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Abstract

This study aims to investigate the role of Industry 4.0 (I4.0) technologies in facilitating the
transition towards a circular economy (CE) in the manufacturing sector, exploring four key
circular economy strategies—reuse, repair, refurbishment, and remanufacturing. This
study combines a comprehensive literature review with case studies of ten manufacturing
organisations from various sectors, including electronics, information and communica-
tion technologies, and the household and furniture industries. The research focuses on
three main areas: the adoption of circular strategies, the challenges associated with im-
plementing Industry 4.0 technologies, and the role of these technologies in enabling the
transition to a circular economy. Data were collected through ten interviews with managers
responsible for sustainability, corporate social responsibility, or circular economy projects
and initiatives, as well as through documentary analysis of archival materials. The study
found that organisations typically adopt multiple circular strategies, with repair being
the most prevalent strategy across all sectors and adopted in every case analysed. How-
ever, the adoption of I4.0 technologies faces challenges such as scalability issues, digital
expertise shortages, and outdated infrastructure. Advanced adopters of I4.0 technologies
benefit from robust delivery systems supported by collaborative networks, which enhance
knowledge transfer and development among stakeholders.

Keywords: circular economy; Industry 4.0; manufacturing

1. Introduction

The circular economy (CE) and Industry 4.0 (I14.0) have gained attention in both
academic and industrial contexts as frameworks to address resource limitations, climate
change, and operational efficiency. CE proposes a shift from the traditional linear “take-
make-dispose” economy to a “cradle-to-cradle” model, emphasizing product lifecycle
extension through reuse, repair, remanufacturing, and refurbishment [1-3]. This transi-
tion decouples economic growth from resource depletion, creating opportunities for cost
reduction, revenue generation, and value creation [4].

14.0, defined by the integration of information and communication technologies (ICTs)
into manufacturing systems, enables real-time monitoring, performance optimization,
and informed decision-making [5]. While I4.0 enhances competitiveness and operational
efficiency [6], its implementation faces challenges such as skill shortages, financial con-
straints, and outdated infrastructure [7]. Effective adoption requires leadership support
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and knowledge-sharing networks involving research institutions [8]. However, studies
on I4.0 adoption patterns in manufacturing remain limited, particularly those providing
empirical evidence on implementation strategies [9].

The integration of CE and 14.0 offers additional opportunities for sustainable manufac-
turing. Digital technologies facilitate resource management, decision-making, and supply
chain efficiency, enabling the adoption of circular strategies [10,11]. Yet, research exploring
the interplay between CE and 14.0 remains scarce. Most studies lack empirical evidence
and fail to specify the technological contributions to CE implementation [12,13]. There is
insufficient analysis of the degree to which 14.0 technologies support circular strategies,
such as the 9R framework, or their impact on sustainability goals [14]. Furthermore, limited
attention has been given to developing practical roadmaps for 14.0 adoption in the context
of CE [13].

To address these gaps, this study investigates the adoption of the 9R circular economy
strategies within the manufacturing sector, with particular emphasis on reuse, repair,
refurbishment, and remanufacturing, due to their strong relevance in manufacturing
contexts, as suggested by [1]. Based on these objectives, the following research question
is posed:

RQ1: “How are the 9R circular economy strategies implemented in the manufactur-
ing industry?”

RQ2: “What are the primary challenges that the manufacturing industry encounters
when transitioning to a circular model?”

RQ3: “Which I4.0 technologies are employed by the manufacturing industry to miti-
gate the challenges related to the transition to a circular model and how can they contribute
to CE?”

For answering these questions, we employed a case studies approach, gathering data
from ten manufacturing organisations.

Findings indicate that organisations often adopt multiple circular strategies, with
repair being the most prevalent. Barriers to 14.0 adoption include scalability issues, lim-
ited expertise, and infrastructure gaps. Advanced adopters demonstrate robust delivery
systems supported by collaborative networks that enhance knowledge transfer among
stakeholders. The study suggests potential synergies between circular economy practices
and Industry 4.0 technologies, though the direction and nature of this relationship remain
under investigation. Organisations excelling in CE implementation often achieve similar
success in 14.0 adoption, underscoring their interdependence. Conversely, firms with lim-
ited CE adoption show minimal integration of 14.0 technologies. These findings emphasize
the need for transformative strategies over incremental changes to maximize the potential
of CE and 14.0 in achieving sustainability.

2. Research Methods

The in-depth literature review identified a research gap and guided the development of
the research protocol, following recommendations from [15,16]. A multiple-case approach
was adopted, selecting manufacturing companies undergoing the transition to a circular
model. Experts from these companies, who implement circular business models and use CE
approaches in product development, were interviewed to explore the technologies used to
address challenges in the transition. Figure 1 presents an overview of the research design.
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Figure 1. Research flow.

2.1. Literature Review and Research Protocol

The keyword searches relied on two databases: Web of Science and SCOPUS. Both
platforms provide structured metadata needed for bibliometric investigations [17]. SCOPUS
offers the most extensive coverage of peer-reviewed documents [18], while Web of Science
integrates journals listed in the Journal Citation Report (JCR) [17].

The search was carried out in August 2023, using keywords derived from the re-search
questions. Two sets of terms were combined: those related to Circular concepts and those
associated with Industry 4.0. In Web of Science, the query was applied under the “topic”
field, whereas in SCOPUS the same string was applied to “title, abstract, and keyword.”
After filtering for document type (articles and reviews), the datasets were 81 documents in
Web of Science and 44 in SCOPUS, respectively.

The two datasets were then merged in R Studio 4.2.1 to remove duplicates. This
step eliminated 41 repeated items, leaving 84 unique records. Titles and abstracts were
subsequently screened according to the exclusion criteria. In this process, 41 records were
removed, mainly due to sectors not related to manufacturing. The final sample used for
analysis comprised 43 articles.

The first step, literature review, helped in developing theory from case studies is
defining the research questions clearly [19,20]. Two conceptual frameworks were adopted:
the 9R Framework for CE [21] and the Industry 4.0 framework [9]. The CE framework was
chosen for its prominence in the literature, while the Industry 4.0 framework helped
structure questions on enabling technologies, categorizing them into base and front-
end technologies.

The second step involved creating the interview protocol, which included self-
generated questions based on the chosen frameworks, as well as questions adapted
from [22-25]. The protocol aimed to improve the reliability and validity of the case studies.
It was designed to capture interviewees’ perspectives without influencing their responses.
A semi-guided questionnaire was developed to explore digital technology adoption in the
circular economy transition and support the interviewer. The full interview protocol is
outlined in Appendix A.
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2.2. Case Selection and Data Gathering

Case study selection aimed to enhance understanding of circular economy integration
within products and the technologies used, while ensuring access to stakeholders and
relevant documents [16].

The first step was defining the case selection criteria. We have included this clarifica-
tion in the manuscript. A theoretical sampling technique was applied, selecting manufac-
turing companies based on two criteria: the company must operate in the manufacturing
sector and have implemented a CE project involving at least two of the following CE
strategies: reuse, repair, refurbishment, or remanufacturing. These four CE strategies were
chosen due to their strong relevance in manufacturing contexts, as suggested by [1,26].
While this criterion helped identify suitable cases, the analysis itself considered all 9R
strategies to ensure a comprehensive view.

The second step determined the sample size. The literature suggests an optimal
number of cases between four and ten. With more than ten, managing data complexity
becomes challenging; fewer than four can hinder theory development [19]. In this study,
each interview counted as a separate case, with 10 interviews conducted.

A standardized message and study briefing were prepared in English and German
for consistent outreach. Experts in the manufacturing sector were contacted through email
and LinkedIn, chosen for its effectiveness in locating professionals and companies fitting
the study criteria. The search used terms like “Circular Economy” and “Sustainability.”

The invitation phase ran from late August to early November 2023. Seventy-two
professionals were contacted (44 via LinkedIn and 28 via email). The response rate was
13.9%, with email outreach proving more successful (25%) compared to LinkedIn (6.8%).

The study involved 10 manufacturing companies from sectors such as electronics,
ICT, household goods, and furniture, with ten interviews with managers responsible for
sustainability, corporate social responsibility, or circular economy projects and initiatives.
Table 1 provides an overview of the organisations and interviewee profiles. Company
names were kept confidential.

Table 1. Companies and interviewee profiles.

Interviewee

ID Sector Core Product Organization Size Country Role Language
Electronics Large company (over United Sustainability .
ELECTRO1 and ICT Laptops 250 employees) Kingdom leadership English
Electronics Large company (over Corporate
ELECTRO2 and ICT Laptops 250 employees) Germany resporr;ibﬂlty English
. Corporate
Electronics Small company (10 to . .
ELECTRO3 and ICT Laptops 49 employees) Brazil responsibility Portuguese
role
. . . Specialized role
ELECTROA4 Electronics Drivetrainand = Large company (over Germany in Circular English
and ICT battery systems 250 employees)
Economy
Electroni LerlipnttO I;S/ Lar mpany (over Director
ELECTRO5 ectromes printers, ge company tove Brazil research Portuguese
and ICT cartridges and 250 employees) L
institute
toners
Fridges,
Household microwaves Large company (over Corporate
HOUSE1 . Sweden responsibility English
appliances and 250 employees) role

dishwashers
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Table 1. Cont.
ID Sector Core Product Organization Size Country Intells:) 11eewee Language
Washing .
Household machines Large company (over Project
HOUSE2 . . ’ Germany management English
appliances dishwashers 250 employees) role
and dryers
Office chairs,  Large company (over United Sustainability .
FURNIL tables, sofas 250 employees) Kingdom leadership English
Large company (over Specialized role
FURNI2 Mattress a8 pany Germany in Circular Portuguese
250 employees)
Economy
Scooter and
. . Small organization Academic .
PILOT mobile working (10 to 49 employees) Germany researcher English

hub

The case study, PILOT, is a pilot conducted in a learning factory at a university.
Five cases, ELECTRO1, ELECTRO2, ELECTRO3, ELECTRO4, and ELECTROS5, belong
to the electronic and ICT sector. Two cases, HOUSE1 and HOUSE2, are from the house-
hold appliances industry, while the other two cases, FURNI1 and FURNI2, are from the
furniture sector.

Interviews were conducted via video conference, and each interview lasted about
37 min, followed by transcription and coding of the scripts. Secondary sources, such as
company websites, were also consulted.

2.3. Data Analysis

The data analysis began with transcribing and coding the interviews. An intra-case
analysis followed, detailing the implementation of circular strategies, challenges faced, and
capabilities developed. After completing the intra-case analysis, a cross-case analysis was
performed across the 10 organisations. The goal of the cross-case analysis was to identify
similarities, differences, and patterns among the organisations. The results of these analyses
are presented in the following section.

3. Literature Review

This section reviews the literature on circular economy (CE) and examines how Indus-
try 4.0 technologies enable the adoption of the 9R circular economy strategies.

3.1. Circular Economy

The global economy has traditionally followed a linear model, originating during
the Industrial Revolution. This model, initially adopted for its cost-effectiveness in mass
production, improved the quality of life (Azevedo, 2015) [27]. However, the environmental
drawbacks of this approach, including the depletion of natural resources, have raised
concerns for future generations. In response, the need for a more sustainable model arose,
leading to the emergence of the circular economy (CE), a shift away from the linear process
of extraction, production, use, and disposal. CE advocates for a regenerative system,
emphasizing the reuse and value retention of materials and products (Deutz, 2020) [28].
The circular economy employs various strategies to optimize material use, minimize waste,
and maximize value. A central element in CE is the R-strategy framework, which focuses
on different approaches for achieving circularity. Although the precise number of strategies
remains debated in the academic community, this study adopts the 9R framework by [21],
as shown in Figure 2. This framework includes refuse (R0), rethink (R1), reduce (R2),
reuse (R3), repair (R4), refurbish (R5), remanufacture (R6), repurpose (R7), recycle (R8),
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and recover (R9). According to the framework proposed by [29], the strategies at the top
of Figure 2 (R0-R2) represent higher levels of circularity, whereas those closer to R8-R9
correspond to lower levels of circularity.
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Refuse function with a radically different product
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of product and Refurbish * Restore an old product and bring it up to date
Remanufacture * Use parts of discarded product in a new product with the same function
Repurpose * Use discarded product or its parts in a new product with a different function
Useful Recycle * Process materials to obtain the same (high grade) or lower (low grade) quality

Figure 2. 9R Framework (Adapted from [21,29,30]).

The R-strategies are categorized into three groups. The first group (R0-R2), which
includes refuse, rethink, and reduce, focuses on smarter product use and manufacturing,
aiming to eliminate waste early in the product life cycle [30]. Refuse addresses harmful
products, rethink encourages seeing waste as a resource, and reduce works towards raw
material efficiency.

The second group (R3-R7) includes reuse, repair, refurbish, remanufacture, and repur-
pose. These strategies extend product lifespans and maintain or enhance their value. These
strategies, however, require more external resources due to the need for reverse logistics,
market receptivity, and varied business models [30]. Reuse involves the second-hand use
of products or components, often in Product Service Systems (PSS), where products are
shared or leased rather than sold [31]. Repair restores a product to its functional state, while
Refurbish involves upgrading products by replacing worn parts [32]. Remanufacture goes
a step further by disassembling products and testing components to meet performance
standards [32]. Repurpose, in contrast, involves using discarded products or components
for entirely different purposes [30].

The final category (R8-R9) includes strategies with lower circularity potential. Recy-
cling involves processing materials into new or lower-quality materials, while Recovery,
the least preferred, involves incinerating waste for energy recovery. Recovery has environ-
mental downsides, as it destroys materials and competes with more circular strategies [30].

In our study, we place particular emphasis on Value-Retention Processes (VRPs) more
deeply integrated into manufacturing contexts, such as reuse, repair, refurbishment, or
remanufacturing [1,26]. Nonetheless, the analysis covers all nine R strategies to provide a
comprehensive perspective.

3.2. Enabling CE Through 14.0 Technologies

This study examines how specific Industry 4.0 technologies facilitate the adoption of
circular economy practices. Unlike previous studies that address the general interaction
between Industry 4.0 and the circular economy, this study focuses on the potential of
individual technologies to support specific circular economy strategies.
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14.0 Categories

A Sankey chart was created to visualize the relationship between circular economy
strategies and Industry 4.0 technologies, categorized according to the framework of [9]
(Figure 3). We adopted the framework proposed by [9] due to its wide acceptance in
both academic and policy communities, and its specific focus on the manufacturing sec-
tor. Figure 3 shows that remanufacturing was the most prevalent strategy, followed by
reuse. Previous studies on the impact of Industry 4.0 technologies on circular economy
practices often emphasize the strategies of reduction and recycling [33], but these were not
highlighted here due to the focus on value retention processes. The following subsections
explore the most valuable enabling technologies for each value retention process.

R2manufacture

Rzuse

Rzcycle

Rzduce

oty \, R=pair

Rzfurbishment

14.0 Technologies CE Strategies

Figure 3. Sankey chart—Enabling technologies and circular economy strategies. Note: Each color
represents a CE Strategy as follows: Orange: Remanufacture, Red: Reuse, Yellow: Recycle, Light
Green: Reduce, Green: Repair, and Blue: Refurbishment.

The content analysis of the surveyed literature allowed identifying enabling tech-
nologies for circular economy strategies. Table 2 presents a cross-analysis of these en-
abling technologies, based on the framework of [9], and their corresponding circular
economy strategies.
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Table 2. Enabling technologies for circular economy strategies.
14.0 Category Techlﬁflogy Reduce Reuse Repair Refurbishment Remanufacture Recycle
Cloud
2 Computing [22,28,34] [22,34,35] [34,36]
B
23 Internet of [37,38] [22,28,37,39—41] [37,42,43] [42] [13,22,35,37,39-47]  [36—40,42,47]
=M E Things
g Big Data and
L g Data an = ., A4 . ,
Analytics [13,38] [13,22,25,40,42] [42] [13,22,36,42—44,46] [13,40,42]
50 Building
£ 2 Information [28]
- D= :
:-g g _§ Modeling
m“g g Blockchain [48] [48] [48] [45,48]
=
SE RFID [38] [28,29] [29] [29,44] [38]
%D - Intelligent/
e 5% Autonomous [13] [33] [43] [33,43-45] [33]
g Q g Robots
FZ¢
g 2 Drones [45]
p=
o0 Artificial , /
g g Tntelligence [32,42] [42] [42,45] [36,42]
ET 8 :
85 Cyber Physical
) ug § Systems (28] [35,:36]
< B
igital Twins 42 3 3
=~ Digital Twi [43] [43] [43] [43]
50
£ Additive ,
- 2 Manufacturing [13,25] [13] [42,44] [42] [13,42,44,45] [13]
< O 8
EL
n E 1)
g = 3D Printing [49] [35,44-46] [22]
L Virtual Reality [13] [43] [35,44-46] [13]
==
S g
£ = Augmented
52 Reality [13] [44-46] [13]

3.2.1. Reuse Strategy

The literature highlights the crucial role of smart manufacturing technologies, particu-
larly traceability technologies, in supporting the reuse strategy within the circular economy.
A major challenge in reusing recovered building components is ensuring their quality and
performance. Digital technologies facilitate the identification, tracking, monitoring, and
management of building components, helping assess their physical suitability for reuse
and enabling additional services for quality and performance assurance [42].

The integration of physical objects with their digital counterparts, or “digital twins,”
via a data management system allows stakeholders to access and share lifecycle data for
informed decision-making [44]. Technologies such as RFID tags and Building Information
Modelling (BIM) enable designers to track components with unique IDs and incorporate
them into BIM models for new buildings. These models provide detailed data on the
physical and functional attributes of building components, including their state, function,
and behaviour under specific conditions [42].

Information stored on RFID tags, such as lifespan, ownership, and location, can be
linked to the BIM model as component attributes. This data can be securely stored on
a cloud-based server, and any changes to the components can be updated in real-time
through a bidirectional cyber—physical data exchange system. By integrating lifecycle
data, this approach enhances decision-making and supports effective asset management
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strategies to assess the reuse potential of building components, ensuring they meet the
required standards for reuse [42].

3.2.2. Repair Strategy

The repair strategy within the circular economy is enhanced by several Industry 4.0
technologies, including traceability, virtualisation, automation, and flexibility technologies.
Traceability tools, particularly blockchain, are essential for tracking products, components,
and materials throughout their lifecycle. Technologies that enable traceability, such as
blockchain, digital twins, or IoT, play a crucial role in repair operations by providing
detailed component histories to guide decision-making, supporting precise and efficient
repair strategies. Blockchain’s immutable ledger, combined with IoT sensors, provides
real-time updates on product status, aiding decision-making on repair or disposal [50].

Virtualisation technologies such as digital twins and artificial intelligence (AI) sup-
port repair processes by allowing manufacturers to create virtual models for simulations,
offering real-time status and degradation data that directly inform maintenance actions,
optimizing repair strategies in a risk-free environment [51]. Al assists with data-driven
decision-making, enabling more efficient repair assessments by capturing design and
process information, which improves consistency and product quality [45].

Automation technologies, like intelligent robots, facilitate equipment inspection and
diagnosis. These robots, equipped with sensors and Al, autonomously detect defects and
assist in automated repair processes, improving efficiency in disassembly and reassembly
and reducing environmental impacts [39].

Flexibility technologies such as additive manufacturing (AM) and 3D printing further
support repair by enabling the production of custom parts when traditional replacements
are impractical. AM allows for quick production of tailored parts, reducing tooling costs
and lead times and supporting complex repairs [46]. AM’s flexibility in repairing products
during their middle-of-life phase, particularly when combined with IoT, contributes to sus-
tainability, though ongoing research is evaluating its impact on end-of-life processing [43].

3.2.3. Refurbishment Strategy

The circular strategy of refurbishment is less correlated with Industry 4.0 technologies
compared to other value retention processes, primarily due to the overlap between refur-
bishment and remanufacturing practices. Manufacturers and customers often struggle to
distinguish between these two processes, as terms like “reconditioned,” “refurbished,” and
“recertified” are frequently used interchangeably with remanufacturing. This ambiguity
complicates the integration of Industry 4.0 technologies into refurbishment processes and
hampers the development of effective circular value retention strategies [35]. For [29],
refurbishment refers to the process of restoring a used product to good working condition
and updating it, while remanufacturing involves disassembling a discarded product and
using its functional components to build a new product with equivalent performance to a
newly manufactured one.

Research on refurbishment in the context of Industry 4.0 is limited [35], possibly over-
shadowed by studies focused on remanufacturing and broader Industry 4.0 topics due to
inconsistent terminology. Given the similarities between refurbishment and remanufac-
turing, future research is expected to clarify the role of Industry 4.0 in both processes and
improve understanding of value retention strategies.

Refurbishment aligns with base technologies like IoT, Big Data, and Al, as well as smart
manufacturing technologies such as additive manufacturing (AM). IoT enables real-time
monitoring across the supply chain, providing valuable insights into product condition and
performance, allowing for early detection of defects [46]. Big Data analytics complements
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IoT by processing data to identify patterns, predict maintenance needs, and recommend
interventions that reduce downtime. Al algorithms leverage insights from IoT and Big
Data to optimize resource use, recommending actions such as repair or refurbishment to
extend product lifecycles [46].

AM supports refurbishment by remanufacturing complex parts, particularly for end-
of-life products where traditional methods are ineffective. Al algorithms enhance AM
optimization, promoting resource efficiency and contributing to circular economy goals by
extending product lifecycles [46].

3.2.4. Remanufacture Strategy

Remanufacturing is the most frequently cited strategy in relation to enabling technolo-
gies within the circular economy, and it is strongly influenced by base technologies such
as IoT, Big Data, cloud computing, and Smart Working technologies. Despite its potential,
remanufacturing processes face challenges such as fluctuations in demand, supply, and the
value of used components, which create uncertainties in costs and returns on investment.
Discrepancies in information flow regarding the condition, availability, and location of
in-service assets exacerbate these issues [34].

IoT is highlighted as a key enabler in remanufacturing by facilitating real-time monitor-
ing, control, and tracking of product conditions throughout the remanufacturing cycle [9,52].
It strengthens connections between manufacturers, users, and remanufacturers, supporting
circular economy principles by reducing risks and enhancing resource circulation. By inte-
grating design specifications with performance data, IoT improves traceability, inventory
management, quality control, and regulatory compliance, thereby optimizing resource
allocation and ensuring the quality of remanufactured products [34].

Big Data and analytics further support remanufacturing by enabling data-driven
decision-making based on extensive datasets [53]. Big Data aids in identifying suitable
customers and improving customer satisfaction. It enhances strategic decisions in supply
chain management, cleaner production, and product lifecycle management. By mapping
relationships between disassembly attributes and real-time data, Big Data optimizes re-
manufacturing for greater efficiency and sustainability. However, challenges related to
standardization, security, and interface stability need to be addressed to fully leverage Big
Data in remanufacturing [43,46,54].

Cloud computing improves remanufacturing by enabling efficient data storage and
processing without the need for constant internet transmission, thus reducing costs associ-
ated with database investment. Cloud platforms store and retrieve product lifespan and
recycling data, which inform remanufacturing decisions [55]. Additionally, cloud services
enhance collaboration across supply chains by supporting continuous monitoring and
information sharing, offering both economic and environmental benefits [56].

Smart Working technologies, including virtual reality (VR) and augmented reality
(AR), offer further opportunities to transform remanufacturing. VR aids in disassembly
planning at the design stage, allowing designers to optimize disassembly sequences [54,55].
AR provides real-time guidance during remanufacturing tasks, streamlining disassembly,
inspection, and reassembly processes by delivering instructions and part diagrams directly
within the technician’s view. These technologies also enable virtual testing and validation
of remanufactured products, improving quality and reducing time-to-market. In workforce
training, VR and AR offer interactive simulations, allowing technicians to practice in a
risk-free environment [53].
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4. Case Studies
4.1. Circular Strategies Adoption
4.1.1. 9R Strategies Adoption

The literature outlines a hierarchy of the 9R strategies for achieving CE, with strate-
gies focused on smarter product use and manufacture (R0O-R2) being the most valuable,
followed by strategies extending product lifespan (R3-R7), and finally, strategies for the
useful application of materials (R8-R9) [21]. The organisations studied loosely follow this
hierarchy, with all implementing strategies related to product lifespan extension, while
fewer have adopted smarter product design and manufacture or useful material application
strategies, as shown in Table 3. From the 9R framework, the studied cases adopted between
a minimum of four and a maximum of eight circular economy strategies (see Table 3),
indicating that businesses often implement multiple approaches at once. Figure 4 shows
the adoption rates of the 9R Framework across the three sectors (electronics, household
appliances, furniture), compared to the pilot case.

Table 3. Overview of 9R CE strategies adoption by case.

CE Strategy ELEC ELEC ELEC ELEC ELEC HOU HOU FUR FUR PI n o) *
TRO1 TRO2 TRO3 TRO4 TRO5 SE1 SE2 NI1 NI2 LOT
Refuse (R0) X X 2 20%
Rethink (R1) X X X 3 30%
Reduce (R2) X X X X X X 6 60%
Reuse (R3) X X X X X X X X 8 80%
Repair (R4) X X X X X X X X X X 10 100%
Refurbish (R5) X X X X X X X X X 9 90%
Remanufacture (R6) X X X X X X X 7 70%
Repurpose (R7) X X X 3 30%
Recycle (R8) X X X X X X 6 60%
Recover (R9) 0 0%
Sharing systems (PSS) X 1 10%
Number of VRPs (R3-R6) 4 3 3 3 4 3 2 4 4 4
% of VRPs (R3-R6) ** 100%  75% 75% 75%  100%  75%  50%  100% 100%  100%
Total Rs CE strategies 6 4 4 5 6 5 4 5 7 8

% Rs CE strategies ***

60% 40% 40% 50% 60% 50% 40% 50% 70% 80%

Note: * % refers to adoption rate across the 10 case studies; ** % refers to the proportion of adopted Rs within
R3-R6; *** refers to the proportion of adopted CE Strategies.

Repair (R4) was used in all case studies, followed by refurbish (R5) in nine, reuse (R3)
in eight, and reduce (R2), remanufacture (R6), and recycle (R8) in six case studies each. This
sample emphasizes Value-Retention Process (VRP) strategies, meeting a key requirement
of the study. However, it deviates from the common trend in CE initiatives, which tend to
prioritize recycling over VRP strategies. Most initiatives continue to focus on optimizing
resource use incrementally rather than addressing the ongoing use of resources in total,
often neglecting upstream waste reduction strategies.

Additionally, refurbishment is more widely used than remanufacturing, maybe be-
cause it typically involves less technical complexity, lower costs, and fewer regulatory
requirements, making it more accessible for firms. Remanufacturing, by contrast, usually
requires more advanced infrastructure, technical validation, and standardized processes,
which may limit its adoption.

Figure 4 illustrates the adoption patterns of the 9R circular economy strategies across
the electronics and ICT, household appliances, and furniture sectors, revealing distinct
differences in circularity patterns. Among the sectors studied, the furniture industry
demonstrates the highest overall adoption of circular strategies, particularly in those
focused on product life extension such as repair (R4), refurbish (R5), and reuse (R3). This
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trend may be attributed to the inherent characteristics of furniture products, which are often
more durable, modular, and less technologically complex, making them more amenable
to refurbishment and component-level repairs. In contrast, the electronics and ICT sector
displays moderate engagement with CE strategies, adopting a wider range of Rs but with
less intensity. The adoption of remanufacturing (R6) and repair (R4) is notable in this
sector, likely due to the presence of valuable internal components and growing regulatory
pressure related to e-waste management. However, the technological complexity, frequent
model obsolescence, and data security concerns may hinder higher adoption rates of reuse
and refurbishment. On the other hand, the household appliances sector presents the lowest
overall circularity, with a strategy mix that favours reduce (R2) and recycle (R8) rather
than repair or remanufacturing. This may reflect structural and design constraints, where
appliances are built for efficiency and compactness but not necessarily for disassembly
or component reuse. These results suggest that sector-specific product characteristics,
technological complexity, and consumer expectations significantly shape the adoption of
CE strategies, highlighting the need for tailored policy and business approaches to foster
circularity in different manufacturing contexts.
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Figure 4. 9R strategy adoption per industry sector.

4.1.2. VRP Adoption

Figure 5 presents three elements related to the adoption of value retention processes
(VRPs). The Venn diagram at the top shows how organisations adopt reuse (R3), repair
(R4), refurbish (R5), and remanufacture (R6) strategies. The overlaps indicate cases where
firms combine two or more strategies. For example, cases E1, E5, F1, and P appear at the
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intersection of all four strategies. The bar chart on the lower left reports the number of
cases for each VRP strategy. Repair (R4) appears in ten cases, refurbish (R5) in nine, reuse
(R3) in eight, and remanufacture (R6) in seven. The bar chart on the lower right shows
how many strategies each organisation adopted. No firm adopted only one strategy, one
firm adopted two strategies, five firms adopted three strategies, and four firms adopted
four strategies. The average number of strategies adopted equals 3.3.

VRP Adoption
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Figure 5. VRP adoption in the case studies.

Figure 6 illustrates the adoption rates of four circular economy strategies—reuse (R3),
repair (R4), refurbish (R5), and remanufacture (R6), collectively referred to as VRPs—across
the pilot case and the three industrial sectors: electronics, household appliances, and furni-
ture. The pilot case stands out as the most advanced in terms of circularity, demonstrating
a 100% adoption rate across all four VRPs. The electronics sector follows, with relatively
high adoption rates, particularly for repair (R4). In contrast, the furniture sector exhibits
a different adoption profile. While repair (R4) and refurbish (R5) show strong implemen-
tation, remanufacturing (R6) is less prevalent. Finally, the household appliances sector
demonstrates the lowest adoption rates, particularly showing no implementation of reman-
ufacturing (R6). This can be explained by several barriers, such as the lower economic value
of individual appliances, the difficulty of disassembly and reassembly due to integrated
design, and the absence of dedicated infrastructure for remanufacturing. Furthermore,
safety and regulatory concerns in dealing with refurbished electrical components may also
deter remanufacturing efforts in this sector.

Overall, the figure highlights how sector-specific constraints, including product com-
plexity, standardization levels, and economic feasibility, influence the strategic choices
companies make regarding circular value retention. It underscores the importance of
tailoring circular economy initiatives to the technological, logistical, and economic realities
of each industry.
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Figure 6. VRP adoption rate by industry sector.

4.1.3. Challenges in Circular Economy Implementation

This section examines the main challenges faced by organisations in implementing
circular economy (CE) strategies, based on the framework provided by [22-24]. Table 4
presents the challenges faced by companies when adopting circular economy approaches,
grouped into categories. The PILOT case was excluded from this analysis because it
represents a university rather than a company. Two categories were mentioned by all
cases. In “product characteristics and process challenges” category, 100% reported “lack
of knowledge and expertise”, and in “standards and regulations” category, all nine firms
cited “lack of standards”.

Table 4. Challenges faced in the CE implementation by case studies.

= o o <t n
@) o o o @] = ) — N
[ [ [ [ [ ) v E E
Category Challenge Description b b b [C) 5 2 2 ¢ n %*
= = 23| 53| g 9 © b5 -]
e < =« = ST =2
m 53] 53] 73 73
Companies implementing circular
economy approaches may
Lack of encounter challenges related to a
knowledge lack of expertise, as current X X X X X X X X X 9 100%
expertise professionals may not yet possess

the necessary knowledge of
circular practices.

Companies adopting CE
approaches may face challenges
due to novelty of materials that
are used in circular designs,

because they will require new
procedures and tools. The X X X X X X 6 67%

abundance of different devices
may present challenges for

remanufacturers and refurbishers

alike, as each device has its own

unique set of specifications.

Product
complexity

Product characteristics and processes challenges
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Table 4. Cont.

Category

Challenge

Description

ELECTRO1

ELECTRO2

ELECTRO3

ELECTRO4

ELECTRO5

HOUSE1

HOUSE2

FURNI1

FURNI2

0/0 *

OEM product
design

Companies adopting CE
approaches may encounter
challenges in disassembling their
products. These difficulties arise
from the original equipment
manufacturer’s failure to consider
repair and reuse during the
design phase, as well as the use of
non-replaceable parts in the
product.

22%

Standards and regulations

Lack of
standards

Companies adopting CE
approaches may face problems
related to lack of standards in
processes, materials and activities.

100%

Measures,
metrics,
indicators

Companies adopting CE
approaches may encounter
challenges with regard to
indicators. This is because
existing indicators were
developed around the concept of
a linear economy, with the aim of
maximising throughput. CE
requires a shift away from purely
volume-driven economic
perspective to a more
comprehensive one,
encompassing economic,
environmental and social
dimensions.

33%

OEM control

Companies adopting CE
approaches can face challenges
because original equipment
manufacturers have a strong
influence on policy and
legislation, which can make CE
adoption difficult.

33%

Taxation and
incentives

Companies adopting CE
approaches may face difficulties
in taxation systems, since the
existing taxation policies,
incentives, and systems are
aligned with traditional or linear
models and do not take into
account CE adoption.

11%

Supply chain
management standards

Return flows
uncertainty

Companies adopting CE
approaches may encounter
challenges regarding the
uncertainty of the quantity, mix,
quality, timing, and location of
returns for end-of-use products.
This uncertainty can decrease the
likelihood of achieving economic
scale and result in complications
with capacity planning.

44%
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Table 4. Cont.

Category

Challenge Description

ELECTRO1
ELECTRO2
ELECTRO3
ELECTRO4
ELECTRO5

HOUSE1

HOUSE2

FURNI1

FURNI2

Companies adopting CE
approaches may face higher
Transportation  transportation activities and costs
and if they need to send all of their X
Infrastructure  products back to producers or to
firms that perform refurbishing
and remanufacturing.

3 33%

Companies adopting CE
Availability of approaches usually experience
suitable supply  difficulty in finding appropriate X X
chain partners supply chain partners with
appropriate skills.

3 33%

Technology

Companies adopting CE
approaches may face challenges
Product because products designed for
technology long life would not be able to X X
improvement participate in continuous
technology improvement
processes.

2 22%

Companies adopting CE
approaches may have heightened
concerns about data security and

Data privacy privacy issues when a device has
and security ~ previously been used by someone
else. To address this, appropriate
data-clear activities should be
developed.

3  33%

Economic viability

Companies adopting CE
approaches may face challenges
in demonstrating to top
management that CE adoption
can be economically viable and
lead to a competitive advantage
in the future, as the degree of
novelty can be seen as a high
financial risk for top management
teams.

Financial risk

4 44%

User behaviour challenges

Companies adopting CE
approaches may encounter
challenges due to current
customer behaviour patterns that
heavily rely on a linear
perspective. It is necessary to
Customer address this issue by
behaviour implementing strategies that X X X
change promote a circular approach to
consumption. Promoting
sustainable consumption patterns
and CE-centered consumer
behaviour is crucial for
implementing the concept of CE
in practice.

3  33%
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Category Challenge Description b B 5 B [C') 8 8 - n %*
= 2 03 8 8 8 8 2 2
(I T T T
Companies adopting CE
approaches may face challenges
because some customers may
decline to purchase second-hand
User’s products due to status or fashion
willingness to design reasons, or because they X X 2 22%
buy perceive them as less reliable or

second-rate. This decreases the

market size for refurbished and
remanufactured products in

comparison to brand new ones.

Organisation resistance

Cultural issues
(linear
mindset)

Companies adopting CE

approaches may face challenges

because of internal resistance to
change, particularly as prevailing

linear mindsets and structures in X X X 3 33%
industries persist, which creates
limited awareness and
commitment from both top
management and employees.

Market and competition

Unauthorized
distribution
channels

Companies that adopt Circular
Economy (CE) approaches may
encounter obstacles due to
unauthorised distribution
channels. This may occur because
such markets offer significantly
lower prices, which presents a
substantial challenge to the
implementation of CE approaches
by companies that are unable to
compete with lower grey
market prices.

X 1 11%

Note: * % denotes the adoption rate across the nine case studies (excluding the pilot case).

The most frequently encountered challenges were related to product characteristics
and processes, as shown in Table 4. The “lack of knowledge expertise” was a common issue
across all case studies, as many organisations initially lacked professionals with circular
economy expertise. To address this, research and training were necessary. Six enterprises
highlighted difficulties with product complexity, as new procedures and tools were required
to implement CE strategies. The presence of various devices also posed challenges for
refurbishers and remanufacturers. ELECTRO1, ELECTRO2, and ELECTRO3 reported this
issue, while ELECTRO1 and ELECTRO?2 also noted challenges related to OEM product
design, where original equipment manufacturers typically do not consider repair or reuse
during the design phase, making disassembly difficult for circular business models.

The second most common group of challenges related to standards and regulations.
All organisations mentioned the lack of standards for processes, materials, and activities
as a barrier to CE implementation. Some companies noted the absence of appropriate
indicators and metrics for circularity, as existing ones were designed with a linear economy
focus, emphasizing throughput and sales. CE requires a shift towards a more holistic
perspective, incorporating economic, environmental, and social dimensions. Additionally,
political influence from OEMs was reported as a barrier, potentially hindering the transition
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to a more circular economy. One case study mentioned the absence of taxation, incentive
policies, and relevant legislation, which further complicated their efforts, particularly for
small companies that lacked evidence of their quality and commitment processes.

Supply chain management standards also presented challenges, especially concerning
return flows. Circular business models often introduce uncertainty about the quantity,
quality, timing, and location of returned products, affecting economic scalability and
capacity planning. ELECTRO4 identified the uncertainty of returned product volumes
as a significant issue, which also impacts technology assessment. Transportation and
infrastructure challenges were particularly pertinent for remanufacturers and refurbishers,
who experience higher transportation needs due to reverse logistics flows. The availability
of suitable supply chain partners was another obstacle. The FURNI2 case study highlighted
reverse logistics challenges, particularly in the furniture sector, where large and expensive-
to-transport goods further complicated circular economy initiatives. Additionally, a limited
number of transportation partners willing to engage in reverse logistics made it harder for
companies to implement circular strategies.

Table 4 also outlines the challenges identified in the case study sample, focusing on
technological, user behaviour, and market-related obstacles. Technological challenges were
particularly prominent in the electronics and ICT sectors, which are heavily affected by
rapid technological advancements. One key issue is that products designed for long-term
use may struggle to keep pace with ongoing technological improvements. The ELECTRO1
case highlighted that technology updates from major tech companies may not be compatible
with older devices, creating difficulties for remanufacturing and refurbishing companies
that cannot update these devices to align with new technologies.

Another significant technological challenge is data privacy and security, particularly
in the electronics industry. Users are often reluctant to return used devices due to concerns
about personal data being compromised. To address this, companies handling end-of-use
devices must implement specific data-clearing procedures. ELECTRO2 developed a data
erasure software in collaboration with another company, allowing the secure deletion of
data from devices before they are refurbished or remanufactured.

A major hurdle for many organisations is convincing top management that adopting
circular economy (CE) practices is economically viable and offers a competitive advantage.
The novelty of CE can be seen as a financial risk, especially for large companies in the
household appliance sector. These companies, which typically operate in a linear manufac-
turing model, faced difficulties in persuading management of the feasibility and long-term
benefits of CE initiatives.

Challenges related to user behaviour also emerged, particularly in shifting customer
mindsets from a linear to a circular economy approach. Customers often resist purchasing
second-hand products due to perceptions of lower quality or outdated designs, or for rea-
sons related to status and fashion. The ELECTROL1 case study emphasized the importance
of educational campaigns to raise awareness and challenge the perception that remanu-
factured devices are inferior to new ones. Additionally, industries with entrenched linear
mindsets often experience limited awareness and commitment from both management and
employees, complicating the adoption of CE strategies.

Finally, challenges related to market and competition arise due to unauthorized dis-
tribution channels. Grey markets, which offer products at significantly lower prices, pose
a substantial threat to CE efforts. Companies like ELECTRO3, which focus on circular
practices, struggle to compete with these lower-priced alternatives, hindering the imple-
mentation of their CE initiatives.
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4.2. Enabling Technologies to CE Adoption

This section explores the implementation of Industry 4.0 technologies within the
circular economy context, as well as their application in other manufacturing settings,
according to the framework outlined by [9]. The study uses technology radars, which
visualize technology adoption by combining technologies with ring assessment results.
This method provides valuable insights into the most significant industry trends [57,58].

Table 5 organises the adoption of Industry 4.0 technologies in the case studies, using
categories defined in the ring assessment and the framework from the literature review.
The analysis also incorporates evidence from the intra-case study results. Within each
category, the technologies appear in a sequence of increasing complexity, following the
recommendation of [9]. The study identifies four categories of technological adoption:
ADOPT, TRIAL, ASSESS, and HOLD. ADOPT refers to technologies that have already been
implemented within the circular economy context. TRIAL encompasses technologies that
have been successfully implemented in other contexts unrelated to the circular economy,
or those that are planned for adoption within the circular economy in the future. ASSESS
refers to technologies that are considered promising, with clear potential to add value to
the organisation. Organisations classify technologies under HOLD when they decide not
to recommend them for new projects, since these options do not justify investment. Other
technologies remain at the stage of research and prototyping, without plans for adoption
in the circular economy. According to [9], the level of complexity in base technologies
increases in the sequence of cloud computing, IoT, big data, and analytics. The analysed
cases only partially reflected this order. Six organisations adopted cloud computing and
analytics, five adopted big data, and three adopted IoT, which appeared as the least used
technology in the sample.

Table 5. Technology radar.

8 & 8 & ¢ gz o
g E 2 E E & B z 2 5 %
14.0 Category 1D Technology 5 6 6 b B 2 2 & & =3 n |
Zom o m o m =8 92 9 2 B2 E
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B1 Cloud Computing | X X x [N X X X 6 60%
Base technologies B2 IoT X X - X 3 30%
B3 Big Data X X X X X 5 50%
B4 Analytics X X X X X X 6  60%
Total 3 0 3 1 4 0 1 1 3 4
Yo ** 75% 0%  75% 25% 100% 0%  25% 25% 75% 100%
Enterprise Resource 0
M1 Planning (ERP) XXX 3 30%
Vertical Customer
Intee r:silon M2 Relationship X 1 10%
& Management (CRM)
Materials
M3 Requirements X 1 10%
Planning (MRP)
Building Information o
Mé Modeling (BIM) X 1 10%
Traceability M5 Blockchain - - X 1 10%
Smart M6 Radio Frequency X 1 10%

Identification (RFID)




Systems 2025, 13, 865 20 of 32
Table 5. Cont.
S 8§ 83 & ¢ g &
g 2B 2 B & 5 » z 2 5 %
14.0 Category 1D Technology 5 5 5 B 5 8 8 % g = n *
H H 4 4 o4 T oz B OR A
TR = B = TR
Manufacturing M7 Robots - X 1 10%
. Automated Guided o
Automation M8 Vehicle (AGV) X 1 10%
M9 Automated picking X 1 10%
systems
M10 Artificial Intelligence X X > 20%
(AD)
Virtualization ~ M11 Digital worker . X - 1 10%
assistance system
M12 Virtual simulation of % X 2 20%
processes
Additive
Flexibility M13 manufacturing—3D X X 2 20%
Printing
Computer-aided N
M14 design (CAD) X X 2 20%
Total 2 1 1 0 4 0 0 3 1 8
Yo ** 14% 7% 7% 0% 29% 0% 0% 21% 7% 57%
s1 Digital platfprms with X % X 3 30%
) suppliers
Smart Supply Chain
s Digital platforms with X X 2 20%
customers
Total 1 1 0 1 0 0 1 0 0 1
Yo ** 50% 25% 0% 25% 0% 0% 25% 0% 0% 25%
W1 Collaborative robots X 1 10%
Smart Working Virtual Reality (VR)
W2 and Augmented X X 0 0%
reality
Total 0 0 0 0 1 0 0 0 0 2
%o ** 0% 0% 0% 0% 25% 0% 0% 0% 0% 50%

Note 1: * % refers to adoption rate across the 10 case studies; ** % refers to the proportion of adopted technologies
within each 4.0 category, Note 2: Only technologies marked in green (ADOPT) are counted. Green: ADOPT,
Orange: TRIAL, Brown: ASSESS, Red: HOLD.

Table 5 highlights how a range of Industry 4.0 (I4.0) technologies are being adopted
across different case studies and how these adoptions can influence the circular econ-
omy (CE). Base technologies such as cloud computing, IoT, Big Data, and analytics are
foundational for enabling real-time monitoring, predictive maintenance, and resource
optimization, all of which are essential for extending product life cycles and supporting
reuse, repair, refurbishment, and remanufacturing. Vertical integration tools like ERP, CRM,
and MRP facilitate better coordination across the supply chain, ensuring that material flows
are optimized and waste is minimized. Traceability solutions, including blockchain and
RFID, are crucial for verifying the origin and condition of components, thus enabling safe
reuse and compliant remanufacturing. Smart manufacturing and automation technologies
such as Al robotics, and virtual simulations enhance production flexibility and efficiency,
reducing scrap and energy use. Smart supply chain platforms improve collaboration with
suppliers and customers, aligning logistics with circular goals. Finally, Smart Working
tools like collaborative robots and VR/AR can support worker training and safe handling
of refurbished or remanufactured components. Together, these technologies illustrate the
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interdependence between 14.0 and CE, where digital and automation capabilities provide
the intelligence, connectivity, and flexibility needed to close material loops and increase
overall system circularity.

Figure 7 shows the adoption rate of base technologies by industry sector, including
electronics, household appliances, furniture, and the pilot case. The base technologies
represented are cloud computing, IoT, big data, and analytics. The pilot case reached full
adoption across all four technologies. In electronics, use focused more on analytics, followed
by cloud computing and big data, with IoT less frequent. Furniture firms concentrated
on cloud computing, with limited use of big data and analytics, and no adoption of IoT.
Household appliances reported only IoT.

BASE TECHNOLOGIES ADOPTION RATE
BY INDUSTRY SECTOR

Electronics +-+«@ -+ Household appliances  :+-®-- Furniture  ---@-- Pilot

loT
100% _®.,
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Figure 7. Base technologies” adoption rate by industry sector.

When comparing the adoption of Smart Manufacturing technologies across the case
studies, the pilot case study demonstrates the highest implementation, having adopted
technologies from all categories of Smart Manufacturing. The electronics and furniture
sectors show intermediate levels of adoption. The electronics sector has integrated some
vertical integration tools, trialled automation, and is assessing traceability and virtualisation
technologies. The furniture sector, in comparison, has adopted more complex categories
of Smart Manufacturing, such as flexibility technologies, and is also evaluating virtuali-
sation tools. However, the electronics sector has displayed more resistance to adoption,
particularly with artificial intelligence (AI), which one case study classified as a “HOLD”
technology due to concerns about its high risk and lack of trust.

The household appliances sector shows the lowest adoption of Smart Manufacturing
technologies, as it has yet to fully implement any of the tools and is only evaluating vertical
integration and traceability, with resistance to automation and virtualisation. This can be
attributed to the incremental nature of circular solutions in this sector, which do not demand
advanced technologies. It is also noticeable that the Smart Manufacturing adoption patterns
in these sectors generally follow the Industry 4.0 (14.0) adoption patterns proposed by [9].
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Vertical integration tools are the most widely adopted category, followed by flexibility
technologies and traceability tools.

Regarding base technologies, the study finds a correlation between the adoption
of advanced Smart Manufacturing technologies and the presence of base technologies,
as suggested by [9]. The pilot case shows the highest adoption of base technologies,
followed by the furniture and electronics sectors, and the household appliances sector
with the least adoption. Contrary to [9]'s suggested 14.0 adoption pattern, where IoT,
cloud computing, Big Data, and analytics are ranked by implementation complexity, cloud
computing and analytics were the most frequently adopted technologies in the case studies,
with five implementations each. Big Data was adopted in four instances, while IoT was
adopted in only two.

Digital platforms with suppliers appear more frequently than platforms with cus-
tomers, which indicates their role as an initial step towards horizontal integration, con-
sistent with the complexity patterns discussed in [9]. The electronics sector shows the
broadest use, as firms adopted platforms with both suppliers and customers. In the house-
hold appliances sector, servitization models created the need for platforms that collect
data on product use. The furniture sector did not report adoption of Smart Supply Chain
technologies in the circular economy context. The pilot case introduced supplier platforms
only, since customer interactions were not part of its scope.

For Smart Working technologies, only the pilot case has implemented them, while the
electronics industry remains in the trial phase. This aligns with the findings of [9], who
observed that advanced I4.0 adopters, like the pilot case, are more likely to implement such
tools compared to intermediate or lower adopters.

The comparison of circular economy strategies, base technologies, and Smart Manu-
facturing shows that the pilot case leads in adoption, followed by the furniture sector, then
electronics, and finally household appliances. The cases indicate that greater application
of circular economy principles occurs in conjunction with the adoption of advanced base
technologies and Smart Manufacturing practices. Additionally, the use of base technologies
appears to support the implementation of Smart Manufacturing technologies, as proposed
by [9], as both types of technologies show similar adoption patterns across industries. How-
ever, the adoption of Smart Supply Chain and Smart Working technologies does not follow
the same trend. The pilot case, being the most advanced adopter, leads all technology
categories, except for Smart Supply Chain, as it lacks customer interactions and thus does
not require platforms for customers.

4.3. Barriers to 14.0 Adoption in Circular Business Models

Despite the progress of Industry 4.0 (I4.0) technologies in linear production lines, many
industries remain hesitant to implement them within circular business models (CBMs)
due to the additional challenges these models impose [59]. Table 6 outlines the primary
barriers identified in the case studies, with the pilot case excluded from the analysis as it is
a university rather than a company.

The most common barrier identified across the case studies was the limited scalability
of CBMs compared to traditional linear business models. This limitation stems from the
novelty of CBMs, creating uncertainty around the availability of technical and financial
resources. The lack of scalability in I4.0 may also be attributed to poor technology imple-
mentation [59]. The FURNI2 case study highlights this challenge, with the interviewee
noting that limited resources hinder the scalability of CE initiatives, thereby restricting the
implementation of new technologies.
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Table 6. Barriers of 14.0 adoption for CE by case.

Barrier

Description

ELECTRO1

ELECTRO2

ELECTRO3

ELECTRO4

ELECTRO5

HOUSE1

HOUSE2

FURNI1

FURNI2

0/03(-

Limited
scalability

Companies adopting CE
approaches may have a barrier
against 14.0 adoption due to the

limited scalability in their business
models, since usually there is an
insecurity about technical and
financial resources available.
Another possible cause for limited
scalability may be the insufficient
progress in technology towards
Industry 4.0 application.

89%

Lack of
roadmap for
successful
implementation
of Industry 4.0

Companies adopting CE
approaches may not have a
well-defined strategy for 14.0
implementation, which could be
an obstacle for its adoption.
Organisations require a strategy
that comprehends the principles
and fundamentals of Industry 4.0,
taking into account necessary
technological and financial
resources.

78%

Difficulty and
complexity in
changing
organisational
culture

Companies adopting CE
approaches may have a barrier
against [4.0 implementation due to
the difficulty in changing the
organisation structure.
Organisations often focus on
short-term goals that demand
quick results, which can limit the
implementation of new policies
and hinder changes to their
workflow. There is a need for
organisations to come up with the
change in policies or define a new
set of guidelines and also would
need to develop a better
understanding within themselves
so that it would create an effective
change in Industry 4.0
implementation.

67%

Lack of
knowledge
expertise and
awareness on
digital
technology
implementation

Companies adopting CE
approaches need proactive plans
to implement digitisation across all
organisational hierarchies in the
supply chain. There is also a lack
of standard tools and business
models, which poses a challenge to
the adoption of Industry 4.0. Some
companies do not have the basic
principles of 14.0 and therefore do
not realise the benefits of
implementing it.

56%
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Table 6. Cont.

Barrier

Description

ELECTRO1
ELECTRO2
ELECTRO3
ELECTRO4
ELECTRO5
HOUSE1
HOUSE2
FURNI1
FURNI2

% *

Immaturity of
technology

Companies adopting CE
approaches may have a barrier
against 4.0 adoption due to lack of
development in technology. It is
often challenging to implement
Industry 4.0 technology on a large
scale, and a significant number of

organisations have not yet X X X X
upgraded to the latest
technologies. Additionally, some
industries remain unaware of the
latest tools, which have indirectly
contributed to security challenges
and a negative perception of
technology.

44%

Lack of
infrastructure

Companies adopting CE
approaches may not possess an
up-to-date system infrastructure
necessary to handle and
incorporate diverse components or
devices. The absence of a
well-developed infrastructure
plays an important role in enabling
the implementation of 14.0, as it
would be challenging to interface
different components in the
system without it, thereby
impeding interaction with the
physical world.

22%

Dependent on
3rd party
technology
providers

Companies that adopt CE
approaches may encounter
obstacles in adopting 14.0 due to
the current lack of equipped IT
resources and infrastructure with
the latest technologies.
Consequently, these organisations
highly depend on third-party
technology firms to implement
14.0.

22%

Disruption to
existing jobs

Companies adopting CE
approaches may hinder the
implementation of Industry 4.0
due to employee fears of losing
their jobs. Potential reasons for job
insecurity and disruption may
include insufficient consideration
of sustainability and failure to
adapt to the needs of the supply
chain.

22%

Total 3 7 7 1 0 4 4 4 6
% 38% 88% 88% 13% 0% 50% 50% 50% 75%

Note: * % denotes the adoption rate across the nine case studies (excluding the pilot case).
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Another significant barrier, observed in seven of the eight case studies, is the lack of a
consistent roadmap for implementing 14.0 technologies. Without effective planning, which
must account for both technical and financial considerations [60], successful implementa-
tion becomes highly unlikely. The ELECTRO4 case stands out for its strategic approach,
which includes partnerships with universities to leverage their technical expertise.

In six out of eight organisations, a barrier was the complexity of changing organisa-
tional culture. The focus on short-term goals, which demand quick results, often impedes
the adoption of new policies and the alteration of workflows [61]. For example, in the
FURNIZ2 case, the interviewee noted that CE initiatives were deprioritised because they
were associated with long-term goals, while in FURNII, senior management initially re-
sisted establishing targets for remanufactured products due to a lack of conviction in the
value of CE initiatives.

The lack of knowledge expertise and awareness of digital technology implementation
was also a common barrier. Some organisations lack comprehensive plans for digitalisation
across their supply chains, and there are few standard tools available for 4.0 adoption,
which complicates the process [62]. This issue was highlighted in the ELECTRO2 and
ELECTRO3 case studies, where interviewees displayed limited knowledge of 14.0 adoption,
suggesting a lack of awareness in their organisations regarding the implementation of these
technologies. Similarly, in the HOUSE2 case, the absence of standards for CE solutions
hindered the adoption of standard tools for these initiatives.

Industries progress at different rates in the adoption of I4.0 technologies. The house-
hold appliances sector has integrated these tools more consistently in linear production
lines, while firms in the furniture sector reported difficulties in applying automation and
virtualisation because manufacturing relies heavily on manual processes. Limited tech-
nological development also constrains adoption on a larger scale. Many organisations
continue to use outdated systems, and in some sectors, awareness of technological advances
remains low. These conditions may generate security concerns and reinforce negative per-
ceptions of new technologies [63].

A further barrier is the lack of infrastructure. Some organisations do not have the
updated system infrastructure necessary to integrate diverse components or devices, which
is essential for enabling 14.0 [64]. The ELECTRO3 and FURNI2 case studies face challenges
due to their limited financial and technical resources to update their infrastructure.

Additionally, in two case studies, the high dependence on third-party technology
providers posed an obstacle. These companies lacked the internal IT resources and in-
frastructure to develop technologies in-house, which led them to hire external companies
for technology development [65]. This was particularly evident in the ELECTRO2 and
ELECTROS3 case studies.

Finally, the introduction of 14.0 technologies has raised concerns about job losses, as
reported by [37]. This fear, stemming from a lack of awareness about sustainability and
the failure to adapt to the needs of the supply chain, has led to resistance to 14.0 adoption
in some organisations [66]. In the ELECTRO1 and ELECTRO2 case studies, respondents
expressed concerns about job insecurity as a result of new technology implementation.

5. Discussion

This study provides a comprehensive investigation into the integration of Industry
4.0 (I4.0) technologies to facilitate the transition to a circular economy (CE) within the
manufacturing industry. The findings, drawn from both theoretical insights and empirical
evidence, address the adoption of CE strategies, the challenges encountered during this
transition, and the enabling role of 14.0 technologies.
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5.1. Implications for Theory

Studies on Industry 4.0 (14.0) and the circular economy often remain at a conceptual
level or lack empirical validation [12]. This research expands the discussion in two di-
rections. It investigates the ways in which firms integrate 14.0 technologies into their 9R
strategies, addressing a gap recognised in earlier work [12]. It also examines how particular
14.0 technologies contribute to each stage of the 9R framework, with a focus on strategies
that extend product lifespans [13].

Evidence from the cases indicates that manufacturing firms employ multiple circular
economy practices. Repair, refurbishment, and reuse appear most frequently, alongside
remanufacturing, while recycling is less emphasised because it takes place at the end of
a product’s use. This pattern reflects a preference for value retention processes (VRPs),
which aim to maintain materials and products in circulation. In contrast to much of the
literature that highlights recycling, the cases examined here demonstrate stronger adoption
of practices that extend product lifecycles and improve resource retention [30].

The study also highlights the varying stages of CE adoption within the manufacturing
sector. Companies such as ELECTRO1 and PILOT show advanced integration of CE
principles, demonstrating robust strategies for extending product lifecycles through reuse,
repair, and remanufacturing. In contrast, organisations like HOUSE2 and ELECTRO2
face challenges in implementing these strategies due to resource limitations and strategic
prioritization issues, reflecting the phased nature of CE adoption in the industry.

Secondly, the research identifies several significant barriers to the adoption of I14.0 in
circular business models, consistent with the literature [8]. These include limited scalability
of circular models, uncertainty due to 14.0’s novelty, lack of awareness, and a digital skills
gap. Outdated infrastructure further hampers adoption. The main challenge faced by the
organisations is related to product characteristics and process complexities, such as the lack
of knowledge in circular practices and high product complexity due to new procedures and
tools. Other barriers include the lack of standards and regulations, supply chain manage-
ment challenges, and technology-related issues like keeping up with constant technological
advancements and data security concerns. Additionally, consumer behaviour poses a
challenge, as customers often prefer new products over second-hand ones. Resistance to
CE initiatives may also arise due to a dominant linear mindset.

The study reveals the contrasting experiences of advanced adopters like ELECTRO5
and ELECTROL1 and early-stage participants like HOUSE2 and ELECTRO2. While ad-
vanced adopters focus on integrating circular practices within existing frameworks, early-
stage participants face foundational barriers, such as technology gaps and insufficient
managerial support. Regardless of their stage, all companies recognize the need to invest
in technology and employee training to overcome these barriers and foster innovation for a
successful transition to a circular economy.

The third research question examines how Industry 4.0 (I4.0) technologies interact
with the transition to a circular economy (CE). Both the literature and the case evidence
indicate that CE and 14.0 shape sustainable production and operational practices. The
analysis highlights base technologies together with front-end applications such as Smart
Manufacturing, Smart Products, Smart Supply Chains, and Smart Working. These tools
strengthen supply chain visibility and help firms respond to uncertainty and low respon-
siveness [8]. The cases show higher adoption of cloud computing and analytics, moderate
use of big data, and more limited application of IoT, which partially reflects the increasing
complexity model for base technologies proposed in [9].

The evidence also suggests that firms investing in advanced technologies engage more
deeply with circular strategies. Yet meaningful advances in CE demand structural changes
in processes and strategies rather than incremental adjustments. Integrating I4.0 with
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CE principles generates implications for theory by emphasising the role of technological
development in sustainable production and operations. The cases point to synergies
between CE and 14.0 technologies, although the precise direction and dynamics of this
relationship remain open for further investigation [10,25].

5.2. Implications for Practice

The study offers valuable practical insights for manufacturing firms seeking to align
their CE and 14.0 strategies. It demonstrates that leveraging advanced 14.0 technologies—
such as cloud computing, Big Data, IoT, Al, and blockchain—can enhance operational
efficiency, reduce waste, and improve resource utilization. These technologies enable
greater visibility across supply chains, facilitate circular practices, and support smart
manufacturing processes.

Empirical findings indicate that organisations implementing a wide range of 14.0
technologies, such as PILOT and ELECTROS, serve as benchmarks, illustrating the benefits
of integrating digital transformation with circular strategies. Conversely, firms face foun-
dational challenges, such as technological gaps, outdated infrastructure, and resistance to
change, highlighting the importance of strategic planning and capacity-building initiatives.

5.3. Limitations and Future Research Agenda

Despite its contributions, this study has several limitations. The empirical sample is
relatively small, consisting of ten case studies, which restricts the generalizability of the
findings. Additionally, the research could not identify specific I4.0 technologies for each
value retention process due to data constraints. These limitations highlight the need for
further empirical studies with larger and more diverse samples to validate the findings and
expand their applicability.

Future research should delve into several key areas to advance the understanding
of the intersection between Industry 4.0 (14.0) technologies and circular economy (CE)
strategies. One essential area of focus is a granular analysis of specific I4.0 technologies
that can address the unique challenges faced in implementing virtual reality production
systems, particularly in processes like repair, refurbishment, and remanufacturing. This
research should aim to uncover actionable insights that can be directly applied by industry
practitioners to improve operations and efficiency. Another important avenue is bridging
the digital skills gap. As digital expertise remains a critical barrier to the widespread
adoption of I4.0 technologies, it is crucial to explore strategies that provide comprehensive
training programs. These programs could be bolstered through collaborative networks that
include suppliers, research institutions, and universities, ensuring a skilled workforce ready
to support the digital transformation. Additionally, developing sector-specific frameworks
is vital. Different manufacturing sectors, such as electronics, furniture, and household
appliances, face distinct challenges and opportunities. Tailored frameworks will be nec-
essary to address these sector-specific needs and ensure the effective integration of 14.0
and CE practices. Longitudinal studies will also be crucial for assessing the sustainability
and economic impacts of combining 14.0 technologies with circular economy strategies
over time. Such studies would provide valuable insights into the long-term potential
and transformative benefits of this integration, enabling better-informed decision-making.
Lastly, there is a need to explore the role of radical innovations in driving transformative
shifts toward a circular economy. While incremental improvements have their place, it is
the disruptive innovations that may hold the key to achieving the deeper changes required
for a truly sustainable and resilient manufacturing ecosystem.
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6. Conclusions

This study examined the adoption of circular economy (CE) strategies across ten man-
ufacturing companies from diverse sectors, with a particular focus on value-retention
processes and the enabling role of Industry 4.0 (14.0) technologies. Drawing on a structured
literature review and multiple case studies, the research identified patterns of technology
adoption, sectorial differences in circular strategies, and barriers to integrating 14.0 into
circular business models.

Findings show that while certain CE strategies, such as repair and refurbishment, are
widely implemented, others, like remanufacturing, vary considerably by sector. Founda-
tional I4.0 technologies, including cloud computing, IoT, Big Data, and analytics, emerged
as critical enablers of CE, particularly by enhancing traceability, operational efficiency, and
resource optimization. Organisations typically adopt multiple CE strategies, with repair
being the most prevalent across all sectors and present in every case analysed.

However, the adoption of 14.0 technologies is hindered by scalability challenges,
shortages of digital expertise, and outdated infrastructure. Companies further along in 14.0
adoption benefit from stronger delivery systems and collaborative networks, which foster
knowledge transfer and capability development among stakeholders, thereby accelerating
the transition toward circular business models.
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Al Artificial Intelligence

AGV  Automated Guided Vehicle
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14.0 Industry 4.0
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Appendix A

Table A1l. Research Protocol.

Phase Content/Goal
Phase 0: Presentation and - introduction of the research topic and objectives, general instructions.
general instructions - presentation of the confidentiality agreement

Phase 1: General questions
about the company

- identification of the main activities of the company, size, and role of the
interviewee in the company
- identification of the scope and motivation of the CE project carried out

Phase 2: Questions about the
CE project carried out

- assessment of the level of CE adoption in the company and the relative
importance of circular manufacturing compared to other manufacturing
capabilities

- identification of circular economy strategies from the 9R framework adopted by
the company

- recognition of the challenges faced by the company

Phase 3: Questions on CE - recognition of core skills required to meet the challenges
challenges - recognition of key benefits gained from the implementation of the CE project

- identification of the role of digitalization in the CE project

- assessment of the level of 4.0 technologies adoption in the company
- identification of base technologies” adoption
- identification of Smart Manufacturing technologies adoption and the purpose of

Phase 4: Questions about this adoption
enabling technologies adoption - recognition of product’s capability improvement

- identification of Smart Working technologies adoption
- identification of Smart Supply Chain technologies adoption
- identification of possible future technologies adoption

- assessment on how technologies can be used to attain CE

Phase 5: Final questions and - identification of partners along the supply chain that help make the business
conclusion viable

- finalization of the interview and elucidation of remaining questions
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