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Abstract

Industry 4.0 (14.0) and Circular Economy (CE) are undoubtedly two of the most debated topics of the
last decades. Progressively, they gained the interest of policymakers, practitioners and scholars all over
the world. Even if they have been usually described as two independent research fields, there are some
examples presenting overlaps between these topics, represented by hybrid categories like Circular 14.0
and Digital CE. Starting from these two perspectives, an innovative framework both highlighting the
links between 14.0 and CE and unveiling future research fields has been developed. Basing on one of
the two perspectives, results show as it is possible to enhance a set of different relations. Depending on
a dedicated area of either CE or 14.0 it is possible to see the prevalence of some 14.0 technology than
others. However, the influence of 14.0 technologies on CE is always verified.

Keywords: Circular Economy; Circular Industry 4.0; Digital Circular Economy; Industry 4.0;
Systematic Literature Review.

1. Introduction

Circular Economy (CE) and Industry 4.0 (14.0) represent the two most important industrial paradigms
driving academia and industry in recent years (Suarez-Eiroa et al. 2019; RiBmann et al. 2015). CE is a
commonly agreed term (Winans, Kendall, and Deng 2017). The CE is an industrial system that is
restorative or regenerative by intention and design. This concept replaces the “end-of-life”” concept with
restoration, shifts to the use of renewable energy, eliminates the use of toxic chemicals (which impair
reuse), and aims for the elimination of waste through the superior design of materials, products, systems,
and within this, business models (The Ellen MacArthur Foundation 2013; Bocken et al. 2016; Okorie et
al. 2018). The CE allows the decoupling of economic growth from finite resource constraints, by
providing opportunities for business regarding new ways of creating value, generating revenue, reducing
costs, being resilient, and creating legitimacy (Manninen et al. 2018). Instead, 14.0 is a paradigm
referring to a wide range of concepts, whose clear classification—as well as their precise distinction—
is not possible (Lasi et al. 2014). Most definitions of 14.0 consider advanced digital technologies the
main driver. In particular, the Boston Consulting Group identified nine technologies as building blocks
of 14.0: big data and analytics, autonomous robots and vehicles, additive manufacturing, simulation,
augmented and virtual reality, horizontal/vertical system integration, the Internet of Things (1oT), cloud,
fog, and edge technologies, and blockchain and cyber-security (RifSmann et al. 2015). The integration
of these technologies within an industrial context can enable a set of important improvements in
competitiveness:

e Production technologies (Zhou, Zhou, and Liu 2015),
Financial performance (Schuh et al. 2014),
Market expansion (Sanders, Elangeswaran, and Wulfsberg 2016),
Supply chain management (Porter and Heppelmann 2014),
Product lifecycle management (Porter and Heppelmann 2014),
Workforce empowerment (Oesterreich and Teuteberg 2016), and
Business models (Lee, Kao, and Yang 2014).
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Given the importance these two paradigms have acquired over time, much literature discusses CE and
14.0 from several perspectives (Liao et al. 2017; Smart et al. 2017; Govindan and Hasanagic 2018).
However, there is still a great distance between theory and practice (Gorissen, Vrancken, and
Manshoven 2016). Regarding the CE perspective, authors and scholars described challenges,
opportunities, frameworks, models, and best-in-class multinationals (Angioletti et al. 2016; Antikainen,
Uusitalo, and Kivikyt6-Reponen 2018; Askoxylakis 2018; Ge and Jackson 2014). However, very limited
contributions about what kind of technologies can support the implementation of CE, especially in Small
and Medium Enterprises (SMEs), are available (Y. Wang, Zhang, and Zuo 2016; X. V. Wang and Wang
2018; Soroka et al. 2017). Regarding the 14.0 perspective, many contributions assessed the potential
support offered by key enabling technologies to companies (Ge and Jackson 2014; Isaksson, Hallstedt,
and Ohrwall Rénnback 2018; He, Xu, and Xu 2010; Gorissen, Vrancken, and Manshoven 2016).
However, only in a very few cases was the environmental benefit (the circularity level) reachable
through the adoption of 14.0-based technologies assessed (Angioletti, Despeisse, and Rocca 2017
Lahrour and Brissaud 2018; van Schaik and Reuter 2016). Starting from these premises, this paper has
several aims: i) to investigate how 14.0 technologies influence the CE and ii) to classify these relations
through an innovative framework. The paper is organized as follows. In Section 2, the topic is
conceptualized, with a description of the CE and 14.0. In Section 3, the research methodology is
described. In Section 4, the results of the literature review are discussed. In Section 5, open issues are
discussed. In Section 6, concluding remarks and future research avenues are offered.

2. Topic Conceptualization

The work is based on two main concepts, the CE and 14.0. In this section, these concepts are presented,
along with definitions.

2.1 Circular Economy

Commonly agreed definitions of the CE are those proposed by the Ellen MacArthur Foundation (2015)
and Su et al. (2013). First, the CE is defined as a global economic model to minimize the consumption
of finite resources, by focusing on intelligent design of materials, products, and systems. Second, the
CE aims at overcoming the dominant linear (e.g., take, make, and dispose) economy model (i.e., a
traditional open-ended economy model developed with no built-in tendency to recycle; Stahel and
Reday-Mulvey 1981; Pearce and Turner 1991). However, only in the last few years has the relevance of
the CE been amplified worldwide (Reuter et al. 2013). Before the CE was introduced, a traditional
(linear) lifecycle was the only process followed during the conceptualization, design, development, use,
and disposal of products (Su et al. 2013). Progressively, closed-loop patterns—completely focused on
balancing economic, environmental, and societal impacts—have substituted old industrial practices.

2.2 Industry 4.0

As described in Section 1, there is no consensus among experts about which technologies can be
classified under the 14.0 umbrella. Thus, we decided to follow an alternative strategy during the
implementation of this work. Initially, they adopted the nine pillars described by Riimann et al. (2015)
as keywords to exploit during the literature assessment. Basing on the resulting literature gathered from
the web, only five of the nine pillars were further assessed. This way, cyber-physical systems (CPSs),
the 10T, big data and analytics (BDA), additive manufacturing (AM), and simulation were identified as
the main 14.0-based technologies related to the CE. For clarification, brief descriptions of these four
technologies are provided. First, CPSs are an integration of computation and physical processes.
Embedded computers and networks monitor and control the physical process, usually with feedback
loops, where physical processes affect computations, and vice versa (Lee, Bagheri, and Kao 2015).
Second, the 10T are technologies that allow interaction and cooperation among people, devices, things,
or objects through the use of modern wireless telecommunications, such as radio frequency
identification (RFID), sensors, tags, actuators, and mobile phones (Nasiri, Tura, and Ojanen 2017).
Third, BDA is the application of advanced data analysis techniques for managing big datasets (Soroka
et al. 2017). Fourth, AM describes a suite of technologies that allow the production of a growing
spectrum of goods via the layering or 3D printing of materials (Dutta et al. 2001). Finally, simulations
consider a wide range of mathematical programming techniques to achieve purposes related to CE and



14
15
16

17

18
19
20
21
22

23
24
25
26

27

14.0 paradigms. What is rarely assessed by the literature is the relation between 14.0 and the CE, and
their reciprocal effect on the overall performance of a company.

3. Research Methodology

To better identify the relation between 14.0 and the CE, a systematic literature review was implemented
according to Denyer and Tranfield (2009) guidelines. As previously defined in Section 1, this paper has
several aims. First, the existing relations between 14.0 and the CE were investigated. Second, they were
classified based on an innovative framework of analysis. In this section, how the data were collected
and analyzed, and are reported is described. First, the search criteria for selecting the papers were
identified. Second, other information sources were consulted, to increase the initial number of
documents. Third, papers and other documents were classified, to consider their appropriateness for the
scope of analysis. Finally, the selected documents were analyzed in detail, by considering the year of
publication, methodology, geographic provenience of the authors, and macro- and micro-focuses. The
research progress of this paper is described in the following sub-section.

3.1 Search criteria
To follow a transparent approach and secure the validity of the data, specific databases were selected.
The search criteria are summarized in Figure 1.

[Figure 1 near here]

The review process considered only formal and informal literature (including books and scientific and
industrial reports), by focusing on titles, abstracts, and keywords. The reference databases used were
Scopus and Web of Science, because they are internationally renowned. Initially, a structured keyword
search was conducted in Scopus. Subsequently, Web of Science was consulted for reliability reasons.
Only papers written in English and published between 2000 and 2018 were evaluated.

3.2 Article search

By exploiting the “advanced search” section of Scopus and Web of Science, 20 different search strings
were used to gather documents that examined, at the same time, the CE and 14.0 (or some of their sub-
topics). Table 1 reports the search strings and the resulting number of documents.

Table 1. Search strings and resulting documents

Scopus™ Web of
1D Query documents Science™
documents

TITLE-ABS-KEY (circular

#1 | AND economy AND industry 4.0) AND (LIMIT- 18 10
TO (LANGUAGE, "English"))

42 TITLE-ABS-KEY (circular AND economy AND additive AND 20 17
manufacturing) AND (LIMIT-TO (LANGUAGE, "English™))

43 TITLE-ABS-KEY (circular AND economy AND big AND data) AND 33 o5
(LIMIT-TO (LANGUAGE, "English™))

44 TITLE-ABS-KEY (circular AND economy AND cloud AND 7 2
manufacturing) AND (LIMIT-TO (LANGUAGE, "English™))

45 TITLE-ABS-KEY (circular AND economy AND internet AND of AND 28 16
things) AND (LIMIT-TO (LANGUAGE, "English™))

46 TITLE-ABS-KEY (circular AND economy AND cyber-physical AND 4 3
system) AND (LIMIT-TO (LANGUAGE, "English"))

47 TITLE-ABS-KEY (circular AND economy AND augmented AND reality) 1 1
AND (LIMIT-TO (LANGUAGE, "English™))

48 TITLE-ABS-KEY (circular AND economy AND 3d AND printing) AND 16 9
(LIMIT-TO (LANGUAGE, "English™)

49 TITLE-ABS-KEY (circular AND economy AND fourth AND industrial 3 1
AND revolution) AND (LIMIT-TO (LANGUAGE, "English™))
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#10 TITLE-ABS-KEY (circular AND economy AND simulation) AND 123 80
(LIMIT-TO (LANGUAGE, "English™))

#11 TITLE-ABS-KEY (circular AND economy AND smart AND production) 29 14
AND (LIMIT-TO (LANGUAGE, "English™))

#12 TITLE-ABS-KEY  (circular AND economy AND smart AND 16 10
manufacturing) AND (LIMIT-TO (LANGUAGE, "English™))

#13 TITLE-ABS-KEY (circular AND economy AND data AND mining) AND 46 97
(LIMIT-TO (LANGUAGE, "English™))

#14 TITLE-ABS-KEY (circular AND economy AND digital) AND (LIMIT-TO 70 28
(LANGUAGE, "English™))

#15 TITLE-ABS-KEY (circular AND economy AND smart) AND (LIMIT-TO 76 48
(LANGUAGE, "English™))

#16 TITLE-ABS-KEY (circular AND economy AND intelligent) AND (LIMIT- 60 28
TO (LANGUAGE, "English™))

417 TITLE-ABS-KEY (reuse AND industry 4.0) AND (LIMIT-TO 48 63
(LANGUAGE, "English™)

#18 TITLE-ABS-KEY (recycle AND industry 4.0) AND (LIMIT-TO 14 65
(LANGUAGE, "English™)

#19 TITLE-ABS-KEY (recycling AND industry 4.0) AND (LIMIT-TO 66 65
(LANGUAGE, "English™)

420 TITLE-ABS-KEY (remanufacturing AND industry 4.0) AND (LIMIT- 12 6
TO (LANGUAGE, "English"))

Total 690 518

The final set of 20 strings generated 690 and 518 documents from Scopus and Web of Science,
respectively. After the inclusion and exclusion criteria were applied (see Figure 1), 158 documents were
considered. The documents included 110 journal articles, 41 conference proceedings, 5 book chapters,
and 2 scientific reports.

3.3 Article content analysis
The output of the search process in terms of the number of works published by year is shown in Figure
2.

[Figure 2 near here]

The total number of documents (158) and their concentration (96% within the last five years) revealed
the high attention devoted to these topics by the authors.

Regarding scientific journals with impact factors, Figure 3 shows some have dedicated major attention
to this topic. About 12% of these documents were published in the form of conference proceedings in
Procedia CIRP.

[Figure 3 near here]

Figure 4 shows the countries where the institutions with which the first authors were affiliated are
located. The distribution was concentrated in the United Kingdom (UK), Germany, the United States
(US), China, and Italy. These five countries accounted for about 38% of the total number of works
published.

[Figure 4 near here]

Macro-topics were also addressed by published papers (see Figure 5), which assessed the influence and
application of 14.0 technologies on CE performance and contexts.

[Figure 5 near here]

The analysis highlighted the multidisciplinary aspect of the research. The methodology was broadly
based on the theoretical approach (with 72 works). Less frequently used were analytical studies, case
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studies, and surveys (62, 18, and 6 works, respectively). Therefore, it is now possible to analyze the
macro-topics and then, define the main characteristics of existing works.

4. Results

Results gathered from the literature review can be categorized into two groups, either how 14.0
technologies can influence the CE, or vice versa, how CE-related areas are covered by 14.0 technologies.
For each view, a dedicated subset of micro-topics was identified, and papers were classified based on
these topics (see Table 2). The classes listed in the first column refer to CE-related topics. The classes
listed in the second column refer to 14.0 pillars.

Table 2. List of classification items

CE-related classification items 14.0-related classification items
CBMOD Circular Business Models AM Additive Manufacturing
DIGIT Digital Transformation BDA Big Data and Analytics
DISAS Disassembly CPS Cyber-Physical Systems
LIFEC Lifecycle Management 10T Internet of Things
RECYC Recycling SIM Simulation
REMAN Remanufacturing Generic Any 14.0 technology
RESOU Resource Efficiency
REUSE Reuse
SMSER Smart Services
SUPCM Supply Chain Management

4.1 Enabling the CE through 14.0 technologies

The first aim is to understand how 14.0 technologies can influence the CE. Starting from a list of the
most general papers describing this aspect, the focus shifts to assessing each specific 14.0 technology.
The final aim is to discover hidden correlations.

4.1.1 General overview

An initial overview of the literature can be done by considering the papers on the relation between the
CE and 14.0 from a generic perspective. One general assertation shared among experts is that 14.0 can
act as an enabler of the CE. A company willing to become circular cannot avoid considering 14.0
technologies within its value chain. In the literature, several works focused on this direction, especially
in the form of reviews (Cattelan Nobre and Tavares 2017; Kuo and Smith 2018; Liao et al. 2017; Okorie
et al. 2018). The most common way to describe the relation between 14.0 and the CE was digitalization
of the CE. Through this term, the experts considered 14.0 technologies as a galaxy of opportunities
supporting companies in improving their circular performance through the adoption of digital
technologies (see Table 3). Another common perspective was related to the role that 14.0 technologies
could have in enabling circular business models (CBMs). In this perspective, 14.0 technologies acquire
a strategic role involving customers, co-providers (and stakeholders in general) within the value chain,
to reach a CE. In a few cases, the discussion considered other CE-related aspects, such as resource
efficiency, remanufacturing, lifecycle management, and smart services (SSs). In these cases, 14.0
technologies are enablers of innovative ways for monitoring the exploitation of natural resources or
product lifecycle stages and integration with existing technologies. Finally, in rare cases, disassembly
and supply chain management (SCM) were discussed, with 14.0 technologies considered the main
element for developing and managing supplier—customer relationships.

Table 3. How 14.0 can support the CE

Reference DIGIT | CBMOD | RESOU | REMAN | LIFEC | SMSER | DISAS | SUPCM

(Antikainen, Uusitalo, and

Kivikytt-Reponen 2018) X

(Baines 2015) X
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(Bianchini A et al. 2018) X

x

(Bressanelli et al. 2018b)

(Bressanelli et al. 2018a) X

(Butzer et al. 2016) X

(Chang, Ong, and Nee 2017) X

(de Man and Strandhagen
2017)

(Eden 2017) X

(Fisher et al. 2018) X

(Gorissen, Vrancken, and
Manshoven 2016)

(Hughes 2017) X

(Isaksson, Hallstedt, and
Ohrwall Rénnbéck 2018)

(Jensen and Remmen 2017) X

(Jin et al. 2014) X

(Kélsch et al. 2017) X

(Kowalkowski et al. 2017) X

(Kuo and Smith 2018) X

(A. Q. Li and Found 2017) X

(Liao et al. 2017) X

(Lopes de Sousa Jabbour,
Chiappetta Jabbour, Godinho X
Filho, et al. 2018)

(Lopes de Sousa Jabbour,
Chiappetta Jabbour, Foropon, X
et al. 2018)

(Mafik et al. 2016) X

(Moreno and Charnley 2016) X

(Neligan 2018) X

(Okorie et al. 2018) X

(Pagoropoulos, Pigosso, and
McAloone 2017)

(Planing 2017) X

(Prendeville et al. 2016) X

(Rajala et al. 2018) X

(Ruggeri et al. 2017) X

(Sarkis and Zhu 2018) X

(Shanshan Yang et al. 2018) X

(Sinclair et al. 2018) X

(Smart et al. 2017) X

(Srai et al. 2016) X

(Stark et al. 2014) X

(Stock and Seliger 2016) X

(Thomas 2018) X

(Tolio et al. 2017) X

(Townsend and Coroama
2018)

(Unal, Urbinati, and Chiaroni
2018)

(X. Wang, Ong, and Nee
2018)

(Wilts and Berg 2017) X

(B. Xu 2016) X

(Yeo, Pepin, and Yang 2017)

x

Total 13 11 8 7 3 2 1 1

4.1.2 Additive manufacturing

AM is one of the most game-changing technologies in today’s society (Angioletti et al. 2016). This
importance is enhanced by the number of papers describing the relations between the CE and 14.0 that
considered AM as a reference element (see Table 4). Commonly, these relations were described in terms
of how AM could support the lifecycle management of products and processes. Only in some cases did
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experts identify other connections. Some scholars discussed the exploitation of AM for upgrading
current recycling processes—through either new sustainable (Clemon and Zohdi 2018; Mandil et al.
2016; Sauerwein and Doubrovski 2018; Woern et al. 2018; Zhong and Pearce 2018) or networks
(Santander et al. 2018)—and digitalizing the manufacturing process, for example, through a new kind
of process (Dutta et al. 2001) or managerial strategies (Unruh 2018). Others presented the idea of using
AM to support the remanufacturing of products or components (Lahrour and Brissaud 2018; Leino,
Pekkarinen, and Soukka 2016)), the development of CBMs focused on recycled materials (Mattos
Nascimento et al. 2018); (Millard et al. 2018), the exploitation of biomaterials (van Wijk and van Wijk
2015; Voet et al. 2018), or the reuse of products/materials (Bloomfield and Borstrock 2018).

Table 4. How AM can support the CE

Reference LIFEC | RECYC | DIGIT | REMAN | CBMOD | RESOU | REUSE
(Angioletti et al. 2016) X
(Angioletti, Despeisse, and Rocca
2017)

(Bassi 2017) X
(Bloomfield and Borstrock 2018) X
(Clemon and Zohdi 2018) X
(Despeisse et al. 2017) X
(Dutta et al. 2001)
(Giurco et al. 2014) X
(Lahrour and Brissaud 2018) X
(Le, Paris, and Mandil 2017a)
(Le, Paris, and Mandil 2017b) X
(Leino, Pekkarinen, and Soukka
2016)

(Ma et al. 2018) X
(Mandil et al. 2016) X
(Mattos Nascimento et al. 2018) X
(Millard et al. 2018) X
(Minetola and Eyers 2018) X
(Moreno et al. 2017) X
(Mller et al. 2018) X
(Santander et al. 2018) X
(Sauerwein, Bakker, and Balkenende
2017)

(Sauerwein and Doubrovski 2018) X
(Schmidt et al. 2017) X
(Sheng Yang et al. 2017) X
(Syed-Khaja, Perez, and Franke
2016)

(Unruh 2018) X
(van Wijk and van Wijk 2015) X
(Voet et al. 2018) X
(Woern et al. 2018) X
(Zhong and Pearce 2018)
Total 9 6 5 4 3 2 1

x

x

x

4.1.3 Big data and analytics

BDA, in contrast to the discussions of AM, has been considered less frequently by experts and no
perspective on exploiting BDA for improving CE practices was prevalent. Even if BDA is generally
known as one of the easiest ways to digitize the CE (Cattelan Nobre and Tavares 2017), other
perspectives have been discussed, like exploiting it: i) to develop automated approaches assessing
potential value pathways for secondary materials (Davis, Aid, and Zhu 2017; Jose and Ramakrishna
2018) or discovering potential industrial symbioses (Song et al. 2017), ii) to develop open-source tools,
procedures, open data, and services for promoting reuse (Franquesa, Navarro, and Bustamante 2016;
Franquesa and Navarro 2018) or cloud service platforms for data collection and analytics (Lindstrom et
al. 2018), iii) to assess innovative business models through integrative frameworks (Chiappetta Jabbour
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et al. 2017) or for particular types of companies (Soroka et al. 2017), and iv) to gather or manage data
on the lifecycle of products (J. Li et al. 2015) or implementing smart manufacturing practices (Kusiak
2018) (see Table 5). In rare cases, experts focused on exploitation of BDA for other reasons, such as
improving disassembly sequence planning (Marconi et al. 2018), considering recycling issues during
product design (Lin 2018), assessing cost reduction strategies through remanufacturing (Ge and Jackson
2014), and assessing challenges and opportunities in SCM practices (Kache and Seuring 2017).

Table 5. How BDA and Analytics can support the CE

Reference DIGIT | RESOU | SMSER | CBMOD | LIFEC | DISAS | RECYC | REMAN | SUPCM
(Cattelan Nobre
and Tavares 2017)
(Chiappetta
Jabbour et al. X
2017)

(Davis, Aid, and
Zhu 2017)
(Franquesa,
Navarro, and X
Bustamante 2016)
(Franquesa and
Navarro 2018)
(Ge and Jackson
2014)

(Jose and
Ramakrishna X
2018)

(Kache and
Seuring 2017)
(Kusiak 2018) X
(J. Li et al. 2015) X
(Lin 2018) X
(Lindstrém et al.
2018)

(Marconi et al.
2018)
(Salminen,
Ruohomaa, and X
Kantola 2017)
(Seele and Lock
2017)

(Song et al. 2017) X
(Soroka et al.
2017)
(Tseng et al. 2018) X
Total 4 3 3 2 2 1 1 1 1

X

4.1.4 Cyber-physical systems

CPSs, as shown for BDA, were the least discussed 14.0 technology in terms of supporting CE practices.
However, differently from AM and BDA, CPSs presented a clear direction in terms of how they could
support the CE (see Table 6). Many scholars saw CPSs as a way to enable either better lifecycle
management of products or the development of new services, especially for maintenance reasons
(Caggiano 2018; Herterich, Uebernickel, and Brenner 2015a). Only in a very few cases was the focus
on remanufacturing practices or multi-agent systems for managing the extraction of natural resources
(Martin-Gomez, Aguayo-Gonzélez, and Marcos Barcena 2018).

Table 6. How CPSs can support the CE

Reference LIFEC SMSER REMAN RESOU
(Barbosa et al. 2016) X

(Caggiano 2018) X

(Gurdir and Gradin 2017) X
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(Hehenberger et al. 2016) X
(Herterich et al. 2015)

(Herterich, Uebernickel, and Brenner 2015b)
(Herterich, Uebernickel, and Brenner 2015a)
(Jardim-Goncalves, Romero, and Grilo 2017)
(Lee, Bagheri, and Kao 2015)

(Liu et al. 2016) X
(Martin-Gémez, Aguayo-Gonzalez, and Marcos Barcena
2018)

(Miranda et al. 2017)

(Regdseth, Schjglberg, and Marhaug 2017)

(Sharpe et al. 2018)

(Thoben, Wiesner, and Wuest 2017)

(Yu, Xu, and Lu 2015) X
Total 7 7 1 1

XX [ X[ X | X

XXX [X

4.1.5 Internet of Things

The loT was considered, together with AM, one of the most important technologies able to support the
transition to the CE (see Table 7). Apart from papers focused on a generic description of potential uses
of the 10T for extending the product lifecycle, there was a common understanding that the loT can spread
its potential effects on a wide number of CE-related areas. One option is adopting the 10T for enabling
new waste management strategies in smart cities (Esmaeilian et al. 2018), creating collaboration
(Romero and Molina 2012; Romero and Noran 2017) and improving the circularity level of
metallurgical processes (Reuter, Matusewicz, and van Schaik 2015). Another opportunity for exploiting
the 10T is the digitalization of CE practices, for example, by implementing smart industrial environments
(Hatzivasilis et al. 2018) or dynamic feedback control loops (Reuter 2016). Again, the 10T is suitable
for developing new services and CBMs (Alcayaga and Hansen 2017). In a few cases, the optimization
of SCM performance (J. Xu 2009) and remanufacturing processes (French, Benakis, and Marin-Reyes
2017) were considered by experts.

Table 7. How the 10T can support the CE

Reference LIFEC | RESOU | DIGIT | SMSER | CBMOD | SUPCM | REMAN
(Alcayaga and Hansen 2017) X
(Askoxylakis 2018) X
(Esmaeilian et al. 2018) X
(French, Benakis, and Marin-Reyes
2017)

(Hatzivasilis et al. 2018) X
(Holligan, Hargaden, and Papakostas
2017)

(Mashhadi and Behdad 2017) X
(Menon, Kéarkkéinen, and Gupta 2016) X
(Menon et al. 2018) X
(Nasiri, Tura, and Ojanen 2017) X
(Pacis, Subido Jr., and Bugtai 2017) X
(Pistol, Bucea-Manea-Tonis, and
Bucea-Manea-Tonis 2017)

(Reuter, Matusewicz, and van Schaik
2015)

(Reuter 2016) X
(Romero and Molina 2012) X
(Romero and Noran 2017) X
(Spring and Araujo 2017) X
(Tjahjono et al. 2017) X
(Verdugo Cedefio et al. 2017) X
(Y. Wang, Zhang, and Zuo 2016) X
(J. Xu 2009) X
(Zallio and Berry 2017) X
Total 7 4 3 3 2 2 1
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4.1.6 Simulation

Simulation followed the same trend discussed for AM and the 10T (see Table 8). Numerous papers
focused on the effects of simulations on CBMs and product lifecycle management. Others identified
specific ways in which simulation can support the CE. One method is the optimization of SCM
performance—for example, through probabilistic neural networks (He, Xu, and Xu 2010)—or the
modeling of material flows (Schafers and Walther 2017). Another option is exploiting simulation to
support the remanufacturing of products, for example, in the form of decision-support tools (Kuik,
Kaihara, and Fujii 2016; X. V. Wang and Wang 2018). Again, simulation can improve the efficiency in
exploiting natural resources—for example, through the calculation of eco-efficiency indexes (Ronnlund
et al. 2016)—and enable the development of new services, especially for maintenance reasons (Ashjaei
and Bengtsson 2017). Only in one case did experts discuss simulation as a support tool for recycling,
but in terms of calculating recycling performance indexes (van Schaik and Reuter 2016).

Table 8. How simulation can support the CE

Reference CBMOD | LIFEC | SUPCM | REMAN | RESOU | SMSER | RECYC
(Alexandris et al. 2018) X
(Ashjaei and Bengtsson 2017) X
(Borangiu, Thomas, and
Trentesaux 2013)
(Deschamps et al. 2018) X
(He, Xu, and Xu 2010) X
(Karastoyanov and Karastanev
2018)

(Kuik, Kaihara, and Fujii 2016) X
(Lieder, Asif, and Rashid 2017) X
(Lieder et al. 2017)
(Moreno et al. 2018) X
(Panarotto, Wall, and Larsson
2017)

(Ronnlund et al. 2016) X
(Schéfers and Walther 2017) X
(Schroeder, Steinmetz, Pereira,
Muller, et al. 2016)

(Schroeder, Steinmetz, Pereira, and
Espindola 2016)

(Siddiqi et al. 2017) X
(Simons 2017) X
(Sun and Wang 2011) X
(Trentesaux and Giret 2015) X
(Tsai 2018)
(Turner et al. 2016) X
(van Schaik and Reuter 2016) X
(van Schalkwyk et al. 2018) X
(X. V. Wang and Wang 2018) X
(Zhang et al. 2016) X
(Zhao, Dang, and Zhang 2011)
Total 6 6 5 4 2 2 1

x

x

x

4.2 Selecting 14.0 technologies for the CE

Scholars have also focused on how CE-related areas fit with 14.0 technologies. Starting from a list of
the most general papers describing this aspect, the focus shifts to assessing which set of 14.0 technologies
is suitable for a specific CE-related area. Once again, the aim is to discover hidden correlations.

4.2.1 Digital transformation

In general terms, authors and scholars who examined the digitalization of the CE did not select a specific
14.0 technology, preferring to maintain the widest number of potential developments in the future (see
Table 9). Only in a few cases did experts focus on several technologies. AM was the most discussed
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topic, followed by BDA and the loT. First, AM is adopted to develop a new kind of manufacturing
processes (Dutta et al. 2001) or managerial strategies (Unruh 2018). Second, BDA supports responsible
business management (by analyzing the transition to CE; Salminen, Ruohomaa, and Kantola 2017) and
industrial symbiosis (Tseng et al. 2018). Third, the 10T allows the development of industrial networks
(Hatzivasilis et al. 2018; Reuter 2016). AM seemed to be related more to digitalization of a company’s
internal processes. In contrast, BDA and the 10T support the digitalization of relations between a
company and its industrial context.

Table 9. 14.0 technologies enabling digital transformation

Reference AM BDA 10T Generic
(Angioletti et al. 2016) X
(Cattelan Nobre and Tavares 2017) X
(Despeisse et al. 2017) X
(Dutta et al. 2001) X
(Fisher et al. 2018) X
(Giurco et al. 2014) X
(Hatzivasilis et al. 2018) X
(Liao et al. 2017)

(Lopes de Sousa Jabbour, Chiappetta Jabbour, Godinho Filho, et al. 2018)
(Lopes de Sousa Jabbour, Chiappetta Jabbour, Foropon, et al. 2018)
(Moreno and Charnley 2016)

(Nasiri, Tura, and Ojanen 2017) X
(Okorie et al. 2018)

(Pagoropoulos, Pigosso, and McAloone 2017)
(Planing 2017)

(Rajala et al. 2018)

(Reuter 2016) X
(Salminen, Ruohomaa, and Kantola 2017) X
(Seele and Lock 2017) X
(Srai et al. 2016) X
(Stock and Seliger 2016) X
(Thomas 2018) X
(Tseng et al. 2018) X
(Unruh 2018) X
(X. Wang, Ong, and Nee 2018) X
Total 5 4 3 13

X[ XX [X

X[ XX [X

4.2.2 Lifecycle management

Regarding lifecycle management, the literature considers all five 14.0 technologies discussed in this
paper, with a focus on AM (see Table 10). Depending on the authors, AM can be exploited to i) improve
the overall CE performance (Angioletti, Despeisse, and Rocca 2017; Bassi 2017; Sheng Yang et al.
2017), ii) improve the impacts and energy consumption (Ma et al. 2018; Minetola and Eyers 2018), or
iii) improve product development and design (Mdller et al. 2018; Sauerwein, Bakker, and Balkenende
2017) processes (Schmidt et al. 2017; Syed-Khaja, Perez, and Franke 2016). Other 14.0 technologies
considered by experts as valuable support for the CE are CPSs, the 10T, and simulation. CPSs can be
adopted to i) assess sustainability levels (Girdir and Gradin 2017), ii) develop maintenance
management activities (Hehenberger et al. 2016; Radseth, Schjglberg, and Marhaug 2017), iii) integrate
product, process, and manufacturing systems (Miranda et al. 2017), and iv) improve the traceability of
circular practices (Sharpe et al. 2018). The 10T is considered by experts as a good method for linking
product lifecycle management and digital manufacturing, for example, through cloud computing
(Holligan, Hargaden, and Papakostas 2017). The 10T can be also useful for developing new assessment
methods that quantify environmental impacts related to smart infrastructures (Mashhadi and Behdad
2017), new energy management tools (Y. Wang, Zhang, and Zuo 2016), or new Internet platforms that
manage product lifecycle knowledge and information (Menon, Kérkkéinen, and Gupta 2016; Menon et
al. 2018). Third, simulation can be generally adopted for assessing lifecycle performance, for example,
environmental impacts (Deschamps et al. 2018) and economic impacts (Tsai 2018). Among several
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forms of simulation, Digital Twin (DT) is the most common method for supporting data modeling and
exchange (Schroeder, Steinmetz, Pereira, and Espindola 2016; Schroeder, Steinmetz, Pereira, Muller, et
al. 2016) or holons development (Trentesaux and Giret 2015; Turner et al. 2016). Less commonly, the
discussion focused on BDA or maintained a generic perspective.

Table 10. 14.0 technologies supporting lifecycle management

Reference AM CPS 10T SIM BDA | Generic
(Angioletti, Despeisse, and Rocca 2017) X
(Barbosa et al. 2016) X
(Bassi 2017) X
(Deschamps et al. 2018) X
(Giirdiir and Gradin 2017) X
(Hehenberger et al. 2016) X
(Holligan, Hargaden, and Papakostas 2017) X
(Isaksson, Hallstedt, and Ohrwall Rénnbéck 2018) X
(Jensen and Remmen 2017) X
(Kusiak 2018) X
(J. Li et al. 2015) X
(Ma et al. 2018) X
(Mashhadi and Behdad 2017) X
(Menon, Karkkéinen, and Gupta 2016)
(Menon et al. 2018) X
(Minetola and Eyers 2018) X
(Miranda et al. 2017) X
(Mdiller et al. 2018) X
(Pacis, Subido Jr., and Bugtai 2017) X
(Radseth, Schjglberg, and Marhaug 2017) X
(Sauerwein, Bakker, and Balkenende 2017) X
(Schmidt et al. 2017) X
(Schroeder, Steinmetz, Pereira, and Espindola 2016) X
(Schroeder, Steinmetz, Pereira, Muller, et al. 2016) X
(Sinclair et al. 2018) X
(Sharpe et al. 2018) X
(Sheng Yang et al. 2017) X
(Syed-Khaja, Perez, and Franke 2016) X
(Thoben, Wiesner, and Wuest 2017) X
(Trentesaux and Giret 2015) X
(Tsai 2018)
(Turner et al. 2016) X
(Y. Wang, Zhang, and Zuo 2016) X
(Zallio and Berry 2017)
Total 9 7 7 6 2 3

x

x

x

4.2.3 Disassembly 4.0 and Reuse 4.0

Given the scarcity of documents focusing on either disassembly or reuse, the present work cannot offer
a good estimation of trends (see Table 11). The only papers found in the literature saw BDA or 14.0
technologies in general as good support for disassembly. In this case, BDA was exploited for
disassembly sequence planning.

Table 11. 14.0 technologies supporting disassembly

Reference BDA Generic
(Chang, Ong, and Nee 2017) X
(Marconi et al. 2018) X

Total 1 1

The only paper focused on reuse strategies considered AM the main solution (see Table 12). In this
case, reuse was intended in terms of facilitating the disassembly and reassembly of textiles.

Table 12. 14.0 technologies supporting reuse
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Reference AM
(Bloomfield and Borstrock 2018)
Total 1

x

4.2.4 Resource Efficiency

Several authors investigated the contribution offered by 14.0 technologies in improving the efficient
exploitation of natural resources (see Table 13). Most experts saw the 10T as a valuable method for
managing natural resources, followed by BDA, AM, simulation techniques, and CPSs. Regarding the
loT, the intent is to adopt it to enable new waste management strategies in smart cities (Esmaeilian et
al. 2018), creating collaborative networks (Romero and Molina 2012; Romero and Noran 2017) or
improving the circularity level of metallurgical processes (Reuter, Matusewicz, and van Schaik 2015).
BDA, instead, was seen as a good solution for either developing automated approaches assessing
potential value pathways for secondary materials (Davis, Aid, and Zhu 2017; Jose and Ramakrishna
2018) or discovering potential industrial symbioses (Song et al. 2017). AM can be useful in terms of
exploitation of biomaterials (van Wijk and van Wijk 2015; Voet et al. 2018). Furthermore, simulation
techniques can be exploited for calculating a set of eco-efficiency indexes (Rénnlund et al. 2016).
Finally, CPSs can be adopted for managing the extraction of natural resources through multi-agent
systems (Martin-Gémez, Aguayo-Gonzalez, and Marcos Barcena 2018). In addition, some generic
papers did not consider a specific 14.0 technology.

Table 13. 14.0 technologies supporting resource efficiency

Reference 10T BDA AM SIM CPS | Generic
(Davis, Aid, and Zhu 2017) X

(Eden 2017) X
(Esmaeilian et al. 2018) X

(Hughes 2017) X
(Jose and Ramakrishna 2018) X

(Kuo and Smith 2018) X
(Mafik et al. 2016) X
(Martin-Gomez, Aguayo-Gonzalez, and Marcos Barcena 2018) X

(Neligan 2018) X
(Reuter, Matusewicz, and van Schaik 2015) X

(Romero and Molina 2012) X

(Romero and Noran 2017) X

(Ronnlund et al. 2016) X

(Smart et al. 2017) X
(Song et al. 2017) X

(Townsend and Coroama 2018) X
(van Schalkwyk et al. 2018) X

(van Wijk and van Wijk 2015) X

(Voet et al. 2018) X

(Wilts and Berg 2017) X
Total 4 3 2 2 1 8

4.2.5 Recycling 4.0

In contrast, the clear prevalence of digitalization of recycling as an 14.0 technology was observed, as
AM (see Table 14). Depending on the works, AM was considered either in terms of new sustainable
process (Clemon and Zohdi 2018; Mandil et al. 2016; Sauerwein and Doubrovski 2018), equipment
(Woern et al. 2018; Zhong and Pearce 2018), and networks (Santander et al. 2018). Only in a few cases
did experts also consider BDA and simulation. BDA has been adopted for considering recycling issues
during product design (Lin 2018), and simulation can be exploited as a support tool for recycling, for
example, for calculating a set of recycling performance indexes (van Schaik and Reuter 2016).

Table 14. 14.0 technologies supporting recycling

Reference AM BDA SIM
(Clemon and Zohdi 2018) X
(Lin 2018) X
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(Mandil et al. 2016) X
(Santander et al. 2018) X
(Sauerwein and Doubrovski 2018) X
(van Schaik and Reuter 2016) X
(Woern et al. 2018) X
(Zhong and Pearce 2018) X
Total 6 1 1

4.2.6 Remanufacturing 4.0

When discussing the digitalization of remanufacturing, the greatest number of experts identified
simulation and AM as the most promising 14.0 technologies (see Table 15). First, simulation can be
adopted for developing dedicated decision-support tools (Kuik, Kaihara, and Fujii 2016; X. V. Wang
and Wang 2018). AM, instead, can be useful for supporting the remanufacturing of products or
components (Lahrour and Brissaud 2018; Leino, Pekkarinen, and Soukka 2016). Few works focused on
BDA, CPSs, and the IoT. BDA has been exploited for assessing cost reduction strategies through
remanufacturing (Ge and Jackson 2014), CPSs for improving current remanufacturing performance (Liu
et al. 2016), and the 10T for developing innovative ones (French, Benakis, and Marin-Reyes 2017).
However, several papers did not consider a specific 14.0 technology.

Table 15. 14.0 technologies supporting remanufacturing

Reference SIM AM BDA CPS 10T Generic
(Butzer et al. 2016) X
(French, Benakis, and Marin-Reyes X

2017)

(Ge and Jackson 2014) X

(Karastoyanov and Karastanev 2018) X

(Kuik, Kaihara, and Fujii 2016) X

(Lahrour and Brissaud 2018) X

(Le, Paris, and Mandil 2017a) X

(Le, Paris, and Mandil 2017b) X

(Leino, Pekkarinen, and Soukka 2016) X

(Liu et al. 2016) X

(Ruggeri et al. 2017) X
(Shanshan Yang et al. 2018) X
(Siddiqi et al. 2017) X

(Stark et al. 2014) X
(Tolio et al. 2017) X
(X. V. Wang and Wang 2018) X

(B. Xu 2016) X
(Yeo, Pepin, and Yang 2017) X
Total 4 4 1 1 1 7

4.2.7 Circular business models and smart services

There is no doubt that the exploitation of 14.0 technologies supports the adoption of the CE, and
consequently, CBMs. Several works described this topic from a general perspective (see Table 16).
Only in a few cases was this hypothesis supported with a clear explanation of how to implement CBMs
in a real context. Simulation was the prevalent technique, followed by AM, BDA, and the 10T. From
one perspective, simulation (in the form of blockchain) was exploited for i) auditing cooperative CE
networks (Alexandris et al. 2018), ii) assessing the impact of business model changes (Simons 2017),
for example, through agent-based (Lieder, Asif, and Rashid 2017) or multi-method approaches (Lieder
etal. 2017), and iii) assessing redistributed manufacturing (Moreno et al. 2018) or service-based design
(Panarotto, Wall, and Larsson 2017) potential. Regarding AM, the main goal has been developing CBMs
focused on recycled materials (Mattos Nascimento et al. 2018; Millard et al. 2018). BDA can be useful
for assessing innovative business models through integrative frameworks (Chiappetta Jabbour et al.
2017) or for particular types of companies (Soroka et al. 2017). Finally, the 10T has been described as a
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good way to link the CE and 14.0 (Askoxylakis 2018). These contributions showed that more efficient
exploitation of field data could improve the overall circularity of a system.

Table 16. 14.0 technologies enabling circular business models

Reference SIM AM
(Alexandris et al. 2018) X
(Antikainen, Uusitalo, and Kivikytd-Reponen 2018) X
(Askoxylakis 2018) X
(Bianchini A et al. 2018) X
(Bressanelli et al. 2018b)
(Bressanelli et al. 2018a)
(Chiappetta Jabbour et al. 2017) X
(de Man and Strandhagen 2017)

(Gorissen, Vrancken, and Manshoven 2016)
(Jin et al. 2014)

(Kélsch et al. 2017)

(A. Q. Li and Found 2017)

(Lieder, Asif, and Rashid 2017) X
(Lieder et al. 2017) X
(Mattos Nascimento et al. 2018) X
(Millard et al. 2018) X
(Moreno et al. 2018) X
(Moreno et al. 2017) X
(Panarotto, Wall, and Larsson 2017) X
(Pistol, Bucea-Manea-Tonis, and Bucea-Manea-Tonis
2017)

(Prendeville et al. 2016) X
(Simons 2017) X
(Soroka et al. 2017) X
(Unal, Urbinati, and Chiaroni 2018) X
Total 6 3 2 2 11

BDA 10T Generic

x

x

XX [X | X [X

Linked to CBMs, authors and scholars’ works about SSs follow the same logic (see Table 17). However,
CPSs were considered by experts the most common method for gathering data from the field. They can
be exploited for developing several types of smart services (Herterich, Uebernickel, and Brenner 2015a;
Jardim-Goncalves, Romero, and Grilo 2017; Yu, Xu, and Lu 2015), for example, cloud-based smart
diagnostic services for manufacturing processes (Caggiano 2018) or health management and prognostics
(Lee, Bagheri, and Kao 2015). Only in a few cases were BDA, the 10T, and simulation considered as
alternatives. BDA was used to develop algorithms that estimate the use value of devices (Franquesa,
Navarro, and Bustamante 2016; Franquesa and Navarro 2018) or support cloud-based service platforms
(Lindstrém et al. 2018). Again, the 10T was mainly adopted for developing service-based business
models (Alcayaga and Hansen 2017; Spring and Araujo 2017; Verdugo Cedefio et al. 2017). Finally,
simulation was exploited for developing smart maintenance management services, for example, through
fog computing (Ashjaei and Bengtsson 2017). Other works did not focus on a specific 14.0 technology.
The most frequently discussed type of SSs was innovative maintenance management practices enabled
by 14.0 technologies.

Table 17. 14.0 technologies enabling smart services

Reference CPS BDA 10T SIM
(Alcayaga and Hansen 2017) X
(Ashjaei and Bengtsson 2017) X
(Baines 2015) X
(Borangiu, Thomas, and Trentesaux 2013) X
(Caggiano 2018) X
(Franquesa and Navarro 2018) X
(Franquesa, Navarro, and Bustamante 2016) X
(Herterich, Uebernickel, and Brenner 2015a) X
(Herterich, Uebernickel, and Brenner 2015b) X

Generic
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(Herterich et al. 2015) X
(Jardim-Goncalves, Romero, and Grilo 2017) X
(Kowalkowski et al. 2017) X
(Lee, Bagheri, and Kao 2015) X
(Lindstrém et al. 2018) X
(Spring and Araujo 2017) X
(Verdugo Cedefio et al. 2017) X
(Yu, Xu, and Lu 2015)
Total 7 3 3 2 2

x

4.2.8 Supply chain management

Another area of focus for scholars in which 14.0 technologies could support the adoption of CE was
related to SCM, particularly in the definition of closed-loop chains (see Table 18). Given the general
complexity of issues related to SCM, simulation was seen by experts as the most valuable way to try to
adopt more circular practices. For this aim, He, Xu, and Xu (2010) and Sun and Wang (2011) described
probabilistic neural networks for green supply chain performance evaluations, Schafers and Walther
(2017) exploited it to model material flows and Zhao, Dang, and Zhang (2011) and Zhang et al. (2016)
analyzed industrial networks. The 10T and BDA were also described by experts. These technologies
were mainly described as new ways for improving information transparency within the supply chain
(Tjahjono et al. 2017; Kache and Seuring 2017) or evaluating supply chain performance (J. Xu 2009).
However, these technologies can generally function like data gathering and data management
instruments supporting simulation processes.

Table 18. 14.0 technologies supporting supply chain management

Reference SIM 10T BDA Generic

(He, Xu, and Xu 2010) X

(Kache and Seuring 2017) X

(Sarkis and Zhu 2018) X

(Schéfers and Walther 2017) X

(Sun and Wang 2011) X

(Tjahjono et al. 2017) X

(J. Xu 2009) X

(Zhang et al. 2016) X

(Zhao, Dang, and Zhang 2011) X

Total 5 2 1 1
5. Discussion

To summarize the findings presented in the previous section, the most common way scholars described
the connection between the CE and 14.0 was either the influence of 14.0 on the development of new
kinds of CBMs or the potential benefits resulting from the digitalization of processes, mainly in terms
of innovative lifecycle management strategies. No single 14.0 technology was prevalent. Most experts
considered all of them together. Some additional information could be gathered only by selecting a
dedicated area of either the CE or 14.0.

From the CE perspective, the focus was on 14.0 technologies. Information in the previous tables
confirmed that the 14.0 technologies described in this paper could have a positive effect on the lifecycle
management of products. Only in the case of BDA was this hypothesis not verified. Then, depending
on each 14.0 technology, other topics were prevalent. AM was clearly related to recycling of products
and materials, allowing an innovative way to reintroduce them in the market. CPSs strongly support the
development of innovative services, especially for maintenance applications. Simulation is logically
related to either better management of complex supply chains (e.g., closed-loop chains) or the
remanufacturing of complex products. Finally, BDA and the loT, contrarily, do not offer a similar
clearness, and they can affect the CE in several ways, such as digitalization of CE practices, lifecycle
management, exploitation of natural resources, development of CBMs, SSs, and SCM (Cattelan Nobre

16



N -

O 0o NO UL bW

10
11
12

13
14
15
16
17
18

19

20
21
22
23
24

25

26
27
28
29
30
31
32
33
34

35

36
37
38
39
40
41
42
43
44
45
46
47

and Tavares 2017; Holligan, Hargaden, and Papakostas 2017; Jose and Ramakrishna 2018; Askoxylakis
2018; Alcayaga and Hansen 2017; Tjahjono et al. 2017).

From the 14.0 perspective, the focus is on CE-related topics. It is easier to identify what 14.0 technology
better fits with a specific CE-related area. AM, BDA, and the 10T were the most frequently described
14.0 pillars in terms of digital enablers of CE. Again, CPSs were the most described in terms of 14.0
technologies supporting innovative lifecycle management strategies, followed by AM, the loT, and
simulation. New forms of disassembly are supported by BDA, and AM is suitable for new types of reuse
and recycling processes. The IoT and BDA, together, can improve efficient exploitation of natural
resources. Simulation and AM fit better with new forms of remanufacturing processes. Simulation, BDA
and the loT support the development of CBMs, and together with CPSs, the development of new
services. Finally, simulation and the 10T better fit with the management of complex processes and supply
chains.

The two perspectives are shown in Figure 6. The framework of analysis considered the two concepts of
the CE and 14.0. However, as shown previously, depending on the perspective of the analysis (14.0-
based versus CE-based), the integration of the CE with 14.0 can be described in a different way. First,
the focus was on 14.0 technologies, and the intersection was constituted by papers that discussed the
“digital CE.” Second, the focus is on CE-related areas, and the intersection was constituted by papers
that discussed “circular 14.0.”

[Figure 6 near here]

What is clearly shown by the international literature is the type of relation driving the CE and 14.0. In
general terms, 14.0 is known as an enabler of the CE, and not vice versa. In addition, there is an evident
gap in the literature about the type of contribution that 14.0 can offer to the CE. This way, the previous
picture can be reframed as in Figure 7. There is also a clearer view of the sub-elements of Digital CE
and Circular 14.0 described by the scientific literature.

[Figure 7 near here]

The systematic literature review described in this paper showed that the greatest number of documents
followed a theoretical perspective. Many benefits and strategies potentially exploitable and achievable
from the integration of the CE and 14.0 have been discussed in the literature. Analytical works focused
on best practices presenting some issues about the opportunity to replicate their performance. Generally,
these works focused on a specific company or process, and could hardly be generalized to an entire
industrial sector. The selected companies were either too big or too specialized to be considered generic
SMEs. Thus, their use as a reference point for newcomers is limited. From this perspective, there is a
critical need for new works explaining in practice to newcomers how to implement the CE and 14.0
principles in different markets.

6. Conclusions

The paper assessed the relation between 14.0 and CE principles through a systematic literature analysis.
To identify overlap, the current state of knowledge was assessed in detail. Documents were classified in
two hybrid categories, named Circular 14.0 and Digital CE. Subsequently, an innovative framework
mapping the new integrated perspective was developed. Results demonstrated that, depending on the
view, it is possible to show a specific set of relations. Considering how 14.0 technologies influence the
CE, it is possible to confirm that 14.0 technologies can have a positive effect on the lifecycle
management of products. Only in the case of BDA was this hypothesis not verified. Then, depending
on each 14.0 technology, other topics were prevalent. AM is related to recycling of products and
materials. CPSs support the development of innovative services, especially for maintenance
applications. Simulation is related to either better management of complex supply chains or the
remanufacturing of complex products. Finally, BDA and the 1oT do not offer a similar clearness, and
they can affect the CE in several ways. Considering, instead, CE-related topics, it is easier to identify
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what 14.0 technology better fits with a specific CE-related area. AM, BDA, and the 10T were the most
frequently described digital enablers of the CE. CPSs are considered good supporting elements for
developing innovative lifecycle management strategies. BDA supports new forms of disassembly, and
AM is suitable for new types of reuse and recycling processes. The IoT and BDA, together, can improve
efficient exploitation of natural resources. Simulation and AM better fit with new forms of
remanufacturing processes. Simulation, BDA and the 10T support the development of CBMs, and
together with CPSs, the development of new services. Finally, simulation and the 10T better fit with the
management of complex supply chains.

6.1 Managerial insights

The proposed perspectives offer the possibility for managers, executives, and practitioners operating in
CE and 14.0 fields to consider two possible alternatives when implementing the CE in practice, by
exploiting the potential offered by 14.0 technologies. First, by adopting the circular 14.0 perspective,
managers can choose their CE targets, and according to them, identify the set of 14.0 technologies that
best support the managers’ strategy. Second, by adopting the digital CE perspective, managers can
define the set of 14.0 technologies that support their transition to the CE and verify over time their
influence on CE performance.

6.2 Research perspectives

Although several relations were identified in this paper, there are many unsolved research areas that
require additional research in the CE and 14.0 fields. First, there is still a lack of empirical evidence on
how CE and 14.0 principles are applied in practice by companies. This issue calls for a better
understanding of how 14.0 technologies can properly support stakeholders (e.g., customers and
suppliers) involved in CBMs, by enabling and supporting the active involvement of external users during
all the phases of a circular lifecycle. Second, when adopting 14.0 technologies, CBMs involving a large
and complex system of actors might present additional challenges than those related to the embedded
inertia of the system itself. Third, further investigation is needed to understand the potential impact of
14.0 technologies in designing CBMs. Finally, the practical implementation of Circular 14.0 and Digital
CE requires continuous monitoring and control of the entire lifecycle, becoming circular and integrated,
enabled by 14.0 technologies. We hope that this work, although preliminary, has provided a reference
framework for further investigations.

Funding details

This work has received funding from the European Union’s Horizon 2020 research and innovation
programme under grant agreement No 760792. In any case, the present work cannot be considered as
an official position of the supporting organization, but it reports just the point of view of the authors.

Disclosure statement

No potential conflict of interest was reported by the authors.

References

Alcayaga, A., and Erik G. Hansen. 2017. “Smart-Circular Systems: A Service Business Model
Perspective.” In PLATE 2017 - Product Lifetimes And The Environment Conference, 10-13.
https://doi.org/10.3233/978-1-61499-820-4-10.

Alexandris, G, V Katos, S Alexaki, and G Hatzivasilis. 2018. “Blockchains as Enablers for Auditing
Cooperative Circular Economy Networks.” In CAMAD 2018 - 23rd IEEE International
Workshop on Computer Aided Modeling and Design of Communication Links and Networks, 1—
7. IEEE. https://doi.org/10.1109/CAMAD.2018.8514985.

Angioletti, Cecilia Maria, Mélanie Despeisse, and Roberto Rocca. 2017. “Product Circularity

18



(o] NoO bk~ w N =

Vo]

I
wN - O

(IR I
(o) B2 I N

[y
00

NINN -
N = O

N NN
v bW

NNDNN
O 00N O

w w w
N = O

w w w
v b w

w w w
[ B NI e)]

A b w
= O

S b b
~ wN

I
xl

46

Assessment Methodology.” In IFIP Advances in Information and Communication Technology,
514:411-18. https://doi.org/10.1007/978-3-319-66926-7_47.

Angioletti, Cecilia Maria, Francesco Giovanni Sisca, Rossella Luglietti, Marco Taisch, and Roberto
Rocca. 2016. “Additive Manufacturing as an Opportunity for Supporting Sustainability through
Implementation of Circular Economies.” In XXI Summer School “Francesco Turco” - Industrial
Systems Engineering, 25-30. Palermo, Italy. https://www.scopus.com/inward/record.uri?eid=2-
52.0-85005995912&partnerlD=40&md5=b5918d3085841158b7b6c8e43b72614c.

Antikainen, Maria, Teuvo Uusitalo, and Paivi Kivikytd-Reponen. 2018. “Digitalisation as an Enabler
of Circular Economy.” Procedia CIRP 73: 45-49. https://doi.org/10.1016/j.procir.2018.04.027.

Ashjaei, S.M.H., and M. Bengtsson. 2017. “Enhancing Smart Maintenance Management Using Fog
Computing Technology.” In IEEM 2017 - IEEE International Conference on Industrial
Engineering and Engineering Management, 1561-65. http://www.diva-
portal.org/smash/record.jsf?pid=diva2:1157865.

Askoxylakis, Ioannis. 2018. “A Framework for Pairing Circular Economy and the Internet of Things.”
In IEEE International Conference on Communications, 1-6. IEEE.
https://doi.org/10.1109/1CC.2018.8422488.

Baines, Tim S. 2015. “Exploring Service Innovation and the Servitization of the Manufacturing Firm.”
Research-Technology Management 58 (5): 9-11. https://doi.org/10.5437/08956308X5805002.

Barbosa, José, Paulo Leitdo, Damien Trentesaux, Armando W Colombo, and Stamatis Karnouskos.
2016. “Cross Benefits from Cyber-Physical Systems and Intelligent Products for Future Smart
Industries.” In INDIN 2016- 14th IEEE International Conference on Industrial Informatics, 504—
9. https://doi.org/10.1109/INDIN.2016.7819214.

Bassi, Lorenzo. 2017. “Industry 4.0: Hope, Hype or Revolution?” In RTSI 2017 - 3rd IEEE
International Forum on Research and Technologies for Society and Industry, 1-5.
https://doi.org/10.1109/RTSI.2017.8065927.

Bianchini A, Pellegrini M, Rossi J, and Saccani C. 2018. “A New Productive Model of Circular
Economy Enhanced by Digital Transformation in the Fourth Industrial Revolution-An Integrated
Framework and Real Case Studies.” In XXIII Summer School “Francesco Turco” — Industrial
Systems Engineering, 1-7. http://www.summerschool-aidi.it/cms/extra/papers/145.pdf.

Bloomfield, Mark, and Shaun Borstrock. 2018. “Modeclix. The Additively Manufactured Adaptable
Textile.” Materials Today Communications 16: 212-16.
https://doi.org/10.1016/j.mtcomm.2018.04.002.

Bocken, Nancy M.P., Ingrid de Pauw, Conny A. Bakker, and Bram van der Grinten. 2016. “Product
Design and Business Model Strategies for a Circular Economy.” Journal of Industrial and
Production Engineering 33 (5): 308-20. https://doi.org/10.1080/21681015.2016.1172124.

Borangiu, Theodor, André Thomas, and Damien Trentesaux, eds. 2013. Service Orientation in
Holonic and Multi Agent Manufacturing and Robotics. Studies in. Springer-Verlag Berlin
Heidelberg 2013. https://doi.org/10.1007/978-3-642-35852-4.

Bressanelli, Gianmarco, Federico Adrodegari, Marco Perona, and Nicola Saccani. 2018a. “Exploring

How Usage-Focused Business Models Enable Circular Economy through Digital Technologies.”
Sustainability (Switzerland) 10 (3): 1-21. https://doi.org/10.3390/su10030639.

. 2018b. “The Role of Digital Technologies to Overcome Circular Economy Challenges in PSS
Business Models: An Exploratory Case Study.” Procedia CIRP 73: 216-21.
https://doi.org/10.1016/j.procir.2018.03.322.

Butzer, Steffen, Daniel Kemp, Rolf Steinhilper, and Sebastian Schétz. 2016. “Identification of
Approaches for Remanufacturing 4.0.” In E-TEMS 2016 - 2016 IEEE European Technology and

19



(o] N o »n ~ wWwN =

[ERN
o

[ N =Y
A WN R

(AR Ty
N o »

N
o W ™

N NN
wWwN -

NNDNN
N o ops~

W wN N
= O W 0

w w w
b~ wWN

w w w
N o g

H W W
o O

Pl
wN

FNOEN
IS

46

Engineering Management Summit, 1-6. IEEE. https://doi.org/10.1109/E-TEMS.2016.7912603.

Caggiano, Alessandra. 2018. “Cloud-Based Manufacturing Process Monitoring for Smart Diagnosis
Services.” International Journal of Computer Integrated Manufacturing, 1-12.
https://doi.org/10.1080/0951192X.2018.1425552.

Cattelan Nobre, Gustavo, and Elaine Tavares. 2017. “Scientific Literature Analysis on Big Data and
Internet of Things Applications on Circular Economy: A Bibliometric Study.” Scientometrics
111 (1): 463-92. https://doi.org/10.1007/s11192-017-2281-6.

Chang, M.M.L., S.K. Ong, and A.Y.C. Nee. 2017. “Approaches and Challenges in Product
Disassembly Planning for Sustainability.” Procedia CIRP 60: 506-11.
https://doi.org/10.1016/j.procir.2017.01.013.

Chiappetta Jabbour, Charbel Jose, Ana Beatriz Lopes de Sousa Jabbour, Joseph Sarkis, and Moacir
Godinho Filho. 2017. “Unlocking the Circular Economy through New Business Models Based
on Large-Scale Data: An Integrative Framework and Research Agenda.” Technological
Forecasting and Social Change, 1-7. https://doi.org/10.1016/j.techfore.2017.09.010.

Clemon, L.M., and T.I. Zohdi. 2018. “On the Tolerable Limits of Granulated Recycled Material
Additives to Maintain Structural Integrity.” Construction and Building Materials 167: 846-52.
https://doi.org/10.1016/j.conbuildmat.2018.02.099.

Davis, Chris B., Graham Aid, and Ben Zhu. 2017. “Secondary Resources in the Bio-Based Economy:
A Computer Assisted Survey of Value Pathways in Academic Literature.” Waste and Biomass
Valorization 8 (7): 2229-46. https://doi.org/10.1007/s12649-017-9975-0.

Denyer, D., and D. Tranfield. 2009. “Producing a Systematic Review.” In The SAGE Handbook of
Organizational Research Methods, edited by D. A. Buchanan and A. Bryman, 671-89. SAGE
London.

Deschamps, Joris, Balint Simon, Arezki Tagnit-Hamou, and Ben Amor. 2018. “Is Open-Loop
Recycling the Lowest Preference in a Circular Economy? Answering through LCA of Glass
Powder in Concrete.” Journal of Cleaner Production 185: 14-22.
https://doi.org/10.1016/j.jclepro.2018.03.021.

Despeisse, Mélanie, M. Baumers, P. Brown, Fiona J.S. Charnley, Simon J. Ford, A. Garmulewicz, S.
Knowles, et al. 2017. “Unlocking Value for a Circular Economy through 3D Printing: A
Research Agenda.” Technological Forecasting and Social Change 115: 75-84.
https://doi.org/10.1016/j.techfore.2016.09.021.

Dutta, Debasish, Fritz B. Prinz, David Rosen, and Lee Weiss. 2001. “Layered Manufacturing: Current
Status and Future Trends.” Journal of Computing and Information Science in Engineering 1: 60—
71. https://doi.org/10.1115/1.1355029.

Eden, Sally. 2017. “Blurring the Boundaries: Prosumption, Circularity and Online Sustainable
Consumption through Freecycle.” Journal of Consumer Culture 17 (2): 265-85.
https://doi.org/10.1177/1469540515586871.

Esmaeilian, Behzad, Ben Wang, Kemper Lewis, Fabio Duarte, Carlo Ratti, and Sara Behdad. 2018.
“The Future of Waste Management in Smart and Sustainable Cities: A Review and Concept
Paper.” Waste Management 81: 177-95. https://doi.org/10.1016/j.wasman.2018.09.047.

Fisher, Oliver, Nicholas Watson, Laura Porcu, Darren Bacon, Martin Rigley, and Rachel L. Gomes.
2018. “Cloud Manufacturing as a Sustainable Process Manufacturing Route.” Journal of
Manufacturing Systems 47: 53-68. https://doi.org/10.1016/j.jmsy.2018.03.005.

Franquesa, David, and Leandro Navarro. 2018. “Devices as a Commons : Limits to Premature
Recycling.” In LIMITS 18 - 4th Workshop on Computing within Limits.
https://doi.org/10.1145/3232617.3232624.

20



(o] No b W N

[ER
o ©

[REEE
w N R

[ S gy
No u b

N R
o OV ™

NNNNN
b WNBE

WINDNNN
O Voo NO

w w ww
A WN R

w w ww
0N O U

AP bW
N = O

H b b
v b w

IO
J o

Franquesa, David, Leandro Navarro, and Xavier Bustamante. 2016. “A Circular Commons for Digital
Devices: Tools and Services.” In LIMITS 16 - 2nd Workshop on Computing Within Limits, 3:1-
3:9. https://doi.org/10.1145/2926676.2926684.

French, Richard, Michalis Benakis, and Hector Marin-Reyes. 2017. “Intelligent Sensing for Robotic
Re-Manufacturing in Aerospace - An Industry 4.0 Design Based Prototype.” In IRIS 2017 - 5th
IEEE International Symposium on Robotics and Intelligent Sensors, 272-77.
https://doi.org/10.1109/IR1S.2017.8250134.

Ge, Xinyu, and Jonathan Jackson. 2014. “The Big Data Application Strategy for Cost Reduction in
Automotive Industry.” SAE International Journal of Commercial Vehicles 7 (2): 2014-01-2410.
https://doi.org/10.4271/2014-01-2410.

Giurco, Damien, Anna Littleboy, Thomas Boyle, Julian Fyfe, and Stuart White. 2014. “Circular
Economy: Questions for Responsible Minerals, Additive Manufacturing and Recycling of
Metals.” Resources 3 (2): 432-53. https://doi.org/10.3390/resources3020432.

Gorissen, Leen, Karl Vrancken, and Saskia Manshoven. 2016. “Transition Thinking and Business
Model Innovation-towards a Transformative Business Model and New Role for the Reuse
Centers of Limburg, Belgium.” Sustainability (Switzerland) 8 (2).
https://doi.org/10.3390/su8020112.

Govindan, Kannan, and Mia Hasanagic. 2018. “A Systematic Review on Drivers, Barriers, and
Practices towards Circular Economy: A Supply Chain Perspective.” International Journal of
Production Research 7543: 1-34. https://doi.org/10.1080/00207543.2017.1402141.

Giirdiir, Didem;, and Katja Tasala Gradin. 2017. “Interoperable Toolchains in Cyber-Physical Systems
with a Sustainability Perspective.” In SusTech 2017 - IEEE Conference on Technologies for
Sustainability, 1-8. Institute of Electrical and Electronics Engineers (IEEE).
https://ieeexplore.ieee.org/search/searchresult.jsp?query Text=cyber physical
systems&newsearch=true.

Hatzivasilis, George, Konstantinos Fysarakis, Othonas Soultatos, loannis Askoxylakis, loannis
Papaefstathiou, and Giorgos Demetriou. 2018. “The Industrial Internet of Things as an Enabler
for a Circular Economy Hy-LP: A Novel IIoT Protocol, Evaluated on a Wind Park’s SDN/NFV-
Enabled 5G Industrial Network.” Computer Communications 119: 127-37.
https://doi.org/10.1016/j.comcom.2018.02.007.

He, Kailun, Huijun Xu, and Maohua Xu. 2010. “The Application of Probabilistic Neural Network
Model in the Green Supply Chain Performance Evaluation for Pig Industry.” In ICEE 2010 -
International Conference on E-Business and E-Government, 3310-13. IEEE.
https://doi.org/10.1109/ICEE.2010.832.

Hehenberger, P., B. Vogel-Heuser, D. Bradley, B. Eynard, T. Tomiyama, and S. Achiche. 2016.
“Design, Modelling, Simulation and Integration of Cyber Physical Systems: Methods and
Applications.” Computers in Industry 82: 273-89.
https://doi.org/10.1016/j.compind.2016.05.006.

Herterich, Matthias M., Manuel Holler, Falk Uebernickel, and Walter Brenner. 2015. “Understanding
the Business Value : Towards a Taxonomy of Industrial Use Scenarios Enabled by Cyber-
Physical Systems in the Equipment Manufacturing Industry.” In CONF-IRM 2015 -
International Conference on Information Resources Management, 1-15.

Herterich, Matthias M., Falk Uebernickel, and Walter Brenner. 2015a. “The Impact of Cyber-Physical
Systems on Industrial Services in Manufacturing.” Procedia CIRP 30: 323-28.
https://doi.org/10.1016/j.procir.2015.02.110.

. 2015b. “The Next Wave of Service Innovation.” Series on Research in Information Systems
Management and Business Innovation. Vol. 3.

21



[e BN o O N

[ER
o ©

[ S =)
H~WOWN PR

(IR
a n

N R R
O LW o0

NN
N =

NNDNN
[e) BV IR = OF)

NN
(o BN

w wN
= O L

w w w
b~ wWN

w w w
N o g

H W W
o O

b
N R

S b
W

45

Holligan, Conor, Vincent Hargaden, and Nikolaos Papakostas. 2017. “Product Lifecycle Management
and Digital Manufacturing Technologies in the Era of Cloud Computing.” In 23rd ICE/IEEE
International Technology Management Conference, 937-46.
https://doi.org/10.1109/ICE.2017.8279980.

Hughes, Richard. 2017. “The EU Circular Economy Package - Life Cycle Thinking to Life Cycle
Law?” Procedia CIRP 61: 10-16. https://doi.org/10.1016/j.procir.2016.12.006.

Isaksson, Ola, Sophie 1. Hallstedt, and Anna Ohrwall Rénnbick. 2018. “Digitalisation, Sustainability
and Servitisation : Consequences on Product Development Capabilities in Manufacturing Firms.’
In NordDesign 2018, 1-12. Linkdping, Sweden. http://www.diva-
portal.org/smash/record.jsf?pid=diva2%3A1250787&dswid=4211.

b

Jardim-Goncalves, Ricardo, David Romero, and Antonio Grilo. 2017. “Factories of the Future:
Challenges and Leading Innovations in Intelligent Manufacturing.” International Journal of
Computer Integrated Manufacturing 30 (1): 4-14.
https://doi.org/10.1080/0951192X.2016.1258120.

Jensen, Jonas Pagh, and A. Remmen. 2017. “Enabling Circular Economy Through Product
Stewardship.” Procedia Manufacturing 8: 377-84. https://doi.org/10.1016/j.promfg.2017.02.048.

Jin, Tongdan, Haitao Liao, Heidi Taboada, Jesus Jimenez, and Fei Sun. 2014. “Integration of
Reliability, Service and Renewables for Sustainable Manufacturing Initiatives.” In 2014
Industrial and Systems Engineering Research Conference, edited by Y. Guan and H. Liao, 577—
86. http://www.scopus.com/inward/record.url?eid=2-s2.0-84910072354&partner D=tZOtx3y1.

Jose, Rajan, and Seeram Ramakrishna. 2018. “Materials 4.0: Materials Big Data Enabled Materials
Discovery.” Applied Materials Today 10: 127-32. https://doi.org/10.1016/j.apmt.2017.12.015.

Kache, Florian, and Stefan Seuring. 2017. “Challenges and Opportunities of Digital Information at the
Intersection of Big Data Analytics and Supply Chain Management.” International Journal of
Operations & Production Management 37 (1): 10-36.
https://doi.org/https://doi.org/10.1108/1JOPM-02-2015-0078.

Karastoyanov, D, and S Karastanev. 2018. “Reuse of Industrial Robots.” IFAC-PapersOnLine 51 (30):
44-47. https://doi.org/https://doi.org/10.1016/j.ifacol.2018.11.243.

Kolsch, P., C.F. Herder, V. Zimmermann, and J.C. Aurich. 2017. “A Novel Concept for the
Development of Availability-Oriented Business Models.” Procedia CIRP 64: 340-44.
https://doi.org/10.1016/j.procir.2017.03.063.

Kowalkowski, Christian, Heiko Gebauer, Bart Kamp, and Glenn Parry. 2017. “Servitization and
Deservitization: Overview, Concepts, and Definitions.” Industrial Marketing Management 60:
4-10. https://doi.org/10.1016/j.indmarman.2016.12.007.

Kuik, Swee S., Toshiya Kaihara, and Nobutada Fujii. 2016. “Product Recovery Configuration
Decisions for Achieving Sustainable Manufacturing.” Procedia CIRP 41: 258-63.
https://doi.org/10.1016/j.procir.2016.01.195.

Kuo, Tsai Chi, and Shana Smith. 2018. “A Systematic Review of Technologies Involving Eco-
Innovation for Enterprises Moving towards Sustainability.” Journal of Cleaner Production 192:
207-20. https://doi.org/10.1016/j.jclepro.2018.04.212.

Kusiak, Andrew. 2018. “Smart Manufacturing.” International Journal of Production Research 56 (1—
2): 508-17. https://doi.org/10.1080/00207543.2017.1351644.

Lahrour, Yahya, and Daniel Brissaud. 2018. “A Technical Assessment of Product/Component Re-
Manufacturability for Additive Remanufacturing.” Procedia CIRP 69: 142—47.
https://doi.org/10.1016/j.procir.2017.11.105.

22



[e BN a U b W N

Vo]

[EE R
N = O

[EE e G
v w

[
[ IR

N =
o

N NN
wWwN -

NNDNN
N o ops~

W NN
o O o

w w ww
A WN PR

w w w
N o g

H W W
o O

Pl
wN

o
o

45

N
(o)}

Lasi, Heiner, Hans-Georg Kemper, Peter Fettke, Thomas Feld, and Michael Hoffmann. 2014.
“Industry 4.0.” Business & Information Systems Engineering 4: 239-42.
https://doi.org/10.1007/s12599-014-0334-4.

Le, Van Thao, Henri Paris, and Guillaume Mandil. 2017a. “Environmental Impact Assessment of an
Innovative Strategy Based on an Additive and Subtractive Manufacturing Combination.” Journal
of Cleaner Production 164: 508-23. https://doi.org/10.1016/j.jclepro.2017.06.204.

. 2017b. “Process Planning for Combined Additive and Subtractive Manufacturing
Technologies in a Remanufacturing Context.” Journal of Manufacturing Systems 44: 243-54.
https://doi.org/10.1016/j.jmsy.2017.06.003.

Lee, Jay, Behrad Bagheri, and Hung-An Kao. 2015. “A Cyber-Physical Systems Architecture for
Industry 4.0-Based Manufacturing Systems.” Manufacturing Letters 3: 18-23.
https://doi.org/10.1109/ISORC.2008.25.

Lee, Jay, Hung-an Kao, and Shanhu Yang. 2014. “Service Innovation and Smart Analytics for
Industry 4.0 and Big Data Environment.” Procedia CIRP 16: 3-8.
https://doi.org/10.1016/j.procir.2014.02.001.

Leino, Maija, Joonas Pekkarinen, and Risto Soukka. 2016. “The Role of Laser Additive
Manufacturing Methods of Metals in Repair, Refurbishment and Remanufacturing - Enabling
Circular Economy.” Physics Procedia 83: 752—60. https://doi.org/10.1016/j.phpro.2016.08.077.

Li, Ai Qiang, and Pauline Found. 2017. “Towards Sustainability: PSS, Digital Technology and Value
Co-Creation.” Procedia CIRP 64: 79-84. https://doi.org/10.1016/j.procir.2017.05.002.

Li, Jingran, Fei Tao, Ying Cheng, and Liangjin Zhao. 2015. “Big Data in Product Lifecycle
Management.” International Journal of Advanced Manufacturing Technology 81 (1-4): 667—84.
https://doi.org/10.1007/s00170-015-7151-x.

Liao, Yongxin, Fernando Deschamps, Eduardo de Freitas Rocha Loures, and Luiz Felipe Pierin
Ramos. 2017. “Past, Present and Future of Industry 4.0 - a Systematic Literature Review and
Research Agenda Proposal.” International Journal of Production Research 55 (12): 3609-29.
https://doi.org/10.1080/00207543.2017.1308576.

Lieder, Michael, Farazee M.A. Asif, and Amir Rashid. 2017. “Towards Circular Economy
Implementation: An Agent-Based Simulation Approach for Business Model Changes.”
Autonomous Agents and Multi-Agent Systems. https://doi.org/10.1007/s10458-017-9365-9.

Lieder, Michael, Farazee M.A. Asif, Amir Rashid, Ale§ Miheli¢, and Simon Kotnik. 2017. “Towards
Circular Economy Implementation in Manufacturing Systems Using a Multi-Method Simulation
Approach to Link Design and Business Strategy.” International Journal of Advanced
Manufacturing Technology 93 (5-8): 1953-70. https://doi.org/10.1007/s00170-017-0610-9.

Lin, Kuo-Yi. 2018. “User Experience-Based Product Design for Smart Production to Empower
Industry 4.0 in the Glass Recycling Circular Economy.” Computers & Industrial Engineering
125: 729-38.

Lindstrém, John, Anders Hermanson, Fredrik Blomstedt, and Petter Kyosti. 2018. “A Multi-Usable
Cloud Service Platform: A Case Study on Improved Development Pace and Efficiency.” Applied
Sciences 8 (3): 316. https://doi.org/10.3390/app8020316.

Liu, Ming-zhou, Cong-hu Liu, Mao-gen Ge, Yuan Zhang, and Qing-hua Zhu. 2016. “Remanufacturing
in Industry 4.0.” Frontiers of Engineering Management 3 (2): 144. https://doi.org/10.15302/J-
FEM-2016020.

Lopes de Sousa Jabbour, Ana Beatriz, Charbel Jose Chiappetta Jabbour, Cyril Foropon, and Moacir
Godinho Filho. 2018. “When Titans Meet - Can Industry 4.0 Revolutionise the Environmentally-
Sustainable Manufacturing Wave? The Role of Critical Success Factors.” Technological

23



(eI NN b wnN =

Vo]

[EE R
N = O

[ G S Y
b Ww

N R R
O LW o0

NINDNN
A WN R

N NN
N o g

w w NN
= O O

w w w
B~ wWN

w wwww
O 00N O U

Pl ol
WwWN O

o
o

45
46
47

Forecasting and Social Change 132: 18-25. https://doi.org/10.1016/j.techfore.2018.01.017.

Lopes de Sousa Jabbour, Ana Beatriz, Charbel Jose Chiappetta Jabbour, Moacir Godinho Filho, and
David Roubaud. 2018. “Industry 4.0 and the Circular Economy: A Proposed Research Agenda
and Original Roadmap for Sustainable Operations.” Annals of Operations Research, 1-14.
https://doi.org/10.1007/s10479-018-2772-8.

Ma, Junfeng, James D. Harstvedt, Daniel Dunaway, Linkan Bian, and Raed Jaradat. 2018. “An
Exploratory Investigation of Additively Manufactured Product Life Cycle Sustainability
Assessment.” Journal of Cleaner Production 192: 55-70.
https://doi.org/10.1016/j.jclepro.2018.04.249.

Man, Johannes Cornelis de, and Jan Ola Strandhagen. 2017. “An Industry 4.0 Research Agenda for
Sustainable Business Models.” Procedia CIRP 63: 721-26.
https://doi.org/10.1016/j.procir.2017.03.315.

Mandil, Guillaume, Van Thao Le, Henri Paris, and Mathieu Suard. 2016. “Building New Entities from
Existing Titanium Part by Electron Beam Melting: Microstructures and Mechanical Properties.”
International Journal of Advanced Manufacturing Technology 85 (5-8): 1835-46.
https://doi.org/10.1007/s00170-015-8049-3.

Manninen, Kaisa, Sirkka Koskela, Riina Antikainen, Nancy M.P. Bocken, Helena Dahlbo, and Anna
Aminoff. 2018. “Do Circular Economy Business Models Capture Intended Environmental Value
Propositions?” Journal of Cleaner Production 171: 413-22.
https://doi.org/10.1016/j.jclepro.2017.10.003.

Marconi, Marco, Michele Germani, Marco Mandolini, and Claudio Favi. 2018. “Applying Data
Mining Technique to Disassembly Sequence Planning: A Method to Assess Effective
Disassembly Time of Industrial Products.” International Journal of Production Research 7543:
1-25. https://doi.org/10.1080/00207543.2018.1472404.

Mafrik, Vladimir, Hynek Beran, Rut Bizkova, Martin Bunc¢ek, Jaroslav Bur¢ik, Pavel Burget, Jan
Burian, et al. 2016. “Industry 4.0 — the Initiative for the Czech Republic.” http://ricaip.eu/wp-
content/uploads/2017/12/Industry-4-0_The-Initiative-for-the-Czech-Republic.pdf.

Martin-Gomez, Alejandro M., Francisco Aguayo-Gonzalez, and Mariano Marcos Barcena. 2018.
“Smart Eco-Industrial Parks: A Circular Economy Implementation Based on Industrial
Metabolism.” Resources, Conservation and Recycling 135: 58-609.
https://doi.org/10.1016/j.resconrec.2017.08.007.

Mashhadi, Ardeshir Raihanian, and Sara Behdad. 2017. “Ubiquitous Life Cycle Assessment (U-LCA):
A Proposed Concept for Environmental and Social Impact Assessment of Industry 4.0.”
Manufacturing Letters 15: 93-96. https://doi.org/10.1016/j.mfglet.2017.12.012.

Mattos Nascimento, Daniel Luiz, Viviam Alencastro, Osvaldo Luiz Gongalves Quelhas, Rodrigo
Goyannes Gusmao Caiado, Jose Arturo Garza-Reyes, Luis Rocha Lona, and Guilherme
Tortorella. 2018. “Exploring Industry 4.0 Technologies to Enable Circular Economy Practices in
a Manufacturing Context: A Business Model Proposal.” Journal of Manufacturing Technology
Management 29 (6): 910-36.

Menon, Karan, Hannu Kérkkéinen, and Jayesh Prakash Gupta. 2016. “Role of Industrial Internet
Platforms in the Management of Product Lifecycle Related Information and Knowledge.” In
Product Lifecycle Management for Digital Transformation of Industries, 549-58.
https://doi.org/10.1007/978-3-319-54660-5_49.

Menon, Karan, Hannu Kérkkdinen, Thorsten Wuest, and Jayesh Prakash Gupta. 2018. “Industrial
Internet Platforms: A Conceptual Evaluation from a Product Lifecycle Management
Perspective.” Proceedings of the Institution of Mechanical Engineers, Part B: Journal of
Engineering Manufacture, 1-12. https://doi.org/10.1177/0954405418760651.

24



(eI NN [Sale~1 W N

Vo]

I
wN - O

[ S gy
No u b

NN P -
= O LW o

N NN
A WN

NNDNN
[o B NN @) NV, |

w N
o

w w ww
A WN R

w w w w
[o ol NI e NV, |

AP W
N R OO

Pl
b w

o
(e)]

47

Millard, Jeremy, Marie N. Sorivelle, Sarah Deljanin, Elisabeth Unterfrauner, and Christian Voigt.
2018. “Is the Maker Movement Contributing to Sustainability?” Sustainability (Switzerland) 10
(7). https://doi.org/10.3390/su10072212.

Minetola, Paolo, and Daniel Eyers. 2018. “Energy and Cost Assessment of 3D Printed Mobile Case
Covers.” Procedia CIRP 69: 130-35. https://doi.org/10.1016/j.procir.2017.11.065.

Miranda, J., R. Pérez-Rodriguez, V. Borja, P.K. Wright, and Arturo Molina. 2017. “Integrated
Product, Process and Manufacturing System Development Reference Model to Develop Cyber-
Physical Production Systems - The Sensing, Smart and Sustainable Microfactory Case Study.”
IFAC-PapersOnLine 50 (1): 13065-71. https://doi.org/10.1016/j.ifacol.2017.08.2006.

Moreno, Mariale, and Fiona J.S. Charnley. 2016. “Can Re-Distributed Manufacturing and Digital
Intelligence Enable a Regenerative Economy? An Integrative Literature Review.” Smart
Innovation, Systems and Technologies 52: 563-75. https://doi.org/10.1007/978-3-319-32098-
4 48.

Moreno, Mariale, Richard Court, Matt Wright, and Fiona J.S. Charnley. 2018. “Opportunities for
Redistributed Manufacturing and Digital Intelligence as Enablers of a Circular Economy.”
International Journal of Sustainable Engineering, 1-18.
https://doi.org/10.1080/19397038.2018.1508316.

Moreno, Mariale, Christopher J. Turner, Ashutosh Tiwari, Windo Hutabarat, Fiona J.S. Charnley,
Debora Widjaja, and Luigi Mondini. 2017. “Re-Distributed Manufacturing to Achieve a Circular
Economy: A Case Study Utilizing IDEFO Modeling.” Procedia CIRP 63: 686-91.
https://doi.org/10.1016/j.procir.2017.03.322.

Miiller, Jakob R., Massimo Panarotto, Johan Malmqvist, and Ola Isaksson. 2018. “Lifecycle Design
and Management of Additive Manufacturing Technologies.” Procedia Manufacturing 19: 135—
42. https://doi.org/10.1016/j.promfg.2018.01.019.

Nasiri, Mina, Nina Tura, and Ville Ojanen. 2017. “Developing Disruptive Innovations for
Sustainability: A Review on Impact of Internet of Things (IOT).” In PICMET 2017 - Portland
International Conference on Management of Engineering and Technology, 1-10.
https://doi.org/10.23919/PICMET.2017.81253609.

Neligan, Adriana. 2018. “Digitalisation as Enabler towards a Sustainable Circular Economy in
Germany.” Intereconomics 53 (2): 101-6. https://doi.org/10.1007/s10272-018-0729-4.

Oesterreich, Thuy Duong, and Frank Teuteberg. 2016. “Understanding the Implications of Digitisation
and Automation in the Context of Industry 4.0: A Triangulation Approach and Elements of a
Research Agenda for the Construction Industry.” Computers in Industry 83: 121-39.
https://doi.org/10.1016/j.compind.2016.09.006.

Okorie, Okechukwu, Konstantinos Salonitis, Fiona J.S. Charnley, Mariale Moreno, Christopher J.
Turner, and Ashutosh Tiwari. 2018. “Digitisation and the Circular Economy: A Review of
Current Research and Future Trends.” Energies (Switzerland) 11 (11): 30009.
https://doi.org/10.3390/en11113009.

Pacis, Danica Mitch M., Edwin DC. Subido Jr., and Nilo T. Bugtai. 2017. “Research on the
Application of Internet of Things (loT) Technology Towards A Green Manufacturing Industry:
A Literature Review.” In DLSU Research Congress 2017, 1-11. Manila, Philippines: De La
Salle University.

Pagoropoulos, Aris, Daniela C.A. Pigosso, and Tim C. McAloone. 2017. “The Emergent Role of
Digital Technologies in the Circular Economy: A Review.” Procedia CIRP 64: 19-24.
https://doi.org/10.1016/j.procir.2017.02.047.

Panarotto, Massimo, Johan Wall, and Tobias Larsson. 2017. “Simulation-Driven Design for Assessing
Strategic Decisions in the Conceptual Design of Circular PSS Business Models.” Procedia CIRP

25



00 a0 b w N =

Vo]

IR
N = O

[T g
u b w

[EE I
(o JENe))

NNNDN -
NP~ OO

N NN
v b~ Ww

NINDNN
O 00N

w w
= O

w wwwww
Noups~wnN

A b wWww
= O OV

P i el
b wnN

N
(o)}

64: 25-30. https://doi.org/10.1016/j.procir.2017.03.026.

Pearce, D.W., and R.K Turner. 1991. “Economics of Natural Resources and the Environment.”
Agricultural Systems 37 (1): 100-101. https://doi.org/10.1016/0308-521X(91)90051-B.

Pistol, Luminita, Rocsana Bucea-Manea-Tonis, and Radu Bucea-Manea-Tonis. 2017. “Assumptions
on Innovation into a Circular Economy.” Journal of Applied Economic Sciences XII (5 (51)):
1523-24.

Planing, Patrick. 2017. “Will Digital Boost Circular ? Evaluating the Impact of the Digital
Transformation on the Shift towards a Circular Economy.” International Journal of Management
Cases, 22-31.

Porter, Michael E., and James E. Heppelmann. 2014. “How Smart, Connected Product Are
Transforming Competition.” Harvard Business Review, 64-89.
https://doi.org/10.1017/CB09781107415324.004.

Prendeville, Sharon, Grit Hartung, Erica Purvis, Clare Brass, and Ashley Hall. 2016. “Makespaces:
From Redistributed Manufacturing to a Circular Economy.” In Smart Innovation, Systems and
Technologies, 52:577-88. https://doi.org/10.1007/978-3-319-32098-4_49.

Rajala, Risto, Esko Hakanen, Juri Mattila, Timo Seppala, and Mika Westerlund. 2018. “How Do
Intelligent Goods Shape Closed-Loop Systems?” California Management Review 60 (3): 20-44.
https://doi.org/10.1177/0008125618759685.

Reuter, Markus A. 2016. “Digitalizing the Circular Economy: Circular Economy Engineering Defined
by the Metallurgical Internet of Things.” Metallurgical and Materials Transactions B: Process
Metallurgy and Materials Processing Science 47 (6): 3194-3220.
https://doi.org/10.1007/s11663-016-0735-5.

Reuter, Markus A., Christian Hudson, Antoinette van Schaik, Kari Heiskanen, Christian Meskers, and
Christian Hageliiken. 2013. “Metal Recycling: Opportunities, Limits, Infrastructure, A Report of
the Working Group on the Global Metal Flows to the International Resource Panel.” UNEP.

Reuter, Markus A., Robert W. Matusewicz, and Antoinette van Schaik. 2015. “Lead, Zinc and Their
Minor Elements: Enablers of a Circular Economy.” World of Metallurgy - ERZMETALL 68 (3):
134-48. http://www.scopus.com/inward/record.url?eid=2-s2.0-
84931832896&partnerlD=40&md5=51610431cledba266b32334c182bb604.

Redseth, Harald, Per Schjelberg, and Andreas Marhaug. 2017. “Deep Digital Maintenance.” Advances
in Manufacturing 5 (4): 299-310. https://doi.org/10.1007/s40436-017-0202-9.

Romero, David, and Arturo Molina. 2012. “Green Virtual Enterprise Breeding Environments: A
Sustainable Industrial Development Model for a Circular Economy.” In Collaborative Networks
in the Internet of Services - 13th IFIP WG 3.5 Working Conference on Virtual Enterprises, PRO-
VE 2012, edited by Luis M. Camarinha-Matos, Lai Xu, and Hamideh Afsarmanesh, IFIP AICT,
427-36. Bournemouth, UK: IFIP International Federation for Information Processing 2012.
https://doi.org/10.1007/978-3-642-16327-2.

Romero, David, and Ovidiu Noran. 2017. “Towards Green Sensing Virtual Enterprises:
Interconnected Sensing Enterprises, Intelligent Assets and Smart Products in the Cyber-Physical
Circular Economy.” IFAC-PapersOnLine 50 (1): 11719-24.
https://doi.org/10.1016/j.ifacol.2017.08.1944.

Ronnlund, Ida, Markus Reuter, Susanna Horn, Jatta Aho, Maija Aho, Minna Paallysaho, Laura
Ylimaiki, and Tiina Pursula. 2016. “Eco-Efficiency Indicator Framework Implemented in the
Metallurgical Industry: Part 1—a Comprehensive View and Benchmark.” International Journal
of Life Cycle Assessment 21 (10): 1473-1500. https://doi.org/10.1007/s11367-016-1122-9.

Ruggeri, S., G. Fontana, V. Basile, M. Valori, and Irene Fassi. 2017. “Micro-Robotic Handling

26



(eI NN v b w N =

[ER
o ©

[ S =)
H~WOWN PR

[
0o ~NO WU

N NN
N = O

NINDNDN
(o) V2 IR = OF)

N NN
O 00

w w
= O

w w
w N

w w w w
No b

D ww
= O O

B b p
b~ wWN

~ B B
N O »n

Solutions for PCB (Re-)Manufacturing.” Procedia Manufacturing 11: 441-48.
https://doi.org/10.1016/j.promfg.2017.07.132.

RiBmann, Michael, Markus Lorenz, Philipp Gerbert, Manuela Waldner, Jan Justus, Pascal Engel, and
Michael Harnisch. 2015. “Industry 4.0 - The Future of Productivity and Growth in
Manufacturing Industries.” https://doi.org/10.1007/s12599-014-0334-4.

Salminen, Vesa, Heikki Ruohomaa, and Jussi Kantola. 2017. “Digitalization and Big Data Supporting
Responsible Business Co-Evolution.” In Advances in Human Factors, Business Management,
Training and Education, edited by Jussi llari Kantola, Tibor Barath, Nazir Salman, and Andre
Terence, Advances i, 498:1229. Walt Disney World, Florida (USA): Springer International
Publishing Switzerland 2017. https://doi.org/10.1007/978-3-319-42070-7_66.

Sanders, Adam, Chola Elangeswaran, and Jens Wulfsberg. 2016. “Industry 4.0 Implies Lean
Manufacturing: Research Activities in Industry 4.0 Function as Enablers for Lean
Manufacturing.” Journal of Industrial Engineering and Management 9 (3): 811-33.
http://dx.doi.org/10.3926/jiem.1940.

Santander, Pavlo, Fabio Cruz, Hakim Boudaoud, and Mauricio Camargo. 2018. “3D-Printing Based
Distributed Plastic Recycling: A Conceptual Model for Closed-Loop Supply Chain Design.” In
ICE/ITMC 2018 - IEEE International Conference on Engineering, Technology and Innovation/
International Technology Management Conference, 1-8. IEEE.
https://doi.org/10.1109/ICE.2018.8436296.

Sarkis, Joseph, and Qingyun Zhu. 2018. “Environmental Sustainability and Production: Taking the
Road Less Travelled.” International Journal of Production Research 56 (1-2): 743-59.
https://doi.org/10.1080/00207543.2017.1365182.

Sauerwein, M., Conny A. Bakker, and A.R. Balkenende. 2017. “Additive Manufacturing for Circular
Product Design: A Literature Review from a Design Perspective.” In PLATE 2017 - Product
Lifetimes And The Environment Conference, 358-64. https://doi.org/10.3233/978-1-61499-820-
4-358.

Sauerwein, M., and E.L. Doubrovski. 2018. “Local and Recyclable Materials for Additive
Manufacturing: 3D Printing with Mussel Shells.” Materials Today Communications 15: 214-17.
https://doi.org/10.1016/j.mtcomm.2018.02.028.

Schifers, Philipp, and André Walther. 2017. “Modelling Circular Material Flow and the Consequences
for Scm and Ppc.” Global Journal of Business Research 11 (2): 91-100.

Schaik, Antoinette van, and Markus A. Reuter. 2016. “Recycling Indices Visualizing the Performance
of the Circular Economy.” World of Metallurgy - ERZMETALL 69: 4.

Schalkwyk, R.F. van, Markus A. Reuter, J. Gutzmer, and M. Stelter. 2018. “Challenges of Digitalizing
the Circular Economy: Assessment of the State-of-the-Art of Metallurgical Carrier Metal
Platform for Lead and Its Associated Technology Elements.” Journal of Cleaner Production
186: 585-601. https://doi.org/10.1016/j.jclepro.2018.03.111.

Schmidt, Michael, Marion Merklein, David Bourell, Dimitri Dimitrov, Tino Hausotte, Konrad
Wegener, Ludger Overmeyer, Frank Vollertsen, and Gideon N. Levy. 2017. “Laser Based
Additive Manufacturing in Industry and Academia.” CIRP Annals - Manufacturing Technology
66 (2): 561-83. https://doi.org/10.1016/j.cirp.2017.05.011.

Schroeder, Greyce N., Charles Steinmetz, Carlos Eduardo Pereira, and Danubia B. Espindola. 2016.
“Digital Twin Data Modeling with AutomationML and a Communication Methodology for Data
Exchange.” IFAC-PapersOnLine 49 (30): 12-17. https://doi.org/10.1016/j.ifacol.2016.11.115.

Schroeder, Greyce N., Charles Steinmetz, Carlos Eduardo Pereira, Ivan Muller, Natanael Garcia,
Danubia B. Espindola, and Ricardo Rodrigues. 2016. “Visualising the Digital Twin Using Web
Services and Augmented Reality.” In INDIN 2016- 14th IEEE International Conference on

27



00 N O v b w N =

11
12

13
14
15
16

17
18
19
20

21
22
23

24
25
26
27

28
29
30

31
32
33

34
35
36

37
38
39
40

41
42

43
44
45

46

Industrial Informatics, 522—27. Institute of Electrical and Electronics Engineers (IEEE).
https://doi.org/10.1109/INDIN.2016.7819217.

Schuh, Guenther, Till Potente, Rawina Varandani, and Torben Schmitz. 2014. “Global Footprint
Design Based on Genetic Algorithms - An ‘Industry 4.0 Perspective.” CIRP Annals -
Manufacturing Technology 63: 433-36. https://doi.org/10.1016/j.cirp.2014.03.121.

Seele, Peter, and Irina Lock. 2017. “The Game-Changing Potential of Digitalization for Sustainability:
Possibilities, Perils, and Pathways.” Sustainability Science 12 (2): 183-85.
https://doi.org/10.1007/s11625-017-0426-4.

Sharpe, Richard G., Paul A. Goodall, Aaron D. Neal, Paul P. Conway, and Andrew A. West. 2018.
“Cyber-Physical Systems in the Re-Use, Refurbishment and Recycling of Used Electrical and
Electronic Equipment.” Journal of Cleaner Production 170: 351-61.
https://doi.org/10.1016/j.jclepro.2017.09.087.

Siddigi, Muftooh UR, Winifred L. Iljomah, Gordon I. Dobie, Muthair Hafeez, S. Gareth Pierce,
William Ion, Carmelo Mineo, and Charles N. MacLeod. 2017. “Low Cost Three-Dimensional
Virtual Model Construction for Remanufacturing Industry.” In International Conference on
Remanufacturing, 1-10.

Simons, Magnus. 2017. “Comparing Industrial Cluster Cases to Define Upgrade Business Models for
a Circular Economy.” In Dynamics of Long-Life Assets - From Technology Adaptation to
Upgrading the Business Model, edited by Stefan N Grésser, Arcadio Reyes-Lecuona, and Goéran
Granholm, 327-56. Springer Open.

Sinclair, Matt, Leila Sheldrick, Mariale Moreno, and Emma Dewberry. 2018. “Consumer Intervention
Mapping-A Tool for Designing Future Product Strategies within Circular Product Service
Systems.” Sustainability (Switzerland) 10 (6). https://doi.org/10.3390/su10062088.

Smart, Palie, Stefan Hemel, Fiona Lettice, Richard Adams, and Stephen Evans. 2017. “Pre-
Paradigmatic Status of Industrial Sustainability: A Systematic Review.” International Journal of
Operations & Production Management 37 (10): 1425-50. https://doi.org/10.1108/ 1JOPM-02-
2016-0058.

Song, Bin, Zhiquan Yeo, Paul Kohls, and Christoph Herrmann. 2017. “Industrial Symbiosis:
Exploring Big-Data Approach for Waste Stream Discovery.” Procedia CIRP 61: 353-58.
https://doi.org/10.1016/j.procir.2016.11.245.

Soroka, Anthony, Ying Liu, Liangxiu Han, and Muhammad Salman Haleem. 2017. “Big Data Driven
Customer Insights for SMEs in Redistributed Manufacturing.” Procedia CIRP 63: 692-97.
https://doi.org/10.1016/j.procir.2017.03.319.

Spring, Martin, and Luis Araujo. 2017. “Product Biographies in Servitization and the Circular
Economy.” Industrial Marketing Management 60: 126-37.
https://doi.org/10.1016/j.indmarman.2016.07.001.

Srai, Jagjit Singh, Mukesh Kumar, Gary Graham, Wendy Phillips, James Tooze, Simon J. Ford, Paul
Beecher, et al. 2016. “Distributed Manufacturing: Scope, Challenges and Opportunities.”
International Journal of Production Research 54 (23): 6917-35.
https://doi.org/10.1080/00207543.2016.1192302.

Stahel, Walter R., and Genevi eve Reday-Mulvey. 1981. Jobs for Tomorrow : The Potential for
Substituting Manpower for Energy. 1st ed. New York: Vantage Press.

Stark, Rainer, Hendrik Grosser, Boris Beckmann-Dobrev, and Simon Kind. 2014. “Advanced
Technologies in Life Cycle Engineering.” Procedia CIRP 22: 3-14.
https://doi.org/10.1016/j.procir.2014.07.118.

Stock, T., and Guenther Seliger. 2016. “Opportunities of Sustainable Manufacturing in Industry 4.0.”

28



00N o un ~ wWwN =

11
12

13
14
15
16

17
18

19
20

21
22
23

24
25

26
27
28

29
30
31
32

33
34
35

36
37
38

39
40
41

42
43
44

45

Procedia CIRP 40: 536-41. https://doi.org/10.1016/j.procir.2016.01.129.

Su, Biwei, Almas Heshmati, Yong Geng, and Xiaoman Yu. 2013. “A Review of the Circular
Economy in China: Moving from Rhetoric to Implementation.” Journal of Cleaner Production
42: 215-27. https://doi.org/10.1016/j.jclepro.2012.11.020.

Suarez-Eiroa, Brais, Emilio Fernandez, Gonzalo Méndez-Martinez, and David Soto-Ofate. 2019.
“Operational Principles of Circular Economy for Sustainable Development: Linking Theory and
Practice.” Journal of Cleaner Production 214 (March): 952-61.
https://doi.org/10.1016/J.JCLEPRO.2018.12.271.

Sun, Yang Ping, and Xiao Mei Wang. 2011. “The Evaluation Model for Circular Economy within
Industrial Cluster Based on BP Artificial Neural Networks.” In ICEE2011 - 2011 International
Conference on E-Business and E-Government, 3650-53.
https://doi.org/10.1109/ICEBEG.2011.5882241.

Syed-Khaja, Aarief, Philip Patino Perez, and Joerg Franke. 2016. “Production and Characterization of
High-Temperature Substrates through Selective Laser Melting (SLM) for Power Electronics.” In
ICSJ 2016 - IEEE CPMT Symposium Japan, 255-58.
https://doi.org/10.1109/1CSJ.2016.7801276.

The Ellen MacArthur Foundation. 2013. “Towards the Circular Economy: Economic and Business
Rationale for an Accelerated Transition.” https://doi.org/10.1007/b116400.

. 2015. “Towards a Circular Economy: Business Rationale for an Accelerated Transition.”
https://doi.org/2012-04-03.

Thoben, Klaus-Dieter, Stefan Wiesner, and Thorsten Wuest. 2017. “‘Industrie 4.0° and Smart
Manufacturing — A Review of Research Issues and Application Examples.” International
Journal of Automation Technology 11 (1): 4-16. https://doi.org/10.20965/ijat.2017.p0004.

Thomas, Sean. 2018. “Law, Smart Technology, and Circular Economy: All Watched over by
Machines of Loving Grace?”” Law, Innovation and Technology 10 (2): 230-65.

Tjahjono, Benny, C. Esplugues, E. Ares, and G. Pelaez. 2017. “What Does Industry 4.0 Mean to
Supply Chain?” Procedia Manufacturing 13: 1175-82.
https://doi.org/10.1016/j.promfg.2017.09.191.

Tolio, Tullio, Alain Bernard, Marcello Colledani, Sami Kara, Guenther Seliger, Joost Duflou, Olga
Battaia, and Shozo Takata. 2017. “Design, Management and Control of Demanufacturing and
Remanufacturing Systems.” CIRP Annals - Manufacturing Technology 66 (2): 585-6009.
https://doi.org/10.1016/j.cirp.2017.05.001.

Townsend, Jack H., and Vlad C. Coroama. 2018. “Digital Acceleration of Sustainability Transition:
The Paradox of Push Impacts.” Sustainability (Switzerland) 10 (8): 1-19.
https://doi.org/10.3390/su10082816.

Trentesaux, Damien, and Adriana Giret. 2015. “Go-Green Manufacturing Holons: A Step towards
Sustainable Manufacturing Operations Control.” Manufacturing Letters 5: 29-33.
https://doi.org/10.1016/j.mfglet.2015.07.003.

Tsai, Wen Hsien. 2018. “Green Production Planning and Control for the Textile Industry by Using
Mathematical Programming and Industry 4.0 Techniques.” Energies (Switzerland) 11 (8).
https://doi.org/10.3390/en11082072.

Tseng, Ming Lang, Raymond R. Tan, Anthony S.F. Chiu, Chen-Fu Chien, and Tsai Chi Kuo. 2018.
“Circular Economy Meets Industry 4.0: Can Big Data Drive Industrial Symbiosis?” Resources,
Conservation and Recycling 131: 146-47. https://doi.org/10.1016/j.resconrec.2017.12.028.

Turner, Christopher J., Windo Hutabarat, John Oyekan, and Ashutosh Tiwari. 2016. “Discrete Event

29



(o] N o [Sale~1 W N

Simulation and Virtual Reality Use in Industry: New Opportunities and Future Trends.” IEEE
Transactions on Human-Machine Systems 46 (6): 882-94.
https://doi.org/10.1109/THMS.2016.2596099.

Unal, Enes, Andrea Urbinati, and Davide Chiaroni. 2018. “Circular Industry 4.0: An Integrative
Framework.” In EurOMA 2018 - 25th International Conference, 1-9. Budapest, Hungary.

Unruh, Gregory. 2018. “Circular Economy, 3D Printing, and the Biosphere Rules.” California
Management Review, 95-111. https://doi.org/10.1177/0008125618759684.

Verdugo Cedefio, Jesus Mario, Jorma Papinniemi, Lea Hannola, and Ilkka D.M. Donoghue. 2017.
“Developing Smart Services By Internet of Things in Manufacturing Business.” In ICPR 2017 -
24th International Conference on Production Research, 14:59-71.
https://doi.org/10.17270/J.L0OG.2018.268.

Voet, Vincent S.D., Tobias Strating, Geraldine H.M. Schnelting, Peter Dijkstra, Martin Tietema, Jin
Xu, Albert J.J. Woortman, Katja Loos, Jan Jager, and Rudy Folkersma. 2018. “Biobased
Acrylate Photocurable Resin Formulation for Stereolithography 3D Printing.” ACS Omega 3 (2):
1403-8. https://doi.org/10.1021/acsomega.7b01648.

Wang, X., S.K. Ong, and A.Y.C. Nee. 2018. “A Comprehensive Survey of Ubiquitous Manufacturing
Research.” International Journal of Production Research 56 (1-2): 604-28.
https://doi.org/10.1080/00207543.2017.1413259.

Wang, Xi Vincent, and Lihui Wang. 2018. “Digital Twin-Based WEEE Recycling, Recovery and
Remanufacturing in the Background of Industry 4.0.” International Journal of Production
Research, 1-11. https://doi.org/10.1080/00207543.2018.1497819.

Wang, Yiwen, Meng Zhang, and Ying Zuo. 2016. “Potential Applications of IoT-Based Product
Lifecycle Energy Management.” In ICIEA 2016 - 11th IEEE Conference on Industrial
Electronics and Applications, 1999-2002. https://doi.org/10.1109/ICIEA.2016.7603917.

Wijk, Ad van, and Iris van Wijk. 2015. 3D Printing with Biomaterials: Towards a Sustainable and
Circular Economy. 10S Press BV. https://doi.org/10.3233/978-1-61499-486-2-i.

Wilts, Henning, and Holger Berg. 2017. “The Digital Circular Economy: Can the Digital
Transformation Pave the Way for Resource-Efficient Materials Cycles?”
http://www.wupperinst.org.

Winans, K., A. Kendall, and H. Deng. 2017. “The History and Current Applications of the Circular
Economy Concept.” Renewable and Sustainable Energy Reviews 68 (February): 825-33.
https://doi.org/10.1016/J.RSER.2016.09.123.

Woern, Aubrey L., Dennis J. Byard, Robert B. Oakley, Matthew J. Fiedler, Samantha L. Snabes, and
Joshua M. Pearce. 2018. “Fused Particle Fabrication 3-D Printing: Recycled Materials’
Optimization and Mechanical Properties.” Materials 11 (8).
https://doi.org/10.3390/mal11081413.

Xu, Bin-shi. 2016. “Green Remanufacturing Engineering and Its Development Strategy in China.”
Frontiers of Engineering Management 3 (2): 102. https://doi.org/10.15302/J-FEM-2016024.

Xu, Jun. 2009. “Model of Cluster Green Supply Chain Performance Evaluation Based on Circular
Economy.” In ICICTA 2009 - 2nd International Conference on Intelligent Computing
Technology and Automation, 3:941-44. IEEE. https://doi.org/10.1109/ICICTA.2009.692.

Yang, Shanshan, Aravind Raghavendra M. R., Jacek Kaminski, and Helene Pepin. 2018.
“Opportunities for Industry 4.0 to Support Remanufacturing.” Applied Sciences 8 (7): 1177.
https://doi.org/10.3390/app8071177.

Yang, Sheng, Tanushree Talekar, Mohamed A. Sulthan, and Yaoyao F. Zhao. 2017. “A Generic

30



[e BN a U b W N

Vo]

[EE R
N = O

[EE e G
v w

I
00N

N NDNDN
wnN = O

N
N

25
26
27

28
29

Sustainability Assessment Model towards Consolidated Parts Fabricated by Additive
Manufacturing Process.” Procedia Manufacturing 10: 831-44.
https://doi.org/10.1016/j.promfg.2017.07.086.

Yeo, N.C.Y., Helene Pepin, and S. S. Yang. 2017. “Revolutionizing Technology Adoption for the
Remanufacturing Industry.” Procedia CIRP 61: 17-21.
https://doi.org/10.1016/j.procir.2016.11.262.

Yu, Chunyang, Xun Xu, and Yugqian Lu. 2015. “Computer-Integrated Manufacturing, Cyber-Physical
Systems and Cloud Manufacturing - Concepts and Relationships.” Manufacturing Letters 6: 5-9.
https://doi.org/10.1016/j.mfglet.2015.11.005.

Zallio, Matteo, and Damon Berry. 2017. “Design and Planned Obsolescence. Theories and
Approaches for Designing Enabling Technologies.” The Design Journal 20 (supl): S3749-61.
https://doi.org/10.1080/14606925.2017.1352879.

Zhang, Zhiying, Xiaozhen Chen, Wenwen Xiao, and Guijie Qi. 2016. “Identifying and Analyzing
Strong Components of an Industrial Network Based on Cycle Degree.” Scientific Programming
2016: 11. https://doi.org/10.1155/2016/7340859.

Zhao, Jie Jue, Yao Guo Dang, and Li Bo Zhang. 2011. “Grey System-Dynamics Analysis of Circular
Economy.” In GSIS’11/WOSC ’11- IEEE International Conference on Grey Systems and
Intelligent Services/ 15th International Congress on Cybernetics and Systems, 847-50. IEEE.
https://doi.org/10.1109/GSI1S.2011.6043976.

Zhong, Shan, and Joshua M. Pearce. 2018. “Tightening the Loop on the Circular Economy: Coupled
Distributed Recycling and Manufacturing with Recyclebot and RepRap 3-D Printing.”
Resources, Conservation and Recycling 128: 48-58.
https://doi.org/10.1016/j.resconrec.2017.09.023.

Zhou, keliang, Lifeng Zhou, and Taigang Liu. 2015. “Industry 4.0: Towards Future Industrial
Opportunities and Challenges.” In FSKD 2015 - 12th IEEE International Conference on Fuzzy
Systems and Knowledge Discovery, 2147-52. Zhangjiajie, China: IEEE.
https://doi.org/10.1109/FSKD.2015.7382284.

31



1 List of Figures

2
[ Scientific literature search ]
|
¥ i v ¥
Electronic database search Cross-referencing Hand search Existing knowledge',
(n=518) (n=170) (n=2) expert recommquatlon
and serendipity
| | | (n=55)
}
Included: n=630
: Jourfnal papers Title and abstract review
CDI? Erence papers excluded (n=522)
* Articles from 2000 to 2018
n= 168
Excluded:
* Grey literature Full text analysis
* Non-English publications excluded (n=65)
Relevance: l
* Papers describing common areas Included articles:
between 14.0 and CE (n=158)
Quality:
3 * Assessment of strength of evidence
4
5 Figure 1. Search strategy
6
57
52
27
11
4
0 1 0 0 0 0 0 0 0 1 ! : 1 1 I
- - - . - -
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018
7
8 Figure 2. Historical series of published papers.
9

32



Resources, Conservation and Recycling | 3
Sustainability (Switzerland) NG 2
Manufacturing Letters  [INNENEGEE 2
Procedia Manufacturing  [INNNEN ©
Journal of Cleaner Production [N ©
Int J of Production Research [N 7
Procedia CRP . 19

1
2 Figure 3. Top five journals.
3
oy | s
china - N 5
.U
Germany | ::
vk — 1o
4
5 Figure 4. Top five publishing nations.
6
Reuse 4.0 mm 1
Disassembly 4.0 m—m 2
Recycling 4.0 meeeesssss———
Supply chain management 9
Smart services 13
Resource efficiency 14
Remanufacturing 4.0 17
Circular Business Models 23
Digital transformation 33
Lifecycle management 40
7
8 Figure 5. Macro topics of published papers.
9

33



Industry 4.0

Circular

Circular
Economy

Digital
CE

Figure 6. The hybrid categories of Circular 14.0 and Digital CE.
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Figure 7. 14.0 like an enabler of CE.

Circular

Economy

34



