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Abstract This work makes a case for the integration of the increasingly popular and largely
separate topics of Industry 4.0 and the circular economy (CE). The paper extends the state-
of-the-art literature by proposing a pioneering roadmap to enhance the application of CE
principles in organisations by means of Industry 4.0 approaches. Advanced and digital man-
ufacturing technologies are able to unlock the circularity of resources within supply chains;
however, the connection between CE and Industry 4.0 has not so far been explored. This arti-
cle therefore contributes to the literature by unveiling how different Industry 4.0 technologies
could underpin CE strategies, and to organisations by addressing those technologies as a basis
for sustainable operations management decision-making. The main results of this work are:
(a) a discussion on the mutually beneficial relationship between Industry 4.0 and the CE; (b)
an in-depth understanding of the potential contributions of smart production technologies to
the ReSOLVE model of CE business models; (c) a research agenda for future studies on the
integration between Industry 4.0 and CE principles based on the most relevant management
theories.
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1 Introduction

The circular economy (CE) is claimed to be a new business mind-set that can help organ-
isations and society move towards sustainable development (McDowall et al. 2017). For
example, China, some European countries and Japan have implemented incentive regula-
tions to encourage organisations to pursue CE principles (Geng et al. 2013; Ghisellini et al.
2016;Mathews and Tan 2016;Winans et al. 2017). In addition, a substantial amount of recent
literature deals with this subject (e.g. Liu et al. 2012; Nasir et al. 2017).

The CE offers a new and different perspective on the organisational and operational sys-
tems of production and consumption, one which is focused on restoring the value of used
resources. The CE proposes that a circular approach to energy and materials can provide
economic, environmental, and social benefits (Geissdoerfer et al. 2017) to organisations
when they replace the traditional perspective of ‘take, make, use and dispose’—also known
as the linear economy—with the CE. However, there have been barriers to the full adop-
tion of CE principles within organisations and supply chains. It has been identified, for
instance, that a lack of information on the life cycle of products, as well as a shortage
of advanced technologies for cleaner production, have diminished the reach of CE princi-
ples (Geng and Doberstein 2008; Su et al. 2013). Furthermore, the perceived uncertainty
regarding costs, return on investments and timeline for implementation often results in initial
reluctance from corporations to adopt such an ambitious goal. Nevertheless, since emerging
technologies based on the principles of Industry 4.0 have spread, it may now be feasible to
overcome barriers to the CE by adopting emerging technologies related to smart manufac-
turing.

Industry 4.0—also known as smart manufacturing—is based on manufacturing systems
driven by information technology (IT) (Lasi et al. 2014). It involves a combination of smart
factories and products and the Internet of Things (Stock and Seliger 2016; Lasi et al. 2014;
Shrouf et al. 2014), and aims to provide real time information on production, machines, and
flow of components, integrating this information in order to helpmanagers tomake decisions,
monitor performance, and track parts and products (Lu 2017).

It can certainly be argued that Industry 4.0 technologies have the capability to pave theway
for CE principles, for instance by tracking products post-consumption in order to recover
components. However, due to the very recent emergence of these ideas, the relationship
between the CE and Industry 4.0 technologies has not been widely explored in the litera-
ture, and the two topics have largely been analysed separately. This work makes a case for
integrating these emerging topics by:

• Identifying technologies and resources from Industry 4.0 that are suitable for advancing
the CE;

• Exploring how the ReSOLVE framework of the CE can be applied and further developed
by linking it to Industry 4.0 approaches;

• Discussing the relationship between the CE and Industry 4.0 in order to achieve sustain-
able operations management;

• Developing a pioneering roadmap to enhance the application of CE principles in organ-
isations by means of Industry 4.0 approaches;

• Proposing an original research agenda to further understanding of this topic.

This article contributes to the literature by discussing how a variety of Industry 4.0 tech-
nologies can underpin CE strategies, and to organisations by addressing those technologies
on which they can base sustainable operations management decisions. This work is unique
as it addresses a significant gap in the knowledge of this topic and provides insight into the
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relationship between smart manufacturing and the CE. For instance, while some literature
has addressed the relationship between Industry 4.0 and organisational sustainability (e.g.
Stock and Seliger 2016; Trentesaux et al. 2016; Waibel et al. 2017), the connection between
the CE and Industry 4.0 technologies has not been extensively discussed.

The article is organised as follows. Section 2 presents the key concepts of the CE and
smart manufacturing. Section 3 encapsulates the fundamentals of integrating the CE and
Industry 4.0. Section 4 contains the original roadmap that can further understanding on the
co-evolution of the CE and Industry 4.0, and Sect. 5 presents a research agenda and draws
some conclusions.

2 Theoretical background

2.1 The circular economy: concepts, principles, and business models

In the context of sustainable production and consumption (Fahimnia et al. 2017), the Cir-
cular Economy is an emerging approach aimed at the sustainable use of natural resources
(McDowall et al. 2017). The CE focuses on maximizing the circularity of resources and
energy within production systems, based on the fact that natural resources are scarce, and
that waste at the end of its life may retain some value (Ghisellini et al. 2016).

The CE is based on two key cycles: one biological and one technical (MacArthur et al.
2015). The biological cycle regenerates ecosystems by reducing excessive extraction of nat-
ural resources, using renewable materials and reusing energy and organic waste by means
of anaerobic digestion. The technical cycle emphasises the extension of a product’s lifes-
pan through a hierarchy of circularity strategies, which include reuse, repair, refurbishment,
remanufacturing (Zhao and Zhu 2015) and recycling; technical cycles seek to turn what is
regarded as waste into resources for other production systems (Bocken et al. 2017; Murray
et al. 2017).

Three principles govern the CE cycles, namely: (1) conservation of natural capital,
which means creating an equilibrium of consumption between renewable and non-renewable
resources; (2) increasing the lifespan of resources through both biological and technical
cycles, i.e. enhancing the circularity of resources and energy; and (3) reduction of the nega-
tive effects of production systems (MacArthur et al. 2015).

TheEllenMacArthur Foundation, a leading global charity in establishing theCE’s position
on the agenda of decision-makers across business, government and academia (MacArthur
2015), has proposed the following six business actions—theReSOLVE framework—to guide
organisations through implementing the principles of the CE:

• Regenerate This is based on a shift to renewable energy and materials. Biological cycles
are used to enable the circulation of energy and materials, and to convert organic waste
into sources of energy and raw material for other chains.

• Share This is embedded in a shared economy perspective, in which goods and assets
are shared between individuals; ownership thus loses importance. As a consequence,
products should be designed to last longer, and maintenance should be available to allow
re-use and extension of product life.

• Optimise A technology-centred strategy. This model requires that organisations use
digital manufacturing technologies, such as sensors, automation, radio-frequency iden-
tification (RFID), big data, and remote steering to reduce waste in production systems
across supply chains.Organisationswill benefit from increasedperformance; for instance,
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a predictive maintenance scheme can be planned based on real-time data reporting the
conditions of machines (MacArthur and Waughray 2016).

• Loop This is based on biological and technical cycles. Biological cycles, for example
anaerobic digestion, are important to recapture the value of organic waste; technical
cycles can restore the value of post-consumption products and packaging by means of
repair, reuse, remanufacture, and recycling. Operations research approaches have been
used to study these options (e.g. Loomba and Nakashima 2012).

• Virtualise A service-focused strategy which replaces physical with virtual and demateri-
alised products.

• Exchange This involves substituting old and non-renewable goods for advanced and
renewable ones. Keilhacker and Minner (2017) show, by means of a system dynamics
model, that substitution has significant potential to mitigate supply chain unavailability
caused by rare earth elements.

Lieder and Rashid (2016) carried out a comprehensive systematic literature review on the
CE in order to identify the research themes that have been studied so far. The finding was that
three main CE-related topics were studied; namely, resource scarcity, environmental impact,
and economic benefits. The authors also stated that most business and economic aspects have
not yet been addressed; this lack of research and unavailability of evidence of its advantages
could reduce CE initiatives implemented by industry.

Winans et al. (2017) identify exchange of information as one of the major constraints on
the effectiveness of CE. Additionally, the authors also highlight that it is critical to know the
quality of materials circulating within production systems after their collection.

By and large, it seems that new research is needed that is capable of shedding light on how
organisations can gain competitive advantages by mitigating constraints on the effectiveness
of the CE. Therefore, the potential contribution of Industry 4.0 to CE is emphasised in the
next section.

2.2 Industry 4.0: concept and available technologies

The concept of Industry 4.0 is quite new; it was launched in Germany in 2011, and rep-
resents the current production paradigm, which combines information and communication
technologies with digital manufacturing technologies (Kang et al. 2016).

According to Shrouf et al. (2014), the core feature of Industry 4.0 is connectivity between
machines, orders, employees, suppliers, and customers due to the internet of things and
electronic devices; as a consequence, firms are able to produce products using decentralised
decisions and autonomous systems (Lasi et al. 2014). Trentesaux et al. (2016) add that
Industry 4.0 enables smart factories and products, with the result that components, machines
and digital devices can communicate with each other in order to self-manage production lines
and provide high performance in terms of product design, production, and logistics systems.
To summarise, the main characteristics of Industry 4.0 are integrated, adapted, optimised,
and interoperable manufacturing processes (Lu 2017).

The application of Industry 4.0 technologies enables the real-time monitoring and con-
trolling of important production parameters such as production status, energy consumption,
flow of materials, customers’ orders, and suppliers’ data. Additionally, these technologies
facilitate relationships and communication with customers due to the connectivity between
customers and products; as a consequence, organisations are able to develop products that
meet real customers’ needs (Shrouf et al. 2014).

An overview of the core technologies of Industry 4.0 is provided in Table 1. This table
was developed based on data compiled by Kang et al. (2016), in response to the fact that the
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Table 1 An overview of the core technologies of Industry 4.0. Source: Based on Kang et al. (2016)

Technology Brief description Example of resources

Cyber-physical systems Enables automation, monitoring, and
control of processes and objects in
real time (Wang et al. 2015)

Controllers and sensor systems
(Wang et al. 2015; Yu et al. 2015)

Cloud manufacturing Virtual portals which create a shared
network of manufacturing
resources and capabilities offered
as services (Yu et al. 2015)

The internet

Internet of things A computational system which
collects and exchanges data
acquired from electronic devices
(Kang et al. 2016)

Radio-frequency identification
(RFID) technology tags, sensors,
barcodes, smart phones (Da Xu
et al. 2014; Atzori et al. 2010)

Additive manufacturing Represents agile and connected
prototyping of parts of products on
a large scale, enabling
customisation (Holmström et al.
2016)

3D printers

literature in this field has not reached clear consensus on the types of technologies included.
Zhong et al. (2017) identify the key technologies in the context of Industry 4.0 as cyber-
physical systems, the internet of things, big data, and cloud manufacturing.

Cyber-Physical technological systems enable the integration of cyber space, physical
processes and objects in order to connect machines and devices in production lines as a
network, thus making real data available for decision-making, such as for the prioritisation
of production orders, optimisation of tasks, reporting of maintenance needs, etc. (Ahmadov
and Helo 2016; Lee et al. 2015). Sensors and actuators are responsible for gathering and
distributing this data in real-time (Yu et al. 2015).

Cloud manufacturing is a technology that creates a virtual and global space for enabling
a shared network of manufacturing resources and capabilities through the internet. The logic
of cloud manufacturing is service-based, meaning that suppliers and customers interact in
order to sell and buy services—for instance, design, simulation,manufacture, and assembly of
products. Cloud manufacturing is recommended for its e-commerce features (Yu et al. 2015),
and also involves other technologies from Industry 4.0, such as additive manufacturing.

The internet of things (IoT) refers to the interconnectivity between things, such as elec-
tronic devices, smartphones, machines, modes of transportation, and the internet, through
unique identification codes which allow these things to communicate with one another to
achieve common aims (Atzori et al. 2010; Da Xu et al. 2014). By means of the IoT, cyber-
physical systems can be connected to companies and individuals, enabling interoperability
with them (Hermann et al. 2016). As a consequence, real-time data collection and sharing are
able to occur among all parties (Zhong et al. 2017). The exchange of information between the
things will generate a large quantity of data which can be subsequently analysed to improve
added value for organisations (Roblek et al. 2016). In this sense, the big data approach enables
analysis of the high volume and variety of data that comes from the application of the inter-
net of things (Akter and Fosso Wamba 2017; Witkowski 2017). Big data has been used, for
instance, to improve product development (Zhan et al. 2016), demand forecasting in supply
chains (Li et al. 2016), and green production policies (Du et al. 2016). Radio-frequency iden-
tification (RFID) technology tags, sensors, barcodes, and smartphones are the most common
resources used in implementing the internet of things (Atzori et al. 2010; Da Xu et al. 2014).
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Additive manufacturing is based on the manufacture of parts of products without the need
to acquire and use specialised tools; additionally, production occurs through digital design,
which enables both a shortened lead time on production and connectivity between designers,
engineers, and users (Holmström et al. 2016). 3D printers are the main resources associated
with additive manufacturing.

Some literature has addressed the relationship between Industry 4.0 and organisational
sustainability (e.g. Stock and Seliger 2016; Trentesaux et al. 2016; Waibel et al. 2017).
However, the connection between CE and Industry 4.0 technologies has not been thoroughly
explored, and this theme is therefore developed in the next section.

3 Connections between the circular economy and Industry 4.0:
implications for sustainable operations management

Recently, PricewaterhouseCoopers (PwC) published a news item in order to highlight syner-
gies between CE and Industry 4.0. However, their announcement merely introduced the topic
without developing it in depth (Van den Beukel 2017). A McKinsey Global Expert Survey,
exploring attitudes towards Industry 4.0, determined that a limited number of respondents
had a clear roadmap for implementing Industry 4.0 (Bauer et al. 2016). It can therefore
be argued that a knowledge gap exists related to how organisations should build the path
towards sustainable operations management and the achievement of CE strategies, taking
into consideration the current technological tendencies of Industry 4.0. According to Man
and Strandhagen (2017) and Stock and Seliger (2016), Industry 4.0 technologies contribute
to sustainable operations management decisions and new business models by means of inte-
grating value chains through data collection and sharing. Therefore, sustainable operations
management decisions contribute to implementing the connection between the principles of
CE and Industry 4.0 approaches.

Sustainable operations management refers to the integration of the traditional perspec-
tives of efficiency and profit from operations management, with a simultaneous awareness of
the environmental impacts of production operations (Kleindorfer et al. 2005). According to
Gunasekaran et al. (2014), sustainable operations management can be divided into sustain-
able products, production/processes, and logistics decisions. Therefore, taking into account
the concept of sustainable operations management—which is paramount for implementing
organisational strategies based on CE principles—the ReSOLVE framework of CE is pro-
posed, and its implementation, based on the effective adoption of the technologies/resources
of Industry 4.0, is discussed.

By constructing the matrix in Table 2 we relate sustainable operations management deci-
sions (design of products, production of products, and logistics/reverse logistics) to the six
business models proposed by the ReSOLVE framework; we also present the Industry 4.0
technologies that could be applicable to each relationship. The matrix was developed based
on Sect. 2 of this article. An explanation of the relationships proposed by the matrix follows
Table 2.

The Regenerate business model could benefit from Industry 4.0 by applying the internet
of things in the form of sensors and apps; for example, to plan, monitor, and control factors
related to land management between rotation of harvests, to automate irrigation systems
based on weather conditions in real time, and to manage the use of pesticides according to
the health of plantations (MacArthur and Waughray 2016). The design and production deci-
sions of sustainable operations management could be adapted based on data provided by the
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Table 2 Matrix of the relationships between CE, Industry 4.0, and sustainable operations management.
Source: Authors

ReSOLVE Design of products Production of products Logistics/reverse logistics

Regenerate � Internet of things � Internet of things –

Share � Cloud manufacturing � Cloud manufacturing � Internet of things

� Internet of things � Internet of things

Optimise – � Cyber-physical systems � Internet of things

� Internet of things

Loop � Internet of things � Internet of things � Internet of things

� Cyber-physical systems � Cloud manufacturing

Virtualise � Cloud manufacturing � Cloud manufacturing � Internet of things

� Internet of things � Internet of things

� Additive manufacturing

Exchange � Additive manufacturing � Additive manufacturing –

resources of the internet of things. As a consequence, it would be possible to reduce resource
consumption (of water, nutrients, energy, etc.), to improve the productivity of harvests, and
to extend the life cycle of the land.

The Share business model could reach its full potential through the use of both cloud
manufacturing and the internet of things, since these technologies enable people to con-
nect and share information related to supply and demand. Websites and apps are important
resources for connecting people with organisations. Additionally, these technologies are
able to collect information on consumers’ behaviour; organisations can therefore improve
both product and service design for better utilisation or replacement of equipment, and
increase customers’ satisfaction (Rymaszewska et al. 2017). Moreover, the use of sen-
sors in products allows performance monitoring—for instance, monitoring maintenance
requirements—thereby allowing organisations to proactively provide a high quality of ser-
vice to customers. Furthermore, as a consequence of monitoring products during consumer
use, organisations can invest in extending products’ life spans by applying the 3Rs strategy
(reduce, re-use, and recycle) due to shifting ownership of products. The design, production,
and logistics decisions of sustainable operations management can be adaptable, based on the
data provided by the resources of cloud manufacturing and the internet of things.

TheOptimise business model could be supported by cyber-physical systems and the inter-
net of things. These technologies are able to collect data from processes and objects, such as
machines; it is therefore possible to identify failures, which might create waste. Additionally,
based on the parameters of production and consumption of resources—for example, energy—
managers could monitor and control the performance of operations; the use of sensors would
enable them to intervene in processes, even during production of components/products. Effi-
ciency of machines could also be assessed in real time in order to plan maintenance, thus
avoiding excessive use of resources. Moreover, delivery routes could be optimised accord-
ing to operational and environmental indicators. Suppliers could be involved in managing
their own performance in terms of production planning, quality, deliveries (Hofmann and
Rüsch 2017), and environmental compliance by using RFID tags and the internet of things;
this would entail optimisation of resource usage. The production and logistics decisions of
sustainable operations management would be adaptable, based on the data provided by the
resources of cyber-physical systems and the internet of things.
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The Loop business model represents a broad perspective on the CE, as its overall aim
is for significant extension of the circularity of materials and energy. As a result, design,
production, and logistics decisions should be adapted. The Industry 4.0 technologies which
could support the Loop approach are the internet of things, cyber-physical systems and cloud
manufacturing. Design could include chips or sensors informing users of the components and
materials contained in the product, and how they can be disassembled and recycled at the end
of the product’s useful life. This concept is called ‘product passport’ (European Commission
2013). Provision of ‘product passport’ information would facilitate CE cycles. Production
decisions could gain the same advantages from the internet of things and cyber-physical
systems as highlighted in Optimise business model. Logistics and reverse logistics could
improve their processes through the internet of things due to the fact that post-consumption
products and packaging can be tracked and traced using sensors, RFID tags, and barcodes.
As a consequence, organisations are able to reuse, remanufacture, or recycle components
of products and packaging (Vanderroost et al. 2017). Cloud manufacturing could support
organisations in this business model by finding buyers for reused or refurbished components
(MacArthur and Waughray 2016).

The Virtualise business model could be advanced using cloud manufacturing, the internet
of things, and additivemanufacturing technologies.Both cloudmanufacturing and the internet
of things enable connection between organisations, suppliers, and customers in order to offer
services rather than physical products. Additionally, these technologies are able to collect
information on consumers’ behaviour, which organisations can use to improve service design.
There are businesses that, based on interaction between organisations and customers, are able
to manufacture customised products by using 3D printers. The role of cloud manufacturing
in this case is to link supply and demand. Since service is a core focus of the Virtualise
business model, tracking deliveries is important to enhance customers’ experience. Thus,
the design, production, and logistics decisions of sustainable operations management would
be adaptable based on the data provided by the resources of cloud manufacturing and the
internet of things.

The Exchange business model could gain advantages by adopting additive manufacturing
and the internet of things. 3D printers are able to advance renewable and sustainable pro-
duction. According to Despeisse et al. (2017), the characteristics of additive manufacturing
lead to reduced use of material; further, it enables the recycling of small quantities of waste
because of the portability of 3D printers. The design and production decisions of sustainable
operations management would thus be able to approach CE principles.

To conclude, the relationships discussed here represent the current situation identified by
the authors, and other relationships could certainly emerge in future. The next section will
introduce a pioneering roadmap to guide an organisation on the journey to Industry 4.0-based
CE, taking the discussion from this section into account.

4 Proposed pioneering roadmap, integrating Industry 4.0 and CE

Figure 1 illustrates the roadmap proposed in this work.
As outlined in Sect. 3, theReSOLVE framework proposes six different businessmodels for

pursuing CE principles. Therefore, the first step for organisations that aim to move toward
CE is to decide which models are suitable to their production processes and purpose—
organisations may have definite capacity levels for the circularity of resources, which
influences the extent to which they are able to develop CE cycles.
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Fig. 1 Roadmap towards Industry 4.0 and CE. Source: The authors

The second step would be the identification of the Industry 4.0 technologies and resources
that are viable for them, considering factors such as availability, costs and technical con-
straints. Tables 1 and 2 could assist organisations in this assessment.

The third step for organisations would be the adaptation of sustainable operations man-
agement (SOM) decisions for the design, process, and logistics of products. It was mentioned
that the selected ReSOLVE approach would impact the tracking, tracing, and managing of
post-use products and packaging, from the conceptualisation to the development of products,
the latter including extended product life cycles. Thus, the breadth of SOM-related change
will depend on the first step.

The fourth step for organisations would be the development of integration between tiers in
supply chains in order to connect technologies and resources and share information pertaining
to demand, supply, deliveries, and customers’ behaviour in real time. According to Fischer
and Pascucci (2017), one of the most relevant challenges faced by an organisation engaged
in CE transition is facilitating collaboration and developing business relations. Thus, it is
important to plan the transition towards the CE and Industry 4.0 within an organisation as
well as externally.

Finally, thefifth step for organisationswould be the creation of indicators of performance in
order tomeasure progress towards theCE (Elia et al. 2017).Additionally, small and achievable
targets should be designed when planning organisational actions, based on resources and
capabilities.

Every journey of change involves potential challenges; therefore, organisations should be
aware that the implementation of Industry 4.0 technologies presents barriers, as found by the
Global Expert Survey. The main challenges are the following: coordinating actions across
different organisational areas; concerns about cybersecurity; lack of necessary talent (Bauer
et al. 2016). Sung (2017) and Tupa et al. (2017) also highlight other challenges related to
Industry 4.0 adoption, which include reliability of connectivity between machines, integrity
of maintenance-related data, and/or available information.

In addition to these inherent challenges to Industry 4.0 adoption, organisations may face
additional difficulties in following the proposed roadmap due to a lack of trust when inte-
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grating IT systems between supply chain partners and a lack of technical and technological
knowledge of CE cycles and Industry 4.0 approaches.

Schumacher et al. (2016) state that utilization of a roadmap is a critical success factor to
the maturity level of Industry 4.0. Furthermore, the McKinsey Global Expert Survey found
that only a limited number of users had a clear roadmap for implementing Industry 4.0
(Bauer et al. 2016); thus, the roadmap proposed in our study can help and guide managers
to success with Industry 4.0 approaches, due to the fact that simple steps based on SOM are
recommended here in order to analyse the prospect of integrating advanced technologies into
CE business models.

5 Final remarks and proposed research agenda

This article aims to develop a pioneering roadmap to enhance the application of CE principles
in organisations by means of Industry 4.0 approaches, since the connection between CE and
Industry 4.0 technologies has not previously been thoroughly explored. Further, the business
models presented in the ReSOLVE framework have overcome technological hurdles, thereby
offering a myriad of opportunities to improve organisational competitiveness. Therefore,
discussion on technologies/resources from Industry 4.0 suitable to the implementation of a
CE perspective was developed, and sustainable operations management decisions—which
must be involved in adopting a CE approach—were selected.

The original roadmap presented consists of five key steps, which guide managerial deci-
sions toward sustainable operations management and aim to position organisations at the
forefront of the digital manufacturing era. The proposed roadmap is the first to combine
novel concepts from the ReSOLVE business models and Industry 4.0 technologies, thus pro-
viding new directions for future research. It represents a thorough and important advance
in this emerging field. Additionally, this article is innovative in addressing a technological
theme—Industry 4.0/digital manufacturing—from a managerial perspective.

Based on the features of the roadmap, some recommendations are provided for scholars,
policy makers, and managers.

For scholars, there are key suggestions for avenues of future research. These are based on
the most frequently cited organisational theories in the field of sustainability, following the
ideas of Sarkis et al. (2011) and Touboulic and Walker (2015) (Table 3).

For policy makers, it is suggested that infrastructural plans could be developed to address
the current threats to adoption of Industry 4.0 technologies, such as cybersecurity and lack of
necessary talent. Governments around the world should develop a common vision on the CE
and industrial policy. As Industry 4.0 can unlock the CE, the industrial strategies of national
sustainability plans should be integrated and discussed simultaneously.

For managers, it could be argued that testing the proposed roadmap may be a starting
point for implementing Industry 4.0 technologies. The proposed roadmap sheds light on the
potential of Industry 4.0, not only in terms of expanding productivity and profit, but also in
terms of advancing CE.

This work could be developed further in order to overcome some limitations. First, the
roadmap can be presented to key stakeholders for refinement. The application of the roadmap
to different cultures, nations, and continents should further highlight cultural aspects and
implementation challenges that should be considered when adopting the ideas of this work.
We also suggest conducting in-depth case studies in order to understand the ‘soft side’ of
integrating Industry 4.0 and the CE, by qualitatively exploring subjects such as resistance
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Table 3 Research agenda for scholars based on selected theories. Source: Authors

Theory Brief definition Research agenda

Resource-based
view

Resource-based view theory is centred on
the perspective that internal resources
and capabilities are sources of
sustainable competitive advantage and
organisational profitability (Grant 1991;
Hart and Dowell 2011) if they are
unique, not imitable, and rare

(a) To investigate the organisational
resources and capabilities which are
necessary to underpin strategies
towards the CE, based on technologies
from Industry 4.0

(b) To identify potential organisational
barriers to following the proposed
roadmap and to propose ways to
overcome them

Stakeholder
theory

Through the lens of stakeholder theory it
can be understood that, due to changes in
the external context, organisations need
to contingently adjust their responses to
stakeholders in order to avoid
underperformance (Freeman 1984)

(a) To map the expectations of primary
stakeholders with regards to CE
performance, in order to prioritise the
implementation of Industry 4.0
technologies

(b) To identify and analyse mechanisms
to facilitate integration between
organisations, suppliers and customers
for implementing ReSOLVE business
models

Institutional
theory

Institutional theory states that
organisations operate within a regulated
environment (organisational field) and its
associated demands, and pressure for
conformance to social and legal
requirements (DiMaggio and Powell
1983). As a result, organisations adapt
processes, structures and practices in
order to ensure the legitimacy of their
actions within the environment (Hsu
et al. 2014)

(a) To explore the extent to which
different institutional environments
(e.g. whether in Germany or in Africa)
impact initiatives to apply the
technologies of Industry 4.0

(b) To investigate the role of competitors
and customers in putting pressure on
organisations to adopt technologies of
Industry 4.0 in order to enable CE
strategies

Ecological
modernisation

This theory is used to explain
governmental environmental initiatives,
by means of policies and technological
innovation, to reconcile economic and
environmental development (Sarkis et al.
2011)

(a) To study how national technological
development polices from different
countries have contributed to the
emergence of the fourth industrial
revolution, and how these polices are
aligned with CE principles

(b) To propose indicators to measure the
economic and environmental gains due
to the application of technologies from
Industry 4.0

to change, industrial human relations, and customer preferences. This ‘soft’ understanding
should prove in valuable to better promote and encourage adoption of the various results
from quantitative studies resulting from the roadmap. Adoption remains a major challenge

123



284 Ann Oper Res (2018) 270:273–286

at this early stage in various industries and contexts; the support of regulators or policy
makers may also be reinforced by further studies demonstrating the potential impact of the
CE and Industry 4.0. For corporations, a determined strategic approach can only benefit from
additional research work at both the theoretical and practical levels.

References

Ahmadov, Y., & Helo, P. (2016). A cloud based job sequencing with sequence-dependent setup for sheet metal
manufacturing. Annals of Operations Research, 1–20. https://doi.org/10.1007/s10479-016-2304-3.

Akter, S., & Wamba, S. F. (2017). Big data and disaster management: A systematic review and agenda for
future research.Annals of Operations Research. https://doi.org/10.1007/s10479-017-2584-2.

Atzori, L., Iera, A., & Morabito, G. (2010). The internet of things: A survey. Computer Networks, 54(15),
2787–2805.

Bauer, H., Baur, C., Mohr, D., Tschiesner, A., Weskamp, T., Alicke, K., & Wee, D. (2016). Industry 4.0 after
the initial hype–Where manufacturers are finding value and how they can best capture it. McKinsey
Digital, available in https://www.mckinsey.de/files/mckinsey_industry_40_2016.pdf Accessed August
2017.

Bocken, N. M., Olivetti, E. A., Cullen, J. M., Potting, J., & Lifset, R. (2017). Taking the circularity to the next
level: A special issue on the circular economy. Journal of Industrial Ecology, 21(3), 476–482.

Da Xu, L., He, W., & Li, S. (2014). Internet of things in industries: A survey. IEEE Transactions on industrial
informatics, 10(4), 2233–2243.

Despeisse, M., Baumers, M., Brown, P., Charnley, F., Ford, S. J., Garmulewicz, A., et al. (2017). Unlocking
value for a circular economy through 3D printing: A research agenda. Technological Forecasting and
Social Change, 115, 75–84.

de Man, J. C., & Strandhagen, J. O. (2017). An Industry 4.0 research agenda for sustainable business models.
Procedia CIRP, 63, 721–726.

DiMaggio, P., & Powell, W. W. (1983). The iron cage revisited: Collective rationality and institutional iso-
morphism in organizational fields. American Sociological Review, 48(2), 147–160.

Du, S., Tang, W., Zhao, J., & Nie, T. (2016). Sell to whom? Firm’s green production in competition facing
market segmentation. Annals of Operations Research, 1–30. https://doi.org/10.1007/s10479-016-2291-
4.

Elia, V., Gnoni, M. G., & Tornese, F. (2017). Measuring circular economy strategies through index methods:
A critical analysis. Journal of Cleaner Production, 142, 2741–2751.

European Commission. (2013). European resource efficiency platform pushes for ‘product passports’.
http://ec.europa.eu/environment/ecoap/about-eco-innovation/policies-matters/eu/20130708_european-
resource-efficiency-platform-pushes-for-product-passports_en. Accessed August 2017.

Fahimnia, B., Sarkis, J., Gunasekaran, A., & Farahani, R. (2017). Decision models for sustainable supply
chain design and management. Annals of Operations Research, 250(2), 277–278.

Fischer, A., & Pascucci, S. (2017). Institutional incentives in circular economy transition: The case of material
use in the Dutch textile industry. Journal of Cleaner Production, 155, 17–32.

Freeman, R. E. (1984). Strategic management: A stakeholder approach. Boston: Pitman.
Geissdoerfer, M., Savaget, P., Bocken, N. M., & Hultink, E. J. (2017). The circular economy: A new sustain-

ability paradigm? Journal of Cleaner Production, 143, 757–768.
Geng, Y., & Doberstein, B. (2008). Developing the circular economy in China: Challenges and opportunities

for achieving ’leapfrog development’. The International Journal of Sustainable Development & World
Ecology, 15(3), 231–239.

Geng, Y., Sarkis, J., Ulgiati, S., & Zhang, P. (2013). Measuring China’s circular economy. Science, 339(6127),
1526–1527.

Ghisellini, P., Cialani, C., & Ulgiati, S. (2016). A review on circular economy: The expected transition to a
balanced interplay of environmental and economic systems. Journal of Cleaner Production, 114, 11–32.

Grant, R. M. (1991). The resource-based theory of competitive advantage: implications for strategy formula-
tion. California Management Review, 33(3), 114–135.

Gunasekaran, A., Irani, Z., & Papadopoulos, T. (2014). Modelling and analysis of sustainable operations
management: Certain investigations for research and applications. Journal of the Operational Research
Society, 65(6), 806–823.

Hart, Stuart L., &Dowell, Glen. (2011). A natural-resource-based view of the firm: Fifteen years after. Journal
of Management, 37(5), 1464–1479.

123

https://doi.org/10.1007/s10479-016-2304-3
https://doi.org/10.1007/s10479-017-2584-2
https://www.mckinsey.de/files/mckinsey_industry_40_2016.pdf
https://doi.org/10.1007/s10479-016-2291-4
https://doi.org/10.1007/s10479-016-2291-4
http://ec.europa.eu/environment/ecoap/about-eco-innovation/policies-matters/eu/20130708_european-resource-efficiency-platform-pushes-for-product-passports_en
http://ec.europa.eu/environment/ecoap/about-eco-innovation/policies-matters/eu/20130708_european-resource-efficiency-platform-pushes-for-product-passports_en


Ann Oper Res (2018) 270:273–286 285

Hermann, M., Pentek, T., & Otto, B. (2016, January). Design principles for industrie 4.0 scenarios. In 2016
49th Hawaii international conference on system sciences (HICSS) (pp. 3928–3937). IEEE.

Hofmann, E., & Rüsch, M. (2017). Industry 4.0 and the current status as well as future prospects on logistics.
Computers in Industry, 89, 23–34.

Holmström, J., Holweg, M., Khajavi, S. H., & Partanen, J. (2016). The direct digital manufacturing (r) evolu-
tion: Definition of a research agenda. Operations Management Research, 9(1–2), 1–10.

Hsu, P. F., Hu, P. J. H., Wei, C. P., & Huang, J. W. (2014). Green purchasing by MNC subsidiaries: The role
of local tailoring in the presence of institutional duality. Decision Sciences, 45(4), 647–682.

Kang, H. S., Lee, J. Y., Choi, S., Kim, H., Park, J. H., Son, J. Y., et al. (2016). Smart manufacturing: Past
research, present findings, and future directions. International Journal of Precision Engineering and
Manufacturing-Green Technology, 3(1), 111–128.

Keilhacker, M. L., & Minner, S. (2017). Supply chain risk management for critical commodities: A system
dynamics model for the case of the rare earth elements. Resources, Conservation and Recycling, 125,
349–362.

Kleindorfer, P. R., Singhal, K., &Wassenhove, L. N. (2005). Sustainable operations management. Production
and Operations Management, 14(4), 482–492.

Lasi, H., Fettke, P., Kemper, H. G., Feld, T., & Hoffmann, M. (2014). Industry 4.0. business & information.
Systems Engineering, 6(4), 239–242.

Lee, J., Bagheri, B., & Kao, H. A. (2015). A cyber-physical systems architecture for Industry 4.0-based
manufacturing systems. Manufacturing Letters, 3, 18–23.

Li, L., Chi, T., Hao, T., & Yu, T. (2016). Customer demand analysis of the electronic commerce supply chain
using Big Data. Annals of Operations Research, 1–16. https://doi.org/10.1007/s10479-016-2342-x.

Lieder, M., & Rashid, A. (2016). Towards circular economy implementation: A comprehensive review in
context of manufacturing industry. Journal of Cleaner Production, 115, 36–51.

Liu, D., Li, H., Wang, W., & Dong, Y. (2012). Constructivism scenario evolutionary analysis of zero emission
regional planning: A case of Qaidam Circular Economy Pilot Area in China. International Journal of
Production Economics, 140, 341–356.

Loomba, A. P. S., &Nakashima, K. (2012). Enhancing value in reverse supply chains by sorting before product
recovery. Production Planning and Control, 23(2–3), 205–215.

Lu, Y. (2017). Industry 4.0: A survey on technologies, applications and open research issues. Journal of
Industrial Information Integration, 6, 1–10.

MacArthur, D. E., &Waughray, D. (2016). Intelligent assets. Unlocking the circular economy potential. Report
of Ellen MacArthur Foundation.

MacArthur, D. E., Zumwinkel, K., & Stuchtey, M. R. (2015). Growth within: A circular economy vision for
a competitive Europe. Report of Ellen MacArthur Foundation.

Mathews, J. A., & Tan, H. (2016). Lessons from China: The country consumes the most resources in the world
and produces the most waste-but it also has the most advanced solutions. Nature, 531(7595), 440–443.

McDowall, W., Geng, Y., Huang, B., Barteková, E., Bleischwitz, R., Türkeli, S., & Doménech, T. (2017).
Circular economy policies in China and Europe. Journal of Industrial Ecology, 21(3), 651–661.

Murray, A., Skene, K., & Haynes, K. (2017). The circular economy: An interdisciplinary exploration of the
concept and application in a global context. Journal of Business Ethics, 140(3), 369–380.

Nasir, M. H. A., Genovese, A., Acquaye, A. A., Koh, S. C. L., & Yamoah, F. (2017). Comparing linear and
circular supply chains: Acase study from the construction industry. International Journal of Production
Economics. https://doi.org/10.1016/j.ijpe.2016.06.008.

Rymaszewska, A., Helo, P., & Gunasekaran, A. (2017). IoT powered servitization of manufacturing: An
exploratory case study. International Journal of Production Economics, 192, 92–105.

Roblek, V., Meško, M., & Krapež, A. (2016). A complex view of Industry 4.0. SAGE Open, 6(2),
2158244016653987.

Sarkis, J., Zhu, Q., & Lai, K. H. (2011). An organizational theoretic review of green supply chain management
literature. International Journal of Production Economics, 130(1), 1–15.

Shrouf, F., Ordieres, J., & Miragliotta, G. (2014, December). Smart factories in Industry 4.0: A review of the
concept and of energymanagement approached in production based on the Internet of Things paradigm. In
Proceedings of the IEEE international conferenceon industrial engineeringand engineeringmanagement
(IEEM) (pp. 697–701). IEEE.

Stock, T., & Seliger, G. (2016). Opportunities of sustainable manufacturing in Industry 4.0. Procedia Cirp,
40, 536–541.

Su, B., Heshmati, A., Geng, Y., & Yu, X. (2013). A review of the circular economy in China: Moving from
rhetoric to implementation. Journal of Cleaner Production, 42, 215–227.

Schumacher, A., Erol, S., & Sihn, W. (2016). A maturity model for assessing Industry 4.0 readiness and
maturity of manufacturing enterprises. Procedia CIRP, 52, 161–166.

123

https://doi.org/10.1007/s10479-016-2342-x
https://doi.org/10.1016/j.ijpe.2016.06.008


286 Ann Oper Res (2018) 270:273–286

Sung, T. K. (2017). Industry 4.0: A Korea perspective. Technological Forecasting and Social Change. https://
doi.org/10.1016/j.techfore.2017.11.005.

Touboulic, A., &Walker, H. (2015). Theories in sustainable supply chain management: A structured literature
review. International Journal of Physical Distribution & Logistics Management, 45(1/2), 16–42.

Trentesaux, D., Borangiu, T., & Thomas, A. (2016). Emerging ICT concepts for smart, safe and sustainable
industrial systems. Computers in Industry, 81, 1–10.

Tupa, J., Simota, J., & Steiner, F. (2017). Aspects of risk management implementation for Industry 4.0.
Procedia Manufacturing, 11, 1223–1230.

Van den Beukel, J. (2017). Making business and economic sense of climate change. PWC Sustainability and
Climate Change Blog. http://pwc.blogs.com/sustainability/2017/06/industry-40-as-an-enabler-of-the-
circular-economy.html. Accessed August 2017.

Vanderroost, M., Ragaert, P., Verwaeren, J., De Meulenaer, B., De Baets, B., & Devlieghere, F. (2017). The
digitization of a food package’s life cycle: Existing and emerging computer systems in the pre-logistics
phase. Computers in Industry, 87, 15–30.

Waibel, M. W., Steenkamp, L. P., Moloko, N., & Oosthuizen, G. A. (2017). Investigating the effects of smart
production systems on sustainability elements. Procedia Manufacturing, 8, 731–737.

Wang, L., Törngren, M., & Onori, M. (2015). Current status and advancement of cyber-physical systems in
manufacturing. Journal of Manufacturing Systems, 37(2), 517–527.

Winans, K., Kendall, A., & Deng, H. (2017). The history and current applications of the circular economy
concept. Renewable and Sustainable Energy Reviews, 68, 825–833.

Witkowski, K. (2017). Internet of things, big data, Industry 4.0: Innovative solutions in logistics and supply
chains management. Procedia Engineering, 182, 763–769.

Yu, C., Xu, X., & Lu, Y. (2015). Computer-integrated manufacturing, cyber-physical systems and cloud
manufacturing: Concepts and relationships. Manufacturing Letters, 6, 5–9.

Zhan, Y., Tan, K. H., Li, Y., & Tse, Y. K. (2016). Unlocking the power of big data in new product development.
Annals of Operations Research, 1–19. https://doi.org/10.1007/s10479-016-2379-x.

Zhao, S., & Zhu, Q. (2015). Remanufacturing supply chain coordination under the stochastic remanufactura-
bility rate and the random demand. Annals of Operations Research, 257(1–2), 661–695.

Zhong, R. Y., Xu, X., Klotz, E., & Newman, S. T. (2017). Intelligent manufacturing in the context of Industry
4.0: A review. Engineering, 3(5), 616–630.

123

https://doi.org/10.1016/j.techfore.2017.11.005
https://doi.org/10.1016/j.techfore.2017.11.005
http://pwc.blogs.com/sustainability/2017/06/industry-40-as-an-enabler-of-the-circular-economy.html
http://pwc.blogs.com/sustainability/2017/06/industry-40-as-an-enabler-of-the-circular-economy.html
https://doi.org/10.1007/s10479-016-2379-x

	Industry 4.0 and the circular economy: a proposed research agenda and original roadmap for sustainable operations
	Abstract
	1 Introduction
	2 Theoretical background
	2.1 The circular economy: concepts, principles, and business models
	2.2 Industry 4.0: concept and available technologies

	3 Connections between the circular economy and Industry 4.0: implications for sustainable operations management
	4 Proposed pioneering roadmap, integrating Industry 4.0 and CE
	5 Final remarks and proposed research agenda
	References




