall emissions, particularly when powered by renewable electricity. Accordingly, for light-duty passenger
transport and urban mobility, EVs currently represent the most energy-efficient and environmentally favorable option.

Nevertheless, hydrogen fuel cell vehicles offer complementary strengths. The literature consistently emphasizes that
hydrogen’s environmental performance is highly dependent on its production method. Hydrogen derived from fossil fuels
(gray hydrogen) provides minimal emissions benefits, whereas green hydrogen produced through renewable-powered
electrolysis can achieve near-zero lifecycle emissions. As a result, the environmental effectiveness of hydrogen mobility
depends on large-scale renewable energy deployment and improvements in electrolysis technologies.
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Although hydrogen-based systems demonstrate lower overall energy efficiency than battery electric vehicles due to
multiple energy conversion stages, they provide important advantages in heavy-duty transportation and long-duration
energy storage applications. Modeling research indicates that hydrogen is particularly well-suited for freight trucking,
maritime transport, and industrial mobility, where battery weight constraints and extended charging times limit the
practicality of full electrification. Furthermore, hydrogen supports sector coupling by converting surplus renewable
electricity into storable chemical energy. This capability enhances grid reliability and helps mitigate the intermittency
challenges associated with solar and wind generation. The analysis also highlights substantial differences in infrastructure
maturity between technologies. EV charging networks are expanding rapidly across many regions, driven by public
incentives and declining battery costs. By contrast, hydrogen refueling infrastructure remains limited in scale, and its
deployment demands considerable capital investment. The technical complexity of hydrogen production, compression,
storage, and distribution introduces additional logistical and financial challenges. As a result, emissions reductions in the
short to medium term are expected to be led primarily by electrification, while hydrogen infrastructure continues
developing in preparation for broader long-term integration.

Policy design emerges as a critical factor influencing the pace of technological transition. Nations adopting comprehensive
policy portfolios—such as carbon pricing mechanisms, zero-emission vehicle mandates, infrastructure subsidies, and
sustained research funding—tend to experience faster decarbonization progress. Long-term regulatory stability reduces
investment risk and stimulates private sector engagement. Scenario modeling further suggests that achieving net-zero
transportation emissions by 2050 will require coordinated international strategies that integrate electrification, renewable
energy expansion, and hydrogen deployment. Economic restructuring accompanies this environmental transformation.
Significant reductions in lithium-ion battery costs over the past decade have enhanced the affordability and competitiveness
of EVs. At the same time, hydrogen production costs are gradually declining in response to falling renewable energy prices,
although green hydrogen remains more expensive than fossil-based alternatives in most markets. Ongoing technological
innovation, economies of scale, and supportive public policies will be essential to narrowing this cost differential. The
findings indicate that achieving cost parity—particularly when combined with carbon pricing—will be a decisive factor in
accelerating hydrogen adoption.

Integrated environmental scenario modeling suggests that electrification alone could lower transportation emissions by
approximately 50-60% by mid-century, depending on the rate of grid decarbonization. Expanding the role of green
hydrogen in heavy transport and industrial applications could increase total emission reductions to 80-90% relative to 2020
levels. These projections underscore the importance of diversified transition pathways rather than dependence on a single
technological solution. Long-term sustainability is also shaped by resource considerations. While widespread EV
deployment heightens demand for critical minerals, hydrogen systems depend on platinum-group metals and advanced
materials for electrolyzers and storage infrastructure. Encouragingly, platinum recycling rates are already relatively high,
and battery recycling technologies are progressing rapidly. The transition therefore does not eliminate material constraints
but shifts their focus. Implementing effective circular economy strategies will be crucial to avoid transferring
environmental pressures from fossil fuel extraction to intensified mineral mining.

Finally, the discussion reveals broader socio-environmental implications. The move toward EVs and hydrogen mobility
contributes not only to greenhouse gas mitigation but also to improved urban air quality, lower noise levels, and enhanced
public health outcomes. Nevertheless, ensuring equitable access to clean transportation technologies remains a significant
challenge, particularly in developing economies facing infrastructure and financing limitations. A just transition approach
must incorporate workforce reskilling initiatives, transparent and responsible supply chains, and strengthened international
collaboration to guarantee that sustainability benefits are broadly and fairly distributed.

Synthesizing the results yields several broad conclusions. First, replacing internal combustion engine (ICE) vehicles with
battery electric vehicles (EVs) constitutes the most effective short-term approach for lowering greenhouse gas emissions in
passenger transportation. Second, hydrogen technologies serve as crucial complementary solutions, particularly for heavy-
duty transport and long-duration renewable energy storage. Third, large-scale expansion of renewable energy is
fundamental to the sustainability of both electrification and hydrogen systems; without accelerated grid decarbonization, the
associated environmental benefits are significantly reduced. Fourth, advancing circular material management practices and
fostering technological innovation are essential to minimizing the environmental impacts of resource extraction. Finally,
well-coordinated policy frameworks and strong international collaboration are vital to ensuring that transportation system
transformation aligns with global climate objectives.
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Overall, the evidence demonstrates that transitioning from fossil fuel-dependent mobility to electrified and hydrogen-based
systems offers considerable potential to reduce environmental degradation worldwide. Although challenges persist—
particularly in infrastructure expansion, material sustainability, and economic competitiveness—ongoing technological
advancements and supportive policy measures continue to drive progress. Integrating electrification and green hydrogen
within a renewable-energy-dominated system represents the most resilient and comprehensive pathway toward achieving
long-term environmental sustainability and climate stabilization. In summary, the evolution of automotive technologies is
fundamentally redefining the interplay between transportation, energy systems, and the global environment. The combined
adoption of battery electric vehicles and green hydrogen fuel cell technologies—underpinned by renewable energy growth
and circular economy principles—provides a realistic and holistic strategy for reducing greenhouse gas emissions,
enhancing air quality, and advancing sustainable development over the coming decades.

CONCLUSION

The evolution of automotive technologies from internal combustion engine (ICE) vehicles to lithium-ion battery electric
vehicles (EVs), and subsequently toward hydrogen fuel cell vehicles (FCVs), constitutes a pivotal strategy for advancing
global environmental sustainability. The findings of this study demonstrate that ICE vehicles are major contributors to
greenhouse gas emissions, air pollution, and continued reliance on fossil fuels, rendering their prolonged use incompatible
with long-term climate stabilization objectives. Battery electric vehicles stand out as the most effective short- to medium-
term approach for mitigating transport-related emissions. Although their production—particularly battery manufacturing—
results in higher initial emissions, EVs achieve markedly lower lifecycle greenhouse gas emissions, especially when
powered by renewable energy sources. Ongoing advancements in battery technology, declining production costs, and
improvements in recycling processes further enhance their environmental and economic feasibility.

Hydrogen fuel cell vehicles offer important complementary benefits, particularly in heavy-duty transport and long-range
applications where battery constraints related to weight, energy density, and charging time remain significant. However, the
environmental performance of hydrogen-based mobility is highly contingent upon the widespread deployment of green
hydrogen generated from renewable energy. A comprehensive transition strategy that integrates electrification, renewable
energy expansion, green hydrogen deployment, and circular resource management presents the most sustainable route
toward achieving net-zero transportation emissions. The success of this transition will depend on coordinated policy
frameworks, continuous technological innovation, and strong international cooperation to ensure enduring environmental,
economic, and social gains.

Recommendations

To facilitate a sustainable transformation of the transport sector, governments should accelerate renewable energy
deployment to support both EV adoption and green hydrogen production. Robust policy instruments—including carbon
pricing mechanisms, zero-emission vehicle mandates, and infrastructure incentives—are necessary to stimulate rapid
technological uptake. Priority should be given to investments in battery recycling systems and alternative chemistries to
reduce reliance on critical minerals and limit environmental impacts. Concurrently, large-scale research initiatives and
infrastructure development for green hydrogen should be advanced, particularly to address the needs of heavy-duty
transport sectors. International collaboration and just transition policies will be essential to guarantee equitable access and
ensure long-term sustainability outcomes.

Future Scope

Future research should prioritize the development of next-generation battery technologies, including solid-state designs and
cobalt-free chemistries, to improve energy density, safety, and material sustainability. Additional investigation is required
to enhance the efficiency of large-scale green hydrogen production and reduce the costs associated with electrolyzer
technologies. Integrated energy system modeling that simultaneously examines electrification, hydrogen deployment, and
renewable energy growth will help clarify optimal long-term decarbonization pathways. Furthermore, expanded research
into circular economy practices—such as advanced recycling and material recovery systems—will be critical.
Socioeconomic analyses addressing workforce transitions, infrastructure accessibility, and global supply chain resilience
will also be necessary to ensure that the transformation of transportation systems remains both environmentally responsible
and socially inclusive.
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