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ABSTRACT

Circular economy (CE) and Industry 4.0 are recent business buzzwords that help organizations to main-
tain a circular flow and optimize the use of resources with technological supports to improve sustain-
ability practice. Transition towards CE and Industry 4.0 is promising and yet challenging. As such, the
aim of this research is to investigate how to integrate CE and Industry 4.0 in sustainable supply chain
management (SSCM) in order to improve operational efficiency and sustainability performance.
This study provides an analysis of the dynamic changes of drivers and barriers when integrating CE
and Industry 4.0 and their related applications in operations and SCM through a systematic review of
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literature. From the results, a theoretical framework was derived for future research development.

1. Introduction

Sustainable supply chain management (SSCM) is a prominent
field that has received great attention globally in the last two
decades. Driven by the external pressures from institutional
regulation, market competition and stakeholders’ require-
ments (Morali and Searcy 2013; Sarkis 2001; Lu et al. 2018),
nowadays sustainability is not only implemented in company
operations, but also integrated in key business processes in
supply chain management (SCM) (Lambert et al. 2006; Ciliberti
et al. 2009; Pagell and Wu 2009). Carter and Rogers (2008)
suggested an organization should be economically viable,
environmentally friendly and socially responsible and defined
SSCM as the ‘strategic, transparent integration and achievement
of an organization’s social, environmental, and economic goals
in the systemic coordination of key inter-organizational business
processes for improving the long-term economic performance of
the individual company and its supply chains' (Carter and
Rogers 2008, p. 368). It is further argued environmental and
social goals need to be achieved in the supply chain to meet
customer requirements and relevant economic criteria
(Seuring and Miiller 2008).

SSCM has been integrated into SCM practices; for example,
environmental purchasing, sustainable warehousing and pack-
aging are widely implemented by different organizations
(Carter and Jennings 2002; Zailani et al. 2012). Empirical
results demonstrate that the adoption of SSCM practices can
help organizations reduce waste, create a green image in the
marketplace, increase job satisfaction, improve operational
efficiency and achieve better financial performance
(Baykasoglu and Subulan 2016; Golicic and Smith 2013;

Kahkonen, Lintukangas, and Hallikas 2018). However, despite
the benefits of implementing SSCM, it involves complex sys-
tems and dynamic changes due to factors linked with both
internal and external stakeholders (Beske 2012; Beske, Land,
and Seuring 2014). As such, a dynamic capabilities (DC) view
is adopted in this study to understand and integrate the evi-
dence in a theory-led framework.

Recent research has extended SSCM to align with other
emerging practices, including circular economy (CE) and sup-
ply chain innovation in Industry 4.0 (Gao et al. 2017;
Geissdoerfer, Vladimirova, and Evans 2018; Telukdarie et al.
2018). Circular economy (CE) suggests a novel perspective to
produce and consume in a systematic way for organisations
(Su et al. 2013; Lopes de Sousa Jabbour et al. 2018) with a
consideration of 3Rs - recycle, reuse and remanufacture
(Lopes de Sousa Jabbour et al. 2018; Nobre and Tavares
2017; Peng et al. 2018; Tsai and Lai 2018). CE helps organiza-
tions with a supply chain loop in maintaining a circular flow
to optimize the use of resources, such as energy and material
to improve their triple bottom gains (Bressanelli et al. 2018;
Henley 2013; Geissdoerfer, Vladimirova, and Evans 2018). Both
of practitioners and academics have evolved in investigating
the CE concept. For practitioners, the CE concept is under-
pinned in the ‘take-make-dispose’ economic model based on
three principles, namely, design out waste and pollution,
keep products and materials in use, and regenerate natural
systems (Ellen MacArthur Foundation 2012). The prevailing
linear model challenges the physical limits of Earth’s natural
resources and threatens the sustainable development of our
economy. As such, CE emphasizes sustainable production and
consumption as a viable model to enable the continual reuse
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of products and materials, and the use of renewable resour-
ces (Urbinati, Chiaroni, and Chiesa 2017; Esposito, Tse, and
Soufani 2018). Transition to a CE not only provides environ-
mental benefits such as reduction of production waste, but
also generates social and economic benefits with net material
savings and job creation potential (Schaltegger, Ludeke-
Freund, and Hansen 2012; Boons and Liudeke-Freund 2013).

Industry 4.0, referring to the “Fourth Industrial Revolution”,
represents the use of contemporary technologies to improve
operational efficiency (UNIDO 2017; Gates 2017). From a
technological evolution perspective, the development of
industrialization is moving towards Industry 4.0 with the
application of modern information and communication tech-
nologies (Papadopoulos et al. 2022). Industry 4.0 is connected
with the integration of Internet of Things - loT (Lopes de
Sousa Jabbour et al. 2018), cloud computing and big data
analytics (Fatorachian and Kazemi 2018; Rehman et al. 2016),
industry automation, data networks, and contemporary manu-
facturing technologies (Basl 2017; Luthra and Mangla 2018).
In practice, the use of Industry 4.0-related technologies is
expected to facilitate fundamental improvements in industrial
processes from product design to manufacturing and deliv-
ery, and the establishment of smart factories (Kagermann,
Wahlster, and Helbig 2013; Kang et al. 2016). For example,
following the governmental plan, German manufacturing
companies like Siemens and Bosch have already invested
heavily in loT and CPS-related initiatives (Liao et al. 2017).
Other countries like the UK and South Korea have also pre-
sented long-term governmental plans for the manufacturing
sector to ensure the benefit from what Industry 4.0
may deliver.

In the context of operations and SCM, the impact of
Industry 4.0 on planning and control, production and logis-
tics is crucial. Branke, Farid, and Shah (2016) indicated that
the typical scenario of Industry 4.0 is the self-organizing fac-
tory, where goods find their way through the factory and
exchange information with machines autonomously, based
on customer requirements. Hence, Industry 4.0 enables the
production system to make more intelligent decisions and
enhances the collaborations across the supply chain (Branke,
Farid, and Shah 2016). Hofmann and Risch (2017) noted that
Industry 4.0 provides many opportunities to the develop-
ment of logistics management by allowing real-time process-
ing of consumption data, demand-oriented and dynamic
milk-run collection and delivery of products. Lopes de Sousa
Jabbour et al. (2018) and Stock and Seliger (2016) high-
lighted the sustainability implications of Industry 4.0, includ-
ing the optimal use of resources, reduction of resource
consumption and improvements in productivity. In practice,
for example, manufacturing companies like Caterpillar and
Renault, etc. have adopted Industry 4.0 to improve the effi-
ciency of their supply chain and reduce wastage. However,
challenges to Industry 4.0 for supply chain sustainability
have also been identified. These challenges cover legal and
ethical issues, organizational issues, strategic and techno-
logical issues (Luthra and Mangla 2018). According to
Hofmann and Rusch (2017), Industry 4.0 is still at its very
beginning and it is worth exploring the enormous potentials

that it may provide in the area of supply chain and logis-
tics management.

Increasing numbers of literature has reviewed the relation-
ship between CE and operations and SCM (Govindan and
Hasanagic 2018; Ghisellini et al. 2016), CE and Industry 4.0
(Lopes de Sousa Jabbour et al. 2018), and the interlink
between Industry 4.0 technologies and CE (Ellen MacArthur
Foundation 2017; Lopes de Sousa Jabbour et al. 2018). This,
on the one hand, shows the established research interest of
the topic, while, on the other hand, revealing an essential
research gap regarding to the investigation of the relation-
ship among CE, Industry 4.0 and SSCM. In SSCM research,
there is a lack of an overarching view integrating CE and
Industry 4.0 and investigating their impacts on sustainability
practice in operations and SCM. The underpinning mechan-
ism concerning how CE and Industry 4.0 act together in
influencing SSCM practices remains unclear. As such, this
study is designed to review the current literature to fill the
research gap; furthermore, to build a conceptual model to
integrate CE and Industry 4.0 in SSCM, contributing to fur-
ther sustainability research and practices. In this regard, this
research aims to address the following research question:

RQ: To what extent can circular economy and Industry 4.0 be
integrated to improve SSCM?

This research is split into five sections. Section 1 presents
the research background and discusses the research ques-
tion. Section 2 portrays the designed research methodology.
Section 3 presents the data analysis and results. In Section 4,
the conceptual framework is built, drawing from the use of
dynamic capability theory and the research findings in
Section 3. To end, conclusions, along with contributions
made to academic theory and industrial practice, are sum-
marized in Section 5.

2. Research methodology

A systematic literature review (SLR) was selected as the
research method for this study. Kitcharoen (2004) defined
the SLR as a ‘means of identifying, evaluating and interpret-
ing all available research relevant to a particular research
question, or topic area, or phenomenon of interest’. It is a
well-acknowledged research method in operations and SCM
study (Conde and Martens 2020) and SSCM research (Lu
et al. 2018; Walker 2014) to generate the best evidence in a
replicable process. This method employs a series of rigorous
and transparent techniques to exhaustively and comprehen-
sively search relevant studies in a way that allows minimiza-
tion of bias and error, and overcoming of drawbacks
associated with single studies (Saenz and Koufteros 2015;
Friday et al. 2018; Melacini et al. 2018).

To ensure a scientific and rigorous approach, this study
adopted a five-step research methodology proposed by
Denyer and Tranfield (2009). Giving consideration to research
validity and reliability, a research panel was formulated com-
prising four researchers with professional skills in conducting
SLR in the field of operations, SCM and SSCM. Content ana-
lysis was employed in data analysis (Seuring and Gold 2012),



and the results are presented and discussed in specific
themes according to the research questions. A detailed
description of each step is provided in the following
sub-sections.

2.1. Step 1: Question formulation

The first step for conducting an in-depth SLR is to formulate
research questions, which should develop a clear focus of
the study (Denyer and Tranfield 2009). After conducting a
conventional literature review and identifying the research
gap for this study addressed in the introduction, the follow-
ing sub-questions were formulated by the research panel to
provide a clear focus:

e What are the key drivers and barriers for applying CE and
Industry 4.0-related applications in the SSCM under the
DC view?

e What are the main applications to integrate the CE and
Industry 4.0 in the context of SSCM?

In general, it might be assumed that companies would
mainly agree on sustainable development and apply it in
their operations and SCM; likewise, CE is a field that compa-
nies and institutions would consider in their strategy making;
business can hardly neglect Industry 4.0 in today's opera-
tions. However, all companies’ activities and strategic imple-
mentation ought to be aligned with their capabilities, which
are limited in dynamic changes, and that has been discussed
in the introduction. As such, it is of importance to under-
stand the key drivers and barriers for companies to bench-
mark their dynamic capabilities when they propose the
integration of CE and Industry 4.0 in SSCM. The last sub-
question is designed to understand the current research on
integrating CE and Industry 4.0 in SSCM, specifically, the
influence on environmental, economic and social sustainabil-
ity. The findings will also reveal the mainstream research
interest and the research gap for future study.

2.2, Step 2: Locating studies

This step involves searching relevant databases to build a
comprehensive list of core contributions pertinent to the
review questions while minimizing the amount of irrelevant
literature (Duff 1996; Denyer and Tranfield 2009). In order to
reduce bias, the research panel of experts conducted three
initial sessions to discuss the searching strings and refine the

Table 1. Search strings used for selecting papers.
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inclusion exclusion before starting to search the database.
Following that, the ISI Web of Science and Scopus were
selected as the research sources because these two data-
bases have some of the largest repositories of business
research and are typically used in literature reviews (Hopp
2004; Carter and Easton 2011; Melacini et al. 2018). A
detailed research protocol is given in Table 1. To identify
publications, four categories of keywords were defined to
search for studies:

e Words related to sustainability including sustainab*,
green, environment®, ethic*, responsib*, triple-bottom-
line, ecol*;

e Words related to CE including closed-loop, reduction,
reuse, recycle;

e Words related to Industry 4.0including autonomous, auto-
mation, technology, and smart;

e Words related to operations and SCM including supply
chain, purchasing, procurement, operations, logistics, pro-
duction, and transport.

The search was based on all possible combinations of the
four categories of keywords, using the “Topic” field to search.
The search was conducted and updated to Apr 2021, and
the timeframe covered all relevant published articles. Thus,
the initial search yielded a total of 37,354 papers from ISI
Web of Science and 530 papers from Scopus. Based on the
initial searches, the research panel refined the selection to
studies that are only academic articles and subjective rele-
vance in management, business and transportation fields,
and that yielded 856 papers for further evaluation.

2.3. Step 3: Study selection and evaluation

After the first two stages, the articles were entered into a
detailed analysis to enable the research panel to distinguish
the relevancy of each one (Tranfield, Denyer, and Smart
2003). The inclusion and exclusion criteria were chosen to
select the most relevant papers for the research topic (see
Table 2). In order to ensure a certain level of quality, only
papers published in international peer-review journals could
be selected for analysis (Touboulic and Walker 2015, Lu et al.
2018). Simultaneously, to ensure a rigorous and transparent
SLR process, and to reduce any subjective bias and enhance
validity, each paper was checked independently by all panel-
lists in a blind procedure. Papers that were irrelevant to the
CE and Industry 4.0 in the context of sustainable operations

Databases Search strings
ISI Web (sustainab™ OR ( green OR environment™ OR ethic* OR responsib* OR ‘triple AND bottom AND line’ OR ‘ecol’ )) AND TOPIC: ('circular AND
of Science economy’ OR ( 'closed AND loop’ OR reduction OR reuse OR recycle )) AND TOPIC: (‘industry AND 4.0’ OR ( autonomous OR automation
OR technology OR smart )) AND TOPIC: ('supply chain” OR ( supply OR purchasing OR procurement OR operations OR logistics OR
production OR transport))
Scopus ( ALL ( sustainab* OR ( green OR environment* OR ethic* OR responsib* OR ‘triple AND bottom AND line’ OR ‘ecol’ ) ) AND ALL ( ‘circular

AND economy’ OR ( ‘closed AND loop’ OR reduction OR reuse OR recycle ) ) AND ALL ( ‘industry AND 4.0’ OR ( autonomous OR
automation OR technology OR smart ) ) AND TITLE-ABS-KEY ( 'supply AND chain’ OR ( supply OR purchasing OR procurement OR

operations OR logistics OR production OR transport ) ) )

Source: Authors.
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and SCM were eliminated. Based on this procedure, 68
papers were selected.

To analyse the data, the panel firstly coded 15 papers
independently, to cross check the validity of key terms and
contents. Finally, all the selected papers were read in full
and coded in NVivo 12. The selection process is shown in
Figure 1.

2.4. Analysis and synthesis

After collecting the most relevant papers and finalizing the
coding key terms and contents, the articles were entered
into in-depth analysis and synthesis in NVivo 12. The purpose
of analysis and synthesis is to examine and dissect individual
studies and identify potential relations among the compo-
nents, and then to classify the results of different studies
‘into a new or different arrangement and developing know-
ledge that is not apparent from reading the individual

Table 2. Criteria for inclusion and exclusion of papers.

studies in isolation’ (Denyer and Tranfield 2009, 685).
Content analysis was used to analyse the data (Seuring and
Gold 2012; Lu et al. 2018), and finally the results were pre-
sented according to the research questions.

2.5. Reporting and using the results

After analysing and synthesizing all the papers, the emerging
evidence is reported for results. Therefore, the general infor-
mation of the studies and the main issues related to CE and
Industry 4.0 in the context of sustainable operations and
SCM will be described and discussed in the next section.

3. Descriptive analysis

In this section, an overview of the body of literature on circu-
lar economy and Industry 4.0 for sustainable supply chain
management is provided, including year-wise distribution of

Inclusion & exclusion criteria

Rationale

Articles were published in peer-reviewed journals in English

Only include papers that are in operations research, operations management,
management and business study subject areas

Judge relevance by fully reading title, abstract, key terms, introduction
and conclusion
Judge relevance by fully reading all remaining articles

Peer-reviewed journal papers are considered to have better quality than non-
peer-reviewed journal papers

The databases presented all articles, representing the inter-disciplinary nature
of CE, Industry 4.0 and sustainability. To select the most relevant work, we
only consider academic articles in the subject areas

By reading the title, abstract, introduction and conclusion, only papers
focussing on the CE and Industry 4.0 in the context of SSCM were selected

Articles focussing on the CE and Industry 4.0 in the context of SSCM
were selected

Source: Authors.

Web of Science

37354

Research articles that
are subjective relevance

[ Initial search papers in }

781

Initial search papers in
Scopus

530
[ Research articles that ]

are subjective relevance

o

[ Data pool for further evaluation ]

856

After duplication removal

621
( Filtering by title, Introduction, abstract |
L & conclusion )
114

Selecting by reading full papers

68

.

Final coding papers

Figure 1. The selection process for the papers (Source: Authors).



the publications, journal-wise distribution of the publications,
the author’s country, and the research methodology adopted.

Regarding the year-wise distribution of the publications,
we can see from Figure 2 that small variations have been
observed until 2018, when there is a dramatic increase in the
number of publications on circular economy and Industry 4.0
for sustainable supply chain management from 2018 onward.
We assumed that the number of publications on the topic in
the full year of 2021 would surpass that of 2019 and 2020
for several reasons. First, the COVID-19 pandemic situation
across the globe would facilitate different Industry 4.0 tech-
nologies being applied in different industries, as people were
forced to work at home to avoid being infected by COVID-
19. Second, research related to sustainable supply chain
management would continue to increase, as different coun-
tries proposed achieving a peak in carbon dioxide (CO,)
emissions before 2030 and achieving CO, emissions neutral-
ity before 2060.

From Table 3 we can see that papers related to the topic
are published in 47 different journals, showing a wise distri-
bution in published journals. First, as noted in Table 3,
Technological Forecasting & Social Change, Production
Planning & Control, and the Journal of Cleaner Production
are the journals that contain the highest number of papers
related to the circular economy and Industry 4.0 for sustain-
able supply chain management. Technological Forecasting &
Social Change aims to publish work that deals directly with
the methodology and practice of technological forecasting
and future studies as planning tools as they interrelate social,
environmental and technological factors; Production
Planning & Control aims to publish work related to opera-
tions and supply chain management; whereas the Journal of
Cleaner Production targets work related to cleaner produc-
tion. Second, the topic receives attention from different disci-
plines, including economic, engineering, environmental
protection, and technology development (e.g. Trends in
Food Science and Technology, Economics, Frontiers in
Engineering Management). This indicates that the supply
chain is complex, interconnected and involves a huge num-
ber of practitioners (e.g. suppliers, processors, wholesalers,

20
18
16
14
12

10

Number of articles

8
6
4

[ ]

2014 2015 2016

Figure 2. Year-wise distribution of publications (Source: Authors).

2017
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distributors and retailers), which needs researchers to con-
tribute not only from the supply chain perspective, but also
from other perspectives. Thus, circular economy and Industry
4.0 can be applied to help to achieve a sustainable sup-
ply chain.

As for the author’s country, most of the contributors are
affiliated to China’s institutions (n=15, 22.06%), followed by
Italy (n=6, 8.8%), the United Kingdom (n=35, 7.4%), South
Africa (n=5, 7.4%), and France (n=4, 5.9%). It is interesting
to note that researchers from South Africa have demon-
strated great interest in the integrating of Industry 4.0 and
circular economy for sustainable supply chain management
for several reasons. First, South Africa has a unique advan-
tage over other developed countries as it is not weighed
down by infrastructure legacy issues and thus may have diffi-
culty in embracing change (Deloitte 2017). Second, based on
a survey conducted by PwC, approximately 27% of South
African manufacturers rated their level of digitalization as
high, and this value is expected to rise to 64% in the next
five years (PwC 2021). With regard to authors from European
countries, in addition to ltaly, the United Kingdom, and
France, researchers from Norway (n=2, 2.9%), Germany
(n=1, 1.5%), Portugal (n=1, 1.5%), Austria (n=1, 1.5%) also
published their work in scientific journals. The German
authors seem less prolific, which is surprise, given that
Germany is the originates of the concept of Industry 4.0.
However, the statistics are related to the authors’ affiliations,
not to where Industry 4.0 and circular economy are
implemented.

Regarding to the research methodology adopted, each
paper was classified based on the primary methodology
adopted, including theoretical and conceptual papers, case
studies/interviews, surveys, modelling papers, and literature
reviews (Seuring and Muller 2008; Winter and Knemeyer
2013). We found that modelling (n=30, 44.1%) was the
most popular research methodology, followed by theoretical
and conceptual papers (n=14, 20.6%), case studies/inter-
views (n=14, 17.6%), literature reviews (n=10, 14.7%), and
surveys (n =2, 2.9%).

2018
Year

2019 2020
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Table 3. Journal-wise distribution of the publications.

Journal title Article count

Technological Forecasting & Social Change

Production Planning & Control

Journal of Cleaner Production

International Journal of Production Economics

Sustainability

International Journal of Production Research

Omega

Journal of Manufacturing Technology Management

9  Entrepreneurship and Sustainability Issues

10 Industrial Marketing Management

11 Journal of Business Research

12 European Journal of Operational Research

13 Transportation Research Part D: Transport and Environment

14 Transportation Research Part E: Logistics and
Transportation Review

15 Operations Research Perspectives

16 International Journal of Organisational Analysis

17 Science, Technology & Society

18 European Business Review

19 Management Decision

20 IEEE Transactions on Engineering Management

21 Enterprise Information Systems

22 Trends in Food Science & Technology

23 Computers and Electronics in Agriculture

24 Administrative Sciences

25 Journal of Food Engineering

26 Science of the Total Environment

27 Operations Management Research

28 International Journal of Information Management

29 Resources, Conservation & Recycling

30 Annals of Operations Research

31 CIRP Annals - Manufacturing Technology

32 Process Safety and Environmental Protection

33 Economics

34 Applied Sciences

35 Technology Analysis & Strategic Management

36 Operational Research — An International Journal

37 International Journal of Value Chain Management

38 Polish Journal of Management Studies

39 Computers in Industry

40 International Journal of Sustainable Transportation

41 Scientometrics

42 Frontiers of Engineering Management

43 Advanced Engineering Informatics

44 Additive Manufacturing

45 International Journal of Logistics Research and Applications

46 Journal of Environmental Management

47 Information Systems and e-Business Management

oNOUVLThA WN =
_ == S NN NNNW SO n,

P J e QY

—
)

=1
=N
o

Source: Authors.

4. Drivers of and barriers to integrating CE and
Industry 4.0 from a dynamic capability view

This study adopts a dynamic capability view to understand
the drivers of and barriers to integrating CE and Industry 4.0
in order to better guide practice improvement. Teece,
Pisano, and Shuen (1997) generated a growing flow of
research on dynamic capabilities to explain competitive
advantage and performance on high velocity and dynamical
changes of markets. The definition of dynamic capabilities is
riddled with inconsistencies. According to Teece, Pisano, and
Shuen (1997, 516), dynamic capabilities is the ‘firm’s ability
to integrate, build, and reconfigure internal and external
competences to address rapidly changing environments'.
This approach was built considering several main elements
which highlight the underpinning theories, including nature,
role, context, creation, outcome and heterogeneity. The

nature of the concept is an ‘ability’ or ‘capacity’, and the key
role of dynamic capabilities as linked to the change of
internal components, operating routines and resource rou-
tines of firms. More recently, Helfat (2007, 1) defined a
dynamic capability as ‘the capacity of an organization to pur-
posefully create, extend or modify its resource base'.
Dynamic capability is the ability to integrate and reconfigure
internal and external competences for the specific purposes
of integrating and reconfiguration resources and sustaining
competitive advantage.

Often, dynamic capabilities are considered as firm-centred
capabilities and nowadays they are discussed as a necessary
factor to incorporate environmental and social responsibil-
ities into the supply chain (Beske 2012; Beske, Land, and
Seuring 2014; Qiao et al. 2020). Our study evaluates the driv-
ers of and barriers to integrating CE and Industry 4.0, and
further discusses the extent to which they increase or hinder
dynamic capabilities in the SSCM context:

e Knowledge assessment: It is the category that enables the
understanding of knowledge possessed by the supply
chain partners and stakeholders (Defee and Fugate 2010).

e SC partner development: This category is a necessary cap-
ability for developing the partners in order to accomplish
supply chain tasks and activities, following a sustainability
strategy as a whole (Seuring and Muller 2008).

e Co-evolving: This category is related to the managers’
reconnected webs of collaboration in order to generate
new resources and synergies to enhance the overall sup-
ply chain performance (Pagell and Wu 2009).

e Reflexive SC control: This category emphasises constantly
checking and evaluating business practices against
requirements in SCM (Beske, Land, and Seuring 2014).

e SC re-conceptualisation: New partners could be local
communities or third parties, not necessary part of the
original supply chain (Pagell and Wu 2009), which can
provide specific support and contacts.

4.1. Drivers

Observation from this study reveals that the main driver for
integrating CE and Industry 4.0 in SSCM is the ‘systemic
change’ (Moreno et al. 2019, 3) which creates better under-
standing of the digital intelligence system and identifies
opportunities for integration and innovation. The systemic
view requests the mature development and implementation
of information system and technology in operations and
SCM, systemic operation and stakeholder collaboration.
Adopting dynamic capability theory allows us not only to
understand the driving factors from operations and supply
chain levels, but also from the supply network and the sys-
temic perspectives (Table 4).

4.1.1. Knowledge assessment: analytic capability and
information network system
According to Verdouw et al. (2018), the information system

in Industry 4.0 supports the intelligent analytic capability and



Table 4. Drivers of integrating DC and Industry 4.0 in SSCM from a dynamic capability view.

DCs

No. of papers

Key authors
Bressanelli et al. (2018), Yang et al. (2018),

Description CE and/or Industry 4.0

Drivers

Industry 4.0

Industry 4.0 technology enables companies to collect a large amount of

Analytic capability

Knowledge
assessment

Mukherjee et al. (2021)

data in real time, and automatically elaborates the data through

analytics (Bressanelli et al. 2018)
It creates the knowledge base to understand the complexity of the

Shamsuzzoha et al. (2016), Yang et al. 1

Industry 4.0

Information in

(2018), Jabbour et al. (2017)

information system and software platform for data-driven decision-

making (Shamsuzzoha et al. 2016)
The uptake of CE and Industry 4.0 faces various obstacles that require

network system

13

Jabbour et al. (2017), Despeisse et al. (2017),

CE and Industry 4.0

Stakeholder

SC Partner

Kuznetsova, Zio, and Farel (2016), Pan

et al. (2018)
Kouhizadeh, Zhu, and Sarkis (2020), Yang

collaboration among multiple players — business, government,

investors, society and communities (Yang et al. 2018)
Advanced technologies and resources across the whole supply chain

development

12

CE and Industry 4.0

Integration &

Co-evolving

et al. (2018) Mukherjee et al. (2021)

drive intensive integration and collaboration to achieve shared goals

(Kouhizadeh, Zhu, and Sarkis 2020)
Adoption of Industry 4.0 can lead to better connectivity and

collaboration in SC

Fatorachian and Kazemi (2018), Ramakrishna

Industry 4.0

Network connectivity

et al. (2020), Yang et al. (2018)

technological power for value creation (Fatorachian and

Kazemi 2018)
Industry 4.0 drives mass customisation, flexible and agile manufacturing,

Fatorachian and Kazemi (2018), Mladineo et al.

Industry 4.0

SC activities

Reflexive SC control

(2018), Parreno-Marchante et al. (2014)
Fatorachian and Kazemi (2018), Ramakrishna

and keeps track of delivery (Parreno-Marchante et al. 2014)
Smart devices and intelligent systems can optimise the operations

CE & Industry 4.0

Resource

et al. (2020), Kristoffersen et al. (2020)

Lewandowski (2016), Pan et al. (2018)

system and resource consumption (Fatorachian and Kazemi 2018)
Policymakers at all government levels play an important role in the CE

management
Policy and legislative

CE & Industry 4.0

SC re-

and sustainable development (Lewandowski 2016)
System design and system operations can drive practices related to

initiatives
Systemic change

conceptualisation

Lopes de Sousa Jabbour et al. (2018);

CE & Industry 4.0

Moreno et al. (2019)

green design of products and processes (Lopes de Sousa Jabbour

et al. 2018)

Source: Authors.

PRODUCTION PLANNING & CONTROL 7

data sharing in the network system. The current use of tech-
nologies, such as barcodes, radio frequency identification
(RFID) and WSN in logistics and operations systems, essen-
tially enhance real-time information collection for supply
chain monitoring and improvement (Bibi et al. 2017;
Parreno-Marchante et al. 2014; Fang et al. 2016). For
example, the added value of RFID technology monitors dif-
ferent conditions for food quality control, including fresh-
ness, shelf-life and food waste identification (Bibi et al. 2017).
RFID can also identify and stimulate the potential reused,
recycled and remanufactured components to reduce wast-
age, addressing sustainability issues in supply chain opera-
tions (lacovidou, Purnell, and Lim 2018). The efficient use of
innovative technology dramatically increases the breadth
and depth of data analysis to understand the behavioural
changes in operations and sustainability practices (Yang
et al. 2018).

4.1.2. SC partner development: Stakeholder collaboration
Being aligned with current sustainable supply chain literature
(Carter and Easton 2011; Sarkis 2001; Lu et al. 2018), stake-
holder expectation and collaboration is an ultimate driver for
sustainable supply chain operations in the concepts of CE
and Industry 4.0. Policy and new legislation describe new
principles of sustainability practice, food traceability for
example, and regulate new ways of information collection
and exchange (Parreno-Marchante et al. 2014). Supportive
governance and policies play an important role in creating
an integrated approach, such as CE, to design, plan, support
and coordinate for innovative and adaptive measures to
environmental and social sustainability issues (Pan et al.
2018). Individual customer demands also drive companies
and their supply chains to initially use Industry 4.0 to analyse
customer specifications in the process of production. By
using smart machinery and devices, organizations can trans-
form customer requirements into production and operations
efficiently (Fatorachian and Kazemi 2018).

4.1.3. Co-evolving: Integration & collaboration and net-
work connectivity
Integrating the internet, smart manufacturing and Industry
4.0 as a broad scope of context enables companies to man-
age their distributed systems and value chain (Rehman et al.
2016). The information system generates a high level of con-
nectivity in Industry 4.0, allowing managers to analyse poten-
tial limitations and optimize operational efficiency, driving
integration and collaboration in sustainable supply chain
operations (Fatorachian and Kazemi 2018; Jabbour et al.
2017). For example, the horizontal integration of global sup-
ply networks can potentially increase new business opportu-
nities and resolve manufacturing obstacles (Yang et al. 2018).

Reflexive SC  control: SC and
resource management
Smart devices and intelligent data systems continuously

drive manufacturing processes, optimization and production

4.1.4. activities
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in resource and energy consumption to improve economic
and environmental sustainability (Fatorachian and Kazemi
2018). Industry 4.0 encourages enterprises to adopt informa-
tion-communication systems and smart devices into produc-
tion and logistics systems, thus creating flexible and agile
manufacturing, production networks and efficient delivery
time (Mladineo et al. 2018). Industry 4.0 also allows compa-
nies to reflect on individual needs with mass customization
production strategies (Fatorachian and Kazemi 2018). To an
essential extent, such capability can generate significant effi-
ciency and productivity in production and operations
improvement.

Integrating CE and Industry 4.0 in SSCM is driven by opti-
mal resource management (Bressanelli et al. 2018). Adopting
smart devices and intelligent systems in Industry 4.0 can con-
tinuously optimize supply chain activities as mentioned;
meanwhile, keeping track of and monitoring resources and
material flow can optimize the use of natural resources and
improve waste-to-resource manufacturing (Kristoffersen et al.
2020; Wang and Zhang 2020). Systemic operations are highly
related to product design, manufacturing and processes for
sustainable supply chain operations. The design of products
that consume fewer raw materials and hazardous pollutants,
extend life span and minimize waste in the early stage can
increase the possibility of reused, recycled and remanufac-
tured end-use components in the later disassembled stage
(Lopes de Sousa Jabbour et al. 2018; Mukherjee et al. 2021).

4.1.5. SC re-conceptualization: Policy initiatives and s sys-
temic change

Adopting sustainability practices in SCM requires not only
integration from operations and supply chain levels, but also
re-conceptualization with the whole social and eco system to
incorporate dynamical changes in business scenarios. Cost
and power are recognized as the major factors that drive CE
process in SCM in demand patterns, product design and
regeneration, and respective tax laws (Wang and Zhang
2020; Ramakrishna et al. 2020). New legislative initiatives in
many regions, such as in the EU, US and China, have made
regulations to respond to these dynamic changes and new
concerns (Parreno-Marchante et al. 2014; Pan et al. 2018;
Lewandowski 2016). For example, most EU countries have
explicit waste management policies requiring electrical and
electronic equipment to be mandatorily displayed in order to
collect and recycle disposal from end consumer, reflecting
the recycling objectives (Fang et al. 2016). The shift to CE
requires a number of enablers and drivers to support the
dynamic and systemic changes (Moreno et al. 2019).

4.2. Barriers

As discussed, companies can take benefits from enhanced
dynamic capabilities when they imply CE and Industry 4.0 in
practice; however, companies that are incompetent in mas-
tering the new changes will face considerable challenges
and barriers in sustainable supply chain operations. This
research reveals that the main barriers in this regard can be

decomposed as knowledge assessment, SC reflexive control,
co-evolving and SC re-conceptualization (Table 5).

4.2.1. Knowledge assessment

Knowledge and skill incompetency is one of the biggest bar-
riers in integrating CE and Industry 4.0. Industry 4.0 technolo-
gies require companies to capture and make sense of
machine-generated data; in other words, it is a big challenge
for many companies to analyse big data and use relevant
analytical technologies and models to create value in their
supply chain (Fatorachian and Kazemi 2018). In practice, it is
important to have professional knowledge and necessary
skills among the workforce for sustainability practices (Liboni,
Liboni, and Cezarino 2018; Sjodin et al. 2018); as such, opera-
tions performance is significantly related to the development
of employees’ skills and talents (El-Kassar and Sigh 2018;
Liboni, Liboni, and Cezarino 2018). To some extent, many
limitations may be encountered in life cycle design such as
awareness and implementation, information sharing for
design specifications and the reuse, repair and history of the
returned products (Yang et al. 2018), and for the retention of
employees with innovative capabilities.

4.2.2. SC reflexive control

One problem addressed in adopting CE and Industry 4.0 is
regarded as a trade-off of increasing traceability, transpar-
ency and sustainability practices, and the difficulty of control-
ling the complex and reflexive system. In the manufacturing
and remanufacturing system, the quality of used products is
a critical factor that influences the incentive paid to custom-
ers, remanufacturing cost, collection rate and lead time
(Lopes de Sousa Jabbour et al. 2018).

In addition, cost is another considerable barrier. Using
advanced technology and building the integration system is
costly, for example the costs of data collected and recorded in
the technologic system, such as RFID, and application in lever-
aging traceability in sustainable supply chain operation
(Parreno-Marchante et al. 2014). With the maturity of technol-
ogy development, the cost could be decreased in theory; how-
ever, proactive firms willing to sustain their market-leading
positions need to pay the price at the current stage.

Operations uncertainty and security issues are other sig-
nificant barriers that companies face when implementing CE
and Industry 4.0. In a volatile business environment, when
companies push forward their practice of remanufacturing,
recycling, reusing and even regeneration, they ought to take
into account the high uncertainty regarding operations com-
petencies in inventory, logistics (Bag, Gupta, et al. 2021) and
returns on investment (Lopes de Sousa Jabbour et al. 2018).
In addition, smart factories and loT contain inherent vulner-
abilities regarding interference and cyber-attack, challenging
the safeguards and security procedures for sustainable
supply chain operations (Fatorachian and Kazemi 2018).



Table 5. Barriers to integrating DC and Industry 4.0 in SSCM from a dynamic capability view.

DCs

No. of papers

CE and/or Industry 4.0 Key authors

Industry 4.0

Description

Barriers

Fatorachian and Kazemi (2018)

Analysing data in Industry 4.0 requires different

Challenges in

Knowledge

structures, a process that can be a big challenge

(Fatorachian and Kazemi 2018)
The workers in Industry 4.0 need to have innovative

data analysis

Assessment

El-Kassar and Sigh (2018), Liboni,

CE & Industry 4.0

Knowledge and working

Liboni, and Cezarino (2018), Yang

et al. (2018)

capabilities, skills and knowledge to manage the

resources in Industry 4.0 and CE to achieve

capabilities

competitive advantages (El-Kassar and Sigh 2018)
The quality of used products affects the return rate,

Lopes de Sousa Jabbour et al. (2018)

CE

Used product

SC reflexive control

buy-back price and remanufacturing costs
High cost of investing in equipping Industry 4.0

quality level

Cost

Parreno-Marchante et al. (2014)

Industry 4.0

technology, devices and personnel training is a

highlighted drawback for many companies to make
new changes (Parreno-Marchante et al. 2014)
Companies practising CE and Industry 4.0 face high

Bag, Dhamija, et al. (2021), Sjodin

CE and Industry 4.0

Uncertainty and

et al. (2018), Fatorachian and

Kazemi (2018)

levels of uncertainty regarding operations

Security issue

bottlenecks and information security (Bag, Gupta,

et al. 2021)
The CE and Industry 4.0 technologies pose a challenge

Wang and Zhang (2020), Bag,

CE & Industry 4.0

Structural and

SC co-evolving

Dhamija, et al. (2021)

for processing dynamic changes requiring a high

behavioural
challenges

level of integration across the supply network (Wang

and Zhang 2020)
Lack of a commonly accepted definition and standards

Yang et al. (2018)

CE

Standards and

SC re-conceptualisation

for remanufactured products (Yang et al. 2018)

legislation

Source: Authors.
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4.2.3. SC co-evolving and re-conceptualization: the com-
plexity of dynamic systems

The systemic perspective, on the one hand, drives an inte-
grated view of sustainability practice; on the other hand, it
imposes the challenge and difficulty of establishing the
required dynamic system. Reliable information must be
shared in a real-time manner throughout the whole supply
chain to enable a quick response to changes. This would
lead to great demands on flexibility and agility to facilitate
the dynamic construction of temporary processes and net-
work transparency of the supply chain (Verdouw et al. 2018).
However, many supply chain actors, such as small and
medium-sized enterprises (SMEs), might find it challenging to
invest in advanced technologic and information systems for
fulfilling the requirement of transparency and integration.
Data overflow is another barrier in the complex dynamic sys-
tem (Sjodin et al. 2018). For example, the design and oper-
ation in the engineering system requires specific
methodologies to capture and solve the structural and
behavioural challenges (Kuznetsova, Zio, and Farel 2016).
However, uncertainty and risks will increase as inefficient use
of innovative technology and information system may
increase the system’s complexity (Sjodin et al. 2018). Instead
of losing focus, companies might need to strategically decide
on their core competencies along with consideration of the
complex and dynamic nature, rather than be driven by the
overwhelming data system.

Due to the complexity of the dynamic system, it lacks
standards and legislation for a common acceptance of CE
and remanufactured products (Yang et al. 2018). It creates
the most prevalent barrier to earning consumer trust in
remanufactured products and restricts international trading
in certain countries.

5. Integrating CE and Industry 4.0 in SSCM

With respect to the negative effects and potential challenges
for human development in the past and present, this study
has captured the economic, environmental and social value
of sustainability in supply chain operations when considering
the influence from CE and Industry 4.0 (Table 6).

5.1. Economic sustainability

5.1.1. Operational efficiency

By adopting CE and Industry 4.0, companies and their supply
chains potentially increase operations efficiency in terms of
increasing material flow, and enhancing the tracking and
tracing system. CE requires the adaptation of supply chain
sustainability across all operational process, including pro-
duce design, process, production and logistics (Lopes de
Sousa Jabbour et al. 2018). Meanwhile, Industry 4.0 supports
decision-making systems, helping to increase material flow
and reduce life cycle impacts to build companies’ capabil-
ities, as a result of improving operational, financial and sus-
tainable supply chain performance (Peng et al. 2018). The
emergence of innovative technologies creates opportunities
for changing how firms interact conventionally with a better
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Table 6. Integrating CE and Industry 4.0 in SSCM.

Dimensions

No. of papers

Key authors

Core concept

32

Economic sustainability
Operational efficiency

21

Lopes de Sousa Jabbour et al. (2018), Despeisse et al.

Companies and their supply chains potentially increase operational efficiency in

(2017), Verdouw et al. (2018)
lacovidou, Purnell, and Lim (2018), Nobre and Tavares

terms of increasing material flow, and enhancing the tracking and tracing system

Higher operational efficiency in terms of tracking and tracing system can reduce

Operational costs

(2017), Bag, Dhamija, et al. (2021), Dev, Shankar, and

Swami (2020)
Nobre and Tavares (2017), Liboni, Liboni, and Cezarino

overall costs (lacovidou, Purnell, and Lim 2018)

Integrating CE and Industry 4.0 can mitigate the system risks and error (Mukherjee

Risk control

(2018), Mukherjee et al. (2021)

et al. 2021)

52
21

Environmental sustainability

Environmental impact

Kuznetsova, Zio, and Farel (2016), Liboni, Liboni, and

CE and Industry 4.0 can increase the sustainability of products, processes and

Cezarino (2018), Lopes de Sousa Jabbour

et al. (2018)
Liboni, Liboni, and Cezarino (2018), Rogetzer,

services while decreasing the environmental impacts (Lopes de Sousa Jabbour

et al. 2018)
Companies enhance their capabilities in emphasising waste reduction, which is

19

Waste reduction

Silbermayr, and Jammernegg (2019)

strongly related to reuse, recycle and remanufacture to reduce waste in SCM

(Liboni, Liboni, and Cezarino 2018)
Integrating CE and Industry 4.0 is one of the alternatives to resolve resource scarcity

12

Kuznetsova, Zio, and Farel (2016), Kuo and Smith

Resource consumption reduction:

(2018), Rehman et al. (2016), Wang and

Zhang (2020)

to reduce resource consumption for sustainable development

Social sustainability

Safety

<

Liboni, Liboni, and Cezarino (2018), Sjodin et al. (2018)

Sjodin et al. (2018)

Integrating CE and Industry 4.0 can improve safety levels for workforce and society
Reducing repetitive and fatiguing work activities in Industry 4.0 assists in improving

o

Job satisfaction

job satisfaction
Job opportunities can be created in the after-sales service market; however,

Fatorachian and Kazemi (2018), Yang et al. (2018),

Job opportunity

Ramakrishna et al. (2020)

automation could cause concerns regarding job security and redundancy

Source: Authors.

communication system and information flow (Despeisse
et al. 2017; Bag, Gupta, et al. 2021). Firms are able to make
radical improvements to material efficiency by eliminating
material waste in all processes with a transparent flow
(Despeisse et al. 2017).

Industry 4.0-based supply chains meet the need to build a
comprehensive tracking and tracing system for improving
operational efficiency in the contemporary supply chain
(Verdouw et al. 2018; Bag, Gupta, et al. 2021). It is of signifi-
cance while challenging for international logistics and supply
chains to address the sophisticated nature in each individual
industry, such as perishability in the food supply chain for
quality control. Traceability and the tracking system in
Industry 4.0 enable companies and the end consumers to
obtain all the information about the forward supply chain
and potentially to trace the backward supply chain to locate
and assess the lifetime of the goods and identify CE for sus-
tainability practices (Franco 2017; Bibi et al. 2017).

5.1.2. Operational costs

The creation of operational efficiency in such tracking and
tracing systems can reduce operational costs (lacovidou,
Purnell, and Lim 2018; Nobre and Tavares 2017). With the
application of Industry 4.0 and CE, the production of core
produce and competencies can be improved for economic
growth (Lewandowski 2016; Zhang et al. 2017) with lower
production costs (Nobre and Tavares 2017), such as transpor-
tation costs (Mladineo et al. 2018), project costs (lacovidou,
Purnell, and Lim 2018), and data utilization costs (Rehman
et al. 2016). For example, by tracking and tracing perishable
products, firms can improve the management of food waste
and recalls under better control of products and processes;
meanwhile, the automated scanning can reduce labour and
enhance stock control to reduce operational costs (Parreno-
Marchante et al. 2014).

5.1.3. Risk control

Finally, risk control is a vital factor to be considered for eco-
nomic sustainability. CE drives positive and continuous devel-
opment where it optimizes the use of natural capital and
social resource while minimizing the system risks (Nobre and
Tavares 2017). Meanwhile, the use of advanced technology
and information system can substantially reduce the system
errors; for example, it can reduce transportation processes,
unnecessary material flows and delivery mistakes, and
increase data transparency throughout the whole supply
chain via smarter logistics (Liboni, Liboni, and Cezarino
2018). In this regard, supply chain systematic risks could be
monitored and controlled in the integration of technological,
operational and systematic competencies (Mukherjee
et al. 2021).

5.2. Environmental sustainability

5.2.1. Decrease environmental impact
When enterprises move towards sustainability, CE and
Industry 4.0 increase the process of developing new



products, processes and services while decreasing environ-
mental impacts, which can be summarized as the factors of
eco-innovation and pollution and greenhouse gas emission
reduction (Cai and Choi 2021; Lopes de Sousa Jabbour
et al. 2018).

The overarching concept of eco-innovation is to interlink
industrial systems and energy and material consumption from
the eco-system (Kuznetsova, Zio, and Farel 2016). It is the pro-
cess of ‘developing new products, processes or services which
provide customer and business value but significantly decrease
environmental impacts’ (Fussler and James 1996, In: Kuo and
Smith 2018, 208). The 3Rs and supply chain loop systematically
recover, restructure and upgrade supply chain functions from
industrial waste to support sustainable implementation (Tolio
et al. 2017). There are five dimensions of eco-innovation
devised by the European Commission: eco-innovation inputs,
eco-innovation activities, eco-innovation outputs, resource effi-
ciency and socio-economic outcomes (Kuo and Smith 2018).
The implementation of these dimensions is significantly related
to corporate competitiveness and environmental performance
when firms and their supply chains enhance green product
innovation (El-Kassar and Sigh 2018).

The forms of pollution and greenhouse gas emission
reduction can be decomposed as gas, liquid, solid and sound
(Peng et al. 2018); for example, reducing water pollution in
tourism (Pan et al. 2018) and hazardous chemical pollution
(Franco 2017). Greenhouse gas emissions, such as CO, emis-
sions, seriously worsen the global climate (Tsai and Lai 2018;
Yang et al. 2018). Through proper reuse, repairing and main-
tenance of used products in CE, it is efficient to reduce car-
bon emissions and toxicity and optimize the use of virgin
resources (lacovidou, Purnell, and Lim 2018). In addition, the
enhanced process in Industry 4.0 enables the reduction of
pollution and greenhouse gas emissions in a tracking system
with sufficient data support (Liboni, Liboni, and Cezarino
2018). Supported by Industry 4.0, the reduction of environ-
mental impacts can be improved by product design, material
selection and efficient recycling processes (Jose and
Ramakrishna 2018; Kristoffersen et al. 2020).

5.2.2. Waste reduction

In integrating CE and Industry 4.0, companies enhance their
capabilities in terms of waste reduction, which is strongly
related to the reuse, recycling and remanufacturing of end-
of-life product to reduce waste in SCM (Nascimento et al.
2019). Manufacturers take responsibility for the end-of-life
products and turn wastes into reusable energy as circular
resources (Kuo and Smith 2018; Lewandowski 2016; Pan et al.
2018); for example, using robots and machine learning to
revolutionize waste sorting and product disassembly systems
(Liboni, Liboni, and Cezarino 2018) to reduce waste. Through
the 3Rs, the highest value of the physical properties of a
product can be kept and avoid emissions generation (Moreno
et al. 2019; Fang et al. 2016). Taking advantage of Industry
40, it is aimed to radically improve the CE practice for
resource efficiency and eliminate waste (Despeisse et al. 2017;
Rogetzer, Silbermayr, and Jammernegg 2019).
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5.2.3. Resource consumption reduction

It seems that integrating CE and Industry 4.0 is one of the
alternatives to resolve resource scarcity in order to reduce
resource consumption for sustainable development (Wang
and Zhang 2020). The primary focus of the 3Rs, or the
extended 6Rs, is to reduce environmental impacts by reduc-
ing energy and raw material consumption for operations and
resources efficiency (Kuznetsova, Zio, and Farel 2016; Kuo
and Smith 2018). Resource consumption and waste emissions
are minimized by ‘slowing, closing, and narrowing material
and energy loops’ (Franco 2017, 834). Meanwhile, Industry
4.0 such as data sharing and big data analytics enables
knowledge to drive value creation (Rehman et al. 2016). The
supporting technologies and information play a fundamental
role in sustainability operations and SCM.

5.3. Social sustainability

Observation in this study reveals that social sustainability in
operations and SCM is yet at the infant stage in the integra-
tion of CE and Industry 4.0. Safety is a positive side of inte-
grating CE, particularly Industry 4.0, into sustainability
practice. Automation in processes may reduce potential
errors such as industrial accidents and improve human safety
(Liboni, Liboni, and Cezarino 2018; Sjodin et al. 2018). At the
societal level, it increases confidence about safety for the
end user and improves welfare because of the benefits gen-
erated from the reuse of construction materials (lacovidou,
Purnell, and Lim 2018). Increasing job satisfaction is another
factor of social sustainability in this integration due to the
fact that repetitive and fatiguing work activities are reduced
in Industry 4.0 (Sjodin et al. 2018). Job opportunity seems to
be the debateable topic in sustainability. On the one hand, it
is argued that new business and job opportunities can be
created in the after-sales service market (Yang et al. 2018).
However, on the other hand, the technological changes,
especially the transformation of automation, could cause
concerns regarding job security and redundancy (Fatorachian
and Kazemi 2018; Parreno-Marchante et al. 2014;
Ramakrishna et al. 2020). Yet, it is in a revolution for imple-
menting advanced technologies in industrial, where not only
economic and environmental sustainability, but also social
and human responsibilities should be taken into consider-
ation in the long term.

6. Discussion
6.1. Integration of CE and Industry 4.0 for SSCM

The principle of sustainability and SSCM is heavily dependent
on the availability of resources (Baykasoglu and Subulan 2016;
Golicic and Smith 2013). However, it is now challenged by an
unprecedented rise in demand for the finite supply of resour-
ces (Yang et al. 2018). Therefore, this study aims to investigate
how CE and Industry 4.0 integrate to improve sustainable SCM.

Based on the current literature (e.g. Lewandowski 2016;
Govindan and Hasanagic 2018), this study found that there is
a great connectivity between Industry 4.0 and CE; in
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Industry 4.0
IoT
Cloud computing
& big data analytics
Smart factories
Automation

Figure 3. Connection of Industry 4.0 and CE (Source: Authors).

particular, the implication of innovative technologies and
information system in Industry 4.0 enables CE application in
SSCM (Figure 3). The main driver of CE is to maximize the
utility and value of products and resources (Lewandowski
2016; Tolio et al. 2017). On the other side, there are consider-
able barriers when adopting CE in SSCM. The complexity of
the dynamic system indicates s the difficulty of using
advanced technologies and data analytical skills (Verdouw
et al. 2018; Sjodin et al. 2018) in a high level of integration
across the supply network (Wang and Zhang 2020). As such,
the use of advanced technologies in smart factories and
automation supports the processes of reusing, recycling and
remanufacturing to extend the material lifespan in the closed
and opened loops of the supply chain (Tseng et al. 2018;
Pan et al. 2018; Mukherjee et al. 2021), and that improves
resource management in reflexive control (Fatorachian and
Kazemi 2018). Meanwhile, the use of loT and big data ana-
lytics plays a significant role in enhancing a company’s
knowledge competency for further analysis and to under-
stand the intellectualization of the existing system, helping
to support decision-making and the better implementation
of CE (Zhang et al. 2017; Mukherjee et al. 2021). Drawing on
this finding, we propose that:

Proposition 1: The implications of Industry 4.0 and CE are
connected; in particular, Industry 4.0 tackles the barriers to
understanding the complex mechanism in the dynamic system and
enhancing knowledge assessment and reflexive control for
adopting CE.

6.2. The roadmap towards SSCM: a dynamic
capability view

In SSCM research, the respective dynamic capabilities for SSCM
can be observed to have a supporting influencing on the three
pillars of sustainability (Beske 2012). Based on the definition
from Helfat (2007) and the research findings in this study, we
propose a framework for mapping SSCM with integration of
Industry 4.0 and CE from a dynamic capability view (Figure 4).
Being aligned with a study from Beske (2012), the frame-
work in this study includes five categories of dynamic capa-
bilities, taking into account knowledge assessment, partner
development, co-evolving, reflexive supply chain control, and
supply chain re-conceptualization, to analyse the drivers of
and barriers to integrating CE and Industry 4.0 in SSCM prac-
tices. It was discussed above how Industry 4.0 can improve
knowledge sharing and understanding for CE implementa-
tion. We argue that this is in a dynamic process in which,
the more knowledge and skills companies incorporate, the

Remove barriers of understanding the complexity
of dynamic systems & knowledge & technical
incompetency

—

Circular economy
3Rs
Loop of supply chain

more competencies they can implement Industry 4.0 and CE
for SSCM, and that the argument issupported by the study
from Zhang et al. (2017). By improving their analytic capabil-
ity and information network system, potentially, companies
can better manage the product lifecycle and reverse logistics
to reduce their environmental impact (Franco 2017; Liboni,
Liboni, and Cezarino 2018). However, this is not a linear pro-
gress; rather, it evolves when companies keep improving
their assessment of knowledge while tackling shortcomings
and weakness in advanced technologies, smart devices and
complex data analytical systems (Yang et al. 2018; Mukherjee
et al. 2021). In addition, integrating CE and Industry 4.0 into
operations practice substantially improves supply chain
reflexive control, such as cost structure and material availabil-
ity in the designed framework to better incorporate sustain-
ability issues, such as labour arbitrage and wastage control
and improve supply chain performance (Fatorachian and
Kazemi 2018; Wang and Zhang 2020).

Integrating Industry 4.0 and CE-enhanced partner devel-
opment improves partner development in a co-evolving pro-
cess (Jabbour et al. 2017; Pan et al. 2018; Mukherjee et al.
2021). It is in a pervasive connectivity among supply chain
partners, which enables constant feedback from physical
devices and Industry 4.0 to improve production processes
and delivery in SCM (Fatorachian and Kazemi 2018) for better
management of environmental and human resources in
SSCM (Kuo and Smith 2018; Yang et al. 2018). Likewise, opti-
mal partner development is essential for CE, such as remanu-
facturing in the closed-loop supply chain (Mladineo et al.
2018). However, with integration and collaboration in the
supply network, it is important, yet difficult, to invest in and
share the same vision for Industry 4.0 and CE (Kouhizadeh,
Zhu, and Sarkis 2020; Yang et al. 2018; Mukherjee
et al. 2021).

The integration of CE and Industry 4.0 enforces supply
chain re-conceptualization to address the dynamic changes
for SSCM in societies. Addressed in the current literature, dif-
ferent stakeholders, such as government policymakers, practi-
tioners, educators and non-profit organizations, could
enhance their knowledge sharing and integrate sustainability
into policies and management practices (Pan et al. 2018). CE
is increasingly important worldwide; for example, the G7
Summit Declaration of June 2015 launched the ‘Alliance on
Resource Efficiency’ to promote CE. In turn, supply chain re-
conceptualization fosters knowledge sharing and resource
integration for Industry 4.0 and CE. When discussing the sup-
ply chain loop, it involves corporate decision-makers among
multiple supply networks across different industries (Tseng
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Figure 4. The roadmap to SSCM (Source: Authors).

et al. 2018). Drawing on the discussion above, we pro-
pose that:

Proposition 2: Industry 4.0 and CE enhance dynamic capabilities to
incorporate  SSCM; in turn, dynamic capabilities foster better
knowledge assessment, supply chain partner development, co-
evolution and re-conceptualization for CE and Industry 4.0
applications in operations and SCM.

7. Conclusions

A recent report of the United Nations Industrial
Development Organization (2017) indicates that Industry 4.0
is one of the accelerators of ‘sustainable energy’. Integration
of Industry 4.0 and CE can assist organizations to optimize
their resources to enhance sustainability in supply chains.
This study has found a substantial linkage between Industry
4.0 and CE, and further revealed the barriers to understand
the complexity of dynamic systems and building knowledge
and technical competency for implementing SSCM.
This research proposes a conceptual framework that demon-
strates how Industry 4.0 and CE can enhance dynamic capa-

bilities for SSCM implementation, including economic,
environmental and social sustainability in operations
and SCM.

7.1. Theoretical and managerial contributions

Given the relative novelty, in academic research, of these
two concepts, we hope to contribute to the literature by

providing the necessary foundation to understand their
scholarly and practical implications. To this end, we also
posit some research propositions related to the diffusion of
CE-Industry 4.0 practices.

This is one of the very first studies to understand Industry
4.0 drivers and CE context for managing sustainability imple-
mentation in operations and SCM. This study makes several
theoretical and management-level contributions, given
as follows:

e This study systematically reviews the drivers of and bar-
riers to integrating CE and Industry 4.0 in SSCM from a
dynamic capability view. The discussions have uncovered
a holistic view of systemic changes together with oper-
ational and relational factors for further research on their
implementation. The listing of drivers and barriers pro-
vides a checklist for practicing managers in managing the
operational excellence of sustainable supply chains driven
by Industry 4.0 and CE.

e By taking a dynamic capability view, this research pro-
vides a roadmap to managers in SSCM adoption. This
would further enhance a theoretical understanding on
micro and macro levels of operational issues in SSCM
adoption and further improve SSCM practices by building
dynamic capabilities integrated from CE and Industry 4.0.
This study also generates theoretical propositions for sup-
porting future research development.

e From a managerial perspective, considering the implication
of the developed framework, CE has been embedded in the
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Courtauld Commitment 2025 to reduce carbon emissions
and improve process efficiency for organizational sustain-
ability (Waste and Resources Action Programme 2018).
Industry 4.0 has also been differentiated as a strategic
agenda among manufacturers to reduce process waste. The
developed conceptual framework in this study would fur-
ther provide management with a better understanding of
how to achieve sustainability in supply chain operations
through CE and Industry 4.0. The drivers and barriers dis-
cussed in this study can also provide insights for managerial
decision-making on where and how to invest in CE and
Industry 4.0, according to the companies’ capabilities
and strategies.

7.2. Future research

This paper has its own limitations. The research findings are
based on the current literature; therefore, it could be con-
tested in terms of generalizing the implementation of results.
For future research development, given that integrating CE
and Industry 4.0 is a co-evolving and reconceptualized pro-
cess, further studies can investigate this in depth, to explore
the emerging contexts and the underlying mechanism.
Specifically, the dynamic changes in different regions, indus-
tries and systems can show various characteristics and condi-
tions; for example, during the COVID-19 pandemic, countries
urgently introduced new regulations and integrated resour-
ces and capabilities across regions to ensure public health.
The global supply chain is fairly fragile and optimizing
dynamic capabilities by taking the best advantages from
Industry 4.0, and reusing and redesigning resources in the
global supplying network, is now more important than ever
for sustainable development. Further research can examine
to what extent the provided framework can or cannot work
for different regions, such as how to enhance dynamic capa-
bilities for industries in India to cope with COVID-19 disrup-
tions in SSCM practice.
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