
sustainability

Review

Characteristics and Trends of Research on New
Energy Vehicle Reliability Based on the Web
of Science

Xian Zhao *, Siqi Wang and Xiaoyue Wang

School of Management & Economics, Beijing Institute of Technology, Beijing 100081, China;
wangsiqi1722@hotmail.com (S.W.); wxy0726@hotmail.com (X.W.)
* Correspondence: zhaoxian@bit.edu.cn; Tel.: +86-010-6891-8446

Received: 31 August 2018; Accepted: 25 September 2018; Published: 5 October 2018
����������
�������

Abstract: In order to satisfy the increasing energy demand and deal with the environmental problem
caused by the conventional energy vehicle; the new energy vehicle (NEV), especially the electric
vehicle (EV), has attracted increasing attention and the corresponding research has developed rapidly
in recent years. The electric vehicle requires a battery with high energy density and frequent charging.
In order to ensure high performance of the electric vehicle; the reliability of its charging system is
extremely important. In this paper; an overview of the research on electric vehicle charging system
reliability from 1998 to 2017 is presented from a bibliometric perspective. This study provides a
comprehensive analysis of the current research climate and the emerging trends from the following
four aspects: basic characteristics of publication outputs; including annual publication outputs and
document types; collaboration analysis of countries/territories; institutions and authors; co-citation
analysis of cited authors and cited references; co-occurrence analysis of subjects and keywords. By
using CiteSpace; the collaboration relationship; co-citation and co-occurrence networks are shown
clearly. According to the analysis results; studies in this research field will keep developing rapidly in
the near future and several future research directions are proposed in the conclusions.
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1. Introduction

Currently, the primary energy sources of the demand-supply cycle for transportation are still
petroleum products, such as compressed natural gas (CNG) and liquefied petroleum gas (LPG) [1].
However, these naturally available resources cannot satisfy the increasing energy demand, thereby
leading to much higher fuel prices for conventional energy vehicles. On the other hand, the exhaust
gas emitted by automobiles makes up a large part of the total greenhouse gas (GHG) emissions,
which can result in air pollution and global warming [2]. For example, in the urban areas of China,
the automobile exhaust, such as carbon monoxides, hydrocarbons, and nitrogen oxides, currently
comprises 70–80% of air pollution [3]. Therefore, scientists and researchers are devoted to developing
renewable energy vehicles to cope with the deficiency of natural energy reserves, the high fuel prices,
and the environmental problem [4–6]. Substantial research has been carried out in recent years [7–10].
The electric vehicle (EV), one of the most significant categories of new energy vehicles, has been
considered as a suitable replacement for the conventional energy vehicle [11,12]. EVs are usually
classified into three main categories: battery electric vehicles (BEVs), hybrid electric vehicles (HEVs)
and fuel cell electric vehicle (FCEVs) [13]. As a typical type of EV, a BEV has rechargeable battery packs
which store chemical energy, instead of an internal combustion engine (ICE), such as fuel cell or fuel
tank. An HEV involves both conventional ICE system and electric propulsion system, while an FCEV
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uses a fuel cell, instead of a battery, or in combination with a battery or super-capacitor, to power its
on-board electric motor.

Many countries have enacted encouragement policies to promote the development of the EVs
because of its energy saving and environmental friendliness. For example, the US Department of
Energy (DoE) published the EV Everywhere Grand Challenge Blueprint in 2013, which set the target that
every American family can afford a plug-in electric vehicle (PEV) by 2022. [14]. In China, the Industry
Development Plan of Energy Saving and New Energy Vehicles announced that the cumulative production
and sales volume of EVs were aimed to be at least 5 million until 2020 [3]. Germany launched a
campaign to put 1 million EVs on road by 2020 and planned to provide $705 million of financial
support [15]. Stimulated by such government support policies, EVs are increasingly favored by the
market [16]. For example, the sales of EVs in China exceeded 500,000 in 2016 [3], and it accounted
for 22% of the new car sales in the first quarter of 2015 in Norway [16]. The global market of EV is
1.7 million units in 2012, which is predicted to increase to 5.3 million units in 2020 [17].

The technologies of EV are still evolving, and the charging technology is one of the most important
ones. The EV requires a battery with high energy density to ensure enough mileage, so many studies
focus on the improvement of battery energy density [18–20]. However, due to the immature technology,
the energy storage capacity of an EV battery is limited and thereby frequent charging is needed.
Therefore, to satisfy different charging demands, the type of charge can be classified into three main
categories according to its charging speed: slow charging, fast charging, and rapid charging [21].
Additionally, the type of charge can also be classified into static charging and dynamic charging.
The static charging of EVs allows users to charge their vehicles at home or office parking [22], while
the dynamic charging is used to power the moving EVs [23]. Recently, the study of battery chargers for
EVs, especially for PHEVs, has received a lot of attention [24–26]. For instance, paper [24] developed a
novel on-board battery charger which can operate in two directions, with the objective of minimizing
the losses of power from/into the smart grid. Moreover, because of its convenience and efficiency, the
wireless charger for EVs or PHEVs has become a popular type of battery charger. A comparison of
characteristics of several different types of wireless chargers is discussed in [26]. However, the EV
battery and its frequent charging are often accompanied by many reliability problems. For example,
both the performance and life of the lithium-ion battery, which is widely applied for many EVs,
are affected by operating temperature. Specifically, the available energy of a lithium-ion battery at
−20 ◦C is only 60% of the room-temperature, while the high temperature will cause greater capacity
loss because of the amplified aging effects [27].

Considering that the charging system has an important effect on the performance of the EV,
high reliability of the charging system should be ensured. System reliability is a measure of how well a
system meets its design objective [28]. The general reliability can be divided into five parts: (narrow)
reliability, maintainability, testability, supportability, and safety. Reliability and maintainability occupy
a great part of the reliability theory. Reliability is usually defined as the ability of an item to perform
a required function under given environmental and operational conditions and for a stated period
of time [29]. As for maintainability, two primary maintenance strategies are preventive maintenance
and corrective maintenance. The proper application of maintenance strategies can improve the system
reliability and avoid some losses caused by unexpected failures [30–32]. Many studies related to the
electric vehicle charging system reliability have been conducted [33–36]. For example, the safety and
reliability problems were studied for different aspects in the research of wireless charging systems [37].
Additionally, a systematic charging service reliability evaluation algorithm for plug-in EVs from the
distribution network aspect was proposed [38]. Several studies relevant to maintenance policies are
presented as follows. An optimal operation and maintenance model of electric vehicle batteries in
smart grids considering vehicle-to-grid technology was studied [39]. A real-time estimation of battery
aging was presented to strengthen the most advanced eco-driving concept, and a corresponding
battery maintenance strategy is constructed for potential EV sustainability [40]. Another hot topic is
the optimal distribution of charging facilities [41–43]. For example, a hybrid algorithm was proposed
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to optimize the allocation (siting and sizing) of charging station infrastructure in a city of India, and this
algorithm led to better performance and improvement in the quality of solution compared with other
two algorithms [43].

In order to present an overview of the scientific outputs of electric vehicle charging system
reliability and analyze the hot topics, important articles, and emerging trends, the bibliometric
method is applied. Bibliometrics is a quantitative tool to analyze the patterns in scientific literature
to understand the knowledge structure and the emerging trends of a specific research area [44].
Bibliometric methods are used in many research fields to assess their patterns and emerging trends
in countries, institutions, journals, authors, topics, and keywords [45–48]. A visualization software
CiteSpace, which was invented in early 2004 by Professor Chaomei Chen, is used to visualize the
statistical results.

Several overviews of the electric vehicle and its charging system have been published [13,49,50].
However, few consider the reliability of the electric vehicle charging system, and such research only
overviews in a technical perspective instead of a bibliometric one. Therefore, a bibliometric review of
the research on electric vehicle charging system reliability from 1998 to 2017 is presented in this paper.

The rest of this paper is organized as follows. In Section 2, the bibliometric methods and the
process of data collection are introduced in detail. After retrieving the data, the bibliometric analysis
is divided into four parts. Firstly, the basic characteristics of publication outputs, including the
analysis of annual publication outputs, document types and journals, are presented in Section 3.
Secondly, the collaboration relationships of countries/territories, institutions, and authors are analyzed
in Section 4. Thirdly, the co-citation analyses of cited authors and cited references are discussed
in Section 5. Finally, the co-occurrence analyses of subjects and keywords are shown in Section 6.
Additionally, conclusions are presented in Section 7.

2. Methods and Data Collection

2.1. Methods

As introduced in Section 1, the bibliometric method is a useful approach to identify the emerging
trends and abrupt changes in a research field. It contains a series of quantitative methods to study
academic literature and develop the distribution patterns or internal relationship of a specific topic,
field, institute, or country [51]. In order to visualize the statistical results of the distributions of
authors, journals, institutes, countries/territories, references and keywords, many bibliometric analysis
tools can be used, such as HistCite [52], VOSviewer [53], Network WorkBench [54], DIVA [55] and
CiteSpace [56].

In this paper, CiteSpace V is chosen to perform the results of the analyses because of its outstanding
analytics and visualization capabilities as well as its free access. CiteSpace is designed and developed
as a useful tool to visualize and analyze the distribution patterns and emerging trends of scientific
literature [57]. Based on scientific publications, structural and temporal analyses can be provided and
visualized as different networks, including collaboration networks, author co-citation networks and
document co-citation networks. Visualization knowledge maps created by CiteSpace are composed of
nodes and links. Different nodes have different representations, involving institution, author, country,
cited reference, subject and keyword, while different links denote relationships of collaboration,
co-occurrence or co-citation. The nodes and lines have different colors, indicating different years [58].
Nodes with high centrality are indicated by purple rounds and can be considered as turning points or
landmarks in a research area [59].

2.2. Data Source and Retrieval

Web of Science is one of the most authoritative data bases used in bibliometric studies, and the
literature included in Web of Science has a longer time span than some other data bases such as Scopus.
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Therefore, Web of Science is more effective to analyze the overall development of a research field.
Based on this, we choose Web of Science to conduct our research.

The data used in the present study are downloaded from Web of Science on 2 February 2018 and
are collected from the following 6 databases in Web of Science Core Collection:

• Science Citation Index Expanded (SCI-EXPANDED)
• Social Sciences Citation Index (SSCI)
• Conference Proceedings Citation Index-Science (CPCI-S)
• Conference Proceedings Citation Index-Social Science & Humanities (CPCI-SSH)
• Current Chemical Reactions (CCR-EXPANDED)
• Index Chemicus (IC)

The main purpose of this study is to investigate the emerging trends of the search of electric vehicle
charging system reliability, so the search query can be divided into three parts: “electric vehicle”,
“charging system” and “reliability”. For each part, several similar or related terms are considered and
the details are presented in Table 1.

Table 1. Search terms.

No. Category Keywords

1 Electric vehicle “Electric vehicle” or “EV” or “electric car” or “electric automobile”

1.1 Battery electric vehicle “BEV”(Battery/Blade electric vehicle) or “PEV”(pure electric vehicle)

1.2 Hybrid electric vehicle “HEV” or “PHEV”(Plug-in hybrid electric vehicle)

1.3 Fuel cell electric vehicle “FCEV”

2 Charging system “Charge” or “recharge” or “charging” or “recharging” or “battery”

3 Reliability

“Reliability” or “mean time to failure” or “MTTF” or “availability” or
“mean time to first failure” or “MTTFF” or “mean time between
failures” or “MTBF” or “maintenance strategy” or “maintenance policy”
or “preventive maintenance” or “corrective maintenance”

According to Table 1, the search query is set as follows.
TS = ((“electric vehicle*” OR “EV” OR “electric car*” OR “electric automobile*” OR “BEV” OR “PEV”

OR “HEV” OR “PHEV” OR “FCEV”) AND (charg* OR recharg* OR batter*) AND (reliability OR “mean
time to failure” OR “MTTF” OR availability OR “mean time to first failure” OR “MTTFF” OR “mean
time between failures” OR “MTBF” OR “maintenance strateg*” OR “maintenance polic*” OR “preventive
maintenance” OR “corrective maintenance”)).

The maximum timespan in Web of Science is 1900–2017. However, only 50 records can be searched
from 1900 to 1997. Considering that this amount only occupies a small part of the total number and has
almost no obvious effect on the analysis results, the records from 1900 to 1997 are omitted. Therefore,
the research timespan is set as 1998–2017, i.e., the recent 20 years. Additionally, no language or
document type is restricted. The data are downloaded on 2 February 2018 and imported into CiteSpace
V for further analyses. The parameters of CiteSpace are set as follows: time slicing (from 1998 to
2017), years per slice (1), term source (all selection), node types (choose one at a time), selection criteria
(differ for each in order to obtain an optimal visualization), pruning (pruning sliced networks) and
visualization (cluster view-static, show merged network). As a result, a total of 1188 records are
retrieved from the databases. An overall methodology is shown in Figure 1.
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3. Basic Characteristics of Publication Outputs

3.1. Analysis of Annual Publication Outputs

A total of 1188 documents have been published in the selected databases from 1998 to 2017.
The annual number of publications is increasing over the past 20 years but with some fluctuations,
which can be seen from Figure 2. The lowest output appears in 1998 with only five publications, while
it reaches a peak in 2016 with 201 publications after the development of nearly two decades.
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Figure 2. The annual numbers of publications from 1998 to 2017.

Three development stages can be easily observed from Figure 2: a slow-growth period (1998–2007),
a steady-growth period (2008–2013) and a rapid-growth period (2014–2017). During the slow-growth
period, a total of 115 documents have been published in the 9 years spanning from 1998 through 2007,
which only accounts for 9.84% of the total amount. This indicates that the industry of electric vehicle
and its charging system grow slowly and insufficient research was carried out on the electric vehicle
charging system reliability during that period. However, the number of publications increased year by
year over the second period from 2008 to 2013. A reasonable explanation to this phenomenon is that
the outbreak of the financial crisis in 2008 has brought a turning point or a new opportunity to the
auto industry. The global financial crisis triggered a downturn of the real economy. In order to get rid
of the economic depression and revitalize the global auto market, developing new energy vehicles
was a common strategy choice for the auto industries of most countries. For example, the Chinese
government issued Auto Industry Restructuring and Revitalization Pan on 14 January 2009, which clearly
pointed out that China should possess 500,000 new energy vehicles in 2011. Similar policies were also
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carried out in many other countries. As a result, this significant transformation received increasing
attention of related researchers, and the publication outputs rose since then. Subsequently, it is
interesting to note that a sharp increase occurs in 2014, where the number of publications jumps
from 106 (2013) to 175 (2014) according to Figure 2. Then, the annual publications stay at a high level
exceeding 150. This phenomenon demonstrates that 2014 is a remarkable year in the development of
the electric vehicle and its charging system. In 2014, the demand of electric vehicles climbs up to a
new level with a considerable increase of available vehicle types. More than 100 types of Blade Electric
Vehicles (BEV) or Plug-in Hybrid Electric Vehicles (PHEV) are provided for customers all over the
world. In order to satisfy the needs of customers, it is extremely necessary to develop corresponding
charging system with high performance and reliability. Additionally, the efficiency and benefits of the
policies put forward during the past five years (2008–2013) begin to show up and reach a summit in
2014. Due to the above two aspects, relevant researches increase rapidly over this period. However, a
decline occurs in 2017, although it still keeps high. It can be reasonably speculated that the relevant
research researches a choke point and more efforts are needed to break through.

As for the developing trend, a sustainable growth of the annual publication outputs is expected in
the near future. In 2017, many countries have issued compulsory policies to stimulate the development
of the new energy vehicles in the international market. Several illustrations are introduced as follows.
The USA has enacted legislation that requires 4.5% of all vehicles sold in 2018 to be “zero emission
vehicle” (ZEV). This amount is supposed to keep increasing and attain 22% in 2025. The European
emission standards stipulate that the average emissions from a new car must not exceed 95g per kg
until 2021 for each European Union country. Otherwise, a penalty of hundreds of millions of euros is
required. In conclusion, the development of new energy vehicle is still in a rapid growth stage and
the potential increase can be foreseen. In order to obtain the developing trend scientifically, a simple
statistic regression analysis is used. With the help of Excel, the optimal fitting curve is gained and
identified to be a parabola following the equation y = 0.8811x2 − 3527.7x + 4 × 10−6 with R2 = 0.918,
as shown in Figure 3. Obviously, the amount keeps going up in the next two years according to the
fitting curve, and this forecast conforms the practical situation introduced above.
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3.2. Analysis of Document Types

According to Web of Science, the document types mainly concentrate on three categories: articles
(627), proceedings papers (559), and reviews (54). Considering that the document types of some
publications can be identified as both articles and proceedings papers in the Web of Science, it is
reasonable to recalculate the amounts: both articles and proceedings papers (524.38%), articles (575,
48.40%), proceedings papers (507, 42.68%), and reviews (544.55%), as shown in Figure 4.
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According to Web of Science, the article (including those identified as both article and proceedings
paper) with the highest citation frequency is [60]. This paper defined the three vehicle types that are
able to offer “vehicle-to-grid” (V2G) power, and showed how to calculate the capacity that three types
of electric vehicles provided for grid power. The results suggested that the engineering fundamental
and economic motivation for V2G power are remarkable. The basic concept of V2G power is that EVs,
including battery electric vehicle, fuel cell vehicle or a plug-in hybrid vehicle, provide power to the
grid while parked. When EVs are connected to the grid, they can serve in two modes: (1) Charging
mode, where an EV is considered as a load for the grid. (2) Discharging mode, where an EV provides
energy to grid [61]. The application of V2G has many benefits, including an extra source of revenue for
clean energy vehicles, enhanced stability and reliability of the electric grid, lower expenses of electric
system, and inexpensive storage and backup for renewable electricity [61].

The proceedings paper (including those identified as both article and proceedings paper) with the
highest citation frequency is [62]. The use of plug-in hybrid electric vehicles (PHEVs) is a significant
innovation to replace petroleum with cleaner fuel. This article focused on the assessment of two modes,
Electric Vehicle (EV) mode and Blended mode, for PHEVs and their comparison with traditional
vehicle and HEV performance. The results revealed that the control problem for PHEVs includes not
only fuel economy but also external factors, such as electricity price, energy market and regulations,
charging availability, battery life issues, and so on [62].

The review with the highest citation frequency is [63], published in Science in 2011. The battery
system is a crucial factor to increase the energy storage system reliability. This review introduced three
main battery systems, including sodium-sulfur batteries which are available in the market for grid
applications, redox-flow batteries with low cost, and lithium-ion batteries whose development for
commercial electronics and electric vehicles has wide application to grid storage [63].

3.3. Analysis of Journals

The analysis of journals is also an interesting topic, because it helps find the most possible journals
to publish relevant studies. All the 1188 publications were published in 290 different journals, and the
top 11 most prolific journals are presented in Table 2.

As shown in Table 2, 20.79% (approximately 1/5) of the publications (247 papers) were published
in the top 11 most prolific journals. The top-ranked journal is Journal of Power Sources (IF = 6.945),
which published 45 papers in total, occupying 3.79% of all the publications. The following two journals
are Applied Energy (IF = 7.900) and Energies (IF = 2.676), and they both have 33 publications. It can
also be observed that the top three journals with the highest IF are Renewable & Sustainable Energy
Reviews (9.184), Applied Energy (7.900), and IEEE Transactions on Smart Grid (7.364). According to
this result, authors can choose their ideal journal to publish papers related to this research field.
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Table 2. The top 11 most prolific journals.

Rank Journal Count Percent IF (2017)

1 Journal of Power Sources 45 3.79% 6.945
2 Applied Energy 33 2.78% 7.900
3 Energies 33 2.78% 2.676
4 Energy 23 1.94% 4.968
5 IEEE Transactions on Smart Grid 23 1.94% 7.364
6 Renewable & Sustainable Energy Reviews 19 1.60% 9.184
7 Journal of Applied Physics 16 1.35% 2.176
8 IEEE Transactions on Electron Devices 15 1.26% 2.620
9 Applied Physics Letters 14 1.18% 3.495
10 IEEE Transactions on Power Electronics 13 1.09% 6.812
11 IEEE Transactions on Vehicular Technology 13 1.09% 4.432

4. Collaboration Analysis

4.1. Analysis of Countries/Territories

The researchers on electric vehicle charging system reliability are from all over the world.
The geographic distribution of the 1188 publications covers 63 countries/territories. The top 10
countries are presented in Table 3. The USA contributes the most publications (327, 27.52%), followed
by China (288, 24.24%). The publication outputs of the USA and China make up more than half of
the total amount. Figure 5 presents a comparison of the annual publication outputs of the USA and
China. It indicates that researchers in the USA focus on the study of electric vehicle charging system
reliability earlier than those in China. This is because the history of electric vehicles derives from
western countries. The first of China’s domestically designed electric vehicle was produced in 2003 by
the fuel cell research team in Tongji University, and relevant studies sprang up since then. Moreover,
the amount has increased rapidly since 2008 in both countries, while the dominance of China has
accelerated in recent years, particularly since 2014.

Additionally, a USA-centered and China-centered collaboration network is shown in Figure 6a,b,
respectively. Each note represents a different country/territory. The link between two nodes represents
the cooperation between two countries/territories, and the link thickness represents the intensity of
collaboration. Note that the publication outputs of the USA (323) and China (285) are less than the
total number shown in Table 3, because several publications are omitted in the operational process
of CiteSpace to gain an optimal visualization. As shown in Figure 6a, the American researchers tend
to cooperate with those in England, France, Japan, South Korea, India, and Turkey, while Chinese
researchers prefer those in the USA, India, Japan, England, and United Arab Emirates.
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Table 3. The top 10 most productive countries with the corresponding count and percent.

Rank Country Count Percent Rank Country Count Percent

1 USA 327 27.52% 6 South Korea 55 4.63%
2 China 288 24.24% 7 Italy 49 4.12%
3 Germany 80 6.73% 8 India 48 4.04%
4 Canada 67 5.64% 9 Japan 47 3.96%
5 England 56 4.71% 10 Iran 44 3.70%
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4.2. Analysis of Institutions

1105 institutions in total are identified to participate in the research of electric vehicle charging
system reliability. The top 10 most productive institutions are presented in Table 4. This small group
of institutions contributes a large number of publications on this research field. Beijing Institute of
Technology (BIT) is the leading institution with 25 publications. Definitely, BIT is in the leading
position of vehicle engineering research in China. Most of the top 10 institutions are from China, while
others are from India, the USA and Singapore.

Table 4. The top 10 most productive institutions.

Rank Institution Country Count Percent

1 Beijing Institute of Technology China 25 2.10%
2 Tsinghua University China 22 1.85%
3 Chinese Academy of Sciences China 18 1.52%
4 Beijing Jiaotong University China 15 1.26%
5 Harbin Institute of Technology China 14 1.18%
6 Indian Institute of Technology India 14 1.18%
7 University of Michigan USA 13 1.09%
8 Nanyang Technological University Singapore 13 1.09%
9 Hong Kong Polytechnic University China 13 1.09%

10 Chongqing University China 13 1.09%

The collaborations of the institutions from 1998 to 2017 are analyzed below, and the collaboration
network is shown as Figure 7. As previously introduced, each node in Figure 7 indicates a different
institution. The connecting lines between nodes denote their collaboration, and the thickness of the lines
describes the collaboration degree. The distribution of the institutions is quite concentrated, and the
top 10 most productive institutions can be observed as the core institutions of some main collaborations.
This demonstrates that several institutions may establish a stable partnership of collaboration and
achieve great productivity on the research of electric vehicle charging system reliability.
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4.3. Analysis of Authors

A total of 3747 authors have contributed to the research of electric vehicle charging system
reliability. To some degree, the productivity level can represent the contribution of an author, and the
top 10 most productive authors are presented in Table 5. It is clear to see that Wang LF, from University
of Toledo in the USA, is the most productive author with 11 publications in total. Jiang JC and Sun FC,
from Beijing Jiaotong University and Beijing Institute of Technology in China, appear in the second
and third place with 10 and nine publications, respectively. Most of the top 10 authors are from China,
followed by the USA and South Korea.

The collaboration network of the authors consists of 190 nodes and 222 links, generating numerous
closed-loop circuits. A main part of the whole network is shown in Figure 8. It is obvious that the
strongest collaboration exists in a primary circuit connecting 28 researchers with several core authors
such as Jiang JC, Pecht M, Xiong R, Zhang L, and Chen ZH, making up a remarkable segment of the
whole collaboration network. Except Chen ZH, the other four researchers all appear in the top 10
most productive authors, suggesting that they contribute numerous publications and promote the
research to a higher level through cooperating. However, not all productive authors are included in
this circuit, such as Wang LF, Li Y, and Xu GQ. They mainly work with only a small group, which
generates some main clusters with several core authors. It is universally known that the cooperation is
extremely important in scientific research, so more collaborations are needed for those authors who
are excluded in the primary circuit.
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Table 5. The top 10 most productive authors.

Rank Author Institution Country Count

1 Wang LF University of Toledo USA 11
2 Jiang JC Beijing Jiaotong University China 10
3 Sun FC Beijing Institute of Technology China 9
4 Li Y Shandong University China 8
5 Xiong R Beijing Institute of Techonology China 8
6 Lee BH Hanyang University South Korea 7
7 Pecht M University of Marylan USA 7
8 Wang LY Wayne State University USA 7
9 Zhang L Northeast Electric Power University China 7

10 Xu GQ Beijing Institute of Technology China 7

5. Co-Citation Analysis

5.1. Analysis of Cited Authors

The top 10 cited authors ranked by count and betweenness centrality are presented in Table 6
respectively. The co-citation network of cited authors is shown in Figure 9, in which 118 nodes and 123
links are generated. The cited authors are denoted by the nodes and the top 27 are noted. The top 5
cited authors ranked by count are Kempton W (114), Clement-Nyns K (71), Sortomme E (65), Han S (61),
and Plett GL (49). This suggests that their research has an important influence on this research field.
The top 5 cited authors with high betweenness centrality are Kempton W (0.38), Xiong R (0.20), Saber
AY (0.19), Clement-Nyns K (0.18), and Peterson SB (0.18). Note that Kempton W and Clement-Nyns K
exist in the top 5 authors ranked both by count and by betweenness centrality, indicating that their
contributions must not be overlooked. Kempton W, coming from the University of Delaware, leads
a research team which focuses on the project of V2G and has made a series of great contributions in
this research area. For example, one of his studies focuses on the systems and processes that need to
obtain energy in vehicles and V2G is developed [61]. Clement-Nyns K is interested in the research of
hybrid and electric vehicles. For example, in one of her studies, coordinated charging and discharging
of PHEVs is developed and a voltage constraint is introduced to solve the local grid problems caused
by uncoordinated charging of PHEVs.

Table 6. The top 10 cited authors ranked by count and betweenness centrality, respectively.

Rank Count Cited Author Betweenness Centrality Cited Author

1 114 Kempton W 0.38 Kempton W
2 71 Clement-Nyns K 0.20 Xiong R
3 65 Sortomme E 0.19 Saber AY
4 61 Han S 0.18 Clement-Nyns K
5 49 Plett GL 0.18 Peterson SB
6 38 Yilmaz M 0.17 Guille C
7 35 Dallinger D 0.17 Tomic J
8 34 Guille C 0.17 Quinn C
9 33 Hu XS 0.15 Chan CC
10 32 He HW 0.15 Hadley SW
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5.2. Analysis of Cited References

The analysis of co-cited references is one of the most important indicators of bibliometrics.
According to the results of CiteSpace, the top 5 cited references ranked by count and betweenness
centrality are shown in Tables 7 and 8, respectively. The top 18 references with the strongest citation
bursts are shown in Table 9. In Figure 10, the co-citation network of cited references is presented.
156 nodes and 190 links are generated in Figure 10. The nodes denote the cited references and the top
42 are noted by the first author and the publication year. Additionally, the large nodes represent the
references which are frequently cited. The most highly cited reference is [64], written by Clement-Nyns
K in 2010. In this paper, in order to minimize the power losses and ensure high efficiency of grid
operation [64]. Moreover, the paper with the highest betweenness centrality (0.63) is [65], written
by Sortomme E in 2011. This paper developed an algorithm for unidirectional Vehicle-to-Grid to
minimize the aggregator profit, constraining the optional system load and price [65]. The top 5 cited
references ranked by betweenness centrality can be identified as the nodes with purple circles in
Figure 10. Clearly, these references have a great impact on the connection of the two main clusters.

Table 7. The top 5 cited references ranked by count.

Rank Count Reference

1 59 Clement-Nyns K (2010) [64]
2 36 Han S (2010) [66]
3 32 Guille C (2009) [67]
4 31 Tomic J (2007) [68]
5 29 Kempton W (2005) [61]
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Table 8. The top 5 cited references ranked by betweenness centrality.

Rank Betweenness Centrality Reference

1 0.63 Sortomme E (2011) [65]
2 0.57 Dubarry M (2009) [69]
3 0.56 Noori M (2016) [70]
4 0.55 Bykvist B (2015) [71]
5 0.42 Lu LG (2013) [72]

Table 9. The top 18 references with the strongest citation bursts.

Reference Burst Duration Range (1998–2017)

Kempton W (2005) [60] 16.4371 2008–2013
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Kiviluoma J (2011) [84] 3.3426 2015–2015 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▂▂ 

He HW (2011) [85]  3.697 2016–2017 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃ 

Lu LG (2013) [72] 4.8206 2016–2017 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃ 

The top 18 references with the strongest citation bursts are shown in Table 9. The reference with 
the strongest burst is [60], written by Kempton W and published by Journal of Power Sources in 2005. 
The main research of this paper has been introduced briefly in Section 3.2. due to the highest citation 
frequency of this article. It is clear to see that this paper is extremely significant in the development 
of the research. Additionally, its burst lasts for the longest time (2008–2013, 6 years) among the top 
18 references. The latest two articles whose bursts last from 2016 to 2017 are introduced specifically 
as follows. In paper [85], published by He HW in 2011, a dual polarization (DP) model was proposed 
in order to enhance the use of lithium ion batteries in EV applications. The DP model is able to 
simulate the electrochemical polarization and concentration polarization separately. By comparison 
with other four traditional models, the DP model has the best dynamic performance and provides 
the most accurate state of charge (SOC) estimation [85]. The paper [72], written by Lu LG and 
published in 2010, briefly introduced the features of the battery management system (BMS) and some 
relevant critical issues such as battery cell voltage measurement, battery states estimation, battery 
uniformity and equalization, and battery fault diagnosis, in order to enhance the research of the BMS. 

Tomic J (2007) [68] 5.5099 2011–2013
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The top 18 references with the strongest citation bursts are shown in Table 9. The reference with 
the strongest burst is [60], written by Kempton W and published by Journal of Power Sources in 2005. 
The main research of this paper has been introduced briefly in Section 3.2. due to the highest citation 
frequency of this article. It is clear to see that this paper is extremely significant in the development 
of the research. Additionally, its burst lasts for the longest time (2008–2013, 6 years) among the top 
18 references. The latest two articles whose bursts last from 2016 to 2017 are introduced specifically 
as follows. In paper [85], published by He HW in 2011, a dual polarization (DP) model was proposed 
in order to enhance the use of lithium ion batteries in EV applications. The DP model is able to 
simulate the electrochemical polarization and concentration polarization separately. By comparison 
with other four traditional models, the DP model has the best dynamic performance and provides 
the most accurate state of charge (SOC) estimation [85]. The paper [72], written by Lu LG and 
published in 2010, briefly introduced the features of the battery management system (BMS) and some 
relevant critical issues such as battery cell voltage measurement, battery states estimation, battery 
uniformity and equalization, and battery fault diagnosis, in order to enhance the research of the BMS. 
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The top 18 references with the strongest citation bursts are shown in Table 9. The reference with 
the strongest burst is [60], written by Kempton W and published by Journal of Power Sources in 2005. 
The main research of this paper has been introduced briefly in Section 3.2. due to the highest citation 
frequency of this article. It is clear to see that this paper is extremely significant in the development 
of the research. Additionally, its burst lasts for the longest time (2008–2013, 6 years) among the top 
18 references. The latest two articles whose bursts last from 2016 to 2017 are introduced specifically 
as follows. In paper [85], published by He HW in 2011, a dual polarization (DP) model was proposed 
in order to enhance the use of lithium ion batteries in EV applications. The DP model is able to 
simulate the electrochemical polarization and concentration polarization separately. By comparison 
with other four traditional models, the DP model has the best dynamic performance and provides 
the most accurate state of charge (SOC) estimation [85]. The paper [72], written by Lu LG and 
published in 2010, briefly introduced the features of the battery management system (BMS) and some 
relevant critical issues such as battery cell voltage measurement, battery states estimation, battery 
uniformity and equalization, and battery fault diagnosis, in order to enhance the research of the BMS. 
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The main research of this paper has been introduced briefly in Section 3.2. due to the highest citation 
frequency of this article. It is clear to see that this paper is extremely significant in the development 
of the research. Additionally, its burst lasts for the longest time (2008–2013, 6 years) among the top 
18 references. The latest two articles whose bursts last from 2016 to 2017 are introduced specifically 
as follows. In paper [85], published by He HW in 2011, a dual polarization (DP) model was proposed 
in order to enhance the use of lithium ion batteries in EV applications. The DP model is able to 
simulate the electrochemical polarization and concentration polarization separately. By comparison 
with other four traditional models, the DP model has the best dynamic performance and provides 
the most accurate state of charge (SOC) estimation [85]. The paper [72], written by Lu LG and 
published in 2010, briefly introduced the features of the battery management system (BMS) and some 
relevant critical issues such as battery cell voltage measurement, battery states estimation, battery 
uniformity and equalization, and battery fault diagnosis, in order to enhance the research of the BMS. 
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frequency of this article. It is clear to see that this paper is extremely significant in the development 
of the research. Additionally, its burst lasts for the longest time (2008–2013, 6 years) among the top 
18 references. The latest two articles whose bursts last from 2016 to 2017 are introduced specifically 
as follows. In paper [85], published by He HW in 2011, a dual polarization (DP) model was proposed 
in order to enhance the use of lithium ion batteries in EV applications. The DP model is able to 
simulate the electrochemical polarization and concentration polarization separately. By comparison 
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published in 2010, briefly introduced the features of the battery management system (BMS) and some 
relevant critical issues such as battery cell voltage measurement, battery states estimation, battery 
uniformity and equalization, and battery fault diagnosis, in order to enhance the research of the BMS. 
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The top 18 references with the strongest citation bursts are shown in Table 9. The reference with 
the strongest burst is [60], written by Kempton W and published by Journal of Power Sources in 2005. 
The main research of this paper has been introduced briefly in Section 3.2. due to the highest citation 
frequency of this article. It is clear to see that this paper is extremely significant in the development 
of the research. Additionally, its burst lasts for the longest time (2008–2013, 6 years) among the top 
18 references. The latest two articles whose bursts last from 2016 to 2017 are introduced specifically 
as follows. In paper [85], published by He HW in 2011, a dual polarization (DP) model was proposed 
in order to enhance the use of lithium ion batteries in EV applications. The DP model is able to 
simulate the electrochemical polarization and concentration polarization separately. By comparison 
with other four traditional models, the DP model has the best dynamic performance and provides 
the most accurate state of charge (SOC) estimation [85]. The paper [72], written by Lu LG and 
published in 2010, briefly introduced the features of the battery management system (BMS) and some 
relevant critical issues such as battery cell voltage measurement, battery states estimation, battery 
uniformity and equalization, and battery fault diagnosis, in order to enhance the research of the BMS. 
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18 references. The latest two articles whose bursts last from 2016 to 2017 are introduced specifically 
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simulate the electrochemical polarization and concentration polarization separately. By comparison 
with other four traditional models, the DP model has the best dynamic performance and provides 
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the strongest burst is [60], written by Kempton W and published by Journal of Power Sources in 2005.
The main research of this paper has been introduced briefly in Section 3.2. due to the highest citation
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frequency of this article. It is clear to see that this paper is extremely significant in the development of
the research. Additionally, its burst lasts for the longest time (2008–2013, 6 years) among the top 18
references. The latest two articles whose bursts last from 2016 to 2017 are introduced specifically as
follows. In paper [85], published by He HW in 2011, a dual polarization (DP) model was proposed in
order to enhance the use of lithium ion batteries in EV applications. The DP model is able to simulate
the electrochemical polarization and concentration polarization separately. By comparison with other
four traditional models, the DP model has the best dynamic performance and provides the most
accurate state of charge (SOC) estimation [85]. The paper [72], written by Lu LG and published in 2010,
briefly introduced the features of the battery management system (BMS) and some relevant critical
issues such as battery cell voltage measurement, battery states estimation, battery uniformity and
equalization, and battery fault diagnosis, in order to enhance the research of the BMS.

6. Co-Occurrence Analysis

6.1. Analysis of Subjects

Each article indexed by the Web of Science belongs to one or more subject categories. There are
102 subject categories involved in total. Table 10 presents the top 10 subjects ranked by count and
betweenness centrality, respectively. Figure 11 shows the co-occurrence network of different subject
categories. Among all the subjects, Engineering (692, 58.25%) is found to be involved in the most
publications, followed by Engineering, electrical & electronic (555, 46.71%) and Energy & fuels (366,
30.81%). The definition of betweenness centrality is given by Freeman in 1977 [86], which is a measure
of centrality in a graph based on shortest paths. It is equal to the number of shortest paths from
all vertices to all others that pass through that node. In the view of bibliometric, a node with high
betweenness centrality in the co-occurrence network of subjects represents a major intellectual turning
points connecting the studies performed in different subjects and may have significant effects on the
development of a certain research field. In the present study, the subjects with the top 10 highest
betweenness centralities are shown in Table 10. Engineering (0.59) takes the first place, followed by
Energy & fuels (0.35) and Physics (0.33). In CiteSpace, nodes with high betweenness are indicated
by purple rounds, as shown in Figure 11. In the top 10 subjects ranked by betweenness centrality,
2 subjects are excluded in the top 10 ranked by count, as shown in Table 10 in italics. They are
Chemistry (0.1) and Engineering, multidisciplinary (0.09). Although only occupying a small part of
the research of electric vehicle charging system reliability, these subjects may lead the research to a
new perspective.

Table 10. The top 10 subjects ranked by count and betweenness centrality respectively.

Rank Subject Count Percent Subject Betweenness
Centrality

1 Engineering 692 58.25% Engineering 0.59
2 Engineering, electrical & electronic 555 46.72% Energy & fuels 0.35
3 Energy & fuels 366 30.81% Physics 0.33
4 Physics 144 12.12% Science & technology-other topics 0.23
5 Transportation 136 11.45% Engineering, electrical & electronic 0.15
6 Transportation science & technology 126 10.61% Transportation 0.15
7 Computer science 118 9.93% Computer science 0.14
8 Physics, applied 113 9.51% Transportation science & technology 0.1
9 Materials science 106 8.92% Chemistry 0.1
10 Science & technology-other topics 94 7.91% Engineering, multidisciplinary 0.09
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6.2. Analysis of Keywords

The keywords derived from Web of Science include “Author Keywords (DE)” and “Keywords
Plus (ID)”. DE consists of the keywords supplied by the authors, while ID includes the keywords
supplied by the journals [87].

Keywords (concentrated expression of current research issues or concepts) provide a reasonable
description for research hotpots. According to Table 11, the keyword with the highest frequency is
electric vehicle (327, 27.53%), followed by system (113, 9.51%), reliability (100, 8.42%), lithium ion
battery (73, 6.14%), and battery (72, 6.06%), which exactly belong to three categories of the search
query (“electric vehicle”, “charging system”, and “reliability”). The keywords with the top 5 highest
betweenness centrality are the same. Three newly-presented keywords, Hybrid electric vehicle (0.10),
Demand (0.09), and Technology (0.08), are indicated in Table 11 in italics. They may bring great
contributions to the interdisciplinary research. Regardless of the three basic keywords (Electric vehicle,
system, reliability), lithium ion battery has an important impact in both rankings. Lithium-ion batteries
have been widely applied for consumer electronics due to the outstanding features, such as the high
energy density, high power density, long service life, and environmental friendliness [72]. Remaining
useful life prediction and state of charge (SOC) estimation are two important research topics for the
lithium ion battery [88]. The mechanism of performance degradation and remaining useful life (RUL)
estimation are closely related to the operation state and its reliability. Furthermore, RUL prediction of
lithium ion battery is crucial for the operation scheduling, spare parts management, and maintenance
decision for electric vehicle charging systems [89]. Hence, it has become an important topic of the
research of lithium ion battery. To indicate the performance of battery residual energy and power
output capability for a battery pack, the state of charge (SOC) is a commonly used index [90]. To avoid
the abuse of batteries and improve the driving safety, the SOC is required to be estimated accurately [91].
However, the main difficulties of accurate estimation of SOC are the strong time-varying and nonlinear
characteristics of battery cells, so it has received much attention and still requires further research [92].
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Table 11. The top 10 keywords ranked by count and betweenness centrality, respectively.

Rank Keyword Count Percent Keyword Betweenness
Centrality

1 Electric vehicle 327 27.53% Electric vehicle 0.34
2 System 113 9.51% System 0.21
3 Reliability 100 8.42% Reliability 0.19
4 Lithium ion battery 73 6.14% Lithium ion battery 0.15
5 Battery 72 6.06% Battery 0.14
6 Model 65 5.47% Smart grid 0.11
7 Smart grid 60 5.05% Hybrid electric vehicle 0.10
8 Management 51 4.29% Demand 0.09
9 Optimization 48 4.04% Optimization 0.08
10 Energy 47 3.96% Technology 0.08

Bursting keywords (emerging trends or abrupt changes) can be used as indicators to investigate
the research frontiers. Table 12 presents the top 16 keywords with the strongest citation bursts, along
with the strength and occurrence timespan. The time interval is plotted on the blue line and the period
of a burst keyword is plotted on the red line, which indicate the beginning and end of the time interval
of each burst [93]. According to Table 12, the most recent two keywords are shown as follows:

• Vehicle-to-grid (V2G). The basic concept has been introduced in Section 3.2. This idea is
useful to establish an entire set of instantly available distributed energy storage devices [94].
According to its concept, different applications and many types of batteries have been put into
the market [95–97]. It can also help to increase the performance of a supply grid in terms of
system efficiency, reliability, stability, and generation dispatch of distribution networks [98,99].
Nevertheless, the technology of V2G is also confronted with challenges, such as battery
degradation, communication overhead between an EV and a grid, and changes in whole
infrastructure of a distribution network [94]. Therefore, further research is required to solve
these problems.

• Energy management. Hybrid electric vehicles have different power sources, so a critical problem
is to decide which power source is supposed to be activated [100]. An energy management system
(EMS) has the function of controlling the energy source to charge the electric motor. Equivalently,
it is an energy splitting instrument among several power sources [101]. The EMS helps control the
power flow and satisfy the requirements of the market in a vehicle energy system with a hybrid
energy sources [102]. The configuration and controller design are challenging due to its complexity
arising from the demand of integration among other related systems [103]. Continuous studies
on energy management have been done [104–106], but most of them are only limited to computer
simulation [107]. Therefore, the EMS requires further development in the field of hardware or
real-time applications in order to improve the reliability of an HEV [102].

In order to analyze the development of keywords chronologically, the timelines for co-occurrence
keywords clusters are shown in Figure 12. It is evident that Cluster #0 (lithium-ion batteries) has
a high concentration of nodes, which echoes the fact that the research of lithium-ion batteries can
be explored for numerous perspectives. Note that the Cluster #0 (lithium-ion batteries), Cluster #3
(smart charging approach) and Cluster #6 (electric vehicle power supply) are the most recently formed
clusters, indicating that the research of these subjects just starts recently. It seems that Cluster #5
(aluminum oxide insulator) does not have much current high-profile publications.
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Table 12. The top 16 keywords with the strongest citation bursts.

Keywords Year Strength Begin End Range (1998–2017)

Reliability 1998 12.8844 2000 2012
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7. Conclusions

In this paper, the research of electric vehicle charging system reliability from 1998 to 2017 is
overviewed from a bibliometric perspective. The main goal of this study is to outline the characteristics
of the objective research field, and provide the research trends in the near future.

According to the emerging trend forecast of the annual publication outputs based on the historical
data, relevant studies will keep developing rapidly in the next few years. China and the USA are two
influential countries which contribute greatly to this research field. Institutions and authors from these
two countries collaborate a lot and provide high-quality scientific research. Several prolific journals
are also identified, for the convenience of researchers to discover relevant studies and to choose proper
journals when submitting their own papers.

According to the co-occurrence analysis, two major topics identified in this review are
vehicle-to-grid (V2G) and energy management. Several challenges confronted by V2G are presented in
Section 6.2, so corresponding research can be done, such as the analysis of the degradation process of
batteries, the technologies to extend the battery life, and the reliability of the connection between an
EV and a grid. Another hotspot issue is the energy management system for hybrid electric vehicles.
According to the analysis in Section 6.2, further research may focus on the hardware or real-time
applications of EMS, the technologies to improve the effectiveness, reliability and stability of the EMS,
and so on.

Additionally, it is found that maintenance strategies of the electric vehicle charging system have
not attracted much attention until now. In practice, the EV charging system is not steady enough, so it
may sometimes break down because of the immature technology. Due to the huge price of system
failure, high reliability is required for the EV charging system. Appropriate maintenance strategies
play an important role to ensure high performance of EVs, so research is supposed to be taken into
consideration in the future.
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