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Abstract: Blockchain can help to fundamentally alter aspects of circular economy (CE) activities
and overcome pressing sustainability issues. Nevertheless, limited studies have investigated the
barriers to blockchain adoption in the CE. This study aims to close the knowledge gap by providing
a comprehensive review of the barriers hampering the adoption and integration of blockchain
technology in the CE. An integrated approach based on fuzzy Delphi and best-worst methods has
been applied to analyze and rank the barriers. Sixteen barriers to blockchain adoption in the CE
were identified from the academic literature and validated by a panel of experts. The findings
from the fuzzy Delphi technique identified ten significant barriers for further analysis. Then, using
the best-worst method, the optimal weights were determined based on the experts’ judgment to
recognize the importance of each barrier. The findings from this method showed that a lack of
knowledge and management support, reluctance to change and technological immaturity are the
most significant barriers. In contrast, the least significant barriers are investment costs, security risks,
and scalability issues. Theoretically, this study is the first to apply an integrated approach combining
fuzzy Delphi and best-worst techniques to prioritze the barriers to blockchain adoption in the CE.
It also provides valuable insights for managers and decision-makers that can be used to optimize
blockchain implementations in the CE.

Keywords: blockchain; circular economy; barriers; technology; sustainability; best-worst method;
fuzzy Delphi

1. Introduction

The exponential growth of the world population and the increasing pace of economic
activities have led to unsustainable resource use, socioeconomic disparities, and environ-
mental degradation [1,2]. The finiteness of resources has raised calls for enhancing the
productivity of resource consumption to achieve sustainability [3]. For firms, it is critical to
realize that the endless consumption of resources to create value is no longer conceivable,
and linear business models necessitate rethinking [4,5].

Amid the calls for mitigation of climate change risks from various stakeholders, the
circular economy (CE) has been introduced as an alternative to the linear economy in
order to “keep resources in a loop as much time as possible, try to maintain their value
while in use, and repurpose for generation of new products at the end of utilization” [6].
Firms are currently considering the CE as an approach to integrate sustainability into
economic activities [7]. The CE aims to achieve sustainable production and consumption
by decoupling economic growth from resource consumption and waste accumulation [8].
As an umbrella notion [9], the CE originates from different schools of thought, including
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industrial symbiosis, industrial ecology, blue economy, cradle-to-cradle, product-service
systems, and biomimicry [10]. From a manufacturing and supply chain perspective, the
CE could be used to substitute the end of life (EoL) approach with strategies such as reuse,
remanufacturing, and recycling by reconfiguring business models, supply chains, and
offerings [11].

Given that the transition towards the CE requires reconsidering and redesigning cur-
rent business models and practices, firms can rely on new technologies to leverage this
move through collecting, analyzing, and integrating CE-related data [12]. Digitalization
can facilitate CE implementation through the adoption of Industry 4.0 technologies, such
as cyber-physical systems, the internet of things (IoT), cloud computing, big data analyt-
ics, and virtual and augmented reality [13,14]. As a key enabler for the CE, blockchain
technology has the potential to support the CE transition in many ways. For instance,
blockchain supports CE activities by promoting information reliability, transparency, and
automation. Examples of information available on blockchain include the sources of raw
materials, parts, products, CE stakeholders, processes, and resource use. A blockchain
system combined with tracking technologies such as global positioning systems (GPS)
can enable the traceability of materials and products throughout their lifespan. These
prospective blockchain capabilities can pave the way to reusability, recycling, upcycling
initiatives, and CE performance management.

Conceptually, blockchain represents a distributed digital ledger in which transactions
between diverse participants can be recorded, stored, and updated concurrently and in real
time [15,16]. A blockchain is structured to ensure that these transactions can be validated
in a trustworthy manner, and the records are immutable [17]. As a peer-to-peer system,
blockchain helps to avoid the power asymmetry that centralized authorities hold over
business transactions due to their role in maintaining and accessing transaction records. As
a result, the technology supports the coordination of transactions, stakeholder involvement,
and machine operations, which is a vital characteristic and aim of Industry 4.0. Furthermore,
adopting Industry 4.0 technologies implies interconnectivity and communication between
digital and physical objects such as smart devices (e.g., smartphones), electronics, and
transportation systems [18]. In this regard, blockchain can support and deliver security to
Industry 4.0 applications. The technology can also increase the automation of transactions
and processes in a verifiable and permanent way [15], saving resources and time and
minimizing waste and operational inefficiencies.

Despite blockchain’s transformative potential for the CE, several barriers to adoption
remain. For instance, [19] argued that blockchain technology is still in its infancy and
suffers from a number of limitations, including scalability, security, privacy, and energy
consumption. As a result, these barriers must be removed entirely to ensure the technol-
ogy’s effective integration into the CE. It is critical to understand the potential barriers to
blockchain adoption in the CE and how they would interact. The majority of scholarly re-
search in the blockchain field lacks a systematic discussion of the technology’s applications
in business and management-related topics, including the CE [20]. To facilitate blockchain
adoption within the CE, it is essential to first identify and then to prioritize the barriers.
To the best of the authors’ knowledge, there is a dearth of research examining the barriers
to blockchain adoption in the CE and assisting decision-makers in modeling the causal
relationships between these barriers and their weighted contributions to blockchain adop-
tion. This new technology is critical for the CE because it has the potential to significantly
accelerate the CE transition. Academic research on the subject is even more necessary in
light of the fragmented knowledge on blockchain in the CE context. Given the concept’s
novelty in academic research, we hope to contribute to the CE literature by identifying the
most significant impediments to developing blockchain-enabled CE business models. In a
nutshell, we sought to address the following research questions:

- What are the barriers to blockchain adoption in the CE?
- Among barriers, what are the most important ones that require immediate attention

from CE managers and experts?
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This study was motivated by several considerations: first, the urgent need to optimize
resource use and understand the potential of technological enablers in the CE; second,
the emergence of blockchain technology as a promising paradigm to accelerate the CE
transition; and, third, to extend understanding of the main forces that affect blockchain
adoption in the CE.

The remainder of this article is structured as follows. Section 2 provides the theoretical
background of blockchain technology and its potential for the CE. Section 3 reviews the
barriers to blockchain in the CE based on existing academic works. Section 4 describes
the research methodology used and operates our proposed research framework. Section 5
discloses the outcomes from the used framework. Section 6 discusses the findings briefly
and concludes the paper by highlighting the research implications and limitations in
Section 7.

2. The Theoretical Background
2.1. Blockchain Technology

Blockchain technology has risen to prominence as one of the most significant inno-
vations of the modern era. In its simplest form, blockchain is a distributed ledger that
facilitates data exchange on a peer-to-peer network [19]. Blockchain technology involves
multiple participants, and the data exchange process is authenticated using cryptographic
algorithms [21]. Blockchain technology is an extremely secure method of storing and main-
taining records. Once a transaction has been created and validated by all parties involved,
it becomes immutable and cannot be modified or resequenced [22]. Thus, blockchain is ex-
pected to disrupt traditional transactional methods, enabling a slew of new applications in a
wide variety of potential fields [17,23]. Blockchain technology is based on a distributed [24]
and decentralized database [25] that is open and publicly accessible, ensuring a high degree
of integrity for business transactions that take place within the blockchain system [26]. As
a digital database, blockchain can store any type of information, including records, transac-
tions, and events, with specific procedures for information updates [27]. The blockchain
is made up of blocks that are created continuously as new transactions are added to the
network. The accumulation of blocks results in the formation of a chain linked to the first
block ever generated using hashes [28]. The blockchain technology is a general-purpose
technology that enables the control of currency exchanges via predefined rules or smart
contracts that can be executed on a blockchain [26]. The use of blockchain technology
eliminates the need for third-party facilitators or intermediaries to facilitate transactions
and secure the ledger. Blockchain technology’s transparent consensus algorithm ensures
that only legitimate transactions are permitted within the system [29]. All transactions
are visible to all system users [30]. As a result, blockchain technology prevents network
participants from engaging in malicious or suspicious behaviors [31].

2.2. Potential of Blockchain for the CE Transition

Blockchain technology can accelerate the CE transition in a variety of ways. Internally,
the adoption of blockchain in the CE can support business processes. For instance, large
firms with fragmented and complex facilities can take advantage of a blockchain [32].
Utilizing blockchain, organizational processes and shop-floor operation monitoring can
include materials, products, waste, and energy monitoring. Thus, the digitization of firm
processes offers a foundation for green performance evaluation and management [20]. In
the CE, processes consuming excessive resources and generating abundant wastes could be
optimized or eliminated by blockchain implementation [33–35].

CE implementation requires strong collaborative relationships between supply chain
partners, particularly in closed-loop operations such as reuse, recycling, remanufacturing,
and recovering. In this regard, blockchain technology facilitates product recovery, increases
transparency, and ensures product traceability throughout the supply chain. Blockchain
technology is particularly advantageous for end-of-life operations, such as tracking and
tracing raw materials and end products across circular supply chains [36]. Additionally,
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blockchain enables product reuse and sharing, as well as decentralized production and peer-
to-peer circularity. The technology enables the mitigation of circular economy rebounds [37],
which occur when overall production, resource use, and consequently environmental
impacts increase [38].

A recent approach garnering substantial attention for driving the CE transition is the
support of repair activities. Firms are compelled to share the blueprint of their products so
consumers and other firms would be able to repair products and increase their durability.
Information related to product repairability can be shared via blockchain technology. Simi-
larly, the technology creates exciting opportunities for open innovation thanks to its ability
to streamline knowledge sharing for CE activities. As an open innovation platform [39],
blockchain integrates CE processes across firm boundaries and enables organizations to
spur innovations into their activities. Furthermore, blockchain could leverage product
deletion management by offering trustworthy and accurate information concerning shared
resources, products, and services [40,41]. The greatest strength of blockchain is maintaining
reliable and precise data regarding the quality, circularity potential and performance, and
locations of products throughout their lifecycle. Therefore, this maximizes the opportunity
to track and assess products’ durability, performance, and reusability.

Beyond product recovery activities, the adoption of blockchain technology may result
in an increase in product prices; this difference in price from the normal price is referred to
as the circular premium [42]. Thus, incentives via blockchain can help promote circular
business models, thereby increasing consumer acceptance of circular premiums [43].

Waste minimization boosts environmental performance. While wastes generated
throughout the supply chain can be overcome [44], downstream supply chain waste is chal-
lenging to measure with traditional systems. Nevertheless, the introduction of blockchain
can solve this concern by affording a platform to link all CE stakeholders, including cus-
tomers [13]. The transparency and traceability of the technology can facilitate the tracking
of product waste generated in the supply chain. Consumers can collaborate with manu-
facturers to identify the amounts of waste to be reduced and thus be awarded through
tokenization for their sustainable behaviors [19]. This information improves and sustains
waste management and reduction strategies. The use of smart contracts makes blockchain
capable of storing conditions and terms of waste strategies and digitally initiating the nec-
essary recovery plans. This capability can improve waste management among firms [45].

In the CE context, the lack of information throughout products’ lifecycle constitutes
a significant barrier to the effective implementation of CE principles [46]. As a result, the
capabilities of blockchain to ensure reliable and accurate information sharing are beneficial
for CE stakeholders to trace closed-loop supply chain operations. Blockchain participants
can trace current transactions, identify the status of products, and exchange information
efficiently. Blockchain also offers a common and secure platform for exchanging information
and resources and managing trade procedures [17]. The technology further provides
several opportunities for overcoming CE and sustainability issues. Blockchain enables CE
stakeholders to share resources more efficiently. Suppliers can use the technology to share
their unused resources via a peer-to-peer system without the necessity for trust among
involved parties. Blockchain is designed to increase trust and eliminate intermediaries
from the transactional process, thereby making transactions among CE stakeholders more
efficient and flexible.

To make the sharing economy models attractive [43], blockchain can establish a market
of firms that share their excess resources, leading to lower waste and better management
of idle resources [19,47]. For example, firms can rely on blockchain to share their excess
capacities in transportation and storage, which helps reduce environmental degradation
and carbon emissions [48]. This approach stimulates the sharing economy and collaborative
consumption [19], which are particularly pertinent to the development of circular supply
chains and reduction of resource use [20]. Fueled by the trend towards using renewable
energy resources, blockchain also facilitates decentralized energy management by support-
ing energy distribution, trade, and payment. Moreover, blockchain provides a clear idea of
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market dynamics and the impact of consumer energy resource preferences, sales volumes,
and market shares on energy prices [49]. Efficient distribution and control of energy-related
processes can be carried out through blockchain ledgers [50].

3. Literature Review of Barriers to Blockchain Adoption in the CE

Despite blockchain’s enormous potential for the CE transition, several barriers con-
tinue to exist. We conducted a thorough literature review to ascertain the state of the litera-
ture on the barriers to blockchain adoption in the CE. The screening process for relevant
literature was guided by the objective of identifying studies that examined blockchain ap-
plications in the context of CE. We searched multiple databases, including Scopus and Web
of Science, for terms blockchain and the circular economy, as well as their variants, which
include circularity, closed-loop, zero waste, industrial symbiosis, cradle-to-cradle, recycling,
reuse, and remanufacturing. The search returned 55 articles discussing blockchain and
the CE. Following a thorough examination of these articles, sixteen barriers to blockchain
adoption in the CE were identified and validated by twelve experts. The details of these
experts are mentioned in Section 4.

3.1. Technological Immaturity

The lifecycle stage of innovation is usually essential for its adoption and diffusion [51].
While blockchain technology can transform the CE into a developed ecosystem by pro-
viding product traceability, assurance, and incentivization, the relative immaturity of the
technology [20,48,52] and scarcity of commercial applications [19] can act as a barrier to
blockchain adoption in the CE. Firms attempting to explore and potentially implement
blockchain-based CE solutions may encounter the dilemma of determining the tangible
advantages to the business and providing the value of blockchain in their CE activities. In
this regard, Erol et al. [53] highlighted that blockchain implementation in the renewable
energy sector is still in its infancy in Turkey. Shojaei et al. [54] also argued that the tech-
nology is promising to enable the CE in the build environment sector. However, the usage
of the technology remains limited. Therefore, blockchain can be viewed as an emerging
innovation surrounded by technological uncertainty and immaturity, which arise from
a lack of awareness of its practicality in the CE transition. The slow rate of blockchain
adoption can magnify the level of risk and uncertainty of managers, lowering or hampering
the wide-scale implementation of the technology in the CE.

3.2. Scalability Issues

Scalability represents the capability of an information system to maintain its equi-
librium condition with increased storage volume [55]. In the context of CE, blockchain
scalability is one of the most critical barriers to adopting the technology [53]. This issue
originates from increasing the number of transactions and the shortcomings of consensus
protocols [19]. According to [19], communication malfunctions among network partici-
pants, linear transaction records, and data storage are all examples of scalability issues.
Additionally, Erol et al. [53] noted that blockchain may not possess the necessary level of
robustness regarding latency and data throughput, which poses a serious problem with an
integrated ecosystem like the solar photovoltaic energy sector. CE practices adopted by
firms may result in a huge volume of business transactions and consequently slow down
the blockchain performance to some degree. Therefore, poor scalability may raise questions
of blockchain viability in the CE [20]. Hence, design and architectural considerations are
crucial to making the ledger lightweight and ensuring satisfactory performance.

3.3. Security Risk

Blockchain can underpin the CE transition by allowing continuous and fine-grained
product traceability. However, there are concerns related to the security of blockchain that
stores and deals with lots of sensitive business data. In this context, Esmaeilian et al. [19]
contended that public blockchains are vulnerable to 51% attacks, wherein a group of partic-
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ipants controls most of the network’s computing power and the ledger. Böckel et al. [52]
found that security issues associated with blockchain deployment in the CE were highly dis-
cussed in the research, with 27% of reviewed studies highlighting them. The authors further
noted that in practice, false information can still be entered into a blockchain, which makes
the validation and certification process outside of the blockchain an imperative. Esmaeil-
ian et al. [19] stated that the mechanisms for verifying data uploaded on the blockchain are
required to ensure that the link between digital records and physical entities is properly
established and that the information uploaded on the blockchain is accurate. In addition
to human-related security loopholes, double spending and the improper mechanism for
protecting private keys impel CE stakeholders to apply more secure consensus algorithms
to strengthen security and system resistance against cyber attacks [19]. Security needs
to be maximized while linking disparate systems connected to different CE stakeholders
accessing blockchain [15].

3.4. Privacy Risk

Blockchain technology provides a decentralized platform, brings transparency to the
supply chain, and empowers firms to transit toward a CE. While the current development
of blockchain advocates the anonymity of users’ identities through digital signatures,
transactional confidentiality via cryptography remains challenging [19]. Privacy issues
can be raised in inter-firm contexts to manage and control CE-related data in a blockchain.
Moreover, information related to assets and resources may be regarded as confidential and
sensitive for firms; thus, sharing data through blockchain may be risky [56]. Privacy and the
unwillingness to disclose critical information urge firms to prefer private (permissioned)
blockchains over public ones [57]. However, this renders the main functions and advantages
of transparency and visibility limited. Therefore, privacy is considered a subset of security,
which requires increased control over information access. In other words, privacy needs
to be constantly audited and revisited in blockchain systems. For example, this can be
achieved by establishing concrete policies to protect legitimate CE activities and prevent
malicious participants and potential misbehavior [56].

3.5. Interoperability Issues

Interoperability represents the capability of various information systems, applications,
and devices to connect in an integrated manner within and across firm boundaries to
access, share, and jointly utilize data among stakeholders [58]. The challenging process
of integrating blockchain with existing legacy systems constitutes one of the most critical
barriers to deploying the technology in the CE [49]. The lack of alignment between the
systems of different CE stakeholders could limit the value of blockchain and hamper its
adoption [59]. Additionally, the combination of blockchain with current legacy systems is
costly to achieve and time-consuming. The lack of common information infrastructure and
inconsistent data format can create striking discrepancies between firms involved in the
CE. Therefore, high interoperability is required to achieve connectivity, modularity, and
compatibility [12,60]. The full benefits of blockchain can only be achieved if the platforms
used by firms are interoperable, thereby reducing the time between CE processes, speeding
up the ordering, transfer, payment, and guaranteeing time and efficient movement of
products [48,53].

3.6. High Energy Costs

One downside of implementing blockchain is the significant cost needed to power
blockchain [33]. By nature, existing blockchain protocols are computational-intensive [19].
Blockchain is a prodigious consumer of electricity. For example, Esmaeilian et al. [19]
argued that if Bitcoin pursues the similar adoption pattern of other broadly deployed
technologies, carbon emissions from Bitcoin are sufficient to increase global warming
above 2 ◦C. Therefore, this contradicts the goals of the CE to benefit the environment,
reduce energy consumption, and promote renewable energies [61,62]. Böckel et al. [52]
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found that a significant number of studies assessed the necessary amount of energy for
operating a blockchain system and concluded that the technology is inefficient in terms of
energy consumption; Truby [63] claimed that the first application of blockchain, Bitcoin,
has been developed without considering the possible implications on the environment.
The leveraging of this blockchain type can increase environmental degradation through
high electricity consumption rates and emissions, thus preventing firms from adopting
blockchain in the CE.

3.7. Conversion to a New System

A tough problem encountering firms during their adoption of blockchain in the
CE is the involvement of employees and supply chain partners in novel systems and
organizational structures that may entail using the technology. Integrating blockchain in
the CE may require firms to configure their business models and revisit how they provide
products and services [22]. Moreover, firms need to modify their legacy systems and
develop rules for data authentication [54]. In recent research, Abreu and Coutinho [64]
stated that several legacy systems lack direct interfaces to blockchain and necessitate
considerable reconfiguration when integrating blockchain-based functionalities and data
with legacy systems. Esmaeilian et al. [19] noted that it is hard to write all possible scenarios
in CE business settings as computer codes in smart contracts. The infancy of blockchain and
its continuous development poses significant issues for integrating blockchain with legacy
systems [20,65]. Moreover, the high complexity of blockchain makes conventional practices
for managing the CE process inappropriate, leading to challenges related to process delays,
ease of use, and unwillingness to adapt to the new environment of the blockchain [66,67].
Consequently, the conversion to a new blockchain-based CE system is a complicated issue
that must be addressed wisely to encourage the active involvement of employees, enhance
awareness, and prevent the failure of the adoption procedure.

3.8. Investment Cost

The adoption process of blockchain technology comprises several phases, including
design, development, implementation, migration, and maintenance. Despite the long-term
benefits of blockchain, investment costs could discourage firms from adopting circular
digital technologies [13]. The development cost necessary to manage a blockchain system
could be quite high [49]. The upfront costs involved in adopting blockchain technology
could outweigh the benefits of the technology [22]. As a result, managers should be
aware of the development costs both within their firm and with their business partners.
Magrini et al. [36] argued that the cost of blockchain and IoT systems should be assessed,
including the initial investment cost in designing and purchasing sensors and the operating
costs, such as energy and maintenance. Consequently, the investments in blockchain for
CE activities should be justified with reasonable returns on investment [57].

3.9. Reluctance to Change

Several scholars argued that reluctance to change or adopt novel technologies could
be pervasive in many firms [68–70]. In the CE context, the adoption of blockchain may
be considered a risky decision since the technology is relatively untested in several CE
activities [57]. For example, Shojaei et al. [54] found that change resistance among key
stakeholders in the construction industry plays a critical role in hampering blockchain
implementation. This hesitancy could be explained by the immaturity of the technology,
which makes the performance outputs not large to judge the utility of blockchain for the
CE transition [49]. Furthermore, the likelihood of operationally unexpected issues reduces
the acceptance of the technology in CE activities. Therefore, adopting blockchain may be a
frustrating and tedious effort that requires innovativeness, openness, willingness to take
risks, and a clear organizational strategy.
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3.10. Lack of Knowledge and Management Support

Firms consider blockchain adoption an arduous task requiring a sufficient level of
knowledge and understanding of blockchain and its integration in the CE. The authors
of [71] highlighted that emerging technologies strongly influence supply chain operations
and require new skills, knowledge, and labor management across different actors. Consid-
ering its immaturity, a few people possess excellent knowledge and competencies of how
blockchain can be effectively adopted in the CE [34]. Consequently, firms should upgrade
their knowledge base and technical assistance to ensure the successful implementation
of blockchain.

Besides lack of knowledge, top management support constitutes one of the main
determinants for effectively implementing new technologies. However, some managers fail
to afford the necessary support to integrate new technologies and CE principles [53]. The
implementation of blockchain in the CE requires knowledge and management support [48].
According to [49], the lack of experience with large-scale applications in the CE could chal-
lenge the adoption of blockchain as the supply chain involves several partners and activities
that differ from each other, thus making the experience of integrating blockchain more
difficult. Therefore, firms are impelled to develop expertise and software on blockchain
programming [22]. The intervention of managers is primordial to success in implementing
blockchain and CE principles. Similarly, sufficient knowledge and expertise about the
technology are necessary to achieve CE goals [53]. Thus, sufficient managerial commitment
can improve blockchain adoption and warrant the mobilization of adequate resources.
Likewise, a strategic perspective that stresses top management support is necessary to
facilitate blockchain deployment in the CE.

3.11. Organizational Policies

Integrating blockchain in the CE necessitates new organizational mechanisms, policies,
and procedures as elements of a firm’s overarching strategy. As per [72], the absence of
organizational policies constitutes a key barrier to blockchain deployment. The possibilities
of capitalizing on blockchain in CE activities can thus be fully achieved if the factors of its
adoption are backed by supportive organizational policies and strategies [53]. For instance,
Chanson et al. [73] demonstrated the importance of organizational practices to identify
how blockchain users can circumvent, detect, and avoid security issues. Furthermore,
there is an exigency to change existing organizational mechanisms (e.g., changes in goals,
responsibilities, practices, decision-making processes, systems) and policies to benefit the
CE transition. Therefore, it is essential to adapt blockchain to the existing organizational
practices and policies [74,75]. In this regard, CE stakeholders are required to support a wide
variety of activities (product traceability and monitoring, data collection, quality control)
that should be guided by organizational mechanisms and policies to develop more efficient
processes and gain operational excellence.

3.12. Organizational Culture

Organizational culture has a significant impact on the success of blockchain adoption in
the CE. Kouhizadeh et al. [72] pointed out that the deployment of blockchain in sustainable
supply chains can be hampered by issues in changing corporate culture, while Ada et al. [65]
also stated that some firms find it challenging and time-consuming to shift the entire
corporate culture toward the CE transition since circular business models demand a culture
inclined to cooperation and collaboration along the supply chain. Similarly, Nandi et al. [76]
noted that an organization’s ability to digitize CE activities depends on its readiness to
create an adequate corporate culture toward blockchain-driven digital transformation. The
fundamental shift in corporate culture brought by blockchain can considerably impact
CE performance (e.g., via green operations, material reuse, waste management) and the
sustainability of firms involved [56]. Even though the technology can encourage a culture of
trust through its immutable recording capability [19,48,57], blockchain adoption in the CE
creates many challenges on a more human level. Relatedly, Kurpjuweit et al. [77] suggested
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that the successful deployment of blockchain is determined by a favorable culture that
motivates managers and employees to take risks and accelerate the implementation process
of the technology.

3.13. Lack of Collaboration, Coordination, and Cooperation

Collaboration is a critical requirement for enhancing circular supply chain networks [53,78].
Collaboration, communication, and coordination play a vital role in minimizing logistics
costs and boosting CE stakeholders’ involvement in detecting and eliminating waste
throughout the supply chain. As a result, a lack of collaborative approaches can hamper
blockchain implementation in the CE [65]. Contradicting priorities, goals, and incentives
among CE stakeholders may result in many consistency issues, inefficiencies, and additional
costs (e.g., inventory costs, production costs, high lead times) [13,41,59]. In spite of the
manifold opportunities of blockchain, Yadav et al. [67] pointed out that firms may be
unwilling to collaborate and participate in consortia development. Potential causes for this
conduct include acquiring individual benefits from blockchain implementation and a lack
of desire to collaborate with rivals. It is vital to remove these hurdles as collaboration is no
longer a choice but a requirement that allows firms to harness blockchain strategically and
capitalize on its collaborative potential for the CE.

3.14. Cultural Differences

Researchers have reported that cultural differences could increase transactions and
reduce collaboration [79]. Cultural differences can significantly impact CE implementa-
tion [46,65], which influences CE operations such as reuse, remanufacturing, recycling, and
waste management [80]. Regarding blockchain adoption, cultural differences of supply
chain stakeholders regarding sustainability and technology are found to yield different
mindsets and attitudes that can hinder blockchain adoption in supply chain manage-
ment [72]. For example, Hew et al. [74] demonstrated that countries with a conservative
culture, such as Malaysia, are reluctant to take up new technologies like blockchain. An-
other study, Qian et al. [81], underlined the necessity to promote a culture of cooperation to
speed the transition from conventional to blockchain-enabled supply chains. Therefore, the
push for blockchain-based CE business models can be hampered by cultural differences.

3.15. Lack of Regulatory Support

In general, CE implementation necessitates an understanding of the diverse expecta-
tions of different stakeholders and clear regulatory standards [65]. Because of the recent
emergence of blockchain, no specific and defined regulations exist for implementing the
technology [49]. Steenmans et al. [35] pointed out that regulations could be a barrier to
using blockchain for better resource management and waste management. The authors
further argued that caution should be exercized when designing regulations, rules, and stan-
dards to govern blockchain and smart contracts. The legislation and policy development
should balance the ecological and economic objectives to establish CE business models that
protect the environment and maximize returns on investments using blockchain [35]. In a
blockchain ecosystem, smart contracts are based on rules defined by coders and software
engineers who determine architecture, applications, and network design [19]. Thus, this
may result in several issues in ensuring compliance with regulation and industry standards.
The inability to adapt to changing CE stakeholders’ preferences of smart contracts to con-
nect to the physical world and validate information recorded on blockchain poses legal
challenges to blockchain platforms [19]. Overall, the lack of regulatory support is expected
to constrain the diffusion of blockchain in the CE.

3.16. Usage in Illicit Activities

Although organizations should comply with legislation and take responsibility for
environmental preservation and sustainability, they may be engaged in illegal practices and
behaviors such as corruption, bribery, and child labor. In addition to these problems, firms
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could use blockchain to avoid paying taxes and fund criminal activities through cryptocur-
rencies. To confirm this development, Upadhyay et al. [22] stated that blockchain could
stimulate money laundering, illicit trade, human trafficking, and risky activities undetected
by the authorities. Given the insufficient level of regulation, blockchain technology may
allow criminal activities and irregularities to thrive in the CE since malicious entities can
manipulate records and disseminate false information to other entities involved in the CE
network [34].

This section will review the academic literature to ascertain the barriers to blockchain
adoption in the CE. Additionally, expert feedback was gathered to validate the barrier
list. Table 1 summarizes these issues based on the available literature and expert con-
sultations. In general, the majority of experts agree that interoperability concerns and
reluctance to change are the primary barriers to blockchain adoption in the CE. Addition-
ally, experts agree on the importance of a lack of knowledge and management support and
scalability issues.

Table 1. Barriers to blockchain adoption in the CE according to the academic literature and experts.

No. Barriers Reference
No. of Experts
Agreeing on the
Barrier

1 Technological immaturity [19,48,52] 7
2 Scalability issues [19,20,53] 7
3 Security risk [19,52] 3
4 Privacy risk [19,56,57] 4
5 Interoperability issues [12,48,49,53,59] 10
6 High energy costs [19,33,52] 3
7 Conversion to a new system [19,22,54] 5
8 Investment cost [13,22,49] 6
9 Reluctance to change [49,54,57] 9
10 Lack of knowledge and management support [34,48,53] 8
11 Organizational policies [53,72,74] 4
12 Organizational culture [48,56,65,72] 4

13 Lack of collaboration, coordination, and
cooperation [53,65,78] 4

14 Cultural differences [65,72,80] 3
15 Lack of regulatory support [35,49,65] 5
16 Usage in illicit activities [22,34] 2

4. Methodology

This study employed the fuzzy Delphi method to evaluate the importance of the
barriers to blockchain adoption in the CE. Additionally, the best-worst method (BWM)
was applied to rank these barriers effectively. Twelve experts participated in the data
collection process, with their details shown in Table 2. Data were gathered from experts
operating in diverse industrial contexts, and who met the required criteria. This process
was problematic since there exist few experts with a high level of in-depth knowledge,
particularly individuals with real-life experience in the implementation of blockchain in
the CE. Our criteria required that experts should possess a good knowledge of blockchain
and should have had experience of adopting the technology in the CE. Experts should
also have demonstrated neutrality by not preferring a particular blockchain solution or
promoting certain software vendors. The group of experts were sourced from the profes-
sional networks of the author team via email and LinkedIn. These experts were engaged in
blockchain research and adoption projects. These specialists had been involved in previous
and ongoing blockchain projects within supply chain management, retailing, healthcare,
and information technology sectors.
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Table 2. Background of experts.

No. of Experts Specialty Years of Experience

1 Supply chain traceability software 27
2 Engineering 35
3 Digital health, data commons, and interoperability 30
4 Supply chain and operations management 35
5 Blockchain 25
6 Blockchain 20
7 Retail 24
8 Supply chain finance 20

9 Digital development and food, land, and water
systems research 25

10 Geospatial science, resources 30
11 Operations management 30
12 Supply chain management 30

Given their expertise and positions within their organizations, the experts were con-
sulted to collect their feedback regarding the barriers and their level of importance, from
“very low” to “very high”. Then, BWM was used to identify the preferences for each
barrier. This method is recognized for its effectiveness in research with a limited number of
experts [82]. For example, previous research work had samples of three, six, and twelve
experts [83–85]. Details related to the BWM approach are described in the following subsec-
tions. Figure 1 depicts the research framework used in this study. The framework consisted
of three stages for analyzing barriers to blockchain adoption in the CE. The steps followed
in this process are detailed in the next sections.
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4.1. Fuzzy Delphi Method

The fuzzy Delphi method (FDM) represents a formal communication technique or
strategy initially envisioned as a methodical, interactive, and predictive procedure based
on an expert panel [86,87]. The FDM is an expert opinion survey technique that includes
three main aspects: anonymous response, iteration and controlled feedback, and ultimately
statistical group response [88]. Experts’ opinions cannot be accurately translated into
quantitative values [88]. As such, crisp values are inadequate to model real-world systems
because human thinking, preferences, and judgments are vague, imprecise, and subjec-
tive [89]. Thus, to overcome this issue, Zadeh [90] proposed fuzzy set theory to handle
the uncertainty of human thought and behavior in making decisions [91]. This study used
FDM to examine the important barriers detected in the literature review. FDM combines
fuzzy set theory and the Delphi approach [92]. The necessary steps of FDM are detailed
as follows.

• Step 1: Identification of barriers to blockchain adoption in the CE. Initially, a detailed
literature review identified the possible barriers to blockchain implementation in
the CE.

• Step 2: Collection of expert opinions utilizing decision group. Once barriers were
determined, n number of experts (i.e., decision-makers) from industry and academia
were contacted to judge the importance of barriers via a questionnaire and employing
linguistic variables listed in Table 3. This research employed fuzzy triangular numbers
for assessing the barriers. In addition, a geometric mean model [93] was used to
determine the group decision of experts.

• Step 3: Determination of important barriers. The final step in FDM aimed to identify
the important barriers by comparing each barrier’s weight with the threshold α. The
TFN

∼
τ j was determined as follows for each barrier.

∼
a ij =

(
aij, bij, cij

)
for i = 1 . . . n; j = 1 . . . m.

∼
τ j =

(
aj, bj, cj

)
=

min
{

aij
}

,

(
n

∏
i=1

bij

) 1
n

, max
{

cij
}

In the previous equations, the index i corresponds to the expert and index j corresponds
to the criterion. The notation

∼
a ij represents the fuzzy value of each criterion received from

every expert. The fuzzy average value of each criterion is illustrated by
∼
τ j. Moreover, the

fuzzy average value of each criterion is defuzzified into crisp value, which is equal to:

Crisp value =
a + b + c

3

After calculating the abovementioned value, if the crisp value of
∼
τ j is higher than the

threshold α, the criterion j is accepted and taken for the next research stage. If the crisp
value of

∼
τ j is less than the threshold α, the criterion j is rejected.

Table 3. Linguistic variables.

Linguistic Term Fuzzy Number

Very low (0, 0, 0.25)
Low (0, 0.25, 0.5)
Medium (0.25, 0.5, 0.75)
High (0.5, 0.75, 1)
Very high (0.75, 1, 1)
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4.2. Best-Worst Method

BWM represents the recent multicriteria decision-making methodology (MCDM)
suggested by [82]. The premise of this technique is to weigh the criteria by pairwise
comparisons such as the analytic hierarchy method (AHP) and the analytic network method
(ANP) [94]. Compared to AHP and ANP methods, BWM has two main benefits; a higher
consistency ratio and less pairwise comparisons. Due to its simplicity and flexibility,
several scholars used BWM in their studies. For example, Shojaei et al. [95] utilized an
integrated approach of Taguchi loss function, BWM, and VIKOR to evaluate Iranian airports.
Gupta and Barua [85] used BWM to examine the enablers of technological innovation
for micro, small and medium businesses in India, while Wan Ahmad et al. [96] also
applied BWM to identify the most critical factors influencing the sustainable gas supply.
The authors revealed that economic and political factors are the most important ones.
Finally, Annema et al. [97] utilized BWM to analyze politicians’ viewpoints on transport
policy assessment.

The steps related to BWM are described below:

1. Identify the group of decision criteria {c1, c2, . . . ., cn} by experts.
2. Specify the best and the worst criterion: In this step, experts select the best and the

worst criterion among the criteria determined in the first step. The best criterion is
the most important criterion, and the worst criterion represents the least important or
desirable criterion to experts.

3. Identify the preference of the best criterion over the other criteria: In this step, experts
have to point out the preference of the most important criterion over the other criteria,
utilizing a number ranging from 1 to 9, where 1 represents equal importance, and 9
indicates that the best criterion is much more important than the criterion in question,
leading to a best-to-others vector, AB = (aB1, aB2, . . . , aBn).

4. Identify the preference of the criteria over the worst criterion: In this step, experts
should indicate the preference of all other criteria over the criterion chosen as being
the least desirable or important, utilizing a number ranging from 1 to 9, where 1
corresponds to equal importance, and 9 illustrates that the criterion in question is a lot
more important than the least important criterion. This results in the others-to-worst
vector, AW, which is presented as follows.

AW = (a1W, a2W, . . . , anW)T

5. Find the optimal weights
(
w∗1 , w∗2 , . . . , w∗n

)
: To obtain the optimal weights of the criteria, it

is required to minimize the maximum absolute differences
{∣∣wB − aBjwj

∣∣, ∣∣wj − ajWwW
∣∣}

for all j. This can be described as follows [82]:

min max
j

{∣∣wB − aBjwj
∣∣, ∣∣wj − ajWwW

∣∣}
s.t.

∑
j

wj = 1,

wj ≥ 0, for all j.

This model can be solved by transferring it into the following linear programming
formulation [82]:

minξ

s.t.∣∣wB − aBjwj
∣∣ ≤ ξ, for all j∣∣wj − ajWwW
∣∣ ≤ ξ, for all j
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∑
j

wj = 1,

wj ≥ 0, for all j.

5. Findings

As previously discussed, the FDM was utilized to select the most important barriers
from the ones identified in the literature. The results of FDM are presented in Table 4.

Table 4. Output of FDM.

No. Barrier L M U Defuzzified Decision

1 Technological immaturity 0.25 0.66 1 0.636 Accept
2 Scalability issues 0 0.55 1 0.518 Accept
3 Security risk 0 0.55 1 0.516 Accept
4 Privacy risk 0 0.47 1 0.488 Reject
5 Interoperability issues 0 0.71 1 0.570 Accept
6 High energy costs 0 0.44 1 0.480 Reject
7 Conversion to a new system 0 0.67 1 0.557 Accept
8 Investment cost 0 0.56 1 0.520 Accept
9 Reluctance to change 0.25 0.76 1 0.671 Accept

10 Lack of knowledge and
management support 0.25 0.77 1 0.674 Accept

11 Organizational policies 0 0.48 1 0.494 Reject
12 Organizational culture 0 0.56 1 0.520 Accept

13 Lack of collaboration,
coordination, and cooperation 0 0.57 1 0.524 Accept

14 Cultural differences 0 0.00 1 0.333 Reject
15 Lack of regulatory support 0 0.00 1 0.333 Reject
16 Usage in illicit activities 0 0.00 1 0.333 Reject

As per the FDM outputs and experts’ opinions, the barriers to blockchain adoption in
the CE were finalized and listed in Table 5.

Table 5. Accepted barriers to blockchain adoption in the CE.

Index Barriers

C1 Technological immaturity
C2 Scalability issues
C3 Security risk
C4 Interoperability issues
C5 Conversion to a new system
C6 Investment cost
C7 Reluctance to change
C8 Lack of knowledge and management support
C9 Organizational culture
C10 Lack of collaboration, coordination, and cooperation

Consistent with the steps of BWM stated above, the experts were asked to select the
best and the worst barriers among the indicators (Table 5). Subsequently, the decision panel
was asked to prioritize the best criterion among other criteria and determine the preference
of other criteria over the worst criterion. The inputs of each expert resulted in best-to-others
and others-to-worst vectors presented in Tables 6 and 7, respectively.
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Table 6. Best-to-others vector.

Expert Number Best Criteria C1 C2 C3 C4 C5 C6 C7 C8 C9 C10

1 C8 3 4 2 3 3 3 2 1 3 3
2 C8 3 2 2 2 2 3 2 1 3 2
3 C8 5 5 5 2 3 3 2 1 5 3
4 C7 5 8 9 9 4 9 1 5 8 6
5 C7 9 9 9 5 7 9 1 7 8 9
6 C8 3 7 7 3 3 4 6 1 9 7
7 C1 1 3 2 2 4 4 4 4 4 4
8 C8 2 3 4 3 3 3 2 1 3 4
9 C8 3 3 3 2 2 2 2 1 3 3
10 C8 3 4 4 4 4 4 2 1 2 6
11 C1 1 3 3 5 9 7 6 6 6 6
12 C8 4 6 4 3 3 4 2 1 3 3

Table 7. Others-to-worst vector.

Expert Number 1 2 3 4 5 6 7 8 9 10 11 12

Worst criteria C2 C6 C3 C3 C3 C9 C6 C3 C3 C10 C5 C2
C1 3 2 3 9 9 9 4 3 2 4 9 4
C2 1 3 2 7 9 5 3 2 2 3 9 1
C3 3 2 1 1 1 5 4 1 1 3 8 3
C4 3 3 5 5 9 9 3 3 3 4 6 5
C5 3 3 4 9 9 9 2 3 3 4 1 5
C6 2 1 3 4 9 8 1 2 2 3 4 4
C7 3 3 5 9 9 5 2 4 3 5 5 5
C8 4 3 5 9 9 9 2 4 3 6 5 6
C9 2 2 3 7 9 1 2 3 2 5 4 4
C10 3 3 4 9 9 5 2 2 2 1 5 5

The final weights of criteria were determined using the linear model of BWM. The
optimal weights and the optimal value of ξ* (consistency ratio) were identified for each
expert by solving the BWM linear model. Afterwards, the arithmetic mean of the criteria’s
weights for each expert was calculated to obtain the final weights of the criteria. Table 8
and Figure 2 display the results of BWM.

Table 8. BWM results.

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 Consistency
Ratio ξ*

1 0.083 0.042 0.125 0.083 0.083 0.083 0.125 0.208 0.083 0.083 0.026
2 0.071 0.106 0.106 0.106 0.106 0.047 0.106 0.176 0.071 0.106 0.035
3 0.056 0.056 0.036 0.141 0.094 0.094 0.141 0.231 0.056 0.094 0.022
4 0.097 0.061 0.024 0.054 0.121 0.054 0.351 0.097 0.061 0.081 0.026
5 0.062 0.062 0.025 0.111 0.079 0.062 0.39 0.079 0.069 0.062 0.031
6 0.125 0.053 0.053 0.125 0.125 0.093 0.062 0.288 0.022 0.053 0.016
7 0.233 0.093 0.14 0.14 0.07 0.047 0.07 0.07 0.07 0.07 0.029
8 0.128 0.085 0.043 0.085 0.085 0.085 0.128 0.213 0.085 0.064 0.026
9 0.076 0.076 0.051 0.114 0.114 0.114 0.114 0.19 0.076 0.076 0.038
10 0.095 0.071 0.071 0.071 0.071 0.071 0.142 0.234 0.142 0.031 0.017
11 0.309 0.133 0.133 0.08 0.025 0.057 0.066 0.066 0.066 0.066 0.017
12 0.071 0.03 0.071 0.095 0.095 0.071 0.143 0.232 0.095 0.095 0.018

Final weight 0.117 0.072 0.073 0.1 0.089 0.073 0.153 0.174 0.075 0.073
Rank 3 10 9 4 5 8 2 1 6 7
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As can be observed from the application of BWM, lack of knowledge and management
support (C8), reluctance to change (C7), and technological immaturity (C1) are the most
important barriers, while investment cost (C6), security risk (C3), and scalability issues (C2)
are the least important barriers to blockchain adoption in the CE. According to Table 8, the
comparisons indicate a very high consistency since the value ξ* is close to zero.

6. Discussion

Researchers agree that new technologies such as blockchain can play a critical role
in CE realization [22,52,57]. The capabilities of the technologies in terms of democratiza-
tion and transaction transparency have attracted organizations striving to implement CE
practices. Because information can be securely maintained and updated without a central
authority, blockchain provides proof of transaction between different CE stakeholders.
Blockchain is a key enabler for overcoming several pressing CE challenges, including
developing a secure payment system and the requirement for transparent transactions to
maintain materials and products in the circulation loop for longer periods [1,22]. Blockchain
strengthens collaboration and integration of transaction processes and cleaner production
in the supply chain, thereby reducing inefficiencies and waste [34,45].

Moreover, a tamper-proof and secure decentralized ledger can usher in new sustain-
able, democratic, and cyclical CE business models that enable firms to collaborate closely
with larger CE stakeholder networks, notably with customers [22,98,99]. By allowing the
design of incentive schemes, blockchain can motivate green consumer behavior, improve
transparency, optimize operational efficiencies, and facilitate performance control and
reporting [19,52]. Realizing the CE is a common objective of many organizations and
governments, requiring collective decision-making considering inputs from diverse actors.
As such, the adoption of blockchain can be an effective solution to large-scale collective
decision-making processes [100]. Furthermore, the technology offers incentives for sup-
porting a novel trading and pricing resources system between CE stakeholders at lower
transaction costs and increased visibility [17,20]. Blockchain enables reliable and decentral-
ized data, process transparency, traceability, and optimal supply chain performance [17].

Additionally, with blockchain, platforms like those designed for shared leasing can be
established, and organizations can coordinate and redistribute their excessive assets and
resources [57,101]. The visibility of transactional information enabled by blockchain also
strengthens intra- and inter-firm communication [17,102] and facilitates the formulation
of CE strategies. The deployment of blockchain could further prevent waste and create
environmental benefits through sustainable product designs, encouraging customers to
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utilize products for longer periods and return them after use at optimal points in the
product lifecycle [76].

Finally, the development of an economic system based on tokens with the help of
blockchain can ultimately dismantle the relationship between economic growth and envi-
ronmental deterioration and allow organizations to explore new opportunities for value
creation and engage consumers in value co-creation [20]. Besides these economic and
environmental benefits, blockchain can boost the social dimension of sustainability by
promoting social welfare and equity [103].

Despite the tangible benefits of the technology, the wide-scale implementation of
blockchain in the CE remains uncertain. This study investigated potential barriers to
blockchain adoption in the CE. The barriers identified in this research are temporary in
nature due to the novelty of the technology. As blockchain develops over time, it is expected
that these barriers will be overcome [104]. This study aims to determine barriers hampering
the effective integration of blockchain in the CE, stimulate future academic research, and
assist in developing more successful blockchain systems tailored to CE activities. Overall,
sixteen barriers were identified from the literature and validated by twelve experts. While
we do not pretend to be inclusive in our review, the proposed research framework can
provide a comprehensive set of hurdles that slow down the CE transition. Next, the FDM
outcomes included ten important barriers.

Even though the academic literature and the experts validated barriers such as privacy
risk and lack of regulatory support, they have been disallowed to be viewed as impor-
tant barriers to blockchain adoption in the CE due to user anonymity in permissioned
blockchains [19,52] and the readiness of government to support blockchain adoption [105].
This finding contradicts previous studies that highlighted the importance of regulations
to blockchain application for better resource management, waste initiatives, and conflict
prevention [22,35,57]. The selected ten barriers were further analyzed and ranked using
BWM. The application of this hybrid approach has led to several interesting findings. For
instance, the lack of knowledge and management support is identified as the most impor-
tant hindering the adoption of blockchain in the CE. This result corroborates the findings
of several studies [48,53,76,106].

Recently, Karuppiah et al. [107] found that the lack of knowledge about blockchain
technology represents one of the top five challenges encountered by firms operating in the
leather garment manufacturing industry. The lack of knowledge could exacerbate resistance
to implement the technology [108] and lead to unsuccessful adoption [109]. Moreover, the
results documented by the experts indicated that reluctance to change is the second most
important inhibitor of blockchain adoption, which is in line with the research conducted
by [110,111] and confirms the role of organizational resistance to change in prolonging the
process of blockchain–CE integration. In addition, this outcome illustrates that the move
towards new blockchain-based CE business models is perceived as a risky decision that
may aggravate corporate uncertainties and losses.

Technological immaturity and interoperability issues were ranked the third and fourth
most important barriers, respectively. The immaturity of blockchain may create different
expectations regarding its use in various cases and implementation advantages in the CE.
Uncertainties arising from the infancy of blockchain and the limited number of experienced
people with the technology pose challenges in using and adapting blockchain to the
CE. Moreover, the existing blockchain systems are still generally at the experimentation
phase [48,54]. The significant ranking of interoperability issues signifies that existing legacy
systems used for CE activities should be able to operate with blockchain. This finding
supports previous studies, highlighting the need to develop fully decentralized systems
that could interconnect without intermediaries and achieve high performance [52,53,60].

Consequently, firms are required to devise effective strategies to prevent problems
(e.g., system incompatibilities, lack of data integration, inefficient communication, etc.)
that may happen during the transition to a blockchain-enabled CE. Furthermore, the
reason behind the lack of real-world blockchain applications in the CE could be due to the
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difficulty of converting to a new system (C5), organizational culture (C9), and the lack of
collaboration, coordination, and cooperation (C10). During an unprecedented technological
transformation, firms are required to prioritize the adaptation of their system infrastructure
to ensure the success of their CE.

The findings are consistent with those of [112], which found that organizational
culture was among the most critical success factors for blockchain adoption in freight
transportation. Thus, firms need to have systematic thinking and an effective approach in
terms of organizational culture to facilitate blockchain’s role in reducing environmental
impacts of resources at the end of their lifecycle. A supportive organizational culture can
provide a favorable operational setting to incubate blockchain. Similarly, the adoption of
blockchain extends beyond the individual firm to a larger set of CE stakeholders. Eventually,
it causes radical changes in the firm’s role in the CE ecosystem. This coincides with the
views of [113,114], which stated that integration of “system-changing” innovations requires
new collaborative initiatives with multiple actors.

Finally, this study suggests that investment cost (C6), security risk (C3), and scalability
issues (C2) were the least important barriers to blockchain adoption in the CE, thereby
requiring less attention from managers. While blockchain technology is not costly to
operate [115], a recent study suggested that investment costs represent the most significant
obstacle in integrating blockchain into energy management [49]. In contrast to our study
findings, [19] argued that security risks and scalability are among the major limitations of
blockchain that need to be addressed to ensure the wide adoption and implementation of
the technology in the CE.

7. Conclusions

The purpose of this article was to examine the significance of barriers to blockchain
adoption in the CE. Experts’ opinions were used to validate a pool of barriers to blockchain
application for the CE extracted from the academic literature, which was then refined
using FDM. The significant barriers to blockchain adoption in the CE were then ranked
using BWM.

7.1. Research Implications

This study makes a number of theoretical and management inferences. The findings in-
dicate that ten potential barriers are critical for decision-makers, necessitating the adoption
of several best or good practices and adaptation efforts during blockchain implementation
in the CE. The study’s contribution to the existing body of knowledge cannot be overstated,
as it is one of the few attempts to prioritize and rank blockchain barriers in the context
of CE. Additionally, the complementarity of FDM and BWM paints a clear picture of the
barriers that must be addressed (or removed) immediately in order to mitigate potential
risks and uncertainties associated with blockchain integration in the CE. Additionally, the
findings also support the view that corporate knowledge, training, and communication are
critical to blockchain adoption in circular supply chain management. This study responds
to academics who have emphasized the importance of examining the relationship between
sustainable supply chain management and blockchain [116–118]. In the context of sus-
tainable supply chain management, our findings indicate that a reluctance to change and
technological immaturity continue to be impediments to the deployment of blockchain. As
a result, technological maturity is necessary because it enables integration and the capture
and disclosure of information needed in the circular supply chain. Consistent with previous
studies [116,118,119], this study indicates that blockchain technology has the potential to
enhance the security, trust, traceability, and transparency of sustainable supply chains.
In general, this is the first study to comprehensively identify, evaluate, and rank barriers
to blockchain adoption in the CE. The barriers to technology adoption in the CE were
analyzed as multifaceted issues that affect relationships between organizations and stake-
holders in sustainable supply chains [116]. Additionally, the technological barriers related
to blockchain implementation were found to be less significant, as they primarily stem from
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the technology’s infancy. Organizational barriers to blockchain adoption require greater
attention in future research and workable solutions to increase organizational readiness to
adopt blockchain in sustainable and circular supply chains. Additional empirical studies
are necessary to investigate the factors that contribute to technology acceptance. From an
integrative approach, this research sought a close alignment of the CE and blockchain con-
cepts and examined the barriers that must be overcome in order for a blockchain-enabled
CE to succeed.

The findings of this study inform CE stakeholders and managers about the barriers to
blockchain adoption on which they must focus their resources and efforts. Organizations
should be encouraged to participate in blockchain-enabled CE initiatives that promote
sustainable and efficient processes by sharing information and resources. Blockchain
adoption in the CE is critical in today’s dynamically competitive markets. As a result,
managers should budget specifically for this technological advancement in the CE system.
To avoid technical issues during blockchain implementation, businesses must establish
dedicated research and development units where IT staff can acquire expertise and training.
Specifically, software professionals’ knowledgeable about blockchain will have a positive
impact on businesses as they transition toward a blockchain-enabled CE.

Technological change is more challenging in the CE from the technical and financial
perspective because a highly intricate network structure features this paradigm based
on information, product, and capital flows. Therefore, for the achievement of the CE,
governments may grant additional subventions and support organizations to thrive in
competitive marketplaces. Finally, interoperability, one of the barriers most critical to
blockchain, needs to be taken seriously to ensure effective system integration in CE activities.
Moreover, CE stakeholders must be persuaded of the potential of blockchain for the CE
transition; thus, the hesitance in this respect should be erased. As a result, all sorts
of reluctance undermining the adoption of blockchain should be followed closely, and
the required precautions should be considered in this regard. The strategies used to
reduce reluctance may vary according to actual conditions and individual qualities. More
specifically, the human aspect is the main cause of the reluctance to shift to blockchain
systems. Thus, employees should be taught more about blockchain barriers to ensure
successful technology adoption in the CE.

7.2. Research Limitations

Despite the significant contributions of the current study, it is worth noting that the
findings were biased toward experts’ opinions in academia and industry. Moreover, the
lack of peer-reviewed academic literature on the nexus of blockchain and the CE is another
limitation of the study. The theoretical nature of the research can also be considered a
concern. However, we believe that the recent conceptual development of this knowledge
domain and the scarcity of theoretical studies on the barriers to blockchain adoption in the
CE make our study a worthy and valuable scientific contribution.
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53. Erol, I.; Peker, I.; Ar, I.M.; Turan, İ.; Searcy, C. Towards a Circular Economy: Investigating the Critical Success Factors for a

Blockchain-Based Solar Photovoltaic Energy Ecosystem in Turkey. Energy Sustain. Dev. 2021, 65, 130–143. [CrossRef]
54. Shojaei, A.; Ketabi, R.; Razkenari, M.; Hakim, H.; Wang, J. Enabling a Circular Economy in the Built Environment Sector through

Blockchain Technology. J. Clean. Prod. 2021, 294. [CrossRef]
55. Satamraju, K.P.; B, M. Proof of Concept of Scalable Integration of Internet of Things and Blockchain in Healthcare. Sensors 2020,

20, 1389. [CrossRef]
56. Hatzivasilis, G.; Ioannidis, S.; Fysarakis, K.; Spanoudakis, G.; Papadakis, N. The Green Blockchains of Circular Economy.

Electronics 2021, 10, 2008. [CrossRef]
57. Kouhizadeh, M.; Zhu, Q.; Sarkis, J. Blockchain and the Circular Economy: Potential Tensions and Critical Reflections from

Practice. Prod. Plan. Control 2020, 31, 950–966. [CrossRef]
58. Khan, A.U.; Shahid, A.; Tariq, F.; Ghaffar, A.; Jamal, A.; Abbas, S.; Javaid, N. Enhanced Decentralized Management of Patient-

Driven Interoperability Based on Blockchain. In Proceedings of the Advances on Broad-Band Wireless Computing, Communica-
tion and Applications, Antwerp, Belgium, 7–9 November 2019; Barolli, L., Hellinckx, P., Enokido, T., Eds.; Springer International
Publishing: Cham, Switzerland, 2020; pp. 815–827.

59. Wang, B.; Luo, W.; Zhang, A.; Tian, Z.; Li, Z. Blockchain-Enabled Circular Supply Chain Management: A System Architecture for
Fast Fashion. Comput. Ind. 2020, 123. [CrossRef]

60. Liu, X.L.; Wang, W.M.; Guo, H.; Barenji, A.V.; Li, Z.; Huang, G.Q. Industrial Blockchain Based Framework for Product Lifecycle
Management in Industry 4.0. Robot. Comput.-Integr. Manuf. 2020, 63. [CrossRef]

http://doi.org/10.1016/j.jclepro.2020.125139
http://doi.org/10.1016/j.wasman.2020.10.027
http://www.ncbi.nlm.nih.gov/pubmed/33288397
http://doi.org/10.3390/socsci10110434
http://doi.org/10.3390/su13094982
http://doi.org/10.1016/j.ecolecon.2020.106703
http://doi.org/10.1111/jiec.12545
http://doi.org/10.3390/su13158290
http://doi.org/10.1109/EMR.2019.2898178
http://doi.org/10.1016/j.resourpol.2020.101595
http://doi.org/10.3390/su13041861
http://doi.org/10.3390/su13169142
http://doi.org/10.1080/00207543.2011.571924
http://doi.org/10.1016/j.ecolecon.2018.04.028
http://doi.org/10.22215/timreview/1352
http://doi.org/10.3390/su13052895
http://doi.org/10.1016/j.renene.2021.05.053
http://doi.org/10.1016/j.tej.2019.03.008
http://doi.org/10.1016/j.spc.2020.12.006
http://doi.org/10.1016/j.esd.2021.10.004
http://doi.org/10.1016/j.jclepro.2021.126352
http://doi.org/10.3390/s20051389
http://doi.org/10.3390/electronics10162008
http://doi.org/10.1080/09537287.2019.1695925
http://doi.org/10.1016/j.compind.2020.103324
http://doi.org/10.1016/j.rcim.2019.101897


Sustainability 2022, 14, 3611 22 of 23

61. Ogunmakinde, O.E.; Egbelakin, T.; Sher, W. Contributions of the Circular Economy to the UN Sustainable Development Goals
through Sustainable Construction. Resour. Conserv. Recycl. 2022, 178, 106023. [CrossRef]

62. Su, B.; Heshmati, A.; Geng, Y.; Yu, X. A Review of the Circular Economy in China: Moving from Rhetoric to Implementation. J.
Clean. Prod. 2013, 42, 215–227. [CrossRef]

63. Truby, J. Decarbonizing Bitcoin: Law and Policy Choices for Reducing the Energy Consumption of Blockchain Technologies and
Digital Currencies. Energy Res. Soc. Sci. 2018, 44, 399–410. [CrossRef]

64. Abreu, A.W.; Coutinho, E.F. A Pattern Adherence Analysis to a Blockchain Web Application. In Proceedings of the 2020 IEEE
International Conference on Software Architecture Companion (ICSA-C), Salvador, Brazil, 16–20 March 2020; pp. 103–109.

65. Ada, N.; Kazancoglu, Y.; Sezer, M.D.; Ede-Senturk, C.; Ozer, I.; Ram, M. Analyzing Barriers of Circular Food Supply Chains and
Proposing Industry 4.0 Solutions. Sustainability 2021, 13, 6812. [CrossRef]

66. Kayikci, Y.; Subramanian, N.; Dora, M.; Bhatia, M.S. Food Supply Chain in the Era of Industry 4.0: Blockchain Technology
Implementation Opportunities and Impediments from the Perspective of People, Process, Performance, and Technology. Prod.
Plan. Control 2022, 33, 301–321. [CrossRef]

67. Yadav, V.S.; Singh, A.R.; Raut, R.D.; Govindarajan, U.H. Blockchain Technology Adoption Barriers in the Indian Agricultural
Supply Chain: An Integrated Approach. Resour. Conserv. Recycl. 2020, 161, 104877. [CrossRef]

68. Reyes, P.M.; Jaska, P. Is RFID Right for Your Organization or Application? Manag. Res. News 2007, 30, 570–580. [CrossRef]
69. Speed, C.; Shingleton, D. An Internet of Cars: Connecting the Flow of Things to People, Artefacts, Environments and Businesses.

In Proceedings of the 6th ACM Workshop on Next Generation Mobile Computing for Dynamic Personalised Travel Planning,
Low Wood Bay Lake District, UK, 29 June 2012; Association for Computing Machinery: New York, NY, USA, 2012; pp. 11–12.

70. Yazici, H.J. An Exploratory Analysis of Hospital Perspectives on Real Time Information Requirements and Perceived Benefits of
RFID Technology for Future Adoption. Int. J. Inf. Manag. 2014, 34, 603–621. [CrossRef]

71. Klerkx, L.; Rose, D. Dealing with the Game-Changing Technologies of Agriculture 4.0: How Do We Manage Diversity and
Responsibility in Food System Transition Pathways? Glob. Food Secur. 2020, 24, 100347. [CrossRef]

72. Kouhizadeh, M.; Saberi, S.; Sarkis, J. Blockchain Technology and the Sustainable Supply Chain: Theoretically Exploring Adoption
Barriers. Int. J. Prod. Econ. 2021, 231, 107831. [CrossRef]

73. Chanson, M.; Bogner, A.; Bilgeri, D.; Fleisch, E.; Wortmann, F. Blockchain for the IoT: Privacy-Preserving Protection of Sensor
Data. J. Assoc. Inf. Syst. 2019, 20. [CrossRef]

74. Hew, J.-J.; Wong, L.-W.; Tan, G.W.-H.; Ooi, K.-B.; Lin, B. The Blockchain-Based Halal Traceability Systems: A Hype or Reality?
Supply Chain Manag. Int. J. 2020, 25, 863–879. [CrossRef]

75. Perboli, G.; Musso, S.; Rosano, M. Blockchain in Logistics and Supply Chain: A Lean Approach for Designing Real-World Use
Cases. IEEE Access 2018, 6, 62018–62028. [CrossRef]

76. Nandi, S.; Sarkis, J.; Hervani, A.; Helms, M. Do Blockchain and Circular Economy Practices Improve Post COVID-19 Supply
Chains? A Resource-Based and Resource Dependence Perspective. Ind. Manag. Data Syst. 2021, 121, 333–363. [CrossRef]

77. Kurpjuweit, S.; Schmidt, C.G.; Klöckner, M.; Wagner, S.M. Blockchain in Additive Manufacturing and Its Impact on Supply
Chains. J. Bus. Logist. 2021, 42, 46–70. [CrossRef]

78. Çetin, S.; De Wolf, C.; Bocken, N. Circular Digital Built Environment: An Emerging Framework. Sustainability 2021, 13, 6348.
[CrossRef]

79. Beugré, C.D.; Acar, W. Offshoring and Cross-Border Interorganizational Relationships: A Justice Model. Decis. Sci. 2008, 39,
445–468. [CrossRef]

80. Romero-Hernández, O.; Romero, S. Maximizing the Value of Waste: From Waste Management to the Circular Economy.
Thunderbird Int. Bus. Rev. 2018, 60, 757–764. [CrossRef]

81. Qian, J.; Wu, W.; Yu, Q.; Ruiz-Garcia, L.; Xiang, Y.; Jiang, L.; Shi, Y.; Duan, Y.; Yang, P. Filling the Trust Gap of Food Safety in Food
Trade between the EU and China: An Interconnected Conceptual Traceability Framework Based on Blockchain. Food Energy Secur.
2020, 9, e249. [CrossRef]

82. Rezaei, J. Best-Worst Multi-Criteria Decision-Making Method. Omega 2015, 53, 49–57. [CrossRef]
83. Chen, D.; Faibil, D.; Agyemang, M. Evaluating Critical Barriers and Pathways to Implementation of E-Waste Formalization

Management Systems in Ghana: A Hybrid BWM and Fuzzy TOPSIS Approach. Environ. Sci. Pollut. Res. 2020, 27, 44561–44584.
[CrossRef] [PubMed]

84. Ghasemian Sahebi, I.; Arab, A.; Sadeghi Moghadam, M.R. Analyzing the Barriers to Humanitarian Supply Chain Management: A
Case Study of the Tehran Red Crescent Societies. Int. J. Disaster Risk Reduct. 2017, 24, 232–241. [CrossRef]

85. Gupta, H.; Barua, M.K. A Framework to Overcome Barriers to Green Innovation in SMEs Using BWM and Fuzzy TOPSIS. Sci.
Total Environ. 2018, 633, 122–139. [CrossRef] [PubMed]

86. Dalkey, N.; Helmer, O. An Experimental Application of the DELPHI Method to the Use of Experts. Manag. Sci. 1963, 9, 458–467.
[CrossRef]

87. Hsu, C.-C.; Sandford, B. The Delphi Technique: Making Sense of Consensus. Pract. Assess. Res. Eval. 2019, 12. [CrossRef]
88. Hsu, Y.-L.; Lee, C.-H.; Kreng, V.B. The Application of Fuzzy Delphi Method and Fuzzy AHP in Lubricant Regenerative Technology

Selection. Expert Syst. Appl. 2010, 37, 419–425. [CrossRef]
89. Kannan, D.; de Jabbour, A.B.L.S.; Jabbour, C.J.C. Selecting Green Suppliers Based on GSCM Practices: Using Fuzzy TOPSIS

Applied to a Brazilian Electronics Company. Eur. J. Oper. Res. 2014, 233, 432–447. [CrossRef]

http://doi.org/10.1016/j.resconrec.2021.106023
http://doi.org/10.1016/j.jclepro.2012.11.020
http://doi.org/10.1016/j.erss.2018.06.009
http://doi.org/10.3390/su13126812
http://doi.org/10.1080/09537287.2020.1810757
http://doi.org/10.1016/j.resconrec.2020.104877
http://doi.org/10.1108/01409170710773706
http://doi.org/10.1016/j.ijinfomgt.2014.04.010
http://doi.org/10.1016/j.gfs.2019.100347
http://doi.org/10.1016/j.ijpe.2020.107831
http://doi.org/10.17705/1jais.00567
http://doi.org/10.1108/SCM-01-2020-0044
http://doi.org/10.1109/ACCESS.2018.2875782
http://doi.org/10.1108/IMDS-09-2020-0560
http://doi.org/10.1111/jbl.12231
http://doi.org/10.3390/su13116348
http://doi.org/10.1111/j.1540-5915.2008.00199.x
http://doi.org/10.1002/tie.21968
http://doi.org/10.1002/fes3.249
http://doi.org/10.1016/j.omega.2014.11.009
http://doi.org/10.1007/s11356-020-10360-8
http://www.ncbi.nlm.nih.gov/pubmed/32772292
http://doi.org/10.1016/j.ijdrr.2017.05.017
http://doi.org/10.1016/j.scitotenv.2018.03.173
http://www.ncbi.nlm.nih.gov/pubmed/29573679
http://doi.org/10.1287/mnsc.9.3.458
http://doi.org/10.7275/pdz9-th90
http://doi.org/10.1016/j.eswa.2009.05.068
http://doi.org/10.1016/j.ejor.2013.07.023


Sustainability 2022, 14, 3611 23 of 23

90. Zadeh, L.A. Fuzzy Sets as a Basis for a Theory of Possibility. Fuzzy Sets Syst. 1978, 1, 3–28. [CrossRef]
91. Shen, L.; Olfat, L.; Govindan, K.; Khodaverdi, R.; Diabat, A. A Fuzzy Multi Criteria Approach for Evaluating Green Supplier’s

Performance in Green Supply Chain with Linguistic Preferences. Resour. Conserv. Recycl. 2013, 74, 170–179. [CrossRef]
92. Ishikawa, A.; Amagasa, M.; Shiga, T.; Tomizawa, G.; Tatsuta, R.; Mieno, H. The Max-Min Delphi Method and Fuzzy Delphi

Method via Fuzzy Integration. Fuzzy Sets Syst. 1993, 55, 241–253. [CrossRef]
93. Ma, Z.; Shao, C.; Ma, S.; Ye, Z. Constructing Road Safety Performance Indicators Using Fuzzy Delphi Method and Grey Delphi

Method. Expert Syst. Appl. 2011, 38, 1509–1514. [CrossRef]
94. Saaty, T.L. Decision Making—The Analytic Hierarchy and Network Processes (AHP/ANP). J. Syst. Sci. Syst. Eng. 2004, 13, 1–35.

[CrossRef]
95. Shojaei, P.; Seyed Haeri, S.A.; Mohammadi, S. Airports Evaluation and Ranking Model Using Taguchi Loss Function, Best-Worst

Method and VIKOR Technique. J. Air Transp. Manag. 2018, 68, 4–13. [CrossRef]
96. Wan Ahmad, W.N.K.; Rezaei, J.; Sadaghiani, S.; Tavasszy, L.A. Evaluation of the External Forces Affecting the Sustainability of Oil

and Gas Supply Chain Using Best Worst Method. J. Clean. Prod. 2017, 153, 242–252. [CrossRef]
97. Annema, J.A.; Mouter, N.; Razaei, J. Cost-Benefit Analysis (CBA), or Multi-Criteria Decision-Making (MCDM) or Both: Politicians’

Perspective in Transport Policy Appraisal. Transp. Res. Procedia 2015, 10, 788–797. [CrossRef]
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