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ABSTRACT

The transition toward battery electric vehicles (BEVs) is a critical element in the global shift toward sustainable
transportation. This meta-analysis delves into the multifaceted factors influencing BEV performance, including
environmental, technological, behavioral, and political-economic determinants. The purpose of this review is to
systematically organize and assess how these factors impact BEV efficiency and sustainability across various
operational scenarios, such as driving, charging, and decommissioning. By examining a wide range of literature,
this study constructs a comprehensive framework that categorizes the primary components and performance
metrics, revealing complex relationships and potential causal connections. The findings highlight that although
technological advancements and regulatory frameworks are the predominant drivers of BEV performance, envi-
ronmental conditions and user behaviors also play significant roles. The key emerging topics identified suggest
further research avenues, particularly in optimizing battery technology and expanding policy support. Addi-
tionally, the analysis provides new and systematic insights compared with previous reviews, offering a clearer
understanding of the determinants, their impacts, and the interactions between them. These insights are crucial
for developing a transparent evaluation system for future research and policy formulation. This comprehensive
synthesis not only aids in understanding the current landscape but also in directing future scholarly and practical
endeavors in electric vehicle research.

Nomenclature (continued)
Continuously variable
- - transmissions
AC Alternating current IGBTs :smétfd gate bipolar DC Direct current SAE Society of automotive engineers
ATM A frict ; R I a;nms;rs DCFC Direct current fast SAC Sinusoidal amplitude converter
symmetric temperature nfrare .
. charging
AWD le(l)du]ian;)g i VT Infinitel iabl ECR Energy consumption rate SiC Silicon carbide
-wheel drive s tf n e.y.varla € EMS Energy management SPAR-4- Scientific procedures and
ansmissions i i
system SLR rationales for systematic
BEB Battery electric bus LTO Lithium titanium oxide v literature revieyws
BEVS Battery electric vehicles MDIBC rz}tl-dgvlcel gée]r)lzaéed " ESG Environmental, social, TCO Total cost of ownership
idirectional DC- onverter
. . and governance
BMS fzttt:;y management MOSFETs If\i/leizlale_f(f):é?:r_::;?slt?r:ducmr EVCS Electric vehicle charging =~ TMS Thermal management systems
3 - .
. stations
BROM Ba?ery r?nge del MTPA Maximum torque per ampere EVs Electric vehicle USABC United States Advanced Battery
optimization mode! .
Consortium
CAV Cotrmected andh' 1 OBC On-board charger FT Full toroidal V26 Vehicle-to-grid
SMC Zu ortljc.)mgusl'\ée': icle i M p ; ¢ FWD Front-wheel drive VI Vehicle-to-infrastructure
¢ Ontl 11ne shiding mode ermanent magne GaN Gallium nitride va2v Vehicle-to-vehicle
CVT contro RWD R heel dri VSI Voltage-source inverter
s ear-wheel drive

* Corresponding author.
** Corresponding author.

. (continued on next page)
(continued on next column)

E-mail addresses: muhammad.shafique@brunel.ac.uk (M. Shafique), xiaowluo@cityu.edu.hk (X. Luo).

https://doi.org/10.1016/j.commtr.2024.100148

Received 13 May 2024; Received in revised form 24 June 2024; Accepted 7 August 2024
2772-4247/© 2024 The Authors. Published by Elsevier Ltd on behalf of Tsinghua University Press. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).


mailto:muhammad.shafique@brunel.ac.uk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.commtr.2024.100148&domain=pdf
www.sciencedirect.com/science/journal/27724247
http://www.journals.elsevier.com/communications-in-transportation-research
https://doi.org/10.1016/j.commtr.2024.100148
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.commtr.2024.100148

F. Liu et al.
(continued)
GC- Gas chromatography—
MS mass spectrometry
GHG Greenhouse gas WBGS Wide bandgap semiconductor
HT Half toroidal ZVSC Z-source DC-DC converter

1. Introduction

The world is facing increasingly severe challenges from climate
change, with the destructive consequences of extreme weather events
occurring globally, underscoring the urgency of strengthening global
disaster response mechanisms (Dottle and Politics, 2023). In light of this,
the European Union's 2050 climate strategy demonstrates
forward-looking thinking, offering an innovative climate action frame-
work aimed at achieving climate neutrality by 2050 while ensuring a just
transition in socioeconomic terms (The European Green Deal, 2020).
Moreover, the convening of COP28 signals the international community's
firm commitment to climate action, and despite facing unique challenges
and controversies, it provides a key platform for global climate
governance.

Other countries are also taking action to combat climate change. For
example, Japan is working to reduce its greenhouse gas emissions and
has set a carbon neutrality goal (Kii et al., 2023). India is pushing solar
power to become a world leader in renewable energy (Dey et al., 2022).
African nations are utilizing their abundant solar and wind resources to
develop renewable energy projects to promote energy diversification
(Agoundedemba et al., 2023).

The development of BEVs is one of the key strategies for combating
climate change (Alanazi, 2023). With technological advancements and
policy support, the BEV market is rapidly expanding, which is critical for
reducing greenhouse gas emissions (Shafique et al., 2022) and decreasing
dependence on fossil fuels and improving urban air quality (Zhao et al.,
2023). BEVs play an essential role in achieving net-zero emission targets
for various countries and are a focal point in international climate ne-
gotiations such as COP28 (Ferris, 2023). Furthermore, BEBs play a
crucial role in the transition to carbon-neutral transport by com-
plementing passenger cars in reducing urban emissions, providing
high-capacity, low-emission alternatives that help decrease overall
vehicle density and reliance on fossil fuels in city environments (Li et al.,
2023a; Schlott, 2020). Therefore, the future of global climate action will
largely depend on the innovation and application of sustainable energy
technologies, with electric vehicles as a flagship solution, and their in-
fluence is steadily growing, as mentioned by International Energy Agency
(IEA, 2023).

1.1. Evolution and impact of electric vehicles in the transportation sector

The transportation domain, with its longstanding dependency on in-
ternal combustion engines, has been identified as a substantial contrib-
utor to global greenhouse gas (GHG) emissions, representing
approximately 23% (Aminzadegan et al., 2022) of aggregate emissions
across the European Union member states. This entrenched reliance on
fossil fuels, particularly within the road transport subsector-which alone
accounts for approximately 70% of transportation emissions-is projected
to intensify (Gao et al., 2023). If current trends persist, it is anticipated
that by 2050, transportation could account for up to 50% of the EU's total
greenhouse gas emissions (Ferrer and Thomé, 2023).

The evolution of BEVs from niche products to sustainable, high-
performance alternatives to traditional vehicles is driven by significant
advancements in technology. Enhanced battery capabilities have
extended the vehicle range and minimized charging times, whereas de-
velopments in power electronics have improved overall efficiency and
reliability (Haustein et al., 2021). The use of lightweight materials has
reduced vehicle weight, contributing to performance enhancements
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(Shui et al., 2024). A focus on the user experience has spurred the cre-
ation of sophisticated energy management systems, which optimize
battery usage and vehicle efficiency (Ibrahim and Jiang, 2021).

The establishment of a comprehensive charging infrastructure (Funke
et al., 2019b), which is increasingly integrated with renewable energy
sources, supports the practicality of BEVs for everyday use. The academic
community is instrumental in analyzing the larger implications of the
transition to BEVs, such as the sustainability of raw material sourcing, the
environmental impact across the vehicle's lifecycle, and strategies for
end-of-life disposal or recycling (Jones et al., 2023; Ledna et al., 2022;
Martins et al., 2023). Environmentally, the shift to BEVs promises a
significant reduction in emissions, a benefit that will grow as the grid
becomes more reliant on renewable energy sources (Yang and Chen,
2021). With the grid's transition to solar, wind, and hydroelectric power,
the carbon footprint associated with BEV operations is expected to
decrease further (Ambrose et al., 2020). Smart charging technology en-
ables BEVs to charge during off-peak electricity demand, improving en-
ergy efficiency and grid flexibility. Economically, the development of
BEVs is propelled by policy and innovation, signaling a shift in
manufacturing, maintenance, and energy consumption (Jones et al.,
2023). Government incentives and infrastructure investments have
lowered the barriers to BEV adoption, stimulating market vitality.
Traditional automakers are restrategizing, while new players explore
emerging niches. BEVs present economic advantages to consumers and
increase the demand for electrical and renewable energy resources. The
rising demand for battery materials such as lithium, cobalt, and nickel is
transforming supply chains and commodity markets. In response, policies
are evolving to maintain market competitiveness and meet environ-
mental, social, and governance (ESG) standards for long-term economic
and environmental health (Martins et al., 2023). The widespread adop-
tion of BEVs, including BEBs, influences travel behavior and urban
planning, as initiatives to enhance multimodal transit and strategic urban
space use gain traction, which is supported by BEV-sharing services and
congestion pricing (Dirks et al., 2022; Pucci, 2021). An improved
charging infrastructure and policy support for BEV adoption are vital for
reducing fossil fuel dependence and fostering a sustainable trans-
portation system (An, 2020).

BEVs are becoming increasingly viable due to urban growth, policy
support, and technological advances that promise to lower costs and
improve charging infrastructure by 2030 (Aijaz and Ahmad, 2022). This
progression, along with strategic marketing and innovative business
models, is essential for enhancing energy efficiency, reducing emissions,
and fostering sustainable transportation (Patil et al., 2023). As govern-
ments enact supportive policies and technology continues to advance, the
role of BEVs is set to expand, further decarbonizing the sector and paving
the way for a cleaner future.

1.2. Unpacking electric vehicle performance

In this introductory section, we provide an overview of the key per-
formance metrics that define the functionality and appeal of BEVs. These
metrics include range capability, energy efficiency, battery life, and
environmental impact. Understanding these factors is essential for
assessing the viability and market acceptance of BEVs. The discussion
sets the stage for more detailed analysis in subsequent sections. Section 2
describes the methodological approaches, laying the groundwork for
comprehensive analysis. Section 3 reviews the literature to identify the
determinants affecting EV performance and outlines what these de-
terminants are. Section 4 delves into how these determinants influence
EV performance. Section 5 discusses the specific determinants in detail,
categorizing them into environmental factors, technological factors,
behavioral and operational factors, and policy and economic support.
Finally, Section 6 concludes the study by summarizing the findings and
implications.

The range of a BEV (Woo and Magee, 2020), defined as the maximum
distance it can travel on a full charge, and the battery capacity, which



F. Liu et al.

measures the total amount of stored electrical energy, are critical for
consumer acceptance and practical use of electric vehicles. Pearre et al.
(2011) described the range, and Young et al. (2012) detailed the battery
capacity, highlighting the technical advances over time (Fig. 1 (McKer-
racher, 2023)). BEBs have larger batteries than passenger cars do but
often achieve similar or lower ranges because of their heavier weight and
frequent stop-start urban usage (Gao et al., 2017).

Energy efficiency (Evtimov et al., 2020) in BEVs is crucial, as it de-
scribes how effectively electrical energy stored in the battery is converted
into driving power. Unlike internal combustion engine vehicles, which
lose a significant portion of fuel energy as heat, BEVs achieve higher
conversion efficiency, turning a greater proportion of electrical energy
into kinetic energy. This metric not only affects performance but also
impacts the overall cost-effectiveness (Sheldon and Dua, 2019) and
environmental footprint of the vehicle.

The lifespan of a BEV battery is a paramount factor affecting both the
vehicle's longevity and its economic value. Despite the reduction in
lithium battery costs due to decreased raw material prices (Bloomberg,
2024), the battery remains a major cost component and significant source
of emissions over the vehicle's life cycle. The battery lifespan, which is
simply defined, refers to the duration or number of charging cycles a
battery can undergo before its capacity decreases to an unusable level.
This is typically when the battery can hold only 80% or less of its original
rated capacity. Battery lifespan is influenced by factors such as char-
ge/discharge rates, depth of discharge, and operating temperatures.
Optimizing these factors can significantly extend a battery's useable life
and, consequently, the vehicle's service life.

BEVs offer notable environmental benefits, such as zero tailpipe
emissions, which are crucial for reducing urban air pollution (Liu et al.,
2024). However, the production of BEVs, especially batteries, requires
substantial resources and can cause ecological disruption (Yang et al.,
2022b). The overall environmental impact depends on the electricity
generation methods used for charging and the recycling efficiency of
vehicle components after their useful life. This necessitates ongoing
monitoring and assessment to devise effective emission reduction stra-
tegies for transportation.

The United States Advanced Battery Consortium (USABC) set ambi-
tious targets in 2014 for advanced batteries in BEVs, aiming for a 15-year
lifespan, 80% charge in 15 min, and robust performance from —30 to
+52 °C (Neubauer et al., 2014). Despite these goals, commercial BEVs
still struggle to meet the fast charging target but have exceeded 300 miles
of the driving range. These improvements could reduce the battery vol-
ume while enhancing the range and acceleration, making BEVs cost
competitive with conventional vehicles at lower annual mileage thresh-
olds (Deng et al., 2020). In 2016, Grunditz and Thiringer (2016)
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undertook an extensive review of BEV data, focusing on traditional
metrics such as power and speed. However, as their data grow outdated
in the face of rapid advancements in the BEV sector, a comprehensive and
current review that includes economic and environmental performance is
increasingly vital. This section serves as a foundation for such an updated
examination.

1.3. Current research landscape on electric vehicle performance

Recent research in the field of BEVs has demonstrated significant
advancements in both the technical and the environmental aspects,
aiming at improving their performance and usability. He et al. (2020)
developed a Combined sliding mode control (cSMC) algorithm to
enhance the regenerative braking system of BEVSs, effectively preventing
wheel lock-up and improving energy recovery under various adhesion
conditions. This contributes to increased efficiency and driving range,
adding benefits in terms of safety and reliability.

Battery technology remains a critical area of focus, with various types,
such as lithium-ion, solid-state, and nickel manganese cobalt, among
others, being explored for optimal performance. Studies by Ahmed et al.
(2018), Alamgir (2017), Boretti (2023), Mahmoudzadeh Andwari et al.
(2017), Lobberding et al. (2020), and Sharma et al. (2020) have indi-
cated that no single battery technology excels in all performance metrics,
necessitating trade-offs among efficiency, emissions, and range. In-
novations aimed at improving energy density, recyclability, and charging
capabilities are seen as pivotal, with advancements in battery packaging
and operating voltages offering potential cost reductions and environ-
mental benefits.

Ambient temperatures and driver behavior also significantly affect
BEV performance, especially that of BEBs. Hao et al. (2020) noted that
extreme temperatures increase energy consumption and reduce energy
range, with real-world usage often deviating from standard test cycles
such as the NEDC. This deviation is particularly notable in BEBs, which
operate in urban stop-and-go conditions and are strongly influenced by
environmental and behavioral factors (Benoliel et al., 2021). Machine
learning and advanced algorithms such as those developed by Tang et al.
(2021) and Ganesh and Xu (2022) are being utilized to optimize various
BEV systems, including cooling and overall operational efficiency,
although real-world application challenges remain. Gao et al. (2019)
promoted technical improvements such as eco-driving and strategic
coasting to increase BEV efficiency and reduce energy losses, particularly
in the context of the unique performance demands of BEBs (Blades et al.,
2024).

In terms of vehicle design, studies such as those by Mayyas et al.
(2017), Momen et al. (2016), and Ruan et al. (2019) have highlighted the
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Fig. 1. Average BEV range and battery capacity over time (McKerracher, 2023).
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importance of utilizing lightweight materials and making specific im-
provements in motor and transmission systems to increase the overall
energy efficiency and sustainability of BEVs. For example, integrating an
electrified continuously variable transmission system with a hybrid en-
ergy storage system has shown potential in optimizing vehicle dynamics
and extending battery life.

Infrastructure development is another critical area, with research
focusing on the strategic placement of charging stations and the adoption
of dynamic wireless charging systems to improve usability and reduce
range anxiety. Studies by Bauer et al. (2019), Figenbaum (2020), Ngo
et al. (2020), Van der Meer et al. (2018), and Zhang et al. (2015) have
emphasized the need for a well-coordinated charging infrastructure to
match the service levels of conventional vehicles while minimizing
operational costs and emissions. Smart charging strategies that align
charging times with periods of low grid carbon intensity, as studied by
Huber et al. (2021), can further reduce the carbon footprint of BEVs.

Overall, the current research landscape underscores a multidimen-
sional approach involving technological innovations, infrastructure en-
hancements, and strategic policy interventions to optimize the
performance and environmental impact of BEVs. These efforts are crucial
as the adoption of electric vehicles continues to grow, driven by global
efforts to nmitigate climate change and enhance sustainable
transportation.

1.4. Aims and research questions of the review

The volume of research concerning the determinants that influence
BEV performance has been on an upward trajectory, paralleling the
growth of the BEV market. Initially, environmental concerns such as
emissions, energy efficiency, and the depletion of fossil fuels may have
steered the development and research of BEVs. However, as the field has
matured, the evolution of BEVs has been fuelled by innovative de-
velopments and combinations of key components. These advancements
have generated robust research drivers across various scenarios,
including driving range, accessibility, battery capacity, charging
methods, transportation choices, and even in contexts such as vehicle-to-
grid (V2G) and vehicle-to-vehicle (V2V) interactions. In summary, as
future transportation paradigms progress, the scope of determinants and
scenarios encompassed by these studies is expected to expand.

Given the trend in the literature and the growth trajectory of the BEV
market, it is essential to review the key factors that affect BEV perfor-
mance and understand how they influence the research. This is crucial to
avoid potential duplications in research efforts. Preliminary surveys
indicate that the relationship between performance and determinants is
complex and interdependent, with a blurred hierarchy of classification.
Therefore, there is an acute need for a unified and efficient framework
and process. This framework synthesizes the characteristics pertinent to
BEVs and highlights how they impact future transportation solutions,
environmental issues, and socioeconomic factors.

In light of the themes considered in this study and the objectives
described above, the research questions for this review are formulated as
follows:

RQ 1: Within the many electric vehicle scenarios, how are critical
components discerned, and how are the determinants of vehicle
performance subsequently delineated?

RQ 2: In what ways does conducting a literature review enhance our
comprehension of the interrelations and causal connections between
the identified determinants and electric vehicle performance metrics?
RQ 3: What are the emergent key subtopics that stand out as potential
focal points for future research in this domain?

These questions aim to guide a structured exploration of the current
landscape and future trajectory of electric vehicle performance research.
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1.5. Originality and structure of the review

The originality of this study in the realm of BEV performance research
is distinguished by its theoretical contributions and policy-relevant in-
sights. Our framework goes beyond traditional keyword-based analyses,
providing a more intricate understanding of BEV performance de-
terminants. In doing so, the study becomes a valuable resource for policy-
makers, who are advocating for informed policy development that in-
corporates comprehensive impact analysis.

The originality of this review lies in the following:

1) Theoretical contributions: This study introduces an advanced frame-
work for evaluating BEV performance, focusing on the detailed
identification of components and determinants. This provides a more
complex and dynamic understanding of BEV performance.

2) Policy-relevant review: This review supports policy development by
offering a synthesized view of current research, highlighting the need
for policies that are responsive to advancements in the BEV sector and
suggesting more practical impact analysis methods.

The structure of this paper is organized as follows:

Section 2, “Methodology’: This section introduces the methodology
used in the literature review, including the keywords used for literature
retrieval, selection criteria, and the research questions addressed.

Section 3, “Identification of the determinants™: This section presents
the logic structure for determinant identification and analysis, organizing
the discussion around key components and processes, supported by a
review of relevant literature to systematically analyze and discuss the
determinants identified.

Section 4, “Integrative analysis”: Having identified the key de-
terminants, this section delves deeper into how these determinants affect
the performance of important components and processes, and subse-
quently, the overall performance of Electric Vehicles (EVs).

Section 5, “Discussion”: This section summarizes the determinants
across four dimensions: environmental, technical, policy-economic, and
operational behaviors. It also offers suggestions on how these de-
terminants can be utilized for future research and the development of
EVs.

Section 6, “Conclusions and future research directions”: The conclu-
sion recaps the entire paper and outlines future research directions.

2. Methodology for literature review

The surge in research publications within a rapidly growing field can
lead to redundancy and slow the field's progression while also making
literature reviews time-consuming for researchers. Review papers
address these issues by summarizing existing research, identifying gaps,
and suggesting future directions. Paul et al. (2021) emphasized the
importance of review papers meeting high standards, including
comprehensive summaries and guidance for future studies, and sug-
gested that they should be published in reputable journals to ensure
quality and reach.

Review papers should adhere to a meticulous and logical framework
to provide accurate conclusions. The process for writing these papers has
become more systematic over time and varies by field. The key steps in
writing a review include defining the topic, deciding on the review type
and questions, establishing search strategies and criteria, and conducting
a systematic analysis.

This paper applies the scientific procedures and rationales for sys-
tematic literature reviews (SPAR-4-SLR) protocol proposed by Paul et al.
(2021) in conjunction with the subject matter of this paper and the steps
for establishing an SLR, as suggested by Massaro et al. (2016). Similar to
the review paper by Liu et al. (2023), the following research sequence is
proposed:
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1) Formulate inquiry questions.

2) Draft research guidelines.

3) Select study types, keywords, and perform literature search.
4) Set the framework for review analysis.

5) Analyze and critically discuss the findings.

6) Suggest avenues for future research.

2.1. Search strategy

The literature search results for this study were retrieved primarily
from the Web of Science platform. Since the focus of this study is to
investigate the key factors influencing BEV performance and how they
influence BEV performance, a comprehensive search strategy was
employed to consider all potential scenarios and related research topics.
The primary keywords were linked via “AND” to combine essential
concepts, whereas different expressions and synonyms of the keywords
were connected via “OR” to broaden the search scope. The advanced
search string was as follows: TS = ((BEV) AND (performance OR effi-
ciency OR “driving range” OR “charge time” OR acceleration OR “energy
consumption” OR “emissions™)).

The literature search conducted on platforms such as Web of Science
returned a total of 1,250 articles related to the performance of BEVs,
focusing on aspects such as efficiency, driving range, charge time, ac-
celeration, energy consumption, and emissions.

After several layers of screening and review of the collected literature,
the vast majority of the articles focused on the technological de-
terminants and overall performance of BEVs. Additionally, a significant
number of studies have concentrated on the impact of environmental
determinants on emissions. There were fewer articles covering other
types of determinants, but those that met the selection criteria were also
discussed in this paper. The results of all the statistical screenings are
detailed in Section 4, with an appendix providing a comprehensive table
that summarizes the coverage of literature on EVs' performance and de-
terminants. This table categorizes determinants into four group-
s—Environmental, Technical, Behavioral, and Economic/Political
determinants—as refined through repeated analysis and review. EVs'
performance is classified into categories such as Overall Performance,
User Experience, Economy, Sustainability, and Safety, with the classifi-
cation criteria for performance detailed in Fig. 5 located in Section 3.2.
For instance, if a study investigates the impact of technical factors on
overall performance, this is noted in the table in the appendix. The
process and analysis of how different influencing factors affect perfor-
mance are also detailed in Section 4. This structured approach allows for
a comprehensive understanding of the prevailing research trends and
identifies gaps where further studies could be beneficial.

2.2. Inclusion and exclusion criteria

This systematic review and meta-analysis aim to identify the de-
terminants that influence the performance of BEVs. We focus exclusively
on the effects of technological advancements, environmental conditions,
user behavior, and economic policies on BEV performance. To maintain
clarity and relevance, we established strict inclusion and exclusion
criteria.

e Inclusion criteria:
Studies must focus on the intrinsic attributes of BEVs, including
vehicle components and processes that directly affect perfor-
mance. BEBs are also included in this review.

e Exclusion criteria:

1) Studies that discuss consumer or government adoption decisions
or use multicriteria and multi-objective decision-making methods
are excluded, as these do not directly pertain to BEV performance
itself.

Communications in Transportation Research 4 (2024) 100148

2) Research primarily exploring market adoption trends or socio-
economic impacts on the popularity of electric vehicles is not
considered, as our review concentrates on the performance char-
acteristics of BEVs, not broader market dynamics.

3) Comparisons between BEVs and other types of vehicles without a

detailed analysis of BEV-specific performance factors are

excluded.

Studies on fleet management and traffic flow, while related to

electric vehicles, do not directly contribute to understanding the

core performance issues of BEVs and are therefore omitted.

4

—

By adhering to these criteria, our review focuses on the essential
factors influencing BEV performance, ensuring that our analysis is both
robust and directly relevant to advancing knowledge in this area.

2.3. Study screening and selection outcomes

Asillustrated in Fig. 2, a total of 117 studies were included in the final
analysis after comprehensive literature screening and subsequent manual
inclusion. The initial search yielded many results predominantly
covering the concept of BEVs. Further screening focused primarily on
whether the topics of the papers directly investigated the factors affecting
BEV performance or whether highly relevant and thematic information
could be extracted from them. The entire procedure was conducted in
accordance with the PRISMA guidelines (Moher et al., 2010), which in-
volves four principal phases: identification, screening, eligibility, and
inclusion.

2.4. Meta-analysis process

In our meta-analysis, we first conducted an initial review of the
filtered papers to systematically organize the data. A framework was set
up for a detailed examination, outlining the main pathways and logical
sequences needed to address the research questions. This framework,
along with its logical structures, is detailed with diagrams in Section 3.
The second step refined the analysis on the basis of this framework and
RQ 1. We identified the main scenarios and primary performance in-
dicators relevant to our review theme and categorized this information
into three main scenarios and five primary performance categories. In the
third step, aligned with the framework and RQ 2, we discussed how
various determinants affect the performance of BEVs. These de-
terminants were classified into four categories: environmental, techno-
logical, behavioral, and political-economic.

Throughout the review process, we maintained logical coherence and
applied a rigorous methodology. We also compiled statistical tables from
the literature to provide a clearer picture of the research trends and gaps.
Importantly, all categories and classifications of determinants and per-
formance were based on the analytical framework from Section 3, and we
did not record direct causal relationships that were not clearly evident in
the literature.

3. Identification of the determinants
3.1. Logic structure for determinant identification

In exploring the complexities of BEV performance, it is essential to
understand the interdependent relationship between performance in-
dicators and their determinants. Performance metrics such as “ease of
use” or “cost-effectiveness”, often prioritized by consumers, are influ-
enced by deeper underlying factors such as battery technology and
vehicle design. This dynamic interaction illustrates that performance
metrics can also serve as determinants depending on the context.

Our research systematically analyzes BEV performance across three
lifecycle scenarios: driving, charging, and decommissioning. The driving
scenario involves the conversion of electrical energy stored in the battery
into mechanical energy by the electric motor, including V2V interactions.
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Identification

=  Domain: alternative fuels life cycle assessment/analysis

. Research questions:

o RQ 1: In diverse electric vehicle scenarios, how are essential components identified and the
subsequent determinants of vehicle performance established?

o RQ 2: How does a literature review facilitate the understanding of the relationships and causal
links between identified determinants and electric vehicle performance indicators?

o RQ 3: What are the potential key subtopics for the future?

= Source type: journals, conference papers

Source quality: Web of Science, Scopus

Assembling

Acquisition
= Search mechanism and material acquisition: Web of Science, Scopus, hand searching
. Search period: publications before Feb 29 2024
= Search keywords: TS = (BEV) AND (performance OR efficiency OR "driving range" OR "charge
time" OR acceleration OR "energy consumption” OR "emissions™))
= Total number of articles returned from the search: n = 1,250

Organization
= Organizing codes: timespan, language, document type, source type, subject area

Purification
Article type excluded (and total number for each type of exclusion): 587 not relevant + 376 not

capable

. Article type included (and total number of articles included): 287 available = 107 meta-analysis
= Timespan: 2014-2024

=  Language: English

= Document type: journals, conference papers

Arranging

Evaluation

. Total documents for meta-analysis: 107
= Classification of determinants: environmental, technical, behavioral, economic/political (RQ 1)

= - Description of how determinants affect performance (RQ 2)

'z = Performance information statistics: overall performance, user experience, economy, sustainability

7

g RQ3)

<

Reporting
. Reporting convention(s): discussion (research gap and implication, directions for future research)
Fig. 2. SPAR-4-SLR protocol.

The charging scenario focuses on the battery receiving electrical energy photovoltaic charging, including V2G processes. The decommissioning
through an on-board charger (OBC), with potential enhancements from scenario addresses end-of-life processes, particularly concerning battery
fast-charging stations and innovative approaches such as wireless or recycling and disposal.
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Fig. 3 visualizes the identification and analysis of these determinants
and scenarios, outlining the logical structure used to guide our research.
The performance determinants are first identified on the basis of the
components and processes involved in each scenario, as sourced from the
literature, completing the resolution of RQ 1. Performance is then cate-
gorized into two levels: primary performance, which typically encom-
passes broad metrics such as user experience and sustainability, and
secondary performance, which involves more specific metrics such as
power performance, charging time, and emissions.

This detailed analysis provides a foundation for policy formulation
and design improvements, ensuring efficient and effective satisfaction of
different stakeholder needs. BEVs play multiple roles in contemporary
society—not only as consumer products but also as crucial elements in
reducing transportation emissions and as vehicles for transporting people
and goods. Evaluating BEVs thus requires considering various usage
scenarios across their lifecycle, helping to identify key performance in-
dicators specific to each scenario and enhancing our understanding of
BEVs' overall performance. This structured approach ensures a clear,
logical, and rigorous presentation suitable for academic discourse,
avoiding redundancy while maintaining the completeness of the
information.

3.2. Application scenarios and primary performance metrics

Contemporary electric vehicles rely on a triad of core compo-
nents—battery packs, traction inverters, and electric motors/gen-
erators—to store, convert, and convey energy, thereby facilitating
vehicular propulsion. The principal conduits of energy flow include the
electrical route, whereby electrical energy traverses from the battery to
the electric motor via the inverter. On this basis, Fig. 4 is set up for further
description.

The driving scenario encapsulates the regular utilization of electric
vehicles, encompassing fundamental operations such as starting,
maneuvering, and halting the vehicle. The key elements impacting the
user experience during this scenario include the vehicle's powertrain
performance, handling characteristics, stability, and ride comfort.
Compared with traditional internal combustion engine vehicles, electric
vehicles offer distinctive immediate torque responses and lower opera-
tional noise, enhancing the driving sensation. However, factors such as
the driving range, charging requirements, and vehicle functionality are
also crucial in evaluating the driving scenario for electric vehicles. The
charging scenario describes the process of replenishing the electric

Communications in Transportation Research 4 (2024) 100148

vehicle's energy supply, involving steps such as connecting to a charging
station, the actual charging process, and disconnecting upon completion.
An effective charging scenario necessitates widespread and efficient
charging infrastructure. When considering electric vehicles, users focus
on the convenience of charging facilities, charging speed, and cost
associated with charging. Therefore, optimizing the charging scenario is
not only indicative of technological advancement but also a key driver in
the adoption of electric vehicles. The end-of-life scenario, or scrappage
process, involves a sequence of events from the cessation of an electric
vehicle's use to its complete dismantlement or recycling. As electric ve-
hicles reach the end of their designed lifespan, battery performance
degradation and increased maintenance costs inevitably lead to their
market exit. During this process, considerations such as how to handle
batteries and other critical components to minimize environmental
impact and ensure the maximum recovery and reuse of materials from
decommissioned vehicles are paramount. Effective management of end-
of-life scenarios is vital for the sustainable development of the automo-
tive industry.

In summary, the driving scenario focuses on the performance and
experiential aspects of using the vehicle; the charging scenario empha-
sizes the efficiency and convenience of energy replenishment; and the
end-of-life scenario concerns the termination of the vehicle's lifecycle and
environmental stewardship. Together, these scenarios constitute the
comprehensive lifecycle management framework of electric vehicles,
which plays a pivotal role in assessing their overall environmental impact
and user satisfaction for academic and industry research purposes.

The categories for primary performance have also been broadly
defined. Upon review, most performance terminologies have been clas-
sified into overall performance, user experience, sustainability, and
economy. The interrelationships between these categories are illustrated
in Fig. 5.

In categorizing the primary performance of BEVs, overall perfor-
mance integrates critical factors such as power performance, which af-
fects capabilities such as acceleration and hill climbing. Efficiency
measures how well the BEV converts electrical energy to kinetic energy,
influencing energy consumption and vehicle range—the distance a BEV
can travel on a single charge. The charging speed impacts the vehicle's
daily usability by determining how quickly the battery can recharge,
whereas the battery lifetime indicates durability and value over time.
User experience in BEVs centers on how users interact with the vehicle,
covering usability for ease of operation, comfort in terms of physical and
acoustic conditions during use, and reliability, which ensures consistent
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Fig. 4. Scenarios and the components and processes included in the scenarios.
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Fig. 5. Primary performance classification.

performance and reduces the likelihood of failure. The economy concerns
the financial aspects of owning a BEV, including affordability or the
initial purchase cost, maintenance costs, which are generally lower than
those for conventional vehicles, and the total cost of ownership, which
accounts for all expenses from acquisition to disposal. Sustainability in-
volves evaluating the environmental impact of BEVs, particularly
through emissions, which are lower than those of traditional vehicles,
and recyclability, which focuses on the responsible disposal and material
recovery of components such as batteries at their end of life.

These performance categories offer a holistic framework for assessing
BEVs, spanning operational efficiency, user interaction, economic feasi-
bility, and environmental considerations. This approach aids in under-
standing the comprehensive benefits and challenges associated with
BEVs in promoting sustainable transport.

3.3. Component analysis and secondary performance metrics

This section is based on a simplified schematic diagram of a BEV,
referred to as Fig. 6, which focuses on the flow of materials and energy. It

includes key components such as the powertrain, charging systems, and
electrical conversion units. Additionally, external components such as
the direct current fast charging (DCFC) and the energy supply chain are
considered in charging scenarios. Electric passenger cars and BEBs share
similar key components, such as battery systems and electric motors, but
differ in scale and application. BEVs are equipped with smaller batteries
suited for personal use, whereas BEBs have larger batteries designed to
support heavier loads and longer operational times. Furthermore, BEBs
include more advanced cooling systems and drive systems tailored for
frequent stops and high passenger volumes in urban environments.
Various control systems, such as Thermal management systems (TMSs),
play a critical role in BEVs. However, owing to their complexity and the
multitude of components involved, these systems are not distinctly
illustrated in the diagram. Moreover, the presence and sophistication of
these systems are considered technical determinants in our research
framework and thus are not depicted as in some other documents.

In Fig. 6, the components are categorized by their functions. Part A
represents the BEV's power components, which work in combination to
drive the vehicle during operation. Parts B, C, and D represent different
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charging components that are primarily involved in the vehicle charging
process. Next, these components and the relevant processes are discussed
in detail.

3.3.1. Battery pack

The battery pack in BEVs is a critical component that directly in-
fluences the vehicle's range, cost, safety, and environmental impact
(Faraz et al., 2021). Lithium-ion batteries are predominantly used
because of their high energy density and longevity; lithium iron phos-
phate batteries are noted for their safety and stability (Wen et al., 2020);
nickel manganese cobalt batteries cater to long-range needs because of
their high energy density (Shafique et al., 2023; Sun et al., 2020); and
solid-state batteries represent a future technology with potentially
increased safety and energy density (Mandade et al., 2023). These bat-
teries are conFig.d in series or parallel to meet the desired voltage and
capacity, affecting overall vehicle performance and cost (Dhameja, 2001;
Offer et al., 2012). The battery management system (BMS) is crucial for
maintaining battery health and performance, managing charging and
discharging processes, controlling temperature, and monitoring states
such as capacity and voltage (Mishra et al., 2021). The design of a BMS
significantly impacts the operational efficiency and lifespan of the bat-
tery (Mishra et al.,, 2021). Battery degradation occurs over time,
decreasing performance and capacity. This degradation is influenced by
the number of charges—discharge cycles, operating temperatures, and
efficiency of the BMS (Timilsina et al., 2023). In practice, the perfor-
mance of batteries is significantly influenced by the environmental
temperature and driving behavior. This often results in discrepancies
between controlled laboratory tests and real-world outcomes, a phe-
nomenon that is both common and crucial to understand in the context of
BEBs (Guo et al., 2021; Han et al., 2019).

In 2017, Mahmoudzadeh Andwari et al. (2017) conducted a thorough
review of technological advancements in BEVs, identifying key impedi-
ments to their widespread adoption and crucial performance metrics of
BEV batteries such as energy density, power density, cycle life, and cost
per kilowatt hour. They also noted the importance of volume, safety,
energy efficiency, and self-discharge rates. A significant finding from
their review is the nonlinear relationship between battery capacity and
the BEV driving range; larger battery capacities do not linearly increase
driving ranges because the added weight affects vehicle efficiency.
Consequently, they suggest that energy density and power density are
more appropriate measures for evaluating battery performance, espe-
cially when considering advanced parameters such as the driving range
and road efficiency.

As the EV market evolves rapidly, battery technology continues to
advance. Future research will explore enhancing battery energy density,
extending lifespan, and reducing manufacturing costs (Fichtner et al.,
2022). Additionally, finding more environmentally friendly battery
recycling and processing methods remains crucial for addressing envi-
ronmental challenges (Fan et al., 2020). Through technological innova-
tion, BEV battery systems are becoming more efficient, safe, and
environmentally friendly.

3.3.2. Traction inverter

In electric vehicles, the traction inverter is a pivotal component that
transforms the battery's direct current (DC) into an alternating current
(AC), which is essential for driving the motor (Vijaya Sambhavi and
Ramachandran, 2023). This conversion not only enhances the motor's
efficiency but also provides the requisite speed and torque (Jelodar et al.,
2024). The design of the inverter, which typically utilizes efficient power
semiconductors such as insulated gate bipolar transistors (IGBTs) (All-
ca-Pekarovic et al., 2024) or metal-oxide—semiconductor field-effect
transistors (MOSFETs) (Shi et al., 2023), significantly affects the vehi-
cle's overall efficiency, power output, and range. These devices facilitate
rapid switching and are integral for implementing advanced control
strategies such as the maximum torque per ampere (MTPA) and opti-
mizing performance (Cheng et al., 2024). Additionally, the inverter
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includes DC-link capacitors and employs a liquid cooling system to
manage the heat generated from high-power conversion (Aviles et al.,
2023; Jorge et al., 2024). The three-phase voltage-source inverter (VSI)
topology is the prevailing operational architecture within traction in-
verters, where power devices play a crucial role (Vijaya Sambhavi and
Ramachandran, 2023). The operational principle of VSI involves modu-
lating six power switches to convert the DC input into three-phase AC
output, with each phase being 120° out of phase with each other, creating
an approximation of ideal sinusoidal AC waveforms (Kapustin and
Shchurov, 2023). This detailed modulation underscores the technical
nuances and concrete operational processes of the inverter, which are
critical for achieving optimal vehicle functionality. Electric passenger
cars and BEBs differ in their traction motor requirements, with BEVs
typically featuring smaller, efficiency-focused motors, whereas BEBs
require larger, more durable motors with higher power and torque to
accommodate heavier loads, frequent starts and stops, and extended
operational demands in urban environments (Blades et al., 2024).

For an in-depth understanding of these components and their in-
teractions, it is advised to consult specialized literature, such as the study
by Husain et al. (2021), which details the cost implications and opera-
tional dynamics of power devices in electric vehicle traction inverters,
highlighting their significant cost, which accounts for approximately half
of the drive system's expenses.

3.3.3. Electric motor/generator

The electric motor is an essential component for energy conversion in
electric vehicles and plays a pivotal role in vehicle operation. It is adept at
transforming electrical energy into mechanical energy, achieving con-
version efficiencies ranging from 70% to 95% (Chau et al., 2008).
Furthermore, during braking, the electric motor has the ability to recu-
perate mechanical energy back into electrical energy, contributing to the
overall efficiency of the vehicle. Within the realm of electric motors,
diverse types exist, including both DC and AC motors. BEVs predomi-
nantly utilize AC motors, which are available in three principal varia-
tions: induction motors, switched reluctance motors, and permanent
magnet (PM) brushless motors. Each type of motor presents a distinct set
of characteristics regarding structure, cost, reliability, efficiency, and
power density, thus offering various advantages and trade-offs that cater
to specific performance requirements and design considerations in BEVs
(Mahmoudzadeh Andwari et al., 2017).

Compared with traditional vehicles, BEVs are particularly well suited
to the stop-and-go driving conditions prevalent in large urban environ-
ments. Under such conditions, energy recovery capabilities, which are
commonly found in current BEVs, become highly beneficial. The energy
excessively released during transitions between motion and standing can
be recovered and utilized for subsequent acceleration (Pratico et al.,
2020). In contrast, internal combustion engine vehicles, owing to the
characteristics of their power systems, maintain a relatively constant
level of fuel consumption while driving, regardless of the vehicle's
stop-and-go movement. They lack the ability to automatically adjust
energy consumption in response to the driving conditions. As a result, the
energy consumption of internal combustion engine vehicles can be more
than triple that of electric vehicles. This dynamic emphasizes the
importance of technical factors, such as energy recovery systems, in
influencing the performance and efficiency of electric vehicles (Pratico
et al., 2020). Ruan and Song (2019) proposed a novel dual-motor two--
speed direct drive powertrain for BEVs that significantly enhances motor
efficiency and extends the driving range. Their design strategically di-
vides a single motor setup into two units, each equipped with fixed gear
ratios optimized for varying driving conditions. This approach is funda-
mentally geared toward maximizing operational efficiency across typical
driving scenarios.

3.3.4. Transmission
The transmission in BEVs is crucial for optimizing energy efficiency
and enhancing performance by effectively translating electric motor
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power into motion (Tian et al., 2023). BEVs can incorporate various
transmission types, such as single-speed and two-speed gear drives, along
with advanced continuously variable transmissions (CVTs) such as half
toroidal (HT), full toroidal (FT), and infinitely variable transmissions
(IVTs). These systems, as emphasized by Bottiglione et al. (2014), adjust
speed ratios to match the electric motor's efficiency map, which can
significantly enhance energy efficiency and extend the driving range.

Drivetrain configurations such as front-wheel drive (FWD), Rear-
wheel drive (RWD), and all-wheel drive (AWD) also play pivotal roles
in vehicle dynamics and cost effectiveness. FWD systems are economical
and suitable for urban driving but may struggle with handling under
high-speed or high-torque conditions (Zhou et al., 2023). The RWD offers
improved driving dynamics, which are ideal for performance cars,
although it may have traction issues in adverse conditions (Heydrich
et al., 2024). AWD provides excellent control and traction and is suitable
for both high-performance and challenging terrains but at the cost of
increased weight and increased expenses (Ruan et al., 2023). Thus, the
choice of transmission and drivetrain is vital in BEVs, influencing not
only their technical performance but also their overall vehicle efficiency
and suitability for different environments. This strategic selection en-
sures that BEVs meet various driving needs while maximizing their
operational effectiveness (Robinette, 2023).

3.3.5. Onboard charger

The integration of an OBC is crucial in BEVs, which are primarily
responsible for converting an external AC from the electrical grid into a
DC that can directly charge the vehicle's battery pack (Khaligh and
D’Antonio, 2019). This process not only ensures effective charging of the
battery but also helps extend its lifespan. According to standards set by
the society of automotive engineers (SAE), OBCs are classified into three
levels on the basis of their charging power: level 1 chargers offer a peak
power of 3.7 kW and are suitable for home use and slower charging
needs; level 2 chargers provide up to 22 kW of power, which is ideal for
faster charging in residential and commercial applications; and level 3
chargers utilize three-phase AC power, with capacities ranging from 22 to
43.5 kW, which are primarily used in commercial settings and rapid
charging stations (Pradhan et al., 2023). Khaligh and D'Antonio et al.
(2019) conducted a comprehensive review of the utilization, standards,
and categorization of OBCs for electric vehicles globally. Their research
also explored potential solutions for high-power OBCs in anticipated
usage scenarios, evaluating accessible metrics for various proposed
solutions.

3.3.6. DC-DC converter

In BEVs, DC-DC converters are pivotal for adjusting voltage levels
between the high-voltage main battery pack and lower voltage systems
such as lighting and entertainment systems. These converters are cate-
gorized into boost, buck, and buck-boost types, each serving different
voltage conversion needs (Turksoy et al., 2020). Additionally, they are
classified on the basis of electrical isolation into isolated and nonisolated
converters. Nonisolated converters, such as traditional and interleaved
boost converters, are preferred for their simplicity and cost-effectiveness
in low-to medium-voltage applications (Venugopal et al., 2023), whereas
isolated converters, such as full-bridge converters, are chosen for their
ability to provide electrical isolation and handle higher voltage gains
efficiently (EIMenshawy and Massoud, 2020).

Different DC-DC converter topologies are tailored to varying opera-
tional principles and power levels. For high-power applications (above
10 kW), the multi-device interleaved bidirectional DC-DC converter
(MDIBCQ) is optimal, offering low ripple, reduced electromagnetic inter-
ference, and high efficiency (Chakraborty et al., 2019). For lower power
needs (below 10 kW), converters such as the sinusoidal amplitude con-
verter (SAC) and Z-source DC-DC converter (ZVSC) are beneficial
because of their soft-switching capabilities and noise reduction ability
(Khan and Agrawal, 2023). In fast charging applications, technologies
such as the Vienna Rectifier and Multi-Interleaved Step-Down Converters
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ensure high efficiency and effective control (Chakraborty et al., 2019).
The advancement of wide bandgap semiconductor (WBGS) technology
further enhances power density, reduces costs, and extends the lifespan
of power electronics in BEVs (Chakraborty et al., 2019).

3.3.7. DC fast charger

In this study, the DCFC is analyzed as an external component of a BEV,
which is specifically designed to convert AC to DC and rapidly charge the
vehicle's high-voltage battery (Mateen et al., 2023). DCFCs provide
significantly more power than standard household chargers do, enabling
them to quickly charge a vehicle's battery to 80%, thereby increasing
convenience by reducing charging time (Feng and Khan, 2024). By
bypassing the vehicle's internal charger, DCFCs minimize energy con-
version losses and improve charging efficiency (Mahmud et al., 2023).

The key components of a DCFC system include an AC to DC converter,
a control system, a cooling system, and a user interface (Sawant and
Zambare, 2024). The AC-to-DC converter is crucial for effective power
conversion, whereas the control system regulates current and voltage for
safe and efficient charging and communication with the vehicle. The
cooling system prevents overheating, ensuring operational safety, and
the user interface facilitates user interaction, allowing monitoring of
charging status and management of payments (Xu et al., 2023).

Technological advancements in DCFCs, such as the adoption of wide
bandgap semiconductors such as silicon carbide (SiC) (Xu et al., 2023)
and gallium nitride (GaN) (De Seram et al., 2023), increase the conver-
sion efficiency and reduce the charger size. Multiport designs and intel-
ligent management systems for remote monitoring further improve
functionality and encourage the broader adoption of electric vehicles
(Bajpai et al., 2024). Importantly, in rapid charging scenarios, the
high-power levels required are typically managed by the integral AC-DC
conversion units within DCFCs, which provide significantly higher power
than that available from household electrical sources and on-board
chargers, thereby facilitating a faster charging process (Husain et al.,
2021).

3.3.8. Diversified charging solution

In addition to standard and fast charging, BEVs are supported by
several innovative charging technologies designed to increase conve-
nience and integrate with broader energy systems. Wireless charging is
one such technology, where vehicles are charged via electromagnetic
fields generated by a transmitter in the ground and a receiver in the
vehicle, allowing for cable-free charging while parked (Manivannan
et al., 2023). Battery swap stations offer another alternative, providing a
way to exchange a depleted battery for a fully charged battery within
minutes, akin to refueling a conventional car, which is particularly useful
for drivers in hurry or commercial vehicles that cannot afford long
downtimes (Tarar et al., 2023).

V2G technology is another advanced concept where BEVs can
contribute to grid stability by returning electricity to the network,
especially during peak demand times or when there is surplus renewable
energy (Straub et al., 2023). This system not only supports the electrical
grid but also potentially allows vehicle owners to gain financial benefits
through smart energy management.

Additionally, solar-powered charging is gaining traction, where solar
panels are used either to directly charge the vehicle's battery or to power
charging stations (Satheesan and Thankappan Nair, 2023). Some BEVs
are even equipped with built-in solar panels that provide supplementary
power, thereby extending the range and reducing the dependency on
traditional charging infrastructure. These diverse technologies collec-
tively expand the utility and appeal of BEVs, promoting their integration
into a sustainable and energy-efficient transportation future.

4. Integrative analysis

This section explores how various factors identified from the litera-
ture affect the performance of BEVs. Factors are categorized into
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environmental, technological, behavioral, and economic domains to
analyze their specific impacts and interactions. The determining factors
are categorized on the basis of their primary focus in the literature into
environmental, technological, behavioral, and economic factors. This
classification guides a detailed analysis of how each category affects BEV
performance metrics. Case studies are also used to demonstrate the real-
world effects of these factors on BEVs.

The decision to use this categorization rather than alternatives such as
scenario-based approaches stems from several advantages. This classifi-
cation scheme is broad and versatile and applicable across diverse
studies, enhancing the adaptability and relevance of our research. This
approach allows for clear identification of causal relationships and pro-
vides a thorough examination of how each factor influences BEV per-
formance. Additionally, this method can be easily updated to reflect new
research or technological changes, ensuring that the study remains cur-
rent. It also facilitates the effective communication of findings and sup-
ports the systematic management of complex data, ensuring accurate and
reliable analyses. This framework provides a robust basis for policy-
makers and industry stakeholders, helping them make informed de-
cisions and implement effective strategies.

While the determinants have been categorized on the basis of anal-
ysis, it is essential to recognize that the factors influencing the perfor-
mance of BEVs are multidimensional and complex (Philipsen et al.,
2019). Technological advancement remains the core driver of perfor-
mance improvements (Conway et al., 2021). However, other categories
of determinants, such as environmental (Al-Wreikat et al., 2021) and
behavioral (Giinther et al., 2019; Neumann et al., 2015) factors, can also
play significant roles. These factors may either act as primary factors or
surface-level elements or interact synergistically with technological fac-
tors (Loganathan et al., 2021).

For example, the study by Agrawal et al. (2016) sheds light on how
technical and behavioral determinants intertwine within the context of
traffic networks to affect the performance and route choice behaviors of
BEVs. Technical factors directly influence operational characteristics
such as energy consumption rates and the efficiency of regenerative
braking systems, which are crucial for determining viable route options.
Conversely, behavioral factors, which are influenced by drivers' percep-
tions of vehicle performance and economic considerations such as range
anxiety and energy costs, serve as surface-level elements that ultimately
impact route decisions (Neubauer and Wood, 2014). This interplay be-
tween technical determinants and behavioral responses provides valu-
able insights for traffic planners and policymakers to enhance the
integration and optimization of BEVs in modern traffic systems (Donkers
et al., 2020).

On the basis of the categorization logic established earlier in the text,
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all the articles that underwent an in-depth review were labeled. These
labels identify the various determinant categories and both major and
minor performance classes involved. On the basis of these labeled results,
a statistical analysis was conducted, and Fig. 7, a heatmap, was created to
display the frequency of discussions in the literature regarding the de-
terminants that affect BEV performance and their relationship with
performance outcomes. This not only highlights hot topics but also re-
veals areas where discussion is lacking.

For instance, technological factors are the most frequently discussed
determinants across all categories. In particular, the impact of techno-
logical factors on efficiency is the most extensively studied scenario.
Following this, the influence of environmental factors on emissions has
also received significant attention. However, although behavioral factors
have been explored in terms of efficiency and emissions, both behavioral
and economic policy determinants are relatively underdiscussed across
all performance categories. This analysis not only helps us understand
current trends and focal points in the research field but also highlights
areas that may require more attention in future studies. For detailed
statistical results and citation annotations, please refer to Table Al in
Appendix.

4.1. Environmental determinants

The performance and environmental impact of BEVs are significantly
influenced by a range of environmental determinants. These factors not
only dictate the operational efficiency and sustainability of BEVs but also
play crucial roles in shaping broader strategies for their integration into
automotive markets. This section reorganizes and synthesizes the
research findings to provide a comprehensive perspective and insights
into how environmental factors influence BEV performance.

4.1.1. Climate and regional environmental conditions

The influence of regional climate variations on BEV performance is
profound. Yuksel and Michalek (2015) reported that, compared with
milder climates such as the Pacific coast, colder regions such as the upper
Midwest in USA have increased energy consumption and a reduced range
of BEVs. Neubauer and Wood (2014) further highlighted that high
temperatures accelerate battery degradation, necessitating robust cool-
ing systems, whereas cold climates primarily challenge the efficiency of
cabin heating systems. Wei et al. (2022) added that in colder seasons, the
energy consumption rate (ECR) of BEVs increases by 39%, leading to a
30% reduction in the driving range, emphasizing the substantial impact
of temperature extremes on electric vehicle performance. Under adverse
weather conditions, studies indicate that the driving range can be
reduced by up to 37.8% when the temperature decreases from 10-16 °C
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to —6-0 °C (Rodrigues and Seixas, 2022). McGrath et al. (2022) analyzed
the influence of environmental factors on double deck battery electric
buses in four UK cities and demonstrated that variations in ambient
temperature and geographical location significantly affect energy con-
sumption, operational costs, and carbon emissions, with the bus range
decreasing by up to 26% over the lifespan.

The performance of BEVs is significantly influenced by environmental
conditions such as road grade, travel speed, and traffic conditions. Barco
et al. (2017) discussed how these factors affect a vehicle's acceleration
and deceleration rates, which in turn impact power consumption. The
longitudinal dynamics equations of motion they use consider aero-
dynamic drag, rolling resistance, and gravitational forces on hilly ter-
rains, illustrating how varied environmental conditions can directly
affect the energy consumption of BEVs. Jonas et al. (2022) illustrated
how traffic conditions can lead to additional energy consumption,
emphasizing the benefits of choosing less congested routes and times for
travel. In urban settings, the stop-and-go traffic and the distance to the
vehicle ahead also influence BEV performance, as these affect the vehi-
cle's aerodynamic drag and energy efficiency (Su and Chen, 2022).
Mamarikas et al. (2022) reported that urban traffic strategies such as
speed limitations can increase the energy efficiency of BEVs, whereas
congestion mitigation measures provide significant benefits, demon-
strating how traffic interventions can distinctly influence vehicle per-
formance across different types of engines. Compared with traditional
diesel buses, BEBs exhibit superior acceleration and deceleration capa-
bilities; however, their performance is significantly influenced by the
design of the driving cycles and changes in the road gradient (Tong and
Ng, 2023). Technical factors such as the design of the power system and
adjustments to the driving environment play crucial roles in the opera-
tional efficiency and adaptability of BEBs (Tong and Ng, 2023). Addi-
tionally, it is important to consider the emission of particulate matter
from tires and road wear, which varies according to the terrain over
which the vehicle travels. This aspect of environmental impact, often
overlooked, can be significant, especially in areas with rough or uneven
road surfaces where increased friction leads to higher emissions of these
particles (Gieré and Dietze, 2022).

4.1.2. Energy supply chain cleanliness and the renewable energy transition

The source of electricity used to charge BEVs plays a pivotal role in
determining their overall environmental impact. Studies by Tamayao
et al. (2015) and Yuan et al. (2015) illustrated that regions relying on
cleaner energy sources or renewable energy exhibit significantly lower
lifecycle emissions for BEVs. In contrast, regions that are dependent on
coal for electricity generation face higher emissions. This is supported by
Ke et al. (2017), who noted improvements in BEV efficiency in Beijing
with an increase in renewable energy in its electricity mix. Bauer et al.
(2015), Tran et al. (2012), and Campanari et al. (2009) reported that the
cleanliness of the energy supply chain is crucial for minimizing green-
house gas emissions throughout the lifecycle of BEVs. Furthermore, the
impact of the energy supply chain on BEV emissions/cost extends beyond
the simple calculation of grid carbon intensity. This process likely in-
volves factors such as marginal grid energy (Thomas, 2012) and charging
times (Li et al., 2023b). Essentially, the priority of electricity supply
varies by generation type, and BEV charging may not always utilize
cleaner energy, especially during peak demand times when fewer clean
power sources are more frequently used (Huber et al., 2021).

Wang et al. (2020) added that the lifecycle water usage for BEVs in
China is 50% higher than that in USA, largely because of a greater reli-
ance on hydropower in China. This finding emphasizes the importance of
transitioning to solar and wind energy, which can not only improve the
energy and water efficiency in BEV production but also support sus-
tainable development in the electric vehicle sector.

Koroma et al. (2022) demonstrated that transitioning to a higher
proportion of renewable energy sources in the electricity mix can
significantly mitigate the climate change impact of BEVs, resulting in a
9.4% reduction in climate impact. This transition not only reduces
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greenhouse gas emissions but also enhances the market presence of BEVs,
as highlighted by Choi et al. (2018), who suggest that a
renewable-oriented electricity generation mix strengthens the environ-
mental credentials of BEVs. Kawamoto et al. (2019) suggested that BEVs
can achieve lower life cycle emissions in regions where the electricity
grid relies less on coal and more on renewable energy sources.

4.2. Technical determinants

The performance of BEVs is significantly influenced by various
technical factors, including the optimization of powertrain components,
advanced energy management systems, and enhancements in thermal
management systems. This section provides a detailed analysis of these
technical aspects, demonstrating their crucial roles in improving BEV
performance and efficiency.

4.2.1. Battery and powertrain technologies

The key technological advancements and their impacts on the per-
formance of BEVs cover battery technology, power systems, battery
lifecycle management, and the associated environmental and economic
effects. The optimization of battery technology, including improvements
in cell and pack design and the use of thicker electrodes, is crucial for
increasing energy density and reducing costs, as noted by Sakti et al.
(2015). Basma et al. (2022) proposed a comprehensive framework for
battery sizing in BEBs that takes into account various operational con-
ditions and charging infrastructure needs, and they demonstrated
through a case study that urban buses often have unnecessarily large
batteries for rare extreme weather conditions. This approach not only
optimizes battery sizes on the basis of actual energy consumption but also
provides insights that are crucial for efficiently planning public transit
network electrification. Effective BMSs are essential for extending bat-
tery life and enhancing efficiency through optimized charging strategies
and thermal management, as highlighted by Neubauer et al. (2012) and
Neubauer and Wood (2014). Additionally, rapid charging technologies
not only accelerate the charging process but also may extend battery life
and usability under various climatic conditions (Neaimeh et al., 2017).
Ager-Wick Ellingsen et al. (2022) reported that the environmental per-
formance of BEBs is influenced by the choice of battery technology, size,
and charging methods, with smaller battery packs and fast charging
options such as lithium titanium oxide (LTO) showing benefits, whereas
larger packs and plug-in solutions present challenges. The efficiency of
power systems directly affects BEV performance; for example, advanced
rotor designs can reduce mechanical losses and increase efficiency
(Momen et al., 2016). Furthermore, the latest propulsion systems help
reduce greenhouse gas emissions throughout a vehicle's lifecycle
(Tagliaferri et al., 2016). Liu and Wang (2017) discussed the integration
of advanced wireless power transmission technologies in electric vehi-
cles, which allows for dynamic charging while driving, thus directly
enhancing the driving range and charging speed. Battery aging is a
complex phenomenon that affects the performance and range of electric
vehicles through multiple factors (Lehtola and Zahedi, 2021). Accurately
predicting battery health is crucial for enhancing vehicle efficiency and
prolonging battery life, which is necessary to maintain vehicle perfor-
mance (Zhang et al., 2023). Managing battery efficiency decay, such as
through refurbishment techniques, is also key to significantly extending
battery life, reducing replacement frequency, and easing the environ-
mental burden of new battery production (Koroma et al., 2022).
Advanced battery technologies may increase emissions during the
manufacturing stage but significantly reduce greenhouse gas emissions
throughout the entire lifecycle of BEVs (Tagliaferri et al., 2016). The
structure and material choices of batteries, such as anode materials, play
a critical role in lifecycle emissions and sustainability (Dunn et al., 2012).
In terms of battery recycling and prerecycling technologies, employing
techniques such as infrared (IR) measurement and gas chromatography—
mass spectrometry (GC-MS) can greatly increase recycling efficiency and
reduce the energy used in recycling processes (Prazanova et al., 2023).
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Kim et al. (2016) discussed the benefits of different recycling processes at
the end of the lithium-ion battery lifecycle, noting that direct physical
recycling can reduce the energy consumption of battery material pro-
duction by approximately 48% in a closed-loop system. Through these
technological advancements and management strategies, BEV perfor-
mance can be improved, battery life can be extended, and environmental
impact can be reduced, all while increasing consumer confidence in BEV
technologies. In addition to battery technology, other powertrain com-
ponents in BEVs are crucial for enhancing vehicle performance. Re-
searchers have focused on optimizing the topology of these components
to achieve higher efficiency, stability, and safety. The safety of BEBs
primarily hinges on technical factors such as battery design and man-
agement (Rodrigues and Seixas, 2022).

Traction inverters, for example, are vital because of their high power
density and efficiency, which directly influence vehicle dynamics
(Reimers et al., 2019). Researchers have innovated in the design of these
inverters to allow them to deliver significant power within a compact
space, which is crucial for reducing vehicle weight and conserving space,
thus enhancing overall performance (Anwar et al., 2015; Goli et al.,
2021; Poorfakhraei et al., 2021). High efficiency in inverters ensures
minimal energy loss during power conversion, maintaining optimal
vehicle operation. Similarly, advancements in DC-DC converters have
been targeted by different researchers to increase their efficiency and
reliability (Chakraborty et al., 2019). These converters are essential for
maintaining stable voltage levels across various vehicle subsystems,
ensuring efficient power management, especially in DCFC use (Hao et al.,
2021; Jyotheeswara Reddy and Natarajan, 2018; Venugopal et al., 2023).
Optimizing their topology has led to improved performance in terms of
energy conversion efficiency and operational stability, which is crucial
for the overall electrical system of BEVs and the range (Hao et al., 2021).
Yang et al. (2022a) explored the enhancement of BEBs through a hybrid
energy storage system that integrates batteries and supercapacitors,
employing an energy control strategy to mitigate pulse currents from
opportunity charging, thereby improving the battery lifespan and
extending the range. Transmission systems in BEVs, though simpler than
those in internal combustion vehicles, also benefit from research into
their optimization (Gao et al., 2022). By refining the structural design
and function of these systems, researchers aim to improve the energy
transfer efficiency and enhance the drivetrain responsiveness (Ruan
et al., 2016, 2018, 2019). This optimization directly impacts the accel-
eration, driving smoothness, and overall energy consumption of the
vehicle (Du et al., 2021; Xue et al., 2020).

These efforts underscore a broader trend in BEV development, where
the refinement of each component's topology through innovative
research contributes significantly to vehicle efficiency, stability, and
safety, thereby enhancing the user experience and environmental
benefits.

4.2.2. Vehicle dynamics and operational efficiency

Optimized charging infrastructure and strategies are crucial for
operational efficiency. The battery range optimization model (BROM) by
Zhou et al. (2020) shows how tailored charging strategies can satisfy
extensive travel demands. Additionally, the energy requirements of
connected and automated vehicle subsystems need efficient management
to optimize the overall energy and emissions footprint (Gawron et al.,
2018). Advanced route optimization and energy consumption models
can further address economic determinants, improving cost efficiency
and market penetration (Wang et al., 2018a). Technological capabilities
significantly shape the user experience. Familiarity with BEV range ca-
pabilities can alleviate range anxiety (Rauh et al., 2015), whereas
advanced transmission systems improve driving comfort and reliability
(Ruan et al., 2016).

Grunditz and Thiringer (2016) provided a comprehensive analysis of
how vehicle size, weight, motor performance, and battery specifications
affect energy consumption and performance metrics across different BEV
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categories. They emphasized that high-performance and sports BEVs
typically exhibit superior power-to-weight ratios and battery perfor-
mance, which are crucial for achieving outstanding speed and accelera-
tion and are vital for overall vehicle performance. Additionally, Brendel
et al. (2018) introduced a complex framework that integrates modules
for energy demand prediction, battery charge scheduling, and vehicle
selection. By performing discrete-event simulations with vehicle rental
data, they demonstrated that these technical strategies not only improve
charge scheduling but also significantly increase the efficiency and range
of electric vehicles.

Beddows and Harrison (2021) and Rangaraju et al. (2015) discussed
how regenerative braking and auxiliary energy systems not only reduce
particulate emissions but also increase energy recovery, with auxiliary
systems accounting for a significant portion of well-to-tank emissions.
Yuan et al. (2015) explored the effects of the rolling resistance and
aerodynamics on the driving range and emissions, indicating how these
factors critically affect BEV performance. Additionally, Forrest et al.
(2020) address the needs of heavy-duty BEVs, particularly the need for
higher charging rates and expanded charging infrastructure to efficiently
meet travel demands. Al Haddad et al. (2020) developed a genetic
algorithm-based control strategy for heat pump systems in BEBs, which
reduces energy consumption by 36% under both transient and
steady-state conditions. This strategy significantly enhances the driving
range of BEBs, especially in cold weather, by optimizing the system's
performance coefficient.

4.2.3. Advanced communication, charging, energy management, and safety
technologies

Research in the field of BEVs has significantly advanced the efficiency
and cost-effectiveness of these systems. Wang et al. (2018a, 2018b) and
Luetal. (2019) focused on optimizing travel routes, energy consumption,
and charging strategies, utilizing V2V communication to enhance
regenerative braking. These technological enhancements not only in-
crease energy efficiency but also improve the sustainability and cost
effectiveness of BEVs by reducing emissions and decreasing ownership
costs.

Although safety considerations in BEV discussions may receive less
public visibility, they are nonetheless vital (Aalund et al., 2021; Xu et al.,
2020). Topics such as structural integrity for crashworthiness and ther-
mal management systems designed to prevent battery fires are consis-
tently addressed by researchers and manufacturers, ensuring that safety
remains a cornerstone of BEV development (Zhang et al., 2018). Gawron
et al. (2018) reported challenges such as the increased weight and power
requirements of connected and autonomous vehicle (CAV) subsystems,
which can increase the overall energy and emission footprint by poten-
tially increasing aerodynamic drag. In terms of environmental impact
mitigation, Gryparis et al. (2020) and Ke et al. (2017) emphasized the
significant role of emission controls at power plants in reducing the in-
direct emissions associated with the electricity used for charging BEVs.
These improvements contribute substantially to the overall sustainability
of the electric vehicle ecosystem. Pei et al. (2024) demonstrated that the
performance and cost efficiency of electric bus transit systems are
significantly influenced by the type of charging infrastructure and
operational parameters, such as the fleet size and bus route characteris-
tics, with a focus on optimizing these factors to increase sustainability
and economic viability.

Furthermore, the development of cutting-edge charging and energy
storage technologies, such as wireless charging systems and advance-
ments in battery energy density, is critical for the future progress of BEVs.
Researchers such as Burd et al. (2021) and Mohamed et al. (2017)
highlight that these technologies are essential not only for reducing
battery costs but also for improving operational efficiency. By decreasing
the reliance on high-cost materials, these advancements play a significant
role in shaping the sustainability trajectory of BEVs, making them more
accessible and environmentally friendly.
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4.3. Behavioral determinants

Behavioral determinants play crucial roles in the performance and
acceptance of BEVs. These factors not only influence energy consumption
and emissions but also affect the user experience and vehicle choice.

4.3.1. Influence of driving behavior and route selection

The operational efficiency of BEVs is significantly affected by driving
behavior and traffic conditions. Fiori et al. (2018) utilized real-time GPS
data to analyze how different traffic scenarios affect BEV energy con-
sumption. Their findings indicate that faster routes increase energy
consumption, whereas congested and slower routes reduce energy con-
sumption because of regenerative braking systems. However, this comes
at the cost of longer trip durations and potential delays. Additionally,
Alvarez Fernandez (2018) emphasized that human driving patterns,
including aggressive driving, significantly affect BEVs' GHG emissions
and energy efficiency.

Driving behavior, particularly driver aggression, significantly impacts
the energy consumption and utility of BEVs, as identified by Neubauer
and Wood (2014). Such behaviors influence the battery temperature and
increase energy consumption rates, underscoring the need to adapt BEV
systems to various driving styles. Additionally, Liu and Wang (2017)
emphasized the role of user preferences in route selection, which affects
the practicality of BEV charging infrastructure. Bi et al. (2019) further
explored how optimal driving speeds, adjusted for seasonal temperature
variations, can enhance BEV efficiency, indicating that behavioral ad-
justments in driving speeds on the basis of environmental conditions are
crucial for optimizing BEV performance.

The study by Gawron et al. (2018) highlights how adopting driving
behaviors such as eco-driving and platooning can lead to substantial
reductions in energy consumption and greenhouse gas emissions, pro-
vided that these practices are effectively implemented. This finding
demonstrates the significant impact that driving behavior and route se-
lection have on the environmental footprint and efficiency of BEVs.
Hasan et al. (2020) demonstrated that eco-driving behaviors, charac-
terized by smoother velocity changes and controlled acceleration,
significantly enhance the energy efficiency and performance of BEBs by
optimizing energy management strategies and utilizing regenerative
braking.

4.3.2. Impact of behavioral adaptation and experience

Behavioral adaptation to BEV technology is critical for enhancing
vehicle performance. Neumann et al. (2015) reported that drivers tran-
sitioning from traditional vehicles to BEVs adapt to new eco-driving
strategies within three months, which significantly improves energy ef-
ficiency and reduces range anxiety. Rauh et al. (2015) further support
this finding by noting that experienced BEV drivers show less anxiety and
a more positive evaluation of the vehicle's range than inexperienced
drivers do. This suggests that familiarity with and comfort with BEV
technology can mitigate some of the initial drawbacks perceived by new
users. Giinther et al. (2020) explored how the application of persuasive
strategies, including feedback, gamification, and financial incentives, can
profoundly influence the energy consumption behaviors of BEV users.
These strategies encourage drivers to adopt more energy-efficient driving
habits, showcasing how behavioral modifications, facilitated through
engaging and rewarding interactions, can enhance the overall perfor-
mance of BEVs without relying solely on technical advancements.

4.3.3. Charging infrastructure and consumer behavior

The availability and perception of charging infrastructure also play
pivotal roles in shaping consumer behavior and vehicle performance.
Neaimeh et al. (2017) and Nykvist et al. (2019) noted that fast charging
options can alleviate range anxiety, potentially increasing daily driving
distances and encouraging the adoption of BEVs. This behavioral change
indirectly impacts the actual performance of BEVs as experienced by
users. Van der Meer et al. (2018) highlighted the importance of
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optimizing charging strategies by considering behavioral patterns, such
as the typical duration of workplace parking, to improve energy man-
agement effectiveness. Kostopoulos et al. (2020) emphasized the need to
adopt optimal charging practices, specifically maintaining the battery's
state of charge between 20% and 80%, to minimize losses and extend
battery life, necessitating behavioral adjustments from users. Mohamed
et al. (2017) analyzed how drivers respond to various charging rate
scenarios influenced by psychological pricing and grid demand and
suggested that aligning driver charging behaviors with grid capabilities
and pricing strategies can optimize energy usage and cost efficiency.
Additionally, Tamayao et al. (2015) highlighted that the timing of
charging, whether immediate or delayed, can significantly impact
emissions, with delayed charging often leading to higher emissions due
to the increased proportion of coal-fired power at night. This underscores
the environmental implications of charging behavior and the need for
strategic planning in charging infrastructure to mitigate such impacts.

Pelletier et al. (2017) and Yang et al. (2019) focused on advance-
ments in battery technology and charging infrastructure that have a
direct impact on the practical aspects of BEV usage. Pelletier et al. (2017)
discussed the relevance of empirical methods for developing capacity
fade equations, which are crucial for understanding and mitigating bat-
tery degradation. Yang et al. (2019) introduced the asymmetric tem-
perature modulation (ATM) method, which allows for rapid charging
while maintaining high battery capacity, significantly surpassing the
fast-charging targets set by the U.S. Department of Energy. These in-
novations not only improve the user experience by reducing charging
times and extending battery life but also influence consumer behavior by
making BEVs more appealing and practical.

4.4. Economic/political determinants

Economic and political determinants critically influence the perfor-
mance and cost-effectiveness of BEVs. These factors determine financial
support for BEV technologies, establish regulatory standards, and shape
governmental incentives, all of which directly affect the development,
operational costs, and consumer affordability of electric vehicles.

On the basis of a comprehensive review of the literature, it becomes
evident that the impact of policy and economic factors on the perfor-
mance of electric vehicles is challenging to define and correlate directly.
This difficulty arises because the influence of these factors is neither
straightforwardly linear nor precisely describable through conventional
mathematical models. It is widely accepted from the literature that these
factors predominantly affect the economic viability of electric vehicles.
The nature of this impact can be dual, manifesting as either positive or
negative, dependent on the characteristics of the policy or economic
conditions and subject to changes over time and across different contexts.
Consequently, the effects of policy and economic factors on electric
vehicle performance involve multiple dimensions and interact with other
variables in a nonlinear and complex manner, collectively shaping the
final outcomes. Furthermore, there is a pressing need for more stan-
dardized scientific studies to elucidate the relationships involved,
enhancing understanding and enabling more effective policy
formulation.

4.4.1. Cost dynamics and market impact

The total cost of ownership (TCO) for consumers includes three main
components: purchase cost, resale value, and operation cost, each of
which can be further subdivided (Grube et al., 2021). For BEVs, the
manufacturing cost primarily consists of the glider, drivetrain, and
autonomous system, whereas the operation cost predominantly arises
from fuel expenses and maintenance costs (Grube et al., 2021). As market
conditions evolve and the costs associated with different processes and
products in the supply chain change, the TCO of BEVs also fluctuates
(Schwab et al., 2022; Zhou et al., 2023). Notably, the battery cost rep-
resents the largest single expenditure in the manufacture of BEVs. The
cost of a battery depends on the types of essential materials used in its
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production and supply chains, reflecting the interplay between market
factors and battery technology (Duffner et al., 2020).

The economic viability of BEVs can be measured through various cost
calculations, including the TCO or the operational costs contained within
it, which are of interest to consumers, manufacturers, and stakeholders
throughout the supply chain. Considering the lifecycle of BEVs, different
processes and supply chain segments have varying impacts on costs.

Ledna et al. (2022) noted that strategic investments in manufacturing
technologies and future energy infrastructure are essential for reducing
the lifecycle costs and emissions of BEVs. Huang and Kockelman (2020)
analyzed how the profitability of EVCSs is critically dependent on the
charging fees they impose. These fees directly influence the TCO for
BEVs, affecting consumer adoption rates. Properly balancing these fees is
essential for maintaining electric vehicle charging stations (EVCS) prof-
itability while promoting broader BEV adoption. Konig et al. (2021) re-
ported that the declining price of batteries, which currently constitute
approximately one-third of the total vehicle cost, will drive down the
overall cost of BEVs, making them comparable to ICEVs by 2030. This
reduction in battery costs is pivotal, as it significantly influences the
affordability and market competitiveness of BEVs. Ecer (2021) argues
that more accessible pricing of BEVs could significantly increase their
market penetration. BEBs face significant cost challenges, with purchase
prices substantially higher than those of diesel buses, ranging from €350,
000 to €500,000 in Europe and $550,000 to $900,000 in USA, depending
on battery capacity and location (Rodrigues and Seixas, 2022). These
high costs are exacerbated by additional expenses for batteries, charging
infrastructure, and necessary upgrades to existing facilities, alongside the
need for substantial subsidies and incentives to offset initial investments.

4.4.2. Impact of financial incentives and cost reduction strategies

Financial incentives and cost reduction strategies typically manifest
in various policy forms, which vary by country (geographical differences)
and evolve over time (temporal differences). However, they can gener-
ally be summarized as aiming to reduce the costs of purchase and oper-
ation or to accelerate the construction of infrastructure. For instance,
USA offers tax credits of up to $7,500 for the purchase of eligible new
energy vehicles (Sheldon et al., 2023). Similarly, countries such as China
and those in Europe reduce the purchase costs of electric vehicles
through exemptions from purchase taxes, value-added taxes, or other
forms of subsidies (Ji et al., 2022; Siebenhofer et al., 2021).

Economic incentives, especially subsidies, have been critical in
making BEVs cost-competitive with ICEVs in China (Hao et al., 2014). As
these subsidies are phased out, the sustained market viability of BEVs will
increasingly depend on their inherent cost-effectiveness without reliance
on government support. U.S. federal PEV subsidies have effectively
increased electric vehicle adoption, with targeted incentives adapting
over time to consumer and market changes (Sheldon et al., 2023). The
$7,500 tax credit has notably increased PEV sales, although its impact
varies by consumer income level (Sheldon et al., 2023).

Clinton and Steinberg (2019) explored the economic effects of
state-level financial incentives on BEV adoption, emphasizing the sig-
nificant impact of direct purchase rebates on increasing BEV registra-
tions. Their analysis demonstrates that these rebates contribute to an
approximately 8% increase in new BEV registrations for every thousand
dollars of incentive, underscoring their effectiveness in promoting
cleaner, energy-efficient transportation options. Yan (2018) analyzed the
positive impact of tax incentives and cost reduction strategies on
lowering the price and total ownership costs of BEVs. By reducing
financial barriers through these incentives, BEVs become more accessible
and economically feasible for a broader range of consumers. Ouyang
et al. (2021) predicted that by 2025, small BEVs will achieve cost parity
with ICEVs, highlighting the pivotal role of government incentives. They
emphasized that robust policy support can effectively bridge the 31%—
36% projected decrease in BEV prices between 2020 and 2030, thereby
significantly influencing consumer adoption rates and the overall market
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trajectory for electric vehicles. Van der Meer et al. (2018) reported that
an energy management system (EMS) could significantly reduce charging
costs, influencing BEV adoption through lower operational costs.

4.4.3. Economic viability and production scales

The scale of production significantly impacts the economics of BEVs
by enabling economies of scale, which reduce per-unit costs through bulk
purchasing of materials, amortization of fixed costs, and enhanced pro-
duction efficiencies (Burd et al., 2021; Zhou et al., 2023). Larger pro-
duction scales also foster innovation and technology advancements,
improving the efficiency and reducing the operational costs of BEVs
(Zhou et al., 2023). Finally, increased production capacity enhances
market competitiveness, enabling manufacturers to offer more competi-
tive pricing and capture larger market shares.

Sakti et al. (2015) demonstrated that reaching production volumes of
approximately 200-300 MWh annually is crucial for achieving econo-
mies of scale in BEV manufacturing, which stabilizes unit costs. However,
they emphasized that further reductions in production costs, particularly
for larger BEVs, largely depend on optimizing design features such as
electrode thickness. By implementing these design changes, the cost per
kWh can be significantly reduced, from $545 kWh™! in smaller appli-
cations to $230 kWh™! in larger BEV configurations, illustrating the
profound impact of production scales combined with design optimization
on cost efficiency. Nykvist et al. (2019) suggested that if battery pack
costs drop to $150 per kWh, BEVs could compete in nearly half of the U.S.
market segments. Ruan et al. (2016) assess the economic viability of
multispeed transmissions in BEVs, concluding that they offer long-term
savings through lower electricity consumption.

5. Discussion

The performance of BEVs is influenced by a myriad of factors ranging
from environmental conditions to technological advancements, driving
behaviors, and policy frameworks. A comprehensive understanding of
these determinants is essential for enhancing the performance and sus-
tainability of BEVs.

5.1. Environmental influences

1) Temperature extremes: BEVs, including BEBs, are notably sensitive
to climatic conditions. Cold temperatures can reduce battery effi-
ciency and diminish the driving range as the battery capacity de-
creases, and more energy is required for heating the vehicle. This is
particularly significant in regions that experience severe winters
where a decrease in temperature can lead to substantial reductions in
battery performance. Conversely, high temperatures might accelerate
battery degradation, adversely affecting vehicle longevity and per-
formance. This is due to increased stress and potential thermal
management issues that may arise during operation in hotter climates
(Jaguemont et al., 2016; Yuksel and Michalek, 2015).

2) Geographical terrain: The performance of BEVs, including BEBs,

also varies with geographic features such as road inclination and

terrain roughness, which can significantly impact energy consump-
tion rates. Hilly or mountainous terrains require more power for
ascent, thereby reducing the overall range per charge cycle. Similarly,
uneven or rough surfaces can increase the energy demand because of
their lower rolling efficiency and higher mechanical resistance (Liu

et al., 2017; Perger and Auer, 2020).

Energy source: The environmental benefits of operating BEVs are

closely linked to the cleanliness of the electricity grid they utilize. In

regions where electricity is generated from renewable sources such as
wind, solar, or hydroelectric power, the positive impact on the
environment is considerably enhanced. This results in lower net
emissions and a smaller carbon footprint per vehicle. Additionally,
hidden factors such as the conditions of the marginal grid and the

3)
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timing of charging play crucial roles. For example, charging BEVs
during peak hours may lead to higher emissions if the marginal grid
relies on nonrenewable energy sources. Conversely, charging during
off-peak hours when renewable energy availability is greater can
further reduce the environmental impact (Huber et al., 2021; Thomas,
2012; Wang et al., 2020).

5.2. Technological advancements

1) Battery technology: Innovations in battery technology, such as
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increased energy density and faster charging speeds, are critical for
advancing the capabilities of both personal BEVs and BEBs. While
improvements in fast charging technologies significantly increase
convenience for personal BEVs, they are even more crucial for BEBs
because of their larger battery capacities and the need for quick
turnaround times in public transport schedules. Wireless charging,
while beneficial for personal vehicles, could revolutionize how BEBs
integrate into continuous public transit operations, potentially
allowing for on-route charging without the need for long stops
(Alamgir, 2017; Shafique et al., 2023).

Powertrain efficiency: Advances in electric motor and drive train
technologies have increased the efficiency and performance of BEVs.
For BEBs, the impact of these advancements is magnified because of
the heavier loads and longer operational hours typical in public
transport. Efficient traction inverters and optimized powertrain con-
figurations not only enhance vehicle responsiveness but also signifi-
cantly reduce energy consumption, which is paramount in
maintaining the economic and environmental viability of BEBs over
personal BEVs (Gao et al., 2022; Geiger and Bauer, 2023; Hao et al.,
2021).

Management systems and information communication: Advances
in electric motor and drive train technologies significantly enhance
the efficiency and performance of BEVs, including BEBs. Efficient
traction inverters, advanced motor designs, and optimized power-
train configurations not only improve vehicle responsiveness and
drivability but also reduce energy losses, which extends the driving
range and lowers operating costs. For BEBs, the integration of so-
phisticated energy and thermal management systems is essential to
meet the rigorous operational demands and safety standards of public
transportation. Additionally, V2V and vehicle-to-infrastructure (V2I)
communications play crucial roles in improving the reliability and
efficiency of BEBs by supporting better route management and
schedule adherence, features that are particularly vital for public
transit systems compared with personal BEVs (Chang et al., 2023; Lan
et al., 2016; Satheesan and Thankappan Nair, 2023).

Recycling technologies: The end-of-life processing of BEVs presents
significant environmental and economic challenges. These challenges
are amplified in the case of BEBs because of their larger batteries and
more complex systems. Effective recycling technologies and strategies
are therefore critical for minimizing the ecological footprint and
supporting the sustainability targets of public transport systems more
than personal vehicle applications do (Prazanova et al., 2023;
Rodrigues and Seixas, 2022).

5) Charging infrastructure: The design and operation of charging

infrastructure must cater to the specific needs of both BEVs and BEBs.
For personal BEVs, convenience and accessibility are key factors.
However, for BEBs, the focus shifts toward high-capacity, fast-
charging solutions that can be seamlessly integrated into bus depots
and along routes to support continuous operation. This infrastructure
must not only be robust but also capable of adapting to advancements
in battery technology and the growing demands of urban transit
systems, making it more complex than the infrastructure typically
required for personal vehicles (Donkers et al., 2020; Rodrigues and
Seixas, 2022; Xu et al., 2023).
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5.3. Behavioral and operational factors

1) Driving behavior: The efficiency of BEVs is significantly influenced
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by driving habits. Behaviors such as frequent rapid acceleration and
maintaining high speeds can lead to increased energy consumption,
whereas the adoption of eco-driving techniques can considerably
increase the overall vehicle range and reduce energy use. Eco-driving
involves smoother accelerations, maintaining steady speeds, and
optimizing the use of in-car energy-consuming features. Educational
programs and real-time feedback systems can guide drivers to adopt
these more efficient driving habits, thereby promoting a more energy-
conservative driving culture. This not only extends the battery life but
also contributes to the overall sustainability of BEV usage (Neubauer
and Wood, 2014; Neumann et al., 2015).

Charging behavior: Charging behavior also plays a crucial role in the
operational efficiency and longevity of BEVs. Optimal charging
practices, such as avoiding frequent full charging cycles and instead
maintaining the battery charge between 20% and 80%, can help
preserve battery health and extend its lifespan. Additionally, timing
the charging process during off-peak electricity hours can reduce
charging costs and lessen the load on the power grid. Governments
and utilities can encourage these practices by offering lower tariffs
during off-peak hours and providing information on the best charging
practices through educational campaigns (Patil et al., 2023; Rangar-
aju et al., 2015).

Maintenance practices: Regular maintenance and proper care
significantly influence the operational efficiency and durability of
BEVs. Unlike internal combustion engine vehicles, BEVs require less
frequent traditional maintenance but do need regular checks of their
electrical systems, battery health, and software updates. For BEBs, the
emphasis on maintenance is even greater because of their continuous
and demanding service schedules. Proactive maintenance ensures
optimal performance and can prevent costly repairs. Educational
outreach and service center initiatives can teach both personal BEV
owners and BEB operators the importance of regular check-ups and
how to maintain their vehicles properly, enhancing the driving
experience and maximizing vehicle lifespan and reliability for both
types of electric vehicles (Danilecki et al., 2023; McGrath et al.,
2022).

5.4. Policy and economic support

1) Regulatory support: Policies and incentives are crucial for moti-

2

3

—

—

vating both BEV adoption and technological advancement. Financial
incentives, such as subsidies and tax rebates, make BEVs more
affordable. For BEBs, specific incentives could include grants for
public transit agencies to update fleets or build infrastructure that
supports efficient operation. Stringent emission standards and regu-
lations for battery manufacturing and recycling not only encourage
cleaner production and sustainable practices for all BEVs but also
support the large-scale integration of BEBs in public transport systems
(Abdul Qadir et al., 2024; Du et al., 2019; Singh et al., 2021).
Infrastructure enhancement: Effective BEV adoption requires sig-
nificant improvements in charging infrastructure. While expanding
public charging stations benefits personal BEVs, BEBs need robust,
high-capacity charging solutions strategically located at bus depots
and key transit hubs. The integration of renewable energy sources in
these infrastructures can enhance environmental benefits and make
electric public transit more sustainable and appealing (Funke et al.,
2019a; Mastoi et al., 2022; Rodrigues and Seixas, 2022).
Technology and industry support: Advancing BEV technology ne-
cessitates strong government support in research and development,
particularly in batteries and drivetrain technologies. Policies
encouraging partnerships among automakers, tech companies, and
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universities can accelerate innovation and reduce costs. For BEBs, an
additional focus on durable components and systems designed for
high-use scenarios in public transportation can further strengthen the
BEV market and support economic growth in this sector (Hao et al.,
2024; Rissman et al., 2020).

4) Educational and public engagement initiatives: Public acceptance
and knowledge of BEVs can be increased through educational cam-
paigns and public engagement. Government-led initiatives should
aim to educate consumers on the benefits of BEVs and organize public
events such as expos and test drives to directly engage potential users,
fostering a supportive culture for electric mobility (Broadbent et al.,
2021; Huang et al., 2018).

In conclusion, the performance and sustainability of BEVs are influ-
enced by a multidimensional interplay of technological, environmental,
and behavioral factors. These determinants affect not only overall vehicle
efficiency and longevity but also passenger comfort and safety. Impor-
tantly, the impacts of these factors are not linear; rather, the combined
effect of multiple determinants often results in outcomes that are greater
or lesser than the sum of individual influences. Therefore, there is a
pressing need for more comprehensive evaluation systems and analytical
research to explore these factors in depth. This will enhance transparency
and facilitate better decision-making in the development and adoption of
BEV technologies, ensuring that all stakeholders, including policymakers,
manufacturers, and consumers, are well informed and collaboratively
engaged in advancing the field of BEVs.

6. Conclusions and future research directions

The performance and sustainability of BEVs are influenced by a
complex interplay of environmental, technological, behavioral, and
political-economic determinants. This review systematically categorized
and analyzed these factors to understand their impact across different
operational scenarios. While the majority of the literature on BEV per-
formance focuses predominantly on technological factors, which indeed
play a leading role, studies addressing environmental and behavioral
factors are less common. Discussions on political-economic factors are
even rarer, possibly owing to their more straightforward impact pro-
cesses. However, a comprehensive and intuitive evaluation system that
addresses these determinants holistically is lacking, and research
exploring the interdependencies among these factors is sparse, high-
lighting the complexity of the relationships between various elements
and performance outcomes.

Technological advancements in battery and powertrain efficiency,
coupled with environmentally conscious behaviors and supportive policy
frameworks, are crucial for enhancing BEV performance. Moreover,
geographical and climatic conditions significantly influence the opera-
tional efficiency of BEVs. Effective lifecycle management, including
strategies for battery recycling and reuse, has emerged as essential for
minimizing the ecological footprint of BEVs.

Addressing these diverse factors in a cohesive manner is imperative
for stakeholders, including policymakers, manufacturers, and consumers,
to foster the growth and acceptance of BEVs.

Given the gaps identified in the current literature and the complex
interdependencies of the factors influencing BEV performance, future
research should aim to do the following:
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1) Develop comprehensive evaluation models: There is a need for
more intuitive and comprehensive evaluation systems that integrate
technological, environmental, behavioral, and political-economic
factors. These models should facilitate the assessment of BEV per-
formance in a holistic manner, considering all relevant determinants,
including the distinct needs and operational contexts of BEBs, such as
their higher usage rates and larger battery capacities.

Explore interdependencies between determinants: Future studies
should delve deeper into the interrelationships among the various
performance determinants. Understanding these interdependencies
could lead to more effective strategies that leverage strengths and
mitigate the weaknesses identified across different factors.

3) Addressing environmental and behavioral research gaps: While
technological factors have been extensively studied, environmental
and behavioral factors require more attention. Research should focus
on how these factors influence BEV performance and user acceptance
and how they can be optimized to enhance sustainability.
Investigate political-economic influences: Although political—
economic factors have straightforward impacts, their detailed
mechanisms and effects on BEV adoption and performance are less
understood. Future research should explore how different policy
frameworks, economic incentives, and regulations can be designed to
support BEV deployment, with particular emphasis on the deploy-
ment of BEBs.

Enhance lifecycle management strategies: Further research is
needed on effective lifecycle management for BEVs, particularly
focusing on battery recycling and reuse. Studies should investigate
innovative methods to improve the ecological footprint throughout
the lifecycle of BEVs.

Human-centric approaches: Future studies should strive for greater
transparency and adopt framework-oriented approaches that are
human-centric. This focus will better understand and optimize the
complex dynamics of BEV systems, ensuring their viability as a sus-
tainable transportation solution.

2

—

4

—

5

—

6)

By addressing these directions, future research can significantly
contribute to optimizing the performance and reducing the environ-
mental impact of BEVs, furthering their role as a sustainable mode of
transportation.
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Appendix
Table Al
Statistics of determinants and performance in the literature review
Ref. Determinant Performance
Overall performance User experience Economy Sustainability Safety
Environmental ~ Technical Behavioral Economic/ Power Efficiency Range Charging Lifetime Usability Comfort Economic Recyclability
determinants determinants determinants political performance speed of viability costs
determinants battery/
BEV
Pei et al. (2024) v v v v v
Teng et al. (2023) v
Tong and Ng 4 v 4 4
(2023)
Kang et al. (2023) 4 v
Koroma et al. v v 4 4 v 4
(2022)
Chakraborty et al. v v v
(2022)
Yap et al. (2022) v/ v 4 v 4
Abdul-Manan etal. v/ v
(2022)
Ager-Wick v v
Ellingsen et al.
(2022)
Basma et al. v 4
(2022)
Coban et al. 4 v
(2022)
Tang et al. (2022) v v
Ahmed et al. 4 v
(2021)
Wei et al. (2022) v v 4
Mamarikas et al. v 4
(2022)
McGrath et al. 4
(2022)
Oubelaid et al. 4 4
(2022)
Rodrigues and v 4 v v v 4
Seixas (2022)
Rosch et al. (2023) v v
Wang et al. (2022) v v
Yang et al. (2022a) v v
Picatoste et al. 4 v
(2022)
Jonas et al. (2022) v v
Beddows and 4 4
Harrison (2021)
Tang et al. (2021) v
Burd et al. (2021) v v
Ouyang et al. v v
(2021)
Huber et al. (2021) v v v
Zhang et al. (2021) v v
Li et al. (2021) v v
Ahmed et al. v 4
(2021)
Yayan et al. (2021) v v
Kuntz et al. (2021) v v
Shelly et al. (2021) v
Wang et al. (2021) v v v
Kurz et al. (2021) v 4
Sankaran and v v
Venkatesan
(2021)
Lamantia et al. 4
(2021)
Hao et al. (2020) v 4 4
Hasan et al. (2020) v 4
Kostopoulos et al. v v
(2020)
Petrauskiené et al. v v
(2020)
v v
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Table A1 (continued)

Ref. Determinant Performance

Overall performance User experience Economy Sustainability Safety

Environmental —Technical Behavioral Economic/ Power Efficiency Range Charging Lifetime Usability Comfort Reliat Economic i issi Recyclability

determinants determinants determinants political performance speed of viability  costs
determinants battery/
BEV

Lobberding et al.
(2020)
Ambrose et al. v v 4
(2020)
Al Haddad et al. 4 v
(2020)
Scorrano et al. v v v 4
(2020)
He et al. (2020) v v v
Giinther et al. v v
(2020)
Zheng et al. (2020) v v
Figenbaum (2020) v v
Koroma et al. v v
(2020)
Kleiner et al. 4 v v
(2019)
Jenn et al. (2020)
Sayed et al. (2020)
Dong et al. (2020)
Chen and Rakha
(2020)
Itoh et al. (2020) v v
Rauh et al. (2020) v 4
Sankaran et al. v v
(2020)
Nykvist et al. v v
(2019)
Rupp et al. (2019)
Wu et al. (2019)
Bi et al. (2019) v v
Gao et al. (2019)

A N N

AN
AN
AN

AN
<
<
AN
<~
~

Ruan and Song
(2019)
Lu et al. (2019)
Bauer et al. (2019)
Ruan et al. (2019)
Upadhyayula et al.
(2019)
Sajadi-Alamdari v v
et al. (2019)
Baek and Chang v 4 v v
(2019)
Zhang and Zhuan 4 v v v
(2019)
Wu et al. (2018) v v v v
Van der Meer et al. v 4 v
(2018)
Gawron et al. 4 v 4
(2018)
Choi et al. (2018) v v

AN N

<
N
<

Alvarez Fernandez
(2018)
Peng et al. (2018) v v
Safari (2018) v v
Yan (2018) v v
Ahmed et al. v 4 v
(2018)
Wang et al. v v v v
(2018a)
Wang et al. v 4 4
(2018b)
Luk et al. (2018) v v
Eser et al. (2018) v
Ke et al. (2017) v v 4
Neaimeh et al. 4 4 v v
(2017)
Mohamed et al. v v
(2017)

<

(continued on next page)
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Ref. Determinant Performance
Overall performance User experience Economy Sustainability Safety
Environmental — Technical Behavioral Economic/ Power Efficiency Range Charging Lifetime Usability Comfort Reliability Economic Maintenance Emissions Recyclability
determinants determinants determinants political performance speed of viability ~ costs
determinants battery/
BEV
Barco et al. (2017) v 4 4 4
Korta et al. (2017) v v
Ruan et al. (2016) v v v v
Tagliaferri etal. v/ v v
(2016)
Agrawal et al. v v
(2016)
Momen et al. v v v v 4
(2016)
Arfa Grunditz and v v
Thiringer
(2016)
Juergens et al. v v
(2016)
Liu et al. (2016) v v v v
(Gopalakrishnan v v v
et al., 2017)
Schonknecht et al. v v
(2016)
Barreras et al. v 4 v v
(2016)
Sergi et al. (2016) 4 v
Tamayao et al. v v
(2015)
Rauh et al. (2015) 4 v
Sakti et al. (2015) v v
Rangaraju et al. v v v 4
(2015)
Yuan et al. (2015) v v v v v
Zhang et al. (2015) v v v v
Neumann et al. 4 4
(2015)
Li et al. (2015) v v
Jurkovic et al. v 4 4
(2015)
Neubauer and v v v v
Wood (2014)
Bottiglione et al. v v v
(2014)
Rothgang et al. v v v
(2014)
Hegazy et al. v v v v
(2013)
Neubauer et al. v v v 4 v
(2012)
Roscher et al. v v
(2012)
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