
Citation: Veza, I.; Syaifuddin, M.;

Idris, M.; Herawan, S.G.; Yusuf, A.A.;

Fattah, I.M.R. Electric Vehicle (EV)

Review: Bibliometric Analysis of

Electric Vehicle Trend, Policy,

Lithium-Ion Battery, Battery

Management, Charging Infrastructure,

Smart Charging, and Electric

Vehicle-to-Everything (V2X). Energies

2024, 17, 3786. https://doi.org/

10.3390/en17153786

Academic Editor: Pedro

Roncero-Sanchez

Received: 3 June 2024

Revised: 12 June 2024

Accepted: 13 June 2024

Published: 31 July 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Review

Electric Vehicle (EV) Review: Bibliometric Analysis of Electric
Vehicle Trend, Policy, Lithium-Ion Battery, Battery Management,
Charging Infrastructure, Smart Charging, and Electric
Vehicle-to-Everything (V2X)
Ibham Veza 1,* , Mohd Syaifuddin 1, Muhammad Idris 2 , Safarudin Gazali Herawan 3 ,
Abdulfatah Abdu Yusuf 4 and Islam Md Rizwanul Fattah 5

1 Centre for Automotive Research & Electric Mobility, Mechanical Engineering Department,
Universiti Teknologi PETRONAS (UTP), Seri Iskandar 32610, Perak, Malaysia; syaifuddin@utp.edu.my

2 School of Environmental Science, University of Indonesia, Jakarta 10430, Indonesia;
muhammad.idris21@ui.ac.id

3 Industrial Engineering Department, Faculty of Engineering, Bina Nusantara University,
Jakarta 11480, Indonesia; safarudin.gazali@binus.edu

4 College of Engineering, University of Liberia, P.O. Box 10-9020, Monrovia 1000, Liberia; yusufaa@ul.edu.lr
5 Centre for Technology in Water and Wastewater, School of Civil and Environmental Engineering, Faculty of

Engineering and IT, University of Technology Sydney, Ultimo, NSW 2007, Australia;
islammdrizwanul.fattah@uts.edu.au

* Correspondence: ibham.veza@utp.edu.my

Abstract: Electric vehicles (EVs) have seen significant growth due to the increasing awareness about
environmental concerns and the negative impacts of internal combustion engine vehicles (ICEVs). The
electric vehicle landscape is rapidly evolving, with EV policies, battery, and charging infrastructure
and electric vehicle-to-everything (V2X) at its forefront. This review study used a bibliometric analysis
of the Scopus database to investigate the development of EV technology. This bibliometric study
specifically focuses on analyzing electric vehicle trends, policy implications, lithium-ion batteries,
EV battery management systems, charging infrastructure, EV smart charging technologies, and V2X.
Through this detailed bibliometric analysis discussion, we aim to provide a better understanding of
holistic EV technology and inspire further research in electric vehicles. The analysis covers the period
from 1990 to 2022. This bibliometric analysis underscores the interplay of electric vehicle policies,
technology, and infrastructure, specifically focusing on developments in battery management and the
possibility of V2X technology. In addition, this bibliometric analysis suggests the synchronization of
international electric vehicle policy, advancement of battery technology, and promotion of the use of
EV smart charging and V2X systems. This bibliometric analysis emphasizes that the expansion of
EVs and sustainable mobility relies on a comprehensive strategy that encompasses policy, technology,
and infrastructure. This bibliometric analysis recommends fostering collaboration between different
sectors to drive innovation and advancements in electric vehicle technology.

Keywords: electric vehicle; bibliometric; EV policy; lithium-ion battery; EV battery management
system; EV smart charging; electric vehicle-to-everything

1. Introduction: Electric Vehicle and Bibliometric Analysis
1.1. Electric Vehicles: Sustainability, Technology, and Policy Impacts

In the sustainable transportation concept (Figure 1), the subject of electric vehicles
(EVs) with their opportunities and challenges has become one of the most prominent
issues [1,2]. Several key factors have influenced significant changes in the global outlook
on mobility [3]. One very important factor is the increasing awareness about environmental
concerns and the negative impacts of conventional or internal combustion engine vehicles
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(ICEVs) that operate on fossil fuels [4–6]. Internal combustion engine is a significant source
of air pollution that degrades the air quality in cities all over the world and carbon emissions
that contribute to climate change [7,8]. There is a growing urgency to implement sustainable
technologies and lessen the transportation sector’s environmental impact. Meanwhile, the
adoption of EVs has also been significantly influenced by economic benefits, such as lower
long-term operating and fuel expenses [9,10].
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Along with this awareness, there have been notable technological advancements in
electric motors and batteries that have made it possible to produce EVs with greater range
and efficiency [12,13]. Moreover, the development of more advanced and efficient battery
technologies has allowed EVs to have longer ranges of battery life, making them more
attractive to EV’s consumers [14]. Battery management is an important focus, ensuring
that vehicle batteries work optimally and have a long service life [15]. EV charging infras-
tructure continues to evolve to make it easier for vehicle owners to charge their vehicles
in various locations. Smart charging integrates smart technology to optimize charging
based on fluctuating energy demand and tariffs, which can reduce charging costs [16].
The technology has prompted major automotive manufacturers to invest in their own EV
research and development.

Support from governments around the world in the form of policies and incentives
that stimulate the adoption of EVs has also played an important role in the growth of
this trend [17,18]. Tax incentives, reduced licensing fees, and building better charging
infrastructure are some initiatives or steps that have been taken to encourage consumers
and vehicle manufacturers to adopt electric technology [19–21]. Recent trends in the EV
industry include several important aspects that contribute to the technological development
and adoption of EVs. Policy plays a key role in driving the growth of EVs with various
incentives, regulations, and emission reduction targets set by governments in various
countries [17,22,23]. With these various factors, the trend of EVs is increasing and is
expected to continue to grow in the future.

Another innovative solution for EVs has grown. Vehicle-to-everything (V2X), as
shown in Figure 2, is an advanced trend that connects EVs with their surroundings [24,25].
These include vehicle-to-grid (V2G) [26,27] which allows vehicles to contribute back to
the power grid electricity when it is not in operation mode, as well as vehicle-to-home
(V2H) [28,29] and vehicle-to-load (V2L) [30,31] which allow vehicles to charge or provide
power to homes or other devices. Vehicle-to-vehicle (V2V) networks refer to mobile nodes
that consist exclusively of moving vehicles communicating with one another. Vehicle-
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to-infrastructure (V2I) or vehicle-to-pedestrian (V2P) networks are created when mobile
vehicles engage with either roadside infrastructure or pedestrians [32,33]. When a vehicle
connects with IT networks and/or data centers, the network type is referred to as vehicle-
to-network (V2N) [32,34]. With all of this, the technology for electric mobility becomes
more sustainable and integrated. These trends reflect a shift towards future sustainability,
energy efficiency, and intelligent connectivity.
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Figure 2. Various vehicle-to-everything (V2X) technology.

1.2. Research Objective: Bibliometric Analysis of Trends in Electric Vehicles

This study reviews the most recent advancements in EV research and their trends
using bibliometric analysis. The bibliometric is a fascinating subject that offers quantita-
tive and objective insights into research trends, the patterns of scientific growth, and the
influence of scholarly works in a given field, such as business, engineering, medicine, and
policymaking [35–38]. Bibliometric studies help researchers, institutions, and policymakers
identify urgent research areas, measure the impact of scholarly work, and comprehend
the contributions of individuals, institutions, or nations in a knowledge domain through
meticulous quantitative analysis of the quantity of publications, citations, and collabo-
rations among researchers [39]. In addition, bibliometrics can also be used as a tool to
plan future research strategies, highlighting possible directions and trends in scientific
developments [40]. Although it can measure the impact and frequency of citations to a
publication, it is not always able to capture the exact context or relevance of those citations.
However, the limitation of providing a comprehensive picture of the true quality of a
scientific work shall be discovered in the content analysis.

1.3. Research Methodology

We present a practical methodology that outlines the steps involved in bibliometric
analysis. Öztürk et al. [41] proposed an applicable framework for the steps which should
be found in bibliometric research. Figure 3 shows the methodological outline of this
article. This study employs a comprehensive bibliometric analysis of the Scopus database
to investigate several keywords in the development of EV technology. The input phase
involves selecting Scopus for its extensive coverage and reliability, followed by a strategic
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search using selected keywords [42,43]. The search criteria include filtering for relevant
publications. The processing phase utilizes tools like VOSviewer version 1.6.20 to perform
citation analysis, co-citation analysis, co-authorship analysis, and keyword co-occurrence
analysis. These methods identify trends, key contributors, and research networks, while
thematic analysis groups related papers into key themes using clustering techniques.
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The output of this bibliometric analysis reveals significant findings, including key
trends in EV research, influential authors, and important publications. Visualizations such
as citation maps and network diagrams help interpret the data, highlighting developments
in policy implications, lithium-ion batteries, and V2X technologies. This study also pro-
poses future research directions and offers recommendations to foster innovation and
advancement in EV technology.

1.4. Novelty of the Study: Electric Vehicles and Bibliometric Analysis

Various review articles on EV incorporate bibliometric analysis in their studies using
the VOSviewer software. The previous studies dominantly reviewed the technological,
environmental, economic, and social aspects. Barbosa et al. [44] investigated the general
term of EV. They examined the most pertinent themes related to EVs with the keyword
“electric vehicle”. They presented related information on the key subjects covered in the
study, which included EVs and their emerging technologies. In the specific aspect of EVs,
Miah et al. [45] evaluated the energy management scheme (EMS) in EVs. They investigated
optimized EMSs for EV applications. Raboaca et al. [46] performed a classic analysis of
the management strategies to recognize the main research directions for designing an
optimal strategy.

As a main part of EVs, the thermal performance of a battery pack has a significant
influence on its durability, aging, and stability. Murugan et al. [47] investigated lithium-
ion batteries (LIBs) using bibliometric analysis. They reviewed the thermal management
system (TMS) of battery packs as one of the important research areas in EVs.

In regard to the economic aspect, Ayodele and Mustapa [48] examined life cycle cost
analysis (LCCA) articles on EVs. The LCC variation in the various EVs was found to be
dependent on a number of variables. Secinaro et al. [49] demonstrated the business model
choices for charging technologies, driver services, electricity management, commercial
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contracts, and plants. Soares et al. [50] analyzed the state-of-the-art EV supply chain to
identify trends for further studies and to find critical points.

In the social aspect, a thorough analysis was provided by Bhat and Verma [51], with
an emphasis on research from developing economies. They identified and categorized
individual characteristics and alternative attributes affecting EV adoption. According to
this analysis, the majority of the studies’ most consistent variables were psychological,
social, and performance-related. The previous works on EV bibliometric analysis are
summarized in Table 1.

Table 1. Summary of previous works on EV bibliometric analysis.

Author(s) Database
Limitation

Years
(Range)

Software Significant
Findings

Barbosa et al. [44] Web of Science 2000–2021
(22 years) VOSviewer

• EV publication has grown significantly in the
last 9 years.

• China is the leading country in EV research.
• Energies journal is the main publishing

periodical.

Miah et al. [45] Scopus 2010–2021
(12 years) VOSviewer The present obstacles and challenges related to EMSs

for EV applications.

Raboaca et al. [46] Web of Science 2010–2020
(11 years) VOSviewer

The most important factors to enhance performance
are related to efficiency, optimization, degradation,
systemic development, and fuel economy.

Ayodele and
Mustapa [48]

Web of Science
and Scopus

2001–2019
(19 years) VOSviewer

• A variation in the LCC of the various EVs was
observed to depend on several factors.

• EVs were found not yet competitive with ICEV
due to the significant cost of batteries.

Secinaro et al. [49] Scopus 2005–2019
(15 years) Biblioshiny

• The literature on business models for EVs is
exhaustive, and it focuses on business model
decisions for driver services, charging
technologies, commercial contracts, electricity
management, and plants.

• China, the USA, and Germany have led the
maximum number of these studies.

Soares et al. [50] Scopus 2018–2022
(5 years) Bibliometrix

• Risk management in the supply chain, raw
material supply, environmental impact, and cost
analysis are potential topics.

• The battery component was the most studied.

Murugan et al. [47] Scopus 2000–2021
(22 years) VOSviewer

• The TMS of LIBs has been rapidly growing and
has significant results.

• China is an active contributing country in this
research area.

• Tsinghua and Ontario Tech University have the
most individual and collaborative research and
review articles.

Bhat and Verma
[51] Scopus 2000–2021

(22 years) VOSviewer

The development and improvement of supporting
infrastructure, such as charging stations and service
facilities were identified to be a positive factor in
improving the adoption behavior by most of
the studies.
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From Table 1, it is clear that previous bibliometric analysis has not comprehensively
discussed electric vehicle trends, policies, EV lithium-ion batteries, battery management
systems, EV charging infrastructures, smart charging, and V2X in much detail. These
themes were chosen as the main factors of EV growth adoption in the world. Therefore,
this article reviews these themes to find out the trend of research.

2. Method: Bibliometric Analysis for Electric Vehicles

Broadus [52] defined that bibliometric is the process of analyzing published informa-
tion, together with their associated metadata, such as abstracts, keywords, and citations.
This analysis involves utilizing statistics to describe and establish connections between
these published works. Ninkov et al. [53] provided several key definitions of bibliometric
concepts, such as “Evaluative bibliometrics” and “Relational bibliometrics”. Evaluative
bibliometrics are used to describe the characteristics of published information. Relational
bibliometrics is a research method where researchers analyze shared metadata occurrences,
such as citations, keywords, and authors.

This paper specifically aims to analyze seven different keywords derived from the
term “electric vehicle” in the Scopus database. The study was undertaken in the year 2023,
and while the majority of publications are still in progress during this period, our reliance
is placed on data up until 2022, which have been fully documented. As an illustration, the
quantity of articles pertaining to V2X that were indexed in the Scopus database showed
a decline from 943 in 2022 to 671 in 2023. This drop can be ascribed to the incomplete
or insufficiently recorded data for the year 2023, rather than signifying a declining trend.
Therefore, we include studies up to 2022 only.

It is important to acknowledge that there are other elements that can lead to variations
in the number of publications. The variability in research output on an annual basis can
be attributed to several reasons, including the availability of financial resources, changes
in research trends, and occurrences of some unexpected events such as COVID-19, which
have the potential to disrupt research activities.

In our analysis, we refrained from implementing any search filters except for the
duration (32 years from 1990 to 2022 only). However, our attention was directed towards
the top 10–20 outcomes for each keyword, with the aim of offering valuable perspectives
on the prevailing research within the domain. The data collection period encompassed the
years 1990 to 2022, despite the fact that scholarly investigations on EVs may be traced back
as early as 1911.

The results were gathered from the Scopus database with the details shown in Figure 4.
The keyword “electric vehicle” yielded a total of 135,388 documents, “EV policy” produced
2038 search results, “EV lithium-ion batteries” generated 3463 documents, “EV battery
management systems” led to 3627 scholarly papers, “EV charging infrastructure” yielded
2442 documents, “EV smart charging” generated 2668 articles, and “V2X” resulted in a
total of 4164 documents.

To the best of the authors’ knowledge, the selected keywords are crucial in the field of
EVs and are important to be analyzed in bibliometric analysis for each keyword. The basic
technical keywords in the EV field are electric vehicle, battery, and charging infrastructure
which are fundamental in this technology. Then, it is expanded to lithium-ion battery,
battery management system, smart charging, and V2X as the development of EV technology.
Moreover, keyword policy is an issue in accommodating the adoption of EVs.

“Electric vehicle” represents the overarching concept of EVs, while “EV policy” re-
flects the regulatory environment and government incentives shaping EV adoption. “EV
lithium-ion battery” and “EV battery management system” are critical for improving
battery performance, efficiency, and safety, essential for widespread EV adoption. “EV
charging infrastructure” research focuses on developing efficient and scalable charging
solutions, addressing range anxiety, and supporting the growing number of EVs. “EV
smart charging” optimizes charging processes, reducing costs, and minimizing grid impact.
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“V2X” technology enhances communication capabilities in vehicles, grid stability, supports
renewable energy integration, and improves overall transportation efficiency.
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In the process of conducting our keyword analysis, we utilized the VOSviewer soft-
ware, a robust tool specifically developed for construction and visual representation [54].
VOSviewer was the predominant bibliometric software in terms of usage [55]. VOSViewer
offers a great network visualization and can load and import data from many sources [56].
These networks might have a range of components, including journals, researchers, or
individual publications. They are established based on several characteristics, including ci-
tation linkages, bibliographic connections, co-citation patterns, co-authorship partnerships,
and keyword associations.

To provide a comprehensive understanding of emerging trends in the field of EV, for
this keyword analysis, our investigation was specifically directed towards the examination
of the top 100 highly cited papers sourced from the Scopus database. The data were next
employed to generate a visual representation in the form of a map, which depicts the
frequency and interconnections of keywords. This was accomplished by following the
sequential procedure outlined in Figure 5.
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In the process of selecting thresholds, we established a minimum requirement of at
least 5 occurrences for each investigated keyword. In the case of the keyword “electric
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vehicle”, out of 1315 keywords extracted from the top 100 highly cited papers, 58 met this
occurrence threshold. For each of these 58 keywords, we calculated the cumulative strength
of their co-occurrence links with other keywords, and the keywords with the highest
total link strength were chosen. Similarly, for “EV policy”, out of 1421 keywords, 63 met
the occurrence threshold, while “EV lithium-ion battery” had 52 out of 1314 keywords
meeting the criteria. “EV battery management system” had 73 out of 1223 keywords, “EV
charging infrastructure” had 63 out of 1209 keywords, “EV smart charging” had 64 out of
1065 keywords, and “V2X” had 56 out of 1089 keywords that met the established thresholds.

3. Results and Discussion: Electric Vehicles and Bibliometric Analysis

The keyword “electric vehicle” serves as the foundational concept in the study of
EVs. It encompasses all types of vehicles that are powered by electric motors and batteries
rather than ICEV. Analyzing research papers on EVs provides a comprehensive view of the
technological advancements [57–59], market trends [60,61], consumer acceptance [62,63],
and overall impact on the automotive industry and environment [64,65]. This keyword is
crucial for identifying broad trends and major contributions in the field.

The “lithium-ion battery” is a critical component of EVs, affecting their range, perfor-
mance, cost, and safety. Research on lithium-ion batteries focuses on enhancing energy density,
reducing charging times, extending lifespan, and improving safety features [66–69]. This
keyword is vital for tracking technological advancements in battery chemistry, manufacturing
processes, and recycling methods.

The “battery management system” or BMS is crucial for monitoring and managing
the performance and safety of lithium-ion batteries [66,70]. A BMS ensures optimal bat-
tery operation by balancing cell voltages, managing thermal conditions, and preventing
overcharging or deep discharging. Research in this area aims to improve the monitoring,
protection, charging management, communication, diagnostic, and data management of
batteries [71].

The “charging infrastructure” is essential for supporting the widespread adoption
of EVs. It includes the development of charging stations, fast chargers, and integration
with the electrical grid. Research focuses on creating efficient, scalable, and accessible
charging solutions to address range anxiety and support the growing number of EVs
on the road [72,73]. Through the analysis of this keyword, it is possible to evaluate the
advancements and difficulties in establishing a strong charging infrastructure, identify
the top countries and firms in this field, and estimate the influence on the adoption rates
of EVs.

“smart charging” refers to technologies and strategies that optimize the charging
process to reduce costs, manage energy demand, and minimize the impact on the electrical
grid [74,75]. This includes load balancing, demand response, and time-of-use pricing.
Research in smart charging aims to make the charging process more efficient and cost-
effective for consumers and utilities [76].

The “V2X” technology enables electric vehicles to communicate with the grid, other
vehicles, infrastructure, and even homes [77]. This technology supports grid stability,
renewable energy integration, and overall transportation efficiency. Research in this area
explores how EVs can act as energy storage units, contribute to grid resilience, and enhance
smart city initiatives. V2X research can uncover significant advancements, implementation
tactics, and prospective effects on energy and transportation networks or communication.

The “policy” refers to the legislative and regulatory framework that influences the
development and adoption of EVs [78]. Policies include government incentives, subsidies,
tax rebates, emissions regulations, and infrastructure development plans [79–81]. Exploring
EV policy is essential for understanding how different regions and countries are promoting
EV adoption, the effectiveness of various policy measures, and how these policies impact
market growth and technology development. This keyword influences all aspects of EV
development and adoption.
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Analyzing these keywords using bibliometric methods provides a holistic view of
the EV technology. It helps identify current research trends, technological advancements,
policy impacts, and future directions. This comprehensive analysis guides policymakers,
researchers, and industry stakeholders in making informed decisions to accelerate the
transition to sustainable transportation and address the challenges associated with EV
adoption. The correlation among the seven keywords is depicted in Figure 6.
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As shown in Figure 6, “electric vehicle” indicates its core role, and arrows show the
direct influence and interdependence among the keywords. “Lithium-ion battery” and
“battery management system” are closely related, as BMS is crucial for battery performance.
“Charging infrastructure” is essential for practical EV use, supported by “smart charging”
for efficiency, and “V2X” represents the integration of EVs into broader energy and com-
munication networks, influenced by advancements in charging and battery technologies.
“Policy” influences all aspects of EV development and adoption.

3.1. Electric Vehicle Trend: Bibliometric Analysis Results

Electric vehicle research has witnessed exponential growth, with a significant surge in
publications in recent years, peaking at 16,434 documents found in the Scopus database in
2022 (Figure 7). This upsurge indicates the accelerating pace of innovation and research
in the field of EVs, aligning with the global push for sustainable transportation solutions.
The consistent increase in research output from 2010 onwards demonstrates the growing
importance of EVs in the transition to eco-friendly mobility to address environmental
challenges and reshape the automotive industry on a global scale.
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Electric vehicle research spans various subject areas, with the majority of documents
falling within engineering (101,128 documents) as shown in Figure 8. This indicates the
multidisciplinary nature of EV technology and its integration into diverse engineering
applications. Apart from the engineering domain, the energy sector is also another area for
EV research. Energy (42,742) research plays a critical role in advancing EVs’ sustainable
energy sources and systems, while computer science (31,730) reflects the computational
aspects of EV technology, including data analytics and optimization. Mathematics (20,093)
contributes to modeling and simulation, supporting EV design and performance predic-
tion. Furthermore, environmental science (14,549) underscores the broader sustainability
implications of EV adoption, while materials science (11,786) is essential for developing
advanced materials for batteries and vehicle components. The results above highlight the
interdisciplinary significance of EVs in reshaping transportation, energy systems, and envi-
ronmental sustainability, fostering innovation across a wide range of academic disciplines
and industries.
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Electric vehicle research is predominantly published as conference papers (66,903 doc-
uments) and articles (58,301) followed by reviews (3896) and book chapters (2369) as
illustrated in Figure 9. Furthermore, conference reviews (2212) provide insights into recent
EV developments, while notes (611), Short Surveys (388), books (316), and Editorials (131)
offer supplementary perspectives. The presence of Errata (88) and Retracted articles (64)
emphasizes the quality control and integrity of EV research. These diverse document types
indicate the relevance of EV technology across various scientific publications.

Electric vehicle research is disseminated across various sources (Figure 10), with SAE
Technical Papers (4710 documents) being a significant outlet. Energies (2503) also actively
publishes research related to EVs. Additionally, the Journal of Power Sources (1358) and
Applied Energy (1187) contribute to the academic and scientific discourse followed by IEEE
Access (1173). These results highlight the diverse publication landscape for EV research,
with various sources actively contributing to its advancement.
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Electric vehicle research shows global interest as depicted in Figure 11, with China
(35,601 documents) leading in terms of research output. The United States (23,858) closely
follows. India (9431) demonstrates growing interest in EVs to address urban mobility
and environmental challenges. Germany (8936), Japan (6738), and the United Kingdom
(6519) play pivotal roles in shaping EV technology in Europe and Asia. South Korea (5454),
Italy (5064), Canada (4514), and France (4125) also contribute significantly to the global
landscape, highlighting the collaborative and multidimensional nature of EV research.
These results indicate the international focus on EVs, which are considered a transformative
solution for reducing emissions and promoting eco-friendly transportation worldwide.
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Institutional engagement in EV research can be seen in Figure 12, with affiliations
such as the Beijing Institute of Technology (2532 documents) and Tsinghua University
(2369) taking the lead, underscoring China’s prominent role in advancing EV technology.
Tongji University (1382), the Ministry of Education of the People’s Republic of China
(1332), and Jilin University (1308) are actively contributing to research and development.
The involvement of prestigious institutions such as the Chinese Academy of Sciences
(1262), Shanghai Jiao Tong University (1131), and the Harbin Institute of Technology (1093)
further highlights China’s leadership in EV innovation. Chongqing University (1087) and
Southeast University (945) also play vital roles, emphasizing the global significance of
Chinese institutions in shaping the future of electric mobility.
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Electric vehicle research enjoys substantial funding as shown in Figure 13, with the
National Natural Science Foundation of China (9897 documents) taking the lead, reflect-
ing China’s commitment to advancing EV technology. The National Key Research and
Development Program of China (1668) and the National Science Foundation (1641) in
the United States are following as the significant contributors. The U.S. Department of
Energy (1519) further supports research and development in this area followed by the
Fundamental Research Funds for the Central Universities (1463). Initiatives like the Hori-
zon 2020 Framework Programme (1191) and contributions from the National Research
Foundation of Korea (1050), the European Commission (1006), and the Engineering and
Physical Sciences Research Council (934) in the UK emphasize the global recognition of EVs’
pivotal role in sustainable transportation and the need for substantial financial backing to
drive innovation and research efforts.
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Figure 14 and Table 2 present an analytical summary of the keywords associated with
electric vehicle trends. It specifically highlights the frequency of their occurrences and
the total strength of their links in a particular dataset. The term “occurrences” denotes
the frequency of each keyword in the dataset, whereas “total link strength” is the mea-
sure of the phrase’s significance or connection. The term “electric vehicles” is the most
commonly found and highly correlated keyword, suggesting its significant importance
in the dataset. Additional significant terms such as “lithium”, “lithium batteries”, and
“Secondary batteries” exhibit prominent frequencies and strong connections, underscoring
their significance in the realm of electric vehicles. This table comprehensively represents
the focus on several components of electric vehicle development, ranging from technical el-
ements such as “Electrodes” and “Electrolytes” to more general ideas like “energy storage”
and “electrochemistry”.
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Figure 14. Network visualization of important keywords for electric vehicle trends.

Table 2. Occurrences and total link strength for each keyword for electric vehicle trends.

Keyword Occurrences Total Link Strength

Electric vehicles 43 253

Lithium 30 244

Lithium batteries 23 149

Secondary batteries 16 129

Electrodes 13 116

Electrochemistry 15 114

Article 14 106

Energy storage 15 103

Electrolyte 12 102

Electrode 10 100

Priority journal 15 94

Electrolytes 12 90

Lithium compounds 9 88

Electric vehicle 16 85

Lithium-ion batteries 12 84

Ions 12 83

Automobiles 10 82

Lithium-ion battery 11 81

Fuel cells 14 76

Portable electronics 8 76

3.2. Electric Vehicle Policy: Bibliometric Analysis Results

Electric vehicle policy research has seen remarkable growth in recent years as shown
in Figure 15a, with a substantial increase in publications, peaking at 421 documents in
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2022. This surge in interest aligns with the global push for sustainable transportation
solutions and the recognition of EVs as a key component of future mobility. The consistent
upward trend from 2010 onwards demonstrates the increasing importance of EVs in policy
discussions and the transition to cleaner transportation.
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Figure 15. EV policy papers by year (a), subject area (b), document type (c), source (d), country (e),
affiliation (f), funding sponsors (g), and important keywords (h).

Electric vehicle policy research can be found in multiple subject areas (Figure 15b),
with engineering (1115 documents) at the forefront, reflecting the technology-driven nature
of EV adoption. Energy (888) plays a pivotal role in the policy discourse, as the transition
to EVs has profound implications for energy systems. Environmental science (477) also
shows the environmental considerations that underpin EV policies, while social sciences
(403) explores the societal and behavioral aspects of EV adoption. Computer science
(399) and Mathematics (226) contribute computational and analytical insights, facilitating
data-driven policy decisions. These results indicate the interdisciplinary nature of EV
policy research, thus highlighting the need for holistic approaches that integrate technology,
energy, environment, and social dimensions to advance sustainable transportation policies
effectively. Figure 15c shows that research on EV policy is primarily published as articles
(1199 documents), underlining the scholarly depth and practical significance of this field.
Conference papers (648) play a significant role in disseminating findings and facilitating
academic discourse, while reviews (97) critically assess policy developments and their
impact on EV adoption. Additionally, book chapters (64) and books (8) contribute to the
comprehensive knowledge of EV policy, while conference reviews (7) provide insights
into recent policy discussions. A small percentage is given by notes (7), Data Papers (3),
Editorials (2), Short Surveys (2), and Errata (1). This also underscores the rigorous quality
control and multidimensional approach of EV policy research, aiming to inform and guide
policy decisions effectively for the sustainable future of transportation.

Electric vehicle policy research is disseminated across various sources as shown in
Figure 15d, with Energies (64 documents) and Energy Policy (61) being prominent sources.
Sustainability Switzerland (50) showcases the importance of sustainability considerations
in EV policy development, while the Journal of Cleaner Production (44) and Applied Energy
(43) contribute next, highlighting the multidisciplinary nature of EV policy research. These
results illustrate the diverse publication landscape for EV policy research, emphasizing the
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need for comprehensive and well-informed policy frameworks to accelerate the adoption
of EVs and promote sustainable transportation solutions globally.

Research on EV policy is geographically diverse as can be seen in Figure 15e, with
China (548 documents) leading in terms of research output, reflecting the nation’s commit-
ment to EV technology and sustainable mobility solutions. The United States (349) actively
contributes to policy development, aligning with its role as one of the major players in the
automotive industry. The United Kingdom (182) and India (166) demonstrate a growing
interest in formulating EV policies to address urban mobility and environmental concerns.
South Korea (94), Italy (86), Germany (84), Canada (78), and the Netherlands (77) contribute
significantly, reflecting the global importance of EVs and the need for comprehensive and
context-specific policy frameworks to promote their adoption and integration into trans-
portation systems. These results highlight the international focus on EV policy research and
the recognition of EVs as a transformative solution for reducing emissions and fostering
sustainable urban mobility worldwide.

In EV policy research, institutions like Tsinghua University (66 documents) are at the
forefront, contributing significantly to policy development and analysis as illustrated in
Figure 15f. Additionally, affiliations with the Ministry of Education of the People’s Republic
of China (32), North China Electric Power University (32), and the Beijing Institute of
Technology (31) show China’s pivotal role in shaping EV policies and regulations. Other
institutions such as Delft University of Technology (20) and Politecnico di Milano (20) reflect
the global interest in studying and influencing EV policy. The participation of esteemed
universities like Seoul National University (19), Beijing Jiaotong University (19), and Tongji
University (19) further demonstrates the collaborative and interdisciplinary nature of EV
policy research, thus highlighting the importance of academia in informing policy decisions
to drive sustainable transportation solutions worldwide.

In terms of funding sources (Figure 15g), research on EV policy is supported by various
funding agencies, with the National Natural Science Foundation of China (246 documents)
playing a central role in advancing EV-related policies. The National Key Research and
Development Program of China (39) and the National Science Foundation (39) follow next.
Furthermore, the Fundamental Research Funds for the Central Universities (38) underscore
the role of academic institutions in shaping EV policies. Contributions from the Engineering
and Physical Sciences Research Council (26) in the UK, the U.S. Department of Energy
(26), and the Horizon 2020 Framework Programme (19) reflect global initiatives to drive
policy development for sustainable transportation. The involvement of institutions such
as the China Scholarship Council (18), the European Commission (17), and the National
Office for Philosophy and Social Sciences (16) further emphasizes the interdisciplinary and
international nature of EV policy research, aligning with the growing importance of EVs in
addressing environmental challenges and promoting clean mobility solutions worldwide.

Figure 15h and Table 3 present a concise overview of the frequency of keywords and
their corresponding total link strengths in relation to electric vehicle policy. The term
“electric vehicles” has the highest frequency and link strength, indicating a significant
emphasis on this topic in policy-related conversations or publications. The term “electric
vehicle” closely follows, further highlighting the concentration on these terms. The key-
words “Commerce”, “Energy policy”, and “electric vehicles (EVs)” are highly significant in
the context of electric vehicle policy, highlighting their relevance. The inclusion of terms
such as “costs”, “charging (batteries)”, and “vehicles” indicates certain focal points within
the policy framework. Moreover, the mention of “China” and “Economics” emphasizes
the geopolitical and economic aspects that are taken into account in electric vehicle legisla-
tion. The table highlights the significance of environmental factors such as “Greenhouse
gases” and “Carbon dioxide”, as well as broader concepts like “Transport policy” and
“Public policy”, demonstrating the wide array of factors involved in formulating electric
car policies.
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Table 3. Occurrences and total link strength for each keyword for electric vehicle policy.

Keyword Occurrences Total Link Strength

Electric vehicles 72 485

Electric vehicle 58 438

Commerce 23 205

Energy policy 30 187

Electric vehicles (EVs) 26 183

Costs 20 181

Charging (batteries) 22 152

Vehicles 18 151

China 17 140

Economics 14 114

Sales 13 105

Electric power transmission network 14 98

Greenhouse gases 12 96

Carbon dioxide 13 93

Electric automobiles 12 91

Secondary batteries 10 91

Transportation policy 10 91

Competition 11 89

Public policy 12 88

Electric vehicle (EV) 13 83

In the “policy” bibliometric analysis, the keyword “cost” is one of the significant
issues. Its impact on consumer adoption, battery expenses, infrastructure investment,
materials, manufacturing processes, and technological advancements [82–84]. The higher
initial purchase price of EVs compared to ICEVs can deter potential buyers, despite the
lower operating costs over time [85,86]. Batteries, being the most expensive component
of EVs, necessitate extensive research to reduce costs through advancements in materials,
chemistry, and manufacturing processes [87]. The cost and availability of raw materials for
batteries, such as lithium, cobalt, and nickel, are critical factors, prompting research into
alternative materials and recycling methods [88,89]. Efficient production techniques and
automation technologies are also vital for lowering manufacturing costs [90]. Furthermore,
understanding the economic impact of government incentives, such as subsidies and tax
credits, is crucial for reducing the effective cost of EVs [91,92]. Addressing the cost aspect
comprehensively ensures that EVs become more affordable and appealing to consumers,
supporting the overall expansion and viability of the industry.

3.3. Electric Vehicle Lithium-Ion Battery: Bibliometric Analysis Results

Research on EV lithium-ion batteries has seen remarkable growth as shown in Figure 16a,
with the number of articles steadily increasing over the years. In 2022, there were 623 publica-
tions, representing a surge in scholarly interest and investment in this critical technology. This
trend aligns with the global push for sustainable transportation and the pivotal role of lithium-
ion batteries in achieving it. The previous years also witnessed substantial contributions, with
487 articles in 2021, 392 in 2020, and 332 in 2019, showing a consistent upward trajectory. The
rise in research output is indicative of the growing importance of EV lithium-ion batteries in
addressing environmental challenges and the transition towards electrified mobility.
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Figure 16. Electric vehicle lithium-ion battery papers by year (a), subject area (b), document type (c),
source (d), country (e), affiliation (f), funding sponsors (g), and important keywords (h).

The majority of research on EV lithium-ion batteries falls within the domains of engi-
neering (1778 documents), energy (1338), materials science (1217), chemistry (1112), and
physics and astronomy (710) as depicted in Figure 16b. This distribution shows the multi-
disciplinary nature of battery research, involving materials development, electrochemistry,
physics, and engineering principles. Furthermore, the number of documents in the field
of environmental science (286 documents) and the growing interest from social sciences
(125 documents) in studying the societal and economic effects of electric vehicle adoption
demonstrate the importance of these batteries in tackling energy and environmental issues.
The significant presence of 61 documents in the field of decision sciences demonstrates the
increasing focus on enhancing battery management and making informed decisions regard-
ing energy policies. Collectively, the wide range of topic areas involved in the research on
EV lithium-ion batteries demonstrates the extensive and comprehensive efforts being made
to enhance this technology for sustainable transportation and clean energy applications.

Regarding the document type, the research on EV lithium-ion batteries is predomi-
nantly communicated through articles (2294 documents) as depicted in Figure 16c, showing
a significant emphasis on empirical studies and scientific contributions. Conference papers
(952) also have a notable impact, underscoring the significance of sharing information and
working together in this domain. Reviews (135) function as exhaustive synopses of the
current state of the field, offering useful perspectives on the existing body of knowledge.
The inclusion of conference reviews (34), book chapters (31), and notes (5) demonstrates the
various modes of academic discourse within the EV lithium-ion battery research commu-
nity. The diversity observed in this field is a direct result of its complex and interdisciplinary
nature. Various publications address diverse topics, ranging from fundamental research to
practical application and policy considerations.

Reputable sources actively discuss research on lithium-ion batteries for electric vehi-
cles, as evidenced by Figure 16d. The Journal of Power Sources, with 130 documents, is a
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prominent place for sharing important discoveries in this field. The interdisciplinary nature
of battery research, encompassing both chemistry and materials science, is exemplified
by The Journal of Physical Chemistry C (97) and Journal of Materials Chemistry A (87). The
journal Energies (82) emphasizes energy-related aspects, while Solid State Ionics (69) high-
lights the significance of ion conductivity in battery development. The results underscore
the extensive and profound scholarly efforts aimed at enhancing the performance and
sustainability of EV lithium-ion batteries, with a specific focus on materials, chemistry, and
energy-related subjects.

Figure 16e illustrates the geographical diversity of research on EV lithium-ion batteries.
China, with 1080 documents, is leading the way as one of the prominent global leaders in
EV production and technology advancement. The United States (571) maintains a strong
presence, driven by its commitment to EV innovation. India (403) signifies a growing
interest in EV batteries as the country transitions to cleaner transportation. Japan (235)
and the United Kingdom (209) show the global nature of battery research, while Germany
(202) contributes to the European expertise in this domain. South Korea (163) demonstrates
its role as one of the major players in the EV industry. France (117), Canada (109), and
Australia (73) highlight the international significance of EV lithium-ion battery research.

In EV lithium-ion battery research, notable affiliations include the Chinese Academy
of Sciences (109 documents) (Figure 16f), underscoring China’s prominent role in bat-
tery innovation, and the Ministry of Education of the People’s Republic of China (86),
reflecting strong government support. Tsinghua University (66) and the Beijing Institute
of Technology (47) contribute significantly to the academic pursuit of advanced battery
technologies. Furthermore, Argonne National Laboratory (47) represents U.S. expertise.
The Harbin Institute of Technology (39), Peking University (37), and Jilin University (34)
further emphasize China’s academic strength in this field. These results demonstrate the
multifaceted contributions from both academic and research institutions in advancing
lithium-ion battery technology for EVs, thus highlighting the global effort to enhance EV
performance and sustainability.

Research on EV lithium-ion batteries receives substantial funding support from various
sources as illustrated in Figure 16g, with the National Natural Science Foundation of China
(571) leading the way, highlighting China’s significant investments in battery technology.
The U.S. Department of Energy (101) plays a crucial role in advancing battery research in
the United States. Additionally, the National Key Research and Development Program of
China (82), the National Science Foundation (78), and the Fundamental Research Funds
for the Central Universities (74) demonstrate the global commitment to battery innovation.
The National Research Foundation of Korea (54) and the Engineering and Physical Sciences
Research Council (49) represent international collaboration in battery research. These results
emphasize the interdisciplinary and multinational nature of EV lithium-ion battery research,
reflecting the imperative to develop advanced battery technologies for the sustainable
future of EVs.

Figure 16 and Table 4 provide a comprehensive overview of the occurrence and im-
portance of keywords associated with battery management systems. Table 4 highlights
the prevalence of phrases connected to lithium-based technologies, such as “lithium”,
“lithium-ion batteries”, and “lithium-ion battery”, which rank highest in terms of both
frequency and link strength. The emphasis on lithium in contemporary battery technology,
particularly in relation to electric vehicles, underscores its crucial significance. Additional
noteworthy terms encompass “ions”, “electric vehicles”, and technical facets such as “Sec-
ondary batteries”, “lithium compounds”, and “battery management system”. The use of
terminology pertaining to battery components and operations, such as “Anodes”, “Cath-
odes”, and “charging (batteries)”, highlights the complex technical aspects and practical
factors involved in the battery management systems.
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Table 4. Occurrences and total link strength for each keyword for lithium-ion battery.

Keyword Occurrences Total Link Strength

Lithium 53 378

Lithium-ion batteries 50 365

Lithium-ion battery 41 327

Ions 38 307

Electric vehicles 39 298

Electric batteries 22 209

Secondary batteries 22 206

Lithium compounds 23 190

Electric vehicle 23 187

Charging (batteries) 23 186

Lithium alloys 19 179

Battery management system 18 177

Lithium batteries 27 165

High energy densities 13 118

Anodes 13 111

Electrodes 14 111

Cathodes 13 100

Stage of charge 12 100

Energy storage 13 93

Electric discharges 9 90

3.4. Electric Vehicle Battery Management System: Bibliometric Analysis Results

EV battery management system research has experienced substantial growth, with
733 documents published in 2022 as shown in Figure 17a, marking a remarkable surge
in recent years. The increasing trend underscores the critical role of battery management
systems in optimizing the performance and longevity of batteries in EVs. While prior years
also showed steady growth, 2022 stands out as a pinnacle year for battery management
system research, reflecting the growing significance of this technology in the advancement
of electric mobility. The data indicate that researchers and industries are actively exploring
innovative solutions for efficient and sustainable energy storage in EVs, aligning with the
broader goal of reducing emissions and promoting eco-friendly transportation solutions.

The EV battery management system research spans various subject areas, with the
majority of documents falling within engineering (2890 documents), energy (1782), and
computer science (1127) as shown in Figure 17b. These subjects highlight the multidis-
ciplinary nature of battery management system technology, which bridges engineering,
energy systems, and computational aspects for optimizing EV battery performance. Ad-
ditionally, Mathematics (754) plays a significant role in modeling and optimizing battery
management systems, while environmental science (341) reflects the broader sustainability
and environmental implications of this technology. The presence of battery management
system research in social sciences (279) and decision sciences (161) underscores the broader
societal and decision-making implications of its implementation.
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Figure 17c shows the document type of EV battery management system research. It
is predominantly published as conference papers (1884 documents) and articles (1547),
underlining the practical and academic significance of this technology. Reviews (105)
and book chapters (47) play a substantial role in aggregating knowledge and critically
evaluating the progress in battery management system. Additionally, conference reviews
(34) provide insights into recent developments, while books (6) and notes (2) offer supple-
mentary perspectives. This diverse distribution of document types signifies the various
nature of battery management system research, indicating its relevance across various
scholarly formats.

EV battery management system articles are distributed across various sources (shown
in Figure 17d), with Energies (162 documents) being a prominent source, emphasizing
its focus on energy-related research in this field. SAE Technical Papers (96) reflect the
technology’s integral role in the automotive industry. Additionally, Applied Energy (69)
and IEEE Access (65) contribute significantly, aligning with the multidisciplinary nature
of battery management systems. The Journal of Power Sources (55) follows next. These
results demonstrate the diverse publication landscape for battery management system
research, with various sources actively contributing to its advancement, ultimately shaping
the future of efficient and sustainable electric mobility.

EV battery management system research exhibits a global presence as depicted in
Figure 17e, with China (702 documents), India (581), and the United States (546) at the
three forefronts, reflecting their substantial contributions to the advancement of battery
management technology for EVs. The United Kingdom (218) and Germany (177) are also
actively engaged, highlighting Europe’s role in the field of battery management systems.
Canada (168), South Korea (167), and Japan (144) emphasize the international reach of
research in battery management systems, particularly in Asia. Italy (142) and Australia
(121) also contribute significantly to the global landscape.

Within the field of battery management system research, it is worth noting the signifi-
cant involvement and dedication of prominent institutions such as the Beijing Institute of
Technology (64 documents) and Tsinghua University (49) from China as shown in Figure 17f.
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Moreover, the Chinese Academy of Sciences (36) further highlights China’s substantial
presence and commitment to fostering battery management system innovation. Also,
institutions like Aalborg University (35) and Shanghai Jiao Tong University (32) follow next.
It is also worth noting that institutions such as the University of Wollongong, North China
Electric Power University, University of Warwick, Vrije Universiteit Brussel, and Indian
Institute of Technology Delhi have made significant contributions to the advancement of
battery management systems. These institutions have collectively produced a substantial
number of documents, with each institution having 29 or 28 documents, demonstrating
their commitment to fostering global collaboration in the pursuit of enhancing battery
management system technologies.

Research on EV battery management systems is well supported financially as illus-
trated in Figure 17g, with funding coming from various sources. The National Natural
Science Foundation of China (223 documents) stands as the primary sponsor, reflecting
China’s commitment to advancing battery management technology for EVs. The National
Science Foundation (54) in the United States plays a significant role, emphasizing the
nation’s focus on this crucial technology. The U.S. Department of Energy (49) further
supports research and development in this area. Additionally, the National Key Research
and Development Program of China (47), National Research Foundation of Korea (43),
Natural Sciences and Engineering Research Council of Canada (41), Engineering and Phys-
ical Sciences Research Council (40) in the UK, and other funders such as the European
Regional Development Fund (34) and Horizon 2020 Framework Programme (34) highlight
the international interest and recognition of the importance of battery management systems
in enhancing the performance and sustainability of EVs.

Figure 17h and Table 5 provide comprehensive examinations of the terms associated
with battery management systems, emphasizing their frequency and overall connection
strength in a particular dataset. “Electric vehicles” dominate the rankings in terms of both
frequency and connection strength, highlighting their pivotal position in conversations
around battery management. The prominence of “charging (batteries)” and “battery
management systems” suggests a significant emphasis on the charging procedures and
the managerial elements of batteries in electric vehicles. The term “electric vehicle” and
related terms such as “lithium-ion batteries” and “Secondary batteries” emphasize the
significance of battery technology in electric transportation. Additional noteworthy terms
encompass “Ions”, “lithium-ion battery”, and “electric batteries”, which pertain to the
intricate aspects of battery structure and operation. The use of phrases such as “energy
management”, “State of charge”, and “optimization” indicates the emphasis on maximizing
energy efficiency and optimizing battery performance in battery management systems.
The table comprehensively encompasses the several aspects of battery management in the
domain of electric vehicles, ranging from detailed technical details to more primary energy
and vehicle principles.

Table 5. Occurrences and total link strength for each keyword for battery management system.

Keyword Occurrences Total Link Strength

Electric vehicles 71 563

Charging (batteries) 47 425

Battery management systems 41 395

Electric vehicle 43 368

Lithium-ion batteries 37 368

Secondary batteries 36 327

Ions 23 242
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Table 5. Cont.

Keyword Occurrences Total Link Strength

Lithium-ion battery 26 239

Electric batteries 23 229

Vehicles 20 203

Electric vehicles (EVs) 21 202

Energy management 24 194

Lithium 15 178

Energy storage 19 174

State of charge 18 174

Optimization 17 154

Lithium alloys 10 133

Electric discharges 10 116

Lithium compounds 8 109

Electric power transmission network 11 108

3.5. Electric Vehicle Charging Infrastructure: Bibliometric Analysis Results

The number of articles related to EV charging infrastructure has exhibited significant
growth in recent years as can be seen in Figure 18a. In 2022, there were 515 documents,
marking a substantial increase from previous years. This trend reflects the heightened
global interest and investment in EV charging infrastructure as part of the transition
to sustainable transportation. The year 2021 saw 343 documents, indicating consistent
research and development efforts in the field. The years 2020 and 2019 had 266 and
258 documents, respectively, suggesting a steady upward trajectory. Notably, there was a
sharp increase in publications from 2016 onwards, with 158 documents in 2017 and 135
in 2016, demonstrating a turning point in the prominence of this topic. While there were
only a few publications in the early 2000s, the continuous rise in research output since then
underscores the growing importance of EV charging infrastructure in the context of electric
mobility and environmental sustainability.

The distribution of EV charging infrastructure articles across subject areas reflects a
multidisciplinary nature (Figure 18b), with engineering as the most prevalent category,
encompassing 1779 documents. This shows the prominent role of engineering disciplines
in advancing research and innovation in EV charging infrastructure. Energy and computer
science follow closely behind with 1111 and 786 documents, respectively, indicating the
significance of energy-related research and the application of computational methods in
this field. Mathematics also plays a substantial role with 444 documents, often involved in
modeling and optimization aspects. Social sciences and environmental science demonstrate
the interdisciplinary nature of the topic, reflecting the social and environmental implica-
tions of EV charging infrastructure deployment. Additionally, decision sciences, business,
Management and Accounting, and materials science are represented, highlighting the
economic and materials aspects of EV charging infrastructure. This diversified distribution
across subject areas highlights the comprehensive nature of research in this domain, where
technical, social, economic, and environmental dimensions intersect.
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Figure 18. Electric vehicle charging infrastructure papers by year (a), subject area (b), document type
(c), source (d), country (e), affiliation (f), funding sponsors (g), and important keywords (h).

The distribution of document types for EV charging infrastructure articles (Figure 18c)
reveals that conference paper is the dominant category with 1236 documents, highlighting
the substantial contribution of research presented at academic conferences. Article follows
closely behind with 990 documents, indicating the prevalence of peer-reviewed journal
articles in disseminating findings in this field. Reviews, book chapters, and conference
reviews also make significant contributions with 96, 80, and 18 documents, respectively.
The presence of various document types signifies the diverse range of scholarly outputs in
the study of EV charging infrastructure, from in-depth research papers to comprehensive
reviews and conference contributions, demonstrating the multidimensional nature of this
research area.

The source distribution of EV charging infrastructure articles indicates that Energies
stands out with the highest number of documents at 94, emphasizing its significance as a
publication outlet for research in this domain (Figure 18d). The World Electric Vehicle Journal
and Sustainability also contribute significantly with 65 and 40 documents, respectively,
highlighting their roles in disseminating knowledge related to EV charging infrastructure.
Applied Energy and IEEE Access further complement the research landscape with 33 and 32
documents, showing the multidisciplinary nature of this field and the diverse platforms
used to share findings and insights. This distribution reflects the broad interest and
collaboration among researchers and institutions worldwide in the field of EV charging
infrastructure.

The distribution of research on EV charging infrastructure articles by country/territory
highlights a global interest in this field as can be seen in Figure 18e. The United States leads
with 510 documents, showcasing its significant contributions to EV charging technology.
India (349) and China (303) also make substantial contributions, reflecting their commitment
to advancing EV adoption and infrastructure development. Germany (178) and the United
Kingdom (174) demonstrate strong European participation, while Canada (128) and Italy
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(105) further represent the global reach of EV charging research. This widespread interest
demonstrates the international effort to create efficient and sustainable charging networks
to support the growing EV market.

The affiliation landscape for EV charging infrastructure research showcases a diverse
set of institutions contributing to this field, as shown in Figure 18f. North China Electric
Power University leads with 36 documents, reflecting China’s dedication to advancing EV
charging technology. Politecnico di Milano (32) and Tsinghua University (28) represent the
Italian and Chinese academic communities, respectively. Aligarh Muslim University (25)
and the University of Northumbria (23) contribute from India and the United Kingdom,
respectively. This global collaboration shows the importance of a multi-faceted approach to
developing EV charging infrastructure to support the growing EV technology.

The funding landscape for EV charging infrastructure research (Figure 18g) is charac-
terized by a significant contribution from the National Natural Science Foundation of China
(116 documents), highlighting China’s leadership in this domain. The National Science
Foundation (66) and the U.S. Department of Energy (44) signify the United States’ commit-
ment to advancing this technology. The European Commission (30) and the Horizon 2020
Framework Programme (28) emphasize the European Union’s role in supporting research
in this area. These results demonstrate the global nature of EV charging infrastructure
research, with funding from various sources aimed at driving innovation and sustainability
in the transportation sector.

Figure 18h and Table 6 provide a concise overview of the frequency and overall
link strengths of the keywords associated with charging infrastructure, highlighting the
significance of these phrases. Electric vehicles have the highest frequency and link strength,
indicating their significant involvement in debates over charging infrastructure. The
frequent reference to “charging (batteries)” and “electric vehicle” highlights the emphasis
on the charging procedure and the infrastructure needs of electric vehicles. The use of
specific words such as “charging infrastructures”, “electric power transmission networks”,
and “vehicle-to-grid” implies a comprehensive examination of the several facets of electric
car charging, encompassing the wider network and integration with the grid. The inclusion
of phrases such as “optimization”, “Secondary batteries”, and “charging station” suggests
a specific emphasis on the efficiency and technological components of charging facilities.
Furthermore, the incorporation of “transportation infrastructure”, “smart grid”, and “costs”
indicates the economic and logistical factors involved in the development of charging
infrastructure. The table comprehensively represents the diverse characteristics of charging
infrastructure advancement for electric vehicles, including technological, economic, and
planning elements.

Table 6. Occurrences and total link strength for each keyword for charging infrastructure.

Keyword Occurrences Total Link Strength

Electric vehicles 84 545

Charging (batteries) 60 463

Electric vehicle 49 364

Charging infrastructures 35 270

Electric power transmission
networks 24 214

Electric vehicles (EVs) 28 191

Vehicles 20 174

Vehicle-to-grid 19 156
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Table 6. Cont.

Keyword Occurrences Total Link Strength

Optimization 18 150

Secondary batteries 17 149

Charging station 18 134

Transportation infrastructure 14 130

Smart grid 14 113

Costs 14 112

Electric vehicle charging 12 106

Charging infrastructure 13 103

Electric vehicle (EV) 14 97

Investments 12 92

Electric automobiles 12 84

Transportation planning 8 79

3.6. Electric Vehicle Smart Charging: Bibliometric Analysis Results

Smart charging research in the field of EVs has witnessed significant growth, with
a notable increase in publications in recent years as shown in Figure 19a. In 2022, there
were 392 documents, marking a substantial surge in research output. The trend indicates a
growing focus on optimizing EV charging infrastructure and technologies for improved
efficiency and grid integration. While prior years also saw steady growth, 2022 stands out
as a pinnacle year for smart charging research, reflecting the increasing importance of this
technology in the transition towards sustainable and grid-friendly EV adoption. The data
suggest that researchers and industries are actively exploring innovative solutions for EV
charging to meet the evolving needs of electric mobility.

The research on EV smart charging spans a broad spectrum of subject areas, with
the majority of articles falling within engineering (1843 documents), energy (1285), and
computer science (1258) as shown in Figure 19b. These subjects highlight the multidisci-
plinary nature of smart charging technology, which bridges engineering, energy systems,
and computational aspects for optimizing EV charging. Additionally, the presence of
research in Mathematics (588) emphasizes the analytical and modeling aspects of smart
charging. Social sciences (221), environmental science (173), and decision sciences (134)
reflect the broader societal and decision-making implications of EV smart charging. These
results underline the interdisciplinary significance of smart charging in transforming the
EV landscape, aligning with environmental goals, and shaping the future of sustainable
transportation systems.

EV smart charging research is predominantly published as conference papers (1522 doc-
uments) and articles (959) as illustrated in Figure 19c. This signifies the active dissemination
of research findings through academic conferences and scholarly journals, demonstrating
the practical and academic significance of smart charging technology. Book chapters (67)
and reviews (62) contribute to critically evaluating the progress in EV smart charging tech-
nology. The diverse distribution of document types, including conference reviews, books,
notes, and Data Papers, underscores the multifaceted nature of smart charging research.
This indicates the relevance of EV smart charging across various academic formats.
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Figure 19. Electric vehicle smart charging papers by year (a), subject area (b), document type (c),
source (d), country (e), affiliation (f), funding sponsors (g), and important keywords (h).

EV smart charging articles are dispersed across several journals, with Energies (103 doc-
uments) serving as a prominent source, reflecting its emphasis on energy-related research
as shown in Figure 19d. IEEE Transactions on Smart Grid (69) and IEEE Access (63) indi-
cate the significance of smart charging in grid integration and accessibility, aligning with
the evolving landscape of electric mobility. Additionally, Applied Energy (40) and Energy
(28) contribute to the broader energy sector’s interest in smart charging technology. The
results highlight the diverse publication landscape for smart charging research, with var-
ious sources actively contributing to its advancement, ultimately shaping the future of
sustainable electric mobility.

Figure 19e shows that EV smart charging research exhibits global interest, with China
(441 documents) and the United States (431) at the forefront, highlighting their commitment
to advancing EV infrastructure and technology. India (319) follows closely. The United
Kingdom (202) and Canada (173) also play significant roles, reflecting their dedication to
sustainable transportation. Germany (150), Italy (130), and Australia (98) contribute to
the European and Oceanian perspectives on smart charging, while South Korea (98) and
Portugal (85) underscore the global reach and collaborative nature of research in EV smart
charging. These results demonstrate the international focus on smart charging technology,
which is seen as pivotal in accelerating the adoption of EVs and promoting eco-friendly
transportation solutions worldwide.

Institutional involvement in EV smart charging research is widespread, with the
Technical University of Denmark (42 documents) and Universidade do Minho (37) making
notable contributions, indicating their expertise in the field as depicted in Figure 19f. North
China Electric Power University (35) and Tsinghua University (35) from China, alongside
the University of Northumbria (30) in the UK, actively engage in advancing smart charging
technologies. The Institute for Systems and Computer Engineering, Technology, and
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Science (29) is a key player in research and innovation. These affiliations, along with the
Ministry of Education of the People’s Republic of China (27), Aalborg University (27), and
Universidade do Porto (26), reflect global interest and emphasize the multifaceted nature of
smart charging research, with academic and institutional partnerships driving innovation
in sustainable electric vehicle charging solutions.

EV smart charging research receives substantial funding support, with the National
Natural Science Foundation of China (148 documents) taking the lead, demonstrating
China’s commitment to this technology as shown in Figure 19g. The National Science
Foundation (60) in the United States also plays a significant role, reflecting the nation’s
focus on smart charging solutions. The Engineering and Physical Sciences Research Council
(49) in the UK, along with contributions from the Horizon 2020 Framework Programme (39)
and Fundação para a Ciência e a Tecnologia (35) in Portugal, underscores the international
nature of funding initiatives. Moreover, the European Commission (34) and European
Regional Development Fund (32) highlight Europe’s financial backing for smart charging
projects. Funding agencies such as the U.S. Department of Energy (29) and the Natural
Sciences and Engineering Research Council of Canada (24) further support research and
development in this critical area, emphasizing the global recognition of smart charging’s
pivotal role in the transition to sustainable electric mobility.

Figure 19h and Table 7 specifically examine the frequency and overall strength of
connections between the phrases that are associated with smart charging, a crucial com-
ponent of electric vehicle technology. The term “electric vehicles” is the most frequently
mentioned and has the strongest connections, indicating its importance in conversations
about smart charging. The high prevalence of “charging (batteries)” shows a particular
focus on the charging component of EVs. The notable existence of “smart grid” and “elec-
tric power transmission networks”, in addition to “smart power grids”, highlights the
crucial significance of sophisticated grid technologies in the context of EV charging. These
concepts indicate a transition towards energy distribution systems that are increasingly
interconnected and sophisticated, which are crucial for the effective charging of electric
vehicles. The phrase “vehicle-to-grid” and its derivatives, such as “vehicle to grid (V2G)”,
emphasize the two-way exchange of energy between vehicles and the power grid, which
is a fundamental aspect of intelligent charging. The inclusion of phrases such as “opti-
mization”, “electric vehicle charging”, and “Scheduling” suggests a specific emphasis on
improving the efficiency and efficacy of the charging process. The table also encompasses
broader aspects of energy management and environmental considerations in the field of
smart charging for electric vehicles, including terminology such as “Secondary batteries”,
“renewable energy resources”, and “electric utilities”.

Table 7. Occurrences and total link strength for each keyword for smart charging.

Keyword Occurrences Total Link Strength

Electric vehicles 75 573

Charging (batteries) 58 487

Smart grid 46 407

Electric power transmission
networks 43 400

Smart power grids 39 343

Electric vehicles (EVs) 36 300

Electric vehicle 29 259

Vehicle-to-grid 27 222
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Table 7. Cont.

Keyword Occurrences Total Link Strength

Vehicles 23 220

Optimization 19 186

Costs 19 169

Electric vehicle (EV) 21 168

Electric power distribution 17 165

Electric vehicle charging 21 161

Scheduling 20 154

Secondary batteries 13 144

Renewable energy resources 14 137

Vehicle to grid (V2G) 11 117

Electric utilities 11 116

Energy management 11 115

3.7. Electric Vehicle Vehicle-to-Everything: Bibliometric Analysis Results

The term “vehicle-to-everything” (V2X) refers to technologies that allow vehicles to
communicate with different elements such as other vehicles (V2V), infrastructure (V2I),
networks (V2N), and pedestrians (V2P). This communication helps improve road safety,
manages traffic more efficiently, and supports the development of autonomous driving.

Figure 20a shows the trend of published papers with a keyword of V2X indexed by
the Scopus database from 1990 to 2022. A total of 4164 articles were found. Over the
past few decades, research and interest in V2X technology have seen remarkable progress.
In the early 1990s, V2X-related documents were relatively scarce, with just a handful in
1991 and 1992. However, as technology advanced and the potential applications of V2X
became more apparent, the number of documents began to grow gradually in the late
1990s and early 2000s. By the mid-2010s, there was a noticeable increase in V2X-related
publications, indicating an increased interest and recognition of its importance. The year
2016 marked a significant turning point, witnessing a substantial increase in the number of
documents published, which continued to rise in subsequent years. In 2020 and 2021, there
was a particularly noticeable surge, reflecting a growing emphasis on V2X technology as it
becomes increasingly relevant in the fields of transportation and communication.

V2X research spans a diverse range of subject areas as shown in Figure 20b, with the
majority of documents falling within computer science (3205 documents) and engineering
(2922). These numbers reflect the extensive interdisciplinary nature of V2X technology,
bridging computer science and engineering to develop innovative solutions for intelligent
transportation systems. Mathematics (929) plays a significant role in modeling and optimiz-
ing V2X communication and applications, while physics and astronomy (518) contribute
to the technical understanding of V2X systems. Moreover, the presence of V2X research
in social sciences (471) and decision sciences (407) highlights the broader societal and
decision-making implications of V2X technology.

V2X research is predominantly published in the form of conference papers (2498 doc-
uments) and articles (1321) as shown in Figure 20c. These document types signify the
active dissemination of V2X findings through academic conferences and scholarly journals.
Additionally, book chapters (120) play a significant role in aggregating V2X knowledge.
Conference reviews (95) and reviews (83) contribute to the critical evaluation and synthe-
sis of V2X research, while other document types such as Short Surveys (13), notes (12),
Editorials (8), and books (7) provide supplementary insights and perspectives.
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(c), source (d), country (e), affiliation (f), funding sponsors (g), and important keywords (h).

V2X research is prominently featured in various journals indexed in the Scopus
database as shown in Figure 20d. Notably, IEEE-related sources, including the IEEE
Vehicular Technology Conference, IEEE Access, IEEE Transactions On Vehicular Technology,
and IEEE Transactions On Intelligent Transportation Systems contribute the majority of these
documents (590 documents). The presence of 62 V2X-related papers in SAE Technical
Papers demonstrates the technology’s integral role in the automotive industry.

Figure 20e shows a global landscape of V2X research, with China leading with 944 arti-
cles, followed by Germany (570) and the United States (563). These numbers reflect China’s
notable investments in EVs and smart transportation. The presence of these three countries
as frontrunners signifies their strong automotive and technological sectors. South Korea
(326), France (262), the United Kingdom (232), Japan (197), Italy (195), Spain (194), and India
(191) also actively contribute to V2X research. This distribution of documents showcases
the widespread international interest in developing sustainable transportation solutions.

The provided affiliation data shed light on the institutions actively contributing to
V2X research in the Scopus database (Figure 20f). The Beijing University of Posts and
Telecommunications leads with 92 articles, followed by Huawei Technologies Deutschland
GmbH (61) and the Ministry of Education of the People’s Republic of China (56). These
affiliations highlight the significant role of Chinese institutions and tech companies in
advancing V2X technology. Other notable contributors include European institutions
such as Technische Universität Braunschweig, Technische Universität Dresden, and CNRS
Centre National de la Recherche Scientifique, underlining the international collaboration in
V2X research. The results reflect the global interest in V2X technology, with China’s strong
presence, both in academia and industry, emphasizing its commitment to V2X innovation.

V2X research receives substantial funding from various sources, with the National
Natural Science Foundation of China leading with 395 documents (Figure 20g). Horizon
2020 Framework Programme (191) and the National Key Research and Development Pro-



Energies 2024, 17, 3786 37 of 43

gram of China (103) are the next significant contributors. The European Commission (101),
National Research Foundation of Korea (99), and European Regional Development Fund
(86) demonstrate Europe’s commitment to V2X technology. Particularly, governmental sup-
port is evident, with organizations like the Ministry of Science, ICT, and Future Planning
(86) in South Korea, the National Science Foundation (86) in the United States, and the
Institute for Information and Communications Technology Promotion (82) in South Korea.
These results indicate the global recognition of V2X’s importance, with substantial funding
to drive innovation and research efforts in this transformative field.

Figure 20h and Table 8 display the frequency of keywords and the overall strength
of links in relation to vehicle-to-everything (V2X) technology. The primary keywords are
“vehicle to vehicle communications” and “vehicles”, highlighting a significant emphasis
on the communication component of vehicular technologies. The prominent existence of
the “5g mobile communication system” signifies the crucial role of improved telecommu-
nications in facilitating V2X interactions. Additional terms such as “intelligent systems”,
“intelligent vehicle highway system”, and “motor transportation” indicate a wider empha-
sis on incorporating intelligence and automation into transportation systems. The addition
of “wireless telecommunication systems” and “vehicular communications” underscores
the significance of wireless technology in enabling vehicle connectivity. The term “V2X”,
as well as related ideas such as “vehicular ad hoc networks” and “autonomous vehicles”,
emphasizes the dynamic development of vehicle communication systems. Furthermore,
the inclusion of “long-term evolution (LTE)”, “mobile telecommunication systems”, and
“IEEE standards” indicates the technological foundations and standardization endeavors
in V2X technology. The table comprehensively represents the diverse characteristics of
V2X technology, including communication, intelligence, and network security, throughout
contemporary transportation systems.

Table 8. Occurrences and total link strength for each keyword for V2X.

Keyword Occurrences Total Link Strength

Vehicle to vehicle communications 40 268

Vehicles 42 261

5g mobile communication system 29 158

Intelligent systems 21 144

Intelligent vehicle highway system 19 142

Motor transportation 17 132

Wireless telecommunication systems 18 131

Vehicular communications 14 107

Surveys 16 106

Long-term evolution (LTE) 14 102

Mobile telecommunication systems 15 102

V2X 18 101

Vehicular ad hoc networks 11 90

Autonomous vehicles 12 84

Intelligent transportation systems 13 78

IEEE standards 11 76

Dedicated short range communications 9 70

V2V 7 67

Network security 11 63

Roads and streets 7 61
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4. Conclusions: The Synergy of Electric Vehicle Policy, Battery Technology, Charging
Infrastructure, and V2X for Sustainable Mobility

In this paper, we have comprehensively reviewed EV trends, policies, lithium-ion
batteries, battery management systems, charging infrastructures, smart charging infras-
tructures, and V2X. EV publication has had exponential growth in recent years and the
potential to reach more than 20,000 articles by the end of 2024. This growth trend is in
line with global EV sales. Furthermore, the field of engineering and energy accounted for
over 50% of the subject area, indicating the expansion of EV technology. This phenomenon
shows that EVs are a hot topic in academia and industry fields. Nevertheless, there has
been limited exploration (~10%) of the social, economic, and environmental aspects of EV
research based on the subject area, despite its significance in determining the extent of EV
adoption within the community. Based on by country, China emerged as the leading coun-
try in EV research, with a total of 3700 published articles based on the selected keywords.
However, the United States maintained its dominance in the specific keyword “charging
infrastructure”. China has achieved a high level of proficiency in all areas of EVs, with a
particular focus on lithium-ion batteries, which have been the subject of over a thousand
research studies.

Our analysis has provided insights into the critical role of EV policies in shaping the
future EV technology. We have also investigated the advancement of battery management
systems, emphasizing its importance in enhancing the efficiency and durability of EV
batteries. In addition, we have examined the advancements in EV charging infrastructures,
with a specific emphasis on EV smart charging technologies. Ultimately, a thorough
evaluation has been conducted on the transformative capacity of V2X to revolutionize both
the electric vehicle and energy industries.

The analysis from the present study clearly demonstrates that the interplay of EV
policies, battery technologies, charging infrastructures, and new EV technologies is crucial
for the ongoing expansion and success of electric vehicles. A cohesive integration of EV
policies, cutting-edge battery technologies, charging infrastructures, and V2X communi-
cation is crucial for fully harnessing the capabilities of EVs and tackling the obstacles of
sustainable mobility.

5. Future Recommendations for Advancing Electric Vehicle Development and
Sustainability

To further the progress of EV development, several areas of focus have been identified
for future research. First and foremost, it is necessary to achieve harmonization of EV
policies. This entails the identification of optimal methodologies in the establishment
of EV policies with the aim of promoting global cooperation and establishing a uniform
regulatory framework that encourages the widespread use of EVs. Furthermore, research
on battery technology is crucial, with a specific emphasis on lithium-ion batteries, as well
as investigating other energy storage options in order to improve battery efficiency, safety,
and environmental friendliness.

Furthermore, the development of smart charging solutions is essential, prioritizing
grid integration and implementing real-time demand–response technologies to optimize
energy use and minimize peak loads. Ensuring the widespread adoption and standard-
ization of vehicle-to-everything technologies is important for seamless communication
between electric vehicles, infrastructure, and the grid.

Thorough evaluations of the environmental effects of EV adoption are also crucial.
These should encompass the examination of the life cycle of batteries and the evaluation
of charging infrastructures to ensure the long-term viability of sustainable transportation.
To promote the wider acceptance and successful integration of V2X technologies, it is
important to enhance the EV user experience by means of education and user-friendly
interfaces. Collaboration among automakers, energy providers, policymakers, and re-
searchers is essential to stimulate innovation, tackle difficulties, and expedite the shift
towards sustainable electric vehicle technology.
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All in all, the future of electric mobility is promising, but it relies on continued re-
search, innovation, and collaboration across various sectors. Addressing the outlined
recommendations will be instrumental in shaping a sustainable and electrifying future
mobility. Figure 21 shows the future recommendations from this study.
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BMS battery management systems
EV electric vehicles
EMS energy management scheme
ICEVs internal combustion engine vehicles
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