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Abstract. This paper examines the adoption of Digital Product Passports (DPPs)
as enablers of transparency, traceability, and circularity across supply chains. It
aims to clarify what Antecedents, Barriers, Challenges, Drivers, and Effects shape
DPP deployment in light of emerging EU regulations such as the Green Deal and
the Ecodesign for Sustainable Products Regulation (ESPR). A systematic literature
review was conducted to synthesize insights from journal papers published
between 2020 and 2025. The review integrates the Technology-Organization-
Environment (TOE) lens with the ABCDE Model to examine DPP evolution and
implementation across industries. Findings show that antecedents include
regulatory mandates, circular economy ambitions, and technological
advancements. Barriers and Challenges relate to data fragmentation,
interoperability gaps, organizational resistance, and inconsistent legislation.
Drivers emerge from sustainability priorities, compliance requirements, and
digital innovation. The resulting Effects include enhanced traceability,
transparency, and resilience, yet issues persist around governance complexity and
SME readiness. Sectoral comparisons reveal divergent regulatory timelines and
data priorities spanning from technical standardization, consumer transparency,
to repairability and recyclability. This paper contributes a systematic synthesis of
the fragmented DPP literature, proposing the ABCDE Model as a comprehensive
model for assessing socio-technical and regulatory readiness. Hence, offering the
first integrated application of the ABCDE and TOE frameworks to DPP research. It
highlights research gaps in interoperability, data governance, and human-centric
integration, guiding future policy and practice toward Industry 5.0 objectives of
sustainability, inclusivity, and resilience.

Keywords: Digital Product Passport, Circular Economy, Supply Chain
Transparency, ABCDE Model, ESPR.

1. Introduction

In recent years, the pursuit of sustainability has reshaped how industries design, produce, and
manage products across their lifecycles. Among emerging paradigms, the Circular Economy (CE)
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has become a cornerstone of sustainable industrial transformation, promoting a shift from the
traditional linear “make-use-dispose” model to one that emphasizes resource efficiency, reuse, and
product longevity [1-3] . This transition aims to decouple economic growth from resource
consumption by ensuring materials remain in circulation for as long as possible.

However, realizing the CE vision requires more than design and policy innovation; it
demands systematic management of product information across the entire value chain [1]. In
practice, organizations continue to face Challenges such as fragmented, inaccessible, or
inconsistent product data, which hinders their ability to achieve circular outcomes [4-6]. Parallel
to these sustainability efforts, digital transformation has begun reshaping industrial value chains
through technologies such as the Internet of Things (10T), blockchain, and digital twins. These
technologies enable continuous tracking, verification, and simulation of data throughout the
product lifecycle [7-9]. Digitalization enables innovative tools that operationalize transparency
and traceability, such as the Digital Product Passport (DPP). When oriented to circular-economy
objectives, these tools prioritize data on durability, repairability, and recyclability [10,11].

DPPs are structured digital records that consolidate lifecycle information on products,
including their origin, composition, performance, maintenance, and end-of-life options [5,12-14].
Earlier tracking mechanisms such as barcodes, RFID tags, and proprietary databases, provided
limited interoperability and lacked cross-sectoral visibility [4,15]. Building on these systems, DPPs
address the limitations by creating a common system for collecting, storing, and sharing data,
improving transparency and traceability in global supply chains [6,16]. Data silos at the firm,
industry, or national levels often prevent effective monitoring of environmental performance,
ethical sourcing, and regulatory compliance [6,17]. The urgency of DPP adoption has been further
heightened by emerging regulations; most notably, the European Union’s Ecodesign for
Sustainable Products Regulation (ESPR) [12], which mandates digital product-level transparency
to support CE implementation [18].

Within this regulatory and technological context, DPPs serve as strategic enablers of
sustainability, transparency, and traceability. They integrate life-cycle assessment (LCA) data to
support carbon reduction and resource efficiency [12,13,19]; ensure accessible and verifiable
information for regulators, businesses, and consumers [4,5]; and enable product-level traceability
across multiple lifecycles, aiding recyclers and improving resilience to disruptions [6,15,16].

Given the new introduction of the DPP by the European Union in 2020 [10], and despite
the growing interest, the research landscape on DPPs remains fragmented and exploratory, with
limited integration across technological, regulatory, and sectoral dimensions. Consequently, there
is a need for systematic synthesis to identify the Antecedents, Barriers, Challenges, Drivers, and
the overall Effects of the DPP adoption. This is important to clarify how DPPs can effectively
advance circularity within supply chains and what dimensions shape their adoption. In this
context, this paper conducts a Systematic Literature Review on DPP implementation across
industries. It synthesizes existing insights on DPPs, material passports, battery passports, and
related systems, and organizes findings using the ABCDE Model, analyzing Antecedents, Barriers,
Challenges, Drivers, and Effects. Furthermore, it compares sectoral pathways across different
industries to reveal differences in regulatory timelines, data requirements, and implementation
Challenges. Finally, the study proposes a research agenda for scholars and actionable implications
for policy and practice, offering guidance for advancing DPP integration in support of circular and
transparent supply chains.

Accordingly, this paper aims to consolidate fragmented DPP research using the ABCDE
framework to identify factors influencing DPP adoption. The study, therefore, examines the
following research questions:

e RQ1: How have DPPs emerged, and what regulatory milestones and earlier technologies

underpin their development?
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e RQ2: What are the technological, organizational, and environmental Antecedents,

Barriers, Challenges, Drivers, and Effects of DPP implementation reported across sectors?

The following sections of this paper are organized as follows. Section 2 describes the research

methodology and review process. Section 3 outlines the theoretical frame of reference, while

Section 4 presents the main findings covering DPP evolution, regulatory, technological, and

organizational dimensions. Section 5 discusses the implications for policy and practice, and
Section 6 concludes with key insights and future research directions.

2. Methodology

This study employed a Systematic Literature Review, adapted from the evidence-informed
framework of [20]. This method was selected as it provides a structured, transparent, and
replicable process for synthesizing heterogeneous bodies of research, while minimizing bias and
enhancing rigor [20]. The review was conducted in three stages: planning, conducting, and
synthesizing [20]. By combining systematic selection, quality appraisal, and thematic integration,
this method established a comprehensive and reliable evidence base to advance both academic
understanding and practical insights into the implementation and future path of DPPs. Starting
with planning, a review protocol was defined to examine the emerging concept of DPPs, and
synthesize their regulatory milestones, earlier technological developments, and the main
implementation factors across sectors.

The inclusion criteria comprised (i) peer-reviewed journal articles; (ii) explicit coverage
of DPPs, or related approaches such as material passports or battery passports, where insights
were transferable; and (iii) studies published between 2020 and 2025, a period aligned with the
regulatory rise of DPPs in the European Union. However, to capture the evolution dimension
(RQ1), backward snowballing was used to locate pre-2020 foundational works, which were
reviewed as a supplementary set. Additionally, the policy briefs from the European Commission
were reviewed to contextualize the regulatory landscape and expectations linked to forthcoming
legislation. On the other hand, the exclusion criteria eliminated non-academic sources (reports,
news articles), publications with only passing mention of passports, and purely technical papers
lacking relevance to product lifecycle or sustainability contexts.

A total of 210 studies were initially identified through Scopus, as illustrated in Figure 1.
After applying the inclusion and exclusion criteria, this number was narrowed down to 124
studies, which were further screened for quality and relevance. Following full-text assessment, 60
studies were finally selected for in-depth analysis. The timeline for the reviewed articles is
presented in Appendix 1: Timeline of the reviewed articles. The papers spanned diverse sectors,
reflecting the cross-sectoral nature of DPP applications. Each study was subjected to a quality
appraisal assessing methodological robustness before being coded through structured data
extraction (authors, year, title, method, context, and findings/contributions). The extracted data
were thematically coded, yielding key clusters enabling the discussion about DPPs’ evolution,
application across supply chain stages, relevance to the regulatory landscape, connection with
technological advancement, and data requirements. This thematic synthesis enabled mapping the
evolution of DPP adoption, from early conceptual discussions (2020-2021) exemplified by
[14,21], through pilot implementations (2022-2023) in papers such as [4,16], toward sectoral
deployment and regulatory embedding (2024-2025) as in [5,6]. To interpret adoption dynamics,
the TOE (Technology-Organization-Environment) framework was applied [22], as it provides a
widely used theoretical lens for explaining technology adoption, helping to identify Antecedents,
Barriers, Challenges, Drivers, and Effects shaping DPP uptake across contexts.
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| Literature Review |

!

| Scopus Search |

Initial Search Term (Journals):
“Digital Product Passport™: 135
“Battery Passport™: 50
“Material Passportand Supply Chain™: 25
Total: 210 Articles

First refinement process:
(Abstract, title, keywords: relevance & Quality)
Total: 124 Articles

]

Second Refinement process:
(in-depth analysis)
Total: 60 Articles

Figure 1. Used Methodology

3. Methodology

3.1 The ABCDE Model

The ABCDE Model, as followed by [23], offers a comprehensive framework for analyzing supply
chain visibility by integrating fragmented insights into a balanced structure. It encompasses five
components: Antecedents, which trigger organizational engagement; Barriers, factors currently
too difficult to overcome and that may block implementation; Challenges, difficult yet tractable
issues that can be mitigated with appropriate resources or design; Drivers, denoting motivating
incentives; and Effects, capturing performance and relational outcomes.

The model’s strength lies in its holistic view, combining enabling factors, obstacles, and results
within a single analytical lens [23]. Subsequent studies have adopted the ABCDE Model to examine
transparency and sustainability issues, such as [24], who applied it in the agri-food sector to
categorize factors influencing sustainability-oriented visibility. This growing application
highlights its versatility as a generalizable framework for examining complex visibility dynamics
across regulatory, technological, and organizational dimensions [23,24]. Given the similar nature
of DPP related to data sharing and visibility, the ABCDE Model provides a valuable foundation for
understanding the multifaceted factors shaping DPP adoption, where similar dynamics of
transparency, data integration, and regulatory compliance are at play.

3.2 Technology-Organization-Environment (TOE) framework
The Technology-Organization-Environment (TOE) framework, developed by [22], explains how
the adoption of technological innovations within organizations is influenced by three key contexts:
the technological, organizational, and environmental contexts. The technological context relates
to the characteristics of the technology and the existing technological infrastructure; the
organizational context includes factors such as firm size, managerial structure, and available
resources; while the environmental context encompasses external pressures such as market
competition, regulatory environment, and support from technology providers [25]. The
framework is widely recognized for its flexibility and applicability across different industries, as it
allows researchers to adapt contextual variables to specific technologies and sectors [26].
Despite its broad utility, the TOE framework has been criticized for its generality and for
lacking explicit mechanisms describing how the contexts interact [26]. Nevertheless, as [27] notes,
TOE remains a valuable lens for examining organizational adoption of emerging technologies, such
as DPPs, because it captures the interplay among technological capabilities, organizational
readiness, and regulatory drivers that shape firms’ implementation decisions.
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4., Results

This section presents the findings of the systematic literature review, structured around the
ABCDE framework supported by the TOE perspective. The results synthesize insights that
highlight how regulatory, technological, and organizational factors collectively shape the adoption
of DPPs. The analysis begins by tracing the evolution of DPPs and their policy underpinnings, then
examines the regulatory, technological, and organizational landscapes that influence their
deployment. Subsequently, the section explores key stakeholder roles, sectoral differences, and
the overall implications of DPP implementation across industries.

4.1 DPP evolution

Within the ESPR, the DPP is positioned as a key digital tool to enable product information
accessibility among stakeholders across the value chain and to strengthen end-to-end product
traceability [18]. In practice, it is intended to support better consumer decisions through access
to relevant product information, enable supply-chain actors to contribute and update lifecycle
data, and allow competent authorities to fulfil oversight duties while safeguarding confidential
business information [18].

Several researchers adopted this policy-aligned view of the DPP as a transparency and
traceability enabler embedded in EU regulation and value-chain governance [5,13,14]. Others
argue for a more holistic conception: the DPP as a system-of-systems or ecosystem that spans
multiple actors, organizations, processes, and technical systems that must interoperate to deliver
the overarching capability; in this perspective, DPPs are seen as networks of organizations and
technologies and ultimately as socio-technical systems where technical, managerial, and cultural
arrangements jointly condition improved traceability and transparency [8,28-30].

[29] has also highlighted that before the formal establishment of DPPs, a wide range of
precursor systems and initiatives were developed to enhance product traceability, sustainability,
and lifecycle management. While these tools are designed on the same premises as DPPs, the scope
and application differ as each type was designed to solve different and specific problems. These
included sector-specific solutions such as Circularity.ID in fashion [31], which standardized data
to support recycling and resale, and the Global Battery Alliance Passport, which tracked
environmental and social metrics of EV batteries [32]. Other frameworks, like the Product
Circularity Data Sheet [21], Cradle-to-Cradle Scorecards [33], and the EU’s European Product
Registry for Energy Labelling (EPREL) registry, focused on measuring product circularity, material
health, and energy performance [34]. Similarly, building-related systems such as EU Level(s) [35]
and Buildings as Material Banks (BAMB) material passports captured sustainability data across
the construction sector [36]. In manufacturing and supply chains, tools like the International
Material Data System (IMDS) for automotive materials [37] and the International Dismantling
Information System (IDIS) for vehicle dismantling provides traceability, compliance, and lifecycle
information [38]. Many of these initiatives relied on advanced technologies to share verified
information on provenance, safety, and environmental performance. A summary of the previous
initiatives is available in Appendix 2: Pre-DPP Traceability Initiatives.

These initiatives laid the groundwork for DPPs by demonstrating the technical feasibility and
practical benefits of digitally encoding product-level sustainability and lifecycle information;
hence can be considered part of the technological foundation that is required for the full DPP
maturity [27,29]. Despite strong momentum, practical implementation remains at an early stage.
Currently, there is no universally standardized format for DPP, and sector-specific initiatives are
advancing in parallel across industries [12,39]. The final structure and operating model of DPPs
are still under development, while access to reliable and consistent data remains limited.
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4.2 Regulatory Landscape

Regulation plays a widespread role across the ABCDE Model of DPP deployment. As an
Antecedent, regulatory compliance forms a key foundation for DPP development, with evolving
European Union frameworks setting the trajectory for implementation and sectoral prioritization
[12,14,29,40,41]. However, regulation can simultaneously act as a Barrier, as unclear or
inconsistent legal definitions and fragmented policy execution generate uncertainty and uneven
implementation across sectors and Member States [42,43]. At the Challenge level, the absence of
EU-wide cross-border regulatory alignment complicates interoperability and data exchange
within globalized supply chains, particularly for multinational manufacturers operating across
jurisdictions [8,44]. Conversely, policy mandates act as strong Drivers, providing both direction
and legitimacy for DPP integration by embedding traceability, sustainability, and circularity
obligations into law, while incentivizing firms to invest in digital infrastructures aligned with these
emerging standards [6,14].

The evolution of sustainability-oriented legislation led by the European Union is shaping the
regulatory landscape for DPP. As the European Union regulations mandate transparency within
supply chains, the current data management systems fail to meet the requirements, as it is heavily
reliant on siloed approaches limited to proprietary databases [5-7]. The fragmented information
flow leads to partial visibility and limited interoperability across businesses and even national
borders [7,12,14,17]. This poses issues for ensuring product safety, verifying reported
sustainability efforts, and conducting effective product end-of-life management that enables the
circular economy [4]. These persistent problems are highly problematic in sectors with multi-
tiered supply chains, where numerous stakeholders, including manufacturers, importers,
distributors, dealers, repairers, recyclers, and customs authorities, require differentiated yet
reliable access to product information [15,29].

In response, the European Union has established the ESPR as the primary legislative
framework for the deployment of DPPs [10]. The ESPR mandates Ecodesign requirements aimed
at improving durability, repairability, energy efficiency, and recyclability across diverse product
categories [10]. Together with the Energy Labelling Framework Regulation (ELFR), it addresses
consumer choice and supports the investment in sustainable product innovation [45]. Regulatory
pressures extend beyond product-level performance to include supply chain accountability. The
Corporate Sustainability Reporting Directive (CSRD) obliges large and listed companies to disclose
sustainability and environmental, social, and governance (ESG) data [46], while the Corporate
Sustainability Due Diligence Directive (CSDDD) extends responsibility to managing environmental
and human rights impacts within global value chains [47]. Complementary directives, such as the
EU Green Claims Directive, directly target the problem of greenwashing by mandating transparent
and verifiable product-level claims [48]. For all, the DPP plays a crucial role by embedding
traceable, standardized data that can be accessed by regulators, consumers, and civil society
organizations [10]. Sectoral legislation further reinforces this momentum. The Textiles Strategy,
the Construction Products Regulation (CPR) [49], and the new EU Battery Regulation [50] all
incorporate the DPP, in different formats. This sets different versions of DPP as the primary
compliance mechanism, ensuring durability, recyclability, and consumer-facing transparency in
each respective domain.

Positioning circularity and decarbonization as essentials for EU competitiveness, the broader
policy context is provided by the Clean Industrial Deal [51]. It promotes the usage of affordable
energy, financing clean transitions, boosting demand for sustainable products, and strengthening
access to materials [51]. It also establishes conditions for DPP implementation, where traceability
can facilitate the integration of circular practices and secure supply resilience, linking industrial
competitiveness with climate objectives [51]. This is particularly crucial in energy-intensive
sectors such as steel, aluminum, and chemicals [51]. These regulations position the deployment
of DPP as a compliance instrument and a strategic enabler of transparency, competitiveness, and
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systemic transformation in European industry. The full timeline for the DPP-related legislation is
available in Appendix 3: Timeline of DPP-Related Regulations.

4.3 Technological Landscape

Technology forms the backbone of DPP deployment, influencing every stage of the ABCDE
dimensions. As an Antecedent, DPPs build on existing technological foundations such as digital
identifiers, material databases, and early traceability systems that demonstrated the feasibility of
capturing and exchanging product-level data [14,41,52-55]. Yet, persistent technical limitations,
including reliance on synthetic or incomplete data, infrastructure gaps, legacy IT systems, poor
data availability, and data integrity risks, continue to act as major Barriers [12,53,56-58]. At the
Challenge level, issues of interoperability, data integration, and standardization remain
unresolved, while questions of data granularity and scalability hinder cross-sector
implementation [44,52,55,59]. Nonetheless, rapid technological advancements, notably in
automation, digitalization, and Industry 4.0, and the development of data ecosystems, along with
emerging validation tools that improve reliability, are key Drivers enabling progress [56,60,61].
Ultimately, these developments lead to Effects such as enhanced data ecosystems and
interoperability gains, fostering a single source of reliable product data that supports
transparency, efficiency, and collaboration across supply chains [9,28,54,61].

The effective implementation of DPPs depends on both the quality of data captured and
the maturity of the underlying technologies that enable and drive their deployment [53,54,56,61].
Accordingly, the following sections discuss the data required for DPP deployment and the
underlying technologies that function as both Antecedents and Drivers of DPP development.

4.3.1 Digital Product Passport Technological Enablers

The technological foundations of DPPs lie in early identification and traceability systems such as
radio frequency identification (RFID), QR codes, barcodes, serial numbers, and smart labels, which
demonstrated the feasibility of linking physical products to digital records [15,16,29,62,63].
Combined with sensor networks and embedded data carriers, these technologies enabled item-
level data capture across manufacturing, logistics, and recycling, laying the groundwork for digital
traceability and lifecycle visibility [27,64]. Data management systems like enterprise resource
planning have evolved from isolated repositories into interconnected infrastructures that support
the storage, exchange, and retrieval of traceability information across organizations [8,27] . These
systems underpin DPP interoperability but continue to face Challenges in data integration, schema
consistency, and cross-platform standardization [57,65].

On the same note, DPP deployment is driven by advanced digital technologies that enable
secure, scalable, and intelligent data ecosystems. These technologies can be used together as part
of the ecosystem or individually as an overarching solution. Blockchain and smart contracts ensure
immutable, verifiable data exchange and automate compliance verification among distributed
actors [7,9,53,57,58,66]. Artificial Intelligence (AlI) and Big Data analytics enhance data
interpretability and circularity by predicting maintenance, optimizing resource flows, and
identifying reuse opportunities [62-64,67,68]. Digital twins provide real-time virtual
representations of physical products, integrating sensor and lifecycle data to improve traceability
and performance management [30,60,69]. Federated Learning (FL) enhances collaboration and
data privacy by enabling decentralized analytics without direct data sharing, supporting secure
multi-stakeholder cooperation [9,65]. Meanwhile, the Internet of Things (IoT) enables continuous
data exchange and real-time updates, ensuring that product information remains current and
verifiable across value chains [67,70,70,71]. These technologies transform DPPs from static
documentation tools into intelligent, interoperable systems that evolve through continuous
feedback, supporting transparency, circularity, and regulatory compliance across industries
[28,40].
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4.3.2 Digital Product Passport Required Data

The ESPR refrains from prescribing fixed or universal data attributes, acknowledging that data
requirements must be tailored to each product group and will be further developed through
delegated and implementing acts [10,72]. This approach allows for flexibility in the definition of
product-specific data while maintaining a coherent framework for interoperability across
European data spaces [10,72]. The Battery Passport illustrates this principle as the first
operational implementation of a delegated specification [72]. The corresponding DIN DKE SPEC
99100 translates legislative requirements into seven thematic clusters; identifiers and product
data, symbols and conformity documentation, carbon footprint, due diligence, materials and
composition, circularity, and performance and durability, thus demonstrating how sectoral
adaptation can operationalize the DPP concept within a regulated context [72].

Research complements this regulatory architecture by proposing broader frameworks for
structuring DPP data. [59] present one of the most detailed and comprehensive classifications,
dividing product-related data into four principal domains: product information, utilization
information, value-chain information, and sustainability information. These are further
differentiated into twenty-one subcategories and sixty-two attributes, fifty-one of which can
already be derived from existing organizational information systems such as ERP. The
classification captures both static and dynamic data, encompassing geometric and material
descriptions, operational and service data, supplier and compliance records, as well as ecological
and social performance indicators [59]. It is intended to guide developers in conceptualizing DPP
content architectures and to serve as a common language for circular product information
management. When compared to the more operational structure of the DIN DKE SPEC 99100
battery framework, clear parallels emerge. The regulatory clusters on identifiers, composition,
and durability correspond to Stratmann’s product and utilization domains, while the due diligence
and carbon footprint clusters map onto his sustainability category. This alighment demonstrates
how scientific taxonomies provide the conceptual foundation upon which delegated acts translate
data requirements into sector-specific formats [59,72].

The assurance of data reliability, accuracy, and verifiability remains a crucial condition for the
DPP’s credibility and functionality. [21] highlight that fragmented data markets, inconsistent
definitions, and unverifiable sustainability reporting currently undermine trust in circularity data.
[73] similarly, argue that robust data-governance frameworks are necessary to define how
product data is generated, stored, and accessed, while [42] underscores the legal Challenge of
balancing data openness with the protection of commerecially sensitive information. [74] and [13]
add that modular and adaptable DPP data models are required to secure compliance with the
ESPR across diverse industrial sectors. Technical studies reinforce these findings; [57] and [75]
show that blockchain-based and hybrid distributed-ledger systems can ensure immutability,
traceability, and authenticity within common data environments. [30] extend this discussion by
highlighting the importance of sovereign and interoperable data ecosystems, while [76] stress that
the “reasonability” of data must be evaluated based on stakeholder needs and lifecycle relevance.
These perspectives demonstrate that reliable, accurate, and verifiable data are indispensable for
the DPP’s success, and that achieving them will depend on the integration of sound governance
mechanisms, trusted infrastructures, and sector-specific regulatory guidance.

4.4 Organizational Landscape

Across industries, the organizational conditions shape DPP deployment. In such cases, begin with
Antecedents anchored in firm-level sustainability strategies and ESG roadmaps that position DPPs
as instruments for credible disclosure, eco-design feedback, and compliance-by-design
[8,16,42,43,77]. Yet these intentions confront Barriers, including high deployment and integration
costs, operational constraints from legacy system stacks, and resistance to change where
transparency is seen as exposing performance gaps [19,42,78,79]. Additionally, Challenges
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compound in multi-tier, global supply networks and legacy product portfolios, where stakeholder
coordination, chain-of-custody, and selective disclosure must be governed across heterogeneous
actors and jurisdictions [8,21,44,66].

Despite these constraints, a clear set of Drivers sustains adoption: demonstrated business
value in efficiency, resilience, and competitiveness, alongside network collaboration benefits,
consumer empowerment through credible product information, and business-model innovation
in repair, reuse, remanufacturing, and secondary markets [5,8,77,79,79]. Expected Effects include
reduced compliance costs, improved supply-chain collaboration, stronger decision-making from
standardized lifecycle data, and broader ecosystem transformation toward resource and
operational efficiency as governance, schemas, and assurance mature [16,19,43,44,78]. As DPPs
are multi-actor socio-technical systems, the next section identifies the stakeholders that shape
data generation, exchange, and governance.

4.4.1 Digital Product Passport Stakeholders

DPPs operate as a socio-technical ecosystem spanning product-side and regulation-side
stakeholders [8,12,28-30]. The stakeholders were exemplified in the ESRP [10]; however,
researchers such as [29,30,63] had further categorization and inclusion within their system of
system discussions. At the governance end, EU institutions/policymakers and competent national
authorities, including market surveillance and customs, need assured, role-based access for
oversight and enforcement; civil-society organizations, trade unions, and researchers use public
fields to examine claims and inform debate; and consumers rely on credible disclosures for
informed choice [29]. Along the value chain, raw-material suppliers and first/second-tier
suppliers contribute composition/provenance and certification data; manufacturers/brand
owners curate lifecycle information and orchestrate updates; while importers, distributors,
wholesalers, logistics/warehousing, and retailers add chain-of-custody and cross-border events
that sustain product history [63]. After-sales actors such as repairers, refurbishers, and
remanufacturers write back service events that extend useful life; recyclers and waste operators
use composition and hazard flags to improve recovery and should feed back end-of-life outcomes
[29,63]. Supporting this, remanufacturing research also highlights structured feedback models
that channel remanufacturing insights back into design to support circularity [80].

Technology, data, and assurance functions cut across all groups. IT/data-infrastructure
providers enable secure capture, validation, and inter-company sharing of passport data [30]; this
directly addresses legacy silos, trust/legal concerns, and the need for common schemas and
governance [8,12,30] . In parallel, business analysts/planners, standards bodies, and life-cycle-
assessment/assurance practitioners define methods, indicators, and verification so that DPP
disclosures are comparable and auditable across sectors, supporting both regulatory compliance
and market trust [29].

4.5 Sectoral Comparison

The rollout of DPPs varies across sectors due to differing regulatory timelines, data requirements,
and implementation Challenges [10,11]. Under the ESPR, the European Commission prioritizes
product groups based on circularity potential, environmental impact, market relevance, and the
need for adaptive regulatory updates [11]. This structured approach reflects the EU’s intent to
balance environmental ambition with industrial feasibility [11].

As per [10,11] motivations differ by sector; this is evident as the strategic autonomy and
competitiveness drive early adoption in batteries, steel, and aluminum, while consumer
transparency and behavioral change underpin initiatives in textiles and electronics. Circularity
and waste reduction are central to tyres, mattresses, and furniture [10,11]. Accordingly, data
requirements range from highly technical, standardized datasets in batteries to consumer-facing
sustainability information in textiles and hybrid repairability-recyclability models in electronics
[10,11].
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Phased implementation mirrors these priorities: early deployment in high-impact
industrial sectors such as batteries and steel, mid-phase in consumer goods like textiles and tyres,
and later adoption in lower-impact categories, including furniture and mattresses [10,11]. Cross-
sectoral baselines on repairability and recyclability ensure minimum harmonization [10,11].

The battery sector leads the way, with mandatory “Battery Passports” for industrial and
EV batteries by 2026/2027 under the EU Battery Regulation [50]. The DIN DKE SPEC 99100
standard defines key data attributes, carbon footprint, sourcing, and recyclability, reflecting the
sector’s strategic role in decarbonization and resilience [72]. Key Challenges remain around the
secure exchange of sensitive, technical data across global supply chains [72]. In textiles, the EU
Strategy for Sustainable and Circular Textiles [49] integrates DPPs to extend lifetimes, enhance
repairability, and provide verifiable sustainability data [10]. Implementation is planned for 2027,
aligned with the revised Textile Labelling Regulation [49]. Compared with batteries, textile DPPs
emphasize consumer transparency over technical standardization, with fragmented global supply
chains posing major Barriers [11].

Electronics and ICT products fall under horizontal ESPR measures; repairability scores by
2027 and recycled-content obligations by 2029 [10]. Here, DPPs must merge consumer repair
information with detailed data on recyclability and critical raw material traceability to address
rapid innovation cycles and escalating e-waste [11]. Other sectors follow with staggered timelines:
steel (2026) and aluminum (2027) for strategic autonomy and emissions reduction; tyres (2027)
for recyclability and end-of-life management; furniture (2028) for resource efficiency; and
mattresses (2029) for waste reduction [10,11].

This differentiated rollout reflects the EU’s effort to align circularity with industrial realities
[5,14]. Yet, divergent timelines and sector-specific standards risk creating interoperability gaps
and additional compliance burdens, particularly for cross-sectoral firms [6,7,30]. Fragmented DPP
implementations, stemming from incompatible data frameworks and sector-driven ontologies,
threaten seamless data exchange and undermine cross-industry interoperability. Moreover, firms
face increased compliance costs and regulatory uncertainty as evolving DPP requirements
demand complex lifecycle data management and continuous system adaptation [78,81]. Without
greater harmonization of standards and robust data-sharing mechanisms, DPPs may remain
primarily compliance instruments rather than Drivers of systemic sustainability transitions
[8,21].

5. Discussion

5.1 The ABCDE Model

Interpreting the findings through the ABCDE Model provides a comprehensive view of how DPP
adoption unfolds as a multi-dimensional socio-technical transformation, as presented in Figure 2.
The analysis reveals that the five dimensions are interdependent, collectively shaping the
trajectory of DPP implementation across industries. The Antecedents are predominantly
regulatory and technological. The increasing rise of European sustainability policies, such as ESPR,
constitutes the institutional foundation that compels firms to adopt DPPs [10,12]. Technological
readiness, including the maturity of enabling technologies such as blockchain, [oT, and digital
twins, further underpins DPP feasibility [8,9,16].

The Barriers and Challenges identified in this review reinforce the view that the DPP is not
merely a technological innovation but an organizational and institutional one. Data fragmentation,
a lack of interoperability standards, and uncertainties around data ownership and confidentiality
continue to hinder widespread adoption [42,57,76]. These obstacles align with findings from [27]
and [81], who emphasize the role of governance and data standardization as persistent
bottlenecks in DPP implementation. Conversely, the Drivers reveal growing strategic motivations
that extend beyond compliance. Regulatory mandates act as enforcing pressures, but DPPs are
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increasingly viewed as instruments for operational efficiency, resilience, and competitive
differentiation [12,43].

Finally, the Effects anticipated, including enhanced traceability, transparency, and
circularity, validate the original intent of the DPP initiative [10]. However, the findings also caution
against “visibility overload,” where excessive or poorly governed transparency may expose
proprietary information and undermine trust among supply chain partners. This highlights the
need for calibrated transparency, a balance between openness and protection of competitive
knowledge.

c
Barriers Challenges
T: I:
+ Technical limitations (synthetic data) = Interoperability
* Infrastructure gaps + Data integration
* Legacy IT and data silos « Standardization
* Poor data availability + Data granularity
+ Data integrity risks * Scalability
- 0O:
0: .
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* High deployment costs stage, diverse materials, legacy
* operational constraints products)

* Resistance to change + Stakeholder coordination, "

* Low industry readiness E
. ! 8 ; Effects
- ) o * Cross-border regulatory alignment
A « Unclear or inconsistent legislation T:
Antecedents + Regulatory fragmentation * Enhanced data ecosystems
T + Low manufacturer incentives * Interoperability gains (single source of data)
O

« Existing: technological foundations '( * Commercial sensitivity J
o

+ Reduced compliance costs

= Improved supply chain collaboration
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- Stronger decision-making
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Figure 2. The ABCDE Model for DPP Deployment

5.2 Comparison with Prior Literature Review Studies

Compared with earlier reviews, this study provides a broader and more integrated understanding
of DPP adoption. For example, [27] offered an early systematic review that only identified Drivers
and Barriers, mainly through the TOE framework. While thorough, their analysis treated these
factors as fixed and disconnected from real regulatory and sectoral contexts. This paper builds on
their work by applying the ABCDE framework, which also captures how Antecedents and Effects
are connected to concrete policy and industry conditions. On the other hand, [81] focused on the
technical architecture of DPP systems and Industry 4.0 technologies but paid limited attention to
governance and cross-sector comparison. This review extends their insights by examining how
governance structures, such as data standardization and required verification mechanisms, link
technology with policy implementation.

Similarly, [82] proposed a blockchain-based model for real-time DPP updates but
concentrated mainly on use-phase data management. The current study broadens that scope by
situating these technical approaches within a wider regulatory and organizational setting. Finally,
[83] explored DPP deployment in the textile industry, offering useful insights into circular design
and consumer transparency. In contrast, this review provides a cross-sectoral synthesis,
comparing industries with different regulatory timelines, data structures, and levels of readiness.
Given that, this paper advances the DPP discussion by being the first to combine the ABCDE and
TOE frameworks, include sectoral comparison, and integrate the evolving regulatory landscape
into a unified analytical model.
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5.3 The Role of Regulation in Shaping the Deployment Landscape

Regulation emerges as the defining environmental variable in the DPP ecosystem. The ESPR
anchors the digitalization of product information in the EU industrial strategy, complemented by
horizontal instruments such as the CSRD, CSDDD, and the Green Claims Directive [10,48].
Together, these regulations establish a layered governance system that makes transparency a legal
requirement rather than a voluntary practice [14,40]. However, this research reveals that
regulation is a double-edged Driver. On one hand, it legitimizes and accelerates adoption by
establishing common data and verification standards [72]. On the other hand, inconsistent
national interpretations and misaligned sectoral timelines generate compliance asymmetries and
interoperability risks, particularly for multinational firms operating across EU borders [6,8].

Sectoral differentiation further reinforces these tensions. The battery sector benefits from
early regulatory clarity and detailed data clusters under the EU Battery Regulation, facilitating
rapid progress toward full DPP deployment [72]. By contrast, the textile industry faces fragmented
global supply chains and limited digitalization, delaying its readiness [49,83]. The electronics
sector occupies a middle ground, where advanced technology meets short product lifecycles,
creating challenges in maintaining data continuity and ensuring recyclability [11].

Across EU borders, the challenge intensifies as non-EU suppliers, who are integral to many
product value chains, face difficulties in complying with EU-level DPP requirements due to
divergent data infrastructures and limited regulatory convergence. Without harmonized
international standards, DPP adoption risks becoming an EU-centric exercise, creating visibility
gaps beyond European markets [7,30]. Addressing these cross-border complexities requires the
establishment of interoperable data protocols and trust frameworks that extend beyond the EU’s
jurisdiction.

5.4 Theoretical and Managerial Implications

From a theoretical standpoint, this review extends the ABCDE framework by integrating it with
the TOE model, linking organizational factors with regulatory pressures. This integration moves
beyond static lists of Drivers and Barriers to a causal, configurational perspective in which
adoption emerges from interacting factors rather than isolated variables. Furthermore, the study
indicates that effective DPP governance requires tailoring who sees what to their role. This role-
aligned visibility balances transparency with the need to safeguard sensitive capabilities.

For practitioners, the findings emphasize that DPP adoption must be approached as a
strategic transformation initiative, not a compliance exercise. Organizations should prioritize
interoperable IT infrastructures, establish clear data governance protocols, and promote cross-
functional coordination between sustainability, compliance, and operations teams. Industry
groups and alliances can play a crucial role in reducing implementation costs and supporting SMEs
through shared data infrastructures and standardized templates.

From a policy perspective, harmonizing data taxonomies across product categories,
supporting SMEs, and aligning third-country requirements with EU standards are critical to
ensuring inclusive and effective DPP deployment.

6. Conclusion

This paper aimed to consolidate fragmented DPP research by applying the ABCDE framework to
identify the factors influencing DPP adoption. It deepens the understanding of DPPs as tools for
transparency, traceability, and circularity in supply chains. By integrating the ABCDE Model with
the TOE framework, it offers a unified lens for understanding the technological, organizational,
and regulatory factors shaping DPP adoption. Rather than viewing DPPs as mere compliance tools,
the study positions them as transformative systems for managing product information in circular
economies.
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Findings show that while digital and sustainability goals drive DPP development, progress is
slowed down by structural, technological, and governance challenges. Cross-sectoral analysis
reveals how technology maturity, regulatory design, and organizational readiness influence
adoption. The study contributes an integrated analytical model that organizes fragmented
literature and highlights key interdependencies.

Limitations include reliance on secondary data and the evolving nature of EU legislation,
which may shift before 2030. The synthesis reflects knowledge up to 2025, and future empirical
studies are needed to validate and refine these insights.

Future research could focus on:

e Longitudinal studies tracking DPP evolution and its impact on governance and
collaboration.
e Interoperability through shared standards, ontologies, and technologies like federated
learning and blockchain.
e Empirical validation of the ABCDE model to test its explanatory power across industries.
These directions will strengthen the foundations for DPP implementation and support the
Industry 5.0 vision of sustainability, resilience, and inclusivity.
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Appendix 1: Timeline of the reviewed articles

The number of reviewed articles was fixed and concluded on the 13th of October 2025. Below
figures present the timeline of these articles and their corresponding numbers.
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Figure 3. “Digital Product Passport” Journals- Scopus Search (October 2025)
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Figure 5. “Material Passport & Supply Chain” Journals- Scopus Search (October 2025)

Appendix 2: Pre-DPP Traceability Initiatives

A summary of pre-DPP traceability initiatives is available in this section. These initiatives laid the
groundwork for DPPs by demonstrating the technical feasibility and practical benefits of digitally
encoding product-level sustainability and lifecycle information; hence can be considered part of
the technological foundation that is required for the full DPP maturity [27,29].

Table 1. Pre-DPP Traceability Initiatives

Name Sector Launch Year Summary
Global Battery Batteries & e- 2023 Defines a global reporting framework for
Alliance (GBA) mobility (proof-of- ESG and lifecycle data at the cell/pack level;
Battery Passport concept) arguably the most mature DPP archetype,
proving digital passports at scale [32].
EU Level(s) Construction & 2020 Common EU framework for reporting
real estate building sustainability across life-cycle

metrics; provides structured performance
data that DPP-like building passports can
leverage [35].
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Circularity.ID Fashion & 2019 Provides a machine-readable product data
(Open Data textiles model + digital IDs for garments, enabling
Standard) sorting, resale, and recycling to access
accurate product information; an early DPP-
like blueprint for fashion [31].
European Energy-labelled 2019 Central EU database that requires suppliers
Product Registry  products to register product models and publish key
for Energy (appliances, B2C energy data; establishing regulated,
Labelling & B2B) searchable product records akin to a DPP
(EPREL) backbone [45].
Product Cross-industry 2018 Creates a uniform, auditable circularity
Circularity Data manufactured dataset per product (“digital circularity
Sheet (PCDS / products fingerprint”), directly anticipating DPP data
1SO 59040) schemas and exchange [21].
KEEP Electrical & 2018 Prototyped an “electronic passport” for EEE
Traceability electronic with unique IDs and full lifecycle data
System for equipment (EEE) (origin, composition, repair, EoL),
Electrical & demonstrating the feasibility of DPP-style
Electronic traceability in electronics [84].
Products
Buildings as Construction 2015 Introduced material/component passports
Material Banks- to track building parts over time, enabling
(BAMB) Material reuse and high-value recovery; precursor to
Passports building-sector DPPs [38].
International Automotive 2008 Manufacturer-compiled dismantling &
Dismantling (end-of-life safety data repository for ELVs; gives
Information vehicles) downstream actors standardized product
System (IDIS) information, a key DPP-style use case.
Cradle-to-Cradle  Cross-industry 2005 Standardized scorecards and disclosures on
Certified® products & material health, circularity, and social
Product materials fairness laid early foundations for
Scorecards structured product attribute reporting that
DPPs can reference [33].
International Automotive 2000 Industry-wide material database tracing

Material Data
System (IMDS)

every component to basic substances to
meet ELV/REACH, etc.; long-running supply-
chain data infrastructure that DPPs can
build upon [37].

Appendix 3: Timeline of DPP-Related Regulations

This section represents the timeline of the DPP-related regulations shown in Figure 5. As the ESPR
declares [10], the DPP efforts are a continuation of previously developed legislation, integrated
with horizontal requirements within the Green Deal.
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Strategic Early Consultations Formal Implementation Implementation Full
Foundation Proposals and Agreements Adoption and Rollout (Sectors) Maturity
2019-2020 2020-2022 2023 2024 2025 2025-2029 2030
=(2019) EGD =(2020) Proposal = (Jan-May) = (Jan) CSRD = (Feb) Ecodesign =(2025) Detergent ESPR reaches full
=(2020) CEAP for EU Battery Public consultation =(Feb) Toy safety forum meeting revised regulations mandate across all
= (2020) SPI Regulation on new product regulation = (Feb) Battery =(2026) ESPR prioritized product
(CEAP) priorities under = (Marcl) Passportregulation u'onj-“S::e.‘lj S groups
=(2022) ESPR ESPR Adoption of GCD revision =(2026/2027)
Proposal (SPT) = (Dec) = (July) ESPR = (April) First ESP%ETV 'Ezfgcs
=(2022) Strategy Provisional initiation ESPR publication T )Et- ) - A) o )
for sustainable and agreement on =(July) CSDDD and Energy Aﬁmiizlmfpmc ’
circular tex{tiles E.SPR for circular =(Oct) Ecodesign L:lbeling Working =(2028) ESPR
.-(.2922) CPR products forum . Plan farniture
revisions -Detel.gent - (2020) ESPR
Reg‘.ul.atlons mattresses and
(revision) electronics

Figure 6. DPP-Related Regulations 2019 ongoing

EGD: European Green Deal

CEAP: Circular Economy Action Plan
SPI: Sustainable Products Initiative
ESPR: Ecodesign for Sustainable Products Regulation
CPR: Construction Products Regulation

CSRD: Corporate Sustainability Reporting Directive
GCD: Green Claims Directive
CSDDD: Corporate Sustainability Due Diligence Directive
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