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Abstract: Although industrial activity has brought about rapid economic growth, it also faces the
dual challenges of resource constraints and environmental pressure. Industrial ecology (IE) and
ecological modernization (EM) are two theories regarding the conceptualization and implementation
of sustainable development that emerged from the natural and social sciences, respectively. Over the
past three decades, scholars have conducted copious amounts of theoretical and applied research
on IE and EM, but comparative studies from an interdisciplinary perspective on the relationship
between the two remain relatively rare. On the basis of a bibliometric analysis, this study offers a
comprehensive examination of the background, theoretical connotations, and main content of IE and
EM, also exploring the role of both theoretical perspectives in the promotion of sustainable industrial
development. The findings are fourfold: (1) the research on IE and EM has been increasing year by
year, particularly in the past decade; (2) the research is mostly concentrated in developed countries
such as the United States and European Union member nations, and contributions from China have
increased significantly in recent years; (3) IE has a broader research community than EM and has
evolved clearer and more specific research contents and methods; and (4) IE, which analyzes the
problems of specific industrial systems, and EM, which constitutes a higher-level institutional policy
design, exhibit a trend of cross-fertilization. This study provides a reference for building a more
systematic and comprehensive theoretical system of ecological transformation and discusses the
future research directions in this field.

Keywords: industrial ecology; ecological modernization; green transformation; comparative analysis;
bibliometric analysis

1. Introduction

Economic development and technological progress have raised the standard of living
and improved the overall quality of global human life, but at the same time, the shortage
of resources and environmental pollution resulting from the industrialization process has
increasingly become a bottleneck that limits the development of human society [1-3]. In the
early stage of industrialization, because of shallow environmental awareness and lack of
planning, industrial development was characterized by a fragmented structure and a low
environmental threshold, which led to the traditional industrial development approach
of “pollute first, control later” [4]. The intensification of environmental hazards and the
emergence of the global energy crisis have raised awareness in human society regarding
the environmental crisis, spurring the exploration of a green, circular, and sustainable
development model to improve the ecological environment [5]. In 1987, sustainable
development was introduced in “Our Common Future,” which encouraged the global
population to consider achieving the harmonious mutual development of society, economy,
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and environment [6]. Following multiple theories of ecological transformation put forth in
recent years, such as industrial ecology (IE) and ecological modernization (EM), sustainable
development calls for a green transformation of traditional development models [4,7].

IE and EM are two approaches that conceptualize the implementation of sustainable
development that have emerged in the United States and northwestern Europe [8]. IE
originated from a core subject matter of industrial metabolism, industrial symbiosis, and
the metaphor of the industrial ecosystem as similar to a natural ecosystem. It represents an
integrated interdisciplinary field that covers ecology, economics, environmental science,
and system dynamics (SD) [1,9,10]. IE applies a bottom-up research approach, starting from
specific industrial systems that produce pollution, and seeks to prevent and treat pollution
in the whole process through clean production, circular economy, and industrial symbiosis
to achieve green development. By contrast, EM emerged from the European environmental
movement and environmental policy practice and presents a reexamination and rethinking
of the current incompatibility of economic growth and environmental protection. Adopting
a top-down approach, EM seeks environmental reform and ecological transformation from
macro-level (national, international, and regional) perspectives and approaches, such as
policy and institutional innovation and market mechanisms, to resolve environmental
conflicts and the resulting social challenges. As such, sociologists are more active in the
EM field. Both theories have been in existence for more than 30 years now, and countries
worldwide have accepted resulting guidance on industrialization activities to varying
degrees, some of which have achieved positive benefits [11,12]. For instance, eco-industrial
development and IS practices have led to economic growth and low-carbon development
with improved eco-efficiency [13].

However, with the increasing complexity of industrial activities and heightened
stringency of environmental standards, it has progressively become more challenging
for a single theory to provide effective guidance to advance eco-efficiency improvement.
In 1995, the Porter hypothesis suggested that environmental regulation could stimulate
eco-innovation and further influence environmental performance and competitive perfor-
mance [14]. However, the high initial investment costs of green technologies and green
production practices and the uncertainty of whether they contribute to increased economic
competitiveness have resulted in resistance in some operators’ willingness to make a green
transition [7]. Meanwhile, concrete policy instruments are needed to support the implemen-
tation of industrial green transformation measures (e.g., economic incentives, regulation,
and voluntary instruments) [15], besides comprehensive institutional arrangements. Both
theories represent vital approaches for solving resource and environmental challenges.
Integrating IE and EM research may expand into more instructive perspectives to lead the
ecological transition and sustainable development research and practice. Unfortunately,
current academic research on IE and EM is still relatively disconnected, and only a very
few articles (e.g., Deutz 2009 [8]) have conducted research from the perspective of com-
paring IE and EM. IE scholars are less likely to address institutions, policies, and other
elements of EM concern, whereas EM research lacks concrete means of implementation.
This state of affairs has hindered the advancement of the industrial sustainability process
from developing a more practical and systematic perspective. To fill the gap, this study
endeavors to complement the theoretical system of sustainable development by reviewing
and comparing the development of IE and EM theories.

On the basis of the bibliometric method, this study conducts a comparative analy-
sis from the proposed background, theoretical connotation, research scale, and research
content to reveal the application and guiding significance of the two theories in the green
transformation of industries and to provide references for management decisions and
sustainable industrial development. The remainder of this paper is organized into four
sections. Section 2 introduces the data sources and processing tools, and methods used
in the bibliometric investigation. Section 3 presents the results, including the general
trends of IE and EM literature published over the years, the contributions of different
countries and regions, the author collaboration network, and an analysis of the evolution
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of relevant keywords. Section 4 provides a comparative examination of the background
origin, connotation characteristics, main contents, and principles of IE and EM. Finally, the
last two sections present discussions and conclusions.

2. Materials and Methods
2.1. Data Collection and Cleanup

The Web of Science (WoS) is one of the most widely used databases for bibliomet-
ric analyses in the sciences [16]. It provides standardized records for citation analysis
and allows complete citation records to be downloaded into text or tab format, which
is compatible with most literature analysis tools, such as CiteSpace and VOSviewer [17].
Data collection in this research was based on the WoS Core Collection (including SCI-
EXPANDED, SSCI, A and HCI, CPCI-S, CPCI-SSH, CCR-EXPANDED, and IC), with a
time span of 1900-2020. Additionally, only the article type of publications was considered
because of their original contributions.

As the topic of industrial symbiosis is a significant subfield in the academic domain of
IE, this study applied the research string of “TOPIC = (“industrial ecology” OR “industrial
symbiosis”)” to retrieve IE publications. Conversely, for EM, the search equation was
“TOPIC = (“ecological modernization” OR “ecological modernisation”).” A TOPIC search
retrieves the words from the title, abstract, author keywords, and keywords plus. Two
file formats were exported from the WoS: Plain Text for CiteSpace and Tab-delimited for
VOSviewer. A total of 4286 records of IE and 1024 records of EM were found, separately.
Each record included the title, author names, publication years, keywords, abstracts,
journals, references, and other information for analysis.

To obtain more accurate information, data cleaning was performed. Several synonyms
were identified, such as “industrial ecosystem” and “industrial ecosystems,” “carbon
dioxide emissions” and “CO, emissions,” “ecological modernization” and “ecological
modernisation” in the keywords and “Geng Y” and “Geng Yong,” “Tsuyoshi Fujita” and
“Fujita Tsuyoshi,” “Mol, Arthur P. ].” in the author names. Two tools were used to clean up
the data for this investigation. One was the thesaurus file of VOSviewer, which presents
a text file with 2 columns, a label column, and a replace by column that enabled us to
perform data cleaning. The other was the alias file of CiteSpace. An alias file was created
in the project folder to merge different types of aliases.

2.2. Analytical Methods

Bibliometric analysis is a widely used analytical tool that enables quantitative analysis
of the literature published in a given field [18]. By using a wide range of metrics and
methods (e.g., citation analysis [19]), it can reveal the current distribution of the research
field and predict research trends [20,21]. Besides, the visual analysis enables the graphical
presentation of large amounts of literature information, which facilitates bibliometric
summaries of the number of publications, research hotspots, research methods, author
distribution, etc.

Bibliometric and visual analysis methods were applied to study the development
history of IE and EM from the perspective of keyword co-occurrence, author collaboration
networks, and country/region contributions. CiteSpace is a scientific literature analysis
tool that aids the discovery of research hotspots and evolutionary paths in scientific fields
through the measurement of domain-specific literature [22]. CiteSpace was used to or-
ganize basic information, such as the number of articles published per year for IE and
EM, the frequency of keywords, the number of articles published per author, and other
considerations for further examination using Gephi, R, and tabular forms. Additionally,
VOSviewer offers a scientific knowledge mapping analysis tool that is mainly suited to the
analysis of literature data and is distinguished by its graphic presentation capabilities [23].
We used VOSviewer for the presentation of author collaboration network graphs, wherein
each node represents an author, the size of the node represents the number of author
papers, different colors represent different collaboration groups, and the lines between
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points represent collaborative relationships. Moreover, for better graphical presentation,
R language and Gephi were also used for visual graphical presentation. R is a free, open-
source software with excellent statistical and data processing capabilities [24]. We imported
country contribution data of IE and EM at different periods into RStudio and used ggplot2
packages to form bubble charts to facilitate our analysis. Gephi is an open-source software
for graph and network analysis [25], which compiles and imports notes and edges files
to form a network map of the keywords that arise in different periods. The thicker the
line between nodes, the more times the keyword appears in that period. Furthermore, on
the basis of the bibliometric results and visualization mapping, the study compares and
analyzes the similarities and differences between IE and EM further in terms of background
origin, connotation, and research content.

3. Bibliometric Results
3.1. General Trends and Geographical Distribution

Figure 1a presents the annual number of publications from 1960 to 2020. Considering
the small amount of literature before 1990 (occasional articles) and the fact that no original
article was found, this paper mainly uses data from 1991 to 2020 for the bibliometric
analysis. More articles have been published on IE, with 4286 literature records, whereas EM
has 1024 records. The number of articles published annually in IE exhibits an upward trend,
with an average annual exponential growth of 18%, from 4 articles in 1991 to 505 articles
in 2020. The number of articles per year has shown a significant increase in the years
following 2010; more than half of the 4286 articles were published in the last 5 years. The
number of publications per year in EM is gradually increasing, from one article in 1991 to
82 articles in 2020.
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Figure 1. General publication of Industrial Ecology and Ecological Modernization. (a) Annual
number of publications of IE and EM in 1960-2020; (b) proportion of publications in the top 5 most
productive countries/territories of IE; (¢) proportion of publications in the top 5 most productive
countries/territories of EM.

The statistical analysis of countries/territories revealed that the top 5 most productive
countries, as displayed in Figure 1b,c, accounted for 62.34% and 63.19% of the total publi-
cations of IE and EM, respectively. Most documents were published in the United States
in both fields during 1991-2020, followed by the People’s Republic of China (hereinafter
referred to as China) and the United Kingdom. In the field of IE, the countries with the
fourth and fifth-highest numbers of publications were Germany and Canada, respectively,
whereas, in the field of EM, The Netherlands and Australia represented the fourth and
fifth-highest, respectively.
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Figure 2 further presents the evolution of the number of articles published in each
country during 1991-2020. The size of each bubble represents the contribution of each
country in each period of IE and EM research. In the field of IE, research began in the
United States in the early 1990s, whereas articles from other countries began appearing in
the WoS database in the late 1990s, with scholars from China surpassing other countries to
become the second-largest contributors in 2010, and catching up with the United States in
terms of the number of articles published after 2017. In the field of EM, relevant literature
began to be published in Germany, The Netherlands, and the United States in the early
1990s, and scholars in other countries started to contribute relevant articles around 2000.
Articles in China and the United Kingdom started to match the United States in terms of
the number of articles in 2016. The number of publications per year in each country was
less than that of IE.

| Country_IE

) 150 - - @ AUSTRALIA
i 75- * CANADA

*  CHINA

* ENGLAND
FRANCE
0- @ * GERMANY
n 5 - @ & * [TALY
20 25- , 50- 9@ 2] * NETHERLANDS

10- ° 1 100- @ ~

i e o @ ¢ . 100 JAMA OTHERS
L R J o
T T s SPAIN

USA

30- =] 100 - 200-

Number

©
- * . 1 .,
0

1991-1995 1996-2000  2001-2005 2006-2010 2011-2015 2016-2020

100- @ 8] ! ® 80- ] ] Country EM
40- AUSTRALIA
- 30| N * CANADA
Ll 10- 60~ ~ | & * CHINA
* ENGLAND
FRANCE
@ 20 - 40- 40- @ *  GERMANY
g ® @ * NETHERLANDS
25- 10- o ° P ° * OTHERS
o op 18 POLAND
il . CLLE . SWEDEN
) 1 1 1 —

Number
]
@

1991-1995 1996-2000 2001-2005 2006-2010 2011-2015 2016-2020

Figure 2. Development trends of the top 10 productive countries/territories in 1991-2020. (a) Top
10 productive countries/territories for IE; (b) Top 10 productive countries/territories for EM.

In both of these areas, the United States was the most productive country during
1991-2020, and China became the second most productive country. Moreover, researchers
in developed countries have made more contributions and published more articles due
to the early industrialization of developed countries, which experienced environmental
problems earlier and awakened environmental awareness the soonest.

3.2. Collaborations among Authors

In this section, a cooccurrence analysis of the collaborative network among authors
was performed (As illustrated in Figure 3, isolated nodes are ignored).
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Figure 3. Coauthorship network during 1991-2020. (a) Coauthorship network of IE with the threshold
of a minimum of five publications; (b) coauthorship network of EM with the threshold of a minimum
of two publications.

In the field of IE, collaborations between authors who published more than five arti-
cles are shown in Figure 3a. The largest component contains 16 authors, most of whom
are American, Chinese, and Japanese researchers. Yong Geng, from Shanghai Jiao Tong
University, China, is the most prolific researcher, with 44 articles (1.03%). Tsuyoshi Fujita
(32 articles, 0.75%) from the University of Tokyo, Japan, has a close collaborative research
relationship with Yong Geng and Liang Dong (24 articles, 0.56%) on the subjects of in-
dustrial symbiosis and urban symbiosis in China as well as Japan [26-28]. Richard Wood
(19 articles, 0.44%) and his colleagues at the Norwegian University of Science and Tech-
nology mainly used multiregional input—-output analysis (IOA) to explore environmental
impact issues [29-31]. Finally, Stefan Pauliuk (19 articles, 0.44%), also from the Norwe-
gian University of Science and Technology, has produced a lot of work on the analytical
assessment of socioeconomic metabolism [32,33].

In the field of EM, collaborations between authors who published more than two arti-
cles are shown in Figure 3b. The largest collaborative network was formed by 11 authors,
with Richard York (14 articles, 1.37%) from the University of Oregon in the United States and
his colleagues mainly focused on the analysis of drivers of environmental impact [34,35].
APJ Mol, from Wageningen University and Research in The Netherlands, was the most
prolific author, with 22 articles (2.15%). Mol’s work focuses on the environmental cri-
sis and institutional reform in modern societies from the perspective of environmental
sociology and investigates the EM process in non-European countries [36-38]. Joseph
Sarkis (12 articles, 1.17%) from Worcester Polytechnic Institute in the United States had
a close collaboration with Qinghua Zhu (seven articles, 0.68%) from Shanghai Jiao Tong
University in China on green supply chain management [39,40]. Martin De Jong (9 articles,
0.88%) from Erasmus University Rotterdam in The Netherlands produced several efforts on
city brand identity and practices adopted in different industry and regional development
paths [41,42].

The results demonstrate that, compared with EM, there are more scholars and groups
engaged in IE research, and its coauthorship network is more complex. Scholars who study
IE have published more. In their respective fields, transnational and institutional academic
cooperation between authors is a common phenomenon.

3.3. Keyword Analysis

Figure 4 illustrates the evolution of high-frequency keywords in different periods of
IE and EM. The green, blue, and orange nodes represent the time periods, IE, and EM,
respectively. The thickness of the line represents the number of keyword occurrences in
that period. Considering that the two fields had just begun to develop and had a small
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number of articles in 19912000, the decade was integrated into one time period, and all
subsequent periods were displayed in 5-year increments.
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Figure 4. High-frequency keywords in IE and EM.

“Ecology” and “ecosystem” were high-frequency words in the early stage of IE,
as IE originated, in part, from the observation of industrial symbiosis and the analogy
between industrial ecosystems and biological ecosystems [1]. Moreover, “population,”
“pollution,” “environment,” and “water quality” illustrated the early studies’ focus on
the relationship between humans and nature. “Sustainable development” is repeatedly
mentioned in articles, echoing “Our Common Future” from 1987 and the “Rio Declaration
on Environment and Development” and “Agenda 21” adopted by the Environment and
Development Conference in 1992, which led to subsequent research on “sustainability,”
“cleaner production,” and the “circular economy.” Since 2000, the frequency and ranking of
“life cycle assessment (LCA)” have increased significantly, representing the most commonly
used analysis method in the field of IE, along with “material flow analysis (MFA)” and
“input-output analysis (IOA).” The high frequency of the word “system” reflects the
more systemic perspective and approach of IE’s treatment of resource and environmental
issues. “Eco-industrial parks (EIPs)” was a high-frequency keyword during 2001-2005, and
scholars have conducted a series of case studies on the construction of EIPs in the United
States, Europe, China, Australia, Singapore, Japan, and other countries/regions [43—45].
Since 2011, the word “China” has appeared frequently, indicating that scholars are paying
more attention to China’s resources and environment. In the past five years, the terms
“circular economy,” “energy,” and “industrial symbiosis model and evolution” have become
hotspots in IE research.

The main keywords of the early stage (1991-2000) of EM research include “sociology,”
“modernity,” “modernization,” “sustainable development,” and “environmental move-
ment,” which mainly focus on the environmental movement, income inequality, women,
and social and environmental issues, such as risk society and discussions on modern-
ization, representing the environmental sociological attributes of EM (modernization as
a profound change in human society since the industrial revolution, a process of trans-
formation of human society from traditional society to industrial society, and EM is the
ecological transformation in the modernization process [11,46]). At the beginning of the
21st century, considerations of modernization and modernity continued to be explored,
and “policy/politics” began to rise as a high-frequency word. Macro-level solutions were
starting to be sought at the level of political and government policy. After 2011, “climate

” o
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change” increased in frequency, “China” has become a hot topic and is receiving contin-
uous attention from the international community. In the past 5 years, new research on
urbanization [42] has also emerged.

IE research exhibits a trend of describing the current situation of environmental
challenges, exploring methods of analysis and solutions. In comparison, EM focuses more
on the national, macro perspective of politics, policy, and government enforcement to
explore environmental issues. In terms of research methods, EM mainly applies coordinate
analysis methods and policy analysis of modernization research, whereas IE uses more
specific analysis and accounting methods, such as LCA, MFA, and IOA.

3.4. Articles for Interdisciplinary Research

To analyze the interdisciplinary research articles of IE and EM, a further retrieval
was conducted through the WoS database with the search equation “TOPIC = (“industrial
ecology” OR “industrial symbiosis”)” AND (“ecological modernization” OR “ecological
modernisation”),” A total of 29 papers with 65 authors were retrieved. After reading the
full text, a portion of articles that only dealt with the respective domains of IE or EM
were excluded. Finally, 9 articles were screened out as providing valid comments on the
relationship between IE and EM, as shown in Table 1.

Table 1. Characteristics of articles involving both IE and EM.

Rank  Reference Relevant Statement Country Year TC

“It is plausible to argue that ecological improvements in the North (the
Ecological Modernization of the Developed Nations), increasing energy

! Ausubel [47] efficiency, for example, will in fact weaken the bargaining position of the The United States 1992 13
South (the Developing Countries), at least in the near term.”
“The transformation of traditional industrial structures, which are often
2 Huber [48] environmentally unadapted, to an ecologically modernized, consistent Germany 2000 120

industrial metabolism implies major or basic technological innovations
... The notion of industrial ecology is close to the concept of consistency.”
“Despite the dilemmas that ecological modernization holds for the
American environmental movement, there are indications that some
3 Cohen [49] groups have begun to embrace industrial ecology, environmentally The United States 2006 28
conscious manufacturing, and other related modes of
professional practice.”
“In essence, the circular economy approach is the same as the more
Geng and Doberstein ~ familiar terms EID and “industrial ecology,” and fits comfortably within a
[50] broad range of ecological modernization initiatives pioneered around
the world.”
“IE provides important insights to environmental protection derived from
its system’s perspective, which are not implied by EM. It thus can suggest
5 Deutz [8] particular routes to approaching EM, and should not be dismissed as The United Kingdom 2009 30
simply a collection of practices that are subsumed within the scope of EM.
IE and EM operate at different, but potentially complementary, scales.”
“Designing an integrated model of pollution prevention for industrial
systems usually starts with ... these steps lead us to a
physical-technological model for low-waste industrial systems. The
6 Anh et al. [51] above mentioned physical-technological models need to be combined Vietnam 2011 25
with an analysis of actors and institutions ... Ecological modernization
theory has proved to be a valuable starting point for such
institutional analyses.”
Hult d “The decoupling of the environmental effects of waste from economic
7 C whman an growth within an ecological modernization paradigm favors increasing Sweden 2012 50
orvellec [52] L . ) .. . . 0,
material circulation since this is how environmental success is measured.
“Rapid economic growth, commensurate with increasing environmental
damage in China, has resulted in officials’ further pursuing Eco-industrial
parks (EIP) policy as a significant element of the broader circular
economy and ecological modernization efforts.”
“Circular economies linked to a vision of clean green ecological
9 Gregson et al. [54] modernization are predicated upon enacting the EU as a bounded The United Kingdom 2015 179
material system.”

Japan 2008 239

8 Zhu et al. [53] China 2014 37

Note: Country: the country where the first institution of the corresponding author is located; PY: publication year; TC: total citation.
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Among them, as early as 1991, in “Industrial ecology: reflections on a colloquium”
(presented at the colloquium of the National Academy of Sciences on Industrial Ecology in
1991), Ausubel [47] listed the issue of global north—south differences in EM development as
one of the 10 questions discussed in IE at the time. The ecological improvements brought
about by the rise of EM in northern countries, such as increased energy efficiency, could
lead to a significant reduction in the demand for resources and energy (mainly exported
from southern countries to the north), thus widening the gap of economic development
of the south and the north. However, from the time this issue was raised to date, there
remain relatively few studies in this area. In “Towards eco-agro industrial clusters in
aquatic production: the case of the shrimp processing industry in Vietnam,” Anh et al. [51]
proposed the construction of a physical-technological model for low-waste industrial
systems via IE and embedded analysis of the social and institutional environment via EM,
demonstrating that the two theories can complement one another in the promotion of
industrial change. Additionally, to understand the potential and shortcomings of producer
responsibility regulations, Deutz [8] examined the interrelationships of IE and EM in
“Producer responsibility in a sustainable development context: ecological modernisation or
industrial ecology?.” Citing the author’s own words, “There is a minimal acknowledgment
of EM in the IE literature, and EM literature that is aware of IE tends to dismiss it as
simply an eco-efficiency tool for business” [8]. The other six papers include examining IE
under the theoretical framework of EM, mainly describing the European environmental
management system (e.g., European Waste Hierarchy) and the development of a circular
economy in China.

Of the above nine articles, Deutz’s [8] study deserves attention, as it is an interdisci-
plinary study that includes a comparative analysis of IE and EM. By identifying 10 criteria
related to the two concepts, such as aim, economic philosophy, origins, etc., careful com-
parison is made between IE and EM, and the potential that their combination can provide
the EU waste minimization policy mechanism is considered. However, the rest of the
papers do not provide such a detailed comparative analysis. This demonstrates how few
the studies on the intersection of IE and EM are. Notably, there is a lack of clear consensus
on the relevant studies and opinions on the relationship between the two.

4. Comparative Analysis
4.1. Origination from the Same Background but with Different Paths

According to our bibliometric results, IE and EM both emerged around the 1990s, as
the expansion of industrial-scale and the heedless use of resources and energy made the
contradiction between industrial production, resources, and the environment increasingly
prominent. The growing drawbacks of end-of-pipe pollution control and the expanding
diversity, complexity, and regionalization (globalization) of environmental problems are
common backgrounds for IE and EM. IE is concerned with resource constraints and
industrial activities. A more direct approach, such as the 3Rs (reduce, reuse, and recycle),
is implemented to improve the efficiency of industrial systems, thus achieving a win—
win situation for both economic and environmental benefits. EM, by contrast, explores
approaches to solving the contradiction between development and environmental issues at
the institutional level, using a top-down perspective, calling for dematerialization, greening,
ecologization, and decoupling modernization from environmental degradation [46]. EM
envisions a more complex cause—effect relationship, focused on coupling natural and
human socioeconomic systems. It does not usually act directly against the producers of
pollution and is more influenced by multiple stakeholders on the public side. Essentially,
EM pays more attention to social as well as ecological benefits.

IE emerged in large part from the analogy between the industrial ecosystem and the
biological ecosystem. The seminal article “Strategies for manufacturing” by Robert Frosch
and Nicholas Gallopoulos [55] in Scientific American was the first to discuss the concept of
IE and is considered to be the birth of the discipline of IE [1,43,56]. By analogizing industrial
systems with biological ecosystems, IE explores what the material energy metabolism of
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food chains and the symbiotic relationships among different organisms can tell us about the
operation of industrial systems. The metabolic and symbiotic relationships are analogized
to industrial metabolism as well as the concept of industrial symbiosis in IE. The concept of
industrial metabolism describes the operation and mechanism of industrial activities and
explores the causes of environmental pollution through the analysis of the inputs, outputs,
and pathways of materials and energy in industrial systems [1,57]. Industrial symbiosis, by
contrast, explores methods for improving the efficiency of resource utilization and reducing
waste discharge in terms of solid waste exchange and utilization, energy cascade utilization,
reclaimed water reuse, and infrastructure sharing [58,59]. Earlier, when the research of the
Ministry of International Trade and Industry of Japan, devoted to technology, intended to
increase energy efficiency, “Belgium ecosystem” and “industrial metabolism” studies were
practical activities using the idea of IE [56,57]. The development of the concept of industrial
symbiosis in Kalundborg, Denmark, directly contributed to the advancing the theory and
application of IE [60,61] and led to the construction of EIPs in more countries afterward
(e.g., the United States, The Netherlands, the United Kingdom, China, and Korea). EIPs
have also become the main body of IE theory implementation in recent years.

EM originated from the evolution of environmental movements and environmental
policies in developed European countries. German sociologists Martin Jénicke and Joseph
Huber introduced the environmental policy concept of “ecological modernization” in the
1980s as an alternative approach to solving environmental challenges [62—-64]. Huber (1985)
believed that through EM, “the dirty and ugly industrial caterpillar will transform into a[n]
ecological butterfly.” Gert Spaargaren and Arthur Mol (1992) of Wageningen University and
Research in The Netherlands published the first English paper on EM in 1992, elevating it
to a theory of social change. The growing environmental movement, at regional and global
levels, as well as the increasing interest of international institutions in environmental issues
and environmental policy practices, has promoted the development of EM theory [46].
In response to the idea of an ecological collapse and environmental crisis and the debate
regarding environment and modernity, EM scholars seek to overcome the ecological crisis
through stimulating institutional change and achieving the integration of environmental
protection and modern economic development [36]. This is congruent with the concept
of sustainable development proposed by the Brundtland Commission [6], which is the
integration of ecological quality with economic growth via industrialization.

4.2. Both Theories Have Their Own Specific Features in Connotations

Sharing the same target of coordinated development between industrial and environ-
mental systems, both IE and EM are guided by the principles of ecology and indicate a
preference for flexible, rather than prescriptive, regulations [8]. Moreover, both emphasize
prevention and pursue resource and energy efficiency in strategies developed to address
environmental issues. However, because of the disciplinary differences of the research
groups, the two theories have focus connotations. The connotation characteristics of both
theories are summarized by combing through articles about the connotations of IE and EM.

IE is a discipline that examines the interactions between industrial activities and the
environment, involving multiple disciplines, such as bionics, economics, environmental
science, ecology, and system dynamics. This endeavor requires a coordinated, rather
than isolated, view of the relationship between industrial systems and their surround-
ings and advocates optimization of the use of material and energy flowing through the
socioeconomic system from a life cycle perspective [65]. Many studies define these con-
ceptual connotations [66] as follows: (1) industrial systems mimicking more efficient and
sustainable biological ecosystems and promoting cooperative symbiosis between compa-
nies [59,67,68]; (2) coordinated development of economic, industrial, and environmental
systems, focusing on the enhancement of mutual economic and environmental benefits
and the improvement of enterprise competitiveness [67-69]; (3) pollution prevention and
efficient use of resources and energy for the whole process, following the principles of the
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3Rs; (4) knowledge exchange and shared use of infrastructure [69]; and (5) transformation
of linear open systems to cyclic closed systems [68].

There is no universally accepted definition of the meaning and scope of EM [70]. The
concept of EM is discussed by Janicke [71], Huber [48], Mol [72], Hajer [73], Christoff [74],
and He [75]. The connotations of EM can be summarized as involving environmental
problem-solving strategies, environmental reform, and industrial transformation, capitalist
political and economic restructuring, technology and structural optimization, and the
ecological transformation of modernization, including the following: (1) public goods and
resource attributes of nature and internalization of external costs [73]; (2) preventive strate-
gies and more advanced environmental technologies [71,72]; (3) technological innovation,
institutional innovation, and market mechanisms [76]; (4) intercountry cooperation and
multistakeholder involvement, such as that of governments, enterprises, individuals, and
environmental non-governmental organizations involved in environmental reform [72,74];
and (5) compatibility between the economy and the environment, pursuing the decoupling
of economic growth and environmental degradation [72].

4.3. From an Isolated to a Syncretic Approach in Research and Practice

As shown in Table 1, IE and EM currently have experienced a small intersection in
research content and methodology because of differences in the context and subject areas
in which they arise.

IE is more focused on natural science. By relying on data, IE seeks solutions to re-
source and environmental conflicts by exploring the operating mechanisms of industrial
ecosystems. IE places more emphasis on the whole process of production from the per-
spective of industrial systems and industrial activities and has clear system boundaries.
For example, at the park level, IE scholars study industrial symbiosis and develop EIPs,
and at the micro-level, IE researchers require enterprises to develop clean production
and green product design. This study summarizes the main research contents of IE: (1)
theoretical research and systematic analysis based on methods and models. This includes
research on industrial metabolism using MFA, substance flow analysis, IOA, and other
approaches, such as material flow and stock analysis conducted in multiple dimensions
with metals, nonmetals, urban buildings, and household durable goods [77-81]. The anal-
ysis of symbiotic industrial networks using a system of national accounts and ecological
network analysis, such as the evaluation of industrial symbiotic network resilience [82],
analysis of network structure characteristics, and network evolution; and modeling and
evaluation of industrial ecosystem using LCA [83], agent-based modeling [84], and the SD
model [85]. (2) Application research based on the planning and design of EIPs. EIPs are
the core practice area of IE [7]. For example, construction and development models [86,87];
industrial-urban symbiosis relationship [88]; policy standards [89] and institutional ca-
pacity building [90]; performance evaluation, such as industrial symbiosis indicators [91],
eco-efficiency [92], and eco-connectance [93]; and practices and case studies, including
China, the United States, Europe, Japan, and Korea [43,94-96] are summarized as best
practices or transformative paths.

Compared with IE, EM is more oriented to guidance on eco-principles and policy
research at the macro-level, covering a wider range of areas, such as climate change at the
global/regional level, regional integration/globalization, national environmental policies,
institutional reforms, enterprise management, and technological innovation. EM is more
closely related to social science, as it mainly uses coordinate and policy analysis methods
and emphasizes the participation of multiple stakeholders in environmental reform. There
are four main areas of study in EM. One includes the challenges of urbanization, globaliza-
tion, and the decoupling of the economy and the environment. EM scholars suggest that the
degree of impact of economic development on the environment will decrease over time and
that the decoupling of economic growth and environmental complications will eventually
be achieved through mechanisms such as technological and institutional innovation [76].
A relative decoupling between economic development and emissions has been confirmed
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in developed countries, whereas the relationship between the economy and emissions is
stronger in less developed countries [97], the current situation in these countries is on both
sides of the inflection point of the Environmental Kuznets Curve (EKC) [98]. The second
area of study is environmental policy and management mechanisms. EM researchers
advocate the integration of environmental considerations into the policymaking process,
denying the central role of government in policymaking [72] and emphasizing the par-
ticipation of government, enterprises, citizens, and other social forces in environmental
policymaking and adopting an open and democratic policy decision-making model [74].
Related studies include analyses of the policy applications of waste management systems
in Europe [52], analysis of the case of Sweden [99], and analysis of the institutionalization
of environmental policy in the Dutch construction sector [100]. The third area of study is en-
vironmental ethics. Environmental ethics involve the exploration of ecological distribution
conflicts and environmental justice as a result of the uneven geographical and social distri-
butions of environmental problems [101,102]. Additionally, intensive resource extraction,
waste disposal, and land acquisition are often accompanied by heavy, regionally-based
environmental and social burdens [103]. Resulting environmental justice movements can
reveal new forms of environmental change and preventable injustices while potentially
influencing local institutional, technological, or political transformations [102,104-106].
The fourth area of study is enterprise technological innovation and green supply chain man-
agement. Technological innovation is one of the core mechanisms of EM. Achieving a shift
from “end-of-pipe” treatment technologies to clean technology processes is an aspirational
point of concern for EM at the micro-level for companies, yet one of the challenges that
companies face is overcoming existing barriers to corporate innovation [107]. Regulation
and policy help companies overcome barriers to innovation, allowing the consideration of
clean technologies, complementing technological change with organizational change, and
exploring opportunities for improvement in strategy and operations [108]. Additionally,
green supply chain management has become a new tool of EM [39]. It can help industries to
become more sustainable and to achieve collective benefits on the basis of the reuse of waste,
by-products, and excess utilities among economically independent industries [109,110].
The complexity of sustainable supply chain design, planning, and management involves
technical, economic, environmental, and social issues [111], and EM research and design
helps to understand and manage sustainable supply chains [40].

An increasing trend of crossover between IE and EM research and practice is apparent.
Although only a small number of articles appeared in the literature keyword search for both
IE and EM, research in individual fields seems to regularly address the other. For example,
an increasing amount of research on IE focused on policy standards, institutional capacity
building, and parks are beginning to consider multifunctionality, networked information
sharing, and shared innovation institutions [112,113]. Some scholars have also begun
to focus on the issue of multiparticipation in the ecological transformation of industrial
parks [114] to avoid the emergence of ecological distribution conflicts [101]. Meanwhile,
EM is also exploring concrete, practical approaches, such as the ecological transformation
of enterprises and green supply chain management, to address increasingly critical global
climate change challenges [39,40].

5. Discussion

IE and EM share common goals and economic philosophies, and although they have
different origins and disciplinary backgrounds, they are potentially complementary [8]. IE
analyzes specific problems related to resource and energy savings from industrial activities
based on local to regional, material, product, and process-based system boundaries. EM
is dominated by work defined by political boundaries, commonly on a national scale.
These scales are complementary in terms of identifying environmental impacts and specific
solutions. Whereas environmental policy and ethics problems hindered the crossing of
their disciplinary boundaries.
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The applicability and value of EM theory are widely discussed. As an environmental
political theory, EM was restricted to developed capitalist countries in the first place. It is
worth exploring the value and applicability of EM to developing countries and emerging
industrial economies that are facing the contradiction between industrial development and
environmental impact in recent years. Subsequent discussions have extended to a global
scale, breaking away from the single framework of capitalist societies. Such as IE, EM offers
theoretical and practical approaches to sustainable, green development that apply to all
countries that are committed to ecological-economic development. Scholars have studied
the applicability of EM in countries such as China, Vietnam, and Malaysia [115-118].
EM’s concept of technological innovation, market mechanisms, and progressive reforms
could provide developing countries useful lessons on environmental reform. However,
the limitations cannot be ignored, such as the obstruction of reform by vested interest
groups and the inability of policies to solve persistent environmental problems. Hence, it
still needs to be refined to fit the specific institutional systems and development status of
developing countries.

IE and EM share a common goal of decoupling economic development from environ-
mental burdens. Whether the decoupling that has taken place in some developed countries
is genuine involves a question of transfer. International trade and production shifts ex-
plain the phenomenon that economic growth in developed countries is accompanied by
environmental degradation in less developed countries. For instance, it can be discussed
in terms of the shift in the production and consumption of electricity in Turkey [101].
Electricity is vastly consumed in central cities, whereas the rural areas where the power
plants are located become “ecological sacrifice zones” [101]. Expanding worldwide, there
is a possibility that the place of energy waste generation (pollution) is in less developed
countries, whereas the growth of consumption (economic development) occurs in devel-
oped countries. Are the less developed countries then reduced to ecological sacrifice zones
to support the consumption of more developed countries? This relates to environmental
ethics. Multiparty (national) cooperation to develop advanced clean production and pollu-
tion prevention technologies while transferring industries to less developed countries is a
possible solution to this problem.

The analysis in this paper compares IE and EM in terms of core concerns. Initially, IE
was limited to a problem-specific analytical approach and EM to a macro-level analytical
model that addresses institutional, social, and other considerations. IE and EM have now
expanded into much broader theoretical and practical territories. IE emphasizes optimiza-
tion, focusing on the redesign of existing industrial systems to achieve higher resource
output rates and lower environmental impacts. Although IE research has also addressed
the more macro-level environmental policy and social impacts that EM is primarily con-
cerned with, such as global climate change and trade globalization, the academic impact
in these areas remains limited. EM emphasizes innovation, which is a breakthrough in
existing technological systems and institutional mechanisms and a key driver of system
fluctuation. EM is more concerned with upper-level institutional policy design, a broader
research breadth that covers all aspects of ecological transformation in the moderniza-
tion process. EM has delivered less research on the specific measures and quantitative
evaluation aspects that IE focuses on and lacks application and practice at the industrial
park level. Although the research on the two has uncovered a crossover trend in recent
years, most of them still stand on the expansion of research scope from the perspective
of their respective disciplines, and few scholars have systematically integrated the two
theoretical approaches.

How can the two be synthesized to jointly contribute to a coherent development of
economic and environmental performance? A model should be built that incorporates
IE system-scale practices (e.g., eco-design, life-cycle analysis, closed-loop manufacturing,
and industrial symbiosis) within the policy framework of EM, which includes not only
policy-level regulatory management but also system-level analysis and firm-level collabo-
ration. For example, the eco-transformation of industrial parks. An industrial park is not
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just a cluster for industrial enterprises but more an administrative area with integrated
socioeconomic attributes. EM can be integrated into the existing industrial park evaluation
standard system with IE industrial symbiosis as the core, and not only emphasize the
material and energy exchange between enterprises, etc., but also pursue the multifunction-
ality of the park and fully realize the balanced development of the three dimensions of
economy-environment-society for sustainable development [112]. Therefore, it is essential
to strengthen the communication between researchers in the natural and social sciences,
synthesize the two theories, and build a more comprehensive IE theory system.

6. Conclusions

This paper examined the historical literature published on IE and EM from a bibliomet-
ric perspective. We searched 4286 published articles on IE and 1024 published articles on
EM from the WOS database for bibliometric and comparative analysis. There is a growing
trend year by year in IE and EM research, especially in the last decade. IE has a larger
number of papers, a broader network of collaboration among authors, and a clearer and
specific research content and methodology. The study of EM remains limited to a small
number of scholars, as in most developing countries, the priority continues to be that of
taking concrete measures to reduce the environmental impact of industrial production
processes. Developed countries and regions have conducted more research in both areas
because of earlier industrialization. China is an exception as a developing country that has
prioritized considerable scientific research and green transformation practices to manage
increasingly serious resource and environmental challenges. This paper has also obtained
some findings in the comparative analysis of IE and EM. The two theories are both com-
mitted to achieving sustainable development and pursuing harmonious economic and
ecological development. They share a common historical background, and both follow
ecological principles but have different disciplinary origins. Their perspectives in dealing
with environmental issues are quite different, thus are their connotation characteristics.
IE focuses on specific systemic analysis of enterprises, products, and processes, while EM
focuses on macro-level institutional policy analysis. IE and EM are showing a convergent
trend in recent years. It is also urgent for developing countries to absorb the two theories
in the green transformation process.

There is one notable limitation that we only retrieved data from one database. Given
the accessibility, the literature data on IE and EM are only from the WoS database and
did not include studies from other databases (e.g., Google Scholar and Scopus). This may
have resulted in missing out on some relevant literature but does not change the overall
trend. We have also identified some promising directions for future research. First, in
the context of globalization, international trade, and industrial transfer are commonplace,
the resulting possible resource and environmental inequalities are yet to be revealed. In
addition, due to different levels of economic and political development and regional
cultures, environmental policies in different countries/regions require to be customized.
Finally, the research content needs to be expanded further, for instance, to explore specific
ways and feasible evaluation systems for EM implementation at enterprise and industrial
park levels. It is hoped that this study can promote the integration of IE and EM in
theory and practice to better serve the green transformation of industry and sustainable
development of society.
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