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Abstract: Under the background of the prompt development of the global economy and continuous
improvement of environmental protection awareness, end-of-life vehicles (ELVs), as an essential part of
“urban mineral”, have the substantial economic, resource, and environmental value. The research on
reverse logistics of ELVs has developed rapidly, but the existing relevant reviews are based on unique
research perspectives and do not fully understand the whole field. This work aims to help comprehend
the research status of reverse logistics of ELVs, excavate and understand the critical publications, and
reveal the main research topics in the past 20 years. Based on 299 articles published in ISI Web of
Science Core Collection (WOSCC) database from 2000 to 2019, this paper uses the methodologies of
literature bibliometrics and content analysis, combined with VOS viewer, CiteSpace, and Bibexcel
software. Besides, the literature quantity and cited situation, core journals, distribution of countries
and regions, institutions, core authors, subject categories, and keywords information are analyzed to
determine the primary trends and future research hot spots focus on reverse logistics of ELVs.
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1. Introduction

With the continuous improvement of environmental protection awareness in various countries and
the recognition of recyclable and valuable material resources in waste products, reverse logistics has
been widely used worldwide. Stock [1] first proposed the definition of reverse logistics in his research
report to the Council of Logistics Management in US. He believed that reverse logistics refers to all
issues related to logistics activities, including waste disposal, recycling, substitution, and management
of hazardous materials. This definition directly combines waste management and reverse logistics
activities and reflects the changes in understanding the circulation mode of end-of-life (EOL) products.

Waste management currently plays a crucial role in solving environmental problems. Besides, the
increasing number of end-of-life vehicles (ELVs) has become an important part of waste [2], caused
by the rapid growth of global vehicle production, as shown in Figure 1. ELVs refer to the vehicles
discarded by the registered owner as a waste, which has solid or liquid high pollution materials such as
heavy metal, EOL circuit board, battery, and engine oil. It will cause environmental pollution if people
dispose of ELVs at will [3]. Besides, ELVs will cause many occupations, especially land resources, if
they are placed at will. Each year in Europe, waste generated by ELVs amounts to 8–9 million tons [4].
At present, the waste generated by the automobile industry, whether it comes from vehicles or the
manufacturers, accounts for about 5% of the world’s industrial waste [5]. Meanwhile, the recovery
and reuse of ELVs’ parts and metal recovery are beneficial to manufacturers, suppliers, disassemblers,
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vehicle recycling centers, and even the governments. Currently, ELVs have become the main waste
stream in the EU since they have been identified as a priority waste stream in the early 1990s [6,7].
Besides, some researchers use life cycle assessment (LCA) to evaluate the environmental sustainability
of ELVs, proving that reverse logistics of ELVs is beneficial to environmental protection. For example,
research by Smith and Keoleian [8] demonstrated that every engine remanufacturing could save 68–83%
of energy and reduce 73–87% of carbon dioxide emissions.
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The European Union implemented the ELVs directive (2000/53/EC) in 2000 to improve the reuse
and the recyclability of ELVs components, reduce waste from ELVs, and protect the environment. The
ELVs’ directive requires that, from 1 January 2015, the recovery rate should be more than 95%, of which
the maximum energy recovery rate is 10%, and in the automobile manufacturing process, the proportion
of reusable and recyclable materials needs to reach 85%. For example, higher recovery quantity and
revenue levels can be achieved through joint pricing and manufacturing decisions by stakeholders [9].
Thus recoveries are higher than 85% for any device version of a regular vehicle today [10]. Consequently,
reverse logistics of ELVs can not only contribute to environmental protection and natural resource
conservation but also promote economic growth. However, the management of ELVs recycling process
is sophisticated, and methods in different aspects are required to recycle and reuse materials. Kuşakcı
et al. [11] proposed a structure of a reverse logistics network for ELVs, as shown in Figure 2.
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Through a literature search, Table 1 introduces 10 recent review papers on ELV reverse logistics,
including their focus, period and the number of collected literature. The latest literature review is
“recovery of resources from end-of-life passenger cars in the information sector in India” written by
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Sharma and Pandey [12] in 2020, which focuses on the treatment of ELVs in India. It highlighted
the informal setting of the industry through case studies and quantified its potential in promoting
resource efficiency in India. Besides, Karagoz et al. [13] used the content analysis method to classify and
analyze 232 articles in the field of ELVs management. Rosa and Terzi [14] compared ELVs and WEEE
waste streams from multiple perspectives through structured literature analysis, proving the potential
commonness and current differences. Cucchiella et al. [15] provided a mini-review on the automotive
electronics recycling topic. Buekens and Zhou [16] reviewed the characteristics of the actual automobile
shredder residue (ASR) and its contribution to the separation and recovery of plastics. Gan and He [17]
reviewed the current situation and countermeasures of ELVs recycling, the selection of recycling
mode, the reverse logistics system and the network. Zhang and Chen [18] compared regulations and
technologies related to plastic recycling of ELVs in China and developed countries, discussed the
existing problems, and put forward suggestions. Simic [2] reviewed the environmental engineering
problems of ELVs recycling through a content analysis of the collected literature. Go et al. [19] reviewed
the related work of disassembly evaluation methods. Nourreddine [20] provided an overview of
several ASR treatment processes.

Table 1. The performance of review papers related to reverse logistics of ELVs.

Review Papers Focus Period Number of
Collected Literature

Sharma and Pandey [12] ELVs processing 2013–2019 41
Karagoz et al. [13] ELVs management 2000–2019 232
Rosa and Terzi [14] ELVs waste streams 2001–2015 35

Cucchiella et al. [15] Automotive electronics 2000–2014 50
Buekens and Zhou [16] Automotive shredder residue plastics 1977–2012 76

Gan and He [17] Reverse logistics 2002–2013 38
Zhang and Chen [18] Automotive plastics 1993–2012 63

Simic [2] Environmental engineering issues 2003–2012 93
Go et al. [19] Disassemblability 1992–2010 38

Nourreddine [20] Shredder residue treatment 1991–2004 26

Given the above, these reviews lay a particular emphasis on the study of ELVs reverse logistics
from a unique perspective, such as regulations, management, disassembly, processing technology, parts
or material recycling, etc., and do not include all the research on ELVs reverse logistics, nor provide
a comprehensive understanding of this field. Moreover, with a growing number of papers on ELVs
reverse logistics, the above review methods cannot find out the relationship between published literature
and the performance of related publications. They are also unable to visually reflect the historical trend
of literary works. Besides, the existing reviews cannot reveal the interaction between researchers, which
contributes to visualizing the interrelation of intelligence. Keywords can identify the research topics and
hotspots of an article. However, the current reviews mainly focus on the content analysis of relevant
literature, and the methods used cannot analyze the keywords. Therefore, this paper will explore the
statistical analysis in the field of keywords, trying to find the current research hotspot.

Bibliometrics can be used to analyze the relationship between journals quantitatively. Bibliometric
analysis shows the knowledge status and research trend of the exploration field by reviewing a large
number of academic literature. The bibliometric method can also describe the cooperation between
countries, the citation relationship between authors and the knowledge structure of the research field.
Simultaneously, network analysis can help study the interrelationships between different items through
different network nodes, which can help access the influence and importance of a node. Therefore,
we need to combine bibliometrics and social network analysis to show the complicated relationship
between literature and state cooperation in research.

However, there are few literature reviews on the analysis of ELVs reverse logistics from both
qualitative and quantitative perspectives. Additionally, none of the researchers combined the complex
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network analysis and bibliometric analysis to systematically and deeply analyze the relationship
between the publications of ELVs reverse logistics. Therefore, it is incredibly necessary and essential to
use the network analysis method to study the related literature of ELVs reverse logistics. Consequently,
this research attempts to fill this gap. In general, this paper aims to determine the research focus of ELVs
reverse logistics through bibliometric analysis, and provide help for researchers in further research
and analysis. This paper has the following main objectives: (1) evaluating the progress and trends of
research on ELVs reverse logistics recent years; (2) revealing the relationship of academic cooperation,
distribution of countries/regions, the characteristics of journals, core authors, subject categories and
institutions; (3) conducting the mutual citation of literature and listing the distribution of keywords to
elaborate the intellectual structure and find research hot points; and (4) providing potential research
directions with sustainability for future studies.

The remaining part of the paper is organized as follows. After this introduction, the research
methodologies are provided in Section 2. Section 3 presents the research findings and analysis. Section 4
discusses the research emphasis and future direction. Eventually, related conclusions are summarized
in Section 5.

2. Research Methodologies

2.1. Bibliometrics and Content Analysis

Bibliometric analysis, widely used in different fields, uses mathematical statistics to quantitatively
analyze the relationship between research books and other media, evaluate research trends, and look
for innovative perspectives [21]. Statistical analysis of journals, authors, countries, institutions, and
subject categories plays a significant role in researchers’ quick grasp of development and critical
information of literature. Besides, citation analysis can dig out important information on influential
papers, authors, and journals, and help to comprehend the growth of contributions in a specific
scientific domain [22]. Co-citation analysis is defined as the frequency of two articles cited together by
other articles [23]. Researchers can not only find the internal relationship in the documents but also
determine the core citations/publications and major knowledge groups through co-citation analysis.
Content analysis can identify current hot spots by the characteristic of the keyword co-occurrence,
which is different from citation analysis. Network analysis, complicated in technology and used in
many disciplines, adopted graphical and visualization to explain and analyze the relationship between
units more intuitively. Network analysis based on the assumption of the importance of connections
(edges) between nodes [24] can measure the degree of the center of nodes to evaluate the importance
and impact of nodes. So, the complex network analysis was adopted in this paper to analyze the
academic cooperation between different journals, countries, and authors.

This paper used the method combined with bibliometric and content analysis to review the
literature related to reverse logistics of ELVs, which can dig the characteristics of the literature content
more deeply and help researchers evaluate research trends and present innovative perspectives based on
rapidly grasping of the general information and development situation of the literature quantitatively.

2.2. Tools

Bibexcel can carry out fundamental bibliometric analysis, citation analysis, co-occurrence,
co-citation, bibliographic coupling and cluster analysis for bibliographic data downloaded from
Web of Science or Scopus, and provide bibliographic data for visualization software such as VOS
viewer, CiteSpace, and Gephi for further analysis. VOS (visualization of similarities) viewer can be
used to generate a variety of maps based on bibliometric relationships, such as co-citation diagrams of
authors or journals, and co-occurrence diagrams of keywords. Compared with other visualization
software, its main feature is that the graphical presentation is rich and distinct, making the analysis
results of bibliometrics easy to explain. The methodologies used are the fruchterman reingold layout
and modularity algorithms.
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In the fruchterman reingold layout, all nodes are regarded as electrons, and each node receives
two forces: (1). Coulomb force (repulsive force) of other nodes and (2). Hooker force (attractive force)
of edge to point. Then, under the interaction of forces, the whole layout will eventually become a state
of balance. The formulas are as follows [25]:

f a(d) = d2/k (1)

f b(d) = −d2/k (2)

k = C

√
area

number o f vertices
(3)

area = W × L (4)

where f a, f b, d, k, W, and L represents the attractive force, repulsive force, the distance between two
vertices, the optimal distance between two points, and the width and length of the frame respectively.
C is the constant.

The modular algorithm aims to divide the network into several communities by maximizing the
module gain DQ in iterative calculation [26]. The formula of the modularity gain DQ is:

∆Q = [

∑
in + ki, in

2m
− (

∑
tot + ki
2m

)] − [

∑
in

2m
− (

∑
tot

2m
)2
− (

ki
2m

)2] (5)

where
∑

in, ki, in,
∑

tot, ki, and m represents the sum of weights of the links, the sum of the weights
connected from i to node, the sum of the weights of the links associated with node i, the sum of all link
weights in the network respectively [27].

2.3. Data Sources and Processing

ISI Web of Science network (WOS) has become the primary citation data source for its high
reputation and recognition in the scientific community [28]. The data for this paper was obtained
from the ISI Web of Science Core Collection (WOSCC), which is an interdisciplinary and influential
database covering proceedings, books, and journals on arts, humanities, social sciences, and natural
sciences. As shown in Figure 3, we started the search process with the keywords “reverse logistics”,
“closed-loop supply chain”, “recycl*”, “recovery”, “collect*”, and “end-of-life vehicle*” by searching in
topic (including the article title, abstract, keywords, and keywords plus). "*" represents any character
group, including null characters. Article was selected in the document type option to clarify the data
type for further analysis. Finally, a total of 299 documents were selected as total publications, with a
data span of 2000–2019.

3. Results and Analysis

3.1. Overview of the Publication Performance

The evolution of the annual number of publications (ANP) between 2000 and 2019 is shown in
Figure 4. Although the ANP appeared in a trough period from 2008 to 2011, it showed an upward trend
overall. In particular, it accounted for 70% of the total in the recent 10 years. From the current trend,
it can be predicted that the ANP related to the reverse logistics of ELVs will continue to proliferate,
which indicates an increasing number of researchers will pay attention to the field. This study aims
to explore the impact and development of reverse logistics of ELVs by analyzing popular journals,
representative countries, influential authors, and topic distribution.
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3.1.1. Primary Analysis of Influential Journals

There were 102 journals in the total published papers related to reverse logistics of ELVs in the
2000–2019 period, manifesting the multifarious of publication and broad interests in such a field
accounting from multiple perspectives. Table 2 highlights the top ten most famous journals, which
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accounted for 52.84% of the investigated publication. According to the Law of Bradford in Bibliometrics,
the number of papers published in the core region, the related region, and the nonrelated region
were equal, and the number of journals in the three regions was 1:n:n2, respectively. The Journal of
Cleaner Production (34) is the most popular journal, followed by Waste Management (32) and Resources
Conservation and Recycling (25). The total number of articles in the three journals accounted for 30.95%,
so that they could be considered as the core journals of reverse logistics research of ELVs.

Table 2. The performance of the 10 most leading journals.

TP Percentage Journal TC Impact Factor H-Index

34 11.565% Journal of Cleaner Production 855 7.246 19
32 10.884% Waste Management 642 5.448 15
25 8.503% Resources Conservation and Recycling 685 7.044 15
13 4.422% Journal of Material Cycles and Waste Management 150 1.974 8
13 4.422% Waste Management Research 124 2.771 8
12 4.082% Jom 188 2.029 8
11 3.741% Environmental Science & Technology 223 7.864 8
7 2.381% Minerals Engineering 243 3.795 7
6 2.041% Journal of Industrial Ecology 179 6.539 5
5 1.701% Sustainability 22 2.592 3

TP = Total Publications; TC = Total Citations.

The impact factor (IF) is an internationally accepted journal evaluation index [29]. The h-index
takes into account both the citation impact and productivity of the author’s publications, and aiming to
quantify the research results of researchers as independent individuals [30]. IF in Table 1 were extracted
from the JCR published in 2019. During the 2000–2019 period, the Journal of Cleaner Production, with
the most articles published, 855 citations, and the highest h-index (31), was the most predominant
journal among all the journals. Interestingly, the IF of Environmental Science & Technology (7.864) was the
highest, while its total publications and h-index was far lower than that of Journal of Cleaner Production.
It indicates that its primary influence was not in the field of ELV reverse logistics.Energies 2020, 13, x FOR PEER REVIEW 8 of 22 
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The journals co-citation developed based on co-citation analysis that refers to the literature of
two journals is cited by other academic journals at the same time, and the number of other journals
is the strength of journals co-citation [31]. The journals co-citation can organically link numerous
journals without external connection to describe the similarity of topics, reveal the interdependence
and cross-relationship among journals, judge the professional scope of some journals and help to
determine the core journals of disciplines. As shown in Figure 5, only the journals whose co-citation
strength exceeds 60 are put into the co-citation analysis. The size of the node and the width of the
line represent the number of citation and co-citation, respectively. The same color of the cited journals
indicated that they had similar research directions.

3.1.2. Primary Analysis of Influential Countries/Regions

From 2000 to 2019, a total of 42 countries have publications related to the reverse logistics of
ELVs. Figure 6 reveals 11 countries/regions that have published more than 10 papers, of which China
(45, 15.31%) published the most papers, followed by Japan (41, 13.95%) and Germany (22, 7.48%),
which is consistent with their highly developed automobile industry. The h-index of a country means
that at most h papers have been cited for at least h times, which can accurately reflect the academic
achievements of a country. Besides, these three countries also had high h-index (China, 12; Japan,
12; Germany, 10), which shows they attach importance to the domain of reverse logistics of ELVs,
and promote the development and application of research in this domain. It is worth mentioning
that the h-index of the UK (13) is the highest, followed by Italy (12) and the Netherlands (12), while
their number of publications is relatively small. It indicates that the papers published in these three
countries are of high quality, especially in the Netherlands, where 12 of the 14 articles published have
been cited more than 12 times.
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The literature coupling of various countries has been studied, as shown in Figure 7. The number
of articles affects the size of the nodes, the width of the line indicates the strength of the relationship
between countries, and the color of the node indicates the time when the field was studied initially.
As can be seen from the image, Japan coauthored the most articles with China, Italy, Serbia and
Germany. Similarly, the node representing Japan was located in the center of the image, with the
strongest connection strength, indicating that Japan is the most active country. In addition, the largest
node representing China was located near the center and had carried out more cooperation with Japan,
Italy, Serbia, and England, which also shows China’s enthusiasm for academic cooperation. In terms
of research time, Germany, the United States, and the Netherlands were the first countries to start
research in the domain of reverse logistics of ELVs. Although China had the most significant number
of academic papers, the research time was relatively short, which shows that Chinese scholars attached
great importance to this domain in recent years.
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3.1.3. Primary Analysis of Influential Institution

Through the screening of the first author organization, 145 different research institutions were
found, nearly half of the total number of publications, indicating the breadth and interdisciplinary
nature of the research in this field of reverse logistics of ELVs. The 10 most essential institutions to
promote the development are shown in Table 3, of which 9 were universities. Interestingly, they all came
from six countries, which happened to publish the largest number of articles in the world. Besides, half
of the institutions came from Japan, showing the great interest of Japanese research institutions in this
field. Shanghai Jiao Tong University, located in China, ranked the first, with 18 publications published,
primarily due to influential experts such as Chen Ming. University of Belgrade and Tohoku University,
coming from Serbia and Japan respectively, ranked the second and third productive organization. It
is interesting to note that in Figure 6, Serbia had 14 articles, while the University of Belgrade had 14,
which indicates that this institution had a leading position in Serbia. Besides, University of Bologna,
Delft University of Technology, and Yonsei University rank in the top three on citations by paper (CP),
indicating that they had the highest average level of papers. Interestingly, most of the top 10 institutions
were from China and Japan, which were not only the two most productive countries in Figure 6 but also
the two countries with the most outstanding academic cooperation in Figure 7.

Table 3. The top 10 influential institutions.

Institution Country TP H-Index TC CP %TP

Shanghai Jiao Tong University Peoples R China 18 9 289 16.1 6.1
University of Belgrade Serbia 14 10 209 14.9 4.8

Tohoku University Japan 11 6 168 15.3 3.7
National Institute for Environmental

Studies—Japan Japan 11 5 159 14.5 3.7

Delft University of Technology Netherlands 9 9 342 38 3.1
Kyoto University Japan 9 4 90 10 3.1

National Institute of Advanced
Industrial Science Technology Aist Japan 8 6 100 12.5 2.7

Yonsei University South Korea 7 6 138 19.7 2.4
University of Tokyo Japan 7 4 61 8.7 2.4

University of Bologna Italy 6 6 257 42.8 2.0
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3.1.4. Primary Analysis of Influential Authors

Table 4 highlights the 10 most influential authors. The h-index of Simic (10) was the highest in
this domain, followed by Chen (8) and Reuter (8), but Simic was inferior to Chen in terms of total
publications and total citations, thus Chen was the most influential author of an individual analysis.
Chen, based at Shanghai Jiang Tong University, published 16 articles related to the reverse logistics
of ELVs.

Table 4. Information on the 10 most influential researchers.

Author H-Index Country TP TC Institute

Chen, M 8 Peoples R China 16 226 Shanghai Jiao Tong University
Simic, V 10 Serbia 13 208 University of Belgrade

Reuter, MA 8 Australia 8 310 University of Melbourne
Seo, YC 6 South Korea 8 162 Yonsei University

Nakajima, K 6 Japan 11 165 University of Tokyo
Dimitrijevic, B 6 Serbia 6 129 University of Belgrade
Nakamura, S 5 Japan 5 149 Waseda University

Santini, A 5 Italy 5 248 University of Bologna
Passarini, F 5 Italy 5 248 University of Bologna
Matsubae, K 5 Japan 8 155 Tohoku University

Author co-citation refers to that at least one article of two authors’ works appears in the same
reference list, identifying the influential authors and their associations [32,33]. Considering the first
author only and at least 20 citations for each author, Figure 8 shows the co-citation of authors through
different clusters reported by distinct colors and the linkages among them. The node represents the
author, and its size represents the number of papers published by the author. If the nodes have the
same color or close distance, they are similar in research directions, forming a cluster. In addition, the
co-citation relationship is represented by a link between two nodes. Thus, the most frequently cited
author was Simic, who was closely related to Gerrard, Go, etc., forming a green cluster. Secondly,
Santini was closely related to Vermeulen, Sakai, etc., forming a red ethnic group. The blue group was
composed of Reuter, Nakamura, Graedel, and others.
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3.1.5. Analysis of Subject Categories

Figure 9 reveals that these 299 publications contained 32 subject categories according to WOS, of
which the most common topic category was Engineering (32%), followed by Environmental Science
Ecology (29%).
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3.2. Research Themes

3.2.1. The Top 10 Frequently Cited Articles

Highly cited articles are regarded as indicators of top performance and scientific excellence, which
means the higher the citation frequency, the more significant the influence of the articles. Table 5 shows
the information of the top 10 frequently cited articles in the domain of reverse logistics of ELVs in the
2000–2019 period. Accurately, the European Journal of Operational Research and Waste Management
published two articles, respectively, while the other articles were published by different journals.
In summary, the three most highly cited articles focused on the modeling approach, including vehicle
routing planning [34], a life cycle assessment [35], and a location problem [36]. Moreover, the other
seven articles mainly discussed the policy and management [37–40], and the solid plastic recycling on
the ELVs [41] and the disposal and recycling of automotive shredder residue [20,42].

Table 5. The top 10 frequently cited articles between 2000 and 2019.

Articles Journal TC

Schultmann et al. [34] European Journal of Operational Research 154
Gerrard and Kandlikar [35] Journal of Cleaner Production 144
Cruz-Rivera and Ertel [36] European Journal of Operational Research 101

Zhang et al. [40] Resources Conservation and Recycling 100
Michalek et al. [39] Journal of Mechanical Design 82

Ferguson and Browne [37] Production Planning & Control 78
Morselli et al. [42] Waste Management 74
Ragaert et al. [41] Waste Management 72
Nourreddine [20] Journal of Hazardous Materials 69

Mazzanti and Zoboli [38] Ecological Economics 69

3.2.2. The Most Frequently Used Keywords

The primary information of a paper can be reflected by keywords so that we could understand
the research topic of a domain through keywords analysis. This paper analyzed the author keywords
of 299 articles by VOS viewer software and found that there were 1248 keywords in total. In order
to make the data more reasonable, original data were preprocessed, and similar keywords were
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merged, such as “end of life vehicle”, “end of life vehicles”, “ELV”, and “ELVs”. Since most keywords
only appeared once, the top 87 keywords were selected with a threshold of 5 for analysis. Total link
strength refers to the total co-occurrence times of keywords with other keywords (including repeated
co-occurrence times). The top three frequency keywords were “end of life vehicles” (109), “recycling”
(65), “management” (45), and their total link strengths were 306, 234, and 232, respectively.

(1) Keywords Co-Occurrence and Categorization

In the keyword co-occurrence network, each node of the network represents a keyword, and the
edge between nodes was composed of keyword co-occurrence.

When excluding the keywords “reverse logistics”, “closed-loop supply chain”, “recycl *“,
“recovery”, “collect *”, and “end of life vehicle *”, the most frequently co-occurring keywords were
management (45), design (30), pyrolysis (29), model (21), and products (20). "*" represents any character
group, including null characters. As shown in Figure 10, the mapped keywords were derived from
VOS viewer’s previous analysis (including density, degree, concentration, and inclusiveness, which
are typical indicators of the relationship among keywords). By using this method, the keywords
were divided into four clusters through VOS viewer for further analysis: (a) modeling approach; (b)
remanufacturing and materials recycling; (c) legislation-oriented research; and (d) automobile shredder
residue recycling.Energies 2020, 13, x FOR PEER REVIEW 13 of 22 
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Modeling approach of the recycling process

As shown in Figure 9, the red cluster represents the first category named modeling approach,
including keywords such as network, optimization, genetic algorithm, life cycle assessment, uncertainty,
linear-programming model, etc. Furthermore, the rapid increase of these keywords frequency in
recent years illustrates that the modeling approach had become a significant content and was widely
concerned in reverse logistics of ELVs. At present, the discussion on the model mainly focused on the
following aspects: (1) reverse logistics network, (2) prediction of the number of ELVs, and (3) life cycle
assessment and environment effect. The content of the modeling approach will be discussed in detail
in Section 4.
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Remanufacturing and materials recycling

The second category is the blue cluster, including keywords such as material flow analysis, scrap,
aluminum, steel, metal, cycle, etc. The automobile industry is well-known of its parts remanufacturing
history, which refers to the transformation of parts conditions from scrap to “as new as possible”.
However, this operation is pervasive, including dismantling, cleaning, recycling, and reassembly. This
kind of literature mainly focuses on the recycling technology, methodology, and cycle evaluation of
various components, metals, plastics, and other materials of ELVs. At present, the mechanical treatment
is the technical support for metal recovery of ELVs, mainly recycling steel, aluminum, copper, and
zinc alloy. Seitz [43] discussed the motivation behind the remanufacturing of passenger car engines in
terms of market share, profitability, moral responsibility, and brand protection. An experimental study
conducted by Jordão et al. [44] aims to enhance the recovery and recycling of nonferrous metals, and
the optimum conditions were determined. Ortego et al. [45] evaluate the downcycling degree of minor
metals in conventional vehicles from the perspective of thermodynamics rarity. In addition to metals,
the world has also attached great importance to the recycling and reutilization of automotive plastics.
Li et al. [46] developed a high-voltage triboelectric separation device through the single factor test
to separate polyvinylchloride (PVC), polyurethane (PU), and polypropylene (PP) from the general
plastic mixture inside and outside the passenger vehicles. In the future, more detailed consideration
can be given to how to reduce material waste and improve the recyclability of materials and the
remanufacturing process of recyclable materials.

Legislation-oriented research

The yellow cluster represents this category, including keywords such as environment, European-
union, China, policies, strategies, directive, innovation, issues, etc. As the implementation of various
ELVs legislation-oriented measures will significantly affect the ELVs recycling industry, this kind of
literature mainly focuses on the EU ELVs Directive, national legislation and comparison, and the
extension producer responsibility (EPR). The EU 2000/53/EC Directive on ELVs was formulated to
solve the problems of vehicle discard, pollution, and waste, which is the first performance since the
establishment of EPR. Since then, ELVs reverse logistics has developed rapidly, and various recycling
solutions have been proposed. According to the EU Directive, Alwaeli [6] discussed the requirements
and objectives of recycling of ELVs in Poland in 2011. Wang and Chen [47] classified Chinese regulations
and policies on ELVs management, drawing lessons from the experience of ELVs law and EPR in
developed countries. Li et al. [48] analyzed and summarized Chinese current regulations and policies,
which is conducive to the improvement of them by the government.

Although most of the literature is on the analysis of local laws and regulations, in recent years,
some researchers began to compare and analyze the laws and regulations of several countries or regions.
Despeisse et al. [49] made a comparative analysis of Britain and Japan, describing the background and
RRR (the recovery, recycling, and reuse) performance of the two countries in terms of the life cycle.
The environmental performance and legislative boundaries of the current ELVs recovery processes
in Belgium and Australia were compared by Soo et al. [50]. Singh et al. [51] analyzed the impact of
laws and regulations of Japan and EU countries on the innovation of ELVs in terms of patent data,
and the results demonstrated that Japan’s environmental policies were more effective than those of
the EU countries in promoting innovation. As regulations affect many countries in the world, the
comparative analysis of multiple regions is still the future research direction, which is conducive to the
improvement of domestic regulations.

Automobile shredder residue recycling

The green cluster represents the fourth category with keywords such as ASR, pyrolysis, gasification,
combustion, brominated flame retardants, etc. One of the reasons why ELVs are challenging to recycle is
that polymer materials are used in the vehicle manufacturing process to improve vehicle performance,
such as emissions and weight. The automobile shredder residues (ASRs) refers to the remaining fraction
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after shredding of ELVs, accounting for 25%–30% of the total ELVs crushed mixture, containing most
of the polymers [52,53]. If these polymers are directly landfilled, it will cause severe environmental
pollution. The development of technology to improve the separation ability of ASR is the most critical
measure to solve this problem. Thus, this kind of literature mainly focuses on the treatment of ASR in
order to improve the separation level to recover energy and metal.

(2) Keywords Citation Bursts

Each article contains many keywords, so the activity of this field can be reflected by the growth of
keywords [54]. Keyword citation burst refers to the sudden increase of keyword categories over time,
which can highlight emerging topics in a particular field. Therefore, it helps us to understand the most
important emerging topics in the domain of reverse logistics of ELVs and determine the direction of
future research. As shown in Figure 11 made by CiteSpace, the emergence of the keyword automobile
shredder reserve was in 2001, indicating that the research on it started very early. Besides, the outbreak
of the keywords such as management, design, policies, and system mainly occurred in 2004–2008.
However, the focus on model method mainly occurred after 2011, and there were still a lot of relevant
articles published, which shows that in the domain of reverse logistics, the modeling approach was a
research hotspot.Energies 2020, 13, x FOR PEER REVIEW 15 of 22 
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4. Discussion

4.1. Development of Publications

Figure 4 presents the evolution of related publications, from which it can be seen that the ANP
was substantially increasing. However, the ANP appeared in a trough period from 2008 to 2011 and
increased slowly in the recent 3 years, which was consistent with the trend in global vehicle production
shown in Figure 1, indicating that academic activities were closely related to the development of the
industry. Moreover, China and Japan were the top two production countries in Figure 6, probably
resulting from their rapidly developing automobile industry and related regulations and policies.

Table 2 and Figure 5 highlights the top 10 most famous journals and co-citation relations. Among
them, the Journal of Cleaner Production, Waste Management, and Resources Conservation and Recycling are
the core journals, accounting for 30.95% of the total number of papers. At the same time, the three
journals are the most closely related, proving that their themes were significantly similar.
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Table 4 highlights the 10 most influential authors, three of them from Japan, and the most influential
author was Chen from Shanghai Jiao Tong University in China. In a vertical comparison of country
performance, academic collaboration, productive institutions, and authors, it is interesting to find
that the top two countries in all three parts were relatively consistent: China and Japan. Academic
cooperation integrates the expertise of different scholars, resulting in innovations and more high-level
papers. International cooperation also contributes to the academic development of low-tech countries,
as they can obtain learning opportunities from partner countries. Interestingly, the countries and
authors with the highest paper output also have positive and outstanding performance in international
academic cooperation, which shows that cooperative research contributes more to the production of
outstanding literature.

Table 3 shows the 10 most essential institutions, half of which are from Japan, and Shanghai Jiao
Tong University in China ranks first. It is worth noting that China and Japan were not only the two
most productive countries but also the most prominent in academic cooperation. Interestingly, nine
of the most influential institutions were universities, which had rich research platforms and fields to
choose from, and more student papers were published in the top 10 journals under the guidance of
professors. Simultaneously, academic cooperation performance can provide a certain basis for the
ranking of institutions. Shanghai Jiao Tong University, for example, is the most productive University
in the field of ELV reverse logistics, probably because more international students and visiting scholars
carry out frontier research.

4.2. Future Research Emphasis and Trend

The keywords related to frequency analysis and the most frequently cited articles show that the
main topic was focused on the modeling approach of the recycling process, which will be classified
and discussed below.

4.2.1. Reverse Logistics Network

Reverse logistics network construction refers to the network structure of determining the flow of
waste goods from the consumption place to the recycling place, including determining the number,
location, and flow distribution of the main body of the network. The construction of a reverse logistics
network, considered as a strategic level design problem, was the most basic and essential task in reverse
logistics management. Currently, the study on the reverse logistics network of ELVs has become the
focus of the researchers, and many construction approaches have been proposed.

The network structure of ELVs reverse logistics can be classified into open-loop supply chain (OLSC)
and closed-loop supply chain (CLSC); there are several optimization models: linear programming
(LP), mixed integer linear programming (MILP), and mixed-integer nonlinear programming (MINLP);
the objective function is divided into multi-objective and single objective according to quantity, and
can be divided into maximization (Max) and minimization (Min); the type of parameters is divided
into deterministic (Det.), probabilistic (Prob.), and fuzzy; and the solution approach can be classified
into exact (E), heuristic (H), and metaheuristic (MH). The following characteristics can be summarized
from the 23 articles collected in Table 6.
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Table 6. Summary of the characteristics of the ELVs reverse logistics network.

References
Network Structure Optimization Models Single-Multi Objective Type of Objective Functions Type of Parameters Solution Approach

OLSC CLSC LP MILP MINLP Single Multi Max Min Det. Prob. Fuzzy E H MH

Schultmann et al. [34]
√ √ √ √ √ √

Mansour and Zarei [64]
√ √ √ √ √ √

Cruz-Rivera and Ertel [36]
√ √ √ √ √ √

Zarei et al. [59]
√ √ √ √ √ √

Mahmoudzadeh et al. [65]
√ √ √ √ √ √

Vidovic et al. [66]
√ √ √ √ √ √

Farel et al. [67]
√ √ √ √ √ √

Gołębiewski et al. [60]
√ √ √ √ √

Mahmoudzadeh et al. [68]
√ √ √ √ √ √

Simic [63]
√ √ √ √ √ √ √ √

Simic [69]
√ √ √ √ √ √ √ √

Simic [70]
√ √ √ √ √ √ √

Simic [71]
√ √ √ √ √ √ √

Simic [57]
√ √ √ √ √ √ √

Demirel et al. [72]
√ √ √ √ √ √

Phuc et al. [61]
√ √ √ √ √ √ √

Özceylan et al. [55]
√ √ √ √ √ √

Lin et al. [58]
√ √ √ √ √ √

Shankar et al. [73]
√ √ √ √ √ √

Sun et al. [74]
√ √ √ √ √ √

Kuşakcı et al. [11]
√ √ √ √ √ √ √

Zhang et al. [62]
√ √ √ √ √ √ √

Xiao et al. [56]
√ √ √ √ √ √
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Most of the ELVs reverse logistics network were designed as an OLSC (65.2%), which was recycled
by the third-party operation entities and was modeled according to LP (56.5%) or MILP (39.1%).
Besides, the majority of the work adopted a single objective model (91.3%), and the solution approach
was E (78.3%) for small or medium-size cases. Only in a few studies, the CLSC was used as the network
structure to build a multi-objective model, which was mostly based on the recycling of automobile
manufacturers [36,55]. All single objective models considered minimizing costs (usually including
recovery costs, fixed and variable costs of facilities, transportation costs, and carbon emission costs)
or maximizing profits (profits from sales of parts and materials minus costs), while multi-objective
models considered both. In addition, only two papers considered carbon emission in the model [56,57].
By comparing the cost of each part of recovery and sensitivity analysis, they found that the carbon
emission cost was meager under the current carbon tax, which is difficult to restrict the decision-making.
Therefore, the government must formulate more effective environmental policies to reduce carbon
emissions, such as imposing strict limits on carbon emissions. Besides, LINGO, CPLEX, and other
software are widely used to solve the linear model. However, more researchers solve the model using
H and M-H methods to solve large-scale or non-linear problems in recent years, such as an improved
artificial bee colony algorithm [58], genetic algorithm [59,60], Tabu search algorithm [34], improved
multi-start search algorithm, etc. In particular, complex uncertainties exist in the network design, such
as the time, quantity and quality of ELVs recovered, and economic and technical parameters. Only in a
few studies, the fuzzy method was used to solve the uncertainty. Most of them only considered the
uncertainty of the processing cost, sales price, transportation cost, and other price parameters [61–63],
only Kuşakcı et al. [11] models with the uncertainty of the number of ELVs.

In short, future research should focus on CLSC, build multi-objective and non-linear models,
consider carbon emission constraints under strict environmental policies, take more uncertainties into
account, and adopt more advanced methods to solve the model.

4.2.2. Prediction of the Number of ELVs

The accurate prediction of the recovery quantity of ELVs plays a vital role in reverse logistics of
the automobile industry. For instance, the production, operation, and inventory of ELVs processing
facilities can be adjusted according to the forecast results to reduce costs; besides, it can promote relevant
departments to formulate more effective regulations and policies and contribute to the development of
the industry.

Conventionally, the number of ELVs is predicted by a fixed proportion of the total vehicle
ownership, which has low accuracy [75]. Thus, a variety of prediction theory research emerges in
recent years. Some researchers use the statistical model [76] and the non-linear Gompertz model [77]
to analyze the non-linear characteristics in the prediction process. Besides, due to the limitation of
many uncertain factors, the grey model (GM) applies to predict the quantity of ELVs [78,79]. Although
some progress has been made, due to the different complexity of the problem, some tricky problems
cannot achieve the expected goal only by using a certain theoretical method. Therefore, in practice, the
integration of GM, GA, PSO, and other theoretical algorithms, to make up for deficiencies, and the
use of comparative research methods to carry out prediction evaluation, an analysis of its advantages
and disadvantages and scope of application, and to select the appropriate conclusion as the reference
results of prediction can provide specific theoretical support for researchers.

4.2.3. Life Cycle Assessment and Environment Effect

Life cycle assessment (LCA) is a method used by most researchers to evaluate the environmental
sustainability of products. Some studies conducted LCA of the overall environmental impact from
alternative methods and compared different technologies and management methods [8,80–82]. To a
certain extent, this can determine ways to reduce environmental pollution and resource waste. However,
the entire range of environmental benefits and burdens of the ELV recycling process are not clear
enough to develop the appropriate guidelines to reduce the environmental impact of ELV recovery.
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Therefore, some researchers began to conduct LCA research on the whole vehicle [83,84], which may
be a worthy research direction in the future.

As the environmental benefits of the recovery and dismantling of ELVs are greatly affected by the
resource recovery rate, the application of LCA to support the decision-making of vehicle parts design is
still worthy of further exploration by researchers. However, simple LCA and environmental modeling
methods may not optimize further, improve, and understand the complete ELV recycling system.
Besides, it is noted that in recent years, some experts will consider cost and energy consumption
emission in LCA, namely, life cycle cost (LCC) and environmental life cycle assessment (ELCA).
Therefore, integrating socioeconomic characteristics with ecological design and LCA for modeling and
predicting complex ELV recovery systems can be regarded as a very promising methodology.

5. Conclusions

This paper combined bibliometrics with social network analysis, for the first time, to quantitatively
and qualitatively analyze the performance of publications and the coupling of literature in the field of
ELVs revered logistics. According to the WOSCC database, there were 299 relevant records from 2000
to 2019. During this period, the number of annual publications in the domain of ELVs reverse logistics
exhibited an increasing trend. The following contributions of this study hope to help researchers
understand the current research in this field and obtain more innovative ideas. First of all, this study
provided the most influential journals, countries/regions, institutions, and cooperation among them.
Journal of Cleaner Production, Waste Management, and Resources Conservation and Recycling were the core
journals in this field with similar themes and closest links. The two countries with the most publications,
China, and Japan, also had a more academic relationship. Besides, Shanghai Jiao Tong University in
China was the most productive institution, while Japan had half the high-level institutions. Secondly,
the author co-citation network graph was described, and the top three influential authors were Chen M,
Simic V, and Reuter MA. Second, we analyzed the multi-disciplines involved in ELV reverse logistics,
mainly focusing on Engineering and Environmental Science Ecology. Third, we provided influential
papers and conducted content analysis to obtain important topics in this field. Fourth, we visualized
the keyword co-occurrence, categorization, and citation bursts, and found the future research emphasis
and trend, and made a detailed content analysis.

To sum up, this research contributed to reviewing the domain of reverse logistics of ELVs, uniquely
to identify the future interests of this research domain.
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