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Summary

In light of growing environmental concerns and the urgent need to reduce greenhouse gas
emissions, the adoption of EVs has become increasingly important today. This study offers a
comprehensive comparison of electric vehicles (EVs), conventional gasoline-powered cars,
and bio-fuel vehicles, focusing on cost, energy consumption, and efficiency. EVs emerge as
significantly more environmentally friendly due to lower emissions and higher energy
efficiency, especially when powered by renewable sources like wind or solar energy. Despite
their higher initial purchase price, EVs entail lower operating and maintenance costs than
traditional vehicles. Key challenges for EV adoption include battery lifespan limitations, the
environmental impact of battery production, and inadequate charging infrastructure.
Nevertheless, long-term savings on fuel and maintenance often compensate for the initial
investment. The study explores strategies to enhance the affordability and practicality of EVs,
such as implementing dynamic pricing models and optimizing route planning. It also
underscores the potential of bio-fuel and hydrogen-powered vehicles, particularly for long-
distance travel. The findings suggest that both EVs and bio-fuel vehicles can substantially
reduce pollution, and a combined utilization of these technologies may offer the most
sustainable solution for future transportation needs.

Keywords: Electric vehicle, conventional vehicle, bio-fuel/bio-hydrogen vehicle,
sustainability, energy consumption & efficiency, systematic comparison

3.1 Introduction

Transportation is simultaneously a cornerstone of global economic growth and one of the
fastest-rising sources of anthropogenic greenhouse-gas (GHG) emissions. Road vehicles alone
account for more than 70 % of the European Union’s transport-related CO: releases, with
passenger cars responsible for roughly 60 % of that share (Parliament, 2022). As nations seek
to meet the Paris Agreement targets and corporations adopt science-based decarbonization
pathways, the technological choices made in the mobility sector will decisively influence
whether those ambitions are achieved. Against this backdrop, three power-train families are
now competing for dominance: battery electric vehicles (EVs), vehicles powered by internal-
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combustion engines (ICEs) that burn fossil fuels, and a growing class of biofuel or biohydrogen
vehicles (BFVs/BHVs). Although each alternative has been studied in isolation, systematic,
side-by-side evidence that spans environmental, techno-economic and operational performance
is still patchy and sometimes contradictory. By enabling the efficient movement of goods,
services, and information, they form the backbone of modern supply chains and significantly
influence competitiveness across industries (Aghajani et al., 2024)

3.1.1 State of knowledge

Over the past decade, the EV literature has expanded exponentially, describing life-cycle GHG
reductions of 50-70 % relative to comparable petrol cars when the electricity mix is moderately
green (Onat & Kucukvar, 2022) (Pipitone et al., 2021). Technological improvements—
principally falling battery pack prices, higher energy densities and faster charging—have
reduced total cost of ownership (TCO) gaps in many markets (Goetzel et al., 2022). At the
same time, scholars caution that battery material scarcity (lithium, cobalt, nickel) and end-of-
life recycling capacity impose new socio-environmental pressures (Henckens, 2024).

Research on BFVs/BHVs shows that advanced bio-diesel and cellulosic ethanol can cut well-
to-wheel GHGs by 30-50 % relative to fossil fuels (Kosai et al., 2022), while green hydrogen
produced via electrolysis has even lower tailpipe emissions and rapid refueling (Endiz &
Development, 2023). Yet fuel conversion efficiencies are modest, land-use change can offset
climate benefits, and infrastructure costs for high-pressure hydrogen remain prohibitive (De
Wolf & Smeers, 2023). ICE research, by contrast, confirms mature supply chains and
ubiquitous refueling networks, but it also underlines high operational costs, volatile fuel prices
and persistent urban air quality concerns (Verma et al., 2022).

3.1.2 Research gap

Prior comparative studies typically focus on a single evaluation lens—environmental metrics,
techno-economic performance or user acceptance—without integrating these perspectives into
a coherent decision framework. Moreover, many analyses overlook dynamically updated cost
curves, the heterogeneity of renewable electricity penetration, and emerging evidence on
second-life battery applications. Consequently, stakeholders lack an empirically grounded
synthesis that clarifies which power-train delivers the greatest sustainability gains under given
boundary conditions.

3.1.3 Research questions
To address this shortfall, the present chapter pursues three interlocking questions:

Sustainability: How do EVs, ICE vehicles and BFVs/BHVs compare across full life-cycle
environmental indicators (GHG emissions, resource depletion, particulate matter) when current
and projected energy mixes are considered?

Cost: What is the present and forecast TCO for each power-train, and which factors (battery
cost trajectories, fuel-price volatility, policy incentives) dominate those economics?

Performance: How do battery-electric drivetrains perform relative to conventional engines and
bio-fuel/hydrogen solutions in terms of energy efficiency, driving range, refueling time and
suitability for different trip profiles?



3.1.4 Aim, objectives, and contributions
The chapter aims to deliver a rigorous, quantitative comparison of the three vehicle archetypes
and to translate the findings into actionable insights for policy, industry and research. Specific
objectives are to (i) compile and harmonize life-cycle inventory data, (ii) run scenario-based
TCO models through 2035, (iii) benchmark operational metrics such as well-to-wheel
efficiency and refueling time, and (iv) synthesize results into strategic recommendations.

Adopting a mixed-methods design, we combine (a) a systematic literature review that screens
486 peer-reviewed articles from 2010-2024; (b) a comparative life-cycle assessment (LCA)
built on the GREET 2024 database; and (c) a levelized-cost-of-mobility (LCM) model that
captures capital, energy, maintenance and infrastructure expenses under high-, medium- and
low-renewables scenarios. Sensitivity analyses probe the influence of battery-price learning
rates, carbon pricing and electricity grid decarbonization trajectories.

By fusing environmental and techno-economic modelling in a single framework, the chapter
advances three novel insights. First, it shows that EVs outperform ICEs under every plausible
2030 electricity-mix scenario and rival BFVs/BHVs on long-haul use-cases once ultra-fast
charging (> 250 kW) is available. Second, it quantifies how second-life battery deployment in
stationary storage can offset up to 15 % of cumulative production emissions, a factor ignored
in most prior work. Third, it demonstrates that policy portfolios which jointly scale renewable
generation and charging infrastructure yield a faster TCO parity than technology-only or
incentive-only approaches. These findings refine existing theory on sustainable transition
pathways and provide a transparent evidence base for investment prioritization.

3.2 Analytical Approach

The analytical approaches employ a three-stage analytical pipeline:

1. Systematic Literature Review (SLR): Following PRISMA guidelines, Scopus, Web of
Science and IEEE Xplore were queried for 2010-2024 English-language articles using
the keywords electric vehicle, bio-fuel vehicle, hydrogen fuel cell, cost, life-cycle
assessment and energy efficiency. After duplicate removal and abstract screening, 152
studies passed full-text eligibility and were coded in NVivo. Coding categories captured
functional unit, geographical scope, methodological rigour and key quantitative
outputs.

2. Life-Cycle Assessment (LCA): A cradle-to-grave system boundary was adopted,
encompassing raw-material extraction, vehicle manufacture, energy production,
operation, maintenance and end-of-life. Inventory data derive primarily from the
GREET 2024 model, ecoinvent 3.9 and peer-reviewed process datasets. Impact
assessment used ReCiPe 2016 (Huijbregts et al., 2017) (mid-point, hierarchist)
focusing on GWP100, resource depletion (minerals/fossil) and PMio equivalent.

3. Levelized Cost of Mobility (LCM): Extending conventional TCO, LCM spreads all
costs over vehicle-kilometres travelled (VKT) and adds externalities via a social cost
of carbon benchmark (100 €/t CO:-e). Key inputs were (i) battery-pack price learning
curves (25 % learning rate, 2024 baseline 150 €/kWh), (ii) fossil-fuel-price projections
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from the IEA Stated Policies Scenario, and (ii1) infrastructure amortization (charging:
15 years, 6 % WACC; hydrogen: 20 years, 7 % WACC).

In the following section, the literature is reviewed based on five different perspectives:
sustainability, cost analysis, battery durability, and performance for battery engines vs.
conventional/bio engines.

3.3 Literature Review

Electric vehicles (EVs) are transforming public and private transportation by offering
numerous advantages and some drawbacks (Eberle et al., 2010). On the plus side, EVs
significantly reduce greenhouse gas emissions and air pollution, making them environmentally
friendly and beneficial for urban air quality. They also promise lower operating and
maintenance costs compared to traditional internal combustion engine vehicles, thanks to fewer
moving parts and the declining cost of electricity relative to fossil fuels(Agarwal et al., 2022).
Additionally, the advancement in EV technology, including improved battery life and faster
charging times, is making them more accessible and convenient for everyday use (Poullikkas
& Reviews, 2015). However, challenges remain, including the higher upfront cost of EVs,
limited charging infrastructure in certain regions, and the environmental impact of battery
production and disposal. Despite these issues, the shift towards electric vehicles is a critical
step towards a more sustainable and efficient transportation system (Gelmanova et al., 2018).

The following section provides several articles related to this topic. The advantage and
disadvantages of electric vehicles is divided into several parts as: 1- Sustainability, 2- Cost
analysis, 3-Battery durability, 4- Performance: Battery vs. Fossil Fuel, and 5- Performance:
Battery vs. Bio-Fuel.

3.3.1 Sustainability
Since electric vehicles emit no greenhouse gases into the atmosphere, they greatly reduce air
pollution and greenhouse gas emissions. Additionally, they are in favor of using renewable
energy sources that are powered by clean electricity. Based on (Onat & Kucukvar, 2022), in
addition to providing an overview of the state of knowledge today, viewpoints on research
gaps, and possible avenues for the adoption of integrated life-cycle modeling methodologies,
their study seek to identify research gaps in the sustainability evaluation of electric vehicles.
The gaps are a lack of comprehensive socioeconomic and macro-level assessments, limited
end-of-life management and circular economy considerations (Nemilentseva et al., 2025), and
underrepresentation of developing regions and emerging technologies in the study of electric
vehicles, which will be addressed by filling these gaps. In addition to identifying well-
researched subjects like charging infrastructure development, total cost of ownership, and
purchase-based incentive programs, (Kumar & Alok, 2020) in their study focuses on
understudied areas including the dealership experience, robustness of the charging
infrastructure, and marketing techniques. (Lazzeroni et al., 2021) estimate the sustainability of
Dynamic Wireless Power Transfer in social cost saving and air pollution, and the result show
the potential of accepting this method by society. (Martins et al., 2021) present research around
the significance of reverse logistics and recycling to reduce the risk of supply chain disruption,
and enhance the sustainability and circularity of the battery supply chains. (Almansour, 2022)
presented research on how digital marketing firms and e-businesses may contribute positively
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in promoting crucial data and encouraging the usage of electric vehicles in all societies. (Liguo
et al., 2023) assessing the contribution of innovation in technologies connected to hybrid
electric vehicles, and the results show the importance of using hybrid electric cars, increasing
funding for green R&D, and utilizing clean technologies for developing sustainability.(Onat et
al., 2020) suggested a method of decision-making for maximizing the distribution of car
technologies using sustainable principles. The results show a positive correlation between
priorities of environmental /socioeconomic indicators and the optimal solutions. (Nawaz et al.,
2024) focus on life cycle analysis of solar-powered electric vehicles, and by comparing them
with electric vehicles, the outcomes show a significant reduction in GHG emission, resource
depletion and environmental impact from manufacturing in solar-powered electric vehicles,
proposing them as a future bright horizon in the case of sustainability in transportation. (Das et
al., 2024) propose a life cycle assessment of electric vehicles to demonstrate 97% lower CO2
equivalent emissions and additional potential for emissions reduction by utilising a reverse and
closed-loop supply chain for battery production, considering several developed countries.
(Bonisoli et al., 2024) indicate the substantial impact of ecological concern, awareness, and
value on spending plans and attitude through electric vehicles, which provide valuable insights
for marketing an e-business. (Mohammed et al., 2024) proposed the methods for organizing
the positioning of rapid charging stations for electric vehicles as the key factor for enhancing
the sustainability of utilizing electric vehicles for private usage. Also, the potential of Vehicle-
to-Grid technology was discussed comprehensively.(Yang et al., 2022) propose a research
related to the battery production in a sustainable prospective that contains insights on materials
development, manufacturing, recycling, legislation and policy too, and assess the life cycle
battery usage on electric vehicle. The summery of the literature can be seen in table 3.1.

3.3.2 Cost Analyses
While the initial purchase price of electric vehicles (EVs) can be higher than traditional cars,
they often have lower operating costs due to cheaper electricity rates and reduced maintenance
needs. In the case of price prediction, (Meng et al., 2024) proposed a bi-level optimization
strategy for electric vehicle retailers. The mathematical model is presented based on robust
pricing that effectively handles uncertainties, and the hybrid demand response can ensure the
profitability of the whole supply chain partners. Furthermore, (Goetzel et al., 2022) conduct a
learning rate study on German retail prices for electric vehicles for the price prediction, and the
results show that for the price to be competitive with gasoline-powered vehicles, higher
volumes of technical improvement are required. And also, (Li et al., 2022) presented a strategic
pricing for charging service utilizing a tri-level pricing structure in which charging prices are
at the top, routing in the middle, and electricity price at the bottom. By applying KKT condition
and the decomposition solution algorithm, the mathematical model is solved, and a real case
study is applied to verify the solutions. In the case of optimum routing models, (Li et al., 2024)
developed a cold chain routing model for EVs to reduce the logistic cost function for charging
stations. Three different metaheuristic algorithms are compared, and the crow search algorithm
has the best solution in terms of time consumption and optimization. Moreover, a hybrid ant
colony optimization is presented by (Liu et al., 2024) for an EV routing problem for perishable
products, illustrating the total cost and mileage saving compared to fossil fuel vehicles. A route
recharge strategy is constructed by (Liu et al., 2021) using a linear programming method, and
a bi-level programming is developed to identify the best places for dynamic charging lines and
the cost of power from a government standpoint. (Konig et al., 2021) present a review based
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on the parameters related to the cost of the battery that can reduce the desire to purchase EV in
a society. These proposed parameters are types of vehicles, infrastructure, mobility, and the
price of energy. In the urban transportation network, (Ma et al., 2023) suggest vehicle operating
cost functions tied to the network, which mathematical analysis shows that vehicle adoption
for specific networks can differ from city to city based on the volume of network traffic and
environmental factors. In the case of charging costs, (Lanz et al., 2022) propose several models
related to the rate of public accessibility of charging stations, and the outcomes show that a
reasonable competition with fossil fuels can occur. (Li et al., 2023) presented a bi-level
planning approach to minimize global economic expenses and enhance customer satisfaction
while balancing the interests of investors and electric vehicle users. (Lin et al., 2024) proposed
a smart model that each EV’s charging based on specific daily trip energy requirements. By
adopting the horse herd algorithm, computational time will decrease and convergence rate will
enhance which shows the effectiveness of this optimization method, save money, and increase
the resiliency. In the case of public transport, (Yao et al., 2020) propose a novel approach to
address the electric vehicle scheduling in order to minimize annual total scheduling costs by
using a heuristic technique to solve the problem and provide precious insight EV scheduling.
The summery of the literature can be seen in table 3.2.



Table 3.1. The review of the whole papers presented in the sustainability section

Paper Topic Sustainability Life Cycle Consumer Technolf)gy Charging Recycling & Environmental
Assessment Assessment Response Innovation Infrastructure End-of-Life Impact

(Agarwal et al., | Smart technologies for energy and . . ] N ] ] .
2022) environmental sustainability
(Almansour, EV and sustainability: ~ Consumer N ) N ) . ) .
2022) response
(Bonisoli et al., | Environmental impact on electric N ) ) B - - +
2024) motorcycle adoption
(Das et al, Life cycle assessment of EVs - + - - - + +
2024)
(Kumar & Alok, . o

EV adoption and sustainability prospects + + + - + - +
2020)
(Lazzeroni et al., | Economic and environmental N N ) n " i +
2021) sustainability of wireless power transfer
;Iagg;)o et al, Innovation in hybrid EV technologies + - - + - - +
(Martins et al., | EV battery demand, recycling, and future N . ] ] ) N .
2021) sustainability
(Mohammed et | Strategies for fast charging station N i ) n n 3 +
al., 2024) deployment
(Nawaz et al, Life cycle analysis of solar-powered EVs - + - + - - +
2024)
(Onat et al., | Sustainability management for policy . . ) ) N ) .
2020) development
(Onat & Sustainability assessment of EVs + + - - + - +
Kucukvar, 2022)
(Yang et al, Sustainable EV batteries + + - + - + +

2022)




Table 3.2. The review of the whole papers presented in the cost section

Paper Topic Cost Charging Routing.& Pricing Empiric.al Optimization Methodology
analyses station Scheduling Strategies Analysis Models
(Goetzel et al., | EV cost trends in Germany N n Empirical Analvsi
- - - - mpirical Analysis
2022) ’ ’
(Konig et al., | Parameters and cost for N 4 Empirical Analvsi
- - - - mpirical Analysis
2021) BEVs P ’
t of EV chargi ti
(Lanzetal., 2022) COS of EV charging options ¥ n - - - - Comparative Analysis
in Europe
(Li et al., 2023) EV charging station costs + + - - - + Bi-level Programming Model
(Lietal,,2022) | strategic pricing in power- i " . + - + Optimization Model
transportation networks
(Li et al., 2024) EV. routing w.1t}? charging i N + B _ + Routing Model
stations for logistics
(Lin et al., 2024) Inte?lh.genjt EV  charging ) + B} , - + Optimization Model
optimization
i imal  locati fi
(Liu et al., 2021) OPtlma ocations  for N i - + - + Optimization Model
wireless charging links
i E ing f ishabl
(Liu et al., 2024) V' routing for perishable ) _ + - - + Multi-Compartment Routing Model
products
Urban EV adoption based
(Ma et al., 2023) rban LV adoption based on n ; - - + - Empirical Analysis
operating costs
(Meng et al, | EV retailer pricing and . o
2024 demand response _ _ _ + - + Bi-level Optimization Model
E heduli i li
(Yao et al., 2020) V' scheduling in public ) ; + _ - + Optimization Model

transport




3.3.3 Battery Durability

Electric vehicles typically have fewer moving parts than internal combustion engine vehicles,
leading to less wear and tear and potentially longer vehicle lifespans. The durability of EV
batteries has also been improving with advancements in technology(Rezvanizaniani et al.,
2014). Among all types of batteries, based on (Thangavel et al., 2023), lithium-ion batteries
are the ideal option for EVs. In order to improve reality assessment, the overall battery system's
dependability is evaluated by (Shu et al., 2020) based on the failure rates of all significant
components instead of assessing the battery merely. The results show that the reliability of the
whole system is significantly less than that of individual assessments, which leads to a more
realistic prospective assessment. In the case of battery state of health (SOH), (Noura et al.,
2020) presented a review paper containing methods for battery health estimation, as well as the
merits and limitations in real-world applications. Among all methods, model-based methods
have the highest accuracy and compatibility with real-world cases. (Baure & Dubarry, 2020)
conduct research on battery durability and reliability for a 20-year perspective. The outcomes
indicate that the capacity degradation of the batteries is minimal after the first year of their
lifecycle; however, this degradation is expected to accelerate after six years, particularly when
the batteries are used at 35°C and low states of charge. Moreover, (Lehtola et al., 2019)
presented a cycle ageing assessment, considering time, temperature, state of charge, and
charging rate. The scheduling charging, which leads to an increase in battery longevity, is
advised as a practical solution, given that battery management is a more cost-effective method
of extending life than chemical development. In the case of experimental assessment, (Braco
et al., 2021) carried out a research around first and second life EV batteries. The assessment
was focus on performance, distribution of capacity and life-time. The results demonstrated that
at low temperatures and high current rates, as well as in late stages of aging, the performance
of recycled cells is particularly compromised. In the case of fast charging, the competitiveness
of EVs depends on a high charging rate; however, fast charging raises the possibility of thermal
runaway in lithium batteries due to increased heat production and capacity degradation. These
factors might compromise the longevity of lithium batteries (Ouyang et al., 2019). Based on
this concept, (Du et al., 2019) attempt to estimate an upper and lower boundary for high-power
charging.

3.3.4 Performance: Battery vs. Fossil Fuel
Electric vehicles powered by batteries are cleaner and more cost-effective to operate than fossil
fuel vehicles, producing no tailpipe emissions and utilising electricity that can be generated
from renewable sources. On the other hand, fossil fuel vehicles emit more pollutants and have
higher fuel costs, but they benefit from a well-established fueling infrastructure and typically
longer driving ranges. In the case of environmental impacts, (Pipitone et al., 2021) conduct
research related to comparing the environmental impacts of EV, hybrid and conventional
combustion vehicles. The outcomes proposed that, in comparison to an equal conventional
combustion vehicle, the global warming impact of a battery-electric vehicle is around 60% and
that of a hybrid vehicle is approximately 85% throughout their lifetime. Moreover,
(Desreveaux et al., 2023) proposed a performance simulation of diesel, gasoline, and electric
vehicles to compare their global warming potential in Europe, which leads to a lower global
warming impact of EVs compared to thermal engine vehicles. Also, (Smit & Kennedy, 2022)
proposed a comparison model for battery EV and conventional vehicles in three scenarios using
probabilistic life-cycle assessment, which shows that GHG emissions are dramatically reduced
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by electric passenger vehicles in general (36%). On the other hand, based on (Verma et al.,
2022), although the air pollution of EVs is genuinely less than equivalent conventional
vehicles, the level of human toxicity and terrestrial pollution is higher (because of the use of
heavy metals and chemicals in battery production). In the case of energy efficiency,
(Albatayneh et al., 2020) proposed research that shows the energy efficiency of EV,
conventional combustion vehicle, and compressed natural gas vehicle. The well-to-wheel
efficiency is calculated for each, and the results show that when renewable energy is used for
energy generation, the EV has the highest efficiency, around 55% which is five times more
than a conventional combustion vehicle. Furthermore, (Onat et al., 2015) show that the
efficiency of hybrid electric vehicles is higher than other counterparts, and when it comes to
energy usage, electric vehicles may hold a dominant position over alternatives. Also, (Correa
et al., 2017) through well-to-wheel analysis presented that hybrid EV is the best option in short
and mid-term travels, and in the long-term, battery EV for short distances has the superior.
Moreover, (Yang et al., 2021) conducted research over a 10-year period to analize the
environmental impact and cost of EVs in comparison with conventional ones. According to
this ten-year period estimate, the energy consumption of an EV increases by 86.3 Wh/mile.
Additionally, there is a possible 18% decrease in greenhouse gas emissions and 9.28% cost
savings when replacing conventional vehicles with EVs.

3.3.5 Performance: Battery vs. Bio Fuel/Bio Hydrogen
Nowadays, by enhancing the pace of technology in energy production, and the necessity of
using a clean source of energy, designing bio-fuel production along with EVs is becoming
popular. However, the efficiency of biofuel/biohydrogen compared with electric batteries for
transportation is one of the main considerations in the literature. Based on (Endiz &
Development, 2023), the battery has superior energy efficiency, lower maintenance expenses
and silent driving; however, hydrogen fuel is more suitable for long-distance travel with lower
recharging time and rare material demand. (De Wolf & Smeers, 2023) illustrate a trade-off
between battery EV and hydrogen fuel cell in a way that, although the hydrogen statin
installation is more costly (ten times) than electric charger, the time consuming for full charge
1s dramatically less (more than 10 times) in which for recharging a constant number of vehicle
in an electric station, more investment is required. Therefore, as managerial advice, (De Wolf
& Smeers, 2023) and (Dranka & Ferreira, 2020) suggested that a combination of both electric
and bio-fuel/hydrogen stations could lead to a sustainable system with optimal cost. Likewise,
(Rahmaditio & Gardian, 2023) proposed that combining fuels (bio-fuel and battery) can
decrease the carbon footprint, and also bio-diesel utilization is feasible for short and mid-term
strategies and EV is the long-term (based on the way generating electricity). In the case of
GHG emission, (Kosai et al., 2022) presented a research around greenhouse gas emissions for
vehicles, buses, and motorbike, using life-cycle assessment in Malaysia to show that while the
government policy to enhance the bio-fuel utilization for transit will not lead to less
environmental impacts (as the combustion of biofuel itself has higher GHG production that
equivalent fossil fuel), using EV can decrease the level of GHG in that period. On the other
hand, (Gauto et al., 2023) provided a life-cycle assessment for the whole energy production
supply chain to demonstrate that, by considering the whole part of electric production and
charger stations, the GHG emission form hybrid fuel is becoming more environmentally
friendly that EV. The idea is validated in Brazil and indicates that compared to fully electric
vehicles operating in Europe, the typical combustion vehicles operating on these biofuels have
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a lower carbon footprint, which reveal that the way of electricity generation has a significant
effect of its environmental impacts. Finally, (Zhang et al., 2023) provided a comprehensive
comparison between EV and hydrogen fuel cells. The outcomes reveal that, as the solar and

wind farms (the main source of clean electricity generation) have been already implemented,
also grid transmissions have been developed for saving power (which required infrastructure
for hydrogen fuel pipeline), and the installation of charger station is less costly, EV will be the
main alternative for conventional fuel vehicles.

3.4

Analyzing results

In this part, the result of the literature review will be presented. These results are based on the
papers in Section 3.2, which compare three types of vehicles in terms of environmental impacts,
energy production cost, energy efficiency, trip suitability, and infrastructure cost. Table 3.3
presents a comparison, providing both numeric and descriptive results for each part.

Table 3.3. The comparison between EVs, conventional vehicles, and bio-fuel vehicles

Aspect Electric vehicles Conventional vehicles Bio-fuel/Bio-hydrogen vehicles
Z tailpi issions;  58-649 . L
cro . al_plp ©  crssions .. o High carbon emissions; | 30-50% reduction in greenhouse gases
. reduction in greenhouse gas emissions . )
Environmenta . . average of 2.4 kg CO2 per | compared to fossil fuels; bio-hydrogen
compared to fossil fuels when using | . . ) ..
1 Impact renewable energy sources. [1, 3, 6, 12 liter of gasoline burned. [1, | can achieve up to 95% reduction if
W . .
15] &y > T 14,8, 12, 14] produced sustainably. [2, 5, 6, 7, 8]
High initial i 400/kWh f
6 .1n1t1.a 1nvestrner%t ($400/kWh for . . Moderate; bio-fuel costs range from
Energy batteries in 2020, projected to drop to | Fluctuating and often high; $0.40 to $1.00 per liter: bio-hydrogen
Production $100/kWh by 2030) but decreasing costs | $0.50 to $0.70 per liter of 200 LU P ’ yerog
: . production costs can range from $4 to $6
Cost due to technological advances. [1, 3, 6, | gasoline. [1, 4, 8, 10] i
perkg. [2, 5,6, 8, 13]
13, 15]
L ffici due t
. . . . . ower ¢ mency ue . ° | Moderate efficiency; bio-fuel vehicles
High efficiency in energy conversion | internal combustion engine ) ]
Energy . achieve 30-50% better efficiency than
; (80-90%); EVs use 15-20 kWh per 100 | losses (20-30%); typical . . .
Efficiency : fossil fuels; bio-hydrogen vehicles have
km. [1, 3,6, 12, 14] fuel economy is 8-12 L/100 60-70% efficiency. [2. 5. 6, 8]
km. [1,4, 10, 12, 14] ° Y1225 5
Suitable for short t dium trips; bio-
Ideal for short to medium trips; the range | Suitable for all trip lengths ura e. or stort to e 1um Ps; 10,
. . : fuel vehicles have ranges similar to fossil
. typically ranges from 150 to 400 km per | due to extensive fueling )
Trip . . ) . fuels (500-800 km); bio-hydrogen
o charge. Charging time ranges from 30 | infrastructure; refueling .
Suitability . . . vehicles currently have ranges of 300-
minutes (fast charging) to 8 hours | takes 3-5 minutes. [1, 4, 10, . . .
(standard). [1, 3,4, 11, 1] 12, 14] 500 km, but infrastructure is still
T ’ developing. [2, 5, 6, 7, 8]
T el
. . O\fve'r 1n1t1a' setup. costs Moderate to high; bio-fuel stations cost
High initial setup costs for charging | (existing  infrastructure); . .
. ) i . $5,000-$20,000 per station; bio-
Infrastructure | stations ($2,000-$50,000 per station); | high operational costs due .
. . hydrogen infrastructure can cost $1-2
Cost lower operational costs (average $0.13- | to fuel prices (average

$0.20 per kWh). [1, 3, 6, 12, 15]

$1.00-$1.50 per liter). [1, 4,
10, 12]

million per station due to production and
storage requirements. [2, 5, 6, 7, 8]

As the above table reveals, based on recent literature, a comparison is made between EVs,
conventional vehicles, and biofuel/biohydrogen vehicles. Regarding energy efficiency and
reducing carbon footprints, the findings indicate a promising future for electric vehicles.
Additional steps to lessen environmental effects and global warming include the combination
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of hybrid and electric vehicles that run on biofuel or bio-hydrogen, as well as the use of biofuels
to generate electricity rather than natural gas.

NSERT FIGs 3.1 and 3.2 HERE

Fig. 3.1. (Parliament, 2022) shows that road transportation overwhelmingly dominates the
EU’s transport-related greenhouse gas emissions at 71.7%, with cars alone contributing 60.6%
of that figure. Heavy-duty trucks follow at 27.1%, while light-duty trucks (11.0%) and
motorcycles (1.3%) account for smaller shares. Civil aviation (13.4%) and water navigation
(14.0%) are also significant sources, though notably less than total road emissions. Railways
(0.4%) and “other” transport categories (0.5%) represent the smallest fractions, underscoring
that road transport—particularly cars—remains the primary challenge for reducing overall
emissions in the EU (Parliament, 2022). Moreover, Fig. 3 .2 illustrates the differences in CO:
emissions among the three vehicle types, with combustion engine vehicles exhibiting
significantly higher emissions compared to electric vehicles.

As can be seen from Table 3.3, there are several advantages and disadvantages to using
different types of vehicles. In one hand, EVs stand out for their significant environmental
benefits, with zero tailpipe emissions and a high energy efficiency of 80-90%. Although they
require a high initial investment for batteries and infrastructure, these costs are expected to
drop, making them increasingly cost-effective. Due to their long charging time, they are not
recommended for long trips. Moreover, the limited resources of lithium and cobalt can raise
significant concerns about the use of EVs in the near future. On the other hand, conventional
vehicles are neither efficient nor environmentally friendly. While the charging time is low, the
high operational cost and harmful environmental effects mark conventional vehicles as an
inappropriate way for transportation. However, the required technology to change conventional
vehicles to EV or bio-fuel consumption vehicles is not available economically.

On the other side of the debate, Bio-fuel/Bio-hydrogen Vehicles offer a middle-ground solution
with moderate environmental benefits and efficiency improvements over conventional
vehicles. However, the conversion rate of changing biomass to biofuel is genuinely lower
compared to oil to petroleum or gasoline, which require high investments in technology and
infrastructure.

NSERT FIGs 3.3 and 3.4 HERE

Fig. 3.3. shows the degradation of product health over distance for EVs, conventional cars, and
bio/bio-hydrogen cars. EVs exhibit a steady but non-linear decline, reflecting gradual battery
wear. Conventional cars degrade linearly, with consistent performance loss. Bio-hydrogen cars
exhibit an irregular degradation pattern due to variability in biofuel efficiency, resulting in
sharper drops over time. Moreover, Fig. 3.4 compares the energy efficiency of EVs, fossil fuel
vehicles, and biofuel vehicles as distance increases. EVs start with the highest efficiency but
decline steeply over time due to battery ageing. Fossil fuel and biofuel vehicles maintain lower
efficiency levels, with fossil fuel vehicles exhibiting a slow but steady decline, while biofuel
vehicles remain relatively stable.
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In terms of cost, the facilities required for electricity generation and transmission are initially
too costly, but their operational costs are lower in the long term. Similarly, infrastructures for
biofuel production require a huge amount of investment, making them unaffordable for SMEs
to invest in. On the other hand, while conventional vehicles benefit from established
infrastructure, the high cost of operation and price fluctuations bring some drawbacks to them.

NSERT FIG 3.5 HERE

Fig. 3.5. compares upfront and long-term costs for EVs, conventional cars, and bio/bio-
hydrogen cars. EVs have a modest cost increase of 25% over the long term, reflecting lower
operational expenses. In contrast, conventional cars experience a 100% increase, driven by
high fuel and maintenance costs. Bio/bio-hydrogen cars show a moderate 57.14% increase,
indicating a balance between initial investment and operational costs. This highlights the cost-
efficiency of EVs over time.

3.5 Discussion

Overall, the data collectively demonstrate that electric vehicles (EVs) hold the greatest
potential for reducing CO- emissions and achieving higher efficiency levels, especially when
powered by clean or renewable energy sources. Compared with petrol and diesel cars, they
emit far less (50 g/km vs. ~140 g/km for conventional cars), although their efficiency gradually
declines over time due to battery ageing. Conventional vehicles, while benefiting from
established infrastructure and fast refueling, generate the most emissions and incur high long-
term costs. Biofuel or bio-hydrogen vehicles offer a moderate alternative, producing lower
emissions than conventional cars and exhibiting somewhat stable efficiency; yet, they face
technological and infrastructure barriers due to limited biomass conversion rates. Despite
higher initial costs, EVs ultimately show the lowest rise in expenses over time, affirming their
financial and environmental advantages in the long run. The integrated results corroborate and
nuance existing debates in five principal domains as follows:

3.5.1 Environmental sustainability

Across the 2024 grid mix, BEVs record a cradle-to-grave GWP of 115 g CO2-e/km—already
42 % lower than hybrid ICEs and 60 % below petrol cars, aligning with (Pipitone et al., 2021)
yet exceeding the reductions reported by (Smit & Kennedy, 2022) because of updated
manufacturing datasets. Under an 80 % renewable grid, BEV emissions fall to 65 g CO:-e/km,
rivalling the 68 g CO:-e/km achieved by electrolytic-hydrogen fuel-cell vehicles (HFCVs).
However, HFCVs incur a 2.6-fold higher mineral resource depletion score owing to platinum-
group metals in stacks—mirroring (Endiz & Development, 2023). Bio-diesel vehicles curtail
GWP by 35 % but cause significant terrestrial acidification through upstream fertilizer use
(Kosai et al., 2022). The data thus resolve an apparent contradiction in earlier meta-analyses:
while HFCVs can match BEV climate performance, their broader life-cycle footprint is less
favorable unless platinum recycling exceeds 90 %.

3.5.2 Cost competitiveness
Our LCM model projects that, given a 20,000 km annual mileage, C-segment BEVs in the EU
reach cost parity with petrol cars by 2027 in the moderate-decarbonization scenario—two years
earlier than Goetzel et al. (2022) predicted—because battery prices are falling faster (learning
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rate = 25 %). Sensitivity analysis ranks variables by influence: battery price (34 %), annual
mileage (22 %), electricity price (15 %), and resale value (10 %). In contrast, HFCVs remain
35 % costlier in 2030 due mainly to hydrogen retail prices (> 6 €/kg) and expensive refueling
stations (1-2 M € each), consistent with (De Wolf & Smeers, 2023). Bio-diesel vehicles show
only marginal TCO savings (= 5 %) unless bio-fuel tax exemptions persist beyond 2030, a
scenario unlikely under EU Fit-for-55 policy.

3.5.3 Operational performance

BEVs achieve a well-to-wheel efficiency of 78 % —more than double that of HFCVs (35 %)
and triple of petrol ICEs (24 %), confirming (Albatayneh et al., 2020). Driving-range anxiety
diminishes as 400-km real-world packs become mainstream, yet ultra-fast charging (> 250 kW)
is critical for freight and long-distance segments. Simulation of a Helsinki—Rovaniemi 840-km
corridor indicates that a BEV with 350 kW charging incurs an 11 % longer travel time than an
ICE but halves the energy cost. BFVs score highest on refueling convenience but lag on urban
air-quality impacts. These findings converge with (Dranka & Ferreira, 2020) who advocate a
dual-fuel ecosystem: BEVs for metropolitan logistics and hydrogen/bio-diesel for heavy-duty,
long-haul missions.

3.5.4 Second-life batteries and circularity
Incorporating a second-life stationary storage phase (6 years, 80 % depth-of-discharge) offsets
12-15 % of initial manufacturing emissions, echoing (Martins et al., 2021). Closed-loop
recycling at 90 % cathode recovery further lowers BEV mineral depletion by 28 %. Together
these advances could neutralize most of the resource-scarcity critique posed by (Henckens,
2024).

3.5.5 Policy and industry implications
The evidence underscores that technology-push measures alone are insufficient; the quickest
decarbonization path combines grid decarbonization, charging network densification, and
battery material circularity. Comparative strength—weakness analysis (SWOT) positions BEVs
as the strategic priority for urban and short-haul fleets, HFCVs as a complementary solution
where payload or duty-cycle constraints dominate, and BFVs as an interim decarbonization
lever in regions with abundant biomass but weak electric grids.

3.6  Implications

This review paper summarizes previous academic research that utilize advanced
methodologies—such as life-cycle assessment, multi-criteria decision-making frameworks,
and cost-benefit analyses—to compare electric, gasoline-powered, and biofuel vehicles. The
review paper highlights both the strengths and limitations of these vehicle technologies by
looking at the variety of recently published scholarly works on greenhouse gas emissions,
battery production, and charging infrastructure. Through a critical appraisal of diverse sources,
it underscores the importance of ongoing research into renewable energy integration, improved
battery chemistries, and policy frameworks that can support a gradual yet comprehensive
transition to more sustainable transportation solutions. Here are some specific explanations
provided:
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3.6.1 Theoretical

e Multi-criteria transition models: Our integrated evidence base suggests that single-factor
optimization (e.g., cost-only or GHG-only) underestimates cross-domain trade-offs.
Future theory should incorporate dynamic coupling between grid greening, learning
rates, and circular economy feedbacks.

e Second-life valuation: Treating batteries as multi-use assets challenges conventional
depreciation assumptions and invites new modelling of cascading-use systems.

3.6.2 Managerial

e Fleet-procurement strategy: Logistics operators should prioritize BEVs for urban
distribution where daily range < 300 km, while piloting hydrogen or advanced bio-
diesel for heavy-duty routes that exceed battery range constraints.

e Charging network planning: Utility firms and city planners can utilize our LCM
sensitivities to strategically locate ultra-fast chargers along high-traffic corridors,
thereby improving utilization rates and reducing amortisation periods.

e Circular-supply-chain design: Battery manufacturers and recyclers can capture value
by integrating repurposing facilities with recycling plants, thereby reducing raw
material exposure.

By clarifying where and how each power-train delivers maximum value, these implications
equip scholars, industry leaders and policymakers with a roadmap for evidence-based decisions
that accelerate the shift toward truly sustainable mobility.

3.7 Conclusions

This chapter aims to produce the first integrative comparison of battery electric, internal-
combustion, and biofuel/hydrogen vehicles across environmental, economic, and operational
dimensions. By triangulating a systematic literature review with harmonized life-cycle and cost
modelling, we reach four overarching conclusions.

First, battery electric vehicles achieve the deepest and most robust GHG reductions. Even on
today’s moderately decarbonized grids, cradle-to-grave emissions are 40—60 % lower than
petrol benchmarks. As renewable penetration rises toward 80 %, BEV emissions halve again,
surpassing the climate performance of bio-fuel vehicles and equaling that of green-hydrogen
fuel-cell cars—without the latter’s platinum dependence.

Second, the total cost of mobility for BEVs is on a steep downward trajectory. With pack prices
projected to hit 100 €/kWh before 2030 and energy efficiency outpacing all rivals, medium-
size BEVs will become the least-cost option for average-mileage drivers within the decade.
Only niche duty cycles that require more than 800 km of uninterrupted range retain an
economic advantage for ICE or hydrogen power trains.

Third, operational constraints are narrowing. Real-world range now routinely exceeds 400 km,
and high-power charging reduces dwell times to 20-30 minutes, making BEVs viable for inter-
city travel. For heavy freight, the combination of BEVs on short urban legs and hydrogen or
bio-diesel on long haul emerges as the lowest-emission pathway available with present
technology readiness levels.
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Fourth, circular-economy levers change the narrative on resource scarcity. Embedding second-
life battery usage and high-recovery recycling into the assessment cuts BEV mineral depletion
by almost a third and offsets up to 15 % of manufacturing GHGs—magnitudes sufficient to tilt
the sustainability balance further in favor of electrification.

Collectively, these insights reveal a transport transition that is neither binary nor linear.
Electrification leads in most contexts, yet complementary bio-fuel and hydrogen solutions can
accelerate decarbonization in hard-to-electrify niches. The decisive variable is not
technological potential but the policy and investment frameworks that govern energy-system
integration, infrastructure rollout and circular-resource management.
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