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A B S T R A C T

The rapid transition to electric vehicles has intensified challenges in electric vehicle battery (EVB) 
closed-loop supply chains (CLSC), particularly regarding material traceability, supply chain 
transparency, and recycling efficiency. While decentralised technologies, particularly Web3 and 
Metaverse, offer promising solutions, their integration into EVB CLSC remains fragmented and 
insufficiently examined. We introduce an Operational Decentralisation Framework enabling a 
systematic analysis of centralised operations and a critical evaluation of decentralised alternatives 
as transformational forces. By adopting a holistic perspective, the framework equips firms with 
strategic guidance for transitioning from centralised structures to decentralised ecosystems. We 
analyse 588 academic articles and 1,168 industry documents through two advanced text mining 
techniques – Dynamic Latent Dirichlet Allocation and Burst Detection. Web3 and metaverse can 
potentially reconfigure the design, manufacturing, end-of-life diagnostics, procurement, waste 
management, load balancing, capacity planning, inventory management and service operations of 
two key areas: (1) EVB CLSC operations and (2) EVB circular energy/grid operations. We also 
found that while blockchain and digital twins show established applications, Web3 and Metaverse 
applications face significant barriers, including scalability, technology complexity, and expertise 
gaps, despite their great potentials. Therefore, we propose four visionary models integrating 
Web3, Metaverse, and AI technologies that have the potential to overcome existing barriers and 
enable transformative decentralisation. Extending the TOE framework, the study contributes to 
the theory by developing an integrated framework for evaluating decentralised technology 
adoption in EVB CLSCs. For practitioners, we provide actionable insights and pathways for 
technology implementation across different CLSC stages and guidance for addressing key adop
tion barriers.

1. Introduction

To mitigate carbon emissions and environmental pressures from conventional fossil fuel vehicles, the global automotive industry is 
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rapidly transitioning to battery-powered electric vehicles (EVs). According to the International Energy Agency’s report, EVs are 
projected to comprise 60 % of global vehicle sales by 2030 to align with carbon budget targets (Bouckaert et al., 2021). EVs are not only 
shaping the future of transportation but are also vital to green and sustainable development.

Nevertheless, with the rising popularity of EVs, demand for electric vehicle batteries (EVBs) is increasing, which brings several 
associated challenges, from the extraction of raw materials such as lithium and nickel to the production, usage, reuse, and eventual 
disposal of batteries through the closed-loop supply chain (CLSC) (Albertsen et al., 2021; Chirumalla et al., 2024). These challenges 
include carbon emissions, resource use, and environmental and social damage (Wrålsen et al., 2021). Particularly, EVBs contain 
metals, toxic, and flammable substances that adversely affect the environment and may pose a risk to human health due to their 
carcinogenic and mutagenic nature (Banza et al., 2009; Kang et al., 2013). Additionally, the challenges and complexities of managing 
the lifecycle of EVBs within a CLSC are not limited to production but extend to unethical and untransparent sourcing of raw materials, 
higher recycling costs and lower returns of retired EVBs, an opaque and imperfect information traceability system (Jia et al., 2024), 
and lower supervision efficiency by regulators in EVB CLSC (Zhou et al., 2023).

These challenges highlight the urgent need for more efficient, transparent, and intelligent supply chain operating systems. 
Decentralised technologies offer significant potential in addressing these challenges. Decentralised technologies refer to ecosystems 
that operate without a central authority or a single entity that controls the data (Davies et al., 2024; Dutta et al., 2020). They distribute 
authority, control, or data across multiple participants or nodes, eliminating the need for intermediaries by allowing peer-to-peer (P2P) 
transactions and collaborative, secure data management. Organisations have real-time access to vast amounts of data spanning product 
logistics, lifecycles, customer–supplier interactions, and market demand (Centobelli et al., 2021), enhancing supply chain visibility and 
transparency.

Nowadays, interest in Web3 and the metaverse is rapidly gaining momentum among both operations and supply chain manage
ment (OSCM) scholars and industry practitioners (Dolgui and Ivanov, 2023; PERBOLI et al., 2025; Queiroz et al., 2023). Web3 is the 
next evolution of the Internet and fuses digital and physical elements. The fundamental idea of Web3 is to create a decentralised 
internet of open, interconnected, intelligent systems that provide programmable primitives for governance, coordination, and value/ 
ownership (Huang et al., 2023; Mourtzis et al., 2022). Within the Web3 domain, the metaverse, integrated with digital twins, emerges 
as an immersive, collective virtual shared space and operational interface (Lyu and Fridenfalk, 2024; PERBOLI et al., 2025). It bridges 
the physical and digital realms based on a 3D representation, and various applications and users can interact, work, trade, and create 
through immersive digital experiences (Damar, 2021; Davies et al., 2024).

Metaverse may integrate Web3 infrastructure (Mourtzis et al., 2022), involving the use of avatars supported by smart devices, such 
as smartphones and headsets (PERBOLI et al., 2025), as well as cutting-edge technologies like extended reality, augmented reality, 
virtual reality, blockchain, artificial intelligence, and digital twins (Dolgui and Ivanov, 2023; Queiroz et al., 2023). Blockchain pro
vides the foundational layer for Web3 ecosystems and metaverse projects as a decentralised infrastructure (Davies et al., 2024), 
enabling transparent and traceable digital asset trading. Metaverse is an interface layer as the collaboration front-end facilitated by 
Web3 and digital ecosystems, to combine the digital and physical worlds. Hence, they can be considered a decentralised operating 
paradigm rather than isolated technologies.

From an OSCM perspective, there is plenty of literature highlighting the decentralised technologies of technology adoption in 
supply chain operations (Dutta et al., 2020; Queiroz et al., 2023; Wang et al., 2019) or applications in transportation industries, such as 
parking systems (Wang et al., 2023) and charging stations for EVs (X. Li et al., 2024), EV supply chain (Capocasale et al., 2025). 
Especially, the metaverse can unlock how goods are produced and traded, and how businesses interact with their customers. Orga
nisations are beginning to evaluate the potential of the metaverse and how it can be integrated into existing business models as a tool 
and a target (Dwivedi et al., 2022). Emerging real-world EV applications of decentralised technologies also underscore their value for 
supply chain management. For instance, Volvo Cars, in partnership with its battery suppliers Contemporary Amperex Technology Co., 
LG New Energy, and blockchain firms, began implementing cobalt traceability in 2019. Additionally, platforms such as Catena-X are 
being developed in the automotive industry, enabling the creation of digital product passports. Volvo collaborated with Circulor to 
introduce a battery passport using blockchain to trace the origins of raw materials for their EVBs (Khan, 2024; Volvo Cars, 2019). 
Digital twins, by simulating the lifecycle of EVBs, offer predictive capabilities for monitoring battery health and optimising second-life 
usage (Alamin et al., 2023; Branco and Fontanela, 2024). These initiatives represent a trend towards decentralised technologies across 
industries. By reducing dependence on centralised platforms and supporting transparent and automated systems, Web3 and Metaverse 
technologies can reintegrate digital transformation with sustainable development goals.

Despite such progress, deployment of decentralised technologies in EVB CLSC remains fragmented and mostly confined to isolated 
use cases (e.g., forward-chain traceability), with limited end-to-end integration across use, second-life and recycling. The rapid 
development of emerging Web3 and metaverse invites further examination of their state and how they reconfigure operations in the 
EVB CLSC. This gap presents an opportunity to create a comprehensive framework that integrates various decentralised technologies 
into the EVB CLSC. Another gap concerns theoretical treatment and feasibility. The Technology–Organisation–Environment (TOE) 
framework is underused in resource-intensive sectors (Han and Fang, 2024; Kouhizadeh et al., 2021; Yadav et al., 2023) and has not 
been adapted to multi-actor, decentralised ecosystems where Web3 primitives and metaverse interfaces interact. Consequently, we 
lack clarity on the capabilities firms need to progress, as well as a staged transition roadmap from centralised to Web3- and metaverse- 
enabled EVB CLSCs.

To fill the gaps, the study aims to shed light on the adoption of decentralised technologies, particularly Web3 and the metaverse, in 
EVB CLSC, and develops a holistic transformation framework to guide firms in transitioning from centralised to decentralised systems. 
Our paper explores the gaps by the following research questions: 
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• RQ1. How do decentralised technologies, particularly Web3 and Metaverse, fundamentally reconfigure the structure, processes, 
and stakeholder interactions within EVB CLSC?

• RQ2. What implications might this have for transforming operations practices?
• RQ3. Which pathways should firms take to merge into a fully Web3 and Metaverse enabled EVB CLSC in the future?

To answer these RQs, this study applies a systematic methodology to explore decentralised technologies in the EVB CLSC. We 
collect and process text data from academic (588 articles) and industry (1,168 documents) sources, then utilise the Dynamic Latent 
Dirichlet Allocation (D-LDA) and burst detection analysis to identify prominent and emerging topics related to the applications of these 
technologies. We also assess the feasibility of adopting these technologies across the CLSC stages using the TOE framework. Our 
identified applications show that blockchain and digital twins are prominently applied, while the applications of smart contracts, 
Web3, and the metaverse are existing but limited. Notably, we observe that Web3 and the metaverse are beginning to reconfigure: (1) 
EVB CLSC operations and (2) EVB circular energy/grid operations. These technologies are driving a fundamental shift from centralised 
to decentralised operational models, impacting key functions such as design, manufacturing, end-of-life (EoL) diagnostics, procure
ment, waste management, load balancing, capacity planning, inventory control, and service operations. Despite these advancements, 
significant operational and organisational barriers persist – including integration complexity, lack of data standardisation, scalability 
challenges, and regulatory uncertainty. To address these challenges, we propose four visionary Web3 and metaverse-based models, 
integrated with AI. These models aim to alleviate existing barriers and unlock new capabilities for decentralised, intelligent, and 
resilient supply chain operations.

This study makes several noteworthy contributions. First, this study develops a novel Operational Decentralisation Framework to 
diagnose the current centralised operations and explore how decentralised technologies can propose novel transformative pathways 
and offer future research avenues for both academia and practitioners. Second, this study provides a structured feasibility assessment 
based on the TOE framework, examining the potential and barriers of these technologies in real-world EVB applications, offering 
potential resolutions for these barriers. This contributes to a forward-looking theoretical discourse by integrating decentralised 
maturity with dynamic capability development and ecosystem readiness. Finally, the study provides actionable guidance to industry 
stakeholders on locating themselves and integrating the envisioned Web3/Metaverse end-to-end system to meet sustainability goals 
and improve efficiency and transparency in the EVB CLSC.

The remainder of this study is organised as follows: Section 2 provides the theoretical foundations of decentralised technologies and 
EVB CLSC. Section 3 introduces and justifies the research methodology. Section 4 presents and discusses the main results. The 
theoretical and practical contributions are highlighted in Section 5. Section 6 concludes with a summary of the findings and provides 
recommendations for future research.

2. Theoretical foundations

2.1. Electric vehicle batteries closed-loop supply chain

A CLSC integrates forward activities with reverse logistics to create circular flows of products and materials (Savaskan et al., 2004; 
Thierry et al., 1995). For EVB, a CLSC is vital because production, use and EoL handling entail substantial environmental and economic 
externalities (Ahmadi et al., 2017). The core CLSC stages typically include procurement, manufacturing, distribution, use, collection, 
and recovery. However, EVB supply chains stretch conventional CLSC logics. Owing to hazardous chemistries and safety constraints, 
EVBs require specialised handling; returned packs exhibit heterogeneous states of health; and multiple recovery pathways exist, such 
as reuse in vehicles, stationary energy storage, or materials extraction, depending on the residual capacity and condition (Gu et al., 
2017). Consistent with Bernhart (2019) and Rajaeifar et al. (2022), EVB supply chains are characterised by: (i) high technological 
complexity requiring specialised handling and processing; (ii) significant value retention potential through multiple life cycles; (iii) 
strict regulatory requirements for safety and environmental protection; (iv) variable quality and condition of returned products; (v) 
multiple recovery pathways requiring sophisticated sorting and routing decisions. Building on these characteristics, the EVB CLSC 
exhibits the operational frictions on governance assurance, coordination and collaboration, data sharing and identity, rather than 
isolated task issues.

These challenges motivate more innovative approaches to CLSC management. Circular economy extensions such as the 9R prin
ciples (Refuse, Rethink, Reduce, Reuse, Repair, Refurbish, Remanufacture, Repurpose, Recycle and Recover) further emphasise 
sorting, diagnostics and routing decisions across competing options. Data-driven approaches and digital integration have been 
demonstrated to enhance visibility and operational efficiency in circular operation systems (Tao et al., 2018). Meanwhile, conven
tional centralised operating systems, built around siloed enterprise databases and hub-and-spoke electronic data interchange (EDI) 
integration, struggle to deliver real-time verifiability, flexible multi-party coordination and auditable settlement (Babich and Hilary, 
2020; Saberi et al., 2019). By contrast, decentralised technologies enable transparent, secure, and efficient data management across the 
firms. Following prior lifecycle studies (Alamerew and Brissaud, 2020; Reinhardt et al., 2019; Wrålsen et al., 2021), we operationalise 
the EVB CLSC into six stages used throughout this study: (1) raw and active material production, (2) EV and battery design and 
manufacturing, (3) EV in-use phase (1st life), (4) EoL diagnostics, (5) the second-life phase involving battery reuse, and (6) disas
sembly, recycling, and disposal. These stage-specific challenges set up our later analysis of how decentralised technologies like Web3 
and metaverse can deliver verifiable governance, flexible coordination and auditable value allocation.
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2.2. Technology-organisation-environment framework

We use the TOE framework as the central lens for analysing decentralised technologies in EVB CLSC. The TOE conceptualises the 
adoptions through three interacting contexts: (i) technological context, focusing on the characteristics and availability of technologies 
relevant to the firm; (ii) organisational context, addressing the firm’s resources and capabilities; and (iii) environmental context, 
considering external industry and regulatory pressures (Baker, 2012).

Prior supply chain studies show TOE’s suitability for technology adoption. For example, the TOE dimensions have been shown to 
influence the adoption of electronic supply chain management systems and to highlight the interplay between organisational capa
bilities and competitive market (Lin, 2014). In EVB CLSC, decentralised technologies require coordinated, multi-actor adoption across 
the battery lifecycle, from forward to reverse flows (J. Li et al., 2024), making TOE particularly suitable. TOE captures the techno
logical capabilities needed for interoperability and performance tracking; the technological context must address specific challenges 
like battery monitoring systems integration and performance tracking (Kumar et al., 2020; Saberi et al., 2019). The organisational 
capacity is also captured to implement and operate such systems, and the environmental pressures that drive or constrain adoption. 
However, the TOE framework is largely static and may underplay dynamic interdependencies between supply chain actors and 
underrepresent the sociotechnical and lifecycle-wide coordination challenges in EVB CLSC. Thus, we extend TOE with a Layered 
Modular Architecture (LMA) for the technological dimension in the EVB CLSC context.

2.2.1. Technological perspective with layered modular architecture
Within the technological domain, firms must assess not only the emergence of new tools but also their fit with existing systems. As 

Lin (2014) notes, organisations operating in supply chain environments should possess strong capabilities for technology integration 
and maintain a foundational level of digital infrastructure readiness. We therefore operationalise the technological context using the 
LMA of digital innovation proposed by Yoo et al. (2010), which views digital innovations as loosely coupled modular layers: device, 
network, service, and content, that can evolve independently yet interoperate. Yoo et al. (2010) highlight that digital innovation 
thrives when platforms attract diverse contributors to build components across layers. Hylving and Schultze (2020) further posit that 
such hierarchical, layered modularity supports extensibility across organisational and ecosystem boundaries. This openness enhances 
generativity, the capacity to produce unanticipated innovations, though it is constrained by organisational and institutional 
limitations.

Decentralised technologies align naturally with this logic: P2P, ledger-based architectures enable protocol-level trust and cross- 
boundary coordination. LMA lens not only helps us understand the landscape and interconnections of Web3, metaverse and their 
infrastructure, but also shows how these technologies replace or restructure legacy enterprise systems in operations. For example, 
distributed ledger technology can replace centralised traceability from enterprise resource planning (ERP) (Saberi et al., 2019) and 
shift from point-to-point EDI via value-added networks to verifiable, permissioned inter-firm data (Babich and Hilary, 2020). This is 
particularly important for EVB CLSC, where modular innovation across layers is essential for systemic-wide coordination and value 
creation.

At the device layer, digital twin technologies are closely tied to physical-digital interfaces. They depend on IoT-enabled sensors and 
devices embedded in physical assets (the physical sublayer) to capture real-time data, while the logical sublayer (e.g., operating 
system) leverages edge computing and real-time analytics to process and synchronise this data with dynamic digital replicas of the 
physical system (Ivanov et al., 2019; Nguyen et al., 2022). This real-time operating system becomes especially powerful as it can 
connect with blockchain at the network layer, which securely records, verifies, and shares these data streams across decentralised peer- 
to-peer systems (Queiroz et al., 2019; Yoo et al., 2010). The network layer also contains two sublayers. Physical transport sublayer (1) 
comprises cables, radio spectrum, and transmission infrastructure, which can be viewed as the main structure of the concept of 
physical internet in the global logistics domain (Pan et al., 2017), and underpins the connectivity necessary for P2P communication 
among distributed nodes. This sublayer enables the decentralised data exchange that forms the foundation of blockchain networks, 
facilitating continuous synchronisation across geographically dispersed supply chain stakeholders. Local transmission sublayer (2) 
encompasses the communication protocols such as TCP/IP, P2P networking standards, and consensus mechanisms that govern how 
information is encoded, validated, and transmitted across the blockchain. Blockchain ensures the traceability, tracking, transparency, 
and trust of these records among multiple stakeholders (Büyüközkan and Göçer, 2018). Together, they support robust coordination in 
supply chain management, where real-time condition monitoring must align with verifiable tracking of materials and transactions. 
However, blockchain alone faces limitations in handling the complex data requirements of product lifecycle management, particularly 
regarding real-time performance monitoring and predictive analytics (Kumar et al., 2020). For instance, blockchain technologies have 
shown promise in enhancing traceability and transparency in supply chains, but their scalability and energy demands remain critical 
concerns (Chen et al., 2023). This reflects the fundamental “blockchain scalability trilemma”, that is, the challenge of simultaneously 
achieving decentralisation, security, and scalability (Zhou et al., 2020).

Since smart contracts depend on blockchain P2P protocols and consensus mechanism to build their automatic, decentralised 
systems that govern how terms and actions are negotiated (Dolgui et al., 2020), they bridge the logical transmission sublayer (where 
they rely on P2P and blockchain protocols for propagation and consensus) and the service layer (where they deliver user-facing 
functionality as programmable agents). At the service layer, they autonomously execute predefined logic in response to on-chain 
transactions/events, enabling user interactions without intermediaries (Centobelli et al., 2021). As programmable services, they 
underpin a wide array of decentralised applications (dApps), including supply chain automation, asset transfers, and digital identity 
verification.

On top of the decentralisation evolution, Web3 infrastructure, built on blockchain, smart contracts and a decentralised storage 
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network (Ghosh et al., 2024), can situate predominantly at both network and service layers, enabling decentralised data management 
and autonomous coordination mechanisms. Web3 can serve as a virtual platform for users to create and store data, such as the 
Decentraland platform (Park et al., 2023). Nevertheless, the implementation of Web3 technologies in EVB supply chains remains 
challenging due to interoperability issues and the need for standardised protocols (Dolgui and Ivanov, 2023; Kouhizadeh et al., 2021). 
Metaverse can span both the service and content layers. As a service, it offers immersive digital environments through which users can 
interact, transact, and collaborate in real time, further enhancing supply chain visualisation and collaboration capabilities (Kumar 
et al., 2020). However, it also heavily engages the content layer, where rich multimedia assets such as 3D models, avatars, digital 
twins, virtual goods, and environmental data are generated, shared, and continuously updated. This layer also handles metadata such 
as ownership, provenance, and access rights, often encoded via NFTs or other digital tokens. The metaverse is fundamentally enabled 
by the decentralised technologies operating across all aforementioned layers of the digital architecture. As Ritala et al. (2024) suggest, 
its realisation depends on the integration of device, network, service, and content layers, which together facilitate seamless interaction 
across physical and virtual environments. According to Lee et al. (2024), decentralised technologies such as digital twins, blockchain, 
smart contracts, and Web3 highlight the metaverse’s capacity not only to mirror the real world but also to support the autonomous 
creation and evolution of immersive content. Wang et al. (2025) extend this view by proposing a framework where the metaverse 
becomes a functional part of everyday life, with potential applications in supply chain management to enhance user experience, in
crease transparency, and support more informed decision-making. Despite this promise, significant barriers persist. High computa
tional demands, infrastructure costs, and system integration challenges hinder implementation (Manoj Kumar and Chopra, 2023; 
Verhoef et al., 2021). Moreover, the energy intensity of metaverse applications raises growing environmental concerns, with potential 
implications for carbon emissions and digital sustainability (Kaplan and Haenlein, 2024).

To consolidate the above insights, Fig. 1 illustrates the integration of Web3 and the metaverse with other related decentralised 
technologies. It highlights their primary LMA layer(s) and corresponding supply chain functions, offering a functional overview that 
clarifies modular positioning and potential interoperability pathways.

2.2.2. Organisational perspective
The organisational context encompasses structural and process characteristics that constrain or facilitate technology adoption, such 

as firm size, technological expertise, managerial structure, and resource availability (Oliveira and Martins, 2011). In EVB CLSC, 
however, traditional operations still rely on centralised decision-making, contract-based governance, tiered supplier management, 
linear information flows, and periodic auditing and certification. These features often create transparency gaps, slow exception 
handling, and high coordination costs, especially across multiple lifecycle actors.

Research shows that organisational readiness plays a significant role in successfully implementing decentralised technologies. 
Resource constraints disproportionately affect smaller suppliers (Kouhizadeh et al., 2021), while the rapid evolution of decentralised 
technologies exacerbates knowledge and integration gaps (Mathivathanan et al., 2021; Sodhi et al., 2022). For such complex tech
nologies, organisational learning capacity and technical expertise become particularly crucial (Dwivedi et al., 2022; Verhoef et al., 
2021). Against this backdrop, Web3 and Metaverse imply clear role changes at the organisational level. For example, decision rights 

Fig. 1. Decentralised technology stack and operating paradigms.
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shift from centralised control to distributed coordination; smart-contract automation replaces portions of contract enforcement and 
manual settlement. Practically, implementing a blockchain-based traceability system still requires cross-functional capabilities, such 
as distributed ledger technology, smart-contract skills, and data governance, to align operational rules with code and interfaces 
(Centobelli et al., 2021). Metaverse interfaces with digital twins further enable immersive collaboration, remote inspection, and 
training, strengthening trust and operational resilience (Dolgui and Ivanov, 2023). In short, the organisational dimension must evolve 
from control-heavy routines to programmable coordination with continuous assurance and value co-creation or capture, so that the 
potential of decentralised technologies for EVB CLSC operations can be realised.

2.2.3. Environmental perspective
The environmental context considers external pressures and opportunities that influence technology adoption, including 

competitive pressure, regulatory support, and industry characteristics (Baker, 2012). Environmental factors include strict sustain
ability regulations, growing market competition in EV sectors, and increasing stakeholder demand for transparency and traceability. 
This sector might be complicated by industry fragmentation across geographical regions and uneven technological capabilities (Ying 
et al., 2023), alongside regulatory uncertainties regarding data privacy, environmental compliance, and cross-border trade (Centobelli 
et al., 2021; Wang et al., 2023; Govindan et al., 2023).

Against these pressures, decentralisation offers concrete response mechanisms. Blockchain provides immutable audit trails and 
programmable reporting, supporting compliance with battery lifecycle and sustainability regulations (e.g., emissions in production 
and recycling), and enabling emerging digital passport schemes (Jia et al., 2024; Khan, 2024). Web3 improves multi-stakeholder 
transparency while respecting confidentiality constraints, thereby reducing information asymmetries among OEMs, suppliers, re
cyclers and regulators. Likewise, metaverse interfaces coupled with digital twins enable remote inspection, workforce training across 
borders, and strengthen global collaboration, shortening coordination cycles (Dwivedi et al., 2022).

Taken together, the environmental perspective explains why decentralised technologies gain traction in EVB CLSC. They oper
ationalise regulatory compliance, stakeholder transparency and cross-border collaboration under conditions of fragmentation and 
uncertainty.

2.3. Theoretical framework

To address the challenges and guide the transition from traditional/centralised to decentralised supply chain operations, firms need 
to assess their current stage of technologies and determine their position within the broader trajectory of operational transformation. 
Using the TOE framework as a diagnostic lens, the transition from traditional centralised supply chain models to Web3/metaverse- 
enabled supply chain models can be seen as a shift in technological capability (e.g., from siloed ERPs to decentralised ledgers, 
smart contracts, and immersive digital twins through the LMA lens), organisational design (from hierarchical, buyer-controlled net
works to decentralised, ecosystem-driven governance), and environmental alignment (from compliance-driven opacity to transparent, 

Fig. 2. Operational decentralisation framework for EVB CLSC.
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verifiable, sustainability-oriented value chains) (Fig. 2). Understanding this progression allows firms to benchmark their readiness and 
identify necessary steps for advancement. However, successful transformation requires the development of dynamic capabilities, 
which is the ability to sense new technological opportunities, seize them through strategic investment and collaboration, and 
reconfigure internal structures accordingly (Teece, 2007). In the context of EVB CLSC, this might involve recognising the strategic 
potential of decentralised traceability or P2P coordination (sensing), reallocating resources to foster cross-sector collaboration or 
enhance workforce digital skills (seizing) and adapting governance models or legacy IT systems to integrate decentralised architectures 
(reconfiguring). This perspective extends the diagnostics lens to the transformational lens of the TOE framework by emphasising not 
only structural readiness but also an organisation’s adaptability and learning orientation.

3. Research methodology

2.4. Methodological framework

Our research method consists of five fundamental steps as shown in Fig. 3: (1) We formulate the research aim and questions 
drawing from practical problems and literature gaps; (2) Next, we systematically collect and preprocess (e.g., text cleaning, stop words 
removal, bigram and trigram establishment, lemmatization) text data from two distinctive sources – academic articles and industry 
documents (e.g., newspaper, wire feed); (3) We apply D-LDA model to extract the prominent topics from the pre-processed data to 
explore the current application of decentralised technology across EVB CLSC (RQ1&2); (4) We then apply burst detection analysis to 
explore the emerging trends within the extracted D-LDA topics relating to decentralised technology (RQ1&2); (5) Drawing from 
identified applications, we assess the feasibility of fully implementing Web3 and metaverse within EVB CLSCs using the TOE 
framework and propose the Web3/Metaverse transformation pathways as future research direction (RQ3).

2.5. Data collection and preprocessing

To answer the three RQs, we employ a systematic review methodology to explore current applications of decentralised technologies 
within the EVB CLSC. We collect data from two distinctive sources – industry documents (IDs) and academic articles (AAs). While IDs 
offer insights into practical implementation and industry-specific knowledge, AAs focus on advancing theoretical knowledge. Both 
sources complement each other to provide a holistic and comprehensive understanding of decentralised technologies’ applications. 
The document search, selection, and evaluation strategy was conducted in November 2024 and illustrated in Fig. 4. First, our sys
tematic corpus collection begins by identifying suitable keywords and search terms. We finalise the most appropriate search terms, 
stemming from three key areas: (a) decentralised technologies, (b) EVs, and (c) batteries.

Then, IDs are collected from a well-known ABI/Inform Global, which provides full text of many types of industry documents such as 

Fig. 3. Methodological framework.
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newspapers, magazines, reports, wire feeds, blogs, podcasts, and websites. This is one of the most comprehensive business databases, 
offering the latest industry information. The database is widely used in studying logistics and supply chain management (Schoenherr, 
2009) and decentralised technologies such as blockchain and digital twin (Guo and Mantravadi, 2024; Mahmood et al., 2022). Digital 
technologies such as Web3 and Metaverse are rapidly evolving, with the industry often driving practical developments ahead of ac
ademic research, which tends to lag behind. As such, IDs (i.e., grey literature), including blogs, podcasts, websites, magazines, 
newspapers, reports and wire feeds, provide timely and context-specific insights into current practices, stakeholder perspectives, and 
technological advancements (Adams et al., 2017). The initial search of keyword combinations results in 2,893 documents. As we only 
keep excluding incorrectly matched documents (e.g., “ev” in “develop”), the final number of valid documents is 1,168. The frequencies 
of keywords related to decentralised technologies across all IDs and AAs are presented in Online Appendix A. All predefined keywords 
were matched in a substantial number of documents and with sufficient frequency, supporting the relevance and adequacy of our data 
sources in addressing the research questions.

We consolidate our findings with a peer-reviewed academic article. The same terms and keywords are used to extract articles from 
the Scopus and Web of Science databases. We target the title, abstract, and keywords of articles to ensure relevance, resulting in an 
initial set of 729 documents from Scopus and 185 from Web of Science. Next, we collectively establish inclusion and exclusion criteria, 
encompassing factors such as language, document type, source type, and publication stage. The dataset was refined to 612 documents 
from Scopus and 181 from Web of Science. Duplicate entries, conference proceedings, and two articles published in 2009 and 2011 
(due to insufficient data for D-LDA analysis) were removed, resulting in a final dataset of 588 articles for further analysis.

Text data, particularly from industry documents such as newspapers or blogs in PDF format, is often messy and noisy. Therefore, 
rigorous text preprocessing is essential to ensure data quality. In this study, we employ a customised five-step procedure to clean the 
text data: (1) removing noise, such as HTML symbols, punctuation, non-alphabetical characters, and extraneous phrases (e.g., 
“copyrights” or “PDF generated by proquest.com”); (2) eliminating stop words; (3) filtering out overly general or excessively frequent 
terms, including “EVs”, “electric”, “vehicle”, “BEV”, “paper”, “study”, and “research”; (4) lemmatising words to their base forms; and 
(5) generating bigrams and trigrams to capture contextual phrases.

We utilise the abstract-level dataset for AAs as input to D-LDA because abstracts tend to be concise, focused, and coherent. In 
contrast, IDs are often lengthy and may contain substantial irrelevant information. Therefore, it is essential to refine the dataset to 
better align with our research questions. To achieve this, we divide each document into individual sentences and retain only those 
sentences that referenced keywords from one or more of the aforementioned key areas: (a) decentralised technologies, (b) EVs, and (c) 
batteries. As a result, we obtain 83,643 valid sentences for further analysis. 

Fig. 4. Documents search, selection, and evaluation strategy.
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• Descriptive analysis

Fig. 5 shows the distribution of both IDs and AAs discussing decentralised technologies in the context of EVB’s CLSC. Notably, the 
volume of both IDs and AAs exhibits a similar range and a marked increase starting in 2019, reflecting growing interest and appli
cations among practitioners and academics in the field of EVB. As detailed in Table 1, the academic articles predominantly originate 
from technical journals such as IEEE, the world’s largest technical professional organisation dedicated to advancing technology. Most 
industry documents are derived from company data reports, indicating the active deployment of decentralised technologies in business 
operations, products, and services.

2.6. Latent Dirichlet Allocation

To achieve RQ1, we apply a variant of the typical Latent Dirichlet Allocation (LDA) model, which is called Dynamic LDA (Blei and 
Lafferty, 2006). Traditionally, methods like Latent Semantic Indexing, Probabilistic Latent Semantic Indexing or Non-negative Matrix 
Factorization create a word-document matrix to assign papers to clusters, but these approaches can lead to exponentially large 
combinations and high computational costs. LDA addresses this by introducing a latent layer of clusters, reducing dimensionality and 
enabling more efficient classification of papers into these latent clusters. As we use the variant D-LDA, which allows us to explore the 
changes of the keywords within each topic over the years, this function is not available within the traditional methods.

D-LDA can provide a means to evaluate the long-term evolution, identifying gradual trends and persistent changes. The list of 
representative keywords and their probabilities per topic per year can be used as the input for the following burst detection analysis in 
Section 3.4. Compared to the cutting-edge BERTopic (Grootendorst, 2022), which leverages the BERT model to generate topic rep
resentations, D-LDA remains a more suitable choice for our analysis, especially when the goal is to identify a diverse set of top key
words within each topic. D-LDA is better equipped to capture the multifaceted nature of topics, such as the intersection of technologies, 
their applications in EVs, their role in battery technology, and the CLSC for batteries. In contrast, BERTopic tends to generate more 
convergent topics, with keywords that are closely related. This makes it difficult to capture the nuanced ways in which decentralised 
technologies are applied within the context of the EVB’s CLSC, a task for which D-LDA excels. The procedure of training and optimising 
the number of topics can be found in the Online Appendix B.

2.7. Burst detection analysis

While D-LDA provides an overview of each topic by showing the long-term appearance of dominant keywords, which help 
determine the main applications of decentralised technologies in EVB CLSC, it is essential to delve into the internal elements of ap
plications to see how both practitioners and scholars create and innovate over time. Although D-LDA outputs can show how a list of top 
keywords for each topic changes over time, it does not provide a precise quantitative measure of how specific keywords suddenly spark 
in a short period of time.

Fig. 5. Industry and academic document distribution from 2012 to 2024.
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To address that problem, burst detection is a pop-up concept in text mining to find out how a phenomenon (i.e., bursty terms) 
appears, grows intensively and fades away for a period (Kleinberg, 2002; Yalcin and Daim, 2022). Bursty terms can illustrate sharp, 
short-term changes in frequency and, to some degree, indicate real-time emerging trends and hotspots of decentralised technologies in 
the context of EVB CLSC. Burst detection analysis is widely used for both IDs (e.g., newspapers and magazines) and AAs in the context 
of supply chain management (Kleinberg, 2002; Nguyen et al., 2022; Xu et al., 2020; Yalcin and Daim, 2022). The mathematical 
formula can be found in the Online Appendix C.

2.8. Technologies feasibility assessment

To evaluate the feasibility of decentralised technologies in EVB CLSC, we developed a systematic analytical approach that builds 
upon the TOE framework following Davies et al. (2024). Our methodology consisted of two main phases: (1) barrier identification and 
(2) technology capability analysis, followed by a comprehensive feasibility assessment.

The first phase involves a systematic review of the literature to identify and classify barriers to technology adoption in EVB CLSC. 
We analyse papers from our dataset that specifically discussed implementation challenges, adoption barriers, and limiting factors. 
These barriers are then systematically classified using the TOE framework to provide a structured understanding of the challenges 
across technological, organisational, and environmental dimensions. This classification enables us to create a comprehensive barrier 
assessment framework specific to the EVB CLSC.

The second phase focuses on analysing the capabilities of emerging decentralised technologies, with particular attention to those 
showing limited current application in EVB CLSC, as shown in our previous analyses. We evaluate each technology’s potential to 
address the identified barriers by examining its core capabilities, technical specifications, and reported applications in similar contexts.

The feasibility assessment synthesises these analyses by cross-referencing technology capabilities against identified barriers. Our 
assessment considers multiple criteria, including technical readiness level, implementation complexity, resource requirements, ex
pected impact, and integration potential. This systematic approach allows us to identify promising future applications of these 
technologies across different stages of the EVB CLSC.

3. Results and discussions

3.1. D-LDA and burst detection results

We apply D-LDA models to two cleaned datasets separately – 588 abstracts from AAs and 83,643 valid sentences from 1,168 IDs. 

Table 1 
Top 10 most frequent industry and journal sources.

Industry Document Source Frequency Journal Frequency

Company Data Report 816 IEEE Access 22
Website 206 Energies 15
Newspaper 120 SAE Technical Papers 11
Magazine 26 Journal of Energy Storage 10
​ ​ IEEE Transactions on Vehicular Technology 10

Applied Energy 10
IEEE Internet of Things Journal 10
Batteries 7
IEEE Transactions on Smart Grid 6
Renewable and Sustainable Energy Reviews 6

Table 2 
Decentralised technology-related topics from D-LDA.

Document Type Topic Some representative keywords

Industry Document (ID) Topic ID2 Battery, lithium, ion, material, metal, blockchain
Topic ID3 Battery, digital, twin, test, power, accelerate, conversion
Topic ID6 Blockchain, technology, system, reduce, infrastructure
Topic ID9 Blockchain, production, industrial, manufacturer, network

Academic Articles (AA) Topic AA1 Charge, security, blockchain, system, energy, station
Topic AA2 System, model, method, Datum, cyber physical, real time
Topic AA3 Battery, digital, twin, BMS, cell, pack, design
Topic AA4 Energy, power, system, grid, renewable, distribute, storage
Topic AA5 Energy, power, battery, system, reduce, use, discharge, blockchain
Topic AA6 Charge, service, information, network, blockchain
Topic AA8 Energy, management, system, power, increase, digital, twin
Topic AA9 System, framework, smart, contract, distribute, platform, grid
Topic AA11 Blockchain, battery, recycling, traceability, supply chain
Topic AA12 Battery, charge, blockchain, recommendation, system, utilize, operation
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Since D-LDA requires the number of topics in advance, to ensure generality, we train each dataset through a range of 2 to 101 K topics, 
equating to 100 runs in total. This method was proven in prior research as an effective balance between overly broad topics and 
excessively narrow ones that lack semantic coherence (Chae and Olson, 2021). We use log perplexity scores to evaluate the model’s 
performance. A higher log perplexity score indicates a better model. For IDs, the scores remain relatively stable until a sharp decline at 
K = 14, indicating a notable decrease in the model’s ability to represent the data. For AAs, perplexity scores decline gradually, with 
consistent drops of over 0.01 per topic from K = 2 to K = 12. The smallest drop occurs at K = 12, after which the scores fluctuate more 
but continue trending downward. This pattern suggests K = 12 is the optimal number of topics, balancing specificity and semantic 
coherence. The line charts for log perplexity scores and detailed analysis can be found in Online Appendix B. As a result, we obtained 
14 optimal topics for the IDs dataset and 12 optimal topics for the AAs dataset. The top 10 representative keywords and their probt,k,n 
can be found in Online Appendix D.

At first glance, not all identified topics align directly with our focus on the applications of decentralised technologies within EVB’s 
CLSC. Therefore, we analyse topics that include decentralised technology-related keywords, as outlined in Table 2. The D-LDA model 
also identifies documents that strongly correlate with each topic, enabling a more detailed exploration of the specific applications 
associated with these topics.

Bursty terms are identified from the top representative keywords of each D-LDA topic, as detailed in Section 3.4. However, burst 
detection is effective only when keywords vary dynamically across time, a condition not met when we run D-LDA for our AAs (see 
Online Appendix D). Consequently, burst detection is applied solely to D-LDA topics derived from IDs, as strongly advocated by 
Kleinberg (2002). Our analysis primarily focused on topics related to decentralised technology applications (ID2, ID3, ID6, and ID9). 
Notably, “metaverse” emerged as a prominent term within topic ID1 from 2021 to 2023, suggesting further investigation. Fig. 6
presents the bursty terms extracted from these five topics. In the figure, blue bars represent emerging or ongoing terms, while grey bars 
indicate fading terms. To identify emerging trends, particular emphasis is placed on the blue bars.

Drawing on D-LDA and burst detection analysis, we identified 18 decentralised technology applications in the EVB sector, analysed 
through the LMA framework (see Online Appendix E). Our review reveals two key research gaps hindering the adoption of Web3 and 

Fig. 6. Top 30 bursty keywords from topics relating to decentralised technology.
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Metaverse in EVB CLSCs. First, current applications are fragmented across CLSC stages and lack integration into end-to-end operations. 
Second, no unified platform supports all layers of the LMA framework. The growing interest in Web3 and the Metaverse contrasts with 
limited organisational and market readiness, highlighting a gap between technological hype and practical implementation. Although 
these technologies show clear potential to enhance EVB CLSC efficiency, their deployment remains uneven and disconnected. Un
derstanding the barriers to transformation is therefore essential. To address this, we further conduct a Technologies Feasibility 
Assessment focusing on four decentralised technologies: digital twin, metaverse, smart contracts, and Web3. Using the TOE frame
work, we evaluate barriers across three dimensions: technological (integration complexity, data standardisation, scalability), organ
isational (resource constraints, expertise gaps, implementation costs), and environmental (regulatory uncertainty, industry 
fragmentation, market readiness), as detailed in Online Appendix F.

The next section will explore how Web3 and Metaverse can fundamentally reconfigure EVB CLSC structures, processes, and 
stakeholder interactions, and examine these barriers in greater depth to inform future transformation pathways.

3.2. Web3 and metaverse in transforming EVB supply chain operations

We synthesise insights from the 18 key decentralised applications identified in Section 4.1 into two primary EVB CLSC: (1) the EVB 
CLSC encompassing operations from raw material extraction to EoL management, and (2) the EVB Circular Energy/Grid CLSC, which 
focuses on energy flow and charging station operations. To address our research questions, we first outline the structure and limitations 
of current centralised operations. We then present decentralised alternatives, highlighting the transformation drivers, implementation 
barriers, and strategic pathways for transitioning towards fully Web3/Metaverse-enabled operations across each aspect of the EVB 
CLSC.

3.2.1. EVB CLSC operations
Traditional CLSC operations for EVBs typically divide the supply chain into two disconnected segments: forward and reverse. This 

separation stems from the challenges associated with tracing, monitoring, and recertifying EVBs once they leave the factory or 
warehouse. As a result, while the forward supply chain increasingly faces long-term shortages of raw materials, the reverse supply 
chain – comprising repurposing, remanufacturing, and recycling – remains immature and unable to provide a sustainable and reliable 
supply of secondary batteries. This disconnect contributes to a significant volume of EVBs being discarded in landfills despite retaining 
considerable residual value. Blockchain technology offers a promising solution by enabling end-to-end visibility of battery compo
nents, from the cell level to in-use pack configurations, thereby addressing traceability and certification issues (Capocasale et al., 
2025). Moreover, external collaboration remains limited due to the siloed nature of product development within EVB design teams. In 
this context, Metaverse-based virtual reality platforms for battery manufacturing emerge as secure and efficient tools for facilitating 
cross-geographical collaboration among stakeholders (Saravanan et al., 2025). Fig. 7 illustrates the enabling role of blockchain and 
Metaverse technologies in facilitating EVB CLSC operations.

(1) Metaverse-enabled Sustainable Design, Manufacturing and EoL Diagnostics
Traditionally, EVB design has been a sequential, computationally intensive process. Engineers rely on physical prototypes to 

evaluate size, power, and thermal trade-offs, while safety validation and range optimisation are tested under controlled lab conditions 
(White et al., 2021). This isolated approach prolongs iteration cycles (Deng et al., 2022), limiting collaboration between design and 
downstream teams, and restricting visibility into how EVB design influences later stages such as EoL reuse or remanufacturing. 
Furthermore, compliance with sustainability-oriented regulation (e.g., European Parliament, 2022) may force businesses to embed in 
early design phases. Therefore, the design process remains detached from real-world operational feedback and from circular economy 
imperatives.

Decentralised digital infrastructures transform this model by embedding digital twins and extending collaboration into immersive 
environments – Metaverse. Digital twins create a living design space where EVBs can be virtually modelled, stress-tested, and opti
mised before mass production. Siemens and UL Solutions demonstrate this through virtual sensor performance testing, propulsion and 
cybersecurity assessment, while Renesas’s high-voltage twins enable companies like BYD to fine-tune battery performance under 
realistic stress scenarios. The simulations can be run under metaverse platforms, enabling EV stakeholders to co-design components in 
shared virtual environments (Musule et al., 2024). In fact, Franco et al. (2023) and Saravanan et al. (2025) developed a metaverse- 
based digital twin for a battery manufacturing pilot line. Furthermore, EV users can act as co-managers and co-creators, contrib
uting feedback that is integrated into continuous quality improvement cycles via metaverse-based virtual showrooms (Bendoly and 

Fig. 7. Blockchain/Metaverse-enabled EVB CLSC operations.
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Oliva, 2024; Stellantis, 2022). These immersive design spaces bridge geographic silos, allowing EV stakeholders worldwide via their 
avatars to collaboratively refine battery architectures in a faster and risk-free way.

By linking digital twins directly to operational and lifecycle data, the product design process shifts from static blueprinting to 
dynamic lifecycle integration. During design and operations, digital twins feed insights from on-vehicle battery management systems 
(BMS) (i.e., state-of-charge, health, and residual energy) into the design loop, enabling continuous parameter optimisation (Alamin 
et al., 2023; Eaty and Bagade, 2023; Wagle et al., 2023). At EoL, design teams gain visibility into component-level diagnostics, allowing 
them to virtually predict the remaining useful lifetime of EVB, especially after identifying faults (Branco and Fontanela, 2024), before 
deciding on remanufacturing or refurbishing. This closes the loop: design no longer neglects the downstream operations but actively 
engages reuse, remanufacture, and recycling strategies. Immersive supply chain control centres would ensure that the most value- 
preserving pathways for retired EVBs will be optimised and selected based on comprehensive virtual diagnostics.

With digital twins and the metaverse at the heart of the product design process, organisations can adopt a virtually collaborative 
operating model. R&D, manufacturing, supply chain, and sustainability units are now integrated into a virtual immersive workspace 
without boundaries, where design serves as the coordination hub for the entire battery lifecycle. In this envisioned world, a digital 
supply chain twin – defined as a real-time digital representation of network states (Ivanov and Dolgui, 2021) – can be extended into a 
metaverse-based virtual environment in which not only EVBs but also the facilities that produce, process, and support them are fully 
visualised and replicated. Experts can enter this virtual world through VR headsets or AR applications and making direct contact with 
each other without the need of middlemen, enabling richer and cross-fertilising collaboration and knowledge exchange. This transition 
shifts the paradigm from centralised power distribution toward a federated model of distributed decision-making and authority. 
Strategically, this shift repositions design as not only a technical function but also a business operation driver – shaping value creation, 
circularity, and competitive differentiation.

While digital twins offer strong potential for improving battery management and performance prediction, their implementation 
faces challenges such as data requirements and technical complexity (Singh et al., 2021; Wang et al., 2021). In parallel, the metaverse’s 
underlying infrastructure and enabling technologies remain immature, limiting scalability (Dwivedi et al., 2022). Moreover, prolonged 
engagement in virtual environments may negatively impact user experience, potentially leading to mental health concerns such as 
anxiety, detachment from reality, and depression (Dwivedi et al., 2022). Artificial intelligence (AI) integration is proposed to overcome 
these barriers. They unlock advanced predictive and adaptive capabilities across the EVB CLSC. In this envisioned future, AI transforms 
from an analytical layer into an operational co-actor, aiming to enhance CLSC resilience (Ivanov et al., 2019; Nguyen et al., 2022). 
Intelligent agents embedded within digital twins and metaverse can act as autonomous “AI avatars” representing firms, facilities, or 
even individual users, capable of negotiating production, scheduling, or recycling decisions in real time. Such avatars improve scal
ability by decentralising decision-making, enabling thousands of autonomous yet coordinated optimisation processes to run simul
taneously without human bottlenecks. Moreover, by transferring repetitive or high-risk decision loops to an AI-driven metaverse, 
operational exposure to human error, safety risks, and information asymmetry can be reduced. Federated learning architectures 
preserve data sovereignty while allowing collective intelligence across firms. Thus, AI evolves into a decentralised cognitive infra
structure that senses anomalies, seizes efficiency opportunities, and transforms processes through adaptive governance. This anticipates 
a future of risk-aware, self-optimising, and human-augmented EVB ecosystems.

(2) Blockchain-enabled Sustainable Procurement, Recycling and Waste Management
Traditionally, procurement in EVB supply chains is linear and extractive, relying heavily on upstream suppliers for critical ma

terials such as lithium, cobalt, and nickel. Ensuring the reliability of sources is critical, yet it is challenging due to the fragmented and 
complex metal supply chain, making it difficult to verify origin, ethical standards, or environmental impact. The growing demand for 
EVBs, coupled with the long lead times required to deliver minerals, could strain the global procurement for raw materials, leading to 
potential shortages or bottlenecks (Gifford, 2022). Furthermore, these metals will soon run out, forcing EVB stakeholders to find new 
sustainable ways. Recycling and waste management at the EoL stage is similarly siloed, with retired EVBs often discarded due to 
degradation, lack of certification, or inefficient recycling coordination, leading to landfill accumulation and resource loss. As a result, 
procurement decisions are based on static forecasts and long lead times, while recycling is reactive and poorly integrated into upstream 
planning. As regulated by the European Parliament (2022), a minimum proportion of recovered materials (16 % cobalt, 85 % lead, 6 % 
lithium, and 6 % nickel) from both manufacturing and consumer waste must be reintegrated into the production of new batteries. 
Hence, a new sustainable procurement and waste management system is critical.

In the decentralised alternative, blockchain technologies enable a closed-loop procurement and waste management system by 
embedding traceability, authentication, and ownership transfer into the digital infrastructure. A study from Li et al. (2024) showed 
that blockchain traceability can have operational cost advantages, especially when the EV market is mature. Platforms like Circularise 
allow EV manufacturers, recyclers, and material processors to access verified data on material origin, carbon footprint, and recycling 
status (e.g., scrap processing, metal recovery), creating a shared ledger of material flows. Blockchain-integrated sensors track EVB 
condition, usage, and location through their entire lifecycle, and automate the transfer of ownership across stakeholders (Antônio 
Rufino Júnior et al., 2022; Li et al., 2024). This enables other EVB stakeholders to access a wider pool of suitable suppliers, mitigating 
the shortage of critical materials. These innovations reconfigure procurement from a cost-driven, supplier-centric function into a 
sustainability-driven, network-coordinated process, and transform waste management from a disposal activity into a strategic resource 
recovery operation. Procurement becomes adaptive and regenerative as manufacturers source from both primary suppliers and sec
ondary material markets.

Additionally, centralised certification at the EoL stage is complex and often impractical, as batteries must undergo application, 
audit preparation, auditing, adjustments for non-conformities, and final approval by certifiers (Antônio Rufino Júnior et al., 2022). 
Without reliable tracing information from the first life, full authentication may not even be possible. Blockchain-based track-and-trace 
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technology addresses this challenge by embedding certification across the entire battery supply chain, eliminating the need for 
repeated recertification at EoL and enabling direct engagement with certifiers only where necessary (Antônio Rufino Júnior et al., 
2022; Moors, 2023). More specifically, a EVB supply chain involves many stakeholders such as raw materials and parts providers, 
battery and EV producers, 3PL companies, battery collectors, battery recyclers and remanufacturers and regulatory authorities. In this 
concept, they all need to participate in the blockchain track-and-trace network and follow a certain procedure to make sure the 
authenticity of the battery is retained from the origin to the recycling stage. Each battery (or batch of batteries) is equipped with tactile 
(i.e., direct contact) or non-tactile (i.e., via signals) identifiers, following the classification of Antônio Rufino Júnior et al. (2022) to not 
only verify their origin but also record their performance measurements. Each stakeholder is responsible for uploading the data to a 
blockchain-based platform in their operations and ensuring these identifiers remain functional. During its first life in an EV, the BMS 
stores operational data, some of which is encrypted due to the presence of personal data. At the 2nd life stage, only verified stake
holders get access to necessary data through keys managed by the network. Because the identifiers are managed and used throughout 
the full lifecycle, there will be no need to recertify retired EVBs at the end of their first life. A notable real-world application of this 
approach is the collaboration between the London-based Circulor company and SQM, the world’s second-largest lithium supplier. This 
ensures that recovered materials can seamlessly flow back into procurement streams, supporting a circular economy. Meanwhile, the 
role of central authorities in certification shifts from gatekeeping to setting regulatory baselines and auditing decentralised in
frastructures. Therefore, waste management evolves into a predictive and collaborative process, where stakeholders coordinate 
disassembly, recovery, and redistribution of EVBs through decentralised platforms. This reduces raw material dependency, mitigates 
bottlenecks, and supports compliance with regulatory frameworks like the European Parliament’s battery directive.

Currently, blockchain-enabled sustainable procurement, recycling, and waste management are mostly deployed on traditional 
Web2 platforms due to their compatibility with existing ERP systems like SAP and Oracle. However, key challenges remain, partic
ularly in EVB CLSC reverse flows, where data management is still centralised across fragmented ERP systems. This leads to issues in 
collaboration, communication, and coordination, as well as difficulties in information disclosure among supply chain partners 
(Kouhizadeh et al., 2021). Our analysis indicates growing momentum in Web3 adoption, particularly in decentralised data man
agement, asset tokenisation, and stakeholder coordination across supply networks (Huang et al., 2023; Mourtzis et al., 2022). In the 
envisioned Web3 future, we propose that every EV battery, component, supplier and recycler can hold a unique digital identity 
anchored on blockchain, creating a transparent, verifiable “internet of value” for reverse logistics. Smart contracts automate trust, 
while P2P consensus replaces hierarchical certification systems, ensuring authenticity of both raw and recycled materials and carbon 
data. As DAOs emerge, suppliers can collaboratively set and audit recycling targets, allocate capacity, and govern incentives through 
tokenised mechanisms. This shifts CLSCs from transaction-driven to coordination-driven ecosystems, enhancing interoperability and 
reducing dependency on central authorities. Crucially, Web3 allows circular collaboration without exposing proprietary data – each 
actor controls access to their digital assets while participating in a shared trust layer. Operationally, this marks a structural evolution 
from rigid buyer–supplier hierarchies to agile, self-regulated value webs aligned with sustainability and transparency imperatives.

3.2.2. EVB circular energy/grid operations
This section will investigate (1) energy distribution from the grid to charging stations or households, and (2) the charging station 

operations for vehicles. Centralised EVB energy/grid operations systems are typically controlled by Transmission System Operators 
(TSOs) and charging network operators (CNOs). They manage energy distribution, charging station operations and payment pro
cessing through a hierarchical control system, siloed platforms with limited interoperability. While existing literature has considered 
the potential of home charging initiatives to reduce the peak and office charging to optimise the surplus of solar energy to the grids/ 
storage (Needell et al., 2023), there are limited integrations of distributed energy resources or multiple-user optimisation, which would 
reduce the reliance on middlemen as well as optimise the energy distribution. Web3/Metaverse-enabled CLSC configurations offer a 
potential decentralised alternative that can facilitate P2P energy trading, real-time optimisation across multiple users and assets, and 
interoperable platforms that reduce bottlenecks and enhance grid resilience (Fig. 8).

(1) Metaverse-enabled Grid to Charging Stations
Centralised energy management schemes prioritise grid stability but often struggle with scalability, particularly under high EV 

Fig. 8. Web3/Metaverse-enabled EVB circular energy/grid operations.
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adoption scenarios (Rana et al., 2024; Yong et al., 2023). Energy typically flows unidirectionally from the grid or photovoltaic (PV) 
sources to charging stations or households, creating operational challenges such as grid overload during peak periods, inefficient load 
balancing, and limited transparency in energy sourcing. To address these limitations, the mixed-reality metaverse, including cyber- 
physical systems, digital twins, and blockchain, is increasingly integrated into (renewable) energy and BMS to enable smart grid 
infrastructure (Cavalcante et al., 2023; Franco et al., 2023; Yazdanipour et al., 2024). These technologies support real-time, distributed 
energy coordination, allowing utility companies to transition from central dispatch models to autonomous, peer-coordinated energy 
routing.

In this reconfigured landscape, decentralised technologies do not merely enhance technical performance – they fundamentally 
reshape operational logic. TSOs continue to play a critical role in maintaining grid stability and managing energy transmission. 
However, decentralisation transforms their function from centralised controllers to collaborative grid coordinators, integrating 
decentralised energy resources and local nodes into hybrid systems. Energy suppliers (i.e., utility companies), traditionally positioned 
as intermediaries between generators and customers, face disintermediation. Their role may shift towards platform facilitation and 
data services, as blockchain-based systems enable direct energy transactions between generators and end users. They can utilise 
metaverse-based platforms such as Microsoft Mesh which create shared, real-time virtual replicas of the grid and substations integrated 
with decentralised mechanism such as smart-contract-enabled coordination, or real-time negotiation and DAOs in a virtual market
place. In this environment, energy assets such as battery energy storage systems are digitalised within the metaverse platform, enabling 
all actors to visualise system states and interact with the grid in real time. Smart contracts automate the energy exchanges by validating 
asset identities, verifying available capacity, and executing transactions once agreed conditions are met with the support from DAOs in 
making collective decisions among stakeholders. Some decision-making processes can be included such as load balancing, energy 
arbitrate, peak shaving, or ancillary services. Hence, organisational boundaries will become more fluid. Generators (i.e., energy 
providers) can now store surplus energy and engage directly in EV charging markets, optimising revenue through dynamic pricing and 
smart contract-based trading. CNOs, once dependent on fixed infrastructure and centralised suppliers, now interact directly with 
generators through decentralised platforms. They benefit from transparent access to a broader range of energy suppliers, reducing 
dependency on dominant sellers and enhancing supply sustainability.

However, the metaverse’s implementation faces some key barriers – pre-implementation security concerns and post- 
implementation workforce demands (Queiroz et al., 2023). The former arises as traditional intermediaries like TSOs lose control, 
increasing risks of unauthorised access and data manipulation. The latter, such as managing immersive interfaces and integrating 
decentralised systems, require specialised skills and infrastructure, which may limit scalability. A metaverse-enabled grid-to-station 
ecosystem offers a transformative solution to emerging risks in decentralised energy operations. In this future, we propose that TSOs, 
generators, energy providers, and CNOs can negotiate through AI avatars in a Virtual Power Plant– a spatial digital twin of the energy 
network – to simulate and manage distribution flows. The metaverse functions as an operational interface for real-time collaboration, 
allowing human and non-human agents to visualise grid performance, test alternative energy routing scenarios, and coordinate 
charging schedules within a shared 3D environment (Lyu and Fridenfalk, 2024). When embedded with Web3 infrastructure, each 
substation, charger, and storage node acts as an autonomous agent transacting energy through smart contracts, reducing reliance on 
vulnerable central authorities. The immersive environment fosters behavioural understanding and shares situational awareness, 
making decision-making safer and more intuitive. Moreover, the AI-driven metaverse can mitigate scalability challenges by offloading 
complex tasks such as predictive maintenance or dispatch coordination on behalf of human operators, mitigating cognitive overload 
and reducing risk exposure. This integration transforms energy management from a centralised control problem into a participatory, 
decentralised, and continuously learning ecosystem.

(2) Web3-enabled Charging Stations for Vehicles
A critical focus is on streamlining operations at charging stations, particularly through interconnected EVB systems, which require 

position- and time-sensitive coordination. From an operations management perspective, the imbalance in charging station utilisation – 
where some stations are overloaded while others remain underused – reflects an emerging issue in capacity planning and load 
balancing under centralised, siloed ownership structures. Traditional systems lack real-time interoperability among fragmented 
charging stations (Lv and Zhu, 2023), making it difficult for CNOs to forecast demand accurately or dynamically allocate capacity 
across the network. Web3-based blockchain technologies reconfigure this by enabling secure, decentralised data storing and sharing in 
digital warehouses (Amitasree and Yadav, 2023; Kakkar et al., 2024). This can facilitate the development of secure and efficient smart 
grids, supporting vehicle-to-grid models (Meghana et al., 2022; Wei et al., 2023).

Through blockchain-enabled Road Side Units (RSUs), real-time utilisation data is broadcast across the network and relayed to EVs, 
whose blockchain-integrated BMS autonomously schedule charging based on current load conditions (Danish et al., 2020). This 
transforms load balancing from a static, forecast-driven process into a demand-responsive and adaptive system, where smart contracts 
dynamically and autonomously reserve underutilised stations. Unlike traditional digitalisation methods, data from EV and charging 
stations can be tokenised into digital assets, stored off-chain, and linked to a blockchain via cryptographic hashes or pointers which 
helps protect the personal information. Web3-enabled tokenised data warehouses can also aggregate diagnostic and fault information 
across stations, enhancing operational visibility, maintenance planning, and throughput while reducing downtime. Charging stations 
then broadcast relevant information to RSUs, and EVs process this data to solve optimisation problems matching with their re
quirements, identifying the best-suited charging stations with minimal operational costs for both users and operators. Upon arrival at a 
charging station, an authentication mechanism verifies the EV: a random number generated by the tokenised data of an EV is decrypted 
by the EV’s private key and compared to the original number at the reservation stage, ensuring secure vehicle-to-station authentication 
prior to charging. Finally, a payment function manages transactions between EVs and charging stations, automatically settling charges 
based on the time required to reach the desired state of charge. Bottlenecks are no longer addressed reactively but are anticipated and 
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mitigated algorithmically, as decentralised data flows allow for predictive load balancing and congestion avoidance.
Retired EVBs can further augment capacity planning and operations at charging stations. Evaluated for residual capacity (typically 

70–80 %) and economic viability for secondary applications, they can serve as stationary storage to support circular economy inte
gration in vehicle-to-grid systems (Aguilar Lopez et al., 2024; Hassan et al., 2023). A blockchainified buffer storage system based on 
spent EVBs, as proposed by Manoj Kumar & Chopra (2023), can provide auxiliary support during frequency fluctuations, enhancing 
grid stability. Integrating retired EVBs in this manner effectively increases the operational capacity of charging stations, turning 
otherwise idle batteries into active assets that smooth load, support renewable integration, and enhance overall system resilience.

Service level agreements are traditionally governed by centralised operators who control user authentication and payment pro
cessing. These processes rely on identity-based contracts and manual verification, often resulting in delays, limited transparency, and 
privacy risks. Users need to disclose personal data to access services, which exposes them to cybercriminals. Blockchain and Web3 
technologies are reshaping service and financial operations in EVB charging ecosystems.

They enhance privacy by safeguarding personal information from exposure to charging station providers (AlJabri et al., 2019; Zhai 
et al., 2024). This redefines service operations, as service level agreements are now enforced through smart contracts that automat
ically execute and verify service terms – such as energy delivery, uptime. At the same time, decentralised identifier technology allows 
users to hide personal data, while usage and charging records are stored in tamper-proof blocks. These contracts ensure transparency, 
reduce service disputes, and enable programmable trust between users and providers. On the financial side, the secure transfer of 
digital tokens from user wallets to station wallets at the point of charging reflects a shift from traditional payment processing to 
decentralised financial operations (Ashfaq et al., 2020; Awais et al., 2022; Pustisek et al., 2016). This eliminates the need for cen
tralised banks, reduces transaction latency, and enables real-time settlement based on dynamic pricing models.

The emergence of vehicle-to-vehicle (V2V) battery exchange, enabled by blockchain-based P2P energy trading and Web3 tech
nologies, is beginning to reconfigure core operations in EV charging – particularly in inventory management, capacity planning, and 
decentralised coordination (Kakkar et al., 2024). Traditionally, battery availability and charging capacity are managed through 
centralised infrastructure, leading to bottlenecks, underutilised assets, and range anxiety due to uneven distribution. In contrast, 
blockchain-based crowdsourcing enables prosumers to dynamically exchange repurposed EVBs, especially with renewable energy 
(Grasso et al., 2019; Ibrahim et al., 2024), transforming batteries from static inventory held by operators into mobile, user-managed 
energy assets. Clustering algorithms group users based on location and energy needs, while matching algorithms optimise exchange 
logistics, effectively decentralising inventory visibility and allocation. Each EVB owner can have a unique decentralised identity 
verified by the consensus of genuine users, while each battery can be tokenised as non-fungible tokens (NTFs), both stored on-chain. 
Then, they broadcast their surplus or need of EVBs to RSUs, and smart contract can match owners themselves securely without relying 
on a central authority such as CNOs. When EVB owners meet and swap the physical batteries, smart contracts will go through multiple 
stages of communication and authentication through owners’ secret keys (Das et al., 2023). Once the swapping is done, smart contracts 
will release the NFT representation from the sellers while trigger the payment to the buyers. This allows real-time and automated 
balancing of supply and demand across micro-locations, reducing the cost for centralised stockpiling and enabling just-in-time, just-in- 
place battery provisioning. Conventionally, pricing and profit are controlled by operators, who set fixed tariffs and manage infra
structure through hierarchical systems. Smart contracts can automate transactions at electricity market prices (Kaushal et al., 2023), 
shifting pricing authority from fixed tariffs to algorithmic consensus. Users can also monetise from their data through P2P verification 
and rewarding systems instead of contributing to the financial wealth of CNOs’ platforms. Since the operators now play a platform 
provider role rather than a seller role, this disintermediation redistributes value creation and capture: prosumers become active market 
participants, monetising surplus energy or battery capacity directly, while transaction costs and privacy risks associated with cen
tralised platforms are minimised.

Despite the operational benefits of Web3 in decentralising EVB charging supply chains, several technological and socio- 
environmental barriers remain. Web3 platforms often suffer from inefficiencies and latency due to energy-intensive consensus 
mechanisms like proof-of-work, which hinder real-time interoperability and scalability (Park et al., 2023). These limitations are 
particularly problematic for time-sensitive coordination between vehicles and charging stations. To address these barriers, we propose 
that every EV can become an autonomous economic agent, negotiating directly with energy providers through Web3-based smart 
contracts. Vehicles equipped with on-board AI avatars would effectively communicate their charging preferences, state-of-health, and 
carbon-intensity targets to nearby stations, which respond dynamically with optimal pricing and energy mix offers. These interactions 
occur seamlessly on decentralised platforms where transactions, settlements, and data sharing are automated and verifiable, elimi
nating traditional intermediaries. The system can scale naturally to millions of vehicles and stations that interoperate through common 
protocols rather than central schedulers. Moreover, such V2V energy exchange reduces systemic risk: demand surges or grid imbal
ances are mitigated through autonomous load redistribution. Over time, this vision could realise a self-organising energy marketplace 
where sustainability incentives, charging logistics, and customer experience coalesce into a unified Web3-native operations model. 
The result is a transparent, user-centric, and resilient EV charging ecosystem aligned with circular economy principles.

Table 3 summarises how EVB supply chain operations are transformed from traditional, centralised to decentralised, autonomous 
governance.
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Table 3 
Summary of the operational transformation from centralisation to decentralisation.

CLSCs Target Operations Traditional Operations Decentralised 
Alternative

Fundamental Shift (RQ1) Organisational 
Implications (RQ2)

Existing barriers Visionary Web3 and 
Metaverse (RQ3)

EVB CLSC 
Operations

Sustainable Design, 
Manufacturing and 
EoL Diagnostics

• Tested under controlled 
lab conditions leading to 
static blueprinting 
product design and 
manufacturing 
processes.

• Sequential EVB design 
and operations

• Limited collaboration

• Metaverse-enabled 
immersive design 
spaces

• Digital twins-enabled 
on-vehicle battery 
management systems 
(BMS)

• Concurrent EVB design and 
operations through new 
virtually collaborative 
operating model across 
departments, stakeholders 
and countries

• Dynamic lifecycle 
integration

• Faster and continuous 
quality improvement 
cycles

• Knowledge exchange
• Safe and sustainable by 

design enables the EVB 
CLSC, reducing EVB 
waste and critical raw 
material usage

• Data requirements
• Technical 

complexity
• Immature 

infrastructure
• Limiting 

scalability

• AI-enhanced digital twins 
and metaverse act as 
autonomous design avatars 
co-creating product im
provements across OEMs.

Sustainable 
Procurement, 
Recycling and Waste 
Management

• Static forecasts and long 
lead times for 
procurement

• Retired EVBs often 
discarded due to 
degradation, lack of 
certification, or 
inefficient recycling 
coordination to the 
upstream stages

• Unmet target for metal 
recycling from EoL EVBs

• Blockchain-based 
EVB traceability, 
authentication, and 
ownership transfer

• Predictive and collaborative 
process

• Cradle-to-cradle certification 
of EVB

• From a cost-driven, supplier- 
centric function into 
sustainability-driven, 
network-coordinated a 
process

• Waste management from a 
disposal activity into a 
strategic resource recovery 
operation

• A closed-loop coordina
tion between procure
ment and waste 
management systems

• Elimination of 
recertification at the 
EoL stage, reducing 
costs and increasing 
speed

• Automate the transfer 
of ownership across 
stakeholders

• Limited Web3 
adoption

• Market 
uncertainty

• New paradigms
• Limited expertise

• Web3-enabled unique 
digital identity ensures 
transparent value 
distribution to miners and 
recyclers.

• Decentralised procurement 
DAOs automate supplier 
auditing and fair-trade 
verification.

EVB Circular 
Energy/Grid 
Operations

Grid to Charging 
Stations – Energy 
Distribution 
Management

• Centralised energy 
management schemes 
run by TSOs and energy 
providers

• Grid overload during 
peak periods, inefficient 
load balancing

• Mixed-reality 
metaverse, including 
cyber-physical sys
tems, digital twins, 
and blockchain

• From central dispatch 
models to autonomous, peer- 
coordinated energy routing

• TSOs transform to 
collaborative grid 
coordinators

• Energy suppliers face 
disintermediation, 
potentially transform to 
platform facilitation and 
data services

• Generators and CNOs can 
directly deal with each other

• Generators and CNOs 
can have a wider access 
to the competitive 
market

• Faster supply–demand 
matching and lower 
operations costs

• Early security 
concern

• Limiting 
scalability

• Immersive metaverse energy 
twins (e.g., Virtual Power 
Plant) synchronise 
distributed renewable assets 
and charging nodes.

• AI avatars negotiate optimal 
flow distribution, creating a 
scalable, self-regulating, and 
circular service ecosystem.

Charging Stations to 
Vehicles – Capacity 
planning, inventory 
management and 
service operations

• Centralised, siloed 
ownership structures in 
capacity planning and 
load balancing

• Centralised 
authentication and 
payment processing

• Range anxiety and 
limited charging stations

• Blockchain-enabled 
roadside units

• Web3 data warehouse
• Web3-enabled 

blockchain platform
• Web3-enabled V2V 

EVB exchange

• Load balancing from a static, 
forecast-driven process into a 
demand-responsive and 
adaptive system

• Dynamic capacity from spent 
EVBs

• Payments through mutual 
consensus

• Just-in-time and just-in-place

• Provide auxiliary 
support during 
frequency fluctuations, 
enhancing grid stability

• Secure payment and 
information sharing

• Reduce the need for 
stockpiling energy and 
battery storage systems

• Inefficiencies and 
latency due to 
energy-intensive 
consensus 
mechanisms

• Limiting 
scalability

• Vehicles and stations 
operate as autonomous 
Web3 agents, transacting 
energy, data, and carbon 
tokens through 
decentralised smart 
contracts.

• AI avatars and Web3 
contracts autonomously 
coordinate supply–demand 
balancing, enabling risk- 
free, participatory energy 
operations across prosumer 
networks.
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4. Theoretical and managerial contributions

4.1. Theoretical contributions

This study advances theoretical understanding at the intersection of digital transformation, decentralised operations, and circular 
supply chains. First, we extend the TOE framework by addressing its limitations in capturing the dynamic interdependencies and 
sociotechnical coordination underpinning emerging decentralised technologies. To overcome these constraints, we introduce the 
Operational Decentralisation Framework, which integrates TOE with the LMA and dynamic capabilities, in the context of EVB CLSCs. 
This integration reframes TOE from a static adoption model into a diagnostic-to-transformational lens capable of explaining how 
technologies enable distributed coordination, data sovereignty, and adaptive learning across organisational boundaries.

Second, by operationalising the LMA within the technology dimension, we classify decentralised technologies across four inter
dependent layers (i.e., device, network, service, and content) and show how blockchain, digital twins, smart contracts, Web3, and 
metaverse infrastructures interact across them. This layered view clarifies how technological convergence transforms the architecture of 
coordination in EVB CLSCs: from linear information flows to decentralised, data-driven ecosystems where value creation and capture 
occur simultaneously across physical and digital domains (Dolgui and Ivanov, 2023; Queiroz et al., 2019).

Third, by applying the Operational Decentralisation Framework to the EVB CLSC context, we not only explore current decentralised 
practices across various EVB operations aspects – design, manufacturing, EoL diagnostics, procurement, waste management, load 
balancing, capacity planning, inventory management and service operations – but also reveal persistent research and practice gaps. 
That is fragmented adoption across lifecycle stages, limited reverse-logistics integration, and the absence of unified cross-layer plat
forms. Our results also show that many firms remain at a digitalisation rather than a decentralisation stage. Emerging technologies such 
as decentralised AI, Web3 coordination mechanisms, and immersive digital environments are beginning to address these gaps by 
enabling end-to-end visibility, distributed control, and multi-actor collaboration. These patterns point toward an evolving operational 
architecture that gradually links isolated applications into integrated decentralised ecosystems.

Fourth, we contribute to a forward-looking theoretical discourse by identifying current technological and environmental barriers, 
such as integration complexity, data standardisation, scalability, and regulatory uncertainty, that our proposed visionary Web3 and 
Metaverse systems can alleviate. The analysis of AI, Web3, and metaverse scenarios demonstrates how overcoming these barriers will 
shift operations theory toward concepts of distributed governance, tokenised collaboration, and adaptive orchestration. These offer 
new explanatory constructs for studying operations in decentralised ecosystems. These future-oriented scenarios help synthesise our 
theoretical arguments by connecting maturity progression with dynamic capability development and ecosystem readiness, thereby 
providing a unified theoretical basis for understanding how decentralised operations emerge and evolve within sustainable EVB CLSC.

4.2. Practical contributions

Our study also provides several actionable contributions for managers, policymakers, and ecosystem stakeholders in the EVB 
sector. First, the Operational Decentralisation Framework serves as a strategic instrument for assessing technological maturity and 
adoption readiness of decentralised solutions across the EVB CLSC. By mapping technology use across the layered modular architecture 
(device, network, service, and content), firms can diagnose current capabilities, pinpoint gaps, and prioritise investments that 
strengthen transparency, traceability, and resilience. Because the framework links technological, organisational, and environmental 
dimensions, it also helps managers recognise which operational routines (such as data-sharing, certification, or collaboration) must 
evolve as systems become decentralised. Our four Web3/Metaverse visions further translate this assessment into practical roadmaps, 
guiding firms from foundational digitisation to full decentralised integration while maintaining strategic alignment with sustainability 
goals.

Second, our cross-stage analysis demonstrates how decentralised technologies reconfigure operational coordination rather than 
merely automate existing processes. For instance, AI-enabled digital twins and Web3-based traceability systems create shared oper
ational intelligence that allows manufacturers, recyclers, and regulators to act on the same verified procurement data. This supports 
more integrated and adaptive decision-making across production, reuse, and recycling, improving cross-actor coordination and 
accelerating circular value capture. Managers can use this evidence to design data-governance policies and collaborative protocols that 
preserve autonomy while enabling interoperability.

Third, by diagnosing adoption barriers, such as integration complexity, scalability limits, and regulatory uncertainty, the study 
offers concrete implementation guidance. Firms can mitigate these challenges by developing modular system architectures, adopting 
open interoperability standards, and investing in workforce capabilities that combine data analytics with governance literacy. For 
technology providers and ERP vendors, the findings indicate demand for platforms that support decentralised identity management, 
smart-contract interoperability, and circular-economy compliance. For policymakers, the results highlight the importance of creating 
sandbox environments and interoperability standards to foster responsible experimentation with decentralised coordination models.

5. Conclusions

As governments and industries worldwide commit to sustainability goals, the need for innovative technology solutions in the EVB 
sector to address numerous environmental, resource, and recycling challenges is greater than ever. This study contributes to the 
emerging body of knowledge by shedding light on the operational transformation of EVB CLSC from centralised to decentralised 
governance, enabled by decentralised technologies, particularly Web3 and the metaverse. In doing so, the findings reveal that 
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blockchain and digital twins already provide measurable operational value in enhancing traceability, transparency, and predictive 
control, while emerging technologies such as AI, Web3, and metaverse infrastructures are beginning to reshape coordination, decision- 
making, and stakeholder engagement. By applying the Operational Decentralisation Framework, we clarify the mechanisms through 
which these technologies collectively transition EVB operations from centralised oversight to distributed orchestration, bridging 
technological, organisational, and environmental dimensions. Finally, our feasibility assessment identified the key barriers, such as 
integration complexity, scalability limits, and regulatory uncertainty, hindering the implementation of Web3 and the metaverse, 
offering a grounded basis for future directions.

This study acknowledges certain limitations that open avenues for future research. While the study relies on large-scale secondary 
data and text data from previous literature and industry documents, future empirical research could further explore and validate the 
findings through case studies, interviews with industry practitioners, or real-world pilot projects. Future research should also examine 
how governance, interoperability, and human–AI collaboration evolve as decentralised technologies mature within real EVB eco
systems. By linking the Operational Decentralisation Framework to dynamic capability and distributed governance perspectives, 
subsequent studies can further test how firms’ sense, seize, and transform under decentralised operating conditions. Despite existing 
adoption barriers, the present findings provide a robust conceptual foundation for both researchers and practitioners seeking to 
operationalise decentralised and circular EVB CLSCs.
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